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Abstract 191 words

Group 1 innate lymphoid cells (G1-ILCs), including circulating natural killer (NK) cells and
tissue-resident type 1 ILCs (ILCls), are innate immune sentinels critical for responses against
infection and cancer. In contrast to relatively uniform NK cells through the body, diverse
ILC1 subsets have been characterized across and within tissues in mice, but their
developmental and functional heterogeneity remain unsolved. Here, using multimodal in vivo
approaches including fate-mapping and targeting of the interleukin 15 (IL-15)-producing
microenvironment, we demonstrate that liver parenchymal niches support the development of
a cytotoxic ILC1 subset lacking IL-7 receptor (7R™ ILC1s). During ontogeny, fetal liver (FL)
GI-ILCs arise perivascularly and then differentiate into 7R~ ILCls within sinusoids.
Hepatocyte-derived IL-15 supports parenchymal development of FL GI-ILCs to maintain
adult pool of 7R™ ILCls. IL-7R" (7R") ILCls in the liver, candidate precursors for 7R ILCls,
are not essential for 7R™ ILC1 development in physiological conditions. Functionally, 7R~
ILCls exhibit killing activity at steady state through granzyme B expression, which is
underpinned by constitutive mTOR activity, unlike NK cells with exogenous stimulation-
dependent cytotoxicity. Our study reveals the unique ontogeny and functions of liver-specific

ILCls, providing a detailed interpretation of ILC1 heterogeneity.
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Introduction

Group 1 innate lymphoid cells (G1-ILCs) are innate immune cells contributing to surveillance
of intracellular infections and tumors. G1-ILCs comprise two subtypes: natural killer (NK)
cells and type 1 ILCs (ILCls), that share fundamental features such as NKI1.1"NKp46*
phenotype, expression of T-bet, and IFN-y production (Jacquelot et al., 2022; Stokic-Trtica et
al., 2020; Vivier et al., 2018). In contrast, mouse ILC1s can be distinguished from NK cells by
their CD49a"CD49b™ phenotype, strict tissue-residency, and Eomes-independence (Daussy et
al., 2014; Gasteiger et al., 2015; Peng et al.,, 2013; Sojka et al., 2014). In addition,
developmental paths of ILCls are basically distinct from NK cells, as confirmed by the
identification of non-NK common ILC progenitors (ILCPs) expressing PLZF and/or PD-1
(Constantinides et al., 2015; Constantinides et al., 2014; Yu et al., 2016) and liver-resident
Lin Sca-1"Mac-1" (LSM) and Lin CD49a"CD122" ILC1 precursors (Bai et al., 2021).

Functional differences between NK cells and ILCls have also been recognized,
though some confusion remains, particularly in cytotoxicity. In mice, NK cells are
traditionally considered as more cytotoxic than ILCls (Vivier et al., 2018), though this view
has been questioned recently (Dadi et al., 2016; Kansler et al., 2022; Krabbendam et al., 2021;
Nixon et al., 2022; Yomogida et al., 2021). Indeed, murine NK cells show low expression of
cytotoxic molecules and only minimal cytotoxicity in their steady state (Fehniger et al., 2007).
The cytotoxicity of NK cells requires the mTOR-dependent metabolic reprogramming
mediated by cytokine signaling such as IL-15 or by NK receptor engagement (Margais et al.,
2014; Nandagopal et al., 2014), but whether such cytotoxic machinery also exists in ILCls is
unclear. By contrast, ILC1s can immediately respond and produce IFN-y during liver injury
(Nabekura et al., 2020) and virus infection (Weizman et al., 2017), highlighting the unique
roles of ILCls in the ignition of type 1 immunity in tissues. Thus, examining the development,
function, and heterogeneity of ILCls could lead to further understanding of local immune
regulation and novel therapeutic strategies.

Recent high-resolution analysis has uncovered ILC1 heterogeneity and development.
Liver ILCls are separated into IL-7R-negative (7R”) and -positive (7R") subsets (Friedrich et
al., 2021; Sparano et al., 2022; Yomogida et al., 2021). GI-ILCs in the fetal liver (FL) are
identified as precursors of ILCls (Chen et al., 2022; Sparano et al., 2022), especially of Ly-
49E" ILCls that are included in 7R™ ILCls (Chen et al., 2022). In addition, 7R* ILC1s in the
liver, salivary glands (SG), and small intestines can give rise to 7R™ ILCls in response to

cytokines and inflammations (Friedrich et al., 2021), suggesting that 7R" ILCls are also
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84  potential precursors for 7R™ ILCls. However, several reports have suggested different models.
85 In ILCl-related inflammation models reported so far, including contact hypersensitivity,
86 MCMV infection, and liver injury, ILCls with high cytokine receptors (IL-7R, IL-18R,
87  and/or CD25) are induced and accumulate in the liver (Nabekura et al., 2020; Wang et al.,
88  2018; Weizman et al., 2019). Furthermore, an organ-wide single cell RNA sequencing
89  (scRNA-seq) analysis reveals that liver 7R™ ILCls represent a unique population distinct from
90 SG and small intestines (McFarland et al., 2021), suggesting the absence of universal
91  differentiation programs of ILCls conserved across tissues. Thus, concepts of ILCI
92  heterogeneity and development are still controversial.
93 Additionally, environmental factors regulating ILC1 development are poorly
94  understood. Accumulating evidence has shown that development and maintenance of ILCs are
95  strictly associated with their resident tissue microenvironment, called niche (Ikuta et al., 2021;
96  McFarland and Colonna, 2020; Murphy et al., 2022). G1-ILC homeostasis heavily depends on
97 interleukin 15 (IL-15), that is transpresented from hematopoietic and stromal cells as an IL-
98  15/IL-15Ra complex to locally promote the development, survival, and proliferation of
99  memory CD8 T cells, NKT cells, and G1-ILCs in various tissues (Ikuta et al., 2021; Klose et
100 al.,, 2014; Lodolce et al., 1998). However, how tissue environment regulates ILCI
101  homeostasis and whether specific niches control the formation of ILC1 heterogeneity are yet
102 to be characterized.
103 Based on fate-mapping, transfer studies, and targeting of the IL-15-producing
104  microenvironment, we have addressed the developmental processes of heterogenous ILCI
105  subsets. Adult liver (AL) 7R" ILCls are not converted to 7R™ ILCls in vivo and RORa,
106  deficiency results in selective reduction of 7R ILCls, suggesting that 7R* ILCls are not
107 necessary for the development of 7R™ ILCls. FL GI-ILCs originate from perivascular sites of
108  the liver and then infiltrate into sinusoids to give rise to AL 7R™ ILCls. Hepatocyte-derived
109  IL-15 supports FL G1-ILCs development in parenchyma, thereby maintaining mature 7R™
110 ILCls in sinusoids. Functionally, 7R ILCls exert inflammation-independent cytotoxicity
111 through granzyme B expression, which is underpinned by their tonic mTOR activity. Our
112 findings reveal that 7R™ ILCl1s represent an ILC subset with unique developmental processes
113 and unconventional native cytotoxicity distinct from NK cells and 7R ILCls.

114
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115  Results
116
117 Fetal and adult liver contain bona fide ILC1s lacking IL-7R
118  To characterize and make the relationships among fetal and adult G1-ILCs clear, we first
119 assessed their expression of NK- and ILC-signature molecules. FL. G1-ILCs, adult tissue
120  ILCls, and NK cells were identified as CD49a’CD49b™, CD49a"CD49b"°, and
121 CD49a CD49b" populations within G1-ILCs, respectively (Figure 1A). FL G1-ILCs highly
122 expressed CXCR6, TRAIL, and CD200R, resembling adult tissue ILCls, though they
123 completely lacked IL-7R expression (Figure 1B and 1C). AL contains both IL-7R-negative
124 (7R") and -positive (7R") ILC1s (Figure 1C), as reported previously (Friedrich et al., 2021;
125  Sparano et al., 2022; Yomogida et al., 2021). In contrast, CD49a"CD49b"° ILCls in bone
126 marrow (BM), corresponding to previously reported immature ILCls (iILCls) that have
127  ability to give rise to liver ILCls (Klose et al., 2014), were mostly IL-7R", similar to other
128  tissues including the spleen, mesenteric lymph nodes, peritoneal cavity, and small intestines
129 (Figure 1C and 1D). Despite the differential IL-7R expression, the frequencies and numbers
130 of AL 7R and 7R ILC1s were not reduced in IL-7"" mice (Figure 1-figure supplement 1A
131  and 1B), consistent with the basic property of G1-ILCs of being IL-7-independent (Klose et
132 al., 2014; Robinette et al., 2017).
133 We further assessed the relevance among G1-ILC subsets by bulk RNA sequencing
134 (RNA-seq). All analyzed G1-ILC populations expressed 7bx21 (T-bet) but not Rorc (RORyt),
135  suggesting the lack of ILC3 contamination (Figure 1-figure supplement 1C). Consistent with
136 surface phenotype, FL G1-ILCs and AL 7R™ ILCls as well as BM iILCls and AL 7R ILCls
137  shared high expression of ILCI signature genes (P2rx7, Zfp683, and Cd3g) and low
138 expression of NK cell signature genes (Sell, Klra4, and Klra8) (Figure 1E). By contrast, 7R"
139  ILCls and BM iILCls showed higher expression of genes related to cytokine responses (//7r,
140 Il2ra, Icos, and Kit) compared to other G1-ILC subsets (Figure 1-figure supplement 1D).
141  Conversely, FL. G1-ILCs and 7R ILCls poorly expressed cytokine receptor-related genes
142 ({l7r, 111871, and [l18rap) (Figure 1E) and exhibited less cytokine-responsive characters
143 (Figure 1-figure supplement 1E). Although FL G1-ILCs were unique in terms of their high
144 proliferative status (Figure 1-figure supplement 1F and 1G), principal component analysis
145  (PCA) revealed that the overall transcriptional state of FL G1-ILCs was close to 7R ILCls
146  (Figure 1F). 7R" ILCls located rather close to BM iILCls in PCA, suggesting their cross-
147  tissue similarity. These results show the transcriptional resemblance between FL G1-ILCs and
148 AL 7R ILCls or between BM iILCls and AL 7R" ILCls.
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149 Given the ILCl-like transcriptional programs and T-bet'Eomes™ phenotype of FL
150  GI1-ILCs and AL 7R™ ILCls (Figure 1G), they were considered as ILC1s but not NK cells. To
151  precisely verify their lineage, we performed fate-mapping of ILCPs by using PLZF-GFP-Cre
152 Rosa26-YFP reporter (PLZF-fm) mice (Constantinides et al., 2014). In these mice, ILCP
153  progenies including ILCls, ILC2s, and ILC3s but not LTi or NK cells are preferentially
154  labeled by YFP, though a certain ratio of blood cells expresses YFP due to the pre-
155  hematopoietic PLZF expression (Constantinides et al., 2014). To remove this background YFP
156  labelling, we used chimeric mice reconstituted with YFP Lin Scal‘c-Kit" (LSK) cells sorted
157  from BM of PLZF-fm mice. In the chimeric mice, AL 7R and 7R* ILCls as well as other
158  adult tissue ILCls prominently expressed YFP (Figure 1H and 1I). A similar trend was
159  observed when using straight PLZF-fm mice or chimeric mice reconstituted with FL. LSK
160  cells from PLZF-fm mice (Figure 1-figure supplement 1H and 1I). Furthermore, FL G1-ILCs
161  mostly expressed YFP in straight PLZF-fm mice (Figure 1J), in line with a previous fate-
162  mapping study of neonatal liver G1-ILCs (Constantinides et al., 2015). Thus, these results
163 indicate that bona fide ILCl1s lacking IL-7R are enriched in FL and AL.

164

165 7R* ILC1s minimally contribute to the development of 7R™ ILCls

166 A previous study reported that 7R ILC1s behaved as the precursors of 7R™ ILCls when
167  cultured in vitro or transferred into lymphopenic mice (Friedrich et al., 2021). However, in the
168  liver, while 7R" ILC1s were nearly absent in infants and accumulated with age, 7R™ ILCls
169  were predominant in young mice, decreased with age, and eventually depleted (Figure 2A—
170 2C). These observations suggest that the development and maintenance of 7R™ ILCls are
171  independent from 7R" ILCls in physiological conditions.

172 To test this hypothesis, we first explored whether there were molecular pathways
173 controlling the development of each ILC1 population individually. RNA-seq revealed that
174 7R" ILCls highly expressed RORa and were positively enriched with gene sets “RORA
175  activates gene expression” relative to 7R ILCls, based on gene set enrichment analysis
176  (GSEA) (Figure 2D). We therefore generated RORa” mice to test the effect of RORa for
177 7R* ILCls. As RORa mice tend to die within four weeks after birth, we analyzed adult
178  RORa"" mice or two weeks old RORa~ mice. 7R* ILCls were significantly reduced in
179  RORa"" mice, while NK cells and 7R™ ILC1s were unchanged (Figure 2E). In RORo"™ mice,
180  though whole ILC1s were significantly reduced as reported recently (Song et al., 2021), 7R*
181 ILCls were the subset most apparently affected (Figure 2F). These data suggest that the


https://doi.org/10.1101/2022.11.03.514990
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.03.514990; this version posted November 4, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

182  development of 7R™ ILC1s do not significantly depend on the presence of 7R" ILCls.
183 To make the developmental relationships between 7R™ and 7R" ILCls clearer, we
184  conducted adoptive transfer experiments under physiological conditions by using unirradiated
185 CD45.1 WT host mice. 7R and 7R* ILC1s were isolated from AL, transferred, and the host
186  liver were analyzed. For at least 2 months, little conversion was observed between 7R™ and
187 7R ILCls (Figure 2G-I). In addition, transferred BM iILCls gave rise to AL 7R ILCls but
188 not to 7R™ ILCls (Figure 2-figure supplement 1A and 1B), consistent with their
189  transcriptional resemblance. However, parabiosis experiments showed that the replacement
190  rate of AL 7R ILCls were low (<5%), though significantly higher than that of 7R™ ILCls
191  (Figure 2—figure supplement 1C), suggesting that both ILC1 subsets are tissue-resident. Thus,
192 whether BM iILCls actually contribute to AL 7R" ILC1 pool is still unclear. To test the
193 phenotypical stability of ILCls in inflammatory states, we injected IL-15/IL-15Ra complex
194  repeatedly into host mice that had received CPD-labeled 7R™ and 7R" ILC1s. NK cells and
195  7R"ILCls proliferated more than 7R™ ILCls after the stimulation (Figure 2J), consistent with
196  their basal Ki-67 expression levels (Figure 1-figure supplement 1G) and properties of
197  cytokine responsiveness (Figure 1-figure supplement 1E). 7R and 7R" ILCls were stable
198  even after the IL-15/IL-15Ra stimulation (Figure 2K), confirming their stability in activated
199  states. These results show that 7R" ILCls were rarely converted to 7R™ ILCls and not
200  essential for the development of 7R™ ILC1s under physiological conditions.
201
202 FL G1-ILC:s arise at hepatic parenchyma and give rise to 7R™ ILCl1s in sinusoids
203 We next address the contribution of FL G1-ILCs to the development of AL 7R ILCls.
204  Adoptively transferred FL G1-ILCs differentiated into CD49a"CD49b' mature ILCls in AL
205  (Figure 3A) and they completely lacked IL-7R (Figure 3B). To confirm the direct contribution
206  of FL GI1-ILCs to the adult pool of 7R™ ILC1s, we performed fate-mapping experiments using
207  NKp46-CreERT2 mice (Nabekura and Lanier, 2016) crossed with Rosa26-tdTomato mice.
208  After tamoxifen injection into pregnant mice at E17.5, liver of neonatal and 4 weeks old pups
209  were analyzed. TdTomato expression was clearly restricted to IL-7R™ fractions within
210  neonatal GI1-ILCs and AL ILCls (Figure 3C—3E, Figure 3—figure supplement 1A), consistent
211  with previous studies (Chen et al., 2022; Sparano et al., 2022). As shown in these studies,
212 fate-mapped 7R™ ILCls showed a skewed expression of Ly49E/F, though they also contained
213 Ly49E/F population (20-25%) (Figure 3—figure supplement 1B—1D). Labeling efficiency
214 was 40% in neonatal IL-7R™ G1-ILCs and 20% in 7R™ ILCls in 4 weeks old mice (Figure 3F
215 and 3G). These results confirm a direct, albeit partial, contribution of FL G1-ILCs to the adult
7
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216  pool of 7R ILCls.

217 To investigate the detailed developmental process of FL G1-ILCs and AL ILCls in
218  wvivo, we examined their spatiotemporal distributions. In immunostaining analysis, FL G1-
219 ILCs were identified as NKp46™ cells in WT mice (Figure 4A). AL NK cells and ILC1s were
220  identified as NKp46"GFP~ and NKp46'GFP* cells in CXCR6SF"* mice, respectively (Figure
221 4B and Figure 5—figure supplement 1A). In E18.5 liver, FL G1-ILCs mostly distributed at
222 perivascular sites, outside of the sinusoidal lumen (here termed parenchyma) (Figure 4A). In
223 contrast, over 85% of whole ILC1s and NK cells were within sinusoids in AL (Figure 4B and
224 4C). Although we could not detect IL-7R expression on ILCls by immunofluorescence, flow
225  cytometry (FCM)-based analysis of intravenous (i.v.) CD45.2 staining confirmed similar
226  intravascular locations of 7R and 7R* ILCls as well as NK cells, T cells, and NKT cells in
227 AL (Figure 4D and 4E). In contrast, ILC2s were not efficiently labeled by i.v. staining,
228  consistent with perivascular localization of liver ILC2s observed so far (Dahlgren et al., 2019).
229  Interestingly, a population of AL Lin Sca-1"Mac-1" (LSM) cells, local precursors for ILC1s
230  (Baietal., 2021), were also not well labeled by 1.v. staining. Thus, there are localization shifts
231 between ILC1 precursors and mature ILCls in the liver: FL G1-ILCs and some LSM cells
232 distribute to parenchyma, whereas AL G1-ILCs including 7R™ ILCl1s reside within sinusoids.
233 These observations suggest that FL. G1-ILCs arise at parenchyma and then infiltrate into
234 sinusoids during maturation toward 7R™ ILCls.

235

236  Hepatocyte-derived IL-15 supports the parenchymal development of 7R™ ILC1s

237  Given that the possible origins of FL G1-ILCs and 7R™ ILCls are liver parenchyma, we asked
238 the role of parenchymal microenvironments for ILC1 development. Since IL-15,
239  transpresented as an IL-15/IL-15Ra complex, is a local determinant of G1-ILC homeostasis
240  (Ikuta et al., 2021), we generated IL-15-floxed mice and crossed them with several Cre-driver

241  lines. Reanalysis of single nuclei RNA-seq (snRNA-seq) data of whole liver cells from Liver

242 Cell Atlas (www.livercellatlas.org) revealed that 7//5 gene was highly expressed by

243 macrophages and endothelial cells and, to a lesser extent, by hepatocytes, while I//5ra
244  expression was prominent in hepatocytes (Figure 5A, 5B, and Figure 5—figure supplement
245  1B). We therefore focused on IL-15 produced by hepatocytes, macrophages, and endothelial
246 cells. To target parenchymal IL-15, we generated Alb-Cre IL-15-flox/flox (f/f) mice (IL-151
247 ©*° mice), which lacked IL-15 in hepatocytes. In IL-154"C mice, FL GI-ILCs were
248  significantly reduced (Figure 5C). Notably, IL-154¢" mice also showed reduction of AL
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249 7R ILCls in contrast to unchanged NK cells, 7R" ILC1s, and NKT cells (Figure 5D, 5E, and
250  Figure 5—figure supplement 1C), despite their similar intravascular localizations. These data
251  corroborate the precursor-progeny relationship of FL G1-ILCs and AL 7R™ ILCls and also
252 the parenchymal origin of 7R™ ILCls. To further define the IL-15 niches for G1-ILCs, we
253 generated IL-15%"°1"“ mice, which target vascular IL-15 sources including sinusoidal
254  endothelial cells and a fraction of hematopoietic cells (Lim et al., 2018; Pham et al., 2010). In
255  IL-159ve-Cre mice, all AL G1-ILC subsets were significantly reduced (Figure SF). We

5LysM-Cre mice, which

256  analyzed another mouse line targeting intravascular IL-15 sources, IL-1
257 lack IL-15 in myeloid cells. IL-15"M" mice showed similar two-fold reductions of AL NK
258  cells, 7R ILCls, and 7R" ILCls (Figure 5G), confirming the similar IL-15 requirements
259  among all G1-ILC subsets. Notably, expression of Bcl-2, a survival factor downstream of IL-
260 15, was downregulated in all G1-ILCs of IL-15"¢"C*® mice (Figure SH and 5I), whereas Bcl-
261 2 and Ki-67 levels were unchanged in IL-154"C* mice (Figure 5] and 5K). These results
262  indicate that parenchymal IL-15 has no direct impact on mature 7R™ ILCls in sinusoids
263  whereas intravascular IL-15 directly supports the survival of all AL GI1-ILCs. IL-15Ab-Cre
264  mice had reduced Lin CD122°CD49a" ILCI1 precursors in AL (Figure 5—figure supplement
265 1D), suggesting an impaired development of 7R™ ILCls. Thus, these data demonstrate that
266  hepatocyte-derived IL-15 supports the development of 7R™ ILCls at parenchyma, thereby
267  maintaining AL 7R™ ILCls infiltrated in sinusoids.

268

269  Steady-state mTOR activity confers granzyme B-mediated cytotoxicity in 7R™ ILC1s

270  Cytotoxicity is one of the most pivotal functions of G1-ILCs, though the contribution of
271 ILCls remains controversial. By focusing on the ILC1 heterogeneity, we attempted to
272 describe the G1-ILC effector function in detail. In steady state, minimal levels of granzyme B
273 and death ligands were found on NK cells, while 7R™ ILC1s expressed both granzyme B and
274 TRAIL, the latter of which was also expressed on 7R" ILCls (Figure 6A, Figure 6-figure
275  supplement 1A, and 1B) (Friedrich et al., 2021). In line with this, freshly isolated 7R™ ILCls
276  remarkably lysed multiple tumor cells including YAC-1 (Figure 6B), Hepal-6 (Figure 6C),
277  and B16F10 cells (Figure 6D). By contrast, NK cells and 7R" ILC1s showed only slight or no
278  cytotoxicity against these tumor cells, consistent with a previous study showing minimal
279  cytotoxicity of unstimulated NK cells (Fehniger et al., 2007). To determine the effector
280  pathways 7R™ ILCls rely on, we added concanamycin A (CMA), an inhibitor for
281  perforin/granzyme pathways (Kataoka et al., 1994), and neutralizing antibodies for TRAIL
282  and FasL to the coculture systems. Killing of Hepal-6 cells by 7R™ ILCls was markedly

9


https://doi.org/10.1101/2022.11.03.514990
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.03.514990; this version posted November 4, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

283  inhibited by CMA, and to a lesser extent by anti-TRAIL antibody (Figure 6E). Despite the
284  expression of granzyme A in NK cells and granzyme C in 7R" ILCls (Nixon et al., 2022)
285  (Figure 6—figure supplement 1C and 1D), CMA had no effect to their cytotoxicity. Other
286  granzyme genes (Gzmf, k, n, and m) were undetectable in ILCls (data not shown). These
287  results suggest that granzyme B plays a major role in the cytotoxicity of 7R™ ILCls.

288 Cellular amount of granzyme B is well correlated to and primarily responsible for the
289  NK cell cytotoxicity (Bhat and Watzl, 2007; Gwalani and Orange, 2018; Prager et al., 2019).
290  Although granzyme B expression and killing capacity of NK cells are weak at steady state,
291  stimulation by cytokines, especially by IL-15, enable to induce both of them (Fehniger et al.,
292 2007; Margais et al., 2014; Prager et al., 2019). To test whether 7R™ ILCls share such an
293  activation machinery, we analyzed their granzyme B expression after the stimulation. We
294  found that IL-15/IL-15Ra injection more efficiently enhanced granzyme B on NK cells and
295  7R"ILCls than 7R™ ILCls, and thereby the granzyme B level on NK cells got comparable to
296 7R ILCls (Figure 6A). IL-15/IL-15Ra also triggered the phosphorylation of STATS, Akt,
297  and ribosomal protein S6 (a target of mTOR), which are critical for the IL-15-induced effector
298  function (Ali et al., 2015), in NK cells and 7R* ILCls but to a lesser degree in 7R™ ILCls
299  (Figure 6F, 6G, Figure 6—figure supplement 1E, and 1F). These data suggest that the cytotoxic
300  capacity of 7R™ ILCls are different from that of NK cells in terms of responsiveness and
301  requirement for the cytokine stimulation. Interestingly, the phosphorylation level of S6 was
302  rather higher in ILCls than NK cells in unstimulated mice (Figure 6F and 6G). Notably,
303  injection of rapamycin, an mTOR complex inhibitor, downregulated granzyme B expression
304 in 7R” ILCls to a level comparable to that in NK cells (Figure 6H and 6I). By contrast,
305  granzyme B levels in NK cells and 7R* ILC1s were unaffected. Collectively, these results
306  show that 7R™ ILCls exhibit cytotoxicity in their steady state through granzyme B expression,
307  which is supported by their constitutive mTOR activation.

308
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309  Discussion
310
311  In this study, we have characterized the developmental process and functional heterogeneity
312 of liver G1-ILCs. Hepatocytes shape IL-15 niches supporting parenchymal development of
313  FL GI1-ILCs, that differentiate into 7R™ ILCls in sinusoids. Functionally, 7R™ ILC1s exhibit
314  granzyme B-mediated cytotoxicity in steady state, in sharp contrast to less cytotoxic resting
315 NKcells.
316 ILC1 heterogeneity has been extensively addressed recently. In the liver, ILCls are
317  separated into IL-7R™ and IL-7R" populations (Friedrich et al., 2021; Sparano et al., 2022;
318  Yomogida et al., 2021), the latter of which can differentiate into the former when cultured in
319  vitro or transferred into lymphopenic mice (Friedrich et al., 2021). However, we show that
320 7R and 7R" ILCls behave like independent subsets under physiological conditions: decline
321  of 7R™ ILCls and accumulation of 7R* ILC1s with age, requirements for RORa specifically
322 in 7R" ILCls, and phenotypical stability between 7R™ and 7R* ILCls when transferred into
323 WT host mice. Such a contradiction might be due to the highly nutrient- and cytokine-
324  accessible environments in the culture systems and lymphopenic hosts that might trigger non-
325  physiological activation and phenotypic shift of 7R" ILC1s. Indeed, our model rather gives an
326  explanation for the ILC1 heterogeneity in inflammatory disease models using healthy mice
327  observed so far. In mouse models of contact hypersensitivity, MCMYV infection, and liver
328  injury, ILCls with high expression of cytokine receptors (IL-7R, CD25, and/or IL-18R)
329  highly proliferate and accumulate in AL, thereby forming the memory and protecting liver
330  from infection and injury (Nabekura et al., 2020; Wang et al., 2018; Weizman et al., 2019).
331 AL 7R" ILCls resemble such “memory-like” or “activated” ILCls in terms of the surface
332 phenotype and high proliferation potentials. These observations suggest a hypothesis that a
333 preferential proliferation of pre-existing stable 7R" ILCls, rather than inflammation-specific
334  ILCls induced from naive ILCls, may contribute to liver immunity and homeostasis.
335 Several previous studies have pointed out the precursors for ILCls: BM ilLCls
336  (Klose et al., 2014), FL G1-ILCs (Constantinides et al., 2015; Daussy et al., 2014), and local
337  precursors in the liver such as LSM cells and Lin CD122"CD49a" cells (Bai et al., 2021). In
338  particular, FL G1-ILCs are precursors for AL Ly-49E" ILC1s (Chen et al., 2022; Sparano et
339 al., 2022). Although AL Ly-49E" ILCls are included in and account for 30-40% of AL 7R™
340  ILCls, fate-mapping reveals that FL-derived 7R™ ILCl1s contain also an Ly49E/F~ population
341  (20-25%), suggesting further heterogeneity in FL-derived ILCls. Considering the partial
342 contribution (about 50%) of FL G1-ILCs to AL 7R™ ILC1 pool estimated by fate-mapping,
11
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343  local ILC1 precursors such as LSM cells and Lin CD122"CD49a" cells might be the other
344  sources for 7R™ ILCls. By contrast, the origin of AL 7R" ILCls remains to be solved. We
345  show that BM iILCls have a potential to differentiate into AL 7R" ILCls, but the actual
346  contribution is unclear. As both AL 7R and 7R" ILCls were rarely replaced during
347  parabiosis experiments using adult mice, it is possible that a transiently migrated population
348  derived from BM settle and give rise to 7R" ILCls in the liver during neonatal period, as
349  discussed previously (Sparano et al., 2022). Further investigations using a specific tracing
350  approach such as fate-mapping of BM iILCls are required to determine their precise
351  developmental potency.

352 Development and maintenance of ILCs strictly depend on their resident tissue
353  microenvironments, called niche (Ikuta et al., 2021; Kotas and Locksley, 2018; McFarland
354  and Colonna, 2020; Murphy et al., 2022). IL-15 is a cytokine crucial for G1-ILC homeostasis.
355  IL-15-producing cells shape the niches for G1-ILCs within various tissues via the IL-15/IL-
356  15Ra transpresentation (Cepero-Donates et al., 2016; Cui et al., 2014; Liou et al., 2014;
357  Mortier et al., 2009), yet IL-15 niches specific for ILCls remained unclear. Using a
358 combination of imaging and cell-specific IL-15 knockout approaches, we unveil the
359  parenchymal origins of 7R™ ILCls as well as FL G1-ILCs and identify hepatocytes as an IL-
360  15-producing niche supporting 7R ILC1 development. Parenchymal distribution of FL G1-
361  ILCs, reminiscent of FL hematopoietic stem cells (HSCs) (Khan et al., 2016; Lewis et al.,
362 2021), might be partly due to the immaturity of hepatic vasculature in that period. Since FL
363 GI1-ILCs and FL HSCs are also similar in that they eventually infiltrate into blood vessels
364  (Lewis et al., 2021), it would be of interest to address the mechanism underlying their
365 neonatal dynamics. In addition, it is still unclear why hepatocyte-derived IL-15 has such a
366  local effect despite many fenestrae and the lack of a basement membrane on liver sinusoids.
367  One possible explanation is that the transpresentation of IL-15/IL-15Ra by hepatocytes may
368  require direct contact to target cells, as dendritic cells do (Mortier et al., 2008). Given that
369  hepatocytes prominently express ///5ra gene and its deletion results in the reduction of whole
370  IL-15-dependent lymphocytes in the liver (Cepero-Donates et al., 2016), it is also possible
371  that hepatocytes may produce IL-15Ra as a soluble form, that binds to other cell-derived IL-
372 15 to exert non-local effects.

373 Traditionally, ILCls are regarded as less cytotoxic than NK cells in mice, whereas
374  recent studies have challenged this theory (Dadi et al., 2016; Di Censo et al., 2021; Kansler et
375 al., 2022; Nixon et al., 2022; Yomogida et al., 2021). Our study provides two possible
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376  explanations for this discrepancy. First, the age of mice selected for analysis influence the
377  composition and overall cytotoxicity of ILC1s. We and others (Chen et al., 2022; Friedrich et
378  al., 2021; Nixon et al., 2022) showed that ILC1s were heterogenous in their cytotoxicity. Due
379  to the age-dependent reduction of highly cytotoxic 7R™ ILCls, the overall cytotoxicity of
380  ILCls in the liver should decline with age. Second, the effector program of 7R™ ILCls differ
381  from NK cells in its nature, especially in terms of cytokine responsiveness. Freshly isolated
382 NK cells exhibit low expression of cytotoxic molecules and only minimal cytotoxicity
383  (Fehniger et al., 2007), while stimulation by IL-15 confers granzyme B expression and
384  cytotoxicity on NK cells via mTOR-dependent metabolic reprogramming (Margais et al.,
385  2014; Nandagopal et al., 2014). Conversely, we show that 7R™ ILCls exhibit prominent
386  granzyme B-mediated cytotoxicity via mTOR activity at steady state, though they are less
387  responsive to cytokines than NK cells and 7R ILCls. These findings suggest that 7R™ ILCls
388 are “ready-to-kill” sentinels that contribute to the tonic immune surveillance, which is
389  followed later by the response of activated and proliferated NK cells and 7R" ILCls.

390 Taken together, our study provides insight into the complex ILC1 ontogeny by
391  revealing relationships among heterogenous ILC1 subsets, their developmental dynamics, and
392 niche dependence. Our findings highlight the intrinsic cytotoxic programs of 7R™ ILCls
393  unlike NK cells, proposing them as critical steady-state sentinels against infection prevention
394  and tumor surveillance and bringing the possibility of local therapeutic targeting of ILCI
395  function.

396
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397  Materials and Methods

398

399  Mice

400  C57BL/6J mice were purchased from Japan SLC (Hamamatsu, Japan). IL-77" mice were
401  obtained by IL-7-flox mice developed in our laboratory (Liang et al., 2012) with Cre-
402  mediated germ-line deletion. PLZF-IRES-EGFP-Cre (Constantinides et al., 2014) mice were
403  provided by Dr. M. Miyazaki at Kyoto University and crossed with Rosa26-YFP mice
404  (Srinivas et al., 2001). RORa. knockout (RORo ") mice were generated by CRISPR/Cas9
405 gene editing in our laboratory and will be reported in detail elsewhere. CXCR6-GFP KI
406  (CXCR6SFP™) mice were provided by Dr. H. Ohno. IL-15-flox mice were generated in our
407  laboratory (Cui et al., under review) and bred with Alb-Cre mice (Postic et al., 1999) and
408  Lyvel-Cre mice (Pham et al., 2010), which were kindly supplied by Dr. Mark A. Magnuson at
409  Vanderbilt University and by Dr. Jason Cyster at University of California San Francisco,
410  respectively. NKp46-CreERT2 Tg mice (Nabekura and Lanier, 2016) were provided by Dr. T.
411  Nabekura and Dr. Lewis L. Lanier and crossed with Rosa26-tdTomato (Madisen et al., 2010)
412 mice. For fetal experiments, the noon when the vaginal plug was detected was considered as
413  embryonic day (E) 0.5. All mice were maintained under specific pathogen-free conditions in
414  the Experimental Research Center for Infectious Diseases at the Institute for Life and Medical
415  Sciences, Kyoto University. All procedures were carried out under sevoflurane or isoflurane
416  anesthesia to minimize animal suffering. All mouse protocols were approved by the Animal
417  Experimentation Committee of the Institute for Life and Medical Sciences, Kyoto University.
418

419  Cell preparation and isolation

420  To protect ILCls from NAD"-induced cell death (NICD) (Stark et al., 2018), mice were
421  intravenously (i.v.) injected with 40 ng ARTC2.2 blocking nanobody (BioLegend, San Diego,
422 CA, USA) 30 min before sacrificing the mice in several experiments. Fetal liver, adult liver,
423  spleen, peripheral (axillary, brachial, and inguinal) lymph nodes, and mesenteric lymph nodes
424  were dissociated mechanically and passed through 70-um cell strainers (Greiner Bio-One,
425  Milan, Italy). Adult liver leukocytes were then separated by centrifugation through 40%
426  Percoll. Peritoneal cavity was washed by 5 mL of PBS and the wash fluid was extracted using
427  asyringe and a 21 G needle (Terumo Corporation, Tokyo, Japan). BM cells were obtained by
428  flushing out the marrow fraction of femurs and tibias. To collect salivary gland cells,

429  submandibular and sublingual glands were minced with scissors and incubated at 37°C for 1
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430 hour in RPMI 1640 medium containing 10% fetal bovine serum, 1 mg/mL collagenase D, and
431 50 pg/mL DNase I (Sigma-Aldrich, St. Luis, MO, USA). The cell suspension was filtered
432 through a 70-um cell strainer and purified using 40% Percoll. For the isolation of intestinal
433  lamina propria lymphocytes, small intestines were flushed out and Peyer’s patches were
434  excised. The intestines were opened longitudinally, cut into 1-cm pieces, and incubated at
435  37°C for 30 min in PBS with 5 mM EDTA to remove epithelial cells. The incubated pieces
436  were then minced and digested by RPMI 1640 medium containing 10% fetal bovine serum,
437  1.25 mg/mL collagenase D, and 50 pug/mL DNase 1. The tissue suspension was passed through
438  a 70-um cell strainer and lymphocytes were purified by 40% Percoll.

439

440  Flow cytometry and cell sorting

441  Following fluorescent dye- or biotin-conjugated antibodies (BioLegend, San Diego, CA,
442 USA; Thermo Fisher Scientific, Waltham, MA, USA; BD Bioscience, San Jose, CA, USA;
443  TONBO Biosciences, San Diego, CA, USA) were used: CD3¢ (145-2C11), NK1.1 (PK136),
444  NKp46 (29A1.4), CD49a (HMal), CD49b (DXS5), IL-7Ra (A7R34), CXCR6 (SA051D1),
445  TRAIL (N2B2), CD69 (H1.2F3), CD200R (OX-110), CXCR3 (CXCR3-173), CD25 (PC61),
446  Thy-1.2 (30-H12), KLRG1 (2F1/KLRG1), CD11b (M1/70), CD62L (MEL-14), Eomes
447  (Danllmag), T-bet (4B10), CD45.1 (A20), CD45.2 (104), CD45 (30-F11), Ki-67 (SolA15),
448  Bcl-2 (BCL/10C4), CD31 (MEC13.3), LYVE-1 (LVY7), CD122 (TM-B1), Ter119 (Terl19),
449  F4/80 (BM8), Gr-1 (RB6-8C5), CD19 (6D5), B220 (RA3-6B2), TCRP (H57-597), FceRI
450  (MAR-1), PD-1 (29F.1A12), a4p7 (DATK32), Sca-1 (E13-161.7), c-Kit (2B8), FIt3 (A2F10),
451  granzyme B (NGZB), granzyme C (SFCIDS8), FasL. (MFL3), Ly49E/F (CM4), p-S6
452  (D57.2.2E), p-STATS (47), and p-Akt (S473) (M89-61). Biotinylated monoclonal antibodies
453  were detected with APC- or Brilliant Violet 421-conjugated streptavidin (Thermo Fisher
454  Scientific). For intracellular staining of Eomes, T-bet, Bcl-2, Ki-67, and granzymes, cells were
455  stained for surface antigens, fixed, permeabilized, and stained using Foxp3 Staining Buffer
456  Set or IC Fixation Buffer (Thermo Fisher Scientific). For intracellular staining of p-S6, p-
457  STATS, and p-Akt (S473), cells were stained for surface antigens, fixed, permeabilized, and
458  stained using BD Phosflow Buffer (BD Biosciences). Flow cytometry and cell sorting were
459  performed on BD FACSVerse or BD LSRFortessa X-20 flow cytometers (BD Biosciences)
460 and BD FACS Aria Il or Aria III cell sorters (BD Biosciences), respectively. Data were
461  analyzed on FlowJo software (FlowJo, Ashland, OR, USA). Debris and dead cells were
462  excluded from analysis by forward and side scatter and propidium iodide (PI) gating. In
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463  figures, values in quadrants, gated areas, and interval gates indicate percentages in each
464  population.

465

466  Fate-mapping experiment

467  Fate-mapping of ILCPs in BM or FL were performed as described previously (Constantinides
468 et al., 2014). In brief, 1 x 10* YFP Lin Scal c-Kit" (LSK) cells isolated from BM or FL of
469  PLZF-GFP-Cre Rosa26-YFP mice were injected i.v. into lethally (9 Gy) irradiated CD45.1
470  WT mice to remove the random YFP labelling occurred prior to the hematopoiesis. The
471  recipient mice were analyzed 5 weeks after the transplantation. Straight PLZF-GFP-Cre
472 Rosa26-YFP mice were also analyzed to confirm the results. For fate-mapping of FL G1-ILCs
473  in NKp46-CreERT2 Rosa26-tdTomato mice, 4 mg tamoxifen (Sigma-Aldrich) was
474  intraperitoneally injected into pregnant mothers at E17.5. Neonatal (postnatal day 0—4) and 4
475  weeks old pups were analyzed.

476

477  RNA sequencing (RNA-seq) and data analysis

478  For bulk RNA-seq, freshly sorted G1-ILC populations (1 x 10° cells) were lysed with Buffer
479  RLT (Qiagen, Hilden, Germany) and purified with RNAClean XP (Beckman Coulter, Brea,
480  CA, USA). Double strand cDNA was synthesized, and sequencing libraries were constructed
481  using SMART-seq HT Plus kit (Takara Bio, Otsu, Japan). Sequencing was performed with
482 150 bp paired-end reads on the [llumina HiSeq X sequencer (Illumina, San Diego, CA, USA).
483  fastp (Chen et al., 2018) was used to assess sequencing quality and to exclude low-quality
484  reads and adaptor contaminations. Reads were mapped on the mouse reference genome
485  (mm10) using HiSat2. The read counts were determined at the gene level with featureCounts.
486  Normalization of gene expression levels and differential gene expression analysis were
487  performed using DESeq2. Genes were considered as differentially expressed genes (DEG)
488  when they had an adjusted p (padj) value < 0.05 and fold changes > 1.0. Metascape (Zhou et
489  al., 2019) and gene set enrichment analysis (GSEA, Broad Institute) was used for enrichment
490  analysis. For reanalysis of single nuclei RNA-seq (snRNA-seq) data of whole liver cells in

491  mice (Liver Cell Atlas; www.livercellatlas.org), normalization, scaling, and UMAP
492 clustering using first 5 dimensions in principal component analysis (PCA) of scaled count
493  matrix were performed on R package Seurat 4.0.2.

494

495  In vivo treatment
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496  For in vivo stimulation of G1-ILCs, mice were administrated intraperitoneally (i.p.) with 2 pg
497  IL-15/IL-15Ra complex (the RLI form as in Mortier et al., 2006, provided by Dr. J. M.
498  Dijkstra) once a day. After 18 hours, liver cells were isolated and analyzed by flow cytometry
499  to detect cytotoxic molecule expression. For rapamycin treatment, 30 pug rapamycin in 100 pL.
500  corn oil was injected i.p. into mice 18 hours before the analysis.

501

502  Intrasplenic injection

503 A small incision was made on the left flank of anesthetized mice and the lower pole of the
504  spleen was gently exposed. Cell suspension (50 puL) was slowly injected into the spleen by a
505 0.3 mL insulin syringe with a 29 G needle (BD Biosciences). Cotton wool was applied to the
506  spleen for several minutes after the injection to stop bleeding.

507

508  Adoptive transfer experiments

509  NK cells, 7R™ ILCls, 7R*ILC1s, and BM iILCls (2 x 10*-5 x 10* cells) and FL G1-ILCs (1
510  x 10° cells) were sorted from adult and E18.5 CD45. 1 WT mice, respectively. Each G1-ILC
511  population was adoptively transferred into CD45.2 WT mice by intrasplenic injection. At the
512  indicated time points, cells were isolated from the liver of recipient mice and analyzed by
513 flow cytometry. To assess the stability and the proliferation capacity of 7R™ ILCls and 7R*
514  ILCls in inflammatory conditions, CD45.2 WT mice were injected with indicated G1-ILC
515  populations labeled by Cell Proliferation Dye (CPD) eFluor 450 (Thermo Fisher Scientific)
516  (day 0) followed by the administration of 2 pg IL-15/IL-15Ra at day 1, 3, and 5. After 7 days,
517  liver leukocytes of recipient mice were analyzed.

518

519 Immunofluorescence

520  Whole FL of WT mice or hepatic lobes of adult CXCR6-GFP KI mice were fixed with 4%
521  paraformaldehyde (PFA) at 4°C for 6 hours, embedded in Optimal Cutting Temperature
522 compound (Sakura Finetechnical, Tokyo, Japan), and sliced with a cryomicrotome (Leica
523  CM3050S, Wetzlar, Germany). Tissue sections were stained at room temperature for 1 hour
524  with primary antibodies as follows: biotin-anti-CD31, rabbit polyclonal IgG anti-LYVE-1
525  (RELIATech, Braunschweig, Germany), and goat polyclonal IgG anti-NKp46 (R&D,
526  Minneapolis, MN, USA). Following secondary antibodies (BioLegend) were used: Dylight
527 488 anti-rabbit IgG, Alexa Fluor 555 anti-rabbit IgG, Alexa Fluor 647 anti-goat IgG, Brilliant
528  Violet 421 anti-rabbit IgG, Dylight 649 anti-rat IgG, and PE anti-rat IgG. Biotinylated
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529  antibodies were detected with FITC-, PE-, or Brilliant Violet 421-conjugated streptavidin
530  (Thermo Fisher Scientific). Stained sections were then mounted using PermaFluor Aqueous
531  Mounting Medium (Thermo Fisher Scientific) and examined by a TCS SP8 confocal
532 microscope (Leica) with HC PLAPO CS2 20%/0.75 IMM or HC PLAPO CS2 40%/1.30 OIL
533  object lenses. Multiple image stacks (10-20 pum) were acquired with two times of frame
534  averaging and maximum projection was then performed on using LAS X software (Leica).
535

536  Intravascular staining

537  PE/Cy7 anti-CD45.2 antibody (clone: 104) (2 png) was injected intravenously (i.v.) into mice 2
538  min before the perfusion and liver dissection. Isolated liver leukocytes were stained with
539  fluorophore-conjugated antibodies of interest in addition to APC/Cy7 anti-CD45 antibody
540  (clone: 30-F11) and analyzed by flow cytometry.

541

542 Parabiosis

543  Female CDA45.1 and CD45.2 congenic C57BL/6J mice were surgically conjoined as
544  previously described (Gasteiger et al., 2015). In brief, lateral skin from elbow to knee of each
545  mouse was sutured, forelimbs and hindlimbs were tied together, and the skin incisions were
546  closed using surgical adhesive. After 60 days of surgery, mice were analyzed by flow
547  cytometry.

548

549  In vitro Killing assay

550  Hepal-6 cells were purchased from RIKEN BioResource Center (RIKEN BRC, Tsukuba,
551  Japan). BI6F10 cells were provided by Dr. T. Honjo at Kyoto University. These mouse tumor
552 cell lines were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
553  with 10% FBS, 2 mM L-glutamine, and antibiotics. For time-lapse killing assays, 2 x 10?
554  Hepal-6 cells or B16F10 cells were labeled by CPD eFluor 450 and pre-incubated with RPMI
555 1640 medium (without phenol red) containing 10% FBS, 10 mM HEPES (pH7.4), antibiotics,
556  and 1 pg/mL PI on 96-well round bottom plates. Freshly sorted liver NK cells, 7R™ ILCls, or
557  7R'ILCls (2 x 10° cells) were added to the plates and co-cultured with tumor cells. Time-
558  lapse imaging was performed using a BZ-X710 microscope (Keyence, Osaka, Japan) with
559  CFI Plan Apo A 10x and CFI Plan Fluor DL 10x objective lenses at a 20 min interval for up
560  to 6 hours. To determine the contribution of effector molecules, 50 nM concanamycin A

561 (CMA), 10 pg/mL anti-TRAIL antibody (N2B2), or 10 pg/mL anti-FasL antibody (MFL3)
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562  were supplemented and compared to vehicle-supplemented controls. Tumor cell viability was
563  defined by the ratio of the CPDPI” viable tumor cell number at each time point to the viable
564  tumor cell number at the beginning of the imaging and represented as the moving average of
565  three consecutive time points. Image analysis and cell counts were performed using BZ-X
566  Analyzer (Keyence). For killing assay of YAC-1 cells (provided by Dr. M. Hattori at Kyoto
567  University), 2 x 10* freshly sorted liver NK cells, 7R™ ILCls, or 7R*ILC1s were co-cultured
568  for 4 hours with 2 x 10° CPD eFluor 450-labeled YAC-1 cells in RPMI 1640 medium
569  containing 10% FBS, 10 mM HEPES (pH7.4), and antibiotics. After culture, YAC-1 cells
570  were stained with FITC-conjugated Annexin V and PI (MEBCYTO-Apoptosis Kit, MBL) and
571  the ratio of Annexin V'PI" apoptotic cells were analyzed by flow cytometry.

572

573  Statistical analysis

574  Statistical differences were evaluated by the two-tailed unpaired Student’s #-test and one-way
575  or two-way analysis of variance (ANOVA) using GraphPad Prism 8 (GraphPad Software, San
576  Diego, California, USA). Asterisks in all figures indicate as follows: *p < 0.05, **p < 0.01,
577  ***¥p <(0.001, and ****p < 0.0001.
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Figure 1. Fetal and adult liver contain bona fide ILC1s lacking IL-7R.
(A) Gating strategy of subpopulations of G1-ILCs (CD3"NK1.1"NKp46") in the E18.5 fetal
liver (FL), adult liver (AL), and bone marrow (BM). iILC1, immature ILC1.

(B) Heatmap representing log2 transformed mean fluorescence intensity (MFI) of indicated

protein expression normalized by z-score transformations. SP, spleen.
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812  (C) Expression of IL-7Ra on G1-ILCs except for CD49a CD49b" NK cells (non-NK G1-
813 ILGCs)in FL, AL, and BM.

814 (D) The percentages of IL-7R™ fractions in non-NK G1-ILCs in the indicated tissues (n = 6—
815  8). LPL, small intestinal lamina propria lymphocytes; PC, peritoneal cavity; mLN, mesenteric
816  lymph node; SG, salivary gland.

817  (E) Scatter plot showing relative gene expression of FL GI1-ILCs and AL 7R™ ILCls
818  compared to AL NK cells in RNA-seq. Genes differentially expressed by FL G1-ILCs, AL
819 7R ILCls, AL 7R" ILCls, and BM iILCls (orange) or only by FL G1-ILCs and AL 7R”
820  ILCls (blue) compared to AL NK cells are highlighted. FC, fold change.

821  (F) First three principal components in PCA of top 3,000 variant genes.

822  (G) Expression of T-bet (upper) and Eomes (lower) on FL G1-ILCs as well as NK cells, 7R™
823  ILCls, and 7R" ILCls in AL. Shaded histograms (grey) indicate isotype controls.

824 (H and 1) Fate-mapping analysis of adult chimeric mice reconstituted with BM
825  YFP Lin Scalc-Kit" (LSK) cells from PLZF-GFP-Cre Rosa26-YFP (PLZF-fm) mice.
826  Representative histograms of YFP expression (H) and the percentages of YFP™ cells in
827  indicated cell populations (I) are shown (n = 3-6).

828  (J) The percentage of YFP' cells in FL G1-ILCs in E18.5 straight PLZF-fm mice (n = 5).

829  Data represent at least two independent experiments (A, C, G, and H), are from three to six
830  biological replicates (B), or are pooled from one (J) or multiple (D and I) independent
831  experiments. RNA-seq data are from two (AL NK cells and SG G1-ILCs), three (AL 7R"
832 ILCls, BM iILCls, and BM NK cells), and four (FL GI-ILCs, AL 7R™ ILCls, and LPL
833  ILCls) biological replicates (E and F). Data are presented as mean + SD.
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Figure 2. 7R* ILCls are dispensable for the development of 7R™ ILCl1s in AL.

(A—C) Kinetics of IL-7Ra expression on liver non-NK GI-ILCs with age. Representative

FCM profiles (A), the percentages within G1-ILCs (B), and the cell number (C) are shown (n

= 5-11 for each timepoint).

(D) GSEA of transcriptomes in 7R" ILC1s compared to 7R™ ILC1s. Eighteen genes included

in an indicated gene set from Reactome Pathway are shown. The lower heatmap shows
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841  relative gene expression levels in AL 7R™ and 7R" ILCls.

842  (E) The percentages of AL G1-ILC populations in control or RORa™™ mice (n = 6).

843  (F) The percentages of AL G1-ILC populations in control or RORo™”~ mice (1 = 6).

844  (G-I) Flow cytometric (FCM) analysis of transferred AL 7R™ and 7R" ILC1s detected in the
845  host liver at 4 weeks and 8 weeks post-transfer. Representative FCM profiles (G) and the
846  percentages of the fate of transferred 7R™ ILC1s (H) and 7R" ILC1s (I) are shown (n = 3-6).
847  (J) Host mice received with CPD-eFluor 450-labeled 7R™ and 7R* ILCls are repeatedly
848  stimulated with i.p. injection of IL-15/IL-15Ra complex. The number of transferred cell
849  division based on the FCM analysis of CPD-eFluor 450 dye dilution (n = 5-6) are shown.

850  (K) The percentages of the fate of transferred AL 7R™ ILCls and 7R" ILCls detected in the
851  liver of host mice injected with IL-15/IL-15Ra complex (n = 5-6).

852  Data are from three (AL 7R" ILCls) and four (AL 7R™ ILCls) biological replicates (D),
853  represent at least two independent experiments (A and G), or are pooled from one (F) and
854  multiple (B, C, E, H-K) independent experiments. Data are presented as mean = SD. *p <
855  0.05, **p <0.01, ***p <0.001, ****p < 0.0001.
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857  Figure 3. FL G1-ILCs exclusively give rise to 7R™ ILCls.

858 (A and B) FCM analysis of transferred FL G1-ILCs (CD45.1) detected in the host liver
859  (CD45.2) at 4 weeks post-transfer. Representative FCM profiles (A) and the percentages of
860 transferred cell fate (B) are shown (n = 4).

861 (C-E) FCM analysis of tdTomato" cells in neonatal and adult NKp46-CreERT2 Rosa26-
862  tdTomato mice treated with tamoxifen at E17.5. Representative FCM plots (C) and the
863  percentage of the fate of tdTomato" cells in neonates (D; n = 10) and 4 weeks old mice (E; n
864 = 5) are shown. Blue, IL-7R" fraction; orange, IL-7R" fraction.

865  (F and G) FCM analysis of tdTomato expression on indicated G1-ILC populations in NKp46-
866  Cre Rosa26-tdTomato mice treated with tamoxifen at E17.5. Representative histograms (F)
867  and the percentages of tdTomato" and tdTomato fractions in neonatal IL-7R™ G1-ILCs and
868 7R ILCls in 4 weeks old mice (G) are shown (n = 5-10).

869  Data represent at least two independent experiments (A, C, and F). Data are pooled from
870  multiple independent experiments (B, D, E, and G) and presented as mean + SD.

871
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872 Figure 4. Liver GI1-ILCs shift distributions from parenchyma to sinusoids during
873  development.

874 (A and B) 3D-reconstructed immunofluorescence images of frozen sections of FL from WT
875  mice (A) and AL from CXCR65™" mice (B) stained with anti-NKp46 (magenta) and anti-
876  CD31 and/or anti-LYVE-1 (for FL endothelium) (cyan) antibodies. GFP signals are shown in
877  yellow. White arrows indicate G1-ILCs. Hepatic artery is circled by a dotted line. Scale bar,
878 40 pum.

879  (C) The percentages of indicated G1-ILC subsets localized inside (intravascular) or outside
880  (parenchyma) of the blood vessels. Data represent randomly counted 169 cells for FL G1-
881  ILCs pooled from four E18.5 WT mice and 232 cells for AL NK cells as well as 136 cells for
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AL ILCls pooled from four CXCR6FP* mice.

(D and E) FCM analysis of AL of mice injected i.v. with PE/Cy7 anti-CD45.2 antibody 2 min
before the liver perfusion and leukocyte isolation. Representative FCM profiles (D) and the
percentages of cells unlabeled by i.v. CD45.2 staining within CD45" cells (considered as
parenchyma-distributed cells) (E) are shown (n = 4-9).

Data represent four mice (A and B) or at least two independent experiments (D). Data are

pooled from multiple independent experiments (C and E) and presented as mean + SD.
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(A and B) Single nuclei RNA-seq (snRNA-seq) analysis of mouse whole liver cells (Liver

Cell Atlas; www.livercellatlas.org). UMAP visualization (A) and expression levels of /15

and //15ra (B) in each cell population assigned in Figure 5—figure supplement 1B are shown.

(C) The cell number of FL G1-ILCs in control or IL-154* mice (n = 10-12).

D and E) FCM analysis of AL G1-ILCs in control or IL-154C* mice. Representative FCM
y p

plots (D) and the cell number of each population (E) are shown (rn = 10).
(F and G) The cell number of indicated G1-ILC populations in IL-15%"¢!C" mice (F; n = 5)

or IL-15%M-Cre mice (G; n = 10) compared to controls.

(H and I) The percentages of Bcl-2 (H; n = 4-5) and Ki-67 (I; n = 5) expressing cells within
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901  each G1-ILC population in control or IL-15"¢1-Cr¢ mijce,

902  (J and K) The percentages of Bcl-2 (J; n = 4) and Ki-67 (K; n = 4-6) expressing cells within
903  each G1-ILC population in control or IL-15ACr mice.

904  Data represent three independent experiments (D) or are pooled from multiple independent
905  experiments (C and E-K) and presented as mean = SD. *p < 0.05, **p < 0.01, ***p < 0.001,
906  ****p <0.0001.

907
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Figure 6. 7R™ ILCl1s exhibit cytotoxicity via granzyme B expression underpinned by
steady-state mTOR activation.

(A) Granzyme B expression on each AL G1-ILC population in control or IL-15/IL-15Ra-
treated mice. MFI (left) and its fold change after the IL-15/IL-15Ra treatments (right) are
shown (n = 6-7).

(B) The percentages of annexin V'PI" YAC-1 cells in flow-based cytotoxicity assays. Freshly
isolated effector cells were co-cultured with target cells for 4 hours (E:T ratio = 10:1) (n = 6—
10).

(C and D) Target cell viability at each timepoint in time-lapse cytotoxicity assay using Hepal-
6 cells (C; n = 6) and B16F10 cells (D; n = 7-8) as target cells. Freshly isolated effector cells
were co-cultured with target cells up to 6 hours (E:T ratio = 10:1).

(E) Hepal-6 cell viability at 320 min in time-lapse cytotoxicity assays supplemented with
concanamycin A (CMA) or neutralizing antibody for TRAIL (a-TRAIL) or FasL (a-FasL)

compared to vehicle-supplemented controls (n = 6).
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(F and G) FCM analysis of phosphorylation of S6 in NK cells (black), 7R™ ILCl1s (blue), and
7R" ILCls (orange) in control or IL-15/IL-15Ra-treated mice. Representative histograms (F)
and MFTI (left) and its fold change after the IL-15/IL-15Ra treatments (right) (G) are shown (n
= 5-6). Shaded histograms (grey) indicate isotype controls.

(H and I) FCM analysis of granzyme B expressed on each AL G1-ILC population in control
or rapamycin-treated mice. Representative histograms (H) and MFI (I) are shown (n = 5).
Shaded histograms (grey) indicate isotype controls.

Data represent at least two independent experiments (F and H) or are pooled from multiple

independent experiments (A—E, G, and I) and are presented as mean + SD. **p < 0.01, ***p <

0.001, ****p < 0.0001.

38


https://doi.org/10.1101/2022.11.03.514990
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.03.514990; this version posted November 4, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

934  Figure Supplements

A AL G1-ILC B T NK ) ,TR*ILC1
IL-7-- i 10 i *
] 5 |- ey . & s
3 S = Aot =
S 5 5 g 1 8
; g 3 g5 . ) o
= S € E €
s s ﬁ 2 2
3 % ® T
I O ol B S ol O ;
S S
—~ 9 Icos 12ra Kit
E 4
o7 - —~
o X S 4 4 5
= O%
E 34 > gx 3 3 g
55 2 7 / £S5 2 2 ,
o / V £3 2
e 1 / / _ ﬂ . S5 1 1 1
©
0l= = Y . / i_l ﬂl a |_| . 2 0 0 2 0
Eomes Tbx21 Gata3 Rorc
HFL @7rR-ILC1 7R ILc1 O BMIILC1 AABM NK CJAL NK
E Genes less expressed in F MKi67 G
Il activation- g
reg. of cell-iillizq:s:gz- L ] . B‘; 3
pos. reg. of cytokine production- [ ] NT
Chemokine signaling pathway- [ mE 2
positive reg. of cell migration- @ S 3 99.5 12.9
Pathways in cancer- [} 0° 4 ) )
granulocyte activation- ° z E
cytokine-mediated signaling pathway- [ ] o _
pos. reg. of receptor signaling pathway via STAT- ° 0 oo
Leishmaniasis-- - -@ 7R+ |LC1 NK
H t =1
Arrhythmogenic right ventricular cardioernn’;zz:tsfs- [ . FLG1-ILC
Il tion-— -e -
% GPER1 signaling- » B 7R ILC
f il ffect -
poOs. reg. of Immune effector process .. . ) ) D 7R+ ILC1
4 6 8 10 28.3 35.0
—log10 (p value) [ BMilLC1 — S
Gene ratio Genes count BM NK
0.3 0.2 0.1 5 10 15 20 Ki-67 >
coo00® O AL NK I- >
Straight PLZF-fm mice I PLZF-fm (FL chimera)
T NK_ 100- S
| \ _ e - o2
| X
36.5 50.5 | ~
c
i=]
g 50 %e
a
L
7R-ILC1 7R*ILC1 >
| RS QU
| | A
82.5 “H 90.6 Y \/él‘ \\/O/\\/Q \\\/O \\,O
— —f— VL& N F
| ®ow R
YFP >

935  Figure 1-figure supplement 1. Characterization of fetal and adult G1-ILC identities.
936 (A and B) Flow cytometry (FCM) analysis of AL lymphocytes in control or IL-77" mice.

39


https://doi.org/10.1101/2022.11.03.514990
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.03.514990; this version posted November 4, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

937  Representative FCM profiles of G1-ILCs (A) and the cell number of each cell population (B)
938 are shown (n =95).

939  (C) Normalized read counts of Eomes, Thx21, Gata3, and Rorc expressed on each G1-ILC
940  population in FL, AL, and BM obtained from RNA-seq.

941 (D) Normalized read counts of Icos, Il2ra, and Kit expressed on each G1-ILC population.

942 (E) Dot plots showing the significantly enriched pathways on DEGs less expressed in FL G1-
943  ILCs and 7R” ILCls but not in 7R ILCls and BM iILCls compared to AL NK cells,
944  analyzed by Metascape. Gene ratio indicates the ratio of the gene number corresponding to
945  the DEGs in the pathway (gene count) to the total gene number in the pathway. Pathways
946  related to cytokine responses were highlighted (blue).

947  (F) Normalized read counts of Mki67 expressed on each G1-ILC population obtained from
948  RNA-seq.

949  (G) Expression of Ki-67 protein on FL G1-ILCs as well as NK cells, 7R™ ILCls, and 7R*
950 ILClsin AL.

951  (H) Representative histograms of YFP expression in AL lymphocyte populations of straight
952  PLZF-GFP-Cre Rosa26-YFP (PLZF-fm) mice (n = 2).

953  (I) Fate-mapping analysis of adult chimeric mice reconstituted with FL. YFP~ LSK cells from
954  PLZF-fm mice. The percentages of YFP™ cells in indicated cell populations are shown (n = 3).
955  Data are from two (AL NK cells), three (AL 7R" ILC1s, BM iILCls, and BM NK cells), and
956  four (FL G1-ILCs and AL 7R™ ILCls) biological replicates (C—F). Data represent one (H and
957 1) or two (A and G) independent experiments or pooled from multiple independent
958  experiments (B). Data are presented as mean + SD. *p < 0.05, **p <0.01, ****p < 0.0001.

959
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Figure 2—figure supplement 1. BM iILC1s have ability to give rise to AL 7R* ILCls in
vivo.

(A and B) FCM analysis of transferred BM iILCls (CD45.1) detected in the host liver
(CD45.2) at 4 weeks post-transfer. Representative FCM profiles (A) and the percentages of
transferred cell fate (B) are shown (n = 6).

(C) FCM analysis of AL G1-ILCs in CD45.2 WT mice conjoined with CD45.1 WT mice in
parabiosis experiments. Representative FCM profiles and the percentages of parabiont-
derived cells in AL 7R™ and 7R* ILCl1s are shown (n = 12).

Data represent at least two independent experiments (A and C), or are pooled from multiple

independent experiments (B and C). Data are presented as mean + SD. ***p < 0.001.
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Figure 3—figure supplement 1. FL G1-ILCs contribute to AL 7R™ ILC1 pool.

(A) FCM analysis of tdTomato™ cells in AL of NKp46-CreERT2 Rosa26-tdTomato mice
treated with tamoxifen at E17.5. Representative FCM plots in neonates (n = 10) and 4 weeks
old mice (n = 5) are shown.

(B-D) FCM analysis of Ly-49E/F expression on 7R™ ILCls. Representative histograms (D)
and the percentages of Ly-49E/F" and Ly-49E/F~ fraction in whole 7R™ ILCls (C) or in
tdTomato" 7R™ ILC1s (D) are shown (n = 5).

Data represent at least two independent experiments (A and B) or are pooled from multiple

independent experiments (C and D). Data are presented as mean + SD.
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981 Figure 5—figure supplement 1. Liver IL-15-producing cells supports lymphoid cells in a
982  subset-dependent manner.

983  (A) Expression of GFP on AL NK cells and ILC1s in CXCR6%"* mice.

984  (B) UMAP visualization of snRNA-seq analysis of mouse whole liver cells (Liver Cell Atlas;

985  www.livercellatlas.org). Cell identity of each cluster was defined based on the expression of

986  Efnb2, Epcam, Hal, Pdgfb, Ptprc, and Spil.

987  (C) The cell number of AL T cells and CD3"NK1.1* (NKT) cells in control, IL-154-C mice,
988  or IL-15"™M-Cr mice (n = 6-7).

989 (D) The cell number of Lin CD122*CD49a" cells in control or IL-154C" mice (n = 4-5).

990  Data represent two independent experiments (A) or are pooled from multiple independent
991  experiments (C and D) and presented as mean = SD. *p < 0.05.

992
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993  Figure 6-figure supplement 1. Differential effector molecule expression and cytokine
994  responsiveness among heterogenous G1-ILC subsets.
995 (A and B) Expression of FasL (A) and TRAIL (B) on each AL GI1-ILC population in control
996  or IL-15/IL-15Ra-treated mice (n = 6). MFI (left) and its fold change after the IL-15/IL-
997  15Ra treatments (right) are shown.
998  (C) Normalized read counts of Gzma and Gzmc expressed on each G1-ILC population
999  obtained from RNA-seq.
1000 (D) Expression of granzyme C protein on NK cells, 7R ILCls, and 7R" ILC1s in AL.
1001  (E and F) Phosphorylation levels of Akt (E) and STATS (F) on each AL GI1-ILC population in
1002 control or IL-15/IL-15Ra-treated mice (n = 5—6). MFI (left) and its fold change after the IL-
1003 15/IL-15Ra treatments (right) are shown.
1004  Data are from two (AL NK cells), three (AL 7R* ILC1s, BM iILCls, and BM NK cells), and
1005  four (FL GI1-ILCs and AL 7R™ ILCls) biological replicates (C). Data represent two
1006  independent experiments (D) or are pooled from multiple independent experiments (A, B, E,
1007  and F) and presented as mean + SD. *p < 0.05, ***p < 0.001, ****p < 0.0001.
1008
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