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ABSTRACT
The antibody-dependent cellular cytotoxicity (ADCC) effector function of natural killer (NK) cells is one of 
the known mechanisms of action for rituximab-based anti-cancer immunotherapy. Inhibition of the ADCC 
function of NK cells through interactions between inhibitory killer cell immunoglobulin-like receptors 
(KIRs) and HLA class I ligands is associated with resistance of cancers to rituximab. In this study, we deeply 
investigated the impact of KIR, HLA class I, and CD16 genotypes on rituximab-dependent NK cell 
responses in both an in vitro cellular model from healthy blood donors and ex vivo rituximab-treated non- 
Hodgkin lymphoma (NHL) patients. We highlight that an HLA environment with limited KIR ligands is 
beneficial to promoting a higher frequency of KIR+ NK cells including both educated and uneducated NK 
cells, two NK cell compartments that demonstrate higher rituximab-dependent degranulation than KIR− 

NK cells. In contrast, a substantial KIR ligand environment favors a higher frequency of poorly effective 
KIR− NK cells and numerous functional KIR/HLA inhibitions of educated KIR+ NK cells. These phenomena 
explain why NHL patients with limited KIR ligands respond better to rituximab. In this HLA environment, 
CD16 polymorphism appears to have a collateral effect. Furthermore, we show the synergic effect of 
KIR2DS1, which strongly potentiates NK cell ADCC from C2− blood donors against C2+ target cells. Taken 
together, these results pave the way for stronger prediction of rituximab responses for NHL patients. HLA 
class I typing and peripheral blood KIR+ NK cell frequency could be simple and useful markers for 
predicting rituximab response.
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Introduction

Several mechanisms of action contribute to the efficacy of 
therapeutic antibodies, mainly including complement- 
dependent cytotoxicity, antibody-dependent cellular cytotoxi-
city (ADCC) and the induction of cell death.1,12 The ADCC 
effector function of natural killer (NK) cells and macrophages 
is widely used clinically as a mechanism of action for ritux-
imab-based anti-cancer immunotherapy.3 Rituximab is 
a chimeric anti-CD20 monoclonal antibody used in the treat-
ment of B cell lymphomas.3,4 The rituximab-mediated ADCC 
activity of NK cells is triggered through the interaction between 
CD16 (FcγRIIIa) activating receptor with the Fc fragments of 
this monoclonal antibody. On the clinical side, an association 
between the FCGR3A genotype and clinical and molecular 
responses to rituximab has been revealed.5 Thus, CD16 poly-
morphism may be evidence that ADCC is one of the mechan-
isms of action responsible for rituximab’s anti-tumor effects. It 
has been shown that rituximab had a strong affinity for the 
CD16 158 V allotype compared to its 158 F counterpart.5,6 

Numerous studies have reported that the use of low-dose 

rituximab was associated with greater ADCC responses in 
patients with the CD16 158 VV or VF genotype compared to 
patients with the 158 FF genotype.7

Several mechanisms of cancer resistance to rituximab have 
been documented in the literature, and different strategies are 
used to increase the effector activity of NK cells to improve 
anti-tumor responses. The inhibition of the ADCC function of 
NK cells through interactions between inhibitory killer cell 
immunoglobulin-like receptors (KIRs) and HLA class 
I ligands has been described as one of the potential mechan-
isms of cancer resistance to rituximab8,9 . KIRs are mainly 
expressed by NK cells and modulate NK cell responses by 
recognizing HLA class I molecules in tumoral or virus- 
infected cells. The interactions between KIR and autologous 
HLA class I ligands during development contribute to the 
functional education of KIR+ NK cells.10 This functional com-
petence gives educated KIR+ NK cells the ability to recognize 
and eliminate target cells that exhibit an absence of expression 
(missing-self) or a downregulation of HLA class I molecules. 
The main inhibitory KIRs are KIR2DL1, KIR2DL2/3 and 
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KIR3DL1, which, respectively, recognize HLA-C molecules of 
group C2 (Lys80), HLA-C molecules of group C1 (Asn80) and 
Bw4 motifs bearing some HLA-A and HLA-B molecules. In 
contrast, the activating KIR2DS1 triggers NK cell alloreactivity 
by recognizing HLA-C molecules of group C2 on the surface of 
allogenic target cells only when KIR2DS1+ NK cells have 
evolved in a C2− environment.11–13 KIR genes are clonally 
expressed on the surface of NK cells.14 Thus, the KIR+ NK 
cell repertoire is diverse between individuals, since the NK cell 
repertoire harbors different NK cell populations with different 
functional orientations.

Previous studies have shown that uneducated NK cells 
dominate ADCC responses in neuroblastoma15 and 
lymphoma16 patients. By contrast, other groups have more 
recently shown a dominance of educated KIR2DL1+ and 
KIR3DL1+ NK cells in ADCC responses compared to unedu-
cated counterparts in HIV models.17,18 Furthermore, some 
studies9,16 report disparities in regard to the impact of KIR/ 
HLA interactions on the ADCC responses of NK cells. The 
experimental strategies and cellular models used in these stu-
dies do not necessarily represent the best means to study the 
activity of KIR+ NK cells, which may explain these discrepan-
cies. Terszowki et al. used KIR ligand transfected 721.221 target 
cells as target cells to measure rituximab-mediated ADCC 
although 721.221 does not express CD20.9 Borgerding et al. 
developed a cellular model using a high arituximab concentra-
tion (10 µg/mL).8 A few studies have documented mainly 
patient outcomes related to KIR/HLA genotypes without 
mechanistic investigations.19,20 Thus, in this study, we revisited 
the in vitro influence of KIR, HLA and CD16 polymorphisms 
on rituximab-dependent NK cell degranulation in healthy 
blood donors. Then, we investigated their influence on the 
rituximab-based treatment response of a cohort of 74 non- 
Hodgkin lymphoma (NHL) patients. Our results provide an 
overview of the influence of KIR, HLA class I, and CD16 
polymorphisms on rituximab-dependent NK cell cytotoxicity 
integrating genetic rules for the structural and functional for-
mation of the NK cell repertoire.

Methods

Study design and patient samples

From November 2019 to February 2020, 80 consecutive adult 
patients treated in our institution for an NHL with a rituximab- 
based immunochemotherapy were included after providing 
informed consent. Peripheral blood mononuclear cells 
(PBMCs) were isolated as previously described.11 Routine 
information, such as disease status, previous treatments 
received (including anterior exposure to rituximab), and 
CMV serology were collected from the medical file. The best 
response to immunochemotherapy at the end of the follow-up 
period (July 2020) was determined using Cheason 2007 revised 
criteria21 for patients with CT-measurable disease. Patients 
treated for a Waldenström macroglobulinemia with no CT- 
measurable disease were evaluated using Owen 2012 criteria.22 

In both cases, complete response (CR) was defined as the 
disappearance of all evidence of disease, partial response (PR) 
as ≥ 50% regression of measurable disease, progressive disease 

(PD) as the appearance of any new lesion or ≥ 50% increase 
measurable disease, and stable disease (SD) as failure to attain 
CR/PR or PD. At the time of analysis, 6 patients did not have 
an assessment of disease response and were excluded.

Cells (PBMC and cell lines)

PBMCs were isolated as previously described.11 All blood 
donors were recruited at the Blood Transfusion Center (EFS, 
Nantes, France) and informed consent was given by all indivi-
duals. The following CD20+ HLA class I homozygous EBV- 
transformed B lymphoblastoid cell lines were used as targets 
for functional assays: AMALA (HLA-B*15:01, -C*03:03, and 
Bw4−/C1C1), SP001 (HLA-B*44:02, -C*05:01, and Bw4+/ 
C2C2) and RSH (HLA-B*42:01, -C*17:01, and Bw4−/C2C2). 
Cell lines were cultured in RPMI 1640 medium (Gibco, Paisley, 
Scotland, UK) containing glutamine (Gibco) and penicillin- 
streptomycin (Gibco) and supplemented with 10% fetal bovine 
serum (Gibco). Mycoplasma tests performed by PCR were 
negative for all cell lines.

HLA, KIR, and FcγRIIIa (CD16) genotyping

HLA class I allele assignment was performed for all blood 
donor volunteers and lymphoma patients as previously 
described.23 KIR generic typing was performed on all blood 
donors using a KIR multiplex PCR-SSP method as previously 
described24 using primers provided by Ketevan Gendzekhadze. 
The presence or absence of KIR2DL1, 2DL2, 2DL3, 2DL5, 
3DL1, 2DS1, 2DS2, 2DS3, 2DS4/1D, 2DS5 and 3DS1 genes 
was assigned. Donor KIR genotypes were then determined 
based on the presence or absence of activating KIR. Thus, 
a KIR AA genotype was defined by the presence of only 
KIR2DS4 as activating KIR gene and a KIR B+ genotype by 
the presence of several activating KIR genes.25 KIR ligands A3/ 
A11, Bw4 (HLA-A and/or HLA-B), C1, and C2 were defined 
for all blood donors and lymphoma patients based on allelic 
HLA-A, -B, and -C typing. FcγRIIIa V158F polymorphism was 
typed for 14 healthy blood donors and 80 lymphoma patients 
by PCR-SSP as previously described.26

Cell phenotypic analysis by flow cytometry

The NK cell phenotype from healthy blood donors was deter-
mined by eight-color multiparameter flow cytometry (MFC) 
on PBMC using the following mouse anti-human mAbs: anti- 
CD3-APC-Cy7 (SK7, Sony Biotechnology, San Jose, CA, USA), 
anti-CD56-BV510 (HCD56, Sony), anti-CD16-PerCP-Cy5.5 
(3G8, Sony), anti-KIR2DL1-FITC (143211, R&D Systems, 
Minneapolis, MN, USA) anti-KIR2DL1/S1 (EB6, Beckman 
Coulter, Immunotech, Marseilles, France), anti-KIR2DL2/3/ 
S2-PE-Cy7 (GL183, Beckman Coulter), anti-KIR3DL1/S1-PE 
(Z27, Beckman Coulter), and anti-NKG2C-APC (REA205, 
Miltenyi Biotec, Paris, France). The NK cell surface phenotype 
from patients was determined by seven-color multiparameter 
flow cytometry (MFC) on PBMCs using the following mouse 
anti-human mAbs: anti-CD3-APC-Cy7 (SK7, Sony), anti- 
CD56-BV510 (HCD56, Sony), anti-KIR2DL1/S1 (EB6, 
Beckman Coulter), anti-KIR2DL2/3/S2-PE-Cy7 (GL183), anti- 
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KIR3DL1/S1-PE (Z27), anti-NKG2A-PC7 (Z199, Beckman 
Coulter) and anti-NKG2C-APC (REA205, Miltenyi Biotec, 
Paris, France).

CD20 and HLA class I cell surface expressions were confirmed 
on EBV-transformed B lymphoblastoid cell lines by flow cytome-
try using the following mouse anti-human mAbs: anti-CD20- 
FITC and anti-HLA class I-FITC (F41-IE3H1D2, EFS Nantes).

CD107a mobilization assay by flow cytometry

EBV-B cell lines were pre-incubated with the anti-CD20 mAb 
(Roche, Basel, Switzerland) to a final concentration of 0.1, 1, or 
10 µg/mL. PBMCs from healthy blood donors were mixed with 
EBV-B target cells in the presence of anti-CD107a-BV421 
(H4A3, Sony) mAb, and NK-cell (CD3− CD56+) degranulation 
was assessed after incubation for 5 h alone (negative control) or 
with different target cells (E:T ratio = 1:1) with brefeldin 
A (Sigma) at 10 μg/mL for the last 4 h. Then, the NK cell 
phenotype was obtained as previously indicated. All flow cyto-
metry data were collected using an FACSCanto II (BD 
Biosciences) and analyzed using FlowJoTM 10.6 software 
(FlowJo LLC, Ashland, OR, USA).

Statistical analysis

Comparison of data in two series was performed using the 
Student’s t-test. Statistical differences between different groups 
were analyzed using one-way ANOVA. All statistical analyses 
were performed using GraphPad Prism v6.0 software (San 
Diego, CA, USA). P values <.05 were considered statistically 
significant.

Results

Inhibitory KIR2DL/HLA-C interaction brings 
rituximab-dependent educated KIR2DL+ NK cell 
degranulation down to the degranulation baseline of 
uneducated counterpart

We evaluated the modulation of rituximab-dependent NK cell 
cytotoxicity in a cohort of healthy blood donors using the main 
inhibitory KIR2DL1, KIR2DL2/3 and KIR3DL1 and activating 
KIR2DS1. The KIR genotypes and HLA class I types were 
determined as well as CD16 V158F polymorphism, in order 
to include only donors with CD16 158 VV or VF (supplemen-
tal table S1). Seven C1C1, three C1C2 and four C2C2 were 
studied from 14 blood donors. Notably, a majority of donors 
(11/14) were HLA-A and/or HLA-B Bw4+ (supplemental 
table S1). We used three homozygous HLA class I EBV-B 
cell lines that did or did not express Bw4, C1, or C2 KIR 
ligands. All EBV-B cell lines expressed CD20 and a similar 
level of HLA class I molecules (figure S1).

From blood donor PBMCs, NK cells were identified as 
CD3− CD56+ cells. Most of them were CD56dim. A KIR- 
specific mAb combination led us to target three NK cell subsets 
expressing either KIR2DL1+ others− (KIR2DS1−/2DL2/3−/ 
3DL1−), KIR2DL2/3+ others− (KIR2DL1/S1−/3DL1−), or 
KIR3DL1+ others− (KIR2DL1/2/3−2DS1−), and one NK cell 
subset expressing only KIR2DS1+ (KIR2DL1−/2DL2/3−/ 

3DL1−) as illustrated in Figure 1a with a representative donor 
expressing KIR2DL1, KIR2DS1, KIR2DL3, and KIR3DL1.

Different rituximab concentrations were evaluated to deter-
mine the best one to assess the modulator effect of inhibitory 
KIR/HLA interactions in our in vitro cellular model. PBMCs 
were incubated with the different EBV-B cell lines, NK cells 
were identified as CD3− CD56+, and the degranulation 
(CD107a) of each NK cell subset was determined by flow 
cytometry. At 10 µg/mL of antibody, the CD16-mediated acti-
vation masked the inhibitory effect of KIR2DL1 on NK cell 
cytotoxicity against the C2+ EBV-B cell line (Figure 1b). 
However, at 1 and 0.1 µg/mL, the inhibitory KIR2DL1 signal 
was measurable and thus the concentration of rituximab was 
0.1 µg/mL in all subsequent experiments in this study. At this 
concentration, we observed lower rituximab-dependent degra-
nulation of all NK cells from CD16-158 FF blood donors 
compared to CD16-158 VV and VF blood donors and no 
difference between the last two groups (data not shown).

Rituximab-dependent KIR2DL1+ others− NK cell degranula-
tion was inhibited against both C2+ EBV-B cell lines compared 
to the C2− EBV-B cell line (p < .0001) (Figure 1c). The degra-
nulation of C2C2 KIR2DL1+ others− NK cells was significantly 
higher than that of their C1C1 counterparts against the C2+ 

EBV-B cell line (p = .001) due to their educated status 
(Figure 1d). Indeed, the inhibition ratio against C2+ EBV-B cell 
lines compared to the C2− EBV-B cell line was similar for C1C1, 
C1C2 and C2C2 donors (data not shown) and better sponta-
neous degranulation of educated KIR2DL1+ NK cells against the 
C2− EBV-B cell line was observed (Figure 1d). Interestingly, 
although the KIR2DL1/C2 interaction inhibited the rituximab- 
dependent educated KIR2DL1+ others− NK cell degranulation 
(C2+ target condition), the latter was brought down to the 
degranulation level of uneducated KIR2DL1+ others− NK cells 
without KIR2DL1/C2 inhibition (C2− target condition). The 
rituximab-dependent NK cell degranulation was associated 
with decreased expression of CD16 on the cell surface for all 
studied NK cell subsets, as illustrated for KIR2DL1+ others− NK 
cells (Figure 1e) and as previously demonstrated.27,28

The rituximab-dependent KIR2DL2/3+ others− NK cell 
degranulation was reduced with the C1+ EBV-B cell line com-
pared with both C1− EBV-B cell lines (p = .02) (figure 1f). The 
lower degranulation potential of uneducated C2C2 KIR2DL2/ 
3+ others− NK cells was clearly observed against C1− EBV-B 
cell lines (p = .0007) and to a lesser extent with only one C1 
ligand present to educate KIR2DL2/3+ others− NK cells 
(p = .02) (Figure 1g). Although the KIR2DL/HLA-C interac-
tion inhibited the rituximab-dependent educated KIR2DL+ 

others− NK cell degranulation, the latter was brought down 
to a higher level compared to uneducated KIR2DL+ others− NK 
cells. Together, these results show a significant inhibitory effect 
of KIR2DL on NK ADCC and the hyporesponsiveness of 
uneducated KIR2DL+ NK cells.

Inhibitory KIR3DL1-Bw4 interaction brings 
rituximab-dependent NK cell degranulation down to the 
degranulation baseline of uneducated KIR3DL1+ NK cells

Rituximab-dependent KIR3DL1+ others− NK cell degranula-
tion was significantly inhibited against the Bw4+ EBV-B cell 

ONCOIMMUNOLOGY e1936392-3



line compared with the Bw4− EBV-B cell line after rituximab 
NK cell activation (p = .0002) (Figure 1h). Educated KIR3DL1+ 

NK cells displayed better degranulation than uneducated ones 
against Bw4− and Bw4+ target cells (Figure 1i). However, the 
differences in degranulation were not significant probably due 
to the broad polymorphism of KIR3DL1, which is known to 
drastically impact its membrane expression and inhibitory 
effect. As previously observed for KIR2DL, although the 
KIR3DL1/HLA-Bw4 interaction inhibited the rituximab- 
dependent educated KIR3DL1+ others− NK cell degranulation, 

the latter was brought down to a higher level compared to 
uneducated KIR3DL1+ others− NK cells underlying the hypor-
esponsiveness of these uneducated NK cells.

Activating KIR2DS1 signal enhances rituximab-dependent 
NK cell degranulation from C2− blood donors

The activating KIR2DS1 recognizes HLA-C C2 ligands as its 
inhibitory homolog KIR2DL1.11,12,29,30 Using the same KIR- 
specific mAb combination, we further investigated the 

Figure 1. Inhibitory KIR-HLA interaction brings rituximab-dependent educated KIR+ NK cell degranulation down to the degranulation baseline of 
uneducated counterpart. (a) Representative density plots illustrating the strategy to target three NK cell subsets expressing either KIR2DL1+ others− (KIR2DS1−/ 
2DL2/3−/3DL1−), KIR2DL2/3+ others− (KIR2DL1/S1−/3DL1+) or KIR3DL1+ others− (KIR2DL1/2/3−2DS1−) and one NK cell subset expressing only KIR2DS1+ (KIR2DL1−/ 
2DL2/3−/3DL1−) from PBMC as illustrated for a representative donor expressing KIR2DL1, KIR2DS1, KIR2DL3 and KIR3DL1. A first mAb combination led to exclude 
KIR3DL1/S1+ and KIR2DL2/3+ NK cells (red gate) and a second mAb combination led to select either KIR2DL1+ 2DS1− NK cells or KIR2DS1+ 2DL1+ NK cells. Similarly, 
a first mAb combination led to select KIR3DL1+ NK cells and to exclude KIR2DL2/3+ NK cells (green gate) and a second mAb combination to exclude KIR2DL1+ and 
KIR2DS1+ NK cells. To target KIR2DL2/3+ others−, the first combination led to target KIR2DL2/3+ and exclude KIR3DL1/S1+ NK cells and the second one led to exclude 
KIR2DL1+ and KIR2DS1+ NK cells. (b) Determination of the optimal rituximab (RTX) concentration to observe inhibiting KIR2DL1-C2 interaction on NK cell ADCC. RTX- 
dependent KIR2DL1+ others− NK cell degranulation (Δ CD107a+) frequency against C2− and C2+ EBV-B cell lines for a representative blood donor determined by flow 
cytometry at different RTX concentrations (0.1, 1, and 10 µg/mL) using 1:1 PBMC:EBV-B cell line ratio. (c) RTX dependent KIR2DL1+ others− NK cell degranulation (Δ 
CD107a+) frequency against C2− (n = 14) and C2+ (Bw4−, n = 14 and Bw4+, n = 14) EBV-B cell lines for all blood donors determined by flow cytometry. Specific CD107a 
expression is reported as ΔCD107a calculating the difference of CD107a+ NK cell frequency of the test (EBV-B + RTX) and of the NK alone (medium). (d) Frequencies of 
RTX-dependent KIR2DL1+ others− NK cell degranulation (Δ CD107a+) against one C2− EBV-B cell line for C1C1 (n = 7), C1C2 (n = 3) and C2C2 (n = 4) blood donors and 
two C2+ (Bw4− and Bw4+) EBV-B cell lines for C1C1 (n = 14), C1C2 (n = 6) and C2C2 (n = 8) blood donors. (e) Representative density plots of RTX-dependent KIR2DL1+ 

others− NK cell degranulation (CD107a) against C2− and C2+ EBV-B cell lines. CD16 expression is evaluated on NK cells. The frequencies are indicated on the density plot 
and the mean fluorescent intensity of CD16 on NK cells is indicated in italic. (f) RTX-dependent KIR2DL2/3+ others− NK cell degranulation (Δ CD107a+) frequency against 
C1− (Bw4−, n = 14 and Bw4+, n = 14) and C1+ (n = 14) EBV-B cell lines for all blood donors. (g) RTX-dependent KIR2DL2/3+ others− NK cell degranulation against C1− 

EBV-B cell lines for C1C1 (n = 14), C1C2 (n = 6) and C2C2 (n = 8) blood donors and against C1+ EBV-B cell lines for C1C1 (n = 7), C1C2 (n = 3) and C2C2 (n = 4) blood 
donors. (h) RTX-dependent KIR3DL1+ others− NK cell degranulation against Bw4− (Bw4−, n = 11 and Bw4+, n = 11) and Bw4+ (n = 11) EBV-B cell lines for all blood 
donors. (i) RTX-dependent KIR3DL1+ others− NK cell degranulation against Bw4− EBV-B cell lines for Bw4− (n = 6) and Bw4+ (n = 16) blood donors and against Bw4+ 

EBV-B cell lines for Bw4− (n = 3) and Bw4+ (n = 8) blood donors. (j) RTX-dependent KIR2DS1+ others− NK cell degranulation (% CD107a+) against C2− (n = 7) and C2+ 

(Bw4−, n = 7 and Bw4+, n = 7) EBV-B cell lines for all blood donors. (k) RTX-dependent KIR2DS1+ others− NK cell degranulation against 2 C2+ (Bw4− and Bw4+) EBV-B cell 
lines for C1C1 (n = 8) and C2C2 (n = 6) blood donors and against one C2− EBV-B cell line for C1C1 (n = 4) and C2C2 (n = 3) blood donors. *p < .05, **p < .01, ***p < .001, 
****p < .0001.
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activating potential of KIR2DS1 on rituximab-dependent NK 
cell degranulation. The degranulation of KIRDS1+ others− 

(KIR2DL1/2/3−/3DL1−) NK cell subset was higher after ritux-
imab NK cell activation against both C2+ EBV-B cell lines 
compared to the C2− EBV-B cell line (p = .0246) (Figure 1j). 
We observed two groups of responders against the C2+ EBV-B 
cell line. Indeed, this observation was particularly obvious for 
C1C1 compared to C2C2 blood donors (p < .0001) (Figure 1k) 
in accordance with the fact that only KIR2DS1+ NK cells from 
C2− blood donors are C2 alloreactive.

Lower modulator effect of KIR2DL2/3 than KIR2DL1, 
KIR3DL1 and KIR2DS1 on rituximab-dependent NK cell 
degranulation

After considering each KIR+ NK cell subset, we further com-
pared them against each EBV-B target cell. The KIR− NK cell 
subset was included in our analysis (supplemental Figure S2A) 
as a control cell subset, since its rituximab-dependent degra-
nulation was similar against all EBV-B cell lines whatever their 
HLA class I genotype in terms of KIR ligands (supplemental 
figure S2B).

Inhibitory KIR+ NK cells displayed similar rituximab- 
dependent degranulation against the C1C1 Bw4− EBV-B cell 
line despite potential inhibition mediated by the KIR2DL2/3/ 
C1 interaction (Figure 2a). Of note, KIR2DS1+ others− and 
KIR− NK cell subsets showed lower rituximab-dependent 
degranulation (p = .02 between KIR2DS1+ others− and 
KIR2DL1+ others− NK cell subsets, p = .005 between KIR− 

and KIR2DL1+ others− NK cell subsets). In contrast, 
KIR2DL1/C2 inhibition and KIR2DS1/C2 activation limited 
rituximab dependent NK cell degranulation against the C2C2 
Bw4− EBV-B cell line (Figure 2b) (p < .0001 between 
KIR2DL1+others− and KIR3DL1+ others− NK cell subsets). 
Finally, KIR2DL1/C2 and KIR3DL1/Bw4 inhibition and 
KIR2DS1/C2 activation also reduced rituximab-dependent 
NK cell degranulation against the C2C2 Bw4+ EBV-B cell line 
(Figure 2c). Once more, KIR− NK cell subsets showed low 
rituximab-dependent NK cell degranulation against these last 
EBV-B cell lines (Figure 2b-c). Taken together, these results 
highlight a lower modulator effect of KIR2DL2/3 with its C1 
ligands on NK cell rituximab-dependent NK cell degranulation 
compared to inhibitory KIR2DL1 and KIR3DL1 and activating 
KIR2DS1.

In order to obtain an overview of how KIR and HLA class 
I molecules affect rituximab-dependent NK cell degranulation, 
we analyzed the NK cell degranulation of all NK cells taking 
into account the number of KIR ligands and the frequency of 
peripheral blood KIR− and KIR+ NK cells in studied blood 
donors. For this, we chose NK cell degranulation against the 
EBV-B cell line, which does not express any KIR ligand sus-
ceptible to inhibiting NK cell functions. Thus, both C1C1 Bw4− 

and C2C2 Bw4− EBV-B cell lines were identified as target cells 
with only one KIR ligand (C1 or C2). In parallel, we excluded 
all C1C2 blood donors as they possess educated KIR2DL1 and 
KIR2DL2/3 NK cells. We kept only the results obtained for 
C1C1 or C2C2 blood donors in this analysis. For instance, NK 
cell degranulation from C1C1 and C2C2 Bw4− or Bw4+ blood 

Figure 2. Lower modulator effect of KIR2DL2/3 than KIR2DL1, KIR3DL1 and KIR2DS1 on rituximab-dependent NK cell degranulation. RTX-dependent NK cell 
degranulation (Δ CD107a+) frequency for each targeted NK cell subset: 2DL1− others−, 2DL2/3 others−, 3DL1+ others−, 2DS1+ others− and KIR- NK cells against (a) C1C1 
Bw4− EBV-B cell line, (b) C2C2 Bw4− EBV-B cell line, and (c) C2C2 Bw4+ EBV-B cell line. ANOVA test. (d) RTX-dependent NK cell degranulation (Δ CD107a+) frequency 
following KIR ligands number. The Student’s t-test was performed between the series with three and five KIR ligands. (e) Correlation between percentage of RTX- 
dependent NK cell degranulation (Δ CD107a+) frequency and the KIR− NK cell frequency. *p < .05, **p < .01, ***p < .005, ****p < .0001.
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donors was retained against C2C2 Bw4− and C1C1Bw4− EBV- 
B cell lines, respectively. Interestingly, the higher the cell degra-
nulation, the more the number of KIR ligands limits the fre-
quency of rituximab-dependent CD107a+ NK cells (p = .01) 
(Figure 2d). Of note, the frequency of KIR− NK cells correlates 
inversely with rituximab-dependent CD107a+ NK cells 
(p = .04) (Figure 2e).

Lower KIR ligand numbers and peripheral blood KIR− NK 
cell frequency are good prognostic markers of rituximab 
responses in lymphoma patients

The influence of CD16, the number of KIR ligands, and the 
frequency of peripheral blood KIR− and KIR+ NK cells were 
evaluated in a cohort of 74 NHL patients treated with ritux-
imab as part of immunochemotherapy (Table 1).

The distribution of CD16 genotypes in the cohort (10% VV, 
47% VF, and 43% FF) was consistent with known frequencies.5,26 

Of note, no association between CD16-158V/F polymorphism 
and the rituximab response was observed (Figure 3a).

The clinical response to rituximab was analyzed according 
to the number of KIR ligands and the frequency of peripheral 

blood KIR− NK cells. A phenotype of NK cells was obtained 
from patient PBMCs to determine whether KIR2DL1, 
KIR2DL2/3, and KIR3DL1 were expressed (supplemental 
Figure S3). A KIR-specific mAb combination led us to deter-
mine KIR− and KIR+ NK cell frequencies. NKG2A and NKG2C 
were also evaluated. KIR2DL1 and KIR2DL2/3 were always 
expressed on NK cells from all studied patients and only six 
Bw4+ patients did not express a membrane KIR3DL1, as illu-
strated for a representative patient in supplementary figure 
S3C-D. In parallel, from their HLA typing, we deduced the 
number of KIR ligands (A3/A11, Bw4, C1, and C2). We deter-
mined the number of KIR ligands for which the corresponding 
KIR was expressed in NK cells. C1, C2, and A3/A11 were 
always identified as KIR ligands as the cognate receptor was 
expressed in NK cells of all patients. In contrast, HLA-A and 
HLA-B molecules with a Bw4 motif were identified as KIR 
ligands only for patients expressing membrane KIR3DL1. 
Thus, four groups of patients were determined with two, 
three, four or more than 5 KIR ligands (Figure 3b). Complete 
responses were significantly higher in the group of patients 
displaying only 2 KIR ligands compared to those with more 
than five KIR ligands (p = .03) (Figure 3b).

To evaluate the impact of KIR− NK cell frequency on the 
clinical outcome, we determined 4 four groups of patients 
including around 16 and 20 patients with lower to higher 
frequencies (Figure 3c). PD is more frequent in patients dis-
playing a high frequency of KIR− NK cells (≥ 71.80%) com-
pared to low frequency (44.5–56.80%, p = .01; 56.80–71.80%, 
p = .04). In contrast, CR is less frequent in patients displaying 
a high frequency of KIR− NK cells (≥ 71.80%) compared to low 
frequency (44.5–56.80%, p = .02; 56.80–71.80%, p = .01) 
(Figure 3c). Even though it was nonsignificant, we observed 
that the frequency of KIR+ NK cells decreased with an 
increased number of KIR ligands (Figure 3d).

Low KIR ligand numbers and peripheral blood KIR− NK cell 
frequency are good prognostic markers of rituximab 
responses in low-grade lymphoma patients

Details on the treatment and pathologies of NHL patients are 
presented in supplemental table S2. Forty-four patients were 
treated for low grade (LG) NHL (FL, n = 24; WM, n = 16; other, 
n = 4) and 30 were treated for high-grade (HG) (DLBCL, 
n = 16; MCL, n = 12; other, n = 2). As expected, given the 
intensity of treatments received, a higher rate of CR was 
observed in patients treated for a HG NHL than LG NHL 
(p = .003) (Figure 4a). The distribution of CD16 genotype, 
number of KIR ligands, and frequency of peripheral blood 
KIR− NK cells were comparable between patients treated for 
HG and LG NHL (Figure 4b-d).

The same analysis in the LG subgroup showed analogous 
results, with a 75% CR rate in patients displaying 2 KIR ligands 
vs. 0% in patients displaying ≥5 KIR ligands (p = .03) 
(Figure 5a). HG subgroup analysis showed an unfavorable 
trend for patients with ≥5 KIR ligands, with no significant 
difference, probably due to the small sample size (Figure 5b). 
The same result was observed when analyzing the LG sub-
group; patients exhibiting higher frequency of KIR− NK cells 
(≥ 71.80%) had lower CR (p = .01) and higher PD (p = .01) 

Table 1. Characteristics of patients.

Characteristics
CR 

(N = 34)
PR 

(N = 29)
PD/SD 

(N = 11)
Total 

(N = 74) p Value

Gender
Female 

Male
15 (44) 

19 
(47.5)

15 (44) 
14 

(35)

4 (12) 
7 

(17.5)

34 (46) 
40 

(54)
Age (years)
<65 

>65
13 (56) 

21 (41)
8 (35) 

21 
(41)

2 (9) 
9 (18)

23 (31) 
51 

(69)
Disease 0.0085
High grade NHL 

Other low grade 
NHL

20 (67) 
14 (32)

6 (20) 
23 

(52)

4 (13) 
7 (16)

30 (41) 
44 

(59)
CMV status
Positive 

Negative 
ND

13 (52) 
13 (45) 
8 (40)

9 (36) 
13 

(45) 
7 (35)

3 (12) 
3 (10) 
5 (25)

25 (34) 
29 

(39) 
20 

(27)
CD16 genotype 0.4656
VV 

VF 
FF

3 (37.5) 
14 (41) 
17 (53)

3 (37.5) 
13 

(38) 
13 

(41)

2 (25) 
7 (21) 
2 (6)

8 (11) 
34 

(46) 
32 

(43)
HLA-C ligands 0.569
C1C1 

C1C2 
C2C2

10 (39) 
19 (50) 
5 (50)

11 (42) 
13 

(34) 
5 (50)

5 (19) 
6 (16) 
0 (0)

26 (35) 
38 

(51) 
10 

(14)
HLA-A/B Bw4 ligands 0.5216
Bw4+ 

Bw4-
22 (43) 

12 (52)
21 (41) 

8 (35)
8 (16) 

3 (13)
51 (69) 

23 
(31)

HLA-A3/A11 ligands 0.8716
A3/A11+ 

A3/A11-
10 (42) 

24 (48)
10 (42) 

19 
(38)

4 (16) 
7 (14)

24 (32) 
50 

(68)

Data are presented as n (%). 
Abbreviations: CR: Complete response; PR: partial response; SD: stable disease; 

PD: progressive disease; CMV: cytomegalovirus; HLA: Human Lymphocytic 
Antigen.
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(Figure 5c). By contrast, the frequency of KIR− NK cells in the 
HG subgroup was not an important factor for explaining the 
classification of patients based on their clinical outcome 
(Figure 5d).

Discussion

In our in vitro cellular model, we determined the optimal 
rituximab concentration (0.1 µg/mL), in accordance with pre-
vious studies,16 leading to an assessment of KIR/HLA inhibi-
tion of rituximab-dependent NK cell degranulation from blood 
donors with CD16-158VV or VF genotype to rule out the 
influence of CD16-158 FF polymorphism. All inhibitory KIR 
investigated in our cellular model inhibited rituximab- 
dependent NK cell degranulation, as previously observed by 
other groups with different cellular models.9,16,17 Nonetheless, 
we observed a differential contribution of inhibitory KIR, as 
KIR2DL1 had a greater effect than KIR2DL2/3 or KIR3DL1. 
Educated KIR NK cells had higher responsiveness compared to 
their uneducated counterparts. However, the inhibitory effect 
was similar for both NK cell subsets. Thus, despite the inhibi-
tory signal mediated by KIR/HLA interactions, educated NK 
cells constitute the best subset to mediate high ADCC ritux-
imab-dependent NK cell degranulation. Our observations are 
along the same lines as those previously reported in HIV 

models.17,18 However, they disagree with previous studies 
showing a dominance of uneducated NK cells in anti-GD215 

and in rituximab-dependent NK ADCC responses.16 Finally, 
we observed a negative correlation between rituximab- 
dependent NK cell degranulation and the number of KIR 
ligands and between degranulation and KIR+ NK cell 
frequency.

To elaborate further on the clinical side, we observed an 
increased frequency of KIR− NK cells and inversely decreased 
frequency of KIR+ NK cells associated with disease progression 
in lymphoma patients. These results are in accordance with the 
NK cell dysfunction observed in chronic lymphocytic leukemia 
(CLL) associated with a striking reduction in the frequency of 
NK cells expressing KIR2DL1 and/or KIR3DL1, which pro-
gresses over time in most patients.31 Our observation can be 
explained by the poor contribution of KIR− NK cells to ritux-
imab-dependent ADCC against all EBV-B cell lines in our 
cellular model in contrast to educated and uneducated KIR+ 

NK cells. It is known that the induction of ADCC resistance 
can be explained in part by the formation of non-optimal 
immune synapse.32 Genetic diversity in KIRs affects mem-
brane-proximal signaling and the formation of activating 
immune synapses.33 KIR− NK cells may present a non- 
optimal immune synapses due to the absence of education via 
KIR/HLA interactions. Moreover, our study emphasizes the 

Figure 3. Lower KIR ligand numbers and peripheral blood KIR− NK cell frequency are good prognostic markers of rituximab responses in lymphoma 
patients. (a) Pie charts representing the distribution of lymphoma patients (n = 74) following clinical outcome (CR, PR, and SD/PD) and CD16 polymorphism (VV, VF, and 
FF). (b) Pie charts representing the distribution of lymphoma patients following clinical outcome (CR, PR, and SD/PD) and the number of KIR ligands (2, 3, 4 or ≥5). (c) Pie 
charts representing the distribution of lymphoma patients following clinical outcome (CR, PR, and SD/PD) and the KIR− NK cell frequency (≤ 44.5, 44.5–56.80, 56.80– 
71.80 and ≥ 71.80). (d) KIR+ NK cell frequencies following the number of KIR ligands for all lymphoma patients. The green and blue lines determine the significant 
difference between 2 groups for CR and SD/PD outcomes *p < .05.
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influence of the number of KIR ligands on the frequency of 
KIR+ NK cells, showing that the frequency of cells decreases 
with the number of ligands, and inversely for KIR− NK cells. 
Thus, KIR+ NK cells appear essential to drive efficient ADCC 
rituximab-dependent degranulation, whatever their education 
status, as even uneducated, KIR+ NK cells demonstrate higher 
responsiveness than KIR− NK cells in rituximab-dependent 
degranulation (Figure 6).

Furthermore, we describe for the first time the triggering 
effect of the KIR2DS1-C2 interaction on rituximab-dependent 
NK cell degranulation. Although the triggering effect of 
KIR2DS1 on the rituximab-dependent total NK cell response 
is limited due to the low frequency of KIR2DS1+ NK cells, it 
can be an advantage to select KIR2DS1+ C2− NK cells with the 
overarching goal of obtaining an efficient CD16+ cell line for 
ADCC, as previously described.34

The deleterious influence of the CD16-158F/F genotype has 
been described with regard to the clinical outcomes of NHL 
patients after rituximab treatment.5 Against this HLA back-
ground, CD16 polymorphism appears to have a collateral 
effect, as no association between CD16-158V/F polymorphism 
and rituximab responses was observed in 74 NHL patients. 
This discrepancy may be due to the lower number of NHL 
patients (n = 49) in the original study and the focus only on the 
CD16-158V/F polymorphism, as the authors themselves sug-
gested other potential genetic polymorphisms to explain their 
observations. Moreover, it has been shown that this functional 
difference of NK cells between VV and FF genotyped patients 
is hidden when high rituximab concentrations are used.7 

Delgado et al. showed an association between relapsed/refrac-
tory neuroblastoma (NB) patients with KIR/KIR-ligand mis-
matches and better response/improvement to humanized anti- 
GD2 monoclonal antibody linked to human IL2 in a phase II 
trial.35 Interestingly, in their study, autologous KIR/KIR-ligand 
mismatches were more meaningful than the CD16 polymorph-
ism in this study. Due to the limited number of patients and the 
low frequency of the CD16 158-V/V variant, no significant 
association between this genotype and response was 
determined.

In this study, we focused our investigations on KIR-HLA 
interactions; however, CD94/NKG2A-HLA-E interaction 
contributes to inhibiting NK cell function and educating 
NK cells. It has been shown that NKG2A+ NK cell fre-
quency is inversely correlated with KIR+ NK cell frequency 
and KIR number.36 Our results suggest that rituximab- 
dependent NK ADCC is improved when KIR+ NK cell 
frequency is high and indirect when CD94/NKG2A+ NK 
cell frequency is low. Deep investigations into the effect of 
CD94/NKG2A on rituximab-dependent NK ADCC should 
be conducted in order to evaluate the potential interest in 
monalizumab to improve lymphoma treatment.37 Indeed, 
additive approaches may improve the poor clinical prog-
nosis of NHL patients on rituximab treatment.38 For 
instance, it has been demonstrated that the combination of 
rituximab and inhibitory KIR blocking mAbs yields 
improved NK cell-mediated lysis over rituximab alone.39,4041

KIR and HLA gene families constitute the most poly-
morphic and polygenic receptor/ligand pair in humans, and 

Figure 4. Distribution of lymphoma patients following clinical grade level. histograms representing the distribution of high-grade and low-grade lymphoma 
patients (n = 74) following (a) clinical outcome (CR, PR, and SD/PD), (b) CD16 polymorphism (VV, VF, and FF), (c) the number of KIR ligands (2, 3, 4 or ≥5) and (d) the KIR− 

NK cell frequency (≤ 44.5, 44.5–56.80, 56.80–71.80 and ≥ 71.80). *p < .05.
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their functional interactions drive a large diversity of NK 
cells with a limited number of germline-encoded genes.41 

Our results illustrate in part the major impact of KIR and 
HLA polymorphism on the structural and functional 

Figure 5. Lower KIR ligand numbers and peripheral blood KIR− NK cell frequency are good prognostic markers of rituximab responses in low-grade 
lymphoma patients. Pie charts representing the distribution of (a) low-grade and (b) high-grade lymphoma patients following clinical outcome (CR, PR, and SD/PD) 
and the number of KIR ligands (2, 3, 4 or ≥5). The green line determines the significant difference between 2 groups for CR outcome. *p < .05. Pie charts representing 
the distribution of (c) low-grade and (d) high-grade lymphoma patients following clinical outcome (CR, PR, and SD/PD) and the KIR− NK cell frequency (≤ 44.5, 44.5– 
56.80, 56.80–71.80 and ≥ 71.80). The green and blue lines determine the significant difference between 2 groups for CR and SD/PD outcomes. *p < .05.

Figure 6. Graphic overview of the functional articulation between the number of KIR ligands and main NK cell subsets in modulating rituximab-dependent 
NK ADCC responses. A sizable KIR ligand environment favors a higher frequency of inefficient KIR− NK cells and numerous functional KIR/HLA inhibitions of educated 
KIR+ NK cells. By contrast, a low number of KIR ligands favor higher frequency of uneducated and educated NK cells that harbor a better rituximab-dependent ADCC 
than KIR− NK cells.
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formation of the NK cell repertoire, as was recently shown 
(Makanga et al. on Cancer). Numerous approaches to NK 
cell immunotherapy are developed using mainly autologous 
or allogeneic NK cell bulk without taking into account all 
genetic and allelic KIR and HLA polymorphisms. More 
investigations are required to better define the most effi-
cient NK cell subsets and the NK cell donors from genetic 
markers to improve promising NK cell immunotherapies.

Taken together, our results permit an overview on the 
influence of KIR, KIR ligands and CD16 polymorphisms on 
rituximab-dependent NK cell cytotoxicity, integrating 
genetic rules of the structural and functional formation of 
the NK cell repertoire. These results pave the way for 
strengthening the prediction of rituximab responses in 
NHL patients. Indeed, two digit HLA class I types (HLA- 
A, -B, and -C) determined by molecular biology and/or 
KIR+ NK cell frequency determined by flow cytometry 
could be simple and useful markers for predicting rituxi-
mab responses.
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