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ARTICLE INFO ABSTRACT

Keywords: Natural killer (NK) cells are the predominant innate lymphocyte subsets that mediate anti-tumor and anti-viral
NK cytotoxicity responses. The monitoring of NK cells function is important in various physiological and pathological conditions.
NKp46 Different approaches have been used to directly or indirectly evaluate NK cells activities.

Flow cytometry assay The purpose of this study was to investigate the correlation between the number of NK cells and cytotoxic

activity of NK cells and to determine whether NKp46* NK cells reflect NK cytotoxicity status.

In our study, we retrospectively analyzed laboratory data on NK cytotoxicity and NK lymphocyte levels of
4896 infertile women which underwent routine immunology investigation after IVF failures. In healthy women,
NKp46 expression was assessed on NK cells (n = 214) and cytotoxicity activity was evaluated with regard to
NKp46 expression. We found that despite a significant correlation coefficient (n = 4689, r = 0.447), the cor-
relation with cytotoxicity is maintained only within the zones with a low or high NK cells frequency. NK cells
frequency has no significant prognostic value for their cytotoxicity — within the medium NK frequency zone the
samples may have any cytotoxicity, both reduced and elevated.

However, our data demonstrate that NKp46 " NK cells frequency correlates with cytotoxicity activity even
more significantly than the NK cells frequency (n = 214, r = 0.67 and r = 0.62, respectively) and has significant

prognostic value for the abnormal NK cytotoxicity status indications, both low and increased.

Our results further support an important role of NKp46 in NK cells killing and afford grounds for using the
measurement of the NKp46 *NK cells frequency as an alternative method for abnormal NK cytotoxicity status
indication, which is responsive, simple and reliable.

1. Introduction

Natural killer (NK) cells are large granular lymphocytes endowed
with the inherent capacities to recognize and kill foreign, infected, and
malignant cells and also to modulate other aspects of the immune
system through their rapid production of numerous cytokines and
chemokines (Caligiuri, 2008; Orr and Lanier, 2010).

The accurate measure of the cytotoxic function is critical for in-
vestigation of a number of immunodeficiency states (Ham and
Billadeau, 2014; Orange, 2013), reproductive failures (Chernyshov
et al., 2010) and utilization of these cells as immunotherapeutic agents
(Mandal and Viswanathan, 2015).

Different approaches have been used to directly or indirectly eval-
uate NK cells and analyze various parameters (Claus et al., 2009;

Dons'koi et al., 2011).

The most common parameters in NK cells evaluation are their
number and functional characteristics, e.g cytotoxicity, degranulation
activity and cytokines production (Queirds, 2014). Some techniques
have been developed for measuring NK cytotoxic activity by flow cy-
tometry (FCA - flow cytometry assay), offering an alternative method
to the standard and widespread chromium (51Cr) release assay
(Queirds, 2014; Dons'koi et al., 2011).

However, the FCA with K562 cells method, which is considered a
gold standard, is not infallible. Lysis of sensitive target cells depends on
the cells cycle, growth and medium condition, labeling procedure, as
well as on the correct, effector-comfortable test design (incubation
time, volume, real NK/K562 and PBMC/NK ratio) that can affect the
probability of effector-target contact. Given the above and the fresh
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peripheral blood as a prerequisite, it is almost impossible for any la-
boratory to perform the tests routinely.

The assessment of the number of NK cells is a technically simple
procedure; however, this parameter alone does not represent the
functional potential of NK population.

Many phenotypically distinct subpopulations of NK cells have been
discovered, usually by dividing cells using cell-surface markers. These
subpopulations are typically described as related to activation or de-
velopmental status of the cells (Dons'koi et al., 2011; Forslund et al.,
2012). However, how these distinct phenotypes correlate with behavior
of, eg, NK-target interactions is less widely understood
(Vanherberghen et al., 2015).

The activity of NK cells is tightly regulated by a combination of cell
surface expressed inhibitory and activating receptors. NKp46 is a major
NK cell-activating receptor that is involved in the elimination of target
cells. NKp46 is uniquely expressed on all NK cell subsets and has been
suggested as a possible target for NK cell ablation and as a pan NK cell
marker (Narni-Mancinelli et al., 2011; Walzer et al., 2007). To date, few
pathogen-associated ligands and cellular co-ligands for NKp46 have
been documented; it has been shown that the latter plays a role in
regulating the NK lytic immune synapse from early formation to late
function (Hadad et al., 2015). The data also suggest that NKp46 sig-
naling directly regulates the NK lytic immune synapse from early for-
mation to late function. NKp46 was considered to be a predictive bio-
marker for clinical outcome after allogeneic transplantation, in patients
with AML (Chretien et al., 2017). The purpose of this study was to
determine whether the frequency of NKp46*NK cells can be indicative
of abnormal NK cytotoxicity.

2. Methods
2.1. Blood specimens

Venous blood was obtained from healthy individuals — Caucasian
women (local Ukrainian population) under 35 years. None had an ac-
tive infection, allergy, immunodeficiency or a history of autoimmune
disease. Also, they had no history of reproductive and IVF failures and
had at least 1 healthy child (n = 214). All the study subjects have
signed informed consent before they entered the study. The cell isola-
tion and all the study procedures were started at the blood sampling
date (4 h at the latest). During the retrospective study, we analyzed our
laboratory data on NK cytotoxicity and the NK frequency of 4896 so-
matically healthy Caucasian women under 42 years (the average age
was 36years) with normal BMI and without any chronic diseases,
which could be contraindications to IVF. All of them had at least one
reproductive failure or IVF failure (on average, 3.2 IVF failures).

2.2. Flow cytometry NK cytotoxicity assay (FCA)

The target K562 cells were labeled with 5uM CellTracker™Green
CMFDA (5-chloromethylfluorescein diacetate) (Molecular Probes,
Eugene, Oreg. USA) for 20 min at 37 °C in a humidified 5% CO, in-
cubator. The labeled cells were washed in PBS twice, resuspended in
RPMI1640 with 10% NBCS and counted using Flow-Count™
Fluorospheres (Beckman Coulter, USA). The effector cells were co-in-
cubated at the E:T ratios of 25, 12.5 and 7.5 for 2.5h at 37 °C in the
atmosphere of 5% CO, (air mixture). After the incubation period, the
cells were mixed with 10 pL of 2 mg/mL PI solution (SIGMA) in PBS to
stain dead cells. For each E/T ratio, the NK cytotoxicity was measured
by analyzing 10,000 target cells per sample using a FACScan flow
cytometer (BD Bioscience, San Jose, USA) equipped with CellQuest
software. The background target cells death was identified based on the
cells incubated in the absence of effector cells.

For each E/T ratio specific NK cytotoxicity was calculated as a
percentage of PI positive (dead cells) minus the spontaneous lysis level.
After that, we construct a calibration curve and calculated virtual
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cytotoxicity under the E/T ratio condition (E/T ratio - 15/1, 10/1 or
20/1).

The level of spontaneous lysis was determined as the percentage of
dead cells under the same conditions of incubation, but in the absence
of effectors cells. Less than 5% of the target cells spontaneous lysis was
observed in these experiments.

The concept of “normal cytotoxicity” was based on the reference
values of NK cytotoxicity favorable for reproductive prognosis in ac-
cordance with (Chernyshov et al., 2014).

The cytotoxicity activity levels of > 30% (E/T ratio 10/1) and <
10% (E/T ratio 10/1) were considered as high and low, respectively.

To measure the E/T ratio correctly, we have labeled the PBLs per-
meabilized by the 0.25% Triton and 1% paraformaldehyde solution
with PI; after that, we added labeled K562 cells. The ratio of E/T in each
sample was measured by flow cytometry (PBLs — FL3, K562 cells — FL1
Supplementary Fig. Ap.1)

For the target-gate correction (FL1 lost) we used (50% permeabi-
lized K562 culture) 100 pL of the target cells permeabilized by 50 pL
ethanol for 10 s. After vortexing, 100 uL of PBS and 100 pL of unaffected
targets were added. The obtained suspension consisted of 50% live and
50% permeable cells (Supplementary Fig. Ap.2).

2.3. Assessment of NKp46 expression

To determine the NKp46 expression, 100 uL of the whole blood
stained by FITC-, PE- and -Cy5-conjugated monoclonal antibodies to
CD3, NKp46 and CD56 (BD Bioscience, San Jose, USA) was used.
Washed or lysed and washed, the samples were analyzed by FACScan
flow cytometer using CellQuest software (BD Bioscience, San Jose,
USA).

2.4. Gating strategy for NKp46 " NK cells

The baseline NKp46 expression on NK cells was assessed by flow
cytometry. The CD3"®8%1V¢ CD56" NK cells were gated from the total
lymphocyte population — %NK. In all the samples, all CD56"" 8" NK
cells expressed high levels of NKp46. Three different CD56%™ NK
CD335(NKp46) phenotypes were identified — NKp46™i82, NKp4emedivm,
and NKp46"°® predominance.

The percentage of NKp46 " NK cells (%NKp46 *NK) among all the
lymphocytes was determined as both NKp46™&" and NKp4emedivm
subsets (Supplementary Fig. Ap.3.)

2.5. Statistical analysis

The statistical analysis of the results was performed using the
Fisher's Exact Test (unpaired, non-parametric, two-sided P value) and
the Pearson correlation (In Stat version 3.0 for Windows Graph Pad
Software Inc., San Diego, CA, USA).

3. Results

3.1. Correlation between cytotoxicity and frequency of NK cells in PBMCs
(%NK)

The specific lysis value measured by FCA (n = 4869) significantly
correlated with %NK (r = 0.447) (Fig. 1). We have divided them into
subgroups according to %NK and analyzed the correlation ratio in each
of the subgroups. Our results have shown that the correlation ratio
continues to persist only in subgroups with high (17-40%, n = 690,
r=0.167, 14-17%, n =712, r = 0.121) and low (< 6%, n = 650,
r = 0.269) %NK. Whereas within different subgroups with the medium
%NK of 12-14% (n = 645, r = 0.020), 10-12% (n = 694, r = 0.08),
8.3-10% (n = 704, r = 0.016), 6-8% (n = 703, r = 0.112) there is no
correlation with NK cytotoxicity (Fig. 2).
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Fig. 1. Correlation of specific lysis in FCA at E/T ratio 10/1 with NK frequency in group of infertile women which underwent routine immunology investigation after

IVF failures. (n = 4869, r = 0.447.)

The NK frequency was defined as % CD3"%%""® CD56* NK cells gated from the total lymphocyte population.

3.2. Prognostic value of %NK and %NKp46 " NK for cytotoxicity status

Next, we investigated whether %NK or %NKp46*NK have prog-
nostic values for cytotoxicity status (n = 214). In this group, %NKs
correlates with NK cytotoxicity (r = 0.62, Fig. 3a), but %NKp46 " NK
has higher correlation coefficient as far as NK cytotoxicity is concerned
(r = 0.67, Fig. 3b). Also, we analyzed the correlation between cyto-
toxicity and a separated NKp46™" or NKp46™4“™ subset, but both
correlation coefficients weren't higher than the correlation coefficient
between the NK frequency and cytotoxicity. Further, NKp46* NK cells
were determined as both NKp46™8" and NKp46%™ subsets.

To investigate whether the %NK is a prognostic marker for cyto-
toxicity status, patients were divided into subgroups according to %NK,
and rate of the subjects with normal cytotoxicity (10-30%, E/T - 10/1)
was calculated for each of the subgroups (Fig. 4).

Our data indicate that the high %NK (such as > 17% or > 14.5%) is
not a significant prognostic marker for an increased (> 30%, E/T - 10/
1) cytotoxicity (RR = 1470, p = .07 and RR = 1.125, p = .82, respec-
tively) compared to the medium (7,3-14,5%) %NK. Also, low %NK
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(such as < 5.5% or 7.3%) was not prognostically significant for a re-
duced (< 10%, E/T - 10/1) cytotoxicity level (RR = 1.657,p = .31 and
RR = 1.252, p = .79, respectively) (Fig. 4), compared to samples with
medium %NK.

Next, we investigated whether %NKp46 * NK has a prognostic value
for cytotoxicity, in the same way described above; this time, patients
were divided according to %NKp46 *NK, and the rate of subjects with
normal cytotoxicity (10-30%, E/T 10/1) was calculated for each of the
subgroups (Fig. 5).

Subgroup analysis revealed that the presence of %NKp46 " NK cells
in the amount of > 12.5% and > 11.2% has significant prognostic
value for high (> 30%, E/T — 10/1) NK cells cytotoxicity in these
subgroups (RR = 2.792, p < .0001 and RR = 2.489, p < .0272, re-
spectively), compared to the samples with medium %NKp46*NK
(5.3-11.2%).

Importantly, low %NKp46*NK (< 4%) has even more significant
prognostic value for NK with low (< 10%, E/T — 10/1) cytotoxicity
state (RR = 4.025, p < .0021).

6,3-8,3
medium Iow

Fig. 2. Correlation of specific lysis in FCA at E/T
ratio 10/1 with NK frequency. Samples were divided
into subgroups according to NK frequency (high -
14-17%, 17-40%, low - < 6% and medium - 6-8%,
8.3-10%, 10-12%, 12-14% subgroups) and corre-
lation relationship with NK cytotoxicity was ana-
lyzed in each subgroup.

High (17-40%, n =690, r=0.167, 14-17%,
n=712, r=0.121) and low frequency of NK
(< 6%, n = 650, r = 0.269) correlates with NK cy-
totoxicity. Medium frequency of NK within different
subgroups 12-14% (n = 645, r = 0.020), 10-12%
(n = 694, r = 0.08), 8.3-10% (n = 704, r = 0.016),
6-8.3% (n = 703, r = 0.112) doesn't correlate with
NK cytotoxicity.
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Fig. 3. Correlation of specific lysis in FCA at E/T ratio 10/1 with frequency of NK(r = 0.62) and NKp46 * NK cells (r = 0.67) in group with healthy women (n = 214).

4. Discussion

In a clinical laboratory, assessment of NK cells cytotoxicity is in-
creasingly important for the diagnosis and monitoring of the disease
progression. Cytotoxic assays allow in vitro evaluation of the lytic NK
cells activity against tumors or transformed target cells. Since the ear-
liest cytotoxic tests based on the direct visualization of effector/target
cell conjugates and the use of trypan blue to exclude nonviable target
cells using a light microscope, a variety of cytotoxic assays have been
developed (Queirés, 2014).

Despite that, there are still a lot of points to be taken into account
when we want to evaluate NK cells activity response. The widely used
FCA assay, like the most functional tests, highly depends on the smallest
variations in the components and test conditions (incubation time,
volume, real NK/K562, PBMC/NK ratio etc.); furthermore, NK cyto-
toxicity assay requires fresh peripheral blood; all this makes it a very
complicated method — not only from technical, but also from a logistical
point of view.

We have shown that the frequency of NK cells strongly correlates

with NK cytotoxicity. Nevertheless, these parameters are not equal. Our
data demonstrate that they are characterized by zone dependent
linkage — the correlation with cytotoxicity is maintained only within the
zones with a low or high NK cells frequency. In other words, we can say
that in those zones the functional activity of the NK population is de-
termined mainly by their frequency, but the NK frequency still has no
significant prognostic value for their cytotoxicity, and the main reason
for that is that samples within the medium NK frequency zone may have
any cytotoxicity levels, both reduced and increased.

Taking into account the complexity of NK cells activity regulation
by a combination of cell surface expressed inhibitory and activating
receptors, it seems logical to assume that a single quantitative para-
meter couldn't completely define the functional potential of the popu-
lation. In our previous study, we demonstrated that only a subset of the
peripheral blood NK lymphocytes is able to respond to K562, and that
only a fraction of this subset determines the entire population NK cy-
totoxicity levels (Dons'koi et al., 2011).

The peripheral blood NK cells diversity is highly complex; recent
studies have described more than a thousand phenotypes sharing NK
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cell receptors (NKRs), across the leucocyte lineages (Ansari et al.,
2015). NCRs are germ-line-encoded major NK cell-activating receptors
comprising NKp30, NKp44 and NKp46. The binding of these receptors
to their putative ligands is mostly observed on stressed, tumor and
virus-infected cells and triggers lysis of these cells (Horton and Mathew,
2015). NKp46 is a major NK cell-activating receptor that is involved in
the target cell elimination. It was suggested that NKp46 signaling di-
rectly regulates the NK lytic immune synapse from early formation to
late function. Thus, it is directly involved in cytotoxic activity (Hadad
et al., 2015).

Furthermore, the clinical relevance of the NKp46 expression on NK
cells has been confirmed in numerous research works (Han et al., 2018;
Chretien et al., 2017; Garcia-Iglesias et al., 2009).

In particular, a group of researchers (Fauriat et al., 2007) previously
reported that low NKp46 expression on NK cells was significantly as-
sociated with a reduced overall survival (OS) in AML and validated the
prognostic value of NKp46 expression at diagnosis in AMLs treated with
allo-stem cells transplantation (Chretien et al., 2017). NK cells are as-
sociated with implantation failures, recurrent miscarriages (RM) or
infertility due to either NK cell cytotoxicity or receptor/gene expres-
sion. (Kwak-kim and Gilman-Sachs, 2008). The natural Kkiller cell
testing is currently practiced widely in the field of reproductive im-
munology (Chernyshov et al., 2010, 2014). Fukui et al. have demon-
strated the importance of p46 expression on CD56" lymphocytes in
reproduction. They reported decreased expression of NKp46 in per-
ipheral blood in women with previous reproductive failures, such as
recurrent pregnancy loss (RPL) and implantation failure (Fukui et al.,
2006, 2009).These studies suggest that regulation of NKp46 expression
in various types of NK cells may be one of the key factors in a re-
productive failure, and analysis of NKp46 expression may be a useful
tool in investigating and diagnosing reproductive failures, such as RPL
and implantation failures (Fukui et al., 2017).

These findings emphasize the clinical significance of this parameter
and further suggest a tight connection between the NK cells activity and
the NKp46 expression.

Kramer et al. and Pembroke et al. have shown that NKp46 surface
density defines, phenotypically and functionally, the different human
NK cell subsets. The NKp46"" cell subset displayed a significantly
higher cytolytic activity than the NKp46™™ subpopulation against K562
cells, as well as IFN-gamma production upon stimulation (Pembroke
et al., 2013, 2014; Kramer et al., 2012). We have analyzed the corre-
lation between the cytotoxicity (FCA) and the frequency of NKp46"ish
and NKp46™4iU™ subsets, separately; but both correlation coefficients
weren't higher than the correlation coefficient between the frequency of
NK and the cytotoxicity. Further, NKp46 *NK cells were identified as
both NKp46"8" and NKp46¥™ subsets.

Fig. 5. The NKp46"NK frequency as a prognostic
marker for cytotoxicity status.

Patients were divided into subgroups according to
NKp46 " NK cell frequency, and rate of subjects with
normal cytotoxicity (10-30%, E/T - 10/1) was cal-
culated for each subgroup.

Relative risk for low (< 10%, E/T - 10/1) or in-
creased (> 30%, E/T - 10/1) cytotoxicity was cal-
culated in subgroups with low (< 4%, n =19,
4-5.3%, n = 16) and respectively high (11.2-12.5%,
n =22 >125%, n=60) NKp46+NK cells fre-
quency compared to subgroup with medium
(5.3-11.2%, n = 97) NKp46 + NK cells frequency.

RR= 4.025
P value 0.0021

<4

Our data demonstrate that the NKp46 * NK cells frequency correlates
with cytotoxic activity and has significant prognostic value for ab-
normal NK cytotoxicity status indications, both low and high.

Similarly, we have shown previously that the accentuated (both
high and low) frequency of activated NK was a significant negative
predictive factor for embryo implantation while simple NK lymphocytes
enumeration does not have clinical significance (Dons'koi et al., 2014).
Also, we have observed that the expression of NKp46 on NK surface
remains stable for several days after the blood intake; this makes it
possible to transport and store the samples [unpublished data]. Our
results afford grounds for using the NKp46 " NK cells assessment as an
alternative to the sophisticated FCA K562 cells assay.

5. Conclusions

We have shown in our work that the frequency of NK cells is
strongly correlated with NK cytotoxicity only within the zones with a
low or high NK cells frequency. Moreover, NK cells frequency has no
significant prognostic value for NK cytotoxicity status, both low and
high. We have found that a fraction of NKp46 *NK cells has prognostic
value for abnormal NK cytotoxicity status, both low and high.

Our results show that the NKp46 expression is a “link” between a NK
cells frequency and their function and afford grounds for using the
NKp46 * NK cells assessment as a responsive, simple, cheap and reliable
method for NK cytotoxicity assessment.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jim.2019.112639.
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