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In Brief

Human natural killer (NK) cells have

potent effector functions against cancer;

how NK cells develop in humans is

unclear. Freud et al. demonstrate that

NKp80 expression marks functionally

mature NK cells as they develop in

secondary lymphoid tissues. These

findings help define the pathway of

human NK cell development.
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SUMMARY

Human natural killer (NK) cells develop in secondary
lymphoid tissues (SLTs) through distinct stages. We
identified two SLT lineage (Lin)�CD34�CD117+/�

CD94+CD16� ‘‘stage 4’’ subsets according to ex-
pression of the C-type lectin-like surface-activating
receptor, NKp80: NKp80� (stage ‘‘4a’’) and NKp80+

(stage ‘‘4b’’). Whereas stage 4b cells expressed
more of the transcription factors T-BET and EOMES,
produced interferon-gamma, and were cytotoxic,
stage 4a cells expressed more of the transcription
factors RORgt and AHR and produced interleukin-
22, similar to SLT Lin�CD34�CD117+CD94�CD16�

‘‘stage 3’’ cells, whose phenotype overlaps with
that of group 3 innate lymphoid cells (ILC3s). Co-cul-
ture with dendritic cells or transplantation into immu-
nodeficient mice produced mature NK cells from
stage 3 and stage 4a populations. These data identify
NKp80 as a marker of NK cell maturity in SLTs and
support a model of human NK cell development
through a stage 4a intermediate with ILC3-associ-
ated features.

INTRODUCTION

Natural killer (NK) cells are innate lymphoid cells (ILCs) that can

kill pathogen-infected and malignant cells as well as modulate

other components of the immune system by producing chemo-

kines and cytokines. Numerous recent studies highlight the exis-

tence of other ILC populations, and collectively, all ILCs are now

categorized into three groups according to their differential

expression of surface antigens, transcription factors, and cyto-

kines (Spits et al., 2013). NK cells represent a subtype of group

1 ILCs, and their distinguishing features include (1) expression

of the transcription factors, T-BET and EOMES; (2) expression

of major histocompatibility complex (MHC) class I molecule-

binding receptors, CD94/NKG2 (considered specific for NK cells

among ILCs; Spits et al., 2013) and killer immunoglobulin-like

receptors (KIR); (3) production of interferon-gamma (IFN-g);

and (4) the ability tomediate perforin-dependent natural cytotox-

icity (Caligiuri, 2008; Cortez et al., 2015). ILC1s represent the

other group 1 ILC subtype (Spits et al., 2013). Whereas ILC1s

similarly produce IFN-g and express T-BET, recent mouse and

human studies indicate that they comprise a lineage that is

distinct from NK cells in that the former are non-cytolytic

and lack expression of numerous NK-associated molecules,

including EOMES, CD94, CD56, CD16, perforin, granzymes,

and KIRs (Bernink et al., 2013, 2015; Fuchs et al., 2013; Klose

et al., 2014).

Studies in both mice and humans indicate that NK cells can

develop in multiple tissues, including bone marrow (BM), sec-

ondary lymphoid tissues (SLTs), the liver, the uterus, and the

thymus (Yu et al., 2013). A five-stage model of human NK cell

development within SLTswas proposed based on the differential

expression of CD34, CD117, CD94, and CD16 among lineage

(Lin)-negative cells (i.e., cells lacking T, B, dendritic cell [DC],

and myelomonocytic-associated antigens): stage 1, CD34+

CD117�CD94�CD16�; stage 2, CD34+CD117+CD94�CD16�;
stage 3, CD34�CD117+CD94�CD16�; stage 4, CD34�CD117+/�

CD94+CD16�; and stage 5, CD34�CD117+/�CD94+/�CD16+

(Freud et al., 2014). The original study characterizing these

stages of development (Freud et al., 2006) showed that, in bulk

cultures, CD34+ stage 1 and stage 2 populations are capable

of DC, T cell, and NK cell differentiation, whereas the CD34�

stage 3 population can give rise to NK cells, but not to DCs

or T cells. In addition, stage 3 cells lack the two hallmark func-

tions of mature NK cells (i.e., IFN-g production and perforin-

dependent cytotoxicity) that are detected at stage 4 (CD94+).

Therefore, it was originally concluded that stage 3 cells are line-

age-restricted NK cell precursors and that functional maturity is

acquired at stage 4 (Freud and Caligiuri, 2006). This NK cell

development model is supported by analysis of in-vitro-derived

intermediates (Grzywacz et al., 2006).
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