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SUMMARY

The thymus has a high capacity to support the differentiation of ILCs, especially
when E protein transcription factors are ablated. Whether it contributes to the
homeostasis of ILC pools in tissues is not clear. Single-cell RNA sequencing anal-
ysis shows a substantial amount of ILC precursors in wild type but not athymic
nude blood. The precursors express CD3 intracellularly (ic) but not on the surface.
The abundance of Lin " CD127*CD62L"icCD3¢™ precursors varies with age, peak-
ing at 2-3 months. These cells can differentiate into various ILC subsets on OP9-
DL1 stroma in vitro. In the lung, small intestine, and epidermis, icCD3e* cells
differentiate into diverse ILC subsets in different tissue environments in steady
state. Helminth infection promotes their differentiation toward functional
ILC2s. Thus, the thymus appears to play a role in replenishing ILC pools in
different peripheral tissues. Because thymic activity is age-dependent, this
finding may help explain age-related differences in immune responses.

INTRODUCTION

Innate lymphoid cells (ILCs), grouped as ILC1, ILC2, and ILC3, represent an emergent class of immune cells
that act as first responders in the immune response, integrating environmental cues from mucosal tissues
and microbes (Artis and Spits, 2015; Eberl et al., 2015; Vivier et al., 2018). The differentiation of ILCs is
believed to take place in the bone marrow or fetal liver. Multipotent lymphoid primed progenitors or com-
mon lymphoid progenitors have been shown to give rise to all subsets of ILCs in addition to B and T lym-
phocytes. A series of intermediate progenitors have been identified in the bone marrow; some can give rise
to both NK and the three ILC subsets whereas others only generate ILCs (Vivier et al., 2018; Walker et al.,
2019; Yang and Bhandoola, 2016). ILCs are also thought to be replenished from tissue-resident ILC progen-
itors though the identities of these progenitors in different tissues are not well established. In human blood,
multipotent ILC progenitors have been characterized but the mouse counterparts have not been well docu-
mented (Lim et al., 2017; Nagasawa et al., 2019).

With the exception of NK cells of thymic origin (Li et al., 2010; Vargas et al., 2011; Veinotte et al., 2006), the
thymus had not been considered a site for ILC development until we discovered mass production of ILC2s
due to the thymus-specific ablation of the function of E protein transcription factors (Wang et al., 2017). In
our Id1 transgenic mice (called Id1 hereafter) where the Id1 inhibitor of E proteins is expressed using the
proximal promoter of the Lck gene (pLck) at the early T cell progenitor (ETP) stage, ILC2s were found to
be 10- to 100-fold enriched in the thymus and throughout the body (Wang et al., 2017). Likewise, ablation
of two E protein genes, Tcf3and Tcf12, using plck-Cre resulted in similar accumulation of ILC2s in the dou-
ble knockout (called dKO hereafter) mice (Qian et al., 2019; Wang et al., 2017). In support of the ILC2-pro-
ducing potential in wild-type (WT) thymus, a fraction of ILC2s in the lung of WT but not athymic nude mice
have been shown to carry rearranged T cell receptor (TCR) genes, which suggested their thymic history of
differentiation (Qian et al., 2019; Shin et al., 2020). In the thymus-specific plck-Cre reporter mice, we de-
tected reporter expression in blood ILCs and in peripheral tissues in a thymus-dependent manner (Qian
etal., 2019). Using in vitro culture on OP9-DL1 stromal cells, the CD4 and CD8 double-negative thymocytes
at DN1 (ETP) and DN3 stages exhibited robust potential to differentiate into ILC2s. Additionally, fetal
thymic organ culture studies illustrated the potential of the thymus to support ILC2 differentiation after
ablation of E protein genes (Miyazaki et al., 2017). Examination of pre- and postnatal thymi also detected
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Despite evidence suggesting the capability of the thymus to support ILC differentiation and the potential
of thymocytes to differentiate into ILCs, outstanding questions are how the thymus contributes to the pools
of ILCs, the magnitude of thymic contribution under homeostasis, and the phenotype of thymus-depen-
dent ILCs. In this report, we address these questions by using single-cell RNA sequencing (scRNAseq)
and different mouse models. We show that several subsets of the lineage negative (Lin") and Thy1" pop-
ulation (enriched of ILCs) in the blood are dramatically reduced in athymic nude mice compared to WT
controls, which suggest the thymus dependence of these subsets. These cells are further defined as
CD127"CDé2L intracellular CD3e*(icCD3e") and their frequencies peak at around 2-3 months of age.
Lin"CD127*CDé2L" cells can differentiate into ILC subsets on OP9-DL1 stromal cells in vitro. In the periph-
ery, icCD3e" ILCs were found in the lung, small intestine, and epidermis of WT but not athymic nude mice.
These cells respond to helminth infection by producing ILC2 cytokines. Together, these data suggest that
the thymus serves as a source of ILC precursors and replenishes tissue ILC pools.

RESULTS

Single-cell RNA sequencing analyses identify ILC precursors in the blood whose levels
correlate with the functionality of the thymus

If the thymus were to continuously supply ILCs to peripheral tissues, it would first export them to the blood.
We thus used scRNAseq to analyze blood Lin"Thy1* cells from 4 different strains of 2-months-old mice and
compared the levels of different subsets. Besides WT mice, we utilized athymic nude mice which are devoid
of thymus-derived cells. Id1 and dKO mice have excessive amounts of ILC2s made in the thymus from DN1
and DN3 cells, respectively (Qian et al., 2019; Wang et al., 2017). Figure 1A shows the sorting profiles and
the abundance of the Lin " Thy1" subset in each strain. Remarkably, the frequencies of this population in Id1
and dKO mice are 19- and 484-fold higher than that in WT mice, respectively.

Analyses using the Seurat program (Butler et al., 2018; Stuart et al., 2019) generated 15 clusters labeled in
the order of their frequencies, among which clusters 0, 4, 7, 8, and 10 are markedly reduced in nude mice
compared to WT mice, suggesting that the existence of these subsets requires the thymus (Figures 1B and
1C). Although these clusters may represent heterogeneous subsets, we designate them collectively as
thymus-dependent ILCs (td-ILCs). td-ILCs constituted 55% of circulating Lin"Thy1" cells in WT mice, high-
lighting their relative abundance among circulating ILCs. Interestingly, they are highly enriched in dKO
mice, accounting for 75% of the Lin " Thy1" population and 17% of the total peripheral blood mononuclear
cells (PBMCs).

In contrast, cluster 3 constitutes 39% of Lin " Thy1" cells in Id1 mice but only 4% and 12% in WT and nude
mice, respectively (Figures 1B and 1C). Considering the frequency of Lin " Thy1" cells, cluster 3 cells are
more abundant in dKO and Id1 mice by over 100-fold compared to WT mice. Because dKO and Id1
mice are highly enriched of ILC2s, cluster 3 may encompass ILC2s. Despite their thymic origin, cluster 3 cells
in Id1 and dKO mice possess similar transcriptional profiles as those in WT and athymic mice such that they
are all assigned to the same cluster. Interestingly, athymic mice possess more of these cells than WT mice,
perhaps due to lack of suppression by T regulatory cells or homeostatic competition from T cells (Rigas
et al., 2017).

We next analyzed levels of the genes known to be expressed in T cells and ILCs in each cluster in WT and
athymic mice (Figure 1D). None of the clusters expressed CD4 or CD8, thus excluding the possibility of
contamination with conventional af8 T cells. Cluster 12 in WT mice expresses genes found in immature
T cells but the same cluster found in athymic mice did not express these T cell-specific genes (Figure 1D).
Interestingly, the td-ILC clusters (cluster0, 4, 7, 8, and 10) as well as other clusters such as clusters 1 and 2in
WT mice possess transcripts coding for different CD3 chains. However, compared to other Cd3 expressing
clusters, td-ILCs distinctively express Sell and S1pr1, which encode a ligand or receptor necessary for cells
to exit the thymus (Matloubian et al., 2004; Weinreich et al., 2011) (Figure 1D). In addition, td-ILCs express
I7ra and Tcf7 general markers for all ILCs (De Obaldia and Bhandoola, 2015), but transcripts for Thx21,
Eomes, Gata3, and Rorc, which specify ILC subsets were not detected.

Besides td-ILCs, cluster 1 expresses a higher level of II7r, Id2, Rora, and Maf, as well as Zbtb16 and Rorc,
which hinted the inclusion of ILC3s (Figure 1D). Curiously, these cells also expressed Cd3 genes in WT
mice but not in nude mice, suggesting cluster 1 cells in WT and nude mice may be of different origins (Fig-
ures 1D and 1E). Cluster 1 in both WT and nude mice also express Pdcd? and 1118r1, which mark ILC
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Figure 1. Single-cell RNA sequencing analyses identifies ILC precursors in the blood whose levels correlate with
the functionality of the thymus

(A) Sorting profiles for indicated strains of mice. Cells in the last gate were used for scRNAseq. The frequencies of these
cells in PBMCs are shown in the bar graph.

(B) T-distributed stochastic neighbor embedding (t-SNE) map of ILCs in different strains (WT, Nude, dKO, and Id1).
Cluster numbers were marked. Numbers in parenthesis show the number of cells sequenced.

(C) Percentage of cells in thymus-dependent (top) and independent (bottom) clusters.

(D) Dot plot showing the expression of genes of interest in each cluster (0-12) in WT and nude mice.

(E) Feature plots showing the expression of indicated genes in WT and nude mice.

progenitors (Figure 1E). It thus appears that cluster 1 contains both ILC progenitors (ILCPs) and ILC3s but
further fractionation could not separate these cell types into ILCP and ILC3 sub-clusters (data not shown).
Cluster 2 harbors a list of genes related to NK cells along with Tbx21 and Eomes, thus suggesting that this
cluster contains NK or ILC1s. Cluster 3 best fits the description of ILC2s based on the expression of ILC2
signature genes such as Gata3, Lmo4, Rora, and [11rl1 (Figure 1D).

Examination of individual genes in feature plots revealed interesting patterns: while most of the cells have
I17r and Tcf7, only the thymus-dependent clusters express Sell (Figure S1). Interestingly, |d2 levels are high
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Figure 2. Age-dependent output of blood td-ILCs and their differentiation

(A) Peripheral blood of indicated strains of mice were analyzed. The frequencies of Lin " Thy1*CD127* and subsequent
CD62L*icCD3¢e" subsets are quantified.

(B) The average frequency of blood CD62L*icCD3e" cells of the Lin”Thy17CD127" compartment in WT mice of indicated
ages. Data are represented as mean + SD. One-way ANOVA was used for determining the statistical significance of data
shown in (A) and (B). *p<0.05, **<0.01, ***p<0.001, ****p<0.0001, ns, not significant.

(C) In vitro differentiation on OP9-DL stroma of the indicated cell populations (800 cells per well) in 30 ng/mL of each IL-2,
IL-7, and stem cell factor. Cells were analyzed on day 9 of the culture and the frequencies of indicated subsets are shown in
the graphs. Data shown are representative of three independent experiments.

in thymus-independent clusters but the thymus-dependent ones expressed Id3 instead. Tbx21 and Rorc

marked ILC1s and ILC3s in clusters 2 and 1, respectively. Gata3 is more widely expressed but its level is
higher in cluster 3.

Age-dependent output of blood td-ILCs and their differentiation

To verify the scRNAseq data using flow cytometry, we chose CD127 (encoded by II7r), CD62L (encoded
by Sell) and icCD3e to label thymus-dependent ILCs (Figure 2A). We first evaluated the levels of
Lin"Thy1"IL7R"icCD3e"CD62L" cells in the blood of WT, nude, dKO, and Id1 mice at 2 months of
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age. Consistent with the scRNAseq data, a high proportion of WT Lin"Thy1"CD127* cells are icCD3e",
most of which are CD62L*, suggesting that these cells are enriched of td-ILCs. As expected, dKO mice
harbor a large number of such cells but nude mice had few of them, thus confirming that the frequencies
of these cells correlate with the presence of a thymus. Because ILC2 differentiation in Id1 mice occurs in
DN1 cells, which express low levels of CD3, it is not surprising that lower percentages of icCD3e" cells
were detected.

Next, we examined the frequencies of td-ILCs in correlation with age, ranging from 7 days to over 6 months
old (Figure 2B). The percentage of icCD3e*CD62L" cells in the Lin " Thy1"CD127" fraction in the blood was
quantified. There was a gradual increase in the frequencies of td-ILCs until 2-3 months of age and that
decreased significantly in mice over 6 months old. These results suggest that td-ILCs are primarily gener-
ated postnatally and their production depends on a functional thymus. Schneider et al. showed that a major
wave of ILC2 expansion in different tissues occurs at the neonatal stage (Schneider et al., 2019). It is thus
unlikely that td-ILCs, if at all, contribute significantly at this stage of expansion but may replenish the ILC
pools in adulthood.

We also explored the differentiation potential of blood td-ILCs using OP9-DL1 culture (Figure 2C).
Because icCD3e cannot be used for live cell sorting, we isolated Lin"CD127*KLRG1~ST2 CD62L" cells,
which is a heterogeneous population, and plated them on OP9-DL1 stroma. Our pilot experiment
showed that the differentiation of these cells depended on IL-2; the culture was thus carried out in
the presence of IL-2, IL-7, and stem cell factor. DN3 thymocytes were used as a positive control for
ILC2 differentiation. The cells were analyzed on day 9 for the expression of surface markers including
NK1.1, NKp46, ICOS, and CD25 as well as TCRB and TCR3. A small fraction of the cells carried TCRB,
which may be due to de novo differentiation from some immature T precursors included in the popula-
tion or contaminating T cells that expanded in the presence of IL-2 and IL-7. Of the TCR™ cells, about
20% expressed NK1.1 but not NKp46, suggesting that the cells are likely of NK/ILC1 lineage. The major-
ity of the NK1.17 fraction displayed ICOS, of which more than half also expressed CD25, characteristic of
ILC2s. ILC3s may also be present in the ICOS™ fraction. These results suggest that the Lin"CD127"
KLRG17ST2 CDé62L" population includes progenitors capable of generating T cells and/or ILC subsets.
It would also be interesting to test if the same population of cells from nude mice has reduced differen-
tiation potentials but the demand for a large number of mice for isolating these cells makes the exper-
iment unfeasible. It should be noted that due to the heterogeneity of the population and the arbitrary
in vitro condition used, the true potentials of these cells need to be investigated at the single-cell level
and in different tissue environments.

Intracellular CD3 marks thymus-dependent ILC precursors in peripheral tissues

To identify thymus-dependent ILC or ILC precursors in peripheral tissues, we stained lung, small intes-
tine, and skin cells using flow cytometry. In the lung, conventional ILC2s were identified as Lin " CD127"
Thy1*ST2" whereas immature ILC2s and other ILCs may be in the ST2™ counterpart (Figure 3A). We then
interrogated these two subsets for the levels of icCD3e and IL18R1. IL18R1 is recently shown to mark ILC
precursors in the lung (Ghaedi et al., 2020; Zeis et al., 2020). In WT mice, a small fraction of ST2" cells
expressed CD3e and/or IL18R1 but a high proportion of ST2™ cells were icCD3e* and/or IL18R1". In
contrast, nude mice had few icCD3e" cells in both ST2" and ST2™ subsets, suggesting that icCD3e marks
thymus-dependent cells. In nude mice, despite the marked reduction of icCD3e" cells, the total
numbers of ST2" and ST2~ cells did not decrease, likely due to the expansion of other cells. In
contrast, dKO mice, in which massive amounts of ILC2 and ILC precursors are produced from icCD3e™
committed T cells in the thymus, had over 100 times more ST2" or ST2™ cells in the lung, most of which
are icCD3e". Because ILC2s in Id1 mice originate from CD3e™ multipotent early T cell progenitors, the
ST2* and ST2 cells in the lung were largely icCD3e™ even though large amount of such cells were pre-
sent (Figure 3A).

In the small intestine, Lin"CD127"CD45"Sca-1" cells were divided into KLRG1* and KLRG1™. The former is
considered conventional mature ILC2s while the latter may include immature ILC2s or other ILCs (Fig-
ure 3B). icCD3e was mostly detected in the KLRG1™ subset in wild-type mice but not in nude mice.
When the icCD3e" cells were absent in nude mice, other cells made up the total numbers due to homeo-
static expansion. dKO mice had icCD3e" cells in both KLRG1" and KLRG1~ fractions but Id1 mice did not
express CD3e in either population (Figure 3B).
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Figure 3. Intracellular CD3 marks thymus-dependent ILC precursors in peripheral tissues

(A) Analyses of lung ILCs in indicated strains. The lineage cocktail and special efforts to exclude T and NK cells are
describedinthe STAR Methods. ST2* and ST2™ subsets are color coded in blue and red. Bar graphs show cumulative data
from at least three experiments. Unpaired Student'’s test was used for determining the statistical significance. *p<0.05,
**<0.01, ***p<0.001, ****p<0.0001.

(B) Analyses of small intestine ILCs in indicated strains. KLRG1" and KLRG 1~ subsets are color coded in red and green. Bar
graphs show cumulative data from at least three experiments. One-way ANOVA was used for determining the statistical
significance. **<0.01, ***p<0.001, ****p<0.0001. Data are represented as mean + SD.

We have also examined the epidermis and found high frequencies of icCD3e™ cells in the Lin Thy1*ICOS™~
cells in WT but not nude mice, suggesting that these cells are associated with the thymus (Figures S2A and
S2B). Although the Lin"Thy1"ICOS" population is known to contain ILC2s (Schneider et al.,, 2019), the
ICOS™ subset might contain immature ILC2s or other ILCs (Figure S2C).

Lin CD127%icCD3¢" cells are distinct from conventional T cells

Torule out thaticCD3e" cells are of T cell lineage even though they are negative for either TCRB or TCR3 as
well as CD4 and CD8 surface markers. We first demonstrated that CD3e expression in ILCs in both lung and
small intestine could only be detected using intracellular but not surface staining (Figure 4A). In contrast,
either ap or yd T cells were labeled without permeabilizing the cells. Furthermore, we showed that these
icCD3e" cells have no intracellular TCRB or TCR3 (Figure 4B). Finally, we examined levels of icCD3e™ in
the lung and small intestine of RagT’/’, Tera™", and Terd™ mice, which lack ap and/or y3 T cells. The levels
of icCD3¢e" cells in the lung of these mutants were similar or higher compared to WT mice (Figure 4C). The
increase in mice lacking ap T cells is probably due to diminished homeostatic competition between T cells
and ILCs or the absence of Treg-mediated suppression. In the small intestine, icCD3e" cells were also
readily detectable even though the amount in the KLRG1~ fraction were reduced in Terd ™~ mice
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Figure 4. Lin'CD127*icCD3¢" cells are distinct from conventional T cells

(A) Detection of CD3e by intracellular and surface staining. Histograms show CD3e levels in the indicated subsets of cells
in the indicated tissues.

(B) Intracellular levels of TCRB or TCR3 in icCD3e™ ILCs in comparison to T cells or RagT’/’ ILCs.

(C) Quantification of the frequencies of icCD3e" cells in Lin " CD127" ST2" and ST2™ subsets in the lung of the indicated
strain of mice.

(D) Quantification of the frequencies of icCD3e" cells in Lin"CD127*CD45" KLRG1* and KLRG1~ subsets in the small
intestine of the indicated strain of mice. *p<0.05, **<0.01, ***p<0.001. Data are represented as mean + SD.

(Figure 4D). This may be explained by a partial contamination of non-conventional y3 T cells which down-
regulated their TCRs or ILC differentiation in the thymus depends on TCRy3 signaling.

icCD3¢* cells mature into ILC2 and ILC3 in the lung

To investigate the differentiation potentials of the icCD3e" cells in WT lung, we analyzed Lin"Thy1"
CD127*ST2" or ST2™ fractions for the expression of signature transcription factors, T-bet, GATA3, and
RORyt (Figure 5A). Very few cells expressed T-bet in the ST2™ fraction while the ST2" subset expressed
mostly GATA3. Interestingly, we observed an inverse correlation between icCD3e versus GATA3 and/or
ST2 (Figure 5A). Specifically, when the ST2™ fraction was divided into icCD3e high, low, and negative sub-
sets, the mean fluorescence intensities of GATA3 in each subset trended oppositely. In the ST2* compart-
ment, icCD3e" cells harbor lower levels of GATA3 compared to the icCD3e™ ones but their GATA3 levels
were higher than those in ST2™ cells. CD3 expression is possibly downregulated as the newly arrived ILC
precursors differentiate into ILC2s. In addition, icCD3e"ST2 cells also expressed RORyt together with
low levels of GATA3, which has been found in ILC3s (Zhong et al., 2020). We further analyzed the ILC3 po-
tential by assessing CCR6 and NKp46 expression in the ST2™ compartment (Figure S3). While NKp46 was
detected on few cells, CCR6 was found in a substantial fraction of icCD3e" cells and some of them are
CCR6"RORyt™. In contrast, icCD3e™ cells displayed lower levels of CCRé. These results suggest a potential
of icCD3e"ST2™ cells to differentiate along the ILC3 path (Figures 5A and S3).

Next, we tested the type 2immune responses of icCD3e" cells after 4 and 6 days of infection with helminths,
Nippostrongylus brasiliensis (Nb) (Figure 5B). On day 4 post infection, the worms mainly reside in the lung,
causing massive tissue damage whereas by day 6, they move to the small intestine before being expulsed.
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Figure 5. icCD3¢" cells mature into ILC2 and ILC3 in the lung

(A) Lung Lin"CD127" cells of 2-month-old WT mice were analyzed for the expression of indicated transcription factors in
triplicates. Subsequent gates from ST2~ and ST2" cells are color coded in red and blue. Mean fluorescence intensities of
icCD3e and GATAS in indicated subsets are plotted on the right.

(B) Analyses of Lin " CD127" cells of WT lung at indicated time points post subcutaneous infection with 500 stage3 Nb. Cell
numbers or MFI of icCD3e of indicated subsets are shown in the bar graphs.

(C) Cytokine expression in the indicated subsets from experiments described in (B) was measured after stimulation with
PMA and lonomycin for 3.5 h. One-way ANOVA was used for determining the statistical significance. *p<0.05, **<0.01,
***5<0.001, ****p<0.0001. Data are represented as mean + SD.

There was a marked increase in ST2™ cells on day 4, which could be due to an influx of icCD3e" ILC precur-
sors from the blood and/or due to local expansion of such cells. The majority of the ST2™ cells are icCD3e*
on day 4 but become icCD3e™ on day 6, possibly owing to the maturation of the precursors toward ST2*
ILC2s. Consistently, ST2* cells, mostly icCD3e™, did not increase until day é.

Production of IL-5 and IL-13 were boosted on day 6 in the icCD3e" and icCD3eST2" cells and to a lesser

extent in the ST2™ cells (Figure 5C). Additionally, on day 4, IL-17 was detected in icCD3e*ST2 cells, which
correlates with presence of CCR6 and/or RORyt" ILC3s in this population. The IL-17-producing cells are
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unlikely inflammatory ILC2s because they do not express KLRG1 (Huang et al., 2015). At this time point, a
small number of IFNy-producing cells were found in the icCD3e~ST2™ subset, which agrees with the exis-
tence of some T-bet” cells which may be ILC1s. Collectively, these data suggest that the ST27icCD3¢e" cells
in the lung can differentiate into ILC2s and ILC3s, and helminth infection accelerates their differentiation
toward ILC2s.

Differentiation of icCD3¢* cells in the small intestine

The microenvironment of the small intestine likely impacts ILC precursors differently from the lung. Con-
ventional ILC3s are found in the Lin"CD127*CD45'° fraction but ILC2s are included in the CD45" fraction
(Figure 6A). Though small fractions of ILC3s and KLRG1" ILC2s are icCD3e", the majority of icCD3e" cells
are included in the CD45MKLRG1~ subset. Unlike the findings in the lung, a large proportion of these cells
expressed T-bet, which suggest an ILC1 and/or NK potential (Figure 6A). Some of these T-bet” cells also
expressed RORyt, which might be due to the plasticity between ILC1s and ILC3s (Figure 6A). However,
there were also cells expressing GATA3 or RORyt at varying levels. When the KLRG1~ cells were divided
into negative, low, and high fractions based on the fluorescence intensity of GATA3 or RORyt, the percent-
ages of icCD3e" cells were found to be inversely correlated with the intensities (Figure 6A).

We next evaluated the responses of icCD3¢e" cells in mesenteric lymph nodes (MLN) to helminth infection.
Six days after Nb infection, Lin"CD127" cells were first divided into icCD3e" and icCD3e™, and cytokine
expression in these cells were analyzed (Figure 6B). While little expression of IL-17 or IFNy was detected
(data not shown), Nb infection markedly increased IL-5- and IL-13-expressing cells, particularly IL-13" cells.
This occurs in both icCD3e* and icCD3e™ subsets, suggesting thaticCD3e™" ILC precursors can differentiate
into functional ILC2s.

DISCUSSION

Our scRNAseq analyses revealed the compositions of ILCs in mouse blood. These findings help clarify the
issue whether ILCs circulate in the blood in steady state. Previous studies using parabionts of two mouse
strains suggested that ILCs, at least ILC2s, do not interchange via circulation at steady state (Gasteiger
etal., 2015). Our data showed a detectable fraction of the Lin " Thy1* cells represent ILC2s (cluster 3). Sub-
sets resembling ILC1s and ILC3s (clusters 2 and 1, respectively) are also found. Perhaps, the exchange rate
between circulating and tissue ILC2s is very low at steady state and differs in different tissues (Huang et al.,
2018). More importantly, we have found that td-ILCs (included in clusters 0 as well as clusters 4, 7, 8, and 10)
represented the largest fraction of Lin"Thy1* cells and appeared to be subsets of precursors of ILCs.
Because the frequencies of these precursors are greatly diminished in the athymic nude mice and markedly
augmented in two mouse strains, dKO and Id1, which undergo accelerated ILC differentiation in the
thymus, it is tempting to postulate that these cells are derived from the thymus. This is also supported
by our previous finding that the generation of blood tdTomato™ ILCs from thymus-specific plck-Cre/
ROSA-26-stop-tdTomato donor bone marrow required the thymus in the hosts (Qian et al., 2019). However,
additional direct evidence would strengthen such a notion. Nonetheless, these findings provide evidence
for the presence of mouse ILC precursors in the circulation and are consistent with findings in human blood.
In human blood, the ILC precursors also constitute a sizable fraction of the Lin TCD127" subset and they are
heterogeneous with regard to their ILC differentiation potentials (Lim et al., 2017; Nagasawa et al., 2019). In
addition to bone marrow-derived precursors, thymic progenitors were also suggested to generate CD5"
ILCs (Alisjahbana et al., 2021; Nagasawa et al., 2017).

The characteristics of thymus-dependent ILC precursors include the expression of genes encoding
different CD3 subunits and genes for cell surface molecules required for exiting the thymus, CDé2L, and
S1PR1. While CD62L and S1PR1 enable the ILC precursors to leave the thymus (Matloubian et al., 2004,
Tengetal., 2011), CD3 expression suggests that these cells diverge from the T cell path after T cell commit-
ment. Indeed, dKO mice, in which E protein genes are ablated starting at the DN3 stage (Wang et al., 2017),
harbors an extremely large amount of cluster O cells. This notion is also consistent with the observation of
rearranged TCRB and TCRy genes in lung ILC2s of WT but not nude mice, and the ability of purified DN3
thymocytes to differentiate into ILC2s in vitro (Qian et al., 2019; Shin et al., 2020). A remaining question is
what triggers the ILC divergence from T cell development. It has recently been reported that RORa. plays a
key role in driving ILC fate away from the T cell lineage in fetal thymus (Ferreira et al., 2021). However,
because E protein transcription factors are powerful suppressors of ILC2 differentiation, one mightimagine
that upregulation of their inhibitors, namely Id proteins, could promote ILC differentiation. Indeed, Id3 is

¢? CellPress

OPEN ACCESS

iScience 25, 103732, February 18, 2022 9




¢? CellPress

OPEN ACCESS

A CD45"KLRG1-
5.7 04 9.7 67‘ 35 "
@l ) -
LT < = 14
£ € = ® |2 &
O} [0
i68.7 152 Uss | esp 112 735
RORyt Thet Thet
i S “ i :
GATAF GATAZ® GATA3" 7, el
- *u £ =y ® GATA3"
ST g
x 80 42 g 2
£ @) 0| Beoa
4 80 6 12 /\_/\ i i
g 1000 10000 100000
icCD3¢ GATA-3 GATA-3 [MFIl
T RORyt RORytle RORyt" 2100 * GATA3"
43 1 3 g0 . = GATA3®
] o 4 GATA3
N 34 _ & 604
- [=]
5 iy @bl | | 7 u 1 S s
837 10 | { 520 -
= 1000 10000 100000
CD45 _RORy t RORyt MFI]
67.7 . 6.3 1 Thbet™ Thbet*
- i > 30
S— i [
& 25 74
7.8 18,1 21 ) - -
icCD3e MBS iECRss
B icCD3¢" icCD3e*
] 253 | 3.7 193 | 3.6
-Nb
1.4 1.2
=
£ 5
a
Jo6 11.4 7.8 16.2
1
+Nb o
-
B 7
i 637 243 7.0 63.6
cD127 icCD3¢ IL-13
icCD3¢" cells icCD3¢ cells
7] ,—|* 1
3 % 000 o O uninfected
*0 200 © 800 e Nb
() ‘o
£ . £ 600
5 1004 . 3
k=4 < 400
) )
5 5 200
# 0] 3 0
- r_ r T T T T
S5 WD WD D N RS
W W

Figure 6. Differentiation of icCD3¢" cells in the small intestine

(A) Lin~CD127* cells from WT small intestine were first divided into CD45'° and CD45"". icCD3¢ levels were determined for
each subset. Transcription factor levels in CD45" KLRG1~ cells were further analyzed and the correlation between the
percentages of icCD3e™ cells and the levels of GATA3 or RORyt are plotted on the right.

(B) MLN cells from mice with or without Nb infection for 6 days were analyzed. Lin"CD127" cells were separated into
Thy1%icCD3e™ and Thy1%icCD3e" subsets, which were then scored for IL-5 and IL-13 expression. Numbers of cytokine™
cells were calculated. One-way ANOVA was used for determining the statistical significance. *p<0.05. Data are
represented as mean + SD.

known to be transiently activated following pre-TCR signaling (Bain et al., 2001). Id3is also highly expressed
inyd T cells, thus creating opportunities for ILC differentiation from T cell precursors (Lauritsen et al., 2009).
Consistently, our scRNAseq data showed that Id3 was specifically expressed in thymus-dependent clusters.
Inducible ablation of E proteins in thymocytes in an ILC2 differentiation culture for 24 or 72 h led to an in-
crease in Rora expression (Peng et al., 2020; Qian et al., 2019). However, overexpression of E proteins in
ILC2s did not repress Rora transcription, thus suggesting an indirect mechanism of the crosstalk between
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RORa and E proteins (Peng et al., 2020). Further studies are needed to gain insight into the crossroads lead-
ing to T and ILC fates in the thymus and all of the intrinsic factors involved in driving each direction.

We have shown that intracellular but not surface CD3e marks thymus-dependent ILCs in peripheral tissues
such as the lung, small intestine, and epidermis because nude mice have very few of icCD3e" cells. Inter-
estingly, most of the icCD3e™ cells reside in the compartments containing immature ILC2s and other ILC
subsets, e.g., ST2™ in the lung, KLRG17" in the small intestine, and ICOS™ in the epidermis. This suggests
that the icCD3e™ cells likely arrive from the blood as precursors and differentiate under the influence of their
respective tissue environments. In fact, we have observed ongoing ILC2 as well as ILC3 differentiation from
icCD3e" cells in the lung or small intestine. Upregulation of signature transcription factors, GATA3 and
RORyt, correlated inversely with CD3e expression. It is possible that these icCD3e™ ST2™ or KLRG1™ cells
eventually become ST2" or KLRG1™ cells. This is particularly apparent in mice infected with helminths,
which stimulate the production of type 2 cytokines in both icCD3e* and icCD3e™ cells in the lung and
MLN, respectively. Our data also agree with the study where ST27IL18R" cells in the lung were shown to
be ILC precursors, which are from the blood (Ghaedi et al., 2020; Zeis et al., 2020). Their scRNAseq data
also showed Cd3e expression in the cluster containing these precursors but not in differentiated cells. In
athymic mice, the frequencies of icCD3e*IL-18R" cells were greatly reduced.

In addition, different tissue environments may foster the maturation of the precursors into different subsets.
In the ST2™ compartment of the lung, icCD3e" cells express GATA3 and RORyt, which are signature tran-
scription factors of ILC2s and ILC3s. However, the KLRG1~ fraction of the small intestine possess a high
percentage of T-bet” icCD3e™ cells, which are indicative of the NK/ILC1 fate. Our result from in vitro differ-
entiation cultures showed the potentials of the Lin-CD127"CD62L" precursors, which encompass hetero-
geneous populations, to differentiate into various NK/ILC subsets. It is thus unclear if the different ILC
subsets in the lung and small intestine are the progenies of distinct precursors with different bias or the
results of different induction signals in different tissues.

Limitations of the study

It remains to be determined the extent to which thymus-dependent ILC precursors contribute to the overall
pools of ILC subsets. Although icCD3e is a good marker for such ILC precursors, its downregulation after
ILC maturation renders them indistinguishable from ILCs from other sources. Fate-mapping studies using
plck-Cre had also been exploited but the reporter was not ideal (Qian et al., 2019). Additional Cre trans-
genes, which is specifically expressed at the early stage of T cell development, are necessary for evaluating
the contribution of thymus-derived ILCs in steady-state and pathophysiological conditions. Nevertheless,
the relatively high frequencies of circulating ILC precursors associated the thymus in adult mice and their
high propensity to differentiate in peripheral tissues highlight the under-appreciated role of the thymus to
ILC homeostasis.
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Software and algorithms

FlowJo 10.6.1 FlowJo https://www.flowjo.com/solutions/flowjo/

downloads/previous-versions

GraphPad PRISM 7.0 GraphPad Software https://www.graphpad.com/scientific-
software/prism/

Seurat 3.0 Butler et al., 2018 https://satijalab.org/seurat/

RESOURCE AVAILABILITY

Lead contact

Xiao-Hong Sun, Oklahoma Medical Research Foundation, 825 NE 13t Street, Oklahoma City, OK, Tel: 405-
271-7103, Fax: 405-271-7128, E-mail: sunx@omrf.org.

Materials availability
This study did not generate new unique reagents.

Data and code availability
eSingle cell RNAseq data has been deposited in NCBI. The accession number for the scRNA-seq data
reported in this paper is GEO: GSE176357 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
acc=GSE176357).

oThis paper does not report original code. Any additional information required to reanalyze the data
reported in this paper is available from the lead contact upon request.

eAny additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6J, plck-Cre and B6(SJL)-Foxn1 nu=2J.Grsrd (B6 nude) mice were purchased from the Jackson Labo-
ratory. plck-1d1 transgenic mice (Id1) and p/ck-Cre;EZA{/f;HEB{/f (dKO) mice were as described (Kim et al.,
1999; Wojciechowski et al., 2007). Both male and female mice were used in the experiments and no signif-
icant differences between the genders were observed. Unless indicated otherwise, mice of 2-3 months of
age were used. All animal experiments were performed according to protocols approved by the Institu-
tional Animal Care and Use Committee policies at the Oklahoma Medical Research Foundation.

METHOD DETAILS

Isolation and analyses of hematopoietic cells from non-lymphoid tissues

Single cells from lung and lamina propria of the small intestine were isolated essentially as described (Qian
etal., 2019). To isolate cells from the skin on the back of the animals, the skin of WT but not nude mice was
shaved, and subcutaneous tissues were removed. Skin was then cut into small pieces and incubated in a
solution containing 0.5% trypsin and 2 mM EDTA in pre-warmed HBSS buffer supplemented with 10mM
HEPES and 2% inactivated newborn calf serum (INCS) for 45 min at 37°C to separate epidermis from
dermis. The epidermis layer was transferred to Mg/Ca-containing HBSS supplemented with 10mM HEPES;
10% INCS, and 5 pg/mL DNase, and dispersed using a syringe. Single cells suspensions were passed
through 70pm cell strainers. Cells were collected by centrifugation and the pellets were washed with
cold RPMI1400 supplemented with 10mM HEPES and 2% INCS before staining for flow cytometry.

The lineage (Lin) cocktail included biotinylated anti-FceR, anti-B220, anti-CD19, anti-Mac-1, anti-Gr-1, anti-
CD11c, anti-Ter-119, anti-CD5, anti-CD8a, and anti-CD4 followed by staining with conjugated streptavidin.
To ensure complete elimination of NK and T cells in the Lin™ gate, cells were typically stained with anti-
NK1.1, anti-TCRB, and anti-TCRJ, each conjugated to a different fluorophore. NK and T cells were gated
out prior to further analyses. If NK and/or T cells were not stained separately, biotinylated antibodies
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were included in the lineage cocktail. Mean fluorescence intensity was determined using geometric mean
in the FlowJo program. Flow cytometric analysis was performed on an LSR-II (BD Biosciences) or Aurora
(Cytek Biosciences).

Single cell RNA sequencing

Peripheral blood treated with ACD anti-coagulant were pooled from 3 to 12 mice depending on the strains.
PBMCs were recovered using equal volume of 2% Dextran in PBS (MW 55,000). Blood Lin"Thy1" cells en-
riched of ILCs were sorted and used in cDNA library preparation per manufacturer’s protocol (10x Geno-
mics). The generated libraries were sequenced using an lllumina NovaSeq 6000.

scRNAseq data processing

The Cell Ranger of pipeline version 3.1.0 was used to perform sample demultiplexing, barcode processing,
and single-cell 3’ counting. The Linux command cellranger mkfastqg was applied to demultiplex raw base
call (BCL) files from the illumine NovaSeqé000 sequencer, into sample-specific fastq files. Then, fastq files
for each sample were processed with cellranger count, which was used to align samples to mm10 genome,
filter and quantify.

Seurat R package (version 3.2.2) was used to process datasets from different samples and canonical corre-
lation analysis was adopted for data integration and potential batch effect correction (Butler et al., 2018;
Stuart et al.,, 2019). Principal component analysis (PCA) was performed on the scaled matrix with 2000
most variable genes using the first 20 principal components. Both tSNE and UMAP dimensional reductions
were carried out using the first 20 PCs to obtain two-dimensional representations of the cell states. For clus-
tering, we used the function FindClusters that implements a shared nearest neighbor modularity optimiza-
tion-based clustering algorithm on 20 PCs with resolution ranging from 0.5 to 1.0 explored for analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed with GraphPad Prism. Unless indicated otherwise, data were expressed
as means * SD. Student’s t-test was used for two-group comparison. One-way analysis of variance
(ANOVA) was used for multiple group comparisons. *p < 0.05, **<0.01, ***p < 0.001, ****p < 0.0001.
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