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Natural Killer T (NKT) cells are a phenotypically and functionally

diverse subset of T cells, which recognizes self- and microbial

lipids in the context of the atypical MHC class I molecule CD1d.

NKT cells exhibit potent effector functions and play critical roles

in antimicrobial defense, cancer immunosurveillance and the

modulation of immune-mediated disorders. Recent evidence

has revealed extensive cross-regulation between the mucosal

microbiota and CD1d as well as NKT cells. Microbial exposure

at mucosal surfaces, particularly during early postnatal

development, regulates NKT cell trafficking and function in the

intestine and the lung and determines the susceptibility to NKT

cell-mediated inflammatory disorders. Conversely, CD1d

controls the composition of the intestinal microbiota; perhaps

through the regulation of Paneth cell function. Here, we provide

an overview of recent findings on the crosstalk between the

microbiota and NKT cells and discuss the implication for

mucosal homeostasis and its dysregulation in inflammatory

disorders.
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Introduction
Recent studies have highlighted the role of the commen-

sal microbiota in the control of natural killer T (NKT)

cells and NKT cell-dependent inflammatory diseases at

mucosal surfaces. In this review, we will provide a brief

overview of the phenotype and function of NKT cells in

immunity and will discuss the mechanisms and con-

sequences of microbial regulation of NKT cells within

the mucosa of the intestines and lungs.

CD1d and NKT cells
Natural killer T (NKT) cells are a subset of T cells, which

respond to lipid antigens presented in the context of the
Please cite this article in press as: Zeissig S, Blumberg RS. Commensal microbiota and NKT cells 

dx.doi.org/10.1016/j.coi.2013.09.012

www.sciencedirect.com 
atypical MHC class I molecule CD1d, which is expressed

by rodents and humans [1,2]. NKT cells were initially

identified as cells, which co-express NK and T cell

markers and exhibit potent and innate-like, immediate

secretion of Th1, Th2, and Th17 cytokines upon stimu-

lation [3]. Later, it was demonstrated that NKT cells

respond to lipid antigens presented by CD1d and depend

on CD1d-restricted positive selection in the thymus,

which is the criterion now typically used to define

NKT cells and to delineate these cells from conventional

peptide-reactive T cells co-expressing NK cell markers

[3].

Two main subsets of NKT cells can be distinguished

based on their T cell receptor (TCR) repertoire. Type I or

invariant (i) NKT cells express a semi-invariant TCR

composed of Va14-Ja18 in mice and Va24-Ja18 in

humans, which pair with a restricted subset of Vb chains

[4]. iNKT cells can be specifically detected by CD1d

tetramers loaded with the marine sponge glycosphingo-

lipid a-galactosylceramide (a-GalCer), which binds to the

iNKT TCR [5,6]. Type II, non-invariant or diverse NKT

cells are similarly CD1d-restricted but express a less

constrained TCR repertoire [7–9]. In line with a broader

TCR repertoire, a lipid antigen universally recognized by

all non-invariant NKT cells has not been described to

date. Studies of non-invariant NKT cells have therefore

relied on the characterization of CD1d-restricted, Va14/

Va24-Ja18-negative T cells or on the study of a non-

invariant NKT cell subset which recognizes sulfatide [7–
10].

Invariant and non-invariant NKT cells are phenotypically

and functionally distinct. iNKT cells are effector/memory

cells, which exhibit baseline expression of activation

markers such as CD69 and respond in an innate-like

manner with immediate and substantial cytokine

secretion upon activation [2]. iNKT cells can be activated

by direct, CD1d-restricted presentation of self or

microbial-derived lipid antigens [11]. In addition, toll-

like receptor (TLR)-dependent and dectin-1-dependent

recognition of microbe-associated molecular patterns

(MAMPS) by professional antigen presenting cells elicits

secretion of cytokines such as IL-12, IL-18, and type I

interferon, which indirectly activate iNKT cells in a

process further enhanced by CD1d-restricted antigen

presentation [12–15]. Indirect, cytokine-dependent

iNKT cell activation provides an effective strategy for

iNKT cell-dependent recognition of bacteria, viruses,

and fungi devoid of lipid antigens and also contributes
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to iNKT cell activation in the context of bacteria contain-

ing CD1d-restricted lipid antigens [12–16]. In addition to

cytokine-mediated effects, noradrenergic neurotransmit-

ter-dependent stimulation of iNKT cells has recently

been described as another indirect mechanism of iNKT

cell activation [17]. In accordance with the variety of

pathways to iNKT cell activation and their potent effects

on other innate and adaptive immune cells, iNKT cells

act as critical mediators at the interface between innate

and adaptive immunity, where they regulate antimicro-

bial immunity, cancer immunosurveillance, and autoim-

munity [2,18–21].

In contrast to iNKT cells, non-invariant NKT cells

recognize distinct lipid antigens and resemble conven-

tional T cells in that they lack constitutive expression of

CD69 and are predominantly negative for the NK cell

marker NK1.1 [7,10,22]. Non-invariant NKT cells are
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functionally diverse. A subset of non-invariant NKT cells

including sulfatide-reactive type II cells exhibits regulat-

ory functions in inflammatory disorders and inhibits

tumor immunosurveillance in part through suppression

of iNKT cells [10,18,22,23]. In contrast, in the context of

human inflammatory bowel disease (IBD) and infectious

hepatitis, non-invariant NKT cells actively contribute to

inflammation [24,25]. These results suggest that func-

tionally distinct subsets exist even within the group of

non-invariant NKT cells.

The commensal microbiota regulates
intestinal iNKT cell development and function
At the outer and inner surfaces of the body, NKT cells are

in close contact with a rich microbiota colonizing the skin,

the lung, and particularly the intestine [26–28]. This

raises the question of whether microbial exposure at

mucosal surfaces affects NKT cell development and
in the control of inflammatory diseases at mucosal surfaces, Curr Opin Immunol (2013), http://
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function. Early work suggested that the frequency, phe-

notype, and function of NK1.1+ T cells in the thymus,

spleen, liver, and bone marrow are unaltered in germfree

(GF) mice [29]. Recent studies extended this work by

utilizing CD1d tetramers instead of NK1.1 and through

the analysis of iNKT cells at mucosal sites. These studies

revealed that mutual pathways of regulation exist be-

tween the intestinal microbiota and NKT cells

[30,31��,32�,33��]. Thus, it was recently shown that GF

mice exhibit increased relative and absolute numbers of

iNKT cells in intestines, most prominently demonstrated

in the colon, but not the thymus, spleen, and liver

[31��,33��]. Mechanistic studies revealed that colonic

iNKT cell levels are regulated during postnatal devel-

opment in a manner dependent on CD1d and the che-

mokine CXCL16 and persist during life (Figure 1) [31��].
In the absence of the intestinal microbiota, a region 5’ of

the Cxcl16 gene undergoes CpG hypermethylation, which

is associated with increased CXCL16 expression and

recruitment of iNKT cells to the colonic mucosa [31��].
Importantly, microbial exposure during neonatal but not

adult life restores intestinal iNKT cell levels, which

demonstrates the presence of early and persistent effects

of the intestinal microbiota on colonic iNKT cells [31��].
Of note, even in GF mice, relative frequencies of iNKT

cells in the intestine and the liver differed in a manner

depending on the genetic background of mice, thus

suggesting that the host genome and the intestinal micro-

biota independently regulate iNKT cell levels at periph-

eral sites [31��].

In accordance with the concept of iNKT cell regulation

by the intestinal microbiome, Wingender et al. reported

that Vb7 TCR usage and cytokine responses by iNKT

cells differed in genetically identical mice obtained from

different vendors and known to contain a distinct intes-

tinal microbiota [33��,34]. Indeed, differences in Vb7

usage were lost upon cohousing in line with a transmis-

sible factor responsible for these alterations [33��]. More-

over, iNKT cells from GF as compared to specific

pathogen-free (SPF) mice exhibited a reduction in Vb7

usage as well as a less mature phenotype and were

increased in relative numbers in the intraepithelial com-

partment and the lamina propria of the small and large

intestine [33��]. Together, these studies revealed pro-

found effects of the intestinal microbiota on the pheno-

type and function of iNKT cells [33��]. Interestingly, these

studies also revealed potential organ-dependent and/or

antigen-dependent differences in iNKT cell responses

in GF compared to SPF mice. As such, splenic iNKT cells

of GF compared to SPF mice were hyporesponsive to a-

GalCer and exhibited a less activated phenotype (Figure 1)

[33��]. In contrast, intestinal iNKT cells of GF compared to

SPF mice exhibited increased activation and cytokine

secretion in the context of oxazolone-induced colitis

[31��]. These studies in GF mice indicate that, under

physiologic circumstances, the intestinal microbiota may
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regulate iNKT cell responses in a tissue-specific manner.

At mucosal sites, the microbiota appears to dampen the

activity of iNKT cells and to decrease their numbers,

whereas in other peripheral tissues, the microbiota may

function in an opposite manner (Figure 1).

The microbial elements which regulate intestinal NKT

cells are currently unknown. iNKT cells respond not only

to CD1d-restricted lipid antigens but also to cytokines

such as IL-12 that are produced by dendritic cells upon

TLR-mediated recognition of MAMPS [2,13]. However,

mice with defects in TLR signaling due to genetic

deficiency in the TLR adaptors MyD88 and Trif exhibit

an unaltered phenotype and distribution of iNKT cells

[31��,33��]. Moreover, exposure of GF mice to bacteria

enriched in iNKT cell antigens such as Sphingomonas spp.

restored CD69 expression by iNKT cells, while exposure

to Escherichia coli, a bacterium considered to be devoid of

iNKT cell antigens, did not [33��]. In line with these

findings, mice bearing a restricted flora (RF) devoid of

Sphingomonas spp. exhibited defects in iNKT cell num-

bers and CD69 expression [32�,33��]. These results,

together with the observation of CD1d-dependent regu-

lation of mucosal iNKT cell numbers [31��], suggest that

yet to be identified microbial lipid antigens may regulate

the phenotype and function of mucosal iNKT cells in a

CD1d-restricted manner.

Importantly, regulatory effects of the intestinal micro-

biota and the CD1d-iNKT cell axis are mutual. Thus, in

addition to microbiota-dependent control of intestinal

iNKT cells, CD1d and NKT cells regulate intestinal

microbial colonization and the composition of the micro-

biota [30]. GF CD1d-deficient mice exhibit enhanced

intestinal monocolonization as a consequence of defects

in CD1d-mediated release of antimicrobial peptides from

small intestinal Paneth cells [30]. Moreover, CD1d

deficiency is associated with intestinal dysbiosis in

accordance with the regulation of the intestinal micro-

biota by CD1d and NKT cells [30]. Similarly, CD1d-

deficient mice are susceptible to wide variety of mucosal

pathogens [35]. In conclusion, mucosal iNKT cells and

the intestinal microbiota cross-regulate each other in a

bidirectional manner.

Microbial regulation of NKT cell-dependent
intestinal inflammation
NKT cells play critical roles in human IBD and its murine

models [36,37]. Studies by Heller et al. revealed that

intestinal inflammation in oxazolone colitis, a mouse

model of human ulcerative colitis (UC), is dependent

on CD1d and NKT cells [38]. IL-13 plays a dominant role

in this process and is secreted by an IL-17BR+ Th2 subset

of iNKT cells as well as group 2 innate lymphoid cells,

both of which respond to epithelial-derived IL-25 [39].

Similar findings were made in human UC, where key

pathogenic cytokines such as IL-13 were produced by
in the control of inflammatory diseases at mucosal surfaces, Curr Opin Immunol (2013), http://
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CD161+ T cells in a manner dependent on CD1d imply-

ing an NKT cell-dependent process [25]. Interestingly,

however, iNKT cell were suggested to be critical

mediators of oxazolone colitis, while non-invariant

NKT cells contributed to pathogenic cytokine production

in human UC [25,38]. More recent studies have provided

insight into the basis underlying these apparent species-

specific effects. First, while protection from oxazolone

colitis in mice deficient in the iNKT cell receptor Ja18

chain (Traj18�/� mice) suggested pathogenic roles of

iNKT cells in oxazolone colitis [38], Traj18�/�mice were

recently shown to not only lack iNKT cells but also

exhibit substantial defects in the conventional TCR

repertoire [40]. As a consequence, protection from oxa-

zolone colitis in Traj18�/� mice may relate to defects in

iNKT cells as well as in conventional T cell subsets.

Moreover, mice with transgenic expression of a non-

invariant NKT cell receptor (Va3.2, Vb9; hereafter,

24abTg mice) developed spontaneous intestinal inflam-

mation, which was further exacerbated in the presence of

transgenic CD1d expression [41��]. Together, these stu-

dies suggest a central role of NKT cells in Th2-mediated

intestinal inflammation in humans and mice. In contrast,

murine Th1 models of IBD revealed protective roles of

iNKT cells likely through secretion of Th2 cytokines,

while CD161+ T cells did not contribute to Th1 cytokine

secretion in human Crohn’s disease (CD) [25,42–44].

Thus, in contrast to Th2-mediated colitis and human

UC, a clear picture of the contribution of NKT cells to

human CD and murine Th1-mediated disease has not

emerged.

The intestinal microbiota controls the postnatal devel-

opment of intestinal iNKT cells [31��,33��]. This raises

the question of whether microbial elements also regulate

iNKT cell-dependent inflammatory processes within the

intestinal mucosa. Indeed, colonization of GF mice with

SPF flora in neonatal but not adult mice was shown to be

associated with protection from morbidity and mortality

in the oxazolone colitis model, in a manner dependent on

CD1d and iNKT cells (Figure 1) [31��]. These findings

are in line with the hygiene hypothesis and thus the

concept that microbial exposure during early life reduces

the susceptibility to inflammatory diseases such as IBD

and asthma [45–47]. Moreover, these results suggest that

the regulation of intestinal iNKT cells by the microbiota

contributes to mucosal immune homeostasis. Intrigu-

ingly, the outcome of microbial exposure is dependent

on the type of NKT cell involved and the timing of

microbial influences. Thus, while early postnatal

exposure to the microbiota results in persistent defects

in iNKT cells, microbial exposure in adult mice is not

associated with homeostatic regulation of intestinal iNKT

cell abundance and function [31��]. In addition, neither

the microbiota nor its TLR-dependent recognition are

required for iNKT cell-mediated intestinal inflammation

in oxazolone colitis as inflammation is also observed when
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the animals are GF or Myd88-deficient, which suggests

that the inflammatory target in this model of human UC is

derived from non-microbial self elements in the sense of a

bona fide autoimmune response [31��,48]. In contrast,

spontaneous intestinal inflammation mediated by non-

invariant NKT cells in 24abTg mice is significantly

reduced upon antibiotic treatment thus demonstrating

an essential role of the microbiota in this process

(Figure 1) [41��].

In conclusion, the intestinal microbiota plays both pro-

tective and pathogenic roles in NKT cell-mediated

intestinal inflammation, which are dependent on the

time of microbial exposure and the type of NKT cell

involved. Further work is required to elucidate whether

the regulation of mucosal NKT cell abundance and

function in health and disease is related to specific

microbial species and to delineate antigen-dependent

and cytokine-dependent pathways of NKT cell acti-

vation. Moreover, it remains an intriguing question as

to whether specific alterations found in the intestinal

microbiota of patients with IBD [49] contribute to

intestinal inflammation via regulation and activation of

NKT cells.

Microbial regulation of NKT cell-dependent
immune responses in the lung
Similar to the intestines, the lung forms a large internal

surface of the body, which is in close contact with a

variety of immune cells. Moreover, while the lower

respiratory tract has traditionally been seen as a sterile

environment, recent culture-independent approaches

revealed a microbial density of an estimated 2000 bac-

terial genomes per cm2 [27]. These results suggest that

interactions between the commensal microbiota and

mucosal NKT cells may also exist in the lung. Indeed,

recent research by others and us demonstrated that the

principles which govern commensal microbial regulation

of iNKT cells in the intestine also apply to the lung. As

such, GF mice harbor increased numbers of iNKT cells

in the lung in a process dependent on Cxcl16 hyper-

methylation and increased expression of CXCL16

protein (Figure 1) [31��]. These alterations were associ-

ated with increased airway resistance, eosinophil infiltra-

tion, and proinflammatory cytokine production in an

ovalbumin (OVA)-driven asthma model [31��]. In

addition, similar to observations in the intestine, altera-

tions in mucosal iNKT cell abundance and susceptibility

to iNKT cell-dependent airway hyperreactivity were

prevented by neonatal but not adult microbial coloniza-

tion of GF mice (Figure 1) [31��]. These studies suggest

that inadequate microbial colonization in early life leads

to increased quantities and environmental sensitivity of

iNKT cells in lungs leading to susceptibility to asthma.

Consistent with this, early life, but not late life, exposure

to antibiotics results in increased susceptibility to exper-

imental asthma [50].
in the control of inflammatory diseases at mucosal surfaces, Curr Opin Immunol (2013), http://
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Studies by Umetsu and colleagues further demonstrated

that influenza A virus infection in suckling but not adult

mice protects from allergen-induced airway reactivity

later in life [51��]. The mechanistic basis for these obser-

vation relied in TLR7-dependent and T-bet-dependent

expansion of a double-negative iNKT cell subset, which

produced a Th1-skewed cytokine profile conferring pro-

tection against Th2-based airway hyperreactivity

(Figure 1) [51��]. Moreover, in accordance with the

hygiene hypothesis and the related observation of an

inverse correlation between Helicobacter pylori coloniza-

tion and asthma [52], a single administration of a choles-

teryl a-glucoside (PI57) derived from H. pylori was able to

achieve protection from OVA-induced airway hyperreac-

tivity (Figure 1) [51��]. Specificity was demonstrated by

the fact that a Sphingomonas-derived a-glucuronylcera-

mide did not confer protection and that injection of the

Th1-skewing glycosphingolipid a-C-GalCer, but not the

Th1-inducing and Th2-inducing a-GalCer prevented

airway hyperreactivity [51��]. Importantly, PI57 acted

as a microbial antigen with direct, CD1d-dependent

activation of double-negative iNKT cells in a manner

independent of TLR-induced, cytokine-mediated effects

on iNKT cells [51��]. Finally, in addition to direct effects

on iNKT cells, microbial elements were shown to sup-

press pathogenic actions of iNKT cells in allergic airway

disease through induction of regulatory T (Treg) cells.

Thus, Streptococcus pneumoniae-derived type-3-polysac-

charide (T3P) and pneumolysoid induce Tregs, which

suppress iNKT cell-dependent airway hyperreactivity

[53].

Together, these studies elegantly illustrate how inter-

actions between iNKT cells and a single virus or bac-

terial-derived lipid antigen may profoundly shape the

mucosal immune system of the host leading to persistent,

lifelong effects on immunity. It will consequently be

critical to investigate whether alterations found in the

lung microbiome of patients with asthma contribute to

disease pathogenesis through the regulation of mucosal

NKT cells [27].

Future perspective
Several recent studies have highlighted the role of com-

mensal bacteria in the control of NKT cells at mucosal

surfaces. Future studies will be required to delineate

whether a similar regulation is observed at the skin, where

a rich microbiota is in close contact with NKT cells and

CD1a-restricted, lipid-reactive T cells [26,54]. Moreover,

future work will be critical to delineate potential species-

specific and antigen-specific effects of the microbiota on

NKT cells and to investigate the roles of viruses and fungi

in this process. Finally, it will be of major clinical interest

to identify strategies for therapeutic manipulation of

iNKT cells in inflammatory diseases at mucosal surfaces.

While current knowledge suggests that protective influ-

ences of the microbiota on NKT cells are limited to early
Please cite this article in press as: Zeissig S, Blumberg RS. Commensal microbiota and NKT cells 
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postnatal development, future efforts should focus on the

development of strategies that may re-induce plasticity

within the iNKT cell compartment as a pathway to

mucosal homeostasis.
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