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IL-10 is an anti-inflammatory cytokine that suppresses NO synthase (NOS) and production of NO; its lack may promote NO
production and alterations in cytokines modulated by NO with allergic airway inflammation (AI), such as IL-18 and IL-4.
Therefore, we induced AI in IL-10 knockout (�/�) and IL-10-sufficient C57BL/6 (C57) mice with inhaled OVA and measured
airway NO production, as exhaled NO (ENO) and bronchoalveolar lavage fluid nitrite levels. ENO and nitrite levels were elevated
significantly in naive IL-10�/� mice as compared with C57 mice. With AI, ENO and nitrite levels increased in C57 mice and
decreased in IL-10�/� mice. IL-18 production fell with both AI and addition of S-nitroso-N-acetyl-D,L-penicillamine (a NO donor)
but was not significantly increased by chemical NOS inhibition by L-N5-(1-iminoethyl)-ornithine. IL-4 AI was increased signifi-
cantly (up to 10-fold greater) in the absence of IL-10 but was reduced significantly with chemical inhibition of NOS. Airway
responsiveness was lower in IL-10�/� mice and was associated with alteration in production of NO and IL-4. Thus, IL-4 pro-
duction was increased, and likely decreased NO production, in a way not predicted by the absence of IL-10. Inhibition of IL-4
production, with inhibition of NOS in the absence of IL-10, demonstrated the importance of a NO and IL-4 feedback mechanism
regulating this interaction. The Journal of Immunology, 2005, 175: 1206–1213.

I nterleukin-10 is a Th2 cytokine in the IL-4/IL-13 family of
cytokines but differs from them in that it has anti-
inflammatory and antiproliferative properties (1–3). It is pro-

duced by macrophages and other monocyte-type cells with their
exposure to proinflammatory Th1 cytokines, including TNF-� (4),
typically in response to allergens or proinflammatory mediators.
The production of IL-10 in this manner constitutes a negative feed-
back loop that down-regulates TNF-� (5) and promotes resolution
of the inflammatory response (6). However, IL-10 production by
airway immune cells of asthmatics has been shown to be reduced
(7, 8), which has led to postulation that lack of this anti-
inflammatory cytokine may allow allergic proinflammatory mech-
anisms to dominate, which in turn, may promote development of
asthma and possibly airway remodeling.

A significant aspect of these mechanisms may lie in the en-
hanced production of NO with a lack of IL-10. NO is a critical
molecular signal in the inflammatory process, which is associated
with asthma, airway inflammation (AI),3 and possibly airway re-
modeling (9, 10). Furthermore, inducible NO synthase (iNOS), a

key enzyme that produces NO, can be significantly up-regulated by
proinflammatory cytokines and is considered a marker of AI in
asthma (11). IL-10 is known to suppress NO production through
suppression of iNOS activity (12), and its lack has been shown to
result in greater NO production by airway immune cells from al-
lergen-provoked mice (13); therefore, a lack of IL-10 may promote
production of NO and persistence of AI.

Furthermore, cytokines known to regulate or be regulated by NO
may likewise be altered in the absence of IL-10. IL-18 and IL-4 are
examples of respective Th1 and Th2 cytokines that fall within the NO
regulatory scheme. IL-18 is a Th-1-associated cytokine, originally
named “IFN-�-inducing factor” (14), which is down-regulated by NO
(15) and may be regulated as a function of differences in NOS activity
in the absence of IL-10. Unlike IL-18, IL-4 is a Th2 cytokine, which
promotes eosinophil survival and proliferation (16), and is known to
reduce NO production by macrophages through inhibition of iNOS
activity (17). This effect of IL-4 to down-regulate NO production may
occur to quell the inflammation in a negative-feedback fashion as the
process moves toward resolution. However, the relationship between
IL-4 and NO production with AI in the absence of IL-10 has not been
investigated.

Therefore, we studied the relationship between NO and IL-4 in
IL-10 knockout (�/�) mice. Based on the known suppressive effect
of IL-10 on NO production (12), we postulated that IL-10�/� mice
would demonstrate enhanced AI and alterations in the production
of NO and NO-associated cytokines IL-18 and IL-4. The results
are consistent with this postulate, suggesting that a lack of IL-10 is
an important factor in the development of AI and the modulation
of NO-related mechanisms. These studies represent the first anal-
ysis of the role of the association of NO and IL-4 in noninfective
allergic AI and hyperresponsiveness in the absence of IL-10.

Materials and Methods
Animals

Male mice of the C57BL/6 (C57; wild-type), IL-10�/� strain (on a C57
background) were obtained at 6 wk of age (The Jackson Laboratory) and
housed under identical conditions in a specific pathogen-free/barrier animal
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facility at the University of Pittsburgh. The IL-10�/� mice were certified as
double-knockout IL-10-null mutants (IL-10�/�), originating from a strain
produced by Kuhn et al. (18). All mice were allowed to age to 8–12 wk and
were subjected to a series of experimental protocols described below. This
maturation window allowed the mice to grow to a sufficient size (18–25g),
such that airway cell recovery from each mouse was enhanced. Because of
the tendency of IL-10�/� mice to develop enterocolitis with age (18),
throughout the study all IL-10�/� mice were monitored routinely for ev-
idence of rectal prolapse and failure to gain weight. Although housing
under specific pathogen-free conditions significantly attenuates this ten-
dency (18), any mice demonstrating these symptoms were excluded from
analysis. All procedures and protocols used in these studies were approved
by the University of Pittsburgh Institutional Animal Care and Use Com-
mittee, which conforms to guidelines recommended by the National Insti-
tutes of Health and the U.S. Department of Agriculture.

Airway inflammation

The inflammation protocol used to induce mild/moderate AI consisted of
two OVA/alum sensitizations (0.5 ml, i.p., 50 �g/ml), on days 0 and 7,
followed by three airway challenges with OVA/saline aerosol (10 min, 5
mg/ml, one on day 14 and two on day 15). The aerosol was administered
to each group of unanesthetized mice by using a DeVilbiss nebulizer (drop-
let size � 3.5 �m) connected to an aerosol delivery chamber, specifically
designed for mice (CH Technologies). Because of the potential for mild
nonspecific aerosol-related airway responses, another group had OVA in-
jected i.p., as described above, followed by aerosol with saline containing
no OVA. Typically, the measurements of response to allergen were as-
sessed in sample subsets of mice (n � 8 mice/subset) in each of the groups,
without replacement, at time intervals of 24, 48, and 72 h after day 15 of
aerosol challenge.

IL-10 administration

As previously described (19), recombinant murine (rm)IL-10 (R&D Sys-
tems) was administered to a subset of IL-10�/� mice by using a subdermal
implantable miniosmotic pump (ALZET) and placed in the dorsal cervi-
coscapular area 3 days before initiation of the OVA aerosol challenge.
rmIL-10 was dissolved in a normal saline and delivered at a dose of 125
�g � kg�1�day�1, which had been shown previously to reduce exhaled NO
(ENO) levels in naive IL-10�/� mice (19).

L-N6-(1-iminoethyl)-lysine (L-NIL) administration

Inhibition of NOS in vivo was achieved by using L-NIL (3 mg/kg, i.p.),
injected three days before, and on the first day of OVA aerosol challenge.
This dose had been previously demonstrated to reduce ENO levels in naive
IL-10�/� mice (19).

Bronchoalveolar lavage (BAL) supernatant and cell isolation

As previously described (13), mice were anesthetized with halothane and
killed by rapid cervical dislocation, followed immediately by open-chest
BAL using sterile, endotoxin-free normal saline to obtain airway cells from
both lungs. The volume of saline used was 0.5 ml for the initial BAL,
followed by three 1-ml volumes. The samples were immediately centri-
fuged (10°C, 450 � g), the supernatant was collected and frozen, and the
cells were isolated. Cell counts were made on an aliquot of the initial BAL
using Diff-Quik staining (Scientific Products), with counts made on 200–
300 cells/slide. Resultant cell numbers were expressed as number of cells
per body weight of mouse to normalize for size differences among mice.
BAL macrophage and eosinophil numbers were used as an index of AI,
whereas neutrophils were typically found to comprise �1% of all samples
and therefore were not systematically analyzed.

BAL cell culture

Seventy-two hours after the last aerosol challenge, BAL was performed as
described above. Unfractionated BAL cells were used to expedite process-
ing and to maintain macrophage numbers and viability. This also allowed
the airway cell population milieu to remain intact, providing a more phys-
iologic assay of cell signaling and cell contact interactions, present due to
the allergic treatment regime. The cells were immediately centrifuged
(10°C, 450 � g), washed, isolated, and placed in a 96-well polystyrene
culture plate with DMEM, 10% FBS, L-glutamine, and penicillin/strepto-
mycin. Medium containing added nitrate, such as RPMI 1640 medium, was
avoided to enhance the probability that measured nitrite production solely
was due to cellular activity (20). Cell culture plating density was 300,000–
500,000 cells/well in a total volume of 250 �l/well. The plate was then
placed in a humidified incubator (5% CO2 at 37°C) for 24 h. The condi-
tioned medium was collected after 24 h and either snap-frozen (�80°C)

and later assayed or assayed immediately after collection. In the first set of
experiments, conditioned medium from unstimulated cells and cells treated
with LPS (1000 ng/ml) and IFN-� (100 U/ml) was collected. Duplicate
preparations of cells were treated with either the NO donor S-nitroso-N-
acetyl-D,L-penicillamine (SNAP; Alexis) or L-N5-(1-iminoethyl)-ornithine
(L-NIO; 80 �M; Alexis), a selective iNOS inhibitor to block production of
NO by these cells (21). Thus, exogenous NO was added to cells from
non-OVA-treated mice through application of SNAP to approximate the
NO production of cells from OVA-treated mice. The amount of SNAP
added to each well was that necessary to attain a nitrite concentration of 20
�M/million cells shown previously to approximate maximal concentra-
tions reached by BAL cells from OVA-challenged IL-10�/� mice in cul-
ture (13). All samples were assayed in duplicate, with the mean of the
duplicates taken as the value for that sample.

IL-18 measurement

IL-18 production by cultured airway cells was measured with a standard
ELISA kit for mouse IL-18 (Quantikine M; R&D Systems), both as an
index of the alteration in Th1 response to allergen (14) and because IL-18
is down-regulated by NO (15) that is, in turn, significantly down-regulated
by IL-10 (12). The sensitivity limit of the assay was 8 pg/ml and was highly
specific for mouse IL-18.

IL-4 measurement

IL-4 production by cultured airway cells, and within the BAL fluid, was
measured by ELISA (Quantikine M; R&D Systems) as an index of induc-
tion of the Th2 response to allergen (22), and because its ability to reduce
NO production by macrophages, through inhibition of iNOS activity (17).
The kit relied upon a mAb reaction specific for mouse IL-4, which was
evaluated using a standard curve. The sensitivity of the assay was �2
pg/ml and was highly specific for mouse IL-4, with no significant cross-
reactivity with IL-10.

Nitrite measurement

Nitrite levels in the initial BAL fluid sample were measured as an index of
NOS activity, using a modification of the standard Griess assay, as de-
scribed previously (13, 23). The resultant colorimetric reaction was as-
sessed using a plate reader that converted OD values to concentrations of
nitrite. A standard curve was produced for known nitrite concentrations
from 0.5 to 20 �M, which was linear for concentrations � 1 �M and for
which the lower limit of reliable detection fell between 0.5 and 1 �M.
Therefore, sample values � 1 �M were considered to be beneath the limit
of detectability of the assay. Final nitrite values were expressed as a func-
tion of body weight to normalize BAL nitrite production across mice of
varying sizes.

ENO production

ENO production in unanesthetized mice was measured using a modification
of a technique similar to that of Weicker et al. (24), as described previously
(19). Briefly, mice were placed individually within a closed Plexiglas
chamber with a low volume (�600 ml; Buxco Electronics) and allowed to
breathe freely for a period of time during which the fractional CO2 content
of chamber gas attained 5–5.5%. A small sample of the chamber gas (�85
ml) was aspirated (20 s, 250 ml/min) into a gas analyzer (Logan 2500,
Logan Research Limited), which measured NO (sensitivity � 0.3 ppb, T90

� 0.5 s), using photometric determination of chemiluminescence. The an-
alyzer was calibrated with a certified gas mixture (108 ppb NO) on the
morning of each trial and checked periodically with sample gases of known
NO concentrations.

Airway reactivity (AR) measurement

AR was measured in unanesthetized mice as described previously (25).
Briefly, mice were placed within small-volume (�600 ml) Plexiglas cham-
bers specially designed for mice, which allowed for free movement and had
transducers connected to a computer that monitored chamber pressure al-
terations as a function of mouse breathing patterns (Buxco Electronics).
The enhanced pause (Penh) variable was calculated in the conventional
way (26), in which changes in the amplitude and duration of the expiratory
pressure signal determined the alterations in the Penh value, as a function
of methacholine (MCh)-induced airway responses. MCh dissolved in PBS
(pH 7.4) was administered as an aerosol (0–50 mg/ml) to the mice within
the chambers by using a DeVilbiss ultrasonic nebulizer connected to an
aerosol driver and pump apparatus (Buxco). The administration duration of
each MCh concentration was 2 min, followed by a 3-min observation and
data collection period. The measured response was taken as the highest
Penh value achieved during the administration and observation periods.
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Statistics

A one-way ANOVA was used to assess all measured variables, with the
exceptions of exhaled NO and Penh, in which cases paired t tests and
repeated measures ANOVA were used, respectively. With acquisition of a
significant “F” statistic ( p � 0.05), from the ANOVA, post hoc discreet
data analysis was performed using Student-Newman-Kuel’s test, with val-
ues of p � 0.05 considered significant. Mean values for all other groups
that were beneath the limit of nitrite assay detectability were graphically
represented as either “ND” or had means shown if a value for one or more
of the individual samples exceeded the detectability limit and remained
within 3 SDs of the mean of their respective groups. Mean levels of BAL
IL-4 were shown graphically with error bars if at least one of the values
assayed was greater than the detectability limit, whereas means of groups
having no detectable levels were set to one-half the detectable level for
subsequent graphical display and statistical comparisons. IL-18 assay val-
ues for individual mice that were beneath the limit of detection were set at
one-half the detectable limit (i.e., 4 pg/ml) for statistical comparisons.

Results
BAL cell recruitment kinetics

The total number of cells recovered in the BAL was low in all
groups at 24 h postaerosol challenge (�1 � 104 cells/g), with the
exception of the OVA-challenged IL-10�/� mice, in which it was
significantly increased by an average of 3-fold (Fig. 1A). At 48 h
postaerosol challenge, this increase persisted in the IL-10�/� mice,
and the total number of cells in the C57 group was increased
slightly over that of the saline-sham-challenged groups. At 72 h
postaerosol challenge, the total number of cells in the IL-10�/�

mice was increased four times that of the non-OVA-challenged
controls and remained over twice as high as the OVA-challenged
C57 mice, despite the increase by 2-fold in the C57 mice over that
of the non-OVA-treated controls. These data were taken as evi-
dence that the mild OVA sensitization and challenge protocol had
provoked a differentiated allergic response between the two strains
based on the presence or absence of IL-10. This inference was
confirmed by administration of rmIL-10, which significantly de-
creased the total cell number in IL-10�/� mice with AI.

The number of macrophages recovered in the BAL at 24 h pos-
taerosol challenge in the saline-challenged groups and that of the
OVA-challenged C57 mice was low (�0.6–1 � 104 cells/g) and
was the major portion of the total cells isolated (�90%), as ob-
served previously (13). However, the macrophage count in the
OVA-challenged IL-10�/� mice at this time interval was elevated
significantly by 2-fold over the others (Fig. 1B). As with the total

cell count, this increase in macrophage numbers in the IL-10�/�

mice persisted and increased numerically over the course of 72 h.
In contrast, the macrophage count in the C57 mice displayed a
small increase at 48 h that fell back to control levels by 72 h. These
data were taken as further evidence that the response to allergen
was different between the IL-10�/� and C57 mice based on the
presence or absence of IL-10. Again, addition of rmIL-10 resulted
in a significant decrease in macrophage numbers in the IL-10�/�

mice with AI.
The number of eosinophils recovered in the BAL remained at or

near 0 (�1%) over all time intervals in the saline-challenged
groups (Fig. 1C). Eosinophil numbers were increased significantly
in both IL-10�/� and C57 mice at 24 h post-OVA aerosol chal-
lenge. The numbers rose over time to achieve levels at 72 h that
were 2- to 3-fold greater than that those at 24 h; however, they
were not different between the IL-10�/� and C57 mice, nor were
they statistically different over time, suggesting that a lack of IL-10
does not differentiate the eosinophilic response to allergen in this
model. Furthermore, in this case, administration of rmIL-10 re-
sulted in no significant change in eosinophil numbers, suggesting
that recruitment of eosinophils was independent of IL-10, in this
model of mild AI.

IL-18 release in vitro

Average IL-18 release by isolated and cultured BAL cells of naive
mice was not significantly different between C57 and IL-10�/�

groups (Table I). With addition of SNAP, IL-18 was significantly
decreased to similarly low levels in both groups (average, �30
pg/ml), suggesting a strong effect of NO on IL-18 release that was
not different with a lack of IL-10. Induction of AI with OVA sig-
nificantly reduced IL-18 release to �300 pg/ml, consistent with
allergen-driven induction of a Th2 response, but which was 10-
fold higher than that observed with addition of SNAP alone. Ad-
dition of SNAP to cells from OVA-challenged mice further
reduced IL-18 release to nondetectable levels in cells from the
IL-10�/� mice. Addition of L-NIO to cells from mice with AI
increased IL-18 release as compared with the addition of SNAP in
these same cells. As in the other cases, IL-18 release was not
different with the lack of IL-10.

FIGURE 1. BAL cell kinetics with inflammation. A, Total cells recovered in BAL fluid of C57 and IL-10�/� mice during postaerosol challenge time
intervals of 24, 48, and 72 h. Ova/sal � OVA sensitized/saline challenged, Ova/Ova � OVA sensitized/OVA challenged; values are means � SE, n �
8 mice/bar; �, p � 0.05 Ova/Ova vs Ova/Sal within mouse strain, and �, p � 0.05 IL-10�/� Ova/Ova vs C57 Ova/Ova; v, p � 0.05 Ova/Ova � rmIL-10
vs Ova/Ova. B, Macrophages recovered in BAL fluid of C57 and IL-10�/� mice during postaerosol challenge intervals. Groups, time intervals, numbers,
and significance symbols as in A. C, Eosinophils recovered in BAL fluid of C57 and IL-10�/� mice during postaerosol challenge intervals. Groups, time
intervals, numbers, and significance symbols as in A; absence of bars for Ova/Sal groups signifies eosinophils were not found.
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Airway IL-4 kinetics

Average levels of IL-4 in the BAL fluid were at or beneath the
level of assay detectability, except in the case of the IL-10�/� mice
at 48 h post-OVA-aerosol challenge, at which point it was signif-
icantly elevated by an average of 2-to 4-fold as compared with the
other groups (Fig. 2A). These findings suggested that the AI pro-
tocol had provoked measurable BAL IL-4 production in the ab-
sence of IL-10 and that an effect of administration of rmIL-10 on
BAL IL-4 levels was not observable at 72 h after induction of AI.

Airway nitrite kinetics

Nitrite levels were elevated 48–72 h after OVA challenge in the
BAL fluid of C57 mice (Fig. 2B), whereas nitrite levels in IL-
10�/� mice were suppressed at these same time intervals. Similar to
the elevated ENO levels previously observed in naive IL-10�/� mice
(19), BAL nitrite levels in the sham-challenged IL-10�/� mice were
numerically twice as great as sham-challenged C57 mice at 24 and
48 h, achieving statistical significance in the 48-h sample.

AR kinetics

AR measured as Penh remained similar in the C57 mice over all
time intervals after sham-saline and mild OVA challenge (Fig.
2C). In contrast, AR fell from 24 to 48 and 72 h in OVA-chal-
lenged IL-10�/� mice and was less than that of C57 mice at all
time intervals studied. However, within this pattern of increasing
hyporesponsiveness in the absence of IL-10, it was noted that AR
was inversely related to airway nitrite levels at 24 h post-OVA
aerosol challenge and that this relationship was lost in the later
phases of AI as both nitrite levels and AR fell. Administration of
rmIL-10 countered this pattern of hyporesponsiveness, evident as
a significant increase in AR at 72 h after induction of AI.

ENO in vivo

In agreement with the elevated BAL nitrite levels in the sham-
saline-challenged IL-10�/� mice at 24 and 48 h post-OVA chal-
lenge, average ENO levels at 48 h post-OVA challenge were sig-
nificantly greater in naive IL-10�/� mice as compared with naive
C57 mice (10.9 � 1.1 vs 6.7 � 0.6 (SE) ppb, p � 0.05) (Fig. 3A),
With AI, ENO levels significantly increased in C57 mice (10.3 �
0.9 ppb, p � 0.05) to levels nearly identical to naive IL-10�/�

mice. In contrast and in agreement with decreased BAL nitrite
levels, ENO was significantly decreased in IL-10�/� mice with AI
(6.5 � 0.9 ppb, �39% decrease, p � 0.05) to levels nearly iden-
tical to naive C57 mice. Administration of rmIL-10 to IL-10�/�

mice during induction of AI (Fig. 3B) resulted in a similar decrease
in ENO (�43%, NS), suggesting no significant additional effect on
airway NO production. However, ENO was significantly further
decreased (�60%, p � 0.05), with administration of L-NIL to IL-
10�/� mice with AI (Fig. 3C), suggesting some further reduction
of airway NO with NOS enzyme-specific inhibition.

AR with suppression of NO in vivo

AR in naive C57 and IL-10�/� mice is shown in Fig. 4A for the
full MCh concentration spectrum used and for comparison with

results obtained with at 72 h post-OVA aerosol challenge, with
administration of rmIL-10 and L-NIL (Fig. 4B). Reconstitution of
IL-10 resulted in a small but insignificant increase in AR; however,
specific inhibition of NOS with L-NIL resulted in a significant
increase in AR that produced a response profile that was not dif-
ferent from the C57 IL-10-sufficient case.

Nitrite production in vitro

Nitrite levels were nondetectable in conditioned medium of cells
from the naive C57 mice but were numerically greater (NS) for
cells from naive IL-10�/� mice (Fig. 5A). Nitrite production of
cells from both C57 and IL-10�/� mice was increased with AI,
attaining levels 2-fold higher in the absence of IL-10. Nitrite pro-
duction was completely inhibited in BAL cells treated with L-NIO
from both strains of mice.

IL-4 release in vitro

IL-4 release by BAL cells of naive mice was nondetectable and
rose significantly in cells from both C57 and IL-10�/� mice with
AI, consistent with induction of an allergen-driven Th2 response
(Fig. 5B). However, the magnitude of the increase in IL-4 in the
absence of IL-10 was �10-fold greater than that observed in the
IL-10-sufficient case (C57 mice). Addition of L-NIO and the inhi-
bition of NO production resulted in no significant alteration of IL-4
release in the cells from the C57 mice. However, the inhibition of
NO production significantly reduced IL-4 release by cells from
IL-10�/� mice, down to levels similar to that released by cells
from C57 mice, suggesting a difference in IL-4 modulation in the
absence of IL-10.

Discussion
The main findings of this study, with AI in the absence of IL-10,
were as follows: 1) significantly increased recruitment of macro-
phages into the airway, which was not observed when IL-10 was
present; 2) decreased ENO and airway nitrite levels, in contrast
with increases when IL-10 was present; 3) significantly increased
IL-4 release by BAL cells over that released in the IL-10-sufficient
case; 4) suppression of the significant IL-4 release with inhibition
of nitrite production not observed in cells sufficient for IL-10 pro-
duction; 5) an early inverse association of airway NO and AR,
which was diminished with continued development of AI; and 6)
demonstration of additional NO-dependent increases in AR, de-
spite a loss of the relationship between airway NO and AR, in the
late stages of AI.

These results indicate that a lack of IL-10 alters modulation of
NO in the setting of AI in ways that might not be predicted based
on its known suppressive effect on NOS (12). Rather, the lack of
IL-10 appears to allow significantly increased IL-4 production by
cells within the airway that may inhibit NO production and sub-
sequently alter physiological functions associated with its produc-
tion such as AR. In addition, there appears to be a NO-associated
negative feedback mechanism regulating IL-4 release from airway
immune cells that may serve to limit IL-4 release in the absence of
IL-10.

Table I. IL-18 alterations with AI and NO manipulationa

Mouse Strain Control Control and �SNAP �OVA �OVA �SNAP �OVA �L-NIO

C57 1446 � 225 35 � 17� 313 � 61� 19 � 11�† 475 � 65�
IL-10�/� 1002 � 237 24 � 10� 294 � 71� (n.d.)�† 542 � 116

a Values are means � SE; �p � 0.05 vs respective C57 or IL-10�/� group control (�OVA, �SNAP, �L-NIO); †p � 0.05 vs respective �OVA and �OVA�L-NIO groups; all
others not significantly different, not detected (n.d.) (�8 pg/ml); �OVA (n � 12), �OVA�SNAP (n � 8), �OVA (n � 8), �OVA�SNAP (n � 6), �OVA�L-NIO (n � 8).
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BAL macrophage-dominant shifts in absence of IL-10

In the absence of IL-10, total BAL cell recruitment in response to
OVA administration demonstrated an early significant increase (24
h), which was sustained at levels 2- to 4-fold higher than the C57
IL-10-sufficient mice over the 24- to 72-h time course studied. As
expected, eosinophilia was demonstrated in both C57 and IL-
10�/� mice over this same time course. However, in the absence
of IL-10, the 2- to 4-fold elevations in BAL cell numbers were due
to the profound macrophage-dominant BAL cell recruitment. The
present observations extend our prior work (13) and show the ki-

netic profile of AI-induced changes in the absence of IL-10. These
findings are consistent with studies in humans in which increased
macrophage influx occurs in allergen-challenged individuals (27)
and support the notion that lack of IL-10 results in heavily skewed
recruitment of macrophages to the allergen-provoked airway.
Based on a prior report (28) in which administration of IL-4 to
naive mice resulted in significantly increased BAL macrophages
but not eosinophils, the source of this increased recruitment in the
absence of IL-10 may be associated with elevated levels of IL-4,
as we observed in the BAL fluid, and in stimulated cells in vitro.

IL-18 release: a Th1 cytokine profile

The profile of IL-18 release by BAL cells in these experiments is
consistent with its characterization as a Th1-associated cytokine
(14, 29). The presence of a similar pattern in BAL cells from both
the C57 and IL-10�/� mice suggests that the general profile of
IL-18 production in the setting of AI is not directly affected by the
absence of IL-10. IL-18 release was modulable by NO, consistent
with previous work showing suppression of IL-18 by NO (15).
However, we did not observe any significant alteration in NO-
associated modulation of IL-18 release in the absence of IL-10,
further suggesting that a lack of IL-10 does not result in alteration
of IL-18 regulation with AI.

Airway NO production

ENO has been identified as a biomarker of AI associated with
asthma (9, 10); however its production in vivo, in the absence of
IL-10, has not been well studied. As we have reported previously,
ENO levels were significantly greater in naive IL-10�/� mice, as
compared with IL-10-sufficient C57 mice, but unlike the C57 mice,
a lack of IL-10 resulted in a decrease in ENO with the induction of
AI with OVA. ENO with AI was not statistically altered by admin-
istration of rmIL-10; however, it was further lowered with admin-
istration of L-NIL, indicating further inhibition of NOS activity
using an enzyme-specific inhibitor. We interpreted these results as
suggesting that the alteration in airway NO production with in-
flammation was not directly dependent on IL-10 but may have
occurred indirectly through alterations in IL-4 production, as sug-
gested below.

Airway IL-4, nitrite, and reactivity

IL-4 is a cytokine that is associated with allergen-mediated induc-
tion of the Th2 state and the development of AI (16, 22). IL-4
release into the airway was not detectable in sham-saline-chal-
lenged mice, suggesting no potentiation of the Th2 response with-
out OVA. Furthermore, IL-4 remained at undetectable levels at
24 h post-OVA challenge in the absence of IL-10, whereas total
cell and macrophage counts were elevated, and airway nitrite and
AR demonstrated an inverse association. However, at 48 h post-
OVA challenge, airway IL-4 was significantly increased in the
IL-10�/� mice, suggesting an OVA-driven Th2 response in the
absence of IL-10, whereas both airway nitrite and AR fell; the in-
verse association between airway nitrite and AR was lost. This
relationship continued into 72 h in the absence of IL-10. In con-
trast, airway nitrite levels in IL-10-sufficient C57 mice were ele-
vated with AI at 48 and 72 h post-OVA-challenge, with no mea-
surable change in airway IL-4 levels.

Administration of rmIL-10 resulted in a small but statistically
insignificant increase in AR, suggesting a trend for an effect of
reconstitution of IL-10. This trend was consistent with an AR in-
crease reported previously (30, 31); however, its magnitude was
small, perhaps due to the mild nature of our inflammatory chal-
lenge. Administration of L-NIL resulted in a significant increase in
AR in the absence of IL-10 that was not different from the C57

FIGURE 2. Airway IL-4, NO, and AR with AI. A, Concentrations of
IL-4 in BAL fluid of C57 and IL-10�/� mice during postaerosol challenge
time intervals of 24, 48, and 72 h. Groups, numbers, and significance sym-
bols as in Fig. 1. Limit of detection indicated as dashed horizontal bar. B,
Nitrite levels in BAL fluid of C57 and IL-10�/� mice during postaerosol
challenge intervals of 24, 48, and 72 h. Groups, time intervals, numbers,
and significance symbols as in Fig. 1. Minus symbol indicates test not done
due to shortage of BAL fluid. C, AR (Penh) of C57 and IL-10�/� mice to
50 mg/ml MCh during postaerosol challenge intervals of 24, 48, and 72 h.
Groups, time intervals, and numbers as in Fig. 1; v, p � 0.05 vs respective
Ova/Sal or Ova/Ova strain counterpart; ˆ, p � 0.05 IL-10�/� Ova/Ova
�rmIL-10 vs IL-10�/� Ova/Ova; other significance symbols as in Fig. 1.
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IL-10-sufficient case. These findings suggest that the suppression
of AR with AI in the absence of IL-10 may not be associated with
loss of IL-10 modulation of NOS, per se, but may be occurring
indirectly, perhaps through up-regulated IL-4 production.

Modulation of IL-4 release by airway immune cells

Unlike IL-18, IL-4 release by cultured, recruited BAL cells was
negligible for both strains of naive mice and was elevated in cells
from mice with OVA-induced AI, suggesting the presence of the
Th2 state in our allergen-provocation model. However, the release
of IL-4 in the absence of IL-10 was increased �10-fold over the
IL-10-sufficient cells, suggesting altered regulation of IL-4, with a
lack of IL-10. Furthermore, inhibition of NO production by cells
lacking IL-10 significantly reduced IL-4 release to levels equiva-
lent to the cells from IL-10-sufficient C57 mice, which were un-
changed by this same treatment. Although the effect of IL-4 in
down-regulating NO production is known (17), the present find-
ings support an additional feedback mechanism in which NO re-
duces IL-4 production (32), in the absence of IL-10. Thus, these
findings suggest that NO levels may play an important role in the
feedback regulation of IL-4 release by immune cells recruited to
the airway as part of the process of allergic inflammation. Further-
more, they suggest that the high airway NO levels present in the
naive case are altered with the induction of inflammation in vivo,

perhaps through down-regulation via increasing airway IL-4 lev-
els, with development of the Th2 state.

Association of IL-10 and airway responsiveness

The effect of IL-10 on allergen-driven AR has been reported in
several previous in vivo and in vitro animal studies (30, 31, 33,
34). The evidence from those studies suggests that IL-10 influ-
ences or acts in concert with one or more inflammatory factors to
increase smooth muscle activity (31), perhaps involving airway
smooth muscle autocrine signaling through IL-5 (33) or regulation
of surfactant protein D (35). However, there has been no further
consensus. Our data suggest that the production of NO may be a
factor in regulation of AR in the early stages of AI, when IL-10 is
missing, but that its production may be down-regulated by in-
creased levels of IL-4, with the progression of inflammation in the
absence of IL-10. Although this idea is inconsistent with an ex-
pected linkage between eosinophilia and AR, some studies have
shown dissociation between AR and eosinophilia, particularly in
the C57 strain (36); therefore, their concordance does not seem to
be rigid. However, given the elevated ENO levels in naive IL-
10�/� mice, the reduction of NO production with AI, and the lack
of development of a typically exaggerated AI phenotype (as eo-
sinophilia and strong airway hyperresponsiveness), the present

FIGURE 3. ENO levels in mice. ENO in individual IL-10�/� mice (n � 8/group), connected by straight lines, before (�) and 48 h after OVA challenge
(�), administered: A, sham-saline injection of L-NIL vehicle (VEH) (E); mean � SE shown with error bars flanking individual data; �, p � 0.05 as
compared with C57 (F) controls; �, p � 0.05 respective C57 and IL-10�/� comparisons �OVA vs �OVA; B, rmIL-10 (125 �g � kg�1 � day�1), signif-
icance as in A; or C, L-NIL (3 mg/kg), significance as in A; p � 0.05 for average percent decrease with L-NIL (�60%) from control, as compared to average
percent decrease with �OVA�VEH (�39%) in A.

FIGURE 4. AR in mice with AI. A, AR (as Penh) in naive C57 (F, n � 16) and IL-10�/� (E, n � 16) mice. Values are means � SE; �, p � 0.05 vs
respective strain 0 mg/ml MCh and next lowest MCh concentration(s); �, p � 0.05 increased vs IL-10�/� at same MCh concentration. B, AR in C57 (F,
n � 16), IL-10�/� (E, n � 16), IL-10�/� �rmIL-10 (ƒ, n � 15), and IL-10�/� �L-NIL (�, n � 8) mice, 72 h postaerosol OVA challenge; significance
symbols as in A.
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data would suggest that the relationship between NO and IL-4 may
be important in the development of AR, in the absence of IL-10.

Critique of methods

We used the measurement of Penh as an index of AR because it
allowed a rapid, repeated, noninvasive assessment of AR measure-
ments in large numbers of unanesthetized mice over the 24–72 h
postchallenge period using inhaled MCh. Earlier studies have
shown that elevations in Penh are correlated with eosinophilia in
BALB/c mice (37); however, this association has been reported
recently to be weak or absent, and there has been some controversy
as to whether Penh can accurately reflect alterations in airway
responsiveness in C57 mice (38, 39). Our data suggest that alter-
ations in AR associated with AI were consistent with expectations
of airway hyporesponsiveness in IL-10�/� mice, relative to their
C57 IL-10-sufficient counterparts (30, 31, 33, 34). Although we
acknowledge some limitations to the Penh technique, we agree
with the assertion by DeLorme and Moss (40) that the choice of
the Penh measurement should be linked to the study objective and

the ability to track alterations in AR previously verified by more
invasive measures of lung resistance. The latter requirement in the
C57 and IL-10�/� strains was fulfilled by the prior study of Justice
et al. (31) in which Penh was shown to display results consistent
with measures of lung resistance in situ and airway smooth muscle
tension development in vitro.

Although our AR and inflammation responses generally agree
with those of prior studies (30, 31, 34), they are not consistent with
one study in which IL-10�/� mice demonstrated significantly de-
creased BAL macrophage counts and increased eosinophilia and
AR, as compared with the C57 mice (41). Those responses were
consistent with what would be expected with a lack of IL-10 as an
anti-inflammatory cytokine and are in agreement with phenotypic
expectations that would come from human data demonstrating a
lack of IL-10 production in asthmatics (7, 8). However, it must be
acknowledged that those results were obtained with a stronger
OVA stimulus (five higher concentration OVA challenges), which
may have profound effects on the induction of AI and the subse-
quent measures of cell recruitment, cytokines, NO production, and
airway responsiveness (42). Even so, it is possible that fastidious
precautions of sterilized germfree microisolator cages and bed-
ding, sterile food and water provision, and sterilization of the al-
lergen exposure chamber (41) are necessary to observe these re-
sults in this mouse model. Although we housed our mice in a
barrier facility, we did not sterilize other fomites with which the
mice potentially came into contact throughout the experiments,
which may have led to altered AI and AR responses, in the absence
of IL-10. Further study is necessary to determine whether these
possibilities are germane to our understanding of systemic, cellu-
lar, and molecular responses within the airway in murine models
when IL-10 is lacking.
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