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NKT Cell-Dependent Glycolipid-Peptide 

Vaccines with Potent Anti-tumour Activity 

Regan J. Anderson,a,h Benjamin J. Compton,a,h Ching-wen Tang,b Astrid Authier-
Hall,b Colin M. Hayman,a Gene W. Swinerd,b,g Renata Kowalczyk,c Paul Harris,c 
Margaret A Brimble,c,d David S. Larsen,e Olivier Gasser,b Robert Weinkove,b,f Ian 
F. Hermans,b,d,g,* and Gavin F. Painter.a,* 

It is known that T cells can eliminate tumour cells through recognition of unique or aberrantly expressed 

antigens presented as peptide epitopes by major histocompatibility complex (MHC) molecules on the 

tumour cell surface. With recent advances in defining tumour-associated antigens, it should now be 

possible to devise therapeutic vaccines that expand specific populations of anti-tumour T cells. However 

there remains a need to develop simpler efficacious synthetic vaccines that possess clinical utility. We 

present here the synthesis and analysis of vaccines based on conjugation of MHC-binding peptide 

epitopes to α-galactosylceramide, a glycolipid presented by the nonpolymorphic antigen-presenting 

molecule CD1d to provoke the stimulatory activity of type I natural killer T (NKT) cells. The chemical 

design incorporates an enzymatically cleavable linker that effects controlled release of the active 

components in vivo. Chemical and biological analysis of different linkages with different enzymatic 

targets enabled selection of a synthetic vaccine construct with potent therapeutic anti-tumour activity 

in mice, and marked in vitro activity in human blood.   

 

 

 

Introduction 

With the recent regulatory approval of a cancer vaccine for 

prostate cancer1 and the clinical success of antibodies that cause 

blockade of immune checkpoints in T cells2, immunotherapies 

that stimulate T cell function are now emerging as credible 

treatment options for patients with advanced malignancies. 

However, despite cancer vaccines having the potential to 

induce T cell responses with high specificity for defined 

tumour-associated antigens, in general they have not yet 

realised this promise, and issues remain around potency, lack of 

clinical efficacy3, 4, manufacturing and cost. Therefore new 

scalable strategies for the production of efficacious cancer 

vaccines are still needed. Synthetic vaccines based on antigenic 

peptides are highly defined and easily manufactured. However, 

in order to generate a robust anti-tumour response it is 

important not only that peptide fragments are acquired by 

antigen presenting cells (APCs) and presented to T cells in the 

context of MHC molecules, but also that the APCs are in the 

correct activation state.5 This can be achieved by using 

adjuvants that target pattern-recognition receptors on APCs, 

such as the Toll-like receptors (TLRs)6 or selected C-type lectin 

receptors.7 Advancing this idea further, conjugation of antigens 

directly to TLR ligands has been shown to achieve appropriate 

targeting to APCs as well as inducing their activation, leading 

to enhanced stimulation of peptide-specific cytotoxic T-

lymphocytes (CTLs).8, 9 A less explored approach to activating 

APCs is to specifically stimulate accessory cells in the local 

environment. In animal models it has been shown that 

compounds that stimulate innate-like T cells, a class of semi-

activated T cells with an invariant T cell receptor (TCR), can 

serve as powerful immune adjuvants when delivered with 

antigens.10, 11 The most studied innate-like T cells are the 

invariant natural killer T (NKT) cells, which recognise 

glycolipid antigens that bind to the lipid antigen-presenting 

molecule CD1d.12, 13 A number of natural and synthetic CD1d 

ligands have been defined, of which the most studied is α-

galactosylceramide (α-GalCer, KRN7000), a synthetic 

compound discovered through SAR studies on a class of 

glycolipid originally isolated from a marine sponge.14 

Interestingly, similar compounds containing the α-galactosyl 

linkage have recently been found in mammalian tissue.15 When 

administered with peptide antigens, α-GalCer provokes NKT 

cell-dependent activation of APCs, mediated by CD40-CD40L 
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interactions, which in turn licences the APCs to stimulate 

superior peptide-specific T cell responses.10 We, and others, 

hypothesised that stronger responses could be obtained by 

conjugation of peptides to α-GalCer, as this would provide 

focussed delivery of antigen and adjuvant to the same cell.16, 17 

Crucial to the strategy was inclusion of an enzymatically 

cleavable linker to provide controlled release of the active 

components in vivo. Having recently described the first 

example of a vaccine of this type with an esterase-cleavable 

linker,16 and its application in the suppression of allergic airway 

inflammation, we now report that the same type of construct 

can be used to promote an immune response against established 

tumours in mice. We describe the synthesis and biological 

analysis of an expanded series of conjugates with linkers that 

are susceptible to either esterase or protease activity. The aim 

was to select a vaccine construct that could be produced in a 

facile synthetic process that has therapeutic anticancer activity. 

In addition, we examined whether these conjugates activate 

human NKT cells and enhance peptide-specific CTL responses 

in human blood in vitro. 

 

A key consideration in the construction of conjugates was the 

site of conjugation of the antigen component to α-GalCer. As 

detailed below, we used a rearranged α-GalCer derivative with 

a free amino group to provide a stable point of attachment. Also 

of consideration in conjugate design was the type of self-

immolative linker joining the two components, which would 

influence serum stability and the release of the active 

components in vivo. This would largely be influenced by the 

enzymatic activity to be exploited, which ideally would be 

enhanced within APCs. Of the many self-immolative linkers 

described in the literature or used in approved pharmaceuticals, 

we chose to examine esterase-sensitive acyloxymethyl 

carbamates18 and protease-sensitive valine-citrulline-p-

aminobenzyl (VC-PAB) carbamates19 in this series of 

conjugates. We have previously shown that conjugates 

incorporating the acyloxymethyl carbamate group were able to 

focus activity on splenic CD8α+ dendritic cells (DCs), which 

are APCs that efficiently cross-present antigens to stimulate 

CTLs.16 The VC-PAB group is a known substrate20, 21 for 

lysosomal proteases, including Cathepsin B which is abundant 

in APCs.22 A third consideration in conjugate design was the 

choice of chemistry with which to attach the peptide moiety, as 

this has been shown to have an impact on the immune 

response.23 We investigated oxime ligation and copper(I)-

catalyzed azide-alkyne cycloaddition (CuAAC), both of which, 

although well-established, required considerable optimization 

in our system. For analysis of T cell responses, initial 

conjugates in this series contained an immunodominant CD8 

epitope from ovalbumin (OVA257). This was flanked at the N-

terminus by the cleavage sequence Phe-Phe-Arg-Lys, as the 

extra proteolytic step required for its removal has been shown 

to support cross-presentation of peptides onto MHC class I 

molecules for stimulation of CTLs.24 With these considerations 

in mind we undertook the synthesis of vaccine candidates 2-5 

(Figure 1). 

 

Results and discussion 

Our vaccine design stems from an unexpected finding during an 

earlier unpublished synthesis of α-GalCer. Hydrogenolytic 

deprotection of a late-stage intermediate,‡ using Pd(OH)2/C in 

CHCl3/MeOH, led, in addition to the expected product α-

GalCer, to significant quantities of a more polar product that 

was determined by 2D-NMR and mass spectral analysis to be 

amine 1 (Scheme 1). Although intramolecular N→O migrations 

of acyl groups are known in the literature they are usually 

promoted in strongly acidic media.25-27 We reasoned that, in the 

present case, HCl was produced from the solvent CHCl3 under 

the hydrogenolytic conditions, leading to the observed 

migration. A control experiment showed that, under similar 

reaction conditions but in the absence of a H2-atmosphere, α-

GalCer did not isomerise to amine 1. Although the formation of 

HCl from CHCl3 by Pd-catalysed hydrogenolysis has been 

reported,28, 29 its use (deliberate or otherwise) to isomerise 

amides to esters has not. Indeed, CHCl3 has been successfully 

used as a co-solvent in the final deprotection step 

(hydrogenolysis) of other syntheses of α-GalCer or analogues 

thereof, with no report of acyl-migration side-reactions.30-35  

  

Compound 1 was shown to readily revert to α-GalCer under 

aqueous conditions,16 suggesting that capping of the amino 

group with enzymatically-cleavable linkers could generate an 

interesting new class of α-GalCer prodrugs, or “pro-adjuvants". 

In particular, attachment of peptide antigens to 1 could lead to a 

new class of synthetic vaccines (structure (I), Figure 2) that 

exploit the action of NKT cells in stimulating an antigen-

specific immune response. Enzymatic cleavage of the self-

immolative linker would give metabolites 1 and (II); further 

enzymatic processing of the peptide (II) would provide an 

epitope that can be presented on MHC class I, while O→N acyl 

transfer of 1 would produce α-GalCer, which is presented on 

CD1d. 
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Figure 2. Vaccine design - in vivo metabolism   

Synthesis 

We previously reported16 the synthesis of conjugate 2 however 

we discuss here pertinent details of the linker synthesis and 

conjugation chemistry which were not previously disclosed, 

together with the synthesis of new targets 3-5. Conjugates were 

constructed from three components: 1; a linker with a reactive 

functional group for chemoselective ligation (either a ketone for 

oxime ligation, or an azide for CuAAC); and a synthetic 

peptide with a complementary N-terminal functional group. 

Compound 1 was efficiently obtained by the intentional acid-

catalysed migration of the cerotic acid moiety from the 

phytosphingosine nitrogen to the 4’-OH group as reported 

previously.16 The synthesis of linkers for attachment to amine 1 

is shown in Schemes 2 and 3. Acyloxymethyl carbonate linkers 

7 and 9, containing keto and azido groups, respectively, were 

produced by alkylation of the appropriate acid with iodomethyl 

carbonate 8. The silver salt of the acid was formed in situ by the 

inclusion of silver(I) oxide (0.6 equiv) in the reaction (Scheme 

2). The inclusion of molecular sieves in both reactions 

improved product yields by preventing hydrolysis at the ester 

and/or carbonate groups. Carbonates 7 and 9 were then reacted 

with 1 in pyridine to afford ketone 1016 and azide 11, 

respectively. A small amount of α-GalCer was typically formed 

in these reactions, which could be removed by careful 

chromatography. 

  

The VC-PAB linkers were produced by acylation of known 

amine 1220 with levulinic acid or 6-azidohexanoic acid 

employing the mixed anhydride method (Scheme 3). The 

resulting alcohols 13 and 14 were converted to their p-

nitrophenyl (pNP) carbonates 15 and 16, and subsequently 

reacted with 1 in pyridine with triethylamine to afford ketone 

17 and azide 18. 

 

 

  

Although widely used, aminooxy-terminated peptides can be 

difficult to obtain in pure form due to side reactions and 

purification difficulties, as reported in the literature36-38 and 

illustrated by our own difficulties encountered in trying to 

obtain sufficient quantities of peptide 19 from commercial 

sources. Instead, employing an Fmoc SPPS strategy utilising an 

in-house manufactured aminomethyl polystyrene resin gave 

sufficient quantities of 19 without incident. Ketones 10 and 17 

were reacted with aminooxy-terminated peptide 19 containing 

the OVA257 epitope SIINFEKL (Scheme 4). The disparate 

solubility properties of the glycolipid and peptide reaction 

partners necessitated a peculiar solvent cocktail at high dilution 

(2 mM in ketone). Preliminary experiments gave very poor 

conversion, even with catalysis by aniline (pH 4.7, 20 mM).39 

Quenching of the aminooxy group with solvent-derived low-

Mw aldehydes/ketones was a problem at high dilution, which 

could be minimised by distilling solvents from 2,4-

dinitrophenylhydrazine before use, however reactions were still 

unacceptably slow. Conversion of ketone 17 was 63% after 1 

day at 25 °C, while in the case of 10, the major reaction 

pathway was hydrolysis of the levulinoyl ester, leading to the 

production of 1 and formaldehyde, with consequent quenching 

of the aminooxy group. Conversion of 17 improved to 92% 

when using 100 mM aniline, and by reducing the pH to ~4.3 the 

ester cleavage in compound 10 was almost completely 

eliminated. A small excess of peptide (0.3 equiv) was sufficient 

to achieve >95 %  conversion of the ketone after 2 days at 25 

°C affording conjugates 216 and 3 in >95% purity after 

preparative HPLC. 
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Azides 11 and 18 were reacted with alkynyl-terminated peptide 

20 in the presence of CuSO4, a reducing agent and tris[(1-

benzyl-1H-1,2,3-triazol-4-yl)methyl]amine (TBTA) ligand 

(Scheme 5).40 Again, the solubility properties of the reaction 

partners dictated an unusual solvent combination consisting of 

3:3:3:1 DMSO/chloroform/methanol/water. While no reaction 

was observed using the standard ascorbate reducing agent, a 

small piece of copper foil in the reaction mixture generated 

sufficient Cu(I) for the reaction to proceed to completion after 

24 h at 20°C.41, † In the absence of TBTA, under otherwise 

similar conditions, conversion was approximately 30% after 

three days. The proportion of DMSO was kept at no more than 

30 % due to its reported40 propensity to counteract the 

accelerating effect of TBTA at high concentration – a 

phenomenon we also observed. Using an initial azide 

concentration of ~3 mM, at least 1.5 equiv of peptide was 

required to achieve full conversion within a reasonable 

timeframe (24 h). Longer reaction times as necessitated by 

using less peptide, removing TBTA or increasing the DMSO 

concentration all resulted in formation of close-running 

impurities as observed by HPLC. Although we have not been 

able to fully characterise these by-products, LCMSMS data 

suggests the occurrence of side-reactions within the peptide 

chain - – an interesting finding in this normally very tolerant 

click reaction, especially considering that this peptide does not 

contain any of the usual reactive suspects (e.g. Cys, Met, Trp) 

in its sequence. After preparative HPLC, conjugates 4 and 5 

were obtained in 44% and 46% yields in high purity (>95%).   

  

To gauge the stability of the linkers in an aqueous medium, we 

developed an HPLC-MSMS method to detect and quantify low-

level formation of α-GalCer which would be expected after any 

background hydrolysis leading to linker collapse. We have 

already shown in previous work that once the phytosphingosine 

amino group is revealed formation of α-GalCer is facile in an 

aqueous system.16 Aqueous samples at pH 3, 5, 7 and 9 were 

incubated at 20 °C and monitored periodically for α-GalCer 

over eight days. Compounds 2 and 4 generated low levels of α-

GalCer at physiological and alkaline pH (Table 1, 

supplementary information). No formation of α-GalCer was 

detected (detection limit = 0.05%) over this time for conjugates 

3 and 5 at all pH values indicating greater stability of the VC-

PAB carbamate-containing conjugates.  

 

Biological analysis 

To ensure that the different enzymatic cleavage sites enabled 

release of a CD1d-binding NKT cell agonist, we tested vaccines 

2-5 for their induction of NKT cell activity. By comparing 

these four compounds, we were able to independently assess 

the impact of the enzymatic cleavage group (esterase-labile in 2 

and 4, versus protease-labile in 3 and 5) and the conjugation 

chemistry employed (oxime ligation in 2 and 3, versus CuAAC 

in 4 and 5). The ability of the vaccines to activate NKT cells in 

mice in vivo was determined indirectly by assessing NKT cell-

mediated activation of DCs in the spleen by flow cytometry.11 

Using up-regulation of the activation marker CD86 as a 

readout, all four vaccines induced marked DC activation, 

resulting in similar levels of CD86 expression to that seen after 

injection of free α-GalCer (Figure 3). These results suggest that 

in vivo cleavage of the linkers in each case releases α-GalCer 

after elimination and rearrangement. While we cannot rule out 

some intrinsic agonist activity of the intact conjugates, or of 

cleaved intermediates, it is pertinent that the N-acetyl derivative 

of 1, which is unable to collapse to α-GalCer, does not activate 

NKT cells.16 

 

Figure 3. Assessment of NKT cell activity in response to i.v. administration of the 

indicated compounds into C57BL/6 mice, as determined by assessing up-

regulation of CD86 as a marker of APC activation in the spleen by flow 

cytometry. Graphs represent the mean ± SEM of fluorescence intensity for CD86 

on DCs (CD11c
+
 cells) in groups of three animals. Data are representative of two 

separate experiments. *p<0.05 

We next tested vaccines 2-5 in an in vivo assay of cytotoxic 

activity against peptide-loaded target cells. Each of the four 

vaccines induced significantly increased antigen-specific T cell 

cytotoxicity compared to the unvaccinated control, with no 

notable differences in levels of cytolytic activity between the 
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different conjugates (Figure 4A). These results indicate that all 

of the vaccines were able to efficiently release the MHC class I-

binding peptide epitope and induce a peptide-specific CTL 

response, and the design of linker had little impact on 

biological activity. The importance of conjugation is further 

highlighted by comparing these results to those obtained from 

treatment with the admixed unconjugated vaccine components 

(i.e. α-GalCer and OVA257 peptide) at equivalent molar 

concentrations. Compared to each of the vaccines injection with 

the admixture resulted in no detectable lysis of target cells 

(Figure 4B). Additional evidence that CTL activity was 

mediated through the NKT cell pathway is provided by the 

observed loss of activity of the vaccines in CD1d-deficient 

mice (Figure 4B).  

 

Figure 4. Conjugated peptide vaccines stimulate peptide-specific cytotoxic 

immune responses irrespective of linker design. Assessment of the cytotoxic 

response was assessed seven days after administration of the indicated 

compounds compared to administration of unconjugated components (α-GalCer 

and OVA257 peptide). Cytolytic activity was assessed on injected populations of 

fluorescent syngeneic splenocytes that had been loaded with different doses of 

the targeted OVA257 peptide. An additional population of fluorescent splenocytes 

without peptide served as internal negative control. Lysis was assessed by flow 

cytometry of blood, and is expressed as percent reduction in peptide loaded cells 

relative to unloaded control. Data from five mice per group are shown with 

mean percentage of specific lysis ± SEM indicated. A: Assessment of 2-5; there 

were no significant differences in activity between treatment groups. B: 

Assessment in wild-type versus CD1d-deficient hosts. Mean percent lysis 

observed after injection of vaccines in wild-type hosts was significantly enhanced 

over injection of admixed components, regardless of peptide dose on targets 

(p<0.001).  

To assess the impact of conjugation of the glycolipid on antigen 

presentation, equivalent molar doses of the free peptide epitope 

OVA257 and N-terminally capped peptide 21 (see 

supplementary information for structure and synthesis) were 

cultured with splenocytes from OT-I mice, which express a 

transgenic TCR for the OVA257 epitope but harbour no NKT 

cells. Analysis of T cell proliferation in this assay, where there 

is no adjuvant activity, is a sensitive assay of presentation of the 

minimal peptide epitope. Peptide 21 contains the Phe-Phe-Arg-

Lys cleavage sequence used in all four vaccines and is therefore 

required to be processed before MHC class I presentation, 

however it lacks any glycolipid moiety.24 This requirement for 

additional processing caused a reduction in peptide presentation 

relative to cultures containing free OVA257 (Figure 5A), 

although it is not clear where this was occurring, and 

extracellular processing cannot be ruled out. Interestingly, 

when conjugates 2-5 were examined in this assay, presentation 

was reduced even further. Reduced presentation of the T cell 

epitope was also seen when conjugate 5 was cultured with 

dendritic cells, in this case using flow cytometry to assess the 

appearance of H-2Kb/OVA257 complexes on the cell surface 

(Figure 5B). Interestingly, in dendritic cell cultures containing 

free OVA257 the levels of expression of H-2Kb/OVA257 

complexes decreased over time, whereas levels of these 

complexes increased in cultures containing conjugate 5 over the 

same period (Figure 5C). These data suggest that the extra 

processing steps enforced by modification of the minimal 

peptide epitope have a significant negative impact on the 

immediate presentation of peptide on the cell surface, but 

nonetheless H-2Kb/OVA257 complexes do ultimately appear on 

the cell surface with time. These delayed kinetics, which could 

reflect increased durability of the modified peptide from 

extracellular degradation, or continued presentation from 

intracellular pools, may be of more relevance in the in vivo 

environment, and may contribute to the strong CD8+ T cell 

responses seen in the presence on NKT cell-mediated 

adjuvancy. However, further investigation is required to fully 

elucidate the in vivo significance of these in vitro findings. 

Figure 5. Conjugation alters peptide presentation on MHC molecules in vitro. A: 

Graded doses of OVA257 peptide, peptide 21 or conjugates 2, 3, 4 or 5 were 

cultured with splenocytes from OT-I mice, and then 72 h later, proliferation was 

assessed by uptake of 
3
H thymidine over the last 8 h of culture. B and C: Graded 

doses of OVA257 peptide or conjugate 5 were cultured with DC2114 dendritic 

cells and then expression of H-2K
b
/OVA257 complexes determined on the cell 

surface by flow cytometry 6, 12 and 24 h later. Representative flow cytometry 

histograms showing binding of anti-H-2K
b
/OVA257 24 h after pulsing with 5.7 µM 

OVA257 peptide, or 5.7 µM conjugate 5, are shown in B, and graphs showing 

binding at the indicated times after culture with graded doses are shown in C 

Given that potent cytotoxic activity was induced by all four 

vaccines, we tested them all as therapeutic agents against the 

aggressive mouse melanoma, B16.OVA.42 This transplantable 

tumour cell line has been modified to express ovalbumin as a 

model of a tumour-specific antigen. To explore the impact of 

conjugation, injection of admixed unconjugated components 

(OVA257 peptide and α-GalCer) was used as a control. 

Additionally, α-GalCer was admixed with the N-terminally 

modified peptide, 21, to investigate whether any observed 

differences between vaccines 2-5 and the unconjugated 

components were simply due to peptide modification rather 

than conjugation to the glycolipid. Once the tumours were 

engrafted and palpable, a single administration of each of the 

vaccines (500 pmol, ca 1.5 µg) resulted in marked anti-tumour 
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activity that was significantly superior to that seen in either 

group treated with admixed components (Figure 6). 

Importantly, although a number of elegant studies have been 

undertaken with similarly well-defined lipopeptide vaccines, 

we are unaware of any that report such pronounced single-agent 

activity in a therapeutic tumour model.9, 44-48 Interestingly, 

despite vaccine 4 inducing similar levels of cytolytic activity to 

the other vaccines (see Figure 4), in repeated experiments this 

conjugate induced less anti-tumour activity. Therefore, it would 

appear that vaccines with the combination of acyloxymethyl 

carbamate and triazole groups in the linker induce a different 

quality of T cell response, which requires further investigation. 

While vaccines 2, 3 and 5 showed similar anti-tumour activity, 

the convenient chemistry used to make 5, together with the 

superior stability of the VC-PAB carbamate linkage it contains 

(Table 1, SI), led us to select this design for further analysis. 

  

Figure 6. Conjugated peptide vaccines stimulate potent anti-tumour activity. A single 

dose (500 pmol) of each of the conjugate vaccines was administered intravenously five 

days after challenge with B16.OVA melanoma cells (n = 8 per group). Control groups 

received admixed peptide and α-GalCer, or the N-terminally modified peptide 21 and 

α-GalCer. Mean tumour sizes per group ± SEM over time are shown. Data are 

representative of two separate experiments. 

We next investigated whether conjugation would also result in 

increased T cell activity in assays of human cells. Conjugate 

vaccine 6, (Figure 2) incorporating peptide sequence 

NLVPMVATV (NLV), an HLA-A*02-restricted epitope from 

cytomegalovirus (CMV) pp65 protein, was synthesised using 

the experimental conditions developed for vaccine 5. This 

peptide was chosen because it is possible to detect NLV-

specific CD8+ T-cells in peripheral blood mononuclear cells 

(PBMC) of HLA-A2+ CMV-seropositive donors by flow 

cytometry using peptide-loaded MHC Class I dextramers.49 In 

addition, it is notable that CMV proteins are currently being 

considered as useful tumour-associated antigens for 

immunotherapy. They are reported to be present in 

glioblastoma (GBM) while absent from the normal brain tissue, 

and patient-derived CMV pp65-specific T cells are capable of 

recognizing and killing autologous GBM tumour cells.50 In 

initial experiments, the capacity of vaccine 6 to stimulate 

human NKT cells was assessed in an HLA-A2 negative donors. 

By simply incubating 6 with PBMC in the presence or absence 

of a blocking antibody for CD1d, we observed that the 

conjugate stimulated NKT cells to produce interferon-γ (IFN-γ) 

in a CD1d-dependent manner, as determined by ELISpot assay 

(Figure 7A). Interestingly, significantly fewer IFN-γ-producing 

cells NKT cells were seen relative to cultures supplemented 

with free α-GalCer, which may reflect the extra processing 

steps required to release the NKT cell agonist from the 

conjugate. As additional evidence of NKT cell activation in the 

cultures, analysis by flow cytometry showed that the NKT cells 

had upregulated CD137, a marker of T cell activation, and this 

was also blocked by inclusion of anti-CD1d (Figure 7B). 

Importantly, after seven days of culture in blood from HLA-

A2+ CMV seropositive donors the proportion of NLV peptide-

specific CD8+ T-cells was enhanced following treatment with 

conjugate 6 as compared to peptide alone or admixed peptide 

and α-GalCer (Figure 7C). This result was seen in PBMCs from 

several donors (Figure 7D). This enhanced proliferation of 

human peptide-specific T cells shows that the effect of 

conjugation is not restricted to the mouse system, or indeed the 

choice of peptide, and that the NKT cell-dependent mechanism 

of action can be exploited in a human setting. The fact that the 

result was reproducible in several donors is an important 

finding given the lower abundance of NKT cells in humans 

compared to mice,51 and supports the results of a recent study 

that showed NKT cell-mediated adjuvant activity in a high 

proportion of participants in a trial of a derivative of α-

GalCer.52  

  

Figure 7. Conjugate vaccine 6 activates NKT cells in a CD1d-dependent manner, 

and enhances expansion of NLV peptide-specific CD8
+
 T cells in human PBMCs in 

vitro. A: PBMCs from an HLA-A*02 negative donor were cultured for 18 hours in 

the presence of vaccine 6 (500 µg/mL) and anti-CD1d monoclonal antibody (20 

µg/mL) or IgG isotype control on an ELISpot plate coated with IFN-γ capture 
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antibody. Experiments were conducted in triplicate, and numbers represent 

mean number of IFN-γ ELISpots per well. **p<0.01, *** p<0.001. B: Typical flow 

cytometry plots showing expression of CD137 on NKT cells after 18 hours. 

Numbers represent the percentage of cells activated. C: PBMCs from an HLA-

A*02 positive CMV seropositive donor were cultured in the presence of vaccine 

6 (500 µg/mL), NLV peptide or α-GalCer or both, at equimolar concentrations. 

The frequency of NLV-specific CD8
+
 T cells was determined by flow cytometry 

after seven days. Typical flow cytometry plots are presented showing gated NLV-

specific cells (top panels), with numbers representing NLV-specific CD8
+
 T cell 

frequency as a percentage of all live T cells. Lower panels show expression of 

CD137 on these cells. D: Summary of flow cytometry data from several donors, 

showing activated NLV-specific cells (CD137
+
) as percentage of all T cells 

Conclusions 

In summary we have developed and refined NKT cell-

dependent lipopeptide vaccines that show potent therapeutic 

activity in an aggressive melanoma model. All of the 

conjugates tested showed superior biological activity to 

unconjugated admixed controls. While the choice of linker had 

only limited impact on vaccine potency, the increased stability 

of the VC-PAB carbamate at physiological pH and ease of 

synthesis of the triazole linkage are important attributes for 

future good manufacturing practice development. Importantly, 

in vitro data suggest the mechanism for the increased T cell 

activity works in the human setting. The application of this 

synthetic vaccine technology to other relevant antigens, and 

other disease conditions, is currently under further 

investigation. 
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