1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Immunol. Author manuscript; available in PMC 2023 September 01.

-, HHS Public Access
«

DL4-derived Notch signals differentially regulate thymic
generation of skin-homing CCR10*NK1.1+* innate lymphoid cells
at neonatal and adult stages

Eun Hyeon Songl2, Ming Xu2, Jie Yangl”, Yangming Xiao2, Ann V. Griffith2, Na Xiong23
1The Molecular, Cellular, and Integrative Biosciences (MCIBS) Graduate Program, The
Pennsylvania State University, University Park, PA 16802, USA

2Department of Microbiology, Immunology and Molecular Genetics, University of Texas Health
Science Center San Antonio, 7703 Floyd Curl Drive, San Antonio, TX 78229, USA

3Department of Medicine-Division of Dermatology and Cutaneous Surgery, University of Texas
Health Science Center San Antonio, 7703 Floyd Curl Drive, San Antonio, TX 78229, USA

Abstract

The thymus is a primary lymphoid organ for the T cell development. Increasing evidence found
that the thymus is also an important site for development of innate lymphoid cells (ILCs).

ILCs generated in thymi acquire unique homing properties that direct their localization into
barrier tissues such as the skin and intestine where they help local homeostasis. Mechanisms
underlying the developmental programming of unique tissue-homing properties of ILCs are poorly
understood. We report herein that thymic stroma-derived Notch signaling is differentially involved
in thymic generation of a population of NK1.1* group 1 ILCs (ILC1s) with the CCR10* skin-
homing property in adult and neonatal mice. We found that thymic generation of CCR10*NK1.1*
ILC1s is increased in T cell-deficient mice at adult but not neonatal stages, supporting the

notion that a large number of developing T cells interfere with signals required for generation

of CCR10*NK1.1* ILC1s. In an /n vitro differentiation assay, increasing Notch signals promote
generation of CCR10*NK1.1* ILC1s from hematopoietic progenitors. Knockout of the Notch
ligand delta-like 4 (DL4) in thymic stroma impairs generation of CCR10*NK1.1* ILC1s in adult
thymi but development of CCR10"NKZ1.1* ILC1s in neonatal thymi is less dependent on DL4-
derived Notch signals. Mechanistically, the Notch signaling is required for proper expression of
the IL-7 receptor CD127 on thymic NK1.1* ILC1s and deficiency of CD127 also impairs thymic
generation of CCR10*NK1.1* ILC1s at adult but not perinatal stages. Our findings advanced
understanding of regulatory mechanisms of thymic innate lymphocyte development.
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INTRODUCTION

Innate lymphoid cells (ILCs) are a family of innate lymphocytes. Based on their
developmental pathways and functional potentials, ILCs are divided into 3 groups of

helper ILCs (ILC1-3) in addition to conventional natural killer (NK) cells and lymphoid
tissue-inducing (LTi) cells (1, 2). All ILCs originate from early ILC progenitors (EILPS)
that differentiate from lymphoid primed multipotent progenitors (LMPPs) or common
lymphoid progenitors (CLP) (3). Under direction of intrinsic transcription factors and local
environment-derived signals, EILPs could differentiate to NK progenitor (NKP) cells that
give rise to NK cells or common helper-like ILC progenitor (CHILP) cells that generate LTi
and the other three groups of helper ILCs (4-6). In general, Eomes is considered as a crucial
transcription factor for the NK cell development, while ILC1s depend on T-bet for their
development and produce Th1-type cytokines such as interferon (IFN) -y when activated.
ILC2s depend on GATA3 and Rora for their development and are capable of producing
Th2-type cytokines such as IL-5 and IL-13; and ILC3s requires Roryt for the development
and produce Th17-type cytokines such as IL-17 and IL-22 (1, 2). ILCs of different functions
preferentially reside in barrier tissues such as the skin and mucosa where they play an
important role in local homeostatic maintenance (1, 2).

Multiple layers of regulation are involved in the preferential localization of ILCs into various
barrier tissues (7, 8). We previously reported that in adult mice, ILCs, mostly ILC2s, could
be programmed in skin-draining lymph nodes to acquire a CCR10" skin-homing property
for their preferential localization into the skin (9). Similarly, ILCs could be programmed
in mesenteric lymph nodes to express CCR9 for their localization into intestines (10). In
addition, during their developmental stages in primary lymphoid organs, ILCs are also
preferentially pre-programmed with unique homing properties for their localization into
barrier tissues. It was reported that fetal liver-derived ILC progenitors have the ability to
migrate into the intestine and accumulate at sites of lymphoid tissue organogenesis to give
rise to ILC2s (11, 12). Bone marrow (BM)-derived ILC progenitor cells express homing
receptor CXCR6 important for their migration into intestinal lamina propria (13).

While the thymus is the primary lymphoid organ for the T cell generation, increasing
evidence suggests that it is also an important site for generation of various subsets of

ILCs, particularly at perinatal stages (14-17). Thymus-generated ILCs could acquire homing
properties to barrier tissues and might contribute significantly to the immune cell repertoire
in the skin, intestine and lung (9, 17, 18). We reported that a population of NK1.1*

ILC1s generated in the thymus, but not the fetal liver or adult BM, acquire the CCR10*
skin-homing property (9). ILC2s generated in the thymus at the fetal stage could acquire a
homing property to the intestine (17). A high frequency of ILC2s in the lung have TCRYy
chain gene rearrangements, suggesting that they might derive from the thymus (18). The
thymic generation of ILCs, including CCR10*NK1.1" ILC1s, is significantly reduced at
adult stages in wild-type (WT) mice, suggesting coordinated regulation of generation of T
cells and ILCs in the thymus (9, 15, 16, 18). Consistent with this notion, the reduced thymic
generation of CCR10"NK1.1*ILC1s in adult WT mice could be reversed in adult Rag1™~
mice (9).
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Molecular mechanisms regulating thymic generation of ILCs of different tissue-homing
properties are not well understood. We previously found that the TF PLZF is crucial

for thymic generation of CCR10*NK1.1* ILC1s (9). However, thymus-specific signals
regulating the generation of CCR10*NK1.1* ILC1s are not known. The finding that thymic
generation of CCR10*NK1.1* ILCl1s is significantly suppressed in adult thymi of WT but
not Rag1™~ mice suggests that competition from a large number of developing T cells might
interfere with the signals of thymic environments required for generation of CCR10*NK1.1*
ILC1s. A critical signaling pathway of thymic environments is of the Notch ligand/receptor
axis. In mice, there are four Notch ligands and five Notch receptors. One of the Notch
ligands, delta-like 4 (DL4), is highly expressed in thymic stromal cells and crucial for the

T cell development through interaction on Notch receptors expressed on thymic progenitor
cells (19-25). In thymic stroma-specific DL4-knockout mice, the T cell development in

the thymus is blocked (24, 25). Notch signals are also reportedly differentially involved in
development of ILCs of different groups. An early study reported that Notch signals are not
required for generation of thymic NK cells (26). On the other hand, a recent study found
that the duration and strength of Notch signals differentially regulate development of ILCs
versus T/B cells (27). Furthermore, Notch signals are reported to reduce expression of Nfil3
and 1d2 required for generation of NK cells (17). However, Rora expression overcomes

the Notch-induced Nfil3 and 1d2 suppression, allowing generation of a population of gut-
homing ILC2s from thymic progenitor cells in embryonic thymi (17).

In this report, we analyzed roles of Notch signals in thymic generation of CCR10*NK1.1*
ILC1s in coordination with the T cell development. Our analyses revealed that Notch
signals are differentially required for homing molecule expression and development of
CCR10*NK1.1* ILC1s at adult and neonatal stages.

MATERIALS AND METHODS

Mice

CCR10-knockout (KO) /EGFP-knockin (KI) mice were previously described (28). TCRB™~
(stock # 002118), TCR&~/~ (002120), Ragl™~ (002216), CD127~/~ (002295), Foxn1Cre
(018448), and C57BL/6 CD45.1 (002014) mice were purchased from Jackson Lab (Bar
Harbor, ME). Floxed delta-like 4 (DL4) mice were generously provided by Drs. Freddy
Radtke and Ivan P. Maillard (Koch U et al. 2008). All knockout mice were crossed

with homozygous CCR10-KO/EGFP-KI (CCR10ECGFP/EGFPY mice to introduce one CCR10-
knockout/EGFP-knockin allele (CCR10*/EGFP) for purpose to track CCR10 expression
using the EGFP reporter. All mice were on the C57BL/6 (CD45.2/2) background unless
indicated otherwise. All mice were bred and maintained at a specific pathogen-free (SPF)
condition. Age and gender-matched adult littermate mice (8-12 week old) were used in
experiments. Gender of newborn mice (postnatal day 0-3) was not identified. All animal
experiments were approved by Institutional Animal Care and Use Committees of the
Pennsylvania State University and University of Texas Health Science Center at San
Antonio.
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Antibodies

Anti-mouse CD4 (GK1.5), anti-mouse CD8a (53-6.7), anti-mouse CD103 (2E7), anti-mouse
CD127 (A7R34), anti-mouse CD11b (M1/70), anti-mouse granzyme C (SFC1D8), anti-
mouse Notchl (HMN1-12) and anti-mouse Notch2 (HMN2-35), anti-mouse CD117 (c-kit,
ACK?2), anti-mouse Ly-6A/E (Sca-1, D7), and anti-mouse TCR& (GL3) antibodies were
purchased from Biolegend (San Diego, CA). Anti-mouse Eomes (Danllmag) and anti-
mouse/human T-bet (4B10) were purchased from eBioscience (San Diego, CA). Anti-mouse
CD3e (145-2C11), anti-mouse PLZF (R17-809) and PE-CF594 Streptavidin (RUQO) were
from BD Biosciences (San Jose, CA). Anti-mouse NK1.1 (PK136) was from Biolegend (San
Diego, CA) and eBioscience (San Diego, CA). Mouse lineage cell detection cocktail-biotin
(#130-092-613) is purchased from Miltenyi Biotech.

Cell isolation

Isolation of lymphocytes from the skin was performed as we previously described

(29). Thymocytes were isolated using Tenbroeck tissue grinder (Kimble). After grinding,
thymocytes were filtered with 70 and 40-micron polyester meshes (ELKO Filtering Co.)
before used in staining. Bone marrow cells were collected from the femurs and filtered with
sterile 40um cell strainers (BD Falcon).

Cell staining and Flow cytometry

To stain surface markers, cells were incubated with antibodies in staining buffer (PBS
supplemented with 3% calf serum and 0.005% sodium azide) for 25 min at 4°C. Intracellular
markers were stained overnight in permeabilization buffer (eBioscience) with antibodies
after two-step fixation and permeabilization. 4% paraformaldehyde and transcription factor
fixation buffer (eBioscience) were used for first and second fixation. BD Fortessa LSRII
(BD Biosciences) was used for flow cytometry and the results were analyzed using FlowJo
software (FlowJo LLC).

Culture of BM and thymic progenitors on OP9 cells

The procedure was performed similarly as previously reported (30, 31). OP9 and OP9-
DL1 cells were kindly provided by Dr. Juan Carlos Zuniga-Pflucker (Sunnybrook Health
Sciences Centre, Canada). In brief, 1-2x10% sorter-purified Lin"Scal*Kit*(LSK) BM
progenitor cells or CCR10(EGFP)"CD3"CD4 CD8 NK1.1* thymocytes were seeded onto
80%-90% confluent OP9 or OP9-DL1 cells in OP9 medium (a-MEM supplemented with
20% FBS and 1% Penicillin-Streptomycin) containing 5ng/mL IL-2, 10ng/mL IL-15,
5ng/mL FIt-3L and 1ng/mL IL-7 and grown at 37°C and 5% COs.

Fetal thymic organ culture (FTOC)

FTOC was performed similarly as described (32). CCR10(EGFP)

“NK1.1*CD3~CD4~CD8 thymocytes from Ragl~/~CCR10*/EGFP mice were sorted by

BD FACSAria. BM progenitors from Ragl™~CCR10*/EGFP mice were enriched using
MojoSort™ Mouse Hematopoietic Progenitor Cell Isolation Kit (Biolegend). 3-5000 cells
were seeded into one E16-18 fetal thymic lobe that was pre-treated with 2”-deoxyguanosine
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(2-dG) (Sigma-Aldrich, D0901). After 2 weeks of culture at 37°C and 10% CO,, cells were
isolated from the thymic organ culture and analyzed by flow cytometry.

Anti-CD127 antibody treatment of Rag1-KO mice

Adult Ragl~~CCR10*/EGFP mice were injected intraperitoneally with 0.5mg of anti-mouse
IL-7Ra (BE0065, Bio X Cell) (33, 34) or isotype control antibodies (BE0089, Bio X Cell)
every other day. Mice were analyzed 12 days after starting the treatment.

Competitive bone marrow transfer

The experiment was performed similarly as previously described (9). Briefly, WT
C57BL/6 (CD45.1/1) recipient mice were fed with antibiotics water for 1 week and

then irradiated (10G). FACS sorted-BM LSK progenitors from CCR10*/EGFP (CD45.1/2)
and CD1277/-CCR10*/EGFP (CD45.2/2) mice were mixed at the 1:1 ratio and injected
intravenously into irradiated recipient mice (total 10000 cells/recipient). Recipient mice
were analyzed 12-13 days post transfer.

Statistical analyses

RESULTS

Two-tailed Student’s T tests were performed using Prism software (GraphPad Software Inc)
for statistical analysis. The data are presented as mean £ SEM. £< 0.05 was considered
significant.

A large number of developing T cells suppress generation of CCR10"NK1.1* ILC1s in adult

thymi

We previously reported that skin-homing CCR10*NK1.1* ILC1s are more preferentially
generated in thymi of WT mice at perinatal stages than at adult stages; but thymi of

adult Rag1™/~ mice have high percentages of CCR10"NK1.1* ILC1s, suggesting that a
large number of developing T cells repress generation of CCR10*NK1.1* ILC1s in the
adult thymus (9). To test this further, we analyzed adult TCRB~'~ and TCR&~/~ mice for
their thymic generation of CCR10"NK1.1* ILC1s. All mice carried a CCR10-KO/EGFP-KI
allele (CCR10*/EGFP) allowing for using EGFP (enhanced green fluorescent protein) to
report the CCR10 expression (28). As in Ragl/~"CCR10*/EGFP mice, there were increased
CD3"NKZ1.1* thymocytes in TCRB~CCR10*/EGFP mice compared to WT (CCR10*/EGFP)
controls (Supplemental Fig. 1A-B). The percentage of CCR10(EGFP)* NK1.1* ILC1s in
adult TCRB"CCR10*/ECGFP thymi was also increased, although not as high as in adult
Rag1~/~"CCR10*/EGFP thymi (Fig. 1A-B), suggesting that remaining 8T cells repress the
CCR10*NK1.1* ILC1 generation to some extents. On the other hand, there were similar
low percentages of total CD3"NK1.1* cells and CCR10"NK1.1* ILC1s in thymi of adult
TCR&6/~CCR10*/EGFP and WT controls (Fig. 1C, Supplemental Fig. 1C), because a large
number of developing apT cells remain in TCR& ™~ mice. Together, these results reveal that
presence of aBT and 8T cells in adult thymi suppresses development of CCR10*NK1.1*
ILCls.
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Notch/ligand signals promote generation of CCR10"NK1.1* ILC1s from hematopoietic stem

cells in vitro

Considering that CCR10"NK1.1* ILC1s are generated in the thymus but not fetal livers

or adult BM (9), T cells suppress development of CCR10*NK1.1* ILC1s in adult thymi
likely because they interfere with thymus-specific signals required for generation of
CCR10*NK1.1* ILC1s. A critical signal pathway that distinguishes thymus from other
lymphoid organs is of the Notch ligands, which are highly expressed in thymic but

not BM stromal cells. The ectopic expression of a Notch ligand Delta-like 1 (DL1)

on BM stromal cells is sufficient to render them the ability to support differentiation

of hematopoietic progenitor cells into T cells /n vitro through engagement of Notch
receptors expressed on the progenitor cells (30). CD3"NK1.1* thymocytes expressed Notchl
and Notch2 (Fig. 2A), suggesting that Notch signals could be involved in promoting
generation of CCR10*NK1.1* ILC1s. To test this, we co-cultured BM progenitor cells
isolated of Rag1l~CCR10*/EGFP mice on BM stroma-derived OP9 cells or OP9 cells
ectopically expressing DL1 (OP9-DL1) and analyzed the generation of CCR10*NK1.1*
ILC1s. Using BM progenitor cells of Ragl™~ instead of WT mice was to avoid interference
from developing T cells. As reported (35), OP9 cells predominantly supported generation
of CD11b*CD127-CD3~NK1.1* conventional NK cells while OP9-DL1 cells supported
generation of CD127*CD11b~CD3"NK1.1" ILC1s (Figure 2B). A significant fraction of
NK1.1* ILC1s generated in the OP9-DL1 culture expressed CCR10(EGFP) and CD103, an
adhesion molecule commonly co-expressed with CCR10 on skin-resident lymphocytes (9,
36), while NK cells generated in the OP9 culture did not either of them (Figure 2B). These
results indicate that Notch signals support the CCR10*NK1.1* ILC1 generation.

The Notch ligand DL4-derived signals are critical for thymic development of
CCR10"NK1.1* ILC1 at adult but not neonatal stages

We then tested whether Notch/ligand-derived signals were critical for thymic generation

of CCR10*NK1.1* ILC1s. Delta-like 4 (DL4) is the dominant Notch ligand

expressed in thymic stroma. We thus analyzed thymic stroma-specific DL4-knockout
(Foxn1€repL4f{CCR10*/ECFP. DL4-KO in short) mice. DL4-KO mice carried a CCR10-
KO/EGFP-KI (CCR10*/EGFP) allele to report the CCR10 expression with EGFP (28). DL4-
KO mice had almost complete blockage of afT and -y8T cell development in thymi at both
adult and neonatal stages (Supplemental Fig. 2) (24, 25, 37). Like adult Ragl™~ mice, adult
DL4-KO mice had increased CD3"NK1.1* thymocytes compared to DL4-sufficient WT
(DL4YTCCR10*/EGFP) |ittermate controls (Fig. 3A, top row). However, unlike Ragl™~ mice
and same as the WT controls, only a very small percentage of CD3"NK1.1* thymocytes

of adult DL4-KO mice expressed CCR10(EGFP) (Fig. 3A, bottom row). These results
demonstrate that there is a defect in generation of CCR10*NK1.1* ILCs in adult DL4-KO
thymi even though generation of CD3"NK1.1* thymocytes is enhanced in absence of the T
cell development. Compared to their WT littermate controls, neonatal DL4-KO mice also
had increased percentages and numbers of CD3"NK1.1" thymocytes, even higher than those
of Rag1™/~ controls (Fig. 3C, top row). However, the percentage of CCR10*NK1.1* ILC1s
in thymi of neonatal DL4-KO mice was slightly lower than that of their WT littermates

or newborn Rag1~/~ controls while percentages of CCR10*NK1.1* ILC1s in neonatal WT
and Rag1~/~ thymi were similar (Fig. 3B, bottom row). Together, these results indicate that
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thymic generation of CCR10*NK1.1* ILC1s is dependent on thymic stromal DL4-derived
Notch signals and suppressed by presence of T cells, particularly at adult stages.

DL4-derived Notch signals are directly involved in promoting differentiation of
CCR10"NK1.1* ILC1s independent of the T cell development

Increased percentages of total CD3"NK1.1" cells but reduced percentages of their CCR10
expression in thymi of DL4-KO mice led us to hypothesize that Notch signals were
required for generation of CCR10*NK1.1" ILC1s from the CCR10~ NK1.1" precursor
cells. To address this assumption, we reconstituted 2-dG-treated WT fetal thymic lobes
with CCR10~ CD3"NK1.1* cells purified of thymi of Ragl”~"CCR10*/ECFP mice. The
donor cells carried the CCR10*/EGFP reporter while WT fetal thymic lobes did not,
allowing us to detect CCR10(EGFP)* cells of donor origins. Two weeks after culture,

the majority of CD3"NK1.1* cells in the reconstituted fetal thymic lobes expressed
CCR10(EGFP™) (Fig. 4A), demonstrating that CCR10"CD3~NK1.1* thymocytes are
precursors of CCR10*NK1.1* ILC1s. Similarly, purified CCR10~ CD3"NK1.1* thymocytes
upregulated CCR10(EGFP) after co-culture with OP9-DL1 cells (Supplemental Fig. 3).
Interestingly, CCR10~ CD3"NK1.1* thymocytes also upregulated CCR10(EGFP) after co-
culture with OP9 cells (Supplemental Fig. 3). Considering that CCR10~ CD3"NK1.1*
thymocytes had received Notch signals before seeding into the culture, this result suggests
that they might have committed to differentiation into CCR10* NK1.1* ILC1s although
exact mechanisms need to be dissected further in vivo.

Since DL4-KO mice had defective T cell development in thymi, the impaired differentiation
of CCR10"NK1.1* cells into CCR10*NK1.1* ILCs in DL4-KO thymi could be caused
indirectly by the reduced T cell number and/or directly due to deficiency in Notch signals.
To clarify this further, we also reconstituted 2-dG-treated WT and DL4-KO fetal thymic
lobes with BM progenitor cells of Ragl™~CCR10*/EGFP mice, which would rid of indirect
effects of the different T cell generation in WT and DL4-KO thymi (Fig. 4B). There were
higher percentages of CD3"NK1.1" cells in DL4-KO thymic cultures than in WT thymic
cultures although their numbers were similar because total number of cells was lower

in DL4-KO thymic cultures (Fig. 4B, top row). However, the percentage and number of
CCR10*NK1.1* ILC1s were significantly lower in DL4-KO thymic cultures than in WT
thymic cultures (Fig. 4B, bottom). These results confirm that DL4-derived Notch signals are
differentially involved in generation of NK1.1* ILCs and their CCR10 expression.

Thymic NK1.1* ILC1s of DL4-KO mice have reduced expression of CD127

To understand potential mechanisms of DL4-derived signals in regulation of thymic
CCR10*NK1.1* ILC1 development, we characterized thymic CCR10*NK1.1* ILC1s of
DL4-KO mice in more details. Expression of CD103 was reduced in both CCR10*

and CCR10"CD3"NK1.1* ILCs in newborn and adult DL4-KO thymi compared to DL4-
sufficient WT (DL4"f CCR10/ECGFP) littermate and Ragl~'~ controls (Fig. 5A), further
confirming that DL4-derived signals regulate acquisition of homing properties by thymic
NK1.1* ILCs. PLZF is crucial for thymic development of CCR10*NK1.1* ILC1s (9).
However, PLZF remained normally expressed in thymic CCR10"NK1.1* ILC1s of DL4-KO
mice (Supplemental Fig. 4A), suggesting that PLZF expression is independent of Notch
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signals. On the other hand, there was notably reduced expression of CD127 in both CCR10~
and CCR10*CD3~NK1.1* cells of neonatal and adult DL4-KO thymi compared to their
WT littermate or Rag1™~ controls (Fig. 5B). Like their WT controls, CCR10*CD3"NK1.1*
thymocytes of DL4-KO mice expressed Eomes and T-bet but no CD11b (Supplemental Fig.
4B).

CD127 is differentially required for thymic generation of total and CCR10*NK1.1* ILC1s at
adult and neonatal stages

As a component of the IL-7 receptor, CD127 transduced IL-7-derived signals are important
in proliferation and survival of lymphocytes and development of T/B cells and ILCs (38—
41), and CD127-KO and IL-7-KO mice have severely impaired thymic apT and y8T

cell development (42—44). The reduced CD127 expression on thymic NK1.1* ILC1s in
DL4-KO mice suggests that CD127 might be involved in the Notch-regulated generation of
CCR10*NK1.1* ILC1s in the thymus. We therefore analyzed thymic CCR10"NK1.1* ILC1s
in CD127~/~CCR10*/EGFP mice, which carried a CCR10-KO/EGFP-KI allele for purpose of
reporting CCR10 expression with EGFP (28). Same as in adult DL4-KO and Rag1~'~ mice,
the percentage of CD3"NK1.1* cells was higher in thymi of adult CD127/~CCR10*/EGFP
mice than WT controls (Fig. 6A, top row), suggesting that their development was not
impaired as T cells. However, no CD3"NK1.1* thymocytes of adult CD127/~CCR10*/EGFP
mice expressed CCR10(EGFP) (Fig. 6A, bottom row), suggesting that IL-7 signals were
required for their CCR10 expression. The percentage of CD3"NK1.1* cells were also
increased in thymi of neonatal CD127/-CCR10*/ECFP mice, same as in neonatal DL4-KO
mice (Fig. 6B, top row). Thymic NK1.1* ILC1s in neonatal CD127/~CCR10*/EGFP mice
expressed CCR10(EGFP) and CD103 at similar levels as their WT littermate controls

(Fig. 6B, bottom row), suggesting that CD127-derived signals are not crucial for thymic
generation of CCR10*NK1.1* ILC1s at neonatal stages. These results suggest that CD127
is differentially required for thymic generation of CCR10*NK1.1* ILCs at adult versus
neonatal stages.

To further assess the requirement of CD127-mediated signals in thymic generation of
CCR10*NK1.1* ILC1s at adult stages, we treated adult Rag1-KO mice with anti-CD127
blocking antibodies (33, 34). Compared to Rag1-KO mice treated with isotype control
antibodies, Rag1-KO mice treated with anti-CD127 blocking antibodies had dramatically
reduced CCR10™ NK1.1* ILC1s in thymi (Fig. 6C), indicating that CD127-derived signals
are essential for efficient generation of CCR10* NK1.1* ILC1s. To assess this notion
directly, we also performed the competitive BM reconstitution experiment in which same
numbers of WT (CD45.1/2) and CD127~/~ (CD45.2/2) BM progenitor cells were co-injected
into irradiated WT (CD45.1/1) recipient mice. Nearly all donor-derived CCR10*NK1.1*
ILC1s in thymi of recipients were derived from the WT origin (Fig. 6D). Together,

these results demonstrate that intrinsic CD127-transduced signals are required for thymic
generation of CCR10*NK1.1* ILC1s in adult mice.
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DISCUSSION

During their developmental stages, ILCs could be pre-programmed with unique homing
properties that allow them to migrate directly into barrier tissues where they function

to protect local tissue homeostasis. Molecular mechanisms underlying the developmental
programming of tissue-homing properties of ILCs are not well understood. Here we
assessed roles of DL4-derived Notch signals in regulating thymic development of NK1.1*
ILC1s with the CCR10™ skin-homing property. We found that Notch signals promote
acquisition of skin homing properties — indicated by CCR10 and CD103 expression —

by NK1.1* ILC1s. Furthermore, we found that requirements of the DL4-derived Notch
signaling in thymic development of CCR10*NK1.1* ILC1s are different at adult and
neonatal stages and are coordinated with the T cell development. In addition, we found
that DL4-derived signals regulate expression of CD127 that is involved in thymic generation
of CCR10"NK1.1* ILC1s. These findings advanced our understanding of developmental
regulation of generation of ILCs of specific tissue-homing properties.

The thymus is the primary lymphoid organ for the T cell development in a large part
because it provides a microenvironment with high levels of Notch signals (24, 25).
Increasing evidence suggests that the thymus is also an important site for the ILC
development, particularly at perinatal stages, and that the thymus-derived ILCs might
contribute significantly to the immune cell repertoire in barrier tissues (9, 14-18, 45). We
recently found that a significant fraction of NK1.1* ILC1s generated in thymi, particularly
of perinatal stages, but not adult BM or fetal livers acquire a CCR10* skin-homing property,
suggesting that unique environments of the thymus play an important role in their generation
(9). The thymic generation of CCR10*NK1.1" ILC1s is significantly suppressed at adult
stages due to presence of a large number of developing T cells, consistent with the notion
that ILCs and T cells derive from same early thymic progenitors and their development

is coordinately regulated (9, 17, 27, 45-47). However, absence of T cells has a smaller
effect on generation of CCR10"NK1.1* ILC1s in neonatal thymi, suggesting differentially
regulated developmental processes of CCR10"NK1.1* ILC1s in adult versus newborn
thymic environments. In DL4-KO mice in which the thymic T cell development is blocked,
there are an increased number of CD3"NK1.1* thymocytes at both adult and neonatal stages.
However, the CD3"NK1.1* thymocytes could not differentiate into CCR10* ILC1s in adult
DL4-KO mice while the thymic generation of CCR10* NK1.1* ILC1s is only slightly
reduced in neonatal DL4-KO mice. These findings suggest that acquisition of the CCR10*
skin-homing property by NK1.1* ILC1s in adult thymi are critically dependent on the DL4-
derived Notch signals, which are however suppressed by competition from high numbers of
T cells (Fig. 7). At neonatal/fetal stages, a high level of Notch signaling is not crucial for
development of CCR10*NK1.1* ILC1s (Fig. 7). However, CCR10*NK1.1* ILC1s generated
in neonatal DL4-KO thymi have significantly reduced expression of CD103, suggesting that
Notch signals are still required for proper expression of other tissue-homing molecules even
though they are not crucial for thymic generation of CCR10"NK1.1* ILC1s at neonatal
stages.

While DL4-derived signals are required for proper expression of CCR10 and CD103
on thymic NK1.1* ILC1s, the increased number of total CD3"NKZ1.1* cells in both
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adult and neonatal DL4-KO thymi suggests that DL4-derived Notch signals restricts
generation of NK1.1* ILC1s (Fig. 7). This result is consistent with the notion that a

strong Notch signal in the thymus promote the T cell development at expense of the ILC
development and a reduced Notch signal preferentially support the ILC development (17,
27). Opposite requirements of Notch signals in thymic generation of total CD3"NK1.1*
innate lymphocytes and their differentiation into CCR10*NK1.1* ILC1s provide additional
evidence in broad roles of the Notch signals in fate decision of various immune cell lineages
throughout their developmental steps (9, 17, 27, 48-51). That is, while a strong Notch
signal promote differentiation of thymic progenitor cells into T cells and restrict their
differentiation into ILCs and B cells, it is required for the expression of homing molecules of
CCR10 and/or CD103 on developing NK1.1* ILC1s (Fig. 7).

Underlying mechanisms for the differential involvement of DL4-derived Notch signals in
thymic generation of CCR10*NK1.1* ILC1s at neonatal and adult stages are yet to be
determined. One possible explanation is that thymic microenvironments at neonatal and
adult stages differentially express other Notch ligands besides DL4 to mediate thymic
lymphocyte development. However, the T cell development is similarly impaired in thymi of
neonatal and adult DL4-KO mice, suggesting that DL4 is the major Notch ligand expressed
in thymi of both neonatal and adult mice (52). Moreover, we found that thymic stroma-
specific knockout of Jagl, another Notch ligand, has no effect on thymic generation of
CCR10*NK1.1* ILC1s at either neonatal or adult stage (data not shown). Alternatively,
different sources of early thymic progenitors in neonatal and adult stages — fetal liver vs.
adult BM - may create divergent regulatory mechanisms that differentially require the Notch
signals for generation of CCR10*NK1.1* ILC1s. Therefore, fetal liver-derived early thymic
progenitor cells (FL-ETP) are less dependent on Notch signals for their differentiation into
ILCs and acquisition of the CCR10* homing property than adult BM-derived early thymic
progenitor cells (BM-ETP) are. In the future, it is important to use mice with conditional
deletion of different Notch receptors and Notch signal molecules (such as Notch 1, Notch

2 and RBP-J) in lymphoid progenitor cells to further confirm and dissect intrinsic roles of
Notch signals in thymic generation of CCR10*NK1.1* ILC1s at different ontogenic stages.
In addition, molecules that are directly involved in regulating expression of CCR10 and
other skin-homing molecules in thymic NK1.1* ILC1s are also worth further investigation.
Our previous study suggests that PLZF expressed by NK1.1* thymic ILC1s is crucial for
their CCR10 expression at perinatal stages (9). Notch signals were reported to regulate
PLZF expression in thymic iNKT cells (53). However, the PLZF expression on thymic
NK1.1* ILC1s is not altered in DL4-KO mice, suggesting that DL4-derived Notch signals
regulate expression of CCR10 and other homing molecules through a PLZF-independent
manner.

IL-7 signaling is another vital factor for ILC development (27, 39, 54, 55). Thymic ILC1s of
DL4-KO mice had reduced CD127 expression, consistent with the notion that Notch signals
regulate CD127 expression (56, 57). In addition, CD127-deficient progenitors are unable
to give rise to CCR10* ILC1s in adult thymi, consistent with the notion that the crosstalk
between IL-7 and Notch signaling is crucial for the development of the ILC development
(27). However, detailed mechanisms of the IL-7 and Notch interaction require further study.
Interestingly, same as DL4-KO mice, CD127-KO mice have a high number of CD3"NK1.1*
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thymocytes, indicating that IL-7 signaling is dispensable for their development. However,
adult CD127-KO thymi do not generate CCR10*NK1.1* ILC1s while newborn CD127-KO
thymi still efficiently support the generation of CCR10¥*CD103" NK1.1* ILC1s, suggesting
that IL-7R and DLA4-derived signals have overlapping and distinct roles in generation of
skin-homing NK1.1* ILC1s in the thymus at different ontogenic stages. Mechanisms for
the differential involvement of IL-7R- and DL4-derived signals in thymic generation of
CCR10*NK1.1* ILC1s need further investigation.

Finally, how fetal/neonatal thymic CCR10* NK1.1* ILC1s contribute to establishment of
skin immune cell repertoire requires further investigation. These cells express both T-bet
and Eomes, a feature commonly associated with NK cells but not classic ILC1s that express
T-bet but not Eomes (1, 2). However, fetal/neonatal thymic CCR10* NK1.1* ILC1s express
PLZF (9), a transcription factor that is expressed on committed progenitors for ILCs,
including ILC1s, but not NK cells (5). In addition, knockout of PLZF severely impaired
generation of fetal/neonatal thymic CCR10™ NK1.1* ILC1s (9). These results suggest that
they are a unique population of precursors of skin-resident ILC1s with some features of
NK cells. Consistent with this, CCR10* NK1.1* ILC1s of the neonatal skin express both
T-bet and Eomes (9). Interestingly, CCR10™ NK1.1* ILC1s of the skin in adult mice do

not express Eomes (9). It will be important to test whether CCR10* NK1.1* ILC1s of
fetal/neonatal thymic origins are related to CCR10* NK1.1* ILC1s in the skin of neonatal
and adult mice to clarify their developmental relationship.
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KEY POINTS
. Notch signals promote thymic generation of CCR10* skin-homing NK1.1*
ILC1s
. DL4-KO differently affects thymic CCR10* ILC1 generation in newborn and
adult mice
. IL-7 receptor is also involved in thymic generation of CCR10* NK1.1+
ILC1s.
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Figure 1. Presence of T cells suppresses generation of CCR10¥NK1.1* ILC1s in adult thymi.
A, B and C) Flow cytometric (FC) analysis of gated CD3"CD4~CD8 NK1.1*

thymocytes for CCR10*CD127+*NK1.1* ILC1s in adult Ragl"CCR10*/EGFP (A),

TCRB~/~CCR10*/EGFP (B) and TCR&8/~CCR10*/EGFP (C) mice. Average percentages and
number of the thymic CCR10"CD127*NK1.1* ILC1s were showed in bar graphs. One dot
represents one mouse. Results are representative of two or three independent experiments.
ns: not significant, **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by two-tailed

Student’s t test.
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Figure 2. Notch/ligand signals promote generation of CCR10¥NK1.1" ILC1s from hematopoietic

stem cells in vitro.

A) FC analysis of the expression of Notchl (top) and Notch2 (bottom) on thymic

CD3"NK1.1* cells of adult Ragl™~ mice. B) FC analysis of the expression of CD127,
CD11b, CCR10(EGFP) and CD103 on gated CD3"NK1.17" cells (far left) generated from
Ragl™~CCR10*EGFP BM progenitor cells cultured on OP9 and OP9-DL1 cells for 19 days.
Gray areas in the CCR10(EGFP) and CD103 histograms are of WT progenitor cells and
isotype control antibody staining respectively, serving as negative controls for EGFP and
CD103. Representative of four experiments of cells analyzed on day 18-22 after culture.

J Immunol. Author manuscript; available in PMC 2023 September 01.

CD3NK1.1*
{008 | 2.99 = wl ) —_—
21 57
| | OPY
11.61 15.8|" | —| —t
. 364 | | | 636
: i OP9-DL1
gy “
‘:i&_:@‘ i o 10
“:4-37 ) .782 ol . T . > o Ly - r L
" cD127 ° CCR10(EGFP)  CD103



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Song et al. Page 18
A . *kok oK * ns ns
DL4-WT DL4-KO Rag1 S 12 . £ 105
i 1191 % 5.32| # 3.24 3 6 00 8 . i
8 14 1. £ o4 ﬁﬁ‘] £ 0 g ﬁ
O ] @ o] = 2] . o 5 - T3 o o
El X 2, v
:' : @ :; Z ol . » Z 108 . . .
e @ K N N
PR SN P @ w0 e @ e N&‘& b‘)E—O é’\ \y<\ ;{_o N
Y v v — Hokokok - o
o {4 4 i é 100 ns * 10° ns
G o Y 50O 80 r‘—-1+o104 S
o] ~ E;‘ 60 °SF 109 ,, . |°
= @ o SR 10] | &= 10 [aE] 59
- . 3 s a (@] e ey o Ox 1 1
x il B I B I BN [ -~ B Mot |
(&) a f W ¢ ¢ d ¢ EL LT ] E W ‘E w
> SSC RN RSP
Q\/ 0\/ Q"’b o\/ Q\r Q‘q}
DL4-KO Rag1-- < 30 Kokdok  kkokok o 105 sokkk Kk
# # 26.3] 24 = % =~
o uf wfj : of 3 g 20 _o;g, 8 1041 o2
: : & 7 ¥ ek QT
o . o koo | % T 10 = 109 i
o o N o - - § H X s r.-‘1
ad A g = 0 v T = 10 T d A
PR3 B B ARk ¥ I T PR PR R \é\ \EO ,\>‘ '
» NK1.1 > > S
¥ I ?
¥ <
4 v v —_
E_‘_‘* “P +[26.2 é 40 *%k ns ®
g - [T ANEEE R Y
Py ) : C| =2 [T -
e " § ST X || T &c
% - P ey &) é 10 (&) é
QO w0 E @ NN S R oll— . . =
» SsC < X =
SO«
¥ X g
QY Q &

Fig. 3. The Notch ligand DL4 is critical for thymic development of CCR10*NK1.1* ILC1s in

adult but not newborn mice.

A-B) FC analysis of NK1.1* ILCs and their expression of CCR10 in adult (A) and day0-3
old neonatal (B) DL4-WT (DL4"f CCR10*/EGFP) DL4-KO (Foxn1CreDL4f CCR10*/EGFF)
and Ragl™~CCR10*/ECGFP thymus. Average percentages and numbers of total CD3"NK1.1*
thymocytes and CCR10*NK1.1* ILCs were shown in bar graphs. NK1.1* ILC1s are gated
from CD3~CD4~CD8™ thymocytes. One dot represents one mouse. Results are of four
independent experiments. ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001 as determined by two-tailed Student’s t test.
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Figure 4. Reduced generation of CCR10"NK1.1* ILC1s from hematopoietic progenitor cells in
the DL4-KO fetal thymic organ culture.

A) FC analysis of CCR10(EGFP) expression on gated CD45*CD3~NK1.1* cells of the fetal
thymic organ culture (FTOC) in which 2-dG-treated WT thymic lobes were reconstituted
with CCR10"CD3"NK1.1* thymocytes purified from adult Ragl~CCR10*/EGFP mice.
FC analysis of WT thymic lobes without reconstitution (in gray) was used as a negative
control. Representative of 12 reconstituted FTOCs and 3 controls. B) FC analysis of gated
CD45* thymocytes of DL4-sufficient WT (DL47f) and DL4-KO (Foxn1€eDL4f) FTOC
reconstituted with Ragl~~CCR10*/ESFP BM progenitors for CD3"NK1.1* cells and their
expression of CCR10(EGFP). Average percentages and numbers of total CD3~ NK1.1*
cells and CCR10*NK1.1* ILC1s of the FTOC were shown in bar graphs, in which one

dot represents results of two combined FTOCs. Results are pooled of three independent
experiments. ns = not significant and *p < 0.05, **p < 0.01, ****p < 0.0001 as determined
by two-tailed Student’s t test.
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Fig. 5. Reduced expression of CD127 on CCR10" thymic NK1.1* ILC1s of DL4-KO mice.
A-B) Comparison of the CD103 (A) and CD127 (B) expression on CCR10™ and
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CCR10*CD3~ NK1.1* thymocytes of adult and newborn DL4-WT (DL4f CCR10*/EGFP),

DL4-KO (Foxn1€repL4f CCR10*/EGFP) and Ragl~CCR10*/EGFP mice. Average
expression level or mean fluorescence intensity (MFI) of each marker is on the right.

One dot represents one mouse. Results are of three or four independent experiments. ns =

not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 as determined by

two-tailed Student’s t test.
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Fig. 6. CD127 is required for development of thymic CCR10¥*NK1.1* ILC1s at adult but not
neonatal stages.

A-B) FC analysis of NK1.1* ILCs and their expression of CCR10 in adult (A)

and neonatal (B) CD127/~"CCR10*/EGFP and CD127*/~CCR10*/EGFP thymi. Average
percentages of CD3"NK1.1* thymocytes and CCR10*NK1.1* ILC1s were shown in bar
graphs. CD3"NK1.1" cells are gated from CD4~CD8 thymocytes. Results of DL4-KO
and Rag1~/~ mice are from Fig. 3 and included for comparison. C) FC analysis of

total and CCR10(EGFP)* thymic NK1.1* ILC1s in Ragl~CCR10*/EGFP mice treated
with anti-CD127 blocking antibodies or isotype control antibodies. Average percentages
and numbers are on the right. D) FC analysis of CCR10(EGFP)* thymic NK1.1* ILC1s
derived from WT (CD45.1/2) vs. CD127~/~ (CD45.2/2) BM donor progenitor cells in
WT (CD45.1/1) recipient mice. Gated on CD45.2* CD3"NK1.1* thymocytes. Relative
percentages and absolute numbers of WT and CD127~/~ donor-derived CCR10(EGFP)*
thymic NK1.1* ILC1s are shown in bar graphs. One dot represents one mouse. Results are
of 2-3 independent experiments. ns = not significant, *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001 as determined by two-tailed Student’s t test.
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Fig. 7. A schematic model of Notch signals in regulating development of CCR10¥*NK1.1* ILC1s
in adult and perinatal thymi.

BM-ETP: adult bone marrow-derived early thymic progenitor cells. FL-ETP: fetal liver-
derived early thymic progenitor cells.

J Immunol. Author manuscript; available in PMC 2023 September 01.



	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Mice
	Antibodies
	Cell isolation
	Cell staining and Flow cytometry
	Culture of BM and thymic progenitors on OP9 cells
	Fetal thymic organ culture (FTOC)
	Anti-CD127 antibody treatment of Rag1-KO mice
	Competitive bone marrow transfer
	Statistical analyses

	RESULTS
	A large number of developing T cells suppress generation of CCR10+NK1.1+ ILC1s in adult thymi
	Notch/ligand signals promote generation of CCR10+NK1.1+ ILC1s from hematopoietic stem cells in vitro
	The Notch ligand DL4-derived signals are critical for thymic development of CCR10+NK1.1+ ILC1 at adult but not neonatal stages
	DL4-derived Notch signals are directly involved in promoting differentiation of CCR10+NK1.1+ ILC1s independent of the T cell development
	Thymic NK1.1+ ILC1s of DL4-KO mice have reduced expression of CD127
	CD127 is differentially required for thymic generation of total and CCR10+NK1.1+ ILC1s at adult and neonatal stages

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Fig. 3.
	Figure 4.
	Fig. 5.
	Fig. 6.
	Fig. 7.

