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Background: The applied murine model of allergic conjunc- 
tivitis mimics human disease, and an immediate hypersensitivi- 
ty reaction (IHR) and a late-phase cellular reaction typically 
develop in sensitized mice after topical challenge with the 
allergen. 
Objective: We investigated the role of IL-J, IFN-y, and IL-12 
in the early and late phases of ocular allergy with use of 
cytokine knockout (KO) mice and neutralizing antibodies. 
Methods: Ragweed-sensitized wild-type or IL-JKO, IL-IZKO, 
IFN-y KO, anti-IL-12 mAb-treated, recombinant murine IL- 
12-treated, and anti-IFN-y mAb-treated mice were challenged 
with the allergen IO days after the immunization. IHR, cellular 
infiltration, lymphoproliferative response, and cytokine pro- 
duction from draining lymph nodes were recorded and com- 
pared among groups. 
Results: We show that IL-12KO mice and anti-IL-12 anti- 
body-treated wild-type animals failed to have a cellular infil- 
tration into the conjunctiva. Treatment with recombinant 
murine IL-12 also reduced the number of infiltrating PMNs 
but increased the percentage of mononuclear cells in the con- 

junctiva compared with controls. IFN-y KO mice had a signill- 
cantly stronger IHR and prolonged infiltration into the con- 
junctiva after challenge with ragweed than controls. 
Conclusion: Our data suggest that the presence of IL-12. 
although better known as a Tul-inducing cytokine, is impor- 
tant for the development and the regulation of the late-phase 
pathologic features in ocular allergy. Furthermore, IFN-y is a 
limiting factor in the late phase of allergy and thus may be 
important in preventing chronic allergic disease. (J Allergy 
Clin 1mmunol2000:105:299-308.) 

Seasonal allergic conjunctivitis (SAC) is one of the 
most common forms of allergic reactions in humans; it 
affects roughly 3 million people in the United States 
alone.‘-3 The conjunctiva is exposed to a number of puta- 
tive allergens from the environment and SAC develops in 
susceptible individuals. The disease is characterized by 
an early phase associated with palpebral and conjunctival 

Received for publication May 3, IYYY: reGxJ Ocl IY. IYYY: accuptcd for 
puhlicalion OCI IY. IYYY. 

Reprint quests: M. Teresa Msgc~ne. MD, Nntional Eye InAuk Nutionnl 
Inslifulea of Health. Bldg ItI. Rm ION2OX. Brthedn. MD 108Y1- IX%. 

l/1/103827 

Abbrcvi~~tiom rtsrd 
FcER: High-affinity FE receptor 
IHR: Immediate hypersensitivity reaction 

IP: Intraperitoneal 

KO: Knockout 
rm: Recombinant murine 

RW: Short ragweed 

SAC: Seasonal allergic conjunctivitis 
Th: T-helper cell 

WT: Wild type 

edema and mild mucus discharge, as well as a late-phase 
response 6 to 24 hours after exposure to the allergen.4 
This late phase is characterized by the accumulation of 
neutrophils and eosinophils in the conjunctiva.s-7 
Although a substantial amount of knowledge has been 
gained regarding the early phase of allergic disease, the 
exact mechanisms driving cellular infiltration into the 
conjunctiva are still not entirely understood. It has been 
clear for a number of years that the acute-phase response 
is mediated by antibodies, mostly IgE, that occupy the 
high-affinity Fc receptors (FcERI) on the surface of mast 
cells. Subsequently, on cross-linking by the allergen, 
these FcR-bound IgEs induce mast cell degranulation. 
Activated CD4+ T cells have been proposed to orches- 
trate the late-phase reaction in asthma models through 
the release of different T-helper (TH) type-2 cytokines 
such as IL-4 and IL-5, which contribute to inflamma- 
tion.s.9 IL-3 and TNF-cx have also been implicated in the 
pathogenesis of the late-phase allergic reaction.ta-11 
Because of the implication that TH2-type cytokines are 
involved in both the acute phase through the induction of 
IgE and the late phase, it has been thought that T, 1 -type 
cytokines may have an inhibitory effect in the develop- 
ment of allergies. Among the classic TH 1 -type cytokine, 
IFN-y has been shown to inhibit secondary allergic 
responses in mice.t3*tJ Because it is known that IL-12 is 
a potent inducer of IFN-y secretion, the role of this 
cytokine in allergic reactions has also been studied. 
Recent publications have shown that IL-12 is a strong 
inhibitor of TH2-type cytokine expression and that treat- 
ment with exogenous IL-12 reduced allergic disease in 
mice.t5-Z0 In addition, IL-I 2 also reduces IgE production 
in vitro.” Nevertheless, we and others have shown that 
IL- 12 synergizes with IL-4 in inducing cell proliferation 
and even IgE synthesis.“.” These apparent contradictory 
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results highlight the need to better understand the role of 
these and other cytokines in the development of allergies. 

To investigate the role of IL-4, IFN-y, and IL- 12 in the 
early and late phases of ocular allergy. we used a previ- 
ously described murine model of allergic conjunctivitis 
that parallels human disease.24 We examined whether IL- 
12- or IFN-Meficient mice had enhanced allergic dis- 
ease in the early or late phases of disease and whether we 
could observe a shift in cytokine production in lympho- 
cytes from ragweed-sensitized IFN-?I- and IL- 12-defi- 
cient mice compared with their normal littermates. We 
have also examined whether exogenous IL- 12 treatment 
reduced disease in the current model. Our data suggest 
that the presence of IL-12, although better known as a 
T, l-inducing cytokine, is important for the development 
and the regulation of the late-phase pathologic features in 
ocular allergy. 

MATERIAL AND METHODS 
Animals 

Six- to 12-week-old IFN-y knockout (KO) and wild-type (WT) 
(C57BU6) littermate mice were obtained from Jackson Laborato- 
ries (Bar Harbor, Me). IL-4 KO and IL-12 p40 KO mice were bred 
in house homozygously from founders graciously provided by Dr 
Renate A. Morawetz (National Institute of Allergy and Infectious 
Diseases, National Institutes of Health) and Dr Jeanne Magran 
(Hoffman LaRoche).Z5 In IL-12 p40 KO mice. IL-12 was not 
detected by ELISA assay nor by Western blot with use of the anti- 
p40 mAb. We performed ELISA as described in the Material and 
methods section with the C15.6 (2.5 pg/mL) for capture and the 
biotinylated C17.8 antibody (5 @ml) for detection. We also per- 
formed Western blot analysis of the supematants from lymphocyte 
cultures with use of the C15. I mAb. All cytokine-deficient mice had 
a C57BL16 background. Mice were kept in microisolator cages 
under specific pathogen-free conditions and were handled in com- 
pliance with National Institutes of Health and Association for 
Research in Vision and Ophthalmology guidelines for animal use. 

Reagents 
All reagents were obtained as previously described.zJ 

Immunization protocol and induction of 
allergic conjunctivitis 

As previously described, short ragweed (RW) and alum were 
mixed at a concentration of 50 pg of RW pollen in 5 mg of alum 40 
minutes before immunization.‘4 On day 0 mice were immunized 
with RW and alum into one hind footpad. On day I I, conjunctivitis 
was induced by topical application of 2 mg of RW pollen suspend- 
ed in 10 pL of PBS, pH 7.2, into each eye. In SWR/J and BALBlC 
mice this immunization and challenge protocol induces a strong 
clinical reaction, followed by cellular infiltration into the conjuncti- 
va. C57BL/6 mice typically have a low clinical reaction and fewer 
cells infiltrating the conjunctiva. 

Antibodies and cytokine treatment protocols 
Anti-mouse IFN-y antibodies for in vivo experiments were pur- 

chased from Endogen. Mice were treated twice with 150 l.tg of anti- 
IFN-y mAb intraperitoneally (IP) on day 10 after the immunization 
first at 15 hours before the challenge with topical RW and then at 24 
hours after challenge. Control mice were treated with isotype- 
matched rat antibody (Endogen, Woburn. Mass). Antimouse IL-12 
antibodies were produced from the hybridoma C17.8 kindly pro- 

vided by Dr Giorgio Trinchieri (Wistar Instilute. Philadelphia. Pa). 
WT mice were given IP injections of antimurine IL-12 (I 
mg/mouse/treatment) or rat IgG on day -I before immunization 
and days I and 3 after the immunization. Control mice were treated 
with an equal dose of rat IgG obtained from Sigma. Recombinant 
mouse (ml) IL-12 (R&D System. Minneapolis. Minn) or PBS was 
given IP at a dosage of 100 ng daily either at immunization and 
daily until day 4 (early treatment) or from day 5 through day 9 (late 
treatment). 

Clinical evaluation 
Animal eyes were photographed and examined clinically for 

signs of immediate hypersensitivity response 20 minutes after the 
topical application of RW. Chemosis. conjunctival redness, and lid 
edema were each graded on a 0 to 4+ scale. The total score consist- 
ed of the sum of scores in each of these 4 categories. The highest 
score of I2 was given to eyes that had severe edema in conjunctival 
and lid tissue and redness from vasodilation. a score of 8 was given 
to eyes with moderate chemosis and lid edema. and a score of 4 was 
given to eyes with mild conjunctival edema and erythema.24 A score 
of 2 was given for minimal edema and erythema. Clinical evalua- 
tion and photographs were compared by a masked observer. and a 
final score was given to each eye. The final results show the mean 
score of both eyes of each mouse. 

Histologic examination 
Eyes were enucleated with the attached lids and intact conjunc- 

tiva. The eyes were immediately processed as previously 
described.“’ Six conjunctival tissue sections from each individual 
eye were obtained and examined. The number of infiltrating neu- 
trophils. eosinophils. and mast cells were counted in 6 sections from 
different parts of the conjunctiva. The best time point to examine the 
eyes of the animals was determined previously.‘J In our model a 
cellular infiltrate will start to develop in mice 3 hours after chal- 
lenge. However. unlike in patients. the peak of the cellular response 
will occur around 24 hours after the topical challenge. This applies 
also to C57/BL6 mice. Therefore cellular infiltration in different 
mouse strains was compared at 24 hours and at several time points 
thereafter. 

Lymphocyte proliferation assay 
Draining popliteal lymph node cells were collected on day I I 

and pooled within each group. Proliferative responses to 0. I5 to I5 
l.tg/mL of RW extract were tested. The cells (3 x IOb/mL) were cul- 
tured in flat-bottomed microplates in a tinal volume of 0.2 mL of 
RPM1 1640 medium supplemented with HEPES buffer 25 mmol/L. 
2 mmol/L L-glutamine. 5 x IO-5 mol/L 2-mercaptoethanol and HL- 
I (Hycor Biomedical. Irvine. Calif). The cultures were incubated 
for a total of 90 hours and pulsed with tritiated thymidine (0.5 
pCi/lO FL/well) during the last I6 hours, harvested on a Tomtec 
harvester (Tomtec, Orange. Corm). and counted with a scintillation 
counter (Wallac, Turku. Finland). The results are presented as the 
mean counts per minute of tritiated thymidine incorporation from 3 
separate assays. 

Lymphocyte culture for cytokine analysis 
Lymphocytes from draining popliteal lymph nodes were collect- 

ed IO days after immunization and cultured in RPM1 1640 medium 
supplemented with HEPES buffer 25 mmol/L. 2 mmol/L L-gluta- 
mine. 5 x IO-5 mol/L 2-ME, 50 pg/mL gentamicin sulfate. and 
0.5% fresh-frozen mouse serum. Lymphocytes were stimulated 
with medium alone, RW extract (15 l,tg/mL). or concavalin A ( I 
pg/mL). Supernatants were collected at 48 hours and stored at 
-70°C until cytokine analysis was performed. Cytokine levels in the 
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FIG 1. IHR in IL-4 KO, IL-12 KO, IFN-y KO mice, and Wl control mice. A, Representative mouse eyes 20 min- 
utes after challenge with RW pollen. WT C57BU6 mouse and IL-4 KO mouse have minimal acute-phase hyper- 
sensitivity. IL-12 KO mouse has moderate lid edema and discharge. IFN-y KO mouse has lid edema (arrow), 
tearing, and discharge (arrow tip). B, Scatter graph of median scores of IHR. One dot represents mean of both 
eyes of each mouse. C57/BL6 WT mice and IL-4 KO mice were not susceptible to the acute phase of ocular 
allergy, whereas IFN-y KO mice had significantly higher degrees of disease (PC ,001). IL-12 KO mice had mild- 
ly increased disease, whereas anti-IL-12-treated mice and rmll-12-treated mice had no disease increase. 
Lines, Median disease scores. 

supernatants were measured with use of an ELISA as previously 
described before.?h Briefly, IFN-y and IL-4 were measured with 

antibody pairs obtained from Pharmingen (La Jolla. Calif). Biolog- 
ic activity in units or concentration in picograms per milliliter was 
calculated from a standard curve established with the respective 
recombinant cytokine. IL-5 was measured with use of a minikit 

from Endogen (Wobum, Mass). 

Western blot analysis of supernatants from 
IL-12 p40 KO mice 

PHA-stimulated spleen cells had their supernatants collected 24 
and 48 hours after stimulation. Supernatants were diluted I:?. I:J. 
I: 16. and I :32 and were run on a I21r SDS-PAGE gel. The 

immunoblot sandwich was prepared as described by Coligan et 
aLI 

Detection of serum antibodies 
Sera collected I I days after immunization were analyzed by 

ELISA to measure the levels of total IgE. IgG I. and IgGZa. Total IgE. 
IgG I. and IgG2a assays were detected as previously described.?J,z8 

Statistical analysis 
All results are presented as the mean + SE. Comparisons 

between groups were done with use of ANOVA, and the P values 
are given where appropriate. 

RESULTS 
Challenge with RW pollen induces an 
immediate-type response in the eye in 
IFN-y- and IL-12-deficient mice but not in 
IL&deficient mice 

Ten days after immunization with RW in alum, IL+ 
(n = 13), IL-12KO- (n = IO), IFN-y-deficient mice (n = 
28) and WT control mice (n = 15, n = 10, n = 22, respec- 
tively) were challenged with 2 mg of RW in 10 ~1 of PBS 
onto each eye. In this model susceptible strains of mice 
immunized with RW and alum develop an immediate 
hypersensitivity reaction (IHR) characterized by lid 
edema, conjunctival redness, and chemosis as well as 
tearing and scratching of the eye lids.24 This reaction 
peaks at 20 minutes after the challenge, which was the 
time point for evaluation and grading. WT C57B1/6 mice 
are not highly susceptible to allergic conjunctivitis and 
had a median clinical score of 2 (O-12). IL-4 KO mice 
had a score of 2, and IL-12 KO mice had a median clin- 
ical score of 4. However, IFN-y KO mice had a median 
score of 6, which was significantly higher than that of 
WT controls (P < ,001) (Fig I). Mice treated with anti- 
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FIG 2. Cellular infiltration into conjunctiva 0.5, 24, 46, 72, 96, and 120 hours after topical challenge with RW in sensitized mice. A, Infil- 
tration of polymorphonuclear cells, eosinophils, and mast cells over time in WT mice, IL-4 KO mice, IFN-y KO mice, and IL-12 KO mice. 
IL-4 KO (open diamonds) and IL-12 KO mice (open squares) did not have cellular infiltration into conjunctiva, whereas IFN-y KO mice 
(open circlesl had prolonged PMN infiltration and more eosinophilic infiltration than WT mice did (closed trianglesl (P= .02). B, Cellular 
infiltration 24 hours after challenge in WT mice, anti-IL-t2-treated mice, IL-12 KO mice, and rmll-12-treated mice (day O-5 or day 5-9). 
Cellular infiltration is significantly reduced in IL-12 KO mice (P= ,031, anti-IL-12-treated mice (PC .OOl), and rmll-12-treated mice (day O- 
5, P= .04) compared with WT controls, C, Microphotographs of conjunctiva 24 hours after topical challenge with ragweed: WT mice (A) 
show moderate infiltration of polymorphonuclear cells into conjunctiva. IL-4 KO mice (B) do not show cellular infiltration, whereas IFN- 
y KO mice (C) have dense cellular infiltration with many eosinophils (arrowsl. IL-12 KO mice (D) have only minimal infiltration into con- 
junctiva. Treatment with anti-IFN-y mAb (E) before challenge resulted in increased cellular infiltration compared with WT mice (A). In con- 
trast, treatment with anti-IL-12 mAbs (F) reduced infiltration into conjunctiva. Also, mice treated with rmlL-12 at the time of sensitization 
(day O-5) (G) or before challenge (day 5-9) (H) had reduced infiltration with PMNs but a higher percentage of mononuclear cells in con- 
junctiva (arrowsl compared with controls. (Giemsa stain, original magnification x400.) 
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administration of the allergen. In addition, RN-y--de& 
cient mice had a significantly larger number of infihrat- 
ing eosinophils at 48 hours after the challenge (24.0 f 
5.0) compared with controls (1.5 f 0.5, P = .02). This 
eosinophiiia peaked at 48 hours after the challenge and 
remained until 72 hours after the challenge (P = .Oi) (Fig 
2. A). In an independent separate experiment we immu- 
nized C57/BL6 mice (n = 7) with RW and alum and treat- 
ed them with anti-&N-y mAbs 15 hours before the topi- 
cal challenge with RW pollen and then every 48 hours. 
Similarly, those mice also showed a delay in cellular 
infiltration mainly with PMNs (30.6 f 12.7), which 
peaked at 72 hours and then decreased and was back to 
normal at 120 hours. 

Total IgE levels were comparable in IFN-tieficient 
mice and lL-12-deficient mice. As expected, lL-&de& 
cient mice produced only minimal ‘amounts of IgE. 
Serum IgGi and lgG2a were higher in WT mice than in 
KO mice. Anti-IL-l2-treated WT mice had the highest 
levels of total IgE (Fig 3). 

FIG 3. Total serum IgE, IgGl, and IgGZa in IL-4 KO, IL-12 KO, and 
IFN-y KO mice and VVT control mice: IL-4 KO mice did not produce 
IgE and only minimal amounts of IgGl. WT mice, IL-12 KO, and 
IFN-y KO mice produced similar levels of IgE. 

IFN-y mAbs had a score of 4, anti-IL- l2-treated (n = 10) 
mice had a score of 2, and rmlL-12-treated mice with 
early as well as late treatments (n = 6, respectively) also 
had a median score of 2. 

Cytokine production in IFN-y- and L-12- 
deficient mice does not shift toward theTH2- 
type profile 

Cellular infiltration into the conjunctiva 
persists up to 72 hours after challenge in 
IFN-y-deficient mice 

As shown in Fig 2, lL-4-deficient mice had no signifi- 
cant cellular infiltration into the conjunctiva 24 hours after 
the allergen challenge (mean + SE, 3.6 f 2.0) compared 
with WT control mice (33.7 + 7.8, P = .006). Forty-eight 
hours after the topical application of RW, the cellular infil- 
tration had subsided (3.0 -e 1 .O) in WT mice (Fig 2, A). 

IL-12-deficient mice, despite IgE production and an 
IHR, had significantly less cellular infiltration into the 
conjunctiva after challenge (9.3 r 3.7) compared with 
WT controls (33.7 f 7.8, P = .03). The cellular infiltra- 
tion consisted predominantly of PMNs, eosinophils, mast 
ceils, and also macrophages (Fig 2, A). Treatment of WT 
mice (n = 6) with anti-IL-12 mAbs at the time of immu- 
nization also eliminated the cellular infiltration into the 
conjunctiva (4.0 & 1.0) compared with isotype-matched 
controls (27.3 f 5.1, P = .OOl) (Fig 2, B). Mice treated 
with recombinant IL- 12 either at immunization with RW 
and alum (9.2 + 3.2, P = .04) or at the time of rechallenge 
(10.6 & 3.8) also had lower numbers of ceils infiltrating 
the conjunctiva than did control mice (24.0 -+ 6.8) (Fig 2, 
B). However, 60% (3/5) of the early treatment group had 
an increase in mononuclear ceil infiltration in the con- 
junctiva compared with controls (Fig 2, C). 

WT mice produced high amounts of IL-4 (780 2 55.7 
pg/mL) and IL-5 (225 + 49.3 pg/mL) but also IFWy(6147 
+ 3784 pg/mL) in response to RW extract. lL+deficient 
mice were only able to produce low amounts of IL-5 ( 127 
+ 9 pg/mL) but did not produce any detectable levels of 
IFN-?I. Neither the IL-12 nor the IFN-y-deficient mice 
shifted their response to the production of T+type 
cytokines. Lymphocytes from lL- 12-deficient mice pro- 
duced high levels of IL-4 (403 f 135 pg/mL) and IL-5 
(336 f 87.5 pg/mL) but still produced lFN-y (195 + 53.5 
pg/mL). IFN-y KO mice produced low levels of IL-4 
(200.5 + 126.2) and IL-5 (154 + 65.6 pg/mL) (Fig 4). 

In contrast, RN-y-deficient mice had an intensity of 
cellular infiltration into the conjunctiva similar to that of 
WT mice, which was, however, longer lasting and 
remained the same 48 hours (26.3 + 5.4, P = .06) and 72 
hours (25.4 ? 8.3, P = .04) after the challenge. This infii- 
tration persisted up to 120 hours after the single topical 

IL-12 reduces lymphocyte proliferation to RW 
extract 

We examined the lymphoproiiferative response of lym- 
phocytes from popiiteal, draining lymph nodes 1 I days 
after the immunization with RW and alum. The lowest 
response to RW extract was observed in WT mice treated 
systemically with rmlL-12 at the time of immunization 
with RW and alum. Mice treated with rmlL-12 had a sta- 
tistically significantly lower proliferation compared with 
IL-12 KO mice (P = .04) and a lower proliferation com- 
pared with WT mice (however, this difference was not 
statistically significant; P = .06, ANOVA). Anti-lL- 
12-treated mice had the highest response to RW extract, 
but the difference was also not statistically significant 
(Fig 5). 

DISCUSSION 

Emerging evidence shows that allergic diseases, 
including ocular allergy, are not only regulated by 
humorai components but also by TH2-type CD4+ T 
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FIG 4. Bar graph of cytokine profiles in IL-4 KO, IFN-y KO, and IL-12 KO mice. After stimulation of draining lym- 
phocytes for 48 hours with RW extract, as described in Material and methods, cytokine profiles in IL-12 KO 
and IFN-y KO mice do not shift toward T,2. 
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FIG 5. Lymphoproliferative response to RW extract in cultures from draining lymph nodes. Systemic rmlL-12 
theraov reduced oroliferation cornoared with IL-12 KO mice (P = ,041. Anti-IL-12-treated mice had levels com- 
parable to those of Wl control mice. 

cells.*.‘9-‘* Reduction of disease by shifting responses 
from T,2 into T,l either by treatment with T,l 
cytokines such as EN-y and IL- 12 or with T, 1 cytokine- 
inducing oligonucleotide sequences has been demon- 
strated by several groups.r7.rs.33-3s On the other hand, 
Hansen et aI36 recently demonstrated that allergen-spe- 
cific T,l cells do not counterbalance airway hyperreac- 
tivity in a model of asthma but may even cause severe 
inflammation, especially if allergen-specific Tn2 cells 
are also present. The major goal of the current study was 
to examine the role of the T, 1 cytokines IFN- y and IL- 
I2 in the early and late phases of allergic conjunctivitis. 

II%-?/ is known to inhibit the development of allergic 
reactions.13.14.37 We have shown exacerbation of the 
disease in the absence of IFN-y (EN-y-deficient mice or 
animals treated with anti-IFN-y). Our results reinforce 
the data in the literature suggesting that IFN-y may func- 
tion as a regulatory cytokine by both decreasing the syn- 
thesis of IL-4 and by decreasing the eosinophilic late- 
phase reaction that develops in allergic reactions. We have 
previously shown that in the absence of IFN-?/ even a typ- 
ical T,l response such as experimental autoimmune 
uveitis can be modified to include an extensive eosino- 
phihc infiltrate.38 Together, these results suggest that one 

of the most important functions of EN-11 is related to con- 
trolling the migration of neutrophils and eosinophils to 
the site of the hypersensitivity reaction. In fact, patients 
with asthma were reported to produce less IFN-)I and IL- 
12 than controls, which could predispose them to pro- 
longed infiltration and chronic disease.‘9 The precise 
mechanism by which IFN-y acts on eosinophils is yet 
unknown, and it can either be by decreasing proliferation 
directly at the inflammatory site or indirectly by decreas- 
ing the synthesis of IL-5 and other eosinophilic factors or 
by decreasing the response of cells to IL-5 and other sub- 
stances.39,‘io These data are important because eosinophils 
have been repeatedly implicated in tissue damage and 
induction of chronic allergic disease.J+‘tr,42 However, neu- 
trophils and lymphocytes are capable of inducing airway 
hypersensitivity in the absence of eosinophils.43 

IL-12 is a cytokine mostly described to play a role in 
T, 1 type diseases, and exogenous treatment with IL- 12 
inhibits allergen-induced TnZmediated airway inflam- 
mation through the induction of IFN-yproduction.rs+r7.rs 
However, in the presence of small amounts of IL-4, IL- 
12 was shown to enhance T,2 cell development.‘r‘r In 
addition, the amount of IL-12, as well as the time point 
at which IL- 12 is introduced to the tissue, can enhance or 



306 Magone et al J ALLERGY CLIN IMMUNOL 
FEBRUARY 2000 

inhibit an immune response.33.35 Brusselle et al35 treated 
WT mice in a model of airway hypersensitivity with 
recombinant IL-12 at the time of immunization or at the 
time of re-exposure to the allergen. Similar to our obser- 
vations, cellular infiltration was reduced in both cases. In 
addition, the same authors described a significant 
increase in macrophages after exogenous IL- I2 treat- 
ment. Similarly, in our model 60% of the IL-l2-treated 
mice had an increase in mononuclear cells in the con- 
junctiva despite the decrease in PMN infiltration. This 
observation suggests a shift in the cellular response to the 
cytokine. IL-12 is a key cytokine involved in multiple 
steps during inflammation. An excess amount of IL-12 
from exogenous treatment, especially at the time of 
immunization, can shift the T-cell profile from T,2 to 
T,l, whereas the lack of IL-12 can inhibit the develop- 
ment of the late phase in airway hypersensitivity. 
Although treatment with IL-12 reduces disease, our data 
suggest that the presence of IL-12 is important for the 
development of the late phase of ocular allergy. Thus the 
lack of this cytokine during the development of effector 
T cells prevents cellular infiltration into the conjunctiva. 
T,2 CD4+ T cells can induce IL- I2 production from den- 
dritic cells, and in addition, IL-12 does not suppress a 
T,2 type recall response, which supports the theory of 
IL-12 involvement in the pathogenesis of allergy.4s,46 
Recently, it was also shown that the development of 
effector T, I, but also Tu2 cells, seem to be dependent on 
the presence of IL- 12.“’ In T, 1 -mediated autoimmunity 
it was shown that IL-12-delicient mice are not suscepti- 
ble to experimental autoimmune uveitis.48.49 However, 
anti-IL-l2-treated WT mice were only resistant to dis- 
ease if the treatment was implemented at the time of 
immunization, when effector cells were being activated 
(Silver P, personal communication). Similarly, in our 
model of Tn2-mediated disease, the presence of IL-12 
was necessary for the late-phase response, which is 
thought to be mediated by CD4+ T cells.3t~50 A recent 
study shows that histamine, a proinflammatory mediator 
released by mast cells during the acute phase of allergy, 
inhibits the production of IL-12.5’ This inhibition was 
shown to be IFN-y independent and could serve as a T,2- 
enhancing mechanism but at the same time could also 
prevent further effector cell development, which takes 
place in immune system recall responses. As mentioned 
earlier, Hansen et aIs6 demonstrated that allergen-specif- 
ic T,l cells given in the presence of allergen-specific 
Ttt2 cells do not suppress disease but cause severe 
inflammation in airway hypersensitivity. It is possible 
that IL- 12 produced by the T, I cells enhanced the devel- 
opment of T,2 effector cells. In our study IL- I2 KO mice 
had slightly increased IHR scores (median 4) compared 
with WT mice and anti-IL-l2-treated mice (median 2) 
despite their significant decrease in cellular infiltration. 
This increase in the IHR in IL- 12 KO mice points toward 
different regulatory mechanisms in the early and late 
phases of allergy and also to a complex regulation of his- 
tamine-related responses. IL-12 KO mice have a signifi- 
cantly reduced ability to produce IFN-?I, although they 

can produce IL-IO, a TH2-associated cytokine. Hista- 
mine, a mediator that is released by mast cells on degran- 
ulation, plays an essential role in IHR: it inhibits IL-12 
and stimulates IL- IO production.5’ However, although 
histamine enhances IFN-y production in cell lines from 
healthy subjects, it fails to do so in cells from presensi- 
tized patients.“” This shows that the response to media- 
tors such as histamine, but also the production of IFN-?I, 
is different in presensitized allergic individuals, as previ- 
ously discussed. In contrast to IL-12 KO mice, anti-ll- 
l2-treated mice probably have the ability to produce 
higher levels of protective IFN-y, which results in an 
unelevated IHR. Furthermore, the response to histamine 
is reduced when mice are treated with CTLA4 Ig in a 
model of allergic rhinitis, which demonstrates that inter- 
cellular interactions are continuing and necessary after 
histamine release to induce a full allergic response.54 
Interestingly, IL-l& a relatively new cytokine that is 
thought to enhance mainly T,l-type disease, was also 
shown to enhance allergy enhancing cytokines such as 
IL-I 3.55 This observation together with our findings sug- 
gests that the T, I -T,2 paradigm is not characterized by 
separated pathways but by complex overlapping interac- 
tions between them. Thus the initiation of a T,2 response 
is dependent on T, 1 -type cytokines such as IL- I2 and, in 
addition, also dependent on 1FN-y for its limitation. Fur- 
thermore, IL-12 was shown to cooperate with IL-4 for 
proliferation, which further points toward an involve- 
ment of this assumed T, 1 cytokine in allergic diseases.” 
It has been well documented that the induction of IgE 
responses requires the presence of IL-4.56.57 However, 
IL-4-deficient mice were shown to be able to produce 
IgE when infected with Leishtnania major or Plasttwdi- 
um chahaudi.-5*.59 Our results in the IL&deficient mice 
confirmed the previous observation that the development 
of allergy in certain mouse strains, such as the C57BV6 
strain, is dependent on IL-4, although it may not be in 
other strains.60 Other evidence for additional factors 
involved in the pathogenesis of allergy is the ability to 
induce an acute-phase response in sensitized IgE or mast 
celldeficient mice.bt-63 

In summary, the ability of the immune system to com- 
pensate, initiate, or limit responses to T, I - or Tt,2-medi- 
ated diseases is still under intense investigation. We have 
shown that IFN-y has a protective effect on the late-phase 
cellular infiltration of ocular allergy. In addition, we 
found that IL-12, a cytokine predominantly implicated 
with T, I -type diseases, is important for the development 
of effector cells in the late phase of ocular allergy. These 
findings together with our results suggest a more com- 
plex, interactive, and important role of T,l -type 
cytokines in allergy than previously assumed. 
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