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Abstract Keywords

CD1d, one of the lipid antigen-presenting proteins, binds to a glycolipid ligand Lipid antigen
and forms a CD1d-ligand complex, which is recognized by NKT cells and CDl1d

induces the secretion of various cytokines including Th1l and Th2 cytokines. a-GalCer
The cytokines are known to control immune responses, Thl cytokines (e.g. Lipid modification
IFN-y) are involved in cell-mediated immunity such as tumor clearance and Th1/Th2

protection against infection, and Th2 cytokines (e.g. IL-4) are associated with
humoral immunity such as allergies and promotion of antibody production.
Recent studies revealed that the balance of the cytokines released by NKT
cells depends on the CD1d ligand structures. a-GalCer (KRN7000) is a
representative ligand and has a potent activity to induce both Thl and Th2
cytokines. On the other hand, OCH is known as a Th2-selective CD1d
ligand, and several clinical trials on using the ligand in patients with multiple
sclerosis and Crohn’s disease are ongoing. However, few studies of potent
Th2-selective CD1d ligands have been reported compared with those of Thl-
selective ligands, and the detailed mechanism of cytokine balance regulation
remains unclear. Therefore, the development of potent Th2-selective ligands
and elucidation of their biasing mechanism are required. In this article,
we review the reported Th2-biased CD1d ligands and the cellular imaging
with Th2-biased lipid-modified CD1d ligands for understanding Th1/Th2

selectivity.

1. Introduction other cells involved in immune responses, and it binds
The antigen-presenting protein CD1d is found on to glycolipid ligands to form a complex. This complex
antigen-presenting cells such as dendritic cells, among is recognized by T-cell antigen receptors (TCR) on
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the surface of natural killer T (NKT) cells and induces
various cytokines, including Thl cytokines such as
IFN-y, and Th2 cytokines such as IL-4. These cytokines
are involved in different immune responses, Thl
cytokines are known to be involved in cellular immunity
such as tumor elimination and infection defense, while
Th2 cytokines are known to be involved in humoral
immunity such as allergic inflammation and promotion
of antibody production. Previous studies have shown
that the induction and selectivity of cytokines released
by NKT cells are influenced by the structure of CD1d
ligands, and the creation of ligands that can regulate the
balance of immune responses is desired.

A representative CD1d ligand known as a-GalCer
(KRN7000) "1, a glycolipid derived from sponges, is a
strong inducer of both Th1 and Th2 cytokines. As shown
in Figure 1, the a-GalCer derivative developed by Wong
et al. (1 in Figure 1A) ¥ has an aryl group at the end
of the acyl chain and has been reported to show Thl-
selective cytokine induction properties. On the other
hand, OCH "' is known as a Th2-selective CD1d ligand
and is currently being developed as a therapeutic agent
for multiple sclerosis and Crohn’s disease. However,
compared to Thl-selective ligands, there are few reports
of highly active Th2-selective ligands and limited
knowledge of their regulation of cytokine balance.
Therefore, the creation of highly active Th2-selective
ligands and the elucidation of the mechanisms of their
selective expression are important research topics.

Several groups have so far carried out the structural
transformation of a-GalCer and developed lipid-
modified a-GalCer derivatives with various selectivity.
In this article, we review the o-GalCer derivatives as
Th2-selective CD1d ligands reported so far and the
mechanisms of Th1/Th2 selectivity expression, and

introduce our recent findings.

2. Th2-selective CD1d ligand

A representative Th2-selective ligand is the

aforementioned OCH, a derivative of a-GalCer with
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shorter sphingosine and acyl chains, developed by
Yamamura et al. and undergoing clinical studies. Goff
et al. have reported ligands with acyl chains (2 in
Figure 1A) ¥, and a ligand with a shorter acyl chain
compared to a-GalCer (3 in Figure 1A) ©! was also
found by Yu et al. Both have been reported to have
Th2-selective cytokine-inducing activity. However,
while shortening the length of the acyl chain improves
Th2 selectivity, it is known that the binding affinity to
CD1d decreases and the cytokine-inducing activity is
significantly reduced.

As examples of other structural transformations,
ligands in which a dialkylamino group is introduced
into the acyl chain (4 in Figure 1A) ), or the amide
group is converted to a 1,2,3-triazole group (5 in
Figure 1A) "', or ester group (6 in Figure 1A) ¥,
have also been shown to induce Th2-type cytokine
production.

In addition to the conversion of the ceramide
moiety, Th2-selective CD1d ligands with modification
of the 6-position of galactose have also been
developed, with Jervis et al. reporting a triazole
(7 in Figure 1A) ') and Hu et al. introducing a
p-hydroxyphenylpropionylamide derivative (8 in
Figure 1A) """

3. Lipid-modified CD1d ligands with
amide groups

We recently focused on Ser28 in the hydrophobic
pocket of CD1d and found that the introduction of an
amide group into the acyl chain of a-GalCer, which can
interact with this polar amino acid residue via hydrogen
bonds, greatly enhanced its cytokine-inducing
activity, as shown in Figure 2A """ In particular,
the introduction of an amide group into an a-GalCer
derivative with a shortened acyl chain length has been
reported to produce a ligand with Th2 selectivity and
high binding affinity to CD1d, which is a CD1d ligand
with unique activity rarely reported so far (9d in
Figure 1B).
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To evaluate the Th1/Th2 cytokine induction
balance of the amide-containing ligands 9a-f, we
performed a cytokine induction assay using mouse
splenocytes, quantified INF-y and IL-4 and measured
the ratio of Th1/Th2 cytokine induction. The ratio of
these two cytokines was used as an index of Th1/Th2
selectivity, suggesting a tendency for Th2 selectivity to
increase with decreasing acyl chain length (Figure 2B).

The binding affinity of each ligand to CD1d was
evaluated using AlphaScreen™ (PerkinElmer Life
Sciences). The results showed that 9b-f in Figure
1, which has an amide group, bound to CD1d more
strongly than a-GalCer, with 9b-d in Figure 1 having
a higher affinity. Among these, 9b-d in Figure 1 was
found to have a high binding affinity (Figure 2C) "\

4. Mechanism of Th1/Th2 selectivity

As mentioned above, Th2-selective ligands have been
developed by various groups, but the mechanism of
their selectivity remains unclear. Wong et al. proposed
that ligands with strong CD1d binding are Thl-
selective ). On the other hand, Porcelli et al. proposed
that CD1d ligands bind to CD1d by two pathways and
that the difference between these pathways controls the
balance of cytokines, and proposed that Th2-selective
ligands bind directly to CD1d on the cell surface "\
However, as mentioned in the previous section,
our amide-containing ligand 9d in Figure 1 is a Th2-
selective ligand with a high binding affinity to CD1d,
and our results differ from those of Wong et al. There
are few reports of Th2-selective and highly active
CD1d ligands, and studies showing a relationship
between Th1/Th2 selectivity and intracellular behavior
are limited. To elucidate the mechanism of Th1/Th2
selectivity, we analyzed the intracellular behavior of
ligand-CD1d complexes using amide-containing CD1d

ligands that we have developed.
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S. Analysis of the intracellular behavior
of the ligand-CD1d complex "

First, observations were made using confocal
microscopy. RBL.CD1d cells with high CDI1d
expression were incubated with the ligand for 4 or
20 hours and then stained with an L363 antibody
for observation, which recognizes the ligand-CD1d
complex. In the case of a-GalCer and 9a, which have
long acyl chains, the ligand-CD1d complex (Figure
3A, orange) was observed on the cell surface only after
20 hours, whereas, in 9d in Figure 1, which has short
acyl chains, the complex was localized on the cell
surface after 4 hours. The localization of the complex
on the cell surface was observed at 4 hours.

A similar phenomenon was observed in flow
cytometry analysis. The complexes of RBL.CD1d cells
on the cell surface were quantified at each time point
using the L363 antibody. As shown in Figure 3B, the
results showed that the complexes on the cell surface
gradually increased with time for a-GalCer and 9a
in Figure 1, which have longer acyl chain lengths,
whereas for 9d in Figure 1, which has shorter acyl
chain lengths, the maximum value was reached at an
earlier time.

These results suggest that the Th2-selective short-
chain amide-containing ligand 9d in Figure 1 binds
directly to CD1d on the cell surface. This result is
consistent with that of Porcelli ef al. and the Th1/Th2
selectivity was found to be influenced by the speed of

presentation of the ligand on the cell surface.

6. Analysis of the intracellular behavior
of the CD1d ligand

To further observe the behavior of the CD1d ligand
itself, lipid-modified CD1d ligands with fluorescent
groups were synthesized. These were added to RBL.

CD1d cells and live cell imaging using confocal
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Figure 2. The hydrophobic pocket of CD1d, evaluation of Th1/Th2 cytokine induction balance using mouse splenocytes, evaluation of
ligand-CD1d binding ability using AlphaScreen. Figures partly modified and reprinted by permission from RightsLink: John Wiley and

Sons, Angewandte Chemie International Edition, Copyright © 201
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microscopy revealed that the intracellular behavior of
the ligands themselves differed depending on the acyl
chain. In particular, the Th2-selective 9d in Figure
1 fluorescent labels localized faster on the plasma
membrane, suggesting that the ligands that localize

faster on the plasma membrane are Th2-selective.
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7. Conclusion

We have developed Th2-selective and highly active
CD1d ligands and found that the speed of ligand
presentation on the cell surface influences Thl/
Th2 selectivity. The development of these ligands

is expected to advance our understanding of the
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Figure 3. Analysis of the intracellular behavior of ligand-CD1d complexes. Figures partly modified and reproduced by permission from
RightsLink: John Wiley and Sons, Angewandte Chemie International Edition, Copyright © 2018 "

mechanism of Th1/Th2 selectivity, and lead to the adjuvants for autoimmune and other diseases by

development of therapeutic agents and vaccine controlling selectivity.
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