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The NKT cell TCR repertoire can accommodate
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Isoglobotrihexosylceramide (iGb3) is a known NKT cell agonist, however the specific interactions required
to trigger NKT cell TCR activation in response to this mammalian glycolipid are not fully understood. Here
we report the synthesis of 1,3-B-Gal-LacCer (BG-iGb3) that displays a B-linked terminal sugar. BG-iGb3
activated NKT cells to a similar extent as iGb3 with a terminal a-linkage, indicating that the conformation
of the terminal sugar residue of iGb3 is not essential to facilitate NKT cell TCR recognition. In addition,
the immunological activity of four recently described iGb3 analogues with modifications to their terminal
sugar or lipid backbone were also investigated. These iGb3 analogues all induced NKT cell proliferation,
with [L-13 the predominate cytokine detected. This highlights the ability of the NKT cell TCR to
accommodate variations in iGb3-based glycolipids and suggests that undiscovered NKT cell ligands may
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Introduction

The realisation in the mid 1990s that a-galactosylceramides (-
GalCer, 1, Fig. 1) could be presented by the Cluster of Differ-
entiation 1d (CD1d) protein and induce Natural Killer T (NKT)
cell activation™? brought together the fields of glycoscience and
immunology by demonstrating that certain glycolipids have the
potential to activate specific subsets of T cells through T cell
receptor (TCR) mediated interactions.® Since this discovery,
there has been much interest in exploring the therapeutic
potential of a-GalCer and derivatives thereof.*® In addition, the
mammalian glycolipid isoglobotrihexosylceramide (iGb3, 2,
Fig. 1) was shown to be an NKT cell agonist,'>"" although the
critical moieties of this glycolipid are unknown. Initially, iGb3
(2) was proposed to be the endogenous ligand responsible for
thymic selection of the NKT cell population,'® however Speak
et al. revealed that iGb3 could not be detected in the human or
mouse thymus.*” This study, along with others,**¢ challenged
the concept that iGb3 is the selecting ligand for intrathymic
NKT cell development. Nonetheless, the fact that the
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exist within the lacto-series of mammalian glycosphingolipids.

structurally distinct glycolipids a-GalCer and iGb3 both activate
NKT cells highlights the promiscuity of the NKT cell TCR.

The ability of NKT cells to accommodate such structurally
diverse antigens provides a platform to dissect the require-
ments for NKT cell agonism. To date, a few groups have syn-
thesised iGb3 analogues including two ceramide modified
glycolipids, iGb3-phytosphingosine and iGb3-sphinganine,'” as
well as a-iGb3 and «-Gb3, which contain an o-linkage between
the proximal sugar and lipid portion, and which lead to
enhanced NKT cell activation.” To probe the effect of the
terminal galactose residue on the activity of iGb3, Chen et al.
synthesised a series of dehydroxylated analogues of iGb3." They
observed that the 4”- and 6"”-deoxy iGb3 analogues were able to
induce IL-2 production from an NKT cell hybridoma, however to
a lesser extent compared to iGb3. Of note, a phytosphingosine
backbone was incorporated instead of the sphingosine found
on the first form of iGb3 demonstrated to be a NKT cell ligand,*
prompting us to synthesise the 6”-dehydro (6”-dh) iGb3
derivatives with the sphingosine and sphinganine backbone.*
We also prepared the C20:2 analogue of iGb3, as this acyl chain
modification in a-GalCer derivatives has been shown to bias
NKT cell responses towards Th2-type cytokine production.*
Furthermore, a C12 acyl chain analogue was prepared, as this
variation has previously been shown to enhance the activity of B-
GalCer.”?

In 2011, Pellicci et al.>® and Yu et al.>* reported the crystal
structure of the ternary complex, NKT TCR iGb3-CD1d and
suggested that the main reason for B-linked glycolipids acti-
vating NKT cells in a manner similar to a-linked glycolipids
was because the TCR of the NKT cell is able to “bulldoze” the
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Fig. 1 Structurally diverse NKT cell ligands a-GalCer (1) and iGb3 (2).

HO _OH

HO __oH
g:‘ % OH Csts1
HO X C13H27

1,3-B-Gal-LacCer (BG-iGb3, 3)

HO _oH

HO
gﬁ&m B ﬁ &MO i ﬂ e
257151
on HO Ho

\/\‘/\/013H27 \/Y\/C13H27

iGb3 (C12), R! = CqyHys (4) 6:::-dh-§Gb3-sph!ngan?ne (6) "
iGb3 (C20:2),R" = C20:2 (5) 6"-dh-iGb3-sphingosine (7, A*5)

Fig. 2 iGb3 analogues 1,3-B-Gal-LacCer (BG-iGb3, 3), iGb3-C12 (4), C20:2 (5), 6" -dh-iGb3-sphinganine (6) and 6" -dh-iGb3-sphingosine (7).

protruding headgroup so that it sits flat against the a2-helix of To further understand the structural requirements of iGb3 to
CD1d. Furthermore, crystal structure studies revealed that the bind CD1d and activate NKT cells, we studied the activity of
terminal galactose sugar formed interactions with CD1d. amodified BG-iGb3 analogue (3, Fig. 2) to probe the importance
Specifically, the 6”-hydroxyl of iGb3 formed a hydrogen bond of the terminal 1,3-a-glycosidic linkage of iGb3. In addition, we
with Thr159 of CD1d, and both the 4”-and 6”-hydroxyl moie- assessed the biological activity of iGb3-C12 (4), iGb3-C20:2 (5),
ties partook in van der Waals interactions with Thr159 and 6"”-dh-iGb3-sphinganine (6) and 6"-dh-iGb3-sphingosine (7,
Met162. A*?)? to ascertain the importance of changes to the lipid and
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Scheme 1 Retrosynthesis of BG-iGb3 (3).
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sugar composition on immunological activity. Such insight
would be useful for understanding the key structural require-
ments of CD1d ligand binding and NKT cell activation, which in
turn will allow for a better understanding of how iGb3
analogues might be used in a therapeutic setting.?

To prepare BG-iGb3 (3), we envisioned using lactosyl 2-azido-
sphingosine intermediate 8, previously identified as a versatile
intermediate for the preparation of iGb3 analogues.*® Accord-
ingly, we proposed that the synthesis of BG-iGb3 (3, Scheme 1)
would be carried out via the installation of the C26 amide after
the reduction of the azide on intermediate 8 and coupling with
hexacosanoic acid (9) followed by selective acetylation via
orthoester opening® to give the 4”-O-acetyl derivative, and
subsequent glycosylation with imidate donor 10 containing a -
directing C-2 participating group. Global deprotection would
then yield BG-iGb3 (3). Lactosyl 2-azido-sphingosine 8, in turn,
would be prepared from the glycosylation reaction between
lactose imidate 11 and sphingosine acceptor 12,** which can be
prepared from bp-lactose**® and p-arabinose,” respectively.
Despite the syntheses of several iGb3 derivatives,"'*° there are
no published syntheses of BG-iGb3 (3). Moreover, while the
trisaccharide has been attached to a sphinganine lipid back-
bone bearing a C16 acyl chain,® its biological activity has not
been explored. Changes to the lipid can also influence the
immunological activity of NKT cell activating glycolipids.***'~3*
Accordingly, our proposed synthesis of BG-iGb3 (3) incorpo-
rated the original C26 acyl lipid so that any changes in activity
can be attributed to the modification of the terminal glycoside
linkage.

ref. 20 )(0 0Bz o8
D-Lactose (13) ——
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Experimental

See the ESIf for a detailed description of the methods for the
biological analysis, and synthetic chemistry including "H and
*C NMR.

Results and discussion
Synthesis of BG-iGb3

The synthesis of BG-iGb3 (3) commenced with the preparation
of the key lactosyl 2-azido-spinogosine intermediate 8 from p-
lactose (13) according to our previously published procedures
(Scheme 2).>° The azide functionality in 8 was then reduced,
under Staudinger conditions,* to give the corresponding
amine, which was used without further purification. An EDCI/
DMAP-mediated condensation of hexacosanoic acid (9) with
the lactosyl amine then resulted in the target lactosyl ceramide
(LacCer) 14 in excellent (72%) overall yield for the two steps. The
acetonide in LacCer 14 was then removed via treatment with
TFA/H,0 and an acetate group regioselectively installed at the
4"-OH, as first reported by Lemieux et al.,* to give the lactosyl
acceptor 15 ready for coupling to an appropriately functional-
ised galactose donor.

Initially, a glycosylation reaction between lactose acceptor 15
and per-benzoylated imidate donor 10a was attempted (Scheme
2). While it is known that benzoyl groups lead to a disarmed donor
and potentially sluggish reactions,* the ease of synthesis of 1-O-
(2,3,4,6-tetra-O-benzoyl-p-galactopyranosyl)trichloroacetimidate®”
(10a) saw us first explore the potential of this reagent. Lactose
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Scheme 2 Attempted synthesis of BG-iGb3 (3).
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acceptor 15 (1.0 equiv.) and imidate donor 10a (2 equiv.) were
reacted in  the  presence  of  trimethylsilyl  tri-
fluoromethanesulfonate (TMSOTY). However, despite several
attempts altering the number of equivalents of TMSOTS, the
reaction length and temperature, no trace of the desired trisac-
charide 16a was observed. In view of this, it was proposed that the
more armed  1-O-(2-O-benzoyl-3,4,6-tri-O-benzyl-o-galactopyr-
anosyl)trichloroacetimidate (10b) would enhance the glycosylation
yield and a strategy for the preparation of this donor was devel-
oped utilising an orthoester at the 1- and 2-positions in a manner
similar to that developed for mannose donors (Scheme S17).3**
The TMSOTf-mediated glycosylation reaction with LacCer
acceptor 15 was attempted, yet despite numerous attempts, only
trace amounts of the target trisaccharide 16b were observed. We
attributed this to the incompatible reactivity between the sluggish
acceptor and armed donor.

Next, we attempted the glycosylation reaction using 2,3-di-O-
benzoyl-4,6-O-benzylidene-a-p-galactosyl trichloroacetimidate
(10c), which is more armed than the per-benzoylated imidate
10a, but less armed than donor 10b. Benzylidine-protected
donor 10c was synthesised from phenyl 4,6-O-benzylidene-1-
thio-B-p-galactopyranoside (Scheme S27), itself prepared
according to previously published procedures.”” However,
a TMSOTf-mediated glycosylation of donor 10c with LacCer 15
only yielded trace amounts of the desired trisaccharide 16c. It
was reasoned that the poorly soluble LacCer acceptor 15, which
was only moderately soluble at the low temperatures required
for the glycosylation reaction, was unsuitable for the formation
of the terminal B-galactose linkage, despite our earlier success
at using disaccharide 15 for the synthesis of similar a-galactose
linked LacCer derivatives.”® Thus, an alternative approach for
the synthesis of BG-iGb3 (3) was proposed whereby the required
trisaccharide core would be synthesized prior to the incorpo-
ration of the C26 N-acyl chain.

Our new strategy began with use of the key lactosyl 2-azido-
sphinogosine intermediate 8 (Scheme 3), however this time
the acetonide was removed and the 4-O-Ac installed to give
lactosyl acceptor 17 in excellent (91%) yield over the two steps.
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Much to our gratification, the TMSOTf-mediated glycosylation
between acceptor 17 and benzylidene imidate donor 10c¢ was
successful, with the target trisaccharide 18 being isolated in
51% yield following silica gel column chromatography. The
formation of the desired B-linkage was confirmed via "H NMR
(Ji» 2» = 8.0 Hz) and no trace of the corresponding a-anomer
was observed. With trisaccharide 18 in hand, the azide on the
sphingosine backbone was then reduced and the resulting
amine directly coupled to hexacosanoic acid (9) under the
mediation of EDCI and DMAP to give the fully protected BG-
iGb3 16¢ in 70% yield over two-steps. Finally, global depro-
tection under Birch conditions gave the target BG-iGb3 (3).

Structure-activity relationship of iGb3 analogues

With BG-iGb3 (3) in hand, we explored the ability of this
glycolipid, alongside our other previously generated iGb3
analogues (4 to 7),*° to activate NKT cells. We assessed this by
gauging the in vitro proliferation of thymic NKT cells in
response to these glycolipids and observed that all iGb3
analogues were able to initiate NKT cell responses (Fig. 3).
Notably, variants with shorter lipid acyl chains (C12 4 and C20:2
5) enhanced the extent of NKT cell proliferation compared to
the prototypic version of iGb3 (2). Whether this was the result of
altered CD1d and/or TCR contacts, or differences in their CD1d-
loading efficiencies is unclear. In contrast, the removal of the 6"
hydroxyl on the terminal galactose moiety [6”’-dh-iGb3 sphin-
ganine (6) and sphingosine (7)] did not significantly impact
NKT cell proliferation, suggesting that while the terminal
galactose 6-OH residue contributes to interactions with CD1d,
this is not essential for the TCR-mediated activation of NKT
cells. This finding is consistent with previous reports, which
demonstrated that 6”-dh-iGb3 phytosphingosine could elicit IL-
2 production from a NKT cell hybridoma.”

Notably, BG-iGb3 (3), with a more ‘linear’ sugar head group,
was able to induce NKT cell proliferation, albeit at slightly
reduced levels in comparison to the commonly used version of
iGb3 (2). This suggests that significant structural changes in the
composition of endogenous ligands may be accommodated by

Ph
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Scheme 3 Synthesis of BG-iGb3.
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Fig.3 (A) Plots depict the dilution of CFSE amongst thymic (C57BL/6) NKT cells co-cultured for 72 h with Ja18—/— (C57BL/6) splenocytes pulsed

overnight with the indicated antigen. Numbers on plots represent the estimated division percentages (FlowJo). (B) Graph depicts the division
percentages of thymic NKT cells after 72 h (mean 4 SEM). All lipids were used at 1 pg ml~* except for a.-GalCer which was used at 100 ngmltn =
5, except iGb3 (C26), where n = 2.
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the inherent diversity within the NKT cell TCR repertoire. This
is surprising considering the reportedly crucial role of the
terminal sugar conformation for iGb3 activity," and given that
globotrihexosylceramide (Gb3), a regioisomer of iGb3 which
varies only in the o-1,4 linkage of the terminal galactose, is
unable to stimulate NKT cells.”® Nonetheless, this supports the
hypothesis that the NKT cell TCR can bind disparate antigens by
flattening the conformation of the terminal sugar group,*?*
and presumably the TCR pushes the terminal sugar of this lipid
into an orientation that accommodates binding. Furthermore,
the observed ability of BG-iGb3 (3) to activate NKT cells opens
the potential for other classes of glycolipids with 1,3-B linkages,
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Fig. 4 (A) Cell culture supernatants were collected at 72 h following

the co-culture of antigen-pulsed Ja18—/— (C57BL/6) splenocytes with
NKT cell-enriched thymocytes (C57BL/6). Graph depicts the cytokine
concentrations as gauged by CBA. Pooled means (n = 2 replicates)
from 2 independent experiments (mean 4 SEM). (B) Graph depicts the
ratio of IL-13 to IFN-vy from the indicated conditions. Data taken from 2
independent experiments, each represented by square or circular
datapoints that depict the mean of two technical replicates for each
experiment
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such as the lacto-series glycosphingolipids,** to contribute to
the thymic selection and peripheral activation of NKT cell
subsets. Indeed, lactotriaosylceramide (LcsCer), a lacto-series
glycosphingolipid where the terminal trisaccharide is a 1,3-B-
linked GlucNAc, is expressed in murine thymocytes.*?

Of those NKT cells that proliferated following in vitro-chal-
lenge with each of the iGb3 analogues (Fig. 3), all underwent
a similar number of cellular-divisions compared to those
stimulated with a-GalCer, which can be observed by the extent
of CFSE dilution (Fig. 3A). However, in accordance with previous
findings,>** the portion of the NKT cell pool that were induced
to divide in response to iGb3 (and analogues thereof) was
restricted in comparison to the pan-NKT cell antigen a-GalCer.
These data support the concept that the NKT cell TCR repertoire
can accommodate structural variations among mammalian-
derived glycolipids, yet the scope of NKT cell activation eli-
cited by such antigens may remain limited to sub-populations
of the broader NKT cell pool.

We and others***® have shown that structural modifications
in the lipid and/or sugar component of NKT cell agonists can
impact the scope and phenotype of cytokine responses
following CD1d-restricted activation. To assess this in relation
to these novel iGb3 analogues, cell culture supernatants were
collected from the in vitro experiments depicted in Fig. 3, with
cytokine production being assessed by cytometric bead array.
The Th2-type cytokine IL-13 was most prominently detected in
response to the iGb3 analogues and o-GalCer (Fig. 4A and B).
However, the levels of IL-13 elicited by a-GalCer were at least
two-fold greater than what was observed from any iGb3
analogue. The pro-inflammatory Thi-type cytokine IFN-y was
detected at high levels in cultures exposed to a-GalCer, whereas
this cytokine was present at background levels in response to
the iGb3 analogues, similar to the vehicle control (Fig. 4A).
While the Th2-type cytokines IL-4 and IL-10 were relatively low
in all conditions, the pro-inflammatory cytokine IL-17A was
notably detected at higher levels in response to a-GalCer,
demonstrating how glycolipid-antigen composition may influ-
ence functional outcomes.

Conclusions

To date, the critical moieties involved in NKT cell responses to
iGb3 have not been extensively studied. In this work we
prepared an iGb3 analogue BG-iGb3 (where the terminal
galactose is connected via a B-glycosidic linkage rather than an
a-linkage) and assessed the ability of this and four other o-
linked iGb3 analogues to activate NKT cells. We observed that
NKT cells proliferated in response to each iGb3 analogue,
however, in line with a previous report® this was only observable
among a portion of the NKT cell population. Consistent with
this, the levels of cytokines detected in response to iGb3
analogues were markedly reduced in comparison to the pan-
agonist a-GalCer, with IFN-y being notably absent. These data
indicate the degree of flexibility in glycolipid components that
contact both CD1d and the NKT cell TCR. Notably, BG-iGb3 was
able to induce NKT cell proliferation, highlighting the promis-
cuous nature of the NKT cell TCR repertoire for glycolipids with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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seemingly remarkable differences in the orientation (either an
- or B-linkage) of their terminal sugar residues. This observa-
tion is surprising given that NKT cells are not able to recognise
Gb3, an analogue of iGb3 where the terminal galactose is con-
nected via a 1,4-o linkage.” Nonetheless, this suggests that
other classes of glycolipids with 1,3-B linkages, such as the
lacto-series glycosphingolipids,” might be involved in the
thymic selection and peripheral activation of NKT cells. These
data develop our understanding of how the intricacies of
glycolipid structure and CD1d/NKT cell interactions may be
better manipulated for therapeutic outcomes.
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