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

Nikhat Shaikh?@®, Alex Waterhélter'?@®, Ann-Christin Gnirck"?@®, Martina Becker'?@®, Virginia Adamiak"?@®, Lena Henneken?®,
Malte Wunderlich»?@®, Wiebke Hartmann3®, Lara Linnemann®@®, Tobias B. Huber'®, Christian F. Krebs?*@®, Ulf Panzer>*@®, Richard M. Locksley*®,
Christoph Wilhelm®®, Minka Breloer’®, and Jan-Eric Turner»?®

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
(Diister 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 and Wilhelm 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) or may 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 (Diister 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 naive
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), RORyt* ILC3s were abundant in SILP; however,
they were scarce in the lungs and kidneys of naive mice.
CD127*NKp46*T-bet*Eomes™ ILCls 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 naive 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"CDI27*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*KLRGI1*. Unbiased clustering in principal
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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 Ili7rb, Ililr], and Thyl), 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-
33R°IL-17RBMCDI0.2!°KLRGIMICOSY 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 naive 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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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 Log,FC > 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. (1) Absolute numbers of Lin"GATA-3* ILC2s analyzed in G. () and K) Representative flow cytometry
plots () 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 and M)
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 ] 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).

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*KLRGI*, 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 SILP was
reminiscent of wild type mice (Fig. 2, C and D; and Fig. 1, A and B).
Moreover, transferred ILC2s, again regardless of their tissue of
origin, adopted the surface marker 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-5M" effector ILC2s
from the kidney of IL-33-treated IL-5 reporter (RedS) 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*KLRGI*IL-5tdTomato hi 45 exclude IL-5° 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
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total GATA3* ILC2s population in wild type mice, with high
expression of IL-17RB and KLRGI 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*KLRGI*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 IlI3¢* x R26re¥FP (IL-13 fate mapping mice,
IL-13f™) 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
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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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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~/~I2rg~/~ 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.

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-13™ 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 115, Il13, Klrgl, and Ilrll transcripts and minimal (co-)
expression of the recently described ILC2 progenitor markers
Tcf7, 118r1, Pdcdl (encoding for PD-1), and Zbtbl6 (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 on mRNA
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 program was markedly 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

Shaikh et al.

Retinoic acid mediates intestinal ILC2 adaptation

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-kB
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. 41).

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 Ilirl]) 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
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Figure 3. Effector ILC2s can adapt to new tissue microenvironment. (A) Flow cytometric analysis of IL-5tdtomato*GATA3* |LCs 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-5tdtematorGATA3* |LCs 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-5ttmato+) 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-5tdtomatorGATA3* |LC2s 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* |LCs 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.
(1) 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~/~1l2rg~/~ mice 3 wk after kidney IL-5tdtomato+ || C2 transfer. Scale bars, 50 pm. Data in D-H represent five independent experiments.
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(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.

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 (Nripl, Tgifl, Ctsh, Duspl, Irfl; 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 (G0:0032526) 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

A B Kidney program C

RNA velocity analysis
SILP 2wk post-transfer

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 KLRGl 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-17RB was 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
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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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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 naive 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 naive 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 1) Representative histogram overlays (H) and MFI (1) 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 uM). (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-] 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.

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
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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).
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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, Hesl, 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. 41,
lower panel), Hesl 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 KLRGI; 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-13f™* 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-17RBMIL-33RI°CD90.2!°KLRGIMICOS!" 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 KLRG],
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.
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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 IlI3f®
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-17RB°CD9OMKLRGIPICOS; 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~/~I12rg~/~ 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 pg) treatment of ILC2-
transferred BALB/c Rag2~/~Il2rg™/~ mice. Kidney ILC2s isolated from IL-33-treated BALB/c IL-13f 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-13* ILC2s isolated from the kidneys, lungs, and SILP of BALB/c Rag2~/~I2rg~/~
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-13f™* |LC2s isolated from the kidney, lung, and SILP of BALB/c Rag2~/~I2rg~/~ 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-13™ 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-13f™* ILC2s, and Lin"RORyt* ILC3s isolated from the kidney, lung, and SILP of BALB/c Rag2~/~ (F) and BALB/c IL-
13 (G) mice. (H and 1) MFI of different surface marker expression of ILC2s isolated from the respective organs of BALB/c Rag2~/~ (H) and BALB/c IL-13™ mice
(1). 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 < 0.0, ***P < 0.001).
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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~/~112rg~/~ 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 RORyt* 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~/~I2rg™/~ 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~/~112rg~'~) individually performed experiments with three to five mice per group. (H and 1) Absolute numbers (H) and MFI (1) of IL-
17RB and IL-33R of Lin-IL-13fm* ILC2s isolated from different intestinal segments of naive BALB/c IL-13™ 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.

segments of IL-13f™ mice (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-
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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.
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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 Mjosberg, 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*KLRGI*IL-5M 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 (Riickert
etal., 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
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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 been well 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-kB, 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
(CD90.21°KLRGIMICOS®). 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-
Gongzalez 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
areduced 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
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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 IL5tTemato (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 IlI3¥FP/Cre
were purchased from the Jackson Laboratory and crossed with
BALB/c LSL-R26rtdTomato mice to generate IL13%® 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;
Behérde fir 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 pl PBS i.p. on four consecutive days. Controls received
200 pl 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 pg/pl). 220 pg 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~/-I2rg~/~ and BALB/c Rag2~/~ mice was performed by s.c.
injection of 2,000 stage 3 larvae in 30 pl 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. Serum was
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 pg/ml; Roche) for 45 min 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 pg/
ml; Roche) for 45 min at 37°C while rotating. Afterward, the
suspension was mashed through a 70-pum 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
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(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 discarded while the
remaining intestinal tissue was minced and incubated in com-
plete medium supplemented with 500 ug/ml collagenase VIII
(Sigma-Aldrich) and 20 pg/ml DNAse I (Roche) on a shaker for
30 min at 37°C. Then, cells were mashed through a 70-pm 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-um 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-Fi1), IL-7Ra (CD127; A7R34), Thyl.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), CDllc (HL-3; BD), CDI9 (6D5), CD49b
(HMa2), TCR-B (H57-597), TCR-yS8 (GL3), GR-1 (RB6-8C5), and
Terll9 (Terll9). 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-yt (B2D; BD), Eomes (Danllmag; 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 performed with 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 Perm Wash
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 pug/
ml; Sigma-Aldrich) and ionomycin (1 pg/ml; Calbiochem) in
the presence of brefeldin A (10 pg/ml; Sigma-Aldrich) and
B-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
(eBiol3A; 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

(
(
(
(

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20221015

16 of 20


https://doi.org/10.1084/jem.20221015

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 Flow]Jo 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 intestine were 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*KLRGI* 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 x 10* ILC2s were administered i.v. into
Rag2~/-Il2rg~/~ recipient mice. For scRNAseq of ILC2s from the
kidneys and SILP from BALB/c IL13f™ mice, CD45*Lin-CD127*IL13f+
ILC2s were sorted and further processed. All samples were sor-
ted on a BD FACSAria Fusion.

Bulk RNAseq

RNA from 2 to 3 x 10* 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. Log,FC > 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 5'v1.1 reagents kit according to
the manufacturer’s protocol. The libraries were sequenced on
IMlumina 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
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genome (mml0-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 fgseal()
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 (G0:0046965), 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 I118r1
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-pm-
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"CDI127*KLRGI")
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 uM 2-
mercaptoethanol (all Gibco) in the presence of rmIL-2 (10 ng/ml,
BioLegend) with or without all trans RA (1 uM; Enzo Life Sci-
ences). In some experiments, the plate was precoated with the
Notch ligand DLL4 (2.5 pg/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 naive 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 naive 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 naive 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"KLRGL* gate. (D) Gating on all GATA-3* ILC2s showed that the gating
strategy depicted in C represents >80% of the total ILC2 population in naive 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~/~I12rg~/~ 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-13f*) isolated from the
kidney and SILP of IL-33-treated BALB/c IL-13™ mice (donors) for scRNAseq. (B) Representative sorting purity of ILC2s (sorted as Lin-CD127+*IL-13f™*) isolated
from the SILP (2 and 8 wk after transfer) of BALB/c Rag2~/~I12rg™/~ 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 I118r1 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 pug/ml). Cells were sorted as
CD45*LinCD127*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 uM) 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.

Shaikh et al.

Retinoic acid mediates intestinal ILC2 adaptation

Journal of Experimental Medicine

https://doi.org/10.1084/jem.20221015

Sé


https://doi.org/10.1084/jem.20221015

	Retinoic acid drives intestine
	Introduction
	Results
	Organ
	ILC2 phenotype is dictated by the tissue microenvironment
	Effector ILC2s can adapt to new tissue microenvironment
	Adaptable, non
	Adapting ILC2s gradually acquire the transcriptional program of small intestinal ILC2
	RA signaling activity is increased in ILC2s adapting to the small intestine
	RA signaling drives functional adaptation of ILC2s to the intestinal phenotype in vitro
	Role of Notch signaling for adaptation of ILC2s to the intestinal phenotype in vitro
	RA is essential for intestinal adaptation of ILC2s in vivo
	RA signaling inhibition impairs anti

	Discussion
	Materials and methods
	Animals
	In vivo treatments
	S. ratti infection, adult worm count, and mast cell activation
	Cell isolation
	Flow cytometry
	Cell sorting
	Bulk RNAseq
	scRNAseq
	Immunohistochemistry
	Cell culture and cytokine quantification
	Statistics
	Online supplemental material

	Acknowledgments
	References

	Outline placeholder
	Supplemental material




