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Natural Killer (NK) cells were discovered ca 1975, as 
the first group of lymphoid cells that were neither 
T cells nor B cells. Since then, the dissection of the 
biology of NK cells has been growing exponentially 
with many seminal discoveries from the identification 
of MHC class I-specific inhibitory receptors to the 
discovery of receptor-ligand pairs involved in NK 
cell activation and to the manipulation of NK cells 
in cancer.

In this research topic, we asked a group of thought 
leaders in NK cell biology to review recent advances 
in their origins and biology, and their roles in cancer, 
infection and inflammation. 

Together, these 25 articles provide a timely survey 
of NK cells as critical immunologic components 
of health and disease. They will hopefully prompt 
further dialogue and developments in basic and 
translational immunology.
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Editorial on the Research Topic

NK Cell Subsets in Health and Disease: New Developments

Natural killer (NK) cells were discovered ca 1975, as the first group of lymphoid cells that were 
neither T cells nor B cells. Since then, the dissection of the biology of NK cells has been growing 
exponentially with many seminal discoveries from the identification of MHC class I-specific inhibi-
tory receptors to the discovery of receptor–ligand pairs involved in NK cell activation and to the 
manipulation of NK cells in cancer.

In this research topic, we asked a group of thought leaders in NK cell biology to review recent 
advances in their origins and biology, and their roles in cancer, infection, and inflammation.

Together, these 25 articles provide a timely survey of NK cells as critical immunologic compo-
nents of health and disease. They will hopefully prompt further dialog and developments in basic 
and translational immunology.

NK CEll oriGiNS aNd BioloGY

Nowadays, NK  cells are recognized to belong to the family of innate lymphoid cells (ILCs) that 
include other subsets of lymphoid cells, such as Lymphoid Tissue-inducer cells (LTi), ILC1, ILC2, 
and ILC3 (Jiao et al.). Human NK cells normally constitute 5–15% of human peripheral blood (PB) 
lymphocytes. Human PB NK cells can be distinguished in two subsets according to their surface 
expression of CD56: CD56bright and CD56dim. CD56bright human NK cells express high levels of CD94/
NKG2A but low levels of CD16 and lack of KIRs; they predominate in lymph nodes and express low 
baseline levels of perforin and cytotoxic activity. In addition they produce high levels of cytokines, 
including IFN-γ, following stimulation by pro-inflammatory cytokines. On the other hand, CD56dim 
NK cells are CD16high and express KIRs and/or CD94/NKG2A; they predominate in PB (about 90% of 
PB NK cells); they show high baseline levels of perforin and cytotoxicity against tumor/virus-infected 
target cells; and they also produce various cytokines in response to direct target cell interactions 
(Scoville et al.). A third NK cell subset is represented by the CD16+CD56neg NK cells, that are poorly 
functional, express low levels of natural cytotoxicity receptors (NCRs) and Siglec-7 (an inhibitory 
lectin-type receptor expressed on the majority of NK  cells) and may become more abundant in 
PB during persistent inflammation, characterizing several human chronic immunological diseases 
(such as viral infections and autoimmune diseases) (Mikulak et al.).

It has been recently demonstrated that the developmental pathways for NK cell and ILC develop-
ment are distinct; however, the developmental relationship between the different types of human 
NK subsets has not been finally clarified. While long held to represent sequential linear stages 
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in maturation, more recent hypotheses propose that CD56bright 
NK  cells may represent NK  cells activated in  vivo and/or that 
PB NK cell subpopulations derive from different hematopoietic 
progenitor cells. In this context, a recent study using genetic bar 
coding of NK cell lineages in rhesus macaques was suggestive 
of the two subsets having distinct ontologies (Scoville et al.). In 
addition, the recent characterization of a novel CD34+DNAM-
1brightCXCR4+ precursor in PB of patients with chronic inflamma-
tory conditions giving rise to apparently licensed and functional 
maturing NK  cells may suggest the possibility for a higher 
than expected common lymphocyte precursor diversity and a 
consequently higher peripheral NK  cell phenotype variability 
(Bozzano et al.).

Despite the existence of alternative hypotheses for NK  cell 
development, continually accumulating evidence suggest that a 
least fraction of CD56bright NK cells represent direct physiologic 
precursors of CD56dim NK cells. During their process of differen-
tiation, CD56dim NK cells lose expression of CD94/NKG2A and 
subsequentially acquire inhibitory KIRs and LIR-1, in addition 
they upregulate T-bet and downregulate Eomes, two key tran-
scription factors regulating NK  cell maturation and function 
during the last steps of their differentiation. In this context, it has 
been demonstrated that although the number of KIRs correlates 
with the extent of T-bet/Eomes modulation, “the modulation of 
these T-box transcription factors during NK cell maturation does 
not depend on signals conveyed by KIR” (Pradier et al.; Simonetta 
et al.). The terminally differentiated phenotype of CD56dim cells is 
marked by the expression of the CD57 molecule that is associated 
with poor ability to respond to cytokine-mediated stimulation, 
but preserved cytolytic capacity (Scoville et  al.; Bozzano et  al.; 
Della Chiesa et al.).

Notably, within the total CD56bright NK cell subset, a pheno-
typic and functional heterogeneity can be observed, as shown by 
the existence of tissue-resident CD56bright NK cells in the uterus/
maternal decidual, liver, and lymphoid tissues, where these cells 
exert tissue-specific functions. Uterine CD56bright NK cells express 
CD49a while the liver- and lymphoid tissue-resident CD56bright 
NK cells co-express CD69 and CXCR6. There is increasing evi-
dence that decidual NK (dNK) cells are crucial for pregnancy. 
Recent data demonstrate that the functions of dNK cells could 
be suppressed by a reduced HLA-G expression on extravillous 
trophoblasts suggesting a possible mechanism of recurrent 
miscarriage (Melsen et al.; Guo et al.). Finally, CD56bright NK cells 
may also play a major role in controlling T  cell responses and 
maintaining homeostasis. In this context, disorder in the regula-
tion function of NK cells has been recently described in patients 
with untreated multiple sclerosis (MS), indicating a possible role 
of this subset in the MS pathogenesis (Gross et al.).

NK CEllS aNd VirUSES

In recent years, it has been appreciated how infection with human 
cytomegalovirus (HCMV) can shape the NK cell receptor rep-
ertoire by inducing an increased frequency of a CD57+ NK cell 
population expressing CD94/NKG2C, the activating counterpart 
of CD94/NKG2A. This HCMV-induced NK cell subset is char-
acterized by the CD56dimCD16brightLIR-1+KIR+NKG2A− surface 

phenotype and expresses KIRs interacting with self-HLA 
class I molecules. In addition, these NK cells can display some 
hallmarks of adaptive immunity, such as, enhanced effector 
function, longevity, clonal expansion as well as given epigenetic 
modifications, including epigenetic remodeling at the IFNG 
locus, decreased expression of certain signaling molecules (i.e., 
the adaptor protein FcRγ and the tyrosine kinase Syk), and lower 
expression levels of the transcription factor PLZF. The higher 
accessibility of the IFNG locus can increase IFN-γ production 
upon target stimulation, while the lack of FcRγ can induce 
killing via antibody-dependent cellular cytotoxicity (ADCC) of 
opsonized HCMV-infected targets by adaptive NKG2C+ NK cells 
(Della Chiesa et  al.). HCMV infection also contributes to age-
associated changes in NK  cells. In particular, CMV infection 
and age induce significant changes in the expression of certain 
markers including CD300a, CD161, T-bet, and Eomes in the 
CD57+ NK cell subset (Lopez-Sejas et al.). Interestingly, HCMV 
infection may also favor the generation of a recently identified 
fully mature NK cell subset, characterized by the CD56dimKIR+ 
LIR-1+NKG2A− CD57+ phenotype, by a marked downregulation 
of NCRs and by the unexpected expression of the inhibitory PD-1 
immune checkpoint. PD-1+ NK  cells are also present, and in 
higher proportions as compared to PB of healthy donors, in both 
PB and ascitic fluids of ovarian-carcinoma patients suggesting 
their possible induction/enrichment in the microenvironment 
associated to the tumor. This phenotype correlates with an 
impaired NK cell activity toward PD-L+ tumor cells that can be 
partially restored by antibody-mediated disruption of PD-1/PD-L 
interaction. Importantly, the simultaneous blockade of PD-1 and 
KIR could amplify the NK-mediated anti-tumor activity. Due to 
the ineffective anti-tumor functions of this PD-1+ NK cell subset, 
it will be important to carefully evaluate the requirements that 
can lead to the generation of these cells in health and disease and 
to understand its role, in particular in patients with advanced 
cancers (Della Chiesa et al.).

Similar to HCMV infection, Epstein-Barr virus (EBV) 
infection may change the composition of NK  cells. “Early-
differentiated NK cells that expand during EBV infection might 
directly recognize lytically EBV replicating targets, while the 
terminally differentiated NK cells in HCMV-infected individu-
als mainly promote ADCC” (Chijioke et al.). Finally, the role of 
human NK cells in herpesviral control is accentuated by inherent 
genetic defects of immunity that lead to NK  cell aberrations a 
majority of which have impact upon specific NK  cell subsets 
(Mace and Orange). There is still much to be learned from these 
rare individuals with regard to specific NK cell populations and 
their role in human host defense.

NK CEllS aNd tUMorS

Natural killer cell-mediated ADCC plays an important role not 
only in the control of infections but also of tumors and down-
regulation of CD16 expression on activated NK cells may limit or 
regulate this response. In this context, in has been demonstrated 
that CD56dim CD57+ NK  cells are particularly prone to losing 
CD16 after influenza vaccination. This event supports a role for 
CD16 in early activation of NK  cells after vaccination and for 
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CD16 downregulation as a means to modulate NK cell responses 
and maintain immune homeostasis of both antibody and T cell-
dependent pathways (Goodier et al.).

Several data indicate that the microenvironment, the cytokine 
milieu, and genetic factors in cancer patients can exert a strong 
influence on NK cell receptor expression and functional poten-
tial (Carrega and Ferlazzo). Thus, the phenotype of the NK cell 
subpopulation associated with cancer may vary according to 
the specific kind of tumor and its anatomical location. In this 
context, chemokines/chemokine receptors play a critical role in 
the regulation of the distribution of NK cell subpopulations in 
the various tissues. Remarkably in different tumor types (includ-
ing lung cancer and melanoma), both migration and homing of 
NK cells may be altered and even reversed. For example, NK cells 
present in the tumor microenvironment are often enriched 
in CD56brightCD16neg/dim NK  cells (Carrega and Ferlazzo); in 
contrast, in melanoma metastatic lymph nodes, it is possible to 
detect the expansion of an unusual subset characterized by a 
CD56dim CD69+CCR7+ KIR+ phenotype (Cristiani et al.; Pesce 
et  al.). A likely explanation of these events is that the release 
of different types of chemokines by cells of the tumor micro-
environment, or the acquisition of different/new chemokine 
receptors by NK cells, can lead to an altered recruitment of the 
NK cell subpopulations.

traNSlatiNG BaSiC NK CEll BioloGY 
iNto tHE CliNiCS

Natural killer cells may display alloreactive potential in case 
of mismatch between recipient inhibitory KIRs and graft HLA 
class I molecules. Several studies have addressed the impact of 
this variable in the context of hematopoietic stem cell (HSC) 
and solid organ transplantation (including kidney transplant). 
In this context, several lines of evidence support that “adaptive” 
NKG2C+ NK  cells may contribute to control viral infection in 
HSC as well as in kidney transplant recipients. On the other hand, 
increasing evidence supports that alloantibody-mediated NK cell 
activation via FcγRIIIA (CD16) may contribute to rejection in 
kidney transplant recipients. Further studies integrating pheno-
typic, functional, and genetic analysis of NK cells should provide 
valuable insights on the pathogenesis of solid organ transplant 
complications (Lopez-Botet et al.; Legris et al.). Importantly, in 
addition to NK cells, ILCs may also represent important players 
in the early phases after transplantation (Vacca et al.).

A major goal of cancer immunotherapy based on the use of 
NK  cells is to reverse the tumor-induced NK  cell impairment 
observed in cancer patients and to amplify NK cell effector func-
tions. Therapies involving NK cells may either activate endogenous 
NK cells or involve transfer of exogenous pre-activated NK cells. 
In order to optimally harness NK cells in the next generation of 
NK  cell-based vaccines and therapeutics single-cell studies of  
the variety of antigens that can lead to NK cell diversification, the 
definition of the significance of the human NK repertoire in the 
context of viral infection and tumors will be extremely important 
(Strauss-Albee and Blish). Many NK  cell-based immunothera-
pies have been developed over the last decades, with allogeneic 

or autologous NK  cells. In 2005, haploidentical NK  cells were 
administered in a non-transplantation setting and resulted in 
a substantial improvement of patient clinical outcome and a 
substantive number of trials have followed. More recently, in vivo 
targeting of NK cells with antibodies was investigated: IPH2101 
is a first-in-class anti-KIR antibody that blocks inhibitory KIR–
ligand interactions, leading to restoration of NK cell functions. 
A phase II trial in acute myeloid leukemia elderly patients in 
first CR1 (NCT01687387) is in progress and several other trials 
are ongoing in different cancers alone or in combination with 
other treatments. The future introduction of a first-in-class anti-
NKG2A blocking antibody (IPH2201) will also provide a novel 
strategy to enhance tumor cell recognition (Rey et al.; Chabannon 
et al.). Remarkably, the recent discovery that a subset of NK cells 
may express PD-1 open prospects for extending the potential 
of cancer immunotherapy, by combining drugs blocking PD-1 
(or its major ligand PD-L1), with additional antibodies against 
immune checkpoints (KIR and NKG2A) expressed on this 
important innate effector cells (Della Chiesa et al.).

Natural killer cells can also be adoptively transferred 
following solid modifications in order to license them with 
new or reinforce functions and ensure their controlled 
persistence and activity in the recipient. In this context, it is 
crucial to analyze NK cell features in tumor patients in order 
to indicate a timeline when NK-mediated therapies or other 
immunotherapies could be performed (Rey et  al.). Ongoing 
developments for innovative cellular therapies suggest that 
such progress could result in wider clinical applications in 
the next future (Chabannon et al.). We believe that a deeper 
investigation into the impact of both conventional (e.g., 
chemotherapy) and new therapies (e.g., anti-immune check-
points antibodies) on NK cell homeostasis in cancer patients 
is now required.

A novel strategy to improve NK  cell-mediated immunosur-
veillance is to enable a proper NK cell migration to target tissues 
(including tumor sites) by promoting the expression of certain 
chemoattractant receptors on NK cells to be used for adoptive 
immunotherapy. In this context, NK cells engineered ex vivo to 
express chemokine receptors by gene transfer or by trogocytosis 
are under investigation for their better tissue homing and func-
tion (Pesce et al.; Bernardini et al.). For example, the acquisition 
of CCR7 expression by CD56dim KIR+ NK cells may play a key role 
in promoting the migration of this subset to lymph nodes, where 
CD56dim KIR+ NK cells may shape adaptive immune responses 
by leading to Th1 polarization (through the release of IFNγ and 
the mechanism of DC “editing”) but may also prevent GvHD 
and HvGD in haplo-HSCT by directly killing patient’s DCs and 
T cells (Pesce et al.). Thus, NK cells can affect DC fate and thereby 
control T cell responses (Pallmer and Oxenius).

In conclusion, we express our gratitude to all the authors who 
have contributed to this research topic and to the reviewers for 
their valuable work.
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Type 1 innate Lymphoid Cell 
Biology: Lessons Learnt from 
Natural Killer Cells
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1 Molecular Immunology Division, Walter and Eliza Hall Institute of Medical Research, Melbourne, VIC, Australia, 2 Department of 
Medical Biology, University of Melbourne, Melbourne, VIC, Australia, 3 School of Medicine, Tsinghua University, Beijing, China

Group 1 innate lymphoid cells (ILCs) comprise the natural killer (NK) cells and ILC1s 
that reside within peripheral tissues. Several different ILC1 subsets have recently been 
characterized; however, no unique markers have been identified that uniquely define 
these subsets. Whether ILC1s and NK cells are in fact distinct lineages, or alternately 
exhibit transitional molecular programs that allow them to adapt to different tissue niches 
remains an open question. NK cells are the prototypic member of the Group 1 ILCs and 
have been historically assigned the functions of what now appears to be a multi-subset 
family that are distributed throughout the body. This raises the question of whether each 
of these populations mediate distinct functions during infection and tumor immunosur-
veillance. Here, we review the diversity of the Group 1 ILC subsets in their transcriptional 
regulation, localization, mobility, and receptor expression, and highlight the challenges in 
unraveling the individual functions of these different populations of cells.

Keywords: innate lymphoid cells, immunity, immune protection, lymphocyte subsets, GvHD, tumor rejection

iNTRODUCTiON

Innate lymphoid cells (ILCs) are members of an expanding family of immune cells that provide the 
first line of defense against invading pathogens and they also contribute to tissue repair (1). Unlike 
T and B lymphocytes, ILCs develop independent of the recombinant activating gene (RAG). They 
have been classified into three main groups (groups 1–3) based on their cytokine and transcription 
factor expression that aligns them with the subsets used to categorize different CD4+ T helper (Th) 
cell populations (2). The ILC1 family, such as Th1 cells, is composed of the T-bet-expressing cells 
that secrete interferon (IFN)-γ. Group 2 ILCs (ILC2s), initially described as “natural helper cells” 
(3), or nuocytes (4), express GATA-3 similar to Th2 CD4+ T cells, while ILC3s produce IL-17 and/or 
IL-22 and express the transcription factor RORγt (5). This latter subset is proposed to be equivalent 
to Th17 and Th22 cells.

Innate lymphoid cells have been the focus of extensive investigation during the last 5 years, in 
part due to their potential impact on human health and disease. Several studies have uncovered 
significant heterogeneity and plasticity within the ILC subsets, a feature which highlights that the 
field may have overlooked delineating the individual contributions of different ILC subsets and 
identifying their contributions to immunity. This is especially important in the Group 1 ILCs that 
were originally thought to represent a single homogeneous population composed of natural killer 
(NK) cells alone. It has now been found that this group is heterogeneous and includes a second 
subset of T-bet-dependent IFN-γ-producing innate cells that localize principally in tissues (6). 
Given this diversity within the group 1 ILCs we will refer to the respective subsets as NK cells and 
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ILC1s. The finding that two IFN-γ-producing subsets exist also 
raises the possibility that previous analyses of NK cells may have 
overlooked the contributions of ILC1s as they express similar 
surface markers, including NKp46, CD122, and NK1.1, to NK 
cells. However, it is now recognized that NK cells and ILC1s 
are likely to have quite distinct roles in protective immunity as 
they differ in multiple aspects, including their transcriptional 
regulation, localization, mobility, and receptor expression. The 
challenge in teasing apart the individual functions of these dif-
ferent populations of cells relies largely on the identification of 
unique markers to characterize each of the populations. In this 
review, we provide an overview of the different Group 1 ILC 
populations and highlight the current understanding of their 
roles in immune protection.

HeTeROGeNeiTY AND PLASTiCiTY 
OF THe GROUP 1 iLCs

Group 1 ILCs were initially thought to include only the prototypic 
member, the NK cell. Even early on though, heterogeneity had 
already been described among NK cells found in different tissues, 
such as the liver, the thymus, and the uterus. These NK cells differ-
entially expressed a number of surface molecules, suggesting that 
much greater diversity existed (7). Classically, NK cells have been 
defined as CD3−NK1.1+ with NKp46 expression being identified 
somewhat later as a more specific marker for mature NK cell cells 
that are found in secondary lymphoid tissues, such as lymph nodes 
and the spleen (8). A further subset of ILC1s, initially thought to 
be NK cells, was found in the liver and expressed the molecule 
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) 
(9). More recently, it has been shown that the intrahepatic ILCs 
comprise a distinct lineage of ILC1s which develops separately 
from NK cells (10). ILC1s have also been found in the thymus and 
express high levels of the IL-7 receptor α (IL-7Rα, CD127) and 
Gata-3 (11). A further distinction has been elucidated between 
NK cells and ILC1 as the latter are generally localized within 
tissues. This has led to their designation as “tissue-resident” cells. 
This contrasts with the majority of NK cells that at steady-state 
circulate continuously patrolling for infected or malignant cells, 
while ILC1 rarely recirculate and appear to be generated by 
progenitor cells in the tissues or self-renew locally (6, 12). How 
the behavior of these two subsets of cells might be altered during 
inflammation is not yet clear. It is possible that in response to 
infection bone marrow-derived precursors become key contribu-
tors to the pool of tissue-resident ILC1s to meet the significantly 
increased demands of responding to a pathogen infection. Some 
evidence for such a model is provided by the adoptive transfer 
of bone marrow ILC progenitors into sublethally irradiated mice 
that were then able to generate liver and intestinal ILC1s (13, 14).

Conventional NK Cells
Natural killer cells represent 5–15% of circulating lymphocytes 
in humans and 2–5% in mice. It is well established that tumor 
growth is in part influenced by the activity of the immune sys-
tem. However, it has only recently been appreciated that tumor 
cell avoidance of immune detection also contributes to cancer 
development in humans. NK cells were identified in the early 

1970s due to their ability to spontaneously kill leukemia cells and 
they have now been strongly implicated as key effectors in cancer 
immunosurveillance, transplantation rejection, and early viral 
immunity (15).

The cytokine IL-15 is essential for most facets of NK cell biol-
ogy. It binds to IL-15Rβ/γc heterodimers on the surface of NK 
cells to drive their survival and proliferation. It also primes NK 
cell activation resulting in the production of pro-inflammatory 
cytokines and lytic granules. IL-15 binding results in activation 
of the JAK1/3 and STAT5 signaling pathways and this induces 
STAT5-target genes, such as the pro-survival gene Myeloid cell 
leukemia 1 (Mcl1) and the negative regulator of IL-15 signaling 
(16), cytokine-inducible SH2-containing protein encoded by 
Cish, which are essential for NK cell survival and homeostasis 
(17). The NK cells also express multiple activating and inhibitory 
receptors of the NKG2 and Ly49 (KIR in humans) family (18). The 
activation of the NK cells relies on the dynamic balance between 
activating and inhibitory pathways allowing the cells to rapidly 
sense changes in the environment. NK cells can kill infected or 
transformed cells through cytolytic mechanisms (granzymes or 
perforin) or engagement of death receptors.

iLC1s
ILC1s are found at steady state in virtually all tissues, but are 
enriched in the liver, uterus, skin, salivary glands, and the gut 
(19). In contrast to NK cells that express integrin α2 (CD49b), 
ILC1s express high levels of integrin α1 (CD49a) but lack integrin 
α2 and the T-box transcription factor eomesodermin (Eomes). 
Conventionally, Eomes expression has been thought to be 
restricted to NK cells alone and not expressed by ILC1s. However, 
this does not appear to be a universal rule as ILC1s in some tissues 
can also express Eomes highlighting that the use of transcription 
factor expression to demarcate subsets is not necessarily defini-
tive in all settings (Table  1; Figure  1). Similarly, while CD49a 
expression is restricted to ILC1 at steady state, following activa-
tion, NK cells can also express this marker (20). This incomplete 
clarity in defining the subsets highlights their complexity and the 
requirement to dig deeper into understanding the distinct roles 
of ILC1s and NK cells in vivo.

Liver ILC1s
Natural killer cells that differed from conventional NK cells 
were identified in the liver by the Smyth group who described 
a unique subset of NK1.1+ cells that expressed TRAIL (9). 
Initially, they were considered to be immature NK cells as they 
were enriched for CD27+CD11b− cells that lacked expression 
of most of the Ly49 molecules and CD49b (9). It is now clear 
that this population is a distinct ILC1 lineage that in contrast 
to NK cells, which does not require the transcription factor 
nuclear factor interleukin 3 (Nfil3) for development (10) and 
is tissue-resident being located almost solely in the liver at 
steady state (12) (Figure  1B). Interestingly, liver ILC1s share 
with other tissue-resident lymphocytes the dependency on 
the transcription factor Hobit, while ILC1s in other tissues 
do not (39). Transcriptomic analysis revealed that liver ILC1 
gene expression was quite distinct from NK cells (10). ILC1s 
display a unique pattern of chemokine receptors and adhesion 
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TABLe 1 | Phenotype of NK cells and tissue-specific iLC1.

NK1.1 NKp46 CD49a CD49b CXCR6 CD127 TRAiL CD160 CD226 Ly49e CD11b KLRG1 CD62L eOMeS

NK cells + + – + – – – – + – + + + +
Liver ILC1 + + + – + ± + + ++ + – – – –
Thymic ILC1 + + n.d. + n.d. + n.d. n.d. n.d. n.d. – – n.d. +
IEILC1 + + + – + + + + + – – – – –
Salivary ILC1 + + + + + – + + n.d. n.d. – – – +

±, heterogeneous expression; n.d., not determined.
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molecules distinct from NK cells. These are likely to be important 
in maintaining their resident positioning in tissues and include 
the receptors CXCR6, CXCR3, CD103, CD49a, CD69, and CD39 
(10, 12, 33). By contrast, NK cells express CX3CR1, CD62L, 
S1PR1, and S1PR5 that are not found in the ILC1. Liver ILC1s 
also express their own pattern of cytokine receptors (IL-7R, 
IL-17RD, IL-21R, and TGF-βR) together with a set of regulatory 
molecules, such as CD200R, PD1-L, ICOSL, and Lag3 (10, 33).

It is now clear that intrahepatic ILC1s are resident cells; 
however, how the stability of this population maintained is not 
clear. Several studies have been undertaken to understand this 
feature of ILCs but the outcomes have not been consistent (12, 
40). One possibility for these discrepancies could be that mouse 
strains of different backgrounds that have been used as recipients 
of adoptively transferred ILC1s may impact the development and 
expansion of these cells. For example, liver ILC1s transferred into 
sublethally irradiated C57BL/6 mice maintained their original 
phenotype (12), while ILC1s transferred into immunodeficient 
Rag2−/−γc

−/− mice differentiated into NK cells that then expressed 
Eomes and lost surface TRAIL expression (40).

Intrahepatic ILC1s have also been identified in man (41). 
Interestingly, these cells share many phenotypic traits with 
mouse liver ILC1s, including the expression of CD49a, NKp46, 
DNAM-1, and T-bet, but lack Eomes (41). They appear to also 
share similar functional capacity as they produce high levels of 
IFN-γ, TNF-α, and GM-CSF, a poor degranulation response and 
low levels of cytotoxic effector molecules. Despite the conserva-
tion of characteristics between man and mouse, the actual role 
of the ILC1s in the liver is currently unknown. However, it has 
been shown that these cells do have a unique capacity to generate 
immune memory responses against hapten and viral antigens 
(30). Unexpectedly, liver ILC1s could mediate recall responses 
in an antigen-specific manner. Thus far, however, neither the 
mechanisms nor the receptors involved in the specific recognition 
of the antigens are known and will require further investigation.

Thymic ILC1s
NKp46-expressing cells that reside in the thymus were first 
described as NK cells (11). However, a more recent understand-
ing of their phenotype suggests that they fit more closely with the 
description for ILC1. Thymic ILC1s differ from conventional NK 
cells as they express IL-7Rα and require the transcription factor 
Gata-3 for development (11) similar to other ILC1s (35) and 
should, therefore, be considered as members of the ILC1 subset 
(Figure 1B). Bone marrow-derived NK cells do not depend on 
Gata-3 during differentiation although it is important for them 
to produce IFN-γ during maturation. Thymic ILC1s display a 

phenotype that is intermediate between classical NK cells and 
ILC1s again adding to the debate around the classification of 
these cells. Similar to other ILC1s, thymic ILCs express low levels 
of Ly49 and high levels of IL-7Rα, CD11b, and CD69. They also 
express Eomes, a transcription factor normally characteristic of 
NK cells. Thymic ILC1s can develop in vitro and in vivo from the 
CD4−CD8− (DN1) subset of immature thymocytes, indicating 
that they do not arise from committed precursors in the bone 
marrow (42). To date, relatively little is known about the origins 
and contributions of thymic ILC1s to immune protection or 
homeostasis. Further work will be required to characterize these 
cells and establish their role in the thymus.

Intestinal ILC1s
At least three phenotypically distinct subsets of ILC1s can be 
found in the gut. In the lamina propria (LP) both NK cells and 
ILC1s (LP ILC1) have been described, while a third subset of 
ILC1s reside in the epithelium (ieILC1). LP ILC1s are character-
ized by high expression of IL-7Rα and the lack of Eomes while 
NK cells lack IL-7Rα and express Eomes (14). In humans, a 
subset of CD127+ IFN-γ-producing ILC1s have been identified 
in the gut and have been shown to be enriched in the intestine 
of Crohn’s disease patients (32). They are also enriched for 
CD69, but like ILC1s produce high level of IFN-γ and lack of 
Eomes expression. These cells do not express NKp46 or CD56 
but express CD161, a marker commonly expressed by the ILC3 
and ILC2 subsets.

An additional ILC1 subset has been reported in the gastroin-
testinal epithelia in both human and mice (31). These intraepi-
thelial ILC1s (ieILC1s) are characterized by the expression of 
lymphocyte markers, such as CD103 and CD160 (31). While 
human ieILC1s express NKp46, CD56, and NKp44, they also 
express Eomes similar to human LP ILC1s in contrast to murine 
ILC1 that do not express Eomes.

Salivary Gland ILC1s
ILC1s are found in the salivary gland and like those in some 
other sites express TRAIL, CD49a, CD103, and CD69 and express 
Eomes (34) (Table 1, Figure 1). Interestingly they develop inde-
pendent of the transcription factor Nfil3 that is similar to liver 
ILC1s, suggesting that salivary ILC1s may be distinct from NK 
cells that depend on Nfil3 for development (10). Recently, TGF-
β signaling has been implicated in the maintenance of salivary 
ILC1s (43). The lack of TGF-β signaling was associated with 
reduced numbers of ILC1 and impaired expression of CD49a, 
CD103, and CD69 in the salivary glands. By contrast, TGF-βR2 
deficiency had minimal impact on the phenotype of ILC1s found 
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FiGURe 1 | (A) Phenotype of tissue-specific ILC1s and NK cells at steady-state. Characteristic markers of ILC1 in the thymus, liver, intestine, and salivary 
gland are depicted. On the left, the markers that are expressed by both ILC1s and NK cells are shown while on the right the marker that are only expressed 
by ILC1s are indicated. (B) Timeline highlighting important discoveries in the identification and characterization of NK cells and ILC1s. (1) Thornthwaite et al. 
(21). (2) Kiessling et al. (22). (3) Anderson (23). (4) Santoli et al. (24). (5) Karre et al. (25). (6) Takeda et al. (26). (7) Kim et al. (27). (8) Vosshenrich et al. (11). 
(9) Hayakawa et al. (28). (10) Huntington et al. (29). (11) Paust et al. (30). (12) Fuchs et al. (31). (13) Bernink et al. (32). (14) Seillet et al. (10). (15) Daussy et al. 
(33). (16) Cortez et al. (34). (17) Constantinides et al. (13). (18) Yagi et al. (35). (19) Gasteiger et al. (6). (20) Bernink et al. (36). (21) Bal et al. (37). (22) Ohne 
et al. (38).
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in the gut and the liver, suggesting that other factors guide their 
differentiation (43).

iLC1 PLASTiCiTY

Tools to investigate the distinct roles of ILC1s and NK cells are 
currently limited. At steady state, ILC1s and NK cells are distin-
guished based on the expression of surface markers (e.g., TRAIL, 
CD49a, CXCR6) and transcription factors (e.g., Eomes, PLZF). 
However, inflammation can modify these features complicating 
our ability to track bona fide ILC1s and NK cells. Surface mark-
ers, such as TRAIL or CD49a can be upregulated during MCMV 
infection or following exposure to cytokines, such as IL-2, IFN-γ, 
or IL-15 (20, 44, 45). During inflammation, cytokines can also 
divert ILC identity as has been shown for ILC2s and ILC3s, 
which can acquire a phenotype consistent with ILC1s. These so 
called “ILC1-like” cells that produce IFN-γ can arise from Rorγt+ 
NKp46-expressing ILC3s in the intestine following stimulation 
with cytokines, such as IL-12 and IL-18 (32, 46). LP ILC1s are 
also influenced by the microenvironment differentiating into 
Rorγt+ ILC3s when exposed to IL-23 and IL-1β. This process 
was enhanced in the presence of retinoic acid while IL-12 could 
reverse the transition (36). Similarly in the lung, IL-1β and IL-12 
can induce the conversion of ILC2s to ILC1-like cells (37, 38). 
These findings highlight that ILC are capable of rapid adaption 
to changes in environmental cues induced by pathogens or 
inflammation.

CONTRiBUTiON OF THe GROUP 1  
iLC TO PATHOGeN ReSPONSeS

Early resistance against intracellular bacteria has been attributed 
to the activation of phagocytic cells by NK cells through their 
capacity to produce IFN-γ (47, 48). However, the beneficial role 
of NK cells in these infections became contentious when more 
recent studies showed that depletion of NK1.1+ cells led to a 
reduction of bacterial load, a result that was not be concordant 
with the proposed positive role for NK cells. It would appear that 
during infection with Listeria monocytogenes, excessive IFN-γ 
produced by NK cells via activation through the costimulatory 
molecule CD27 impairs innate anti-bacterial defenses (49). 
This effect was not limited to Listeria infection (49, 50) as NK 
cell depletion also protected against lethal Escherichia coli (51) 
and Streptococcus pneumonia infection (52). An additional 
explanation for these paradoxical results, however, is that ILC1s 
and NK cells make differential contributions to defense against 
infection. These studies were conducted before the discovery of 
the ILC1s and have inevitably categorized all cells expressing 
NKp46 and NK1.1 and secrete IFN-γ and TNF-α as putative 
“NK cells.”

Re-investigation of the role of NKp46-expressing cells in the 
control of parasites, such as Toxoplasma gondii, revealed that 
ILC1s are indeed a major source of IFN-γ and TNF-α following 
oral infection (14). By contrast, NK cells or NKp46+ ILC3s 
appeared to have only minor contribution in these settings. 
However, whether ILC1s are solely responsible for the control of 

infection remains to be determined (14). In these experiments, 
the mice carried a germline deletion of T-bet resulting in a 
deficiency in their entire hematopoietic compartment and loss 
of IFN-γ expression in ILC1s, NK and NKp46+ ILC3s. These 
experiments, therefore, do not delineate the role of T-bet in 
the various different immune populations that might control 
infection. Although adoptive transfer of ILC1 into Rag2−/−γC

−/− 
mice was found to reduce the Toxoplasma pathogen load, it 
only partially restored the recruitment of monocytes to a 
level similar to those observed in T-bet−/− mice. Similarly, in 
response to Clostridium difficile, ILC1s have been shown to 
be the major contributor to IFN-γ production during acute 
infection rather than NK cells (53). Early protection against 
C. difficile was mediated by T-bet-expressing ILC1s in a IFN-
γ-dependent manner.

These results collectively imply that the enhanced capacity of 
ILC1s to produce IFN-γ outstrips that of NK cells during enteric 
infection such that ILC1s may be the main drivers of immune 
protection. In addition, the potential plasticity of ILCs allowing 
the polarization of ILC3s toward an ILC1-like phenotype may 
further favor efficient IFN-γ production by ILC1s. However, due 
to the paucity of models that allow targeted deletion of ILC1 alone, 
it remains complicated to formally demonstrate the specific and 
non-redundant roles of ILC1. Further characterization of the 
ILC1 populations and identification of the transcription factors 
regulating their development may shed light on new approaches 
for in vivo models with which ILC1s functions can be specifically 
assessed.

CONTRiBUTiON OF THe GROUP 1  
iLC iN CANCeR AND iNFLAMMATiON

Tumor Rejection
Natural killer cells are able to distinguish transformed cells from 
normal healthy cells, in part by their reduced expression of major 
histocompatibility complex class I (MHC-I) molecules, the 
founding feature of the “missing-self ” hypothesis. Both in vivo 
and in vitro experiments in humans and mice have demonstrated 
that MHC-I deficient tumor cells are more sensitive to NK cell-
mediated cytolysis (25). However, the mechanisms regulating the 
activation and inhibition of NK cells are more complex than the 
original “missing-self ” hypothesis (54). Studies have shown that 
cytotoxicity of NK cells against transformed cells is governed 
by both cytokines and activating and inhibitory receptors. To 
suppress tumors, NK cells can cause direct cell target death by 
granule-mediated lysis, receptor mediated cytotoxicity (Fas/FasL 
or TRAIL death pathway) (55, 56), or antibody-dependent cell 
cytotoxicity (ADCC) (57). Besides direct killing of tumor cells, 
NK cells can secrete TNF-α and IFN-γ to drive the Th1 polariza-
tion in the tumor microenvironment to further strengthen adap-
tive cytotoxic responses to tumor cells (58).

In contrast to NK cell activation, ILC1s have not been reported 
to exhibit crosstalk with other cells through activating and inhibi-
tory signals. Instead, they are activated by cytokines, such as IL-12, 
IL-15, and IL-18, which are also able to drive NK cell activation 
(31). Following activation, ILC1s can also produce TNF-α and 
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IFN-γ. It has been proposed that ILC1s should be classified as 
innate “helper-like” cells distinguishing them from NK cells that 
would represent cytotoxic ILCs (14), however, it has been shown 
that liver ILC1s are also able to recognize and kill target cells 
albeit perhaps less efficiently than NK cells (30, 59). This killing 
capacity would enable tissue-resident ILC1s to have potentially 
important roles in controlling transformed cells at an early devel-
opment stage prior to their dissemination throughout the body. 
Recently, it was reported that early stage cell transformation can 
induce a local tissue-resident lymphocyte response accompanied 
by expression of Granzyme B and potentially cytolytic activity 
toward the transformed cells (60). These tumor-associated ILC1s 
appear to be transcriptionally distinct from, but functionally 
related to, conventional NK cells and differ from ILC1s found 
at steady state. These cells, though, were dependent on IL-15 but 
did not require Nfil3 for development similar to ILC1s. These 
data suggest that tumor-associated ILC1s are developmentally 
distinct from NK cells as it has been shown for liver (10) and 
salivary gland ILC1s (34). However, it has been also shown that 
Nfil3 is not required for mature NK cell homeostasis and that 
Nfil3-deficient mice are able to generate and maintain NK cell 
memory in response to MCMV infection (61).

Transplantation and Graft-versus-Host 
Disease
A common clinical situation where both acute and chronic 
inflammation occurs is transplantation. Either solid organ 
or hematopoietic cell transplantation (HCT), including bone 
marrow transplantation (BMT), can lead to both host and 
donor immune reactions, mainly attributed to mismatched 
MHC molecules from the host and the donor. These immune 
reactions involve inflammation of multiple organs and are 
categorized into host-versus-graft disease (HVGD) and graft-
versus-host disease (GVHD) reflecting the origins of target 
and activated immune cells. When host immune cells react 
against donor cells, elevation in serum cytokine levels and 
multi-organ inflammation gives rise to HVGD and typically 
graft failure results. Conversely, GVHD is the disease associ-
ated with systemic inflammation caused by activation of donor 
immune cells that damage the host tissue, a very common 
clinical complication after HCT. The alloreactivity from donor 
NK cells against recipient cells can cause selective cytolysis 
and damage to host cells and tissues, suggesting that it may 
be entirely deleterious but paradoxically this effect sets the 
scene for a potent graft-versus-leukemia (GVL) effect that 
effectively removes leukemic cells leading to positive outcomes. 
Alloreactive NK cells reduce GVHD by eliminating recipient 
antigen-presenting cells that drive immune cell activation 
(62). In a murine model of MHC-matched allogeneic BMT, 
the infusion of Ly-49 (a member of the inhibitory receptor 
family) mismatched NK cells contributed significantly to the 
anti-tumor effect while preventing GVHD (63). The infusion of 
pre-activated NK cells with a combination of cytokines, such 
as IL-12/15/18, strongly suppressed acute GVHD (64). These 
NK cells were found to maintain their expression of Eomes 
and T-bet in vivo which they exhibited prior to transfer which 

suggests that the key effectors in this setting are NK cells and 
not ILC1, which have a different profile (64).

Interestingly, mice reconstituted with cells that lack NKp46 
expression had greatly exacerbated GVHD and increased 
 mortality due to increased commensal bacteria infection (65). 
As both NK cells and ILC1s express NKp46, this clinical outcome 
may reflect the involvement of both cell types but it is not clear 
how NK cells and ILC1s individually contribute to the disease 
progression. To date, only a single study has reported a protective 
role for ILCs in GVHD (66). In this study, patients that did not 
develop acute GVHD had increased proportions of skin-homing 
ILC1s, NCR− ILC3s and gut-homing ILC2s, suggesting that ILCs 
can indeed provide protection against the development of GVHD 
(66). It was observed that following transplantation, patients that 
developed more severe GVHD had fewer circulating ILC1s when 
compared with healthy controls. Mobilization of ILC1s follow-
ing treatment was associated with elevated expression of the 
early activation marker CD69, and the tissue homing markers 
CLA and CCR10 which correlated with less severe progression 
of GVHD. Nevertheless, the recovery of ILCs following condi-
tioning radio-therapy and chemotherapy was slow compared 
with other immune cell types and the reconstituting ILCs were 
derived from the donor. It appears that both ILC1s and NK cells 
from donors can exert protective roles to restrict the progression 
of GVHD while simultaneously contributing to the GVL effect. 
This suggests that balancing the ratios of donor and host ILC1s/
NK cells through conditioning prior to BMT may be important 
for high engraftment and robust GVL effects and substantially 
negating the risk of GVHD.

CONCLUSiON

With the identification of different ILC1 subsets in virtually 
every tissue in the body, it has become clear that these cells 
do not express a unique characteristic marker that singularly 
defines this subset. Some ILC1s, such as liver-resident ILCs, have 
a relatively well-defined phenotype, location, and origin, and 
this is clearly distinct from NK cells. In other tissues, such as 
the thymus or salivary glands, ILC1s appear to share a number 
of features with NK cells (Table  1, Figure  1). This includes 
the expression of Eomes and CD49b. Thus, whether all ILC1 
subsets represent one distinct lineage with the same progenitor 
and blueprint for transcriptional regulation is not clear. It seems 
unlikely. Liver and salivary gland ILC1s do not require NFIL3 
for their development while ILC1s in the gut it is essential (10, 
34, 67). More intriguingly, ILC1s exhibit a differential need for 
IL-15 depending tissue they reside (31). Nevertheless, ILC1s 
appear to be very adaptable and their phenotype strongly reflects 
their varied microenvironments in which they exist. They appear 
to develop from precusors in the fetal liver, bone marrow, or 
thymus, but can also, somewhat surprisingly, transdifferentiate 
from other ILC lineages, including ILC2s and ILC3s. Thus, 
in order to understand the contribution of ILC1 to immune 
protection, further work will be required to better characterize 
the origin, transcriptional regulation and perhaps most impor-
tantly how microenvironmental factors drive their development 
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and plasticity. This will depend significantly on the generation 
of novel models in which ILC1s can be specifically deleted 
without affecting the NK cell compartment and allow detailed 
understanding of the precise role of ILC1s during infections 
and inflammatory diseases.
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Decades after the discovery of natural killer (NK) cells, their developmental pathways in 
mice and humans have not yet been completely deciphered. Accumulating evidence 
indicates that NK cells can develop in multiple tissues throughout the body. Moreover, 
detailed and comprehensive models of NK cell development were proposed soon after 
the turn of the century. However, with the recent identification and characterization of 
other subtypes of innate lymphoid cells (ILCs), which show some overlapping functional 
and phenotypic features with NK cell developmental intermediates, the distinct stages 
through which human NK cells develop from early hematopoietic progenitor cells remain 
unclear. Thus, there is a need to reassess and refine older models of NK cell development 
in the context of new data and in the era of ILCs. Our group has focused on elucidating 
the developmental pathway of human NK cells in secondary lymphoid tissues (SLTs), 
including tonsils and lymph nodes. Here, we provide an update of recent progress that 
has been made with regard to human NK cell development in SLTs, and we discuss 
these new findings in the context of contemporary models of ILC development.

Keywords: natural killer, innate lymphoid cells, development, secondary lymphoid tissues, human lymphopoiesis

iNtrODUctiON

Natural killer (NK) cells belong to the family of innate lymphoid cells (ILCs) whose common 
features include reliance on the transcription factor ID2 for development and rapid elaboration of 
effector function in response to microbial products, cytokine stimulation, and contact with other 
leukocytes (1). ILCs share phenotypic and functional features with T cells, yet, ILCs lack expression 
of markers specific for other leukocytes, including antigen-specific T and B cell receptors (i.e., CD3/
TCR and CD19/BCR). In 2013, Spits et al. published a proposal for ILC nomenclature and clas-
sification, including the designation of three major groups according to functional and phenotypic 
characteristics (2). Group 1 ILCs, which express the transcription factor T-BET and produce the 
T helper cell type 1 (Th1)-associated cytokine interferon gamma (IFN-γ), include NK cells as well 
as functionally distinct “ILC1s.” NK cells are unique in their expression of the transcription factor 
EOMES and in their ability to recognize and destroy virally infected and malignantly transformed 
cells that have downregulated major histocompatibility (MHC) class I molecules and/or upregu-
lated stress-induced molecules (3, 4). Group 2 ILCs or “ILC2s” produce Th2-associated cytokines, 
such as interleukin (IL)-5 and IL-13; they express the transcription factors BCL11B, GATA-3, and 
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RORα; and they are involved in many processes, including fat 
metabolism, allergy, and protection against parasites (5). Group 
3 ILCs share features with Th17 cells, including expression of the 
transcription factors AHR and RORγt and production of IL-17 
and IL-22. Group 3 ILCs consist of “ILC3s” as well as lymphoid 
tissue inducer cells whose roles include the formation and 
restoration of lymphoid tissues following infection (6). We refer 
the readers to other excellent comprehensive reviews exploring 
the development, transcriptional regulation, and diverse roles of 
ILCs in physiology and disease (1, 7–12).

As mentioned above, ILCs are identified as “lineage” (Lin) 
negative lymphocytes, lacking expression of surface markers more 
specifically expressed on T cells (CD3, CD5, TCR), B cells (CD19, 
CD20, BCR), myelomonocytic cells (CD14, CD15, CD36), and 
dendritic cells (DCs) (CD116, CD123, CD303). In humans, all 
non-NK ILCs express CD127 (IL-7Rα) and CD161 (NKRP1A) 
(13–16), and they may be further distinguished according to the 
expression of other subset-associated surface antigens includ-
ing CXCR3, CD294 (CRTH2), and CD117 (c-Kit) for ILC1s, 
ILC2s, and ILC3s, respectively (10, 17). Human NK  cells can 
also express the pan-ILC markers CD127 and CD161 (18–20), 
but NK cells are typically distinguished by their surface expres-
sion of CD16 (FcγRIIIA), CD94/NKG2 heterodimers, killer 
immunoglobulin-like receptors (KIRs), NKG2D, and NKp80 
(21). Two subsets of human peripheral blood (PB) NK  cells 
can be distinguished according to their relative expression of 
the pan-NK cell surface marker, CD56 (NCAM-1): “CD56bright” 
and “CD56dim” (22, 23). CD56bright human NK cells express high 
levels of CD62L (l-selectin) and CD94 but absent or low levels 
of CD16 and KIRs; they predominate in secondary lymphoid 
tissues (SLTs) such as lymph nodes (LNs) and tonsils; they show 
low baseline perforin expression and cytotoxic activity ex vivo; 
and they rapidly produce cytokines, including IFN-γ, following 
stimulation by monocyte-derived cytokines (“monokines”), such 
as IL-12, IL-15, and IL-18 (22). In contrast, CD56dim NK cells are 
CD16hi and express more KIRs but less CD94 and CD62L; they 
predominate in PB; they show high baseline perforin expression 
and cytotoxicity against MHC class I negative target cells; and they 
preferentially produce cytokines in response to direct target cell 
interactions rather than via monokine stimulation (3). While the 
developmental relationship between these human NK cell sub-
sets has not been definitively established, evidence suggests that 
CD56bright NK cells represent immediate physiologic precursors of 
CD56dim NK cells (19, 24–29). Alternative hypotheses include that 
CD56bright NK cells represent activated NK cells in vivo and/or that 
PB NK cell subsets derive from distinct hematopoietic progenitor 
cells (HPCs) and developmental pathways (22, 30–33). Recent 
published data from Dunbar and colleagues suggest that the latter 
may be the case in rhesus macaques (34).

HUMAN NK ceLL DeveLOPMeNt iN sLts

Human NK  cells were originally thought to develop strictly 
within the bone marrow (BM) (3, 35). This notion was sup-
ported by the observation that Lin−CD56+ cytotoxic NK  cells 
can be generated in  vitro following culture of purified human 
BM CD34+ HPCs with either BM-derived stroma or with IL-15, 

which can be produced by stroma (36, 37). Nonetheless, more 
recent extensive ex vivo characterization of HPCs and putative 
downstream NK cell developmental intermediates (NKDIs) 
reveals that the latter are naturally enriched in SLTs, including 
tonsils, spleen, and LNs, suggesting that in humans NK cells can 
also, if not preferentially, develop in SLTs (Figure 1A) (38–42). 
Similar NKDIs have also been identified in the thymus, liver, and 
uterus (43–45). Thus, human NK cell development is likely not 
restricted to SLTs (46).

In 2006, five putative stages of human SLT NK cell develop-
ment were described according to the differential expression 
of CD34, CD117, CD94, and CD16 (41, 47, 48). Stage 1 cells 
(Lin−CD34+CD117−CD94−CD16−) lack expression of the com-
mon IL-2/IL-15 receptor beta chain (IL-2/15Rβ, CD122) and are 
thus not responsive to exogenous soluble IL-2 or IL-15 ex vivo. 
However, they can generate NK cells when cultured in IL-15 plus 
other cytokines, such as Flt3 ligand and c-Kit ligand (KL) that 
likely induce CD122 expression and hence IL-15 responsiveness 
(49). In contrast, stage 2 cells (Lin−CD34+CD117+CD94−CD16−) 
constitutively express CD122 (albeit below the level of detec-
tion by flow cytometry) and can generate functionally mature 
NK cells in vitro in the presence of exogenous soluble IL-15 in 
media without other cytokines or support cells (41). Stage 2 cells 
also constitutively express a functional high affinity IL-2 receptor, 
including the IL-2Rα subunit (CD25), and can differentiate in 
response to picomolar concentrations of IL-2 in vitro (39). The 
physiologic relevance of this cytokine receptor expression is not 
yet known and has not been tested in vivo. One likely possibil-
ity is that these HPCs, which are naturally enriched and reside 
within the parafollicular T cell-rich regions of SLTs, can respond 
to T cell-derived IL-2 and differentiate into NK cells following 
T cell activation in vivo (39).

When originally tested in bulk polyclonal cultures under sup-
portive in vitro conditions, stage 1 and stage 2 cells were multipo-
tent and could give rise to T cells and DCs as well as to NK cells, 
although they could not generate B cells or myeloid cells (41). In 
contrast, human stage 3 cells (Lin−CD34−CD117+CD94−CD16−) 
lacked T cell and DC developmental potential. Stage 3 cells could, 
however, give rise to mature NK cells in vitro and in vivo and were 
thus originally proposed to represent committed NK cell precur-
sors (41). Stage 3 cells are distinct from mature NK cells in that 
they lack high expression of T-BET and EOMES, cannot produce 
 IFN-γ, and are incapable of mediating perforin-dependent cyto-
toxicity against MHC class I− target cells. In contrast, these features 
are detected within the stage 4 (CD34−CD117+/−CD94+CD16−) 
and stage 5 (CD34−CD117lo/−CD94+/−CD16+) populations in SLTs 
(40, 41). Stage 5 cells are further distinguished by the constitutive 
expression of CD16, a low affinity receptor for the Fc portion of 
immunoglobulin, which provides for antibody-mediated cellular 
cytotoxicity (50).

receNt ADvANces iN OUr 
UNDerstANDiNG OF HUMAN NKDis

Continued ex vivo phenotypic and functional characteriza-
tion of the aforementioned five putative NKDI populations in 
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FiGUre 1 | Ex vivo patterns of surface antigen expression support a model of human natural killer (NK) cell development in secondary lymphoid 
tissues (sLts). (A) Ex vivo immunophenotypic analyses of CD3+ cells (top row, left plots), CD19+ cells (top row, right plots), and Lin−CD56+ cells (bottom row) in 
the indicated tissues demonstrate how immature T, B, and NK cell developmental intermediates (designated by the red circles and ovals) are naturally enriched in 
the thymus, bone marrow, and SLTs, respectively. Of note, the SLT populations designated by the red circles in the bottom row also likely contain some ILC3s, 
which can express CD56 (14). The red arrows in the bottom row highlight the relative enrichment of stage 4b CD56brightNKp80+CD16− NK cells in SLTs. 
(B) Immunophenotypic analysis of Lin− ILCs in human tonsil demonstrating the two-way patterns of CD34, CD117, CD94, NKp80, and CD16 expression as they 
relate to one another. The red arrows depict the putative directions of progressive NK cell development in SLTs. (c) Schematic representation of the proposed 
stages of human NK cell development in SLTs. The stages are defined according to the differential expression of CD34, CD117, interleukin (IL)-1R1, CD94, NKp80, 
CD16, and CD57, and the red lines underline the surface antigen changes that define each stage transition. Although not depicted, it is noted that CD56 
expression is first detected at stage 2b (heterogeneous), peaks at stage 4b (CD56bright), and then decreases to the level of most peripheral blood NK cells at stage 6 
(CD56dim). Also not depicted is killer immunoglobulin-like receptor expression, which is first detected within stage 4b in SLTs (40).
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human SLTs has revealed a remarkable degree of heterogeneity 
within each stage. For example, in a study comparing tonsil- 
and thymus-derived HPCs, McClory et al. demonstrated that 
the human SLT stage 1 population, which expresses CD45RA 
and CD10, contains a minute subset of CD1a+CD11c− cells that 
gives rise to T cells ex vivo and that shows substantial pheno-
typic overlap with CD34+CD45RA+CD10+CD1a+ T cell precur-
sors in the thymus (51). McClory et al. were also able to trace 
a full putative pathway of tonsil T cell development branching 
directly from the tonsil CD34+CD45RA+CD10+CD1a+CD11c− 
stage 1 subset and closely paralleling T cell development in the 
thymus. These data suggest that the developmental pathways 
of other lymphoid subsets overlap/intersect with the origi-
nally characterized NK  cell developmental pathway in SLTs. 
Consistent with this notion, Montaldo et  al. recently showed 
that human SLT-derived stage 2 cells constitutively express 
RORγt and can give rise to RORγt+CD117+ ILC3s (52). In that 
study, Montaldo et al. observed relatively low NK cell produc-
tion from stage 2 cells under the in  vitro conditions tested. 
Given those findings, the investigators concluded that the stage 
2 cells represent lineage-specified ILC3 progenitors. However, 
Montaldo et al. did not assess for the capacity of stage 2 cells 
to differentiate into other lineages such as DCs and T  cells, 
and as mentioned earlier, Freud et al. demonstrated that stage 
2 cells can differentiate into T cells, DCs, and NK cells under 
supportive conditions (41).

In a subsequent study, Scoville et al. characterized two func-
tionally distinct subsets of SLT stage 2 cells according to surface 
expression of the IL-1β receptor, IL-1R1 (42). Both IL-1R1− (i.e., 
stage “2a”) and IL-1R1+ (i.e., stage “2b”) subsets express CD45RA, 
integrin β7, and ID2, and they show low or undetectable expres-
sion of CD10. However, the stage 2b cells are unique in their near 
uniform expression of the pan-ILC marker, CD161, their lack 
of detectable expression of RAG1 mRNA, which is expressed in 
stage 1 and stage 2a cells, and their natural restriction to SLTs. In a 
series of experiments in which stage 1, stage 2a, and stage 2b cells 
were freshly purified and then cultured in vitro or transplanted 
into non-obese diabetic (NOD)-scid IL2Rgammanull (NSG) 
immunodeficient mice treated with human IL-15, the stage 2b 
population was shown to be capable of giving rise to all four major 
subsets of ILCs (ILC1s, ILC2s, ILC3s, and NK  cells), yet, they 
lacked T cell and DC developmental potential. In contrast, stage 
1 and stage 2a cells could give rise to all ILC subsets as well as 
to T cells and DCs under the conditions tested (42). Thus, stage 
2b cells appear to represent common ILC progenitors (CILPs) in 
humans.

Following the original discovery of SLT stage 3 cells 
(41), it was determined that cells within this population 
(Lin−CD34−CD117+CD94−CD16−) express AHR, CD127, 
RORγt, IL-1R1, and IL-22 (14, 53–55). According to the 2013 
ILC classification, these features denote Group 3 ILCs (2). Thus, 
it is not yet clear if stage 3 cells and ILC3s are entirely overlap-
ping in their phenotypic characteristics, and this is a subject of 
ongoing investigation (see below) (56). Within the stage 3/ILC3 
population in human SLTs, there is marked heterogeneity with 
regards to the expression of numerous surface markers, including 
CD7, CD56, CD62L, HLA-DR, and NKp44 (14, 41, 57, 58). The 

significance of this heterogeneity is largely unknown, although it 
was shown that NKp44 expression closely correlates with IL-22 
production ex vivo (53, 58).

Last, in a recent study by Freud and colleagues, the SLT stage 
4 population, defined as Lin−CD34−CD117+/−CD94+CD16−, was 
shown to contain two functionally distinct subsets according to 
expression of the surface activating C-type lectin-like receptor, 
NKp80 (40), which is expressed on most if not all PB NK cells 
in healthy humans (59). Freud et al. described these SLT stage 
4 subsets as stage “4a” (NKp80−) and stage “4b” (NKp80+), and 
they demonstrated that only the stage 4b subset is capable of 
IFN-γ production and perforin-dependent cellular cytotoxicity 
ex vivo (40). Consistent with these functional data, the surface 
expression of NKp80 among total SLT ILCs closely correlates 
with intracellular expression of T-BET, EOMES, and perforin. 
In contrast to stage 4b cells, stage 4a cells, which express CD94/
NKG2A, lack the aforementioned functional and phenotypic 
features associated with mature NK cells and rather show a stage 
3/ILC3-like profile including expression of CD117, CD127, 
IL-1R1, AHR, RORγt, and IL-22 (40). Following co-culture with 
allogeneic monocyte-derived DCs or transplantation into NSG 
mice treated with IL-15, purified SLT stage 4a cells gave rise to 
functional NK  cells including some that were NKp80+CD16+ 
and coexpressed KIRs and CD57, the latter of which has been 
associated with terminal maturation and may represent a putative 
“stage 6” of human NK cell development (60, 61). Thus, stage 4a 
cells appear to comprise a naturally occurring and physiologic 
developmental intermediate population of cells emerging from 
stage 3 cells and giving rise to stage 4b cells. This hypothesis 
is supported by ex vivo patterns of surface antigen expression 
among total Lin− ILCs in human SLTs (Figure 1B).

MODeLiNG HUMAN NK ceLL 
DeveLOPMeNt iN tHe cONteXt AND 
erA OF iLcs

Collectively, these recently published data described above 
support an updated linear model of human NK  cell develop-
ment (Figure  1C), which incorporates SLT NKDIs as well as 
the putative progressive development of human PB NK  cells 
from CD56brightCD94+NKp80+CD16−CD57− (i.e., stage 4b) to 
CD56dimCD94+/−NKp80+CD16+CD57− (i.e., stage 5) to CD56dim 
CD94+/−NKp80+CD16+CD57+ (i.e., stage 6). Although this is 
still somewhat controversial, a linear developmental relationship 
between PB CD56bright and CD56dim NK cell subsets is supported 
by the recent detection of PB NK cell populations that appear to 
represent naturally occurring NKDI spanning the developmental 
continuum between CD56bright and CD56dim NK cells (27, 29). In 
addition, other studies have shown that CD56bright NK cells can 
give rise to CD56dim NK cells in vitro and in vivo (19, 24, 26).

Despite the accumulating evidence in support of this pro-
posed model, it is likely that other pathways of human NK cell 
development exist in  vivo and potentially account for the 
marked diversity among tissue-resident NK  cells (62–64). For 
example, Renoux et  al. recently described a putative lineage 
committed NK  cell progenitor (NKP) population in human 
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FiGUre 2 | Models of mouse and human innate lymphoid cell (iLc) development. Shown on the left and right are schematic representations of the cellular 
intermediates and developmental pathways of mouse and human ILCs, respectively. The black lines represent progressive steps of differentiation and maturation 
that are currently supported by published data. The dashed lines represent possible steps and relationships of differentiation and maturation, but these have not yet 
been tested or definitively established. In particular, the relationships between stage 1, 2a, 2b, and 3 cells with NK cell progenitors (NKPs) described by Renoux 
et al. (65) are not yet known. In addition, the relationship and possible distinction between human stage 3 natural killer (NK) cell precursors and ILC3s is also not yet 
clear. In the diagram to the right depicting human ILC development, the labels ILC3P (for ILC3 progenitor), ILC2P (for ILC2 progenitor), and ILC1P (for ILC1 
progenitor) are shown in parentheses to convey that these are theoretical populations that have not been identified. CILP, common innate lymphoid progenitor; 
CHILP, common helper innate lymphoid progenitor.
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BM, blood, and SLTs characterized as Lin–CD34+CD38+CD123– 
CD45RA+CD7+CD10+CD127− and that could only give rise 
to NK  cells in  vitro and in  vivo (65). Given that this NKP is 
only partially CD117+ and reportedly lacks detectable expres-
sion of CD161 and CD127, it appears to be distinct from the 
aforementioned SLT CILP (i.e., stage 2b) population that is 
CD117+CD161+CD127+ and that can generate all ILCs includ-
ing NK  cells (42). Rather, the immunophenotype of the NKP 
described in the study by Renoux et al. appears to overlap with 
that of the stage 1 and stage 2a populations described above. 
Indeed, it will be important in future studies to determine how 
these various HPC populations are related. Regardless, the study 
by Renoux et al. raises the intriguing possibility of other NK cell 
developmental pathways in humans.

It is also important to note that the human model of NK cell 
development depicted here differs from contemporary models of 
murine NK cell development (Figure 2) (1, 7, 12). Aside from 
inherent challenges in comparing these developmental processes 
due to differences in species-specific antigen expression, there 
may be fundamental differences between the species with regards 
to the developmental relationship(s) between NK cells and other 
ILCs and with regards to transcription factor expression patterns. 
For example, in mice, all ILC subsets are thought to derive from a 
CILP population that subsequently gives rise to committed NKPs 
as well as to common helper ILC progenitor cells (CHILPs) that 

can differentiate into ILC1s, ILC2s, and ILC3s, but not NK cells 
(66–70). While putative human CILPs (SLT stage 2b cells) and 
NKPs have been described as discussed above (42, 65), it is not yet 
clear if these two populations are related in the same way that the 
analogous populations in mice have been described. In addition, 
a human CHILP population has not been identified.

Another potential difference between mouse and human 
NK cell development relates to the relationship between NK cells 
and ILC3s. In mice, these two ILC subsets appear to be develop-
mentally distinct (6), because in addition to these CHILP data 
described above, genetic fate-mapping (fm) studies for Rorc2, 
which encodes Rorγt, showed that mouse ILC3s are Rorc2 fm+ 
whereas mouse Eomes+ NK cells are Rorc2 fm− (68, 71, 72). In 
contrast, Scoville et  al. recently demonstrated that the putative 
human CILP (SLT stage 2b) population expresses RORγt and 
that human PB CD56bright NK cells, which are NKp80+EOMES+ 
(4, 40, 59, 73, 74), constitutively express detectable RORC2 tran-
script (42). Thus, as opposed to mouse NK cells, at least some 
human NK cells would be fm+ for RORC2 if such an experiment 
could be performed. In addition, as mentioned earlier, there is 
substantial phenotypic overlap between cells originally described 
as “stage 3” NK cell precursors and cells denoted as “ILC3s” by 
other groups, raising the question as to whether or not these cell 
types are different or comprise the same population in humans 
(56). To address this issue, Crellin et al. previously evaluated the 
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in vitro differentiation potentials of Lin−CD34−CD161+CD117+ 
ILCs according to the differential expression of CD127 (75). They 
demonstrated that a minute CD127− fraction preferentially gave 
rise to NK cells whereas the predominant CD127+ fraction mostly 
retained ILC3 features. Thus CD127 has since been touted as a 
critical marker distinguishing human stage 3 NK cell precursors 
from ILC3s (1, 6). However, in the study by Crellin et al., CD94+ 
NK cells, which can express CD117 and CD161 (18, 76), were not 
excluded in the pre-culture sorting preparations (75). Moreover, 
other reports suggest that the in vitro conditions used by Crellin 
et al. may be better optimized for supporting NK cell differentia-
tion; conditions such as co-culture with OP9-DL1 stroma or DCs 
may be needed (40, 42). As such, the results provided in the Crellin 
et al. study could be due at least in part to the culture conditions 
employed and/or the preferential expansion of CD94+ NK cells that 
were present in the sorted Lin−CD34−CD161+CD117+CD127− 
fractions. Last, we note that CD127 is constitutively expressed on 
PB CD56bright NK cells (19, 20), and so excluding any CD127+ cells 
as potential NK cell precursors may be incorrect. Thus, to the best 
of our knowledge, there is as yet no reliable immunophenotypic 
strategy to distinguish human stage 3 NK cell precursors from 
ILC3s. Further investigation is needed.

cONcLUDiNG reMArKs AND FUtUre 
DirectiONs

The goals of investigating human NK  cell development are to 
understand malignant counterparts and to facilitate the design 

and implementation of optimal immunotherapies for patients 
with cancer and potentially other diseases. Much progress has 
been made; however, the recent discovery of non-NK ILCs has 
required a reassessment of models of NK  cell development in 
both mice and humans. More work is also needed in order to 
understand how all ILCs develop and to determine if the putative 
pathway of human NK cell development in SLTs is representative 
of NK cell development in other tissues.
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Since the first description of natural killer (NK) cells, the view on their role in innate immu-
nity has evolved considerably. In addition to first-line defense against transformed and 
pathogen-infected autologous cells, NK cells contribute to modulate adaptive immune 
responses and in some cases acquire specialized functions, including exhausted, adap-
tive, and decidual NK cells. NK cells derive from CD34+ progenitors, in vivo and in vitro; 
however, it is unclear whether the high phenotype diversity in vivo may be generated 
from these precursors alone. The recent characterization of a novel CD34+DNAM-
1brightCXCR4+ precursor giving rise to apparently licensed and functional maturing 
NK cells may suggest the possibility for a higher than expected common lymphocyte 
precursor diversity and a consequently higher peripheral NK cell phenotype variability. 
Here, we review the evidences on NK  cell central and peripheral development from 
CD34+ precursors and propose a possible updated reading frame based on the char-
acterization of CD34+DNAM-1brightCXCR4+ cell progenies, which favors the possibility of 
concurrent NK cell maturation from different CD34+ precursors.

Keywords: natural killer, NK cell development, cD34, DNAM-1, common lymphoid progenitors

iNtrODUctiON

Natural killer (NK) cells, are a central component of the innate immune response (1) and constitute 
the first line of defense against a variety of tumors and microbial pathogens (2–5).

Over recent years, it has become clear that their role exceeds the boundaries of the original assign-
ment to patrol the tissues as a first line of defense and rather also includes regulatory and editing 
functions of the innate and adaptive immune response.

Opposite to T or B cells, NK cells do not undergo somatic rearrangement of genes coding for 
antigen-specific receptors. Their functional characteristics include production and release of IFNγ 
and TNFα and also G-CSF. In addition they may produce chemokines and IL-8, and under special-
ized and limited conditions also IL-10, IL-6, and IL-1. Following the identification and characteriza-
tion of innate lymphoid cells (ILCs) into at least three lineages characterized by different phenotype, 
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homing, and function (6, 7), NK cells have been proposed to be 
included into group 1 ILC (1) based on their expression of NFIL3, 
Tbet, and Eomes transcription factors (1, 8).

Human NK  cells normally constitute 5–15% of peripheral 
blood (PB) lymphocytes. The majority of NK cells, are present in 
relative abundance in bone marrow (BM), liver, uterus, spleen, 
and lungs, as well as to a lesser extent in secondary lymphoid tissue 
(SLT), mucosa-associated lymphoid tissue, and the thymus. The 
classical description of NK cell phenotypes relies on CD56 and 
CD16 expression with the distinction of three broad phenotypes 
which include CD16+/−CD56bright cells representing a minority 
of circulating and the majority of tissue-associated NK  cells, 
CD16+CD56dim cells that constitute the majority of circulating 
NK  cells and are viewed as effectors cells, and CD16+CD56− 
exhausted NK cells that are poorly functional express low levels 
of natural cytotoxicity receptors (NCRs) and may become more 
abundant in PB during chronic infections, such as HIV-1 infec-
tion. A peripheral development of NK cells has been shown to 
take place beyond BM and lymphnode niches. NK cells undergo 
a progressive development of CD56bright into CD56dim NK  cells 
with a progressive loss of NKG2A and concomitant progressive 
expression of KIRs, CD57, and NKG2C into terminally differenti-
ated NK cells (9–11).

The original view encompassing a tripartite subset characteri-
zation has recently been updated in view of NK cell phenotype 
diversity. Using mass cytometry, it has become evident that in 
healthy adult humans a much larger number of distinct NK cell 
phenotypes are simultaneously present at any time. From 6,000 
to 30,000 different NK cell phenotypes have been identified by 
mass in a single donor, and in any small group of persons up to 
100,000 different NK cell phenotypes may be detected (12). In 
addition, by computer-assisted flow-cytometric analysis, at least 
5–8 distinct subsets may be identified using a set of three NK cells 
specific monoclonal antibodies beyond CD16 and CD56 (11). 
This abundance of NK cell phenotype diversity is determined by 
combinatorial expression of the multitude of receptors and co-
receptors present on their surface. In this regard, there are both 
evidences for an inherent intrinsic or genetically determined 
driver for the persistence of some phenotypes (mostly account-
ing for KIR variability), and for an extrinsic or environmental 
influence on the prevalence of other phenotypes supported by 
foreign antigenic stimulation supporting the diversity for NCR 
representation and expression (12).

cD34 NK ceLL PrecUrsOrs

Similar to other blood cells, NK cells derive from hematopoietic 
stem cells (HSCs) and can be grown in  vitro from lymphoid-
restricted multipotent progenitors that may retain B and/or 
T  lymphocyte developmental potential (13–15). The classical 
model of hematopoiesis postulates that the earliest fate decision 
toward NK  cells downstream of HSCs is represented by the 
divergence of lymphoid and myeloid lineages. Erythroid and 
megakaryocyte lineages branch off before the lymphoid–myeloid 
split. This step is followed by myeloid–lymphoid divergence 
where common lymphoid progenitors (CLPs), and common 

myeloid progenitors (6) are generated. Accordingly, the CLP 
group would not include cell progenitors with myeloid potential. 
In contrast to mouse hematopoiesis, definitive evidence for a 
comprehensive model that best describes human hematopoiesis 
is still to be completely defined (16). Recently, a different pattern 
of cell maturation has been proposed following ex vivo and in vivo 
results in humans. Analysis of human cord blood (CB) and BM 
using seven distinct markers, including CD45RA, CD135 (Flt3), 
CD7, CD10, CD38, and CD90, allowed the identification of seven 
distinct progenitor cell classes (17). In this setting, some cells are 
described as multi-lymphoid progenitors (MLPs), defined by 
CD34+CD38−Thy-1neg–lowCD45RA+, belong to the CLP group and 
are able, in specific culture conditions, to give rise to all lymphoid 
cells as well as monocytes, macrophages, and dendritic cells 
(DCs) (18, 19). Among these MLPs included in this last model, 
NK  cells derive from CD34+ hematopoietic stem cells (HPC) 
precursors originally identified in BM (20). However, CD34+ 
cells giving rise to NK cell progeny have been detected also in 
PB, thymus, lymphnodes, CB, GALT, and decidua (21, 22). In 
addition, other reports indicate that T and NK cells are generated 
from non-characterized bipotent T/NK common progenitors, 
which may circulate in PB of healthy donors (HDs), albeit at very 
low frequencies (23, 24). While it is agreed that CD34+ NK cell 
progenitors reside in the BM, there is a less clear view on whether 
seeding of these cells into other organs generates organ-specific 
NK cell maturation, or whether a predefined CLP or MLP with 
specific developmental and homing characteristics would exit 
under certain conditions from the BM and specifically seed into 
the final sites of maturation.

NK ceLL MAtUrAtiON

Distinct stages of development of NK cells from HPC have been 
described with an orderly and staged acquisition of NK  cell 
markers, and distinct maturational stages (1). Five stages of 
human NK cell development have been described (25). Stage 1–2 
CD34+CD45RA−/+Cd10+/−CD117−/+ cells have been observed in 
human SLT and retain non-NK cell lineage potential since under 
optimal in vitro conditions they can develop into T and DC cells. 
This development potential is lost in the third stage in which may 
identify committed immature NK (iNK) cells.

The acquisition of the interleukin 15 (IL-15R) receptor beta 
chain (CD122) marks an important step of NK cell differentiation, 
since IL15 promotes NK cell differentiation, functional matura-
tion, and survival in both mouse and human (26). Thus, IL-15R 
expression identifies an NK  cell precursor subset defined by 
developmental potential in response to IL-15, by lack of functional 
immunophenotype observed in mature NK cells and by lack of 
other Lineage specific surface antigen as CD3, CD14, and CD19. 
Two populations of IL-15-responsive Lin−CD94−NK differentiat-
ing intermediates have been identified (Lin−CD34dimCD45RA+ 
alpha4beta7brightCD117+CD161+/−CD94− stage 2 and Lin−CD34− 
alpha4beta7−CD117+CD161+CD94− stage 3). They are enriched 
in the interfollicular T  cell-rich areas of secondary lymphoid 
organs where their putative progeny, CD56brightCD94+ NK cells, 
also resides (25, 27, 28). This anatomical localization has been 
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attributed to specific trafficking of BM derived NK cell precur-
sors to SLT via high endothelial venules and would be mediated 
by high expression of CD62L on circulating Lin−CD94−NK 
differentiating intermediates (28). NK  cell differentiation then 
progresses by orderly acquisition of CD161, CD56, CD94/
NKG2A, NKp46, NKG2D, KIRs and functional receptors CD16 
(27, 29, 30). The role of CD56 during NK  cell development is 
yet undefined while acquisition of CD94, which then persists 
on PB CD56bright NK cells and is needed for surface expression 
of NKG2A or NKG2C, signals the transition to stage 4 in SLT 
and NK cell maturation is completed with transition from stage 
4 CD56brightCD16+/− to stage 5 in CD56dimCD16+ NK cells (9, 31).  
A source of possible confusion is represented by work showing 
that cells of myeloid lineage may, under certain specific condi-
tions, generate NK cells in vitro (32). This work concentrates only 
on cord-blood CD34+ cells under particular conditions (32). The 
view that NK cells may be derived in vitro together with myelo-
monocytes without evidence for T cell growth reflects work by 
other groups as well (27, 33).

Some caution is needed when considering these models, 
which are nevertheless useful to provide a general scaffolding 
to understand NK  cell peripheral maturation. Opposite to the 
model of peripheral T  cell maturation from which it has been 
shifted for practical purposes, NK  cell maturative migration 
between stages is not a one-way process. For example, NK cells 
may revert form terminal differentiation and, under favorable 
conditions in vitro (e.g., IL18 supplementation), may modify sur-
face receptor expression with upregulation of CCR7, CD83, and 
CD25 and downregulation of CD16 (34). Furthermore, in vivo, 
NK cell education, epistatic interaction with KIR genes and viral 
infection or other environmental stimuli have a marked bearing 
on NK cell repertoire phenotype and activating and inhibitory 
receptor expression (35, 36).

An additional layer of entanglement to a linear model of 
NK cell development has been represented by the suggestion that 
NK cells may represent a subset of ILC (37). ILC have been shown 
in vitro derived from CD34+ cells isolated preferentially from the 
CB compared to PB (38). Indeed, the recent demonstration of 
the possibility of an elective ILC deficiency in humans without 
NK  cell deficiency shows that ILCs might be dispensable in 
natural conditions and that developmental pathways for NK cell 
and ILC development are distinct (37).

OUtLiers tO A LiNeAr siNGLe-ceLL 
MODeL OF NK ceLL DeveLOPMeNt

There are additional outliers to a model of sequential NK  cell 
development that cannot be apparently reconciled with a single-
cell maturation scheme for NK  cells, so far. These include the 
observation of adaptive or memory-like NK cell responses, the 
appearance of CD56−CD16+ exhausted NK cells in some clinical 
conditions, and the origin of NK cells in decidua.

In mice, infection with MCMV determines the expansion of 
specific NK cell subsets (39–41), which maintain for prolonged 
periods of time the ability to produce increased amounts of TNFα 
and IFNγ. This observation is reminiscent of memory T  cell 

function thus suggesting a possible memory-like or adaptive fea-
ture of NK cells. This pattern has been observed also in humans 
and predominantly relates to HCMV previous infection (42–45). 
Human adaptive NK cell expansions are monomorphic. Indeed, 
only increased proportions of NKG2C+ cells appear in PB, irre-
spective of the different invading pathogens that have been so 
far able to induce such NK cell expansions, including HCMV or 
Hantavirus or Chikungunya (46, 47). NKG2C+ NK cells expan-
sions persist (48) after acute HCMV infection into latency, and 
may be observed also after BM transplantation (48, 49). Similar 
to virus-induced adaptive NK cells (50, 51), NKG2C+ NK cells 
may be obtained after cytokine induction (52). Active research 
in this area so far did not reach conclusive evidence that these 
memory-like NK cell expansions occur as a single terminal event 
along the previously described pathway of peripheral NK  cell 
development. Additional work and efforts are needed to directly 
answer some crucial questions in this area. Specific trials and 
work will need to be designed to understand (a) whether the 
increase in adaptiveNKG2C+ NK cells during Hantavirus or other 
RNA virus infections represents an HCMV-independent event, 
or rather reflects a recall response of NKG2C+ adaptive NK cells 
in HCMV+ patients with latent infection, (b) whether only 
viruses or rather other pathogens may associate with NKG2C+ 
NK  cell expansions, (c) why only NKG2C+ adaptive NK  cells 
represent a recall response to invading viruses with different 
antigenic and PAMP characteristics (e.g., HCMV is a DNA-virus, 
Chikungunya is a RNA virus, no shared molecular patterns have 
been described), and (d) what is the advantage in terms of virus 
control or host survival provided by this quite specific HCMV-
associated adaptive NK cell response.

Another apparent outlier to sequential NK cell subset devel-
opment is represented by CD56negCD16+ exhausted NK  cells, 
which have been described for the first time over 20 years ago 
(53). These cells may represent up to 20–40% of all NK cells or 
3–6% of all lymphocytes in HIV+ patients while they represent a 
rare population in the PB of HDs. Immunophenotypic analyses 
revealed that cell surface receptors expressed on CD56negCD16+ 
cells overlap with that of so-called “stage 3” iNK  cells and are 
able, albeit to a reduced extent, to kill target cells and produce 
chemokines (54). Thus, it appears unlikely that CD56neg NK cells 
represent the progeny of iNK cells. Effector molecule expression 
by CD56neg NK cells further support the possibility that these cells 
are more closely related to and share characteristics with more 
highly differentiated CD56dim NK cells. Additional comprehen-
sive studies of this subset are needed, in order to clarify when and 
under which stimuli aberrant differentiation into CD56negCD16+ 
NK cells occurs as well as whether it is reversible or not.

Natural killer cells also localize in differentiated tissues 
including non-pregnant endometrium (55). Following embryo 
implantation, decidualization of human endometrium is associ-
ated with a massive recruitment of NK  cells that will build up 
and may represent as many as 50–90% of lymphoid cells present 
in decidual tissue. Decidual NK cells (dNK) numbers progres-
sively decrease from mid-gestation onwards (56). dNK cells have 
unique phenotypic properties and functional profile and are 
CD56brightCD16+/− KIR+ cells.
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Analysis of gene expression in dNK revealed relevant differ-
ences with both CD56bright and CD56dim peripheral NK cell subset. 
CD9, galectin, alpha-1 integrin, and other adhesion molecules 
are over-expressed in dNK (57), express major activating NK 
receptors, including NKp46, NKp30, NKG2D, and DNAM-1, 
and contain high levels of perforin and granzymes (compara-
ble to CD56dim peripheral NK cells), but have a poor ability to 
kill classical NK target cells (22, 58–60). dNK cells are able to 
release high amounts of cytokines and chemokines (including 
IL-8, VEGF, SDF-1, and IP-10), which are involved in tissue 
remodeling, trophoblast migration, and/or neo-angiogenesis 
and placentation. Thus, dNK cells appear to play an unexpected 
role in vessel formation and tissue building rather than their 
classical defensive role and these findings further underline 
the plasticity of NK  cells, possibly induced by the particular 
microenvironment. Whether dNK  cells represent a peripheral 
differentiation of other NK subsets or whether they represent 
a specific lineage derivation from a common precursor is so far 
poorly understood.

A NOveL cD34+ PrecUrsOr AND A 
NeW PersPective

Recently, a novel, previously uncharacterized CLP has been 
identified and is defined by Lin−CD34+ DNAM-1brightCXCR4+ 
markers (60). These precursors were found enriched in PB of 
patients with chronic inflammatory conditions of either infec-
tious or non-infectious origin. Based on available data on CD34+ 
cell maturation niches (61–64), the phenotype of these cells sug-
gest that they represent recent migrants from BM that still retain 
CXCR4 and DNAM-1, which are derived from endosteal niches 
following bone remodeling during chronic inflammation (65, 
66). In HSC, BM donor Lin−CD34+DNAM-1bright cells represent 
only a fraction (15%) of mobilized CD34+ cells. A comparison 
of chemokine receptor expression provided clues to a differ-
ent end-organ circulation of these cells compared to classical 
CD34+DNAM− progenitors. Lin−CD34+DNAM-1brightCXCR4+ 
cells appear to have the potential of trafficking not only into lym-
phnodes or GALT via CD62L/L interactions, but also (or rather) 
to peripheral inflamed tissues along fractalkine or IL-8 in view 
of their higher expression of CX3CR1+ and CXCR1+ and lower 
proportion of CD62L.

Analysis of transcription factors of these novel CD34+ cells 
showed that, they have a different array of transcription factors, 
including Tbet and FoxP3 in addition to Id2, E4BP4, which are 
expressed in classical CD34+DNAM−CXCR4− cells purified from 
CB. A wide difference in transcriptional signature was further 
confirmed and expanded by microarray analysis of purified 
CD34+ cells. Interestingly, their abundant transcription of metal-
loproteases supports the idea of a direct exit in areas of osteoclast 
resorption. Further, and in line with previous reports that failed 
to pinpoint the exact nature of the progenitor cells (29, 67), this 
novel CLP could give rise to NK and T cells but not to myelo-
monocytes. On the contrary, CB-derived CD34+ cells give rise 
in vitro only to NK cells and myelomonocytes but not to T cells 
or NKT cells.

Interestingly, when considering the characteristics of 
NK cells in vitro derived from these precursors, some remark-
able differences are evident in comparison to NK  cells derived 
from CD34+DNAM−CXCR4− progenitors. Lin−CD34+DNAM-
1brightCXCR4+ derived maturing NK cells appear to have a much 
more mature and licensed phenotype, as they express KIRs and 
perforin, high levels of NCRs, DNAM-1 and NKG2D and also 
produce IFNγ when triggered. These characteristics are unseen 
in maturing NK cells derived from CD34+ CB cells, which under 
the same culture conditions do not produce IFNγ, and are NCR 
low, KIR−, DNAM-1+/−, and NKG2Dlow/neg.

The question remains open on where Lin−CD34+DNAM-
1brightCXCR4+ cells fit with the classical known human NK cell 
progenitor hierarchy (18, 19) and why only very low levels of 
circulating CLP are detectable in HDs (16), while they may be 
greatly increased during systemic inflammation. According 
to the study by Doulatov et  al. (19), Lin−CD34+DNAM-
1brightCXCR4+ cells would (surprisingly) fit in the group 
of megakaryocyte/erythroid precursors, characterized by 
the CD38+CD10−CD7−Flt3 phenotype similar to that of 
Lin−CD34+DNAM-1bright cells. In the absence of experiments 
carried out with culture conditions favoring different pathways 
for precursor differentiation, one cannot exclude that different 
progenies might be obtained.

Lin−CD34+DNAM-1brightCXCR4+ NK  cell progeny includes 
a full array of the classical phenotypes, including CD56bright, 
CD56dull, and CD56−CD16+ NK cells subsets in addition to NKT 
CD3+CD56+ cells and to T cells but no cells of monocyte/myelo-
monocytic lineage (68). In view of the quite different phenotype 
of maturing NK cells derived from these precursors in vitro as 
compared to NK cells maturing from CD34+DNAM-1−CXCR4− 
CB cells, it is tempting to hypothesize that the so far acknowledged 
model for NK cell differentiation and maturation from a single 
progenitor into all the known phenotypes and subsets may need 
renewed evaluation (Figures 1A,B).

Since an until recently uncharacterized CD34 precursor 
with distinct transcriptional signature and phenotype gives 
rise to NK  cells with different phenotypic and functional 
characteristics, the hypothesis may be proposed that a parallel 
development of some NK cell phenotypes may take place in vivo 
from two different CD34+ precursors (i.e., Lin−CD34+DNAM-
1brightCXCR4+ and CD34+DNAM-1−CXCR4−). It is, therefore, 
possible that a good number of the diverse NK cell phenotypes 
observed by mass cytometry (12) and possibly also some of the 
special subsets of NK  cells observed in  vivo may derive from 
different developmental stages of the two CD34 precursors. 
This view could be in line with the data by Doulatov et al. and 
Laurenti et al. (18, 19) where different CLP may give rise to dif-
ferent progenies but the same progeny may derive from different 
CLPs (17, 18). In addition, it should be underscored that recent 
work by Wu and colleagues (69) in elegant experiments of clonal 
tracking has identified a quite surprising origin of NK cells in 
macaques. Barcoding experiments show that in these animals, 
a progenitor different from B/T/Myeloid lineage stem cells gives 
rise to CD16+CD56− NK  cell progeny, and more importantly, 
parallel development of different NK  cell phenotypes derive 
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FiGUre 1 | (A) Schematic representation of the precursor genesis and maturation process of NK cells in vivo under steady-state conditions. CD34+DNAM-
1−CXCR4− cells are indicated as general precursors to subsequent stages of multilineage commitment. A committed lymphocyte precursor to NK cells in the bone 
marrow (BM) or entering the thymus or lymph nodes gives rise to canonical maturing NK cells. (B) Under inflammatory conditions, a CD34+DNAM-1brightCXCR4+ cell 
precursor presumably resident in a BM niche proximal to osteoclasts is released into the bloodstream. These cells may travel to peripheral tissues in addition to 
secondary lymphoid organs and generate differently mature NK cells in addition to T and NKT cells.
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from different progenitors. Given the difficulties in defining 
CD56bright and CD56dim NK  cell subsets in chimpanzees and 
macaques (70), the possible correlate of these findings on clonal 
tracking in macaques (69) needs to be evaluated with caution 
and may deserve evaluation also in other non-human primates. 

Overall, the identification of a novel CD34+ cell, giving rise to 
NK  cells with distinct characteristics may represent a parallel 
and concurrent reading frame for the established model of 
NK cell development from CD34+ cells to CD56bright to CD56dim 
NK cells (9, 10).
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Peripheral natural killer (NK) cells upregulate T-bet and downregulate Eomes, the key 
transcription factors regulating NK cell maturation and function during the last maturation 
steps toward terminally differentiated effector cells. During this process, NK cells acquire 
killer immunoglobulin-like receptors (KIR) and effector functions, such as cytotoxicity 
and target cell-induced cytokine production. Inhibitory KIR are pivotal in the control of 
effector functions, but whether they also modulate T-bet/Eomes expression is unknown. 
We have measured T-bet/Eomes levels, KIR expression, and effector functions of 
maturing CD94negCD56dimNK cells using CD57 as surface marker for maturation. Our 
cohort consisted of 23 healthy blood donors (HBD) homozygous for the KIR A haplotype 
that contains only inhibitory KIR2DL1 (ligand HLA-C2), KIR2DL3 (ligand HLA-C1), and 
KIR3DL1 (ligand HLA-Bw4). We confirm that during maturation of NK cells, the number 
of KIR increases, levels of T-bet/Eomes are modulated, and that cells acquire effector 
functions, such as cytotoxicity (CD107) and target cell-induced cytokine production 
(TNF-α). Because maturation was associated with the increase of the number of KIR 
as well as with the modulation of T-bet/Eomes, the number of KIR correlated with the 
extent of T-bet/Eomes modulation. However, whether the KIR were triggered by their 
cognate HLA ligands or not had no impact on T-bet and Eomes expression, indicating 
that modulation of T-box transcription factors during NK cell maturation does not depend 
on signals conveyed by KIR. We discuss the relevance of this finding in the context of 
models of NK cell maturation while cautioning that results obtained in a perhaps quite 
heterogeneous cohort of HBD are not necessarily conclusive.

Keywords: nK cell, maturation, Kir, licensing, T-Bet, eomes

inTrODUcTiOn

Natural killer (NK) cells are involved in the early response to pathogens as well as in the 
recognition of autologous cells under stress induced by infection or transformation (1). 
Maturation toward an end-stage cytotoxic effector cell is associated with the loss of CD94 
and acquisition of killer immunoglobulin-like receptors (KIR), of markers such as CD57 and 
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of fine-tuning of effector functions (2–5). Activation of NK 
cells depends on an aggregate of signals conveyed by various 
activating and/or inhibitory receptors. Responsiveness to self 
is reduced through the triggering of inhibitory KIR by their 
ligands that consist of allelic variants of MHC molecules that 
are clustered in three groups, HLA class I ligands (HLA-C1, 
HLA-C2, and HLA-Bw4). NK cells without inhibitory KIR 
for self may remain harmless either because acquisition of 
the most potent effector functions (arming) requires interac-
tion of inhibitory KIR with self-ligands or because NK cells 
stimulated by activating receptors in the absence of interaction 
of inhibitory KIR with self reduce responsiveness. These latter 
two processes are referred to as “licensing” (6, 7) and “educa-
tion” (8, 9). The ensuing level of responsiveness may still be 
adapted to their immunological environment in mature NK 
cells, but the molecular mechanisms have not been established 
yet [recently reviewed in Ref. (10)].

T-bet and Eomesodermin (Eomes), two T-box transcription 
factors, are master regulators of T cell effector functions, includ-
ing cytotoxicity and interferon-gamma (IFN-γ) production 
(11,  12). Furthermore, recent reports have shown that these 
two transcription factors also regulate maturation and function 
of NK cells. Murine (13) and human (14, 15) NK cells express 
T-bet and Eomes constitutively, and mice lacking both T-bet 
and Eomes are completely deprived of NK cells (16). Moreover, 
the two T-box transcription factors are modulated during NK 
cell differentiation (14, 17, 18) and are necessary for mainte-
nance and differentiation of peripheral NK cells, while their 
deletion in mature NK cells results in reversion to an immature 
phenotype (16).

Mature NK cells express more licensing/educating KIR, are 
more cytotoxic, and proliferate less (2, 4). Whether they produce 
more cytokines after stimulation with target cells remains under 
debate (4, 19). Furthermore, they have downregulated Eomes and 
upregulated T-bet (14, 20). The concurrence of these processes 
has made it difficult to determine whether licensing is associated 
with, or the cause of the modulation of effector functions as well 
as T-bet/Eomes expression. It has been difficult to establish that 
signals conveyed by inhibitory KIR encountering their ligands 
induce maturation. Indeed, one could also argue that the increase 
in effector functions found to be correlated with the expression 
of such KIR simply reflects a licensing-independent concomitant 
NK cell maturation (4).

T-bet and Eomes induce NK cell maturation by suppressing 
CD27 and c-kit and upregulating S1P5 and KLRG1 [recently 
reviewed in Ref. (21)]. Hence, if signals through licensing 
receptors induce maturation, one would expect that the same 
signals would modulate the levels of T-bet and Eomes first. In 
this report, we measured T-bet and Eomes levels in maturing NK 
cells in 23 healthy blood donors (HBD) that were homozygous 
for the KIR A haplotype, which comprises only inhibitory KIR 
for their respective HLA-C or HLA-Bw4 ligands. We found that 
T-bet and Eomes were modulated in parallel with the increase 
of KIR, but whether the ligand for the KIR was present or not 
had no impact. This finding strengthens the model of a recently 
put forward (4), licensing-independent concomitant NK cell 
maturation.

MaTerials anD MeThODs

Dna extraction and Kir genotyping
Killer immunoglobulin-like receptors genotyping was performed 
on DNA extracted from 400  μl of blood using QIAmp Blood 
Mini kit (Qiagen) with the KIR Genotyping SSP kit (Invitrogen) 
according to manufacturer’s instructions. The AA haplotype was 
defined as KIR2DL5Aneg/KIR2DL5Bneg/KIR2DS1neg/KIR2DS2neg/
KIR2DS3neg/KIR2DS5neg/KIR2DS1neg.

hla Typing
HLA-A, B, C typing was performed by PCR-SSO hybridization 
on microbeads arrays (Luminex technology), using the LabType 
high definition reagents (One Lambda, Canoga Park, CA, USA). 
When required for the assignment of the HLA-C1 and -C2 groups, 
typing ambiguities were resolved by PCR-SSP using Olerup SSP 
kits (Milan Analytika AG, La Roche, Switzerland).

Facs analysis, effector Function Tests
Peripheral blood mononuclear cells (PBMCs) from AA hap-
lotype homozygous donors blood from the Geneva University 
Hospitals blood transfusion center who gave informed consent 
by signing a standard form approved by the hospital’s ethical 
commission were isolated from anticoagulated blood by Ficoll 
density gradient centrifugation. We performed FACS analysis with 
monoclonal antibodies specific for the following antigens: CD158a 
(FITC, HP-MA4, Biolegend), CD57 (PECF594, clone NK1, BD 
Biosciences), CD94 (PerCPCy5.5, clone HP-3D9, BD Biosciences), 
CD158b (PEVio770, clone DX27, Miltenyi), CD158e (Alexa700, 
clone DX9, Biolegend), CD3 (APCH7, clone SK7, BD Biosciences), 
CD56 (BV421, cloneHCD56, Biolegend), CD107a (BV605, clone 
H4A3, Biolegend), TNF-α (BV605, clone MAb11, Biolegend), 
IFN-γ (BV605, clone 4S.B3, Biolegend), Eomes (eFluor 660, clone 
WD1928, e-Bioscience), and T-bet (PE, clone 4B10, e-Bioscience).

Effector functions were measured by stimulating PBMC at 37°C 
with K562 (cytotoxicity, TNF-α production) or with IL2/12/18 
(IFN-γ production) as described before (20). Anti-CD107a was 
added at the start of the culture set up to measure degranulation. 
After 1 h, GolgiStop and GolgiPlug (BD Biosciences) were added, 
and cells were cultured for a further 3 h (CD107 and TNF-α) or 
5 h (IFN-γ detection).

Intracellular staining for TNF-α, IFN-γ, Eomes, and T-bet 
was performed overnight at 4°C on permeabilized cells with 
FoxP3/transcription factor staining buffer set (e-Bioscience). 
CD3negCD56neg lymphocytes in the same blood sample were 
considered as Eomes and T-bet negative cells.

Data acquired on a Gallios 3 cell analyzer (BD Biosciences) 
were analyzed with FlowJo software (Tree Star Inc.) with the gates 
depicted in Figure 1. The first two gates (Figures 1A,B) were used 
to demarcate NK cells as CD3negCD56pos cells with the FSC/SSC of 
lymphocytes. CD56bright and CD56dim NK cells were discriminated 
on basis of the level of CD56-expression (Figure 1C). Maturation 
state (CD57), effector functions, and T-bet/Eomes levels of 
CD94neg (Figure  1D), CD56dim NK cells were measured in the 
respective eight subsets defined by the expression KIR2DL1, 
KIR2DL3, and KIR3DL1 (Figures  1E,F). Levels of T-bet and 
Eomes are expressed as mean fluorescence intensity ratio (MFIR), 
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FigUre 1 | gating strategies for Kir subset analysis. (a) Lymphocyte gates on FSC and SSC. (B) NK cell defined as CD56posCD3neg lymphocytes. (c) 
CD56bright and CD56dim NK cells according to the level of CD56-expression and gate on CD56dimCD94neg NK cells used for further analysis. (D–F) CD56dimCD94neg 
cells according to KIR expression (eight subsets). Q1: KIR2DL1negKIR2DL3negKIR3DL1pos, Q2: KIR2DL1posKIR2DL3negKIR3DL1pos, Q3: 
KIR2DL1negKIR2DL3negKIR3DL1neg, Q4: KIR2DL1posKIR2DL3negKIR3DL1neg, Q5: KIR2DL1negKIR2DL3posKIR3DL1pos, Q6: KIR2DL1posKIR2DL3posKIR3DL1pos, Q7: 
KIR2DL1negKIR2DL3posKIR3DL1neg, Q8: KIR2DL1posKIR2DL3posKIR3DL1neg. Examples of fluorescence intensity of CD57 (g), Eomes (h) and T-bet (i) according to the 
number of KIR expressed with their respective negative controls.
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representing the mean fluorescence of T-bet/Eomes divided by 
the fluorescence of T-bet/Eomes negative CD3negCD56neg cells in 
the same sample. The percentage of CD107pos cells is expressed 
as %CD107pos NK cell after stimulation with K562 – % CD107pos 
unstimulated NK cell.

statistical analysis
Non-parametric Wilcoxon matched-pairs signed rank test or 
Mann–Whitney test were used to compare groups, p values >0.05 
were considered as not statistically significant.

resUlTs

We have studied maturing NK cells in 23 KIR A haplotype 
homozygous HBD that comprise only the inhibitory variant of 

KIR2DL1, KIR2DL3, and KIR3DL1. This allowed us to measure 
the effect of the presence or absence of HLA ligands on inhibi-
tory KIR using monoclonal antibodies that also recognize their 
activatory variants. Table  1 shows the KIR and HLA class I 
molecules expressed by the 23 HBD tested. As expected for KIR 
A haplotype homozygous individuals, NK cell subpopulations 
expressing KIR2DL1 and KIR2DL3 were present in all HBD. 
Two of 23 HBD lacked NK cells expressing KIR3DL1, which 
is owed to the fact that some KIR3DL1 allelic variants are not 
expressed at the protein level (22). The last three columns of 
the table show in which HBD the respective KIR encounter 
their cognate ligands [KIR2DL1↔C2, KIR2DL3↔C1, and 
KIR3DL1↔Bw4 epitope on HLA-B antigens as well as the 
HLA-A antigens (23, 24) marked in bold]. Hence, KIR2DL1 
encountered its cognate HLA ligand in 10/23 and KIR2DL3 
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TaBle 1 | hla class i and Kir expression in the 23 hBD.

hBD hla-a hla-a hla-B hla-B epitopes B hla-c hla-c epitopes c Kir3Dl1 Kir2Dl3 Kir2Dl1

1 02:01 32:01c 15:01 40:02 Bw6/Bw6 02:02 03:03 C1/C2 a a a

2 02:01 30:02 15:01 35:01 Bw6/Bw6 01:02 04:01 C1/C2 a a

3 24:02 30:01 13:02 44:03 Bw4/Bw4 06:02 16:01 C1/C2 a a a

4 02:01 02:01 18:01 51:01 Bw4/Bw6 07:01 14:02 C1/C2 a a

5 02:01 11:01 18:03 39:09 Bw6/Bw6 07:01 07:02 C1/C2 a

6 02:01 25:01 13:02 35:01 Bw4/Bw6 07:01 07:02 C1/C2 a a

7 01:02 02:01 07:02 49:01 Bw4/Bw6 07:01 07:02 C1/C2 a a

8 02:01 23:01 49:01 51:01 Bw4/Bw4 02:02 07:01 C1/C2 a a a

9 01:01 01:01 57:01 57:01 Bw4/Bw4 06:02 07:01 C1/C2 a a a

10 01:01 11:01 49:01 52:01 Bw4/Bw4 07:01 12:02 C1/C2 a a

11 02:01 32:01 35:01 44:02 Bw4/Bw6 04:01 05:01 C2/C2 a a

12 01:01 11:01 15:01 35:01 Bw6/Bw6 03:03 04:01 C1/C2 a a

13 02:01 03:01 56:01 56:01 Bw6/Bw6 01:02 01:02 C1/C2 a

14 02:01 24:02 15:01 44:02 Bw4/Bw6 03:03 05:01 C1/C2 a a a

15 03:01 29:02 07:02 44:03 Bw4/Bw6 07:02 16:01 C1/C2 a a

16 02:01 26:01 13:02 58:01 Bw4/Bw4 06:02 07:01 C1/C2 b a a

17 24:02 30:02 38:01 40:01 Bw4/Bw6 03:04 12:03 C1/C2 b a

18 01:01 11:01 08:01 51:01 Bw4/Bw6 07:01 15:02 C1/C2 a a a

19 26:01 32:01 38:01 44:03 Bw4/Bw4 12:03 16:01 C1/C2 a a

20 02:01 24:02 35:01 44:02 Bw4/Bw6 01:02 01:02 C1/C2 a a

21 26:01 33:01 14:02 44:02 Bw4/Bw6 08:02 12:03 C1/C2 a a

22 01:01 68:01 08:01 39:01 Bw6/Bw6 07:01 12:03 C1/C2 a

23 23:01 31:01 07:02 08:01 Bw6/Bw6 07:01 07:02 C1/C2 a

aLicensed.
bKIR3DL1 not expressed (22).
cHLA-A*3201 with Bw4 epitope (23, 24).
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in 22/23 HBD, while KIR3DL1 was able to license NK cells 
in 15/23 HBD.

expression of eomes/T-bet/cD57 in 
relation to the number of Kir
Several reports have shown that NK cells upregulate CD57 
and increase the number of KIR expressed during matura-
tion. In parallel, CD56dim NK cells downregulate Eomes 
and upregulate T-bet. Using the gating strategy shown in 
Figure 1, we measured the levels of CD57, Eomes, and T-bet 
in CD56bright NK cells and in the eight NK cell subpopulations 
of CD56dimCD94neg NK cells expressing different combinations 
of KIR2DL1, KIR2DL3, and KIR3DL1. Figure  2 shows the 
results of our panel of 23 HBD and confirms (Figures 2A,B) 
that indeed CD57 levels on CD94negKIRposCD56dim NK cells are 
significantly higher than on CD94negKIRnegCD56dim NK cells, 
and that CD57 levels increase further with the number of KIR  
expressed (for comparison, CD57, Eomes and T-bet levels on 
CD56bright NK cells are shown). This was true when all KIR 
(Figure  2A) or only licensing KIR (Figure  2B) were consid-
ered. Furthermore, levels of Eomes that are significantly lower 
in CD56dim NK cells than in CD56bright NK cells (Figures 2C,D) 
are further downregulated with the acquisition of KIR. As 
expected, T-bet levels were the opposite of Eomes levels. 
CD56dim NK cells expressed more T-bet than their CD56bright 
counterparts, and these levels increased with the number of 
KIR expressed (Figures  2E,F). Again, whether all KIR were 
licensing (Figures 2D,F) or not (Figures 2C,E) did not seem 
to have a considerable impact.

eomes/T-bet/cD57 expression and 
effector Function of licensed and 
Unlicensed nK cells
To investigate the effect of licensing on Eomes/T-bet levels more 
precisely, we gated on CD56dim NK cells expressing a single KIR 
and tested the impact of the presence or absence of its HLA 
ligand. Furthermore, we gated on CD94neg NK cells to disregard 
the weaker inhibitory signals through CD94/NKG2A (25), of 
which the contribution to licensing is unclear. Figures  3A,B 
show that the expression of Eomes/T-bet in licensed NK cells 
was identical to the level in unlicensed NK cells. This was 
true for single KIR2DL1pos NK cells in the presence (HBD 
1–3, 8, 9, 11, 12, 14, 16, 18) or in the absence (HBD 4–6, 7, 
10, 13, 15, 17, 19–23) of its ligand HLA-C2 (Figure  3C) as 
well as for single KIR3DL1pos NK cells in the presence (HBD 
1, 3, 4, 6–11, 14, 15, 18–21) or in the absence (HBD 2, 5, 12, 
13, 16, 17, 22, 23) of its ligand HLA-Bw4 (Figure  3D). We 
were not able to compare the effect of the ligand HLA-C1 
on single KIR2DL3pos NK cells because our panel comprised 
only one HLA-C1 negative HBD (HBD 11), but the fact that 
the Eomes/T-bet levels in licensed single KIR2DL3pos NK cells 
(HBD 1–10, 12–23) was identical to the levels in (un)licensed 
single KIR2DL1pos or KIR3DL1pos NK cells did suggest that 
the effect of licensing in single KIR2DL3pos NK cells may also 
be negligible.

Licensed and unlicensed NK cells expressed similar lev-
els of CD57 (Figure  3E), but effector functions that were 
higher in cells expressing more KIR (data not shown) were 
to some extent affected by licensing. Licensed NK cells 
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FigUre 2 | cD57 and T-bet are upregulated, while eomes is downregulated during nK cell maturation and Kir acquisition. Expression levels of CD57 
(a,B), eomes (c,D), and T-bet (e,F) in CD56bright or in CD56dim CD94neg cells according to the number of KIR (a,c,e) or licensing KIR (B,D,F) expressed. Medians 
are shown, and Wilcoxon matched-pairs signed rank test was used for statistical analysis, p values are indicated. As mentioned in the text, CD94pos NK cells have 
been excluded from analysis because, although the results are very similar (not shown), the inclusion of CD94pos NK cells would render the interpretation of the 
results more difficult.
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produced significantly more TNF-α than unlicensed NK cells 
(Figure  4A), and the most cytotoxic NK cells (Figure  4B) 
were licensed. Hence, we found that the effect of licensing on 
maturation and effector functions of human NK cells may be 

of secondary importance only, which in our opinion accords 
well with the variegated results on the effect of licensing on 
different effector functions of human NK cells reported by 
others (2, 4, 19).

38

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FigUre 4 | impact of licensing on TnF-α production and cytoxicity in 
cD56dimcD94neg cells. TNF-αpos (a) and CD107pos (B) cells in 
CD56dimCD94neg cells expressing a single licensed (L) or unlicensed (U) KIR 
after culture for 3 h in presence of K562 target cells. Medians are shown, and 
Mann–Whitney test was used for statistical analysis, p values are indicated 
when significant.

FigUre 3 | licensing has no effect on eomes, T-bet, and cD57 expression. Eomes (a), T-bet (B), and CD57 (e) MFIR are shown in CD56dimCD94neg cells 
expressing a single licensed (L) or unlicensed (U) KIR. Eomes (c) and T-bet (D) MFIR are represented for each KIR separately. Medians are shown, and Mann–
Whitney test was used for statistical analysis.
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DiscUssiOn

The expression of the master regulators of NK cell differentiation 
T-bet and Eomes is modulated during the maturation toward 
end-stage cytotoxic NK cells. Cytokine-producing CD56bright NK 
cells express higher levels of Eomes and lower levels of T-bet than 
cytotoxic CD56dim NK cells, and the T-bet/Eomes ratio increases 
further during the last maturation steps toward terminally 
differentiated CD56dimCD57pos NK cells (14, 15, 20). During 

maturation, the number of KIR increases, markers such as CD94 
and CD62L are downregulated, CD57 is upregulated, and effector 
functions change (2–5).

There are indications that licensing favors maturation, but the 
extent thereof remains under debate (2, 4, 19). It is conceivable 
that licensing modulates T-bet and Eomes and that the ensuing 
upregulation of T-bet is at the origin of the increased cytotoxicity 
that is characteristic of mature NK cells. However, it may also be 
that licensing, upregulation of T-bet, and the increase of cytotox-
icity are maturation-associated, parallel processes.

To answer this question, we measured T-bet and Eomes levels 
in maturing NK cells that were licensed or not. We found no 
differences in T-bet/Eomes levels in licensed or unlicensed NK 
cells. Although this would indicate that licensing and modula-
tion of T-bet and Eomes are independent processes, we remain 
somewhat reluctant to draw such a firm conclusion based on 
the analysis of a panel of perhaps quite heterogeneous HBD. In 
humans, it might not be that easy to discriminate between cells 
that have matured in response to signals through licensing KIR 
or in response to cytokines (6, 7, 26, 27) produced during an 
inflammatory immune response. Indeed, mouse models have 
been somewhat more consistent regarding the effect of licensing 
on effector functions (6, 28, 29) than human studies (2, 4, 8, 19, 
30). Likewise, our results regarding the acquisition of effector 
functions or of a more mature phenotype of CD56dimCD94neg 
single KIRpos NK cells in the presence or absence of their cognate 
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HLA ligand were not very conclusive. Licensed NK cells pro-
duced more TNF-α, seemed to be somewhat more cytotoxic 
but did not express more CD57 than unlicensed cells. We also 
measured differences in IFN-γ production, the cytokine that is 
commonly tested in functional studies of NK cells. We found 
no differences, but again, we consider these results with caution 
because in our hands only few NK cells ex vivo produce IFN-γ 
when stimulated with target cells without being cultured in 
the presence of IL2/IL-12/IL-18 (20). Licensed and unlicensed 
CD56dim NK cells produced similar quantities of IFN-γ after 
stimulation with cytokines (data not shown), but this result is not 
more than had to be expected because the culture with cytokines 
would simply annul potential differences between licensed and 
unlicensed NK cells.

cOnclUsiOn

In conclusion, we found no impact of licensing on the expression 
of T-bet and Eomes.

Because T-bet and Eomes are the master regulators of NK 
cell maturation, these results are hard to reconcile with the 

model in which licensing induces maturation directly. However, 
because we also found that the effect of licensing was not easily 
substantiated for classical maturation-associated attributes, such 
as cytokine production, cytotoxicity, and expression of CD57, 
we believe that this finding should be interpreted with caution. 
In fact, human NK cells may not be ideal to study the effect of 
licensing on maturation because the circumstances in vivo that 
may bypass the need for licensing are hard to define.
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Two human natural killer (NK) cell subsets are usually distinguished, displaying the 
CD56dimCD16+ and the CD56brightCD16−/+ phenotype. This distinction is based on NK 
cells present in blood, where the CD56dim NK cells predominate. However, CD56bright 
NK cells outnumber CD56dim NK cells in the human body due to the fact that they are 
predominant in peripheral and lymphoid tissues. Interestingly, within the total CD56bright 
NK cell compartment, a major phenotypical and functional diversity is observed, as 
demonstrated by the discovery of tissue-resident CD56bright NK cells in the uterus, liver, 
and lymphoid tissues. Uterus-resident CD56bright NK cells express CD49a while the liver- 
and lymphoid tissue-resident CD56bright NK cells are characterized by co-expression of 
CD69 and CXCR6. Tissue-resident CD56bright NK cells have a low natural cytotoxicity and 
produce little interferon-γ upon monokine stimulation. Their distribution and specific phe-
notype suggest that the tissue-resident CD56bright NK cells exert tissue-specific functions. 
In this review, we examine the CD56bright NK cell diversity by discussing the distribution, 
phenotype, and function of circulating and tissue-resident CD56bright NK cells. In addition, 
we address the ongoing debate concerning the developmental relationship between cir-
culating CD56bright and CD56dim NK cells and speculate on the position of tissue-resident 
CD56bright NK cells. We conclude that distinguishing tissue-resident CD56bright NK cells 
from circulating CD56bright NK cells is a prerequisite for the better understanding of the 
specific role of CD56bright NK cells in the complex process of human immune regulation.

Keywords: CD56bright NK cell populations, tissue resident, lymphoid tissues, liver, uterus, NK cell development

iNTRODUCTiON

Since the discovery of natural killer (NK) cells in 1975 (1, 2), major advances were made in 
deciphering the role of NK cells in health and disease. It is currently accepted that NK cells are not 
just “killers” that lyse infected or transformed cells but can also play an important role in modulation 
of immune responses due to the secretion of immunoregulatory cytokines (e.g., IFN-γ and TNF-α) 
and chemokines (e.g., CCL3 and CCL4). Based on this cytokine secretion profile, NK cells are 
classified into group 1 of the large family of innate lymphoid cells (ILCs). Developmentally, NK 
cells are not related to the other (non-cytotoxic) ILCs, and can be distinguished from the remaining 

Abbreviations: DNAM1, DNAX accessory molecule 1; EOMES, eomesodermin; FGFR1, fibroblast growth factor receptor 1; 
HEVs, high endothelial venules; HSCT, hematopoietic stem cell transplantation; ILC, innate lymphoid cell; KIR, killer-cell 
immunoglobulin-like receptor; ltNK cells, lymphoid tissue natural killer cells; MCM4, minichromosome maintenance 
 complex 4; S1PR1, sphingosine-1-phospate receptor 1.
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ILCs by the expression of the transcription factor Eomesodermin 
(EOMES) and the cytolytic protein perforin (3, 4).

In humans, two conventional NK cell subsets have been phe-
notypically defined based on CD56 and CD16 (FCRγIII) surface 
expression: CD56brightCD16−/+ and CD56dimCD16+. While the 
function of CD56 [neural cell adhesion molecule (NCAM)] on 
NK cells is not completely understood yet, CD16 can mediate 
antibody-dependent cellular cytotoxicity (5). Since most research 
in human NK cell biology is based on peripheral blood, the herein 
predominant CD56dim NK cell population is most extensively 
investigated. Based on circulating NK cells, CD56bright and CD56dim 
NK cells have usually been described as two functionally distinct 
subsets, cytokine producing and cytolytic, respectively. However, 
several observations challenge this strict difference, as that both 
subsets can be cytotoxic or produce cytokines, after appropriate 
in vitro stimulation. Upon target cell recognition, resting CD56dim 
NK cells are highly cytotoxic, but can produce cytokines as well 
(6–8). In contrast, CD56bright NK cells require monokine activa-
tion (combinations of IL2/IL12/IL15/IL18) to acquire cytolytic 
activity and produce cytokines (6, 9–11).

Although the CD56dim NK cells predominate in blood, the 
CD56bright NK cells are far more abundant in the human body 
due to their enrichment in lymphoid and non-lymphoid tissues 
(12–18). In addition, CD56bright NK cells comprise the major 
NK cell population in inflamed and cancer tissues (12, 14, 19). 
Recently, tissue-resident CD56bright NK cells were identified in 
liver, uterus, and lymphoid tissues, which points toward a tissue-
specific function of CD56bright NK cells (13, 15–17, 20–22). In order 
to understand the NK cell diversity, it is essential to focus on how 
CD56bright NK cells develop, distribute, and acquire or alter their 
phenotype and function specifically in a particular organ. The 
first four developmental stages (i.e., from hematopoietic stem cell 
to CD56bright NK cell) were already reviewed extensively elsewhere 
and will not be discussed here (23, 24). This review attempts to 
improve the understanding of human circulating and tissue-
resident CD56bright NK cells by reappraising their distribution 
and developmental, functional, and phenotypical characteristics. 
In addition, we will address to the developmental relationship 
between CD56bright (stage 4) and CD56dim NK cells (stage 5) and 
speculate on the position of tissue-resident CD56bright NK cells 
within the NK cell developmental pathway.

DiSTRiBUTiON, PHeNOTYPe 
AND FUNCTiON

CD56bright NK cells are widely distributed throughout the human 
body. When compared with blood, CD56bright NK cells are 
enriched in most human tissues. They represent the majority 
of NK cells in lymph nodes, tonsil, stomach, gut, liver, uterus, 
adrenal gland, and visceral adipose tissue (12–18). Although 
CD56bright NK cells seem to be outnumbered by CD56dim NK cells 
in lung, kidney, mammillary tissue, bone marrow and spleen, 
this is probably a reflection of the high blood perfusion of these 
organs (12, 13, 18, 25). Most knowledge on the phenotype 
and function of CD56bright NK cells is derived from blood, but 
it is important to realize that unique subsets of tissue-resident 
CD56bright NK cells have been described in lymphoid tissues, liver 

and uterus (13, 15, 22, 26). Conceivably, more organs contain 
tissue-resident CD56bright NK cell populations. To the best of 
our knowledge, no tissue-resident CD56dim NK cells have been 
described to date. Although residency is often used as a term for 
organ-infiltrating NK cells, it is generally not discussed whether 
these NK cells are just trafficking through the organ, or truly 
tissue resident. In this review, we only apply the term “resident” 
if there is substantial evidence, which allows to distinguish the 
tissue-resident CD56bright NK cells from circulating CD56bright NK 
cells. The lack of CD56 expression on murine NK cells hampers 
the one to one comparison of CD56bright NK cells to their murine 
counterpart. Due to limitations in obtaining human tissue sam-
ples, important findings in mice will be included in this review 
to cover the lack of human data.

Hallmarks of Tissue-Resident  
CD56bright NK Cells
In order to be retained within the tissue, tissue-resident CD56bright 
NK cells should possess characteristics, which prevent egress 
from the tissue. One of the mechanisms involved in residency 
is attributed to CD69, which is absent from blood-derived NK 
cells (13). Originally, CD69 was identified as an early activation 
marker, but today CD69 is known to be associated with tissue 
residency by suppressing sphingosine-1-phospate receptor 1 
(S1PR1) surface expression (27–29). Although initially identi-
fied in the context of T- and B-cell migration, S1PRs have also 
been proposed to mediate the egress of NK cells from tissues 
into blood and lymph in mice, driven by a S1P gradient (30–35). 
It has not been confirmed whether S1PRs are expressed as 
protein on the cell surface of human NK cell subsets in blood 
and tissues. At transcriptional level, however, both S1PR1 and 
S1PR5 are expressed in circulating human NK cells, with the 
latter being selective for CD56dim NK cells (33, 36, 37). In con-
trast to S1PR1, S1PR5 is not inhibited by CD69 (32). Another 
potential mechanism for tissue homing and/or residency is the 
engagement of chemokine receptors. For instance, CXCR6 and 
CCR5 are both highly expressed on tissue-resident CD56bright NK 
cells in lymphoid tissues and liver, but have a low expression on 
blood-derived CD56bright NK cells, which instead express CCR7 
(13, 15, 38). A third mechanism of tissue retention is driven by 
the expression or absence of adhesion molecules. For instance, 
the integrin CD49a is highly expressed on uterine CD56bright NK 
cells, but absent from blood NK cells (20). Furthermore, tissue-
resident CD56bright NK cells lack CD62L (L-selectin), which is 
like CCR7 involved in recruitment of circulating NK cells to 
lymphoid tissues via high endothelial venules (HEVs) (15, 17, 18, 
38, 39). Altogether, based on the expression of CD69, chemokine 
receptors, and adhesion molecules, tissue-resident CD56bright 
NK cells can be distinguished from circulating CD56bright NK 
cells. In addition to the phenotypical differences, tissue-resident 
CD56bright NK cells are functionally different from their circulat-
ing counterparts as will be discussed in the next sections.

Lymphoid Tissues
Lymph Node
Lymph nodes contain 40% of the lymphocytes in the human body, 
of which 2–5% consist of NK cells (Figure 1A) (12, 13, 18, 40). 
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FiGURe 1 | Distribution of NK cell populations in blood and tissues. 
The distribution of CD56dim, non-resident CD56bright, and tissue-resident 
CD56bright NK cells is depicted as percentage of (A) total lymphocytes and (B) 
total NK cells within blood (13), lymph node (13, 18, 25), spleen (13, 18, 25), 
bone marrow (13, 18, 25), tonsil (18, 44), liver (15, 45, 46), endometrium (16, 
20), and decidua (20, 47). Tissue-resident CD56bright NK cells were defined as 
CD69+CXCR6+ (lymph node, spleen, and bone marrow), NKp44+CD103+ 
(tonsil), CD69+CXCR6+ (liver), and CD49a+ (endometrium and decidua). For 
phenotypical details, see Figure 2 and Table 1.
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More than 75% of the NK cells in lymph nodes have a CD56bright 
phenotype (Figure  1B) (13, 18, 25). Accumulating evidence 
suggests a model in which CD56bright NK cells circulate from 
the blood to tissues, enter the lymphatic system, and eventually 
migrate back to the periphery via the efferent lymph (41, 42). 
The mechanisms governing the migration to and infiltration of 
lymphoid tissues by CD56bright NK cells are mainly deduced from 
chemokine receptor expression on circulating CD56bright NK 
cells. As discussed earlier, circulating CD56bright NK cells express 
CCR7 and CD62L (38, 39). The chemokines engaging CCR7, 
CCL19, and CCL21 are both highly expressed in lymph nodes 
(12). HEVs might not be the only route for circulating CD56bright 
NK cells to enter the lymph node. NK cells in seroma fluid, 
which represents an accumulation of afferent lymph, resemble 
circulating CD56bright NK cells regarding low expression of CCR5, 
killer-cell immunoglobulin-like receptor (KIR), and CD16 and 
high expression of CCR7 and CD62L (12, 43). This suggests that 
circulating CD56bright NK cells enter the lymph node both via 
HEVs and afferent lymph vessels.

Recently, we identified a major lymphoid tissue-resident NK 
cell subset in lymph node, spleen, and bone marrow based on 
co-expression of CD69 and CXCR6 (Figure  2; Table  1) (13). 
In the lymph node, lymphoid tissue NK (ltNK) cells account for 
60% of all NK cells and cover the majority of the CD56bright NK 
cell compartment (Figure 1B). LtNK cells display a slightly less 
intense CD56 and more intense NKp46 expression compared 
with circulating CD56bright NK cells. In addition, the majority of 
ltNK cells is CD16−, CD49a−, and CD27+ (13). Interestingly, most 
ltNK cells do not express DNAX accessory molecule 1 (DNAM1), 
an activating receptor which is uniformly expressed on circulat-
ing CD56bright NK cells (13). The remaining CD56brightCD69− NK 
cells closely resemble circulating CD56bright NK cells, suggesting 
that these cells are blood-derived CD56bright NK cells transiently 
circulating through the lymph node (13).

FiGURe 2 | Phenotype of circulating and tissue-resident CD56bright NK cells. The cell surface markers on NK cells that are discriminative between circulating 
and tissue-resident NK cells in lymphoid tissue, liver, and uterus are shown (see references in text and Table 1). Circulating CD56bright NK cells typically express the 
lymphoid tissue homing makers CD62L (L-selectin) and CCR7. In addition, CD117 (c-kit) and CD127 (IL-7Rα) are expressed by a fraction of circulating CD56bright NK 
cells. Lymphoid tissue-resident NK cells express CD69 and CXCR6. Tonsil-resident NK cells (defined as NKp44+CD103+) express in addition ITGβ7, CD49a, and 
partly CD9. The majority of CD69+CXCR6+ liver-resident NK cells express CCR5. In contrast to circulating CD56bright NK cells, only a fraction of lymphoid tissue-, 
tonsil-, and liver-resident NK cells express DNAM1. A subset of CD49a+ uterus-resident NK cells (endometrium and decidua) expresses CD69, ITGβ7, CD103, and 
NKp44. The reported DNAM1 expression in the uterus is contradicting in the literature and therefore indicated with −*. % indicates that only a fraction of the NK cell 
population is positive for the marker.
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Lymphoid tissue NK cells were tested in the functional assays 
classically used for NK cells. The ltNK cells were less potent 
IFN-γ producers compared with circulating CD56bright NK cells 
nor did they lyse K562 target cells as efficient as CD56dim NK 
cells (13). However, the expression of EOMES and perforin 
distinguishes ltNK cells from the helper-ILC1 group (13). These 
phenotypical and functional characteristics, combined with their 
specific location in lymphoid tissues where immune responses 
are initiated and shaped, point to a distinct yet undefined role 
of ltNK cells (50).

Notably, without the use of tissue-resident markers, CD69 and 
CXCR6, ltNK cells could previously not be distinguished from 
circulating CD56bright NK cells. Therefore, a re-examination of the 
function of CD56bright NK cells in lymphoid tissue is necessary, in 
particular in the lymph node where a large population of ltNK 
cells co-exists next to the non-resident or circulating CD56bright 
NK cells.

Spleen and Marrow
The spleen and bone marrow contain 14 and 10% of the total 
lymphocyte pool. NK cells constitute 5–20% and 4% of lympho-
cytes in spleen and marrow, respectively (Figure 1A) (13, 18, 40, 
43). The CD56bright and CD56dim NK cells are equally distributed 
in the spleen, but 90% of CD56bright NK cells consist of ltNK cells 
(Figure 1B) (13, 25, 40). Similar to the spleen, the bone mar-
row is enriched for CD56bright NK cells, of which the majority 
consists of ltNK cells (13, 25). The phenotype of ltNK cells in 

spleen and marrow resembles the ltNK cell population in lymph 
node. As mentioned before, the non-resident CD56brightCD69− 
and CD56dim NK cells in marrow and spleen closely resemble 
the circulating CD56bright and CD56dim NK cells and are probably 
circulating NK cells contained in the tissue at time of isolation. 
Previously, the spleen has been reported to be enriched in CD27+ 
and NKp46bright NK cells, which could be a reflection of ltNK 
cells. These findings further illustrate the importance of using 
tissue-resident markers to distinguish circulating from tissue-
resident CD56bright NK cells (51, 52). The manner in which NK 
cells enter the spleen differs from lymph node entrance, because 
the spleen does not contain afferent lymphatic vessels or HEVs 
(53). In mice, NK cells enter the spleen via arterioles in the mar-
ginal zone, rather than via arterioles directly connected to the 
red pulp, where most NK cells reside (54). Unfortunately, there 
is a lack of human studies focusing on how NK cells migrate to 
the spleen and bone marrow.

Tonsil
In tonsil, although the CD56bright subset is predominant, only 0.4% 
of the total lymphocytes consist of NK cells (Figure  1A) (18). 
Seventeen percent of the total NK cell population in the tonsil 
co-expresses CD69 and CXCR6 (Figure 1B) (44). In contrast to 
the ltNK cells in lymph node, marrow, and spleen, these tonsil-
resident NK cells also express NKp44, CD103, CD49a, Integrinβ7, 
and partly CD9 (Figure 2; Table 1) (44). Of note, tonsil-resident 
NK cells should be distinguished from NKp44+ ILC3s, which 

TABLe 1 | Phenotype of circulating and tissue-resident CD56bright NK cells.

Reference
Blood  

(13, 15, 17, 38)
Lymph node, spleen, marrow  

(13, 18)
Tonsil  

(18, 44)
Liver  

(15, 45, 46)
Uterus  

(16, 17, 20, 48, 49)

Definition CD69+ NKp44+ CD69+ CD49a+ CD49a+

CXCR6+ CD103+ CXCR6+ CD103− CD103+

CD56 ++ + +/++ + +++ +++
CD69 – + + + – +

Cytokine receptors
CD117 (c-kit) % – N.A. N.A. – –
CD127 (IL7-Rα) % – – N.A. – –

Chemokine receptors
CCR7 + – – – – –
CCR5 – % N.A. % – –
CXCR6 – + + + N.A. N.A.

NK cell receptors
DNAM1 + % % % –a –a

KIR – – % – % %
NKp44 – – + – – %
NKp46 + ++ ++ ++ + +

Adhesion molecules
CD9 – N.A. % N.A. % +
CD49a (ITGα1) – – + – + +
CD62L (L-selectin) + – – – – –
CD103 (ITGαE) – – + N.A. – +
ITGβ7 N.A. N.A. + N.A. – +

The cell surface markers which are discriminative for circulating CD56bright NK cells, lymph node-, spleen-, bone marrow-, tonsil-, liver-, and uterus-resident NK cells are summarized. 
Uterus-resident NK cells can be subdivided based on CD103 expression.
++ and +++ indicate relatively higher levels of expression.
% indicates that only a fraction of the NK cell population is positive for the marker.
aContradicting literature exist on the DNAM expression on uterine NK cells. 
N.A., not assessed.
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are located in the mucosa surrounding the lymphoid follicles 
and secrete preferentially IL-22 (55, 56). Similar to circulating 
CD56bright NK cells, the total pool of CD56bright NK cells was shown 
to produce high levels of IFN-γ and to become cytolytic upon 
IL-2 and/or IL-12 stimulation (18). Tonsils do not have afferent 
lymph vessels but HEVs are present, which might support the 
trafficking of NK cells. Similarly, CCL19 and CCL21 are secreted 
to attract circulating CD56bright NK cells, which might explain the 
high content of CD56bright NK cells which lack a tissue-resident 
phenotype (57).

Liver
Hepatic NK cells comprise 40% of all hepatic lympho-
cytes (Figure  1A) (45). Recently, a major liver-resident 
EOMES+CD56bright NK cell population has been described, 
which comprises 45% of the hepatic NK cells and closely resem-
bles ltNK cells phenotypically and functionally (Figure 1B) (15, 
45, 46). Liver-resident CD56bright NK cells are characterized by a 
simultaneous expression of CD69 and CXCR6 (46). They have 
a high expression of CCR5 and NKp46, and low expression of 
DNAM1, as indirectly concluded from phenotypical analysis on 
total hepatic CD56bright NK cells (Figure 2; Table 1) (15, 45).

An independent report demonstrated the presence of a 
distinct minor liver-resident cell population characterized by 
CD49a expression (21). Those CD56brightCD49a+ cells make up 
2% of the total NK cell compartment in the liver but are not 
present in every individual (41% of donors) (13, 15, 21). The 
expression of CXCR6 has not been described. However, these 
cells do not express EOMES, suggesting that they do not belong 
to the NK cell lineage (21). Due to the low prevalence of this 
CD49a+EOMES− cell population, we can indirectly conclude 
that the major CD69+CXCR6+ liver-resident NK cell population 
is negative for CD49a. The IFN-γ production of liver-resident 
CD56bright NK cells after 4-h stimulation with IL12 and IL18 was 
lower compared with the non-resident hepatic NK cells (46). 
Similar to ltNK cells, liver-resident CD56bright NK cells express 
perforin and granzyme B at a low level, further supporting a 
non-cytotoxic function (46).

Several studies in mice demonstrated the existence of hapten 
and virus-specific hepatic NK cell memory, mediated by cells 
expressing CD49a and CXCR6 (21, 58, 59). In contrast, splenic 
CXCR6+ NK cells, which potentially resemble the human ltNK 
cells, were not able to mediate a memory response (58). Thus, 
although CXCR6 expression is not restricted to the liver, only 
hepatic NK cells were found to mediate a memory response in 
mice. Nevertheless, it would be interesting to further study the 
memory capacities of the highly prevalent CXCR6+ liver- and 
lymphoid tissue-resident CD56bright NK cells in humans.

Uterus
The uterine mucosa is populated by EOMES+CD56bright NK cells 
(16, 17, 23). In contrast to blood, there are hardly any CD56dim 
NK cells detectable in endometrium (no pregnancy) and 
decidua (pregnancy) (16, 17, 20, 60). Independent of the stage 
of the menstrual cycle, NK cells make up 30% of the endometrial 
lymphocytes (Figure  1A), although the absolute number of 

lymphocytes and NK cells increases robustly in the secretory stage 
(16). During early pregnancy, however, more than 70% of the 
lymphocytes in the uterine decidua is represented by CD56bright 
NK cells (Figure  1A) (47). Phenotypically, endometrial and 
decidual CD56bright NK cells closely resemble each other, and will 
be further referred to as uterine CD56bright NK cells. The CD56 
expression of the uterine NK cells is even more intense than their 
circulating CD56bright counterparts (Table 1) (17, 61). All uterine 
NK cells display CD49a but not CCR5, discriminating them 
from the circulating, lymphoid tissue, and liver-resident NK cell 
populations (Figure 2) (16, 20). DNAM1 has been reported to 
be absent on uterine NK cells, although a contradicting report 
on this observation exists (20, 48, 62). Recently, it was shown 
that a fraction of uterine NK cells expresses the heterodimer 
CD103/ITGβ7, NKp44, as well as CD69 (20, 62). Conversely, an 
earlier study reported that all decidual NK cells express CD69 
(17). Despite this discrepancy concerning the CD69 expression, 
both the CD56brightCD103− and CD56brightCD103+ NK cells are 
likely to represent a tissue-resident CD56bright NK cell popula-
tion, as demonstrated by the expression of KIRs, CD9, and 
poor IFN-γ production and cytotoxicity (16, 17, 20, 49, 63, 64). 
Moreover, transcriptome analysis of decidual NK cells and 
circulating NK cells highlighted the uniqueness of the uterine 
NK cells (17, 48). To the best of our knowledge, the presence 
of chemokine receptors, such as CXCR6 and CCR5, has not 
been reported. Compared with circulating CD56bright NK cells, 
decidual CD56bright NK cells highly express the activating 
receptors NKG2C and NKG2E at RNA level; however, <30% is 
NKG2C+ on protein level (17, 62, 65).

Initially, a suppressive function of decidual NK cells was 
thought to be essential to provide maternal–fetal tolerance 
(17,  64). However, accumulating evidence points toward a 
more active role of decidual CD56bright NK cells in regulating 
placentation, as reviewed elsewhere (66). Decidual NK cells 
are considered to stimulate trophoblast invasion and spinal 
artery remodeling via the production of various chemokines 
and angiogenic factors (including angiopoietins and GM-CSF) 
(67–69). Mice lacking decidual NK cells exhibit abnormalities in 
pregnancy, including abnormal vascular remodeling of decidual 
arteries (70). Although the process of placentation in humans is 
different, specific combinations of fetal HLA-C alleles, presented 
by trophoblasts, and maternal KIR expression were shown to be 
associated with successful placentation (69, 71). The similarities 
between endometrial and decidual CD56bright NK cells suggest that 
decidual CD56bright NK cells are a direct reflection of endometrial 
CD56bright NK cells in a pregnant tissue microenvironment. Taken 
together, the phenotypical and functional profile of the uterine 
CD56bright NK cell compartment supports their unique functional 
role during pregnancy.

DeveLOPMeNTAL ReLATiONSHiP 
BeTweeN CiRCULATiNG CD56dim 
AND CD56bright NK CeLLS

Thus far, we discussed the tissue-resident and circulating/non-
resident CD56bright NK cells within the tissues. Still, the origin 
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of the different CD56bright NK cell populations and their relation 
to the CD56dim NK cell subset remains unclear. The circulating 
CD56bright NK cells have been extensively investigated and are 
generally considered to be the precursors of the CD56dim NK cells. 
In the last section of this review, we will summarize the current 
evidence in favor and against the linear relationship between the 
circulating CD56bright and CD56dim NK cells, and speculate on 
the position of tissue-resident NK cells in this developmental 
pathway.

Several studies provided clues about the developmental 
relationship between CD56bright NK cells and CD56dim NK cells. 
First, it was shown that CD56bright, but not CD56dim NK cells, 
constitutively express the high-affinity IL-2Rα (CD25) and dis-
play a high proliferative response in the presence of picomolar 
concentrations of IL-2 (72, 73). Because CD56bright NK cells have 
significantly longer telomeres compared with CD56dim NK cells, 
they have been assumed to have a shorter proliferative history 
(74). A commonly used marker for immaturity, the tyrosine 
kinase c-kit (receptor for stem cell factor, CD117) is expressed on 
a fraction of CD56bright NK cells, but is absent on CD56dim NK cells 
(75, 76). In addition, the recovery of CD56bright NK cells in the 
first weeks after hematopoietic stem cell transplantation (HSCT) 
precedes the reconstitution of CD56dim NK, a sequential occur-
rence potentially pointing toward a developmental relationship 
(74, 77). Together, these findings resulted in the hypothesis that 
CD56dim NK cells are derived from CD56bright NK cells.

Differentiation from CD56bright  
to CD56dim NK Cells In Vitro
In efforts to provide evidence for this hypothesis, numerous 
studies aimed to recapitulate the differentiation from CD56bright 
to CD56dim NK cells in vitro. CD56bright NK cells were shown to 
acquire a CD56dim-like phenotype upon in vitro activation with 
IL-2, IL-15, and/or co-culture with T cells. This resulted in the 
upregulation of CD16 and KIRs and the downregulation of 
IL-7Rα (CD127), CD117, CXCR3, and CCR7 (10, 74). However, 
the intensity of CD56 expression was not reduced on monokine-
activated CD56bright NK cells. The presence of fibroblast growth 
factor receptor 1 (FGFR1) was demonstrated to be critical for the 
in vitro differentiation of CD56bright NK cells to cytotoxic CD56dim 
NK cells in a contact-dependent manner (78). FGFR1 is a ligand 
for CD56 and is constitutively expressed on fibroblasts (79, 80). 
The high density of CD56 on CD56bright NK cells may thus be of 
importance in the interaction with fibroblasts and differentiation 
toward CD56dim NK cells.

Differentiation from CD56bright  
to CD56dim NK Cells In Vivo
The in vivo evaluation of the relationship between CD56bright and 
CD56dim NK cells is hampered by the lack of CD56 expression 
on murine NK cells. The vast majority of human CD56bright NK 
cells displayed a reduction of CD56 expression intensity after 
infusion into immune-deficient mice (78). Whether these in vivo 
differentiated CD56dim NK cells were phenotypically and func-
tionally similar to human blood-derived CD56dim NK cells were 
not addressed in this study, leaving the possibility that the bright 

CD56 expression is not sustained in mice lacking human fibro-
blasts expressing FGFR1. An alternative for murine experiments 
can be provided by the study of rhesus macaques. Gene tracking 
data in rhesus macaques transplanted with lentiviral barcoded 
hematopoietic stem cells demonstrated that the lineage origin 
of the macaque NK cell homologs of CD56bright (CD56+CD16−) 
and CD56dim (CD56−CD16+) NK cells is different (81). While the 
CD56bright homolog was derived from the same progenitors as 
T-cell, B-cell, and myeloid cells, the CD56dim homolog displayed 
a unique clonal pattern, suggesting that these cells do not develop 
from the CD56bright population but may belong to an independent 
lineage (81).

In addition to mice and macaques studies, human NK cell 
deficiencies can provide clues about the developmental rela-
tionship between CD56bright and CD56dim NK cells. Mutations 
in the transcription factor gene GATA2 result in the absence of 
CD56bright NK cells while CD56dim NK cells are still present (82). 
This observation argues against the theory that CD56dim NK 
cells are derived from CD56bright NK cells. On the other hand, 
humans with a partial minichromosome maintenance complex 
4 (MCM4) deficiency, a molecule involved in proliferation, have 
reduced numbers of circulating CD56dim NK cells but normal 
numbers of CD56bright NK cells (83). This could indicate that 
maintenance of the CD56dim NK cell subset requires prolifera-
tion, which might be dependent or independent of the CD56bright 
NK cells. To the best of our knowledge, there are no mutations 
in transcription factors described, which cause a lack of CD56dim 
NK cells while the CD56bright NK cells are spared. Recently, Zeb2 
was identified as the essential regulator of terminal NK cell 
maturation in mice and shown to be higher expressed in circu-
lating CD56dim compared with CD56bright NK cells (84). Together, 
these studies emphasize the need for additional experimental 
evidence on the transcriptional regulation of human NK cell 
development.

intermediate Stages Connecting  
CD56bright to CD56dim NK Cells
If CD56bright and CD56dim NK cells are successive stages in the NK 
cell developmental pathway, developmental intermediates should 
exist. Independent studies reported the existence of phenotypic 
and functional intermediate stages in the progression from 
CD56bright to CD56dim NK cells in peripheral blood of healthy 
donors and patients after HSCT. These studies mainly focused 
on CD16, CD27, or CD117, for which CD56bright NK cells have 
a bimodal expression profile (10, 51, 85–88). Both CD16+ and 
CD27− CD56bright NK cells were independently suggested to 
represent intermediate populations based on phenotype and 
functional characteristics (10, 51, 88). A relative increase of 
CD16+, CD27−, and CD117− CD56bright NK cells was observed 
early after HSCT (85, 86). Notably, the expression of CD16, 
CD117, and CD27 on CD56bright NK cells can also be modulated 
by cytokine-activation (10, 51, 74). Because the post-HSCT set-
ting presents a cytokine-rich environment, the “intermediate” 
CD16+, CD27−, and CD117− CD56bright NK cells may represent 
cytokine-activated CD56bright NK cells instead of developmental 
intermediates between CD56bright and CD56dim NK cells (85, 86).
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In general, the potential differentiation of circulating 
CD56bright NK cells to CD56dim NK cells is characterized by loss 
of CD27, CD117, NKG2A, and CD62L expression and gain of 
CD16, KIRs, and CD57 expression. Both within the CD56bright 
compartment (CD117↓, CD27↓, and CD16↑) as well as within 
the CD56dim compartment (NKG2A↓, CD62L↓, KIRs↑, and 
CD57↑), the sequential loss and acquisition of these surface 
markers do not occur in a fixed order (10, 51, 87, 89, 90). Only 
the extremes of these markers, for instance CD117 and CD57, 
are mutually exclusively expressed. Together, this illustrates that 
uniform intermediate stages of differentiation between CD56bright 
and CD56dim NK cells cannot easily be identified.

DeveLOPMeNTAL POSiTiON OF TiSSUe-
ReSiDeNT CD56bright NK CeLLS

Studies on the relationship between the NK cell populations 
have been based on blood-derived CD56bright and CD56dim NK 
cells. The starting point of most of these studies was a linear 
developmental relationship between CD56bright and CD56dim NK 
cells. However, the discovery of distinct tissue-resident CD56bright 
NK cell populations increases the number of possible relation-
ships between the NK cell populations. Tissue-resident NK cells 
could be a precursor to circulating NK cells, but the absence of the 
immature markers CD117 and CD127 argues against this. It also 
seems unlikely that tissue-resident NK cells represent a transitory 
population between the circulating CD56bright and CD56dim NK 
cells. Detailed transcriptome analysis comparing uterine NK cells 
with both circulating CD56bright and CD56dim NK cells highlighted 
major differences in gene expression profile between the three NK 
cell populations (17). Moreover, data from transcription factor-
deficient mice suggested that circulating and tissue-resident NK 
cells are derived from different cell lineages (91). In our opinion, the 
distinct phenotype and functional signature of the tissue- resident 
NK cell populations, together with their absence from blood, 
argues in favor of the hypothesis that tissue-resident CD56bright 
NK cells develop locally, independently of the circulating NK 
cells. It seems likely that the organ microenvironment is essential 
to induce the phenotype and retain tissue localization of tissue-
resident cells. Nevertheless, additional studies are needed to shed 
new light on the developmental relationship between CD56bright, 
CD56dim and tissue-resident CD56bright NK cell populations.

CONCLUDiNG ReMARKS

The recent identification of tissue-resident CD56bright NK cells in 
the lymphoid tissues, liver, and uterus led us to reappraise the 
characteristics of CD56bright NK cell populations in the circulation 
and tissues. The function of tissue-resident CD56bright NK cells 
in liver and lymphoid tissues has not been elucidated, although 
it is very likely that these cells, such as uterine NK cells, exert 
tissue-specific functions.

The existence of tissue-resident NK cells raises the question 
whether, and if so how, all the NK cell populations are develop-
mentally related to each other. Based on the available evidence, 
we conclude that it is still possible that CD56dim NK cells develop 
independently from the CD56bright NK cells. Tissue-resident NK 
cells may develop from circulating CD56bright NK cells, or follow 
their own developmental pathway. Current in vitro models do not 
sufficiently mimic the in  vivo situation, especially considering 
the potentially important role of the tissue microenvironment 
in shaping the features of tissue-resident CD56bright NK cells. As 
mouse models do not suffice in the evaluation of human NK 
cell subsets, other animal models might be exploited. Studying 
patients with aberrations in NK cell development due to genetic 
mutations could provide novel insights in the origin and devel-
opment of tissue-resident NK cells. Furthermore, transcriptome 
analysis of non-resident and resident CD56bright NK cell popula-
tions will provide tools to further decipher the role of CD56bright 
NK cell populations in human immune responses. In conclusion, 
distinguishing tissue-resident CD56bright NK cells from circulating 
CD56bright NK cells is a prerequisite for the better understanding 
of the specific role of CD56bright NK cells in the complex process 
of human immune regulation.
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In humans, NK cells are mainly identified by the surface expression levels of CD56 
and CD16, which differentiate between five functionally different NK cell subsets. 
However, nowadays NK cells are considered as a more heterogeneous population 
formed by various subsets differing in function, surface phenotype, and anatomic 
localization. In  human CMV- and hantaviruses-infected subjects, an increased 
frequency of a NKG2A−CD57+NKG2C+ NK cell subset has been observed, while the 
phenotype of the NK cell subpopulation associated with cancer may vary according 
to the specific kind of tumor and its anatomical location. The healthy human lymph 
nodes contain mainly the CD56bright NK cell subset while in melanoma metastatic lymph 
nodes the CD56dimCD57+KIR+CCR7+ NK cell subpopulation prevails. The five NK cell 
subpopulations are found in breast cancer patients, where they differ for expression 
pattern of chemokine receptors, maturation stage, functional capabilities. In pregnancy, 
uterine NK cells show a prevalence of the CD56brightCD16− NK cell compartment, whose 
activity is influenced by KIRs repertoire. This NK cell subset’s super specialization could 
be explained by (i) the expansion of single mature CD56dim clones, (ii) the recruitment and 
maturation of CD56bright NK cells through specific stimuli, and (iii) the in situ development 
of tumor-resident NK cells from tissue-resident CD56bright NK cells independently of the 
circulating NK cell compartment. This new and unexpected biological feature of the 
NK cell compartment could be an important source of new biomarkers to improve 
patients’ diagnosis.

Keywords: nK cells, chemokines, melanoma, anatomical distribution, diagnosis

inTRODUCTiOn

Innate lymphoid cells (ILCs) are a family of mononuclear hematopoietic cells participating to 
tissue immunity (1). Natural killer (NK) cells are prototypic members of the ILCs group 1. They 
are characterized by the capability to recognize and kill virus-infected or transformed target cells 
through a balance of activating and inhibitory signals given by different surface receptors, in the 
absence of antigen-specific priming (2). In humans, NK cells are identified by the surface expression 
of CD56 and the lack of CD3 (3). One of the first well-defined NK cell activating receptors is CD16, 
the low-affinity receptor for FcγRIII responsible for Ab-dependent cellular cytotoxicity (4). CD56 
and CD16 expression levels discriminate between five NK cell subpopulations. CD56dimCD16+ 
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NK  cells predominate in blood, at sites of inflammation, and 
show a high cytotoxic potential and broadly express MHC-
I-specific inhibitory receptors. The CD56brightCD16− and 
CD56brightCD16+ NK cell subsets predominate in lymph nodes, 
produce cytokines upon activation, express only one MHC class 
I-specific inhibitory receptor (NKG2A), display a low cytotoxic 
potential, and are considered to be a precursor of the terminally 
differentiated CD56dimCD16+ NK cells (5). CD56brightCD16+ and 
CD56−CD16+ NK cells are minor NK cell subpopulations whose 
role is largely unknown (6).

Today, based on receptor repertoire and expression levels, 
NK  cells are considered as a more heterogeneous population 
formed by various subsets differing in function, surface pheno-
type, and anatomic localization. These different NK cell subpopu-
lations are involved both in regulating physiological conditions 
and in the response against viral and tumor disease. Here, we 
review the main human NK cell subsets discovered in the context 
of infection, cancer, and pregnancy.

nATURAL KiLLeR CeLL SUBSeTS in 
HUMAn CYTOMeGALOviRUS (CMv) 
inFeCTiOn

As revealed by murine models, NK cells are essential for an 
effective defense against the herpes virus family and in particular 
against human and murine CMV (7). The co-evolution of the 
CMV and our species’ immune system is evident considering 
the virus escape strategies. Human CMV (HCMV) inhibits the 
expression of human leukocyte antigen (HLA) class I molecules, 
interfering with antigen presentation to CD8+ T cells (8). HCMV 
genome encodes for two early genes, US2 and US11, that directly 
interact with the nascent MHC-I, re-routing the molecules from 
the endoplasmic reticulum to the proteosomal compartment, 
thus preventing the correct expression of MHC-I on the infected 
cells surface (9). On the other side, HLA class I molecules loss in 
HCMV-infected cells reduces the engagement of inhibitory recep-
tors, prompting NK cell effector functions (10). However, HMCV 
expresses two late genes, UL40 and UL18, that compensate the 
loss of classical MHC-I molecules overexpressing non-classical 
MHC-I (HLA-E) (11) or directly recruiting the NK cell inhibitory 
receptor ITL-2, respectively (12).

The above described viral escape strategy is counteracted 
by our immune system due to the expansion of a specific NK 
cell subset  that actively recognizes the molecular signature of 
the HCMV escape strategy. Indeed, the main surface marker 
characterizing a specific NK cell subset in the context of HCMV 
infection is the activating receptor NKG2C, a C-type lectin 
covalently assembled with CD94 that specifically recognizes 
HLA-E molecules (13). Studies in vitro revealed that the inter-
action between peripheral blood NK cells and HCMV-infected 
fibroblasts induces the preferential proliferation of NKG2C+ NK 
cell subset through the direct involvement of the CD94/NKG2C 
receptor (14). A higher proportion of NKG2C+ NK cells after 
HCMV infection have been further observed in children with 
symptomatic congenital HCMV infection (15) and in HCMV+ 

healthy adults. In this latter case, NKG2C+ NK cells preferentially 
co-express CD57, a surface marker for highly mature NK cells, 
while they do not express NKG2A, the inhibitory counterpart 
of NKG2C. Therefore, these NK cells are a unique population 
of NKG2A.CD57+NKG2C+ NK cell clones that are absent in 
HCMV-seronegative donors (16).

Analyses performed on solid-organ transplanted (SOT) 
recipients with acute HCMV infection clarified the development 
of this subset in several discrete steps marked by the acquisition 
on the NK cell surface of a specific set of receptors: (a) increase 
of NKG2C amount, (b) acquisition of CD57 expression, and (c) 
increase of CD57 expression, resulting in the terminal full mature 
subset phenotype CD57+NKG2Cbright HMCV-associated NK cell 
subset (17). The mechanism by which this NK cell subset interacts 
with HCMV-infected fibroblast has been modeled in vitro and 
seems to involve the cell adhesion molecule CD2, a co-activating 
receptor on NK cells, and its ligand CD58. Indeed, the molecular 
interference of the CD2–CD58 interaction results in a decreased 
activation of CD57+NKG2C+ NK cells with a reduced secretion 
of TNFα and IFNγ (18).

A similar increase in NKG2C+ NK cells was observed in hemat-
opoietic cell transplantation (HCT) recipients who reactivate 
HCMV after transplantation. In this context, it has been shown 
that the NKG2A.CD57+NKG2C+ NK cells are also equipped 
with the killer cell immunoglobulin-like receptors (KIRs), which 
specifically recognize different HLA class I molecules. This lat-
ter immune phenotype feature is associated with a potent IFNγ 
secretory activity. This indicates that HCMV reactivation after 
HCT results in the expansion of a more mature and educated NK 
cell subset: NKG2A-KIRs+CD57+NKG2C+ NK cells. In addition, 
during HCMV reactivation in HCT recipients, NKG2C+ expand-
ing NK cells predominantly express KIR2DL3 (19). This NK cell 
repertoire feature is shared also by HCMV+ chronic hepatitis 
patients, where the KIR expressed on NKG2C+ NK cells is in most 
cases specific for self-HLA class I ligands, making the anti-virus 
specific NK cell subset able to discriminate between HLA-I self 
virus-infected and healthy cells (20). Moreover, in heart- and 
lung-transplanted patients, upon HCMV either reactivation or 
infection, an increased frequency of the NK cell subset express-
ing the inhibitory receptor LIR-1 recognizing the MHC class I 
homolog UL18 has been observed (21).

In HCMV+ healthy subjects, the activating KIRs (KIR2DS2, 
KIR2DS4, and KIR3DS1) also play a role in the adaptation of 
the NK cell compartment to HCMV infection. This activating 
receptor clusters mark a highly differentiated NK cell subset 
present in the periphery of HCMV+ healthy subjects regardless of 
NKG2C expression (22). The appearance and expansion of these 
NK cell subpopulations seem to be HCMV-specific, since the two 
phenomena are not induced by other human herpes viruses such 
as Epstein–Barr virus (22, 23).

A recent study demonstrated that HCMV infection was 
also related to a distinct subset of NK cells characterized by a 
deficiency in the expression of FcRγ (also known as FcεRIγ), 
associated with high amounts of NKG2C and low levels of natural 
cytotoxicity receptors NKp30 and NKp46. It is conceivable that 
this finding could be an effect of the HCMV infection. From a 
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functional point of view, this NK cell subset responds poorly to 
HCMV-infected cells directly, yet it increases its efficiency against 
infected target cells in the presence of HCMV-specific IgG. FcRγ 
deficiency and the associated phenotype seemed to be due to a 
down-modulation of the tyrosine kinase SYK, stably maintained 
through the hypermethylation of a specific region in the SYK 
promoter DNA sequences (24).

nATURAL KiLLeR CeLL SUBSeTS in 
HAnTAviRUSeS inFeCTiOn

Pathogenic hantaviruses (HTNV) are zoonotic viruses that cause 
hemorrhagic fever with renal syndrome or hantavirus pulmonary 
syndrome in humans (25). Both syndromes are characterized 
by vascular permeability and increased immune activation, 
with strong cytotoxic lymphocyte expansion of highly mature 
NKG2A−CD57+NKG2C+CD56dim NK cells (26). A deeper analy-
sis of this subset showed that it also expresses high levels of the 
early activation marker CD69, the activating NK cell receptors 
NKG2D and 2B4 and NCRs. This activated phenotype has been 
proposed to be dependent on the increased surface expression 
of IL-15 and IL-15Ra on hantavirus-infected endothelial and 
epithelial cells. On the other hand, HTNV infection weakens the 
effector responses of activated NK cells by increasing HLA class I 
expression on endothelial cells (27).

nATURAL KiLLeR CeLL SUBSeTS in 
CAnCeR

Although NK cells recognition and killing of tumor cells has 
been widely demonstrated in vitro, their in vivo activity against 
tumors remains less known. Generally, the presence of tumor-
infiltrating NK cells indicates an ongoing immune response 
against the tumor and a better prognosis; however, some reports 
suggest that it can not correlate with the prognosis or be associ-
ated with advanced disease (28). Therefore, to appreciate the real 
prognostic value of the tumor NK cell infiltrate more investiga-
tions are required.

Nowadays, phenotypically distinct NK cell populations have 
been identified in different tissues, where they could represent 
specialized subsets mediating different functions (5). The identifi-
cation and characterization of various NK cell subsets represents, 
therefore, an important advance in the understanding of tumors 
biology and could have deep implications in the monitoring and 
treatment of the disease.

In non-small cell lung cancer (NSCLC) patients, tumor-
infiltrating natural killer (TINK) cells show a very peculiar 
surface molecular pattern, with high levels of surface CD56 and 
KIRs but lack of expression of CD16. Based on its perforin con-
tent, this CD56brightCD16−KIRs+ NK cell subset seems to derive 
from peripheral CD56brightCD16−KIR− NK cells, suggesting that 
CD56brightCD16− NK cells can acquire KIRs expression within 
tumor tissues as a consequence of signals from tumor microen-
vironment (29). Another study demonstrated that TINK cells 
from NSCLC patients exhibit a significant reduction in CD11b 

and CD27 expression, two markers mainly used to distinguish 
murine NK cell subpopulations. This CD11b−CD27− subset is also 
characterized by the downregulation of CD57, CD16, DNAM-1, 
and NKp30, while CD127 and CD117 are clearly expressed, and 
NKG2A is slightly upregulated, suggesting an immature and/or 
inactive phenotype of these TINK cells (30).

In breast cancer patients, blood NK cells show strong 
alterations that became more dramatic with the advance of 
the disease. Blood NK cell compartment display a reduction in 
activating receptors (NKp30, DNAM-1, NKG2D, 2B4, CD16) 
and an upregulation of the inhibitory receptors NKG2A and 
ILT-2, which are functionally related with defective degranula-
tion and ADCC-mediated killing capabilities. These phenotypic 
and functional changes are more evident in tumor-infiltrating 
NK cells, in which a prevalence of the CD56bright compartment 
has been observed (31). Peripheral NK compartment has been 
further characterized distinguishing for the five subpopulations, 
whose proportions varying according to the disease stage. Most 
CD16+ NK cells show different combinations of KIRs except 
KIR2DL4, that in contrast is expressed on the CD56dimCD16− 
NK cell subpopulation. The CD56brightCD16− NK cell subset 
lacks the inhibitory KIRs and display low frequencies of 
KIR2DL4 and KIR2DS4, possibly indicating a reduced func-
tional ability. CD57 is strongly expressed on CD56dimCD16+ 
and CD56brightCD16+ NK cells, while is downregulated in the 
others three subsets, suggesting that they are less mature and 
differentiated. CD57 expression also correlates with perforin 
and granzyme B levels, reflecting the cytotoxic potential of the 
different NK cell subsets. The five NK cell subsets show also 
difference in the expression pattern of chemokine receptors. 
CD56dimCD16+ NK cells express CX3CR1 and CXCR1 recep-
tors, in accordance with their ability to reach inflamed tissues. 
CD56dimCD16− NK cells are characterized by CXCR1, CXCR4, 
and CD62L expression, suggesting a preferential tropism for 
both inflamed tissues and lymph nodes. CD56brightCD16− and 
CD56brightCD16+ NK cell subsets display similar patterns, 
with high levels of CCR7, CD117, and CD62L, underlying a 
favorite tropism for secondary lymphoid organs. Functionally, 
CD56dimCD16+ NK cells have the strongest cytotoxic with a 
high degranulation potential. Conversely, CD56dimCD16− and 
CD56brightCD16− NK cell subsets are poorly cytotoxic, produc-
ing low amounts IFNγ and TNFα, while the CD56brightCD16+ 
NK cell subpopulation behaves as an intermediary between 
CD56brightCD16− and CD56dimCD16+ NK cells (32).

An increase of NK cell frequency has been observed within 
the tumor-invaded lymph nodes (TILNs) of advanced stages 
melanoma patients, with a prevalence of the CD56dim NK cell 
subpopulation characterized by a high expression of CD57, 
KIRs, CD69, and the homing chemokine receptor CCR7, sug-
gesting overall a more differentiated effector phenotype actively 
migrating in the TILNs. Furthermore, peripheral blood CD56dim 
NK cell subset of these patients has an increased expression of the 
chemokine receptor CXCR2 recognizing interleukin-8, one of the 
chemokines found in TILNs (33). TILNs from melanoma patients 
also contain a peculiar CD56bright NK cell subset co-expressing 
CD16. This NK cell subpopulation has high percentages of 
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TABLe 1 | Markers characterizing nK cell subset in pathological and physiological contexts.

Context Anatomical localization nK subpopulation Upregulated markers Downregulated markers Reference

Human cytomegalovirus 
infection

Peripheral blood CD56dim NKG2C
CD57
KIRs
LIR-1

NKG2A
FcRg
NCRs

(14, 16, 17, 
19–22, 24)

Human hantaviruses  
infection

Peripheral blood CD56dim NKG2C
CD57
CD69
NKG2D
2B4
NCRs

NKG2A (26, 27)

Non-small cell lung  
cancer

Tumor CD56bright NKG2A
KIRs
CD117
CD127

CD16
CD11b
CD27
CD57
DNAM-1
NKp30

(30)

Breast cancer Peripheral blood CD56brightCD16− CCR7
CD117
CD62L

KIRs
CD57

(32)

CD56brightCD16+ KIRs (except for KIR2DL4)
CD57
CCR7
CD117
CD62L

CD56dimCD16+ KIRs (except for KIR2DL4)
CD57
CX3CR1
CXCR1

CD56dimCD16− KIR2DL4
CXCR1
CXCR4
CD62L

CD57

Melanoma Tumor-infiltrated lymph node CD56dim CD57
KIR2
CD69
CCR7

(33)

CD56bright CD16
KIRs
NKp46
NKG2D

(34)

Ovarian carcinoma Peripheral blood CD56dim PD-1 NKG2A (35)

Ascites KIRs
CD57
LIR-1
CD16

NCRs

Pregnancy Uterus CD56bright NKG2A
KIRs
ILT-2

CD16 (39, 41–43, 
46).
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NKp46+, NKG2D+, and KIRs+ NK cells and increased levels 
of perforin, suggesting a more differentiated CD56bright NK cell 
subset that may exert antitumor activities (34).

Recently, a PD-1+ NK cell subpopulation has been found in 
peripheral blood and ascites from seropapillary ovarian carci-
noma patients. PD-1+ NK cells are confined to the CD56dim NK 

cell subset and are primarily composed by NKG2A−KIRs+LIR-
1+CD57+ NK cells with low levels of NCRs and high expression 
of CD16 and perforin/granzyme, indicating that PD-1 expression 
is confined to terminally differentiated NK cells. However, PD-1+ 
NK cells show a low cytolytic activity against tumor targets cells 
and are poor cytokines producers (35).
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nATURAL KiLLeR CeLL SUBSeTS in 
PReGnAnCY

The immunological features of the placentation and pregnancy is 
another research field where the expansion of specific NK subsets 
has been appreciated to play a crucial role.

In the first trimester of pregnancy, NK cells represent the 70% 
of CD45+ decidual leukocytes together with CD8+, CD4+, γδ T 
cells, and dendritic cells. These cells are defined “uterine NK” 
(uNK, also called decidual or dNK) and play a role both in the 
success of pregnancy and in the early human immunity response 
during infections. uNK cells are predominant in non-pregnant 
endometrium, increasing and changing their morphology dur-
ing the secretory phase of the menstrual cycle (36). Prolactin 
and endometrial-derived IL-15 promote uNK cells stimulation 
and differentiation. During early pregnancy, uNK cells infiltrate 
the trophoblast supporting the placentation process. uNK cells 
control the remodeling of uterine spiral arteries, increasing 
the contact area between maternal blood and trophoblast cells 
(37, 38). uNK cells are identified by a different phenotype and 
functional characteristics compared to peripheral blood NK cells 
(pNK); they show a CD56brightCD16− phenotype and express a 
repertoire of activating and inhibitory receptors (NKRs) belong-
ing to early differentiation stages of pNK cells (39). uNK cells 
secrete vascular endothelial growth factor C, angiopoietin 2 
(ANG2), placental growth factor (PIGF), cytokines that are 
involved in angiogenesis, and that do not belong to pNK cytokine 
profile (40).

Trophoblast cells express MHC-I molecules HLA-C, HLA-E, 
and HLA-G. HLA-E has high affinity for inhibitory receptor 
CD94/NKG2A expressed by all uNK cells (41); HLA-C is rec-
ognized by KIRs receptor family whose expression is induced 
directly in utero, while HLA-G is bound by ILT-2, that is present 
on uNK cells (42), and by the activating KIR2DL4 (43). The role of 
uNK cells during pregnancy has not been completely understood, 
but the mouse is used as model due to the presence of uNK cells in 
the decidua and to the expression of MHC repertoire on tropho-
blast cells. When the MHC-I is bound to NK cell receptors, the 
uNK cells are inhibited and this interferes with fetal growth and 
remodeling of decidual spiral arteries (44). In murine pregnancy, 
only maternal MHC contributes to educate uNK cells to acquire 
functional properties, while the presence of paternal-inherited 
allogeneic MHC allele inhibits uNK cells with complications 
on both fetal growth and arterial remodeling (45). In human 
pregnancy, KIR repertoire is specific for each mother, and fetal 
HLA-C (group C1 or C2) is specific for maternal and paternal 
HLA-C contribution. The presence of maternal KIR AA haplo-
type, constituted by inhibitory KIRs genes only, is associated with 
pregnancy disorders but the risk of pre-eclampsia is increased 
when the fetus presents more C2 genes than the mother or when 
it carries a paternal HLA-C2 epitope. Instead, KIR genes that 
are protective are localized on Tel-B region of B haplotype, that 
contains the inhibitory KIR2DL5A and the activating KIR3DS1, 
KIR2DS5, and KIR2DS1. Among them, only KIR2DS1 binds to 
HLA-C, and its maternal frequency correlates with protection 
from pre-eclampsia (46).

KIR2DL4 has been proposed to favor reproduction through 
a different mechanism. This activating KIR is expressed in the 
endosomal compartment of uNK cells, where it binds and 
accumulates the soluble form of HLA-G secreted by extravil-
lous trophoblasts. KIR2DL4 engagement has been shown to 
lead to the activation of DNA damage response signaling 
pathways, resulting in the reprograming of uNK cells to a 
senescent state characterized by a very active metabolism and 
secretion of an array of soluble mediators. This regulated and 
sustained secretory response would shape and remodel the 
local environment to increase vascularization required for a 
growing fetus (43).

It has been shown that uNK cells have the capability to control 
HCMV infection, and actually they acquire cytotoxic phenotype 
against HCMV-infected decidual fibroblasts in  vitro, modulat-
ing their receptor repertoire. NKG2D and CD94/NKG2C have 
an important role in uNK cell response, also demonstrated by 
cytokine production. Moreover, uNK cells are also able to infil-
trate HCMV-infected tissues and to generate an immunological 
synapse. Further investigations are needed to characterize the 
innate immune defense mechanisms in controlling viral response 
during pregnancy in vivo (47).

COnCLUSiOn

The deep and new knowledge on the composition of the human 
NK cell compartment reveals a more complex landscape than 
that appreciated before. Here, we gave an overview of the 
NK  cell   subsets enter recruited in specific pathological and 
physiological conditions (Table  1). This NK cell subsets’ super 
specialization could be possibly explained at least in the following 
three ways:

(1) ontogenetically determined mature CD56dim NK cell sub-
sets, arising from the circulating or secondary lymphoid 
tissues NK cell population in humans and equipped with 
clonally distributed activating and inhibitory NK cell 
receptors repertoire, scrutinize our tissues continuously 
preserving our body homeostasis. When the single NK cell 
subset equipped with the appropriate receptor/s to recog-
nize the pathological associated molecular pattern is called 
in action as effector or regulatory cells upon the pathological 
stimulation, it will expand as classically described in mouse 
upon MCMV infection (48), in a process reminiscent of the 
adoptive immune memory.

(2) CD56bright immature NK cells are recruited in the lymph 
nodes, other secondary lymphoid organs or inflammated 
tissues where they are exposed to stimuli that induce their 
activation and maturation, i.e., cytokines, cell-to-cell inter-
actions, and chemokine stimulation. The different combina-
tions of biological stimuli will dictate the maturation toward 
a given subset.

(3) Tumor-resident NK cells could develop locally from tissue-
resident CD56bright NK cells independently of the circulating 
NK cell compartment, likely due to the organ and/or tumor 
microenvironment (49).
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Human leukocyte antigen (HLA)-G plays a crucial role in conferring fetal–maternal toler-
ance and ensuring a successful pregnancy. CD56bright natural killer (NK) cells accumulate 
at the maternal decidua in large numbers during pregnancy and are found in direct 
contact with fetal trophoblasts. There are increasing evidences that decidual NK (dNK) 
cells are crucial for pregnancy. However, the regulation of dNK cells is mostly unknown. 
Here, we provide evidences that the secretion function of dNK cells in recurrent spon-
taneous abortion was impaired, which led to the impairment of the proinvasion and 
proangiogenesis functions of dNK cells. Decreased HLA-G expression induced by the 
transfection of miR-133a mimics in HTR-8/SVneo affected the secretory functions of 
dNK cells. Thus, our data revealed that the functions of dNK cells could be suppressed 
by the decreased expression of HLA-G and suggest a possible mechanism of recurrent 
miscarriage.

Keywords: mir-133a, human leukocyte antigen-g, decidua, nature killer cell, killer immunoglobulin-like receptor 
2Dl4, recurrent spontaneous abortion

inTrODUcTiOn

Recurrent spontaneous abortion (RSA) is defined as two or more consecutive spontaneous abortions 
with the same partner (1). However, the causes of RSA are complicated and mostly unknown. In 
addition to chromosomal abnormalities, anatomical anomalies, and endocrine disorders, immuno-
logic dysfunction is generally considered the most important cause leading to RSA (2, 3). Whether 
gravid or inchoate, there is a unique combination of human leukocyte antigen (HLA) expression on 
extravillous trophoblasts (EVTs) and maternal leukocytes in decidual tissues at the maternal–fetal 
interface. EVT expresses the polymorphic non-classical HLA class I antigens HLA-E, HLA-F,  
HLA-G, and HLA-C (4, 5). Of these, HLA-G is the most frequently studied and plays important roles 
in inducing immune tolerance to maintain pregnancy (6–8).

In humans, approximately 40% of the decidual cells are leukocytes, and more than 70% are 
CD56brightCD16− natural killer (NK) cells (9), which are a minority of the blood NK population. 
Only about 10% of lymphocytes are CD56dimCD16+ NK cells in decidual cells which are the main 
population in peripheral blood and display cytotoxic activity toward the EVTs (10). Compared to  
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peripheral blood CD56dimCD16+ NK cells (pNK), CD56brightCD16− 
NK  cells have a higher secretory ability and lower cytotoxicity 
(11). Therefore, these CD56brightCD16− NK  cells are defined as 
decidual NK (dNK) cells (12). Compared to pNK cells, dNK cells 
express higher levels of certain inhibitory receptors that can 
recognize non-classical HLA class I antigens on EVTs (13). Then, 
these receptors transfer inhibitory signals to reduce the cytotoxic-
ity of dNK cells (12). dNK cells also express CD94/NKG2A and 
killer immunoglobulin-like receptor (KIR) that could recognize 
HLA-C and HLA-G/E, respectively. The interaction between 
dNK cells and such HLA molecules would contribute to main-
tain pregnancy successfully (14). Recent studies have shown that 
dNK cells play an important role in early pregnancy (15–19). A 
report by Hanna et al. indicated that dNK cells possess the unique 
ability to regulate crucial placental developmental processes, 
including trophoblast invasion and vascular growth, via the pro-
duction of interleukin (IL)-8, interferon induced protein (IP)-10, 
and vascular endothelial growth factor (VEGF) (15). Moreover, 
NK cells belong to the group 1 innate lymphoid cells (ILC1). The 
human decidua tissues also contain the group 3 ILC which express 
CD56 and NCR but lack CD94/NKG2A and KIR. These NCR+ 
ILC3 cells could also produce IL-8, which may be involved in the 
trophoblast invasion and neo-angiogenesis process (20, 21).

Killer immunoglobulin-like receptor 2DL4 (KIR2DL4), a spe-
cific receptor for HLA-G, is expressed on human NK cells (22). 
KIR2DL4 has an immunoreceptor tyrosine-based inhibitory 
motif (ITIM) and shows weak inhibition of dNK cell when bound 
to HLA-G. Therefore, it has been suggested that NK cells express-
ing KIR2DL4 might be involved in the maintenance of pregnancy 
by recognizing HLA-G (23, 24). The receptors of HLA-G also 
include immunoglobulin-like transcript 2 (ILT2) and ILT4. Both 
ILT2 and ILT4 contain three ITIMs and are inhibitory receptors 
expressed on leukocytes including NK cells (25).

MicroRNAs (miRNAs) are a class of non-protein-coding 
RNAs that are estimated to regulate 30% of all genes in animals 
by binding to specific sites in the 3′ untranslated region (UTR)  
(26, 27). In studying the mechanisms underlying RSA, we found 
that miR-133a was greatly overexpressed in RSA villi compared to 
villi from induced abortion (IA) patients. Multi-software predic-
tion and real-time PCR confirmed that miR-133a was most likely 
to bind to the HLA-G 3′UTR, as established in our previous study 
(28). Therefore, this study was designed to confirm that miR-133a 
negatively regulates HLA-G expression to influence dNK func-
tion via KIR2DL4 in RSA patients.

MaTerials anD MeThODs

human samples
Maternal decidual tissues were obtained from 12 patients with 
RSAs and from 11 patients with IA, excluding chromosomal and 
anatomic abnormalities as causes for abortion. Maternal periph-
eral blood mononuclear cells were prepared from six patients with 
IA and RSA. The normal and RSA samples were aged between 7 
and 12 weeks of gestation, and all samples were obtained from 
the Tangdu Hospital of the Fourth Military Medical University. 
Written informed consent was obtained from each subject, and 
this study was approved by the Institutional Review Board, Tang 

Du Hospital, Fourth Military Medical University. The decidual 
tissues were placed into cold PBS immediately and quickly trans-
ported to the laboratory.

human Decidual cell isolation, dnK 
Purification, and culture
For the isolation of decidual cells, an enzymatic dispersion 
method was used, as described previously (17, 29). Briefly, the 
decidual tissues were washed in PBS twice and then cut into 
small pieces. The decidual tissues were digested with 1  mg/ml 
collagenase type IV (MP Biomedical, Santa Ana, CA, USA) and 
0.01 mg/ml DNase I (MP Biomedical, Santa Ana, CA, USA) in 
RPMI 1640 medium (HyClone Cell Culture, Carlsbad, CA, USA) 
in 37°C for 40 min. The suspensions were filtered through a nylon 
mesh, and the supernatants were discarded after centrifugation. 
The decidual mononuclear cells were isolated by density gradient 
centrifugation with Ficoll and were then immediately used for 
flow cytometry analysis and further study. CD56 Microbeads 
(Miltenyi Biotec, Bergisch Gladbach, Germany) were used for 
the positive selection of dNK  cells from the decidual mono-
nuclear cells. For excluding ILC3 cells, dNK  cells were stained 
with PE-conjugated anti-CD94 antibodies at 4°C for 30 min for 
fluorescence-activated cell sorting (FACS), and >97% purity was 
obtained for CD56+CD16−CD94+ cells. These cells were used for 
the subsequent experiments. The CD56+CD94+ dNK cells were 
cultured in RPMI 1640 medium containing 10% fetal bovine 
serum (FBS; Gibco, Grand Island, NY, USA) and 100 IU/ml peni-
cillin/streptomycin plus 20 ng/ml IL-15 (PeproTech, Rocky Hill, 
NJ, USA) for 24 h, and culture supernatants were harvested for 
the subsequent experiments. When CD56+CD94+ dNK cells were 
cocultured with HTR-8/SVneo cells, there were no IL-15 stimula-
tion. Peripheral blood samples from IA and RSA were centrifuged 
(800 × g, room temperature) for 30 min on Ficoll gradients (MP 
Biomedical, Santa Ana, CA, USA) to collect mononuclear cells.

Flow cytometry
The following conjugated mouse anti-human antibodies were 
used for FACS analysis: CD45-APC, CD3-Percep/Cy5.5, CD94-
Percp/Cy5.5, CD56-FITC, CD16-PE, NKp44-APC, NKp46-
APC, NKG2A-APC, NKG2D-APC, ILT-2-APC, ILT-4-APC, 
and KIR2DL4-APC. These antibodies were purchased from 
Biolegend (San Diego, CA, USA). IL-8-APC, IP-10-APC, VEGF-
APC, placental growth factor (PLGF)-APC, and interferon 
(IFN)-γ-APC were purchased from BD Biosciences (San Jose, 
CA, USA). Homologous IgG antibodies conjugated with the same 
fluorescent dye were used as negative controls. Approximately 
1–3 × 106 decidua mononuclear cells were resuspended in 100 µl 
PBS containing 5% NaN3 and 5% FBS. The antibodies targeting 
specific surface markers for NK  cell staining was performed 
according to the manufacturer’s protocol and incubated in the 
dark for 30 min at 4°C. After fixation and permeabilization with 
Fixation and Permeabilization solution (BD Biosciences, San 
Jose, CA, USA) for 30  min, cells were stained with antibodies 
targeting specific intracellular cytokines at 4°C for 30 min. The 
cells were resuspended in 300  µl PBS containing 5% FBS, and 
then, 100,000 cells per sample were collected for analysis using a 
standard FACS Calibur flow cytometer (BD Biosciences, San Jose, 
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TaBle 1 | Details of primer sequences for real-time PCR.

Primer set sequence (5′–3′)

GAPDH F:GCACCGTCAAGGCTGAGAAC
R:TGGTGAAGACGCCAGTGGA

Interleukin-8 F:TTTCAGAGACAGCAGAGCACACAA
R:CACACAGAGCTGCAGAAATCAGG

IP-10 F:GGCCATCAAGAATTTACTGAAAGCA
R:TCTGTGTGGTCCATCCTTGGAA

Vascular endothelial growth factor F:GAGCCTTGCCTTGCTGCTCTA
R:CACCAGGGTCTCGATTGGATG

Placental growth factor F:GAGACGGCCAATGTCACCA
R:GCTGAGAGAACGTCAGCTCCA

Interferon-γ F:CTTTAAAGATGACCAGAGCATCCAA
R:GGCGACAGTTCAGCCATCAC
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CA, USA) and analyzed using the FlowJo software (TreeStar, San 
Carlos, CA, USA).

real-time Pcr
Real-time PCR was used to measure the mRNA levels of inter-
leukin (IL)-8, IFN-inducible protein (IP)-10, VEGF, PLGF, and 
IFN-γ in decidual tissues. Total RNA was extracted from 1 cm3 
decidual tissue or 1  ×  106 dNK  cells using the Trizol reagent 
(Invitrogen, Carlsbad, CA, USA). The cDNA was synthesized 
from 500 ng of total RNA using PrimeScript RT Master Mix in 
a total volume of 10 µl at 37°C for 15 min, 85°C for 5 s (TaKaRa, 
Japan) and 4°C for storage. Next, real-time PCR was run based on 
the detected fluorescence with SYBR Premix Ex Taq (TaKaRa). 
The GAPDH mRNA levels were used in the mRNA levels of the 
standard. PCR was performed using specific primers (Table 1). 
The PCR reaction involved preliminary denaturation at 95°C 
for 3 min, followed by 40 cycles of denaturation at 95°C for 5 s, 
annealing at 60°C for 30 s, and elongation at 72°C for 10 s. The 
RNA samples were assessed for purity and concentration using 
spectrophotometry (Nanodrop-2000, Thermo Scientific).

Multiplex cytokine assays
The secretory cytokines of the decidual tissues and dNK  cells 
were detected using a multiplex cytokine assay (Magpix, Bio-Rad 
Laboratories, Veenendaal, The Netherlands) according to the 
manufacturer’s instructions. The Human Magnetic Luminex 
Screening 5 Plex Assay kit (R&D systems, Minneapolis, MN, 
USA) contained beads conjugated with monoclonal antibod-
ies for IL-8, IP-10, VEGF, PLGF, and IFN-γ. Cytokine assays 
sensitivity and measurement ranges have shown in Table S1 in 
Supplementary Material.

Matrigel invasion assay
HTR-8/SVneo is the human first-trimester trophoblast cell line 
(from University of Toronto, ON, Canada) and has the similar 
function to EVTs. We determined the ability of dNK  cells to 
induce the invasion of HTR-8/SVneo cells in vitro by Transwell 
(Millipore, Billerica, MA, USA) assays. First, 200 µl of HTR-8/
SVneo cells at a concentration of 5 × 105 cells/ml were plated in 
invasion chambers, which were immersed in 24-well cell culture 
plates containing 500  µl RPMI 1640 with 10% FBS (control) 
or the supernatant of dNK cells from the IA or RSA samples. 

The plates were cultured at 37°C and 5% CO2. After 24 h, using 
cotton swabs, non-invading cells were removed from the top of 
the Matrigel (BD Biosciences, San Jose, CA, USA). The cells that 
had invaded the Matrigel were fixed using 4% paraformalde-
hyde and dyed using 0.1% crystal violet. Non-overlapping fields 
at 100× magnification were analyzed using a light microscope.

Tube Formation assay
The human umbilical vein endothelial cells (HUVECs) are 
isolated from pooled donors. Experiments on HUVECs were 
carried out at the 4–6 passages. The ability of HUVECs to 
form network-like structures in  vitro was examined. 25  µl of 
HUVECs at a concentration of 1.2  ×  106  cells/ml was placed 
in 96-well plate pre-coated with 50  µl/well Matrigel (BD 
Biosciences, Bedford, MA, USA), and 25 µl of supernatants of 
dNK cells from the two groups were added to 96-well plate and 
incubated at 37°C, 5% CO2. The HUVECs were photographed 
microscopically to evaluate the extent of tube formation after 
6 h. Non-overlapping fields at 40× magnification were analyzed 
using a light microscope.

hTr-8/sVneo cell line culture  
and Transfection
HTR-8/SVneo cells were cultured in RPMI 1640 medium contain-
ing 10% FBS. The transfection methods were used as described 
previously (30). Briefly, 1 × 106 HTR-8/SVneo cells were plated in 
6-well plates and transfected with miR-133a mimics, inhibitor, or 
negative control using Lipofectamine 2000 (Invitrogen, Carlsbad, 
CA, USA) according to the manufacturer’s instructions, when the 
cells reached 50–60% confluence.

Western Blot analysis
The methods of western blot analysis were described previously 
(28). Briefly, HTR-8/SVneo cells transfected with miRNAs were 
washed by PBS and lysed by RIPA lysis buffer. Samples consist-
ing of 50  µg total protein were loaded onto an SDS-PAGE gel 
(P0012AC, Beyotime Biotechnology, China) and transferred 
electrophoretically to nitrocellulose membranes (LC2000, 
Invitrogen). After blocking with Tris-buffered saline with Tween-
20 (TBST) containing 5% milk powder, the membranes were 
incubated with the appropriate primary antibody against HLA-G 
(MEM-G/1, ab7759; Abcam, Cambridge, UK, 1:500) or tubulin 
(ab6161, Abcam, Cambridge, UK, 1:2,000), anti-mouse IgG 
horseradish peroxidase (HRP)-conjugated secondary antibody 
(GE Healthcare, Piscataway, NJ, USA) was added for 1 h.

The blots were developed using Immobilon Western HRP 
Substrate Luminol Reagent (Millipore, Billerica, MA, USA). The 
quantification of HLA-G relative to tubulin expression within 
each sample was determined using the QuantiOne imaging 
software (Bio-Rad, USA).

Measurement of soluble hla-g 
Production in culture supernatants
The methodology to measure HLA-G using ELISA was 
described previously. Culture supernatants of HTR-8/SVneo 
cells transfected with miR-133a were harvested. Soluble HLA-G 
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FigUre 1 | CD56brightCD16− natural killer (NK) cells present in large numbers in human deciduas of induced abortion (IA) group and recurrent spontaneous abortion 
(RSA) group. (a) Representative density plots showing the CD56bright NK (dNK) cells in gated CD45+CD3−CD56+CD16− NK cells isolated from decidua in the first 
trimester of IA group and RSA group. (B) Representative density plots showing the decidual NK (dNK) cell phenotypes of the two groups. (c) Percentages of 
dNK cells in gated decidual lymphocytes. n = 12 and 11 for IA and RSA, respectively. The data in B are presented as the means ± SD. Student’s t-test.
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was quantified using MEM-G/9 (ab7758, Abcam, Cambridge, 
UK), which recognizes the most abundant soluble isoforms and 
anti-human β2-microglobulin as capture and detection anti-
bodies, respectively (31). The plates were incubated for 30 min 
with substrate and absorbance was measured at 450 nm using a 
Benchmark microplate reader (Bio-Rad, USA).

cocultures of dnK cells and hTr-8/sVneo
The coculture system of fresh isolated CD56+CD94+ dNK cells 
(5 × 105) of IA patients and HTR-8/SVneo cells (5 × 105) trans-
fected with miR-133a relative sequence (1:1 ratio) was estab-
lished and then seeded onto 24-well culture plates in 1 ml RPMI 
1640 medium containing 10% FBS without IL-15. In addition, 
the fresh isolated dNK  cells of IA patients with HTR-8/SVneo 
cells in RPMI 1640 medium containing 10% FBS plus blocking 
antibodies for KIR2DL4 (clone mab33) or isotype controls at a 
concentration of 10 µg/ml were cocultured.

statistical analysis
The data from independent experiments were presented as the 
mean ± SD. Differences between two groups were analyzed by 
Student’s t-test, and multiple groups were analyzed by the one-
way analysis of variance. A P-value < 0.05 was considered to be 
statistically significant. All analyses were performed using SPSS 
19.0 software (SPSS, Chicago, IL, USA).

resUlTs

identification of human normal and 
abnormal First-Trimester dnK cells
To characterize the phenotypes of dNK cells in patients with IA 
and patients with RSAs, flow cytometry analysis was performed 

with CD45, CD3, CD56, and CD16 mAbs. To exclude the 
confounding fluorescent signals from other cells, only CD45+ 
leukocytes were examined, and CD3−CD56brightCD16− NK cells 
were regarded as dNK  cells (Figure  1A). In both IA and RSA 
samples, the CD56brightCD16− NK  cells were the dominant 
lympholeukocyte cell type in the decidua (~70%) (Figure 1B). 
The percentage of dNK cells exhibited no significant difference 
between the groups (P > 0.05, Figure 1C).

lower Kir2Dl4 expression in dnK cells in 
the rsa group than in the ia group
Cell surface receptors, including NKp44, NKp46, NKG2D, 
NKG2A, ILT2, ILT4, and KIR2DL4 on dNK  cells in both 
groups, were subsequently investigated by flow cytometry. 
Among these receptors, ILT2, ILT4, and KIR2DL4 were the 
ligands of HLA-G. Six samples of the RSA group and six 
samples of the IA group were measured. We found that the 
expression of NKp44, NKp46, NKG2D, ILT2, and ILT4 on 
dNK  cells showed no significant differences between the 
groups (P  >  0.05, Figures  2A–C). However, the RSA group 
expressed lower KIR2DL4 and NKG2A than did the IA group 
in terms of both the percentage and mean fluorescence inten-
sity (P < 0.05, Figures 2A–C). Considering KIR2DL4 resides 
predominantly in endosomes, we examined the KIR2DL4 
expression with intracellular staining and found that the RSA 
group also expressed lower KIR2DL4 in endosomes (P < 0.05, 
Figures 2D,E). Additionally, KIR2DL4 expression on CD56dim 
and CD56bright peripheral blood NK (pNK) cells were detected 
both in the IA and the RSA group. The results demonstrated 
that CD56dim pNK  cells scarcely expressed KIR2DL4, while 
CD56bright pNK cells have low expression of KIR2DL4 in both 
two groups (P > 0.05, Figures 2F–H).
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FigUre 2 | Expression of natural killer (NK) cell receptors in decidual NK (dNK) cells of induced abortion (IA) and recurrent spontaneous abortion (RSA).  
(a) Expressions of NKp46, NKp44, killer immunoglobulin-like receptor 2DL4 (KIR2DL4), NKG2A, NKG2D, immunoglobulin-like transcript 2 (ILT2), and ILT4 on the 
CD3−CD56+CD16− dNK cells of the two groups. The gray-filled histograms represent background staining of corresponding isotype-matched control. (B) Percentage 
of NKp46, NKp44, KIR2DL4, NKG2A, NKG2D, ILT2, and ILT4 on CD3−CD56+CD16− dNK cells of IA and RSA. (c) Mean fluorescence intensity (MFI) of these 
receptors on CD3−CD56brightCD16− dNK cells of IA and RSA. (D) Representative density plots showing the KIR2DL4 expression on gated CD3−CD56brightCD16− 
dNK cells of IA and RSA with intracellular staining. (e) Percentage of KIR2DL4 expression on gated CD3−CD56brightCD16− dNK cells of two groups with intracellular 
staining. (F) Representative density plots showing CD56bright and CD56dim NK cells in gated CD56+CD3− NK cells isolated from peripheral blood (pNK) in the first 
trimester of IA group. (g) Representative density plots showing the KIR2DL4 expression on gated CD3−CD56bright and CD3−CD56dim pNK cells of  
IA and RSA. (h) Percentage of KIR2DL4 expression on gated CD3−CD56bright and CD3−CD56dim pNK cells of IA and RSA. n = 6 for each group. The data are 
presented as the means ± SD. *P < 0.01 Student’s t-test.
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FigUre 3 | Cytokine production by human decidual NK (dNK) cells of the two groups. (a) mRNA levels and (B) protein levels of cytokines in decidual tissues of the 
two groups. (c) Representative purity analysis of sorted CD56+CD16− natural killer (NK) cells and CD56+CD94+ NK cells in induced abortion (IA) and recurrent 
spontaneous abortion (RSA). The purified CD56+CD94+ NK cells were subsequently used for real-time PCR and coculture. (D) mRNA levels of cytokines in fresh 
purified CD56+CD94+ dNK cells and (e) protein levels of cytokines in CD56+CD94+ dNK cultured 24 h after purification. (F) Representative density plots showing the 
cytokines in CD56+CD94+ dNK cells of IA and RSA with intracellular staining. (g) Percentage of cytokine expression in CD56+CD94+ dNK cells of IA and RSA, n = 6 
for each group. The data are presented as the means ± SD. *P < 0.05 Student’s t-test.
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Differences in secretion Functions of dnK 
cells in the rsa and ia groups
Owing to the ability of dNK  cells to secrete cytokines that 
may affect pregnancy, the profile of the cytokine secretion of 
dNK  cells in the two groups was examined using a multiplex 
cytokine assay. The CD56bright dNK  cells were purified with 
immunomagnetic beads, and CD56+CD94+ dNK  cells were 
further purified by FCM and more than 97% of dNK were 
CD94+CD56+CD16− NK  cells in two groups (Figure  3C). We 
first examined the mRNA levels of certain cytokines, including 
IL-8, IP-10, VEGF, PLGF, and IFN-γ, in the decidual tissues and 
dNK cells in each group. We found that the IL-8 and IP-10 levels 
were higher in the decidual tissues of the RSA group than in the 
IA group but that the VEGF level in RSA was lower than that in 
IA (P < 0.05, Figure 3A). However, the mRNA levels of IP-10 and 
VEGF in CD56+CD94+ dNK cells were much lower in the RSA 
group (P < 0.05, Figure 3D). Then, the supernatants of decidual 
tissue homogenates and the supernatants of CD56+CD94+ 

dNK cells, which were cultured for 24 h, were harvested and used 
for the analysis of these cytokines. All CD56+CD94+ dNK cell 
cultures were supplemented with 20  ng/ml IL-15. We found 
significantly higher levels of IP-10 and VEGF in both tissue 
homogenate supernatants and dNK cell supernatants in the IA 
group (P < 0.05, Figures 3B,E). Meanwhile, all these cytokines 
in CD94+CD56+CD16− NK cells were detected by intracellular 
staining and analyzed by FCM. The results also demonstrated 
that IP-10+ CD56+ dNK cells and VEGF+ CD56+ dNK cells were 
significantly lower in the RSA group than the IA group (P < 0.05, 
Figures 3F,G).

Difference in the Proinvasive and 
Proangiogenesis ability of dnK cells in 
the rsa and ia groups
To examine whether the variation of cytokines changed the 
proinvasive ability of dNK cells, we conducted the Transwell 
assay. The HUVEC tube formation assay was done to test the 
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FigUre 4 | Decidual NK (dNK) cells of recurrent spontaneous abortion (RSA) reduce HTR-8/SVneo invasion and human umbilical vein endothelial cell (HUVEC) tube 
formation. (a,B) Transwell assay showed CD56+CD94+dNK cells culture supernatants of the two groups affects the number of invading HTR-8/SVneo cells.  
(a) Representative images of invading HTR-8/SVneo cells which were dyed with crystal violet. Magnification, 100×. (B) Average number of HTR-8/SVneo cells 
invading across the Matrigel toward dNK cells of different groups. (c,D) Formation by HUVECs of tube structures in vitro in conditioned supernatants obtained from 
CD56+CD94+ dNK cells of different groups. Values shown on each frame indicate average number of intersection. Magnification, 40×. The data are representative of 
three experiments. The data in panels (B,D) are presented as the means ± SD. **P < 0.01 versus control and induced abortion (IA) group. *P < 0.05 versus IA and 
RSA group. Student’s t-test.
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proangiogenesis property of dNK  cells. The CD56+CD94+ 
dNK culture supernatants of the two groups were harvested 
and cocultured with HTR-8/SVneo cells to perform the 
Matrigel invasion assay. At the same time, the supernatants 
were cocultured with HUVECs to perform the tube forma-
tion assay. We confirmed that the CD56+CD94+ dNK super-
natants of the RSA group significantly reduced the invasive 
activity of HTR-8/SVneo cells compared with the IA group 
(P <  0.05, Figures 4A,B). The results of the tube formation 
assay also revealed that CD56+CD94+ dNK supernatants of 
the RSA group significantly reduced the tube formation abil-
ity of HUVECs (P < 0.05, Figures 4C,D). All dNK cells were 
cultured with 20 ng/ml IL-15 for 24 h before harvesting the 
supernatants.

Decreased hla-g expression by mir-133a 
affected dnK Function
In our previous study, we found that miR-133a was greatly over-
expressed in RSA villi compared to those from IA patients, and we 
confirmed that miR-133a was most likely to bind to the HLA-G 
3′UTR (28). To examine whether the downregulation of HLA-G 
by miR-133a affected the function of dNK cells, we prepared a 
coculture system involving HTR-8/SVneo cells transfected with 

miR-133a and dNK  cells isolated from IA patients. We first 
identified the efficiency of the miR-133a transfection with real-
time PCR (Figure 5A). Next, we confirmed the downregulation 
of HLA-G by miR-133a using western blot (Figures 5B,C). The 
culture supernatants were harvested 24 h later after transfection 
and sHLA-G concentrations were detected by ELISA. We con-
firmed that sHLA-G could also be downregulated by miR-133a 
(Figure  5D). To investigate the role of HLA-G in controlling 
dNK secretion functions, fresh CD56+CD94+ dNK  cells were 
cocultured with HTR-8/SVneo cells transfected with miR-133a. 
The cell culture medium was harvested, and the cytokines 
were analyzed (Figures  5E–I). The results of the assay showed 
that CD56+CD94+ dNK  cells cocultured with HTR-8/SVneo 
cells transfected with miR-133a mimics significantly decreased 
the levels of IL-8, IP-10, and VEGF (P < 0.05, Figures 5E–G). 
The tube formation assay revealed that the supernatants of the 
CD56+CD94+ dNK  cells cocultured with HTR-8/SVneo cells 
transfected with miR-133a mimics significantly reduced the 
tube formation ability of HUVECs (P < 0.05, Figures 5J,K). The 
Transwell assay also showed that the CD56+CD94+ dNK  cells 
cocultured with HTR-8/SVneo cells transfected with miR-133a 
mimics significantly reduced the migration ability of the HTR-8/
SVneo cells (P < 0.05, Figures 5L,M).
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FigUre 5 | Decreased human leukocyte antigen (HLA)-G expression by miR-133a affected the function of decidual NK (dNK), including proinvasion and 
proangiogenesis. Overexpression of miR-133a reduced HLA-G expression in HTR-8/SVneo cells. (a) Relative miR-133a expression after transfection with mimics, 
inhibitor, and negative control (nc) in HTR-8/SVneo cells by qRT-PCR. (B,c) Relative HLA-G protein levels after transfection with miR-133a by western blot. The data 
are representative of three experiments. (D) Soluble HLA-G concentration in supernatant of HTR-8/SVneo cells transfected with miR-133a for 24 h. Cell culture 
supernatants were analyzed for (e) interleukin (IL)-8, (F) IP-10, (g) vascular endothelial growth factor (VEGF), (h) placental growth factor (PLGF), and (i) INF-γ. 
(J,K) Tube formation by human umbilical vein endothelial cells in vitro in conditioned supernatants obtained from CD56+CD94+ dNK cells cocultured with HTR-8/
SVneo transfected with miR-133a negative control (nc), inhibitor, or mimics. Magnification, 40×. (l,M) Number of invading HTR-8/SVneo cells in conditioned 
supernatants obtained from CD56+CD94+ dNK cocultured with HTR-8/SVneo transfected with miR-133a nc, inhibitor, or mimics. Magnification, 100×. The data are 
representative of three experiments. The data are presented as the means ± SD. *P < 0.05. Student’s t-test.
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Kir2Dl4 Was involved in the impairment 
of dnK cell Function
To examine whether KIR2DL4 was involved in the impairment 
dNK  cell function, we cocultured CD56+CD94+ dNK  cells 
with HTR-8/SVneo cells plus anti-KIR2DL4 antibodies or 
isotypes controls at a concentration of 10  µg/ml. The results 
showed reduced IL-8, IP-10, and VEGF in the presence of 
blocking antibodies for KIR2DL4 (P <  0.01, Figure  6A). We 
found that the anti-KIR2DL4 antibodies reduced the invasive 
activity of HTR-8/SVneo cells compared with the control 
group (P < 0.05, Figures 6B,C). In addition, tube formation by 
HUVECs was observed after 6 h with supernatant stimulation. 
The results showed the significantly reduced tube formation 
capacity following the blockade of KIR2DL4 by Ab (P < 0.05, 
Figures 6D,E).

DiscUssiOn

During pregnancy, there is complicated immunological 
regulation at the maternal–fetal interface that is necessary for a  
successful pregnancy. The dNK cells are the major component 
of the immune cells present in the decidua between HLA-G+ 
extravillous cytotrophoblasts that are essential for early pregnancy. 
Increasing research has suggested that HLA-G and dNK cells have 
unique features and play important roles at the maternal–fetal 
interface. However, the specific mechanisms are still unknown.

Our present study demonstrated that decreased HLA-G 
expression by miR-133a transfection played an important role 
in the regulation of the secretory functions of dNK  cells. We 
found that there were no significant differences between RSA 
and IA patients regarding the percentage of dNK cells in decidual 
lymphocytes. However, regarding to the receptors of dNK cells, 
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FigUre 6 | The impairment of proinvasion and proangiogenesis function of decidual NK (dNK) after blocking killer immunoglobulin-like receptor 2DL4 (KIR2DL4). (a) 
Cell culture supernatants were analyzed for IP-10, vascular endothelial growth factor (VEGF), placental growth factor (PLGF), INF-γ, and interleukin (IL)-8. The data are 
representative of three experiments. (B,c) Number of invading HTR-8/SVneo cells in conditioned supernatants obtained from CD56+CD94+ dNK cells cocultured with 
HTR-8/SVneo cells in the presence of anti-KIR2DL4 Ab or isotype. (D,e) Formation by human umbilical vein endothelial cells of tube structures in vitro in conditioned 
supernatants obtained from CD56+CD94+ dNK cells cocultured with HTR-8/SVneo in the presence of anti-KIR2DL4 antibody or isotype. The data in panels (c,e) are 
presented as the means ± SD. *P < 0.05. Student’s t-test.
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especially KIR2DL4, the expression level was lower in RSA than 
in IA. This finding was consistent with a previous report (32). 
Although KIR2DL4 has a long cytoplasmic domain and contains 
ITIMs, which can transduce inhibitory signals to NK  cells, it 
could enhance dNK activity of cytokine and chemokine secretion 
when bound to HLA-G. KIR2DL4 could also activate endosomal 
signaling for a proinflammatory or proangiogenic response (22). 
To date, why the dNK cells of RSA patients have lower KIR2DL4 
is still unknown. We speculated that hematological and immuno-
logical homeostasis changed the uterine microenvironment so as 
to disturb the differentiation of dNK cells in RSA patients.

As we know, dNK cells are CD56brightCD16− NK cells which 
overexpress CD94 have strong secretory functions. Considering 
the human decidua contain group 3 ILC which express CD56 and 
NCR but lack CD94/NKG2A and KIR, and these NCR+ ILC3 cells 
could also produce IL-8. We separated CD56+CD94+ dNK cells 
by flow cytometry for excluding ILC3 cells. We confirmed that 
CD94+CD56+ NK  cells could secret certain cytokines, such 
as IL-8, IP-10, and VEGF, etc. Thus, we examined whether the 
decreased expression of KIR2DL4 could influence dNK  cells’ 
secretion capability. We found that the mRNA levels of IL-8 and 
IP-10 were increased, whereas the VEGF levels were decreased 
in the decidual tissues of the RSA group. However, the protein 
levels of IL-8 and VEGF were in accordance with the mRNA 
levels in the decidual tissues from the RSA group, whereas the 
protein levels of IP-10 were not the same as the mRNA levels. In 
addition, IP-10 and VEGF were decreased in dNK cells of RSA 
at both the mRNA and protein levels. Although IL-8 seemed 
to be increased in dNK  cells of RSA, there was no significant 
difference. IL-8 is a chemokine that is produced by decidual 

cells and dNK cells (33) and can bind to two receptors, IL-8RA 
(CXCR1) and IL-8RB (CXCR2) (34). Both IL-8RA and IL-8RB 
were detected on the EVTs (35). IL-8 may lead to the release of 
matrix metalloproteinase-2 and MMP-9, thereby increasing the 
EVT and HTR-8/SVneo cell invasion (35, 36). Decreased expres-
sion of IL-8 is associated with RSA (37). Our study demonstrated 
that IL-8 was increased in decidual tissues but was reduced in 
dNK  cells, so we thought that IL-8 was produced not only by 
dNK cells but by other decidual cells. The higher expression of 
IL-8 in decidual tissues might have been due to other decidual 
cells’ compensatory mechanisms. However, our conclusion still 
needs to be further studied due to the limited sample size of our 
study. IP-10 is also one of the chemokines secreted by endometrial 
stromal and glandular cells (38). IP-10 can promote trophoblast 
invasion, but its mechanism is still unknown. We considered 
the supernatants of cultured dNK cells from the RSA group had 
weakened the invasion ability of HTR-8/SVneo cells compared 
with the IA group due to the decreased levels of IL-8 and IP-10, 
which were both proinvasion cytokines. VEGF is a strong angio-
genic factor that is secreted by the decidua and was proven to 
be secreted by dNK cells (15, 39). VEGF is crucial for vascular 
growth, which is one of the processes for placental development 
(40). Lower VEGF expression at the maternal–fetal interface was 
reported to be related to RSA (41). VEGF and VEGF soluble 
receptor-1 (sFlt-1) in serum were both increased in RSA because 
of placental ischemia/hypoxia and endothelial dysfunction (42). 
However, another study showed that reduced serum VEGF may 
contribute to RSA (43). Our results demonstrated that VEGF was 
decreased in both the decidual tissues and dNK cells of the RSA 
group, which may affect the tube formation of HUVECs. In our 
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studies, the decreased expression of VEGF was related to a lower 
tube formation ability of HUVECs.

Numerous studies have indicated that HLA-G+ extravillous 
cytotrophoblasts contacted by dNK  cells play a crucial role in 
the maintenance of pregnancy (6, 44, 45). KIR2DL4, as a par-
ticular receptor for HLA-G on dNK, may play a mediation role 
in modulating the secretion ability of dNK cells. Our previous 
study found that miR-133a was highly expressed in the villi of 
the RSA group (28). Multi-software prediction and real-time  
PCR confirmed that miR-133a could bind to the 3′UTR of HLA-G 
(28). It was also confirmed that HLA-G (all HLA-G isoform and 
soluble HLA-G) was downregulated by miR-133a in HTR-8/
SVneo cells. The dNK  cells of IA patients, when cocultured 
with HTR-8/SVneo cells transfected with miR-133a mim-
ics, decreased the expression of IL-8, IP-10, and VEGF. These 
cytokines in the coculture supernatants plus the anti-KIR2DL4 
antibody were also significantly decreased. The results suggested 
that low levels of HLA-G or KIR2DL4 may influence the secre-
tion of dNK cells in a way that affected the invasion capability 
of HTR-8/SVneo cells and tube formation of HUVECs. The 
mechanism of HLA-G influencing the secretion of dNK  cells 
was reported that soluble HLA-G stimulate resting NK cells on 
endocytosis into endosomes and combined with KIR2DL4 which 
stimulated senescent NK cells to promote vascular remodeling 
and angiogenesis probably by secreting certain cytokines, such as 
IL-8 (16). KIR2DL4 is reported to be related to vascular remod-
eling and breast cancer invasion (16, 46). We know that vascular 
remodeling and trophoblast cell invasion are two key processes of 
early pregnancy. Trophoblast cells have invasion abilities just like 
tumor cells. Our study found that KIR2DL4 could also influence 

trophoblast cell lines’ invasion, demonstrating that KIR2DL4 on 
dNK is crucial for HLA-G interfaced dNK cells and the mainte-
nance of a successful pregnancy.

In conclusion, our current study showed that lower KIR2DL4 
expression on dNK cells of RSA group could downregulate the 
proinvasion and proangiogenic cytokine secretion of dNK cells. 
Furthermore, it was indicated that decreased HLA-G expression 
by miR-133a in the trophoblast cell line, HTR-8/SVneo could 
influence the secretion ability of dNK  cells when bound to 
KIR2DL4. The decreased cytokines could affect trophoblast inva-
sion and angiogenesis (Figure 7). Our findings provide a possible 
mechanism of RSA and a basis for further study; in addition, this 
study may provide a potential drug target for therapy of RSA.
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FigUre 7 | Proposed scheme depicting the hypothesis that decreased human leukocyte antigen (HLA)-G expression impaired functions of decidual NK cells in 
recurrent spontaneous abortion (RSA).
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Human NK cells play critical roles in human host defense, particularly the control of viral 
infection and malignancy, and patients with congenital immunodeficiency affecting NK 
cell function or number can suffer from severe illness. The importance of NK cell function 
is particularly underscored in patients with primary immunodeficiency in which NK cells 
are the primary or sole affected population (NK cell deficiency, NKD). While NKD may 
lead to the absence of NK cells, we are also gaining an increasing appreciation of the 
effect that NKD may have on the generation of specific NK cell subsets. In turn, this 
leads to improved insights into the requirements for human NK cell subset generation, as 
well as their importance in immune homeostasis. The presence of inherently abnormally 
developed or functionally impaired NK cells, in particular, appears to be problematic in 
the way of interfering with normal human host defense and may be more impactful than 
low numbers of NK cells alone. Here, we review the known genetic causes of NKD and 
the insight that is derived by these into the requirements for human subset generation 
and, by extension, for NK cell-mediated immunity.

Keywords: NK cell deficiency, NK cell development, NK cells, primary immunodeficiency, immune homeostasis

iNTRODUCTiON

While human NK cells and NK cell subsets have been well described, understanding the true physi-
ologic role that they serve in humans has been difficult. The heterogeneity of NK cells as a result of 
both genetic and environmental diversity, as well as the divergence in phenotypic markers between 
mouse and man has made advances in the field incremental. An important tool in the understanding 
of human NK cells and NK cell subsets has been the discovery of human inborn genetic immu-
nodeficiency diseases (primary immunodeficiencies) that affect the generation or homeostasis of 
NK cells or specific NK cell subsets as well as those that affect NK cell function. There are over 300 
genetic deficiencies of human immunity, and nearly 50 are known to have at least some impact on 
NK cells. This latter category has been reviewed by a number of authors in recent years (1–4). Five of 
these primary immunodeficiencies, however, may have their primary impact upon NK cells and are 
known as NK cell deficiency (NKD) (these are summarized in Table 1). These have provided insight 
into the requirements for human NK cell maturation, the importance of the successful execution of 
NK cell development, and the overall value of certain NK cell functions. Here, we will describe recent 
advances in our understanding of the importance of human NK cell subsets and NK cell function 
as informed by NKD.
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TABLe 1 | Human NK cell deficiencies and their effect on NK cell subsets, function, and proliferation.

NKD 
type

Gene inheritance NK cell 
number

NK cell lytic  
function

NK cell  
proliferation

CD56dim CD56bright Associated immune phenotype Reference

cNKD GATA2 AD or 
spontaneous

Normal 
or ↓

↓ ND Normal or ↓ Absent/
severely ↓

DC cytopenia, B cell lymphopenia, 
monocytopenia, CD4 
lymphocytopenia, neutropenia  
(all variable across reported cases)

(33, 37–39)

cNKD IRF8 AR ↓ ↓ ND ↓ Normal/↑ Mild DC phenotype (66)
cNKD MCM4 AR ↓ ↓ ↓ ↓ Normal/↑ None (53, 54)
cNKD RTEL1 AR ↓ ↓ Normal ND ND None in NKD patient reported (60, 61)
fNKD FCGR3A AR Normal ↓ ND Normal Normal None (71)

AR, autosomal recessive; AD, autosomal dominant; ND, not done.
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HUMAN NK CeLL SUBSeTS

Human NK cells in peripheral blood are broadly classified as being 
CD56+CD3− and generally comprise 1–17% of mononuclear cells 
within peripheral blood of healthy adults (5). They are found 
primarily in two broadly defined phenotypic subsets, namely the 
CD56bright and CD56dim subsets, with the CD56dim subset being 
the predominant one in peripheral blood. While the basis for 
this stratification is the surface density of CD56 itself, each is 
a distinct functional subset with its own repertoire of markers 
that represent its capabilities. CD56bright NK cells are broadly 
defined as being the potent producers of cytokines, whereas the 
CD56dim subset is the classical mediator of contact-dependent 
cytotoxicity, both natural and antibody-dependent. However, 
exceptions to these rules exist, and there is evidence that both 
subsets can perform the tasks commonly attributed to the other 
(6, 7). In addition, there are several well-defined functional and 
phenotypic intermediaries between the two, as well as several 
subsets that are specifically expanded after infection or other 
immune stimulation. These include the CD56neg subset, which is 
commonly found expanded in patients with HIV and HCV (8, 9). 
It should be noted that these cells are not truly CD56 negative, 
although the expression of CD56 on them is significantly lower 
than that of the CD56dim subset. They retain expression of CD16, 
killer cell immunoglobulin receptors (KIR, CD158 family), and 
CD57 and are generally thought to be terminally differentiated or 
exhausted cells (10). An additional important subset expanded in 
disease is the adaptive NKG2C+ population expanded following 
certain viral infections, particularly CMV (11–13), but also in 
cases of reinfection of CMV seropositive individuals by hantavi-
rus (14), HIV (15, 16), Epstein–Barr Virus (17), Hepatitis C Virus 
(18), and Chikungunya virus (19). Further studies have revealed 
distinct subsets associated with the generation of adaptive NK 
cells following CMV infection. These cells are high affinity IgE 
receptor (FcɛRIγ)-deficient and express low amounts of Syk and/
or EWS/FLI1-activated transcript 2 (EAT2) (20, 21). Further 
adaptation of the NK cell repertoire occurs with epigenetic silenc-
ing of promyelocytic leukemia zinc finger (PLZF) (22). There is 
also remarkable diversity generated by both environmental and 
genetic factors within the human population as a whole with 
regards to NK cell receptor expression and functional potential 
(23, 24).

The relationship between CD56bright and CD56dim subsets is 
not entirely clear, although it is thought that they represent the 

two terminally mature populations of NK cells derived from less 
mature NK cell precursors. There are oft-cited lines of evidence 
suggesting that CD56bright NK cells are the direct precursors of 
the CD56dim subset, namely the longer telomeres in CD56bright 
NK cells (25), their earlier regeneration after HSCT (26), and the 
generation of CD56dim NK cells from CD56bright cells in certain 
experimental systems (27–29). The expression of CD56 on NK 
cells is unique to human and non-human primate systems, which 
has made the study of this specific aspect of NK cell develop-
ment difficult to model prior to the advent of humanized mouse 
models. The use of such humanized mice, in which human NK 
cells develop in a rodent system, showed that CD56bright NK cells 
give rise to CD56dim cells (29); however, a recent study using 
genetic bar coding of NK cell lineages in rhesus macaques was 
indicative of the two subsets having distinct ontologies (30). 
Ultimately, answering this important question for NK cell biol-
ogy will require a dissection of the mechanism that drives NK 
cell development using a satisfying human model. The study of 
primary human NKDs that affect NK cell subset generation are 
an informative tool in this endeavor, specifically for identifying 
novel requirements for the generation and homeostasis of human 
NK cell subsets (discussed further below). While complex, these 
disorders also provide insight into the functions of particular NK 
cell subsets in humans, as well as the overall value of NK cells in 
human host defense.

CLASSiCAL NKD

Classical (c)NKD refers to NKD as a result of absent or pro-
foundly decreased CD56+ CD3− NK cell number, specifically 
defined as ≤1% of peripheral lymphocytes (3, 31). As a result, 
these are disorders in which overall NK cell development and/
or homeostasis is impaired. Recent studies enabled by next 
generation sequencing techniques have identified genetic causes 
for previously described but unidentified cNKD. In combina-
tion with these genetic advances, we have also seen an increase 
in our understanding of NK cell subsets and the cell biological 
tools used to evaluate them. As a result, we can now appreciate 
that cNKD also includes cases in which human peripheral blood 
NK cell subsets are selectively underrepresented or absent. Thus, 
while cNKD has been historically used to define individuals 
with very low percentages of NK cells among peripheral blood 
lymphocytes, we would propose that this definition be expanded 
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to include any example of impaired development or survival lead-
ing to the gross underrepresentation of a major NK cell subset. 
We would also argue that abnormally developed NK cells or the 
absence of particular NK cell subsets in the presence of others is 
far more relevant to host defense than simply having low overall 
numbers of NK cells.

To date, there are four genetically defined reported causes of 
cNKD, and of these at least three (MCM4, GATA2, IRF8) contain 
an aspect of subset aberration, in addition to NK cell numbers 
ranging from the low end of normal to undetectable. The fourth 
(RTEL1) presents information too limited to make a definitive 
statement other than there being underrepresented NK cells 
seemingly in isolation from other immune defects. In some cases, 
namely GATA2 deficiency, a single gene defect may account for a 
widely variable clinical phenotype with regards to NK cell num-
ber. This likely is related to the effect of specific mutations but 
may also be reflective of innate plasticity of NK cell numbers and 
subsets over time, in even healthy individuals, and the infectious 
history of the patient (5, 23, 24).

GATA2
GATA2 deficiency is the genetic lesion behind the most fre-
quently cited case of classic NKD in the literature. A 13-year-old 
girl, originally presenting with varicella pneumonia, was found 
to have decreased NK cell number and function in the presence 
of T cell and B cell function (32). In addition to VZV, CMV and 
HSV infections followed, and she ultimately developed aplastic 
anemia and died during the course of hematopoietic stem cell 
transplantation (32, 33). Posthumous sequencing from a cryo-
preserved T cell line identified a pathogenic frameshift GATA 
mutation (c.1025_1026insGCCG; p.A342GfsX41), confirming 
GATA2 haploinsufficiency as the cause of her disease (33). 
GATA2 haploinsufficiency was also described as a cause of DC 
and monocyte deficiency (MonoMAC, DCML) by independent 
groups in 2009, and NK cell cytopenia was noted as a feature 
of disease (34–36). More detailed phenotyping has revealed 
that there is variation in the NK cell number in these patients, 
with many of them having less than 1% NK cells within their 
lymphocyte population. However, there is a substantive range 
in NK cell number, with some patients having NK cells within 
the normal range of healthy donors. Despite the presence of NK 
cells in some patients, a consistent and notable feature of GATA2 
deficiency is the absolute loss of the CD56bright NK cell subset (33). 
Originally described in a cohort of eight patients, this has since 
been reported by other groups (37, 38) and is a consistent feature 
of the >30 patients that we have studied with GATA2 deficiency 
and accompanying infectious history or hematologic disease.

While it is difficult to estimate the prevalence of GATA2 
mutation within the general population, the report of a cohort 
of 57 patients, of which 82% have clinically detected NK cell 
lymphopenia and 70% have severe and early onset viral infection 
suggestive of NK cell dysfunction, is the largest group of NKD 
patients that we are aware of (39). This suggests it is perhaps the 
most common NKD, as this cohort alone significantly outnum-
bers those reported with RTEL1, MCM4, IRF8, and FCGR3A 
mutations. Furthermore, GATA2 is also the only gene associated 
with NKD that is autosomal dominant (via haploinsufficiency) 

and the only for which spontaneous cases have been reported (35, 
36), thus supporting the statement of commonality from a genetic 
standpoint as well.

GATA2 deficiency is complex as it can be a multi-syndromic 
disease affecting multiple organs and presenting in multiple dif-
ferent ways. Patients can be susceptible to atypical mycobacterial 
infections, fungal infections, and severe and recalcitrant viral 
infections. Interestingly, there is a seemingly progressive nature 
of the disease, with many patients presenting in young adulthood 
and some even later in life. The range of clinical presentations 
and natural history has been well described elsewhere (39). 
Interestingly, one of the earliest clinical features to appear is a 
susceptibility to HPV disease, which could point to a role for 
NK cell-mediated defenses. In addition to immune deficiency, 
GATA2 deficiency is a cause of familial bone marrow failure (40), 
and a recent study of over 400 children and adolescents revealed 
GATA2 mutation to be the most common germline mutation 
leading to myelodysplastic syndrome in children and young 
adults (41). While this group did not specifically examine NKD 
in their cohort, they report half of their patients to have immu-
nodeficiency, suggesting that the high rates of NK cell cytopenias 
reported by Spinner et al. (39) are likely present in this group.

However, there are some notable aspects of GATA2 deficiency 
with regards to NK cell biology. While other NK cell deficien-
cies have been reported as affecting the frequency of subset 
distribution (particularly MCM4, described below), the loss of 
the CD56bright NK cell subset is as near to absolute as has been 
described. The mechanism by which GATA2 regulates the 
development or maintenance of the CD56bright NK cell pool is not 
understood. GATA2 is a zinc finger transcription factor that is 
required for embryonic hematopoiesis, and maintenance of the 
stem cell pool in adults (42, 43) and GATA2 haploinsufficiency 
can also lead to loss of dendritic cell subsets and B cell cytopenias. 
Therefore, given its important role in stem cell maintenance and 
hematopoiesis, GATA2 deficiency may affect multiple immune cell 
lineages, which are again highly variable from patient to patient. 
In vitro differentiation of NK cells from patient hematopoietic 
stem cells leads to aberrant NK cell development, suggesting that 
NKD is cell intrinsic in these patients (33). However, given the 
interdependence on particularly NK and DC cross talk, it is likely 
that loss of other subsets affects NK cell numbers and functions 
in these patients, although this has not been explicitly studied. 
Immune manifestations include susceptibility to mycobacterial 
disease, frequently M. avium and M. kansasii, susceptibility to 
fungal infection, and severe herpesviral infections (39). An 
increased rate of malignancy may be in part due to viral infection 
as this includes increased rates of cervical cancer in young women 
potentially attributable to human papillomavirus infection. Less 
common clinical symptoms include miscarriage, solid organ 
tumors, and lymphedema (Emberger’s syndrome) (39).

Due to the requirement for GATA2 in renewal of the adult 
stem cells, it is thought that depletion of the stem cell pool leads 
to subsequent lymphopenia, and in vitro differentiation experi-
ments demonstrate an NK cell intrinsic role for GATA2 through 
the phenocopying of the CD56bright NK cell subset loss in NK 
cells derived from patient CD34+ HSC (33). Whether GATA2 
is required for the generation or homeostasis of CD56bright NK 
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cells, or whether the defect arises earlier in lineage commitment, 
remains to be determined. GATA2 is highly expressed not only 
in CD34+ HSC, but also across a range of lineages including 
monocytes, monocyte-derived dendritic cells, B cells, and mature 
NK cells, as well as the common myeloid precursor (44–46). 
Conditional deletion of Gata2 in mice has recently demonstrated 
its requirement for DC differentiation from lineage negative 
precursors (47). Interestingly, this is at least partially through 
repression of genes that control T cell and ILC lineages, including 
Tcf7, Eomes, and Gata3. Direct binding of the Gata3 promoter by 
Gata2 in common myeloid progenitor cells suggests that these 
two transcription factors may play a role in tuning fate decisions 
similar to the well described GATA switch that occurs between 
GATA1 and GATA2 and is independent of transcription factor 
expression (47, 48).

This particular deficiency also allows for one to hypothesize 
regarding potential contribution of NK cells to human host 
defense. Given that some GATA2 deficiency patients lack only the 
CD56bright subset, it could speak to an important role for human 
NK cell-derived cytokine production specifically in the defense 
against HPV and/or herpesviruses. As there is strong animal 
model support for this role (49–51), the connection is at least 
plausible. It is not possible, however, to draw a direct connection 
as there is the variable impact upon other elements of innate 
immunity in these patients as discussed above. Furthermore, 
there are also those GATA2 deficiency patients that essentially lack 
NK cells altogether as well as those who have CD56dim NK cells. 
As deficient natural cytotoxicity is a conserved clinical hallmark 
of GATA2 deficiency (32, 33), this leaves open the contribution of 
contact-dependent cytotoxicity as the critical NK cell-mediated 
component of viral control. Thus, while GATA2 deficiency pro-
vides both insights and compelling leads, further work needs be 
done to formally attach a specific role to NK cell defenses through 
this disorder.

MCM4
Mutations in minichromosomal maintenance complex member 
4 (MCM4) were described in 2012 as a cause of NKD accom-
panied by adrenal insufficiency, developmental delay, and short 
stature in a population of endogamous Irish travelers (52–55). 
Notably, patients in this cohort had increased susceptibility to 
viral infection, including cytomegalovirus, and malignancy 
(52–54). An initial description selective NKD (52) was followed 
by a genetic diagnosis of splice-site mutations in MCM4 and 
more detailed analysis of the NK cell phenotype (53, 54). MCM4 
patients were the first to have demonstrated heritability to NKD 
and were the first listed in the Online Mendelian Inheritance in 
Man database as such (OMIM# 609981). Patients with MCM4 
mutation have decreased frequency of CD56dim NK cells and, as 
a result, a relative overrepresentation of the CD56bright subset with 
an overall decrease in absolute numbers of NK cells (53). Careful 
analysis of both NK cells and fibroblasts from six patients in the 
Irish traveler cohort yielded novel insight into both NK cell biol-
ogy and the role of the MCM complex in NK cell homeostasis 
and human disease. Specifically, CD56bright NK cells from patients 
had decreased rates of proliferation and impaired terminal 
maturation. This likely accounts for the severe viral susceptibility 

in these patients as they are lacking the more mature subset of 
NK cells and have at least some instability within the CD56bright 
population (53).

Why does MCM4 mutation exert such a specific, profound 
effect on NK cell maturation and function? MCM4, along with 
MCM2–7, MCM10, and GINS1 form a highly conserved com-
plex that plays a critical role in the initiation and elongation of 
eukaryotic DNA replication (56, 57). Embryos from the Mcm4 
knockout mouse do not survive implantation, and mice carry-
ing the hypomorphic Chaos3 mutation affecting Mcm4 have 
genomic instability reminiscent of that found in MCM4 patients 
(58). Careful analysis of the patients’ fibroblasts showed normal 
MCM2–7 complex formation and DNA-binding but impaired 
DNA replication and, subsequently, cell cycle arrest (53). Genomic 
instability frequently accompanies impaired replication, and this 
is also the case in MCM4 patient fibroblasts, which had increased 
rates of chromosomal breakage (53). Interestingly, accompany-
ing the decrease in NK cell number and specific decrease in 
frequency of CD56dim NK cells, patient NK cells had impaired 
proliferation in response to cytokine stimulation and increased 
rates of apoptosis (53).

The apparent role of MCM4 in the generation of CD56dim NK 
cells is not fully understood; however, it may speak to a previously 
hypothesized requirement for homeostatic proliferation, specifi-
cally in the CD56bright subset, leading to generation of the CD56dim 
subset. This model was originally proposed based on differential 
rates of apoptosis and proliferation detected in CD56bright and 
CD56dim NK cells in peripheral blood (59). The rapid proliferation 
of peripheral blood CD56bright cells with little apoptosis suggests 
that this subset either becomes recruited to tissue or generates 
the CD56dim subset, as substantiated by mouse xenograft stud-
ies (29). Should the latter be the case, the loss of CD56dim NK 
cells in MCM4 patients could be explained by the inability of 
the CD56bright NK cells to successfully undergo this proliferative 
burst and effectively generate CD56dim NK cells. Clearly, MCM4 
deficiency raises many important new questions in NK cell biol-
ogy, and answers will undoubtedly provide leads into both how 
NK cells develop as well as how developing NK cells figure into 
human host defense.

RTEL1
The third case of classic NKD, similarly to GATA2, is a case of 
a young girl who died of varicella infection at the age of 2 years. 
Originally reported in 2005 (60), her genetic lesion was recently 
solved by whole exome sequencing and found to be due to 
homozygous mutation in RTEL1 (61). Consistent with RTEL1 
being a cause of specific NKD, the girl had seemingly normal 
immunoglobulin levels and specific antibody titers, normal 
T  and B lymphocyte counts and subsets, and absence of bone 
marrow failure. Notably, however, she had severely decreased 
NK cell number and function that was not rescued by IL-2. As 
common γ chain and JAK3 mutations lead to SCID, her IL-15 
levels and signaling pathways were tested, yet were found to be 
intact (61). RTEL1 deficiency is a reported cause of Hoyeraal–
Hreidarsson Syndrome, an X-linked telomere deficiency 
prevalent among the Ashkenazi Jewish population that causes 
dyskeratosis congenita, bone marrow failure syndrome, and 
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immunodeficiency (62). The mutation reported in this (2-year-
old female) patient is a founder mutation causing Hoyeraal–
Hreidarsson syndrome and lymphopenia, including progressive 
NK cell immunodeficiency (63, 64). Interestingly, the patient 
had no clinical features of Hoyeraal–Hreidarsson syndrome, and 
her growth and neurological development were normal for her 
age (personal communication, A. Etzioni, 2016). She did have 
an inverted CD4/CD8 T cell ratio but was virally infected (61). 
The patient also did not have recognizable platelet abnormalities 
or anemia (personal communication, A. Etzioni, 2016). Since 
the discovery of this patient, there have not been other reports 
of biallelic RTEL1 mutations causing selective NKD. However, 
given the molecular mechanism of MCM4 deficiency, the link 
between RTEL1, which also plays a role in DNA repair, and NK 
cell development is interesting. As the patient was deceased at the 
time of genetic study, unfortunately in-depth studies of NK cell 
subsets or developmental processes were not tenable. The effect 
of RTEL1 deficiency on NK cell development underscores the 
specific sensitivity of human NK cells to DNA damage and the 
requirement for the DNA damage response in normal human 
NK cell development and homeostasis.

IRF8
The most recent description of cNKD identifies the cause of NKD 
in a family first described in 1982 with severe EBV susceptibility 
and absent NK cell function in affected individuals (65). The lon-
gitudinal study of a surviving affected sibling shows a distinctive, 
stable NK cell phenotype, with decreased NK cell function and 
increased CD56bright NK cells relative to the CD56dim subset (66). 
This phenotype is conserved in other patients with biallelic IRF8 
mutation and is NK cell intrinsic. Gene expression analysis of NK 
cells from the proband shows deregulation of genes involved in 
NK cell maturation and effector function, suggesting that IRF8 
is playing a role in the regulation of genes that include NFIL3, 
PRDM1, TBX21, GRZB, STAT5a, STAT5b, and PRF. Strikingly, 
a similar block in terminal maturation is also observed in mice 
with homozygous, but not heterozygous Irf8 mutations. IRF8 
deficiency as a result of both homozygous and heterozygous 
mutation can lead to DC deficiency (67, 68), although DC subsets 
in the proband reported here were only minimally affected (66). 
While mutation and gene dosage effects may be at play, the NK 
cell phenotype was conserved between all patients with biallelic 
IRF8 mutations studied but was not identified in any individuals 
with heterozygous IRF8 mutation. These findings demonstrate a 
requirement for IRF8 in terminal NK cell maturation and human 
antiviral defense and identify biallelic mutations in IRF8 as a 
newly described cause of cNKD.

FUNCTiONAL NKD

In contrast to cNKD, functional NKD (fNKD) represents a sce-
nario in which NK cells are present in normal numbers but have 
some impaired functional capacity. In fNKD, a patient’s NK cells 
appear to have gone through appropriate developmental progres-
sion and are not unduly susceptible to cell death (i.e., impaired 
survival). This distinction makes this category particularly 

difficult to diagnose clinically as the most common screening 
tests of quantitative flow cytometry will most likely be normal. 
Thus, a suspicion given a patient’s particular clinical susceptibility 
is necessary to prompt a more substantive assessment of NK cell 
function. While presently fewer in number, it is possible that the 
fNKD category may ultimately outweigh the cNKD category in 
number of mechanistically defined diagnoses. Presently, there is 
only one known fNKD that is caused by biallelic specific muta-
tions in FCGR3A.

FCGR3A
The only cause of fNKD reported to date is a rare mutation in 
FCGR3A (OMIM #615705), the gene encoding the low affinity 
IgG Fc receptor found on NK cells and macrophages (FcγRIIIA, 
CD16). Originally reported as the first monogenic cause of 
isolated NKD (69, 70), the c.230T-A transversion leads to L66H 
substitution in the first extracellular Ig domain of CD16 and 
is disease-causing when homozygous (69–71). Notably, while 
protein is expressed, the L66H substitution leads to loss of 
recognition of CD16 by mAb B73.1 while retaining recognition 
by the more commonly used 3G8 mAb (71). Therefore, dual 
detection with these antibodies is a rapid screen for this rare 
mutation as in certain individuals the B73.1 epitope will not 
be detected, although genotyping is required to confirm this 
molecular diagnosis (as individuals have been identified lack-
ing the epitope for other reasons). Aside from the apparent loss 
of CD16+ NK cells if using mAb B73.1, NK cells from these 
patients appear to have appropriate development and subset 
generation (71).

This cause of fNKD was first identified in two patients with 
recurrent frequent upper respiratory infections and recurrent 
HSV (as well as herpes whitlow in one patient and recurrent 
varicella zoster in the second) (69, 70). Our group subsequently 
identified homozygous L66H substitution in a 14-year-old male 
with recurrent EBV-driven Castleman’s disease and recalcitrant 
cutaneous warts (71). While CD16 function is required to 
mediate ADCC, strikingly the patients with CD16 L66H muta-
tion have normal ADCC-mediated cellular cytotoxicity, yet 
impaired natural cytotoxicity. This seemingly paradoxical effect 
is explained by the location of the mutation in the membrane 
distal Ig-like domain, which does not affect binding to IgG Fc 
mediated by the membrane proximal domain. Instead, molecular 
studies of the effect of L66H mutation revealed a role for the distal 
Ig-like domain of CD16 in binding to and stabilizing the NK cell 
coactivating receptor CD2, thus delineating a crucial role for 
CD16 in the co-stimulation of natural cytotoxicity in addition 
to its well-defined role in ADCC (71). Recently, the biology of 
this interaction has been further advanced through the study 
of individuals who do not possess the NKG2C locus in which 
a compensatory co-stimulatory relationship between CD2 and 
CD16 were demonstrated to be of value (72). Thus while, only one 
example of fNKD, this disorder has provided valuable insights 
into how NK cells react to challenges and focus upon patients 
with abnormal NK cell function, but grossly normal appearing 
NK cells should lead to important new leads both biologically 
and clinically.
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PUTTiNG iT ALL iN CONTeXT

While originally classified as classical or functional, the lines 
between the types of NK cell deficiencies has been blurred by 
increased resolution of NK cell subsets as well as the norma-
tive ranges and diversity of human NK cells (5, 23, 24). This 
is exemplified by the example of GATA2 mutation, which 
was initially reported as leading to absence of circulating NK 
cells but which, upon careful analysis was shown to lead to 
decreased NK cell number, specifically loss of the CD56bright NK 
cell subset, accompanied by decreased function (33). Thus, it is 
possible to have a scenario in which NK cells may be present by 
clinical enumeration in a patient with classical NKD. The use 
of multiparametric flow cytometry to evaluate even the most 
rudimentary of NK cell subsets provides invaluable insight into 
the potential source of NKD. This is particularly true of GATA2 
deficiency, which has a distinctive and seemingly immutable 
phenotype with regards to the absence of CD56bright NK cells 
(33, 37, 38).

A fascinating biological question has emerged from these dis-
coveries of NKD, namely that of the interdependence of subsets 
upon each other for function, as well as the relative importance 
of NK cell number versus functional potential. Particularly in the 
case of GATA2 and MCM4, the skewing of CD56bright and CD56dim 
subset generation has a seemingly profound effect on the function 
of the other subset (33, 53). Namely, in cases where CD56dim NK 
cells are present in GATA2 patients, these cells remain unable to 
mediate the contact-dependent target cell lysis that is a functional 
hallmark of the CD56dim subset. In the case of MCM4 deficiency, 
although it seems that the CD56bright subset is impacted more so 
than the CD56dim subset, profoundly decreased NK cell func-
tion by the CD56dim subset is a likely a contributing cause of the 
patients’ disease (54).

These observations add to an interesting but complicated 
literature on the ontology of human NK cells and ultimately 
speak to the need for a better understanding of the mechanism 
of, and requirement for human NK cell development. Finally, 
the question of the relationship between NK cell number, subset 
distribution, function, and disease state remains incompletely 
understood. Whether it is more advantageous to have fewer NK 
cells that are appropriately developed, as opposed to a greater 
number of inappropriately mature cells, remains to be seen. 
The evidence points to the former, begging the analogy that it 
is more important to have a small, functional team than a large 
one with badly behaved players. By extension, a small team may 

be a result of a disruptive individual, so determining the relative 
contribution of the deregulation of function and/or phenotype 
will be increasingly insightful into the pathogenesis of NKD. 
Emerging evidence in transplantation for primary immunode-
ficiency emphasizes this point, as having potentially very low 
numbers of NK cells that have the potential to work effectively 
may suffice at the right time and under the right circumstance. 
Along these lines, it is even possible that having a few defec-
tive NK cells could be more damaging than having none at all. 
Answering these questions will require further studies that care-
fully and thoughtfully dissect human NK cell development in 
health and disease. Furthermore, there are likely to be context-, 
time-, and exposure-specific components of NKD as there are 
likely to be critical windows in which an absence of NK cell 
subsets or functions may be particularly relevant for human 
host defense.

It should also be noted that all these studies in NKD will 
benefit from a greater understanding of NK cells within unique 
microenvironments. By necessity, most of this work has used 
peripheral blood as the source of NK cells, yet the tissue-specific 
NK cell phenotypes in liver, gravid uterus, and secondary lym-
phoid tissue speak to their shaping by these sites. Understanding 
how these seldom-visualized cells are affected by disease will 
be an important component of a greater understanding of the 
non-redundant function of human NK cells in health and disease. 
The present state of knowledge, however, suggests that there are 
patients with deficiencies of immunity reflected primarily within 
the NK cell compartment who are in need of mechanistic and 
therapeutic answers. Further study into individuals with sugges-
tive phenotypes will likely produce new causative genes for NKD 
and insights into NK cell biology that can ultimately lead to new 
and improved therapeutic directions.
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Regulation of T cell responses by innate lymphoid cells (ILCs) is increasingly documented 
and studied. Direct or indirect crosstalk between ILCs and T cells early during and after 
T cell activation can affect their differentiation, polarization, and survival. Natural killer 
(NK) cells that belong to the ILC1 group were initially described for their function in 
recognizing and eliminating “altered self” and as source of early inflammatory cytokines, 
most notably type II interferon. Using signals conveyed by various germ-line encoded 
activating and inhibitory receptors, NK cells are geared to sense sudden cellular 
changes that can be caused by infection events, malignant transformation, or cellular 
stress responses. T cells, when activated by TCR engagement (signal 1), costimulation 
( signal 2), and cytokines (signal 3), commit to a number of cellular alterations, including 
entry into rapid cell cycling, metabolic changes, and acquisition of effector functions. 
These abrupt changes may alert NK cells, and T cells might thereby expose themselves 
as NK cell targets. Here, we review how activated T  cells can be recognized and 
regulated by NK cells and what consequences such regulation bears for T cell immunity 
in the context of vaccination, infection, or autoimmunity. Conversely, we will discuss 
mechanisms by which activated T cells protect themselves against NK cell attack and 
outline the significance of this safeguard mechanism.

Keywords: T cell, natural killer cell, immune regulation, virus infection, autoimmune disease

NK CeLLS: ReGULATiON, eFFeCTOR FUNCTiONS, 
AND eDUCATiON

Natural killer (NK) cells, presenting at a frequency of around 5% in the blood, belong to the family 
of group 1 innate lymphocytes (ILC1) and are functionally characterized by their cytotoxicity and 
their ability to produce cytokines, most prominently interferon γ (IFNγ). NK cells belong to the 
innate immune system, and they can react to rapid changes in host cells without prior sensitization. 
As part of the first line defense, they recognize and lyse virally infected cells and tumor cells. NK 
cells are activated via innate cytokines such as IL-2, IL-12, IL-15, IL-18, and type I IFNs as well 
as via the recognition of sudden cellular changes perceived via different inhibitory and activating 
receptors expressed on their surface (1–7). Additionally, direct triggering of toll-like receptors 
(TLRs) on NK cells can further stimulate their activation (8–10).

Regulation of NK Cell Activity
Compared with T  and B cells whose antigen receptors are highly variable and specific for a 
specific antigen, NK cells express various germ-line encoded activating and inhibitory receptors. 
Depending on the net balance of signals perceived by activating and inhibitory receptors, NK cells 
are either activated and exert effector functions or are restrained (11, 12).
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TABLe 1 | viral-derived ligands for NK cell receptors.

Receptor Ligand Source effect of 
ligand/
receptor 
interaction

Reference

NKp46 Viral HA 
and NA

Influenza virus, 
Poxvirus, Sendai 
virus, Newcastle 
disease virus

Activating (31, 145–147)

NKp44 Viral HA 
and NA

Influenza virus, 
Sendai virus, 
Newcastle 
disease virus

Activating (146, 148)

NKp30 Viral HA Poxvirus Inhibitory (147)

pp65 HCMV Inhibitory (149)

TLR7/8 Single-
stranded 
RNA

HIV Activating (150)

Ly49H m157 MCMV Activating (32)

KIR3DL1 NS-1 DENV Activating (151)

HA, hemagglutinin; NA, neuraminidase; NS-1, non-structural protein 1; HCMV, 
human Cytomegalovirus; HIV, human immunodeficiency virus; MCMV, murine 
Cytomegalovirus; DENV, dengue virus.
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Healthy cells constitutively express ligands for inhibitory 
receptors on NK cells in order to protect themselves against 
NK-mediated killing. Classical MHC-I molecules are expressed 
on every nucleated cell in the body and bind to the inhibitory 
receptor killer immunoglobulin-like receptors (KIRs) in humans 
and Ly49A C, D in mice, respectively. The non-classical MHC-I 
molecule HLA-E in humans and Qa-1 in mice binds to the het-
erodimeric inhibitory receptor CD94/NKG2A and CD48 binds 
to the inhibitory receptor 2B4, leading to a repressed state of the 
NK cell (13, 14).

Infected or malignant cells can downregulate MHC-I, also 
known as “missing-self hypothesis,” to become invisible for CD8 
T cells; however, the loss of MHC-I ligands for inhibitory recep-
tors on NK cells sensitizes these cells for NK-mediated killing. 
Conversely, overexpression of ligands engaging NK-activating 
receptors (“induced self-recognition”) also renders these cells 
NK cell targets (14, 15). Activating ligands are not expressed at 
steady-state, but tumorigenesis, virus infection, or DNA damage 
can activate stress pathways, leading to upregulation of various 
activating ligands that bind to NK cell-activating receptors and 
thereby promote NK cell activation, resulting in cytotoxicity 
and cytokine secretion (16). NKG2D is a well-studied NK cell- 
activating receptor, it has multiple cellular ligands including 
MHC-I homologs such as MHC class I chain-related proteins A 
and B (MICA and MICB) and UL16-binding proteins (ULBPs) 
(17). As a result of the activation of heat-shock transcription 
elements in the promoters of the genes, MICA and MICB are 
upregulated on NK target cells. The sensing of type I IFN can 
also trigger MICA and MICB expression on dendritic cells (DCs) 
(18, 19). Moreover, HCMV-infected cells upregulate MICA and 
ULBP3 (20, 21).

The DNAX accessory molecule-1 (DNAM-1 or CD226) is an 
adhesion molecule, which is expressed on multiple cells includ-
ing NK cells. DNAM-1 serves as an activating receptor on NK 
cells, the engagement by its ligands poliovirus receptor (PVR), 
and nectin-2 leads to increased cytotoxicity in NK cells (22, 23). 
The cellular ligands of DNAM-1 are induced upon cellular stress 
(24, 25). Interestingly, regulatory T  cells (Tregs) can also use 
DNAM-1–DNAM-1L interaction to modulate T cell responses, 
indicating that some receptors shared by innate and adaptive 
immunity are involved in regulating T cell responses (26).

Another family of NK cell-activating receptor is the natural 
cytotoxicity receptor family, consisting of NKp30, NKp44, and 
NKp46 in humans. Of note, NCR1 is the NKp46 ortholog and the 
only member of the NCR family in rodents (27). NKp30 and 
NKp46 are expressed on resting NK cells in contrast to NKp44 
which is found only on activated NK cells. Cellular ligands for 
NKp44 are partly known and include proliferating cell nuclear 
antigen (PCNA) and mixed lineage leukemia 5 (MML5). Ligands 
which bind to NKp30 comprise HLA-B-associated transcript 3 
(BAT 3) and B7-H6 (member of the B7 family of immunorecep-
tors) (28). However, the cellular ligands for NKp46 remain elusive 
(29, 30). Activating NK cell receptors may also directly be trig-
gered by microbial constituents, such as Ly49H in C57BL/6 mice, 
recognizing the murine Cytomegalovirus (MCMV) encoded pro-
tein m157 and NCR1 recognizing influenza virus hemagglutinin 
proteins (31, 32) (Table 1).

The fact that ligands for activating NK cell receptors are 
 regulated via stress pathways and that microorganisms have 
evolved mechanisms to downregulate ligands for specific activat-
ing receptors might explain why there are different ligands for 
one receptor (33).

effector Functions
Key effector functions of NK cells comprise cytokine secretion and 
cytolytic granule-mediated cell apoptosis. The secretion of IFNγ 
and tumor necrosis factor (TNF) by NK cells promotes APC and 
phagocyte function, including enhanced phagocytosis, produc-
tion of antimicrobial peptides, oxidative burst, and upregulation 
of MHC molecules. The granule exocytosis pathway is activated 
by the net balance of activation/inhibition signals conveyed by 
inhibitory and activating receptors and involves the secretion of 
granules which contain perforin and granzymes (16). Perforin/
granzyme A and B trigger caspase-dependent and -independent 
death pathways. FasL and TRAIL are expressed on the surface 
of NK cells, which bind to the death receptors Fas (CD95) and 
TRAILR (DR4 and DR5), respectively. The engagement of 
FasL–Fas/TRAIL–TRAILR results in the induction of apoptosis 
of virally infected cells or tumor cells. Antibody-dependent cel-
lular cytotoxicity (ADCC) can be exerted by NK cells when target 
cells are coated with IgG antibodies that bind the Fcγ receptor 
CD16 on NK cells, overriding inhibitory signals and triggering 
cytotoxicity and cytokine secretion (16, 34, 35).

education
As NK cells recognize mostly cellular ligands via their activating 
receptors, NK cells are potentially able to induce tissue damage. 
Thus, a tight regulation is required to avoid self-induced dam-
age by NK cells. To this end, NK cells undergo a process called 
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education, or “licensing,” describing a phase of NK maturation 
in which NK cells acquire effector functions and, at the same 
time, adapt their responsiveness to the steady-state expression 
levels of NK receptor ligands in host cells. For instance, mature 
NK cells recognize MHC-I molecules on the cell surface via their 
inhibitory receptors, resulting in a suppressed state of the NK cell 
toward healthy host cells (36). Surprisingly, the absence of MHC-I 
during NK cell education does not provoke overt NK cell activity, 
but NK cells appear to be hyporesponsive upon stimulation and 
fail to eliminate cells lacking MHC-I. This demonstrates that 
the environment, in which the NK education occurs, effectively 
determines the responsiveness of NK cells [(37, 38) and reviewed 
in Ref. (39)].

Interestingly, NK cells are not only killer cells as part of the 
first line defense but they also have the capacity to shape adaptive 
immunity by regulating T cell responses (40, 41). Of note, NK 
cells are not the only ILCs which are capable of modulating T cell 
responses. There is emerging evidence that other ILC subsets 
can contribute to shape T  cell immunity, either by enhancing 
or suppressing the size of T cell immunity or by regulating the 
differentiation of T  cell responses which was reviewed in Ref. 
(42, 43). In this review, we illustrate how specifically NK cells 
can regulate T  cell immunity from a “T  cell centric” point of 
view, and we will provide further insights into the relevance of 
NK–T cell interaction in various disease settings. In particular, we 
elucidate the role of NK–T cell interaction in acute and chronic 
viral  infections. The profound understanding on how NK–T cell 
interaction occurs in different stages of T cell activation in differ-
ent disease settings, and how it affects the size and quality of T cell 
responses might open new perspectives on the development of 
specific and powerful therapies.

STAGeS iN THe LiFe OF A T CeLL

T  cells need to perceive three signals for proper activation: 
antigen, costimulation, and cytokines. Antigen is processed and 
presented in the context of MHC class I and MHC class II mol-
ecules by APCs and determines the specificity of the response. 
Activated APCs provide further costimulation and cytokines, 
both needed for T cell activation. Among APCs, DCs that have 
been activated by engagement of pattern recognition recep-
tors (PRRs) potently stimulate naive T cells (44). The signal of 
costimulation is provided by a number of molecules including 
CD28–CD80/86, CD27–CD70, OX40L–OX40, 4-1BB–4-1BBL, 
and RANK–RANKL (45–49). The specific cytokines required for 
T cell activation (i.e., proliferation, differentiation, and survival) 
result from the inflammatory milieu triggered by an infection 
or vaccination. In case of viral infections, most prominent pro-
inflammatory cytokines are type I IFNs and IL-12, which have 
redundant functions as signal 3 cytokines (50). Integration of all 
three signals leads to fast T cell proliferation, known as clonal 
burst, reaching peak expansion before contraction and formation 
of a pool of memory cells.

At the peak of T cell expansion, T cells predominantly exhibit 
an effector phenotype (51, 52). Effector CD8 T cells can be split 
into two main subsets, a smaller subset of memory precur-
sor effector cells (MPECs) that have the potential to become 

long-lived memory cells and short-lived effector cells (SLECs) 
that lack this ability (53).

impact of NK Cells on T Cells during 
Priming Phase
At steady-state conditions, NK cells are mainly excluded from 
the LN (54, 55). However, early during infections activated NK 
cells can enter into LN and localize in close proximity to T cells 
in the LN, enabling them to influence T cells during early stages 
of activation and thereby shaping the ensuing size and quality 
of the T cell responses. NK cells circulate in blood and migrate 
in a CXCR3-dependent, but CCR7-independent manner into 
activated LNs (56).

Since APCs are essential for cell activation, any changes in APC 
activation, maturation, and function are tightly associated with 
the emerging T cell response. Although NK cells were also shown 
to directly interact with T cells, this direct interaction seems to 
become more important after initial activation of the T  cells. 
During the initial priming phase, T cell regulation by NK cells is 
mainly occurring in an indirect manner via modulation of APCs.

In the following section, we will elaborate in detail the different 
mechanisms of how DC–NK crosstalk influences the emerging T 
cell response.

NK Cells Promoting T Cell Immunity
Natural killer cells can be beneficial for mounting a T cell response 
by modulating DC function. NK cells act by different mechanisms 
depending on the DC subsets and the prevailing cytokine envi-
ronment. In contrast to immature DCs (iDCs), which are found 
at steady state in peripheral tissues and in the blood, mature DCs 
(mDCs) migrate to the LN in a CCR7-dependent manner and 
have the ability to potently stimulate naive T cells. The conversion 
from iDCs to mDC occurs via sensing PAMPs via PRRs (57). 
mDCs are characterized by high level expression of costimulatory 
molecules, e.g., CD80, CD83, CD86, and MHC class II/human 
leukocyte antigen-DR (HLA-DR), as well by the secretion of pro-
inflammatory cytokines such as IL-12 (58). To reveal interactions 
between DCs and NK cells at the early T cell priming phase, most 
studies with human cells used monocyte-derived DCs. iDCs are 
obtained by culturing monocytes in the presence of granulocyte 
macrophage colony-stimulating factor (GM-CSF) and IL-4. DC 
maturation is induced by the addition of LPS, IL-1, type I IFN, 
or TNF (59).

Human in vitro experiments revealed that DCs promote NK 
cell activity via the secretion of cytokines such as type I IFN, 
IL-12, or TNF. In return, NK/DC interaction leads to NKp30 
engagement, resulting in TNF and IFNγ production by the 
NK cells, which further promotes DC maturation (58, 60, 61). 
Besides cytokines (IL-12, TNF, and IFNγ), mDCs can promote 
IFNγ production, CD69 expression, and cytotoxic functions of 
NK cells in a cell-to-cell contact-dependent manner. Ligands for 
the activating receptor NKG2D on NK cells, MICA and B, are 
expressed on human monocyte-derived DCs and contribute to 
CD69 expression on NK cells (58, 62, 63).

This bidirectional crosstalk can secondarily influence T cell 
differentiation. Specifically, the differentiation of naive CD4 
T cells into IFNγ secreting TH1 T cells is promoted by NK cells, 

81

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Pallmer and Oxenius Recognition and Regulation of T Cells by NK Cells

Frontiers in Immunology | www.frontiersin.org June 2016 | Volume 7 | Article 251

shown by transwell experiments in vitro using human myeloid 
blood DCs (64). Similarly, NK cells can also directly shape, pos-
sibly without direct DC crosstalk, the quality of T cell responses 
via their cytokine secretion. A murine in vivo study demonstrated 
that after activated NK cells migrated to the LN in a CXCR3-
dependent manner where they served as an early source of IFNγ 
that was essential for Th1 polarization of naive CD4 T cells (56). 
In a mouse model of Leishmania major infection, the blockade 
of TGFβ signaling in NK cells led to increased IFNγ secretion by 
NK cells, promoting the differentiation of naive CD4 T cells into 
Th1 cells, leading to improved pathogen control (65).

Another mechanism how NK cells indirectly influence the 
emerging T cell response during the priming phase of T cells via 
enhancing cross-presentation. NK cells promote DC cross-pres-
entation by killing target cells, leading to the release of antigens 
that can be taken up by DCs and presented via MHC-I to T cells, 
resulting in an increased CD8 T cell response. Specifically, trans-
fer of allogenic B cells in mice resulted in NK-mediated killing 
that promoted endocytosis of apoptotic bodies by CD8+ DCs and 
MHC I presentation of respective antigens (66). Similarly, in vivo 
killing of OVA-expressing splenocytes by NK cells resulted in bet-
ter priming of CD8 as well as CD4 T cells due to NK-mediated 
release of antigen. Here, NK-mediated cytotoxicity promoted 
CD4 T cell responses, which was crucial to support CD8 T cell 
responses and strong IgG responses (67). Also in human cells, NK 
cell-secreted IFNγ and TNF induce cross-presentation of tumor 
cell-derived antigens by monocyte-derived DCs, promoting the 
induction of a tumor-specific CD8 T cell response (68).

Several studies have reported that activated NK cells specifi-
cally kill iDCs, while sparing mDCs. Albeit the direct killing of 
iDC might have a negative impact on the emerging T  cell 
response, it is more likely that the killing of iDCs might be 
beneficial for robust T cell immunity. This DC selection, known 
as DC editing, might serve as a quality control to guarantee the 
survival of DCs expressing sufficient costimulation molecules 
needed for successful T cell priming or to ensure that effective 
T cell priming is stopped after resolution of infection-induced 
inflammation (61, 69).

Human NK cells, activated with IL-2 in  vitro, killed, and 
produced IFNγ when encountering iDCs. In contrast, lysis of 
mDCs occurred only when inhibitory ligands (HLA molecules) 
were blocked, showing that mDCs protect themselves against NK 
cell attack by KIR engagement. NKp30 engagement was mainly 
responsible for detection and elimination of iDCs. However, 
NKp30 was also shown to induce maturation and favor DC 
activation, and it is currently unclear how this differential role 
of NKp30 in NK cells is regulated (28, 69). The in vitro finding 
that human iDCs are preferably lysed by NK cells was confirmed 
in a tumor mouse model in vivo. Impaired tumor-specific T cell 
immunity was related to the missing deletion of iDCs in the 
absence of NK cells (70). NK cells can kill iDCs due to lacking 
expression of the inhibitory ligand Qa-1 in contrast to mDCs 
that upregulate its expression. Interestingly, iDCs were also killed 
under inflammatory conditions (71).

By contrary, it was also reported that iDCs can promote 
T cell immunity: in a DC-based vaccine model in mice preven-
tion of TRAIL-mediated iDC killing by NK cells enhanced 

antigen-specific T cell responses (72). However, these studies 
relied on adoptive transfer of in vitro cultivated DCs (LPS treated, 
mature, monocyte-derived DCs and untreated, immature, DCs). 
To what extent these in  vitro cultivated iDCs resemble in  vivo 
iDCs remains to be demonstrated (69, 73).

In summary, NK cells improve maturation, effector functions, 
and cross-presentation of DCs and are thereby able to promote 
T cell responses. Moreover, NK cells can secrete cytokines during 
T cell priming, which promote the differentiation of naive CD4 
T cells to Th1 cells. The elimination of iDCs might be a possible 
control mechanism to select immunogenic DC, which provide 
sufficient costimulation needed for the effective stimulation of 
naive T cells (Figure 1).

NK Cells Impairing T Cell Immunity
Negative impact of NK cell on T  cells during priming can be 
either mediated by directly affecting T cells or indirectly via DC 
modulation.

Even though killing of iDCs might have a positive effect on 
T  cell priming, direct killing of mature APCs, especially DCs, 
results in diminished antigen availability and thereby represents a 
mechanism how NK cells can negatively regulate T cell responses.

An in vivo mouse study revealed that in the absence of NK cells 
APCs show improved capacity to stimulate CD8, but not CD4 
T  cells early during LCMV infection and this enhanced virus-
specific CD8 T cell response resulted in viral clearance of a usually 
persistent infection. The beneficial effects could only be observed 
when NK cells were depleted within first 2 days of infection and 
were not due to enhanced costimulation provided by APCs, but 
most likely due to increased numbers of APCs in NK cell-depleted 
mice (74). In the context of MCMV infection in C57BL/6 mice, 
the MCMV protein m157, that is directly recognized by L49H 
on NK cells, triggered NK-mediated killing of MCMV-infected 
DCs. The resulting lower numbers of antigen-presenting DCs in 
this setting translated into impaired T cell immunity and hence 
protracted lytic replication (75). Furthermore, in MCMV infec-
tion, proinflammatory cytokines, such as IL-12, IFNγ, and TNF, 
and NK cell-activating receptors, such as NKG2D and NCR1, 
were shown to promote a bidirectional NK/DC crosstalk that 
supported CD4 T cell priming. Interestingly, IL-10 negatively 
regulated this crosstalk, such that only in absence of IL-10, NK 
cells supported DCs to more effectively prime MCMV-specific 
CD4 T cells, resulting in enhanced virus control (76).

In vitro- and in  vivo-activated murine NK cells can acquire 
MHC-II proteins from interacting DCs via membrane transfer 
in a process known as trogocytosis. However, MHC-II- and 
costimulatory molecule-expressing NK cells did not promote but 
rather inhibited proliferation of CD4 T cells in presence of DCs, 
suggesting that they competed with antigen-presenting DCs for 
engagement of CD4 T cells (77).

In contrast, human MHC-II-expressing NK cells that also 
express costimulatory molecules typical for DCs, such as CD80/
CD86, are capable to induce CD4 T  cell proliferation (78–81). 
Thus, the crosstalk between DCs and NK cells can either support 
or impair initial activation of T cells, raising the question which 
factors decide about the outcome of the interaction. First of all, 
depending on the nature of the cytokines NK cells are exposed 
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FiGURe 1 | NK–T cell interaction during early phases of viral infections.  

(Continued)

FiGURe 1 | Continued
Naive T cells (gray) are primed by DCs, expand, and differentiate into effector 
T cells (purple), contract and form memory T cells (red). Activation of NK cells 
and T cells show a temporal and microanatomical overlap early during 
infection allowing T cell regulation by NK cells. (1) Early during infection NK 
cells can directly regulate T cells via the secretion of cytokines. Indirectly, NK 
cells modulate DC numbers and function, which affect T cell responses. The 
bidirectional NK–DC crosstalk is achieved by cytokine secretion or via direct 
cell-to-cell contact, resulting in either positive or negative consequences for 
T cells. (2) Early activated T cells can be recognized and inhibited (green 
shading) or eliminated (red shading) by NK cells via cytokines or directly in a 
cell-to-cell-dependent manner. T cells shield themselves by upregulating 
ligands for inhibitory NK cell receptors (blue shading). Abbreviations: IFNγ, 
interferon γ; TNF, tumor necrosis factor; IL-12, interleukin 12; IL-10, 
interleukin 10; type I IFN, type I interferon; NKp30L and NKp46L, ligands for 
the NK cell-activating natural cytotoxicity receptors; NKp46 and NKp30, NK 
cell-activating natural cytotoxicity receptors; NKG2DL, ligands for activating 
NK cell receptor; NKG2D, activating receptor of NK cells; TRAIL-R2, tumor 
necrosis factor receptor; TRAIL, ligand for tumor necrosis factor receptor; 
CD94/NKG2A, Ly49D, and 2B4, inhibitory NK cell receptors; Qa-1, MHC-I, 
and CD48, inhibitory receptor ligands; TH1, T helper cell type 1; iDC, 
immature dendritic cell; mDC, mature dendritic cell.
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to, they can either promote or inhibit the polarization of T cells. 
While IL-12 and IL-2 can promote the maturation of DCs that 
are capable of priming IFNγ secreting TH1 T  cells, regulatory 
cytokines, such as IL-10, lead to a reduction of the NK–DC cross-
talk and to a decreased priming of virus-specific T cells (76, 82).

Moreover, another decisive parameter is the NK:DC ratio. 
While in a situation of a low NK:DC ratio, NK cells preferentially 
promote DC activation and enhance secretion of cytokines by the 
DCs, a high NK:DC ratio favors NK-mediated killing of autolo-
gous DCs (61). Besides this ratio also the density of receptors on 
the NK cell surface may decide about their impact in shaping  
T cell responses. For example, NK cells that express a high density 
of NCR1 showed an increased cytotoxicity against NK sensitive 
tumor cell lines compared with NK cells expressing lower levels 
of NCR1. However, if the density of activating receptors on NK 
cells is also decisive for their ability to directly kill T cells or APCs 
remains to be investigated (83).

Taken together, NK cells have the potential to regulate T cell 
responses during their priming phase directly via proinflamma-
tory cytokines, such as IFNγ, as well as indirectly by eliminating or 
promoting APCs numbers and function by various mechanisms 
(Figure  1). Future studies are essential to elucidate the factors 
which decide whether NK cells promote DC maturation, leading 
to an enhanced T cell response due to efficient priming of naive 
T cells or whether NK cells eliminate DCs which leads to reduced 
T cell immunity.

early Activation and Clonal expansion
The following paragraph focuses on effector T  cells; how NK 
cells influence Tregs and vice versa is summarized in Box 1. After 
encountering its cognate peptide presented by an APC in presence 
of costimulation and cytokines, a T cell rapidly undergoes clonal 
expansion. NK cells have the ability to recognize and directly kill 
early activated T cells and can thereby determine the quality and 
magnitude of T cell responses, which can influence the course of 
infection (84–90).
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BOX 1 | Treg–NK cell interaction.

Regulatory T cells (Tregs) are characterized by the expression of the master 
transcription factor Foxp3 and are able to control effector T cells responses by 
inhibiting innate and adaptive immunity (91). Lately, several studies reported 
that Tregs influence NK cells. In Scurfy mice, that fail to develop Tregs, NK 
cells are hyperproliferative and show enhanced effector functions, hinting 
toward an interaction between Tregs and NK cells – or alternatively, that NK 
cells are activated as a consequence of the increased proinflammatory milieu 
presenting in absence of Tregs (92). Also, under homeostatic conditions, 
Treg depletion results in hyperreactivity of NK cells in terms of CD69 expres-
sion and cytolytic functions and IFNγ secretion (93). In line with increased 
activation in the absence of Tregs, NK cells show an increased missing self-
responsiveness toward target cells and rapidly respond to weak stimulation. 
This hyperactivation depends on high levels of available IL-2 produced by 
CD4 T cells after Treg depletion. Thereby, low levels of IL-2, as in the presence 
of Tregs, can serve as a limiting factor restricting NK cell activity (94). This was 
confirmed in a genetic model of type I diabetes in mice in which Treg depletion 
led to infiltration and proliferation of NK cells in the pancreas, accompanied 
by the secretion of IFNγ that promoted disease progression. In this setting, 
the lack of IL-2 consumption by Tregs led to the elevated levels of IL-2, 
promoting NK cell activity, and was not due to higher numbers of CD4 T cells 
secreting IL-2 (95). Interestingly, upon MCMV infection, the restricting effect of 
Tregs on NK cells was abolished and virus titers between Treg-sufficient and 
Treg-depleted mice were comparable. Thus, the Treg-mediated suppression 
of NK cells might be overridden by availability of high IL-2 levels during viral 
infections (93).

However, in hepatitis C virus (HCV) infection, NK cells were suppressed by 
Tregs, which was shown in a human in vitro study. In HCV, NK cells are known 
to kill activated hepatic stellate cells (HSCs), which promote fibrosis. NK cell-
mediated killing could be inhibited by Tregs in a cell–cell contact-dependent 
manner involving the cytotoxic T lymphocyte antigen 4 (CTLA-4). Interestingly, 
the preincubation of HSCs with Tregs resulted in reduced expression of 
activating ligands, such as MICA/B on HSCs, leading to suppression of NK 
cell effector functions (96). Not only CD4 Tregs interact with NK cells but also 
regulatory DCs (regDCs), which is a special DC subset inducing tolerance 
under certain physiological settings. The interaction between regDCs and NK 
cells induced an alternative activation state in NK cells, characterized by low 
levels of IFNγ secretion. This suppression was attributed to the secretion of 
IL-10 by DCs and, surprisingly, by the engagement of the activating receptor 
NKp46 on NK cells (97). This opposing effect of NKp46 might be due to the 
fact that naive NK cells were used in this DC coculture, while other studies 
used activated NK cells or cocultured NK cells in presence of virus-infected 
DCs (98, 99). Collectively, these studies show that NK cells can be controlled 
reciprocally by regulatory immune cells, in particular by Tregs. This notion 
might be relevant in the setting of diseases in which Tregs are increased, such 
as in chronic viral infections or cancer (100–103).
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In mice, IL-2-activated NK cells specifically detect and kill 
activated CD4 and CD8 T  cells in a perforin-dependent man-
ner. Activated NK cells discriminate between activated and 
naive T cells via the activating receptor NKG2D (84). Similarly, 
human-activated T cells are susceptible to NK-mediated killing 
by upregulating ligands for NKG2D. Furthermore, human T cells 
also upregulate ligands for the activating receptor DNAM-1, such 
as PVR, upon stimulation with superantigen. Only T cells in the 
S and G2/M phases expressed PVR which is in line with the 
fact that NK cells preferentially kill proliferating T  cells (104). 
These human in vitro studies showed that autologous T cells can 
be killed by NK cells via DNAM-1 and NKG2D in a granule 
exocytosis-mediated manner, which might serve as a mechanism 
to control T cell responses (85, 104).

In vivo, the absence of NK cells prevented establishment of a 
chronic LCMV infection in mice (86, 87). Mechanistically, some 

studies suggested that CD8 T cells can be directly killed by NK 
cells in a NKG2D- and perforin-dependent manner, while oth-
ers reported that NK cells killed quite selectively activated CD4 
T cells, which subsequently led to reduced CD8 T cell numbers 
and function. The NK cell-mediated killing of CD4 T  cells 
required perforin; however, the exact mechanism how NK cells 
recognize activated CD4 T cells was not revealed (86, 87, 105). 
The differences in mode of action of NK cells during LCMV 
infection reported in these studies might be based on the use of 
different viral strains and infection doses.

Natural killer cells can regulate T  cells also in a contact-
independent manner via the secretion of IL-10, leading to the 
suppression of allergen and Ag-induced T  cell proliferation 
(106, 107). In LCMV infection, IL-10 secreted by NK cells can 
restrict the magnitude of CD8 T cell responses during persistent 
viral infection and can thereby limit immunopathology (108).

As activated T cells are prone to be recognized and eliminated 
by NK cells, T cells have evolved mechanisms to protect them-
selves against NK-mediated cytolytic attack. One mechanism 
how T  cells can protect themselves is via sensing type I IFN 
because virus-specific CD4 and CD8 T cells deficient for type-I 
interferon receptor (Ifnar) were effectively eliminated by NK 
cells in a perforin-dependent manner upon acute LCMV infec-
tion, demonstrating that sensing of type I IFN-induced specific 
downstream pathways in virus-specific T cells leading to protec-
tion from NK cell recognition and hence promoted survival 
and expansion (89, 90). Indeed, Ifnar-deficient activated T cells 
express ligands for the activating receptor NCR1 on their surface 
and are recognized via NCR1 on NK cells and are killed by the 
release of perforin. Virus-specific wild-type T cells, which were 
able to sense type I IFN, safeguarded themselves and resisted the 
NK cell attack due to absent expression of NCR1 ligands (90).

Interestingly, not only activated T cells need to evade NK cell-
mediated killing but also NK cells themselves. Recently, it was 
reported that Ifnar-deficient NK cells were also killed by activated 
NK cells in a perforin-dependent manner. NK cell killing of Ifnar-
deficient NK cells was not NCR1, but NKG2D dependent (109). 
The independent findings that type I IFN sensing is associated 
with absent expression of NCR1 or NKG2D ligands on the surface 
of different immune cells suggests that type I IFN downstream 
signaling pathways, including STAT 1 signaling, seem to provide 
conserved protective mechanisms of how activated immune cells 
avoid NK-mediated killing. In future studies, it will be important 
to gain a more detailed knowledge about the regulation of expres-
sion of ligands for activating or inhibitory NK cell receptors on 
activated immune cells.

Besides the upregulation of activating ligands on T cells, the 
absence of inhibitory ligands is also a mechanism how T cells can 
be rendered targets for NK cell-mediated lysis early during activa-
tion. On this line, Ifnar-sufficient virus-specific T cells showed 
higher expression levels of classical and non-classical MHC-I 
molecules, ligands for inhibitory NK cell receptors, compared 
with Ifnar-deficient cells (89).

In addition, NLCR5, a transcription modulator promoting 
MHC-I expression, was shown to protect T cells against NK cell 
attack, as NLRC5-deficient T  cells became targets for NK cells 
under inflammatory conditions due to strongly reduced MHC-I 
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expression (110). Furthermore, the absence of the inhibitory 
receptor 2B4 on NK cells was associated with a prolonged per-
sistence of LCMV because virus-specific CD8 T cells were killed 
by NK cells. Even though CD8 T cells expressed high levels of 
MHC-I, they could not shield themselves from NK cell-mediated 
attack, showing that the protective features of MHC-I and CD48 
are non-redundant (111, 112). Of note, 2B4 can act as a coactivat-
ing receptor on human NK cells, in particular, in combination 
with CD16 (113) or in synergy with NKG2D, NKp46, and 
DNAM-1, resulting in enhanced cytotoxicity of naive human NK 
cells (114, 115). However, if 2B4 as a coactivating receptor on NK 
cells impacts on T cell regulation remains to be demonstrated.

Natural killer cells were also shown to diminish the number 
of CD4 TFH cells and thereby to affect B cell responses. During an 
acute LCMV infection, NK cells killed CD4 TFH cells in a perforin-
dependent manner, resulting in a weak germinal center (GC) 
response and reduced titers of virus-specific antibodies (116). 
NK depletion early during a chronic LCMV infection enhanced 
the levels of virus-specific antibodies, thereby contributing to 
control of the infection. Even though the underlying mechanisms 
were not revealed so far, elevated numbers of CD4 TFH cells sug-
gested that NK cells promote viral persistence by suppressing not 
only CD8 T immunity but also CD4 TFH cells and consequently 
humoral immunity (117).

Taken together, NK cells have the potential to shape T cell 
responses early during activation, mostly by curtailing T  cell 
responses and humoral immunity (Figure 1). Why would such 
regulation of T  and B cell responses by NK cells exist? One 
situation in which this regulation has physiological relevance is 
chronic viral infections when NK cell-dependent killing of T cells 
and suppression of T cell functions may prevent T cell driven 
immunopathology. Furthermore, infection with intermediate 
LCMV doses normally leads to detrimental immunopathology 
due to a strong T cell response, which is not sufficiently inhibited 
by NK cells. Depletion of NK cells, in this model, leads to an 
early enhanced T  cell response that mediates control of the 
infection (86).

Finally, NK cells may ensure that only “correctly” activated 
CD8 T  cells, which have received all three activation signals, 
survive. “Incorrectly” activated T  cells (i.e., those that might 
have only perceived one or two signals) might become targets for 
NK cells. This hypothesis originates from the observation that 
LCMV-specific T cells that have not sensed signal 3 (i.e., type I 
IFN) are exquisite targets for NK cells. Such incorrectly activated 
T cell might potentially be harmful for the host, for instance, in 
case of autoreactive T cells. This is, however, at the moment, pure 
speculation that needs to be addressed experimentally.

Contraction and Memory Formation
The peak in the life of a T  cell is around day 8 after antigen 
activation before the population of expanded T  cells contracts 
massively due to apoptosis of antigen-specific effector T cells. The 
decline of T cell numbers is necessary to allow the organism to 
respond to new pathogens and to avoid immunopathology (118). 
NK cells do not seem to be involved in the contraction phase 
because virus-specific T cells decline in NK-depleted mice to the 
same extent as in NK-sufficient mice after acute LCMV infection 

(90, 105). After the contraction phase, few antigen-specific T cells 
differentiate into long-lived memory cells, which are dependent 
on IL-7 and IL-15 for homeostasis (119, 120).

Even though the decision about T cell differentiation occurs 
early during T  cell activation and not during the contraction 
phase, the effects of NK cells on long-term memory formation 
will be discussed briefly. At the peak of T  cell expansion, the 
population of antigen-specific T cell can be divided into SLECs 
and MPECs, with the latter fueling the pool of long-lived 
memory cells. In the absence or presence of NK cells, virus-
specific T cells differentiated into MPECs and SLECs, indicating 
that NK cells do not affect the establishment of both effector 
subpopulations. Hence, establishment of T cell memory occurs 
both in presence and absence of NK cells during the priming 
phase in the context of an acute LCMV infection – albeit total 
numbers of memory cells might be slightly reduced in presence 
of NK cells due to slightly reduced peak expansion (88, 90, 116). 
In mice, the lack of Qa-1 on T cells, which binds to the inhibitory 
receptor CD94/NKG2A on NK cells, led to reduced survival of 
CD4 T  cells. Furthermore, memory formation was drastically 
reduced, suggesting that Qa-1 plays a role in CD4 T cell survival 
and memory development (121). In an OVA vaccination model 
in mice, memory CD8 T  cell responses were increased in the 
absence of NK cells, which was associated with a better control 
of tumor growth (105).

Natural killer–DC interactions not only occur during primary 
immune responses but also during recall responses, which was 
shown in a secondary infection model using different OVA-
expressing pathogens. Upon secondary infection with Listeria 
monocytogenes, memory CD8 T cells were activated by IL-12 and 
CXCL9 secreting XCR1+ DCs, leading to improved reactivation 
of memory CD8 T cells. Upon recall, NK cells were rapidly acti-
vated and provided an early source of IFNγ, boosting XCR1+ DC 
functions, which resulted in a stronger recall CD8 T cell response 
(122).

Collectively, there are some indications that NK cells 
have the potential to shape the differentiation of memory 
T cells –  although such impact may actually take place during 
the priming period – and decide thereby about the quantity of 
memory T cells.

Disease
In the following part, we provide an overview about NK–T cell 
interactions in specific disease settings. In particular, we empha-
size on how NK cells affect T cells during chronic viral infections 
and how chronic viral infections can modulate NK–T cell inter-
action. We also extend the discussion on the role of NK–T cell 
interaction in autoimmune disorders.

Role of NK Cells during Chronic Virus Infections
During chronic active viral infections, “classical” memory T cell 
formation is impaired. Instead, virus-specific CD8 T  cells are 
maintained as a population of actively cycling cells that depends 
on recurrent activation by cognate antigen (123). Functionally, 
the virus-specific CD8 T  cells are markedly impaired in 
their effector functions, predominantly in their ability to 
produce inflammatory cytokines such as IFNγ and TNF. This 
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hypofunctional state is termed “exhaustion,” and its genesis is 
related to recurrent antigen exposure and the expression of a 
number of coinhibitory receptors that downregulate signal 
transduction from the TCR (123). Even though the depletion of 
NK cells early during a chronic LCMV infection leads to morbid-
ity and mortality, due to enhanced antiviral T cell immunity, NK 
depletion 2 or 3 weeks after the peak of cytotoxic CD8 T cells is 
associated with improved antigen-specific CD8 T cell response 
and better virus control and led to only weak immunopathologi-
cal symptoms (86, 124).

In human immunodeficiency virus-1 (HIV-1) infection, NK 
cells are activated and upregulate the activating receptor NKp44, 
while CD4 T cells express a cellular ligand for NKp44 (NKp44L). 
The expression of NKp44L is induced by the HIV-1 envelope 
gp41 protein and renders CD4 T  cells highly susceptible to 
NK-mediated lysis. Interestingly, NKp44L expression was only 
observed in uninfected CD4 T cells. In infected CD4 T cells, the 
HIV-derived protein Nef inhibited the upregulation of NKp44L 
on the surface. Thus, the downregulation of NKp44-activating 
ligands on infected CD4 T cells might serve as an immune escape 
mechanism, while NKp44 ligand expression on non-infected 
CD4 T cells may contribute to the overall depletion of CD4 T cells 
over the course of infection (125). In addition, Nef and the late 
viral factor Vpu induced the downregulation of PVR, which is 
a ligand for the activating receptor DNAM-1 on NK cells. The 
blockade of DNAM-1 and NKG2D together reduced killing of 
HIV-1-infected cells by NK cells, indicating that both DNAM-1 
and NKG2D are involved in the regulation of NK cell recognition 
of HIV-1-infected cells (126). Another study in HIV-1-infected 
patients revealed that plasmacytoid DCs secreted type I IFN 
which induced NK cells to kill HIV-infected CD4 T cells with the 
engagement of NKp46 and NKG2D. In this setting, NK-mediated 
lysis represents an antiviral immune response contributing to 
control the infection (127). Chronic hepatitis B virus (CHB) infec-
tion is also characterized by activated NK cells and a decrease of 
T cell functions or clonal deletion of virus-specific T cells. Studies 
using human samples derived from CHB patients revealed that 
virus-specific CD8 T cells in the liver are NK cell targets as they 
expressed higher levels of TRAIL-R2 which engages TRAIL on 
NK cells, leading to NK-mediated killing. Surprisingly, only HBV-
specific T cells were affected by NK regulation via the TRAIL-R2/
TRAIL pathway, but not other virus-specific T  cells such as 
Epstein–Barr virus (EBV) or Cytomegalovirus (CMV)-specific 
T cells (128). NK cells and T cells derived from CHB patients are 
both functionally impaired. Nucleos(t)ide analog (NUC) therapy 
can improve T- and NK-cell responses and resulted in a reduc-
tion of an inflammatory phenotype of NK cells derived from 
CHB patients, characterized by reduced expression of TRAIL, 
CD38, and Ki-67. The change to a quiescent phenotype in NK 
cells was accompanied by the restoration of effector functions 
of HBV-specific T cells under NUC therapy. NK depletion and 
blockade of TRAIL and NKG2D further ameliorated the HBV-
specific T cell functions (129). These studies clearly demonstrate 
that NK cells play a role in regulating HBV-specific T cells during 
chronic HBV infection. The regulation of HBV-specific T  cells 
by NK cells might be under certain conditions beneficial for the 
host due to diminished immunopathological consequences. The 

complex interplay of NK cells and T cells in CHB was reviewed 
in Ref. (130).

EBV, which belongs to the herpesviridae family, causes a 
persistent latent infection and has a prevalence of over 90% 
in the population. While, in most individuals, the infection 
occurs without symptoms, in around 10% the infection results 
in infectious mononucleosis (IM), which is related to massive 
expansion of EBV-specific CD8 T  cells (131). A study using 
humanized mice for EBV infection presented the hypothesis 
that NK cells could limit T  cell expansion by directly killing 
T  cells and thereby preventing the development of IM. It is 
therefore speculated that EBV seronegative individuals that 
have low numbers of NK cells are more prone to develop IM 
(132).

Natural killer cells are likewise involved in regulating T cell 
responses specific for MCMV, also a member of the herpesviridae 
family. During MCMV infection, NK cells kill activated CD4 
T cells in the salivary gland. The elimination of activated CD4 
T  cells was dependent on TRAIL and led to a prolongation of 
the lytic virus replication; however, it prevented virus-induced 
autoimmunity at the same time (133). This shows that NK cells 
have, indeed, a regulatory role which has the ability to restrict 
strong adaptive immune responses in the setting of persistent 
viral infections (Figure 2).

Role of NK Cells in Autoimmune Disease
Natural killer cells are also involved in regulating autoreactive 
T cells. This was demonstrated in the mouse model for multiple 
sclerosis, experimental autoimmune encephalomyelitis (EAE). 
Depletion of NK cells was associated with a more severe form of 
EAE, characterized by the occurrence of relapses. The exacerba-
tion of the disease was due to increased T cell proliferation and 
cytokine production (134). Besides the TRAIL–TRAILR pathway 
inducing apoptosis in autoreactive T cells, blockade of the Qa-1/
CD94-NKG2A axis led to an amelioration of EAE due to the 
elimination of autoreactive CD4 T cells by NK cells in a perforin-
dependent manner (121, 133).

The human CD56bright NK cell subset is most prominent in 
peripheral lymphoid organs compared with the CD56dim subset 
which mostly circulates. CD56bright cells derived from healthy 
individuals could suppress autologous CD4 T cell proliferation 
under inflammatory conditions via the activation of NCRs and 
the secretion of granzyme. In comparison, CD56bright derived 
from MS patients exhibited reduced granzyme secretion due 
to higher expression levels of the inhibitory ligand HLA-E on 
CD4 T  cells and not due to altered NCR expression on NK 
cells (135). In addition, enrichment of CNS-resident NK cells 
in EAE had beneficial effects on the disease progression by sup-
pressing TH17 cells (136). Paradoxically, the absence of IFNγ 
in a transgenic mouse model led to more severe symptoms in 
EAE, uveitis, and arthritis. In the presence of IFNγ, NK cells 
migrated to the LN where they interacted with DCs promoting 
IL-27 production, leading to the suppression of disease-inducing 
TH17 T  cells and therefore to protection from autoimmunity 
(137). Studies in MS patients revealed that the reduced cytolytic 
functions of NK cells are due to an impaired interaction between 
NK cells and CD4 T  cells via DNAM-1-PVR and 2B4-CD48. 
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FiGURe 2 | NK–T cell interaction in chronic virus infections. Naive T 
cells (gray) are primed by DCs, expand, and initially form effector T cells 
(purple) that transition during a chronic infection T cells to “exhausted T cells” 
(blue) due to constant restimulation by cognate antigen. (4b) NK cells 
recognize and eliminate T cells during a chronic state of viral infections by a 
direct cell-to-cell contact. Abbreviations: NKp44L and NKp46L, ligands for 
the NK cell-activating natural cytotoxicity receptors; NKp44 and NKp46, NK 
cell-activating natural cytotoxicity receptors; NKG2DL, ligands for activating 
NK cell receptor; NKG2D, activating receptor of NK cells; TRAIL-R2, tumor 
necrosis factor receptor; TRAIL, ligand for tumor necrosis factor receptor 
superfamily; CHB, chronic hepatitis B virus; MCMV, murine Cytomegalovirus; 
HIV, human immunodeficiency virus.
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Thus, the dysregulation of NK–T  cell interaction in MS may 
present an attractive therapeutic target. Indeed, therapeutic 
immune modulation targeting IL-2Rα (CD25) by daclizumab 
was shown to selectively expand CD56bright NK cells, activate NK 
cell functions, and induced upregulation of PVR on the surface 
of CD4 T cells, rendering these susceptible for NK cell-mediated 
killing (138–140).

The activating receptor NKp46 is known to be associated with 
the induction of type I diabetes. Using knockout mice, in which 
NKp46 is ablated, revealed that these mice are less prone to develop 

diabetes. Mechanistically, NK cells degranulated after binding via 
NKp46 to beta islet cells of the pancreas. The ligand for NKp46 
expressed on beta islet cells is still unknown (141, 142). Whether 
the lack of NKp46 has also influence on autoreactive T cells in 
diabetes type I remains to be shown.

Moreover, NKp46 is also involved in graft-versus-host disease 
(GVHD) because the absence of NKp46 in GVHD led to rapid 
mortality. However, it has remained elusive if NKp46 is needed for 
direct killing of host-reactive T cells, or whether regulation occurs 
indirectly via APCs in the context of GVHD (143). Furthermore, 
NK cells expressing the activating receptor Ly49D rapidly killed 
allogenic DCs in a murine skin transplantation model through 
the release of perforin. The absence of allogenic DCs inhibited 
alloreactive CD8 T cell responses emerging in the draining LN. 
In addition, NK cells could limit alloreactive CD4 T cells via the 
activating receptor Ly49D (144). These studies demonstrate that 
NK cells play a role in GVHD via the activating receptors Ly49D 
and NKp46.

CONCLUDiNG ReMARKS

Even though NK cells are mainly known as killer cells of the innate 
immune system, there is more and more evidence that NK cells 
can shape the adaptive immune system by influencing T cells in 
different stages of their lifespan. During T cell priming, NK cells 
indirectly alter T cell responses by affecting DCs. Reciprocally, 
DCs are also able to modulate NK cells and this bidirectional 
interaction affects the emerging T cell response. More detailed 
insight into the detailed mechanisms of DC/NK interaction will 
be important to tailor T cell immunity in the context of vaccina-
tion or toleration.

The absence of NK cells induces alterations in the early phase 
of T cell responses, including direct attack of T cells. The detailed 
mechanisms of this direct regulation are, however, still being 
defined. Since NK cells are regulated via the net balance of sig-
nals perceived by their activating and inhibiting receptors, more 
insights into the regulation of NK receptor ligand expression on 
activated T cells is required.

Since T  cells have evolved several mechanisms to shield 
themselves against NK-mediated killing during early activation, 
a more detailed molecular understanding about this shielding 
process is important. Such knowledge might also be useful to 
understand whether and how autoreactive T cells can be rendered 
targets for NK cell attack.
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Recent reports give insights into the role of the T-box transcription factors, T-bet and 
Eomesodermin (Eomes), in NK cell biology. In this mini-review, we recapitulate the initial 
reports that delineate T-bet and Eomes as master regulators of NK cell development, 
maturation, and function. We discuss how T-bet and Eomes expression is regulated 
during NK cell development and peripheral maturation. Furthermore, we summarize the 
current literature on the role of T-bet and Eomes in the transcriptional regulation of NK cell 
function and review possible effects of T-box transcription factor anomalies during aging, 
infection, cancer, and after hematopoietic stem cell transplantation. We discuss how 
the current data argue in favor of a model of T-bet and Eomes synergy in transcriptional 
regulation of NK cell function and identify T-box transcription factors as potential targets 
for therapeutic interventions.

Keywords: natural killer cells, T-box transcription factors, T-bet, eomes

inTRODUCTiOn

The phylogenetically conserved family of T-box transcription factors, which share T-box DNA-
binding domains, is critically involved in developmental processes in vertebrates. The T-box protein 
in T cells (T-bet) is a tyrosine- and serine-phosphorylated protein encoded by the Tbx21 gene that 
is expressed only in cells of hematopoietic origin. T-bet was originally identified in T lymphocytes 
as the key transcription factor involved in interferon-gamma (IFN-γ) production that commits CD4 
T cells to the Th1 lineage (1). Eomesodermin (Eomes), another T-box transcription factor sharing 
homology with T-bet, was originally described as a key player in vertebrate embryogenesis (2). More 
recently, Eomes and T-bet have been reported to coordinate the differentiation of CD8 T cells into 
effector cells (3–5) as well as their transition to the memory cell pool (6, 7). T-bet and Eomes are 
therefore considered as master regulators of T cell function. The bulk of mature murine (6, 8, 9) 
and human (10–12) NK cells express high levels of T-bet and Eomes, but until recently, their impact 
on NK cell function was not known. In the present work, we summarize the current knowledge 
about the role of T-bet and Eomes in NK cell development, peripheral maturation, and function.

T-BeT AnD eOMeS in nK CeLL DeveLOPMenT

The first evidence for a role of T-bet in NK cell biology came from the observation that T-bet 
deficient (T-bet−/−) mice have slightly higher NK cell numbers in the bone marrow but reduced 
numbers of NK cells in spleen, liver, and peripheral blood (13). Because many NK cells in T-bet−/− 
mice expressed an immature CD27posCD11bpos phenotype, it was suggested that T-bet played 
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a role in NK cell maturation without being essential for the 
early stages of NK cell development. Because Eomes−/− mice 
die in an early embryonic stage, the role of Eomes in NK cell 
development has initially been assessed only in compound 
mutant Eomes+/− Tbx21−/− mice (6). Interestingly, Eomes+/− 
Tbx21−/− mice displayed a severely exacerbated defect in the 
NK cell compartment compared to mice only lacking T-bet, 
suggesting a distinct, but complimentary function for Eomes in 
NK cell development. Importantly, the loss of one allele of Eomes 
results in a severe downregulation of CD122 (6), the beta-chain 
of IL-2R and IL-15R, which is essential for IL-15 signaling and 
NK cell development. Chromatin Immunoprecipitation (ChIP) 
assays showed that Eomes regulated CD122 transcription (6) for 
which T-bet appeared to be unnecessary (13). More recently, the 
role of Eomes has been studied in mice harboring floxed alleles of 
Eomes and expressing hematopoietic-restricted Cre  recombinase 
under control of Vav regulatory elements (Eomesflox/floxVav–Cre+ 
mice), which restricts the Eomes-inactivation to cells of the 
hematopoietic lineage (8). Deletion of Eomes resulted in a 
severe reduction of NK cells in spleen and blood whereas only 
a modest reduction in NK cell numbers was observed in liver, 
lymph node, and bone marrow. Deletion of Eomes and T-bet 
in Tbx21−/−Eomesflox/floxVav–Cre+ mice resulted in complete 
absence of NK cells in all organs (8). Hence, T-bet and Eomes 
are essential for normal NK cell development, but in the absence 
of either T-bet or Eomes, an incomplete development may still 
occur suggesting that the two T-box transcription factors share 
several functions.

The analysis of the contribution of Eomes and T-bet to NK 
cell development also led to the identification of an ontologically 

distinct subset of innate lymphocyte (ILC) cells residing in the 
liver. Lymphocytes expressing NK cell markers in murine liver 
contain up to 40% of Eomes-negative cells that express high levels 
of T-bet (8, 9, 14). Hepatic EomesnegT-bethigh NK cells display an 
immature phenotype characterized by the expression of Trail and 
lack of expression of DX5 (TrailposDX5neg) (8). Initial experiments 
suggested that EomesnegT-bethighTrailposDX5neg cells represented an 
intermediate developmental stage that could differentiate into 
mature EomesposTrailnegDX5pos cells (8). However, experiments 
performed with Eomes-negative cells isolated from Eomes-GFP 
reporter mice demonstrated that EomesnegT-bethighTrailposDX5neg 
cells are in fact an ontologically and functionally different subset 
of ILCs differentiating in the liver (14).

According to the current model, type 1 ILCs differentiate 
into two developmentally distinct lineages, type 1 helper innate 
lymphoid cells (hILC1s) and conventional NK cells (cNKs), 
which can be discriminated by the T-box transcription factors 
expressed (Figure 1). hILC1 differentiate in the liver when T-bet 
is upregulated and Eomes transcription is suppressed (14). 
Conversely, Eomes expression directs ILC1 development toward 
bone marrow-derived conventional NK cells that express rela-
tively low levels of T-bet (15). Whether similar developmental 
pathways exist in human NK cells is still unknown (Figure 2). 
A recent study identified a T-betposEomesneg CD49apos NK cell 
subset in human liver, absent from hepatic venous or peripheral 
blood, with a CD56brightCD16negCD57negperforinneg phenotype 
that may represent the human equivalent of murine T-betpos 
intrahepatic hILC1 (16).

In recent years, other ontologically distinct tissue residing 
NK cell subsets have been identified in salivary glands, skin, and 
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uterus. Similarly to liver residing cells, NK cells isolated from 
these tissues display an immature CD49aposDX5neg phenotype 
associated with the expression of markers of tissue residency. 
However T-box transcription factors expression varies with 
the tissues the NK cells reside in, which may point at distinct 
developmental pathways. Skin residing NK cells do not express 
Eomes and strictly depend on T-bet for their development (17), 
suggesting a developmental relationship with liver residing NK 
cells. Conversely, salivary gland (18) and uterine (17, 19–21) NK 
cells express high levels of Eomes and are T-bet-independent for 
their development and appear therefore to be a more distinct NK 
cell lineage (Figure 1).

Little is known on the mechanisms that induce cells to 
upregulate or repress T-box transcription factors in different 
organs. By contrast, several cell intrinsic mechanisms regulat-
ing Eomes and T-bet expression have been elucidated to date. 
First, T-bet and Eomes regulate each other’s expression during 
NK cell development, and levels of Eomes expression correlate 
inversely with levels of T-bet in developing NK cells suggesting 
that active repressive mechanisms regulate the balance of T-bet/
Eomes expression (14). This hypothesis has been confirmed by 
showing that T-bet−/− NK cells express high levels of Eomes 
whereas transgenic NK cells overexpressing T-bet display low 
levels of Eomes (14). In addition, expression of T-bet and 
Eomes has been shown to be strictly related with expression 
of other transcription factors crucial for NK cell development. 
T-bet expression is induced by the transcription factors ETS1 
(V-Ets Avian Erythroblastosis Virus E26 Oncogene Homolog 1) 
(22), TOX1 (thymocyte selection-associated HMG box protein 

TOX-1) (23), and TOX2 (24). Conversely, Eomes expression 
depends on the bZIP transcription factor Nfil3 (Nuclear factor, 
interleukin 3 regulated, also known as E4BP4), which binds 
to the regulatory regions of the Eomes gene to promote its 
transcription (25). Nfil3 deficiency interferes with the devel-
opment of the EomesposTRAILnegDX5pos bone marrow-derived 
NK cells while hepatic TbetposEomesnegTRAILposDX5neg cells are 
unaffected (17, 26, 27). Interestingly, tissue-resident Eomespos 
NK cells localized in salivary glands and in the uterus can 
develop in the absence of Nfil3 (17, 18, 20, 27), suggesting the 
existence of alternative molecular mechanisms for the induction 
of Eomes transcription.

The only direct available information about the impact 
of T-box transcription factors deficiency on human NK cell 
development comes from a study describing a patient with a 
rare autosomal recessive microcephaly syndrome related to a 
translocation between chromosomes 3p and 10q leading to the 
silencing of the Eomes transcript (28). The fact that the infant 
displayed a normal distribution of T, B, and NK cells suggests 
that human NK cell development is possible in the absence of 
Eomes, although no information is available about the patient’s 
NK cell functionality.

T-BeT AnD eOMeS in nK CeLL 
PeRiPHeRAL MATURATiOn

Upregulation of T-bet and Eomes expression during development 
is maintained by most peripheral NK cells in mice (6) as well as 
in humans (10). Indeed, sustained expression of T-bet and Eomes 
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in the periphery is necessary to maintain the NK cell maturation 
status while deletion of both T-box transcription factors results 
in reversion into an immature phenotype (8). T-bet expres-
sion is upregulated, and Eomes expression is downregulated 
during maturation of CD11bposCD27pos murine NK cells to 
the CD11bposCD27neg stage (14) (Figure  1). Importantly, T-bet 
appears to be essential for completion of this final maturation 
step as it controls the repression of CD27 and c-kit expression 
as well as the upregulation of S1P5 and KLRG1 (8, 13, 29–31). 
Therefore, bone marrow-derived EomesposTRAILnegDX5pos NK 
cells can develop in the absence of T-bet, but are unable to 
undergo the terminal stages of maturation. Part of this terminal 
maturation process seems to be mediated by T-bet induction of 
the PR domain zinc finger protein 1 (Blimp-1) (30) and the zinc 
finger E-box-binding homeobox 2 (ZEB2) (32) transcription fac-
tors. Conversely, Forkhead box protein O1 (FOXO1) inhibits NK 
terminal maturation through repression of T-bet (33). Similar 
patterns of T-bet and Eomes expression exist in human NK 
cells that also upregulate T-bet and downregulate Eomes during 
peripheral maturation (Figure 2). Cytokine-producing CD56bright 
NK cells express higher levels of Eomes and lower levels of T-bet 
than cytotoxic CD56dim NK cells (10–12, 34, 35). Moreover, 
terminally differentiated CD57posCD56dim NK cells express the 
highest levels of T-bet and the lowest levels of Eomes (11, 12). 
Accordingly, upregulation of Killer-cell immunoglobulin-like 
receptors (KIRs) during maturation is associated with a decrease 
of Eomes and an increase of T-bet levels (11), which appears 
to be independent of the fact whether KIRs are licensing or 
not (Pradier et al., unpublished observations submitted for the 
present Frontiers Immunology Research Topic).

T-BeT AnD eOMeS in nK CeLL 
FUnCTiOn

Chromatin Immunoprecipitation assays combined with the 
analysis of T-bet- and Eomes-deficient mice have partially uncov-
ered the role of T-box transcription factors in NK cell biology. 
Similarly to what previously reported in CD4+ Th1 cells, ChIP 
experiments identified IFN-γ as a target gene of T-bet in NK cells 
(13). By contrast, no evidence of Eomes binding to the IFN-γ 
promoter has been reported. Conditions that induce IFN-γ pro-
duction, such as stimulation with IL-12 plus IL-15 or with IL-12 
plus IL-18, also induce upregulation of T-bet (8, 13) and Eomes 
(12). Murine NK cells are still able to produce IFN-γ in vivo in 
the absence of T-bet, Eomes, or both (8, 13), but the maintenance 
of IFN-γ production is impaired in the absence of T-bet (13). In 
addition, T-bet and Eomes expression correlates positively with 
IFN-γ production in vitro in mice (36) as well as in humans (12, 
37, 38). Furthermore, NK cells are less cytotoxic in the absence of 
T-bet (13, 39), which is possibly caused by a decreased produc-
tion of perforin and granzyme B (8, 13). Murine studies suggest 
that T-bet but not Eomes is directly involved in the production of 
cytotoxic molecules (8). Accordingly, we found a positive correla-
tion between T-bet levels and perforin production in human NK 
cells and no relationship between Eomes levels and expression 
of cytotoxic molecules (12). Collectively, these findings support 
a model in which T-bet and Eomes cooperatively regulate IFN-γ 

production in NK cells while T-bet seems to be the crucial regula-
tor of their cytotoxic activity.

T-BeT AnD eOMeS in nK CeLL BiOLOGY 
in HeALTH AnD DiSeASe

Given their impact in NK cell development, peripheral matura-
tion and function, alterations in T-bet and Eomes expression 
could account for NK cell abnormalities in pathological condi-
tions in which NK cells exert an essential role, such as infections 
and cancer. Reduction in T-bet and Eomes levels in NK cells 
occurs during aging and is associated with an impaired NK cell 
cytotoxicity (40). Interestingly, T-bet and Eomes downregulation 
in aged mice is not related to a cell intrinsic defect but is induced 
by the aged environment pointing to a cell extrinsic induction of 
a senescent phenotype.

The role of T-bet and Eomes expression in NK cells has been 
investigated in several disease models. NK cells activated dur-
ing murine cytomegalovirus or vaccinia virus infection do not 
undergo terminal maturation in the absence of T-bet (13, 41, 42), 
which concords with the typical role of T-bet in NK cell differen-
tiation (13). However, despite the fact that this led to a significant 
reduction of NK cell virus-specific cytotoxicity early after infec-
tion (13, 42), the viral load remained unchanged suggesting that 
the NK cell activity in T-bet−/− mice is still sufficient to control 
viral replication. Similar sufficient in  vivo NK cell responses 
have been reported after infection of T-bet−/− mice with Listeria 
monocytogenes (43) or with Toxoplasma Gondii (44).

Murine models of cancer have illustrated the impact of T-box 
transcription factors in NK cell antitumor responses. Peng and 
coworkers used a transgenic prostate adenocarcinoma mouse 
model to demonstrate that although T-bet deficiency only 
had a very limited impact on primary tumor development, it 
significantly affected the ability to control tumor spread (45). 
This observation, subsequently confirmed in a murine model of 
metastatic cancer (46), led to the conclusion that in vivo NK activ-
ity in metastasized cancer strongly depends on T-bet expression. 
Although NK cells are still capable to infiltrate metastatic tumors 
in the absence of T-bet, their survival and capacity to terminally 
differentiate into fully competent, cytotoxic CD27negKLRG1pos 
NK cells appears to be diminished (31, 46). It has been show that 
in vivo IL-15 administration overcomes the defect of T-bet−/− NK 
cells by inducing differentiation of EomeshighKLRG1pos NK cells 
that are able to efficiently control metastatic pulmonary colorectal 
cancer, suggesting that IL-15 induced Eomes upregulation may 
compensate for the lack of T-bet inducing expansion of pheno-
typically and functionally mature NK cells.

Important insights into the relationship between T-bet and 
Eomes expression in NK cells and cancer come from the work of 
Gill and coworkers who identified the downregulation of T-bet 
and Eomes as the molecular signature of NK cell exhaustion 
in a murine NK adoptive transfer model of lymphoma (36). 
Importantly, downregulation of T-box transcription factors 
appeared to be not only the consequence of the NK cells’ expo-
sure to tumor cells but also of their homeostatic proliferation 
induced by the treatment-induced lymphopenic environment. 
Lymphopenia occurs frequently after cancer chemotherapy as 
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well as after conditioning regimens for hematopoietic stem cell 
transplantation (HSCT). Indeed, we found the same exhausted 
phenotype in human NK cells isolated from patients undergo-
ing HSCT (12). Similar to what had been observed in mice, 
T-bet and Eomes downregulation after HSCT was associated 
with impaired NK function and lower levels of T-bet in NK 
cells were associated with reduced patient overall survival (12). 
Surprisingly, improved survival associated with higher levels of 
T-bet in NK cells was not the consequence of improved cancer 
control but the result of a reduced non-relapse mortality, which 
suggests that sustained T-bet and Eomes expression in NK cell 
could participate to prevent the development of transplant related 
complications after HSCT. This hypothesis is supported by a 
recent study showing that adoptively transferred IL-12/15/18-
preactivated NK cells, which do not undergo exhaustion and 
maintain high levels of Eomes and T-bet expression, suppressed 
acute Graft-versus-Host-Disease in a murine model of HSCT 
(47). These results suggest that T-bet and Eomes expression 
may also modulate NK cell function in immunopathological 
settings, similarly to what recently shown in multiple sclerosis 
patients (35).

COnCLUDinG ReMARKS

Recent findings clarifying the role of the two T-box transcription 
factors T-bet and Eomes in NK cells have considerably increased 
our knowledge of NK cell biology. Notably, they led to the 
characterization of previously unknown NK cells developmental 
pathways. Furthermore, they led to the identification of a molecu-
lar signature of NK cell exhaustion, which may represent a future 
target for immunomodulatory therapies.
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Chemokines are small chemotactic molecules that play key roles in physiological and 
pathological conditions. Upon signaling via their specific receptors, chemokines regulate 
tissue mobilization and trafficking of a wide array of immune cells, including natural killer 
(NK) cells. Current research is focused on analyzing changes in chemokine/chemokine 
receptor expression during various diseases to interfere with pathological trafficking of 
cells or to recruit selected cell types to specific tissues. NK cells are a heterogeneous lym-
phocyte population comprising several subsets endowed with distinct functional proper-
ties and mainly representing distinct stages of a linear development process. Because of 
their different functional potential, the type of subset that accumulates in a tissue drives 
the final outcome of NK cell-regulated immune response, leading to either protection 
or pathology. Correspondingly, chemokine receptors, including CXCR4, CXCR3, and 
CX3CR1, are differentially expressed by NK cell subsets, and their expression levels can 
be modulated during NK cell activation. At first, this review will summarize the current 
knowledge on the contribution of chemokines to the localization and generation of NK 
cell subsets in homeostasis. How an inappropriate chemotactic response can lead to 
pathology and how chemokine targeting can therapeutically affect tissue recruitment/
localization of distinct NK cell subsets will also be discussed.

Keywords: chemokine receptors, CXCR4, CXCR3, nK cell subsets, multiple sclerosis, multiple myeloma, cross-
inhibition, migration

inTRODUCTiOn

Natural killer (NK) cells are innate lymphocytes that play a key role in the immune response to 
tumors and infections through their ability to kill transformed or infected cells and to produce 
immunoregulatory cytokines and chemokines. Activation of NK cell effector functions can be 
achieved through a complex integration of inhibitory and activation signals provided by membrane 
expressed receptors and/or through cytokine stimulation (1).

Natural killer cells are widely distributed into different tissues such as the bone marrow (BM), 
liver, thymus, lymph node, and uterus, thus contributing to immune surveillance in homeostasis, 
and can be further recruited into tissues in pathological conditions (2, 3). While tissue-resident 
NK cells have been identified in uterus, liver, and skin, conventional NK cells continuously traffic 
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FiGURe 1 | Differential chemoattractant receptor expression by nK cell subsets in human and mouse.
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and localize into tissue through a combination of stimuli able to 
promote their mobilization from storage compartments to blood 
circulation and their entry and retention into tissue (4–6).

Chemokines are a family of more than 50 small proteins, 
mostly secreted, that accomplish their function by interacting 
with heterotrimeric G protein-coupled receptors (GPCR). 
Chemokine binding promotes a conformational change in the 
receptor, triggering intracellular signals that drive cell polariza-
tion, migration, and adhesion, thus resulting in the induction 
of leukocyte trafficking and homing (3). Besides leukocyte 
chemotaxis, chemokines can affect a number of other leukocyte 
functions and are recognized as important regulators of the 
immune response (3). Chemokines may be grouped according 
to their modality of expression and function, as inflammatory or 
homeostatic (7).

CHeMOKine ReCePTOR eXPReSSiOn 
On nK CeLL SUBSeTS

A number of evidence indicates that the differential functional 
properties underlying NK cell-mediated protective effect in 
pathological conditions can be attributed to distinct NK cell pop-
ulations endowed with distinct expression patterns of activating 

and inhibitory as well as homing receptors. Two major subsets 
of mature NK cells were identified in human peripheral blood 
with respect to the neural cell adhesion molecule CD56 and the 
low affinity receptor for IgG, FcγRIII CD16. The CD56highCD16low 
subset accounts for around 10% of circulating CD56+ NK cells 
and exerts immunomodulatory effects producing large amount 
of cytokines such as IFNγ in response to activation, whereas 
CD56lowCD16high cells are the major cytotoxic population 
representing the majority of circulating CD56+ NK cells [for a 
review on human NK subsets, see Ref. (8)]. Although the exact 
relationship between these NK cell subsets still remains unclear, 
evidence suggest that CD56low NK cells originate from CD56high 
NK cells (9–12).

Natural killer cell subsets display a differential pattern of 
chemokine receptor expression (Figure  1). CD56high NK cells 
are targeted to lymph nodes via CCR7, preferentially express 
CXCR3 and have higher CXCR4 expression levels as compared 
with CD56low cells. CD56low NK cells uniquely express CXCR1, 
ChemR23, and CX3CR1 (Figure 1) (see Table 1 for a list of ligands 
of chemoattractant receptors expressed by human and mouse 
NK cell subsets) (13–18). More recently, a new CD56lowCD16low 
subset has been identified and found to be prominent in the BM 
of healthy pediatric donors, to display potent killing and IFNγ 
producing capacity, and to expresses higher levels of CXCR4 and 
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TABLe 1 | Chemokine receptor expression by nK cells and their 
respective ligands.

Chemokine receptor Chemokine ligand

CCR1 CCL3/MIP-1α, CCL5/RANTES, CCL7/MCP-3, 
CCL9/CCL10/MIP-1γ, CCL14/HCC-1, CCL15/
HCC-2, CCL16/HCC-4, CCL23/MPIF-1

CCR2 CCL2/MCP-1, CCL7/MCP-3, CCL12,  
CCL13/MCP-4, CCL16/HCC-4

CCR5 CCL3/MIP-1α, CCL4/MIP-1β, CCL5/RANTES, 
CCL8/MCP-2, CCL14/HCC-1

CCR7 CCL19/MIP-3β/ELC, CCL21/SLC

CXCR1 CXCL8/IL-8

CXCR3 CXCL9/Mig, CXCL10/IP-10, CXCL11/I-TAC

CXCR4 CXCL12/SDF-1

CXCR6 CXCL16/SR-PSOX

CX3CR1 CX3CL1/fractalkine

Chemoattractant receptors Ligand

S1P5 S1P
ChemR23, CCRL2 Chemerin

The previous chemokine name follows the one currently used.
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CXCR3 compared with the other subsets (17). In addition, other 
subsets related to NK cell maturation, including cells coexpress-
ing CD57, a member of the glucuronyl-transferase gene family 
or the L-selectin within the CD56low NK cells are currently active 
field of investigation (19–21).

Mouse NK cells do not express the murine ortholog of CD56, 
but four different developmentally related subsets have been 
identified on the basis of the expression levels of the integrin 
chain CD11b and of a member of the TNF receptor superfamily, 
CD27: CD11blowCD27low, CD11blowCD27high, CD11bhighCD27high, 
and CD11bhighCD27low (22, 23). The inhibitory receptor KLRG1 
is acquired by the most mature subset and identifies NK cells with 
reduced effector functions (24). KLRG1 coexpression with the 
chemokine receptor CX3CR1 identifies an even later maturation 
stage with unique functional properties (25). Likewise, other NK 
cell subsets can be defined according to the expression of selected 
chemokine receptors: the prevalent expression of CXCR3 on 
CD56high was related to expression of the receptor on mouse 
CD27high NK cells and more in general to stronger proliferative 
and cytokine production capacity (26, 27). In addition, CXCR6 
was shown to identify an NK cell population resident in liver 
displaying in humans a CD56highCD16−CD57− phenotype, 
and expressing TRAIL in diseased liver, and in the mouse a 
DX5−TRAIL+ phenotype (28, 29).

CHeMOKine ReCePTOR inTeRPLAY FOR 
eFFiCienT MiGRATiOn in COMPLeX 
CHeMOTACTiC enviROnMenT

Leukocytes express multiple chemokine receptors not only to 
robustly and promptly infiltrate tissues upon activation but also 
to navigate through the network provided by multiple competing 
chemotactic gradients perceived into tissue. Indeed, discrimina-
tion of a dominant chemoattractant is required to localize in the 

correct microenvironment and/or to make a decision on whether 
to stay or to leave a tissue (30, 31). The ability to preferentially 
respond to selected chemoattractants was at first demonstrated in 
neutrophils and was postulated to require heterologous receptor 
desensitization that is the transinhibition of a chemokine recep-
tor resulting from the activation of second messenger-dependent 
kinases by a dominant chemoattractant receptor (32–34). In this 
regard, triggering CXCR2 by KC was shown to be required for 
neutrophil egress from the BM not only by promoting neutrophil 
migration but also by inhibiting CXCR4-mediated BM retention 
(35). Afterward, our group showed that CXCR4 heterologous 
desensitization is also associated with NK cell egress from BM into 
circulation (36, 37). On the other hand, the sphingophospholipid 
chemoattractant sphingosine-1-phosphate (S1P) promotes NK 
cell egress from BM under steady state without inducing CXCR4 
heterologous desensitization (38). CX3CL1, a ligand for CX3CR1 
constitutively expressed in BM, acts similarly on a small highly 
differentiated subset which poorly expresses CXCR4 (25,  39). 
While homeostatic chemokines may be sufficient for NK cell 
egress under steady state, heterologous receptor desensitization 
could be a mechanism to rapidly switch NK cell responsiveness 
promoted by inflammatory chemokines, to promptly facilitate 
BM NK cell availability in circulation.

Besides desensitization, CXCR4-mediated transinhibition 
can occur through other mechanisms, including receptor 
heterodimerization and G protein scavenging (40). In regard to 
heterodimerization, it is becoming increasingly clear that recep-
tor dimers are constitutively formed, and that ligand binding to 
one receptor can reorganize receptor complexes thus affecting 
different aspects of the associated chemokine receptor activity, 
including ligand affinity, the activated signaling cascades, and the 
receptor internalization (41–43). For example, CXCR3/CXCR4-
heterodimerization was shown to reduce the binding affinity of 
CXCR4 for its ligand (44).

Apart from the mechanism involved, cross-regulation pro-
moted by CXCR3 was shown to be relevant in several pathological 
conditions in mouse disease models. For example, O’Boyle and 
coworkers demonstrated CXCR4 and CCR5 inhibition on T cells 
by using a mimetic of CXCL10, a CXCR3 ligand. The use of this 
mimetic in a humanized mouse air-pouch model demonstrated 
reduced trafficking of T cells toward synovial fluids from patients 
with active rheumatoid arthritis, indicating that the triggering of 
a single chemokine receptor can control the immune response in 
chronic inflammatory conditions where CXCL12 is produced at 
high levels (45, 46). More recently, our observations in a mouse 
model of multiple myeloma led us to hypothesize that increased 
expression of CXCR3 ligands in the tumor BM microenviron-
ment constitutes a new mechanism to avoid tumor infiltration by 
NK cells: ligand-induced CXCR3 activation on KLRG1− NK cells 
resulted in cross-desensitization of CXCR4 that together with the 
coincident down-modulation of CXCL12 protein levels promotes 
NK cell egress from BM into blood circulation. The final outcome 
of this process is the reduction of the localization of this subset 
at the tumor site (39). On the other hand, when studying human 
plasmacytoid dendritic cells (pDC), a positive cooperative 
interaction was observed between the two receptors (47). This 
observation, together with a consistent adjacent expression of 
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TABLe 2 | influence of dysregulation of chemokine receptor/ligand axes in pathologies on nK cell subsets.

nK cell 
subset

Chemokine-related 
alterations

Disease effects Reference

CD56low ↑CXCR4 Neuroblastoma Less recruitment to tumor site – tumor immune evasion (55)
↓CX3CR1

KLRG1− ↓CXCL12 Multiple myeloma Less recruitment to tumor site – tumor immune evasion (39)
↓CXCR3
↑CXCL9/10

NK cells ↑CXCR4 Multiple sclerosis Enhanced chemotaxis toward CXCL12 – neuroprotective role (69)

CD56high ↓CXCR4 Paroxysmal nocturnal hemoglobinuria Less secondary lymphoid tissue relocation (58)

CD56low ↓CXCR4 GATA2 deficiency Reduced chemotaxis toward CXCL12 (63)

NK cells ↑CXCR4 WHIM Enhanced chemotaxis toward CXCL12 (38, 64, 65)

CD27high ↑CXCL9/10 Cowpox virus infection Increased recruitment to lymph nodes (77)
Protection from infection

NK cells ↑CXCL10 HCV infection Less recruitment to liver – immune response dampening (81)
Truncated form

CD56low ↑CXCL9/10 Primary biliary cirrhosis Autologous cytotoxicity – tissue damage (82–85)

CD56high ↑CXCR3 Psoriatic skin Local inflammation – disease progression (86)
↑CXCL10

CD56high ↑CXCR3 ligands Periprosthetic osteolysis Local inflammation – immunoregulatory role (87)

↑ indicates up-modulation/increase frequency and ↓ indicates down-modulation/reduced frequency.
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CXCL12 with CXCR3 ligands in human tissues, led the authors 
to hypothesize that the cooperation between CXCR3 ligands and 
CXCL12 controls the tissue recruitment of pDCs.

Considering the highlighted importance of CXCR3/CXCR4 
interplay, hereafter we will document the critical role of CXCR3 
and of CXCR4 receptor/ligand axes in the regulation of NK cell-
mediated function in pathologies (summarized in Table 2).

CXCR4 ReCePTOR/LiGAnD AXiS

CXCL12 displays a constitutive but restricted expression pattern 
in situ, with selective expression by CXCL12 abundant reticular 
(CAR) cells and osteoblasts in BM, by subpopulations of neuronal 
and endothelial cells in the brain, by dermal endothelial cells, and 
by invading trophoblast cells and lymph node high endothelial 
venules (48–54). Correspondingly, CXCR4/CXCL12 axis was 
reported to regulate NK cell functions in several physiological 
processes. It was shown that CXCL12 regulates the position-
ing in the BM of selected NK cell subsets at various stages of 
maturation; in addition, during pregnancy, human peripheral 
blood CD56highCD16− NK cells can be recruited by CXCL12 and 
migrate to the uterus (36, 48).

Considering the key role of CXCL12 in the localization of NK 
cells in BM, subversion of the CXCR4/CXCL12 axis has been 
hypothesized to represent a mechanism of immune evasion from 
NK-mediated immune surveillance in neuroblastoma and mul-
tiple myeloma (39, 55). TGF-β1 produced by neuroblastoma cell 
lines was shown to upregulate the surface expression of CXCR4 
and CXCR3 on both CD56high and CD56low NK cells, while it 
downregulated CX3CR1 in the CD56low subset. Increased CXCR3 
and reduced CX3CR1 expression was observed also in peripheral 
blood NK cells of stage 4 neuroblastoma patients, and it may rep-
resent an attempt to avoid NK cell cytolytic subset recruitment to 

the tumor site, while promoting the enrichment of immature and 
poorly cytotoxic CD56high subset in tumor leukocyte infiltrates 
(55, 56). Similarly, accumulation of CD56high NK cells was shown 
to occur in several tumors and may be related to the respon-
siveness of this subset to a combination of tissue-expressed 
chemokines: by analyzing the chemokine expression pattern 
of various normal solid tissues, Carrega and coworkers docu-
mented that some tissues are clearly oriented to recruit CD56high 
cells when CXCL12 is coexpressed with other chemokines (LN, 
colorectal, stomach, and liver tissues), while anatomic compart-
ments with the lowest proportion of CD56high within NK cells 
(lung and breast tissues) display a chemokine expression profile 
favoring CD56low NK cell recruitment (57). Similarly, decreased 
levels of CXCL12 in BM plasma samples from a cohort of patients 
with active multiple myeloma as compared with a premalignant 
stage support the hypothesis of a reduced NK cell surveillance 
based on reduced BM recruitment (39).

The key role of CXCR4 expression for NK cell homeostasis 
is also highlighted by genetic defects responsible for altered or 
lost CXCR4 function. For example, a more abundant proportion 
of circulating GPI−CD56high NK cells in paroxysmal nocturnal 
hemoglobinuria patients, a disease caused by dampened bio-
synthesis of glycosylphosphatidylinositol (GPI)-linked protein, 
was associated with reduced responsiveness of this population 
to the CXCR4 ligand CXCL12 (58, 59). In addition, deficiency 
of the transcription factor GATA2 is characterized by several 
hematological and non-hematological abnormalities among 
which NK cell cytopenia, with almost complete absence of 
circulating CD56high subset (60). Interestingly, CD56low NK cells 
display reduced CXCR4 surface expression levels and reduced 
chemotaxis to CXCL12 that was attributed decreased expression 
of filamin A and β-arrestin-1, two proteins regulating CXCR4 cell 
surface expression and endocytosis (61–63). On the other hand, 
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NK cells from patients affected by warts, hypogammaglobuline-
mia, infections, and myelokathexis (WHIM) syndrome display 
enhanced responsiveness to CXCL12 (38, 64, 65). Similarly, NK 
cells from mice displaying the most common mutation of the 
CXCR4 gene associated with WHIM syndrome show enhanced 
migration to CXCL12 that is linked to impaired CXCR4 desen-
sitization and internalization after CXCL12 stimulation. Possibly 
for this reason, NK cell distribution is altered, with CD11blow and 
CD11bhighCD27high NK cells accumulating in the BM.

Although CXCR4 mutation in WHIM syndrome was not 
associated with any NK cell-related disease, a selective defect of 
CXCR4 internalization after CXCL12 binding underlies a new 
rare immune deficiency documented in two cases of disseminated 
Mycobacterium avium infection, where a marked reduction in the 
number of circulating NK cells as well as neutrophils and B cells 
was observed (66).

An altered pattern of CXCL12 expression in brain has been 
reported in multiple sclerosis (67, 68), suggesting the involve-
ment of the CXCR4/CXCL12 axis in the leukocyte infiltration 
that characterizes this pathology. In this regard, while the inter-
ference with CXCR4/CXCL12 axis often leads to reduced NK 
cell protection in pathological conditions, Serrano-Pertierra and 
colleagues have found increased NK cell chemotaxis in response 
to CXCL12 in multiple sclerosis patients in the remitting phase 
and in clinically isolated syndrome patients with respect to 
relapsing multiple sclerosis patients and healthy controls. This 
finding has been associated with higher frequencies of NK cells 
expressing CXCR4 in the blood of the former patients’ cohorts 
(69). The enhanced NK cell migration in patients with a less 
active disease course supports the idea of a neuroprotective role 
for NK cells in multiple sclerosis (70). Unfortunately, NK cells 
have been studied as a whole, and the authors agree it would 
be of interest to analyze NK cell subsets, also considering that 
the size of the circulating CD56high NK cell pool is significantly 
associated with clinical remissions and that expansion of 
this population is associated with amelioration of diseases in 
response to therapy (71–75).

CXCR3 ReCePTOR/LiGAnD AXeS

CXCR3 ligands are expressed at low levels in homeostatic condi-
tions, but their expression can be upregulated in both the hemat-
opoietic and non-hematopoietic compartment by IFN-γ and some 
related cytokines. Several studies in humans and mice reveal that 
NK cells can promote adaptive immune response by modulating 
dendritic cell (DC) function and T helper cell polarization (76). 
This important function is linked to CXCR3-mediated NK cell 
recruitment into draining lymph node in several conditions. In 
mouse, in accordance with higher and preferential expression 
levels of CXCR3, the NK cell population mostly affected by 
CXCR3 function is the CD27high subset that colonizes draining 
LN following DC vaccination, cowpox virus infection, and dur-
ing tumor growth (77, 78). Several studies have correlated high 
numbers of tumor-infiltrating NK cells with a good prognosis for 
cancer patients and with tumor cell clearance in mouse tumor 
models. This has been related to the IFN-γ promotion of CXCL9 
and CXCL10 production by tumor-infiltrating leukocytes, 

leading to the CXCR3-mediated recruitment of mouse CD27high 
NK cells, the population of NK cells with the higher functional 
potential (79).

The influence of CXCR3–CXCL10 axis on NK cell function 
was documented also in human pathologies. Upregulation of 
CXCR3 ligands in multiple myeloma patients with active disease 
corresponded to marked down-modulation of CXCR3 expres-
sion levels by BM NK cells, an event that was linked to reduction 
of NK cell localization in the BM in multiple myeloma-bearing 
mice. In addition, high CXCL9 and CXCL10 serum levels were 
associated with several established prognostic parameters and 
predicted poor overall survival (39, 80).

CXCL10/CXCR3 axis is involved in hepatic trafficking of 
NK cells, which also represent an important component of 
the intrahepatic lymphocyte pool and has been implicated in 
the pathogenesis of chronic hepatitis C virus (HCV) infection. The 
CD56highCXCR3+ NK cells display the strongest activity against 
hepatic stellate cells, thus regulating liver fibrosis. Although 
expanded in HCV-infected patients, the CD56highCXCR3+ NK 
cell subset display impaired functions that may be linked to 
HCV-associated liver fibrosis (27). Elevated levels of CXCL10 
were found in serum of patients and were predictive of the failure 
to respond to HCV therapy. Nevertheless, in a recent study, it 
has been reported that CXCL10 in the serum of HCV patients 
may not be biologically active, representing a truncated form 
that can bind to CXCR3 without signaling. In the presence of 
higher levels of this CXCL10 antagonist, NK cells might fail 
to migrate to the infected liver and accumulate instead in the 
peripheral circulation (81).

Chemokines play an important role in destruction of the 
biliary tract (82) by recruiting cells of the immune system, 
including NK cells. As such, liver NK cells have been reported 
to express the chemokine receptors CX3CR1 and CXCR3 (83). 
Among the principal chemokines involved in hepatic immune 
cell migration, CXCL9 and CXCL10 are both increased in serum 
of patients with primary biliary cirrhosis (PBC) compared with 
normal individuals and are preferentially expressed in the portal 
areas, corresponding to CD56lowCD16+ NK cell liver infiltration 
increased numbers of CD56+ cells located around the destroyed 
small bile ducts (84, 85).

Several reports documented that CD56high NK cells also infil-
trate inflamed skin in a CXCL10-dependent fashion. Ottaviani 
et al. have shown that psoriatic keratinocytes display an enhanced 
capacity to produce CXCL10, and CD56highCD16− NK cells showed 
an upregulation of CXCR3, in comparison to CD56lowCD16+ NK 
cells (86). CD56highCXCR3+CCR5+ cells produced IFNγ after IL2 
stimulation that in turn potentiates activation of keratinocytes 
and upregulates HLA class-I. These findings would suggest that 
CD56+ NK cells are recruited in psoriatic skin through a mecha-
nism involving the CXCL10/CXCR3 axes and that, once in the 
skin, they may contribute to the disease progression by inducing 
local inflammation and amplifying T cell autoimmune reactivity.

Similar to psoriatic skin-infiltrating NK cells, NK cells in the 
synovial tissue of osteoarthritis patients are CCR5+CXCR3+. 
High levels of CXCR3 and CCR5 ligands present in synovial 
fluids after revision surgery, as well as evidence of particle-
induced chemokine production by macrophages (87), suggest a 
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mechanism for recruitment of a subset functionally correspond-
ing to CD56highCD16− NK cells during periprosthetic osteolysis. 
The majority of synovial tissue-infiltrating NK cells express a 
combination of surface receptors consistent with a non-cytotoxic 
phenotype similar to blood.

COnCLUSiOn

The correct localization of NK cells into tissues has a fundamental 
role in several aspects of NK cell-mediated immune responses 
in vivo. Thus, identification of the key mediators regulating NK 
cell tissue recruitment is a critical step in the optimization of 
current cancer immunotherapy protocols or in the treatment of 
inflammatory diseases.

When NK cell tissue accumulation is important, the thera-
peutic enhancement of expression of selected chemokines that 
attract NK cells specifically is a valuable approach to increase 
the penetration and/or local activation and differentiation of 
NK cells at the tumor site. Ectopic expression of chemokines/
chemoattractants known to preferentially attract effector 
lymphocytes, including CXCR3 ligands as well as CX3CL1 and 
chemerin, was shown to positively affect the antitumor nature 
of tumor-infiltrating lymphocytes with a large proportion of NK 
cells (88–91). Nevertheless, high concentrations of attracting 
chemokines do not always imply increased NK cell migration, 
as shown by Halama and coworkers in colorectal cancer tissue 
where NKp46+ NK cells are poorly infiltrated, despite high local 
chemokine levels (92).

An alternative and highly novel strategy to improve NK 
cell migration to target tissues is to promote or optimize the 
expression of chemoattractant receptors on NK cells to be used 

for adoptive immunotherapy. The expression of chemokine 
receptors and the corresponding NK cell chemotactic response 
can be modulated upon cytokine-mediated activation thus sug-
gesting that they may better home to tumor sites where their 
corresponding ligands are expressed (93–96). In addition, NK 
cells ex vivo engineered to express chemokine receptors by gene 
transfer or by trogocytosis are under investigation for their better 
tissue homing and function (97–101). Conversely, a number of 
new clinical trials for immune-mediated diseases based on the 
use of chemokine receptor antagonists are ongoing and will help 
to understand the therapeutic potential of these important targets 
for NK cell-promoted pathologies (102). Finally, the emerging 
role of chemoattractant receptor interplay in the regulation of 
immune cell response may also lead to the discovery of molecules 
able to block chemokine receptor cross-inhibition thus allowing 
to unleash the full chemotactic potential of important NK cell 
receptors, such as CXCR4.

AUTHOR COnTRiBUTiOnS

GB, FA, VB, and AS contributed equally to writing and critically 
revised the paper.

FUnDinG

The authors’ research activities are supported by grants from the 
Italian Association for Cancer Research (AIRC: project #16014 
and AIRC 5xmille: project #9962), Istituto Pasteur-Fondazione 
Cenci Bolognetti, and Ministero dell’Istruzione, dell’Università 
e della Ricerca (PRIN: project #PRIN20103 FMJEN and PRIN 
2010 C2LKKJ-003).

ReFeRenCeS

1. Yokoyama WM, Kim S, French AR. The dynamic life of natural killer 
cells. Annu Rev Immunol (2004) 22:405–29. doi:10.1146/annurev.
immunol.22.012703.104711 

2. Gajewski TF, Fuertes M, Spaapen R, Zheng Y, Kline J. Molecular profiling 
to identify relevant immune resistance mechanisms in the tumor micro-
environment. Curr Opin Immunol (2011) 23(2):286–92. doi:10.1016/ 
j.coi.2010.11.013 

3. Zlotnik A, Yoshie O. The chemokine superfamily revisited. Immunity (2012) 
36(5):705–16. doi:10.1016/j.immuni.2012.05.008 

4. Sojka DK, Tian Z, Yokoyama WM. Tissue-resident natural killer cells and 
their potential diversity. Semin Immunol (2014) 26(2):127–31. doi:10.1016/ 
j.smim.2014.01.010 

5. Bernardini G, Sciume G, Santoni A. Differential chemotactic receptor 
requirements for NK cell subset trafficking into bone marrow. Front Immunol 
(2013) 4:12. doi:10.3389/fimmu.2013.00012 

6. Gregoire C, Chasson L, Luci C, Tomasello E, Geissmann F, Vivier E, et al. 
The trafficking of natural killer cells. Immunol Rev (2007) 220:169–82. 
doi:10.1111/j.1600-065X.2007.00563.x 

7. Mantovani A. The chemokine system: redundancy for robust outputs. 
Immunol Today (1999) 20(6):254–7. doi:10.1016/S0167-5699(99)01469-3 

8. Cooper MA, Fehniger TA, Caligiuri MA. The biology of human natural 
killer-cell subsets. Trends Immunol (2001) 22(11):633–40. doi:10.1016/
S1471-4906(01)02060-9 

9. Chan A, Hong DL, Atzberger A, Kollnberger S, Filer AD, Buckley CD, et al. 
CD56bright human NK cells differentiate into CD56dim cells: role of contact 
with peripheral fibroblasts. J Immunol (2007) 179(1):89–94. doi:10.4049/
jimmunol.179.1.89 

10. Ouyang Q, Baerlocher G, Vulto I, Lansdorp PM. Telomere length in human 
natural killer cell subsets. Ann N Y Acad Sci (2007) 1106:240–52. doi:10.1196/
annals.1392.001 

11. Romagnani C, Juelke K, Falco M, Morandi B, D’Agostino A, Costa R, et al. 
CD56brightCD16- killer Ig-like receptor- NK cells display longer telomeres 
and acquire features of CD56dim NK cells upon activation. J Immunol (2007) 
178(8):4947–55. doi:10.4049/jimmunol.178.8.4947 

12. Huntington ND, Legrand N, Alves NL, Jaron B, Weijer K, Plet A, et al. IL-15 
trans-presentation promotes human NK cell development and differentiation 
in vivo. J Exp Med (2009) 206(1):25–34. doi:10.1084/jem.20082013 

13. Berahovich RD, Lai NL, Wei Z, Lanier LL, Schall TJ. Evidence for NK 
cell subsets based on chemokine receptor expression. J Immunol (2006) 
177(11):7833–40. doi:10.4049/jimmunol.177.11.7833 

14. Campbell JJ, Qin S, Unutmaz D, Soler D, Murphy KE, Hodge MR, et  al. 
Unique subpopulations of CD56+ NK and NK-T peripheral blood lym-
phocytes identified by chemokine receptor expression repertoire. J Immunol 
(2001) 166(11):6477–82. doi:10.4049/jimmunol.166.11.6477 

15. Fehniger TA, Cooper MA, Nuovo GJ, Cella M, Facchetti F, Colonna M, 
et  al. CD56bright natural killer cells are present in human lymph nodes 
and are activated by T cell-derived IL-2: a potential new link between 
adaptive and innate immunity. Blood (2003) 101(8):3052–7. doi:10.1182/
blood-2002-09-2876 

16. Parolini S, Santoro A, Marcenaro E, Luini W, Massardi L, Facchetti F, 
et  al. The role of chemerin in the colocalization of NK and dendritic cell 
subsets into inflamed tissues. Blood (2007) 109(9):3625–32. doi:10.1182/
blood-2006-08-038844 

17. Stabile H, Nisti P, Morrone S, Pagliara D, Bertaina A, Locatelli F, et  al. 
Multifunctional human CD56 low CD16 low natural killer cells are the 
prominent subset in bone marrow of both healthy pediatric donors and 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1146/annurev.immunol.22.012703.104711
http://dx.doi.org/10.1146/annurev.immunol.22.012703.104711
http://dx.doi.org/10.1016/j.coi.2010.11.013
http://dx.doi.org/10.1016/j.coi.2010.11.013
http://dx.doi.org/10.1016/j.immuni.2012.05.008
http://dx.doi.org/10.1016/j.smim.2014.01.010
http://dx.doi.org/10.1016/j.smim.2014.01.010
http://dx.doi.org/10.3389/fimmu.2013.00012
http://dx.doi.org/10.1111/j.1600-065X.2007.00563.x
http://dx.doi.org/10.1016/S0167-5699(99)01469-3
http://dx.doi.org/10.1016/S1471-4906(01)02060-9
http://dx.doi.org/10.1016/S1471-4906(01)02060-9
http://dx.doi.org/10.4049/jimmunol.179.1.89
http://dx.doi.org/10.4049/jimmunol.179.1.89
http://dx.doi.org/10.1196/annals.1392.001
http://dx.doi.org/10.1196/annals.1392.001
http://dx.doi.org/10.4049/jimmunol.178.8.4947
http://dx.doi.org/10.1084/jem.20082013
http://dx.doi.org/10.4049/jimmunol.177.11.7833
http://dx.doi.org/10.4049/jimmunol.166.11.6477
http://dx.doi.org/10.1182/blood-2002-09-2876
http://dx.doi.org/10.1182/blood-2002-09-2876
http://dx.doi.org/10.1182/blood-2006-08-038844
http://dx.doi.org/10.1182/blood-2006-08-038844


104

Bernardini et al. Chemokines and NK Cell Trafficking

Frontiers in Immunology | www.frontiersin.org October 2016 | Volume 7 | Article 402

leukemic patients. Haematologica (2015) 100(4):489–98. doi:10.3324/
haematol.2014.116053 

18. Vitale M, Della Chiesa M, Carlomagno S, Romagnani C, Thiel A, Moretta L, 
et al. The small subset of CD56brightCD16- natural killer cells is selectively 
responsible for both cell proliferation and interferon-gamma production 
upon interaction with dendritic cells. Eur J Immunol (2004) 34(6):1715–22. 
doi:10.1002/eji.200425100 

19. Lanier LL, Le AM, Phillips JH, Warner NL, Babcock GF. Subpopulations of 
human natural killer cells defined by expression of the Leu-7 (HNK-1) and 
Leu-11 (NK-15) antigens. J Immunol (1983) 131(4):1789–96. 

20. Juelke K, Killig M, Luetke-Eversloh M, Parente E, Gruen J, Morandi B, et al. 
CD62L expression identifies a unique subset of polyfunctional CD56dim NK 
cells. Blood (2010) 116(8):1299–307. doi:10.1182/blood-2009-11-253286 

21. Lopez-Verges S, Milush JM, Pandey S, York VA, Arakawa-Hoyt J, Pircher H, 
et al. CD57 defines a functionally distinct population of mature NK cells in 
the human CD56dimCD16+ NK-cell subset. Blood (2010) 116(19):3865–74. 
doi:10.1182/blood-2010-04-282301 

22. Chiossone L, Chaix J, Fuseri N, Roth C, Vivier E, Walzer T. Maturation 
of mouse NK cells is a 4-stage developmental program. Blood (2009) 
113(22):5488–96. doi:10.1182/blood-2008-10-187179 

23. Hayakawa Y, Huntington ND, Nutt SL, Smyth MJ. Functional sub-
sets of mouse natural killer cells. Immunol Rev (2006) 214:47–55. 
doi:10.1111/j.1600-065X.2006.00454.x 

24. Huntington ND, Tabarias H, Fairfax K, Brady J, Hayakawa Y, Degli-Esposti 
MA, et  al. NK cell maturation and peripheral homeostasis is associated 
with KLRG1 up-regulation. J Immunol (2007) 178(8):4764–70. doi:10.4049/
jimmunol.178.8.4764 

25. Sciume G, De Angelis G, Benigni G, Ponzetta A, Morrone S, Santoni A, et al. 
CX3CR1 expression defines 2 KLRG1+ mouse NK-cell subsets with distinct 
functional properties and positioning in the bone marrow. Blood (2011) 
117(17):4467–75. doi:10.1182/blood-2010-07-297101 

26. Marquardt N, Wilk E, Pokoyski C, Schmidt RE, Jacobs R. Murine 
CXCR3+CD27bright NK cells resemble the human CD56bright NK-cell 
population. Eur J Immunol (2010) 40(5):1428–39. doi:10.1002/eji.200940056 

27. Eisenhardt M, Glassner A, Kramer B, Korner C, Sibbing B, Kokordelis P, et al. 
The CXCR3(+)CD56Bright phenotype characterizes a distinct NK cell subset 
with anti-fibrotic potential that shows dys-regulated activity in hepatitis C. 
PLoS One (2012) 7(7):e38846. doi:10.1371/journal.pone.0038846 

28. Paust S, Gill HS, Wang BZ, Flynn MP, Moseman EA, Senman B, et al. Critical 
role for the chemokine receptor CXCR6 in NK cell-mediated  antigen-specific 
memory of haptens and viruses. Nat Immunol (2010) 11(12):1127–35. 
doi:10.1038/ni.1953 

29. Stegmann KA, Robertson F, Hansi N, Gill U, Pallant C, Christophides T, 
et al. CXCR6 marks a novel subset of T-bet(lo)Eomes(hi) natural killer cells 
residing in human liver. Sci Rep (2016) 6:26157. doi:10.1038/srep26157 

30. Broxmeyer HE, Kim CH. Regulation of hematopoiesis in a sea of chemokine 
family members with a plethora of redundant activities. Exp Hematol (1999) 
27(7):1113–23. doi:10.1016/S0301-472X(99)00045-4 

31. Zabel BA, Rott A, Butcher EC. Leukocyte chemoattractant receptors in 
human disease pathogenesis. Annu Rev Pathol (2015) 10:51–81. doi:10.1146/
annurev-pathol-012513-104640 

32. Campbell JJ, Foxman EF, Butcher EC. Chemoattractant receptor cross talk as 
a regulatory mechanism in leukocyte adhesion and migration. Eur J Immunol 
(1997) 27(10):2571–8. doi:10.1002/eji.1830271016 

33. Foxman EF, Kunkel EJ, Butcher EC. Integrating conflicting chemotactic 
signals. The role of memory in leukocyte navigation. J Cell Biol (1999) 
147(3):577–88. doi:10.1083/jcb.147.3.577 

34. Ali H, Richardson RM, Haribabu B, Snyderman R. Chemoattractant receptor 
cross-desensitization. J Biol Chem (1999) 274(10):6027–30. doi:10.1074/
jbc.274.10.6027 

35. Martin C, Burdon PC, Bridger G, Gutierrez-Ramos JC, Williams TJ, 
Rankin SM. Chemokines acting via CXCR2 and CXCR4 control the release 
of neutrophils from the bone marrow and their return following senescence. 
Immunity (2003) 19(4):583–93. doi:10.1016/S1074-7613(03)00263-2 

36. Bernardini G, Sciume G, Bosisio D, Morrone S, Sozzani S, Santoni A. CCL3 
and CXCL12 regulate trafficking of mouse bone marrow NK cell subsets. 
Blood (2008) 111(7):3626–34. doi:10.1182/blood-2007-08-106203 

37. Ponzetta A, Sciume G, Benigni G, Antonangeli F, Morrone S, Santoni A, 
et  al. CX3CR1 regulates the maintenance of KLRG1+ NK cells into the 
bone marrow by promoting their entry into circulation. J Immunol (2013) 
191(11):5684–94. doi:10.4049/jimmunol.1300090 

38. Mayol K, Biajoux V, Marvel J, Balabanian K, Walzer T. Sequential desensitiza-
tion of CXCR4 and S1P5 controls natural killer cell trafficking. Blood (2011) 
118(18):4863–71. doi:10.1182/blood-2011-06-362574 

39. Ponzetta A, Benigni G, Antonangeli F, Sciume G, Sanseviero E, Zingoni A, 
et al. Multiple myeloma impairs bone marrow localization of effector natural 
killer cells by altering the chemokine microenvironment. Cancer Res (2015) 
75(22):4766–77. doi:10.1158/0008-5472.CAN-15-1320 

40. Vischer HF, Watts AO, Nijmeijer S, Leurs R. G protein-coupled receptors: 
walking hand-in-hand, talking hand-in-hand? Br J Pharmacol (2011) 
163(2):246–60. doi:10.1111/j.1476-5381.2011.01229.x 

41. Kramp BK, Sarabi A, Koenen RR, Weber C. Heterophilic chemokine recep-
tor interactions in chemokine signaling and biology. Exp Cell Res (2011) 
317(5):655–63. doi:10.1016/j.yexcr.2010.11.014 

42. Contento RL, Molon B, Boularan C, Pozzan T, Manes S, Marullo S, et  al. 
CXCR4-CCR5: a couple modulating T cell functions. Proc Natl Acad Sci U S A 
(2008) 105(29):10101–6. doi:10.1073/pnas.0804286105 

43. Sohy D, Yano H, de Nadai P, Urizar E, Guillabert A, Javitch JA, et  al.  
Hetero-oligomerization of CCR2, CCR5, and CXCR4 and the protean effects 
of “selective” antagonists. J Biol Chem (2009) 284(45):31270–9. doi:10.1074/
jbc.M109.054809 

44. Watts AO, van Lipzig MM, Jaeger WC, Seeber RM, van Zwam M, Vinet J, 
et  al. Identification and profiling of CXCR3-CXCR4 chemokine receptor 
heteromer complexes. Br J Pharmacol (2013) 168(7):1662–74. doi:10.1111/
bph.12064 

45. Bradfield PF, Amft N, Vernon-Wilson E, Exley AE, Parsonage G, Rainger GE, 
et  al. Rheumatoid fibroblast-like synoviocytes overexpress the chemokine 
stromal cell-derived factor 1 (CXCL12), which supports distinct patterns and 
rates of CD4+ and CD8+ T cell migration within synovial tissue. Arthritis 
Rheum (2003) 48(9):2472–82. doi:10.1002/art.11219 

46. O’Boyle G, Fox CR, Walden HR, Willet JD, Mavin ER, Hine DW, et  al. 
Chemokine receptor CXCR3 agonist prevents human T-cell migration in a 
humanized model of arthritic inflammation. Proc Natl Acad Sci U S A (2012) 
109(12):4598–603. doi:10.1073/pnas.1118104109 

47. Vanbervliet B, Bendriss-Vermare N, Massacrier C, Homey B, de Bouteiller O, 
Briere F, et al. The inducible CXCR3 ligands control plasmacytoid dendritic 
cell responsiveness to the constitutive chemokine stromal cell-derived 
factor 1 (SDF-1)/CXCL12. J Exp Med (2003) 198(5):823–30. doi:10.1084/
jem.20020437 

48. Hanna J, Wald O, Goldman-Wohl D, Prus D, Markel G, Gazit R, et  al. 
CXCL12 expression by invasive trophoblasts induces the specific migration of 
CD16- human natural killer cells. Blood (2003) 102(5):1569–77. doi:10.1182/
blood-2003-02-0517 

49. Krug A, Uppaluri R, Facchetti F, Dorner BG, Sheehan KC, Schreiber RD, et al. 
IFN-producing cells respond to CXCR3 ligands in the presence of CXCL12 
and secrete inflammatory chemokines upon activation. J Immunol (2002) 
169(11):6079–83. doi:10.4049/jimmunol.169.11.6079 

50. Nagasawa T. CXCL12/SDF-1 and CXCR4. Front Immunol (2015) 6:301. 
doi:10.3389/fimmu.2015.00301 

51. Pablos JL, Amara A, Bouloc A, Santiago B, Caruz A, Galindo M, et  al. 
Stromal-cell derived factor is expressed by dendritic cells and endothe-
lium in human skin. Am J Pathol (1999) 155(5):1577–86. doi:10.1016/
S0002-9440(10)65474-0 

52. Petit I, Szyper-Kravitz M, Nagler A, Lahav M, Peled A, Habler L, et al. G-CSF 
induces stem cell mobilization by decreasing bone marrow SDF-1 and 
up-regulating CXCR4. Nat Immunol (2002) 3(7):687–94. doi:10.1038/ni813 

53. Stumm R, Culmsee C, Schafer MK, Krieglstein J, Weihe E. Adaptive plasticity 
in tachykinin and tachykinin receptor expression after focal cerebral isch-
emia is differentially linked to gabaergic and glutamatergic cerebrocortical 
circuits and cerebrovenular endothelium. J Neurosci (2001) 21(3):798–811. 

54. Tham TN, Lazarini F, Franceschini IA, Lachapelle F, Amara A, Dubois-Dalcq 
M. Developmental pattern of expression of the alpha chemokine stromal 
cell-derived factor 1 in the rat central nervous system. Eur J Neurosci (2001) 
13(5):845–56. doi:10.1046/j.0953-816x.2000.01451.x 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.3324/haematol.2014.116053
http://dx.doi.org/10.3324/haematol.2014.116053
http://dx.doi.org/10.1002/eji.200425100
http://dx.doi.org/10.1182/blood-2009-11-253286
http://dx.doi.org/10.1182/blood-2010-04-282301
http://dx.doi.org/10.1182/blood-2008-10-187179
http://dx.doi.org/10.1111/j.1600-065X.2006.00454.x
http://dx.doi.org/10.4049/jimmunol.178.8.4764
http://dx.doi.org/10.4049/jimmunol.178.8.4764
http://dx.doi.org/10.1182/blood-2010-07-297101
http://dx.doi.org/10.1002/eji.200940056
http://dx.doi.org/10.1371/journal.pone.0038846
http://dx.doi.org/10.1038/ni.1953
http://dx.doi.org/10.1038/srep26157
http://dx.doi.org/10.1016/S0301-472X(99)00045-4
http://dx.doi.org/10.1146/annurev-pathol-012513-104640
http://dx.doi.org/10.1146/annurev-pathol-012513-104640
http://dx.doi.org/10.1002/eji.1830271016
http://dx.doi.org/10.1083/jcb.147.3.577
http://dx.doi.org/10.1074/jbc.274.10.6027
http://dx.doi.org/10.1074/jbc.274.10.6027
http://dx.doi.org/10.1016/S1074-7613(03)00263-2
http://dx.doi.org/10.1182/blood-2007-08-106203
http://dx.doi.org/10.4049/jimmunol.1300090
http://dx.doi.org/10.1182/blood-2011-06-362574
http://dx.doi.org/10.1158/0008-5472.CAN-15-1320
http://dx.doi.org/10.1111/j.1476-5381.2011.01229.x
http://dx.doi.org/10.1016/j.yexcr.2010.11.014
http://dx.doi.org/10.1073/pnas.0804286105
http://dx.doi.org/10.1074/jbc.M109.054809
http://dx.doi.org/10.1074/jbc.M109.054809
http://dx.doi.org/10.1111/bph.12064
http://dx.doi.org/10.1111/bph.12064
http://dx.doi.org/10.1002/art.11219
http://dx.doi.org/10.1073/pnas.1118104109
http://dx.doi.org/10.1084/jem.20020437
http://dx.doi.org/10.1084/jem.20020437
http://dx.doi.org/10.1182/blood-2003-02-0517
http://dx.doi.org/10.1182/blood-2003-02-0517
http://dx.doi.org/10.4049/jimmunol.169.11.6079
http://dx.doi.org/10.3389/fimmu.2015.00301
http://dx.doi.org/10.1016/S0002-9440(10)65474-0
http://dx.doi.org/10.1016/S0002-9440(10)65474-0
http://dx.doi.org/10.1038/ni813
http://dx.doi.org/10.1046/j.0953-816x.2000.01451.x


105

Bernardini et al. Chemokines and NK Cell Trafficking

Frontiers in Immunology | www.frontiersin.org October 2016 | Volume 7 | Article 402

55. Castriconi R, Dondero A, Bellora F, Moretta L, Castellano A, Locatelli F, 
et al. Neuroblastoma-derived TGF-beta1 modulates the chemokine receptor 
repertoire of human resting NK cells. J Immunol (2013) 190(10):5321–8. 
doi:10.4049/jimmunol.1202693 

56. Carrega P, Morandi B, Costa R, Frumento G, Forte G, Altavilla G, et  al. 
Natural killer cells infiltrating human nonsmall-cell lung cancer are enriched 
in CD56 bright CD16(-) cells and display an impaired capability to kill tumor 
cells. Cancer (2008) 112(4):863–75. doi:10.1002/cncr.23239 

57. Carrega P, Bonaccorsi I, Di Carlo E, Morandi B, Paul P, Rizzello V, et  al. 
CD56(bright)perforin(low) noncytotoxic human NK cells are abundant 
in both healthy and neoplastic solid tissues and recirculate to secondary 
lymphoid organs via afferent lymph. J Immunol (2014) 192(8):3805–15. 
doi:10.4049/jimmunol.1301889 

58. El-Sherbiny YM, Kelly RJ, Hill A, Doody GM, Hillmen P, Cook GP. Altered 
natural killer cell subset homeostasis and defective chemotactic responses 
in paroxysmal nocturnal hemoglobinuria. Blood (2013) 122(11):1887–90. 
doi:10.1182/blood-2013-06-507574 

59. Szpurka H, Schade AE, Jankowska AM, Maciejewski JP. Altered lipid raft 
composition and defective cell death signal transduction in glycosylphos-
phatidylinositol anchor-deficient PIG-A mutant cells. Br J Haematol (2008) 
142(3):413–22. doi:10.1111/j.1365-2141.2008.07203.x 

60. Mace EM, Hsu AP, Monaco-Shawver L, Makedonas G, Rosen JB, Dropulic L, 
et al. Mutations in GATA2 cause human NK cell deficiency with specific loss 
of the CD56(bright) subset. Blood (2013) 121(14):2669–77. doi:10.1182/
blood-2012-09-453969 

61. Clift IC, Bamidele AO, Rodriguez-Ramirez C, Kremer KN, Hedin KE. 
beta-Arrestin1 and distinct CXCR4 structures are required for stromal 
derived factor-1 to downregulate CXCR4 cell-surface levels in neuroblas-
toma. Mol Pharmacol (2014) 85(4):542–52. doi:10.1124/mol.113.089714 

62. Gomez-Mouton C, Fischer T, Peregil RM, Jimenez-Baranda S, Stossel TP, 
Nakamura F, et al. Filamin A interaction with the CXCR4 third intracellular 
loop regulates endocytosis and signaling of WT and WHIM-like receptors. 
Blood (2015) 125(7):1116–25. doi:10.1182/blood-2014-09-601807 

63. Maciejewski-Duval A, Meuris F, Bignon A, Aknin ML, Balabanian K, 
Faivre L, et al. Altered chemotactic response to CXCL12 in patients carry-
ing GATA2 mutations. J Leukoc Biol (2016) 99(6):1065–76. doi:10.1189/
jlb.5MA0815-388R 

64. Gulino AV, Moratto D, Sozzani S, Cavadini P, Otero K, Tassone L, et  al. 
Altered leukocyte response to CXCL12 in patients with warts hypogamma-
globulinemia, infections, myelokathexis (WHIM) syndrome. Blood (2004) 
104(2):444–52. doi:10.1182/blood-2003-10-3532 

65. Balabanian K, Lagane B, Pablos JL, Laurent L, Planchenault T, Verola O, et al. 
WHIM syndromes with different genetic anomalies are accounted for by 
impaired CXCR4 desensitization to CXCL12. Blood (2005) 105(6):2449–57. 
doi:10.1182/blood-2004-06-2289 

66. Doncker AV, Balabanian K, Bellanne-Chantelot C, de Guibert S, 
Revest  M, Bachelerie F, et  al. Two cases of disseminated Mycobacterium 
avium infection associated with a new immunodeficiency syndrome 
related to CXCR4 dysfunctions. Clin Microbiol Infect (2011) 17(2):135–9. 
doi:10.1111/j.1469-0691.2010.03187.x 

67. Calderon TM, Eugenin EA, Lopez L, Kumar SS, Hesselgesser J, Raine CS, 
et  al. A role for CXCL12 (SDF-1alpha) in the pathogenesis of multiple 
sclerosis: regulation of CXCL12 expression in astrocytes by soluble myelin 
basic protein. J Neuroimmunol (2006) 177(1–2):27–39. doi:10.1016/ 
j.jneuroim.2006.05.003 

68. Krumbholz M, Theil D, Cepok S, Hemmer B, Kivisakk P, Ransohoff 
RM, et  al. Chemokines in multiple sclerosis: CXCL12 and CXCL13 up- 
regulation is differentially linked to CNS immune cell recruitment. Brain 
(2006) 129(Pt 1):200–11. doi:10.1093/brain/awh680 

69. Serrano-Pertierra E, Blanco-Gelaz MA, Oliva-Nacarino P, Martinez-
Camblor P, Villafani J, Lopez-Larrea C, et  al. Increased natural killer cell 
chemotaxis to CXCL12 in patients with multiple sclerosis. J Neuroimmunol 
(2015) 282:39–44. doi:10.1016/j.jneuroim.2015.03.007 

70. Lunemann JD, Munz C. Do natural killer cells accelerate or prevent autoim-
munity in multiple sclerosis? Brain (2008) 131(Pt 7):1681–3. doi:10.1093/
brain/awn132 

71. Kastrukoff LF, Lau A, Wee R, Zecchini D, White R, Paty DW. Clinical relapses 
of multiple sclerosis are associated with ‘novel’ valleys in natural killer cell 

functional activity. J Neuroimmunol (2003) 145(1–2):103–14. doi:10.1016/ 
j.jneuroim.2003.10.001 

72. Bielekova B, Catalfamo M, Reichert-Scrivner S, Packer A, Cerna M, 
Waldmann TA, et al. Regulatory CD56(bright) natural killer cells mediate 
immunomodulatory effects of IL-2Ralpha-targeted therapy (daclizumab) 
in multiple sclerosis. Proc Natl Acad Sci U S A (2006) 103(15):5941–6. 
doi:10.1073/pnas.0601335103 

73. Rodriguez-Martin E, Picon C, Costa-Frossard L, Alenda R, Sainz de la Maza 
S, Roldan E, et al. Natural killer cell subsets in cerebrospinal fluid of patients 
with multiple sclerosis. Clin Exp Immunol (2015) 180(2):243–9. doi:10.1111/
cei.12580 

74. Vandenbark AA, Huan J, Agotsch M, La Tocha D, Goelz S, Offner H, et al. 
Interferon-beta-1a treatment increases CD56bright natural killer cells 
and CD4+CD25+ Foxp3 expression in subjects with multiple sclerosis. 
J Neuroimmunol (2009) 215(1–2):125–8. doi:10.1016/j.jneuroim.2009.08.007 

75. Martinez-Rodriguez JE, Lopez-Botet M, Munteis E, Rio J, Roquer J, 
Montalban X, et  al. Natural killer cell phenotype and clinical response 
to interferon-beta therapy in multiple sclerosis. Clin Immunol (2011) 
141(3):348–56. doi:10.1016/j.clim.2011.09.006 

76. Martin-Fontecha A, Thomsen LL, Brett S, Gerard C, Lipp M, Lanzavecchia A, 
et al. Induced recruitment of NK cells to lymph nodes provides IFN-gamma 
for T(H)1 priming. Nat Immunol (2004) 5(12):1260–5. doi:10.1038/ni1138 

77. Pak-Wittel MA, Yang L, Sojka DK, Rivenbark JG, Yokoyama WM. Interferon-
gamma mediates chemokine-dependent recruitment of natural killer cells 
during viral infection. Proc Natl Acad Sci U S A (2013) 110(1):E50–9. 
doi:10.1073/pnas.1220456110 

78. Watt SV, Andrews DM, Takeda K, Smyth MJ, Hayakawa Y. IFN-gamma-
dependent recruitment of mature CD27(high) NK cells to lymph nodes 
primed by dendritic cells. J Immunol (2008) 181(8):5323–30. doi:10.4049/
jimmunol.181.8.5323 

79. Wendel M, Galani IE, Suri-Payer E, Cerwenka A. Natural killer cell accumu-
lation in tumors is dependent on IFN-gamma and CXCR3 ligands. Cancer 
Res (2008) 68(20):8437–45. doi:10.1158/0008-5472.CAN-08-1440 

80. Bolomsky A, Schreder M, Hubl W, Zojer N, Hilbe W, Ludwig H. Monokine 
induced by interferon gamma (MIG/CXCL9) is an independent prognostic 
factor in newly diagnosed myeloma. Leuk Lymphoma (2016) 21:1–10.  
doi:10.3109/10428194.2016.1151511 

81. Riva A, Laird M, Casrouge A, Ambrozaitis A, Williams R, Naoumov NV, 
et al. Truncated CXCL10 is associated with failure to achieve spontaneous 
clearance of acute hepatitis C infection. Hepatology (2014) 60(2):487–96. 
doi:10.1002/hep.27139 

82. Ishibashi H, Shimoda S. [Pathogenesis of biliary tract injury in primary 
biliary cirrhosis]. Nihon Rinsho Meneki Gakkai Kaishi (2012) 35(6):455–62. 
doi:10.2177/jsci.35.455 

83. Chuang YH, Lian ZX, Cheng CM, Lan RY, Yang GX, Moritoki Y, et  al. 
Increased levels of chemokine receptor CXCR3 and chemokines IP-10 and 
MIG in patients with primary biliary cirrhosis and their first degree relatives. 
J Autoimmun (2005) 25(2):126–32. doi:10.1016/j.jaut.2005.08.009 

84. Gao B, Bertola A. Natural killer cells take two tolls to destruct bile ducts. 
Hepatology (2011) 53(4):1076–9. doi:10.1002/hep.24275 

85. Shimoda S, Selmi C, Gershwin ME. Fractalkine and other chemokines in 
primary biliary cirrhosis. Int J Hepatol (2012) 2012:102839. doi:10.1155/ 
2012/102839 

86. Ottaviani C, Nasorri F, Bedini C, de Pita O, Girolomoni G, Cavani A. 
CD56brightCD16(-) NK cells accumulate in psoriatic skin in response to 
CXCL10 and CCL5 and exacerbate skin inflammation. Eur J Immunol (2006) 
36(1):118–28. doi:10.1002/eji.200535243 

87. Nakashima Y, Sun DH, Trindade MC, Chun LE, Song Y, Goodman SB, 
et  al. Induction of macrophage C-C chemokine expression by titanium 
alloy and bone cement particles. J Bone Joint Surg Br (1999) 81(1):155–62. 
doi:10.1302/0301-620X.81B1.8884 

88. Ju DW, Tao Q, Cheng DS, Zhang W, Zhang M, Hamada H, et al. Adenovirus-
mediated lymphotactin gene transfer improves therapeutic efficacy of cyto-
sine deaminase suicide gene therapy in established murine colon carcinoma. 
Gene Ther (2000) 7(4):329–38. doi:10.1038/sj.gt.3301082 

89. Lode HN, Xiang R, Dreier T, Varki NM, Gillies SD, Reisfeld RA. Natural killer 
cell-mediated eradication of neuroblastoma metastases to bone marrow by 
targeted interleukin-2 therapy. Blood (1998) 91(5):1706–15. 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.4049/jimmunol.1202693
http://dx.doi.org/10.1002/cncr.23239
http://dx.doi.org/10.4049/jimmunol.1301889
http://dx.doi.org/10.1182/blood-2013-06-507574
http://dx.doi.org/10.1111/j.1365-2141.2008.07203.x
http://dx.doi.org/10.1182/blood-2012-09-453969
http://dx.doi.org/10.1182/blood-2012-09-453969
http://dx.doi.org/10.1124/mol.113.089714
http://dx.doi.org/10.1182/blood-2014-09-601807
http://dx.doi.org/10.1189/jlb.5MA0815-388R
http://dx.doi.org/10.1189/jlb.5MA0815-388R
http://dx.doi.org/10.1182/blood-2003-10-3532
http://dx.doi.org/10.1182/blood-2004-06-2289
http://dx.doi.org/10.1111/j.1469-0691.2010.03187.x
http://dx.doi.org/10.1016/j.jneuroim.2006.05.003
http://dx.doi.org/10.1016/j.jneuroim.2006.05.003
http://dx.doi.org/10.1093/brain/awh680
http://dx.doi.org/10.1016/j.jneuroim.2015.03.007
http://dx.doi.org/10.1093/brain/awn132
http://dx.doi.org/10.1093/brain/awn132
http://dx.doi.org/10.1016/j.jneuroim.2003.10.001
http://dx.doi.org/10.1016/j.jneuroim.2003.10.001
http://dx.doi.org/10.1073/pnas.0601335103
http://dx.doi.org/10.1111/cei.12580
http://dx.doi.org/10.1111/cei.12580
http://dx.doi.org/10.1016/j.jneuroim.2009.08.007
http://dx.doi.org/10.1016/j.clim.2011.09.006
http://dx.doi.org/10.1038/ni1138
http://dx.doi.org/10.1073/pnas.1220456110
http://dx.doi.org/10.4049/jimmunol.181.8.5323
http://dx.doi.org/10.4049/jimmunol.181.8.5323
http://dx.doi.org/10.1158/0008-5472.CAN-08-1440
http://dx.doi.org/10.3109/10428194.2016.1151511
http://dx.doi.org/10.1002/hep.27139
http://dx.doi.org/10.2177/jsci.35.455
http://dx.doi.org/10.1016/j.jaut.2005.08.009
http://dx.doi.org/10.1002/hep.24275
http://dx.doi.org/10.1155/2012/102839
http://dx.doi.org/10.1155/2012/102839
http://dx.doi.org/10.1002/eji.200535243
http://dx.doi.org/10.1302/0301-620X.81B1.8884
http://dx.doi.org/10.1038/sj.gt.3301082


106

Bernardini et al. Chemokines and NK Cell Trafficking

Frontiers in Immunology | www.frontiersin.org October 2016 | Volume 7 | Article 402

90. Nokihara H, Yanagawa H, Nishioka Y, Yano S, Mukaida N, Matsushima K, 
et al. Natural killer cell-dependent suppression of systemic spread of human 
lung adenocarcinoma cells by monocyte chemoattractant protein-1 gene 
transfection in severe combined immunodeficient mice. Cancer Res (2000) 
60(24):7002–7. 

91. Pachynski RK, Zabel BA, Kohrt HE, Tejeda NM, Monnier J, Swanson CD, 
et  al. The chemoattractant chemerin suppresses melanoma by recruiting 
natural killer cell antitumor defenses. J Exp Med (2012) 209(8):1427–35. 
doi:10.1084/jem.20112124 

92. Halama N, Braun M, Kahlert C, Spille A, Quack C, Rahbari N, et  al. 
Natural killer cells are scarce in colorectal carcinoma tissue despite high 
levels of chemokines and cytokines. Clin Cancer Res (2011) 17(4):678–89. 
doi:10.1158/1078-0432.CCR-10-2173 

93. Inngjerdingen M, Damaj B, Maghazachi AA. Expression and regulation of 
chemokine receptors in human natural killer cells. Blood (2001) 97(2):367–75. 
doi:10.1182/blood.V97.2.367 

94. Mailliard RB, Alber SM, Shen H, Watkins SC, Kirkwood JM, Herberman 
RB, et al. IL-18-induced CD83+CCR7+ NK helper cells. J Exp Med (2005) 
202(7):941–53. doi:10.1084/jem.20050128 

95. Moustaki A, Argyropoulos KV, Baxevanis CN, Papamichail M, Perez SA. 
Effect of the simultaneous administration of glucocorticoids and IL-15 on 
human NK cell phenotype, proliferation and function. Cancer Immunol 
Immunother (2011) 60(12):1683–95. doi:10.1007/s00262-011-1067-6 

96. Sechler JM, Barlic J, Grivel JC, Murphy PM. IL-15 alters expression and func-
tion of the chemokine receptor CX3CR1 in human NK cells. Cell Immunol 
(2004) 230(2):99–108. doi:10.1016/j.cellimm.2004.10.001 

97. Burga RA, Nguyen T, Zulovich J, Madonna S, Ylisastigui L, Fernandes R, 
et al. Improving efficacy of cancer immunotherapy by genetic modification of 
natural killer cells. Cytotherapy (2016). doi:10.1016/j.jcyt.2016.05.018 

98. Carlsten M, Levy E, Karambelkar A, Li L, Reger R, Berg M, et al. Efficient 
mRNA-based genetic engineering of human NK cells with high-affinity 

CD16 and CCR7 augments rituximab-induced ADCC against lymphoma 
and targets NK cell migration toward the lymph node-associated chemokine 
CCL19. Front Immunol (2016) 7:105. doi:10.3389/fimmu.2016.00105 

99. Marcenaro E, Cantoni C, Pesce S, Prato C, Pende D, Agaugue S, et al. Uptake 
of CCR7 and acquisition of migratory properties by human KIR+ NK cells 
interacting with monocyte-derived DC or EBV cell lines: regulation by 
KIR/HLA-class I interaction. Blood (2009) 114(19):4108–16. doi:10.1182/
blood-2009-05-222265 

100. Muller N, Michen S, Tietze S, Topfer K, Schulte A, Lamszus K, et  al. 
Engineering NK cells modified with an EGFRvIII-specific chimeric antigen 
receptor to overexpress CXCR4 improves immunotherapy of CXCL12/
SDF-1alpha-secreting glioblastoma. J Immunother (2015) 38(5):197–210. 
doi:10.1097/CJI.0000000000000082 

101. Somanchi SS, Somanchi A, Cooper LJ, Lee DA. Engineering lymph node 
homing of ex vivo-expanded human natural killer cells via trogocytosis of 
the chemokine receptor CCR7. Blood (2012) 119(22):5164–72. doi:10.1182/
blood-2011-11-389924 

102. Allegretti M, Cesta MC, Locati M. Allosteric modulation of chemoattractant 
receptors. Front Immunol (2016) 7:170. doi:10.3389/fimmu.2016.00170 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2016 Bernardini, Antonangeli, Bonanni and Santoni. This is 
an  open-access article distributed under the terms of the Creative Commons 
Attribution License (CC BY). The use, distribution or reproduction in other forums 
is permitted, provided the original author(s) or licensor are credited and that the 
original publication in this journal is cited, in accordance with accepted academic 
practice. No use, distribution or reproduction is permitted which does not comply 
with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1084/jem.20112124
http://dx.doi.org/10.1158/1078-0432.CCR-10-2173
http://dx.doi.org/10.1182/blood.V97.2.367
http://dx.doi.org/10.1084/jem.20050128
http://dx.doi.org/10.1007/s00262-011-1067-6
http://dx.doi.org/10.1016/j.cellimm.2004.10.001
http://dx.doi.org/10.1016/j.jcyt.2016.05.018
http://dx.doi.org/10.3389/fimmu.2016.00105
http://dx.doi.org/10.1182/blood-2009-05-222265
http://dx.doi.org/10.1182/blood-2009-05-222265
http://dx.doi.org/10.1097/CJI.0000000000000082
http://dx.doi.org/10.1182/blood-2011-11-389924
http://dx.doi.org/10.1182/blood-2011-11-389924
http://dx.doi.org/10.3389/fimmu.2016.00170
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


October 2016 | Volume 7 | Article 414107

Review
published: 07 October 2016

doi: 10.3389/fimmu.2016.00414

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Laurent Brossay,  

Brown University, USA

Reviewed by: 
Clair Gardiner,  

Trinity College Dublin, Ireland  
Kerry S. Campbell,  

Fox Chase Cancer Center, USA

*Correspondence:
Alessandro Moretta 

alemoret@unige.it

Specialty section: 
This article was submitted  

to NK Cell Biology,  
a section of the journal  

Frontiers in Immunology

Received: 01 August 2016
Accepted: 23 September 2016

Published: 07 October 2016

Citation: 
Pesce S, Moretta L, Moretta A and 

Marcenaro E (2016) Human NK 
Cell Subsets Redistribution 
in Pathological Conditions:  
A Role for CCR7 Receptor. 

Front. Immunol. 7:414. 
doi: 10.3389/fimmu.2016.00414

Human NK Cell Subsets 
Redistribution in Pathological 
Conditions: A Role for CCR7 Receptor
Silvia Pesce1, Lorenzo Moretta2, Alessandro Moretta1,3* and Emanuela Marcenaro1,3

1 Dipartimento di Medicina Sperimentale, Università degli Studi di Genova, Genova, Italy, 2 Dipartimento di Immunologia, 
IRCCS Bambino Gesù Ospedale Pediatrico, Rome, Italy, 3 CEBR, Università degli Studi di Genova, Genova, Italy

Innate and adaptive immunity has evolved complex molecular mechanisms regulating 
immune cell migration to facilitate the dynamic cellular interactions required for its func-
tion involving the chemokines and their receptors. One important chemokine receptor 
in the immune system is represented by CCR7. Together with its ligands CCL19 and 
CCL21, this chemokine receptor controls different arrays of migratory events, both in 
innate and adaptive immunity, including homing of CD56bright NK cells, T cells, and DCs to 
lymphoid compartments, where T cell priming occurs. Only recently, a key role for CCR7 
in promoting CD56dim NK cell migration toward lymphoid tissues has been described. 
Remarkably, this event can influence the shaping and polarization of adaptive T cell 
responses. In this review, we describe recent progress in understanding the mechanisms 
and the site where CD56dim KIR+ NK cells can acquire the capability to migrate toward 
lymph nodes. The emerging significance of this event in clinical transplantation is also 
discussed.

Keywords: human NK cells, CCR7, transplantation, alloreactivity, NK cell subsets, immune checkpoint

iNTRODUCTiON

NK cells are effector cells of the innate immune system able to recognize and kill stressed, trans-
formed, or virus-infected cells via a delicate balance of signals transmitted by activating and inhibi-
tory receptors, and to secrete various effector molecules (1–3).

Two main subsets of human NK cells have been identified, according to the cell surface density 
of CD56 and expression of CD16 (FcγRIIIa). The CD56dim CD16bright NK cell subset expresses 
KIR and/or CD94/NKG2A molecules and predominates in peripheral blood (~90% of circulating 
NK cells), while the CD56bright CD16neg/dim NK cells express CD94/NKG2A (but are KIR negative) 
and represent only ~10% of circulating NK cells. CD56dim CD16bright NK cells display potent cyto-
lytic activity and produce cytokines following receptor-mediated stimulation (e.g., engagement 
of activating surface receptors during target cell recognition) (4–6). On the other hand, CD56bright 
CD16neg/dim NK cells produce cytokines including interferon-γ (IFNγ), tumor necrosis factor-α 
(TNFα), and granulocyte–macrophage colony-stimulating factor (GM-CSF) and undergo prolif-
eration following stimulation with pro-inflammatory cytokines. Cytolytic activity is acquired only 
after prolonged cell stimulation (4–6). Notably the CD56bright CD16neg/dim NK cells can undergo dif-
ferentiation into CD56dim CD16bright NK cells. Moreover this subset can undergo further phenotypic 
and functional maturation toward terminally differentiated NK cells (7–10).
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wHAT DeTeRMiNeS NK CeLL SUBSeT 
ReCRUiTMeNT TO DiFFeReNT ORGANS 
DURiNG PHYSiOLOGiCAL AND 
PATHOLOGiCAL CONDiTiONS?

In bone marrow, NK cell precursors undergo a maturation pro-
cess that includes the acquisition of effector functions and the 
expression of chemotactic receptors that will drive their migra-
tion from the bone marrow to different organs through the blood 
stream (11, 12).

The recirculation and the distribution of cells of the immune 
system to the various organs depend primarily on the release of 
particular chemokines by organ-specific cell types (13, 14).

NK cells can respond to a large array of chemokines (13), 
and can be recruited to different district of the body and to 
sites of inflammation (15, 16). The distribution of NK cells is 
subset specific. Indeed, the two main NK cell subsets display 
major functional differences not only for their cytolytic activity 
and modality of cytokine production but also in their homing 
capabilities, as shown by their organ-specific localization (16). 
In particular, the cytolytic CD56dim CD16bright NK cell subset 
expresses CXCR1, CX3CR1, and ChemR23 chemokine receptors; 
therefore, it is mainly recruited to inflamed peripheral tissues. 
In contrast, CD56bright CD16neg/dim NK cells preferentially express 
CCR7 and are primarily attracted by secondary lymphoid organs 
(lymph nodes, tonsils, and spleen) (17–20). These cells also 
express CD62L (L-selectin), which provides important adhesion 
to endothelial surfaces, required for extravasation of CD56bright 
NK cells (21). Accordingly, CD56bright NK cells are 10 times more 
frequent than CD56dim in parafollicular (T-cell) regions of healthy 
(non-inflamed) lymph nodes, where they can be activated by 
T-cell-derived IL-2 (19, 22). Therefore, it is likely that the expres-
sion of the high-affinity IL-2 receptors on CD56bright NK cells may 
promote a cross talk between NK and T cells in these lymphoid 
compartments (19).

It has recently been shown that, in addition to secondary 
lymphoid compartments (SLCs), CD56bright CD16neg/dim NK cells 
populate other normal human tissues. These include uterine 
mucosa, liver, skin, adrenal gland, colorectal, liver, and visceral 
adipose tissues. On the other hand, tissues such as lung, breast, 
and sottocutaneous adipose tissue contain preferentially CD56dim 
CD16bright cells (14, 16, 23).

The specific distribution of the two subsets is mainly reflect-
ing differences in their chemokine receptor repertoires and, as a 
consequence, in their ability to respond to different chemotactic 
factors (14, 16, 23).

Remarkably the localization of the two NK cell subsets can 
change in pathological conditions, e.g., in the presence of tumors 
(16). Thus, in different tumor types, both migration and hom-
ing of NK cells may be altered and even reversed. For example, 
NK cells present in tumor-infiltrated peripheral tissues are often 
enriched in CD56bright CD16neg/dim NK cells (24–26); in contrast, 
an expansion of an unusual subset characterized by a CD56dim 
CD69+ CCR7+ KIR+ phenotype has been detected in tumor-
infiltrated lymph nodes (27). A possible explanation of these 
findings is that, a different pattern of chemokines, released by 

cells of the tumor microenvironment, or the acquisition of differ-
ent/new chemokine receptors by NK cells, may operate an altered 
recruitment of the two NK cell subsets.

Thus, chemokines/chemokine receptors play a critical role in 
the regulation of the distribution of NK cell subpopulations in the 
various tissues, both in normal and the pathological conditions, 
such as inflammatory processes or tumors.

Notably, also organ-specific features, such as the anatomical 
structure, the type of cells present in the tissue, the soluble factors 
released, and the different interactions that NK cells can establish 
with different cell types, may considerably influence their homing 
capability.

wHAT CONDiTiONS DeTeRMiNe NK 
CeLL ACTivATiON iN iNFLAMeD 
TiSSUeS?

As illustrated above, in the course of pathological conditions, 
such as inflammation, viral infection, and tumor growth, NK 
cells are rapidly recruited from peripheral blood into injured 
tissues, thanks to the interplay between chemokines and their 
receptors (20, 28–31).

NK cells, once they reach inflammatory sites, need to be 
activated in order to perform their functional activities. NK cell 
activation can occur through different types of signals. These 
include signals delivered by several activating NK receptors (32), 
upon recognition of specific ligands expressed on tumor cells, or 
signals generated in response to stimulation via toll-like recep-
tors (TLR) that are constitutively expressed by NK cells and allow 
their responses to products of viral or bacterial origin (3, 33, 34). 
In addition, the activation of NK cells can occur through various 
soluble signals, including different cytokines that are provided by 
other cell types. Indeed, although NK cells can directly recognize 
cells infected by viruses and/or transformed cells, many recent 
studies revealed that the microenvironment and the interaction 
with other cells of the immune system, in particular with DCs, 
may considerably contribute to ensure an optimal priming of NK 
cells. For example, the production of cytokines (such as IL-12) 
by activated DCs improves NK cell proliferation, production of 
IFNγ, and antitumor cytotoxic activity (35).

In addition, a full NK cell activation allows the establishment 
of important processes, such as the mechanism of NK-mediated 
“editing” of DCs (28), which would play a crucial role in con-
trolling the induction of appropriate antigen-specific adaptive 
immune responses (36, 37). In particular, activated NK cells 
appear to contribute to the quality control of immature DCs 
(iDCs) undergoing maturation by selecting DCs most fitting to 
optimal antigen presentation (36, 38). This process is thought 
to be crucial for the subsequent DC migration to SLCs and 
priming of naïve T lymphocytes toward Type 1 (Th1) immune 
responses.

In this context, it has to be considered that the exposure of 
NK cells to type II cytokines, such as IL-4 (35), released by other 
cells of the innate immune system in certain inflammatory 
microenvironments may result in low levels of cytotoxicity 
against tumor cells. Importantly, NK cells would become unable 
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to kill iDCs and to release IFNγ and TNFα. This results in 
the failure of an efficient “editing” process and in the genera-
tion of Th0 cell leading to non polarized T cell responses in 
lymph nodes that compromise downstream antigen-specific, 
Th1-mediated immune responses (35). On the other hand, 
IL-4 by driving a type II immune response may be important 
for the eradication of particular pathogens. The absence of 
NK cells driving a Th1 response, in this circumstance, may 
be optimal for an efficient immune response to that particular 
pathogen (39).

Other studies suggest that NK cells may play not only a ben-
eficial regulatory role in shaping adaptive immune responses 
but also an inhibition of the adaptive immune cells (e.g., T and 
B cells), by killing both antigen-presenting cells (APCs) and 
antigen-specific T cells and by producing anti-inflammatory 
cytokines, such as IL-10. These events can shape the overall 
immune response against certain pathogens, which can have 
consequences for disease pathogenesis, and infection outcome. 
Continued evaluation of the specific context-dependent roles 
of NK cells in human infection will be necessary to guide 
attempts to modulate NK cells in therapy or prevention of 
infection (40).

Thus, depending on the nature of the pathogens responsible 
for the invasion of a given tissue and, as a consequence, on the 
cytokine microenvironment created during the early stages of an 
inflammatory response, NK cells may differentially contribute to 
the quality and magnitude of both innate and adaptive immune 
responses (1, 35, 41).

HOw DO THe PHeNOTYPiC PROPeRTieS 
(AND THe eFFeCTOR FUNCTiONS) OF NK 
CeLLS CHANGe FOLLOwiNG 
ReCRUiTMeNT TO iNFLAMeD 
PeRiPHeRAL TiSSUeS?

According to the data reported in the previous paragraphs, 
there is clear evidence that CD56dim CD16+ NK cells, which 
have been recruited into inflamed tissues, in the presence of 
pro-inflammatory stimuli favoring their interaction with DCs 
(28, 31, 42–44) may usually influence naïve T cell priming, for 
instance by the “DC editing program.” This mechanism may take 
place in the periphery and, at least in some instances, does not 
require the recruitment of tissue-activated NK cells into lymph 
nodes (35, 41, 45).

On the other hand, the inflammatory microenvironment and 
the interactions established with other cells at the inflammatory 
sites may also affect both phenotypic and homing properties 
of NK cells by generating altered NK cell subsets. For example, 
there is evidence that, during an immune response, the highly 
cytotoxic CD56dim KIR+ (as well as CD56dim KIR− NKG2A+) NK 
cells, that, different from CD56bright NK cells are CCR7 negative, 
could be directed from the peripheral (non-lymphoid tissues) 
toward inflamed lymph nodes. These represent a crucial site for 
NK cell-mediated immunosurveillance against tumor metastases 
and the control of viral infections and also contribute to priming 
of adaptive immune responses (27, 41, 46).

In this context, it has been demonstrated that NK cells exposed 
to a microenvironment rich of IL-18 may de novo express CCR7 
and, thus, acquire the ability to respond to the lymph node 
chemokines CCL19 and CCL21 (47).

IL-18 may be released by APCs in an inflammatory microen-
vironment triggered by pathogens. In this regard, it has recently 
been demonstrated that M0 and M2 macrophages express a 
membrane form of IL-18 (mIL-18), which is released in the 
course of polarization to M1, induced by bacterial stimuli (LPS 
or BCG). IL-18 induces NK cells to release large amounts of IFNγ 
and plays a pivotal role in the expression on their surface of CCR7 
receptor (47, 48) (Figure 1A).

The acquisition of CCR7 provides CD56dim KIR+ NK cells with 
the potential to reach lymph nodes where they can interact with 
DCs and T cells and regulate T cell responses (41, 47, 49). On the 
other hand, the expression of CCR7 in response to IL-18 can occur 
only in resting NK cells, because cytokine-mediated priming of 
NK cells induces their activation and a marked downregulation of 
IL-18Rα expression (50, 51). In light of these data, it is conceivable 
that other mechanisms may contribute to the acquisition of CCR7 
by “activated” CD56dim NK cells. Indeed, recent data revealed 
that an unexpected crosstalk between NK cells and other cells 
present in the inflamed niche environment (tumor/infected cells 
or other immune cells, including DCs and T cells) leads to the 
de novo surface expression of CCR7 by CD56dim KIR+ NK cells in 
an IL-18-independent manner (51–54) (Figures 1B,C).

The acquisition of CCR7 by these NK cells requires direct 
cell-to-cell contact, is detectable within few minutes, and is due 
to receptor uptake from CCR7+ cells. This mechanism is termed 
“trogocytosis” and is distinct from other mechanisms of intercel-
lular exchanges, such as nanotubes and exosomes (55–58). For 
example, interaction between NK cells and mature DCs (mDCs) 
that express surface CCR7 could induce its expression on NK 
cells (52).

An important aspect is that the acquisition of CCR7 is 
promoted by non-HLA-specific activating receptors (including 
NKp46), but, it is negatively regulated by the interaction between 
inhibitory KIR receptors expressed by NK cells (“acceptor”) and 
HLA class I molecules expressed by CCR7+ cells (“donor”). In 
particular, in the course of infection in a self-environment, KIR+ 
NK cells can acquire CCR7 only when they interact with HLA 
class I negative CCR7+ cells (e.g., target cells that have undergone 
tumor transformation or viral infection) (Figure  1B). On the 
contrary, in an allogeneic setting characterized by KIR/HLA class 
I mismatch, KIR+ NK cells can acquire CCR7 following interac-
tion with any CCR7+ cell, including those expressing high levels 
of HLA class I, such as mDCs (Figure 1C).

This condition is reproduced during KIR-mismatched haploi-
dentical hematopoietic stem cell transplantation (haplo-HSCT) 
to cure high-risk leukemias (46, 59). Importantly, these events 
have been recently reproduced and confirmed in vivo in a mouse 
model (53).

Thus, the de novo CCR7 expression renders CD56dim KIR+ 
NK cells able to migrate into the SLCs in response to CCL19 
and CCL21 chemokines (47, 52, 54). In this compartment, NK 
cells release IFNγ (directly promoting the development of Th1 
responses) and exert their cytotoxic activity against different 
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FiGURe 1 | in this figure, it is shown that CD56dim KiR+ NK cells, after recruitment from blood into inflamed peripheral tissues in response to 
chemokine gradients, may de novo express CCR7, a chemokine receptor able to confer immune cells with the ability to migrate to lymph nodes.  
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This event may occur in a microenvironment rich in IL-18, a pro-inflammatory cytokine released by M0 macrophages during differentiation toward M1 following 
activation. This de novo expression can be induced only on a fraction of NK cells characterized by the expression of the IL-18Rα (resting NK cells), whereas it 
cannot be induced on activated NK cells that express little IL-18Rα (A). Otherwise, the expression of CCR7 on CD56dim NK cells can be induced by a mechanism of 
trogocytosis on either resting or activated NK cells, regardless of their level of IL-18Rα expression. This mechanism is finely controlled by the specific interaction 
between KIRs on NK cells and HLA class I molecules on CCR7+ cells. In particular, inhibitory KIRs block this transfer, whereas some activating KIRs are able to 
strongly promote the CCR7 acquisition by NK cells. This means that in an autologous setting, NK cells may acquire CCR7 only by interacting with HLA-I negative 
CCR7+ cells, such as transformed cells (B). In contrast, in an allogeneic setting, as in haplo-HSCT, characterized by KIR/HLA class I mismatch, KIR+ alloreactive 
NK cells can express CCR7 when they interact with allogeneic CCR7+ mDCs (C).
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types of targets, including tumor cells or (in an allogeneic system 
such as in transplantation) other target cells including patient’s 
DCs (46).

In line with these data, Martin-Fontecha et  al. showed that 
murine NK cells can be recruited to lymph nodes in a CXCR3-
dependent manner by the injection of mDCs and that these 
recruitment correlated with the induction of Th1 responses (60). 
The induction of IFNγ release by NK cells migrated into lymph 
nodes appears to depend on direct interactions with DCs that 
release IL-12 and provide IL-15 by trans-presentation (61).

Very recently, it has been shown that NK cells can be geneti-
cally reprogramed efficiently using a electroporation method 
with mRNA coding for the chemokine receptor CCR7, in order 
to induce the expression of this chemokine receptor on their 
surface and the consequent NK cell migration toward the lymph 
node-associated chemokine CCL19 (62).

DOeS CCR7+ eXPReSSiON ON 
ALLOReACTive KiR+ NK CeLLS PLAYS 
A ROLe iN TRANSPLANTATiON?

Alloreactivity in haploidentical haplo-HSCT is operating 
through the mechanism of “missing self ” recognition, provided 
that the donor expresses a given inhibitory KIR, whose ligand is 
missing in the recipient’s HLA genotype. This combination will 
lead to a KIR/KIR–ligand mismatch in graft-versus-host (GvH) 
direction (63–67). In particular, it has been shown that, in T-cell 
depleted haplo-HSCT, “alloreactive” NK cells kill KIR–ligand 
mismatched leukemic blasts (graft versus leukemia, GvL), thus 
contributing to eradication of high-risk acute myeloid or lym-
phoid leukemias. It is of note that, in this transplantation setting, 
all cases would be at risk of T cell-mediated alloreactivity both 
in the HvG and in the GvH direction. However, patients trans-
planted from an NK “alloreactive donor” benefit from higher 
rates of engraftment and reduced incidence of graft-versus-host 
disease (GvHD) (68–71).

Such low rate of GvHD would be consequent to the inefficient 
priming of alloreactive donor T cells (reconstituted from donor 
CD34+ HSC precursors) due to the NK cell-mediated killing of 
recipient’s APCs (68). Furthermore, NK cells are able to eliminate 
residual patient’s T cells, thus preventing HvG reactions and 
thereby promoting engraftment. In agreement with this concept, 
in vitro studies showed that alloreactive NK cell clones are able to 
kill not only leukemic blasts (71) but also allogeneic mDCs and 
T cell blasts (59, 72), while sparing other tissues that are com-
mon targets for T-cell-mediated GvHD (70). Although some of 

these target cells might be killed within peripheral tissues, it is 
conceivable that the elimination of patient’s DCs by alloreactive 
NK cells occurs primarily within lymph nodes, thus preventing 
GvH reactions. Indeed, it is mainly at these sites that patient’s DCs 
would prime donor’s allospecific naïve T cells.

However, since KIR+ NK cells do not express CCR7, it was 
difficult to explain how donor’s KIR-mismatched NK cells could 
get in close proximity with recipient DCs and kill them within 
lymph nodes. In this context, our findings on trogocytosis of 
CCR7 have provided a possible explanation for the mechanism 
by which KIR-mismatched NK cells can acquire CCR7, migrate 
to lymph nodes, and kill recipient’s DC, thus preventing GvH 
responses in this compartment (52).

Recent evidence revealed that the expression of activat-
ing KIRs, in particular KIR2DS1 (specific for HLA-C2) could 
improve the clinical outcome in haplo-HSCT. It is interesting 
that the expression of KIR2DS1 can induce alloreactivity by an 
otherwise non-alloreactive subset of NK cells expressing NKG2A. 
Thus, in appropriate donor/recipient pairs, the expression of 
KIR2DS1 can considerably increase the fraction of alloreactive 
NK cells (71, 72). In light of these data, we could demonstrate 
that the activating KIR KIR2DS1 represented an advantage for 
CCR7− NK cells favoring the acquisition of this receptor from 
HLA-C2+ CCR7+ cells. In particular, we showed that NK cell, 
triggered by this receptor in NK cell clones expressing the 
KIR2DS1+/NKG2A+ phenotype (isolated from C1+ donors), 
could by-pass almost completely the inhibition mediated by 
NKG2A, thus making NKG2A+ cells (which usually are not 
alloreactive) capable of killing allogeneic target cells expressing 
HLA-C2+ and HLA-E. Remarkably, this interaction results also 
in the capture of CCR7 from CCR7+ cells that express HLA-
C2, including EBV-transformed B cell lines as well as mDCs 
or T blasts derived from C2+ donors. We also showed that the 
ability to migrate in response to CCL19/21 NK cell was directly 
proportional to the level of expression of CCR7 acquired after 
coculture with CCR7+ cells (54). Hence, the acquisition of CCR7 
on CD56dim KIR+ NK cells is negatively regulated by inhibitory 
KIRs, but is strongly favored by positive signals delivered by 
activating KIR (52, 54, 59). In line with these results, it has been 
shown that also the KIR2DS4-activating receptor (73, 74) may 
induce the uptake of CCR7 by some KIR2DS4+ NKG2A+ NK 
cell clones upon interaction with CCR7+ target cells expressing 
appropriate HLA-C alleles (51).

In conclusion, it is conceivable that the migration of CD56dim 
KIR+ NK cells to lymph nodes may play an important role not 
only in the mechanism of Th1 polarization in adaptive immune 
responses (through the release of IFNγ and the mechanism of 
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FiGURe 2 | in KiR-mismatched haplo-HSCT, the late appearance of alloreactive (KiR+) NK cells (6–8 weeks after transplant) may result in a delayed 
anti-leukemia and antiviral infection effect. In order to prevent these risks, a promising approach has been proposed consisting in the infusion of manipulated 
NK cells at short time intervals after HSCT. In particular, trogocytosis could be used as a tool to rapidly and transiently modify the migratory properties of donor-
derived alloreactive NK cells by inducing CCR7 expression on their surface. These alloreactive NK cells, infused during the time required for the maturation of NK 
cells from HSC, may play a relevant role in preventing leukemic relapse (GvL activity), GvH/HvG reactions (by killing patient’s DCs/Tcells), and in controlling infections. 
After this period, mature alloreactive NK cells generated from HSC acquire CCR7 directly (in vivo) from patient’s CCR7+ cells, including mDC and T cell blasts.
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DC “editing”) but also in the prevention of GvHD and HvGD in 
haplo-HSCT.

ARe THeRe POTeNTiAL CLiNiCAL 
APPLiCATiON SUGGeSTeD BY 
THeSe FiNDiNGS?

The data described further support the concept that alloreactive 
NK cells, appropriately selected according to their phenotypic and 
functional characteristics, may play a central role in haplo-HSCT, 
by preventing leukemia relapses and improving engraftment 
by killing leukemia blasts and host APCs, which are known to 
initiate T cell-mediated GvHD (Figure 2). Notably, in the haplo-
HSCT setting, the differentiation of KIR+ alloreactive NK cells 
from CD34+ HSC precursors may require 6–8 weeks. Therefore, 
their anti-leukemia effect would occur only after this time period. 

In case of infections or highly proliferating residual leukemia 
blasts, this delay may represent a major problem, resulting in 
leukemia relapses. In addition, in haplo-HSCT patients, due to 
the extensive T-cell depletion, required to prevent GvHD, there 
is an increased risk of life-threatening infections. With the aim 
to improve posttransplantation immune reconstitution, several 
immunotherapeutic approaches have been applied. For example, 
mature donor alloreactive NK cells may be infused at transplanta-
tion together with HSC and/or at short time intervals after HSCT. 
These NK cells may rapidly kill leukemic cells, thus anticipating 
the effect of alloreactive NK cells generated from transplanted 
HSC (75–77).

Another approach that could improve the efficiency of allore-
active NK cells would be to exploit trogocytosis as a tool to rapidly 
(and transiently) modify lymphocytes, for adoptive immuno-
therapy applications (52, 54). For example, pre-incubation of 
KIR+ NK cells (from an alloreactive donor) with CCR7+ HLA 
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class I-deficient cells, before their adoptive transfer to the patient, 
would allow CCR7+ alloreactive NK cells to be rapidly recruited 
to lymph nodes and to eliminate the leukemia cells residual after 
conditioning and patient’s DC/T cells (78) (Figure 2). Importantly, 
in these immunosuppressed patients, CCR7+ KIR+ NK cells could 
also provide a rapid and more efficient line of defense against 
life-threatening infections (Figure 2).

In this context, CCR7 acquired by NK cells via trogocytosis has 
been shown to enhance their lymph node homing upon adoptive 
transfer to athymic nude mice, contributing to eliminate lymph 
node tumor metastases (53).

Trogocytosis may involve several cell surface molecules and 
different cell types, including T and B lymphocytes, NK cells, DCs, 
and tumor cells. It has been proposed that the formation of the 
immune synapse for capturing target cell membrane fragments 
by NK cells may be promoted by the interaction of NK receptors 
with their specific ligands. During this process several molecules 
(included in the immune synapse?) can be transferred from one 
cell to another. For example, upon coculture with the CCR7+ 221 
cell line, NK cells may acquire, together with CCR7, also CD19 
and CD86 (a marker commonly used to assess trogocytosis) (54).

Another interesting possible approach is based on the use 
of anti-KIR mAbs (their use is now in phase II clinical trials 
in patients with acute myeloid leukemia or multiple myeloma) 
(79–83). By blocking inhibitory KIRs, these mAbs, are able to 
confer alloreactivity to any KIR-2D+ NK cell (in individuals 
expressing HLA-specific activating KIRs, such as KIR2DS1, it is 
possible that the use of anti-KIR mAbs may partially modulate 
the function of an NK cell subset expressing this receptor) 
(52, 54). Notably, in this setting, all anti-KIR-treated NK cells 
of a given patient become capable of capturing CCR7 by any 
autologous CCR7+ cell soon after infusion in the patient. These 
“pseudo-alloreactive” NK cells could be rapidly routed toward 
lymph nodes, where they could carry out their functions.

CONCLUSiON

The cross talk occurring between NK cells and DCs further sup-
ports the concept that NK cells play a critical role in the initiation 
and regulation of both innate and adaptive immune responses. 
These cellular interactions allow the establishment of important 
processes crucial for shaping of adaptive immunity: (a) the “DC 
editing program” is a process resulting in the selection of DCs 
with optimal antigen-presenting properties allowing appropriate 
Th1 responses protective against tumors and infections; (b) the 

acquisition of CCR7 expression by human KIR+ NK cells allows 
mature cytolytic NK cells to migrate to lymph nodes and exert 
antitumor and antiviral activity. Moreover, at these sites, NK cells 
may modulate Th1 polarization. In addition, in the haplo-HSCT 
transplantation setting “alloreactive” NK cells, migrated to lymph 
nodes, can mediate important anti-GvH and anti-HvG responses 
by killing recipient’s allogeneic cells, including lymph node DCs 
and T cell blasts.

As illustrated in this review, CCR7 expression by KIR+ cytolytic 
NK cells is based on the capture of this chemokine receptor from 
allogeneic CCR7+ cells by a mechanism termed trogocytosis. 
This event is induced by activating KIRs, including KIR2DS1 and 
KIR2DS4, while it is negatively regulated by inhibitory KIRs and 
NKG2A. Thus, selection of appropriate donor/recipient pairs may 
greatly expand the contingent of alloreactive NK cells migrating 
to lymph nodes in HSCT, by increasing the effectiveness of 
alloreactive NK cells and the positive outcome of transplantation.

In addition to various protocols of chemotherapy and 
radiotherapy, fundamental progress in fighting cancer have been 
recently obtained with immunotherapy, thanks to the use of 
anti-immune checkpoints monoclonal antibodies, such as anti-
CTLA4 and anti-PD-1, that are capable of reversing the function 
of otherwise exhausted tumor-specific T lymphocytes (84–86). 
Importantly, similar novel strategies now can be used also to 
manipulate NK cell function by the use of antibodies targeting 
their major inhibitory checkpoints, such as anti-KIR (79, 82), 
anti-NKG2A (87), and anti-PD-1 (86). In addition, novel means 
to optimize NK cell traffic to crucial sites (e.g., CCR7 acquisition 
and homing to lymph nodes) could be applied to treatment of 
different diseases besides tumors. These include viral infections 
and autoimmune diseases. In conclusion, a promising approach 
to improve the cure of life-threatening diseases may be based on 
“reshaping” NK cell phenotypic and functional properties.
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Mariella Della Chiesa1, Silvia Pesce1, Letizia Muccio1, Simona Carlomagno1, 
Simona Sivori1,2, Alessandro Moretta1,2* and Emanuela Marcenaro1,2

1 Dipartimento di Medicina Sperimentale, Università degli Studi di Genova, Genova, Italy, 2 CEBR, Università degli Studi di 
Genova, Genova, Italy

Human NK cells are distinguished into CD56brightCD16− cells and CD56dimCD16+ cells. 
These two subsets are conventionally associated with differential functional outcomes 
and are heterogeneous with respect to the expression of KIR and CD94/NKG2 het-
erodimers that represent the two major types of HLA-class I-specific receptors. Recent 
studies indicated that immature CD56bright NK cells, homogeneously expressing the 
inhibitory CD94/NKG2A receptor, are precursors of CD56dim NK cells that, in turn, during 
their process of differentiation, lose expression of CD94/NKG2A and subsequentially 
acquire inhibitory KIRs and LIR-1. The terminally differentiated phenotype of CD56dim 
cells is marked by the expression of the CD57 molecule that is associated with poor 
responsiveness to cytokine stimulation, but retained cytolytic capacity. Remarkably, this 
NKG2A−KIR+LIR-1+CD57+CD56dim NK cell subset when derived from individuals pre-
viously exposed to pathogens, such as human cytomegalovirus (HCMV), may contain 
“memory-like” NK cells. These cells are generally characterized by an upregulation of 
the activating receptor CD94/NKG2C and a downregulation of the inhibitory receptor 
Siglec-7. The “memory-like” NK cells are persistent over time and display some hall-
marks of adaptive immunity, i.e., clonal expansion, more effective antitumor and antiviral 
immune responses, longevity, as well as given epigenetic modifications. Interestingly, 
unknown cofactors associated with HCMV infection may induce the onset of a recently 
identified fully mature NK cell subset, characterized by marked downregulation of the 
activating receptors NKp30 and NKp46 and by the unexpected expression of the inhibi-
tory PD-1 receptor. This phenotype correlates with an impaired antitumor NK cell activity 
that can be partially restored by antibody-mediated disruption of PD-1/PD-L interaction.

Keywords: human nK cells, nKG2C, PD-1, memory, HCMv, immune checkpoint, CD57

inTRODUCTiOn

In physiological conditions, human peripheral blood NK cells include different cell subsets corre-
sponding to different stages of NK cell differentiation. These subsets are characterized by the different 
expression of some receptors and distinct functional capabilities (1, 2).

The two major peripheral blood NK cell subsets are distinguished on the basis of their relative 
surface expression of CD56 molecule. In particular, CD56bright NK cells (around 10% of peripheral 
blood NK cells) are CD16 (Fcgamma RIIII)dim/negative, CD117/c-kitpositive and express the high affinity 
IL-2Rα chain (CD25), whereas CD56dim NK cells (around 90%) are CD16bright and express only the 
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intermediate affinity IL-2Rβ and γ chains (CD122/132) (3). In 
addition, CD56bright NK cells are characterized by higher IL18Rα 
surface expression than CD56dim subset (4). The same NK cell 
subsets are also characterized by distinct homing properties 
due to the different surface expression of chemokine receptors: 
CD56dim NK cells, expressing CXCR1, CX3CR1, and ChemR23, 
preferentially migrate to inflamed peripheral tissues (5, 6), 
whereas CD56bright NK cells, thanks to their CCR7 and CD62L 
expression, preferentially migrate to secondary lymphoid organs 
(SLOs) (6). Interestingly, recent data indicate that, in some cases, 
the CD56dim subset may also de novo express CCR7 and migrate 
toward SLOs (7–9).

Differently from CD56dim NK cells, CD56bright NK cells are char-
acterized by low expression of lytic granules and by production of 
high amounts of cytokines, such as IFN-γ, TNF-α, and GM-CSF 
(10, 11). Thus, CD56bright NK cells have been usually considered 
as “regulatory NK cells” and CD56dim NK cells as “cytotoxic NK 
cells” (notably CD56dim NK cells can also release large amounts 
of cytokines but only upon receptor-mediated triggering) (12).

These two NK cell subsets also differ in terms of surface 
expression of HLA-I-specific receptors. Indeed, CD56bright NK 
cells express only CD94/NKG2A, whereas CD56dim NK cells may 
also express KIRs, and/or LIR-1 (13, 14). Since inhibitory and 
activating receptors can be distinguished within the KIR family 
(15), two broad groups of KIR haplotypes have been identified on 
the basis of gene content. A haplotypes express only one activat-
ing KIR whereas B haplotypes up to five (16). Also CD94/NKG2A 
has an activating counterpart represented by CD94/NKG2C (17).

In this context, several studies indicated that CD56dim KIR+ 
NK cells derive from CD56bright KIR− NKG2A+ NK cells and that 
late stages of NK cells maturation are associated with the expres-
sion of CD57. This molecule is expressed on a fraction of CD56dim 
NK cells and is believed to mark a subpopulation of terminally 
differentiated NK cells that are mainly characterized by the KIR+, 
LIR-1+, and CD94/NKG2A− phenotype (18, 19).

In addition to CD56bright and CD56dim NK cell subsets, low 
frequencies of CD56neg CD16bright NK cells are also detected in 
healthy donors. In patients with chronic viral infections, this 
CD56neg NK cell subset expands and a pathological redistribu-
tion of the various NK cell subsets occurs. Indeed increments in 
the percent of CD56neg NK cells have been reported in several 
pathological conditions, including hepatitis C virus (HCV) (20, 
21), human cytomegalovirus (HCMV) (22), hantavirus infections 
(23), and autoimmune disorders (24–26).

The fact that the CD56dim NK cell subset is often heterogene-
ous in terms of expression levels of natural cytotoxicity receptors 
(NCRs: NKp46, NKp30, and NKp44) (27) led to the distinction of 
two additional NK cell subsets termed NCRdull and NCRbright (28). 
The demonstration that the NCR surface density correlates with 
the magnitude of the NK-mediated natural cytotoxicity provided 
a rational explanation for the clonal heterogeneity of NK cells in 
killing autologous or allogeneic NK-susceptible targets.

In this context, it is important to consider that, in healthy 
donors, most CD56dim KIR+NKG2A−CD57+ NK cells are char-
acterized by a lower surface expression of NCRs (18, 19). On 
the other hand, CD56bright NK cells are characterized by higher 
NKp46 surface expression as compared to CD56dim NK cells.

Finally, despite the fact that NK cells have always been con-
sidered members of the innate immune system, new increasing 
evidences suggest that NK cells can display some features that 
are usually attributed to adaptive immune cells, such as expan-
sion and contraction of subsets, increased longevity, and a more 
potent response upon secondary challenge with the same antigen 
(memory-like properties) (29).

MeMORY-LiKe nK CeLL SUBSeTS 
eMeRGinG UPOn HCMv inFeCTiOn

In the last years, it has been observed how HCMV infection 
can shape the NK cell receptor repertoire inducing the expan-
sion of a specific NK cell population expressing the activating 
receptor CD94/NKG2C (30, 31) and the marker of terminal 
differentiation CD57 (32). This HCMV-induced NKG2C+CD57+ 
NK cell subset displays a highly differentiated surface phenotype, 
CD56dimCD16brightLIR-1+KIR+NKG2A−, and is characterized by 
the expression of self KIRs (33). More recently, it has been pro-
posed that, upon HCMV infection, NK cells might acquire some 
hallmarks of adaptive immunity, i.e., clonal expansion, enhanced 
effector function, longevity, as well as given epigenetic modifica-
tions (34–36). Indeed, in HCMV seropositive healthy individuals 
(HD), the memory-like NKG2C+CD57+NK cell subset is charac-
terized by an epigenetic remodeling at the IFN-γ locus similar to 
that found in memory T cells, which is likely responsible for the 
enhanced IFN-γ production upon target recognition observed 
in NKG2C+ NK cells (37). Interestingly, the HCMV-induced 
NKG2C+ subset is also characterized by a decreased expression 
of certain signaling molecules, i.e., the adaptor protein FcεRγ and 
the tyrosine kinase Syk, and by lower expression levels of the tran-
scription factor PLZF, which is involved in regulating epigenetic 
modifications (e.g., DNA methylation) (34, 35). While the higher 
accessibility of the IFN-γ locus can enhance IFN-γ production 
upon target recognition, the lack of FcεRγ could favor a more 
efficient killing via ADCC of opsonized HCMV-infected targets 
by memory-like NKG2C+ NK cells as compared to conventional 
NK cells (Figure 1). Indeed, in the absence of FcεRγ that only 
bears one immunoreceptor tyrosine-based activatory motif 
(ITAM) sequence, CD16 engagement would involve exclusively 
the adaptor protein CD3ζ, which contains three ITAMs, possibly 
delivering a stronger signal inside the cell (38, 39). Along this line, 
a crucial role for CD16 engagement by anti-HCMV antibodies 
has been proposed not only in promoting ADCC and cytokine 
release by NKG2C+ NK cells but also in favoring their preferential 
expansion (34, 35, 40). Moreover, the effector function trig-
gered by CD16 engagement in adaptive NKG2C+ NK cells (i.e., 
degranulation and cytokine release) can be enhanced by CD2 
costimulation, suggesting a synergy between these receptors in 
regulating anti-HCMV responses (39).

However, although new insights on memory-like (or adap-
tive) NK cells are continuously collected, the signals responsible 
for the described epigenetic modifications and protein expres-
sion alterations as well as the exact mechanisms regulating the 
generation of memory-like NKG2C+ NK cells are not completely 
understood.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


FiGURe 1 | nK cells differentiate starting from CD34+ bone marrow precursors into CD56bright (CD94/nKG2A+KiR−) and then to CD56dim cells. CD56dim 
NK cells, in turn, continue to differentiate throughout their life-span, acquiring novel functional and phenotypic properties. During this process, they lose expression 
of CD94/NKG2A, sequentially acquire inhibitory KIRs and, at the final step, CD57. This molecule appear to define a subpopulation of highly differentiated NK cells 
(classical fully mature NK cells), characterized by the KIR+LIR-1+NKG2A−NCR+/− phenotype. Functionally, these cells display natural cytolytic activity and ADCC 
against tumor targets, but poor responsiveness to cytokine stimulation. After HCMV infection/reactivation, increased proportions of a subset of terminally 
differentiated CD57+ NK cells, characterized by high expression of NKG2C and downregulation of Siglec-7 receptors are induced (the so-called memory-like NK 
cells). These cells display increased functional capability in terms of ADCC and IFN-γ production/killing in response to HLA-E+ and opsonized HCMV-infected targets 
but decreased function after cytokine stimulation. Following HCMV infections accompanied by other cofactors (infections?), an additional type of CD57+ NK cell 
subset can be generated. This subset is characterized by the expression of the inhibitory PD-1 receptor (not necessary co-expressed with NKG2C) and a very low 
expression of the NCRs, NKp30 and NKp46. These cells, called PD-1+ NK cells, are characterized by compromised effector functions against tumor cells 
expressing ligands for PD-1 as well as against tumors primarily killed on NCRs/NCR-ligands interactions.

119

Della Chiesa et al. Fully Mature NK Cell Subsets

Frontiers in Immunology | www.frontiersin.org September 2016 | Volume 7 | Article 351

The studies carried out in immunocompromised individuals 
undergoing hematopoietic stem cell transplantation (HSCT), 
where HCMV infection exerts the strongest effect on NK cells 
skewing, could help clarifying these aspects. The first observations 
reported that, in adult UCBT recipients, a rapid accumulation 
of mature CD56dim KIR+NKG2A−NKG2C+ NK cells occurred 
following HCMV infection (22, 41). This accelerated maturation 
was usually accompanied by the downregulation of the inhibitory 
receptor Siglec-7, which, thus, represents a typical hallmark of the 
anti-HCMV response in NK cells, along with the expansion of 
cells expressing NKG2C. Notably, in uninfected UCBT recipients, 
NK cells were characterized by a more immature phenotype 
(high frequencies of CD56bright NK cells and NKG2A+CD56dim 

NK cells) even at late time points after UCBT. Remarkably, in 
some HCMV-infected UCBT recipients, a subset of hyporespon-
sive CD56−CD16bright NK cells displaying a mature phenotype 
was also observed which likely reflected a condition of severely 
impaired T cell immunity (22, 42). More recently, a remarkable 
acceleration of NK cell maturation was described also in pediatric 
patients receiving a type of allograft different from UCBT, i.e., 
a HLA-haploidentical HSCT, depleted of both α/β+ T cells and 
B cells and containing variable numbers of donor-derived NK 
cells and γ/δ+ T cells (43). In most recipients, HCMV reactiva-
tion favored the preferential expansion of highly differentiated 
NKG2C+CD57+selfKIR+NKG2A−Siglec-7−NCRlowIL18Rαlow 
NK cells and their persistence over time. These cells could kill 
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certain tumor targets, release IFN-γ, display efficient reverse 
ADCC, and could recognize HLA-E+ targets through NKG2C 
(putative receptor for HCMV). On the other hand, they showed 
an impaired ability to release IFN-γ upon IL-12+IL-18 exposure. 
The particular signature shown by these HCMV-induced NK 
cells may suggest their skewing toward an adaptive condition 
specialized in controlling HCMV (43). The NKG2C+CD57+ 
memory-like NK cell subset could also contribute to protect 
against leukemia relapse (44). Interestingly, an expansion of 
memory-like NKG2C+CD57+ NK cells could be observed also in 
some recipients who did not reactivate HCMV and who received 
grafts containing high numbers of mature NK cells derived from 
a HCMV+ donor. Thus, donor-derived transplanted NK cells, 
primed by a previous encounter with HCMV in the donor, could 
have persisted and proliferated in the recipient in response to a 
subclinical reactivation, favoring antiviral responses (43, 45).

Notably HCMV-induced memory NK cell subsets could be 
represented not only by the described NKG2C+CD57+ popula-
tion but also by NKG2C− NK cell subsets, expressing activating 
receptors different from NKG2C, such as activating KIRs, or 
other still undefined activating receptors (33, 39, 46, 47).

Thus, in the HSCT setting, HCMV clearly reveals as a key 
driving force regulating the differentiation of functionally and 
phenotypically skewed NK cell subsets characterized by memory-
like properties.

HUMAn ReSTinG nK CeLLS CAn 
eXPReSS HiGH LeveLS OF PD-1 
ReCePTOR

NK cells are believed to play a critical role in the recognition 
and eradication of tumors by using different killing strategies; 
however, tumor cells often develop immunosuppressive mecha-
nisms to avoid NK cell-mediated killing, allowing for tumor 
escape (48, 49).

An improved understanding of the molecular mechanisms 
involved in tumor recognition and eradication has led to the 
identification of checkpoint signaling pathways involved in limit-
ing the anticancer immune response.

One of the most critical checkpoint pathways responsible 
for mediating tumor-induced immune suppression is the 
programmed death-1 (PD-1) pathway. This receptor, by modu-
lating the duration and the amplitude of physiological immune 
responses, is capable of promoting tolerance and preventing 
tissue damage in settings of chronic inflammation, as well as 
autoimmune pathologies (48, 49). The induction of the PD-1-
dependent inhibitory pathway is mediated by the interaction of 
this receptor with its ligands, PD-L1 and PD-L2 (50).

The constitutive or inducible expression of the PD-1 receptor 
has been described on both adaptive and innate immune cells, 
including T, B, and dendritic cells.

In T cells, binding of PD-1 to its ligands inhibits T cell activa-
tion, proliferation, and cytokine production and eventually may 
result in T lymphocyte exhaustion. Thus, tumors and viruses, by 
expressing PD-1 ligands, have evolved a remarkable mechanism 

to hijack the PD-1-dependent regulatory mechanism to avoid T 
cell-mediated surveillance of cancer or infected cells. Remarkably, 
however, mAb-mediated blockade of PD-1/PD-L interactions, 
by disrupting the immune checkpoint-based inhibitory path-
way, provides an important opportunity to enhance antitumor 
immunity particularly in the case of tumor antigen-specific T 
cells (51, 52).

Similar to T cells, NK cells express surface inhibitory receptors 
that can be targeted in checkpoint blockade strategies, including 
the HLA-class I-specific KIR family and CD94/NKG2A heterodi-
mer. Blocking KIR/NKG2A–HLA-class I interactions resulted in 
potent NK cell-mediated antitumor efficacy (53). Phase I/II trials 
testing human anti-KIR and anti-NKG2A antibody are ongo-
ing (54–57). Regarding PD-1, the antitumor effect of specific 
antibodies has been always considered to depend mainly on the 
rescue effect on activated PD-1+ tumor-specific T cells recruited 
in the tumor environment (58). On the contrary, very little was 
known on the activated PD-1+ NK cells expansions that had been 
seldom reported in patients with certain tumors or chronic viral 
infections (59–63). In fact, a precise information on the actual 
function of these cells was not possible due to the low levels of 
PD-1 expression and the consequent difficulty in distinguishing 
positive from negative NK cells.

More insights on the expression and function of PD-1 on NK 
cells could be recently obtained thanks to the demonstration that 
the PD-1 receptor is brightly expressed on a discrete cell subset of 
peripheral blood NK cells from one-fourth of otherwise healthy 
individuals (64).

PD-1+ cells are confined to CD56dim NK cells, and (if pre-
sent) on CD56neg NK cells, whereas the CD56bright cell subset is 
consistently PD-1−. In addition, a remarkable difference exists 
among donors regarding the size of the PD-1+ NK cell subset. 
Importantly, the analysis at different time points of the size of 
PD-1+ cell subset in given individuals indicated that this popula-
tion remains substantially stable over time (64).

The fact that only some of the individuals analyzed are charac-
terized by a PD-1+ NK cell subset may be the result of given acute 
or chronic infection affecting only part of the population (an 
increase in PD-1+ lymphocytes has been associated with HCV, 
HBV, and HIV) (63, 65–68).

Interestingly, our analysis indicates that a direct correlation 
between HCMV infection and presence of a PD-1+ NK cell subset 
in the healthy donors analyzed could be established. In particular, 
we found that PD-1+ individuals are in all instances seropositive 
for HCMV and display higher frequencies of NKG2C+ and 
Siglec-7− NK cells.

By comparing the PD-1+ and PD-1− NK cell subsets derived 
from seropositive PD-1+ HD, it was possible to show that the 
PD-1+ subset is confined to cells displaying the phenotypic 
features of fully mature NK cells, characterized homogeneously 
by the CD56dim KIR+LIR-1+NKG2A−CD57+ phenotype (22, 30). 
Moreover, only a minor fraction of these cells expressed Siglec-7, 
whereas, unexpectedly, NKG2C was not necessarily co-expressed 
with PD-1 receptor. These data could indicate that, in addition 
to HCMV, additional factors (infections?) may contribute to the 
induction of PD-1 expression (64).
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Further phenotypic characterization indicates that the PD-1+ 
NK cell subset, when compared with PD-1− NK cells, has lower 
expression of NCRs (NKp46 and NKp30). In addition, the com-
parison between PD-1+ and PD-1− NK cells that are contained 
within the highly differentiated KIR+NKG2A−CD57+ subset 
showed that the expression of NCRs is maximally reduced in the 
PD-1+ subset (Figure 1).

Functional analysis of PD-1+ NK cells indicated that they 
display a low cytolytic activity and impaired degranulation 
against tumor targets, even when these cells lack PD-L1/PD-L2 
expression (i.e., K562). The impaired degranulation in response 
to PD-Lneg tumor target cells may be a consequence of the defec-
tive expression of NCRs, since these target cells may express a 
series of ligands for activating NK receptors, such as B7-H6 (69, 
70). Remarkably, the reduced degranulation of PD-1+ cells fol-
lowing interaction with tumor targets expressing PD-1 ligands 
is reflecting not only the poor NCR-mediated cell activation but 
also the inhibitory signal mediated by PD-1 upon interaction 
with PD-L1/PD-L2 expressed on tumor targets. In this context, it 
is of note that the inhibition of NK cell degranulation induced by 
PD-1/PD-L interaction on tumor cells could be partially reverted 
by mAbs specific for PD-L1/PD-L2 (64).

PD-1+ NK cells also display an altered capability of releasing 
IFN-γ and TNF-α cytokines after stimulation with the same 
tumor targets used in degranulation assays. Finally, in line with 
previous data on classical CD57+ NK cells, PD-1+ NK cells appear 
to represent a population of poorly proliferating cells, rescued to 
divide only in the presence of high concentrations of microen-
vironmental cytokines. This suggests that PD-1+ NK cells, like 
CD57+CD8+ T cells, have a proliferation defect in vitro (e.g., lower 
expression of IL-2Rβ).

Remarkably, PD-1+ NK cells are present in higher proportions 
in the ascites of ovarian-carcinoma patients (71), suggesting their 
possible induction/enrichment in tumor microenvironment. 
Also, in this case, the PD-1+ NK cell subset of these patients 
displayed a functional defect against PD-L1/PD-L2+ tumor tar-
gets. However, disruption of PD-1 receptor/ligands interaction 
by specific anti-PD-L mAbs restored degranulation against these 
tumor target cells.

In conclusion, these findings support the notion that PD-1 
signaling may inhibit/block not only T lymphocytes-mediated 
adaptive responses but also NK cell-mediated innate responses 
(58, 72).

Therefore, it cannot be excluded that PD-1 may represent an 
inhibitory checkpoint expressed on NK cells in various cancers 
of different histotype and that this inhibitory receptor may be 
involved in the impaired antitumor NK cell responses by these 
patients.

In this context, it should be stressed/emphasized that, while, in 
conventional NK cells, the effector function against tumors is pri-
marily regulated by the interactions between HLA-class I-specific 
inhibitory receptors (KIR and CD94/NKG2A) and HLA-class 
I molecules, in the case of PD-1+ NK cells, the simultaneous 
expression of PD-1 together with given inhibitory HLA-specific 
receptors may provide an additional level of suppression of NK 
cell-mediated antitumor responses. In this case, downregulation 

of HLA-class I molecules on tumor cells may not be sufficient 
to induce efficient NK cell responses. These, however, could be 
restored, at least in part, by mAb-mediated disruption of PD-1/
PD-L interaction. On the other hand, in case of PD-L+ tumors 
that do not downregulate HLA-class I molecules, it may be neces-
sary the combined blocking of different inhibitory checkpoints by 
anti-KIRs and anti-PD-1 mAbs.

COnCLUSiOn

In conclusion, recent studies led to the identifications of novel 
unexpected properties of NK cells, including the generation of 
fully mature NK cells displaying some functional characteristics 
that are reminiscent of cells of adaptive immunity. These cells 
are generally considered “memory-like” and are characterized 
by the expression of given set of inhibitory checkpoints mainly 
represented by different KIRs and LIR-1. Memory-like NK cells 
that have been originally identified in HCMV+ individuals are 
characterized by functional enhancement in terms of ADCC and 
IFN-γ production, features linked to changes in the expression of 
multiple intracellular proteins and transcription factors. On the 
other hand, these “adaptive” NK cells respond weakly to certain 
tumors (due to the reduced expression of NKp46 and NKp30) 
and cytokine receptor-based activation compared to classical 
fully mature NK cells. Recently, a further novel NK cell subset 
has been identified in HCMV+ individuals. This subpopulation, 
called “PD-1+ NK cells,” is mainly composed by fully mature NK 
cells and displays strongly reduced capacity to kill PD-L+ tumor 
cells, due to the expression on their surface of high levels of the 
inhibitory checkpoint PD-1 and of very low levels of NCRs. Due 
to its ineffective antitumor functions, it would be important 
to better evaluate the conditions that lead to the generation of 
this subset and to understand its role in health and disease, in 
particular in patients with advanced cancers.

In this context, drugs blocking PD-1 and its major ligand 
PD-L1 have shown great promise in treating many different can-
cer types. However, the focus is currently only on T cell responses. 
The fact that a fraction of NK cells express PD-1 can open pros-
pects for extending the potential of cancer immunotherapy to this 
important innate effector cells.

Innovative treatment could be designed to combine innate 
immune activation with activation of the adaptive immune 
system (73).

AUTHOR COnTRiBUTiOnS

All authors listed have made substantial, direct, and intellectual 
contribution to the work and approved it for publication.

ACKnOwLeDGMenTS

Supported by grants awarded by Associazione Italiana Ricerca 
per la Ricerca sul Cancro (AIRC)-Special Project 5 × 1000 no. 
9962 (Alessandro Moretta), AIRC IG 2014 Id. 15704 (Alessandro 
Moretta); Progetto di Ricerca di Ateneo 2014 (Emanuela 
Marcenaro).

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


122

Della Chiesa et al. Fully Mature NK Cell Subsets

Frontiers in Immunology | www.frontiersin.org September 2016 | Volume 7 | Article 351

ReFeRenCeS

1. Moretta L, Montaldo E, Vacca P, Del Zotto G, Moretta F, Merli P, et al. Human 
natural killer cells: origin, receptors, function, and clinical applications. Int 
Arch Allergy Immunol (2014) 164(4):253–64. doi:10.1159/000365632 

2. Cichocki F, Sitnicka E, Bryceson YT. NK cell development and function – 
plasticity and redundancy unleashed. Semin Immunol (2014) 26(2):114–26. 
doi:10.1016/j.smim.2014.02.003 

3. Cooper MA, Fehniger TA, Caligiuri MA. The biology of human natural 
killer-cell subsets. Trends Immunol (2001) 22(11):633–40. doi:10.1016/
S1471-4906(01)02060-9 

4. Pesce S, Carlomagno S, Moretta A, Sivori S, Marcenaro E. Uptake of CCR7 by 
KIR2DS4(+) NK cells is induced upon recognition of certain HLA-C alleles. 
J Immunol Res (2015) 2015:754373. doi:10.1155/2015/754373 

5. Parolini S, Santoro A, Marcenaro E, Luini W, Massardi L, Facchetti F, 
et  al. The role of chemerin in the colocalization of NK and dendritic cell 
subsets into inflamed tissues. Blood (2007) 109(9):3625–32. doi:10.1182/
blood-2006-08-038844 

6. Robertson MJ. Role of chemokines in the biology of natural killer cells. 
J Leukoc Biol (2002) 71(2):173–83. 

7. Mailliard RB, Alber SM, Shen H, Watkins SC, Kirkwood JM, Herberman 
RB, et al. IL-18-induced CD83+CCR7+ NK helper cells. J Exp Med (2005) 
202(7):941–53. doi:10.1084/jem.20050128 

8. Marcenaro E, Cantoni C, Pesce S, Prato C, Pende D, Agaugue S, et al. Uptake 
of CCR7 and acquisition of migratory properties by human KIR+ NK cells 
interacting with monocyte-derived DC or EBV cell lines: regulation by 
KIR/HLA-class I interaction. Blood (2009) 114(19):4108–16. doi:10.1182/
blood-2009-05-222265 

9. Marcenaro E, Pesce S, Sivori S, Carlomagno S, Moretta L, Moretta A. KIR2DS1-
dependent acquisition of CCR7 and migratory properties by human NK cells 
interacting with allogeneic HLA-C2+ DCs or T-cell blasts. Blood (2013) 
121(17):3396–401. doi:10.1182/blood-2012-09-458752 

10. Moretta A, Marcenaro E, Parolini S, Ferlazzo G, Moretta L. NK cells at the 
interface between innate and adaptive immunity. Cell Death Differ (2008) 
15(2):226–33. doi:10.1038/sj.cdd.4402170 

11. Fauriat C, Long EO, Ljunggren HG, Bryceson YT. Regulation of human 
NK-cell cytokine and chemokine production by target cell recognition. Blood 
(2010) 115(11):2167–76. doi:10.1182/blood-2009-08-238469 

12. De Maria A, Bozzano F, Cantoni C, Moretta L. Revisiting human natural killer 
cell subset function revealed cytolytic CD56(dim)CD16+ NK cells as rapid 
producers of abundant IFN-gamma on activation. Proc Natl Acad Sci U S A 
(2011) 108(2):728–32. doi:10.1073/pnas.1012356108 

13. Vitale M, Castriconi R, Parolini S, Pende D, Hsu ML, Moretta L, et al. The 
leukocyte Ig-like receptor (LIR)-1 for the cytomegalovirus UL18 protein 
displays a broad specificity for different HLA class I alleles: analysis of 
LIR-1 + NK cell clones. Int Immunol (1999) 11(1):29–35. doi:10.1093/
intimm/11.1.29 

14. Marcenaro E, Carlomagno S, Pesce S, Della Chiesa M, Parolini S, Moretta 
A, et al. NK cells and their receptors during viral infections. Immunotherapy 
(2011) 3(9):1075–86. doi:10.2217/imt.11.99 

15. Moretta A, Sivori S, Vitale M, Pende D, Morelli L, Augugliaro R, et al. Existence 
of both inhibitory (p58) and activatory (p50) receptors for HLA-C molecules 
in human natural killer cells. J Exp Med (1995) 182(3):875–84. doi:10.1084/
jem.182.3.875 

16. Parham P. MHC class I molecules and KIRs in human history, health and 
survival. Nat Rev Immunol (2005) 5(3):201–14. doi:10.1038/nri1570 

17. Braud VM, Allan DS, O’Callaghan CA, Soderstrom K, D’Andrea A, Ogg GS, 
et al. HLA-E binds to natural killer cell receptors CD94/NKG2A, B and C. 
Nature (1998) 391(6669):795–9. doi:10.1038/35869 

18. Bjorkstrom NK, Riese P, Heuts F, Andersson S, Fauriat C, Ivarsson MA, et al. 
Expression patterns of NKG2A, KIR, and CD57 define a process of CD56dim 
NK-cell differentiation uncoupled from NK-cell education. Blood (2010) 
116(19):3853–64. doi:10.1182/blood-2010-04-281675 

19. Lopez-Verges S, Milush JM, Pandey S, York VA, Arakawa-Hoyt J, Pircher H, 
et al. CD57 defines a functionally distinct population of mature NK cells in 
the human CD56dimCD16+ NK-cell subset. Blood (2010) 116(19):3865–74. 
doi:10.1182/blood-2010-04-282301 

20. Gonzalez VD, Falconer K, Michaelsson J, Moll M, Reichard O, Alaeus A, et al. 
Expansion of CD56- NK cells in chronic HCV/HIV-1 co-infection: reversion 
by antiviral treatment with pegylated IFNalpha and ribavirin. Clin Immunol 
(2008) 128(1):46–56. doi:10.1016/j.clim.2008.03.521 

21. Gonzalez VD, Falconer K, Bjorkstrom NK, Blom KG, Weiland O, Ljunggren 
HG, et  al. Expansion of functionally skewed CD56-negative NK cells in 
chronic hepatitis C virus infection: correlation with outcome of pegylated 
IFN-alpha and ribavirin treatment. J Immunol (2009) 183(10):6612–8. 
doi:10.4049/jimmunol.0901437 

22. Della Chiesa M, Falco M, Podesta M, Locatelli F, Moretta L, Frassoni F, et al. 
Phenotypic and functional heterogeneity of human NK cells developing after 
umbilical cord blood transplantation: a role for human cytomegalovirus? 
Blood (2012) 119(2):399–410. doi:10.1182/blood-2011-08-372003 

23. Bjorkstrom NK, Lindgren T, Stoltz M, Fauriat C, Braun M, Evander M, et al. 
Rapid expansion and long-term persistence of elevated NK cell numbers in 
humans infected with hantavirus. J Exp Med (2011) 208(1):13–21. doi:10.1084/
jem.20100762 

24. Nguyen S, Morel V, Le Garff-Tavernier M, Bolgert F, Leblond V, Debre P, et al. 
Persistence of CD16+/CD56-/2B4+ natural killer cells: a highly dysfunctional 
NK subset expanded in ocular myasthenia gravis. J Neuroimmunol (2006) 
179(1–2):117–25. doi:10.1016/j.jneuroim.2006.05.028 

25. Lugli E, Marcenaro E, Mavilio D. NK cell subset redistribution during 
the course of viral infections. Front Immunol (2014) 5:390. doi:10.3389/
fimmu.2014.00390 

26. Bjorkstrom NK, Ljunggren HG, Sandberg JK. CD56 negative NK cells: 
origin, function, and role in chronic viral disease. Trends Immunol (2010) 
31(11):401–6. doi:10.1016/j.it.2010.08.003 

27. Moretta A, Bottino C, Vitale M, Pende D, Cantoni C, Mingari MC, et  al. 
Activating receptors and coreceptors involved in human natural killer 
cell-mediated cytolysis. Annu Rev Immunol (2001) 19:197–223. doi:10.1146/
annurev.immunol.19.1.197 

28. Sivori S, Pende D, Bottino C, Marcenaro E, Pessino A, Biassoni R, et  al. 
NKp46 is the major triggering receptor involved in the natural cytotoxicity 
of fresh or cultured human NK cells. Correlation between surface density 
of NKp46 and natural cytotoxicity against autologous, allogeneic or 
xenogeneic target cells. Eur J Immunol (1999) 29(5):1656–66. doi:10.1002/
(SICI)1521-4141(199905)29:05<1656::AID-IMMU1656>3.0.CO;2-1 

29. Della Chiesa M, Sivori S, Carlomagno S, Moretta L, Moretta A. Activating 
KIRs and NKG2C in viral infections: toward NK cell memory? Front Immunol 
(2015) 6:573. doi:10.3389/fimmu.2015.00573 

30. Guma M, Angulo A, Vilches C, Gomez-Lozano N, Malats N, Lopez-
Botet M. Imprint of human cytomegalovirus infection on the NK 
cell receptor repertoire. Blood (2004) 104(12):3664–71. doi:10.1182/
blood-2004-05-2058 

31. Guma M, Budt M, Saez A, Brckalo T, Hengel H, Angulo A, et  al. 
Expansion of CD94/NKG2C+ NK cells in response to human cytomeg-
alovirus-infected fibroblasts. Blood (2006) 107(9):3624–31. doi:10.1182/
blood-2005-09-3682 

32. Lopez-Verges S, Milush JM, Schwartz BS, Pando MJ, Jarjoura J, York VA, et al. 
Expansion of a unique CD57+NKG2Chi natural killer cell subset during 
acute human cytomegalovirus infection. Proc Natl Acad Sci U S A (2011) 
108(36):14725–32. doi:10.1073/pnas.1110900108 

33. Beziat V, Liu LL, Malmberg JA, Ivarsson MA, Sohlberg E, Bjorklund AT, 
et al. NK cell responses to cytomegalovirus infection lead to stable imprints 
in the human KIR repertoire and involve activating KIRs. Blood (2013) 
121(14):2678–88. doi:10.1182/blood-2012-10-459545 

34. Schlums H, Cichocki F, Tesi B, Theorell J, Beziat V, Holmes TD, et  al. 
Cytomegalovirus infection drives adaptive epigenetic diversification of 
NK cells with altered signaling and effector function. Immunity (2015) 
42(3):443–56. doi:10.1016/j.immuni.2015.02.008 

35. Lee J, Zhang T, Hwang I, Kim A, Nitschke L, Kim M, et  al. Epigenetic 
modification and antibody-dependent expansion of memory-like NK cells in 
human cytomegalovirus-infected individuals. Immunity (2015) 42(3):431–42. 
doi:10.1016/j.immuni.2015.02.013 

36. Rolle A, Brodin P. Immune adaptation to environmental influence: the case 
of NK cells and HCMV. Trends Immunol (2016) 37(3):233–43. doi:10.1016/j.
it.2016.01.005 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1159/000365632
http://dx.doi.org/10.1016/j.smim.2014.02.003
http://dx.doi.org/10.1016/S1471-4906(01)02060-9
http://dx.doi.org/10.1016/S1471-4906(01)02060-9
http://dx.doi.org/10.1155/2015/754373
http://dx.doi.org/10.1182/blood-2006-08-038844
http://dx.doi.org/10.1182/blood-2006-08-038844
http://dx.doi.org/10.1084/jem.20050128
http://dx.doi.org/10.1182/blood-2009-05-222265
http://dx.doi.org/10.1182/blood-2009-05-222265
http://dx.doi.org/10.1182/blood-2012-09-458752
http://dx.doi.org/10.1038/sj.cdd.4402170
http://dx.doi.org/10.1182/blood-2009-08-238469
http://dx.doi.org/10.1073/pnas.1012356108
http://dx.doi.org/10.1093/intimm/11.1.29
http://dx.doi.org/10.1093/intimm/11.1.29
http://dx.doi.org/10.2217/imt.11.99
http://dx.doi.org/10.1084/jem.182.3.875
http://dx.doi.org/10.1084/jem.182.3.875
http://dx.doi.org/10.1038/nri1570
http://dx.doi.org/10.1038/35869
http://dx.doi.org/10.1182/blood-2010-04-281675
http://dx.doi.org/10.1182/blood-2010-04-282301
http://dx.doi.org/10.1016/j.clim.2008.03.521
http://dx.doi.org/10.4049/jimmunol.0901437
http://dx.doi.org/10.1182/blood-2011-08-372003
http://dx.doi.org/10.1084/jem.20100762
http://dx.doi.org/10.1084/jem.20100762
http://dx.doi.org/10.1016/j.jneuroim.2006.05.028
http://dx.doi.org/10.3389/fimmu.2014.00390
http://dx.doi.org/10.3389/fimmu.2014.00390
http://dx.doi.org/10.1016/j.it.2010.08.003
http://dx.doi.org/10.1146/annurev.immunol.19.1.197
http://dx.doi.org/10.1146/annurev.immunol.19.1.197
http://dx.doi.org/10.1002/(SICI)1521-4141(199905)29:05<1656::AID-IMMU1656>3.0.CO;2-1
http://dx.doi.org/10.1002/(SICI)1521-4141(199905)29:05<1656::AID-IMMU1656>3.0.CO;2-1
http://dx.doi.org/10.3389/fimmu.2015.00573
http://dx.doi.org/10.1182/blood-2004-05-2058
http://dx.doi.org/10.1182/blood-2004-05-2058
http://dx.doi.org/10.1182/blood-2005-09-3682
http://dx.doi.org/10.1182/blood-2005-09-3682
http://dx.doi.org/10.1073/pnas.1110900108
http://dx.doi.org/10.1182/blood-2012-10-459545
http://dx.doi.org/10.1016/j.immuni.2015.02.008
http://dx.doi.org/10.1016/j.immuni.2015.02.013
http://dx.doi.org/10.1016/j.it.2016.01.005
http://dx.doi.org/10.1016/j.it.2016.01.005


123

Della Chiesa et al. Fully Mature NK Cell Subsets

Frontiers in Immunology | www.frontiersin.org September 2016 | Volume 7 | Article 351

37. Luetke-Eversloh M, Hammer Q, Durek P, Nordstrom K, Gasparoni G, Pink 
M, et al. Human cytomegalovirus drives epigenetic imprinting of the IFNG 
locus in NKG2Chi natural killer cells. PLoS Pathog (2014) 10(10):e1004441. 
doi:10.1371/journal.ppat.1004441 

38. Hwang I, Zhang T, Scott JM, Kim AR, Lee T, Kakarla T, et al. Identification 
of human NK cells that are deficient for signaling adaptor FcRgamma and 
specialized for antibody-dependent immune functions. Int Immunol (2012) 
24(12):793–802. doi:10.1093/intimm/dxs080 

39. Liu LL, Landskron J, Ask EH, Enqvist M, Sohlberg E, Traherne JA, et al. Critical 
role of CD2 co-stimulation in adaptive natural killer cell responses revealed 
in NKG2C-deficient humans. Cell Rep (2016) 15(5):1088–99. doi:10.1016/j.
celrep.2016.04.005 

40. Costa-Garcia M, Vera A, Moraru M, Vilches C, Lopez-Botet M, Muntasell 
A. Antibody-mediated response of NKG2Cbright NK cells against 
human cytomegalovirus. J Immunol (2015) 194(6):2715–24. doi:10.4049/
jimmunol.1402281 

41. Foley B, Cooley S, Verneris MR, Pitt M, Curtsinger J, Luo X, et  al. 
Cytomegalovirus reactivation after allogeneic transplantation promotes a 
lasting increase in educated NKG2C+ natural killer cells with potent function. 
Blood (2012) 119(11):2665–74. doi:10.1182/blood-2011-10-386995 

42. Mavilio D, Lombardo G, Benjamin J, Kim D, Follman D, Marcenaro E, 
et  al. Characterization of CD56-/CD16+ natural killer (NK) cells: a highly 
dysfunctional NK subset expanded in HIV-infected viremic individuals. 
Proc Natl Acad Sci U S A (2005) 102(8):2886–91. doi:10.1073/pnas. 
0409872102 

43. Muccio L, Bertaina A, Falco M, Pende D, Meazza R, Lopez-Botet M, et al. 
Analysis of memory-like natural killer cells in human cytomegalovirus-in-
fected children undergoing alphabeta+T and B cell-depleted hematopoietic 
stem cell transplantation for hematological malignancies. Haematologica 
(2016) 101(3):371–81. doi:10.3324/haematol.2015.134155 

44. Cichocki F, Cooley S, Davis Z, DeFor TE, Schlums H, Zhang B, et  al. 
CD56dimCD57+NKG2C+ NK cell expansion is associated with reduced 
leukemia relapse after reduced intensity HCT. Leukemia (2016) 30(2):456–63. 
doi:10.1038/leu.2015.260 

45. Foley B, Cooley S, Verneris MR, Curtsinger J, Luo X, Waller EK, et al. Human 
cytomegalovirus (CMV)-induced memory-like NKG2C(+) NK cells are 
transplantable and expand in  vivo in response to recipient CMV antigen. 
J Immunol (2012) 189(10):5082–8. doi:10.4049/jimmunol.1201964 

46. Muntasell A, Pupuleku A, Cisneros E, Vera A, Moraru M, Vilches C, et al. 
Relationship of NKG2C copy number with the distribution of distinct 
cytomegalovirus-induced adaptive NK cell subsets. J Immunol (2016) 
196(9):3818–27. doi:10.4049/jimmunol.1502438 

47. Della Chiesa M, Falco M, Bertaina A, Muccio L, Alicata C, Frassoni F, 
et  al. Human cytomegalovirus infection promotes rapid maturation of NK 
cells expressing activating killer Ig-like receptor in patients transplanted 
with NKG2C-/- umbilical cord blood. J Immunol (2014) 192(4):1471–9. 
doi:10.4049/jimmunol.1302053 

48. Vivier E, Daeron M. Immunoreceptor tyrosine-based inhibition motifs. 
Immunol Today (1997) 18(6):286–91. doi:10.1016/S0167-5699(97)80025-4 

49. Keir ME, Butte MJ, Freeman GJ, Sharpe AH. PD-1 and its ligands in tolerance 
and immunity. Annu Rev Immunol (2008) 26:677–704. doi:10.1146/annurev.
immunol.26.021607.090331 

50. Ghiotto M, Gauthier L, Serriari N, Pastor S, Truneh A, Nunes JA, et al. PD-L1 
and PD-L2 differ in their molecular mechanisms of interaction with PD-1. Int 
Immunol (2010) 22(8):651–60. doi:10.1093/intimm/dxq049 

51. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, 
et al. Safety, activity, and immune correlates of anti-PD-1 antibody in cancer. 
N Engl J Med (2012) 366(26):2443–54. doi:10.1056/NEJMoa1200690 

52. McDermott DF, Atkins MB. PD-1 as a potential target in cancer therapy. 
Cancer Med (2013) 2(5):662–73. doi:10.1002/cam4.106 

53. Moretta A, Bottino C, Vitale M, Pende D, Biassoni R, Mingari MC, 
et  al. Receptors for HLA class-I molecules in human natural killer cells. 
Annu Rev Immunol (1996) 14:619–48. doi:10.1146/annurev.immunol. 
14.1.619 

54. Romagne F, Andre P, Spee P, Zahn S, Anfossi N, Gauthier L, et al. Preclinical 
characterization of 1-7F9, a novel human anti-KIR receptor therapeutic 

antibody that augments natural killer-mediated killing of tumor cells. Blood 
(2009) 114(13):2667–77. doi:10.1182/blood-2009-02-206532 

55. Kohrt HE, Thielens A, Marabelle A, Sagiv-Barfi I, Sola C, Chanuc F, et  al. 
Anti-KIR antibody enhancement of anti-lymphoma activity of natural killer 
cells as monotherapy and in combination with anti-CD20 antibodies. Blood 
(2014) 123(5):678–86. doi:10.1182/blood-2013-08-519199 

56. Vey N, Bourhis JH, Boissel N, Bordessoule D, Prebet T, Charbonnier A, 
et  al. A phase 1 trial of the anti-inhibitory KIR mAb IPH2101 for AML 
in complete remission. Blood (2012) 120(22):4317–23. doi:10.1182/
blood-2012-06-437558 

57. Godal R, Bachanova V, Gleason M, McCullar V, Yun GH, Cooley S, et  al. 
Natural killer cell killing of acute myelogenous leukemia and acute lympho-
blastic leukemia blasts by killer cell immunoglobulin-like receptor-negative 
natural killer cells after NKG2A and LIR-1 blockade. Biol Blood Marrow 
Transplant (2010) 16(5):612–21. doi:10.1016/j.bbmt.2010.01.019 

58. Okazaki T, Chikuma S, Iwai Y, Fagarasan S, Honjo T. A rheostat for immune 
responses: the unique properties of PD-1 and their advantages for clinical 
application. Nat Immunol (2013) 14(12):1212–8. doi:10.1038/ni.2762 

59. Benson DM Jr, Bakan CE, Mishra A, Hofmeister CC, Efebera Y, Becknell 
B, et  al. The PD-1/PD-L1 axis modulates the natural killer cell versus 
multiple myeloma effect: a therapeutic target for CT-011, a novel mono-
clonal anti-PD-1 antibody. Blood (2010) 116(13):2286–94. doi:10.1182/
blood-2010-02-271874 

60. Wiesmayr S, Webber SA, Macedo C, Popescu I, Smith L, Luce J, et  al. 
Decreased NKp46 and NKG2D and elevated PD-1 are associated with altered 
NK-cell function in pediatric transplant patients with PTLD. Eur J Immunol 
(2012) 42(2):541–50. doi:10.1002/eji.201141832 

61. MacFarlane AW IV, Jillab M, Plimack ER, Hudes GR, Uzzo RG, Litwin 
S, et  al. PD-1 expression on peripheral blood cells increases with stage in 
renal cell carcinoma patients and is rapidly reduced after surgical tumor 
resection. Cancer Immunol Res (2014) 2(4):320–31. doi:10.1158/2326-6066.
CIR-13-0133 

62. Alvarez IB, Pasquinelli V, Jurado JO, Abbate E, Musella RM, de la Barrera 
SS, et al. Role played by the programmed death-1-programmed death ligand 
pathway during innate immunity against Mycobacterium tuberculosis. J Infect 
Dis (2010) 202(4):524–32. doi:10.1086/654932 

63. Norris S, Coleman A, Kuri-Cervantes L, Bower M, Nelson M, Goodier 
MR. PD-1 expression on natural killer cells and CD8(+) T cells during 
chronic HIV-1 infection. Viral Immunol (2012) 25(4):329–32. doi:10.1089/
vim.2011.0096 

64. Pesce S, Greppi M, Tabellini G, Rampinelli F, Parolini S, Olive D, et  al. 
Identification of a subset of human natural killer cells expressing high levels of 
programmed death 1: a phenotypic and functional characterization. J Allergy 
Clin Immunol (2016). doi:10.1016/j.jaci.2016.04.025 

65. Watanabe T, Bertoletti A, Tanoto TA. PD-1/PD-L1 pathway and T-cell exhaus-
tion in chronic hepatitis virus infection. J Viral Hepat (2010) 17(7):453–8. 
doi:10.1111/j.1365-2893.2010.01313.x 

66. Day CL, Kaufmann DE, Kiepiela P, Brown JA, Moodley ES, Reddy S, et al. 
PD-1 expression on HIV-specific T cells is associated with T-cell exhaustion 
and disease progression. Nature (2006) 443(7109):350–4. doi:10.1038/
nature05115 

67. Barber DL, Wherry EJ, Masopust D, Zhu B, Allison JP, Sharpe AH, et  al. 
Restoring function in exhausted CD8 T cells during chronic viral infection. 
Nature (2006) 439(7077):682–7. doi:10.1038/nature04444 

68. Wenjin Z, Chuanhui P, Yunle W, Lateef SA, Shusen Z. Longitudinal fluctua-
tions in PD1 and PD-L1 expression in association with changes in anti-viral 
immune response in chronic hepatitis B. BMC Gastroenterol (2012) 12:109. 
doi:10.1186/1471-230X-12-109 

69. Brandt CS, Baratin M, Yi EC, Kennedy J, Gao Z, Fox B, et al. The B7 family 
member B7-H6 is a tumor cell ligand for the activating natural killer cell 
receptor NKp30 in humans. J Exp Med (2009) 206(7):1495–503. doi:10.1084/
jem.20090681 

70. Pesce S, Tabellini G, Cantoni C, Patrizi O, Coltrini D, Rampinelli F, et  al. 
B7-H6-mediated downregulation of NKp30 in NK cells contributes to ovarian 
carcinoma immune escape. Oncoimmunology (2015) 4(4):e1001224. doi:10.10
80/2162402X.2014.1001224 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1371/journal.ppat.1004441
http://dx.doi.org/10.1093/intimm/dxs080
http://dx.doi.org/10.1016/j.celrep.2016.04.005
http://dx.doi.org/10.1016/j.celrep.2016.04.005
http://dx.doi.org/10.4049/jimmunol.1402281
http://dx.doi.org/10.4049/jimmunol.1402281
http://dx.doi.org/10.1182/blood-2011-10-386995
http://dx.doi.org/10.1073/pnas.0409872102
http://dx.doi.org/10.1073/pnas.0409872102
http://dx.doi.org/10.3324/haematol.2015.134155
http://dx.doi.org/10.1038/leu.2015.260
http://dx.doi.org/10.4049/jimmunol.1201964
http://dx.doi.org/10.4049/jimmunol.1502438
http://dx.doi.org/10.4049/jimmunol.1302053
http://dx.doi.org/10.1016/S0167-5699(97)80025-4
http://dx.doi.org/10.1146/annurev.immunol.26.021607.090331
http://dx.doi.org/10.1146/annurev.immunol.26.021607.090331
http://dx.doi.org/10.1093/intimm/dxq049
http://dx.doi.org/10.1056/NEJMoa1200690
http://dx.doi.org/10.1002/cam4.106
http://dx.doi.org/10.1146/annurev.immunol.14.1.619
http://dx.doi.org/10.1146/annurev.immunol.14.1.619
http://dx.doi.org/10.1182/blood-2009-02-206532
http://dx.doi.org/10.1182/blood-2013-08-519199
http://dx.doi.org/10.1182/blood-2012-06-437558
http://dx.doi.org/10.1182/blood-2012-06-437558
http://dx.doi.org/10.1016/j.bbmt.2010.01.019
http://dx.doi.org/10.1038/ni.2762
http://dx.doi.org/10.1182/blood-2010-02-271874
http://dx.doi.org/10.1182/blood-2010-02-271874
http://dx.doi.org/10.1002/eji.201141832
http://dx.doi.org/10.1158/2326-6066.CIR-13-0133
http://dx.doi.org/10.1158/2326-6066.CIR-13-0133
http://dx.doi.org/10.1086/654932
http://dx.doi.org/10.1089/vim.2011.0096
http://dx.doi.org/10.1089/vim.2011.0096
http://dx.doi.org/10.1016/j.jaci.2016.04.025
http://dx.doi.org/10.1111/j.1365-2893.2010.01313.x
http://dx.doi.org/10.1038/nature05115
http://dx.doi.org/10.1038/nature05115
http://dx.doi.org/10.1038/nature04444
http://dx.doi.org/10.1186/1471-230X-12-109
http://dx.doi.org/10.1084/jem.20090681
http://dx.doi.org/10.1084/jem.20090681
http://dx.doi.org/10.1080/2162402X.2014.1001224
http://dx.doi.org/10.1080/2162402X.2014.1001224


124

Della Chiesa et al. Fully Mature NK Cell Subsets

Frontiers in Immunology | www.frontiersin.org September 2016 | Volume 7 | Article 351

71. Tabellini G, Benassi M, Marcenaro E, Coltrini D, Patrizi O, Ricotta D, et al. 
Primitive neuroectodermal tumor in an ovarian cystic teratoma: natural 
killer and neuroblastoma cell analysis. Case Rep Oncol (2014) 7(1):70–8. 
doi:10.1159/000357802 

72. Hamanishi J, Mandai M, Ikeda T, Minami M, Kawaguchi A, Murayama T, et al. 
Safety and antitumor activity of anti-PD-1 antibody, nivolumab, in patients 
with platinum-resistant ovarian cancer. J Clin Oncol (2015) 33(34):4015–22. 
doi:10.1200/JCO.2015.62.3397 

73. Topalian SL, Drake CG, Pardoll DM. Immune checkpoint blockade: a common 
denominator approach to cancer therapy. Cancer Cell (2015) 27(4):450–61. 
doi:10.1016/j.ccell.2015.03.001 

Conflict of Interest Statement: AM is founder and shareholder of Innate-
Pharma (Marseille, France). The remaining authors have no conflicting financial  
interests.

Copyright © 2016 Della Chiesa, Pesce, Muccio, Carlomagno, Sivori, Moretta and 
Marcenaro. This is an open-access article distributed under the terms of the Creative 
Commons Attribution License (CC BY). The use, distribution or reproduction in 
other forums is permitted, provided the original author(s) or licensor are credited 
and that the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does not 
comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://dx.doi.org/10.1159/000357802
http://dx.doi.org/10.1200/JCO.2015.62.3397
http://dx.doi.org/10.1016/j.ccell.2015.03.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


March 2016 | Volume 7 | Article 66

Mini Review
published: 03 March 2016

doi: 10.3389/fimmu.2016.00066

Frontiers in Immunology | www.frontiersin.org

Edited by: 
Emanuela Marcenaro,  

University of Genova, Italy

Reviewed by: 
Todd A. Fehniger,  

Washington University School of 
Medicine, USA  

Raffaele Badolato,  
University of Brescia, Italy

*Correspondence:
Catherine A. Blish  

cblish@stanford.edu

Specialty section: 
This article was submitted to  

NK Cell Biology,  
a section of the journal  

Frontiers in Immunology

Received: 07 December 2015
Accepted: 12 February 2016

Published: 03 March 2016

Citation: 
Strauss-Albee DM and Blish CA 

(2016) Human NK Cell Diversity in 
Viral Infection: Ramifications of 

Ramification.  
Front. Immunol. 7:66.  

doi: 10.3389/fimmu.2016.00066

Human nK Cell Diversity in viral 
infection: Ramifications of 
Ramification
Dara M. Strauss-Albee1 and Catherine A. Blish1,2*

1 Stanford Immunology, Stanford University School of Medicine, Stanford, CA, USA, 2 Department of Medicine, Stanford 
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Natural killer (NK) cells are a unique lymphocyte lineage with remarkable agility in the 
rapid destruction of virus-infected cells. They are also the most poorly understood class 
of lymphocyte. A spectrum of activating and inhibitory receptors at the NK cell surface 
leads to an unusual and difficult-to-study mechanism of cellular recognition, as well as a 
very high capacity for diversity at the single-cell level. Here, we review the evidence for 
the role of NK cells in the earliest stage of human viral infection, and in its prevention. 
We argue that single-cell diversity is a logical evolutionary adaptation for their position in 
the immune response and contributes to their ability to kill virus-infected cells. Finally, we 
look to the future, where emerging single-cell technologies will enable a new generation 
of rigorous and clinically relevant studies on NK cells accounting for all of their unique 
and diverse characteristics.

Keywords: natural killer cells, lymphocyte diversity, mass cytometry, viral susceptibility, single-cell technology

Natural killer (NK) cells were discovered in 1975 (1, 2) on the basis of their ability to selectively lyse 
leukemic cell lines. Originally called “null cells” because they were believed not to express cell surface 
receptors, they were eventually recognized as a third lineage of lymphocyte distinct from T and B 
cells (3). Recently, the role of NK cells as the founding member of a growing group known as innate 
lymphoid cells has also been appreciated (4).

Natural killer cells are a unique lineage with remarkable agility. They rapidly detect and destroy 
virus-infected, malignant, and stressed cells (5, 6). They are also the most poorly understood class of 
lymphocyte, due in part to their unusual and difficult-to-study mechanism of cellular recognition. 
The NK cell surface contains a spectrum of activating and inhibitory receptors (7). It is the integra-
tion and balance of signals from these receptors that determine a cell’s activation status (8).

This array of receptors also generates the opportunity for vast diversity in the NK repertoire. 
Examination of this diversity has been limited: studying a large number of parameters on a single 
cell is technologically challenging. Yet, it may be a critical functional feature of the NK cell repertoire.

In many of the ways in which immune cells are conventionally categorized, NK cells are inter-
mediates. They borrow, share, and combine functional features of other cell types to form their own 
recognition paradigm. This helps to explain their enigmatic nature and argues that they occupy a 
unique evolutionary niche. Here, we review this recognition paradigm, with a focus on NK responses 
to viruses, and argue that single-cell diversity enhances their ability to fulfill this “middleman” role. 
We also discuss current and future studies, where single-cell technology will allow a much more 
detailed and nuanced dissection of the roles and promise of NK cells in the antiviral response.
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FiGURe 1 | Schematic of nK cells as immune intermediates in cell 
lineage, ratio of receptors to potential pathogens, and cellular 
half-life. Half-life values are approximated based on published data (9–15).
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nK CeLLS HAve LiFeTiMeS OF 
inTeRMeDiATe LenGTH

In comparison to their classic innate and adaptive counterparts, 
NK cells take an intermediate position in estimates of cellular 
lifetime (Figure 1). In deuterium incorporation studies, human T 
cells have the longest estimated leukocyte half-lives, at 1–8 years 
for naive T cells and 1–12 months for memory T cells (9, 10). 
Estimated half-lives for CD27− naive B cells, CD27+ memory B 
cells, and plasma cells are somewhat more limited, at 22, 11, and 
40 days, respectively (11, 12). For NK cells, half-lives are shorter, 
estimated at 7 days (13). Yet, they still outlast their innate coun-
terparts, with monocytes’ half-lives estimated at 71  h (14) and 
neutrophils’ reported between 5 and 90 h (15). It is important to 
note that only actively dividing cells incorporate deuterium, and 
thus these studies may not account for long-lived, non-dividing 
cells. They are also based entirely in peripheral blood; cell kinetics 
in tissues may follow completely different patterns. Yet, with these 
caveats in mind, these data suggest that NK cells fall midway on 
the spectrum of cellular lifetime. These estimates may also serve 
as a reasonable proxy for the amount of time they require to 
respond to viral infection.

nK CeLLS ARe inTeRMeDiATe in THeiR 
MeCHAniSM OF ReCOGniTiOn

Cells of the innate system typically recognize non-self entities 
through specific receptor–ligand interactions. The toll-like 
receptor (TLR) system and other pattern recognition receptors, 

including RIG-I-like receptors, NOD-like receptors, and C-type 
lectin receptors, are designed to recognize specific features of 
pathogens or other danger signals (16, 17). Recognition is fast 
and digital, having only on/off states. It triggers phagocytosis, the 
release of inflammatory cytokines, and regulation of downstream 
adaptive responses. With 10 TLRs identified in humans to date 
and other pattern recognition receptor classes in the same order 
of magnitude or fewer, the innate paradigm is characterized by a 
low ratio of receptors per potential pathogen (Figure 1).

While the innate system has evolved to recognize broad 
classes of pathogens through a limited set of receptors, the 
adaptive system takes the converse approach of employing a 
broad set of receptors that each recognize a very limited set of 
pathogens. In T and B cells, V(D)J recombination forms special-
ized, antigen-specific receptors. When triggered in combination 
with costimulation, these receptors initiate proliferation, cyto-
toxicity, production of antibodies, and release of cytokines. The 
total potential diversity of the human T cell receptor (TCR) is 
estimated at 1015–1020 sequences (18, 19). The adaptive system is 
therefore characterized by a high ratio of receptors to potential 
pathogens (Figure 1).

Natural killer cells take cues from both extremes. They 
express a spectrum of receptors, which can be either activating 
or inhibitory, through which they integrate signals to determine 
their activation status. These include killer immunoglobulin-like 
receptors (KIR), C-type lectin-like receptors, signaling lympho-
cyte activation molecule (SLAM) family receptors, and natural 
cytotoxicity receptors, among others (20). Unlike other cell types, 
NK activation is analog: increased activating or decreased inhibi-
tory signals can tip the balance toward activation, but typically no 
specific receptor–ligand interaction is required. In fact, CD16 is 
the only receptor that has been shown to be capable of activating 
NK cells independently (21). In addition, NK cells are the only 
lymphocytes that can be activated purely through soluble signals. 
Proliferation, cytotoxicity, and a migratory phenotype can be 
induced by cytokines alone without specific antigen signal or 
presentation (22, 23).

Thus, the lifespan of NK cells, their mechanism of recognition, 
and in addition, recent evidence for memory in NK cell responses 
(24–26) suggest that they play a truly intermediate role between 
innate and adaptive responses (Figure 1).

SinGLe-CeLL DiveRSiTY: A LOGiCAL 
ADAPTATiOn FOR MiDDLeMen

The diversity in a T cell or B cell repertoire is captured in a single 
receptor. NK cells, by contrast, are diverse at a single-cell level. 
Each cell expresses a combination of receptors drawn from a vast 
potential pool. Our early estimates, based on 28 markers, place 
the total number of combinations in human peripheral blood 
on the order of 104 (27). With deeper sampling, measurement 
in a greater diversity of tissues, and improvements in technology 
allowing increased dimensionality, this estimate will certainly 
increase. A modest increase to measuring 40 NK cell receptors 
on a single cell would yield 1012 theoretical combinations. In 
comparison, T cells have been estimated to have 2.5 × 107 unique 
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TABLe 1 | evidence for the role of nK cells in the prevention of viral acquisition.

virus Study population Major finding Total sample size Reference

HSV-1 HSV-1-infected adults The presence of KIR2DL2 or KIR2DS2 by PCR was associated with 
progression to symptomatic, as compared to asymptomatic, HSV-1 
infection

131 (36)

HCV HCV patients and healthy adult  
controls

RNA+ HCV patients had increased presence of KIR2DL2 or KIR2DS2 
by PCR compared with self-limited RNA− HCV patients

596 (37)

Acutely infected HCV patients and 
healthy adults

NK cells from acutely infected HCV patients produced more IFN-γ 
and degranulated more than NK cells from healthy controls

39, 44 (38, 39)

People who inject drugs with or 
without seroconversion or spontaneous 
clearance

Relative to chronically infected individuals, homozygosity for KIR2DL3 
and its ligand HLA-C1 was more frequent in exposed seronegative 
individuals or those who spontaneously cleared the virus

1037, 305 (40, 41)

Acute and chronic HCV patients, 
patients who naturally resolved 
infection, and healthy controls

During acute infection, fewer NKp30+, NKp46+, CD161+, and 
NKG2D+ NK cells were present in individuals who subsequently 
cleared than those who became chronically infected

57 (42)

People who inject drugs with or without 
seroconversion, healthy adults

Higher anti-K562 cytotoxicity and higher NKp30 expression detected 
in exposed uninfected individuals

33 (43)

People who inject drugs with or without 
seroconversion, healthy adults

Presence of KIR2DL3+NKG2A− NK cells was associated with 
protection from productive HCV infection

114 (44)

Chikungunya Chikungunya patients, healthy  
controls

NK cells from acutely infected chikungunya patients become 
activated and expand early in infection

55, 143 (45, 46) 

EBV EBV-college students Increased CD56dimNKG2A+CD57+NK cells detected in peripheral 
blood during acute infectious mononucleosis

18 (47)

CMV Solid organ transplant recipients, bone 
marrow transplant recipients

CD57+NKG2Chi NK cells preferentially respond during CMV 
reactivation

140, 65 (48, 49)

HIV South African women: cases acquired 
HIV, matched controls did not

Decreased pre-infection IFN-γ responses to autologous infected 
CD4+ T cells were associated with increased acquisition risk

60 (50)

South African women: cases acquired 
HIV, matched controls did not

Increased pre-infection NK activation (higher HLA-DR and lower 
CD38) was associated with increased acquisition risk

81 (51)

Exposed uninfected intravascular drug 
users, seroconverters before  
or after seroconversion,  
unexposed controls

NK cells from exposed uninfected intravascular drug users showed 
greater lytic activity and produced more cytokines in response to 
cell lines than unexposed controls or seroconverters before or after 
seroconversion

75 (52)

Kenyan women: cases acquired HIV, 
matched controls did not

Increased pre-infection NK diversity correlated with increased 
acquisition risk

36 (53)
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TCR sequences in humans (28). As mentioned above, their total 
potential diversity is estimated at 1015–1020 sequences (18, 19).

Thus, both theoretically and empirically, NK cells are highly 
diverse, but several orders of magnitude less so than T cells. 
Yet, T cell (and B cell) diversity is rigid, modifiable primarily by 
population-level expansion and contraction. The antigen-specific 
TCR or BCR, while optimizable via somatic hypermutation or 
affinity maturation, is pre-formed following exit from the bone 
marrow or thymus. For adaptive cells tasked with developing 
a slow but reliable memory response, it is a logical tradeoff to 
expend energy on selecting a vast but inflexible repertoire.

Natural killer diversity compensates for its lack of breadth with 
its flexibility, a logical evolutionary adaptation for cells that must 
act quickly. NK diversity can be modulated with vastly more agil-
ity and at many different levels. NK cells can up- or downregulate 
receptors to adjust repertoire diversity at the timescale of cellular 
processes rather than cellular division (29), one cell at a time 
rather than by population. Many NK cell receptors, especially the 
KIRs, are defined by vast population-level genetic diversity (30). 
This can be compounded at multiple levels: selective transcription 
and translation, post-translational modifications, protein traf-
ficking, cytokine signaling, cell–cell interactions, and epigenetic 

modifications (31–33). NK cell diversity is thus much more 
responsive to both genetic and environmental determinants. This 
responsiveness may prove to be a critical feature for maintaining 
flexibility in the earliest lymphocyte response.

nK CeLLS in viRAL SUSCePTiBiLiTY

Because of their uniquely centered position in the immune 
system, their associations with improved control of viral infec-
tions (34), and recent evidence of their potential for a memory 
response, much interest has been focused on whether NK cells 
can be harnessed as part of a strategy for the initial prevention of 
viral infection (Table 1). Prevention is an especially significant 
goal for chronic incurable diseases, such as HIV. Mechanisms 
by which NK cells could successfully prevent viral infections 
include localization of NK cells to barriers of viral entry, efficient 
cytotoxicity, swift production of IFN-γ for recruitment and 
activation of downstream adaptive responses, and production of 
β-chemokines that can block viral entry (35).

Directly studying the immune correlates of human viral sus-
ceptibility is challenging. It requires either tracking uninfected 
people over long periods of time, a difficult logistical hurdle, or 
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infecting people in a controlled environment, an ethical quan-
dary. Several approaches have therefore been used to provide 
indirect evidence for the importance of NK cells in human viral 
susceptibility.

First, much has been learned from studies of immunodeficient 
subjects with deficiencies in NK cell frequency or function. In 
addition to several mutations known to exert their effects on NK 
cells in relative isolation, at least 46 primary immunodeficiencies 
are also associated with NK cell defects. These subjects’ overarch-
ing and unifying feature is the unusual susceptibility to herpesvi-
ruses (54), especially HSV-1, EBV, VSV, and HPV. These findings 
suggest that NK cells play a non-redundant role in preventing the 
establishment of these infections.

Second, many studies identify NK-relevant genetic correlates 
associated with disease-afflicted individuals versus healthy 
controls. These retrospective studies are not direct measures 
of acquisition probability, but do provide evidence of possible 
associations. The presence of KIR2DL2 and KIR2DS2 has been 
associated with progression to infection in both HSV-1 (36) and 
HCV (37).

A third approach has been to examine the characteristics and 
strength of NK responses during acute infection and sometimes 
draw correlations with disease outcome. In these studies, blood is 
typically drawn at the time of clinical presentation. This approach 
provides an imprecise approximation of the earliest events in 
infection but has the distinct advantage of allowing functional 
immunological studies. These studies have identified several 
early-stage markers of NK cell activation in viral infection. In 
HCV, KIR2DL3 in combination with HLA-C1 at both the genetic 
and cellular level has emerged as an important correlate of protec-
tion from infection (40, 41, 44). In addition, NKG2C+ NK cells 
have been shown to specifically respond to CMV reactivation in 
transplant recipients (48, 49).

A fourth type of study measures the immune activity of 
individuals who remain seronegative despite behavior that grants 
high probability of viral exposure, providing clues as to what is 
assumed to be an effective protective immune response. The 
primary issue with these studies is that this form of resistance 
is not fully understood, and the highly exposed immune state 
of these individuals (typically sex workers or people who inject 
drugs) may not be representative of other routes of acquisition.

Finally, a handful of studies, so far only in the HIV field, 
have enrolled and tracked large cohorts at risk of infection, 
banking blood samples before and after detection of infection, 
and performed functional studies on pre-infection samples. 
While impressive in scope, their conclusions have unfortunately 
not been entirely clear. While the ability of NK cells to secrete 
IFN-γ in response to HIV-infected cells was associated with 
decreased risk of infection (50), generalized NK cell activation 
(as measured primarily by expression of CD38 and/or HLA-DR) 
was associated with increased risk of HIV acquisition (51). 
Thus, depending on its nature, NK cell activation has been both 
positively and negatively associated with increased risk of HIV 
acquisition.

Our recent study took a different approach. In addition to 
measuring activation status and individual markers, we calculated 
a diversity score for the NK cell repertoire of each donor before 

the onset of HIV infection. We showed that no single marker 
was predictive of HIV acquisition risk, but that higher NK cell 
diversity was associated with increased risk of HIV acquisition in 
a cohort of Kenyan women (53). This raises the intriguing pos-
sibility that NK repertoire diversification is detrimental to the NK 
cell response. As it represents an apparent state of ramification 
and inflexibility, high NK diversity may signal a higher risk of 
exposure and/or less resistant state of immunity.

All of these studies involve clinical cohorts that are limited 
in size. The brute-force approach of obtaining additional valida-
tion cohorts will be a necessary step in bolstering these results. 
However, targeted single-cell approaches that incorporate leading 
edge technologies and account for the increasingly appreciated 
diversity of the NK repertoire are in rapid development. These 
approaches hold great promise in bringing a new level of under-
standing to the role of NK cells in viral susceptibility.

new nK CeLL-FOCUSeD APPROACHeS 
in SinGLe-CeLL TeCHnOLOGY

Innovative microchip-based approaches have begun to uncover 
broad diversity in single-cell function. In a single-cell tracking 
system, the distribution of average kill times on a per-NK-cell basis 
was skewed, with a few “serial killers” performing the majority of 
the killing (55, 56). Furthermore, increased cytotoxicity has been 
shown to result from simultaneous interaction of NK cells with 
multiple targets (57) as well as IL-2 activation (23). NKG2A+ NK 
cells have also been shown to be superior to NKG2A− NK cells in 
terms of dynamic migration, conjugation, spreading, and killing. 
“Serial killers” were also more common in this population (58).

Natural killer cell-focused mass cytometry, which has been 
pioneered by our group and others (27, 53, 59, 60), also holds 
great promise in further defining the role of NK diversity in viral 
acquisition at a single-cell level. This technology will be especially 
powerful when used in conjunction with humanized mice (61), 
presenting the next frontier in detailed tracking of all stages of the 
human NK cell response to viral infection.

Furthermore, single-cell dissection of functional diversity, 
especially in the context of a viral response, will greatly improve 
understanding of the processes by which NK cells may contribute 
to the prevention of infection. The generation of more single-cell 
data will also help to alleviate the statistical issues associated with 
small sample sizes in clinical studies.

Many questions remain about the functional consequences of 
NK cell diversity. Does a differentiated NK cell respond better 
and faster when re-encountering its initial stimulus? What is the 
spectrum of antigens that can drive NK cell diversification? Does 
a diverse NK cell repertoire correspond to a less diverse T and B 
cell repertoire? In addition, most studies have focused only on 
peripheral blood, but tissue-specific functions of NK cells are 
increasingly being appreciated (62).

Together, single-cell studies offer great promise in defining 
the scope of the human NK repertoire and its significance in the 
context of viral infection. This understanding will be essential in 
order to optimally harness the NK cells in the next generation of 
NK cell-based vaccines and therapeutics.
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Natural killer (NK) cells are innate lymphoid cells involved in the defense against virus-
infected cells and tumor cells. NK cell phenotype and function is affected with age and 
cytomegalovirus (CMV) latent infection. Aging affects the frequency and phenotype of 
NK cells, and CMV infection also contributes to these alterations. Thus, a reduction 
of CD56bright NK cell subpopulation associated with age and an expansion of memory-
like NK cells CD56dimCD57+NKG2C+ probably related to CMV seropositivity have 
been described. NK cells express T-bet and Eomes transcription factors that are 
necessary for the development of NK cells. Here, we analyze the effect of age and 
CMV seropositivity on the expression of CD300a and CD161 inhibitory receptors, and 
T-bet and Eomes transcription factors in NK cell subsets defined by the expression 
of CD56 and CD57. CD300a is expressed by the majority of NK cells. CD56bright 
NK cells express higher levels of CD300a than CD56dim NK cells. An increase in the 
expression of CD300a was associated with age, whereas a decreased expression of 
CD161 in CD56dim NK cells was associated with CMV seropositivity. In CD56dim NK 
cells, an increased percentage of CD57+CD300a+ and a reduction in the percentage 
of CD161+CD300a+ cells were found to be associated with CMV seropositivity. 
Regarding T-bet and Eomes transcription factors, CMV seropositivity was associated 
with a decrease of T-bethi in CD56dimCD57+ NK cells from young individuals, whereas 
Eomes expression was increased with CMV seropositivity in both CD56bright and 
CD56dimCD57+/− (from middle age and young individuals, respectively) and was 
decreased with aging in all NK subsets from the three group of age. In conclusion, 
CMV infection and age induce significant changes in the expression of CD300a and 
CD161 in NK cell subsets defined by the expression of CD56 and CD57. T-bet and 
Eomes are differentially expressed on NK cell subsets, and their expression is affected 
by CMV latent infection and aging.
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Natural killer (NK) cells are lymphocytes of innate immune 
response responsible for killing virus-infected cells and tumor 
cells. Frequency, phenotype, and function of NK cell subsets 
change in aging, and these changes are considered part of a 
general process of age-associated immune dysfunctions defined 
as immunosenescence (1–4). Immunosenescence affects adap-
tive and innate immunity, and it is associated with increased 
incidence and severity of infections and decreased response to 
vaccination (5–11).

It has been shown that percentage of CD56dim NK cell subset 
(the main subset of NK cells and most cytotoxic) is increased (12, 
13) or maintained (14) by age, whereas percentage of immature 
CD56bright NK cells is decreased (12–15). On the other hand, the 
expression of different receptors on NK cells is also altered in 
aging (16–18). It has been found a decrease in the expression of 
natural cytotoxicity receptors (such as NKp30 and NKp46) and 
activating receptor DNAM-1 on CD56dim NK subset (3, 19–21) 
an increased expression of CD57 (18, 20, 22), as well as reciprocal 
changes in NKG2A and killer immunoglobulin-like (KIR) inhibi-
tory receptors, associated with age (18, 20, 22).

Human cytomegalovirus (CMV) chronic infection is related 
to a deterioration of the immune system that affect adaptive and 
innate immunity, and it has been postulated that CMV infection 
is a major driving force contributing to immunosenescence (10, 
23, 24). CMV is a human herpesvirus type 5 (HHV5), which 
replicate in different cell types. Although CMV seropositivity is 
influenced by geographic, ethnic, and socio-economical factors, 
it has been shown that it increases with age in all populations 
studied (25). CMV prevalence is very high in Spain and more 
than 80% of individuals over the age of 40  years are CMV-
seropositive (26).

Cytomegalovirus seropositivity can reshape the repertoire 
of NK cells (2, 27), particularly with an expansion of NKG2C+ 
NK cells, which also coexpress CD57 marker (14, 28, 29). 
Recent studies stratifying donors according to CMV serology 
have shown that increase of CD57 expression on CD56dim NK 
cells is related to CMV seropositivity rather than aging (14) 
as well as the decreased expression of other surface receptors 
of NK cells, such as NKp30 (30) or CD161 (31). Thus, aging 
is associated with a loss of CD56bright NK cell subpopulation 
(probably due to a decrease in the production of new NK cells 
in the bone marrow) and an expansion of memory-like NK 
cells CD56dimCD57+NKG2C+ that is mainly related to CMV 
seropositivity [reviewed in Ref. (2)].

Although it is well established that aging and CMV infection 
are associated with changes in NK cells, including alterations in 
the expression of activating (e.g., NCRs, NKG2C, and DNAM-1) 
and inhibitory receptors (e.g., KIR and NKG2A), little is known 
on the effect of aging and CMV on the expression of other inhibi-
tory receptors such as CD300a and CD161 in NK cell subpopula-
tions. CD300a is an inhibitory receptor expressed by NK cells 
that belongs to the CD300 family of molecules. These receptors 
are broadly expressed on immune cells and modulate their func-
tion via paired activating and inhibitory receptors that recognize 
lipids exposed on the plasma membrane of dead and activated 

cells including aminophospholipids such as phosphatidylserine 
(PS) and phosphatidylethanolamine (PE) (32). The analysis of 
its expression can be used in diagnosis and therapy in several 
pathological situations including infectious diseases, allergy, or 
cancer [for review, see Ref. (33)]. The human CD161 inhibitory 
receptor (also termed NKR-P1A, KLRB1, and CLEC5B) was 
originally described as a disulfide-linked homodimer of the 
C-type lectin superfamily expressed on subsets of NK cells and 
T lymphocytes (34) that binds the lectin-like transcript 1 (LLT1, 
also named CLEC2D, OCIL, and CLAX) (35, 36). The binding 
of CD161 on NK cells with its ligand on target cells results in 
inhibition of NK cell cytotoxicity by a mechanism involving 
the activation of acid sphingomyelinase (37). CD161 can also 
be expressed on subsets of other cells of the immune system, 
and different functional capacities have been shown after the 
interaction with its ligand, which can be upregulated during 
the  immune response and during pathological circumstances. 
The current knowledge of NKRP1 receptors and their geneti-
cally linked CLEC2 ligand in human and other species has been 
recently reviewed (38, 39).

Natural killer cells are included in group 1 of the innate 
lymphoid cell (ILC), characterized by the release of interferon-
gamma (IFN-γ) upon stimulation, and by the expression of 
T-bet and eomesodermin (Eomes) transcription factors 
(40–42). Both T-bet and Eomes are constitutively expressed by 
murine (43) and human (44, 45) NK cells and are necessary 
for the proper development of NK cells (46), sharing several 
functions. It has been observed that the frequency of T-bet+ 
cells and the level of T-bet expression per cell is significantly 
greater in the CD56dim population compared to the CD56bright 
population from peripheral human immune cells, contrary to 
Eomes expression pattern, suggesting the existence of a relation-
ship among the expression levels of both transcription factors 
and the functionality of these cells (45). Thus, T-bet is related 
to terminal stages of maturation, while Eomes is downregulated 
during peripheral maturation (47).

Considering that aging affects the frequency and phenotype 
of NK cells and that CMV infection contributes to age-associated 
changes in NK cells; in this work, we have analyzed the effect 
of age and CMV seropositivity on inhibitory receptors CD300a 
and CD161 in NK cell subpopulations. Additionally, we have 
investigated the effect of age and CMV infection on T-bet and 
Eomes transcription factors expression in the CD56brightCD57−, 
CD56dimCD57−, and CD56dimCD57+ NK cell subsets.

MaTerials anD MeThODs

study subjects
A total of 72 healthy adults voluntarily participated in the study, 
stratified according to age: 18–35  years (young), 40–65  years 
(middle age), and >70  years (old). Young and middle age 
donors were further divided according to CMV serology 
(CMV-seropositive and CMV-seronegative). However, all elderly 
donors included in the study were CMV-seropositive, given that 
the prevalence of CMV seropositivity in Spain in individuals 
over the age of 40 years is 80% (26) and, in our geographic area 
(Andalusia, Southern Spain), about 99% of individuals over 
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65  years are CMV-seropositive. Thus, the absence of a group 
of CMV-seronegative old donors represents a limitation of the 
study, making difficult to isolate age-related effect from the effect 
of chronic CMV infection in elderly individuals.

All donors were informed and signed informed consent to 
participate in the study and were included according to follow-
ing inclusion criteria: no infection at the time of extraction, not 
suffer or have suffered cancer or autoimmune diseases, and not 
be under immunosuppressive drugs or calcium channel block-
ers. The study was approved by the Ethics Committee of Hospital 
Universitario Reina Sofia of Córdoba (Spain).

sample collection and Processing
Peripheral blood mononuclear cells (PBMCs) were obtained from 
blood samples (collected in lithium heparin tubes) and isolated 
by density gradient centrifugation using Ficoll Histopage-1077 
(Sigma-Aldrich, St. Louis, MO, USA). Aliquots of cells were cryo-
preserved in FBS (Sigma-Aldrich, St Louis, MO, USA) with 10% 
DMSO (Panreac Chemistry SAU, Barcelona, Spain) in cryotubes 
at concentrations 5–6 × 106 cells/mL until further use.

A sample of plasma or serum was retrieved from all donors 
to analyze CMV-specific IgG and IgM. CMV serology was deter-
mined by using automated enzyme-linked immunosorbent assay 
(ELISA) (DRG International, Mountainside, NY, USA).

analysis of nK cell receptors by 
Flow cytometry
For surface marker analysis and computation of frequency of cells 
expressing CD57, CD161, or CD300a, cryopreserved PBMCs 
were used. Cell thawing was carried out in RPMI 1640 (Sigma-
Aldrich) with 20% FBS (Gibco, Life Technologies California, 
USA). For flow cytometry staining, the following antibodies 
(mAbs) were used: anti-CD3 PerCP (clone: BW 264/56, Miltenyi 
Biotec), anti-CD56 PE-Cy7 (clone: B159, BD Pharmingen), anti-
CD57 VioBlue (clone: TB03, Miltenyi Biotec), anti-CD300a PE 
(clone: E59.126, Beckman Coulter), and anti-CD161 APC (clone: 
DX12, BD Pharmingen). Cells were acquired on a MACSQuant 
cytometer (Miltenyi Biotec, Bergisch Gladbach, Germany). 
Compensation for flow cytometry was performed using single 
cell staining.

Data were analyzed using FlowJo v10 (Tree Star, Inc.). 
CD3−CD56+ NK cells were gated from total peripheral blood lym-
phocytes (PBLs), after singlets gating (Figure S1 in Supplementary 
Material). Two NK cell subsets were defined (CD56bright and 
CD56dim) according to the level of CD56 marker expression. 
Subsequently, cells were gated according to the coexpression of 
CD57, CD161, and CD300a markers. Fluorescence minus one 
controls (FMO control) were used to identify and gate cells. FMO 
controls contain all the fluorochromes of the panel, except the one 
that was being measured. Analysis of coexpression of the three 
receptors was performed using FlowJo’s Boolean gating options.

Transcription Factors expression analysis
The expression of T-bet and Eomes transcription factors was 
analyzed using cryopreserved PBMCs, thawed as indicated 
above. Surface staining was performed using anti-CD7 APC 

(clone: M-T701, BD Pharmingen), anti-CD56 BV421 (clone: 
NCAM16.2, BD Horizon), anti-CD16 PE- Vio770 (clone: VEP13, 
Miltenyi Biotec), anti-CD57 Biotin-Anti-Biotin-Viogreen 
(Miltenyi Biotec), and anti-CD3/anti-CD14/anti-CD19 con-
jugated with APC-Vio770 (clones: BW264/56, TÜK4, LT19 
Miltenyi Biotec). After cell fixation and permeabilization using 
the Kit FoxP3 Staining Buffer Set (Miltenyi Biotec), following the 
manufacturer’s instructions, intracellular staining was realized 
with anti-T-bet PerCP Cy5.5 (clone: 04-46, BD Pharmingen) and 
anti-Eomes FITC (clone: WD1928, eBioscience) antibodies. Cells 
were then acquired on a 10 parameter MACSQuant cytometer 
(Miltenyi Biotec, Bergisch Gladbach, Germany).

Data were analyzed using FlowJo v10 (Tree Star, Inc.). Once 
selected the CD7+CD3−CD19−CD14− cells from PBLs singlets, 
three populations of NK cells were described: CD56brightCD57−, 
CD56dimCD57−, and CD56dimCD57+. Then, the intracellular 
expression of T-bet and Eomes was measured in each of these 
three subpopulations (Figure S2 in Supplementary Material). 
FMO controls and flow cytometry compensation were performed 
as indicated above.

Processing of Data and statistical 
analysis
For statistical analysis, Shapiro–Wilk normality test was 
performed for different groups. Since the distribution of meas-
ured values was not normal, the groups were evaluated by the 
non-parametric Kruskal–Wallis test (for comparison multiple) 
and Mann–Whitney test (for comparison sample pairs). 
Non-parametric Friedman test (for comparison multiple) and 
Wilcoxon test were used to test for differences between groups 
when the samples are related. The results are shown in graphs 
with interquartile medium range using GraphPad Prism (version 
5.0), and analysis of Boolean gating data was performed by SPICE 
5.35 software (Mario Roederer, ImmunoTechnology Section, 
Vaccine Research Centre, NIH, Bethesda, MD, USA; http://www.
niaid.nih.gov) (48). To compare the pie charts, we used SPICE’s 
permutation analysis, which asks how often the samples that 
comprise two different pies charts, would be different simply by 
chance (10,000 permutations). All statistical analysis was per-
formed with SPSS 18.0 (SPSS Inc., Chicago, IL, USA). p-Values 
<0.05 were considered significant.

resUlTs

increase of cD300a and Decrease of 
cD161 expression from cMV-seropositive 
Old individuals
We analyzed by flow cytometry the expression of CD300a and 
CD161 inhibitory receptors on NK cells (CD56bright and CD56dim) 
from healthy individuals stratified by age and CMV latent infec-
tion. Our data showed that both receptors exhibit a differential 
expression pattern. Particularly, the majority of CD56dim and 
CD56bright NK cells expressed CD300a, whereas CD161 was 
expressed on a subpopulation of NK cells regardless of the 
NK cell subset analyzed (Figure S1 in Supplementary Material). 
Moreover, when we gated the NK cell subsets according to CD56 
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FigUre 1 | cD300a and cD161 expression on cD56dim and cD56bright nK cells from young, middle age, and old individuals, according to cMV 
seropositivity.
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and CD300a (referred to CD3− cells), we observed that the major-
ity of CD56bright NK cells were CD300ahi, whereas a high percent-
age of CD56dim NK cells were CD300alo (Figure  1A). Analysis 
of the effect of age and CMV seropositivity on the expression 
of these receptors by NK cell subsets (gating strategy in Figure 
S1 in Supplementary Material) showed an increase of CD300a 
on CD56bright and CD56dim subsets from CMV-seropositive old 

individuals compared with middle-aged and young donors 
(independently of CMV seropositivity) (Figure 1B).

The analysis of CD161 expression on CD56dim NK cells 
showed that young CMV-seronegative donors expressed higher 
levels of CD161 than young CMV-seropositive or middle age 
CMV-seronegative individuals, supporting that CMV and age 
independently associated with decreased expression of CD161 in 
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FigUre 1 | continued  
(a) Differential expression of CD300a on NK cell subsets. NK cells were defined as CD3−CD56+ and characterized by CD300a expression as CD56brightCD300ahi and 
CD56dimCD300alo. (B) Effect of age and CMV seropositivity on the expression of CD300a and CD161. Expression (percentage) of CD300a and CD161 markers was 
determined on NK cell subsets from young CMV-seronegative (n = 22), young CMV-seropositive (n = 15), middle age CMV-seronegative (n = 8), middle age 
CMV-seropositive (n = 13), and old CMV-seropositive donors (n = 14). CD56+CD3− NK cells were gated from singlets peripheral blood lymphocytes (PBLs). Then, 
two NK cell subsets were defined (CD56bright and CD56dim) according to the level of CD56 marker expression, and cells were gated according to the expression of 
CD57, CD161, and CD300a markers. Non-parametric Kruskal–Wallis test (for multiple comparisons) and Mann–Whitney test (for paired comparisons) was used. 
Graphs showed the median with interquartile range, and results were considered significant at *p < 0.05, **p < 0.01, and ***p < 0.001.
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this NK cell subset. On the contrary, the expression of CD161 
on CD56bright NK cells was not affected by CMV seropositivity 
in young donors, whereas it was decreased in middle age CMV-
seronegative individuals. The expression of CD161 was lower on 
both NK cell subsets in middle age and old CMV-seropositive 
donors compared with young CMV-seronegative individuals 
(Figure 1B).

These results indicate an expansion of CD300a+ on NK cell 
subsets (CD56bright and CD56dim) from healthy old individuals 
(all CMV-seropositive), likely associated with the combined 
effect of CMV infection and age, and a decrease of CD161+ NK 
cells related to CMV seropositivity (CD56dim NK cells) and age 
(CD56bright and CD56dim NK cells).

In this analysis, we have also observed an increased percentage 
of CD56dimCD57+ NK cells associated with CMV seropositivity. 
Also, CD56bright NK cells do not express or express very low levels 
of CD57 on their surface (data not shown).

coexpression of cD300a, cD161, 
and cD57 on nK cell subsets
The coexpression of CD300a, CD161, and CD57 was measured 
on CD56dim and CD56bright NK cells using FlowJo’s Boolean 

gating options. The majority of CD56bright and CD56dim NK cells 
expressed CD300a on their surface, either alone or in combina-
tion with CD161 or CD57. A minor subset of CD300a+ NK cells 
coexpressed CD161 and CD57 (Figure 2A).

The results on the effect of age and CMV seropositivity on 
the coexpression of CD300a, CD161, and CD57, revealed that 
CMV seropositivity, but not age, was associated with an increase 
of CD56dim NK cells coexpressing CD300a and CD57. We also 
observed a decrease of CD56dimCD300a+CD161+ NK cells related 
to both CMV seropositivity and age. No significant differences 
were found in the percentage of CD56dimCD300a+CD57− 

CD161− NK cells among the different groups studied (data not 
shown). On the other hand, we have also observed an increase 
of CD56brightCD300a+CD57−CD161− NK cells and a decrease of 
CD56bright coexpressing CD300a and CD161 in old individuals 
(Figures 2A,B).

Different expression Patterns of T-bet 
and eomes Transcription Factors in 
nK cell subsets
We analyzed the expression of T-bet and Eomes transcription 
factors in three subpopulations of NK cells, according to the 
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expression of CD56, CD16, and CD57 markers: CD56brightCD16+/− 

CD57−, CD56dimCD16+CD57−, and CD56dimCD16+CD57+ NK 
cells (Figure S2 in Supplementary Material). Although Eomes was 
expressed in most NK cells in all groups studied, the analysis of 
its expression pattern showed higher levels in the most immature 

NK cells (CD56brightCD16+/−CD57−) with a decline in its expres-
sion in the CD56dimCD16+CD57− and in the most differentiated 
NK cells (CD56dimCD16+CD57+) (Table 1).

The expression of T-bet in NK cell subsets showed a gradient 
of expression and two subsets can be distinguished: T-bethi and 
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FigUre 2 | continued  
(a) CD57, CD161, and CD300a expression profile (pie charts) in CD56dim and CD56bright NK cells from 72 healthy individuals stratified by age and CMV serostatus. 
Analysis of coexpression of three receptors was performed using FlowJo’s Boolean gating options. For analysis of complex multivariate datasets after of flow 
cytometry, we used the application simplified presentation of incredibly complex evaluations (SPICE). (B) Graphs show the coexpression of CD57/CD161/CD300a 
NK subsets in which we found statistical differences among the four groups studied. Non-parametric Kruskal–Wallis test (for multiple comparisons) and Mann–
Whitney test (for paired comparisons) were used. Graphs showed the median with interquartile range. Results were considered significant at *p < 0.05, **p < 0.01, 
and ***p < 0.001.

TaBle 1 | eomes expression (MFi) in nK subsets from donors stratified according to age and cMV seropositivity.

cD56brightcD16−cD57− (1) cD56dimcD16+cD57− (2) cD56dimcD16+cD57+ (3) ρ ρ (1–2) ρ (2–3) ρ (1–3)

Young CMV− 3.47 (4.46–2.58)a 2.12 (2.23–1.35) 1.59 (1.78–0.84) 0.000 0.005 0.005 0.005
Young CMV+ 3.75 (4.91–2.35) 2.28 (2.67–1.9) 2.18 (2.34–1.58) 0.007 0.007 0.169 0.007
Middle age CMV− 3.48 (4.74–2.33) 1.87 (2.41–1.65) 1.45 (2.4–1.28) 0.001 0.018 0.018 0.018
Middle age CMV+ 3.32 (4.54–2.96) 2.15 (2.52–1.67) 1.6 (2.1–1.41) 0.000 0.008 0.008 0.008
Old CMV+ 3.02 (3.79–2.46) 2.01 (2.71–1.59) 1.8 (2.05–1.2) 0.000 0.005 0.005 0.005

aValues expressed as median (interquartile range, 75–25).
ρ value obtained by the Friedman rank sum test.
ρ values comparing (1–2), (2–3), and (1–3) groups obtained by the Wilcoxon test.
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T-betint NK cells. The percentage of NK cells expressing T-bethi 
was higher than the percentage of NK cells expressing T-betint 
in the three subsets studied (Figure S2 in Supplementary 
Material). The analysis of T-bet MFI in the different NK cell 
subsets showed that T-bet expression was lower in CD56bright 
CD16+/−CD57− NK cells from each group studied than in 
CD56dimCD16+CD57− and CD56dimCD16+ CD57+ NK cells into 
the same group (Table 2).

The analysis of Eomes expression in NK cell subsets 
from CMV-seronegative and CMV-seropositive individuals 
showed that the percentage of positive cells was significantly 
increased in CD56brightCD16+/−CD57− NK cells from CMV-
seropositive middle age donors and in CD56dimCD16+CD57+ 
and CD56dimCD16+CD57− from CMV-seropositive young 
donors compared with the CMV-seronegative counterparts 
(Figures  3A,B). The analysis of the effect of age on Eomes 
expression showed a decreased expression in CD56brightCD
16+/−CD57− NK cells from CMV-seronegative middle age 
donors compared with CMV-seronegative young individuals 
(Figure  3A). Eomes expression in CMV-seropositive donors 
was significantly higher in the young compared with the middle 

age and old groups in the three NK cell subsets considered 
(Figures 3A,B).

The effect of age and CMV seropositivity on T-bet expression 
was also analyzed. The results only showed a significant decrease 
in the percentage of T-bethi within the CD56dimCD16+CD57+ 
NK cell subset from CMV-seropositive compared with CMV-
seronegative young donors (Figures 3C,D).

DiscUssiOn

Cumulative evidences in the last decade support that aging 
and CMV latent infection combine to influence the immune 
phenotype and function of immune cells, including NK cells, in 
different ways that have been often overlooked in studies aiming 
to analyze the effect of aging on NK cells without considering the 
CMV serostatus of the individuals studied.

In this work, we have analyzed the effect of CMV sero-
positivity and aging on the expression of CD300a and 
CD161 receptors and transcription factors T-bet and Eomes 
on peripheral blood NK cell subsets with different levels of  
maturation.
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TaBle 2 | T-bet expression (MFi) in nK subsets from donors stratified according to age and cMV seropositivity.

cD56brightcD16−cD57− (1) cD56dimcD16+cD57− (2) cD56dimcD16+cD57+ (3) ρ ρ (1–2) ρ (2–3) ρ (1–3)

Young CMV− 6.31 (10.2–2.91)a 8.84 (12.6–5.89) 9.31 (12.5–6.24) 0.000 0.008 0.022 0.005
Young CMV+ 7.17 (10.3–3.47) 10.84 (12.2–7.26) 9.64 (11.4–7.49) 0.000 0.005 0.011 0.008
Middle age CMV− 10.10 (13–1.89) 12.8 (13.8–5.77) 13.2 (13.8–5.84) 0.004 0.043 0.042 0.018
Middle age CMV+ 7.09 (10.8–3.85) 10.3 (13.5–6.97) 10.7 (13.9–6.79) 0.003 0.008 0.285 0.011
Old CMV+ 4.85 (11.3–2.79) 7.57 (11.6–6.42) 7.22 (10.6–5.95) 0.007 0.017 0.013 0.114

aValues expressed as median (interquartile range, 75–25).
ρ value obtained by the Friedman rank sum test.
ρ values comparing (1–2), (2–3), and (1–3) groups obtained by the Wilcoxon test.
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Our results show that CD57+CD56dim NK cells are expanded 
in CMV-seropositive individuals and that these cells are not 
further expanded by aging. In addition, the majority of these 
cells also coexpress CD300a, but not CD161. The expansion 
of CD57+CD56dim NK cells support previous data showing 
that acute and latent CMV infection leads to the expansion of 
CD57+CD56dim NK cells that also express NKG2C+ (28, 49–54). 
CMV seropositivity is also associated with a decreased expression 
of other NK receptors, in some cases, as a consequence of the shift 
of NK cells to the more differentiated NKG2C+CD57+ phenotype 
(14, 27, 30, 54). These cells have some characteristics of adaptive 
immunity and are considered “memory” or “adaptive” NK cells 
(55–58). The magnitude of the expansion of NKG2Chigh NK cells 
is determined by the magnitude of the proinflammatory cytokine 
secretion upon NK cell activation (59), and it has been proposed 
that these cells contribute to the proinflammatory environment 
based on the relation between the percentage of NKG2C+ cells, 
elevated levels of PCR, and cardiovascular risk determinants of 
CMV-seropositive individuals (60, 61).

Whereas it has been show that both aging and CMV infection 
are associated with a decreased expression of several NK activat-
ing receptors (with the exception of NKG2C that is increased in 
CMV-seropositive individuals), their effect on the expression of 
inhibitory receptors is still controversial. Thus, whereas different 
studies have shown an age-associated increased expression of 
KIR (20, 62) and a decreased expression of NKG2A (20), others 
have not found significant differences in the expression of KIR or 
NKG2A in the elderly (14, 17, 18, 30) or even a decreased expres-
sion of KIR (CD158a) in middle age donors if they are CMV-
seropositive (63). The expression of another inhibitory receptor 
KLRG-1 is significantly reduced with aging (21) and with CMV 
seropositivity in the young individuals (63).

The inhibitory receptor CD300a is expressed on the majority 
of NK cells, and its expression increases with aging in CMV-
seropositive individuals both in CD56bright and CD56dim NK cell 
subsets. As stated in Section “Materials and Methods,” in our 
geographic area (Andalusia, Southern Spain), about 99% of 
individuals over 65 years are CMV-seropositive. Thus, the high 
prevalence of CMV in our geographic area supposes a limitation 
of the study as we lack of a group of CMV-seronegative elderly 
donors. This limitation makes difficult to assess the differential 
effect of CMV and aging when we observe changes only in the 
group of old CMV-seropositive individuals compared with the 
other groups. This is the case of the higher expression of CD300a 
found in old CMV-seropositive individuals compared with the 

other groups studied. Since we do not observe an effect of CMV 
seropositivity between in the young and middle age groups, it 
could be thought that the higher expression of CD300a found in 
old CMV-seropositive individuals is likely due to aging. However, 
due to this limitation, we can only conclude that aging has an effect 
on CD300a expression on CMV-seropositive donors. CD300a is 
an inhibitory receptor that can be expressed by NK cells and that 
deliver inhibitory signals upon binding to PS expressed by tumor 
cells (64). The binding of CD300a on human or porcine NK cells 
to the surface of the pseudorabies virus porcine infected cell is 
increased by the US3 protein kinase of this alpha-herpesvirus in 
an aminophospholipids and p21-activated kinases dependent way, 
providing protection of infected cells against NK cell cytotoxicity 
(65). These results support the possible relevance of CD300a as a 
possible NK cell evasion strategy by CD300a-modulating viruses 
and cancer cells.

Although CD300a is highly homologous to CD300c and 
both receptors are considered as paired receptors with inhibi-
tory and activating roles, respectively, very little is known on 
the expression and function of CD300c on NK cells. It has been 
recently shown that NK cells do not express (or express very low 
levels of) CD300c and that its expression is induced uniquely 
on CD56bright NK cells after their treatment with IL-2 or IL-15 
(66). The analysis of the interaction of CD300a and CD300c 
with their ligands shows differences on their binding affinity 
to the lipid ligands. Whereas both CD300a and CD300c show 
similar binding to PS, it has been shown that CD300a exhibits 
a stronger binding to dead cells and to PE than CD300c and PE 
induces a negative response of IL-2 preactivated CD56bright NK 
cells, supporting that the inhibitory signals triggered by CD300a 
after binding to its lipid ligands overrides the signals triggered 
by its activating counterpart CD300c (66). These findings are 
consistent with these shown for other paired receptors such as 
KIR2DL1 and CD94/NKG2A that have higher binding affinity 
to HLA-CLys80 and HLA-E, respectively, than their activating 
counter parts KIR2DS1 and CD94/NKG2C. The increased 
expression of CD300a with aging both in CD56bright and CD56dim 
subsets can contribute together with other age-associated altera-
tions of NK cells to the decreased functional capacity of these 
cells in the elderly.

The human CD161 receptor, expressed in a subset of NK cells, 
is an inhibitory receptor that, after interacting with its ligand 
LLT1, inhibits NK cell cytotoxicity by a mechanism involving 
the activation of acid sphingomyelinase (37). Our results show 
that the expression of CD161 on CD56dim NK cells is decreased 
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FigUre 3 | effect of age and cMV seropositivity on eomes and T-bet expression. The expression of T-bet and Eomes was measured in 
CD56brightCD16+/−CD57−, CD56dimCD16+CD57−, and CD56dimCD16+CD57+ NK cells from 46 healthy individuals (10 young CMV-seronegative, 10 young CMV-
seropositive, 7 middle age CMV-seronegative, 9 middle age CMV-seropositive, and 10 old CMV-seropositive donors). (a) Analysis of Eomes expression in 
CD56brightCD16+/−CD57− NK cells. (B) Analysis of Eomes expression in CD56dimCD16+CD57− and CD56dimCD16+CD57+ NK cells (c) Analysis of T-bet expression in 
CD56brightCD16+/−CD57− NK cells. (D) Analysis of T-bet expression in CD56dimCD16+CD57− and CD56dimCD16+CD57+ NK cells. Non-parametric Kruskal–Wallis test 
(for multiple comparisons) and Mann–Whitney test (for paired comparisons) were used. Graphs showed the median with interquartile range. Results were considered 
significant at *p < 0.05, **p < 0.01, and ***p < 0.001.
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in CMV-seropositive donors compared with young CMV-
seronegative donors. Little is known regarding the effect of CMV 
and aging on the expression of CD161 on NK cell subsets. The 
analysis of telomere length in NK cells has shown that the average 
telomere length in human NK cells decrease with age. In addition, 

the telomere length was significantly shorter in CD56dimCD16+ 
NK cells compared to CD56brightCD16− NK cells from the same 
donor indicating that this subset represents more immature NK 
cells (67). In this study, it was shown that although CD161 can 
be expressed on CD56bright and CD56dim subsets, its expression 
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is independent of the level of differentiation estimated by the 
telomere length (67).

The expression of CD161 in T lymphocytes and NK cells in 
PBLs from healthy children appears unrelated to CMV serostatus 
(68). On the contrary, it has been reported that NKG2C+CD56dim 
NK  cells, expanded in CMV-seropositive chronic hepatitis 
patients, have a significant decrease in the expression of 
CD161 and a significant increase in the expression of CD57 (69). 
In agreement with these data, our results show that the majority 
of NK cells do not coexpress CD57 and CD161, and that CMV 
seropositivity is associated not only with an increase in the expres-
sion of CD57 in CD56dim NK cells but also with a decrease in the 
expression of CD161 in this subset. The decreased expression of 
CD161 in NK cells from CMV-seropositive NK cells parallels 
the finding that CD161 is decreased on CD56+ NKT-like cells 
in CMV+ subjects compared with CMV-seronegative donors 
(70). Interestingly, it has also been shown that the expression 
of CD161 in CMV-specific cytotoxic T lymphocytes is very low 
(71). Considering the inhibitory capacity of CD161 on NK and 
T  lymphocytes cytokine production, these results support that 
the CMV-induced downregulation of CD161 receptor together 
with the expansion of polyfunctional response of CD57+  
NK cells and T- and NKT-like lymphocytes (14, 30, 69, 72, 73), 
contribute to the proinflammatory environment observed in 
CMV-seropositive healthy individuals.

Recent reports have strengthened the significance of T-bet 
and Eomes in NK cell biology (47). In mice, T-bet and Eomes 
are necessary for maintenance of peripheral NK cells, their 
deletion in mature NK cells results in reversion to an immature 
phenotype (46). These transcription factors also modulate many 
NK cell effector functions, including cytotoxicity and cytokine 
production (74, 75). In human NK cells, T-bet and Eomes are 
differentially expressed on NK cell subsets (45), supporting 
that they can regulate different functions in different NK cell 
subpopulations. Our results confirm and extend these results 
showing that the levels of T-bet and Eomes are modulated in 
peripheral blood NK cell subsets representing different matura-
tion stages, independently of aging and CMV serostatus. The 
expression of T-bet is lower in the CD56bright NK cells than in the 
CD56dim subset, whereas the expression of Eomes is higher in 
the CD56bright NK cells. The CD56dimCD57+ subset shows higher 
levels of T-bet and lower levels of Eomes than the CD56bright and 
CD56dimCD57− NK cells. These results agree with the finding that 
not only the expression of T-bet and Eomes but also the expres-
sion of CD57 marker, modulate in parallel with the increase of 
KIRs on NK cells, but they do not differ in licensed or unlicensed 
NK cells (76), supporting that NK cell maturation but not NK 
cell licensing is dependent on T-bet and Eomes modulation. The 
significance of T-bet and Eomes in the maturation of other NK 
cell subpopulations is also supported by the demonstration that 
other subsets of NK cells display distinct patterns of expression 
of these transcription factors. Thus, a subpopulation of tissue-
resident hepatic CD56bright NK-cells, adapted to the tolerogenic 
liver microenvironment, with reduced proinflammatory poten-
tial, and characterized by the expression of CXCR6, express high 
levels of Eomes and low levels of T-bet, a phenotype virtually 
absent from peripheral blood (77, 78).

Very little is known on the expression patterns of T-bet 
and Eomes within human NK cell subpopulations in clinical 
situations. In this work, we have analyzed the expression of these 
transcription factors in two circumstances, such as CMV chronic 
infection and aging, which have a profound impact in NK cell 
differentiation.

Our results show that CMV seropositivity in young indi-
viduals associates with a significant increase in the percentage of 
CD56dim NK cells expressing Eomes and a decreased percentage 
of T-bethi NK cells within the CD56dimCD57+ subset, suggesting 
that changes in the expression of these transcription factors are 
involved in CMV-induced remodeling of NK cells, characterized 
by the expansion of CD56dimCD57+ NK cells coexpressing NKG2C 
activating receptors (2, 14, 30, 60, 79). It has been reported that 
the level of expression of Eomes and T-bet is strongly reduced 
in NK cells from allogeneic hematopoietic stem cell transplanta-
tion recipients compared with healthy control subjects and that 
acute graft-versus-host disease and CMV reactivation are associ-
ated with further downregulation of T-bet (80) supporting the 
importance of these transcription factors in the generation and 
differentiation of NK cells and in the response against CMV after 
hematopoietic stem cell transplantation.

The analysis of the effect of age on Eomes expression 
showed a decreased expression in CD56bright NK cells from 
CMV-seronegative middle age donors compared with CMV-
seronegative young individuals, whereas in CMV-seropositive 
donors, its expression was significantly higher in the three NK cell 
subsets, in young donors compared with the middle age and old 
groups. The percentage of T-bethi NK cells was not significantly 
affected by age, independently of CMV serostatus. The effect of 
aging on the expression of transcription factors in NK cells is 
not known. It has been recently shown that impaired NK cell 
maturation in old mice is associated with a decreased expression 
of T-bet and Eomes in aged bone marrow NK cells. The use of 
bone marrow chimeras has revealed that the non-hematopoietic 
environment is responsible for the impaired maturation and 
function of NK cells, including the defective expression of T-bet 
and Eomes expression on NK cells (81). Considering that the 
defect in NK cell generation and in T-bet and Eomes expression 
in old mice is due to age alterations in non-hematopoietic envi-
ronment, a better understanding of these non-hematopoietic 
factors involved in NK cell differentiation is required for the 
definition of new strategies aiming to improve NK cell function 
in the elderly.

It has been shown that the expression of T-bet and Eomes 
is increased in non-naïve CD8+ T cells from aged subjects and 
that this increase correlated closely with the levels of CD57 
and KLRG1. In addition, it was shown that aging is associ-
ated with a decreased functionality of influenza virus-specific 
CD8+ T cells and increased expression of CD57, KLRG1, and 
T-bet (82), supporting that the increased expression of these 
transcription factors is related to the expansion of highly 
differentiated, senescent or exhausted, CD8+ T cells found in 
elderly individuals.

In conclusion, CMV latent infection has a profound impact 
on NK cells inducing significant changes in the expression of 
NK receptors, including the inhibitory receptors CD300a and 
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The herpesvirus Epstein–Barr virus (EBV) was discovered as the first human candidate 
tumor virus in Burkitt’s lymphoma more than 50 years ago. Despite its strong growth 
transforming capacity, more than 90% of the human adult population carries this virus 
asymptomatically under near perfect immune control. The mode of primary EBV infection 
is in part responsible for EBV-associated diseases, including Hodgkin’s lymphoma. It is, 
therefore, important to understand which circumstances lead to symptomatic primary 
EBV infection, called infectious mononucleosis (IM). Innate immune control of lytic viral 
replication by early-differentiated natural killer (NK) cells was found to attenuate IM symp-
toms and continuous loss of the respective NK cell subset during the first decade of life 
might predispose for IM during adolescence. In this review, we discuss the evidence 
that NK cells are involved in the immune control of EBV, mechanisms by which they 
might detect and control lytic EBV replication, and compare NK cell subpopulations that 
expand during different human herpesvirus infections.

Keywords: lytic eBv infection, NKG2D, DNAM-1, infectious mononucleosis, humanized mice

ePSTeiN–BARR viRUS iNFeCTiON AND PReDiSPOSiNG 
FACTORS FOR eBv DiSeASe

The herpesvirus Epstein–Barr virus (EBV) was discovered in 1964 by electron microscopy in Burkitt’s 
lymphoma, the most common childhood tumor in sub-Saharan Africa (1). It is arguably the most 
potent human tumor virus, because it readily transforms primary human B cells into immortalized 
lymphoblastoid cell lines (LCLs) in culture (2). This strong growth transforming capacity is due to 
the latent EBV proteins, six nuclear antigens (EBNAs) and two latent membrane proteins (LMPs), 
which are expressed as the default infection program in B cells (3). Lytic EBV replication occurs in 
LCLs only at low levels and triggers the expression of around 80 gene products under the guidance of 
the immediate early lytic transactivator BZLF-1 for the production of infectious DNA virus particles 
(4). In addition to Burkitt’s lymphoma, EBV is associated with numerous malignancies, mostly of B 
and epithelial cell origin, such as Hodgkin’s lymphoma and nasopharyngeal carcinoma (3). Despite 
this strong growth transforming capacity, EBV is carried by more than 90% of the human adult 
population as an asymptomatic persistent infection.

Epstein–Barr virus infection remains asymptomatic in most persistently infected individuals 
despite transforming latent EBV protein expression (5). In healthy EBV carriers, the expression of 
all six EBNAs and the two LMPs can be found in naïve B cells of secondary lymphoid organs like 
the tonsils (6) (Figure 1). In germinal center B cells, only the subset of viral proteins that is also 
present in Hodgkin’s lymphoma is expressed (EBNA1, LMP1 and 2). Finally, in homeostatically 
proliferating memory B cells, the latency pattern of Burkitt’s lymphoma is present with EBNA1 as 
the only expressed protein (7). Reactivation from this persistent EBV reservoir of memory B cells 
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FiGURe 1 | Role of NK cells in the immune control of the eBv life cycle. Epstein–Barr virus (EBV) is transmitted via saliva exchange and infects submucosal B 
cells. In infected naïve B cells, the latency III EBV program can be found (EBNA1, 2, 3A–C, LP, and LMP1 and 2). Activation via EBV infection drives infected B cells 
into differentiation. In resulting germinal center B cells, latency II EBV infection can be found (EBNA1, LMP1 and 2). These EBV proteins allow EBV-infected B cells to 
survive and enter the memory B cell pool. In memory B cells, all EBV proteins expression is switched off (latency 0). Upon B cell receptor cross-linking, the lytic EBV 
cycle is activated due to plasma cell differentiation, which allows epithelial cell infection for further amplification of infectious virus before shedding into saliva. NK 
cells target lytically EBV replicating cells via their activating NKG2D and DNAM-1 receptors. It remains unclear if also lytically EBV replicating epithelial cells can be 
recognized by NK cells.
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into lytic replication seems to occur after B cell activation and 
plasma cell differentiation (8). These findings, however, indicated 
that healthy EBV carriers are continuously challenged with trans-
forming latent EBV expression programs, which could result in 
tumor formation without immune control.

Indeed, immune suppression after organ transplantation 
or due to human immunodeficiency virus (HIV) co-infection 
causes the occurrence of EBV-associated malignancies, such as 
post-transplant lymphoproliferative disease (PTLD) and immu-
noblastic lymphoma (3). Some of these lymphoproliferations can 
be treated by the adoptive transfer of EBV-specific T cell lines 
(9). Moreover, some individuals remain EBV seronegative despite 
carrying the virus, and seem to control persistent EBV infection 
entirely by cell-mediated immunity (10). Thus, cell-mediated 
immunity by T cells seems to be sufficient to control persistent 
EBV infection (11). In addition to direct immune suppression of 
cell-mediated immunity, the conditions under which this immune 
response is primed, seems to be decisive for an asymptomatic 
immune control of EBV infection. Indeed, if primary infection 
with EBV is delayed into adulthood, the virus is more frequently 
acquired with symptomatic primary infection, called infectious 
mononucleosis (IM) (12). This immunopathology by massive 
CD8+ T cell expansion and activation seems to result from an 
uncontrolled lytic EBV replication, because most of the expand-
ing CD8+ T cells are directed against lytic EBV antigens (13). 
This massive lymphocytosis seems to transiently compromise 

EBV-specific immune control with an increased susceptibility 
to some EBV-associated malignancies, such as Hodgkin’s lym-
phoma up to 5–10 years after IM (14). In this review, we discuss 
the innate arm of cell-mediated immune control of EBV, which 
could explain the different outcomes of primary infection with 
this tumor virus and might be required to limit initial viral titers 
so that long-lasting adaptive cell-mediated immune control can 
be efficiently primed.

PRiMARY iMMUNODeFiCieNCieS THAT 
AFFeCT NK CeLL FUNCTiON AND 
PReDiSPOSe FOR eBv DiSeASe

Evidence that loss of cytotoxic cell-mediated immune control 
predisposes for EBV-associated diseases comes from primary 
immunodeficiencies that sensitize for EBV-associated malig-
nancies (15, 16). A subset of these affect, in addition to T cell 
responses, natural killer (NK) cell responses and hint toward 
an important function of cell-mediated innate immunity in 
EBV-specific immune control. The underlying genetic lesions 
affect gene products that are involved in NK cell differentiation, 
stimulation, and cytotoxic effector function.

Natural killer cell differentiation is disrupted by mutations in 
GATA-binding protein 2 (GATA2) and minichromosome main-
tenance complex component 4 (MCM4). Accordingly, a GATA2 
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mutation was identified later in the first indicator patient with 
susceptibility to herpesvirus induced diseases (17, 18). GATA2 is 
a hematopoietic transcription factor that is required for the devel-
opment of several immune cell lineages, including B cells, CD4+ 
T cells, dendritic cells, neutrophils, and monocytes in addition to 
NK cells (19). With respect to EBV-associated diseases, patients 
with GATA2 mutations have been diagnosed with chronic active 
EBV infection (CAEBV) and virus-positive smooth muscle 
tumors (20, 21). In contrast to this multilineage deficiency in 
patients with GATA2 mutations, partial deficiency of the DNA 
helicase MCM4 blocked differentiation of the human CD56dim 
NK cell subset, while other hematopoietic lineages seemed to 
be unaffected (22). One of the afflicted patients suffered from 
an EBV-associated lymphoma (23). Thus, compromised NK cell 
differentiation is associated with uncontrolled EBV infection.

In addition to NK cell differentiation, some mutations that 
impact NK cell stimulation are associated with EBV disease. 
These include deficiencies in SLAM-associated protein (SAP) 
of X-linked lymphoproliferative disease type 1 (XLP1), in mag-
nesium transporter 1 (MAGT1) of X-linked immunodeficiency 
with magnesium defect, EBV infection, and neoplasia (XMEN), 
in CD27, in phosphatidylinositol 3 kinase (PI3K) 110δ and in 
FcγR3A (CD16). XLP1, also known as Duncan’s disease, primar-
ily manifests in boys (24). Primary infection with EBV often leads 
to fatal IM in the affected patients, if they cannot be identified 
early enough and treated with bone marrow transplantation (25). 
The underlying mutations in SAP were identified in 1998 (26–28) 
and affect the adaptor protein of SLAM receptors that mediate 
their co-activating function in T and NK cells. Two of these 
SLAM receptors, 2B4 and NTB-A, increase NK cell cytotoxicity 
(29, 30), but XLP1-associated SAP mutations might primarily 
compromise EBV-specific CD8+ T cell immune control (31–33). 
Furthermore, deficiency in the magnesium transporter MAGT1 
results in diminished free magnesium levels within cells, which is 
associated with downregulation of the activating NKG2D receptor 
on cytotoxic lymphocytes, T, and NK cells (34). Supplementation 
of magnesium results in decreased EBV loads in the affected 
XMEN patients. Another activating co-receptor on T and NK 
cells is CD27. Mutations in this CD70 engaging co-receptor pre-
dispose for EBV-associated lymphoproliferations (35, 36). Also, 
loss-of-function mutations in the signaling molecule PI3K 110δ 
of activating receptors are associated with persistent EBV viremia 
(37). Finally, the activating FcγR on NK cells, CD16, seems to be 
required for EBV-specific immune control. Mutations in CD16 
were reported to be associated with persisting IM symptoms (38, 
39). These primary immunodeficiencies identify 2B4, NKG2D, 
CD27, and FcγR as important receptors in EBV-specific cell-
mediated immune control.

Apart from these activating receptors, the cytotoxic effector 
machinery also seems to be important in EBV-specific immune 
control. Accordingly, mutations in perforin, Munc13-4, and 
Munc18-2 have been identified in patients with EBV-associated 
diseases. Mutations in perforin are responsible for type 2 familial 
hemophagocytic lymphohistiocytosis (FHL2). Persistent IM has 
been described in one FHL2 patient (40). Munc18-2 and 13-4 
mediate docking and activation of syntaxin 11 for cytotoxic 
granule fusion with the cell membrane, respectively. Mutations 

in these two components of the cytotoxic machinery were 
found in patients with CAEBV (41). These genetic lesions point 
toward a role of cytotoxic lymphocytes in EBV-specific immune 
control. Primarily, prolonged IM resulting in CAEBV seems to 
be associated with primary immunodeficiencies that affect NK 
cell function.

NK CeLL eXPANSiON DURiNG PRiMARY 
eBv iNFeCTiON

Natural killer cell expansion during primary EBV infection 
has first been reported in a study by Tomkinson et  al. (42), in 
which peripheral NK cells (identified as CD16+ lymphocytes) 
were described to be significantly increased in both frequency 
(1.5-fold) and absolute number (4-fold) in – by these measures 
– a similar manner to CD8+ T cells in a cohort of IM patients. 
However, since the authors had to use a strategy for gating lym-
phocytes that included activated and, thus, blasted cells, CD16+ 
monocytes could not be excluded from the analysis and might 
account for some of the quantitative changes ascribed to the NK 
cell compartment. Still, threefold to sixfold increases in the num-
ber of bulk NK cells in IM patients were found by other groups 
as well (43, 44) and these increases were found to be inversely 
correlated with viral load in blood (43). Likewise, higher NK cell 
counts tended to be associated with less severe disease (43). On 
the contrary, a large and, notably, prospective study of primary 
EBV infection (45), while also reporting expansions of NK cells 
during the acute phase, positively correlated NK cell numbers 
with blood viral load and also positively correlated blood viral 
load with disease severity (45). Similarly, the increase in NK cells 
in IM patients was related to greater disease severity by another 
group, although the small number of subjects in that study 
precluded statistical significance (44). A study by Azzi et al. (46) 
detailed the phenotype of NK cells during IM and convalescence 
in pediatric patients and demonstrated the lack of influence of 
primary EBV infection on the expression of killer cell immuno-
globulin-like receptors (KIRs) but instead noted an up to fivefold 
expansion of an early-differentiated NK cell subset (Figure  2). 
This accumulated NKG2A+KIR−CD57− NK cell subset was the 
only identifiable subset within the NK cell compartment that 
proliferated in the acute phase and importantly, this proliferating 
early-differentiated NK cell subset also correlated with viral load 
in PBMCs (46). Although overall NK cell numbers and frequen-
cies contract early after the onset of symptoms (43–46), these 
early-differentiated NK cells remain elevated in frequency up to 
6  months after the acute symptomatic phase (46–48), but over 
time accumulate signs of differentiation (46, 47). Asymptomatic 
primary EBV infection is mostly found in young children (49, 
50) compared to a symptomatic outcome, i.e., IM, in up to 75% of 
cases of primary EBV infection in adolescents (45). While asymp-
tomatic infection was associated with high viral load, phenotype, 
and frequencies of antigen-specific CD8+ T cells similar to IM, 
the massive expansion of CD8+ T cell numbers typically seen in 
IM was absent (49). It might be speculated that the confinement 
of CD8+ T cell expansion is exerted by the EBV-responsive early-
differentiated NKG2A+KIR− NK cell subset, especially since this 
subset is highest in both frequency and numbers in newborns and 
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FiGURe 2 | eBv and HCMv expand different NK cell populations. Epstein–Barr virus (EBV) expands early-differentiated NKG2A/CD94, NTB-A, 2B4, CD27, 
CD16, NKG2D, and DNAM-1-positive NK cells, which after expansion upregulate the senescence marker CD57. Human cytomegalovirus (HCMV) in contrast 
expands late-differentiated CD94/NKG2C, CD16, CD2, KIR, and CD57-positive NK cells.
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young children but decreases with age (46). Whether the loss of 
early-differentiated NK cells during adolescence is associated with 
a specific molecular imprint that affects NK cell homeostasis, e.g., 
the result of changes in the expression of transcription factors, 
has not yet been explored in the current literature. One explana-
tion for such an age-dependent effect, however, is an increased 
burden and accumulation of various infectious challenges with 
advancing years that can likely be expected to have an impact on 
the differentiation of NK cells. One of these challenges, namely 
infection with the human cytomegalovirus (HCMV), that seems 
to drive NK cell differentiation via IL-12 and IL-15 production, is 
discussed below. Thus, dynamics within the NK cell compartment 
over time might in part explain the age-dependent occurrence of 
symptomatic primary EBV infection.

NK CeLL ReACTiviTY AGAiNST LYTiC 
eBv iNFeCTiON

Indeed, the trigger of peripheral NK cell accumulation in primary 
EBV infection does not seem to be caused by the inflammatory 
status of IM itself, e.g., increased levels of pro-inflammatory 
cytokines, since patients with equally inflammatory conditions 
but lacking evidence of EBV seroconversion do not show any 
expansions in their NK cell compartment (46). Instead, there is 
evidence that the state of the infectious cycle of EBV, either latent 
or lytic, drives the expansion of NK cells during infection, specifi-
cally changes that are inherent to lytic replication. In mice with 
reconstituted human immune system components (HIS mice), 
NK cell expansion only occurs during infection with wild-type 
EBV, but not with recombinant EBV engineered to only establish 
latent infection (EBV BZLF-1 knockout or BZ1KO EBV) (51). 
Furthermore, proliferation of NKG2A+KIR− NK cells was only 
seen after in vitro infection of cord blood with wild-type EBV but 
not with BZ1KO EBV (46). It is, therefore, conceivable that the 
expansion of the cytotoxic lymphocyte populations, namely NK 

and CD8+ T cells, during EBV infection is driven by the amount 
of available antigen (45, 46, 51), since the expansion of total CD8+ 
T cell and NK cell numbers as well as viral load correlate (45). 
Actually, lytic replication might not only be responsible for the 
expansion of the early-differentiated NK cell subset, but seems 
to also be a target of NK cells itself (Figure 1). In EBV-infected 
HIS mice, NK cells protect from high viral load, elevated cytokine 
levels, splenomegaly, weight loss, and occurrence of lymphopro-
liferative tumors, as well as limit the expansion of CD8+ T cells 
(51). Most of the protective effects of NK cells are lost in HIS mice 
only latently infected with EBV, but regained when these mice 
are infected with a recombinant virus reverted to allow for lytic 
replication (51). Also, in EBV-infected HIS mice depleted of NK 
cells, there is an increased abundance of lytic proteins and cell-free 
viral DNA indicative of ongoing uncontrolled lytic replication 
(51). In vitro, NK cells respond to and kill an EBV-positive B cell 
line more efficiently when these cells are in the lytic as compared 
to the latent phase of infection (51–53), in particular NK cells 
with the NKG2A+KIR− phenotype (46). The preferential killing of 
lytic cells was sensitive to blocking of CD112 and ULBP-1, ligands 
of the activating NK cell receptors DNAM-1 and NKG2D, respec-
tively (52) as well as directly blocking DNAM-1 (53). Therefore, 
the identification of activating receptors or combinations thereof 
crucial in NK cell-mediated protection in vivo holds promise to 
further our understanding of the intricate interplay between EBV 
with the host’s immune system and HIS mice might constitute a 
feasible model to answer such questions (51).

DiFFeReNCeS BeTweeN eBv-DRiveN 
NK CeLL eXPANSiON AND OTHeR 
HUMAN HeRPeSviRUS iNFeCTiONS

In contrast to EBV infection, other herpesviruses either do not 
change the NK cell composition, such as recurrent α-herpesvirus 
infection by herpes simplex virus 2 (HSV2) (54), or expand 
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terminally differentiated NKG2C+KIR+CD16+ NK cells, such as 
the β-herpesvirus HCMV (55–57) or the γ-herpesvirus Kaposi 
sarcoma-associated herpesvirus (KSHV) in HIV-infected indi-
viduals (58). Accumulation of terminally differentiated NK cells 
is primarily connected to HCMV infection (Figure 2) and it has 
been argued that in other viral infections, for which such terminal 
NK cell differentiation can be observed, such as with Hantavirus 
(59), Chikungunya virus (60), HIV (61), and hepatitis virus (62), 
mainly HCMV-positive individuals are affected by this alteration 
in NK cell repertoire composition (63–65).

This HCMV-driven terminal NK cell expansion has been 
linked to NK cell stimulation by cells that produce the NKG2C 
ligand HLA-E plus the NK cell proliferation stimulating cytokine 
IL-15 on their surface (59, 66). Expansion of NKG2C-positive 
NK cells could be obtained with HCMV infected fibroblasts 
plus IL-15 (67) and bystander monocytes were able to provide 
NK cell stimulating cytokines, including IL-12 (68). However, 
HCMV-infected individuals with NKG2C deficiency also 
develop NK cell populations that more vigorously secrete IFN-γ 
upon stimulation, the so-called adaptive NK cell populations 
(69), and the NKG2C genotype does not affect the outcome of 
congenital HCMV infection (57). Therefore, HLA-E-mediated 
NK cell stimulation might not be essential for the expansion and 
anti-viral function of NKG2C-positive NK cell populations, but 
IL-15 and IL-12 might be more important (65). Accordingly, one 
patient with IL-12Rβ1 deficiency did not carry adaptive NK cell 
populations (70). Therefore, cytokines might be one of the main 
drivers of adaptive NK cell expansion, as originally proposed in 
mice (71). These adaptive NK cells are terminally differentiated 
NKG2C-positive NK cells during HCMV infection, while for the 
early-differentiated NK cells that expand and persist for 6 months 
during acute EBV infection adaptive features have still to be 
investigated.

In contrast to direct immune control of lytic EBV replica-
tion by early-differentiated NK cells (51), the role of terminally 

differentiated NK cells is less clear during HCMV infection. 
Only for decidual NKG2C-positive NK cells it was shown 
that they directly kill HCMV-infected autologous decidual 
fibroblasts in an HLA-E dependent fashion (72). Most stud-
ies, however, implicate the NKG2C-positive NK cell subset 
that expands during HCMV infection in mediating superior 
antibody-dependent cellular cytotoxicity (ADCC) against 
antibody opsonized HCMV-infected macrophages or fibroblasts 
(73, 74). In these studies, both IFN-γ production and degranula-
tion of NKG2C-positive NK cells of HCMV-infected donors 
were superior upon opsonized target recognition compared to 
NKG2C-negative NK cell populations. These superior effector 
functions most likely result from epigenetic modifications, as 
has been shown for the IFN-γ gene locus in NKG2C-positive 
NK cells of HCMV infected individuals (75–78). Thus, early-
differentiated NK cells that expand during EBV infection might 
directly recognize lytically EBV replicating targets, while the 
terminally differentiated NK cells in HCMV-infected individu-
als mainly promote ADCC.
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A better understanding of the mechanisms employed by HIV-1 to escape immune 
responses still represents one of the major tasks required for the development of novel 
therapeutic approaches targeting a disease still lacking a definitive cure. Host innate 
immune responses against HIV-1 are key in the early phases of the infection as they 
could prevent the development and the establishment of two hallmarks of the infection: 
chronic inflammation and viral reservoirs. Sialic acid-binding immunoglobulin-like lectins 
(Siglecs) belong to a family of transmembrane proteins able to dampen host immune 
responses and set appropriate immune activation thresholds upon ligation with their 
natural ligands, the sialylated carbohydrates. This immune-modulatory function is also 
targeted by many pathogens that have evolved to express sialic acids on their surface 
in order to escape host immune responses. HIV-1 envelope glycoprotein 120 (gp120) 
is extensively covered by carbohydrates playing active roles in life cycle of the virus. 
Indeed, besides forming a protecting shield from antibody recognition, this coat of 
N-linked glycans interferes with the folding of viral glycoproteins and enhances virus 
infectivity. In particular, the sialic acid residues present on gp120 can bind Siglec-7 on 
natural killer and monocytes/macrophages and Siglec-1 on monocytes/macrophages 
and dendritic cells. The interactions between these two members of the Siglec family 
and the sialylated glycans present on HIV-1 envelope either induce or increase HIV-1 
entry in conventional and unconventional target cells, thus contributing to viral dissem-
ination and disease progression. In this review, we address the impact of Siglecs in the 
pathogenesis of HIV-1 infection and discuss how they could be employed as clinic and 
therapeutic targets.

Keywords: host-pathogen interactions, NK cells, monocytes/macrophages, dendritic cells

iNTRODUCTiON

Immunoglobulin-like receptors constitutively present on cellular surface play a key role in the immune 
recognition of both cell targets and pathogens due to their high plasticity that makes them easily 
adaptable to adopt an infinite range of molecular structures. In this regard, glycans expressed by sev-
eral microbes are recognized by several immunoglobulin type-I lectins, including sialic acid-binding 
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immunoglobulin-like lectins (Siglecs). Siglecs belong to a fam-
ily of transmembrane proteins that display a variable numbers 
of C2-set immunoglobulin domains (from 1 in CD33 to 16 in 
Siglec-1), an amino-terminal V-set immunoglobulin domain that 
recognizes sialic acid residues (1–3) and a conserved arginine 
residue that binds carbohydrates. Fifteen different functional 
Siglecs have been identified in humans, including Siglec-12 that 
has lost the ability to bind sialic acids. They can be classified in 
two main subgroups: the first one comprises the evolutionary 
conserved Siglecs-1, -2, -4, and -15 that differ from the second 
cluster of rapidly evolving Siglecs. This latter type-I lectin sub-
group includes Siglec-3, -5 to -11, -14, and -16 sharing structural 
similarities with the first identified CD33/Siglec-3 (4–6). Siglecs 
are constitutively expressed mostly on cells derived from the 
hematopoietic lineage and belonging to innate immunity, such 
as monocytes/macrophages, neutrophils, basophils, eosinophils, 
dendritic cells (DCs), and natural killer (NK) cells (5). In con-
trast, adaptive immune cells such as T  lymphocytes have very 
low or undetectable surface levels of these type-I lectins (7). Of 
note, the expression of distinct member of Siglec family can be 
either restricted to specific immune cells (i.e., Siglec-1 and -11 
constitutively present only on macrophages) (5, 8, 9) or shared by 
several myeloid and lymphoid populations (i.e., Siglec-7 and -9 
expressed on NK cells, monocytes and macrophages or Siglec-5 
on monocytes, B cells, and neutrophils) (5, 10–12).

In regard to Siglec binding to their putative ligands, each one of 
these lectin-type molecules has a preferential specificity for sialic 
acid residues, and the recognition depends on both glycan struc-
tures and glycan modifications associated with sulfation, acetyla-
tion, and glycosylation reactions (13, 14). Sialic acids comprise a 
family of more than 50 carbohydrates that share a nine-carbon 
backbone (C1-9) representing the terminal unit of glycoproteins 
and glycolipids (gangliosides) phylogenetic conserved among 
different species including humans (15). Siglec-binding sites 
are usually masked at the cellular surface due to cis interactions 
with highly expressed low affinity sialic acids. Their unmasking 
in response to cellular activation or sialidase treatment cleaves 
the cis low affinity ligands and allows free interactions in trans 
with highly glycosylated ligands. Nonetheless, trans interactions 
can also occur when Siglecs encounter other cells or pathogens 
expressing higher affinity ligands competing with cis (16, 17). 
Following the binding with these sugars, Siglecs regulate and 
control inflammatory responses by setting appropriate thresh-
olds of immune activation (5, 18–20). Indeed, Siglec cytosolic 
tails mostly include immune-receptor tyrosine-based inhibi-
tory motifs (ITIMs) or ITIM-like domains, whose engagement 
inhibits leukocyte proliferation, induces apoptosis, modulates 
endocytosis and the production of inflammatory cytokines.

In the context of host–pathogen interactions, sialic acids and 
their glycan residues expressed on the envelopes of several patho-
gens serve as recognition molecules interacting with lectin-type 
molecules such as Siglecs. This is one of the established mecha-
nisms of viral entry in immune cells, as demonstrate with highly 
pathogenic A, B, and C strains of influenza that encode hemagglu-
tinin enriched with sialic acid residues (21, 22). The engagement 
of Siglecs in response to their recognition of microbial glycan 
residues has been first described as a mechanism to dampen host 

immune responses following the encounter with inflammatory 
stimuli (23–26). Later on, it became evident that pathogens took 
advantage of the Siglec recognition by evolving and expressing 
sialic acids on their surface in order to escape host inflammatory 
responses (20, 27). More recently, a novel and emerging working 
hypothesis postulates that CD33-related Siglecs also evolved in 
response to pathogen manipulation by associating their intra-
cellular domains with either immune-receptor tyrosine-based 
activation motifs (ITAM) or unconventional activating from of 
ITIMs in Siglec-7 (17, 20, 28–30).

Several lines of evidence indicate that also HIV-1 employs 
sialic acid associated-mechanisms to facilitate its viral entry in 
target cells. Indeed, HIV-1 envelope (env) is equipped with an 
N-terminal glycoprotein 120 (gp120) heavily conjugated with 
sialic acids residues that, besides forming a protecting shield 
from antibody (Ab) recognition, also enhance virus infectivity 
and dissemination by binding sugar-binding receptors expressed 
on host immune cells (31–39). Indeed, several human lectin-type 
receptors including galectins (40, 41), defensins (42–44), and  
others (45–51) have been shown to bind HIV-1 env by recogniz-
ing glycans expressed on gp120. The identification and charac-
terization of these sialic acid-binding receptors also explain the 
different susceptibility to HIV-1 to infect cells expressing different 
repertoires of Siglecs (52). Although these lectin-type receptors 
were identified in the early 1980s, only recently their interactions 
with HIV-1 have been disclosed. In particular, Siglec-1 (53–55) 
and Siglec-7 (52, 56) have been reported to bind HIV-1 envelope, 
thus inducing and/or facilitating HIV-1 infection and disease 
progression. This review provides an updated summary in regard 
the pathogenic role of Siglecs and also discusses how they could 
be employed as clinic and therapeutic targets.

KiNeTiCS OF SiGLeCS DURiNG THe 
COURSe OF Hiv-1 iNFeCTiON

Human NK  cells are known as effector-cells capable of killing 
potentially dangerous non-self targets (i.e., viral-infected, tumor-
transformed, or allogeneic cells) and produce pro-inflammatory 
cytokines such as interferon-γ (IFN-γ) upon activation and in 
the absence of a prior sensitization to specific antigens. NK cell 
recognition of autologous cell targets is mediated by a large fam-
ily of inhibitory NK cell receptors (iNKRs) including killer cell 
immunoglobulin-like receptors and C-type lectins that recognize 
different alleles of major histocompatibility complex of class I 
(MHC-I) (i.e., missing-self hypothesis). Decreased expression or 
absence of self-MHC-I on viral-infected or tumor-transformed 
or allogeneic cells trigger NK  cell effector functions via the 
engagement of large family of activating NKRs (aNKRs) that 
bind their putative ligands expressed on cellular targets (57–59). 
Even though the inhibitory signals are considered dominant over 
the activating ones, the dynamic balance between iNKRs and 
aNKRs is key for the regulation of NK-cell-mediated clearance 
of viruses and tumors (60–62). NK  cells are CD3neg/CD19neg/
CD14neg lymphocytes whose phenotype is defined by the expres-
sion of CD56 and CD16 (56, 59). In healthy subjects, the largest 
subset of circulating NK cells (up to 90%) is CD56dim/CD16pos, 
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has a high cytolytic potential, and can also produce high levels 
of pro-inflammatory and antiviral cytokines upon stimulation. 
The second circulating subset of immune-regulatory CD56bright/
CD16dim-neg NK cells (up to 10–15%) is able to secrete high amount 
of pro-inflammatory cytokines while displaying poor cytotoxicity 
(59, 63, 64).

The first studies assessing the frequencies and the functions 
of NK cells in HIV-1 infected patients with high levels of ongo-
ing viral replication reported an overall decrease of both their 
percentage and absolute number in the peripheral blood. Either 
apoptosis or cellular migration to peripheral tissues has been pro-
posed as possible mechanisms driving the depletion of circulating 
NK cells during the course of HIV-1 infection (65, 66). Only later, 
it became evident that HIV-1 viremia does not reduce the abso-
lute number of circulating NK cells but rather induce a pathologic 
redistribution of their subsets since from the early stages of the 
infection. Indeed, others and we identified and characterized 
an anergic population of CD56neg/CD16pos (CD56neg) NK  cells 
expanded in viremic patients and counterbalancing the reduction 
of the CD56dim/CD16pos cytolytic NK cell subset. An early deple-
tion of the immune-regulatory CD56bright/CD16neg NK cells has 
been also described (64, 67–69). This subset of CD56neg NK cells 
in HIV-1 infection is characterized by an imbalanced repertoire 
of NKRs associated with a remarkably impaired cytotoxic activity 
and secretion of antiviral cytokines/chemokines (68, 70). These 
pathological features explain, at least in part, the impairments 
of CD56neg NK cells in the clearance of both tumor-transformed 
and viral-infected cell targets as well as their defective interac-
tions with autologous DCs (71–73). The mechanisms driving the 
expansion of this pathologic CD56neg NK cells during the course 
of HIV-1 infection remain unknown, although several lines of 
evidence indicate that this phenomenon is not HIV-1 specific. 
Indeed, high frequencies of CD56neg NK cells have been reported 
in other viral infections [such as human cytomegalovirus or 
hepatitis C virus (HCV)] and autoimmune diseases (such as 
myasthenia gravis or dermatomyositis) (64). Hence, it is conceiv-
able to hypothesize that persistent inflammation characterizing 
several human chronic immunological diseases might be one of 
the factors inducing the expansion of CD56neg NK cells.

The down-modulation of CD56 is not the only NK surface 
marker whose surface level is altered by high levels of ongoing 
HIV-1 replication. In fact, also the expressions as well as the 
functional relevance of several aNKRS and iNKRs are affected 
by HIV-1 viremia (62, 74). Indeed, these markedly dysfunctional 
CD56neg NK cell subsets express high levels of iNKRS and low lev-
els of aNKRs, a phenomenon that contributes, at least in part, to a 
defective control of HIV-1 replication and to disease progression 
(64, 72). The HIV-1-induced pathologic modulation of CD56 and 
NKR surface expression does not occur during the acute phase 
of the infection but require a chronic exposure of NK  cells to 
chronic viral replication (75). In contrast, the down-modulation 
of Siglec-7, a iNKRs constitutively expressed on the majority of 
NK  cells, is detectable since from the earliest phases of HIV-1 
infection and precedes the phenotypic changes of CD56 and 
NKRs on NK cells (56). This phenomenon makes it possible to 
identify two distinct subsets present in different stages of HIV-1 
infection: the Siglec-7neg/CD56dim NK population only present in 

the early phases of HIV-1 infection and the Siglec-7neg/CD56neg 
NK cell subset that become detectable several months later when 
the disease enters in its chronic phase. All these HIV-1-induced 
phenotypic changes are reversible following the administration 
of a successful antiretroviral therapy (ART) and the restoration 
of Siglec-7 expression on NK cells is much faster compared to 
that of CD56, aNKRs, and iNKRs. The impact of viral replication 
in inducing these phenotypic abnormalities is also confirmed 
by the experimental evidence showing that NK cells from those 
HIV-1-infected patients with a low/undetectable levels of viral 
replication that do not progress to AIDS (i.e., long-term non-
progressors or LTNP) are similar and undistinguishable from the 
ones of uninfected healthy individuals (56). Although Siglec-7 is 
an iNKRs containing ITIM-like domains in its cytosolic tail, it has 
been also reported that Siglec-7pos NK cells are more function-
ally relevant compared to their Siglec-7neg counterparts. Indeed, 
the expression of Siglec-7 in NK cells is associated with higher 
levels of aNKRs (i.e., CD16, NKp30, NKp46) and lower levels of 
iNKRs (i.e., CD94/NKG2A, CD158b) (76). This likely explains 
the fact that NK cells still retain a certain degree of antiviral and 
antitumor functions in the acute phases of HIV-1 infection, while 
become anergic and highly dysfunctional only in the chronic 
stages of the disease featuring the expansion of the Siglec-7neg/
CD56neg NK cells (56).

A soluble form of Siglec-7 (sSiglec-7) resulted to be increased 
in the sera of HIV-1-infected patients and could serve as an 
additional clinical biomarker to monitor disease progression. In 
fact, higher serum levels of sSiglec-7 directly correlate with HIV-1 
viremia and parallel the expansion of Siglec-7neg NK cells in HIV-
1-infected patients, thus suggesting that the continuous exposure 
to ongoing viral replication induce the shedding of Siglec-7 recep-
tor from NK  cell surface (52, 56). Among circulating immune 
cells constitutively expressing this C-lectin-type molecule (i.e., 
NK cells and monocytes) (5), the main source of sSiglec-7 seems 
to be NK  cells because a subset of Siglec-7neg monocytes has 
never been reported during the course of HIV-1 infection (52). 
Similarly, it has been recently shown that also the stimulation 
in vitro of NK cells with HCV induces both a significant release 
of sSiglec-7 in culture supernatant and a decrease of Siglec-7 
expression from NK cell surface (77). Further investigations are 
required to identify the cellular and molecular mechanisms that 
certain viruses employ to induce a shedding of this C lectin-type 
receptor selectively on NK cells during the acute phases of the 
infection.

Siglec-1 is a sialoadhesin (i.e., an adhesion molecule present 
on cell surface and binding sialic acid residues) constitutively 
expressed on monocytes and macrophages whose expression is 
remarkably increased on HIV-1 infected monocytes (54, 78, 79). 
These higher amount of Siglec-1 on CD14pos cells are induced by 
IFN-α and IFN-γ, occur rapidly after infection, enhance their 
susceptibility to infection, and are maintained during the follow-
ing chronic phases of HIV-1 disease. In particular, the expression 
of Siglec-1 on monocytes appears to be higher in AIDS patients 
compared to that of asymptomatic HIV-1-infected individuals 
and correlates with plasma viral load. These findings suggest that 
high frequencies of Siglec-1pos/CD14pos monocytes are associated 
with disease progression (80). In addition, higher surface levels 
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of Siglec-1 on monocytes correlate with immune activation as 
the treatment of these cells with IFNs or bacterial compounds 
such as lipopolysaccharide increases the surface amount of this 
type-I lectin. This is consistent with the condition of chronic 
inflammation and immune activation induced by the presence 
of HIV-1 viremia that also triggers the expansion of a subset of 
CD14pos/CD16pos-activated monocytes (54, 78, 81–84). Hence, 
although having different kinetics during the course of HIV-1 
infection, both the expressions of Siglec-1 and Siglec-7 are greatly 
influenced by viral replication and can be used as clinical tools 
to identify and monitor acute and chronic clinical stages of the 
infection.

SiGLeCS iN THe PATHOGeNeSiS OF 
Hiv-1 iNFeCTiON

In addition to CD4pos T  lymphocytes that represent the main 
cell target of HIV-1 infection, the virus is able to also infect 
immune cells of myeloid origin such as DCs and tissue-resident 
macrophages (71, 85). These two latter antigen-presenting cells 
express both CD4 and the chemokine co-receptors CCR5 and 
CXCR4, which are required for a productive HIV-1 infection 
(86). In particular, different Siglecs have been reported to play 
key roles in both binding the virus and facilitating its viral entry 
in monocytes and macrophages due to the fact that HIV-1 env-
gp120 is extensively covered by carbohydrates first processed 
in the endoplasmic reticulum and then further modified in the 
trans-Golgi apparatus (31–35). The high degree of sialylation on 
HIV-1 envelope, other than representing a protecting shield that 
hamper Ab recognition of viral antigens, is also highly permissive 
and facilitates HIV-1 infection of target cells (33, 87–89). Indeed, 
given the high avidity and affinity of Siglecs for sialic acid residues, 
the viral env-gp120 (in particular within the V1/V2 domain) 
represents an important Siglec-binding site (90). Different from 
CD4pos T cells though, monocytes and macrophage are resistant 
to HIV-1-mediated cytopathic effects as there is no depletion of 
these cells either in peripheral blood or tissues of HIV-1-infected 
patients. Moreover, macrophage can serve as cellular storage of 
accumulating virions in their sub-cellular regions that are termed 
“virion containing compartment” and whose origin is still unclear 
(91, 92). The identification of VVCs gave rise among the scientific 
community to the “Trojan horse” metaphor meaning that the 
virus can be hidden in infected macrophages that, in turn, can 
disseminate infectious particles when interplaying with CD4pos 
T cells and/or in response to environmental signals (i.e., cytokines 
or damage-associated molecular patterns). Several experimental 
evidence confirmed the existence of this “Trojan horse” in in vitro 
infected monocytes/macrophages, in the brain of AIDS patients 
with HIV encephalitis (93, 94) as well as in macaques infected 
with Simian immunodeficiency virus (SIV) (95, 96). It is still being 
debated whether HIV-1 infection of macrophages leads to the 
establishment of an additional reservoirs of latently infected cells 
contributing to boost viral replication and disease progression in 
patients undergoing ART interruption (97). In supports to this 
hypothesis, it has been reported that the functional polarization 
of monocyte-derived macrophages (MDM) into M1 cells upon 

exposure to pro-inflammatory signals (i.e., IFN-γ and TNF-α) 
leads to a state of quasi-latency upon HIV-1 infection (98). 
Moreover, recent evidence demonstrates that M2 macrophages 
are more permissive to HIV-infection/replication compared to 
their M1 counterparts. This is associated with the fact that the 
stimulation with macrophage colony-stimulating factor induces 
both in vitro and in vivo the expression on macrophage of several 
cellular receptors required for viral entry, including CD4, CCR5, 
and Siglec-1 (90, 99).

The first evidence of a direct contribution of Siglecs to HIV-1 
pathogenesis has been reported in monocytes with the Siglec-1-
mediated uptake of HIV-1 in a sialic acid-dependent mechanism 
(54). Indeed, Siglec-1 can bind HIV-1 and promote a trans-infec-
tion of monocytes. Unlike the other Siglecs in which the sialic acid 
binding sites could be masked by ligands expressed in cis, Siglec-1 
is equipped with a larger extracellular domain that allow both 
cell-to-cell and cell-to-virus interactions. The discovery of this 
mechanism made it possible to understand that Siglec-1 is able to 
directly interact with HIV-1 and contributes to the spreading of 
HIV-1 infection (5). Moreover, Siglec-1 on macrophages can also 
function as an adhesion molecule carrying sialic acid conjugates 
to T cells (100, 101). Hence, the main current working hypothesis 
postulates that monocytes and macrophages interplay at the same 
time with viral envelope and target cells via Siglec-1 that bridges 
HIV-1 in close proximity to CD4 and chemokine co-receptors 
(Figure  1). This interaction would overcome the electrostatic 
repulsive forces created by the negative charges present on both 
virus envelope and cell surface, thereby unmasking the receptors 
involved in the internalization of HIV-1 and promoting viral 
entry. In support of this hypothesis, several studies showed that 
removal of sialic acids from cell surface or viral envelope with 
neuraminidase treatment increases the susceptibility of target 
cells to be infected and form cellular syncytia (33, 39, 102, 103). 
Moreover, a recent report demonstrated in an in  vivo rodent 
model of HIV infection that the virus can disseminate over long 
distance in a cell-free manner in the blood and lymph and can 
be captured by Siglec-1pos macrophages mainly located at the 
interface between lymphoid tissues and fluids, thus allowing and 
facilitating the trans-infection of lymphocytes (104).

Siglec-1 also mediates HIV-1 trans-infection of mature DCs 
(mDCs) and contributes to viral dissemination via the establish-
ment of immunological synapses between mDCs and T  cells 
in the early steps of the infection at mucosal sites (53). In this 
regard, intra-vaginal inoculation of SIV recruit plasmacytoid 
DCs to lymphoid tissue and increases tissue levels of IFN-α. In 
turn, this pro-inflammatory cytokine induces the maturation of 
DCs and their ability to mediate HIV-1 trans-infection of CD4pos 
T cells and of themselves via Siglec-1 (105, 106). The interactions 
between Siglec-1 expressed on mDCs and sialic acids residues 
present on viral membrane or exosomes also represents a host 
immune mechanism employed by mDCs to process and present 
antigens to CD4pos T cells. HIV-1 evolved to take advantage of this 
physiologic pathway and used mDCs as a carrier of infection (53). 
Recently, it has been proposed that HIV-1 particles do not only 
parasite mDCs in their cellular compartments, but virions are 
also retained on surface-connected plasma membrane invagina-
tions (107) (Figure 1).
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Monocyte-derived macrophages express different Siglecs that, 
other than binding HIV-1, have been also reported to enhance 
the susceptibility of MDMs to be infected by the same virus (52, 
55). Siglec-1 leads this process by serving as the most effective 
MDM surface receptor up-taking HIV-1 envelope, even though 
its degree of expression on these cells is significantly lower 
compared to that of Siglec-3 and -9. As previously mentioned, 
this is likely due to the fact that Siglec-1 has a larger size with 17 
immunoglobulin domains size and is present in an un-masked 
state, while Siglec-3 and -9 are masked on MDM cell surface and 
display a great affinity toward gp120 only after neuraminidase 
treatment (55). It has been recently reported that also Siglec-7 
acts as a membrane-bound molecule that contributes to enhance 
HIV-1 infection of MDMs (52). Several studies showed that both 

monocytes and macrophages constitutively express high levels of 
Siglec-7 (5, 10, 20, 24, 25, 52), while only one report claiming a 
very low expression of this type-I molecule on MDMs (53). Similar 
to Siglec-1, Siglec-7 binds gp120 present on viral envelope and 
increases the viral entry of HIV-1 in MDMs. Indeed, the masking 
of Siglec-7 greatly reduce the amount of HIV-RNA in MDMs, 
thus decreasing their susceptibility to infection (52) (Figure 1).

Siglec-7 has been recently reported of being able to increase 
the susceptibility to HIV-1 infection even its soluble form (52). 
Indeed, Siglec-7-Fc fusion protein significantly increases HIV-1 
viral entry in Siglec-7neg/CD4pos T  cells. This phenomenon is 
highly relevant in the course of active and chronic HIV-1 infec-
tion since AIDS patients show increased serum levels of sSiglec-7. 
Again, although a direct experimental evidence is still lacking, 
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it has been hypothesized that sSiglec-7 is shed from the cellular 
surface on NK cells since high levels of HIV-1 replication induce 
an early decrement of Siglec-7 specifically on this population and 
not on in monocytes/macrophages and CD8pos T cells, which are 
the other two immune cells constitutively expressing this type-I 
lectin (10, 52, 56). Even though the mechanisms, the kinetic, and 
the pathogenic relevance of the sSiglec-7-mediated infection of 
CD4pos T cells are still unknown, it is conceivable to hypothesize 
that this c-lectin-type molecule could serve as a highly efficient 
and T-trophic carrier of the virus in the bloodstream and tissue 
sites (Figure 1).

SiGLeC-7 AND iNFLAMMATiON iN Hiv-1 
iNFeCTiON

Since from the very beginning of HIV-1 pandemic, it became 
clear that the occurrence of a persistent inflammation is a 
hallmark of the disease together with the establishment of viral 
reservoirs (108, 109). Chronic inflammation also leads to a 
long-term activation of immune system even in the presence of 
ART and low levels of viremia (110). Several HIV-1-mediated 
mechanisms have been reported to induce an aberrant state of 
long-lasting inflammation, including the pathologic transloca-
tion of commensal micro-flora from the mucosal interfaces to 
both lamina propria and mesenteric lymph nodes in response 
to the massive depletion of mucosal CD4pos T occurring during 
the acute phases of the infection (111). Macrophages, other then 
constitutively expressing several members of the Siglec family, 
also represent the sentinels of the host innate immune system 
against pathogens at mucosal interface (5, 112). In the case of 
HIV-1 infection, the persistent engagement of inflammatory 
pathway in macrophages chronically challenged by the virus 
itself or by several opportunistic pathogens likely contributes 
to induce a chronic state of immune activation. Indeed, it has 
been reported that Siglec-7 on MDMs is able to bind different 
pathogens either expressing sialic acid residues (i.e., HIV-1, K1 
strain of Escherichia coli and Candida albicans) or not expressing 
syalilated glycans (i.e., K12 strain of E. coli and Zymosan yeast 
particles) (17, 52). Interestingly and in contrast with the reported 
inhibitory function of Siglec-7 in regulating the homeostasis and/
or the effector functions of T and NK cells (113–115), the engage-
ment of this type-I lectin on monocytes induces the production 
of several pro-inflammatory cytokines such as IL-6, IL-1α, CCL4, 
IL-8, and TNF-α (17). As a matter of fact, although coupled with 
ITIMs in its cytoplasmc domain, Siglec-7 promotes activation 
of monocytes via the engagement of an unconventional activat-
ing signal transduction pathway of these inhibitory motifs. It is 
well-known that ITIMs usually induce the phosphorylation of Src 
family kinases that, in turn, recruit phosphotyrosine phosphatase 
(PTP) such as Src homology region 2 domain-containing phos-
phatase-1 (SHP-1) and SHP-2. These PTPs switches off cellular 
pathways by dephosphorylating tyrosine residues and also pre-
vents the activation signals that originate from receptors coupled 
with ITAMs (116). Recently, the interpretation of this dichotomy 
in signal transduction has been revised due to the identification of 
new transmembrane receptors containing ITIMs. Indeed, several 
studies demonstrated that, in some circumstances and depending 

on the cellular context, ITIMs can propagate activation signals 
and ITAMs can mediate inhibition (117–124). One example is 
given by the dendritic-cell-associated C-type lectin 2, an ITIM 
bearing receptor, whose cross-linking with an anti-DCAL-2 
monoclonal Ab (mAb) recruits a SHP-2 domain that, instead of 
negatively regulating cell signaling, is involved in activating the 
ERK pathway and in inducing the production of IL-10, TNF-α, 
IL-6, and CCL5 (117). This phenomenon is also occurring with 
Siglec-7 isoform selectively expressed on monocyte and bearing 
“activating” ITIMs inducing the phosphorylation of ERK. This 
latter well-known signaling pathway triggers various transcrip-
tion factors modulating many genes involved in the immune 
activation (125). Therefore, the encounter of different pathogens 
by Siglec-7 expressed on monocytes and macrophages likely 
provide an additional mechanism contributing to the appearance 
of persistent inflammation during the course of HIV infection.

Besides inducing the production of pro-inflammatory cytokines 
and chemokines in monocytes and macrophages, the cross-
linking of Siglec-7 also induces an up-modulation of ICAM-1 and 
CD49e. These two adhesion molecules are known to play a rel-
evant role in the trans-endothelial migration of leukocytes during 
inflammatory responses following their binding with either the 
β2 integrin lymphocyte function-associated antigen (LFA-1) or 
macrophage 1 antigen expressed on endothelial cells. Moreover, 
the interaction between ICAM-1 and LFA-1 is able to deliver a 
co-stimulatory signal to T cells (126). Therefore, the engagement 
of Siglec-7 has also the potential to regulate the migration of 
other inflammatory cells toward tissue sites, where they deliver 
co-stimulatory signals. This is highly relevant at gut and cervix 
mucosal interfaces, as these two tissue sites highly enriched of 
macrophages represent the main gates of HIV-1 entrance (127, 
128). The activation and the migration of monocytes to tissues 
can lead to cellular activation and plastic polarization toward 
pro-inflammatory M1 or anti-inflammatory M2 macrophages on 
the basis of different signals and stimuli delivered within the local 
microenvironment (112). Further investigations are required to 
better understand the impact of HIV-1 binding to Siglecs con-
stitutively expressed on macrophages in the modulation of their 
plasticity toward a classic or alternative polarization, a process 
that is known to be highly affected and dysfunctional during 
the course of HIV-1 infection (85). This is highly relevant in the 
context of the synergic interplays by NK cells and macrophages 
aimed to induce and optimize the links between innate and adap-
tive immune responses. In particular, the NK  cell-macrophage 
cross talk occurring through mechanisms requiring both cell-
to-cell contacts and soluble mediators is key in the context of 
host–pathogen interactions (129–131) and during the course 
of viral infections (132). Indeed, it has been recently reported 
that M1 macrophages can prime the activation and the effector 
functions of NK cells that, in turn, are able to rescue M2 toward 
pro-inflammatory M1 polarization (133). This virtuous loop 
appears to be completed disrupted during the course of chronic 
and active HIV-1 infections that is characterized by a macrophage 
deactivation or M2 polarization and by the expansion of anergic 
CD56neg NK cells also impaired in the priming of autologous DCs 
(73, 75, 85). The cellular and molecular mechanisms behind the 
appearance of markedly dysfunctional NK cells and macrophages 
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are still unknown and not even the selective down-modulation 
of Siglec-7 on NK  cells has been clarified. Another important 
pathogenic element to elucidate is why the chronic HIV-1 replica-
tion induces the polarization of M2 macrophages that are also 
more susceptible to the infection through the engagement of 
several surface receptors including Siglec-7 (52, 90, 99). Finally, 
we do no know why HIV-1 binding to Siglec-7 does not induce 
a the polarization of macrophage toward M1 with a consequent 
priming of autologous NK cell able to better function as antiviral 
effectors. The elucidation of all these points will help us to better 
understand the basis of innate immune dysfunctions during the 
course of HIV-1 infection.

SiGLeCS AS POSSiBLe THeRAPeUTiC 
TARGeTS iN Hiv-1 iNFeCTiON

Targeting Siglecs as novel immunotherapy approaches has been 
proposed soon after the identification of Siglec-3 (CD33) and 
Siglec-2 (CD22) as biological markers of myeloid leukemias and 
B cell lymphomas, respectively (4). Indeed, the anti-Siglec-3 mAb 
Gemtuzumab ozogamicin is approved for treatment of acute mye-
loid leukemia, while Epratuzumab, the mAb targeting Siglec-2, is 
currently in clinical trials for treatment of acute lymphoblastic 
leukemia, follicular non-Hodgkins lymphoma, and autoimmune 
diseases (134–136). The identification of novel members within 
the Siglec family and the recent new insights disclosing the patho-
genic relevance of this type-I lectins in several model of human 
diseases shed new light for developing innovative therapeutic 
approaches targeting the immune-modulatory functions of these 
transmembrane receptors. In particular, the existence of peculiar 
functions exerted by several Siglecs in distinct immune cell 
populations make these lectin-type molecules suitable candidates 
for therapies modulating host–pathogen interactions and cellular 
signal transduction.

In the context of HIV-1 infection, other then using Siglec-1 
and Siglec-7 as possible clinical biomarkers, we can take advan-
tage of their ability of binding HIV-1 envelope and enhance/
induce the susceptibility to infections of both conventional 
and unconventional cell targets (52–55). Indeed, the use of 
pharmaceutical compounds or mAbs blocking the interac-
tions of HIV-1 with either Siglec-1 or Siglec-7 can potentially 
limit HIV-1 dissemination in several cellular compartments 
(i.e., monocytes/macrophages, DCs, and CD4pos T  cells). This 
approach is particularly relevant during acute infection in order 
to damp the ability of HIV-1 to infect immune cells, to slow down 
the CD4pos T cell depletion especially at mucosal interfaces and 
to put a break to the early establishment of immune activation 
and viral reservoirs. Furthermore, inhibiting HIV-1 uptake by 
Siglec-1 would also limit the infection of circulating monocytes 
that upregulate the surface expression of this type-I lectin in 
the acute phases of the infection (78, 79). Another possible 
therapeutic target is sSiglec-7 that is increased in the sera of AIDS 
patients and enhances the degree of infection of CD4pos T cells 
(52). The elucidation of the mechanism(s) inducing the down-
modulation of Siglec-7 on NK  cell surface and inducing the 
shedding of its soluble form in AIDS patients’ sera will certainly 
make it possible to develop strategies that will limit the ability 

of sSiglec-7 to spread the infection due to its capacity to carrier 
HIV-1 in periphery and enhance the susceptibility to infection of  
Siglec-7neg/CD4pos T cell targets.

In the context of developing a vaccine strategy, it has been also 
reported that Siglec-1 can be targeted to improve antigen presen-
tation to T cells on the basis of its effective and rapid endocytic 
activity following interaction with pathogens (137, 138). Further 
investigations are needed to assess whether such approach can 
be used for HIV-1. Finally, it is also possible to take advantage of 
the immune-modulatory potential of Siglecs by employing their 
natural ligands. In this regard, it has been recently reported that 
high-affinity synthetized glycans targeting Siglec-2 expressed on 
B cells compete in cis with the natural ligands and induce endocy-
tosis and killing of B cells (139). A similar approach could be used 
to inhibit the interactions between Siglecs and HIV-1. Particularly, 
attractive from a pharmaceutical perspective would be the use of 
lyposomal nanoparticles bearing Siglec glycan ligands (140).

CONCLUDiNG ReMARKS

Among the several mechanisms that HIV-1 has developed to 
evade host immune defenses there is the heavily conjugation 
on Gp120 of viral envelope with sialic acids residues that bind 
Siglec-1 and -7 mostly expressed on NK cells, macrophages, and 
DCs. These interactions are relevant for HIV-1 survival, serve as 
molecular mimicry for host immune responses, avoid immune 
attack, and facilitate viral entry. Indeed, the binding of HIV-1 to 
these type-I lectins induce and/or enhance the infections of target 
cells is associated with inflammatory pathways and correlated 
with disease progression (Figure 1). These novel insights disclos-
ing the key roles played by Siglecs in the pathogenesis of HIV-1 
infection open new avenues also for clinical perspectives. Indeed, 
this transmembrane type-I lectin could be either used as bio-
logical marker of disease or therapeutically targeted to limit viral 
dissemination and the establishment of viral reservoirs. Siglec-7 
and Siglec-1 dysfunctions in HIV-1 infection are also highly 
relevant to advance our knowledge in regard to the physiology 
and physiopathology of NK cells either alone or in the context 
of their interplays with both monocytes/macrophages and DCs.
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Allograft rejection constitutes a major complication of solid organ transplantation requiring 
prophylactic/therapeutic immunosuppression, which increases susceptibility of patients 
to infections and cancer. Beyond the pivotal role of alloantigen-specific T cells and anti-
bodies in the pathogenesis of rejection, natural killer (NK) cells may display alloreactive 
potential in case of mismatch between recipient inhibitory killer-cell immunoglobulin-like 
receptors (KIRs) and graft HLA class I molecules. Several studies have addressed the 
impact of this variable in kidney transplant with conflicting conclusions; yet, increasing 
evidence supports that alloantibody-mediated NK cell activation via FcγRIIIA (CD16) 
contributes to rejection. On the other hand, human cytomegalovirus (HCMV) infection 
constitutes a risk factor directly associated with the rate of graft loss and reduced host 
survival. The levels of HCMV-specific CD8+ T cells have been reported to predict the risk 
of posttransplant infection, and KIR-B haplotypes containing activating KIR genes have 
been related with protection. HCMV infection promotes to a variable extent an adaptive 
differentiation and expansion of a subset of mature NK cells, which display the CD94/
NKG2C-activating receptor. Evidence supporting that adaptive NKG2C+ NK cells may 
contribute to control the viral infection in kidney transplant recipients has been recently 
obtained. The dual role of NK cells in the interrelation of HCMV infection with rejection 
deserves attention. Further phenotypic, functional, and genetic analyses of NK cells may 
provide additional insights on the pathogenesis of solid organ transplant complications, 
leading to the development of biomarkers with potential clinical value.

Keywords: human, natural killer, cytomegalovirus, renal, transplantation, rejection

iNTRODUCTiON

Kidney transplantation is a widely used therapeutic intervention for chronic renal failure. Graft 
rejection remains a major complication, requiring prophylactic/therapeutic administration of 
immunosuppressive drugs. Consequently, kidney transplant recipients (KTR) are exposed to an 
increased susceptibility to infections, particularly by herpesviruses (e.g., cytomegalovirus and 
Epstein–Barr virus). Besides the pivotal role played by alloantigen-specific T cells and antibodies 
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in the pathogenesis of graft rejection, natural killer (NK) cells 
alloreactivity and their contribution to antiviral defense receive 
increasing attention.

Diversity of the Human NK Cell Receptor 
Repertoire and NK Cell Subsets 
Distribution
Natural killer cells constitute an innate lymphoid lineage 
involved in early defense against certain intracellular pathogens 
and tumors, which mediate cytotoxicity and pro-inflammatory 
cytokine production upon interaction with pathological cells 
(1–3). NK cells are controlled by an array of germ line-encoded 
inhibitory and activating/co-stimulatory receptors (NKR), as well 
as by different cytokines (e.g., IL-2, IL-12, IL-15, IL-18, and type 
I interferons), which regulate their differentiation, proliferation, 
and effector functions. Inhibitory killer-cell immunoglobulin-
like receptors (KIRs) and CD94/NKG2A complement each other, 
scanning potential target cells for altered surface expression of 
HLA class I (HLA-I) molecules.

The combinatorial distribution of these NKR along differen-
tiation determines the existence of a variety of NK cell subsets 
capable of responding against pathological cells, which have 
downregulated HLA-I expression, as predicted by the “missing-
self ” hypothesis (4). In the context of transplantation, NK cell 
subsets may also react against normal allogeneic cells lacking 
specific HLA-I ligands for their inhibitory KIR (iKIR).

Killer-cell immunoglobulin-like receptor and NKG2 NK cell 
receptor families include other members with activating function 
whose physiological role is being investigated. At late differentia-
tion stages, cytolytic T lymphocytes (TCRαβ CD8+, CD4+, and 
TCRγδ) may also display HLA-specific NKR (i.e., KIR, CD94/
NKG2A, CD94/NKG2C, and LILRB1) (5, 6).

KiRs for HLA-A, -B, and -C
The human KIR family comprises (i) six receptors (four KIR2DL 
and two KIR3DL) with cytoplasmic “immunoreceptor tyrosine-
based inhibition motifs” (ITIMs), which recruit the SHP-1/2 
tyrosine phosphatases preventing NK cell activation; (ii) six KIR 
with short cytoplasmic tails lacking ITIMs (i.e., KIR2DS and 
KIR3DS), which interact with DAP12; this adaptor molecule 
contains “immunoreceptor tyrosine-based activation motifs” 
(ITAM) linked to protein tyrosine kinase (PTK) activation path-
ways; and (iii) two KIR (2DL4 and 3DL3) displaying ambiguous 
signaling motifs (7, 8).

Most iKIRs specifically recognize sets of HLA class Ia (i.e., 
HLA-A, -B, and -C) allotypes sharing structural polymorphisms 
at the α1 domain; yet, the ligands for some of them (e.g., 
KIR2DL5) and most activating KIR (aKIR) remain elusive. In 
an example of convergent evolution, the physiological role of 
KIR is undertaken in mice by members of the Ly49 lectin-like 
family; the Ly49H receptor triggers NK cell functions upon 
interaction with the m157 viral protein, contributing to defense 
against murine CMV (9–11). The low affinity interaction of some 
aKIR with HLA-I molecules suggests that they might specifically 
recognize pathogen-derived HLA–peptide complexes or other as 
yet unknown molecules.

At the population level, KIR repertoires are quite diverse due 
to the fact that not all KIR loci are found in the genome of every 
individual, and to the existence of a variety of alleles. Each KIR 
is encoded by a different gene in chromosome 19q13.4, and mul-
tiple KIR haplotypes/genotypes have been described worldwide 
(8). Moreover, iKIR–ligand interactions modulate functional NK 
cell maturation through an education process termed “licensing,” 
ill-defined at the molecular level, which dictates that most mature 
NK cells display at least an inhibitory NKR specific for self HLA-I 
molecules (12, 13).

CD94/NKG2 Killer Lectin-Like Receptors 
for HLA-e
CD94 and members of the NKG2 family are lectin-like mem-
brane glycoproteins encoded at the NK gene complex on human 
chromosome 12. Similar to KIRs, the CD94/NKG2A heterodimer 
constitutes an inhibitory receptor linked to the SHP-1 tyrosine 
phosphatase, and CD94/NKG2C is coupled through DAP12 to a 
PTK activation pathway (14). The specific ligand for both CD94/
NKG2 receptors is constituted by the HLA-E class Ib molecule, 
which binds to leader sequence peptides from other HLA-I mol-
ecules, including alleles not recognized by iKIRs (15–17). Thus, 
CD94/NKG2A prevents the response against cells with a normal 
expression of HLA-I molecules, complementing the function 
of KIRs. HLA-E may present pathogen-derived peptides [e.g., 
human cytomegalovirus (HCMV), HIV-1, and HCV] altering 
CD94/NKG2A recognition (18–20). On the other hand, CD94/
NKG2C binds to HLA-E with lower affinity than its inhibitory 
counterpart (21, 22) and has been reported to be involved in the 
response to human HCMV (see Adaptive NK Cell Response to 
HCMV).

Additional Activating and inhibitory NKR
The CD16A (FcγRIIIA) receptor is coupled through CD3ζ or 
FcεRIγ chain adapters to a PTK activation pathway, triggering 
cytotoxicity and cytokine production upon interaction with 
IgG-opsonized cells (23). A CD16A allelic dimorphism (158V or 
F) influences the affinity of its interaction with IgG, modulating 
receptor-mediated signaling and activation of effector functions 
(24). Surface CD16 expression is downregulated in activated NK 
cells through a shedding process mediated by ADAM-17 metal-
loprotease (25, 26).

The human NKG2D C-type lectin triggers phosphatidyl inosi-
tol-3 kinase signaling through the DAP10 adaptor (27). NKG2D 
functions as an activating/co-stimulatory receptor specific for a 
set of ligands (MICA, MICB, and “UL16-binding proteins”) dis-
played by pathological cells, which are also inducible by cellular 
stress in normal tissues (6). Several immune evasion mechanisms 
that prevent NKG2D ligand (NKG2D-L) expression in HCMV-
infected cells have been identified (28).

Natural cytotoxicity receptors, i.e., NCR1 (NKp46), NCR2 
(NKp44), and NCR3 (NKp30), are connected to PTK signaling 
pathways through different ITAM-bearing adapters (29). In 
addition to their putative role in recognition of pathogen-derived 
molecules, there is evidence supporting the expression of ligands 
in normal cells that may trigger NK cell functions when control 
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FiGURe 1 | Diversity of the human peripheral blood natural killer (NK) 
cell compartment. Two main NK cell populations are identified according to 
expression levels of the CD56 marker. CD56bright NK cells secrete pro-
inflammatory cytokines but display a low cytotoxic potential and are often 
considered to represent an early maturation stage. According to such view, 
this subset is believed to differentiate into the major cytotoxic CD56dim NK cell 
population, which includes a variety of subsets differing in NKR expression 
[e.g., killer-cell immunoglobulin-like receptors (KIRs), CD94/NKG2A, and 
CD94/NKG2C]. Whether some CD56dim subsets (e.g., NKG2A− KIR+) might 
directly derive from immature NK cell precursors rather than from NKG2A+ 
KIR− CD56bright NK cells is not formally ruled out. Human cytomegalovirus 
(HCMV) infection promotes the differentiation and stable expansion of an NK 
cell subset, which displays high levels of the CD94/NKG2C receptor and an 
oligoclonal inhibitory KIR (iKIR) expression pattern, associated with other 
phenotypic and functional characteristics (see details in Section “Adaptive NK 
Cell Response to HCMV”). The nature of their precursors and the 
mechanism(s) underlying such adaptive NK cell response to HCMV are 
investigated.
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by inhibitory receptors is reduced (30). NKp46 is coupled to 
the CD3ζ or FcεRIγ chain, triggering cytotoxicity and cytokine 
production upon recognition of an ill-defined cellular ligand(s). 
NKp46 has been shown to be involved in the NK cell response 
to HCMV-infected dendritic cells and macrophages (31, 32). 
The nature of cellular ligands for NKp44 also remains open, and 
several ligands have been reported for the CD3ζ-linked NKp30 
(30, 33).

In addition to the pivotal role played by adhesion molecules 
(i.e., LFA-1 and CD2) in the NK cell interaction with target cells, 
engagement of DNAM1, a co-stimulatory receptor specific for 
Nectin-2 (CD112) and PVR (CD155), contributes to the response 
against tumor and virus-infected cells (32, 34). NK cells may 
acquire additional inhibitory NKR upon activation or at late dif-
ferentiation stages. Among these checkpoints, LILRB1 (ILT2, LIR-
1, or CD85j) interacts with a wide spectrum of HLA-I molecules 
and binds with a higher affinity to the UL18 HCMV glycoprotein 
(35, 36); similarly, TIGIT (T cell Ig and ITIM domain) binds to 
CD155 competing with DNAM1 (37).

Peripheral Blood NK Cell Subsets
The human peripheral blood NK cell compartment includes a 
variety of cell subsets, which represent distinct maturation stages 
and display different combinations of HLA-I-specific NKR. 
Similar to T and B lymphocytes, NK cells may undergo clonal 
expansion and late differentiation events, skewing the NKR 
repertoire and further diversifying their phenotypic/functional 
profile (Figure 1).

Two NK cell populations are identified in peripheral blood 
according to their surface expression levels of the CD56 neural-
cell adhesion molecule isoform (i.e., CD56bright and CD56dim) 
(38). CD56bright NK cells constitute a minor fraction (~10%) of 
the normal circulating NK cell compartment. They display a low 
cytotoxic potential but secrete pro-inflammatory cytokines and 
are conventionally considered to represent an early maturation 
stage (39). Most CD56bright NK cells express CD94/NKG2A, 
NKG2D, and NCR, but lack KIR and CD16. The predominant 
(~90%) CD16+NKG2D+CD56dim NK cell population comprises 
distinct subsets, defined according to KIR, NKG2A, and NKG2C 
expression (e.g., NKG2A+KIR+NKG2C+/− and NKG2A−KIR+

NKG2C+/−). Evidences have been obtained indirectly support-
ing a linear differentiation model in which CD56bright NK cells 
sequentially give rise to the other NK cell subsets (38, 40). Yet, 
the possibility that alternative differentiation pathways branching 
from NK cell precursors may independently generate CD56bright 
and CD56dim subsets cannot be formally ruled out.

Further levels of NK cell phenotypic/functional heterogeneity 
are determined by (i) the diversity of human NKR repertoires, 
conditioned by the existence of hundreds of different KIR hap-
lotypes diverging in gene and allotype content; (ii) the clonal 
distribution of KIR combinations among CD56dim NK cells, 
modulated by the influence of KIR–ligand interactions on NK 
cell maturation; (iii) the oligoclonal adaptive expansion of NK cell 
subsets in response to HCMV infection (see Adaptive NK Cell 
Response to HCMV); and (iv) the incidence of late differentiation 
events, which determine additional phenotypic and functional 
changes (e.g., expression of CD57 and LILRB1) (Figure 1).

NK CeLLS AND HCMv iNFeCTiON iN KTR

Human cytomegalovirus is a member of the herpesviridae 
family which causes highly prevalent lifelong infections in 
all human populations, generally asymptomatic in immuno-
competent hosts. The virus establishes latency, undergoing 
occasional reactivation which allows its efficient transmission 
through secretions (41, 42). HCMV may cause severe congenital 
disorders (43) and increases the morbidity/mortality rate in 
immunocompromised individuals (44, 45), being associated 
with some chronic inflammatory disorders (i.e., atherosclerosis) 
and immune senescence (46). As a consequence of immunosup-
pression to prevent graft rejection, KTR are exposed to HCMV 
reactivation/reinfection, leading to potentially severe complica-
tions (47, 48).

Together with specific T lymphocytes and antibodies, com-
monly analyzed to assess the adaptive immune response to 
HCMV, NK cells contribute to defense against this pathogen (49, 
50). To escape from CD8+ T cells, HCMV downregulates surface 
expression of HLA-I molecules in infected cells, interfering with 
antigen presentation (51, 52). Consequently, engagement of 
inhibitory NKR is impaired promoting NK cell activation, which 
is counteracted by a variety of viral immune evasion strategies 
(53–55).
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FiGURe 2 | Contribution of adaptive natural killer (NK) cells to human 
cytomegalovirus (HCMv) control. (A) Evidences supporting a contribution 
of different T and NK cell subsets in the control of HCMV infection in kidney 
transplant recipients have been reported. (B) Adaptive NKG2Cbright NK cells 
generated in response to HCMV infection efficiently mediate antibody-
dependent cytotoxicity and cytokine production (e.g., TNF-α and IFN-γ) in 
response to HCMV-infected cells. Yet, there is no consistent evidence 
supporting an involvement of CD94/NKG2C in triggering NK cell effector 
functions against infected cells, and the nature of a hypothetical viral ligand 
remains elusive.
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Adaptive NK Cell Response to HCMv
In 2004, we discovered that healthy HCMV-seropositive 
(HCMV+) individuals display increased proportions of NK 
and T cells hallmarked by high surface levels of CD94/NKG2C 
(NKG2Cbright) (56). The imprint of HCMV in the NK cell com-
partment is perceived to a variable extent only in some HCMV+ 
subjects, persisting under steady state conditions. A number 
of reports have extended these observations in different set-
tings, and the terms “adaptive” or “memory-like” are currently 
employed to designate the human differentiated NKG2Cbright 
NK cell population (55). For the sake of precision, we have 
strictly used this original definition along the text. Yet, it is of 
note that these terms have been used by some authors to define 
other NK cell populations (e.g., in vitro cytokine-differentiated 
NK cells) (57).

Expansions of NKG2Cbright cells are not induced by other 
herpesviruses (i.e., EBV and HSV-1) but have been reported in 
the course of different viral infections, yet associated with HCMV 
coinfection (58–61). As compared to other NK cell subsets, includ-
ing the low proportions of NKG2Cdim cells detected in HCMV(−) 
and some HCMV(+) individuals, adaptive NKG2C+ NK cells 
display a phenotype characterized by an oligoclonal pattern of 
iKIR specific for self HLA-I molecules (preferentially HLA-C). 
Moreover, they express reduced levels of NCR (i.e., NKp30 and 
NKp46), Siglec7, and CD161 (56, 62–64), acquire late differentia-
tion markers (e.g., CD57 and LILRB1) (65, 66), maintain surface 
expression of NKG2D and CD16, and display increased levels of 
CD2 involved in their activation (67, 68). Epigenetic downregula-
tion of signaling molecules (e.g., FcεRIγ chain and Syk) and cer-
tain transcription factors have been associated with adaptive NK 
cell differentiation (69, 70). From a functional standpoint, they 
contain greater levels of Granzyme B and efficiently secrete TNF-
α and IFN-γ (62, 63), mediating antibody-dependent cytotoxicity 
(ADCC) and cytokine production against HCMV-infected cells 
(71–73).

Expansions of NKG2C+ cells following HCMV infection were 
reported in immunosuppressed transplant recipients (65, 66, 
74), in a severe T cell primary immunodeficiency (75), as well as 
in children and newborns with congenital or postnatal HCMV 
infection (76, 77), independently of aging (78–80). Altogether, 
these observations suggest that the magnitude of the HCMV 
imprint on the NK cell compartment in healthy individuals is 
likely fixed at the time of primary infection, presumably depend-
ing on host/virus genetics and other circumstantial factors (e.g., 
age at infection, viral load, etc.) (81).

By analogy with the role of Ly49H+ cells in the response 
to murine CMV (82), we hypothesized that CD94/NKG2C-
mediated specific recognition of virus-infected cells drives 
the adaptive differentiation, proliferation, and survival of this 
lymphocyte subset (55). Indirectly supporting this view, in vitro 
stimulation of PBMC from HCMV+ donors with virus-infected 
cells elicited a preferential expansion of CD94/NKG2C+ NK cells 
(83, 84). Yet, at variance with Ly49H, the nature of a hypotheti-
cal viral ligand remains uncertain, and there is no experimental 
evidence supporting that the CD94/NKG2C receptor may trigger 
NK cell effector functions against HCMV-infected cells (32, 55, 
83, 85). By contrast, NKG2C+ adaptive NK cells have been shown 

to efficiently mediate antibody-dependent effector functions, 
particularly pro-inflammatory cytokine production, against 
HCMV and HSV-1 infected cells (24, 71). It is of note that CD16 
remains functionally coupled to the CD3ζ adapter (73) following 
downregulation of FcεRIγ. The molecular mechanisms driving 
this pattern of response to HCMV and the existence of a putative 
CD94/NKG2C viral ligand are investigated (Figure 2).

A deletion of the NKG2C gene (officially designated KLRC2) 
is frequently detected in different human populations, with some 
variation depending on their ethnic/geographic origin (86–89). 
NKG2C gene copy number is directly related with surface expres-
sion levels and the activating function of CD94/NKG2C (62). 
Moreover, the NKG2C genotype is as well associated with steady 
state numbers of circulating NKG2C+ NK cells, which appear 
reduced in NKG2C+/del as compared to NKG2C+/+ individuals, 
further supporting a role of the NKR in driving the generation 
of adaptive NK cells (62, 76, 88). The identification of ~5% 
HCMV(+) healthy NKG2Cdel/del blood donors illustrates that the 
receptor is dispensable for controlling the viral infection under 
normal conditions, being redundant with other cell types (i.e.,  
T lymphocytes). Moreover, NKG2C− NK cell subsets sharing 
some phenotypic features with canonical adaptive NKG2C+ 
NK cells have been reported in HCMV(+) NKG2Cdel/del blood 
donors (68, 90) and HCMV-infected hematopoietic stem cell 
transplantation (HSCT) recipients (91). On the other hand, the 
lack of NKG2C+ NK cells has been suggested to alter the control 
of primary HCMV infection in childhood (88); a putative rel-
evance of the NKG2C deletion in immunosuppressed patients is 
discussed in the next section.

NK Cell Response to HCMv infection  
in KTR
Posttransplant HCMV infection constitutes a risk factor for 
cardiac and renal allograft vasculopathy associated with chronic 
graft dysfunction and is directly associated with the rate of graft 
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loss and reduced host survival (47, 48, 92). Antiviral prophylaxis is 
commonly administered to HCMV(−) KTR transplanted from an 
HCMV(+) donor or treated with intensive immunosuppression; 
patients developing HCMV viremia receive antiviral therapy, not 
free of adverse effects. Identification of biomarkers predicting the 
risk of posttransplant HCMV infection is warranted to improve 
its clinical management. Regular immunosuppressive therapy in 
KTR is aimed to prevent rejection, impairing the development of 
alloreactive T cells and production of alloantibodies, but has been 
proposed to be less effective on differentiated CTL and mature 
NK cells (93). Yet, alterations of the phenotypic and functional 
profile of circulating NK cells following immunosuppression 
were detected in other studies (94, 95). After low-dose therapy 
with anti-thymocyte globulin (ATG) NK cells recovered faster 
than T cells (96). In this regard, following induction with ATG 
functionally competent NK cells were reported to display for 
several months an NKG2A+ KIR− phenotype (97). Thus, it is 
plausible that NK cells may contribute to antiviral defense in 
KTR, partially compensating their impaired T cell response.

The putative influence of KIR and HLA-I genotypes in the 
control of HCMV infection in KTR has been addressed. A rela-
tion of the KIR repertoire with viral load was reported in primary 
HCMV infection (98), even though the risk of HCMV disease 
was not influenced by KIR–ligand matching (99). De Rham et al. 
detected increased numbers of KIR3DL1+ NK cells in KTR dur-
ing the acute phase of HCMV reactivation (100). In both KTR 
and healthy blood donors, this NK cell subset efficiently killed 
in  vitro infected fibroblasts; different interpretations for this 
observation were proposed. On the other hand, KIR-B haplotypes 
encoding aKIR were related with a lower rate of HCMV infection 
(101). In cases receiving thymoglobulin and intensive immuno-
suppression, KIR-associated control of HCMV was limited to 
seropositive KTR (102). A role of activating NKR in the control 
of other viral infections (e.g., BK and varicella zoster) has been 
also proposed (103, 104).

We recently explored the relationship of adaptive NKG2C+ 
NK cells with the outcome of HCMV infection in KTR, monitor-
ing pre- and posttransplant the NK cell immunophenotype and 
the incidence of viremia (105). NKG2C+ NK cell expansions 
did not systematically follow detection of HCMV viremia in 
KTR, thus suggesting that a prompt control of the infection by 
antiviral therapy and preexisting differentiated CTL may hamper 
the adaptive NK cell response development. Conversely, late 
NKG2C+ NK cell expansions might reflect clinically unnoticed 
HCMV replication after withdrawal of antiviral therapy. In this 
regard, symptom-free HCMV reactivations in KTR have been 
associated with altered phenotypic and functional profiles of NK 
cells, which expressed LILRB1 and downregulated FcϵRIγ (106). 
In the same line, increased proportions of LILRB1+ (LIR-1+) NK 
cells were originally associated with HCMV infection in lung 
transplant recipients (107).

Regular immunosuppressive protocols did not modify the lev-
els of adaptive NK cells in KTR without detectable viremia along 
the follow-up, nor did they impair their expansion in some cases 
undergoing HCMV infection (105). Nevertheless, the possibility 
that immunosuppression may interfere with de novo adaptive NK 
cell differentiation, as it does with alloreactive T cell development, 

is not ruled out. Further studies are warranted to precisely assess 
the impact of different drugs on the development and effector 
functions of adaptive NK cells.

Of note, high pretransplant levels of NKG2C+ NK cells were 
associated with a reduced incidence of posttransplant HCMV 
viremia, independently of other related variables (e.g., thymo-
globulin induction, antiviral prophylaxis, and age), suggesting 
that adaptive NK cells might confer some protection against viral 
reactivation/reinfection (105). In this regard, a low NK cell count 
post-liver transplantation has been reported to be an independent 
risk factor for HCMV disease (108). Despite their limited direct 
in vitro response against HCMV-infected cells, adaptive NKG2C+ 
NK cells may contribute to antiviral defense. In particular, they 
efficiently mediate antibody-dependent effector functions and 
likely participate in the response to HCMV reactivation in KTR, 
in combination with specific IgG (70, 71, 73) (Figure 2B). In this 
context, the influence of CD16A dimorphism and IgG allotypes 
on the magnitude of ADCC deserves attention (24). The pos-
sibility that aKIR may be involved in the putative antiviral effect 
of adaptive NKG2C+ NK cells appears unlikely, considering that 
they do express iKIR (63, 64, 90) and that their expansion is 
independent of KIR-A/B haplotypes (56). Nevertheless, NK cell 
subsets expressing CD94/NKG2C or aKIR might play comple-
mentary roles in the response to HCMV.

The frequencies of TcRαβ T cells specific for HCMV antigens 
(e.g., IE-1 and pp65) have been reported to predict the risk of 
posttransplant infection (109, 110); moreover, TcRγδ T cells were 
associated with control of posttransplant HCMV viremia (111). 
Adaptive NKG2C+ NK cells and CTL have been proposed to be 
independent (78–80). Thus the possibility that the association of 
adaptive NKG2C+ NK cells with a lower risk of HCMV infection 
might indirectly reflect a central role of HCMV-specific TcRαβ  
T cells (Figure 3) appears unlikely; further studies are warranted 
to precisely address this issue.

The distributions of the NKG2C genotypes in two different 
KTR cohorts, studied pre- and posttransplant, appeared compa-
rable to the frequencies detected in blood donors; as reported, 
the magnitude of the NKG2C+ NK cell expansion was greater 
in NKG2C+/+ than in NKG2C+/del subjects (105). Remarkably, 
somewhat increased frequencies of the NKG2C+/del genotype and 
a reciprocal reduction of NKG2C+/+ cases were detected among 
KTR suffering symptomatic HCMV infection; unexpectedly, an 
opposite reduction of the NKG2Cdel/del frequency was observed 
among this KTR group. Despite that differences did not reach 
statistical significance, the coincident trends in both cohorts 
suggested a relation of NKG2C copy number with the outcome 
of HCMV infection and its impact in KTR; larger studies are 
warranted to confirm these observations.

Altogether these results indirectly support that adaptive 
NKG2C+ NK cells may play an active role in defense against 
HCMV, partially compensating in KTR the effect of immunosup-
pression on T cells. High pretransplant levels of NKG2C+ cells 
may predict a lower risk of posttransplant HCMV replication/
disease in KTR receiving regular immunosuppression, par-
ticularly in NKG2C+/+ HCMV(+) patients (Figure  3). On the 
other hand, posttransplant expansions of differentiated adaptive 
NKG2C+ NK cells reflect the incidence of viral replication and, 
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FiGURe 3 | Hypothetical relation of adaptive natural killer (NK) cells 
and specific T lymphocytes with posttransplant infection risk in 
kidney transplant recipients. NKG2Cdim NK cells detected in human 
cytomegalovirus (HCMV)(−) individuals express lower surface levels of the 
receptor and differ phenotypically and functionally from adaptive NK cells 
expanding in response to HCMV infection (NKG2Cbright) (see details in Section 
“Adaptive NK Cell Response to HCMV”). Pretransplant frequencies of 
virus-specific T lymphocytes and of NKG2C+ NK cells in seropositive 
recipients have been independently related with a reduced incidence of 
HCMV infection (D, donor; R, recipient).

FiGURe 4 | Natural killer (NK) cell-mediated alloreactivity in solid 
organ transplantation. (A) NK cells lacking inhibitory KIR (iKIR) specific for 
donor HLA class I ligands (“mismatched,” right) may potentially mediate 
cytotoxicity and cytokine production against the allograft. NK cell alloreactivity 
is favored by cellular stress conditions (e.g., pro-inflammatory stimuli) 
inducing graft expression of ligands for activating NKR (e.g., NKG2D ligand). 
(B) Donor-specific alloantibodies (DSA) trigger CD16+ NK cell-mediated 
cytotoxicity and cytokine production against the allograft, overcoming the 
control by inhibitory NKR (e.g., iKIR) (left); iKIR–ligand mismatch might 
synergize with a DSA-CD16-mediated response (right).
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once established, might contribute to its control. It is plausible 
that antibody-mediated response to other viral infections may as 
well contribute to the expansion of adaptive NKG2C+ cells (70, 
112). It is uncertain whether adaptive NK cells may comparably 
respond to HCMV reactivation or reinfection, reported to have 
a different clinical impact (113). From a practical standpoint, 
monitoring basal and posttransplant levels of adaptive NK cells 
may provide biomarkers to evaluate the control of HCMV, with 
practical implications in the clinical management of the viral 
infection. Assessing the relation with other phenotypic features 
displayed at late stages of adaptive NKG2C+ NK cells differen-
tiation (e.g., CD57 expression and FcεRIγ chain loss) deserves 
attention. Furthermore, studies in larger cohorts are required 
to assess the relation of the adaptive NK cell response in KTR 
with the incidence of other viral infections, as well as with the 
risk of chronic graft rejection, cardiovascular disease, and cancer 
(48, 114). In this regard, the possibility that antibody-dependent 
activation of adaptive NK cells may participate in donor-specific 
alloantibodies (DSA)-mediated rejection is addressed in the next 
section.

NK CeLLS AND ALLOGRAFT ReJeCTiON

NK Cell Alloreactivity
Mature NK cells whose iKIR fail to recognize HLA-I alleles on an 
allograft are predicted to mediate cytotoxicity and pro-inflamma-
tory cytokine production, as long as activating NKR are engaged 
by ligands displayed on target cells. Some degree of KIR–ligand 
mismatching between donors and recipients is estimated to occur 

in 50–75% of HLA non-identical transplants, and several studies 
have addressed the impact of this variable in kidney transplant 
outcome (Figure  4A). On one hand, KIR–ligand mismatches 
were suggested to influence short-term outcome in KTR (115) 
and were associated with a reduced long-term graft survival in 
HLA-incompatible KTR (116), proposing a beneficial effect of 
NK cell-targeted immunosuppression. Conversely, KIR–ligand 
mismatch was reported by others to be irrelevant for predicting 
long-term allograft survival (117) and, in the same line, no effect 
on the risk of rejection was perceived after reduction of immuno-
suppressive therapy (118).

These apparently conflicting observations might be reconciled 
considering the implications of inhibitory NKR–MHC class I 
mismatch in other experimental and clinical transplant settings. 
Classical animal models of “F1-hybrid resistance” revealed a role 
of NK cells in rejection of allogeneic hematopoietic transplants, 
but not of other tissues grafts (119). In HSCT, donor NK cell-
mediated alloreactivity has been shown to potentially exert an 
antileukemic effect without promoting graft-versus-host disease 
(120). In the same line, adoptive immunotherapy with allogeneic 
NK cells in HSCT recipients has been proven a safe procedure 
(121, 122). Altogether these observations support that the NK cell 
alloreactive potential, determined by KIR–ligand mismatch, may 
have a negligible pathogenic impact in solid organ transplantation, 
unless engagement of activating NKR triggers NK cell effector 
functions. Accordingly, NK cell alloreactivity would be favored 
by stimuli promoting graft expression of activating NKR ligands 
(e.g., NKG2D-L). This situation may take place in the context of 
infections (e.g., HCMV) or T cell/DSA-mediated rejection reac-
tions, enhancing the pathogenic impact of these adverse events 
(Figure 4A). From a methodological standpoint, the genotypic 
prediction of KIR–ligand mismatching should be complemented 
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by a direct assessment of the frequencies of potential alloreac-
tive NK cells, using specific mAbs to discriminate homologous 
activating and iKIR as reported for HSCT (123).

Alloantibody-Dependent NK Cell 
Activation
Posttransplant donor-specific anti-HLA antibodies (DSA) are 
a major risk factor in kidney transplant, causing microvascular 
damage associated with humoral rejection. In addition to com-
plement activation, HLA-specific alloantibodies may trigger NK 
cells through CD16 to mediate ADCC and cytokine production 
(Figure  4B). Indications that NK cells contribute to chronic 
antibody-mediated rejection (ABMR) have been obtained in 
experimental models and analyzing kidney biopsies (124, 125). 
Consistent with a pathogenic role of NK cells, increased CD56+ 
cells have been observed in graft lesions from patients suffering 
ABMR. NK cell-associated gene expression has been associated 
with microvascular inflammation (126, 127), providing biomark-
ers with potential diagnostic/prognostic value (128–130). CD16A 
is also expressed by TCRγδ and some TCRαβ T lymphocyte 
subsets (131, 132). CD16+ TCRγδ T cells have been related with 
the response to posttransplant HCMV infection in KTR, and 
evidences supporting their involvement in ABMR have been 
reported (111, 133).

CD16 downregulation and expression of activation markers 
have been observed in circulating NK cells from KTR, likely 
reflecting IgG-dependent NK cell activation triggered by infec-
tious pathogens (e.g., HCMV) or DSA (134). In the same line, 
altered distributions of circulating NK cells have been associated 
with the presence of alloantibodies in KTR. DSA+ patients were 
reported to display lower proportions of the major CD56dim NK 
cell subset as compared with cases without anti-HLA antibodies 
(95). Increased proportions of CD56bright and CD56dim NKG2A+ 
cells, but not their absolute numbers, were observed in DSA+ KTR 
(135). The data suggest that alloantibody-mediated activation of 
NK cells via CD16 may promote their turnover, accounting for 
the imbalanced NK cell subset distribution.

This hypothesis predicts that CD56bright NKG2A+ CD16− 
NK cells should be spared from the effect of alloantibodies, 
consistent with their increased proportions in DSA+ KTR. On 
the other hand, the association of DSA with increased propor-
tions of CD56dimNKG2A+ NK cells suggests that engagement of 
CD94/NKG2A by HLA-E, conserved in all individuals, might 

also dampen the alloantibody effect on this subpopulation. 
Conversely, KIR–ligand mismatch would add to alloantibody 
activation of CD56dimNKG2A− KIR+ NK cells, synergizing with 
the pathogenic effects of DSA and accelerating their turnover. 
Given the oligoclonal expression by adaptive NKG2C+ NK cells 
of self-reactive KIR, preferentially specific for HLA-C molecules 
(63, 64), and their ability to mediate antibody-dependent effec-
tor functions (71, 73), it is likely that they may play a relevant 
pathogenic role in DSA-mediated graft rejection of KIR–ligand-I 
mismatched transplants.

In summary, consistent evidence has been obtained support-
ing a functional duality of NK cells in the context of kidney trans-
plantation, reflected by their positive involvement in the response 
to HCMV infection as opposed to their participation in graft 
rejection. Further studies integrating phenotypic, functional, and 
genetic analysis of NK cells should provide valuable insights on 
the pathogenesis of solid organ transplant complications, leading 
to the potential development of clinically useful biomarkers.
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There is increasing evidence that natural killer (NK) cells exhibit regulatory features. 
Among them, CD56bright NK cells have been suggested to play a major role in con-
trolling T cell responses and maintaining homeostasis. Dysfunction in NK cell-mediated 
regulatory features has been recently described in untreated multiple sclerosis (MS), 
suggesting a contribution to MS pathogenesis. Moreover, biological disease-modifying 
treatments effective in MS apparently enhance the frequencies and/or regulatory func-
tion of NK cells, further pointing toward an immunoprotective role of NK cells in MS. 
Here, we summarize the current knowledge on the regulatory functions of NK cells, 
based on their interactions with other cells belonging to the innate compartment, as 
well as with adaptive effector cells. We review the more recent data reporting disruption 
of NK cell/T cell interactions in MS and discuss how disease-modifying treatments for 
MS affect NK cells.

Keywords: natural killer cells, CD56bright nK cells, CD56dim nK cells, regulatory immune cells, innate immune 
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nATURAL KiLLeR (nK) CeLLS AS COnTROLLeRS  
OF (AUTO)iMMUne ReSPOnSeS

Regulatory Features of nK Cells
Autoimmune reactivity occurs in every subject, but only 5–10% of humans develop an autoimmune 
disease (1). Keeping autoreactive cells under control and, thus, preventing them to cause disease is 
the task of specialized immune cell subsets, called “regulatory” cells. The best characterized regula-
tory immune cell populations belong to the adaptive immune system (IS) and include regulatory 
T cells (Tregs), type-1 regulatory T cells, and regulatory B cells. However, there is increasing evidence 
that the innate IS also plays an important role in controlling autoreactive cells.

An important population of regulatory immune cells belongs to the natural killer (NK) cells. 
These, so-called CD56bright NK cells, owe their name to high surface expression of CD56 (also known 
as neural cell adhesion molecule), are CD16−/dim, express the inhibitory receptor NKG2A, and do not 
express killer cell immunoglobulin-like receptors (KIR). CD56bright NK cells were first considered 
“immunoregulatory” by Cooper et al., due to increased production of cytokines and reduced cyto-
toxicity compared to CD56dim NK cells (2).

It is now established that CD56bright NK cells regulate other immune cells belonging to both the 
innate and adaptive IS. Although most studies on CD56bright NK cell function have been conducted 
ex vivo with cells purified from peripheral blood, lymph nodes (LNs) are likely a key place where 
CD56bright NK cells exert their regulatory function (3), since they preferentially home to parafollicular 
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T cell areas (4) where immune responses develop. In addition to 
CD56bright NK cells, the major NK cell subset in peripheral blood, 
CD56dim NK cells, which derive from CD56bright NK cells and are 
more differentiated, also exert regulatory functions as discussed 
below.

interactions between Regulatory nK Cells 
and innate immune Cells
CD56bright NK cells express receptors for cytokines such as inter-
leukin (IL)-12, IL-15, and IL-18 (5–7), which are produced by 
activated antigen-presenting cells (APCs). These cytokines can 
trigger proliferation of CD56bright NK cells and their production of 
molecules such as IFN-γ, IL-10 and IL-13, TNF-β, and GM-CSF 
(2). In this context, Ferlazzo et  al. demonstrated that dendritic 
cells (DCs) are a key source of IL-12 and IL-15 for activation 
of CD56bright NK cells (8), and we have shown that DC-derived 
IL-27 can modulate proliferation and function of these cells (9). 
Thus, APCs modulate NK cell functions and phenotype (10–13). 
Infections most likely modulate the function of CD56bright NK cells 
indirectly through APCs, because co-culturing CD56bright with 
APCs activated via TLR4 (macrophages, DC) or TLR9 (plasmacy-
toid DCs) stimulates their proliferation and cytokine production 
(2, 8, 14, 15). Conversely, activated NK cells modulate the func-
tion of APCs: they stimulate monocytes to produce TNF-α (16) 
and kill immature DCs in a process called DC editing (17, 18).

interactions between Regulatory nK Cells 
and Adaptive immune Cells
Natural killer cells also interact with adaptive effector cells. IFN-γ 
secreted by CD56bright NK cells in response to T cell-derived IL-2 
has been demonstrated to stimulate T cells in LNs (4). Along this 
line, increased local bioavailability of IL-2 by blocking the IL-2Rα 
chain (CD25) on recently activated T cells upon treatment with 
daclizumab is associated with expansion and activation of 
CD56bright NK cells in multiple sclerosis (MS) patients (19–21). 
Indeed, while T cells express the high-affinity form of the IL-2 
receptor, which comprises CD25, CD56bright NK cells express both 
high-affinity and intermediate-affinity (not comprising CD25) 
forms of the IL-2 receptor (20, 22). Thus, upon daclizumab 
treatment, NK cells are stimulated through binding of IL-2 to 
their intermediate-affinity receptor. This results in control of 
T cell activation through direct killing (19, 21), which, for the 
CD56bright subset, involves release of cytotoxic granzyme K (23). 
Furthermore, IL-27-stimulated CD56bright NK cells have been 
shown to suppress the proliferation of autologous CD4+ T cells in 
a contact-dependent manner associated with increased perforin 
content (9). CD56bright NK cells, stimulated with the pro-inflam-
matory cytokines IL-12 and IL-15, prevent autologous CD4+ T 
cell proliferation through a cytotoxic mechanism involving the 
engagement of the natural cytotoxicity receptors (NCRs), such as 
NKp30 and NKp46 (24), on NK cells and the release of granzyme 
B (25). CD56bright NK cells were also shown to inhibit proliferation 
of autologous CD4+ T cells by secreting the immunosuppressive 
molecule adenosine. Inhibition of CD38 (“ADP ribosyl-cyclase”), 
an enzyme involved in the production of adenosine, restored 
proliferation of T cells in the presence of CD56bright NK cells (26). 

While these studies described the effects of CD56bright NK cells on 
T cells undergoing activation, others reported direct cytotoxicity 
of CD56bright NK cells on previously activated T cells. Nielsen and 
coauthors found that killing of pre-activated T cells by CD56bright 
NK cells involves the activating receptors NKG2D, LFA-1, and 
TRAIL and is enhanced when blocking NKG2A (27). Another 
study demonstrated that both CD56bright and CD56dim NK cells 
kill autologous antigen-activated CD4+ T cells through engage-
ment of DNAM-1 and 2B4 and their cognate receptors CD155 
and CD48, respectively (21). These and other studies reveal that 
different stimuli activate NK cells toward cytotoxicity and/or 
suppression of T cell proliferation (Figure 1).

POSSiBLe ROLe OF nK CeLLS  
in MS AnD iTS AniMAL MODeL

Multiple sclerosis is an autoimmune disease of the central nerv-
ous system (CNS) characterized by an attack of the myelin sheath 
that surrounds and protects CNS axons by autoreactive T cells. 
Its murine model, experimental autoimmune encephalomyelitis 
(EAE), is triggered by active immunization with myelin antigens 
or transfer of activated autoreactive myelin-specific T cells to 
naïve recipients. Until recently, defects in regulatory mechanisms 
had only been described in MS in cells of the adaptive compart-
ment (28).

Conflicting data on a beneficial vs. detrimental role of NK cells 
in EAE have been published (29–31), but studies on regulatory 
NK cells in mice are difficult to translate into humans, because 
murine NK cells do not express CD56 and the murine counter-
parts of CD56bright and CD56dim subsets have not been identified 
with certainty.

Enhancing regulatory features of NK cells ameliorates the 
disease course of EAE. In particular, NK cells expressing NKG2A 
(which is expressed by all CD56bright NK cells in humans) were 
shown to decrease CNS inflammation by killing T cells and micro-
glial cells, when the interaction between NKG2A and its ligand 
Qa-1 (the murine equivalent to the human HLA-E) expressed 
on the target cells was blocked by antibodies specific for either 
antigen (32, 33). Decreased expression of Qa-1 on microglial 
cells upon CNS inflammation rendered them more sensitive to 
NKG2A+ NK cell-mediated lysis. Importantly, enrichment of NK 
cells through treatment with IL-2 coupled with IL-2 mAb (“IL-2 
complexes”) (34) ameliorated EAE (35). A  recent work from 
the same group has shed light on the differential effects of NK 
cells in early vs. late stages of EAE and possibly MS (36), which 
may depend on their interactions with neural stem cells (NSCs). 
Indeed, Liu et al. found that, in MS and EAE brains, NK cells are 
in contact with NSCs and that, in EAE NSCs released IL-15 upon 
contact with NK cells, thereby supporting NK cell proliferation 
and survival; in turn, NK cells killed NSCs, particularly during 
the late stages of EAE, as a result of reduced expression of Qa-1 
on NSCs. Accordingly, removal of NK cells during the late phase 
of EAE reduced disease severity (36). These observations suggest 
that cytotoxicity of NK cells may be a double-edged sword in 
EAE, with NK cells attenuating inflammation in the acute phase 
of disease by killing immune cells (T cells, microglial cells), but 
impairing potential repair during the late stage by killing NSCs.
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FiGURe 1 | natural killer (nK) cell-mediated control of T cell responses. (A) Stimulus of CD56bright with IL-2, IL-7, IL-12, IL-15, IL-18, and IL-21 induces 
cytotoxicity (G) toward previously activated autologous CD4+ T cells through the engagement of NKG2D and the natural cytotoxicity receptors (NCRs) (27). 
(B) Pre-activation of NK cells with IL-2 and of autologous CD4+ T cells with staphylococcal enterotoxin B (SEB) induces cytotoxicity of NK cells toward autologous T 
cells (G) through engagement of the activating receptor DNAM-1 on NK cells and its ligand CD155 on T cells (21). (C) In the presence of the anti-IL-2Rα monoclonal 
antibody daclizumab, IL-2 signal through the intermediate-affinity receptor induces cytotoxicity of CD56bright NK cells toward autologous activated CD4+ T cells (G) 
involving the transfer of granzyme K to target cells (23). (D) The pro-inflammatory cytokines IL-12 and IL-15 induce anti-proliferative (H) and cytotoxic function of 
CD56bright NK cells toward CD4+ T cells undergoing activation through engagement of the NCRs NKp30 and NKp46 and release of granzyme B (25). (e) CD56bright 
suppress proliferation of autologous CD4+ T cells (H) by releasing adenosine (26). (F) IL-27 induces suppressor function of CD56bright NK cells toward autologous 
CD4+ T cells (H), which is associated with increased perforin content (9).
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While Liu et al. did not ascertain whether NK cells in contact 
with NSCs belonged to the CD56bright or CD56dim NK subset (36), 
others analyzed the phenotype of NK cells in the cerebrospinal 
fluid (CSF). The majority of intrathecal NK cells in healthy 
individuals, MS patients and patients with other neurological 
diseases are CD56bright NK cells (21, 37, 38), suggesting that CSF 
enrichment in CD56bright NK cells is not MS specific, but rather 
CNS specific (37). This may reflect organ-specific, rather than 
blood-specific, tropism of CD56bright NK cells (39). The recently 
discovered lymphatic vessels in the brain (40, 41) may be the route 
of entry for CD56bright NK cells, which were shown to circulate in 
the lymph (42). Of note, a higher migratory capacity of CD56bright 
compared to CD56dim NK cells was observed in a model of the 
human blood–brain barrier (BBB) (21).

Given the evidence that CD56bright NK cells are a regulatory 
population of the IS in healthy individuals, we have explored their 
function in untreated MS patients or patients with clinically iso-
lated syndrome suggestive of MS (25). The number of CD56bright 
NK cells was similar in MS patients and healthy subjects (HS). 
However, upon stimulus with pro-inflammatory cytokines, 
CD56bright NK cells from MS patients suppressed much less effi-
ciently the proliferation of autologous CD4+ T cells compared to 
those from HS. This was associated with an increased expression 
of HLA-E on CD4+ T cells in MS and was reverted by blocking 
HLA class I on T cells, suggesting that the cytotoxic function of 
CD56bright NK cells on their targets is inhibited through binding of 
HLA-E on T cells to the NK cell inhibitory ligand NKG2A. HLA-E 
is a non-classic major HLA class I molecule expressed by immune 
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cells and, outside the immune compartment, by endothelial cells, 
which release its soluble form upon inflammation (43). HLA-E 
upregulation was found in MS CNS within white matter lesions, 
in endothelial cells and astrocytes (44, 45). Similarly, Morandi 
et al. detected increased levels of soluble HLA-E in the CSF and 
expression of HLA-E within immune cells and neural cells in MS 
plaques, which correlated with decreased NK cell cytotoxicity 
(46). The causes of such upregulation are, as yet, unknown. Thus, 
an impairment of CD56bright NK cell immunoregulatory function 
in MS may occur not only in the periphery but also within the 
CNS. Recently, we also described decreased cytolytic activity 
of NK cells in MS as a consequence of reduced upregulation of 
CD155 on T cells after activation, concomitantly with a reduced 
NK cell surface expression of DNAM-1 (21). These studies point 
toward a resistance of T cells to NK cell suppressive functions 
rather than an intrinsic defect in the NK cells in MS.

The relevance of the immunoregulatory function of NK 
cells in MS is emphasized by studies from the group of Takashi 
Yamamura, who described a particular peripheral NK phenotype 
to be characteristic of MS patients in remission, with increased 
production of the anti-inflammatory cytokine, IL-5 (“NK2” 
cells), and high expression of CD95 (47), which inhibited the 
production of IFN-γ by Th1 clones (48). Among these patients, 
a further division of NK2 cells as CD11c-high (not producing 
IL-5) and CD11c-low (producing IL-5) subsets identified CD11c-
high patients at risk of relapse (49), suggesting that CD11c + NK 
cells are pro-inflammatory. In another study, a subpopulation of 
NK cells characterized by low expression of CD8, a phenotype 
associated with CD56bright NK cells, was observed to be reduced in 
untreated patients with relapsing-remitting MS (50).

Previous infections may influence the development of MS 
(51). Interestingly, infections not only activate NK cells but also 
shape NK cell functions (52–54). Thus, cytomegalovirus (CMV) 
induces expansion of NK cells that produce IL-10 in mice, to pre-
vent excess of activation of CD8 T cells (55, 56). In humans, CMV 
infection is associated with expansion of terminally differentiated 
NK cells bearing the NKG2C receptor and has been implicated 
both in MS etiology and/or “protection” (57). In this context, 
Martinez-Rodriguez et  al. explored the expression of NKG2C 
on NK cells from MS patients and controls, in relation to their 
CMV+ serostatus and to the NKG2C genotype, finding that the 
expansion of NKG2C+ NK cells in CMV+ patients was associated 
to lower risk of disease progression, suggesting that CMV may 
exert a beneficial influence on MS, either through expansion of 
NKG2C+ NK cells or through other mechanisms (58). Differently 
to CMV, infection with Epstein–Barr virus, which has also been 
associated with an increased risk of MS, expands early differenti-
ated NKG2A + CD56dimNK cells (59, 60), but whether such cells 
have any role in the pathogenesis of MS is unknown.

THe iMPACT OF MS THeRAPieS  
On nK CeLLS

In addition to first-line MS therapies, interferon beta (IFN-β) and 
glatiramer acetate, novel immune-modulating therapies such as 
the anti-inflammatory dimethyl fumarate, the T cell proliferation 

inhibitor teriflunomide, the migration inhibitors natalizumab and 
fingolimod (FTY720), the IL-2 receptor-modulating daclizumab, 
and the immune cell-depleting alemtuzumab are now available 
for treatment of MS (61, 62). Many of these immune-modulating 
biologicals alter the NK cell compartment (Figures  2A,B) by 
increasing NK cell frequencies (Figure 2A) and/or NK-mediated 
immune regulatory functions (Figure 2B) (61, 63), which points 
to an immune-protective role of NK cells in MS. Furthermore, 
antibody-dependent cell-mediated cytotoxicity (ADCC) by 
CD56dim NK cells has been proposed as an essential therapeutic 
mechanism in alemtuzumab-mediated T and B cell depletion as 
well as rituximab-mediated B cell depletion (Figure 2C) (64, 65).

One therapeutic approach in MS is the reduction of inflam-
matory lesions by inhibiting infiltration of autoreactive lympho-
cytes into the CNS. While the humanized monoclonal antibody 
(hMA) anti-CD49d (alpha 4 integrin) natalizumab prevents 
transmigration of circulating lymphocytes across the BBB (67), 
the sphingosine 1-phosphate receptor (S1P) modulator FTY720 
reduces CNS inflammation in MS (68) indirectly by prevent-
ing lymphocyte egress from LNs (69). A natalizumab-induced 
increase of total NK cells and CD56bright NK cells in blood con-
comitantly with reduced NK cell numbers in CSF (Figure 2A) 
(21, 70, 71) suggests CD49d-dependent transmigration of NK 
cells into the CNS. Trafficking of NK cells in steady state and 
inflammatory conditions requires S1P (72) and decreased num-
bers of circulating CD56bright NK cells have been observed 6  h 
after FTY720 treatment (73) (Figure 2A). Long-term treatment 
also resulted in reduced numbers of both NK cell subsets in the 
CSF (own observations). Despite reduced NK cell numbers, a 
relative increase in peripheral and intrathecal NK cell subsets 
within the lymphocyte compartment (74) indicates that FTY720 
inhibits NK cell emigration less than that of other lymphocytes 
(Figure  2A). This might be due to the fact that egress of NK 
cells from LNs is regulated through both S1P1 and S1P5 (72, 75), 
whereas other lymphocytes use only S1P1 (76). Since S1P1 and 
S1P5 seem to trigger the activation of distinct intracellular signal 
transduction pathways, it has been suggested that S1P5 might 
be less susceptible to FTY720 than S1P1 (72). Along this line, a 
higher expression of S1P5 on CD56dim NK cells than on CD56bright 
ones (72) might explain the relative increase of the CD56dim NK 
cell subset (77). While treatment of MS patients with FTY720 
alters NK cell trafficking, it has no impact on cytokine secretion 
or cytolytic function of NK cells (77).

In contrast, treatment with daclizumab affects both peripheral 
(20, 78) and intrathecal CD56bright NK cell numbers (79), as well 
as their immunoregulatory function (19, 21) (Figures  1 and 
2B). Daclizumab is a recently approved hMA directed against 
IL-2Rα, which showed enhanced efficacy in MS compared to 
IFN-β [DECIDE trial (80)]. Daclizumab enhances endogenous 
mechanisms of immune tolerance by reducing early T cell activa-
tion (81), expanding CD56bright NK cells (20, 78), while reducing 
lymphoid tissue-inducer cells (82), and restoring defective NK 
cell-mediated control of T cell activity in MS (19, 21). The mecha-
nism of the effect of daclizumab on CD56bright NK cells has been 
discussed in chapter 1.3 (Figure 2C). Daclizumab both boosts NK 
cell cytolytic function in a DC-dependent manner and renders 
antigen-activated T cells more sensitive toward NK-mediated 
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FiGURe 2 | impact of multiple sclerosis (MS) therapies on the natural killer (nK) cell compartment. (A) Fingolimod (FTY720) inhibits egress of CD56bright, 
and to a lower degree, CD56dim NK cells from the lymph node (LN), resulting in a relative increase of the latter subset in the periphery (middle). Natalizumab inhibits 
transmigration of lymphocytes including NK cells across the blood–brain barrier (BBB). (B) Elevated levels of IL-2 in daclizumab-treated patients promote 
differentiation and expansion of CD56bright NK cells. Daclizumab both boosts NK cell cytolytic function in a DC-dependent manner and renders antigen-activated 
T cells more sensitive toward NK-mediated lysis, thus restoring defective NK-mediated control of T cell activity in MS. (C) In addition to complement-dependent 
cytotoxicity (CDC), alemtuzumab (top) and rituximab (bottom) use CD56dim NK cell-mediated antibody-dependent cellular cytotoxicity (ADCC) to deplete T and/or 
B cells in peripheral blood. However, in the CSF, sparseness of CD56dim NK cells, reduced levels of complement proteins, and lack of antibodies crossing the 
BBB limit local immune-modulating efficacy [(C) adapted from Ref. (66)].
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lysis, thus restoring defective NK cell-mediated control of T cell 
activity in MS (19, 21) (Figure 2B).

Alemtuzumab is a hMA directed against the cell surface mol-
ecule CD52, which demonstrated a high clinical efficacy in MS 
(83, 84). CD52 is highly expressed on T and B cells and to a lower 
degree on NK cell subsets (85, 86). Accordingly, a relative increase 
of circulating NK cells with increased numbers of CD56bright NK 
cells was observed 6 months after alemtuzumab therapy, whereas 
the CD56dim subset remained unaltered. However, there was no 
change in NK cell cytolytic function (87). ADCC is mediated 

via the FcγRIII (CD16)-expressing CD56dim NK cell subset (88). 
Since intrathecal CD56dim NK cells are sparse (21, 89), the thera-
peutic efficacy of alemtuzumab within the CNS might be limited 
(Figure  2C). Along this line, insufficient disease inhibition in 
progressive MS by intrathecal application of rituximab was pro-
posed to be due to low numbers of CD56dim NK cells and reduced 
levels of complement proteins within the CNS (66). Further stud-
ies are required to shed more light on NK cell-mediated ADCC as 
a mechanism of action of human monoclonal antibody-mediated 
depleting therapies in MS.
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SUMMARY/OUTLOOK

NK cells are important players in controlling T cell activation in 
CNS autoimmunity, and impaired immune regulatory function of 
NK cells might be one of the driving forces in the pathogenesis of 
MS. Thus, a better understanding of the underlying mechanisms 
of NK cell-mediated regulation of T cell activation might help to 
improve treatment strategies in MS.
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Although kidney transplantation remains the best treatment for end-stage renal failure, it is 
limited by chronic humoral aggression of the graft vasculature by donor-specific antibodies 
(DSAs). The complement-independent mechanisms that lead to the antibody-mediated 
rejection (ABMR) of kidney allografts remain poorly understood. Increasing lines of evi-
dence have revealed the relevance of natural killer (NK) cells as innate immune effectors 
of antibody-dependent cellular cytotoxicity (ADCC), but few studies have investigated 
their alloreactive potential in the context of solid organ transplantation. Our study aimed 
to investigate the potential contribution of the antibody-dependent alloreactive function 
of NK cells to kidney graft dysfunction. We first conducted an observational study to 
investigate whether the cytotoxic function of NK cells is associated with chronic allograft 
dysfunction. The NK-Cellular Humoral Activation Test (NK-CHAT) was designed to eval-
uate the recipient and antibody-dependent reactivity of NK cells against allogeneic target 
cells. The release of CD107a/Lamp1+ cytotoxic granules, resulting from the recognition 
of rituximab-coated B cells by NK cells, was analyzed in 148 kidney transplant recipients 
(KTRs, mean graft duration: 6.2 years). Enhanced ADCC responsiveness was associ-
ated with reduced graft function and identified as an independent risk factor predicting 
a decline in the estimated glomerular filtration rate over a 1-year period (hazard ratio: 
2.83). In a second approach, we used the NK-CHAT to reveal the cytotoxic potential 
of circulating alloantibodies in vitro. The level of CD16 engagement resulting from the 
in vitro recognition of serum-coated allogeneic B cells or splenic cells was further identi-
fied as a specific marker of DSA-induced ADCC. The NK-CHAT scoring of sera obtained 
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from 40 patients at the time of transplant biopsy was associated with ABMR diagnosis. 
Our findings indicate that despite the administration of immunosuppressive treatments, 
robust ADCC responsiveness can be maintained in some KTRs. Because it evaluates 
both the Fab recognition of alloantigens and Fc-driven NK cell activation, the NK-CHAT 
represents a potentially valuable tool for the non-invasive and individualized evaluation of 
humoral risk during transplantation.

Keywords: natural killer cells, kidney transplantation, donor-specific antibodies, antibody-dependent cellular 
cytotoxicity, antibody-mediated rejection

inTrODUcTiOn

Kidney transplantation is the best treatment for patients with end-
stage chronic kidney disease (CKD). However, long-term graft 
survival is limited by numerous factors, including inadequate 
control of the immune response to the allograft vasculature (1–3). 
Antibody-mediated rejection (ABMR) is a major cause of long-
term transplant failure (2, 4, 5). De novo donor-specific antibodies 
(dnDSA) have been identified as major contributors to chronic 
ABMR and have been associated with graft microvascular injury 
(6–9) and arterial intimal fibrosis (10, 11). Despite advances in 
the development of the multiplex solid-phase single-antigen 
bead assay (SABA), which detects circulating donor-specific 
antibodies (DSAs) (12, 13) and their capacity to bind C1q or C3d 
(14–18), predicting the graft outcome in sensitized transplant 
recipients remains difficult (16, 19–23). A better understanding 
of the underlying mechanisms that contribute to ABMR is thus 
of key importance for improving therapeutic strategies. Recent 
findings indicate that, in addition to complement-dependent 
mechanisms, antibody-dependent cellular cytotoxicity (ADCC) 
involving γδ T cells or natural killer (NK) cells contributes to 
DSA-mediated graft injury (24–33). The NK cell molecular 
signatures from transplant biopsies of patients with ABMR (32, 
34–37) suggest that NK cell activation is associated with humoral 
allograft vasculopathy (38, 39). Although NK cells are known 
cytotoxic effectors of the innate immune responses to antibodies, 
their potential pathogenic role in transplant rejection remains 
poorly documented. The antitumor efficiency of therapeutic 
monoclonal antibodies has been shown to be dependent on 
the expression of CD16-FcRγIIIA on NK cells (40, 41). FcγR 
polymorphisms have also been suggested as predisposing fac-
tors to infectious complications after liver transplantation (42). 
Similarly, we hypothesized that antibody-dependent cytotoxicity 
may be partly conditioned by the intrinsic capacity of the recipi-
ent NK cells to form conjugates with antibody-coated donor cells. 
In the transplant setting, the recipient NK cell alloreactivity may 
be affected by numerous factors, such as immunosuppressive 
drugs, infection, uremia, and inflammatory stresses (27, 43–48). 
Therefore, we aimed to investigate the potential link between NK 
cell cytotoxicity and allograft function in a cohort of late kidney 
transplant recipients (KTRs). An in vitro NK-Cellular Humoral 
Activation Test (NK-CHAT) was designed to address the fol-
lowing: (1) the potential link between NK cell activation and 
transplant dysfunction and (2) the potential toxicity of dnDSAs 
in promoting NK cell activation.

MaTerials anD MeThODs

Patients and study Design
Study approval was obtained from the Agence Française de 
Sécurité Sanitaire (Afssaps Ref B805-1860) and from the Comité 
de Protection des Personnes SUD Méditerranée I. The study was 
supervised by the Institut National de la Santé et de la Recherche 
Médicale (INSERM, protocol granted in 2008 under Ref ID RCB 
2008-A00604-51, C07-17).

Kidney transplant recipients were prospectively enrolled 
in the study from November 2008 to November 2011 at the 
Centre de Nephrologie et Transplantation Rénale, Hôpital de la 
Conception, Marseille. Patients considered for inclusion under-
went transplantation between 2001 and 2005 (>3  years post 
graft) as part of a follow-up for a previous study (49). Patients 
with insufficient peripheral blood mononuclear cells (PBMCs) 
to perform the functional test or patients lacking follow-up data 
for kidney graft function after 1 year were not considered in the 
analysis (n = 42). The distribution of the variables for this group 
of 42 patients with missing data were not significantly different 
from that found for the cohort of 148 KTRs who were included 
in the final study cohort. The baseline characteristics of the 148 
KTRs are summarized in Table 1. Renal function decline during 
follow-up was defined as either a 10% loss in the estimated glo-
merular filtration rate (eGFR) (mL/min/1.73 m2, defined with the 
MDRD simplified equation, n = 51) or renal graft failure (n = 9). 
The control group was composed of 86 volunteer blood donors 
without renal failure.

cells, Plasma, and sera
Peripheral blood mononuclear cells for use as effector cells were 
obtained from healthy volunteer blood donors and KTR patients 
and were isolated using a Ficoll gradient. The cells used as targets 
in the NK-CHAT assay included the following: cells from the 
K562 cell line, cells from a B-EBV immortalized cell line [human 
leukocyte antigen (HLA)-genotype Table  2], NK cell-depleted 
PBMCs, and the residual donor spleen cells from the pretrans-
plant cross-matching. The splenic or renal tissues were minced 
and homogenized by incubation with 50  μg/mL collagenase 
1A (Sigma C9891) for 30 min at 37°C. Plasmapheresis samples 
(500 mL), containing HLA-A2 or HLA-DR4 DSA, were collected 
during the first round of ABMR desensitization therapy from two 
patients. KTR serum samples were obtained before the initiation 
of ABMR treatment and blindly analyzed for NK-CHAT activity. 
NK-CHAT standardization was achieved using a monoclonal 
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TaBle 1 | characteristics of the 148 KTrs according to transplant function.

Variable KTr with egFr < 60 KTr with egFr ≥ 60 p value cTl

KTr with egFr < 60 versus  
KTr with egFr ≥ 60 

recipient n = 148 92 (62%) 56 (38%) 86
Men (%) 55 (60%) 36 (64%) ns 47 (55%)
Age at transplant (year, mean ± SD) 45 ± 13 32 ± 13 0.07 NA
Body mass index (kg/m2) at transplant 23 ± 4** 23 ± 4* ns 25 ± 5

Donor
Men (%) 63 (67.7%) 41 (74.5%) ns N.A
Age (year, mean ± SD) 45 ± 13 32 ± 13 <0.0001 N.A
No of HLA mismatch (min–max) 3 (0–5) 3 (1–4) ns N.A

antecedent/risk factors
Time on dialysis, months 33 (18.5–55.5) 25 (14–52) ns N.A
Second or third transplantation 12 (13%) 6 (11%) ns N.A
Delayed graft function 24 (26%) 8 (14.5%) 0.091t N.A
eGFR at 1 year posttransplant (M12) 45 ± 13 63 ± 11.5 <0.0001 N.A
Acute rejection 8 (8.7%) 1 (1.8%) 0.088 N.A

characteristics at time of inclusion
Time post graft (year, mean ± SD) 6.3 ± 1.8 6.03 ± 1.7 ns N.A
Serum creatinine, μmol/L (mean ± SD) 161 ± 58*** 89 ± 14*** <0.0001 73 ± 14
eGFR (mL/min/1.73 m2, mean ± SD) 41.3 ± 11*** 75.6 ± 13*** <0.0001 96 ± 18
Obesity (BMI > 30) 13 (14.1%) 4 (7.1%) 0.196 N.A
Current smokers 17 (18.5%) 4 (7.1%) 0.055 N.A
Diabetes 18 (19.6%) 8 (14.3%) ns N.A
Hypertension 91 (99%) 51 (91.1%) 0.019 N.A
Cardiovascular history 16 (17.4%) 17 (30.4%) ns N.A
DSA at time of inclusion 13 (14%) 2 (4%) 0.039 N.A

immunosuppressive therapy
Cyclosporine 42 (46%) 21 (37.5%) ns N.A
Mycophenolate mofetil 46 (49.5%) 32 (58.2%) ns N.A
Azathioprine 22 (24%) 16 (29%) ns N.A
Steroids 86 (92.5%) 51 (92.8%) ns N.A

nK cell number and cytotoxic function
% NK cells (median, 25–75 pct) 9.1 (5.6–15) 10.1 (6.5–15) ns 10.4 (9–14.5)
Number of NK cells/mm3 (median, 25–75 pct) 118 (88–180) 149 (93–224) 0.103t 197 (142–264)

nK cell activation toward target (%cD107a/lamp1)
Natural cytotoxicity toward B cells 5.8 (4.3–9.1) 5.4 (3.7–8.6) ns 6.9 (4.3–11)
ADCC: B cells + rituximab 29.4 (18.7–37) 22.6 (15–39) 0.008 31 (25–40)
egFr loss ≥10% 33 (36%) 18 (32%) ns N.A

The p values from the comparison of KTRs and healthy individuals (eGFR ≥ 60, CTL) were used to assess the significance of the differences (*p < 0.05, **p < 0.01, ***p < 0.0001); 
tshows the differences with p values <0.2, and ns indicates the non-significant differences (p > 0.2). The progression of CKD was evaluated as an eGFR decrease of at least 10% 
from the time of inclusion in the study (time of NK cell evaluation) to 1 year later. According to the distribution of variables, the results are shown as numbers and percentages, 
means ± SD, or medians (25–75th percentile ranges).
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therapeutic IgG-recognizing CD20, rituximab (obtained from 
the residual samples that could not be used in the clinics or that 
were beyond the expiration date). The samples were obtained 
under institutional approval provided by the Pharmacy and 
Nephrology Department of Assistance Publique des Hôpitaux 
de Marseille.

The plasma samples obtained during the first round of 
plasmapheresis treatment from two ABMR patients were used 
to validate the performance of the NK-CHAT in detecting anti 
HLA-A2 and HLA-DR4 DSA reactivity. Serum and plasmapher-
esis samples (500 mL) were collected and aliquoted during the 
first round of ABMR desensitization therapy from two KTRs 
completing 10 plasmapheresis sessions, specifically before the 
initiation of other treatments using pulse methylprednisolone, 

intravenous immunoglobulin, and rituximab treatment to ensure 
that rituximab reactivity does not interfere in the experiments 
conducted with these plasma samples. The first patient (patient 1) 
was a 59-year-old man with HLA-A2 dnDSAs who experienced 
an acute C4d-positive ABMR rejection 8 years after his first renal 
transplantation. The second patient (patient 2) was a 29-year-old 
woman with HLA-DR4 dnDSAs who experienced an acute C4d-
positive ABMR rejection episode with cellular borderline changes 
8 years after her first transplantation. Antibodies from serum or 
plasma were purified using Protein A columns and Gentle Ag/A 
binding and elution buffers (Pierce 20356 and 21030). Before 
introduction into the NK-CHAT assay, the purified antibodies 
were dialyzed against PBS buffer (2 × 2 h and overnight) using a 
10-kDa dialysis cassette.
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TaBle 2 | Univariate and multivariate analysis of factors associated with the progression to cKD at 1 year post-enrollment into the study.

≥10% egFr loss Univariate analysis estimates: asymptotic cox regression multivariate

Variables in the model p B se p hr 95% ci for exp (B) (lower–upper)

CD107a/Lamp1URI >3 0.033 1.04 0.50 0.038 2.83 1.06 7.57

eGFR 1 year after transplantation 0.001 −0.06 0.02 0.001 0.94 0.91 0.98

eGFR at time of evaluation 0.386 0.03 0.01 0.036 1.03 1.00 1.05

Maintenance treatment: azathioprine 0.044 0.93 0.48 0.052 2.53 0.99 6.47

Smoking of time of enrollment 0.179t −0.05 0.44 0.273 0.62 0.26 1.46

Presence of DSA at time of enrollment 0.214 −0.55 0.65 0.401 0.58 0.16 2.07

Recipient age at transplant ≥55 years 0.157t −0.32 0.39 0.416 0.73 0.34 1.57

Time posttransplant at time of enrollment 0.333 0.05 0.11 0.640 1.05 0.85 1.30

Number of NK cells at time of enrollment 0.192t −0.001 0.002 0.688 1.00 1.00 1.00

Donor age at time of transplant 0.049 0.004 0.01 0.761 1.00 0.98 1.03

The univariate analysis defined variables that were significantly associated (p < 0.05) or tended to associate (tp < 0.2) with deterioration of kidney graft function (≥10% eGFR loss 
1 year post-enrollment). These variables were used to construct a multivariate Cox regression model to analyze the link between NK cell activation corresponding to the intermediate 
and high ADCC responses observed in the KTR cohort (CD107a/Lamp1URI ≥ 2.98) and risk of a further 10% decline in allograft function, evaluated in reference to the eGFR 
values obtained at the time of enrollment and after a median period of 13 months post-enrollment (min–max, 11–41 months post-inclusion). Although found to not be significantly 
associated with the degradation of kidney graft function using univariate analysis, variables such as the eGFR at the time of NK cell evaluation, the time posttransplant, and the 
presence of circulating dnDSAs at the time of inclusion were introduced into the multivariate model to control whether the association between NK activation and CKD progression 
was related to initial graft dysfunction and immunization status.
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identification of Donor-specific  
anti-hla alloantibodies
The detection of HLA-specific antibodies in serum samples was 
performed using standard techniques. The presence of allograft-
specific antibodies was screened through CDC and Luminex 
screening assays (LAScreen® mixed, One Lambda, Canoga Park, 
CA, USA) using Luminex flow beads (LAScan™ 100, Luminex, 
Austin, TX, USA). To determine their antibody specificity, all 
samples with a positive screening result were further evaluated 
using “Single-Antigen” Gen-Probe Lifecodes reagents (Lifecodes 
LSA class I and Lifecodes LSA class II kits, Immucor, Norcross, 
GA, USA) according to the recommendations of the manufacturer 
and current guidelines (16, 50). The DSAs present in the samples 
were analyzed at the time of biopsy and were further characterized 
using single-antigen flow bead assays according to the manufac-
turer’s recommended protocol (LAScreen® Single Antigen class 
I or LAScreen® Single Antigen class II, One Lambda, Canoga 
Park, CA, USA). Median fluorescence intensity (MFI) values 
were obtained using the baseline formula proposed by Fusion 3.2 
software. The percentage of PRAs for the single-antigen assays 
were calculated according to the manufacturer’s instructions as 
the percentage of positive bead reactions among the 99 class I 
beads and 97 class II beads. Cytotoxic cross-match assays were 
performed with donor PBMCs or splenic cells according to the 
protocol recommended by the Eurotransplant Organization using 
a standard microcytotoxicity assay. The CDC showed positive 
results when at least 50% of the cells were dead. Autoreaction was 
detected by incubating the patient’s serum with autologous effec-
tor lymphocytes. IgM reactivity was excluded through prior treat-
ment of the tested sera with dithiothreitol (Fluka BioChemika).

Flow cytometry analysis  
of antibody ligation
Antibody ligation to target cells was analyzed using anti-human 
Fc antibody. The target cells (105) were incubated with 10 μL of 

the FcR-blocking reagent (Miltenyi 130-059-901) and 90 μL for 
serum 0 min at 4°C, washed in PBS, incubated with 20 μL of sera 
or plasma and 80 μL of PBS for 30 min at 4°C, and then washed 
again in PBS. Binding was evaluated by incubating the serum- or 
plasma-coated cells with a secondary goat F(ab′)2 anti-human-Fc 
antibody conjugated to PE for 20 min at 4°C (Beckman Coulter 
IM0550). Acquisition and analysis of the MFI of the gated alloge-
neic target cells were performed using a Beckman Coulter Navios 
Cytometer.

absorption of hla class i antibodies
Platelets were obtained from the blood bank service as units of 
platelet concentrate and were processed as follows. First, the plate-
lets were centrifuged at 200 g for 40 min in 50-mL centrifuge tubes. 
The supernatant was removed, and the platelets were centrifuged 
again at 2,000 g for 15 min. After removal of the supernatant, 20 mL 
of 0.8% ammonium chloride was added to achieve red blood cell 
lysis, and the mixture was placed on a rotary mixer for 50 min. The 
platelets were washed twice with 1% Tris-buffered EDTA/saline 
and stored in a solution containing 0.1% sodium azide until their 
use for antibody absorption. Prior to absorption, the platelets were 
centrifuged at 2,000 g for 20 min, the supernatant was removed, 
and the platelets were washed twice with complement fixing buffer 
(Ovoid). A 50% volume of complement fixing buffer was added to 
packed platelets. Then, 1 mL of the above-described mixture was 
placed in a microcentrifuge tube and centrifuged at 10,000 g for 
5 min, and the supernatant was removed. A volume of 0.25 mL 
of each sera sample was mixed, incubated at 22°C for 2 h, and 
centrifuged at 10,000 g for 5 min, and the absorption procedure 
was repeated with an overnight incubation at 22°C. Non-platelet- 
and platelet-absorbed sera were stored at 4°C until further use.

Phenotypic analysis of  
antibody-Dependent nK cell activation
The NK-CHAT was performed to analyze the antibody-
dependent activation potential of NK effector cells resulting from 
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their exposure to rituximab or DSA-coated target cells. Briefly, 
500,000 target cells (B-EBV cell lines, NK cell-depleted PBMCs, 
or spleen cells) were incubated with control (CTL) unsensitized 
male human AB serum (CTL, Lonza) to block FcRs, rinsed, and 
incubated for 15 min in the presence of 20% KTR serum or CTL 
serum either supplemented or not supplemented with 10 μg/mL 
rituximab or purified IgG. The samples were then rinsed to remove 
any unbound antibodies. Effector cell PBMCs were incubated 
with antibody-coated targets for 3 h at 37°C using a 1:1 effector-
to-target ratio in the presence of Golgi Stop (Becton Dickinson 
554724) and CD107a-PC5 (Becton Dickinson 555802). In several 
experiments, serum was incubated in the presence of 200 μg/mL 
of Protein A to block antibody Fc fragment reactivity. The cells 
were then washed and labeled with CD3-ECD (Beckman Coulter 
A07748), CD16-PE (Beckman Coulter A07766), and CD56-PC7 
(Beckman Coulter A21692) for 15  min at room temperature. 
Data acquisition and analysis were performed using a Beckman 
Coulter Navios cytometer. The NK lymphocyte subset within the 
PBMCs was gated through CD3/CD56-labeling (CD3−CD56+ 
population). The CD16 and Lamp1/CD107a expression patterns 
within the CD3−CD56+ NK subset were analyzed. ADCC was 
further analyzed by calculating the rituximab–CD107a/Lamp1 
upregulation index (CD107a/Lamp1URI), which is expressed 
as the ratio between the percentage of CD107a/Lamp1 NK cell 
activation toward B cells in the presence (ADCC) or absence of 
rituximab (natural cytotoxicity). The level of CD16 engagement 
was quantified as the ratio between the MFIs of NK CD16 expres-
sion observed after effector PBMCs were incubated with B cell 
targets exposed to 20% human CTL DSA− serum in the presence 
or absence of rituximab and was further defined as the CD16 
downregulation index (CD16DRI).

When PBMCs or splenic cells were used as the target cells, the 
cell preparations were depleted of NK cells prior to being used as 
targets in the NK-CHAT. NK cell depletion was achieved through 
CD16 and CD56 magnetic bead selection (Miltenyi 130-045-701 
and 130-050-401). Briefly, pelleted cells were resuspended in 
60 μL of PBS containing 2 mM EDTA, 0.5% human AB serum 
(SAB), and 20 μL of each set of beads and then incubated on ice 
for 30 min. After a wash step, the fixed NK cells were depleted 
using adapted columns and magnets as recommended by the 
manufacturer (Miltenyi 130-042-201).

Transplant histological assessment
Forty transplant biopsies were retrospectively reassessed and 
scored using the updated conventional Banff diagnosis criteria 
(51) by one experimental renal pathologist (LD) blinded to 
the clinical information. C4d staining of paraffin section was 
performed through immunochemistry (51, 52). The biopsies 
were graded (from 0 to 3) according to the following histo-
logical parameters: glomerulitis (g), tubulitis (t), interstitial 
inflammation (i), intimal arteritis (v), peritubular capillaritis 
(ptc), chronic glomerulopathy (cg), interstitial fibrosis and 
tubular atrophy (ci and ct), and arterial fibrous intimal thick-
ening (cv). The humoral parameters were integrated into a 
humoral histological score by adding the following variables: 
(g + ptc + v + cg + C4d) (36).

statistical analysis
The statistical analyses were performed using Graph Pad Prism 5 
software (GraphPad Software, La Jolla, CA, USA) and IBM SPSS 
Statistics for Windows, Version 20.0 (IBM Corp., Armonk, NY, 
USA). Categorical variables are reported as counts or percent-
ages. The associations between continuous variables were ana-
lyzed using Spearman’s rank correlation analysis. The Chi-square 
test (or Fisher’s exact test when appropriate) was used for the 
comparisons of categorical variables. Group comparisons were 
performed through one-way analysis of variance (ANOVA). 
A Mann–Whitney t test was performed for the comparison of 
non-parametric data from two groups. A p value <0.05 was 
considered to represent a statistically significant difference. In all 
figures, one asterisk (*) denotes p < 0.05, two asterisks (**) denote 
p < 0.01, and three asterisks denote p < 0.001. Clinical, histologi-
cal, functional, and immunological factors associated with the 
degradation of kidney graft function were assessed in a separate 
univariate analysis. The variables identified as significantly asso-
ciated with outcome variables (p < 0.05), that were marginally 
significant (p < 0.20, t) in the univariate analysis, or that are con-
sidered clinically relevant were selected for inclusion in the Cox 
regression model, which analyzed parameters associated with a 
loss in kidney graft function equal to at least 10% of the eGFR 
over the follow-up period of the 148 patients (median duration 
of follow-up: 13.3 months, 25–75th percentile: 12.1–15.1 months 
post-evaluation).

resUlTs

analysis of antibody-Dependent nK cell 
responses in Kidney Transplant 
recipients
The NK-CHAT assay was designed to evaluate the contribution 
of the three components of ADCC responses, i.e., NK effector 
cells, antibodies, and target cells (Figure 1). In the first approach, 
peripheral NK cell cytotoxic activity was evaluated using a 
standardized combination of targets and antibodies, and variable 
sources of circulating effector cells isolated from 148 late KTRs 
were compared to those from 86 healthy controls (Table 1). Flow 
cytometry analysis of CD107a/Lamp1+ NK cell granule exocy-
tosis allowed quantification of natural and antibody-dependent 
cytotoxic activation against a standardized combination of HLA-
negative (K562) target cells or HLA- and CD20-positive B cell 
target cells evaluated in the presence or absence of rituximab. As 
observed for the control cells, the NK cell cytotoxic function was 
highly variable in KTRs (Figure 2A). The variations in the levels 
of NK cell cytotoxic activation toward K562 (p = 0.206) or B cell 
target cells (p = 0.141) were not significantly different between 
the KTR and control groups. Interestingly, although the ADCC 
levels of KTRs with an eGFR < 60 mL/min/1.73 m2 were compa-
rable to those observed in the control group, the NK cell ADCC 
responses were significantly decreased in transplant recipients 
with preserved graft function (eGFR  >  60  mL/min/1.73  m2). 
To normalize the interindividual variability of natural NK cell 
cytotoxicity toward B cells, NK-ADCC was further indexed by 
calculating the rituximab–CD107a/Lamp1 upregulation index 
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FigUre 1 | Description of the observational and in vitro steps of the study of antibody-dependent nK cell activation using a standardized nK-
cellular humoral activation Test (nK-chaT). Step 1. The standardized ex vivo NK-CHAT evaluation of the variability of KTR NK cell activation toward B cell 
targets coated with anti-CD20 monoclonal antibodies (rituximab). Step 2. In vitro scoring of serum DSA activity toward allogeneic target cells using third-party 
PBMCs isolated from healthy blood donors as immune effector cells.
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(CD107a/Lamp1URI), a ratio of the percentage of CD107a/
Lamp1+ NK cell activation toward B cells in the presence to that 
observed in the absence of rituximab (Figure  2B). Although 
highly variable, the level of rituximab-induced CD107a/Lamp1 
upregulation was maintained across KTRs (median CD107a/
Lamp1URI: 4.1, 25–75th percentile: 2.98–5.79) and was not 
significantly different from that observed in a cohort of healthy 
control individuals (median CD107a/Lamp1URI: 4.5, 25–75th 
percentile: 3.16–6.25, Figure 2B). A multivariate Cox regression 
analysis of the factors associated with CKD progression further 
indicated that this intermediate level of the ADCC responsive-
ness observed in KTRs (CD107a/Lamp1URI > 3) was associated 
with the occurrence of graft function decline (≥10% eGFR loss) 
or graft failure in 34% of the transplanted recipients during the 
mean follow-up period of 13.3 months (Figure 2C and Table 2).

Quantification of Dsa-Dependent cD16 
engagement and nK cell activation 
toward allogeneic cell Targets
Through the introduction of KTR serum as a variable in the 
NK-CHAT assay, we further investigated whether this test 
could assess the variability in DSA-mediated NK cell cytotoxic 
activity, which relies on the structural features of IgGs found 
in complexes in the KTR serum (Figure 1, step 2). Consistent 

with studies that utilized C1q binding as a tool to characterize 
the complement-dependent pathogenicity of DSA, we explored 
whether indexing the Fc–FcR interactions can reflect the 
cytotoxic potential of DSAs found in plasmapheresis samples 
collected during ABMR therapy. Specific binding of the DSAs 
found in plasma to B cells expressing either HLA-A2 or DR4 
antigen was confirmed by flow cytometry cross-match (FCXM, 
Figure  3A). Plasma containing anti-HLA-A2 DSAs induced 
a significant and reproducible modulation of both CD107a/
Lamp1 and CD16 expression on NK cells incubated with distinct 
HLA-A2+ B cell targets (Figure S1A in Supplementary Material). 
A phenotypic analysis of NK cells identified CD16 expression 
as a surrogate marker of NK cell cytotoxic granule exocytosis 
and shows that it has the capacity to reflect the specific humoral 
component of NK cell activation (Figure  3B). A comparative 
NK-CHAT evaluation of DSA+ plasma samples and rituximab 
reactivity was performed using different batches of effector 
PBMCs from distinct healthy donors (n = 25). The NK-CHAT 
scores resulting from the specific recognition of allogeneic B cells 
by DSAs were not significantly different from those observed 
with rituximab (Figure  3B). As observed with rituximab, the 
plasma-driven modulation of CD107a/Lamp1 and CD16 
expression was specific, exhibiting HLA alloantigen recognition 
and effector-dependent variability (Figure 3B). The same results 
were observed using freshly isolated NK cell-depleted human 
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FigUre 2 | analysis of nK cell activation in late kidney transplant recipients. (a) The natural cytotoxicity of NK cells toward HLA-negative K562 cells or 
CD20+ B-lymphocyte target cells was analyzed by multicolor flow cytometry. The expression of CD107a/Lamp1 on the surface of CD3−CD56+ NK cells gated within 
the PBMCs was analyzed. NK cell ADCC toward the same B cell targets was evaluated in the presence of rituximab (Ritux). NK cell activation was evaluated in 148 
KTRs and 86 healthy controls (CTL). The KTR patients were grouped according to graft function as follows: normal graft function (eGFR ≥ 60 mL/min/1.73 m2, 
n = 56) and moderate-to-severe graft dysfunction (eGFR < 60 mL/min/1.73 m2, n = 92). One-way ANOVA was performed to test the significance of NK-ADCC 
using PBMC effector cells obtained from CTLs and the KTR subgroups (Kruskal–Wallis, p = 0.0002). Asterisks indicate the p values as follows: *p ≤ 0.05, 
**p ≤ 0.01, and ***p ≤ 0.001. The box plots show the median values, and the whiskers represent the 5–95 percentiles. (B) Specific analysis of rituximab-induced NK 
cell activation. To analyze the specific contribution of antibodies, NK cell activation toward rituximab-coated B cells was normalized in reference to the baseline 
cytotoxicity of the NK cells toward B cells evaluated in the absence of rituximab by calculating the CD107a/Lamp1 upregulation index (CD107a/Lamp1URI). The 
CD107a/Lamp1URI values observed in the KTR cohort allowed classification of the KTRs as low ADCC responders if their CD107a/Lamp1URI was below 3 (25th 
percentile) or as intermediate or high responders if their CD107a/Lamp1URI value was greater than 3. (c) Kaplan–Meir curves for an eGFR loss of at least 10% or 
graft loss (n = 51) observed during the follow-up period (months post-inclusion in the study) in KTRs with low NK cell activation (CD107a/Lamp1URI ≤ 3) and 
intermediate or high NK cell activation (CD107a/Lamp1URI > 3).
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PBMCs as the allogeneic target cells expressing HLA alloan-
tigens (Figure S1B in Supplementary Material). To normalize 
the variability in the baseline expression of CD16 in KTRs, a 
CD16 downregulation index (CD16DRI) was calculated as the 
ratio of the CD16 MFI measured in response to B cells coated 
with DSA-negative control serum (baseline) to the CD16 MFI 

results from B cells coated with KTR sera. In most cases in which 
the same sources of effector and target B cells were used in the 
NK-CHAT assay, the CD16DRI values measured in response 
to DSA-coated cells were correlated with the CD16DRI values 
measured in response to rituximab-coated cells (Spearman 
r = 0.7, p < 0.0001).
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FigUre 3 | comparative analysis of rituximab and Dsa-specific nK cell activation. (a) Plasmapheresis samples were obtained during plasma exchange 
therapy from two patients with circulating DSAs and a biopsy-proven ABMR. The binding of anti HLA-A2 (patient 1, Pat1) or anti HLA-DR4 DSA (patient 2, Pat2) to 
B cell targets was revealed by flow cytometry cross-match (FCMX) using a secondary antibody (gray shaded area). FCXM was analyzed in reference to binding and 
was observed when B cells were coated with the control plasma, showing no humoral reactivity (white area). MFI, median fluorescence intensity. (B) Comparative 
analysis of rituximab and DSA-induced NK cell activation toward target cells expressing HLA alloantigens. Flow cytometric analysis of antibody-mediated CD107a/
Lamp1 (upper panel) and CD16 (MFI) (lower panel) expression was performed using NK cells prepared from distinct third-party healthy donors after incubation with 
HLA-A2 homozygous and DR4 heterozygous B cell targets and HLA-A2 DSA+ plasma (n = 17) or HLA-DR4 DSA+ plasma (n = 11). CTL, control plasma with no 
detectable anti HLA antibodies. (c) NK-CHAT analysis of DSA+ plasma. CD16DRI was evaluated using effector cells exposed to B cell targets in the presence of 
rituximab, DSA+ plasma, or DSA− CTL plasma. The specificity of antibody-driven CD16 engagement was analyzed by the addition of Protein A (53), by prior platelet 
absorption (Abs) of the anti-HLA antibodies in plasma, or through the use of IgG purified from ABMR plasma (pIgG DSA+) or control plasmas with no detectable HLA 
antibodies (pIgG CTL). (D) CD16DRI was used to evaluate the reactivity of serum samples obtained during the follow-up period of KTRs toward four different 
allogeneic splenic cells from the day of transplant (D0) to months (M) 90, 91, and 140 after transplant. The target splenic cells were selected according to the 
presence or absence of HLA antigens recognized by anti HLA-A1 or HLA-DR11 DSAs: (o) no relevant HLA antigen, (---) HLA-A1 heterozygote, and ( ) HLA-DR11 
homozygous ( ) or HLA-DR11 heterozygous antigens. An enhanced CD16DRI of NK cells that were exposed to splenic cells expressing DSA cognate HLA 
alloantigen was obtained using serum obtained at M90 from this KTR patient at the time of acute cellular rejection diagnosis. Persistent elevated CD16DRI levels 
were obtained using serum obtained at the times of two consecutive episodes of C4d− diagnosis of chronic ABMR, which occurred at M91 and M140 after 
transplant. The values of CD16 MFI obtained when effector PBMCs exposed to serum in the absence of splenic cells served as controls for baseline activity ( ).
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Antibody-mediated CD16 engagement was partially inhibited 
by Fc blockage using Protein A and by prior removal of DSAs 
from the serum. Specific CD16 engagement via the Fc fragment 
of DSAs was also observed after the exposure of target B cells to 
IgG purified from DSA+ plasma samples (Figure 3C).

The analysis of the use of NK cell-depleted splenic cells, a 
common source of donor cells used in cross-match assays, as cell 
targets in the NK-CHAT showed that CD16 engagement also 
reflected the anti-HLA-A2 DSA-specific recognition of donor 
cells (Figure S2 in Supplementary Material). We used different 
batches of splenic cells to monitor the NK-CHAT reactivity of the 
pre- and posttransplant serum samples obtained from a patient 
who developed HLA-A1 and DR11 dnDSAs associated with graft 
dysfunction and consecutive ABMR episodes (Figure 3D). The 
CD16DRI values evaluated against HLA-DR11 homozygous 
spleen cells were higher than those against DR11 heterozygous 
spleen target cells. Interestingly, in this patient, the increased 
CD16DRI value was associated with the progression of histologi-
cal lesions consistent with C4d–negative ABMR.

nK-chaT evaluation of serum sampled at 
Time of Biopsy-Proven aBMr Diagnosis
To investigate the potential link between CD16DRI and DSA-
mediated allograft injury, the NK-CHAT was performed using 
46 sera samples obtained from 40 KTRs who had undergone 
concomitant transplant biopsies for clinical evaluation (Table 3). 
Among these KTRs, 18 patients were not sensitized, whereas 
the sera collected from 22 patients showed detectable levels of  
dnDSAs (HLA specificities listed in Table 4). The serum-driven 
modulation of the CD16 and CD107a/Lamp1 levels was associ-
ated with the detection of circulating DSAs and the histological 
diagnosis of ABMR (Figure  4A). The CD16DRI values were 
positively correlated with CD107/Lamp1URI (Figure  4B) and 
varied among DSA+ sera (Figure 4C). Although anti-DQ7 DSAs 
with similar MFI values sometimes exhibited variable levels of 
CD16DRI (Table 4, illustration in Figure S3 in Supplementary 
Material), the median CD16DRI values were found to correlate 
with the MFI intensity of DSAs detected by Luminex assays 
(Spearman r  =  0.46, p  =  0.016). For patients with DSAs and 
ABMR, histological scores (g  +  ptc  +  v  +  cg  +  C4d) above 3 
were associated with a higher CD16DRI value (Figure 4C). In 
particular, the NK-CHAT was sufficiently sensitive to index the 
reactivity of an anti-Cw04 DSA in a patient with an ABMR-
related microangiopathy (Table 4, patient 19). Monitoring of the 
pre- and posttransplant sera from 18 of these de novo sensitized 
patients revealed that NK activation was only detected posttrans-
plant, specifically at the time of dnDSA detection (Figure 4C), 
thus allowing evaluation of the CD16DRI values in reference to 
the pretransplant sera.

To illustrate the ability of the NK-CHAT to monitor the 
evolution of DSA reactivity and the potential relevance of NK 
cell activation during humoral rejection, we evaluated a patient 
experiencing her first acute ABMR attack at month 44 with sub-
sequent graft loss. The NK-CHAT analysis revealed a significant 
increase in the CD16DRI value associated with biopsy-proven 
ABMR (Figure  5A). Moreover, the CD16DRI value decreased 

after ABMR treatment (plasmapheresis and rituximab) but was 
markedly increased at the time of graft failure. A transplant 
nephrectomy was performed at month 76 due to graft intoler-
ance syndrome (Figure 5B). A comparative phenotypic analysis 
of circulating and kidney-infiltrating NK cells showed that the 
NK cells constituted 24% of the intra-graft lymphocytes, whereas 
only 2.7% of the peripheral blood lymphocytes at the time of 
transplant nephrectomy were NK cells. When analyzed in refer-
ence to circulating NK cells, a sixfold decrease in the CD16 MFI 
was also observed in the intra-graft NK cells, suggesting that the 
dnDSA-mediated engagement of the CD16 receptor detected by 
the NK-CHAT may reflect the level of humoral in situ NK cell 
activation within the transplant site (Figure 5C).

DiscUssiOn

Our study highlights the potential value of NK cell evaluation in 
monitoring the deleterious effects of alloantibodies in solid organ 
transplantation. Our observational study shows that the intensity 
of NK cell activation, evaluated through a standardized assay in 
response to a monoclonal therapeutic IgG, such as rituximab, 
may be associated with the progression of late graft dysfunction 
in KTRs. In addition, our results demonstrate the potential of the 
NK-CHAT to individualize the intrinsic capacity of an individual 
KTR to mount deleterious humoral immune cytotoxic responses 
against the graft, independently of other factors that are expected 
to impact NK cell and transplant function (step 1, Figure  1). 
The patients with the poorest transplant prognoses 1 year after 
analysis were predominantly those that exhibit at least a threefold 
increase in ADCC reactivity in response to rituximab. Our obser-
vations indicate that, independently of the detection of circulat-
ing DSAs, the individualized NK-CHAT scoring of peripheral 
NK cell activity may provide relevant information concerning 
complement-independent mechanisms that favor the develop-
ment of chronic allograft injury. Because the evaluation of KTRs 
was only previously performed at one time point years after trans-
plant, we cannot exclude the possibility that subclinical levels of 
DSAs, which may have developed prior to evaluation, had already 
promoted chronic NK cell activation in vivo, thus restraining the 
capacity of NK cells from sensitized patients to further respond 
to rituximab. A recent study demonstrated that pre-ligation of 
CD16 by anti-CD20 antibodies could impair antibody-mediated 
NK cell cytotoxicity against tumors (54), thus highlighting the 
exquisite plasticity of CD16_mediated NK cell responses. If 
translated into a simplified test, we expect that such individual-
ized appraisal of the NK-ADCC activation potential may warrant 
closer humoral monitoring and recommend biopsy for a subset 
of immunized patients with high ADCC responsiveness, whereas 
less stringent monitoring of DSAs may be considered in patients 
with lower ADCC reactivity. This variability in KTRs regarding 
NK cell responses also suggests that the NK-CHAT may also be 
of value for anticipating or monitoring the efficiency of rituximab 
treatment in sensitized patients (55, 56).

Consistent with mechanistic evidence showing that NK cells 
play a critical role in mediating long-term transplant kidney injury 
(29), such intrinsic variability in the NK-ADCC responsiveness 
is also expected to condition the level of DSA toxicity in  vivo 
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TaBle 3 | characteristics and histological Banff scores of the 40 patients subjected to evaluation of the serum cD16Dri obtained at the time of 
histological diagnosis.

Parameters Patients with Dsa directed against  
B cell targets  

(n = 22)

Patients without Dsa  
(n = 18)

p value

Recipient age at biopsy (years) 52.1 (15) 51.4 (15.4) ns
Male 13 (59%) 13 (72%) ns
Preemptive graft 1 (4%) 1 (6%) ns

risk factors for hla sensitization
Second transplantation 2 (9%) 0 ns
Blood transfusion before graft 9 (41%) 7 (39%) ns
HLA A+ mismatch 2.3 (1) 2.5 (0.9) ns
HLA DR mismatch 1.0 (0.6) 1.0 (0.7) ns
Deceased donors 19 (86%) 18 (100%) ns
Donor age (years) 37.2 (17) 46.1 (17.1) 0.11
Expanded criteria donors 4 (18%) 5 (28%) ns
Delayed graft function 2 (9%) 3 (17%) ns
Time since transplantation (Mo) 124 (72) 62 (69) 0.008

indication for biopsy
Deterioration of graft function 20 (91%) 14 (78%) ns
Investigate proteinuria 2 (9%) 1 (5%) ns
BK virus viremia 0 3 (17%) 0.08

Maintenance immunosuppressive regimen at biopsy
Tacrolimus 10 (45%) 9 (50%) ns
Cyclosporine 12 (54%) 9 (50%) ns
MMF 10 (45%) 8 (44%) ns
Azathioprine 3 (14%) 7 (39%) 0.06
Steroid 17 (77%) 18 (100%) 0.03

graft function at biopsy
Serum creatinine (μmol/L) 230 (80) 200 (66) 0.13
eGFR (mL/min/1.73 m2) 28 (10) 35 (15) 0.15
Proteinuria (g/L) 1.0 (0.20–2) 0.45 (0.10–0.80) 0.04

Panel-reactive antibody at biopsy
Class I 9% (19) 0% 0.004
Class II 16% (14) 0% <0.0001

histological findings
Sclerotic glomeruli (%) 33%(23) 26%(24) ns
g score (0–3) 0.9 0 0.0004
ptc score (0–3) 1.8 0.1 <0.0001
Microcirculation inflammation (g + ptc) 2.7 0.1 <0.0001
g + ptc > 0 19 2 <0.0001
V score (0–3) 0.2 0 ns
cg score (0–3) 1.1 0 0.0004
IF/TA (0–3) 1.7 1.5 ns
cv score (0–3) 1.6 1.1 0.01
Humoral histologic score (g + ptc + v + cg + C4d) 6 (4–8) 0 <0.0001
T-cell-mediated rejection 7 (32%) 3 (17%) ns
Antibody-mediated rejection 20 (91%) 0 <0.0001

nK cell activation
CD107a/Lamp1 URI median (25–75p) 2.1 (1.9–3.9) 1.1 (0.99–1.3) <0.0001
CD16 DRI median (25–75p) 5 (3–17) 0.96 (0.8–1.16) <0.0001

The sera samples were classified into two groups according to the presence or absence of DSAs directed against B cell targets. g, glomerulitis; ptc, peritubular capillaritis, IF/TA, 
interstitial fibrosis/tubular atrophy. The variables are shown as the means (SD), medians (25–75th percentile), or n (%). χ2 tests were used for comparisons of the proportions, and 
unpaired t tests or Mann–Whitney tests were used for the comparisons of continuous variables.
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(24–30). Consistently, we observed that NK cells infiltrating the 
graft of a KTR with ABMR exhibited enhanced in  situ CD16 
engagement compared with peripheral NK cells.

In the second part of our study, we obtained in vitro evidence 
that the NK-CHAT may also act as a powerful tool to discriminate 

the differential ability of DSAs to stimulate CD16-dependent 
NK cell activation (step 2, Figure 1). One unique feature of the 
NK-CHAT is its potential to combine the analysis of two parame-
ters that control the strength of the target/effector cell interactions 
via DSAs through the following mechanisms: (i) Fab recognition 
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A B

C

FigUre 4 | The nK-chaT evaluation of Dsa reactivity toward B cell targets in sera collected at the time of transplant biopsy. (a) The modulation of 
CD16 (MFI) and CD107a/Lamp1 on NK effector cells exposed to serum-coated B cell targets was analyzed. Forty-three sera samples were collected from 40 KTRs 
at the time of biopsy and grouped according to the detection (DSA+, n = 25 sera obtained in 22 patients) or absence (DSA−, n = 18 patients) of B cell-specific 
circulating DSAs (the DSA specificities and MFI are detailed in Table 4) or to ABMR diagnosis. Rituximab was added to DSA− serum and used as a positive control 
for the test. (B) Correlation of CD16DRI and CD107a/Lamp1URI scores for sera samples collected at the time of biopsy. (c) At the time of transplant biopsy (Bio), 
higher CD16DRI scores were associated with the presence of circulating DSAs (left panel) and humoral histological scores greater than 3 (g + ptc + v + cg + C4d of 
Banff’s classification, right panel). The CD16RI scores of DSA− serum from the same sensitized KTR, obtained prior to the detection of dnDSAs (before Bio), were 
also evaluated in reference to DSA+ serum sampled at the time of biopsy.
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of ex vivo conformational antigens and (ii) Fc structural changes. 
Because a strong CD16DRI was shown to reflect the humoral 
component of NK cell cytotoxic activation in response to DSA, 
we expect that the NK-CHAT evaluation could be limited to the 
measurement of serum-induced CD16 expression.

The scoring of DSA-mediated NK cell activation was 
not restricted to B cell targets expressing high levels of HLA 
antigens but was also performed toward peripheral PBMCs 
and spleen cell targets that express lower physiological levels 
of HLA antigens. The NK-CHAT also detected functional 
immune activation resulting from less commonly evaluated 
alloantibodies, such as the anti-HLA-Cw and DQ7 antibodies. 
Our observations suggest that the sensitivity of the NK-CHAT 

to evaluate the ability of DSAs to bind to alloantigens could be 
comparable or even superior to that of current methods used to 
characterize DSAs.

A major feature of the NK-CHAT is its potential to detect 
Fc-dependent variations in alloantibodies and index their poten-
tial to trigger CD16-mediated NK cell activation in an individual 
KTR. Interestingly, DSAs with a comparable MFI against DQ7 
alloantigens were, in some cases, associated with different ranges 
of CD16DRI values. Thus, our test may also reflect structural 
features of DSAs, which cannot be fully revealed by a SABA. The 
efficiency of FcR-mediated NK cell activation has been reported 
to be dependent on the IgG1/IgG3 subclasses (57) and on the 
glycosylation/sialylation status of the Fc fragments within these 
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capillaritis (cpt = 2, black arrow). At M76, histology revealed arteritis (v = 2, black arrow) and confirmed severe acute inflammatory lesions (t = 3, i = 3, g = 3, 
ptc = 3, v = 2, C4d = 3) with diffuse interstitial edema and chronic vascular lesions (cv = 2) as well as tubular atrophy (ct = 2). The left and right panels show the 
hematoxylin–eosin–saffron (HES) and C4d immunochemical staining of paraffin sections, respectively. (B) The NK-CHAT activity of five sera samples obtained during 
the longitudinal monitoring of patient 10 was analyzed in reference to serum obtained before transplantation (no sensitization). A significant increase in CD16DRI was 
concomitant with the detection of HLA-A2 and anti-B44 dnDSA at M44 as well as histological lesions of ABMR. The CD16DRI level decreased after rituximab 
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antibodies (58). Altered fucosylation patterns in the Fc tails 
of DSAs have been shown to alter Fc binding to FcγRIIIA and 
C1q (59) and may represent a critical regulatory determinant 
of both ADCC- and complement-dependent DSA toxicity (60). 
The CD16 expression levels and polymorphisms have also been 
shown to influence NK cell activation (40, 57). Although the 
KTR CD16 genotype was not included in the initial study design, 
we expect that depending on the FcγRIIIA genetic background 
of the recipient, CD16-mediated NK-CHAT responses may be 

differentially triggered by IgG based on the presence of a valine 
or phenylalanine residue at position 158 of the FcγRIIIA receptor.

Although the NK-CHAT was mostly associated with the results 
of the C4d histological staining of the biopsy, we demonstrated 
that the NK-CD16DRI-based monitoring of DSA activity toward 
splenic cells was associated with the progression of ABMR lesions 
that occurred in the absence or prior to the detection of C4d 
histological staining. A longitudinal follow-up of serum reactivity 
against allogeneic targets revealed that the NK-CHAT scores were 
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lowered after ABMR desensitization therapy and were associated 
with the progression of biopsy-proven graft lesions.

Altogether, the results of our study provide evidence that 
independently of the DSA MFI intensity, the NK-CHAT reactiv-
ity may serve as a hallmark of clinically relevant features that 
discriminate the ability of DSAs to target allograft injury.

Our work has several limitations. First, we only analyzed the 
degradation of eGFR in 148 KTRs, and the ability of the NK-CHAT 
to predict kidney dysfunction needs to be demonstrated through 
CD16 monitoring in a larger cohort of KTRs and over a longer 
follow-up period. We also need to challenge our test with more 
stringent end-points, such as graft failure and patient mortality. 
Considering the major role of complement in the pathogenesis 
of ABMR, the absence of DSA C1q and C3d-binding tests and 
the use of complement-depleted serum constitute additional 
limitations. Moreover, the NK-CHAT scores were obtained using 
sera that were collected at the time of the clinically indicated 
transplant biopsy, and the value of the test requires control testing 
of sera that develop dnDSAs in the absence of allograft rejection 
or exhibit signs of vascular lesions in the absence of detectable 
levels of DSAs. Due to a low number of cases, the establishment 
of a firm link between the intensity of NK cell activation and the 
severity of ABMR lesions or clinical outcome was not possible 
at this stage. Therefore, it may be relevant to investigate whether 
the NK-CHAT only serves as a powerful detector of DSAs or if it 
could predict subclinical ABMR in a cohort of KTRs developing 
dnDSAs as well as anticipate the evolution and severity of ABMR 
histological lesions.

Despite these limitations, we provide novel evidence of the role 
of NK cells in renal allograft dysfunction and tools to monitor the 
interindividual variability of humoral alloimmune responses in 
immunized patients. A full use of the NK-CHAT using a combina-
tion of recipient NK cells and serum combined with donor target 
cells should improve the ability to identify immunized patients 
who are at higher risk of subsequent graft dysfunction. Our study 
highlights the importance of designing and translating novel 
assays that combine the simultaneous evaluation of the recipient 
IgG and FcR to individualize the evaluation of the humoral risk of 
a given recipient. In particular, we developed a simple phenotypic 
assay that integrates both environmental and genetic parameters 
that condition antibody–antigen interactions combined with FcR 
engagement (43, 45). Because this non-invasive assay of CD16 
engagement was shown to be reproducible, inexpensive, and 
easy to implement for routine monitoring, prospective studies 
are warranted to assess the clinical relevance of the NK-CHAT 
using recipient NK cells and serum reactivity against target cells 
of donor origin.
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sustained immune complex-Mediated 
reduction in cD16 expression after 
Vaccination regulates nK cell Function
Martin R. Goodier1, Chiara Lusa1, Sam Sherratt1, Ana Rodriguez-Galan1, Ron Behrens2 and 
Eleanor M. Riley2*

1 Department of Immunology and Infection, London School of Hygiene and Tropical Medicine, London, UK, 2 Department of 
Clinical Research, London School of Hygiene and Tropical Medicine, London, UK

Cross-linking of FcγRIII (CD16) by immune complexes induces antibody-dependent 
cellular cytotoxicity (ADCC) by natural killer (NK) cells, contributing to control of intra-
cellular pathogens; this pathway can also be targeted for immunotherapy of cancerous 
or otherwise diseased cells. However, downregulation of CD16 expression on activated 
NK cells may limit or regulate this response. Here, we report sustained downregulation 
of CD16 expression on NK cells in vivo after intramuscular (but not intranasal) influenza 
vaccination. CD16 downregulation persisted for at least 12 weeks after vaccination and 
was associated with robust enhancement of influenza-specific plasma antibodies after 
intramuscular (but not intranasal) vaccination. This effect could be emulated in vitro by 
co-culture of NK cells with influenza antigen and immune serum and, consistent with 
the sustained effects after vaccination, only very limited recovery of CD16 expression 
was observed during long-term in vitro culture of immune complex-treated cells. CD16 
downregulation was most marked among normally CD16high CD57+ NK cells, irrespec-
tive of NKG2C expression, and was strongly positively associated with degranulation 
(surface CD107a expression). CD16 downregulation was partially reversed by inhibition 
of ADAM17 matrix metalloprotease, leading to a sustained increase in both CD107a 
and CD25 (IL-2Rα) expression. Both the degranulation and CD25 responses of CD57+ 
NK cells were uniquely dependent on trivalent influenza vaccine-specific IgG. These 
data support a role for CD16 in early activation of NK cells after vaccination and for 
CD16 downregulation as a means to modulate NK cell responses and maintain immune 
homeostasis of both antibody and T cell-dependent pathways.

Keywords: nK cells, cD16, cD57, degranulation, cD25, vaccination, influenza

inTrODUcTiOn

Natural killer (NK) cell effector function can be augmented by vaccination as a result of antibody-
dependent cellular cytotoxicity (ADCC) and CD4+ T cell/IL-2-driven cytokine secretion (1–4). 
Moreover, we have recently observed that vaccination induces intrinsic changes in NK cell function, 
resulting in enhanced responsiveness to innate cytokines that may synergize with adaptive immunity 
to further potentiate NK cell responses (3).

Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; AEU, arbitrary ELISA units; HCC, high concentration of 
cytokines; NK, natural killer; TIV, trivalent influenza vaccine.
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Natural killer cell-mediated ADCC plays an important role 
in the control of infections and cancers (5, 6). NK cells express a 
number of immunoglobulin Fc receptors, with high expression 
of the activating receptor FcγRIIIA (CD16) and low expression 
of FCγRII (CD32) being a key feature of CD56dim NK cell popula-
tions (7, 8). Cross-linking of CD16 by IgG bound to target cell 
surface antigens leads to degranulation and release of perforin 
and granzymes. One particular subset of NK cells, character-
ized by low expression of CD56 but high levels of expression of 
CD16, CD57, and CD94/NKG2C, has recently been reported to 
be particularly efficient at mediating ADCC and may indeed be 
highly specialized for this particular effector function (9, 10). 
Furthermore, adaptive expansions of NK cells from HCMV-
infected individuals have high frequencies of FcεRγ1−, PLZF− 
NK cells with potent ADCC activity against virus-infected target 
cells (11, 12).

Regulation of NK cell ADCC is achieved in part by the relative 
strength of signals transduced through activating Fc receptors 
and NK cell inhibitory receptors but may also rely on matrix-
metalloproteinase-9 (MMP9) or ADAM17-mediated cleavage of 
CD16 from the cell surface after cross-linking by IgG (13–15). 
For example, rituximab-mediated targeting of CD20+ tumor cells 
results in potent downregulation of NK cell CD16 that is depend-
ent on MMP9-mediated cleavage (13, 14); exposure of NK cells to 
HCMV-infected fibroblasts leads to loss of CD16 concurrent with 
increased degranulation (9); MMP-dependent downregulation of 
CD16 is a feature of chronic HIV-1 infection (16, 17); and soluble 
NK cell-derived CD16 is elevated during rheumatoid arthritis, 
a chronic immune complex-associated inflammatory disease 
(18). However, similar effects have also been reported among 
cytokine-activated NK cells (stimulated in vitro with IL-2, IL-12, 
and IL-18) (19–21), suggesting that cross-linking of CD16 may 
not be essential for its downregulation. Importantly, neither the 
kinetics of CD16 expression after cross-linking nor the functional 
consequences of CD16 downregulation have been explored in 
any depth.

Here, we have investigated CD16 expression by NK cells from 
healthy subjects and find that CD16 is downregulated for many 
weeks after influenza vaccination, that CD56dim CD57+ NK cells 
are particularly prone to losing CD16 after vaccination, and 
that this is mediated by vaccine antigen–antibody complexes. 
Furthermore, we show that ADAM-17 inhibitors or blocking 
antibodies to ADAM-17 prevent shedding of CD16 in response 
to vaccine antigens and that sustained CD16 signaling potentiates 
NK cell degranulation and CD25 expression. These data support 
a role for CD16 downregulation in regulating NK cell responses 
in vivo and maintaining homeostasis of both antibody and T cell-
dependent pathways of NK cell activation.

MaTerials anD MeThODs

subject recruitment and sample 
collection
Venous blood was taken from a total of 47 healthy volunteers. The 
precise number of study subjects for each experiment is stated in 
the respective figure legends. The impact of recent vaccination 

on NK cells was studied in 37 healthy adult volunteers (median 
age 37.5 years; range of 21–63 years). None of the subjects had 
been previously vaccinated against influenza and none had 
experienced influenza-like symptoms during the previous 
6  months. Subjects were randomly assigned to receive a single 
dose of 2012–2013 seasonal trivalent influenza vaccine (TIV) by 
either the intramuscular (Split Virion BP, Sanofi Pasteur MSD) or 
intranasal (Fluenz, AstraZeneca, UK) route. Randomization was 
structured so that participants in the two arms of the study could 
be matched according to age and sex. The intramuscular vaccine 
contains chemically inactivated virus, while the intranasal vaccine 
contains live attenuated virus. The vaccines were preservative free 
and were not adjuvanted. Venous blood samples were obtained 
immediately prior to vaccination and then at 2, 4, 12, and up to 
36 weeks after vaccination. The study was approved by the ethical 
review committee of the London School of Hygiene and Tropical 
Medicine (Ref 6237). Locally recruited volunteers participating 
in influenza vaccination studies were provided with a participant 
information sheet detailing the studies. All participating vol-
unteers provided written consent. The study made use of fully 
licensed vaccines which are routinely used in clinical practice. 
The study Clinician (Dr. Behrens) provided medical supervision 
for all procedures during the baseline visit and was available for 
emergencies during subsequent visits and was on hand to provide 
follow-up care for volunteers who experience side effects of the 
procedures.

Plasma was stored for assay of antibodies to influenza and for 
use in autologous cell cultures. PBMC were separated by standard 
Histopaque (Sigma, UK) gradient centrifugation and stimulated 
within 3  h of blood collection (for immediate culture experi-
ments) or cryopreserved at 1 × 107 cells/ml in RPMI 1640, 40% 
fetal calf serum (FCS), 10% DMSO (Sigma, UK), within 4 h of 
blood collection. Cells were stored for 18 h at –80°C in Nalgene™ 
cryoboxes with isopropanol coolant prior to transfer to liquid 
nitrogen for longer term storage (22, 23).

cell culture conditions, nK cell activation
For each individual, cells collected at baseline and at each post-
vaccination time point were tested side-by-side. Cryopreserved 
PBMC were thawed, washed, and counted in Fastread™ counting 
slides (Immune Systems, UK), as previously described (22, 23), 
with a median yield of 56% and viability by trypan blue exclusion 
of 98%. Cells were rested for 4–6 h, in the absence of exogenous 
cytokines, prior to stimulation. Briefly, 2  ×  105 PBMC were 
cultured for a total of 6 h, or where indicated for 18 h, in culture 
medium alone or with inactivated TIV (Split Virion BP, Sanofi 
Pasteur MSD). Cells were also stimulated with high concentra-
tions of cytokines (HCC): IL-12 (5  ng/ml) plus IL-18 (50  ng/
ml). For in vitro assays, FITC-conjugated anti-CD107a antibody 
(clone HP9, Beckton Dickinson) was added at the beginning of 
the culture, according to established protocols (24). GolgiStop 
(containing Monensin; 1/1500 concentration; BD Biosciences, 
Oxford, UK) and GolgiPlug (containing Brefeldin A; 1/1000 
final concentration; BD Biosciences, Oxford, UK) were added 
3  h before the end of the incubation. Assays were performed 
in 1% pooled AB serum, batch tested for performance in NK 
cell assays (Sigma, UK) unless otherwise stated. To determine 
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the role of IgG on NK cell responses, pooled AB plasma was 
depleted of IgG using a protein G sepharose column (Millipore, 
UK), as previously described (23). In vitro neutralization experi-
ments were performed using a rat-anti human IL-2 antibody 
(Rat IgG2a, clone MQ1-17H12, NA/LE, BD Biosciences) or a 
rat IgG2a control reagent (eBioscience, UK).

ADAM 17/MMP-dependent cleavage of CD16 was tested 
using the inhibitor TAPI-1 at a concentration of 10 μM (Merck 
Millipore, UK) and the active site-specific anti-ADAM17 
monoclonal antibody D1 (A12) at a concentration of 6  μg/
ml (Millipore, UK) and responses compared with the DMSO 
vehicle (Sigma, UK) and isotype-matched mouse IgG1 control 
(eBioscience, UK) treatments. Optimal concentrations of inhibi-
tors were based on published protocols (25, 26) and confirmed 
by titration. Inhibitors were added 30 min prior to stimuli unless 
otherwise stated.

Long-term, in vitro culture of NK cells was performed after 
stimulation of PBMC for 18  h and washing cells (three times) 
to remove stimuli. Cells were maintained in RPMI 1640 sup-
plemented with 5% AB serum and 0.75 ng/ml of IL-15, replacing 
the medium every 3  days. CD16 expression was monitored by 
flow cytometric analysis up to 18 days after initial stimulation, as 
described below.

Flow cytometric and imagestream™ 
analysis
Phenotypic and functional analysis of NK cells was performed 
with the following monoclonal antibodies: anti-CD3-V500 
(Clone UCHT1), anti-CD56-PeCy7 (B159), anti-CD107a-FITC 
(H4A3) (all from BD Biosciences), anti-CD57-e450 (TB01), 
anti-CD16-APC (CB16), and anti-CD69 PE (all from eBiosci-
ence). Dead/apoptotic cells were excluded using APC-efluor780-
conjugated fixable viability dye (eBioscience). Cells were acquired 
on an LSRII flow cytometer (BD Biosciences, Oxford, UK) using 
FACSDiva® software.

Data analysis was performed using FlowJo V10 (Tree Star). 
FACS gates set on unstimulated cells (medium alone or isotype 
controls) were applied across all samples and all conditions. 
Responses where the gated subset contained <100 events were 
excluded. CD57+ subsets were gated using an isotype-matched 
control reagent (mIgG1-eFluor450, eBioscience). Sample gating 
strategies are shown in Figure 1.

Image-stream™ analysis was performed to test for inter-
nalization of CD16 after activation. 2  ×  106 freshly isolated 
PBMC were cultured for a total of 5  h in the presence of 
antigen and human plasma. FCS was substituted as a nega-
tive control for human Ig-containing plasma. After 5  h, cells 
were labeled with the following monoclonal antibodies for 
detection of surface antigens: anti-CD3 PE, anti-CD56PeCy7, 
anti-CD16APC (Clone 3G8, Biolegend), and anti-CD57e450 
and were blocked for an additional 15 min with unconjugated 
anti-CD16 (Clone 3G8, BD Biosciences) antibody to ensure 
occupation of all relevant epitopes prior to intracellular stain-
ing. After fixation and permeabilzation [Fix-Perm kit (BD 
Biosciences)], cells were incubated for a further 30  min with 
anti-CD16 Pe-Dazzle 594 (Clone 3G8, Biolegend) to detect 
any internalized CD16. PBMC were then washed in permwash 

buffer (BD Biosciences) and resuspended in PBS at a minimum 
concentration of 2  ×  107/ml. Events were acquired on an 
ImageStream® X Mark II Imaging Flow Cytometer (Amnis®) 
using the associated INSPIRE® software for acquisition and 
IDEAS® software for analysis. FACS gates were set based on 
FCS controls and applied across all samples and conditions. 
CD56+ CD3− NK cells were inspected visually to determine 
the presence or absence of internalized CD16.

statistical analysis
Statistical analysis was performed using GraphPad Prism ver-
sion 6.02. Linear trends were evaluated using repeated measures 
ANOVA. Functional responses between different culture condi-
tions or between vaccination time points were compared using 
Wilcoxon signed-rank test. Significance levels are assigned as 
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 for all tests.

resUlTs

cD16 is Downregulated on nK cells after 
intramuscular influenza Vaccination and 
is antibody Dependent
Intramuscular vaccination with inactivated, trivalent seasonal 
influenza vaccine (TIV) significantly enhanced plasma concen-
trations of influenza-specific IgG up to 36 weeks after vaccina-
tion (Figure  1A) whereas little or no change in systemic IgG 
concentrations was seen after intranasal vaccination with the live 
attenuated influenza vaccine (LAIV) (Figure 1B).

To see whether vaccination affected the phenotype of periph-
eral blood NK cells, PBMC collected before vaccination and 2, 
4, and 12  weeks after vaccination were stained immediately ex 
vivo for surface expression of CD56, CD16 and, as a marker of 
NK cell maturity, CD57. Examples of the flow cytometric gating 
strategy are shown in Figures  1C–F. Among those vaccinated 
intramuscularly with TIV, CD16 expression (MFI) on CD56dim 
NK cells was significantly reduced 2 weeks after vaccination in 
comparison to the pre-vaccination (baseline level) (Figure 1G); 
this was sustained for at least 12 weeks post-vaccination and was 
most pronounced among the CD57+ subset. In complete contrast, 
there was no significant change in CD16 expression on NK cells 
of those vaccinated intra-nasally with LAIV (Figure 1H).

As downregulation of CD16 correlated with induction of anti-
influenza antibodies, we hypothesized that these two observations 
were causally linked. To determine whether anti-influenza IgG 
contributed to CD16 downregulation, we cultured PBMC (col-
lected at baseline, 0 weeks) with or without TIV antigens in the 
presence of autologous plasma collected at baseline (0 weeks) or 
after vaccination (2 weeks) (Figures 1I,J). Significant downregula-
tion of CD16 was observed in cells cultured with autologous week 
0 plasma and TIV antigen compared to without antigen, presum-
ably reflecting the presence of pre-existing, influenza-specific 
antibodies resulting from prior infection (Figures 1I,J). However, 
when cells were cultured with TIV and 2 weeks post-vaccination 
plasma from TIV-vaccinated donors, there was a pronounced 
further reduction in CD16 expression on both CD57− and CD57+ 
NK cells compared to cells cultured without antigen (Figure 1I) 
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FigUre 2 | immune complex-induced shedding and sustained 
downregulation of nK cell cD16 expression. (a) Downregulation of 
CD16 requires IgG-replete human plasma and TIV antigen. PBMC were 
cultured for 5 h in FCS, IgG-depleted human plasma or IgG-replete plasma in 
the presence or absence of TIV. (B) ImageStream™ analysis of NK cells after 
5 h culture with TIV plus human plasma (containing anti-influenza IgG) or 
FCS. Examples are shown of CD56dim CD57+ NK cells stained for surface 
(external) and intracellular (internal) CD16. (c) Time course for recovery of 
CD16 expression in vitro. Expression of CD16 was tracked by flow cytometry 
up to 18 days after culture of PBMC from five separate donors with TIV for 
18 h in the presence of 1% human plasma (containing anti-influenza IgG). 
CD16 expression is shown for CD56bright, CD56dimCD57−, and CD56dim CD57+ 
NK cell subsets. Trend analysis was performed using a one-way repeated 
measures ANOVA (*p < 0.05).

(a,B) Increased plasma concentrations of anti-influenza IgG after (a) intramuscular (I.M, n = 17) but not after (B) intranasal vaccination (I. N, n = 18) up to 36 weeks 
after vaccination. Data represent median values with interquartile ranges. (c–F) Flow cytometric gating to assess the impact of vaccination on CD16 expression in 
CD56dim, CD57−, or CD57+ NK cell subsets, ex vivo. NK cells were gated as CD56+ CD3− (c) and then as CD56bright, CD56dimCD57− or CD56dimCD57+ (D). (e,F) For 
determination of antigen-driven effects CD16+ CD56+ NK cells were gated among PBMC cultured with TIV and immune plasma (e) or immune plasma without TIV 
(F). Ex vivo analysis of CD16 expression at baseline (0), 2, 4, and 12 weeks after intramuscular (I. M) vaccination with TIV (g) or intranasal (I.N.) vaccination with LAIV 
(h). Impact on NK cell CD16 expression of culturing baseline PBMC with TIV (shaded bars) or without TIV (open bars) and either pre- (0) and post- (2) vaccination 
I.M. (i) or I.N. (J) plasma; data are shown for CD56dim, CD57−, and CD57+ NK subsets after 6 h of in vitro culture with TIV. Trend analysis was performed using a 
one-way repeated measures ANOVA. Paired comparisons between pre- and post-vaccination plasma were made using Mann–Whitney U test. *p < 0.05, 
**p < 0.01, ***p < 0.001, ****p < 0.0001.
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but no such effect was observed with post-vaccination plasma 
from LAIV-vaccinated donors (Figure  1J). Furthermore, for 
TIV-vaccinated donors, the extent of CD16 downregulation was 
dependent on plasma concentration, and was seen in both CD57− 
and CD57+ NK cells and in both NKG2C+ and NKG2C− NK cell 
subsets (Figures S1A,B Supplementary Material). Together, these 
data indicate that downregulation of CD16 is a sensitive indicator 
of vaccine-induced IgG concentration.

Downregulation of cD16 on nK cells 
is Due to cD16 shedding and is slow 
to recover
IgG-dependent downregulation of CD16 may be due to inter-
nalization of CD16–IgG–Ag complexes or to cleavage of CD16 
at the cell surface and shedding into the extracellular milieu. 
Downregulation of CD16 did not occur in cells cultured in FCS 
or in either IgG-depleted or IgG-replete human plasma in the 
absence of TIV antigen. CD16 downregulation was seen only 
when cells were cultured in IgG-replete plasma with TIV antigen 
but not when TIV antigen was added to cultures containing FCS 
or IgG-depleted plasma (Figure  2A). To determine whether 
CD16 was internalized after IgG–Ag cross-linking, NK cells were 
incubated with TIV plus IgG-replete (immune) human plasma 
or FCS for 5 h and analyzed by Imagestream™ for extracellular 
and intracellular CD16 (Figure 2B). Surface staining for CD16 
was clearly visible on CD56dim CD57+ NK cells cultured with 
TIV  +  FCS but not on cells cultured with TIV and immune 
human plasma. In neither case was CD16 detected intracellularly, 
indicating that loss of CD16 from the cell surface was not accom-
panied by internalization of intact CD16.

The sustained downregulation of CD16 observed ex vivo after 
TIV vaccination suggested that recovery of CD16 expression 
may be a slow process. To test this, downregulation of CD16 was 
induced by culturing PBMC with TIV and autologous plasma for 
18 h; after washing to remove unbound antigen and antibody, the 
cells were maintained in a low concentration of IL-15 for 18 days 
(Figure 2C). CD16 expression was totally ablated on CD56dim NK 
cells 24 h after activation and remained low until day 7 when there 
was a partial but sustained recovery; a further slight increase in 
CD16 expression was seen among CD57+ NK cells between 15 
and 18 days. However, CD16 expression remained significantly 
below baseline levels in both CD57+ and CD57− NK cells until at 
least 18 days after activation. These data, taken together with our 
ex vivo observations, suggest that CD16 downregulation persists 
for several weeks after exposure to antigen in the presence of 
specific antibody.
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(a,B) Flow cytometry gating strategy for CD107a expression on CD56+ NK cells cultured with immune plasma (a) with or (B) without TIV. (c,D) Proportions of 
CD56dim, CD56dimCD57− and CD56dim CD57+ NK cells expressing CD107a after culture of baseline PBMC for 6 h with TIV (shaded bars) or without TIV (open bars) in 
the presence of baseline (0) or 2 weeks post-vaccination (2) plasma. Individuals (n = 10 per group) were vaccinated I.M. with TIV (C) or I.N. with LAIV (D). (e,F) 
Correlation between CD16 expression (MFI) and frequency of CD107a-expressing NK cells within CD57− (e) and CD57+ (F) NK cells after culture for 6 h with TIV 
and immune plasma. Comparisons between conditions were made using Mann–Whitney U test. Correlations were performed using linear regression. *p < 0.05, 
**p < 0.01, ***p < 0.001.
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Downregulation of cD16 correlates with 
Degranulation
As CD16 downregulation is IgG–Ag-mediated and, thus, likely 
linked to ADCC, we explored the relationship between influ-
enza vaccination, NK cell CD16 expression and degranulation 
(Figure  3). PBMCs were collected at baseline from TIV- and 
LAIV-vaccinated donors and cultured for 6  h with or without 
TIV and autologous plasma collected at baseline or 2 weeks after 
vaccination. Sample plots for analysis of CD107a expression 
are shown for NK cells cultured in autologous plasma with TIV 
or, as a negative control, without TIV (Figures 3A,B). Modest, 
but statistically significant, degranulation was seen in cells 
cultured with baseline (week 0) plasma for both TIV-vaccinated 
(Figure 3C) and LAIV-vaccinated (Figure 3D) individuals, again 
likely reflecting the presence of anti-influenza antibodies due to 
environmental exposure. Degranulation was, however, further 
enhanced in the presence of post-vaccination plasma (2 weeks) 
from TIV-vaccinated individuals (Figure 3C) but not from indi-
viduals receiving LAIV (Figure 3D). As expected, degranulation 
responses were stronger among CD57+ NK cells than among 
CD57− NK cells and CD16 expression was strongly inversely 
associated with CD107a expression (Figures 3E,F). As expected, 
for TIV-vaccinated donors, the extent of CD107a expression was 
dependent upon plasma concentration, and was greater among 
CD57+ NK cells than among CD57− NK cells, although there was 
no evidence that NKG2C+ cells responded more strongly than 
NKG2C− cells (Supplementary Figure S1 C,D).

shedding of cD16 is Mediated by aDaM17
CD16 shedding was significantly reduced on both CD57− and 
CD57+ NK cells when they were incubated with TIV and 
immune plasma in the presence of the ADAM17 inhibitor, 
TAPI-1 (Figure  4A) but not when incubated with the DMSO 
vehicle control. Notably, TAPI-1-mediated maintenance of CD16 
expression was associated with enhanced degranulation as indi-
cated by a significant increase in the frequency of CD107a+ cells, 
particularly within the highly cytotoxic CD56dimCD57+ subset 
(Figure 4B). While there is a modest trend toward an increase in 
CD16 MFI when NK cells are cultured with FCS in the presence 
of TAPI-1, this is not statistically significant and there is no effect 
on degranulation. Moreover, blocking the active site of ADAM17 
with a specific monoclonal antibody also prevented IgG–TIV-
mediated shedding of CD16 (Figure 4C) and enhanced CD107a 
expression, although to a somewhat lesser extent than the TAPI-1 
inhibitor (Figure  4D); these effects were not observed when 
cells were cultured in FCS rather than immune human serum. 
However, although specific monoclonal antibody blockade of 

ADAM17 was sufficient to prevent CD16 shedding, the more 
effective enhancement of degranulation by the TAPI-1 inhibi-
tor suggests that this may additionally target other molecules 
involved in the discharge or recycling of cytotoxic granules.

early immune complex-Mediated 
responses condition later events
Our previous studies have suggested that early, antibody-
dependent mechanisms may synergize with antigen-specific 
T  cell responses to enhance NK cell responses to vaccines (3, 
23). Since sustained expression of CD16 in the presence of 
ADAM17/MMP inhibitors led to enhanced degranulation 
(Figure 5), we investigated whether prevention of CD16 shed-
ding would affect other NK cell responses. ADAM17/MMP 
blockade had no impact on IgG–TIV-induced CD69 expres-
sion, nor was there any impact on CD25 expression after 6  h 
of culture (Figure S2 in Supplementary Material). However in 
18 h cultures, addition of TAPI-1 (Figures 5A–C) or blocking 
antibody to ADAM17 (Figures 5D–F) 30 min before the start 
of the culture (time – 0.5 h) not only sustained CD16 expression 
(Figures 5A,D) and enhanced CD107a expression (Figure 5B) 
but also significantly enhanced CD25 expression compared to 
control cultures (Figures  5C,F). However, when addition of 
TAPI-1 or anti-ADAM17 was delayed for 6  h after the initia-
tion of cultures (+ 6 h) CD16 expression could not be rescued 
(Figures 5A,D) and there was no enhancement of degranulation 
or CD25 expression (Figures 5B,C,E,F).

Bi-directional cross-talk between  
cD16-Mediated and cytokine-Mediated 
Pathways of nK cell activation
The data presented in Figure  5 are consistent with a role for 
 antigen–antibody complex signaling via CD16 in induction of 
CD25 as well as in degranulation/cytotoxicity. To explore this 
 further, PBMCs were cultured with TIV for 18 h in the presence of 
intact immune plasma or immune plasma that had been depleted 
of IgG by passage over a protein G column (Figure 6). The con-
centration of anti-TIV–IgG in intact plasma was 413.4 arbitrary 
ELISA units (AEU)/ml and this was reduced to 7.4 AEU/ml after 
protein G depletion.

As expected, there was complete loss of CD16 from the surface 
of NK cells cultured for 18  h with TIV and immune plasma. 
CD16 shedding was seen in both CD57− and CD57+ NK cells 
and was completely prevented by depleting the immune plasma 
of IgG (Figure  6A). Also as expected from our previous data, 
degranulation was inversely correlated with CD16 expression: 
CD107a expression was induced by TIV plus immune plasma 
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in both CD57+ and CD57− subsets (Figure  6B). However, this 
effect was reversed by culture with IgG-depleted only for CD57+ 
NK cells, consistent with this subset being more dependent on 
direct activation by TIV–IgG complexes (Figure  6B). In line 
with observations in Figure  5, TIV plus immune plasma also 
significantly upregulated CD25 expression on all NK cell subsets 
(Figure  6C). CD25 upregulation was dependent upon IgG–Ag 
immune complexes, particularly within CD57+ NK cells, since 
no induction of CD25 was observed when cells were cultured 
with TIV and IgG-depleted plasma (Figure 6C).

These observations suggest that there is cross-talk between 
the CD16 immune complex-mediated pathway and the cytokine-
mediated pathway of NK cell activation. To determine whether 
this cross-talk was bi-directional, CD16, CD107a, and CD25 
expression were characterized on PBMCs incubated for 18  h 

with recombinant IL-12 and IL-18. As shown previously (3, 23, 
27), IL-12+IL-18 induces degranulation and strongly upregu-
lates CD25 expression on both CD57− and CD57+ NK  cells 
(Figures 6E,F). Importantly, however, IL-12+IL-18 also induced 
significant shedding of CD16 from the surface of NK  cells 
(Figure  6D), indicating that cytokine-mediated activation of 
NK cells may restrict their subsequent antibody-dependent 
responses. Also, as high concentrations of IL-2 have previously 
been reported to downregulate CD16 (19), and as IL-2 might 
be being produced in these cultures by TIV-specific T cells, we 
added neutralizing anti-IL-2 antibodies to our cultures to test 
whether IL-2 might be contributing to CD16 downregulation. 
However, neutralization of IL-2 did not affect downregulation of 
CD16 by TIV/IgG nor the associated induction of CD107a and 
CD25 (Figures 6A–C).
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FigUre 5 | early immune complex-mediated responses condition later events. PBMCs were cultured for a total of 18 h with TIV and FCS or immune AB 
plasma (AB) in the presence or absence of the MMP inhibitor TAP1-1 (a–c) or the D1(A12) blocking antibody to ADAM17 (D–F) and the relevant negative controls 
(DMSO and mIgG1, respectively). CD16 (MFI) (a,D), CD107a (%) (B,e), and CD25 (c,F) expression were assessed by flow cytometry. TAPI-1, DMSO, D1(A12), 
or mIgG1 were added either 30 min prior to (−0.5), or 6 h after (+6) TIV antigen. Data are presented for eight different individuals. Paired comparisons between 
conditions were made using the Mann–Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001.
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DiscUssiOn

It is increasingly being recognized that human NK cells are 
functionally as well as phenotypically heterogeneous, with mark-
ers of NK cell differentiation and maturation correlating with 
effector function. More differentiated NK cells, bearing high 
levels of CD57 and also expressing CD16, NKG2C, KIR, and the 
FcεRγ adaptor protein, appear specialized for ADCC, whereas 
CD57− NK cells (both CD56bright and CD56dim subsets) are highly 
sensitive to exogenous cytokines. However, NK cell function 
is not binary: CD57− NK cells express CD16 and can mediate 
ADCC whereas CD57+ NK cells can be induced to secrete IFN-γ 
under certain circumstances. Moreover, as shown here, immune 
complex-mediated pathways of NK cell activation influence 
cytokine-induced pathways, and vice versa.

Natural killer cells are essential for resistance to infection and 
cancer but – if unregulated – have the potential to cause significant 
immunopathology (28); NK cell activation is well known, there-
fore, to be very tightly controlled by the balance of activating and 
inhibitory signals. However, rather less attention has been paid to 
regulating the consequences of NK cell activation and restoring 
immune homeostasis after an infection or other threat has been 
controlled or eliminated. It is in this context that downregulation 
of CD16 after cross-linking by immune complexes is likely to be 
of functional significance.

Internalization, degradation, or shedding of cell surface recep-
tors after ligation by their cognate ligand is a characteristic of the 
immune system and appears designed to release active soluble 
mediators or to ensure that immune responses are self-limiting 
(29). Here, we have demonstrated that downregulation of CD16 
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FigUre 6 | Bi-directional cross-talk between cD16-mediated and cytokine-mediated pathways of nK cell activation. (a–c) PBMCs were cultured for 
18 h with or without TIV in the presence of immune plasma (IgG+) or IgG-depleted immune plasma (IgG−) or after treatment with anti-IL-2 neutralizing antibody or 
isotype-matched control and expression of CD16 MFI (a), CD107a (%) (B), or CD25 (%) (c) on CD56dim, CD56dimCD57−, and CD56dimCD57+ NK cells was assessed 
by flow cytometry. (D–F) PBMCs were cultured for 18 h with or without IL-12 (5 ng/ml) combined with IL-18 (50 ng/ml) and expression of CD16 MFI (D), CD107a 
(%) (e), or CD25 (%) (F) on CD56dim, CD56dimCD57−, and CD56dimCD57+ NK cells was assessed by flow cytometry. Paired comparisons were made using the  
Mann–Whitney U test. *p < 0.05, **p < 0.01, ***p < 0.001.
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on NK cells after cross-linking by IgG–Ag immune complexes is 
an example of such self-regulation, curtailing NK cell degranula-
tion and limiting their ability to respond to exogenous cytokines 
by constraining expression of the high-affinity IL-2 receptor. 
Moreover, we have shown that CD16 downregulation is due to 
ADAM17-mediated shedding of CD16 from the NK cell surface, 
is induced in  vivo after systemic vaccination, and is sustained 
for at least 12 weeks in vivo and at least 18 days in vitro. Taken 
together, these data suggest that tightly controlled surface expres-
sion of CD16 represents an important mechanism for regulating 
NK cell function in vivo.

It has previously been shown that broad spectrum matrix 
metalloprotease inhibitors allow recovery of CD16 expression in 
cytokine-maintained NK cells from HIV-1 infected individuals 
(16) and prevent downregulation of CD16 in vitro in response 
to cytokines or PMA (19, 20). We have confirmed these obser-
vations, revealing a very specific role for the ADAM17 class of 
proteases in this process, and extended them to show that inhibi-
tion of CD16 shedding can potentiate NK cell cytotoxic function, 
opening up potential therapeutic applications. However, TAPI-1 
treatment enhanced degranulation more consistently than 
blockade with the ADAM-17-specific monoclonal antibody, 
suggesting that although reported as an ADAM-17 specific, 
this inhibitor may target additional MMPs involved in cytolytic 
granule processing (30, 31).

The prolonged period of CD16 downregulation in  vivo/ 
ex vivo after immunization (at least 3 months) was a surprise and 
raises questions about the ability of NK cells to mediate ADCC 
reactions in the immediate aftermath of vaccination or infection. 
Given that this is a global, generic effect rather than an antigen-
specific effect, the consequences could be wide-ranging and 
might conceivably contribute to the increased risk of secondary 
infection after a primary viral infection, for example. Indeed, 
cross-linking of CD16 with rituximab (anti-CD20) has been 
shown to induce SHP-1-dependent hypo-responsiveness of NK 
cells to a diverse array of activating signals, including third-party 
tumor cell lines and cross-linking of NKp46, 2B4, NKG2D, and 
DNAM-1 (32). CD16 cross-linking and downregulation may, 
therefore, represent a dominant early pathway for controlling 
NK cell activation, affecting diverse NK cell signaling pathways. 
In line with this, we observed that CD16 downregulation also 
affects cytokine-mediated pathways of NK cell activation, and 
vice versa, raising further questions about the consequences of 
this homeostatic mechanism. It suggests, for example, that CD4+ 
T cell/IL-2-mediated activation of NK cells (3, 23, 27) may be 
unable to fully compensate for the inhibition of the ADDC 
pathway. On the other hand, CD25 expression by CD57− NK 
cells – which are the major cytokine-producing subset of NK cells 
(27, 33) – was less affected by loss of CD16 (by comparison with 
CD57+ cells), indicating that cytokine responsiveness may be 
retained by a subset of the NK cell population despite widespread 
downregulation of CD16.

Persistence of CD16low NK cells has been reported in chroni-
cally HIV-1 infected individuals despite effective suppression of 
viral replication by anti-retroviral therapy (16), but persistence 
of antigen – and, thus, of immune complexes – cannot be ruled 
out in this case. While long-term persistence of antigen cannot 

be entirely ruled out in our TIV model, the vaccine is inactivated. 
On the other hand, our data do imply that individual NK cells 
may have very limited capacity to re-express CD16 once it has 
been lost: NK cells that had been induced to shed CD16 showed 
very little propensity to re-express CD16 over a period of more 
than 2 weeks in culture, despite the absence of IgG or antigen. 
Recovery of the CD16+ NK cell population in vivo may, thus, rely 
on repopulation of the periphery from NK cell precursors.

Finally, our study raises questions about the nature of protection 
induced by influenza vaccination. The very low levels of circulat-
ing IgG induced by the live attenuated intra-nasal vaccine, and the 
correspondingly low levels of NK cell degranulation/ADCC/CD16 
shedding, suggest that NK cell ADCC to influenza is not potenti-
ated by LAIV. Anti-influenza IgG antibodies not only mediate NK 
cell ADCC but are sufficient to control virulent (H1N1 pandemic) 
infection in rhesus macaques in the absence of neutralizing anti-
bodies (34, 35). It is interesting to speculate, therefore, that the lack 
of this ADCC response may in part explain the apparently much 
lower efficacy of LAIV compared to TIV that is now being rec-
ognized (CDC Advisory Committee on Immunization Practices, 
http://www.cdc.gov/media/releases/2016/s0622-laiv-flu.html).
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In recent years, progress has been made in the characterization of natural killer (NK) cells 
in lung malignancies, and we have now gained a better understanding of the frequency, 
localization, phenotype, and functional status of NK cells infiltrating these tumors. NK cell 
subset recruited in lung cancer is mainly capable of producing relevant cytokines rather 
than exerting direct cancer cell killing. Thus, the relevance of NK cells in tumor microen-
vironment might also go beyond the killing of tumor cells, being NK cells endowed with 
regulatory functions toward an ample array of immune effectors. Nevertheless, boosting 
their cytotoxic functions and redirecting the migration of cytotoxic NK cell subset to the 
tumor site might open new therapeutic avenues for lung cancer. Also, we believe that a 
deeper investigation into the impact of both conventional (e.g., chemotherapy) or new 
therapies (e.g., anti-immune checkpoints mAbs) on NK cell homeostasis in lung cancer 
patients is now required.

Keywords: natural killer cells, lung cancer, tumor microenvironment, cytotoxicity, cytokines

Several lines of evidence support the notion that natural killer (NK) cells play an important role in 
the control of tumor growth. Notably, along with the large array of results derived from experimental 
mouse models, a reduced NK cell lytic activity has been associated in human with an increased risk 
of cancer. Nevertheless, only a very limited number of NK cells can be detected within the majority 
of human solid tumors.

The discovery that NK cell can easily recognize and lyse tumor cells, immediately translated into 
hope that NK cells might find a place in the clinic as therapeutic tools. Extensive efforts have been 
made to exploit NK cells into the clinic and many of these attempts have mainly relayed on knowl-
edge obtained by studying peripheral blood (PB) NK  cells. However, the environmental context 
and cytokine milieu in which NK cells are present, and perceive potential activating signals, may 
strongly impact on their ultimate effector activity, thus offering one of the possible explanations of 
the inconsistent outcomes of the majority of NK cell-based therapies. As a matter of fact, several 
studies have aimed to investigate the biology of NK cells present within the neoplastic tissue and 
the clinical relevance of this infiltrate: in this context, lung cancer, the main cause of cancer-related 
mortality, represents a major topic for studying the anti-tumoral role of NK cells.
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NK ceLLs iN LUNG cANcer AND tHeir 
cLiNicAL siGNiFicANce

The impact of NK cells as a potential prognostic marker in resected 
NSCLC still remains an open question. Although some early 
studies have demonstrated that the presence of NK cells in the 
immune infiltrate was associated with a lower risk of relapse and/
or longer survival (1, 2), these analyses may now be considered 
incomplete or not exhaustive because of the use of markers not 
exclusively expressed by NK cells. Indeed, a more specific analysis 
of this aspect recently failed to find an association between the 
presence of NKp46+ NK cells at early stages of the disease with the 
clinical outcome (3). However, another recent report showed that 
the number of NK cell infiltrating lung cancer tissue (detected as 
CD56+CD16+ cells) positively correlated to the survival of lung 
cancer patients (4).

Although the clinical significance of NK cells in lung cancers 
seems to require more work, our knowledge about the features of 
NK cells infiltrating NSCLC has expanded considerably in recent 
years. A certain consensus has been reached regarding the evi-
dence that NK cells associated to the immune infiltrate of NSCLC 
are quite different from those normally found in the non-tumor 
areas of the lungs (5–7), since normal lungs are mainly popu-
lated by CD56dim NK cells, whereas tumors are mainly enriched 
in CD56bright NK  cell subset. Overall, the NK  cell population 
found within NSCLC has been described as displaying profound 
alterations in the expression of relevant NK  cell receptors,  
more specifically, downregulation of activating (NKp30, NKp80, 
CD16, DNAM-1) and inhibitory (ILT-2 and KIRs) receptors, as 
well as upregulation of NKG2A when compared to the normal 
counterpart (3). Functionally, intratumoral NK  cells displayed 
impairments in the ability to both degranulate (8) and produce 
IFNγ (3) in response to classical NK cell targets, and they may 
rather acquire a proangiogenic phenotype due to the tumor 
microenvironment (TM) (9).

Nevertheless, these conclusions were mainly drawn by con-
sidering the NSCLC-infiltrating NK cells as a whole population. 
Recent reports suggested that expression of markers such as 
CD69, CD103, and CD49a can distinguish tissue resident from 
circulating NK cells (10). These advances indicate the necessity 
to revise our previous data and call for a thorough investigation 
of the various NK  cell subsets infiltrating lung tumors. In this 
regard, high levels of CD69 have been observed on intratumoral 
NK cells (8) (interpreted as activation marker, at that time) when 
compared to matched non-tumoral lung tissues, thus suggesting 
that a substantial amount of NK cells may be actually retained 
within the TM upon migration (or alternatively upon in  situ 
development). Along with CD69, CD103 has also been found to 
be expressed on a subset of NKp46+ cells within the TM (although 
potentially co-expressed by ieILC1) [(11) and personal observa-
tions by P. Carrega]. These observations propel new questions 
about the specific contribution of tissue-resident NK  cells in 
lung tumor immunosurveillance as well as about their activity in 
already established tumors.

A relative abundance of CD56bright NK  cells was also 
observed in pleural effusions (PEs) from different type of 

primary and metastatic tumors. In contrast with NK  cells 
isolated from solid lung cancer tissues, PE-NK cells express 
normal levels of both main activating receptors and MHC 
Class I-specific inhibitory receptors and they rapidly release 
cytokines upon exposure to neoplastic cells (12). These data 
further confirm how the microenvironment and cytokine 
milieu of lung cancer can exert a strong influence on NK cell 
effector activities (13, 14).

AccUMULAtiON OF cD56bright NK ceLLs 
At tHe tUMOr site

Overall, current data show that NK  cells are very rare within 
human NSCLC, and this evidence is in accordance with parallel 
observations in other solid tumors. Similarly to other tumors, 
NSCLC-infiltrating NK  cells resemble PB-CD56bright in their 
phenotype. These data raise various questions about the actual 
function of this “regulatory” NK  cell subset at the tumor site. 
Primarily, whether the enrichment of CD56bright NK cells in lung 
tumors represents a preferential recruitment of these cells from 
PB or adjacent tissues or rather a local expansion of immature 
NK  cells within the tumor. Recent findings have revealed that 
tumor microenvironment may play a role in this specific accumu-
lation. In particular, comparison of gene expression data between 
neoplastic and healthy lung tissues showed a chemokine switch 
(occurring upon neoplastic transformation) that is in agreement 
with the accumulation of non-cytotoxic CD56bright NK  cells 
recruited from PB (6). Specifically, variations in the tumor tis-
sues involved a significant downregulation of CXCL2 that can 
selectively attract CD56dim NK cells and, vice versa, an upregula-
tion of chemokines specific for CCR7 and CXCR3 receptors (i.e., 
CCL19, CXCL9, and CXCL10), which are, on the contrary, pref-
erentially expressed by CD56bright NK cells. This might represent 
a further mechanism of cancer immunoediting with implications 
for both immunosurveillance and tumor escape from NK  cell 
attack. Remarkably, also breast cancer, another tumor type char-
acterized by enrichment in non-cytotoxic CD56bright NK  cells, 
displayed upregulation of genes coding for chemokines attract-
ing this subset, when compared with gene expression profile of 
healthy breast tissues. Since NSCLC are often associated with 
the presence of intratumoral tertiary lymphoid structures (15), 
it is conceivable that these ectopic lymphoid tissues, as well as 
the establishment of a lymphoid-like stroma within the tumor, 
might drive the expression of chemokines normally secreted in 
secondary lymphoid organs (CCL19, CCL21, etc.) and, therefore, 
preferentially attract CD56bright non-cytotoxic NK  cells at the 
tumor site (Figure 1). An experimental approach employing the 
use of humanized mice xenograft models in which the xenograft 
develops in the context of a human immune system might 
potentially help in answering the question on which NK  cell 
subset preferentially migrate to the neoplastic tissues and to shed 
further light on the mechanisms lying behind their migratory 
properties.

On the other hand, however, a local expansion of less mature 
NK cells in the tumor cannot be excluded. In agreement with 
this hypothesis, it has been reported that a significant amount 
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FiGUre 1 | Natural killer (NK) cell subsets in healthy and neoplastic lung tissues. Human healthy lung tissues are mainly populated by CD56dimCD16+ 
NK cells but also present a small subset of CD56bright NK cells expressing CD69, a marker of tissue-residency. Conversely, NSCLC tissues were found to be 
infiltrated by an NK cell population highly enriched in CD56brightCD16negPerforinlow/negKIR+ cells. The reasons for such an accumulation are not clear. They may derive 
from (1) extravasation of PB NK cells from newly formed blood vessels and/or (2) migration of CD56bright NK cells from the adjacent normal lung tissue in response to 
upregulated chemokines (CXCL9/CXCL10) in the neoplastic tissues. Moreover, (3) they may be recruited by chemokines (such as CCL19/CCL21) expressed in 
tertiary lymphoid structures or a lymphoid-like stroma via high endothelial venules (HEV), which represent a new gateway for lymphocyte entry into the tumor. Finally, 
(4) a local expansion from NK cell precursors (NKP) (21)/immature NK cells cannot be excluded. Noteworthy, the ratio of tissue-resident versus circulating/
non-residing NK cells in neoplastic tissue has so far not sufficiently been deeply investigated.
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of CD56brightperforinnegCD16low NK cells infiltrating lung cancers 
(and breast cancer) showed upregulation of KIRs on their 
surface (8, 16). These observations support the hypothesis that 
TM might, at least in some cases, might favor the expansion of 
functional intermediate of the normal differentiation between 
the CD56bright and CD56dim human NK-cell subsets (17, 18). 
Thus, as previously shown in in  vitro studies (17), CD56bright 
NK  cells might locally proliferate and eventually differentiate 
into the cytotoxic counterpart under adequate stimuli obtained 
within TM.

It is noteworthy that the analysis of perforin expression results 
critical in this context for identifying the two main distinct subsets 
of NK cells, since the intratumoral CD56brightCD16neg NK cell phe-
notype could also represents the result of an activation-induced 
upregulation of CD56 and concomitant cleavage of CD16 by 
the ADAM17 protease (19, 20). Finally, we cannot exclude the 
possibility that tumor-infiltrating NK  cells can originate from 
NK cell progenitors migrated to the tumor site (Figure 1). This 
hypothesis is supported by the recent discovery, in various 
human adult peripheral tissues, of an NK cell-restricted precur-
sor (defined as Linneg CD34+ CD38+ CD123neg CD45RA+ CD7+ 
CD10+ CD127neg) able to give rise to both CD56dim and CD56bright 
NK cells in vitro and in vivo and expressing high levels of CD62L 
on their surface (21).

FUNctiONs OF NK ceLLs iN  
NscLc MicrOeNvirONMeNt

Collectively, we know relatively little about the factors that regulate 
NK cell response under different physio-pathological conditions; 
therefore, the potential activity of NK cells in lung cancer micro-
environment can just be speculative. The notion that CD56bright 
NK cells are a subset endowed with immunoregulatory properties 
is now in general accepted: this is related to their ability to secrete 
cytokines able to influence innate immunity as well as to their 
ability to assist in the polarization of primary adaptive immune 
responses in secondary lymphoid organs. However, in the context 
of human cancers, they may even exert an immune suppressive 
function. As a matter of fact, the CD56bright CD16lowKIR+/− pheno-
type found in lung cancers is also reminiscent of NK cells present 
in decidua tissue and it might be induced upon NK  cell entry 
into a tumor microenvironment expressing substantial TGFβ 
(22). Also, results from a recent investigation in melanoma are in 
line with a potential regulatory role by CD56bright NK cells (23). 
According to this study, blood CD56brightCD16neg NK cells express 
higher levels of ectoenzymes than CD56dim NK cells; hence, they 
may act as “regulatory cells” by inhibiting autologous CD4+ 
T  cell proliferation. This activity is mediated by production of 
adenosine, with a pivotal role played by CD38. Moreover, upon 
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proper activation, CD56bright NK  cells are equally, if not more, 
cytotoxic than CD56dim NK  cells against autologous activated 
CD4+ T cells (24). This observation may be of interest in NSCLC, 
where NK cells were mainly found in the tumor stroma, in close 
contact with other leukocytes (8). It should be noted that also 
NK cells from PE, upon IL-2 activation, gain a strong cytolitic 
activity against tumor cells (12), even stronger than PB-NK cells 
undergoing the same activation. These findings raise new ques-
tions about a suitable therapeutic exploitation of NK cells: more 
specifically, about the possibility to boost cytotoxic function of 
CD56bright NK cells against cancer cells while avoiding elimination 
of activated autologous CD4+ T cells.

As a whole, however, few in vivo data have so far been col-
lected in support of an immunosuppressive role of NK  cells 
within tumor tissues and in lung cancer in particular. 
Nevertheless, this remains an interesting and poorly explored 
field of investigation.

On the other hand, NK  cells have been implicated in the 
response to tumors also because of their abundant release of 
IFNγ. Experimental animal studies highlighted the importance 
of NK  cell-mediated secretion of IFNγ in tumor rejection. In 
particular, the initial expression of IFNγ by NK cells may induce 
expression of CXCR3 ligands and, in turn, contribute to further 
accumulation of NK  cells and tumor rejection (25). Tu et  al. 
showed a pivotal role for CD160 and IFNγ secretion in control-
ling tumor growth by NK cells (26). An early release of IFNγ may 
be of relevance also for upregulating co-stimulatory molecules on 
dendritic cell (DC) surface, endowing DCs with a more potent 
triggering potential for tumor-specific CD8+ T cells (27), but also, 
as highlighted below, for the expression of ligands of immune 
inhibitory receptors.

rOLe OF NK ceLLs iN cONveNtiONAL 
AND UNcONveNtiONAL ANticANcer 
tHerAPY

The role of NK cells in the conventional therapy of lung cancer is 
only partially known; in addition, the possible modifications of 
NK cell activities and homeostasis upon administration of thera-
pies currently used for lung cancers, ranging from conventional 
chemotherapy to anti-PD1 blocking mAbs, have been thus far 
scarcely investigated. Nevertheless, various evidences support the 
notion that beneficial effects of conventional therapies may also 
be mediated as “off-target” mechanisms by this innate immune 
cell population. For example, both cisplatin (28) and gemcitabine 
treatments (29) induce upregulation of NKG2D ligands on cancer 
cells. Similarly, also inhibitors of the MEK/ERK signaling path-
way can upregulate the expression of ULBP2, one of the ligand 
of NKG2D, by inducing demethylation of the ULBP2 promoter 
(30). Moreover, NK cells may contribute to the efficacy of targeted 
therapies, such as cancer-associated fibroblast-targeted therapy 
used in combination with DC-based vaccines (31), or agents 
targeting EGFR, such as erlotinib (32) and necitumumab. The 
latter has been approved as a first-line treatment for advanced 
squamous NSCLC, the less immunogenic type of NSCLC tumor. 
Interestingly, the necitumumab–EGFR complex can induce 

ADCC by various types of immune system cells, such as NK 
lymphocytes (33).

In light of the therapeutic benefit obtained with immune 
checkpoint inhibitors, such as mAbs blocking programed cell 
death protein 1 (PD1) pathway, it would be interesting to further 
investigate the effects of these classes of drugs on NK cell com-
partment. Anti-PD1 (nivolumab and pembrolizumab), anti-KIR 
(lirilumab), and anti-NKG2A (monalizumab) may act by remov-
ing a brake on the effector functions of NK cells. Anti-PD1 agents 
have been already approved for the treatment of advanced NSCLC 
and, very recently, have shown promising results when used in 
the neoadjuvant setting (34). Anti-PD1 therapy might unleash 
the cytotoxic potential of activated NK cells expressing PD1 (35), 
thus contributing to the anticancer activities of this drug. On the 
other hand, NK cells might also be detrimental for avoiding PD1 
blocking since IFNγ derived from tumor-infiltrating NK  cells 
may further increase the expression of the ligand PD-L1 in the 
tumor microenvironment.

While we are now accomplishing groundbreaking results 
by anti-PD1 agents, anti-KIR agents are currently in phase II; 
nonetheless, they may be important in various settings, in neo-
adjuvant and advanced settings but also as adjuvant therapy in 
order to reduce risks of recurrence. Along with KIRs, targeting 
of the inhibitory receptor NKG2A (monalizumab) is currently 
under investigation as single agent or in combination with other 
agents in different types of solid tumors (36). The rationale for 
the use of this agent in lung cancer is also supported by the 
higher expression levels of NKG2A in intratumoral NK  cells 
if compared to NK cells in normal lung tissues (6, 8). Another 
therapy targeting the inhibitory receptor LAG3 (BMS-986016), 
expressed on lymphocytes and NK  cells, is also currently 
investigated (NCT01968109) alone and in combination with 
nivolumab in subjects with select advanced (metastatic and/
or unresectable) solid tumors. Further increasing the number 
of targetable checkpoints on NK  cells, recent preclinical data 
demonstrated the utility of blocking CD96 for enhancing 
NK cell activity against experimental and spontaneous metas-
tases (37). Finally, targeting costimulatory receptors such as 
CD137 (4-1BB), expressed on activated NK cells and cytotoxic 
T cells, may represent another option, especially in combination 
with mAbs targeting TAA, as shown for head and neck cancer 
patients (38).

cONcLUsiON AND PersPective

Despite knowledge on NK  cell biology significantly increased 
in these last years, we surprisingly still know relatively little 
about their functions in TM. This is particularly astonishing 
considering that NK cell discovery was related to their strong 
ability to recognize and kill cancer cells without prior sensitiza-
tion. Clearly, further knowledge, particularly in human setting, 
is required to better exploit this abundant innate lymphocyte 
population in lung cancer treatment. However, recent evi-
dences indicate that CD56bright NK  cell population infiltrating 
lung cancers, endowed with low ability to kill cancer cells, can 
spontaneously acquire KIR receptors and thus further differ-
entiate, suggesting that they might convert in cytotoxic killer 
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FiGUre 2 | Possible conversion of lung cancer-infiltrating natural killer (NK) cells into highly cytotoxic killer cells upon administration of NK-
activating drugs. (A) NK cells isolated from NSCLC tissues display phenotypic features similar to those of peripheral blood (PB) CD56bright NK cells, with the 
exception of KIRs, that can be detectable on these cells. Similarly to PB CD56bright NK cells, they are endowed with high proliferative potential but impaired in their 
cytotoxic capability. In addition, it is not clear whether NK cells infiltrating human lung tumors express other immune checkpoints (such as PD-1), which might further 
contribute to their poor cytolytic activity. (B) Upon activation with stimulating cytokines (recombinant IL-15, IL-2) or mAbs-blocking inhibitory receptors (e.g., 
anti-NKG2A, which is highly expressed on these cells, or anti-PD1), intratumoral NK cells may proliferate in situ and modify their phenotype acquiring strong cytolytic 
capabilities against cancer cells. (c) Administration of cytokines or other NK-activating drugs, currently available, can upregulate the expression of cytolytic granules 
on expanded tumor-infiltrating NK cells but also induce higher levels of KIR inhibitory receptors: this might be circumvented by administration of anti-KIRs mAbs. It 
remains to be investigated whether in vivo stimulation of lung cancer-infiltrating NK cells can upregulate on these cells the expression of activating receptors (e.g., 
CD16), immune checkpoints, or markers of tissue residency.
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cells. Remarkably, CD56bright NK cells, the main NK cell subset 
infiltrating lung cancer, can undergo robust proliferation upon 
appropriate cytokine stimulation. At the same time, factors able 
to efficiently activate NK  cells, induce their proliferation and 
to terminally differentiate them into highly cytotoxic NK cells 
are currently available as clinical-grade agents (e.g., IL-15 and/
or mAbs blocking NK inhibitory receptors) (Figure 2). Finally, 
although few data are currently available, we recently started 
to shed some light on the mechanisms ruling he recruitment 
of NK cells within lung cancer tissues. The use of factors able 
to modify lung cancer expression of chemokines involved in 
NK cell recruitment could represent an interesting therapeutic 
avenue.

While further basic investigation on the biology of lung cancer 
NK cells is clearly required, we recently gained a better insight in 
this field. Novel immunotherapeutic strategies for lung cancers, 

conceivably in combination with established anticancer therapies, 
should now aim at increasing the amount of cytotoxic NK cells 
in lung cancers: that could be achieved not only recruiting them 
from PB but also driving their proliferation and differentiation 
within TM.
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Patients reveals Progressive 
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NK cells are defective in acute myeloid leukemia (AML) at diagnosis. Here, we studied the 
kinetic of expression of the major activating and inhibitory receptors of NK, CD8 T, and γδ 
T cells in patients undergoing chemotherapy (CT) for the treatment of AML (n = 29). We 
showed that NK cells are the main affected population at diagnosis and that expression 
of activating receptors is partially restored within a few weeks after CT. CD8 T cells and 
γδ T cells are only weakly affected at diagnosis. Killer cell immunoglobulin-like receptor 
expression by NK cells, but not NKG2A and CD85j, was downregulated. Interestingly, 
the development of NK cells appeared altered as the most immature CD56bright NK cells 
were seriously underrepresented. Finally, we showed that NK cell functions were only 
partially restored 6 weeks after CT as degranulation capabilities of NK cells recovered, 
whereas cytokine production remained low. Our data point out NK cells as antitumor 
effectors peculiarly hampered by leukemic cells. This study may indicate a timeline when 
NK-mediated therapies or other immunotherapies could be performed, particularly for 
patients excluded of hematopoietic stem cell transplantation.

Keywords: nK cells, acute myeloid leukemia, chemotherapy, activating receptors, nK functions

inTrODUcTiOn

Immunity against cancer and in particular hematological malignancies relies on the capacity of 
effector immune cells to recognize and kill tumor cells and to alert other immune cells. The armed 
branch of the immune system responsible for tumor clearance encompasses NK cells, CD8+ αβ 
T cells (later referred to as CD8 T cells) and γδ T cells.

Abbreviations: NK, natural killer; AML, acute myeloid leukemia; CR, complete remission; CT, chemotherapy; HDs, healthy 
donors; KIRs, killer cell immunoglobulin-like receptors.
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TaBle 1 | characteristics of patients.

characteristic N

Number of patients 29

age, years
Mean (SD) 70.17 (1.45)
Median [min–max] 70.00 [38.00–81.00]
≤65 4 (13.79)
>65 25 (86.21)

sex, n (%)
Male 19 (65.52)
Female 10 (34.48)

FaB category, n (%)
M1 4 (13.79)
M2 8 (27.59)
M4 9 (31.03)
M5 4 (13.79)
M6 2 (6.90)
Unclassified 2 (6.90)

cytogenetics, n (%)
Normal 21 (72.41)
Favorable 1 (3.45)
Complex 7 (24.14)
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Activation of CD8+ αβ T cells requires the peptidic antigen-
specific triggering of the TCR, in association with costimulatory 
molecules of the B7 family. γδ T cells recognize phospho-
antigens originating from the metabolism/mevalonate pathway 
of cells, which is often up-regulated in cancer cells. Activation 
of mature CD8 T cells and γδ T cells can be improved by sev-
eral activating coreceptors such as NKG2C, NKG2D, 2B4, and 
DNAM-1.

NK cells belong to the innate immune system and secrete 
many cytokines, such as GM-CSF, IL-10, or pro-inflammatory 
cytokines (IFN-γ and TNF-α), and chemokines. Activation 
of NK cells usually requires triggering of several cooperative 
receptors (1, 2). Some of them are specific for NK cells (natural 
cytotoxicity receptors, NKp30, NKp46, and NKp44), the oth-
ers can be shared with cytotoxic T cells (3). Of note, NKG2C 
is the activating counterpart of NKG2A, and both recognize 
HLA-E. Activation of NK cells is balanced by inhibitory recep-
tors, most of them recognizing classical HLA class I, or the 
non-classical class I HLA-E. Killer cell immunoglobulin-like 
receptors (KIRs) (CD158) are specific for class I HLA-A, B, and 
C, whereas NKG2A, a C-type lectin, recognizes HLA-E, and 
CD85j (LILRB1/ILT2) has a broad reactivity of HLA-I. Early 
immature NK cells express high levels of CD56 (CD56bright 
NK cells), high levels of NKG2A, and do not express CD16. 
After an intermediate stage characterized by a dim expression 
of CD16, NK cells lose partially CD56 expression and start to 
express inhibitory or activating KIRs, while gradually losing 
NKG2A expression (CD56dim NK cells) (4). These cells express 
high levels of CD16. Further maturation involves the acquisi-
tion of more KIRs, loss of NKG2A, and finally acquisition of 
CD57 (5, 6).

Reduced NK cell functions have been shown to promote 
cancer (7). NK cell importance in leukemia control has been 
evidenced by the pioneering study of Ruggeri and was followed 
since by many centers (8, 9). Hence, NK cells are found pro-
foundly altered in solid cancers, such as breast cancer, neuro-
blastoma, and GIST, and in hematological malignancies such as 
multiple myeloma or acute myeloid leukemia (AML) (10–13). 
These phenotypic and functional alterations strongly suggest 
the need for tumor cells to hamper NK cell-mediated recogni-
tion (14). Although the mechanisms behind the interaction and 
destruction of leukemic cells are not yet clearly defined, the high 
rate of relapse in AML suggests these mechanisms are altered 
and profit to leukemic cells that can escape from the immune 
system (15, 16).

The current mainstay of AML treatment is based on conven-
tional chemotherapy (CT) using anthracyclines and cytarabine, 
and hematopoietic stem cell transplantation (HSCT) for patients 
with poor prognosis features. With this treatment, about 50–80% 
of patients attain complete remission (CR). However, the 2-year 
survival is only 15–50% due to frequent relapses (17). Although 
a lot of them have poor-risk disease, HSCT is often not feasible 
because of comorbidities. There is thus an urgent need to develop 
new immunotherapeutic approaches that represent alternatives 
to HSCT such as vaccines, monoclonal antibodies, or immu-
nomodulatory drugs (IMIDs). However, these approaches often 
require a functional immune system to facilitate the clearance 

of tumor cells. Therefore, it is relevant to monitor the status of 
immune cells, since so far, little is known about the effects of CT 
drugs on immune cells, with very few in vitro studies performed 
on cytotoxic T cells or NK cells (18, 19).

In this study, we analyzed the phenotype of peripheral 
blood NK cells, γδ T cells, and CD8 αβ T cells (CD8 T cells) 
of elderly patients treated with CT for AML. Blood samples 
were collected at diagnosis, remission, and various time points 
following consolidation CT in order to evaluate potential altera-
tions following CT. Our data revealed important phenotypic 
alterations of NK  cells, contrasting with limited phenotype 
alteration of γδ T cells and CD8 T cells. The most immature 
NK cell population was absent at diagnosis and recovered slowly 
after CT. NK cells presented low cytolytic activity at diagnosis 
that recovered with time, but their capacity to produce pro-
inflammatory cytokines was durably impaired. Overall, these 
data provide the basic knowledge required for the design of 
clinical trials of immunotherapies for the treatment of AML 
in the elderly.

PaTienTs anD MeThODs

Patients
We enrolled 29 elderly patients (60–80  years old) with non-
promyelocytic AML according to WHO criteria in first CR fol-
lowing induction CT (3 + 7 regimen). All patients have received 
an induction and one consolidation CT before inclusion. All 
patients received informed consent. The study was approved by 
a local ethics committee and the national institution [AFSSAPS 
(Agence Française de Sécurité Sanitaire des Produits de Santé), 
No DGS 2006/0396]. Patient peripheral NK, γδ T, and CD8 
T cells were analyzed at diagnosis, the day before the second 
consolidation CT (W0), and every other week after treatment 
for 8  weeks (Figure S1 in Supplementary Material). Patient 
characteristics are presented in Table 1. All patients were in CR 
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at W0. Induction CT was as follows: daunorubicin 45  mg/m2 
D1–D3, cytarabine 100 mg/m2 D1–D7; consolidation CT 1 is as 
follows: daunorubicin 45 mg/m2 D1–D2, cytarabine 50 mg/m2 
subcutaneous twice daily D1–D5; consolidation CT 2 is as fol-
lows: idarubicin 8 mg/m2 D1, cytarabine 50 mg/m2 subcutaneous 
BID D1–D5.

Fifteen healthy donors (HD), age-matched, were used as 
controls and were obtained from the Etablissement Français du 
Sang. Median age of HD was 72.2 years [65.6–76.4] and the ratio 
F/M was 8/7. No major past clinical history was noticed for these 
donors.

Phenotypic studies
Peripheral blood samples from HD and AML patients were pro-
cessed and cryopreserved until use. After thawing, PBMCs were 
processed for flow cytometry experiments. The antibodies used 
for these experiments are listed in Table S1 in Supplementary 
Material. 7-AAD was used as a live/dead discrimination marker. 
Protocols and FACS analysis were performed according to pub-
lished protocols (1).

Proliferation assays
PBMCs were thawed up, washed twice in PBS, and incubated 
20  min with 2.5  µM CellTrace Violet at 37°C. Cells were then 
washed twice in PBS before resuspension in RPMI containing 
10% FCS, 100 UI/mL IL-2, and 10 ng/mL IL-15. After 6 days of 
culture, cells were harvested and prepared for flow cytometry 
analysis. The antibodies used for these experiments are listed in 
Table S1 in Supplementary Material.

Degranulation and cytokine Production 
assays
PBMCs were thawed up and incubated overnight at 37°C with 
RPMI 10% FCS (complete medium) alone or with complete 
medium containing IL-2 (100 UI/mL) + IL-15 (10 ng/mL) or IL-12 
(5 ng/ml) +  IL-18 (10 ng/mL). Cells were then incubated with 
K562 cells (ratio 1:10) at 37°C for 4 h in the presence of GolgiPlug 
(Life Technologies). The antibodies used for these experiments 
are listed in Table S1 in Supplementary Material. Functional tests 
with NK cells at diagnosis could not be performed because of lack 
of material and because of the extremely low frequency of NK 
cells counts at this time point.

cytotoxicity assays
NK cells were isolated using magnetic isolation kit (StemCell 
Technologies). The purity of NK cells was determined by flow 
cytometry and was >98%. K562 target cells were labeled with 51Cr 
(Perkin-Elmer). After three washes, NK cell cytotoxicity against 
the HLA class I-deficient K562 cell line was evaluated with a 
standard 4-h 51Cr-release assay at various effector/target ratios 
(10:1 and 2:1). All experiments were performed in triplicate.

nK cell Functions
Effector functions of NK cells were assessed by flow cytometry. 
For target cell stimulation, 1 × 106 PBMCs were mixed with K562 
(ratio 10:1) for 4 h at 37°C and 5% CO2 as previously described 

(20). Unless otherwise specified, PBMCs were kept unstimulated 
before functional assays. When indicated, PBMCs were primed 
overnight with recombinant (r)IL-2 (50 UI/mL) and rIL-15 (5 ng/
mL) prior to functional assays (Figure S2A in Supplementary 
Material). For cytokine production assays after cytokine stimula-
tion, PBMCs were thawed, counted, and incubated for 18 h in 
the presence or absence of rIL-12 (5 ng/mL) and rIL-18 (20 ng/
mL). Cells were then incubated with or without target cells with 
Golgiplug (BD Biosciences) for four additional hours, and then 
prepared for FACS analysis.

statistical analysis
Statistical analyses were performed using GraphPad Prism 
software. For comparison between multiple matched samples, a 
Friedman test with a Dunn’s posttest was performed. For com-
parison between two independent groups, a Mann–Whitney test 
was performed. Statistical significance was indicated as *P < 0.05, 
**P  <  0.01, and ***P  <  0.001. In all graphs, data represent 
mean ± SEM.

resUlTs

reconstitution of antitumor effectors  
after cT
We analyzed the peripheral blood of 29 patients diagnosed for 
a primary AML at diagnosis, after induction CT, and during 
second consolidation therapy cycle (Figure S1 in Supplementary 
Material and Section “Materials and Methods”). NK, γδ and 
CD8+ T cell absolute counts were calculated and compared to 
those of age-matched HDs. At diagnosis, lymphocyte counts were 
higher than that of HDs and were restored after CR (Figure 1A). 
As expected, 2 weeks after the second cycle of consolidation CT, 
lymphocyte counts significantly dropped but recovered by W6. 
CD8+ T cell numbers were higher at diagnosis, whereas NK and 
γδ cell numbers were comparable to control (Figure 1B). γδ T 
cell counts were back to normal after CR and remained constant. 
CD8 T cell counts dropped after induction and reached the levels 
of HD after the second consolidation, but rised again to stay high 
compared to HD (not significant). Similar to the other popula-
tions, NK cell counts dropped during induction and the first 
consolidation, eventually increased but cell counts never reached 
the levels of HD.

expression of activating receptors in 
cytotoxic effectors during cT
We next analyzed whether expression of coactivating receptors 
was affected during the course of AML treatment (Figure 2A). 
NKG2C expression was found higher on NK cells from patients 
at diagnosis compared to HDs (P  =  0.0029) and expression 
remained high during the treatment. DNAM-1 and 2B4 were 
found downregulated at diagnosis (P = 0.0024 and P < 0.0001, 
respectively). Interestingly 2B4 expression remained lower com-
pared to HD during the study, whereas DNAM-1 expression was 
completely restored. NKG2D expression was unaffected during 
the study albeit the comparison with AML at diagnosis could not 
be tested. Finally, we confirmed in this study the downregulation 
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FigUre 1 | Kinetics of cytotoxic lymphocyte reconstitution. Kinetics of NK cells (round dots), CD8+ T cells (squares) and γδ T cells (triangles) reconstitution at 
the indicated time points. Cell counts (mean ± SEM) were measured at diagnosis of the disease, before the second consolidation (week 0, W0), at week 2, 4, 6, and 
8 (W2, W4, W6, W8). (a) Absolute lymphocyte count. Dotted line corresponds to the mean of lymphocyte counts from 15 healthy donors (HD). (B) NK, γδ T, and 
CD8+ αβ T cell absolute counts. Horizontal lines correspond to the mean of NK, γδ T, and CD8+ αβ T cell counts from HD. When indicated a Kruskal–Wallis 
non-parametric test with Dunn’s posttest was performed to compute the P value for the comparisons (*P < 0.05, **P < 0.01, ****P < 0.0001).
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of NKp30 and NKp46 at the diagnosis (P < 0.0001 and P = 0.0024, 
respectively). NKp30 expression was partially restored at W8 
(MFI  =  953  ±  134 vs HD: MFI  =  1,304  ±  108, P  =  0.0365), 
whereas that of NKp46 was completely restored, even higher than 
controls (W6: MFI = 3,340 ± 306 vs HD: MFI = 1,921 ± 212, 
P = 0.0017 and W8: MFI = 3,221 ± 465 vs HD: MFI = 1,921 ± 212, 
P  =  0.0188). Noteworthy, neither CD56 nor CD16 expression 
was altered in patients at diagnosis or during treatment (data 
not shown). With respect to γδ T cells and CD8 T cells, NKG2C, 
NKG2D, DNAM-1, and 2B4 expression was also analyzed and 
revealed a completely different picture. 2B4 expression was 
downregulated at diagnosis (γδ T cells: MFI: 1,892 ± 237 vs HD: 
MFI = 2,300 ± 119, P = 0.0013; CD8 T cells: MFI: 1,640 ± 146 
vs HD: MFI = 1,827 ± 123, P = 0.05) and restored at the end of 
the study. NKG2C, NKG2D, and DNAM-1 were expressed with 
similar frequencies and MFI compared to controls.

Overall, with respect to activating receptors, NK cells seemed 
to be the main effector population affected during the treatment 
of AML patients. We next decided to focus the study on NK cells.

expression of hla receptors in nK cells 
during cT
We next analyzed the expression (frequency) of HLA receptors, 
i.e., NKG2A, CD85j, and KIR/CD158, on NK cells from patients 
under treatment (Figure 2B). The anti-CD158 antibodies used 
here do not discriminate between inhibitory and activating 
KIRs. Our analyses revealed a downregulation of CD158a/h and 
CD158b1/b2/j at diagnosis and after reaching CR (W0) compared 
to HD. NKG2A expression was not drastically affected during 
time compared to controls at all time points, although there was 
some increase at W6 and W8 compared to CR. In contrast, CD85j 
was more frequent on NK cells from patients at diagnosis and 
before the second cycle of consolidation CT. Expression tended to 
decrease over time during treatment, although remaining slightly 
higher than HD. Of note, frequencies of HLA receptors in γδ T 
cells and CD8 T cells were slightly altered during the study, with 

a non-significant increase of CD158b1/b2/j and CD85j (Figure S2 
in Supplementary Material).

Kinetics of early stages of nK cell 
Maturation during cT
We next sought to analyze whether NK cell early maturation 
was normal in patients before and after AML treatment. 
Combinations of CD56, CD16, and NKG2A define different 
steps of NK cell maturation (4, 5). CD56 expression as well as 
frequencies of CD16 and NKG2A positive cells out of total NK 
cells were comparable to HD (data not shown and Figure 2B). 
However, it is known that NKG2A is expressed by all CD56bright 
NK cells and CD16 expression defines two subsets (4). 
CD56bright NK cells are usually a rare population compared to 
CD56dim NK cells, and therefore, information about these cells 
may be masked when looking at the total NK level. Therefore, 
we analyzed the combinations of these three markers in order 
to identify the different maturation subsets based on CD56, 
CD16, and NKG2A markers. We observed a profound loss 
of total CD56bright and CD56bright CD16− NK cells at diagnosis 
[Figures  3A,B (left and right panels, respectively); Figure S3 
in Supplementary Material]. After induction and reaching CR, 
total CD56bright were present at low frequency and continued to 
rise during consolidation (Figure 3C).

Functional Properties of nK cells after cT
NK cells from AML patients have defective cytolytic activities 
(11, 14, 21). We next sought to verify whether cytotoxicity was 
restored during treatment and whether other functions of NK cells 
were affected during treatment by CT. Degranulation (CD107a) 
and IFN-γ or TNF-α production assays were performed after 
interaction with K562 cells. Degranulation capacities of total 
NK cells during recovery could not be compared to NK cells at 
diagnosis, due to the paucity of NK cells, and was thus compared 
to HD or total NK cells at CR. Degranulation was impaired in NK 
cells from patients in CR (W0) but was, at least partially, restored 
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FigUre 2 | Kinetics of activating and inhibitory receptor expression. (a). Global view of expression of activating receptors was measured by flow cytometry 
on NK, γδ T, and CD8+ αβ T cells at the indicated time points. MFI (unimodal expression) and percentage of positive cells (bimodal expression) were normalized and 
hierarchically clusterized with Tmev software. Comparison with healthy donors (HDs) was performed, and data are represented with colors reflecting higher (red) or 
lower (green) expression compared to HDs. Gray squares correspond to non-determined values. (B). Expression of CD158a/h, CD158b1/b2/j, NKG2A, and CD85j 
by NK cells from HD and patients at the indicated time points. Bars represent the median expression and when indicated a Kruskal–Wallis non-parametric test with 
Dunn’s posttest was performed to compute the P value for the comparisons (*P < 0.05, **P < 0.01, ***P < 0.001).
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during consolidation (Figure  4A, black bars). Degranulation 
never reached the level of HD, and at W8, NK cells displayed 
a somewhat reduced degranulation capacity compared to W6 
(non-significant). Interestingly, despite reduced degranulation at 

early time points, we found that perforin content in NK cells (and 
T cells) was higher compared to HD (Figure S4 in Supplementary 
Material). Similar to degranulation, IFN-γ production was altered 
in patients in CR, but we did not observe any restoration of the 
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FigUre 3 | Kinetics of immature nK cells reconstitution. (a) Example of reconstitution of CD56bright NK cells in a patient following treatment. The figure 
displays the reapparition of CD56bright NK cells expressing or not CD16 (top) or NKG2A (bottom). (B) Frequencies of total CD56bright NK cells (left panel) or CD56bright 
NK cells lacking CD16 expression (right panel). (c) Summary figure of reconstitution of the immature CD56bright NK cell subset after induction and consolidation 
therapies. Data represent Tukey whisker boxes, with outliers represented as round dots. When indicated a Kruskal–Wallis non-parametric test with Dunn’s posttest 
was performed to compute the P value for the comparisons (*P < 0.05, **P < 0.01, ***P < 0.001).
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capacity of NK cells to produce IFN-γ (Figure  4A, gray bars) 
and TNF-α (not shown) after interaction with K562 compared 
to HD. In order to verify whether the whole cytokine production 
machinery was impaired, and not only the capacity to respond 
to target cells, we incubated overnight NK cells with a cocktail 
of IL-2/IL-15 or IL-12/IL-18 and then incubated these NK cells 
with K562 cells (Figure 4B). As CD56bright NK cells and CD56dim 
NK cells were identifiable at W0 (in contrast to diagnosis), these 
two subsets were gated and analyzed. After interaction with target 
cells, both CD56dim and CD56bright NK cells from patients at W0 
pretreated with IL-2/IL-15 or IL-12/IL-18 displayed a significant 
increase in degranulation as well as IFN-γ and TNF-α production, 
similar to controls. Interestingly, functions of cytokine-primed 
CD56dim NK cells at W4 (4 weeks after the second consolidation 
cycle) were somewhat decreased compared to functions meas-
ured at W0. Regarding CD56bright NK cells, a slight decrease of 
CD107a and IFN-γ was observed, but generally, the effect was 
minor compared to CD56dim NK cells.

Finally, we analyzed the capacity of NK cells to proliferate in 
response to IL-2 and IL-15 stimulation (Figure 5). By means of 
CellTrace Violet dilution assay, we observed that NK cells from 
patients at W0 and W4 had a high capacity of proliferation, 
similar to controls. As expected, CD56bright NK cells proliferated 
more than CD56dim NK cells as revealed by the high frequency of 
cells with longer history of cell division (>2 generations). Of note, 
NK cells from patients at diagnosis were not analyzed because of 

the lack of CD56bright NK cells. Altogether these data revealed that 
NK cell effector functions that can be triggered by target cells are 
altered at early steps of AML treatment and that only degranula-
tion is restored over time. By contrast, the sensitivity to exogenous 
cytokine stimulation was not affected by consolidation CT.

DiscUssiOn

The treatment of hematological malignancies, including AML, 
requires the standardized and recommended use of anthracyclines 
and aracytine (17). Frequent relapse is the proof that the initial 
treatment is not sufficient and leaves the patient with a minimal 
residual disease that eventually overcomes immune surveillance, 
leading to relapse. Little is known about the status of the immune 
system during the early steps of CT in AML, in particular with 
NK cells. Here, we studied effector lymphocytes (NK, CD8, γδ T 
cells) frequencies during the early course of treatment of elderly 
AML patients. We analyzed the expression of the main activating 
and inhibitory receptors in these cells. Focusing on NK cells, 
we have analyzed their effector functions in response to target 
cell or cytokine stimulation. Our data revealed that NK cells are 
the main population affected at diagnosis or during treatment. 
Although NK cells expand after the induction CT, they remain 
probably more sensitive to the consolidation CT because the NK 
cell counts remained lower than that of HD, as described before 
(22). In contrast, CD8 T cells and γδ T cells were more frequent 
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FigUre 4 | effector functions of nK cells following chemotherapy. (a) Specific lysis of target cells (black bars, left axis) and intracellular production of IFN-γ 
(gray bars, right axis) after interaction between NK from healthy donors (HDs) or patients at the indicated time points and K562 cells. Histogram represents mean 
and bars represent SEM. (B) Effect of cytokine priming on degranulation and production of IFN-γ and TNF-α upon interaction with K562 cells. NK cells from HDs 
(n = 3) and patients (n = 5) at the indicated time points were treated overnight with medium only (white bars), IL-2 + IL-15 (black bars) or IL-12 + IL-18 (gray bars). 
Cells were then washed and incubated for 4 h with K562 cells. Effector responses were analyzed as indicated in the Section “Materials and Methods.” The figure 
depicts CD56dim (left) and CD56bright (right) identified with the flow cytometry analysis software.
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FigUre 5 | Proliferation capacities of nK cells before and during consolidation. Proliferation capacities of NK cells during chemotherapy (CT). NK cells from 
healthy donors or patients before (W0) and after the first cycle of consolidation CT were isolated from peripheral blood, stained with CellTrace Violet, and cultured for 
6 days in IL-2-containing medium. The figure displays CellTrace Violet dilution reflecting cell proliferation for CD56dim NK cells (top) and CD56bright NK cells (bottom). 
The histograms indicate the frequency of non-proliferating cells (generation 0) and proliferating cells (generations 1–6). Data represent mean ± SEM. Insets show a 
representative donor or patient (n = 3 and n = 5, respectively).
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than in HDs during the entire study. In addition, NKG2C, 
DNAM-1, 2B4, and NKG2D were expressed on all T cells at 
similar levels compared to HD. In contrast, confirming previous 
studies, DNAM-1, 2B4, NKp30, and NKp46 were downmodu-
lated at diagnosis on NK cells. The impact of treatment resulted in 
a partial or total restoration of NKp30 and NKp46, respectively, as 
previously shown (14), and a restoration of DNAM-1 expression. 
Surprisingly, 2B4 expression remained low during the 8 weeks of 
observation. The fact that the alterations mostly concerned NK 
cells likely reflects their involvement in the control of leukemia 
progression. Alternatively, the general downmodulation of 
NK-activating receptors shed light on the suppressive pathway 
that leukemia use to hamper innate immune recognition. Several 
mechanisms have been suggested explaining how cancer cells 
impair NK cell functions, such as TGFβ-1 production by tumor 
cells (10), or the production of histamine and reactive oxygen spe-
cies by phagocytes (23). A phase III clinical trial using histamine 
dihydrochloride in addition to IL-2 improved the leukemia-free 
survival of AML patients (24). Alternatively, it was suggested that 
AML-induced alteration of NK cells was mediated by IL-10 (21). 
Our study, along with previous studies, suggests that chemoresist-
ant remaining tumor cells may remain untargeted by defective 

NK cells. Hence, the weak expression of activating NK receptors 
is expected to result in a lack of recognition of residual tumor 
cells. An interesting parameter to analyze would be to compare 
the level of NK cell receptor expression with the incidence of 
relapse. In line, a recent studies identified correlations between 
NK cell receptor profiles with OS and relapse risk (25).

In accordance with defective receptor expression at diagnosis, 
degranulation, and IFN-γ production upon interaction with 
target cells were defective at diagnosis. Beside intrinsic insuf-
ficiency to degranulate against classical HLA-negative NK target 
cells, AML-NK cells, and also AML-T cells, display a reduced 
capacity to form solid conjugates and effective immune synapse 
with leukemic cells (26, 27). Albeit degranulation properties 
were restored over time, cytokine production remained impaired 
along the time course of the study. These data suggest that NK cell 
recovery after CT is incomplete. Interestingly, at W4 functions 
of NK cells after exogenous cytokine and target cell stimulation 
was further decreased compared to W0. Although this finding 
should be confirmed, it suggests that at this time unknown 
factors may delay the reconstitution of NK cell function. These 
data are similar to the reconstitution of NK functions after stem 
cell transplantation (SCT) where degranulation is functional but 
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not pro-inflammatory cytokine production (1, 28). It seems that 
degranulation capacities of NK cells during immune reconstitu-
tion are a faster process compared to regulatory functions. These 
data warrant more investigation such as longer time points of 
observation since in SCT it takes up to 1 year to fully recover 
IFN-γ or TNF-α production capabilities (1). Furthermore, it 
would be interesting to determine whether, like for SCT, a fast 
cytokine production recovery correlates with a lower probability 
of relapse.

In addition to activating NK receptors, we also analyzed the 
expression of HLA receptors. Expression of classical HLA-I 
receptors (i.e., KIRs) was downmodulated in NK cells at the 
diagnosis and CR, but was restored over time, suggesting a 
potential break of tolerance, which is unfortunately hampered 
by the downregulation of activating receptors. NKG2A was not 
affected at diagnosis nor during treatment. Thus, NK cell activa-
tion remains tightly controlled, likely by tumor cells, keeping NK 
cells tolerant to remaining tumor cells.

Despite the normal expression of CD16 and NKG2A, we 
could not exclude alterations in the development of NK cells 
both at diagnosis and during the treatment, since CT induces 
aplasia. For instance, after HSCT, the population of immature 
NK cells is prominent during several months after graft (1, 29). 
Surprisingly, when we measured the ratio between CD56bright 
NK cells (immature) and CD56dim NK cells, we observed a dra-
matic reduction in the frequencies of CD56bright NK cells, and 
particularly in the most immature CD56bright CD16− NK cells. 
The fact that these cells, as well as CD56bright CD16+ NK cells, 
recover over time suggest that leukemic cells have somehow a 
deleterious effect on this population. In our cohort, we observed 
an increase of CD56bright NK cell frequency between the diagno-
sis and W0 just before the second induction and a continued 
increase until the end of study. This observation suggests that 
consolidation CT has little impact on NK cell reconstitution. We 
cannot exclude that abnormal NK cell differentiation is main-
tained at these early time point from induction as the cohort 
is too small. Our observation seems to contradict the study by 
Dauguet et al. showing that most patients at first CR displayed 
an unusual high frequency of CD56bright NK cells (30). However, 
we did not analyze our patients during this very early phase of 
treatment (15–30 days post induction CT), and we could have 
missed a critical period of time where NK cells undergo rapid 
expansion and differentiation as a sign of homeostatic prolifera-
tion. This subversion of NK cell maturation by tumor cells has 
been observed in other cancer settings such as breast cancer 
(31). Interestingly, a study by Harlin et  al. suggested that the 
microenvironment may alter NK cell biology and notably sur-
vival by producing reactive oxygen species, which kill CD56dim 
NK cells but somehow spare CD56bright NK cells (32). It would 
be interesting to test whether metabolism, particularly oxygen 
metabolism, is altered during these early phases of AML treat-
ment. Obviously other mechanisms may be involved. In line, 
studies in mouse models have also evidenced a direct impact of 
tumor cells, including AML-like cancer, on NK cell maturation 
(33, 34). Importantly, the recent study by Mundy-Bosse et  al. 
also showed that CD56bright NK cells are less frequent in AML 
patients at diagnosis (34). Thus, our study confirms the study of 

Mundy-Bosse et al. Interestingly, the microRNA mir-29b seems 
to be involved in the process of maturation blockade both in 
mice and humans (34). EOMES and T-BET are targets of Mir-
29b, and these transcription factors are critical for early NK cell 
differentiation. Nonetheless, studies are required to elucidate 
the link between leukemic cells and mir-29b or other potential 
targets of leukemic cells.

A more thorough analysis with additional differentiation 
markers, such as combination of KIRs, NKG2A, and CD57, 
should be performed in order to identify the extent of NK cell 
maturation recovery during consolidation therapy. Addressing 
the mechanisms of such a defect would be difficult in humans. 
A blockade of NK cell differentiation would likely result in a 
defective production of mature NK cells, which is not the case 
in our cohort and according to previous studies. Oppositely, 
an acceleration of maturation of NK cells, while preserving a 
normal production of NK cells, would potentially result in an 
accumulation of more mature NK cells. Accordingly, in a dif-
ferent cohort, we have observed an accumulation of late-stage 
matured CD56dim NK cells expressing the markers CD57 and 
KIRs in AML patients at diagnosis (35). Interestingly, these 
two populations (i.e., immature CD56bright and the most mature 
CD56dim KIR+ CD57+ NK cells) are distinguished by their 
differential capacities to respond to cytokines and to regulate 
other immune cells via cytokine production capacities (5, 36). 
The reduction of CD56bright NK cell pool could then participate 
to the immune tolerance to leukemic cells. Interestingly, this 
dichotomy between CD56bright and CD56dim ratio has been 
recently associated with additional defects in NK cells and cor-
relates with clinical outcome of patients and may have potential 
consequences on the results of future NK cell-based immu-
notherapies (25). It seems of importance to note that at W0, 
CD56bright NK cells that had reappeared behaved in a comparable 
way to HDs’ CD56bright NK cells. Hence, cytokine production, 
degranulation, and proliferation capacities were similar. These 
data suggest that these cells may have recovered fully, or simply 
that the blockade of maturation is paralleled but not linked to 
alterations of phenotype and functions.

Our data show that NK cells are present in almost normal 
numbers in patients with AML in CR and NK cells remain 
present after consolidation CT. Our data provide new insights 
in the optimal period to introduce NK cell-based immuno-
therapy, i.e., when NK cells have recovered sufficient effector 
functions such as cytokine production and cytotoxicity. 
Many NK cell-based immunotherapies have been developed 
over the last decades, with allogeneic or autologous NK cells 
(37). In 2005, haploidentical NK cells were administered in 
a non-transplantation setting and resulted in a substantial 
improvement of patient clinical outcome (38). More recently, 
in vivo targeting of NK cells with antibodies was investigated: 
IPH2101 is a first-in-class anti-KIR mAb that blocks inhibi-
tory KIR–ligand interactions, leading to restoration of NK cell 
functions (39). A phase II trial in AML elderly patients in first 
CR1 (NCT01687387) is in progress and several other trials are 
ongoing in different cancers alone or in combination with other 
treatments. The future introduction of a first-in-class anti-
NKG2A blocking antibody (IPH2201) will also provide a novel 
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Altogether, we present the first longitudinal study allowing 
determining which time window may be optimal to proceed to 
the most up-to-date NK cell-based immunotherapies for elderly 
patients excluded from conventional allogeneic SCT.
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FigUre s2 | expression of inhibitory receptors by αβ and γδ T cells. 
Expression of CD158a/h, CD158b1/b2/j, NKG2A, and CD85j by αβ and γδ 
T cells from healthy donors (HDs) and patients at the indicated time points. Bars 
represent the median expression of the indicated markers. Horizontal lines 
correspond to the mean expression of HDs (n = 15).

FigUre s3 | expression of inhibitory receptors by αβ and γδ T cells. 
Gating strategy of NK cells from patients at diagnosis and during treatment. One 
representative patient is shown at diagnosis and week 6.

FigUre s4 | expression of perforin by nK cells and αβ and γδ T cells. 
Expression of perforin was measured by intracellular staining and flow cytometry 
analysis on the indicated populations from peripheral blood of patients at the 
indicated time points. Histograms represent mean ± SEM. Horizontal lines 
correspond to the mean expression of perforin in cells from healthy donors 
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Natural killer (NK) cells play a major role in the T-cell depleted haploidentical hematopoi-
etic stem cell transplantation (haplo-HSCT) to cure high-risk leukemias. NK cells belong 
to the expanding family of innate lymphoid cells (ILCs). At variance with NK cells, the 
other ILC populations (ILC1/2/3) are non-cytolytic, while they secrete different patterns 
of cytokines. ILCs provide host defenses against viruses, bacteria, and parasites, drive 
lymphoid organogenesis, and contribute to tissue remodeling. In haplo-HSCT patients, 
the extensive T-cell depletion is required to prevent graft-versus-host disease (GvHD) 
but increases risks of developing a wide range of life-threatening infections. However, 
these patients may rely on innate defenses that are reconstituted more rapidly than the 
adaptive ones. In this context, ILCs may represent important players in the early phases 
following transplantation. They may contribute to tissue homeostasis/remodeling and 
lymphoid tissue reconstitution. While the reconstitution of NK cell repertoire and its role 
in haplo-HSCT have been largely investigated, little information is available on ILCs. Of 
note, CD34+ cells isolated from different sources of HSC may differentiate in vitro toward 
various ILC subsets. Moreover, cytokines released from leukemia blasts (e.g., IL-1β) 
may alter the proportions of NK cells and ILC3, suggesting the possibility that leukemia 
may skew the ILC repertoire. Further studies are required to define the timing of ILC 
development and their potential protective role after HSCT.

Keywords: hematopoietic stem cell transplantation, innate lymphoid cells, nK cells, GvHD

inTRODUCTiOn

Allogeneic hematopoietic stem cell transplantation (allo-HSCT) still represents a major therapeutic 
option for severe hematological and immunological disorders (1). However, success of allo-HSCT 
can be impaired by graft-versus-host disease (GvHD) and, in the case of high-risk hematological 
malignancies, also by disease relapse. The clinical outcome can also be hampered by infections 
favored by the delayed immune reconstitution in transplanted patients (1). Moreover, only 60% of 
patients may find a related or unrelated HLA-matched donor. For the remaining patients, umbilical 
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cord blood (UCB) may represent an alternative source of HSC 
(2). UCB transplant allows a less stringent HLA-matching 
between donor and recipient, but it is frequently associated with 
delayed neutrophil engraftment and delayed T-cell reconstitu-
tion. Moreover, UCB transplant recipient cannot benefit from 
the adoptive transfer of antigen-experienced donor T-cells (2). 
Another important therapeutic option is represented by the 
haploidentical (haplo)-HSCT. In this setting, the donor (in most 
instances, a parent) is identical for one HLA haplotype and 
mismatched for the other one (3). Given the high degree of HLA 
disparity, haplo-HSCT requires an extensive T-cell depletion of 
the graft (3) or heavily posttransplantation immune-suppressive 
therapy to prevent severe GvHD (4). In both UCB-HSCT and 
haplo-HSCT settings, the immune-compromised hosts are highly 
susceptible to a wide range of opportunistic infections. Thus, 
cells of the innate immunity are the only players exerting a major 
defensive role for several months before the restoring of adap-
tive immune responses. In particular, natural killer (NK) cells 
can provide protection against viral reactivation and/or primary 
infections. Perhaps, more importantly, the presence of alloreac-
tive NK cells provides a potent graft-versus-leukemia (GvL) effect 
that contributes to tumor eradication (4, 5). It is now clear that 
NK cells are one of the components of a broad family of innate 
lymphoid cells (ILCs). However, so far, little is known on the 
possible role of the other ILC subsets in haplo-HSCT. Here, we 
will summarize our current knowledge on ILCs both in murine 
models and in human studies, since they could result crucial in 
host defenses after HSCT.

iLC Subsets
Different from T-cells and B-cells, ILCs are a group of lympho-
cytes that do not express rearranged antigen-specific receptors 
(6). ILCs represent a heterogeneous family of cells classified on 
the basis of their transcriptional and functional profile. Similar to 
T-cells, ILCs have been grouped into cytotoxic-ILC and helper-
ILC (6). NK cells represent the cytotoxic-ILC population (7). They 
express eomesodermin (Eomes) and T-box transcription factor 
(T-bet), display cytolytic activity, and produce pro-inflammatory 
cytokines, primarily IFNγ and TNF. Helper-ILC population is 
further subdivided into three groups, namely: ILC1, ILC2, and 
ILC3 (6). ILC1 depend on the expression of the T-bet transcription 
factor for their development and secrete IFNγ, but, different from 
NK cells, they neither express Eomes nor exert cytolytic activity 
(7). ILC2 express GATA-binding protein 3 (GATA3) and produce 
type-2 cytokines, including IL-13 and IL-5 (8). Finally, ILC3 are 
a heterogeneous cell population, including fetal lymphoid tissue-
inducer (LTi) cells and adult ILC3 that are further subdivided 
into natural cytotoxicity receptors− (NCR−) and NCR+ subsets. 
Collectively, ILC3 are defined by the expression of the retinoic 
acid receptor-related orphan receptor (RORγt) and produce 
mainly IL-17 and IL-22 (9). Studies in mice revealed that ILC, 
similar to T-cells and B-cells, derive from the common lymphoid 
progenitors (CLPs). The expression of the Id2 transcription factor 
determines further commitment toward a precursor common 
to all ILC subsets. While the NK cell precursor diverges early 
from the other ILC lineages, all helper-ILCs share a common 
helper-ILC progenitor (CHILP). Subsequently, upon exposure 

to different cytokines and/or to environmental cues, the CHILP 
differentiate toward ILC1, ILC2, or ILC3 (9). In humans, the 
developmental pathways are less characterized (10). However, 
NK and ILC3-committed precursors have recently been identi-
fied. Indeed, Renoux and coworkers identified, in several fetal 
and adult tissues, Lin−CD34+CD38+CD123−CD45RA+CD7+CD
10+CD127− cells able to differentiate exclusively toward cytotoxic 
NK cells both in vitro and in vivo (11). The ILC3 precursors, iden-
tified according to the Lin−CD34+RORγt+ phenotype, have been 
detected selectively in tonsils and intestinal lamina propria (12).

iLC in Host Defenses against Pathogens 
and in Tissue Remodeling
In view of the heterogeneous cytokine profile and function of 
different ILC subsets, it is conceivable that ILCs may contribute 
to host defenses against a broad variety of pathogens (13, 14). 
Our knowledge on human ILC1 and their functional profile are 
still rather limited (15–17). Taking advantage of murine models, 
it has been shown that ILC1, thanks to the production of IFN-γ 
and TNF, contribute to immune responses against intracellular 
pathogens, such as Toxoplasma gondii (18). Also, NK cells are 
an important source of IFN-γ and TNF and, in addition, display 
very important effector functions, such as natural cytotoxicity 
and antibody-dependent cell-mediated cytotoxicity (ADCC). 
In the context of antimicrobial defenses, NK cells are primarily 
involved in the control of different viral infections, primarily 
herpes-viruses, but may also exert a protective role against bacte-
rial and parasitic infections (19, 20). Of note, NK cells, thanks to 
their potent cytolytic activity, play also an important role against 
tumors (Figure 1) (21).

Host protection against parasites requires type-2 responses. 
A number of findings indicate that, during helminthic infec-
tions, epithelial cell-derived IL-25, IL-33, and thymic stromal 
lymphopoietin (TSLP) induce IL-13 release from ILC2 (22–24). 
In turn, IL-13 increases mucus production and smooth muscle 
contractility, thus contributing to the control of parasitic infec-
tions (25). In addition, dendritic cell (DC)-derived IL-23 and 
IL-1β cytokines induce the release of IL-22 and IL-17 by ILC3 
(26–29). In turn, these ILC3-derived cytokines promote the 
production of antimicrobial molecules and neutrophil recruit-
ment, enhancing the response against extracellular bacteria and 
fungi (14, 27, 30, 31) (Figure 1). In humans, the role played by 
ILC2 and ILC3 in defenses against pathogens is still undefined 
(10). Notably, patients experiencing helminthic infections show 
increases in ILC2 proportions; however, the role of ILC2 in anti-
parasitic responses needs further investigation to be precisely 
clarified (8). Besides their antimicrobial function, ILCs are also 
involved in processes of tissues remodeling/repair. In particular, 
ILC2 appear to be involved in resolution of damages caused by 
viral or parasitic infections in lung tissues. Indeed, in response 
to IL-33, ILC2 also produce amphiregulin that promotes airway 
epithelial cell repair (32). Fetal LTi cells were the first ILC3 popu-
lation to be described. LTi cells coordinate lymphoid organogen-
esis through their interaction with stromal cells by means of the 
LTαβ/LTβ receptor, leading to the upregulation of ICAM-1 and 
VCAM adhesion molecules on stromal cells (33). More recently, 
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TABLe 1 | This table summarizes the main function exerted by distinct iLC subsets and the possible role exerted by these cells in the context of HSCT.

Cell type Function Role in HSCT

NK cells Anti-tumor activity (21) GvL (21, 55, 56)
Defense against virus-infected cells (19, 20, 53) Control of viral reactivation and/or primary infections (55, 56)

ILC1 Defense against protozoa (14, 18) Control of posttransplant opportunistic infections?
ILC2 Defense against helminthic infection (14, 22–24) Control of posttransplant opportunistic infections?

Wound healing (32) Contribute to tissue repair?
ILC3 Lymphoid organogenesis (33) Regeneration of secondary lymphoid organs?

Lymphoid tissue remodeling (34) Thymic epithelial cell recovery (41)
Epithelial homeostasis (35, 36) Protection against therapy-induced epithelial damage and mucositis and promotion of tissue 

regeneration (35, 37)
Reduction of GvHD occurrence (37)

Defense against extracellular bacteria and fungi 
(14, 27–30)

Control of posttransplant opportunistic infections?

Only for some of the ILC populations, a role in the context of HSCT has been demonstrated. The possible roles exerted by other cell subsets are indicated in italics.

FiGURe 1 | iLC subsets and function. Graphic representation of the role played by ILC subsets in host defenses and tissue homeostasis/repair.
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postnatal ILC3 have been shown to promote both survival and 
proliferation of stromal cells, following lymphoid tissue damage 
caused by viral infection and/or irradiation (34) (Figure 1). In 
addition, ILC3-derived IL-22 exerts a protective role on intestinal 
epithelial stem cells, particularly in the context of tissue damage 
caused by irradiation and/or acute GvHD (35, 36).

iLC and HSCT
So far, only a limited number of studies addressed the role of 
helper-ILC in the context of HSCT (35–37).

Reconstitution
Chemotherapy and radiotherapy treatment before HSCT induces 
extensive tissue damages in the host, including severe intestinal 
mucositis (38). Such damages can be even worse after allo-HSCT, 
if donor T lymphocytes attack the recipient intestinal epithelium 
(GvH reaction) (39). In a murine model of acute GvHD, Hanash 
and coworkers showed that host-derived IL-22 could substan-
tially limit the development of GvHD (35). They could identify 

intestinal ILC3 subset as a main producers of IL-22 after total 
body irradiation treatment. In particular, IL-22 seemed to play a 
crucial role in the protection against epithelial cell damage and in 
preserving intestinal stem cells. These data are further supported 
by the finding that treatment with IL-22, in mice receiving bone 
marrow transplantation, resulted in increased intestinal stem cell 
recovery, in enhanced epithelial cell regeneration, and in reduc-
tion of intestinal GvHD (36). Given the role of ILC3 in lymphoid 
organogenesis and in lymphoid tissue remodeling, a role for these 
cells could also be envisaged in the regeneration of lymphoid 
tissues damaged by radiations (38, 40). Of note, ILC3-derived 
IL-22 can also favor the recovery of thymic epithelial cells, thus 
allowing a more efficient and rapid reconstitution of T-cell com-
partment (Table 1) (41). Conversely, it remains to be determined 
whether ILC3 also contribute to the regeneration of secondary 
lymphoid organs. In this context, it is recently shown that gamma 
irradiation used in conditioning regimen before HSCT may exert 
a long-lasting effect on secondary lymphoid organ structure and 
function (40). Also, ILC2 appear to be involved in epithelial 
tissue repair, particularly in lung tissues; however, no data are 
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available to support an actual protection exerted by these cells in 
 GvHD-induced tissue damages (42).

Graft-versus-Host Disease
In the context of human HSCT, only a single study investigated 
the possible role of ILCs in the protection from GvHD. It 
was suggested that both host and donor ILCs might exert a 
protective role (37). The expression of activation markers and 
of gut and skin homing receptors on host ILCs, detected prior 
to HSCT, correlated with a lower incidence of both mucositis 
and GvHD. Notably, after HSCT, ILCs detectable in periph-
eral blood (PB) are of donor origin. An early appearance of 
activated NCR+ILC3 correlated with reduced risk of develop-
ing GvHD. In light of these finding, it is conceivable that the 
induction of a rapid ILC3 expansion/generation after HSCT 
may protect from GvHD. In this context, we have recently 
shown that granulocyte-colony-stimulating factor (G-CSF) 
could affect ILC3 and NK cell differentiation (43). Of note, 
G-CSF is used in UCB transplantation to accelerate engraft-
ment and neutrophil recovery and is also used as a potent 
HSC mobilizing agent, before collection of HSC from donor 
PB (2, 44). Accordingly, we observed that HSC recovered after 
G-CSF-induced mobilization display a delayed and lower 
ILC3 and NK cell differentiation in vitro as compared to HSC 
isolated from bone marrow or UCB (43). These findings suggest 
that pre- and posttransplant treatment with G-CSF may affect 
ILC3 generation. Further studies should confirm these results 
in vivo and establish possible correlations with the occurrence 
of GvHD. Of note, it has been shown that ILC development 
may be impaired in patients with acute myeloid leukemia 
(AML) (45). Thus, after HSCT, ILC development might be 
affected by the presence of high residual leukemia burden or 
leukemia relapse. Indeed, it has been shown that HSC, when 
cultured in the presence of IL-1β-releasing AML blasts, display 
an impaired ability to differentiate toward ILC3 (46). Although 
in these culture setting the generation of NK cells seemed to be 
favored over ILC3, the final number of NK cells recovered was 
dramatically lower than those recovered in control cultures. 
Thus, if this inhibitory effect occurs also in vivo, it could have a 
negative impact on the NK-mediated GvL in haplo-HSCT. Of 
note, NK cell generation and differentiation after HSCT may 
be affected by immune-suppressor drugs, such as calcineurin 
inhibitors, used for treatment of GvHD (47, 48). On the other 
hand, helper-ILC reconstitution does not seem to be affected 
by cyclosporine or corticosteroids (37).

Opportunistic Infections
Studies in mice revealed that ILC might contribute to host 
defenses against different pathogens. In particular, while they 
are crucial in the control of infections in immune-compromised 
mice (18, 28, 49, 50), their actual role in the presence of a func-
tional T-cell compartment seems to be marginal [as in the case 
of ILC3 during Citrobacter rodentium infection (51)]. However, 

as discussed above, patients transplanted with UCB cells or 
recipients of T-cell depleted haploidentical allograft experience a 
delayed recovery of both T-cell and B-cell adaptive responses, thus 
suggesting a possible relevant role of ILC in these transplantation 
settings. Accordingly, a rapid ILC differentiation after HSCT 
could guarantee an efficient host defense against opportunistic 
infections. Whether ILC1, ILC2, and ILC3 may indeed play a role 
in the control of infections in immune-compromised host, such 
as HSCT patients, has not been addressed yet. In contrast, clear 
evidence exists that patients with NK cell deficiencies and patients 
with functional NK cell defects display a higher susceptibility to 
viral infections [reviewed in Ref. (52)]. Moreover, in human-
ized mouse models, NK cells are required to effectively control 
Epstein–Barr virus (EBV) reactivation even in the presence of 
CD8+ T-cells (53). NK cells also contribute to host protection 
against cytomegalovirus (CMV) (20, 54) also in the context of 
HSCT (55). In particular, NK cell involvement in CMV control 
is suggested by the finding that certain KIR haplotypes correlate 
with decreased CMV reactivation after transplantation (56). 
On the other hand, CMV, similar to other viral infections, can 
dramatically shape the NK cell repertoire (57–68). In humans, 
CMV infection is accompanied by a rapid NK cell maturation, 
the acquisition of KIR and CD57, and a selective expansion of a 
NKG2C+ NK subset (62, 63, 67).

COnCLUDinG ReMARKS

Information available on ILC development and function derives 
primarily from studies performed in mice. Although these stud-
ies could provide reliable models of ILC differentiation, further 
analyses are required to address the dynamics of helper-ILC 
reconstitution after HSCT, the influence of HSC source, and the 
possible interference of cytokines produced by leukemia cells 
with ILC development. In addition, it will be crucial to clarify 
the role of specific ILC subsets in response to infections. Key 
information is still lacking in humans, not only on the role of 
ILC during infections but also in lymphoid tissue homeostasis. 
The possible exploitation of ILC in the context of HSCT requires 
a deeper knowledge of the mechanisms regulating their function 
and of the stimuli that drive their development.
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Natural Killer (NK) cells are innate lymphoid cells (ILC) with cytotoxic and regulatory 
properties. Their functions are tightly regulated by an array of inhibitory and activating 
receptors, and their mechanisms of activation strongly differ from antigen recognition 
in the context of human leukocyte antigen presentation as needed for T-cell activation. 
NK cells thus offer unique opportunities for new and improved therapeutic manipulation, 
either in vivo or in vitro, in a variety of human diseases, including cancers. NK cell activity 
can possibly be modulated in vivo through direct or indirect actions exerted by small 
molecules or monoclonal antibodies. NK cells can also be adoptively transferred following 
more or less substantial modifications through cell and gene manufacturing, in order to 
empower them with new or improved functions and ensure their controlled persistence 
and activity in the recipient. In the present review, we will focus on the technological and 
regulatory challenges of NK cell manufacturing and discuss conditions in which these 
innovative cellular therapies can be brought to the clinic.

Keywords: natural killer cells, innate lymphoid cells, immunotherapy, immuno-oncology, cellular therapy, cell 
transplant, manufacturing

inTRODUCTiOn

Cellular therapies are, nowadays, increasing in numbers and in diversity. Manufacturing of various 
types of immune cells is likely to provide additional therapeutic resources and complete the portfolio 
of immunotherapies, along with chemical molecules and engineered monoclonal antibodies. It is 
envisioned that combination of these different medicinal products, tailored to disease characteristics 
as well as to the host (immune) environment (1), will contribute to precision medicine and expect-
edly to higher rates of success in the cure of a variety of health disorders, including, but not restricted 
to, cancers. Among immune effectors amenable to cell and genetic manipulation prior to adoptive 
transfer, natural killer (NK) cells present with appealing biological characteristics. NK cells are innate 

Abbreviations: ADCC, antibody-dependent cytotoxicity; ATMP, advanced therapy medicinal product; CAR, chimeric antigen 
receptor; CB, cord blood, placental blood; CBU, cord blood unit; CLL, chronic lymphocytic leukemia; DLI, donor lymphocyte 
infusion; EMA, European Medicines Agency; ES, embryonic stem (cells); FDA, Food and Drug Agency; Flt3-L, flt3 ligand; 
G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte-macrophage colony-stimulating factor; GMP, good 
manufacturing practices; GvHD, graft-versus-host disease; HLA, human leukocyte antigens; HSCT, hematopoietic stem cell 
transplantation; IL-x, interleukin x; ILC, innate lymphoid cells; iPS, induced pluripotent stem (cells); KAR, killer activating 
receptors; KIR, killer cell Immunoglobulin-like receptors or killer inhibitory receptors; LIF, leukemia inhibitory factor; LMWH, 
low molecular weight heparin; MIP1α, Macrophage Inflammatory Protein-1α; NK, natural killer; PBMC, peripheral blood 
mononuclear cells; SCF, stem cell factor; TPO, thrombopoietin; TRAIL, TNF-related apoptosis-inducing ligand.
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FiGURe 1 | Ongoing clinical trials that evaluate nK cell-based cellular therapies. Data were collected at https://clinicaltrials.gov/ in September 2016, using 
the search terms: “recruiting studies,” “NK,” or “natural killer” in the “Title” field. Raw data are available in Data Sheet S1 in Supplementary Material. *Unspecified = 
18 studies with no designation whether NK cells are autologous or allogeneic; others = 1 study tests NK cell line and 1 study compares autologous to allogeneic 
NK cells.
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lymphoid cells (ILC) and contribute to innate immunity (2). Their 
activities are regulated through the biological modulation of a 
large array of both inhibitory and activating receptors, including 
killer cell immunoglobulin-like receptors (KIR), NKp44, and 
NKp46. These receptors do not bind specific antigens on target 
cells as do T cells, but rather molecules induced by cellular stress 
that provide an activating signal, or human leukocyte antigen 
(HLA) molecules that predominantly provide inhibitory signals; 
already published material provides in-depth description of these 
pathways. Here, we review the existing literature that describes 
the rationale for various technological approaches to NK cell 
manufacturing, either autologous or allogeneic, as a prerequisite 
to adoptive transfer and clinical evaluation of these peculiar 
populations of immune effectors.

MeDiCAL APPLiCATiOnS OF nK CeLL 
MAnUFACTURinG AnD ADOPTive 
TRAnSFeR

Autologous nK Cells
Adoptive transfer of NK cells engineered to express new or aug-
mented functions represent an interesting avenue for the treat-
ment of various high-risk malignancies in which conventional 
options have failed (Figure  1). Examples include B-chronic 
lymphocytic leukemia (B-CLL) (3), multiple myeloma (4), and 
also tumors of non-hematopoietic origin such as breast cancer 
(5), melanoma, or renal cell carcinoma (6).

Early studies reporting the adoptive transfer of CD56+ 
bead-selected autologous NK cells into patients with metastatic 
cancers, in combination with high doses of IL-2 demonstrated 
feasibility yet poor clinical efficacy (7). Patients experienced 
severe toxic side effects due to the high doses of IL-2. In addition 
to activation-induced NK cell death, NK cell function may have 
been inhibited due to regulatory T cell expansion in response to 
high IL-2 doses (8, 9). Reducing the daily IL-2 doses after NK cell 
transfer resulted in limited clinical success (10). Several strate-
gies are under investigation to overcome this hurdle [reviewed 
in Ref. (11)]. Another mechanism by which autologous NK cells 
are inhibited is by self-HLA molecules. Therefore “releasing the 
brakes” with anti-KIR antibodies such as Lirilumab® that targets 
the inhibitory KIR receptors on NK cells could be one approach 
(12–14).

Allogeneic nK Cells
A number of arguments support an important role for donor-
derived NK cells in the context of allogeneic hematopoietic stem 
cell transplantation (allo-HSCT). Following the administration 
of either myelo-ablative (15) or reduced-intensity (15–17) condi-
tioning regimen and allo–HSCT, the rapid reconstitution of high 
numbers of circulating and phenotypically defined NK cells is 
associated with better clinical outcome. The recovery of various 
functions for donor-derived cells may be further modulated and 
improved in vivo with additional intervention (18).

Transplantation of high doses of immune-selected CD34+ cells 
collected from haploidentical donors after myelo-ablative condi-
tioning regimen has provided a setting which demonstrates that 
“KIR-incompatibility” was associated with lower incidence of dis-
ease relapses, at least for AML (19). Transplantation of T-replete 
marrow or blood cell grafts obtained from haploidentical donors, 
using modified immune-suppressive conditioning regimen such 
as those including posttransplant cyclophosphamide, represent a 
more widely applicable procedure, in which to further explore the 
potential contribution of alloreactive NK cells in posttransplant 
clinical events. Unexpectedly, a recently published report sug-
gests that, in this context, the presence of recipient class I ligands 
to donor KIR receptors confers some protection to the recipient 
against leukemia relapse, an observation that needs further con-
firmation and would imply a role for killer activating receptors 
(KAR) as much as for KIR (20). The role of alloreactive NK cells 
remains more elusive in the context of HSCT performed from 
other categories of donors. Expression of specific KIR receptors 
in HLA-matched unrelated donors was demonstrated to produce 
superior or inferior clinical outcomes in recipients, depending on 
donor–recipient combinations (21–23).

Adoptive transfer of allogeneic NK cells either with a stem 
cell graft ex vivo depleted of immune effectors or as a substitute 
to posttransplant “donor lymphocyte infusions” (DLIs) is thus 
appealing as a way to improve engraftment, immune reconstitu-
tion, and antitumor activity with reduced chances of triggering 
graft-versus-host disease (GVHD) (24). Results of a small num-
ber of clinical trials have been reported so far, demonstrating the 
feasibility of manufacturing allogeneic NK cells from matched 
related, matched unrelated, or mostly from haploidentical 
donors (25–29). Although allogeneic NK cell infusions were 
generally reported as safe, a recent publication describes the 
clinical outcome of a small cohort of pediatric patients treated for 
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TABLe 1 | Factors affecting the ouctome of the manufacturing process of 
nK cell-based medicinal products.

Cell source
Bone marrow
Umbilical cord blood
Embryonic stem cells
Induced pluripotent stem cells
NK cell lines

Culture conditions
Cytokines (IL-2, IL-15, IL-12, IL-18)
Feeder cells (autologous PBMC, EBV-TCT-LCL, K562-mb15-41BBL)
Antibodies (anti-CD3, anti-CD52)
Genetic manipulation (retro- or lentiviral-based transduction, mRNA 
transfection)

Culture containers
Standard culture flasks
Culture bags
Gas-permeable static cell culture flasks
Bioreactors

Final product evaluation
Viability (live/dead)
Identity and contamination (CD56, CD16, CD3, CD14, CD45, CD19)
Yield
Phenotype (KIR, NKp44, NKp46, NKG2A, NKG2C)
Functionality (degranulation, cytokine release, target cell lysis, activation)
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non-hematological high-risk malignancies and a high proportion 
of aGVHD triggered by HLA-matched donor-derived NK cells 
(30). Mostly, these limited clinical results suggest that additional 
improvements are needed either during the ex-vivo manufactur-
ing process (31) or after infusion of manufactured NK cells (25) 
to improve long-term persistence and activity in vivo.

FACTORS AFFeCTinG nK CeLL 
PRODUCT MAnUFACTURinG

Many variables contribute to an efficient NK cell generation 
protocol (Table  1). Donor–recipient combinations, the source 
of starting material and culture conditions are factors that must 
be carefully selected to optimize the manufacturing process and 
potentially the clinical efficacy of the resulting medicinal product 
upon administration to the recipient.

Donor Selection
In the setting of allogeneic NK-DLI, donor selection can affect the 
clinical outcome of NK cell therapy, since certain KIR, HLA, and 
FcγR polymorphisms influence NK cell function (32, 33). KIR 
typing can be genotypic, classifying donors on the basis of gene 
expression of activating and inhibitory KIR (34), thereby assigning 
them scores to select “preferable donors” (35–37). Additionally, 
KIR typing can be phenotypic, assessing surface protein expres-
sion of KIRs (38), adding another layer of complexity to the 
selection of “preferable donors.” KIR “allele-typing” is a recent 
addition to the donor selection algorithm, whereby alleles that 
possess better functional properties (stronger licensing capability 
and more durable surface expression upon ligand binding) are 
favored (22, 39). Typing FcγR polymorphism is relevant in NK 

cell therapy settings that use monoclonal antibodies to enhance 
NK cell activation and consequently empower their antibody-
dependent cytotoxicity (ADCC) properties (40, 41). All these 
strategies have helped define “preferable donor” profiles.

Source of Cells
Natural killer cell therapies can be manufactured from a variety 
of sources: these include peripheral blood, either steady-state or 
taking advantage of apheresis performed to collect hematopoietic 
stem and progenitor cells mobilized with growth factors such as 
granulocyte colony-stimulating factor (G-CSF), bone marrow, 
and cord blood.

Peripheral Blood Mononuclear Cells
Peripheral blood mononuclear cells (PBMC) can be collected 
in large numbers using apheresis. Nowadays, it is the preferred 
source for allo-HSCT; donor apheresis is collected after receiving 
a mobilization treatment that increases the percentage and num-
ber of circulating progenitor and stem cells (as evaluated by the 
number of circulating CD34+ cells); G-CSF is the only marketed 
agent for CD34+ cell mobilization that can be used in donors; the 
use of other mobilizing agents such as acutely myelo-suppressive 
drugs or plerixafor is restricted to patients undergoing autologous 
collection. Since CD34+ cells represent only a small proportion of 
collected PBMC, these collected cell products may also represent a 
source of immune effectors, and thus either an alternative to PBMC 
collected in homeostatic conditions for standard DLI or a starting 
material for further immune cell manufacturing, including NK 
cell manufacturing. One caveat to this approach is that studies 
looking at the effects of G-CSF on NK cell function have produced 
controversial results; some studies suggest minimal consequences 
(42, 43), while others suggest significant changes (44).

Non-mobilized apheresis products contain 5–15% NK cells. 
To isolate NK cells, the strategy commonly used is CD3+ cell 
depletion of PBMC, followed by CD56+ cell enrichment using 
immune-magnetic bead separation with medical devices and 
clinical-grade reagents.

Bone Marrow
Since bone marrow is nowadays used as the source of stem 
cells for a minority of recipients – in part due to the increased 
resource needed for the logistics of BM collection compared to 
aphereses – there is little preclinical or clinical experience in the 
manufacturing of NK cells from this starting material.

Cord Blood Cells
The use of cord blood (CB) as a source of stem cells has raised great 
hope in the field 30 years ago, when the first clinical transplants 
were reported (45). Cord blood unit (CBU) can be used even 
when not fully matched to the recipient, offering the opportunity 
to identify a “donor” even for patients who had no HLA-matched 
related or unrelated donor. CB transplantation is nowadays fac-
ing tough competition from the rapidly emerging field of related 
haploidentical transplantation, and is further hampered by the 
lengthy immune reconstitution and the lack of possibility to use 
pre-emptive or curative DLI posttransplant.
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However, more than 600,000 CBU that are stored in public 
banks worldwide – not to mention the unknown cumulative num-
ber of CBU preserved in private CB banks – represent a unique 
source of human material to start with the manufacturing process. 
Indeed, preclinical validation studies reported the production of 
significant numbers of functional NK cells either from a complete 
CBU (46) or even from a minute sample of a CBU (47), the latter 
opening the way to posttransplant immune cellular therapies in 
recipients of CBU transplantation while the former offers the 
promise of “off-the-shelf ” allogeneic NK cellular therapies.

Initial attempts to use CD56+ bead-selected NK cells from 
CB followed by culture on mesenchymal stromal cells in the 
presence of cytokines resulted in modest yields incompatible 
with therapeutic needs (48). Starting from immune-selected CB 
CD34+ cells and using refined protocols produced more inter-
esting results (49–51). Such efforts culminated in a novel good 
manufacturing practice (GMP)-compliant technique that mimics 
the extracellular bone marrow environment: stromal cell-free/
serum-free medium, heparin, and cytokine supplements (52, 53). 
Consequently, Glycostem Therapeutics (Oss, the Netherlands) 
and Radboud University Medical Center (Nijmegen, the 
Netherlands) are currently conducting a Phase I/II clinical trial 
in elderly AML patients using NK cell products generated using 
this method (CCMO nr. NL31699 and Dutch Trial Register nr. 
2818) (see Figure 1 and Data Sheet S1 in Supplementary Material 
for a list of ongoing clinical trials).

ES and iPS Cells
Manufacturing of clinical-grade NK cells from either embryonic 
(ES) or induced pluripotent stem (iPS) cells nowadays appear as 
a futuristic option, although preclinical demonstrations that NK 
cells can be differentiated from these sources of pluripotent stem 
cells were already published (54–56). For iPS cells, several factors 
affect the pluripotency and differentiation abilities of repro-
gramed cells: the choice of target donor somatic cell type and the 
reprograming protocol, including the nature and combination of 
genes as well as the method used to deliver transcription factors 
into somatic cells (57).

An important step in the specific hematopoietic lineage-differ-
entiating protocols starting from ES or iPS cells is the generation 
of CD34+ hematopoietic precursors, particularly CD34+CD45+ 
cells, preferred for their high content in hematopoietic progenitors 
(58). A 30-day culture protocol of sorted ES cells-derived CD34+ 
cells together with feeder cells (murine fetal-liver-derived stromal 
cell line) and cytokines generates NK cells with typical matura-
tion markers and target cell lysis capabilities (58, 59). Another 
expansion method has been described for ES or iPS cells, using 
an embryonic body assay followed by culture with feeder cells and 
cytokines (60, 61).

Similar to what has been mentioned for CBU, progress in the 
development of safe, efficient, and standardized clinical-grade 
manufacturing protocols will offer an opportunity to develop off-
the-shelf personalized and non-immunogenic cellular therapies.

NK Cell Lines
Ex vivo-expanded primary NK cells persist in  vivo for short 
periods of time after adoptive transfer. In an attempt to take 

advantage of the long lifetime of established cell lines, several 
groups have evaluated their therapeutic potential. Although 
other cell lines exist (NKG, YT, NK-YS, YTS cells, HANK-1, 
and NKL cells), the NK-92 cell line (NantKWest Inc., Culver 
City, CA, USA) characterized by good cytotoxicity and expan-
sion kinetics (62, 63) has been predominantly evaluated in 
preclinical investigations and clinical trials (NCT00900809 and 
NCT00990717) (64). It has been tested in a small number of 
clinical contexts, yet with minimal efficacy (65–67). Recently, 
chimeric antigen receptor (CAR) modification by gene transfer 
for NK cells has opened a new avenue to explore (68, 69). NK 
cell lines represent a more homogeneous population for CAR 
modification, compared to peripheral blood NK cells; however, 
this advantage is largely offset by the need to additionally trans-
fect CD16 to gain ADCC function and the necessary irradiation 
before infusion for safety reasons, rendering them unable to 
expand in vivo. Choice of the CAR construct adds another layer 
of complexity (69).

Culture Conditions: Medium, Cytokines, 
and Cell Culture Systems
As already described, NK cells are generally isolated through 
immune-selection techniques, using the canonical CD3−/CD56+ 
phenotype (42, 70), then cultured for functional activation and 
possibly expansion. Furthermore, NK cells can be genetically 
engineered to express natural or chimeric molecules empowering 
them with improved immune functions (5, 64).

Expansion and activation of potent cytotoxic NK cells 
require several signals for survival, proliferation, and activation. 
Culture conditions, thus, incorporate media and serum sup-
plements, together with clinical-grade cytokines, monoclonal 
antibodies, or other soluble molecules, and possibly native 
or engineered cell feeders. Culture conditions can further be 
improved through the substitution of bioreactors to static 
conditions (Table 1).

As already mentioned, and since most protocols that use only 
cytokines result in limited NK cell expansion, the introduction 
of feeder cells in the culture protocol has been extensively tested. 
Feeder cells provide additional stimulatory signals necessary 
for NK cell proliferation. Monocytes provide humoral signals 
and cell-to-cell contacts hence can serve as feeder cells (71); 
irradiated autologous PBMC have been used as feeder cells to 
produce sufficient numbers of NK cells with acceptable purity 
(6, 72, 73). Alternatively, irradiated allogeneic cells have been 
evaluated: Epstein–Barr virus-transformed lymphoblastoid B 
cell lines (EBV-TM-LCL), K562 cells (leukemic cell line) engi-
neered to express a membrane-bound form of IL-15 fused to the 
T-cell receptor CD8α and the 41BB ligand (74–78), or K562 cells 
transduced with IL-21 (79). Such feeder cells proved effective 
in preclinical validation of the production of clinically relevant 
numbers of NK cells, however, raise regulatory issues when it 
comes to manufacture medicinal products.

Since the presence of residual feeder cells in the final product 
is of major concern for clinical applications (80), alternative 
approaches are evaluated as substitutes. Anti-CD3 (OKT3) 
antibodies in addition to IL-2, with or without IL-15, produced 
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substantial although lower fold expansion of CD3−/CD56+-
enriched cells (81–86) than protocols that use feeder cells.

Expansion strategies of clinical-grade NK cells usually 
require 7–21 days of culture; up to 28 days of culture have been 
reported (87). There is an incentive to substitute animal or human 
serum-replete medium with animal and human component-free 
medium. The most commonly used media for CB-derived NK 
cells is glycostem basal growth medium (Clear Cell Technologies, 
Beernem, Belgium), preferred for being free of animal-derived 
components (52, 53). For PBMC-derived NK cells, preferred 
media are: X-Vivo™ serum-free media (Biowhittaker, Verviers, 
Belgium), AIM V® serum-free medium (Thermo Fisher Scientific, 
Grand Island, NY, USA), Stem Cell Growth medium (Cell Genix, 
Freiburg, Germany), or complete Roswell Park Memorial Institute 
1640 (Biowhittaker, Verviers, Belgium).

Media supplements still being used by some groups include 
GMP-grade human AB serum, pooled human AB plasma, or 
fetal bovine serum (FBS). GMP-grade cytokines (recombinant 
human IL-2 and IL-15), antibodies (anti-CD3-OKT3), and 
other ancillary reagents (nicotinamide-NAM) commonly serve 
as medium supplements for PBMC-derived NK cell genera-
tion. Additional growth factors and cytokines are necessary for 
CB-derived NK cells since the starting material is commonly 
CD34+ stem cells [stem cell factor (SCF), IL-7, IL-15, IL-2, 
IL-6, flt3 ligand (Flt3-L), thrombopoietin (TPO), G-CSF, low 
molecular weight heparin (LMWH), granulocyte-macrophage 
colony-stimulating factor (GM-CSF), leukemia inhibitory factor 
(LIF), MIP1α].

In addition to using T75 cell culture flasks, several groups 
have used culture bags (Baxter LifeCell® or VueLife®) (76, 83). 
On larger scales, gas-permeable static cell culture (G-Rex®) flasks 
(Wilson Wolf Manufacturing, New Brighton, MN, USA) (78) or 
WAVE Bioreactor™ (GE Healthcare Life Sciences, Chicago, IL, 
USA) (83) served as expansion platforms.

AMPLiTUDe OF nK CeLLS eXPAnSiOn 
AnD DeFiniTiOn OF An OPTiMAL CeLL 
DOSe

Numbers of infused NK cells in clinical trials typically range 
from 5 to 50 × 106 NK cells/kg, but infusion of as many as 108 
NK cells/kg has been reported (88). Based on percentages of NK 
cells in the starting materials, manufacturing the higher doses 
implies significant expansion during in vitro cultures. This raises 
a practical issue, since, in the absence of feeder cells, NK cells 
expansion is modest if any. Using autologous irradiated PBMC 
as feeder cells, up to 2,500-fold expansion of functionally active 
NK cells at day 17 has been reported (89). The use of genetically 
modified cell lines as feeder leads to a 30,000-fold expansion of 
NK cells after 21 days of culture (79).

A recent study took advantage of the introduction of anti-CD3 
and anti-CD52 monoclonal antibodies over a period of 14 days 
and reports a median 1500-fold increase in NK cell numbers; 
however, it must be emphasized that T cells represent up to 40% of 
the final cell product and that NK cells were not obtained through 
a cGMP protocol (90).

QUALiTY COnTROLS AnD ReLeASe 
CRiTeRiA FOR enGineeReD nK CeLL 
CeLLS

Tools for assessing the efficacy of NK cell generation protocols 
are necessary for comparing technical results from different NK 
cell therapy studies. Furthermore, European Medicine Agency 
(EMA), Food and Drug Administration (FDA), and several 
guidelines require the characterization of the final product to 
define release criteria in order to ensure safety and efficacy.

Basic, yet essential, criteria are generally used to characterize 
the final product: these include purity and viability of the target 
cell population, contamination with undesirable cells such as 
residual T and B cells, and sterility. These are commonly used 
as release criteria although their relevance may vary for different 
clinical conditions: T cell contamination for instance is most 
important in an allogeneic, but not so much in an autologous 
setting. More sophisticated testing may provide additional infor-
mation: a reduction in telomere length indicates cell senescence 
due to extensive long-term culturing.

Phenotype and function (tumor cytotoxicity) are additional 
characteristics that should help identify the most effective NK 
cell products. When expanded NK cells were compared with 
freshly isolated and IL-2-activated NK cells, a higher expression 
of NKG2D, TNF-related apoptosis-inducing ligand (TRAIL), and 
natural cytotoxicity receptors NKp30, NKp44, and NKp46 was 
reported (91), in addition to higher cytotoxicity to K562 cells. 
Efforts are, however, much needed to harmonize technical proto-
cols and identify a panel of phenotypic and functional biomarkers 
that would allow comparisons between protocols that evaluate 
adoptive transfer of NK cells (92). It is essential to mention that 
such a panel needs to be run within a reasonably short time to 
release the product in time for a “fresh infusion.”

Cryopreservation and conservation of cytolytic activity of 
thawed NK cells would render multiple rounds of adoptive NK 
cell infusions feasible. Lapteva et al. and Berg et al. reported that 
an overnight activation with IL-2 would rescue the reduced cyto-
lytic activity of thawed NK cells, yet at the cost of a diminished 
recovery (74, 78). Efforts to optimize cryopreservation and thaw-
ing methods are in progress.

ReGULATORY STATUS OF enGineeReD 
nK CeLLS AnD COMMeRCiAL 
PeRSPeCTiveS

Autologous and allogeneic NK cells engineered from primary 
human cells are individually produced for a unique and desig-
nated individual, rather than manufactured as batches. Since 
manufacturing incorporates ex-vivo culture and activation of 
immune-selected cells from the primary material, these will be 
considered as substantially manipulated or more-than minimally 
manipulated cell products, and thus will qualify as “advanced 
therapy medicinal products” (ATMPs) and somatic cell therapy 
products as defined in EC regulation 1394/2007. Before the 
regulation was released, such cell therapies were engineered as 
part of clinical research protocols by cell processing facilities, 
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usually supported and operated by academia, no differently from 
minimally manipulated cell transplants. Since the regulation has 
been published, the view is that somatic cell therapy products 
and gene therapy products will be manufactured in compliance 
with good manufacturing practices (85, 86, 93), and eventually 
marketed by industry, when a marketing authorization is granted 
by competent authorities at a European level, i.e., by the EMA or 
by the FDA in the USA.

Beyond academic investigations, NK cells have now aroused 
the interest of a significant number of pharma companies (94) 
(see Figure  1), although no NK-based cellular therapy has so 
far been authorized as an ATMP in Europe, nor a somewhat 
comparable status in the USA. However, in December 2014, 
orphan designation (EU/3/14/1395) was granted by the European 
Commission to Glycostem, for the GCT-NK cell product, made 
of allogeneic ex vivo-generated natural killer (NK) cells from 
CD34+ CB progenitor cells for the treatment of acute myeloid 
leukemia (EMA/COMP/730059/2014 Committee for Orphan 
Medicinal Products).

COnCLUSiOn

Over the last 30 years, enormous progress has been made in our 
understanding of the biology of NK cells. New agents targeting 
their activity in  vivo have been evaluated, and technological 
improvements in NK cell manufacturing have been introduced 
in the clinic. However, the demonstration that modulation of NK 
cell activity by any of these means can achieve therapeutic activity 
over a wide range of diseases is still awaited. The ability to follow 
and image in vivo adoptively transferred autologous or allogeneic 
NK cells would represent a major advantage to understand the 
“pharmacokinetics” and mechanisms of action of these immune 
effectors, as illustrated in preclinical (95) as well as in clinical 
(96) studies. It would help to understand the consequences of 
culture conditions on in vivo persistence and activity. Ongoing 

developments for innovative cellular therapies in the academic 
sector as well as in the commercial sector suggest that such pro-
gress may result in broader clinical applications in the near future.
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