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Ly49E separates liver ILC1s into embryo-derived and
postnatal subsets with different functions

Yawen Chen*@®, Xianwei Wang!*®, Xiaolei Hao'®, Bin Li'®, Wanyin Tao'®, Shu Zhu!®, Kun Qu'®, Haiming Weil®, Rui Sun'®,

Hui Peng!®, and Zhigang Tian*?@®

Type 1 innate lymphoid cells (ILC1s) represent the predominant population of liver ILCs and function as important effectors
and regulators of immune responses, but the cellular heterogeneity of ILC1s is not fully understood. Here, single-cell RNA
sequencing and flow cytometric analysis demonstrated that liver ILC1s could be dissected into Ly49E* and Ly49E-
populations with unique transcriptional and phenotypic features. Genetic fate-mapping analysis revealed that liver Ly49E*
ILC1s with strong cytotoxicity originated from embryonic non-bone marrow hematopoietic progenitor cells (HPCs), persisted
locally during postnatal life, and mediated protective immunity against cytomegalovirus infection in newborn mice.
However, Ly49E- ILC1s developed from BM and extramedullary HPCs after birth, gradually replaced Ly49E* ILC1s in the livers
with age, and contained the memory subset in recall response to hapten challenge. Thus, our study shows that Ly49E dissects
liver ILC1s into two unique subpopulations, with distinct origins and a bias toward neonatal innate or adult immune memory

responses.

Introduction

Innate lymphoid cells (ILCs) can be categorized into groups 1, 2,
and 3 based on differences in transcription factor expression and
function (Spits et al., 2013; Vivier et al., 2018). Group 1 ILCs
comprise conventional natural killer (cNK) cells and ILCls
(Riggan et al., 2019) and are characterized by the expression of
pan-NK cell markers, such as NK1.1 and NKp46, and T-box ex-
pressed in T cells (T-bet) in mice (Weizman et al., 2017). Despite
belonging to the same group, cNK cells and ILCIs differ in many
aspects. In mice, ILCls can be distinguished from cNK cells by
cell surface marker expression, including CD49a, CXCR6, and
CD200RI, and the lack of CD49b and Eomesodermin (Eomes)
expression (Daussy et al., 2014; Gordon et al., 2012; Peng et al.,
2013; Sojka et al., 2014; Weizman et al., 2017). Whereas cNK cells
are circulating and widely distributed, ILCls are tissue resident,
with dramatic differences in frequency across tissues (O’Sullivan
et al., 2016; Peng et al., 2013). Notably, liver ILCls (also known as
liver-resident NK cells) account for a relatively large proportion
of all liver ILCs (Robinette et al., 2015), making the liver an
important window for ILCI study. Previous studies on liver ILCls
have shown their functional diversity and specificity, including
immune memory potential (Paust et al., 2010; Peng et al., 2013;
Weizman et al., 2019), immune regulatory effects (Zhou et al.,

2019), and antiviral ability (Weizman et al., 2017). Whether this
functional diversity and specificity reflect heterogeneity of liver
ILCIs remains unclear.

Immune cells with different developmental origins might
have discrete functions in health and disease. Studies on mac-
rophages provide a typical example (Bajpai et al., 2018; Lavine
et al., 2014). Divergent origins within CD8* T cells (Smith et al.,
2018) and ILC2s (Schneider et al., 2019) have also been recently
reported. While ILCls initially emerge in the fetal liver and ex-
hibit a dynamically changed pool with age (Takeda et al., 2005),
whether ILCls with specific phenotype and discrete functions
have different origins has not been defined.

In early life, adaptive immune responses are limited, and the
innate immune system may play a larger role than during
adulthood. Recent studies have revealed the accumulation of
myeloid-derived suppressor cells (MDSCs; He et al., 2018) or
¥8T cells (Guo et al., 2018) in newborn mice, which play specific
roles in both homeostatic maintenance and host defense. In-
terestingly, ILCls are predominant over cNK cells during the
embryonic and neonatal periods (Constantinides et al., 2015;
Takeda et al., 2005). However, the roles of neonatal liver ILCls
during early life remain unexplored.
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In this study, we found that murine liver ILCls could be
further subdivided into two subsets, which are distinguished by
Ly49E expression. Ly49E* ILCls were predominantly present in
the neonatal mouse liver but gradually decreased with age,
whereas Ly49E- ILCls showed the opposite trend. These two
subsets also differ in hematopoietic origins and functionality.
Specifically, Ly49E* ILCls arose from embryonic hematopoiesis
and persisted in the liver after birth, whereas Ly49E- ILCls were
primarily derived from postnatal hematopoiesis. Compared with
Ly49E- ILCls, Ly49E* ILCls exhibited more cytotoxic potential
and played an essential role in protecting newborn mice against
viral infection, whereas adult Ly49E- but not Ly49E* ILCls dis-
played immune memory potential in the contact hypersensi-
tivity (CHS) model. Thus, our findings showed that liver ILCls
are heterogeneously composed of at least two subpopulations
with different hematopoiesis waves and distinct functional
characteristics.

Results

Single-cell RNA sequencing (scRNA-seq) reveals

transcriptional heterogeneity among liver group 1 ILCs

Group 1 ILCs comprise cNK cells and ILCls. To delineate their
heterogeneity, we sorted NKL.I*"NKp46* group 1 ILCs from the
liver and spleen of adult C57BL/6 (B6) mice to perform scRNA-
seq (Fig. 1 A). Approximately 2,000 hepatic or splenic cells were
captured and passed quality control, with an average of 1,400
genes detected in each individual cell. Group 1 ILCs could be
grouped into five main clusters (C1-C5) in two independent liver
samples, whereas the splenic group 1 ILCs consisted predomi-
nantly of C1-C3, with a low frequency of C4 and the rare de-
tection of C5 (Fig. 1, B and C). A comparison of the top 200
most variable genes in each cluster confirmed that each
cluster was distinct from the others (Fig. 1 D). By analyzing
the characteristic markers of cNK cells and ILCls (Daussy
et al., 2014; Paust et al., 2010; Tang et al., 2016; Weizman
et al., 2017), we found that all clusters uniformly expressed
the pan-group 1 ILC lineage markers Ncrl (NKp46) and Thx21
(T-bet; Fig. 1 E). C1-C3 expressed Eomes (Eomes) and Itga2
(CD49b; Fig. 1 E) and, therefore, might represent different
subtypes of c¢NK cells. Based on expression of maturation-
associated molecules (Castro et al., 2018; Chiossone et al.,
2009), such as Itgam (CD11b), Cd27 (CD27), and Klrgl (KLRG1),
C1-C3 clusters likely represent the terminally mature stage
(CD11bMCD27'°KLRG1*), intermediate stage (CD11b™CD27%), and
immature stage (CD11b'°CD27") of cNK cells, respectively (Fig. 1,
Fand G).

As shown in Fig. 1 E, Itgal (CD49a), Cd200r1 (CD200R1), and
Cxcr6 (CXCR6), which are the typical signature molecules asso-
ciated with ILCls, were enriched in the liver but rarely detected
in the spleen and were detected only in C4 and C5 but not C1-C3,
indicating that liver ILCIs represent a population distinct from
cNK cells. By comparing the top 10 most variable genes in each
cluster (Fig. 1 D), we found that Klra5 (Fig. 1 H), which encodes
Ly49E, was specifically but not homogeneously expressed in
C5. At the protein level, Ly49E/F was further confirmed to be
expressed by a proportion of liver ILCls (Fig. 1 I), likely
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representing C5 from the t-distributed stochastic neighbor
embedding (t-SNE) map.

Ly49E expression dissects liver ILC1s into two distinct subsets
By using anti-Ly49E/F and anti-Ly49F mAbs to further examine
Ly49E expression in the liver (no monospecific Ly49E mAb was
available), we found that ~20% of liver ILCls expressed Ly49E,
whereas Ly49F was rarely expressed on cNK cells (Fig. 2 A).
Interestingly, gating Ly49E* cells in liver leukocytes revealed
that Ly49E was predominantly expressed by liver ILCls rather
than by other leukocytes (Fig. 2 B). Additionally, Ly49E ex-
pression by CD49a*NK1.1*"NKp46* ILCls from multiple lymphoid
and nonlymphoid tissues was undetectable or at much lower
levels than liver ILCls (Fig. 2 C). Further analysis revealed that
Ly49E* ILCls expressed lower levels of Tnfrsf25 (DR3), Lyée (Sca-1),
Tkzf2 (Helios), Thyl (Thy-1), I8rl (IL-18Ra), and costimulatory
molecules, including Cd28 (CD28) and Tnfrsfl8 (GITR), but higher
levels of Itgax (CDlic), Itgam (CDI1lb), Cd69 (CD69), and Lag3
(LAG3) at both mRNA and protein levels, compared with Ly49E-
ILCls (Fig. S1 A and Fig. 2, D and E). Ly49E* and Ly49E- ILCls
rarely expressed Gata3 (GATA3) and Rorc (RORyt), but highly
expressed Tbx21 (T-bet) and Zfp683 (Hobit; Fig. S1, B and C), thus
ruling out contamination of ILC2s and ILC3s. Further analysis of
liver Ly49E* and Ly49E- ILCls using bulk RNA-seq showed
that a total of 1,407 genes were identified as being differen-
tially expressed by fold-changes >2.0 (Fig. 2 F). The differ-
entially expressed genes include those encoding transcription
factors, cell cycle regulators, cell surface receptors, and ef-
fector molecules (Fig. S1 D). Although gene enrichment
analysis indicated that these two subsets were both enriched
in genes related to immune and inflammatory responses,
Ly49E* ILCls were more strongly enriched in genes associated
with the acute immune response and cytolysis than Ly49E-
ILC1s (Fig. 2 G), suggesting that Ly49E* ILCls might mediate
an earlier immune response than Ly49E- ILCls.

As shown in Fig. 2 F and Fig. S1, A and D, immune memory-
associated molecules, such as Il18r1, Il7r, Il2ra, and Bag3 (Gillard
et al., 2011; Kaech et al., 2003; Wang et al., 2018; Weizman et al.,
2019), were expressed at higher levels by Ly49E- ILCls. Inter-
estingly, the expression of IL-7Ra (CD127), a key factor associ-
ated with ILC1 immune memory in CHS, required for long-term
maintenance of liver memory ILCls (Wang et al., 2018), was
restricted to Ly49E- ILCls at steady state (Fig. S2, A and B). After
hapten sensitization and challenge, IL-7Ra*Ly49E~ ILCls but not
Ly49E* ILCls accumulated in the inflamed ears (Fig. S2, Cand D).
Furthermore, only oxazolone (OXA)-sensitized Ly49E- ILCls
induced recipient ear increase swelling after the OXA challenge
(Fig. S2, E and F), and this effect was antigen specific (Fig. S2 G).
When OXA-sensitized liver ILCls were devided into three pop-
ulations based on Ly49E and IL-7Ra expression, only the ears of
mice that received the sensitized IL-7Ra*Ly49E- ILCls exhibited
obvious swelling after challenge (Fig. S2, H and I). Altogether,
these data showed that ILCls with memory potential are en-
riched in the Ly49E- subset, based on their responses to the CHS
model. However, the molecular basis for hapten recognition is
not yet defined, and the receptors responsible for hapten rec-
ognition have not been identified.
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Figure 1. Dissection and clustering of murine liver group 1 ILCs at steady state. (A) Overview of the study design. Group 1 ILCs
(CD45*NK1.1*NKp46*CD3-CD19-) from the livers and spleens of naive WT C57BL/6 (B6) mice (6-8 wk old) were sorted for scRNA-seq. (B and C) t-SNE
clustering plots of each hepatic and splenic group 1ILC sample (B) and an overlay (C). Each point represents an individual cell. Hepatic and splenic group 11LCs
could be grouped into five distinct clusters (C1-C5). Data were obtained from two independent experiments (liver) or one experiment (spleen). (D) Heatmap
showing the expression levels of the top 200 genes (left) and top 10 genes (right) expressed in each liver group 1 ILC cluster (C1-C5). (E) Distribution of
signature gene expression by the liver (top) and spleen (bottom) group 1 ILC clusters in t-SNE plots. (F-1) Distribution of Cd27, Itgam, Klrg1 (F), and Klra5 (H)
expression in the t-SNE plot. Representative plots of CD27, CD11b, and KLRG1 expression on cNK cells (CD45*NK1.1*CD49b*CD49a~CD3-CD197; G) and Ly49E/
F expression on liver ILC1s (CD45*NK1.1*CD49a*CD49b~CD3-CD197; 1) of WT B6 mice (6-8 wk old). Fluorescence minus one (FMO) controls were gated on
total cNK cells. Flow cytometric plots are representative of at least three independent experiments with n = 3-9 mice per experiment.

To explore whether liver Ly49E* and Ly49E~ ILCls represent
different maturation stages like cNK cells, we performed adop-
tive transfer experiments (Fig. 2 H). In line with previous
reports (Filtjens et al., 2013), donor ILCI subsets could be
found in the recipient liver, and they maintained Ly49E-
positive or -negative status after transfer (Fig. 2, I and J).
Consistent with the differences between Ly49E* and Ly49E-

Chen et al.
Heterogeneity of liver ILCls

ILCls at steady state (Fig. 2, D and E; and Fig. S2 A), flow cy-
tometric analysis revealed that the transferred Ly49E* ILCls
retained higher CDllc expression and lower expression of
Thy-1 and IL-7Ra than transferred Ly49E- ILCls (Fig. 2 K).
These results suggest that liver Ly49E* and Ly49E- ILCls
represent phenotypically stable subsets rather than develop-
mental intermediates.
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Figure 2. Ly49E expression distinguishes two distinct clusters of liver ILC1s. (A) Representative plots of Ly49E expression on liver ILCls
(CD45"NK1.1*CD49a*CD49b-CD3-CD197) and cNK cells (CD45"NK1.1*CD49b*CD49a"CD3-CD19-) of WT B6 mice (5-8 wk old). (B) Representative plots
showing the expression of ILC1-lineage markers on Ly49E*CD45* leukocytes from the livers of WT B6 mice (5-8 wk old). Data are representative of at least
five independent experiments with n = 3-5 mice per experiment (A and B). (C) Representative plots of CD49a and Ly49E/F expression on
CD45*"NK1.1"NKp46*CD3 Ly49F~ cells from the indicated tissues of WT B6 mice (5-8 wk old). Data are representative of at least three independent ex-
periments with n = 1-4 mice per experiment. (D and E) Percentages of cells with higher expression levels of the indicated molecular signatures in liver Ly49E~
ILC1s (D) or Ly49E* ILC1s (E) of WT B6 mice (5-8 wk old). Data are pooled from one or two independent experiments with n = 3-4 mice. (F and G) Comparative
transcriptome analysis between Ly49E* or Ly49E~ ILCls from WT B6 mice (5-8 wk old) using bulk cell RNA-seq. Volcano plot (F) and GO Biological Processes
(G) associated with the genes with >2.0-fold changes in expression are highlighted in red (higher in Ly49E* ILC1s) or blue (higher in Ly49E~ ILC1s). (H-K) 1-2 x
10° Ly49E* or Ly49E~ ILC1s were sorted from CD45.2* WT mice (3-4 wk old) and adoptively transferred into sublethally irradiated CD45.1* mice (6-8 wk old).
2 wk after transfer, CD45.2* liver ILCls in recipients were analyzed for Ly49E expression. (H) Schematic of the experimental design. (1) Representative plots
showing Ly49E expression on donor-derived (CD45.2*) ILC1s in recipient liver. (J) Percentages of Ly49E* or Ly49E~ cells among host- or donor-derived liver
ILC1s. Data are pooled from two (Ly49E* ILC1s) or three (Ly49E~ ILC1s) independent experiments with n = 7-9 mice (I and J). (K) Percentages of cells expressing
the indicated molecular signatures among liver ILC1 subsets after 2 wk of adoptive transfer. Data are representative of at least two independent experiments
with three to four recipient mice per group. Bar graphs show the mean + SEM; an unpaired Student’s t test was used to compare experimental groups in D, E, J,
and K; two-way ANOVA was used in |; *, P < 0.05; **, P < 0.0, ****, P < 0.0001.

Chen et al.
Heterogeneity of liver ILCls

Journal of Experimental Medicine
https://doi.org/10.1084/jem.20211805

620z Jequiede( G0 uo 3senb Aq 4pd G081 1202 Wel/zez...L/S08) 12028/5/6 L z/4pd-eoie/wal/Bio ssaidnyj/:dny woly papeojumoq

4 0f 16


https://doi.org/10.1084/jem.20211805

Ly49E* and Ly49E- subsets originate from different
hematopoietic waves

Studies have revealed that, during early life, a large fraction of
liver group 1 ILCs express Ly49E and ILCls predominate over
cNK cells (Constantinides et al.,, 2015; Filtjens et al., 2013;
Stevenaert et al., 2003; Takeda et al., 2005; Van Beneden et al.,
2001). We consistently found that nearly 90% of group 1 ILCs in
the neonatal liver expressed CD49a, T-bet, and CD200R1 and
lacked Eomes expression, suggesting their ILCI identity (Fig. S3
A). In contrast, CD49a"CD49b* cNK cells accounted for <10% of
the total group 1 ILCs in the neonatal liver (Fig. S3, A and B).
Moreover, the majority (>70%) of liver ILCls in neonatal mice
were Ly49E-positive (Fig. 3, A and B). Neonatal ILCls, rather
than cNK cells or T cells, represented the predominant Ly49E-
expressing leukocytes in the neonatal liver (Fig. S3 C). While the
frequency and number of Ly49E* ILCls decreased with age,
Ly49E- ILC1s showed an opposite trend (Fig. 3, A-C).

To explore whether Ly49E* and Ly49E™ ILCls originated from
different hematopoietic waves, we established an inducible fate-
mapping model (Fgd5¢reERT2Rosa26tdTomato) - in which Fgd5 is
specifically expressed in hematopoietic stem cells (HSCs) but not
in lineage-restricted progenitors and mature immune cells
(Gazit et al., 2014; Sawen et al., 2018); thus, HSCs and their
descendants could be labeled upon tamoxifen administration.
Fgd5CreERT2Rpsq26tdTomate mice were administered with tamoxi-
fen at the ages of 1d, 1 wk, and 5 wk (Fig. 3, D and E). Several
months after tamoxifen treatment, bone marrow (BM) HSCs,
characterized as LinSca-1*c-kit* (LSK) cells, were substantially
labeled (Fig. 3, D and E), confirming that LSK cells and their
descendants could be successfully fate-mapped. After normali-
zation, we found that neonatal (1 d and 1 wk) HSCs contributed
to nearly all cNK cells, ~30% of Ly49E- ILCls, and rare (<7%)
Ly49E* ILCls (Fig. 3, D and E). Similarly, upon tamoxifen
exposure at the age of 5 wk, most liver cNK cells (~95%) were
fate-mapped after normalization, whereas liver Ly49E* ILCls
remained unlabeled, and Ly49E- ILCls exhibited an intermedi-
ate expression of tdTomato (Fig. 3, D and E), suggesting little
contribution of adult BM HSCs to the Ly49E* ILC1 pool. To
further assess the contributions of adult BM hematopoiesis, we
generated chimeric mice transplanted with BM and fetal liver
cells (Fig. 3 F). BM cells generated fewer liver ILCls than fetal
liver cells (Fig. 3 G), alongside very low expression of Ly49E on
BM-derived ILCls (Fig. 3, F and H). Similar results were ob-
served even in a noncompetitive setting (Fig. S3, D and E).

The finding that fetal liver cells have the potential to generate
Ly49E* ILCls (Fig. 3, F-H) implies the importance of embryonic
hematopoiesis for Ly49E* ILC1 development. Before the emer-
gence of HSCs, Fgd5 is expressed by hemogenic endothelial cells
during the early embryonic life (Gazit et al., 2014; Sawen et al.,
2018). In Fgd5CreERT2Rpsq26tdTomate embryos pulsed with
4-hydroxytamoxifen (4-OHT) at embryonic day 8.5 (E8.5), when
hematopoiesis primarily occurs in the yolk sac (YS), fetal liver
LSK cells expressing tdTomato were observed at E16.5 (Fig. 4, A
and B). Fetal liver Ly49E* and Ly49E- ILCls were also fate-
mapped, suggesting that they originate from early embryonic
hematopoiesis (Fig. 4, A and B). Considerable proportions of
adult LSK cells (~31%), Ly49E~ ILCls (~22%), and Ly49E* ILCls
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(~20%) remained fate-mapped, suggesting that embryonic pro-
genitors could ultimately generate adult liver ILC1 subsets (Fig. 4,
A and B).

We wondered whether embryonic hematopoiesis-derived
ILC1s self-maintained or were generated from BM HSC-
independent progenitors during adulthood. Using an induc-
ible fate-mapping model, based on Nerl (NKp46), we found that
Ly49E- ILCls, Ly49E* ILCls, and cNK cells could all be labeled
with high and comparable efficiencies in the E19.5 fetal liver
pulsed with 4-OHT at E17.5; however, the proportions of labeled
Ly49E- ILCls and cNK cells decreased dramatically after birth
(Fig. 4 C). Fetus-derived Ly49E- ILCls accounted for only 25% of
liver Ly49E- ILCls in 1-wk-old mice and almost disappeared in
4-wk-old mice, suggesting that fetus-derived Ly49E- ILCls
were gradually replaced by unlabeled postnatal progenitor-
generated Ly49E- ILCls (Fig. 4, C and D). In contrast, fetus-
derived Ly49E* ILCls remained detectable at a relatively high
frequency after birth (Fig. 4, C and D), suggesting that they
could self-maintain into adulthood. To verify this finding,
Ly49E* cells were depleted by a single injection of diphtheria
toxin (DT) into newborn Klra5P™® mice, which did not affect the
numbers of Ly49E- ILCIs (Fig. S3 F). Ly49E* ILCls could not be
generated even at the age of 4 wk in these mice (Fig. 4, E and F),
suggesting that postnatal hematopoiesis was unable to effi-
ciently give rise to liver Ly49E* ILCls.

We then detected the proliferation ability of ILC1 subsets by
examining the proliferation marker Ki67 in vitro and the in-
corporation of the thymidine analog BrdU in vivo. Both Ly49E-
and Ly49E* ILCls actively proliferated during neonatal life
(Fig. 4, G and H), whereas Ly49E* ILCls proliferated at a sig-
nificantly lower rate than Ly49E- ILC1s during adult life (Fig. 4, I
and J), suggesting a quiescent state of Ly49E* ILCls after birth.
Taken together, these data reveal that embryonic hematopoiesis-
derived Ly49E* ILCls contribute to the majority of the Ly49E*
ILC1 pool in the adult liver, whereas liver Ly49E- ILCls are
gradually replenished by hematopoietic progenitors after birth.

Ly49E marks a highly cytotoxic subset of liver ILCl1s

The differences in origins and transcriptional profiles led us to
wonder whether liver Ly49E* ILCls served distinct immunologic
functions. The transcriptional profile suggested their cytotoxic
potential (Fig. 2, F and G; and Fig. S1, A and D). Flow cytometric
analysis revealed that resting Ly49E* ILCls expressed higher
levels of granzyme family proteins, such as granzyme A (GzmA),
GzmB, and GzmC, than resting Ly49E- ILCls (Fig. S4, A and B).
Notably, the expression levels of GzmB and GzmC in Ly49E*
ILCls were even higher than those in liver cNK cells (Fig. S4, A
and B). Similar results were obtained upon stimulation with
IL-12, IL-15, and IL-18 (Fig. 5, A and B); PMA plus ionomycin
(Fig. 5 C); or coculture with Yac-1 cells (Fig. 5 D). Meanwhile,
Ly49E* and Ly49E~ ILCls expressed similar levels of perforin,
CD107a, IFN-y, and TNF-a (Fig. S4, C and D). Notably, both
Ly49E* and Ly49E- ILCls could produce IL-2, with the former
showing more robust potential (Fig. S4, E and F). NKL.1* cells are
capable of using death ligands such as TRAIL to induce cyto-
toxicity (Arase et al., 1995; Kayagaki et al., 1999). However, there
was no difference in FasL and TRAIL expression between Ly49E*
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Figure 3. BM hematopoiesis contributes little to the Ly49E* ILC1 pool. (A) Representative plots showing Ly49E expression on liver ILC1s from WT B6 mice
at different ages. Data are representative of three independent experiments with n = 3-9 mice per condition. (B) Percentages of Ly49E* or Ly49E~ cells among
liver ILC1s at different ages. Data for each time point are representative of three independent experiments with n = 3-9 mice. (C) Absolute cell numbers of ILC1
subsets per liver from WT B6 mice at ages 0-3 d or 23-30 wk. Data for 0-3 d are pooled from two independent experiments with n = 8 mice. Data for 23-30
wk are pooled from three independent experiments with n = 10 mice. (D and E) Fate-mapping analysis of neonatal (1 d and 1 wk) and adult (5 wk) Fgd5* LSK
cell-derived group 1 ILCs. Representative plots show tdTomato expression on BM LSK cells and liver group 1 ILC subsets from Fgd5¢ERT2Rosa26t4™omato mice
exposed to tamoxifen at different ages (D). Labeling efficiency of Ly49E~ ILC1s, Ly49E* ILC1s, and cNK cells normalized against LSK cells (E). Data are pooled
from at least three independent experiments (1 d: n = 5; 1 wk: n = 4; 5 wk: n = 4). (F-H) Representative plots showing Ly49E expression on liver ILC1s from
lethally irradiated recipient CD45.1* mice that received the adoptive transfer of donor CD45.2* BM (6-8 wk old) and CD45.1*CD45.2 fetal liver (E13.5 fetal liver
[FL]) MNCs (mixed at 1:1; F). Absolute cell numbers of donor BM- or FL-derived ILC1s in recipient livers (G). Percentages of donor BM- or FL-derived Ly49E*
cells among donor-derived ILC1s (H). Data are representative of at least two independent experiments with n = 3 or 7 mice per group. Bar graphs show the
mean + SEM; two-way ANOVA was used in B, paired Student’s t test in C, one-way ANOVA followed by Dunnett’s multiple comparison test in E and H, and
unpaired Student’s t test in G; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Figure 4. Ly49E* ILC1s are primarily derived from embryonic hematopoiesis. (A and B) tdTomato expression on fetal liver LSK cells (E14.5), ILC1 subsets
(E16.5), adult BM LSK cells, and adult liver ILC1 subsets from Fgd5¢¢fR2Rosa26t47mate mice pulsed with 4-OHT at E8.5 (A). Labeling efficiency of Ly49E- ILCls
and Ly49E* ILCls in A were normalized to LSK cells (B). Data are pooled from at least three experiments (fetus: n = 7; adult: n = 4). (C and D) tdTomato
expression on liver Ly49E~ ILC1s, Ly49E* ILC1s, and cNK cells from E19.5, 1-wk-old, and 4-wk-old Ncr1rERT2Rosa26t4-Tomate mice pulsed with 4-OHT at E17.5,
Rosa26td-Tomato mice were used as controls (C). Contribution of fetus-derived Ly49E~ ILC1s, Ly49E* ILC1s, and cNK cells were calculated as labeling efficiency of
the cells from Ncr1eERT2Rosa26t4Tomato mice at 1 or 4 wk relative to that at E19.5, and the unlabeled cells were considered postnatally derived (D). Data are
pooled from at least three independent experiments (E19.5: n = 4; 1 wk: n = 5; 4 wk: n = 5). (E and F) Representative plots (E) and percentages (F) of Ly49E*
cells among liver ILC1s from WT and Klra5°™ mice 1 or 4 wk after intrahepatic (i.h.) treatment with DT once during the neonatal period. Data are pooled from
two or three independent experiments with n = 5 or 8 (Klra5°™® mice), n = 8 or 15 (DT-treated WT mice), or n = 7 or 12 (DT-treated Klra5°™® mice). (G-})
Representative plots (G and 1) and percentages (H and ]) of Ki67* or BrdU* cells among liver ILC1 subsets in neonatal (0-3 d old) and adult (6-8 wk old) B6 mice.
Data are pooled from two or three independent experiments (neonate: n = 7 or 4; adult: n = 12 or 8). Bar graphs show the mean + SEM; unpaired Student’s
t test was used in B, one-way ANOVA in D and F, paired Student’s t test in H and J; *, P < 0.05; ****, P < 0.0001.
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Figure 5. Ly49E* ILCls are effective in cytotoxicity. (A and B) Representative histograms (A) and percentages (B) of cells expressing the indicated in-
tracellular functional molecules (GzmA, GzmB, and GzmC) in liver group 11LC subsets of WT B6 mice (5-8 wk old) after stimulation for 18 h with 10 ng/ml IL-12,
10 ng/ml IL-15, and 50 ng/ml IL-18. Fluorescence minus one (FMO) control was gated on total group 1 ILCs (A). (C and D) Percentages of cells expressing the
indicated molecules among the liver group 1 ILC subsets for 4 h with PMA plus ionomycin (PMA + lon; C) or with Yac-1 cells (D). Data are representative of two
or three independent experiments with n = 3-6 mice per experiment (A-D). (E and F) Flow-based killing assays were performed by using liver group 1 ILC
subsets of WT B6 mice (3-6 wk old) that were preactivated with IL-12, IL-15, and IL-18 for 18 h as effector cells and Yac-1 tumor cells as the target cells, with an
effector-target (E:T) ratio of 10:1. Representative plots (E) and percentages (F) of 7-AAD-positive target cells after incubation with effector cells. Data are
pooled from two independent experiments with n = 14-30 samples per group. Bar graphs show the mean + SEM; one-way ANOVA, followed by Dunnett’s

multiple comparison test, was used to compare the experimental groups in B-D and F; **, P < 0.0L; ****, P < 0.0001.

and Ly49E- ILCIs (Fig. S4 G). To ascertain the cytotoxic capacity
of Ly49E* ILCls, we performed flow-based killing assays.
Cytokine-activated group 1 ILC subsets were used as effectors
against the Yac-1 cells. Ly49E* ILCls lysed YAC-1 cells more ef-
ficiently than both Ly49E- ILCls and cNK cells (Fig. 5, E and F).
Additionally, Ly49E* ILCls could also efficiently lyse MC38 tu-
mor cells (Fig. S4, H and I). Overall, these results reveal that
Ly49E* ILCls are more potently cytotoxic than Ly49E- ILCls.

Ly49E* ILC1s confer protection against murine CMV (MCMV)
infections in neonatal mice

The enrichment and functionality of Ly49E* ILCls in neonates
prompted us to explore their roles in immune defense in early
life. Because CMYV is a hepatotropic virus associated with serious
health problems in neonates (Schleiss, 2013), we infected neo-
natal mice with recombinant MCMYV expressing eGFP (Pan et al.,
2018; Fig. 6 A). Although MCMV infection can induce cNK cell
expansion in adult mice (Sun et al., 2009), cNK cells were rarely

Chen et al.
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present in the neonatal liver after MCMV infection, at a much
lower frequency than Ly49E* ILCls (Fig. S5 A). MCMV infection
induced the rapid response of liver Ly49E* ILCls in neonates, as
evidenced by the increased expression of GzmB, perforin, and
IFN-y as early as 0.5 d post infection (dpi) compared with those
in uninfected mice (0 dpi; Fig. 6 B), and expression levels of
these molecules remained high until 3.5 dpi. Upon MCMYV in-
fection, Ly49E~ ILCls also upregulated GzmB expression, with
similar percentages of GzmB* cells but lower GzmB geometric
mean fluorescence intensity (GMFI) compared with Ly49E*
ILCls (Fig. 6 B). The percentages and GMFI of perforin were
lower in Ly49E- ILCls than Ly49E* ILCls (Fig. 6 B). However,
there was no increase in the percentage of IFN-y* cells, and the
GMTFI of IFN-y was even lower in Ly49E* ILCls compared with
Ly49E- ILCIs (Fig. 6 B). Notably, Ly49E* ILCls were the primary
lymphocytes expressing GzmB after MCMYV infection, as Ly49E~
ILCls rarely coexisted (Fig. S5 C). In adult mice, cNK cells me-
diate essential resistance to MCMYV infection through the
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Figure 6. Ly49E* ILC1s play a role in the host defense against MCMV infection during early life. (A and B) Schematic showing the experimental design
used for MCMV infections in neonatal mice within 3 d of age (A). Percentages and GMFI of GzmB, perforin, or IFN-y expressed by Ly49E* or Ly49E- ILCls
derived from neonatal mice at different time points after infection with MCMV-eGFP (B). Data presented for each time point are representative of at least three
independent experiments with n = 3-5 mice. (C) Representative images of the intact liver of neonatal WT and Tbx21~/~ mice 0.5 dpi with MCMV-eGFP; scale
bar = 100 pm. (D and E) egfp expression (D) and viral copies (E) in the livers of neonatal Thx21~/~ and WT mice were measured 0.5, 1.5, 2.5, and 3.5 dpi with
MCMV-eGFP. Data are pooled from two independent experiments with n = 4-12 mice per group. (F and G) 1-1.5 x 10° neonatal Ly48E* or Ly49E~ ILC1s were
transferred into neonatal Thx21~/~ mice 1 d before MCMV-eGFP infection. Liver viral copies were measured 3.5 dpi (F). Data were pooled from three inde-
pendent experiments with n = 9-12 mice per group. Survival of neonatal Thx21~/~ mice that received Ly49E* or Ly49E~ ILC1s followed by MCMV infection (G).
Data are pooled from three independent experiments with n = 7-14 mice per group. (H and 1) Neonatal Kira5°™® mice were administered DT 10 h before
MCMV-eGFP infection. Liver viral copies were measured 3.5 dpi. MCMV-infected Klra5°"® littermates and DT-treated WT mice were as controls (H). Data were
pooled from three independent experiments with n = 6-26 mice per group. Survival of neonatal Klra5°"® mice were shown (I). Data are pooled from two
independent experiments with n = 9 mice per group. (J) Viral titers in the livers of neonatal Ncr1<e/*Fomes "l and Eomes /! mice were measured 3.5 dpi with
MCMV-eGFP. Data are pooled from three independent experiments with n = 11-16 mice per group. Bar graphs show the mean + SEM; two-way ANOVA was
used in B, D, and E, one-way ANOVA followed by Dunnett’s multiple comparison test in F and H, unpaired two-tailed Student’s t test in J, and log-rank
(Mantel-Cox) test in G and [; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.

m157-Ly49H axis (Arase et al., 2002; Brown et al., 2001; Dokun  raising a possibility that Ly49E* ILCls counteract MCMYV in a
et al., 2001; Smith et al., 2002). Interestingly, in our setting, ~Ly49H-independent manner.

neonatal liver NK1.1* ILCs did not express high levels of Ly49H To explore whether neonatal liver Ly49E* ILCls play a role in
either under steady state or after MCMYV infection (Fig. S5 B), the innate defense against MCMV, we used Thx21~/~ mice, which
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are deficient in liver ILCls (Daussy et al., 2014; Gordon et al.,
2012; Zhou et al., 2019). We found larger eGFP-positive areas in
Tbx21/~ liver after MCMV infection (Fig. 6 C). Higher egfp ex-
pression and increased viral DNA copies after MCMYV infection
were observed in the neonatal liver at different time points in
Tbx21"/~ mice compared with control mice (Fig. 6, D and E), but
no difference was observed in spleen (Fig. S5 D), indicating the
early local protection of liver ILCls against MCMV. To confirm
the specific protective roles of Ly49E* ILCls, Ly49E* ILCls were
adoptively transferred into neonatal Thx21~/~ mice before in-
fection. Decreased viral copies were observed in the liver of
Ly49E* ILCl-transferred mice (Fig. 6 F). Although there was a
slight decrease of viral loads in Ly49E- ILCl-transferred mice
(Fig. 6 F), their survival was not altered compared with those
without transfer (Fig. 6 G). In contrast, transfer of Ly49E* ILCls
prolonged the survival time (Fig. 6 G).

Because T-bet can also regulate differentiation of cNK cells
and T cells (Lazarevic et al., 2013), we specifically depleted
Ly49E* cells, which were mainly Ly49E* ILCls, by using Klra5P™®
mice via DT injection (Fig. S5 F). We found that Ly49E* cell
depletion consistently rendered the neonatal liver more sus-
ceptible to MCMYV infection (Fig. 6 H) and shortened its survival
time (Fig. 6 I); however, the absence or replenishment of Ly49E*
ILC1s had no obvious impact on viral copies in the spleen (Fig.
S5 G). Viral copies in the liver of neonatal Ncri®®/*Eomes/fl
mice, in which ILCls were not affected (Fig. S5 H) but cNK cells
were reduced (Weizman et al., 2017; Zhou et al., 2019), did not
differ from those in control mice (Fig. 6 I), but were higher in the
spleen of Ncr1®*¢/*Eomes/l mice (Fig. S51I). Taken together, these
findings demonstrated that Ly49E* ILCls are important effectors
that confer protection against MCMV infection during the
neonatal stage.

Discussion
Group 1 ILCs consist of ¢cNK cells and ILCls. Although cNK cells
have been extensively studied for decades, research on ILCls
remains in its infancy. In this study, the scRNA-seq analysis
revealed heterogeneity within both cNK and ILC1 subsets. cNK
cells could be further divided into three clusters, which corre-
sponded to different developmental stages. Ly49E expression
could dissect ILCls into two subsets: Ly49E* ILCls and Ly49E-
ILCls, which originated from different hematopoietic waves.
Specifically, Ly49E* ILCls were primarily dependent on em-
bryonic hematopoiesis and self-maintenance after birth,
whereas Ly49E- ILCls primarily originated from postnatal he-
matopoiesis. Functionally, Ly49E* ILCls were highly cytotoxic
and sensitive to external stimuli, exhibiting typical character-
istics of innate immune cells. With increasing age, liver ILCls
gradually became predominated by the Ly49E- population,
which expressed memory-associated molecules and displayed
memory potential in the CHS model. Overall, our study depicted
the landscape of liver group 1 ILC composition, highlighting the
previously unrecognized heterogeneity of liver ILCls.

Newly developed single-cell profiling technologies provide
valuable tools for dissecting cellular heterogeneity of ILCls at
high resolution. However, differing sample preparation process,
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technical platforms, and data analysis methods might yield dif-
ferent cell clustering results (Kharchenko, 2021; Papalexi and
Satija, 2018). For instance, McFarland et al. (2021) recently
showed that liver ILCls were just grouped as one cluster by
scRNA-seq. In contrast, other studies show that liver ILCls can
be subdivided into several subpopulations by quantitative
single-cell RT-PCR or scRNA-seq analysis (Park et al., 2019;
Perchet et al., 2018). Recently, Friedrich et al. (2021) separated
liver ILCIs into two subsets by using IL-7Ra and reported that IL-
7Ra* ILCls were precursors of IL-7Ra~ ILCls, the latter of which
highly expressed cytotoxic molecules. Consistently, our study
also showed high cytotoxic potential of Ly49E* ILCls, which
partially overlap with IL-7Ra~ ILCls, as evidenced by negative
expression of IL-7Ra on Ly49E* ILCls. However, IL-7Ra was
heterogeneously expressed by Ly49E- ILCls, and there was no
conversion between Ly49E* ILCls and Ly49E~ ILCls in our study.
These findings raise a possibility that the differentiation from
IL-7Ra* ILCls into IL-7Ra~ ILC1s might be confined to Ly49E- cell
populations.

The layered ontogeny of lymphocytes has recently been re-
ported, such as CD8* T cells (Smith et al., 2018) and ILC2s
(Schneider et al., 2019); however, the distinction of lymphocytes
with different origins remains challenging. Using Fgd5- or Ncrl-
based inducible fate-mapping models, Ly49E separates liver
ILCls into two subsets with different hematopoietic waves.
While liver Ly49E* ILCls mainly originate through embryonic
hematopoiesis and self-maintain into adulthood, Ly49E- ILCls
have heterogeneous developmental origins. Fetus-derived
Ly49E- ILCls can be replaced continuously by postnatal hema-
topoietic progenitors. However, the fate-mapping model indi-
cated that postnatal BM hematopoiesis contributed only ~30% of
Ly49E- ILCls. Because the adult liver contains hematopoietic
progenitors with ILC1 development potential (Bai et al., 2021),
the rest of the Ly49E- ILCls might develop from local hemato-
poietic progenitors during postnatal life. In contrast with Ly49E-
ILCls, the majority of liver Ly49E* ILCls originate through
embryonic hematopoiesis and self-maintain into adulthood. A
recent study reported that erythromyeloid progenitors (EMPs)
in the YS gave rise to potently cytotoxic fetal NK cells (Dege et al.,
2020). However, the EMP progenies in that study were not
precisely defined for their ILC1 or cNK cell identities; therefore,
further investigations should examine whether YS EMPs con-
tribute to Ly49E* ILCls.

In addition to liver ILCls, Ly49E was expressed by a minor
fraction of NK1.1"NKp46* cells in the uterus and the salivary
gland (SG). A recent study (McFarland et al., 2021) showed
negative expression of IL-7Ra on uterus and SG NK1.1*NKp46*
cells, which is similar to liver Ly49E* ILCls depicted in this
study. However, their single-cell analysis revealed one tissue-
specific metacell shared by the uterus and SG, but no tissue-
specific metacells commonly exist between the liver and
uterus/SG. The researchers found that the shared SG-uterine
metacell expressed Eomes and Tcf7, both of which were ex-
pressed at low levels of liver ILCls. These results suggest that,
despite Ly49E expression across these tissues, it is likely that
Ly49E*NK1.1*"NKp46* cells in the liver and uterus/SG might be
different in transcription factor expression. Nevertheless, it
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would be of interest to investigate whether Ly49E can be
commonly used to mark embryonic hematopoiesis-dependent
ILC1s/NK cells.

Although Ly49E was identified as an inhibitory receptor, its
role under pathophysiological conditions remains controversial.
Studies have shown that Ly49E is not involved in several
pathophysiological situations, including malaria infection
(Filtjens et al., 2014), chemically induced colitis (Van Acker et al.,
2016), and different tumors (Filtjens et al., 2016b). However,
young Ly49E-KO mice could control the parasite infection better
(Filtjens et al., 2016a). Although Ly49E activation by uPA, a non-
MHC class I ligand (Van Den Broeck et al., 2008), could inhibit
the effector functions of NK cell lines or fetal thymic NK cells,
freshly isolated liver group 1 ILCs from Ly49E-deficient and WT
mice did not differ in cytotoxic capacity in the presence of uPA
(Filtjens et al, 2013). Because of these contradictory ob-
servations, whether uPA represents a high-affinity ligand for
Ly49E remains unclear. Previously, an NKp46-CD8aa Ly49E*
population has been identified in small intestinal intraepithelial
lymphocytes (IELs; Van Acker et al., 2017), but the functional role
of Ly49E in this subset was unknown. Our study revealed that
Ly49E* ILCls played a protective role against early viral in-
fections; however, whether Ly49E is directly involved in the
antiviral process requires further investigation.

The phenotypic and functional characterization of human
ILCls remain controversial. Studies have reported that fetal
CD56* group 1 ILCs are highly responsive to cytokines IL-12 and
1L-18, which could be rapidly secreted by myeloid cells through
the activation of pattern recognition receptors upon infection,
yielding increased cytotoxicity and cytokine production relative
to their adult counterparts (Ivarsson et al., 2013). Therefore,
human CD56* group 1 ILCs might be actively involved in the host
defense during early life, in a manner similar to neonatal murine
Ly49E* ILCls. Despite the lack of any identified Ly49E homolog
in humans, transcriptomic analysis revealed that mouse Ly49E*
ILCls and human fetal liver NK or ILCls shared common genetic
features, such as Gzm (NKG7, GNLY related), Klrdl (KLRDI), and
Cd69 (CD69; Bennstein et al., 2020; Popescu et al., 2019), sug-
gesting the potential for a similar fetus-derived ILC1 population
in humans.

Because of the lack of an experienced adaptive response,
newborn infants rely heavily on the innate immune system to
confer host protection against invading pathogens. CMV is a
common virus that typically results in an asymptomatic infec-
tion in healthy individuals but can cause severe illness in neo-
nates who experience congenital or perinatal infections
(Swanson and Schleiss, 2013). Compelling evidence has been
provided to support the necessity of cNK cells to fight against
CMV infections in adults (Lanier, 2008); however, cNK cells are
rarely present in neonatal mice, suggesting that they may make
less contribution during the neonatal stage than during adult-
hood. In the present study, we detected increased MCMV DNA
copies in neonatal Tbx21~/~ mice, in which ILCls were absent,
and the adoptive transfer of Ly49E* ILCls, but not Ly49E~ ILCls,
reduced viral loads and prolonged survival, suggesting an im-
portant role for Ly49E* ILCls in the host defense against viral
infection during early ontogeny.
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Previous studies have shown that proinflammatory cyto-
kines, such as IL-12, IL-18, IFN-a, and IFN-B, are required for
regulation of NK cell or ILCl activation and responses to viral
infection through the induction of IFN-y or cytotoxicity during
infection (Biron and Tarrio, 2015; Nguyen et al., 2002; Weizman
et al., 2017). Further investigations are required to explore
whether these cytokines are also essential for activation of ne-
onatal Ly49E* ILCls during MCMV infection. Furthermore,
previous studies have revealed that granzymes and perforin are
critical to the control of MCMYV infection (Andoniou et al., 2014;
Fehniger et al., 2007), especially during the acute infection
phase (Riera et al., 2000). Cytotoxicity is particularly important
for Ly49H-dependent MCMYV control (Pak-Wittel et al., 2015).
Both liver Ly49E* and Ly49E- ILCls have cytotoxic capabilities,
and the former subset is more potently cytotoxic. Moreover, cell
numbers of Ly49E- ILCls are far fewer than Ly49E* ILCls in the
neonatal liver, and liver GzmB* leukocytes in neonatal mice
during MCMYV infection are mainly confined to Ly49E* ILCls.
Therefore, it would be of interest to investigate whether the
cytotoxic capability of Ly49E* ILCls or other specific molecular
mechanisms contribute to the viral control during early life.
However, the decline in Ly49E* ILCls proportions with age sug-
gests that this subset may be less important for antiviral immunity
during adulthood, and their replacement with Ly49E- ILCls may
play a compensatory role. A recent study revealed that during
MCMYV infection, liver ILCls upregulate IL-18Ra expression, and
IL-18Ra* ILCls were able to confer memory responses during
secondary MCMYV infections (Weizman et al., 2019). We found that
IL-18Ra was preferentially expressed by Ly49E- ILCls, raising the
possibility that Ly49E- ILCls may also participate in MCMV-
induced memory responses in adults.

Taken together, our findings uncover the transcriptional,
developmental, and functional heterogeneity of ILCls and pro-
vide additional evidence to support the diversity of ILCls in
different tissues. Our study also demonstrates the dynamic
changes that occur in ILCI subsets from different origins during
ontogeny, which correspond to their different functional roles,
facilitating adaptation to age-related immune demands.

Materials and methods

Mice

All animal experiments were approved by the Institutional
Animal Care and Use Committee of the University of Science and
Technology of China. WT B6 mice were purchased from the
Shanghai Experimental Animal Center. Thx21-/~ (T-bet-deficient)
mice, CD45.1* mice, and Fgd5‘ERT2 mice were obtained from
Jackson Laboratory. Ncri¢®/*Eomes®/f mice were provided by
Zhongjun Dong (Tsing Hua University). Rosa26MSL-tdTomate and
NcrI®reERT2 mice were obtained from the Shanghai Model Organ-
isms Center. Klra5P™® mice were generated by Biocytogen Co. All
mice were generated on or backcrossed to the B6 background for
three or more generations. Various ages of both male and female
mice were used. Mice were sex- and age-matched for all adult-
related experiments; mice were age-matched for all neonate-
related experiments. All mice were housed in a specific
pathogen-free facility with unrestricted access to food and
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water, in compliance with the guidelines for the use of ex-
perimental animals at the University of Science and Tech-
nology of China. Experiments were conducted in accordance
with approved institutional protocols.

Virus and infection

MCMV-eGFP (provided by Zhikang Qian; Pan et al., 2018) was
propagated on primary MEFs (Brune et al., 2001) derived from
WT B6 mice, and viral titers were determined using a 96-well
plate. Briefly, cell-free media from the virus-infected cultures
were collected to determine the virus titers using the 50% tissue
culture infectious dose (TCIDs,) assay in MEFs. To measure viral
copies, experimental neonatal mice were infected i.p. with 5 x
106 TCIDso MCMYV in 0.01-0.03 ml DMEM per g body weight. To
assess survival, experimental neonatal mice were infected i.p.
with 2 x 10® TCIDs, MCMYV in 0.01-0.03 ml per g body weight.

Virus quantification

MCMV viral titers were determined as previously described
(Weizman et al., 2017). The DNeasy Blood and Tissue Kit (Qia-
gen) was used for DNA isolation from the liver or spleen. After
isolation, DNA concentrations were measured using a Nanodrop
(Thermo Fisher Scientific). Quantitative real-time PCR was
performed using 10 ng DNA, a supermix containing SYBR Green
(Takara), and primers specific to MCMV IE-1 DNA (forward: 5'-
AGCCACCAACATTGACCACGCAC-3'; reverse: 5'-GCCCCAACC
AGGACACACAACTC-3') and egfp (forward: 5'-GAAGAACGGCAT
CAAGGTG-3'; reverse: 5'-CTGGGTGCTCAGGTAGTGG-3'). Copy
numbers were determined by comparing the Cq values to a
standard curve generated using known dilutions of IE-1 plasmid
and normalized relative to the total DNA content. Actin was used
as a housekeeping gene for data normalization.

Cell isolation

Isolation of liver MNCs and splenocytes was performed as pre-
viously described (Wang et al., 2006). Briefly, livers were re-
moved and pressed through a 200-gauge mesh, and liver MNCs
were collected after 40 and 70% Percoll density gradient cen-
trifugation. The spleens were removed and pressed through a
200-gauge mesh, and splenocytes were obtained by lysing the
erythrocytes with red cell lysis buffer (BioLegend). BM cells
were obtained by flushing femurs and then lysing the eryth-
rocytes with red cell lysis buffer. Cells from the thymus and
inguinal LNs (iLNs) were obtained by mechanical disruption.

The lung, SG, uterus, and adipose and ear skin tissues were
cut into pieces and digested in RPMI 1640 (Hyclone) with 0.1%
collagenase IV, 0.25 mg/ml DNase I, and 10% FBS (Gibco BRL)
with shaking at 37°C for 40 min. The supernatant was collected
and purified by Percoll gradient centrifugation.

IELs were isolated as described previously (Ivanov et al.,
2006). Briefly, small intestine mesentery and Peyer’s patches
were excised and gently washed to remove the luminal contents.
The intestines were cut into pieces and placed into a 50-ml Er-
lenmeyer flask. The intestinal pieces were incubated in 20 ml
IMDM (Hyclone) supplemented with 5% FBS, 5 mM EDTA, and
15 mM Hepes and rotated at 200 rpm for 30 min at 37°C.
This procedure was repeated twice. After each rotation, the
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supernatants containing IELs were collected. The intestine was
washed, minced, and incubated with IMDM, 10% FBS, 0.1%
collagenase IV, and 0.25 mg/ml DNase I with shaking at 37°C for
30 min. This procedure was repeated twice. After each round of
rotation, the supernatants containing lamina propria-associated
lymphocytes were collected. The supernatants were filtered
through a 200-gauge steel mesh, and IELs and lamina propria-
associated lymphocytes were collected after Percoll gradient
centrifugation.

BrdU incorporation

Mice were injected i.p. with BrdU (1 mg for adult mice or 0.1 mg
for neonatal mice) 1 d before harvest. BrdU staining was per-
formed according to the FITC BrdU Flow Kit (BD Biosciences)
instructions.

Antibody staining and flow cytometry

The isolated cells were incubated with rat serum to block Fc
receptors for 30 min at 4°C, followed by staining with fluo-
rescently labeled mAbs (Table S1) against surface molecules. For
intracellular cytokine staining, cells were stimulated with 30 ng/
ml PMA (Sigma-Aldrich) and 1 ug/ml ionomycin (Sigma-
Aldrich) or incubated with Yac-1 cells (effector/target ratio of 3:1)
for 4 h, and 2 ug/ml monensin (Sigma-Aldrich) was added at the
beginning of the stimulation procedure. For cytokine stimulation,
the cells were stimulated with 10 ng/ml mulIL-12, 10 ng/ml mulL-
15 (Peprotech), and 50 ng/ml mulL-18 (R&D Systems) for 18 h, and
2 pg/ml monensin was added during the last 4 h of stimulation.
CD107a was stained during stimulation. After surface staining, the
cells were fixed, permeabilized using a Foxp3/Transcription Fac-
tor Staining Buffer Set (eBioscience), and stained with mAbs
against intracellular molecules. All data were collected using a
flow cytometer (LSR II and LSRFortessa; BD Biosciences) and an-
alyzed with Flow]Jo software (TreeStar).

Cell sorting and adoptive transfer

A FACS Aria cell sorter (BD Biosciences) was used to purify cNK cells
(CD3-NKL1*CD49b*CD49a"), Ly49E* IL.Cls (CD3-NKL1*CD49a*CD49b™
Ly49F Ly49E"), Ly49E~ ILCls (CD3 NKL1*CD49a* CD49b Ly49E"), IL-
7Ro*Ly49E- ILCls (CD3 NKL1'‘CD49a*CD49b Ly49E- IL-7Ra*), and
IL-7RaLy49E- ILCls (CD3-NK1.1*CD49a*CD49b Ly49E- IL-7Ra”). The
purity of the sorted cell populations was >90%, as verified after sorting
by flow cytometry. For the in vivo study, purified cells were trans-
ferred iv. into sublethally irradiated (6.5 Gy administered 1 d before
adoptive transfer) adult recipient mice, which were harvested 2 wk
later or challenged 1 mo later with OXA. For some neonatal experi-
ments, purified cells were transferred into neonatal Thx2I~/~ mice by
intrahepatic injection. Mice were infected with MCMV 1 d later and
harvested 3.5 dpi or assessed for survival.

Lineage tracing of HSCs and group 1 ILCs

For fate-mapping analysis of HSCs, Fgd5°*ERT2 mice were
crossed with Rosa26-LSL-tdTomato reporter mice. To label the
HSCs of newborns (1 d), 2.5 mg tamoxifen (MedChemExpress)
was administered to dams by oral gavage three times within
24 h. To mark neonatal (1 wk) and adult (5 wk) HSCs, mice were
injected i.p. with 500 pg tamoxifen (a single dose) and 2.5 mg
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tamoxifen (every 24 h for five consecutive days), respectively.
To induce the labeling of YS Fgd5* progenitors, pregnant females
were injected i.p. with 1.25 mg 4-OHT (MedChemExpress) and
0.75 mg progesterone (MedChemExpress) on E8.5. For the in-
duction of embryonic Ncrl fate-mapping, NcrI“ERT2 males were
crossed with Rosa26-LSL-tdTomato females, followed by i.p. in-
jection of pregnant mice with 1.5 mg 4-OHT and 1 mg proges-
terone on E17.5. Because 4-OHT treatment interferes with
natural delivery, pups were delivered by cesarean section and
fostered with lactating ICR females.

DT-mediated Ly49E* cell depletion
DT (List Biological Laboratories) was stored at ~80°C. Neonatal
Klra5P™ or WT mice were injected i.p. with a single dose of DT

(4 ng/g body weight).

CHS

On days 0 and 1, WT mice were sensitized by painting the
shaved abdominal skin with 50 pl 5% OXA (Sigma-Aldrich) in a
solution of acetone/methanol (1:1). After 5 d, these mice were
challenged by painting the skin of their ears with 20 ul 1% OXA
for ear-based ILC1 analysis.

On days 0 and 1, the WT mice were sensitized by painting
their shaved abdominal skins with 50 pl 5% OXA or 0.5% FITC
(Sigma-Aldrich) in a solution of acetone/dibutyl phthalate (1:1).
After 5 d, these mice were used as donors for adoptive transfer of
purified liver group 1 ILC subsets. Recipient mice were challenged
by painting the skin of their right ears with 20 ul 1% OXA or 20 pl
0.5% FITC; left ears were painted with solvent as controls. Ear
thickness was measured every 24 h using a micrometer.

To evaluate acute hapten-induced irritation, background
swelling was measured as the swelling measured in naive mice
treated with the same solvent. Hapten-specific ear swelling was
calculated as follows: (thickness of the hapten-treated ear -
thickness of the control ear) - background swelling.

Cytotoxicity assay

Flow-based killing assays were performed as previously de-
scribed (Grossman et al., 2004). Briefly, target Yac-1 cells were
labeled at 37°C for 10 min with 200 nM CFSE (Sigma-Aldrich).
Labeled target cells (1 x 10%) were added to 96-well round-
bottom plates along with purified liver group 1 ILC subsets (1 x
10%) in complete RPMI for 4 h. Immediately before analysis,
0.5 mg/ml (final concentration) of 7-amino-actinomycin D (7-AAD;
eBioscience) was added to each sample. Cells positive for both
7-AAD and CFSE were considered lysed.

Real-time cytotoxicity assays were monitored using an
xCELLigence Real-Time Cell Analyzer-Multiple Plate system
(Roche Applied Science). To obtain an equilibrium of E-Plate 16
(Roche Applied Science), 50 ul complete RPMI was added to each
well. Then, 1 x 10* MC38 cells (target cells) in 100 pl culture
medium per well were plated into E-Plate 16, which was sub-
sequently placed into the Real-Time Cell Analyzer-Multiple
Plate instrument at 37°C with 5% CO,. 28 h later, 1 x 10° liver
group 1ILC subsets (effectors) in 100 ul culture medium per well
were added. The cell index represented changes in electrical
impedance and reflected the number of unkilled target cells on
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biocompatible microelectrode surfaces. For real-time monitor-
ing, the cell index was read automatically every 15 min. Cell
index data in each group represented the mean value from
three wells.

scRNA-seq and graphic display of scRNA-seq data

Group 1 ILCs from the liver and spleen (CD45* NK1.1*NKp46*
CD3-CD19-) were sorted using a FACS Aria cell sorter (BD Bio-
sciences). Single-cell barcode scRNA-seq libraries of the purified
group 1 ILCs were generated using Chromium Single Cell 3’
Library (v2; 10x Genomics), according to the manufacturer’s
instructions, and scRNA-seq libraries were sequenced with a
HiSeq X Ten system (Illumina).

Data were mapped to the mouse genome mml0 using Cell
Ranger 2.1.1 (10x Genomics). Raw gene expression data were
converted to a Seurat object using Seurat R (v3.0; Butler et al.,
2018) for further analyses. The Seurat object was first generated
using the following criteria: each gene was expressed by =50
cells, and =500 genes were expressed per cell. We further fil-
tered out cells that had unique feature counts >3,000 or <500
and >4% mitochondrial counts. Variable genes were selected
based on average expression and dispersion. Principal compo-
nent analysis was performed using variable genes. Clusters and
t-SNE plots were generated based on selected principal compo-
nent analysis dimensions. Marker genes were identified by the
Seurat function FindVariableFeatures. Scaled expression data of
the top 200 and top 10 marker genes for each cluster were used
to generate heatmaps.

Bulk RNA-seq and transcriptomic analysis

Liver Ly49E* or Ly49E- ILCls from WT adult mice were sorted,
and RNA was isolated using TRIzol (Thermo Fisher Scientific)
and Direct-zol RNA Miniprep kit (Zymo Research Corp). RNA
amplification and RNA-seq were performed by Novogene Bio-
informatics Technology Co.

Differential expression analysis was executed with edgeR
(v3.26.8). Genes were considered to be differentially expressed
between two groups (one sample for Ly49E* group versus two
samples for Ly49E- group) if their fold-changes were >2.0 and
adjusted P values were <0.01. Gene Ontology (GO) analysis was
performed using GOrilla ranked lists analysis (Eden et al., 2009).
The full list of enriched GO terms and volcano plots were gen-
erated for differentially expressed genes with >2.0-fold differ-
ences in expression between adult Ly49E* and Ly49E~ ILCls.

Statistical methods

Statistical analyses were performed using GraphPad Prism v6.0
and v8.0. For graphs, data are presented as the mean + SEM; P
values were calculated using one- or two-way ANOVA or Stu-
dent’s t test (Welch’s correction used for unequal variances).
Significance was defined as follows: NS, P > 0.05; *, P < 0.05;
** P < 0.05; **, P < 0.001; and *™**, P < 0.0001; n in animal ex-
periments refers to numbers of animals per experimental group.

Online supplemental material
Fig. S1 shows differentially expressed genes between liver ILCI
subsets. Fig. S2 shows that Ly49E- ILCls rather than Ly49E*
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ILCls specifically express IL-7Ra and exhibit memory potential
in the CHS model. Fig. S3 shows Ly49E* ILCls in neonatal liver
and little contribution of adult BM hematopoiesis to the Ly49E*
ILC1 pool. Fig. S4 shows the expression of granzymes and other
functional molecules and cytotoxicity against MC38 cells in
Ly49E* and Ly49E- ILCls. Fig. S5 shows liver group 1 ILC com-
position and the expression of Ly49H and GzmB in Ly49E* ILCls
during MCMV infection, and also shows the viral loads in
spleens of Thx21~/~ mice adoptively transferred with ILC1 subsets
or not, Klra5P™ mice or Ncri€*®/*Eomes/f! mice after MCMV
infection. Table S1 lists antibodies and fluorochromes.

Data availability

Murine bulk RNA-seq and scRNA-seq data are deposited under
GEO accession number GSE171851. All other data needed to
evaluate the conclusions in the paper are present in the paper or
the online supplemental material.
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Figure S1. Differentially expressed genes between two liver ILC1 subsets revealed by scRNA-seq and bulk RNA-seq. (A) Distribution of selected genes
(upregulated in C4 or C5 cluster) within C1-C5 clusters from scRNA-seq analysis. (B) Heatmap showing the expression of selected ILC-featured transcription
factors from bulk RNA-seq data of liver Ly49E* ILC1s and Ly49E~ ILC1s from WT B6 mice (5-8 wk old). (C) Representative plots of GATA3 and RORyt expression
in ILC subsets of WT B6 mice (5-8 wk old). Flow cytometric plots are representative of two independent experiments with four to five mice per group. (D) Gene
expression signature of the indicated cell populations revealed by bulk RNA-seq. Left heatmap shows total differential expressed genes with >2.0 fold-changes.
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Figure S2.  Adult Ly49E- ILC1s have the capacity to confer memory responses in the CHS model. (A) Representative dot plots showing Ly49E/F and IL-
7Ra expression on liver ILC1 subsets from WT B6 mice (6-8 wk old). Data are representative of at least two independent experiments with three to four mice
per experiment. (B) Percentages and GMFI of IL-7Ra expression among liver Ly49E* or Ly49E~ ILCls from B6 mice (6-8 wk old). Data are pooled from two
independent experiments with seven mice per experiment. (C and D) WT B6 mice (6-8 wk old) were abdominally sensitized with 5% OXA and challenged with
1% OXA on the ears 5 d later (sensitized and challenged). The control mice were only challenged with 1% OXA on the ears without prior abdominal sensitization
(challenged only). 48 h after 1% OXA challenge, the ear cell suspensions of two groups were prepared for flow cytometric analysis. Statistical analysis showing
the percentages (C) and absolute numbers (D) of Ly49E* or Ly49E-IL-7Ra* ILC1s in mouse ears. Ear ILC1s were gated as CD3-CD19-NK1.1*NKp46+*CD49a*.
Data were pooled from two independent experiments with n = 6 mice per group. (E and F) Sublethally irradiated WT B6 mice (6-8 wk old) received 5 x 10*
Ly49E* ILC1s, Ly49E~ ILCIs, or liver cNK cells obtained from 5% OXA-sensitized WT B6 mice (4 wk old) and were challenged 1 mo later with 1% OXA on the
right ears and solvent control on the left ears. Schematic showing the experimental design (E). Ear swelling of recipient mice was measured 24-96 h after
challenge (F). Data were pooled from three independent experiments with n = 5-7 mice per group. (G) Sublethally irradiated WT B6 mice (6-8 wk old) received
OXA-sensitized Ly49E~ ILC1s and were challenged with 1% OXA on the right ears or 0.5% FITC on the left ears 1 mo later. Ear swelling of recipient mice was
measured 48 h after challenge. Data were pooled from two independent experiments with n = 7 mice per group. (H and 1) Sublethally irradiated WT B6 mice
(6-8 wk old) received 5 x 10* Ly49E* ILC1s, Ly49E~IL-7Ra ILC1s, Ly49E-IL-7Ra* ILCls, or liver cNK cells from OXA-sensitized WT B6 mice (4 wk old) and were
challenged 1 mo later with 1% OXA on the right ears or solvent control on the left ears. Schematic showing the experimental design (H). Ear swelling was
measured 24-96 h after challenge of recipient mice (1). Data were pooled from four independent experiments with n = 6-14 mice per group. Bar graphs show
the mean + SEM; unpaired, two-tailed Student’s t test were used in B and G, two-way ANOVAin C, D, F, and |; ¥, P < 0.05; **, P < 0.03; ***, P < 0.001; ****, P <
0.0001.
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Figure S3. The neonatal liver is enriched with Ly49E* ILC1s that are rarely replenished after birth. (A) Representative plots showing the gating strategy
and characteristics of neonatal liver group 11LCs (0-3 d old). (B) Percentages of Ly49E* ILCls, Ly49E~ ILCLs, and cNK cells among liver group 1 ILCs from WT
mice at different ages. Data for each time point are representative of three independent experiments with n = 3-6 mice. (C) Flow cytometric plots showing
Ly49E expression among CD45* leukocytes from neonatal liver (0-3 d old). Data are representative of at least three independent experiments. (D and E)
Lethally irradiated recipient CD45.1* mice received donor CD45.2* BM cells (6-8 wk old) or CD45.2* fetal liver cells (E13.5-15.5). 1 mo later, the livers of
recipient mice were harvested for flow cytometric analysis of Ly49E expression on ILC1s (D). Percentages of BM- or fetal liver-derived Ly49E* cells among
donor-derived ILC1s (E). Data are representative of two independent experiments with n = 3 or 4 mice. (F) Absolute cell numbers of Ly49E~ ILC1s in the liver of
WT and Klra5°™ mice at 1 or 4 wk after intrahepatic (i.h.) treatment with DT once during the neonatal period (0-3 d old). Data were pooled from two or three
independent experiments with n = 5-16 mice. Bar graphs show the mean + SEM; unpaired Student’s t test was used in E, and one-way ANOVA followed by
Dunnett’s multiple comparison test in F; ****, P < 0.0001.
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Figure S4. Comparison of effector functions between Ly49E* and Ly49E- ILC1s. (A and B) Representative histograms (A) and percentages (B) of cells
expressing the indicated intracellular functional molecules (GzmA, GzmB, and GzmC) in liver group 1 ILC subsets of WT B6 mice (5-8 wk old) at steady state.
Data are representative of two or three independent experiments with n = 3-5 mice per experiment. (C and D) Percentages of cells expressing perforin and
CD107a (C) or TNF-a and IFN-y (D) among liver group 1 ILC subsets of WT B6 mice (5-8 wk old) after stimulation for 18 h with 10 ng/ml IL-12, 10 ng/ml IL-15,
and 50 ng/ml IL-18, 4 h with PMA plus ionomycin (PMA + lon), or with Yac-1 cells. Data are representative of two or three independent experiments with n = 3
mice per experiment. (E and F) Representative plots (E) and percentages (F) of cells expressing IL-2 in liver T cells and group 1 ILC subsets of WT B6 mice (5-8
wk old) after stimulation for 4 h with PMA and lon. Data are representative of two independent experiments with n = 5 mice per experiment. (G) GMFI of cells
expressing FasL and TRAIL among Ly49E* or Ly49E- ILC1s derived from WT B6 mice (5-8 wk old). Data are representative of two independent experiments
with n = 3 mice per experiment. (H and 1) Real-time cytotoxicity assays were performed using liver group 1 ILC subsets from WT B6 mice (3-6 wk old) as
effector cells and MC38 tumor cells as the target cells, with an effector-target (E:T) ratio of 10:1. The cell index during 4 h (H) and percentages of killing
efficiency at the 4-h time point (1) after incubation with effector cell. Data are representative of two independent experiments with n = 3 samples per group. Bar
graphs show the mean + SEM; one-way ANOVA followed by Dunnett’s multiple comparison test was used in B-D, F and |, and unpaired Student’s t test in G;
*, P < 0.05 ** P < 0.05 *** P < 0.001; **** P < 0.0001.
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Figure S5. Ly49E* ILC1s mediate protective responses against MCMV infection in neonatal mice. (A) Percentages of Ly49E* ILCls, Ly49E~ ILC1s, and
cNK cells among liver group 1 ILCs from neonatal WT mice within 3 d of age after infection with MCMV-eGFP. Data for each time point are representative of
three independent experiments with n = 4-5 mice. (B) Representative plots showing Ly49H expression on neonatal liver group 1 ILCs after MCMV-eGFP
infection. (C) Flow cytometric analysis of GzmB expression in CD45* leukocytes from neonatal livers before and after MCMV-eGFP infection. (D) Viral copies in
the spleen of neonatal Thx21~/~ and WT mice were measured 0.5, 1.5, 2.5, and 3.5 dpi with MCMV-eGFP. Data are representative of at least three independent
experiments with n = 3 mice per group. (E) 1-1.5 x 10° neonatal Ly48E* or Ly49E~ ILC1s were transferred into neonatal Thx21~/~ mice 1 d before MCMV-eGFP
infection. Spleen viral copies were measured 3.5 dpi. Data were pooled from two independent experiments with n = 7-12 mice per group. (F) The depletion
effect of Klra5°™R mice after DT treatment. Plots are representative of at least three independent experiments. (G) Neonatal Klra5°™ mice were administered
DT 10 h before MCMV-eGFP infection. Spleen viral copies were measured 3.5 dpi. Data were pooled from three independent experiments with 21-23 mice.
(H and 1) 0-3-d-old neonatal Ncr1/*Eomes/* and Ncr1<e/*Eomesffl mice were infected with MCMV-eGFP. The absolute cell number of liver ILC1s (H) and
viral titers in the spleen (1) were measured 3.5 d later. **, P < 0.01. Data are representative of three independent experiments with five to nine mice per
experiment. Bar graphs show the mean + SEM; two-way ANOVA was used in D and E, unpaired two-tailed Student’s t test in G-I.

Table S1 is provided online and lists antibodies and fluorochromes.
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