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Abstract

A CD1d-binding, invariant (i) natural killer T (NKT)-cell stimulatory glycolipid, α-

Galactosylceramide (αGalCer), has been shown to act as an adjuvant. We previously identified a 

fluorinated phenyl ring-modified αGalCer analog, 7DW8-5, displaying a higher binding activity to 

CD1d molecule and more potent adjuvant activity than αGalCer. In the present study, 7DW8-5 co-

administered intramuscularly (i.m.) with a recombinant adenovirus expressing a Plasmodium 
yoelii circumsporozoite protein (PyCSP), AdPyCS, has led to a co-localization of 7DW8-5 and a 

PyCSP in draining lymph nodes (dLNs), particularly in dendritic cells (DCs). This occurrence 

initiates a cascade of events, such as the recruitment of DCs to dLNs and their activation and 

maturation, and the enhancement of the ability of DCs to prime CD8+ T cells induced by AdPyCS 

and ultimately leading to a potent adjuvant effect and protection against malaria.
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Introduction

An effective vaccine would provide an attractive strategy for preventing and controlling 

malaria. The adenovirus system, for a number of reasons, is attractive for the development of 

recombinant vaccines. The virion is relatively stable, and the foreign gene inserts remain 

unaltered after successive rounds of viral replication. Furthermore, the genome of 

adenoviruses has been extensively studied for many years and the complete DNA sequence 

of several serotypes is known, thus facilitating the manipulation of the adenovirus genome 

by recombinant DNA techniques (1). These vectors can efficiently transfer genes to non-

replicating as well as to replicating cells, and the transferred genetic information remains 

epi-chromosomal, avoiding insertional mutagenesis and alteration of the cellular genotype 

(2). Another important advantage of adenoviruses as recombinant viral vectors lies in the 

fact that adenoviruses of serotypes 4 and 7 have been successfully and safely used for the 

immunization of a large number of US military recruits as prevention against acute 

respiratory disease outbreaks (3, 4, 5). An estimated 80% of young adults in the aggregate 

human population have circulating neutralizing antibodies to adenovirus serotypes 1, 2, 5 

and 6 (6). In fact, such pre-existing immunity to adenovirus serotype 5 has previously been 

reported to inhibit the efficacy of a recombinant adenoviral vaccine (7). Due to the inhibitory 

effect of pre-existing immunity to adenoviruses, technologies are needed that can overcome 

this limitation, so that deployment of this promising vaccine vector can proceed. One 

solution to making adenoviral vector technology a viable vaccine platform for human use, 

lies in the identification of adjuvants that can enhance the immunogenicity of adenoviral 

vaccines.

We and others have shown that α-Galactosylceramide (αGalCer), which binds to CD1d 

molecules leading to stimulation of invariant natural killer T (iNKT) cells, displays 

significant biological activity, including an observable adjuvant effect (8, 9). αGalCer has 

shown its potential to act not only as a therapy for cancer, autoimmune and infectious 

diseases, but also as an adjuvant to enhance the efficacy of various vaccines, such as 

adenovirus, DNA, live-attenuated pathogen, recombinant protein and irradiated parasite 

vaccines (10–17).

Recently, we identified a synthetic analog of αGalCer, named 7DW8-5, having a shorter 

fatty acyl chain containing an aromatic group and terminal fluorine (18). 7DW8-5 was 

shown to have a stronger bioactivity toward iNKT cells and CD1d bearing DCs than 

αGalCer (18). Importantly, when co-administered with a recombinant adenovirus (Ad) 

expressing a major sporozoite antigen, the Plasmodium yoelii circumsporozoite protein 

(PyCS) protein, AdPyCS, 7DW8-5 exhibited a significantly stronger adjuvant effect than 

αGalCer [18]. More recently, we determined that 7DW8-5 can provide a very potent 

adjuvant effect on the cellular immunogenicity of an adenovirus-based malaria vaccine in 

non-human primates [19], guiding us to choose 7DW8-5 as a lead candidate for clinical 

evaluation with a malaria vaccine [20]. In view of the fact that there are currently a few 

adenovirus-based malaria vaccines against pre-erythrocytic stages [21–24] in Phase I/II 

trials, we believe it is of utmost importance to identify an adjuvant that can enhance the 

efficacy of current candidate adenovirus-based malaria vaccines.
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Here, we investigated why 7DW8-5 displays a more potent adjuvant effect than αGalCer for 

an adenovirus-based malaria vaccine. Co-localization of 7DW8-5, but not αGalCer, with the 

vaccine upon their intramuscular conjoint administration appears to initiate a cascade of 

innate immune responses that lead to an induction of a more robust adaptive immune 

response, particularly CD8+ T cell response, against malaria.

Methods

Ethics statement

All animal experiments were carried out in strict accordance with the Policy on Humane 

Care and Use of Laboratory Animals of the United States Public Health Service. The 

protocol was approved by the Institutional Animal Care and Use Committee (IACUC) at 

The Rockefeller University (Assurance # A3081-01). CO2 was used for euthanasia, and all 

efforts were made to minimize suffering.

Vaccines and parasites

Three recombinant serotype 5 adenoviruses, AdPyCS, Ad(PyCS-Luc) and Ad(PyCS-GFP) 

were constructed, which express P. yoelii circumsporozoite protein (PyCS), PyCS-luciferase 

fusion protein and PyCS-GFP fusion protein, respectively. Wild type P. yoelii parasites 17 

XNL strain were maintained in the insectary facility of the Division of Parasitology, 

Department of Microbiology at New York University School of Medicine. Sporozoites were 

obtained from dissected salivary glands of infected Anopheles Stephensi mosquitoes 2 wk 

after infective blood meal.

Mice

Six to 8-week old female BALB/c mice were purchased from Taconic (Germantown, NY). 

Three tissue-specific H-2Kd transgenic mouse models, CD11c-Kd, huCD68-Kd and major 

histocompatibility complex-I-Kd (MHC I-Kd) transgenic mouse models, were established in 

our laboratory, in which H-2Kd were expressed under the control of CD11c, human CD68 

and MHC I promoters, respectively, in C57BL/6 mice [25]. All of mice were maintained 

under standard conditions in The Laboratory Animal Research Center of The Rockefeller 

University.

IVIS imaging

Mice (n=5/group) were injected into anterior tibialis muscles of both legs with 5 μg of 

AF680-αGalCer, or AF680-7DW8-5. Mice also received i.m. administration of Ad(PyCS-

Luc) by i.m. Twelve hours later, mice were anesthetized with isoflurane (Baxter, Deerfield, 

IL) and imaged with IVIS Lumina imaging system (Caliper, Hopkinton, MA) using cy5.5 

filter. Tissue-specific autofluorescence and background were subtracted with Image Math 

software (Caliper). Fluorescence intensities in the region of interest (ROI) were quantified 

with ROI measurement tools (Caliper).
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Assessment of antigen-specific CD8+ T-cell responses

The numbers of PyCS-specific, IFN-γ-secreting CD8+ T cells in the spleens of immunized 

mice were determined by an ELISpot assay, using a synthetic 9-mer peptide, SYVPSAEQI, 

corresponding to the CD8+ T cell epitope within the respective antigen, as previously 

described [17, 18]. The peptide was synthesized by Biosynthesis, Inc. (Lewisville, TX, 

USA). The level of PyCS specific CD8+ T-cell proliferation was determined by CFSE assay. 

Briefly, cells of PyCS-specific CD8+ T-cell line were incubated with 2 mM CFSE 

(Invitrogen, Eugene, OR.) for 10 min at 37°C. Cells were washed three times with 10ml 

complete culture medium. Five × 105 cells of CFSE-labeled PyCS-specific CD8+ T-cell line 

were co-cultured with 2 × 104 GFP+ DC sorted from PLN lymphocytes isolated from 

AdPyCS-GFP immunized mice in a 48 well plate for 4 days. Cells were harvested, washed 

and stained with APC-anti-CD3 antibody for evaluation of T cell proliferation.

Sporozoite challenge and assessment of protection

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

infected Anopheles stephansi mosquitoes 2 weeks after infective blood meal. Sporozoite 

challenge experiments were performed as described previously [17, 18]. Briefly, immunized 

mice, as well as non-immunized mice as a control, were administered i.v. with 2 × 104 live P. 
yoelii sporozoites via tail vein, and 42 hr later, the parasite burden in the liver was 

determined by measuring parasite-specific ribosomal RNA using 7300 Real-Time PCR 

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

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

mRNA [17, 18].

Data Analysis

Statistical analyses of experimental and control data were evaluated by one-way ANOVA 

and Student t-test. p ≤ 0.05 was considered significant.

Results

Advancing 7DW8-5 into clinical development was based on our previous studies showing its 

high affinity for CD1d and stimulatory activity for iNKT cells ultimately yielding potent 

adjuvant activity against vaccines [18, 20]. A recombinant adenovirus vaccine expressing P. 
falciparum circumsporozoite protein has been shown to induce protective anti-malarial 

immunity in several clinical trials [21–24] leading us to determine the adjuvant effects of 

7DW8-5 and its parental glycolipid, αGalCer, with a recombinant adenovirus expressing P. 
yoelli circumsporozoite protein (AdPyCS). Intramuscular (i.m.) administration was used, as 

it is one of the more practical routes for vaccine administration, compared with the 

intravenous (i.v.) administration. Either glycolipid co-jointly administered i.m. with AdPyCS 

significantly enhanced PyCS-specific CD8+ T-cell responses, with 7DW8-5 exerting nearly 

two-fold stronger adjuvant effect than αGalCer (Fig. 1A). However, it is noteworthy that 

when malaria vaccines were administered by i.m. route and glycolipids were administered 

by i.v. route, both glycolipids only modestly enhanced the PyCS-specific CD8+ T-cell 

response (Fig. 1A). Interestingly, when malaria vaccines and glycolipids were administered 

i.m. on opposite limbs, the adjuvant effect of 7DW8-5 was completely abolished, while 
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αGalCer moderately enhanced the malaria-specific CD8+ T-cell response (Fig. 1A). 

Collectively, these results highlight the importance of co-joint administration of a vaccine 

and 7DW8-5 for maximizing vaccine efficacy.

Co-localization of 7DW8-5 and PyCS by PLN-resident DCs

One of the key questions is to determine if the glycolipid and vaccine antigen need to co-

localize for the glycolipid to act efficiently as an adjuvant. We first chose an adenovirus-

based vaccine, because the recombinant adenovirus usually expresses only a single foreign 

antigen making the experimental system very simple. To address this question, infrared 

fluorochrome Alexa Fluor 680 (AF680)-labeled glycolipids were first synthesized, as 

described previously [26], and injected i.m. into the anterior tibialis muscles of both legs of 

BALB/c mice and biodistribution was determined using a whole body in vivo imaging 

system (IVIS) 6 hours later. Following AF680-7DW8-5 injection, punctate fluorescence 

regions were observed, and the anatomical site of the fluorescence appears to correlate with 

the popliteal lymph nodes (PLNs) (Fig. 1B). Punctate fluorescent regions were not observed 

in mice injected with either AF680-αGalCer (Fig. 1B). Using Ad(PyCS-Luc), a recombinant 

adenovirus expressing PyCS antigen fused to luciferase (PyCS-Luc), we determined the in 
vivo localization of the antigen after vaccination into anterior tibialis muscle. PyCS-Luc was 

expressed at dLNs, namely PLNs, which look coincide with the location of AF680-labeled 

7DW8-5 (Fig. 1B). To determine the cell types that express GFP, a recombinant adenovirus 

expressing PyCS antigen fused to GFP, Ad(PyCS-GFP) was injected into mice i.m. (Fig. 

1C). GFP was detected primarily among PLN-resident DCs, whereas only a small fraction of 

macrophages and no B cells expressed GFP (Fig. 1C). Following co-joint administration of 

each glycolipid with Ad(PyCS-GFP), we found that 13.7% of PLN-resident DCs were 

positive for 7DW8-5-CD1d complex as determined by L363 antibody that recognizes 

glycolipid:mCD1d complex [27] and express GFP, while only 1.1% co-localize the 

αGalCer-CD1d complex and express GFP (Fig. 1D). These results indicate that upon i.m. 

vaccination with AdPyCS and 7DW8-5 but not αGalCer, both antigen and adjuvant travel to 

PLNs and are co-expressed by resident DCs.

7DW8-5 exerts a potent adjuvant effect for AdPyCS vaccine by facilitating maturation/
activation of DCs

Next, we sought to determine whether i.m. co-administration of 7DW8-5 with AdPyCS 

enhances the activation/maturation of antigen-presenting DCs in PLNs, ultimately leading to 

its potent adjuvant effect for AdPyCS vaccine. BALB/c mice were immunized i.m. with 

Ad(PyCS-GFP) alone or together with each glycolipid and the number and activation/

maturation status of GFP-expressing PLN-resident DCs were determined. Co-administration 

with αGalCer moderately enhanced the number of GFP+ DCs and MHC-II and CD86 

expression compared with administration of Ad(PyCS-GFP) alone (Fig. 2A–C). However, 

co-administration with 7DW8-5 resulted in ~2-fold more GFP+ DC recruitment to PLNs and 

MHC-II and CD86 expression compared to αGalCer (Fig. 2B, C). 7DW8-5 not only 

increased the number of antigen-presenting DCs in dLNs, but also enhanced their 

maturation/activation status.
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The potent PyCS-specific CD8+ T-cell response identified in Fig. 1A can only be elicited 

when SYVPSAEQI, an immunodominant epitope, is presented by MHC-class I Kd molecule 

to CD8+ T cells in mice. Therefore, we sought to determine the role of Kd molecules 

expressed by PLN-resident DCs in mediating the adjuvant effect of 7DW8-5. We used 

C57BL/6 transgenic (Tg) mice with tissue-specific Kd expression, including MHC-I-Kd Tg 

expressing Kd molecule on all nucleated cells and CD11c-Kd or huCD68-Kd Tg, expressing 

Kd molecule only on DCs or macrophages, respectively [25]. Tg mice were immunized i.m. 

with AdPyCS alone or together with a glycolipid, and the SYVPSAEQI-specific, Kd-

restricted CD8+ T-cell response elicited by AdPyCS immunization was enhanced nearly 4-

fold by 7DW8-5 co-administration in both MHC-I-Kd and CD11c-Kd Tg mice, but not in 

huCD68-Kd Tg mice (Fig. 2D). These data confirm that 7DW8-5 displays its adjuvant effect 

only through MHC-I, Kd molecules expressed on DCs. Interestingly, αGalCer not only 

enhanced the response by 2-fold in MHC-I-Kd and CD11c-Kd Tg mice, but also showed a 

marginal adjuvant effect in huCD68-Kd Tg mice (Fig. 2D) possibly due to the systemic 

biodistribution of αGalCer following i.m. injection.

To determine if antigen-presenting DCs activated/matured by 7DW8-5 have a better ability 

to prime and activate antigen-specific T cells, we immunized BALB/c mice i.m. with 

Ad(PyCS-GFP) alone or together with αGalCer or 7DW8-5. GFP+ PLN-resident DCs were 

isolated and co-cultured with a CFSE-labeled PyCS-specific CD8+ T-cell line, generated as 

previously described [28] (Fig. S1). After 4-days, the proliferation of the PyCS-specific 

CD8+ T-cell line was determined (Fig. 3A), and DCs isolated from PLNs of mice receiving 

Ad(PyCS-GFP) with 7DW8-5 stimulated the most antigen-specific CD8+ T-cell proliferation 

(Fig. 3B, C).

Our ultimate question was whether quantitatively/qualitatively improved PLN-residing DCs 

following 7DW8-5 i.m. injection enhanced the protective efficacy of a vaccine, AdPyCS. To 

answer this question, PLN-resident CD11c+ DCs were harvested from BALB/c mice 

immunized i.m. with Ad(PyCS-GFP) alone or together with each glycolipid and adoptively 

transferred to naïve BALB/c mice. Antigen-specific CD8+ T cell responses in blood were 

assessed using SYVPSAEQI-loaded H-2Kd tetramer (Fig. 3D). Both glycolipids induced 

more PyCS-specific CD8+ T cells compared with Ad(PyCS-GFP) alone, and 7DW8-5 

induced significantly more than αGalCer (Fig. 3E). The highest level of protective anti-

malaria immunity as determined by the amount of parasite-specific rRNA following 

challenge with 2 × 104 viable P. yoelii sporozoites (Fig. 3D) was observed in mice 

adoptively transferred with DCs from mice immunized with AdPyCS and 7DW8-5 (Fig. 

3F). Collectively, these results indicate that i.m. co-administration of 7DW8-5 with AdPyCS 

increased number and activation/maturation level of PyCS antigen-presenting DCs in PLNs, 

ultimately leading to a more potent PyCS-specific CD8+ T-cell response, and more 

importantly, protective immunity against malaria.

Discussion

We previously identified a new CD1d-binding, iNKT cell-stimulating glycolipid, named 

7DW8-5, which have similar chemical structures to its parental glycolipid, αGalCer, with 

difference only in the fatty acyl chain [18]. 7DW8-5 binds CD1d molecules tighter, 
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stimulates iNKT cells stronger and induces more DC activation/maturation than αGalCer in 
vitro, leading to display a more potent adjuvant activity than αGalCer when co-administered 

i.m. with an adenovirus-based malaria vaccine [18]. A number of studies have shown that 

αGalCer acts as an adjuvant for various vaccines in mice [12–17]. Furthermore, our group 

has shown 7DW8-5 could provide a significant adjuvant effect on the cellular 

immunogenicity of an adenovirus-based malaria vaccine in non-human primates [19]. 

Therefore, It is imperative for us to determine why 7DW8-5 can enhance the 

immunogenicity of adenovirus-based vaccine more than αGalCer as an adjuvant.

To address this question, we generated a recombinant adenovirus co-expressing PyCS and 

luciferase or GFP. We also used AF680-labeled glycolipids for the purpose of identifying 

their localization in vivo. As we previously found, 7DW8-5, but not αGalCer, retains in the 

dLN (Fig. 1B), likely due to a higher binding affinity to CD1d. When we performed IVIS 

studies after administrating Ad(PyCS-Luc), PyCS fused to luciferase was also identified in 

the dLN (Fig. 1B), suggesting that both 7DW8-5 and AdPyCS localize in the same LN. In 

order to further determine which cell type PyCS-GFP would end up with, PLN-resident cells 

were isolated from mice immunized with Ad(PyCS-GFP) and stained with various 

antibodies against cell markers. CD11c+DCs were found to be primary cells that express 

PyCS-GFP (Fig. 1C). Furthermore, when Ad(PyCS-GFP) was conjointly immunized with 

glycolipids, 7DW8-5 but not αGalCer was found to co-localized with GFP-expressing DCs 

(Fig. 1D).

In the present study, co-localization of 7DW8-5 with the malaria vaccine was found to 

induce not only maturation/activation of dLN-resident DCs, but also their recruitment (Fig. 

2A–C). Using three lines of Kd Tg mice that differed in their expression of MHC-class I, Kd, 

molecules, which are known to present PyCS protein-derived, immunodominant epitope to 

CD8+ T cells [25], we confirmed that the co-localization of 7DW8-5 and malaria antigen by 

DCs is crucial for 7DW8-5 to display a potent adjuvant activity (Fig. 2D). 7DW8-5 was able 

to exert a significant adjuvant effect to enhance the CD8+ T-cell response in CD11c-Kd Tg 

mice, in which only DCs express Kd molecules, albeit at a lesser degree compared to the 

adjuvant effect seen in MHC-I-Kd Tg mice, in which all nucleated cells express Kd 

molecules.

The role of DCs was further supported by the studies, in which GFP+DCs isolated from 

mice co-administered Ad(PyCS-GFP) and 7DW8-5 were able to prime PyCS-specific CD8+ 

T cells in vitro stronger than GFP+DCs from mice co-administered Ad(PyCS-GFP) and 

αGalCer (Fig. 3B, C). Finally, the quantitatively and qualitatively improved PyCS-

presenting DCs initiated a more robust malaria-specific CD8+ T-cell response in vivo which 

translated to the induction of more potent protective anti-malaria immunity (Fig. 3E, F). 

These results provide direct evidence that 7DW8-5 delivered by i.m. injection transformed 

DCs to better APCs in the local dLNs, thus priming and stimulating vaccine-induced CD8+ 

T cells more efficiently and inducing a more potent anti-malaria immunity. We anticipate 

that the mechanism of action elucidated here resulted in the potent adjuvant effect of 

7DW8-5 previously observed with adenovirus malaria vaccines [18–20].
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In conclusion, we found that in contrast with αGalCer, our novel CD1d-binding NKT cell-

stimulating glycolipid, 7DW8-5, displays a localized biodistribution upon i.m. 

administration, by binding more tightly to CD1d molecules expressed by DCs that reside in 

the dLNs. This localized biodistribution of 7DW8-5 facilitates the activation of iNKT cells 

in the LNs, which in turn, induces activation/maturation of DCs and their recruitment to 

dLN. When 7DW8-5 is co-administered i.m. with an adenovirus-based malaria vaccine, 

AdPyCS, 7DW8-5 and the vaccine were found to be not only co-localized in PLNs, but also 

co-present in the PLN-resident DCs. The quantitative and qualitative improvement of PLN-

resident DCs presenting malaria antigens, results in enhancing the levels of malaria-specific 

CD8+ T-cell response and ultimately, the level of protective anti-malaria immunity induced 

by the malaria vaccine. Thus, the current findings should be imperative for the future clinical 

applications of a CD1d-binding iNKT-cell ligand, 7DW8-5, as a potent adjuvant for various 

vaccines.
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Acknowledgments

We thank Dr. Vincent Sahi for assisting with FACS analysis. We also thank the NIH Tetramer Core Facility at 
Emory University for generating and providing an Allophycocyanin-labeled H-2Kd/SYVPSAEQI-tetramer.

Funding

This work was supported by grants from NIH AI070258 and AI102891 (both to M.T.).

Abbreviations
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Ad Adenovirus

DCs dendritic cells
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Figure 1. 
The potent 7DW8-5 adjuvant effect is dependent on the route of its administration. (A) 

Groups of BALB/c mice were administered i.m. (anterior tibialis muscles) with 5×108 pfu 

AdPyCS alone or co-jointly with 1 μg αGalCer or 7DW8-5. The solid column represents co-

joint i.m. administration of the vaccine and respective glycolipid; the unfilled column 

represents i.m. administration of the vaccine, immediately followed i.v. administration of 

each glycolipid; the striped column represents i.m. administration of the vaccine and 

glycolipid in opposite legs. Twelve days later, splenocytes were harvested, and the relative 

number of PyCS-specific CD8+ T cells was determined with IFN-γ ELISpot assay. The 

results are expressed as mean ± S.D of four mice in each group. (B) BALB/c mice (n=4/
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group) were injected i.m. (anterior tibialis muscles) with 5 μg AF680-αGalCer or 

AF680-7DW8-5, and 12 hours later, images were collected using Lumina IVIS. Images from 

one representative mouse are shown. Another group of four BALB/c mice were injected i.m. 

with 5 × 109 v.p. of Ad(PyCS-Luc). Twelve hr later, mice were i.p. injected with 200 μL of 

15 mg/mL D-luciferin, and fluorescent signal of luciferin was collected with Lumina IVIS. 

One representative image is shown. (C) BALB/c mice (n=4/group) were injected i.m. with 

5×109 v.p. of Ad(PyCS-GFP). Sixteen hr after immunization, lymphocytes were isolated 

from PLNs, and GFP expression in DCs, macrophages and B cells were determined by flow 

cytometry. Naïve mice were used as a negative control. Histograms from one representative 

mouse in each group are shown. (D) Sixteen hr after Ad(PyCS-GFP) and glycolipid 

immunization later, PLNs were isolated and GFP-expressing DCs and CD1d bound 

glycolipids were determined by anti-L363 antibody. DCs collected from naïve mice were a 

negative control. Histograms from one representative mouse in each group are shown.
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Figure 2. 
Co-localization of 7DW8-5 and AdPyCS in dLN-resident DCs facilitates activation and 

recruitment of the DCs and enhances T-cell immunogenicity and efficacy of AdPyCS 

vaccine. (A–C) BALB/c mice (n=4/group) were immunized i.m. with 5 × 109 v.p. of 

Ad(PyCS-GFP) alone or together with 1 μg of each glycolipid. Sixteen hr later, lymphocytes 

were isolated from PLNs, and the (A) the percentage of GFP+ DC, (B) MHC II expression 

and (C) CD86 expression were determined by FACS. Data for individual mice are shown; 

line represents mean. (D) MHC I-Kd, CD11c-Kd and huCD68-Kd transgenic mice (n=4/

group) were immunized i.m. with 5 × 109 v.p. of AdPyCS alone or together with 1 μg each 

glycolipid. Twelve days later, splenocytes were harvested, and the PyCS-specific CD8+ T-

cell response was determined by an IFN-γ ELIspot assay. Mean ± S.D is shown.
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Figure 3. 
(A) BALB/c mice (n=20/group) were immunized i.m. with 5×109 v.p. of Ad(PyCS-GFP) 

alone or together with 1 μg of each glycolipid. Sixteen hr later, GFP+ DCs were sorted, and 

2 × 104 GFP+ DCs were co-cultured with 5×105 CFSE-labeled, PyCS-specific CD8+ T cells 

in triplicate. Four days later, CFSE fluorescence was determined by flow cytometry. (B) 

Histograms from one representative experiment and (C) the mean ± S.D. of the triplicate 

experiments are shown. (D) BALB/c mice (n=20/group) were immunized i.m. with 5 × 109 

v.p. of AdPyCS alone or together with 1 μg of each glycolipid. Sixteen hr later, PLNs-
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resident DCs were isolated and adoptively transferred i.v. to naïve BALB/c mice at 7.5 × 105 

cells/mouse. (E) Ten days later, blood was collected and the percentage of PyCS-specific 

CD8+ T cells present among CD8+ T cells was determined by a flow cytometric analysis 

using SYVPSAEQI-loaded H-2Kd tetramer. (F) Two days later the same transferred mice, as 

well as naïve BALB/c mice were challenged with 2 × 104 live PySpz by i.v. and 42 hr later 

and the parasite burden in the liver was determined by quantifying the amount of parasite-

specific rRNA by a real-time qRT-PCR.
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