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Natural killer (NK) cell effector functions include cytotoxicity and secretion of cytokines 
such as interferon-γ (IFN-γ). The immature CD56bright subset of human NK cells lacks 
expression of FcγRIIIa/CD16a, one of the low-affinity immunoglobulin G receptors, or 
exhibits low-density expression (CD56brightCD16−/dim) and produces IFN-γ in response to 
cytokine stimulation, whereas the mature CD56dimCD16+ subset is the most cytotoxic 
one. A further differentiation/maturation of the latter subset according to the gradual loss 
of NKG2A and/or gain of KIR2DL (CD158a and CD158b) has been demonstrated and 
the ability to produce IFN-γ in response to activating receptor (AR) co-engagement is 
gradually acquired during terminal differentiation. In the course of flow cytometry analysis 
of CD56dim NK cells, we noted a substantial intraindividual heterogeneity of expression 
of FcγRIIIa. FcγRIIIa is unique among ARs: it does not require the co-engagement of 
other ARs to induce substantial cytotoxicity or cytokine synthesis in CD56dim cells. We, 
therefore, investigated whether individual differentiation/maturation of polyclonal CD56dim 
NK cells defined by expression of NKG2A/KIR2DL is related to FcγRIIIa expression and 
to the heterogeneity of NK cell responses upon FcγRIIIa engagement. When we ana-
lyzed unstimulated CD56dim cells by increasing level of FcγRIIIa expression, we found that 
the proportion of the more differentiated CD158a,h+ and/or CD158b,j+ cells and that of 
the less differentiated NKG2A+ cells gradually increased and decreased, respectively. 
FcγRIIIa engagement by using plate-bound murine anti-CD16 monoclonal antibody 
(mAb) or rituximab or trastuzumab (two therapeutic mAbs), resulted in donor-dependent 
partial segregation of IFN-γ-producing and/or degranulating CD56dim cells. Importantly, 
the proportion of CD158a,h/b,j+ cells and that of NKG2A+ cells was increased and 
decreased, respectively, IFN-γ-producing cells, whereas these proportions were poorly 
modified in degranulating cells. Similar results were observed after engagement of ARs 
by a combination of mAbs targeting NKG2D, NKp30, NKp46, and 2B4. Thus, the 
gradual increase of FcγRIIIa expression is an important feature of the differentiation/
maturation of CD56dim cells and this differentiation/maturation is associated with a shift 
in functionality toward IFN-γ secretion observed upon both FcγRIIIa-dependent and 
FcγRIIIa-independent stimulation. The functional heterogeneity related to the differen-
tiation/maturation of CD56dim NK cells could be involved in the variability of the clinical 
responses observed in patients treated with therapeutic mAbs.
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therapeutic monoclonal antibody

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2017.01556&domain=pdf&date_stamp=2017-11-20
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2017.01556
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:gilles.thibault@univ-tours.fr
https://doi.org/10.3389/fimmu.2017.01556
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01556/full
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01556/full
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01556/full
http://www.frontiersin.org/Journal/10.3389/fimmu.2017.01556/full
http://loop.frontiersin.org/people/470439
http://loop.frontiersin.org/people/469366


2

Lajoie et al. FcγRIIIa during CD56dim NK Cell Differentiation

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1556

inTrODUcTiOn

Natural killer (NK) cell effector functions include natural 
cytotoxicity, antibody-dependent cell-mediated cytotoxicity 
(ADCC), and secretion of cytokines such as interferon γ (IFN-γ)  
and tumor necrosis factor α. Two subsets of human NK  cells 
depending on the density of CD56 expression have been identi-
fied. CD56dimCD16+CD3− cells usually account for more than 
90% of the NK cells in peripheral blood, whereas CD56brightCD
16dim/−CD3− cells are more common in lymphoid organs (1–3). 
The major effector function of the former cells may be cytotoxic-
ity, whereas the latter may act mainly via cytokine secretion (2). 
However, most NK cells that are cytotoxic and/or produce IFN-γ 
on stimulation with different types of target cells (4–7), including 
K562 and antibody-coated target cells (5), belong to the CD56dim 
subset. In contrast, NK  cells that readily respond to cytokines 
such as IL-12 and IL-15, belong to the CD56bright NK cell subset 
(2, 5). CD56dim and CD56bright NK cells may be more appropriately 
defined as “target cell-responsive” and “cytokine-responsive,” 
respectively (5).

The regulation of NK cell functions depends on a very fine bal-
ance between signals mediated by activating receptors (ARs) and 
inhibitory receptors (IRs) (6, 8). ARs mainly include the natural 
cytotoxicity receptors (NKp46/CD335, NKp44/CD336, NKp30/
CD337), NKG2D/CD314, 2B4/CD244, and FcγRIIIa/CD16a, one 
of the low-affinity immunoglobulin G (IgG) receptors involved 
in ADCC (8, 9). IRs mainly include the C-type lectin NKG2A/
CD94 heterodimer receptor, which recognizes human leukocyte 
antigen (HLA)-E molecules and killer Ig-like receptors (KIR) 
such as KIR2DL1 (CD158a), specific to the HLA-C group C2 
allotype, and KIR2DL2/3 (CD158b), specific to the HLA-C group 
C1 allotype (10, 11).

According to the process referred to as “education or licens-
ing” of NK cells, acquisition of functional responses depends on 
the engagement of IRs with self-ligands during their develop-
ment (5, 12, 13). Remarkably, the vast phenotypic diversity in 
the human NK  cell repertoire is related to the broad range of 
possible combinations of phenotypes on a single cell from a 
given donor. Thus, all NKG2A and KIR expression patterns are 
represented, including NK cells lacking IRs for self, which remain 
hyporesponsive (5, 12, 13).

Activating receptors involved in natural cytotoxicity such as 
NCR, NKG2D, and 2B4 can signal independently, but functional 
responses, including cytotoxicity and cytokine synthesis, require 
a combination of signals resulting from two or more interactions 
between different receptor–ligand pairs (14–16). By contrast, the 
FcγRIIIa receptor is unique in its ability to induce both responses 
without additional signal provided by co-engagement of other 
ARs (14–16). A partial dichotomy between IFN-γ-producing and 
degranulating NK cells upon FcγRIIIa engagement by anti-CD16-
sensitized P815 cells (5) or by CD20+ cells opsonized with the 
therapeutic anti-CD20 monoclonal antibody (mAbs) rituximab 
(RTX) or obinituzumab (17) was previously reported. How a given 
AR induces different functional responses within the polyclonal 
NK cells of a given donor was not specifically discussed.

A stepwise differentiation/maturation of NK  cells from the 
immature CD56brightCD16− (NKG2A++KIR−) cells through 

the intermediate CD56brightCD16dim stage to the mature 
CD56dimCD16+ (NKG2A±KIR±) population is usually admit-
ted (18–21). A further differentiation/maturation of the 
CD56dimCD16+ subset according to the gradual loss of NKG2A 
and CD62L and/or the gradual gain of KIRs and CD57 (21–26) 
has been demonstrated, supporting the concept of a continuous 
process starting from CD56brightNKG2A++KIR−CD62L+CD57− 
cells and ending with the CD56dimNKG2A−KIR+CD62L−CD57+ 
phenotype. This phenotype change is associated with a shift 
in functionality from cytotoxicity/degranulation toward IFN 
and TNF secretion in response to ARs stimulation (27). While 
this effect is most strikingly observed in CD57+ NK  cells, it 
has also been observed when comparing NKG2A+KIR− with 
NKG2A−KIR+ NK cells stimulated by target cells in the context 
of NK cell transplantation (7). In addition, it has been shown that 
activation of CD56dim NK cells results in the down-modulation 
of FcγRIIIa by ADAM17-mediated shedding or internalization  
(16, 28), resulting in the presence of CD56dimCD16− cells in 
peripheral blood. Finally, the FCGR3A gene, which encodes 
FcγRIIIa, displays a functional allelic dimorphism generating 
allotypes with either a phenylalanine (F) or a valine (V) at 
amino acid position 158 (29, 30). The V158F polymorphism of 
FcγRIIIA, which is associated with higher therapeutic response 
to RTX (31–33) or to the anti-ErB-2 mAb trastuzumab (TTZ) 
used in brain cancer (34), has also been related to interindividual 
variations in FcγRIIIA expression (35, 36), although this is not 
confirmed (9, 37). In the course of flow cytometry (FCM) analy-
sis of human NK cells, we also noted a substantial intraindividual 
heterogeneity of FcγRIIIa expression on CD56dim NK  cells in 
accordance with a recent study, reporting the presence of an 
individualized subset of CD56dim cells expressing low level of 
CD16 in human peripheral blood (38).

Here, we aimed to investigate whether individual differen-
tiation/maturation of polyclonal CD56dim NK  cells defined by 
expression of NKG2A/KIR2DL is related to FcγRIIIa expression 
and to the heterogeneity of NK  cell responses upon FcγRIIIa 
engagement. We used multi-color FCM (25, 39) to simultane-
ously evaluate the individual expression of NKG2A, CD158a, 
and CD158b on CD56dim NK cells and (1) the level of FcγRIIIa 
expression on unstimulated cells and (2) the degranulation 
and IFN-γ production in response to FcγRIIIa engagement by 
plate-bound anti-CD16 mAb, or IgG1 therapeutic mAbs RTX 
and TTZ.

MaTerials anD MeThODs

Monoclonal antibodies
The following mAbs were used: unconjugated anti-CD16 
(clone 3G8)/IgG1; FITC- and APC-Alexa Fluor 750-conjugated  
anti-CD16 (clone 3G8)/IgG1 (final dilution 1:50 and 1:200, 
respectively); PE- and APC-Alexa Fluor 700-conjugated 
anti-CD56 (clone N901)/IgG1 (final dilution 1:50); APC-
conjugated anti-NKG2A (clone Z199)/IgG1 (final dilution 1:50); 
PE-conjugated anti-IFNγ (clone 45.15)/IgG1 (final dilution 1:50); 
PE-conjugated anti-CD158a (clone EB6.B), which recognizes 
also the activating isoform CD158h/IgG1 (final dilution 1:50); 
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and PeCy5.5-conjugated anti-CD158b (clone GL183, which rec-
ognizes also the activating isoform CD158j)/IgG1 (final dilution 
1:50), all from Beckman Coulter (Villepinte, France). Antibodies 
targeting NKG2D/CD314 (clone 1D11), NKp30/CD335 (clone 
4D12), NKp46/CD335 (clone 9E2), 2B4/CD244 (clone 2-69), and 
isotype control, PECy-7-conjugated anti-IFNγ (clone B27)/IgG1 
(final dilution 1:100), FITC- and PeCy-5-conjugated anti-CD107a 
(clone H4A3)/IgG1 (final dilution 1:50) and their isotype controls 
were from BD Biosciences (Le Pont de Claix, France). RTX and 
TTZ were kindly provided by Dr. Tournamille (CHRU de Tours, 
France).

nK-cell isolation
Peripheral blood mononuclear cells (PBMCs) were exclusively 
obtained from the blood of healthy volunteers (i.e., blood donors 
from the Etablissement Français du Sang Centre-Atlantique, 
who had given their written informed consent) according to 
institutional research protection guidelines (Agreement No 
IMMUNOUMR6239/37/12/01) after centrifugation over lym-
phocyte separation medium (Eurobio, les Ulis—Courtaboeuf, 
France). NK cells were isolated by using the NK cell Isolation Kit 
MACS (Miltenyi Biotec, Paris, France). The purity was consist-
ently ≥95%.

coating culture Plates with mabs
NUNC Maxisorp culture plates (Fisher Labosi, Elancourt, 
France) were sensitized or not for 12 h at 4°C with 5 µg/mL or 
indicated concentrations of anti-CD16mAb, or with 5  µg/mL 
of RTX (9) or TTZ or with 5 µg/mL of a combination of mAbs 
targeting NKG2D/CD314, NKp30/CD335, NKp46/CD335, 2B4/
CD244 (16). After three washes with phosphate-buffered saline 
(PBS) TWEEN solution (45 µL Tween 20 from Sigma Aldrich in 
100 mL PBS), plates were saturated for 30 min with bovine serum 
albumin 1% (Sigma Aldrich, Saint Quentin Fallavier, France), 
then washed three times with PBS Tween.

In Vitro stimulation of nK cells, 
analysis of cD16 and inhibitory 
receptor expression and Functional 
responses
In total, 100 µL freshly isolated NK cells (1 × 105) were plated 
on unsensitized or sensitized plates and incubated at 37°C in 
5% CO2 humidified air (usually 4 h; from 1 to 20 h in kinetics 
experiments) in the presence of anti-CD107amAb and 0.1 µg/mL 
BD GolgiPlug containing Brefeldin A (BD Biosciences). When 
indicated, cells were stained with anti-CD16, anti-CD56 anti-
NKG2A, anti-CD158a,h, and anti-CD158b,j mAbs for 30  min 
at 4°C. Cells were then fixed and permeabilized by using the 
BD Cytofix/cytoperm Plus Kit (BD Biosciences) and stained for 
intracellular IFNγ with anti-IFNγ mAb for 30 min at 4°C.

FcM analysis
Functional responses and phenotypes of cell subsets were 
analyzed by FCM. All FCM analyses were performed with a 
Gallios flow Cytometer and Kaluza 1.3 software (Beckman  
Coulter).

statistics
Comparison of proportions of cells expressing each IR to all 
CD56dim NK  cells were analyzed using the repeated measures 
ANOVA, bonferroni multiple comparisons test with GraphPad 
Prism 5 software. P < 0.05 was considered statistically significant.

resUlTs

Fcγriiia expression gradually increases 
during cD56dim nK cell Differentiation/
Maturation Defined by nKg2a and Kirs 
expression
We first investigated whether the FcγRIIIa expression could 
be related to the differentiation/maturation stage of CD56dim 
NK  cells. These cells gradually lose NKG2A and acquire KIRs 
during their differentiation/maturation (21–24). Hence, we com-
pared the proportion of total NKG2A+, total CD158b,j+ and total 
CD158a,h+ cells by FcγRIIIa expression on CD56dim NK  cells. 
We and others have previously shown that stimulating NK cells 
results in ADAM-17-dependent FcγRIIIa down-modulation  
(16, 28). Therefore, FcγRIIIa expression was evaluated on 
unstimulated NK cells. The FcγRIIIa-expressing CD56dim cells of 
each donor (n = 7) were arbitrarily divided into five equal parts by 
level of FcγRIIIa assessed by FCM (Figure 1A right upper panel; 
Figure S1 in Supplementary Material). We observed a substantial 
interindividual variation of FcγRIIIa staining, which could be 
related to the V158F polymorphism of FcγRIIIa, as previously 
described (9, 35–37). Therefore, the setting of the five gates used 
to divide the FcγRIIIa-expressing cells, differs from one donor to 
another (Figure S1 in Supplementary Material). The proportion 
of cells expressing each IR was then analyzed in each part (gating 
strategy shown in Figure 1A). In all donors tested, the proportion 
of NKG2A+ NK cells decreased with increasing level of FcγRIIIa 
on CD56dim cells, but the proportion of CD158b,j+ and CD158a,h+ 
cells increased (Figure 1B). Thus, NKG2A+ cells were 2.5 times 
more numerous, on average, than CD158b,j+ cells among the 20% 
of CD56dim cells expressing the lower level of FcγRIIIa, whereas 
CD158b,j+ cells were the majority among the 20% of CD56dim cells 
expressing the higher level of FcγRIIIa. Results were similar when 
comparing cells expressing a single IR (i.e., NKG2A+CD158a,h−

CD158b,j−, NKG2A−CD158a,h+CD158b,j−, and NKG2A−CD158
a,h−CD158b,j+ cells; data not shown). Moreover, we performed 
the reverse analysis, comparing the mean expression of FcγRIIIa 
on total NKG2A+, CD158b,j+, and CD158a,h+ CD56dim NK cells, 
from the same seven donors. As expected, we found that the 
FcγRIIIa level [expressed as mean fluorescence intensity (MFI)]  
on NK cells from each donor was significantly associated with the IR 
coexpressed, in the order of CD158a,h+ ≥ CD158b,j+ > NKG2A+ 
cells. Results were again similar when comparing cells expressing 
a single IR (data not shown).

iFn-γ-Producing cD56dim nK cells Partially 
segregate from Degranulating cells in 
response to Fcγriiia engagement
To analyze the profile of NK cell functions in response to a single 
condition of stimulation (i.e., FcγRIIIa engagement), purified 
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FigUre 1 | Expression of NKG2A, CD158b, and CD158a on CD56dim natural killer (NK) cells by expression of FcγRIIIa. Freshly isolated NK cells were stained with 
fluorescent anti-CD56, anti-CD16, anti-NKG2A, anti-CD158a,h, and anti-CD158b,j monoclonal antibodies and analyzed by flow cytometry (FCM). (a) One 
representative experiment showing the gating strategy and results from one donor. The FcγRIIIa-expressing CD56dim cells were arbitrarily divided into five equal parts 
by level of FcγRIIIa assessed by FCM and the percentage of cells expressing NKG2A, CD158b,j, and CD158a,h was analyzed in each part. (B) Percentages of 
NKG2A+, CD158b,j+, and CD158a,h+ cells among all CD16+CD56dim NK cells and each fraction of CD16-expressing cells. Data are mean ± SD. n = 7. *P < 0.05, 
**P < 0.01, ***P < 0.001.
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FigUre 2 | Degranulation and IFN-γ synthesis by CD56dim NK cells in response to FcγRIIIa engagement by plate-bound anti-CD16 monoclonal antibody (mAb). 
Culture plates were sensitized overnight with a saturating concentration 5 μg/mL (a,c) or increasing concentrations (B) of anti-CD16 3G8 mAb. Freshly isolated 
natural killer (NK) cells were then incubated for 4 h (a,B) or for the times indicated (c) on coated plates, in the presence of anti-CD107a mAb and brefeldin A. Cells 
were then stained with anti-CD56 mAb. Fixed and permeabilized NK cells were stained for intracellular IFN-γ expression and analyzed by FCM. Results are from one 
representative of three independent experiments (obtained with NK cells from three donors).
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polyclonal NK  cells were cell-free stimulated by plate-bound 
anti-CD16 (clone 3G8) mAb. As expected, the responding cells 
(Figure 2A) were mainly (CD107a+ cells) or exclusively (IFN-γ+ 
cells) CD56dim cells. We previously showed that the adsorption 
of 3G8 mAb on the plates plateaued at 1  µg/mL (9). Here, we 
show that stimulated NK cells showed concentration-dependent 
CD107a expression and IFN-γ synthesis. Both responses were 
detected at 0.03 µg/mL and plateaued at 0.3–1 µg/mL (Figure 2B). 
More importantly, in our restricted condition of stimulation, we 
found a partial functional segregation in the responding NK cells: 
CD107a−IFN-γ+, CD107a+IFN-γ−, and CD107a+IFN-γ+subsets 
were detected in polyclonal NK cells from all donors tested. After 
4 h of stimulation, most of the responding cells thus exhibited a 
single functional response (i.e., degranulation or IFN-γ produc-
tion), although some cells exhibited both responses. Similar results 
were obtained when cells were stimulated with plate-bound RTX 
or TTZ (data not shown).

Degranulation is much faster than cytokine release (6). The 
partial dichotomy of the FcγRIIIa-dependent functional response 
on CD56dim NK cells (Figure 2B) could, therefore, be explained 

by cells that degranulate and only produce cytokines after a 
further period of activation. To investigate the dynamics of the 
different NK responses, we examined the response of NK cells 
stimulated by a saturating concentration of plate-bound 3G8 
mAb between 30 min and 20 h. We detected degranulation and 
IFN-γ synthesis after 2 h (Figure 2C). However, the proportion 
of CD107a−IFN-γ+, CD107a+IFN-γ−, and CD107a+IFN-γ+cells 
was still similar after 4 and 6 h. Moreover, the three subsets were 
still observed after 20 h of stimulation. Therefore, the partial seg-
regation of IFN-γ-producing and degranulating cells within the 
polyclonal NK cells did not result from differences in the kinetics 
of these responses.

relative Proportion of iFn-γ-Producing 
and Degranulating cD56dim nK cells upon 
Fcγriiia engagement is Donor-Dependent
We then investigated whether the ability of polyclonal 
NK cells to degranulate and/or produce IFN-γ might fluctuate 
quantitatively by donor. Purified polyclonal NK  cells from 26 
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healthy donors were stimulated with 3G8 mAb, as described 
above, or with plate-bound TTZ or RTX (18 of the 26 donors) 
(Figure 3A: FCM plots obtained in 2 donors. Figure 3B: histo-
gram representation of results obtained in the 18 donors). As 
expected, we observed substantial interindividual variations 
in the percentage of responding cells (i.e., degranulating and/
or IFN-γ-producing cells) whatever the stimulus. It is of note 
that the interindividual ranking of responding cells observed 
after 3G8 stimulation substantially differs from that observed 
after TTZ or RTX simulation. CD107a+IFN-γ− cells largely 
predominated (61.1  ±  13.9%), followed by CD107a−IFN-γ+ 
cells (27.1  ±  14.2%) and double-positive CD107a+IFN-γ+cells 
(11.8 ± 5.9%) after stimulation with 3G8, but this ranking was 
not systematically observed after stimulation with TTZ or RTX. 
Indeed, the percentage of degranulating cells was substantially 
higher upon stimulation with 3G8 (Figure  3B upper panel) 
than with TTZ (Figure  3B middle panel) or RTX (Figure  3B 
lower panel), whatever the donor. Importantly, we also observed 
substantial interindividual variability in the relative proportion 
of the three subsets [for instance, the majority of responding 
cells were CD107a+IFN-γ− in donor 4, 15, and 16 whatever the 
stimulus, whereas CD107a−IFN-γ+ and/or CD107a+IFN-γ+ were 
more frequent in donor 10, 14, 17, and 18 (especially after TTZ 
or RTX stimulation)]. Interestingly, a similar pattern (particu-
larly the proportion of IFN-γ-producing cells) was observed 
in a given donor when cells were stimulated with 3G8, RTX, 
or TTZ. In accordance, we found no correlation between the 
proportion of CD107a+IFN-γ− and CD107a−IFN-γ+ NK  cells 
obtained from the 26 donors after 3G8 stimulation (R2 = 0.02) 
(data not shown). The results were similar when examining the 
correlation between all degranulating cells (CD107a+IFN-γ− and 
CD107a+IFN-γ+) and all IFN-γ-producing cells (CD107a− 
IFN-γ+and CD107a+IFN-γ+). Thus, the profile of NK-cell func-
tional response to FcγRIIIa engagement by 3G8 mAb, RTX, or 
TTZ was highly donor-dependent.

cD56dim nK cells Producing iFn-γ upon 
Fcγriiia engagement are Mainly 
Differentiated nKg2a−Kir+ cells
We then considered whether the degranulation and/or IFN-γ 
production induced by FcγRIIIa engagement could be related to 
the differentiation/maturation stage of individual NK cells. We, 
therefore, compared the proportion of NKG2A+, CD158a,h+, and 
CD158b,j+ cells among total CD56dim NK cells and among the 
CD107a−IFN-γ+, CD107a+IFN-γ−, and CD107a+IFN-γ+ subsets 
(gating strategy is shown in Figure 4A) obtained on stimulation 
with plate-bound anti-CD16 3G8 mAb, TTZ, or RTX. First, 
the proportion of NK cells expressing each IR was as expected, 
unchanged after FcγRIIIa engagement by plate-bound anti-
CD16 3G8 mAb (Figure 4B left upper panel), TTZ (Figure 4B 
right upper panel), or RTX (Figure  4B left lower panel). 
Second, the proportion of NKG2A+ cells in CD107a−IFN-γ+ 
and CD107a+IFN-γ− subsets of CD56dim NK cells was decreased 
and increased, respectively, whereas it was unmodified in the 
CD107a+IFN-γ+subset (Figure  4B). Third, the proportion 
of CD158b,j+and CD158a,h+ cells in IFN-γ-producing cells 

(CD107a−IFN-γ+ and CD107a+IFN-γ+) was greatly increased, 
whereas it was weakly but not significantly increased in the 
CD107a+IFN-γ− subset. Thus, NKG2A+ cells were about 1.4-
times more numerous, on average, than CD158b,j+ cells among 
total unstimulated or stimulated CD56dim NK cells. This ratio was 
unchanged among degranulating cells but was inverted (about 
2.0-times more CD158b,j+ cells than NKG2A+ cells) among 
IFN-γ-producing cells. Importantly, the results obtained on  
stimulating NK cells with plate-bound TTZ or RTX were similar 
to those obtained on stimulation with plate-bound 3G8 mAb 
(compare Figure  4B upper and lower left panels and upper 
right panel). In addition, NKG2A and CD158b,j showed slightly 
increased expression (MFI) on CD56dimCD107a+IFN-γ− and 
CD56dimCD107a−IFN-γ+ cells, respectively (data not shown). 
Finally, we wondered whether these results were unique to 
FcγRIIIa-dependent stimulation or also apply to engagement 
of other ARs. Therefore, NK  cells from the same donors were 
incubated in plates sensitized by a combination of mAbs tar-
geting NKG2D, NKp30, NKp46, and 2B4 (i.e., in the absence 
of FcγRIIIa engagement), as previously described (16). Results 
(Figure 4B, lower right panel) were similar to those observed in 
response to FcγRIIIa engagement. Thus, the shift toward IFN-γ 
secretion associated with the gain of KIRs and the loss of NKG2A 
was similarly observed in response to ARs involved in natural 
cytotoxicity and in response to FcγRIIIa engagement by either 
anti-CD16 mAb or by the Fc portion of therapeutic mAbs.

DiscUssiOn

In this study, we show that within a given individual a gradual 
increase of FcγRIIIa expression is associated with the differentia-
tion/maturation of CD56dim NK cells from NKG2A+CD158a,h/
b,j− toward NKG2A−CD158/a,h/b,j+. We show, in addition, that 
FcγRIIIa engagement by using a murine anti-CD16 mAb or by 
the Fc portion of human therapeutic mAbs resulted in donor-
dependent partial functional segregation of IFN-γ-producing 
and/or degranulating CD56dim cells. Importantly, the proportion 
of CD158a,h/b,j+ cells and that of NKG2A+ cells was increased and 
decreased, respectively, in IFN-γ-producing cells, whereas the fre-
quency of CD158a,h+, CD158b,j+, and NKG2A+ cells proportions 
were poorly modified in degranulating cells. Similar results were 
observed after engagement of ARs involved in natural cytotoxic-
ity. Our results further support the notion of a continuous differ-
entiation/maturation of CD56dim NK cells defined phenotypically 
by a gradual increase of FcγRIIIa expression and associated with a 
shift in functionality toward IFN-γ secretion observed upon both 
FcγRIIIa-independent and FcγRIIIa-dependent stimulation.

The level of FcγRIIIa expression on NK cells has been shown 
to depend on several factors. For instance, we and others have 
demonstrated that the activation of CD56dim NK  cells results 
in the down-modulation of FcγRIIIa by ADAM17-mediated 
shedding or internalization (16, 25). Moreover, interindividual 
variations in FcγRIIIA expression related to the V158F poly-
morphism of FcγRIIIA has been reported (35, 36), although this 
is not confirmed (9, 37). Our results are unrelated to these 
observations. Indeed, we evaluated the correlation of FcγRIIIa 
and IR expression on unstimulated cells and compared cells of 
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FigUre 3 | Inter-individual variation in the percentage of degranulating and/or IFN-γ-producing CD56dim natural killer (NK) cells upon FcγRIIIA engagement. Culture 
plates were sensitized overnight without or with a saturating concentration of anti-CD16 3G8 monoclonal antibody (mAb) or trastuzumab (TTZ) or RTX. Freshly 
isolated NK cells were then stimulated as described for Figure 2a. (a) The proportion of CD107a+IFN-γ−, CD107a−IFN-γ+, and CD107a+IFN-γ+ NK cells was 
evaluated by flow cytometry. Plots are from one donor (among 18) with high proportion of degranulating cells (donor 16) and one donor with high proportion of 
IFN-γ-producing cells (donor 18). (B) The proportion of degranulating cells (white bars), IFN-γ-producing cells (striped bars), and cells exhibiting both responses 
(black bars) was evaluated in the 18 donors as shown in (a) upon stimulation with 3G8 mAb (upper panel), TTZ (middle panel), or RTX (lower panel). Donors were 
arbitrarily ranked according to the percentage of total responding cells upon stimulation by 3G8 mAb.
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given individuals, excluding any effect of FcγRIIIa polymor-
phism. Variation of FcγRIIIa expression has been originally 
related to the existence of different subsets or maturation stages 
of NK cells defined by the level of CD56 expression: CD56bright 
cells lack FcγRIIIa expression or exhibit low-density expression, 
whereas most CD56dim cells are considered to express high level 
of FcγRIIIa (1, 2, 40). Thus, the relationship between expres-
sion of FcγRIIIa and the diffenciation/maturation of the latter 
cells has been sparsely studied. The differentiation/maturation 
of CD56dim NK  cells is associated with gain (KIRs and CD57) 
and loss (NKG2A and CD62L) of protein expression on the cell 
surface (21–26). On the one hand, Amand et al. have recently 

described a new subset of CD56dim NK  cells with low level of 
FcγRIIIa (38). Phenotypically, the new subset contained a high 
percentage of relatively immature cells, as reflected by a sig-
nificantly stronger representation of NKG2A+ and CD57− cells. 
It is likely that this population overlaps, at least partially, with 
the 20% of CD56dim cells expressing the lower level of FcγRIIIa 
shown in Figure  1, which contained increased and decreased 
proportion of NKG2A+ and CD158a,h/b,j+ cells, respectively. 
On the other hand, the terminally differentiated CD57+ subset 
representing 30–60% cells has been shown to express a slightly 
higher (1.2-fold) level of FcγRIIIa as compared with the CD57− 
subset and to contain a higher proportion of CD158+ cells and 
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FigUre 4 | Proportion of NKG2A+, CD158b+, and CD158a+ cells among degranulating and/or IFN-γ-producing CD56dim natural killer (NK) cells in response to 
FcγRIIIA engagement by plate-bound anti-CD16 monoclonal antibody (mAb), trastuzumab (TTZ), or RTX or in response to engagement of ARs involved in natural 
cytotoxicity. Culture plates were sensitized overnight without or with a saturating concentration of anti-CD16 3G8 mAb, TTZ, RTX, or a combination of mAbs 
targeting NKG2D, NKp30, NKp46, and 2B4 and freshly isolated NK cells were stimulated as described for Figure 2a. The proportion of NKG2A+, CD158b,j+, and 
CD158a,h+ cells was evaluated by flow cytometry on total unstimulated and stimulated NK cells and on CD107a−IFN-γ+, CD107a+IFN-γ−, and CD107a+IFN-γ+ 
subsets (observed after stimulation) from seven donors. The percentage of NKG2A+, CD158b,j+, and CD158a,h+ cells among CD56dim NK cells was calculated by 
dividing the number of cells within the CD16dim IR + gate (solid lines) by the number of cells within the CD16dim gate (dotted line). (a) One representative experiment 
showing the gating strategy and results from one donor. The percentages indicate the proportion of IR+CD56dim NK cells among the total CD56dim NK cell population. 
(B) Proportion of CD56dim NK cell subsets expressing inhibitory receptors (NKG2A, CD158b,j, and/or CD158a,h) among total unstimulated CD56dim NK cells (white 
bars), total stimulated CD56dim NK cells (gray bars), and within each subset of responding cells [i.e., CD107a−IFN-γ+cells (black bars), CD107a+IFN-γ−cells (dotted 
bars), and CD107a+IFN-γ+cells (striped bars)] upon stimulation with anti-CD16 3G8 mAb (upper left panel), TTZ (upper right panel), RTX (lower left panel) or mAbs 
targeting NKG2D, NKp30, NKp46, and 2B4 (lower right panel). Data are mean ± SD. *P < 0.05, ***P < 0.001.
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lower proportion of NKG2A+ cells (25, 26). In humans, a clonal 
or oligoclonal expansion of a subset of NK cells expressing or not 
the CD94-NKG2C receptor has been observed after human cyto-
megalovirus (HCMV) infection. These adaptive NK cells exhibit 
a surface receptor signature a mature phenotype (i.e., showing 
progressive gain of CD57 and KIRs and loss of NKG2A) and 
epigenetic remodeling. Furthermore, some adaptive NK  cells 
display deficient expression of FcεRγ. These NK  cells exhibit 
more robust IFN-γ and TNF production, but not degranulation 
after FcγRIIIa engagement. It is, however, of note that FcγRIIIa 
is equally expressed by conventional and adaptive NK cells. We 
also observed an association between FcγRIIIa, CD158a,h/b,j, 
and NKG2A expression. However, the association was a con-
tinuum rather than a positive/negative association: the greater 
the expression of FcγRIIIa on unstimulated CD56dim cells, the 
greater and the lower the probability to coexpress CD158a,h/b,j 
and NKG2A, respectively (Figure 1B). Moreover, the magnitude 
of FcγRIIIa expression was substantial: the highest level of 
FcγRIIIa expression on CD56dim NK cells from a given individual 
was 5- to 10-fold that of the lowest level (Figure 1A; Figure S1 
in Supplementary Material). Therefore, the overexpression of 
FcγRIIIa we observed on CD158a,h/b,j+CD56dim cells cannot be 
explained by the increased frequency of CD57+ cells observed 
within the latter population, indicating that it occurs before 
terminal differentiation marked by the acquisition of CD57. 
Thus, the gradual increase of FcγRIIIa expression is an important 
feature of the differentiation/maturation of CD56dim cells, and we 
propose to use it as a new marker of this process.

A functional segregation related to CD56 expression has been 
previously reported: CD56bright cells act mainly by secretion of 
cytokines, whereas CD56dim cells are more prone to exert cyto-
toxicity (2, 3). CD56bright cells respond primarily to monokine 
stimulation, whereas CD56dim cells respond primarily to target 
cells (2, 5), so this functional dichotomy may depend mainly on 
the stimulation conditions. With CD56dim cells, several reports 
have shown that IFN-γ+ and CD107a+ NK cells may be expressed 
in a mutually exclusive manner on simulation with different target 
cells including K562 cells (5, 7), P815 cells sensitized with anti-
CD16 mAb (5), CD20+ cells sensitized with RTX or obinituzumab 
(17), Plasmodium falciparum-infected red blood cells (4) and 
Drosophila cells expressing several AR ligands (6). Our results, 
obtained in specific response to FcγRIIIa engagement by plate-
bound anti-CD16 mAb or therapeutic mAbs or mAbs directed 
to ARs involved in natural cytotoxicity (i.e., in the absence of 
target cells), agree with these observations. However, Foley et al. 
observed a high frequency of CD107a-expressing cells not pro-
ducing IFN-γ, an intermediate frequency of cells exhibiting both 
responses, and a low frequency of NK cells producing IFN-γ but 
not expressing CD107a (7). In our experiments, the subset that 
produced IFN-γ but did not degranulate usually dominated the 
subset of double-positive cells. This discrepancy may be related to 
the stimulation condition. In line with this is our observation that 
degranulating cells but not IFN-γ-producing cells from a given 
donors were substantially higher after stimulation with 3G8 than 
after stimulation with RTX or TTZ. The discrepancy may also 
result from our use of isolated NK cells vs thawed PBMCs in the 
previous study (7).

Fauriat et al. assumed that functional segregation may reflect 
differences in the kinetics of the responses (6). Indeed, in agree-
ment with our results, degranulation occurred earlier than IFN-γ 
production. However, in our study, the dichotomy was observed 
as soon as IFN-γ production was detected and persisted for up 
to 20  h. This finding ruled out that the functional segregation 
we observed was related to the fact that cells that had already 
degranulated might produce IFN-γ later on. This conclusion 
is supported by our finding that the functional responses of 
CD56dim NK  cells were associated with different phenotypes: 
CD158a,h/b,j+ cells were more prone than NKG2A+ cells to 
produce IFN-γ in response to FcγRIIIa-dependent and FcγRIIIa-
independent stimulation. These results are consistent with those 
reporting KIR expression associated with target cell-induced 
IFN-γ production by NK  cells, but NKG2A was sufficient for 
degranulation (7, 25–27).

Distinct intracellular signaling pathways originating from  
different ARs lead to cytokine secretion or cytotoxicity (41–45). 
By contrast, the ability of one AR such as FcγRIIIa to preferentially 
induce one or the other response in individual NK  cells dem-
onstrates that a given pathway may lead to different responses 
in different NK cells from a given donor. Modest differences in 
MFI from donor to donor for any given AR may have a profound 
effect on the functional response to stimulation. IFN-γ produc-
tion requires a higher level of activation than does degranulation 
(6). It may, therefore, be assumed that the high level of FcγRIIIa 
expression observed on CD158a,h/b,j+ cells, accounts for their 
tendency to preferentially produce cytokines in response to 
FcγRIIIa engagement. However, a clonal or oligoclonal expan-
sion of a subset of NK cells expressing or not the CD94-NKG2C 
receptor has been observed after HCMV infection. These cells, 
which are called adaptive NK cells, exhibit a mature phenotype 
(NKG2A−CD57+KIRs+) and epigenetic remodeling. Although 
adaptive and conventional mature NK  cells express equally 
FcγRIIIa, adaptive NK  cells display more robust IFN-γ and 
TNF production, but not degranulation in response to FcγRIIIa 
engagement [recently reviewed in Ref. (46, 47)]. In addition, it 
has been shown that the ability of NK cells to produce IFN-γ in 
response to engagement of ARs involved in natural cytotocicity 
is gradually acquired and related to epigenetic remodeling of the 
IFNG promoter, during their terminal differentiation (27). It is, 
therefore, more likely that this epigenetic remodeling is a general 
feature of more differentiated cells and is responsible for the shift 
toward IFN secretion observed in the present study in response 
to FcγRIIIa engagement.

Finally, which function (killing or cytokine production) 
mediates clinical responses to therapeutic mAbs is not known. 
Among the most convincing evidence that ADCC plays a role 
in mediating the clinically relevant antitumor response to 
therapeutic mAbs is the demonstration by our group (31) and 
others (32–34) that FCGR3A gene polymorphism is associated 
with clinical responses to different cytolytic mAbs such as RTX 
(31–33), TTZ (34), and cetuximab (48). In accordance with this, 
an in vitro genotype–phenotype association has been observed: 
the FCGR3A polymorphism affects the concentration-effect 
association of rituximab-mediated ADCC by NK  cells (37). 
These studies show that FcγRIIIa-expressing cells are involved 
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in the mechanism of action of these mAbs, but they did not 
demonstrate which FcγRIIIa-expressing cells or which effector 
functions are involved in the in vivo situation. Although NK cells 
are considered to act through ADCC to mediate the mechanism 
of action of the different cytolytic mAbs, an indirect mechanism, 
whereby NK cells act by recruiting cells via FcγRIIIa-dependent 
cytokine production, remains possible. Following this hypothesis, 
functional heterogeneity related to the differentiation/matura-
tion of CD56dim NK cells could be involved in the variability of 
the clinical response observed in patients treated with cytolytic 
mAbs such as RTX or TTZ.
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FigUre s1 | Expression of FcγRIIIa on CD56dim NK cells from seven donors. 
Freshly isolated NK cells were stained with fluorescent anti-CD56, anti-CD16, 
anti-NKG2A, anti-CD158a,h, and anti-CD158b,j mAbs for 30 min at 4ºC and 
analyzed by FCM for CD16 and CD56 expression. A first gate was set on 
CD16+CD56dim NK cells (solid lines, similar whatever the donor). Five other gates 
(dotted white lines) were then set in order to divide CD16+CD56dim NK cells into 
five equal parts (each gate containing 20% of the cells within the first gate). Given 
the substantial interindividual variation of FcγRIIIa staining, the setting of these 
five gates (position on the x-axis) differs from one donor to another. The 
percentage of NKG2A+, anti-CD158a,h+, and anti-CD158b,j+ cells within each 
gate was then evaluated (Figure 1).

reFerences

1. Lanier LL, Phillips JH, Hackett J, Tutt M, Kumar V. Natural killer cells: defi-
nition of a cell type rather than a function. J Immunol (1986) 137(9):2735–9. 

2. 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 

3. Cooper MA, Fehniger TA, Turner SC, Chen KS, Ghaheri BA, Ghayur T, 
et al. Human natural killer cells: a unique innate immunoregulatory role for 
the CD56(bright) subset. Blood (2001) 97(10):3146–51. doi:10.1182/blood.
V97.10.3146 

4. Korbel DS, Newman KC, Almeida CR, Davis DM, Riley EM. Heterogeneous 
human NK cell responses to Plasmodium falciparum-infected erythrocytes. 
J Immunol (2005) 175(11):7466–73. doi:10.4049/jimmunol.175.11.7466 

5. Anfossi N, André P, Guia S, Falk CS, Roetynck S, Stewart CA, et al. Human 
NK cell education by inhibitory receptors for MHC class I. Immunity (2006) 
25(2):331–42. doi:10.1016/j.immuni.2006.06.013 

6. Fauriat C, Long EO, Ljunggren H-G, 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 

7. Foley B, Cooley S, Verneris MR, Curtsinger J, Luo X, Waller EK, et al. NK cell 
education after allogeneic transplantation: dissociation between recovery of 
cytokine-producing and cytotoxic functions. Blood (2011) 118(10):2784–92. 
doi:10.1182/blood-2011-04-347070 

8. Bryceson YT, March ME, Ljunggren H-G, Long EO. Activation, coactivation, 
and costimulation of resting human natural killer cells. Immunol Rev (2006) 
214:73–91. doi:10.1111/j.1600-065X.2006.00457.x 

9. Congy-Jolivet N, Bolzec A, Ternant D, Ohresser M, Watier H, Thibault G. 
Fc gamma RIIIa expression is not increased on natural killer cells express-
ing the Fc gamma RIIIa-158V allotype. Cancer Res (2008) 68(4):976–80. 
doi:10.1158/0008-5472.CAN-07-6523 

10. 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 

11. Lanier LL. NK  cell receptors. Annu Rev Immunol (1998) 16:359–93. 
doi:10.1146/annurev.immunol.16.1.359 

12. Kim S, Poursine-Laurent J, Truscott SM, Lybarger L, Song YJ, Yang L, et al. 
Licensing of natural killer cells by host major histocompatibility complex class 
I molecules. Nature (2005) 436(7051):709–13. doi:10.1038/nature03847 

13. Raulet DH, Vance RE. Self-tolerance of natural killer cells. Nat Rev Immunol 
(2006) 6(7):520–31. doi:10.1038/nri1863 

14. Bryceson YT, March ME, Ljunggren H-G, Long EO. Synergy among receptors 
on resting NK  cells for the activation of natural cytotoxicity and cytokine 
secretion. Blood (2006) 107(1):159–66. doi:10.1182/blood-2005-04-1351 

15. Bryceson YT, Long EO. Line of attack: NK cell specificity and integration of 
signals. Curr Opin Immunol (2008) 20(3):344–52. doi:10.1016/j 

16. Lajoie L, Congy-Jolivet N, Bolzec A, Gouilleux-Gruart V, Sicard E, Sung HS, 
et al. ADAM17-mediated shedding of FcγRIIIA on human NK cells: identifi-
cation of the cleavage site and relationship with activation. J Immunol (2014) 
192(2):741–51. doi:10.4049/jimmunol.1301024 

17. Capuano C, Pighi C, Molfetta R, Paolini R, Battella S, Palmieri G, et  al. 
Obinutuzumab-mediated high-affinity ligation of FcγRIIIA/CD16 primes 
NK cells for IFNγ production. Oncoimmunology (2017) 6(3):e1290037. doi:
10.1080/2162402X.2017.1290037 

18. 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) 179:89–94. doi:10.4049/
jimmunol.179.1.89 

19. 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) 
178:4947–55. doi:10.4049/jimmunol.178.8.4947 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/article/10.3389/fimmu.2017.01556/full#supplementary-material
http://www.frontiersin.org/article/10.3389/fimmu.2017.01556/full#supplementary-material
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1016/S1471-4906(01)02060-9
https://doi.org/10.1182/blood.V97.10.3146
https://doi.org/10.1182/blood.V97.10.3146
https://doi.org/10.4049/jimmunol.175.11.7466
https://doi.org/10.1016/j.immuni.2006.06.013
https://doi.org/10.1182/blood-2009-08-238469
https://doi.org/10.1182/blood-2011-04-347070
https://doi.org/10.1111/j.1600-065X.2006.00457.x
https://doi.org/10.1158/0008-5472.CAN-07-6523
https://doi.org/10.1146/annurev.immunol.14.1.619
https://doi.org/10.1146/annurev.immunol.16.1.359
https://doi.org/10.1038/nature03847
https://doi.org/10.1038/nri1863
https://doi.org/10.1182/blood-2005-04-1351
https://doi.org/10.1016/j
https://doi.org/10.4049/jimmunol.1301024
https://doi.org/10.1080/2162402X.2017.1290037
https://doi.org/10.4049/jimmunol.179.1.89
https://doi.org/10.4049/jimmunol.179.1.89
https://doi.org/10.4049/jimmunol.178.8.4947


11

Lajoie et al. FcγRIIIa during CD56dim NK Cell Differentiation

Frontiers in Immunology | www.frontiersin.org November 2017 | Volume 8 | Article 1556

20. Béziat V, Duffy D, Quoc SN, Le Garff-Tavernier M, Decocq J, Combadiere B,  
et  al. CD56brightCD16+ NK  cells: a functional intermediate stage of 
NK  cell differentiation. J Immunol (2011) 186(12):6753–61. doi:10.4049/
jimmunol.1100330 

21. 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) 206:25–34. doi:10.1084/jem.20082013 

22. 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) 116:1299–307. doi:10.1182/blood-2009-11-253286 

23. Yu J, Mao HC, Wei M, Hughes T, Zhang J, Park IK. CD94 surface den-
sity identifies a functional intermediary between the CD56bright and 
CD56dim human NK-cell subsets. Blood (2010) 115:274–81. doi:10.1182/
blood-2009-04-215491 

24. Beziat V, Descours B, Parizot C, Debre P, Vieillard V. NK cell terminal differ-
entiation: correlated stepwise decrease of NKG2A and acquisition of KIRs. 
PLoS One (2010) 5(8):e11966. doi:10.1371/journal.pone.0011966 

25. Björkström 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 

26. Lopez-Vergès 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 

27. Luetke-Eversloh M, Cicek BB, Siracusa F, Thom JT, Hamann A, Frischbutter S, 
et al. NK cells gain higher IFN-γ competence during terminal differentiation. 
Eur J Immunol (2014) 44(7):2074–84. doi:10.1002/eji.201344072 

28. Romee R, Foley B, Lenvik T, Wang Y, Zhang B, Ankarlo D, et  al. NK  cell 
CD16 surface expression and function is regulated by a disintegrin and 
metalloprotease-17 (ADAM17). Blood (2013) 121(18):3599–608. doi:10.1182/
blood-2012-04-425397 

29. Koene HR, Kleijer M, Algra J, Roos D, von dem Borne AE, de Haas M. Fc 
gamma RIIIa-158V/F polymorphism influences the binding of IgG by natural 
killer cell Fc gammaRIIIa, independently of the Fc gammaRIIIa-48L/R/H 
phenotype. Blood (1997) 90(3):1109–14. 

30. Wu J, Edberg JC, Redecha PB, Bansal V, Guyre PM, Coleman K, et  al.  
A novel polymorphism of FcgammaRIIIa (CD16) alters receptor function 
and predisposes to autoimmune disease. J Clin Invest (1997) 100(5):1059–70. 
doi:10.1172/JCI119616 

31. Cartron G, Dacheux L, Salles G, Solal-Celigny P, Bardos P, Colombat P, et al. 
Therapeutic activity of humanized anti-CD20 monoclonal antibody and poly-
morphism in IgG Fc receptor Fcgamma RIIIa gene. Blood (2002) 99(3):754–8. 
doi:10.1182/blood.V99.3.754 

32. Weng W-K, Levy R. Two immunoglobulin G fragment C receptor polymor-
phisms independently predict response to rituximab in patients with follicular 
lymphoma. J Clin Oncol (2003) 21(21):3940–7. doi:10.1200/JCO.2003.05.013 

33. Treon SP, Hansen M, Branagan AR, Verselis S, Emmanouilides C, Kimby E,  
et  al. Polymorphisms in FcgammaRIIIA (CD16) receptor expression are 
associated with clinical response to rituximab in Waldenström’s macroglobu-
linemia. J Clin Oncol (2005) 23(3):474–81. doi:10.1200/JCO.2005.06.059 

34. Musolino A, Naldi N, Bortesi B, Musolino A, Naldi N, Bortesi B, et  al. 
Immunoglobulin G fragment C receptor polymorphisms and clinical 
efficacy of trastuzumab-based therapy in patients with HER-2/neu-positive 
metastatic breast cancer. J Clin Oncol (2008) 26(11):1789–96. doi:10.1200/
JCO.2007.14.8957 

35. Hatjiharissi E, Xu L, Santos DD, Hatjiharissi E, Xu L, Santos DD, et  al. 
Increased natural killer cell expression of CD16, augmented binding and 
ADCC activity to rituximab among individuals expressing the Fc RIIIa-158 

V/V and V/F polymorphism. Blood (2007) 110(7):2561–4. doi:10.1182/
blood-2007-01-070656 

36. Oboshi W, Watanabe T, Matsuyama Y, Kobara A, Yukimasa N, Ueno I, 
et  al. The influence of NK  cell-mediated ADCC: structure and expression 
of the CD16 molecule differ among FcγRIIIa-V158F genotypes in healthy 
Japanese subjects. Hum Immunol (2016) 77(2):165–71. doi:10.1016/j.
humimm.2015.11.001 

37. Dall’Ozzo S, Tartas S, Paintaud G, Cartron G, Colombat P, Bardos P, et  al. 
Rituximab-dependent cytotoxicity by natural killer cells: influence of 
FCGR3A polymorphism on the concentration-effect relationship. Cancer Res 
(2004) 64(13):4664–9. doi:10.1158/0008-5472.CAN-03-2862 

38. Amand M, Iserentant G, Poli A, Sleiman M, Fievez V, Sanchez IP, et al. Human 
CD56dimCD16dim cells as an individualized Natural Killer cell subset. Front 
Immunol (2017) 8:699. doi:10.3389/fimmu.2017.00699 

39. Betts MR, Brenchley JM, Price DA, De Rosa SC, Douek DC, Roederer M, 
et  al. Sensitive and viable identification of antigen-specific CD8+ T  cells 
by a flow cytometric assay for degranulation. J Immunol Methods (2003) 
281(1–2):65–78. doi:10.1016/S0022-1759(03)00265-5 

40. Caligiuri MA. Human natural killer cells. Blood (2008) 112(3):461–9. 
doi:10.1182/blood-2007-09-077438 

41. Zompi S, Colucci F. Anatomy of a murder – signal transduction pathways 
leading to activation of natural killer cells. Immunol Lett (2005) 97(1):31–9. 
doi:10.1016/j.imlet.2004.10.006 

42. Huntington ND, Xu Y, Nutt SL, Tarlinton DM. A requirement for CD45 dis-
tinguishes Ly49D-mediated cytokine and chemokine production from killing 
in primary natural killer cells. J Exp Med (2005) 201(9):1421–33. doi:10.1084/
jem.20042294 

43. Malarkannan S, Regunathan J, Chu H, Kutlesa S, Chen Y, Zeng H, et al. Bcl10 
plays a divergent role in NK cell-mediated cytotoxicity and cytokine gener-
ation. J Immunol (2007) 179(6):3752–62. doi:10.4049/jimmunol.179.6.3752 

44. Hesslein DGT, Takaki R, Hermiston ML, Weiss A, Lanier LL. Dysregulation 
of signaling pathways in CD45-deficient NK cells leads to differentially regu-
lated cytotoxicity and cytokine production. Proc Natl Acad Sci U S A (2006) 
103(18):7012–7. doi:10.1073/pnas.0601851103 

45. El Costa H, Casemayou A, Aguerre-Girr M, Rabot M, Berrebi A,  
Parant O, et al. Critical and differential roles of NKp46- and NKp30-activating 
receptors expressed by uterine NK cells in early pregnancy. J Immunol (2008) 
181(5):3009–17. doi:10.4049/jimmunol.181.5.3009 

46. Hammer Q, Romagnani C. About training and memory: NK-cell adaptation 
to viral infections. Adv Immunol (2017) 133:171–207. doi:10.1016/bs 

47. Peng H, Tian Z. Natural killer cell memory: progress and implications. Front 
Immunol (2017) 8:1143. doi:10.3389/fimmu.2017.01143 

48. Bibeau F, Lopez-Crapez E, Di Fiore F, Thezenas S, Ychou M, Blanchard F, 
et al. Impact of Fc{gamma}RIIa-Fc{gamma}RIIIa polymorphisms and KRAS 
mutations on the clinical outcome of patients with metastatic colorectal cancer 
treated with cetuximab plus irinotecan. J Clin Oncol (2009) 27(7):1122–9. 
doi:10.1200/JCO.2008.18.0463 

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.

The reviewer SV and handling editor declared their shared affiliation.

Copyright © 2017 Lajoie, Congy-Jolivet, Bolzec and Thibault. 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
https://doi.org/10.4049/jimmunol.1100330
https://doi.org/10.4049/jimmunol.1100330
https://doi.org/10.1084/jem.20082013
https://doi.org/10.1182/blood-2009-11-253286
https://doi.org/10.1182/blood-2009-04-215491
https://doi.org/10.1182/blood-2009-04-215491
https://doi.org/10.1371/journal.pone.0011966
https://doi.org/10.1182/blood-2010-04-281675
https://doi.org/10.1182/blood-2010-04-282301
https://doi.org/10.1002/eji.201344072
https://doi.org/10.1182/blood-2012-04-425397
https://doi.org/10.1182/blood-2012-04-425397
https://doi.org/10.1172/JCI119616
https://doi.org/10.1182/blood.V99.3.754
https://doi.org/10.1200/JCO.2003.05.013
https://doi.org/10.1200/JCO.2005.06.059
https://doi.org/10.1200/JCO.2007.14.8957
https://doi.org/10.1200/JCO.2007.14.8957
https://doi.org/10.1182/blood-2007-01-070656
https://doi.org/10.1182/blood-2007-01-070656
https://doi.org/10.1016/j.humimm.2015.11.001
https://doi.org/10.1016/j.humimm.2015.11.001
https://doi.org/10.1158/0008-5472.CAN-03-2862
https://doi.org/10.3389/fimmu.2017.00699
https://doi.org/10.1016/S0022-1759(03)00265-5
https://doi.org/10.1182/blood-2007-09-077438
https://doi.org/10.1016/j.imlet.2004.10.006
https://doi.org/10.1084/jem.20042294
https://doi.org/10.1084/jem.20042294
https://doi.org/10.4049/jimmunol.179.6.3752
https://doi.org/10.1073/pnas.0601851103
https://doi.org/10.4049/jimmunol.181.5.3009
https://doi.org/10.1016/bs
https://doi.org/10.3389/fimmu.2017.01143
https://doi.org/10.1200/JCO.2008.18.0463
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Gradual Increase of FcγRIIIa/CD16a Expression and Shift toward IFN-γ Secretion during Differentiation of CD56dim Natural Killer Cells
	Introduction
	Materials and Methods
	Monoclonal Antibodies
	NK-Cell Isolation
	Coating Culture Plates with mAbs
	In Vitro Stimulation of NK Cells, Analysis of CD16 and Inhibitory Receptor Expression and Functional Responses
	FCM Analysis
	Statistics

	Results
	FcγRIIIa Expression Gradually Increases during CD56dim NK Cell Differentiation/Maturation Defined by NKG2A and KIRs Expression
	IFN-γ-Producing CD56dim NK Cells Partially Segregate from Degranulating Cells in Response to FcγRIIIa Engagement
	Relative Proportion of IFN-γ-Producing and Degranulating CD56dim NK Cells upon FcγRIIIa Engagement Is Donor-Dependent
	CD56dim NK Cells Producing IFN-γ upon FcγRIIIa Engagement Are Mainly Differentiated NKG2A−KIR+ Cells

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


