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Abstract

Allergic conjunctivitis (AC) is elicited by immediate hypersensitivity responses to environmental
agents. It is initiated by a Th2-dominated immune response that is characterized by production of IgE
antibodies and eosinophilic infiltration. By using an experimental mouse model of AC induced by
short ragweed (SRW) pollen, we show that sensitized Ja182/2 mice, which lack type I NKT cells, and
CD1d2/2 mice, which lack type I and type II NKT cells, exhibited a decrease in tearing, lid edema,
conjunctival edema and vasodilatation and eosinophil infiltration into the conjunctiva when
compared with wild-type (WT) mice in both Th1- and Th2-prone hosts (C57BL/6 and BALB/c mice,
respectively). This demonstrates that NKT cells are needed for both the early and late phases of AC.
Adoptive transfer of SRW-primed CD41 T cells from Ja182/2 mice into naive WT BALB/c mice
revealed that NKT cells were needed for the maximal induction of allergen-specific Th2 cells. Results
from adoptive transfer of SRW-primed CD41 T cells from WT BALB/c mice to naive Ja182/2 mice
indicated that NKT cells were also needed for the expression of AC produced by allergen-primed
CD41 T cells. The decreased expression of AC in NKT cell-deficient mice was correlated with
significant reduction in the production of Th2 cytokines in SRW pollen-sensitized mice compared with
WT mice and in the capacity of SRW pollen-sensitized CD41 T cells to mediate ocular inflammation
when the hosts were confronted with SRW pollen at the ocular surface.
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Introduction

Allergic conjunctivitis (AC) describes a variety of ocular in-
flammatory diseases that affect the lid, conjunctiva and, on
occasion, the cornea (1). It has been estimated that AC
affects 20% of the world’s population (2, 3). A mild form of
AC, known as seasonal AC, is induced by environmental irri-
tants such as grass, ragweed and birch pollens (2). More
severe forms, such as atopic keratoconjunctivitis or vernal
keratoconjunctivitis, display more chronic symptoms and
can involve the cornea (3, 4). The development of AC con-
sists of two phases: an early phase and a late phase reac-
tion. The early phase reaction occurs within minutes of
allergen exposure and is initiated when the allergen cross-
links specific IgE antibodies bound via FceRI receptors on
the surface of ocular mast cells resulting in the release of
histamine, leukotrienes, proteases, prostaglandins and cyto-
kines (3, 5). The early phase reaction is characterized by
tearing, lid edema, conjunctival edema (chemosis) and va-
sodilatation of conjunctival blood vessels. The late phase re-
action appears hours after allergen exposure and involves
the infiltration of inflammatory cells, especially eosinophils,

into the conjunctiva (3). IL-4 is produced by primed Th2 cells
after allergen encounter and is believed to be involved in
helping B cells secrete IgE, while IL-5, which is produced
by Th2 cells, activates and promotes the maturation of infil-
trating eosinophils (6). Another Th2 cytokine, IL-13, is impli-
cated in increasing mucus production in allergic responses
(7). Although Th2 cells are important in ocular allergies, they
alone may not be sufficient to produce an allergic response.
Other cells such as NKT cells are thought to contribute to
Th2-mediated immune responses (8).
NKT cells are a unique subgroup of lymphocytes that dif-

fer from conventional ab T cells in that they produce both
Th1 (IFN-c) and Th2 (IL-4) cytokines upon stimulation (9, 10).
NKT cells recognize lipid antigen presented by a non-classical
MHC molecule, CD1d (11). Two types of NKT cells have been
described: type I NKT cells are defined by their invariant TCR
Va14Ja18 in mice and Va24Ja18 in humans and are referred
to as invariant NKT (iNKT) cells (11). Type II NKT cells express
a diverse non-Va14 TCR (12). Studies on NKT cells have pro-
duced contradictory results as to their function. While some
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studies implicate NKT cells in controlling immune responses
against infection and tumors, others suggest that they act to
protect self-tissue from damage caused by pro-inflammatory
immune responses (11).
NKT cells have been implicated in allergen-induced,

immune-mediated diseases such as allergic asthma and
contact dermatitis (7, 8, 13). Recent studies in mice have
found that NKT cells play an essential role in the develop-
ment of airway hyperreactivity (AHR), a hallmark of asthma.
Mice lacking type I NKT cells have a decreased ability to de-
velop AHR and display reduced airway eosinophilia, de-
creased IL-4 and IL-5 in the bronchoalveolar lavage fluid
(BALF) and reduced antigen-specific IgE compared with
wild-type (WT) mice (8,14–16). These results are in agree-
ment with those found by Akbari et al. (7) who found that
AHR does not develop in Ja18�/� mice, which lack type I
NKT cells, or CD1d�/� mice, which lack both type I and
type II NKT cells. These findings demonstrate that NKT cells
are required for maximal pulmonary eosinophilic infiltration,
Th2 cytokine production and elevated serum IgE levels in
mice with AHR. The role of NKT cells in allergic asthma in
humans is surrounded by controversy. While some studies
demonstrate a pronounced increase in the numbers of NKT
cells in BALF of patients with allergic asthma (17–19), others
have not (20–22). In this report, we determined and character-
ized the role of type I and type II NKT cells in the development
of short ragweed (SRW) pollen-induced AC.

Methods

Animals

C57BL/6 (H-2b) and BALB/c (H-2d) were purchased from the
University of Texas (UT) Southwestern Mouse Breeding Fa-
cility. Ja18�/� mice on C57BL/6 and BALB/c backgrounds
were generated as previously described and kindly provided
by Masaru Taniguchi, RIKEN Research Center for Allergy
and Immunology, Yokohama, Japan (23). CD1d�/� mice on
C57BL/6 and BALB/c backgrounds were kindly provided by
Mark A. Exley, Beth Israel Deaconess Medical Center,
Harvard Medical School, Boston, MA, USA. Ja18�/� and
CD1d�/� mice were bred at the UT Southwestern Medical
Center Animal Resource Center. All mice were used at 6–8
weeks of age. The animal studies were approved by the
Institutional Review Board of the UT Southwestern Medical
Center at Dallas. Animals were housed and cared for in
accordance with the Association for Research in Vision
and Ophthalmology statement about the Use of Animals
in Ophthalmic and Vision Research.

Induction of AC by active immunization

AC was induced as previously described (2, 24). Briefly,
mice were immunized with 50 lg of SRW pollen (Interna-
tional Biologicals, Piedmont, OK, USA) in 5 mg of alum
(Thermo Fisher Scientific Pierce, Rockford, IL, USA) by
intraperitoneal (i.p.) injection on day 0. AC was induced by
a multihit topical challenge in which immunized mice were
given 1.5 mg of SRW pollen in 10 ll PBS in the right eye
from days 10 to 16. Mice were examined clinically for signs
of immediate hypersensitivity responses 20 min after each
topical challenge with SRW pollen or PBS. Each parameter

(lid edema, tearing, conjunctival vasodilatation and conjunc-
tival edema) was scored on a scale ranging from 0 to 3
(18). A score of 0 indicated that there was no evidence of
the respective parameter; 1+, mild response distinctly
greater than the naive control; 2+, moderate change in re-
spective parameter that could be noted by biomicroscopy,
but not with naked eye; and 3+, severe response that could
be perceived with naked eye.

In vivo treatment of anti-CD1d

Mice were treated with intravenous (i.v.) injections of rat anti-
mouse CD1d mAb (hybridoma HB323; American Type
Culture Collection, Manasas, VA, USA) and rat-IgG (Sigma-
Aldrich, St Louis, MO, USA) isotype control three times
a week (50 micrograms per injection) beginning 7 days prior
to immunization.

Cytokine ELISA

Mice were killed 17 days after sensitization with SRW pollen
and their spleens removed. Single-cell suspensions of sple-
nocytes were prepared by gently processing between the
ends of two sterile frosted slides. 1 3 107 cells per milliliter
were incubated with 25 lg ml�1 of soluble SRW pollen ex-
tract (Greer Laboratories, Lenoir, NC, USA) for 48 h in 2 ml of
RPMI supplemented with 10% FCS, 2 mM L-glutamine (Cam-
brex, Charles City, IA, USA), 1 mM sodium pyruvate (Cam-
brex), 1% penicillin–streptomycin–fungizone (Cambrex), 1%
non-essential amino acids (Cambrex), 1% HEPES buffer
(Cambrex) and 5 3 10�5 M 2-mercaptoethanol (Sigma-
Aldrich). Six hours before harvest, 1 lg ml�1 ionomycin
(Sigma-Aldrich) and 25 ng ml�1 phorbol 12-myristate 13-
acetate (Sigma-Aldrich) were added to stimulate cytokine re-
lease. ELISAs for IL-4, IL-5, IL-13 and IFN-c were performed
on culture supernatants according to the manufacturer’s
instructions (R&D Systems).

Induction of AC by adoptive transfer of primed CD4+ T cells

Spleens were removed from Ja18�/� or WT BALB/c (or
C57BL/6) mice 17 days after sensitization with SRW pollen.
CD4+ T cells were isolated using a magnetic microbead sys-
tem (Miltenyi Biotec, Auburn, CA, USA). Single-cell suspen-
sions of splenocytes were prepared by gently processing
between the ends of two sterile frosted slides. Splenocytes
were incubated with anti-mouse CD4-coated magnetic
beads in bead buffer (0.5% BSA in PBS, pH 7.2) for 15 min
at 4�C. Unattached beads were washed off with bead buffer.
Cells not attached to magnetic beads passed through the
column and were discarded. CD4+ cells attached to mag-
netic beads were retained in the column and eluted with
bead buffer. One spleen equivalent of enriched CD4+ T cell
suspensions (7.0 3 106 to 9.0 3 106 cells per recipient)
were injected i.v. into naive BALB/c or C57BL/6 mice (<2%
were double positive for NK1.1 and TCR-b). Four days later,
mice were challenged topically with SRW pollen as previ-
ously described.

Reconstitution of NKT cells

Spleen cells were processed as described above. T cells
were isolated using a magnetic microbead system (Miltenyi
Biotec). Splenocytes were incubated with biotin antibody
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cocktail for 10 min followed by an anti-biotin microbead in-
cubation for 15 min at 4�C. Unattached beads were washed
off with bead buffer. Cells not attached to magnetic beads
were collected as the enriched T cell population. T cell-
negative cells were retained in the column and were eluted
with bead buffer. Enriched T cells were stained with PE
mouse anti-mouse NK1.1 (BD Bioscience Pharmingen, San
Jose, CA, USA) and allophycocyanin conjugated hamster
anti-mouse TCR-b (BD Bioscience Pharmingen) and incu-
bated for 30 min. The stained cells were isolated using BD
FACSAria. NK1.1+ TCR-b+ cells were used as purified NKT
cells. NKT cells (2.0 3 105 to 4.5 3 105 cells per recipient)
were i.v. injected into naive C57BL/6 mice prior to immuniza-
tion with SRW pollen. Ten days later, mice were challenged
topically with SRW pollen as previously described.

Histology

Eyes from mice were removed 17 days after sensitization
and fixed in 10% formalin for histology. Paraffin-embedded
tissue sections were stained with Congo Red. Differential cell
counts were performed by counting all inflammatory cells in
the forniceal conjunctiva in the histological section of each
mouse. Inflammatory cells were counted in masked fashion
by two investigators and were recorded as eosinophils, neu-
trophils or mononuclear cells.

Statistics

Clinical scores and ELISA data are represented as the
mean 6 SD. Inflammatory cell counts are represented as
mean 6 SE. Comparison between the WT-immunized and
knockout immunized mice was made using Student’s t-test
(24). Significance of the histological data was tested by
Student’s t-test. P values <0.05 were considered significant.

Results

Th1- and Th2-prone hosts develop AC

Experiments were performed to determine if the early and
late phase of AC could be induced in both Th1- and Th2-
prone hosts (C57BL/6 and BALB/c mice, respectively). AC
was induced by i.p. sensitization with SRW pollen followed
by topical challenges with SRW pollen administered to the
right eye for seven consecutive days. The early phase of
AC was assessed by evaluating the clinical phenotype of
the disease within 20 min of each daily topical challenge
with SRW pollen (i.e. days 10–16) and by scoring tear pro-
duction, lid edema, chemosis and conjunctival vasodilatation
(2). Since the clinical scores were taken within minutes of
topical challenge, they represent ‘early phase’ responses.
Both WT BALB/c and C57BL/6 mice developed the clinical
phenotype of AC. However, the severity of AC was signifi-
cantly less in C57BL/6 mice compared with BALB/c mice
(data not shown).
The late phase of AC is characterized by the infiltration of

inflammatory cells consisting primarily of eosinophils and
occurs 6–12 h after allergen challenge. Compared with the
PBS controls, WT BALB/c and C57BL/6 mice had an in-
crease in the number of eosinophilic infiltration into the con-
junctiva (data not shown).

The possibility that NKT cells were needed for the maximal
expression of AC was also examined. Accordingly, WT
BALB/c mice were treated with either anti-CD1d mAb or an
isotype control antibody. WT BALB/c mice treated with anti-
CD1d antibody had a decreased expression of the early
phase of AC compared with the isotype control antibody-
treated group (Fig. 1A). There was also a decrease in
the number of infiltrating eosinophils into the conjunctive
(Fig. 1B). WT C57BL mice treated with anti-CD1d antibody
also demonstrated the same trend, a reduction in the clinical
manifestation of AC as well as diminished eosinophil infiltra-
tion into the conjunctiva (Fig. 1C and D).

Type I and type II NKT cells are needed for the early and late
phases of AC

Initial experiments in WT mice treated with anti-CD1d mAb
suggested that NKT cells (type I and type II) might be re-
quired to elicit maximal expression of AC. To further explore
the role of NKT cells in AC, we assessed the clinical expres-
sion of AC in CD1d�/� mice, which lack type I and type II
NKT cells. CD1d�/� BALB/c (Fig. 2A) and CD1d�/� C57BL/6
(Fig. 3A) mice had decreased tear production, lid edema,
chemosis and conjunctival vasodilatation compared with WT
mice. Eosinophilic infiltration into the conjunctivae of CD1d�/�

BALB/c (Fig. 2B) and CD1d�/� C57BL/6 (Fig. 3B) mice
was significantly decreased compared with the WT counter-
parts. Thus, type I and type II NKT cells are needed to elicit
the early and late phase of AC in both Th1- and Th2-prone
hosts.
To determine if type I NKT cells are needed for AC, we

employed Ja18�/� mice, which lack only type I NKT cells.
Ja18�/� BALB/c (Fig. 4A) and Ja18�/� C57BL/6 (Fig. 5A)
mice displayed a decrease in the clinical expression (i.e.
early phase) of AC when compared with WT mice, which
confirmed that type I NKT cells are needed for the early
phase of AC. Compared with CD1d�/� mice, Ja18�/� mice
expressed more severe AC, suggesting that there is an
additive effect in the reduction of AC when both type I
and type II NKT cells are missing. Histological analysis
demonstrated that the number of eosinophilic infiltration
into the conjunctivae of Ja18�/� BALB/c (Fig. 4B) and
Ja18�/� C57BL/6 (Fig. 5B) mice was significantly de-
creased in NKT cell-deficient mice in both strains com-
pared with their WT counterparts. These results indicate
that NKT-deficient mice in both Th1- and Th2-prone strains
have diminished early phase reactions, as defined by the
clinical scores as well as the late phase reactions as dem-
onstrated by a decreased eosinophilic infiltration into the
conjunctiva.
To show that the absence of NKT cells was responsible

for the reduction of AC in Ja18�/� mice, we reconstituted
Ja18�/� mice with NKT cells before immunization with SRW
pollen. Adoptive transfer of cells double positive for NK1.1
and TCR-b fully reconstituted the ability for Ja18�/� mice to
develop both early and late phase responses of AC when
compared with WT C57BL/6 mice treated with SRW pollen
(Fig. 6A and B). As before, Ja18�/� mice displayed reduced
early and late phase responses of AC (Fig. 6A and B).
The restoration of early and late phase responses show
that Ja18�/� mice were otherwise identical to WT C57BL/6
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mice; these results verify that NKT cells are required for the
development of AC.

NKT cell-deficient mice have diminished production of Th2
cytokines

The production of Th2 cytokines (IL-4, IL-5 and IL-13) plays
a critical role in the induction of AC (25, 26). We hypothe-
sized that the reduction in the early phase and late phase
reactions of AC was due to a decrease in cytokine produc-
tion by SRW-specific Th2 cells. To assess this, splenocytes

from SRW pollen-sensitized Ja18�/� and WT mice were stim-
ulated in vitro with SRW extract for 48 h and the presence of
Th2 cytokines was quantified by ELISA.
Spleen cells from Ja18�/� BALB/c mice displayed a de-

creased production of Th2 cytokines IL-4, IL-5 and IL-13
compared with WT mice, while the production of the Th1
cytokine, IFN-c, was comparable to WT levels (Fig. 7). This
suggests that the presence of type I NKT cells are neces-
sary for the generation of allergen-specific Th2 cells and the
optimal expression of AC.

Fig. 1. Blocking NKT cell activation results in decreased expression of AC. Clinical AC scores in (A) BALB/c or (C) C57BL/6 mice treated
with either anti-CD1d (open circle) antibody or an isotype control antibody (closed circle) prior to sensitization and challenge with SRW pollen.
(B and D) Eosinophilic infiltrations into the conjunctive of SRW pollen-challenged mice. (n = 10) This graph is representative of two independent
experiments; *P < 0.05.

Fig. 2. Type I and II NKT cells are needed for the early and late phase of AC in Th2-prone hosts. (A) Clinical scores for AC in CD1d�/� BALB/c
mice (closed inverted triangle) and WT BALB/c mice (open triangle) that were sensitized and challenged topically with SRW pollen. CD1d�/�

BALB/c mice (closed circle) and WT BALB/c mice (open circle) were challenged topically with PBS and served as negative controls.
(B) Eosinophilic infiltration into the conjunctivae of CD1d�/� BALB/c mice and WT BALB/c mice. (n = 12) This graph is representative of two
independent experiments; *P < 0.05.
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NKTcells are necessary for the efferent arm of AC (‘licensing’
stage)

The present results indicate that NKT cells are needed for
activating the afferent arm of the Th2 immune response as

shown by the diminished production of Th2 cytokines that

occurred in the Ja18�/� mice. However, studies on AHR in

mice indicate that iNKT cells play an important role in the ef-

ferent arm of the Th2 immune response (7). That is, iNKT

Fig. 3. Type I and II NKT cells are needed for the early and late phase of AC in Th1-prone hosts. (A) Clinical scores for AC in CD1d�/� C57BL/6
mice (closed inverted triangle) and WT C57BL/6 mice (open triangle) that were challenged with SRW pollen. CD1d�/� C57BL/6 mice (closed
circle) and WT C57BL/6 mice (open circle) were challenged with PBS and served as negative controls. (B) Eosinophilic infiltration into the
conjunctivae of CD1d�/� C57BL6 mice and WT C57BL/6 mice. (n = 10) This graph is representative of two independent experiments; *P < 0.05.

Fig. 4. Type I NKTcells are needed for the early and late phase of AC in Th2-prone hosts. (A) Clinical scores of Ja18�/� BALB/c (closed inverted
triangle) and WT BALB/c mice (open triangle) that were sensitized and challenged with SRW pollen compared with Ja18�/� mice. Ja18�/� BALB/c
mice (closed circle) and WT BALB/c mice (open circle) were challenged with PBS and served as negative controls. (B) Eosinophilic infiltration into
the conjunctivae of Ja18�/� BALB/c and WT BALB/c mice. (n = 15) This graph is representative of three independent experiments; *P < 0.05.

Fig. 5. Type I NKT cells are needed for the early and late phase of AC in Th1-prone hosts. (A) Clinical sores of Ja18�/� C57BL/6 mice (closed
inverted triangle) and WT C57BL/6 mice (open triangle). Ja18�/� C57BL/6 mice (closed circle) and WT C57BL/6 mice (open circle) were
challenged with PBS and served as negative controls. (B) Eosinophilic infiltration into the conjunctivae of Ja18�/� C57BL/6 mice and WT C57BL/6
mice. (n = 10); This graph is representative of two independent experiments. *P < 0.05.

NKT cells and allergic conjunctivitis 5

 at B
iblioteca A

rea B
iom

edica on M
ay 29, 2010 

http://intim
m

.oxfordjournals.org
D

ow
nloaded from

 

http://intimm.oxfordjournals.org


cells in the lung produce significant quantities of IL-4 and
IL-13, which create a Th2-biased milieu in the lung. Circulat-
ing Th2 cells that enter the lung are exposed to the Th2 cyto-
kines and are boosted or ‘licensed’ to produce Th2-based
inflammation. In this case, iNKT cells act on the efferent arm
of the Th2 immune response by affecting the function of pre-
viously activated Th2 cells. With this in mind, we performed
adoptive transfer experiments to determine if iNKT cells
might also influence the efferent arm of the immune re-
sponse in AC. Accordingly, we adoptively transferred CD4+

T cells from SRW pollen-sensitized Ja18�/� BALB/c or WT
BALB/c donors into naive WT BALB/c recipients. Four days

after the adoptive transfer, both groups of mice were chal-
lenged topically with SRW pollen daily for seven consecutive
days. Both the clinical manifestation (early phase reaction of
AC) and the number of inflammatory cells present in the
conjunctiva (late phase reaction of AC) were assessed clini-
cally and histopathologically, respectively.
WT BALB/c naive recipients of CD4+ T cells from Ja18�/�

SRW pollen-sensitized donors displayed decreased early
phase signs of AC compared with WT naive recipients
of CD4+ T cells from SRW pollen-sensitized WT donors
(Fig. 8A). The same trend was seen in C57BL/6 mice
(Fig. 9A). The reduced severity of AC was consistent with

Fig. 6. Adoptive transfer of NKT cells into Ja18�/� mice restores AC. (A) Clinical score of Ja18�/� mice reconstituted with NKT-positive cells
(open circle), Ja18�/� mice (closed circle) and WT C57BL/6 mice (closed inverted triangle). (B) Eosinophilic infiltration into the conjunctivae
of Ja18�/� C57BL/6 mice reconstituted with NKT cells and challenged with SRW pollen. (n = 5); *P < 0.05.

Fig. 7. Decreased severity of AC in NKT cell-deficient BALB/c mice is associated with diminished production of IL-4, IL-5 and IL-13. Bulk
splenocytes were incubated with allophycocyanin’s pulsed with SRW extract. Supernatants were collected 48 h after in vitro culture and analyzed
by ELISA. (n = 10) This graph is representative of two independent experiments; *P < 0.05.
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the previously observed diminished Th2 cytokine production
by CD4+ T cells from the Ja18�/� mice (Fig. 7). By contrast,
the WT BALB/c recipients of CD4+ T cells from Ja18�/�

donors had eosinophilic infiltrations into the conjunctiva that
were similar to WT recipients of CD4+ T cells from WT donors
(Fig. 8B). These results suggest that NKT cells are needed
for the maximal generation of Th2 cells and for the expres-
sion of the early phase reaction of AC. However, Th2 cells
generated in the absence of NKT cells were capable of me-
diating late phase inflammation if an NKT cell repertoire was
available to license this Th2 cell population in the conjunc-
tiva. C57BL/6 mice that received CD4+ T cells from Ja18�/�

mice had a reduction in eosinophilic infiltrations into the con-
junctiva compared with WT recipients of CD4+ T cells from
WT donors (Fig. 9B). These results indicate that in a Th1-
prone host CD4+ T cells generated in the absence of NKT
cells are not competent to license Th2 cells in the conjunc-
tiva.
The capacity of Th2 cells from Ja18�/� donor mice to pro-

duce late phase inflammation suggested that the previously
observed diminution of AC in Ja18�/� mice sensitized with
SRW pollen was due to impaired expression of Th2-based in-
flammation (i.e. efferent arm). This was tested by adoptively
transferring CD4+ T cells from SRW pollen-sensitized WT
donors to Ja18�/� recipients and assessing both the early

phase and late phase reactions. The results of this adoptive
cell transfer experiment demonstrated that the absence of
an intact NKT cell repertoire prevented full expression of
both the early phase and late phase reactions of AC by the
SRW pollen-sensitized CD4+ T cells from WT mice (Figs 8C
and 9(C and D)). These results suggest that NKT cells func-
tion at the end stage organ (i.e. conjunctiva) and, as in
AHR, may act to license Th2 cells in the conjunctiva for the
maximal expression of AC.

Discussion

AC is an immediate hypersensitivity reaction mediated by
a Th2 immune response and the preferential generation of
IgE antibodies. In the early phase, the allergen cross-links
IgE antibodies bound via FceRI on the surface of mast cells
(3). This event occurs within minutes of allergen exposure and
triggers the degranulation of mast cells releasing mediators
such as histamine. The late phase reaction is evident 6–12 h
after allergen challenge and is characterized by an inflamma-
tory infiltrate consisting of neutrophils and a preponderance of
eosinophils (3). Th2 cells and their cytokines are associated
with many allergic disorders such as atopic dermatitis and
asthma (25); however, other immune cells play important roles
in the induction and expression of allergic diseases.

Fig. 8. NKT cells participate in the afferent and efferent arms of AC. CD4+ T cells isolated from SRW-sensitized BALB/c donors were adoptively
transferred into naive recipients. (A) Clinical scores of AC in naive WT recipients that received CD4+ T cells from either Ja18�/� donors (closed
inverted triangle) or WT donors (closed circle) that were sensitized with SRW pollen. (B) Eosinophilic infiltration into the conjunctivae of WT
recipients of CD4+ T cells from SRW-sensitized Ja18�/� or WT donors. (C) Clinical scores of AC in naive WT (closed circle) or Ja18�/� (open
circle) recipients of CD4+ Tcells from WT donors that were sensitized with SRW pollen. (D) Eosinophilic infiltration into the conjunctivae of Ja18�/�

and WT BALB/c mice that received CD4+ Tcells from WT BALB/c mice that were sensitized with SRW pollen. (n = 10) This graph is representative
of two independent experiments; *P < 0.05.
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NKT cells play a major role in regulating the immune re-
sponse by bridging the innate and adaptive immune system.
They are a unique subgroup of lymphocytes that differ from
conventional ab T cells in that they recognize lipid and not
peptide antigen and upon stimulation produce both Th1
and Th2 cytokines (9, 10). Two different subsets of NKT
cells have been described: type I NKT cells, which express
invariant Va14Ja18 TCR in the mouse or Va24Ja18 in the
human, and type II NKT cells, which express more diverse
TCRs (11). Type I NKT cells recognize lipid antigens, such as
a-galactosylceramide, presented by a non-classical MHC
molecule, CD1d (11). In tumor immunity, type I NKT cells have
been shown to primarily mediate a protective role, while type
II NKT cells suppress anti-tumor surveillance (12).
There have been conflicting reports regarding the role of

NKT cells in asthma. Some studies have implicated NKT
cells as being important in the development of AHR (7, 8).
Type I NKT cells that produce IL-4 and IL-13 were required
for the clinical expression of AHR (7) and for the maximal
production of eosinophilia, Th2 cytokines and IgE (8). Ja18�/�

and CD1d�/� BALB/c mice were unable to develop AHR,
even though they could generate conventional Th2 cells capa-
ble of making IL-4 and IL-13 (7). Moreover, adoptive transfer
of type I NKT cells, which produced IL-4 and IL-13, into
Ja18�/� mice restored AHR, while administration of IL-13
restored AHR in CD1d�/� mice (7).

By contrast, others have reported that an allergic re-
sponse can develop in the absence of NKT cells (27, 28).
Ovalbumin (OVA)-sensitized CD1d�/� mice developed
eosinophil-rich inflammation and similar levels of OVA-
specific IgE comparable to WT C57BL/6 mice. These find-
ings were supported by Morishima et al. (29) who found that
airway eosinophilia, AHR and OVA-specific IgE levels were
no different in Ja18�/� and WT BALB/c mice. Brown et al.
(27) assessed the role of NKT cells in AHR using beta 2-
microglobulin (b2m)�/� mice, which, due to the disruption of
the b2m gene, impairs surface expression of CD1. They
found that b2m�/� mice had no significant difference in lung
resistance, airway pressure, IL-4-producing cells or serum
IgE compared with WT mice. A more recent study found that
a CD1d-restricted, NK1.1+ non-iNKT cell was present in
b2m�/� mice and was responsible for the development of
AHR (30). Possible explanations for their results include
differences in genetic background, experimental protocol
for OVA immunization and the time points used in the
evaluations.
To our knowledge, only one other study has examined the

role of NKT cells in AC. Fukushima et al. (31) found that ad-
ministration of a-GalCer, which is known to stimulate type I
NKT cells, significantly increased Th2 immune responses
and infiltration of eosinophils into the conjunctiva when ad-
ministered at the time of immunization with SRW. However,

Fig. 9. NKTcells participate in the afferent and efferent arms of AC. CD4+ T cells isolated from SRW-sensitized C57BL/6 donors were adoptively
transferred into naive recipients. (A) Clinical scores of AC in naive WT C57BL/6 recipients that received CD4+ Tcells from either C57BL/6 Ja18�/�

donors (closed inverted triangle) or WT donors (closed circle) that were sensitized with SRW pollen. (B) Eosinophilic infiltration into the
conjunctivae of WT recipients of CD4+ Tcells from SRW-sensitized Ja18�/� or WT C57BL/6 donors. (C) Clinical scores of AC in naive WT (closed
circle) or Ja18�/� (open circle) recipients of CD4+ Tcells from WT donors that were sensitized with SRW pollen. (D) Eosinophilic infiltration into the
conjunctivae of Ja18�/� and WT C57BL/6 mice that received CD4+ T cells from WT C57BL/6 mice that were sensitized with SRW pollen. (n = 5);
*P < 0.05.
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treatment with a-GalCer just prior to the first challenge
resulted in decreased infiltrations of eosinophils into the con-
junctiva of SRW-primed mice. This decrease in the late
phase reaction of AC was associated with an increase in
the frequency of CD4+CD25+ T cells (31).
The present study demonstrates that both Th1- and Th2-

prone hosts develop the early and late phases of AC.
C57BL/6 mice, which are Th1-prone hosts, did not develop
the clinical phenotype that characterizes the early phase of
AC to the same magnitude as BALB/c mice, which are Th2-
prone hosts. In order to assess if NKT cells were needed for
the full expression of AC, we employed two NKT cell-
deficient mice: Ja18�/� and CD1d�/� mice. Ja18�/� BALB/c
and Ja18�/� C57BL/6 mice had decreased clinical signs of
AC and reduced eosinophil infiltration into the conjunctiva
compared with WT mice. Furthermore, adoptively transfer-
ring NKT cells into Ja18�/� C57BL/6 mice fully reconstituted
the early and late phase of AC. These results confirmed that
NKT cells were needed for the full expression of the early
and late phases of AC. Since it is not feasible to assess the
role of type II NKT cells alone, we used CD1d�/� mice that
lack both type I and type II NKT cells. CD1d�/� BALB/c and
CD1d�/� C57BL/6 mice also had decreased clinical signs of
AC and reduced eosinophil infiltration into the conjunctiva
compared with WT mice. Moreover, it was evident that the
clinical severity of AC in Ja18�/� mice was greater than ob-
served in CD1d�/� mice in both strains, indicating that there
might be an additive effect when both type I and type II
NKT cells are absent.
We show that the decrease in the early and late phase of

AC correlates with a decrease in the production of Th2 (IL-4,
IL-5 and IL-13) but not Th1 (IFN-c) cytokines by SRW-
specific T cells. The dampened Th2 response was correlated
with high IFN-c levels that occurred in the NKT-deficient
mice. This suggests that additional factors contribute to the
decreased Th2 immune responses in these animals. As in
AHR, the role of NKT cells in AC may be to license Th2 cells
in the conjunctiva to induce AC, as adoptively transferred
SRW-primed CD4+ T cells were unable to induce AC in
Ja18�/� mice. However, unlike the conditions in AHR, NKT
cells were needed at both the afferent and efferent stages
of AC.
In conclusion, this study demonstrates that NKT cells are

needed for development of AC. We suggest that NKT cells
mediate or amplify the Th2 inflammatory responses that are
needed for the maximal expression of AC. It will be impor-
tant to identify the underlying molecular mechanisms that
NKT cells employ for the development of AC and determine
if disabling NKT cells at the ocular surface is a viable thera-
peutic option for the treatment of AC.
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