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NK cells in immunotolerant organs

Haoyu Sun, Cheng Sun, Zhigang Tian and Weihua Xiao

Organs such as the liver, uterus and lung possess hallmark immunotolerant features, making these organs important for

sustaining self-homeostasis. These organs contain a relatively large amount of negative regulatory immune cells, which

are believed to take part in the regulation of immune responses. Because natural killer cells constitute a large proportion

of all lymphocytes in these organs, increasing attention has been given to the roles that these cells play in maintaining

immunotolerance. Here, we review the distribution, differentiation, phenotypic features and functional features of

natural killer cells in these immunotolerant organs, in addition to the influence of local microenvironments on these cells

and how these factors contribute to organ-specific diseases.
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INTRODUCTION

By definition, non-reactivity to an antigen resulting from

previous exposure to the same antigen is termed immunoto-

lerance.1 One important aspect of immunotolerance is non-

reactivity to self-antigens, as autoimmune diseases may

develop in the absence of such regulation. Immunotolerance

is also inducible to non-self-antigens.1,2 Therefore, immuno-

tolerance is an important feature in protecting an organism

from autoimmune damage and for the maintenance of the

organism’s homeostasis. In the search for new therapeutics,

researchers studying immunotolerance may be able to repro-

gram the immune system to resolve conditions that threaten

human health.2–4 The intestine is generally recognized as an

immune-privileged organ, in which immunotolerant mechan-

isms constantly face but do not overreact to microbial antigens

and pathogens acquired from food.5 The liver is exposed to the

food and foreign antigens that reach the intestines and thus

exhibits defensive functions to these environmental chal-

lenges.6 For these reasons, the risk of hyperimmune activation

in the liver is greater than the risk in any other organ in the

body. Therefore, specialized immunotolerant mechanisms are

required to avoid overactivation of immune responses in the

liver.7 The lung is in danger of environmentally acquired infec-

tions and attacks from pathogens and bacteria due to its con-

stant exposure to airborne pathogens.8,9 Due to the importance

of immune regulation in pregnancy, it is not surprising that the

uterus is the most immunotolerant organ in the body.10 These

organs rely on microorganisms and their own organ-specific

immunotolerant features to maintain moderate levels of

immune responses and thus to sustain adequate growth and

survival.

Negative regulatory immune cells (such as dendritic cells

(DCs), regulatory T cells, TH17 cells, M2 macrophages, natural

killer (NK) cells, natural killer T (NKT) cells and neutrophils)

in these immunotolerant organs play important roles in direct-

ing immune responses.11 Furthermore, these immune cells are

generally considered to play an important role in the inhibition

of autoimmune diseases and the maintenance of immune

homeostasis. Among these innate immune cells, NK cells are

rarely reviewed with respect to their regulatory functions. NK

cells are one of three major lymphocytes with specific func-

tional features. It has been generally recognized that NK cells

play important roles in immunodefense, immunosurveillance

and immunohomeostasis.12 Furthermore, because NK cells

constitute a large percentage of all lymphocytes in immunoto-

lerant organs, it is becoming more accepted that NK cells play

an important role in sustaining an immunotolerant status.

Because NK cells possess several functional subsets, the expres-

sion arrays of activating receptors and inhibitory receptors may

differ for each specialized condition;13,14 therefore, it is likely

that NK cells play dual roles both in immunoactivation and

immunotolerance. The proportion of NK cells in each specific

organ relative to other organs is as follows: uterus.lung.

liver.peripheral blood mononuclear cells.spleen.bone mar-

row.lymph node.thymus.8 Additionally, the local microen-

vironments in each of these organs influence the biological
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processes of the NK cells, including migration, homing, differ-

entiation and activation. NK cells have been shown to offer

special potential for immunotherapy.15–17 In this review, we

will focus on addressing the regulatory roles of NK cells in

immunotolerant organs, including the liver, lung and uterus.

Differentiation and subsets of human NK cells

Early studies suggested that NK cells possess only one subset

denoted by the absence of CD3 and the presence of CD56.18,19

Years later, it was discovered that the surface markers on mur-

ine NK cells and human NK cells are distinct and that these cells

exhibit limited homology between them. It was later shown

that human NK cells possess different subsets of NK cells.

Human NK cells are collectively classified by the expression

of CD56 and the lack of CD3.20 This population is further

differentiated based on the relative surface expression of

CD56 and the low-affinity Fc receptor CD16.19 Two subpopu-

lations of NK cells are now widely accepted. First is the

CD32CD56brightCD162 population, which is the main NK cell

subset in peripheral lymphoid organs. This population bears

homing receptors such as CCR7 and CXCR3 and the adhesion

molecule CD62L; it produces a large amount of cytokines, such

as tumor-necrosis factor, granulocyte macrophage colony-

stimulating factor, interferon-c (IFN-c), IL-10 and IL-13 after

stimulation with pre-inflammatory cytokines; and it undergoes

cytotoxicity after prolonged stimulation.20,21 Second is the

CD32CD56dimCD161 population that is related to the major

histocompatibility complex (MHC)-unrestricted cytotoxicity

(antibody-dependent cellular cytotoxicity), with high expres-

sion of killer cell immunoglobulin-like receptors (KIRs) and

low expression of the CD94/NKG2 receptors; this population

is rich in granzymes and perforins, and it kills target

cells after specific recognition.19,22,23 Moreover, the CD32

CD56dimCD161 population lacks the expression of CD27, while

the CD32CD56brightCD162 population expresses CD27.24 Recent

research has suggested a role for the T-cell immunoglobulin- and

mucin domain-containing (Tim)-3 receptor as a maturation

marker on NK cells because the Tim-3 protein is expressed on

essentially all mature CD32CD56dimCD161 NK cells and may be

induced on CD32CD56brightCD162 NK cells after stimulation

with IL-15 or IL-12 and IL-18 in vitro.25 The two NK subsets also

express shared and distinct chemokines; shared chemokines

include CC chemokine receptor 2 (CCR2), CXCR1, CXCR3

and CXCR4, while only CD32CD56bright NK cells express

CCR5 and CCR7 and only CD32CD56dim NK cells express

CX3C-chemokine receptor 1, SIP5 and ChemR23.8 CD32

CD56brightCD162 NK cells may eventually differentiate into

CD32CD56dimCD161 NK cells and may be further differentiated

and modified over time.26,27

Differentiation and subsets of murine NK cells

Murine NK cells share many features with human NK cells;

nevertheless, murine NK cells lack the expression of the hall-

mark human NK cell marker CD56 and other surface markers,

making it difficult to compare these cells with human NK cell

subsets. Murine NK cells are subdivided into different groups

based on CD11b, CD27, CD127 and B220 expression.28 In

mice, integrin CD11b is used as a marker for mature NK cells.29

The distinct stages of differentiation are further subdivided

based on the expression of CD27.24 Therefore, murine NK

cells can be subdivided into four subsets: CD11blowCD27low,

CD11blowCD27high, CD11bhighCD27high and CD11bhighCD27low, with

the maturation process beginning at the CD11blowCD27low stage and

progressing to the CD11blowCD27high, CD11bhighCD27high and finally

CD11bhighCD27low stages.30 Immature CD11b2 NK cells undergo a

CD271 stage before reaching full developmental maturity at

the CD11b1CD272 stage.30 The CD271 subset predominates

in the lymph node, while the CD272 subset localizes mainly to

the blood and spleen.24 Different repertoires of activating

receptors, inhibitory receptors and chemokines are expressed

by the CD11bhighCD27high and CD11bhighCD27low subsets,

with CD11bhighCD27high NK cells producing the largest num-

ber of cytokines and having the strongest cytotoxicity.24

Interestingly, a new subset of NK cells with a regulatory func-

tion was identified in a study by Ehlers et al.31 using two mouse

models for type 1 diabetes mellitus; this new immunoregula-

tory NK cell subset, characterized by the surface markers

CD117 (also known as c-Kit) and programmed death-ligand

1, suppresses autoimmunity by downregulating antigen-spe-

cific CD81 T cells, suggesting a direct link between innate

and adaptive immunity. Although the markers expressed on

human and murine NK cells vary, it has been suggested that the

murine CD11bhighCD27low NK cell subset resembles the

human CD56dimCD161 NK cell subset;32 additionally, the nat-

ural cytotoxicity receptor NKp46 is present on both human

and murine NK cells.33 In addition, unlike human NK cells,

murine NK cells do not express CCR7, and the CD271 subset

expresses higher levels of CXCR3, a homing receptor for lymph

nodes, suggesting an explanation for the observed distribution

of the two murine NK cell subsets. Despite this potential

explanation, CD62L is expressed on both the CD271 and

CD272 subsets.19

Homing and migration of NK cells

NK cells are widely distributed throughout the body, including

but not limited to healthy skin, the liver, lungs, and uterus.32

Bone marrow-derived NK cell precursors undergo a complex

maturation process that ultimately determines their effector

functions 8,34,35 and their distribution to specific organs under

the influence of the varied expression of chemokine receptors

and adhesion molecules.8 The allocation of NK cells is a

dynamic rather than stationary process because these cells con-

stantly recirculate between different organs.8 The varied

expression of chemokine receptors such as CCR2, CCR5,

CXCR3 and CX3C-chemokine receptor 1 drives NK cells to

different sites under inflammatory conditions.8,36 Chemokines

produced by organ-specific cells play a critical role in the migra-

tion of NK cells, leading to different NK cell distributions in

these organs. For example, Kupffer cell-derived CCL2 attracts

NK cells expressing CCR2 to the liver during murine cyto-

megalovirus infection.37,38 The migration of NK cells from the

red pulp to the white pulp depends on the synergic effect of both
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CXCR3 and CCR5 after treatment with poly(I:C) injection or

murine cytomegalovirus infection.39 In a study by Beider et al.,40

the authors found that the migration of cells to the site of

inflammation depends on the downregulation of CXCR4 and

upregulation of CXCR3, which may be accomplished by the

induction of IL-2, leading to the inhibition of the migration of

NK and NKT cells to the bone marrow and spleen. In addition

to chemokine receptors, G protein-coupled receptors and sphin-

gosine 1-phosphate (S1P) receptors also participate in lympho-

cyte mobilization. One member of the S1P family, S1P5, which

is expressed on both murine and human NK cells, has been

shown to regulate NK cell trafficking in vivo by a FTY720-

resistant mechanism.41 NK cell recruitment, under the influence

of varied chemokine expression mediated by organ-specific cells,

suggests that microenvironments may have a substantial effect

on the migration of NK cells under different physiological and

pathological conditions.

NK CELLS IN THE LIVER

The liver is located in the middle of the gastrointestinal tract

and the systemic circulation. Although this organ is in constant

contact with food-derived antigens, bacterial products, and

environmental toxins from the gut, no severe inflammation

is induced, partly due to selective responses to the antigens that

prevent inappropriate immune activation.42 The liver is an

immune organ with a large proportion of innate immune cells

such as NK cells, macrophages, NKT cells and cdT cells.43,44 In

humans, 30%–50% of intrahepatic lymphocytes are NK cells,45

while in mice, NK cells constitute approximately 10%–15%.

Furthermore, the number of NK cells varies widely in different

liver disease models, suggesting different roles for these cells

under different pathological conditions.38,46 For example, NK

cell accumulation is observed in the murine liver after viral

infection 38,47 or poly(I:C) treatment.28 Previous research also

suggests that hepatic NK cells not only protect the host from

invading microorganisms and tumor transformation but also

participate in liver injury and repair.44

Phenotypes and functions of hepatic NK cells

The liver acts as an innate immunity-dominant organ, not only

because it is largely composed of innate immune cells, but also

due to its specific properties and functions. NK cells provide a

first line of defense against invading pathogens, viral infections

and tumors. In humans, hepatic NK cells constitute 20%–30%

of the total lymphocytes, and similarly to NK cells in the peri-

pheral blood, hepatic NK cells are defined by the surface mar-

ker phenotype CD32CD561.48 However, human hepatic NK

cells lack the expression of CD16, differing from NK cells in the

peripheral blood (which are largely CD56dimCD161).49,50 In

mice, hepatic NK cells constitute 5%–10% of the total lympho-

cytes, and these cells are defined by the surface marker pheno-

type CD32NK1.11 in C57BL/6 mouse strains or CD32DX51.

In a study by Cordon et al.,51 the authors identified two tran-

scription factors, T-bet and Eomes, as sequential, genetically

separable checkpoints of NK cell maturation. Eomes is essential

for NK cell maturation, while T-bet is required for the

developmental stability of immature NK cells.52 The micro-

environment maintained by the liver appears to be non-

permissive for Eomes induction, leading to the stability of

Eomes2 NK cells in the liver.51 While approximately half of

all NK cells in the liver are Eomes1, indicating that hepatic

NK cells are likely either NK cells that originally resided in

the liver or conventional NK cells circulated from the bone

marrow.52 The liver is the site of NK cell generation when

life begins. During the early stage of the life cycle, hepatic

NK cells possess all the typical characteristics of classical

NK cells, but still have their own unique phenotypes and

functions. In embryonic and newborn mice, hepatic NK

cells lack the expression of molecules associated with NK

cell maturation, such as membrane-bound CD11b, the

Ly49 receptor, DX5, and the intracellular transcription fac-

tor Eomes, but highly express the effector molecule TRAIL.

This expression pattern occurs not only in the liver but also

in other organs such as the spleen.51,53 Notably, as develop-

ment progresses, this specific subset is replaced by pheno-

typically and functionally mature NK cells in the spleen but

remains in the liver. Even in the later stages of the life cycle,

approximately half of the hepatic NK cells remain as

TRAIL1DX52CD11blowEomos2.52 The inhibitory receptor

NKG2A is another hallmark hepatic NK cell marker that

interacts with murine MHC class I-related protein Qa-1

(HLA-E in humans).

The activation of NK cells is based on the imbalance between

the effects of inhibitory and stimulatory receptors expressed on

NK cells and their interactions with corresponding ligands

expressed on target cells.14,54,55 Stimulatory receptors include

NKG2D and members of the well-known natural cytotoxic

receptor family, including NKp30, NKp44 and NKp46.

Meanwhile, inhibitory receptors include members of the KIR

family, Ly-49A and CD94/NKG2 receptors that recognize

MHC class I molecules and subsequently inactivate NK cell

functions.54 NK cells kill infected or transformed target cells,

such as virus-infected hepatocytes, either directly or by secret-

ing the pro-inflammatory cytokine IFN-c.48 Compared with

NK cells in the peripheral blood and the spleen, hepatic NK

cells possess a higher number of granules and express higher

levels of TRAIL, perforin, granzyme B and other molecules, in

turn mediating greater cytotoxicity against tumor cells.56

Accumulating evidence supports the anti-tumor functions of

hepatic NK cells.57 Clinical evidence indicates that NK cells

provide innate immunity against primary and metastatic liver

tumors; indeed, the number of hepatic NK cells increases in

patients with carcinomas, and moreover, the progression of

carcinoma is associated with the decrease in the activity of

hepatic NK cells.44 It is likely that these findings will provide a

breakthrough for the therapeutic cure of carcinoma, as

tumor development may be inhibited by enhancing NK cell

functions.

NK cells in liver immunotolerance

Liver immunotolerance includes both local and systemic

tolerance to self and foreign antigens. Liver resident cells,
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including liver dendritic cells, liver sinusoidal endothelial cells,

Kupffer cells and hepatic stellate cells, mediate immuno-

suppression by producing anti-inflammatory cytokines, such

as transforming growth factor-beta (TGF-b) and IL-10, and by

expressing inhibitory ligands for T-cell activation. The liver has

evolved specialized mechanisms to avoid overactivation

toward harmless antigens to maintain its own immunotoler-

ance. The liver microenvironment may modulate NK cell func-

tion through the expression of activating receptors and

inhibitory receptors and the secretion of inflammatory cyto-

kines.58 NK cells maintain their own tolerance by interacting

with other cells. For example, upon the interaction of NK cells

with dendritic cells, DCs start to induce tolerogenic regulatory

T cells, and this ability is dependent on the engagement of

NKG2A expressed on NK cells, leading to the maintenance of

immunotolerance.59,60 Kupffer cells, acting as liver tissue

macrophages, secrete large amounts of immunosuppressive

cytokines, such as IL-10, under LPS stimulation, leading to

the inactivation of NK cells.61 Kupffer cell-derived IL-10 down-

regulates not only NK cells but also other immune cells during

inflammation to avoid excessive liver injury. Despite this sys-

tem of immunotolerance, NK cells also clear pathogens effec-

tively as a primary line of defense.7 The number of hepatic NK

cells increases during pathogen infection, likely due to the

recruitment of NK cells to the site of infection and/or the pro-

liferation of residing NK cells. The expression of NKG2A con-

tributes to liver immunotolerance.58 A specific population of

functionally hyporesponsive NK cells resides in the liver with

high expression of the inhibitory receptor NKG2A and the

absence of the MHC class I-binding Ly49 receptor. These NK

cells display a suppressed IFN-c response under IL-12/IL-18

stimulation. Adoptively transferred splenic NK cells displayed

phenotypical and functional changes after migrating to the

liver, suggesting that the liver microenvironment modifies

NK cells over time.62

Hepatic NK cells in liver diseases

The liver is the major site of viral replication after a viral infec-

tion; virus-induced hepatitis is one such infection and is one of

the most threatening diseases in the world.63 Patients infected

with virus-induced hepatitis are at an increased risk of deve-

loping liver fibrosis, cirrhosis and hepatocellular carcinoma.

Hepatitis B virus (HBV) infects more than 350 million peo-

ple worldwide and contributes to over 1 million deaths annu-

ally due to chronic liver damage, including cirrhosis and

hepatocellular carcinoma.64 NK cells are believed to be one of

the major players in the control of viral infections. Infections

with HBV lead to persistence of the infection and impaired NK

cell functions. HBV suppresses plasmacytoid DC-induced

IFN-c production by NK cells, demonstrating that the virus

modulates plasmacytoid DC–NK cell crosstalk, contributing to

HBV persistence.65 Studies have demonstrated that high levels

of TGF-b1 are associated with reduced NKG2D/DAP10 and

CD244/SH2D1A expression, functional impairment of NK

cells and consequently, the development of persistent HBV

infection.66 HMBOX1 may also negatively regulate NK cell

functions by suppressing the NKG2D/DAP10 signaling path-

way.67 The injection of poly(I:C) recruits and activates NK cells

in the liver and induces mild liver injury in wild-type mice.68 In

contrast to wild-type mice, HBsAg transgenic mice, a mimic of

healthy human chronic HBsAg carriers, are oversensitive to

poly(I:C)-induced liver injury in an NK cell- and IFN-c-

dependent manner.69 IL-15 may play an important role in

regulating immune responses against HBV, and overexpres-

sion of IL-15 in the liver suppresses HBV replication via

an IFN-b-dependent manner.70 Another possible treatment

for HBV is RNA interference of virus-specific genes. Trans-

fection with HBx-siRNAs increases the expression of dsRNA-

dependent protein kinase R, suggesting that HBx-siRNAs

greatly promote protein kinase R activation, which leads to

greater production of type I interferon, and further contribute

to HBV inhibition.71 3p-HBx-siRNA can both inhibit HBV

replication and trigger innate immunity in a RIG-I-dependent

manner, synergistically benefitting the reversal of HBV-

induced immune tolerance.72 A triple shRNA (shRae1-

shMult1-shH60) against all murine NKG2D ligands would

effectively alleviate NK cell-mediated hepatitis in a poly(I:C)/

D-GalN-induced model and NKG2D-dependent acute hep-

atitis in a Con-A-induced model; moreover, this triple

shRNA-expressing vector is far more effective than a double

or single shRNA-expressing vector, demonstrating another

potential method to treat liver diseases.73

Meanwhile, hepatitis C virus (HCV) causes chronic infec-

tions in approximately 2% of the world’s population. NK cells

kill HCV-infected hepatocytes via perforin and granzymes or

by producing cytokines such as IFN-c and tumor-necrosis fac-

tor, leading to the activation of adaptive immune responses and

the suppression of virus replication.63 In a study by Kramer

et al.,74 the authors defined a specific NK cell subset based on

relatively high expression of NKp46, termed NKp46high NK

cells, which may be involved in the suppression of HCV rep-

lication and HCV-associated liver damage. Hepatic NK cells

may upregulate NKp30 and contribute to innate resistance in

HCV infections.75 In chronically infected HCV patients,

increased expression of NKG2A suggests a role for NK cells

in sustaining chronic viral infections by inhibiting anti-viral

T-cell responses and facilitating pathogen persistence.60,76 In

a CCl4-induced liver injury and regeneration model, the activa-

tion of NK cells inhibits liver regeneration via a tumor necrosis

factor-a-dependent mechanism.77

NK CELLS IN THE UTERUS

For a long time, the immunology of reproductive immunoto-

lerance was explained by the ‘Th1/Th2’ hypothesis of Tom

Wegmann. He first proposed that fetal survival depends on

the avoidance of maternal T-cell rejection, accomplished by a

bias toward a Th2 response and the inhibition of Th1 res-

ponse.78 However, years later, it was found that the major

immune interactions in the decidua contributing to immuno-

tolerance during pregnancy are between trophoblast cells and

maternal NK cells, rather than T cells. Approximately 30%–

40% of decidual stromal cells are leukocytes in early pregnancy,
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with decidual natural killer (dNK) cells constituting the major

portion. NK cells start to accumulate in the decidua basalis, the

trophoblast layer, after fertilization and implantation.

Trophoblast invasion and spiral artery remodeling are the

two major processes that establish a successful pregnancy,79

and studies have shown that dNK cells play an important role

in both of these processes.80 In humans, more than 80% of

decidual lymphocytes are CD56brightCD162 NK cells, and these

cells interact with stromal cells and invade trophoblast cells

directly.81,82 dNK cells may either be attracted by locally pro-

duced chemokines and thus migrate from the peripheral blood

or develop in situ.28

Phenotypes and functions of dNK cells

In humans, the decidua is largely occupied by

CD56brightCD162 NK cells, which share a phenotype with the

minor proportion of peripheral natural killer (pNK) cells.

However, dNK cells are distinguishable from both subsets of

pNK cells because they are less cytotoxic,83 they are poor at

killing target cells, and they express higher levels of cytokines,

chemokines, and angiogenic factors compared to pNK cells.84

dNK cells were previously suggested to be a unique NK cell

subset that overexpresses several genes, such as granzyme A,

C-type lectin-like receptors, NKG2C and NKG2E.84 These cells

resemble classic NK cells in a variety of ways; they express

classic NK cell-activating receptors such as NKG2D, NKp30,

NKp44 and NKp46,81 and induce cytotoxicity against target

cells after stimulation with IL-12/IL-15.85 However, dNK cells

possess many unique phenotypes and functions that are dis-

tinct from those of classic NK cells; these cells are also different

from pNK cells in the expression of CD94, CD103, KIR recep-

tors, CXCR3 and CCR7, among others. These cells also lack

cytotoxic activity compared to pNK cells, but they retain the

ability to secrete cytokines. These differences between dNK

cells and pNK cells are induced by the specific decidual micro-

environment. Successful implantation is ensured by the bind-

ing of dNK cells to MHC class I molecules via the expression of

receptors specific for the MHC class I molecules HLA-E and

HLA-G. Higher secretions of granulocyte macrophage colony-

stimulating factor, macrophage inflammatory protein, colony

stimulating factor 1, leukemia inhibitory factor, vascular

endothelial growth factor C, angiopoietin-2 and placental

growth factor are observed in dNK cells.86 The unique func-

tions of these cells are regulated by estrogen and progester-

one.81,87 In mice, dNK cells only appear during pregnancy

with an activated, B2201CD11c1 phenotype and interact with

Dolichos biflorus agglutinin.88 It is believed that these recruited

or resident NK cells are highly specialized for pregnancy-

related functions.

NK cells in uterus immunotolerance

During early pregnancy, the maternal/fetal interface provides

precise immune-regulatory mechanisms, protecting the fetus

from attacks induced by the maternal immune system.

Inflammatory responses may result in embryo loss during

pregnancy, and therefore, the suppression of such responses

is necessary to ensure a normal pregnancy.82,89 A variety of

mechanisms have been developed by the immune system to

ensure a healthy pregnancy. For example, a Th2-biased res-

ponse and the avoidance of Th1 cytotoxicity,90 the inhibition

of complement activation91 and the expression of Fas ligand by

trophoblast cells92 are all essential for maternal–fetal tolerance.

Eighteen years ago, Tom Wegmann78 proposed that the sur-

vival of a fetus depends on the inhibition of a Th1 response by a

Th2 response. For a long time, this hypothesis was well

accepted and useful to studies on productive immunity.

However, even though the process of pregnancy is biased

toward a Th2 response, there is no strong evidence proving

that such an inclination is necessary for a successful preg-

nancy.93 Years later, it was found that the major immune inter-

actions in the decidua contributing to immunotolerance

during pregnancy occur between trophoblast cells and mater-

nal NK cells rather than T cells. Trophoblast cells are consi-

dered to play a critical role during the process. These cells are

located on top of the maternal/fetal interface and thus contact

the maternal immune system directly. Trophoblast cells do not

express antigens that induce T-cell graft rejection (such as

HLA-A, HLA-B and HLA-D), but rather express special anti-

gens such as HLA-C, HLA-E and HLA-G, which interact with

decidual NK cells.94 HLA-G-expressing trophoblast cells95 are

in direct contact with lymphocytes that largely exist in the

uterus and thus inhibit maternal immune rejection during

the early stages of pregnancy. The interaction between KIRs

on NK cells and fetal HLA-C molecules is important for a

successful pregnancy in humans, as this interaction determines

the threshold for NK cell activation.96 Hanna et al.81 demon-

strated that dNK cells may regulate trophoblast invasion and

vascular remodeling by secreting a variety of vascular-regulat-

ing molecules. Maternal dNK cells control trophoblast

invasion, while the invading trophoblast cells regulate the

migration of immune cells, including CD561 NK cells, to

deciduas by secreting chemokines such as stromal cell-derived

factor and macrophage inflammatory protein-1.94 Blois et al.97

have found in their research that galectin-1 (Gal-1), an immu-

noregulatory glycan-binding protein, plays an important role

in fetomaternal tolerance. Decreased expression or deficiency

of Gal-1 leads to fetal loss, while treatment with Gal-1 restores

tolerance. Gal-1 and progesterone work synergically to main-

tain tolerance during pregnancy. Decidual NK cells possess

unique properties and promote immunotolerance and success-

ful pregnancy through IFN-c-secreting CD56brightCD271 NK

cells, which dampens the inflammatory response of TH17 cells;

this specific regulatory response is lost in patients with recur-

rent spontaneous abortions, suggesting a pivotal role for dNKs

in maternal–fetal immunotolerance.98 An appropriate balance

between inhibitory (Stat3, programmed death-ligand 1 and

TGF-b1) and stimulatory (CD80 and CD86) signals is also

important in establishing immune privilege.99–103 Immune

cells such as regulatory T cells, DCs and macrophages all take

part in the mechanisms underlying immunotolerance at the

maternal/fetal interface. Murine NK cell and DC crosstalk is
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modulated by trophoblast cells in vitro and promotes a tolero-

genic microenvironment. Furthermore, the proliferation of

uterine cells is also influenced by the interaction between NK

cells and dendritic cells, which is modulated by trophoblast-

induced signals, suggesting an important role for this inter-

action involving NK cells, DCs and trophoblasts in murine

maternal–fetal immunotolerance.104

Decidual NK cells in uterine diseases

Pregnancy is a classic and ideal condition to study immunoto-

lerance, during which the fetus will not be attacked or rejected

by the maternal immune system but rather successfully

accepted by the mother. During the process, precise regulation

by the maternal immune system is critical for a normal preg-

nancy and fetal development.81,105 The probability of failure is

relatively high after implantation, reaching approximately

25%–40%. Although some of these failures are due to muta-

tions or abnormalities in a gene, most are due to uncertain

reasons.82,85 Pregnancy may also be influenced by a variety of

environmental factors such as infection, smoking, nutrition or

stress. These factors not only influence pregnancy in a det-

rimental way but also endanger the fetus during development.

Immunoregulatory mechanisms such as Gal-1, regulatory T

cells and CD56brightGal-11CD162 NK cells are important for

regulating stress-induced effects.85,97,106 dNK cell-derived

IFN-c is necessary for vascular modifications. In a study by

Croy et al.,107 the authors demonstrated that mice lacking

dNK cells or elements of the IFN-c pathway show several

abnormalities, including inadequate modification of the spiral

arteries and reduced decidual cellularity.107

When two or more consecutive pregnancy losses occur

before the twentieth week of gestation, this condition is iden-

tified as recurrent spontaneous miscarriage (RSM). Recurrent

spontaneous miscarriages only occur in 1%–5% of women of

reproductive age. It has been suggested that RSM may be

caused by an imbalance of KIRs toward an activating status

of NK cells.108 TLR3 contributes to unexplained recurrent

spontaneous miscarriage, as the expression of TLR3 in dNK

cells is significantly higher in unexplained recurrent spontan-

eous miscarriage patients, indicating the possible role of TLR3

in the activation of dNK cells during early pregnancy.109 In a

study by Karami et al.,110 the authors found that the percentage

of CD56dim cells and the level of cytotoxicity of peripheral

blood NK cells in recurrent spontaneous abortion patients

and patients with in vitro fertility failure are significantly higher

than in control patients, suggesting that CD56dim cells and NK

cytotoxicity may be important factors contributing to recur-

rent spontaneous abortion and in vitro fertility.110

Preeclampsia is a hypertensive disorder characterized by

increased blood pressure and proteinuria occurring at 20 weeks

of gestation. Preeclampsia occurs in approximately 4% of all

pregnancies and is one of the major causes of morbidity and

mortality during early pregnancy.111 Lower expression of vas-

cular endothelial growth factor-C112 and a lower percentage of

Gal-1-expressing NK cells113 in women are possibly related to

preeclampsia. Preeclampsia patients carry abnormal natural

cytotoxic receptors on peripheral blood CD561 NK cells dur-

ing pregnancy. Lower expression of NKp46 may contribute to

the type 1 shift of NK cells and may lead to preeclampsia,

indicating the potential role of NKp46 in identifying the onset

of preeclampsia.111

NK CELLS IN THE LUNG

The respiratory tract and lung are the two major components

constituting the respiratory system, and the lung is the primary

site of gas exchange. The lung acts as an important immuno-

tolerant organ that, similarly to the gastrointestinal tract, is

continuously challenged by potential antigens, and thus, a

strong regulatory mechanism is required to minimize deleteri-

ous effects. There are two lungs, placed on either side of the

body: the left lung is divided into two lobes, including an upper

lobe and a lower lobe, while the right lung is divided into three

lobes, including an upper lobe, a middle lobe and a lower lobe.

90% of immune cells in the lower lobes are alveolar macro-

phages, 10% of which are lymphocytes. The alveolar macro-

phages originate from bone marrow and proliferate locally in

the lung. In a normal human body, alveolar macrophages con-

stitute approximately 95% of all immune cells, lymphocytes

constitute approximately 1%–4% and neutrophils constitute

approximately 1%. In normal mice, alveolar macrophages con-

stitute almost 100% of all immune cells. Pulmonary lympho-

cytes are primarily composed of T lymphocytes, B lymphocytes

and NK cells, which are major effectors against external patho-

gens.114 NK cells constitute approximately 1%–20% of all lym-

phocytes, and NKT cells constitute less than 1%. Recently, it

was noted that NKT cells, M2 alveolar macrophages, regulatory

T cells and regulatory NK cells play critical roles in the main-

tenance of lung immunotolerance.

Phenotypes and functions of pulmonary NK cells

In healthy mice, a higher frequency of NK cells is observed in

the lungs than in other tissues, and a more mature phenotype is

maintained, with higher expression of inhibitory receptors and

lower expression of activating receptors, co-stimulatory mole-

cules, and migration/adhesion-associated molecules.9 Lung-

derived NK cells differ from bone marrow-derived NK cell

progenitors due to the expression of the NK cell receptor

Ly49 family. More specifically, pulmonary NK cells express a

variety of Ly49 receptors, while the majority of NK cells derived

from bone marrow progenitors express CD942NKG2 hetero-

dimers instead of Ly49 receptors, suggesting the possible influ-

ence of the lung microenvironment on the development of NK

cells.28 During a respiratory infection, pulmonary NK cells

are activated and respond to infections swiftly by expressing

functional molecules such as CD107a and IFN-c.9 The produc-

tion of tumor-necrosis factor is enhanced by pulmonary NK

cells after infection with S. aureus. In the lung, alveolar macro-

phage-derived IL-15 supports NK cell proliferation and con-

currently, the engulfment of S. aureus by lung macrophages is

enhanced by the presence of NK cells.115 It has been suggested

that the unique pulmonary environment modifies NK cells

with lung-specific phenotypes.
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NK cells in lung immunotolerance

The major function of the lung is to exchange gas between an

organism and its external environment under normal condi-

tions. The lung, being an organ that is open to the air, encoun-

ters constant stimulations by microorganisms and foreign

substances from the external environment. Therefore, a fast

response of innate immune cells is required, and concurrently,

this local immune response must be regulated by specialized

immune regulatory mechanisms to protect the host from self-

attacks and ensure normal physical functions. Only a few hours

after the occurence of inflammation in the lungs, large numbers

of NK cells are recruited to the lungs and become activated as

cytokine-secreting cells, primarily secreting IFN-c.116,117 When

inflammation occurs, alveolar macrophages rapidly produce

inhibitory cytokines such as IL-10 and TGF-b to inhibit inflam-

mation,118 thus inhibiting the cytotoxic functions of pulmo-

nary NK cells, even though the NK cells remain able to bind to

the target cells.119,120 The functional abilities of pulmonary NK

cells are restored upon stimulation with type I interferon.121,122

Soluble factors, such as alveolar macrophage-derived pros-

taglandin,123 surface active substances produced by type II

alveolar epithelial cells124 and TGF-b,125 all contribute to the

regulation of pulmonary NK cells. The activation of pulmonary

NK cells is thus dependent on the balance between pro-inflam-

matory cytokines and regulatory cytokines.

Pulmonary NK cells in lung diseases

NK cells in the lung provide defense against viruses and endo-

genous pathogens. These cells are activated in response to

infections and are recruited to the lung to aid in pathogen

clearance. In both humans and mice, NK cells are recruited

to the lung after the first few days of influenza virus infec-

tion,126 and the depletion of NK cells during viral infection

increases the chances of both morbidity and mortality.127,128

Recruited pulmonary NK cells interact with epithelial cells,

monocytes, dendritic cells and T cells on the virus and particip-

ate in protection against influenza virus, limiting early viral

replication and promoting effective cytotoxic T lymphocyte

responses. Respiratory syncytial virus is a major cause of

bronchiolitis and pneumonia in children. Respiratory syncytial

virus infection promotes the accumulation and activation of

pulmonary NK cells highly expressing the activating receptors

NKG2D and CD27 at the early stage of infection in BALB/c

mice. Activated NK cells produce a large amount of IFN-c,

leading to severe acute immune injury in the lung, which is

significantly attenuated by NK cell depletion.129

Currently, one-third of the global population is infected with

Mycobacterium tuberculosis, and approximately two million

people die each year due to tuberculosis. In most humans

infected with tuberculosis, the infection remains latent, and a

weak immune response inhibits the spread of the bacteria with-

out inducing serious immunopathology. M. tuberculosis sur-

vives in macrophages, although the complete activation of

macrophages kills the bacteria. The induction of a Th1 res-

ponse and the production of IFN-c are critical for protection

against tuberculosis.130,131 The production of IFN-c by cells is

greater when stimulated with M. tuberculosis, and thus,

IFN-c level is a potential indicator for the severity of the dis-

ease.132 NK cells isolated from the peripheral blood of

tuberculosis patients show reduced expression of NKp46 and

cytotoxicity due to the inhibitory effect of IL-10 and mono-

cytes.132–134 Glutathione, a tripeptide protecting cells against

oxidizing agents, free radicals and reactive oxygen intermedi-

ates in their reduced forms, is significantly decreased in red

blood cells and peripheral blood mononuclear cells isolated

from individuals with active tuberculosis.135 When used in

combination with IL-2 and IL-12, glutathione enhances NK

cell functions in controlling M. tuberculosis infection,133 pos-

sibly by increasing the expression of NK cytotoxic ligands (such

as FasL and CD40L).136 Dhiman et al.137 found in their research

that NK1.11 cells and IL-22 contribute to the efficacy of vac-

cine-induced protective immunity against M. tuberculosis.

Three hundred million people are infected with asthma

worldwide, and most of these cases are related to allergies to

environmental antigens. The accumulation of extracellular

matrix and the enlargement of muscle and goblet cells lead to

thickening of the airways, contributing to the abnormal respir-

atory functions observed in asthma patients.138 The inflam-

mation and pathology of asthma are induced by the

production of Th2 cytokines (such as IL-4, IL-5, IL-9 and IL-

13).139,140 The activity of peripheral blood mononuclear cell-

derived NK cells increases in patients with asthma, and the

proportion of IL-41CD561 NK2 cells in peripheral blood

mononuclear cells from asthmatic patients is higher than that

from healthy individuals, leading to the hypothesis that the

NK2 cell subset contributes to type 2 cytokine-biased status

in patients with asthma.141 Interestingly, murine NK cells acti-

vated by asthma and the subsequent activation of antigen-spe-

cific CD81 T cells together eliminate influenza virus-infected

cells.142

CONCLUSIONS

The study of NK cells in immune tolerance in mice and humans

is just beginning. Recent progress indicates that NK cells play

an important role in the mechanisms underlying the induction

and maintenance of immunotolerance, including but not lim-

ited to interactions with different cell types, the secretion of a

variety of cytokines, and interactions between inhibitory recep-

tors and their corresponding ligands. Nonetheless, the detailed

underlying molecular mechanisms are far more complex than

expected. Once we understand the role of NK cells in these

immunotolerant organs, the next challenge will be to design

future interventions to combat organ-specific diseases by using

NK cell manipulations.
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