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The Galectin-9/Tim-3 pathway is involved in the regulation
of NK cell function at the maternal–fetal interface in early
pregnancy

Yan-Hong Li1,4, Wen-Hui Zhou2,4, Yu Tao1, Song-Cun Wang1, Yun-Lan Jiang3, Di Zhang1,
Hai-Lan Piao1, Qiang Fu1, Da-Jin Li1 and Mei-Rong Du1

Decidual natural killer (dNK) cells actively participate in the establishment and maintenance of maternal–fetal immune

tolerance and act as local guardians against infection. However, how dNK cells maintain the immune balance between

tolerance and anti-infection immune responses during pregnancy remains unknown. Here, we demonstrated that the

inhibitory molecule T-cell immunoglobulin domain and mucin domain-containing molecule-3 (Tim-3) are expressed on

over 60% of dNK cells. Tim-31 dNK cells display higher interleukin (IL)-4 and lower tumor necrosis factor (TNF)-a and

perforin production. Human trophoblast cells can induce the transformation of peripheral NK cells into a dNK-like

phenotype via the secretion of galectin-9 (Gal-9) and the interaction between Gal-9 and Tim-3. In addition, trophoblasts

inhibit lipopolysaccharide (LPS)-induced pro-inflammatory cytokine and perforin production by dNK cells, which can be

attenuated by Tim-3 neutralizing antibodies. Interestingly, a decreased percentage of Tim-3-expressing dNK cells were

observed in human miscarriages and murine abortion-prone models. Moreover, T helper (Th)2-type cytokines were

decreased and Th1-type cytokines were increased in Tim-31 but not Tim-32 dNK cells from human and mouse

miscarriages. Therefore, our results suggest that the Gal-9/Tim-3 signal is important for the regulation of dNK cell

function, which is beneficial for the maintenance of a normal pregnancy.
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INTRODUCTION

In normal pregnancies, maternal immune cells are in direct

contact with fetal trophoblast cells, which express paternal

antigens. Therefore, a successful pregnancy requires the mater-

nal immune system to tolerate the semi-allogeneic fetus.1–3

Multiple mechanisms are believed to exist to promote mater-

nal–fetal immune tolerance. For example, T helper (Th)2 cyto-

kine polarization,4 the expression of non-classical major

histocompatibility complex molecules on trophoblast cells,5,6

the inhibition of complement activation,7,8 and a delicate balance

between costimulatory (CD80 and CD86) and co-inhibitory

(CTLA-4 and PD-1) signals have been observed in normal

pregnancies.9 In addition, immunoregulatory molecules,

including indoleamine 2,3-dioxygenase, interleukin (IL)-10

and transforming growth factor-b, are expressed at high levels

at the maternal–fetal interface.10,11

Decidual natural killer (dNK) cells, the dominant lympho-

cyte population that accumulates in the decidua, play a pivotal

role in successful pregnancies. It is generally accepted that dNK

cells are recruited from the peripheral blood and then are edu-

cated in the microenvironment at the maternal–fetal inter-

face.12–14 dNK cells display unique phenotypic properties and

functional profiles. By expressing multiple cell surface mole-

cules, secreting a variety of soluble factors, and interacting with

other cell subsets in decidua, dNK cells participate in maintain-

ing maternal–fetal tolerance, trophoblast invasion and vascular

remodeling.15,16 Crosstalk between decidual NK cells and

CD141 myelomonocytic cells was reported to result in induction
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of regulatory T cells and immunosuppression.17 Recent studies

have found that dNK cells promote immune tolerance and

successful pregnancies by dampening inflammatory TH17 cells

via interferon (IFN)-c secreted by the CD56brightCD271 NK

subset.18 Consequently, dNK cells have been shown to be a key

regulatory subset that facilitates maternal-fetal immune tole-

rance. Abnormal changes in dNK cell number and function

are found to be closely related with adverse pregnancy outcomes,

such as recurrent spontaneous abortion.

As a major contributor to innate immunity, NK cells also

provide competent responses to infections, in addition to its

immune regulatory actions during pregnancy. Maternal infec-

tions with bacterial or viral agents during pregnancy are asso-

ciated with an increased incidence of miscarriage. Moderate

inflammation is necessary to eliminate the outside invaders,

but uncontrolled or exaggerated infection-triggered inflam-

mation may be an important cause of pregnancy loss.

Lipopolysaccharide (LPS) exposure resulting from microbial

invasion of the endometrium has been linked to the risk of

idiopathic miscarriage in a range of human and animal stu-

dies.19 Upon binding with its ligand Toll-like receptor (TLR)4,

LPS initiates a robust inflammatory response, which is char-

acterized by the production of pro-inflammatory cytokines,

such as tumor necrosis factor (TNF)-a and IL-1, which disturb

the Th1/Th2 balance at the fetomaternal interface.20 dNK cells

have also been reported to be targets of LPS, which can induce

dNK cytotoxic activation.21 Therefore, as an active defender

against microbial invasion, maintenance of a proper dNK cell

inflammatory response is critical for a successful pregnancy

during pathogen infection.

T-cell immunoglobulin domain and mucin domain-con-

taining molecule-3 (Tim-3), a newly defined regulatory factor,

downregulates Th1 responses through transduction of apop-

tosis signaling by galectin-9 (Gal-9) engagement, suggesting

that Tim-3 may modulate the Th1/Th2 balance.22,23 In addi-

tion to being expressed on activated T cells, Tim-3 is also con-

stitutively expressed on cells of the innate immune system in

both mice and humans. Increasing numbers of studies have

shown that abnormal expression of Tim-3 is an important

cause of autoimmune diseases, infections, transplantation pro-

blems and cancers.24 Recent data have shown that NK cells can

also be regulated by Tim-3. Tim-3 was found to act as a marker

of activation or maturation of NK cells and suppress NK cell

cytotoxicity.25 In contrast, other reports have provided evi-

dence that increased Tim-3 expression on NK cells leads to

NK cell dysfunction in chronic virus infections, such as hep-

atitis B and HIV infection.26,27 Therefore, we propose that the

regulatory effects of Tim-3 on NK cells are distinct in different

immune microenvironments. However, Gal-9/Tim-3 signaling

has not yet been found to regulate the function of NK cells at

the maternal–fetal interface.

In the present study, we first detected the expression of Tim-

3 in dNK cells and analyzed the cytokine profile and cytotoxi-

city of Tim-31 and Tim-32 dNK cells. Then, we investigated

the role of Gal-9/Tim-3 signaling in the shift from pNK cells to

a dNK cell-like phenotype, as instructed by trophoblasts.

Moreover, we observed the role of Gal-9/Tim-3 signaling in

the cytokine production and cytotoxicity of dNK cells after LPS

stimulation. Finally, the number of Tim-31 dNK cells and the

cytokine profile of Tim-31 and Tim-32 dNK cells in normal

pregnancies and miscarriages were compared. Our data pro-

vide evidence that Gal-9/Tim-3 signaling plays an important

physiological and pathological role in the regulation of dNK

cell function during early pregnancy, which is also helpful

for developing novel strategies to target Gal-9/Tim-3 signaling

to promote maternal–fetal tolerance and prevent pregnancy

loss.

MATERIALS AND METHODS

Human sample collection

This study was approved by the Human Research Ethics

Committee of Obstetrics and Gynecology Hospital, Fudan

University, Shanghai, China. All subjects gave informed written

consent for the collection and study of tissue samples. First-

trimester villous tissues were obtained from the placentas of

healthy pregnant women (age: 27.5063.42 years; gestational

age at sampling: 8.2861.25 weeks; mean6 tandard deviation),

and peripheral blood was also obtained for peripheral blood

mononuclear cell isolation. First-trimester decidual tissues were

obtained from healthy pregnant women (age: 29.1565.27 years;

gestational age at sampling: 8.3561.12 weeks). Decidual tissues

were also obtained from women with unexplained spontaneous

abortions that occurred during the first trimester of pregnancy

(age: 29.166.8 years; gestational age at sampling: 7.4561.44

weeks). All normal pregnancies were terminated for non-me-

dical reasons, and miscarriages were classified as unexplained

after the exclusion of endocrine, anatomic, genetic abnormali-

ties, infection, etc. All tissues were immediately collected into

ice-cold Dulbecco’s modified Eagle’s medium (DMEM) with

high D-glucose or DMEM F12 (Gibco, Grand Island, NY,

USA), transported to the laboratory within 30 min after surgery

and washed in calcium- and magnesium-free Hank’s balanced

salt solution for cell isolation.

Isolation and culture of human trophoblasts

Trophoblasts were isolated by trypsin-DNase I digestion and

discontinuous Percoll gradient centrifugation from pooled villi

obtained from four to six different pregnancies, as previously

described.28 Cells were then seeded into tissue culture plates for

further purification based on differential adherent velocity to

eliminate adherent fibroblast cells and unattached leukocytes.

This produced a 95% pure culture of trophoblast cells, as

assessed by immunocytochemistry and flow cytometry (FCM)

for cytokeratin 7 positivity, HLA-G positivity and vimentin

negativity (data not shown). The purified trophoblasts were

seeded into a 24-well plate at 53105 cells per milliliter.

Isolation and culture of dNK cells

Decidual tissues (4–6 g) were cut and digested in DMEM F12

supplemented with type IV collagenase (1.0 mg/ml; Sigma-

Aldrich Corp. St. Louis, MO, USA) in 1% FBS for 30 min at
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37 uC with gentle agitation. The suspension was filtered and

enriched by discontinuous Percoll gradient centrifugation, as

previously described.29 dNK cells were isolated using NK Cell

Isolation Kits (Miltenyi Biotec, Auburn, CA, USA) following

the manufacturer’s protocol. The purity of the CD561CD32

dNK cells was more than 95%, as measured by FCM with

CD56-PE-Cy7 and CD3-FITC. The purified dNK were cul-

tured with the human trophoblasts and were subjected to

LPS (100 ng/ml; PeproTech, Rocky Hill, NJ, USA), rhGal-9

(1000 ng/ml; R&D Systems, Minneapolis, MN, USA), anti-

Tim-3 neutralizing antibodies (Abs) (10 mg/ml; R&D Systems,

Minneapolis, MN, USA) or control treatments. The cells were

harvested for FCM after 48 h of incubation.

NK and human primary trophoblast coculture

Peripheral NK cells were isolated from peripheral blood mono-

nuclear cells using NK Cell Isolation Kits (Miltenyi Biotec).

Human primary trophoblasts were cultured with purified

pNK cells at a ratio of 1 : 3 (trophoblast/NK). Anti-Tim-3 neut-

ralizing Abs were added to the coculture system. The pNK cells

were harvested for FCM after 72 h of coculture.

FCM

Cells were washed and incubated with the appropriate fluor-

ochrome-conjugated Abs for 30 min at 4 uC for cell surface

staining. The following human monoclonal antibodies (mAbs)

were used: FITC-conjugated anti-CD3 (clone: HIT3a) and anti-

CD11c (clone: 3.9) mAbs; PE-Cy7-conjugated anti-CD56

(clone: HCD56) and anti-CD4 (clone: RPA-T4) mAbs; APC-

conjugated anti-CD8 (clone: SK1), anti-CD25 (clone: BC96)

and anti-CD14 (clone: M5E2) mAbs. Cells were fixed and

permeabilized according to the manufacturer’s protocol.

Permeabilized cells were stained for intracellular cytokines

and Tim-3 (a transmembrane molecule). PE-conjugated anti-

Tim-3 (clone: F38-2E2), anti-IL-4 (clone: 8D4-8), anti-Gal-9

(clone: 9M1-3) and anti-IL-10 (clone: JES3-9D7); FITC-conju-

gated (clone: Dg9) or APC-conjugated anti-perforin (clone:

dG9); PE-Cy7-conjugated anti-TNF-a (clone: MAb11) and

anti-IFN-c (clone: 4S.B3); and APC-conjugated anti-IL-4

(clone: 8D4-8), anti-IL-10 (clone: JES3-9D7), anti-TNF-a
(clone: MAb11) and anti-IFN-c (clone: 4S.B3) were used. The

following murine mAbs were also used: 488-conjugated anti-

CD3 (clone: 17A2) mAb; PE-conjugated anti-Tim-3 (clone:

RMT3-23) mAb; PE-Cy7-conjugated anti-Nkp46 (clone:

29A1.4) mAb; BV421-conjugated anti-IL-4 (clone; 11B11),

anti-IL-10 (clone: JES5-16E3) and anti-transforming growth

factor-b (clone: TW7-16B4) mAbs; BV510-conjugated anti-

IFN-c (clone: XMG1.2) and anti-TNF-a (clone: MP6-XT22)

mAbs; and APC-conjugated anti-granzyme A (clone: GzA-

3G8.5) mAb. All antibodies were purchased from Biolegend

or eBioscience (eBioscience, San Diego, CA, USA). FCM ana-

lysis was performed on a Beckman-Coulter CyAN ADP

Analyzer (Beckman Coulter, Inc. Kraemer Boulevard Brea,

CA, USA). Data were analyzed with FlowJo Version 6.1 soft-

ware (TreeStar, Asland, OR, USA).

ELISA

The purified trophoblasts were seeded into a six-well plate at a

density of 13106 cells/ml. The culture plates were pre-coated

with Matrigel. The trophoblast supernatants were collected after

12, 24, 36, 48 and 60 h of culture. Each supernatant was cen-

trifuged and stored at 220 uC. The human Galectin-9 ELISA kit

(Cusabio, WuHan, HuBei Province, China) was used to mea-

sure Gal-9 production in each supernatant according to the

manufacturer’s instructions.

Murine models of pregnancy

Male DBA/2 and female CBA/J mice (8–10 weeks old) were

purchased from Beijing HFK Bioscience Co, BeiJing, China.

Male Balb/c mice (8–10 weeks old) were purchased from the

Department of Laboratory Animal Science, Fudan Univer-

sity (Shanghai, China). All animals were kept under specific

pathogen-free conditions. All of the experimental procedures

involving animals were conducted in accordance with the

National Guidelines for Animal Use in Research (China),

and permission was given by the Human Research Ethics

Committee of Obstetrics and Gynecology Hospital of Fudan

University. Female CBA/J mice were mated in natural cycling

with male Balb/c mice, and allogeneic CBA/J3DBA/2 mating

combinations were established as follows: female CBA/J mice

were mated in natural cycling with male DBA/2 mice.

Detection of a vaginal plug was chosen to indicate day 0.5

of gestation. Both groups were euthanized at 14.5 days of

gestation to examine the fetal resorption rate and cytokine

expression. Uteri from pregnant mice were dissected free

from the mesometrium and removed by cuts at the ovaries

and cervix. The uteri were washed twice in ice-cold PBS and

were cut into approximately 1-mm3 pieces. Minced uteri were

enzymatically digested in DMEM F12 containing 1 mg/ml

type IV collagenase and 0.2 mg/ml DNase I for 40 min at

37 uC with gentle agitation. The suspension was filtered

through a 74-mm cell strainer.

Statistical analysis

All data are presented as the mean6s.e.m. The significance of

the difference between two groups was determined using the

two-tailed t-test. Multiple groups were analyzed with

GraphPad Prism version 5 by one-way or two-way ANOVA

with Bonferroni post-tests. For all statistical tests, P values

,0.05 were considered statistically significant.

RESULTS

Decidual Tim-3-expressing NK cells display features of

immune tolerance

To investigate the regulation of Gal-9/Tim-3 signaling on

decidual NK cells, we first analyzed the expression of Tim-3

in these cells. The results in Figure 1 show that more than 60%

of decidual NK cells express Tim-3. We also detected the

expression of Tim-3 on peripheral blood NK cells (pNK cells)

and found that approximately 90% of pNK cells are Tim-3-

positive (Figure 1a and b). To explore whether there is a cor-

relation between Tim-3 expression and the functional status of
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dNK cells, we assessed their cytokine production and cytotoxi-

city. A higher amount of Th2-type cytokine IL-4 and a lower

amount of Th1-type cytokine TNF-a were found to be expressed

in Tim-31 dNK cells than in Tim-32 dNK cells (Figure 2a–d).

Thus, dNK cells expressing Tim-3 were more conducive to Th2

bias at the maternal-fetal interface than Tim-32 dNK cells.

Cytotoxicity is another important function of NK cells. For this

reason, perforin expression was assessed in Tim-31 and Tim-32

dNK cells. Tim-31 dNK cells consistently produced less perforin

than Tim-32 dNK cells (Figure 2e and f). These data suggest that

dNK cells can be divided into two different functional pheno-

types based on Tim-3 expression and that Tim-31 dNK cells

show characteristics of immune tolerance.

The Gal-9/Tim-3 pathway is involved in the instruction of

pNK cells

dNK cells have previously been reported to be recruited from

peripheral blood by trophoblasts via CXCL12/CXCR4 inter-

action.30 These NK cells experience modulation by tropho-

blasts after enrichment at the maternal–fetal interface.37

Because Tim-3 was detected on peripheral NK cells and dNK

cells in early pregnancy, we speculated here that the Gal-9/Tim-

3 pathway may participate in the instruction of pNK cells by

trophoblasts. We first determined the expression of Gal-9 in

placental trophoblasts. As shown in Figure 3a, approximately

75% of trophoblast cells expressed Gal-9. The secretion of Gal-

9 from human primary trophoblasts was then measured. As

shown in Figure 3b, primary-cultured trophoblast cells

secreted Gal-9 constitutively. The accumulated concentration

of Gal-9 was 3.8660.416 ng/ml after culture for 60 h seeded at

13106 cells/ml. Then, a coculture system of pNK cells and

trophoblasts was set up. After 72 h, the cytokine production

and cytotoxicity of pNK cells were determined by FCM. As

shown in Figure 3c–h, pNK cells produced more IL-4 but less

TNF-a after coculture with trophoblasts. The cytotoxicity of

pNK cells cocultured with trophoblasts decreased accordingly.

Blocking Tim-3 signaling with anti-Tim-3 neutralizing Abs

abrogated the regulation of pNK cells by trophoblasts. All these

data suggest that trophoblasts induce transformation of pNK

cells into a more immune-tolerant phenotype via secretion of

Gal-9 and the interaction between Gal-9 and Tim-3.

Tim-3 signaling negatively regulates the inflammatory

response of dNK cells to LPS stimulation

To investigate the involvement of Tim-3 in dNK cell function

under pathological conditions, the effects of Tim-3 signaling

on an LPS-triggered inflammatory response of dNK cells were

examined. The dNK cells were obtained and treated with LPS.

Tim-3 or rh-Gal-9 neutralizing Abs were pre-added to the

media of some wells. As shown in Figure 4a, LPS treatment

stimulated TNF-a production by dNK cells. This effect was

abrogated by the administration of rhGal-9, the Tim-3 ligand.

Because trophoblasts produce a large amount of Gal-9, we also

observed the effect of trophoblasts on the production of TNF-a
by dNK cells after LPS stimulation. Interestingly, human pri-

mary trophoblast cells significantly inhibited LPS-triggered

TNF-a production by dNK cells. However, the administration

of anti-Tim-3 neutralizing Abs significantly enhanced the

TNF-a production of dNK cells in response to LPS alone or

in the presence of rhGal-9 or trophoblasts. A similar regulation

pattern of perforin expression in dNK cells by rh-Gal and Tim-

3 antibodies was observed (Figure 4b). Although LPS had no

obvious effect on the production of IL-4 by dNK cells, rhGal-9

and human trophoblasts significantly increased IL-4 produc-

tion by dNK cells under LPS stimulation (Figure 4c), which was

abrogated by anti-Tim-3 neutralizing Abs. These data indicate

that trophoblasts may exert important regulatory effects on

dNK cells via the secretion of Gal-9 to control excess inflam-

matory response to a pathogenic invader.

A decreased percentage of Tim-31 dNK cells are

accompanied by disturbed Th2 predominance and higher

cytotoxicity in miscarriages

To obtain further evidence for the role of Tim-3 in dNK cell

function during early pregnancy, Tim-3 expression by dNK

cells was detected in normal pregnancies and miscarriages.

Compared with normal pregnancies, the percentage of Tim-

31 dNK cells was significantly decreased in miscarriages

(Figure 5a). Furthermore, the production of Th2-type cyto-

kines, such as IL-4 and IL-10, was significantly decreased in

Tim-31 dNK cells from miscarriage compared with that from

normal pregnancies. However, no distinct difference in IL-4 or

IL-10 production was observed in Tim-32 dNK cells from

normal pregnancies and miscarriages (Figure 5b and c). The

expression of the Th1-type cytokine TNF-a was significantly
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upregulated in Tim-31 dNK cells but not in Tim-32 dNK cells

in miscarriages (Figure 5d). Although IFN-c production was

higher in both subsets in miscarriages (Figure 5e), the increase

in levels of IFN-c in Tim-31 dNK cells was more obvious than

that in Tim-32 dNK cells from miscarriages. A significant

elevation in perforin expression was also observed in Tim-31

cells but not in Tim-32 dNK cells from miscarriages (Figure 5f).

A similar phenomenon was also observed in abortion-prone

mouse models (Figure 5g and h). These results show that not

only the number of Tim-3-expressing dNK cells, but also the

function of these Tim-31 dNK cells are critical for the main-

tenance of normal pregnancy. The dysfunction of Tim-31 dNK

may be an important cause of miscarriage in early pregnancy.

DISCUSSION

In this study, we demonstrated that over 60% of dNK cells

express Tim-3. Tim-31 dNK cells serve as an immune-tolerant

subset, which displays high levels of Th2-type cytokine produc-

tion but low levels of Th1-type cytokine production and poor

cytotoxicity. In addition, Tim-3 can also suppress LPS-trig-

gered inflammatory responses by dNK cells, which is enhanced

by rhGal-9 and trophoblasts and abolished by anti-Tim-3 neut-

ralizing Abs. However, trophoblast cells induce pNK cells to be

Th2 predominant with reduced perforin expression through

Gal-9/Tim-3 signaling. Because dNK cells are believed to be

recruited from peripheral blood, Gal-9/Tim-3 may be an

important mediator in the education of pNK cells to a dNK

cell-like phenotype. Interestingly, Tim-3 expression in dNK

cells from miscarriages declines, and the function of Tim31

dNK cells is impaired accordingly, which was also observed

in abortion-prone mouse models. Our data have demonstrated

that the Gal-9/Tim-3 pathway is essential for the maintenance

of normal pregnancies via the regulation of dNK function in

both physiological and pathological situations.

During successful gestation, Th2 dominance has been

demonstrated to be present at the maternal–fetal interface.31

Furthermore, maternal administration of the immunoregula-

tory cytokine IL-10 or blockade of TNF-a activity was shown to

prevent pregnancy loss induced by lipopolysaccharide.19,32

Thus, Th2 bias has been a common hypothesis to explain preg-

nancy tolerance and has been regarded as an important marker

of successful pregnancies. Gal-9/Tim-3 plays a vital role in the

regulation of the Th1/Th2 balance by inducing the apoptosis of

Th1 cells and subsequently suppressing the Th1-type immune

response.33 Tim-3 has been shown to be a negative mediator of

not only adaptive immunity but also of innate immunity.34,35
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The current study showed Tim-3 expression on more than 60%

of dNK cells. Thus, dNK cells can be divided into two different

populations based on Tim-3 expression. Interestingly, Tim-31

dNK cells produce more of the Th2-type cytokine IL-4 and less

of the Th1-type cytokine TNF-a and perforin than Tim-32

dNK cells, suggesting that dNK cells may be conducive to a

Th2-predominant environment and tolerance instead of

attacking trophoblast cells via the expression of Tim-3. Tim-

3 could be used as an important marker indicating the tolerant

state of dNK cells at the maternal–fetal interface.

It is generally accepted that dNK cells migrate from peri-

pheral blood via interactions with chemokine–chemokine

receptors.30 However, there are huge differences between pNK

and dNK cell types. Most pNK cells are CD56dimCD161 with

relatively high cytotoxic activation, but dNK cells are mainly

CD56brightCD162 with poor cytotoxic activation. The functions

of these two NK-cell subsets also differ. pNK cells are mainly

responsible for fighting pathogen infections via secretion of

perforin and granzymes, but dNK cells participate in fetoma-

ternal immune tolerance, trophoblast invasion and vascular

remodeling through secretion of various types of cytokines.15,36

The environment at the maternal-fetal interface is assumed to

modify recruited pNK cells, instructing them to be dNK-like

cells in phenotype and function.28,37 Here, we found that the

coculture of pNK cells with trophoblasts significantly increased

Th2-type cytokine production and decreased Th1-type cytokine

and perforin expression by pNK cells. This makes pNK cells

more adaptable to a dNK cell phenotype. Because Tim-3

expression was also detected on pNK cells and trophoblast cells

secreted high levels of Gal-9, we speculated that trophoblast-

derived Gal-9 interacting with Tim-3 on pNK cells may mediate

this modulatory process. Blocking Tim-3 signaling weakened
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this regulatory effect, indicating that the Tim-3 and Gal-9 inter-

action is indeed involved in the conversion of pNK cells to a

dNK cell-like phenotype. Interestingly, our unpublished data

from another project also showed higher expression of Tim-3

in CD56dim pNK cells (which account for 90% of total pNK

cells) than in CD56bright pNK cells. Moreover, trophoblasts

preferentially affect the production of Th1/Th2 cytokines by

CD56dim but not CD56bright pNK cells, an effect that can be

abrogated by Tim-3 neutralizing Abs.

During normal pregnancies, dNK cells serve as a regulatory

cell subset to help establish and maintain immune tolerance.

However, once pathogens invade, dNK cells transform into

effective defenders against infection.38–40 Mild inflammation

either systemically or locally at the maternal-fetal interface does

not lead to fetal demise due to these protective effects.

However, uncontrolled inflammation mediated by dNK cells

may result in pregnancy failure.41

LPS is a characteristic component of the cell wall of Gram-

negative bacteria. LPS is a potent inducer of pro-inflammatory

cytokines that trigger abortions via binding to TLR4. Several

studies have demonstrated the action of LPS on NK cells. The

treatment of isolated human peripheral blood mononuclear

cells with LPS results in the proliferation and enhanced cyto-

toxic activation of NK cells.42,43 The depletion of NK cells can

restore pregnancy in IL-102/2 mice treated with LPS, which

suggests that dNK cells are the targets of LPS stimulation

resulting in fetal demise.21 Furthermore, TLR4 can be detected

on NK cells.44,45 All this suggests that LPS may act on NK cells

directly. In this context, we demonstrated that LPS stimulation

caused a significant increase in the production of TNF-a by

dNK cells. This was further augmented by using anti-Tim-3

neutralizing Abs to block Tim-3 signaling. However, the

activation of Tim-3 signaling by the addition of rhGal-9 or

coculture with trophoblasts suppressed the inflammatory res-

ponse induced by LPS. Similar effects were observed on per-

forin production. These results indicate that Gal-9/Tim-3

signaling plays a vital role in controlling LPS-triggered inflam-

matory reactions and dNK cell cytotoxicity.

A large body of evidence suggests that spontaneous miscar-

riages are associated with a disturbed Th1/Th2 cytokine profile

and defective dNK cell function. Here, we determined that the

number of Tim-3-expressing dNK cells was significantly decreas-

ed in miscarriages. Moreover, the production of Th2 and Th1

cytokines was dysregulated in Tim-31 dNK but not in Tim-32
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dNK cells both in human miscarriages and abortion-prone

mouse models. These data indicate that both the number and

the function of Tim-31 dNK cells are abnormal in miscarriage.

Collectively, our study demonstrates that Tim-3 signaling is

critical to dNK function in physiological and pathological

situations involving the immune balance between maternal–

fetal tolerance and inflammatory responses against pathogens

during pregnancy. The dysregulation of Tim-3 signaling in

dNK cells may be the main cause of miscarriages during early

pregnancy. Further studies using conditional knockout mice

will focus on the mechanism of Tim-31 dNK cell maintenance

of normal pregnancies.
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