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Strategies to mobilise natural killer (NK) cells against cancer include tumour-
targeting antibodies, NK cell engagers (NKCEs) and the adoptive transfer of ex
vivo expanded healthy donor-derived NK cells. Genetic and functional studies
have revealed that expression of the activating killer immunoglobulin-like
receptor KIR2DS2 is associated with enhanced function in NK cells from
healthy donors and improved outcome in several different malignancies. The
optimal strategy to leverage KIR2DS2+ NK cells therapeutically is however
currently unclear. In this study, we therefore evaluated the response of
KIR2DS2-expressing NK cells to activation against cancer with clinically
relevant tumour-targeting antibodies and following ex vivo expansion. We
identified that KIR2DS2™9" NK cells from patients with chronic lymphocytic
leukaemia and hepatocellular carcinoma had enhanced activation in response
to tumour-targeting antibodies compared to KIR2DS2- NK cells. However, the
superior function of healthy donor derived KIR2DS2™9" NK cells was lost
following ex vivo expansion which is required for adoptive transfer-based
therapeutic strategies. These data provide evidence that targeting KIR2DS2
directly in cancer patients may allow for the utilisation of their enhanced
effector function, however such activity may be lost following their ex
Vivo expansion.
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1 Introduction

Natural killer (NK) cells are cytotoxic innate lymphocytes with
an increasingly recognised role in the control of cancer via direct
lysis of target cells and promotion of the anti-cancer immune
response through release of proinflammatory cytokines such as
IFNY (1). Due to their expression of the Fc gamma receptor (FcyR)
CD16A, NK cells can also contribute to the anti-tumour functions
of certain monoclonal antibodies (mAbs) via antibody dependent
cellular cytotoxicity (ADCC) (2). NK cells represent powerful
cellular therapeutic tools for controlling tumour growth however,
in cancer patients, NK cells can become exhausted and/or
dysfunctional (3-5). The adoptive transfer of NK cells from
healthy donors with or without the expression of a chimeric
antigen receptor (CAR) (6, 7) can overcome this issue and
CAR-NK cells are currently demonstrating an improved safety
profile compared to CAR-T cells in clinical trials, with no graft
versus host disease (GvHD), cytokine release syndrome or
neurotoxicity reported to date (8, 9). However, NK cells sourced
from healthy donors are heterogeneous and the expression of
activating and inhibitory cell surface receptors and potency of
anti-tumour responses is variable, presenting a limitation to the
implementation of effective allogeneic NK adoptive transfer
therapies in the clinic (6, 7, 10). To overcome this issue, the
identification of genetic and phenotypic NK cell traits associated
with superior function could inform optimal donor selection and/or
parameters to monitor during ex vivo expansion. Indeed, the
selective expansion of NK cells from donors with high expression
of the activating receptor NKG2C has recently been shown to
improve anti-tumour activity in vivo, and associate with enhanced
cytotoxicity against primary leukemic blast cells ex vivo (11). This
exemplifies the potential utilisation of NK cell subpopulations
expressing specific receptors to aid donor selection and
expansion strategies.

A critical receptor family for controlling NK cell activation is
the Killer-cell Immunoglobulin-like Receptor (KIR) family which is
made up of activating and inhibitory isoforms (12, 13). Ligation of
inhibitory KIR with self-HLA prevents the killing of healthy host
cells by NK cells (14) and HLA downregulation by malignantly
transformed cells can unleash NK cell cytotoxicity, a paradigm
known as missing-self (15). Immunogenetic studies have revealed
that the activating receptor KIR2DS2 is associated with improved
outcomes across multiple cancer types (16-20) and improved
outcome following cord blood (21) or peripheral blood stem cell
(22) transplant for patients with haematological malignancies.
However, the high sequence homology between the activating and
inhibitory KIR has hindered investigations into the relationship
between KIR2DS2 and survival in cancer patient RNA-sequencing
datasets. KIR2DS2 is known to bind HLA-C in combination with
virus-associated peptides (13), although no cancer specific ligands
have been reported to date. Furthermore, this is supported by in
vitro studies which have demonstrated that KIR2DS2 is associated
with enhanced effector functions (21, 23-25) and a transcriptional
profile enriched for NK cell cytotoxicity-associated genes (25). It is
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currently unclear however whether the enhanced functional
capacity of KIR2DS2+ NK cells is retained in patients with cancer
or following their ex vivo expansion. This information is critical to
allow for the effective utilisation of KIR2DS2+ NK cells in cancer
and in this study we aimed to address this.

2 Methods
2.1 Primary patient samples and cell lines

Healthy donor (male and female, age range 22-60 years)
peripheral blood mononuclear cells (PBMCs) were obtained with
full ethical approval from the National Research Ethics Committee
(reference 06/Q1701/120). HCC patients (Supplementary Table 1)
were recruited from the outpatient clinic at Southampton General
Hospital and provided informed consent and approved by NRES
Committee South Central-Southampton-B 12/SC/0521. CLL
samples (Supplementary Table 2) were obtained from patients
recruited in the “real world” observational study at the University
of Southampton (NIHR/UKCRN ID: 31076, CI F.Forconi)
following written informed consent in accordance with Ethics
Committee approvals (UK National Research Ethics Service
number 19/WM/0262) and the Declaration of Helsinki. Diagnosis
of CLL was according to the 2008 International Workshop on CLL
(IWCLL2008)/National Cancer Institute (NCI) criteria (26).
Diagnosis was confirmed by a flow cytometry “Matutes score” >3
in all cases. Phenotypic and immunogenetic characteristics (tumour
IGHV usage and mutational status) were determined as previously
described (27). CLL patient, HCC patient and healthy donor
PBMCs were cryopreserved in liquid nitrogen.

Human liver cancer cell lines (HepG2 and PLC/PRF5) were
maintained in DMEM (Gibco) supplemented with 1% penicillin-
streptomycin (Life Technologies) and 10% FBS (Sigma). PBMC,
Raji cells and the HLA-null 721.221 B cell lymphoblastoid cell line
were cultured in RPMI 1640 (Gibco) supplemented with 1%
penicillin-streptomycin and 10% FBS (R10). Status of HLA-C
expression of these cells lines has previously been reported (25).

2.2 Ex vivo NK cell expansion

NK cells were isolated from healthy donor PBMCs using the
Miltenyi NK isolation kit (130-092-657) with ~95% purity
(Supplementary Figure 1). NK cells were cultured in expansion
media consisting of NK MACS medium (Miltenyi Biotech)
supplemented with 1% NK supplement (Miltenyi Biotech), 5%
human AB serum (Sigma-Aldrich) and 500 IU/mL IL-2 (Miltenyi
Biotech) for 14-21 days at 37°C before use in functional assays as
indicated in the figure legends. Alternatively, NK cells were cultured
in 10 ng/mL IL-12, 20 ng/mL IL-15 and 50 ng/mL IL-18 (R&D
Systems) for 16 hours before the media was replaced with expansion
media as above. After the first 5 days, expansion media was
replenished every 2-3 days to maintain cells at 0.4-0.5 x 10° cells/mL.
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2.3 NK cell activation assays

Healthy donor PBMCs stimulated overnight in 1 ng/mL IL-15
(R&D Systems), or NK cells expanded for 14-21 days were used as
effector cells as indicated in the figure legends. The tumour-
targeting antibodies cetuximab (human IgGl, in-house),
avelumab (human IgGl, Southampton General Hospital (SGH)
pharmacy), rituximab (human IgGl, in-house), obinutuzumab
(human IgG1, SGH pharmacy) or isotype control (human IgGl,
ChiLob7-4, in-house) were added to the target cells as indicated
for 20 minutes before being washed twice with media to remove
unbound antibody. Effector cells were then co-incubated with
target cells at the indicated E:T ratios for 4 hours at 37°C/5% CO,
in a 96 well round bottomed plate. Samples were then stained with
0.17 pug/mL anti-CD107a-e660 (eBioscience) and after 1 hour of
co-culture, Golgistop (BD Biosciences) was added for a further
3 hours. Samples were then stained for surface markers with
the following antibodies in FACS buffer (PBS, 1% BSA, 0.05%
Sodium Azide) for 30 minutes at 4°C: CD3-PerCP (UCHT]I,
Biolegend), CD56-PE/Cy7 (HCD56, Biolegend), KIR2DL3/L2/
S2-PE (CH-L, BD Biosiences) and KIR2DL3/L2-FITC (REA147,
Miltenyi Biotech). For assessment of IFNY expression, cells were
permeabilised with BD Cytofix/Cytoperm (BD Biosciences)
and stained with IFNYy-BV421 (Biolegend) following the
manufacturer’s protocol and analysed using a BD FACS Aria II
and FlowJo V10.8.1 software. Data shown in graphs were
calculated by subtracting CD107a or IFNY readings of the no
target control from data with targets.

HCC and CLL patient PBMCs were used in assays on the day of
thaw and were not cultured in IL-15 due to poor long-term sample
viability. For experiments using KIR2DS2+ CLL donors, samples
with >6% CD5-CD19- lymphocytes were selected and CLL donor
PBMCs (250,000 cells/100 uL) were labelled with 0.17 ug/mL anti-
CD107a-AF660 and incubated with indicated tumour-targeting
antibodies for one hour prior to addition of Golgistop for a
further 3 hours. PBMC were stained with 1 pg/mL DAPI and
DAPI+ (dead) cells were removed from the analysis. This assay set-
up lacked a no target control, therefore data presented in graphs are
the raw CD107a and IFNY expression values.

To assess direct cytotoxicity of the different NK cell subsets,
KIR2DS2"#", KIR2DL3/L2"¢", and KIR2DL3/L2/S2— CD56%™
CD3- healthy human cells were sorted using a BD FACS Aria II
using the surface staining protocol described above. NK cells
were then cultured overnight in R10 supplemented with 1ng/ml
IL-15. 721.221 cells were stained with Cell Trace " Violet Cell
Proliferation Kit (Invitrogen) and were then co-cultured with the
sorted NK cells at an effector:target (E:T) ratio of either 1:1 or 3:1
for 4 h at 37°C. After co-culture, cells were stained with propidium
iodide (Invitrogen) and lysis of 721.221 cells was assessed on a BD
FACS Aria II (BD Biosciences) using FACSDiva software (BD
Biosciences) and analysed with FlowJo v10.7.1 (BD Biosciences).
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2.4 Phenotyping by flow cytometry

To assess CD16 expression on patient samples, cells were
stained with CD16-APC (3G8, Biolegend) in FACS buffer for 30
minutes at 4°C. To assess expression of activating receptors on the
surface of NK cells before and after expansion, cells were stained
with NKp30-PerCP (9E2, Biolegend), NKp46-APC (P30-15,
Biolegend), NKG2D-APC/Cy7 (1D11, Biolegend) and CD57-APC
(HNK-1, Biolegend) in FACS buffer for 30 minutes at 4°C. All
samples were analysed using a BD FACS Aria II and FlowJo
V10.8.1 software.

2.5 HLA-C and KIR genotyping

Full-length PCR amplification of HLA-C was performed with
VeriFi DNA polymerase (PCR Biosystems, UK) using in-house
primers and protocols at the Anthony Nolan Research Institute
(ANRI). Amplicon size and concentration were determined using a
Fragment Analyzer (Agilent). Sequencing libraries were generated
using PacBio TPK3 (Pacific Biosciences) as per manufacturer’s
instructions and then sequenced by a Pacific Biosciences Sequel
machine (28). Analysis was performed using an in-house HLA
genotyping pipeline at ANRI as described in (29, 30). KIR genotype
was confirmed by polymerase chain reaction sequence-specific
primer (PCR-SSP) reactions detailed in (31).

2.6 Statistical analysis

Statistical significance was determined using GraphPad PRISM
software (version 10.0.2). One-way ANOVA was used to compare
more than 2 groups with one independent variable and two-way
ANOVA was used to compare more than 2 groups with 2
independent variables. Geisser-Greenhouse correction for unequal
variability and Dunnett’s correction for multiple comparisons were
applied to two-way ANOVA analyses. Data was considered
statistically significant at p<0.05.

3 Results

3.1 KIR2DS2+ NK cells from healthy donors
and cancer patients display enhanced
activation in response to tumour-
targeting antibodies

HCC has an extremely poor survival rate (32) and NK cell
therapies represent a promising novel treatment approach that are
currently under clinical evaluation (NCT04162158, NCT02008929,
NCT05040438). KIR2DS2M8" NK cells isolated from healthy donors
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have previously been shown to possess enhanced activation against
lymphoma cells in the presence of anti-CD20 antibodies (25) in
comparison to KIR2DS2- NK cells, however, it is not known
whether this enhanced activity is also present for KIR2DS2"&"
NK cells in response to antibodies directed against solid tumour
targets. Both PD-L1 and EGFR can be upregulated on the surface of
HCC tumour cells (33) and antibodies targeting the PD-1: PD-L1
axis are approved in HCC (34). We therefore assessed NK
activation against HCC cell lines in the presence of the anti-
EGFR antibody cetuximab and the anti-PD-L1 antibody
avelumab, both of which are known to induce ADCC against
target cells (35, 36). HepG2 and PLC/PRF/5 HCC tumour cells
were incubated with the indicated concentrations of avelumab or
cetuximab as indicated prior to co-culture with healthy donor NK
cells that had been primed overnight with 1 ng/mL IL-15. All
healthy donors used in this study had at least one copy of HLA-C1
(Table 1) and their NK cells were therefore educated through
KIR2DL3/L2/S2. Using a previously published flow cytometry
panel to separate NK cells based on KIR2DL3/L2/S2 expression

TABLE 1 HLA-C genotyping of healthy donors, HCC and CLL patients.

HLA-C alleles HLA-C
allotypes

Healthy donors
1 C*04:01:01 C*07:01:01 Cc1C2
2 C*05:01:01 C*07:01:01 cic2
3 C*04:01:01 C*07:01:01 cic2
4 C*07:04:01 C*08:02:01 C1C1
5 C*12:03:01 C*14:02:01 C1C1
6 C*06:02:01 C*12:03:01 C1C2
7 C*07:01:01 C*12:03:01 CIC1
8 C*07:01:01 C*07:01:01 CICl1
9 C*01:02:01 C*15:02:01 cic2
HCC patients
14 NA NA NA
19 C*05:01:01 C*06:02:01 C2C2
22 C*07:01:01 C*07:02:01 CICl1
23 C*07:01:01 C*07:02:01 CICl1
24 NA NA NA
CLL patients
656 C*03:04:01 C*07:02:01 C1C1
1447 C*07:02:01 C*07:04:01 CICl1
892 C*07:01:01 C*07:01:01 CICl1
484 C*02:02:02 C*07:04:01 cic2
1038 C*04:01:01 C*06:02:01 Cc2C2
469 C*02:02:02 C*05:01:01 C2C2

NA, not available.
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(Supplementary Figure 2) (37), KIR2DS2"¢" NK cells demonstrated
significantly higher degranulation against HCC cells compared with
KIR2DL3/L2"#" and KIR2DL3/L2/S2- NK cells alone and in
combination with all concentrations of cetuximab tested (p<0.01
or p<0.05) (Figures 1A, B). Induction of IFNYy was also higher in the
KIR2DS2"8" population relative to the other NK cell subsets
(Figure 1C). Importantly, CD107a and IFNYy expression were
comparable between the NK cell subsets in the absence of target
cells (Supplementary Figure 2). Furthermore, KIR2DS2"" NK cells
demonstrated enhanced degranulation and IFNYy expression against
HCC cells alone and in combination with avelumab compared to
KIR2DL3/L2"¢" and KIR2DL3/L2/S2- NK cells (p<0.01 or p<0.05,
respectively) (Figures 1D-F). At the higher concentrations of
avelumab used, which were based on the achievable serum
concentrations in patients (38), degranulation was saturated
(Figure 1E), potentially masking the differences in ADCC between
the NK cell subsets. Furthermore, in accordance with their
enhanced activation status, KIR2DS2"&" NK cells induced greater
lysis of target cells compared to KIR2DL3/L2"&" and KIR2DL3/L2/
S2- NK cells (Supplementary Figure 3).

Because therapeutic strategies including tumour-targeting
mADbs, cytokines and NK cell engagers (NKCEs) rely on the
effector functions of patient NK cells, we sought to evaluate
whether the enhanced function associated with KIR2DS2 was also
evident in NK cells isolated from patients with cancer. PBMCs
isolated from HCC patients were co-cultured with target cell lines,
in the presence or absence of the indicated ADCC-inducing
antibodies. Against HepG2 cells, KIR2DS2"¢" NK cells derived
from the peripheral blood of HCC patients (n=5) demonstrated
enhanced activation compared to KIR2DL3/L2/S2- NK cells
(p<0.01) in both the presence and absence of avelumab
(Figures 1G, H). Significantly higher activation was also observed
compared to KIR2DL3/L2"8" NK cells (p<0.05) in the presence of
avelumab (Figure 1H). In addition, KIR2DS2M8" NK cells from
HCC patients had enhanced activation against HLA-deficient
721.221 target cells both in the absence and presence of the type
II anti-CD20 mAb obinutuzumab (p<0.01) compared to KIR2DL3/
L2"&" and KIR2DL3/L2/S2- NK cells (Figures 11, J). This indicates
that the enhanced activation associated with KIR2DS2 is not solely
due to less inhibitory signalling compared to KIR2DL3/L2"¢" cells
or binding of KIR2DS2 to HLA-C. This is in accordance with data
previously observed using healthy donor derived NK cells (25). Of
the three HCC patients tested, CD16 expression was not
significantly higher on KIR2DS2"#" NK cells compared to
KIR2DL3/L2"¢" and KIR2DL3/L2/S2- NK cells (Figures 1K, L),
indicating that the enhanced ADCC of the KIR2DS2"" population
was not simply due to greater expression of CD16.

To determine the antibody-dependent activation of
KIR2DS2"8" NK cells against primary tumour samples, we used
peripheral blood derived chronic lymphocytic leukaemia (CLL)
cells as targets in combination with the clinically relevant anti-
CD20 antibodies rituximab and obinutuzumab. Obinutuzumab is
known to induce ADCC more potently than rituximab due to its
enhanced affinity for CD16 (38). In the presence of these antibodies,
KIR2DS2"8" NK cells from healthy donors primed overnight with 1
ng/mL IL-15 showed significantly higher CD107a (p<0.0001)
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FIGURE 1

KIR2DS2M9" NK cells exhibit enhanced activation against hepatocellular carcinoma cells in response to tumour-targeting antibodies. PLC/PRF/5
(A-C) and HepG2 (D-F) cells were incubated with the indicated concentrations of cetuximab or avelumab, respectively, before co-culture with 1 ng/
mL IL-15-primed healthy donor NK cells for 4 hours at either a 10:1 (CD107a) or 5:1 (IFNy) effector:target (E:T) ratio. CD107a and IFNy staining on the
KIR2DL3/L2M9" KIR2DS2M9" or KIR2DL3/L2/S2- NK cell subpopulations were measured by flow cytometry. Representative data are shown in A and D
and summarised data shown for CD107a (B, E) and IFNy (C, F) (n=5-7). HepG2 (G, H) or 721.221 (1, J) cells were incubated with the indicated
antibodies before co-culture with NK cells from hepatocellular carcinoma (HCC) patients for 4 hours at a 5:1 E:T ratio. CD107a expression on NK
cells was measured by flow cytometry. Representative data shown in G and | and summarised data shown in H and J (n=4-5). Data shown in graphs
were calculated by subtracting CD107a or IFNy readings of the no target control from data with targets. (K, L) CD16 expression on KIR2DL3/L2"9",
KIR2DS2M9" or KIR2DL3/L2/S2- NK cell subpopulations from HCC patients. Representative data with annotated % CD16+ cells shown in K and CD16
MFI values of 3 donors shown in L. Analysed by two-way or one-way ANOVA using Graphpad PRISM. P<0.05*, p<0.01**, S.D., standard deviation.
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FIGURE 2
Autologous and allogeneic KIR2DS2M" NK cells exhibit enhanced activation against chronic lymphocytic leukaemia cells in response to anti-CD20
antibodies. Primary chronic lymphocytic leukaemia (CLL) samples with >90% tumour were incubated with rituximab (10 ug/mL), obinutuzumab (1
pg/mL) or control antibody (10 ug/mL) for 20 mins before co-culture with 1 ng/mL IL-15-primed healthy donor NK cells for 4 hours at a 5:1 E:T
ratio. CD107a and IFNy expression on the KIR2DL3/L2"9", KIR2DS2"9" or KIR2DL3/L2/S2- NK cell subpopulations were measured by flow cytometry.
Representative data are shown in (A) with summarised data shown for CD107a (B) and IFNy (C) (n=16). (D) Primary CLL cells were incubated with or
without CD40L (300 ng/mL) and IL-4 (10 ng/mL) for 24 hours. Cells were incubated with antibodies as above before co-culture with IL-15-primed
healthy donor NK cells at a 5:1 E:T as above. CD107a expression of the different NK cell subsets was measured by flow cytometry (n=6). Data shown
in graphs were calculated by subtracting CD107a or IFNy readings of the no target control from data with targets. (E) KIR2DS2+ CLL patient PBMC
samples with >6% healthy CD5-CD19- lymphocytes were incubated with rituximab or obinutuzumab at the indicated concentrations, or isotype
control (1 ug/mL) for a total of 4 hours before CD107a expression on NK cells was measured by flow cytometry. Representative data is shown in
(F) and summarised data in (G) (n=5-6). (H, 1) CD16 expression on KIR2DL3/L2"9", KIR2DS2"9" or KIR2DL3/L2/S2- NK cell subpopulations from CLL
patients were measured by flow cytometry. Representative data with annotated % CD16+ cells shown in (H) and CD16 MFI values of 6 donors
shown in (I) Analysed by two-way or one-way ANOVA using Graphpad PRISM. P<0.05*, p<0.01**, p<0.001***, p<0.0001****, S.D. = standard
deviation. Parts of this figure were generated using Servier Medical Art images licensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/).
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(Figures 2A, B) and IFNy (p<0.0001, p<0.001 or p<0.01)
(Figure 2C) expression compared to the other NK cell subsets in
accordance with previous reports against lymphoma cell lines (25).
Furthermore, as the lymph nodes are a key tissue site for CLL
proliferation and drug resistance in patients (39), we tested the
activation of the NK cells in the presence of signals mimicking the
lymph node microenvironment (CD40L and IL-4). KIR2DS2"i8"
NK cells retained enhanced activation in the presence of CD40L and
IL-4 (p<0.01 or p<0.05) (Figure 2D).

Subsequently, we assessed the function of KIR2DS2"¢" NK cells
from PBMC isolated from CLL patients against their own
autologous tumour cells (Figure 2E). Six CLL patients positive for
KIR2DS2 expression with sufficient (26%) healthy CD5-CD19-
lymphocytes were identified by flow cytometry (37). Patient
PBMC were incubated with rituximab or obinutuzumab as
indicated before assessment of NK cell degranulation by flow
cytometry in the CD3-CD56+ lymphocyte population.
KIR2DS2"8" NK cells from CLL patients showed significantly
enhanced activation in the absence of anti-CD20 mAb compared
to KIR2DL3/L2/S2- (p<0.05) but not KIR2DL3/L2"&" NK cells
(Figures 2F, G). In the presence of rituximab, enhanced activation
of the KIR2DS2"®" population was evident compared with both
KIR2DL3/L2/S2- (p<0.01 for 0.01 and 0.1 pg/mL, p<0.05 for 1 pg/
mL) and KIR2DL3/L2"8" NK cells (p<0.01 for 0.01 pg/mL, p<0.05
for 0.1 ug/mL) (Figure 2G). In the presence of obinutuzumab,
KIR2DS2"€" NK cells showed enhanced activation compared to
KIR2DL3/L2/S2- cells (p<0.05 for 0.01 ug/mL, p<0.01 for 0.1 ug/
mL), but did not reach statistical significance compared to
KIR2DL3/L2"€" NK cells (Figure 2G). Finally, similar to HCC
patient NK cells, levels of CD16 expression were comparable
between KIR2DS2M8" and KIR2DL2/L3M8" NK cells, however
CD16 was significantly higher on KIR2DS2"&" cells compared to
KIR2DL3/L2/S2- cells (p<0.05) (Figures 2H, I). These data indicate
that KIR2DS2 expression is associated with a population of NK cells
in cancer patients that have superior activation against target cells
both in the presence and absence of tumour-targeting antibodies.

3.2 Enhanced activation of KIR2DS2+ NK
cells from healthy donors is lost after ex
Vivo expansion

Ex vivo expansion is required for adoptive NK cell therapies. We
therefore assessed whether the enhanced activation of KIR2DS2+ NK
cells was retained following expansion ex vivo and could therefore
potentially be used to select a population of NK cells with enhanced
anti-cancer activity. NK cells were isolated from the peripheral blood
of healthy volunteers, mimicking the source of NK cells in allogeneic
adoptive transfer strategies (7). The NK cells were then expanded in
Miltenyi Biotech NK expansion medium with human IL-2 for 14-21
days (Supplementary Figure 4). The Miltenyi Biotech NK expansion
method has recently been shown to have potential for the clinical
production of expanded NK cells (40). Expanded NK cells were then
co-cultured with HepG2 cells for 4 hours in combination with
avelumab (Figure 3A). After expansion, KIR2DS2M8" NK cells lost
their enhanced activation relative to the KIR2DL3/L2/S2- subset but
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not the KIR2DL3/L2"¢" subset as measured by both degranulation
(p<0.05 KIR2DS2M8" ys KIR2DL3/L2"") and IFNYy (p<0.05
KIR2DS2"" vs KIR2DL3/L2/S2-) expression (Figures 3A-C). In
accordance with the data against HepG2 target cells, KIR2DS2""
NK cells also lost their enhanced activation over the KIR2DL3/1.2/S2-
but not the KIR2DL3/L2Mgh (p<0.01 for control, p<0.05 for
obinutuzumab) subset of NK cells against CD20+ malignant B cells
(Raji) following ex vivo expansion (Figures 3D-F). Expression of the
activating receptors NKp30, NKp46 and NKG2D was significantly
increased on the surface of each subset of NK cells after ex vivo
expansion in IL-2 for 14 days compared to day 0 (p<0.0001 for
NKp30 and NKG2D, p<0.001 for NKp46), although there were no
significant differences in expression of these receptors between NK
cell subsets on day 0 or day 14 (Supplementary Figures 5A-C). In
addition, CD57 was consistently higher on KIR2DS2"#" NK cells
compared to KIR2DL3/L2/S2- NK cells and decreased on all three
NK cell subsets after expansion in IL-2 (Supplementary Figure 5D).
To determine if the loss of enhanced activation in the KIR2DS2"8"
NK cell subset also occurred with other methods of NK expansion, we
tested the effect of an expansion method utilizing IL-12/15/18. The
IL-12/15/18 cytokine cocktail has been shown to generate cytokine-
induced memory-like NK cells and is currently in clinical trials for
patients with cancer (41, 42). In accordance with the results from the
previous experiments, KIR2DS2"8" NK cells expanded in IL-12/15/
18 did not have higher activation compared to the KIR2DL3/L2/S2-
subset in combination with rituximab and obinutuzumab
(Figures 3G-I).

To determine whether this effect was due to inhibitory KIR:
HLA interactions, we tested ex vivo expanded NK cell activation
against the HLA-deficient B cell lymphoblastoid cell line 721.221. In
this setting, KIR2DL3/L2"8" NK cells showed a trend for higher
activation compared to KIR2DS2"8" NK cells and KIR2DL3/L2/S2-
NK cells at both a 10:1 and 20:1 E:T ratio (Figures 3J-L). Similar
results were obtained for KIR2DS2™¢" NK cells expanded in IL-12/
15/18 (Figures 3M, N). Overall, these results demonstrate that the
superior effector function associated with KIR2DS2+ NK cells may
not be applicable in an adoptive transfer setting that requires ex vivo
expansion of NK cells.

4 Discussion

Immunogenetic and functional studies have identified that the
activating receptor KIR2DS2 is associated with enhanced NK cell
function against cancer cells. However, it was unclear whether
KIR2DS2+ NK cells retain their enhanced functional state in
cancer patients or following ex vivo expansion protocols which
are required for NK cell therapies such as adoptive transfer and
CAR-NK cells. Here, we demonstrate that the superior effector
function associated with KIR2DS2 expression in combination with
tumour-targeting antibodies is retained in cancer patients, however
this effect is lost following ex vivo expansion. This indicates that
KIR2DS2 may be an attractive therapeutic target for the selective
activation of a highly active NK cell subset in cancer patients but
may be less important for adoptive transfer strategies utilising ex
vivo expanded NK cells from peripheral blood.
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NK cells can become dysfunctional in patients with cancer (5)
with reduced expression of NK cell activating receptors such as
NKp30, NKp46 and NKG2D and upregulation of inhibitory
checkpoint receptors such as TIGIT (43). In this study, enhanced
function of KIR2DS2-expressing NK cells isolated from healthy
donors and cancer patients was evident against liver cancer cell lines
and primary CLL samples in the presence of clinically relevant
tumour-targeting antibodies. KIR2DS2 expression has previously
been associated with beneficial response to antibodies in
neuroblastoma and small molecule inhibitors in CML (44, 45)
and our ex vivo data indicates that beneficial effects may also
been seen in HCC and B cell malignancies with tumour-targeting
antibodies, however this remains to be assessed in vivo. The high
sequence homology between the activating and inhibitory KIR
limits the analysis of the association between KIR2DS2 and
survival in publicly available cancer patient RNA-sequencing
datasets. In addition, enhanced activation of the KIR2DS2™¢"
population was also evident in the absence of tumour-targeting
antibodies with HCC patient NK cells, in accordance with previous
reports with healthy donors (25), and we now show that the
enhanced activation is also retained in the presence of avelumab
and cetuximab. In accordance with the functional data presented in
this study, single-cell RNA-sequencing analysis has previously
shown that KIR2DS2 is associated with high expression of NK
cell cytotoxicity-related genes including GNLY, NKG7 and
granzymes (25). This indicates that KIR2DS2"€" NK cells are
transcriptionally primed for enhanced cytotoxicity in the presence
and absence of CD16 engagement via tumour-targeting antibodies.
Although we did not perform RNA-sequencing on the patient
samples in this study, the functional data is in agreement with
these previous findings.

These data indicate that KIR2DS2 could be a promising target
to potentiate NK cell function in cancer patients via a novel
agonistic antibody or NKCE, as has been developed for other
receptors including NKp46 and NKG2D (46). Indeed, the ligation
of KIR2DS2 induces NK cell activation via recruitment of ZAP-70
and Syk, leading to phosphorylation and activation of downstream
targets and signalling pathways (47). The >98% sequence homology
in the extracellular domains of KIR2DS2 and the inhibitory KIRs
KIR2DL2 and KIR2DL3 has however been a limiting factor in this
approach to date (13). Generation of a selective KIR2DS2 antibody
remains a possibility however, as the generation of antibodies able
to distinguish between proteins with high homology in the external
domains has been previously described (48). Current phage display
technologies are also allowing for the development of antibodies
with exquisite specificity and high affinity (49, 50). An alternative
approach which may have utility is the stimulation of KIR2DS2 via
the natural viral derived peptide ligands of KIR2DS2 in conjunction
with HLA-C (37, 51).

As well as directly targeting NK cells in patients, NK cells from
healthy donors are being assessed in adoptive transfer therapeutic
strategies. To achieve sufficient cell numbers of donor-derived NK
cells for a viable off-the-shelf allogeneic product, it is necessary to
expand NK cells ex vivo. Selection of NK cell donors based on the
KIR haplotype B, which contains a variable number of activating

Frontiers in Oncology

10.3389/fonc.2024.1404051

KIR and can include KIR2DS2, has already entered clinical trials for
non-Hodgkin lymphoma (NCT04673617) (52). Following ex vivo
expansion in IL-2 or IL-12/15/18 in our study, KIR2DS2"€" NK
cells lost their superior activation against HLA-expressing targets
compared to NK cells lacking KIR2DL3/L2/S2 expression but not
compared to the inhibitory KIR2DL3/L2" %" population. However,
the superior activation against KIR2DL3/L2"" cells was likely due
to less inhibitory KIR signalling in the KIR2DS2"8" population (37)
because the enhanced reactivity was lost against HLA-null target
cells. This contrasts with previous work which demonstrated that
healthy donor KIR2DS2"8" NK cells primed with IL-15 overnight
have enhanced activity in the absence of HLA expression on target
cells (25). This therefore indicates that KIR2DS2+ NK cells from
peripheral blood lose their association with enhanced functional
capacity following expansion. Ex vivo expansion in IL-2 has
previously been demonstrated to alter NK cell function, receptor
expression and gene expression (53-55) and in accordance
with this, we identified significantly increased expression of the
activating receptors NKp30, NKp46 and NKG2D in the
KIR2DS2"", KIR2DL3/L2"&" and KIR2DL3/L2/S2- NK cell
subpopulations tested. This may therefore override the native
capacity for KIR2DS2+ NK cells to possess enhanced effector
functions evident in freshly isolated cells. Expanding NK cells
from other sources such as cord blood or utilising other NK
expansion methods (7) may retain the enhanced activation of
KIR2DS2, however this remains to be tested. Overall, these data
indicate that whilst KIR2DS2 is an attractive target for in vivo
targeted NK cell immunotherapeutic strategies, this functional
advantage is lost following ex vivo expansion.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Healthy donor
peripheral blood mononuclear cells (PBMCs) were obtained with
full ethical approval from the National Research Ethics Committee
(reference 06/Q1701/120). HCC patients (Supplementary Table 1)
were recruited from the outpatient clinic at Southampton General
Hospital and provided informed consent with approval from NRES
Committee South Central-Southampton-B 12/SC/0521. CLL
samples (Supplementary Table 2) were obtained from patients
recruited in the “real world” observational study at the University
of Southampton (NIHR/UKCRN ID: 31076, CI F.Forconi)
following written informed consent in accordance with Ethics
Committee approvals (UK National Research Ethics Service
number 19/WM/0262) and the Declaration of Helsinki. The
studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their
written informed consent to participate in this study.

frontiersin.org


https://doi.org/10.3389/fonc.2024.1404051
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Graham et al.

Author contributions

LG: Formal Analysis, Methodology, Writing - original draft,
Writing - review & editing, Investigation. JF: Writing — original
draft, Writing - review & editing, Investigation. AD: Writing —
original draft, Writing - review & editing, Investigation. BS: Data
curation, Writing — original draft, Writing — review & editing. LR:
Writing — original draft, Writing — review & editing, Data curation.
AF: Writing - original draft, Writing - review & editing,
Investigation. NM: Writing - original draft, Writing - review &
editing, Investigation. TT: Writing — original draft, Writing - review
& editing, Investigation. SM: Writing - original draft, Writing -
review & editing. MC: Writing — original draft, Writing - review &
editing. FF: Writing - original draft, Writing - review & editing. SK:
Writing - original draft, Writing - review & editing. MB:
Conceptualization, Funding acquisition, Project administration,
Supervision, Writing - original draft, Writing - review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. Research
reported in this article was supported by a John Goldman Fellowship
Follow-up Award from Leukaemia UK, funding from the Medical
Research Council (DTP award MR/N014308/1 and MR/MO19829/1),
the Cancer Immunology Fund (University of Southampton) and
Cancer Research UK (ECRIN-M3 accelerator award C42023/A29370).

Acknowledgments

We thank the healthy donors, CLL patients and HCC patients who
donated blood that was used in this study. We also thank Carolann
McGuire and Sarah Pearson for technical support with flow cytometry.

References

1. Bald T, Krummel MF, Smyth MJ, Barry KC. The NK cell-cancer cycle - advances
and new challenges in NK cell-based immunotherapies. Nat Immunol. (2020) 21:835-
47. doi: 10.1038/s41590-020-0728-z

2. de Taeye SW, Bentlage AEH, Mebius MM, Meesters JI, Lissenberg-Thunnissen S,
Falck D, et al. FcyR binding and ADCC activity of human igG allotypes. Front
Immunol. (2020) 11. https://pubmed.ncbi.nlm.nih.gov/32435243/.

3. Sun C, XuJ, Huang Q, Huang M, Wen H, Zhang C, et al. High NKG2A expression
contributes to NK cell exhaustion and predicts a poor prognosis of patients with liver
cancer. Oncoimmunology. (2016) 6. https://pubmed.ncbi.nlm.nih.gov/28197391/.

4. Parry HM, Stevens T, Oldreive C, Zadran B, McSkeane T, Rudzki Z, et al. NK cell
function is markedly impaired in patients with chronic lymphocytic leukaemia but is
preserved in patients with small lymphocytic lymphoma. Oncotarget. (2016) 7:68513.
doi: 10.18632/oncotarget.v7i42

5. Portale F, Di Mitri D. NK cells in cancer: mechanisms of dysfunction and
therapeutic potential. Int ] Mol Sci. (2023) 24. doi: 10.3390/ijms24119521

6. Fang F, Xie S, Chen M, Li Y, Yue J, Ma J, et al. Advances in NK cell production.
Cell Mol Immunol. (2022) 19:460-81. doi: 10.1038/s41423-021-00808-3

7. Berrien-Elliott MM, Jacobs MT, Fehniger TA. Allogeneic natural killer cell
therapy. Blood. (2023) 141:856. doi: 10.1182/blood.2022016200

8. Curti A, Ruggeri L, D’Addio A, Bontadini A, Dan E, Motta MR, et al. Successful
transfer of alloreactive haploidentical KIR ligand-mismatched natural killer cells after
infusion in elderly high risk acute myeloid leukemia patients. Blood. (2011) 118:3273-9.
https://pubmed.ncbi.nlm.nih.gov/21791425/.

Frontiers in Oncology

10.3389/fonc.2024.1404051

Conflict of interest

MB and SK have applied for a patent for peptide mediated NK
cell activation. MB has received research funding from Karyopharm
Therapeutics. MC is a retained consultant for Biolnvent
International and has performed educational and advisory roles
for Baxalta and Boehringer Ingleheim. He has consulted for GSK,
Radiant, iTeos Therapeutics, Surrozen, Hanall and Mestag and
received research funding from Biolnvent, Surrozen, GSK, UCB
and iTeos. FF has received research support from Abbvie and has
performed consultancies or educational activities for AstraZeneca,
AbbVie, Janssen-Cilag, BC-Platform and Beigene.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2024.1404051/
full#supplementary-material

9. Marin D, Li Y, Basar R, Rafei H, Daher M, Dou J, et al. Safety, efficacy and
determinants of response of allogeneic CD19-specific CAR-NK cells in CD19+ B cell
tumors: a phase 1/2 trial. Nat Med. (2024) 30: 1-13. https://www.nature.com/articles/
s41591-023-02785-8.

10. Laskowski TJ, Biederstidt A, Rezvani K. Natural killer cells in antitumour
adoptive cell immunotherapy. Nat Rev Cancer. (2022) 22: 557-75. https://pubmed.ncbi.
nlm.nih.gov/35879429/.

11. Haroun-Izquierdo A, Vincenti M, Netskar H, van Ooijen H, Zhang B, Bendzick
L, et al. Adaptive single-KIR+NKG2C+ NK cells expanded from select superdonors
show potent missing-self reactivity and efficiently control HLA-mismatched acute
myeloid leukemia. ] Immunother Cancer. (2022) 10:e005577. https://jitc.bmj.com/
content/10/11/e005577.

12. Djaoud Z, Parham P. HLAs, TCRs, and KIRs, a triumvirate of human cell-
mediated immunity. Ann Rev Biochem (2020) 89:717-39. doi: 10.1146/annurev-
biochem-011520-102754

13. Blunt MD, Khakoo SI. Activating killer cell immunoglobulin-like receptors:
Detection, function and therapeutic use. Int J Immunogenet. (2020) 47:1-12.
doi: 10.1111/iji.12461

14. Aiello A, Accardi G, Candore G, Caruso C, Colomba C, Di Bona D, et al. Role of
immunogenetics in the outcome of HCMV infection: Implications for ageing. Int ] Mol
Sci. (2019) 20. doi: 10.3390/ijms20030685

15. Algarra I, Cabrera T, Garrido F. The HLA crossroad in tumor immunology.
Hum Immunol. (2000) 61:65-73. https://pubmed.ncbi.nlm.nih.gov/10658979/.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2024.1404051/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2024.1404051/full#supplementary-material
https://doi.org/10.1038/s41590-020-0728-z
https://pubmed.ncbi.nlm.nih.gov/32435243/
https://pubmed.ncbi.nlm.nih.gov/28197391/
https://doi.org/10.18632/oncotarget.v7i42
https://doi.org/10.3390/ijms24119521
https://doi.org/10.1038/s41423-021-00808-3
https://doi.org/10.1182/blood.2022016200
https://pubmed.ncbi.nlm.nih.gov/21791425/
https://www.nature.com/articles/s41591-023-02785-8
https://www.nature.com/articles/s41591-023-02785-8
https://pubmed.ncbi.nlm.nih.gov/35879429/
https://pubmed.ncbi.nlm.nih.gov/35879429/
https://jitc.bmj.com/content/10/11/e005577
https://jitc.bmj.com/content/10/11/e005577
https://doi.org/10.1146/annurev-biochem-011520-102754
https://doi.org/10.1146/annurev-biochem-011520-102754
https://doi.org/10.1111/iji.12461
https://doi.org/10.3390/ijms20030685
https://pubmed.ncbi.nlm.nih.gov/10658979/
https://doi.org/10.3389/fonc.2024.1404051
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Graham et al.

16. Almalte Z, Samarani S, Iannello A, Debbeche O, Duval M, Infante-Rivard C,
et al. Novel associations between activating killer-cell immunoglobulin-like receptor
genes and childhood leukemia. Blood. (2011) 118:1323-8. https://pubmed.ncbi.nlm.
nih.gov/21613255/.

17. Alomar SY, Alkhuriji A, Trayhyrn P, Alhetheel A, Al-jurayyan A, Mansour L.
Association of the genetic diversity of killer cell immunoglobulin-like receptor genes
and HLA-C ligand in Saudi women with breast cancer. Immunogenetics. (2017) 69:69—
76. https://pubmed.ncbi.nlm.nih.gov/27631728/.

18. Wisniewski A, Jankowska R, Passowicz-Muszynska E, Wisniewska E, Majorczyk
E, Nowak I, et al. KIR2DL2/S2 and HLA-C C1Cl1 genotype is associated with better
response to treatment and prolonged survival of patients with non-small cell lung
cancer in a Polish Caucasian population. Hum Immunol. (2012) 73:927-31.
doi: 10.1016/j.humimm.2012.07.323

19. Cariani E, Pilli M, Zerbini A, Rota C, Olivani A, Zanelli P, et al. HLA and killer
immunoglobulin-like receptor genes as outcome predictors of hepatitis C virus-related
hepatocellular carcinoma. Clin Cancer Res. (2013) 19:5465-73. https://aacrjournals.org/
clincancerres/article/19/19/5465/77970/HLA-and-Killer-Immunoglobulin-like-
Receptor-Genes.

20. Beksac K, Beksac M, Dalva K, Karaagaoglu E, Tirnaksiz MB. Impact of “Killer
Immunoglobulin-Like Receptor/Ligand” Genotypes on Outcome following Surgery among
Patients with Colorectal Cancer: Activating KIRs Are Associated with Long-Term Disease
Free Survival. PloS One. (2015) 10:¢0132526. doi: 10.1371/journal.pone.0132526

21. Sekine T, Marin D, Cao K, Li L, Mehta P, Shaim H, et al. Specific combinations of
donor and recipient KIR-HLA genotypes predict for large differences in outcome after
cord blood transplantation. Blood. (2016) 128:297-312. https://ashpublications.org/
blood/article/128/2/297/35481/Specific-combinations-of-donor-and-recipient-KIR.

22. Bachanova V, Weisdorf D], Wang T, Marsh SGE, Trachtenberg E, Haagenson
MD, et al. Donor KIR B genotype improves progression-free survival of non-hodgkin
lymphoma patients receiving unrelated donor transplantation. Biol Blood Marrow
Transplant. (2016) 22:1602-7. doi: 10.1016/j.bbmt.2016.05.016

23. Siebert N, Jensen C, Troschke-Meurer S, Zumpe M, Jiittner M, Ehlert K, et al.
Neuroblastoma patients with high-affinity FCGR2A, -3A and stimulatory KIR 2DS2
treated by long-term infusion of anti-GD2 antibody ch14.18/CHO show higher ADCC
levels and improved event-free survival. Oncoimmunology. (2016) 5. doi: 10.1080/
2162402X.2016.1235108

24. Gras Navarro A, Kmiecik ], Leiss L, Zelkowski M, Engelsen A, Bruserud @, et al.
NK cells with KIR2DS2 immunogenotype have a functional activation advantage to
efficiently kill glioblastoma and prolong animal survival. J Immunol. (2014) 193:6192-
206. doi: 10.4049/jimmunol.1400859

25. Blunt MD, Vallejo Pulido A, Fisher JG, Graham LV, Doyle ADP, Fulton R, et al.
KIR2DS?2 expression identifies NK cells with enhanced anticancer activity. J Immunol.
(2022) 209:379-90. https://pubmed.ncbi.nlm.nih.gov/35768150/.

26. Hallek M, Cheson BD, Catovsky D, Caligaris-Cappio F, Dighiero G, Déhner H,
et al. iwCLL guidelines for diagnosis, indications for treatment, response assessment,
and supportive management of CLL. Blood. (2018) 131:2745-60. https://pubmed.ncbi.
nlm.nih.gov/29540348/.

27. Chiodin G, Drennan S, Martino EA, Ondrisova L, Henderson I, del Rio L, et al.
High surface IgM levels associate with shorter response to ibrutinib and BTK bypass in
patients with CLL. Blood Adv. (2022) 6:5494-504. https://pubmed.ncbi.nlm.nih.gov/
35640238/.

28. Turner TR, Hayward DR, Gymer AW, Barker DJ, Leen G, Cambridge CA, et al.
Widespread non-coding polymorphism in HLA class II genes of International HLA and
Immunogenetics Workshop cell lines. HLA. (2022) 99:328-56. doi: 10.1111/tan.14571

29. Nadeem D, Benitez GJ, Leen G, Turner TR, Mayor NP, Robinson J, et al.
Automated workflow for HLA analysis of pacific biosciences sequel data using Google
Cloud Platform. HLA. (2022) 99:416-550. doi: 10.1111/tan.14606

30. Mayor NP, Robinson J, McWhinnie AJM, Ranade S, Eng K, Midwinter W, et al.
HLA typing for the next generation. PloS One. (2015) 10. https://pubmed.ncbi.nlm.nih.
gov/26018555/.

31. Vilches C, Castaio J, Gomez-Lozano N, Estefania E. Facilitation of KIR
genotyping by a PCR-SSP method that amplifies short DNA fragments. Tissue
Antigens. (2007) 70:415-22. doi: 10.1111/§.1399-0039.2007.00923.x

32. Akce M, El-Rayes BF, Bekaii-Saab TS. Frontline therapy for advanced hepatocellular
carcinoma: an update. Therap Adv Gastroenterol(2022). 03/07/2023 Available online at:
https://pubmed.ncbinlm.nih.gov/35432597/. (Accessed March 07, 2023).

33. ITto Y, Takeda T, Sakon M, Tsujimoto M, Higashiyama S, Noda K, et al. Expression
and clinical significance of erb-B receptor family in hepatocellular carcinoma. Br J Cancer.
(2001) 84:1377-83. https://pubmed.ncbi.nlm.nih.gov/11355950/.

34. Casak SJ, Donoghue M, Fashoyin-Aje L, Jiang X, Rodriguez L, Shen YL, et al. Fda
approval summary: Atezolizumab plus bevacizumab for the treatment of patients with
advanced unresectable or metastatic hepatocellular carcinoma. Clin Cancer Res. (2021)
27:1836-41. https://aacrjournals.org/clincancerres/article/27/7/1836/671918/FDA-
Approval-Summary-Atezolizumab-Plus-Bevacizumab.

Frontiers in Oncology

11

10.3389/fonc.2024.1404051

35. TanJ, Liu T, Fan W, Wei J, Zhu B, Liu Y, et al. Anti-PD-L1 antibody enhances
curative effect of cryoablation via antibody-dependent cell-mediated cytotoxicity
mediating PD-L1highCD11b+ cells elimination in hepatocellular carcinoma. Acta
Pharm Sin B. (2023) 13:632-47. https://pubmed.ncbi.nlm.nih.gov/36873191/.

36. Mahgoub S, Abosalem H, Emara M, Kotb N, Maged A, Soror S. Restoring NK
cells functionality via cytokine activation enhances cetuximab-mediated NK-cell
ADCC: A promising therapeutic tool for HCC patients. Mol Immunol. (2021)
137:221-7. https://pubmed.ncbi.nlm.nih.gov/34284214/.

37. Blunt MD, Rettman P, Bastidas-Legarda LY, Fulton R, Capizzuto V, Naiyer MM,
et al. A novel antibody combination to identify KIR2DS2 high natural killer cells in
KIR2DL3/12/S2 heterozygous donors. HLA. (2019) 93:32-5. https://pubmed.ncbi.nlm.
nih.gov/30381896/.

38. Pereira NA, Chan KF, Lin PC, Song Z. The “less-is-more” in therapeutic
antibodies: Afucosylated anti-cancer antibodies with enhanced antibody-dependent
cellular cytotoxicity. MAbs. (2018) 10:693. doi: 10.1080/19420862.2018.1466767

39. Hayden RE, Pratt G, Roberts C, Drayson MT, Bunce CM. Treatment of chronic
lymphocytic leukemia requires targeting of the protective lymph node environment
with novel therapeutic approaches. Leuk Lymphoma. (2012) 53:537-49. https://
pubmed.ncbi.nlm.nih.gov/21812539/.

40. Albinger N, Miiller S, Kostyra J, Kuska J, Mertlitz S, Penack O, et al.
Manufacturing of primary CAR-NK cells in an automated system for the treatment
of acute myeloid leukemia. Bone Marrow Transplant. (2024) 59:489-95. https://www.
nature.com/articles/s41409-023-02180-4.

41. Romee R, Schneider SE, Leong JW, Chase JM, Keppel CR, Sullivan RP, et al.
Cytokine activation induces human memory-like NK cells. Blood. (2012) 120:4751.
doi: 10.1182/blood-2012-04-419283

42. Terren I, Orrantia A, Astarloa-Pando G, Amarilla-Irusta A, Zenarruzabeitia O,
Borrego F. Cytokine-induced memory-like NK cells: from the basics to clinical
applications. Front Immunol. (2022) 13. doi: 10.3389/fimmu.2022.884648

43. Blunt MD, Khakoo SI. Harnessing natural killer cell effector function against
cancer. Immunother Adv. (2024) 4:1-13. doi: 10.1093/immadv/ltad031

44. Koftan S, Koltan A, Soszynska K, Matiakowska K, Morgut-Klimkowska M,
Grzesk E, et al. Killer-cell immunoglobulin-like receptor genotype and haplotype
combinations in children treated for acute lymphoblastic leukemia. Cent Eur ]
Immunol. (2021) 46:210-6. https://pubmed.ncbi.nlm.nih.gov/34764789/.

45. Closa L, Xicoy B, Zamora L, Estrada N, Colomer D, Herrero MJ, et al. Natural
killer cell receptors and ligand variants modulate response to tyrosine kinase inhibitors
in patients with chronic myeloid leukemia. HLA. (2022) 99:93-104. doi: 10.1111/
tan.14515

46. Zhang M, Lam KP, Xu S. Natural Killer Cell Engagers (NKCEs): a new frontier in
cancer immunotherapy. Front Immunol. (2023) 14:1207276/full. doi: 10.3389/
fimmu.2023.1207276/full

47. Lanier LL, Cortiss BC, Wu J, Leong C, Phillips JH. Immunoreceptor DAP12
bearing a tyrosine-based activation motif is involved in activating NK cells. Nature.
(1998) 391:703-7. https://pubmed.ncbi.nlm.nih.gov/9490415/.

48. Roghanian A, Teige I, Mértensson L, Cox KL, Kovacek M, Ljungars A, et al.
Antagonistic Human FcyRIIB (CD32B) Antibodies have anti-tumor activity and
overcome resistance to antibody therapy invivo. Cancer Cell. (2015) 27:473-88.
doi: 10.1016/j.ccell.2015.03.005

49. Steinke S, Roth KDR, Englick R, Langreder N, Ballmann R, Fithner V, et al.
Mapping epitopes by phage display. Methods Mol Biol. (2023) 2702:563-85. https://
pubmed.ncbi.nlm.nih.gov/37679639/.

50. Ledsgaard L, Ljungars A, Rimbault C, Serensen CV, Tulika T, Wade J, et al.
Advances in antibody phage display technology. Drug Discovery Today. (2022)
27:2151-69. doi: 10.1016/j.drudis.2022.05.002

51. Rettman P, Blunt MD, Fulton R], Vallejo AF, Bastidas-Legarda LY, Espana-
Serrano L, et al. Peptide: MHC-based DNA vaccination strategy to activate natural
killer cells by targeting killer cell immunoglobulin-like receptors. ] Immunother Cancer.
(2021) 9. https://pubmed.ncbi.nlm.nih.gov/34016721/.

52. NK cell therapies — artiva. 06/23/2023 Available online at: https://www.artivabio.
com/nk-cell-therapy-pipeline/. (Accessed June 23, 2023).

53. de Rham C, Ferrari-Lacraz S, Jendly S, Schneiter G, Dayer JM, Villard J. The
proinflammatory cytokines IL-2, IL-15 and IL-21 modulate the repertoire of mature
human natural killer cell receptors. Arthritis Res Ther. (2007) 9:1-15. doi: 10.1186/
ar2336

54. Sun Y, Sedgwick AJ, Khan MAAK, Palarasah Y, Mangiola S, Barrow AD. A
transcriptional signature of IL-2 expanded natural killer cells predicts more favorable

prognosis in bladder cancer. Front Immunol. (2021) 12. doi: 10.3389/fimmu.
2021.724107

55. Storkus WJ, Alexander J, Payne JA, Dawson JR, Cresswell P. Reversal of natural
killing susceptibility in target cells expressing transfected class I HLA genes. Proc Natl
Acad Sci U.S.A. (1989) 86:2361. doi: 10.1016/j.drudis.2022.05.002

frontiersin.org


https://pubmed.ncbi.nlm.nih.gov/21613255/
https://pubmed.ncbi.nlm.nih.gov/21613255/
https://pubmed.ncbi.nlm.nih.gov/27631728/
https://doi.org/10.1016/j.humimm.2012.07.323
https://aacrjournals.org/clincancerres/article/19/19/5465/77970/HLA-and-Killer-Immunoglobulin-like-Receptor-Genes
https://aacrjournals.org/clincancerres/article/19/19/5465/77970/HLA-and-Killer-Immunoglobulin-like-Receptor-Genes
https://aacrjournals.org/clincancerres/article/19/19/5465/77970/HLA-and-Killer-Immunoglobulin-like-Receptor-Genes
https://doi.org/10.1371/journal.pone.0132526
https://ashpublications.org/blood/article/128/2/297/35481/Specific-combinations-of-donor-and-recipient-KIR
https://ashpublications.org/blood/article/128/2/297/35481/Specific-combinations-of-donor-and-recipient-KIR
https://doi.org/10.1016/j.bbmt.2016.05.016
https://doi.org/10.1080/2162402X.2016.1235108
https://doi.org/10.1080/2162402X.2016.1235108
https://doi.org/10.4049/jimmunol.1400859
https://pubmed.ncbi.nlm.nih.gov/35768150/
https://pubmed.ncbi.nlm.nih.gov/29540348/
https://pubmed.ncbi.nlm.nih.gov/29540348/
https://pubmed.ncbi.nlm.nih.gov/35640238/
https://pubmed.ncbi.nlm.nih.gov/35640238/
https://doi.org/10.1111/tan.14571
https://doi.org/10.1111/tan.14606
https://pubmed.ncbi.nlm.nih.gov/26018555/
https://pubmed.ncbi.nlm.nih.gov/26018555/
https://doi.org/10.1111/j.1399-0039.2007.00923.x
https://pubmed.ncbi.nlm.nih.gov/35432597/
https://pubmed.ncbi.nlm.nih.gov/11355950/
https://aacrjournals.org/clincancerres/article/27/7/1836/671918/FDA-Approval-Summary-Atezolizumab-Plus-Bevacizumab
https://aacrjournals.org/clincancerres/article/27/7/1836/671918/FDA-Approval-Summary-Atezolizumab-Plus-Bevacizumab
https://pubmed.ncbi.nlm.nih.gov/36873191/
https://pubmed.ncbi.nlm.nih.gov/34284214/
https://pubmed.ncbi.nlm.nih.gov/30381896/
https://pubmed.ncbi.nlm.nih.gov/30381896/
https://doi.org/10.1080/19420862.2018.1466767
https://pubmed.ncbi.nlm.nih.gov/21812539/
https://pubmed.ncbi.nlm.nih.gov/21812539/
https://www.nature.com/articles/s41409-023-02180-4
https://www.nature.com/articles/s41409-023-02180-4
https://doi.org/10.1182/blood-2012-04-419283
https://doi.org/10.3389/fimmu.2022.884648
https://doi.org/10.1093/immadv/ltad031
https://pubmed.ncbi.nlm.nih.gov/34764789/
https://doi.org/10.1111/tan.14515
https://doi.org/10.1111/tan.14515
https://doi.org/10.3389/fimmu.2023.1207276/full
https://doi.org/10.3389/fimmu.2023.1207276/full
https://pubmed.ncbi.nlm.nih.gov/9490415/
https://doi.org/10.1016/j.ccell.2015.03.005
https://pubmed.ncbi.nlm.nih.gov/37679639/
https://pubmed.ncbi.nlm.nih.gov/37679639/
https://doi.org/10.1016/j.drudis.2022.05.002
https://pubmed.ncbi.nlm.nih.gov/34016721/
https://www.artivabio.com/nk-cell-therapy-pipeline/
https://www.artivabio.com/nk-cell-therapy-pipeline/
https://doi.org/10.1186/ar2336
https://doi.org/10.1186/ar2336
https://doi.org/10.3389/fimmu.2021.724107
https://doi.org/10.3389/fimmu.2021.724107
https://doi.org/10.1016/j.drudis.2022.05.002
https://doi.org/10.3389/fonc.2024.1404051
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	KIR2DS2+ NK cells in cancer patients demonstrate high activation in response to tumour-targeting antibodies
	1 Introduction
	2 Methods
	2.1 Primary patient samples and cell lines
	2.2 Ex vivo NK cell expansion
	2.3 NK cell activation assays
	2.4 Phenotyping by flow cytometry
	2.5 HLA-C and KIR genotyping
	2.6 Statistical analysis

	3 Results
	3.1 KIR2DS2+ NK cells from healthy donors and cancer patients display enhanced activation in response to tumour-targeting antibodies
	3.2 Enhanced activation of KIR2DS2+ NK cells from healthy donors is lost after ex vivo expansion

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


