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Self-adjuvanting vaccines consisting of peptide epitopes conjugated to immune adjuvants are a powerful

way of generating antigen-specific immune responses. We previously showed that a Plasmodium-

derived peptide conjugated to a rearranged form of a-galactosylceramide (a-GalCer) could stimulate

liver-resident memory T (TRM) cells that were effective killers of liver-stage Plasmodium berghei ANKA

(Pba)-infected cells. To investigate if similar or even superior TRM responses can be induced by

modifying the a-GalCer adjuvant, we created new conjugate vaccine cadidates by attaching an

immunogenic Plasmodium-derived peptide antigen to 600-substituted a-GalCer analogues. Vaccine

synthesis involved developing an efficient route to a-galactosylphytosphingosine (a-GalPhs), from which

the prototypical iNKT cell agonist, a-GalCer, and its 600-deoxy-600-thio and -amino analogues were

derived. Attaching a cathepsin B-cleavable linker to the 600-modified a-GalCer created pro-adjuvants

bearing a pendant ketone group available for peptide conjugation. Optimized reaction conditions were

developed that allow for the efficient conjugation of peptide antigens to the pro-adjuvants via oxime

ligation to create new glycolipid-peptide (GLP) conjugate vaccines. A single dose of the vaccine

candidates induced acute NKT and Plasmodium-specific CD8+ T cell responses that generated potent

hepatic TRM responses in mice. Our findings demonstrate that attaching antigenic peptides to

600-modifed a-GalCer generates powerful self-adjuvanting conjugate vaccine candidates that could

potentially control hepatotropic infections such as liver-stage malaria.

Introduction

Immunomodulatory glycolipids play important roles in immuno-
surveillance and pathogen clearance. Through their agonist
activity on cellular receptors, these compounds stimulate the
release of signalling molecules that have a multitude of down-
stream effects including immune cell recruitment, cellular
differentiation and proliferation, maturation and activation.
As such, harnessing the immunostimulatory properties of
glycolipids is widely recognised as holding tremendous potential

for developing vaccines to both treat and prevent communicable
and non-communicable diseases.

A particularly potent and well-studied example of an immune-
activating glycolipid is a-galactosylceramide (a-GalCer, KRN7000),
a synthetic analogue of a natural product isolated from the marine
sponge Agelas mauritianus.1 Since its first report in 1995,2 a-GalCer
has been used in over 30 clinical trials3 and has been the focus of
an extensive list of publications that describe an important
chemical aspect or biological function of the parent compound.
Whereas most immune-activating (glyco)lipid classes function by
directly binding specific pattern recognition receptors within or
on antigen presenting cells (i.e. toll- and Nod-like receptors, C-type
lectins), a-GalCer derives its adjuvant activity by functioning as an
agonist for type I (or ‘‘invariant’’) natural killer T (iNKT) cells.
Unlike conventional T cells, which exhibit considerable diversity
in their antigen receptors and require several days of proliferation
to generate sufficient effector function, iNKT cells express largely
invariant receptors, are found in large numbers, and respond to
antigen within hours of stimulation. Given this capacity to
mobilise a strong and rapid response, iNKT cells straddle the

a Ferrier Research Institute, Victoria University of Wellington, Lower Hutt,

New Zealand. E-mail: benji.compton@vuw.ac.nz, gavin.painter@vuw.ac.nz
b Department of Microbiology and Immunology, Doherty Institute for Infection and

Immunity, University of Melbourne, Melbourne, VIC, Australia
c School of BioSciences, University of Melbourntie, Parkville, VIC, Australia
d Malaghan Institute of Medical Research, Wellington, New Zealand
e Avalia Immunotherapies Limited, Lower Hutt, New Zealand

† Electronic supplementary information (ESI) available. See DOI: 10.1039/d1cb00251a
‡ These authors contributed equally to this work as co-first authors.
§ These authors contributed equally to this work as co-senior authors.

Received 24th December 2021,
Accepted 2nd March 2022

DOI: 10.1039/d1cb00251a

rsc.li/rsc-chembio

RSC
Chemical Biology

PAPER

http://orcid.org/0000-0002-7260-5282
http://orcid.org/0000-0003-3467-9202
http://orcid.org/0000-0001-7928-4947
http://orcid.org/0000-0001-8330-121X
http://orcid.org/0000-0001-9670-259X
http://orcid.org/0000-0002-1310-7769
http://orcid.org/0000-0002-5245-9767
http://crossmark.crossref.org/dialog/?doi=10.1039/d1cb00251a&domain=pdf&date_stamp=2022-03-07
http://rsc.li/rsc-chembio


552 |  RSC Chem. Biol., 2022, 3, 551–560 © 2022 The Author(s). Published by the Royal Society of Chemistry

boundary between innate and adaptive immunity. The antigen
receptors expressed by iNKT cells recognise glycolipids (such as
a-GalCer) displayed by the cell surface presenting molecule
CD1d. Upon activation, iNKT cells rapidly release potent cyto-
kines and direct molecular signals that activate antigen pre-
senting cells leading to their improved capacity to stimulate T
cells and drive antibody production. Because CD1d is non-
polymorphic and iNKT cells are found in all humans, a-GalCer
is an appealing adjuvant for the development of new vaccines.

Investigations in animal models have shown that a-GalCer
boosts immune responses when co-administered with antigen,
either as peptide,4 protein5,6 or through mRNA7–9 translation.
Studies where a-GalCer is covalently bound to antigen consis-
tently demonstrate superior T cell and antibody responses
compared to admixture comparators.10,11 This can be attribu-
ted to the close temporal release of both components inside the
same antigen presenting cell, thereby focusing iNKT-derived
stimulatory signals on the cells engaged in driving adaptive
responses.

However, the possible points for attaching peptide antigens
to a-GalCer appear limited as the galactosyl and ceramide
hydroxyls function as important H-bond donors when bound
within the CD1d-T cell receptor (TCR) complex,12–14 perhaps
with the exception of the 600-position, which appears solvent
exposed in X-ray crystal structures. An elegant way to overcome
this limitation was through migration of the ceramide acyl
chain of a-GalCer to the neighboring 4-OH allowing the phyto-
sphingosine nitrogen atom to be further modified with
an immolative linker capable of undergoing chemoselective
peptide conjugation.10 Upon intracellular processing by anti-
gen presenting cells, such as dendritic cells, the linker under-
went enzymatic cleavage followed by facile O - N acyl
migration co-releasing the active constituents (i.e. a-GalCer
and peptide antigen).10 Conjugates of this nature (Fig. 1) have
been shown to induce potent antigen-specific T cell responses
with therapeutic potential for treating cancer15,16 and infectious
diseases17 including malaria.18

In this work, we explore an alternative vaccine design that
takes advantage of the galactose-6-OH (Fig. 1), which is con-
sidered non-essential for binding of the CD1d:a-GalCer
complex to the TCR.14 Previously reported 600-modified a-GalCer
analogues include the amino,19 azido,20 thio,21 hydro (deoxy),22

and uronic acid23 derivatives, which have been further modified
to produce a range of ether,19 ester,24 amido,25–29 carbamoyl,26

carbamido,27 triazole,20,30–32 disulfide21 and thioether21 analo-
gues, many of which display potent immunostimulatory activities
that are biased for either a Th119,20,22,23,26,27,30,32 or Th219,20,25

response compared to a-GalCer. Notable among these
600-modified a-GalCer analogues are ABX196 and PBS-57, both
of which are 600-NHAc derivatives with disparate N-acyl cera-
mide chains. ABX196 has been advanced into clinical trials for
hepatocellular carcinoma as a combination therapy with the
checkpoint inhibitor nivolumab33 while PBS-57 is used for
the creation of CD1d monomer or tetramer reagents for the
detection of NKT cells.34 In light of these successes, we viewed
the simple 600-deoxy-600-thio and -amino a-GalCer analogues as

attractive adjuvants for glycolipid-peptide (GLP)-based vaccine
candidates due to their structural similarity to a-GalCer and the
fact that these heteroatoms offer a chemically orthogonal site
for peptide antigen attachment. Herein, we report the synthesis
of these 600-modified derivatives, the appendage of an enzyma-
tically labile self-immolative linker to the N- and S-atoms, and
their subsequent conjugation to a peptide antigen. Head-to-
head in vivo testing of the two vaccines against the original
migrated design enabled us to probe the immunological impli-
cations of attaching peptide antigen via the phytosphingosine
portion of the molecule (i.e. the ‘migration’ approach) versus
appending it at the sugar head group (i.e. the ‘600-modifed’
approach), in particular, the ability of the vaccine candidates to
generate antigen-specific memory T cell responses in the liver
and their ability to protect against Plasmodium sporozoite
challenge.

Results and discussion
Vaccine synthesis

Of the many reported syntheses of a-GalCer (reviewed in
Banchet-Cadeddu et al.35), Gervay-Hague’s galactosyl iodide
mediated glycosylation36 offers an elegant approach that is
both high yielding and stereoselective. The high a-selectivity
obtained from this reaction is due to the in situ formation of a
b-galactosyl iodide and its subsequent displacement by a phyto-
sphingosine acceptor. Because the donor can be easily prepared
from D-galactose in one step which does not require chromato-
graphic purification, this synthetic approach appears amenable
to scale-up, an important consideration for GMP manufacture.

The synthesis of a-GalCer and its 600-modified analogues
commenced from commercially available N-Boc-protected
phytosphingosine 1 which was converted into the acetonide-
containing acceptor (4) in three steps via temporary protection
of the primary hydroxy group as a silyl ether (Scheme 1).
This route provides the glycosyl acceptor in 55% overall yield

Fig. 1 Self-adjuvanting peptide-conjugate vaccine designs based on a-
GalCer illustrating the ‘migration’ approach (previous work) and the 600-
modifed approach (this work).
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(495% pure) and, importantly, requires only one simple
chromatography purification step. Glycosylation with excess
per-TMS-protected galactose 5 in the presence of iodotrimethyl-
silane (TMSI), tetrabutylammonium iodide (TBAI) and N,N-
diisopropylethylamine (DIPEA) converted 4 into the desired
a-linked product after 48 h at ambient temperature. Monitor-
ing the glycosylation reaction by HPLC-MS, we observed that
freshly prepared TMSI was superior to a commercially
acquired solution of TMSI in dichloromethane whereby the
former reagent effected the glycosylation in 87% compared to
76% for the latter. Treating the crude product with tetrabutyl-
ammonium fluoride (TBAF) in tetrahydrofuran (THF) gave 6 in
74% isolated yield (based on a 2.2 mmol reaction of 4). The
feasibility of scaling up this reaction was demonstrated by
performing the reaction on 11 mmol scale to afford multi-
gram quantities of 6 in 64% yield. Removal of the acid-labile
protecting groups with 40% trifluoracetic acid in dichloro-
methane gave a-galactosylphytosphingosine (a-GalPhs, 7).
N-Acylation of 7 with cerotic acid, pre-activated as a mixed
carbonic anhydride, followed by per-O-acetylation afforded a
protected form of a-GalCer (8) that is easily purified from low
level contaminants on scale by silica gel chromatography.
Zemplén deacetylation followed by precipitation from hot

ethanol afforded gram quantities a-GalCer (9) in good
overall yield.

Access to the O-600 position was achieved by selective sulfo-
nation of the primary hydroxyl group in 6 using the sterically
hindered 2,4,6-triisopropylbenzenesulfonyl chloride (TPSCl).21

Subsequent per-O-acetylation was performed to improve the
separation of this compound from small amounts of contam-
inating bis-sulfonated materials. Azide displacement at C-600

followed by removal of the protecting groups afforded 12 which
was N-acylated to give 600-azido-600-deoxy-a-GalCer (13). Palladium-
mediated reduction of 13 to 600-amino-600-deoxy-a-GalCer (14) gave
a product that was poorly soluble in most common organic
solvents and mixtures thereof with the apparent exception being
hexafluoroisopropanol (HFIP). To avoid the difficulties surroun-
ding its handling, 13 was reduced using Pd/C and H2, and the
resulting amine was carried forward in the synthesis without
purification. Here, filtration of the catalyst and swapping of the
solvents from dichloromethane/methanol to pyridine provided a
suspension of crude 14 which, upon reaction with the pre-
activated dipeptide-ketone linker 17,37 afforded the pro-adjuvant
18 in readiness for peptide conjugation (Scheme 2).

Various linker strategies have been developed for a-GalCer-
based self-adjuvanting conjugate vaccine candidates that allow

Scheme 1 Synthetic route to a-GalCer (9) and its 600-deoxy-600-azido analogue (13).
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release of the glycolipid adjuvant and its antigen cargo inside
the same immune cell. Examples include that of Seeberger and
De Libero et al.11 who attached a synthetic amine-equipped
a-GalCer derivative non-selectively to the capsular polysacchar-
ide of Streptococcus pneumoniae through the action of cyanogen
bromide. The resulting isourea, N-substituted imidocarbonate
and N-substituted carbamate linkages were believed to degrade
upon exposure to an acidic environment. Another approach has
been to attach peptide antigen to 600-deoxy-600-thio-a-GalCer via
maleimido and disulfide linkages that exploit glutathione-
mediated release mechanisms.21 For this work, our vaccine
design employs the versatile p-aminobenzyl-citrulline-valine
(PAB-Cit-Val) linker38 which provides a substrate for proteolytic
cathepsin enzymes (cysteine proteases which are found at high
levels inside immune cells). Recognition and cleavage of the
citrulline carboxylamide bond in 18 (or its peptide conjugate)
would result in a facile 1,6-elimination cascade releasing a
molecule of CO2, azaquinone methide and the adjuvant,
600-amino-600-deoxy-a-GalCer (14). Prior to the synthesising the
full GLP-vaccine candidates, susceptibility of the PAB-Cit-Val
linker to human liver-derived cathepsin B was investigated in a
simplified system whereby the pro-adjuvant 18 was exposed to
the enzyme for 24 h at 37 1C in a mixture of HFIP/DMSO in
ammonium acetate buffer. Following the reaction by HPLC-MS
revealed that after 1 h, 4 h and 24 h, approximately 44%,
17% and 4% (respectively) of 18 remained whilst the cleaved
products 8-oxononanoyl-valine-citrulline (Cit-Val-Non) and
600-amino-600-deoxy-a-GalCer (14) were detected (ESI,† Fig. S1).

Having demonstrated the enzyme-mediated release of
600-amino-600-deoxy-a-GalCer from its pro-adjuvant form, we
were interested to see if this same strategy could be applied
to the potent iNKT cell agonist, 600-deoxy-600-thio-a-GalCer.21

To the best of our knowledge, this would be the first use
of a self-immolative p-aminobenzyl linker to release a thiol-
containing drug. Towards this, we embarked on the synthesis
of 600-deoxy-600-thio-a-GalCer and its conversion to the corres-
ponding thiocarbonate-containing pro-adjuvant.

Starting from the advanced intermediate 10, thioacetate
displacement of the triisopropylbenzenesulfonyl group was
effected by heating in DMF with potassium thioacetate (KSAc)
affording 19 in high yield (Scheme 3). Deacetylation was
achieved by treating 19 with catalytic NaOMe in methanol to
afford the crude product as an 85 : 15 mixture of thiol and
disulfide. Subsequent treatment with 50% TFA/dichloromethane
in the presence of water and anisole removed the acetonide and
N-Boc protecting groups without altering the thiol/disulfide ratio.
Reduction of this mixture to the sulfhydryl product (20) was
achieved by treating the mixture with TCEP in methanol/water
and the resulting product was isolated using RP-C18 chromato-
graphy. Protection of the thiol as the pyridyl disulfide permitted
N-acylation with cerotic acid to give 22. TCEP-mediated reductive
cleavage of the pyridyl disulfide group gave 23 which was subse-
quently reacted with the PAB-Cit-Val-ketone linker (17) under
basic conditions to afford the thiocarbonate-containing pro-
adjuvant 24.

Incubating 24 with cathepsin B and following the reaction
by HPLC-MS revealed the pro-adjuvant cleaved to its respective
constituents (Cit-Val-Non and 23) as intended with approxi-
mately 34% of 24 remaining after 24 h. (ESI,† Fig. S2). When
cathepsin B was omitted, pro-adjuvant 24 remained intact
demonstrating that thiocarbonate cleavage was enzyme
mediated and not the result of direct hydrolysis. Although
24 appears more resistant to cathepsin B activity than 18
in vitro, work by Dubowchik and Firestone38 suggests that other

Scheme 2 Synthetic route to the pro-adjuvant 18 from 600-azido-600-deoxy-a-GalCer and immolative dipeptide linker.
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intracellular enzymes can also cause linker immolation in vivo
thus we considered that the utility of this design was best
examined in a functional assay.

With the 600-modified pro-adjuvants 18 and 24 in hand,
the next step was to conjugate these substrates with peptide
antigen to prepare the GLP-conjugate vaccine candidates.
The antigen selected for this work was the short peptide
epitope NVFDFNNL. Identified from the Plasmodium berghei
ANKA ribosomal protein (PbRPL6), the NVFDFNNL sequence
(PbRPL6120–127) has previously been shown to be an excellent
antigen for vaccination against liver-stage malaria.39 To inves-
tigate if this epitope could also induce antigen-specific CD8+

liver TRM cells when attached to our 600-modified a-GalCer pro-
adjuvants, the epitope was modified by adopting a similar
design to what has been previously shown to work for peptide-
conjugate vaccines.18 Here, the CD8 epitope was adorned with
naturally flanking amino acid residues – ST- (N-terminus) and
-S (C-terminus) from the protein antigen and the N-terminal –
FFRK – proteasomal cleavage sequence, separated by a tri-
alanine (-AAA-) spacer.

To create the GLP vaccine candidates, our strategy was to
synthesise the modified peptide antigen with an N-terminal
aminooxy acetyl residue (25) and attach it to the pro-adjuvants
(18 and 24) via chemoselective oxime ligation. The oxime
linkage was chosen for its relative hydrolytic stability40 and
its ‘amide-like’ small chemical footprint. Initial attempts to
form the oxime bond employed conditions (4 : 2 : 3 THF/MeOH/
300 mM aniline buffer at pH 4.1) which were successful for the
synthesis of other GLP-vaccine candidates.18 Unfortunately, 18
was sparingly soluble in these reaction conditions, even at
temperatures approaching 50 1C, resulting in poor conversion

into the desired vaccine product. Because HFIP efficiently
solvates 18 and has inherent acidity, we next evaluated this as
a suitable solvent for oxime ligation. Pleasingly, HFIP efficiently
dissolved both the pro-adjuvant (18) and modified peptide (25)
while the addition of aniline (100 mM) catalysed the reaction
such that it was complete within 48 h at ambient temperature.
Swapping the aniline for the purportedly superior catalyst
m-phenylenediamine41 (100 mM in HFIP) failed to improve
the reaction kinetics. Because HFIP readily dissolves arylamine
catalysts of oxime ligation, a high concentration of these can be
easily achieved using this system. Increasing the concentration
of aniline from 100 to 500 mM in HFIP whilst maintaining the
pH at B5 by the addition of TFA, reliably afforded the desired
oxime products with no obvious side reactions (as determined
by HPLC-MS) within 18 h at 35 1C. Employing these optimized
conditions, the pro-adjuvants 18 and 24 were reacted with
peptide 25 (1.2–1.5 equiv.) to give conjugates 26 and 27 respec-
tively (Scheme 4). The excess peptide and aniline catalyst were
removed by preparative HPLC affording the GLP-vaccine pro-
ducts (498% purity by HPLC) for biological testing.

Biological studies

The 600-modified a-GalCer GLP vaccine candidates (26 and 27)
were assessed for their ability to induce memory T cell responses,
particularly those capable of preventing malaria. These responses
can involve several T cell subsets, including two that recirculate
around the body termed central memory T (TCM) and effector
memory T (TEM) cells and a subset that resides permanently
within tissues, termed resident memory T (TRM) cells. While
TRM cells can be found in a number of tissues, those localised
in the liver are crucial for controlling liver-stage infection by

Scheme 3 Synthetic route to 600-deoxy-600-thio-a-GalCer (23) and its pro-adjuvant form (24).
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Plasmodium parasites that cause malaria.42 C57BL/6 (B6) mice
were immunised intravenously with 26 or 27 or with our pre-
viously reported immunogenic vaccine candidate, 28 (Fig. 2),
which is based on the migrated a-GalCer design and known to
efficiently generate TRM cell responses in the liver.18 After 30 days,
to allow formation of memory responses, antigen-specific T cells
in the liver and spleen were enumerated by flow cytometry and
assessed for key surface markers to determine their memory T cell
subset composition and their antigen specificity. A H-2Kb tetramer
(tet) containing the NVFDFNNL (NVF) peptide was used to identify
T cells specific for the vaccine antigen (Fig. 3). This analysis
revealed that both 600-modified vaccine candidates effici-
ently generated NVF-specific (tet+) CD8+ TRM cells in the liver
(Fig. 3A, B), with vaccine candidate 26 inducing about twice as
many as the control 28. Significantly more NVF-specific memory T
cells were also generated in the spleens of mice vaccinated with 26
compared to 28 (Fig. 3C), largely as a consequence of an increase
in splenic TRM cell numbers. Overall, these results showed that
both 26 and 27 were immunogenic and capable of inducing liver
TRM cells, with the 600-amino-600-deoxy-a-GalCer conjugate (26),
capable of generating the highest number of these cells.

To determine whether the greater ability of 26 to generate
liver TRM cells was due to an enhanced ability to activate NKT
cells, the NKT cell responses of mice vaccinated with 26, 27 or
28 were assessed shortly after vaccination (day 7) (Fig. 4). This
revealed that, relative to 28, both 26 and 27 induced signifi-
cantly more NKT cells in the liver and spleen (Fig. 4A, B and
ESI† Fig. S3A, SB), most likely through proliferation. Phenotypic
analysis showed that all three vaccine candidates stimulated

both splenic and liver NKT cells to downregulate surface CD69
and NK1.1, indicating NKT cell activation, with greater down-
regulation of CD69 after immunization with 26 and 27 relative
to 28 (Fig. 4C–F and ESI,† Fig. S3C, D). Examination of CD8+ T
cell responses at this early time point (day 7) showed similar
numbers of NVF-specific effector T cells in the spleens and
livers of mice vaccinated with all three compounds (Fig. 4G, H
and ESI,† Fig. S3E, F), indicating no obvious difference in
priming at this early stage. Together, these data suggest that
while vaccine candidate 26 induced about 2-fold more liver TRM

cells than 28, this difference could not be unequivocally attrib-
uted to better NKT cell activation as vaccine candidate 27 also
showed improved NKT cell activation but did not generate
significantly more liver TRM cells. Clearly, all three vaccine
candidates efficiently activate NKT cells and are capable of
excellent generation of liver TRM cells.

Although 26 induced superior numbers of memory T cells
than the previous best vaccine candidate, 28, it was unclear

Scheme 4 Formation of self-adjuvanting antimalarial vaccine candidates 26 and 27.

Fig. 2 Antimalarial GLP-vaccine (28) employing the ‘migrated’ a-GalCer
design.

Fig. 3 Conjugate vaccines comprising 600-modified a-GalCer generate
large numbers of liver TRM cells. B6 mice were vaccinated intravenously
with vaccines 26, 27 or 28 and examined for NVF-specific memory T cell
responses 430 days later by flow cytometry after staining single cell
suspensions with NVF-tetramers (NVF-tet) and various surface markers.
(A) The number of NVF-tet+ CD8+ TRM (CD8+CD44+CD69+CD62L�) cells
in the liver in individual mice (circles). Mean (black bar). (B and C) The
number of NVF-tet+ TRM (black), TEM (grey; CD8+CD44+CD69�CD62L�)
and TCM (white, CD8+CD44+CD69�CD62L+) memory CD8+ T cells in the
liver (B) and spleen (C). Data are pooled from two independent experi-
ments using 3–4 mice per group for each experiment. Error bars represent
mean � SEM. Numbers of NVF-tet+ CD8+ TRM cells in (A) were log-
transformed and compared using a Kruskal–Wallis test and Dunn’s multi-
ple comparisons test. Total numbers of NVF-tet+ CD8+ memory cells in
(B and C) were log-transformed and compared using a Kruskal-Wallis
test and Dunn’s multiple comparisons test. ns, not significant, *P o 0.05,
**P o 0.01, ***P o 0.001.
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whether these cells were functional. To test function, we
assessed whether liver TRM cells generated by 26, like those
of 28, could mediate protection against malaria. B6 mice
were immunised with 26 or 28 and then left for 30 days
before assessing T cell numbers in the liver in some mice
from each group and then challenging the remaining mice
with 200 PbA sporozoites (Fig. 5). This confirmed that
vaccine candidate 26 generated more liver TRM cells than 28
(Fig. 5A) and showed that all mice were protected from a
200 PbA sporozoite challenge (Fig. 5B and ESI,† Fig. S4A),
indicating that TRM cells induced by 26 were indeed func-
tional. To further assess function, surviving mice were rechal-
lenged with a higher dose of 3000 PbA sporozoites, which
showed that all mice immunized with 26 were protected from
this higher dose (Fig. 5B and ESI,† Fig. S4B). Overall, these
data indicated that vaccine 26 is highly effective at generating
liver TRM cells and inducing protective immunity against
malaria.

Conclusions

This work provides a succinct synthetic route to the potent
iNKT cell agonist a-GalCer and its 600-deoxy-600-thio and
600-amino analogues. Attaching a traceless linker to the 600-S or
-N atoms of these glycolipids produced pro-adjuvants of
600-substituted a-GalCer that were readily cleaved by human
cathepsin B in vitro with the self-immolating thiocarbonate
version being the first example of its kind. Oxime ligation of
peptide antigen to the pro-adjuvants was expedited by devel-
oping optimized HFIP-based reaction conditions. The resulting
glycolipid-peptide conjugates were shown to co-stimulate NKT
cells and peptide-specific CD8+ T cells generating high levels of
TRM cells in the liver with our lead 600-amino-600-deoxy-a-GalCer
conjugate vaccine candidate inducing protective immunity
against malaria in a Plasmodium sporozoite challenge model.

Data availability

Full experimental details and compound characterisation are
available in the ESI.†
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Fig. 4 Vaccine candidates 26 and 27 induce stronger NKT cell activation
than their migrated a-GalCer counterpart. B6 mice were immunised
intravenously with 26, 27 or 28 and then examined for acute NKT and
NVF-specific T cell responses at day 7. (A and B) Enumeration of NKT cells
in the spleen (A) and liver (B). (C and D) Expression of CD69 on NKT cells in
the spleen (C) and (D) liver. (E and F) Expression of NK1.1 on NKT cells in the
spleen (E) and liver (F). (G and H) The number of NVF-tet+ CD44+ CD8+ T
cells in the spleen (G) and liver (H). Data are pooled from two independent
experiments using 3 mice per group for each experiment. Error bars
represent mean � SEM. Groups in (A, B, G and H) were log-transformed
and compared by one-way ANOVA with Tukey’s multiple comparison
post-test. Groups in (C-F) were compared by one-way ANOVA with
Tukey’s multiple comparison post-test. ns, not significant, *P o 0.05,
**P o 0.01, ****P o 0.0001. Nv, naı̈ve.

Fig. 5 Compound 26 generates large numbers of liver TRM cells that
protect mice from malaria. B6 mice were immunised intravenously with
vaccines 26 or 28 and, after 30 days, were assessed by T cell enumeration
or parasite challenge. (A) Livers of vaccinated mice were enumerated for
NVF-specific memory T cell responses by flow cytometry after staining
single cell suspensions with NVF-tet and various surface markers. Error
bars represent mean � SEM. Total numbers of NVF-tet+ CD8+ memory
cells were log-transformed and compared by one-way ANOVA with
Tukey’s multiple comparison post-test. *P o 0.05, ****P o 0.0001. Note
that the bar for naı̈ve (Nv) group shown in (A) is not visible due to low cell
counts (o1600 cells). (B) Vaccinated mice were challenged intravenously
with 200 PbA sporozoites and parasitemia measured up to day 12 post-
infection. Mice showing no parasitemia were recorded as protected and
were rechallenged intravenously with 3000 PbA sporozoites 21 days after
the first challenge and monitored for parasitemia for 12 days. The percen-
tage of mice that were protected from both 200 and 3000 sporozoites is
shown in grey; the percentage only protected from 200 sporozoites
shown in white; the percentage unprotected shown in black. Data are
pooled from two independent experiments using 2–5 mice per group for
each experiment. Numbers above bars indicate the number of mice that
were protected against the initial 200 sporozoite challenge over total
number of mice challenged.
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