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Abstract The aim of this study was to estimate the dis-
tribution and density of a representative set of activating
and inhibitory receptors on gated natural killer (NK) cells,
as well as on their bright and dim subsets, and to correlate
the receptor expression with NK cell activity for healthy
individuals on CD3"CD16™" NK cells. We show that in 43
healthy controls NK cell activity against K562 target cells
was 37.34% (E:T, 80:1) by standard chromium release
assay. The expression of receptors on NK cells and their
subsets was analyzed by flow cytometry. The cytotoxic
CD3~CD16"*"™ NK subset constituted 78.97%, while the
regulatory CD3~CD16%™ NK subset constituted 21.03% of
NK cells. We show the distribution of NKG2D, CD161,
CD158a, and CD158b receptors on CD3 CD16" NK cells
in peripheral blood lymphocytes (PBLs), on gated NK
cells, and on the CD3~CDI16”*" and CD3 CD16"™
subsets. Contrary to CD158a and CD158b killer immuno-
globulin-like receptors (KIRs), there is a significant posi-
tive correlation of NKG2D and CD161 expression with NK
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cytotoxicity. We show the kinetics of change in
CD3 CD16"NK/K562 conjugate composition, together
with the stronger target binding capacity of CD16"&" NK
cells. Furthermore, we show that after coculture of PBLs
with K562 the expression of CD107a, a degranulation
marker, on CD3 CDI16"NK cells and subsets is time
dependent and significantly higher on the -cytotoxic
CD3"CD16"#" NK subset. The novel data obtained
regarding expression of NK cell activating and inhibitory
receptors for healthy individuals may aid in detecting
changes that are associated with various diseases.

Keywords NK cells - Cytotoxicity - NK cell receptors -
CD16™" . CD16%™ . Healthy controls

Introduction

Human natural killer (NK) cells are large granular lym-
phocytes that comprise approximately 15% of peripheral
blood lymphocytes (PBLs), lack CD3, and express CD16
and CD56 surface antigens that define the NK cell subset
(Cooper et al. 2001a, b; Robertson and Ritz 1990). NK
cells are important effectors of the innate immune system
that are able to lyse transformed, infected, and allogeneic
cells without prior sensitization (Kiessling et al. 1975;
Trinchieri 1989; Konjevié et al. 1995).

NK cell phenotype and function have been almost
exclusively defined with respect to the expression of CD56,
an adhesion molecule that is not directly involved in
cytotoxicity, and not with respect to CD16 expression
(Cooper et al. 2001a, b; Konjevi¢ et al. 2003). However,
CD16 is one of the most important cytotoxic receptors
(Nagler et al. 1989; Sun 2003) that, aside from direct, is
also involved in antibody-dependent, cellular cytotoxicity
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(ADCC) (Lanier et al. 1986), cytokine production, prolif-
eration, and postactivational NK cell apoptotic death
(Warren and Kinnear 1999). Moreover, it has been estab-
lished that CD16, as well as another prominent NK cyto-
toxic receptor, NKp46, mediates direct killing, i.e., lysis of
some virus-infected and tumor cells (Lanier 2003; Man-
delboim et al.1999). CD16, as well as NK p46, associates
with two cytoplasmatic domains, composed of FceRI y or
TCR { chains (Lanier 2003; Mandelboim et al.1999;
Warren and Skipsey 1991). These two intracytoplasmatic
chains comprise immunoreceptor tyrosine-based activation
motifs (ITAMs), which, upon ligand binding, become
phosphorylated and induce signal transduction by activa-
tion of nonreceptor tyrosine kineses, such as syk and zeta-
chain-associated protein kinase 70 (ZAP-70) (Vivier
et al.2004; Lanier 2005).

Moreover, NK cells, based on CD16 cell surface expres-
sion, are also divided into two subsets, which are functionally
analogous to CD56 subsets. In this sense, CD56%™ NK cells
have high expression of CD16 and are defined as CD16""€™,
while CD56"" NK cells have low expression of CD16
antigen and are defined as the CD16%™ subset (Nagler et al.
1989). In light of this, the CD16""€"-like CD56%™ subset has
high expression of the main cytotoxic receptor CD16 and is
involved in cytotoxicity, while the CD16%™-like CD56"" €™
subset has a regulatory function and produces abundant
cytokines (IFN-y, TNF-«, IL-10, IL-13, and GM-CSF)
(Cooper et al. 2001a, b; Biron et al. 1999).

Several new families of activating and inhibitory
receptors have recently been identified on NK cells,
including natural ctotoxicity receptors (NCRs), c-lectin like
receptors, and killer immunoglobulin-like receptors
(KIRs), and it has been shown that NK cell activity is
determined by the balance of the activating and inhibitory
receptors (Farag and Caligiuri 2006). One of the most
prominent activating receptors, NKG2D (Raulet 2003), is a
c-type lectin that, upon binding stress-induced ligands on
transformed cells, such as MHC class I-related molecules,
MICA/MICB, and UL16-binding proteins (ULBPs) 1-4
(Diefenbach et al. 2003), induces cytotoxicity by recruiting
phosphoinositide (PI)-3-kinases after association of its
intracellular domain with DAP10 adaptor protein (Wu et al.
1999). Although NKG2D-mediated responses are benefi-
cial in immune responses against tumors and pathogens,
evidence is also emerging that this system may be delete-
rious by contributing to autoimmunity (Di Santo 2006).

Also, one of the earliest markers of NK cells, CD161
(mouse NKR-P1A analogue) (Bennett et al. 1996), encoded
by a single nonpolymorphic gene without a precisely
defined signaling pathway in humans (Di Santo 20006), is
primarily designated an activating receptor (Lanier 1998;
Azzoni et al. 1998). However, recently, upon identification
of its lectin-like transcript 1 (LLT1) ligand, its inhibitory
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potential has been introduced, but it remains controversial
(Rosen et al. 2005; Aldemir et al. 2005).

The NK cell KIR repertoire depends on both KIR and
HLA gene polymorphisms (Raulet et al. 2001). Clinical
studies have correlated KIR gene content with infection,
cancer, autoimmunity, pregnancy syndromes, and trans-
plant outcome (Trowsdale and Parham 2004; Yoon et al.
2007; Boyton and Altmann 2007; Martin and Carrington
2008). Consequently, differential expression of these
inhibitory receptors by subsets of human NK cells allows
them to carefully monitor self (and foreign) MHC mole-
cules and uniquely regulate cytotoxicity when pathological
processes perturb MHC expression (Di Santo 2006). KIR is
divided into haplotype A and B, with A being more frequent
and including inhibitory CD158a (KIR2DL1) and CD158b
(KIR2DL2,3) receptors (Trowsdale and Parham 2004),
which recognize HLA-Cw4,6,5 and HLA-Cw1,3,7 HLA
class I molecules, respectively (Uhrberg et al. 1997; Yawata
et al. 2006). These two KIRs inhibit NK cell activity
through an immune tyrosine-based inhibitory motif (ITIM)
(Long 1999) by recruiting protein tyrosine phosphatases
(SHP-1 and SHP-2) responsible for dephosphorylation of
surrounding tyrosine kinases and adaptor proteins, includ-
ing DAP-10. Futhermore, blocking actin cytoskeleton-
dependent raft recruitment of different receptors may be a
general mechanism by which inhibitory receptors control
NK cell activation (Watzl and Long 2003). Moreover, it has
recently been shown that higher expression of CD158b on
NK cells is implicated in greater susceptibility to melanoma
and its metastasis (Naumova et al. 2007).

Despite the fact that formation of NK cell conjugates
with tumor cells is a prerequisite for direct cytotoxicity,
i.e., necrosis, characterized by exocytosis of perforin and
granzyme granules, these NK-K562 target tumor cell
conjugates have only been characterized with respect to
CD56% NK cells (Vitale et al. 1991; Jacobs et al. 2001),
and not with respect to CD16-defined NK cells, although
CD16 is engaged in cell-mediated cytotoxicity.

Furthermore, NK conjugate formation is followed by
transient membrane expression of specific CD107a, lyso-
somal-associated membrane protein 1 (LAMP-1), associ-
ated with release of lytic lysosomal vesicles containing
perforin, and is strongly upregulated on the surface after
cytotoxic degranulation (Rubio et al. 2003; Trzonkowski
et al. 2004). Despite the fact that the most potent mediators
of natural cytotoxicity are CD16TCD56"™ NK cells, the
expression of 107a has until now been analyzed almost
exclusively on CD561 NK cells (Gryzwacz et al. 2007).

There is an urgent need for reference values for NK cell
receptors, as their changes could confer altered risk in a
number of diseases including human immunodeficiency
virus (HIV) susceptibility and progression, hepatitis C
virus clearance, idiopathic bronchiectasis, autoimmunity,
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and cancer. Moreover, receptors such as NKG2D, which
are beneficial in surveillance against cancer and infections
but deleterious in the development of autoimmune disor-
ders, could also, together with their ligands, become targets
for therapeutic intervention.

In this study we define in healthy individuals the dis-
tribution and density of a representative set of NK cell
activating and inhibitory receptors and correlate their per-
centage with NK cell activity on CD16-defined NK cells
and the cytotoxic CD16"€" and regulatory CD16%™ sub-
sets. Considering that changes in receptor expression
modify NK cell activity, these novel data may be useful in
detecting predisposition for or existence of various
diseases.

Methods

In this study heparinized blood samples were obtained
from 43 healthy volunteers (23 males and 20 females) from
23 to 51 years of age with no evidence of any disease or
infection. All 43 healthy individuals were evaluated for NK
cell activity, 32 individuals for NK cell phenotype, and 14
for conjugate formation with K562 and expression of
CD107a degranulation marker. Correlation between NK
cell cytotoxicity and the percentage of CD16"€" NK cells
was simultaneously investigated for 26 individuals.

Peripheral Blood Mononuclear Cell (PBMC) Isolation

PBMCs were isolated using a Lymphoprep (Nypacon,
Norway) density gradient, centrifuged at 500 g for 40 min,
and washed three times in RPMI 1640 culture medium
(CM; Gibco, UK) supplemented with 10% fetal calf serum
(FCS; Sigma, USA).

Flow Cytometric Analysis

Surface phenotypes of freshly isolated PBMC subsets were
identified using the following combinations of directly
labeled monoclonal antibodies (mAbs): CD3PerCP/CD16
FITC, CD3PerCP/ CD16FITC/CD161PE, CD3PerCP/ CD
16PE/CD158aFITC,  CD3PerCP/CD16FITC/CD158bPE
(Becton Dickinson, San Jose, CA, USA), and CD3PerCP/
CD16FITC/NKG2DPE cells (R&D, USA). Samples were
prepared as previously described (Jackson and Warner
1986). Briefly, 1.0 x 10’ freshly isolated PBMC in 100 pl of
RPMI 1640 supplemented with 10% FCS were incubated for
30 min at 4°C with 20 pl of the appropriate mAb combina-
tion, washed twice with ice-cold PBS, and fixed with 1%
paraformaldehyde prior to FACS analyses. Surface marker
expression was quantified on a FACSCalibur flow cytometer
(Becton Dickinson). A total of 10,000-50,000 events

verified as PBLs, according to their physical characteristics
(FSC and SSC), were collected per sample and analyzed
using CellQUEST software. Exclusion of nonspecific fluo-
rescence was based on matched isotype mAb combinations
conjugated with FITC, PE, and PerCP (Becton Dickinson).
In order to define two subsets of low, i.e., CD16dim, and high,
i.e., CD16™™ NK cells, CD3"CD16" NK cells were
divided based on the density of the CD16 antigen defined by
mean fluorescence intensity (MFI) (Konjevié et al. 2009). In
order to precisely define the expression of any receptor on
CD16" NK cells for each individual, the flow cytometry data
on the percentage of a double-positive subset (e.g.,
CD3 CD16"CD161%) was divided by the percentage of
CD3 CD16" NK cells and multiplied by 100, according to
the following formula:

(CD3~CD167CD1611)/(CD3CD16%) x 100

as previously reported (Konjevi¢ et al. 2007), for precise
definition of, e.g., the CD3 CD16TCD1617 subset. For the
expression of NK cell receptors in the CD16™ or CD 16"
NK cell subsets, this formula was used with appropriate sub-
stitutions relevant for these NK cell subsets. This calculation
gives results identical to those with flow cytometric gating.
The density of expression of any NK receptor (CD16,
CD161, NKG2D, CD158a, CD158b) in the CD16"™ or
CD16"&" NK cell subsets was defined by MFI.

CD107 Expression Assay

CD107a (Becton Dickinson) expression was estimated on
CD37CD16" NK cells and CD16"™ and CD16”#" NK
cell subsets after 30 min and 4 h of PBL stimulation with
target K562 tumor cells at an effector-to-target, E (PBL):T
(K562), ratio of 3:2 (Rubio et al. 2003).

Natural Cytotoxicity Assay

NK cell specific lysis was determined using a standard
cytotoxicity assay (Brown et al. 1985). One hundred
microliters of freshly isolated PBMCs, as effector cells, at a
concentration of 4.0 x 10%ml CM and two 1:1 dilutions,
were mixed with 100 pl of the erythromyeloid cell line
K562, at a concentration of 0.05 x 10/°/ml (prelabeled
with radioactive chromium-51 (Na,CrO,4, As = 3.7 MBq;
Amersham, UK)), to form triplicates of three E:T ratios:
80:1, 40:1, and 20:1. The assay was performed in 96-mi-
crowell round-bottom plates (Falcon, USA), which were
incubated for 4 h at 37°C in a humidified atmosphere
containing 5% CO,. Plates were then centrifuged for 3 min
at 200 g and the supernatant from each well was used for
determination of the amount of >'Cr released from the
lysed target tumor cells by a gamma counter (Berthold,
FRG), expressed as counts per minute (cpm). The mean
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percentage cytotoxicity was calculated using the following
formula:

cpm(experimental release) — cpm(spontaneous release)

cpm(maximal release) — cpm(spontaneous release)
x 100

Maximal release was obtained by incubation of target
K562 cells at the same concentration in the presence of 5%
Triton X-100, and spontaneous release was obtained by
incubation of the appropriate target tumor cell line in
culture medium alone.

Conjugate Forming Assay

Freshly isolated PBMCs from healthy donors were adjusted
to 3 x 10%ells/ml and stained with CDI6PE and CD3
PerCp monoclonal antibodies. One hundred microliters of
the PBL suspension was added to 100 pl of washed K562
(1 x 10%ml). The cell mixture was centrifuged at 100x g
for 3 min, then one sample was incubated for 30 min and
another sample for 4 h at 37°C in a humidified atmosphere
in a CO; incubator. Cells were gently mixed and analyzed
by FACS by gating previously on PBLs and excluding
CD3* cells. Because K562 cells display discrete auto-
fluorescence in FL1, conjugates can be identified in green
(FITC) and red (CD16PE) (Jacobs et al. 2001).

The fluorescence of pure target cells, lymphocytes, and
lymphocytes mixed with target cells stained with matched
isotype controls of mAbs directly conjugated with FITC,
PE, and PerCP (Becton Dickinson) on FL1, FL2, and FL3
was taken into account as the background control. The
background data were subtracted from the analyzed sam-
ples and the remaining events were divided according to
the autofluorescence of target cells on FL1. K562/lym-
phocyte conjugates were gated based on their scatter (FSC
and SSC) characteristics, showing a size greater than that
of lymphocytes and similar to that of target cells. CD3"
cells were excluded by gating on PBMC and K562 (Vitale
et al. 1991). By applying the appropriate gating procedure,
CD37/CD16%™" and CD3~/CD16"™™ cells were assessed
within the conjugates. For the conjugate forming assay, as
well as all flow cytometric analysis, we always acquired
50,000 events.

Statistical Analysis

The significance of differences for results obtained for
bright and dim CD3~CD16% NK cell subsets was deter-
mined by nonparametric exact Wilcoxon signed-rank test,
while the correlation between NK cell activity and receptor
expression or density was determined by Pearson’s test.
For multiple comparisons, p-values were adjusted accord-
ingly with Bonferroni correction (*o; < 0.05/3 = 0.0166).
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Results

Evaluation of cytotoxic NK cell activity of 43 healthy
controls performed against the standard sensitive erythr-
omyeloid K562 tumor target cell line showed 37.34 +
2.83%, 22.25 £+ 2.52%, and 14.47 £+ 2.06% cytotoxicity
for E:T ratios of 80:1, 40:1, and 20:1, respectively
(Fig. 1a).

According to the density of expression of CD16 on NK
cells, the percentage of regulatory CD3~CD16%™ NK cells
for 32 healthy controls was 21.03 + 2.07%, while the
percentage of CD3 CDI6™" was 78.97 + 2.07%
(Fig. 1b); it was significantly (p < 0.01, Pearson’s test)
correlated with NK cell cytotoxicity for an E:T ratio of
80:1 and also for E:T ratios of 40:1 (p = 0.0009) and 20:1
(p = 0.014) (Fig. 1c). The percentage of CD3~CD16%™
NK cell subsets was 21.03 £ 2.07% (Fig. 1b) and did not
show any correlation (data not shown) with NK cell
cytotoxicity.

Expression of NKG2D, CD161, CD158a, and CD158b
NK cell receptors was estimated as the percentage on
CD37CDI16% NK cells in PBLs and on gated CD3-CD16™
NK cells (Fig. 2a—c). Results obtained for NK cell receptors
on CD37CD16" NK cells in PBLs showed that NKG2D™
and CD161" were the most abundant (11.78 £ 1.60%
and 545 + 0.1.24%, respectively), while CD158a" and
CD158b™ (1.16 £ 0.21% and 4.84 4 0.58 %, respectively)
were the less abundant populations in CD3-CD16" lym-
phocytes. Analysis of these receptors on a gated CD3™
CD16" NK cell population showed that NKG2D had the
highest expression (77.87 £ 2.70%), CDl161 (37.57 £
4.40%) and CD158b (38.3 £+ 3.02%) had similar, lower
levels of expression, and CD158a (12.31 & 2.18%) had the
lowest level.

Percentage expression of actived NK cell receptors on
the CD3-CD16" NK cell subset correlated positively with
NK cell cytotoxic function, showing a higher significance
for NKG2D (p = 0.0005, Pearson’s test) than for CD161
(p = 0.01548) (Table 1), while inhibitory KIRs (CD158a
and CD158b) did not correlate with NK cell function.

Analyses of the expression of different NK cell recep-
tors on the CD16%™ and CDI16™E" NK cell subsets
(Fig. 3) showed that the expression of NKG2D (70.73 £
3.24%) as well as CD161 (78.46 &+ 2.66%) was signifi-
cantly higher (p < 0.01, exact Wilcoxon signed-rank test)
on the CDI6™=" than on the CD16"™ NK cell subset
(29.27 £ 3.24% for NKG2D and 21.54 + 2.66% for
CD161). Further analysis showed that the expression of
KIR receptors, CD158a and CD158b, was significantly
higher (p <0.01; 93.18 £ 1.30% and 82.46 &+ 2.93%,
respectively) on CDI16""", although the receptors were
also present on the CD16%™ NK cell subset (6.82 + 1.30%
and 17.54 £ 2.93%, respectively).
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Fig. 1 Evaluation of NK cell cytotoxic activity of 43 healthy
controls, performed against the standard sensitive K562 tumor target
cell line, for E:T ratios of 80:1, 40:1, and 20:1 (a); percentage of two
functionally different NK cell subpopulations, CD3~CD16"" and
CD3~CD16%™, in freshly isolated PBLs of 32 healthy individuals (b);

and positive correlation of NK cell lysis for E:T ratios of 80:1, 40:1,
and 20:1; and percentages of the cytotoxic, CD3~CD16™", NK cell
subset of 26 healthy individuals (c). Results are shown as box plots
showing the median, lower and upper quartiles, and range of the data
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CD16™" NK or the expression of NK cell activating
(NKG2D, CD161) and inhibitory (CD158a, CD'158b)
receptors in PBLs and CD3~CD16", CD3~CDI16%™, or
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Table 1 Correlation of NK cell cytotoxicity and the percentage of

NK cell activating and inhibitory receptors expressed on
CD3CD16" cells

rh, p
CD3 CD16"NKG2D™" 0.84066 0.00049*
CD3 CDl6"CD161" 0.58333 0.01548*
CD3 CD16'CD158a" 0.26786 0.33012
CD3 CD16"CD158b™ 0.43333 0.24999

* Statistically significant correlation, Pearson’s test

CD3~CD16"" NK cell subsets. The absolute numbers
listed were calculated by multiplying the number of PBLs
obtained for each individual with the percentage for each
subset obtained by flow cytometry and are expressed as the
number of each subset x 10° per liter.

The density of CD16 antigen expression, i.e., mean
fluoresence intensity (MFI) was significantly higher
(» <0.01, exact Wilcoxon signed-rank test) on the
CD16"&M" (453.2 + 36.42) than on the CD16%™ (48.88 +
3.60) NK cell subset. Analysis of the density of expression
of the other NK cell receptors showed that the MFI of CD161
and CD158b was significantly higher on the CD16"€" NK
cell subset (p < 0.05 exact), while NKG2D and CD158a did

100
_ =]
g 80
=
3
x 50 o
=
b o
g o
(5]
]
S 20

=]
0 2
dim bright dim bright dim bright dim bright
coi61 NKG2D CD158a CD158b

Fig. 3 The percentage expression of a set of activating and inhibitory
NK cell receptors (NKG2D, CD161, CD158a, and CD158b) on
CD37CD16%™ and CD3 CD16™&" NK cell subsets in healthy
controls (n = 32). Results are shown as box plots showing the
median, lower and upper quartiles, and range of the data

not show any significant difference in its MFI between the
bright and the dim NK cell subsets (Table 3).

Conjugate forming assay was used to measure complexes
between CD3~CD16™ NK and K562 tumor target cells uti-
lizing the fact that K562 tumor cells display green (FL-1)
fluorescence by flow cytometry. Analysis of NK cell/K562
conjugates over time indicated that after 30 min of incuba-
tion, CD16°1ht compared to CD16%™ NK cells showed
more effective binding, a result that persisted, although at a

Table 2 Distribution of NK cell receptors in peripheral blood lymphocytes (PBLs) and CD3~CD16%™ and CD3~CD16"¢" NK cell subsets of

healthy individuals (n = 32)

Subset Percentage (%) Absolute number (x 109/L)
Mean Range Mean Range
Min Max Min Max

CD3 CDl16" 13.686% 2.500 39.150 0.208° 0.022 0.940
CD3~CD16™eh+ 9.508 0.620 30.610 0.144 0.005 0.735
CD3~CD16%™* 4.266 1.110 30.900 0.065 0.010 0.742
Total NKG2D* 58.670 17.760 77.485 1.177 0.155 1.408
CD3~CD16"NKG2D* 10.356 2.360 23.810 0.157 0.021 0.571
CD3~CD16™e"*NKG2D™ 7.972 0.960 23.540 0.121 0.008 0.565
CD3~CD16“™"NKG2D™" 2.490 0.270 7.970 0.038 0.002 0.191
CcDl61" 28.140 0.520 36.108 0.549 0.005 0.675
CD3~CDl6*CD161" 4.055 0.090 11.110 0.062 0.001 0.267
CD3~CD16™"+CD1617" 3.209 0.020 10.020 0.049 0.000 0.240
CD3-CD16%™*CD161+ 0.919 0.060 4510 0.014 0.001 0.108
CDI158a" 5.130 0.510 13.409 0.123 0.004 0.204
CD3~CD16+CD158a™" 2343 0.340 5.660 0.036 0.003 0.136
CD3~CD16™e"+CD158a™ 1.903 0.320 5510 0.029 0.003 0.132
CD3~CD16%™*CD158a* 0.362 0.020 1.690 0.006 0.000 0.041
CD158b" 16.320 1.390 38.388 0.392 0.012 0.538
CD3~CD16"CD158b" 5.692 0.970 14.140 0.086 0.008 0.339
CD3~CDl16™e"+CD158b+ 4.240 0.170 13.590 0.064 0.001 0.326
CD3~CD16%™*CD158b™" 1.459 0.110 10.480 0.022 0.001 0.252

# Percentages and ® absolute numbers of NK cell subsets in PBLs from healthy individuals, expressed as mean and range. Absolute numbers
were calculated by multiplying the counted number of PBLs by the percentage for each subset obtained by flow cytometry
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Table 3 Mean fluorescence intensity of CD16 and activating and inhibitory receptors on NK cell subsets in healthy controls

CD16 NKG2D CD161 CD158a CD158b
CD3~CDl6%™* 48.88 + 3.60 2590 &+ 3.54 9.20 + 1.12 10.73 &+ 1.56 10.19 + 0.98
CD3~CDI16™eh* 453.2 + 36.42 32.29 £ 3.86 12.50 &+ 1.63* 7.01 =+ 1.10 16.97 £ 2.80%*

* p < 0.05 (exact Wilcoxon signed-rank test); statistically significant difference between CD16%™+ and CD16°€"* NK cell subsets
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Fig. 4 Representative flow cytometric dot plots of NK cell/K562
target tumor cell conjugates over time showing that, compared to the
NK subset distribution at the beginning of coincubation (a), the
distribution after 30 min shows stronger binding of CD16*&" NK

lower level, after 4 h of incubation and was characterized by
poorer detection of conjugates (Fig. 4a—c).

Analysis of the expression of CD107a, a marker that
characterizes NK cell degranulation, showed that, compared
to the initial value of 16.98 + 3.74% for gated CD3~CD16™"
CD107a™ cells, there was a significant (p = 0.0004, Bon-
ferroni correction, exact Wilcoxon signed-rank test)
increase, to 36.36 + 3.74%, after 30 min of contact of NK
cells with K562 target cells, which did not differ significantly
(52.79 &+ 3.60%) even after 4 h of incubation. It was also
found that the expression of CD107a showed the same trend
of a significant (p = 0.0008) increase during the given
incubation period on the gated CD16”€" NK cell subset,
when initial values (23.04 £ 6.9%) were compared to those
after 30 min (55.55 £+ 4.38%) and after 4 h (63.48 +
3.46%) of incubation with K562 tumor cells. Contrary to
this, the CD3 CD16%™ NK cell subset showed lower
expression of CD107a in comparason to the CD3~CD16"€™
subset, with a significant (p = 0.0004), although transient
increase after 30 min (Fig. Sa—c).

Discussion
Considernig that NK cells consitute the most important

effector subset of innate immunity and represent the first
line of defense against viruses, parasites, and tumors

cells to K562 target tumor cells, compared to CD16%™ NK cells (b),
and the change in subset distribution in favor of CD16%™ NK cells
that is detected after longer, 4-h, coincubation (c). CD3" cells were
eliminated by an appropriate gating procedure

(Kiessling et al. 1975; Trinchieri 1989), in this study we
evaluated NK cell activity, as well as the percentage of two
functionally distinct NK cell subsets, i.e., the regulatory
CD16%™ and the cytotoxic CD16"™€" subset.

In this study we obtained new data regarding the density
of expression (MFI) of CD16 in the CD16™¢" subset and
showed that it is 10 times higher than the density in the
CD16%™ subset, which is in accord with a study on one
individual only (Cooper et al. 2001a) and another on six
healthy individuals (Lima et al. 2001) that reported CD16
density in the corresponding CD56 subsets. In light of this,
we showed that the percentage cytotoxic CD3~CD16" "
NK cell subset correlates positively with NK cell cytotoxic
function, which supports the original finding by Nagler
et al. (1989)that CD16 is involved in direct cytotoxicity, as
the isolated CD16~ NK cell subset shows very low levels
of cytotoxicity against numerous malignant cell lines.

Our extensive analyses of the distribution of several NK
cell receptors show that the most prominent activating
receptor, NKG2D (Diefenbach et al. 2003), is also the most
abundant receptor when analyzed on NK cells in PBLs and
on gated NK cells, which is in agreement with several other
studies, although exclusively on gated CD3~CD56" cell
subsets (André et al. 2004; Izumi et al. 2006). We also show
ample expression of CD161, another common NK cell
receptor, analyszed in the same way, which differs from the
higher values for CD161 expression on gated NK cells

@ Springer



120 G. Konjevi¢ et al.: Distribution of Activating and Inhibitory Receptors on NK Cells

—_ 0 min
9>°/ r * % | ‘:E_ I
12} |
- = 607 .
o 3 7
= S *x L i
g0 |
53 i co3coiesm . 3016 ED 107 o4
o © 40+ T it DICDIE*MCD107a & 2D3CO1EROCO107 2
g s 1 1461% a 23.04%
c A 304 5 i £
¢ 9 81 5
o o 204 T i
o 2 ’
] T
o 30 min
a
o ° 0 " aomi I 4h I I
min
) . % CDICO165mCD107 A
Duration of co-culture with 20 400 00 000 1000 1 11'3%%_ 2 CDZCD1EMeCD107
w | < o w P
K652 tumor cells o 1 & 55.55%
B | S
81 8
_ %7 /mcoa-cpiedim X LN S S L R S
Z 70 4 , . h
- [F1 CD3-CD16bright
< 8 60
S x
< Z (- .
o & 7 pREcDIECEIuaY CO3CO16wCD 1071
g S 40 = ZU% u 63.48%
S 5 £ =
I =1 -
e O a = ;
¢ 2 _ g i
a E o
3 o et e 0 W ' w? w? ot
(2] cos- FITc cone Fime
¢}
T T

0 30min 4h

Duration of co-culture with K562 tumor cells

Fig. 5 Expression of CD107a increases significantly (p < 0.01, exact
Wilcoxon signed-rank test) after 30 min and after 4 h of coincubation
with K562 target tumor cells compared to the initial value on
CD3 CDI16% NK cells in PBLs (a), while analyses pertaining to NK
cell subset expression show a 10-fold increase on CD3~CD16>E"
NK cells and only a 2-fold increase on CD3~CDI16%™ (b) in

obtained in a few other studies, probably due to high vari-
ation between the minimal and the maximal values in those
studies (Pascal et al. 2004; Izumi et al. 2006). Recently,
decreased expression of these two activating receptors has
been shown to be associated with impaired NK cell cyto-
toxicity in metastatic melanoma (Konjevié et al. 2007).

Our results define the presence of the most frequent
inhibitory KIRs, CD158a and CD158b, showing that they
are not present on all NK cells, as well as the fact that the
expression of CD158b is three times higher than that of
CD158a (Pascal et al. 2004). Despite the importance of
these KIRs, only one report defines their expression on
CD3 CD16" NK cells (Kogure et al. 2003), while few
other studies are based on CD56 NK subsets (Kogure et al.
1999; Zambello et al. 2003; Epling-Burnette et al. 2003;
Gazit et al. 2004), the majority of them giving only a
qualitative description of KIR expression (Cooper et al.
2001a, b). It is interesting that although the NK cell subset
KIR repertoire is determined stochastically (Pascal et al.
2004) and the KIR haplotype frequencies vary, these dif-
ferences may reflect regional pathogen-driven selection
(Boyton and Altmann 2007).
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investigated healthy controls. Results are shown as mean =+ standard
error for 14 healthy individuals. Representative flow cytometry dot
plots show the change in CDI107a expression on gated.
CD37CD16"*" and CD3~CD16“™ NK cells at 0 min, 30 min, and
4 h of coincubation with K562 target tumor cells (c)

The importance of NKG2D and CD161 NK cell recep-
tors is reflected in their positive correlation with NK cell
activity, as opposed to the lack of correlation between the
expression of inhibitory CD158a and CD158b KIRs and
NK cell cytotoxicity, possibly reflecting the low percentage
and enormous diversity of the KIR family. This supports
the data that inhibitory KIRs on NK cells serve as a
rheostat, regulating and dampening signals transduced
through activating receptors without being able to com-
pletely terminate NK cell effector function (Lanier 2005).

Regarding the functional dichotomy of NK cells, there
are very few reports on healthy individuals that deal with
the quantitative distribution of NK cell receptors on CD56,
and even less so on CD16, bright and dim NK cell subsets
(Cooper et al. 2001b; Lima et al. 2001; Takahashi et al.
2007). Our extensive new results also show significantly
higher expression of investigated NKG2D, CDI61,
CDI158a, and CD158b receptors on the CD16™&" com-
pared to the CD16%™ NK cell subset. The found predom-
inance of KIRs on the cytotoxic CD16”" compared to the
CD16%™ NK cell subset suggests their regulatory role in
NK cell cytotoxicity, which is essential in maintaining
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tolerance. Furthermore, the importance of KIRs on NK
cells not only lies in regulating NK cell cytotoxicity but
also, based on the “one cell-one inhibitory receptor”
hypothesis, implies that their contact with self MHC class I
molecules during development provides a positive signal
for NK cell maturation, leading to licensing of fully com-
petent peripheral NK cells (Anfossi et al. 2006).

We also analyzed receptor density on the CD1 and
CD16%™ NK cell subsets in order to better define receptor
expression. Our data, showing a similar density of NKG2D
expression on CD16°"€™ and CD16%™ NK cell subsets, are
in agreement with one report, however, evaluated on
CD56%™ and CD56"¢" NK cells (André et al. 2004) or the
entire CD56" NK population (Epling-Burnette et al. 2004),
as well as a significantly higher density of CD161 on the
CD16™" (Lima et al. 2001; Tarazona et al. 2002) and,
also, a significantly higher density of CDI158b on the
CD16"&" NK cell subset. However, there is no significant
difference in the density of the less abundant CDI158a
receptor, giving new insight into KIR characteristics
(Cooper et al. 2001b; Lima et al. 2001).

To our knowledge, there are no reports that deal with the
kinetics of NK/K562 tumor cell line conjugate composition
with respect to either CD56 or CD16 receptors or func-
tionally diverse bright and dim NK cell subsets. We provide
new data for CD3~CD16/K562 conjugates demonstrating,
after 30 min, a stronger binding capacity of CD16""&" cells
to K562, which we have shown to amply express activating
NKG2D receptor, as opposed to CD16%™ NK cells. More-
over, in our kinetic study we demonstrate, for the first time,
the expected finding that conjugate composition changes
with time, so that after a longer (4-h) follow-up, the con-
jugates lose CD16"€™ in favor of CD16%™ NK cells. These
data confirm that following secretion of cytotoxic granules,
NK cells become CD16%™ or even CD16 negative, as sug-
gested in one previous report (Gryzwacz et al. 2007).

Furthermore, the appearance of increased CD107 on
CD3~CD16""#" NK cells after 30 min of contact with K562
cells, a finding that is maintained for 4 h, supports the
positive correlation shown between this subset and NK cell
cytotoxicity. Contrary to this, our finding that the regulatory
and weakly cytotoxic CD3~CD16%™ NK cells have lower
expression of CD107a, despite a transient increase after
30 min, supports their limited cytotoxic potential (Alter
et al. 2005). We would like to point out that the lower per-
centage of CD107a obtained in this study compared to the
very few previous studies is probably the consequence of the
substantially lower number of investigated healthy indi-
viduals (Penack et al. 2005), analysis of CD107a expression
on CD37CD56" NK cells using varying durations of incu-
bation (Bryceson et al. 2005; Gryzwacz et al. 2007), or
diverse E:T ratios (Alter et al. 2004, 2005; Anfossi et al.
2006; Gryzwacz et al. 2007; Bryceson et al. 2005).

6bri ght

Considering that engagement of KIRs with self MHC
class I molecules, according to the “licensing hypothesis,”
is required for maturation (Raulet 2006; Gasser and Raulet
2006), we show that the KIR-positive CD3~CD16”€" NK
subset is CD107-high and encompasses mature cytotoxic
cells rich in proteolytic granules, as opposed to the KIR-
low/negative CD3~CD16%™ NK subset, which is defined
as regulatory, having fewer granules and, consequently,
lower CD107a expression. In this study we confirm the
novel hypothesis that potentially autoreactive KIR-low NK
cells, detected in investigated healthy individuals as KIR-
low/negative CD3-CD16%™ NK cells, acquire tolerance
and become ‘“hyporesponsive during development,” as
shown by their low CD107a expression, reflecting reduced
cytotoxicity (Fernandez et al. 2005).

Based on our extensive investigation of NKG2D, CD161,
CD158a, and CD158b NK cell receptors on CD3~CDl16%
NK cells and CD3~CD16"¢" and CD3~CD16%™ subsets in
healthy individuals, we show a significant correlation of
NKG2D and CD161 with NK cell cytotoxicity. Moreover,
through analysis of the CD107a degranulation marker, we
unambiguously show the cytotoxic potential of the
CD16"™" NK cell subset. These novel data for a set of NK
cell activating and inhibitory receptors are significant, as
their up- or down-regulation may participate in various
pathophysiological conditions.
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