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and Chao Zhong1,5,*

SUMMARY

Tissue-residential natural killer (trNK) cells act as pioneering responders during
infectious challenges. However, their discrimination with conventional NK
(cNK) cells is still an issue. Through an integrative transcriptome comparison of
the two NK subgroups from different tissues, we have defined two genesets
capable of efficiently distinguishing them. Based on the two genesets, a funda-
mental difference between the activation of trNK and cNK is identified and
further confirmed. Mechanistically, we have discovered a particular role of chro-
matin landscape in regulating the trNK activation. In addition, IL-21R and IL-18R
are respectively highly expressed by trNK and cNK, indicating a role of cytokine
milieu in determining their differential activation. Indeed, IL-21 is particularly crit-
ical in accessorily promoting trNK activation using a bunch of bifunctional tran-
scription factors. Together, this study sheds light on the bona fide difference be-
tween trNK and cNK, which will further expand our knowledge about their
distinct functionalities during immune responses.

INTRODUCTION

Natural killer (NK) cells are an important component of the innate immune system, playing critical roles

against infectious challenges.1 They execute their roles mainly through producing inflammatory cytokines,

cytotoxic granules, and proapoptotic molecules.2,3 In recent years, a particular NK subgroup, tissue-resi-

dential NK (trNK), has been discovered and attracted increasing attention. In contrast to the conventional

NK (cNK) that patrol around the body, the trNK exclusively reside in peripheral tissues.4,5 This particular

trait renders them the capacity to ignite an immediate response in local tissue after pathogen infections.6–8

In line with it, trNK deficiency usually leads to defective immune responses and delayed pathogen

clearance.6,7

Though trNK are clearly defined based on the tissue residency, it is still challenging to distinguish them

experimentally. Both trNK and cNK express the general NK cell markers NK1.1 and NKp46 and exhibit

the cytotoxic activity, which distinguishes them from other innate lymphocytes such as type 1 innate

lymphoid cells (ILC1).9–11 The liver trNK are also called liver ILC1s in many recent studies.7,12–14 Based

on single-cell analysis, they should be the sample NK population with different nomenclature.15,16 And,

given their cytotoxicity, we still prefer to take them as liver trNK. In addition, Clusters of Differentiation

49b (CD49b, or DX5) is usually considered as an exclusive marker of matured NK but is not expressed by

ILC1.17 Usually, CD49a is utilized to distinguish trNK, especially in liver, uterus, and salivary glands (SGs).

Nevertheless, it is not always a reliable marker of trNK in all tissues.18,19 Experimentally, circulatory immune

cells, including cNK, can be distinguished through intravenous anti-CD45 antibody injection. After a short

time, the anti-CD45 antibody is sufficient to label immune cells in the blood, but not in peripheral tis-

sues.20,21 However, anti-CD45 antibody injection does not work well for the immune cells in lymphatic sys-

tem.20 Thus, failure of the anti-CD45 labeling is not necessary to guarantee the tissue residency. Another

more reliable method is parabiosis, a surgical model connecting the circulations of two congenic ani-

mals.22,23 After sufficient time of the parabiotic pairing, the circulatory immune cells will distribute evenly

to the partnered animal, while the tissue-resident immune cells are still not exchanged.4,24 Nevertheless,

this method requires a delicate surgical operation and is time-consuming. Thus, it is difficult to be
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prevalently used. Also, it is only suitable for animal studies but is not applicable for studying the tissue-resi-

dent immune cells in human. Therefore, a convenient and reliable method for the trNK and cNK discrim-

ination is still required.

The functionalities of trNK and cNK exhibit many overlaps. After activation, trNK also produce effector

cytokines and display a cytotoxic activity, though expression levels of the effector molecules are usually

different from those of cNK.7,25,26 Given their tissue residency, the trNK activation should be tightly orches-

trated, to avoid the overresponse-induced tissue damages. Nevertheless, the difference between trNK and

cNK activation has yet to be comprehensively compared. Particularly, proinflammatory cytokines gener-

ated in local niches usually play important roles in promoting the activation of tissue-resident immune

cells.27,28 Such proinflammatory cytokines, like interleukin (IL)-15, IL-18, and IL-21, are also involved in

stimulating the NK activation.29,30 Thus, their roles in particularly promoting the trNK or cNK activation

may need to be further examined.

RESULTS

Identification of trNK and cNK genesets reflecting their fundamental difference

To unravel the fundamental difference between trNK and cNK, RNA sequencing (RNA-seq) was performed

using the two NK subgroups sort-purified from liver, uterus, and SGs (Figures 1A and S1A). According to

principal-component analysis (PCA), the trNK and cNK from these tissues could be roughly separated by

principal component 2 (PC2) (16.4%), indicating a fundamental difference between them (Figures 1B and

S1B). The transcriptome difference between these trNK and cNK subgroups in the three tissues was exam-

ined separately. The number of the differentially expressed genes between trNK and cNK (Transcripts Per

Million (TPM) >10 in at least one group, fold change >2 and P. adj <0.05) was around 100–400 in each tissue

(Figure S1C). However, we only discovered 27 trNK-specific genes and 23 cNK-specific genes across all

three tissues, accounting for <20% of the total differentially expressed genes between trNK and cNK in

each tissue (Figure S1D). It suggested that the major transcriptome difference between the two NK sub-

groups was associated with their tissue niche.

The small trNK- and cNK-specific genesets were not satisfied for an intensive exploration of the two NK

subgroups. In order to collect more trNK- and cNK-specific genes, we developed a method of integratively

comparing their transcriptomes across the three tissues. Briefly, the gene expression comparison between

trNK and cNK (log2 trNK/cNK) in liver, uterus, and SGs was assigned to three dimensions of a 3D coordinate

system, respectively. Thus, the bona fide trNK- or cNK-specific genes should distribute in a zone close to

the reference line x = y = z. We defined two parameters to identify the zone for the trNK- or cNK-specific

genes: (1) average gene expression change (GECave) as defined by the distance of a gene’s projected co-

ordinate on the reference line (x = y = z) to the origin (x = 0, y = 0, z = 0) and (2) variation of gene expression

change (VGEC) as defined by the distance of a gene to the reference line (Figure 1C). Then, the trNK- and

cNK-specific genes were defined as locating within the zone of |GECave| > 1, |GECave| > VGEC (Figure 1D). To

simplify the visualization, GECave and VGEC were assigned to the x and y axes of a 2D system (Figure 1E).

Based on this method, we identified 197 trNK-specific and 155 cNK-specific genes. Heatmap profiling

further showed the consistency of their preferential expression in trNK or cNK across the three tissues,

demonstrating the reliability of our method (Figure 1F). Collectively, through an integrative transcriptome

comparison, we have identified two genesets representing the fundamental difference between trNK and

cNK, which are termed trNK and cNK genesets hereafter.

The trNK and cNK genesets can efficiently discriminate the two NK subgroups

Next, we wondered whether the trNK and cNK genesets generated from the three tissues could also be

utilized to discriminate NK subgroups in other tissues. Thus, RNA-seq of the typical cNK subgroup in

spleen was performed to testify the possibility. Gene set enrichment analysis (GSEA) based on the trNK

and cNK genesets showed that the splenic cNK preferentially expressed genes in the cNK geneset but

not the trNK geneset, suggesting that the two genesets were also applicable for discriminating the splenic

cNK (Figures 2A and S2A). The importance of the trNK and cNK genesets in discriminating the two NK sub-

groups was also assessed. Based on the Pearson correlation of whole transcriptome, the twoNK subgroups

in different tissues could hardly be accurately separated (Figure S2B). In contrast, using the trNK and cNK

genesets, all the NK subgroups, including the splenic cNK, were separated according to their tissue

residency (Figure 2B). Thus, the trNK and cNK genesets exerted an indispensable role in the transcriptomic

discrimination of the two NK subgroups.
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Figure 1. Identification of trNK and cNK genesets reflecting their fundamental difference

(A) Workflow of transcriptome profiling of trNK and cNK from liver, uterus, and salivary glands (SGs).

(B) Principal component analysis (PCA) of trNK and cNK from liver, uterus, and SGs (n = 2 per group).

(C) Schematics of integrative transcriptome comparison of trNK and cNK from liver, uterus, and SGs.

(D) Definition of trNK and cNK genesets in a 3D coordinate system based on integrative transcriptome comparison.

(E) 2D visualization of trNK and cNK genesets in a coordinate system defined by x = GECave and y = VGEC.

(F) Heatmap displaying the expression of trNK and cNK genesets by the two NK subgroups from liver, uterus, and SGs.
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Scoring based on the trNK and cNK genesets was also an alternative to discriminate an NK subgroup.

The NK subgroups from liver, uterus, SGs, and spleen were reciprocally highly scored by their related

genesets (Figure 2C). Heterogeneity of the NK population in different tissues had been intensively

explored using single-cell RNA-seq (scRNA-seq) in recent years. We wondered whether the scoring

could also be applied to the single-cell transcriptome, which would greatly expand the utilization of

the trNK and cNK genesets. Thus, publicly available scRNA-seq data of NK cells from various tissues

(Gene Expression Omnibus Series GSE189807) were revisited.31 Indeed, though the trNK and cNK gen-

esets were generated based on bulk RNA-seq comparison, they were also applicable for scRNA-seq to

discriminate trNK and cNK cells (Figures 2D and 2E). The result was further verified by an examination of

Itga1 (encoding CD49a) and Itga2 (encoding DX5) expression (Figure 2F). In addition, it further demon-

strated that the trNK and cNK genesets could be applied to discriminate the two NK subgroups from a

broad range of tissues. On the other hand, same as we just observed, the trNK and cNK can hardly be

clearly separated by whole transcriptomes, and the predominant difference between the single-cell clus-

ters was not correlated with the discrimination between the two NK subgroups (Figures S2C and S2D).

Consistent with a previous study, we also observed a subgroup of NK exhibiting an intermediate trNK

and cNK feature, further arguing the usage of limited markers for the discrimination of the two NK sub-

groups (Figure 2D).31

We also testified the trNK and cNK genesets with publicly available scRNA-seq data of human NK cells

(GSE70580, GSE150050).32,33 The cNK geneset did seem to be applicable for discriminating the cNK

feature in human. However, the trNK geneset failed to provide a reliable assessment (Figure S2E). Thus,

A B C

D E F

Figure 2. The trNK and cNK genesets can efficiently discriminate the two NK subgroups

(A) Gene set enrichment analysis (GESA) showing expression of trNK and cNK genesets in splenic cNK.

(B) Pearson correlation analysis of trNK and cNK from liver, uterus, SGs, and spleen, using trNK and cNK genesets.

(C) Discrimination of trNK and cNK in liver, uterus, SGs, and spleen by single-sample GSEA (ssGSEA) scores, using trNK and cNK genesets.

(D) Assessment of trNK and cNK genesets in NK from liver, SGs, gut, and spleen (left) using single-cell transcriptome (scRNA-seq, GSE189807). DScore of

each cell representing the difference between trNK and cNK geneset scores is calculated (right).

(E) Assessment of trNK and cNK genesets in NK cells of each tissue in (D).

(F) Scatterplot showing Itga1 (CD49a) and Itga2 (DX5) expression in NK cells (D).
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Figure 3. trNK and cNK genesets reveal a fundamental difference between the activation of the two NK subgroups

(A) Go analysis of trNK and cNK genesets.

(B–G) Relative expression of the indicated genes between trNK and cNK in liver, uterus, and SGs, grouped by lymphocyte migration-associated molecules

(B), NK effector molecules (C), NK activation-related surface receptors (D), transcription factors (E), immune checkpoints (F), and cytokine receptors (G).

(H) Venn diagram showing differentially expressed genes between liver trNK and cNK (TPM >10 in at least one group, fold change >2 and P adj. < 0.05) 44 h

after MCMV infection (GSE114827).
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to discriminate the two NK subgroups in human, a particular integrative transcriptome comparison

between human trNK and cNK was still required.

Overall, our data show that the trNK and cNK genesets we defined can be applied to discriminate the two

NK subgroups from a broad range of tissues, based on either bulk or single-cell transcriptome.

The trNK and cNK genesets reveal a fundamental difference between the activation of the

two NK subgroups

The high efficacy of the trNK and cNK genesets in the NK subgroup discrimination indicated that these

genes reflected the principal differences between the two NK subgroups. Thus, a Gene Ontology (GO)

analysis was performed to unravel the features enriched by them. Consistent with the traits of trNK in

tissue residency and recruitment of other immune cells to the local tissue, the related features were

significantly enriched by the trNK geneset (Figure 3A). We further profiled the genes related to the

tissue residency (Figure S3A). Particularly, Zfp683, a known transcriptional regulator of tissue-resident

lymphocytes, was upregulated in trNK.34,35 On the other hand, sphingosine-1-phosphate (S1P) receptors

S1pr1, S1pr4, and S1pr5, crucial for immune cell trafficking, were preferentially expressed by cNK

(Figure 3B).

Impressively, we also observed an intensive enrichment of ‘‘immune activation’’-related features,

especially by the trNK geneset, indicating that the activation of two NK subgroups might be primarily

different (Figure 3A). In line with this, several immunosuppressive genes were found to be upregulated

in trNK, while most immune activation-related genes were highly expressed by cNK (Figures S3B and

S3C). To further verify this difference, signature genes associated with NK activation were examined.

Among those effector molecules, Prf1 and Gzma were highly expressed by cNK in different tissues, while

Gzmb was preferentially expressed by trNK (Figure 3C). NK activation was regulated by many surface

and adaptor molecules. Among them, Klra1 (encoding Ly49a), Klrb1a (encoding CD161a), Klrc2 (encod-

ing NKG2C), Klrg1 (encoding KLRG1), Klrk1 (encoding NKG2D), and Fyn were substantially downregu-

lated in trNK (Figure 3D). Additionally, transcriptional regulators, including T-bet, Eomes, Nfil3, Runx3,

and Id2, also participated in regulating the NK activation. Compared with cNK, trNK showed reduced

expression of Tbx21 (encoding T-bet) and Eomes (Figure 3E), whereas immunosuppressive

molecules Ctla4, Tigit, and Cd200r1 were significantly upregulated in trNK (Figure 3F).7 Collectively,

the differential expression of these signature genes between the two NK subgroups indicated that

trNK might prefer to maintain in an inactivated status. Stimulatory cytokines, such as IL-2, IL-15, IL-12,

IL-18, and IL-21, were also involved in regulating NK activation.29,30 We found that Il18r1 and Il18rap

(encoding the two subunits of IL-18R) were upregulated in cNK,36 while Il21r was particularly highly

expressed by trNK,34 corroborating a potential difference between the trNK and cNK activation

(Figure 3G).

Further, to demonstrate the difference between the two NK subgroups after activation, RNA-seq of Murine

Cytomegalovirus (MCMV) infection-activated liver trNK and cNK (GSE114827) was revisited.37 A total of

7,128 genes were found to be truly expressed by either NK subgroup (TPM >10 in at least one group).

Among them, 768 (10.8%) were upregulated in the MCMV infection-activated trNK, while 226 (3.2%)

were increasingly expressed by the activated cNK (Figure 3H). Also, we found that many NK function-

related genes were exclusively highly expressed by either of the two NK subgroups, corroborating their

difference after activation (Figure 3I). In addition, the trNK and cNK genesets remained to be applicable

for the discrimination of the activated NK subgroups, indicating that the principal difference between

trNK and cNK including the activation difference was still maintained (Figure 3J). Further, their differentially

expressed genes were obviously enriched in distinct pathways (Figure 3K).

Collectively, in addition to the well-known differences between trNK and cNK in cell adhesion and immune

recruitment, our data also indicate a fundamental difference between them in activation.

Figure 3. Continued

(I) Heatmap profiling differentially expressed genes in (H).

(J) Discrimination of MCMV infection-activated trNK and cNK (H) by GSEA, using trNK and cNK genesets.

(K) GO analysis of differentially expressed genes in liver trNK and cNK after MCMV infection (H).
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Transcriptional regulation of trNK and cNK activation is fundamentally different

The difference between trNK and cNK after MCMV infectionmight be also caused by the difference of their

niches.38 To further clarify the fundamental difference between trNK and cNK activation, a unified ex vivo

stimulatory condition was considered. A short-time stimulation within hours was also preferred to avoid

inducing alternative changes to trNK after leaving their tissue niche, which excluded the usage of stimula-

tory cytokines such as IL-15,12,13,15,39 whereas most other stimulatory manners, including co-culture with

target cells, were inevitably affected by the differentially expressed receptors on trNK and cNK. Finally,

phorbol 12-myristate 13-acetate (PMA) and ionomycin (PMA/ionomycin) that exerted a unified stimulatory

effect on the trNK and cNK independent of their differentially expressed surface receptors were consid-

ered, although they were not supposed as a physiological condition. To compare the transcriptome

changes between trNK and cNK during activation, resuspended liver lymphocytes were kept either

unstimulated or stimulated by PMA/ionomycin for 5 h, and then the trNK and cNK were sort-purified for

RNA-seq analysis (Figure S4A). As suggested by the transcriptome changes, the PMA/ionomycin stimula-

tion substantially activated both trNK and cNK (Figures 4A and S4B). Nevertheless, the trNK and cNK

genesets were still applicable for discriminating these ex vivo activated NK subgroups (Figures 3J and

4B). Since PMA/ionomycin were not supposed to activate NK in a physiological manner, transcriptomes

of the NK subgroups activated ex vivo by PMA/ionomycin and in vivo after MCMV infection were

compared. GSEA showed that both PMA and ionomycin activated trNK and cNK to a large extent and

recapitulated their activation induced after MCMV infection, greatly alleviating our concern with the

PMA/ionomycin stimulation (Figure 4C). After the PMA/ionomycin stimulation, genes upregulated and

downregulated in trNK and cNK were obviously different (Figure S4C). To further reveal the activation

difference between trNK and cNK, a GO analysis was performed using their activation-upregulated genes

(Figures 4D and S4B). Between their enriched features, although there seemed to be some similarities, like

‘‘ribosome biogenesis’’, ‘‘positive regulation of cytokine production’’, and ‘‘cellular amino acid metabolic

process’’, the enrichment of ‘‘ribosome biogenesis’’ was substantially different. In addition, they also

possessed differentially enriched features (Figure 4D). Collectively, using a unified ex vivo stimulation,

we confirmed that the activation of trNK and activation of cNK were fundamentally different.

Transcription regulators played essential roles during NK activation. Thus, we next wondered whether the

difference between trNK and cNK activation was caused by differential transcriptional regulation. To verify

this assumption, chromatin landscapes of the two NK subgroups were examined, using a set of assay for

transposase-accessible chromatin with high-throughput sequencing (ATAC-Seq) data for liver trNK and

cNK (GSE196716).25 Potential transcriptional regulators for the trNK and cNK activation-upregulated genes

were predicted by scanning their binding motifs within the related chromatin-accessible regions (ChARs)

(Figure S4D). In addition, expression levels of these potential transcriptional regulators were considered.

Together, we identified 26 potential transcription regulators for the trNK activation and 15 potential

transcription regulators for the cNK activation (Figure 4E). Among them, 11 were commonly utilized by

both NK subgroups, while 15 were specific for the trNK activation and 4 were particular for the cNK activa-

tion (Figures 4F and S4E). As expected, the 4 transcription factors particular for cNK activation were highly

expressed by cNK compared with trNK. However, the 11 trNK-specific and 15 common transcription factors

displayed comparable expression between the two NK subgroups, indicating that their particular

Figure 4. Transcriptional regulation of trNK and cNK activation are fundamentally different

(A) Volcano plots of gene expression difference between unstimulated (Unstim) and PMA/ionomycin (PMA/Iono)-stimulated trNK (left) and cNK (right).

(B) Discrimination of trNK and cNK kept unstimulated (top) or stimulated by PMA/ionomycin (bottom) (A) by GSEA, using trNK and cNK genesets.

(C) GSEA comparison of ex vivo PMA/ionomycin stimulation-activated (A) and in vivo MCMV infection-activated (3I) trNK (left) or cNK (right).

(D) GO analysis of upregulated genes in PMA/ionomycin stimulation-activated trNK (left) and cNK (right).

(E) Venn diagram showing potential transcription factors (TFs) of the upregulated genes in PMA/ionomycin stimulation-activated trNK and cNK (A),

according to a chromatin landscape analysis (S4C).

(F) Profiling of each potential transcription factor in (E), showing the percentage of their potentially regulated genes within the upregulated genes in PMA/

ionomycin stimulation-activated trNK or cNK (left) and their expression in PMA/ionomycin-activated trNK or cNK (right).

(G) Overall expression changes of the potential transcription factors, grouped by trNK-specific, common, and cNK-specific (E), between trNK and cNK.

(H) Chromatin accessibility comparison between trNK and cNK, for regions related to the upregulated genes in PMA/ionomycin stimulation-activated trNK

and containing binding motifs of trNK-specific (left) and common (right) potential transcription factors. Average chromatin accessibility is calculated on top

and the peak heights and peak areas between trNK and cNK are compared in right.

(I) Chromatin accessibility comparison between trNK and cNK, for regions related to the upregulated genes in PMA/ionomycin stimulation-activated cNK

and containing binding motifs of cNK-specific (left) and common (right) potential transcription factors. Average chromatin accessibility is calculated on top

and the peak heights and peak areas between trNK and cNK are compared in right.
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regulatory roles in trNK might be determined by their chromatin landscape (Figure 4G). Consistently,

ChARs for those trNK activation-upregulated genes were more accessible (Figures S4F and S4G). Further,

the ChARs containing bindingmotifs of the 11 trNK-specific and 15 common transcription factors displayed

increased accessibility in trNK compared with cNK (Figure 4H). Interestingly, even for the cNK activation-

upregulated genes, the related ChARs containing the binding motifs of the 4 cNK-specific and 15 common

transcription factors also exhibited enhanced accessibility in trNK, suggesting a complicated correlation

between these ChARs and the expression of their related genes in trNK (Figures 4I and S4G). Further,

the complexity of trNK activation was also indicated by the presence of more regulatory relationships

for those common features enriched by both the activation of trNK and cNK (Figure S4H).

Together, our results demonstrate a fundamental difference between trNK and cNK activation. The cNK

activation is preferentially regulated by specific transcriptional regulators, while the trNK activation is

complicated and is mostly relied on their chromatin landscape.

IL-21 and IL-18 play accessory roles in facilitating trNK and cNK activation, respectively

Cytokines also contributed to the NK activation.27,28 As mentioned earlier, the Il21r and Il18r1/Il18rap

were preferentially highly expressed by trNK and cNK, respectively (Figure 3G). This differential Inteleu-

kin-21 Receptor (IL-21R) and Inteleukin-18 Receptor (IL-18R) expression was also confirmed at protein level

by flow cytometry, using trNK and cNK from liver, uterus, and SGs (Figures 5A–5D). Given the result, we

wondered whether IL-21 and IL-18 signaling played distinct roles in regulating the trNK and cNK activation.

A B

C D

E F

Figure 5. IL-21 and IL-18 play accessory roles in facilitating trNK and cNK activation, respectively

(A) Flow cytometric analysis of IL-21R expression on trNK and cNK from liver, uterus, and SGs. The same gating strategy as Figure S1A is used.

(B) Statistical calculation of IL-21 expression level on trNKandcNK from liver, uterus, andSGs, basedon itsmean fluorescence intensity (MFI) in (A) (n= 4per group).

(C) Flow cytometric analysis of IL-18R1 expression on trNK and cNK from liver, uterus, and SGs. The same gating strategy as Figure S1A is used.

(D) Statistical calculation of IL-18R1 expression level on trNK and cNK from liver, uterus, and SGs, based on its mean fluorescence intensity (MFI) in (C) (n = 4

per group).

(E) Flow cytometric analysis of IFN-g and TNF-a expression in liver trNK and cNK kept unstimulated or stimulated by the indicated conditions.

(F) Statistical calculation of IFN-g and TNF-a expression changes in liver trNK and cNK under the indicated conditions, and relative to PMA/ionomycin

stimulation alone induced IFN-g and TNF-a expression changes in trNK and cNK, respectively (n = 4 per group). Data are shown as the mean G SEM. P.

values are calculated by unpaired t-test, *p < 0.05, **p < 0.01, ***p < 0.001. Data are representative of at least three independent experiments.
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The ex vivo liver trNK could hardly be activated by IL-21 or IL-18 stimulation alone in 5 h, as indicated by the

subtle interferon (IFN)-g and tumor necrosis factor alpha (TNF-a) production, while the ex vivo liver cNK

were mildly activated by IL-18, but not IL-21 (Figures S5A and S5B). Considering that both cytokines

were reported to promote the NK activation in previous studies,21 we speculated that these cytokines

mainly exert accessory roles. Thus, their impacts on the PMA/ionomycin-stimulated trNK and cNK were

further explored. As we suspected, together with the PMA/ionomycin stimulation, IL-21 preferentially

further enhanced IFN-g production in trNK, while IL-18 was more efficient in facilitating IFN-g production

in cNK (Figures 5E, 5F, and S5C). As reported, TNF-awas mainly produced by trNK, but the additional IL-21

or IL-18 stimulation did not increase its production too much (Figures 5E, 5F, and S5C). Collectively, these

results suggest that IL-21 and IL-18 mainly play accessory roles in trNK and cNK activation, respectively.

Additional IL-21 stimulation enhances the activation features of trNK

Next, we further examined the transcriptome changes of trNK and cNK in presence of the additional IL-21

or IL-18 stimulation (Figure 6A). First, with the additional IL-21 or IL-18, the two NK subgroups could still be

discriminated by the trNK and cNK genesets, indicating that their fundamental difference was still

maintained (Figure 6B). Next, whole transcriptome changes of trNK and cNK after the additional IL-21 or

IL-18 stimulation were assessed. Compared with transcriptome changes caused by the PMA/ionomycin

stimulation, the additional cytokine stimulation-induced transcriptome changes were much milder (Fig-

ure 6C). Nevertheless, in line with the differentially expressed cytokine receptors, PCA showed that the

additional IL-21 stimulation substantially changed the transcriptome of PMA/ionomycin-activated trNK,

while its impact on PMA/ionomycin-activated cNK was negligible (Figure 6D). On the other hand, the

additional IL-18 stimulation altered the transcriptome of PMA/ionomycin-activated cNK more significantly

(Figure 6D). Therefore, the transcriptome comparison corroborated the accessory roles of IL-21 and IL-18 in

trNK and cNK activation, respectively.

Since the regulation of trNK activation was still elusive, the role of IL-21 in this process was particularly

examined. Thus, genes affected by the additional IL-21 stimulation were screened according to two

criteria: after the additional IL-21 stimulation (1) they reached to the highest or lowest expression level;

(2) they showed at least 2-fold expression changes compared with either unstimulated or PMA/ionomy-

cin-activated trNK. Finally, the additional IL-21 stimulation was found to correlate with 488 upregulated

genes and 1,144 downregulated genes (Figure 6E). Further, a GO analysis showed that most PMA/ionomy-

cin stimulation-induced changes in trNK were enhanced by the additional IL-21 stimulation, corroborating

that IL-21 promoted the trNK activation (Figures 4D and 6F). In addition, genes involved in the major GO

terms were profiled to assess the changes between unstimulated, PMA/ionomycin-stimulated, and

additional IL-21-stimulated trNK. The result also demonstrated the role of IL-21 in facilitating trNK activa-

tion (Figure S6). Altogether, the additional IL-21 stimulation-induced transcriptome change suggests that

IL-21 plays an important role in further promoting the trNK activation.

Bifunctional transcription factors are involved in mediating the transcriptome change in trNK

induced by the additional IL-21 stimulation

Since chromatin landscape was found to play crucial roles during trNK activation, to unravel the underlying

mechanism of additional IL-21-induced trNK further activation, we performed an ATAC-Seq with unstimu-

lated, PMA/ionomycin-stimulated, and additional IL-21-stimulated trNK (Figure 7A). To interpret the

additional IL-21 stimulation-induced gene expression changes in trNK, ChARs related to the additional

IL-21 stimulation upregulated and downregulated genes were isolated. Among them, the concordant

ChARs were further defined, based on two criteria: (1) ChARs related to the upregulated genes showed

the highest accessibility or likewise ChARs related to the downregulated genes showed the lowest

accessibility and (2) accessibility of these ChARs displayed at least 1.25-fold changes between the addi-

tional IL-21-stimulated trNK and the unstimulated or PMA/ionomycin-stimulated trNK (Figures 7B and

S7A).40 Accordingly, we identified 294 concordant ChARs for the additional IL-21 stimulation-upregulated

genes and 433 concordant ChARs for the additional IL-21 stimulation-downregulated genes (Figure 7C).

Although their related genes did not account for a large proportion of the total upregulated or downregu-

lated genes by the additional IL-21 stimulation, their enriched features recapitulated the additional IL-21

stimulation-induced changes in trNK, suggesting that the regulation of these genes might be still

important (Figure 7D and 7E). Thus, potential transcription factors for these concordant ChAR-related

genes were predicted, based on the appearance of their binding motifs and the expression levels (Fig-

ure 7F). Interestingly, using the concordant ChARs for either the additional IL-21 upregulated or
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downregulated genes, we had identified a similar bunch of transcription factors, including Zbtb17, Zfp281,

Sp1, Sp2, Sp3, Egr1, Egr2, E2f4, and Ets1 (Figure 7F). Their expression remained almost unchanged at the

different trNK activation conditions, indicating that their regulatory roles were mainly determined by the

chromatin accessibility changes (Figure 7G). According to the literature, almost all these transcription

factors were bifunctional, playing both transcriptional activation and suppression roles, consistent with

the fact that the concordant ChAR-related genes, no matter upregulated or downregulated by the

A

B C D

E F

Figure 6. Additional IL-21 stimulation enhances the activation features of trNK

(A) Workflow of the RNA-seq analysis of ex vivo stimulated liver trNK and cNK. Sorting strategy is the same as Figure S4A.

(B) Pearson correlation between trNK and cNK under the indicated stimulatory conditions, using trNK and cNK genesets.

(C) Pearson correlation of trNK and cNK under the indicated stimulatory conditions according to their whole transcriptomes.

(D) PCA of trNK (left) and cNK (right) under the indicated stimulatory conditions (n = 2 per group). Dashed arrows in purple and blue respectively indicate

additional IL-21 (purple) and IL-18 (blue) stimulation induced changes to PMA/ionomycin-activated trNK (right) and cNK (left).

(E) Heatmap profiling of upregulated (left) and downregulated (right) genes by additional IL-21 stimulation in trNK. The genes are screened based on, (1)

reaching to the highest or lowest expression in trNK stimulated by additional IL-21, and (2) exhibiting at least 2-fold changes compared to either

unstimulated or PMA/ionomycin-stimulated trNK.

(F) Go analysis of the upregulated (top) and downregulated (bottom) genes in trNK by additional IL-21 stimulation in (E).
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Figure 7. Bifunctional transcription factors are involved in mediating the transcriptome change in trNK induced by the additional IL-21 stimulation

(A) Workflow of the ATAC-Seq analysis of ex vivo stimulated liver trNK.

(B) Schematics showing screening of concordant ChARs for the upregulated or downregulated genes by additional IL-21 stimulation in trNK, and their

related genes.

(C) Heatmap profiling of concordant ChARs for the upregulated (left) or downregulated (right) genes by additional IL-21 stimulation in trNK.

(D) Pie charts showing proportions of the concordant ChAR-related genes in upregulated (top) or downregulated (bottom) genes by additional IL-21

stimulation in trNK.

(E) Go analysis of the concordant ChAR-related genes upregulated (top) or downregulated (bottom) by additional IL-21 stimulation in trNK.
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additional IL-21, were regulated by the same bunch of transcription factors (Figure S7B).41–57 Therefore, the

additional IL-21 stimulation directs both gene upregulation and downregulation in trNK, using these

bifunctional transcription factors.

DISCUSSION

The trNK subgroup has attracted increasing attention in recent years due to their particular roles in

initiating immune responses in local tissues.6,7,26 In line with their tissue residency, they usually express

certain adhesive molecules, like CD49a.38,58 Nevertheless, such markers cannot always accurately discrim-

inate trNK in peripheral tissues. Here, through an integrative transcriptome comparison of the well-known

trNK and cNK subgroups in liver, uterus, and SGs, we have defined two genesets for their discrimination.

Though the genesets are generated by the bulk RNA-seq comparison of the two NK subgroups from the

three familiar tissues, they are also applicable for discriminating NK subgroups in more tissues and are

suitable for scRNA-seq analyses. Thus, in combination with the single-cell technology, discovery of new

trNK subgroups in previously unstudied tissues will be easier. In addition, the integrative transcriptome

comparison is also mathematically applicable for comparing trNK and cNK of more than three tissues

(see STAR Methods). Therefore, with a growing knowledge of the transcriptomic difference between

trNK and cNK in more tissues, the trNK and cNK genesets will be further upgraded, in a manner like

that of an open-loop machine learning.

Activation of trNK is supposed to be orchestrated in a more precise manner, to avoid an overresponse-

induced tissue damages. Consistently, NK cell activation-related features, such as ‘‘cell activation’’, ‘‘cell

proliferation’’, ‘‘lymphocyte differentiation’’, and ‘‘negative regulation of cell activation’’, are significantly

enriched in the trNK geneset, whereas such features are not obviously enriched in the cNK geneset. This

result also indicates that activation of trNK is determined by a complicated mechanism, including both

positive and negative regulations. In agreement, the trNK activation seems to be more difficult than the

cNK activation under a unified PMA/ionomycin stimulation condition, as indicated by the milder IFN-g

production. Nevertheless, during infectious challenges, trNK activation can be dramatically enhanced to

provide the host sufficient protection at an early stage, indicating that tissue environments also play critical

roles in determining the activation difference between trNK and cNK.7,26

To comprehensively elucidate the activation of trNK and cNK, transcriptome profiling of the two NK

subgroups under different activation status is performed. During MCMV infection, activated trNK and

cNK in liver exhibit a significant difference. And, the trNK and cNK genesets are still applicable in discrim-

inating them, suggesting that their fundamental difference is still maintained after activation. According to

the literature, the tissue niches of trNK and cNK in liver are different, whichmay also lead to the difference in

their activation.24 To exclude this interference, we performed another comparison of ex vivo activated trNK

and cNK using a unified PMA/ionomycin stimulation condition. In consistent with the ex vivo activation,

these ex vivo activated trNK and cNK also display a significant difference in transcriptome, and the trNK

and cNK genesets remain applicable for their discrimination. Interestingly, the potential transcription

factors involved in promoting gene upregulation in activated trNK are almost also comparably expressed

by cNK, suggesting a particularly important role of the accessible chromatin in determining trNK activation.

On the other hand, the four cNK-specific transcription factors are preferentially highly expressed in cNK.

Thus, these distinct regulatory manners indicate that the activation of trNK and that of cNK are

fundamentally different.

In addition, we find that cytokine receptors IL-21R and IL-18R are respectively highly expressed on trNK and

cNK, indicating that cytokine milieu also contributes to the difference in their activation. IL-21 or IL-18

mainly exerts accessory roles during the trNK and cNK activation. During PMA/ionomycin stimulation, their

presence can further promote IFN-g production. And, in line with the differential expression of their

receptors between the two NK subgroups, additional IL-21 stimulation significantly promotes the trNK

activation, while its impact on cNK activation is almost negligible. In contrast, additional IL-18 stimulation

Figure 7. Continued

(F) Scatterplots of potential transcription factors for the concordant ChAR-related genes upregulated (left) or downregulated (right) by additional IL-21

stimulation in trNK, showing both sufficient expression and substantial regulatory roles.

(G) Profiling of each potential transcription factor in (F), showing the percentage of their potentially regulated genes within the upregulated or

downregulated genes by additional IL-21 stimulation in trNK in trNK (left) and their expression in trNK under the indicated stimulatory conditions (right).
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dramatically enhances cNK activation, but not the trNK activation. Transcriptome changes of PMA/ionomy-

cin-activated trNK and cNK in presence of the additional IL-21 or IL-18 are also examined. Consistently,

additional IL-21 stimulation seems to generate more transcriptome changes in trNK. Moreover, it further

enhances the major features enriched in PMA/ionomycin-activated trNK. Together, these results

suggest that IL-21 plays a particular role in facilitating trNK activation. An interesting question raised

here is whether the IL-21 generated in vivo also has such a regulatory effect to determine the activation

status of trNK.

Further, potential transcription factors involved in the additional IL-21-mediated trNK activation are

predicted based on ATAC-Seq analysis. With both the additional IL-21 upregulated genes and downregu-

lated genes, a similar bunch of transcription factors are identified, evidencing the reliability of our analysis.

These potential transcription factors, Zbtb17, Zfp281, Sp1, Sp2, Sp3, Egr1, Egr2, E2f4, and Ets1, are all

reported to exert bifunctional roles in both activating and repressing gene transcription.41–57 Nevertheless,

the exact regulatory roles of these transcription factors during trNK activation still need to be further

explored in the future. In addition, since these transcription factors only relate with a small proportion of

the additional IL-21 stimulation upregulated or downregulated genes in trNK, other regulatory

mechanisms during this process are also worth to be explored.

Limitations of the study

To compare the difference between trNK and cNK in activation, PMA/ionomycin stimulatin that can

efficiently activate both populations within a short time is utilized in our study. The short-time stimulation

also ensures that other features of the cells do not alter too much after leaving their tissue niche. Neverthe-

less, it also raises another inevitable issue that the PMA/ionomycin stimulation may be too strong

compared with the physiological NK activation conditions. In future, the trNK and cNK activation under

cytokine stimulation, such as IL-2, IL-7, IL-12, and IL-15, and the impacts of IL-21 and IL-18 during the

process, may need to be further compared.
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Recombinant Mouse IL-21 (carrier-free) BioLegend Cat# 574506
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Critical commercial assays

TruePrep DNA Library Prep Kit V2 for Illumina Vazyme Cat# 502

SMART-Seq� HT Kit Takara Cat# 634437

NEBNext� Ultra� DNA Library Prep Kit for Illumina� New England Biolabs Cat# E7370L

Deposited data

Data files for RNA and ATAC sequencing This paper GSE223677

MCMV infection dataset Quatrini et al.37 SRP148791

NK ATAC sequencing dataset Nixon et al.25 SRP359796

Single cell NK dataset Lopes et al., 202231 GSE189807

scRNA-seq of human tonsil NK Björklund et al.33 GSE70580

scRNA-seq of human NK in different tissues Mazzurana L et al.,32 GSE150050

Software and algorithms

Flowjo v10 BD Biosciences N/A

GraphPad Prism v9 GraphPad Software N/A

Illustrator Adobe N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and any related requests should be directed to and will be fulfilled by the lead contact,

Chao Zhong (zhongc@pku.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The sequencing data analyzed in this study are deposited in GEO or SRA and are publicly available.

Accession numbers are listed in the key resources table.

d The paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Female C57BL/6 mice between 6 to 8 weeks of age were purchased from the Department of Laboratory

Animal Science, Peking University Health Science Center (Beijing100191, China). All animals were

maintained under specific pathogen-free (SPF) conditions. All experiments were approved by the Ethics

Committee of Peking University Health Science Center.

METHOD DETAILS

Cell preparation

To prepare single-cell suspension from liver, the tissue was mechanically grinded and filtered through a

40 mm cell strainer. After centrifugation, the cell pellet was resuspended with 28% Percoll prepared in

PBS, followed by another centrifugation at 2000 rpm for 20 min. Then, red blood cells in the pellet were

lysed, and the liver cells were washed twice and resuspended in PBS containing 2% FBS. To prepare

single-cell suspensions from uterus and SGs, the tissues were firstly cut into small pieces (�5 mm2), and

digested at 37�C in RPMI 1640 containing 1 mg/mL collagenase IV (Sigma-Aldrich), 0.1 mg/mL DNase

Continued
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clusterProfiler https://bioconductor.org/packages/release/

bioc/html/clusterProfiler.html.org/packages/

release/bioc/html/clusterProfiler.html

ssGSEA https://www.bioconductor.org/packages/

release/bioc/vignettes/GSVA/inst/doc/GSVA.html

Cytoscape https://cytoscape.org

Trimmomatic https://www.usadellab.org/

cms/?page=trimmomatic

PICARD https://broadinstitute.github.io/picard/

MACS https://genomebiology.biomedcentral.

com/articles/10.1186/gb-2008-9-9-r137

HOMER http://homer.ucsd.edu/homer/

BEDtool https://bedtools.readthedocs.io/

en/latest/index.html

Seurat https://github.com/satijalab/seurat

HISAT2 http://daehwankimlab.github.io/hisat2/

bowtie2 https://bowtie-bio.sourceforge.net/

bowtie2/index.shtml
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I (Roche) and 5% fetal bovine serum (FBS) for 40 min. Then, the digested tissues were grinded and filtered

through 40 mm cell strainers. After centrifugation, the cell pellets were washed twice and resuspended in

PBS containing 2% FBS. To prepare single-cell suspension from spleen, the tissue was mechanically

grinded and filtered through a 40 mm cell strainer. Then, splenocytes were washed twice and resuspended

in PBS containing 2% FBS.

Cell stimulation

Single-cell suspension of liver was centrifuged and resuspended in RPMI 1640 containing 10% FBS and

10 ng/ml recombinant murine IL-15. Then, the cells were kept unstimulated or stimulated by phorbol

12-myristate 13-acetate (PMA, 50 ng/mL) and ionomycin (1 mg/mL), in presence or absence of IL-21

(20 ng/mL) or IL-18 (10 ng/mL), for 5 hours at 37�C in 5% CO2 atmosphere. A protein transport inhibitor

Brefeldin A (Thermo Fisher Scientific) was added after the first hour.

Cell staining

Resuspended cells in PBS containing 2% FBS were incubated with anti-CD16/32 antibody first for Fc recep-

tor blockade. Then, the cells were stained by antibodies to their surface molecules for 30 min at 4�C. For
intracellular cytokine staining, the cells were fixed with 4% paraformaldehyde in PBS and permeabilized us-

ing 0.1% Triton X-100 in PBS for 10 minutes at room temperature. After washing, cytokine antibodies were

added into the cell suspension. Antibodies used for cell staining are, antibodies specific to mouse CD45.2

(104), CD19 (eBio1D3), CD3 (145-2C11), CD5 (53-7.3), Gr-1 (RB6-8C5), NKp46 (29A1.4), NK1.1 (PK136) pur-

chased from Thermo Fisher Scientific, and antibodies specific to mouse CD49a (HMa1), CXCR6 (SA051D1),

IL-21R (4A9), IL-18Ra (A17071D), DX5 (DX5), IFN-g (XMG1.2), TNF-a (MP6-XT22) and CD16/32 (93)

purchased from Biolegend.

Flow cytometry

The stained cells were washed twice and resuspended in PBS containing 2% FBS before the analysis. Flow

cytometry was performed on LSRFortessa (BD Biosciences). Data were analyzed with FlowJo software (BD

Biosciences).

Cell sorting

The stained cells were washed twice and resuspended in RPMI 1640 containing 10% FBS. Cell sorting was

performed on FACSAria III (BD Biosciences) using 4-way-purity sort mode.

In liver, trNK were gated based on live Lineage-NK1.1+NKp46+CD49a+DX5-, while cNK were gated based

on live Lineage-NK1.1+NKp46+CD49a-DX5+. The liver trNK were also termed as ILC1 by other people, but

we prefer to define them as trNK according to their cytotoxicity and localized development.12,14,39

In uterus, trNK were gated based on live Lineage-NK1.1+NKp46+CD49a+CXCR6-, while cNK were gated

based on live Lineage-NK1.1+NKp46+CD49a-CXCR6-, according to a previous study.59

In SGs, trNK were gated based on live Lineage-NK1.1+NKp46+CD49a+DX5+, while cNK were gated based

on live Lineage-NK1.1+NKp46+CD49a-DX5+.36

RNA-sequencing

NK cells were directly sorted into lysis buffer, and then mRNA reverse transcription and cDNA amplification

were performed using a SMART-Seq HT Kit (Takara) according to the manufacturer’s instruction. Libraries

were prepared with NEB Next Ultra DNA Prep Kit (New England Biolabs). Quantity and quality of the

libraries were assessed on Agilent 2100 Bioanalyzer system. Library sequencing was performed at

paired-end 150 bp on Illumina NovaSeq platform.

ATAC-sequencing

10,000 sort purified cells were collected and pelleted by centrifugation at 600 g for 10 min. The pellets were

resuspended in 50 mL lysis buffer (10 mM Tris-HCl pH 7.4, 10 mMNaCl, 3 mMMgCl2, 0.1% NP-40) and kept

on ice for 3 minutes, followed by a centrifugation at 600 g for 10 min to collect nuclei. Then, nuclei were

resuspended in transposition reaction buffer. DNA fragmentation and library preparation were performed

using TruePrep DNA Library Prep Kit V2 for Illumina (Vazyme) according to the manufacturer’s instruction.
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Quantity and quality of libraries were assessed on Agilent 2100 Bioanalyzer system. Library sequencing was

performed at paired-end 150 bp on Illumina NovaSeq platform.

QUANTIFICATION AND STATISTICAL ANALYSIS

Public data acquisition

Raw data for gene expression profiles (RNA-Seq) of MCMV infected liver trNK and cNK were retrieved from

Sequence Read Archive (SRA) under accession number SRP148791. Chromatin accessibility profiles (ATAC-

Seq) of mouse liver trNK and cNK were retrieved from SRA under accession number SRP359796. Single-cell

gene expression profiles (scRNA-Seq) of NK cells collected from different mouse tissues were retrieved

from Gene Expression Omnibus (GEO) under accession numbers GSE189807.

RNA-Seq data processing

RNA-Seq reads in fastq format were aligned to mm10 assembly of mouse genome using HISAT2, quanti-

fied by RSEM. Transcripts-per-million (TPM) values for gene-level counts were calculated using R-package

scuttle. Genes with confirmed expression were selected based on TPM> 10 in all repeats of a group, and

were used for further analyses. Similarities between different NK subgroups were analyzed by principal

component analysis (PCA) and Pearson correlation. Differential gene expression analysis was performed

by DESeq2 pipeline. Gene Set Enrichment Analysis (GSEA) was performed using R-package fgsea, and

normalized enrichment scores (NES) and P values were calculated. Gene Ontology (GO) analysis was per-

formed by over-representation test with clusterProfiler package. To assess pathway activity in different NK

subgroups, a non-parametric and unsupervised software algorithm single-sample GSEA (ssGSEA) in GSVA

package was used. Transcriptional regulatory network between transcription factors and enriched

pathways was constructed with Cytoscape.

Identification of trNK and cNK genesets by integrative transcriptome comparison

To integrate transcriptome comparisons of trNK and cNK in different tissues, gene expression change

(GEC) between the two NK subgroups (log2 trNK/cNK) in each tissue was assigned to each axis of a coor-

dinate system. Particularly, here GECs of trNK and cNK in liver, uterus and SGs were respectively assigned

to x, y and z axis of a three-dimensional (3D) coordinate system (see Figures 1C and 1D). To calculate

average GEC of trNK and cNK (GECave) and variation of GECs among all tissues (VGEC), a diagonal refer-

ence line (x = y = z) was introduced. GECave was defined by the distance from the origin to the projection

of a gene on the reference line, while VGEC was defined by the projection distance of a gene to the refer-

ence line. After calculation, GECave equaled the mean GEC in these tissues, (GECliver + GECuterus +

GECSGs)/3, and VGEC representing the Euclidean distance from a gene’s coordinate (GECliver, GECuterus,

GECSGs) to its projected point on the reference line (GECave, GECave, GECave) equaled [(GECliver -

GECave)
2 + (GECuterus - GECave)

2 +(GECSGs - GECave)
2]1/2. Mathematically, this method could also be

applied to integrative transcriptome comparison of trNK and cNK in more tissues, based on the following

function.

GECave =

Pn
i = 1GECi

n

VGEC =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i = 1
ðGECi � GECaveÞ22

q

Finally, trNK geneset was defined by GECave > 1 and VGEC < GECave, while cNK geneset was defined by

GECave < -1 and VGEC < -GECave. The comparison result could be better visualized in a 2D coordinate

system, with GECave assigned to x axis and VGEC assigned to y axis.

Single-cell RNA-Seq data processing

Raw count matrix of single-cell RNA-Seq (scRNA-Seq) was processed using R-package Seurat to obtain

qualified cells with normalized gene expression. Single-cell clustering was performed with shared nearest

neighbors (SNN) algorithm, and dimension reduction was operated with Uniform Manifold Approximation

and Projection (UMAP) algorithm. Module scores for gene expression in single cell was calculated with

AddModuleScore function in Seurat. Exact classification of NK cells in each tissue was performed using

FindClusters function in Seurat.
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ATAC-Seq data processing

ATAC-Seq quality trimming and primer removal were performed with Trimmomatic, using the following

parameters: LEADING:15, TRAILING:15, SLIDINGWINDOW:4:15, MINLEN:36. Trimmed reads were

aligned to mm10 assembly of mouse genome using Bowtie2. Then, the aligned reads were sorted using

samtools, and duplicates were removed using PICARD. Peak-calling for ATAC-Seq was performed with

MACS on bam files, based on a q-value threshold of 0.01. Consensus peaks from all NK subgroups were

merged to create a raw peak universe. Genomic regions were annotated to their neighboring genes

with HOMER. ATAC-Seq reads in each peak were quantified using BEDtool. TPM values for peak-level

counts were calculated with R-package scuttle.

Concordant chromatin accessible regions (ChARs) were defined as ChARs exhibiting concordant accessi-

bility changes (fold change > 1.25) with the expression changes (fold change > 2) of their annotated genes.

GO analysis for concordant ChARs was conducted using their annotated genes.

Motif analysis

Motif analysis to obtain gene-transcription factor (TF) pairs was performed by MEME Suit. Proportion of

genes in a geneset (> 15%) possessing binding motifs of a specific TF and expression of the TF

(TPM > 10) were both considered to identify potential TFs for the geneset.

Statistics

Data were analyzed by GraphPad Prism Software. Mean G SEM are presented in figures. P. values were

calculated by unpaired t-test. P. values above 0.05 were considered not significant, *P< 0.05, **P< 0.01,

***P< 0.001, ****P< 0.0001.
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