
Background: Immunostimulatory DNA sequences (ISS) inhibit
eosinophilic inflammation and airway hyperreactivity in
mouse models of asthma. In vitro ISS activate natural killer
(NK) cells to secrete IFN-γ, and this cytokine is hypothesized to
contribute to the antiallergic effect of ISS in vivo.
Objective: We investigated whether ISS activation of NK cells
is important in mediating the reduction in airway hyperreac-
tivity and the antieosinophilic effect of ISS in vivo.
Methods: We assessed whether ISS modulated the develop-
ment of eosinophilic airway inflammation and airway hyperre-
activity to methacholine in ovalbumin (OVA)–sensitized and
OVA allergen–challenged mice pretreated with an antibody to
deplete NK cells.
Results: Mice sensitized and challenged with OVA had signifi-
cant bronchoalveolar lavage and lung eosinophilia, as well as
airway hyperresponsiveness. ISS induced significant inhibition
of bronchoalveolar lavage and lung eosinophilia, as well as air-
way hyperresponsiveness, in OVA-sensitized mice pretreated
before OVA challenge with an NK cell–depleting antibody (NK–

mice), as well as in mice pretreated with a control non-NK
cell–depleting antibody (NK+ mice). The NK cell–depleting anti-
body inhibited ISS-induced IFN-γ production by spleen cells.
Conclusion: These studies demonstrate that depletion of NK
cells has no significant effect on ISS-mediated inhibition of air-
way eosinophilia and airway hyperresponsiveness in vivo, sug-
gesting that non-NK cells and cytokines other than IFN-γ
derived from NK cells mediate the majority of the ISS-
inhibitory effect on eosinophilic inflammation and airway
hyperresponsiveness in vivo. (J Allergy Clin Immunol
2001;108:759-63.)
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The ability of immunostimulatory DNA sequences
(ISS) containing a CpG motif to inhibit allergen-induced
eosinophilic airway inflammation and airway hyperreac-

tivity in mouse models of asthma in vivo has been
demonstrated in our1-3 and other laboratories.4-7 The cel-
lular mechanism of action of ISS in vivo is as yet not well
understood. In vitro studies demonstrate that ISS activate
cells of the innate immune system (natural killer [NK]
cells, macrophages, and dendritic cells)8-12 to produce
cytokines, such as IFN-γ8-10,12-16 and IL-12,10,13-15

which promote TH1 responses to antigens. Indeed, the
administration of ISS in vivo is associated with an induc-
tion of TH1 (IFN-γ and IL-12) and an inhibition of TH2
(IL-5 and IL-4) responses.1-7 The downregulation of the
TH2 response is not due to a direct effect of ISS on TH2
lymphocytes but rather to an indirect effect of ISS acti-
vating cells of the innate immune system to modulate
TH2 lymphocyte responses.1

The importance of NK cells in mediating ISS-induced
inhibition of allergic responses is suggested from in vitro
studies demonstrating that ISS induce NK cells to
express IFN-γ,8-10,12 in vivo studies demonstrating that
IFN-γ inhibits eosinophilic inflammation in mice,17-19

and recent studies demonstrating that CpG-containing
ISS are not able to inhibit eosinophilic inflammation in
IFN-γ–deficient mice,5 suggesting that IFN-γ (and, by
implication, NK cells) is important in mediating the in
vivo effect of ISS. Thus these studies suggest that in the
absence of NK cells, ISS would not induce IFN-γ, and
there would be no resultant inhibition of eosinophilic
inflammation. Although these studies suggest an impor-
tant role for NK cells and IFN-γ in mediating the
inhibitory effect of ISS on eosinophilic inflammation in
vivo, other studies with ISS and IFN-γ–deficient mice
have not demonstrated a crucial role for IFN-γ in mediat-
ing the ISS effect in vivo.20 In this study we have sought
to determine the role of NK cells in mediating the
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inhibitory effect of ISS on eosinophilic inflammation and
airway hyperreactivity in vivo by using neutralizing anti-
bodies to deplete NK cells in ISS-treated mice chal-
lenged with allergen.

METHODS

Oligonucleotides

Endotoxin-free (<1 ng/mg DNA) phosphorothioate ISS-
oligodeoxynucleotide (ODN; 5’-TGACTGTGAACGTTCGAGAT-
GA-3’) or phosphorothioate mutated ODN (M-ODN; 5’-TGACT-
GTGAAGGTTAGAGATGA-3’; Trilink), as previously described,1

were used in the in vivo and in vitro experiments described below.

Mice

Female C57BL/6 mice (The Jackson Laboratory) were used at 8
to 10 weeks of age. All animal experimental protocols were
approved by the University of California, San Diego, Animal Sub-
jects Committee.

Mouse model of eosinophilic pulmonary

inflammation

Pulmonary eosinophilia in mice was induced as previously
described in this laboratory.21,22 In brief, C57BL/6 mice were sen-
sitized by means of intraperitoneal injection of 50 µg of ovalbu-
min (OVA) per 1 mg of alhydrogel (Aldrich Chemical Co) in 0.9%
sterile saline solution on days 0 and 12. Nonsensitized mice
received 1 mg of alhydrogel in 0.9% saline. On day 24, mice (n =
4 mice per group) were exposed 3 times for 30 minutes (at 1-hour
intervals) to an aerosol of OVA (10 mg/mL) in 0.9% saline; non-
sensitized control mice received saline only. The aerosolized OVA
protocol was then repeated on days 26, 28, and 30. Three hours
after the last aeroallergen challenge, mice were killed by means of
CO2 asphyxiation.

Administration of ISS-ODN

ISS-ODN or M-ODN were injected intraperitoneally (100 µg in
100 µL of sterile, endotoxin-free PBS) once on day 23 before the
first OVA inhalation challenge. We have previously demonstrated
that this dose and timing of ISS administration inhibits subsequent
OVA aerosol–induced eosinophilic inflammation.1

Bronchoalveolar lavage eosinophils

Bronchoalveolar lavage (BAL) cells from mice were recovered
by means of lavage with 1 mL of PBS administered through a tra-
cheal catheter.1 Total and differential leukocyte counts were per-
formed after brief acetone fixation and staining of the BAL cells
with May-Grünwald-Giemsa stains. The percentage of eosinophils,
neutrophils, and mononuclear cells present on each slide were
assessed by counting a minimum of 300 cells in random high-power
fields with a light microscope (magnification 40×).

Lung tissue eosinophils

Total lung eosinophils per high-power field were enumerated in
cryosectioned lung tissues by means of detection of eosinophil per-
oxidase with the peroxidase substrate DAB (Vector Labs) and micro-
scopic examination, as previously described in this laboratory.1

Peripheral blood eosinophils

Blood was collected from the carotid artery,1 and red blood cells
were lysed with a 1:10 solution of 100 mmol/L potassium carbon-
ate and 1.5 mol/L ammonium chloride. The remaining cells were
cytospun (3 minutes at 500 rpm) onto microscope slides and air-
dried. Eosinophil counts were performed as described above.

Bone marrow eosinophils

Bone marrow cells were flushed from femurs with 1 mL of PBS,
cytospun onto microscope slides, and stained with Wright-Giemsa
or DAB for cell differential counts.1

Determination of airway responsiveness to

methacholine

Airway responsiveness was assessed on day 30 after the final
OVA inhalation by using a single-chamber whole-body plethys-
mograph obtained from Buxco, as previously described.1,22 From
the box-pressure signals, the phases of the respiratory cycle, and
tidal volumes, enhanced pause (Penh) can be calculated. Penh rep-
resents a function of the proportion of maximal expiratory to max-
imal inspiratory box-pressure signals and the timing of respira-
tion. Studies have found a close correlation between Penh as a
noninvasive measure of airway responsiveness and pulmonary
resistance measured by means of conventional 2-chamber plethys-
mography in ventilated mice.23 The Penh values measured during
each 3-minute sequence were averaged and are expressed for each
concentration of nebulized methacholine. To determine the effect
of ISS and NK-cell depletion on airway responsiveness in OVA-
sensitized mice, 100 µg of either ISS-ODN or M-ODN was inject-
ed intraperitoneally on day 23, twenty-four hours after the mice
had received the first dose of the NK cell–depleting or control
antibody on day 22.

In vivo depletion of NK cells

Mice were depleted of NK cells by using an anti-NK cell IgG2a
antibody PK136 (Pharmigen) or a species- and isotype-matched
control antibody (30 µg/kg administered intravenously on day 22
and repeated on day 26). This anti-NK cell antibody protocol has
been shown to deplete greater than 95% of NK cells for at least 4
days after a single administration of antibody.24

FACS analysis of NK cells

Spleen cells from NK cell–depleted (NK–) or control non-NK
cell–depleted (NK+) mice were incubated for 30 minutes with
the anti-NK cell primary IgM antibody 3A4 (10 µg/mL, Pharmi-
gen) or a species- and isotype-matched control antibody. The
cells were then washed and incubated with an FITC-labeled sec-
ondary antibody. The percentage of NK cells was assessed with
a FACSCalibur instrument (Becton Dickinson) with Cell Quest
software. A minimum of 10,000 cells were analyzed for each
determination.

Cytokine assays

Splenocytes (5 × 106/mL) from mice (treated in vivo with the
anti-NK cell antibody PK136 or a species- and isotype-matched
IgG2a antibody) were incubated in vitro with ISS (10 µg/mL) at
37°C for 2 hours. The ISS-stimulated NK+ and NK– spleen cells
were then incubated (5 × 105 cells/well) in triplicate for an addi-
tional 48 hours. Splenocyte supernatants (48 hours after stimula-
tion) were assayed in duplicate to determine the level of IFN-γ by
using an ELISA with a sensitivity of 2 pg/mL (Pharmigen).

Statistics

Results in different groups were compared by means of ANOVA
with the nonparametric Kruskal-Wallis test, followed by posttesting
with the Dunn multiple comparison of means. A statistical software
package (In Stat) was used for the analysis. P values of less than .05
were considered statistically significant. All results are given as
means ± SEM.
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RESULTS

Depletion of NK cells in vivo

FACS studies demonstrated greater than 95% deple-
tion of NK cells by 24 hours after administration of the
NK cell–depleting antibody (5.20% NK cells before anti-
body administration vs 0.26% NK cells after antibody
administration; Fig 1), with depletion of NK cells per-
sisting for at least 4 days (0.25% NK cells at day 4 after
antibody administration) and NK levels returning to pre-
depletion levels by day 7 (5.84% NK cells at day 7 after
antibody administration). Because we needed to ensure
depletion of NK cells for the final 6 days of the ISS
experiment, we administered 2 doses of the anti-NK cell
antibody 4 days apart. A control IgG2a antibody did not
deplete NK cells.

We also performed a functional analysis of the ability
of NK cells from NK+ mice and NK– mice to generate
IFN-γ. Spleen cells, which contain NK cells, generate
IFN-γ in vitro in response to ISS stimulation in the
absence of antigen stimulation. NK-cell depletion of
spleen cells inhibited the ability of spleen cells to gener-
ate IFN-γ in vitro in response to ISS (NK+ cells, 260 ± 20
pg/mL IFN-γ, vs NK– cells, <2 pg/mL IFN-γ [the sensi-
tivity of the assay]; P < .01; n = 4). Control NK cells in
spleens that had received neither ISS nor anti-NK anti-
body do not generate detectable levels of IFN-γ (<2
pg/mL). The demonstration that NK cell–depleted mouse
spleen cells do not generate IFN-γ in response to ISS pro-
vides additional evidence that we have adequately
depleted NK cells in vivo.

Effect of depletion of NK cells on ISS-mediated

inhibition of eosinophilic airway inflammation

Sensitization and OVA-allergen challenge of wild-type
mice (n = 5) induced significant BAL eosinophilia
(68.8% ± 3.7% BAL eosinophils) compared with that
seen in mice not sensitized or challenged with OVA
(0.6% ± 0.1% BAL eosinophils, P < .001) or compared
with mice immunized with OVA and challenged with
PBS diluent (1.5% ± 0.4% BAL eosinophils, P < .001).
As previously demonstrated,1 ISS significantly inhibited
pulmonary eosinophilia in OVA-challenged mice by 85%
(P < .001, n = 5; Fig 2). ISS treatment inhibited BAL
eosinophilia as effectively in NK– mice (84% inhibition
vs non-ISS–treated OVA-challenged mice, P < .001) as

in NK+ mice immunized and challenged with OVA (86%
inhibition vs non-ISS–treated OVA-challenged mice;
P < .001; n = 5; Fig 2).

Analysis of the number of lung tissue eosinophils also
demonstrated that NK-cell depletion had minimal influ-
ence on the inhibitory effect of ISS on lung tissue
eosinophils. Sensitization and OVA allergen challenge of
wild-type mice (n = 5) induced significant lung
eosinophilia (82.3 ± 8.3 lung eosinophils per high-power
field) compared with that seen in mice not sensitized to or
challenged with OVA (2.4 ± 0.7 lung eosinophils per
high-power field, P < .001) or compared with mice immu-
nized with OVA and challenged with PBS diluent (5.3 ±
1.1 lung eosinophils per high-power field, P < .001). ISS
treatment inhibited lung tissue eosinophilia as effectively
in NK– mice (75% inhibition vs non-ISS–treated OVA-
challenged mice, P < .001) as in NK+ mice immunized
and challenged with OVA (72% inhibition vs non-
ISS–treated OVA-challenged mice, P < .001).

Effect of depletion of NK cells on ISS-mediated

inhibition of blood and bone marrow

eosinophilia

We have previously demonstrated that ISS administra-
tion to OVA-challenged mice inhibits trafficking of
eosinophils to the lung by inhibiting the bone marrow
production of eosinophils, as well as the number of
peripheral blood eosinophils.1 ISS treatment inhibited

FIG 1. NK-cell FACS analysis. The number of NK cells present in mouse spleen before (day 0) and at varying time
points after (days 1, 4, and 7) administration of an NK cell–depleting antibody was assessed by means of FACS
analysis gating for NK cells (M1).

FIG 2. Effect of ISS and NK-cell depletion on BAL eosinophils.
There was a significant inhibition in the number of BAL
eosinophils in OVA-challenged mice that received ISS, as well as
OVA-challenged mice that received ISS plus NK-depleting
(ISS/NK–) or control (ISS/NK+) antibody (n = 5). *P < .001 versus
OVA-challenged mice.
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bone marrow eosinophilia as effectively in NK– mice
(52% inhibition vs non-ISS–treated OVA-challenged
mice, P < .01) as in NK+ mice immunized and chal-
lenged with OVA (59% inhibition vs non-ISS–treated
OVA-challenged mice, P < .01).

Similarly, ISS treatment inhibited blood eosinophilia
as effectively in NK– mice (74% inhibition vs non-
ISS–treated OVA-challenged mice, P < .01) as in NK+

mice immunized and challenged with OVA (75% inhibi-
tion vs non-ISS–treated OVA-challenged mice, P < .01).

Effect of depletion of NK cells on ISS-mediated

inhibition of airway hyperreactivity to

methacholine

Airway responsiveness to methacholine was signifi-
cantly increased in mice after OVA sensitization and OVA
challenge. Mice sensitized to OVA without inhalation
challenge or mice challenged with OVA without sensitiza-
tion showed minimal change in Penh in response to metha-
choline (Fig 3). As previously reported, ISS significantly
inhibited airway responsiveness to methacholine in OVA-
sensitized and OVA-challenged mice at the 24 mg/mL
methacholine dose by 66% (Fig 3). NK-cell depletion had
no influence on the inhibitory effect of ISS on airway
responsiveness to concentrations of 3, 6, and 12 mg/mL
methacholine but did have a slight, although not statisti-
cally significant, effect at the 24 mg/mL methacholine
concentration (Fig 3). Thus at 24 mg/mL methacholine,
ISS treatment inhibited airway responsiveness in NK–

mice by 49% compared with 66% inhibition in NK+ mice
immunized and challenged with OVA (Fig 3).

DISCUSSION

NK cells are cytotoxic, T-cell receptor–negative, sur-
face Ig–negative, large granular lymphocytes that com-
prise  approximately 5% to 15% of peripheral blood lym-
phocytes and about 5% of spleen cells.25 NK cells have
the capacity to produce several cytokines, including IFN-
γ.8-10,12 In primary cell-mediated immune responses, NK

cells would be the first to respond to IL-12 by producing
IFN-γ (before antigen-activated T lymphocytes produce
IFN-γ).24 We1 and others4-6 have postulated that this early
production of IFN-γ by NK cells would account for the
early ability of ISS to inhibit eosinophilic inflammation
within 2 days of ISS administration. In vitro studies have
demonstrated that ISS induction of IFN-γ by NK cells is
indirect and dependent on ISS induction of macrophages
to generate IL-12, which subsequently activates NK cells
to generate IFN-γ.15 Highly purified NK cells do not gen-
erate IFN-γ in response to ISS, whereas addition of
macrophages to the NK cells restores the ability of NK
cells to generate IFN-γ in response to ISS.15 Anti-IL-12 or
anti-IL-10 treatment of NK cell-macrophage cocultures
inhibits NK-cell IFN-γ generation.15

On the basis of these in vitro studies, we hypothesized
that NK cells would be important in mediating the in vivo
effect of ISS. However, depletion of NK cells in vivo did
not affect the ability of ISS to inhibit eosinophilic inflam-
mation and airway hyperreactivity. These studies suggest
that although ISS can activate NK cells to generate IFN-
γ, this is not the predominant cellular mechanism of the
antieosinophilic action of ISS in vivo. ISS can also acti-
vate macrophages and dendritic cells, which may play a
more important role compared with NK cells in mediat-
ing the in vivo effects of ISS. For example, recent stud-
ies have demonstrated an important role for IL-6 in
inhibiting eosinophilic inflammation and airway hyper-
reactivity.26 ISS are important stimuli for IL-6 produc-
tion by macrophages,27,28 which could mediate this
antieosinophilic effect independent of NK cells. Similar-
ly, studies have demonstrated that IL-12 (a cytokine
induced by ISS-activated macrophages)10,13-15 can inhib-
it allergen-induced eosinophil influx29,30 in both an IFN-
γ–dependent and an IFN-γ–independent pathway.29

Overall, this study suggests that NK cells and NK
cell–derived cytokines play only a minor in vivo role in
mediating the antieosinophilic effect of ISS.

One potential technical concern in interpreting our
studies of depleting NK cells in vivo is the demonstration
that NK cells play an important role in mediating
eosinophilic inflammation in mouse models of asth-
ma.31,32 However, these studies demonstrate that NK-cell
depletion only affects the level of eosinophilic inflamma-
tion if NK cells are depleted during the immunization
phase.31 Although NK-cell depletion during the immu-
nization phase inhibits OVA-specific IgE responses,31 this
effect on IgE is unlikely to influence airway hyperrespon-
siveness because airway hyperresponsiveness has been
shown to be independent of IgE in mice.33,34 In contrast,
NK-cell depletion during the challenge period (as in this
study) has no effect on the magnitude of pulmonary
eosinophilia, OVA-specific IgE, and cytokines in BAL
fluid.31 Thus our timing of the depletion of NK cells (after
the immunization phase and during the challenge period)
would not affect the important influence of NK cells on
the acquired immune response to allergens.31

The cellular mechanism of action of ISS in vivo may
thus be more complex than that initially hypothesized on

FIG 3. Effect of NK-cell depletion on ISS-mediated inhibition of air-
way hyperreactivity to methacholine. There was a significant inhi-
bition in methacholine responsiveness (24 mg/mL) in OVA-chal-
lenged mice that had received ISS, as well as in OVA-challenged
mice that received ISS plus NK-depleting (ISS/NK–) or control
(ISS/NK+) antibody (n = 5). *P < .001 versus OVA-challenged mice.



J ALLERGY CLIN IMMUNOL

VOLUME 108, NUMBER 5

Broide et al 763

the basis of results from in vitro studies. Although ISS
induce a strong TH1 response, the antiallergic effect of ISS
may not be mediated by this mechanism in vivo. In support
of this hypothesis are studies demonstrating that adoptive
transfer of antigen-specific TH1 cells does not protect
against eosinophilic airway inflammation in a mouse
model of asthma35,36 and studies demonstrating that ISS
can mediate their antiallergic effects in vivo, independent
of the TH1 cytokines IFN-γ and IL-12.20 Thus the ability of
ISS to induce a TH1 response may not be essential to their
inhibitory effects on allergic inflammation.

In summary, this study has demonstrated that ISS acti-
vation of NK cells does not play a significant role in
mediating the beneficial effect of ISS on airway
eosinophilic inflammation and airway hyperreactivity.
Further studies are needed to define the cellular pathway
or pathways activated by ISS that mediate the majority of
the antiallergic effect in vivo.

We thank Lanesha Hill for expert secretarial support during the
preparation of this manuscript.
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