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1. Summary 
 

Immune cell phenotype and function is strongly shaped by the tissue 

microenvironment. Adaptation of immune cells to tissue-specific microenvironment is, 

therefore, an essential process in homeostasis and inflammation. Innate lymphoid cells 

(ILCs) exhibit tissue-specific heterogeneity and function and are known to be key 

players as early responders in tissue inflammation and injury. However, the factors 

influencing ILC phenotype and function remain to be elucidated. Therefore, we aimed 

to the study the role of ILCs in the context of tissue adaptation and function under 

homeostasis and disease conditions. In the first study, we focused on the phenotypic 

adaptation of type 2 ILCs (ILC2s) in different organs and the factors influencing this 

process. We show that the murine effector ILC2s derived from various organs are 

capable in repopulating the niche of ILC2s at other anatomical locations where they 

undergo phenotypic adaptation specific to the tissue microenvironment. Using single-

cell RNA sequencing of ILC2 populations, we observed an upregulation in the retinoic 

acid (RA) signalling in ILC2s adapting to the small-intestinal microenvironment. We 

also observed RA signalling-mediated reprogramming of ILC2s to the intestinal 

phenotype in vitro and in vivo. In the absence of RA signalling, ILC2s failed to acquire 

the intestinal phenotype and exhibited impaired worm expulsion during Strongyloides 

ratti infection, indicating the functional importance of tissue-specific imprinting of ILC2s. 

In conclusion, our study highlights an important attribute of effector ILC2s in retaining 

flexibility to adapt to changing tissue-specific microenvironment, enabling them to exert 

tissue-specific functions such as controlling intestinal helminth infections. In the second 

study, we aimed to characterise natural cytotoxicity receptor (NCR) and T-bet 

expressing ILC populations in murine kidney and study their functional role in 

crescentic glomerulonephritis. Detailed profiling of NCR+ T-bet+ ILCs in murine kidney 

revealed conventional natural killer (cNK) cells and type 1 ILCs (ILC1s) as two major 

subsets. In a mouse model of crescentic glomerulonephritis, induction of renal 

inflammation did not have a substantial influence on the abundance and phenotype of 

NK cells or ILC1s. We utilized widely used depletion antibodies for total NCR+ ILCs 

(anti-NK1.1 antibody) and for cNK cells (anti-asialoGM1 serum) to perform the 

functional analyses in this model. However, these strategies proved to be unreliable 

tools as they were associated with significant off-target depletion of kidney natural killer 

T cells (NKT; anti-NK1.1) and CD8+ T cells (anti-asialoGM1). Furthermore, we 
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observed that neither the depletion of cNK and ILC1s in NKT cell-deficient mice and 

CD8+ T cell-deficient mice nor the specific genetic deletion of cNK cells in Ncr1Cre/wt × 

Eomesfl/fl mice altered the progression of disease in experimental glomerulonephritis. 

In summary, we show that cNK cells and ILC1s do not play a vital role in initiation and 

progression of glomerulonephritis and suggest caution while using standard antibody 

depletion methods to study the functional role of NCR+ T-bet+ ILCs in mouse models.  
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2. Zusammenfassung 
 

Das Mikromilieu innerhalb eines Gewebes übt starken Einfluss auf den Phänotyp und 

die Funktion von Immunzellen aus. Die Anpassung der Immunzellen an die 

gewebespezifische Umgebung ist daher ein wesentlicher Prozess in Homöostase und 

Entzündung. Innate Lymphoid Cells (ILCs) weisen eine gewebespezifische 

Heterogenität sowie Funktion auf und sind als frühe „Responder“ bei 

Gewebeentzündungen und -verletzungen bekannt. Welche Faktoren dabei den 

Phänotyp und die Funktion der ILCs beeinflussen ist bis dato allerdings noch nicht 

abschließend geklärt. Das Ziel der vorgelegten Arbeiten war es daher die Rolle der 

ILCs in Bezug auf ihre gewebespezifische Anpassung und Funktion unter 

homöostatischen und inflammatorischen Bedingungen zu untersuchen. In der ersten 

Studie konzentrierten wir uns auf die phänotypische Anpassung von Typ 2 ILCs 

(ILC2s) in verschiedenen Organen und die Faktoren, die diesen Prozess beeinflussen. 

Wir konnten zeigen, dass murine Effektor-ILC2s aus verschiedenen Organen, in der 

Lage sind, die Nische der ILC2s in anderen Geweben zu besiedeln, indem sie eine 

gewebespezifische, phänotypische Anpassung durchlaufen. Mithilfe von Einzelzell-

RNA-Sequenzierung von ILC2-Populationen konnten wir eine Hochregulierung des 

Vitamin A-Signalwegs während der Adaptation von ILC2s an die Mikroumgebung des 

Dünndarms beobachten. Darüber hinaus konnten wir in vitro und in vivo zeigen, dass 

sich ILC2s Vitamin A-vermittelt in Richtung des intestinalen Phänotyps 

umprogrammieren. Die Blockade des Vitamin A-Signalwegs verhinderte weiterhin die 

intestinale Adaptation der ILC2s und beeinträchtigte die protektive Immunantwort 

gegen eine Wurminfektion mit Strongyloides ratti, was auf die funktionelle Bedeutung 

der gewebespezifischen Prägung der ILC2s hinweist. Zusammenfassend unterstreicht 

unsere Studie, dass die Flexibilität, sich an eine veränderte gewebespezifische 

Mikroumgebung anzupassen eine wichtige Eigenschaft von Effektor-ILC2s ist und sie 

diese in die Lage versetzt gewebespezifische Funktionen wie z. B. die Kontrolle 

intestinaler Helmintheninfektionen auszuüben. Das Ziel der zweiten Studie war 

phänotypische und funktionelle Charakterisierung der NK-Zellrezeptor (NCR) und  

T-bet exprimierende ILC-Populationen in der Mausniere. Im Rahmen einer detaillierten 

Charakterisierung der NCR+ T-bet+ ILCs in der Mausniere konnten konventionelle 

natürliche Killerzellen (cNK) und Typ-1-ILCs (ILC1s) als zwei wichtige 

Subpopulationen definiert werden. Im Mausmodell der halbmondbildenden 
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Glomerulonephritis konnten keine wesentlichen Änderungen der Häufigkeit und des 

Phänotyps von cNK-Zellen oder ILC1s beobachtet werden. Zur weiteren funktionellen 

Charakterisierung führten wir Depletions-Experimente von NCR+ ILCs (Anti-NK1.1-

Antikörper) und cNK-Zellen (Anti-AsialoGM1-Serum) durch. Aufgrund signifikanter 

„off-target“ Depletion natürlicher Killer-T-Zellen (NKT; Anti-NK1.1) und CD8+ T-Zellen 

(Anti-AsialoGM1) in der Niere erwiesen sich diese allerdings als nicht zielführend. 

Weiterhin konnten wir zeigen, dass weder die Depletion von cNK und ILC1 in NKT-

Zell-defizienten bzw. CD8+ T-Zell-defizienten Mäusen, noch die spezifische genetische 

Deletion von cNK-Zellen in Ncr1Cre/wt × Eomesfl/fl-Mäusen die Progression der 

experimentellen Glomerulonephritis beeinflusste. Zusammenfassend konnten wir 

feststellen, dass cNK-Zellen und ILC1s keine entscheidende funktionelle Rolle im 

Mausmodell der halbmondbildenden Glomerulonephritis spielen. Die häufig 

verwendeten Standard-Antikörperdepletionsmethoden zur Untersuchung der 

funktionellen Rolle von NCR+ T-bet+ ILCs in Mausmodellen sind dabei, aufgrund 

signifikannter „off target“ Effekte mit Vorsicht zu interpretieren.  
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3. Introduction 
 

3.1 Innate lymphoid cells 
 
The immune system employs a wide array of immune cell subtypes to overcome 

pathogenic challenges and suppress autoimmunity (Seehus et al., 2017). Over the last 

decade, innate lymphoid cells (ILCs) have been extensively studied and appreciated 

for their contribution to the host immunity and defence as early responders to tissue 

signals as well as regulators of homeostasis. ILCs form a part of the innate immune 

system and comprise five cell subtypes with distinct phenotypes and function 

consisting of natural killer (NK) cells, type 1 ILCs (ILC1s), type 2 ILCs (ILC2s), type 3 

ILCs (ILC3s), and lymphoid tissue inducer (LTi) cells (Gury-BenAri et al., 2016; 

Meininger et al., 2020; Vivier et al., 2018). ILCs are mainly tissue resident under 

homeostatic conditions, except for circulating NK cells, and are found in lymphoid 

(bone marrow and secondary lymphoid organs) and non-lymphoid tissues. They are 

particularly enriched at mucosal sites and barrier surfaces such as the intestine, lung, 

and skin (Gasteiger et al., 2015). ILCs rapidly produce both proinflammatory and 

regulatory cytokines in response to local tissue injury, infection, inflammation, and 

perturbations caused by commensal microbiota (Riggan et al., 2019). Their ability to 

promptly respond to tissue inflammation and stress reinforces their critical role in the 

regulation of tissue homeostasis and repair during infection or injury. Furthermore, 

based on the tissue microenvironment, ILCs are known to adapt their phenotype and 

function to mount an appropriate response to pathogens (Castellanos and Longman, 

2019; Eberl et al., 2015). 

 

3.1.1 Development of innate lymphoid cells 

 
Increasing evidence suggests that ILCs are generated in waves of development from 

fetal to adult life in a process referred to as layered ontogeny (Oherle et al., 2020; 

Schneider et al., 2019). ILCs seed the tissues in early life and adopt tissue-specific 

signatures and functions depending on the signals received from their 

microenvironment. Several studies have shown that ILCs expand locally, acquire 

effector repertoire, and establish tissue-specific transcriptomic profiles that are 

maintained through life (Gury-BenAri et al., 2016; Ricardo-Gonzalez et al., 2018).  
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In general, ILC differentiation, in initial stages, takes place in the fetal liver, and after 

birth, in the bone marrow, spleen, and peripheral tissues (Figure 1) (Constantinides et 

al., 2014; Ghaedi and Takei, 2021). In adult mice, ILCs originate from the common 

lymphoid precursor (CLP) in the bone marrow. CLPs, lacking myeloid potential, 

develop into committed T cell, B cell, and ILC progenitors. From this stage, innate and 

adaptive lymphocyte development diverges and an early stage of committed innate 

precursors are formed known as early ILC precursor (EILP). EILPs retain the potential 

for both ILCs and NK cells but lack the expression of CD127, unlike their upstream 

precursors and downstream progeny. EILPS are defined by the expression of nuclear 

factor IL-3 induced (NFIL3), thymocyte selection-associated high mobility group box 

protein (TOX), and T cell factor 1 (TCF-1) and can differentiate into NK cell precursor 

(NKP) cells or common helper innate lymphoid progenitors (CHILPs) (Xu et al., 2015; 

Yang et al., 2015; Yu et al., 2014).  

 

 

Figure 1. Developmental path of ILCs. Common lymphoid progenitors (CLPs) undergo ID2-mediated 
suppression of alternative lymphoid cell fates of B and T cells and ultimately become innate lymphoid 
cell (ILC) precursors (ILCPs), NK cell precursor (NKP), or lymphoid tissue inducer precursor (LTiPs). 
NKPs and LTiPs give rise to NK cell and LTi cells, respectively. ILCPs give rise to ILC1s, ILC2s, and 
ILC3s. At different stages of the developmental fate of ILCPs, various transcription factors such as TOX, 
NFIL3, GATA-3, and TCF-1 define the cell fate. CHILP, common helper innate lymphoid progenitor; 
EILP, early ILC precursor; HSC, hematopoietic stem cell. 
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It has been suggested that IL-15 signalling is essential for NK cell development from 

NKPs. NKPs give rise to immature NK cells through the expression of transcription 

factors (TFs) NFIL3 and ETS-1 (Barton et al., 1998; Male et al., 2014). The expression 

of NKG2D also marks the developmental stage of immature NKs (Abel et al., 2018; 

Huntington et al., 2007). Furthermore, IL-15 induces the expression of TFs such as 

NFIL3, Eomesodermin (Eomes), ETS-1, TOX, and T-box transcription factor TBX21 

(T-bet) that are required for the development of mature NK cells from immature NKs 

(Ghaedi and Takei, 2021; Wang and Malarkannan, 2020). On the other hand, CHILPs 

are defined by the expression inhibitor of DNA binding 2 (ID2), Gata-binding protein 

(GATA-3), and TCF-1 (Constantinides et al., 2014; Klose et al., 2014; Serafini et al., 

2014; Yagi et al., 2014). ID2 expression is important and assures CHILPs commitment 

to ILC lineage development rather than B and T cell fates (Moro et al., 2010; Satoh-

Takayama et al., 2010). CHILPs show variable levels of promyelocytic zinc finger 

(PLZF), and depending on the PLZF expression, they can further give rise to PLZF-

dependent ILC precursors or PLZF-independent LTi precursors (Constantinides et al., 

2014). The expression of these different TFs at every stage is essential for ILC fate 

commitment and development as gene-deficient mice for one of these TFs lead to 

developmental defects in most ILCs (Boos et al., 2007; Harly et al., 2019; Seehus et 

al., 2015; Yagi et al., 2014). 

 

The concomitant induction of TFs that polarize helper ILCs lead to the development of 

ILC1s, ILC2s, and ILC3s. As such, the development of ILC1s is strongly dependent on 

T-bet (Klose et al., 2014) and that of ILC3s is dependent on RAR-related orphan 

receptor γt (RORγt) (Satoh-Takayama et al., 2010; Sawa et al., 2011). The 

development of ILC2s, on the other hand, depends on TFs GATA-3, RORα, Bcl11b, 

and Gfi1 (Hoyler et al., 2012; Spooner et al., 2013; Walker et al., 2015; Wong et al., 

2012). In addition to the key TFs, ILC2s and ILC3s are also dependent on IL-7 for their 

development and maintenance, whereas both IL-7 and IL-15 are needed for ILC1s. 

While several factors are involved in the development of ILCs, ILCs exert their effector 

functions in the peripheral tissues in a tissue-specific manner by incorporating the 

microenvironmental cues. This characteristic of ILCs make them an attractive target 

for studying tissue-specific immunity during inflammatory and pathological conditions. 
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3.1.2 Characteristics and functions of innate lymphoid cells  

 

NK cells are known as the first members of the ILC family followed by LTi cells 

(Kiessling et al., 1975; Mebius, 1997). This discovery allowed for a more 

comprehensive look into the developmental trajectories and potential function of these 

newly discovered ILC members that showed absence of specific antigen receptors 

while exhibiting similar functionalities to certain T cells. NK cells are dependent on TFs 

T-bet and Eomes, without which NK cells cannot differentiate (Branzk et al., 2018; 

Gordon et al., 2012), have cytotoxic functions, and produce interferon-γ (IFN-γ), 

granzymes, and perforin. NK cells are regarded as innate counterparts of CD8+ 

cytotoxic T (TC) cells and play an important role in fighting against intracellular 

pathogens and tumours through perforin-dependent cytotoxicity and IFN-γ production 

(Biron et al., 1989; Straub et al., 2018). LTi cells, in contrast, require RORγt for their 

development and play an important role during the fetal period in the secondary 

lymphoid organ formation (Eberl et al., 2004; Onder et al., 2017; Yoshida et al., 1999). 

 

Concomitantly, ILC1s, ILC2s, and ILC3s are referred as “helper-like” ILCs. ILCs are 

further compartmentalised based on their TF and distinct cytokine production profiles, 

with helper-like ILCs mirroring CD4+ T helper (TH) cell subsets (Figure 2) (Spits and Di 

Santo, 2011; Vivier et al., 2018). In this regard, ILC1s, ILC2s, and ILC3s mirror TH1, 

TH2, and TH17 cells, respectively. ILC1s are dependent on T-bet, are generally less 

cytotoxic than NK cells, respond to IL-12 and IL-18, and produce type 1 cytokines such 

as IFN-γ and tumour necrosis factor (TNF). They mediate responses to intracellular 

pathogens such as viruses (Klose et al., 2014; Vivier et al., 2018; Weizman OE, 2017). 

ILC2s require GATA-3, respond to IL-33, IL-25, and TSLP, and produce type 2 

cytokines such as IL-5 and IL-13 in addition to amphiregulin (Areg), IL-4, and IL-9. 

ILC2s respond to extracellular parasites and allergens (Gerbe et al., 2016; Howitt et 

al., 2016). ILC3s are dependent on RORγt, respond to IL-23 or IL-1β, and produce 

type 3 cytokines such as IL-17A, IL-17F, IL-22, granulocyte-macrophage colony-

stimulating factor, and TNF. They mount responses against extracellular microbes 

such as bacteria and fungi (Goto et al., 2014; Hernandez et al., 2015). Thus, based on 

their functionality, helper-like ILCs are regarded as the innate counterparts of TH cells. 

Unlike their TH cell counterparts, ILCs lack rearranged antigen receptors, such as T 
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and B cells, and specific cell lineage markers (Puttur et al., 2019; Spits et al., 2013; 

Vivier et al., 2018). 

 

 

Figure 2. Activation and function of ILC subsets. Schematic representation of the different innate 
lymphoid cell (ILC) subsets. Each ILC subset is expanded and activated in response to distinct tissue 
signals derived from contact to diverse pathogens. Each ILC subset responds to specific stimuli and 
produces a unique set of effector cytokines to mount an appropriate functional response. NK cells and 
ILC1s are generally categorised as group 1 ILCs, ILC2s as group 2 ILCs, and LTi cells and ILC3s as 
group 3 ILCs. 

 

3.2 Innate lymphoid cells as tissue sentinels 
 

ILC composition majorly varies between different tissues. ILCs seed the peripheral 

tissues during early life and are mainly tissue-resident under homeostatic conditions. 

They receive and incorporate microenvironmental cues in their adaptation process to 

the respective tissue, leading to tissue-specific phenotype and functional activity. They 

exhibit heterogenous cell-surface marker expression pattern in different tissue 

environments and may respond to different stimuli. For example, lung ILC2s have a 

high expression of IL-33R and are more responsive to IL-33, whereas small intestinal 

and skin ILC2s exhibit high expression of IL-17RB and IL-18R and are more responsive 
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to IL-25 and IL-18, respectively (Ricardo-Gonzalez et al., 2018; von Moltke et al., 

2016). Depending on the tissues and pathogen involved, ILCs mount tissue-specific 

responses. For this, ILCs establish close interactions not only with hematopoietic cells 

but also non-hematopoietic cells in the surrounding tissue, such as stromal cells, 

epithelial cells, and neurons, acting as tissue sentinels that directly respond to local 

tissue-derived signals to provide feedback to other tissue cells (Kim and Van Dyken, 

2020; Klose and Artis, 2020). This crosstalk with surrounding tissue cells facilitates 

their rapid response to pathogens, thus establishing an important role that ILCs play 

as first line of immune defence. After tissue perturbations, ILCs initiate repair and 

maintain tissue integrity, thus asserting their role in homeostasis. Their roles can be 

further expanded to metabolism, thermal regulation, neuronal regulation, tissue 

remodelling, and circadian rhythms (Brestoff et al., 2015; Godinho-Silva et al., 2019; 

Murphy et al., 2022; Vivier et al., 2018; von Moltke et al., 2016). Concurrently, ILCs 

regulate both immune functions and tissue-specific processes, highlighting the 

importance of understanding their role and response in health and diseases. 

 

3.2.1 Role of NK cells and ILC1s in type 1 immunity 

 

ILCs significantly contribute to type 1, type 2, and type 3 immune responses in different 

tissues and disease settings. However, in our current research interest, we will focus 

on type 1 and type 2 responses mediated by ILCs. Type 1 immunity plays a critical role 

for defence against intracellular pathogens, such as viruses and some bacteria. The 

type 1 immune response is mainly defined by the activity of ILC1s, NK cells, and TH1 

cells that produce IFN-γ, LT-α, and TNF as effector cytokines that act on tissue cells 

and stimulate mononuclear phagocytes. Intracellular pathogens activate the pathogen 

recognition receptors on dendritic cells which thereby release IL-12 and IL-18, leading 

to the development of TC cell from naïve T cells (Annunziato et al., 2015). Similarly, 

ILC1/NK cell-derived IFN-γ induces TH1 and TC1 development from naïve T cells. NK 

and TC1 cells then kill the virus-infected cells, and TH1 cells along with ILC1-derived 

IFN-γ trigger mononuclear phagocytes to produce matrix metallopeptidase, nitric 

oxide, and cytokines to allow killing and engulfment of microbial invaders (Annunziato 

et al., 2015). 

 

NK cells and ILC1s form the first line of defence against viruses and some bacteria in 

mounting type 1 immune response. With their cytotoxic potential, NK cells can kill virus-
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infected or tumour cells. Conversely, ILC1s possess weak cytotoxic potential but play 

a crucial role in controlling infections such as the intracellular parasite Toxoplasma 

gondii by co-producing high levels of IFN-γ and TNF or against enteric pathogen 

Clostridium difficile by mediating IFN-γ-dependent protection (Abt et al., 2015; Klose 

et al., 2014). During mouse cytomegalovirus infection, ILC1s have been shown to be 

essential for viral immunosurveillance as they were able to control the early viral load 

through IFN-γ production (Weizman et al., 2017). In this model, a lack of ILC1s in the 

liver led to increased viral load even in the presence of intact NK cell responses, 

depicting diverse roles for NK cells and ILC1s despite both producing IFN-γ during 

immune challenges. NK cells and ILC1s have also been shown to have nonredundant 

functions in a murine liver metastases model, wherein ILC1s were needed to control 

metastatic seeding and NK cells played a role in restraining tumour growth 

(Ducimetiere et al., 2021). In contrast to their protective role, ILC1s also have been 

implicated in the pathology of patients with Crohn’s disease and in mouse model of 

colitis wherein their increased frequencies in the tissue and consequent increased 

production of IFN-γ potentially worsening the disease condition (Bernink et al., 2013; 

Fuchs et al., 2013). 

 

While the involvement of NK cells and ILC1s has been studied in infection and tumour 

models in the liver and intestine, the characterisation of these cells in other tissue 

locations and inflammatory settings is still incomplete. 

 

3.2.2 ILC2s as regulators of type 2 immune response 

 
With recent advances, it has become increasingly evident that type 2 immunity plays 

a substantial role not only in controlling pathogenic activity and establishing host 

immune response but also in tissue repair and regeneration after injury. Several key 

immune cells of the innate and adaptive immunity contribute to establishing a robust 

type 2 immune response such as ILC2s, eosinophils, basophils, and TH2 cells. In 

general, type 2 immune response defends the host against macro-parasites and may 

be an inducer of allergic diseases. It is characterised by the production of IL-13, IL-5, 

IL-4, and IL-9 as effector cytokines.  

 

Type 2 responses deal with the destruction of large organisms such as helminths, and 

it is difficult for immune cells alone to accomplish this (Eberl, 2016). For this reason, in 
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response to parasitic helminths, type 2 immune response functions by restricting sites 

permissive for parasitic reproduction and limiting consequent tissue damage (Molofsky 

et al., 2015). Such a response involves induction of mucus production and collagen 

deposition. This response is shaped by the production of IL-25, IL-33, and TSLP via 

non-hematopoietic cells, leading to the activation of ILC2s and CD4+ TH2 cells that 

secrete IL-4, IL-13, and IL-5 which are required for the accumulation of alternatively 

activated macrophages and eosinophils in the respective tissues (Figure 3) (Eberl, 

2016; Walker et al., 2013). ILC2s are one of the most important immune cell 

populations involved in mounting an early and strong response against helminths in a 

weep and sweep response by increasing smooth muscle contraction, inducing IL-13-

mediated mucus production by goblet cells, and inducing eosinophilia via IL-5 (Hung 

et al., 2013; Moro et al., 2010; Neill et al., 2010; Oliphant et al., 2014). Despite several 

advances in the medical field, parasitic worm infections remain a health and economic 

burden in developing countries (Kindermann et al., 2018). The indispensable role of 

ILC2s in establishing type 2 immune response for effective worm expulsion during 

helminth infection with Nippostrongylus brasiliensis, a rodent hookworm, has also been 

recently confirmed (Jarick et al., 2022). 

 

Apart from their critical role in managing parasites at mucosal surfaces, the role of 

ILC2s has also been studied in non-barrier organs, such as kidneys, that can also be 

affected by different immune-related pathologies. ILC2s have been shown to be 

protective in Adriamycin-induced nephropathy, a murine kidney disease model for 

human chronic kidney disease characterised by progressive scarring of the glomeruli 

and fibrosis of tubulointerstitial compartment (Riedel et al., 2017). Treatment of mice 

with IL-33 expanded kidney-residing ILC2s led to the accumulation of eosinophils and 

reduction of inflammatory mononuclear phagocyte and neutrophil infiltration in kidney. 

ILC2s have been also studied in the context of autoimmune disorders (Duster et al., 

2018; Russi et al., 2015). In a mouse model of systemic lupus erythematosus, a chronic 

autoimmune disorder, restoration of ILC2 numbers by IL-33 treatment has been shown 

to ameliorate disease progression (Duster et al., 2018).  

 

On the other hand, ILC2s have also been implicated in allergy and asthma induction 

(Barlow et al., 2012; Chang et al., 2011; Halim et al., 2012; Karagiannis et al., 2020). 

They have been shown to contribute to the pathology of airway disease in a mouse 
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model of airway hyper-reactivity (AHR) induced by influenza infection through the IL-

13–IL-33 axis (Chang et al., 2011). During allergic asthma, ILC2s have been shown to 

be potent producers of IL-13 that could directly induce AHR in the absence of CD4+ T 

cells (Barlow et al., 2012). Apart from the protective function of ILC2s, their role in the 

pathophysiology of diseases is equally important to be explored in detail and its 

underlying mechanisms need to be elucidated in order to be exploited for therapeutic 

potential. 

 

3.2.3 Type 1 and type 2 immune response paradigm 

 

Type 1 response carries the risk of initiating a cascade of pro-inflammatory response 

that may lead to collateral tissue damage. This damage initiates type 2 immune 

response that allows for repair of damaged tissue by engaging wound repair pathways 

following injury. These two immune responses have been shown to cross-regulate and 

interplay with each other in managing inflammation and infection. Based on this 

paradigm, the response to pathological insults can either result in resolution by 

regulation of the type 1 and 2 immune response or further inflammation, consequently 

leading to exacerbated pathological conditions. This fine tuning and cross-regulation 

of immune response has been recently addressed, wherein IL-33-mediated ILC2 

activation that promotes tissue and metabolic homeostasis was counter-regulated by 

IFN-γ likely to promote inflammatory responses for host protection (Molofsky et al., 

2015). Similarly, in lupus nephritis mouse model, decreased ILC2 abundance was 

related to disease progression, wherein the proliferation and cytokine production of 

ILC2s were inhibited by IFN-γ and IL-27 production via aberrantly activated T cells 

(Duster et al., 2018). However, the protective effects of ILC2s could be initiated with 

their restoration through IL-33-mediated expansion. Thus, type 1 and 2 immune 

response cross regulation is important for initiating and resolving inflammation for 

ultimately initiating tissue repair and return to homeostasis. 

 

3.3 Tissue repair and fibrosis: the Yin and Yang of ILC2s 
 

After tissue injury, inflammatory processes are initiated that help in promoting 

regeneration and repair (Figure 3). Damaged tissues release chemokines and 

cytokines that stimulate inflammatory cells and recruit them to the site of injury. Under 

normal circumstances, repair processes occur simultaneously with myofibroblast 
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activation, collagen deposition, and wound healing response initiation. However, 

persistent activation of pro-inflammatory and pro-fibrotic cell types may lead to 

extracellular matrix (ECM) deposition in the interstitium of tissues, and ultimately, to 

tissue fibrosis. Once tissue fibrosis is initiated, it leads to progressive loss of tissue 

elasticity and function.  

 

 

Figure 3. Role of ILC2s in tissue repair and fibrosis [adapted from (Kindermann et al., 2018)]. A 
controlled type 2 immune response is crucial for tissue repair and successful wound healing in response 
to injuries. Tissue damage leads to the release of alarmins (IL-33, IL-25, and TSLP) that activate type 2 
innate lymphoid cells (ILC2s) and T helper 2 (TH2) cells. Consequently, this leads to the secretion of 
type 2 effector cytokines (IL-4, IL-5, IL-13, and Areg) orchestrating the wound healing process. Tissue-
repair macrophages, activated by IL-4 and IL-13, provide growth factors which can aid in wound repair 
and promoting fibrogenesis. Eosinophils are recruited in response to IL-5 and provide a local source of 
IL-4 for epithelial regeneration. In direct response to IL-4 and IL-13 signalling, epithelial cells proliferate 
and restore barrier function, while fibroblast secrete collagen and acquire contractile phenotype, aiding 
in wound closure. In contrast, excessive and uncontrolled type 2 signalling leads to chronic activation of 
myofibroblasts, resulting in excessive deposition of extracellular matrix (ECM). This excessive ECM 
deposition gradually leads to scarring and fibrosis. CTGF, connective tissue growth factor; FGF, 
fibroblast growth factor; PDGF, platelet-derived growth factor; RELMα, resistin-like molecule α; Areg, 
amphiregulin; TSLP, thymic stromal lymphopoietin. 
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3.3.1 ILC2s promote tissue repair and restoration 

 

The repair and remodelling of injured tissue are complex processes that involve several 

factors including cytokines, growth factors, chemokines, and ECM proteins. The 

strategic positioning of ILCs in close proximity to barrier surfaces, in the gut, skin, and 

lung, not only facilitates in invoking a rapid response against invading pathogens but 

also limits rampant inflammation (Castellanos and Longman, 2019).  

 

ILC2s are major contributors to tissue reparative responses. They are involved in type 

2 immunity against helminths in the lung and gut, which are large multicellular 

pathogens that cause extensive damage to tissues as they migrate through host 

tissues (Allen and Maizels, 2011; Bouchery et al., 2019). ILC2s promote tissue repair 

following the breach of barrier in the gut and lung by parasites such as hookworms 

(Monticelli et al., 2011; Turner et al., 2013). Following injury, in response to IL-13 and 

IL-4, epithelial cells undergo proliferation and restore barrier function. In addition, IL-

13 production by ILC2s stimulates the accumulation of alternatively activated 

macrophages in adipose and infected tissues where they promote wound healing and 

fibrogenesis by providing growth factors such as fibroblast growth factor, resistin-like 

α, and platelet-derived growth factor (Gieseck et al., 2018). IL-13 production by ILC2s 

has also recently shown to promote self-renewal of intestinal stem cells via IL-13Rα1 

by activating β-catenin pathway (Zhu et al., 2019). During epithelial barrier damage 

and type 2 activation, eosinophils are recruited in response to IL-5 production by ILC2s. 

Eosinophils provide a local source of IL-4 and augment epithelial regeneration by 

triggering epithelial and parenchymal cells proliferation. On the other hand, fibroblasts 

also secrete collagens and adopt contractile phenotype in direct response to IL-4 and 

IL-13 which aid in wound closure (Gieseck et al., 2018). Furthermore, ILC2s in the gut 

also produce Areg, an epidermal growth factor family member, in response to IL-33 to 

limit intestinal inflammation and allow for ILC-dependent tissue regeneration and 

homeostasis (Monticelli et al., 2015). A critical role of Areg in the restoration of airway 

epithelial integrity in the lung after influenza infection has also been demonstrated 

(Monticelli et al., 2011). 

 

Thus, type 2 cytokines secreted by ILC2s are central to initiating successful tissue 

repair process. In concert with macrophages, fibroblasts, and epithelial cells, ILC2s 
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play an important role in restoring barrier integrity, wound closure, and return to tissue 

homeostasis following tissue injury.  

 

3.3.2 ILC2s in fibrotic pathologies 

 

While ILC2s effector functions contribute to wound repair and tissue restoration, they 

can also contribute to exacerbation of diseases when overactivated and lead to fibrosis 

(Castellanos and Longman, 2019). Tissue fibrosis is a major concern as it can be 

progressive, have poor prognosis, and lead to irreversible changes in the tissue 

architecture. Excessive eosinophilia during inflammation and wound repair has the 

potential to become cytotoxic, increase allergic hyperactivation, and cause fibrosis. 

Likewise, repetitive and excessive fibroblast activation by type 2 signalling during 

persistent chronic damage can lead to increased ECM deposition, ultimately leading 

to scarring and fibrosis as the balance between production and degradation of ECM 

protein is lost (Kindermann et al., 2018).  

 

In a bleomycin-induced mouse model of lung fibrosis, ILC2s have been shown to 

aggravate lung inflammation and fibrosis (Li et al., 2014). IL-13-producing ILC2s were 

also reported to be present in increased numbers in the BALF of patients with idiopathic 

pulmonary fibrosis, a life-threatening interstitial disease of unknown origin, compared 

with those of controls (Ebbo et al., 2017; Hams et al., 2014). Furthermore, another 

study reported that the hepatic expression of IL-33 chronically accumulated and 

activated ILC2s and induced severe hepatic fibrosis in vivo via IL-13 production, 

forming a pro-fibrotic cascade (McHedlidze et al., 2013). Areg has been implicated in 

TGF-β-induced pulmonary fibrosis and liver fibrosis by directly acting on fibroblasts, 

indicating that Areg production by ILC2s during tissue repair process may also 

contribute to fibroproliferative diseases (Perugorria et al., 2008; Zhou et al., 2012). 

 

In conclusion, controlled type 2 response is essential for inflammation resolution, and 

as observed in several studies, excessive and dysregulated ILC2 response may lead 

to tissue fibrosis, hampering normal tissue function. Owing to this dichotomy of type 2 

response by ILC2s, it is imperative to identify therapeutic targets to block aberrant 

signalling circuits and facilitate restoration of tissue homeostasis following injury.  
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3.4 ILCs in therapeutic approaches 
 

ILCs promptly respond to infection and injury. This characteristic of ILCs could be 

exploited to critically enhance or hinder immune responses in early phases of 

vaccination, inflammatory immunopathology, and immunotherapy (Eberl et al., 2015). 

However, to achieve this goal, it is imperative to determine the molecular signals that 

control ILC diversity and commitment. The activation pathways and effector molecules 

used to target T cells in therapy can also be used to target ILCs at an earlier stage 

owing to the shared signalling and effector outcomes.  

 

Type 1 and type 2 immune responses play an antagonistic role in several disease 

settings and can either exacerbate or resolve tissue inflammation, making them 

important therapeutic targets. Cytokines such as IL-13, IL-5, and IL-4 produced during 

type 2 immune response can be targeted for therapeutic purpose during tissue fibrosis 

and allergic inflammation. During experimental schistosomiasis and pulmonary 

granulomas models, blockade of IL-13 conferred significant reduction in fibrosis. 

However, this also led to an increase in IFN-γ production and inflammatory activity in 

the lung and liver. Dual blockade of IL-13 and IFN-γ not only led to reduced fibrosis but 

also eliminated the development of type 1 inflammation in response to IL-13 blockade 

alone (Ramalingam et al., 2016). Since IL-13 is associated with pathologic fibrosis, it 

forms an interesting and crucial therapeutic target in various organs (Hams et al., 2014; 

McHedlidze et al., 2013). Promising data from preclinical studies led to multiple clinical 

trials targeting IL-13 during asthma using humanized anti-IL-13 monoclonal antibodies, 

Tralokinumab and Lebrikizumab; however, these clinical trials either had limited to no 

success in patients with mild-to-moderate or severe asthma, with Lebrikizumab 

showing encouraging results (Corren et al., 2011; Piper et al., 2013). On the other 

hand, Mepolizumab, a monoclonal antibody targeting IL-5, has been shown to reduce 

the risk of asthma exacerbations and has been approved as an add-on therapy as a 

standard of care for patients with severe eosinophilic asthma (Chupp et al., 2017; 

Pavord et al., 2012; Rothenberg et al., 2008). 

 
Therapeutic targeting of ILC2s and other important cell types that aid in type 2 immune 

response, while lucrative, is complicated and must be studied with caution. It is also 

important to consider that type 2 immune response, although involved in fibrotic 

diseases of various organs, forms an integral component of wound healing and tissue 
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repair processes and is a required response to combat extracellular parasites. 

Furthermore, owing to the involvement of several cytokines and cell types, dual or 

multi-blockade therapy must be considered and may prove to be more efficacious in 

disease management. 
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4. Hypothesis 
 
ILCs exert tissue-specific effects in maintaining homeostasis and in driving pathology 

in different tissues. These tissue-specific attributes of ILCs need to be better 

understood. While many advances have been made regarding their roles in different 

types of immune response, modulating their tissue-specific features and functions for 

therapeutic purpose remain understudied. 

The aim of the thesis was to study the role of ILCs in the context of tissue adaptation 

and function under homeostasis and disease conditions. Although initially known for 

their homogeneity, in recent years, ILC2s have been shown to differ in their phenotype 

and function between and within tissues. This adds a layer of complexity to 

understanding ILC2 development and function. Since ILCs exhibit tissue-specific 

phenotype and effector functions, the aim of the first project was to study the 

phenotypic adaptation of ILC2s in different organs and to investigate the factors that 

influence the adaptation process of ILC2s to the tissue microenvironment. 

The role of NK cells and ILC1s in immune-mediated glomerular diseases are largely 

unknown. Additionally, the distinction and characterisation of NK cells and ILC1s in 

different anatomical locations remains ill-defined. Therefore, for the second project, the 

aim was to study the subset-specific expression profile of NK cells and ILC1s in murine 

kidney and their functional role in experimental crescentic glomerulonephritis.  
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5. Results 
 
The abovementioned hypothesis and questions were thoroughly investigated, and the 

results have been presented in two scientific publications. The publications listed below 

form the basis of this cumulative dissertation and have been presented in entirety in 

the appendix.  

 

Retinoic acid drives intestine-specific adaptation of effector ILC2s originating from 

distant sites. 

Nikhat Shaikh, Alex Waterhölter, Ann-Christin Gnirck, Martina Becker, Virginia 

Adamiak, Lena Henneken, Malte Wunderlich, Wiebke Hartmann, Lara Linnemann, 

Tobias Huber, Christian Krebs, Ulf Panzer, Richard Locksley, Christoph Wilhelm, 

Minka Breloer, and Jan-Eric Turner (2023) J Exp Med 220 (12): 1-20 

 

Conventional NK cells and type 1 innate lymphoid cells do not influence pathogenesis 

of experimental glomerulonephritis. 

Constantin Rickassel*, Ann-Christin Gnirck*, Nikhat Shaikh, Virginia Adamiak, Alex 

Waterhölter, Yakup Tanriver, Katrin Neumann, Tobias B. Huber, Georg Gasteiger, Ulf 

Panzer, Jan-Eric Turner (2022) J Immunol 208 (7): 1585–1594 *contributed equally 
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6. Discussion 
 

6.1 Phenotypic and functional adaptation of ILC2s  

 
Immune cells are known to be influenced by their microenvironment in exhibiting 

tissue-specific phenotype and function. This dogma has been particularly well-

established for the cells of myeloid lineage (Lavin et al., 2014; Roquilly et al., 2022). 

On the other hand, landmark studies on tissue-resident memory T cells and ILCs have 

brought forward the emerging concept of lymphocyte residency and adaptation in non-

lymphoid tissues (Masopust and Soerens, 2019; Meininger et al., 2020). Recently, 

ILC2s have been reported to exhibit substantial heterogeneity across tissues, and it is 

believed that local niches and microenvironmental cues are responsible for this 

heterogeneity (Ricardo-Gonzalez et al., 2018; Spits and Mjosberg, 2022). 

 

In the present study, using an adoptive transfer model, we show that murine effector 

ILC2s derived from non-lymphoid organs could successfully repopulate the niche in 

various peripheral tissues of alymphoid mice. These findings argue against an 

imprinted homing capacity of ILC2s that determines their tissue localization at 

developmental stage as has been previously suggested (Kim et al., 2015; Yang et al., 

2016). Regardless of their tissue of origin, we observed that effector ILC2s adapted to 

the phenotype of the organ they came to reside in, which is a phenomenon also 

observed in macrophages and ILC3s adapting to the different tissue niches after 

transfer (Lavin et al., 2014; Nussbaum et al., 2017). To prove that the phenotypic 

adaptation was not due to the transfer of ILC precursors and their subsequent 

expansion and differentiation, we sorted for IL-33R+KLRG1+IL-5hi ILC2s to a high purity 

(99.9%) and confirmed the absence of TCF-7+IL-18R+ ILC2 tissue progenitors in the 

scRNAseq analysis of transferred ILC2 populations. Indeed, formal proof of flexible 

adaptation of mature ILC2s could be substantiated with clonal single-cell readouts, 

which is rather difficult as innate cells lack rearranged antigen receptors that can be 

used for endogenous single-cell barcoding. In future, endogenous barcoding through 

somatic mitochondrial DNA mutations may be possible and allow for addressing these 

concerns at a clonal level (Ruckert et al., 2022). ILC2s are believed to be distributed 

to tissues during the perinatal window, where they maintain tissue residency. Here, 

they also undergo proliferation and expansion under homeostatic conditions and are 

replenished through tissue precursor expansion (Gasteiger et al., 2015; Huang et al., 
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2018; Moro et al., 2016; Schneider et al., 2019). However, hematogenous trafficking 

to affected organs under chronic inflammatory conditions has been described in ILC2s 

(Gasteiger et al., 2015; Huang et al., 2018; Karta et al., 2018; Ricardo-Gonzalez et al., 

2020; Stier et al., 2018; Zeis et al., 2020). Based on these data, the present study 

suggests that the interorgan trafficking of effector ILC2s, as observed in our adoptive 

transfer model, and their retained flexibility to adapt to tissue-specific 

microenvironment has relevance for studying the contribution of recruited ILC2s from 

different organs under inflammatory conditions. 

 

Several recent studies indicate that ILC2s have distinct phenotypes in different tissues. 

However, signalling pathways that drive their tissue-specific programs remain poorly 

understood, and it is also unclear whether these tissue signatures can be adapted by 

ILC2s when they undergo interorgan trafficking. To identify potential factors that 

influence the flexible phenotype observed in ILC2s, we performed single-cell RNA 

sequencing (scRNAseq) on kidney and small intestinal lamina propria (SILP) ILC2s 

before adoptive transfer and on ex-kidney ILC2s isolated from the SILP at 2 and 8 

weeks after adoptive transfer. Our scRNAseq data suggested that retinoic acid (RA) 

signalling might be one of the key drivers of kidney ILC2s toward the small intestinal 

phenotype (Figure 4). We then validated our scRNAseq data in vitro using RA on 

cultured kidney ILC2s. As a readout, we analysed the surface marker expression 

pattern of ILC2s that is specific for small intestinal adaptation. A distinct feature of 

successful kidney-derived ILC2 adaptation to the small intestine microenvironment, for 

example, is the upregulation of IL-25 receptor (IL-17RB) and downregulation of IL-33 

receptor (IL-33R), a phenotype that has been previously described (Huang et al., 2018; 

Ricardo-Gonzalez et al., 2018; von Moltke et al., 2016). Indeed, RA addition was 

sufficient to upregulate the IL-17RB expression on kidney ILC2s along with changes in 

other surface markers indicative of intestine-specific phenotype 

(CD90.2lowKLRG1highICOSlow). The increased IL-17RB expression was also 

accompanied with increased responsiveness to subthreshold IL-25 stimulation, 

suggesting functional relevance of this phenotypic switch. In contrast, we did not 

observe any changes in the IL-33R expression in the presence of RA in vitro, and the 

sensitivity of ILC2s to IL-33 stimulation was maintained as previously described 

(Seehus et al., 2017). Notably, in vivo blocking of RA signalling after adoptive transfer 

of ILC2s partially inhibited their intestine-specific phenotypic adaptation. Consistent 
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with in vitro analysis, RA did not influence the expression of IL-33R in vivo. We further 

identified Notch signalling, in our scRNAseq analysis, to be a potential pathway 

influencing intestine-specific adaptation of ILC2s. Notch signalling has been previously 

implicated in ILC2 development and likely contributes in ILC2 to ILC3 plasticity (Wong 

et al., 2012; Zhang et al., 2017). However, on further investigation of this candidate 

pathway in vitro, we found Notch signalling to be a general inhibitor of cytokine 

production by IL-25- or IL-33-stimulated ILC2s, despite the upregulation of IL-17RB 

and downregulation of IL-33R. While combined activation of RA and Notch pathways 

could recapitulate the intestine-specific surface marker expression on kidney ILC2s, it 

failed to functionally rescue the decreased cytokine responsiveness induced by Notch 

signalling. Therefore, although we determined RA signalling to be an important driver 

of intestine-specific adaptation of ILC2s, it is evident that complete phenotypic and 

functional adaptation of ILC2s to the small intestinal microenvironment requires a 

complex combination of various signalling pathways such as RA, Notch, and others. 

 

Tissue-specific surface receptor expression of ILC2s is known to impact their functional 

response in the skin and lung (Ricardo-Gonzalez et al., 2018; Zhang et al., 2022). In 

our study, RA-mediated intestine-specific adaptation of ILC2s was accompanied with 

their increased responsiveness to IL-25, leading us to hypothesize that RA in the 

intestinal microenvironment is essential to establish an optimal type 2 immune 

response against helminths in the small intestine wherein ILC2s play an important role. 

Consistent with this hypothesis, we observed that the inhibition of RA signalling in 

Rag2-/- mice not only led to the reversal of intestinal phenotype of endogenous ILC2s, 

which was accompanied by reduced activation of mast cells, but also impaired their 

functional response for worm expulsion in acute Strongyloides ratti infection. We could 

confirm that this effect was depended on ILCs as it was not observed in ILC-deficient 

Rag-/-Il2rg-/- mice. This finding could potentially be due to the reduced production of  

IL-9 by ILC2s that failed to adapt to the intestinal microenvironment, which results in 

suboptimal activation of mast cells that are essential in eliminating S. ratti from the 

small intestine (Meiners et al., 2020; Reitz et al., 2018). We postulate that this impaired 

ILC2 activation could be a result of reduced responsiveness to IL-25 that is caused by 

a failure to upregulate the expression of IL-17RB in the absence of RA signalling. This 

hypothesis is corroborated by several significant studies showing that tuft cells in the 

small intestine constitutively produce IL-25, and a tuft cell–ILC2 feed-forward loop is 
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critical in mounting an effective anti-helminth immune response (Gerbe et al., 2016; 

Howitt et al., 2016; von Moltke et al., 2016). Certainly, to definitively prove the role of 

RA signalling in intestinal adaptation of ILC2s, ILC2s that are deficient in RA signalling 

need to be used in adoptive transfer experiments. Nonetheless, it must be considered 

that RA signalling pathway involves several RA receptors, and that the expression of 

these receptors may differ between organs (e.g., Rara, Rxrb, and Rxrg were expressed 

in SILP ILC2s), requiring multiple receptors or their downstream signalling components 

to be targeted in mice using complex genetic modifications. Interestingly, in a very 

recent study that was published after the acceptance of our manuscript, it was 

confirmed that intestinal ILC2s express high levels of Rxrg and that they depend on 

Rxrg expression as a checkpoint for ILC2 activation and response (Zang et al., 2023). 

In conclusion, these results show the importance of RA signalling in intestine-specific 

adaption and function of ILC2s. 

 

    

Figure 4. Graphic representation of the role of retinoic acid in ILC2 adaptation. Retinoic acid 
influences the phenotypic and functional adaptation of ILC2s derived from distant organs to the intestinal 
microenvironment.  
 

In summary, our study highlights an important characteristic of ILC2s where they retain 

phenotypic flexibility, after hematogenous trafficking, to adapt to the new tissue 

microenvironment, which may enable them to exert tissue-specific functions. We also 

present a novel role of RA signalling in driving intestine-specific adaptation of ILC2s. 
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6.2 Role of cNK cells and ILC1s in experimental glomerulonephritis 
 

Natural killer (NK) cells are generally defined as CD3-NK1.1+ and/or NKp46+ 

lymphocytes in mice. They are further classified as circulating CD49b+Eomes+ T-bet+ 

conventional NK (cNK) cells and CD49a+Eomes-T-bet+ tissue-resident (trNK) cells 

(Peng et al., 2013; Sojka et al., 2014). However, in recent years, the discovery of type 

1 ILCs (ILC1s) has led to the re-definition of trNK cells as ILC1s, as ILC1s share the 

expression of natural cytotoxicity receptors (NCRs) and transcription factor (TF) T-bet 

with NK cells but lack the expression of TF Eomes, exhibit less cytotoxicity, and are 

mainly tissue-resident (Daussy et al., 2014; Gasteiger et al., 2015; Spits et al., 2016). 

cNK cells and ILC1s together form the NCR+ T-bet+ group 1 ILCs. They populate 

nonlymphoid organs and play an important role in establishing type 1 immune 

response against viruses and tumours. Both the cell populations exhibit tissue-specific 

heterogeneity that also extends to their respective functions in various tissues. 

Numerous studies have identified the diversity, developmental pathways, and 

importance of group 1 ILCs in different anatomical locations; however, nonuniform 

nomenclature and definitions used such as cNK cells, trNK cells, and helper-like ILC1s 

in the research field and the relationship between them remains a matter of debate 

(Bjorkstrom et al., 2016; O'Sullivan, 2019; Peng and Tian, 2017; Spits et al., 2016; 

Weizman OE, 2017). 

 

Recently, owing to the use of single-cell transcriptomics, key markers that can be used 

to define cNK cells and ILC1s across different murine tissues have been identified 

(Friedrich et al., 2021; McFarland et al., 2021). In these studies, it has been suggested 

that ILC1s should be defined by the expression of Rorα, Bcl11b, Ahr, and Zfp683 

(encoding for Hobit) in addition to the lack of the TF Eomes. On the other hand, cNK 

cells should be marked by the expression of Eomes, Gzma, and Gzmb. In the present 

study, we provide the first detailed transcriptional profiling of NCR+ T-bet+ ILCs in the 

murine kidney. Based on the recently described key markers for subset definition, we 

clearly identified two subsets: CD49b+ cNK cells (Eomes+Gzma+Gzmb+) and CD49a+ 

ILC1s (Eomes-Rorα+Bcl11b+Ahr+Zfp683+). This transcriptional profiling indicates that 

the trNK cells in the kidney should be referred as ILC1s, owing to their noticeable 

transcriptional similarities to ILC1s in the liver and small intestine (Friedrich et al., 2021; 

Peng et al., 2013; Weizman et al., 2017). The subset-specific transcriptomic signatures 

in our gene ontology analyses indicated that cNK cells in the kidney primarily 
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expressed genes involved in cytotoxic functions, whereas ILC1s expressed several 

genes involved in intratissue localization and regulation of other immune cells. This 

result corroborates with another study reporting the presence of tissue-resident 

CD49a+ ILC1s and recirculating CD49b+ cNK cells in the kidney (Victorino et al., 2015). 

Furthermore, another recent study has demonstrated an important role of TF Hobit in 

effector differentiation of ILC1s in various organs, including kidneys, suggesting that 

ILC1s in the kidney share developmental pathways, and potentially, their effector 

function with those in different tissues (Friedrich et al., 2021). 

 

These data from the murine kidney are consistent with observations in the human 

kidney, wherein NK cells represent approximately 25% of all lymphocytes and has two 

distinct populations of NK cells: CD56dimCD16+ and CD56brightCD16-, analogous to 

murine cNK cells and ILC1s, respectively (Carrega et al., 2014). Furthermore, the 

CD56brightCD16- subset expresses tissue residency marker CD69 and are perforin low, 

further indicating that they may resemble the ILC1 subset in murine kidney (Carrega 

et al., 2014; Law et al., 2017). Interestingly, in renal biopsy specimens, IFN-γ produced 

by this CD56brightCD16- subset has been shown to correlate with the degree of fibrosis, 

regardless of the underlying pathology. While evidence supports the involvement of 

NCR+ T-bet+ ILCs in acute and chronic kidney diseases in humans, further research 

on their role in other kidney disease entities, such as glomerulonephritis, is warranted. 

 

NCR+ ILCs have been shown to play an important role in preclinical models of renal 

allograft rejection and acute kidney injury (Turner et al., 2019; Zhang et al., 2015; 

Zhang et al., 2010); however, such studies are lacking for experimental models of 

glomerulonephritis. In MRL-lpr mouse model of systemic lupus erythematosus, NCR+ 

ILCs have been shown to have a proinflammatory effect since an activated and mature 

phenotype of NCR+ ILCs along with increased glomerular infiltration and IFN-γ 

production was observed in the kidney of affected mice (Spada et al., 2015). The role 

of NK cells has also been studied in a mouse model of Adriamycin nephropathy, 

wherein neither the depletion of cNK cells, while infiltrating the kidney, using anti-

asialoGM1 (asGM1) serum or their impaired function in NOD-SCID mice altered the 

disease outcome (Zheng et al., 2006). 
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Previous studies have been mainly focused on the general role of all NCR+ ILCs in 

kidney diseases as the strategies to target their specific subsets have been limited. 

However, a recent study explored the subset-specific function of cNK cells and ILC1s 

(i.e., trNK cells) in an ischemia-reperfusion injury model of acute kidney injury (AKI) in 

mice (Victorino et al., 2015). It was shown that ILC1s have a reduced expression of 

asGM1, relative to cNK cells. The preferential depletion of cNK cells using anti-asGM1 

failed to protect kidney against injury although the complete depletion of both subsets 

using anti-NK1.1 antibody had shown protective effects, indicating that ILC1s, in the 

absence of cNK cells, promote renal tissue injury in AKI. In the present study, we 

adopted the same strategy and studied the subset-specific role of cNK cells and ILC1s 

in a widely used experimental model of crescentic glomerulonephritis (cGN) in mice. 

We observed disease aggravation with increased glomerular crescent formation, a 

sensitive marker of glomerular damage in cGN, in wild type mice in both the depletion 

strategies. However, on further inspection of other lymphocyte populations, we 

observed substantial off-target effects on kidney NKT cells and CD8+ T cells when 

using anti-asGM1 and anti-NK1.1 antibodies, respectively. Based on these 

observations, we advise caution while interpreting data from studies using these 

depletion strategies to study the role of group 1 ILCs. Of note, in the AKI model, the 

involvement of group 1 ILCs could be substantiated as the protective effects of anti-

NK1.1 antibody treatment was observed even in Cd1d-/- mice that lack NKT cells 

(Victorino et al., 2015). On the other hand, depletion of total NCR+ ILCs or cNK cells 

alone in the NKT- or CD8+ T cell-deficient mice did not alter the course of disease in 

our experimental cGN model, suggesting that the initially observed phenotype 

depended on NKT cells and CD8+ T cells rather than NCR+ T-bet+ ILCs. This data 

suggests that group 1 ILCs are not responsible for the alteration of the disease course 

in our experimental cGN model. The discrepancy observed in data between our study 

and that in previously published work are likely to be the outcome of considerable 

differences in the examined disease models. In the ischemia-reperfusion-induced AKI 

injury model, the ischemic necrosis of tubular epithelial cells was analysed after 24 h. 

The role of NK cells in this primarily non-immune-mediated has been well established, 

indicating that group 1 ILCs may be an important player in this context of sterile tissue 

injury (Turner et al., 2019). In contrast, in our study, we mainly focused on the immune-

mediated glomerular damage that develops over several days resulting from the 

dysregulation of the adaptive immune response. In our cGN model, we observed an 
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increased prevalence of Th1 cells among the T-bet-expressing lymphocytes, which 

makes the involvement of T-bet-expressing ILC populations in disease progression 

less plausible. 

 

We speculated that disease aggravation depended on NKT cells and CD8+ cells, 

respectively, due to a lack of interaction of these cell types with group 1 ILCs which 

would allow them to downregulate the glomerular damage, as the importance of cNK 

cells–CD8+ T cell interaction in viral infection has been previously described 

(Waggoner et al., 2010). However, induction of cGN in Ncr1Cre/wt × Eomesfl/fl mice, a 

cNK cell-specific genetic deletion, did not alter the disease course, allowing us to 

discard the involvement of cNK cells. Regardless, we could not formally rule out the 

involvement of ILC1s in downregulating glomerular damage, but it must be 

emphasized that the depletion of total NCR+ cells, in the absence of NKT cells, also 

did not influence the cGN outcome, suggesting that ILC1s may not be influential in 

immune-mediated glomerular disease.  

 

In summary, using RNA sequencing, we provide a detailed profile of NCR+ T-bet+ ILC 

populations in murine kidney and identify cNK cells and ILC1s as its two major subsets. 

Additionally, we conclude that both cNK cells and ILC1s do not play a substantial role 

in influencing the pathogenesis of experimental cGN. We also show that widely used 

antibody depletion strategies to deplete total NCR+ ILCs and/or cNK cells have 

significant off-target effects and are unreliable tools to the study the function of these 

cells, warranting an urgent need to develop more specific models to the study the 

function of group 1 ILCs. 

 

 

  



  List of Abbreviations 

 

29 

 

7. List of Abbreviations 
 

AHR  airway hyper-reactivity 

AKI  acute kidney injury 

Areg  amphiregulin 

asGM1 asialo GM1 

CHILP  common helper innate lymphoid progenitor 

CLP  common lymphoid precursor 

cNK  conventional natural killer  

CTGF  connective tissue growth factor 

ECM  extracellular matrix 

EILP  early ILC precursor 

Eomes Eomesodermin 

FGF  fibroblast growth factor 

HSC  hematopoietic stem cell 

ID2  inhibitor of DNA binding 2 

IFN- γ  interferon-γ 

ILC1s  type 1 innate lymphoid cells 

ILC2s  type 2 innate lymphoid cells 

ILC3s  type 3 innate lymphoid cells 

ILCs  Innate lymphoid cells 

LTi  lymphoid tissue inducer 

NCRs  natural cytotoxicity receptors 

NFIL3  nuclear factor IL-3 induced 

NK  natural killer 

NKP  NK cell precursor 

NKTs  natural killer T cells 

PDGF  platelet-derived growth factor 

PLZF  promyelocytic zinc finger 

RA  retinoic acid 

RELMα resistin-like molecule α 
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RORγt RAR-related orphan receptor γt 

scRNAseq single-cell RNA sequencing 

SILP  small intestinal lamina propria 

T-bet  T-box transcription factor TBX21 

TC  cytotoxic T 

TCF-1  T cell factor 1 

TF  transcription factor 

TH  T helper 

TNF  tumour necrosis factor 

TOX  thymocyte selection-associated high mobility group box protein 

trNK  tissue-resident natural killer 

TSLP  thymic stromal lymphopoietin 
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ARTICLE

Retinoic acid drives intestine-specific adaptation of
effector ILC2s originating from distant sites
Nikhat Shaikh1,2, Alex Waterhölter1,2, Ann-Christin Gnirck1,2, Martina Becker1,2, Virginia Adamiak1,2, Lena Henneken1,2,
Malte Wunderlich1,2, Wiebke Hartmann3, Lara Linnemann3, Tobias B. Huber1, Christian F. Krebs2,4, Ulf Panzer2,4, Richard M. Locksley5,
Christoph Wilhelm6, Minka Breloer3, and Jan-Eric Turner1,2

Adaptation of immune cells to tissue-specific microenvironments is a crucial process in homeostasis and inflammation. Here,
we show that murine effector type 2 innate lymphoid cells (ILC2s) from various organs are equally effective in repopulating
ILC2 niches in other anatomical locations where they adapt tissue-specific phenotypes of target organs. Single-cell
transcriptomics of ILC2 populations revealed upregulation of retinoic acid (RA) signaling in ILC2s during adaptation to the
small intestinal microenvironment, and RA signaling mediated reprogramming of kidney effector ILC2s toward the small
intestinal phenotype in vitro and in vivo. Inhibition of intestinal ILC2 adaptation by blocking RA signaling impaired worm
expulsion during Strongyloides ratti infection, indicating functional importance of ILC2 tissue imprinting. In conclusion, this
study highlights that effector ILC2s retain the ability to adapt to changing tissue-specific microenvironments, enabling them to
exert tissue-specific functions, such as promoting control of intestinal helminth infections.

Introduction
Group 2 innate lymphoid cells (ILC2s) have emerged as important
regulators of type 2 immune responses in helminth infection and
allergic diseases. In the context of tissue injury, ILC2s facilitate
repair processes and restoration of homeostasis by producing
mediators that instruct other immune cells, directly stimulate
proliferation of epithelial cells, and promote extracellular matrix
remodeling (Klose and Artis, 2016). Thus, in recent years, ther-
apeutic targeting of ILC2s has been identified as a potential
strategy to enhance tissue regeneration in acute and chronic in-
flammation of various organs, e.g., the lung, kidney, and intestine
(Düster et al., 2018; Monticelli et al., 2011, 2015; Riedel et al., 2017;
Turner et al., 2013). Uncontrolled activation of ILC2s, however,
can have deleterious side effects and result in organ-specific fi-
brosis (Hams et al., 2014; McHedlidze et al., 2013). With regard to
the suitability of ILC2s as a therapeutic target, this dichotomy
requires careful evaluation of ILC2 responsiveness and effector
mechanisms in different anatomical locations.

ILC2s are equipped with a wide array of receptors to sense,
integrate, and respond to local cues provided by other immune

cells, epithelial cells, and stromal cells of the tissue niche they
reside in (Karagiannis andWilhelm 2018; Klose and Artis, 2016).
Accordingly, recent studies have demonstrated that ILC2s in
different non-lymphoid organs are phenotypically and func-
tionally distinct (Gadani et al., 2017; Ricardo-Gonzalez et al.,
2018; Simoni et al., 2017). Mature effector ILC2s in peripheral
tissues can differentiate locally from progenitor populations
(Bando et al., 2015; Zeis et al., 2020) that either seed non-
lymphoid organs during fetal development and early postnatal
life (Bando et al., 2015; Schneider et al., 2019) ormay derive from
ILC progenitors recruited from distant sites, such as the bone
marrow (Bar-Ephraim et al., 2019; Lim et al., 2017; Zeis et al.,
2020). While local intratissue differentiation seems to be the
main mechanism for ILC2 renewal and expansion in homeo-
stasis and acute inflammation (Gasteiger et al., 2015; Zeis et al.,
2020), in chronic inflammation, ILC progenitors recruited from
the circulation, and potentially, interorgan trafficking of mature
ILC2s can contribute to replenishment of the ILC2 pool in af-
fected tissues (Huang et al., 2018; Ricardo-Gonzalez et al., 2020).
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However, whether mature effector ILC2s in peripheral tissues
retain phenotypic flexibility after hematogenous trafficking to
other anatomical locations and which microenvironmental fac-
tors might shape organ-specific effector ILC2 adaptation and
function is still unclear.

Here, we show that upon adoptive transfer into alymphoid
recipients, murine effector ILC2s isolated from various non-
lymphoid organs are equally effective in repopulating ILC2
niches in other peripheral tissues, arguing against the pref-
erential organ-specific homing of ILC2 populations. Trans-
ferred effector ILC2s acquired the tissue-specific phenotype of
organs they came to reside in—a process we refer to as “tissue
adaptation.” Adaptation to the small intestinal microenvi-
ronment required retinoic acid (RA) signaling in ILC2s and
inhibition of intestinal ILC2 adaptation by blocking RA sig-
naling impaired worm expulsion after Strongyloides ratti
infection.

In summary, we provide evidence for retained flexibility of
mature effector ILC2s to adapt to new tissue microenvironments
with important implications for organ-specific ILC2 functions,
and potentially, for organ-specific therapeutic targeting of
these cells.

Results
Organ-specific subset distribution and phenotype of ILC2s
Therapeutic targeting of ILCs has been identified as a potential
strategy to enhance tissue repair in various organs, e.g., the
kidney, lung, and intestine (Düster et al., 2018; Monticelli et al.,
2011, 2015; Riedel et al., 2017; Turner et al., 2013). To evaluate
ILC responsiveness and effector mechanisms in different ana-
tomical locations, we first analyzed organ-specific subset dis-
tribution of helper-like ILCs under homeostatic conditions in the
kidney, lung, and small intestinal lamina propria (SILP) of naı̈ve
C57BL/6 and BALB/c mice by flow cytometry (Fig. 1, A–C; and
Fig. S1). These analyses identified GATA3+ ILC2s as a major ILC
subset in all the three tissues. As previously described (Penny
et al., 2018), RORγt+ ILC3s were abundant in SILP; however,
they were scarce in the lungs and kidneys of naı̈ve mice.
CD127+NKp46+T-bet+Eomes− ILC1s represented a minor helper-
like ILC population in all examined tissues (Fig. 1, A and C);
however, low CD127 expression on kidney and lung ILC1s might
result in an underestimation of ILC1 abundance in these loca-
tions with our gating strategy (Fig. S2, A and B).

In the following, we focused on the ILC2 populations found in
all three organs. To explore how tissue-specific factors shape the
transcriptome of ILC2s in different anatomical locations at
steady state, we next performed bulk RNA sequencing (RNAseq)
of ILC2s purified by flow cytometry from kidney, lung, and SILP
of näıve mice (Fig. 1, D–F). The sorting strategy was designed
based on the ILC2 surface marker expression to exclude poten-
tial transcriptional alterations by reporter transgenes (Fig. S2,
B–C). To obtain high purity (99%, Fig. S2 C) and coverage (>80%,
Fig. S2 D) of the Lin−CD127+GATA3+ ILC2 population, a combi-
nation of Sca-1 and CD25 was found to be optimal for ILC2 iso-
lation from kidney and lung, while SILP ILC2s were best
identified as CD25+KLRG1+. Unbiased clustering in principal

component analyses revealed a tissue-specific distinct tran-
scriptomic signature of ILC2s (Fig. 1 D). However, a sample
distance analysis based on all detected transcripts demonstrated
that kidney and lung ILC2s were transcriptionally more closely
related compared with SILP ILC2s (Fig. 1 E). Several hundred
transcripts were differentially expressed between ILC2s isolated
from different locations (Fig. 1 F). Among these, numerous genes
regulating responsiveness to environmental stimuli (cytokines
and growth factors) and cell migration/adhesion were specifi-
cally up- or downregulated in each organ.

To characterize the phenotypic differences of ILC2s in the
kidney, lung, and SILP with a second approach, we selected a
panel of cytokine receptors and other common ILC2 surface
markers and analyzed the ILC2 phenotype by flow cytometry in
unchallenged C57BL/6 and BALB/c mice and after activation of
ILC2s by i.p. IL-33 injection (Fig. 1, G and H; and Fig. S1, F and G).
The comparison of geometric mean fluorescence intensity (MFI)
of these surface markers among ILC2 populations confirmed our
RNAseq results at protein level (see Il17rb, Il1lr1, and Thy1), e.g.,
with high expression of IL-17RB and KLRG1 but low expression
of IL-33R and CD90.2 in small intestinal ILC2s (Fig. 1 G and
Fig. S1). To visualize similarities and differences of the tissue-
specific ILC2 phenotypes in an unsupervised approach, we next
concatenated the flow cytometry data from different organs
followed by dimensionality reduction and clustering using the
Uniform Manifold Approximation and Projection (UMAP) al-
gorithm (Fig. 1 H and Fig. S1). In line with the transcriptomic
analyses, this approach revealed a substantial phenotypic over-
lap of kidney and lung ILC2s, while ILC2s from SILP formed a
clearly separated cluster, which was preserved after IL-33
treatment.

While SILP ILC2s express much lower levels of IL-33R than
kidney and lung ILC2s, they are not completely negative (com-
pare Fig. S1 F). In line, they show accumulation and increased
cytokine production in response to systemic IL-33 treatment, as
used for in vivo ILC2 expansion in our experiments (Fig. 1, I–M;
and Fig. S1 H). Consistent with lower IL-33R expression, IL-
33–mediated in vivo ILC2 expansion was less prominent in the
SILP (approximately factor 5) compared with lung and kidney
(approximately factor 10–20; Fig. 1 I). Although the frequency
Ki67 positivity in IL-33–expanded ILC2s at the time of analysis
(2–3 wk after the first IL-33 injection) was not increased, the
absolute number of Ki67+ ILC2s was significantly higher after IL-
33 treatment in all organs, indicating recent proliferation (Fig. 1,
J and K). The cytokine production profile differed between the
three organs as SILP ILC2s, in general, produced more cytokines
compared with kidney and lung ILC2s (Fig. 1, L and M), while
lung ILC2s particularly showed lower IL-4 production than the
other organs. The distinct surface marker phenotype (e.g., IL-
33RloIL-17RBhiCD90.2loKLRG1hiICOSlo in SILP, Fig. 1 G) and cy-
tokine production profile (Fig. 1, L and M) were preserved after
application of IL-33, indicating that tissue imprinting of ILC2s is
maintained during IL-33–induced ILC2 activation and expansion
in the tissues.

Taken together, these data suggest that tissue-specific factors
in the small intestine drive a unique ILC2/ILC3 subset distri-
bution and a distinct ILC2 phenotype.
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Figure 1. Organ-specific ILC subset distribution and phenotype of ILC2s. (A) Flow cytometric characterization and gating strategy of ILC subsets isolated
from kidney, lung, and SILP of näıve C57BL/6 mice (blue = ILC2s, red = ILC3s, and yellow = ILC1s). Numbers indicate the percentage of events in the respective
gates. (B) Frequencies and absolute numbers of total ILCs in kidney, lung, and SILP. (C) Frequencies of ILC subset distribution in the respective organs. Symbols
represent individual data points and bars indicate mean ± SEM. (D) Principal component analysis of bulk RNAseq data from ILC2s purified from the indicated
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ILC2 phenotype is dictated by the tissue microenvironment
Next, we asked the question of whether these tissue-specific ILC2
phenotypes are irreversibly imprinted during differentiation or
whether ILC2s from peripheral sites retain the ability to adapt to
new tissue microenvironments. To address this, we established
an adoptive transfer model in which highly purified congenitally
marked ILC2s from the kidney, lung, and SILP of IL-33–treated
mice were transferred into alymphoid Rag2−/−Il2rg−/− mice, and
tissue repopulation was assessed after 3 wk (Fig. 2, A–D). In these
experiments, ILC2s were sorted as CD45+Lin−CD127+KLRG1+, al-
lowing for reliable identification and high-purity sorting of ILC2s
from all anatomical locations in IL-33–treated mice (Fig. S2 E and
Fig. 2 B). Flow cytometric analyses of the recipient mice revealed
that CD45.1+ ILC2s repopulated all tissues examined, regardless of
the origin of transferred ILC2 populations. The distribution of
ILC2 frequencies and numbers in all kidneys, lungs, and SILPwas
reminiscent of wild typemice (Fig. 2, C and D; and Fig. 1, A and B).
Moreover, transferred ILC2s, again regardless of their tissue of
origin, adopted the surfacemarker expression pattern specific for
the respective target organ, as seen in wild type mice without cell
transfer (Fig. 2, E and F; and Fig. 1 G).

These data argue against tissue-specific homing capacity and
irreversible imprinting of ILC2s during differentiation and
provide evidence for continuous adaptation of mature effector
ILC2s to the tissue microenvironment they reside in.

Effector ILC2s can adapt to new tissue microenvironment
Next, we wanted to investigate whether tissue adaptation of
ILC2s was due to true flexibility of mature effector ILC2s rather
than a result of tissue ILC progenitors that might contaminate
the transferred Lin−CD127+KLRG1+ ILC2 populations, seed the
empty niches, and proliferate in target tissues. Since tissue ILC2
progenitors were recently shown to express only intermediate
levels of IL-5 (Zeis et al., 2020), we sorted IL-5hi effector ILC2s
from the kidney of IL-33–treated IL-5 reporter (Red5) mice to
high purity, transferred them into alymphoid Rag2−/−Il2rg−/−

mice, and assessed tissue repopulation after 1–6 wk (Fig. 3). In
these experiments, ILC2s were sorted as CD45+Lin−CD127+IL-
33R+KLRG1+IL-5tdTomato hi to exclude IL-5lo ILC2 tissue precursor
populations (Fig. S2 F and Fig. 3 C). The IL-5tdTomato+GATA3+

ILC2s exhibited similar surface marker expression as seen in the

total GATA3+ ILC2s population in wild type mice, with high
expression of IL-17RB and KLRG1 and low expression of IL-33R,
CD90.2, and ICOS in SILP compared with kidney (Fig. 3, A, B,
and G, upper row).

Already at 1 wk after transfer, high-purity Lin−CD127+IL-
33R+KLRG1+IL-5tdTomato hi effector ILC2s started to repopulate
not only kidneys but also SILP. ILC2 numbers and frequencies in
tissues further increased over time (Fig. 3, D–F). Of note, the
ratios between kidney and SILP ILC2s were comparable with
that observed in wild type mice at all time points (Fig. 3, D–F).
Irrespective of their kidney origin, within 1 wk, transferred
ILC2s adopted the phenotype of the target tissues, as assessed by
our defined set of surface markers (Fig. 3, G and H). To visualize
ILC2s in their respective tissue niches, we performed immu-
nohistochemistry for tdTomato-positive ILC2s in kidney and
SILP. We observed that kidney ILC2s resided in the tubu-
lointerstitial compartment and periglomerular space, and SILP
ILC2s were found in villi and close to the crypt bases in both IL-
33–treated Red5 mice and Rag2−/−Il2rg−/− mice 3 wk after ILC2
transfer (Fig. 3 I).

While formal proof of mature effector ILC2 adaptation would
require clonal single-cell readouts, these data further substan-
tiate that ILC2s seem to retain flexibility even after differenti-
ation to the effector state and indicate that migrating effector
ILC2s can occupy the same niche as the resident ILC2
populations.

Adaptable, non-adaptable, and hardwired features of
organ-specific ILC2 transcriptional programs
Next, we used an unbiased approach to investigate transcrip-
tional programs specific to kidney and SILP ILC2s, and subse-
quently, to delineate which features of these programs are
flexible during adaptation to the small intestinal microenvi-
ronment. To this end, we adoptively transferred kidney ILC2s
from IL-33–treated Il13Cre × R26reYFP (IL-13 fate mapping mice,
IL-13fm) mice to Rag2−/−Il2rg−/− mice and analyzed transferred
ILC2s isolated from SILP of recipient mice at two time points
after transfer (2 and 8 wk) using single-cell RNAseq (scRNAseq;
see Fig. 4 A for experimental setup). In these experiments, ILC2s
were sorted as CD45+Lin−CD127+IL-13fm+, which allowed for
unequivocal identification of transferred ILC2 populations in

organs by flow cytometry. ILC2s from the kidneys and lungs of C57BL/6 mice were sorted as CD45+Lin−CD127+CD25+Sca-1+, whereas ILC2s from SILP were
sorted as CD45+Lin−CD127+CD25+KLRG1+. Symbols represent individual ILC2 samples sorted from independent pools of mice (n = 3–4 samples with five mice
per pool). (E) Sample distance plot based on all detected transcripts in the individual samples of the three organs. (F) Venn diagram of differentially expressed
transcripts in each tissue compared with the other two tissues (false discovery rate < 0.1 and Log2FC > 1). Numbers indicate the up- (arrow up) or down-
regulated (arrow down) transcripts. Selected transcripts are specified for each organ with transcripts of interest marked in bold. (G) Flow cytometric analysis
of Lin−GATA-3+ ILC2s from PBS- and IL-33–treated (400 ng i.p. injection on four consecutive days) wild type C57BL/6 mice (n = 3–5 mice per group). Analyses
were performed at 2–3 wk after the first injection. Heat maps show geometric MFI of various surface markers of ILC2s in the indicated organs normalized to
surface marker expression of kidney ILC2s. (H) UMAP clustering of the flow cytometry data from G. Lin−GATA-3+ ILC2s of the lung, kidney, and SILP were
concatenated (40,000 events for each organ), and unbiased clustering was performed. Plots show combined and single-organ contribution of kidney (orange),
lung (blue), and SILP (green) ILC2s to the UMAP clustering. (I) Absolute numbers of Lin−GATA-3+ ILC2s analyzed in G. (J and K) Representative flow cytometry
plots (J) and absolute numbers (K) of ILC2s isolated from the kidney, lung, and SILP of PBS- (n = 8) and IL-33–treated (n = 10) wild type C57BL/6 mice. (L andM)
Representative flow cytometry plots (L) and frequencies (M) of different cytokines produced by ILC2s of PBS- (n = 6) and IL-33–treated C57BL/6 mice (n = 5).
Numbers in the flow cytometry plots indicate the percentage of events in the respective gates. Data in A, B, and G–I are representative of at least two in-
dependent experiments with similar results. Data in J and K are pooled from three and in L and M are pooled from two individually performed experiments.
Symbols represent individual data points, and bars indicate mean ± SEM. Statistical analysis was performed using unpaired two-tailed Student’s t test (*P <
0.05, **P < 0.01, ***P < 0.001).
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Figure 2. ILC2 phenotype is dictated by the tissue microenvironment. (A) Schematic representation of the adoptive transfer model. ILC2s (sorted as
CD45+Lin−CD127+KLRG1+) isolated from kidney, lung, and SILP of IL-33–treated (i.p. injection on four consecutive days) C57BL/6 CD45.1 wild type mice were
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recipient mice, facilitated cell sorting, and thereby minimized
contamination in scRNAseq analyses (Fig. S2 G; and Fig. S3, A
and B). In addition, kidney and SILP ILC2s from IL-13fm donor
mice were also subjected to scRNAseq. scRNAseq analysis of IL-
13fm+ donor ILC2s isolated from the kidney again confirmed the
mature effector identity of the transferred population with high
levels of Il5, Il13, Klrg1, and Il1rl1 transcripts and minimal (co-)
expression of the recently described ILC2 progenitor markers
Tcf7, Il18r1, Pdcd1 (encoding for PD-1), and Zbtb16 (encoding for
PLZF; Zeis et al., 2020; Fig. S3, C–F).

Unbiased UMAP clustering of the merged scRNAseq data set
revealed four distinct clusters, one for each organ analyzed at
different time points (Fig. 4 B and Fig. S4 A). As expected, donor
kidney and SILP ILC2s clustered separately from each other and
from SILP ILC2s of recipient mice, whereas SILP ILC2s obtained
2 and 8 wk after transfer clustered together. Analysis of mRNA
expression of the defined surface marker set in the ILC2 clusters
confirmed our previous flow cytometry–based findings onmRNA
level of the switch of transferred kidney ILC2s to the SILP ILC2
phenotype after transfer (Fig. 4 C). To identify organ-specific
ILC2 transcriptional programs, we first performed differential
expression (DE) analyses of donor kidneys versus donor SILP
ILC2s (Fig. 4 D). The organ-specific upregulated genes in this
comparison were defined as the “kidney program” and the “SILP
program,” respectively, and subjected to HALLMARK pathway
gene set enrichment analyses using the Mouse Molecular Sig-
natures Database (Fig. 4 E). These analyses revealed several
pathways upregulated in SILP ILC2s (n = 27), some of which were
immune cell related, while kidney ILC2s showed upregulation of
a smaller number (n = 6) of metabolic and general signaling
pathways (Fig. 4 E). In line with rapid ILC2 tissue adaptation, the
kidney programwasmarkedly downregulated in adapting kidney
ILC2s already at 2 wk and almost completely lost at 8 wk after
transfer (Fig. 4 F, right panel). The (partial) upregulation of the
SILP program in ex-kidney ILC2s was also already observed at
2 wk after transfer and increased until 8 wk but remained in-
complete even at the late time point (Fig. 4 F, left panel). Next, we
defined three DE comparisons between the groups (Fig. 4, F and
G) that identify differentially regulated gene sets, representing
the “adaptable” SILP features (comparison 1), “non-adaptable”
SILP features (comparison 2), and “hardwired” kidney features
(comparison 3). These gene sets were then subjected to HALL-
MARK pathway gene set enrichment analyses (Fig. S4 B). How-
ever, several of the upregulated pathways seemed to be unspecific
(e.g., upregulated in all three comparisons) or related to the
adoptive transfer setting into alymphoid Rag2−/−Il2rg−/− mice
(upregulated in ex-kidney SILP ILC2s at 8 wk in comparisons to

both non-transfer settings). Thus, we used a Venn diagram of
SILP-specific pathways to identify “fully adaptable” SILP fea-
tures, “partially adaptable” SILP features, and “non-adaptable”
SILP features (Fig. 4 H, upper panel). A similar strategy was
used for filtering kidney-specific pathways (Fig. 4 H, lower
panel). Interestingly, when using these filtering steps, we failed
to extract any “hardwired” kidney ILC2 features from the data.
In contrast, several immune-related pathways, e.g., TNF/NF-κB
signaling, were found among the (partially) adaptable SILP
features that were acquired by ex-kidney ILC2s in the small
intestine (Fig. 4 I). Non-adaptable SILP features were related to
DNA replication, DNA repair, as well as Notch signaling and
response to estrogens (Fig. 4 I).

Adapting ILC2s gradually acquire the transcriptional program
of small intestinal ILC2
To further investigate the dynamics of intestinal ILC2 adaptation
after transfer, we focused on scRNAseq analysis of ex-kidney
ILC2s isolated from SILP at 2 wk after transfer. At this time
point, adapting kidney ILC2s have acquired a substantial part of
the SILP program while still expressing a residual kidney sig-
nature (see Fig. 4 F). UMAP clustering of the 2-wk sample re-
vealed three clusters (Fig. 5 A), of which cluster 3 showed
substantial upregulation of the SILP program and expressed the
kidney program at a low level (Fig. 5, A and B). To identify the
dynamics of the adaptation process, we used RNA velocity
analysis that, based on the amount of unspliced and spliced
mRNAs in each cell, assigns directed, dynamic information to the
state of each cell in a transition process (Fig. 5 C; La Manno et al.,
2018). The directional information derived from this approach
showed a trajectory from cluster 2 with low SILP program ex-
pression toward cluster 3 with high SILP program expression
(Fig. 5 C). RNA velocity-based pseudotime analyses demonstrated
a gradual increase in the SILP program and most of our defined
SILP ILC2 surface markers in adapting ex-kidney ILC2s at 2 wk
after transfer (Fig. 5, D and E). The residual kidney program
(including Il1rl1) remained stable over pseudotime, indicating that
most kidney features were already downregulated within the
first 2 wk of the adaptation process (Fig. 5, D and E; see Fig. 4 F).

Taken together, these data further support the hypothesis
that mature effector ILC2s can gradually adapt the tissue-specific
ILC2 transcriptional program of a new microenvironment.

RA signaling activity is increased in ILC2s adapting to the
small intestine
RA is an important mediator in the intestinal microenvironment
and its production by SILP dendritic cells has been shown to

adoptively transferred i.v. into C57BL/6 Rag2−/−Il2rg−/− mice. Tissues from the recipient mice were analyzed after 3 wk of reconstitution. (B) Flow cytometry
plots of ILC2 sorting purity from A. The numbers represent frequencies of sorted ILC2s in the total lymphocyte population. (C–F) Flow cytometric analysis of
leukocytes isolated from the kidney, lung, and SILP of C57BL/6 Rag2−/−Il2rg−/− mice after 3 wk of ILC2 transfer and without transfer. (C) Representative plots
comparing CD45.1+ ILC2s isolated from the three indicated organs of recipient mice (rows) with transferred ILC2 populations derived from different organ
origins (columns). Numbers indicate the percentage of cells in each gate. (D) Frequencies and absolute numbers of CD45.1+ ILC2s in kidney, lung, and SILP at 3
wk after transfer. Symbols represent individual data points, and bars indicate mean ± SEM (n = 4 per organ analyzed). (E) Representative histogram overlays
showing surface marker expression of kidney, lung, and SILP CD45.1+ ILC2s isolated after 3 wk of reconstitution. (F) Heat maps of the MFI of various surface
markers of ILC2s 3 wk after ILC2 transfer normalized to surface marker expression of kidney ILC2s. All data are representative of two independent experiments
with at least three animals per group.
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Figure 3. Effector ILC2s can adapt to new tissue microenvironment. (A) Flow cytometric analysis of IL-5tdtomato+GATA3+ ILCs isolated from kidney and
SILP of IL-33–treated Red5 mice (i.p. injection on four consecutive days). Numbers indicate the percentage of cells in each gate. (B) Heat map of MFI of
different surface markers on IL-5tdtomato+GATA3+ ILCs isolated from kidney and SILP normalized to surface marker expression of kidney ILC2s. (C) Repre-
sentative sorting purity of transferred ILC2s (sorted as CD45+Lin−CD127+IL-33R+KLRG1+IL-5tdtomato+) originating from the kidney of IL-33–treated Red5 mice.
Sorted kidney ILC2s were transferred to C57BL/6 Rag2−/−Il2rg−/−. (D–F) Representative flow cytometric plots (D), frequencies (E), and absolute numbers (F) of
IL-5tdtomato+GATA3+ ILC2s obtained from the kidney and SILP (n = 4–7 per organ) of C57BL/6 Rag2−/−Il2rg−/− mice at different time points after transfer.
Numbers in D indicate the percentage of events in each gate. Symbols represent individual data points, and bars indicate mean ± SEM. (G and H) Repre-
sentative histogram overlays (G) and heat map of MFI (H) of different surface markers of IL-5tdtomato+GATA3+ ILCs originating from the kidney of Red5 mice
analyzed 1–6 wk after transfer in the kidney and SILP of C57BL/6 Rag2−/−Il2rg−/− mice and normalized to surface marker expression on kidney ILC2s.
(I) Immunohistochemical staining of tdTomato-positive ILC2s (deep red) in the kidney and SILP tissue of IL-33–treated Red5 mice and in C57BL/
6 Rag2−/−Il2rg−/− mice 3 wk after kidney IL-5tdtomato+ ILC2 transfer. Scale bars, 50 µm. Data in D–H represent five independent experiments.
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Figure 4. Adaptable and hardwired features of kidney and SILP ILC2s. (A) Schematic representation of the experimental setup for scRNAseq of ILC2
populations. ILC2s from kidney and SILP were isolated from IL-33–treated BALB/c IL-13fm mice (i.p. injection on four consecutive days) and sorted for scRNA
sequencing analysis (donors). The cells were sorted as CD45+Lin−CD127+IL-13fm+. Simultaneously, kidney ILC2s from the same isolated cell pool were
adoptively transferred i.v. into BALB/c Rag2−/−Il2rg−/− mice. After 2 and 8 wk, IL-13fm+ ILC2s were recovered from SILP and subjected to scRNAseq analysis.
(B) Unsupervised UMAP clustering of combined scRNAseq data of kidney and SILP ILC2s from donors and of SILP ILC2s after 2 and 8 wk from recipients.
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imprint intestine-specific features on T cells (Iwata, 2009). Two
RA receptors, Rara and Rxrg, were among the significantly up-
regulated genes in bulk-like DE analysis of the scRNAseq data
from SILP versus kidney ILC2s. In addition, Rxrg was found
among the top 10 cluster-defining genes of SILP-adapted ex-
kidney ILC2s in the scRNAseq analyses (Fig. S4 A). Expression
analyses of all known RA receptors in our single-cell and bulk
RNAseq data sets showed that Rara, Rxrb, and Rxrg expression
was higher in SILP ILC2s than in kidney ILC2s, while Rarb, Rarg,
and Rxra expression was lower in SILP ILC2s (Fig. 6, A and B). In
addition, screening of SILP ILC2 program genes (Fig. 4 D) and of
the top 30 cluster-defining genes upregulated in the SILP-
adapted ex-kidney ILC2 clusters (Fig. S4 A) identified several
genes that were previously described to be induced by RA sig-
naling (Nrip1, Tgif1, Ctsh, Dusp1, Irf1; Fig. 6, C and D). To assess RA
signaling in adapting ILC2s in a broader sense, we generated an
RA signaling score by combining Gene Ontology (GO) terms for
RA receptor binding (GO:0046965), RA receptor signaling
pathway (GO:0048384), and response to RA (GO:0032526) in
one expression module (Fig. 6 E). This expression score was
significantly upregulated in all SILP ILC2 clusters from the
transfer experiments compared with kidney ILC2s (Fig. 6 E, see
Fig. 4, A and B). In addition, analyses focused on ex-kidney
ILC2s isolated from the SILP at 2 wk after transfer (compare
Fig. 5) showed upregulation of the RA module in SILP pheno-
type ILC2s (cluster 3; Fig. 6 F). RNA velocity-based pseudotime
analyses of adapting ILC2s demonstrated gradual upregulation

of four out of the five RA signaling genes during acquisition of
the SILP ILC2 program (Fig. 6 G and Fig. 5 D), suggesting a role
for RA signaling activity in ILC2 adaption to the intestinal
microenvironment.

RA signaling drives functional adaptation of ILC2s to the
intestinal phenotype in vitro
To validate the hypothesis that RA signaling activity drives
phenotypic ILC2s adaptation to the intestinal microenviron-
ment, we next cultured kidney ILC2s with or without RA and
analyzed selected surface markers using flow cytometry after
4 d of culture (Fig. 6, H and I). Indeed, we observed that cells
treated with RA upregulated IL-17RB and KLRG1 expression
while downregulating CD90.2 and ICOS, mimicking the “intes-
tinal” ILC2 phenotype, with the exception that we did not ob-
serve RA-mediated downregulation of the IL-33R (Fig. 6, H and
I). To further validate whether downregulation of IL-17RBwas of
functional relevance, we studied the responsiveness of cultured
kidney ILC2s to IL-25 and IL-33 after RA-induced switch to the
intestinal phenotype. These experiments confirmed that RA
treatment not only upregulates IL-17RB expression on ILC2s but
also increases their responsiveness to subthreshold IL-25 (1 ng/
ml), as measured by enhanced production of IL-5 and IL-13 in
RA-preconditioned cells (Fig. 6 J). In line with unchanged re-
ceptor expression, responsiveness to IL-33 was unaltered by RA
(Fig. 6 J). These data identify RA signaling as one important
regulator of the phenotypic switch of ILC2s to the SILP

(C) Heat map of differentially expressed ILC2 surface markers in donor and recipient clusters. (D) DE analysis between donor kidney and SILP ILC2s. Genes that
are significantly upregulated with ≥twofold change are shown as red dots. (E) Gene set enrichment analysis (GSEA) for HALLMARK pathways of the Mouse
Molecular Signatures Database using the genes significantly upregulated in SILP (left, dark blue) and kidney (right, dark green) ILC2s. (F) Violin plots depicting
the expression score of SILP program and kidney program, defined as the organ-specific upregulated genes in the DE analyses in D, in the respective conditions.
The indicated comparisons represent adaptable SILP features (= comp. 1), non-adaptable SILP features (= comp. 2), and hardwired kidney features (= comp. 3).
(G) DE expression analysis of the comparisons indicated in F. Significantly upregulated genes (≥twofold) in the indicated samples are shown as red dots.
(H) Venn diagram of SILP-specific and kidney-specific HALLMARK pathways from E and classification of the pathways as indicated. (I) Specific adaptable and
non-adaptable HALLMARK pathways in SILP ILC2s identified by filtering as shown in H.

Figure 5. Gradual acquisition of the SILP ILC2 phenotype by transferred kidney ILC2s. (A) Unsupervised UMAP subclustering of scRNAseq data of ex-
kidney ILC2s isolated from the SILP of recipient BALB/c Rag2−/−Il2rg−/− mice 2 wk after transfer (see Fig. 4 A for experimental setup). (B) Color mapping of
kidney and SILP program expression on the UMAP subclustering of adapting ex-kidney ILC2s at 2 wk after transfer. Lowest expression is indicated by blue and
highest expression by yellow. (C) Dynamic information of cell states in the transition process generated using RNA velocity analysis of adapting ex-kidney ILC2s
at 2 wk after transfer. (D and E) RNA velocity-based pseudotime analyses of the SILP and kidney programs (D) and selected surface markers (E) in adapting ex-
kidney ILC2s at 2 wk after transfer.
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microenvironment. Based on the RA-induced genes that were
upregulated during intestinal ILC2 adaptation in our RNAseq
data sets and a literature review of described downstream
pathways (Bartholin et al., 2006; Borowczyk et al., 2021; Jeffrey

et al., 2007; Lu et al., 2008; Samarut and Rochette-Egly, 2012;
White et al., 2003; Zhuang et al., 2021), we devised a hypo-
thetical model of the broader consequences of RA signaling on
intestinal ILC2 biology (Fig. 6 K).

Figure 6. RA signaling drives functional adaptation of ILC2s to the intestinal phenotype. (A) Dot plot of RA receptor expression in the scRNAseq data set
of kidney and SILP ILC2s from donors and of SILP ILC2s after 2 and 8 wk from recipients of kidney ILC2s (see Fig. 4 A for experimental setup). (B) Heat map of
RA receptor expression in bulk RNAseq data set of ILC2s isolated from the kidneys, lungs, and SILP of näıve C57BL/6 mice (see Fig. 1). (C) Dot plot of RA
signaling genes selected from the DE analyses (see Fig. 4 D) and top 30 cluster-defining genes (see Fig. S4 A). (D) Heat map of RA signaling genes in the bulk
RNAseq data set of ILC2s isolated from näıve C57BL/6 mice (see Fig. 1). (E) Violin plots depicting the expression score of RA signaling associated genes in the
respective conditions. (F) Color mapping of RA expression score on the UMAP subclustering of adapting ex-kidney ILC2s at 2 wk after transfer (see Fig. 5).
Lowest expression is indicated by blue and highest expression by yellow. (G) RNA velocity-based pseudotime analyses of selected RNA signaling genes in
adapting ex-kidney ILC2s at 2 wk after transfer. (H and I) Representative histogram overlays (H) and MFI (I) for surface marker expression of sorted kidney
ILC2s after culture with IL-2 (n = 4 for each condition) in the presence or absence of RA (1 µM). (J) Cytokine quantification in the supernatant of the cultured
kidney ILC2s stimulated with subthreshold IL-25 or IL-33 (1 ng/ml each; n = 4 for each condition). Data in H–J are representative of three individual experiments
with similar results. Symbols represent individual data points and bars indicate mean ± SEM. Statistical analysis was performed using unpaired two-tailed
Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001). (K) Hypothetical model of RA signaling network in SILP ILC2s based on genes upregulated in the RNAseq
data sets and a literature review of described downstream pathways. CREB, cAMP response element-binding protein; ISG, interferon-stimulated gene.
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Role of Notch signaling for adaptation of ILC2s to the
intestinal phenotype in vitro
While we established RA signaling as one driving factor for ILC2
adaptation to the intestinal microenvironment, other tissue cues
most likely act in concert with RA to induce their full phenotypic
switch (including, e.g., IL-33R downregulation). The central
adaptor of the Notch pathway, Hes1, was the most upregulated
gene in the SILP program (see Fig. 4 D) and was also found
among the 10 cluster-defining genes of SILP-adapted ex-kidney
ILC2s in the scRNAseq analyses (Fig. S4 A). Although in unbi-
ased analyses, the HALLMARK Notch signaling pathway was
identified as one of the non-adaptable SILP features (see Fig. 4 I,
lower panel), Hes1 was strongly upregulated in adapting ex-
kidney ILC2s (see Fig. 4 G, comparison 1). In line, an expression
score of genes related to Notch signaling (KEGG PATHWAY:
hsa04330) was significantly upregulated in all SILP ILC2 clus-
ters compared with kidney ILC2s (Fig. S5 A), pointing to a role of
Notch signaling in ILC2 adaptation to the SILP. To address this,
we performed another set of in vitro experiments, culturing
kidney ILC2s in the absence and presence of the Notch ligand
DLL4 (Fig. S5, B and C). Although some features of the intestinal
ILC2 phenotype in kidney ILC2s could be induced by activation
of Notch signaling (upregulation of IL-17RB, downregulation of
IL-33R and CD90.2), other markers remained unchanged (ICOS)
or were regulated inversely (downregulation of KLRG1; Fig. S5,
B and C). Importantly, despite upregulation of IL-17RB, DLL4
stimulation significantly decreased IL-25 responsiveness of
ILC2s, indicating that activation of the Notch pathway might be
a general inhibitor of ILC2 function (Fig. S5 D). Finally, a com-
bination of DLL4 and RA treatment was able to induce ICOS
downregulation but failed to restore upregulation of KLRG1 and
the increased cytokine responsiveness observed with RA treat-
ment alone (Fig. S5, E–G). In conclusion, in addition to RA and
Notch signaling, other unknown factors are required to simulate
a full phenotypic and functional switch of kidney ILC2s to the
intestinal ILC2 program in vitro.

RA is essential for intestinal adaptation of ILC2s in vivo
As RNAseq and in vitro analyses identified RA signaling as one
factor for adaptation of intestine-specific ILC2 phenotype, we
decided to validate this effect in vivo by blocking RA signaling
using a pan-RA receptor inverse agonist (Spencer et al., 2014;
BMS493; hereafter referred to as retinoic acid inhibitor [RAi]).
For this, we performed an adoptive transfer of IL-13fm+ ILC2s
into Rag2−/−Il2rg−/− mice and treated the recipients with RAi
from 1 d prior to cell transfer for 3 wk. Control recipients re-
ceived DMSO injections (see Fig. 7 A for experimental setup). As
observed in previous analyses, transferred kidney ILC2s occu-
pied the niches in kidney, lung, and SILP in ratios comparable to
wild type mice in both groups (Fig. 7, B and C) and adopted the
intestinal IL-17RBhiIL-33RloCD90.2loKLRG1hiICOSlo phenotype in
the SILP of DMSO-treated mice (Fig. 7 D). In line with our hy-
pothesis, RAi prevented the adaptation of kidney ILC2s to the
SILP phenotype, reducing upregulation of IL-17RB and KLRG1,
while increasing expression of CD90.2 and ICOS on ex-kidney
SILP ILC2s (Fig. 7 D). As observed under in vitro conditions, IL-
33R expression remained unchanged between the groups.

As cellular adaptation to tissues should occur constitutively,
even at steady state, we next asked the question of whether RA
signaling inhibition could also reverse intestinal adaptation of
endogenous ILC2s in a non-transfer setting. To address this, we
treated T cell–deficient Rag2−/− and immunocompetent Il13fm

mice with RAi for 3 wk and assessed abundance and phenotype
of ILC2s in kidney, lung, and SILP (Fig. 7, E–I). As previously
observed (Spencer et al., 2014), RAi treatment led to a significant
increase in ILC2 abundance in the SILP with a shift in the ILC2/
ILC3 ratio (Fig. 7, F and G). Endogenous SILP ILC2s from RAi-
treated mice significantly downregulated IL-17RB and KLRG1
expression, while upregulating CD90.2 and ICOS expression
(Fig. 8, H and I), indicating a partial reversal of the intestinal
ILC2 phenotype, as defined by our surface marker set. Taken
together, these data confirm that RA contributes to continuous
phenotypic ILC2 adaptation to the small intestinal microenvi-
ronment in vivo.

RA signaling inhibition impairs anti-helminth immunity
To study the importance of RA-mediated adaptation on ILC2
functionality in a model that induces a strong intestinal type
2 immune response, we decided to block RA signaling in a hel-
minth infection model. To this end, we applied RAi in Rag2−/−

and Rag2−/−Il2rg−/− mice for 3 wk before infecting them with S.
ratti, a model for human gastrointestinal nematode infection
(Breloer and Abraham, 2017). Control recipients received DMSO
injections (see Fig. 8 A for experimental setup). In these ex-
periments, the small intestine was used for the analysis of worm
burden, precluding the analysis of ILC2s from the SILP. Thus, we
confirmed the effect of RAi on endogenous ILC2s isolated from
the colon of infected Rag2−/− mice (Fig. 8, B–D). As observed in
uninfected mice (see Fig. 7, E–I), RAi treatment of worm-
infected mice resulted in a shift of the ILC2/ILC3 ratio and a
change of colonic ILC2 surface marker expression toward a non-
intestinal phenotype (e.g., IL-17RBloCD90hiKLRG1loICOShi; Fig. 8,
D and E). In line with a functional relevance of this ILC2 phe-
notypic switch and despite increased ILC2 frequencies, worm
burden in the small intestine was significantly higher in RAi-
treated Rag2−/− mice than in DMSO controls (Fig. 8 F). In
Rag2−/−Il2rg−/− mice, serving as controls for Rag2−/− mice since
they lack endogenous ILC population, the adult worm burden
remained unchanged after RAi treatment. In addition, mast cell
activation after S. ratti infection, as assessed by serum mouse
mast cell protease 1 (mMCPT-1), was significantly reduced in the
RAi-treated Rag2−/− mice but not in RAi-treated Rag2−/−Il2rg−/−

mice compared with their respective controls (Fig. 8 G).
These results are discrepant with a previous report demon-

strating that increased ILC2 abundance in conditions of im-
paired RA signaling improves anti-helminth response in chronic
Trichuris muris infection of the cecum (Spencer et al., 2014).
However, the observation that ILC2 frequencies and phenotype
substantially differ between intestinal segments might explain
the distinct sensitivity of these two helminths species to inter-
ventions targeting ILC2 adaptation, according to their target
segment in the intestine (S. ratti, small intestine versus T. muris,
cecum). To formally address this, we analyzed ILC2 abundance
and IL-17RB/IL-33R expression in the different intestinal
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Figure 7. RA signaling is essential for intestinal adaptation of ILC2s in vivo. (A) Experimental design of the RAi (BMS493 220 µg) treatment of ILC2-
transferred BALB/c Rag2−/−Il2rg−/− mice. Kidney ILC2s isolated from IL-33–treated BALB/c IL-13fm mice (i.p. injections on four consecutive days) were
adoptively transferred through i.v. injections into BALB/c Rag2−/−Il2rg−/− recipient mice (n = 11). The recipient mice received either DMSO (n = 5) or RAi (n = 6)
treatment at the indicated time points. (B) Representative FACS plots of Lin−IL-13fm+ ILC2s isolated from the kidneys, lungs, and SILP of BALB/c Rag2−/−Il2rg−/−

mice after 3 wk of transfer and treatment with either DMSO or RAi. Numbers indicate the percentage of cells in each gate. (C) Frequencies and absolute
numbers of IL-13fm+ ILC2s isolated from the kidney, lung, and SILP of BALB/c Rag2−/−Il2rg−/−mice treated with either DMSO or RAi. (D)MFI of different surface
marker expressions of ILC2s isolated from the respective organs. (E) Experimental design of the RAi treatment of BALB/c Rag2−/− and BALB/c IL-13fm mice. The
mice received either DMSO (n = 5) or RAi (n = 7) treatment for 3 wk, and ILC2s from the kidney, lung, and SILP were analyzed. (F and G) Absolute numbers and
ILC2/ILC3 ratio of Lin−GATA-3+ ILC2s, Lin−IL-13fm+ ILC2s, and Lin−RORγt+ ILC3s isolated from the kidney, lung, and SILP of BALB/c Rag2−/− (F) and BALB/c IL-
13fm (G) mice. (H and I)MFI of different surface marker expression of ILC2s isolated from the respective organs of BALB/c Rag2−/− (H) and BALB/c IL-13fm mice
(I). Data are pooled from two individually performed experiments. Symbols represent individual data points and bars indicate mean ± SEM. Statistical analysis
was performed using unpaired two-tailed Student’s t test (*P < 0.05, **P < 0.01, ***P < 0.001).
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segments of IL-13fmmice (Fig. 8, H and I). Indeed, the abundance
of ILC2s in the cecum was much lower than that in small
intestinal segments. In addition, IL-17RB expression was sub-
stantially lower on cecal than on small intestinal ILC2s, while IL-
33R expression was higher. This supports the hypothesis that
the expulsion of T. muris from the cecum is less sensitive to RAi-

induced perturbations in ILC2 tissue adaptation, e.g., impaired
upregulation of IL-17RB, as IL-17RB expression is already low on
cecal ILC2s in steady state. Increases in ILC2 abundance under
RAi treatment, on the other hand, are likely to improve worm
expulsion in T. muris infection as steady-state ILC2 levels are low
in the cecum.

Figure 8. RA signaling inhibition reverses intestinal ILC2 adaptation and impairs anti-helminth immunity. (A) Experimental setup of RAi treatment and
subsequent S. ratti infection in BALB/c Rag2−/− and BALB/c Rag2−/−Il2rg−/−mice. (B) Representative flow cytometric plots of ILC2 and ILC3 populations isolated
from the colon of BALB/c Rag2−/− mice treated with either DMSO or RAi and infected with S. ratti. In S. ratti experiments, colon was analyzed for the RAi effect
on ILC2s because the small intestine was needed for worm counting. Gating strategy is indicated in brackets and numbers indicate the percentage of cells in
each gate. (C) Frequencies (upper panel) and absolute numbers (lower panel) of GATA-3+ ILC2s and RORγt+ ILC3s populations as well as their proportional shift
(right panel) in the colon of BALB/c Rag2−/− mice infected with S. ratti after 3 wk of DMSO or RAi treatment. (D and E) Representative histogram overlays (D)
and MFI (E) of the surface marker expression in the two groups. (F)Worm burden in the small intestine of Rag2−/− and Rag2−/−Il2rg−/− mice 6 d after infection
with S. ratti. (G) Mast cell activity assessed as mMCPT-1 serum concentration in Rag2−/− and Rag2−/−Il2rg−/− mice infected with S. ratti. Data are pooled from
two (Rag2−/−) or three (Rag2−/−Il2rg−/−) individually performed experiments with three to five mice per group. (H and I) Absolute numbers (H) and MFI (I) of IL-
17RB and IL-33R of Lin−IL-13fm+ ILC2s isolated from different intestinal segments of näıve BALB/c IL-13fm mice. Data represent at least two individually
performed experiments with three mice per group. Symbols represent individual data points and bars indicate mean ± SEM. Statistical analysis was performed
using unpaired two-tailed Student’s t test (C–G) or one-way ANOVA with Tukey’s post-hoc test (H and I); *P < 0.05, **P < 0.01, ***P < 0.001.
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In summary, these data confirm that blocking RA signaling
can partially reverse the small intestinal ILC2 phenotype, im-
pairing the immune response against S. ratti.

Discussion
Tissue-specific phenotype adaptation is a process widely studied
for various immune cell types. The dogma that organ-specific
microenvironments dictate phenotype and functionality of im-
mune cells has been long-established for cells of the myeloid
lineage (Lavin et al., 2014; Roquilly et al., 2022). In contrast,
lymphocyte residency and adaptation in non-lymphoid tissues is
an emerging concept that has recently been brought forward by
landmark studies on tissue-resident memory T cells and ILCs
(Masopust and Soerens, 2019; Meininger et al., 2020). With
respect to the ILC2 subset, several recent reports have demon-
strated that these tissue-resident lymphocytes exhibit substan-
tial heterogeneity between tissues, and it is presumed that this
heterogeneity is imprinted by local niches with their specific
microenvironmental cues (Ricardo-Gonzalez et al., 2018; Spits
and Mjösberg, 2022).

Using an adoptive transfer model, we show here that murine
effector ILC2s originating from non-lymphoid organs could ef-
fectively repopulate their niche in various peripheral tissues of
alymphoid mice, arguing against an imprinted homing capacity
at developmental stages determining the fate of ILC2 localiza-
tion, as has been previously suggested (Kim et al., 2015; Yang
et al., 2016). ILC2s, regardless of their tissue of origin, adapted
the phenotype of the tissue they came to reside in, which is in
line with previous studies on macrophages and ILC3s that were
also capable of adapting to different tissue niches after transfer
(Lavin et al., 2014; Nussbaum et al., 2017). In the present study,
we observed flexible phenotypic adaptation of the transferred
effector ILC2 populations isolated from the kidney, lung, and
SILP. We used several strategies in combination to minimize the
probability that the effects observed here are due to expansion
and differentiation of transferred ILC2 tissue precursor pop-
ulations: (1) sorting of IL-33R+KLRG1+IL-5hi ILC2s to a high pu-
rity (99.9%, see Fig. 3 C) minimizes ILC2 tissue progenitor
contamination; (2) scRNAseq of ILC2 populations before transfer
shows absence of TCF-7+IL-18R+ ILC2 tissue progenitors in the
transferred ILC2 population (see Fig. S3); and (3) RNA velocity
analyses of adapting kidney ILC2s in the small intestine supports
continuous adaptation of effector ILC2s from the “kidney pro-
gram” toward the “small intestinal program” (see Fig. 5). How-
ever, formal proof of mature effector ILC2 adaptation would
require clonal single-cell readouts, which is extremely chal-
lenging in innate cells that cannot be tracked using rearranged
antigen receptors for endogenous single-cell barcoding. In the
future, somatic mitochondrial DNA mutations might offer a
possibility for endogenous barcoding of innate lymphoid cell
populations to address these questions on a clonal level (Rückert
et al., 2022).Moreover, further investigations will be required to
assess the ability of mature ILC2s from other tissues (e.g., skin,
meninges, and adipose tissue) to replicate these findings.

ILC2s are believed to be distributed to tissues during the
perinatal window. Here, they undergo proliferation and

expansion and maintain residency in homeostatic conditions,
replenishing through tissue precursor expansion (Gasteiger
et al., 2015; Huang et al., 2018; Moro et al., 2016; Schneider
et al., 2019). However, under inflammatory conditions, such as
allergic lung inflammation and prolonged helminth infection,
ILC2s from non-lymphoid organs or their precursors from bone
marrow have been reported to undergo hematogenous traf-
ficking to affected organs where they contribute to the tissue
ILC2 pool (Gasteiger et al., 2015; Huang et al., 2018; Karta et al.,
2018; Ricardo-Gonzalez et al., 2020; Stier et al., 2018; Zeis et al.,
2020). Collectively, these data suggest that interorgan traffick-
ing of effector ILC2s, as modeled in our adoptive transfer
experiments, and our finding of their retained capacity for
tissue-specific adaptation is relevant, especially under inflam-
matory conditions.

Although distinct ILC2 phenotypes have beenwell recognized
in various tissues, the signaling pathways that define tissue-
specific ILC2 programs remain poorly understood, and it re-
mains unclear to which extent these tissue signatures can be
adapted by ILC2s originating from distant sites. Here, we applied
scRNAseq to ex-kidney ILC2s adapting to the small intestinal
microenvironment to extract fully adaptable, partially adapt-
able, and non-adaptable features of the SILP ILC2 transcriptional
program, as well as “hardwired” kidney ILC2 features that would
not adapt to the new location. Interestingly, we failed to extract
any hardwired kidney features from the data, which might in-
dicate that kidney ILC2s exhibit a minimum of tissue-specific
adaptation and express a “core ILC2 signature” that is shared
with ILC2s in SILP (and presumably other locations). In contrast,
several immune-related pathways, such as TNF/NF-κB, ROS,
and complement signaling, were identified in the adaptable
SILP-specific ILC2 signature and were (partially) acquired by
kidney ILC2s in the small intestine.

Using the scRNAseq data set, we then identified RA signaling
as one potential mediator of intestine-specific adaptation of ef-
fector ILC2s. A prominent feature of successful ILC2 adaptation
to the SILP was upregulation of the IL-25 receptor (IL-17RB) and
downregulation of the IL-33 receptor (IL-33R), a phenotype that
has been observed in previous studies (Huang et al., 2018;
Ricardo-Gonzalez et al., 2018; von Moltke et al., 2016). Our
in vitro analysis confirmed that RA was sufficient to drive ILC2
upregulation of IL-17RB, as well as changes in other surface
markers indicative of the intestine-specific phenotype
(CD90.2loKLRG1hiICOSlo). In line with IL-17RB upregulation, RA
increased responsiveness of ILC2s to subthreshold IL-25 stimu-
lation, indicating functional importance of this phenotypic
switch. In contrast, IL-33R expression was unaltered, and sen-
sitivity of ILC2s to IL-33 stimulation was maintained in the
presence of RA in vitro, which was in line with a previous study
examining the effect of RA on lung ILC2s (Seehus et al., 2017).
Importantly, blocking of RA signaling in vivo after adoptive ILC2
transfer partially inhibited the intestine-specific adaptation of
ILC2s, again with the exception of IL-33R downregulation. Our
scRNAseq analyses pointed at Notch signaling as another poten-
tial pathway involved, a pathway that has been implicated in ILC2
development (Wong et al., 2012) and may also play a role in ILC2
to ILC3 plasticity (Zhang et al., 2017). However, our in vitro
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validation of this candidate pathway indicated that Notch acti-
vation, despite upregulation of IL-17RB and downregulation of IL-
33R, acted as a general inhibitor of IL-25– and IL-33–stimulated
cytokine production by ILC2s. Although combined activation of
the RA and Notch pathways in vitro recapitulated most surface
markers defining the intestinal ILC2 phenotype, RA was not able
to functionally rescue the general inhibitory effect of Notch li-
gands on ILC2 cytokine responsiveness (see Fig. S5). Thus, while
we established RA signaling as one driving factor for ILC2 adap-
tation to the intestinal microenvironment, it is evident that a
complex combination of signals through various pathways (e.g.,
RA, Notch, and others) are integrated by SILP ILC2s to shape their
full intestine-specific phenotype and function.

As tissue-specific surface receptor expression of ILC2s im-
pacts their functional response in the lung and skin (Ricardo-
Gonzalez et al., 2018; Zhang et al., 2022), we hypothesized that
RA-mediated ILC2 adaptation to the intestinal environment is
required for an optimal type 2 immune response against hel-
minths in which ILC2s play an important role (Meiners et al.,
2020; Neill et al., 2010). In line with this hypothesis, we ob-
served that inhibition of RA signaling in Rag2−/− mice leads to
reversal of the intestinal phenotype of endogenous ILC2s, which
was accompanied by reduced mast cell activation and impaired
worm expulsion in acute S. ratti infection. Importantly, this
effect depended on the presence of ILCs since it was not ob-
served in ILC-deficient Rag2−/−Il2rg−/− mice. One potential ex-
planation for this finding could be that failed phenotypic ILC2
adaptation impairs their IL-9 production, resulting in subopti-
mal mast cell activation that is instrumental in S. ratti elimina-
tion from the small intestine (Meiners et al., 2020; Reitz et al.,
2018). In such a setting, impaired ILC2 activation could be due to
a reduced responsiveness of ILC2s to IL-25, caused by a failure to
upregulate IL-17RB in the intestine under conditions of impaired
RA signaling. This hypothesis is supported by several landmark
studies demonstrating that IL-25 is constitutively produced by
tuft cells in the small intestine, and a tuft cell/ILC2 feed-forward
loop is crucial to mount an efficient anti-helminth immune re-
sponse (Gerbe et al., 2016; Howitt et al., 2016; von Moltke et al.,
2016). In this context, it would also be important to study the
effect of IL-25 stimulation on expansion and phenotypic adap-
tation of ILC2s from the SILP. However, despite extensive ef-
forts, we were unable to retrieve cells from the SILP of mice for
several weeks after IL-25 application (200–400 ng per mouse
i.p. for four consecutive days), presumably because of intense
intestinal inflammation and mucus production induced by IL-25
treatment. Interestingly, detailed literature research revealed a
lack of studies on IL-25–expanded murine SILP ILC2s, indicating
that other research groups face similar technical challenges.

As previously described (Spencer et al., 2014), RA inhibition
also affected ILC2/ILC3 subset distribution, resulting in a sig-
nificant increase of the ILC3/ILC2 ratio in the small intestine and
colon (see Fig. 7, F and G; and Fig. 8, B and C). However, while
increased ILC2 abundance in conditions of impaired RA signal-
ing was shown to improve anti-helminth response in chronic T.
muris infection of the cecum (Spencer et al., 2014), we observed
the opposite effect in acute S. ratti infection. This discrepancy
might be explained by considerable differences in these two

helminth infection models, regarding the route of infection (S.
ratti, subcutaneous versus T. muris, oral), the infection dynamics
(S. ratti, acute, self-limiting infection versus T. muris, chronic
infection), and probably the most important, the target segment
in the intestine (S. ratti, small intestine versus T. muris, cecum).
Our data indeed showed low abundance and low IL-17RB ex-
pression of ILC2s in the cecum as compared with the SILP (see
Fig. 8, H and I). This supports the hypothesis that an increase in
ILC2 abundance under RAi treatment (Spencer et al., 2014) is
likely to have a positive impact on worm expulsion in cecal T.
muris infection, while IL-17RB upregulation is less relevant (as
IL-17RB levels are generally low on cecal ILC2s). In S. ratti in-
fection of the small intestine, in contrast, impaired expression of
IL-17RB (and potentially other functional markers) under RA
signaling inhibition is functionally relevant (as IL-17RB levels
are high at steady state), and hence, impaired ILC2 adaptation
results in impaired control of helminth infections.

In conclusion, the results presented here attribute an im-
portant role to RA signaling in ILC2 adaptation to the small in-
testine, a mechanism that had not been demonstrated before.
However, the study must be considered in the context of several
limitations. First, to definitively prove the cell-intrinsic role of
RA signaling in intestinal adaptation of ILC2s, transfer experi-
ments with ILC2s deficient in RA signaling would be required.
However, owing to the complexity of RA signaling pathway and
potential involvement of several RA receptors (e.g., Rara, Rxrb,
and Rxrg were expressed in SILP ILC2s), this would require
targeting multiple receptors or their downstream signaling
components in mice by complex genetic modifications. Second,
although demonstrated by ex vivo ILC2 culture experiments, the
direct in vivo link between RA-mediated upregulation of IL-17RB
expression on SILP ILC2s, increased IL-25 sensitivity, and con-
sequently, alteration of ILC2 in vivo function (e.g., increased
cytokine production) has not been shown here. In addition, the
predicted RA-induced modulation of IL-17RB downstream sig-
naling (see Fig. 6 K) awaits further exploration to substantiate its
mechanistic basis. Finally, we propose a differential response of
ILC2s in different intestinal segments (e.g., small versus large
intestine) which might offer an explanation for the opposing
effects of RA inhibition on defense against different helminth
species (Spencer et al., 2014). While the segment-specific ILC2
abundance and expression pattern of IL-17RB and IL-33R
(Fig. 8, H and I) suggests differential in vivo functions, a
formal proof of this hypothesis is still lacking and warrants
further investigations.

Regardless of these limitations, our study highlights that ef-
fector ILC2s, after hematogenous trafficking, retain the capacity
to adapt to new tissue-specific microenvironments, which may
enable them to exert tissue-specific functions, such as promot-
ing control of intestinal helminth infections.

Materials and methods
Animals
C57BL/6 wild type, BALB/c wild type, C57BL/6 Rag2−/−Il2rg−/−,
C57BL/6 CD45.1, BALB/c Rag2−/−Il2rg−/−, BALB/c Rag2−/−,
and C57BL/6 IL5tdTomato (Red5) mice were bred in the animal
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facility of the University Medical Centre Hamburg-Eppendorf
under specific pathogen–free conditions. BALB/c Il13YFP/Cre

were purchased from the Jackson Laboratory and crossed with
BALB/c LSL-R26rtdTomato mice to generate IL13fm mice and bred
in the animal facility of the University Medical Centre
Hamburg-Eppendorf under specific pathogen–free conditions.
Adult male and female mice with the appropriate sex- and age-
matched controls were used in all experiments. All animal
experiments were performed according to national and insti-
tutional animal care and ethical guidelines and were approved
by the local committees (approval number: N054/2020;
Behörde für Gesundheit und Verbraucherschutz, Freie und
Hansestadt Hamburg).

In vivo treatments
For ILC2 activation and expansion, mice received injections of
200 or 400 ng recombinant mouse (rm) IL-33 (BioLegend)
in 200 μl PBS i.p. on four consecutive days. Controls received
200 μl PBS. ILC2s were isolated at 2–3 wk after the first IL-33
injection. To block RA signaling, a pan-RAi (BMS493; R&D) was
dissolved in DMSO (final conc. 29.3 µg/μl). 220 µg RAi/animal
(diluted in PBS) was administered i.p. every second day. The
same DMSO concentration was administered to control animals.

S. ratti infection, adult worm count, and mast cell activation
The S. ratti cycle was maintained in Wistar rats, and stage 3
larvae were isolated from their charcoal feces culture 1 d before
infection using the Baermann technique. Infection of BALB/c
Rag2−/−Il2rg−/− and BALB/c Rag2−/− mice was performed by s.c.
injection of 2,000 stage 3 larvae in 30 μl PBS into the hind
footpad, as described earlier (Eschbach et al., 2010). To count the
adult worms on day 6 after infection, the small intestine was cut
open longitudinally, washed to remove feces, and tissue was
incubated for 3 h at 37°C in tap water while thoroughly shaking
every hour for 10 s by hand. After allowing the worms to settle
down (∼30 min at room temperature), supernatant was re-
moved and adult worms were counted under a bright-field mi-
croscope in a double-blinded fashion. For mast cell activation
analysis, blood was collected on day 6 after infection. Serumwas
analyzed using the MCPT-1 Uncoated ELISA Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions.

Cell isolation
For the isolation of renal leukocytes, mouse kidneys were cut
into small pieces and digested in complete medium (RPMI 1640,
10% fetal bovine serum, 1% Hepes, 1% penicillin/streptomycin;
all Gibco) supplemented with collagenase D (0.4 mg/ml; Roche)
and DNase I (100 µg/ml; Roche) for 45min at 37°C while rotating
on a MACSmix tube rotator (Miltenyi) and subsequently further
shred using gentleMACS dissociation (Miltenyi). Lungs were cut
into small pieces and digested in a complete medium supple-
mented with Liberase (0.42 mg/ml; Roche) and DNase I (100 µg/
ml; Roche) for 45 min at 37°C while rotating. Afterward, the
suspension was mashed through a 70-µm nylon strainer. For the
isolation of leukocytes from the SILP, cecum, and colon, Peyer’s
patches were removed, the intestine was opened longitudinally,
and washed in PBS supplemented with 1% FCS, 5 mM EDTA

(Sigma-Aldrich), and 1 mM dithiothreitol (Sigma-Aldrich) for
7 min at 37°C on the shaker. After a second round of shaking
(without dithiothreitol), epithelial cells were discardedwhile the
remaining intestinal tissue was minced and incubated in com-
plete medium supplemented with 500 μg/ml collagenase VIII
(Sigma-Aldrich) and 20 μg/ml DNAse I (Roche) on a shaker for
30 min at 37°C. Then, cells were mashed through a 70-μm nylon
strainer. Further, leukocyte purification was achieved by Percoll
gradient centrifugation (37.5%; GE Healthcare). After subse-
quent erythrocyte lysis with ammonium chloride (kidney and
lung only), cell suspensions were filtered through a 50-µm ny-
lon strainer and used for further analyses.

Flow cytometry
Nonspecific antibody binding was prevented by incubation with
10% normal mouse serum (Jackson ImmunoResearch Laborato-
ries). To characterize ILC subsets, cell suspensions of mouse
kidneys, lungs, and SILP were stained with fluorochrome-
coupled antibodies (all from BioLegend, unless otherwise indi-
cated) against CD45 (30-F11), IL-7Rα (CD127; A7R34), Thy1.2
(CD90.2; 30-H12), and a combination of lineage markers (Lin),
including CD3 (145-2C11), CD4 (RM4-5), CD5 (53-7.3), CD8 (53-
6.7), CD11b (M1/70), CD11c (HL-3; BD), CD19 (6D5), CD49b
(HMα2), TCR-β (H57-597), TCR-γδ (GL3), GR-1 (RB6-8C5), and
Ter119 (Ter119). For further characterization of ILC surface
marker expression, antibodies against CD25 (PC61.5), IL-33R
(RMST2-33; Invitrogen), IL-17RB (CD335; 752101; R&D), KLRG1
(2F1/KLRG1), Ly6A/E (Sca-1; D7), ICOS (C398.4A), NKp46
(29A1.4), and CD117 (c-kit; 2B8) were used. Intranuclear staining
(INS), using antibodies against GATA-3 (L50-823; BD), T-bet
(4B10), ROR-γt (B2D; BD), Eomes (Dan11mag; eBioscience), and
Ki67 (B56; eBioscience), was generally performed with the
Transcription Factor Staining Buffer Set (eBioscience) according
to the manufacturer’s instruction. INS of leukocytes isolated
from reporter mice was performedwith a special protocol. After
staining of the surface markers, isolated leukocytes were fixed
with 3.7% paraformaldehyde (Sigma-Aldrich) for 25 min at
room temperature and subsequently resuspended in PermWash
buffer from the above-mentioned Transcription Factor Staining
Set supplemented with INS antibodies and incubated overnight
at 4°C. For intracellular cytokine staining, isolated leukocytes
were restimulated with phorbol 12-myristate 13-acetate (1 µg/
ml; Sigma-Aldrich) and ionomycin (1 µg/ml; Calbiochem) in
the presence of brefeldin A (10 µg/ml; Sigma-Aldrich) and
β-mercaptoethanol (0.05 mM; Thermo Fisher Scientific) for 2.5
h, stained for surface markers as described above, fixed with
fixation/permeabilization buffer from the abovementioned
Transcription Factor Staining Buffer Set for 25 min at room
temperature, and permeabilized with IGEPAL CA-630 (0.1%;
Sigma-Aldrich) for 4 min at room temperature. Subsequently,
cells were resuspended in Perm Wash buffer for staining with a
combination of fluorochrome-coupled antibodies against IL-13
(eBio13A; eBioscience), IL-5 (TRFK5; BioLegend), amphiregulin
(Areg; polyclonal Goat IgG; R&D Systems), and IL-4 (11B11; BD)
overnight at 4°C. Dead-cell staining was performed using LIVE/
DEAD Fixable Read Dead Stain Kit (Invitrogen) or Zombie Dye
(BioLegend). The absolute numbers of CD45+ cells in cell
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suspension were determined by staining with fluorochrome-
coupled anti-CD45 combined with cell-count beads (Count-
bright; Invitrogen). All samples were acquired on a Becton
Dickinson LSRII flow cytometer (BD) using the Diva software
and analyzed with the FlowJo Software (Treestar, Inc.). Di-
mensionality reduction and visualization of high-dimensional
flow cytometry data were performed using the UMAP plugin
of the FlowJo software v10.

Cell sorting
For sorting of ILC2s from the kidneys, cells were isolated as
described above. Instead of using a Percoll gradient, leukocytes
were enriched with the CD45 microbeads MACS Cell separation
technology (Miltenyi) according to the manufacturer’s instruc-
tion. For the isolation of lung ILC2s, the EasySep Mouse ILC2
Enrichment Kit (Stemcell) was used prior to flow cytometry–
based cell sorting. ILC2s from the small intestinewere isolated as
described above. For adoptive cell transfer experiments, in vivo
IL-33–expanded ILC2s from kidney, lung, and SILP were defined
as CD45+Lin−CD127+KLRG1+ and FACS purified from wild type
C57BL/6 CD45.1 mice. Transfer of effector ILC2s was performed
using IL-33–activated CD45+Lin−CD127+IL-33R+KLRG1+Red5+

ILC2s sorted from the kidneys of C57BL/6 Red5 mice. For
adoptive transfers, 5–10 × 104 ILC2s were administered i.v. into
Rag2−/−Il2rg−/− recipient mice. For scRNAseq of ILC2s from the
kidneys and SILP fromBALB/c IL13fmmice, CD45+Lin−CD127+IL13fm+

ILC2s were sorted and further processed. All samples were sor-
ted on a BD FACSAria Fusion.

Bulk RNAseq
RNA from 2 to 3 × 104 ILC2s was isolated using the RNeasy Plus
Micro Kit (QIAGEN) according to the manufacturer’s in-
structions. The quality of prepared RNA was assessed using the
Agilent 2100 Bioanalyzer (Agilent Technologies). After library
construction, quality control with Qubit 2.0 fluorometer (Life
Technologies) was applied. Sequencing was performed by No-
vogene using the HiSeq 4000 platform with paired-end of
150 bp (PE 150) sequencing strategy (Illumina). Sequence reads
were trimmed to remove sequencing adapters by Trimmomatic
0.38 (Bolger et al., 2014), discarding sequences shorter than 36
bps. Trimmed reads were then aligned to the mouse reference
assembly (GRCM38.92) using STAR (v2.5.4b; Dobin et al., 2013).
Differential expression analysis was carried out using DESeq2
(Love et al., 2014) and R. Significantly differentially expressed
genes (false discovery rate < 0.1 and abs. Log2FC > 1) were used
in further analysis. Processed and raw data files of the bulk
RNAseq data are available from the Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/) under the accession
number GSE242571.

scRNAseq
Single-cell libraries of sorted cells were generated with the 10X
Genomics Chromium Single Cell 59v1.1 reagents kit according to
the manufacturer’s protocol. The libraries were sequenced on
Illumina NovaSeq 6000 with 150 base pairs and paired-end
configurations. Cell Ranger (version 4.0.0) was used to de-
multiplex cellular barcodes and map reads to the reference

genome (mm10-Ensemble 98). Transcriptomic data were added
into a single Seurat object (v.4.0.2). After exclusion of low-
quality cells (<500 or >2,500 genes expressed), low expressed
genes (<3 genes per cell), and cells with high mitochondrial gene
number (>8% of all genes), unsupervised clustering was per-
formed using standard workflow by Seurat. UMAP calculated
for the first five principal components was used for dimen-
sionality reduction and plotting. Clusters were assigned ac-
cording to the sample of origin. DE analyses between cell
clusters were performed with the FindAllMarkers function of
Seurat. For RNA velocity analysis, a loom-file containing the
splicing information was generated using velocyto. Using the
python (V3.8.8) package “scVelo” (V0.2.5), the data was pre-
processed with the function scv.pp.filter_and_normalize() with
standard parameters. Then, first- and second-order moments
were computed with scv.pp.moments(). RNA velocity was esti-
mated with scv.tl.velocity in the stochastic mode. Plots were
generated using the scv.tl.velocity_graph() and then the
scv.pl.velocity_embedding_stream() function. To plot gene ex-
pression over pseudotime, pseudotime information was calcu-
lated with the scv.tl.velocity_pseudotime function. Then,
terminal and initial cell states were determined using the
cr.tl.terminal_states() and cr.tl.initial_states() function of the
“CellRank” package (V1.5.1). Then, general additive models were
fitted on gene expression data and transcripts were plotted using
the cr.pl.gene_trends() function. The expression modules (SILP
program, kidney program) were plotted using the geom_smooth
function of the R package ggplot2 with the pseudotime and score
values. For GO term analysis, we compared the gene expression
of two clusters with a wilcoxauc() test of the presto library
(V1.0.0), arranged the genes according to their area under the
curve, and performed gene set enrichment using the fgsea()
function of the R library fgsea (V. 1.16.0) with nperm = 1,000.
Gene sets were downloaded using the msigdbr function of the
msigdbr R library (V7.5.1). RA signaling score was generated by
combining GO terms for RA receptor binding (GO:0046965), RA
receptor signaling pathway (GO:0048384), and response to RA
(GO:0032526), and used for analysis within the AddModule-
Score function with default parameters. The Notch signaling
score was generated similarly using the Notch signaling path-
way (KEGG PATHWAY: hsa04330). Overlay of the Tcf7 and Il18r1
mRNA expression was performed using the Seurat FeaturePlot
function using the blend parameter. Processed and raw data files
of the scRNAseq data are available from the Gene Expression
Omnibus (https://www.ncbi.nlm.nih.gov/geo/) under the ac-
cession number GSE242571.

Immunohistochemistry
For staining of tdTomato-positive ILC2s in Red5 mice, 2.5-μm-
thick paraffin sections from kidney and SILP were heated at
98°C for 40 min in DAKO antigen retrieval buffer (pH 9; Agilent
Technologies). Unspecific binding was blocked with 5% horse
serum (Vector Laboratories) and 0.05% triton-X100 in PBS. The
sections were then incubated with goat anti-tdTomato (1:2,000,
orb182397; Biorbyt) in 5% horse serum overnight at 4°C. Next,
the sections were incubated with biotinylated rabbit anti-goat
antibody (BA-5000; Vector Laboratories) followed by incubation
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with anti-rabbit polymer (POLAP-006; Zytomed Systems). Fi-
nally, the development and nuclear staining of stained sections
were performed with New Fuchsin and Hemalaun, respectively.
Tissue slices were evaluated with an Axioskop light microscope
(Zeiss) and photographed with an Axiocam HRc camera (Zeiss).

Cell culture and cytokine quantification
FACS-purified kidney ILC2s (defined as CD45+Lin−CD127+KLRG1+)
from IL-33–treated mice were cultured (∼10,000 cells/well) in a
96-well U-bottom plate in Iscove’s Modified Dulbecco’s Medium
containing 5% FCS, 1% penicillin/streptomycin, and 50 µM 2-
mercaptoethanol (all Gibco) in the presence of rmIL-2 (10 ng/ml,
BioLegend) with or without all trans RA (1 µM; Enzo Life Sci-
ences). In some experiments, the plate was precoated with the
Notch ligand DLL4 (2.5 µg/ml; R&D) for at least 3 h at 37°C. Cells
were cultured for 4 d and analyzed for surface marker expression
using flow cytometry. In some experiments, cells were stimulated
with either rmIL-25 (1 ng/ml; R&D) or rmIL-33 (1 ng/ml) on day 3
and culture supernatants were collected 24 h later and analyzed
for IL-5 and IL-13 protein with the LEGENDplex bead-based im-
munoassay according to the manufacturer’s instructions
(BioLegend).

Statistics
The two-tailed parametric t test was used for comparison be-
tween two groups. In case of three or more groups, ordinary
one-way ANOVA with Tukey’s post hoc test was used. A P value
of <0.05 was considered to be statistically significant.

Online supplemental material
Fig. S1 characterizes ILC subsets and ILC2s in different organs.
Fig. S2 shows gating and sorting strategies for analysis and
purification of ILCs from different organs. Fig. S3 depicts the
sorting purity and scRNAseq analysis of kidney ILC2s. Fig. S4
illustrates cluster-defining genes and pathway analysis of
scRNAseq data. Fig. S5 shows Notch signaling in intestine-
specific adaptation of kidney ILC2s in vitro.

Data availability
All the data in the figures are available in the published article
and its online supplemental material. Bulk RNAseq and
scRNAseq dataset (raw and processed data) are available from
the Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/
geo/) under the accession number GSE242571.
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Figure S1. Characterization of ILC subsets and ILC2s in different organs in BALB/c and C57BL/6 mice. (A) Flow cytometric characterization and gating
strategy of ILC subsets isolated from kidney, lung, and SILP of näıve BALB/c mice (blue = ILC2s, red = ILC3s, and yellow = ILC1s). Numbers indicate the
percentage of events in the respective gates. (B) Frequencies and absolute numbers of total ILCs in kidney, lung, and SILP. (C) Frequencies of ILC subset
distribution in the respective organs. Symbols represent individual data points, and bars indicate mean ± SEM. (D) Flow cytometric analysis of Lin−GATA-3+

ILC2s from PBS- or IL-33–treated (i.p. injection on four consecutive days) wild type BALB/c mice at day 12–14 after the first injection. Heat maps show MFI of
various surface markers of ILC2s in the indicated organs normalized to surface marker expression of kidney ILC2s. (E) Unbiased UMAP clustering of the flow
cytometry data from D. Plots show combined and single-organ contribution of kidney (orange), lung (blue), and SILP (green) ILC2s to the UMAP clustering. Data
are representative of at least two independent experiments with similar results with n = 3–5 mice per group. (F) Representative histogram overlays showing
surface marker expression on Lin−GATA-3+ ILC2s isolated from kidney (orange), lung (blue), and SILP (green) of PBS- or IL-33–treated (i.p. injection on four
consecutive days) wild type C57BL/6 mice. (G) Concatenated flow cytometry data from A shown in an unbiased UMAP clustering along with multigraph color
mapping of cell surface markers on UMAP projection. Lowest expression is indicated by blue and highest expression by red. (H) Absolute numbers of different
cytokine-producing ILC2s (see Fig. 1, L and M) isolated from the kidney, lung, and SILP of PBS- (n = 6) or IL-33–treated (n = 5) wild type C57BL/6 mice. Data are
pooled from two individually performed experiments.
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Figure S2. Gating and sorting strategies for analysis and purification of ILCs from different organs. (A) Backgating of ILC populations on the CD45+ live
lymphocyte gate in näıve C57BL/6. (B)MFI for CD127 expression on the different ILC populations in kidney, lung, and SILP. Data are representative of at least
two independent experiments with similar results with n = 3–5 mice per group. (C) Sorting strategy for kidney, lung, and SILP ILC2s from näıve C57BL/6 mice
without using genetically modified fluorescent reporter mice for RNAseq analyses (see Fig. 1). While the Lin−CD127+CD25+Sca-1+ gate reliably identified GATA-
3+ ILC2s in the kidney and lung, SILP ILC2s were better identified by the Lin−CD127+CD25+KLRG1+ gate. (D) Gating on all GATA-3+ ILC2s showed that the gating
strategy depicted in C represents >80% of the total ILC2 population in näıve C57BL/6 mice. (E) Sorting strategy for IL-33–expanded ILC2s from CD45.1 BALB/c
mice (see Fig. 2, A and B, for experimental setup and sorting purity). (F) Sorting strategy for IL-33–expanded effector ILC2s from C57BL/6 Red5 mice (see Fig. 3
for sorting purity). (G) Sorting strategy for IL-33–expanded ILC2s from BALB/c IL-13fm donor mice and BALB/c Rag2−/−Il2rg−/− mice recipient mice (see Fig. 4 A
for experimental setup and Fig. S3, A and B, for sorting purity). Numbers in flow cytometry plots indicate the percentage of events in the repective gates.
Symbols in B represent individual data points and bars indicate mean ± SEM. Statistical analysis was performed using one-way ANOVA with Tukey’s post-hoc
test (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure S3. Sorting purity and scRNAseq analysis of ILC2s. (A) Representative sorting purity of ILC2s (sorted as Lin−CD127+IL-13fm+) isolated from the
kidney and SILP of IL-33–treated BALB/c IL-13fm mice (donors) for scRNAseq. (B) Representative sorting purity of ILC2s (sorted as Lin−CD127+IL-13fm+) isolated
from the SILP (2 and 8 wk after transfer) of BALB/c Rag2−/−Il2rg−/− mice that received adoptive i.v. transfer of kidney ILC2s. (C) Unsupervised UMAP clustering
of kidney ILC2s from donor mice. (D) Heat map of top 15 cluster-defining genes obtained from C. (E) Feature plots depicting expression of key markers on the
UMAP of the kidney ILC2 dataset from C. (F) Overlay of Tcf7 and Il18r1 genes known to be co-expressed in ILC precursors.
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Figure S4. Cluster-defining genes and pathway analysis of scRNAseq data. (A) Heat map depicting top 10 cluster-defining genes for each cluster obtained
from scRNAseq analysis of donor kidney and SILP ILC2s as well as recipient SILP ILC2s (see Fig. 4 A for experimental setup). Genes associated with RA and
Notch signaling are marked with an arrow and labeled in red. (B) Gene set enrichment analysis (GSEA) for HALLMARK pathways of the Mouse Molecular
Signatures Database using the genes significantly upregulated in the indicated comparisons between ILC2 populations (see Fig. 4 A for experimental setup).
Specific pathways identified by further filtering (see Fig. 4, G and H) are indicated by blue boxes and marked in bold.
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Figure S5. Notch signaling in intestine-specific adaptation of kidney ILC2s in vitro. (A) Violin plots depicting Notch signaling score in the scRNAseq data
of kidney and SILP donors and recipient mice (see Fig. 4 A for experimental setup). (B and C) MFI (B) and representative histogram overlays (C) of surface
marker expression of sorted kidney ILC2s after in vitro culture with IL-2 in the presence or absence of the Notch ligand DLL4 (2.5 µg/ml). Cells were sorted as
CD45+Lin−CD127+IL-33R+KLRG1+ from the kidney of IL-33–treated C57BL/6 mice and cultured for 4 d in a 96-well plate (∼10,000 cells/well; n = 4 for each
condition). (D) Cytokine quantification in the supernatant of the cultured kidney ILC2s stimulated with subthreshold IL-25 or IL-33 (1 ng/ml each). Cells were
stimulated on day 3 for 24 h. (E and F)MFI (E) and representative histogram overlays (F) for surface marker expression of kidney ILC2s after culture with IL-2 in
the presence or absence of RA (1 µM) and DLL4 (n = 4 for each condition). (G) Cytokine quantification in the supernatant of the cultivated kidney ILC2s
stimulated as in E. Data are representative of three individual experiments with similar results. Symbols represent individual data points and bars indicate mean
± SEM. Statistical analysis was performed using unpaired two-tailed Student’s t test (B and D) or one-way ANOVA with Tukey’s post-hoc test (E and G); *P <
0.05, **P < 0.01, ***P < 0.001.
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Conventional NK Cells and Type 1 Innate Lymphoid Cells Do
Not Influence Pathogenesis of Experimental Glomerulonephritis

Constantin Rickassel,*,†,1 Ann-Christin Gnirck,*,†,1 Nikhat Shaikh,*,† Virginia Adamiak,*,†

Alex Waterhölter,*,† Yakup Tanriver,‡ Katrin Neumann,§ Tobias B. Huber,*,†

Georg Gasteiger,{ Ulf Panzer,*,†,‖ and Jan-Eric Turner*,†

Innate lymphoid cells (ILCs) that express NK cell receptors (NCRs) and the transcription factor T-bet populate nonlymphoid
tissues and are crucial in immune responses against viral infections and malignancies. Recent studies highlighted the
heterogeneity of this ILC population and extended their functional spectrum to include important roles in tissue homeostasis and
autoimmunity. In this article, we provide detailed profiling of NCR+T-bet+ ILC populations in the murine kidney, identifying
conventional NK (cNK) cells and type 1 ILCs (ILC1s) as the two major subsets. Induction of renal inflammation in a mouse model
of glomerulonephritis did not substantially influence abundance or phenotype of cNK cells or ILC1s in the kidney. For functional
analyses in this model, widely used depletion strategies for total NCR+ ILCs (anti-NK1.1 Ab application) and cNK cells (anti-
asialoGM1 serum application) were unreliable tools, because they were accompanied by significant off-target depletion of kidney
NKT cells and CD8+ T cells, respectively. However, neither depletion of cNK cells and ILC1s in NKT cell�deficient mice nor
specific genetic deletion of cNK cells in Ncr1Cre/wt 3 Eomesfl/fl mice altered the clinical course of experimental glomerulonephritis.
In summary, we show in this article that cNK cells and ILC1s are dispensable for initiation and progression of immune-mediated
glomerular disease and advise caution in the use of standard Ab depletion methods to study NCR+ ILC function in mouse
models. The Journal of Immunology, 2022, 208: 1�10.

Following the discovery of the NK cell >40 y ago (1, 2),
extensive research has unveiled numerous important func-
tions of this first member of the innate lymphoid cell (ILC)

family (3). In addition to their well-established role in antitumor
responses (4) and defense against viral infections (5), it has become
evident that NK cells play a pivotal role in immune-regulatory pro-
cesses and autoimmune diseases (6).
These diverse functions of NK cells are mediated by various

effector mechanisms, including target cell lysis via secretion of cyto-
toxic molecules (e.g., granzymes or perforin) and induction of apo-
ptosis by death receptors, such as Fas ligand or TRAIL. In addition,
NK cells have the ability to produce significant amounts of cyto-
kines, such as IFN-g and TNF-a, various ILs, and a broad range of
chemokines that orchestrate the local immune response (4�6).
In recent years, extensive studies revealed that the NK cell popu-

lation consists of diverse subpopulations with significant differences
regarding phenotype, function, and distribution in peripheral blood,
lymphoid organs, and nonlymphoid tissues (7). Traditionally, human
NK cells are defined as CD3−CD561 lymphocytes and then, based

on their expression level of CD56, further divided into the two
major subsets of CD56bright and CD56dim NK cells, respectively. It
is now well established that CD56bright NK cells represent the
majority of tissue-resident NK (trNK) cells, capable of producing
large amounts of cytokines and regulating immune processes, while
CD56dim NK cells are the predominant subset in peripheral blood
and are mainly associated with mediating cytotoxicity (7, 8).
In mice, NK cells are defined as CD3−NK1.11 and/or NKp461

lymphocytes (9). In analogy to the aforementioned NK cell subsets in
humans, murine NK1.11NKp461CD3− cells were further divided
into phenotypically and functionally diverse subsets of circulating
CD49b1Eomes1T-bet1 conventional NK (cNK) cells and CD49a1

Eomes−T-bet1 cells that are largely tissue resident and have been
termed trNK cells by some authors (10). In recent years, the identifica-
tion and detailed characterization of “helper-like” type 1 ILCs (ILC1s),
which share the expression of NK cell receptors (NCRs) and the tran-
scriptions factor T-bet with cNK cells, but do not express Eomes and
exhibit less cytotoxicity, have resulted in reclassification of trNK cells
in some anatomical locations as ILC1s (11�13). The relationship
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between circulating cNK cells, trNK cells, and ILC1s in different
organs is at present still ill-defined and an area of active research (14).
Glomerulonephritides are a heterogeneous group of immune-

mediated diseases that lead to inflammation of the renal glomeruli
and account for up to 20% of patients with chronic kidney disease
in industrialized countries (15). Among these, crescentic glomerulo-
nephritis (cGN) is the most severe form. cGN can develop in sys-
temic vasculitis, anti�glomerular basement membrane disease, or
systemic lupus erythematosus and frequently leads to a rapid loss of
kidney function, resulting in requirement of dialysis or kidney trans-
plantation with considerable morbidity and mortality. The contribu-
tion of NK cells to immune-mediated glomerular disease is largely
unknown and has been debated controversially (16). Although some
early immunohistochemical studies reported the presence of NK cells
in a rat glomerular disease model (17) and human GN (18), others
did not observe significant NK cell accumulation in rat anti�glomer-
ular basement membrane nephritis (19). Intriguingly, a recent
study, addressing the subset-specific roles of cNK cells and trNK
cells/ILC1s in a murine kidney ischemia-reperfusion injury model
of acute kidney injury, suggested a relevant role of trNK in dis-
ease progression (20). However, detailed profiling of murine kid-
ney NK cell/ILC1 subsets and analyses of their functional role in
cGN are missing so far.
In this study, we provide a detailed expression profile of NK cell/

ILC1 subsets in the murine kidney by RNA sequencing and evaluate
their subset-specific role in a well-established model of experimental
cGN in mice. We observed that widely used depletion strategies for
total NK cells (anti-NK1.1 Ab application) and cNK cells (anti-asia-
loGM1 [anti-asGM1] serum application) were unreliable tools,
because they were accompanied by significant off-target depletion
of kidney NKT cells and CD81 T cells, respectively. However, nei-
ther depletion of cNK cells and ILC1 in NKT cell�deficient mice
nor specific deletion of cNK cells in Ncr1Cre × Eomesfl/fl mice
altered the clinical course of experimental cGN. In summary, we
show in this study that cNK cells and ILC1s are dispensable for ini-
tiation and progression of immune-mediated glomerular disease and
advise caution in the use of standard Ab depletion methods to study
NK cell/ILC1 function in mouse models.

Materials and Methods
Animals

C57BL/6J wild-type (wt) animals were ordered from Charles River Labora-
tories. Cd8a−/−, TCR-Ja18−/−, Eomesfl/fl, and NKp46iCre (Ncr1Cre/wt) mice
were bred in the animal facility of the University Medical Center Hamburg-
Eppendorf (Universitätsklinikum Hamburg-Eppendorf [UKE], Hamburg,
Germany) under specific pathogen-free conditions. TCR-Ja18−/− mice were
kindly provided by N. Gagliani (UKE), and NKp46iCre mice were kindly
provided by E. Vivier (University of Marseille, Marseille, France). Ncr1Cre/wt

mice were crossed to Eomesfl/fl mice or LSL-R26reYFP mice to generate
mice with conditional Eomes knockout in NKp461 cells and NKp461 cell
fate reporter mice (21), respectively. All animal experiments were performed
according to national and institutional animal care and ethical guidelines and
were approved by the local committees.

Induction of experimental GN and functional analyses

cGN was induced by i.p. injection of nephrotoxic sheep serum (2.5 mg/g
body weight) in 8- to 12-wk-old mice as previously described (22). For urine
sample collection, mice were housed in metabolic cages for 5 h. Urinary
albumin excretion was determined by standard ELISA (Bethyl Laboratories,
Montgomery, TX). Urinary creatinine levels were measured with the Creati-
nine Jaffé Fluid (Hengler Analytik, Steinbach, Germany).

Histopathology and immunohistochemistry

Formalin-fixed, paraffin-embedded kidney sections were stained with periodic
acid�Schiff (PAS) reagent according to standard laboratory procedures. Cres-
cent formation in the cGN model was assessed in 30 glomeruli per mouse.
Tubular injury was assessed by using photographs of nonoverlapping cortical

areas from PAS-stained kidney sections. In the cGN model, the percentage of
interstitial area was determined by superimposition of the photographs with 40
apportioned dots, and subsequently interstitially located dots were counted.
Tissue slices were evaluated with an Axioskop light microscope (Zeiss, Jena,
Germany) and photographed with an AxioCam HRc camera (Zeiss). All histo-
logical quantifications were performed in a blinded fashion.

Immunofluorescence

For immunofluorescence staining, 2.5-mm-thick paraffin sections were boiled at
98◦C for 20 min in citric acid citrate buffer (pH 6) for Ag retrieval. Because
fluorescence intensity of yellow fluorescent protein (YFP) after formalin fixation
and embedding in paraffin was not sufficient to visualize YFP1 cells, detection
of YFP by immunofluorescence staining was necessary. Unspecific binding was
blocked with 5% horse serum (vector) and 0.05% Triton X-100 in PBS. Then,
the sections were incubated with rabbit anti-GFP (cross-reactive to YFP;
1:1000, clone ab290; Abcam) and rat anti-Eomes Abs (1:200, clone Dan11mag;
eBioscience) in 5% horse serum overnight at 4◦C. The staining was visualized
using Alexa Fluor 488� (anti-rabbit) and Cy3 (anti-rat)-conjugated secondary
Abs (1:100; Jackson ImmunoResearch Laboratories, West Grove, PA) incu-
bated for 1 h at room temperature. DNA was counterstained with Hoechst
(1:1000; Molecular Probes). Images of the stained slides were acquired with
an LSM 510 Meta confocal microscope using the LSM software (Zeiss).

Cell isolation

For isolation of renal leukocytes, mouse kidneys were cut into small pieces
and enzymatically digested in complete medium (RPMI 1640, 10% FBS, 1%
HEPES, 1% penicillin/streptomycin; all Life Technologies) supplemented
with collagenase D (0.4 mg/ml; Roche, Basel, Switzerland) and DNase I (100
mg/ml; Roche) for 45 min at 37◦C while rotating on a MACSmix tube rotator
(Miltenyi, Bergisch Gladbach, Germany). After further dispersion with the
gentleMACS dissociator (Miltenyi), leukocytes were purified by Percoll gradi-
ent centrifugation (37.5%) (GE Healthcare, Chicago, IL) and further enriched
by subsequent erythrocyte lysis with ammonium chloride. After filtration
through a 50-mm strainer, cell suspension was ready for further analyses. Leu-
kocytes from the liver were isolated by mashing the tissue through a 100-mm
strainer and were further purified by subsequent Percoll gradient centrifugation
(37.5%) and erythrocyte lysis. Isolation of splenocytes was performed by
mashing through a 70-mm strainer and subsequent erythrocyte lysis.

Depletion Abs

For depletion of total NCR1 ILC cell populations, mAb targeting NK1.1
(200 mg per injection) (clone PK136; BioXCell) was i.p. administered 1 day
before and at days 2, 5, and 8 after induction of the cGN model. IgG2a (200
mg per injection) (clone C1.18.4; BioXCell) was used as isotype control and
was administered in the same manner. To deplete the subpopulation of cNK
cells, we used the anti-asGM1 serum (20 ml per injection) (rabbit) (986-
10001; Fujifilm Wako Pure Chemical Cooperation) and rabbit serum (20 ml
per injection) (140-06571; Fujifilm Wako Pure Chemical Cooperation) as
control serum, administered at the same time points.

Flow cytometry

To characterize leukocyte subsets, we stained cell suspensions with fluoro-
chrome-coupled Abs against CD45 (30-F11), CD3 (145-2C11), CD4 (RM4-5),
CD8 (53-6.7), TCR-gd (H57-597), CD11b (M1/70), Ly6G (1A8), SiglecF
(E50-2440), F4/80 (BM8), CD69 (H1.2F3), CD127 (A7R34), NKp46
(29A1.4), NK1.1 (PK136), CD49a (Hma1), CD49b (Hma2), and IL-18R
(REA947). PE-labeled PBS-57 (a-galactosylceramide analog)-loaded
CD1d tetramer was received from the National Institutes of Health Tetra-
mer Facility (Emory University, Atlanta, GA) titrated before use (final
concentration, 1:800) and incubated 20 min on ice together with the other
Abs for surface marker staining. For labeling of CD45.21 intravascular
cells, fluorochrome-coupled CD45.2 Abs (clone 104) were i.v. injected
(2 mg per animal) 5 min prior to sacrifice. To detect transcription factors,
we used the Transcription Factor Staining Buffer Set (eBioscience), and
staining was performed according to the manufacturer’s instructions using
fluorochrome-coupled Abs against Eomes (Dan11mag), T-bet (4B10),
and RORgt (Q31-378). For intracellular cytokine staining, isolated leuko-
cytes were restimulated with PMA (50 ng/ml; Sigma) and ionomycin
(1 mg/ml; Calbiochem) in the presence of brefeldin A (10 mg/ml; Sigma)
for 2.5 h at 37◦C. After subsequent surface staining, cells were fixed with
formalin (3.7%; Sigma), permeabilized with IGEPAL CA-630 (0.1%;
Sigma), and stained with IFN-g (XMG1.2). All Abs were purchased from
BioLegend, eBioscience, or BD Biosciences. Nonspecific staining was
blocked by incubation with 10% normal mouse serum (Jackson Immu-
noResearch Laboratories). Dead cells were stained by using LIVE/DEAD
Fixable Read Dead Stain Kit (Invitrogen) or Zombie Dye (BioLegend).
Absolute numbers of CD451 cells in cell suspension were determined by
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staining with fluorochrome-coupled anti-CD45 combined with cell count
beads (CountBright; Invitrogen). All samples were acquired on a LSRII
flow cytometry (BD Biosciences) and analyzed with the FlowJo Software
(Tree Star).

Flow cytometry sorting, bulk RNA sequencing, and bioinformatic
analyses

For bulk RNA sequencing, leukocytes were isolated from kidneys of naive
mice and stained with surface Abs as described earlier. CD49a1 and CD49b1

NK cells were sorted with the FACSAria Fusion Cell Sorter (BD Bioscien-
ces). Subsequently, RNA was isolated using the RNeasy Plus Micro Kit
(QIAGEN) according to the manufacturer’s instructions. Quality control of
prepared RNA was performed using the Agilent 2100 Bioanalyzer (Agilent
Technologies). After library construction, quality control with Qubit 2.0 fluo-
rometer (Life Technologies) was applied. Sequencing was performed by
Novogene Europe (Cambridge, UK) using the HiSeq 4000 platform with
paired end of 150 bp (PE 150) sequencing strategy (Illumina). After trimming
the reads using Trimmomatic (Version 0.38) (23), data were aligned on the
Mus_musculus.GRCm38.95 reference genome using STAR aligner (version
2.6.1) (24). A transcript database was generated by using the same reference
genome and counting reads per gene with the summarizeOverlaps function
from GenomicAlignments package (Bioconductor Version 3.12) (25) in R
(version 4.03). Genes with less than five reads in total were filtered out, and
differential expression analysis was performed by using the DESeq function
of R package DEseq2 (version 1.30.0) (26). Gene Ontology (GO) term analy-
sis was performed with significantly upregulated genes (Fisher test) of either
CD49a1 (ILC1) or CD49b1 (cNK cell) samples on the PANTHER

Classification System (http://www.pantherdb.org/) using biological processes
of the GO database (released February 1, 2021). Processed and raw data files
of the RNA sequencing data are available from the Gene Expression Omnibus
(https://www.ncbi.nlm.nih.gov/geo/) under the accession number GSE193001.

Statistics

The Student t test was used for comparison between two groups. In case
of three or more groups, one-way ANOVA was used followed by a post
hoc analysis with Newman�Keuls test for multiple comparisons. A
p value <0.05 was considered to be statistically significant.

Results
The kidney harbors two distinct populations of NK1.11NKp461CD3−

cells that differ in phenotype and tissue localization

A recent study demonstrated that the murine kidney harbors two
NK1.11CD3− cell populations that can be distinguished by expres-
sion of the surface markers CD49a and CD49b and differ in their sur-
face phenotype and migratory behavior (20). For a more detailed
characterization of these renal NCR-positive ILC populations, we
identified NK1.11NKp461CD3− cells in the kidney of naive mice
by flow cytometry and analyzed their abundance, surface phenotype,
and transcription factor expression in comparison with liver and
spleen (Fig. 1A�D). NK1.11NKp461CD3− cells comprised a
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FIGURE 1. Distinct populations of NK1.11NKp461CD3− cells in the murine kidney. (A) Representative flow cytometry plots of leukocytes isolated from kidney,
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ILC1, while YFP1Eomes1 cells represent cNK cells. Original magnification ×630; scale bar: 15 mm. All experiments have been performed twice with similar results.
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substantial fraction of lymphocytes (∼6%) in the kidney and showed
comparable absolute numbers per gram of tissue as in the liver
(Fig. 1A, 1B). Concatenation and dimensionality reduction of multi-
parameter flow cytometry data with the Uniform Manifold Approxi-
mation and Projection (UMAP) algorithm of all three organs clearly
confirmed two distinct NK1.11NKp461CD3− populations in the kid-
ney and liver, characterized as CD49bhiCD49a−CD127−Eomes1

T-bet1 cNK cells and CD49a1CD49blow/intCD1271Eomes−T-bet1

cells that have previously been termed as trNK cells in the kidney
(20) and ILC1s in the liver (11). As expected, NK1.11NKp461CD3−

cells in the spleen mainly showed the cNK cell phenotype (Fig 1C,
1D).
As indicated by transcriptomic analyses (see Fig. 2), CD49a1

CD49blow/intCD1271Eomes−T-bet1 cells in the kidney showed an
ILC1 signature, and we therefore use the term ILC1, rather than trNK
cell, for the rest of this article.
In vivo labeling with an anti-CD45 Ab revealed that ILC1s were

exclusively located in the kidney parenchyma, while the majority of
cNK cells had an intravascular location, confirming that they mainly
comprise a circulating subset (Fig. 1E) (20). To further study the
localization of these subsets in the kidney tissue, we generated
NKp46 fate reporter mice (Ncr1Cre/wt × LSL-R26reYFP) in which all

cells that have at some point expressed the natural cytotoxicity trig-
gering receptor 1 (Ncr1, encoding for NKp46) are marked by cons-
tant expression of enhanced YFP (eYFP). Immunofluorescence
costaining of YFP (NKp46) and Eomes in kidney slices of these
reporter mice allowed for the identification of NKp461Eomes1 cells
and NKp461Eomes− cells that represent cNK cells and ILC1s,
respectively, with a minor contribution of other NKp461 cell popula-
tions in both cases (Fig. 1F). Both cNK cells and ILC1s were found
in the tubulointerstitial area of the naive mouse kidney (Fig. 1G,
upper left and both right panels). Interestingly, in contrast with cNK
cells, ILC1s were also found in perivascular spaces (Fig. 1G, lower
left panel), which have recently been described as a niche that is pop-
ulated by ILC2s, e.g., in the kidney and lung (27). This suggests that
cNK cells and ILC1s, in addition to their distinct phenotype, might
occupy specific niches within the kidney microarchitecture.

RNA sequencing of CD49a1 and CD49bhi subsets reveals distinct
transcriptomic profiles

To provide an unbiased view of the transcriptomic profile of kid-
ney CD49bhiNK1.11NKp461CD3− cells and CD49a1CD49blow/int

NK1.11NKp461CD3− cells, we performed bulk mRNA sequenc-
ing of these subsets purified by flow cytometry from the kidney of
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naive C57BL6/J mice (Fig. 2). The sorting strategy and purity for
the cell subsets are depicted in Supplemental Fig. 1. Differential
expression analyses comparing the two subsets revealed upregula-
tion of genes in the CD49a1CD49blow/int population that have
been associated with a transcriptional ILC1 identity in other organs
(11, 12, 28), e.g., Zfp683 (encoding for the transcription factor
Hobit), Rora, Bcl11b, Ahr, and Cd200r1, as well as low expression
of Gzma and Gzmb, confirming their designation as ILC1s. The
cNK cell profile of the CD49bhiCD49a− population, in contrast,
was confirmed by high expression of Eomes, killer cell lectin-like
receptor genes, as well as Grzma and Prf1, encoding for granzyme
A and perforin, respectively (Fig. 2A, 2B). Interestingly, several
chemokine receptor genes (Cxcr6, Ccr8, Cxcr3) and several genes
encoding for proteins involved in cell-to-cell contact-dependent
regulation of immune cells (e.g., Pdcd1, Ctla4, Icos, Tnfsf10) were
highly expressed in the ILC1 population, suggesting that localiza-
tion within the tissue is key to the function of these cells, and that
they might be involved in regulating immune responses by target-
ing other immune cells (Fig. 2A, 2B). This notion was further
supported by GO term analyses based on the differentially upregu-
lated genes (Fig. 2C). In this analysis, the top 20 upregulated path-
ways in ILC1s included various pathways involved in regulation
of B cells, macrophages, APCs, and T cells (Fig. 2C, right panel).
The top 20 upregulated pathways in cNK cells, in contrast, were
indicative of their cytotoxic function and their intravascular locali-
zation (i.e., need for cellular extravasation), because cellular
extravasation was the seventh most upregulated GO term (Fig. 2C,

left panel). In addition, several pathways involved in transportation
and processing of nutrients and metabolites were upregulated in
cNK cells, suggesting a high metabolic activity in this cytotoxic
cell type (Fig. 2C, left panel).
In summary, our data confirm the presence of distinct populations

of cNK cells and ILC1s in the murine kidney and support the
hypothesis that especially ILC1s might have important immune
regulatory functions in kidney parenchyma in homeostasis and
inflammation.

cNK cell and ILC1 abundance is unaltered by induction of cGN

We next assessed whether an inflammatory environment results in
changes in distribution or phenotype of cNK cells or ILC1s in the
kidney. To study renal inflammation, we used a well-established
experimental model for cGN (nephrotoxic serum nephritis) in mice
that is induced by injection of sheep IgG directed against compo-
nents of the mouse glomerular basement membrane, resulting in glo-
merular inflammation with crescent formation, proteinuria, and
secondary tubulointerstitial inflammation (29). Analysis of ILC1s
and cNK cells at different time points after cGN induction did not
show substantial changes in total abundance or subset distribution
(Fig. 3A). T-bet expression tended to be increased in both ILC1s
and cNK cells at later time points, but this increase was moderate
and reached significance only in cNK cells. A similar expression
increase at later time points was observed for Eomes in the cNK
cell subset (Fig. 3B). Interestingly, expression of the IL-7R in ILC1
was increased at 12 h after induction of cGN but had returned
to baseline already at day 3 (Fig. 2B). IFN-g expression in both
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subsets showed a slight increase at days 3 and 21 of cGN without
reaching statistical significance (Fig. 3C, 3D). In summary, induc-
tion of cGN did not substantially alter subtype distribution or basic
phenotypic parameters of NCR1 ILCs in the kidney, except for a
marked but transient increase of IL-7R expression on ILC1s in the
very early phase of inflammation.

Depletion of NK1.11 and asGM11 cells leads to aggravation of
kidney damage in cGN

In the next step, we aimed to address the functional role of these
NCR1 ILC populations in renal inflammation. To this end, we
used injection of anti-NK1.1 and anti-asGM1 Abs during the
course of cGN as standard methods of NK cell depletion in murine
models (experimental setup in Supplemental Fig. 2). Intriguingly, a
recent study in a model of acute kidney injury reported cNK/ILC1
subset-specific differences in the susceptibility to anti-asGM1 Ab
depletion, with effective depletion of most cNK cells, but a failure
to deplete ILC1s because of their low expression of the target mole-
cule asGM1 (20). These findings suggested a suitable method to
compare the effect of depletion of total NCR1 ILCs by injecting

anti-NK1.1 with a “specific” depletion of asGM1hi cNK cells by
anti-asGM1 Ab treatment.
First, we applied anti-NK1.1 to target the total NCR1 ILCs popula-

tion, which successfully depleted both CD49a1 and CD49b1 subsets
(Fig. 4A). At day 9 after cGN induction, this treatment resulted in
increased glomerular crescent formation, a robust and sensitive marker
of glomerular damage in cGN, in anti-NK1.1�treated as compared
with isotype-treated control mice (Fig. 4B, 4C). However, parameters
for tubulointerstitial damage and proteinuria were not different between
the nephritic groups (Fig. 4B, 4C). In the second set of experiments,
we used anti-asGM1 Ab treatment to preferentially deplete cNK cells,
while leaving the ILC1 population intact (Fig. 4D, 4E). This resulted
in a similar phenotype as anti-NK1.1 treatment, with increased crescent
formation in cNK cell�depleted animals compared with isotype-treated
controls (Fig. 4F, 4G), suggesting a potential protective role of cNK in
the mouse model for cGN.

NCR1 ILC-depleting Abs show substantial off-target effects

Because NK1.1 and asGM1 expression on non-NK cells has been
described before (30), we assessed the effect of both Abs on other
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lymphocyte subsets in the kidney that might contribute to the observed
phenotype (Fig. 5). Notably, administration of anti-NK1.1 Ab depleted
also NK1.11CD31 NKT cells in the kidney, while CD41 and CD81

T cells, as well as gd T cells, were unaffected (Fig. 5A). To confirm
that the observed disappearance of NK1.11 NKT cells was true cell
depletion and not caused by covering of NK1.1 epitopes by unlabeled
NK1.1 Ab, preventing detection by fluorochrome-labeled Abs of the
same clone ex vivo, we performed another set of experiments in which
we used a-galactosylceramide�loaded CD1d tetramers to detect NKT
cells (Supplemental Fig. 3). These analyses showed that a substantial
portion of kidney-residing NKT cells express NK1.1, and that, by using
the same depletion strategy as in the previous cGN experiments (see
Supplemental Fig. 2), this NK1.11 NKT cell population is effectively
depleted by anti-NK1.1 Ab treatment, reducing total NKT cell numbers
in the nephritic kidney by ∼40% (Supplemental Fig. 3A, 3B). A previ-
ous study suggested that off-target depletion of NKT cells in the spleen
by NK1.1 Ab application can be circumvented by using a lower dose
that was shown to be sufficient to deplete cNK cells (31). However,
administration of such an 8-fold reduced dose of anti-NK1.1
(25 mg instead of 200 mg) still resulted in a similar reduction of
NKT cell numbers in the kidney compared with a higher dose of
anti-NK1.1 (Supplemental Fig. 3C). Among lymphocytes, the
asGM1 Ag is known to be expressed on NKT cells, CD81 T cells,
CD41 T cells, and gd T cells, and previous studies reported vari-
able reduction of these cell types in the spleen after anti-asGM1
application in mice (30, 32). Unexpectedly, we observed a substantial
reduction in kidney CD81 T cell numbers in anti-asGM1�treated
animals, while NKT cells, gd T cells, and CD41 T cells in the kid-
ney were unchanged after anti-asGM1 application (Fig. 5B). These

data demonstrate substantial off-target effects of both widely used
depletion strategies, questioning their utility in studying NK cell
function in kidney disease models.

NCR1 ILC subset depletion in NKT and CD81 T cell�deficient mice
does not aggravate cGN

The off-target effects of both Abs on kidney lymphocyte subsets that
have been implicated in pathogenesis of experimental cGN (33�35)
led us to hypothesize that NK cell depletion may not be the major
driver of the phenotype observed after Ab treatment, and that NKT
cells and/or asGM1-positive CD81 T cells might contribute to protec-
tion from immune-mediated glomerular disease. We therefore aimed
to exclude participation of NKT and CD81 T cells by performing
similar depletion experiments in NKT cell�deficient TCR-Ja18−/−

mice and CD81 T cell�deficient Cd8a−/− mice (Fig. 6). Indeed,
neither total NCR1 ILC depletion by anti-NK1.1 application (Fig.
6A, 6B) nor cNK cell depletion by anti-asGM1 treatment (Fig. 6C,
6D) in the respective mice resulted in aggravated crescent formation,
indicating that cNK cells and ILC1s might be dispensable in experi-
mental cGN.

Genetic deletion of Eomes1 NK cells does not alter the course of
experimental cGN

To test this, we aimed to generate a more specific model for cNK
cell deficiency. Therefore, we generated Ncr1Cre/wt × Eomesfl/fl mice
in which the transcription factor Eomes that is central in develop-
ment of cNK cells is deleted in all NKp461 cells (11). Analyses of
kidney leukocytes isolated from these mice at day 9 after induction of
cGN confirmed a substantial reduction of Eomes protein expression
in the remaining NKp461 cells, while Eomes expression in CD81
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T cells was unchanged or even slightly increased, demonstrating the
specificity of the genetic deletion (Fig. 7A, 7B). Importantly,
CD49b1 cNK cell numbers in the kidney of Ncr1Cre/wt × Eomesfl/fl

mice with cGN were reduced by ∼80% as compared with Ncr1Cre/wt

control mice, while CD49a1 ILCs, in contrast, were significantly
increased in percentage and numbers (Fig. 7C�E). Notably, numbers
of CD81 T cells and NKT cells in the kidneys were unchanged by
genetic deletion of Eomes in NKp461 cells (Fig. 7F).
However, the specific reduction of cNK cells in this genetic

model did not result in an altered outcome of experimental cGN
(Fig. 7G), arguing against a substantial role of cNK cells in this
model of immune-mediated glomerular disease.

Discussion
Over the years, numerous studies have highlighted the diverse
phenotypes, developmental pathways, and functional roles of
T-bet�expressing ILC populations (group 1 ILCs) in various ana-
tomical locations (7, 10, 13). Research in the field has been
impeded by nonuniform definition and nomenclature of group 1
ILC subsets, and the relationship between circulating cNK cells,
trNK cells, and “helper-like” ILC1s remains a matter of debate
(14). Recent reports used single-cell transcriptomics to define key
markers for ILC1s and cNK cells across murine tissues and pro-
posed that ILC1s should be defined by the expression of Zfp683
(encoding for Hobit), Rora, Bcl11b, and Ahr and the lack of
Eomes, while cNK cells are marked by the expression of Eomes,
Gzma, and Gzmb (12, 28). In this study, to our knowledge, we pro-
vide the first transcriptional profiling of NCR1 T-bet1 ILC popu-
lations in the murine kidney, clearly identifying two subsets:
CD49b1 cNK cells (Eomes1Gzma1Gzmb1) and CD49a1 “helper-
like” ILC1s (Eomes−Zfp6831Rora1Bcl11b1Ahr1). Therefore, we

suggest that the term ILC1s, rather than trNK cells, should be used
for the latter subset, because the transcriptional profile of these kid-
ney ILC1s showed striking similarities with that of ILC1s residing
in the liver and small intestine (11, 28, 36). These findings are sup-
ported by a previous report that identified these populations by
flow cytometry and demonstrated that the kidney CD49a1 ILC1
subset is tissue resident, which is a basic property of “helper-like”
ILCs, while kidney CD49b1 cNK cells recirculate via the blood-
stream (20). Moreover, a very recent study identified an important
role of the transcription factor Hobit in effector differentiation of
ILC1 subpopulations in several organs, including the kidney (28),
suggesting shared developmental pathways and, potentially, similar
functional properties of ILC1s across tissues.
Our GO analyses of subset-specific transcriptomes indicated that

cNK cells in the kidney might predominantly exert cytotoxic func-
tions, while ILC1s expressed multiple genes involved in intratissue
localization and regulation of other immune cells. In the human kid-
ney, NK cells represent up to 25% of all lymphocytes and, similar
to other organs, CD56dimCD161 and CD56brightCD16− NK cell sub-
sets have been described (37). Kidney CD56brightCD16− NK cells
are characterized by expression of the tissue residency marker CD69
and are perforin low, indicating that they might resemble features of
murine “helper-like” ILC1s (37, 38). Interestingly, this CD56bright

subset produces IFN-g in the kidney tissue and, regardless of the
underlying pathology, correlates with the degree of fibrosis in renal
biopsy specimens (38). However, the role of T-bet1 ILCs in specific
kidney disease entities, such as GN, in humans is still unknown and
requires further study.
With respect to preclinical models, a growing body of evidence

points toward an important function of group 1 ILCs in renal allo-
graft rejection and acute kidney injury (16), but interventional
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studies in experimental models of GN are still scarce. Glomerular
infiltration, activation, and IFN-g production of NKp461 cells were
observed in the MRL-lpr mouse model of systemic lupus erythema-
tosus, suggesting a proinflammatory role of NCR1 ILCs in autoim-
mune renal inflammation (39). In a mouse model of progressive
glomerular sclerosis (Adriamycin-induced nephropathy), kidney
infiltration of CD49b1 NK cells was also evident, but neither deple-
tion of cNK cells by application of anti-asGM1 serum nor impaired
function of NK cells in NOD-SCID mice altered disease outcome
(40). A more recent study identified a population of ILC1-like
CD81 lineage-negative cells expressing PPARa in the glomeruli
of rats with experimental GN and patients with anti-glomerular
basement membrane GN (41). However, the identity and specific
functional importance of these cells that lacked expression of the
pan-ILC marker CD161 awaits further study.
So far, subset-specific analyses of group 1 ILC function are ham-

pered by the complexity of selective depletion strategies for cNK
cells and ILC1s. A recent study addressed the subset-specific roles
of cNK and ILC1s (i.e., trNK cells) in an ischemia-reperfusion
injury model of AKI in mice by harnessing the relative lack of
asGM1 expression on kidney ILC1s (20). Although depletion
of total NCR1 ILCs by applying anti-NK1.1 Ab substantially
improved AKI outcome in this model, preferential depletion of cNK
cells by anti-asGM1 serum injection had no effect on outcome, lead-
ing to the conclusion that (in the absence of cNK cells) ILC1s pro-
mote renal tissue injury in AKI (20). In this study, we adopted this
strategy to address the subset-specific role of cNK cells and ILC1s
in a widely used experimental model of cGN in mice. Both deple-
tion strategies resulted in aggravation of glomerular crescent forma-
tion in wt mice; however, careful analyses of other lymphocyte

subsets revealed substantial off-target effects on kidney NKT cells
(in the case of anti-NK1.1) and CD81 T cells (in the case of anti-
asGM1). Hence conclusions of experiments using these depletion
strategies to study the role of group 1 ILC subsets in kidney models
(20, 42) should be interpreted with caution. Notably, in the AKI
model (20), the protective effect of NK1.1 Ab application was pre-
served even in Cd1d−/− mice that lack NKT cells. In the cGN
model, in contrast, total NCR1 ILC depletion and preferential cNK
cell depletion in the absence of NKT cells or CD81 T cells, respec-
tively, had no effect on outcome and thereby confirmed that the
observed phenotype depended on these cell types. This suggests that
cNK cells and ILC1s do not influence the pathogenesis in experi-
mental cGN. The discrepancies between the data presented in this
article and previously published work are most probably related to
substantial differences in the models examined. The study by Vic-
torino et al. (20) analyzed an ischemia-reperfusion�induced acute
kidney injury model at a 24-h time point that results in ischemic
necrosis of tubular epithelial cells. In this primarily non�immune-
mediated model, the impact of NK cells is well established (16),
indicating that the innate lymphoid response to sterile tissue injury
might be an important player in this context. In this study, we focus
on immune-mediated glomerular damage developing over several
days as a result of a dysregulation in the adaptive immune response
(43). Given the predominance of Th1 cells among T-bet�expressing
lymphocytes in the cGN model, it is conceivable that the T-bet�express-
ing ILC populations might play a less prominent role in GN.
An alternative explanation for the dependence of the observed

effects on NKT cells and CD81 T cells, respectively, would be that
downregulation of glomerular damage by group 1 ILCs is mediated
by interaction with these cell types, a mechanism that has been

0

1

2

3

4 ✱✱✱

0

1

2

3 ✱

IL
C

1s
[c

el
ls

 / 
g 

ki
dn

ey
 x

10
4 ]

cN
K

 c
el

ls
[c

el
ls

 /
 g

 k
id

ne
y

x1
04 ]

In
te

rs
tit

ia
l a

re
a

[%
 o

f k
id

ne
y 

co
rte

x]

C
re

sc
en

ts
 

[%
 o

f g
lo

m
er

ul
i]

0

20

40

60

0

10

20

30

40

A
lb

um
in

e 
/ c

re
at

in
in

e
[u

rin
ar

y 
ra

tio
]

0

200

400

600GF

0

0.5

1.0

1.5

2.0

2.5

 N
K

 T
 c

el
ls

[c
el

ls
 / 

g 
ki

dn
ey

 x
10

4 ]

0

0.5

1.0

1.5

2.0

2.5

 C
D

8+  T
 c

el
ls

[c
el

ls
/ g

 k
id

ne
y 

x1
05 ]

E
om

es
hi

gh
 C

D
49

bhi
gh

 c
el

ls
 

[%
 o

f N
K

p4
6+  c

el
ls

]

0

10

20

30

40
✱✱

E
om

es
 +  c

el
ls

[%
C

D
8+  T

 c
el

ls
]

E
om

es
 M

FI
 in

 
E

om
es

hi
gh

C
D

49
bhi

gh
 g

at
e

[g
eo

m
et

irc
 m

ea
n]

BA

C
D

49
b

[C
D

3+ ]

4.1120.5

Eomes

C
D

8

4.6523.2

Ncr1Cre/wtEomeswt/wt Ncr1Cre/wtEomesfl/fl

[N
K

p4
6+ C

D
3-

C
D

19
- F

4/
80

--
]

0

500

1000

E
om

es
 M

FI
 in

 C
D

8+  T
 c

el
ls

[g
eo

m
et

irc
 m

ea
n]

cGN
Ncr1Cre/wtEomeswt/wt

cGN
Ncr1Cre/wtEomesfl/fl

20.7

75.3

81.3

14.8

CD49b

C
D

49
a

C

[N
K

1.
1+ N

K
p4

6+ ]

Ncr1Cre/wtEomeswt/wt Ncr1Cre/wtEomesfl/fl

D

E

0

25

50

75

100

N
K

1.
1+ N

K
p4

6+  s
ub

se
ts

[%
of

 p
ar

en
t]

cNK cells
ILC1s

Nc
r1

Cr
e

Eo
m
es

wt
/w

t
Nc
r1

Cr
e

Eo
m
es

fl/
fl

cGN

cGN

cGN

66.5 12.0

0

20

40

60

80 ✱✱✱✱

0

1000

2000

3000

4000
✱✱✱
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0.0001.
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described for cNK cell�CD81 T cell interactions in viral infections
(31). However, specific genetic deletion of cNK cells in Ncr1Cre/wt

Eomesfl/fl mice did not influence the outcome of cGN, so this
hypothesis could be discarded for cNK cells. Although a role for
ILC1s in downregulation of glomerular damage cannot formally be
excluded by the data presented in this article, it is important to
emphasize that depletion of total NCR1 ILCs did not alter cGN out-
come in the absence of NKT cells, arguing against a substantial
effect of ILC1s in immune-mediated glomerular disease.
In summary, we provide a detailed characterization of cNK cells

and ILC1s in the murine kidney and show that they are largely dis-
pensable for initiation and progression of experimental cGN. We
further add to the existing evidence (30, 32) that standard Ab deple-
tion methods for group 1 ILCs in mice have significant off-target
effects, illustrating the urgent need for the development of more spe-
cific models to study ILC1 function.
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