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NATURAL KILLER (NK) AND NK-LIKE CELLS
AT MUCOSAL EPITHELIA: MEDIATORS OF ANTI-MICROBIAL DEFENSE
AND MAINTENANCE OF TISSUE INTEGRITY
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Natural killer (NK) cells are innate lymphocytes that play important roles in the defense against microbial pathogens through secre-
tion of IFN-Y and recognition and lysis of virally or bacterially infected host cells. A recently identified population of NK-like cells
that shares characteristics of both NK cells and lymphoid tissue inducer (LTi) cells promotes innate immune responses in epithelial tis-
sue through the secretion of IL-22. In contrast to classical NK cells, NK-like cells are localized preferentially at mucosal sites, such as
the intestinal mucosa. In this review, we consider the function of NK and NK-like cells in anti-microbial defense as well as the main-
tenance of tissue integrity in the mucosal epithelium of the intestine, lung, and female reproductive tract. Current experimental evidence
supports an important protective role for IL-22-producing NK-like cells during intestinal infections, whereas classical NK cells are cru-
cial in the early defense against many pathogens in the respiratory tract. NK cells isolated from the pregnant uterus differ significantly
in phenotype and function from those at other tissue locations. Uterine NK cells clearly contribute to the tissue remodeling that takes
place during placentation, but their role in anti-microbial defense remains largely undefined.
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uterine NK cells

Natural Killer cells

Natural killer (NK) cells play a crucial role in the first line
of defense against invading pathogens. The main functions
of NK cells include the ability to rapidly secrete cytokines
following their recognition of pathogens and following cues
from antigen-presenting cells (APC) exposed to patho-
gen-derived components. NK cells also play a vital sur-
veillance role in the innate immune response to pathogens
by their ability to directly kill infected tissue cells.

Several subsets of NK cells have been identified based
on their surface phenotype and functionality. In the most
general sense, NK cells are classified as either “conven-
tional” NK cells (cNK) or “NK-like” cells. Conventional
NK cells are best known for their pro-inflammatory and cy-
totoxic functions upon recognition of virally infected or
malignantly transformed cells. NK-like cells include NK
cell receptor-expressing lymphocytes that bear resemblance
to lymphoid-tissue inducer cells (LTi). These NK-like cells
have little or no cytotoxic capacity and their cytokine se-
cretion pattern has been shown to promote innate immune
responses in the epithelium, tissue remodeling and wound
healing.

This review will cover the known functions of both con-
ventional NK cells and NK-like cells in the anti-microbial
defense of mucosal tissues. We will focus on NK cell-me-

diated immune responses at the mucosal epithelium of the
intestine and the lung, and we will briefly consider the
known functions of NK cells found in the female repro-
ductive tract.

Phenotype and functions of ¢cNK cells

In the mouse, conventional NK cells are identified by the
co-expression of the NK cell receptors NK1.1 (NKR-P1C,
CD161) and NKp46, and by their lack of the T cell marker
CD3. Human cNK cells are characterized by their expres-
sion of the NK cell receptors CD56 and NKp46, and their
lack of the T cell marker CD3. ¢cNK cells are found in many
lymphoid and non-lymphoid tissues, such as blood, spleen,
liver, lymph nodes, and skin. In addition, cNK cells have
been described in mucosal-associated lymphoid tissues,
such as the human tonsil and mouse Peyer’s patches, as
well as in the intestinal and lung mucosa [1, 2].

cNK cells play important functions in the elimination
of virally infected and malignantly transformed cells, as
evidenced from experiments in mouse models that lack
cNK cells, either through antibody-mediated cNK cell de-
pletion or via genetic defects affecting NK cell develop-
ment or function [3-6]. cNK cells can directly lyse in-
fected and tumor cells through the release of cytotoxic
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granules containing granzymes and perforin, which causes
apoptosis in the target cell. In addition, cytotoxicity medi-
ated by NK cells can also be triggered through surface re-
ceptor interactions between NK cells and their target cells,
e.g. through the cNK cell-expressed death receptor ligand
TRAIL. Furthermore, cNK cells are an abundant source of
cytokines, in particular IFN-y, which promotes the killing
of intracellular pathogens in phagocytes, as well as the
skewing of adaptive immune responses toward a Th1 phe-
notype [4, 7].

In human blood, two major subsets of cNK cells are
found based on their expression levels of CD56 and the IgG
receptor CD16. The major population of CD56“™ CD16*
cells has high cytolytic activity and can act as a rapid source
of the pro-inflammatory cytokine IFN-y. Around 10% of
peripheral blood NK cells display the CD56™€" CD16~
phenotype; these cNK cells possess a low cytotoxic poten-
tial, but secrete large amounts of cytokines, such as IFN-y,
GM-CSF, and TNF-a upon in vitro stimulation with IL-12
and IL-18. The two cNK cell subsets show different tissue
localizations, with CD56™ cells found mainly in the blood
and spleen, and CD56"€" cells predominantly in lymph
nodes [8—10].

The direct equivalents of human CD56%™ and CD56"€"
NK cells do not exist in the mouse due to their expression
of different sets of surface receptors; however, several
cNK cell subsets with different functions have been de-
scribed in mice. The major three subsets differ in their ex-
pression of the surface markers CD11b (integrin oM) and
CD27, with CD11b" CD27" cells representing mature
cNK cells that are found predominantly in the spleen,
liver, and lymph node, and displaying high potential for
cytokine production and cytotoxicity. In contrast, CD11b"
CD27"Y cells are present in peripheral organs such as the
lung and are more limited in their cytokine secretion and
cytotoxic capacities. The third major subset represents im-
mature NK cells with the surface phenotype CD11b'""
CD27". An additional subset of mouse NK cells has re-
cently been identified that resembles human CD56"&"
NK cells in their production of ample amounts of cy-
tokines. This subset appears to develop in the thymus, lo-
calizes predominantly to the lymph nodes, and is charac-
terized by the expression of the IL-7 receptor (CD127).
Also, enriched in lymph nodes is a further population of
NK cells that in addition to NK1.1 expresses B220 and
CDl1c, two markers that are absent from the major NK
cell subsets. These NK cells are potent producers of
IFN-v, have a high cytotoxic potential, and have been sug-
gested to represent in vivo activated NK cells rather than
a separate NK cell subset [2, 7, 11].

Development of human and mouse cNK cells from
common lymphoid progenitors occurs in several stages, ac-
companied by the gradual acquisition of NK cell receptors
and effector functions [12, 13]. ¢cNK cell maturation is crit-
ically dependent on signaling through the IL-2R common
gamma chain (yc) and the cytokine IL-15, as evidenced by
mice deficient in either the 112rg or the 1115 gene, which
lack mature peripheral NK cells [12].
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Phenotype and functions
of IL-22-producing NK-like cells

We and other groups have recently identified a novel sub-
set of NK-like cells that is found at mucosal-associated
lymphoid tissues, such as the human tonsils and Peyer’s
patches [14—18]. This NK-like cell population displays un-
conventional functions characterized by their low cytotoxic
potential and the secretion of large amounts of the cytokine
IL-22. IL-22 is a member of the IL-10 cytokine family;
however, unlike IL-10, it targets cells outside of the immune
system, such as intestinal epithelial cells. IL-22 induces the
secretion of anti-microbial peptides from epithelial cells,
thereby enhancing immune functions in the epithelium [19,
20]. In addition, IL-22 promotes epithelial cell survival and
migration and thus enhances processes critical to wound
healing [20-24]. In NK-like cells, IL-22 secretion is trig-
gered by exposure to IL-23, a pro-inflammatory cytokine
produced by APC, which have encountered pathogen-de-
rived material [14, 17]. Thus, a model of innate mucosal re-
sponses has emerged, in which the recognition of pathogens
by APC leads to IL-23 production, triggering rapid secre-
tion of IL-22 by NK-like cells to promote anti-microbial
functions at sites of pathogen invasion. This is accompa-
nied by enhanced wound-healing activity leading to the
restoration of tissue integrity [25].

Based on their cytokine secretion profile, we have sug-
gested the term NK-22 cells for NK-like cells that produce
IL-22. In the mouse, NK-22 cells can be identified as
NKI1.1~ NKp46* cells expressing the IL-7 receptor alpha
chain (CD127) and the transcription factor RORt, the lat-
ter of which is associated with their ability to produce
IL-22 [16-18]. Human NK-22 cells express the NK cell
receptors CD56, NKp46, and NKp44 and, as mouse
NK-22 cells, stain positive for CD127 and the transcrip-
tion factor RORyt [14, 15]. Interestingly, human periph-
eral blood cNK cells show increased transcript levels of
IL-22 upon in vitro stimulation with IL-2 and IL-12 [26].
Although IL-22 production was not examined at the pro-
tein level in this study, and blood cNK cells do not express
the transcription factor RORYyt associated with IL-22 pro-
duction, a potential role for cNK cells as a source of IL-22
cannot be excluded.

The observation that NK-22 cells are not cytotoxic and
do not secrete any substantial amounts of IFN-y has
sparked controversies as to whether these cells can be
grouped as part of the NK cell lineage. NK-22 cells share
several characteristics with another innate lymphoid cell
type called lymphoid tissue inducer (LTi) cells. These
cells, which play crucial roles in the fetal development of
secondary lymphoid tissues such as lymph nodes, are also
potent producers of IL-22 upon IL-23 stimulation [27-
29]. However, unlike NK-22 cells, fetal LTi, as well as
LTi-like cells found in adult tissues, produce not only
IL-22 but also IL-17, a cytokine with potent pro-inflam-
matory functions. The development of both NK-22 cells
and LTi cells, but not that of cNK cells, is dependent on
RORyt and IL-7. In contrast, IL-15-deficient mice, which
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lack cNK cells, display normal numbers of LTi-like and
NK-22 cells [17, 18, 27, 30]. Due to these shared devel-
opmental requirements, it has been proposed that NK-22
cells and LTi cells develop from the same precursor cell,
which may be distinct from the precursor that gives rise to
conventional NK cells [31-33]. However, there is evi-
dence that NK-22 cells can give rise to cells with typical
cNK features in vitro, such as IFN-y secretion, suggesting
that NK-22 cells may represent a precursor for cNK cells
[33-35].

The elucidation of the lineage relationship of NK-22
cells is currently a subject of intense investigation. For the
purpose of this review, we will refer to the group of 1L-22-
producing NK-like cells as NK-22 cells, although their re-
lationship to the NK cell lineage is unclear at present. In
the following sections, we summarize experimental evi-
dence for the potential roles of both cNK cells and NK-22
cells during microbial infections at mucosal epithelia. We
will focus on three mucosal tissues, each with similar, but
also some distinct, characteristics: intestine, lung, and the
female reproductive tract.

Extracellular
bacteria

The intestinal mucosa

While the stomach and proximal small bowel are relatively
sparsely colonized, the human distal small bowel and the
large bowel contain a rich microbial flora reaching up to 10"
colony-forming units per gram of luminal content [36]. At
the apical surface of intestinal epithelia, a thick mucus layer
forms a physical barrier to prevent microbial invasion of the
underlying epithelium. Beneath the mucus coating, a single
layer of epithelial cells forms the second barrier between in-
testinal lumen and host tissue. These epithelial cells fulfill
important functions by creating a physical barrier to
pathogens and by responding to invading pathogens with the
rapid production of anti-microbial peptides and chemoatt-
ractants to recruit immune cells [37, 38]. Intraepithelial lym-
phocytes (IEL), mainly consisting of CD8" T cells, but also
NK cells, reside within this epithelial layer, and a variety of
leukocytes, including B cells, T cells, APC, and NK cells can
be found in the underlying lamina propria (Fig. 1) [38-40].
Furthermore, the intestinal mucosa contains organized clus-
ters of lymphoid tissue such as cryptopatches, isolated lym-
phoid follicles (ILF), and Peyer’s patches [29].

Intestinal lumen

Intracellular
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Epithelial
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Lysis of infected cells
IFN-y J
7‘ IL-12 Lamina
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Fig. 1. cNK cells and NK-22 cells in the intestinal mucosa. cNK cells are found in the intestinal epithelium

and in the underlying lamina propria, while NK-22 cells and LTi-like cells reside in the lamina propria. Exposure
of dendritic cells (DC) to pathogens triggers the release of IL-12 and/or IL-23, which induces IL-22 secretion

by NK-22 and LTi-like cells and IFN-vy secretion by cNK cells. Helminth infections have been shown to cause
IL-13 production by intraepithelial NK cells. DC, dendritic cell; cNK, conventional NK cell; LTi-like, adult
equivalent of fetal lymphoid tissue inducer (LTi) cells
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Pathogens typically enter the intestine via the ingestion
of contaminated food. Infection occurs at varying sites
within the alimentary tract depending on the pathogen and
typically involves penetration of the epithelial layer, either
by direct attachment and infection of epithelial cells, or by
exploiting the antigen-sampling mechanisms of the im-
mune system to be shuttled across the epithelium. Innate
immune mechanisms play important roles in the rapid re-
sponse to invading pathogens and in the initiation of ap-
propriate adaptive immunity. As an innate source of cyto-
kines, NK cells contribute to the immune defense of many
different pathogens. In the sections below, we summarize
some of the known functions of NK cells during gastroin-
testinal infections.

Roles of NK cells in intestinal anti-microbial
immune responses

NK-22 cells

To elucidate the functions of NK-22 cells during microbial
infections, mouse models deficient in innate and/or adap-
tive sources of IL-22 have often been utilized. However, in
many cases, it is difficult or even impossible to differenti-
ate between the roles that NK-22 cells and LTi cells play,
since these cell types share high similarity in their devel-
opmental requirements, cell surface receptor and transcrip-
tion factor expression and tissue location. When discussing
roles of NK-22 cells in immune responses at mucosal tis-
sues, this caveat has to be kept in mind.

Recent reports from our group and others have demon-
strated that NK cells, in particular NK-22 cells, contribute
to innate defense against the gastrointestinal pathogen Cit-
robacter rodentium [14, 18]. C. rodentium is a gram-nega-
tive bacterium that induces colitis in mice, its natural host.
Protection from C. rodentium-induced mortality requires
both innate and adaptive immune mechanisms. Rag-defi-
cient mice, which lack adaptive immune cells (T cells, B
cells), are able to contain infections with C. rodentium
within the first several weeks of infection. This initial im-
mune response is mediated by the cytokine IL-22, as
demonstrated by studies using IL-22-deficient mice [41].
A role for NK-22 cells and LTi cells is inferred from the
observation that these cell types accumulate during C. ro-
dentium infection and are capable of producing IL-22. Fur-
thermore, a role for NK cells in this bacterial infection was
demonstrated by anti-NK1.1 antibody-mediated NK cell
depletion in Rag-deficient mice, and by the infection of
Rag™ IL2rg™"™ mice, which lack NK cells in addition to
adaptive immune cells. In both models, NK cell deficiency
caused an accelerated mortality upon C. rodentium infec-
tion [14, 18]. However, a recent report suggests that LTi,
not NK-22 cells, provide the majority of the IL.-22 required
for early protection from C. rodentium [42]. Further stud-
ies and additional animal models are therefore required to
more definitively elucidate the contributions of NK-22 cells
during the host response to C. rodentium infection.
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IL-22-producing NK cells and NK cell-like cells also
appear to play protective roles in inflammatory bowel dis-
ease (IBD), a group of conditions characterized by chronic
inflammation of the intestinal mucosa. In IBD, the im-
mune system mounts aberrant responses to the intestinal
microbial flora, leading to a breach of the epithelial bar-
rier and a strong pro-inflammatory cytokine environment.
IL-22-producing NK-like cells have been identified in ex-
perimental mouse models of colitis, and mice deficient in
IL-22-producing cells (Ragl™ I12rg™"; or 11227~ Ragl™~
) display more severe colitis than Ragl~~ mice with intact
IL-22 production [43]. Again, the exact contributions of
NK cells and NK-22 cells versus LTi cells are still un-
known.

In human intestinal tissues, NK cells with NK-22
characteristics are present and are capable of producing
IL-22 upon in vitro treatment with IL-23 [14]. A recent
study classified CD56" NK cells in colonic lamina pro-
pria into NKp44"NKp46~ and NKp44 NKp46" subsets
[44]. These subsets of NK cells differed in their cytokine
production, with the NKp44*NKp46~ representing the
IL-22-producing RORyt" NK-22 population, while the
NKp44 NKp46* subset produced IFN-y and likely repre-
sents a conventional NK cell subset. Interestingly, in
Crohn’s disease, an IBD characterized by Th17-mediated
inflammation, the frequency of NK-22 cells in colonic
lamina propria was decreased, while the frequency of
cNK was markedly increased compared to healthy tissue
[44]. Furthermore, NKp44 NKp46" NK cells from
Crohn’s disease patients were more potent in producing
IFN-v in response to IL-23 than the same NK cell subset
from healthy individuals. A separate study found in-
creased frequencies of IL-17-producing LTi-like cells in
intestinal tissues from Crohn’s disease patients compared
to healthy individuals, which resembled the innate cell
type implicated in promoting colitis in mice [45, 46]. The
above observations suggest that the different NK-like and
LTi-like cell populations may have divergent roles in
Crohn’s disease, with NK-22 cells potentially bearing
beneficial roles, and LTi-like and cNK cell subsets play-
ing pro-inflammatory roles, potentially exacerbating chro-
nic inflammation.

The role of NK-22 cells in the intestinal immune de-
fense to tissue-damaging pathogens other than C. roden-
tium has not been sufficiently studied. In humans, human
immunodeficiency virus (HIV) is an important pathogen
causing high viral burden in the gut, associated with intes-
tinal pathology [47]. A recent study has explored whether
NK-22 cells are present in non-primate intestinal tissue
[48]. This study by Reeves et al. identified NK cells ex-
hibiting an NK-22 phenotype in the gut of macaques, which
expressed high transcript levels of IL-22 and, in contrast to
human NK-22 cells, also produced IL-17. These NK-22
cells showed low cytotoxic potential. Upon infection with
simian immunodeficiency virus (SIV), these gut NK-22-
like cells were reduced in number and showed altered func-
tions, resulting in a change of cytokine expression toward
IFN-v. Furthermore, these cells gained cytolytic potential,
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as evidenced by increased perforin expression and en-
hanced degranulation [48]. At present, the significance of
the altered NK cell functions during SIV infection is un-
known, but a loss of IL-17 and IL-22 contributes to the gut
pathology seen in SIV infection [49], and NK-22 cell de-
pletion during SIV infection may thus potentially contribute
to the loss of gut integrity.

cNK cells

Conventional NK cells are known to contribute to the im-
mune defense against various gastrointestinal pathogens, in
particular intracellular bacteria and parasites. For example,
during infections with Toxoplasma gondii, an intracellular
parasite that initially infects the intestinal epithelium and
causes tissue pathology, cNK cells are a major source of
protective IFN-v at early times of infection. IFN-vy is crucial
for the development of an appropriate cytotoxic T cell re-
sponse to the pathogen and induces macrophage activation.
cNK cells may also contribute to the rapid elimination of
infected cells by direct cytotoxicity. In the absence of cNK
cells, impaired priming of CD4" and CD8" T cells was ob-
served [50]. Recently, cNK cells have also been identified
as a major source of IL-17 during 7. gondii infection, a cy-
tokine that confers resistance to this pathogen [51]. In con-
trast to what has been seen for C. rodentium, 1L.-22 has
pathogenic roles during 7. gondii infection, causing de-
struction of intestinal tissue integrity [52, 53]. A possible
pathogenic role for NK-22 cells has not been described. T
cells have been shown to be the major source of 1L-22 in
this experimental infection; thus, NK-22 cells may not con-
tribute significantly to tissue pathology [52].

In a recent study by Tomasello and colleagues, oral in-
fection of mice with Listeria monocytogenes led to rapid
activation of both small intestinal cNK and NK-22 cells to
produce IFN-y and IL-22, respectively. However, protec-
tion from L. monocytogenes dissemination was dependent
on IFN-vy, not IL-22, suggesting that cNK cells play a pre-
dominant role in limiting bacterial spread in this model
[54].

In the host response to the gastrointestinal nematode
Trichinella spiralis, cNK cells may perform surprising pro-
tective roles through their promotion of Th2-type re-
sponses, rather than their typical production of the Th1-type
cytokine IFN-y. In experimental infections with this hel-
minth parasite, intestinal cNK cells produced IL-13 that
contributed to the early immune response characterized by
goblet cell hyperplasia and mucus overproduction, which
facilitated expulsion of the parasite [55]. Thus, cNK cells
are capable of contributing to the innate immune defense
by secreting cytokines that either promote Thl-type or
Th2-type immune responses, depending on the pathogen
encountered. It is currently unclear whether different sub-
sets of cNK provide the different cytokines seen in vivo, or
whether the interaction of ¢cNK with pathogens and
pathogen-exposed APC determines the types of cytokines
produced by NK cells.

The lung epithelium

In contrast to the situation in the distal bowel, the lung is not
normally colonized by microbes and in the healthy state is
almost sterile. Inhaled microbes are typically trapped in the
thin mucus layer covering the lung epithelium and are read-
ily cleared by a combination of mucociliary transport and
coughing. Lung epithelial cells create a physical barrier
against invading pathogens, but they also have direct roles
in innate immune defense through the release of anti-mi-
crobial peptides [56, 57]. Yet, many pathogens have evolved
mechanisms to invade the lung epithelium, necessitating
the presence of immune mechanisms that can readily re-
spond to invading microbes. During infection, lung resident
lymphocytes, dendritic cells, and macrophages play im-
portant roles in limiting pathogen spread and in recruiting
neutrophils and other immune cells from the blood to the
site of infection [57].

cNK cells represent up to 10% of lung resident lym-
phocytes and are thought to play important roles as an early
source of IFN-y and other cytokines (Fig. 2). Inflammatory
insults in the lung rapidly recruit blood NK cells [2, 58].
NK cells capable of producing IL-22 have recently been
identified in mouse lung tissue [59], where they may con-
tribute to tissue integrity and anti-microbial immune re-
sponses. Existing evidence for the roles of NK cell subsets
in pathogen clearance and maintenance of tissue integrity in
the lung is reviewed below.

Roles of NK cells in anti-microbial
immune responses in the lung

NK cells can be found as resident lymphocytes within the
healthy lung. Lung epithelial cells produce IL-15 and may
thus contribute to the survival of NK cells within the lung
mucosa. In the steady state, inflammatory mechanisms in
the lung are dampened by cytokines produced by alveolar
macrophages, such as IL-10 and TGF-f, and NK cells iso-
lated from healthy lungs show an impaired cytotoxic po-
tential. Upon exposure to infection or in vitro culture with
type I interferons, these NK cells become readily activated
and acquire cytotoxic functions [58].

In mouse lungs, tissue-resident NK cells have been de-
scribed as almost uniformly expressing markers of mature
cNK, such as NK1.1, DX5 (CD49b), CD11b, NKG2D,
and Ly49 receptor family members [59, 60]. While an NK-
22-like cell subset has not been described in lung tissues,
there is some evidence that a subset of conventional lung
NK cells are capable of producing IL-22 in vitro and in
vivo upon IL-23 stimulation and viral infection, respec-
tively [59].

Microbial infections of the lung lead to a rapid recruit-
ment of NK cells from the blood, as seen, for instance, in
lung tissues from humans and mice with acute influenza in-
fection that contain increased numbers of cNK cells [58]. In
experimental influenza infections in mice, lung resident NK
cells were responsible for IFN-y production during the first
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Fig. 2. NK cell responses in the lung. Under homeostatic conditions, ctNK cell functions are suppressed via IL-10 and TGF-
produced by macrophages and DC. During microbial infections, cytokines released by macrophages and DC promote IFN-y
production by cNK cells, which aids in limiting pathogen spread. During infection with influenza virus, cNK cells can directly
recognize viral hemagglutinin (HA) expressed on the surface of infected phagocytes, resulting in IFN-y production and cytotoxicity

toward the infected cell. M®, macrophage

few days after infection, while by day 4, most IFN-y was
produced by NK cells recruited from the blood [59]. Mice
depleted of NK cells by anti-NK1.1 or anti-asialo-GM1 an-
tibody injection show enhanced susceptibility for severe in-
fluenza infection [61, 62]. NK cells can recognize viral
hemagglutinin (HA) present on influenza virus-infected
cells via their NKp46 receptor, and this interaction is thought
to trigger cytotoxicity toward infected target cells [63, 64].
In accordance with this, NKp46-deficient mice show en-
hanced susceptibility to lethal influenza infection [65].

In mouse models of pulmonary bacterial and fungal in-
fections, NK cells were found to play protective roles
against several different pathogens, such as Staphylococ-
cus aureus, Legionella pneumophila, Pseudomonas aeru-
ginosa, Bordetella pertussis, and the fungal pathogen As-
pergillus fumigatus [66—72]. In most of these studies, NK
cell-derived IFN-y was identified as critical for the early
anti-microbial response and promoted pathogen clearance.
The role of NK cells in mycobacterial infection is less clear.
In vitro, human NK cells recognize and respond to My-
cobacterium tuberculosis-infected monocytes and macro-
phages by inducing intracellular bacterial killing or lysis of
the infected phagocyte. This response to M. tuberculosis
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appears to be mediated by NK cell receptor recognition of
an unknown, possibly bacterial, ligand binding to NKp44,
as well as NKp46 and NKG2D binding to host cell lig-
ands [73-76]. In a recent study, inhibition of bacterial
growth in macrophages was in vitro partially mediated by
IL-22 production, implicating an unexpected role for cNK-
derived IL-22 in anti-microbial protection [77]. Animal
models of M. tuberculosis infection, however, have resulted
in controversial results. While NK cell activation and IFN-y
production have been clearly demonstrated during infec-
tion, NK cell depletion experiments suggest a redundant or
even detrimental role of NK cells during M. tuberculosis
infection [58].

In summary, lung-resident NK cells play important
roles in the early response to many pathogens. Protective
effects of NK cells in lung infections are in most cases me-
diated by cNK through their production of IFN-y and by
their cytotoxicity toward infected host cells. Potential roles
for NK-like cells in lung infections have not sufficiently
been explored yet, but unlike intestinal NK cells, resident
lung NK cells display a fairly homogeneous phenotype typ-
ical of cNK cells [59]. Thus, it is conceivable that lung tis-
sue does not harbor NK-22 cells in steady state or during
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the experimental models tested to date. However, as men-
tioned before, cNK cells represent a possible source of
IL-22 during infection with intracellular pathogens in the
lung [59, 77]. IL-22 plays important roles in the protection
of mice from mortality caused by the pneumonia-inducing
pathogen Klebsiella pneumoniae; however, the contribu-
tion of innate cell types to IL-22 production in the lung has
not been addressed yet [78].

NK cells in the female reproductive tract

NK cells are present in humans and mice in the decidua,
the mucosa lining the uterus during pregnancy. In humans,
but not mice, NK cells can also be found in the en-
dometrium, the mucosa of the non-pregnant uterus, where
they increase in numbers during the later stages of the men-
strual cycle [79, 80]. During pregnancy, immune cells re-
siding within the decidua play important roles in the de-
velopment of the placenta and in the maintenance of
tolerance to the developing fetus. In particular, decidual NK
cells, which can make up to 70% of decidual lymphocytes,
modulate placentation, neovascularization, and trophoblast

invasion through their secretion of cytokines and angio-
genic factors (Fig. 3) [79-82].

NK cells found in the human uterus resemble the
CD56™€" NK cell subset found in peripheral blood, due to
their high expression of CD56, their expression of CD94/
NKG2A, and lack of CD16. Uterine NK cells (uNK) also
display a variety of cell surface receptors not found on
blood NK cells, such as CD9, the tetraspanin CD151 and
the activation marker CD69. NK cells with similar pheno-
types have also been described in the human cervix, ecto-
cervix, and in the fallopian tubes [79, 81, 83].

In contrast to CD56™ " cells, but similar to CD564™
blood NK cells, uNK also show abundant intracellular
granzyme and perforin expression. Despite this, uNK cells
exhibit only low cytotoxicity to classical NK cell targets,
which may in part be mediated by a higher expression of in-
hibitory NK cell receptors by uNK than blood NK cells.
ulNK cells are a potent source of a variety of cytokines, such
as IFN-y, TNF-a, GM-CSF, and IL-10. Additionally, they
secrete IL-8, vascular endothelial growth factor (VEGF),
CXCLI10, and SDF-1 that play roles in vascularization, tis-
sue remodeling, and trophoblast migration during placental
development [80-82].
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The presence of immature NK cells with NK-22 char-
acteristics (IL-22 producing, CD56%, CD127*, RORC") in
the human uterus has recently been described. Upon in vitro
culture, these cells acquire CD94 and increase CD56 ex-
pression, suggesting that they are cells of the NK cell line-
age [84]. Their function at this site is not clear to date, but
these NK-22 cells may represent an NK cell precursor pop-
ulation that differentiates into mature uNK cells in the uter-
ine mucosa. Their production of IL-22 may play functions
in enhancing innate immunity and maintaining tissue in-
tegrity at this site.

In vivo, cytotoxicity of NK cells in the human preg-
nant uterus is suppressed through an anti-inflammatory
cytokine milieu, as well as through the interaction of the
inhibitory NK cell receptors NKG2A and ILT2 with
HLA-E and HLA-G, respectively, expressed on tro-
phoblasts [82]. Infections of the uterine epithelia or the
fetus may activate uNK cells to acquire cytolytic potential
and to secrete pro-inflammatory cytokines. This is evident
from in vitro experiments with uNK cells, whereby
NKp46 ligation led to potent cytotoxicity. Furthermore,
ligation of NKp30, as well as cytokine stimulation with
IL-12 and IL-15, led to robust IFN-y and TNF-a produc-
tion [83, 85, 86].

The contributions of uNK cells in the female reproduc-
tive tract to the innate immune defense are unclear at pres-
ent. The large number of uNK cells in both the pregnant
and non-pregnant uterus suggest a potential role of these
cells as an innate source of pro-inflammatory cytokines,
such as IFN-y and TNF-q, in response to infection. How-
ever, a lack of uNK cells during experimental L. monocy-
togenes infection did not result in increased bacterial bur-
den in the placenta of pregnant mice [87]. A potential role
for uNK cells in anti-viral immune responses was recently
described, where ulNK cells, but not peripheral blood NK
cells, were shown to limit HIV-1 replication in vitro through
their secretion of CXCL12 [88].

Thus, in the uterus, NK cells represent a unique cell
population with versatile functions ranging from mainte-
nance of tolerance to the developing fetus in pregnancy, the
modulation of tissue remodeling to ensure proper blood ex-
change between placenta and fetus, and possible functions
in anti-microbial defense.

Conclusions

NK cells have traditionally been identified as innate im-
mune cells with cytotoxic capacities toward tumor cells or
microbially infected cells. However, it is becoming in-
creasingly clear that NK cells have divergent functions de-
pending on the tissue environment and their differentiation
or maturation stage. NK-like cells that secrete IL-22 and
lack cytolytic functions may represent either a separate lin-
eage of cells, or may be a precursor to conventional NK
cells. Additionally, precursors of cNK cells may, depending
on the tissue location, differentiate into either cytolytic or
non-cytolytic NK cells as seen in the uterine mucosa.
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The mucosal epithelia found in gut, lung, and uterus dif-
fer considerably from each other in their tissue architecture
and functions, as well as in their different magnitudes of
microbial colonization. The intestine has a rich commen-
sal microflora and is thus constantly exposed to pathogen-
derived material. In contrast, the lung epithelium is under
healthy conditions not exposed to microbial stimuli, while
the female reproductive tract exhibits low levels of micro-
bial colonization. Considering these differences, it seems
apparent that different mucosal tissues would harbor unique
types of resident innate immune effector cells with diver-
gent activation thresholds and different cytokine patterns to
respond appropriately to the inflammatory and pathogenic
stimuli encountered in these tissues. Fully elucidating the
functions of these NK cell subsets will aid our understand-
ing of innate immune defenses and will prove crucial for
the development of future effective anti-microbial vaccines
and therapeutics.
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