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Zusammenfassung 

Angeborene lymphatische Zellen (ILC) sind wichtige Effektorzellen der angeborenen 

Immunantwort, deren Entwicklung und Aktivierungswege attraktive therapeutische Ziele 

darstellen. Sie bestehen aus ILC der Gruppe 1 (Natürliche Killerzellen (NK) und ILC1), ILC2 

und ILC3. Neben T-Zellen leisten ILCs einen entscheidenen Beitrag zu den Typ-1-, Typ-2- und 

Typ-3-Immunantworten. Die Entwicklung von ILCs beim Menschen wurde jedoch noch nicht 

systematisch untersucht, und frühere in vitro Untersuchungen stützten sich auf die Analyse 

einiger weniger Marker oder Zytokine, die für die Bestimmung der Identität der verschiedenen 

ILC-Linien suboptimal sind. Um diese Mängel zu beheben, stellen wir hier eine Plattform vor, 

die zuverlässig alle menschlichen ILC-Linien aus CD34+ CD45RA+ hämatopoetischen 

Vorläuferzellen, gewonnen aus Nabelschnurblut und Knochenmark, erzeugt. Mit einem 

systematischen Ansatz zeigt diese Arbeit, dass eine einzige Kulturbedingung nicht ausreicht, 

um alle ILC-Untergruppen zu generieren, sondern stattdessen bestimmte Kombinationen von 

Zytokinen und Notch-Signalen für die Entscheidung über das Schicksal der Linien wesentlich 

ist. Eine umfangreiche Analyse des Transkriptoms ergab, dass der Erwerb von CD161 robust 

eine globale ILC-Signatur identifiziert und in vitro ILCs von T-Zell-Signaturen trennt. Die 

Identität spezifischer in vitro generierter ILC-Linien (NK-Zellen und ILC1, ILC2 und ILC3) wurde 

durch Proteinexpression, funktionelle Assays und Transkriptomanalysen auf globaler sowie 

auf Einzelzellebene umfassend validiert. Diese in vitro erzeugten ILC-Linien rekapitulieren die 

Signaturen und Funktionen ihrer ex vivo isolierten ILC-Pendants. Des Weiteren, behandeln 

diese Daten die Einschränkungen der Unterscheidung von menschlichen NK Zellen und ILC1 

sowohl in vitro als auch ex vivo an. Darüber hinaus löst diese Plattform gängige Probleme bei 

der Untersuchung menschlicher ILCs, wie z. B. unzureichende Zellzahlen oder die mangelnde 

Verfügbarkeit von Gewebeproben. Insgesamt stellt diese Arbeit eine Ressource dar, die nicht 

nur zur Klärung der Biologie und Differenzierung menschlicher ILCs beiträgt, sondern auch als 

wichtiges Instrument zur Untersuchung der Dysregulation von ILC-Funktionen dient, die bei 

verschiedenen entzündlichen Erkrankungen des Menschen eine Rolle spielen.  



 
 

 
 

 

  



 
 

 
 

Summary 

Innate lymphoid cells (ILCs) are critical effectors of innate immunity and inflammation that 

consist of Group 1 ILCs (natural killer (NK) cells and ILC1), ILC2, and ILC3. As tissue resident 

lymphocytes, they play a crucial role type 1, type 2 and type 3 immune responses, respectively. 

Importantly, dysregulated ILC populations have been linked to the pathogenesis of a variety of 

chronic inflammatory diseases and thus represent attractive therapeutic targets with a potential 

for autologous cell therapies. However, human ILC generation has not been systematically 

explored, and previous in vitro investigations have relied on the analysis of few markers or 

cytokines, which are suboptimal to assign lineage identity and full functional capacity. To 

address these faults, we present here an effective in vitro platform, which reliably generates 

the core human ILC lineages from CD34+ CD45RA+ hematopoietic progenitors derived from 

cord blood and bone marrow. With a systematic approach, this work shows that a single culture 

condition is insufficient to generate all ILC subsets, and instead, distinct combinations of 

cytokines and Notch signaling are essential for lineage fate making decisions. In depth 

transcriptomic analysis revealed that acquisition of CD161 robustly identifies a global ILC 

signature and separates them from T cell signatures in vitro. The identity of specific ILC 

subsets, (NK cells and ILC1, ILC2, and ILC3) generated in vitro was validated extensively by 

protein expression, functional assays, and both global and single-cell transcriptome analysis. 

These in vitro generated ILC subsets recapitulate the signatures and functions of their ex vivo 

ILC counterparts. Finally, these data shed light on the limitations in untying the identity of 

human NK cells and ILC1 in vitro, similarly correlating to lineage identification difficulties ex 

vivo. Additionally, this platform tackles common problems in human ILC studies such as 

insufficient cell numbers and scarce availability of tissue samples. Altogether, this work 

presents a resource not only to aid in clarifying human ILC biology and differentiation, but also 

to serve as an important tool to study dysregulation of ILC functions, which have been implied 

in various inflammatory diseases in humans.  
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ILC development as seen through Sonia Delaunay. Depicted here, in the style of French 

contemporary artist Sonia Delaunay, is an artistic rendering of ILC development and the work presented 

in this thesis. At center stage, a CD34+ mother cell (yellow) gives rise to all core ILC subsets (blue, red, 

brown) as well as a non-ILC subset (orange) through discrete, yet connected, developmental pathways 

(pink). Inspiration: Costume pour Carnaval de Rio, by Sonia Delaunay, pochoir, 1928.  
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1 Introduction 

1.1   The immune system 

The immune system as a whole is an intricate network of cells and tissues whose tendrils lay 

deep in most systems of the body, and which react to changes and challenges in order to 

maintain the host in a state of homeostasis. Its cellular armies consist of T lymphocytes, B 

lymphocytes, and a plethora of innate immune cells including antigen-presenting cells, 

macrophages, granulocytes and innate lymphoid cells. In vertebrates, the immune system has 

been conventionally classified into two arms: adaptive and innate. The adaptive immune 

system consists of T and B cells, both of which have the capacity for genetic rearrangement 

of germline encoded antigen receptors, providing their distinctive specificity and thus, 

endowing them with the ability to respond powerfully and specifically to pathogens under 

subsequent challenge – a concept termed immunological memory. Its ancient and more 

promiscuous sibling, the innate immune system, is an evolutionarily conserved foundation of 

immunity which reacts swiftly and indiscriminately to each pathogen encounter, as well as to 

non-pathogenic stress and environmental signals through a wide array of germline encoded 

innate immune receptors1. 

 

1.2   The family of innate lymphoid cells 

Innate lymphoid cells (ILCs) are a family of lymphocytes whose characterization and unification 

has expanded in the past decade. They consist of group 1 ILCs (Natural Killer (NK) cells and 

ILC1) ILC2, and ILC3 subsets, which are able to respond promptly to cytokines, stress signals, 

nutrients and other environmental triggers, modulating inflammation and homeostasis in the 

host (reviewed in Vivier et al., 20182). Although unified by their lymphocyte morphology and 

shared effector functions, a lack of rearranged antigen receptors separates them from T 

lymphocytes, placing them in the innate arm of immunological cells. A hallmark, and also a 

curse, of ILC biology lies in their difficult identification strategy – they are identified primarily as 

CD45+ lymphocytes which lack surface T cell receptors (TCR), B cell receptors (BCR), and 
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associated molecules CD3, CD19 and CD20. In the absence of these lineage identifying 

markers (also known as negative identification), ILCs can be positively identified through 

surface expression of the interleukin (IL-)7 receptor (also known as CD127) in both mice and 

humans, a critical cytokine for their development and maintenance (refer to section 1.3.4), as 

well as receptor CD161 in humans2,4. Studies and categorization of innate lymphocytes have 

classically borrowed from the T cell characterization paradigm, categorizing ILC effector 

functions and transcriptional requirements as parallels of those of T lymphocytes. In this 

regard, NK cells mirror CD8+ T cells due to their interferon-γ (IFNγ) secretion, cytotoxic abilities 

and transcription factor (TF) Eomesodermin (Eomes) as well as T-box expressed in T cells 

(T-bet) expression. ILC1 reflect CD4+ TH1 cells with their type 1 effector functions, IFNγ 

secretion and transcriptional requirements for T-bet. NK cells and ILC1 are collectively 

categorized into Group 1 ILCs and are at the helm of the type 1 effector response of the innate 

immune system, geared towards protection against intracellular bacteria and viruses, as well 

as tumours (Figure 1). ILC2 are the type 2 responders from the ILC family, which secrete IL-4, 

IL-5, and IL-13, and are regulated through expression of TF GATA Binding Protein 3 (GATA3), 

similar to CD4+ TH2 cells (Figure 1). ILC2 are important players in the response against 

parasites as well as allergic inflammation. Finally, ILC3 are type 3 responders, regulated by 

RAR-related orphan receptor-γ (RORγt), secrete IL-22 and IL-17, and are involved in the 

defense against extracellular pathogens, particularly at mucosal surfaces, reflecting TH17 and 

TH22 cells2 (Figure 1). Studies into the steady state nature of ILC1, ILC2 and ILC3 subsets 

have posited that they seed tissues during embryogenesis, and remain resident within those 

tissues into adult life, unlike NK cells which largely circulate5–7. Not only are these cells present 

within tissues, but they have the ability to expand therein, and in certain cases migrate to other 

organs during inflammation where they can rapidly secrete remarkable amounts of cytokines, 

highlighting their important role as innate sentinels of mucosal sites and regulators of 

homeostasis5,6,8. The fast moving pace of the ILC field is both advantageous and unfavourable, 

as it leaves the scientific community with little room to consolidate information and reach a 

consensus regarding identification, characterization and even nomenclature in the field. 
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Indeed, uniform ILC nomenclature was only agreed on in recent years, and frequently 

undergoes revisions2,9. Nevertheless, as dysregulation of ILC responses have been associated 

with impaired clearance of helminths, susceptibility to bacterial and fungal infection, as well as 

a multitude of inflammatory diseases such as asthma, atopic dermatitis, psoriasis, and 

inflammatory bowel disease, they make an attractive research topic for potential therapeutic 

intervention10,11.  

  

Figure 1: The innate lymphoid cell family and their effector functions. An overview of T cell and ILC 
family categorization and main hallmarks. Type 1 responders of the innate immune system, NK cells and 
ILC1, are both regulated by transcription factor (TF) T-bet, in addition to Eomes for NK cells. NK cells and 
ILC1 (also known as Group 1 ILCs) are involved in responses against intracellular pathogens such as viruses 
and bacteria, similar to TH1 and cytotoxic T cells. ILC2 are the type 2 responders of the ILC family, secrete 
interleukin (IL)-4, IL-5, and IL-13, and are regulated by TF GATA3, similar to TH2 cells. ILC2 are involved in 
allergic inflammation and anti-parasitic responses. ILC3 are the type 3 responders of the innate immune 
system and secrete IL-17 and IL-22, and are regulated by TF RORγt, akin to TH17/22 cells. ILC3 are involved 
in protection against extracellular pathogens such as fungi and bacteria, and include a subset termed lymphoid 
tissue inducer (LTi) cells (not depicted) which play a role in lymphoid organogenesis. 
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1.2.1   Group 1 ILCs 

Natural killer cells 

Natural killer cells, the founding members of the ILC family, were discovered in the early 1970’s 

in a series of in vitro experiments where lymphocytes of unrelated individuals were found to 

display “natural” cytotoxicity against cells bearing tumor antigen12, in direct contrast to T 

lymphocytes which require several days to exert cytotoxic functions. Since then, the field of 

NK cell studies has progressed immensely, showing that these cells are ubiquitously present 

in almost every organ in both human and mouse, in which they comprise the majority of all ILC 

subsets and share conserved functions across species13. NK cells share a host of features 

with other members of the ILC family, but are demarcated by their high expression of TF 

Eomes and their cell lysis ability mediated by granule-stored cytolytic machinery such as 

perforins and granzymes. Upon degranulation, marked by upregulation of CD107a, perforin 

molecules oligomerize and form a pore in the target cell membrane through which granzymes 

diffuse and induce cellular caspase-dependent and independent cell death14. In human 

peripheral blood, where NK cells circulate and constitute a significant portion of all 

lymphocytes, a distinction in phenotype and effector functions of conventional NK cells is 

delineated by CD56 expression (as reviewed in Vivier et al., 20083). CD56bright NK cells are 

potent type 1 cytokine (IFNγ, tumor necrosis factor α (TNFα)) producers, lack expression of 

type III Fcγ receptor (CD16) and cytotoxic ability, and are enriched within tissues and 

secondary lymphoid organs15,16. CD56dim NK cells are thought to mature from the CD56bright 

subset and acquire CD16 expression and the ability for antibody dependent cellular 

cytotoxicity3,17,18. Resembling the maturation steps of human NK cells, mouse NK cell 

maturation stages can be identified through surface marker expression of CD27 and CD11b. 

CD27+ CD11b- NK cells populate the bone marrow, lymph nodes and liver and are potent 

proliferators. Gain of CD11b marks an intermediate stage, and finally, loss of CD27 marks the 

terminal differentiation of NK cells which then gain cytotoxic activity and populate peripheral 

sites19. NK cells are crucial tools of the innate immune system in the response against viral 
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and intracellular pathogens, as well as altered states of self as found in tumor tissue. They 

recognize and regulate effector functions in response to ligand interaction with a host of both 

activating and inhibiting NK cell receptors termed natural cytotoxicity receptors (NCRs), such 

as NKp80 and NKp46, the latter of which is conserved across a multitude of species ranging 

from mice to humans, and with which NK cells can be identified20. A hallmark of NK cells is 

their recognition of transformed or infected host cells through altered or absent expression of 

major histocompatibility complex class I (MHC-I), a trait termed recognition of “missing self”, 

and mediated through Killer-cell immunoglobulin-like receptors (KIRs), CD94/NKG2A 

heterodimers in humans, and lectin-like Ly49 dimers in mice20–22. Apart from NCRs and KIRs, 

NK cells respond to cytokine signals such as IL-12, IL-15 and IL-18, produced by myeloid cells 

in response to stress or infection. It is through a careful consolidation of these various signals 

that NK cells exert their anti-viral and anti-tumor effector functions or abstain therefrom. 

 

ILC1 

As Group 1 ILC members, ILC1 and NK cells share a multitude of features. Chief among them 

the secretion of type 1 cytokine IFNγ in response to cytokine stimuli from IL-12, IL-15 and 

IL-18, and the requirement of TF T-bet for these functions. The first descriptions of ILC1 were 

based on mouse studies of the small intestine lamina propria, where a group of cells were 

described as CD127low T-bet expressing type 1 ILCs with a potent ability for IFNγ secretion23,24. 

Figure 2: Human natural killer 
cells. Human natural killer (NK) 
cells express a myriad of 
proteins on their surface 
including natural cytotoxicity 
receptors (NCRs) and cytokine 
receptors, as well as intracellular 
cytotoxic proteins such as 
perforin and granzymes. 
Cytokine stimulation with IL-12, 
IL-15 and IL-18 induce IFNγ and 
TNFα production. 
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Unlike NK cells, mouse ILC1 lack Ly49 receptors, responsible for self-recognition of viral 

infected or tumor transformed cells through MHC-I, as well as the cytolytic machinery (perforin, 

granzymes) necessary for cell killing. Distinct populations of murine ILC1 with variable 

expression of CD127, as well as tissue resident NK cells, have been described in many organs 

as well as solid tumors25. Interestingly, T-bet deficient mice lack ILC1 but retain NK cell 

populations, suggesting T-bet is not necessary for mouse NK cell development, and cementing 

Eomes as a central identifier of NK cells26. As ILC2 and ILC3, ILC1 also have a requirement of 

GATA3 for their development, further separating them from conventional NK cell lineages27. 

 

In humans, two subsets of non-NK cell type 1 innate responders have been identified. One of 

these ILC1 subsets was first described in human tonsil and intestine as IFNγ-producing innate 

cells which differ from conventional NK cells based on their lack of cytotoxicity, low to no 

expression of CD56 and CD94, and high expression of CD127 and CD161, both markers of 

ILCs (Figure 3)28. Akin to mouse ILC1, these cells were described to express T-bet, lack 

Eomes, and dwell in the intestinal lamina propria and other mucosal tissues. These ILC1 were 

proposed to contribute to inflammation, due to the observation that they accumulate within 

inflamed intestinal lamina propria of patients with inflammatory bowel disease, at the expense 

of ILC328–30. The second human ILC1 subset described was an intraepithelial (ie) CD103+ 

subset in the tonsil and intestine which, in contrast to other ILC subsets, lacks CD12731. These 

ieILC1 share many features with canonical NK cells and express NK-associated markers and 

cytotoxic molecules such as CD56, CD94, perforin and granzymes A and B. 
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1.2.2   Group 2 ILCs 

Originally termed “Nuocytes” or “natural helper cells”, ILC2 were the earliest member of the 

ILC family apart from NK cells to obtain their own classification32–34. As critical producers of 

type 2 cytokines, ILC2 are at the helm of type 2 innate immune responses, and are of particular 

importance in defence against parasitic infection and induction of eosinophilic inflammation, 

hence playing a role in allergic reactions13,35–37. Mouse ILC2 encompass a significant fraction 

of the ILC pool at barrier sites, such as the lung, skin, the gastrointestinal tract, and most 

recently the central nervous system (CNS)38–43. Contrary to their murine counterpart, human 

ILC2 have relatively low frequencies in peripheral blood, lung and gut, but similarly are main 

players in the skin13,44,45. Human ILC2 express CD127 and CD161, and can be positively 

identified by expression of the activating prostaglandin D2 receptor 2 (CRTH2), a receptor for 

prostaglandin D2 (PGD2), which correlates to high GATA3 expression4,46. Apart from high 

GATA3 expression, ILC2 are regulated by TF RAR Related Orphan Receptor α (RORα), and 

are rich in prostaglandin signaling not only through CRTH2 but also through prostaglandin 

synthesis and breakdown, as seen by high expression of hydroxyprostaglandin 

dehydrogenase-15 (HPGD) and hematopoietic prostaglandin D synthase (HPGDS)47,48. 

Assessment of ILC2 from human peripheral blood, lung, and fetal gut show expression of 

Figure 3: Human ILC1 subsets. Two subsets of human ILC1 have been described, which can be identified 
by their differential expression of CD127. CD127+ ILC1 lack expression of markers normally associated to type 
1 responders. In contrast, CD127- CD103+ intraepithelial ILC1 share a range of protein expression with NK 
cells, including CD56, CD94 and NKp46. Both ILC1 subsets are regulated by the master transcription factor 
T-bet, and secrete IFNγ and TNFα in response to cytokine stimulation from IL-12, IL-15 and IL-18. 
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chemokine receptors CCR2 and CCR4, highlighting that they can be recruited by other cell 

types in response to stress or infection4,49. Activation of ILC2 within tissue can be mediated by 

cytokine signaling, in particular through IL-33 and IL-25. Interestingly, a recent single-cell RNA 

sequencing study cross-examined mouse ILC2 phenotypes across tissue niches and revealed 

that, besides a core gene set of Gata3 and Il7r transcripts, mouse ILC2 signatures vary in a 

tissue-dependent manner, not only in the adult but also in the neonate50,51. The IL-33 receptor 

is preferentially expressed in ILC2 from the lung, adipose tissue, bone marrow and CNS, while 

IL-17RB (the IL-25 receptor) is highly expressed in small intestine ILC2 instead42,43,50. In 

humans, circulating peripheral blood ILC2 express both receptors at only very low levels, 

although they can be upregulated in response to their respective cytokine52,53. The varied 

cytokine receptor expression on mouse ILC2 suggests that tissue-specific signals play a role 

in the surface phenotype and functionality of these cells, an aspect of human ILC2 which 

remains to be thoroughly evaluated.  

 

1.2.3   Group 3 ILCs 

Group 3 ILCs comprise of ILC3 and lymphoid tissue inducer (LTi) cells, both of which require 

RORγt for their development and function.  

 

Lymphoid tissue inducer (LTi) cells 

LTi cells were described early on in the mouse, where they appear during embryogenesis and 

play a role in orchestrating the development of lymphoid structures. Murine CD127+ RORγt+ 

Figure 4: Human ILC2. Human ILC2 are 
chiefly recognized by their expression of 
prostaglandin D2 receptor 2 (CRTH2) 
together with high levels of master 
regulating transcription factor GATA 
binding protein 3 (GATA3). ILC2 secrete 
type 2 effector cytokines interleukin (IL)-4, 
IL-5 and IL-13 in response to stimulation 
with cytokines IL-25 and IL-33. 
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LTi cells can be discerned from other ILC3 subsets by their expression of CD4 and additionally 

chemokine receptor CCR654. Chemokine receptors CXCR5 and CCR7 on LTi cells during 

embryogenesis allow for homing to future lymph node anlagen, where the accumulation of LTi 

cells and their expression of lymphotoxin (LT)α1β2 triggers the organization of specialized 

stromal cells into lymph nodes and Peyer’s Patches (PP), and promotes the retention of LTi 

cells and other lymphocytes. The ability of LTi cells to generate lymph nodes is not only 

dependent on TF RORγt, as lymph nodes and other lymphoid associated tissues are missing 

in Rorc deficient mice55,56, but also on a network of TFs including RORα, which antagonize TF 

T-bet57. 

In the human fetus, LTi cells are detected in the mesentery during the first trimester and within 

developing lymph nodes in the second trimester as CD127+ CD161+ RORγt+ cells expressing 

Receptor activator of nuclear factor kappa-Β ligand (RANKL) and chemokine receptor CCR7, 

allowing for homing to the lymph nodes58. Although a population of LTi-like cells expressing 

CCR6 and CD4 can be identified in the adult mouse, various single-cell RNA sequencing 

studies from ex vivo isolated ILC3 in adult humans from various compartments such as tonsil, 

lung, and gut, have thus far failed to identify an LTi signature as a separate identity from the 

rest of ILC347,48,59,60. Nevertheless, individuals with a deficiency in RORC (encoding RORγt) 

fail to develop palpable cervical and axillary lymph nodes and have a decreased thymus size, 

suggesting that RORC contributes to lymphoid structure organogenesis in humans as well61. 

It remains an open question whether LTi cells in humans are present chiefly during 

embryogenesis to guide lymph node development, or whether an LTi-like population remains 

post-birth. 

 

ILC3 

In both mice and humans, ILC3 can be separated into NCR+ and NCR- subsets. NCR+ ILC3 in 

mouse express NKp46 and require T-bet for development and maintenance71,72. Human NCR+ 

ILC3 express NKp46 at low levels (in comparison to the high levels expressed by NK cells) as 

well as high levels of NKp44. They dominate in tonsils, where all ILC subsets have been well 
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described, and the gastrointestinal tract, increasing in frequency from the duodenum to the 

colon44,45,73 (Figure 6). In adult tonsil, ILC3 were originally identified as CD127+ cells 

expressing surface NCRs NKp46 and NKp44 with the capacity for IL-22 production, and were 

termed NK-2258,62. Though ILC3 and NK cells share expression of several activating receptors, 

ILC3 represent a distinct lineage based on their requirements for TF RORγt and lack of 

dependency on Eomes or T-bet58,62–68. Interestingly, NKp44+ ILC3 are associated with higher 

IL-22 expression74,75, a cytokine involved in epithelial repair and regeneration, and are 

decreased in chronic inflammatory diseases involving epithelial damage such as Crohn’s 

disease or ulcerative colitis28,30,75. Unlike in mice, T-bet expression or dependence in human 

NCR+ ILC3 ex vivo has yet to be described. 

 

Heavily involved in defense against extracellular bacteria and fungi, as well as regulation of 

the microbiota, ILC3 lead the innate type 3 response and are major producers of type 3 

cytokines such as IL-22 and IL-17 at steady state, particularly at mucosal surfaces such as the 

tonsil and intestine58,62. ILC3 respond to cytokine stimulation from IL-23 and IL-1β, and express 

both cytokine receptors across tissues, together with surface expression of stem cell factor 

receptor (CD117, also known as c-kit) and RANKL (Figure 5)47,48. Apart from canonical 

cytokines IL-22 and IL-17, ILC3 can secrete IL-26, a cytokine involved in epithelial cell 

activation69, as well as LTA, LTB, granulocyte macrophage-colony stimulating factor (GM-

CSF), and chemokines IL-8 and CCL2048,58,60,62. Despite their hallmark tissue residency, the 

microenvironment and precise localization of ILC3 within tissue is as of now largely unknown. 

A recent study on adult tonsil samples has shown through multi-epitope ligand cartography 

(MELC) the precise microanatomical location of human ILC3, and revealed them to cluster 

together (in groups of 2-4 cells) in the vicinity of plasma cells70. The functional relevance of this 

finding remains to be investigated. 

 

In addition to production of cytokines at mucosal surfaces, recent studies have brought the 

ability of ILC3 to regulate adaptive responses to the forefront. Expression of MHC-II in ILC3 
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was first described in the small intestine and colon in mice, and was found to be restricted to 

NCR- ILC376, later confirmed by single-cell transcriptomics77. This, and a subsequent report by 

von Burg et al., revealed that ILC3 from the mesenteric lymph nodes, small intestine, or colon 

fail to express costimulatory molecules such as CD40, CD80 and CD86 either at steady state 

or after innate inflammatory signals, such as those provided by IL-1β. Instead, splenic ILC3 

respond robustly to IL-1β to upregulate MHC-II and associated costimulatory proteins, thus 

having a higher efficiency in activating CD4+ T cells than their small intestine counterpart76,78–

80. In humans, MHC-II expression (HLA-DR, -DP, -DQ) on ILC3 has also been reported by 

single-cell transcriptomics in the tonsil, lung and non-inflamed colon, and at protein levels in 

the colon of individuals with inflammatory bowel disease, or non-inflamed controls47,48,80,81. 

These cells, which in the tonsil comprise of NCR- ILC3, may represent the equivalent to MHC-II 

expressing intestinal mouse ILC3, which tune T cell responses. 

Overall, Group 3 ILCs encompass a largely heterogeneous family of RORγt dependent cells, 

which exert potent lymphoid organogenesis as well as anti-bacterial functions and regulate 

adaptive responses. 

 

 

Figure 5: Human Group 3 ILCs. Human Group 3 ILCs comprise of ILC3 which exert anti-bacterial and anti-
fungal functions, and lymphoid tissue inducer (LTi) cells which play a role in orchestrating lymphoid 
organogenesis. The former can be identified in mucosal tissue as RORγt expressing ILCs, and further enriched 
for through RANKL and NKp44 expression. Cytokine stimulation with interleukin (IL)-1β and IL-23 leads to IL-
22 production from NKp44+ ILC3. LTi cells, particularly in the fetus, are RORγt+ ILC3 which express RANKL 
and chemokine receptor CCR7, and produce lymphotoxins A and B (LTA, LTB) as well as IL-17. 
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1.2   Identification of human ILCs 

A standardized identification strategy based on flow cytometric assessment of surface proteins 

has been proposed to identify all human ILC subsets, in an effort to aid the consistency of 

investigations9 (Figure 6; own data). This strategy is based on data mainly from tonsil and 

peripheral blood, tissues which are relatively readily accessible, and where all ILC subsets 

have been described82. As human ILCs are present in most tissues at low frequencies, 

depletion of CD3+ T cells and/or CD19+ B cells through magnetic- or fluorescence- based 

sorting can aid in the enrichment of ILCs for identification and isolation. In the absence of 

lineage-identifying markers (denoting macrophages and dendritic cells, as well as T and B 

cells), NK cells can be positively identified by their surface expression of CD56 and CD94 

(Figure 6a). These markers correlate to high TF levels of both Eomes and T-bet (Figure 6b). 

From the population of non-lineage, non-NK cells present in these tissues, ILCs are identified 

as CD127+ cells with or without the addition of CD161. CD127+ ILCs comprise of ILC1, ILC2, 

and ILC3 subsets, whose frequencies vary in a tissue- and inflammation-dependent manner. 

Unlike the mouse, staining of TFs such as RORγt in primary human tissue can lack resolution 

and vibrancy, necessitating the combination of TF factor staining with surrogate surface 

markers9. From CD127+ ILCs, the dual usage of CD117 and CRTH2 can facilitate identification 

of ILC3 as CD117+ CRTH2- cells which encompass both NKp44+ ILC3 and NKp44- ILCs, in 

which RORγt expression can be appreciated (Figure 6a,b). ILC2 are denoted as CRTH2+ cells 

with high GATA3 expression, however, CRTH2 can be downregulated in inflammatory tissue 

environments, as observed in chronic obstructive pulmonary disease in the lung47,83 (Figure 

6a,b). Thus far, a reliable substitute for CRTH2 has yet to be identified, although usage of ST2 

(IL-33R) or very high expression of CD161 alone has been suggested82. Finally, CD117- 

CRTH2- cells comprise of a population of CD127+ ILC1, which can lack NKp44 and CD56 

expression. Unlike the mouse, human CD127+ ILC1 express low amounts of T-bet, making 

identification through TF staining difficult (Figure 6b). The second subset of human ILC1, 

CD103+ ieILC1, can be found in the CD127- compartment. All in all, this strategy is well 

regarded and utilized across studies to identify human ILC subsets ex vivo. 
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1.2.2   Untangling human NK cells and ILC1 
 
Despite this clear strategy, the lines between NK cell and ILC1 identity in human are 

confounded by the fact that overlaps in phenotype and function can be observed in various 

organs and inflammatory conditions. Recent attempts to shed light on this issue using complex 

single-cell technologies such as RNA sequencing of NK cells and ILC1 throughout various 

healthy adult tissues has done little to clarify the matter. One of these recent studies showed 

that the classical CD127+ ILC1 found in organs such as lung and intestine share a large genetic 

signature with NK cells, and indeed, can also express CD56, CD94, Eomes and other NK cell 

markers unlike originally described59. In accordance, another independent single-cell RNA 

sequencing investigation described Eomes expression within tissue CD127+ ILC1 as well47. 

This same study also showed that circulating ILC1 in peripheral blood lack a type 1 gene 

signature entirely, and in fact, share a genetic profile with T lymphocytes, including expression 

of CD3E, CD3D, CD3G, CD4, CD5, and CD6 transcripts. Both this and an earlier study also 

detected TCR rearrangements in peripheral blood and tonsil ILC1, suggesting either a 

contamination with T cells, or that the gating strategy is insufficient to identify ILC1 in these 

tissues47,48. The opinion that the CD127+ ILC1 is in fact not a separate lineage has also been 

expressed45,84. With regards to the CD127- CD103+ ieILC1, a direct comparison of these cells 

to classical CD56+ NK cells from the tonsil yielded only few differentially regulated genes as 

ieILC1 specific, and instead a large shared signature of canonical NK cell genes such as 

GZMA, GZMB, PRF1, KLRF1 (encoding NKp80), KLRC1 (encoding NKG2A) as well as of ILC3 

associated transcripts KIT (encoding CD117) and IL1R185,86. Further studies, in particular 

developmental lineage tracing investigations, will be necessary to elucidate the differences 

between human NK cells and ILC1.  
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1.3   ILC development in the context of human hematopoiesis 

1.3.1   Early events during lymphopoiesis 
 
Though the process of hematopoiesis, the generation of all blood cells, was postulated as early 

as 1909 by Russian biologist Alexander Maximow88, the canonical evidence originated as a 

consequence of lethal radiation in the atomic era leading to bone marrow failure, which could 

be rescued post injection of bone marrow cells from non-irradiated donors89. Since then, the 

field of human hematopoiesis has expanded rapidly and the journey from progenitor to 

lymphocyte has been revealed as a tightly regulated and hierarchical process. The derivation 

of all blood cells lies in the hematopoietic stem cell (HSC) compartment, which shares the 

features of self-renewal and multi-lineage differentiation. In humans, HSCs and their 

downstream progenitors (jointly termed hematopoietic progenitor cells (HPCs), henceforth) 

Figure 6: Identification of all ILC subsets in human tonsil. (a) Representative surface protein gating strategy 
of all ILC subsets in human tonsil. After magnetic depletion of CD3+ T cells, cells were gated as viable CD3- 

CD14− CD19− FcεRIα− CD123− BDCA3- (Lin-) and either CD94+/lo CD127-/lo CD56+ NK cells (grey); CD94− 

CD127hi CRTH2+ ILC2 (blue); CD94− CD127hi CD117- CRTH2- NKp44- CD56- ILC1 (blue); CD94− CD127hi 
CD117+ CRTH2- NKp44+ ILC3 (red, solid); or CD94− CD127hi CD117+ CRTH2- NKp44- naïve ILC (red dashed). 
Gate numbers reflect population frequencies. (b) Representative expression of transcription factors of human 
ILC subsets as gated in (a). As published in Cossarizza...Hernandez DC... et al., 202184. 
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exhibit expression of the surface phosphoglycoprotein CD34, originally described to mediate 

cellular adhesion to P- and E-selectin expressed by stroma cells in adult bone marrow. 

Importantly, CD34+ HPCs derived from bone marrow, umbilical cord blood, and mobilized 

peripheral blood have the ability to repopulate the hematopoietic compartment after 

hematopoietic stem cell transplant (HSCT)90–94. Mouse HPCs can lack CD34 expression, and 

evidence puts forward that CD34- HPCs exist in humans as well95,96, however, frequencies 

suggests that > 99% of HPCs in human cord blood are CD34+. 

 

The establishment of blood and immune systems from HPCs is conserved across vertebrates 

and begins early on during embryogenesis97. In humans, multipotent CD34+ HPCs are 

detected in the aorta-gonad-mesonephros at around weeks 3-4 of gestation, and shortly 

thereafter seed the liver, which becomes the primary hematopoietic organ during embryonic 

development97. It is posited that HPCs home to the bone marrow just before birth, where 

hematopoiesis dominates from thereon into adult life98. The scarcity and difficulty in assessing 

both fetal tissues and the adult bone marrow niche make human hematopoietic stages 

challenging to study, pinpointing the urgent necessity of modelling these processes in vitro. 

 

Studies in both human and mice exposed that lymphopoiesis follows the basic stages of 

cellular differentiation, in that the properties of self-renewal and multipotency are lost in a series 

of steps as HPCs progressively restrict lineage commitment and ultimately commit to a 

single-cell fate (reviewed in Doulatov et al., 201290). This sequential differentiation course from 

CD34+ HPCs to differentiated effector cells is a primarily irreversible process during steady 

state conditions. As CD34+ HPCs advance through the developmental pathway to 

lymphocytes, they first differentiate into multipotent progenitor cells (MPPs) which retain both 

lymphoid and myeloid potential. Thereafter, a significant lineage making decision is made, 

tightly regulated by transcription factor networks involving BCL11A, GATA3, MEF2C, SPI1, 

and CEBPA which restricts the subsequent differentiation into two fundamental branches: 

myeloid and lymphoid99,100. The myeloid branch of this bifurcation is headed by the common 
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myeloid progenitor (CMP) which can generate granulocytes (neutrophils, eosinophils, mast 

cells and basophils), monocytes, erythrocytes and megakaryocytes, while the common 

lymphoid progenitor (CLP) is the source of all lymphoid cells. In humans, the CLP is enriched 

within the heterogeneous pool of CD34+ CD45RA+ HPCs, which have preferential potential for 

B cell, conventional and unconventional T cell, and innate lymphoid cell generation including 

NK cells90,100,101. 

 

1.3.2   Mouse ILC development 
 
Analogous to T and B lymphocytes, ILCs arise from the CLP, which has lost the ability to 

generate cells of the myeloid lineage. ILC ontogeny has been most extensively investigated in 

the mouse, where a population of integrin α4β7+ Flt3+ CD127+ cells within bone marrow and 

fetal liver CLPs, termed the α-lymphoid precursor (αLP) or ILC precursor (ILCP) has been 

described. These precursors were shown to give rise to ILC1, ILC2, and ILC3 including LTi 

cells, but not NK cells, suggesting that NK cells follow a distinct developmental path23,102,103. 

Expression of ILC-subset associated transcription factors (Eomes, T-bet, RORγt) are absent 

in the ILCP, which instead highly express inhibitor of DNA binding 2 (Id2), a helix-loop-helix 

transcriptional repressor that antagonizes E proteins necessary for T and B cell development, 

and whose absence is associated with a lack of ILC subsets23,32,102,104. However, contradictory 

reports have recently suggested that Id2 expressing progenitors do indeed give rise to NK cells 

together with all ILC subsets105–107; this inconsistency is likely due to varying mouse models 

and gene reporter strengths. This is supported by the strong promotion of Id2 expression by 

TF nuclear factor IL-3 (NFIL3), a factor essential for innate lymphocyte differentiation, in 

particular that of NK cells107–109. Downstream of the Id2+ α4β7+ ILCP, increased expression of 

promyelocytic leukemia zinc finger (PLZF), an Id2 target involved in NKT cell development110, 

marks a decrease in NK and LTi cell potential and a focus on potential for what is often termed 

“helper” ILC subsets: ILC1, ILC2, and ILC3105,111. This PLZFhi Id2+ precursor is termed the 

common helper ILC progenitor (CHILP), and further restricts its differentiation potential by 
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upregulating GATA3 and TOX transcription networks, both associated to development of 

helper ILC lineages and not NK or LTi cells53,112–115. Although the pathway of ILC development 

in mice has been ardently investigated, the stage at which precursors seed tissue and 

terminally differentiate, both during fetal development and adulthood, remains unclear. ILC 

progenitors identified in the fetal liver may dominate ILC generation during embryogenesis, 

and their progeny might seed the tissue where they remain resident throughout life. It is 

suggested that these ILC progenitors from the fetal liver then home to the bone marrow shortly 

before birth, where they remain into adulthood. However, various reports have identified the 

presence of ILC progenitors already within fetal tissue, such as lung or intestine, suggesting 

that ILC progenitors may seed tissues during embryogenesis earlier than previously 

assumed57,116–118. Similarly, recent studies in adult mice have posited for the first time the idea 

that the tissue ILC compartment might be self -renewing and -maintaining, rather than 

reconstituted from central lymphoid tissues such as the bone marrow116,118–120.  

 

1.3.3   Human ILC development 
 
CD34+ ILC precursors 

Few studies have identified the precursor populations between the CLP and terminally 

differentiated ILCs in humans. It was suggested early on that human ILC progenitors lie within 

CD34+ HPCs, as human NK cells and/or ILC3, as well as ILC2-like cells, have been generated 

in vitro from this starting population in a handful of studies121–124. In recent years, ILC restricted 

progenitors were described within the CD34+ CD45RA+ CLP-containing population across a 

variety of tissues (Figure 7). In a pioneering study, the first human ILC restricted progenitor 

was identified in adult tonsil and intestinal lamina propria, but not in circulation, as a CD34+ 

CD45RA+ RORγt-expressing precursor (ILC3P), which gives rise preferentially to ILC3 in vitro, 

accordingly the dominant helper ILC subset in these tissues125. This suggested for the first time 

that adult human ILCs might be renewed and maintained within tissue sites, and not only in 

the hematopoietic niche of the bone marrow, as formerly supposed. Following this finding, an 
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NK lineage restricted CD34+ CD45RA+ progenitor which also expresses CD38, CD10, and 

CD7 (termed NKP) was identified in adult bone marrow and cord blood, as well as fetal liver, 

reflecting the circulating nature of NK cells. A small population of NKP was also detected in 

the tonsil, an NK cell rich site. The NKP generates functional NK cells in vitro as well as in vivo, 

as shown through transfers into immunodeficient mice126. In 2016, an IL-1R1+ ILC progenitor 

able to generate all helper ILC subsets as well as NK cells was propositioned to sit within the 

CD34+ CD45RA+ RORγt+ ILC3P previously described, implying that NK cells could develop 

from a RORγt+ precursor127. This was at odds with mouse data generated from RORγt deficient 

and fate map reporter mice, showing normal numbers of NK cells and no history of RORγt 

expression during NK cell development, respectively, as well as the finding that RORC-

deficient individuals also harbour normal numbers of NK cells23,128,129. Most recently, another 

human ILCP was identified as CD34+ α4β7+ CD48+ CD52+; this population was not found ex 

vivo in umbilical cord blood or peripheral blood, and only after expansion in in vitro culture or 

a small subset in the tonsil130. Knowledge regarding the lymphopoiesis of human ILC family 

members remains scarce, in particular the connection between the CLP and terminally 

differentiated ILCs. In this regard, a comprehensive in vitro culture system would fundamentally 
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enable the study of human ILC differentiation, and aid in filling in the gaps in knowledge that 

are currently present in the field. 

 

 

CD34- ILC precursors 

A recent development in the ILC field has nudged ILC development research out of the CD34+ 

court. In 2017, Lim and colleagues investigated what at the time were termed peripheral blood 

ILC3, which consisted of CD127+ CD117+ ILCs with low levels of lineage identifying transcripts 

including RORC (encoding for RORγt) and little capacity to secrete cytokines after stimulation, 

Figure 7: Proposed roadmap to human ILC development. Human ILC development and its gaps are 
schematized. All human cell generation starts from the self-renewing CD34+ hematopoietic stem cell (HSC) 
pool, from which multi-lineage potential decreases as daughter cells differentiate into further and further 
restricted progenitors. A major lineage making decision toward either myeloid or lymphoid fates first takes place. 
The CD34+ common myeloid progenitor (CMP) gives rise to granulocytes, erythrocytes, megakaryocytes and 
platelets, while the CD34+ CD45RA+ common lymphoid progenitor (CLP) has the ability to engender B cells and 
T cells as well as all ILC subsets. The generation of dendritic cells and macrophages has been observed from 
both CMPs and CLPs, and requires further investigation. In the mouse, a common ILC progenitor (CILP) able 
to give rise to all ILC subsets including NK cells has been described, as well as a common helper ILC progenitor 
(CHILP) which itself rises from the CILP, and lacks NK cell potential. The counterparts of the CILP and the 
CHILP have yet to be described in humans. Committed human ILC progenitors able to give rise to only NK cells 
(NKP) or ILC3 (ILC3P) have been described, and not for ILC1 or ILC2. 1. Doulatov et al., 2012. 2. Scoville et 
al., 2016. 3. Tufa et al., 2021. 4. Renoux et al., 2015. 5. Montaldo et al., 2014. 
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but with epigenetically poised cytokine loci128. They observed that after in vitro culture with 

cytokines, akin to polarization of naïve CD4+ T cells, these cells would give rise to functionally 

capable ILC subsets including Eomes+ NK cells, and obtained similar results through transfer 

of these putative human ILC precursors into immunodeficient mice. This CD34- CD117+ ILC 

precursor was found circulating in cord blood and adult peripheral blood, as well as in lung and 

tonsil tissue. This circulating ILCP has since been revealed to be a highly heterogeneous 

innate lymphoid population, which clusters most closely to ILC3 populations in transcriptomic 

analysis, and thus might include mature ILC3 as well as uncommitted ILCP populations. In 

2018, it was suggested that expression of CD56 can divide this population into a CD56+ 

NK/ILC3 precursor and a CD56- ILC2 precursor131, and a study in 2019 further expanded on 

this concept and narrowed down the CD56- ILC2-skewed progenitor as expressing KLRG1, a 

marker known to be expressed by ILC2 in both mice and humans112,132,133. It was proposed 

that this circulating progenitor derives from the CD34+ CLP pool, enters tissue and therein 

differentiates into the appropriate ILC subset based on signals from the 

microenvironment128,134,135. However, the developmental relationship between CD34+ HPCs 

and this circulating CD34- ILCP remains to be formally described. 

 

The fact that this population of mainly circulating ILC precursors lacks expression of markers 

associated with hematopoietic progenitor cells such as CD34, and instead express a strong 

transcriptional ILC signature has led voices in the field to suggest a nomenclature more in line 

with that of T cells, in that these may be a naïve ILC subset. The discussion on ILC progenitor 

versus naïve ILC has also highlighted the need for additional markers for the identification of 

bona fide ILC3 in circulation and tissues, as CD117 alone is not sufficient47. 

1.3.4   Developmental requirements for ILCs 

In humans, hematological perturbations or deficiencies can provide insight into hematopoietic 

decisions and the requirements thereof, questions that in mice can be answered in a more 

targeted way with genetic modification techniques. In these ways, it was shown that the 
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development and maintenance of helper ILC subsets (ILC1, ILC2, and ILC3) requires signaling 

through the common γ-chain (γc; also known as IL-2Rγ), which constitutes part of the IL-2, 

IL-4, IL-7, IL-9, IL-15 and IL-21 receptor complexes136. IL-7, produced by stromal cells, 

epithelial cells and fibroblasts, signals through its receptor IL-7Rα (CD127) together with 

IL-2Rγ, and is expressed on all helper ILC subsets and committed ILC progenitors32,33,112,137. 

As observed in Il7rα deficient mice, IL-7 is heavily implicated in the differentiation and 

maintenance of ILC2, ILC3 and LTi cells137,138. The necessity of IL-7 for ILC2 and ILC3 

differentiation is supported by the observation that individuals with a mutation in the IL-7R gene 

(IL7R) have decreased numbers of these subsets but not of NK cells137,139. The decreased, but 

not absent, numbers of ILCs in these individuals could be accounted for by a recently described 

IL-7R-independent mechanism for ILC2 and ILC3 development through IL-15140, suggesting 

there exists a small redundancy in the requirement for IL-7 which potentially rescues total ILC 

deficiency. Interestingly, patients with mutations in IL2RG (encoding IL-2Rγ) or JAK3, involved 

in IL-2Rγ signaling, lack detectable lymph nodes, suggesting that complete abolishment of IL-

7 and IL-15 signaling results in impaired LTi cell generation and lymph node organogenesis in 

humans141–143. The few studies available of human helper ILC generation in vitro, in particular 

ILC3, have only been possible with the provision of IL-7 signaling123,125,128,144. 

 

IL-7 signaling may not be a prerequisite for NK cell and ILC1 development, as they remain 

present in IL-7Rα deficient humans and mice, but they do share a requirement for 

IL-1523,137,139,140,145. Both NK cells and ILC1 express IL-2RB (also known as CD122), through 

which IL-15 signals together with IL-2Rγ, and are greatly reduced in IL-15 and IL-15R deficient 

mice23,146,147. Similarly, individuals with a defect in IL-2RB present with severe viral infections 

and lack of NK cell development148. Further, IL-15 receptor signaling during both NK cell 

development and maintenance is tightly regulated by Id2, one of the key TFs modulating ILC 

fates during ILC commitment149, making it a crucial factor for human NK cell generation in 

vitro150. 
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Moreover, the Notch signaling pathway, conserved across species and a major regulator of 

cell fates, has also been heavily implicated in innate lymphocyte differentiation. Mouse studies 

have linked NCR+ ILC3 to a requirement of Notch for their development and maintenance, as 

seen through decreased numbers in mice lacking the Notch signaling adaptor RBP/J71,151,152. 

In particular, T-bet expression, which is critical for the development of the NCR+ ILC3 subset, 

is dependent on Notch signaling71,153. Unlike NCR+ ILC3, studies using inhibitors have shown 

that fetal LTi cell generation does not require Notch102, although a contrasting study suggests 

that Notch signaling is instead required earlier in the progenitor cascade to engage the LTi 

developmental pathway through the promotion of fetal liver α4β7+ LTi progenitors103. Human 

IL-22 producing RORγt+ ILC3 have been reported to be generated in vitro in both the presence 

and absence of Notch signaling125,154, although expression of lineage identifying TF RORγt 

was observed to be higher in the absence of Notch ligand154. As for ILC2, in vitro studies have 

shown a Notch signaling requirement for the development of mouse ILC2 and human ILC2-like 

cells, a requirement which can be by-passed through TCF-1 activity121,155,156. Its role in vivo, 

however, remains under investigation.  

 

Other factors involved in ILC development, in particular for in vitro generation of ILCs, include 

stem cell factor (SCF) and fms-like tyrosine kinase-3 ligand (Flt3-L) through their 

corresponding receptors CD117 and Flt3, both expressed in the CD34+ HPC compartment. 

SCF and Flt3-L have been shown to promote early lymphopoiesis through induction of 

proliferation and differentiation of CD34+ HPCs, as well as regulate their responsiveness to 

IL-7 and IL-15157. SCF in particular has also been shown essential for human ILC3 

development in vitro125. A mixture of these factors, together with polarizing cytokines such as 

IL-12, IL-1β, IL-23, IL-25 and IL-33 has been utilized to optimize ILC generation, though 

protocols remain heterogeneous and variable between studies. 
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1.4   Co-culture systems to support human hematopoiesis 

Studying human hematopoiesis has often relied on xenograft mouse models that lack major 

homeostatic signals and often need human cytokine supplementation. Due to these caveats, 

both in vitro and ex vivo models are utilized when investigating human hematopoiesis and 

often need to be carried out in parallel. At the forefront of these in vitro models are co-culture 

systems, which were used as early as the 1970s to evaluate lineage potential of human bone 

marrow cells co-cultured with peripheral blood leukocytes158. A large body of evidence 

indicates that the microenvironment surrounding the progenitor niche is profoundly involved in 

providing signals that regulate progenitor cell self-renewal and differentiation159. To simulate a 

progenitor niche in vitro, co-culture systems employ a stromal cell layer (so called feeder cells) 

to provide cell-to-cell contact and deliver a myriad of signals such as IL-7, SCF, and CXCL12, 

which support and regulate differentiation160,161. These stromal co-culture systems are among 

the most successful systems for in vitro recapitulation of lymphopoiesis. OP9 cells, the most 

prolifically used feeder cell line to support lymphoid generation, derives from the bone marrow 

stroma of op/op mice which harbour a mutation in the CSF-1 gene, leading to impaired myeloid 

development162. This cell line was used to aid in vitro B cell generation for the first time, but it 

wasn’t until its transfection with Notch ligands Delta-like 1 (DL1) or DL4 to introduce Notch 

signaling and inhibit B cell differentiation, that T cell generation became possible163–165. Due to 

its versatility and simplicity, and as a result of the conserved nature of Notch signaling, this 

OP9/DL1 system allows for both murine and human lymphopoiesis and has been at the 

forefront of T and B cell generation for decades. It has been crucial to not only understand 

developmental stages of lymphocytes, but also to allow perturbations of these pathways in 

order to gain further insight into lymphocyte biology166–169.  

 

1.5   The trials and tribulations of in vitro ILC generation 

One of the primary characteristics of innate lymphocytes is their absence of responses in the 

context of self, meaning that unlike T and B cells, ILCs develop in the absence of positive or 

negative selection in a primary lymphoid organ such as the thymus or bone marrow. This 
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remarkable feature places ILC differentiation as an excellent candidate for in vitro 

investigations. Following the success of T cell differentiation studies, ILC differentiation from 

murine and human progenitors has been attempted using the OP9 and/or OP9-DL1, -DL4 co-

culture system23,111,156,170,123–128,131,132.  

In vitro ILC generation has thus far aimed at identifying the differentiation potential of putative 

ILC progenitors from various compartments, and have used differing cytokines and culture 

conditions, feeder cell lines and time courses. Further confounding the issue, the readouts of 

these in vitro cultures used to define the ILC generation potential of putative progenitors differ 

wildly across studies. Cytokine expression is often used in these studies as the sole factor to 

identify NK/ILC1/ILC2/ILC3 lineages, other studies use only surrogate surface markers, a few 

use transcription factor data, and even less utilize a thorough multifaceted analysis including 

various aspects of lineage identification. With the additional convolution of ILC plasticity171, 

analysis of human ILC lineage and differentiation must be stringent and multifaceted, in order 

to recapitulate intricate developmental processes. Thus far, the identity of the cells generated 

in these cultures has not been directly compared and validated with that of ILC subsets 

obtained ex vivo. Lastly, a systematic dissection of the signals required for optimal lineage 

decisions is often missing. These problems are not restricted to the investigation of ILC 

progenitors, but are a general issue permeating studies on differentiation of human cell 

lineages. Overall, although these investigations have provided critical information on ILC 

biology and expanded the ability for human ILC studies beyond scarce tissue samples, the 

cacophony of studies and protocols in the field render data hard to compare and can lead to 

wrongly assigned identities and confusion in the progenitor hierarchy. 

  



 
 

25 
 

2 Aim 

 

The identification and differentiation of ILC subsets is a constantly developing research area, 

however, human ILC investigations are plagued by common difficulties such as insufficient cell 

numbers and scarce availability of tissue samples. Hence, to provide a strong backbone to 

stimulate developmental human ILC research and clarify ILC biology, the aim of this PhD thesis 

was: 

 

 

To establish a comprehensive and reliable platform for generation of all 

human innate lymphoid cell subsets in vitro 
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3 Materials and Methods 

 

3.1   Human Tissue samples 

From Charité Universitätsmedizin Berlin, the following samples were obtained: cord blood; 

tonsils from patients undergoing tonsillectomies; intestinal samples from patients undergoing 

intestinal resection due to inflammatory bowel disease or other non-inflammatory disorders; 

liver samples from patients with liver carcinoma or other inflammatory liver diseases. 

Peripheral blood leukocytes were isolated from buffy coats of heathy adults provided by the 

German Red Cross (DRK, Berlin). All samples were processed within 24 hours. The 

institutional review boards of the Charité Universitätsmedizin Berlin approved the protocols 

and all probands gave their written informed consent according to the Declaration of Helsinki. 

All studies were approved by the Ethics Committee of the Charité Universitätsmedizin Berlin. 

Table 1: Biological sample sourcing. 

Biological samples Source 
Liver samples Non affected, liver carcinoma 

Tonsil Tonsillectomy 

Peripheral blood Buffy coats, German Red Cross 

Intestinal samples Non affected, intestinal resection 

Cord blood Collected after childbirth 

Bone marrow Hip replacement surgery 

 

3.2   Cell lines 

OP9 or OP9-DL1 cell lines, of unspecified sex, purchased at ATCC or provided by Prof. Dr. 

Juan-Carlos Zúñiga-Pflücker from the University of Toronto (Toronto, Canada), respectively, 

were maintained in DMEM GlutaMAX media supplemented with 20% FCS (Corning), 100 U/ml 

penicillin (Thermo Fisher Scientific)., 0.1 mg/ml streptomycin (Thermo Fisher Scientific). and 

50 µM β-Mercaptoethanol (Thermo Fisher Scientific). 
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Table 2: Cell lines utilized 

Cell lines Tissue Source Identifier 
OP9 Mouse bone marrow stroma ATCC CRL2749 

OP9-DL1 Mouse bone marrow stroma Dr. Juan-Carlos Zúñiga-Pflücker N/A 

 

3.3   Cell Isolation and sorting 

Cord blood samples were obtained diluted in phosphate buffered saline (PBS) with 

ethylenediaminetetracetic acid (EDTA) (20 mM). Mononuclear cell (MNC) suspensions were 

isolated from all tissues by Ficoll density gradient centrifugation. Bone marrow and tonsil 

tissues were thoroughly dissociated in sterile phosphate buffered saline (PBS) with bovine 

serum albumin (BSA) and 2mM EDTA and pressed through a 70 µm strainer prior to Ficoll 

density gradient. Intestinal samples from inflamed and non-inflamed tissues were washed in 

1mM DTT, followed by 3 washes in 0.7mM EDTA, and treated with Collagenase A solution 

(0.15mg/ml) for 12-16hrs prior to Percoll gradient separation. For cord blood and bone marrow: 

CD34+ populations were enriched for using magnetic-activated cell sorting (MACS). The CD34 

MicroBead UltraPure Kit was used in conjunction with LS or MS columns as per the 

manufacturer’s instructions (Miltenyi). CD34+ HPC were FACS-sorted from CD34 enriched 

fractions as Lin- (LD- FcεR- sCD3ε- CD14- CD19- CD11c- CD123-) CD45RA+CD34+. Sorting was 

performed on a FACSAria I (BD Bioscience) with a 70um nozzle. 

 

Table 3: Cell isolation reagents. 

Reagents Source Identifier 
EDTA Sigma Cat. No. #PHR2586 

DTT ThermoFisher Cat. No. #R0861 

HBSS-/- Gibco Cat. No. #14065-056 

Collagenase A Roche Cat. No. # 10103578001 

RMPI Gibco Cat. No. # 61870036 

FCS ThermoFisher Cat. No. #16010159 

P/S ThermoFisher Cat. No. # 15140122 
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Ficoll-Paque PLUS Cytiva Cat. No. #17144003 

Percoll Cytiva Cat. No. #17089101 

BSA PAN Biotech 

GmbH 

P06-1391500 

 

3.4   Cell Culture 

OP9 and OP9-DL1 cells were maintained for a maximum of 6 weeks and passaged when they 

reached 80-90% confluency. One day prior to CD34+ sorting, 2x103 OP9 or OP9-DL1 cells per 

well were seeded on round bottom 96 well plates (Greiner Bio One), to concentrate the low 

numbers of CD34+ cells. The following day, FACS-sorted CD34+ cells (bone marrow: 2x103 

cells/ well, cord blood: 1x103 cells/ well) were plated onto approximately 80% confluent stromal 

cell monolayers in MEMα GlutaMAX media (Thermo Fisher Scientific). Media was 

supplemented with 10% human AB serum, 100 U/ml penicillin, 0.1 mg/ml streptomycin, and 

cytokine mix. Cytokine mix consisted of SCF, Flt3-L, IL-7, and IL-15 when stated (all 20 ng/ml) 

and IL-3 (all cultures: 5 ng/ml) (Miltenyi). After one week IL-3 supplementation was stopped. 

After two weeks Flt3-L was reduced to 5 ng/ml. Medium and cytokines were refreshed every 

3-4 days by replacing half of the media containing 1x concentration of cytokines. At the end of 

week 1, 2, and 3, cells were replated onto fresh OP9 or OP9-DL1 onto flat bottom plates. To 

replate, cells were collected by forceful pipetting and passed through a 50 µm filter (Sysmex) 

to remove OP9/OP9-DL1 cells, wells and filter were washed 2x with PBS, cells were counted 

and up to 50000 cells/well were replated. For plasticity experiments, cells in conditions 

OP9+IL-15 and DL1 were supplemented with IL-1β and IL-12 (50 ng/ml each; Miltenyi) for 5 

days prior to stimulation for 6 hr at 37°C with PMA (20 ng/ml), ionomycin (1 µg/ml) (both Sigma) 

and IL-23 (50 ng/ml; Miltenyi). 

 

Table 4: Cell culture reagents. 

Cytokines for cell culture Source Identifier 
Human IL-7 Miltenyi Cat. No.: 130-095-362 

Human IL-15 Miltenyi Cat. No.: 130-095-765 
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Human IL-3 Miltenyi Cat. No.: 130-095-070 

Human IL-12 Miltenyi Cat. No.: 130-096-705 

Human IL-1b Miltenyi Cat. No.: 130-093-563 

Human SCF Miltenyi Cat. No.: 130-096-695 

Human Flt3-L Miltenyi Cat. No.: 130-096-479 

MEMα GlutaMAX  ThermoFisher Cat. No.: 32561-029 

DMEM ThermoFisher Cat. No.: 61965-026 

Penicillin-Streptomycin ThermoFisher Cat. No. # 15140148 

b-mercaptoethanol ThermoFisher Cat. No. #21985023 

FCS Corning Cat.No. #35-079-CV 

Human male AB serum Sigma Cat. No. #H4522 

96 well cell culture plate, U-bottom Greiner bio-one Cat. No. #650180 

96 well cell culture plate, F-bottom Greiner bio-one Cat. No. #655161 

CO2 incubator Binder Cat. No. #9040-0039 

 

3.5   Flow cytometry 

For phenotyping, cells were collected by forceful pipetting and passed through a 50 µm filter 

to remove OP9/OP9-DL1 cells, wells and filter were washed 2x with PBS. Surface marker 

antibodies were diluted in 50 µl PBS and cells stained for 15 min at 37°C. After washing, biotin 

was stained with fluorochrome labelled streptavidin for 10 min at 4°C. Afterwards, cells were 

fixed for 35 min at room temperature, permeabilized and TF were stained at room temperature 

for 45 min using the Foxp3 / Transcription Factor Staining Buffer Set (eBioscience). Cells were 

resuspended in 200 µl of PBS/BSA for measuring. For detection of intracellular cytokine 

expression cells were stimulated for 6 hr at 37°C with PMA (20 ng/ml), ionomycin (1 µg/ml) 

(both Sigma) and IL-23 (50 ng/ml; Miltenyi). Golgi Stop (1:1500) and Golgi Plug (1:1000) (both 

BD Bioscience) were added after 1 hr to all samples. Samples were then stained as described 

above, with the exception of a 1:1 dilution of the fixation buffer with PBS, to preserve the 

cytokine staining. Measurements were performed on an LSRFortessa or a FACSymphony (BD 

Bioscience) and data analyzed with FlowJo v.10.6.01 software (TreeStar) and Cytobank 

software172. All flow cytometry analysis was performed according to the Guidelines for the use 

of flow cytometry and cell sorting in immunological studies87. 
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Table 5: Flow cytometry resources. 

Antibodies Source Identifier 
Anti-human CD123 APC-ef780 Clone: 6H6 eBioscience Cat. #47-1239-42 

Anti-human CD14 APC-ef780 Clone: 61D3 eBioscience Cat. #47-0149-42 

Anti-human CD19 APC-ef780 Clone: HIB19 eBioscience Cat. #47-0199-42 

Anti-human CD3 APC-ef780 Clone: SK7 eBioscience Cat. #47-0036-42 

Anti-human FcεRIα APC-Vio770 Clone: CRA1 Miltenyi Cat. #130-105-457 

Fixable Viability Dye eFluor780 (LD) eBioscience Cat. #65-0865-18 

Anti-human CD94 Pacific Blue Clone: XA185 In house N/A 

Anti-human CD117 BV605 Clone: 104D2 Biolegend Cat. #313218 

Anti-human CD117 BV711 Clone: 104D2 Biolegend Cat. #313230 

Anti-human CD161 BV785 Clone: HP-3G10 Biolegend Cat. #339930 

Anti-human CD16 PerCP-Cy5.5 Clone: 3G8 Biolegend Cat. #302027 

Anti-human CD25 BV421 Clone: BC96 Biolegend Cat. #302630 

Anti-human CD45 AF700 Clone: HI30 Biolegend Cat. #304024 

Anti-human CD5 BV510 Clone: L17F12 Biolegend Cat. #364018 

Anti-human CD5 PE-Cy7 Clone: L17F12 Biolegend Cat. #364008 

Anti-human CD56 BV605 Clone: HCD56 Biolegend Cat. #318334 

Anti-human CRTH2 Biotin Clone: BM16 Miltenyi Cat. #130-091-239 

Anti-human CXCR3 BV711 Clone: G025H7 Biolegend Cat. #353732 

Anti-human IL-1R1 PE Clone: Polyclonal R&D Cat. #AB269P 

Anti-human KLRG1 FITC Clone: REA261 Miltenyi Cat. #130-103-640 

Anti-human Neuropilin-1 PE Clone: AD5-17F6 Miltenyi Cat. #130-090-533 

Anti-human Nkp30 PE Clone: AF29-2D12 Miltenyi Cat. #130-092-483 

Anti-human Nkp44 Biotin Clone: P44-8 Biolegend Cat. #325106 

Anti-human Nkp46 PE Clone: 9E2 Miltenyi Cat. #130-092-607 

Anti-human RANKL PE Clone: MIH24 Biolegend Cat. #347504 

Anti-human Eomes PerCP-ef710 Clone: WD1928 eBioscience Cat. #46-4877-42 

Anti-human CD3 BV605 Clone: SK7 Biolegend Cat. #344836 

Anti-human CD3 APC Clone: OKT3 eBioscience Cat. #17-0037-42 

Anti-human Eomes APC Clone: WD1928 eBioscience Cat. #50-4877-41 

Anti-human Eomes FITC Clone: WD1928 eBioscience Cat. #11-4877-42 

Anti-human GATA3 PE-Vio615 Clone: REA174 Miltenyi Cat. #130-109-115 
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Anti-human RORγt APC Clone: REA278 Miltenyi Cat. #130-103-838 

Anti-human T-bet PE-Cy7 Clone: 4B10 Biolegend Cat. #644824 

Anti-human T-bet PE Clone: ebio4b10 eBioscience Cat. #12-5825-82 

Streptavidin PerCP-Cy5.5  eBioscience Cat. #46-4317-80 

Anti-human IFNγ BV650 Clone: 4S.B3 eBioscience Cat. #502537 

Anti-human IL-13 PE Clone: JES10-5A2 Miltenyi Cat. #130-092-964 

Anti-human IL-17A BV605 Clone: Mab11 Biolegend Cat. #512325 

Anti-human IL-17F A488 Clone: Poly5166 Biolegend Cat. #516603 

Anti-human IL-22 PerCP-ef710 Clone: 22URTI eBioscience Cat. #46-7229-42 

Anti-human IL-8 EF450 Clone: 8CH eBioscience Cat. #48-8088 

Transcription factor staining buffer set eBioscience Cat. No. #00-5523-00 

LSR Fortessa BD N/A 

FlowJo™ Software v10.6.2 FlowJo LLC N/A 

 

3.6   Cytotoxicity assay 

NK/ILC1 subsets were sorted as described in Figure 13 and rested overnight in complete 

medium prior to stimulation. K562 target cells were stained with CellTrace Violet 

(ThermoFisher) and co-cultured with purified NK/ILC1 subsets at a ratio of 2:1 or 5:1.To control 

for spontaneous cell death, target cells were cultured in parallel in the absence of NK cells. 

After 6 hr, cell suspensions were stained for viability of target cells using Fixable Viability Dye 

eFluor780 (ThermoFisher) and were analyzed by flow cytometry. Percent cytotoxicity was 

calculated as follows: (% dead target cells in experimental condition – % dead target cells in 

spontaneous control) / (100% – % dead target cells in spontaneous control) × 100. 

 

3.7   Bulk RNA sequencing 

From a total of 5 donors, cells were differentiated until end of week 4 and subsets were sorted 

as: ILC3 as CD45+Lin-CD161+RANKL+CRTH2-CD94-NKP44+; CD94+ NK/ILC1 as CD45+ Lin-

CD161+ RANKL- CRTH2- CXCR3+ CD94+; CD94- NK/ILC1 as CD45+ Lin- CD161+ RANKL- 

CRTH2- CXCR3+ CD94-; ILC2 as CD45+ Lin- CD161+ CRTH2+ CD94-; CD161- non-ILC control 

as CD45+ Lin- CD161- CD5+. RNA was isolated using RNeasy Plus Micro Kit (QIAGEN) when 



 
 

32 
 

cell numbers were < 5x105 and Nucleospin RNAII kit (Macherey-Nagel) when cell numbers 

were > 5x105. RNA quality was determined on a Bioanalyzer using the RNA 6000 Pico Kit 

(Agilent). Illumina libraries were prepared using Smart-Seq v4 mRNA Ultra Low Input RNA Kit 

(Clontech) and Nextera XT DNA Sample Preparation Kit (Illumina), with 10 ng of purified cDNA, 

according to the manufacturer’s instructions. Libraries were paired-end sequenced (2 × 75 bp) 

on an Illumina NextSeq500 device. Raw sequence reads were mapped to human 

GRCh37/hg19 genome with TopHat2173 in very-sensitive settings for Bowtie2174 and using 

Gencode.19 175 as reference. Gene expression was quantified by featureCounts176 and 

analyzed using DESeq2 R-Package177, in particular size factor normalization and 

rlog-transformation. Principle Component Analyses (PCA) were performed separately for: 

CD161-CD5+, NK/ILC1, CD5- ILC2, ILC3; NK/ILC1, CD5- ILC2, ILC3; and NK/ILC1, CD5- ILC2, 

CD5+ ILC2, ILC3; as well as NK/ILC1 generated in OP9+IL-15 and DL1+IL-15 based on the 

above unscaled rlog-transformed values. Differential expression analysis was performed 

separately for ILC3 vs ILC2, ILC2 vs NK/ILC1, and in ILC3 vs NK/ILC1 and CD161+ vs CD161- 

using the above size factor normalization based on all samples. Genes with an adjusted 

p-value (Wald-Test) ≤ 0.05 and the fold change ≥ 1.3 were considered significantly differentially 

expressed. Heat maps for selected genes were generated using z-scores of rlog-transformed 

read counts, clustered by maximum and minimum expression per gene. 

 

3.8   Single-cell RNA sequencing 

Cells were FACS-sorted as CD45+ cells which were Lin- (CD14, CD123, FcERa, Viability dye), 

combined with the following 34 CITE-Seq 34 antibodies: CD117, CD304 (Neuropilin-1), CD254 

(RANKL), CD336 (NKp44), CD196 (CCR6), CD34, CD7, CD127 (IL-7Rα), CD1a, CD5, CD3 

(SK7), CD4, CD8a, TCRα/β, TCRγ/δ, CD183 (CXCR3), CD94, NKp80, CD335 (NKp46), 

CD294 (CRTH2), CD278 (ICOS), HLA-DR, integrinβ7, CD49d (α4), CD19, CD161, CD2, 

KLRG1, CD56, CD16, Siglec-7, KIR2DL1, KIR2DL2, KIR3DL1. Cells were individually 

hashtagged per donor and per condition. Cells were loaded in the ChromiumTM Controller for 

partitioning single cells into nanoliter-scale Gel Bead-In-Emulsions (GEMs) aiming for a 
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recovery of 12,000 cells. Single Cell 3′ reagent kit v3.1 was used for reverse transcription, 

cDNA amplification and library construction of gene expression libraries (10x Genomics) 

according to the manufacturer’s instructions. TotalSeq-A libraries were prepared following the 

protocol for 10x Single Cell 3′ Reagent Kit v3.1 provided by BioLegend, including primer 

sequences and reagent specifications. All libraries were quantified using a QubitTM 2.0 

Fluorometer (ThermoFisher) and quality was tested on a 2100 Bioanalyzer with High 

Sensitivity DNA kit (Agilent). Libraries were sequenced on a NovaSeq 6000 S1 Flow cell 

(CeGaT GmbH Tübingen), read configurations were set to 28 (R1), 9 (i7), 91 (R2). Antibody 

and hashtag libraries were amplified using the KAPA HiFi ready mix with primers containing 

Illumina Small RNA RPIx sequences and Truseq D70x_s, respectively.  

 

Data processing.  

Transcriptome data was demultiplexed and mapped to the GRCh38 transcriptome with Cell 

Ranger v3.0.2. ADT and HTO libraries were demultiplexed with bcl2fastq v2.20.0.422, 

pseudoaligned with kallisto v0.46.0178 to a mismatch matrix generated with kite 

(https://github.com/pachterlab/kite) and counted with bustools v0.39.2179. Downstream 

analysis was mainly performed with Seurat v3.2.3180. After mapping and demultiplexing, we 

observed an unexpected overloading of the library reaction requiring a stringent filtering 

strategy to remove low quality cells and doublets. Only cells which were found in ADT, HTO 

and transcriptome libraries were retained for analysis. Doublets marked by more than one 

hashtag were filtered out and supported identification of suitable cut-offs for filtering. Cells were 

further filtered by counts (5000 < x < 12,500) and percent mitochondrial reads (x < 10 %). 

Transcripts were normalized with scran v1.14.6181. ADT and HTO libraries were normalized by 

centered log-ratio normalization. The 90th percentile of normalized hashtag counts was set as 

threshold for demultiplexing. Cell cycle scores were assigned and regressed out during 

scaling. The 3000 most variable features identified with the vst-method were used for principal 

component analysis (PCA). Upon inspection of principal component (PC) loadings and 

elbowplot, the first 17 PCs were used for calculation of UMAP and the neighborhood graph for 
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clustering. For visualization of the heterogeneity generated from the different culture 

conditions, the relatively overrepresented DL1 condition from one of the donors was randomly 

downsampled to match the frequencies of the other conditions. Clusters were annotated based 

on the expression of marker genes and proteins and subsetted for more detailed analysis of 

ILC subpopulations. To better appreciate heterogeneity within these clusters, PCA was 

recalculated per subset and the number of PCs used for UMAP projection and clustering again 

determined based on PC loadings (ILC1: 11, ILC2: 10, ILC3: 10). Differential gene expression 

analyses were performed using the Wilcoxon test with a log fold-change threshold of 0.25 and 

a minimum expression frequency of 0.1. 

 

Table 6: RNA-sequencing reagents. 

Reagent Source Identifier 
NucleoSpin® RNA Mini Kit Macherey-Nagel Cat. No.: #740955.50 

RNeasy Plus Micro Kit Qiagen Cat. No.: #74034 

Nextera XT DNA library preparation kit Illumina Cat. No.: #FC-131-1024 

TotalSeq™-A0061 CD117 Biolegend Cat. No.: #313241 

TotalSeq™-A0406 CD304 (Neuropilin-1) Biolegend Cat. No.: #354525 

TotalSeq™-A0356 CD254 (TRANCE, RANKL) Biolegend Cat. No.: #347509 

TotalSeq™-A0802 CD336 (NKp44) Biolegend Cat. No.: #325117 

TotalSeq™-A0143 CD196 (CCR6)  Biolegend Cat. No.: #353437 

TotalSeq™-A0054 CD34 Biolegend Cat. No.: #343537 

TotalSeq™-A0066 CD7 Biolegend Cat. No.: #343123 

TotalSeq™-A0390 CD127 (IL-7Rα) Biolegend Cat. No.: #351352 

TotalSeq™-A0402 CD1a Biolegend Cat. No.: #300133 

TotalSeq™-A0138 CD5 Biolegend Cat. No.: #300635 

TotalSeq™-A0049 CD3 (SK7) Biolegend Cat. No.: #344847 

TotalSeq™-A0922 CD4 Biolegend Cat. No.: #317451 

TotalSeq™-A0080 CD8α Biolegend Cat. No.: #301067 

TotalSeq™-A0224 TCRα/β Biolegend Cat. No.: #306737 

TotalSeq™-A0139 TCRγ/δ Biolegend Cat. No.: #331229 

TotalSeq™-A0140 CD183 (CXCR3) Biolegend Cat. No.: #353745 

TotalSeq™-A0867 CD94 Biolegend Cat. No.: #305521 

TotalSeq™-A0923 NKp80 Biolegend Cat. No.: #346709 
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TotalSeq™-A0101 CD335 (NKp46) Biolegend Cat. No.: #331943 

TotalSeq™-A0102 CD294 (CRTH2) Biolegend Cat. No.: #350127 

TotalSeq™-A0171 CD278 (ICOS) Biolegend Cat. No.: #313555 

TotalSeq™-A1018 HLA-DR/DP/DQ Biolegend Cat. No.: #361717 

TotalSeq™-A0214 integrin β7 Biolegend Cat. No.: #321227 

TotalSeq™-A0576 CD49d (integrin α4) Biolegend Cat. No.: #304337 

TotalSeq™-A0050 CD19 Biolegend Cat. No.: #302259 

TotalSeq™-A0149 CD161 Biolegend Cat. No.: #339945 

TotalSeq™-A0367 CD2 Biolegend Cat. No.: #309229 

TotalSeq™-A0153 KLRG1 Biolegend Cat. No.: #367721 

TotalSeq™-A0084 CD56 Biolegend Cat. No.: #392421 

TotalSeq™-A0083 CD16 Biolegend Cat. No.: #302061 

TotalSeq™-A0902 Siglec-7 Biolegend Cat. No.: #339217 

TotalSeq™-A0420 KIR2DL1 Biolegend Cat. No.: #339515 

TotalSeq™-A0592 KIR2DL2 Biolegend Cat. No.: #312615 

TotalSeq™-A0599 KIR3DL1 Biolegend Cat. No.: #312723 

Single Cell 3′ reagent kit v3.2 10x Genomics Cat. No. # PN-1000121 

ChromiumTM Controller 10x Genomics N/A 

QubitTM 2.0 Fluorometer ThermoFisher N/A 

Qubit™ dsDNA HS Assay Kit ThermoFisher Cat. No #Q32854 

BioAnalyzer 2100 Agilent Cat. No #G2939BA 

Bioanalyzer High Sensitivity DNA Analysis Agilent Cat. No #5067-4626 

NextSeq500/550 HighOutput Kit v2.5 Illumina Cat. No #20024907 

NextSeq500 sequencer Illumina N/A 

 

Table 7: Single-cell sequencing algorithms. 

Deposited data Reference GEO Accession number 
Cell Ranger v3.0.2 182 https://support.10xgenomics.com/single-cell-gene-

expression/software/pipelines/latest/using/count 

CITE-seq-Count 183  

R Studio v4.0.0  https://rstudio.com/ 

Seurat v3.0.2 180  

Scran 181  
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3.9   Gene Set Enrichment Analysis (GSEA)  

ILC1, ILC2, ILC3 and NK signatures were defined based on single-cell RNA-sequencing 

transcriptomes of human tonsil ILCs. Raw transcript counts were obtained from GEO 

(accession number GSE70580)48, assembled to gene counts and further processed by the 

Seurat 2.3.4 R-package184. In particular, data was normalized, patient specific effects were 

regressed out using the ScaleData and variable genes were identified using 

FindVariableGenes in default parameter setting. Sparse Partial Least Squares Discriminant 

Analysis (sPLS-DA) was performed on the variable genes using the mixOmics R-package185 

on ILC1, ILC2 and ILC3 and NK-cells including three components and keeping 200, 200 and 

300 variable genes. Cells were separated by positive values in component 1 for ILC3, positive 

values in component 2 for NK, positive values in component 3 for ILC2 and negative values in 

component 3 for ILC1. Signature genes were defined according to their loading on the 

respective components. That is, loading on component 1 > 0, and 0 on component 2 and 3 for 

ILC3 signature, loading on component 2 > 0, and 0 on component 1 and 3 for NK, loading on 

component 3 > 0 and 0 on component 2 and 1 for ILC2 signature and finally loading on 

component 3 < 0 and 0 on component 2 and 1 for ILC1. 

For CD127- ILC1 signature, raw gene counts from CD127- ILC1, CD127+ ILC3, CD56bright, 

CD56dimCD57+ and CD56dimCD57- were obtained were obtained from GEO (accession number 

GSE112813)86 and further processed by the DESeq2 R-Package, including size factor 

normalization and rLog transformation. A sPLS-DA was performed on rLog-transformed 

values, leading to no clear definition of signature genes. Therefore, a different strategy was 

transduced by performing pairwise comparisons between each subgroup and ILC3. Signature 

genes were defined by the top 100 up or down regulated differentially expressed protein coding 

genes, as judged by a p-value (Wald-Test) ≤ 0.05 for statistical significance and fold change. 

To avoid high fold changes for lowly expressed genes 10 artificial reads were added to each 

gene count. Gene Set Enrichment Analysis (GSEA)186 was performed by the GSEA software 

based on human ILC1, ILC2, ILC3 and NK signatures between each cell-subset and the 
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corresponding rest (GEO GSE70580 and GSE112813). Gene set enrichment analyses were 

performed by Dr. Pawel Durek at the DRFZ. 

 

3.10   Statistical analysis 

Data are presented as mean ± standard error of the mean (SEM). Sample sizes for each 

experiment are included in the figure legends. Statistical tests used are stated in each figure 

legend, adjusted p value significance was classified as such: * p≤0.05; ** p≤0.01; *** p≤0.001; 

when tested, non-significance was stated as “ns”. Statistical analyses were performed using 

Prism v.8 software. 

 

Table 8: Sequencing data deposition. 

Deposited data 
Source 
(reference) GEO Accession number 

Raw and analyzed bulk RNAseq data This work (187) GSE141504 

Raw and analyzed single-cell RNAseq data This work (187) GSE171114 

Single-cell RNAseq data of tonsil ILCs (48) GSE70580 

RNAseq data of tonsil CD127- ILC1  (86) GSE112813 
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4 Results 

 

4.1   In vitro culture of cord blood CD34+ CD45RA+ HPCs efficiently engenders 

CD161+ ILCs 

Previous studies addressing human ILC generation have mainly focused on testing the 

differentiation potential of putative ILC-committed progenitors from varying compartments, 

using disparate sets of signals. In order to systematically identify the signals required for ILC 

versus other lymphocyte lineage fate-making decisions, CD34+ CD45RA+ HPCs from cord 

blood were isolated. This pool of HPCs is described to be enriched in CLPs which hold the 

potential to differentiate towards all lymphocyte subsets, including T and B cells188,189. The 

culture system consisted of CD34+ CD45RA+ HPCs co-cultured on either OP9 or 

DL1-transfected OP9 (hereafter referred to as DL1) stromal cells in the presence of IL-7, Flt3-L, 

SCF, with the addition of IL-3 only for the first week, which have been shown to sustain early 

lymphopoiesis168,189. This common cytokine mix was supplemented with or without IL-15, which 

can support the growth of NK cells and ILC3123–125,150. The culture conditions utilized throughout 

the study are schematically depicted in Figure 8.  

 

As high IL-7 concentrations impact the surface expression of its receptor, CD127, on human 

lymphocytes190, ILCs were identified as CD45+ Lin- (surface CD3ε-, CD14-, CD19-, CD123-, 

FcεRIα-, Viability dye-) cells which expressed low to high surface CD161, as expressed on all 

Figure 8: Schematic of culture 
conditions.  
CD34+ CD45RA+ HPCs were sorted 
and co-cultured on either OP9 or DL1 
stromal cells. All conditions were 
supplemented with IL-7, Flt3-L and 
SCF. IL-15 was additionally 
supplemented in conditions 
OP9+IL-15, and DL1+IL-15. CD161+ 
ILCs were identified and analyzed at 
end point. *IL-3 was provisioned only 
for the first week. 
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human ILC subsets, including NK cells2,4,58,191. Cord blood CD34+ CD45RA+ HPCs were sorted 

using fluorescence-activated cell sorting to an average purity of 94.48% and with effectively 

no CD161+ ILC or CD5+ T cell contamination (Figure 9a). Percentage of CD161+ ILCs was 0 

on the first day of culture and progressively increased from week 1 to week 4, at which point 

cells were taken for further in-depth analysis (Figure 9a,b). The fold expansion at week 4 of 

conditions OP9+IL-15, DL1+IL-15 and DL1 were found to be comparable, showing that all 

conditions provide comparable proliferation potential (Figure 9c). Mean frequency of CD161+ 

ILCs in conditions supplemented with IL-15, namely OP9+IL-15 and DL1+IL-15, were 96.59% 

and 92.66% respectively, while condition DL1 without IL-15 had a mean frequency of 52.54% 

(Figure 9d), and simultaneously showcased a CD161- CD5+ population with a mean frequency 

of 33.04% (Figure 9e). Interestingly, the frequencies of this non-ILC CD161- CD5+ population 

inversely correlated to that of CD161+ ILCs derived from the same condition (Figure 9f). 

Condition OP9 without IL-15 was similarly tested and found to have lower fold expansion and 

reduced frequency of CD161+ ILCs and thus, was not further pursued (Figure 9g,h). 
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4.2   CD34+ CD45RA+ HPCs require distinct signals to generate all ILC subsets in 

vitro 

To assess the phenotype of the ILCs generated in an unbiased way, flow cytometric data from 

all conditions at week 4 were pooled and visualized with Stochastic Neighbor Embedding 

(viSNE) to reduce data onto two dimensions (viSNE1 and viSNE2)172,192. Using effector 

Figure 9: Human CD34+ HPCs generate CD161+ ILCs within 4 weeks of culture. (a) Representative sorting 
strategy of CD34+ CD45RA+ HPCs and frequencies of CD34+ CD45RA+ HPCs (n=16; 8 independent 
experiments), CD161+ ILCs (n=13, 4 independent experiments) and CD5+ lymphocytes (n=13; 4, independent 
experiments) within sorted cells. (b) Frequency of CD161+ ILCs generated in each condition, at week 1, 2, 3, 
and 4 of culture (20 independent experiments). (c) Fold expansion of live cells at week 4, relative to day 0 
(n=16-24; 19 independent experiments). (d) Percent of CD161+ ILCs within CD45+ Lin- (Lin: surface CD3ε 
(sCD3ε), CD14, CD19, CD123, FcεRIα, viability marker) cells at week 4 (n=25-42; 27 independent experiments). 
(e) Percent of CD161- CD5+ subset within CD45+ Lin- cells at week 4 (n=18-39; 23 independent experiments). 
(f) Linear regression between frequencies of CD161- CD5+ and CD161+ cells from condition DL1 at week 4 
(n=37). (g) Fold expansion of live cells (n=4-21, 17 independent experiments) and (e) percent of CD161+ ILCs 
in OP9+IL-15 and OP9 (n=4-36). Statistical analyses in c, d, e Kruskal-Wallis test with Dunn’s multiple 
comparisons test; g, h were performed using Mann-Whitney test * p≤0.05; ** p≤0.01; *** p≤0.001; ns: not 
significant. 
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cytokines, TFs, and surface markers previously designated as lineage-defining, three major 

subsets were identified (Figure 10a). One group was governed by expression of IFN-γ, Eomes, 

T-bet, and CD94, indicative of a type 1 NK/ILC1 lineage. An IL-13-, GATA3-, and 

CRTH2-expressing group was suggestive of an ILC2 identity, while a third IL-22- and RORγt-

driven group was indicative of type 3 innate cells, ILC3. By analyzing ILCs generated from 

each condition separately, OP9+IL-15 was observed to optimally engender RORγt+ RANKL+ 

ILC3 expressing high surface CD117 as reported in their ex vivo counterparts (Figure 10b,c), 

which produced effector cytokine IL-22 after stimulation (Figure 10d). ILC3 generation was 

strongly reduced in the absence of IL-15 as well as upon provision of Notch signaling (Figure 

10b,d). Conversely, the rise of a GATA3hi CRTH2+ ILC2 population able to secrete IL-13 upon 

stimulation was observed selectively in the presence of Notch signaling and the absence of 

IL-15, i.e. condition DL1 (Figure 10b,d). This data falls in line with previous studies associating 

Notch signaling to ILC2 generation121,155,156. A heterogeneous IFNγ producing population of 

NK/ILC1 with expression of T-bet and/or Eomes was observed preferentially in conditions with 

IL-15 supplementation, with the highest frequency in condition DL1+IL-15 (Figure 10b,d). 

Consistent with prior reports that show direct regulation of Tbx21 (encoding T-bet) transcription 

by Notch signaling193,194, T-bet was observed to be upregulated in NK/ILC1 generated in 

DL1+IL-15, showcasing not only Eomes+ T-bet+ cells but also a T-bet single positive population 

(Figure 10b,e). Identification of the ILC subsets generated in each condition through 

expression of lineage demarcating TFs or effector cytokines are summarized in Figure 10f,g, 

which collectively show that generation of NK/ILC1 is optimal in conditions supplemented by 

IL-15, ILC2 in condition DL1, and ILC3 in OP9+IL-15. Together, these data show that all ILC 

subsets can be generated in vitro as identified using surface markers, TFs, and cytokines. 

However, this data importantly point out that more than one culture condition and distinct 

signals are required for differentiation of all ILC lineages. Furthermore, the identification of ILC 

subsets based solely on cytokine expression grossly underestimates the generation potential 

of any given condition. 



 
 

42 
 

  

 

Figure 10: CD34+ CD45RA+ HPCs require distinct signals to generate all ILC subsets in vitro. (a) viSNE 
of CD161+ ILCs from all conditions concatenated, after PMA/Iono/IL-23 stimulation as depicted in d; for each 
marker, the median intensity was quantified and depicted as a heat map, where the scale represents max/min 
expression of each individual marker. (b) Representative expression of TF and surrogate surface markers within 
CD161+ ILCs at week 4, coloured gates show identification of subsets by TFs (NK/ILC1, blue; ILC2, green; 
ILC3 red). (c) CD117 and RORγt expression in CD161+ ILCs from OP9+IL-15 at week 4. (d) Representative 
expression of IFNγ, IL-13, and IL-22 within CD161+ ILCs at week 4, after PMA/Iono/IL-23 stimulation, coloured 
gates show identification of subsets by cytokines (NK/ILC1, blue; ILC2, green; ILC3 red). (e) Frequency of T-
bet expressing NK/ILC1 (gated as shown in b) (n=17-20, 17 independent experiments). (f) Quantification of ILC 
subset generation by staining of TFs, as depicted in b (Eomes+/T-bet+: n=25-37, 27 independent experiments; 
GATA3hi CRTH2+: n=25-34, 26 independent experiments; RORγt+: n=29-35, 26 independent experiments). (I) 
Quantification of ILC subset generation by staining of cytokines, as depicted in g (IFNγ+: n=12-22, 17 
independent experiments; IL-13+: n=12-17, 14 independent experiments; IL-22+: n=14-22, 18 independent 
experiments). Statistical analyses in e were performed using Mann-Whitney test; f, g Kruskal-Wallis test with 
Dunn’s multiple comparisons test; * p≤0.05; ** p≤0.01; *** p≤0.001; ns: not significant. 
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Once ILC lineages were identified through cytokines, TFs and surface makers, the kinetics of 

ILC subset generation were explored. Using ILC-subset identifying TFs as the most reliable 

form of identification, we followed ILC lineage generation through time and found it to rise 

steadily from week 1 to 4 (Figure 11a). Upregulation of ILC subset-identifying TFs occurred 

consistently between week 2 and 3, at which point the dominant ILC subset(s) in each condition 

became clear (Figure 11a). This pattern did not change prior to this time point, suggesting no 

overgrowth of one subset at the expense of another. Next, the possibility of donor-specific bias 

toward particular ILC subsets was tested. The ILC subset generation across all conditions was 

evaluated from each individual donor, and no significant correlation could be observed 

between different conditions for any ILC subsets generated (Figure 11b). This suggests that 

even donors who may be predisposed to generate high frequencies of specific subsets will 

only do so in response to a set of highly defined signals.  
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4.3   In vitro generated ILCs represent stable lineages but undergo plastic 

differentiation upon provision of inflammatory signals 

As human ILCs display varied plasticity when exposed to inflammatory conditions 

in vitro52,83,191,195–200, functional plasticity was examined at steady state and after stimulation 

(Figure 12a,b). The lack of co-expression of TFs or of cytokines suggested the absence of 

hybrid ILC lineages such as GATA3hi RORγt+ ILC2 described in human peripheral blood, or of 

RORγt+ T-bet+ ILC3 as described in mouse200. However, exposure of ILC2 or ILC3 to IL-1β 

and IL-12 before re-stimulation induced up-regulation of IFNγ expression (Fig 12c-f), 

suggesting their partial conversion under these conditions.  

Figure 11: In vitro ILC generation is not competitive, nor donor biased. (a) Frequency of NK/ILC1 (blue), 
ILC2 (green), and ILC3 (red), as identified by TFs (gated as shown in Figure 10b), in each condition, at week 
1, 2, 3, and 4 (n=3-15, 10 independent experiments). (b) Linear regressions showing frequencies of specified 
ILC subset generation as identified by TFs (top row: NK/ILC1; middle row: ILC2; bottom row: ILC3) in each 
condition at week 4 (n=10-14, 7-10 independent experiments). 
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Figure 12: In vitro generated ILCs display clear effector programs at steady state. (a) Representative TF 
expression at week 4. (b) Representative cytokine expression after 6hr stimulation with PMA/Iono/IL-23 at week 
4. (c,d) GATA3hi ILC2 from condition DL1 and (e,f) RORγt+ ILC3 from condition OP9+IL-15 were generated and 
stimulated with IL-12 (50ng/ml) and IL-1β (50ng/ml) for 5 days prior to PMA/Iono/IL-23 stimulation and the 
indicated intracellular cytokines were measured. (n=3, 2 independent experiments). 
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4.4   CD161 expression marks acquisition of ILC lineage identifying 

transcriptome 

To validate the lineage identity of the ILCs generated with further depth, CD161+ ILC subsets 

were fluorescence-activated cell sorted from all conditions at week 4, based on the surface 

markers which best correlated to their hallmark TF (Figure 13a). ILC3 were sorted from 

condition OP9+IL-15 based on RANKL expression, which correlated to RORγt, and were 

further enriched by NKp44 (Figure 13a-c). As a certain degree of heterogeneity in Eomes and 

T-bet expression was observed in NK/ILC1, we utilized expression of two surface markers to 

dissect these populations (Figure 13a,b). CXCR3 was used to identify cells of NK/ILC1 

lineage, as it correlated to both Eomes and/or T-bet expression (Figure 13b,d). From this 

CXCR3+ population, CD94+ cells were found to be enriched for Eomes expression specifically, 

so both CXCR3+CD94- and CXCR3+CD94+ cell subsets were sorted (Figure 13e,f). Finally, 

ILC2 were sorted from condition DL1 as CRTH2+ cells, which correlated with GATA3hi 

expression (Figure 13a,b,g), as well as a CD161- CD5+ population exclusively engendered in 

this condition (Figure 9e; Figure 13a,b), as an internal control. 
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Figure 13: ILC subsets can be identified in vitro through surrogate surface markers, correlating to their 
respective transcription factors. (a) Representative sorting strategy for bulk RNA sequencing, based on 
surrogate surface markers; ILC3 as CD45+ Lin- CD161+ RANKL+ CRTH2- CD94- NKp44+ (red); CD94+ NK/ILC1 
as CD45+ Lin- CD161+ RANKL- CRTH2- CXCR3+ CD94+ (blue, solid); CD94- NK/ILC1 as CD45+ Lin- CD161+ 
RANKL- CRTH2- CXCR3+ CD94- (blue, dashed); ILC2 as CD45+ Lin- CD161+ CRTH2+ CD94- (green); CD161- 
non-ILC control as CD45+ Lin- CD161- CD5+ (black). (b) Representative TF expression in ILC subsets sorted 
as depicted in a. (c-e, g) Linear regressions between the indicated markers within cells in the different conditions 
were performed at a 95% confidence interval (n=10-18. 9-13 independent experiments). (f) Representative 
expression of CD94 and Eomes in OP9+IL-15 at week 4. * p≤0.05; ** p≤0.01; *** p≤0.001. 
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Bulk RNA sequencing was then performed on isolated ILC subsets. Using principal component 

analysis (PCA) to visualize relations amongst sorted subsets, the separation of 4 groups was 

observed, with no major influence by donor or culture condition (Figure 14a,b). 

 

 

In particular, PC1 resolved separation between CD161+ and CD161- CD5+ subsets. Several 

canonical ILC development genes were found to be selectively upregulated in the CD161+ 

subsets, not only KLRB1 (encoding CD161, which was sorted for) but ID2, NFIL3, ZBTB16 

(encoding PLZF), ITGB7 (encoding integrin β7) and IL2RB (Figure 15a,b), previously 

described to be present in all mature human ILCs48.  

 

 

Figure 14: Bulk RNA sequencing clearly separates CD161+ and CD161- populations. From a total of 5 
donors, cells were differentiated until end of week 4 and subsets were sorted as shown in Figure 13a. (a,b) 3D 
PCA plots of CD161+ ILC subsets and CD161- cells, coloured by subset (a) or by culture condition (b). 
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Conversely, the CD161- CD5+ subset was enriched in genes associated to T cell lineage 

differentiation, such as RAG1 and RAG2, CD4, CD1A, CD6 and PTCRA (encoding the 

pre-TCRα) which were absent in CD161+ subsets, as well as showcased higher transcripts of 

the TFs TCF7, TCF3, TCF12 and zinc finger protein encoding BCL11B201 (Figure 16a). 

Staining of intracellular CD3ε (iCD3ε), which has often been used as an identifier of T cell 

lineage commitment especially in cultures from HPCs127,165, was found to not be selectively 

expressed in CD161- CD5+ cells. Corresponding to previous data describing iCD3ε expression 

in innate compartments, both ex vivo and in vitro48,202–205, we found iCD3ε to be also 

upregulated in CD161+ ILCs in response to Notch signaling, especially in the absence of IL-15 

(Figure 16b). These data suggest that although CD161+ ILCs and T cell-committed CD161-

CD5+ cells can be simultaneously engendered in the same condition, acquisition of CD161 

defines commitment towards ILCs and loss of T cell differentiation potential. These data also 

confirm that iCD3ε expression alone is not indicative of T cell commitment in vitro. 

Figure 15: CD161 marks acquisition of ILC transcriptional profile. (a) Comparison of gene expression as a 
fold change (FC) between CD161+ subsets (n=28) and CD161- subsets (n=4); dashed line on y-axis depicts 
adjusted p-value of 0.05; black dots represent selected differentially expressed genes with a FC ≥ 1.3. (b) 
Normalized reads of selected transcripts in CD161+ and CD161- subsets. Statistical test in b: Wald Test; * 
p≤0.05; ** p≤0.01; *** p≤0.001 
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Removing the CD161- CD5+ non-ILC subset from the PCA analysis allowed a focus on the 

individual ILC subset profiles (Figure 17a). By comparing the genes which were differentially 

expressed in pairwise comparisons between each subset we determined the core identity 

genes of each ILC lineage, which were also the genes driving the first two major principal 

components (Figure 17a,b). For example, ILC3 genes were denoted as differentially 

expressed in ILC3 vs ILC2 as well as in ILC3 vs NK/ILC1 comparisons. Differentially expressed 

genes present in only one comparison (e.g. only in ILC3 vs ILC2 but not in ILC3 vs NK/ILC1) 

were not taken as subset identifying genes but were still considered for further analysis (Figure 

17c). Both KLRB1 and ZBTB16 transcripts were present in all ILC subsets identified. IL7R 

transcripts, which unlike CD127 protein are not strongly downregulated in response to IL-7 

signaling190 were detectable in both ILC2 and ILC3, while lower in NK/ILC1, which in turn 

expressed high IL2RB transcripts (Figure 17d).  

Figure 16: CD161- subset defined by T cell associated transcriptome. (a) Normalized reads of selected 
transcripts in CD161+ and CD161- subsets. (b) Representative expression of iCD3ε within CD161+ ILCs in each 
condition at week 4. Statistical test in a: Wald Test; * p≤0.05; ** p≤0.01; *** p≤0.001 
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From this data set we can construe that not only do CD161+ CD45+ Lin- cells generated in vitro 

from HPCs express a compelling ILC lineage profile, but ILC subsets within CD161+ cells are 

distinctive and showcase a robust lineage identity. 

 

Figure 17: CD161+ ILC subsets display individual transcriptome profiles. (a) Biplot depicting PCA of CD161+ 
ILC subsets (large open circles), superimposed on genes driving the principal components (small filled circles). 
Genes are coloured as per diagram in b. (b) Venn diagram showing sets of significantly differentially expressed 
genes (DEGs) between comparisons of subsets. NK/ILC1 genes present on both comparisons are depicted as 
blue; ILC3 genes as red; ILC2 genes as green; genes differentially expressed in all subsets as yellow. (c) Biplot 
depicting PCA of ILC subsets (large open circles) and genes driving the principal (small filled circles) where the 
genes are coloured as per a. (d) Normalized reads of KLRB1, ZBTB16, IL7R, and IL2RB transcripts in NK/ILC1 
(n=13), ILC2 (n=5) and ILC3 (n=5). 
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4.5   NKp44+ ILC3 generated in vitro largely recapitulate signatures of their 

ex vivo tonsil counterpart 

Exploring the ILC3 phenotype, we found transcripts for ILC3 lineage defining genes such as 

RORC, IL1R1, IL23R, NCR2 (encoding NKp44), KIT (encoding CD117) and TNFSF11 

(encoding RANKL) to be strong drivers of the principal components, and differentially 

expressed in ILC3 (Figure 18a-c). Further consolidating their mature lineage profile, ILC3 

expressed transcripts for IL22, IL26, IL8, IL4I1, LTA, LTB, CCR7 and CCL20 (Figure 18b), as 

observed ex vivo48,58,60,62,125. Amongst differentially regulated ILC3 genes, RORγt, RANKL, 

CD117, IL-1R1, IL-8 and IL-22 were validated at protein level (Figure 10a-c; Figure 18d). 

Assessment of NKp44 showed that ILC3 generated are largely NKp44+ (Figure 13a; Figure 

18e). Neuropilin-1 (NRP1), which has been described on NKp44+ ILC3 in the tonsil and 

associated with an LTi-like ILC3 phenotype in human206, was observed on a small fraction of 

ILC3 generated (Figure 18d). NKp46, which in mice is present in a subset of T-bet expressing 

ILC3, was found to be low or absent in comparison to NK/ILC1 generated in the same condition 

(Figure 18d). Neither IL17A nor IL17F transcripts were detected, as previously described 

ex vivo48, however, both IL-17A and IL-17F proteins were observed selectively in a small 

fraction of RORγt+ ILC3 after stimulation (Figure 18d). 
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To directly compare the transcriptome of our in vitro generated ILC3 to ex vivo ILC3, we 

performed gene set enrichment analysis (GSEA) using a publically available transcriptome 

data set of ex vivo isolated tonsil ILCs48 (Figure 19a). We found the in vitro generated ILC3 to 

be most significantly positively enriched with tonsil ILC3, while most significantly dissimilar to 

tonsil conventional NK cells.  

  

 

 

Figure 18: In vitro generated NKp44+ ILC3 showcase robust transcriptional, phenotypic, and functional 
ILC3 identifying profile. (a) Biplot depicting PCA of ILC subsets (large open circles) and differentially expressed 
genes specific to ILC3 (small closed circles), coloured as per Figure 16a. (b) Heatmap showing selected ILC3 
signature genes; clustering by Z score, visualization depicting max/min expression of individual genes. (c) 
Normalized reads of RORC across all ILC subsets, n=5. Kruskal-Wallis test with Dunn’s multiple comparisons 
test; * p≤0.05; ** p≤0.01; *** p≤0.001. (d) Representative expression of IL-1R1, CD117, NKp46, Neuropilin-1 and 
NKp44 within RORγt+ ILC3 and RORγt- ILCs from OP9+IL-15. IL-8, IL-22, IL-17A, and IL-17F were measured 
after 6hr PMA/Iono/IL-23 stimulation (n>2, at least 2 independent experiments). (e) Percent of RORγt+ ILC3 from 
OP9+IL-15 expressing NKp44, n=7, 6 independent experiments. 
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Together, these findings indicate that in vitro generated ILC3 support a functional 

transcriptomic and proteomic profile in line with signatures obtained from ex vivo ILC3. 

 

 

4.6   CD5- and CD5+ ILC2 generated in vitro display a global signature akin to that 

of tonsil ILC2 

Next, the phenotype of the in vitro generated ILC2 was investigated with further depth. 

Generated ILC2 expressed recognizable ILC2 identifying transcripts such as GATA3, PTGDR2 

(encoding CRTH2), KLRG1, HPGD, HPGDS and S1PR1, which drove the PCA separation 

from other ILC subsets (Figure 20a-c). Similar to GATA3, BCL11B has been described as a 

critical TF not only for T cell lineage-fate decisions, but specifically for ILC2 as well207–209. 

Accordingly, within the ILC subsets, we observed high GATA3 and BCL11B transcripts 

restricted to ILC2 (Figure 20c). Expression of IL2RA (encoding CD25), IL1RL1 (encoding the 

IL-33 receptor) and IL13 transcripts were also well represented in the ILC2 generated. 

Although not present systematically in every donor, IL5, IL4, IL9 as well as IL10 transcripts 

could be detected, showing the potential of ILC2 to produce these cytokines (Figure 20b), 

keeping with ex vivo data53,210,211. Consistent with ex vivo findings of lung, PB, and fetal gut 

ILC2, their in vitro generated counterpart expressed chemokine receptors CCR2 and CCR44,49 

(Figure 20b). KLRG1, CD25, NKp30, and high CD45 expression were confirmed at the protein 

level, together with IL-13 expression after stimulation (Figure 20d) as described previously4,212.  

Figure 19: In vitro generated NKp44+ ILC3 share transcriptional profile with ex vivo isolated tonsil ILC3. 
(a) Gene set enrichment analysis comparing the in vitro ILC3 gene signature to that of tonsil ILCs, depicting 
normalized enrichment score (NES) and false discovery rate (FDR). 
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GSEA using ex vivo isolated tonsil ILCs48 exposed the in vitro generated ILC2 to have a 

significant positive enrichment with tonsil ILC2, showcasing parallels in their transcriptome, 

while showing significant negative enrichment with tonsil ILC3, ILC1 and NK cells (Figure 21a).  

 

Figure 20: In vitro generated ILC2 showcase robust transcriptional, phenotypic, and functional ILC2 
identifying profile. (a) Biplot depicting PCA of CD5- ILC subsets (large open circles) and differentially expressed 
genes specific to ILC2 (small closed circles), coloured as per Figure 16a. (b) Heatmap showing selected ILC2 
signature genes; clustering by Z score, visualization depicting max/min expression of individual genes. (c) 
Normalized reads of GATA3 and BCL11B in NK/ILC1 (n=13), ILC2 (n=5) and ILC3 (n=5). Kruskal-Wallis test with 
Dunn’s multiple comparisons test; * p≤0.05; ** p≤0.01; *** p≤0.001. (d) Representative expression of KLRG1, 
CD25, NKp30, and CD45 in GATA3hi CRTH2+ ILC2 and CD161- non-ILCs from DL1. IL-13 was measured after 
PMA/Iono/IL-23 stimulation (n>2, at least 2 independent experiments). 

Figure 21: In vitro generated ILC2 share transcriptional profile with ex vivo isolated tonsil ILC2. (a) Gene 
set enrichment analysis comparing the in vitro ILC2 gene signature to that of tonsil ILCs, depicting normalized 
enrichment score (NES) and false discovery rate (FDR). 
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Notably, CD5, which has long been a marker of T cell precursors as well as a T cell identifier213, 

has been recently described to mark functionally immature ILC2 and ILC3 in human cord blood 

and postnatal thymus214. Interestingly, CD5 expression was observed on a fraction of ILC2 

generated (Figure 22a). Expression of ILC2 identifying transcripts GATA3 and IL13 were not 

significantly different between CD5+ and CD5- ILC2 (Figure 22b) 

 

We next compared the global transcriptional signatures of CD5- and CD5+ subsets within the 

ILC2 population. PCA showed that CD5- and CD5+ ILC2 clustered together and were distinctly 

demarcated from CD161- CD5+ cells (Figure 23a), indicating that both CD5- and CD5+ ILC2 

subsets represent genuine ILC2 lineages, supported by the shared expression of several 

canonical ILC2 genes including GATA3, IL13, PTGDR2, HPGD, and HPGDS (Figure 23b). 

Protein expression of KLRG1, CD25, NKp30, GATA3, CRTH2, CD45 and IL-13 was also 

comparable between subsets (Figure 22a; 23c).  

 

Figure 22: CD5+ ILC2 are generated in vitro and have comparable GATA3 and IL13 transcripts. (a) 
Representative gating and expression of GATA3 and CRTH2 in CD5- and CD5+ ILC2 subsets. (b) Normalized 
reads of GATA3 and IL13 transcripts in CD5- and CD5+ ILC2, n=5. Statistical analyses in (b) Mann-Whitney test; 
* p≤0.05; ** p≤0.01; *** p≤0.001; ns: not significant. 
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Temporally following CD5 expression in ILC2 showed it to decrease, suggesting CD5 as being 

transiently expressed (Figure 24a). To exclude a donor-specific bias of ILC2 differentiation, 

frequencies of the CD161- CD5+ population and CD5+/- ILC2 were investigated. Donors which 

generated high frequencies of ILC2, similarly generated high frequencies of CD161- CD5+ cells 

(Figure 24b). This suggests that T cell differentiation comes at expense of ILC fate (Figure 

9f), but not necessarily of ILC2. Conversely, CD5 was absent in ILC lineages (NK/ILC1 and 

ILC3) generated in different culture conditions (Figure 24c).  

 

Figure 23: CD5+ ILC2 generated in vitro retain ILC2 transcriptomic and protein profile. (a) PCA plot of all 
ILC subsets, including CD5- and CD5+ ILC2, and CD161- CD5+ cells. (b) Heatmap showing selected ILC2 
signature genes; clustering by Z score, visualization depicting max and min expression of individual genes. (e) 
Representative expression of the indicated markers in CD5- and CD5+ ILC2, as well as CD161- non-ILCs from 
DL1. IL-13 was measured after 6hrs PMA/Iono/IL-23 stimulation. 

Figure 24: CD5 is transiently expressed in 
ILC2. (a) Kinetics of CD5 expression within 
GATA3hi CRTH2+ ILC2 from DL1, n=2-5, 8 
independent experiments. (b) Linear 
regression of frequencies of CD5+ CD161- and 
CD161+ ILC2 from condition DL1 (n=31, 20 
independent experiments). (c) Expression of 
CD5 within CD161+ ILCs in every condition, at 
week 4. 
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Collectively, these data demonstrate that in vitro generated ILC2 are phenotypically on par 

with ex vivo isolated ILC2, and reveal that previously touted T cell antigens such as iCD3ε, 

CD5 are insufficient to distinguish ILCs from adaptive lineages, especially in in vitro 

differentiation systems. 

 

4.7   In vitro generated NK/ILC1 pool exhibit a global type 1 signature 

Finally, we scrutinized the in vitro generated CD94+ and CD94- NK/ILC1 by diving into the PCA 

cluster that emerged from the transcriptome data. Differentially regulated genes which drove 

the NK/ILC1 signature generated in either OP9+IL-15 or DL1+IL-15, as compared to ILC2 and 

ILC3, included canonical NK cell receptors such as NCR1, NCAM1, FCGR3A (encoding 

CD16), and KLRF1 (encoding NKp80), cytotoxicity mediating genes GZMA, GZMB, and PRF1, 

TFs EOMES and TBX21, as well as signaling mediators IL12RB2, CCL5, and IFNG (Figure 

25a-c).  

 

Figure 25: In vitro generated NK/ILC1 showcase a robust transcriptional type 1 gene signature. (a) Biplot 
depicting PCA of ILC subsets (large open circles) and differentially expressed genes specific to NK/ILC1 (small 
closed circles), coloured as per Figure 16a. (b) Heatmap showing selected NK/ILC1 signature genes; clustering 
by Z score, visualization depicting max/min expression of individual genes. (c) Normalized reads of TBX21 and 
EOMES in CD94+/- NK/ILC1 (n=13), ILC2 (n=5) and ILC3 (n=5). Indicated comparisons depicted in c were 
performed using a Kruskal-Wallis test with Dunn’s multiple comparisons test; * p≤0.05; ** p≤0.01; *** p≤0.001. 
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We next attempted to untangle the differences within this cluster to dissect NK cells from ILC1. 

Since CD94- NK/ILC1 enriched for T-bet single-positive cells and CD94 has been previously 

used to distinguish NK cells from ILC1 in in vitro cultures127, we hypothesized this population 

to be more akin to ILC1 than NK cells. Although CD94 expression preferentially enriched for 

Eomes+ cells both in OP9+IL-15 and DL1+IL-15 (Figure 13e,f), no cluster separation between 

CD94+ and CD94- subsets or OP9+IL-15 and DL1+IL-15 conditions emerged by performing a 

PCA on the isolated NK/ILC1 subsets. Instead, the samples clustered by donor (Figure 26a), 

suggesting that the similarities within the NK/ILC1 subsets generated in either condition were 

greater than the differences in Eomes and CD94 expression. Comparing CD94+ and CD94- 

subsets, only minor differences in EOMES and TBX21 transcripts were observed (Figure 26b). 

CD56 and NKp46 protein levels were similar in Eomes+ and Eomes– cell subsets, while there 

was a trend of higher CD16 expression in Eomes+ cells (Figure 26c,d). In terms of effector 

cytokines, IFNG and TNF transcripts were also comparable across subsets (Figure 26e). In 

general, intracellular expression of IFNγ after stimulation was slightly increased in DL1+IL-15 

derived NK/ILC1 (Figure 10g; Figure 26f). No significant differences were noted in killing 

activity within the subsets, although a trend for NK/ILC1 generated in DL1+IL-15 to have 

increased effector functions, as also depicted for IFNγ production, was observed (Figure 26g). 

This goes together with previous reports showing that Notch signaling in CD34+ cultures 

increased expression of maturation markers and amplifies toxicity from NK cells215. 
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As a way to directly compare the phenotypes of our NK/ILC1 to ex vivo isolated NK and ILC1 

we performed a GSEA using tonsil derived CD127- CD56+ NK and CD127+ non-cytotoxic 

ILC148 (Figure 27a). This revealed a stark similarity of the in vitro generated NK/ILC1 to tonsil 

NK, and not to CD127+ ILC1. In contrast, when comparing to tonsil CD127- cytotoxic ILC1 

originally described by Fuchs and colleagues31,86, we observed a strong positive enrichment 

(Figure 27b).  

Figure 26: Eomes or CD94 expression do not clearly dissect NK/ILC1 heterogeneity in vitro. (a) Biplot 
depicting PCA of NK/ILC1 subsets sorted, donors annotated. (b) Normalized reads of TBX21 and EOMES in 
CD94+ NK/ILC1 from OP9+IL-15 (n=4), CD94+ (n=4) and CD94- (n=5) NK/ILC1 from DL1+IL-15. (c) 
Representative expression of CD56, NKp46 and CD16 in Eomes+ T-bet-/lo from OP9+IL-15 (blue, solid) and 
Eomes+ T-bet-/lo (black) and T-bet+Eomes-/lo (blue, dashed) from DL1+IL-15. Control is Eomes- T-bet- from 
OP9+IL-15 (grey). (d) Fraction of CD16+ cells across NK/ILC1 subsets: Eomes+ T-bet-/lo from OP9+IL-15 (n=6) 
and Eomes+ T-bet-/lo (n=7) and T-bet+ Eomes-/lo from DL1+IL-15 (n=7), 5 independent experiments. (e) 
Normalized reads of IFNG and TNF in CD94+ NK/ILC1 from OP9+IL-15 (n=4), CD94+ (n=4) and CD94- (n=5) 
NK/ILC1 from DL1+IL-15. (f) Fraction of IFNγ+ cells within NK/ILC1 subsets: Eomes+ T-bet-/lo from OP9+IL-15 
(n=10) and Eomes+ T-bet-/lo (n=12) and T-bet+ Eomes-/lo (n=12) from DL1+IL-15, after 6hr PMA/Iono/IL-23 
stimulation, 8 independent experiments. (g) NK/LC1 killing assessed as % of K562 target cells lysed at NK/ILC1 
to target cell ratios 2:1 and 5:1 across NK/ILC1 subsets sorted; n=3, 1 independent experiment. Indicated 
comparisons depicted in b, d, e, f, g, were performed using a Kruskal-Wallis test with Dunn’s multiple 
comparisons test; * p≤0.05; ** p≤0.01; *** p≤0.001; ns: not significant. 
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In summary, these data confirm the presence of a global type 1 signature in NK/ILC1 subsets. 

However, the line between human NK and ILC1 identification and characteristics remains 

problematic, as the definitions of Eomes+ NK and T-bet+ ILC1 might fall apart under in vitro 

culture and should be reconsidered for future studies. In line with the variable identity of 

NK/ILC1 in the cultures, exploring ex vivo TF expression within CD56+ or CD94+ conventional 

NK cells reveals the multifaceted nature of Eomes and T-bet also within tissue sites (Figure 

28), suggesting that a clear and convincing separation between human NK and ILC1 requires 

further study and semantic refinement. 

 

  

Figure 27: In vitro generated NK/ILC1 share transcriptional profile with ex vivo isolated tonsil NK cells 
and cytotoxic CD127- ILC1, but not with non-cytotoxic CD127+ ILC1. (a,b) Gene set enrichment analysis 
comparing the in vitro NK/ILC1 gene signature to that of CD127+ or CD127- tonsil ILCs respectively, depicting 
normalized enrichment score (NES) and false discovery rate (FDR). 

Figure 28: Eomes and T-bet expression is heterogeneous in conventional NK cells ex vivo. Representative 
expression of Eomes and T-bet across various organs. Red population represents conventional NK cells (in 
tonsil, liver, cord blood (CB): Lin- CD45+ CD3- CD56+ CD117-; in PB: Lin- CD3- CD7+ CD56+ CD117-; in caecum 
and colon: Lin- CD45+ CD3- CD94+), grey population represents non-NK (in tonsil, liver, CB, peripheral blood 
(PB): Lin- CD45+ CD3- CD56-; in caecum and colon: Lin- CD45+ CD3- CD94-). 
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4.8   Unbiased assessment of ILC transcriptional signatures and heterogeneity 

by single-cell RNA sequencing  

To define the transcriptional landscape of the generated ILCs in an unbiased manner and to 

gain more detailed insights about potential heterogeneity within the obtained ILC subsets, 

single-cell RNA sequencing (scRNA-seq) was performed. To include possible transitional or 

differentiating cells with little to no CD161 expression, total CD45+ Lin- cells from each of the 

three conditions (OP9+IL-15, DL1+IL-15, and DL1) were sorting, omitting positive selection by 

CD161 expression. For simultaneous characterization of RNA and protein, we integrated oligo-

conjugated antibodies into the single-cell sequencing workflow, also known as CITE-seq 

(Cellular Indexing of Transcriptomes and Epitopes by sequencing)216, which allowed for the 

validation of ILC lineage transcriptional identities with surface protein expression on the same 

cells. A total of 10512 cells across all conditions were analyzed from 2 donors. Cells were 

embedded using uniform manifold approximation and projection (UMAP). After regressing cell 

cycle effects out, 4 main clusters emerged, distributed over the three conditions (Figure 

29a,b). Of these clusters, cluster 1, 2 and 3 expressed CD161 signifying ILC lineages, whereas 

cluster 0 lacked CD161 and instead expressed CD5 and CD1a, suggesting a more T-cell like 

phenotype (Figure 29c).  
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Further analysis showed that cells belonging to cluster 0 expressed high levels of RAG1, 

CD3G, and PTCRA transcripts, as well as T-lymphocyte associated TFs TCF12 and BCL11B, 

and markedly low KLRB1 transcripts. This cluster, which rose exclusively from the DL1 

condition, was equivalent to the CD161- CD5+ population presented in the bulk RNA-seq 

(Figure 30a,b). Clusters 1, 2 and 3 displayed surface CD161, along with preferential 

expression of KLRB1, ID2 and ZBTB16 transcripts, and were identified as belonging to the ILC 

lineage, confirming with an unbiased approach the validity of CD161 as an ILC lineage marker 

in CD34+ HPC cultures (Figure 30a,b). Expression of the master TFs EOMES, GATA3 and 

RORC flagged the three main ILC clusters, NK/ILC1 (cluster 1), ILC2 (cluster 2) and ILC3 

(cluster 3) (Figure 30a,b), respectively, while TBX21 transcripts were hardly detectable in the 

scRNA-seq data set (Figure 30c). IL7R expression was observed preferentially in ILC2 and 

ILC3, while NK/ILC1 rather displayed high expression of IL2RB transcripts (Figure 30a). 

Figure 29: Assessment of single cell transcriptional signatures confirm ILC lineage clusters and a non-
ILC CD161- population. From 2 donors, CD45+ Lin- cells sorted from each of the three conditions. (a) UMAP 
dimensionality reduction projection, color-coded to present clusters identified. (b) UMAP dimensionality reduction 
projection, color-coded to present conditions from which individual cells are derived. (c) Expression of surface 
CD161, CD5, and CD1a protein from CITE-seq onto UMAP visualization in a. 
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Besides RORC, the ILC3 signature was driven by 134 differentially regulated genes, including 

IL23R, IL1R1, IL26, NCR2 (Figure 30b) and belonged chiefly to cells engendered in condition 

OP9+IL-15 (Figure 29b), corroborating the phenotype delineated through both flow cytometry 

and bulk RNA-seq. The ILC2 signature, rising mainly from the DL1 condition (Figure 29b), 

was driven by 80 differentially regulated genes, including high GATA3 and HPGD, which was 

consistent with the ILC2 phenotype described (Figure 30b). Finally, the NK/ILC1 cluster which 

was derived from conditions supplied with IL-15 (Figure 29b), showcased a robust type 1 

signature driven by 142 differentially regulated genes, including high EOMES, NCR1, NCAM1, 

PRF1, KLRC1 and NKG7 transcripts (Figure 30b), in line with our bulk RNA-seq data. No 

clusters with an ILC profile lacking surface CD161 expression were found, confirming that 

surface CD161 expression marks acquisition of ILC lineage identifying transcriptome in vitro. 
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To evaluate heterogeneity within ILC subsets generated, each ILC cluster was dissected and 

further clustered using UMAP. Focusing on the ILC3 supercluster revealed two ILC3 

subclusters, both of which showed comparable ILC3 lineage identifying transcripts RORC, KIT, 

Figure 30: Single cell RNA sequencing confirms ILC lineage identities of NK/ILC1, ILC2 and ILC3. (a) 
Dotplot displaying expression of selected and previously described human T cell and ILC subset-specific markers 
in the different clusters. Color scale represents average expression, dot size visualizes fraction of cells within the 
cluster expressing the gene. (b) Violin plot presenting expression of TBX21 transcripts in all clusters. (c) Heatmap 
presenting all differentially expressed genes (DEGs) within each cluster. 
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and IL23R. Interestingly ILC3 subcluster 1 was characterized by higher IL1R1, IL26, LTA and 

LIF transcripts, possibly compatible with a more activated cellular state (Figure 31a,b). 

Dissection of the ILC2 cluster revealed three subclusters which expressed comparable GATA3 

(Figure 31c,b). Both subcluster 0 and 1 exhibited similar PTGDR2 expression, while 

subcluster 1 was characterized by high IL1RL1 and IL2RA, and low S1PR1 and PTGER2 

transcripts, consistent with a more activated phenotype. ILC2 subcluster 2 was conversely 

characterized by low PTGDR2, along with higher expression of some type 1 genes, including 

KLRF1 and EOMES (Figure 31c,d), suggesting that this subcluster may have partially 

down-regulated type 2 and concomitantly up-regulated type 1 signatures, possibly in line with 

an ILC2/ILC1 phenotype. Finally, examination of the NK/ILC1 population exposed three 

subclusters driven by 80 d ifferentially regulated genes (Figure 31e). In contrast to the 

observed differences in protein expression, EOMES and KLRD1 transcripts (encoding CD94) 

were comparable among the three subclusters, and did not enable a dissection of NK and 

non-cytotoxic ILC1 phenotype, in line with the bulk RNA-seq data. Higher expression of 

FCGR3A could be identified in subcluster 2, which might reflect heterogeneity within NK cell 

subsets, as observed ex vivo (Figure 31f).  
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Collectively, using an unbiased sorting strategy independent of lineage identifying surface 

markers, this data validates the lineage identity of ILC subsets generated under different 

culture conditions. Furthermore, this data shows that even with provision of a stable set of 

signals, a certain degree of transcriptional heterogeneity can be obtained while generating 

ILCs in vitro, which however, does not enable clear distinction between NK and non-cytotoxic 

ILC1. 

 

Figure 31: Single cell RNA sequencing reveals heterogeneity within in vitro generated ILC subsets. (a) 
UMAP dimensionality reduction of ILC3 clusters, color-coded to present subclusters. (b) Violin plots of RORC, KIT, 
IL23R, IL1R1, IL26, LTA, and LIF transcripts in ILC3 subclusters. (c) UMAP dimensionality reduction of ILC2 
clusters, color-coded to present subclusters. (e) Violin plots of GATA3, PTGDR2, IL1RL1, PTGER2, S1PR1, 
IL2RA, EOMES and KLRF1 transcripts in ILC2 subclusters. (f) UMAP dimensionality reduction of NK/ILC1 clusters, 
color-coded to present subclusters. (g) Violin plots of EOMES, KLRD1, NKG7, NCAM1, PRF1, GNLY, and 
FCGR3A transcripts in NK/ILC1 subclusters. 
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4.9   ILC lineages can be efficiently generated in vitro from bone marrow-derived 

CD34+ HPCs  

Next, the potential for CD34+ CD45RA+ HPCs from bone marrow of adult individuals to 

generate functional ILC subsets under the described conditions was tested. As in cord blood, 

all conditions, OP9+IL-15, DL1+IL-15, and DL1, had comparable fold expansion in bone 

marrow (Figure 32a). Supplementation with IL-15 in OP9+IL-15 and DL1+IL-15 resulted in a 

mean frequency of CD161+ ILCs of 91.38% and 78.54% respectively. Also analogous to cord 

blood, DL1 showcased both a CD161+ ILC and a CD161-CD5+ population, at mean frequencies 

of 41.87% and 21.67%, respectively (Figure 32a-c).  

  

 

In OP9+IL-15, two dominating ILC subsets could be identified, namely Eomes+ and/or T-bet+ 

NK/ILC1 which partially expressed CD94 and secreted IFNγ upon stimulation, and RORγt+ 

ILC3 displaying surface CD117, which produced IL-22 (Figure 33a-c). Addition of Notch 

signaling upregulated T-bet expressing cells in NK/ILC1, as observed in cord blood (Figure 

33d). As in cord blood, CRTH2+ GATA3hi ILC2 capable of expressing IL-13 were generated in 

condition DL1, although unlike cord blood, DL1+IL-15 appeared partly permissive to ILC2 

generation (Figure 33a,c). Both CD5+ and CD5- ILC2 were generated in DL1 and DL1+IL-15 

(Figure 33e).  

Figure 32: Human CD34+ CD45RA+ HPCs derived from bone marrow generate CD161+ ILCs. (a) Fold 
expansion of live cells at week 4, relative to day 0 (n=5, 2 independent experiments). (b) Percent of CD161+ ILCs 
within CD45+ Lin- cells at week 4 (n=7-8, 5 independent experiments). (c) Percent of CD5+ CD161- subset within 
CD45+ Lin- cells at week 4 (n=7-8, 6 independent experiments). 
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The efficiency of ILC subset generation from bone marrow CD34+ CD45RA+ HPCs, as 

identified by transcription factors or by cytokine expression is quantified in Figure 34a,b 

respectively. As in cord blood, OP9+IL-15 was the most efficient culture condition for ILC3 

generation (Figure 34a,b). However, while DL1+IL-15 appeared to be the most efficient 

condition to generate IFNγ-producing NK/ILC1 starting from cord blood CD34+ HPCs (Figure 

10f,g), from bone marrow these differences were less pronounced (Figure 34a,b). ILC2 were 

most efficiently generated in condition DL1, with some permissibility in DL1+IL-15 as well 

(Figure 34a,b). This data suggests that the pathways regulating ILC differentiation are 

consistent in both cord blood and bone marrow circulating compartments, although 

tissue-driven differences between progenitors may affect ILC generation potential.  

Figure 33: Mature and functional core ILC subsets can be generated from human bone marrow-derived 
CD34+ CD45RA+ HPCs. (a) Representative expression of transcription factors (TFs) and surface markers 
within CD161+ ILCs at week 4, colored gates show identification of subsets by TFs (NK/ILC1, blue; ILC2, green; 
ILC3, red). (b) Representative expression of CD117 and CD94 on NK/ILC1 and ILC3 (gated as in a) generated 
in the indicated conditions at week 4. For DL1+IL-15 Eomes- /T-bet- cells are depicted as control. (c) 
Representative expression of IFNγ, IL-13, and IL-22 within Eomes+ and/or T-bet+ NK/ILC1 from OP9+IL-15 
(black), and from DL1+IL-15 (blue), RORγt+ ILC3s from OP9+IL-15 (red), and GATA3hi CRTH2+ ILC2s from 
DL1 (green). (d) Frequency of T-bet+ cells within NK/ILC1 in the indicated conditions (n=8, 5 independent 
experiments). (e) Frequency of CD5+ cells within ILC2 from DL1 and DL1+IL-15 (gated as in a) n=7-8, 5 
independent experiments. Statistical analysis (B) Mann-Whitney test; * p≤0.05; ** p≤0.01; *** p≤0.001. 
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Collectively, these data show that in vitro differentiation from CD34+ CD45RA+ HPCs provides 

an effective and reliable method to test the potentiality of ILC progenitor pools. Moreover, the 

extensive phenotypic and transcriptional validation performed in this study highlights the 

similarities, as well as the inconsistencies, in ILC lineage generation, as compared to their 

ex vivo counterparts. 

  

Figure 34: CD34+ CD45RA+ HPCs from bone marrow generate all core ILC subsets in response to 
specific conditions. (a) Quantification of ILC subset generation as identified by transcription factors (TFs) 
(Eomes+/T-bet+: n=7–8, 5 independent experiments; GATA3hi CRTH2+: n=7–8, 5 independent experiments; 
RORγt+: n=7–8, 5 independent experiments). (b) Quantification of ILC subset generation as identified by 
cytokines (IFNγ+: n=5–6, 3 independent experiments; IL-13+: n=5–6, 3 independent experiments; IL-22+: n=5–
6, 3 independent experiments). Statistical analyses were performed using a Kruskal-Wallis test with Dunn’s 
multiple comparisons test; *p%0.5; **p%0.01; ***p % 0.001. 
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5 Discussion 

 

The identification of ILCs in humans has led to serious advances in our understanding of 

homeostasis and inflammation. Studies from the last decade have revealed that mature ILCs 

differentiate from step-wise restricted ILC progenitors, and unlike T cells, are independent from 

thymic selection processes105,125–128,131. This remarkable feature allows for the recapitulation of 

the complete of ILC family in vitro, whereas generation of effector T cells directly from CD34+ 

HPCs is an arduous process that does not physiologically mirror T cell development168. The 

system described in this work reliably enables the engenderment of fully differentiated and 

functional ILC lineages from CD34+ CD45RA+ HPCs from cord blood and bone marrow. This 

work ultimately shows that ILC subset differentiation can occur in the absence of IL-12, IL-18, 

IL-1β, IL-23, IL-33, or TSLP, cytokines often used to polarize naïve T cells into specific T helper 

subsets23,106,111,217. One of the key strengths of this study lies in the vast number of cultures 

presented, which despite a certain variability intrinsic to human studies, clearly indicate which 

culture conditions reliably engender the different ILC lineages. 

 

5.1   Heterogeneity of the CD34+ CD45RA+ HPC pool  

The data in this thesis, which shows the definitive generation of NK/ILC1, ILC2 and ILC3 

subsets from cord blood and bone marrow derived CD34+ CD45RA+ HPCs, suggest that ILC 

programs might be partially pre-imprinted in either multi- or uni-potent ILC progenitors. It further 

suggests that individual ILC subsets may only emerge from these progenitors under specific 

conditions. In vivo, human ILC lineage differentiation from circulating (fetal liver, cord blood, 

bone marrow or peripheral blood derived) CD34+ progenitors may be completed within tissue 

niches, where mature ILCs preferentially reside. In line with this concept ILC-, ILC2- and ILC3- 

committed progenitors have been described in tissues both in mice and 

humans102,119,120,125,127,218. One of the limitations of the human studies performed thus far is that 

the potential for ILC engenderment from CD34+ precursors has been grounded on inadequate 
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and insufficient surface markers, and validation of the ILC progeny through transcription factor 

analysis and genetic profiling has been lacking. It remains to be conclusively ascertained 

whether the heterogeneous starting pool of CD34+ CD45RA+ HPCs used in this work holds 

common ILC progenitors or already pre-committed ILC1-, ILC2- or ILC3-specific progenitors. 

Only through additional detailed single-cell analysis of the transcriptome and epigenome of 

circulating and tissue CD34+ CD45RA+ progenitors will we be able to fully unveil the 

heterogeneity of this population, and explore whether it comprises of already pre-committed 

progenitors toward the different ILC lineages.  

 

While human T cell-, B cell- and ILC-committed progenitors have been mainly identified within 

the CD34+ HPC pool125–127,169, a recent study from Lim and colleagues proposed a CD34- 

CD127+ CD117+ multi-potent ILC progenitor, found in adult tissues as well as circulating in 

peripheral blood128,131. Further characterization of this population highlights their heterogeneity 

and suggests that they may be a mix of transitional ILC populations132 or may represent a more 

naïve ILC phenotype47. The developmental relationship between CD34+ committed progenitors 

and these CD34- populations remain to be clarified. These two sources of ILC differentiation 

may not be mutually exclusive and both may play a role in constituting ILC pools in different 

tissues during distinct waves of ILC ontogeny.  

 

5.2   Notch signaling skews ILC lineage differentiation programs in CD34+ 

CD45RA+ HPCs 

The rise of the RAG1/2 expressing CD161- CD5+ population in the presence of Notch signaling 

and the absence of IL-15 may occur due to differentiation of T cell lineage imprinted progenitors 

within the CD34+ pool. The link between conditions favourable for growth of both ILC2 and T 

cells in vitro (namely Notch signaling and IL-7) has been previously reported, together with the 

notion that ILC2 can directly differentiate from committed thymic T cell precursors, in vitro and 

in vivo121,156,218,219. This link is further highlighted by the observed transient expression of T cell 

associated protein CD5 in ILC2, generated in the presence of DL1 and in the absence of IL-15 
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signaling. Interestingly, it was recently shown that IL-15 can induce granzyme B-mediated 

Notch1 cleavage, silencing Notch target genes204, potentially explaining the antagonistic role 

of IL-15 in ILC2 lineage differentiation and the absence of ILC2 in conditions OP9+IL-15 and 

DL1+IL-15. In bone marrow, where an ILC2 pre-committed progenitor has been described in 

the mouse112, condition DL1+IL-15 is also partially permissive to generation of ILC2, 

suggesting a fraction of precursors may have received initial Notch signals already in vivo and 

be thereby less sensitive to the action of IL-15 in vitro. In the mouse, Notch signaling has also 

been associated to promotion of a type 1 transcriptional program, as shown during TH1 

polarization through direct regulation of Tbx21193,194. Accordingly, the differentiation and 

maintenance of NKp46+ ILC3 in the mouse, which express T-bet, is regulated by 

Notch64,71,152,220. Unlike the mouse, human NKp46+ and/or NKp44+ ILC3 do not express T-bet 

ex vivo, and can hence differentiate in vitro without external provision of Notch signaling. As 

shown here, Notch signaling in the system rather promotes generation of NK/ILC1 lineages 

and up-regulation of T-bet therein.  

 

5.3   ILC lineage identification requires multifaceted analysis 

One of the major highlights of this study lies in the validation of the different ILC lineages 

generated. The quality of lineage identification is pertinent not only for descriptive studies, but 

also for understanding the flexibility between lineages as it may impact the definition of 

plasticity. As seen in the IL-12 mediated ILC2-ILC152,83,198 or ILC3-ILC1 conversion191 plasticity 

arises during challenge with inflammatory or polarizing signals, as also recapitulated in this 

work. Importantly, single-cell sequencing of ILCs generated in condition DL1 exposed what 

protein analysis did not: a subcluster partially retaining an ILC2 signature while exhibiting 

upregulation of type 1 genes, possibly indicating intrinsic ILC2 plasticity. While this putative 

ILC2/ILC1 subset could not be detected by TF staining, it may already be poised and account 

for the IFNγ production observed in ILC2 in response to IL-1β and IL-12 stimulation. 

Alternatively, as condition DL1 is suboptimal for NK/ILC1 engenderment due to the lack of 

IL-15, this population might simply reflect their aborted generation. Interestingly, a report from 
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2009 suggests that Notch activation can indeed promote an NK-like program from CD34+ 

HPCs in vitro in the absence of IL-15, but that IL-15 is required for total maturation and to 

amplify cytotoxicity from these cells215. 

 

This finding further demonstrates that assigning cells generated in vitro or in vivo from putative 

progenitors to ILC lineages based on one cytokine or surface marker could lead to ambiguity 

in data interpretation. This study reveals the caveat that using only one condition to generate 

ILCs inherently biases lineage decision processes, as not all subsets can be generated with 

the same signals, and that multidimensional evaluation of the generated cells is absolutely 

required to assign lineage. This has implications on clonal assays, frequently utilized in ILC 

progenitor studies111,125,127,128, in which only one condition can be tested per individual 

progenitor cell. A combination of single-cell and bulk cell assays will be critical in assessing 

the differentiation potential of candidate progenitors. 

 

5.4   Limitations of the study 

The robust potential for human ILC generation brought forth by this study lends itself to further 

exploration to study ILC fate-making decisions and differentiation. Hand in hand with potential 

for human ILC generation, it is pertinent to emphasise the limitations of such platforms. Of 

particular importance is the problematic identification of NK cell and ILC1 subsets. Previously, 

expression of Eomes has been used to demarcate NK cells among T-bet expressing Group 1 

ILCs. However, mouse NK cell and ILC1 lineage assignment can be challenging in organs 

such as salivary glands, where prototypical phenotypes of NK cells and ILC1 fall apart221,222. 

In humans, Group 1 ILC lineage identities are even more debated84,223, as there is great 

heterogeneity and variation of Eomes and T-bet expression across tissues, as shown in this 

and other studies224, and may reflect tissue specific signals or cell maturity. A population fitting 

the minimal description of ILC1 (T-bet+ Eomes-/lo CD94-) is generated in these in vitro cultures, 

matching the populations identified as bona fide ILC1 in previous in vitro studies127. However, 

this “ILC1” population is here revealed to be transcriptionally similar to cytotoxic CD127- ILC1 
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and NK cells, which themselves are described to be heterogeneous. Nevertheless, it cannot 

be excluded that the strong cytotoxic signature detected in the NK/ILC1 might be enhanced by 

constant IL-15 provision in these cultures, as shown for T cells and NK cells, and may push 

the “ILC1” population generated toward a cytotoxic NK cell phenotyte225,226. Further, and as 

described earlier in this thesis, a recent study on blood and tonsil CD127+ ILC1 has further 

shown that type 1 transcriptional features are missing in these cells ex vivo, whose core 

signature consist rather of T cell lineage associated transcripts47, likely a T cell contamination. 

This makes direct comparisons between in vitro generated and ex vivo isolated ILC1 to 

ascertain lineage difficult. Overall, this suggests that identification of ILC1 generated in vitro 

through lack of CD94 or Eomes protein expression is insufficient to ascertain lineage, and that 

the differentiation potential of ILC progenitors has to be revisited. 

 
Concerning faithful generation of ILC3, this system consistently recapitulates an NKp44+ ILC3 

signature akin to that of the tonsil, rather than NKp44- ILCs associated to a more naïve ILC 

phenotype. A human LTi cell signature was not detected either globally or at the individual cell 

level, in line with sequencing data from ex vivo isolated ILC3 from various adult 

compartments47,48,59,60. These limitations of the platform may not be inherently intrinsic, but 

rather reflect the lack of a clear ex vivo transcriptional signature, hindering their recapitulation 

in vitro. 

 

5.5   Unresolved questions and future potential 

Several lines of inquiry regarding the developmental trajectory of human ILCs remain open: 

Does a common ILCP that gives rise to all ILC subsets under the right conditions exist within 

the CD34+ CD45RA+ HPC pool? Are there subset specific ILC progenitors that are primed and 

pre-committed in vivo? What does the ILC developmental landscape look like during 

embryogenesis? What are the main transcriptional and epigenetic mechanisms regulating ILC 

development in humans? Regarding the culture system itself, examination of the effect of 

stromal cells on ILC differentiation is also of major interest. Do human stromal cell lines present 
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different signals than murine? Would use of tissue specific stromal cells, from tonsil or bone 

marrow for example, influence the phenotype and presentation of ILC differentiation?  

This platform, which allows for the perturbation of ILC development between the stages of 

progenitor up to fully differentiated ILCs, presents a gateway to resolve many unanswered 

questions in the field. For instance, an ideal way to use this platform to explore the 

transcriptional networks regulating ILC development and gain of effector function, would be 

with genetic modification of the CD34+ CD45RA+ HPC pool to specifically target various players 

in differentiation. This could be done through lentiviral transduction, and the outcome on ILC 

subset engenderment can be henceforth evaluated. Additionally, candidate ILC progenitors 

identified through transcriptomic or epigenetic analysis ex vivo lend themselves to be tested in 

this platform, where the described culture conditions test for specific ILC subset potential. Of 

course, as in vitro potential does not necessarily correlate with in vivo activity, candidate 

progenitors which have been tested in vitro should also undergo transfers into xenograft 

models. In principle, as lineage restricted progenitors have decreased proliferative potential, 

expansion of candidate progenitors in vitro would also be pertinent to investigate. Finally, 

having a self-renewing source of ILCs which allow for genetic modification techniques can 

pave the road for potential adoptive transfer therapies.  

 

5.6   Concluding remarks 

To conclude, this work presents for the first time a tool for engenderment of the core ILC 

lineages from the relatively easily accessible CD34+ CD45RA+ HPC compartment. 

Prominently, experiments performed within the scope of this study exposed the caveat that 

individual conditions are required for specific ILC subset generation, namely hinging on Notch 

signaling and IL-15 provision. Additionally, this work revealed a link between conditions 

favourable for both human T-cell like and ILC2 lineages in vitro, and further showed that 

acquisition of CD161 separates canonical ILC signatures from T cell signatures in vitro. The 

recapitulation of the core ILC lineage identities presented here are corroborated by extensive 
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and consistent phenotypic, functional, and transcriptional interrogation, at both the global and 

single-cell level, which in other studies is based solely on cytokines or insufficient surrogate 

surface markers. Additionally, this platform tackles common problems in human ILC studies 

such as insufficient cell numbers and scarce availability of tissue samples.  

Altogether, this work represents a critical resource to elevate human ILC research, and in 

particular serves as an important instrument to aid in clarifying human ILC biology and 

differentiation. 
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5.6   Graphical summary 

 

 

  

Figure 35: In vitro generation of human innate lymphoid cells from CD34+ CD45RA+ hematopoietic 
progenitors. Co-culture of CD34+ CD45RA+ hematopoietic progenitor cells with stromal cell line OP9, or OP9 
transfected with DL1 to provide Notch signaling (OP9-DL1) in the presence of cytokines IL-7, SCF, and Flt3-L 
with or without IL-15, is sufficient to generate all core ILC subsets, which are identified by the acquisition of 
CD161. Condition OP9 with the addition of IL-15 generates RORgt+ NKp44+ ILC3 capable of secreting IL-22. 
A heterogeneous pool of Group 1 ILC (NK/ILC1), expressing Eomes, T-bet, NKp46 and capable of producing 
IFNγ are generated in the presence of IL-15, with or without the inclusion of Notch signaling, conditions 
OP9+IL-15 and DL1+IL-15. In the absence of IL-15 but in the presence of Notch signaling, condition DL1, two 
lineages arise: a T cell like population expressing RAG and CD1a transcripts, and ILC2, identified by GATA3, 
CRTH2 and IL-13 expression. Bulk and single cell transcriptomic analysis reveal robust ILC transcriptomes 
which correlate those found in their ex vivo counterparts. 
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7 Abbreviations 

In order of appearance. 

Abbreviation  

ILCs Innate lymphoid cells 

NK Natural killer 

TCR T cell receptor 

BCR B cell receptor 

IL- Interleukin 

IFNγ Interferon-γ 

TF Transcription factor 

Eomes Eomesodermin 

T-bet T-box expressed in T cells 

GATA3 GATA binding protein 3 

RORγt RAR-related orphan receptor-γ 

TNFα Tumor necrosis factor α 

NCR Natural cytotoxicity receptor 

MHC Major histocompatibility complex 

KIR Killer-cell immunoglobulin-like receptor 

ie Intraepithelial  

CNS Central nervous system 

CRTH2 Prostaglandin D2 receptor 

PDG2 Prostaglandin D2 

RORα RAR Related Orphan Receptor α 

HPGD Hydroxyprostaglandin dehydrogenase-15 

HPGDS Hematopoietic prostaglandin D synthase 

LTi Lymphoid tissue inducer 

LT Lymphotoxin 

PP Peyer’s patches 

RANKL Receptor activator of nuclear factor kappa-Β ligand 

GM-CSF Granulocyte macrophage-colony stimulating factor 

MELC Multi-epitope ligand cartography 

HSC Hematopoietic stem cell 

HPC Hematopoietic progenitor cell 

HSTC Hematopoietic stem cell transplant 

MPP Multipotent progenitor cells 
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CMP Common myeloid progenitor 

CLP Common lymphoid progenitor 

ILCP Innate lymphoid cell precursor 

ID2 Inhibitor of DNA binding 2 

MACS Magnetic-activated cell sorting 
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