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1 | INTRODUCTION
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Abstract

Purpose: NKp46, a receptor on NK cells, is involved in cytotoxicity and cytokine pro-
duction. The authors aimed to evaluate the effect of NKp46 on decidual NK (dNK)
cells during pregnancy and whether it can be a marker for immunological abnormali-
ties in women with recurrent pregnancy loss (RPL).

Methods: Flow-cytometric analysis was made to assess NKp46 expression and intra-
cellular cytokine production of dNK cells. The proportion of NKp46* dNK cells was
analyzed among RPL patients who aborted karyotypically normal pregnancies and
those who either aborted karyotypically abnormal pregnancies or without genetic
studies, and controls who were going through the induced abortion.

Results: The %$NKp46* and %NKp46° 8 dNK cells were significantly lower in the
RPL women who aborted karyotypically normal pregnancies than in the control group.
The %NKp46° 8" dNK cells were significantly correlated with the NK1/NK2 ratio of
dNK cells. The %NKp46™ dNK cell cutoff for RPL with immunological abnormalities
was determined by the ROC curve analysis. In women with the low %NKp46* dNK,
NK1/NK2 ratios were significantly higher than those with the high.

Conclusion: RPL patients with an immunological abnormality have decreased NKp46
expression and NK1 shift in dNK cells. NKp46 expression could be a marker for RPL

of immunological abnormalities.
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unexplained miscarriages are possibly due to fetal chromosomal ab-

normalities or dysfunctional maternal immune responses.

Recurrent pregnancy loss (RPL) is defined as two or more clinical
pregnancy losses.! Approximately 60% of patients with RPL have re-
peated, unexplained miscarriages without common diagnoses, such
as uterine malformation, the presence of antiphospholipid antibod-

ies, thyroid dysfunction, or abnormal karyotypes in couples.? Such

An embryo is a semi-allograft with paternal alloantigens recog-
nized by the maternal immune system.3'4 In early pregnancy, the
inflammatory immune response is necessary for successful implanta-
tion. In particular, cytotoxic immune effectors at the maternal-fetal

interface protect a fetus from pathogens while participating in tissue
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remodeling, angiogenesis, and preventing an excessive trophoblast
invasion. Contrarily, dysregulated cytotoxic immune effectors may
disturb pregnancy and induce pregnancy failures.>>¢ Apart from
cytotoxic immune effectors, regulatory T (Treg) cells also increase
in early pregnancy. Treg cells are known to inhibit proliferation and
cytokine production of both CD4* and CD8* T cells, immunoglobu-
lin production by B cells, the cytotoxic activity of natural killer (NK)
cells, and maturation of dendritic cells (DCs), resulting in the induc-
tion of tolerance.”®

The most abundant cells in the uterine endometrium are NK
cells. The number of NK cells dramatically increases in the secre-
tory phase and during early pregnancy9 to establish and maintain
pregnancy. According to fluorescence staining intensity, NK cells
express the CD56 receptor and can be subdivided into CD56%™ and
CD56 8 cells. Approximately 90% of uterine NK (uNK) cells are
CD56""8 cells, mainly involved in cytokine production,’® whereas
approximately 90% of peripheral blood NK (pNK) cells are CD56%4™
cells, involved in cytotoxicity.!* It has been reported that CD56%™
uNK cells increase in patients with RPL.*?

NK cells express different kinds of receptors on their surface.
NKp46, a natural cytotoxicity receptor (NCR), is involved in NK cell
activation and functions in both cytotoxicity and cytokine produc-
tion.® NKp46 is a 46-kDa type 1 membrane glycoprotein belonging
to the immunoglobulin superfamily. It has two C2-type Ig-like do-
mains in the extracellular portion and is associated with CD3¢ and
FcaRIy.14 When it recognizes and binds to its ligand, immunoreceptor
tyrosine-based activation motifs (ITAMs) are phosphorylated. They
recruit Zap-70 or SYK, leading to a cascade of reactions that ends
with the intracellular release of calcium, inducing cytotoxicity and
cytokine release.”® Hemagglutinin, a surface protein on influenza A
and parainfluenza viruses, is an extrinsic ligand of NKp46.%® Intrinsic
ligands of NKp46 are present in murine myeloma cell lines, human
nevi, and melanoma cells.

Not only that, vimentin may be an intrinsic ligand.*® Vimentin,
a 57-kDa intermediate filament protein, is used as a cell differen-
tiation marker. It is also expressed in the uterine endometrium and
utilized to diagnose and grade cervical or endometrial cancer. NK
cells kill activated CD4" T cells through the NKp46/vimentin path-
way.'” However, the role of the NKp46/vimentin pathway in repro-
duction has not been elucidated yet. In the case of uterine infection,
NKG2A-mediated negative signals, which control NKp46-mediated
cytolytic function, might be abrogated by viral immune evasion
mechanisms, leading to the absence or diminished expression of its
HLA-E-specific ligand,*® and the upregulation of the NKp46 specific
ligand. Such NKp4é6-mediated cytotoxic activity and the NKp30-
mediated secretion of inflammatory cytokines by decidual NK (dNK)
may decrease the number of infected uterine cells.)” Recently, we
reported that the numbers of NKp46*t CD16~ NK cells were low in
patients with higher CD56%™/CD16"* NK cells, accompanied by an
NK2 shift.?° We have also reported that NKp469™ NK cells may be
involved in NK cell cytotoxicities, whereas NKp46bright NK cells may
be involved in cytokine production, suggesting that NKp46 could be
a predictive marker for immune tolerance in pregnancy.21

There are two types of NK cells: NK1 cells producing inflam-
matory (Type 1) cytokines, such as IFN-y and TNF-a, and NK2 cells
producing anti-inflammatory (Type 2) cytokines, such as IL-4 and
IL-10.%2 NK cells show polarities in their cytokine secretion pro-
files, comparable to the polarities of T helper (Th) cells.?® There is
an increase in type 2 cytokine production in the uterus in a healthy
pregnancy, called the NK2 shift?* or Th2 shift.?> Decreased typel
inflammatory response protects the fetus, while NK1 shift has been
reported in women with RPL and recurrent implantation failure (RIF)
after in vitro fertilization and embryo transfer cycles.26 We have pre-
viously reported that NKp46 expression was low on the surface of
pNK and/or uNK cells in women with various forms of reproductive
failures, such as RPL and RIF.?”"?° Besides, we have also reported
that low expression of activating receptors on NKp46* uNK cells
is more prevalent in high-risk women.?° Thus, NKp46 plays an im-
portant role in reproduction through cytotoxicity and cytokine pro-
duction. However, the detailed mechanism remains unknown and
NKp46 expression on dNK cells in patients with RPL has not been
investigated. Therefore, we aim to explore the role of NKp46™ dNK
cells in patients with RPL and whether NKp46 can be used to detect
RPL with immunological abnormalities by analyzing the relationship
between the expression of NKp46 and cytokine production of dNK
cells.

2 | MATERIALS AND METHODS

2.1 | Ethical approval and study participants
We enrolled patients at the Department of Obstetrics and
Gynecology, Hyogo Medical University Hospital, between April
2018 and December 2020. All participants provided written, in-
formed consent before enrolling in the study, approved by the
Hyogo Medical University Institutional Review Board, and complied
with the Declaration of Helsinki (2013).

dNK cells were collected from 43 women undergoing dilatation
and curettage (Table 1), including women with two or more preg-
nancy losses (the RPL group, n = 31) and those who had an induced
abortion due to medical conditions or abnormal fetal karyotype (the
control group, n = 12). Patients who had an artificial abortion for
maternal protection or who had an abortion for the first time owing
to abnormal fetal karyotype were put in the control group. The RPL
group was subdivided into two subgroups; those who had abortions
with karyotypically normal pregnancy (n = 11) and those with karyo-
typically abnormal pregnancy or without genetic studies (n = 20;

including 11 patients who did not perform chorionic karyotyping).

2.2 | Preparation of decidual leukocytes

Decidual cells were placed in sterile Roswell Park Memorial
Institute (RPMI) 1640 medium (Thermo Fisher Scientific, Waltham,
MA, USA) supplemented with 10% fetal calf serum, 1% penicillin,
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TABLE 1 Age, number of pregnancies, deliveries, spontaneous abortions, and induced abortions of participants

RPL group with karyotypically =~ RPL group without Controls pt
normal pregnancies karyotypically normal
pregnancies

(h=11) (n=20) (h=12)
Age (years) 34.2+4.0 36.5+5.7 33.6+6.9 N.S.
Number of pregnancies 2.6+0.8 3.9+2.2 21+0.9 <0.05
Number of deliveries 0.2+04 1.0+0.8 0.8+0.9 <0.05
Number of spontaneous abortions 2.3+0.8 28+14 0.7+0.7 <0.05

e — |

Number of induced abortions 0.1+0.3 0.2+0.5 0.5+0.5 <0.05
Pregnancy days before abortion (days) 65.6+9.8 63.4+6.2 66.1+10.2 N.S.

TOne-way analysis of variance (ANOVA) was implemented. Data are presented as mean + SD.

*Two groups with significant differences by Tukey's test (p <0.05).

and 1% streptomycin (Thermo Fisher Scientific). After the mac-
roscopic exclusion of blood, samples were minced by micro scis-
sors, then mechanically disrupted by a gentleMACS™ Dissociator
(Miltenyi Biotec, Bergisch Gladbach, Germany) to create decidual
single-cell suspensions. The final concentration was adjusted to
5x 10°cells/mL.

2.3 | Measurement of surface antigens on
dNK cells

Surface antigens on dNK cells were stained using the following mon-
oclonal antibodies (Table S1): anti-CD45-APC-H7 (Clone 2D1) and
anti-CD56-Alexa Fluor 488 (Clone B159) (both from BD Bioscience,
San Jose, CA, USA); and anti-CD3-APC (Clone UCHT1), anti-
CD16-BV510 (Clone 3G8), and anti-NKp46-BV421 (Clone 9E2) (all
from BioLegend Inc., San Diego, CA, USA). Negative control and ap-
propriate isotype control for each antibody were performed simul-
taneously with the surface antigen staining. Monoclonal antibodies
were incubated with 100 pul of decidual cell suspension for 20min at
4°C in the dark, then lysed and fixed, washed twice in phosphate-
buffered saline (PBS), and finally, resuspended in 0.25ml PBS for

subsequent flowcytometric analysis.

2.4 | Flowcytometric analysis

Immunofluorescence staining, 5-color flowcytometric analysis of
surface antigens staining, and 7-color cytokine staining of dNK
cells were performed using LSRFortessaX-20 (BD Bioscience). BD
FACS Diva software (BD Bioscience) was used for full-list-mode

data storage and recovery. FlowJo (Flow Jo LLC, Ashland, OR,

USA) was used for analysis. Doublets were excluded using for-
ward scatter height and area parameters. The gate was set on anti-
CD45-APC-H7 positive events followed by lymphocyte regions
using characteristic forward, and side scatters parameters. CD37/
CD56* cells were gated as dNK cells (Figure 1A-D). At least 3 x 10%
lymphocytes were collected in each sample. We distinguished
CD56%M and CD56"M8" NK cells and NKp469™ and NKp46P°right
cells based on fluorescence staining intensity of CD56 and NKp46,
respectively (Figure 1E-G).

2.5 | Intracellular cytokine production by dNK cells
Decidual cell suspensions (200 pl) were stimulated with 25ng/
mL phorbol 12-myristate 13-acetate (PMA), 1uM ionomy-
cin, and 10 pg/mL brefeldin A (all from Sigma-Aldrich Inc.,
St. Louis, MO, USA) for 4 h at 37°C in a 5% CO, humidified
incubator; then washed with PBS and stained for 20 min at 4
°C in the dark with anti-CD45-APC-H7 and anti-CD56-Alexa
Fluor 488 antibodies. Subsequently, cells were washed and
fixed with 250 pl Cytofix/Cytoperm (BD Bioscience) and then
stained for 30 min with anti-TNF-a-BV421 (Clone Mab11), anti-
IFN-y-PE-Cy7 (Clone 4S.B3), anti-IL-4-PerCP-Cy5 (Clone MP4-
25D2), anti-IL-10-APC (Clone JES3-19F1), and anti-TGF-B-PE
(Clone TW4-2F8) (all from BioLegend, Inc.), with negative con-
trol and appropriate isotype control for each antibody (Table
S1B). Finally, the decidual cell suspensions were washed twice
with 1x Perm Wash Solution (BD Bioscience) and resuspended
in 0.5 ml PBS for flow cytometry (Figure 1H-L). Intracellular
cytokine production of dNK cells was analyzed in 26 of 43
patients; the remaining 17 patients did not have a sufficient

amount of decidual tissue.
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FIGURE 1 Gating strategies of decidual NK cells and representative dot-plots of NKp46-expressing decidual NK cells and cytokine-
producing decidual NK cells. (A) Gating strategy for removal of doublets by forward scatter (FSC) height and area parameters. (B) Anti-
CD45 APC-H7 was used to detect uterine endometrial leukocytes and exclude other cells. (C) Characteristic forward and side scatter
parameters were used to detect uterine endometrial lymphocytes and exclude other cells. (D) Anti-CD3 APC was used to remove NKT
cells (CD3*/CD56%). (E) Decidual NK cells were determined as CD56" cells. (F) CD56* cells are classified as CD56%™ and CD56P" 8" cells,
and the percentages of CD16*/CD56%™ and CD16™/CD56"" 8" are calculated. (G) NKp46™* cells are classified as NKp469™ and NKp46°ient
cells. Representative dot plots of cytokine production by decidual NK cells: (H) TNF-a-producing CD56°8Mt NK cells; (1) IFN-y-producing
CD56"" 8" NK cells; (J) IL-4-producing CD56"" 8" NK cells; (K) IL-10-producing CD56"8" NK cells; and (L) TGF-p1-producing CD56"" " NK
cells

2.6 | Statistical analysis

Data were analyzed using SPSS 23 (IBM Corp., Armonk, NY, USA).
One-way analysis of variance (ANOVA) was used to compare the
distribution of age, number of pregnancies, deliveries, miscarriages,

and pregnancy days among the three groups; then, Tukey's test
was performed between the two groups. Data are presented as
the mean+standard deviation (SD). Differences in surface anti-
genic expression, intracellular cytokine production, and the NK1/
NK2 cytokine ratios among the three groups were analyzed using
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the Kruskal-Wallis test. Differences between the two groups were
analyzed using the Dunn test; the data are presented as the median
with interquartile ranges. Differences were considered significant at
p<0.05. Correlations between the percentage of NKp46° Mt dNK
cells and cytokine production ratios of CD56°"8" dNK cells were an-
alyzed by Spearman's correlation coefficient test and considered sig-
nificant when r>0.4 and p <0.05. Receiver operating characteristic
(ROC) curve analysis was performed using SPSS; the area under the
ROC curves was calculated for RPL with karyotypically normal preg-

nancies, and the cutoff value for ’NKp46* dNK was determined.

3 | RESULTS

3.1 | Patient characteristics

Table 1 shows the obstetrical histories of the study patients and con-
trols. The number of pregnancies in the RPL group without karyotypi-
cally normal pregnancies was significantly higher than in the control
group (p<0.05). The number of previous deliveries was significantly
lower in the RPL with karyotypically normal pregnancies than in the
RPL without karyotypically normal pregnancies (p <0.05). The number
of spontaneous abortions in the RPL group with and without karyotyp-
ically normal pregnancies was significantly higher than in the control
group (p<0.05, respectively). The number of induced abortions in the
RPL group with karyotypically normal pregnancies was significantly
lower than in the control group (p <0.05). There was no significant dif-

ference in gestational days at abortion among the three groups.

3.2 | Expression of surface antigens on dNK cells

3.21 | CD16 and CD56 co-expression on dNK cells

Representative dot-plots of CD16 and CD56 co-expressing dNK
cells are shown in Figure 1E,F. The %CD16*/CD569™ and %CD167/
CD5678M cells were not significantly different among the three

groups (Table 2).

3.2.2 | NKp46 expression on dNK cells

Representative dot-plots of NKp46 expressed on dNK cells of each
group are shown in Figure S1A-C. The %NKp46* dNK cells in the

TABLE 2 Expression of CD16 and CD56 on dNK cells

RPL group with karyotypically
normal pregnancies (n = 11)

Reproductive Medicine and Biology |

RPL group with karyotypically normal pregnancies (77.72%, inter-
quartile range [IQR]; 69.59-81.92) was significantly lower than that
in the controls (88.77%, IQR; 82.27-91.98) (p<0.01; Figure 2A).
There was no significant difference in the percentage of NKp46*
dNK cells between the RPL group without karyotypically normal
pregnancies and the control groups. The percentage of NKp46bright
dNK cells in the RPL group with karyotypically normal pregnancies
(65.51% [50.11-67.85]) was significantly lower than that in the con-
trol group (72.43%, IQR; 66.66-78.42)(p <0.05; Figure 2B), with no
significant difference between the RPL group without karyotypi-
cally normal pregnancies and the control group. The differences in
the %NKp469™ dNK cells among the three groups (Figure 2C) were

insignificant.
3.3 | Cytokine production of dNK cells and its
correlation with NKp46 expression

3.31 |
dNK cells

Cytokine production and NK1/NK2 ratios of

Representative dot-plots of cytokine production of dNK cells are
shown in Figure 1H-L. There were no significant differences in the
percentages of TNF-a, IFN-y, IL-4, IL-10, or TGF-p1 producing dNK
cells (Table 3A) or in the TNF-a/IL-4, IFN-y/IL-4, TNF-a/IL-10, and
IFN-y/IL-10 producing CD56°8" dNK cell ratios among the three
groups (Table 3B).

3.3.2 | Correlations between NKp46* dNK
cells and cytokine production and NK1/NK2 ratios of
dNK cells

There were significant negative correlations between the NKp46*
dNK cells, NKp46° 8" dNK cells, and IL-4 (r = 0.57, p<0.05; r = 0.72,
p<0.05; respectively), and IL-10 producing CD56" ™" dNK cell
(r=0.47,p<0.05; r = 0.65, p<0.05; respectively). In addition, there
were significant positive correlations between the %NKp46™* dNK
cells and TGF-B1 producing CD56"" 8" dNK cells (r = 0.42, p<0.05).
However, there was no significant correlation between the percent-
ages of NKp46* dNK cells, NKp46°&" dNK cells, and TNF-a or
IFN-y producing CD56°"€" dNK cells (Table S2A). The %NKp46°ieht
dNK cells showed significant negative correlations with TNF-a/1L-10
ratio (r = -0.42, p <0.05), and IFN-y/IL-10 ratio (r = -0.41, p <0.05) of

RPL group without karyotypically
normal pregnancies (n = 20)

Controls (n = 12)

Interquartile

Median range Median
CD16*/CD564™ 19.84 [10.89-21.28] 12.76
CD167/CD56Pient 53.90 [49.00-68.00] 60.20

Interquartile Interquartile

range Median range pt"/>
[5.99-22.81] 16.33 [11.41-26.35] N.S.
[39.32-79.60] 61.05 [45.18-72.85] N.S.

tKruskal-Wallis test was implemented. Data are presented as median [Interquartile ranges] and N.S., not significant.
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CD56""&M dNK cells, but not with TNF-a/IL-4 or IFN-y/IL-4 ratios of
CD56""8" dNK cells (Figure S2, Table S2B). There was no significant
correlation between the %NKp46* dNK cells and the NK1/NK2 ra-
tios of CD56""&" dNK cells (Table S2B).

3.4 | NKp46 expression thresholds and cytokine
production of dNK cells

341 | NKp46° et threshold and cytokine
production of dNK cells

According to ROC curve analyses, based on the RPL with karyo-
typically normal pregnancies, the RPL threshold of the %N Kp46bright
dNK fraction was 70.85%, showing 66.7% sensitivity and 90.9%
specificity (Figure 3Aa), with 80% area under the curve (AUC;
Table 4A), 88.9% positive predictive value (PPV), and 71.4% negative
predictive value (NPV) (Table 4B). Based on the %NKp46° &Mt dNK
threshold (70.85%), patients were divided into a low NKp46Preht
dNK group (NKp46°T8" dNK cells <70.85%; n = 16) and high
NKp46Peht dNK group (NKp46°eht dNK cells 270.85%; n = 10).
The percentage of IL-4 producing CD56°8" dNK cells in the low
NKp46°8Mt dNK group (2.75% [2.44-4.13]) was significantly lower
than that in the high NKp46°&" dNK group (1.41% [1.01-1.92];
p<0.05; Figure 3Ad). The percentages of TNF-«, IFN-y, IL-10, or
TGF-1 producing CD56€" dNK cells were comparable between
the low NKp46° 8" and high NKp46°1&" groups (Figure 3Ab-c,e-f).
IFN-y/IL-4 and IFN-y/IL-10 ratios in CD56°&" dNK cells were signifi-
cantly higher in the low NKp46°7&" dNK group (5.74 [2.26-7.30] and
5.58 [3.17-7.18], respectively) than that in the high NKp46°"&" dNK

group (2.25 [0.95-3.12] and 2.23 [1.26-4.76], respectively; p<0.05;
Figure 3Bb,d). The TNF-a/IL-4 and TNF-a/IL-10 ratios of CD56°"€"
dNK cells were comparable between the low and high NKp46Pieht

groups (Figure 3Ba,c).

3.4.2 | NKp46™ threshold and cytokine
production of dNK cells

According to ROC curve analyses, based on the RPL with karyo-
typically normal pregnancies, the RPL threshold of the %NKp46*
dNK was 86.52%, showing 83.3% sensitivity and 100% specificity
(Figure 4Aa), with 87.0% AUC (Table 4A), 100% PPV, and 84.62%
NPV (Table 4B). Based on the NKp46* dNK threshold of 86.52%,
patients were divided into the low NKp46™ group (NKp46* dNK
cells <86.52%; n = 15) and high NKp46* group (NKp46* dNK cells
286.52% n = 11). In the low NKp46™ group, the percentages of IL-
4-producing CD56""8" dNK (1.42% [1.10-1.99]), IL-10-producing
dNK (1.40% [1.04-1.92]), and TGF-B-producing dNK (2.44% [2.22-
3.25]) cells were significantly lower than that in the high NKp46™*
group (2.79% [2.44-4.38]; 2.02% [1.48-2.83]; 3.74% [2.82-4.25]);
respectively (p<0.05; Figure 4Ad-f). The percentages of TNF-
o-, or IFN-y-producing CD56""&" dNK cells were comparable
between the low and high NKp46* groups (Figure 4Aa-b). The
IFN-v/IL-4 and IFN-y/IL-10 ratios were significantly higher in the
low NKp46* group (5.66 [2.84-7.61]; 5.88 [2.94-7.30]) than in the
high NKp46* group (2.06 [1.60-3.23]; 2.28 [1.45-4.64]; respec-
tively; p<0.05; Figure 4Bb,d). The TNF-a/IL-4 and TNF-a/IL-10
ratios were comparable between the low and high NKp46* groups

(Figure 4Ba,c).



YAMAMOTO ET AL.

Reproductive Medicine and Biology |

TABLE 3 Intracellular cytokine production of dNK cells

RPL group with karyotypically normal
pregnancies (n = 7)

RPL group without karyotypically normal
pregnancies (n = 10)

Controls (n = 9)

Interquartile

Interquartile Interquartile

Median range p¥ Median range p¥ Median range t

(A) The percentages of TNF-a-, IFN-y-, IL-4-, IL-10-, and TGF-B1-producing CD56°8" dNK cells in three study groups

TNF-o* 8.12 [4.05-8.49] 0.80 7.00 [3.71-8.93] 0.76 5.25 [4.81-6.06]
IFN-y* 7.42 [5.94-9.82] 1.00 6.65 [3.50-12.20] 0.35 5.66 [5.03-8.15]
IL-4* 1.54 [1.37-1.99] 0.49 2.09 [1.00-3.52] 0.25 2.48 [1.40-2.79]
IL-10* 1.85 [1.62-2.09] 0.73 1.34 [0.90-2.08] 0.84 1.96 [1.11-2.61]
TGF-p1* 2.35 [2.22-2.87] 0.61 3.42 [2.57-3.94] 0.41 2.85 [2.40-3.74]
(B) TNF-a/IL-4, IFN-y/1L-4, TNF-o/IL-10, and IFN-y/IL-10 ratios of CD56"8" dNK cells in three study groups

TNFo/IL-4 3.36 [2.48-6.31] 0.49 3.21 [1.85-5.42] 0.35 2.71 [1.41-3.75]
IFN-y/IL-4 5.66 [2.79-6.58] 0.61 3.84 [1.82-7.35] 0.21 2.30 [2.00-5.82]
TNF-a/IL-10 4.39 [1.93-5.86] 0.67 4.68 [1.99-6.96] 0.61 3.42 [2.41-4.21]
IFN-y/IL-10 5.88 [2.62-6.02] 0.73 4.97 [2.22-11.42] 0.41 3.51 [2.19-4.88]

No significant difference was shown in Kruskal-Wallis test among the three groups (p > 0.05).

*No significant difference was shown with controls in the Dunn test (p > 0.05).

Data are presented as median [Interquartile range].

TABLE 4 NKp46 expression threshold to detect recurrent pregnancy loss (RPL) with immunological abnormalities by receiver operating
characteristic (ROC) curve analysis. (A) Area under the curve (AUC), standard error (SE), asymptotic P value, and asymptotic confidence
interval for NKp46 expression thresholds. (B) Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) for

the NKp46 expression threshold

(A)
AUC S.E. Asymptotic p value Asymptotic confidence interval

NKp46* threshold 0.87* 0.09 <0.05 0.70 - 1.00
NKp46°r&t threshold 0.80* 0.10 <0.05 0.62 - 0.99
(B)

Cut-off point (%) Sensitivity (%) Specificity (%) PPV (%) NPV (%)
NKp46* threshold 86.52 83.3 100 100 84.62
NKp46°r&t threshold 70.85 66.7 90.9 88.89 71.43

*Null hypothesis (true AUC = 0.5) rejected in ROC curve analysis (p <0.05).

4 | DISCUSSION

This study explored immunological abnormalities in RPL women with
karyotypically normal pregnancies by analyzing NKp46 expression
on dNK cells and cytokine production of dNK cells. NKp46 is a natu-
ral cytotoxicity receptor (NCR) expressed on NK cells. In addition,
it is expressed on ILCs and v5 T cells.?° NKp469™ and NKp46Prieht
uNK cells have different roles; NKp46dim uNK cells primarily have a
cytotoxic function, while NKp46°8" uNK cells are involved in cy-
tokine production.?! However, its relationship to reproduction re-
mains unclear.

In this study, we report that decreased %NKp46* dNK cells were
associated with RPL without karyotypically normal pregnancies than
in the control group. This contradicts previous studies, reporting
increased NKp46 expression on NK cells in reproductive failures,
such as RPL for dNK cells®! or repeated implantation failures for

peripheral blood NK cells.>? However, this study is consistent with
our previous studies, demonstrating the decreased expression of
NKp46, especially for the NKp46° 8" fraction, on pNK and uNK
cells in RPL,%”3 suggesting a relationship between reproductive fail-
ures and NCRs, including NKp30, NKp44, and NKp46. Besides, in
this study, %NKp46°8" dNK cells were decreased in the RPL group
with karyotypically normal pregnancies compared with the control
group. Therefore, the previously reported decrease in NKp46 uNK
and pNK cell levels might have been due to the decreased propor-
tion of NKp46°18"t NK cells.

We used ROC curve analysis to establish an appropriate
%NKp46 dNK threshold for RPL with immune etiologies. The
%NKp46™ dNK cell threshold of 86.52% showed a higher PPV and
NPV than those of the %NKp46°&"t dNK cell threshold. Indeed,
the brightness of CD56 is correlated with low NK cell cytotoxic-
ity. In the present study, there was a decrease in the percentage of
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FIGURE 3 Characteristics of NKp46°8"t dNK cells. (A) Receiver operating characteristic (ROC) curve of NKp46°&" and cytokine
production of CD56 8" dNK cells. (B) NK1/NK2 ratios of CD56""8" dNK cells were assessed by the NKp46°&" threshold. (A) Cytokine
production from CD56P8" dNK cells compared using an NKp46°7&" threshold of 70.85%. (a) ROC curves for determining (d) the NKp46™*
dNK cell proportion threshold based on recurrent pregnancy loss (RPL) with normal chorionic villi. Vertical axis = sensitivity; horizontal
axis = 1 -specificity: Diagonal = reference line: Points on the curves = thresholds (%). ROC curve analysis was performed based on
nonparametric assumptions with a true area = 0.5 for the null hypothesis. Differences in the percentage of CD56"€" dNK cells producing
(b) TNF-a, (c) IFN-y, (d) IL-4, (€) IL-10, and (f) TGF-B1 between the low NKp46P 8" and high NKp46° 8 groups. (B) Cytokine production
ratios of CD56° 8" dNK cells compared using an NKp46°€" threshold of 70.85%. Differences in (a) TNF-a/IL-4, (b) IFN-y/IL-4, (c) TNF-a/
IL-10, and (d) IFN-y/IL-10 ratios of CD56""€" dNK cells between the low NKp46°&" and high NKp46°&" groups. Box and whisker plots: bar
(horizontal line) = median; box = 25th and 75th percentiles; whiskers = extend to the extreme values. Red bars show the low NKp46bright
group. Gray bars show the high NKp46°"&" group. Differences between the two groups were analyzed using the Mann-Whitney U-test;
differences were considered significant at p <0.05
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FIGURE 4 Characteristics of NKp46™ dNK cells. (A) Receiver operating characteristic (ROC) curve of NKp46* and cytokine production
of CD56""8M dNK cells. (B) NK1/NK2 ratios of CD56"8" dNK cells were assessed by the NKp46* threshold. (A) Cytokine production

from CD56" 8" dNK cells using an NKp46* threshold of 86.52%. (a) The ROC curves for determining the (d) NKp46™ dNK cell proportion
threshold based on recurrent pregnancy loss (RPL) with normal chorionic villi. Vertical axis = sensitivity; horizontal axis = 1 - specificity:
Diagonal = reference line: Points on the curves = thresholds (%). ROC curve analysis was performed based on nonparametric assumptions
with a true area = 0.5 for the null hypothesis. Differences in the percentage of CD56°8" dNK cells producing (b) TNF-a, (c) IFN-y, (d) IL-4,
(€) IL-10, and (f) TGF-1 between the low NKp46* and high NKp46* groups. (B) Cytokine production ratio of CD56°"&" dNK cells using an
NKp46* threshold of 86.52%. Differences in (a) TNF-a/IL-4, (b) IFN-y/IL-4, (c) TNF-a/IL-10, and (d) IFN-y/IL-10 ratios of CD56" 8" dNK cells
between the low NKp46™* and high NKp46* groups. Box and whisker plots: bar (horizontal line) = median; box = 25th and 75th percentiles;
whiskers = extend to the extreme values. Red bars show the low NKp46™ group. Gray bars show the high NKp46™ group. Differences
between the two groups were analyzed using the Mann-Whitney U-test; differences were considered significant at p <0.05
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NKp46°€Mt and NKp46™ cells in the RPL group with karyotypically
normal pregnancies. The NK1/NK2 ratios correlate with the per-
centages of NKp46bright cells rather than NKp46* cells, suggesting
that %NKp46° 8" has a function in cytokine production (Table S2
and Figure S2). NKp46'°right cells are related to cytokine production,
and in the RPL group with karyotypically normal pregnancies, the
reduction of NKp46P°T8" cells is thought to cause abnormal cytokine
production (NK1 shift), leading to miscarriage. However, as shown
in Table 4, the percentage of NKp46* cells would be a more useful
marker with higher PPV and NPV than the percentage of NKp46°eht
cells when we seek a cutoff for whether or not RPL with karyotyp-

6birght cell

ically normal pregnancies occurs. In other words, NKp4
abnormalities have functional importance in aberrant cytokine pro-
duction, leading to miscarriage, and NKp46™ cells abnormality has
importance in diagnosing a subgroup of RPL with karyotypically
normal pregnancies (RPL with immune abnormalities). Therefore,
the %NKp46* dNK cell threshold seems to be more appropriate for
identifying RPL with immunological abnormalities. In addition, there
are two more reasons. Firstly, NKp46* dNK cells can be easily distin-
guished from NKp46~ dNK cells; however, it may be difficult to dis-
tinguish NKp4é6bright from NKp46dim dNK cells clearly. Secondly,
the main function of NKp4cfzdim dNK cells remains unknown. When
considering these facts, NKp46* dNK cells seem to be a better bio-
marker than NKp46° 8" dNK cells to predict RPL with immunologi-
cal abnormalities.

During the cytokine production analysis of CD56PM8" dNK
cells (Table 3), higher TNF-a and IFN-y production and lower IL-
4, IL-10, and TGF-1p production were observed in the RPL group
with karyotypically normal pregnancies compared with the control
group, although differences were not significant. NK1 cytokines
such as TNF-a and IFN-y contribute to a successful pregnancy with
TGF-B1 by participating in spiral artery remodeling and establish-
ing vascular connections between the fetus and the mother; how-
ever, excessive inflammatory cytokine production can be harmful
to the placenta. Therefore, a balance between NK1 and NK2 cy-
tokine production and a timely shift to NK2 cytokine production
is critical to a successful pregnancy.?® In this study, TNF-a/IL-4,
TNF-a/IL-10, IFN-y/IL-4, and IFN-y/IL-10 producing dNK cell ra-
tios appeared to shift to NK1 in the RPL group with karyotypically
normal pregnancies.

NKp46°Te"t dNK cells had negative correlations with TNF-o/
IL-10 and IFN-y/IL-10 producing CD56°"&" dNK cell ratios (Figure
S2). In addition, we compared cytokine production based on the
%NKp46* and %NKp46°8" dNK cell thresholds (Figures 3 and 4).
IL-4 production was significantly lower in the low NKp46bright dNK
group than in the high NKp46°"&" dNK group. IL-4, IL-10, and TGF-
B1 production were significantly lower in the low NKp46™ dNK
than in the high NKp46* dNK groups. Both the low NKp46°rieht
and NKp46* dNK groups had higher IFN-y/IL-4 and IFN-y/IL-10 ra-
tios than the high NKp46P"&" and NKp46* dNK groups. Thus, the
decreased NKp46° 8" and NKp46™ dNK cells may contribute to
the NK1 shift. It has been reported that activated T cells express

more vimentin than others. Vimentin binds to NKp46 on NK cells
and inhibits their cytotoxicity.)” Reduced NKp46* dNK cells in
RPL patients may result in immune dysregulation with increased
or sustained NK activity or cytotoxicity and NK1 shift. Further
studies are needed.

This study has some limitations. Firstly, to measure cytokine pro-
duction of NKp46* dNK cells directly, we measured NKp46* dNK
cells and cytokines producing dNK cells separately because NKp46
expression would be diminished by the stimulation of PMA, ionomy-
cin, and brefeldin-A (data not shown). One way to analyze intracel-
lular cytokine production of NKp46* dNK cells is to isolate NKp46*
dNK cells by magnetic microbeads before stimulating cytokine pro-
duction. Noteworthily, more cytokine production was reported in
NKp46°iet cells than in NKp469™ cells.® Hence, further studies are
needed to investigate cytokine production of NKp46* dNK cell sub-
sets. Secondly, not every aborted tissue was tested for karyotype
in this study. Patients with untested fetal karyotypes (n = 11) were
assigned to the RPL group without karyotypically normal pregnan-
cies (n = 20), which may decrease the data reliability. Although it is
important to investigate the genetic cause of miscarriages, karyo-
typing was not done in every case due to medical and socioeconomic
reasons. Thirdly, it is unclear whether changes in NKp46 expression
have a causal relationship with miscarriages or epiphenomenon. If it
is the consequence of a miscarriage, the cytotoxicity of NKp46d‘"‘
dNK cells is increased with decreased NKp46°&" dNK cells and in-
creased NKp469™ dNK cells in the RPL group with karyotypically
normal pregnancies. In this study, we demonstrated the decreased
NKp46™ dNK cells in the RPL group with karyotypically normal
pregnancies. Hence, it is speculated that NKp46 expression can be
causally related to miscarriages. Lastly, since the NKp46 expression
was studied in dNK cells, it cannot be monitored during pregnan-
cies. Whether pNK cells have the same pattern of NKp46 expres-
sion has not been studied well, although some reports demonstrate
differences in the expression of NKp46 in decidua and peripheral
NK cells.3>%7

In conclusion, in RPL patients with karyotypically normal preg-
nancies, NKp46 expression on dNK cells is decreased, and cy-
tokine production of dNK cells is shifted to NK1. It is suggested
that measuring decidual NKp46 expression may help predict
RPL with immunological abnormalities. Determining the cause
of RPL with unknown risk factors and investigating the cause of
each miscarriage, such as immune disorders and abnormal fetal
karyotype, are important factors for personalized treatments of RPL

patients.
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