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iNKT cells - often referred as the “Swiss Army knife” of the immune system - have emerged as central
players in cancer vaccine therapies. Glycolipids activating iNKT cells, such as a-galactosylceramide
(aGalCer), can enhance the immune response against co-delivered cancer antigens and have been applied
in the design of self-adjuvanting anti-tumor vaccines. In this context, this work focuses on the chemical
synthesis of ganglioside tumor-associated carbohydrate antigens (TACAs), namely GM3 and (Neu5Gc)GM3
antigens, their conjugation to aGalCer, and their formulation into liposomes as an efficient platform for
their in vivo delivery. Liposomes containing GM3-aGalCer, (Neu5Gc)GM3-aGalCer, and equimolar amounts
of the two conjugates have been fully characterized and their ability to activate INKT cell has been
confirmed ex vivo in mouse and human cell assays. The candidates were tested in in vivo immunization
studies, demonstrating an ability to induce both Tyl and T2 cytokines leading to the production of all
subclasses of IgG antibodies. Notably, the study also demonstrated that serum antibodies raised against the
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vaccine designs - even if a highly tumor-selective antigen is chosen, the resulting antibody response may
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Introduction

Since their discovery in the early 1990s and the observation of
their anti-tumor activity,"”* invariant natural killer T (iNKT)
cells have been considered an attractive target in cancer
immunotherapy.®>™ iNKT cells harbor characteristics of both
natural killer (NK) and T cells and uniquely place themselves
at the interface between innate and adaptive immunity, where
they are able to orchestrate the generation of a range of
immune responses. Unlike conventional T cells, iNKT
recognize glycolipids presented by the non-polymorphic MHC
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class Ilike CD1d protein,® with a-galactosylceramide
(aGalCer) identified as their prototypical agonist.” To carry
out its function, aGalCer first associates with CD1d in
antigen-presenting cells (APCs). The aGalCer/CD1d cell
surface complex is then engaged by the iNKT T cell receptor
(TCR) to form the active TCR/aGalCer/CD1d ternary complex
of which the X-ray crystal structures, both mouse and human,
were solved in 2005.°7'° CD1d binds aGalCer by hosting its
two lipid chains within two hydrophobic pockets (A" and F').
In this way, the sugar moiety is carefully anchored by a series
of intermolecular hydrogen bonds and extends above the
surface of the lipid binding grooves for recognition by the
TCR of iNKT cells. The binding is controlled by contacts
between the al CD1d helix and the TCR complementarity
determining regions (CDR), which interact with the 3-OH and
4-OH of galactose and establish hydrogen bond networks with
the 2-OH of the sugar and the 3’-OH of the phytosphingosine
chain."™"? Stimulated iNKT cells rapidly produce Ty, Ty2,
and Tyl7-type cytokines, hence shaping the immune
response of other effector cells, i.e. transactivation of NK cells,
stimulation of DCs, activation of CD4" and CD8" T cells, and
maturation of B cells.”> Although promising, the use of
aGalCer alone for clinical therapy has not yet been successful

This journal is © The Royal Society of Chemistry 2024
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due to cytokine antagonism effect and induction of iNKT cell
anergy upon repeated aGalCer administration."* Because of
the limited effects of aGalCer in clinical studies, research has
also focused on the development of aGalCer analogs with
more distinct iNKT cell activating properties - i.e. Tyl/Tu2
skewing,'’ on the optimization of delivery systems - e.g
liposomes,">'® and on the use of aGalCer as a “universal
helper” in vaccine development.'””™ In particular, the
adjuvant properties of aGalCer have gained a substantial
interest in glycoimmunology as a way to overcome the natural
immunotolerance towards carbohydrate antigens. Indeed, in
the past decades, the standard design of carbohydrate-based
vaccines, especially for infectious diseases, has been based on
the conjugation of carbohydrate antigens to immunogenic
proteins and/or peptides. These systems are degraded to
glycopeptides in APCs and presented via the classical MHC
pathway leading to a T cell dependent immune response and
the production of high affinity antibodies. While several
studies have shown that also tumor-associated carbohydrate
antigens (TACAs) can be exploited in the production of
protein/peptide-based glycoconjugates as cancer vaccines,
their lack of success in the clinic, associated with the known
drawbacks related to the use of carrier proteins,”® have
prompted the search for novel approaches in carbohydrate-
based cancer vaccine design. In this, the conjugation of
oGalCer to TACAs has been highlighted as a novel strategy
towards  fully synthetic cancer vaccines. Notable
TACA-oGalCer designs include reports by Yin et al*' and
Broecker et al.** exploring, respectively, the use of sialyl Tn
(sTn) and Tn antigen covalently linked with aGalCer and their
formulation into liposomes, to induce robust and specific
anti-sTn and anti-Tn IgG antibody responses. More recently,
the field of TACA-aGalCer conjugates was also extended to
the GM3 ganglioside antigen.”® Specifically, the class of
ganglioside TACAs, sialylated glycosphingolipids
overexpressed in neuroectoderm-derived cancers (e.g
melanoma, neuroblastoma), often correlates with tumor
aggressiveness,” and has received attention as a valuable
immunotherapeutic target for cancer treatment, both in
passive and active approaches.>® The GM3 ganglioside has
been identified in a number of metastatic cell lines, generally
in a higher surface density in comparison to its distribution
in normal tissues.>**” More interestingly, the structurally
similar (Neu5Gc)GM3 ganglioside is almost undetectable in
normal human tissues, but it is highly expressed in several
human cancers,*®*® making it an excellent target for antibody
therapies and cancer vaccine development.**** This unique
characteristic of (Neu5Gc)GM3 is the result of a deletion in
the gene encoding the key enzyme for Neu5Gc synthesis
(CMP-Neu5Ac hydroxylase),>*** which has made humans
unable to produce Neu5Gc glycoconjugates. The
incorporation of Neu5Gc in human cancers is thus attributed
to nonhuman Neu5Gc from meat and dairy products.®> With
these premises, we have been interested in developing the
synthesis of GM3 and (Neu5Gc)GM3 conjugates with aGalCer,
with the objective of obtaining fully synthetic vaccine
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constructs which could be formulated in liposomes, an
effective system to ensure co-delivery of antigen and adjuvant
to the same APC. Herein we present the straightforward and
efficient chemical synthesis of the desired conjugates 1 and 2
(Fig. 1), combining improved approaches in both ganglioside
and oaGalCer chemistry. Furthermore, we describe the
liposomal formulation of our GM3-aGalCer and (Neu5Gc)
GM3-aGalCer constructs, and their immunological evaluation
in vitro and in vivo.

Results and discussion

Chemical synthesis of GM3-aGalCer 1 and (Neu5Gc)
GM3-aGalCer 2

The synthesis of TACA-aGalCer constructs 1 and 2 required
the preparation of the suitably amine-functionalized aGalCer
5 and the NHS-ester equipped GM3 and (Neu5Gc)GM3
gangliosides, compounds 3 and 4, respectively (Fig. 1).
aGalCer 5 is functionalized at position C-6" with a 6-carbon
amino linker, a modification that ensures retention of its
adjuvant activity,*® while carrying a handle for derivatization.
Similarly, both ganglioside TACAs are equipped with an
ethanolamine linker at the anomeric position, further
extended by an N-succinimidyl glutarate moiety. Different
approaches have been developed previously for the synthesis
of aGalCer and its derivatives, specifically addressing the low
yield and poor selectivity during glycosylation to introduce
the relatively unreactive ceramide. Notably, most successful
approaches glycosylation with azide-protected
phytosphingosine, followed by post-glycosylation acylation to
introduce the fatty acid chain."'*”*®* Conversely, protocols
which directly react the acylated phytosphingosine generally
suffer from low reaction yields and poor o:f selectivities
when employing (benzoyl) esters as temporary protecting
groups for the phytosphingosine diol,**™*" thus generally
requiring the introduction of silyl ether protecting
groups.””*? In our case, the synthesis of the glycolipid was
planned to involve direct glycosylation of the acylated
phytosphingosine moiety 7, equipped with benzyl ether
groups to ensure higher reactivity, while allowing higher
synthetic flexibility. Regarding the preparation of ganglioside
TACAs, GM3 and (Neu5Gc)GM3, the stereoselective and high
yielding synthesis of the trisaccharide scaffold was planned
to be achieved by glycosylation of benzyl ether protected
lactosyl diol 10 and thioglycoside sialyl donors 8 and 9,
respectively (Fig. 1). Specifically, sialyl donors 8 and 9 were
synthesized as the less common C-2 benzyl ester derivatives,
instead of the C-2 methyl esters, in order to simplify the
deprotection of the final conjugates.

involve

Synthesis of linker equipped aGalCer 5

The synthesis of aGalCer 5 (Scheme 1) started with the
preparation of the acylated phytosphingosine moiety.
Phytosphingosine was initially treated with
N-(hexacosanoyloxy)succinimide** and Et;N in THF under
heating, then the primary OH group was selectively
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(i) a. Hexacosanoic acid-NHS ester, EtsN, THF, 50 °C, o/n, b. TrCl, pyridine, DMAP, 80 °C, o/n; (ii) BnBr, NaH (60% dispersion in

mineral oil), TBAI, anhydr. DMF, 0 °C to RT, 2 h; (iii) p-TsOH, MeOH, 3 h; (iv) 6-chlorohexyl 4-methylbenzenesulfonate, NaH (60% dispersion in

mineral oil), anhydr. DMF, 0 °C to RT, 35 h;

(v) NaNs;, DMF, 80 °C, o/n;

(vi) NBS, acetone/H,O, 0 °C, 1 h; (vii) 2,2,2-trifluoro-N-

phenylacetimidoyl chloride, Cs,COs3, anhydr. CH,Cly, RT; (viii) TMSOTf, anhydr. THF/Et,O, -20 °C, 1 h; (ix) Zn, AcOH, CH,Cl,, RT, 45 min.

tritylated (trityl chloride, DMAP, pyridine, 80 °C) to afford
compound 11 in 46% yield over two steps. To our delight,
benzylation of the two free hydroxyl groups on the acylated
phytosphingosine scaffold with benzyl bromide and NaH in
DMF yielded the desired benzyl protected compound 12 in
87% yield, without formation of the N-benzylated byproduct.
To the best of our knowledge, this is the first example of
preparation of a benzyl ether protected and acylated
phytosphingosine that does not require the use of azide-
phytosphingosine or further manipulations of the ceramide
scaffold. The synthetic advantage here is threefold: 1) the
direct benzylation of the acylated scaffold circumvents
unnecessary protection/deprotection steps of the amine
functionality, 2) benzyl groups provide a favourable
electron-donating character during the glycosylation step, 3)

2720 | RSC Med. Chem., 2024, 15, 2718-2728

the protecting groups can be easily removed in one final
global deprotection step. Removal of the trityl protecting
group proceeded uneventfully by treatment with
p-toluenesulfonic acid in CH,Cl,/MeOH (—7, 84%). With
the desired acylated sphingosine 7 in hand, attention was
devoted to the synthesis of the galactoside moiety with the
C-6 alkylation of thioglycoside 13 (ref. 45) carried out under
basic conditions in the presence of 6-chlorohexyl
4-methylbenzenesulfonate.*®  The  reaction  afforded
compound 14 in 74% yield. Nucleophilic substitution to
introduce the azide was performed with NaN; in DMF
under heating (—15, 84%). A first glycosylation attempt with
thioglycoside 15 and benzylated ceramide 7 was carried out
in the presence of NIS/TfOH at -20 °C in THF/Et,O. The
reaction yielded the desired product 17 in 77% yield,

This journal is © The Royal Society of Chemistry 2024
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although as a 2:1 a:f mixture. While the procedure
allowed access to the desired oGalCer scaffold, a more
efficient glycosylation was investigated. Namely, 15 was

converted to its  corresponding  N-phenyl = 2,2,2-
trifluoroacetimidate  donor’” by  hydrolysis of the
thioglycoside moiety under standard conditions (NBS,

acetone/H,0, —16, 84%) and then reaction with 2,2,2-
trifluoro-N-phenylacetimidoyl chloride in the presence of
Cs,CO;  (—6, 85%). Gratifyingly TMSOTf{-promoted
glycosylation with glycosyl donor 6 and acceptor 7 at —20 °C
and in THF/Et,O afforded the desired product 17 in 72%
yield and with complete o-stereoselectivity. The developed
strategy thus allowed for the easy and straightforward
formation of a fully protected aGalCer bearing an important
functionalization handle (i.e. terminal azide) in only 9
reaction steps and in a global yield of 11%. Further
derivatization of compound 17 was achieved by reduction of
the azide by treatment with zinc under acidic conditions,
affording aGalCer 5 in 67% yield.

Synthesis of TACAs derivatives 3-4 and conjugation to
aGalCer

To access the desired TACA-aGalCer derivatives 3 and 4,
linker equipped-lactose 10 (ref. 48) was straightforwardly
prepared in 7 reaction steps and in 22% global yield
following literature procedures. Sialyl donor 8 was also
prepared in 4 steps (38% global yield, ESIT) exclusively as the
o-anomer with the key reaction being the Sy2-like
substitution of the corresponding glycosyl chloride with
thiophenol under basic conditions. Conversely, sialyl donor 9
was synthesized from 8. First, deacetylation and amide
hydrolysis were achieved by treatment with methanesulfonic

AcO OAc HO OBn 0OBn

COOBn
AcOr:) o} o
Msph : HO&VB%@"
AcO OBn BnO j
N3
(i) ( 8:R=Ac 10

9: R = COCH,0Bn, 56% (3 steps)

20: R' = Ac, R? = Ac, R® = Bn, 74%
21: R' = COCH,0Bn, R? = Ac, R® = Bn, 80%
v)

1:R" = Ac, R2=R®=H, 88% (2 steps)
2: R' = COCH,OH, R? = R® = H, 85% (2 steps)

Scheme 2
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acid under reflux, then the crude mixture was treated with
readily synthesized O-benzylglycolic acid succinimidyl ester
under basic conditions. Finally, the obtained compound was
acetylated under standard conditions (Ac,O, pyridine) to
afford sialyl donor 9 in 56% over three steps (Scheme 2).
Sialyl donors 8 and 9 were reacted with lactose acceptor 10 in
the presence of IBr/AgOTf in CH3;CN/CH,Cl, at —-78 °C and
-40 ©°C,* respectively. Both glycosylations afforded the
desired products 18 and 19 in high yields, 85% and 71%
respectively, with complete stereo- and regioselectivity. The
developed protocols for accessing the GM3 and (Neu5Gc)
GM3 scaffolds also reduced the number of glycosylation steps
to only one by making use of a suitably protected lactose
building block, as opposite to recent reports involving more
lengthy approaches.>® Moreover, both glycosylation reactions
proceeded in high yields even in the presence of the natural
acetamide functionality on the sialic acid donor, thus greatly
simplifying the number of manipulations required following
glycosylation. Selective reduction of the azide moiety
proceeded smoothly when both compounds 18 and 19 were
treated with zinc under acidic conditions and subsequently
reacted with readily prepared disuccinimidyl glutarate® in
the presence of Et;N to afford the N-hydroxylsuccinimide
functionalized derivatives 3 and 4 in 79% and 67% yield,
respectively. Conjugation with oaGalCer 5 proceeded
uneventfully and promoted by the addition of Et;N (—20,
74%; —21, 80%) to yield the desired GM3 and (Neu5Gc)GM3
scaffolds covalently linked to aGalCer. While initial
deprotections were carried out by first removing the acetyl
ester groups under Zemplén conditions (MeONa, MeOH) and
subsequent removal of the benzyl ether and benzyl ester
groups by hydrogenolysis (H,, 5% Pd/C), it was later found
that inverting the order of the reactions afforded cleaner

18: R = Ac, 85%
19: R = COCH,0Bn, 71%

j(iii)

OR® 3: R = Ac, 79% (2 steps)
4: R = COCH,0Bn, 67% (2 steps)

(i) a. MsOH, anhydr. MeOH, 75 °C, o/n, b. O-benzylglycolic acid NH-ester, CHzCN/H,O, RT, 2 h, c. Ac,0, pyridine, RT, o/n; (ii) I1Br/

AgOTf, anhydr. CHsCN/CH,Cl,, 3 A MS, -78 °C for 18, 40 °C for 19, 2 h; (iii) a. Zn, AcOH, anhydr. CH,Cl,, RT, 1 h, b. disuccinimidyl glutarate,
anhydr. DMF, EtsN, RT, 2 h; (iv) 5, EtzsN, anhydr. DMF, RT, 4 h; (v) a. H,, Pd/C (5% wt), AcOH, EtOH, RT, o/n, b. MeONa, MeOH, H,O, RT, o/n.

This journal is © The Royal Society of Chemistry 2024
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reactions and higher yield, allowing the isolation of
compounds 1 and 2 in 88% and 85% yield, respectively.

Formulation in liposomes

Conjugates 1 and 2 were formulated as liposomes. While
presenting the GM3 and (Neu5Gc)GM3 TACAs in a
multivalent manner, this type of formulation can itself
contribute in shaping the immune response in vivo: when
administered to mice (subcutaneous (sc) injection or oral
uptake) smaller lipid vesicles (<150 nm) tend to promote the
development of a Ty2 response, whereas larger lipid vesicles
(>200 nm) shift the response towards the production of IFN-
Y, a typical Tyl response.”’”* The different activity is
proposed to be related to differences in the trafficking of the
vesicles by APCs, with small liposomes being transported to
the late endosomes and larger ones to early endosomes. Size-
defined liposomes containing either conjugate 1 (I),
conjugate 2 (II), equimolar amounts of 1 and 2 (II),
equimolar amounts of the GM3 ganglioside and aGalCer
(IV), or exclusively oaGalCer (V) were prepared by lipid
extrusion and subsequently characterized (ESIt). The
liposomes contained 1,2-diastearoyl-sn-glycero-3-
phosphocholine (DSPC) and cholesterol (Chol) (Table 1) and
were extruded through 200 nm polycarbonate filters. The
physiochemical properties of each liposomal formulation
were evaluated by dynamic light scattering (DLS) confirming
a homogeneous particle population (approx. size of 200 nm)
and small polydispersity index (PDI), and by zeta potential
measurement, showing a negative surface charge in all
groups I-IV. The contents of the liposomes were further
analyzed by RP-HPLC-MS/MS to evaluate the recovery of each
individual component. This ensures that the same amount of
active ingredient is administered in each assay when
comparing liposomes I-V.

Immunological evaluation

The liposomes activate murine and human DCs and
consequently induce iNKT proliferation ex vivo. Copious
amounts of cytokines are produced by iNKT cells within
hours following activation. This includes an initial burst in
IL-4 production followed by IFN-y.* Moreover, iNKT cells
constitutively express receptors for several cytokines such as
IL-12,>* making them ready to quickly respond to activated
APCs. The potency of liposomes I-IV was initially investigated
ex vivo. Murine bone marrow-derived dendritic cells (BMDCs)
were first pulsed with either I-IV or LPS, co-cultured with

Table 1 Composition of liposomes |-V
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Fig. 2 Ex vivo production of IL-4 and IFN-y induced by the vaccine
candidates in co-culture supernatant (A and B). BMDCs were isolated
from naive mice and treated with either 100 ng mL™ LPS or 10 ng
mL™ I-IV. Thereafter, isolated INKT cells were added to the culture.
Secretion of cytokines in the supernatant was measured by cytometric
bead array (CBA).

iNKT cells and then incubated for 48 hours. A significant
increase in IL-4 and IFN-y was detected when DCs and iNKT
cells were activated with the liposomal formulations
(Fig. 2A and B).

Furthermore, iNKT cells that were co-cultured with DCs
pulsed with I-IV produced significantly higher levels of both
IL-4 and IFN-y compared to the co-culture with LPS-activated
DCs. This further confirms the potential of I-IV in activating
an immune response.

Afterwards, we sought to determine whether the
liposome formulations I-V were also able to activate
human iINKT cells ex wvivo. MUTZ3-derived human
immature dendritic cells®>*® were matured in the presence
of I-V before co-culturing with human T cells (Fig. 3A-C
and S7f). DCs matured in the presence of I-III showed
increased expression of CD1d, while no change was
observed in the presence of groups IV and V. Expression
of the maturation markers CD83, HLA-DR, CD209, and
CD1a was induced to similar levels on all matured DCs
irrespective of the presence of liposomes (Fig. 3, panel A
and S71). Increased frequencies of iINKT cells were
detected in samples co-cultured with DCs primed with III
and, to a lesser extent, I compared to II, IV, and V
(Fig. 3B and C). Thus human iINKT cells proliferate
extensively in response to activation with the GM3-oGalCer
conjugate (I) and in particular the combination of
GM3-aGalCer and (Neu5Gc)GM3-aGalCer (1), while
stimulation with the (Neu5Gc)GM3-aGalCer (II) conjugate
alone or the individual unconjugated components (IV and
V) appear less effective.

Compound(s) Formulation Mol ratio
I GM3-aGalCer (1) DSPC: Chol: 1 58.2:38.9:2.9
I (Neu5Gc)GM3-aGalCer (2) DSPC:Chol:2 58.2:38.9:2.9
11 Equimolar mix of (1) and (2) DSPC:Chol:1:2 56.2:38:2.9:2.9
v GM3 and aGalCer DSPC: Chol : GM3 : aGalCer 56.2:38:2.9:2.9
A aGalCer DSPC: Chol: aGalCer 58.2:39.0:2.9
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Fig. 3 Maturation of human DCs and activation of human iNKT cells
(A-C). Human MUTZ-3-derived DCs were primed in the presence or
absence of the liposomal formulations |-V before analysis by flow
cytometry (A) or co-culture with human CD3* lymphocytes and
subsequent analysis for iNKT cells by flow cytometry (B and C). For all
data, gating was performed on singlets and viable cells (based on
staining with live/dead yellow - Fig. S6}). A and B show representable
dot plots from three independent experiments, while C summarizes
the percentage of positive cells from three independent experiments
using cells from different donors.

The liposomes induce cytokines, iNKT numbers, and iNKT
activation in vivo. Next, we set out to determine whether
liposomes I-IV promote cytokine production in vivo. The
levels of IL-4, IFN-y, and IL-12p70 were evaluated following
the administration of liposomes in mice. Groups of six
female C57BL/6 mice were immunized sc with liposomes I-V
and with 22, a glycoconjugate composed of the (Neu5Gc)GM3

This journal is © The Royal Society of Chemistry 2024
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antigen and the carrier protein HSA, namely (Neu5Gc)GM3-
HSA (ESIf), emulsified in incomplete Freund's adjuvant (IFA).
To evaluate the production of IL-4, IFN-y, and IL-12p70
cytokines in response to administration of the liposomes,
sera samples were collected 24 hours after injection for
groups I-IV and 22. All groups of mice except for the one
treated with (Neu5Gc)GM3-HSA 22 produced high levels of
all three cytokines compared to the untreated control mice,
indicating a rapid activation of iNKT cells (Fig. 4A-C). The
levels of cytokines were not different between groups I-IV. All
groups of mice induced the production of higher levels of
IFN-y, IL-4 and IL-12p70 which indicates that the vaccine
candidates can promote a cytokine milieu leading to the
activation of both Tyl and Ty2 responses. Low levels of IL-4
and IL-12p70 are presumably due to different in vivo kinetics
of these two cytokines compared to IFN-y following
immunization. In addition to the production of cytokines,
the in vivo response of iNKT cells is characterized by the
induction of a variety of activation markers such as CD25
and CD69.”” Mice splenocytes were analyzed by flow
cytometry 48 hours after administration of liposomes I-V to
evaluate the effect of the liposome on iNKT cells in vivo. iNKT
cells were identified by staining with anti-TCRf antibody and
mCD1d: aGalCer tetramer. The TCRB™ mCD1d:aGalCer
tetramer” cells were co-stained with anti-CD69, CD25, and
IFN-y mAbs to identify subpopulations of activated iNKT cells
(ESLi Fig. S3). All groups of mice that were treated with
liposomes I-V showed an increase in expression of CD25 and
CD69 on iINKT cells and intracellular levels of IFN-y,
suggesting that a considerable proportion of iNKT cells had
undergone the activation pathway (Fig. 4D-G). Although
administration of III did not result in a significant increase
in the percentage of splenic iNKT cells, the increase in CD69,
CD25, and IFN-y expression on cells suggests that III
generates cytokine production but do not stimulate iNKT
cells activation and proliferation at 48 hours post-
administration to the extent observed for the other liposome
formulations. Understanding the optimal interaction between
iNKT cells and immune stimulating liposomes is therefore
important to further elucidate. Comparing the iNKT cell
expansion in the human ex vivo (Fig. 3) and mouse in vivo
(Fig. 4) systems, an interesting difference is revealed; while I
and III showed higher expansion of human iNKT cells than
II, the opposite trend was observed in the mouse system.
Furthermore, no overall difference in the efficiency of the
conjugates (I-III) compared to the unconjugated components
(IV) or aGalCer alone (V) was observed for the activation of
mouse iNKT cells, indicating that while murine iNKT cell
stimulation by these liposomal formulations is mainly driven
by oaGalCer, the sugar antigens affect stimulation of the
human iNKT cells. Previous reports have also highlighted
how the TCRs of mouse and human iNKT cells have different
fine specificities that happen to translate to differences in
INKT cell activation and proliferation, encouraging further
investigation of the difference between human and mouse
iNKT cells.
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The liposomes induce antibody responses. Groups of six
female C57BL/6 mice were immunized sc with liposomes I-V
at biweekly intervals (days 1, 15, 29) and sera were collected
on days 0, 14, 28, and 42 (ESL;} Fig. S2). An additional group
was instead immunized with glycoconjugate 22 emulsified in
IFA as a vaccine control. The conjugation of carbohydrate
antigens to protein carriers is a well-established strategy for
overcoming their poor immunogenicity through the MHC
presentation of glycopeptide epitopes to CD4" T cells.”®
Group 22 followed the same immunization schedule as the
groups treated with liposomes I-IV. Moreover, one group of
mice remained untreated throughout the experiment to serve
as negative control. First, it was examined whether the
immunization with I-IV was capable of stimulating B cells to
produce anti-GM3 or anti-(Neu5Gc)GM3 antibodies. IgM and
IgG antibody responses were measured by ELISA using
(Neu5Gc)GM3-HSA 22 or GM3-HSA 23 as coating antigens
(ESIT). Mice immunized with I-IV generated carbohydrate-
specific antibodies of the IgM class (Fig. 5A and C). With
respect to IgG, all vaccine candidates efficiently generated an
anti-IgG response, which gradually increased following the
course of the experiment (Fig. 5B and D). The IgM and IgG
levels on specified weeks are shown in Fig. S4 (ESIf). The
decrease in levels of IgM following the second and third
immunization moves in parallel with the gradual increase in
levels of IgG, indicating an induction of isotype switching.
Moreover, the immunization protocol induced an IgG
response which remained high two weeks after the last
injection. Mice immunized with (Neu5Gc)GM3-HSA 22
produced the highest levels of IgM and IgG as a result of
activation of the helper T cell pathway due to its glycoprotein
nature and the recognized effect of IFA on shaping the
immune response.’® The IgG response following the second
and third immunizations with I-III was more pronounced
compared to group IV, which might be the result of the
covalent bond between TACAs and aGalCer in the former.
Moreover, both the IgM and IgG antibodies generated
following immunization with formulations I and 1V,
containing GM3 only, cross-reacted with the (Neu5Gc)GM3-
HSA coated ELISA microplates (Fig. S4f). The same cross-
reactivity was detected for the antibodies produced in mice
immunized with formulations II and III, presenting the
(Neu5Gc)GM3 antigen, which were found to bind to the GM3
antigen in ELISA (Fig. S41). The isotype distribution of IgG
antibodies was also investigated. In mice, Ty2-type responses
mainly induce the generation of IgG1, while Tyl ones favor
isotype switching to IgG3.°° Mice immunized with liposomes
I-1II produced higher levels of anti-GM3 and anti-(Neu5Gc)
GM3 IgG3 and IgG2b while displaying minimal levels of IgG1
and IgG2a (Fig. 5E-L). A comparable magnitude of switching
was recently reported in a similar study*® and can partly be
explained by the suppression of the Ty2-like response of
iNKT cells by the GM3 ganglioside.®” Although the highest
levels of IgG1 and IgG2a were detected in mice immunized
with the conventional glycoconjugate 22, there was a low
isotype switching to IgG3 and IgG2b. This pattern of class
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Fig. 6 Binding of serum obtained from immunized mice to B16F10
cells. Pooled sera obtained from all groups of mice were incubated
with B16F10 cells, and PE-conjugated anti mouse IgG was used for the
detection of the binding using flow cytometry. Serum of mice before
the first immunization (pre-immune) was used as the negative control.

switching following injection of a glycoprotein conjugate with
IFA is likely due to the presence of IFA and the accompanying
cytokine milieu.

The ability of antisera prepared on day 42 to bind to the
B16F10 cell line, known to express the GM3 antigen,®® was
determined by flow cytometry. Serum obtained from mice
vaccinated with all vaccine candidates displayed increased
binding levels to B16F10 cells (Fig. 6). Immunization with
liposomes I-III led to higher binding capacities (positive
cells: 16.2%, 24.7%, and 23.8%, respectively) compared to
group IV containing non-conjugated GM3 ganglioside and
aGalCer (13.7% positive cells). A 29.4% binding was detected
in sera obtained from mice vaccinated with the protein
conjugate 22. Finally, the ability of antisera obtained by
immunization to activate the complement system on the
surface of B16F10 cells was evaluated. The acute monocytic
leukemia THP-1 cell line that does not express GM3 and
(Neu5Gc)GM3 antigens was used as the negative control.
B16F10 cells were first incubated with the antisera prepared
on day 42. Next, complement protein was added to the cells
and the percentage of dead cells was determined. The
complement cascade was efficiently activated on the surface
of B16F10 cells resulting in their killing (ESL} Fig. S5). This
result demonstrates that the antibodies produced in the
immunized mice are capable of specifically binding to the
surface of B16F10 cells and not to a cell line such as THP-1
which lacks expression of the specific ganglioside TACAs
GM3 and (Neu5Gc)GM3.

Conclusions

An efficient synthetic strategy for the preparation of
ganglioside-aGalCer conjugates has been developed. In
particular, a straightforward approach was applied to the
synthesis of linker-functionalized oGalCer, including a key
stereoselective glycosylation step with the notoriously unreactive
ceramide moiety. In the same way, the desired ganglioside
TACAs, namely GM3 and (Neu5Gc)GM3 were obtained in high
yields and efficiently conjugated to aGalCer. Contrarily to recent
approaches™ the developed methodology for accessing these

RSC Med. Chem., 2024, 15, 2718-2728 | 2725


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4md00387j

Open Access Article. Published on 21 birzelio 2024. Downloaded on 2025-12-09 15:04:13.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

compounds requires only one glycosylation step and, at the
same time, ensures a-selectivity.

The liposomal formulations elicited strong and consistent
production of IgM and IgG antibodies. The observed isotype
switching to IgG in immunized mice is presumably due to
the help provided by iNKT cells and not helper T cells
because the formulations did not contain any helper peptide
epitope and it is well established that iNKT cells can help B
cells initiate antibody responses, affinity maturation, and
isotype switching.'> Moreover, the antibodies exhibited
binding to the B16F10 cell line and efficient activation of the
complement system on its surface.

We showed that our liposomal formulations induced
production of both Tyl- and Ty2-associated cytokines
such as IFN-y and IL-4, leading to the production of all
subclasses of IgG antibodies in mice. Moreover, data
using human DCs, indicate that the liposome
formulations with ganglioside-aGalCer conjugates are
resulting in enhanced maturation of human DC, whereby
CD1d is strongly upregulated, while the non-conjugated
GM3 with aGalCer does not lead to increased CD1d. Due
to distinct fine specificities of the iNKT TCR-agonist-
CD1d interaction in mice and humans, differences are
often observed in the activation ad proliferation of mouse
and human iNKT cells when stimulated with o-GalCer
analogues.'® In light of this, the results with human DCs
and iINKT cells are encouraging with regards to the
possibility of translating the ganglioside-aGalCer liposomal
platform from a mouse model to the human setting. In
future studies, it could be of interest to investigate the
apparent differences in iINKT cell activation by the
different vaccine constructs in murine and human DC
cells, including the the role played by the sugar antigen
processing in the human immune response. The current
data highlights the importance on human test systems for
translation of iNKT targeting glycolipid cancer vaccines.
These results further emphasize the potential of the
synthesized constructs in shaping the immune response
and opens new venues for designing a variety of vaccine
candidates by introducing elements which can be used to
redirect the therapy towards either activation or
suppression of the immune system.

The serum antibodies raised against the two TACAs, GM3
and (Neu5Gc)GM3, were cross-reactive. While generally
considered highly specific for their designated antigen,
previous screenings of 27 anti-glycan antibodies and 80
different glycans (and glycoproteins) have highlighted the
cross-reactivity of several antibodies, which were thought to
be highly selective.®® The cross-reactivity of anti-GM3 and
anti-(Neu5Gc)GM3 antibodies, raised by the presentation of
the carbohydrate epitopes of the GM3 and (Neu5Gc)GM3
TACAs, is thus not completely surprising. This finding is an
important element to consider in future carbohydrate-based
cancer vaccine designs as the antibody responses might be
broader than anticipated even when highly tumor-selective
TACAs epitopes are employed.
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