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The Journal of Immunology

NK Cells Influence Both Innate and Adaptive Immune
Responses after Mucosal Immunization with Antigen and
Mucosal Adjuvant

Lindsay J. Hall, Simon Clare, and Gordon Dougan

NK cells were found to be recruited in a temporally controlled manner to the nasal-associated lymphoid tissue and the cervical

lymph nodes of mice after intranasal immunization with Ag85B-early secreted antigenic target 6kDa from Mycobacterium

tuberculosis mixed with Escherichia coli heat-labile toxin as adjuvant. These NK cells were activated and secreted a diverse range

of cytokines and other immunomodulators. Using Ab depletion targeting anti-asialo GM1, we found evidence for altered traf-

ficking, impaired activation, and cytokine secretion of dendritic cells, macrophages, and neutrophils in immunized NK cell-

depleted mice compared with control animals. Analysis of Ag-specific immune responses revealed an attenuated Ab and cytokine

response in immunized NK cell-depleted animals. Systemic administration of rIL-6 but not rIFN-g significantly restored immune

responses in mice depleted of NK cells. In conclusion, cytokine production, particularly IL-6, via NK cells and NK cell-activated

immune populations plays an important role in the establishment of local innate immune responses and the consequent de-

velopment of adaptive immunity after mucosal immunization. The Journal of Immunology, 2010, 184: 4327–4337.

I
n recent years, the mucosal immunization route has emerged as
an attractive option for inducing both local and systemic immu-
nity (1–3). In rodents, tissues involved in the generation of such

responses after intranasal (i.n.) immunization include nasal-associated
lymphoid tissue (NALT) and draining cervical lymph nodes (CLNs)
(4–8). Intranasal immunization with Ag mixed with mucosal ad-
juvants, such as the heat-labile toxin (LT) from Escherichia coli, is
a particularly efficient regimen to stimulate bothmucosal and systemic
Ag-specific responses. In addition, LT-based adjuvants can induce
potent adaptive TH1 immune responses, involving significant pro-
duction of Ag-specific IFN-g and the generation of cytotoxic T cell
responses. For example, purified Mycobacterium tuberculosis fusion
Ag85B-early secreted antigenic target 6 kDa (Ag85B-ESAT6) has
been shown to induce potent Ag-specific immune responses when co-
administered i.n. with an LT-based adjuvant generating significant im-
mune responses and protection afterM. tuberculosis challenge (9, 10).
NK cells can contribute to host resistance to viruses, bacteria and

certainparasitesaswellasprovidingimmunesurveillanceagainst the
development of tumors (11–13). NK cells mediate their effects
through cellular cytotoxicity alongside the production of a range of
cytokines and other immunoregulatory mediators (14–19). Early

resistance to intracellular pathogens, includingM. tuberculosis, can
be driven by IFN-g production and lysis of infected cells and
through modulatory effects on T regulatory responses (20–22).
Several studies have suggested that crosstalk between NK cells and
APCs, such as dendritic cells (DCs) and macrophages (MFs),
during the early phases of the immune response influences the type
of adaptive immunity that follows (23–25). Such cellular cross talk
can involve activation of both the NK cell and APC populations—
the nature of such responses influencing subsequent T and B cell
activities (26). Another study has highlighted the importance ofNK-
DC cellular interactions in vivo within the lymph nodes of mice
infected with Leishmania major and the consequent activation of
CD4+ T cells (27). Other evidence indicates that early IFN-g pro-
duction by NK cells can affect the characteristics of Ag-specific
immune response, particularly by driving TH1 polarization (28–31).
Because NK cells are major producers of proinflammatory cyto-

kines and have the ability to closely interact with other innate pop-
ulations,wesought touncoveranddefinetheir role inthegenerationof
local and systemic immune responses after mucosal vaccination.We
used i.n. immunization as a tool to examine localNKcell responses in
both the NALT and CLN and the administration of anti-asialo GM1
(anti-AGM1) for the ablation of NK cells in vivo. In this study, we
present evidence that recruitment of NK cells shortly after i.n. im-
munization modulates trafficking and activation of other innate cell
populations to the NALT and CLN. These early local events conse-
quently affect the magnitude of systemic Ag-specific responses and
are linked to NK cell and NK cell-associated IL-6 production.

Materials and Methods
Animals and in vivo experimental protocols

Female BALB/c mice (5–6-wk-old) from Charles River (Margate, U.K.)
were used in all animal experiments. All animals were given food and
water ad libitum. Mice were sacrificed by cervical dislocation or exsan-
guination. Animal husbandry and experimental procedures were conducted
according to the United Kingdom Animals (Scientific Procedures) Act of
1986. For immunizations, mice were immunized i.n. on day 0 with PBS
(negative controls) or 1 mg LT plus 25 mg Ag85B-ESAT6 in a volume of
15 ml per nostril. The adjuvant LT was a gift from Novartis, Siena, Italy,
and purified Ag85B-ESAT6 was obtained from the Statens Serum Institute,
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Copenhagen, Denmark. NK cells were depleted from BALB/c mice by
administration of 50 mg functional grade rabbit anti-AGM1 Ab (Wako
Chemicals, Neuss, Germany) in 200 ml PBS i.v. or 300 ml i.p. injection
(32, 33). For the depletion of NK cells from both the NALT and CLNs,
mice were depleted i.n. with 5 mg anti-AGM1 in 10 ml PBS. Control
animals received 50 or 5 mg of appropriate functional grade rabbit isotype
control Ab (rabbit IgG, R&D Systems, Abingdon, U.K.). Injections were
performed 7 days prior to Ag immunization and repeated every 3–4 d to
maintain depletion. Intranasal depletions were performed 5 d prior to
immunization between injections. During experiments involving admin-
istration of exogenous murine IL-6 and IFN-g, mice were depleted of
NK cells and immunized as described earlier. rIL-6 had a sp. act. of 5 3
107 U/mg, and rIFN-g had a sp. act. of 1 3 107 U/mg (PeproTech EC,
London, U.K.). The mice were then injected i.v. with 2 mg rIL-6 or 10 mg
rIFN-g diluted in 200 ml PBS on day 1 and 2 postimmunization.

Immunofluorescent staining

Micewere sacrificed at 5, 24, and 72 h after i.n. immunization, and the CLNs
and NALT were removed (34). The CLNs and NALT were snap-frozen in
liquid nitrogen and 6-mm sections were cut. Frozen sections were stained
with primary mAb as specified in Supplemental Table 1 according to
Bajénoff et al. (27). Hoechst (Invitrogen, Paisley, U.K.)was used as a nuclear
counterstain.

Cytometric bead array cytokine analysis

Spleens were removed from mice 21 d postimmunization and seeded in
duplicate at a concentration of 5 3 105 cells per well. Splenocytes were
stimulated with either Ag85B-ESAT6 or Con A (both at 5 mg/ml) or RPMI
1640 medium. Plates were incubated at 37˚C and 5% CO2 for 36–48 h.
Cytokines IL-2, IL-4, IL-5, IL-6, IL-10, IFN-g, and TNF-a were analyzed
using cytometric bead analysis flexi-kits (BD Biosciences, San Jose, CA),
and assays were performed per the manufacturer’s instructions. Samples
were then analyzed on a FACSAria flow cytometer (BD Biosciences). The
limit of detection was ∼8 pg/ml for all cytokines.

ELISA analysis of cytokines

Serum samples were isolated from mice on days 1, 7, 14, and 21 post-
immunization and analyzed for IL-6, IL-22, IFN-g, and IL-10 levels.
Supernatants from stimulated splenocytes (see above) were also analyzed
for IL-22. ELISAs were performed per the manufacturer’s instructions
(Bender MedSystems, Vienna, Austria).

Flow cytometry

Single-cell suspensions from the NALT, CLNs, and spleens of individual mice
wereprepared toobtainafinalconcentrationof53105cellsperwell inblocking
buffer (13 PBS/1% BSA/0.05% sodium azide/1% rat, hamster, and mouse
serum). To this buffer, 50 ml of each mAb dye mix was added plus 5 ml of the
amine-reactive viability dye ViViD (Invitrogen) to determine dead cells, with
incubation in the dark at 4˚C for 30min (35). ThemAbused for flow cytometry
are listed in Supplemental Table 1. Cells were washed twice with blocking
buffer and finally resuspended in 200 ml 1% paraformaldehyde. To perform
flow cytometric analyses andmeasure relative fluorescence intensities a FACS-
Aria cytometer and BD Diva software (BD Biosciences) were used. For each
mouse, 20,000–200,000 events were recorded. The percentage of cells labeled
with each mAb was calculated in comparison with cells stained with isotype
control Ab. Background staining was controlled by labeled isotype controls
(BDBiosciences, Caltag Laboratories [Burlingame,CA], and Serotec [Oxford,
U.K.]) and fluorescence-minus-one. The results represent the percentage of
positively stained cells in the total cell population exceeding the background
staining signal. For determination of intracellular cytokine production by leu-
kocytes at earlier time points, cells were incubated for 6 h at 37˚C with BD
Leukocyte Activation Cocktail with BD GolgiPlug or GolgiPlug alone (BD
Biosciences).When examining later responses, cells were incubated for 36–
48 h with either Ag85B-ESAT6 or Con A (both at 5 mg/ml) or RPMI 1640
medium with GolgiPlug added for the final 6 h. Cells were then washed
with staining buffer and stained at 4˚C with appropriate surface mAbs
listed in Supplemental Table 1. Cells were then fixed and saponin-
permeabilized (Perm/Fix solution; BD Biosciences) and incubated with
cytokine mAbs listed in Supplemental Table 1 or isotypic controls. After
30min, cells were twicewashed in permealisation buffer (BDBiosciences)
and then analyzed by flow cytometry as described above.

Evaluation of Ab responses

Serumsamples frommicewereobtainedondays14and21postimmunization
and analyzed for the presence of total Ig, IgG, IgG1, IgG2a, IgG2b, IgE, and
IgM. Briefly, ELISA plates (Nunc Maxisorp, Rochester, NY) were coated

overnight at 4˚C with 50 ml of a 2 mg/ml solution of purified Ag85B-ESAT6
in coating buffer (0.1MNa2HPO4, pH 9) and then blockedwith 3.0%BSAat
room temperature for 1 h. Serum samples were diluted in 0.1%BSA starting
at 1:100. Each plate contained control wells with preimmune sera, PBS (pH
7.4), or a known positive immune serum and incubated for 1 h at 37˚C. Abs
conjugated to HRP were diluted 1:1000, and plates incubated for an

FIGURE 1. Characterization of NK cells isolated from the NALT and

CLN at 5, 24, and 72 h after i.n. immunization. Cells were isolated from

NALT and CLN of BALB/c mice 5, 24, and 72 h after i.n. immunization

with PBS (naive mice) or 1 mg LT + 25 mg Ag85B-ESAT6, and stained

with flurochrome-labeled mAb and analyzed by flow cytometry in which

20,000–100,000 events were recorded. A, Plots shown are representative of

at least 10 mice, and the mean NK cell percentages are indicated. B, Total

NK cell number is shown for each organ. Columns represent the mean 6
SD. C, For analysis, gates were set on DX5+/CD32 cells and the MFI of

CD25 and CD69 expression was determined. Columns represent the mean

MFI 6 SD. pp , 0.05; ppp , 0.01; pppp , 0.001, as determined by one-

way ANOVA followed by Bonferroni’s multiple comparison test compared

with negative control animals (i.e., PBS immunized, naive mice).

FIGURE 2. In situ visualization of NK cells within the NALTand CLN at

5, 24, and 72 h after i.n. immunization. BALB/c mice were immunized i.n.

with PBS (naive) or LT plus Ag85B-ESAT6. NALTand CLNswere collected

5, 24, and 72 h postimmunization. Tissue sections from six individual mice

were analyzed at each time point by confocal microscopy (original magnifi-

cation328). For NALTand CLNs, 6-mm serial frozen sections were fixed in

acetone/ethanol and stained for CD49b (green), PNAd (red) and nuclei (blue).

A representative picture for each group is shown. Green-stained cells indicate

NK cells. BZ, B cell zone; TZ, T cell zone.
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additional 30 min at 37˚C. The level of HRP associated with each well was
then determined using Sigma Fast o-phenylenediamine dihydrochloride
(50 ml per well; Sigma-Aldrich) colorimetric substrate. The reaction was
stopped after 15 min by the addition of 2.5 M H2SO4. The optical density
(OD)490 was determined, and the titer was expressed as the reciprocal of the
dilution giving an OD of 0.2.

Statistical analysis

Experimental results were plotted and analyzed for statistical significance
with Prism4 software (GraphPad, San Diego, CA).

Results
Characterization of NK cells in the NALT and CLN early after
i.n. immunization

To detect any potential changes within the NK cell population short-
ly after i.n. immunization, CLNs and NALTwere taken from mice
vaccinated with a single dose of purified Ag85B-ESAT6mixed with
LT as adjuvant, and these were compared with similar tissues taken
from controlmice. The cell populationswere then examined by flow
cytometry and immunofluorescence microscopy. Groups of mice
were sacrificed 5, 24, and 72 h postimmunization to determine the
percentage, distribution, activation status, and cytokine profile of
DX5+/CD32 NK cells.

The overall percentages and total numbers of NK cells were sig-
nificantly increased (p , 0.01) initially at 5 h postimmunization
within the CLNs, in both tissues at 24 h and within the NALT at the
final 72 h time point when compared with naive mice (Fig. 1A, 1B).
We also observed significant increases (p , 0.001) in activation
marker expression (CD69 and CD25) at all time points within the
NALT, but only at 24 hwithin theCLNsof immunizedmice (Fig. 1C).
Direct in situ visualization of these cells within both tissues revealed
localization to more central T cell zones from as early as 5 h post-
immunization. In addition, NK cells were also detected within B cell
follicles after 24 h, compared with naive mice in which where they
were observed predominantly surrounding the periphery (Fig. 2).
When we examined the cytokine profile of BD Leukocyte Acti-

vation Cocktail with BD GolgiPlug (BD Biosciences) in vitro stim-
ulated NK cells, we observed an initial significant decrease (p ,
0.001) in the percentage of TNF-a+ cells within the NALT of im-
munizedmice, followed by a significant increase (p, 0.01) at 24 and
72 h postimmunization (Table I, Supplemental Fig. 1). Within the
CLNs, significant increases (p , 0.001) in TNF-a+ NK cells were
observed at 5 and 24 h.Both tissues showed significant increases (p,
0.01) in IFN-g producing cells at 5 h (up to 24 h in the NALT), al-
though at the final 72 h time point we detected significantly fewer

Table I. Cytokine profile of NK cells after i.n. immunization

Tissue Cytokine Naive 5 h 24 h 72 h

NALT IL-10 8.5 6 0.8 5.4 6 0.5a 3.2 6 0.3a 2.8 6 0.4a

IFN-g 11.5 6 1.1 16.6 6 1.2b 19.3 6 2.4a 7.6 6 1.4b

IL-6 2.7 6 0.6 1.7 6 0.3 5.8 6 1.2c 10.5 6 2.0a

IL-22 6.9 6 1.6 16.9 6 2.9a 18.7 6 3.0a 24.6 6 3.2a

TNF-a 21.2 6 2.1 12.1 6 1.7a 30.0 6 2.8b 37.4 6 3.7a

CLN IL-10 2.2 6 0.3 2.3 6 0.1 2.4 6 0.3 2.1 6 0.2
IFN-g 14.5 6 0.9 23.7 6 2.2a 12.7 6 1.7 10.6 6 1.2b

IL-6 2.7 6 0.1 3.4 6 0.4 2.2 6 0.2 6.6 6 1.5b

IL-22 13.1 6 1.1 9.8 6 0.9 22.3 6 2.2b 13.7 6 1.6
TNF-a 25.8 6 3.5 36.8 6 4.0a 38.0 6 4.9a 26.7 6 3.3

Cells were stimulated for 6 h with BD Leukocyte Activation Cocktail with BD GolgiPlug in vitro, stained with surface mAb
to determine DX5+/CD32 population, and permeabilized and stained with anticytokine fluorochrome-labeled mAb. Data
represent percent of cytokine positive NK cells out of the total NK cell population 6 SD. Representative dot plots are shown
in Supplemental Fig. 1.

ap , 0.001, as determined by one-way ANOVA followed by Bonferroni’s multiple comparison test compared with negative
control animals (i.e., PBS immunized, 0 h).

bp , 0.05.
cp , 0.01.

FIGURE 3. Characterization of surface marker ex-

pression on IL-6+ and IL-62 mouse NK subsets.

BALB/c mice were immunized i.n. with 1mg LT + 25

mg Ag85B-ESAT6 or PBS (data not shown) and NALT

and CLN cells isolated at 72 h. Cells were stained with

DX5, CD3, and IL-6 together with the indicated surface

marker. Histograms represent expression level of the

indicated surface markers on the IL-62 and IL-6+

subsets, which are gated on DX5+/CD32 NK cells. The

percentages are averaged from at least five mice and

represent the mean percent positive cells for surface

marker indicated above each histogram, compared with

isotype control. The histograms shown are representa-

tive of at least five mice.

The Journal of Immunology 4329
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(p,0.05) IFN-g+NKcells inboth lymphoid tissues.Examining IL-6
production from NK cells revealed significantly greater (p , 0.01)
percentages of positive cells from 24–72 h within the NALTand at 72

h within the CLNs of immunized mice. The IL-22+ NK cell pop-
ulation was significantly greater (p , 0.01) in the NALT at all time
points tested and within the CLN at 24 h. Interestingly, when we

FIGURE 4. NK cell depletion impacts on other innate populations in the NALT and CLN 24 h post immunization. BALB/c mice were treated with anti-

AGM1 or normal rabbit IgG on days 27, 24, and 22. Mice were then immunized i.n. with PBS (naive) or 1 mg LT and 25 mg Ag85B-ESAT6 on day 0.

Cells were isolated from the NALT and CLNs of naive and immunized animals 24 h after i.n. immunization, stained with fluorochrome-labeled mAb, and

analyzed by flow cytometry in which 20,000–100,000 events were recorded. All data represent 10 animals per group from two independent experiments. A,

Columns represents the mean 6 SD percentage of CD11c+, F4/80+, and Ly6G+ cells. B, For analysis, gates were set on the innate subset marker positive

(CD11c+ or F4/80+) cells and the MFI of VCAM-1, and CD86 expression was determined. A gate was also set around Ly6G+ cells, and the level of CD69

expression was determined. Data represent mean MFI 6 SD. C, Cells were stimulated for 6 h with BD Leukocyte Activation Cocktail with BD GolgiPlug

(BD Biosciences) in vitro, stained with surface mAb to determine CD11c+, F4/80+, or Ly6G+ populations, and then permeabilized and stained with an-

ticytokine flurochrome-labeled mAb. Data represent percent of cytokine positive cells out of total specific cell population 6 SD. Representative dots plots

are shown in Supplemental Fig. 2B. pp , 0.05; ppp , 0.01; pppp , 0.001 using one-way ANOVA followed by Bonferroni’s multiple comparison test.

4330 NK CELLS INFLUENCE IMMUNE RESPONSES AFTER IMMUNIZATION
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examined IL-10–producing NK cells we observed significantly less
(p , 0.001) in the NALT of immunized mice when compared with
similarly stimulated naive cells. We also observed similar overall
cytokine profiles in unstimulated cells isolated from immunizedmice
(data not shown). Thus, significant changes are apparent in both the
CLN and NALT NK cell populations within the first 3 d after i.n.
immunization, and such changes might point to a role for such cells
during mucosal vaccination.

Surface expression of NK cell receptors and markers in IL-6+

and IL-62 NK cell subsets

Interestingly, when analyzing the cytokine profile of both NALT
and CLN NK cells, we observed a significant population of IL-6+

cells induced after i.n. immunization. To further characterize this
murine NK cell population, we examined the expression patterns
of a number of markers and receptors in IL-6+ and IL-62 NK cell
subsets (Fig. 3). We found that IL-6–producing NK cells had
significantly higher (p , 0.05) expression of CD11b, CD94, and
Ly49C/I/F/H when compared with IL-62 NK cells within both
tissues. These two subsets are also divergent in CD11c expression,
which is significantly lower (p , 0.05) in the IL-6+ subset. In
addition, NALT IL-6+ NK cells also had significantly lower B220
and CD69 surface expression, with significantly higher CD69
expression on the CLN IL-6+ subset.
Notably, we also observed significant differences in marker ex-

pression in the IL-6+ subset between tissues. Within the NALT,
NKp46 expression was significantly higher (p, 0.05) than in CLN
IL-6+ NK cells. Conversely, CD27 expression was significantly
higher within the CLN subset when compared with similar IL-6+

NALT NK cells. Therefore, it appears that IL-6–producing NK cells
represent a discrete subset of this important cellular population.

In vivo depletion of NK cells alters other innate immune cell
populations within the NALT and CLN early after i.n.
immunization

To detect any potential influence of NK cells on other local immune
cell populations, polyclonal anti-AGM1 Ab was used to actively
deplete NK cell populations from murine tissues in vivo (32, 33).
Consequently, groups of mice were treated with either anti-AGM1
or an equivalent IgG control Ab; these were then immunized i.n.
with either LT mixed with Ag85B-ESAT6 (immunized mice) or
PBS (naive mice). Both the NALT and CLN tissues were then
removed to determine the activation status, percentages, and cy-
tokine profile of selected innate cell populations at 24 h post-
immunization, when significant increases in NK cells within both
these lymphoid tissues had been observed (Fig. 1). Depletion of
NK cell activity was confirmed by a marked reduction in DX5+/
CD32 cells in the NALT, CLNs, and spleens of anti-AGM1–
treated mce, but not control mice (Supplemental Fig. 2A). Less

than 1% NK cells were consistently observed in mice treated with
anti-AGM1. Importantly, we did not observe any significant re-
ductions of other immune cell populations at earlier or later time
points using anti-AGM1 (data not shown).
Depletion of NK cells before i.n. immunization resulted in

quantitative differences in the NALT- andCLN-associated DC,MF,
and neutrophil populations detected at the 24 h time point. In im-
munized IgG control mice, we observed significantly higher (p ,
0.05) percentages and total numbers of NALT DCs compared with
the significant decrease detected in anti-AGM1–treated immunized
animals when compared with appropriate naive groups (Fig. 4A,
Table II). In contrast, immunized mice treated with anti-AGM1 had
significant increases (p , 0.05) in MF populations in both the
NALT and CLN, compared with depleted naive mice and those.
Alternatively, only totalMF numberswere significantly increased in
immunized IgG control mice. Within the CLNs we observed sig-
nificant increases (p, 0.05) in total neutrophil number in both im-
munized groups; however, onlyNKcell-depletedmicewere found to
have significantly higher (p, 0.05) percentages of neutrophilswhen
compared with their appropriate naive group (Fig. 4A, Table II).
Qualitative changes were also apparent within DC, MF, and

neutrophil populations early after i.n. immunization inmice depleted
ofNK cells comparedwith controls (Fig. 4B). Upregulation of CD86
and VCAM-1 expression was apparent (p , 0.01) within both
NALT- and CLN-associated DC and MF populations detected in
immunized mice treated with IgG control Ab, compared with simi-
larly treated naive animals (Fig. 4B). Immunization did not, however,
significantly (p . 0.05) influence surface expression of either
VCAM-1 or CD86 on DCs or MFs in animals treated with anti-
AGM1 and therefore depleted of NK cells. In addition, i.n. immu-
nization significantly altered (p , 0.01) the surface expression of
CD69 on neutrophils in IgG control Ab-treated animals by .70%,
compared with naive mice. In contrast, CD69 mean fluorescence
intensity (MFI) on Ly6G+ cells in mice depleted of NK cells in-
creased by∼15% andwas not significantly higher (p. 0.05) than in
depleted naive animals (Fig. 4B).
Examining cytokine profiles of these innate populations revealed

significant reductions in the number of proinflammatory cytokine
positiveDCs,MFs, andneutrophils in those immunizedmice treated
with anti-AGM1 when compared with IgG control immunized mice
(Fig. 4C, Supplemental Fig. 2B). Specifically, IgG control mice had
a significantly higher (p , 0.05) number of IL-6+ NALT and CLN
DCs at 24 h postimmunizationwhen comparedwithmice depleted of
NK cells; this was also the case for IFN-g+ and IL-22+CLNDCs.We
observed significantly higher (p, 0.05) numbers of IL-6, IFN-g, and
IL-22–positive NALT MFs and neutrophils in immunized IgG
control treated mice when compared with anti-AGM1 immunized
mice. Indeed, those neutrophils positive for IFN-g and IL-22 ob-
tained from anti-AGM1–immunized treated animals were found to

Table II. Innate cell NALT and CLN numbers in immunized control or NK cell-depleted mice

Tissue Cell Type
Naive

IgG Control
Immunized
IgG Control

Naive
Anti-AGM1

Immunized
Anti-AGM1

NALT DC 29.9 6 2.1 60.1 6 5.1a 35.4 6 2.7 31.9 6 3.4b

MF 37.2 6 1.7 56.2 6 2.4c 41.7 6 3.4 64.4 6 5.4a

Neutrophil 34.6 6 2.0 39.8 6 2.9 37.8 6 2.8 45.9 6 3.6
CLN DC 252.6 6 14.7 201.1 6 17.5 261.1 6 14.9 293.7 6 18.8b

MF 203.2 6 26.8 269.4 6 23.3 225.5 6 15.3 430.4 6 23.3a,b

Neutrophil 232.4 6 15.7 375.4 6 56.1d 249.4 6 23.1 427.3 6 41.3c

Total cell number for each lymphoid organ is shown (1 3 103) 6 SD.
ap , 0.001, naive versus immunized.
bp , 0.001, immunized versus immunized using one-way ANOVA followed by Bonferroni’s multiple comparison test.
cp , 0.01, naive versus immunized.
dp , 0.05, naive versus immunized.
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be significantly less able (p, 0.05) to produce these cytokines than
were similarly treated naive mice. Within the CLNMF population,
we observed a significantly greater number (p , 0.001) of IL-22+

cells in control immunized mice when compared with NK cell de-
pleted mice. In addition, the IFN-g+ neutrophil subpopulation was
significantly lower (p , 0.001) in anti-AGM1 treated immunized
mice when compared IgG control immunized mice. Notably, NALT
MFs and neutrophils were found to have a significantly greater (p,
0.05) anti-inflammatory IL-10 subpopulation in mice immunized
and depleted of NK cells when compared with immunized IgG
control-treated animals. As already described for NK cells, we ob-
served similar cytokine profiles from unstimulated innate cells iso-
lated from immunizedmice (data not shown). These data suggest that
depletion of NK cells affects the trafficking of APCs within the local
lymphoid tissues of the upper respiratory tract, and it additionally
influences the activation and cytokine profile of other innate cellular
populations shortly after i.n. immunization.

Mice depleted of NK cells have altered Ag-specific Ab and
cytokine levels after mucosal immunization

To assess the effects of anti-AGM1 treatment on Ag85B-ESAT6
Ag-specific Ab production, the levels of specific total Ig, IgG, IgG1,
IgG2a, IgG2b, IgE, and IgMwere measured in plasma at day 14 and
day 21 after i.n. immunization. Fig. 5A shows that immunized NK
cell-depleted mice had no detectable (p , 0.001) serum IgG2a
anti-Ag85B-ESAT6 titers above preimmune levels, and IgG2b
levels were significantly lower (p, 0.01). Immunized IgG-treated
control-treated mice also had significantly higher (p , 0.01) anti-
Ag85B-ESAT6 IgE titers compared with immunized anti-AGM1
treated animals. However, anti-Ag85B-ESAT6 total Ig, IgG, IgG1,
and IgM responses did not appear to be affected by anti-AGM1
treatment (data not shown). Serum collected at day 14 post-
immunization gave the same overall pattern of Ab titers to those
observed in day 21, albeit with slightly lower levels for all sub-
types (data not shown).
Analysis of serum cytokine levels at various time points after

immunization showed significantly less (p, 0.05) IFN-g and IL-6
in immunized anti-AGM1 treated animals when compared with
immunized IgG-treated controls from day 7 onward (Fig. 5B).
However, it was not until day 21 that significantly lower (p ,
0.01) levels of IL-22 were observed between immunized IgG
control and NK cell-depleted mice. Importantly, NK cell-depleted
mice were found to have significantly higher (p, 0.01) serum IL-
10 levels (from day 14) when compared with similarly immunized
IgG controls (Fig. 5B).

FIGURE 5. Anti-AGM1 treatment influences the development of Ag-

specific Ab and cytokine responses. BALB/c mice were treated with anti-

AGM1 or normal rabbit IgG on days27,24,22 then immunized i.n. with

1 mg LT and 25 mg Ag85B-ESAT6 or PBS on day 0. A, Mice were further

treated every 324 d and then bled on days 14 and 21 for evaluation of

primary Ag-specific Ab synthesis by ELISA. Titers from day 21 are shown

and reflect those seen on day 14 (data not shown). Data reflect 10 in-

dividual mice per group from two independent experiments (minus

background naive animal titers) expressed as total Ab titer using a cut-off

of OD 0.2., with the black bar showing the geometric mean. B, Mice were

also bled on days 1, 7, 14, and 21 postimmunization, and serum cytokine

responses were evaluated using ELISA. Graph represents cytokine levels

(pg/ml) 6 SD. C, Mice were sacrificed on day 21, and spleens were re-

moved for T-cell assays. Cytokine responses were measured upon in vitro

stimulation with Ag85B-ESAT6 (5 mg/ml) for 36–48 h. Cells were also

stimulated with 5 mg/ml Con A (positive control) indicated by solid black

line and RPMI 1640 media (negative control) indicated by dashed line.

Columns represent the mean6 SD stimulation indices of splenocytes from

10 immunized animals per group from two individual experiments (minus

background naive cytokine levels). For all cytokines, we found significant

difference between naive and immunized mice (data not shown). The

differences in cytokine levels between immunized IgG control or anti-

AGM1 treated animals is shown. ppp , 0.01; pppp , 0.001 using the

Mann-Whitney U test.
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Spleens were also removed from mice 21 d postimmunization,
and these cells were stimulated with Ag85B-ESAT6 in vitro to
assess cytokine levels (IL-2, IFN-g, TNF-a, IL-4, IL-6, IL-10, IL-5,
and IL-22). Significantly higher levels (p , 0.05) of each cytokine
were observed in immunized compared with naive groups (data not
shown). When IgG control-treated immunized mice were com-
pared with similar anti-AGM1–treated mice, IL-2, IL-5, and IL-4
levels were not significantly different (p . 0.05) (data not shown).
However, IFN-g, TNF-a, IL-6, and IL-22 were all significantly
lower (p , 0.05) (Fig. 5C). Furthermore, immunized mice treated
with anti-AGM1 had significantly higher levels of IL-10 when
compared with controls (Fig. 5C). Collectively, these data argue
that anti-AGM1-mediated NK cell depletion impacts the de-
velopment of Ag-specific Ab and cytokine responses to Ags after
i.n. immunization.

Depletion of NK cells also influences the number and cytokine
profile of systemic immune populations after i.n. immunization

To clarify which splenic cellular populations might be associated
with the differences observed in cytokine levels between immunized

IgG control and anti-AGM1 treated mice, intracellular cytokine
analysiswasperformed (Fig. 6, SupplementalFig. 3).Examining the
NK cell population within the spleens of IgG control immunized
mice, we observed a 2-fold rise in both percentage and absolute
cell number (53.96 2.5 SD versus 102.66 4.6 SD)when compared
with naive mice (Fig. 6A). NK cells positive for IL-6, IL-22, and
TNF-a increased (p, 0.001) in immunized animals, whereas those
producing IFN-g and IL-10were significantly lower (p, 0.05) than
those observed in naive mice (Fig. 6B, Supplemental Fig. 3A).
Analysis of other cell populations found within the spleen

showed significant changes in both percentage and total measured
cell numbers in naive compared with immunized animals in both
IgG control and anti-AGM1 treated mice (Fig. 6A, Table III).
Importantly, when we examined cytokine production from adap-
tive cell populations stimulated with Ag, we noted that B cells
from immunized NK cell-depleted mice produced significantly
less (p , 0.001) IL-6 when compared with similarly stimulated
IgG-treated control cells. Significantly fewer (p , 0.05) IL-22+

T cells were observed in immunized, NK cell-depleted mice when
compared with IgG-treated controls. Both TNF-a and IFN-g

FIGURE 6. Anti-AGM1 Ab treatment alters the number and cytokine profile of systemic immune populations. BALB/c mice were treated with either

anti-AGM1 or control IgG Ab and then immunized with either PBS (naive) or Ag85B-ESAT6 and LT. Mice were sacrificed on day 21, and spleens were

removed for T cell assays. A, Splenocytes were stained with fluorochrome-labeled mAb and analyzed by flow cytometry in which 200,000 events were

recorded. Data represent the mean 6 SD percentage of DX5+/CD32, CD11c+, F4/80+ Ly6G+, CD19+ and CD3+ cells. Cytokine responses were measured

upon in vitro stimulation with Ag85B-ESAT6 (5 mg/ml) for 36–48 h. Cells were also stimulated with 5 mg/ml Con A or RPMI 1640 media (data not shown).

Stimulated cells were permeabilized and stained with anticytokine fluorochrome-labeled mAb to determine cytokine profiles. B, Data represent percent of

cytokine positive NK cells out of total NK cell population 6 SD in mice treated with IgG control and immunized i.n. Immunized mice treated with anti-

AGM1 had ,1% splenic NK cells; therefore, cytokine analysis was not performed. C, Data indicate the percent of cytokine positive adaptive cellular

populations (CD19+ and CD3+) in both IgG control and anti-AGM1 naive and immunized mice. Representative dots plots are shown in Supplemental Fig. 3.

pp , 0.05; ppp , 0.01; pppp , 0.001, as determined by one-way ANOVA followed by Bonferroni’s multiple comparison test for immunized mice

compared with appropriate naive animals and IgG control immunized versus anti-AGM1 treated immunized mice.
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production was also significantly impaired (p , 0.001) in all Ag-
stimulated cells analyzed from NK cell-depleted mice compared
with IgG-treated control mice. Interestingly, T cells from mice
treated with anti-AGM1 and immunized exhibited significantly
elevated (p , 0.001) percentages of IL-10+ cells when compared
with IgG control-treated mice (Fig. 6C, Supplemental Fig. 3B).
Innate populations were also examined and demonstrated signifi-
cantly lower proinflammatory cytokine profiles, but significantly
higher numbers of IL-10+ cells in NK cell-depleted immunized
mice compared with IgG controls (Supplemental Fig. 3C, 3D).

Exogenous cytokines rIL-6 and rIFN-g significantly restore
Ag-specific adaptive immune responses in mice depleted of NK
cells

Given the apparent requirement of endogenous IFN-g and IL-6 for
optimal production of cytokines and Abs in vivo, exogenous IFN-g
or IL-6 was administered to assess whether this would affect
adaptive immune responses in immunized animals depleted of NK
cells. Exogenous IL-6 or IFN-g administration to naivemice had no
significant effect (p. 0.05) on any of those cytokines or Abs tested
(data not shown).
Administration of rIFN-g to IgG control-treated, immunized

mice significantly decreased (p , 0.05) titers of IgG1 compared
with immunized NK cell-depleted mice also receiving rIFN-g,
although we did not observe a significant difference (p . 0.05) in
comparison with similar mice receiving no cytokine (Fig. 7A).
IgM titers were significantly lower in immunized mice that were
depleted of NK cells and administered exogenous IFN-g in
comparison with IgG treated control mice also treated with this
cytokine, whereas the difference between immunized mice given
only PBS and those treated with anti-AGM1 and given rIFN-g was
not significantly different (p . 0.05; Fig. 7A). In regard to cyto-
kine levels, administration of rIFN-g on days 1 and 2 post-
immunization significantly decreased (p , 0.01) detectable levels
of IL-10 in mice treated with anti-AGM1 when compared with
those that had just received PBS. Interestingly, the levels of IL-10
in rIFN-g–treated immunized mice depleted of NK cells were not
significantly different (p . 0.05) from those in immunized IgG
control mice (Fig. 7B). Furthermore, rIFN-g administration
modestly decreased induction of IL-4 in both IgG control and anti-
AGM1 treated mice, although this was not found to be signifi-
cantly different (p . 0.05) (data not shown). Administration of
exogenous IFN-g also significantly increased (p , 0.05) levels of
IFN-g in mice treated with IgG control Ab compared with mice
receiving no cytokines; however, there was no effect of rIFN-g
treatment in mice depleted of NK cells (Fig. 7B).
Administration of rIL-6 had significant effects on Ab subtype

titers in NK cell-depleted animals. For example, subclasses IgG2a,
IgG2b, and IgE levels were significantly increased (p , 0.05) in

animals treated with anti-AGM1 and rIL-6 in comparison with de-
pleted mice that received no exogenous IL-6. Indeed, titers of these
Abs were observed to be no longer significantly different (p. 0.05)
from those in immunized IgG control animals (Fig. 7A). The addi-
tion of exogenous IL-6, as with rIFN-g, attenuated induction of
IL-10 by stimulated splenocytes from anti-AGM1–treated mice
(Fig. 7B). In contrast to rIFN-g, rIL-6 also resulted in marked up-
regulation of systemic IFN-g and IL-6 with no significant effect on
IL-2, IL-5, or IL-4 (Fig. 7B and data not shown). Indeed, adminis-
tration of rIL-6 to NK cell depleted immunized mice restored pro-
duction of IFN-g and TNF-a to levels that were no longer
significantly different from those observed in immunized animals
treated with control IgG. Notably, IgG control mice receiving rIL-6
still had significantly more IL-6 and IL-10 than those immunized
mice treated with anti-AGM1 and rIL-6 (Fig. 7B).

Discussion
Many different cell types work in concert to mount a mucosal
immune response against a particular Ag. In this study, we provide
evidence that NK cells play a key role in the modulation of innate
immune responses and the consequent development of Ag-specific
immune responses after mucosal immunization.
Experimental evidence indicates that NK cells play an important

role during the induction of adaptive immune responses, in addition
to their function in the innate immune response. As early as 5 h after
i.n. immunization, we observed a significant influx of NK cells
within the CLNs and at 24 h within the NALT, as well as local-
ization of these cells to T and B cell areas. CD25 and CD69 ex-
pression levels suggested a heightened activation status of these NK
cells, which was confirmed when we detected significant increases
in the percentage of proinflammatory cytokine-positive NK cells in
both lymphoid organs at these early time points. IFN-g and TNF-a
production via NK cells has been very well documented, and
several recent studies have highlighted the role that NK cells play
in IL-22 production (36, 37). In particular, human tonsil NK cells
have been found to produce significant levels of this cytokine,
which is of interest because both tonsils and adenoids are the
human equivalent of rodent NALT (38). Notably, the role that NK
cells play in the production of IL-6 has not been evaluated
properly. After mucosal immunization, we observed significant
increases in IL-6+ NK cells in both lymphoid tissues. When we
examined a number of surface markers on this subset, expression
patterns appeared to distinguish these particular NK cells from
those not producing IL-6. The similar expression levels of im-
portant surface markers, including NKp46, CD27, and NKG2D,
suggest that NK cells capable of producing IL-6 arise from similar
NK cell precursors as other cytokine functional NK cells. How-
ever, a number of markers tested gave differential expression (e.g.,
B220, CD11c, CD11b) on the IL-6+ subset compared with IL-62

Table III. Total cell number for each spleen population is shown (1 3 105) 6 SD

Spleen
Naive

IgG Control
Immunized
IgG Control

Naive
Anti-AGM1

Immunized
Anti-AGM1

DC 43.0 6 2.5 61.2 6 3.2a 36.5 6 2.4 55.9 6 2.7a

MF 81.0 6 2.1 77.7 6 2.6 72.1 6 4.3 83.8 6 6.2
Neutrophils 69.5 6 6.1 84.0 6 1.0 69.0 6 3.9 99.0 6 9.0b

B cells 649.0 6 10.9 404.6 6 3.0a 626.1 6 8.1 548.3 6 32.3c,d

T cells 781.2 6 28.6 873.3 6 14.1 775.0 6 11.2 730.8 6 44.7e

ap , 0.001, naive versus immunized.
bp , 0.01, naive versus immunized.
cp , 0.05, naive versus immunized.
dp , 0.001 immunized versus immunized using one-way ANOVA followed by Bonferroni’s Multiple Comparison Test.
ep , 0.01.
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NK cells, suggesting functional distinctions other than the ability
to produce IL-6. The significantly higher number of these IL-6 NK
cells with other cytokine-positive NK cells within both the NALT
and CLN shortly after i.n. immunization might be expected to
impact on other innate cellular populations. When we compared
immunized control and depleted NK cell mice, we observed
a different trafficking picture for APCs within both the NALT and
CLN and in neutrophils within the CLNs in mice depleted of NK
cells. These differences might result from the reduced production

of proinflammatory cytokines early after immunization because of
the absence of NK cells. In addition, decreased production of
inflammatory cytokines in mice treated with anti-AGM1 would
also be expected to impact on the activation status and consequent
cytokine production of the leukocytes present within these tissues.
Correspondingly, we observed that both activation markers and
proinflammatory cytokine profiles were significantly attenuated in
animals depleted of NK cells.
The mechanisms by which NK cells influence later adaptive im-

mune responses may be through the observed modulation of other
innate cellular populations and/or the contribution of inflammatory
mediators byNKcells themselves. Indeed, themagnitudeof adaptive
immune responses, including both Ab and cytokine responses, is
decreased in NK cell-depleted mice. To explore the mechanisms
underlying these diminished Ag-specific immune responses of
NKcell-depletedmice,we checked the number and cytokine profiles
of stimulated splenic innate and adaptive immune populations from
immunized NK cell-depleted mice and control mice. Our data
revealed that NK cell depletion impacts directly on adaptive immune
populationsasobservedby impairedBandTcell cytokineproduction
in response to antigenic stimulation. This is probably due to the
absence ofNK cell-derived inflammatorymediators availablewithin
the local lymphoid tissues early during the immune response.
Investigators have shown that DCs and MFs require help from NK
cells and NK cell-derived cytokines for maturation and proper
functioning of APCs (39, 40). A recent study has shown that DCs
isolated fromNKcell depletedmice could not be loadedwithAg and
were incapable of activating memory specific lymphocytes (41).
Cytokine production by these activated lymphocytes modulates
other splenic populations, includingDCs,MFs, neutrophils, andNK
cells in control animals, which when might account for the signifi-
cantly attenuated overall levels of IL-6 and IFN-g observed in im-
munized NK cell-depleted mice. Specifically, observed differences
in innate populations, including the high number of APC IFN-g+

cells, are probably caused by an activation feedback loop from Ag-
stimulated B and T cells.
Finally, we have shown that adaptive immunity can be restored

by the administration of rIL-6, but not rIFN-g shortly after i.n.
immunization in NK cell-depleted mice. IL-6 is a pleiotropic
cytokine involved in the differentiation and proliferation of T and
B cells and acts in conjunction with TNF-a and IL-1 to initiate
early inflammatory responses (42). We found that rIL-6 signifi-
cantly restored TH1 type immune responses to levels seen in
control animals, through increased production of IFN-g, TNF-a,
and IL-6, reduced levels of IL-10, and high titers of the subclasses
IgG2a, IgG2b, and IgE. Several studies have shown that human
NK cells produce IL-6. In this study, we have shown for the first
time that this is also the case for murine NK cells (43, 44). Other
cell populations involved in the secretion of IL-6 include APCs
and neutrophils, during early immune responses, and lymphocytes
at later time points (42). In this study, we observed that both APCs
and neutrophils were significantly less activated and consequently
produced less IL-6 in both the NALT and CLNs of immunized
mice depleted of NK cells. Previous studies have shown that NK
cells enhance IL-6 production, by MFs and DCs, during early
immune responses (45, 46). Other studies concentrating on M.
tuberculosis have shown that IL-6 is required for early IFN-g
production in the lungs of mice infected with M. tuberculosis, and
that IL-6 participates in the induction of protective TH1 T cell
responses during vaccination (47–49). Interestingly, several recent
studies have focused on the role of NK cells in IL-22 production
(37). As described by Cella et al. (38) for tonsil NK cells, we
observed IL-22+ NK cells within both the NALT and CLNs of
mice immunized i.n. Recent studies have shown that IL-22 is

FIGURE 7. Effect of rIL-6 or rIFN-g on Ab titers and cytokine levels in

immunized mice depleted of NK cells. Animals were treated with either

anti-AGM1 or rabbit IgG control Ab and were then immunized i.n. with

LT and Ag85B-ESAT6. At days 1 and 2 postimmunization mice were

further treated with rIL-6, rIFN-g, or PBS (control). A, Mice were then

bled on day 21 for evaluation of primary Ag-specific Ab synthesis by

ELISA. Data reflect five individual mice per group (minus background

naive animal titers) expressed as total Ab titer using a cut off of OD 0.2.,

with the black bar showing the geometric mean. B, On day 21, spleens

were removed for T cell assays and cytokine responses were measured

upon in vitro stimulation with Ag85B-ESAT6 (5 mg/ml) for 36–42 h. Cells

were also stimulated with 5 mg/ml Con A (positive control) and RPMI

1640 media (negative control; see Fig. 5 for average values). Columns

represent the mean6 SD from five individual mice. pp, 0.05; ppp, 0.01

using a Kruskal-Wallis test followed by Dunn’s multiple comparison test.
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crucial for IL-6 production in various disease states (50, 51). This
finding suggests that IL-22 production via NALT and CLN NK
cells shortly after i.n. immunization might contribute to IL-6
production, and its absence in NK cell-depleted mice might ac-
count for the attenuated IL-6 levels. It therefore appears that IL-6,
and possibly IL-22 production via NK cells and NK cell activated
innate populations, is a crucial requirement for the successful
development of TH1 type adaptive immune responses after mu-
cosal vaccination. Notably, although immunized mice depleted of
NK cells and administered rIL-6 were no longer considered sta-
tistically different from control immunized mice, both cytokine
levels and Ab titers were still modestly reduced in anti-AGM1–
treated animals. It is therefore tempting to speculate that the re-
lease of other inflammatory mediators or possible cell–cell inter-
actions via NK cells are required for optimal development of Ag-
specific immune responses.
In conclusion, our results underscore the pivotal function of NK

cells after mucosal immunization and define their role in the sub-
sequent development of both innate and adaptive immune responses.
These new data indicate a central and modulating role for the in-
creased numbers ofNK cells observed in theNALTandCLN shortly
after i.n. immunization, with direct effects on other local innate
immune populations. We also propose that NK cell activity, spe-
cifically throughproductionof IL-6viaNKcells or throughotherNK
cell activated populations, may be one of the factors governing the
development ofAg-specific cytokine andAb responses, particularly
theTH1 response, aftermucosal vaccination. These newdata expand
the role of NK cells beyond tumor andmicrobe defense and position
NK cells as important regulators of vaccination immunity.
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