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SUMMARY

Natural killer (NK) cell repertoires are made up of
phenotypically distinct subsets with different func-
tional properties. The molecular programs involved
in maintaining NK cell repertoire diversity under ho-
meostatic conditions remain elusive. Here, we show
that subset-specific NK cell proliferation kinetics
correlate withmTOR activation, and global repertoire
diversity is maintained through a high degree of
intra-lineage subset plasticity during interleukin (IL)-
15-driven homeostatic proliferation in vitro. Slowly
cycling sorted KIR+CD56dim NK cells with an induced
CD57 phenotype display increased functional
potential associated with increased transcription of
genes involved in adhesion and immune synapse
formation. Rapidly cycling cells upregulate NKG2A,
display a general loss of functionality, and a tran-
scriptional signature associated with increased
apoptosis/cellular stress, actin-remodeling, and nu-
clear factor kB (NF-kB) activation. These results
shed light on the role of intra-lineage plasticity during
NK cell homeostasis and suggest that the functional
fate of the cell is tightly linked to the acquired pheno-
type and transcriptional reprogramming.

INTRODUCTION

Since their discovery in the early 1970s, our view of natural killer

(NK) cells has developed from a uniform and short-lived cell

population to a group of effectors vastly diverse in phenotype,

functionality, and lifespan (Vivier et al., 2011). Mapping of NK

cell subset diversity by mass cytometry revealed more than

105 unique NK cell subsets (Horowitz et al., 2013). Stochastic

expression of killer cell immunoglobulin-like receptors (KIRs)

and heterogeneously expressed activating/inhibitory receptors

contribute to the intra/inter-donor diversity of the NK cell reper-

toire (Cichocki et al., 2014).
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The NK cell differentiation spectrum spans from less differen-

tiated CD56bright cells to terminally differentiated adaptive

CD56dim cells (Foley et al., 2012; Poli et al., 2009; Sun et al.,

2009). Immunoregulatory CD56bright NK cells are highly respon-

sive to cytokines while cytotoxic CD56dim NK cells favor receptor

ligation input (Goodridge et al., 2015). A maturation spectrum,

defined by HLA-binding NKG2A and KIR and the terminal

differentiation marker CD57, further differentiates the function-

ally diverse CD56dim subset (Björkström et al., 2010). Adaptive

NK cells, identified in �40% of cytomegalovirus (CMV) seropos-

itive individuals, are a terminally differentiated NK cell subset,

the generation of which is accelerated by CMV (Béziat et al.,

2013; Della Chiesa et al., 2012; Foley et al., 2012; Gumá et al.,

2004; Lopez-Vergès et al., 2011; Schlums et al., 2015). These

cells exhibit heightened cytotoxic capacity and increased

longevity and thus represent a subsets of great interest to adop-

tive cell therapy (Liu et al., 2015).

Although no strict maturation scheme exists, phenotyping

based on NKG2A, KIR, and CD57 expression has served as a

useful tool for grouping NK cells based on functional, metabolic,

and proliferative ability, as well as their longevity (Goodridge

et al., 2015; Liu et al., 2015). Mouse studies identified critical

roles for T-bet and Eomes in the transition from CD27+CD11b�

to CD27�CD11b+ cells, but the intracellular signaling pathways

activating these transcription factors are still not understood

(Gordon et al., 2012; Ranson et al., 2003b). Collins et al. (2019)

recently identified subset specific transcriptional regulators

between CD56bright and CD56dim NK cells. However, the molec-

ular programs involved in maintaining NK cell repertoire diversity

under homeostatic conditions remain elusive.

Interleukin (IL)-15 is themain homeostatic NK cell cytokine due

to its vital role in survival, development, and proliferation (Anton

et al., 2015; Ranson et al., 2003a, 2003b). IL-15 signals via JAK1/

3 activating the transcription factor STAT5, but can also activate

the mammalian target of rapamycin (mTOR) in a dose-depen-

dent manner (Marçais et al., 2014). This serine/threonine kinase

can form two protein complexes: mTOR complex 1 (mTORC1)

senses nutrients in the microenvironment and via metabolic re-

programming can control the cell’s metabolism, while mTOR

complex 2 (mTORC2) aids in controlling the cell’s cytoskeletal
uthor(s).
creativecommons.org/licenses/by-nc-nd/4.0/).



organization (Donnelly et al., 2014). In murine NK cells, mTORC1

activation mediated increased effector function by shifting

from predominantly oxidative phosphorylation to glycolysis

(Donnelly et al., 2014; Keating et al., 2016; Nandagopal et al.,

2014; Viel et al., 2016). Although mTORC1 activation sustains

mTORC2, using a negative feedback loop, mTORC2 can sup-

press mTORC1 induced effector functions in mice (Wang et al.,

2018). In humans, mTOR’s role in maintaining homeostasis re-

quires further investigation.

Within individuals, the diverse and unique NK cell pool is well-

maintained over time (Béziat et al., 2013). This stability in recep-

tor repertoires combined with the rapid turnover of NK cells (Lutz

et al., 2011) hints at the important role proliferation plays in re-

plenishing the NK cell pool at steady state. The question arises

if this observed stability during homeostatic proliferation is the

result of self-renewal from an immature pool of progenitor cells

followed by differentiation or arises due to plasticity within the

NK cell subsets.

Intra-lineage cell plasticity, also known as functional plasticity,

is the term describing phenotypic and functional changes

occurring within a given cell lineage (Laurent et al., 2017). Func-

tional plasticity is an adaptation of the immune system to its sur-

roundings, such as the M1-M2 transition in macrophages, the

Th-Treg transition in T cells, and the transition between innate

lymphoid cell (ILC) subsets. Functional plasticity is the result of

cytokine or receptor input and is translated into transcriptional

changes resulting in modified functionality (Colonna, 2018). NK

cell plasticity has largely been unexplored, with the exception

of transforming growth factor b (TGF-b)-induced NK cell conver-

sion into intermediate ILC1-like cells (Gao et al., 2017).

Based on their cytotoxic capacity and ability to direct the

adaptive immune response through cytokine secretion and inter-

actions with antigen presenting cells, T cells and B cells, NK cells

hold great potential in the clinic as a cancer treatment. This is

made evident by the numerous clinical trials currently being eval-

uated. To fully harness the clinical potential of NK cells, we need

to further our understanding of the vast repertoire diversity and

the fundamental mechanisms governing the intrinsic functional

potential of distinct NK cell subsets at steady state and following

cytokine stimulation.

In this study, we show that NK cell repertoire diversity is main-

tained during IL-15-driven homeostatic proliferation through a

combination of mTOR-dependent hierarchy in proliferation ca-

pacity and a substantial degree of intra-lineage plasticity. Subset

plasticity at the phenotypic level is tightly linked to the functional

fate of the cell and associated with upregulation of distinct tran-

scriptional programs that define the acquired phenotype. These

results provide insights into the cellular and molecular programs

involved in regulating NK cell homeostasis at the single-cell level.

RESULTS

Subset-Specific Proliferation Kinetics
We set out to study the cellular and molecular events associated

with the shift from a quiescent to a proliferative state during ho-

meostatic proliferation in NK cells. To this end, we stimulated

purified primary human NK cells with 5 ng/mL of IL-15 daily,

monitored the onset of proliferation and tracked subsequent
cell divisions using a proliferation dye. At the population level,

cell division commenced on day 3 along a linear path (Figures

1A and 1B). Slight inter-donor variations in proliferation and

subset distribution were observed (Figure S1). We have previ-

ously identified a hierarchy in the proliferative response deter-

mined by NK cell differentiation defined through expression pat-

terns of NKG2A, KIR, and CD57 (Björkström et al., 2010).

Therefore, we stratified the analysis of NK cell proliferation ki-

netics according to differentiation status into 8 distinct subsets

based on the expression of NKG2A, KIR, and CD57. CD57

expression had the strongest impact on proliferation speed, re-

sulting in a slightly delayed onset, slower subsequent cell divi-

sions, and a low proliferation index (Figures 1C and 1D). Notably,

NKG2A�KIR+ NK cells proliferated more slowly than

NKG2A�KIR� NK cells, independent of CD57 expression (Fig-

ures 1C and 1D). We have previously shown that proliferation

is uncoupled from education (Björkström et al., 2010), and the

reduced proliferative response in KIR+ cells is therefore most

likely a result of differentiation and reduced cytokine responsive-

ness. Importantly, however, irrespective of subset-specific

differences in proliferation kinetics, the global NK cell repertoires

remained largely stable during the one-week time frame in this

experimental set up (Figure 1E). Thus, this in vitromodel allowed

us to tease apart subset-specific behavior under conditions that

mimic natural NK cell repertoire homeostasis.

mTOR Activation Determines Proliferation Kinetics
Given that mTOR has been implicated in NK cell proliferation

(Marçais et al., 2014), we first examined the relationship between

mTOR activation and proliferation kinetics. A downstream target

of mTORC1 is the ribosomal protein S6 (pS6) that becomes

phosphorylated upon mTORC1 activation (Marçais et al.,

2014). pS6 expression increased with subsequent cell divisions

in cycling cells (day 5) (Figures 2A and 2B) and mTORC1 inhibi-

tion led to decreased pS6 and Ki-67 levels (Figures S2A and

S2B). Prior to cell division (day 2), donor-specific pS6 upregula-

tion was noted and positively correlated with subsequent cell

division (day 3) (Figure 2C). Furthermore, early pS6 upregulation

(day 2) could function as a predictive marker for donor-specific

proliferation potential (day 5) (Figure 2D).

Next, we sampled the same individuals monthly over a three-

month period. IL-15-induced pS6 induction varied greatly

among subsets (Figure 2E), prompting further analysis of

the role subset distribution plays in determining donor prolifera-

tion kinetics. The percentage of NKG2A+KIR�CD57� and

NKG2A�KIR�CD57+ cells at baseline correlated positively or

negatively, respectively, with pS6 fold change at the donor level

(day 2) (Figure 2F) and with proliferation on day 5 (Figure 2G).

Furthermore, these parameters were stable within donors over

the three-month period (Figures 2F and 2G). Hence, at the donor

level subset distribution correlated with overall pS6 upregulation

and proliferation potential.

NKG2A+KIR�CD57� cells exhibited the highest fold change

and inter-donor variation in pS6 expression (Figure 2E), where

early upregulation again correlated with subsequent proliferation

(Figure 2H). Therefore, the donor variation in proliferative capac-

ity at a global level is determined in part by the subset composi-

tion at baseline and in part by a donor-dependent metabolic set
Cell Reports 29, 2284–2294, November 19, 2019 2285
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Figure 1. Proliferation Kinetics of Freshly

Isolated Human NK Cell Subsets

(A) Cell division as measured by CellTrace violet

(CTV) dilution for the total CD56+ NK cell popu-

lation from days 2–7 of a representative donor.

Each peak represents one generation.

(B and C) Visual representation of the proliferation

kinetics of the total CD56+ NK cell population (B)

and of 8 subsets (defined by Boolean gating of

NKG2A, KIR, and CD57 expression) (C) in donors

from days 2–7.

(D and E) Expansion index (D) and visualization of

the same 8 subset frequencies (E) that together

comprise the total NK cell population from days

2–7. n = 6.

Data are represented as mean (SD) and from one

representative experiment. Significance was

calculated using a Friedman test followed by

Dunn’s multiple comparisons test (D). *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figure S1.
point determining the level of mTOR activation in response to

IL-15 stimulation.

IL-15-Induced Intra-lineage Plasticity
Subset frequencies were largely retained at the population level

(Figure 1E), irrespective of subset-specific proliferation kinetics

(Figure 1D), warranting the investigation of IL-15-induced

intra-lineage plasticity. We monitored phenotypic changes

in sorted NK cell subsets at distinct stages of differentiation

(NKG2A+KIR�CD57�, NKG2A�KIR+CD57�, NKG2A�KIR�

CD57+, NKG2A�selfKIR+CD57+NKG2C+) after IL-15 stimulation

(Figure 3A). After 6 days, a remarkable amount of plasticity

was observed, particularly in the NKG2A-KIR+CD57� subset

(Figure 3B). Acquisition of NKG2A or CD57 was most common,

with KIR2DL1 or KIR2DL3 acquisition being less frequent (Fig-

ure 3B), possibly due to the well-established role of promoter

methylation in determining KIR expression (Santourlidis et al.,

2002). Although NKG2A acquisition was also observed in sorted

adaptive NK cells, these cells exhibited higher phenotypic stabil-

ity illustrated by the uniform retention of CD57 expression.

To determine if the observed plasticity was dependent on the

degree of proliferation, we used t-Distributed Stochastic

Neighbor Embedding (t-SNE) analysis to visualize the pheno-

typic consequences of IL-15-driven plasticity at the generation
2286 Cell Reports 29, 2284–2294, November 19, 2019
level (Figure S3). The population map

showed a clear distinction between

slowly (generation 0–1) and rapidly

cycling (generation 2+) cells (Figure S3).

Stratifying the NKG2A�KIR+CD57�-
sorted cells based on proliferation, high-

lighted the impact proliferation kinetics

have on the acquired phenotype. High

proliferation rate was associated with

NKG2A expression and slow prolifera-

tion rate with CD57 expression, both at

the subset (Figure 3C) and population

level (Figure S3). Although proliferation
impacted the acquired phenotype, the degree of plasticity was

proliferation-independent, as the size of the original phenotypic

subset (NKG2A�KIR+CD57�) was similar in both groups on

day 6 (Figure 3C).

Thus, IL-15-induced plasticity was evident in NK cells across

the differentiation spectrum and contributed to the maintenance

of repertoire diversity at the population level.

The Acquired Phenotype Determines Functional
Responses
As NK cell differentiation is associated with changes in functional

potential (Liu et al., 2015), acquisition of differentiation markers

may have functional consequences. Acquisition of NKG2A

expression in sorted NKG2A�KIR+CD57� cells resulted in a

significantly higher expansion index (Figure 4A), while CD57

acquisition resulted in increased degranulation and cytokine

production post target cell stimulation (Figures 4B and 4C).

Fluorescence-activated cell sorting (FACS) sorted slowly cycling

cells, exhibiting a higher proportion of CD57+ cells, displayed

higher killing capacity compared to rapidly cycling, predomi-

nantly NKG2A+ NK cells (Figures 4D and 4E), further validating

the functional consequences of phenotypic modifications.

In NK cells, the functional potential is tuned by a processed

termed education, where interactions between self-MHC class
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Figure 2. mTOR Activation Correlates with NK Cell Proliferation Kinetics

(A and B) Representative FACS plot showing pS6 expression in each generation after 5 days of IL-15 stimulation as visualized by CTV dilution (A) and summary of

results (B).

(C) Fold change in pS6 MFI plotted against the frequency of cells having divided at least once (generation 1+) at baseline (day 0) and on days 2–5.

(D) Fold change in pS6 MFI on day 2 prior to the onset of proliferation, plotted against the frequency of cells proliferating (generation 1+) on day 5.

(E) Fold change in pS6 MFI on day 2 within 8 NK cell subsets.

(F andG) Frequency of two subsets (NKG2A+KIR-CD57� andNKG2A�KIR�CD57+) at baseline plotted against the fold change in pS6MFI on day 2 for the total NK

cell population (F) or the total frequency of cells proliferating (generation 1+) on day 5 (G).

(H) Fold change in pS6 MFI within NKG2A+KIR�CD57� cells on day 2 versus the total frequency of cells proliferating (generation 1+) on day 5.

In (F)–(H), each color denotes the same donor sampledmonthly over a three-month interval. n = 7–18. Data are represented asmean (SD) and from 5 independent

experiments. Significance was calculated using a Friedman test followed by a Dunn’s multiple comparisons test (B), (E), or a Spearman r test (C, D, and F–H).

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

See also Figure S2.
I ligands and inhibitory receptors are translated into increased

effector potential (Goodridge et al., 2015). t-SNE analysis of

inhibitory KIRs revealed a narrower repertoire in rapidly cycling

cells compared to slowly cycling cells expressing multiple KIRs

(Figures S4A and S4B). The education status, determined by

the level of degranulation in self and non-self KIR+ NK cells in

response to target cell stimulation, was inherited in rapidly

cycling cells albeit less pronounced compared to slowly cycling

cells (Figure 4F).

These data demonstrate that decreased functionality in rapidly

cycling NK cells was mainly related to an induced less differen-

tiated NKG2A+ phenotype compared to the more differentiated

CD57+ phenotype induced in slowly cycling cells. Hence, the

cell’s acquired phenotype, and not its origin, determined its func-

tional capabilities in terms of cytotoxicity and proliferation.
IL-15-Induced Transcriptional Reprogramming
To identify transcriptional programs associated with intra-line-

age plasticity, we performed single-cell RNA sequencing. Sorted

NKG2A�selfKIR+CD57� NK cells were cultured with IL-15

for 6 days to induce plasticity and then sorted into slowly and

rapidly cycling cells prior to sequencing (Figures S5A–S5C).

Additionally, two functionally diverse subsets, less differentiated

(NKG2A+KIR�CD57�) and more differentiated (NKG2A�selfKIR+

CD57+/NKG2A+selfKIR+CD57+NKG2C+), were sorted and

sequenced at baseline (Figures S5A and S5B).

Uniform manifold approximation and projection (UMAP)

embedding of the four day-6 samples (7,207 cells), after data

integration with Seurat 3.0 (Hafemeister and Satija, 2019; Stuart

et al., 2018) to eliminate donor-dependent variation, revealed

that the transcriptomes separated mostly based on the rate
Cell Reports 29, 2284–2294, November 19, 2019 2287
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Figure 3. IL-15-Induced NK Cell Intra-lineage Plasticity

(A andB) Representative FACS plot of phenotypicmarkers (NKG2A, KIR2DL1, KIR2DL3, CD57) used for FACS sorting of three subsets in a non-adaptive donor on

day 0 and the expression of those markers on the sorted subsets after 6 days of IL-15-induced proliferation (A) and visualization of the results (B).

(C) Distribution of 8 subset frequencies in previously sorted NKG2A�KIR+CD57� cells further stratified into slowly (generation 0–1) and rapidly cycling

(generation 2+) cells after 6 days of culture. n = 11 donors from 5 independent experiments.

Data are represented as mean (SD). Significance of individual subset frequencies between slowly and rapidly cycling cells was calculated using a Wilcoxon

signed rank test (C). In (B), two donors with an adaptive phenotype were included. **p < 0.01. Whiskers show SD.

See also Figure S3.
of proliferation (Figures S5D and S5E). Given that the majority

of the 7,207 cells were actively proliferating at day 6, we also

plotted the cell-cycle phase in the same UMAP embedding

and focused our downstream analysis on the G1 phase, corre-

sponding to 49% of the cells (3,502 cells) (Figure 5A). We iden-

tified 63 differentially expressed genes (DEGs) within the G1

cell-cycle phase between slowly and rapidly cycling cells,

with 24 and 39 genes being upregulated in slowly and rapidly

cycling cells, respectively (Figures 5B and 5C; Table S1).

To address whether the IL-15-induced subset plasticity was

associated with transcriptional reprogramming, we first per-

formed data integration of the four baseline samples to control

for variation at the donor level (Figure S5F). Baseline transcrip-

tomes of 7,908 resting NK cells revealed no clustering based

on cell-cycle phase (Figure S5F). We next utilized data integra-

tion to combine the four baseline samples with the day-6 cells

within the G1 cell-cycle phase in order to compare the tran-

scriptional signatures of slowly and rapidly cycling cells with

those of defined subsets at baseline (Figure 5D). The cells

clustered into two distinct populations, with cluster 1 largely

corresponding to slowly cycling (day 6) and more differenti-

ated cells (baseline) whereas cluster 2 largely corresponded

to rapidly cycling (day 6) and less differentiated cells (baseline)

(Figure 5E).

Using a data imputation method, Markov affinity-based

graph imputation of cells (MAGIC), the data were denoised
2288 Cell Reports 29, 2284–2294, November 19, 2019
in order to optimize gene expression analysis on the UMAP

embedding (van Dijk et al., 2018). We plotted gene expression

of the 63 DEGs between slowly and rapidly cycling cells

onto the UMAP embedding of both our baseline and day-6

samples (Figures 5F, 5G, and S5G) (van Dijk et al., 2018).

In line with transcriptional reprogramming of the day-6 sam-

ples toward the baseline signatures, genes upregulated in

slowly cycling cells exhibited higher expression within clus-

ter 1, while genes associated with rapidly cycling cells were

generally higher expressed in cluster 2. The transcriptional

signature of slowly cycling cells was associated with

innateness/quiescence (LITAF, ZFP36L2), adhesion/immune

synapse (S100A4, TIMP1), as well as increased NK cell

differentiation (FGFBP2, FCGR3A, PTPRC) and cytotoxicity

(CCL5, KLRF1, FCGR3A) (Figure 5F). Meanwhile the tran-

scriptional signature of rapidly cycling cells was associated

with decreased differentiation (KLRC1, GZMK, TNFSF10)

and functionality (ENTPD1), as well as increased actin-modu-

lating genes (ASB2, CAPG, COTL1), proliferation (NME1,

CCND2, FBXO6), apoptosis/cellular stress (BCL7C, CEBPD,

HSPD1, FBXO6), and NF-kB activation (ASB2, TESC)

(Figure 5G).

Hence, IL-15-driven intra-lineage plasticity and the associ-

ated shift in functional responses was associated with tran-

scriptional reprogramming toward the baseline signature of

NK cells with the acquired phenotype.
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Figure 4. Proliferative and Functional Consequences of Intra-lineage Plasticity

(A) Expansion index of sorted NKG2A�KIR+CD57� cells having acquired either NKG2A or CD57 expression on day 6.

(B and C) Representative FACS plots of degranulation (CD107a) and cytokine production (IFNg+, TNF+) in controls (NK only) and in response to K562 cells (NK +

K562) (B), and summary of results in sorted NKG2A�KIR+CD57� cells having acquired either NKG2A or CD57 expression on day 6 (C).

(D and E) Representative FACS plots of the K562 killing assay, where K562 cells are stratified into viable (caspase 3�DCM�), dying (caspase 3+DCM�) and killed

(caspase 3+DCM+) (D), and summary of results for day 5 NK cells FACS sorted into slowly (generation 0–1) and rapidly cycling (generation 2+) cells (E).

(F) Frequency of CD107a+ in single KIR+ NK cells expressing a self or non-self KIR in C1/C1 or C2/C2 donors divided into slowly (generation 0–1) and rapidly

cycling (generation 2+) cells on day 5. n = 6–9 from 9 independent experiments.

Data are represented as mean (SD). Significance between NKG2A+ and CD57+ cells (A) and (C), slowly and rapidly cycling cells (E) and KIR2DL1+ and KIR2DL3+

cells (F) was calculated using a Wilcoxon signed rank test. *p < 0.05, **p < 0.01.

See also Figure S4.
DISCUSSION

IL-15 is a key homeostatic cytokine for NK cells, linked to sur-

vival, differentiation, functionality, and proliferation, but how

these processes come together to maintain stable and highly

diverse repertoires within individuals remains elusive (Ali et al.,

2015; Anton et al., 2015; Lin et al., 2017; Marçais et al., 2014;

Nandagopal et al., 2014; Zhang et al., 2018). We developed

an in vitro model to study IL-15-driven homeostasis at the

single-cell and repertoire level and noted a striking mTOR-

dependent hierarchy in proliferative responses among discrete

NK cell subsets. Yet, despite profound subset-specific prolifera-

tion kinetics, the global repertoires remained relatively stable

suggesting that proliferation differences between subsets could

be balanced by plasticity.

Intra-lineage plasticity, the phenotypic and functional changes

occurring within a given cell lineage (Laurent et al., 2017), re-

mains largely understudied in the context of NK cells. Most

studies published so far have examined dynamic phenotypic

changes in the NK cell repertoire in a tumor setting, using mouse

models or tumor cell lines (Gao et al., 2017; Streltsova et al.,

2018). Here, we observed a high degree of NK cell plasticity

across the differentiation spectrum in response to IL-15 stimu-

lation. We focused our analysis on NKG2A�KIR+CD57�CD56dim

NK cells and followed their phenotypic and functional fate after
IL-15-induced proliferation. At the phenotypic level, we noted a

high degree of plasticity dominated by NKG2A or CD57 acquisi-

tion along with retained KIR expression. Although terminally

differentiated adaptive NK cells exhibited the highest phenotypic

stability, possibly due to their epigenetic imprinting (Schlums

et al., 2015), activation induced NKG2A acquisition could still

be observed. At the functional level, induced NKG2A+KIR+

CD57� NK cells displayed strong proliferative responses,

whereas induced NKG2A�KIR+CD57+ NK cells exhibited

increased responsiveness to target cell stimulation.

Maintaining the balance between proliferation and differentia-

tion is an important aspect of normal hematopoiesis, because

differentiation arrests at early stages of development can lead

to uncontrolled proliferation (Heuzé et al., 2008). Even within

well-defined cell lineages, such as T cells, this balance of

proliferation versus differentiation/functionality is evident. A

detailed comparison between innate and adaptive T cells identi-

fied key aspects that defined ‘‘innateness’’ compared to ‘‘adap-

tiveness’’ (Gutierrez-Arcelus et al., 2019). Innateness was

associated with increased functionality, with ribosomes being

utilized to translate preformed mRNA allowing for a rapid

response. Adaptiveness, meanwhile, was associated with

increased proliferation, whereby ribosomes were utilized for

ribosome biogenesis to meet energy requirements. This was

also associated with increased reactive oxygen species (ROS)
Cell Reports 29, 2284–2294, November 19, 2019 2289
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Figure 5. Transcriptional Signatures of Resting and Proliferating NK Cell Subsets through Single-Cell RNA Sequencing

(A) UMAP embedding of cell-cycle phases of integrated single-cell RNA sequencing data of FACS-sorted NKG2A�selfKIR+CD57� cells after 6 days of IL-15

stimulation sorted into slowly (generation 0–1) and rapidly cycling (generation 2+) cells from two donors.

(B) UMAP embedding of slowly and rapidly cycling cells within the G1 cell-cycle phase as identified in (A).

(C) Expression heatmap of the 63 differentially expressed genes (DEG) between slowly and rapidly cycling cells within the G1 cell-cycle phase as shown in (B).

(D and E) UMAP embedding of integrated data from two baseline subsets and the IL-15 stimulated (day 6) slowly and rapidly cycling samples in the G1 phase

depicting clustering (D) and visualization of the individual samples (E).

(F and G) Imputed gene expression of a selection of the 63 DEGs upregulated in slowly cycling cells (F) and rapidly cycling cells (G) plotted onto the UMAP

embedding of the baseline and day 6 samples. n = 4–8 from 4 independent experiments.

See also Figure S5 and Table S1.
levels. Hence, increased effector function is associated with a

loss of proliferative capacity in T cells. This is in line with homeo-

static proliferation studies in lymphopenic mice that identified

phenotypic and functional changes to the T cell repertoire,

including a functional inability during the initial phase of prolifer-

ation post transfer. Most importantly, complete reversal of

phenotypic changes was observed once proliferative cues

were eliminated (Boyman et al., 2009; Goldrath et al., 2000;

Min, 2018). These studies bear striking similarity with the func-

tional dichotomy between rapid and slowly cycling NK cells,

and it would be interesting to determine if rapidly cycling cells

could regain functionality in the absence of proliferation cues.
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Metabolism, controlled by mTOR, is a key regulatory mecha-

nisms behind immune cell differentiation and function (Soliman,

2013), but the exact signaling cascade remains unknown

(Ali et al., 2015; Donnelly et al., 2014; Marçais et al., 2017; Viel

et al., 2017; Wang et al., 2018; Yang et al., 2018). Mouse

studies have identified an IL-15 stimulation threshold for

mTORC1 activation, where suboptimal stimulation only acti-

vated STAT5. Similarly, we observed a large variation in

mTORC1 activity at the donor and subset level, which could

predict the subsequent degree of proliferation. It is possible

that polymorphisms in HLA-B (�21M/T) at the donor level, which

has been linked to different education and functional status of



NKG2A expressing NK cells, could further contribute to the

donor-specific mTOR activation observed (Horowitz et al.,

2016). Less differentiated NKG2A+ cells are highly responsive

to cytokine stimulation (Björkström et al., 2010), and rapidly

cycling NKG2A+ NK cells exhibited the highest pS6 fold

change, suggesting that they reached the mTORC1 activation

threshold. Hence, mTOR activation may play a role in inducing

the less differentiated NKG2A+KIR+CD57� phenotype in cyto-

kine responsive, rapidly cycling cells. These data suggest that

the mTOR pathway is most important during early differentiation

whereas terminal differentiationmay be regulated by other IL-15-

induced pathways.

Identification of transcriptional signatures from integrated

single-cell RNA sequencing (scRNA-seq) data of 7,908 cells

from less and more differentiated subsets at baseline and slowly

and rapidly cycling cells at day 6 revealed two main clusters.

Cluster 1 consisted of slowly cycling cells and the more differen-

tiated subset at baseline, while rapidly cycling cells clustered

together with the less differentiated subset at baseline forming

cluster 2. Supporting the phenotypic changes and transcrip-

tional signature, a number of genes associated with NK cell dif-

ferentiation were differentially expressed between slowly and

rapidly cycling cells. FGFBP2 (Ksp37), FCGR3A (CD16), and

PTPRC (CD45) were upregulated in slowly cycling, while

KLRC1 (NKG2A), GZMK (granzyme K), and TNFSF10 (TRAIL)

were upregulated in rapidly cycling. Granzyme K is highly ex-

pressed in CD56bright NK cells while TRAIL expression is associ-

ated with immature NK cells in newborn mice and the adult

mouse liver but can also be induced on CD56bright NK cells

through interferon alpha (IFNa) stimulation (Stegmann et al.,

2010; Takeda et al., 2005). Increased expression of KRLC1

was in line with NKG2A upregulation at the protein level in rapidly

cycling cells. CD45 expression plays an important role in medi-

ating immunoreceptor tyrosine-based activation motif (ITAM)-

specific NK cell functions and low CD45 expression is also asso-

ciated with immature CD56bright NK cells (Hesslein et al., 2011;

Krzywinska et al., 2016). Hence slowly cycling cells exhibited a

transcriptional profile associated with a more differentiated

phenotype compared to rapidly cycling cells.

Even when accounting for cell-cycle phase, rapidly cycling

cells showed increased expression of genes associated with

proliferation (NME1, CCND2, FBXO6) while slowly cycling cells

expressed transcriptional elements associated with innateness

and quiescence (LITAF, ZFP36L2) (Galloway et al., 2016; Gutier-

rez-Arcelus et al., 2019). ZFP36L2 plays a vital role inmaintaining

and re-establishing quiescence in B cells after expansion and

has also been shown to inhibit lymphomagenesis by antago-

nizing Myc (Galloway et al., 2016). Conversely, increased

expression of NFKBIA (IkBa) in slowly cycling cells combined

with increased expression of ASB2 and TESC in rapidly cycling

cells hints at NF-kB activation within the latter population

(Wu et al., 2018; You et al., 2014). In both CD4+ and CD8+

T cells, homeostatic proliferation is dependent on NF-kB activa-

tion (Schmidt-Supprian et al., 2004). NF-kB activation has been

linked to the induction of matrix metalloproteinases (MMP) and

thus the potential to regulate cell migration (Bond et al., 2001;

Li et al., 2012). Although no MMP genes were differentially ex-

pressed in our dataset, a number of genes associated with
actin-binding and migration/adhesion were upregulated in

slowly (S100A4, S100A6, TIMP1) and rapidly cycling cells

(ASB2, TMSB10, ITGB7, CAPG, COTL1). TIMP1 is an inhibitor

of MMPs, while S100A4 (calvasculin) and S100A6 (calcyclin)

are recruited to the F-actin rich immune synapse (IS) and are

associated with LFA-1 expression (Arpino et al., 2015; Urlaub

et al., 2017). Conversely, ASB2 targets filamins, which are impor-

tant for organizing F-actin, for degradation while TMSB10

binds and sequesters G-actin, effectively inhibiting actin poly-

merization (Heuzé et al., 2008; Yu et al., 1993). CAPG further

contributes by capping the barbed ends of actin filamins to pre-

vent further polymerization, while COTL1 has been shown to

localize at the IS in T cells and associates with F-actin (Kim

et al., 2014; Silacci et al., 2004). Considering the role actin plays

in immune synapse formation, conjugate formation, and cyto-

toxic granule transportation to the surface (Carisey et al.,

2018), modified actin polymerization during intense proliferation

could impact target cell responsiveness. Although IL-15 stimula-

tion induced granzyme B production in a proliferation dependent

manner, this did not translate into increased target cell killing.

Hence, further studies looking at the role of actin organization

and immune synapse formation in rapidly cycling cells is war-

ranted to delineate the mechanisms allowing switching from a

proliferative to a cytotoxic and target-seeking mode.

In mice, IL-15-induced, mTOR activation-dependent meta-

bolic reprogramming has been observed (Donnelly et al., 2014;

Marçais et al., 2014; Nandagopal et al., 2014). Stimulation

induced aerobic glycolysis allows for increased rates of biosyn-

thesis and glycolytic flux that are essential for rapidly prolifer-

ating cells (Assmann and Finlay, 2016). Two metabolic enzymes,

GAPDH and ENTPD1 (CD39), were upregulated in rapidly versus

slowly cycling cells. CD39 is an ectoenzyme whose immunosup-

pressive role has mainly been investigated in tumor-infiltrating

monocytes and T cells. CD39 expression on myeloid-derived

suppressor cells is a downstream effect of mTOR-mediated

HIF1a activation, and CD39+CD8+ T cells exhibit an exhausted

phenotype characterized by reduced cytokine production that

could be stress-induced (Canale et al., 2018; Li et al., 2017).

Similarly, stress signals can induce re-distribution of GAPDH

within the cell (Bai et al., 2015). Within the nucleus, GAPDH

can regulate transcription and translation by binding to RNA

and DNA (Castello et al., 2015; Kim and Dang, 2005; Yu and Li,

2017). In highly glycolytic T cells, GAPDH can induce translation

of IFNg and IL-2 by dissociating from Rheb that then activates

mTORC1 (Kim and Dang, 2005; Kim, 2018). In line with increased

cellular stress, apoptosis-related genes were increased within

rapidly cycling cells (BCL7C, CEBPD, HSPD1, FBXO6) while

KLRF1 (NKp80) was increased in slowly cycling cells. Apoptosis

controls NK cell expansion but not proliferation (Huntington

et al., 2007; Min-Oo et al., 2014). Hence increased apoptosis

within rapidly cycling cells could account for the low overall

fold change observed despite rapid proliferation. At resting

state, NK cells possess intracellular stores of the NKp80 ligand

AICL and express NKp80 on their surface. Cytokine stimulation

induced internalization of the receptor and surface expression

of the ligand, sensitizing activated NK cells to fratricide by

NKp80-expressing NK cells (Klimosch et al., 2013). Evidently,

increased metabolic activity and cellular stress levels in rapidly
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cycling cells could contribute to the loss of functionality we

observe in this population.

Our results provide insights into how IL-15-induced intra-

lineage plasticity effectively maintains phenotypically and

functionally diverse NK cell repertoires within individuals

during homeostasis. Exploring the role of intra-lineage plas-

ticity in tissue-specific niches or in conditions of perturbed

homeostasis, such as during treatment with IL-15 agonists

or post stem cell transplantation, will further our understand-

ing of NK-cell-mediated anti-leukemia effects. Similarly, fur-

thers studies into the mechanism behind the donor intrinsic

mTOR activation would provide valuable information for

modulating the proliferative capacity of specific subsets of

NK cells, for example, in the case of adoptive NK cell therapy

where donor selection is limited, and cellular expansion is a

necessity.
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Della Chiesa, M., Falco, M., Podestà, M., Locatelli, F., Moretta, L., Frassoni, F.,

and Moretta, A. (2012). Phenotypic and functional heterogeneity of human NK

cells developing after umbilical cord blood transplantation: a role for human

cytomegalovirus? Blood 119, 399–410.



Donnelly, R.P., Loftus, R.M., Keating, S.E., Liou, K.T., Biron, C.A., Gardiner,

C.M., and Finlay, D.K. (2014). mTORC1-dependent metabolic reprogramming

is a prerequisite for NK cell effector function. J. Immunol. 193, 4477–4484.

Foley, B., Cooley, S., Verneris, M.R., Pitt, M., Curtsinger, J., Luo, X., Lopez-

Vergès, S., Lanier, L.L., Weisdorf, D., and Miller, J.S. (2012). Cytomegalovirus

reactivation after allogeneic transplantation promotes a lasting increase in

educated NKG2C+ natural killer cells with potent function. Blood 119, 2665–

2674.

Galloway, A., Saveliev, A., qukasiak, S., Hodson, D.J., Bolland, D., Balmanno,

K., Ahlfors, H., Monzón-Casanova, E., Mannurita, S.C., Bell, L.S., et al. (2016).

RNA-binding proteins ZFP36L1 and ZFP36L2 promote cell quiescence. Sci-

ence 352, 453–459.

Gao, Y., Souza-Fonseca-Guimaraes, F., Bald, T., Ng, S.S., Young, A., Ngiow,

S.F., Rautela, J., Straube, J., Waddell, N., Blake, S.J., et al. (2017). Tumor im-

munoevasion by the conversion of effector NK cells into type 1 innate lymphoid

cells. Nat. Immunol. 18, 1004–1015.

Goldrath, A.W., Bogatzki, L.Y., and Bevan, M.J. (2000). Naive T cells tran-

siently acquire a memory-like phenotype during homeostasis-driven prolifera-

tion. J. Exp. Med. 192, 557–564.
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