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Endometrial NK Cells Are Special Immature Cells That Await
Pregnancy1

Irit Manaster,* Saar Mizrahi,* Debra Goldman-Wohl,† Hen Y. Sela,‡ Noam Stern-Ginossar,*
Dikla Lankry,* Raizy Gruda,* Arye Hurwitz,† Yuval Bdolah,† Ronit Haimov-Kochman,†

Simcha Yagel,† and Ofer Mandelboim2*

NK cells populate the human endometrium before pregnancy. Unlike decidual NK cells that populate the decidua during preg-
nancy, the NK cells present in the human endometrium, before pregnancy, have not been fully characterized. In this study, we
provide a detailed analysis of the origin, phenotype, and function of endometrial NK cells (eNK). We show that eNK cells have a
unique receptor repertoire. In particular, they are negative for NKp30 and chemokine receptor expression, which distinguishes
them from any other NK subset described so far. We further show that eNK cells lack NK-specific functional phenotype and
activity such as cytokine secretion and cytotoxicity, before IL-15 stimulation. Following such stimulation, endometrial NK cells
acquire phenotype and function that are similar to those of decidual NK cells. We therefore suggest that eNK cells are inactive
cells (before IL-15 activation and in relation to the known NK activity) that are present in the endometrium before conception,
waiting for pregnancy. The Journal of Immunology, 2008, 181: 1869–1876.

N atural killer cells comprise �5–15% of peripheral blood
lymphocytes and populate different lymphoid and nonlym-
phoid tissues, including lymph nodes, thymus, tonsils,

spleen, and uterus (1, 2). In humans, NK cells are found in the uterine
mucosa, before and during pregnancy, in the endometrium (eNK),3

and in the decidua tissues (dNK) (3). While dNK cells were exten-
sively investigated, the study of eNK cells still lacks comprehensive
research as to their origin and properties (4). Furthermore, many ques-
tions regarding eNK cells are still left unanswered. What are the cy-
totoxic capabilities of eNK cells? Do they play the “classical” role of
NK cells and eliminate virally infected and transformed cells or do
they have tissue remodeling properties, like dNK cells, which prepare
the uterus for blastocyst implantation? In this article, we are trying to
answer these critical questions.

In the peripheral blood there are two NK subpopulations, the
CD56brightCD16� and the CD56dimCD16� NK cells. These two

NK cell subsets are considered to have relatively distinct functions.
The CD56brightCD16� population has an increased ability to se-
crete cytokines (1, 5, 6), while the CD56dimCD16� population
specializes in killing tumor and virally infected cells. The killing
by NK cells is mediated through several activating NK receptors
(7). Among these are NKG2D and the three natural cytotoxicity
receptors (NCRs), NKp30, NKp44, and NKp46 (7).

During pregnancy, dNK cells comprise �70–80% of the de-
cidual lymphocytes and are considered to be a special NK subset
(1, 6, 8) that does not exert cytolytic functions against trophoblast
cells (9) and has generally reduced cytotoxicity (1, 10). Surpris-
ingly, dNK cells express activating NK receptors, including all the
NCRs and NKG2D (6). However, instead of triggering cytotoxic-
ity, these receptors act to stimulate secretion of cytokines and an-
giogenic factors, which are essential for trophoblast invasion and
vascular modifications (6).

As stated above, in humans, NK cells can also be found in the
endometrium before pregnancy, but these eNK cells have been barely
studied. Research done so far has indicated that eNK cells proliferate,
especially in the secretory phase of the menstrual cycle, as they stain
positive for the proliferation marker Ki67 (11). The currently estab-
lished immune-marker phenotype of eNK cells includes CD56�,
CD3�, CD16�, CD94�, CD9�, CD57�, HLA-DR�, CD69�,
CD158b�, NKB1�, and L-selectin�. The expression of the major
activating receptors has not yet been determined (12, 13).

In this article, we provide the first evidence that eNK cells are
a unique subset of cells, never observed before in any other tissue,
and demonstrate that these special NK cells are inactive in the
endometrium before conception and merely await pregnancy.

Materials and Methods
Patients

Twenty-five naturally cycling ovulatory women aged 30–43 were recruited
from the in vitro fertilization (IVF) clinic. Informed consent was obtained from
each woman. Endometrial samples were obtained by Pipelle biopsy of func-
tional endometrium. Our possible sample area is from the fundas to the internal
os. Two samples were collected from most of the women, one from the pro-
liferative phase and one from the secretory phase. The procedure was
performed during either the proliferative phase (day 9–11) and/or
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during the secretory phase (day 20–23) in the month before the IVF treatment
cycle. This procedure was performed to enhance implantation in the next cycle
(14). The secretory phase was confirmed by endometrial appearance on ultra-
sound examination and by serum progesterone levels.

Isolation of endometrial and peripheral blood lymphocytes and
NK cells

Endometrial tissues were trimmed into 1-mm pieces and enzymatically
digested for 20 min with 1.5 mg type I DNase (Roche) and 15 mg type IV
Colagenase (Worthington) present in 15 ml RPMI 1640 medium, using
vigorous shaking. This procedure was repeated three times. After addi-
tional 5-min incubation at room temperature, without shaking, the super-
natants were passed through a 40-�m cell strainer. The flow through was
centrifuged at 1600 rpm for 5 min, resuspended in DMEM (supplemented
with 10% FCS, and 1% sodium-pyruvate, glutamine, nonessential amino
acids, and pen-strep solution), and incubated overnight in a tissue culture
dish. Adherent cells were collected and used, as nonlymphocyte-control
cells, to detect the expression of the NCRs and NKG2D ligands. Nonad-
herent cells were collected and loaded on a Ficoll density gradient to purify
the lymphocyte population. (The yield obtained from one sample was
�6�104-2�106 cells.) Peripheral blood (pb) lymphocytes were isolated
from different healthy donors (men and women) using Ficoll gradient.
Cells were further analyzed by flow cytometry. eNK cells and pbNK cells
were purified using the human NK cell isolation kit and the autoMACS
instrument (Miltenyi Biotec), according to the manufacturer’s instructions.
Identity of NK cells was confirmed as they stained positive for CD56 and
negative for CD3.

Immunohistochemistry

Immunohistochemistry was conducted using mouse anti-CD56(N-CAM),
clone 123C3 (Zymed Laboratories) at a dilution of 1/50 on paraffin-em-
bedded sections as previously described (6). Ag retrieval was performed
using citrate buffer (pH 6.0); color was developed with diaminobenzidine
and counterstained with Meyer’s hematoxylin solution.

Flow cytometry of endometrial and peripheral blood
lymphocytes

The following mouse anti-human conjugated mAbs were used: PE-conju-
gated anti-CD56 (BD Pharmingen), FITC-conjugated anti-CD56 (Sigma-
Aldrich), PE-conjugated anti-NKp46 (R&D Systems), PE-conjugated
anti-NKG2D (R&D Systems), PE-conjugated anti-NKp44 (Southern
Biotechnology Associates), PE-conjugated anti-NKp30 (BioLegend), PE-
conjugated anti-CXCR3 (R&D Systems), PE-conjugated anti-CXCR4
(R&D Systems), biotinylated anti-CD3 (clone T3D), and Cy5 conjugated
sreptavidin as a secondary Ab (Jackson Immunoresearch Laboratories). All
fluorochrome-conjugated mAbs had matching conjugated isotype controls
(DakoCytomation). For triple FACS staining, cells (5–10 � 104) were first
incubated with saturating amounts of the biotinylated anti-CD3 Ab for 1 h,
washed, and incubated with two additional different fluorochrome-conju-
gated Abs (0.2– 0.5 �g) for 20 min at 4°C. FACS analysis was performed
using a FACScan flow cytometer (BD Biosciences). First, all viable cells
were selected by a widely set gate on a two-parameter plot of side-scatter
vs forward-angle-scatter. Among these cells, a second gate was set to in-
clude all NK cells (CD56�CD3�) or T cells (CD56�CD3�) and the ex-
pression of the investigated receptors expressed in these populations was
assessed.

Incubation of endometrial lymphocytes

One � 106 endometrial lymphocytes were incubated in DMEM containing
supplements, 10% human serum (Sigma-Aldrich) and 30% F-12 medium
(Invitrogen Life Technologies) in 37°C for 72 h with or without 40 ng/ml
recombinant IL-15 (PeproTech).

Following incubation, cells were either subjected to flow cytometry to
assess the cell surface expression of NKp46, NKp30, NKp44, and NKG2D
or to a redirected killing assay to evaluate their cytotoxic abilities. Super-
natants were collected and assessed for cytokines that were secreted into
the medium (see ELISA).

Redirected killing assay

The cytotoxic activity of endometrial NK cells was assessed in a redirected
killing assay, in which endometrial lymphocytes were cocultured with
35[S]-labeled P815 (murine mastocytoma) target cells, that were precoated
with 0.1 �g per well of various mAbs: anti-CD56 (DakoCytomation), anti-
NKp46, anti NKp30, anti-NKp44, anti-NKG2D (obtained from R&D Sys-
tems) and anti-CD16 (clone B73.1.1). E:T ratio was 1:1. The level of
cytotoxicity was determined, as previously described (15).

ELISA

The medium in which the endometrial lymphocytes were incubated (as
described above) was analyzed for secreted cytokines. The ELISA for the
detection of human IFN-� (BioLegend), IP-10 (R&D Systems), vascular
endothelial growth factor (VEGF) (R&D Systems), and placental growth
factor (PLGF) (R&D Systems) were performed in accordance with the
manufacturer’s protocol and reagents.

Flow cytometry of adherent cell fractions

To determine the expression of the NCR ligands, the following Ig-fusion
proteins were used: NKp46-Ig, NKp44-Ig, NKp30-Ig, and CCM1-Ig
(which served as a negative control). The Ig-fusion proteins were cloned,
generated in COS-7 cells, and purified on a protein G column, as previ-
ously described (16). For flow cytometry experiments, cells, obtained from
the adherent cell fraction, were incubated with 4 �g of the Ig-fusion protein
for 2 h on ice. Cells were then washed and incubated for 30 min with
Cy5-conjugated F(ab�)2 goat anti-human IgG secondary Ab (Jackson Im-
munoresearch Laboratories). For the detection of the NKG2D ligands, the
following mAb were used: anti-MHC class I chain-related chain A
(MICA), anti- MHC class I chain-related chain B (MICB), anti-UL16-
binding proteins (ULBP) 2, anti-ULBP3, all obtained from R&D Systems
and anti-MHC class I hybridoma, W6/32. Cells were incubated with these
mAbs for 1 h on ice, washed, and then incubated with FITC-conjugated
F(ab�)2 goat anti-mouse IgG as a secondary Ab (ICN Biomedicals) for
30 min.

Results
NK cells comprise up to 30% of endometrial lymphocytes

Several recent reports demonstrated an increase in successful preg-
nancies following Pipelle biopsy (14). The reasons for this phe-
nomenon are still unknown, but because of this fortunate coinci-
dence, we now have access to endometrial tissues. Our initial aim
was to determine the number of NK cells in the tissue and the
percentages of various lymphocyte populations during the men-
strual cycle. To do that, we analyzed endometrial tissues obtained
from women undergoing Pipelle biopsy before IVF treatments due
to male infertility problems.

To gain insight into the importance of NK cells in the nonpreg-
nant endometrium, we first performed an immunohistochemistry
analysis, which confirmed previous results and showed an increase
in NK cell numbers during the secretory phase (Fig. 1A). The
NK cells were distributed throughout the tissue and we could not
detect consistent variability in the position of NK cells at the dif-
ferent cycle days. Next, we wanted to determine the percentage of
NK cells within the total endometrial lymphocyte population and
therefore performed a flow cytometry analysis on endometrial
lymphocytes. As in the peripheral blood, the major endometrial
lymphocyte subpopulation was that of T cells, which comprised
�50% of the endometrial lymphocytes (Fig. 1, B and C). How-
ever, �30% of the endometrial lymphocytes were NK cells (gated
CD56�CD3� cells), as opposed to the peripheral blood, where
they comprised only 5–15% (Fig. 1, B and C). These eNK cells
were characterized by intermediate expression levels of CD56 and
could not be subdivided into the two “classical” NK subpopula-
tions that exist in the peripheral blood, i.e., CD56bright and
CD56dim. Since the definition of bright and dim NK cells is sub-
jective and might also depend on the Ab clone used, we think that
it is better to identify eNK cells as CD16 negative cells (Fig. 2) and
not to categorize them based on the levels of CD56 expression.

Remarkably, the percentage of eNK cells remained constant during
the menstrual cycle, in both the proliferative and the secretory phases
of the cycle (Fig. 1C). In addition, we did not observe any variations
in the percentage of eNK cells among different age groups.

eNK cells are a unique NK subset

The phenotype and function of eNK cells have been poorly char-
acterized so far. We noted, in agreement with other studies, that
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eNK cells express inhibitory receptors (our unpublished data and
Ref. 12). However, the expression of the NK activating receptors,
including the NCRs and NKG2D, on eNK cells has so far never
been examined. Flow cytometry analysis showed that both prolif-
erative and secretory phase eNK cells express NKp46 and
NKG2D, but do not express, or express only low levels of the
activating receptors CD16, NKp44, and NKp30 (Fig. 2). The re-
sults were consistent and were observed in all women tested. This
expression pattern makes eNK cells quite different from pbNK
cells, which express NKp30 (Ref. 17 and Fig. 2). Furthermore, it
distinguishes eNK cells from dNK cells, which express relatively
high levels of NKp30, NKp44, and NKG2D (6). Thus, the ob-
served expression of activating receptors may allow us to regard
eNK cells as a unique subset of NK cells, different from the other
characterized NK subsets, including those of the blood, decidua,
spleen, and tonsils (18). It should be noted, however, that eNK
cells resemble, at least in these features, lymph node NK cells (18),
although other features, such as the expression of killer cell Ig-like

receptors and chemokine receptors (see below), may point out the
differences between these two organ-based NK subsets (12).

Expression of chemokine receptors on eNK cells

Several studies have suggested that some of the dNK cells prob-
ably originate from NK cells that migrated from the peripheral
blood to the decidua, where they underwent further tissue-specific
differentiation (6, 8). The percentages of NK cells in the endome-
trium, though they did not reach that of the decidua (around 70%;
Ref. 1), were still relatively high compared with the peripheral
blood (Fig. 1). To test the possibility that endometrial NK cells
arise from recruitment of peripheral blood NK cells to the endo-
metrium, we assessed the expression of chemokine receptors on
eNK cells (Fig. 3).

Flow cytometry analysis showed that both proliferative and se-
cretory phase eNK cells did not express any of the chemokine
receptors tested (Fig. 3A), including CXCR1, CXCR2, CXCR3,
CXCR4, CCR1, CCR2, CCR3, CCR5, and CCR7. Importantly,

FIGURE 1. Lymphocyte composi-
tion of human endometrium and pe-
ripheral blood. A, Representative im-
munostaining of CD56 on paraffin
sections of proliferative phase (one of
five sampled) and secretory phase
(one of six sampled) endometrium.
Positive staining for NK cells is red-
dish brown (DAB). Upper panels
show a �100 magnification, 1.6�
zoom. Lower panels show a higher
magnification (�400 with 1.6�
zoom) of the upper panels. B, Flow
cytometry analysis of endometrial and
peripheral blood lymphocytes. Per-
centages of NK cells (CD56�CD3�)
NKT cells (CD56�CD3�) and T cells
(CD56�CD3�), as a percentage of to-
tal lymphocytes, are indicated in the
figure. One representative experiment
out of ten performed is shown. C, Dif-
ferences in the percentages of lym-
phocyte subpopulations in the human
endometrium during the menstrual
cycle. Values are mean � SD for
more than ten samples analyzed.

FIGURE 2. Expression of NK-activating receptors on endometrial and peripheral blood NK cells. Flow cytometry analysis of different NK-activating
receptors on gated CD56�CD3� NK cells from proliferative phase and secretory phase endometrium and from the peripheral blood. The gray filled
histograms represent background staining of a corresponding isotype-matched control. One representative is shown of nine experiments performed.
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endometrial T cells showed high expression levels of CXCR3 and
CXCR4 (Fig. 3B). These results suggest that endometrial NK cells
are possibly a local population of innate lymphocytes within the
endometrium and are not recruited to this tissue. The high expres-
sion levels of CXCR3 and CXCR4 on endometrial T cells rules out
the possibility that the lack of chemokine receptor expression on
eNK cells was due to internalization following ligand binding (19).

These findings, together with the observations that the percent-
ages (Fig. 1) and the expression of the various activating receptors
(Fig. 2) are similar in the two phases of the menstrual cycle, in-
dicate that the same NK subset resides in the endometrium
throughout the menstrual cycle.

Up-regulation of eNK cell functions following IL-15 activation

To test whether the phenotype of eNK cells changes upon stimu-
lation, we isolated endometrial lymphocytes and incubated the
cells both in the presence or in the absence of IL-15, a cytokine
that is important for NK cell differentiation (20, 21) and is known
to be important during pregnancy (22, 23).

As can be seen in Fig. 4, we did not observe a significant change
in the expression levels of NKp46 and NKG2D. However, there
was a striking increase in the expression of NKp30 and NKp44
(Fig. 4). These results suggest that eNK cells are perhaps an im-
mature NK cell subset and are not fully differentiated.

Different NK subsets specialize in different functions. For ex-
ample, pbNK cells specialize in killing tumor and virally infected
cells and in secreting a variety of cytokines, lymph node NK cells
possibly act as APCs (24), and dNK cells possess tissue remodel-
ing properties that are essential for successful implantation of the
embryo (6). Therefore, we decided to investigate the functional
properties of eNK cells. Seeing that IL-15 activation of eNK cells
resulted in an up-regulation of two of the major activating recep-
tors (NKp30 and NKp44), we incubated endometrial lymphocytes
or highly purified eNK cells in the presence or absence of IL-15
and following this incubation, we preformed two functional as-
says. In the first assay we cross-linked specific activating receptors
to assess the role of specific activating receptors in eNK cytotox-
icity (Fig. 5A). In the second assay, we investigated the cytokine

FIGURE 3. Expression of the che-
mokine receptors on endometrial NK
and T cells. Flow cytometry analysis
on gated CD56�CD3� NK cells (A)
or gated CD56�CD3� T cells (B).
The results presented are similar be-
tween the proliferative and the secre-
tory phases of the menstrual cycle.
Figure shows the results obtained
from secretory phase endometrium.
The gray filled histograms represent
background staining of a correspond-
ing isotype-matched control. One rep-
resentative is shown of five experi-
ments performed.

FIGURE 4. Up-regulation of NKp30 and NKp44 following in vitro IL-15 activation. Flow cytometry analysis of gated CD56�CD3� NK cells, following
incubation for 72 h in the presence or absence of 40 ng/ml IL-15. The gray filled histograms represent background staining of a corresponding isotype-
matched control. Figure shows one representative experiment out of three experiments performed.
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production by endometrial lymphocytes and by purified eNK cells
following this activation (Fig. 5, B–D).

Our results showed that non-activated eNK cells had no cyto-
toxic activity. However, following IL-15 activation, their receptor-
mediated cytotoxicity toward their target cells increased dramati-
cally (Fig. 5A). This effect was specific, as cross-linking of other
receptors (such as CD56, marked as control), or crosslinking of
CD16, which is absent in eNK, did not alter eNK cells cytotoxicity
(Fig. 5A).

It has been previously shown that CD16� cells specialize in
cytokine secretion and are less cytotoxic compared with CD16�

NK cells (5, 25). Hence, we speculated that the primary function
of eNK might be cytokine secretion. We first analyzed the cytokine
secretion by the entire endometrial lymphocyte population and
compared it to that of the decidua and peripheral blood. Remark-
ably, before IL-15 activation, endometrial lymphocytes did not
secrete any of the cytokines tested including IFN-� (Fig. 5B), IFN-
inducible protein-10 (IP-10, Fig. 5C), VEGF, and placental growth
factor (PLGF, our unpublished data). Real time RT-PCR con-
firmed that endometrial lymphocytes, in contrast to decidual lym-
phocytes, did not contain VEGF and PLGF transcripts (data not
shown). In marked contrast, non-activated decidual lymphocytes
secreted IP-10 and IFN-�, as we and others previously showed (6,
26) and as was shown regarding IFN-� in mouse dNK cells (27),
thus indicating that decidual lymphocytes, as opposed to endome-
trial lymphocytes, are already activated in the tissue. Furthermore,
in vitro IL-15 activation significantly up-regulated the secretion of
IP-10 and IFN-� by endometrial lymphocytes to levels signifi-
cantly higher than those of decidual and peripheral blood lympho-
cytes, whether activated or not (Fig. 5, B and C). The secretion of
the angiogenic factors VEGF and PLGF by eNK cells was not
evident even after IL-15 activation (our unpublished data). To test
whether eNK could secrete all these cytokines, we analyzed the
cytokine secretion by highly purified eNK and pbNK cells, before

or following IL-15 activation (Fig. 5D). Before IL-15 activation,
eNK cells did not secrete IP-10 or IFN-�, however following this
activation there was a significant increase in the secretion of these
cytokines by eNK cells.

IL-15-activated eNK cells secreted higher amounts of IP-10 than
IL-15-activated pbNK cells, however, they secreted less IFN-�
than IL-15-activated pbNK cells. We did not observe any secretion of
VEGF or PLGF by eNK cells, whether activated or not (Fig. 5D).
Importantly and similar to the above observations (Fig. 1–4), no ma-
jor differences in cytokine secretion or cytotoxicity were observed
between proliferative and secretory phase eNK cells.

Therefore, our results suggest that eNK cells are inert lymphocytes
in the endometrium that are unable to kill target cells or to secrete NK
known cytokines and growth factors, before IL-15 activation.

Activating receptors of eNK cells recognize endometrial cells

We demonstrated above that eNK cells express the activating re-
ceptors NKp46 and NKG2D, but do not express NKp30 and
NKp44. The ligands recognized by these receptors are either
stress-induced proteins (ligands for NKG2D, i.e., MICA, MICB,
and ULBPs 1–4; Ref. 28, 29), viral proteins (such as the hemag-
glutinins and the HCMV protein pp65; Ref. 30, 31), or as yet
unidentified ligands (32). To see whether ligands for these recep-
tors are expressed in the endometrial tissue, we stained the adher-
ent endometrial cell fraction (see Materials and Methods) with
soluble NKp30, NKp44, and NKp46-Fc fusion proteins (which can
detect known as well as unknown ligands for these receptors) and
with Abs against the known NKG2D ligands. Staining with an Ab
against MHC class I (W632) was used as a positive control (Fig.
6, A and B). In both proliferative phase and secretory phase-cell
fractions there was no expression of NKp46-binding ligands. How-
ever, there was a substantial expression of NKp30 and NKp44-
binding ligands, at variable expression levels (Fig. 6A).

FIGURE 5. Functions of eNK cells are up-regulated following IL-15 activation. A, The cytotoxicity of endometrial NK cells was determined by a
redirected killing assay using the indicated Abs in the x-axis. CD56 served as a control Ab. The E:T ratio was 1:1. Values are mean � SD for triplicate
samples. �, p � 0.05; ��, p � 0.01 (Student’s t test). Where there is no column presented, the killing was 0%. One representative data set is shown out
of three experiments performed. B and C, Secretion of IFN-� (B) and IP-10 (C) by endometrial lymphpcytes (eLymp), decidual lymphocytes (dLymph),
and peripheral blood lymphocytes following a 72 h incubation in the presence or absence of IL-15, as indicated. Values are mean � SD for triplicate
samples. ��, p � 0.001 (Student’s t test). One representative data set is shown out of four experiments performed. D, Secretion of IFN-�, IP-10, VEGF,
and PLGF by highly purified eNK and pbNK cells following a 72-h incubation in the presence or absence of IL-15, as indicated. Values are mean � SD
for triplicate samples. ��, p � 0.001 (Student’s t test). One representative data set is shown out of three experiments performed.
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Throughout the menstrual cycle we detected the expression of
the NKG2D ligands MICA and ULBP2 and the lack of expression
of MICB (Fig. 6B). The ligand ULBP3 was expressed in the pro-
liferative endometrial cell fraction, but its expression was down-
regulated in the secretory phase endometrium (Fig. 6B).

Discussion
The study of dNK cells has revealed the unique functional activity
of these cells, showing their ability to support the implantation of
the embryo through tissue remodeling activity and the secretion of
various growth factors (6, 33). Since, in humans, the preparation
for blastocyst implantation begins after ovulation, during the se-
cretory phase of the menstrual cycle, it was tempting to assume
that the population of eNK cells during the secretory phase of the
menstrual cycle possesses similar phenotype and functional prop-
erties as dNK cells. In this study, we characterized the phenotype
and function of eNK cells and studied the relations between eNK
cells and dNK cells.

The percentage of NK cells in the nonpregnant endometrium
may reflect their importance to the drastic periodical changes that
occur during the menstrual cycle. To test this idea, we performed
flow cytometry analysis on freshly isolated endometrial lympho-
cytes. The results showed that the major lymphocyte population in
the endometrium was that of T and not NK cells. Furthermore, the
percentage of NK cells remained constant during the menstrual
cycle. Although our immunohistochemistry analysis and other
studies showed that the absolute numbers of eNK cells during the
menstrual cycle increase dramatically during the secretory phase
(Fig. 1A and Ref. 34), we think that the important parameter that
should be considered when evaluating the importance of this pop-
ulation is that of percentage, since other lymphocyte populations
can also increase in numbers during this period. Our results tie in
with other early studies, which demonstrated that the percentage of
eNK cells during the menstrual cycle remains constant and is
around 30% and that the major lymphocyte subpopulation in the
endometrium is that of T cells (35, 36). It will be interesting to
study in the future the properties of the endometrial T cells.

The marked increase in NK cell numbers during the late secre-
tory phase that was reported by others and was also observed by us
(Fig. 1A) was attributed to migration of NK cells from the periph-

eral blood to the endometrium via interactions between chemokine
receptors expressed on the NK cells and their ligands, expressed in
the tissue (37, 38). However, no expression of chemokine recep-
tors (including CXCR1, 2, 3, and 4 and CCR1, 2, 3, 5, and 7) was
observed on eNK cells derived from the proliferative or secretory
phase. The differences between the results presented in this study
and those obtained by Sentman et al. (37) could be attributed to the
differences in the methods used. The analysis of eNK cells that is
shown in this study was performed on freshly isolated, nonma-
nipulated endometrial lymphocytes, whereas the Sentman et al.
analysis was performed on IL-2-activated eNK clones. Further-
more, IL-2 is a cytokine that was shown not to be expressed in the
tissue and therefore is not suitable for in vitro activation of eNK
cells (39).

The lack of expression of chemokine receptors indicates that
eNK cells do not migrate to the endometrium from other tissues or
from the blood, but rather originate from local hematopoietic pro-
genitor cells. Indeed, several studies support the presence of he-
matopoietic progenitor cells in the endometrium (40, 41). In con-
trast, in mice, LGL1-positive NK cells reside in the nonpregnant
uterus, however, they do not self-renew and differentiate to mature
uterine NK cells (42, 43).

We have also characterized the expression pattern of the NK-
activating receptors on eNK cells and demonstrated that eNK cells
lack the expression of CD16, but express relatively high levels of
NKp46 and NKG2D (as do dNK cells). However, in contrast to
dNK cells, eNK cells also lack the expression of NKp30 and
NKp44. This unusual repertoire of activating and chemokine re-
ceptors makes eNK cells unique among other known NK subsets.
The lack of expression of NKp30 and NKp44 could hypothetically
be a result of sustained activation of the receptors by their un-
known ligands which are expressed in tissue (Fig. 6), as was pre-
viously shown regarding NKG2D (44). Indeed, we show in this
study that endometrial cells express ligands for NKp30 and NKp44
and that an inverse correlation exists between the expression of
these ligands and their cognate receptors. However, until the iden-
tity of these unknown ligands is revealed and the nature of their
expression discovered, we cannot deduce for their role in the reg-
ulation of eNK cell activity.

FIGURE 6. Expression of NCR and NKG2D ligands in the adherent cell fraction of the endometrium. A, Expression of NCR ligands in the adherent
cell fraction of proliferative phase (top panel) and secretory phase (bottom panel) endometrium using different NCR-Ig fusion proteins. CCM1-Ig serves
as a control. B, Expression of NKG2D ligands in the adherent fraction of proliferative phase (top panel) and secretory phase (bottom panel) endometrium.
The gray filled histograms represent background staining of a corresponding isotype-matched control. One representative staining is shown of six
performed.
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eNK cells also exhibited extremely low levels of cytotoxicity
and failed to produce cytokines such as IFN-�, IP-10, VEGF, and
PLGF (even when the entire endometrial lymphocyte population
was cultured). Following in vitro stimulation with IL-15, whose
receptor is expressed on eNK cells (45), the expression of the
activating receptors NKp30 and NKp44 was up-regulated, making
the activating receptor-expression profile of eNK cells similar to
that of dNK cells. Moreover, eNK cells resemble dNK cells in
their high expression levels of killer cell Ig-like receptors, CD94,
and CD9 (12, 46), in the expression of the activation marker CD69
and in the lack of expression of the adherent molecule L-selectin
(13, 35, 46). Thus, following IL-15 activation, the phenotype of
eNK cells resembles that of dNK cells, inferring that eNK cells are
perhaps an early, undifferentiated form of some of the dNK cells.

Indeed, we show that following in vitro IL-15 activation, eNK
cell cytotoxicity was up-regulated, as was reported for dNK cells
(10, 22). We also observed a marked increase in the secretion of
IFN-� and IP-10 by endometrial lymphocytes, and specifically by
eNK cells. This observation is supported by the research of Eriks-
son et al. (12) who showed up-regulation of IFN-� and IL-10 se-
cretion following in vitro activation with IL-12 and IL-15. Impor-
tantly, these cytokines are also secreted by dNK cells (6, 26, 27)
and were shown to regulate trophoblast invasion. Although dNK
cells were also shown to secrete the angiogenic factors VEGF and
PLGF, we did not observe mRNA transcripts or any secretion of
these factors before or following IL-15 activation. It is possible
that other decidual factors besides IL-15 can drive further differ-
entiation of dNK cells that enables the secretion of these angio-
genic factors.

Therefore, our results suggest the following hypothesis: After
conception, the expression levels of IL-15 rise in the decidua (19).
IL-15 is a cytokine that is known as a key cytokine in the differ-
entiation of hematopoietic progenitor to NK cells (20), it is ex-
pressed in the human endometrium (22, 47) and its expression
levels are higher in the decidua than in the endometrium (22). The
high levels of IL-15 in this developmental niche promote the dif-
ferentiation of the local eNK cells toward dNK cells. In other
words, our results imply that eNK cells might be part of the pro-
genitor cells of dNK cells. This hypothesis is further strengthened
by studies suggesting that dNK cells can originate not only from
blood NK cells (8), but also from local progenitor cells (40, 41).
Finally, the expression profile of chemokine receptors in dNK cells
supports this notion: dNK cells express high levels of CXCR3 and
intermediate levels of CXCR4, which mediate their migration to

the decidua (8). However, since these receptors and others are not
expressed on all dNK cells (8), it is possible that some dNK cells,
which do not express chemokine receptors at all, originated from
local cells, such as eNK cells, and did not migrate to the decidua
from the peripheral blood via their chemokine receptors. Fig. 7
summarizes this hypothesis.

It is possible that eNK cells secrete other factors, not tested in
this study, that contribute to the preparation of the uterus for blas-
tocyst implantation. However, the lack of known NK-functional
activity of eNK, viewed together with our observation that the NK
cell proportion within the lymphocyte population is constant dur-
ing the menstrual cycle and that in fact the major lymphocyte
population in the endometrium is that of T cells, suggests that eNK
cells have no apparent significant role during the menstrual cycle
before conception. It also suggests that the role of eNK cells,
which might be regenerated each month in the nonpregnant endo-
metrium, is simply to linger and wait for conception.
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