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SUMMARY

Innate lymphoid cells (ILCs), strategically positioned throughout the body, undergo population
declines over time. A solution to counteract this problem is timely mobilization of multipotential
progenitors from the bone marrow. It remains unknown what triggers the mobilization of bone
marrow ILC progenitors (ILCPs). We report that ILCPs are regulated by the circadian clock to
emigrate and generate mature ILCs in the periphery. We found that circadian-clock-defective
ILCPs fail to normally emigrate and generate ILCs. We identified circadian-clock-controlled
endocrine and cytokine cues that, respectively, regulate the retention and emigration of ILCPs

at distinct times of each day. Activation of the stress-hormone-sensing glucocorticoid receptor
upregulates CXCR4 on ILCPs for their retention in the bone marrow, while the interleukin-18
(IL-18) and RORa signals upregulate S1IPR1 on ILCPs for their mobilization to the periphery. Our
findings establish important roles of circadian signals for the homeostatic efflux of bone marrow
ILCPs.

In brief

Liu et al. report that common ILC progenitors in the bone marrow highly express genes that
regulate the circadian clock and that the mobilization of these progenitors from the bone marrow
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occurs in a circadian-clock-dependent manner. Mechanistically, circadian signals regulate the bone

marrow retention and emigration receptors for these ILC progenitors.
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INTRODUCTION

The innate immune system detects pathogens and generates signals to mount immediate
immune responses.! The importance of innate lymphoid cells (ILCs) for tissue innate
immunity and barrier integrity has been well established.2~* While wide-spread, ILCs are
strategically localized in the alimentary tract, skin, urogenital tract, lungs, and certain non-
barrier tissues, such as fat and secondary lymphoid tissues. Activation of ILCs is triggered
by tissue-derived cytokines, such as interleukin-12 (IL-12), IL-15, IL-18, IL-33, IL-25,
thymic stromal lymphopoietin (TSLP), IL-1b, and 1L-23, in a subset-specific manner.® ILCs
produce effector molecules and cytokines that lyse infected cells and tumor cells or activate
various cell types, such as epithelial cells, endothelial cells, fibroblasts, macrophages,
granulocytes, and lymphocytes to fight infections, repair damaged tissues, and regulate
immune responses.2:6-8

Tissue ILCs undergo population attrition over time during aging and pathological
conditions.9-14 |LC attrition can lead to peripheral ILC deficiency, which can compromise
not only the innate immunity but also the integrity of barrier tissues. Unlike their largely

Cell Rep. Author manuscript; available in PMC 2024 July 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

RESULTS

Page 3

sessile mature forms in peripheral tissues,1® ILC progenitors in humans and animals are
highly migratory.16:17 This feature gives them the potential to counteract peripheral ILC
loss in the steady state and under pathological conditions. Among ILC progenitors, the
multipotential ILC progenitors (ILCPs) that make ILC1s, ILC2s, and ILC3s, are the major
population circulating in the blood of humans and mice.16-18 [LCPs in the bone marrow
(BM) are largely divided into parenchyma and sinusoid ILCP subsets, and the ILCPs

in the sinusoid niche are preferentially mobilized.1® The mobilization of BM ILCPs is
controlled by the coordinated expression and functions of several chemoattractant and
adhesion receptors, such as CXCR4, Itg-a4, and sphingosine-1-phosphate (S1P) receptor 1
(S1PR1).16 However, the factors that control the reciprocal regulation of these BM retention
and emigration receptors for ILCPs have not been established.

Biological processes are generally synchronized to achieve high levels of efficiency and
homeostasis.1® The circadian clock is one of the most important cues that control biological
synchronization.20 The circadian clock controls the activity of tissue and immune cells,
including epithelial cells, endothelial cells, neutrophils, B cells, T cells, and dendritic cells.
A phenomenon important for immunological homeostasis is the release of hematopoietic
progenitor cells and mature leukocytes in the 24-h oscillation pattern.2! The circadian clock
also influences lymphocyte migration and activation in lymphoid tissues.22:23 [t has been
reported that, within the ILC system, the circadian clock regulates intestinal ILC3s to
support and control the intestinal barrier along with its microbiota.24=27 It remains unknown,
however, whether the circadian clock regulates the distribution and activity of ILCPs.

We conducted the current study to identify signals that control the mabilization and
ILC-producing activity of BM ILCPs. We report that the mobilization of ILCPs from
the BM is cooperatively regulated by circadian-clock-regulated cytokine and endocrine
cues. A cytokine and transcription factor pathway that induces both the emigration and
ILC-producing activity of ILCPs in the circadian fashion has been identified, along with
an endocrine signal that induces the expression of the BM retention receptor CXCR4 to
suppress ILCP mobilization at different zeitgeber times (ZTs). Our findings indicate that
circadian signals control the synchronized mobilization of BM ILCPs to the periphery.

ILCPs highly express clock genes and undergo ZT-dependent fluctuations in the blood

circulation

The circadian clock is composed of the master clock in the suprachiasmatic nuclei of the
anterior hypothalamus and of individual clocks in cells and tissues throughout the body,
which cooperatively generate synchronized and coordinated circadian outputs to control
many biological processes.28 The circadian locomotor output cycles kaput (Clock) and
basic-helix-loop-helix arnt-like 1 (BMAL1) complex transactivates E box-containing-clock-
controlled genes.?? Single-cell RNA sequencing (sScRNA-seq) data on ILCP subsets indicate
that BM and blood ILCPs express the major clock genes, such as Bmall, Perl, or Nridl
(Figures 1A and S1A). ILC2s and ILC2Ps also expressed the clock genes, albeit at relatively
lower levels compared to that of ILCPs (Figure 1A). Interestingly, the expression of Bmall,
Clock, Nrid1, and Nrid2in BM ILCPs changed at different ZTs, which refer to hours after
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the onset of light for animals in the 12-h light-12-h dark cycle (Figure 1B). In general,

the expression of clock genes was higher at ZT 5 compared to ZT 11 and 16. Given that
ILCPs are the major ILCPs circulating in the blood of humans and mice,16:17 the expression
of clock genes by ILCPs raises the question whether the mobilization of BM ILCPs is
regulated by the circadian clock.

A major consequence of circadian regulation on the immune system is the day-night
fluctuation of circulating immune cells and efflux of BM hematopoietic stem and progenitor
cells (HSPCs).39:31 |n mice, the acrophase (the peak) of BM HSPC efflux to the blood
circulation occurs at ZT 5, and the bathyphase (the nadir) is found between ZT 11 and 17.22
To determine this possibility for ILCP progenitors, we examined the number of circulating
ILCPs at distinct ZTs (ZT 5, 11, and 16) and found that the number and frequency of blood
ILCPs were high at ZT 5 but low at ZT 11 and 16 in mice (Figure 1C), without significant
changes in numbers of BM ILCPs (Figure S1B). The fluctuation of ILC2Ps numbers was
relatively small and insignificant (Figure S1C). We performed a BM fluorescent dye labeling
experiment6:32:33 to track and assess the emigration rate of BM ILCPs at two different time
periods that encompass the acrophase and bathyphase of BM HSPC efflux. We detected
increased emigration of ILCPs during the ZT 1-5 period compared to the ZT 11-15 period
(Figure 1D), indicating time-dependent emigration of ILCPs mirroring that of HSPCs.
Emigrated BM ILCPs were frequently found in the intestines and lymphoid tissues but less
frequently in lung and fat tissues, indicating a preference for their migration (Figure S1D).
In contrast, BM ILC2P preferentially migrated to lung over other tissues.

BM ILCPs, with heterogeneous ILC-poietic activity and the trafficking receptor phenotype,
are produced at distinct ZTs

We examined the possibility that BM ILCPs at different ZTs would be different from
each other in their differentiation potential. We found that the BM ILCPs at ZT 5 were
more efficient than those at ZT 11 in generating ILC2s and ILC3s (Figure 1E). Thus, the
ILC-making capacity of BM ILCPs also changes throughout the day, in addition to their
efflux to the blood circulation.

The emigration of BM ILCPs is largely mediated by the three trafficking receptors CXCR4,
S1PR1, and a4p1 (VLA-4),16 which play distinct roles. CXCR4 is the BM retention
receptor, whereas S1PR1 is the BM emigration receptor for ILCPs. The integrin a4p1
promotes the interaction between developing hematopoietic progenitor cells and stromal
cells in the arterial niche of the central zone in BM.34 For efficient emigration of ILCPs,
coordinated up- and downregulation of these three receptors is required. We found increased
expression of the BM retention receptor CXCR4 on ILCPs and ILC2Ps at ZT 11 over

ZT 5 but no significant change for the expression of Itg-a4 or Itg-p1 at ZT 5 or 11

(Figures 2A and S2). In contrast, SLIPR1 expression was increased at ZT 5 compared to

ZT 11 and 16 (Figure 2B). To determine their chemotactic behavior toward BM and blood
chemoattractants, we performed a chemotaxis assay for the BM ILCPs at distinct ZTs in a
CXCL12(-)/S1P(+) chemotactic gradient, mimicking the natural chemotactic environment
of BM.3538 |n line with the CXCR4 and S1PR1 expression, the chemotactic activity of

BM ILCPs to S1P and away from CXCL12 was higher at ZT 5 than ZT 16 (Figure 2C).
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However, we could not find significant differences in the expression and activity of SIPR1
for BM ILC2Ps between ZT5 and ZT 11 (Figures 2B and 2C). Overall, these results indicate
the presence of ZT-dependent regulation of BM retention and emigration receptors for
ILCPs.

The circadian clock of ILCPs is required for optimal emigration from the BM and
generation of intestinal ILCs

To study circadian-clock-defective ILCPs, we created P/zf<"¢ Bmal1™f mice. While there
was no difference in the numbers of BM ILCPs between control and P/z/<"¢ Bmal1"f
animals, a significant decrease in blood-circulating ILCPs was observed in the clock-
deficient mice (Figure 3A). Also decreased were ILCPs in peripheral tissues, such as the
colon and the small intestine (Figure 3B). Consistently, the emigration of BM ILCPs was
decreased in these animals (Figure 3C). However, the numbers of BM and blood ILC2Ps
were not significantly changed (Figures S3A and S3B). To understand the molecular basis
of such a defect in ILCP emigration, we examined the expression of CXCR4 and S1PR1.
Bmall-deficient ILCPs had decreased expression of SIPR1 but largely intact expression of
CXCR4 (Figure 3D). Thus, Bmall and the circadian clock regulate the expression of SIPR1
and the emigration of ILCPs from the BM.

Because ILCPs generate mature ILCs, their defective emigration would have an impact on
mature ILC populations in peripheral tissues. We examined the numbers of mature ILCs

in peripheral tissues in control and Bmall-deficient animals. We found that the numbers

of ILC2s and ILC3s, but not ILC1s, were significantly decreased in the colon and small
intestine of Pz Bmal1”f animals (Figures 4A and S4A). However, the numbers of
mature ILCs and ILCPs in the lungs were not significantly altered (Figure S4B). Unlike
their BM counterparts (Figure 1A), lung ILCP clusters expressed circadian-related genes,
such as Nr3cl, Rora, Nr1dl1, and Nrid2, at relatively low levels (Figure S4C). Also
decreased in the colon of P/zf"® Bmal1” mice were the numbers of effector cytokine-
producing ILC2s and ILC3s (Figure 4B). Because the ILC deficiency in the intestines
could be due to a differentiation problem of Bmall-deficient ILCPs, we also examined their
differentiation potential to mature ILC subsets /77 vitro on OP9-DL1 cells. Bmall-deficient
ILCPs have decreased function in making ILC2s and ILC3s compared to their wild-type
(WT) counterparts (Figure 4C). Thus, the circadian clock controls not only the emigration of
BM ILCPs but also their differentiation to mature ILC2 and ILC3 subsets.

Glucocorticoid receptor functions to enhance the expression of the BM retention receptor
CXCR4 on ILCPs

The central clock in the brain generates various signals to control peripheral circadian
events. A group of hormones produced in a circadian manner include the stress alert
hormones, glucocorticoids (GCs), which are implicated in regulating CXCR4 expression on
hematopoietic stem cells and lymphocytes.37-40 We found that the Ar3cZ gene that encodes
GC receptor (GR) was highly expressed in BM ILCPs compared with other ILCP subsets,
including ILC2Ps and common helper-like ILCPs (CHILPs) (Figure 5A). Interestingly,
Nr3c1 was expressed more highly in parenchyma ILCPs over sinusoid ILCPs. It was also
highly expressed in ILCPs at the protein level (Figure 5B). While GCs are produced in the
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circadian fashion at the beginning of night in nocturnal animals,38 the GR expression by
ILCPs did not change at ZT 5 vs. 11 (Figure 5B). The GR stimulation by the synthetic
ligand dexamethasone (Dex) increased CXCR4 expression and the chemotaxis of ILCPs to
CXCL12, which was blocked by RU486, a GR antagonist (Figures 5C and S5A). However,
neither Dex nor RU486 regulated the S1IPR1 expression on ILCPs and ILC2Ps. /n vivo
experiments showed that CXCR4 expression was increased after Dex treatments (at ZT 5)
but decreased by RU486 (at ZT 11) (Figures 5D, S5C, and S5D). For ILC2P, we found a
positive effect of Dex on CXCR4 expression /n vitro but not /n vivo (Figures 5C and 5D).

To gain insights into the mechanism behind the upregulation of CXCR4 expression by
Dex, we searched for and found several GC response elements (GRES) in the regulatory
region before the coding exon of the Cxcr4 gene and observed GR binding activities to
regions containing the GREs by a chromatin immunoprecipitation (ChIP) assay (Figures
5E and S5E). /n vivo administration of RU486 increased the number of circulating ILCPs,
while Dex administration had an opposite effect on blood ILCPs (Figures 5F and S5F).
Importantly, RU486 increased, while Dex decreased, the emigration of BM ILCPs (Figures
5G, S5F, and S5G). However, we did not detect any significant effect of the treatments on
the emigration of BM ILC2Ps (Figure S5H). These results indicate that the GC-GR axis
preferentially promotes the time-dependent retention of BM ILCPs by increasing CXCR4
expression.

Regular and inverse RORa agonists bidirectionally regulate the expression of S1PR1 and
the emigration of BM ILCPs

RORa expression is induced by the transactivation activity of the BMAL1-CLOCK
complex, and it is a key mediator of circadian-induced gene expression.*! We observed
that Rorais highly expressed by ILCPs and ILC2Ps among the ILCPs in BM (Figure

6A) and blood (Figure S6A). Rora expression was high at ZT 5 but low at ZT 11 and

16 in BM ILCPs (Figure 6B). The expression of Rorawas significantly reduced in the
Bmall-deficient ILCPs (Figure 6C). We found a RORa response element (RORE) in the
promoter region of the mouse SZpr1 gene (Figure 6D). The ChIP assay detected significant
RORa binding activity in this region (Figure 6D). Interestingly, the binding of RORa to
this site was higher at ZT 5 than 11. RORa binding to the Bmall gene was detected at
both ZT 5 and 11 at similar levels. We performed a luciferase reporter assay containing

the SZpri1 promoter harboring the SZprZ RORE motif. The RORa agonist neoruscogenin
(Neo) moderately increased the transcriptional activity of the SZpr1 promoter (Figure 6E).
Neo also increased SZpri protein expression and chemotactic activity of BM ILCPs (Figures
6F and 6G). In contrast, the RORa inverse agonist SR3335 decreased the expression and
activity of SIPR1 on ILCPs. The regular (Neo) and inverse (7a-hydroxycholesterol [OHC]
and SR3335) RORa agonists did not affect the expression of CXCR4 on ILCPs (Figure
S6B). Thus, RORa triggering increased the expression of S1IPR1 by ILCPs.

Circadian-controlled IL-18 increases the emigration of BM ILCPs by enhancing RORa
expression and function

BM ILCPs highly express the a chain of the IL-18 receptor.42-44 |L-18, while not required
for the development of ILCPs,* is an effective mobilizer of BM ILCPs to the blood
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circulation.1® 1L-18 expression is also regulated in a circadian fashion in certain tissues,
such as intestines and liver,#6:47 and, therefore, the function of 1L-18 for the circadian
regulation of ILCP mobilization remains to be established. First, we examined whether
IL-18 expression is similarly regulated in the steady-state BM. We found that I1L-18 is
produced in a diurnal manner in the mouse BM at both mRNA and protein levels (Figures
S7A and S7B). Because //18r1 or IL-18Ra are highly expressed in ILCPs in both the BM
and blood (Figure S7C),16 we examined the possibility that 1L-18 stimulates ILCPs for
regulation of clock genes. In cultures of sorted BM ILCPs, we found that IL-18 induces

the expression of Rora (Figure 7A). Also increased were Bmall and Clock genes. We also
employed synchronized ILCPs utilizing a horse serum-induced synchronization approach.48
IL-18 increased the expression of Roraand Bmall genes as well as that of SIPR1 in the
synchronized ILCPs (Figure S7D). However, no impact of IL-18 on CXCR4 expression was
observed (Figure S7E).

Blocking IL-18 with a neutralizing antibody decreased the numbers of blood ILCPs,
particularly at ZT 5 (Figure 7B). Furthermore, IL-18 increased both the basal and Neo-
induced expression of S1IPR1 by ILCPs in vitro (Figure 7C). 7a-OHC is a cholesterol
metabolite that acts as a natural RORa inverse agonist.*? 7a-OHC had a negative effect on
the expression of S1IPR1 (Figure 7D), and this change was observed only in the presence

of 1L-18. We found that SR3335 (an inverse RORa agonist) increased the number of BM
ILCPs but decreased that of blood ILCPs and the emigration of BM ILCPs (Figures 7E,

7F, and S7F). IL-18 treatment enhanced the effect of Neo on ILCP mobilization. Thus,
IL-18 enhances the expression of RORa and its effect on inducing the expression of S1PR1.
Finally, we examined whether the response of ILCPs in the upregulation of the emigration
receptor SIPR1 to RORa ligands and IL-18 is affected by the circadian clock (Figure

7G). Bmall-deficient ILCPs expressed S1PR1 at a relatively low level and had a reduced
response to 1L-18 and Neo compared to WT ILCPs. Thus, the circadian clock is required for
normal expression of SIPR1 in response to RORa ligands and IL-18.

DISCUSSION

We investigated the role of the circadian clock in regulating the emigration and ILC-
producing activity of BM ILCPs. We found that the homeostatic mobilization of BM ILCPs
is not constant throughout the day but synchronized in a ZT-dependent manner. Our study
identified a function of the circadian clock in replenishing the peripheral ILC activity in

the gut through the timed and synchronized release of the BM ILCPs. A key feature of

this process is that the expression of trafficking receptors that control the retention versus
emigration by ILCPs is under the control of the circadian clock. Two circadian cues that
reciprocally regulate the BM retention and emigration receptors at different ZTs have been
identified in this study.

We found that the emigration of BM ILCPs is synchronized, occurring at an elevated level
ataround ZT 5 in mice. Behind this synchronization of ILCP emigration is the coordinated
regulation of the expression of the chemokine receptor CXCR4 and the lysosphingolipid
receptor SIPR1. However, the circadian clock does not have a significant effect on the
expression of the integrin a4p1, which mediates cell adhesion to BM stromal cells.>0 We
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previously reported that the expression of a4p1 is high on the parenchyma ILCPs and low
on sinusoid ILCPs.18 Thus, as parenchyma ILCPs become sinusoid ILCPs, this integrin is
developmentally downregulated. CXCR4 senses the BM chemokines CXCL12 and CXCL14
for cell retention within BM. Downregulation or functional blocking of CXCR4 facilitates
the emigration of ILCPs.16 On the other hand, S1IPR1 should be upregulated to allow ILCPs
to emigrate via the BM sinusoids. Our findings in this study indicate that the circadian clock
downregulates CXCR4 but upregulates S1PR1 at around ZT 5 in mice for the synchronized
emigration of BM ILCPs in mice.

The downregulation of CXCR4 on ILCPs would decrease the chemotactic activity of ILCPs
to CXCL12, which is mainly expressed by BM stromal cells such as LepR* CXC chemokine
ligand (CXCL) 12-abundant reticular (CAR) cells.>! This allows developing ILCPs to move
away from the BM stromal cells that produce hematopoietic factors for lymphoid lineage
cells, such as stem cell factor (SCF) and 1L-7.52-56 We found that CXCR4 is upregulated on
BM ILCPs when GR is triggered by its ligands. Corticosteroids, such as cortisol, which bind
and trigger GR activation, is produced from the cortex of adrenal glands under the regulation
of adrenocorticotropic hormone, which is released from the anterior pituitary in mammals.>’
Endogenous levels of GCs peak around the time of the sleep-wake transition. GR expression
is high in ILCPs, making them sensitive to GCs. We observed that BM parenchyma ILCPs
expressed GR at levels higher than that of sinusoid ILCPs. This implies that parenchyma
ILCPs are a major target of GCs to upregulate their CXCR4 expression, thereby promoting
their retention in BM. In this regard, the function of GCs in increasing CXCR4 expression
on ILCPs appears to promote ILCP retention in the BM. At the molecular level, this
induction of CXCR4 expression is likely to be mediated by GR binding to the Cxcr4 gene.

While the cortisol-GR axis upregulates CXCR4, we found that SIPR1 expression on ILCPs
is upregulated by RORa activation. There are many RORa ligands, such as cholesterol,
cholesterol sulfate, 7a-OHC, 7p-OHC, 7-keto-cholesterol, and 24S-OHC, which act as
either agonists or inverse agonists.#9 For example, 7a-OHC, which negatively regulates
S1PR1 expression, acts as a RORa inverse agonist (or inhibitor), and others function as
agonists. Interestingly, the production of these ligands also oscillates in the 24-h circadian
cycle.?859 Thus, it is plausible that these physiological RORa ligands bidirectionally
regulate the expression of S1IPR1 by ILCPs to control ILCP emigration at different

ZTs. Neo, used as an RORa agonist in this study, is naturally found in plants,89 and,
therefore, the emigration of ILCPs and other cells could be controlled pharmacologically or
dietetically.

We identified IL-18 as a circadian-controlled cytokine that enhances the function of RORa
in supporting ILCP emigration. This is presumably mediated by upregulation of RORa

by IL-18 in ILCPs. We found that the somewhat moderate effect of RORa ligands can

be boosted by IL-18. This synergistic relationship between IL-18 and RORa. provides an
important control point for ILCP mobilization. Because IL-18 is produced in the circadian
fashion, IL-18 has the potential to synergistically affect the circadian regulation of ILCP
emigration by RORa ligands. We observed that the IL-18 level was increased at ZT 5 in the
steady state within BM, when S1PR1 expression by ILCPs was also increased. Moreover,
elevated production of IL-18 in inflammatory conditions as an NLRP3 inflammasome
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product81:62 implies that inflammatory 1L-18 may cooperate with the circadian cues for
regulation of ILCP mobilization. It also has the potential to override the timing of the
homeostatic emigration of ILCPs.

The phenotype of clock-defective (i.e., Bmall-deficient) ILCPs was largely in line with the
observed function of the circadian clock in the emigration of BM ILCPs. Bmall-deficient
ILCPs were abnormally low in S1IPR1 expression compared to their WT counterparts.

The reason for the decreased S1PR1 expression is explained by low RORa expression by
Bmall-deficient ILCPs. In line with their low S1PR1 expression, the emigration efficiency
of Bmall-deficient ILCPs was significantly decreased compared with their WT counterparts.
The defective circadian clock in ILCPs was sufficient to reduce the numbers of mature
ILC2s and ILC3s in the intestine. This result, however, should be interpreted with caution
because the gene deletion at the ILCP level is permanent, affecting not only ILCPs but

also single potential ILCPs and mature ILCs. In this regard, several groups reported that
deletion of a clock gene in ROR-yt-expressing cells can cause functional ILC3 deficiency in
the intestines.24:25.63 Another caveat is that the promyelocytic leukaemia zinc finger protein
(PLZF) is also expressed by cells other than ILCPs, such as natural killer T (NKT) cells,54
but we do not expect that NKT cells would indirectly affect the circadian mobilization of
ILCPs.

We found that there is a considerable heterogeneity among BM ILCPs in the regulation of
their emigration. More specifically, ILCPs and ILC2Ps were different in their emigration
response to circadian cues and GR ligands. ILCPs change the expression of CXCR4 and
S1PR1 at different ZTs, but this does not clearly occur for ILC2Ps. In P/zf€"¢ Bmal17f mice,
ILCPs were abnormal in the expression of S1IPR1, but its expression on ILC2Ps was not
significantly affected. This may be explained by the fact that ILC2Ps are mainly present in
the parenchyma of BM and are relatively inefficient, compared with ILCPs, in circulating
the blood in the steady state.18 Moreover, ILC2Ps do not express IL-18Ra and only express
S1PR1 at a moderate level. ILC2P emigration appears to be regulated not by the circadian
clock but by other extrinsic factors. In this regard, ILC2P mobilization is mainly induced by
IL-33, where CXCR4 downregulation is important for their mobilization.5>

We also observed that the circadian clock moderately controls the ILC-producing ability

of BM ILCPs. The ILCPs that were mobilized at ZT 1-5 were more efficient in making
mature ILCs than those mobilized later, in ZT 11-15. Interestingly, ILCP differentiation

to ILC2s and ILC3s, but not to ILC1s, was dependent on ZTs. We also observed that

the Bmall-deficient ILCPs were reduced in their capacity to generate ILC2s and ILC3s.
Overall, our data indicate that the circadian clock is not only important for increasing the
numbers of circulating ILCPs but also for their ability to make mature ILC2s and ILC3s

in peripheral tissues. A potential mechanism for the observed phenomenon is the regulation
of RORa expression by the circadian clock. More specifically, we found that its expression
was downregulated in Bmall-deficient ILCPs. Because RORa supports the development of
ILC2s and ILC3s,56-68 the observed downregulation of RORa can cause reduced production
of ILC2s and ILC3s.
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Finally, we found significant differences among organs (e.g., intestines vs. lung) in terms

of ILCP migration. Some of the emigrated BM ILCPs were found in the small and large
intestinal tissues. Thus, the intestinal tract is a sensitive site to host the emigrated ILCPs. In
contrast, the lungs do not appear to efficiently take the emigrated BM ILCPs. In this regard,
the numbers of Bmall-deficient ILCPs in the small and large intestines were decreased,

but their presence in lung tissues was not affected. Moreover, the numbers of mature

ILC2s and ILC3s in the intestinal tract, but not in the lungs, of P/zf"e Bmal1?f mice

were significantly reduced. The lungs could have their own autonomous ILCP and ILC2
populations that sustain the ILC2-rich condition,#2:69.70 whereas the intestinal tract may rely
on the continuous supply of ILCPs from the BM through the circadian regulation of their
emigration. Additionally, the gut is rich in host and bacterial metabolites that can potentially
function as RORa ligands to stimulate ILCPs, whereas lung tissues are relatively devoid of
these metabolites, leading to smaller effects of the circadian regulation. More studies are
required in this regard.

In sum, we found that the circadian clock is a major regulator of the mobilization of BM
ILCPs in the steady state. We identified two circadian cues that reciprocally control the
BM retention and emigration receptors at different ZTs, allowing the operation of these
two opposing mechanisms at distinct times of a day so that the overall effects on ILCP
mobilization are synergistic rather than canceling each other. These are the GC-GR signal
for CXCR4 expression and the RORa.-1L-18 axis for SLPR1 expression, which, respectively,
induce ILCP retention and emigration from the BM. In addition, we demonstrated that the
circadian clock of ILCPs is required for normal levels of tissue ILCs in the gut. The results
emphasize that the circadian clock is required to sustain peripheral ILCs by regulating the
mobilization of the common ILCPs and their ILC production capacity. These findings are
expected to have significant ramifications in ILC homeostasis.

Limitations of the study

First, we used several different methods based on PLZF or PD-1 expression along with other
surface antigens, such as c-Kit and a4p7, to identify rare ILCPs in the blood circulation

and peripheral tissues. A caveat is that these approaches may include additional cell subsets,
such as CHILPs and a minor subset of ILC2Ps, despite the use of exclusion markers such

as CD25 and other lineage markers. It is also possible that the methods may identify
somewhat different ILCPs, assuming the presence of significant heterogeneity in marker
gene expression among ILCPs. Second, we were able to measure the emigration of ILCPs
and the expression of trafficking receptors only at 2 or 3 different ZTs when changes

were clearly detectable rather than continuously or at more time points to establish the

full circadian rhythmicity. This approach, while a practical choice to increase feasibility
based on conventional efflux behavior of BM hematopoietic progenitors, may miss potential
changes that could additionally occur at other times. Third, because of the study focus on
BM ILCPs, we did not study the impact of the circadian clock on ILCPs in additional
tissues, such as thymus, which also hosts ILC2 progenitors.1971 Further studies should

be performed to overcome the limitation and gain more broad insights. Fourth, we did

not confirm the lack of functional Bmall expression in ILCPs versus other cell types in
PIzfre Bmal1”f mice due to technical difficulties associated with the rarity of ILCPs and
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animal availability. The P/zf"¢ and Bmal17flines have been characterized well in many
different applications, and, therefore, the chance that these mice do not behave as intended

is low. Fifth, this study did not aim to determine potential differences between sexes using
statistically enough male and female animals. While we do not expect significant differences
between the sexes, further studies with more animals are needed to address this point.
Finally, minor perturbation of the dark cycle at ZT 11 could have happened because we did
not intentionally use a red light while working on animals in this study. Because most of the
data were obtained at ZT 5 and 11 during the light cycle, and the mice were handled to avoid
direct exposure to light sources whenever possible in this study, the impact of any minor
light perturbation on the results is expected to be low.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests should be directed to the lead contact,
Chang Kim (chhkim@umich.edu).

Materials availability—All unique reagents generated in this study are available via the
lead contact with a completed Materials Transfer Agreement.

Data and code availability

. This paper does not report original high throughput data.
. This paper does not report original codes.

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

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals—All animal experiments conform to the relevant regulatory standards and

the animal protocol approved by the Animal Care and Use Committees at University

of Michigan (PRO00009958). This study used C57BL/6 (Taconic Biosciences), CD45.1
(Jackson Laboratory, stock 006584), PlzfCFF-cre (B6(SJL)-Zbth16tm1.1(EGFP/cre)Aben/J
(also called P/zf"®, Jackson Laboratory, stock 024529), Rag1 ~/~ (Jackson Laboratory, stock
002216), and Rag2 ~/~I1L.2rg =/~ mice (Taconic Biosciences, 4111-F). Bmal1”f mice (Jackson
Laboratory 007668) were crossed with P1zfGFP-C'e mice. All mice were kept under a specific
pathogen—free condition on a regular rodent chow ad /ibitum and exposed to the standard

12 h light/12 h dark cycle. Most experiments were performed on 6- to 8-week-old male and
female mice.

METHOD DETAILS

Treatments of animals—Mice were treated with IL-18 (200 ng per mouse, i.p. once a
day for 4 days), anti-1L-18 (0.1 mg per mouse, i.p., on day 1 and 4 and sacrificed on day

6), neoruscogenin (Neo, 2 mg/kg, i.v., every other day for 2 times), SR3335 (10 mg/kg, i.v.,
every other day for 2 times) and/or dexamethasone (500 pg/kg, daily for 3 days) at ZT 5,
and with RU486 (20 mg/kg, daily for 2 days) at ZT 11. Mice were sacrificed when indicated
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or ataround ZT 5. Mice were handled to avoid exposure to direct light sources whenever
possible.

Isolation of BM ILC progenitors—Single cell suspensions were obtained from various
tissues such as BM, intestine, lung, and lymph node tissues at ZT 5. BM cells were
flushed from femurs and tibias as previously described.1® Lin~ CD127* ¢-Kit* PLZF-GFP
(or PD-1)* ILCPs were sorted (~95% pure) from the BM with a flow cytometry sorter
(FACSMelody, BD Biosciences). Cell isolation from intestine tissues was performed after
removing Peyer’s patches for the small intestine by longitudinal opening, cold PBS washing,
and epithelial extraction with Hanks’ balanced salt solution containing 1 mM EDTA, 2%
HEPES, and NaHCO3 (0.35 g/L). Intestinal lamina propria (LP) cell suspensions were
obtained from digestion with collagenase IV (1.5 mg/mL; Worthington, Lakewood, NJ)
containing 10% newborn calf serum for 45 min at 37°C. Lung tissues were cut into small
pieces and digested with collagenase IV (1.5 mg/mL; Worthington). Digested tissues were
homogenized by passing through iron meshes and treated with a red blood cell lysis buffer.

Flow cytometry—Gating information for ILC progenitor subsets and mature ILCs

(NK, ILC1, ILC2, and ILC3) has been previously described (22). ILC progenitors in

this study were identified by the following phenotype: BM Lin"CD127*FIt3*CD25~

CLP, Lin"CD127*c-Kit* PLZF~CD25~ CHILP, Lin"CD127*c-Kit* PLZF/PD-1* ILCP, and
Lin"CD127*CD25* ¢-Kit™ ILC2P. Cells were stained with antibodies to lineage-specific
molecules (CD3e, CD4, CD8, CD11b, CD11c, CD19, B220, Gr-1, NK1.1, and TER119)
and ILC progenitor-expressed antigens such as CD25 (clone 3C7), CD45.2 (104), CD45.1
(A20), CD90.2 (53-2.1), CD127 (A7R34), SCA-1 (D7), KLRGL1 (2F1), FLT3 (A2F10),
c-Kit (ACK2), CD122 (5H4), PD-1 (29F.1A12), and a4p7 (DATK32).

Anti-NK1.1 was omitted from the lineage cocktail for ILC1P and NKP cells. Expression

of trafficking receptors such as SIPR1 (713412), CXCR4 (L276F12), Itg-a4 (R1-2),

and Itg-p1 (HMpB1-1) was assessed by a three-step staining with primary rat antibody,
biotinylated anti-rat 1gG 2a/b/c (clone MRG2a-83/2b-85/2¢-67), and fluorescent dye—
conjugated streptavidin. Cells were fixed and permeabilized with the Transcription Factor
Staining Buffer Kit (Tonbo Biosciences) for further staining of intracellular antigens such as
T-BET (eBio-4B10), GATA3 (TWAJ), RORyt (AFKJS-9), PLZF (9E12), and GR (D6H2L).
For intracellular staining of cytokines, cells were stained for surface markers, followed by
activation with phorbol 12-myristate 13-acetate (50 ng/mL; Sigma-Aldrich), ionomycin (1
pg/mL; Sigma-Aldrich), and monensin (2 M, Sigma-Aldrich) for 3 to 4 h. Cells were

fixed with 1% paraformaldehyde for at least 2 h, then permeabilized with saponin buffer,
and stained with antibodies for 1L-22 (Poly5164), IFNy (XMGL1.2), IL-17 (TC11-18H10.1),
IL-10 (TRFKD5), and IL-13 (W17010B). Stained cells were analyzed on a NovoCyte Flow
Cytometer (ACEA Biosciences Inc.).

Emigration of BM ILC progenitors—For labeling BM cells with Cell-Tracker Deep
Red (Thermo Fisher Scientific), the skin above the skull or tibia was cut open, and the
bones were drilled with a 30-gauge needle to make holes for injection of Cell-Tracker
Deep Red (3 uL) was slowly injected into each site using a custom 34-gauge blunt
needle (Hamilton) attached to 5-pL syringe (#65 Hamilton Co., Reno, NV, USA), which
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is described previously.32 The labeling was generally performed at ZT 5 but was performed
at ZT 1 or 11 for the experiments in Figure 1D. Mice were euthanized 4, 24 or 48 h

after the injection, and BM and blood cells were examined for numbers and frequencies

of Cell-Tracker Deep Red-labeled ILCPs. Emigration rate (%) was calculated based on the
formula: [A: Frequency of Cell-Tracker Deep Red-labeled cells of CD45* cells in the blood
or colon]/[Frequency of Cell-Tracker Deep Red-labeled cells of CD45* cells in the BM +
Al.

Chemotaxis of ILC progenitors in a BM-mimicking chemoattractant gradient—
The in vitro chemotaxis assay was performed using 24-well Transwell plates with a pore
size of 5.0 um (Corning, Corning, NY). In brief, Lin™ CD127* BM cells were freshly

sorted from RagZ~'~ mice euthanized at ZT5 or 16 and used at 5 x 10° per well. The cells
were placed in the top chamber of the Transwells along with murine CXCL12 (100 ng/mL,
BioLegend), and S1P (100 nM; Cayman Chemical) was added to the bottom chambers.
After 3 h chemotaxis, the migrated ILC progenitors in the bottom chamber were identified
and quantified by flow cytometry.

Chromatin immunoprecipitation (ChiIP) for DNA binding of RORa and
GR—Putative RORa binding sites on the SZprI genes promoter were identified

based on the following RORE consensus motif (WWRNTRGGTCA). Putative

GR binding sites on the Cxcr4 genes were identified based on the following

sequences: GRE(KGYACMNNNTGTYCTK) according to a defined motif definition
(https://motifmap.ics.uci.edu/and https://www.bioinformatics.org/sms/iupac.html). ChIP
PCR primers were designed for the putative binding motifs corresponding to the known
binding peaks in public ChlP-seq data (GSE146745 for RORa and GSM788651 for GR)
visualized with Integrated Genome Browser (Bioviz). ChlP PCR primers were designed to
cover the putative RORa binding motifs corresponding to the known RORa binding peaks
(GSE146745). ChIP was performed with the SimpleChlIP Kit (Cell Signaling Technology,
Danvers, MA) on Lin~ CD127* BM cells sorted from Rag1~/~ mice sacrificed at ZT 5 or
11. Immunoprecipitation was performed using rabbit control immunoglobulin G (1gG), GR
(Cell Signaling Technology, D6H2L) or RORa (Santa Cruz Biotechnology sc-28612). gPCR
analysis was performed using SYBR Green PCR Master Mix (Thermo Fisher Scientific).

Luciferase promoter reporter assay—The 1.7 kb SZprI gene promoter was PCR-
amplified with the primers described in the key resources table and cloned into pGL3
(Promega, Madison, WI1). Lineage-depleted BM cells (3 x 106), isolated from Rag1~/~
mice at ZT 5, were pre-cultured for 2 days with SCF and IL-7 (20 ng/mL each) before
transfection of the reporter plasmid using the Mouse T cell Nucleofector kit (Lonza,
Allendale, NJ). Transfected cells were cultured for 10 h in complete DMEM medium with
or without regular (NVeo) or inverse (SR3555) RORa agonists, and luciferase activity was
measured with the Dual-Luciferase Reporter Assay System (Promega).

In vitro differentiation of ILCPs—Sorted Lin~ CD127* c-Kit* PD-1* BM ILCPs at
ZT 5 were cocultured with OP9-DL1 cells’2 for 10 days in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% FBS in the presence of murine SCF (mSCF) and
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IL-7. The OP9-DL1 cells were pretreated with mitomycin C (50 ng/mL) for 25 min to stop
cell division prior to cell culture. Half of the culture medium was replaced every 3 days,
and cultured cells were harvested on indicated days. When indicated, recombinant 1L-18
(20 ng/mL, BioLegend) and dexamethasone (10 nM), RU486 (500 nM) or RORa ligands
(SR3335 and NMeoat 10 mM; 7a-OHC at 20 mM, Cayman Chemical) were added to the
culture.

In vitro synchronization of ILCPs in a 50% horse serum—BM ILCPs were
synchronized as previously described.#® In brief, an equal volume of horse serum (Sigma-
Aldrich, h1270) was pre-warmed and diluted in DMEM. Sorted Lin"CD127*PD-1* ILCPs
(for circadian genes expression) or Lin"BM cells (for the expression of S1IPR1 and CXCR4
on ILCP and ILC2P) at ZT 5 were incubated in the 50% horse serum-containing DMEM for
2 h at 37 °C under 5% CO2 for serum shock, and the cells were washed and cultured further
in complete DMEM (10% FBS) in the presence of mIL-7 and mSCF with or without mIL-18
(all at 20 ng/mL) for 24 or 30h.

Quantitative PCR for RNA expression—For gRT-PCR analysis, total RNA from
freshly sorted or cultured BM ILCPs (1-2x10* cells) at indicated ZTs was extracted using
the RNeasy Micro Kit (QIAGEN) and reverse-transcribed with the Sensiscript RT Kit
(QIAGEN). Gene expression was analyzed by gRT-PCR with SYBR Green PCR Master
Mix (Thermo Fisher Scientific). The PCR primers used in this study are listed in the key
resources table.

scRNA-seq data analysis—The bone marrow scRNA-seq data (GSE193835) were
analyzed by using SeqGeq (version 9.0, FlowJo, LLC). Other data were also obtained from
Gene Expression Omnibus (GEO: GSE193835, GSE176357 and GSE141330). Dimensional
reduction with principal components analysis (PCA), cell clustering, and ViolinBox plugin
applications were performed to show the expression of circadian genes in BM ILC
progenitors.16 The sScRNA-seq dataset for blood ILC subsets (GSE176357) was analyzed
using Seurat VV4.3. The data files (matrix.mtx, features.tsv, and barcodes.tsv) were loaded
into the R studio (V4.2). QC was performed with the PercentageFeatureSet function in
Seurat. Normalization and variance stabilization of count data were performed based

on LogNormalize (https://satijalab.org/seurat/reference/lognormalize). Linear dimensional
reduction (PCA) and cell clustering with FindNeighbors and FindClusters functions based
on Louvain algorithm, and non-linear dimensional reduction using UMAP was performed.
The expression data for circadian genes in ILC progenitor clusters were visualized using the
VInPlot function. All codes and software, including the R package, were obtained from
Github (https://satijalab.org/seurat/articles/pbmc3k_tutorial.html). The Ar3c1 expression
data from BM scRNA-seq data (GSE141330) were visualized using the Shiny application
(http://murine-ilc-atlas.ie-freiburg.mpg.de).

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample numbers for the experiments were determined based on power calculation and our
previous experience. Statistical significance was calculated by paired or unpaired two-tailed
t test with Prism (version 8.0, GraphPad Software) to compare two experimental groups.
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One and two-way analysis of variance (ANOVA) was used for testing differences among
data series and data with multiple variables. ANOVA analyses were followed by a Tukey
multiple comparisons test to obtain p values for specific comparisons among the data
groups. The data from P/zf¢"® Bmal1”f animals were plotted in relative to those of control
mice to normalize inter-experimental variations. In this case, the values from the control
mice were always one after normalization. The Mann Whitney U test was used for these
data. *, **, and *** indicate a significance at p values of <0.05, <0.01, and <0.001,
respectively. Sample numbers are listed in each figure legend. Error bars indicate SEM.
“NS” indicates not significant in figures. Graphs that do not have either * or NS did not yield
statistically significant differences. In most figures, distinct symbols were used to distinguish
data from repeated independent experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Emigration of bone marrow ILCPs is dependent on zeitgeber times
Circadian signals differentially regulate the efflux of bone marrow ILCPs

IL-18 and glucocorticoid signals distinctly regulate SIPR1 or CXCR4
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Figure 1. BM ILCPs highly express clock genes and emigrate to the blood in a ZT-dependent
manner

(A) Expression of circadian genes in BM ILCPs. The data were retrieved from publicly
available scRNA-seq data (GSE193835) on ILCPs from C57BL/6 mice.

(B) Expression of core clock genes at the mMRNA level in BM ILCPs at different ZTs.
RT-gPCR was performed on sorted BM ILCPs.

(C) Changes in ILCP frequency in the blood at different ZTs.

(D) Emigration rates of BM ILCPs during the ZT 1-5 vs. 11-15 periods. CellTracker Deep
Red was injected into the bones of mice before they were euthanized 4 h later.
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(E) /n vitro differentiation potential of BM ILCPs harvested at different ZTs.

Sorted BM Lin~"CD127*c-Kit* PD-1* ILCPs were examined in (B) and (E). RagZ™~ (B-
D) and PlzfCFP-Cre (E; also called P/zf"€) mice were used. Pooled data obtained from

at least three different experiments (/7= 6-15) are shown with SEM. p values from one-
way ANOVA (B and C) and two-tailed/paired Student’s t test (D and E) are shown. Not
significant (NS).
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Figure 2. The expression of CXCR4 and S1PR1 on ILCPs changes at different ZTs

(A) Expression of cell surface CXCR4, Itg-a4, and Itg-p1 by BM ILCPs at different ZTs.

(B) Expression of cell-surface S1IPR1 by BM ILCPs at different ZTs.

(C) Chemotaxis of BM ILCPs harvested at different ZTs to CXCL12 (100 ng/mL) in
a negative gradient and S1P (100 nM) in a positive gradient. BM common lymphoid
progenitors (CLPs, Lin"CD127*FIt3*CD257), CHILP (Lin"CD127*c-Kit" PLZF~CD25"),
ILCP (Lin"CD127*c-Kit*PLZF*), and ILC2P (Lin"CD127*CD25%c-Kit") cells were

examined.
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Both RagZ™~ and PlzfSFF-Cre mice were used in (A) and (B), and RagZ~'~ mice were used
in (C). Pooled data obtained from at least three different experiments (/7= 4-23) are shown
with SEM. pvalues from two-tailed/paired Student’s t test (A and C) and one-way ANOVA
with Tukey multiple comparison test (B) are shown. Not significant (NS).
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Figure 3. Bmall deficiency in ILCPs decreases the emigration of BM ILCPs
(A) Frequency of BM and blood ILCPs in control Bmal17fversus Plzf"¢ Bmal1?7 mice.

(B) Numbers of ILCPs in the intestines of Bmal1”fversus Plzff"® Bmal1?f mice.

(C) Emigration rates of BM ILCPs in Bmal1f versus P/z/€"¢ Bmal1"f mice.

(D) Expression of cell-surface SIPR1 and CXCR4 by BM ILCPs at ZT 5.

Pooled data obtained from four different experiments (n7= 8) are shown with SEM. p values
from Student’s t test (two-tailed and unpaired) are shown. The ILCPs were examined at ZT
5.
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Figure 4. Bmall deficiency in ILCPs leads to mature ILC deficiency in the intestine
(A) Numbers of ILC1, ILC2, and ILC3 subsets in the colon and small intestine of control

Bmal17fversus Plzfc"¢ Bmal1”f mice.
(B) Frequency of ILC cells producing effector cytokines in the colon
and small intestinal tissues of Bmal1f versus P/z7" Bmal1?f mice. ILC1s
(Lin"CD127*CD90*GATA3"RORyt Thet*), ILC2s (Lin"CD127*CD90*GATA3*RORyt),
and ILC3s (Lin"CD127*CD90*GATA3 RORyt*) were examined.
(C) Differentiation potential of BM ILCPs from Bmal1f versus A1z Bmal17 mice.
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Pooled data obtained from four different experiments (/7 = 6-8) are shown with SEM. p
values from Student’s t test (two-tailed and unpaired) are shown.
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Figure 5. GR activation increases the expression of the BM retention receptor CXCR4 on ILCPs
(A) Expression of Air3c1in BM ILCPs. The data were retrieved from publicly available

scCRNA-seq data (GSE141330 and GSE193835) on ILCPs from C57BL/6 mice.

(B) Expression of intracellular GR by BM ILCPs.

(C) Effects of Dex and/or RU486 on the expression of CXCR4 and S1PR1 by cultured

BM ILCPs. Lin~™ BM cells were cultured with cytokines (SCF and IL-7 at 20 ng/mL) on
OP9-DL1 cells for 24 h, and ILCPs and ILC2Ps were examined for cell-surface expression

of the trafficking receptors.
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(D) Regulation of CXCR4 expression by RU486 at ZT 11 and Dex at ZT 5 on ILCPs in

the BM of RagZ~/~ mice. RagZ~/~ mice were intraperitoneally injected with dexamethasone
(Dex, 500 pg/kg) for 3 days or RU486 (20 mg/kg) for 2 days.

(E) Binding of GR to the promoter region of the Cxcr4 gene. ChIP sequencing (ChlIP-seq)
analysis on Lin™ BM cells was performed.

(F) Effects of RU486 and Dex on numbers of blood ILCPs at ZT 11 and 5 respectively, in
RagI™~ mice.

(G) Effects of RU486 and Dex on the emigration of BM ILCPs at ZT 11 and 5, respectively,
in Rag1~'~ mice. When indicated, RagZ~/~ mice were intraperitoneally administered Dex
(500 pg/kg) for 3 days or RU486 (20 mg/kg) for 2 days in a row.

Pooled data obtained from at least three different experiments (77 = 5-6) are shown with
SEM. pvalues from two-tailed/paired Student’s t test (B, £, and G) or one- or two-way
ANOVA (B-D) are shown.
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Figure 6. RORa activation upregulates the emigration receptor SIPR1 on BM ILCPs
(A) Expression of Roraat mRNA level in BM ILCPs from C57BL/6 mice based on publicly

available scRNA-seq data (GSE193835).
(B) Expression of Roraat the mRNA level in sorted BM ILCPs at different ZTs. RT-gPCR

was performed.

(C) RoramRNA expression was determined at around ZT 5 using RT-gPCR in sorted BM
Lin"CD127* cells of Bmal1?fversus Plzff"® Bmal1”f mice.
(D) RORa binding to the SZpr1 and Bmall genes in BM Lin"CD127* ILC-lineage cells
isolated from mice sacrificed at ZT 5 and 11.
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(E) The transcriptional activity of the SZpr1 promoter region was determined with a
luciferase reporter assay. The reporter plasmid was transfected into pre-cultured Lin™ BM
cells for 10 h with or without regular or inverse RORa agonists and assayed for luciferase
activity.

(F) Expression of cell surface S1IPR1 by /n vitro cultured BM ILCPs with/without regular or
inverse RORa agonists.

(G) Chemotaxis of the cultured BM ILCPs with regular or inverse RORa agonists. BM
ILCPs were cultured with or without regular or inverse RORa agonists (10 uM) and
cytokines (SCF and IL-7 at 20 ng/mL) on OP9-DL1 cells as the feeder layer for 5 days.
Cells from RagZ™~ mice were used unless indicated otherwise. Pooled data obtained from
at least three different experiments (/7= 3-6) are shown with SEM. pvalues from one- or
two-way ANOVA (B and D-G) and two-tailed/paired Student’s t test (C) are shown.
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Figure 7. IL-18 enhances the RORa. function in promoting the emigration of ILCPs
(A) Enhanced expression of Rora, Bmall, and Clock transcripts by I1L-18. RT-qgPCR on

cultured ILCPs with IL-18 (20 ng/mL) for 5 days in the presence of IL-7 and SCF was
performed.

(B) The effect of IL-18 neutralization on the frequency of blood circulating ILCPs at
different ZTs in RagZ~~ mice. Mice were injected intraperitoneally with a neutralizing
anti-1L-18 (YIGIF74-1G7) or isotype control antibody (Ab) on day 1 and 4 and sacrificed at
the indicated ZTs on day 6.
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(C) S1PR1 expression on BM ILCPs cultured for 5 days with regular or inverse RORa
agonists in the presence and absence of IL-18.

(D) Expression of SIPR1 by BM ILCPs treated with or without 7a.-OHC and/or IL-18.
(E) Effects of regular or inverse RORa agonists on the frequency of BM and blood ILCPs.
(F) Effects of regular or inverse RORa. agonists on the emigration of BM ILCPs.

(E and F) RagZ™'~ mice were treated with or without IL-18 (daily for 4 days) and Neo or
SR3335 (2 times in 4 days) and examined at around ZT 5.

(G) Impact of the circadian clock on the response of cultured BM ILCPs to RORa. ligands
and IL-18. BM ILCPs were cultured with SCF and IL-7 on OP9-DL1 cells for 5 days in
the presence or absence of the indicated factors. Cells from RagZ~/~ mice were used unless
indicated otherwise.

Pooled data obtained from at least three different experiments (17 = 4-6) are shown with
SEM. pvalues from two-tailed/paired Student’s t test (A) and one- or two-way ANOVA
(B-G) are shown.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CD25 (Clone 3C7) BioLegend Cat# 101910; RRID: AB_2280288
Anti-mouse CD45.2 (Clone 104) BioLegend Cat# 109838; RRID: AB_2650900
Anti-mouse CD45.1 (Clone A20) BioLegend Cat# 110706; RRID: AB_313495
Anti-mouse CD90.2 (Clone 53-2.1) BioLegend Cat# 140310; RRID: AB_10643586
Anti-mouse CD127 (Clone A7R34) BioLegend Cat# 135040; RRID: AB_2566161
Anti-mouse Sca-1 (Clone D7) BioLegend Cat# 108120; RRID: AB_493273
Anti-mouse KLRG-1 (Clone 2F1/KLRG1) BioLegend Cat# 138421; RRID: AB_2563800
Anti-mouse a4p7 (Clone DATK32) BioLegend Cat# 120606; RRID: AB_493267
Anti-mouse FIt3 (Clone A2F10) BioLegend Cat# 135310; RRID: AB_2107050
Anti-mouse c-Kit (Clone ACK2) BioLegend Cat# 135108; RRID: AB_2028407
Anti-mouse Nkp46 (Clone 29A1.4) BioLegend Cat# 137646; RRID: AB_2876479
Anti-mouse IL-23R (Clone 12B2B64) BioLegend Cat# 150906; RRID: AB_2687346
Anti-mouse CD122 (Clone 5H4) BioLegend Cat# 105906; RRID: AB_2125736
Anti-mouse PD-1 (Clone 29F.1A12) BioLegend Cat# 135210; RRID: AB_2159183
Anti-mouse CD159a (Clone 16A11) BioLegend Cat# 142804; RRID: AB_10965542
Anti-mouse Ly6C (Clone HK1.4) BioLegend Cat# 128006; RRID: AB_1186135
Anti-mouse CD28 (Clone 37.51) BioLegend Cat# 102110; RRID: AB_312875
Anti-mouse S1prl (Clone 713412) R&D systems Cat# MAB7089; RRID: AB_10994183
Anti-mouse CXCR4 (Clone L276F12) BioLegend Cat# 146508; RRID: AB_2562785
Anti-mouse CCR2 (Clone QA18A56) BioLegend Cat# 160102; RRID: AB_2876563
Anti-mouse CXCR6 (Clone SA051D1) BioLegend Cat# 151102; RRID: AB_2566544
Anti-mouse CD3e (Clone 145-2C11) BioLegend Cat# 100326; RRID: AB_893317
Anti-mouse CD8 (Clone 53-6.7) BioLegend Cat# 100732; RRID: AB_893423
Anti-mouse CD4 (Clone GK1.5) BioLegend Cat# 100432; RRID: AB_893323
Anti-mouse CD11c (Clone N418) BioLegend Cat# 117326; RRID: AB_2129643
Anti-mouse CD11b (Clone M/70) BioLegend Cat# 101230; RRID: AB_2129374
Anti-mouse CD19 (Clone 605) BioLegend Cat# 115532; RRID: AB_2072926
Anti-mouse B220 (Clone RA3-6B2) BioLegend Cat# 103234; RRID: AB_893353
Anti-mouse Gr-1 (Clone RB6-8C5) BioLegend Cat# 108426; RRID: AB_893557
Anti-mouse NK1.1 (Clone PK136) BioLegend Cat# 108726; RRID: AB_2132707
Anti-mouse Ter-119 (Clone TER-119) BioLegend Cat# 116226; RRID: AB_893635
Anti-mouse Itg-a4 (Clone R1-2) BioLegend Cat# 103622; RRID: AB_ 2565777
Anti-mouse Itg-b1 (Clone HMB1-1) BioLegend Cat# 102212; RRID: AB_ 492829

Anti-mouse T-bet (Clone eBio4B10)
Anti-mouse GATA3 (Clone TWAJ)
Anti-mouse RORgt (Clone Q31-378)
Anti-mouse PLZF (Clone 9E12)
Anti-mouse GR(D6H2L)

ThermoFisher
ThermoFisher
BD Biosciences

BioLegend

Cell Signaling Technology

Cat# 12582582; RRID: AB_925761
Cat# 50996642; RRID: AB_10596663

Cat# 562894; RRID:
Cat# 145806; RRID:

Cat# 12041S; RRID:
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REAG

ENT or RESOURCE

SOURCE

IDENTIFIER

Anti-mouse RORa (Clone H-65)

Anti-mouse 1L-22 (Clone Poly5164)
Anti-mouse IFNg (Clone XMG1.2)
Anti-mouse IL-17 (Clone TC11-18H10.1)
Anti-mouse 1L-10 (Clone JES5-16E3)
Anti-mouse IL-13 (Clone W17010B)
Anti-mouse IL-18 (Clone YIGIF741G7)

Santa Cruz Biotechnology
BioLegend

BioLegend

BioLegend

BioLegend

BioLegend

BioXcell

Cat# sc-28612; RRID: AB_2265518
Cat# 516404; RRID: AB_2124255
Cat# 505808; RRID: AB_315402
Cat# 506940; RRID: AB_2565781
Cat# 505009; RRID: AB_315363
Cat# 159405; RRID: AB_2910327
Cat# BE0237; RRID: AB_ 2687719

Experimental models: Cell Lines

OP9/D

L1

Cells were kindly provided
by M. Chieng

Ref. 72

Experimental models: Organisms/strains

Mouse
Mouse
Mouse
Mouse
Mouse
Mouse

Mouse

: C57BL/6

: CD45.1/Ly5.1

:Ragl™"

- plzfofolcre

:Rag2~~gc™~

: B6.129S4(Cg)-Bmal1tm1Weit/J

: Plzf9fplerex B6.129S4(Cg)-Bmalltm1Weit/J

Taconic Biosciences
Jackson Laboratory
Jackson Laboratory
Jackson Laboratory
Taconic Biosciences
Jackson Laboratory

This paper

C57BL/6NTac

JAX stock #006584
JAX stock #002216
JAX stock #024529
Taconic, 4111-F
JAX stock #007668
N/A

Oligon

ucleotides

Forward primer for qRT-PCR Bmal1:
CAGTGCCACTGACTACCAAGA
Reverse primer for qRT-PCR Bmal1:
GCTGAACAGCCATCCTTAGCA

Forward primer for qRT-PCR Clock.
AGCGATCATGACAGATGGAAG
Reverse primer for gqRT-PCR Clock.
TATTCATAGGTGGATGGCTCC

Forward primer for qRT-PCR Nr1dl:
CCTACAGTCTGCAGGAGCTC
Reverse primer for gRT-PCR Nr1d1:
GACAGCAGCTTCTCGGAATG

Forward primer for qRT-PCR Arid2.
GAGGTGGTGGAATTTGCAAAGA
Reverse primer for gRT-PCR Nr1d2.

ACAACTGCTGTGAACAAGCTCA

Forward primer for qRT-PCR Per1:
GGAACTGGGTGCTGTGCACT
Reverse primer for gRT-PCR PerI:
TCCATGGCAGAGTCCTGAGA

Forward primer for qRT-PCR Per2.
GTGACACAAGTCACACCAGC
Reverse primer for gRT-PCR Per2:

GACC

CACGGATGAACCTCTC

Forward primer for gRT-PCR Rora:
GTGGCTTCAGGAAAAGGT
Reverse primer for gRT-PCR Rora:
GCGCGACATTTACCCAT

Forward primer for qRT-PCR //18.
CCTGACATCTTCTGCAACCT

This paper

This paper

This paper

This paper

This paper

This paper

This paper

This paper

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Reverse primer for qRT-PCR //18.
TTCCGTATTACTGCGGTTGT

Forward primer for Reporter plasmid SZpri:
TTAAGCTAGCGATATGGATGC ATAGCTAAGTG
Forward primer for Reporter plasmid SZpri:
TTAACTCGAGCAGCAGAGAG AAGGGAAGAG

Forward primer for ChIP-PCR SZprI:
TGATGGCCACTGTCCCATGAA
Reverse primer for ChlP-PCR SiprI:
TGTAAGGAGTCCAAGTGCAGA
Forward primer for ChIP-PCR Bmall:
AGCGGATTGGTCGGAAAGT
Reverse primer for ChIP-PCR Bmall:
ACCTCCGTCCCTGACCTACT
Forward primer for ChIP-PCR Cxcr4a:
CCTGGCTGGCATCCTGCT

Reverse primer for ChIP-PCR Cxcr4a:
GTCCAAGAGCCACTGCTG
Forward primer for ChIP-PCR Cxcr4b:.
CATAAGTCTGTACCATGATGCT
Reverse primer for ChIP-PCR Cxcr4b:
CTTGCACCTGTTCATCCCTCCG
Forward primer for ChIP-PCR Cxcr4c:
CTGCAGGATGGGAAGCGAC
Reverse primer for ChIP-PCR Cxcréc.
TTATCACTGGGTGGATCTGG
Forward primer for ChlP-PCR Cxcr4d.:
AATTGGTTCCACTAAAGAGG
Reverse primer for ChIP-PCR Cxcr4d.
GCTGGTTAAGGTCCAGAGAG

This paper

This paper

This paper

This paper

This paper

This paper

This paper

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Software and algorithms

SeqGeq v9.0
Prism v.8.0.
FlowJo v.10.5.0

Seurat

FlowJo, LLC
GraphPad
FlowJo

Satija Lab

https://docs.flowjo.com/seqgeq/
https://www.graphpad.com
https://www.flowjo.com

https://satijalab.org/seurat/
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