
Co-administration of α-GalCer analog and TLR4 agonist induces 
robust CD8+ T-cell responses to PyCS protein and WT-1 antigen 
and activates memory-like effector NKT cells

Jordana G. Coelho-dos-Reisa,b,*, Jing Huanga, Tiffany Tsaoa, Felipe V. Pereiraa,c, Ryota 
Funakoshia, Hiroko Nakajimad, Haruo Sugiyamae, and Moriya Tsujia,**

aAaron Diamond AIDS Research Center, Affiliate of The Rockefeller University, New York, NY 
10016, USA

bCentro de Pesquisas René Rachou, Fundação Oswaldo Cruz – FIOCRUZ, Minas Gerais 30192, 
Brazil

cFederal University of Sao Paulo, Sao Paulo 04021, Brazil

dDepartment of Cancer Immunology, Osaka University Graduate School of Medicine, Osaka 
565-0871, Japan

eDepartment of Functional Diagnostic Science, Osaka University Graduate School of Medicine, 
Osaka 565-0871, Japan

Abstract

In the present study, the combined adjuvant effect of 7DW8-5, a potent α-GalCer-analog, and 

monophosphoryl lipid A (MPLA), a TLR4 agonist, on the induction of vaccine-induced CD8+ T-

cell responses and protective immunity was evaluated. Mice were immunized with peptides 

corresponding to the CD8+ T-cell epitopes of a malaria antigen, a circumsporozoite protein of 

Plasmodium yoelii, and a tumor antigen, a Wilms Tumor antigen-1 (WT-1), together with 7DW8-5 

and MPLA, as an adjuvant. These immunization regimens were able to induce higher levels of 

CD8+ T-cell responses and, ultimately, enhanced levels of protection against malaria and tumor 

challenges compared to the levels induced by immunization with peptides mixed with 7DW8-5 or 

MPLA alone. Co-administration of 7DW8-5 and MPLA induces activation of memory-like 

effector natural killer T (NKT) cells, i.e. CD44+CD62L−NKT cells. Our study indicates that 

7DW8-5 greatly enhances important synergistic pathways associated to memory immune 

responses when co-administered with MPLA, thus rendering this combination of adjuvants a novel 

vaccine adjuvant formulation.
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 1. Introduction

Invariant natural killer T (iNKT) cells express an invariant TCR-α chain (Vα14Jα18 in mice 

and Vα24Jα18 in humans) and recognize endogenous and exogenous glycolipids, such as α-

galactosylceramide (α-GalCer) and its analogs [1–4]. Their TCR is restricted to CD1d, a 

MHC-I-like molecule found on antigen presenting cells, such as dendritic cells (DCs) [5,6].

iNKT cells exert a very important role in bridging innate and adaptive immunity, which 

makes this subset an attractive target for the development of vaccine adjuvants [7,8]. iNKT 

cells have been shown to increase protective T-cell immunity upon activation with α-GalCer 

when co-administered with malaria vaccines [9]. This potent adjuvant effect is due in part to 

the fact that the activation of iNKT cells by α-GalCer also rapidly induces the full 

maturation of DCs in vivo and thereby acts as an adjuvant for both CD4+ and CD8+ T-cell 

immunity [7,10]. The Toll-like receptor (TLR) pathway has also been shown to participate in 

the interaction between iNKT cells and DCs [11]. Activation of the TLR pathway induces 

transcription of several components of the inflammatory response, such as factor NF-κB, 

interferon-regulatory factors (IRFs) and MAP kinases, which lead to the production of pro-

inflammatory cytokines such as TNFα, IL-12, IL-6, and IL-1 by DCs [12–15]. Given the 

ability of the TLR pathway to shape humoral and cellular responses, TLR agonists have 

been proposed as vaccine adjuvants [14–18].

In an attempt to further increase the adjuvant effect of formulations based on TLR agonists, 

strategies that combine these with other potent activators of DCs and iNKT cells [19–21] 

have been evaluated. Given the co-operative effect of DCs and iNKT cells, focusing on these 

two is a promising strategy, as illustrated in Supplemental Fig. 1, for the development of 

better adjuvant formulations. In the present study, we intended to evaluate the combined 

effect of a potent glycolipid, 7DW8-5, α-GalCer analog [22], when utilized along with the 

agonist of TLR4, MPLA (monophosphoryl lipid A) (Supplemental Fig. 1). Our results 

demonstrate that the combination of 7DW8-5 and MPLA induces protective effector 

memory CD8+ T-cell responses to an immunodominant epitope of a Plasmodium yoelii 
circumsporozoite protein (PyCSP) [23], as well as to HLA-A2-restricted epitopes of a 

Wilms Tumor antigen-1 (WT-1) [24].

 2. Materials and methods

 2.1. Mice

BALB/c mice at 6 to 8 weeks old were purchased from The Jackson Laboratory (Bar 

Harbor, ME). HLA-A2-transgenic mice on a C57BL/6 (B6) background were purchased 

from Taconic (Hudson, NY). Mice were kept in proper conditions as stated in the regulations 

and guidelines of animal care at the Comparative Bioscience Center animal facility at 

Rockefeller University.

 2.2. Parasites

P. yoelii (17XNL strain) sporozoites were obtained from dissected salivary glands of 

infected Anopheles stephensi mosquitoes, 2 weeks after infectious blood meal as described 
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[25,26]. The mosquitoes were maintained in the Insectary at New York University School of 

Medicine.

 2.3. Immunization

BALB/c mice were immunized three to five times with 3-week interval by intra-muscular 

(i.m.) injection with PyCSP-derived peptide, SYVPSAEQI [23], at 20 µg with and without 

different adjuvants in varied concentrations and diluted in PBS. HLA-A2+/+ β2m-transgenic 

mice in B6 background were immunized three times with 3-week interval by i.m. injection 

with 20 µg of HLA-A2-restricted WT-1-derived peptides, WH (SLGEQQYSV) and WT 

(CMTWNQMNL) [24], with and without different adjuvants in varied concentrations and 

diluted in PBS.

 2.4. Cell lines

To prepare antigen-presenting cells (APCs) for the ELISpot assay, A20.2J cells (mouse B 

cell lymphoma) were grown to 1.0 × 106 cells/mL in complete RPMI-10 medium 

supplemented with 10% fetal bovine serum (FBS), antibiotics and 10 mM HEPES and kept 

at 37 °C in 5% CO2 in an incubator. EL-4 expressing HLA-A2 were grown in complete 

DMEM supplemented with 10% FBS, antibiotics and 10 mM HEPES and kept at 37 °C in 

5% CO2. Cells were washed, resuspended in supplemented media at a concentration of 1 × 

107 cells/mL and loaded with PyCSP-derived and WT-1-derived peptides in the previous 

section, as well as HIV gag (TLNAWVKVV) mock peptide as negative control, at 20 µg/mL 

and incubated for 2 h at 37 °C. After the incubation, cells were irradiated with 8000 rad (12 

min) using an OPD irradiator. After irradiation, cells were washed one more time and 

resuspended in complete media at 1 × 106 cells/mL.

 2.5. Generation of a C1498 cell line co-expressing WT-1 and HLA-A2

The WT-1-C1498 murine leukemia cell line, which is syngeneic to C57BL/6 mice, was 

established via transfection of C1498 with murine WT-1 cDNA [27,28]. The HLA-A2.1 

(HHD) gene, which encodes an interspecies hybrid MHC-class I gene linked to a human β2-

microglubulin (β2m), was amplified from AAV-A2 vector [29] and subsequently subcloned 

into pLPCX vector (Moloney MLV-based retroviral vector, Clontech, Mountain View, CA). 

The recombinant retrovirus encoding for the hybrid HLA-A2-β2m molecule was produced 

by transient transfection of the ectopic packaging cell line Platinum-E (Plat-E, Cellbiolabs, 

San Diego, CA), using Lipofectamine 2000 transfection reagent (Invitrogen, Life 

Technologies, San Diego, CA). Viral supernatants were harvested 48 and 72 h after 

transfection, concentrated and purified. Retroviral supernatants were then loaded onto 

Retronectin-coated, nontissue culture treated 24-well plates according to the manufacturer's 

instruction (Takara Bio Inc., Otsu, Japan). For transduction, mouse WT-1-C1498 cells were 

seeded and incubated for at least 48 h with the viral particles. Two days after transduction, 

the double positive population of HLA-A2 and β2m was sorted out using FACsAria Cell 

Sorter (BD Biosciences Immunocytometry Systems, Franklin Lakes, NJ) (Supplemental Fig. 

2A) and cloned by limiting dilution in the presence of Puromycin (1 µg/mL). WT-1 

expression stability was verified by both flow cytometric analysis (Supplemental Fig. 2A) 

and RT-PCR (Supplemental Fig. 2B), as described [27].
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 2.6. Sporozoite challenge and assessment of parasite burden in the liver

P. yoelii sporozoite challenge was performed as described [25,26]. Briefly, immunized as 

well as naïve mice were injected with 1 × 104 live P. yoelii sporozoites via tail vein. Forty-

two hours after the challenge, when the parasites fully matured in the hepatocyte, livers were 

collected from the mice, and RNA was extracted. The parasite burden in the liver was 

determined by measuring parasite-specific ribosomal RNA using 7500 Real-Time PCR 

System (Applied Biosystems, Foster City, CA). Parasite burden was described as a ratio of 

the absolute copy number of parasite ribosomal RNA to that of mouse GAPDH mRNA.

 2.7. Tumor challenge

WT-1+HLA-A2+C1498 tumorigenic cell lines were grown in complete RPMI 1640 (Sigma 

Aldrich) supplemented with 10% FBS, penicillin (100 U/mL) and streptomycin (100 µg/mL) 

and pyruvic acid (1%) at 37 °C. The selection was performed with puromycin (100 µg/mL). 

To induce tumor growth, 3 × 106 WT-1+HLA-A2+C1498 cells in 100 µL PBS were injected 

subcutaneously into the right flank of the HLA-A2 transgenic mice immunized previously 

with peptides and adjuvants alone or in combination. Tumor challenge was performed 14 

days after vaccination. Tumor growth was monitored up to 50 days after subcutaneous 

injection of WT-1+HLA-A2+C1498 cells.

 2.8. ELISpot assay

The numbers of PyCSP-specific, IFN-γ-secreting CD8+ T-cells among splenocytes obtained 

from immunized BALB/c mice and WT-1-specific IFN-γ-secreting CD8+ T-cells in the 

splenocytes of immunized HLA-A2 transgenic mice were determined by an ELISpot assay 

as previously described [23,25,26], with some modifications. Briefly, after splenocytes were 

prepared from spleen collected from mice 14 days after immunization, they were co-cultured 

the peptide-loaded APCs for 24 h at 37 °C on the ELISpot plate pre-coated with IFN-γ 

antibody, as previously described. Then the ELISpot plate was incubated with biotinylated 

anti-mouse IFN-γ antibody, followed by incubation with avidin-conjugated with horseradish 

peroxidase. Finally, the spots were developed after adding ELISpot substrate (Biolegend, 

San Diego, USA), as described [23,25,26]. The assays were run in duplicates for each mouse 

sample and 5 × 105 splenocytes/well were incubated with irradiated peptide-loaded or 

unloaded APCs at the ratio of 2:1 (splenocyte:APC). In order to identifying the number of 

IFN-γ-secreting CD8+ T cells for each well, the mean number of spots (for duplicates) 

counted in the wells incubated with splenocytes together peptide-loaded APCs was 

subtracted by the mean number of spots (for duplicates) counted in the wells incubated with 

splenocytes and unloaded APCs.

 2.9. Assessing memory phenotypes and tetramer+ T-cells by a flow cytometric analysis

Upon lysing red blood cells, splenocytes were prepared as abovementioned. After washing 

the cells twice, splenocytes were blocked for 5 min on ice using inactivated normal mouse 

sera supplemented with anti-CD16/CD32 (clone 93 - BioLegend). After that, cells were 

stained for 40 min on ice in the dark with the following antibodies: anti-mouse CD3 (clone 

SK7 - BioLegend), anti-mouse CD4 (BioLegend), anti-mouse CD8 (clone SK1 - 

BioLegend), anti-mouse NK1.1 (BioLegend) anti-mouse CD44 (BioLegend), anti-mouse 
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CD62L (BioLegend), anti-mouse CD11a (BioLegend), SYVPSAEQI-loaded tetramer. After 

staining, cells were washed twice with PBS containing 2% FBS, fixed with 1% 

paraformaldehyde, and analyzed using a BD LSR II (BD Biosciences, Franklin Lakes, NJ). 

For intracellular cytokine staining, splenocytes were stimulated for 6–12 h using the 

synthetic malaria and WT-1-specific peptides listed above, TLNAWVKVV (HIV gag) mock 

peptide as negative control or PMA-ionomycin (as a positive control) in the presence of 

brefeldin at 37 °C. The assays were performed as previously described [30]. Briefly, after 

blocking with the anti-mouse CD16/CD32 antibody, cells were stained for surface markers 

with antibodies against CD3, CD4, CD8, CD11a, CD44 and CD62L as mentioned. Next, 

lymphocytes were permeabilized with perm/wash solution (BD Biosciences), stained with 

the FITC-labeled anti-mouse IFN-γ antibody, anti-mouse Granzyme B antibody, or FITC 

Mouse IgG1 κ Isotype control antibody (Biolegend), fixed with 1% paraformaldehyde, and 

the staining profiles were acquired using a BD LSR II (BD Biosciences), using FACS DIVA 

software. The data analyses were performed using FlowJo Software version 10.0.6 (Tree 

Star Inc., Ashland, OR, USA), as previously described [4,5].

 2.10. Statistical analysis

To compare the levels of different parameters induced by or associated with the different 

combinations of adjuvants, ANOVA one-way with Dunnett's post-test was performed to 

compare non-stimulated and peptide-stimulated paired samples. All statistical analyses were 

performed using GraphPad Prism software version 5.0.

 3. Results

 3.1. PyCSP-specific CD8+ T-cell response and protection against P. yoelii sporozoites 
challenge upon vaccination with PyCSP peptide together with or without 7DW8-5 and TLR 
agonists

To evaluate the adjuvant effect of 7DW8-5 and TLR agonists on PyCSP-specific CD8+ T-

cell response, BALB/c mice were immunized 3 times with 3-week interval with 

SYVPSAEQI peptide, corresponding to an immunodominant CD8 epitope of the PyCSP, 

along with different concentrations of 7DW8-5, MPLA and Imiquimod. Two weeks after the 

last immunization, splenocytes were collected and the level of PyCSP-specific CD8+ T-cell 

response was determined by an ELISpot assay. Fig. 1A shows a dose-dependent adjuvant 

effect of the glycolipid 7DW8-5, TLR4 (MPLA) and TLR7 (Imiquimod) agonists on the 

PyCSP-specific CD8+ T-cell response induced by vaccination with PyCSP-derived peptide. 

MPLA is able to induce PyCSP-specific CD8+ T-cell response at a lower concentration 

range (0.8–10 µg) compared to Imiquimod and 7DW8-5 (2–50 µg); however, the glycolipid 

(7DW8-5) is able to induce 4–8 times higher PyCSP-specific CD8+ T-cell response 

compared to TLR4 (MPLA) and TLR7 (Imiquimod) agonists, when these three compounds 

were evaluated at the same concentration of 10 µg/mouse (p < 0.01).

Considering the potential adjuvant effects of 7DW8-5 and the TLR agonists in inducing 

PyCSP-specific CD8+ T-cell response after peptide immunization, we sought to verify the 

potential adjuvant effect of the combination of 7DW8-5 and the TLR agonists. Fig. 1B 

shows the synergic adjuvant effect of 7DW8-5 and a TLR4 agonist (MPLA) in enhancing 
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the level of peptide-specific IFN-γ-secreting CD8+ T-cell response induced after a single 

round of peptide immunization. The level of PyCSP peptide-specific CD8+ T-cell response 

enhanced by the combination of 7DW8-5 and MPLA is statistically higher than that 

enhanced by 7DW8-5 alone (p < 0.01) (Fig. 1B). There was no significant increase in the 

level of PyCSP-specific CD8+ T-cell response, when mice were immunized with PyCSP 

peptide mixed with both 7DW8-5 and the TLR7 agonist (Imiquimod) (Fig. 1B).

When mice were given 3 immunizing doses, the adjuvant effects of 7DW8-5 and MPLA 

became even more apparent. A group of mice received PyCSP peptide immunization mixed 

with both 7DW8-5 and MPLA, as an adjuvant, induced 3–5-fold higher level of PyCSP-

specific CD8+ T-cell response than that received PyCSP peptide alone (Fig. 1C). It is 

noteworthy that when splenocytes were collected from BALB/c mice 2 weeks after receiving 

two doses of 7DW8-5 administration with 3-week interval, the adjuvant alone failed to 

induce IFN-γ response, as determined by an ELISpot assay (Supplemental Fig. 3).

To determine the level of protective immunity induced by PyCSP peptide-based vaccine in 

combination with 7DW8-5 and MPLA, as an adjuvant, BALB/c mice received 3 immunizing 

doses with 3-week interval. Twelve days after the last immunization, both immunized and 

non-immunized groups of BALB/c mice were challenged intravenously with 1 × 104 live P. 
yoelii sporozoites. Then the livers were collected from challenged mice, and the levels of 

parasite burden in the liver were determined by qRT-PCR. As shown in Fig. 1D, peptide 

immunization with 7DW8-5 and MPLA combined induced a highest level of protective 

immunity that significantly (p < 0.05) inhibited the parasite development in the liver, 

whereas peptide immunization with either 7DW8-5 or MPLA alone failed to mount a 

protective immunity that could significantly inhibit the parasite burden in the liver.

 3.2. WT-1-specific CD8+ T-cell response and protection against WT-1 tumor challenge in 
HLA-A2 transgenic mice upon vaccination with WT-1 peptides together with or without 
7DW8-5 and MPLA

To further validate the adjuvant effect of 7DW8-5 and the TLR4 agonist, MPLA, a different 

vaccine platform comprised of tumor-derived peptides that contain HLA-A2-restricted CD8 

epitopes was utilized. The two peptides correspond to different epitopes of the WT-1 cancer 

antigen, SLGEQQYSV and CMTWNQMNL. Because the WT-1 peptides correspond to 

HLA-A2-restricted CD8 epitopes, HLA-A2 transgenic B6 mice were immunized 3 times 

with the peptides alone, or the peptides together with 7DW8-5 and MPLA, individually and 

in combination. Two weeks after the last immunization, splenocytes were collected, and the 

levels of WT-1-specific CD8+ T-cell response were determined by an ELISpot assay. Fig. 2A 

shows that the levels of IFN-γ-secreting HLA-A2-restricted, WT-1-specific CD8+ T-cell 

response were significantly (p < 0.05) higher in mice that received immunization with WT-1 

peptides mixed together with combined adjuvants compared to those not only in mice 

immunized with the peptides alone, but also in mice immunized with the peptides together 

with either adjuvant. Fig. 2B and C show the results for tumor size developed in naïve, as 

well as immunized mice, upon tumor challenge. Mice immunized with WT-1 peptides 

together with combined adjuvants grew significantly (p < 0.05) smaller tumors (Fig. 2C) 

compared with those of mice immunized with WT-1 peptides mixed with either adjuvant 
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alone at day 15 post tumor challenge. Furthermore, co-administration of 7DW8-5 and 

MPLA with WT-1 peptides enhanced the level of protective anti-tumor immunity, resulting 

in a significant (p < 0.05) increase in survival rate of mice, compared to that of mice 

immunized with WT-1 peptides mixed with either MPLA or 7DW8-5 separately (Fig. 2D 

and E).

 3.3. Activation of NKT cells and increased CD11a expression in CD44+ effector NKT cells 
upon vaccination with peptides co-administered with 7DW8-5 and MPLA

In order to understand the modifications on NKT-cell biology after repeated exposure to 

7DW8-5 and TLR4 ligand (MPLA) separately and in combination, we have evaluated NKT-

cell (SSClowCD3+/low CD8−NK1.1+) capacity on producing IFN-γ and granzyme B, as well 

as the percentages of NKT-cell subsets expressing memory markers (CD44 and CD62L). 

The NKT-cell subsets CD44−CD62L−/+, CD44+-CD62L+ and CD44+CD62L− were defined 

as naïve, central, and effector NKT cells, respectively (Supplemental Fig. 4). The 

percentages of each of the NKT cell subsets did not change in mice immunized with the 

adjuvants separately or in combination; however, the percentage of the total NKT cell 

population increased (Fig. 3A). The percentage of granzyme B+ central or effector NKT 

cells was significantly higher in mice immunized with the WT-1 peptides mixed with 2 

adjuvants than in mice immunized with the peptides without adjuvant. The percentage of 

IFN-γ-secreting effector NKT cells was significantly higher in mice immunized with the 

peptides mixed with 2 adjuvants and even in mice immunized with the peptides and 7DW8-5 

alone than that in mice immunized with the peptides without adjuvant. The percentage of 

IFN-γ+-naïve or central NKT cells did not increase after repeated doses of the adjuvant 

combination compared to that in mice received peptides immunization without adjuvant. 

Activation on effector NKT cells, but not other subsets of NKT cells, was highest as evident 

by the increase of CD11ahigh expression upon peptides immunization with 7DW8-5 and 

MPLA combined, compared to that upon peptides immunization with either adjuvant alone 

or without adjuvant (Fig. 3B, Supplemental Fig. 4). It is noteworthy that iNKT cells are 

specific to 7DW8-5 in the context of CD1d molecules, but not to the peptides in the context 

of MHC-1 molecules. Therefore, the WT-1 peptides would not induce specific activation of 

NKT cells. Altogether, these results demonstrate that multiple doses of co-administration of 

7DW8-5 and MPLA (regardless of peptide immunization) induce functional 

proinflammatory memory-like effector NKT cells.

 3.4. Decreased naïve T-cells and increased effector memory cd8+ T-cells and central 
memory CD4+ T-cells upon vaccination with a peptide co-administered with 7DW8-5 and 
MPLA

To investigate whether the adjuvant combination of 7DW8-5 and MPLA is able to elicit 

expansion of memory T-cell responses, we evaluated the phenotypic aspects of CD4+ and 

CD8+ T-cells after peptide immunization with the adjuvant combination. For that, the 

percentage of CD4+ and CD8+ T cells and the percentages of these subsets expressing 

memory markers (CD44 and CD62L) were assessed by FACS (Fig. 4A). The subsets 

CD44−CD62L−/+, CD44+CD62L+ and CD44+CD62L− were defined as naïve, central and 

effector CD4+ and CD8+ T cells, respectively. The results show that the co-administration of 

peptide with both 7DW8-5 and MPLA decreases the percentages of naïve CD4+ and CD8+ 
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T-cells but significantly increases the percentages of central memory CD4+ T cells and 

effector memory CD8+ T cells, when compared to those of mice immunized with peptide 

without adjuvant or with either adjuvant alone (Fig. 4B).

 3.5. Increased granzyme B+CD11ahigh central and effector memory, as well as IFN-γ+ 

effector memory CD8+ T cells, upon vaccination with a peptide co-administered with 
7DW8-5 and MPLA

In addition, the functional aspects of the memory CD8+ T-cell subsets were evaluated by 

isolating splenocytes from mice immunized with SYVPSAEQI malaria peptide together 

with or without adjuvants, followed by briefly culturing them with the peptide in vitro. 

Afterwards, the percentages of IFN-γ and granzyme-B-producing CD8+ T cells, as well as 

the percentage of these subsets expressing memory markers (CD44 and CD62L), was 

assessed by FACS (Supplemental Fig. 5). The naïve CD8+ T-cell subset does not 

significantly respond to peptide stimulation, as no differences were observed for granzyme B 

or IFN-γ production (Fig. 5). However, the percentages of granzyme B+ CD11ahigh central 

and effector memory CD8+ T-cells, as well as the percentage of IFN-γ+ effector memory 

CD8+ T-cells, significantly increased within splenocytes isolated from mice which were 

immunized with the malaria peptide together with both 7DW8-5 and MPLA compared to 

that from mice immunized with either adjuvant alone or without adjuvant, upon in vitro 
stimulation with the malaria peptide (Fig. 5).

 3.6. Increased Tet+ population within effector memory T-cells upon vaccination with a 
peptide co-administered with 7DW8-5 and MPLA

In order to confirm the results showing the enhancement of peptide vaccine-induced PyCSP-

specific CD8+ T-cell response by co-administration of 7DW8-5 and MPLA (Fig. 1), we also 

performed a tetramer assay. When we measured the percentage of SYVPSAEQI-loaded 

tetramer positive (Tet+) cells by FACS analysis (Fig. 6A), we found that the percentage of 

SYVPSAEQI-loaded Tet+ effector memory CD8+T cells was significantly higher in mice 

immunized with the malaria peptide together with both 7DW8-5 and MPLA adjuvants than 

that in mice immunized with the peptide together with either adjuvant alone or without 

adjuvant (Fig. 6B). This increase was not observed with Tet+ cells in naïve and central 

memory CD8+ T cells subsets (Fig. 6B).

 4. Discussion

Our group has recently identified a α-GalCer analog, called 7DW8-5, which has a higher 

binding affinity to CD1d than α-GalCer and potently activates iNKT cells. This compound 

has been proven a valuable candidate for future vaccine adjuvant formulations [22,31]. 

However, after continuous stimuli, iNKT cells may become unresponsive to glycolipid 

presentation leading to an in situ anergic state [32,33] mediated by immature DCs. In this 

regard, using the combination of iNKT-cell activators with a DC maturation stimulus may 

lead to a long-lasting activation of iNKT cells, i.e. induction of memory-like iNKT cells, 

with different functional and phenotypic features yet to be understood. Therefore, combining 

two potent immune activators, such as CD1d ligands and TLR ligands, may be an interesting 

strategy for improving the adjuvant effect of iNKT-cell activation, as illustrated in 
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Supplemental Fig. 1. In fact, the combined effect of iNKT-cell activators and TLR agonists 

has previously been demonstrated and employed on the immunotherapy of infectious 

diseases [19–21].

In the present study, we evaluated the combined effect on inducing memory responses after 

stimulation with the potent glycolipid, 7DW8-5, when utilized along with the agonists for 

TLR4 (MPLA) and TLR7 (Imiquimod) using peptides as a vaccine platform. Our results 

demonstrate that the combination of 7DW8-5 and MPLA, as an adjuvant, for a vaccine 

based on peptides containing P. yoelii circumsporozoite and WT-1 immunodominant 

epitopes indeed induce stronger, specific effector memory CD8+ T-cell responses, as well as 

central memory CD4+ T-cell responses, compared to either adjuvant alone.

An important concern that rises during the design of a cancer vaccine is the fact that live 

attenuated vectors may reactivate during immunosuppression. This concept opens the 

perspective for the generation of protein/peptide-based cancer vaccines and safe adjuvant 

formulations to boost the peptide-specific cytotoxic CD8+ T-cell responses instead of 

antibody-mediated immunity. The Wilms tumor protein, WT-1, is a widely recognized tumor 

antigen that is aberrantly expressed in myeloid and lymphoid leukemia [34–36], making this 

protein an attractive target for the development of cancer vaccines. Previous reports have 

demonstrated that selected WT-1 peptides induce epitope-specific HLA-restricted T cells 

with cytotoxic activity against WT-1+ leukemia [37,38]. Recently, treatment involving 

chemotherapy and DCs pulsed with WT-1-specific MHC class I/II-restricted epitopes was 

associated with disease stability in advanced pancreatic cancer, demonstrating the potential 

of WT-1 peptides in therapeutic strategies in addition to preventive immunization [39]. In 

fact, the National Cancer Institute performed a pilot project to develop a well-vetted, 

priority-ranked list of cancer vaccine target antigens based on predefined and preweighted 

objective criteria in which WT-1 antigen scored the highest priority [40]. This supports our 

present study that proposes a new formulation of 7DW8-5 and MPLA adjuvants utilized 

along with HLA-A2-restricted WT-1 peptides in mice transgenic for HLA-A2, which has 

been proven to be useful in inducing strong CD8+ T-cell responses and protection against 

tumor challenge. This particular combination of peptides and adjuvants also increased the 

potency of the in vivo cytotoxic CD8+ T-cell responses and enhanced the protective effect of 

these peptides against both WT-1+ tumor challenge and against challenge with freshly 

isolated live P. yoelii sporozoites.

WT-1 peptide vaccinations have been shown to induce CD4+ and CD8+ T-cell responses in 

patients with mesothelioma and non-small cell lung cancer, and for that, adjuvants such as 

Montanide adjuvant and GM-CSF are necessary to induce the responses [41]. GM-CSF is a 

well-known adjuvant; however, this cytokine may also stimulate the growth of tumor cells. 

In contrast, a number of studies have documented the protective role of α-GalCer-activated 

NKT cells in direct anti-tumor immunity. Upon activation, NKT cells can rapidly produce 

many diversed immunoregulatory cytokines. Ligand-activated Vα14+ NKT cells were 

proven to kill tumor cells directly through a CD1d− Vα14+ T-cell receptor-independent, NK-

like mechanism in mice [42, 43]. Given that cancer vaccines may also be employed for 

therapeutic purposes in which a specific CD8+ T-cell response would be beneficial with 
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combating tumor cells in specific tumor sites, the direct and specific anti-tumor effect of the 

glycolipid highly advises for its usage in cancer vaccine adjuvant formulations.

Interestingly, our results demonstrate that the combination of 7DW8-5 and MPLA induces 

functional Th1 memory-like effector NKT cells after repeated exposure. The memory-like 

effector NKT-cell subset is able to produce robust pro-inflammatory and cytolytic responses 

as demonstrated by secretion of IFN-γ and granzyme B. These functional evidences, in 

addition to the fact that the memory-like NKT cells increase CD11a expression, indicate that 

they are activated without being led to an anergic status even after repeated stimulation 

[32,33]. This effector NKT-cell subset demonstrated a high correlation with the development 

of highly specific CD8+ T cells, which demonstrates that NKT cells may bridge the 

development of functional cytolytic and protective responses. In addition to the T-cell 

responses, the direct antitumor properties of this Th1 memory-like NKT-cell subset could act 

synergistically to the WT-1-specific CD8+ T-cell responses and increase the therapeutic 

effect of this vaccine formulation for treating advanced stage tumors. In fact, these results 

are corroborated by recent findings that indicate memory properties in NKT-cell subsets 

[44–46]. The ancient paradigm of immunological memory being regarded as a unique 

feature of the adaptive immune response mediated in an antigen-specific manner by T and B 

lymphocytes has been challenged previously and no longer stands the trial of evidence [47]. 

Persistent IFN-γ-producing iNKT-cell response was previously reported after stimulation 

with α-GalCer-loaded DCs [44]. Prolonged activation of iNKT cells by CD1d ligand-loaded 

DCs has demonstrated the surprising presence of effector memory-like iNKT cells in the 

lung of mice [46].

All the experiments in the current study were conducted in mice with 2 different strains, 

with one wild-type BALB/c mouse strain and another HLA-A2 transgenic mouse strain with 

C57BL/6 background. With regards to the clinical applications of MPLA and 7DW8-5, 

MPLA has already been tested in combination with other adjuvants and a vaccine in 

humans. The most advanced malaria vaccine candidate, RTS,S/AS01, also called Mosquirix, 

contains MPLA as one of the key adjuvants. This vaccine has shown to be effective in a 

phase III trial and has been licensed for use in endemic countries by the European Medicines 

Agency [48]. 7DW8-5 was recently tested by our group in a non-human primate (rhesus 

monkey) model. In fact, we have tested the adjuvant effect of 7DW8-5 for an adenovirus-

based malaria vaccine in rhesus macaques and found that 7DW8-5 could enhance malaria-

specific CD8+T-cell responses without showing notable reactogenicity [49].

All in all, our present study demonstrates that 7DW8-5 combined with a TLR4 agonist, 

MPLA, displays a potent adjuvant effect and enhances the levels of specific CD8+ T-cell 

responses and protective immunity to malaria and cancer. We hope that our current results 

may be able to facilitate the clinical development of combined 7DW8-5 and MPLA 

adjuvants for the purpose of enhancing the efficacy of peptide-based vaccines in the near 

future.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
PyCSP-specific CD8+ T-cell response and protection against P. yoelii sporozoite challenge 

upon i.m. immunization with a PyCSP peptide mixed with adjuvants. (A) Groups of 

BALB/c mice (n = 5) received a single dose of i.m. immunization with a PyCSP-derived 

peptide (SYVPSAEQI; 20 µg) mixed with different doses of 7DW8-5, MPLA or Imiquimod. 

Two weeks later, splenocytes were collected from immunized as well as naïve mice, and the 

level of PyCSP-specific CD8+ T-cell response was determined by ELISpot assay. In (A–C), 

results of IFN-γ-secreting cells/million splenocytes were expressed as mean bars and error 
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for each group. (B) Groups of BALB/c mice (n = 5) received a single dose of i.m. 

immunization with a PyCSP peptide mixed with 7DW8-5, MPLA, or Imiquimod alone or in 

combination. Two weeks later, splenocytes were collected from immunized as well as naïve 

mice, and the level of PyCSP-specific CD8+ T-cell response was determined by ELISpot 

assay. (C) Groups of BALB/c mice (n = 5) received three doses of i.m. immunization with a 

PyCSP peptide alone, or with a PyCSP peptide mixed with 7DW8-5 and/or MPLA with 3-

week interval. Two weeks after the last immunization, splenocytes were collected from 

immunized as well as naïve mice, and the level of PyCSP-specific CD8+ T-cell response was 

determined by ELISpot assay. (D) Groups of BALB/c mice (n = 6) received three doses of 

i.m. immunization with a PyCSP peptide alone, or with a PyCSP peptide mixed with 

7DW8-5 and/or MPLA with 3-week interval. Two weeks after the last immunization, 

immunized as well as non-immunized naïve mice (n = 6) were challenged with live P. yoelli 
sporozoites, and 42-hours later, livers were collected and the amounts of P. yoelii-specific 

ribosomal RNA (PyrRNA) in the liver were determined by qRT-PCR. The results are 

expressed as normalized PyrRNA copy number. In Fig. 1, all the experiments were repeated 

at least three times. Statistical significance was displayed as ***, **, or *, if the p value is 

<0.001, <0.01, or <0.05, respectively. The abbreviation - n.s. - stands for “not significant” 

and was assigned if p ≥ 0.05.
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Fig. 2. 
WT-1-specific CD8+ T-cell responses and protection against WT-1 tumor challenge upon 

i.m. immunization with WT-1-derived peptides mixed with two adjuvants, 7DW8-5 and 

MPLA. (A) Groups of HLA-A2 transgenic mice with B6 background (n = 5) received three 

doses of i.m. immunization with pooled HLA-A2-restricted WT-1-derived peptides, WH 

(SLGEQQYSV) and WT (CMTWNQMNL), with 7DW8-5 (10 µg) and/or MPLA (2 µg). 

(A) Two weeks after the last immunization, splenocytes were collected from immunized as 

well as naïve mice, and the level of CD8+ T-cell response specific for separated or pooled 

WT-1 peptides was determined by ELISpot assay. (B) Two weeks after the last 

immunization, immunized as well as naïve mice (n = 4–5) were subcutaneously challenged 

with WT-1+HLA-A2+C1498 tumor cells, and the size (diameters in millimeters) of the 

tumor growth was measured up to 50 days. (C) Cross-sectional comparison of tumor size 

(diameters in millimeters) among immunized mouse groups (WT-1 peptides with or without 

adjuvants) as well as a naive mouse group at day 15 post challenge with WT-1+HLA-A2+ 

C1498 tumor cells. (D) Survival rate of immunized mouse groups as well as a naïve mouse 

group after challenge with WT-1+HLA-A2+ C1498 tumor cells. (E) Results for the 

comparisons of survival curves registered for groups of mice consisting of a non-immunized, 

naïve mouse group, as well as groups immunized with WT-1 peptides with or without 
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adjuvants. Statistical analyses of survival rates were performed using Gehan-Breslow 

Wilcoxon test. In Fig. 2, experiments were repeated twice. Statistical significance was 

displayed as ***, **, or *, if the p value is <0.001, <0.01, or <0.05, respectively.
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Fig. 3. 
Analysis of NKT-cell memory subsets. Splenocytes were obtained from a group (n = 5) of 

naïve HLA-A2 transgenic mice (B6 background), as well as groups (n = 5) of mice received 

five doses of i.m. immunization with two WT-1 peptides, or with WT-1 peptides mixed with 

7DW8-5 and/or MPLA. Then the percentages of CD44−CD62L+/− (naïve); CD44+CD62L+ 

(central); CD44+CD62L− (effector) and total NKT-cell subsets were analyzed by FACS. 

Results are expressed as the percentages of total splenocytes. In (A), the percentages of the 

NKT-cell subsets, Granzyme B+-cells and IFN-γ+-cells among CD44−CD62L+/−, 

Coelho-dos-Reis et al. Page 18

Clin Immunol. Author manuscript; available in PMC 2016 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



CD44+CD62L+ and CD44+CD62L− NKT cells were demonstrated. In (B), the percentage of 

CD11a+ cells among the subsets pre-defined as CD44−CD62L+/−, CD44+CD62L+ and 

CD44+CD62L− among total NKT cells was shown. In this figure, experiments were repeated 

twice. Statistical significance was displayed as ***, **, or *, if the p value is <0.001, <0.01, 

or <0.05, respectively. The abbreviation - n.s. - stands for “not significant” and was assigned 

if p ≥ 0.05.
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Fig. 4. 
CD4+ and CD8+ T-cell memory phenotypes elicited upon i.m. immunization with a PyCSP 

peptide mixed with 7DW8-5 and MPLA. Splenocytes were obtained from BALB/c mice 

after three doses of i.m. immunization with a PyCSP peptide alone, or with a PyCSP peptide 

mixed with 7DW8-5 and/or MPLA. Splenocytes from a group of non-immunized mice (n = 

5) were used as a negative control. Then the percentages of CD44−CD62L+/− (naïve); 

CD44+CD62L+ (central) and CD44+CD62L− (effector) CD4+ and CD8+ T-cell subsets, were 

analyzed by FACS. (A) A gate on Time versus FSC was built to exclude carry over events 
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from the previous sample. After that, a singlet gate on FSC-Area versus FSC-height was set 

to remove doublets. From singlets, T-cells were selected by CD3 versus SSC plot, followed 

by CD4 versus CD8 plot. CD4+ versus CD8+ T-cells were evaluated for CD62 versus CD44 

expression. The subsets CD44−CD62L−/+, CD44+CD62L+ and CD44+CD62L− were defined 

as naïve, central and effector CD4+ and CD8+ T-cells, respectively. (B) The results are 

expressed in percentages. In this figure, experiments were repeated twice. Statistical 

significance was displayed as ***, **, or *, if the p value is <0.001, <0.01, or <0.05, 

respectively. The abbreviation - n.s. - stands for “not significant” and was assigned if p ≥ 

0.05.
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Fig. 5. 
Function of CD8+ T-cell memory subsets elicited after i.m. immunization with a PyCSP 

peptide mixed with 7DW8-5 and MPLA. Splenocytes were obtained from BALB/c mice 

after three doses of i.m. immunization with a PyCSP peptide alone, or with a PyCSP peptide 

mixed with 7DW8-5 and/or MPLA. Splenocytes from a group of non-immunized mice (n = 

5) were used as a negative control. Then the percentage of Granzyme B+-CD11ahigh cells 

(A) IFN-γ+-cells (B) among CD8+ T-cells among naïve (CD44−CD62L+/−), central 

(CD44+CD62L+) and effector (CD44+CD62L−) subsets, respectively, were analyzed by 

FACS. In this figure, experiments were repeated twice. Statistical significance was displayed 

as ***, **, or *, if the p value is <0.001, <0.01, or <0.05, respectively. The abbreviation - 

n.s. - stands for “not significant” and was assigned if p ≥ 0.05.

Coelho-dos-Reis et al. Page 22

Clin Immunol. Author manuscript; available in PMC 2016 July 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Assessment of specific CD8+ T-cell responses elicited after i.m. immunization with PyCSP-

derived peptide mixed with 7DW8-5 and MPLA. Splenocytes were obtained from BALB/c 

mice after three doses of i.m. immunization with a PyCSP peptide alone, or with a PyCSP 

peptide mixed with 7DW8-5 and/or MPLA, and the tetramer assay was performed. 

Splenocytes from a group of non-immunized mice (n = 5) were used as a negative control. In 

(A), flow cytometric plots of CD8 versus SYVPSAEQI-loaded tetramer are shown for all 

immunization schemes as well as non-immunized controls after selection of naïve 
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(CD44−CD62L+/−), central (CD44+CD62L+) and effector (CD44+CD62L−) subsets as 

described. In (B), the percentage of SYVPSAEQI-loaded tetramer+ T-cells among naïve 

(CD44−CD62L+/−), central (CD44+CD62L+) and effector (CD44+CD62L−) CD8+ T-cells 

subsets, respectively was measured by FACS. The cell subsets were indicated by the colors 

(naïve –white; central – gray; effector – black). In this figure, experiments were repeated 

twice and in duplicates. Statistical significance was displayed as ***, **, or *, if the p value 

is <0.001, <0.01, or <0.05, respectively. The abbreviation - n.s. - stands for “not significant” 

and was assigned if p ≥ 0.05.
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