Natural Killer T Cells in Mucosal Homeostasis
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ABSTRACT: The mucosal-associated lymphoid tissues (MALT), including the
gut-associated lymphoid tissues, are a tightly regulated environment. In fact, it
might be stated that on the basis of studies from animal models of inflammato-
ry bowel disease (IBD), the major means of peripheral regulation of immune
responses in the intestine is not necessarily from processes such as deletion or
anergy, but more likely from the controls imposed upon responses due to the
activities of a variety of regulatory subsets of cells. One type of regulatory
cellular subset that has recently gained attention is the subset of T cells that are
associated with CD1d-restricted responses. Recently, CD1d-restricted T cells
have been increasingly appreciated to play a significant role in mucosal tissues
of the intestine and lung, for example. Insights from these studies have clearly
elevated these cells to particular importance in the regulation of a variety of in-
fectious and inflammatory conditions, such as those associated with idiopathic
IBD. In this review, we focus on recent observations on the characteristics of
CD1d-restricted pathways in mucosal compartments, after a brief introduc-
tion into the biology of CD1d and CD1d-restricted T cells.
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INTRODUCTION

CD1d is a member of the CD1 gene family,'-? which consists of five genes, CDla
to CD1e. Four of these genes (CD1a to CD1d) encode functional proteins, whereas
the CD1e gene has not been associated with a detectable product to date.? The CD1
gene family can be divided into two groups, CDla to CDIc and CD1d, based on
sequence homology.3 Whereas humans contain genes on chromosome 1 for CD1a to
CD1d, rodents express only a CD1d homologue. In fact, the human CD1d isoform
is more similar to mouse and rat CD1d than it is to the other human CD1 isoforms.>
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All CD1 genes have an MHC class I-like structure both genetically and biochem-
ically. In this regard, the CD1 genes contain exons 2 to 4, encoding domains o1, 0.2,
and o3, that generate a protein product that is associated with B2-microglobulin. The
recent solution of the X-ray crystallographic structure of CD1d> and, more recently,
CD1a,° have confirmed earlier predictions from cellular studies by Brenner and
Porcelli that the CD1-related molecules play a role in presenting a variety of gly-
colipid antigens to unique subsets of T cells. In particular, the glycolipid antigens
presented by the CD1a to CD1c proteins have been shown to be a variety of lipogly-
can antigens that derive from mycobacteria and other bacteria.” The glycolipid anti-
gens presented by CD1d are less well defined. Whereas a model glycolipid antigen
derived from marine sponge, o-galactosylceramide (ouGalCer), has been shown to be
presented by CD1d to unique groups of CDId-restricted T cells,® the endogenous
antigens that are presented by CD1d to CD1d-restricted T cells, either in vitro or in
vivo, are less clear but do include such molecules as the phospholipid phosphatidyle-
thanolamine.” It also remains unclear whether exogenous glycolipid antigens
derived from the microbial universe can also be presented by CD1d, with most
information suggesting that the CD1d-specific antigens are derived from host lipids.
This, in particular, emphasizes the significant autoreactivity that has been identified
in the CD1 system.

The types of T cells that have been shown to be restricted by CD1d, both in mouse
and human, include either those that have an invariant T cell receptor (TCR)-a chain
or those that have a semidiverse group of TCR-o chains.!?

Characteristics of the first group of T cells, the so-called invariant natural killer
T (INKT) cells, include the following: These T cells express an invariant TCR-o.
chain that results from the rearrangement of TCR-o. gene products to contain only
canonical germ line sequences. In rodents, this invariant TCR-o chain comprises a
Vaul4 gene product in contiguity with a Jo18 gene product.!! The human homologue
for this invariant TCR-a chain is the result of the rearrangement of a V24 gene seg-
ment to JoQ gene segment.!! Because invariant T cells often carry NK cell markers
on the cell surface, in addition to the TCR/CD3 complex, they are considered to be
natural killer T (NKT) cells. Invariant NKT cells either express CD4 or are double
negative; in fact, forced expression of CDS8 in the thymus causes deletion of these
particular cells. Although these cells carry an invariant TCR-o chain, the TCR-o
chains pair with a wide variety of TCR-[3 chains that predominantly use V[38.2, V7,
or VBZ.“ As aresult, although iNKT cells express an invariant TCR-a chain, owing
to the association of this invariant TCR-o chain with a wide variety of TCR-J chains,
these cells are, in fact, quite polymorphic. This may explain the wide variety of bio-
logic processes that these cells are able to regulate, as described in more detail be-
low. The iNKT subset is the major subset that responds to oGalCer.® Indeed,
virtually all oiGalCer reactivity maps to the iNKT subset of CD1d-restricted T cells.

In addition to iNKT cells, recent studies in both mouse and human have identified
a perhaps larger group of CD1d-restricted T cells that contain a much more diverse
TCR repertoire.!214 The so-called semidiverse NKT cells are also either CD4 or
double negative in mouse and, perhaps, CD8, CD4 or double negative in humans
with a preferential usage of particular TCR-0. and -B chains.!>14 Specifically,
semidiverse iNKT cells use either V3.2 conjoined to a Jo9 gene segment or a Voug
gene segment, together with a V38 gene segmf:nt.12 The glycolipid antigens that re-
strict these T cells are less clear, but they are defined as CD1d-reactive owing to the
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ability to detect restriction to CD1d when costimulation is provided and/or autore-
activity is evident in cellular model systems.!2

Finally, there is a much larger number of NKT cells that are not CD1d-restricted
but are restricted to either MHC class I or MHC class I1.!5 These cells are considered
NKT cells because of the expression of the NK1.1 marker on the cell surface, a
marker that recently has come to be appreciated as one frequently associated with T
cell activation.'® These non—-CD1d-restricted NKT cells have a very diverse array of
TCRs and express CD4, CD8, or are double negative‘15

The vast majority of biologic functions that have been assigned to CD1d-restrict-
ed T cells to date are those associated with the iNKT subset of cells.!? A unique fea-
ture of the regulatory functions of iNKT cells is the fact that they are able to regulate
a wide variety of cell types and, thus, subsequent cellular processes owing to their
involvement at the earliest points of the immune response.!” iNKT cells have a very
special relationship with dendritic cells (DCs) through expression of CD1d on the
DC.!7 This interaction between the DC and the iNKT cell leads to regulation of both
subsets through secretion of IL-12 by the DC and secretion of IFN-y, for example,
by the iNKT cell that is, in turn, regulated by CD40 on the DC and CD40 ligand on
iNKT.!7 Once activated by CD1d on the antigen-presenting cell (APC), the iNKT
cell is able to regulate a wide variety of cell types, both through cell-cell contact and
through secretion of a large number of cellular mediators.!” In fact, the iNKT cell
predominantly has a T helper O (ThO) phenotype when stimulated through its TCR-
CD3 complex.'82! Recent studies with human iNKT cells suggest that there might
be polarization of these cells, with IFN-y production primarily associated with the
double-negative subset, and ThO associated with the CD4* subset.!8 Such polariza-
tion is less evident with rodent iNKT cells but may indeed be present. iNKT cells
have been shown to express Fas ligand on the cell surface and to exert cytolytic
activity through the secretion of perforin and granzyme,?? and thus to regulate tumor
cells and perhaps DCs, which, in turn, would have significant effects on subsequent
immune responses.23 In fact, through these cytolytic properties, iNKT cells may not
only play a role in antitumor immunity but may also, through the cytolytic removal
of DC1 cells, lead to potent effects on subsequent immune responses and downreg-
ulation of immune responses, in particular.?>2* Through the secretion of MIPI,
iNKT cells regulate neutrophils.2> Through signals that are yet to be defined, iINKT
cells are well known to regulate NK cells and B cells. In fact, iNKT cell activation
may be the most potent mediator of NK cell mobilization during the course of an im-
mune response.10 Finally, through the secretion of a wide range of cytokines and
chemokines, including IL-4, IL-10, IL-13, TGF-f, and IFN-y, iNKT cells have the
potent ability to immune deviate conventional T cells to Thl or Th2.!10 With that
said, it is also well known that the absence of CD1d-restricted T cells due to deletion
of the CD1d gene, for example, does not abrogate a Th2 response,?0-28 indicating
that CD1d is one of many regulatory pathways that are involved in immune deviation
of conventional T cells.

As indicated in the introductory comments, these properties of iNKT cells are
likely to be relevant to mucosal homeostasis and, perhaps more importantly, to the
regulation and/or pathogenesis of a variety of disease processes. The MALT is con-
stantly bombarded by a variety of foreign antigens, which require tight regulation of
immune responses along the epithelial cell surface. Using IBD as a model, immune
responses that are characterized by either Th1l or Th2 cytokine production can be
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associated with chronic inflammation.2-30 Therefore, regulation of conventional T
cell responses is particularly important. Given the aforementioned comments on the
biology of iNKT cells, it is not surprising that iNKT cells have recently been shown
to play an important role in a variety of processes related to the mucosal immune sys-
tem.3132 In particular, a variety of cellular subsets that bear CD1d on the cell sur-
face, including intestinal epithelial cells (IECs), DCs, and B cells, reside within
these compartments. Similarly, iNKT cells have been detected in mucosal compart-
ments, such as the epithelium, albeit at very low proportions.3>33 Although iNKT
cells have been identified in the epithelial compartments by the use of CD1d-tetram-
ers, little information has been obtained on the semidiverse group of CD1d-restricted
T cells as yet. However, recent studies in the oxazolone colitis model and in humans
with ulcerative colitis (UC) suggest that this form of T cell may be particularly
important, as discussed further below.3! The next section of this chapter will focus
on evidence that supports a role for CD1d-restricted pathways in the regulation of
several MALTSs, most notably in the intestine and in the lung.

REGULATION OF MUCOSAL INFLAMMATION BY iNKT CELLS

IBD appears to be a dysregulated mucosal immune response to a subset of bacte-
rial antigens in a genetically susceptible host.2%-30-34 These concepts are largely
based upon recent studies in a variety of animal models of colitis, which require the
presence of a normal microbial ecology in conjunction with some perturbation of the
MALT either through genetic manipulation or the administration of a variety of
exogenous agents, including those that break down the intestinal barrier.3 All of
these models of IBD suggest that the mucosal inflammation is distilled from a final
common pathway that generates either excess Thl or excess Th2 cytokine produc-
tion, either of which will cause the development of IBD-like immunopathology.
Both Th1 and Th2 inflammation are, in turn, tightly regulated by cytokines derived
from a variety of both B cells and T cells. The latter include both CD4*CD25" T
cells, the so-called T regulatory cells, which secrete TGF-3 and/or IL-10. The recent
appreciation that iNKT cells are decreased in a variety of autoimmune conditions (as
well as, perhaps, IBD), and the fact that iNKT cells can regulate autoimmune diseas-
es such as allergic autoimmune encephalitis and diabetes mellitus in animal
models,!7 originally suggested that iNKT cells may have a similar regulatory effect
in IBD.

One of the earliest studies to test this hypothesis was performed in the dextran
sodium sulfate (DSS) colitis model.33 In this model, the administration of DSS leads
to disruption of the epithelial barrier and activation of macrophages, leading to a
severe colonic inflammation that is often associated with significant mortality. DSS
colitis can be established in a T cell-deficient environment, in either SCID or Rag-
deficient animals. However, studies from others have shown that although the gen-
eration of colitis is T cell independent, T cells clearly play an important role in the
perpetuation and possibly, as shown below, the regulation of inflammation associat-
ed with the administration of DSS.

To determine whether iNKT cells are able to regulate colitis, either C57BL/6J
(wild-type), CD1d-deficient, or Rag2-deficient mice were exposed to 2.5% DSS
ad libitum in the presence of either the agonist glycolipid antigen, o.GalCer, or a
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nonagonist (nonfunctional) glycolipid analogue of aGalCer, atManCer.3> These
studies showed that treatment of wild-type mice with aGalCer, but not ecManCer,
prolonged survival after administration of DSS.33 This was also associated with an
amelioration of clinical symptoms (body weight loss) or signs (evidence of gas-
trointestinal bleeding).35 The protective effect of olGalCer was dependent on iNKT
cells in wild-type mice because it was abrogated by the deletion of these cells by
monoclonal antibodies.35 Moreover, the protective effect of aGalCer was iNKT cell—-
dependent because aGalCer activity was lost in either Rag-deficient or CD1d-defi-
cient mice.3> Specifically, the survival of wild-type mice was prolonged by the ad-
ministration of oiGalCer but not oManCer.3> The survival score of the oManCer-
treated group was identical to that of either Rag-deficient or CD1d-deficient mice
administered o.GalCer. Finally, to prove that these effects were due to iNKT cells,
when iNKT cells were obtained from wild-type mice primed with aGalCer, they
were able to adoptively transfer protection to Rag-deficient mice.3> In contrast,
iNKT cells from wild-type mice that had been primed with aManCer were unable to
confer protection against DSS administration.’> Although the basis for the amelio-
ration of DSS colitis by iNKT cells was not determined initially, subsequent studies
have shown that the regulation of DSS colitis by iNKT cells was the result of the pro-
duction of Th2 and perhaps regulatory cytokines.3® Specifically, intraperitoneal in-
jection of a glycolipid, OCH, that has previously been shown to preferentially induce
production of Th2 cytokines by iNKT cells resulted in an amelioration of colitis in
wild-type mice exposed to DSS but not in Jou18-deficient mice.® This protection
from colitis in wild-type mice was associated with induction of IL-4 and 1L-10.30 In
addition, Jo18-deficient mice exhibited significantly increased colitis in comparison
with wild-type mice.3® Taken together, these studies in the DSS colitis model sug-
gested that certain iNKT cells are associated with the intestine and have a unique
ability to preferentially secrete Th2 cytokines and/or regulatory cytokines, which are
able to either immune deviate away from Th1 bias or regulate colitis.

More definitive evidence that CD1d-restricted pathways are involved in mucosal
regulation associated with intestinal inflammation came from the following series of
studies in hapten-mediated colitis: Instillation of several different haptens is able to
induce colitis. Specifically, administration of either trinitrobenzene sulfonic acid
(TNBS) or oxazolone to mice, either with or without prior skin sensitization, in-
duced colitis that is predominantly characterized by a Th1 response in certain animal
strains with the former hapten, or Th2 in certain animal strains with the latter.30
Recent studies suggest that in some strains, such as Balb/C, oxazolone-induced coli-
tis is a process generated by both Th1 and Th2 cytokines.3? Similarly, C57BL/6J
mice develop an oxazolone-induced colitis that is a mixed Th1- and Th2-mediated
process, in contrast to SJL/J mice, which, as originally described, generate a pre-
dominantly Th2-mediated colitis. With this in mind, we studied colitis induced by
oxazolone in CD1d-deficient mice. These studies showed that both CD1d-deficient
and Jo18-deficient mice were resistant to oxazolone-induced colitis, in comparison
to wild-type C57BL/6J mice.3! Similarly, administration of a neutralizing anti-
CD1d antibody was able to achieve a similar protection of wild-type mice from the
development of immunopathology associated with oxazolone administration.3!
These studies suggested that CD1d-restricted T cells acted as provocateurs in the
generation of colitis. However, other studies suggested that the ability of iNKT cells
to produce or drive colitis was the result of the preferential production of Th2 cyto-
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kines.3!37 Previous studies in the SJL/J mouse strain had shown that oxazolone coli-
tis in this genetic background is caused by the production of IL-4.37 Studies with
both lamina propria mononuclear cells (LPMCs) and mesenteric lymph nodes in the
C57BL/6J strain showed that oxazolone administration was also associated with a
very high production of IL-4 early in the course of colitis (days 2 to 4) and is super-
seded by a very large production of IL-13 (days 4 to 7).3! This production of IL-13
was shown to be biologically important, as oxazolone colitis could be prevented by
neutralization of IL-13 activity through intraperitoneal injection of an IL-13-recep-
tor o2-Fc fusion protein.>! Evidence that IL-13 responsible for the generation of
colitis was derived from iNKT cells was obtained from observations showing that
stimulation of LPMC by either anti-CD3 + CD28 or L cells transfected with CD1d,
but not untransfected L cells, in the presence of auGalCer, induced significant pro-
duction of IL-4 and, to a greater extent, IL-13.31 Taken together, the observations
that (1) deletion of either CD1d or iNKT cells, or neutralization of IL-13, ameliorat-
ed colitis, and (2) activation of LPMCs by CD1d-restricted antigens induced IL-13
suggest that CD1d-restricted T cells act as effector cells in the development of Th2-
mediated colitis in the oxazolone model.3! Thus, it would appear that Th2-associat-
ed colitis is driven by iNKT cells. This is consistent with recent studies in Th2-
associated inflammation of the lungs such as asthma, which is also iNKT cell
mediated.>?

Recent studies have advanced the notion that iNKT cells are protagonists in the
development of Th2-associated inflammation and have provided additional insights
into the regulation of these processes. Specifically, whereas the Th1-associated IBD-
like inflammation characteristic of Crohn’s disease is the result of DC-mediated pro-
duction of IL-12, which functions as a master cytokine in driving Th1 responses, the
factors presumably secreted by DCs in response to iNKT cells in Th2-associated
immunopathology are less well defined.3® One possibility is that, like the Thl
inflammation caused by DC production of IL-12, DCs secrete an IL-12-related
factor that drives iNKT cells to regulate conventional T cell production of excess Th2
cytokines. This particular notion has, in fact, been investigated and a novel IL-12
p40-like molecule, Epstein-Barr virus—induced gene 3 (EBI3), has been identified as
a potential factor in this effect.”

In addition to the IL-12 molecule, a heterodimer that consists of a p40 chain and
a p35 chain,®0 recent studies have identified a variety of other IL-12 family
members. These include IL-23, a heterodimer consisting of the p40 chain, IL-12, and
a novel p19 chain, and IL-27, a novel heterodimer formed by EBI3 and p28.40>41
Recent studies suggest that whereas IL-27 acts very early in the immune response to
support the development of Thl responses through interactions with an orphan
cytokine receptor, WSX-1, the subsequent perpetuation of the Thl response is
mediated by IL-12, and its maintenance through effects on T memory cells by
[L-23.40-42 However, in addition to the association between EBI3 and p28, it is clear
from other studies that EBI3 may associate either with itself as a homodimer or with
other factors, as yet to be defined, to produce other effects such as the possible
induction of Th2 responses. These effects have recently been suggested by investiga-
tions in models of mucosal inflammation, and may include a role for EBI3 in regulat-
ing Th2 pathways (in addition to Th1 pathways) through effects on the iNKT cell.3?

Recently, EBI3-deficient mice have been generated.39 Although these mice have
normal numbers of conventional T cells and B cells and have no obvious immuno-
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pathology, they maintain a reduced number of iNKT cells in the liver as well as in
the spleen in comparison with control mice, as evidenced by CD1d tetramer staining
of CD3-positive cells.?® Moreover, CD1d-restricted iNKT cells from EBI3-deficient
mice secrete lower levels of the Th2 cytokine, IL-4, but not the Th1 cytokine, IFN-y,
when stimulated with a model glycolipid antigen, 0GalCer.>® Specifically, when
iNKT cells were obtained from EBI3-deficient animals, low levels of IL-4 secretion
were stimulated, in comparison with quantities of IFN-y secreted, when these cells
were exposed to CD1d-transfected B cells in the presence of aGalCer.?? Similarly,
serum IL-4 was lower in EBI3 mice that received oiGalCer intravenously than in com-
parable wild-type mice.3? In other studies, it was shown that these defects in IL-4 pro-
duction by iNKT cells were due not only to the quantitative defect in iNKT cells, but
presumably also to a defect in DC regulation of iNKT cell responses (unpublished ob-
servations). This defect in Th2 cytokine production by iNKT cells was clinically
meaningful in that EBI3-deficient mice were protected from the development of
oxazolone-associated colitis.?® In contrast, the response of EBI3-deficient mice to
TNBS was similar to that of wild-type mice.3? These results further support the con-
cept that iNKT cells are major drivers in the development of oxazolone-associated
colitis. Moreover, the results in the EBI3-deficient environment suggest that EBI3 is
a major regulator of this iNKT cell-mediated response and, ultimately, colitis.3? This
protection from pathologic injury to oxazolone in the context of EBI3 deficiency
was, importantly, associated with diminution in not only clinical scores as defined
by body weight loss, but also the degree of pathology and the production of IL-4, but
not IFN-y, in the EBI3-deficient mice.39 Specifically, the absence of EBI3 was
associated with decreased IL-4 production by the LPMCs and diminished nuclear
translocation of GATA-3, a major nuclear transcription factor associated with Th2
cytokine production.3?

These studies suggest that the CD1d-restricted T cell, notably the iNKT cell sub-
set, is a major effector cell in the development of Th2-associated colitis. This, in
turn, suggests that an EBI3-secreting APC, such as a DC, (1) regulates both the
quantity and function of iNKT cells that may directly cause colitis through the
secretion of Th2 cytokines, or (2) regulates the ability of the iNKT cell to cause cy-
tolysis at target cells such as intestinal epithelial cells (IEC), or (3) modulates the
quantities of Th2 cytokine production by conventional T cells. This contrasts with
the ability of DCs, through the production of IL-12, to regulate Th1-mediated colitis
and, ultimately, production of IFN-y and TNF-a.. The molecular form of EBI3 that is
associated with this biologic response remains undefined. It is unlikely to be 1L-27,
based on the major role of this cytokine in regulating proliferation of naive T cells
and promoting Th1 cytokine production.*! It may very well be the case that the pro-
liferative effect of IL-27 on iNKT cells may play such a role. It is possible, however,
that EBI3 causes these effects in Th2 cytokine production either through its molec-
ular association with itself as a homodimer or with other molecules, such as either
the p35 chain of IL-12 or other as yet to be defined molecules. Nonetheless, these
studies show how CD1d-restricted pathways can regulate mucosal inflammation and
prove the biologic importance of CD1d-restricted T cells in the generation of mucos-
al inflammation. These concepts derived from studies in Th2-deviated animals may
apply to analogous human disease, namely, ulcerative colitis (UC).*? Increased EBI3
expression has been found in patients with active UC.4344 1n contrast, EBI3 expres-
sion is relatively normal in Crohn’s disease (CD), similar to that in normal subjects,
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as evidenced by several different quantitative RT PCR analyses.*>** This contrasts
again with the production of IL-12 in humans, where the expression is increased in
CD but not in UC.*> The production of EBI3 in human UC appears also to be prima-
rily associated with DCs. Moreover, recent preliminary studies have shown that LP-
MCs from patients with CD secrete significant quantities of IFN-vy, in contrast to UC
patients who secrete very high concentrations of IL-13 and IL-5 but, interestingly,
not IL-4, suggesting a modified Th2 response in human UC. This production of IL-
13 and IL-5 is derived from CD1d-restricted T cells and, perhaps, predominantly
from the semidiverse subset of human CD1d-restricted T cells within the LP (I.F. and
W.S., unpublished observation). This contrasts somewhat with studies in mouse
models and deserves further investigation. Nonetheless, this does suggest that
CD1d-restricted T cell pathways play a role not only in mouse models of colitis, but
also in the human condition.

REGULATION OF MUCOSAL COLONIZATION
BY BACTERIAL PATHOGENS

A characteristic feature of iNKT cells is their ability to secrete both Th1 and Th2
cytokines. This property is presumably due to the heterogeneity of these cells and/
or the variation in glycolipid antigens to which they respond, as well as other factors,
including the characteristics of costimulatory molecules on the cell surface of the
stimulating APC at the time of activation. This may also account for the ability of
iNKT cells to both promote and downregulate inflammation, and to participate in
such disparate biologic processes as regulation of Th1 and/or Th2 inflammation.!©
Further evidence that iNKT cells and, thus, CD1d-restricted antigen presentation
pathways are operative in mucosal tissues has been obtained from studying clear-
ance of Pseudomonas aeruginosa from the lungs.46

Previous studies on the pathogenesis of Pseudomonas airway infection have iden-
tified alveolar macrophages and their products as well as neutrophils as important
mediators of anti-Pseudomonas immunity.*’ Alveolar macrophages have been
shown to secrete chemokines such as MIP-2 and KC, which activate neutrophils
through the CXCR2 receptor.*’ Depletion of macrophages, neutralization of MIP-2,
or neutralization of CXCR2 have all been shown to abrogate Pseudomonas infection
within the the lung.4’

The importance of CD1d-restricted T cells in these processes was recently estab-
lished through experiments in a P. aeruginosa model lung system.*® In these exper-
iments, Balb/C or C57BL/6J mice, Rag-deficient mice, or CD1d-deficient mice were
inoculated with a clinical strain of P. aeruginosa (strain D4) and the lung tissues,
blood and peritoneal macrophages examined before or after different experimental
manipulations, including administration of aGalCer (or the nonfunctional glycolipid
analogue, oManCer) or neutralizing anti-CD1d antibody.*® Studies showed that
CD1d-deficient animals exhibited reduced clearance of P. aeruginosa from lung tis-
sues.*® Similar observations were made when wild-type Balb/C mice were treated
with an anti-CD1d monoclonal antibody 24 h after inoculation with the bacterial
pathogen.46 The reduced ability of CD1d-deficient animals to clear P. aeruginosa
was observed in mice from both a C57BL/6J or Balb/C background, consistent with
the nonpolymorphic nature of CD1d. It was associated with a decrease in MIP-2 pro-



162 ANNALS NEW YORK ACADEMY OF SCIENCES

duction and, as a corollary, neutrophil recruitment into bronchoalveolar lavage fluid
(BALF) at 6 h after induction of the Pseudomonas infection.*® These studies indicate
that P. aeruginosa clearance is CD1d-dependent and is mediated through macroph-
age regulation of MIP-2 production, which results in neutrophil recruitment. In the
absence of CD1d, MIP-2 production and neutrophil recruitment are abrogated.46
To confirm and extend these results, wild-type mice were treated with aGalCer
or the nonfunctional glycolipid analogue, aManCer.*® In these studies, activation of
CD1d and NKT cell pathways by auGalCer enhanced P. aeruginosa clearance in the
lungs.*® Interestingly, in the setting of activation of the CD1d-restricted pathway by
oGalCer, clearance of P. aeruginosa was shown to be independent of neutrophil
recruitment into the BALF.40 The rapid clearance of P. aeruginosa in these circum-
stances was associated with rapid recovery from pneumonia, despite evidence of tis-
sue inflammation within hours of infection. In contrast to the rapid resolution of
inflammation seen in ooGalCer-treated mice, similar animals that received cManCer
had very severe pneumonia by 24 h after P. aeruginosa infection.*® In addition,
oGalCer treatment of wild-type mice was noted to activate peritoneal macrophages
within 30 min of aGalCer administration.*® This effect was presumably based on the
ability of aGalCer to activate iNKT cells, in that direct treatment of peritoneal
macrophages with aGalCer did not result in increased peritoneal macrophage acti-
vation and, thus, clearance of P. aeruginosa through phagocytosis.*® As shown by
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CD1d tetramer staining in BALF, aGalCer also caused significant augmentation of
CDld-restricted T cells.*® Interestingly, normal BALF contained a small number
of iNKT cells that increased dramatically by almost a thousandfold after aGalCer
treatment in direct proportion to the number of conventional T cells after P. aerug-
inosa instillation.*® This was associated with high levels of IFN-y and TNF-a in
BALF after aiGalCer treatment.*¢ In addition, alveolar macrophages of aGalCer-
treated mice had strongly enhanced phagocytosis of P. aeruginosa within one hour
of colonization.*®

Taken together, these studies indicate that CD1d-restricted T cells play a key role
as sentinels within mucosal tissues monitoring and reacting to mucosal colonization
by bacterial pathogens. Specifically, observations in CD1d-deficient animals suggest
that CD1d-restricted pathways are an endogenous antimicrobial defense in the lung
and perhaps other mucosal tissues. In animals given aGalCer, these observations
suggest that once activated, the CD1d-restricted T cell arms the mucosal immune
system by regulating macrophage phagocytosis of microbial pathogens. These stud-
ies further indicate that iNKT cells activated early during the immune response reg-
ulate downstream effector cells, such as macrophages and neutrophils, critical to
mucosal defense. These observations in aGalCer-treated animals may present a par-
adigm for the role of mucosal immunity in preventing colonization of the intestine
by P. aeruginosa, in the absence of alterations in either intestinal morphology or
epithelial barrier function. Consistent with this, CD1d-deficient mice exhibit a
decreased ability to clear mucosal colonization by P. aeruginosa from the intestine
(E.E.S.N. & R.S.B., unpublished observations).

THE INTESTINAL EPITHELIAL CELL, A NOVEL
ANTIGEN-PRESENTING CELL TYPE
IN MUCOSAL TISSUES

The comments above show that CD1d and CD1d-restricted pathways are opera-
tive in both promoting inflammation and providing defense. A number of different
cell populations expressing CD1d that might provide these functions are present at
mucosal surfaces. These include dendritic cells, macrophages, B lymphocytes and,
importantly, epithelial cells.*® Over the past decade, increasing evidence has sug-
gested that epithelial cells in the intestine and, it is likely, other organ systems may
very well play an important role in regulating CD1d-restricted pathways. The
remainder of this review will focus on evidence to support a role for CD1d-restricted
antigen presentation by epithelial cells (FIG. 1).

Immunohistochemical studies have shown that CD1d is expressed by intestinal
epithelial cells in both humans*® and rodents (mice and rats).>? In rats, CD1d protein
expression occurs primarily in the villous epithelial cells, with transcription most
evident in the crypt cells. Recent studies have confirmed these results in humans
(personal observation, L. M.). In addition to IECs, CD1d has been found to be
expressed on epithelial cells of the bile ducts and skin.’! Additional morphologic
evidence that IECs express CD1d is derived from an observation that when o.GalCer
is injected into mice, it localizes very specifically to IECs; such localization is not
observed in CD1d-deficient animals.?
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The biochemical expression of CD1d on IECs is unique.**8 Two isoforms have
been identified. The major isoform is a bona fide 48-kDa glycoprotein, consistent
with the known molecular weight of CD1d, that consists of a polypeptide backbone
of approximately 35 kDa with four N-linked carbohydrate side chain modifica-
tions.*8:49-52 This 48-kD glycoprotein is associated with B,-microglobulin (B2M)
and has been shown by selective cell surface biotinylation to be localized to both api-
cal and basal cell surfaces.*® A smaller proportion of CD1d, approximately 10% or
less of the CD1d associated with the IEC, has been identified as a novel, 37-kDa iso-
form that is not associated with B2M and is nonglycosylated.*3->3-33 This isoform of
CD1d is restricted to the apical cell surface of the IEC; there is no evidence of
expression on the basal cell surface. The 37-kDa isoform is characterized by a novel
posttranslational modification that consists of hydroxylation of proline residues.>?
This is consistent with the observed association of CD1d with protein disulfide
isomerase (PDI), an endoplasmic reticulum resident protein that itself associates
with prolyl-4 hydroxylase and other ER proteins.>?

CD1d on the IEC is functional, as neutralization of CD1d neutralizes the activa-
tion of peripheral blood T cells by mouse and human IEC lines, and freshly isolated
IECs are capable of CDI1d-restricted antigen presentation. This was shown by the
following observations: The IEC line MODE-K, which is an immortalized but not
transformed mouse cell line derived from normal mouse small intestine, exhibits
dose-dependent presentation of aGalCer but not fGalCer, as interpreted by the pro-
duction of murine IL-2 by the iNKT cell hybridoma, DN32.D3.56 Similarly, freshly
isolated human IECs and the human IEC line T84 transfected with human CD1d ex-
hibit dose-dependent presentation of auGalCer to the DN32 cell line.>® This presen-
tation of aGalCer is CD1d restricted because it is inhibited by a monoclonal
antibody specific for human CD1d.3¢ The CD1d-restricted antigen presentation also
exhibits polarity: when T84 cells transfected with CD1d are grown in polarized
monolayers, CD1d-restricted antigen presentation is evident primarily on the basal
cell surface and less so on the apical cell surface.® This is consistent with the normal
localization of intestinal intraepithelial lymphocytes (iIEL) to this anatomic space.
However, in contrast to CD1d-restricted antigen presentation by specialized APCs,
IECs are incapable of processing glycolipid antigens, as shown by modeling with
glycolipid analogues of oGalCer. Whereas Gal(o.1-6)GalCer does not require pro-
cessing for presentation on CD1d, Gal(a1-2)GalCer requires processing by lysoso-
mal galactosidases.>’ Unlike B cells, which are capable of processing and presenting
these modified glycolipid antigens, IECs cannot present such glycolipid antigens that
require processing.”® These studies indicate that CD1d on IECs is functional and
capable of CD1d-restricted antigen presentation.

Altogether, it is likely that IECs are a novel, CD1d-restricted APC type. A char-
acteristic feature of specialized APCs that express CD1d is their ability to commu-
nicate in a bidirectional fashion with the CDI1d-restricted T cell through the
expression of ligands on the APC, such as CD40, and counter-ligands on the CD1d-
restricted T cells, such as CD40 ligand. 10.17 §ych interactions lead to the expression
of IL-12, for example. A similar attribute is likely to be ascribed to IECs as a CD1d-
restricted APC, in view of the observation that when CD1d is ligated on the IEC, it
is able to induce significant IL-10 secretion by the IEC.”® The quantities of IL-10
that are secreted by the IEC are sufficient to abrogate the permeability defect in-
duced by IFN—y.SS Because IFN-y is a major proinflammatory cytokine secreted by
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ilELs and is a potent cytokine upregulating CD1d on the IEC,% IL-10 induced by
CD1d ligation on IECs may promote the preservation of epithelial barrier function
during the course of proinflammatory events, as in IBD and mucosal infections.
CD1d may function together with a novel CEA-like molecule, gp180, to provide
these effects.00-01

Finally, CD1d on IECs seems to be uniquely regulated. Very little is known about
the regulation of CD1d on any cell type. However, recent studies in IECs have shed
important light on IECs and perhaps other CD1d-restricted APCs. Earlier studies in-
dicated that IFN-y, but not other cytokines, is capable of regulating CD1d on IECs.>?
A notable characteristic of CD1d expression in the intestine is the increased expres-
sion with freshly isolated epithelial cells versus epithelial cell lines.%2 This suggests
that factors are present in vivo that are uniquely capable of regulating CD1d expres-
sion. Recently, in testing this hypothesis, it was discovered that IEC expression of
CDI1d is induced by aqueous components from the normal human and murine
milieu.92 These factors were shown to be proteinaceous in character, and thus sensi-
tive to heat denaturation, and to be of large molecular weight (>100 kDa).%2 It was
shown that these components exhibited activity within the intestinal lumen on mul-
tiple IEC lines and could be identified in the luminal milieu of germ-free mice,
indicating a likely eukaryotic origin, rather than a prokaryotic one. This was con-
firmed when purification and tryptic digest sequencing identified the biologic activ-
ity as heat shock protein (HSP)-110.9% Indeed, HSP-110 could be identified in the
luminal aqueous milieu, the biologic activity of the luminal components could be
neutralized by an antibody specific for HSP-110, and recombinant HSP-110 added
to epithelial cell lines was able to induce CD1d expression.62 Perhaps most interest-
ingly, the cellular origin of the HSP-110, as shown by immunohistochemistry,
appears to be the IEC itself.2 IECs of the human small and large intestine express
significant amounts of HSP-110.9% These studies indicate an autocrine pathway of
CD1d regulation controlled by the release into the luminal milieu of HSP-110, which
is able to act upon a cellular receptor, presumably apical in origin, to induce CD1d.
The molecular nature of this putative apical receptor remains to be defined. Howev-
er, it is well known that several heat shock proteins, including HSP-70 and HSP-90,
are able to bind a variety of putative HSP receptors, potentially including CD36,
CDA40, and Toll-like receptors (TLR)-4 and TLR-2, among others. Ligation of these
receptors induces an activation pathway that upregulates cell surface molecules and
induces the secretion of cytokines such as IL-12, TNF-q, and IL-1f. Presumably,
HSP-110 acts similarly on IECs and includes in its repertoire the upregulation of
CD1d.%2 Thus, CD1d expression on the epithelial cell may very well be involved in
the maintenance of mucosal homeostasis as well as the regulation of mucosal
inflammation and antimicrobial defense through its ability to regulate and/or be reg-
ulated by HSP-110.

CONCLUSION

The MALTs in intestine and lung are uniquely responsible for managing a variety
of environmental antigenic exposures, including exposure to microbial pathogens. A
unique feature of these mucosal surfaces is the expression of CD1d on novel APCs,
such as epithelial cells, and the presence of CD1d-restricted T cells that are operative



166 ANNALS NEW YORK ACADEMY OF SCIENCES

in managing a variety of events by promoting mucosal inflammation and, at the same
time, providing resistance against pathogenic microbial exposure. The relationship
between CD1d-restricted pathways and a variety of different mucosal-related immu-
nopathologies may, on the one hand, appear paradoxical. On the other hand, howev-
er, they are consistent with the pleiotropic functions of these novel antigen-
presenting pathways in managing a variety of biologic processes, and with the cell
types associated with these pathways. The association of CD1d-restricted pathways
in promoting IBD, in particular, may illustrate their role in mucosal infections that
cause inappropriate inflammation. Providing insights and defining additional molec-
ular details of these CD1d-restricted pathways on epithelial surfaces will likely be
extremely informative for understanding mucosal immunobiology and for designing
novel therapeutic strategies for treating numerous clinical conditions of these
organs.
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