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ABSTRACT

Background and Objective: Innate lymphoid cells (ILCs) are key immune cells involved in immune
balance, pathogen defense, and tissue repair. However, their development, particularly in humans, is not
well understood. This study maps ILC development in the mouse fetal liver and compares it with human
ILC development, focusing on species-specific differences. Materials and Methods: This study compares
ILC development between humans and mice to identify species-specific differences. Single-cell RNA
sequencing data from human fetal tissues were obtained from GEO (GSE163587), while adult mouse bone
marrow data (GSE113767) were used to identify ILC progenitors, including ALP, sEILP, cEILP, ILCP, and
ILC2P. Homologous gene pairs between species were found using the bioMart package in R. Canonical
correlation analysis (CCA) integrated the datasets, followed by PCA and UMAP for dimensionality
reduction. Differential gene expression and functional enrichment were analyzed with DESeq2 and cluster
Profiler. Pseudotime analysis using Monocle2 was used to infer the developmental trajectories of ILC
populations in both species. Results: Current findings indicate the presence of an ILC developmental
pathway in the mouse fetal liver that shares similarities with that in the bone marrow, demonstrating even
more pronounced cellular proliferation in the fetal liver. The comparison between humans and mice
revealed both conserved and divergent aspects of ILC development at cellular and molecular levels,
including the regulation of key transcription factors and specific molecular expression patterns. Notably,
this study uncovered distinct ILC subtypes specific to the embryonic stage in humans, which are
postulated to play significant roles in the immune ecology of various tissues and organs.
Conclusion: These discoveries enhance our understanding of ILC developmental processes and provide
valuable theoretical support and practical guidance for research on the in vitro regeneration and
application of ILCs.
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INTRODUCTION

Innate lymphoid cells (ILCs) are a type of lymphocyte that lacks the expression of specific receptors for
T-cell and B-cell surface antigens'. They primarily reside in mucosal tissues such as the intestine, lungs,
and skin. These cells not only play a crucial role in clearing pathogen infections and maintaining immune
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homeostasis, but also contribute significantly to the formation of lymphoid organs, tissue repair, and
immune-related metabolic diseases®*. Based on the transcription factors they rely on for differentiation
and the cytokines they secrete, ILCs are mainly classified into three groups: Group 1 ILCs (including natural
killer cells and ILC1), Group 2 ILCs (ILC2), and Group 3 ILCs (ILC3 and lymphoid tissue-inducer cells). In
adult mice, ILC development begins with common lymphoid progenitors in the bone marrow, progresses
through an early innate lymphoid progenitor stage, and ultimately specializes in the innate lymphoid cell
progenitor (ILCP) for ILC fate specification*®. However, the embryonic origin and developmental pathway
of mouse ILCs remain poorly understood. In recent years, the application of single-cell technology has
provided new insights into the origin and hierarchy of early human ILC development. Embryonic ILCs
originate from IL3RA+ lymphoid progenitors in the fetal liver and then specialize into ILCPs. Nevertheless,
the similarities and differences in early ILC development between humans and mice are still unclear.
Clarifying these species-specific differences and revealing the regulation of human-specific ILC
development is not only scientifically valuable for understanding ILC development but also significant for
guiding the in vitro regeneration of ILCs®’.

To address these scientific questions, This study further explored published data on mouse fetal livers and
constructed a developmental map of ILCs in mouse fetal livers for the first time. This study ILC-related
populations in the fetal liver (including ALP, sEILP1, sEILP2, cEILP, and ILCP) that are similar to those in the
bone marrow, as well as comparable fate specialization pathways®. One pathway leads to ILC specialization
(ALP-sEILP1-cEILP-ILCP), while the other leads to dendritic cell fate specialization (ALP>sEILP1>sEILP2).
However, there are differences between the fetal liver and bone marrow. Compared to the bone marrow,
lymphoid progenitor populations and ILCP precursor cells in the fetal liver are in a more proliferative cell
cycle state.

The study further compared the species-specific differences in ILC development between humans and
mice. This study analyzed the specialization pathway of human MLP1>MLP2>ILCP/MLP3 for ILCs or
dendritic cells. Integration and comparative analysis with single-cell sequencing data on early human ILC
development, revealed the corresponding relationships and differences between human and mouse ILC
developmental populations®'. Specifically, human MLP1 corresponds to mouse ALP and sEILP1, both
expressing characteristic genes of lymphoid progenitors; human MLP3 corresponds to mouse sEILP2; and
human ILCP corresponds to mouse ILCP. Interestingly, human MLP2 and mouse cEILP are upstream of
human and mouse ILCPs, respectively, but they do not have a good correspondence across species’ ™.
These results demonstrate the conservation and divergence of developmental hierarchies in human and
mouse ILCs. Further compares the molecular expression patterns during ILC specialization in humans and
mice. During ILC specialization, myeloid differentiation-related transcription factors such as Lmo2, Spi1,
and Lyl1 are downregulated in both species, while key transcription factors for ILC development, such as
Id2, Tox2, Tcf7, and Gata3, are upregulated. This suggests conserved transcriptional regulation during
human and mouse ILC specialization. However, there are also species-specific differences in ILC
development. For example, Bcl11a and Tcf4 expression gradually decreases in mice but remains
unchanged in humans. Additionally, Zbtb16 and Rora are upregulated during mouse ILC specialization
but not in humans, indicating differences in molecular regulation during early ILC development between
the two species’.

Finally, the study focused on the tissue and organ specialization of human ILCs and analyzed their
spatiotemporal heterogeneity. This study found that embryonic ILCs have a more active cell cycle and
higher transcriptional activity compared to adult ILCs. Furthermore, the presence of embryonic-specific
ILC subtypes with tissue and organ preferences among the three ILC subtypes was discovered.
Pseudo-temporal analysis also revealed a fate specialization branch in all three major ILC types. One
branch leads to ILC maturation, while the other specializes in embryonic-specific ILC subtypes. These
findings suggest the existence of embryonic-specific tissue and organ ILC subtypes that may play crucial
roles in the development of specific tissues and organs and their immune ecology.
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MATERIALS AND METHODS
Study area and duration: The study was conducted at the First People's Hospital of Linping District,
located in Hangzhou, China. The research spanned a period from September, 2021 to June, 2024.

Data collection: In their study, cells were isolated from human fetal hematopoietic (liver), lymphoid
(thymus and spleen), and non-lymphoid (intestine, skin, and lung) tissues at 8, 10, and 12 post-conception
weeks (PCW) using a single-cell RNA sequencing (scRNA-seq) strategy. They constructed a spatiotemporal
and hierarchical developmental map of innate lymphoid cells in human embryos. The data is sourced from
the Gene Expression Omnibus (GEO) under the accession number GSE163587, and it can be downloaded
from the following link: GSE163587. Hence, sequencing analysis on adult mouse bone marrow using 10X
transcriptome sequencing technology was conducted. This analysis provided data on the innate lymphoid
cell progenitors present in adult mouse bone marrow, including populations such as ALP, sEILP, cEILP,
ILCP, and ILC2P. The data is available from GEO under the accession number GSE113767 and can be
downloaded from the following link: https://www,ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE113767.

Homologous gene conversion: The bioMart package is an R language interface that connects to the
biomart database, allowing users to access it freely. This package enables various gene conversions. This
studyutilized the biomart function from the Biomart software to process the gene names in the expression
matrix. Using the use Mart function. This study downloaded gene sets for both humans and mice, followed
by the use of the get LDS function to generate a comparative reference set of homologous gene pairs
between humans and mice. Subsequently, the mouse gene names in the dataset to their corresponding
human gene names were converted.

Batch effect integration: To integrate the data, canonical correlation analysis (CCA) was employed. Firstly,
used the Find Integration Anchors function to identify integration anchors with the default parameters.
Then, utilized the Integrate Data function to combine the anchored data, setting the parameters to
“dims=1:30, k. weight=50." Subsequently, normalized the data in the integrated space and performed
Principal Component Analysis (PCA). The first 20 principal component dimensions were then subjected
to UMAP dimensionality reduction, with the parameters set to “reduction="pca’, dims=1:30, min. dist=0.5,
seed. use=10." Finally, This study visualized the reduced-dimensional data using the Dim Plot function and
displayed the distribution of feature genes within the population using the Feature Plot function.

Differential expression analysis and functional enrichment analysis: Differential expression analysis
was carried out between LUAD and control samples within TCGA-LUAD dataset by '‘DESeq2'-package
(v 1.38.0)"%, with differentially expressed genes (DEGs) being identified based on criteria of |log2Fold
Change (FC)|>0.05 and adj.p <0.05. Afterward, visually represented the DEGs associated with mitochondria
and PCD through Venn diagram, and the overlapping genes were noted as candidate genes for
subsequent analysis.

Candidate genes were incorporated into gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) to complete enrichment analysis via ‘cluster Profiler’-package (v 4.7.1.003)[13], to further
investigate the biological functions in which these genes were involved. The cut-off criterion was set to
p<0.05. Additionally, the STRING website (https://cn.string-db.org/) was utilized to probe the interaction
relationships between candidate genes at the protein level (Confidence = 0.4).767.

Pseudotime developmental trajectory analysis: To infer the developmental trajectories of cell
populations, utilized Monocle2 software to analyze the innate lymphoid cell (ILC) progenitor data from
adult mouse bone marrow, as well as the ILC precursor data from human embryonic stages, which
included ILCs from multiple human tissues during embryogenesis and ILCs from various adult tissues.
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Upon selecting the appropriate datasets, the original count matrices for these populations were extracted.
To construct the Cell Data Set (CDS) object from the Seurat object, three input files are required:
Expression matrix information, gene information, and phenotype information. FPKM/TPM values are
typically log-normally distributed, while UMI or read counts are better modeled using a negative binomial
distribution.

RESULTS AND DISCUSSION

Investigating the developmental differences in the lineage of innate lymphoid progenitor cells
between mice and humans: The study analyzed the development process of innate lymphoid cells (ILCs)
in the adult mouse bone marrow. Through dimensionality reduction clustering and differential gene
analysis, then identified five distinct populations in the adult mouse bone marrow: All-lymphoid
progenitors (ALP), specified early innate lymphoid progenitor 1 (sEILP1), specified early innate lymphoid
progenitor 2 (sEILP2), committed early innate lymphoid progenitor (cEILP), and innate lymphoid cell
progenitors (ILCPs) (Fig. 1a). According to previous reports, in the adult bone marrow, the early innate
lymphoid progenitor sEILP1 can differentiate not only into ILCPs to form the innate lymphocyte lineage
but also into sEILP2, which has the potential to differentiate into dendritic cells'®. Furthermore,
differential gene expression results showed that ALP highly expresses a series of genes related to
multilineage development, including Mef2c, which is essential for the normal development of
megakaryocytes and platelets as well as B-cell production in the bone marrow; Dntt, which plays an
important role in B-cell and T-cell maturation; and Flt3, a tyrosine-protein kinase that serves as a cell
surface receptor for the cytokine FLT3LG, regulating the differentiation, proliferation, and survival of
hematopoietic progenitor cells and dendritic cells (Fig. 1b)*'**. The sEILP1 highly expresses Nfil3, a gene
previously reported to play a crucial role in the development of the biological clock and
possesses DNA-binding transcription factor activity and transcriptional repressor activity. Tyrobp, highly
expressed in sEILP2, is reported to bind non-covalently to activation receptors found on the surface of
various immune cells. Its combination with TREM2 acts on monocyte-derived dendritic cells, mediating
the upregulation of chemokine receptor CCR7 and promoting dendritic cell maturation and survival,
further suggesting that sEILP2 has dendritic cell potential. The high expression of Tcf7 (encoding TCF-1)

in cEILP is essential for the differentiation of early ILC progenitor cells*®**#®

.It provides positive regulation
for key genes in the differentiation into the ILCP lineage while inhibiting the expression of genes related
to dendritic cell differentiation, thereby strengthening the cell's commitment to the ILCP lineage. These
results demonstrate the typical gene expression characteristics of each cell population, indicating the

accuracy of cell identity identification®.

Then the development of innate lymphocytes in the embryonic liver was analyzed. And included four
embryonic liver samples taken at E11, E12, E13, and E14 (Fig. 1¢). The five ILC developmental populations
present in adult bone marrow also exist in the embryonic liver. Additionally, the two distinct fate
specialization trajectories of ILC development were also clearly observed in the embryonic liver: One path
specializing towards a DC fate (ALP>sEILP1>sEILP2) and the other towards an ILC fate
(ALP-SEILP1-cEILP-ILCP) (Fig. 1d)**??. Furthermore, analyzed the differential genes among these five
precursor cell populations in the embryonic liver of mice. It was discovered that Notch1 and Ighm were
highly expressed in ALP, where Notch1 signaling is involved in T-cell development, and Ighm encodes for
B-lymphocyte development (Fig. 1e). Among the differentially expressed genes in sEILP1, Ctr9, a
component of the PAF1 complex (PAF1C), plays multiple roles in RNA polymerase Il transcription and is
involved in regulating embryonic stem cell pluripotency development and maintenance®. The Ccnd2, a
cell cycle-related gene, is essential for the G1/S phase transition. Additionally, Id2 in sEILP2 is associated
with the differentiation of conventional type 1 dendritic cells®.
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Fig. 1(a-h): Analysis of ILC development and differences among ILC progenitor subsets in mouse fetal liver

and adult bone marrow, (a) UMAP of ILC progenitor subsets in fetal liver, (b) Dot plot of top
5 differentially expressed genes in fetal liver ILC subsets, (c) UMAP of ILC progenitor subsets
in fetal liver, (d) UMAP of ILC subsets by developmental stage, (e) Dot plot of top 5
differentially expressed genes in fetal liver ILC subsets, (f) t-SNE comparing ILC subsets in fetal
liver and adult bone marrow, (g) t-SNE of ILC subsets by origin and (h) Dot plot of top 5

differentially expressed genes in integrated fetal liver and bone marrow data

(a) Dots represent cells; colors indicate populations (ALP, sEILP1, sEILP2, cEILP, and ILCP), (b) Dot size: Expression
proportion; color gradient (-1 to 1): Average expression, (c) Dots represent cells; colors indicate populations
(ALP, sEILP1, sEILP2, cEILP, ILCP), (d) Dots represent cells; colors indicate stages (E11, E12, E13, E14), (e) Dot size:
Expression proportion; color gradient (-1 to 1): Average expression, (f) Dots represent cells; colors indicate populations
(ALP, sEILP1, sEILP2, cEILP, ILCP), (g) Dots represent cells; colors indicate sources and (h) Dot size: Expression
proportion; color gradient (-1 to 1): Average expression
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To further compare the similarities and differences between the innate lymphoid precursor cell
populations in the embryonic liver and adult bone marrow, integrated the two datasets using the
Harmony package in Seurat software. From the dimensionality reduction plots. This study found that the
corresponding innate lymphocyte precursor populations clustered together (Fig. 1f-g). This indicates that
the innate lymphoid precursor cell populations in the embryonic liver and adult bone marrow are overall
similar in terms of lineage developmental trajectory®".

Differences between precursor populations in embryonic liver and adult bone marrow: To compare
the similarities and differences in differentially expressed genes between the five precursor populations
with similar developmental relationships in embryonic liver and adult bone marrow, projected the top five
differentially expressed genes from each population in adult bone marrow onto the corresponding
populations in the embryonic liver (Fig. 2a)®. This illustrates the expression of genes differentially
expressed in adult bone marrow cell populations in their corresponding embryonic liver populations. The
results showed that there is common differentially expressed genes between corresponding populations
in bone marrow and embryonic liver, such as Tyrobp and Cst3, which are highly expressed in sEILP2, and
Zbtb16, Rora, and Tcf7, which are highly expressed in ILCP***. However, there are also significant
differences in the expression of differentially expressed genes between corresponding populationsin bone
marrow and embryonic liver. For example, genes such as Dntt and Cox6a2 are highly expressed in adult
bone marrow ALP but have lower expression levels in embryonic liver ALP*"*. This suggests both
differences and consistencies between progenitor cell populations in adult bone marrow and embryonic
liver.

Subsequently, further analyzed the differences between the fetal liver and bone marrow ILC-related
populations (Fig. 2b). The results showed that compared with adult bone marrow, the embryonic liver was
enriched with functions related to mRNA processing, negative regulation of mMRNA metabolism, and cell
cycle. In addition, cytokine signaling function in the adaptive immune system was highly enriched in both
embryonic liver and adult bone marrow***.

The differences between corresponding populations in different ILC developmental precursor cells in the
fetal liver and bone marrow were compared. For the ALP population, differential gene expression results
showed (Fig. 2¢) that Fau, which is related to ribosome subunit assembly and function, is specifically
overexpressed in ALP in the embryonic liver. The Lsm7, as a component of the catalytic spliceosome, plays
arole in mRNA splicing. The protein encoded by Tpt1 is involved in cell growth and proliferation*’. Malat1,
which is overexpressed in ALP in bone marrow, can serve as a transcriptional regulator for multiple genes,
including those related to cell migration. Functional enrichment analysis indicated (Fig. 2d) that ALP in the
embryonic liver is enriched in functions related to mRNA processing, ribosome subunits, and pathway
activation, while ALP in adult bone marrow specifically enriches functions related to cell activation.

These differences are even more pronounced in cEILP, as can be seen from the differential gene
expression (Fig. 2e). In the cEILP of adult bone marrow, Fau is overexpressed. This gene is associated with
mucosal innate immune responses or organ- or tissue-specific immune responses. Additionally, in the
CEILP of adult bone marrow, Bcl2 is overexpressed, which is related to T-cell lineage differentiation.
Functional enrichment analysis reveals (Fig. 2f) that in the embryonic liver, there is an enrichment of
functions related to mRNA processing, negative regulation of mRNA metabolic processes, and cell
cycle®®°,

Overall, the development of ILCs in the embryonic liver and adult bone marrow exhibits a high degree of
consistency, with the same developmental hierarchy. However, there are some differences, mainly
reflected in the higher expression of genes related to cell cycle, cell proliferation, and mRNA processing
in the ILC-related populations of the embryonic liver compared to those of the adult bone marrow®'. This
suggests that compared to bone marrow, the lymphoid progenitor cell populations and ILCP precursor
cells in the fetal liver are in a more proliferative and biosynthetically active cellular state.
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Fig. 2(a-f): Differential gene expressionin ILC progenitors from adult bone marrow and fetal liver, (a) Gene
expression in adult bone marrow ILC progenitors projected onto fetal liver counterparts,
(b) GSEA of differentially expressed genes in ALP (bone marrow vs. fetal liver), (c) Dot plot of
top 10 differentially expressed genes in ALP. Dot size: Expression proportion; Color gradient
(-1 to 1): Average expression, (d) Heatmap of functional enrichment in ALP. Color gradient
(0 to 20): Statistical significance, (e) Dot plot of top 10 differentially expressed genes in cEILP.
Dot size: Expression ratio; color gradient (0 to 5): Average expression and (f) Heatmap of
functional enrichment in cEILP. Color gradient (0 to 20): Statistical significance
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Inter-species comparison of innate lymphocyte development between humans and mice neutrophil
heterogeneity: After analyzing the developmental process of ILCs in both embryonic and adult stages
of mice, proceed to explore the conservation of ILC specialization between humans and mice and the
similarities and differences that exist. Next, further compared the inter-species similarities and differences
in ILC development between humans and mice. Firstly, a deeper analysis of data in the laboratory in the
early stage was conducted, elucidating the specialization pathway of ILCs or DCs in the fetal liver,
specifically MLP1>MLP2>ILCP/MLP3. From the results, it can be observed that HSPCs are located at the
starting point of differentiation, with MLP1 positioned downstream of HSPCs®>'>?. The MLP1 exhibits a
bifurcation in fate differentiation: One path leads towards MLP2 and MLP3 (pointing towards the B-cell
and ILCP directions), while the other leads towards the T-cell direction (Fig. 3a). This studyfurther
conducted an integrated analysis of human and mouse data. Through CCA integration of data from
different sources. This studyobserved clustering of mouse ALP and human MLP1, as well as mouse sEILP2
and human MLP3, in the population dimensionality reduction plot (Fig. 3b). This suggests a
correspondence in the developmental process between human embryonic MLP1 and mouse ALP
populations and a possible correspondence between human embryonic MLP3 and mouse sEILP2.
Furthermore, distinguished between mouse and human sources to examine the dimensionality reduction
results among populations separately (Fig. 3c). From the figure, distinct fate specialization trajectories can
be observed for both humans and mice). In humans, MLP1 develops into MLP2, which further specializes
in MLP3 or ILCP. In mice, ALP develops into sEILP1, which then further differentiates into sEILP2 or
specializes into ILCP via cEILP**. The study further examined the tissue distribution of all populations, and
the tissue information was reasonably distributed among the populations. More naive progenitor cell
populations mainly originated from bone marrow and fetal liver, indicating no batch effects due to tissue
site.

This also conducted a correlation analysis of ILCP-related precursor cell populations between humans and
mice (Fig. 3d). Consistent with the results of the integrated analysis, This study found that the
correspondence between human and mouse ILCP development-related populations is as follows: MLP1
in humans corresponds to ALP and sEILP1 in mice, all of which commonly express characteristic genes of
lymphoid progenitor cells; MLP3 in humans corresponds to sEILP2 in mice (Fig. 3f)>>°. Interestingly, MLP2
in humans and cEILP in mice are located upstream of human and mouse ILCPs, respectively, but they do
not have corresponding populations across species. This reflects differences in the developmental process
of the ILCP lineage between humans and mice.

Analyze the conservativeness and differences in gene expression patterns during the fate selection
process of human and mouse ILCs: This study further explored the conservativeness and differences in
gene expression patterns during the fate selection process of human and mouse ILCs. The expression
changes of key transcription factors for ILC development in humans and mice along the developmental
sequences were studied (Fig. 4a). The results showed that transcription factors such as Irf8, Spi1, Mef2c,
Lyl1, and FIt3 were progressively downregulated during the specialization of ILCs in mice, while factors
such as Runx3, Tcf7, Tox2, and |d2 were progressively upregulated along the developmental trajectory
(Fig. 4b)* .

During the specialization of human ILC fate, the expression of transcription factors SPI1, LMO2, BCL11A,
and LYL1 shows a gradual downregulation, while factors such as ID2, TOX2, TCF7, and LMO4 exhibit a
progressive upregulation along the developmental sequence (Fig. 4c). In summary, during the
specialization of ILCs, myeloid differentiation-related transcription factors such as Lmo2, Spi1, and Lyl1
are downregulated in both humans and mice during the specialization of ILC precursor cell populations.
Meanwhile, key transcription factors for ILC development, including 1d2, Tox2, and Tcf7, are upregulated
in both species, indicating the conservativeness of transcriptional regulation during the specialization of
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Fig. 3(a-e): ILC development-related populations in human embryos and mice, (a) t-SNE of ILCP subsets
in humans and mice, (b) t-SNE of ILC progenitor sources in humans and mice, (c) t-SNE of ILC
subsets by species, (d) Heatmap of Pearson correlation matrix for human and mouse ILC
precursors and (e) Dot plot of differentially expressed genes in integrated human and mouse
data

(a) Dots represent cells; colors indicate populations. Mouse populations (m_ALP, m_sEILP1, m_sEILP2, m_cEILP, m_ILCP).
Human populations (MLP1, MLP2, MLP3, h_ILCP), (b) Dots represent cells; colors indicate populations, (c) Dots
represent cells; colors indicate species (human vs mouse), (d) Colors and numbers: Correlation coefficients,
(e) Dot size: Expression proportion; color gradient (-1 to 2): Average expression

human and mouse ILCs. On the other hand, there are also species differences in the development of ILCs
between humans and mice®®. For instance, the expression of Bcl11a and Tcf4 gradually decreases in mice
but shows no significant change in humans. Additionally, Zbtb16 and Rora are upregulated during mouse
ILC specialization, but no upregulation trend is observed in humans. This suggests differences in early ILC
development between humans and mice.
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The current study further explores the changes in gene expression patterns during the lineage
development of human and mouse innate lymphoid cell (ILC) progenitor cells. In mice, genes with
dynamically changing expression levels during the differentiation process from the all-lymphoid
progenitors (ALPs) to innate lymphoid cell progenitors (ILCPs) can be categorized into four patterns. Then
present typical functions related to the developmental process for each pattern. The ALP population
corresponds to Pattern 1, where functions such as immune response involving B cells, immune reactions
involving lymphocyte activation, and positive regulation of T-cell proliferation are predominantly enriched.
The sEILP1 population corresponds to Pattern 2, mainly enriching functions like cell cycle, DNA replication,
and messenger RNA processing. The cEILP population corresponds to Pattern 3, primarily enriching
functions such as lymphocyte activation, leukocyte activation, and negative regulation of cell proliferation.
The ILCP population corresponds to Pattern 4, predominantly enriching functions including leukocyte
activation and regulation of lymphocyte differentiation (Fig. 4c).

During the differentiation process from multipotent lymphoid progenitors 1 (MLP1) to innate lymphoid
cell progenitors (ILCPs) in humans, dynamically changing gene expression levels can be categorized into
three patterns. Pattern 1, corresponding to MLP1, predominantly enriches functions such as cell cycle
processes, cell cycle regulation, and positive regulation of DNA metabolic processes. Pattern 2, associated
with MLP2, mainly focuses on functions like positive regulation of lymphocyte differentiation, regulation
of T-cell differentiation, and myeloid leukocyte differentiation. Pattern 3, linked to ILCPs, primarily involves
the regulation of lymphocyte differentiation and myeloid cell differentiation (Fig. 4d). In summary,
although there is a correspondence between the all-lymphoid progenitors (ALP) population in mice and
the MLP1 population in humans, there are differences in terms of differentially expressed genes.
Functional enrichment results indicate that the ALP population mainly enriches functions related to the
proliferation and differentiation of white blood cells such as B-cells, T-cells, and lymphocytes, while MLP1
predominantly exhibits characteristics related to cell cycle and cell proliferation®. The sEILP1 population
mainly focuses on functions such as cell cycle, DNA replication, and messenger RNA processing. This
functionally suggests differences in the specialization process of ILCs between humans and mice.

Heterogeneity of group 1 innate lymphoid cells during embryonic development and comparison
with adulthood: After analyzing the development of group 1 innate lymphoid cells (ILC1s) during
embryonic stages, given the crucial role ILC1s play in this period, This study sought to investigate the
heterogeneity of ILC1s across different tissues during embryonic development and to compare the
differences between ILC1s in embryonic and adult stages. To achieve this, This studied single-cell
sequencing data of innate lymphoid cells from various tissues in both human and mouse embryos as well
as adult stages. Group 1 innate lymphoid cells can be further subdivided into six distinct subpopulations:
ILC1_1, ILC1_2, ILC1_3, ILC1_4, ILC1_5, and ILC1_6 (Fig. 5a). The distribution across tissues and
developmental time points for these subpopulations is illustrated in Fig. 5b-c. From the time-point
distribution of group 1 innate lymphoid cells, ILC1_5 is predominantly found in adult stages. Comparative
analysis of each subpopulation revealed that ILC1_5 specifically expresses genes characteristic of more
mature cells, such as HLA-G and IL7R (Fig. 5d). The data also show that both ILC1_2 and ILC1_3
subpopulations exhibit a decreasing trend in cell numbers over time (Fig. 5e). Notably, ILC1_3 highly
expresses genes involved in the regulation of DNA replication, including TUBA1B, TUBB, TOP2A, and
MKI67 (Fig. 5d), suggesting that ILC1_3 may represent a more immature cell population. The ILC1_4 shows
an increasing trend in cell numbers during embryonic development, while ILC1_6 expands in adulthood
and specifically expresses FGFBP2, a hallmark gene of natural killer (NK) cells. This suggests that ILC1_6
may include cells that are difficult to distinguish from NK cells within group 1 innate lymphoid cells.
Interestingly, current data analysis reveals tissue-specific distribution biases among the subpopulations
of group 1 innate lymphoid cells (ILC1s) during embryonic development. Notably, ILC1_4 primarily
originates from embryonic skin tissue, while ILC1_6 is predominantly derived from blood and primarily
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Fig. 4(a-d): Dynamic gene expression changes during ILC specialization, (a) Heatmap of key transcription
factors in the human MLP1/MLP2 to ILCP pathway, (b) Heatmap of key transcription factors in
the human MLP2 to MLP3 (DC specialization) pathway, (c) Heatmap of key transcription factors
in the mouse ALP/sEILP/cEILP to ILCP pathway, (d) Heatmap of key transcription factors in the
mouse sEILP1 to sEILP2 pathway

(a) Colorsindicate populations; color gradient (-4 to 4): Expression levels, (b) Colors indicate populations; color gradient
(-4 to 4): Expression levels, (c) Colors indicate populations; color gradient (-4 to 4): Expression levels and (d) Colors
indicate populations; color gradient (-4 to 4): Expression levels
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Fig. 5(a-i): Composition and gene expression of group 1 ILC subpopulations across time points and

tissues, (@) UMAP of six group 1 ILC subpopulations, (b) UMAP of group 1 ILCs at different time
points, (c) UMAP of group 1 ILCs across tissues, (d) Top five differentially expressed genes
between group 1 ILC subpopulations, (e) Composition of group 1 ILC subpopulations at
different time points (8, 10, 12 weeks post-gestation, adulthood), (f) Proportion of group 11LCs
across tissues during embryonic development, (g) Monocle 2 pseudotime trajectory of group
1 ILC subpopulations, (h) Time points projected onto pseudotime trajectory, and (i) Gene

expression changes along pseudotime

(a) Dots represent cells; colors indicate distinct populations, (b) Dots represent cells; colors indicate time points (8, 10,
12 weeks post-gestation, adulthood), (c) Dots represent cells; colors indicate tissues (blood, gut, liver, lung, skin, spleen,
thymus, tonsil), (d) Dot size: Expression proportion; color intensity: Expression level, (g) Colors indicate distinct
subpopulations, (i) Color intensity: Expression variation
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found in the adult stage. This study hypothesizes that ILC1_6 represents a more mature state, gradually
specialized from blood tissue. The ILC1_5 consists mostly of adult cells, with the highest proportion found
in the tonsils (Fig. 5f). The study simulated the developmental trajectory of group 1 innate lymphoid cells
using Monocle 2. Consistent with our expectations, the inferred pseudo-time trajectory begins with ILC1_3
(the presumed immature subpopulation) and subsequently bifurcates into two developmental paths. One
path differentiates into a branch characterized by ILC1_1, representing group 1 innate lymphoid cells with
a broad tissue distribution during embryonic stages. The other path diverges into a branch dominated by
ILC1_5and ILC1_6, exhibiting adult-stage characteristics (Fig. 5g). In terms of projected time, the trajectory
shows that differentiation begins around the seventh and eighth weeks, with one branch diverging toward
the later embryonic stage and the other toward adulthood. The fitted developmental trajectory aligns well
with known biological processes (Fig. 5h). By highlighting transcription factors differentially expressed
between the embryonic and adult stages, This study found that NKG7, TYROBP, and GZMA which are
embryonic stage-specific are highly expressed in the ILC1_1-dominated branch. Conversely, adult
stage-specific transcription factors such as IL7R, CXCR4, and TCF7 are highly expressed in the ILC1_5 and
ILC1_6-dominated branches. This further validates that our pseudo-time axis accurately reflects the
biological processes (Fig. 5i).

Innate lymphoid cells (ILCs) have garnered significant attention in recent decades as a crucial component
of innate immunity, primarily residing in mucosal tissues such as the gut, lungs, and skin. The ILCs can be
categorized into three distinct groups based on their function, secreted cytokines, and the transcription
factors required for differentiation: Group 1 ILCs (including natural killer cells and ILC1), ILC2, and
Group 3 ILCs (comprising ILC3 and lymphoid tissue inducer cells). In recent years, with the deepening
understanding of ILCs, there has been increasing emphasis on their immunological roles within the
immune system. Studies in mice have demonstrated the significant role of ILCs in chronic inflammation,
infection, allergies, and cancer. Recent research also indicates their functions in maintaining tissue
homeostasis, promoting tissue repair, and regulating tissue inflammation. However, the development and
origin of ILCs remain partly unknown. For instance, while the ILC lineage development in the bone marrow
of adult mice is relatively well understood, the origin and developmental pathway of ILCs during the
embryonic stage of mice are still unclear. This study first analyzed the developmental process and fate
specialization trajectory of ILCs in the fetal liver and then compared the similarities and differences
between adult and embryonic ILC lineage development in mice. Furthermore, explored the differences
between humans and mice, revealing unique regulatory mechanisms of ILC development in humans.

In the bone marrow of adult mice, the ILC lineage developmental pathway begins with all-lymphoid
progenitors (ALPs), which then develop into sEILP1. The sEILP1 has a fate specialization branch, where one
path can differentiate into sEILP2 (with dendritic cell potential), and the other path differentiates into cEILP,
which further differentiates into ILCP. By analyzing published data on mouse fetal livers, This study
discovered the presence of five ILC developmental populations: ALP, sEILP1, sEILP2, cEILP, and ILCP. The
fetal liver of mice exhibits similar ILC fate specialization and selection pathways as the bone marrow: One
path specializes towards a DC fate, while the other specializes towards an ILCP fate. Additionally, This
study found that fetal liver-derived populations express higher levels of genes related to cell cycle, cell
proliferation, and mRNA processing compared to bone marrow populations in adults, suggesting
differences in ILC fate differentiation between the fetal liver and bone marrow.

This study further compared the similarities and differences in ILC specialization between humans and
mice. Firstly, revealed the corresponding relationships between human and mouse ILC developmental
populations. Integrated analysis and correlation analysis showed that ALP and sEILP1 in mice correspond
to MLP1 in humans, sEILP2 in mice corresponds to MLP3 in humans, and ILCP in humans corresponds to
ILCP in mice, indicating conservation in ILC development between the two species. However, MLP2 in
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humans, as the precursor cell of ILCP, does not have a clear corresponding relationship with cEILP, the
precursor cell of ILCP in mice, suggesting differences in ILC development between humans and mice.
These results indicate both conservation and divergence in the lineage hierarchy of ILC development
between humans and mice. Furthermore, there are also species-specific conservation and divergence in
gene expression during ILC development. For example, both ALP and MLP1 highly express genes
associated with lymphoid progenitor cells. However, ALP highly expresses a series of genes related to
multilineage development, including Mef2c (megakaryocytes and B-cells), Dntt (T and B-cell development),
and FlIt3 (lymphoid progenitor cells and dendritic cells), which are not expressed in MLP1. Additionally, this
study compared changes in typical transcription factors during ILC lineage development. The results
showed significant differences in transcription factor changes between humans and mice. In humans,
factors such as IFR8 and TCF4 gradually decrease along the developmental sequence, while factors like
ID2, NFIL3, and MAF gradually increase. In mice, factors like Irf8 and Spi1 decrease progressively along
the developmental trajectory, while factors such as Tcf7 and Tox2 increase progressively. These findings
highlight the species-specific conservation and divergence at the cellular and molecular levels during ILC
development in humans and mice.

CONCLUSION

This study, elucidated the developmental trajectory and fate specialization of ILCs in mouse fetal liver,
revealing similarities and differences compared to adult bone marrow. The study identified conserved and
divergent features of ILC development between humans and mice, including lineage hierarchy, gene
expression patterns, and transcription factor dynamics. Specifically, it demonstrated that fetal liver ILC
populations exhibit enhanced cell cycle and proliferation-related gene expression compared to adult bone
marrow. Furthermore, the study uncovered species-specific conservation and divergence in ILC lineage
development, highlighting unique regulatory mechanisms in humans. These findings provide new insights
into the developmental origins and evolutionary adaptations of ILCs, offering a foundation for further
exploration of their roles in immunity and disease.

SIGNIFICANCE STATEMENT

Innate lymphoid cells (ILCs) play a vital role in immune homeostasis and tissue repair, but their
developmental pathways, especially in humans, are not fully understood. This study maps the
development of ILCs in the mouse fetal liver, revealing key insights into the differentiation processes and
their comparison with human ILC development. By identifying species-specific differences and similarities,
the research uncovers critical molecular regulators and provides a more comprehensive understanding
of ILC specialization. These findings not only advance our knowledge of immune cell development but also
open the door to better strategies for in vitro ILC regeneration and understanding tissue-specificimmune
responses, with potential implications for immune-related diseases and therapeutic interventions.
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