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Abstract The regulation of uterine and peripheral blood
natural killer (NK) cells has been associated with problems
related to reproductive immunology such as recurrent
pregnancy loss (RPL), implantation failure or preeclamp-
sia. NKp46, one of the natural cytotoxicity receptors
(NCRs), is a unique marker that functions in NK cell cy-
totoxicity and cytokine production. Expression of NKp46
on NK cells is lower in women with recurrent pregnancy
loss and pregnancy-induced hypertension. Moreover, ex-
pression of NKp46 on peritoneal fluid NK cells is lower in
women with pelvic endometriosis. Therefore, evaluation of
NKp46 on peripheral blood NK cells may provide a means
of screening for reproductive abnormalities. Recently, a
new type of NK cell, the NK22 cell, has been reported.
This cell may be a regulator not only of the mucosal barrier
but also of reproduction.For women with RPL showing
abnormal uterine and/or peripheral blood NK cells, both
intravenous immunoglobulin treatment and intralipid
treatment have been reported. The effects of these treat-
ments are still controversial, and further studies are needed
in order to clarify their true impact. The present review
examines variations in the expression of NCRs on NK
cells, the participation of NK22 cells in reproduction, and
the possible use of intravenous immunoglobulin or in-
tralipid treatment for women with recurrent pregnancy loss
and NK cell abnormality.
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Introduction

Natural killer (NK) cells play a very important role in
human pregnancy. They bear a specific surface marker,
CD56, and comprise 5-10 % of peripheral blood cells,
30-50 % of uterine endometrial cells, and 70 % of de-
cidual lymphocytes. NK cells can be divided into CD56%™
cells and CD56"€" cells according to the intensity of their
CD56 fluorescence. CD56"" cells account for 10 % of
NK cells and are located mainly in the uterine en-
dometrium and the decidua. Their main function is cy-
tokine production. On the other hand, CD564™ cells
account for 90 % of NK cells, representing the main
population of circulating (peripheral blood) NK cells and
showing high cytotoxicity. Moreover, NK cells express
various kinds of activating and inhibitory receptors, and
NK cell cytotoxicity is determined by the balance of these
activating and inhibitory receptors.

The regulation of uterine and circulating peripheral
blood NK cells is associated with various problems re-
lated to reproductive immunology, such as recurrent
pregnancy loss (RPL), implantation failure, and
preeclampsia. As NK cells exist in the endometrium and
decidua [1], it is not unlikely that endometrial or decidual
NK cells play a role in the establishment or maintenance
of pregnancy. Researchers have been investigating var-
ious roles of uterine endometrial or decidual and periph-
eral NK cells [2, 3]. As mentioned above, NK cells exist
in the uterine endometrium and decidua. At the implan-
tation site, the chorion consists of syncytiotrophoblasts
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and cytotrophoblasts. These cells do not express classical
class I human leukocyte antigen (HLA)-A and HLA-B or
class II (HLA-DP, HLA-DQ or HLA-DR) alloantigens.
NK cells preferentially kill targets with lower expression
of major histocompatibility complex (MHC) class I pro-
teins, because fewer inhibitory receptors engage ligands.
As a consequence, syncytiotrophoblasts are not free from
peripheral blood NK cell cytotoxicity. Therefore, both
decidual (endometrial) and peripheral blood NK cells may
be important for successful pregnancy.

Recently, the predictive value of preconceptional
peripheral blood NK cell activity has been evaluated,
and Katano et al. [4] have reported that measurement of
peripheral blood NK cells is not useful for evaluation of
recurrent pregnancy loss. The prognostic value of en-
dometrial and peripheral blood NK cells has also been
reviewed [5]. The authors of that review concluded that
a higher percentage of peripheral blood pre-pregnancy
NK cells and a higher number of uterine pre-pregnancy
NK cells are not associated with subsequent pregnancy
outcome in women with infertility or RPL. However,
they considered that the value of measuring NK cell
activity or number as a prognostic indicator of preg-
nancy success was still undetermined. On the other
hand, various reports have documented the usefulness of
measuring pre-pregnancy peripheral blood or endome-
trial NK cells as an indicator of reproductive success
[6-18]. NK cell cytotoxicity at the time of embryo
transfer is significantly higher in women who miscarry
[9], and the count of pre-pregnancy peripheral CD56™
cells is higher in women with RPL [6-8]. The count of
pre-pregnancy endometrial CD167/CD56"™ NK cells is
also significantly higher in women who miscarry [9] or
those with RPL [18]. In women with reproductive fail-
ure, pre-pregnancy cytokine production by NK cells
shows a shift from type 2 to type 1 [11], and expression
of NK cell activating and inhibitory receptors also alters
[10, 12-14, 17].

Natural cytotoxicity receptors and reproduction
Natural cytotoxicity receptors

Natural cytotoxicity receptors (NCRs) are unique surface
markers of NK cells, playing a role in NK cell cytotoxicity
and cytokine production. NCRs, which include NKp30,
NKp44, and NKp46, are expressed exclusively on NK
cells, NKp46 and NKp30 being constitutively expressed,
whereas NKp44 expression is induced after NK cells be-
come activated. We have previously reported that three-
quarters of peripheral blood NK cells are NKp46™", whereas
half are NKp30* NK cells [10].
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NCRs are the major receptors involved in NK cell cy-
totoxicity and play a role in the recognition and lysis of
tumor cells by NK cells. NKp46 and NKp44, but not
NKp30, recognize viral proteins such as the hemagglutinin
of the influenza virus, or the hemagglutinin-neuraminidase
of the parainfluenza virus [19, 20]. The endogenous cel-
lular ligands recognized by NCRs have still not been
characterized. Recently, NCR ligands were found to be
expressed by murine lymphoma and myeloma cell lines
[21] and in human primary nevi and melanomas [22, 23].
The NKp30 and NKp46 receptors are expressed on the
surface of activated and non-activated NK cells, whereas
NKp44 is expressed only on the surface of activated NK
cells. In addition, NKp30 and NKp46 play a role in NK cell
cytotoxic activity and cytokine production. Recently, we
have reported the role of the natural cytotoxicity receptor,
NKp46, in cytokine production by NK cells using periph-
eral blood and endometrium from infertile women in vitro
[24]. NKp46 expression was associated with cytokine-
producing NK cells of both the CD56""€" and CD56%™
types. We concluded that expression of NKp46 is involved
in cytokine production by CD56" NK cells in the periph-
eral blood and uterine endometrium.

It has been reported that NKp46 is a ubiquitous marker
for NK cells [25]. However, our studies have revealed that
about 60 % of peripheral blood NK cells and uterine en-
dometrial CD56%™ cells express NKp46, and that 90 % or
more of CD56° 8 cells do so [10, 14]. Moreover, NKp46
shows lower expression in women with various forms of
reproductive failure such as RPL, implantation failure,
preeclampsia, and pelvic endometriosis. Further studies are
needed to clarify the participation of NCRs, especially
NKp46, expressed on endometrial, peripheral blood, and
peritoneal fluid NK cells, in reproduction.

Natural cytotoxicity receptors and recurrent
pregnancy loss or implantation failure

In the uterus, it has been reported that endometrial NK cells
have a unique receptor repertoire, being positive for
NKp46, and negative or weakly positive for NKp30 and
NKp44, in both the proliferative and secretory phases [26].
However, our data showed that endometrial NK cells are
positive not only for NKp46 but also for NKp30 and
NKp44 in the secretory phase [14, 15]. Our study showed
that 80 % of endometrial NK cells are NKp46™, 25 % are
NKp30™", and about 10 % of peripheral blood NK cells are
NKp44™. In decidual NK cells from spontaneous abortion,
Zhang et al. [27] have reported higher expression of
NKp44 and NKp46, and we have reported higher expres-
sion of NKp44 and NKp30 [15]. As NCR" NK cells have
higher cytotoxicity, they may play a role in reproductive
failures. On the other hand, in women with RPL and
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implantation failure, we have reported lower expression of
NKp46 on circulating peripheral blood NK cells [10], and
an abnormal correlation between NCR expression and cy-
tokine production by peripheral blood NK cells [13].
Briefly, there was a significant positive correlation between
the percentage of CD56™€"/NKp46™ cells and the per-
centage of tumor necrosis factor (TNF)-o- and interferon
(IFN)-y-producing NK cells in normal women, whereas
women with RPL showed a significant negative correla-
tion. The presence of aberrant NCRs or interruption of the
signal transduction process after NCR activation may dis-
turb the relationship between NCRs and cytokine produc-
tion in NK cells. In addition, excessive pro-inflammatory
cytokine production by NK cells may occur through dis-
ruption of NCR expression or signal transduction
processes.

Natural cytotoxicity receptors in pregnant women

It has been reported that the expression of NKp46 was
significantly lower in peripheral blood from women with a
history of RPL compared with controls [15]. Interestingly,
this difference was observed at 12 and 20 weeks of ges-
tation, but disappeared after that. These data may mean that
even though their pregnancies are ongoing, women with a
history of RPL may experience dysfunction of cytokine
production by NK cells. Moreover, it has been reported that
pregnant women with preeclampsia have a significantly
lower percentage of CD56"/NKp46™ cells and CD56™"&"/
NKp46™ cells than pregnant women without preeclampsia
[28-30]. Interestingly, expression of CD56/NKp46™ cells
in pregnant women with preeclampsia was lower
3—4 months before the onset of preeclampsia and remained
at this level until delivery. This finding strongly suggests
that NKp46 might be a potentially useful marker for pre-
diction of preeclampsia, as is the case for other factors such
as sFItl and PIGF [31, 32].

Natural cytotoxicity receptors in women with pelvic
endometriosis

It has been reported that the percentages of CD56%/
NKp46™" cells and CD56"™/NKp46™ cells in peritoneal
fluid of infertile women with R-ASRM stage III to IV
pelvic endometriosis are significantly lower than those in
women without endometriosis [33]. As CD56%™ NK cells
are considered to be cytotoxic, it seems likely that
CD56%™/NKp46™ cells are also cytotoxic. Differential
expression of NKp46 on peritoneal fluid NK cells in
women with severe endometriosis may allow the prolif-
eration of endometriotic cells.

NK?22 cells and reproduction

A new type of NKp46™ NK cell, which produces interleukin
(IL)-22, has been reported [34-36]. These cells, known as
NCR22 or NK22 cells, can be distinguished from conven-
tional NK cells, and itis considered that their [L-22 production
might mediate mucosal immune defense in respiratory organs,
intestine, skin, and liver. In these organs, NK22 cells play a
role in the prevention of infection and protection of the mu-
cosa, and abnormality of NK22 cell function causes asthma,
ulcerative colitis, psoriasis or atopic dermatitis [37]. In the
liver, NK22 cells play a role in the proliferation of hepato-
cytes, and NK22 abnormality is associated with hepatocellular
carcinoma. It has also been reported that IL-22-producing NK
cells are present in the uterine mucosa [38]. However, their
function in reproduction is still unclear.

Recently, arelationship between the expression of NKp46
and the cytokine production by NK cells was reported [39]. It
was shown that reduced expression of NKp46 led to lower
production of IFNy. Moreover, cells showing lower ex-
pression of NKp46 produced lower amounts not only of
IFNYy but also of IL-13 in comparison with cells showing
normal NKp46 expression. We have demonstrated a direct
relationship between expression of NKp46 on NK cells and
corresponding cytokine production using peripheral blood
and endometrium from infertile women in vitro [24]. Gen-
erally, NKp46" NK cells can be divided into NKp46°e™
cells and NKp464™ cells. NKp46°€" NK cells in peripheral
blood and the uterine endometrium show significantly higher
IFNYy production than NKp46®™ cells. Moreover, among
peripheral blood and uterine NKp46™ NK cells, production
of IEN is highest for NKp46™€"/CD56""€" NK cells. What
is the key factor connecting the expression of NCR (NKp46)
with cytokine production by NK cells?

Recently, it has been reported that a reduced level of IL-
22/TL-22 receptor ol (IL-22R1) in villi might be involved in
the occurrence of spontaneous miscarriage [40]. The ex-
pression of IL-22R1 in villi of women with unexplained
spontaneous miscarriage is lower than that of women in the
early stage of normal pregnancy. Wang et al. [40] concluded
that IL-22 secreted by decidual NK cells might promote the
survival of trophoblasts and participate in the maintenance of
pregnancy by binding to IL-22R1. Therefore, IL-22-pro-
ducing NK cells may be important for reproduction.

We have evaluated the physiological role of NK22 cells
in women with and without unexplained RPL using sam-
ples of pre-pregnancy peripheral blood and midsecretory
uterine endometrium [41]. The relative proportions of
NK22 cells in both peripheral blood and uterine en-
dometrium were significantly higher in women with RPL
than in women without RPL. Moreover, a higher propor-
tion of IL-22-producing NK cells showed lower production
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Fig. 1 Natural cytotoxicity receptors and NK22 cells in reproductive
failure. NK22 cells can produce IL-22 whereas conventional NK cells
produce IFNy and TNFo. On the other hand, in women with
reproductive failure, there is lower expression of NKp46 and higher

of IFNy and TNFa in both peripheral blood and en-
dometrium. For other cytokines such as IL-4, IL-10 and
transforming growth factor (TGF)-B, there was no rela-
tionship between the NK cells producing them and NK22
cells. In addition, there was a significantly negative cor-
relation between NK22 cells and NKp46+ NK cells. These
findings shed some light on the relationships existing be-
tween NKp46™ NK cells, production of cytokines (IFNy
and TNFa) by NK cells, and NK22 cells [41]. We
speculated that in normal pregnancy, NK22 cells could
produce IL-22 whereas conventional NK cells produce
IFNy and TNFo. On the other hand, in women with re-
productive failure, there is lower expression of NKp46 and
higher production of IFNy and TNFo. Then, the proportion
of NK22 cells increases, and these cells may regulate the
production of cytokines by NK cells. Thus, NK22 cells
may be a type of regulatory cell (Fig. 1).

IVIG treatment for women with reproductive
failure and abnormal NK cells

NK cells play an important role in maternal tolerance to the
fetus and maintenance of pregnancy. Therefore, it seems to be
important to modify the NK cells of women with reproductive
failure and NK cell abnormalities such as high cytotoxicity,
abnormal surface antigen expression, and/or abnormal cy-
tokine production. Intravenous immunoglobulin (IVIG)
therapy has been applied for the treatment of RPL, although its
effects are still controversial. According to a previous review
of IVIG treatment for women with RPL [42], IVIG was not
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production of IFNy and TNFa. Then, the proportion of NK22 cells
increases, and these cells may regulate the production of cytokines by
NK cells. Thus, NK22 cells may be a type of regulatory cell

effective for women with unexplained RPL. In another review
by Polanski et al. [43] of reproductive outcomes in women
with elevated levels of NK cells undergoing assisted repro-
ductive technology (ART), some data indicated that IVIG
treatment seemed to confer some benefit. However, Polanski
et al. concluded that, in terms of quality and quantity, the
existing data still do not support the use of IVIG in women
undergoing ART who are found to have elevated numbers or
activity of NK cells. The most reliable methods for testing of
NK cells and for determining their normal levels remain to be
unequivocally defined.

With regard to the mechanism of action of IVIG therapy
for high NK cell cytotoxicity, Type 1 cytokines such as
TNFa and IFNy induce higher NK cell cytotoxicity, and
IVIG exerts either a direct antibody effect or works through
immunomodulation. Thus, IVIG inhibits antibody produc-
tion by B cells, macrophage-inhibitory Fcy receptors, and
NK cell activity. Accordingly, IVIG treatment for high NK
cell cytotoxicity may help to maintain pregnancy and prevent
spontaneous abortion. Heilmann et al. [44] have reported the
effects of IVIG treatment in women with recurrent implan-
tation failure. They measured the percentages of the pe-
ripheral blood NK cell subpopulations (CD16 and CD56)
before embryo transfer, and concluded that for women with
high levels of CD167/CD56" NK cells, additional applica-
tion of IVIG improves the outcome of pregnancy. Moreover,
Shimada et al. [45] reported the effect of IVIG treatment in
women with recurrent pregnancy loss. They measured the
percentage of inhibitory CD94 on peripheral blood NK cells
before and after IVIG treatment, and showed the higher
percentage of inhibitory CD94" NK cells after IVIG
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Fig. 2 Change in NK cell cytotoxicity on addition of IVIG using K562 cells. On addition of IVIG, NK cell cytotoxicity decreased in a dose-

dependent manner

treatment. They concluded that one of the mechanisms of
IVIG treatment might be enhancement of CD94 expression
and subsequent suppression of NK cell cytotoxicity.

It is reported that high pre-conceptional peripheral blood
NK cytotoxicity has been associated with abortions in the next
pregnancy in women with RPL [6, 46, 47]. Successful preg-
nancy cases in women with RPL were associated with lower
levels of peripheral blood NK cell activity [48, 49]. Is IVIG
treatment effective for RPL. women with high NK cell cyto-
toxicity? To resolve this question, we carried out an in vitro
study to evaluate NK cell cytotoxicity using K562 cells treated
with IVIG. Addition of IVIG was found to decrease NK cell
cytotoxicity in a dose-dependent manner (Fig. 2). IVIG may
thus be applicable for women with RPL and high NK cell
cytotoxicity, and further studies are warranted to investigate
this possibility. A new clinical study is now underway in Japan
to evaluate NK cell cytotoxicity in women with unexplained
RPL who have suffered spontaneous abortion four times or
more. It is expected that the results will shed further light on
the feasibility of IVIG for this population of women.

Intralipid treatment for women with reproductive
failure and NK cell abnormality as an alternative
to IVIG

Recently, successful pregnancy after injection of intralipid, a
form of fat emulsion, has been reported [50]. The active in-
gredient of intralipid is purified soybean oil, together with
purified egg phospholipids. In general, intralipid has been

administered to patients with malnutrition to supply energy
and essential fatty acids. However, it remains unclear whether
intralipid has immunoregulatory properties [51]. The effect of
intralipid in pregnancy has yet to be fully elucidated, par-
ticularly for women with RPL. Some reports have suggested
that intralipid may have possible immune effects [52-54]. Its
active ingredient, soybean oil, is capable of suppressing pro-
inflammatory mediators (Th1 cells) [52]. Roussev et al. [53,
54] have reported suppression of NK cell cytotoxicity after
addition of intralipid, and indicated that this effect is almost
the same as that of IVIG. After addition of intralipid, a low
level of NK cell cytotoxicity is maintained. Moreover, the live
birth rates following IVIG treatment and intralipid treatment
are the same [55]. These findings agree with our own obser-
vations using K562 cells as mentioned above. Unexpectedly,
however, intralipid did not decrease NK cell cytotoxicity,
suggesting that the effect of intralipid on NK cells may be an
indirect one. Moreover, there are no reports to date on the
expression of NCR such as NKp46 or the percentage of NK22
cells by addition of IVIG or intralipid in women with repro-
ductive failure. The effect of intralipid and IVIG should be
investigated further to see if it is applicable for the treatment of
RPL or implantation failure.

Conclusions
Abnormal expression and/or function of NK cells such as

abnormality of NK cell subpopulations (CD16/CD56),
abnormalities of NK cell surface markers such as NCR
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(especially NKp46), and abnormal cytokine production by
NK cells (IFNy, TNFo, and IL-22) may all be risk factors
for RPL. IVIG treatment may be useful for women with
RPL due to NK cell abnormality.

It is still controversial whether abnormal function or
abnormal expression of NK cells causes RPL or infertility.
The cause of RPL still remains unexplained in up to 60 %
of diagnosed patients. However, many patients with un-
explained RPL do have abnormal NK cell function. Further
analysis is needed to clarify the roles of NK cells in women
with reproductive failure, and new forms of treatment for
them should be developed.
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