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TLRs Mediate IFN-␥ Production by Human Uterine NK Cells
in Endometrium1
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and Charles L. Sentman2*
The human endometrium (EM) contains macrophages, NK cells, T cells, B cells, and neutrophils in contact with a variety of
stromal and epithelial cells. The interplay between these different cell types and their roles in defense against pathogen invasion
in this specialized tissue are important for controlling infection and reproduction. TLRs are a family of receptors able to recognize
conserved pathogen-associated molecular patterns. In this study, we determined the expression of TLRs on uterine NK (uNK) cells
from the human EM and the extent to which uNK cells responded to TLR agonist stimulation. uNK cells expressed TLRs 2, 3,
and 4, and produced IFN-␥ when total human endometrial cells were stimulated with agonists to TLR2 or TLR3 (peptidoglycan
or poly(I:C), respectively). Activated uNK cell clones produced IFN-␥ upon stimulation with peptidoglycan or poly(I:C). However,
purified uNK cells did not respond directly to TLR agonists, but IFN-␥ was produced by uNK cells in response to TLR stimulation
when cocultured with APCs. These data indicate that uNK cells express TLRs and that they can respond to TLR agonists within
EM by producing IFN-␥. These data also indicate that the uNK cells do not respond directly to TLR stimulation, but rather their
production of IFN-␥ is dependent upon interactions with other cells within EM. The Journal of Immunology, 2006, 176: 6219 –
6224.

T

he human endometrium (EM)3 is a complex mucosal tissue with a unique immune cell component, and it is regulated by sex hormones throughout the menstrual cycle
(1, 2). The EM must be prepared to respond to potential pathogen
challenges, yet be able to control immune cell responses to allow
the development of a semiallogeneic fetus. In the nonpregnant
state, there are a tightly controlled influx, spatial compartmentalization, and regulation of immune cells (3, 4). Unlike in the murine
uterus, uterine NK (uNK) cells in the human uterus are found in
large numbers spread throughout the EM with increasing numbers
as the menstrual cycle progresses (5–7).
NK cells play an important part in the innate immune system
and were first defined functionally by their ability to kill certain
tumors and virally infected cells without a requirement for MHC
restriction or previous immunization (8). NK cells produce immunoregulatory cytokines that contribute to early host defense against
several types of viruses, bacteria, and parasites. In humans, ⬃10%
of PBLs are NK cells (9). Human NK cells can be defined phenotypically by the expression of CD56 and the absence of CD3,
and NK cells fall into two subsets according to their surface density of CD56. uNK cells account for a large percentage of leukocytes in the human EM; express high levels of CD56, low, or no
CD16; and lack CD57 expression (10 –12). In addition, uNK cells
express other molecules not found on blood NK cells (12).

TLRs are used by the innate immune system to recognize microorganisms and their products. Eleven TLRs have been identified, and they recognize conserved pathogenic structures termed
pathogen-associated molecular patterns. TLR2 binds to microbial
products, including peptidoglycan (PGN) and zymosan, while
TLR4 binds to LPS derived from Gram-negative bacteria. TLR3
recognizes dsRNA associated with viral replication; thus, poly(I:
C), which is a synthetic mimetic for dsRNA, can induce TLR3
signaling. Several studies reported the expression of TLRs on
blood NK cells, but conflicting results have been obtained in functional studies using blood NK cells depending on the effector functions examined and which TLRs were investigated (13–17). One
controversial issue is the extent to which NK cells respond to specific TLR ligands. A direct stimulation of blood NK cells by TLR
agonists has been reported by some groups (13, 14), yet others
demonstrate an additional requirement for suboptimal cytokines in
order for NK cells to respond (15). Both indirect and direct effects
of TLR stimulation on effector functions, cell-cell contact dependence, and requirements for cytokines have been reported (16, 17).
This study examines the expression of TLRs on uNK cells and the
ability of uNK cells to produce cytokines in response to TLR agonists alone or in the presence of other EM cells.
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Isolation of human endometrial cells
Endometrial tissue specimens were obtained from women undergoing a
hysterectomy for various gynecological disorders. We used samples from
32 patients with an average age of 43 ⫾ 6 years. Initial patient diagnosis
included fibroids, pelvic pain, menorrhagia, endometriosis, cervical stenosis, and prolapse. Endometrial samples were staged as proliferative, secretory, or inactive/atrophic. The tissue samples that we used were distal to
any pathological changes. We used a cell dispersion method that used
treatment with an enzyme mixture composed of collagenase and DNase,
followed by passage of cells through a mesh screen to facilitate cell dispersion (18). Any RBC present were eliminated from the endometrial cells
by treatment with lysis buffer (NH4Cl/Tris-HCl) for 5–10 min at room
temperature. Blood cell contamination of these endometrial tissue cells was
0022-1767/06/$02.00
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⬍2% (19). The isolated cells were cultured or used for experimental treatments directly. All human studies were done with approval of the Dartmouth Institutional Review Board.

Abs and reagents
The following Abs were used: FITC-conjugated or TriColor-conjugated
anti-CD45, allophycocyanin-conjugated anti-CD3, and R-PE-conjugated
anti-CD56 (MEM-188) (Caltag Laboratories); PE Cy7-conjugated antiCD56 (B159), allophycocyanin-conjugated anti-IFN-␥ (B27), and allophycocyanin-conjugated or PE-Cy7-conjugated mouse IgG1 control (BD
Pharmingen); FITC-conjugated anti-TLR2 and biotin anti-TLR3
(eBioscience); biotin anti-TLR4 (Serotec); and FITC streptavidin (Jackson
ImmunoResearch Laboratories). Human rIL-12 and rIL-15 were obtained
from PeproTech. Human FcR blocking reagent (Cohn’s fraction) was purchased from Sigma-Aldrich. PGN (10 g/ml), zymosan (10 g/ml), and
poly(I:C) (50 g/ml) were obtained from InvivoGen. Vehicle controls
were: PBS (poly(I:C)), 0.2% ethanol (PGN), and 0.1% ethanol (zymosan).

Flow cytometry and cell sorting
A FACSCalibur (BD Biosciences) was used for flow cytometric analysis of
cell surface staining of all samples. A FACSAria cell sorter was used for
purifying uterine cells. Immune cell populations were sorted from EM cells
using the following gating strategy: CD45⫹CD3⫺CD56⫹ (uNK cells) and
CD45⫹CD3⫺CD56⫺CD15⫺, high forward light scatter (APC). The purity
obtained for uNK cells was typically higher than 99%. uNK cell clones
were grown, as described, and their phenotype was confirmed by flow
cytometry (CD56⫹, CD3⫺) (12). For intracellular IFN-␥ analysis, freshly
prepared endometrial cells were cultured at 3 ⫻ 105 cells/well in 96-well
U-bottom microtiter plates for 18 h. Brefeldin A (10 g/ml) was added to
each well 5 h before harvesting to allow for accumulation of intracellular
proteins. Cells were harvested and stained for CD3, CD45, and CD56;
fixed; and permeabilized with saponin (0.1%). The cells were then stained
intracellularly with anti-IFN-␥ mAb or IgG control, washed, and analyzed
by flow cytometry.

TLR stimulation of uNK cells and uNK cell clones
ELISA. Cells from enzymatic digestion of human endometrial tissue were
seeded at 2 ⫻ 105 cells/well in microtiter plates in complete medium
(RPMI 1640 supplemented with 2-ME (50 M), penicillin (100 U/ml),
streptomycin (100 g/ml), sodium pyruvate (1 mM), nonessential amino
acids (0.1 mM), and 5% human serum). uNK cell clones were seeded at
5 ⫻ 104 cells/well in complete medium. After stimulation by poly(I:C) (50
g/ml), PGN (10 g/ml), zymosan (10 g/ml), medium only, or IL-12 (10
ng/ml)/IL-15 (100 ng/ml) in culture for 72 h, cell-free supernatants were
harvested and analyzed for the production of IFN-␥.
ELISPOT. Freshly prepared endometrial cells were stained for CD45,
CD3, CD8, and CD56. Immune cell populations were then sorted using the
following gating strategy: CD45⫹CD3⫺CD56⫹ (uNK cells) and
CD45⫹CD3⫺CD56⫺CD15⫺, high forward light scatter (APC). Cells were
then tested for IFN-␥ production in ELISPOT assays (Mabtech). Briefly,
cells were plated at 4–5 ⫻ 103 cells/well with or without APCs (NK cell:
APC ratio ⫽ 1:1–1:3) and cultured in triplicate for each treatment in 5%
CO2 for 36 h at 37°C. Numbers are presented as the sum of spots for each
triplicate.

TLRs STIMULATE uNK CELLS IN HUMAN EM
TLR primer. The expression of each gene was determined in each experiment by the formula: expression ⫽ 10,000 ⫻ 1/(2⌬Ct).

Statistics
Statistical comparisons were done using a paired t test, as indicated. A
value of p ⬍ 0.05 was considered significant.

Results
NK cells in the human uterine EM express TLRs
To determine whether uNK cells within the EM expressed TLRs,
we used flow cytometric analysis of freshly prepared single cell
suspensions of human endometrial cells. uNK cells expressed
TLR4 and TLR3 (Fig. 1, A and B), but no surface expression of
TLR2 was detected on uNK cells (Fig. 1C). Because previous
reports have shown that TLR2 may be expressed intracellularly in
the absence of surface expression (20), we also stained fresh EM
cells for intracellular TLR2. Positive intracellular staining by
TLR2 mAb on uNK cells indicated that TLR2 was expressed by
uNK cells, but it was not localized on the cell surface (Fig. 1D).
To confirm the expression of TLRs by uNK cells indicated by
the flow cytometry data, we analyzed the level of TLR mRNA in
highly purified human uNK cells. Total RNA was isolated from
freshly sorted or IL-2-activated uNK cells, and TLR gene expression was determined by quantitative real-time PCR using cDNA.
All three TLRs were expressed by uNK cells (Fig. 2). TLR2 had
the highest relative mRNA expression among the TLRs tested,
followed by TLR4 and TLR3. In addition to the purified uNK
cells, we also analyzed uNK cell clones and found that TLRs 2, 3,
and 4 were expressed at levels that were comparable to the sorted
fresh uNK cells (data not shown). Thus, uNK cells express TLR2,
TLR3, and TLR4.
uNK cell clones respond directly to TLR agonists
The expression of a particular TLR is not always sufficient to determine whether a given cell will respond to an agonist for that
receptor. We cultured uNK cell clones in the presence of agonists
for TLR2 or TLR3 with and without suboptimal amounts of IL-15.
Low amounts of cytokines have been shown to allow blood NK
cells to respond to TLR agonists (15). We observed that uNK cell

Isolation of RNA and production of cDNA
Total RNA was prepared from sorted endometrial cells using a micro
RNAeasy kit (Qiagen). DNA was removed and RNA was amplified up to
30 times using MessageAmpII technology (Ambion). Synthesis of firststrand cDNA was conducted using the First Strand cDNA Synthesis Kit
from Fermentas, following the manufacturer’s instructions. Control sample
cDNA that served as a positive control was obtained from RNA derived
from total EM tissue.

Quantitative real-time PCR
Duplicate samples containing 12.5 ng of cDNA, SYBR green mix (Applied
Biosystems), and real-time PCR primers designed for the 3⬘ end of the TLR
genes were mixed and analyzed on an ABI7700 thermal cycler (Applied
Biosystems). To calculate the relative amount of gene product present in
the sample, cycle time (Ct) was determined. The average Ct value was
calculated from duplicate wells for each sample with each primer set. Most
duplicate samples varied by ⬍0.5 Ct. Nontemplate control samples were
evaluated for each primer set. The relative gene expression for each individual cDNA sample was determined by calculating ␦ Ct values (⌬Ct) by
subtraction of the Ct value for ␤-actin primers from the Ct value for each

FIGURE 1. uNK cells express TLRs. Fresh human endometrial cells
were isolated and analyzed for expression of TLRs. Following enzyme
digestion of endometrial tissue, uNK cells (CD56⫹CD3⫺CD45⫹) were
stained for CD45, CD3, CD56, and TLR2 (C); TLR3 (B); or TLR4 (A).
Panels show anti-TLR staining (thick line) and control staining (A–C) (thin
line). D, Shows intracellular staining for TLR2 (thick line), intracellular
control (broken line), and surface control (gray line). Data are representative of four experiments.
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sulted in a larger production of IFN-␥ by the uNK cell clones.
These data indicate that uNK cells express functional TLR2 and
TLR3, and triggering of these receptors results in production of
IFN-␥.
Fresh EM cells produce IFN-␥ in response to TLR stimulation
To determine whether human EM cells produce IFN-␥ in response
to TLR agonists, we analyzed the production of IFN-␥ by total EM
cells in response to TLR2 and TLR3 stimulation. Fresh human
endometrial cells were cultured for 72 h in the presence of TLR
agonists and then analyzed for IFN-␥ production by ELISA. As
shown in Fig. 4, poly(I:C) and PGN induced significant IFN production by EM cells compared with medium only. The highest
IFN-␥ production was seen after poly(I:C) stimulation (1442 pg/
ml), and a high response toward PGN (1104 pg/ml) was found. We
did not see a significant induction of IFN-␥ production after stimulation with zymosan (479 pg/ml) compared with medium alone
(320 pg/ml). These data indicate that total human endometrial cells
can produce significant amounts of IFN-␥ in response to selective
agonists for TLR2 or TLR3.
Fresh uNK cells produce IFN-␥ within the EM in response to
TLR stimulation

FIGURE 2. uNK cells express TLR mRNA. Purified uNK cell expression of TLR2 (A), TLR3 (B), and TLR4 (C) was determined by quantitative
real-time PCR. Bars show relative expression levels of uNK cell TLR
mRNA isolated and purified from five different patients (Pt1–5). A proportion of the uNK cells from Pt4 was cultured in IL-2 (500 U/ml) for 13
days before RNA isolation (Pt4-“bulk”). Positive control samples consisted
of RNA from total EM tissue. Negative control samples showed no signal
(data not shown).

To determine whether uNK cells within EM produce IFN-␥ in
response to TLR agonists, freshly prepared human endometrial
cells were cultured in the presence of poly(I:C), PGN, or zymosan
for 18 h, and analyzed for intracellular IFN-␥ production by uNK
cells (Fig. 5). IFN-␥ production was observed in 6.4% of
CD56⫹CD3⫺ uNK cells from endometrial cells cultured in the
presence of poly(I:C) compared with 0.8% of uNK cells from endometrial cultures grown in medium without poly(I:C) stimulation.
A total of 5.6% of the uNK cells produced IFN-␥ in response to
IL-12/IL-15. No IFN-␥-positive cells were observed in isotype
control samples (Fig. 5D). A summary of data from five patients
shows the percentage of uNK cells within a total EM population
that produced IFN-␥ in response to TLR2 or TLR3 agonists, medium alone, or IL-12/IL-15 stimulation (Fig. 5E). Consistent with

clones produced IFN-␥ when cultured with poly(I:C) (a TLR3 agonist) alone (Fig. 3). The low amounts of IL-15 (ⱕ2 ng/ml) did not
induce IFN-␥ production above medium only amounts, but the
combination of TLR agonist (poly(I:C) or PGN) and IL-15 re-

FIGURE 3. uNK cell clones respond directly to TLR agonists. uNK cell
clones were cultured with poly(I:C) (A) or PGN (B) for 72 h, and supernatants were harvested and analyzed for IFN-␥ production by ELISA. In
some wells, a suboptimal dose of IL-15 (A, 2 ng/ml; B, 0.4 ng/ml) was
included, as indicated (IL-15). Medium only (M) and IL-12/IL-15 (A, 10
ng/ml/100 ng/ml) or PMA/ionomycin (B, 10 ng/ml/1 g/ml) were included
as controls (posCTRL). These results are representative of seven different
uNK cell clones tested. (p ⬍ 0.001: ⴱⴱⴱ, compared with medium only; p ⬍
0.05: #, compared with TLR agonist only).

FIGURE 4. Cytokine production by EM cells in response to TLR agonists. Fresh human endometrial cells were cultured with TLR agonists for
72 h. Cell-free supernatants were assayed for IFN-␥ by ELISA. Panels
show IFN-␥ release by EM cells activated by poly(I:C) (pI:C), PGN, or
zymosan (Zym). IL-12/IL-15 and medium were included as positive and
negative controls, respectively. Data presented are representative of three
experiments (p ⬍ 0.001: ⴱⴱⴱ; p ⬍ 0.01: ⴱⴱ, compared with medium only).
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FIGURE 5. Agonists for TLR2 and
TLR3 stimulate IFN-␥ production by
uNK cells. Fresh human endometrial
cells were cultured for 18 h with
poly(I:C) alone (A), together with IL12/IL-15 (C), vehicle control without
poly(I:C) (B), or control IgG1 (D) and
analyzed for intracellular IFN-␥ in
uNK cells by flow cytometry. E, Shows
the mean percentage of IFN-␥-producing uNK cells within total EM cells
stimulated with poly(I:C) (pI:C), PGN,
or zymosan (Zym). Results are shown
as an average from five different patients (p ⬍ 0.05: ⴱ, compared with medium only).

the IFN-␥ production by total fresh EM cells in response to TLR
agonists, uNK cells produced IFN-␥ in response to IL-12/IL-15,
poly(I:C), and PGN stimulation. No significant increase was observed in the percentage of uNK cells that produced IFN-␥ in
response to zymosan compared with cells cultured in medium
only. When zymosan was used at five times the dose, there was no
IFN-␥ production by uNK cells, demonstrating that the inability to
respond to zymosan was not likely due to insufficient amounts of
agonist (data not shown). Our initial data show that there was no
IFN-␥ production by uNK cells upon LPS stimulation, and ⬍0.5%
of T cells produced IFN-␥ under these conditions (data not shown).
These data show that uNK cells within EM respond to TLR agonists by producing IFN-␥, and that uNK cells are responsible for
the IFN-␥ produced within the EM after TLR stimulation.

FIGURE 6. TLR agonists induce IFN-␥ production by purified uNK
cells in the presence of EM APCs. Freshly sorted uNK cells were cultured
with PGN and poly(I:C) for 36 h, and IFN-␥ production was determined by
ELISPOT. Panel shows the results from uNK cells alone or cocultured with
APC (1:1.5 ratio), or APC alone. IL-12/IL-15 (NKposCTRL) and vehicle
only were included as controls. Data shown are representative of four
experiments.

Freshly sorted uNK cells do not directly respond to TLR
agonists
Although uNK cell clones were able to respond to TLR2 or TLR3
agonists, it was possible that fresh uNK cells may require additional signals to respond via these receptors. To determine whether
uNK cells responded directly to TLR agonists, freshly sorted human uNK cells were cultured in the presence of TLR agonists PGN
or poly(I:C) (Fig. 6). No significant differences in IFN-␥ production were observed between uNK cells treated with poly(I:C),
PGN, or zymosan (data not shown), compared with control samples (NK ⫹ vehicle). To determine whether IFN-␥ production by
uNK cells required the presence of other immune cells, we mixed
purified uNK cells and purified APCs that were sorted from EM
cells and stimulated these cultures with TLR agonists. We observed a significant increase in the number of IFN-␥-producing
cells when uNK cells were cocultured with APCs: PGN, 1.8-fold
and pI:C, 3.1-fold, respectively. We also tested whether cytokines
or cell supernatants could substitute for cells. There was no significant increase in the IFN-␥ production by purified uNK cells
after TLR stimulation in the presence of suboptimal amounts of
IL-15 or APC conditioned medium compared with those that were
cultured with TLR agonist only (data not shown). This suggested
that the synergistic effect of APCs could not be explained by soluble factors produced by APCs alone, but most likely required
cell-cell contact or both cell-cell interactions in combination with
locally produced soluble factors.
The percentage of purified uNK cells that produced IFN-␥ spontaneously was 28% of the number of cells that responded in the
positive control samples in the ELISPOT assays (n ⫽ 7), suggesting that some uNK cells were able to produce IFN-␥ even in the
absence of stimulatory treatment. Spontaneous secretion of IFN-␥
by purified uNK cells is supported by a previous study in which
IFN-␥, IL-4, and IL-10 were found to be spontaneously produced
by NK cells isolated from early pregnancy decidua (21). In our
study, there was little spontaneous IFN-␥ production by purified
uterine T cells (4.8% of control; n ⫽ 6) or blood NK cells (7% of
control; n ⫽ 2). Collectively, these data demonstrate that uNK
cells can respond with IFN-␥ production to TLR2 or TLR3 stimulation, but require the presence of other cells.

Discussion
This study examines TLR function and TLR-mediated responses
on human uNK cells. uNK cells express TLR2, TLR3, and TLR4,
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and there was significant IFN-␥ production by uNK cells in response to TLR agonists when examined as a contextual part of
total EM cells. However, we found that uNK cells did not respond
directly to TLR agonists, yet uNK cells did respond to TLR agonists when cocultured with APCs or as uNK cell clones in the
presence of cytokines. These data suggest that cell-cell contact
with APCs and/or their cytokines is essential for triggering fresh
uNK cells. The requirement for accessory cell involvement may be
an important regulatory component to ensure that uNK cells in the
EM produce IFN-␥ only after other innate responses have been
stimulated. Samples were derived from women in the proliferative,
secretory, or inactive/atrophic stages, and we observed similar
uNK cell responses from these different samples, suggesting that
the menstrual cycle was not a factor in determining the response of
uNK cells under these conditions.
The data indicate that fresh, purified uNK cells do not respond
directly to TLR3 stimulation, while activated uNK cell clones were
able to respond to TLR stimulation alone. It is possible that cellcell interactions enable fresh uNK cells to respond to TLR3 agonists directly or in combination with cytokines produced by other
nearby cells. These results are consistent with results obtained with
blood NK cells in that stimulation through TLR3 and TLR9 did not
directly induce cytokine production by NK cells (15). This is also
in agreement with other studies in which NK cell cytokine responses to poly(I:C) were dependent upon the presence of other
accessory cells (16, 17), although one study did report direct activation of NK cells via poly(I:C) (13). Technical differences in
cell purification, culture conditions, numbers of cells used, or serum source may also account for reported differences. As one component of the EM, uNK cells produce IFN-␥ upon stimulation with
poly(I:C). This finding suggests that uNK cells are an important
part of the cell-mediated immune defenses in human EM.
Whereas poly(I:C) and PGN were able to induce IFN-␥ by uNK
cells within the EM, we did not observe significant uNK cell responses to zymosan stimulation. This finding is particularly interesting because both PGN and zymosan are TLR2 agonists. The
differential response to these agonists could be due to unique features of how TLR2 recognizes these molecules. Differences in
TLR responses depending on structural differences between ligands have been previously reported (22). This study showed that
the levels of activation of NK cells were dependent on quantitative
and qualitative changes that occur in phosphosaccharide repeat
units of lipophosphoglycan (LPG) from Leishmania major. There
was a variable potency between LPG from metacyclic promastigotes and procyclic promastigotes to stimulate blood NK cells, even
though TLR2 is involved in binding both forms of LPG. The results suggest that blood NK cells are able to detect differences in
the number of phosphosaccharide repeat domains or in the glycan
side chains. It is possible that a similar distinction is made by the
TLR2 on uNK cells or on accessory cells when recognizing PGN
compared with zymosan in EM, thus explaining the differential
effects resulting from treatment with these TLR ligands. PGN is
derived from Gram-positive bacteria, while zymosan is derived
from yeast, so one implication of this finding is that uNK cells may
be more likely to produce IFN-␥ in response to a bacterial infection rather than a yeast infection. Another study reported that zymosan was able to inhibit the cytotoxicity of blood NK cells, so the
differential activation may be due to an inhibitory effect of zymosan on NK cells (23). In this study, IFN-␥ production was the
cytokine examined. It may be that zymosan is able to induce cytokines other than IFN-␥ or other responses from uNK cells.
One study using a TLR2 agonist, KpOmpA, demonstrated direct
activation of human blood NK cells (14). The IFN-␥ response of
blood NK cells to this molecule was greatly enhanced in the pres-
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ence of suboptimal cytokines, such as IL-15, IL-12, or IL-1␤.
However, we did not observe direct activation of fresh uNK cells
in the presence of PGN or zymosan, which are also TLR2 agonists.
This may be due to differential expression of signaling components
or other differences in TLR function between fresh uNK cells and
blood NK cells. Interaction with nearby cells may therefore be
more important for the regulation of uNK cells within the female
reproductive tract (FRT) compared with NK cells in blood. Activated uNK cell clones did respond directly to PGN in combination
with low amounts of IL-15. IL-15 is expressed in the human EM
and increases throughout the menstrual cycle (24). Given the demonstrated effects of IFN-␥ on the vascular remodeling and trophoblast invasion in the FRT, it is possible that IFN-␥ production may
be more restricted within EM so that uNK cells do not respond to
the presence of pathogenic ligands without additional signals provided by other stromal cells. These EM cells could be APCs, as
demonstrated in this study, or they could be other EM cells such as
epithelial cells or fibroblasts.
The differential expression of TLRs within tissues of the FRT
suggests that the responses to pathogenic challenge may be dependent on the site of entry of a particular pathogen (25). TLRs are
expressed at higher levels in the upper FRT than in the lower
reproductive tract. It is possible that NK cells in other tissues
within the FRT may respond differently to TLR stimulation than
uNK cells. Interestingly, uterine epithelial cells have been shown
to respond to poly(I:C) by producing proinflammatory cytokines
such as TNF-␣, IL-6, GM-CSF, and G-CSF (26). Endometrial
macrophages express both TLR2 and TLR3 and are potential candidates for accessory cells to uNK cells during TLR stimulation of
EM. Macrophages triggered via TLR2 or TLR3 are a potent source
of cytokines (27–29). However, it remains unclear whether there
are sufficient cytokines to substitute for cell-cell contact during
activation of resting uNK cells. It is likely that both cell-cell interactions and cytokines are involved in the activation of uNK cells
during infection.
NK cells and other elements of the innate immune system are
present in the EM, and are most likely involved in both successful
pregnancy and defense against invasion by microorganisms. Our
data demonstrate that uNK cells respond to TLR ligand stimulation
within the EM by producing IFN-␥, and that accessory cells are
required for triggering of resting uNK cells. NK cell IFN-␥ may
activate macrophages and promote B cell IgG responses to remove
the bacteria (30). Taken together, these findings suggest that uNK
cells can play a role in the immune defense within the EM following infection within the FRT.

Acknowledgments
We thank Virginia L. Kelly and Kim M. Wood (Norris Cotton Cancer
Center) for assistance with blood donation, Gary Ward for cell sorting,
Alice Givan for help with flow cytometry, and Barbara Schaeffer for assistance with clinical specimens.

Disclosures
The authors have no financial conflict of interest.

References
1. Tabibzadeh, S. 1990. Proliferative activity of lymphoid cells in human endometrium throughout the menstrual cycle. J. Clin. Endocrinol. Metab. 70: 437– 443.
2. Wira, C. R., J. V. Fahey, H. D. White, G. R. Yeaman, A. L. Givan, and
A. L. Howell. 2002. The mucosal immune system in the human female reproductive tract: influence of stage of the menstrual cycle and menopause on mucosal immunity in the uterus. In Endometrium. S. Glasser, J. Aplin, L. Giudice,
and S. Tabibzadeh, eds. Harwood Academic Publishers, Reading, pp. 371– 404.
3. Spornitz, U. M. 1992. The functional morphology of the human endometrium and
decidua. Adv. Anat. Embryol. Cell Biol. 124: 1–99.
4. Yeaman, G. R., P. M. Guyre, M. W. Fanger, J. E. Collins, H. D. White,
W. Rathbun, K. A. Orndorff, J. Gonzalez, J. E. Stern, and C. R. Wira. 1997.

6224

5.

6.
7.

8.
9.
10.

11.

12.

13.

14.

15.

16.

17.

18.

Unique CD8⫹ T cell-rich lymphoid aggregates in human uterine endometrium.
J. Leukocyte Biol. 61: 427– 435.
Givan, A. L., H. D. White, J. E. Stern, E. Colby, E. J. Gosselin, P. M. Guyre, and
C. R. Wira. 1997. Flow cytometric analysis of leukocytes in the human female
reproductive tract: comparison of fallopian tube, uterus, cervix, and vagina.
Am. J. Reprod. Immunol. 38: 350 –359.
Hunt, J. S. 1994. Immunologically relevant cells in the uterus. Biol. Reprod. 50:
461– 466.
King, A., V. Wellings, L. Gardner, and Y. W. Loke. 1989. Immunocytochemical
characterization of the unusual large granular lymphocytes in human endometrium throughout the menstrual cycle. Hum. Immunol. 24: 195–205.
Trinchieri, G. 1989. Biology of natural killer cells. Adv. Immunol. 47: 187–376.
Robertson, M. J., and J. Ritz. 1990. Biology and clinical relevance of human
natural killer cells. Blood 76: 2421–2438.
Sedlmayr, P., L. Schallhammer, A. Hammer, M. Wilders-Truschnig,
R. Wintersteiger, and G. Dohr. 1996. Differential phenotypic properties of human
peripheral blood CD56dim⫹ and CD56bright⫹ natural killer cell subpopulations.
Int. Arch. Allergy Immunol. 110: 308 –313.
King, A., P. P. Jokhi, T. D. Burrows, L. Gardner, A. M. Sharkey, and Y. W. Loke.
1996. Functions of human decidual NK cells. Am. J. Reprod. Immunol. 35:
258 –260.
Eriksson, M., S. K. Meadows, C. R. Wira, and C. L. Sentman. 2004. Unique
phenotype of human uterine NK cells and their regulation by endogenous TGF-␤.
J. Leukocyte Biol. 76: 667– 675.
Schmidt, K. N., B. Leung, M. Kwong, K. A. Zarember, S. Satyal, T. A. Navas,
F. Wang, and P. J. Godowski. 2004. APC-independent activation of NK cells by
the Toll-like receptor 3 agonist double-stranded RNA. J. Immunol. 172: 138 –143.
Chalifour, A., P. Jeannin, J. F. Gauchat, A. Blaecke, M. Malissard, T. N⬘Guyen,
N. Thieblemont, and Y. Delneste. 2004. Direct bacterial protein PAMP recognition by human NK cells involves TLRs and triggers ␣-defensin production.
Blood 104: 1778 –1783.
Sivori, S., M. Falco, M. Della Chiesa, S. Carlomagno, M. Vitale, L. Moretta, and
A. Moretta. 2004. CpG and double-stranded RNA trigger human NK cells by
Toll-like receptors: induction of cytokine release and cytotoxicity against tumors
and dendritic cells. Proc. Natl. Acad. Sci. USA 101: 10116 –10121.
Hart, O. M., V. Athie-Morales, G. M. O’Connor, and C. M. Gardiner. 2005.
TLR7/8-mediated activation of human NK cells results in accessory cell-dependent IFN-␥ production. J. Immunol. 175: 1636 –1642.
Kamath, A. T., C. E. Sheasby, and D. F. Tough. 2005. Dendritic cells and NK
cells stimulate bystander T cell activation in response to TLR agonists through
secretion of IFN-␣␤ and IFN-␥. J. Immunol. 174: 767–776.
Koopman, L. A., H. D. Kopcow, B. Rybalov, J. E. Boyson, J. S. Orange,
F. Schatz, R. Masch, C. J. Lockwood, A. D. Schachter, P. J. Park, and

TLRs STIMULATE uNK CELLS IN HUMAN EM

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.
30.

J. L. Strominger. 2003. Human decidual natural killer cells are a unique NK cell
subset with immunomodulatory potential. J. Exp. Med. 198: 1201–1212.
White, H. D., R. H. Prabhala, S. L. Humphrey, K. M. Crassi, J. M. Richardson,
and C. R. Wira. 2000. A method for the dispersal and characterization of leukocytes from the human female reproductive tract. Am. J. Reprod. Immunol. 44:
96 –103.
Uronen-Hansson, H., J. Allen, M. Osman, G. Squires, N. Klein, and R. E. Callard.
2004. Toll-like receptor 2 (TLR2) and TLR4 are present inside human dendritic
cells, associated with microtubules and the Golgi apparatus but are not detectable
on the cell surface: integrity of microtubules is required for interleukin-12 production in response to internalized bacteria. Immunology 111: 173–178.
Lidstrom, C., L. Matthiesen, G. Berg, S. Sharma, J. Ernerudh, and C. Ekerfelt.
2003. Cytokine secretion patterns of NK cells and macrophages in early human
pregnancy decidua and blood: implications for suppressor macrophages in decidua. Am. J. Reprod. Immunol. 50: 444 – 452.
Becker, I., N. Salaiza, M. Aguirre, J. Delgado, N. Carrillo-Carrasco, L. G. Kobeh,
A. Ruiz, R. Cervantes, A. P. Torres, N. Cabrera, et al. 2003. Leishmania lipophosphoglycan (LPG) activates NK cells through Toll-like receptor-2. Mol.
Biochem. Parasitol. 130: 65–74.
Duan, X., M. Ackerly, E. Vivier, and P. Anderson. 1994. Evidence for involvement of ␤-glucan-binding cell surface lectins in human natural killer cell function. Cell. Immunol. 157: 393– 402.
Kitaya, K., J. Yasuda, I. Yagi, Y. Tada, S. Fushiki, and H. Honjo. 2000. IL-15
expression at human endometrium and decidua. Biol. Reprod. 63: 683– 687.
Pioli, P. A., E. Amiel, T. M. Schaefer, J. E. Connolly, C. R. Wira, and
P. M. Guyre. 2004. Differential expression of Toll-like receptors 2 and 4 in tissues
of the human female reproductive tract. Infect. Immun. 72: 5799 –5806.
Schaefer, T. M., J. V. Fahey, J. A. Wright, and C. R. Wira. 2005. Innate immunity
in the human female reproductive tract: antiviral response of uterine epithelial
cells to the TLR3 agonist poly(I:C). J. Immunol. 174: 992–1002.
Wang, J. P., E. A. Kurt-Jones, O. S. Shin, M. D. Manchak, M. J. Levin, and
R. W. Finberg. 2005. Varicella-zoster virus activates inflammatory cytokines in
human monocytes and macrophages via Toll-like receptor 2. J. Virol. 79:
12658 –12666.
Siren, J., J. Pirhonen, I. Julkunen, and S. Matikainen. 2005. IFN-␣ regulates
TLR-dependent gene expression of IFN-␣, IFN-␤, IL-28, and IL-29. J. Immunol.
174: 1932–1937.
Takeda, K., T. Kaisho, and S. Akira. 2003. Toll-like receptors. Annu. Rev. Immunol. 21: 335–376.
Yuan, D. 2004. Interactions between NK cells and B lymphocytes. Adv. Immunol.
84: 1– 42.

