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A B S T R A C T   

During the last decade, advances in single cell technologies have ignited increased understanding of natural killer 
cells (NK cells), which turned out to be far more complex than originally thought. Ample studies have established 
tissue-specific phenotypic variation within this cell population; however, the functional implication of this vast 
variation is still unclear. At single-cell level, the function of a NK cell is tightly regulated by several checkpoints 
however upon proper recognition the cell can deliver a lytic hit as early as 10 min or could take hours before they 
can kill their target cells. Moreover, only a fraction of NK cells appears to kill target cells while the larger portion 
of NK cells appear to be non-cytotoxic. All these studies showed that the NK cell compartment is composed of 
cells with different functional strengths and efficacies, thereby highlighting the necessity of analytical platforms 
that allow the study of these important innate immune cells at single-cell level. 

In this review, we discuss and provide an overview on phenotypical and functional heterogeneity within the 
NK cell population and subsequently provide information regarding emerging technologies that highlight the 
importance of single-cell studies to understand the biology of these cells.   

1. Introduction 

1.1. NK cell biology 

In the early seventies, a subset of innate immune lymphocytes 
capable of inducing spontaneous yet selective cytotoxicity against can
cer cells without pre-exposure was recognized and coined as Natural 
Killer (NK) cells [1,2]. These cells play an important role in anti-viral 
immunity and immune surveillance by identifying and eliminating 
transformed or infected cells through distinct recognition mechanisms 
[3]. NK cells are large granular lymphocytes derived from CD34+ he
matopoietic progenitor cells that originate in bone marrow, constitute 
around 10–15% of the total peripheral blood lymphocyte population 
and have been traditionally defined as CD3− and CD56+cells [4]. 

According to the developmental model proposed by Freud and Cal
igiuri, the maturation of NK cells involves six distinct stages, starting 
with the Lin− CD34+CD133+CD244+ hematopoietic stem cells that 
differentiate into towards CD45RA+ lymphoid-primed multipotential 
progenitors in Stage 1, and into common lymphoid progenitors. Com
mon lymphoid progenitors then form NK progenitor cells characterized 
by the loss of CD34 and expression of the surface marker LFA-1 leading 

to NK cell lineage commitment. Later these cells mature into the 
CD56bright NK cell subpopulation that subsequently differentiate into 
the CD56dim NK cell subpopulation. At this stage there is the expression 
of CD16 and KIRs and finally NK cells differentiate into adaptive NK 
cells. 

Even though the linear model of development gives fundamental 
information regarding the development of NK cells, several lines of ev
idence also suggest a more branched model whereby different precursor 
populations may independently develop into distinct subsets of mature 
NK cells Fig. 1. One of the examples of such illustration is the experiment 
that showed that NK cells derived from CMPs and granulocytic mono
cytic precursors (GMPs) isolated from cord blood could efficiently 
differentiate into NK cells when cultured in presence of supporting cy
tokines and stroma. This finding challenged the belief that all NK cells 
are exclusively derived from CLPs [5]. In addition, in healthy adults, PB 
CD56- NK cells have been identified, which is an intermediate cell type 
progressing to CD56dim NK cells, supporting the idea that different NK 
cell development pathways exist. Also, NK cells, which phenotypically 
resemble CD56dim cells, have been identified however they lack 
inhibitory receptors such CD94/NKG2A and KIRs. It is currently un
known how these NK cells can originate from CD56bright NK cells [6]. 
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Existence of these different conflicting theories suggests that there is a 
need for a more definitive understanding in the field [5,7,8]. 

Resolving these issues requires an in-depth investigation of NK cell 
distribution, maturation, function, and transcriptional profiles across 
different anatomical sites and compartments. Advancing single-cell 
technologies like RNA sequencing has revealed several tissue-specific 
patterns related to the development and maturation of multiple line
ages. Based on the evidence gathered from the study, Dogra et al. have 
proposed a model for anatomic control of NK cell development and 
function that shows site-specific segregation of NK cell maintenance and 
differentiation [9]. Several other single cell-based studies investigating 
NK cell development have been discussed in later sections. 

1.1.1. NK cell surface receptors and regulation 
NK cells have the intrinsic ability to identify “self” to distinguish 

healthy from target cells (e.g., virus-infected cells or tumor cells). The 
concept of “dynamic equilibrium” suggests that the stimulation of NK 
cells and their effector function depends on integrating signals from both 
activating and inhibitory receptors [10–12]. Virtually all cells express 
MHC-I molecules (HLA molecules), which function as ligands for 
inhibitory receptors on the NK cell surface, contributing to self- 
tolerance. NK inhibitory receptors broadly fall into two sub
categories— C-type lectin-like inhibitory receptors (e.g. NKG2A) and 
killer-cell immunoglobulin-like receptors (KIRs) [13,14]. Apart from 
MHC class I molecules, other different “self-signals” detected by NK 
cells, as other inhibitory receptors (e.g., sialic acid binding Siglec re
ceptors) can also regulate cellular activation [3]. 

In contrast to healthy cells, virus-infected cells or tumor cells lack or 
have reduced MHC class I expression to avoid antigen-dependent 
recognition and therefore also have reduced inhibitory signals for NK 
cells. Simultaneously, activating receptor ligands, such as the Fas death 
receptor and MHC-I chain-related proteins, are upregulated upon 
diseased conditions [15]. This causes NK cell activation, leading to 
target cell elimination through cytotoxicity or secretion of pro- 
inflammatory cytokines [16]. Different Activation NK cell receptors 
include KIR family receptors, type II C-type lectin-like molecule 

(NKG2D), NKG2C heterodimeric receptors, the nectin/nectin-like 
binding receptors DNAM-1/CD226 and CD2-like receptor- activating 
cytotoxic cell and Nkp46, Nkp30, and Nkp44 are the superfamily of 
natural cytotoxicity receptors (NCRs) [17]. These receptors act together 
with different adaptor proteins to initiate NK cell activation however, 
combined signaling via inhibitory and activation receptors determine 
the final functional output [17]. 

Along with the above-mentioned receptors, NK cells also display 
surface expression of different cytokine receptors that play an integral 
role in NK cell regulation. NK cell maturation is dependent on the 
cytokine microenvironment generated by bidirectional crosstalk with 
other immune cells such as T cells, dendritic cells (DCs) and macro
phages [3,18,19]. An array of different activation, regulatory as well as 
inhibitory receptors expressed on the NK cell surface and their 
involvement in regulating NK cells activity has been schematically 
presented in the Fig. 2. 

1.2. Heterogeneity within the NK cell compartment 

The phenotypical variation within the NK cell population is marked 
by the combination and frequency of expressed surface receptors. 
Traditionally, the NK cell population is classified into two distinct sub
sets based on their level of CD56 expression: CD56bright, and CD56dim NK 
cells. The CD56bright population is more immunomodulatory and known 
to be the precursor of the more cytotoxic CD56dim population. The 
CD56dim population constitutes the largest fraction of peripheral blood 
conventional NK (cNK) cells while the CD56bright population is more 
dominantly present in tissues. 

Even though this dichotomy is widely accepted, it fails to represent 
the complexity of NK cells at different maturation stages and cells 
residing at different anatomical locations. The recently discovered 
adaptive role of NK cells, along with tissue specific heterogeneity further 
enhances the complexity [20,21]. All these aspects do not fit the di
chotomy dogma, and therefore studying NK cell diversity demands a 
fresh perspective (Fig. 3). 

Fig. 1. The linear and branched model of NK cell development and maturation: (A) Linear model explains a direct route of NK cell development from he
matopoietic stem cells to the NK cell progenitor sequentially developing into CD56 bright, dim and into adaptive NK cell. (B) Branched model suggest that the 
hematopoietic stem cells differentiate into lymphoid-primed multipotent progenitors (LMPP), which then differentiate toward common lymphoid (CLP) or myeloid 
progenitors (CMP). These progenitors give rise to individual NK cell progenitors (NKP) into specific NK cell subsets. Figure adapted from Cichocki et al. Front. 
Immunol. [5]. Figure created using BioRender (https://biorender.com/). 
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1.2.1. Tissue specific NK cell diversity 
The ability of lymphocytes to migrate in interstitial tissues is essen

tial for both innate and adaptive immune responses. NK cells play an 
important role in immune surveillance and instead of remaining 
confined to peripheral blood, they are widely distributed throughout the 
body. NK cells are found in healthy skin, gut, liver, lungs, and the uterus 
during pregnancy [22] along with secondary lymphoid organs. Addi
tionally, human NK cells were also identified in other tissues such as the 
kidney [23], joints [24], and breast [25] under pathophysiological 
conditions. Depending on the site and stage of the maturation, NK cells 
can display different surface markers and functions. cNK cells are mainly 
found in peripheral blood, migrate to a specific location to exert their 
effects, and can be further classified as either CD56brightCD16− or 
CD56dimCD16+ cell types. 

Specialized tissue resident NK (trNK) cells are identified in various 
tissues in the human body and contain a higher fraction of CD56bright NK 
cells. Additionally, they express adhesion molecules, such as CD69, and 
chemokine receptors, including CCR5 and CXCR6 that preserve trNK 
cells in tissues and prevent them from entering the circulation. TrNK 
cells have several features comparable to CD56bright cNK cells and are 
mainly involved in indirect cytotoxicity. The trNK cells in the bone 
marrow, secondary lymphoid tissues and liver have an increased 
expression of the inhibitory receptor CD94/NKG2A and the receptor 
NKp46, but lower expression of CD94/NKG2C, KIRs and CD16 [26]. 
Several functional and phenotypic similarities between trNK cells and 

CD56bright cells suggest that trNK cells could be an immature cell type in 
transition to become cNK cells [27]. The topological organization of 
trNK cells within the microenvironment of different organs modulates 
their functional adaptations. The NK cells that localize in the blood, 
blood-rich sites such as BM, spleen, and lungs are largely 
CD56dimCD16+ cells with cytotoxic capacity while NK cells are present 
only at low frequencies in LNs, tonsils, and throughout the GI tract 
where they are predominantly CD56brightCD16 cells and show more 
regulatory functions. TrNK cells at those locations are mostly respon
sible for interaction with other cells types to maintain homeostasis and 
thus show more of regulatory function [27]. For example, NK cells at LN 
are responsible for T cell polarization, while uterine NK cells are mostly 
responsible for placental vascular remodelling [9]. Crinier et al. profiled 
the transcriptome of human spleen NK cells and compared them with 
peripheral blood NK cells. They identified four subsets of human spleen 
trNK cells of which two subsets lack any blood specific signatures and 
were therefore unique to spleen [28]. Moreover, three different NK cell 
subpopulations were discovered in human bone marrow. By pseudotime 
analysis, a subset of trNK cells (not found in blood) was found to be the 
precursor of both CD56dim-like NK cells and CD56bright-like NK cells 
[29]. These findings support the theory that NK cells enter the blood 
stream from the bone marrow and subsequently circulate to infiltrate 
multiple organs. In contrast, evidence also suggests that some trNK cells 
belong to a distinct lineage of peripheral blood cNK cells. Research 
showed that those trNK cells can survive in situ for a considerable 

Fig. 2. Regulation of NK cell via its surface receptors: Functional regulation of NK cells involves synergistic signaling via combination of different receptors 
expressed within their cell surface. Different cell types provide ligands for these receptors that define whether the NK cell gets activated or not. Different activating 
and inhibitory receptors in Human NK cells and their corresponding ligands along with other chemokines, adhesion receptors and cytokine receptors which are 
altogether show in the figure. Figure created using BioRender (https://biorender.com/). 
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amount of time, do not translocate to the blood, require different tran
scription factors (such as Hobit and Tbet) for their development and are 
presumably terminally differentiated [26]. For instance, some NK cells 
have different functional roles compared to what has been shown 
earlier. Profiling tonsil NK cells demonstrated that the majority of tonsil 
NKs are composed of a CD56+CD16− population that displays con
trastingly higher NK activating and cytotoxic transcriptome [30]. These 
contrasting functional properties shown by the CD56bright population 
suggest that trNKs possess an independent character that could have 
their own functional range. 

Given their functional similarity and site of residence, ILC1s found in 
organs traditionally have been understood as trNK cells subtypes [31]. 
Despite sharing overlapping transcriptomic regions and a dependency 
towards IL15 for proliferation and stability, the developmental path
ways for both the cell types are rather different [32]. NK cell develops 
strictly from NK cell progenitors that are restricted to generate NK cells 
but none of the other ILC subsets. Apart from CD200R, no other reliable 
markers have been identified that distinguish murine NK cells with ILCs 
[33]. A recent study allowing multi-tissue single-cell analysis decon
structed the complex programs of mouse natural killer and type 1 innate 
lymphoid cells in tissues to identify unique transcriptional programs 
underlying both the cell types [34]. The study classified ILC1 as the 
Eomes− tissue specific NK cells that expresses Zfp683 [34]. Single cell- 
based applications as such could serve as the molecular guide in 
resolving the debate also in human immune cells. 

1.2.2. Functional NK cell diversity 
The NK cell phenotype and maturation state has been integrally 

conflated with effector function and used as the basis for classifying NK 
cells into distinct subsets (Fig. 3B). The cells that have superior lytic 
abilities are known to be cytotoxic NK cells. They are phenotypically 
defined as CD56dim CD16bright subpopulation with larger expression of 
lytic granules, and KIRs and are thought to be more mature compared to 

other NK subsets [35]. The other less mature subsets display more reg
ulatory functions via secretion of different cytokines. These subsets can 
be further subdivided as the regulatory and the tolerant population [36]. 
Both subsets are characterized by expression levels of CD56, NKG2A, 
CD2, CD62L and CCR7 molecules. However, these subsets vary in terms 
of functions as regulatory NK cells are more responsible for modulating 
the immune responses from other immune cells and are functionally 
similar to the trNK cells [36]. The role of the regulatory NK cells has 
been quite evident in the maturation of dendritic cells, direct activation 
of adaptive immune cells and killing of immature DCs and over
stimulated macrophages (Fig. 3B). Tolerant NK cells on the other hand 
show dominant inhibitory characteristics and aid in fetal development 
during pregnancy as they are mostly found in decidual region [36] 
(Fig. 3B). 

Recently, it was discovered that a few percent of NK cells can develop 
immunological memory and differentiate into adaptive NK cells [20,37]. 
Adaptive NK cells were shown to proliferate and differentiate in reaction 
to a cytomegalovirus (CMV) infection upregulating HLA-E-specific 
activating receptor CD94/NKG2C [38]. Additionally, antigen-specific 
NK cell memory was also described in T and B cell deficient mice dis
playing hapten-specific contact hypersensitivity in skin cells after 
adoptive transfer of NK cells from a previously sensitized donor [39]. NK 
cells can undergo differentiation into memory-like effectors once 
exposed to various cytokines such as IL-12, IL-15, and IL-18 [40]. In the 
peripheral blood of CMV+ individuals, adaptive NK cells were identified 
and described as CD56dimCD16bright, have reduced levels of the surface 
marker NKp30 and NKp46, and displaying a highly differentiated sur
face signature, namely, self− KIR+NKG2A–LILRB1+CD57+Siglec7−

[41,42]. Unlike cNK cells, Adaptive NK cells are poor responders to IL-12 
and IL-18 and show reduced expression of the NCRs. However, upon 
activation via CD16 and NKG2C, they show rapid proliferation, 
immense secretion of IFN-γ and enhanced ADCC [43,44]. Furthermore, 
these specialized subsets have reduced expression of promyelocytic 

Fig. 3. The NK cell heterogeneity beyond the dichotomy: (A) The NK cell diversity can be categorically explained based on site of maturation and their functional 
ability. Both the groups can further be correlated via the surface receptors they express and the stage of maturation they are at. (B) Based on different functions NK 
cell display, they can be cytotoxic, regulatory, tolerant or adaptive in nature. Cytotoxic NK cell (CD56dim CD16bright phenotype) display cell lysis as the major function 
while regulatory sub population (CD56bright phenotypes) are more adept in secreting cytokines such as IFNγ and TNFα. Regulatory NK cells functions in modulating 
the functions of other immune cells such as DCs, macrophages and T cells. These cells help in quality assessment of DCs and T cells by lysing less mature cells. 
Tolerant NK cells are passive form of regulatory subsets that plays more important role in maintain the tolerance to the self. Tolerant NK cells are also known for their 
ability to induce vascular remodeling to provide physiological support to the fetal development. Adaptive NK cell displays a different phenotypical as well as 
functional characteristic to other NK cells. These cells are found more in chronic viral infections and upon vaccination. Adaptive NK cells are responsible for 
generating memory NK cells however they show less cytotoxic and secretory ability. Figure created using BioRender (https://biorender.com/). 
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leukemia zinc finger while DNA methylenation similar to cytotoxic T 
cells [41,45]. Adaptive NK cells upon continuous activation or chronic 
viral infection increase expression of check point inhibitors like LAG-3, 
PD1 thus rendering them into hypofunctional state [46]. All these fea
tures make Adaptive NK cells phenotypically as well as functionally 
different than cNK cells [26]. 

1.2.3. How does heterogeneity arise 
As outlined in the aforementioned sections, NK cells display a high 

level of diversity at single-cell level because of variegated expression of 
activating and inhibitory receptors, yet the developmental roots and 
functional consequences of this diversity remains unclear. The devel
opmental model of NK cell origin explains that the diversity in the NK 
cell repertoire is the functional consequence of developmental stages 
during its maturation and is maintained by the expression of different 
surface molecules. A given phenotype for a NK cell subset is the com
bination of these receptors expressed stochastically within the cells 
which might further determine its functional capabilities. Studying 
different developmental phases, it appears as if a group of NK cells starts 
from a common progenitor cell, however during different develop
mental stages, they drift from one another due to several intrinsic (ge
netic) or extrinsic factors (environmental) they are exposed to [26]. 

1.2.3.1. Intrinsic factors that govern NK cell heterogeneity. Host genetics 
and epigenetics have one of the important roles in determining the fate 
of the NK cell diversity and are composed together as one of the 
“intrinsic factors” in this review. In 1997, the study by Parham et al. 
showed that each individual expresses a different subset of KIR and 
suggested that the polymorphic allelic distribution could be one of the 
important factors regulating the NK cell diversity [47]. More recently, 
the variation in expression pattern KIRs was correlated with the host 
genetics [48]. By performing a multiparameter mass cytometry of 28 NK 
cell panels to phenotype peripheral blood NK cells from 5 sets of 
monozygotic twins and 12 unrelated adults they showed the existence of 
more than 100,000 possible NK cell phenotypes and no single phenotype 
accounted for more than 7% of total NK cells [48]. Receptor patterns and 
expression levels in identical twins, showed less variability compared to 
non-related individuals, marking genetics to be one of the determining 
factors for the observed heterogeneity. Furthermore, the genetic dif
ferences within an interracial and interethnic population also greatly 
influenced the stochastic expression of different cell surface receptors. 
Different functionally evolved NK cell subsets such as activated NK cells 
with adaptive memory-like functions are highly linked to epigenetic 
reprogramming including alterations in DNA methylation [41,49]. 
Wiencke et al. has provided a model for adaptive NK cell diversification 
whereby engagement of DAP12-coupled activating receptors results in 
epigenetic imprinting of the ZBTB16 locus, resulting in loss of pro
myelocytic leukemia zinc finger protein expression [49]. Promyelocytic 
leukemia zinc finger protein expression deficient NK cells also display 
stochastic hypermethylation of promoters encoding signaling proteins 
SYK, EAT-2, DAB2, and FcεRγ, resulting in the diversification of the 
adaptive NK cell repertoire. 

In addition to host genetics and epigenetics, another crucial intrinsic 
factor that governs cellular diversity is the involvement of different 
transcription factors [50–52]. Closer analysis of different organ-specific 
NK cell clusters showed discrete developmental stages at different points 
of differentiation. This study supported the notion that the develop
mental progression of NK cells goes from CD56bright to CD56dim NK 
cells and showed the existence of a “transitional” population with in
termediate expression of CD56 or CD57 surface molecules that links the 
two phenotypes [53]. Similar developmental subsets consisting of 
mature, transitional, and terminal NK cell subsets were identified in 
murine bone marrow NK cells. Later it was identified that different 
developmental stages were regulated by different transcription factors 
thus leading to heterogeneity [54,55]. It is widely appreciated that cNK 

cells differ from trNK by a different set of transcription factors during 
differentiation. For example, the development of liver-resident NK cells 
is dependent on the transcription factors Hobit and T-bet, whereas dif
ferentiation of cNK cells requires expression of the transcription factors 
Eomes and only moderately T-bet [56,57]. 

All these studies show how host intrinsic factors play an important 
role in modulating variation within NK cells. Even though host genetics 
determines the expression pattern of different KIRs together with se
lective transcription translation and post-translational modifications, 
external factors such as cytokine signaling, cell–cell interactions, 
epigenetic modifications and immunological experience further affects 
the gene expression at multiple levels generating multiple layers of 
heterogeneity within NK cell compartment. 

1.2.3.2. Extrinsic factors that govern NK cell heterogeneity. NK cell 
development is equally affected by cues from the environment wherein 
they reside. Examples of such extrinsic factors include, NK cell educa
tion, the expression level of MHC-I molecules and, furthermore, 
different environmental cues such as cytokines, growth factors and 
pathogenic interactions, that shape the NK cell development process. 

The expression pattern and the affinity of different KIRs identify self- 
molecules during maturation play an important role in inducing the 
functional variation within the NK cell compartment. By the process of 
“education”, these cells can tune the functional ability of cells in an 
MHC-dependent or independent way [58,59]. Thus, generated educated 
population can identify self from foreign and have acquired more adept 
effector function while some with non-reactive or lacking expression of 
inhibitory receptors remain hypofunctional [60]. Around 10–20% less 
educated or uneducated cells, that might be considered potentially 
harmful co-exist together with functionally superior NK cells [61,62]. 
These uneducated NK cells have a high threshold for activation, thus 
maintaining the self-tolerance in the body [61,63]. They are also 
thought to play an important role during inflammatory microenviron
ments, like viral and bacterial infections and certain tumor invasions 
[64,65]. The state of education could be reversed by the cytokines, thus 
providing the possibility of changing the functional fate of the NK cells 
[66]. Thus educated, uneducated, non-binding and weakly-binding NK 
cells play their part in maintaining host immunity [65]. Apart from the 
host’s genetics, which can affect the stochastic expression of different 
inhibitory receptors on their surface, NK cell education also depends on 
the expression of HLA molecules which varies among the population. 
Thus, in the process of developing functionally competent NK cells, a 
new level of diversity is generated within and between individuals. 

NK cells can sense different chemokines that direct them towards the 
site of infection or adapt a certain functionality in response to cytokines 
being secreted. The role of cytokines, such as IL-15, in inducing intra- 
lineage plasticity to maintain phenotypical and functional diversity 
within NK cell repertoires has been recently identified [67]. IL15 helps 
in controlling the cellular metabolism via activating the mammalian 
target of rapamycin (mTOR) and is essential for NK cell survival, 
development and proliferation [68]. The role of IL15 has also been 
studied in maintaining the functional plasticity therefore providing the 
opportunity to tune different functional state within NK cell repertoire. 
Either way, the physiological as well as the pathological environment 
shapes the phenotype of NK cells in such a way that they are capable to 
serve a particular function. NK cells that have attained full maturation 
and education, leave the site of generation, and take up residence at the 
peripheral tissues. At the tissue level, these cells are exposed to different 
tissue specific cytokines, growth factors and pathogens. This difference 
in exposure can generate different phenotypical variants that are opted 
to fulfill specific tasks. For example, decidual NK cells found in the 
uterus have a distinct phenotype compared to peripheral blood NK cells. 
These cells share common features to CD56bright cNK cells and secrete 
several chemokines like XCL1, CCL1 and angiogenic factors such as, 
vascular endothelial growth factor (VEGF), placental growth factor 
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(PLGF), Ang1, and Ang2 that are involved in vascular remodeling and 
therefore promote the fundamental physiological process of pregnancy 
[69,70]. 

NK cell diversity expands with immune experience, which means 
that the more cells are exposed to environmental stimuli, the more there 
is diversification. At birth, NK cells have very low diversity but have 
high capacity for a range of responses. This variation enhances with age 
and over the course of a lifetime exposure, the NK repertoire diversifies, 
hence, becoming functionally specialized and unique to an individual. 
Even though the NK cell repertoire stabilizes over time, their adapt
ability to respond against novel antigens decreases [71]. The high NK 
cell diversity was identified to be significantly associated with 2.5 folds 
higher risk of HIV-1 acquisition [71]. 

The tumor microenvironment (TME) can steer and affect NK cell 
heterogeneity. This variation impairs the effectiveness of NK cells by 
limiting their capacity to infiltrate tumors, thus dampening the cytolytic 
function of tumor-infiltrating NK cells. Additionally, the TME induces 
several immunosuppressive soluble factors such as TGFβ, prostaglandin 
E2 (PGE2), adenine, indoleamine 2,3-dioxygenase (IDO) and a range of 
ligands that inhibit their function, including KIRs, CD94/NKG2A, PD1, 
CTLA4, TIM3, TIGIT, CD96, KLRG-1, LAG3, and, recently discovered, IL- 
1R8 [72,73]. Another aspect contributing to the impaired NK cells 
function in the TME is the poor availability of nutrients, such as glucose 
and glutamine. Research showed that CD56bright NK cells require 
glycolysis to produce IFN-γ and promote their survival, while the lung 
TME favors more gluconeogenesis due to up-regulation of the fructose 
diphosphates enzyme [74]. This leads to inhibition of glycolysis and 
eventually leading to impaired NK cell viability. 

Taken together, several studies have shown that heterogeneity is the 
function of intrinsic as well as extrinsic factors eventually shaping 
different stages within the development, thereby generating wide vari
ations within cell types and resulting in the diverse NK cell populations 
(Fig. 4). 

1.3. Probing heterogenous NK cell effector functions in the single cell era 

The wide diversity displayed by NK cells accommodates its versa
tility, given that these cells do not undergo receptor recombination and 
rearrangement like other lymphocytes. Although efforts were made to 

attain an improved understanding of cellular heterogeneity and defining 
the high degree of phenotypic diversity among human NK cells, it re
mains largely understudied. Also, very little is known to what extent the 
vast phenotypical variation is correlated with the functional diversity. 
The field has long been hampered by the sole use of conventional 
population-based technologies, which cannot dissect this complex 
variation since it can only estimate the average distribution of responses 
[75]. For long, flow cytometry and microscopy-based techniques have 
been the gold standard for the analysis of cellular behavior. These tools 
have the ability to measure with single cell resolution, however, lack 
single cell manipulation and often involve activation of cells in bulk- 
assays, which ultimately leads to paracrine and juxtacrine signaling 
among cells [76]. Recent breakthroughs in single-technologies such as 
mass cytometry, single-cell RNA sequencing (scRNA-seq), and a com
bination of different microfluidics and micro systems-based studies, 
integrated with flow cytometry and microscopy, have allowed ventures 
to study, identify, and correlate the phenotypical characteristics with 
functional diversity. In the following section, we will discuss how single- 
cell technologies with their specific features (Table 1) have facilitated 
studying different NK cell functions to understand NK cell biology with a 
new perspective. 

1.3.1. Single NK cell-mediated cytotoxicity 
An efficient NK cell-mediated cytotoxic response is a function of 

balanced engagement of activation and inhibitory receptors on the cell 
surface and lytic pathway evoked by NK cells to induce target cell death. 
The largest fraction (~80%) of cNK cells is composed of cytotoxic 
(CD56dim CD16bright)NK cells, however, studies showed that for healthy 
individuals, only a few percentages of the target cells are lysed at a 1:1 
effector: target ratio [77–81]. Earlier studies using conventional meth
odologies had already established the variation in the killing ability 
within NK cells. However, these variations were thought to be projected 
because of nonuniform timings of interaction and stimulation, insuffi
cient duration of interactions, or a different number of interacting 
partners [82–86]. Since the conventional assays relied on net lysis of 
target cells and expression of degranulation markers such as CD107a, 
they were not able to dissect the NK/target cell interaction besides 
providing the quantitative measure of the target cell death [82]. 
Therefore, several details of NK/Target cell interaction such as the lytic 

Fig. 4. Origin of Heterogeneity: The NK cell diversity is acquired at different levels during the overall life cycle of NK cells. These variations are already acquired 
during the developmental phase of NK cells where different intrinsic factors such as genetics, epigenetics and transcription factors play an important role. 
Furthermore, upon maturation, NK cells go through an education process that prevents the cells from self-harm. However, there are also the population that do not 
match the HLA proteins upregulated by “self” cells thus making them more responsive towards acute viral infections. The third level of variation are induced due to 
different environmental exposure such as tissue specific cytokines, cross talk with other immune cells, tumor infiltration and encounter with infected cell types. Upon 
all these exposures, a repertoire of NK cells with different functional capabilities and preferences are generated thus resulting to unexpectedly wide diversity within 
the cell population. Figure created using BioRender (https://biorender.com/). 

N. Subedi et al.                                                                                                                                                                                                                                  

https://biorender.com/


Cellular Immunology 373 (2022) 104497

7

potential of a single cell, independent participation of each NK cell, and 
the spatiotemporal parameters of interaction dynamics were missed, 
thus masking the true intrinsic cellular heterogeneity underlying the 
population [87]. Several groups have developed cytotoxicity assays at a 
single-cell level that allowed investigating these different aspects of cell- 
mediated cytotoxicity [76,88,89]. One of the important challenges for 
developing such platforms remains efficient cell pairing to facilitate NK 
cell interactions with their target cells in high throughput while 
continuously monitoring their dynamics in real-time. 

Microfluidic platforms such as micro/nano wells, oil–water droplets 
and hydrodynamic traps facilitate the efficient cell pairing and enable 
studying difference in cytolytic behavior of these cells in the single cell 
resolution [77,89,90]. Microwell-based platforms provide a restricted 
space for NK cells for studying cellular interactions and thus monitor 
their contact dynamics with the target cells (Fig. 5A). Longer and 
frequent contacts ensured higher cytotoxicity in activated NK cells 
compared to resting ones [91]. Along with the contact duration, the 
variation was also observed in the speed with which NK cells lyse its 
target cell death with having a group of cells exerting effect within 10 
min of interaction while the other group taking more than hours to lyse. 
This variation has been coupled to the quantity of lytic molecules 
delivered by individual NK cell, however, the mechanism involved 
governing the variation in the lytic content of each NK cells is still poorly 
understood [77,79]. 

Interestingly, around 6% of highly potent NK cells also known as 
serial killers could deliver multiple hits and are responsible for the 
majority of lysis within short span of time [79]. Studying the cytolytic 
behavior of a serial killer requires tracking an individual cell with 
multiple target cells, which is impractical with conventional techniques. 
Serial killing involves sequential activation of NK cells, where the in
dividual cell dissociates with the lysed target cell and moves to another 
cell. Sequential activation of individual NK cells has been studied using 
microwells to associate the serial killing ability with the surface markers 
and granular content of each NK cell upon encountering a new target cell 
[92]. By studying these cells at single cell level, the role of CD16 in 
modulation of perforin secretion has become clear. Shedding of CD16 
proved important for the detachment from opsonized targets and thus 
for enhancing NK cell survival and serial engagement of target cells. 

Apart from the intrinsic cytotoxic potential, several studies focused 

on understanding the dynamics of NK cell interactions with target cells. 
Since tumor cells themselves can have a variegated expression of surface 
molecules, the response of NK cells towards an individual cancer cell can 
vary extremely [93]. Exploiting droplet-based microfluidics to pair NK 
cells with different patient tumor cells, Sarkar et al. showed that the 
tumor cells from two diffuse large B-cell lymphoma patients had a 
similar contact durations with NK cells while primary Burkitt lymphoma 
cells made longer contacts and were lysed at later times [88]. Studies as 
such could help in identifying the specificity of a single NK cell towards 
different types of target cells can thus have a great impact in tailoring the 
strategies for NK cell-based immunotherapy(Fig. 5B, C). Most of the 
droplet-based cytotoxicity studies that facilitate cellular interactions 
unfortunately lack in sufficient data points with desired cell pairing 
[88,94]. Since immune cells can be highly heterogeneous in their 
effector functions, throughput is vital to discover small and distinct 
subsets. To address this complex heterogeneity, we recently developed a 
cytotoxicity platform that allows the longitudinal visualization of 
around 20,000 cell containing droplets with different E:T ratios [77]. We 
showed that roughly 20% of single NK cells displayed cytotoxic behavior 
thus implying that the NK cells constitute cells with different strengths in 
executing effector functions and that roughly (Fig. 5B). 

NK cells use various molecules to initiate a cytotoxic effect against 
infected or malignant cells. By utilizing CD16 receptors that opsonize 
antibody bound target cells, NK cell can induce cytotoxicity via antibody 
dependent cellular cytotoxicity (ADCC). Analysis of this effector func
tion has vital clinical relevance in evaluating the efficacy of antibody- 
mediated immunotherapy. Although a few studies have emerged that 
allowed measuring ADCC at a single cell level, they are still limited to 
technical development while information regarding the functional 
aspect still awaits [95,96]. 

In summary, studying NK cells at single cell level can become 
beneficial in identification of subpopulation with distinct killing abilities 
and can be used for determining the specificity of NK cells against 
different target cells. 

1.3.2. Regulatory function of a single NK cell 
During an infection, the NK cells interact with different other im

mune cells, such as DCs, macrophages that secret IL12, and other NK 
cell-stimulating cytokines. The activated NK cells secrete different pro- 

Table 1 
Table summarizing different single-cell analysis tools discussed in this review in terms of their specific features that allowed studying different aspects of NK cell 
biology [1–21,23–93,95–124].  

NK cell study Single cell tool Features References 

NK cell development and 
maturation 

Single RNA Sequencing  • Overal transcriptional profile that can identify the developemental and 
maturation clusters  

• Identifies roles of different transcritption factors responsible for variation 

[9,27,28,29,30,34,107] 

Migration and homing Single RNA Sequencing  • Identify differnt organ specific signature that induces homing  
• Identifies different chemokine receptors upregulated by NK cells that are 

responsible to tissue specific trafficing 

[53] 

Microwell based microsystem with 
microscopy  

• Can mimic invivo microenvironment including ECM and collagen  
• 3D migratory profiles can be monitored of individual cells 

[79,91,111,112,113] 

Microfluidic system  • Provision of stable chemical gradients to induce migration of NK cells [106,110] 
Cytotoxicity Microwells with microscopy  • Facilitate Cell pairing  

• Real time monitoring of cells  
• Possibilities for cell retrieval 

[78,79,91,92,87] 

Droplet based Microfluidicswith 
microscopy  

• Facilitates cell compartmentalization  
• High throughput cell visualization in real time  
• Highly tunable cell pairing 

[77,88,94,96,99,101] 

Hydrodynamic traps  • Facilitates cell pairing  
• Realtime monitoring 

[82] 

Immune-regulation Microengraving in microwells with 
microscopy  

• Real time monitoring of secretion and cell interaction  
• Washing steps can be included 

[100] 

Droplet based Mircofluidics with FACS 
and microscopy  

• Real time as well as end point measurement  
• High sensitivity due to low droplet volume  
• High throughput visualization 

[101,103] 

Microfluidic system  • Facilitates cell pairing  
• Washing and multiple stimulation is possible 

[80] 

Memory Single RNA Sequencing  • Identifies the trait for adaptive cells [29,114,116]  
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inflammatory cytokines, such as IFN-γ, TNF-α, granulocyte–macrophage 
colony-stimulating factors but with systemic inflammation, a high 
amount of IL12 is released that induces NK cells to secrete IL10 together 
with other cytokines activation [97–99]. IL10 dampens the activation of 
macrophages and DCs but it has been shown to enhance the effector 
function of NK cells [99]. Thus, through cytokines secretion and intra
cellular interaction, NK cells induce immunity while maintaining the 
homeostasis within the system. Quantification of cytokines can be easily 
achieved at the population level using conventional immunoassays, 
however, no information about the identity, numbers or activity of the 
individual secreting cells can be extracted from such studies. Techno
logical advances allow for zooming in on individual producers and the 
direct measurement of cellular functionality (Fig. 5D). Bead-based mo
lecular sensors in a nano-well array enabled to dynamically profile the 
secretion of IFN-γ from single NK cells [100]. The cytotoxic 
(CD56dimCD16+) NK cells were found to secrete IFN-γ in less than 3 h 
upon interaction with target cells, however, the secretion rate and 
amount varied depending on the donor. Another study using similar 
approach showed the association of IFN-γ secretion with the motility of 
NK cells during target cell interaction while no association with its 
cytolytic abilities had been established. Later a combinatorial assess
ment of cytotoxicity with secretion of a single NK cell using droplet 
based platform found around 30% cytolytic NK cells being positive for 
secretion of IFN-γ [101]. Small volume of droplets ranging from few 

picolitres easily allowed this high sensitivity (fg cell-1) required for the 
detection of secretion from an individual cell which was not possible to 
achieve in a well based assay [101,102] (Fig. 5E). Thus, integrated 
analysis of cytolytic activity and secretory activity of single NK cells has 
revealed a variegated association within two functions which would not 
be possible to study in population level without tracking individual cells. 
The application of functionalized nanoparticles together with droplet- 
based microfluidics further allowed the simultaneous activation and 
measurement of IFN-γ secreted by NK cells [103]. In this way different 
single-cell platforms contributed to studying the immunoregulatory role 
of NK cells by elucidating the correlation between secretion and cytol
ysis. Apart from IFN-γ secretion, several groups have focused on un
derstanding the role of NK cells in modulating the function of other 
immune cells, such as DCs and T cells [104–106]. scRNA-seq of the 
nasopharyngeal carcinoma TME showed the high prevalence of cyto
toxic NK cells that secreted high amounts of XCL1 and XCL2 [107]. Both 
are ligands for XCR1 receptors that were over-expressed in DCs in the 
TME, indicative for a role in recruiting DCs to the TME by NK cells. It has 
provided new insights in how NK cells modulate the adaptive and innate 
immune systems to maintain immune homeostasis. 

1.3.3. Single NK cell migration 
The tissue-specific homing is guided by different organ-specific ele

ments, such as chemokine and non-chemokine molecules during 

Fig. 5. Single cell-based approach to study NK cell effector functions: (A) The microchip platform allows interaction between NK cells and target cells within the 
silicon-glass microwell arrays that fit into a microscopic platform. A single platform contains 32,400 individual wells (≈50 μm × 50 μm) arrayed to facilitate 
screening with a 10× objective. Time-lapse imaging showing a serial killer NK cell (blue) lysing 8 target cells (alive: green; dead: red) within a 12-hour time frame. 
Adapted from Guldevall et al., Front. Immunol., 2016. (B) Water-oil emulsions of around 70pL allow compartmentalization of NK-Target cell pair, thus preventing 
external paracrine interaction. The figure adapted from Subedi et al., SR., 2021 shows a real-time observation of droplets with NK cells (red) and K562 (blue) and 
positive cytotoxic events (green). (C) Single cell-based approaches have provided the ability to screen the lytic dynamics of NK cells with different target cells. The 
graph represents the variation in the lytic duration of NK cells with different patient-derived tumor cells: Diffuse large B cell lymphoma (DLBCL1 and DLBCL2) and 
Burkitt lymphoma (BL), in the droplets-based cytotoxicity assay. Adapted from Sarkar et al., Front Immunol. 2017. (D) Schematic of sandwich immunoassay in the 
nano-well-based platform for detecting cytokine secretion from single NK cells that allowed dynamic tracking of the IFN-γ secretory activity. Scale bar = 10 μm. 
Adapted from An et al., PLOS, 2017. (E) Droplet-based combinatorial assay to monitor cytotoxicity together with IFN-γ secretion simultaneously with sensitivity 
ranging at femtogram level. Adapted from Antona et al., Adfm. 2020. 

N. Subedi et al.                                                                                                                                                                                                                                  



Cellular Immunology 373 (2022) 104497

9

physiological and pathological conditions [108]. It is well known that 
the two major peripheral blood NK cell subsets express substantially 
different chemokine receptors that only partially overlap [22,109]. 
CD56dim NK cells express CXCR1, CXCR2, CXCR3 and to some extent 
CCR5 whereas CD56brigt NK cells only expresses CXCR1, CXCR3 and 
high CCR5. More recently, scRNA-seq showed the variegated expression 
of different chemokine receptors for different phenotypes that led to 
functional trafficking of NK cells [53]. The active NK cells at a steady- 
state down-regulated CXCR4 (a bone marrow homing chemokine) as 
they become functionally mature [53]. 

NK cell migration in vivo encounters several challenges posed by the 
tissue microenvironment. Populations-based in vitro migration assays 
(e.g., the commonly used transwell assay) are not able to include these 
features and thus do not provide a thorough assessment of migratory 
conditions for NK cells. To overcome this limitation, several 
microfluidic-based systems that mimic the in vivo microenvironment 
such as stable chemical gradient for chemotaxis, and inclusion of 
extracellular matrix to support cell motility, have been developed 
[106,110]. To monitor the migration dynamics upon NK cell activation, 
a collagen-based microwell system has been developed that allowed 
long-term imaging of NK–target cell interactions within a confined 3D 
volume [111]. Even though these studies represent NK cells cultures in 
bulk, tracking the movement of single NK cells enabled the identification 
of heterogeneous migratory behavior. NK cells exhibited a range of 
different migratory behaviors, like (i) alternate between periods of 
random movement, (ii) directed migration, and (iii) migration arrest. 
Similar transient variations in the NK cell migration profile were iden
tified and NK cells commonly displayed a stop and go behavior while the 
factors determining such behavior are poorly understood [112]. IL2 
activated NK cells displayed a more directed migratory phenotype and 
were more likely to employ “motile scanning” of the target-cell surface 
during conjugation compared to the non-activated cells [91]. 

These single cell-based studies reveal the variation in migratory 
behavior of NK cells and the effect of microenvironment on their 
migration pattern. These findings would not be possible without 
tracking individual cells which further enhances the importance of 
single cell study in migration studies of NK cells. 

1.3.4. Single NK cell and memory 
The memory like adaptive function of NK cells has been described a 

decade ago during CMV infection [20,113]. Recently, scRNA-seq studies 
revealed an increased frequency of adaptive NK cells in CMV positive 

donors while a small proportion of adaptive NK cells were still found in 
CMVnegative individuals [114]. Furthermore, a small percentage of these 
adaptive NK cells were also found in bone marrow and spleen [29]. 
These studies showed that adaptive NK cells persist long after the in
duction of the anti-CMV immune response and have augmented effector 
functions upon reinfection. Additionally, the ability of NK cells to 
develop adaptive functions was also identified in case of vaccination 
[115]. Antigen-specific recall responses by human NK cells were 
observed in viral antigen-challenged skin of adult volunteers who had 
chickenpox as children, thus, suggesting towards the possible contri
bution of human NK memory response after immunization. Further
more, during active tuberculosis infection, the cytotoxic fraction of NK 
cells was found to be depleted, however, adaptive NK cells still persisted 
longer in circulation [116]. Several single cell-based studies provided 
insight into the newly identified memory-like role of NK cells in terms of 
their phenotypical features, tissue-specific distribution, overall function, 
and longevity. 

1.4. Conclusion and outlook 

Decades of research have established that NK cells are a highly 
heterogeneous cell type. Initially, this heterogeneity is genetically 
determined, primarily due to variation in HLA and KIR gene families. 
Immunological experiences, physiological and pathological exposure 

also compiles into the variation later, thus generating unique NK cell 
phenotypes. Single-cell technologies have provided means to unravel 
this diversity and have taken the NK cell research into an additional 
dimension. The earlier mentioned studies have provided in-depth 
knowledge of the structural, molecular, and functional capabilities of 
these cell types. Even though each study provides important information 
in a certain aspect, connective research describing the complete NK cell 
biology is still missing. For example, identification of serial killers via 
microfluidic tools is limited to qualitative study while not much infor
mation about these cells at the molecular level is available. Similarly, 
the use of RNA-seq technologies has elucidated tissue-specific NK cell 
diversity based on their phenotypical variation, however, the down
stream analysis of the functional aspect is lacking. 

Understanding cellular heterogeneity can potentially aid in devel
oping superior cell-based therapies to treat infection, inflammation, and 
cancer [117]. Applications originating from single-cell-based studies can 
lead to the identification of new pathways and cellular interactions, 
which can enhance immunotherapy [118–120]. Single cell-based plat
forms could also be used to study the efficacy of immunomodulating 
drugs in enhancing the activity of NK cells [121]. The relevance of 
comparing functional heterogeneity between different trNK cells and 
cNK cells must be emphasized to reveal the role of these NK cells in 
human physiology and diseases [118,122]. Numerous information 
generated from the single cell-based studies that have been used for 
immunotherapeutic approaches [92,116,123,124]. 
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Z. Ivanovic, P. Milpied, É. Narni-Mancinelli, É. Vivier, Single-cell profiling reveals 
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P. André, M.-C. Dieu-Nosjean, M. Alifano, J.-F. Régnard, W.-H. Fridman, 
C. Sautès-Fridman, I. Cremer, Profound coordinated alterations of intratumoral 
NK cell phenotype and function in lung carcinoma, Cancer Res. 71 (16) (2011) 
5412–5422, https://doi.org/10.1158/0008-5472.CAN-10-4179. 

[73] N.C. Horton, S.O. Mathew, P.A. Mathew, Novel Interaction between Proliferating 
Cell Nuclear Antigen and HLA I on the Surface of Tumor Cells Inhibits NK Cell 
Function through NKp44, PLoS One (2013), https://doi.org/10.1371/journal. 
pone.0059552. 

[74] J. Cong, X. Wang, X. Zheng, D. Wang, B. Fu, R. Sun, Z. Tian, H. Wei, Dysfunction 
of Natural Killer Cells by FBP1-Induced Inhibition of Glycolysis during Lung 
Cancer Progression, Cell Metab. 28 (2) (2018) 243–255.e5, https://doi.org/ 
10.1016/j.cmet.2018.06.021. 

[75] N. Sinha, N. Subedi, J. Tel, Integrating Immunology and Microfluidics for Single 
Immune Cell Analysis, Front. Immunol. 9 (2018) 2373, https://doi.org/10.3389/ 
fimmu.2018.02373. 

[76] E. Forslund, K. Guldevall, P.E. Olofsson, T. Frisk, A.E. Christakou, M. Wiklund, 
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