
Natural killer cells protect mice from DSS-induced
colitis by regulating neutrophil function via the
NKG2A receptor
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Natural killer (NK) cells are traditionally considered in the context of tumor surveillance and infection defense but their

role in chronic inflammatory disorders such as inflammatory bowel disease is less clear. Here,we investigated the role of

NK cells in dextran sodium sulfate (DSS)-induced colitis in mice. Depletion of NK cells impairs the survival of mice with

colitis and is linked with dramatic increases in colonic damage, leukocyte infiltration, and pro-inflammatory profiles.

Mice depleted of NK cells had increased numbers of neutrophils in colons andmesenteric lymph nodes, comparedwith

control mice, in addition to acquiring a hyper-activation status. In vitro and in vivo studies demonstrate that NK cells

downregulate pro-inflammatory functions of activated neutrophils, including reactive oxygen species and cytokine

production, by direct cell-to-cell contact involving the NK cell–inhibitory receptor NKG2A. Our results indicate an

immunoregulatory mechanism of action of NK cells attenuating DSS-induced colitis neutrophil-mediated inflammation

and tissue injury via NKG2A-dependent mechanisms.

INTRODUCTION

Natural Killer (NK) cells are a subset of innate lymphocytes that
contribute to host resistance to viruses, bacteria and certain
parasites and provide immune surveillance against the devel-
opment of tumors. The lytic activity of NK cells is controlled by
complex interactions of inhibitory and activating receptors
with specialised signaling machinery. In the mouse, NK cell–
activating receptors include NKG2D, 2B4, and NKp46, which
recognize target cell expressed ligands and trigger NK cell–
mediated cytotoxicity. Inhibitory receptors, such as Ly49A and
NKG2A, recognize MHC (major histocompatibility complex)
class I molecules and enable blockade of NK cell activation.1

Alongside their cytotoxic function,NK cells also produce awide
range of cytokines and immunomodulators, including tumor
necrosis factor-a and interferon (IFN)-g.2 During inflamma-
tion, cross-talk with accessory cells, such as dendritic cells or
macrophages, and more recently neutrophils, is required for
full activation of NK cells. This activation can work both ways
with cytokine release via NK cells modulating both dendritic
cell and macrophage function, therefore actively contributing
to the generation of the subsequent immune response.2–4

Appreciation for the participation of NK cells in a number of
chronic inflammatory diseases has grown recently. A protective
role for NK cells has been reported in animal models of
diabetes,5 experimental autoimmune encephalomyelitis/multi-
ple sclerosis,6 and systemic lupus erythematosus.7 By contrast,
NK cells have been shown to promote inflammation in models
of arthritis8 and chronic obstructive pulmonary disease.9 Thus,
the role of NK cells in inflammatory disease appears to vary and
may be context-dependent.

Ulcerative colitis (UC) is a chronic relapsing and remitting
inflammatory condition of the large bowel with an approximate
prevalence of 1:1,000 in developed countries and increases with
socioeconomic development. Although the pathogenesis of UC
is still incompletely understood, previous work indicates a
complex interplay of genetic and environmental factors with a
dysregulated immune response.10 Increases in acute disease
activity in UC is linked to a dense influx of neutrophils into the
mucosa and intestinal lumen, resulting in the formation of so-
called crypt abscesses.11 In addition, circulating activated
neutrophils, a major source of inflammatory cytokines, are
elevated in active UC, and neutrophil reactive oxygen species
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(ROS) production is associated with acute pathology in UC as
well as in a number of chronic inflammatory conditions.12

Conventional NK cells appear to have a role during colitis,
but the importance of their relative contribution is unclear. In
the mouse transfer model of chronic colitis, interleukin (IL)-
10� /� CD4þ T cells expanded more rapidly and caused more
severe disease in NK cell–depleted RAG� /� recipients.13

Recently, a study in T-cell-reconstituted RAG� /� -recipient
mice, suggests that NK cells can supress colitis severity through
targeting of colitogenic T effector memory cells and possibly
early T-cell developmental stages.14Whereas, in athymic nu/nu
(nude) mice, NK cells did not appear to have a role in
suppressing development of chronic colitis.15 Previous studies
in UC patients have provided conflicting results with regards to
NK cell numbers.16,17 However, blood-derived NK cells from
UC patients appear to have functional defects, including
impairment of cytotoxicity.18

To determine the contribution of more conventional NK
cells in colitis, we studied the response of two NK cell–deficient
(NKD) mice to dextran sodium sulfate (DSS)-induced
experimental colitis. Hallmarks of this model include epithelial
disruption, resulting in overproduction of inflammatory
cytokines, release of reactive oxygen metabolites, and infiltra-
tion of granulocytes into the colon, resulting in colonic
inflammation and tissue damage. These hallmarks resemble
a number of features of acutemucosal injury in humanUC.19,20

Our results demonstrate that NK cells are rapidly recruited to
the inflamed colon and are protective during DSS-induced
colitis. NK cells mediate this protective effect by down-
regulating neutrophil function via the inhibitory receptor
NKG2A. These findings suggest that NK cells can also use their
array of activation and inhibitory receptors to directlymodulate
other immune populations, which may serve to selectively
downregulate potentially damaging inflammatory responses.

RESULTS

NKD mice rapidly succumb to DSS-induced colitis

To determine whether NK cells could traffic directly to the
inflamed colon, NK cells were isolated from DSS-treated
transgenic b-actin luciferaseþ donor animals and intrave-
nously injected into DSS-treated or healthy recipients.
Transferred NK cells accumulated within mesenteric lymph
nodes (MLN) and colons of DSS-treated mice when compared
with healthy recipients (Figure 1a and Supplementary Figure
S1). Moreover, flow cytometry and immunofluorescence
revealed significant (Po0.05) increases in NK cells within
theMLN and colons as early as day 1 post-DSS administration,
with concurrent expression of a wide range of cytokine and
cytotoxic factors during DSS-induced colitis (Supplementary
Figure S2).

To demonstrate a role for NK cells during DSS-induced
colitis, polyclonal anti-asialo GM1 (anti-AGM1) antibody
was used to actively deplete the NK cell population from
murine tissues in vivo.4 In addition, we used mice with a
selective NK cell deficiency (NKD mice).21 Unexpectedly, both

anti-AGM1-treated (NK cell-depleted) and NKD mice rapidly
succumbed toDSS-mediated colitis,whereas immunoglobulinG
(IgG) control or wild-type (NK cellþ ) mice did not (Figure 1b).
Concurrently, both bodyweight loss and disease activity index of
these NKDmice were significantly greater (Po0.001) than that
of control DSS mice (Figure 1c and Supplementary Figure S3).
On day 7, both anti-AGM1-treated and NKD DSS mice had
significantly heavier (Po0.01) colons and a significantly greater
(Po0.05) spleen mass when compared with NK cellþ control
DSSmice (Figure 1d and Supplementary Figure S3). BothNK-
depleted and NKD mice produced significantly elevated
(Po0.05) levels of colonic IL-17A, IL-6, mKC (mouse
keratinocyte-derived chemokine), and IL-1b but reduced
(Po0.05) IFN-g, IL-10, transforming growth factor-b and
gzmB (granzyme B) compared with control DSS animals
(Figure 1e). We did not detect any significant differences
between the DSS groups for IL-22, suggesting that IL-22
production from the resident RORgt subset population and/or
the presence of activated T cells cannot explain why NKD mice
have increased bowel pathology in our model22,23 (Figure 1e).
Histological examination and scoring of colon sections revealed
significantly (Po0.05) greater crypt and epithelial cell loss,
thickening of the intestinal wall with considerable mixed cell
infiltration in both NK-depleted and NKDmice compared with
controlDSSmice (Figure 1f). Taken together, these data indicate
that NK cells are protective during experimental colitis.

NK cells reduce neutrophil recruitment and neutrophil
activation status during DSS-induced colitis

Given the role of neutrophils in the early response to DSS-
induced colitis, and the correlation between acute disease
activity in UC and dense influx of neutrophils into the mucosa,
and the elevated levels of circulating activated neutrophils
during active UC, we next assessed the recruitment and
activation status of neutrophils in our model.11,12,20,24 DSS-
treated NK cell–depleted mice contained substantially
(Po0.001) more neutrophils in the colon than DSS NK
cell–positive mice (Figure 2a,b). Moreover, NK-depleted DSS
mice had a significantly higher (Po0.01) percentage of MLN
neutrophils expressing the early activation marker CD69, ROS,
IL-6, and IL-17A than the DSS-treated controls (Figure 2c–e).
Conversely, DSS NK-depleted mice had significantly fewer
(Po0.001) IL-10 and IL-4-positive neutrophils than control
DSS-treated animals (Figure 2e). Thus, NK cell–mediated
protection is associated with a diminished neutrophil recruit-
ment and activation status.

Although neutrophil activation and recruitment is char-
acteristic of acute inflammation and injury in UC and the DSS-
induced colitis model, this is not as evident during chronic UC
and T-cell transfer models of chronic colitis. Interestingly,
previous work in CD45RBhigh transfer models, which represent
a pathogenic T-cell-driven chronic model of colitis, has
indicated that NK cells may also regulate T-cell popula-
tions.13,14 Thus, we investigated the potential influence of NK
cells on T-cell populations during DSS colitis (Supplementary
Figure S4). AlthoughMLN and colonic T-cell numbers did not
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alter (P40.05) between DSS NK cell–depleted mice and
controls, we did observe significantly higher expression
(Po0.05) of the early activation antigen, CD69, in tandem
with inflammatory cytokine expression, including IFN-g and
IL-17A (Supplementary Figure S4). These data indicate that
NK cells may also act to regulate the activation of T-cell
responses during acute DSS-induced colitis.

NK cells directly modulate neutrophil responses

We next investigated whether the NK cell–protective effect was
mediated via a direct interaction between NK cells and

neutrophils.3 Colonic sections from control DSS-treated mice
revealed augmented levels of NK cells and neutrophils in close
proximity as well as in direct contact, contrary to healthy mice,
where contact and numbers of these cells were very low
(Figure 3a). We then isolated both healthy naive and DSS-
activated NK cells and performed both direct and transwell co-
culture experiments with in vivo activated neutrophils. Both
naive and DSS NK cells significantly lowered (Po0.001) the
percentage of apoptotic (annexin Vþ ) neutrophils when
compared with neutrophils cultured alone (Figure 3b). This
NK cell–mediated pro-survival effect was reduced somewhat

Figure 1 Natural killer (NK) cell–deficient mice rapidly succumb to detran sodium sulfate (DSS)-induced colitis. (a) Bioluminescent NK cell
trafficking 22 h post-transfer in mice with DSS-induced colitis. NK cells were isolated from the spleens and lymph nodes of FVB/N transgenic
b-actin-luciferase mice 7 days after DSS administration. Cells (B4� 106 cells/mouse) were injected intravenously into the tail veins of healthy or
DSS-induced recipients (n¼ 6). (b)Mortality, (c) bodyweight, and (d) colonmass in twomodelswithNKcell deficiency;NKcell depletionusing anti-asialo
GM1 (anti-AGM1; every 3–4 days) or NK cell–deficient (NKD) mice (plus control mice) in C57BL/6 mice undergoing DSS-induced colitis. z indicates one
animal remaining. Dotted line indicates average healthy colonmass. (e) Cytokine levels in whole colonic homogenates on day 7DSS. (f) Representative
histology of hematoxylin and eosin–stained colon sections at day 7 DSS. Bar¼200 mm.Graphs represent overall histology score. Data aremeans±s.d.
n¼7–12 mice per group, representative of three experiments. *Po0.05, **Po0.01, and ***Po0.001. gzmB, granzyme B; IFN, interferon;
IgG, immunoglobulin G; IL, interleukin; mKC, mouse keratinocyte-derived chemokine; NS, not significant; TGF, transforming growth factor;
WT, wild type.
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within the transwell system, suggesting a requirement for direct
cell-to-cell contact (Figure 3b). This suggests that the NK cell–
inhibitory response is not simply due to removal of neutrophils
via induction of apoptosis and is in agreement with recent
human studies.25,26

As an increase in neutrophils, neutrophil-derived oxidative
stress molecules (ROS, inducible nitric oxide synthase),
and pro-inflammatory cytokines (IL-6, IL-17) directly
correlates with clinical disease activity and epithelial pathology
in experimental colitis models and increases in acute
disease activity in UC,27,28 we analyzed the effect of
NK cells on these readouts of neutrophil function. DSS-
activated NK cells were capable of significantly reducing
(Po0.001) the percentage of ROSþ neutrophils in co-culture.
This downregulation of ROS by NK cells was also apparent
within the transwell system (Po0.01) when compared with
neutrophils cultured alone (Figure 3c). A significant (Po0.01)
inhibitory effect by DSS–NK cells on inducible nitric
oxide synthase production was also detected in the co-cultures
but was absent (P40.05) in the transwell system
(Supplementary Figure S5). Neutrophil cytokine profiles
from co-cultures revealed that DSS activated but not naive
NK cells were able to significantly reduce (Po0.001) both
the percentage and total production of IL-6 from neutrophils.
When NK cells and neutrophils were separated by the
transwell membrane, IL-6 production was restored
(Figure 3d). Significant NK cell inhibition (Po0.05) of IL-
17 neutrophil responses was also apparent (Supplementary
Figure S5). By contrast, the percentage of IL-10þ neutrophils,
as well as total IL-10 production, were significantly increased
(Po0.001) in the DSS-activated NK cell–neutrophil co-
cultures. This positive effect of DSS NK cells on neutrophil
IL-10 production was then negated (P40.05) within the
transwell system (Figure 3e). This suggests that IL-6, IL-17, and
IL-10 modulation is largely dependent on direct cell-to-cell
contact. Thus, NK cells alter the inflammatory phenotype of
neutrophils and is largely dependent on direct NK cell–
neutrophil contact and is suggestive of a receptor–ligand-
mediated mechanism of action.

NK cell–neutrophil interaction is mediated via NKG2A
receptor in vitro

To pursue this possibility further, we investigated the potential
involvement of an NK cell receptor modulating neutrophil
function as NK cells express a wide variety of receptors on their
surface.1 During DSS-induced colitis, NK cells significantly
downregulated (Po0.01) expression of both NKp46 and
KLRG1 when compared with healthy NK cells. Conversely,
substantial upregulation (Po0.01) ofNKG2AandNKG2Dwas
apparent on DSS NK cells, when compared with controls
(Figure 4a,b). Neutralisation of the NKG2A receptor with a
blocking antibody in the co-culture system negated the
inhibitory effect of NK cells on neutrophil activity by
significantly increasing (Po0.001) the percentage of ROSþ

and IL-6þ neutrophils when compared with controls
(Figure 4c,d). IL-17 expression also appeared to be partly

Figure 2 Natural killer (NK) cells reduce neutrophil recruitment and
neutrophil activation status during detran sodium sulfate (DSS)-induced
colitis. (a) Immunofluorescent staining of neutrophils (Ly6G, red) and
nuclei (blue) from DSS control (NK cellþ ) and NK-depleted mice
(NK cell� ). A representative picture for each group (n¼4) is shown.
Bar¼ 200 mm. (b) Bars represent means±s.d. of the total number of
positive cells per field of view. Flow cytometric analysis of CD69 and
reactive oxygen species (ROS;DHR-123) neutrophil responses fromDSS
NK cellþ or NK cell� mice. (c) Black outline represents NK cellþ and filled
gray represents NK cell� on histograms. (d) Columns represent the
percentage of Ly6Gþ cells expressing marker mean fluorescent intensity
(MFI)±s.d. Cytokine profiles of neutrophils from DSS NK cellþ or
NK cell� mice. Cells were stimulated for 6 h with BD Leukocyte
Activation Cocktail plus BD GolgiPlug, stained with Ly6G, permeabilised,
and stained with anti-cytokine flurochrome monoclonal antibody. (e) Data
represent percentage of cytokine positive neutrophils out of the total
neutrophil population. Data are means±s.d., n¼ 12 mice per group,
representative of three experiments. *Po0.05, **Po0.01, and
***Po0.001. AGM1, asialo GM1; IFN, interferon; IgG, immunoglobulin G;
IL, interleukin; TNF, tumor necrosis factor.

ARTICLES

MucosalImmunology | VOLUME 6 NUMBER 5 | SEPTEMBER 2013 1019



Figure 3 Natural killer (NK) cells directly modulate neutrophil (Neut) responses. (a) Immunofluorescent staining of neutrophils (Ly6G, red) and NK cells
(NKp46, green) from healthy and detran sodium sulfate (DSS) mice. A representative picture for each group (n¼4) is shown. D1—day 1 post-DSS.
Bar¼60mm. (b–e) Co-culture studies examining NK cell–neutrophil responses. Neutrophils were isolated from the peritoneum of mice intraperitoneally
injected with 4% thioglycolate after 8h. NK cells were also isolated from either healthy control mice (naive NK cells) or frommice 7 days post-DSS (DSS NK
cells).Thesecellswereeither cultured indirect contact orwithin transwellsat a ratioof5:1neutrophils:NKcells for6h. (b)Columnsrepresent thepercentageof
Ly6Gþ cells expressing annexin V±s.d. (c) Cultured neutrophils were incubatedwith DHR-123 before addition of phorbyl myristate acetate, cells were then
analyzedby flowcytometry todetermine thepercentageofDHR-123/ROS (reactiveoxygenspecies)-positivecells. (d,e)Cellswerestimulated for6 hwithBD
Leukocyte Activation Cocktail plus BD GolgiPlug, stained with Ly6G, permeabilised and stained with anti-cytokine flurochrome monoclonal antibody.
Data represent percentage of cytokine-positive neutrophils out of the total neutrophil population. Supernatants from co-cultures were also analyzed for
total production of annotated cytokine. Data are means±s.d., n¼ 10, representative of three experiments. **Po0.01 and ***Po0.001 for differences
between direct co-culture conditions, #Po0.05, ##Po0.01, and ###Po0.001 indicates differences between transwell conditions and wPo0.05, wwPo0.01,
and wwwPo0.001 shows differences between the co-cultures and transwells. IL, interleukin.
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controlled (Po0.05) by NKG2A (Supplementary Figure S6).
Notably, the increased expression of IL-10 by neutrophils was
unaffected (P40.05) by neutralisation of NKG2A, suggesting
other NK cell receptors have a role in this effect (Figure 4c,d).
Co-incubation of NK cells and neutrophils with anti-NKG2D
did not significantly affect (P40.05) any of the neutrophil read-
outs tested. These studies indicate that NK cells may directly
modulate various neutrophil inflammatory functions via their
inhibitory receptor NKG2A and other additional NK receptors
that remain to be identified.

Blockade of NKG2A in vivo exacerbates disease severity
during DSS-induced colitis and corresponding neutrophil
inflammatory responses

To further confirm the involvement of the inhibitory NK cell
receptorNKG2A in regulating acute inflammation duringDSS-
induced colitis, mice were administered with anti-NKG2A to
actively block NKG2A receptor function in vivo (Figure 5).
Treatment of mice with anti-NKG2A led to 100% mortality
(Po0.001) 9 days into acute experimental colitis, which was
also observed within the anti-AGM1-treated group. As shown

Figure 4 Natural killer (NK) cell–neutrophil interaction ismediated viaNKG2A receptor in vitro. Flow cytometric analysis of NK cell–receptor expression
in mesenteric lymph nodes NK cells isolated from both healthy control or from mice day at 7 days post-DSS (detran sodium sulfate). (a) On histograms,
black outline represents healthy and filled gray representsDSSNKcells. (b) Bar graphs represent the percentage andmean fluorescent intensity (MFI) of
NK cells expressing markers±s.d.. Neutrophil and DSS NK cells were co-cultured in the presence of 30 mgml�1 anti-NKG2A or isotype control
monoclonal antibody for 6 h, two independent experiments. (c) On histograms, black outline represents neutrophils cultured alone, filled gray represents
neutrophils plusDSSNKcells plus anti-NKG2A, andblack filled represents neutrophil plusDSSNKcells plus isotype control. (d) Bar graphs represent the
percentage of neutrophils expressing inflammatory molecules±s.d. n¼ 6, two independent experiments. *Po0.05, **Po0.01, and ***Po0.001.
IL, interleukin; ROS, reactive oxygen species.
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in Figure 1b, IgG control (NK cellþ /NKG2Aþ ) mice survived
until the end of the study (Figure 5a). Body weight loss and
colon weight were significantly greater (Po0.001) in both anti-
NKG2A and anti-AGM1-treated mice compared with IgG
control DSS mice (Figure 5b,c). Analysis of colonic cytokines
revealed that both NK-depleted and anti-NKG2A-treated mice
produced significantly greater (Po0.01) levels of IL-17A, IL-6,
mKC, and IL-1b but reduced (Po0.05) IFN-g and IL-10
compared with control IgG DSS animals (Figure 5d). In
addition, both anti-NKG2A and anti-AGM1-treated mice had
heightened colonic pathology compared with IgG control DSS
mice (Figure 5e).

Further analysis of neutrophil responses in anti-NKG2A-
treatedmice revealed significantly increased colonic neutrophil
recruitment in tandemwith greater ROS and IL-6 expression in

MLN neutrophils, similar to NK cell–depleted mice and in
comparison to DSS IgG control mice (Figure 5f–h). These data
confirm that theNK cell–inhibitory receptorNKG2A is directly
involved in the downregulation of inflammatory neutrophil
functions during acute colitis.

DISCUSSION

NK cells have a significant role linking the innate and adaptive
arms of the immune system but their role during colitis remains
elusive. Here we report that NK cells can downregulate
neutrophil function, preventing severe and ultimately fatal
acute colitis in an experimental model. NK cells can reduce
neutrophil recruitment and modulate their pro-inflammatory
activation status, through direct cell-to-cell contact via the

Figure 5 Blockade of NKG2A in vivo exacerbates disease severity during detran sodium sulfate (DSS)-induced colitis and corresponding neutrophil
inflammatory responses. (a)Mortality, (b) bodyweight loss, and (c) colonmass inmice treatedwith anti-NKG2Aor anti-asialoGM1 (anti-AGM1; every 3–
4 days), (plus isotype immunoglobulin G (IgG) control mice) in mice undergoing DSS-induced colitis. Dotted line indicates average healthy colon mass.
(d) Cytokine levels in whole colonic homogenates on day 7 post-DSS. (e) Representative histology of hematoxylin and eosin–stained colon sections at
day 7 post-DSS (Bar¼200 mm) and graph shows overall histology score. (f) Immunofluorescent staining of neutrophils (Ly6G, red) and nuclei (blue) from
DSS control (natural killer (NK) cellþ ), NK-depleted mice (anti-AGM1) and anti-NKG2A mice. A representative picture for each group (n¼ 4) is shown.
Bar¼ 100 mm. Bars represent means±s.d. of the total number of positive cells per field of view. Flow cytometric analysis of reactive oxygen species
(ROS; DHR-123) and interleukin (IL)-6 neutrophil responses. Bar graphs represent the (g) percentage and (h) mean fluorescent intensity of neutrophils
expressing markers±s.d. Data are means±s.d., n¼8–10 mice per group. *Po0.05, **Po0.01, and ***Po0.001. IFN, interferon; mKC, mouse
keratinocyte-derived chemokine; TNF, tumor necrosis factor.
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NKG2A receptor thereby providing a protective effect during
DSS-induced colitis (Figure 6).

During UC, disruption of the epithelial barrier causes
substances from the gut lumen, including the microflora, to
trigger activation of innate immune populations. Initiation of
experimental colitis, through oral administration of DSS,
compromises gut barrier function, resulting in a strong
inflammatory response with consequent crypt destruction,
mucosal erosion, and ulcerations, which resembles a number of
features similar to those seen in acute active UC. Utilizing
luciferase expressing NK cells revealed direct trafficking of NK
cells into the inflamed colon during DSS-induced colitis. The
considerable NK cell recruitment, in tandem with strong
expression of several pro-inflammatory factors, suggested that
removal of NK cells would be associated with a positive impact
on the overall health of animals with colitis. On the contrary,
using two models of NK cell deficiency, we observed that these
mice were significantly more susceptible to weight loss,
diarrhea, pro-inflammatory cytokine levels, and ultimately
mortality during the acute phase of disease, indicating a key role
for NK cells in protection against DSS-induced colitis.
Previously, a protective role for NK cells has been reported
in the IL-10� /� transfermodel, where depletion ofNKcells led
to acceleration of disease.13 Notably, emerging evidence
indicates that NK cells can also have a critical protective role
in a number of other immune-mediated diseases. For example,
in the nonobese diabetic mouse model of Type 1 diabetes,
prevention of diabetes by polyinosinic-polycytidylic acid was
associatedwith the formation of Th2 (T helper type 2)-enriched
environment in the spleen and pancreas and was a result of NK
cell function in response to islet autoantigens.5 Furthermore, in
a mouse model of multiple sclerosis, enrichment of NK cells
resulted in disease amelioration through NK cell–associated
suppression of myelin-reactive Th17 cells.6 Thus, it appears
that NK cells are critical for preventing uncontrolled inflam-
mation in an intestinal setting and this may correlate with their
function in other organs under specific disease settings.

As previously mentioned, NK cells can have a protective or
pathogenic role in inflammatory diseases. This can be a direct
consequence of NK cell function or through interaction with
various components of the immune system to thereby limit or
exacerbate immune responses. Removal of NK cells resulted in
a considerable influx of neutrophils into the inflamed colon
duringDSS-induced colitis. In addition,MLNneutrophils were

in a hyper-activated state, as shown by increased CD69,
ROS, IL-6, and IL-17A expression levels. Neutrophils, like
NK cells, are an important cellular innate immune population
that are rapidly recruited to sites of inflammation. Upon
activation, these phagocytic cells produce a wide range of
factors involved in host defense, including ROS, anti-bacterial
peptides, and protease-containing granules. Recent studies
have also shown that in response to cytokines or pathogen
products, they can produce both pro- and anti-inflammatory
cytokines/chemokines and therefore can have an important
role in regulating immune responses.29 Notably, infiltration of
neutrophils is a striking histological feature in the lesions of
active UC and experimental colitis models.20,28 Interestingly,
both IL-6 and IL-17 are known inducers of neutrophil
chemoattractant molecules,29 therefore the significant influx
we observe within NKD animals may be a result of a cytokine-
driven positive-feedback loop further perpetuating recruitment
of neutrophils. In UC patients with active disease and in
rodent experimental colitis models, these neutrophils are
activated in the colonicmucosa and release their toxic oxidative
metabolites, which are associated with mucosal damage.30,31

Also, IL-6 and IL-1b are potent neutrophil activators; therefore
increased production of these cytokines would further
enhance the damaging ROS phenotype of neutrophils leading
to severe epithelial degeneration. Indeed, a recent study
using a TKTL1� /� mice, which are defective in antioxidants,
showed more severe inflammation in response to DSS
when compared with wild-type animals.31 Therefore, during
colitis in mice, and possibly human UC, NK cells can have a
protective role by modulating various inflammatory aspects
of neutrophil function.

In addition to their apparent regulatory action on neu-
trophils, it also appears that NK cellsmay act tomodulate T-cell
responses. Although overall T-cell numbers were not altered,
their inflammatory profile was elevated in NK cell–depleted
mice, possibly contributing to the enhanced overall colonic
inflammatory cytokine levels (particularly IL-17A) observed
during colitis. Currently, we cannot differentiate if this increase
is a direct response to the depletion of NK cells or as a result of
other factor(s). Previously, we have shown T-cell-activation
status is significantly elevated from day 8 onwards during DSS-
induced colitis. This is considerably later than the timewe begin
to observe mortality (from day 6) within colitic NK cell–
depletedmice.20 Therefore, it would not be expected that T cells
would have a significant detrimental role in the earlier stages
(days 1–6) of this acute colitismodel. Importantly, previous and
recent data using T-cell-reconstituted RAG� /� models have
indicated that NK cells have a key role in regulating colitogenic
T-cell responses during chronic colitis.13,14 Furthermore, in a
mouse model of multiple sclerosis, enrichment of NK cells
resulted in disease amelioration through NK cell–associated
suppression of myelin-reactive Th17 cells.6 Our data, along
with these other published studies, suggest that in addition to
their critical early protective and regulatory effect on neutrophil
function and acute disease, NK cells may also regulate T-cell
responses during chronic inflammation. Additional studies are

Figure 6 Schematic representation of the mechanism by which natural
killer (NK) cells downregulate neutrophil function during experimental
colitis. IL, interleukin; ROS, reactive oxygen species.
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required to properly dissect the contribution of NK–T cell
interactions to chronic inflammation.

The capacity of NK cells to interact andmodulate neutrophil
function in vitro has been assessed both in rodent and human
cells; however, the relevance of this in vivo remains largely
unexplored.3 To identify the mechanisms governing these
responses in vivo, we isolated activated neutrophils and NK
cells from mice with DSS-induced colitis. From direct and
transwell co-culture studies, downregulation of neutrophil pro-
inflammatory responses, including IL-6, IL-17, and ROS, is
mediated, chiefly, through direct cell-to-cell contact. This also
appears to be the case for induction of the anti-inflammatory
cytokine IL-10 by neutrophils. During DSS-induced colitis, we
observed an expansion of the NKG2Aþ NK cell population.
NKG2A is an inhibitory C-type lectin most commonly found
on NK cells and some cytotoxic CD8þ T cells. The receptor–
ligand binding of NKG2A to the MHC class Ib antigen HLA-E
(human leukocyte antigen E; Qa-1b in mice) initiates a
signaling cascade downstream of the NKG2A immunoreceptor
tyrosine-based inhibition motif that suppresses effector cell
cytotoxic activity.32 Notably, when we blocked this receptor
in vitro, we restored the inflammatory phenotype of activated
neutrophils indicating a role for this inhibitoryNK cell receptor
on neutrophil function. However, expression of IL-10 was
unaffected, suggesting that other NK cell receptors have a role
in this pathway. Subsequent in vivo studies showed that
blockade of the NKG2A receptor gave a similar disease
phenotype as seen with whole NK cell depletion, confirming
that this specific receptor has a direct protective role during
acute colitis through regulation of inflammatory neutrophil
function. We show here, for the first time, a direct receptor–
ligand interaction betweenNK cells and neutrophils that acts as
a switch to downregulate a detrimental inflammatory neu-
trophilic response. Importantly, this inhibitory response is not
mediated through removal of neutrophils via induction of
apoptosis as we actually observed prolonged survival of
neutrophils when in co-culture with NK cells.3

Anti-NKG2A-treated mice also have excessive neutrophil
accumulation, suggesting that direct cell-to-cell contact
between NKG2Aþ NK cells and neutrophils may also have
a role in the modulation of colonic neutrophil infiltration.
NKG2A may serve to prevent or reduce an inflammatory
neutrophil-driven positive-feedback loop, via inhibition of
cytokines (such as IL-6 and IL-17), subsequently impacting on
overall neutrophil recruitment. Early release of NK-derived
soluble factors may also have an inhibitory role in initial
neutrophil recruitment during colitis. Previously, IFN-g has
been shown to induce monopoiesis (differentiation of mono-
cytes) and inhibit neutrophil development during inflamma-
tion.33 Indeed, IFN-g� /� mice have increased neutrophil
production and recruitment during inflammation,33 with IFN-
g directly able to inhibit pathogenic neutrophil accumulation
via blockade of IL-17 and other neutrophil-prompting
chemokines/cytokines.34 IL-10 is also known to regulate
neutrophil recruitment by attenuating chemokine (mKC)
production, resulting in inhibition of neutrophil trafficking

into local mucosal tissues.35,36 Correspondingly, we observed
increased levels of neutrophil recruitment–inducing chemo-
kines (mKC) and cytokines (IL-17, IL-6, and IL-1b) in colonic
homogenates of NK cell–depleted mice. This may correlate
with the loss of NK cell–specific IFN-g and IL-10 production,
resulting in the excessive neutrophil accumulation observed
during colitis in NK cell–depleted mice. Thus, the absence of
NKG2A-expressing NK cells significantly alters the inflam-
matory microenvironment promoting the excessive influx of
neutrophils. Further studies, focusing on NKG2A and NK cell–
derived soluble factors, will determine their relative involve-
ment in the context of colitis and neutrophil recruitment.

The effect of NK cells on neutrophils in the human
inflammatory setting is currently unclear. Although NK cell
numbers in UC patients appear to vary, functional studies have
indicated normal NK cell activity in patients with inactive
disease but pronounced defects in cytotoxic responses in those
with active UC disease.16,17 Importantly, clinical change from
active to inactive disease are associated with enhancement of
NK activity.18 Furthermore, freshly isolated NK cells from
active UC patients, although initially defective in lytic
functions, can become cytotoxic after in vitro activation,
suggesting no major maturational defects in NK precursor
cells.18 More recent data have indicated that another NK cell–
inhibitory receptor, KIR2DL2/3, is genetically associated with
Crohn’s disease and other chronic inflammatory diseases in the
presence of its cognate ligand HLA-C1.37 These data point to a
number of possible scenarios in the clinical disease setting—
reduced NK cell–receptor expression (such as NKG2A), rather
than complete loss, during active disease, or specific genetic
polymorphisms that subsequently increases the risk of disease
development. Future studies are required to properly dissect
these genetic associations and to determine if this NK cell–
protective mechanism is present in the patients with active
inflammation.

In conclusion, our findings not only identify a previously
unknown immunoregulatory mechanism for NK cells during
acute inflammation but also identify a specific NK cell
receptor—NKG2A—that can directly regulate neutrophil
function. Thismay open a new promising therapeutic approach
for intestinal diseases such as UC, where neutrophil infiltration
is a predominant feature.

METHODS

Mice and in vivo studies. Mice (C57BL/6JOlaHsD and FVB/N) were
used at 12–14 weeks of age. Animal husbandry and experimental
procedures were approved by the University College Cork Animal
Experimentation Ethics Committee. Mice received intraperitoneal
injections (every 3–4 days) of either anti-AGM1 or anti-NKG2A to
deplete NK cells/block receptor function.4 Mice were given 3% DSS
(45 kDa; TdB Consultancy, Uppsala, Sweden) ad libitum in their
drinking water for 6 days followed by water for the remainder of the
study as described.19,20

Bioluminescent imaging. NK cells were isolated and adoptively
transferred into FVB/N recipients with DSS-induced colitis and
imaged 22 h post-transfer as described in Supplementary Methods.
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Flowcytometryandoxidativeburst analysis. Single-cell suspensions
were prepared and stained as previously described and in
Supplementary Methods.4 For intracellular staining, cells were
incubated with BD Activation Cocktail plus GolgiPlug (BD Bio-
sciences, Oxford, UK) for 6 h. Samples were acquired on a FACSLSRII,
(BD Biosciences) and data were analyzed using DIVA software (BD
Bioscience).

NK cell and neutrophil co-cultures. For detailed information, see
Supplementary Methods. NK cells were isolated as described above.
Neutrophils were harvested from the peritoneum of mice 8 h after
intraperitoneal injection with 4% thioglycollate. Direct co- and
transwell cultures were then incubated at 37 1C for the required
time frames. For receptor neutralisation studies, cultures were
supplemented with 30 mgml� 1 of anti-NKG2A, anti-NKG2D, or
appropriate isotype control.

Statistical analysis. Experimental results were plotted and analyzed
for statistical significance with Prism4 software (GraphPad Software
Inc, La Jolla, CA, USA) using Kaplan–Meier survival curves and log-
rank test, one-way ANOVA followed by Bonferroni post-hoc cor-
rection, and ANOVA Kruskal–Wallis test with Dunn’s multiple
comparison test. A P-value ofo0.05was used as significant in all cases.

SUPPLEMENTARYMATERIAL is linked to the online version of the paper

at http://www.nature.com/mi
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