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IL-12 can alleviate Th17-mediated allergic lung
Inflammation through induction of pulmonary

IL-10 expression

DM Durrant! and DW Metzger!

Interleukin (IL)-12 has been shown to suppress T helper type 2 (Th2)-induced pathogenesis that is associated with
allergic asthma, largely through interferon (IFN)-y production. We have recently shown that in the absence of T-bet,

the major regulator of IFN-y expression, allergic lung inflammation is primarily associated with IL-17-associated
recruitment of neutrophils into the pulmonary tract of mice. In the absence of T-bet, exogenous IL-12 was still able

to suppress neutrophilic infiltration and to diminish levels of IL-17, IL-23, and IL-23R, as well as retinoic acid-related
orphan receptoryt, the transcriptional regulator of the Th17 pathway. The same effects were observed in T-bet~/~
IFN-y~/- double knockout mice, showing an IFN-y-independent effect of IL-12 in this model. IL-10 expression in the
lungs of T-bet-deficient mice was significantly increased after IL-12 treatment, and inoculation of anti-IL-10R mAb
completely reversed the ability of IL-12 to suppress histological inflammation, recruitment of inflammatory cell subsets
into the lung, bronchiole hyperresponsiveness, and IL-17 production. We conclude that Th17-mediated allergic lung
inflammation that becomes dominant in the absence of effective IFN-y signaling can be effectively suppressed by IL-12

through an IL-10-dependent mechanism.

INTRODUCTION

Allergic asthma is characterized as a chronic inflammatory
disorder of the bronchial mucosa and has been hypothesized
to be the result of dysregulated CD4 ™" T helper type 2 (Th2)
cell activity.! Expression of Th2-type cytokines, specifically
interleukin (IL)-4, IL-5, and IL-13, is increased in response
to inhaled allergens and results in bronchiole hyperrespon-
siveness (BHR), increased concentrations of allergen-specific
serum IgE, goblet cell hyperplasia, and eosinophilic infiltra-
tion into the airways.>* In addition to eosinophils, some stud-
ies have reported increased numbers of neutrophils in the
airways of asthmatic patients, particularly in patients with
severe asthma.*> Moreover, the proinflammatory cytokine
IL-17, has been found to be expressed in the airways of
patients with asthma,®” and the levels of expression can be
correlated with disease severity.® There is also evidence for
a prominent role for IL-17 in the induction of neutrophilic
airway inflammation and the progression of allergic asthma
in animal models.’~!! For instance, neutralization of IL-17
during either allergen priming or allergen challenge of mice

has been reported to inhibit the expansion and/or recruitment
of neutrophils into the lung.®!? In addition, it has been found
that IL-17/IL-17R signaling is critically required for allergen
sensitization leading to asthma.!! Taken together, these results
indicate that IL-17 can have a crucial role in asthmatic pul-
monary inflammation.

IL-17 is primarily produced by a distinct population of
CD4* T cells, namely Th17 cells.!? In addition to IL-17
(IL-17A), Th17 cells secrete IL-17F, IL-21, and 1L-22, and
have been implicated in the pathogenesis of various inflam-
matory conditions, including experimental autoimmune
encephalitis and collagen-induced arthritis.'#=16 Th17 cell
differentiation is induced by transforming growth factor-f3
and IL-6 in mice,'”"'® and IL-23 is important in the mainte-
nance of Th17 cell lineage commitment.!3?° These cytokines
induce the expression of the transcription factors, retinoic
acid-related orphan receptor (ROR)yt and RORa, in naive
T cells after T-cell receptor stimulation, which results in
Th17 cell differentiation.?:?2 Conversely, other cytokines,
including IL-2, IL-4, IL-27, and interferon (IFN)-v, have the
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ability to inhibit or attenuate Th17 differentiation in both
humans and mice.?*2¢ In addition, mice lacking T-bet, the
T-box transcription factor crucial for Th1 cell differentiation
and IFN-v production, produce greater numbers of IL-17*
cells,?” presumably because of reduced inhibitory IFN-y pro-
duction. Interestingly, there is now compelling evidence that
in the absence of T-bet, IL-17 has a predominant role in the
pathogenesis of allergic asthma. We,?® along with others,?’
have shown that mice deficient in T-bet show increased Th17
pulmonary cytokine production and enhanced Th17-medi-
ated neutrophilic inflammation in the airways after allergen
sensitization and challenge. In addition, neutralization of
IL-17 in T-bet-deficient mice can reverse airway inflam-
mation after antigen challenge.?® These results suggest that
T-bet is a negative regulator of Th17-mediated allergic air-
way inflammation.

It is well known that Th1 cells, which produce IFN-v, can
inhibit the development of Th2-mediated airway inflamma-
tion.3% In fact, IL-12 drives CD4 * T-cell differentiation toward
a Th1-like phenotype?! and can reverse the polarization of
Th2 cells.*? The ability of IL-12 to inhibit allergic asthma has
been studied by several laboratories in murine models of aller-
gen-induced airway inflammation. Treatment with IL-12 dur-
ing the antigen-sensitization stage has been found to reduce
levels of eosinophils in bronchoalveolar lavage (BAL) fluids,
diminish lung pathology, and lessen BHR.3%34 In addition,
IL-12 given during the antigen-challenge phase can abrogate
allergic airway inflammation and BHR in sensitized mice,
inhibit airway eosinophilia,®>3¢ and prevent increases in
IL-4 and IL-5 production after airway challenge,?”-3 effectively
causing a shift to a Th1 cellular response, which is IFN-y
dependent. It has also been reported that IL-12 has inhibi-
tory effects on allergic lung inflammation that are independ-
ent of IFN-v,%>3% but the precise mechanism responsible for
this activity remains unclear. Finally, although it has now
been established that IL-17 can have an important role in
allergic lung inflammation, the role of IL-12 in alleviating
Th17/neutrophil-mediated allergic lung inflammation still
remains unexplored.

In this study, we examined the ability of IL-12 to suppress
Th17-cell-mediated asthma, using ovalbumin (OVA) sen-
sitization and challenge of T-bet =/~ mice as a model. Our
results show that Th17 cells have an important role in anti-
gen-induced airway inflammation in the absence of T-bet and
that IL-12 suppresses this inflammation independently from
IFN-v expression. It has been previously shown that in vitro
exposure of T cells and macrophages to IL-12 can result in
IL-10 expression.?%42 In addition, there are reports that IL-10
negatively regulates Th17-associated cytokine production.*3
Thus, we tested whether IL-12 alleviates Th17-mediated aller-
gic lung inflammation through induction of IL-10. The results
presented in this study detail a novel biological mechanism
in which a Th1-inducing cytokine, IL-12, suppresses Th17
cytokine production through induction of IL-10 and inde-
pendently from IFN-vy signaling. These findings expand our
understanding of lung immune homeostasis and could affect
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attempts to develop effective therapies for allergen-induced
lung inflammation.

RESULTS

IL-12 suppresses IL-17 production

Previous studies have shown the ability of IL-12 to inhibit
Th2%* and Th17%7 cytokine expression. This inhibition
has been found to be mediated primarily by IFN-y.2431:45
However, in the absence of T-bet, Th1 cells lose their abil-
ity to produce IFN-v, and we thus hypothesized that IL-12
would have little to no effect in suppressing Th2 or Th17
cytokine production in T-bet~™/~ mice. To determine
whether IL-12 can suppress Th2 cytokine expression in the
absence of T-bet, the levels of IL-4 and IL-5 from the lungs,
as well as BAL fluids of wild-type (WT) and T-bet =/~ mice
were measured after OVA sensitization and challenge, with
or without IL-12 treatment during the challenge phase. As
expected, challenge of sensitized WT animals with OVA
induced the expression of IL-4 and IL-5 in lung tissue,
whereas no IFN-y production was detected (Figure 1a).
IL-12 treatment induces IFN-y production in WT mice
and suppresses the secretion of Th2-associated cytokines.
Essentially identical results were obtained when BAL fluid
cytokine production was measured (data not shown).
However, this pattern was not observed in sensitized
T-bet-deficient animals after OVA challenge. In the absence
of T-bet, the levels of IL-4 and IL-5 failed to reach the levels
observed in WT mice (Figure 1a). Furthermore, after IL-
12 treatment, there was no induction of IFN-y, and IL-12
treatment had only minor effects on Th2-related cytokine
expression.

Previously, we,?8 along with others,?® showed that in the
absence of T-bet, IL-17 is the primary mediator of antigen-
induced lung inflammation. Indeed, T-bet has been shown to
be a negative regulator of Th17 differentiation,*® which suggests
that in the absence of T-bet, Th17 could be the default pathway.
Therefore, we sought to determine whether IL-12 would have
any effect on the Th17 pathway in the absence of T-bet expres-
sion. Surprisingly, although IL-12 treatment of WT mice had
a subtle effect on IL-17 production or on transcript levels of
IL-17A and RORYt, which was most likely due to IFN-y produc-
tion, it had a dramatic inhibitory effect in T-bet ~/~ mice (Figure
1b and c). In addition, IL-23 production in T-bet~/~ but not
WT animals was suppressed after IL-12 treatment (Figure 1d).
IL-23R expression, which is necessary for the maintenance of
Th17 cells,? was increased in T-bet-deficient mice after OVA
challenge, and IL-12 treatment strikingly inhibited its expression
(Figure 1e). IL-17 and IFN-y expression in lung lymphocytes
was also measured by intracellular cytokine staining. After OVA
challenge, WT and T-bet ~/~ mice contained similar numbers
of IFN-y* cells (mean of 4.2x10% IFN-y* cells per lung in WT
mice and 5.4x10* IFN-y* cells per lung in T-bet /=~ mice). This
suggests that there are residual lung lymphocytes in T-bet =/~
mice that produce IFN-vy after allergen challenge. However, after
IL-12 treatment, IFN-y* cell levels increased in WT but not in
T-bet =/~ mice. Although there was no change in numbers of
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Figure 1 Interleukin (IL)-12 suppresses pulmonary Th17 activity. Cytokine levels in lung homogenates obtained from unchallenged, ovalbumin
(OVA)-challenged, and OVA-challenged plus IL-12-treated BALB/c T-bet*/+ (wild type, WT) and T-bet~/~ mice were measured 24 h after a 5-day

OVA challenge. Protein levels were normalized to lung tissue total protein. (a) IL-4, IL-5, and interferon (IFN)-y were measured by murine cytometric
bead array and (b) IL-17 levels were measured by enzyme-linked immunosorbent assay (ELISA). The data are shown as means+s.e.m.; 8 mice per
group. (¢) IL-17, retinoic acid-related orphan receptor (ROR)yt, and RORa transcripts were measured by quantitative real-time (RT)-PCR. Transcript
expression was normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and used to calculate expression relative to untreated mice.

(d, e) Expression of IL-23 protein and IL-23R transcripts, respectively, in the lungs of sensitized mice upon antigen challenge relative to non-sensitized
mice after antigen challenge. Lungs were collected 24 h after a 5-day OVA challenge from both groups of mice. Levels of IL-23 were measured by
ELISA, and levels of IL-23R transcripts were determined by quantitative RT-PCR. The data represent means+s.e.m.; 8 mice per group. (f) Flow
cytometric detection of IFN-y and IL-17-producing cells in lung lymphocyte preparations from OVA-challenged and OVA-challenged plus IL-12-treated
T-bet*/+ (WT) and T-bet~/~ mice. The data represent mean percentages of positively stained cells within the lymphocyte gate. *P<0.05. All results are
representative of at least three independent experiments with 6-8 mice per group.

IFN-y* cells in the absence of T-bet, the percentages of IL-17-  significantly reduced after IL-12 treatment (Figure 1f). Thus, it
producing lymphocytes were higher in sensitized T-bet ~/~ mice  seems that IL-12 inhibits cytokine expression as well as the gene-
than in WT mice after OVA challenge, and these levels were  ration and expansion of Th17 cells in the absence of T-bet.
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IL-12 alleviates allergen-induced asthma in the absence of T-bet
To determine whether IL-12-mediated suppression of
Th17 cells might influence development of asthma,
T-bet ™/~ mice were tested for induction of allergic lung
inflammation after OVA challenge and IL-12 treatment.
Previously, we have shown that allergic lung inflamma-
tion and BHR observed in T-bet =/~ mice after OVA sen-
sitization and challenge is primarily mediated by the Th17
pathway.?® Similar to previous results, there was increased
peribronchiolar and perivascular cellular infiltration in the
lungs of both WT and T-bet =/~ mice after OVA challenge
in the absence of exogenous IL-12 treatment (Figure 2a
and b). As shown previously, the amount of pulmonary inflam-
mation was exacerbated in T-bet ~/~ mice compared with WT
mice, most likely due to increases in eosinophilic infiltration
in combination with increased neutrophilic infiltration that
is mediated by increased IL-17 production.?® Although the
amount of peribronchiolar inflammation decreased in WT
mice after IL-12 treatment, dramatically decreased inflam-
mation was also observed in OVA-sensitized and OVA-chal-
lenged T-bet '~ mice after IL-12 treatment. Although IL-12
had a more pronounced effect on eosinophilic infiltration
in WT animals compared with T-bet =/~ mice, it suppressed
neutrophilic infiltration to a greater extent in T-bet ™/~ mice
(Figure 2c). It was also found that IL-12 reversed BHR in
both WT and T-bet =/~ animals (Figure 2d). To measure
BHR, animals were anesthetized, tracheostomized, and con-
nected to a mechanical ventilator. Measurement of input
impedance after challenge with increasing doses of metha-
choline (see the section “Materials and methods”) established
a dose-response relationship between airway resistance (or
Newtonian resistance (Ry)) and tissue stiffness (or elastance
(H)). Resistance tended to be elevated after OVA challenge of
WT and T-bet =/~ mice, although this was not statistically sig-
nificant. However, tissue elastance was significantly elevated
after OVA challenge, likely due to enhanced peripheral airway
closure.*’ IL-12 treatment significantly suppressed this tissue
elastance to a greater extent in T-bet ~/~ mice compared with
WT mice (Figure 2d) and caused BHR to return to baseline
levels. These various measurements suggest that IL-12 influ-
ences the peripheral airways (as determined by H) to a greater
extent than the central airways of the lung (as determined by
Ry). IL-12 treatment of naive mice in the absence of OVA
challenge had no effect on lung homeostasis (data not shown).
Opverall, the results show that IL-12 treatment suppresses anti-
gen-induced airway inflammation in T-bet-deficient animals
at least as well as in WT animals, and suggest that IL-12 inhib-
its IL-17-mediated inflammatory activity independently from
IFN-v production.

IL-12 suppresses IL-17 in the absence of IFN-y

Although CD4* T cells and NK cells are deficient in the produc-
tion of IFN-vy in the absence of T-bet, other cells, including CD8
T cells, maintain the ability to express IFN-v.48 To determine
whether a T-bet-independent, IFN-y-dependent pathway was
responsible for the suppression of allergic lung inflammation
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that was observed in T-bet =/~ mice after IL-12 inoculation, we
produced and tested T-bet ~/~/IFN-y =/~ double knockout mice.
Splenocytes from these animals were cultured in the presence of
lipopolysaccharide and IL-12 to confirm the absence of
IFN-vy expression after stimulation. Splenocytes obtained from
WT and T-bet ~/~/IFN-y*/* mice produced IFN-y within 60 h
after in vitro stimulation, but cells from T-bet =/~ /IFN-y~/~
mice failed to produce detectable levels of IFN-v (Figure 3a).
Nevertheless, OVA challenge of T-bet ~/~/IFN-y~/~ animals
mirrored the results obtained with T-bet =/~ /IFN-y*/* mice,
i.e., there was increased cellular infiltration into the lungs of
T-bet~/~/IFN-y~/~ animals after OVA challenge and IL-12
maintained its ability to suppress this infiltration (Figure 3b).
In particular, there was a significant reduction in the number
of pulmonary neutrophils after IL-12 treatment, although no
significant effect on recruitment of eosinophils was observed,
most likely due to the loss of residual IFN-y expression in the
T-bet~/~/IFN-y~/~ animals. We (data not shown), along with
others,* have observed that IFN-y~/~ mice primed and chal-
lenged with OVA show increased pulmonary inflammation and
increased BHR compared with IFN-y*/* mice. Therefore, we
used the T-bet ~/~/IFN-y~/~ animals to determine the effects
of IL-12 specifically on granulocytic cellular infiltration and
cytokine production. Levels of Th2-related cytokines were
significantly lower in T-bet ~/~/IFN-y~/~ animals after OVA
challenge in the absence of IL-12 compared with WT mice,
and the inhibitory effect of IL-12 on Th2 cytokine production
was essentially restricted to WT animals (Figure 3c). However,
IL-17 was increased in T-bet =/~ /IFN-y~/~ mice after OVA
challenge and its production was suppressed by IL-12 inoc-
ulation (Figure 3c). These data confirm the ability of IL-12
to inhibit Th17-mediated allergic lung inflammation in the
absence of intrinsic IFN-y expression.

IL-12 induces expression of pulmonary IL-10

In addition to IFN-v, IL-12 can induce the expression of
IL-10,%0 and it was recently reported that IL-10 inhibits Th17
cytokine expression.** As IL-12 was found to suppress aller-
gic lung inflammation in an IFN-y-independent manner, we
next determined the potential role of IL-10 in this inhibitory
pathway. It was found that IL-12 inoculation induced IL-10
expression in the lungs of not only OVA-challenged WT ani-
mals but also, and to an even greater extent, in T-bet ™/~ mice
(Figure 4). The increased production of IL-10 in the absence
of T-bet may be due to the lack of IFN-y-mediated counter-
regulation. Identical patterns of IL-10 induction were seen in
T-bet~/~/IFN-y~/~ mice, showing the IFN-y independence
of IL-10 induction.

IL-10 is responsible for IL-12-induced suppression of
IL-17-mediated inflammation

To directly test the role of IL-10 in IL-12-mediated suppres-
sion of T-bet =/~ allergic lung inflammation, anti-mIL-10R1
mAb was coadministered during OVA +IL-12 challenge.
This IL-10R mAb has been previously found to be effective
in neutralizing the in vivo effects of IL-10.°? It was found
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Figure 2 Interleukin (IL)-12 alleviates allergen-induced asthma in the absence of T-bet. BALB/c T-bet*/* and T-bet~/~ mice (6—8 weeks old)

were sensitized intraperitoneally (i.p.) on days 1 and 7 with 10 ug ovalbumin (OVA). Intranasal (i.n.) challenge with 100 ug OVA was performed for

5 consecutive days starting 1 week after the final sensitization. IL-12 (0.25 ug) was given i.n. during the first two days of the 5-day OVA challenge. Airway
inflammation was assessed 24 h after the day 5 OVA challenge. (a) Representative hematoxylin and eosin (H&E)-stained lung sections from naive,
OVA-challenged, and OVA-challenged plus IL-12-treated BALB/c T-bet*/* (wild type, WT) and T-bet~/~ mice (x200; 8 mice per group). (b) Scoring

of H&E-stained lung sections based on the severity of peribronchial inflammation. (¢) Numbers of total cellular infiltrates plus differential counts

of eosinophils and neutrophils obtained from bronchoalveolar lavage (BAL). BAL cells were stained with Wright's modified stain and enumerated
according to standard morphological criteria. The data represent means=s.e.m., with at least 8 mice per group and are representative of at least three
independent experiments. (d) Airway function was assessed using an invasive mechanical small animal ventilator. Newtonian resistance (R,) and
tissue elastance (H) were measured in response to increasing doses of methacholine. The data are shown as means of 6 mice per group+s.e.m. and
are representative of two independent experiments. *P<0.05, **P<0.01, ***P<0.001.

that the anti-inflammatory effect of IL-12 in T-bet =/~ mice
could be completely reversed by coadministration of anti-
IL-10R1 mAb and the effects were observed primarily in

the lung peribronchial regions (Figure 5a). IL-12-mediated
inhibition of inflammatory cell infiltration that involved
both eosinophils and neutrophils, was also reversed by
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Figure 3

Interleukin (IL)-12 suppresses IL-17 in the absence of interferon (IFN)-y. (a) Pooled splenocytes were isolated from 2-3 T-bet*/*IFN-

y+/* (wild type, WT), T-bet~/~IFN-y*/+, and T-bet~/~IFN-y~/~ double knockout (DKO) mice, and 1x10° cells per ml were cultured in the presence of
125ngml~' IL-12 and 100ngml~" lipopolysaccharide. Levels of IFN-y in supernatant fluids were measured by enzyme-linked immunosorbent assay
(ELISA) after 24, 48, 60, and 72h. The data represent means of 4 wells per groupzs.e.m. from one experiment. (b) Numbers of total cells, eosinophils,
and neutrophils in bronchoalveolar lavage (BAL) obtained from WT and DKO mice were evaluated 24 h after OVA challenge. BAL cells were stained
with Wright's modified stain and counted according to standard morphological criteria. The data represent means of 6 mice per group+s.e.m. and are
representative of at least three independent experiments. (¢) Cytokine levels in WT and DKO lungs after induction of allergic lung inflammation and
treatment with IL-12. Cytokine levels were measured by cytometric bead array (IL-4, IL-5, and IFN-y) and by ELISA (IL-17). The data represent means
of 6 mice per group+s.e.m. and are representative of at least three independent experiments. *P<0.05.

IL-10R mAb treatment (Figure 5¢). OVA-sensitized and
OVA-challenged T-bet =/~ mice that received anti-IL-10R
mAb alone demonstrated peribronchial inflammation and
eosinophilic infiltration similar to that observed in mice
that were challenged with OVA but not treated with anti-IL-
10R mAb (Figure 5a-c). Thus, in the absence of exogenous
IL-12 treatment, endogenous IL-10 likely has a minor role in
regulating allergic lung inflammation. In addition, inhibi-
tion of BHR after IL-12 treatment was lost in the presence of
IL-10R mAD (Figure 5d). To determine whether IL-12/IL-10
had an effect on Th17 pathway differentiation, levels of IL-6
were determined (Figure 5e). Indeed, IL-10 that was induced
by IL-12 treatment causes the suppression of IL-6 levels in
the lung. Finally, treatment with anti-IL-10R mAbD resulted
in little to no effect of IL-12 on IL-17 levels in T-bet =/~
mice (Figure 5f). In all cases, IL-12 maintained its activity
in the presence of an isotype-matched, irrelevant antibody,
demonstrating the specificity of the observed effects. These
results indicate that IL-12 alleviates Th17-mediated pulmo-

nary inflammation through induction of inhibitory IL-10
expression.

DISCUSSION

Our results show that IL-12 treatment in a murine model of
OVA-induced, Th17-mediated allergic lung inflammation
can prevent airway inflammation, inflammatory cell infiltra-
tion, and BHR in an IFN-y-independent but IL-10-depend-
ent manner. Th2 lymphocytes are believed to be key players in
allergic asthma,>! and IL-12, which inhibits Th2 activity while
promoting Th1 development through the T-bet transcription
factor,*>52%3 has been targeted as a potential therapeutic. We,?3
along with others,?” have previously shown in the OVA-induced
asthma model that in the absence of functional T-bet, Th2 cells
have a relatively minor role, and allergic lung inflammation is
primarily mediated by Th17 cells. Other investigators have used
a house dust mite asthma model to similarly demonstrate induc-
tion of IL-17A as well as increased BHR in A/] mice respond-
ing to allergen challenge; BHR is inhibited in this model by
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Figure 4 Interleukin (IL)-12 induces expression of IL-10. BALB/c wild-
type (WT), T-bet~/~, and double knockout (DKO) mice were sensitized
with ovalbumin (OVA) in alum, and 2 weeks later were challenged
intranasally (i.n.) for 5 consecutive days with OVA. Twenty-four hours
after the last OVA inoculation, homogenates were prepared from lung
tissue, protein levels were normalized to lung total protein, and IL-10 was
measured by enzyme-linked immunosorbent assay (ELISA). The data
represent means of 6 mice per group+s.e.m. and are representative of at
least three independent experiments *P<0.05.

anti-IL-17A mAb (M Wills-Karp, personal communication).
Our current findings show that IL-12 is highly effective in inhib-
iting such Th17-mediated pulmonary disease, through induc-
tion of IL-10 expression.

IL-12 has been shown to be an effective therapeutic in many
diseases, such as cancer, because of it ability to activate mul-
tiple inflammatory mediators.>* We found that IL-12 treat-
ment of WT mice after allergen sensitization and challenge
induced increased levels of IFN-vy and, in turn, suppressed
pulmonary Th2 cytokine production. These results parallel
those reported in numerous allergen-induced murine animal
models.>*3%37-39 However, in the absence of T-bet, there were
little to no increases in lung IFN-v levels after IL-12 treat-
ment, yet significant inhibition of allergic lung inflammation
was still observed. To rule out the possibility that IL-12 treat-
ment induced low-level expression of IFN-y by T-bet =/~ cells
other than CD4* T cells and that this IFN-y was responsible
for the observed inhibition of allergic lung inflammation in
T-bet~/~ mice, mice deficient in both T-bet and IFN-y were
generated and used to show that levels of IL-17 secretion, as
well as Th17-associated transcript levels, were significantly
decreased by IL-12 treatment in the complete absence of
IFN-v. Our results further showed that IL-12 specifically and
profoundly alleviates tissue stiffness/elastance in T-bet =/~
mice, suggesting a reduction of inflammation, primarily in
the peripheral airways, which led to reduced BHR. IL-12 lost
the ability to suppress eosinophilic airway infiltration in the
absence of IFN-y and T-bet, but maintained the ability to
inhibit neutrophilic infiltration. Similarly, although IL-12 was
unable to suppress Th2 cytokine production in mice lacking
both T-bet and IFN-v, it maintained the capacity to suppress
IL-17 production. Overall, our results suggest that transcrip-
tion factor T-bet negatively regulates Th17 differentiation and
that IL-12 can suppress Th17 functional activity independ-
ently from IFN-vy. Interestingly, recent results have shown
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the ability of IL-12 to repolarize Th17 cells toward a Th1
phenotype;55 however, this does not account for the find-
ings reported in this study as the suppression of allergic lung
inflammation by IL-12 occurred in the absence of IFN-y.

It was observed that pulmonary levels of the anti-inflam-
matory cytokine, IL-10, were increased in OVA-sensitized
and OVA-challenged animals after IL-12 treatment. Previous
studies have shown that IL-12 induces IL-10 production in
an IFN-y->%57 and a T-bet-independent®® manner. Previous
results have also shown the ability of IL-10 to suppress allergic
lung inflammation.”*° Thus, to investigate the potential role
of IL-10 in IL-12-mediated suppression of Th17 allergic lung
inflammation, neutralizing anti-IL-10R mAb was administered
to T-bet =/~ mice during OVA challenge and IL-12 treatment. It
was found that anti-IL-10R mAb treatment completely reversed
the beneficial effects of IL-12. Both allergic lung inflammation
and the levels of lung IL-17A failed to be suppressed by IL-
12 treatment in the presence of the anti-IL-10R mAb. Other
investigators have now found that bleomycin-induced lung
inflammation, a system similarly mediated primarily by the
Th17 pathway, is exacerbated in IL-10 knockout mice (TA
Wynn, personal communication), highlighting the essential
anti-inflammatory role of IL-10 in the lung. As CD4*CD25*
regulatory T cells have the ability to produce IL-10 and have
been implicated in preventing T-cell responses to allergens,®!
the expression of Foxp3, a marker for these T-regulatory cells,%?
was assessed on CD4* T cells isolated from the lung, and it
was found that IL-12 treatment had no effect on numbers of
Foxp3™* cells (data not shown). Nevertheless, it should be rec-
ognized that IL-12 treatment may influence expression of other
proinflammatory or anti-inflammatory cytokines or chemo-
kines such as keratinocyte chemoattractant or transforming
growth factor- 3, which could also contribute to the suppression
of inflammation. Overall, our results show that IL-12 treat-
ment ameliorates allergic inflammation in the absence of T-bet
through an IL-10-dependent mechanism.

These findings show that IL-12 has therapeutic anti-inflam-
matory effects in the absence of T-bet expression, a con-
dition in which the activation of the IFN-vy gene is severely
impaired.®3~> Interestingly, recent evidence suggests that the
deficient expression of T-bet is associated with allergic asthma
in humans.%¢-%8 It is possible that activation of both Th17 and
Th2 cells is involved in the pathogenesis of disease, especially
in T-bet-deficient patients. Therefore, the effects of IL-12 pre-
sented in this study may be applicable to understanding the
pulmonary immune response to allergens and for the develop-
ment of potential therapeutics.

In summary, we have shown that IL-12 can suppress IL-17-
mediated inflammation through enhanced pulmonary IL-10
expression. Although IL-12 serves as an adjuvant for the prefer-
ential development of Th1 cytokine responses, the results sug-
gest that molecules that mimic the effects of IL-12 and/or IL-10
might, in addition to inhibiting Th2 responses, alleviate Th17
responses and thus be particularly active in decreasing allergic
lung inflammation in certain asthmatic individuals who have
deficiencies in T-bet expression.
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Figure 5

Interleukin (IL)-10 is responsible for IL-12-induced suppression of IL-17-mediated inflammation. Ovalbumin (OVA)-sensitized and OVA-

challenged BALB/c T-bet~/~ mice were left untreated or treated with IL-12, IL-12 in the presence of neutralizing anti-IL-10R mAb (a-IL-10R), IL-12

in the presence of isotype control mAb (IgG), or neutralizing anti-IL-10R mAb alone. (a) Representative hematoxylin and eosin (H&E)-stained lung
sections from naive and OVA-challenged BALB/c T-bet~/~ mice (x200; 4 mice per group). Neutralizing anti-IL-10R mAb (a-IL-10R mAb) and IgG
isotype control mAb were administered on days 1 through 3 during OVA intranasal (i.n.) challenge. (b) H&E-stained lung sections were scored for
levels of peribronchial inflammation in each of the treatment groups. (¢) Numbers of eosinophils and neutrophils in bronchoalveolar lavage (BAL) fluids
were evaluated 24 h after OVA challenge. BAL cells were stained with Wright’s modified stain and counted according to standard morphological criteria.
The data represent means+s.e.m.; 6 mice per group. (d) Methacholine dose—-response curves 24 h after 5 days of i.n. OVA challenge are shown. The
data represent means+s.e.m.; 6 mice per group. Levels of (e) IL-6, (f) IL-17, and (g) IL-10 in T-bet~/~ lungs after induction of allergic lung inflammation
and treatment with neutralizing anti-IL-10R mAb. Cytokine levels were measured by ELISA. The data represent means of at least 6 mice per group=s.
e.m. and are representative of at least two independent experiments. *P<0.05.

METHODS

Mice. BALB/c WT mice were obtained from Charles River
Laboratory (Wilmington, MA) through a contract with
the National Cancer Institute. BALB/c T-bet ™/~ and BALB/c
IFN-y~/~ mice were obtained from the Jackson Laboratory
(Bar Harbor, ME). Mice deficient in both T-bet and IFN-y were
generated by backcrossing T-bet =/~ mice with IFN-y~/~ mice
at least eight times on to a BALB/c background. DNA from tail
samples was used for PCR genotyping according to Jax Mice

(Jax, Bar Harbor, ME) genotyping protocols. All experimental
animals were 6-8 weeks of age and housed in microisolator cages
under pathogen-free conditions at the Albany Medical College.
All animal experiments were approved by the Institutional
Animal Care and Use Committee.

Allergic airway inflammation. Allergic airway inflammation
was induced as described previously.?®%° Mice were sensitized
by intraperitoneal injection of 10 ug of OVA (Sigma-Aldrich,
St Louis, MO) in 4 mg of alum (Reheis, Berkeley Heights, NJ)
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on days 7 and 14. One week after the second sensitization and
after light anesthesia had been achieved, the sensitized mice
were challenged intranasally with 100 g OVA in saline for 5
consecutive days. For the first 2 days of OVA challenge, 0.25 pg
of recombinant, murine IL-12p70 (provided by Wyeth Vaccines,
Pear] River, NY) or saline was also administered intranasally.
Twenty-four hours after the final OVA challenge, airway respon-
siveness was assessed, and the lung tissue and BAL fluids were
collected.
Airway responsiveness measurement. Bronchial responsiveness
to aerosolized methacholine was measured 24 h after the final
OVA challenge as described previously,?®7° using anesthetized
and tracheostomized mice connected to a computer-control-
led small-animal mechanical ventilator (flexiVent; SCIREQ
Montreal, QC, Canada). Measurements of Newtonian resist-
ance and tissue stiffness/elastance were recorded in response to
increasing doses of methacholine.
Histology. After perfusion through the right ventricle, lungs were
inflated through the trachea with 1 ml of 5% buffered formalin
and then fixed in the same solution by immersion. Blocks of lung
tissue were cut from around the main bronchus and embedded
in paraffin blocks, and 5-um tissue sections were fixed to micro-
scope slides and stained with hematoxylin and eosin (Fisher
Scientific, Pittsburgh, PA). Slides were blinded and six to eight
peribronchial regions per mouse were scored for inflammatory
cellular infiltrate severity around airways at X200 magnification
as described previously.?37!

Inflammatory cells isolated from BAL fluids were counted using
a hemocytometer, and cytospin slides were prepared and stained
with Wright-Giemsa stain (HEMA 3; Biochemical Sciences,
Swedesboro, NJ). Differential cell counting for at least 200 cells
was performed under oil-immersion light microscopy.
Cytokine levels. Identical portions of the lung tissues (entire right
lobe from each mouse) were snap frozen in liquid nitrogen and
stored at —80°C for cytokine analysis. After thawing, the tissues
were homogenized and supernatant fluids were harvested. Protein
concentrations of IFN-vy, IL-4, and IL-5 in the lung homogenates
and in BAL fluids were assessed by cytometric bead array analy-
sis using a BD FACSArray (BD Biosciences, Franklin Lakes, NJ).
The concentrations of IL-6, IL-10, IL-17, and IL-23 were assessed
by ELISA (enzyme-linked immunosorbent assay), for IL-6 and
IL-10 by BD OptEIA (BD Biosciences), for IL-17 by the DuoSet
ELISA (R&D Systems, Minneapolis, MN), and for IL-23 by the
Elisa Ready-Set-Go! Kit (eBioScience, SanDiego, CA). Cytokine
protein levels in homogenized lung tissues were normalized to
lung tissue total protein for each group of mice.
RT-PCR. Total cellular RNA was extracted from the lungs with
TriZol reagent (Invitrogen, Carlsbad, CA), cDNA was prepared
using oligo(dT) primer and SuperScript RT (Invitrogen), and
real time (RT)-PCR was performed for IL-17A, RORyt, RORo,
and IL-23R using Taq DNA polymerase. The primer pairs used
were described previously.?!”2 RT-PCR for GAPDH (glyceral-
dehyde 3-phosphate dehydrogenase) was performed to control
for sample-to-sample variation in RNA isolation and integrity,
RNA input, and reverse transcription. The AACt method was
used to normalize transcript levels to GAPDH and to calculate
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the expression relative to untreated mice. Threshold cycle
values were validated with different concentrations of RNA
to ensure that the levels of fold induction remained constant.
All PCR amplifications were performed at least three times
with independent RNA preparations using a Bio-Rad iCycler
Optical System and an iQ SYBR green RT-PCR kit (Bio-Rad
Laboratories, Hercules, CA).

Flow cytometry. The lungs were digested with 2.5mgml !
collagenase D, 0.25 mg ml~! DNasel (Roche, Mannheim,
Germany), and 1 mm MgCIL, for 1h at 37°C, and lymphocytes
were isolated by passage through nylon mesh and den-
sity gradient centrifugation on Lympholyte M (Cedarlane
Laboratories, Hornby, Ontario, Canada). The cells were
washed, fixed with 2% paraformaldehyde, and permeabilized
for intracellular staining with phycoerythrin-conjugated
anti-mouse IL-17 mAb (BD Pharmingen, Franklin Lakes,
NJ) and Alexa flour-conjugated anti-mouse IFN-y mAb (BD
Biosciences), at 4°C for 30 min. The stained cells were stored
in the dark at 4°C and analyzed within 24 h on a FACSCanto
flow cytometer using the FACSDiva (BD Biosciences) soft-
ware. The lymphocyte population was gated on the basis of
forward and side scatter, and 10,000 gated events per sample
were collected. The data are reported as the percentages of
cells within the lymphocyte gate.

Cell culture. Cell activation assays were performed using spleno-
cytes prepared by mechanical disruption, followed by NH,Cl lysis
of red blood cells. After washing in RPMI 1640 medium, the cells
were suspended in complete medium (RPMI 1640 containing
penicillin, streptomycin, and 10% fetal calf serum). Cells were
plated in triplicate at 1x10° cells per ml in 24-well plates and incu-
bated for 72h at 37°C in 5% CO, in the presence of 125ngml~!
IL-12 and 100 ngml~! lipopolysaccharide. Supernatant fluids
from each culture were harvested at 24, 48, 60, and 72 h.
Anti-IL-10R mAb treatment. To neutralize pulmonary IL-10, rat
anti-murine IL-10R1 mAb (Bio X Cell, West Lebanon, NH) or
control rat IgG (Jackson Immunoresearch Laboratories, West
Grove, PA) was inoculated intranasally. (20 pug per mouse)
on days 1 and 2 during OVA challenge, and intraperitoneally
(200 pg per mouse) on days 1, 3 , and 5 of OVA challenge.
Statistical analysis. Single pairs of experimental groups were
compared by Student’s ¢-test, and comparisons of more than
two groups were performed by ANOVA (analysis of variance)
with Tukey’s multiple comparison posttest. Probability values
for significance were set at 0.05. Values for all measurements
are expressed as the meants.e.m.
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