
A potent adjuvant effect of a CD1d-binding NKT cell ligand in 
human immune system mice

Xiangming Li1, Jing Huang1, Izumi Kaneko2, Min Zhang1,3, Shiroh Iwanaga2, Masao Yuda2, 
and Moriya Tsuji1

1HIV and Malaria Vaccine Program, Aaron Diamond AIDS Research Center, The Rockefeller 
University, New York, NY, 10016, USA

2Department of Medical Zoology, Mie University Graduate School of Medicine, Tsu, Mie, 
5148507, Japan

3Department of Pathology, New York University School of Medicine, New York, NY, 10016, USA

Abstract

Objectives—A CD1d-binding invariant natural killer T (iNKT)-cell stimulatory glycolipid, 

namely 7DW8–5, is shown to enhance the efficacy of radiation-attenuated sporozoites (RAS)-

based malaria vaccine in mice. In the current study, we aim to determine whether 7DW8-5 can 

display a potent adjuvant effect in human immune system (HIS) mice.

Methods—HIS-A2/hCD1d mice, which possess both functional human iNKT cells and CD8+ T 

cells, were generated by the transduction of NSG mice with adeno-associated virus serotype 9 

expressing genes that encode human CD1d molecules and HLA-A*0201, followed by the 

engraftment of human hematopoietic stem cells. The magnitudes of human iNKT-cell response 

against 7DW8-5 and HLA-A*0201-restricted human CD8+ T-cell response against a human 

malaria antigen in HIS-A2/hCD1d mice were determined by using human CD1d tetramer and 

human HLA-A*0201 tetramer, respectively.

Results—We found that 7DW8-5 stimulates human iNKT cells in HIS-A2/hCD1d mice, as well 

as those derived from HIS-A2/hCD1d mice in vitro. We also found that 7DW8-5 significantly 

increases the level of a human malarial antigen-specific HLA-A*0201-restricted human CD8+ T-

cell response in HIS-A2/hCD1d mice.

Conclusions—Our study indicates that 7DW8-5 can display a potent adjuvant effect on RAS 

vaccine-induced anti-malarial immunity by augmenting malaria-specific human CD8+ T-cell 

response.
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1. Introduction

Malaria is a mosquito-borne infectious disease affecting humans and other animals caused 

by the parasitic protozoan of the genus Plasmodium. Although medications and mosquito 

elimination are widely used as treatment and control methods, respectively, malaria is still a 

pandemic disease, with 198 million cases of malaria resulting in 584,000 deaths globally in 

2013 [1]. Plasmodium falciparum, P. vivax, P. ovale, and P. malariae together account for 

almost all human infections with Plasmodium species, with P. falciparum accounting for the 

most of the mortality. Therefore, a vaccine that can induce protective anti-malarial immunity 

is essential to eradicate malaria. Most vaccine efforts are directed against the pre-

erythrocytic stages [sporozoites (Spz) and liver stages] and the blood stages in the life cycle 

of the malaria parasite [2]. Vaccination with radiation-attenuated sporozoites (IrSpz) has 

been found to induce complete protection (i.e., sterile immunity) against malarial infection 

not only in experimental animals but also in humans [3–7], demonstrating the feasibility of 

effective vaccination against this disease. Beyond the mouse model, intravenous (IV) 

immunization of IrSpz of P. falciparum, named the PfSPZ vaccine, has been shown to 

effectively induce a high frequency of malarial-specific CD8+ T cells in the livers of 

nonhuman primates [8]. More recently, IV immunization with multiple doses of the PfSPZ 

vaccine induced high levels of PfSPZ-specific T-cell responses, including that of CD8+ T 

cells, and conferred protection in six out of six (100%) human vaccine recipients against 

malaria challenge [9]. Another recent study showed that administration of live P. falciparum 
Spz through bites from infected mosquitoes, followed by chloroquine treatment, induced 

significant malaria-specific pluripotent effector memory T-cell responses in vaccinated 

volunteers and protected all of them (10 out of 10) upon malaria challenge [10].

We and others have shown that α-galactosylceramide (α-GalCer), which binds CD1d 

molecules and stimulates invariant natural killer T (iNKT) cells, displays an adjuvant effect 

that enhances the efficacy of various vaccines (e.g., adenovirus, DNA, live-attenuated 

pathogen, recombinant protein, peptide, and irradiated parasite vaccines) [11–17]. We found 

that a synthetic analog of α-GalCer, 7DW8-5, displays stronger biological activity and 

ultimately a more potent adjuvant effect than that of α-GalCer when co-administered with a 

malaria vaccine in mice [18, 19]. 7DW8-5 was also shown to exert a significant adjuvant 

effect on the cellular immunogenicity, particularly with respect to CD8+ T cells, of an 

adenovirus-based malaria vaccine in non-human primates [20]; this led us to choose 

7DW8-5 as a lead candidate for clinical evaluation with a malaria vaccine [21].

We previously established a human immune system (HIS) mouse model by transducing 

genes encoding human HLA-A*0201 and human cytokines using a recombinant adeno-

associated virus serotype 9 (AAV9) vector, followed by the engraftment of HLA-A*0201-

matched, human hematopoietic stem cells (HSCs) [22]. Several weeks after HSC 

engraftment, the HIS-A2 mice mounted HIV− and malaria-specific HLA-A*0201-restricted 

human CD8+ T-cell responses following immunization with HIV− and malaria-derived 

antigens; thereby demonstrating that these mice could mount functional human CD8+ T 

cells. In view of a previous study showing that human CD4 molecules can weakly interact 

with murine class II molecules [23], it is possible that some of human CD4+ T cells in HIS-

A2 mice may be functional. Nevertheless, we have most recently shown that in vivo 
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depletion of human CD8+ T cells almost completely abolished the protective anti-malaria 

immunity induced in HIS-A2 mice immunized with a recombinant adenovirus expressing 

the Plasmodium falciparum circumsporozoite protein (AdPfCSP) [24].

In the present study, we further studied a humanized mice model (HIS-A2/hCD1d) 

reconstituted with functional HLA-A*0201-restricted human CD8+ T cells, as well as 

human CD1d restricted human iNKT cells. We investigated whether co-administration of 

7DW8-5 with IrSpz of PfCSP/Py, a transgenic P. yoelii parasite that expresses PfCSP, 

enhances the immunogenicity and protective efficacy of the IrSpz-based malaria vaccine in 

HIS mice.

2. Materials and methods

Ethics statement

All animal experiments were conducted 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. Human fetal liver samples were obtained via a 

non-profit partner (Advanced Bioscience Resources, Alameda, CA); the samples were 

devoid of any information that would identify the subjects from whom they were derived. 

Therefore, IRB approval was not required for their use, as previously described [22, 24].

Mice

NOD.Cg-B2mtm1Unc Prkdcscid Il2rgtm1Wjl/SzJ (NSG-B2m) triple mutant mice, which 

combined the features of severe combined immune deficiency mutation (SCID) with IL-2 

receptor γ chain and β2-microglobulin (β2m) deficiencies, were purchased from The 

Jackson Laboratories. Mice were maintained under specific pathogen-free conditions in the 

animal facilities at the Comparative Bioscience Center of The Rockefeller University.

Generation of AAV9 vectors and transduction of selected human genes by AAV9 vectors

Recombinant AAV9 vectors, which encode human IL-3, IL-15, GM-CSF (AAV9-

hucytokines) and HLA-A*0201 (AAV9-A2), were constructed as previously described [22]. 

A plasmid consisting of a human CD1d gene covalently linked to a human β2m (hβ2m), 

hCD1d-hβ2m, was constructed as described previously [25] and then sub-cloned into a 

pAAV CMV plasmid (Stratagene La Jolla, CA). AAV9 vector encoding hCD1d-hβ2m, 

AAV9-hCD1d, was made at Penn Vector Core, Gene Therapy Program, Perelman School of 

Medicine, University of Pennsylvania. Four-week-old NSG-B2m mice were transduced with 

AAV9-A2 and/or AAV9-hCD1d by intrathoracic (IT) injection, together with AAV9 

encoding human IL-3, IL-15, and GM-CSF, and/or AAV9-A2 and AAV9-CD1d and by IV 

injection, as previously described [22].

Purification of human HSCs and xenogeneic transplantation

Lymphocytes were isolated from fetal liver samples as described previously [26]. CD34+ 

human HSCs were isolated from lymphocytes using the Human CD34 Positive Selection Kit 
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(STEMCELL Technologies Inc., Vancouver, BC, Canada), according to the manufacturer’s 

instructions. HSC purity was evaluated using flow cytometric analysis, and the percentage of 

CD34+ cells was confirmed to be higher than 90%. One to two weeks after the transduction 

of selected human genes by AAV9 vectors, mice were exposed to 150-Gy whole-body sub-

lethal irradiation for myeloablation. A few hours later, each transduced, irradiated mouse 

was engrafted IV with 1 × 105 HLA-A*0201+ matched, CD34+ human HSCs.

Phenotypic analyses of human CD45+ cells in the blood of HIS-A2/hCD1d mice

Fourteen weeks after the engraftment of human HSCs, the reconstitution status of human 

CD45+ cells in the blood of HIS-A2/hCD1d mice was monitored by determining the 

percentage of human CD45+ cells and subsets of human lymphocytes in the peripheral 

blood using flow cytometric analysis, as previously described [22]. Briefly, upon lysing red 

blood cells, peripheral blood mononuclear cells (PBMCs) were purified from HIS-A2/

hCD1d mice peripheral blood samples. After washing the cells twice, PBMCs were blocked 

for 5 min on ice using normal mouse sera supplemented with anti-CD16/CD32 (clone 93, 

BioLegend). Cells were washed once and stained for 40 min on ice in the dark with the 

following antibodies: Pacific Blue anti-human CD45 (clone HI30 - BioLegend), Pacific 

Orange anti-mouse CD45 (clone 30-F11, Life Technologies), phycoerythrin (PE)-TexasRed 

anti-human CD3 (clone UCHT1, Life Technologies), allophycocyanin (APC)-Cy7 anti-

human CD4 (clone RPA-T4, BioLegend), fluorescein isothiocyanate (FITC) anti-human 

CD8 (clone HIT8a - BioLegend), peridinin chlorophyll protein complex (PerCp)-Cy5.5 anti-

human TCR Vα24 (clone C15, Biolegend), Alexa Fluor 647 anti-human CD161 (clone 

HP-3G10, BioLegend), PE-Cy7 anti-human CD19 (clone HIB19, BioLegend), Alexa Fluor 

700 anti-HLA-DR (clone L243-Biolegend), PE anti-CD11c (clone 3.9, Biolegend), PerCp-

Cy5.5 anti-human CD14 (clone M5E2, Biolegend) and APC anti-human CD11b (clone 

ICRF44, BioLegend). After staining, cells were washed twice with phosphate-buffered 

saline (PBS) containing 2% fetal bovine serum (FBS), fixed with 1% paraformaldehyde, and 

analyzed using a BD LSR II Flow Cytometer (BD Biosciences).

Glycolipid, human CD1d tetramer, human HLA-A*0201 tetramer and parasites

α-galactosylceramide (α-GalCer) was purchased from Avanti Polar Lipids. APC-labeled 

human CD1d tetramer loaded with or without PBS-57 [27], and HLA-A*0201 tetramer 

loaded with PfCSP-derived peptide, YLNKIQNSL [28], were all kindly supplied by the NIH 

Tetramer Core Facility. A transgenic P. yoelii parasite line expressing full-length PfCSP, the 

PfCSP/Py parasite was recently constructed and its infectivity determined, as described 

previously [28]. The PfCSP/Py parasites were maintained at the Insectary Core Facility of 

the Department of Microbiology, New York University School of Medicine.

Determine HLA-A*0201-restricted CD8+ T-cell response by tetramer staining

PfCSP/Py sporozoites (Spz) were obtained from dissected salivary glands of infected 

Anopheles stephensi mosquitoes 2 weeks after infective blood meal. For immunization, 

PfCSP/Py Spz were radiation-attenuated by exposing them to 12,000 rad. Next, HIS-A2/

hCD1d mice were immunized intramuscularly (IM) with 2 × 105 radiation-attenuated 

PfCSP/Py Spz. Ten days later, the spleens were harvested from immunized or naïve HIS-A2/

hCD2d mice. Splenocytes were isolated and incubated with YLNKIQNSL-loaded HLA-
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A*0201 tetramer and the following antibodies: Pacific Blue anti-human CD45, Pacific 

Orange anti-mouse CD45, PE-Texas Red anti-human CD3, APC-Cy7 anti-human CD4, 

FITC anti-human CD8 and PE-Cy7 anti-human CD19. Finally, the percentage of PfCSP-

specific human CD8+ T cells was analyzed using a BD LSR II Flow Cytometer.

Sporozoite challenge and assessment of parasite burden in the liver

The sporozoite challenge experiment was conducted as described previously [24]. Briefly, a 

group of HIS-A2/hCD1d humanized mice were immunized with 2 × 105 radiation-

attenuated PfCSP/Py Spz, and 10 days later, groups of immunized as well as naïve HIS-A2/

hCD2d mice were challenged with 2 × 104 live PfCSP/Py Spz by IV injection. Forty-two 

hours later, livers were collected from both groups of challenged HIS-A2/hCD1d mice, and 

the amount of parasite-specific ribosomal RNA was determined by using a 7300 Real-Time 

PCR System (Applied Biosystems), as described previously [24]. Parasite burden was 

calculated as a ratio of the absolute copy number of parasite ribosomal RNA to that of 

mouse GAPDH mRNA.

Statistical analysis

All statistical analyses were performed using GraphPad Prism (ver. 7) (GraphPad Software, 

Inc.). Bars in each figure represent means. For most studies, statistical analysis of 

experimental and control data were evaluated with one-way ANOVA and Student t test. For 

protection experiments, the values were log-transformed and then one-way ANOVA 

followed by Dunnett’s test were employed to determine the differences between the groups. 

For correlation analysis, linear regression analysis was applied to determine the percentage 

of PfCSP-specific CD8+ T cells among the total human CD8+ T-cell population and the 

percentage of relative parasite burden in the liver, 100% being the parasite burden in naïve 

and challenged mice.

3. Results

Establishment of HIS-A2/hCD1d mice

In this study, HLA-A*0201 and human CD1d molecules were transduced by AAV9-

mediated gene transfer into NOD scid gamma (NSG) mice that lack mouse β2m, called 

NSG-B2m mice. Because the mouse β2m gene had been deleted, NSG-B2m mice were 

unable to form functional complexes of both mouse MHC I and mouse CD1d, which might 

cross-educate human CD8+ T cells and iNKT cells, respectively. For the purpose of 

educating human CD8+ T cells in vivo, the HLA-A*0201 gene was transduced into NSG-

B2m mice using the AAV9 vector, as we have previously shown [22]. To facilitate the 

development and differentiation of human iNKT cells, we first constructed a plasmid that 

consisted of a human CD1d gene fused to a human β2m gene (hCD1d-hβ2m), and then 

generated AAV9 that expressed the human CD1d gene AAV9-hCD1d. After in vitro 
transfection with AAV9-hCD1d, HT1080 cells not only expressed hCD1d-hβ2m molecules 

(Fig. 1A), but the hCD1d- hβ2m molecules expressed by HT1080 cells were actually able to 

present glycolipids, 7DW8-5, and αGalCer to human iNKT hybridoma cells, thereby 

stimulating them to secrete human IFN-γ in a dose-dependent fashion (Fig 1B).
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Next, NSG-B2m mice were administered with AAV9-hCD1d and/or AAV9-A2 by IV and IT 

routes in the presence or absence of IV injection of AAV9 vectors that encode human IL-3, 

IL-15 and GM-CSF (Fig. 1C). The transduced NSG-B2m mice then received sub-lethal γ-

irradiation immediately followed by the engraftment of HLA-A*0201+ CD34+ human HSCs 

(Fig 1C). Fourteen weeks later, peripheral blood mononuclear cells (PBMCs) were isolated 

from the blood of human gene-transduced, HSCs-engrafted NSG-B2m mice, and the state of 

the development of the human immune system, including total human CD45+ leukocytes, 

human T and B cells, and human iNKT cells, was monitored by flow cytometric analysis. 

NSG-B2m mice transduced with all of the human genes, including HLA-A*0201, human 

CD1d, and human cytokines, mounted a significantly higher percentage of human CD45+ 

cells upon HSC engraftment, compared to NSG-B2m mice that had not received AAV9-

mediated human gene transfer (No AAV), or even NSG-B2m mice transduced with human 

CD1d and human cytokines (HIS-hCD1d) (Fig. 1D). The percentages of human T and B 

cells observed in HIS-A2/hCD1d mice were very similar to those found in humans. Of 

importance, both HIS-CD1d mice and HIS-A2/hCD1d mice mount a significantly higher 

percentage of human iNKT cells than that seen in HIS mice without AAV9-mediated human 

gene transfer (Fig. 1D). Collectively, these results indicated that HIS-A2/hCD1d mice were 

able to reconstitute a high percentage of not only human CD45+ cells, but also human T 

cells, as well as human iNKT cells.

Function of human iNKT cells present in HIS-A2/hCD1d mice

To determine the function of human iNKT cells in HIS-A2/hCD1d mice, we first sought to 

determine whether human iNKT cells in HIS-A2/hCD1d mice recognized glycolipid antigen 

in the context of human CD1d molecules. For this purpose, we isolated splenocytes from 

HIS-A2/hCD1d mice and incubated them with APC-labeled human CD1d tetramer loaded 

with PBS57, which is known to detect human iNKT cells [27]. Unloaded human CD1d 

tetramer was used as a negative control. We found that PBS57-loaded human CD1d 

tetramer, but not unloaded tetramer, was able to detect splenocytes (Fig. 2A) as well as 

peripheral blood and liver-resident mononuclear cells collected from HIS-A2/hCD1d mice 

(Fig. 2B). Almost no human iNKT cells were found in HIS mice that did not receive AAV, 

as evidenced by the fact that PBS57-loaded human CD1d tetramer failed to stain the cells.

Next, to determine whether human iNKT cells in HIS-A2/hCD1d mice can display 

biological activity in vitro, we isolated immature dendritic cells (DCs) from splenocytes 

collected from HIS-A2/hCD1d mice and co-cultured them with splenocytes in the presence 

or absence of CD1d-binding iNKT-cell ligands, 7DW8-5, and α-GalCer (17). We found that 

7DW8-5 was able to stimulate splenocytes more potently than α-GalCer, resulting in higher 

secretion of human IFN-γ (Fig. 2C) and that the responses were almost completely 

inhibited when anti-human CD1d antibody was added into the culture (Fig. 2C). To 

determine the in vivo biological activity of human iNKT cells present in HIS-A2/hCD1d 

mice, we administered 7DW8-5 and α-GalCer to groups of HIS-A2/hCD1d mice. After 

collecting the sera from treated HIS-A2/hCD1d mice, we found that both glycolipids were 

actually able to induce robust human IFN-γ production in vivo, as determined by ELISA 

(Fig. 2D). Collectively, these results indicated that HIS-A2/hCD1d mice can possess human 
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iNKT cells that are functionally able to respond to human CD1d-binding and iNKT-cell 

stimulatory glycolipids both in vitro and in vivo.

Glycolipid adjuvant enhanced the efficacy of the irradiated sporozoite vaccine in HIS-A2/
hCD1d mice

Our previous study showed that 7DW8-5 displays greater potent adjuvant activity than does 

α-GalCer, by enhancing the T-cell immunogenicity of malarial and HIV vaccines and the 

protective efficacy of various forms of a malarial vaccine in mice [18–21]. Therefore, using 

the HIS-A2/hCD1d mouse model that we have established, we sought to determine whether 

these glycolipid adjuvants could enhance human immune responses, particularly those 

mediating protective anti-malarial immunity, induced by a malarial vaccine. For this 

purpose, we immunized HIS-A2/hCD1d mice with radiation-attenuated PfCSP/Py Spz 

conjointly administered i.m. with either 7DW8-5 or α-GalCer. Ten days after immunization, 

we determined the human malaria antigen-specific human CD8+ T-cell response by 

assessing the percentage of human CD8+ T cells that were positive for YLNKIQNSL-loaded 

HLA-A*0201 tetramer by a flow cytometric analysis. We found that both 7DW8-5 and α-

GalCer were able to enhance the level of the PfCSP-specific, HLA-A*0201-restricted 

human CD8+ T-cell response: 7DW8-5 resulted in an almost 4-fold higher PfCSP-specific 

CD8+ T-cell response induced by irradiated PfCSP/Py Spz, whereas the enhancement by α-

GalCer was less than 3-fold (Fig. 3A). The immunized groups, with or without glycolipid-

treatment, as well as a naïve group of HIS-A2/hCD1d mice were then challenged with live 

PfCSP/Py Spz, and the parasite burden in the liver measured to assess the level of protective 

anti-malarial immunity. We found that both glycolipids displayed significant adjuvant 

activity by enhancing protective anti-malarial immunity, with 7DW8-5 showing a more 

potent adjuvant effect than that of α-GalCer (Fig. 3B). When we compared the level of the 

PfCSP-specific human CD8+ T-cell response and the level of protective anti-malarial 

immunity induced by the PfCSP/Py Spz vaccine, these two parameters showed a significant 

correlation (Fig. 3C).

Finally, we were interested to see if the protective anti-malarial immunity enhanced by 

7DW8-5 in HIS-A2/hCD1d mice was mediated by human CD8+ T cells. To address this 

issue, we administered anti-human CD8+ T-cell antibody, which we most recently used to 

deplete human CD8+ T cells from our HIS-A2 mice [24], to PfCSP/Py-immunized HIS-A2/

hCD1d mice with or without 7DW8-5-co-administration, as well as to naïve HIS-A2/hCD1d 

mice. The administration of anti-human CD8+ T-cell antibody not only abolished the 

protective anti-malarial immunity induced by PfCSP/Py Spz vaccine, but also the immunity 

induced by PfCSP/Py vaccinated HIS-A2/hCD1d mice conjointly injected with 7DW8-5 

(Fig. 3E). These results strongly indicate that human CD8+ T cells mediate the PfCSP/Py 

Spz-induced protective anti-malarial immunity enhanced by 7DW8-5.

4. Discussion

The finding that vaccination with radiation-attenuated sporozoites (RAS) can induce 

complete protection (i.e., sterile immunity) against malarial infection not only in 

experimental animals but also in humans [3–7], demonstrated the feasibility of effective 

Li et al. Page 7

Expert Rev Vaccines. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vaccination against this disease. In fact, live RAS or live non-attenuated sporozoites with 

chloroquine chemoprophylaxis are the only two immunogens that have ever induced high-

level (80–90%) and long-lasting (10–25 months) protection against malaria in humans [8–

10]. A radiation-attenuated PfSPZ vaccine, isolated from the salivary glands of “aseptically 

raised” infected Anopheles stephensi mosquitoes, purified, vialed, and cryopreserved under 

GMP, has been shown to be well tolerated, safe, immunogenic and highly protective in 

multiple phase I and II clinical trials [30, 31].

We have previously shown that co-administration of α-GalCer and 7DW8-5 enhanced both 

the immunogenicity and efficacy of various malarial vaccines, including irradiated P. yoelii 
Spz [17–21]. More recently, we have found that 7DW8-5 exerts a more potent adjuvant 

effect than that of α-GalCer by co-localizing with irradiated P. yoelii Spz in lymph node-

resident dendritic cells upon conjoint i.m. administration [19].

In the current study, we established humanized mice, HIS-A2/hCD1d mice, which possess 

functional human CD8+ T cells and human iNKT cells, to investigate whether 7DW8-5 and 

α-GalCer can display the adjuvant effect, thus enhancing the human CD8+ T-cell response 

induced by a malarial vaccine. Both 7DW8-5 and α-GalCer stimulated human iNKT cells 

derived from HIS-A2/hCD1d mice in the context of human CD1d molecules in vitro as well 

as human iNKT cells in HIS-A2/hCD1d mice. When these glycolipids were co-administered 

to HIS-A2/hCD1d mice with PfCSP/Py Spz, a higher level of PfCSP-specific, HLA-

A*0201-restricted human CD8+ T-cell response was induced, resulting in more robust 

protective immunity against malaria. It appears that 7DW8-5 could exert a more potent 

adjuvant effect than α-GalCer. Lastly, protective anti-malarial immunity enhanced by 

7DW8-5 conjointly administered with PfCSP/Py Spz was found to be mediated by human 

CD8+ T cells, as evidenced by the fact that the in vivo depletion of human CD8+ T cells by 

anti-human CD8 antibody abolished the protection.

5. Conclusion

Using HIS-A2/hCD1d mice that we generated, we are able to show that our glycolipid 

adjuvant, 7DW8-5, can enhance human anti-malaria immunity induced by RAS-based 

vaccine. Thus, HIS-A2/hCD1d mice are proven to be a useful animal model not only to 

study the biological activity of CD1d-binding glycolipids against human iNKT cells in vivo, 

but also to assess the adjuvant effect of CD1d-binding glycolipids in a human immune 

system setting. We hope that the HIS-A2/hCD1d mouse model may facilitate the pre-clinical 

development of CD1d-binding, iNKT-cell-stimulatory glycolipids in the future.
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Non-standard abbreviations used

CSP circumsporozoite protein

HIS human immune system

HIS hematopoietic stem cell, HSC

NKT natural killer T

PfCSP Plasmodium falciparum CSP
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Fig 1. Establishment of HIS-A2/hCD1d humanized mice
(A). HT1080 cells were transduced with rAAV9-hCD1d at 1010 GC/ml for 3 days, and then 

the expression of human β2-microglobulin-CD1d was determined by flow cytometry 

analysis. (B). Three days after transduction, 5×104 rAAV9-hCD1d transduced HT1080 cells 

were co-cultured with 5 × 104 58ab hybridoma cells expressing human iNKT Vα24/β11 

TCR at the presence of escalating doses of 7DW8-5 or α-GalCer, respectively. After 24 

hours, mouse IL-2 levels in the culture supernatants were determined by ELISA. (C) 

Schematic representation of the strategic methodology for engrafting human CD34+ cells in 

AAV9-transduced NSG-B2m mice. NSG-B2m mice were inoculated with AAV9-hCD1d, 

AAV9-hucytokines or/and AAV9-A2, and 2 weeks later, mice were irradiated to myeloablate 

mouse immune cells at 150 rad. The next day, mice were engrafted IV with 1 × 105 HLA-

A2+ human CD34+ cells previously isolated from human fetal liver. A group of B2m-NSG 

mice that did not receive rAAV9 injection (No AAV) were also engrafted with HSCs. (D) 

Fourteen weeks after engraftment, human immune system reconstitution in blood was 

Li et al. Page 11

Expert Rev Vaccines. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



evaluated by flow cytometric analyses by detecting human CD45+PBMC, CD3+ T cells, 

CD4+ T cells, CD8+ T cells, CD3-CD161+ NK cells, CD19+ B cells, CD3+Vα24+ iNKT 

cells, CD14+CD11b+ macrophages, and CD11c+HLA-DR+ DCs.
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Fig 2. Function of human iNKT cells in HIS-A2/hCD1d mice
(A) Spleen mononuclear cells (MNC) from groups (n=5) of HIS-A2/hCD1d mice and No 

AAV mice were stained with PBS57-loaded/unloaded human CD1d tetramer and the 

following antibodies: anti-human CD45, anti-human CD3, and anti-mouse CD45 antibodies. 

The result came from one representative mouse in each group. (B) Peripheral blood, spleen 

and liver MNC from groups (n=5) of HIS-A2/hCD1d mice and No AAV mice were stained 

with PBS57-loaded human CD1d tetramer and antibodies as in (A). (C) To produce 

immature DCs, bone marrow MNCs from HIS-A2/hCD1d mice were stimulated with 40 

ng/ml human GM-CSF and IL-4 for 7 days. Then, 5 × 104 DCs and 1 × 105 autologous 

spleen MNCs were co-cultured in an ELISPOT plate for 24 hours with 1 μg 7DW8-5 or α-

GalCer, respectively, in the presence of 50 μg/ml anti-human CD1d antibody (clone 51.1) or 

mouse IgG2b isotype antibody. (D). Groups of HIS-A2/hCD1d mice (n=4) were IV. 

administered 1 μg 7DW8-5 or α-GalCer, respectively. Blood samples were collected at 2, 6, 

12, 24, 48, and 72 hours after injection, and the concentration of human IFN-γ in the sera 

was determined by ELISA.
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Fig 3. Enhancement of PfCSP-specific, HLA-A*0201-restricted CD8+ T-cell response and 
protective anti-malarial immunity by CD1d-binding glycolipids in HIS-A2/hCD1d mice
A group of twelve HIS-A2/hCD1d mice were immunized with 1×105 irradiated PfCSP/Py 

Spz by IM injection. Of those, four HIS-A2/hCD1d mice received conjoint administration of 

α-GalCer, whereas another group of four HIS-A2/hCD1d mice received 7DW8-5 co-

administration. Ten days after immunization, PfCSP/Py Spz-immunized mice, PfCSP/Py 

Spz-immunized and glycolipid-treated mice, as well as four naïve HIS-CD8 mice, were 

challenged intravenously with 2×104 live PfCSP/Py Spz. (A) Forty-two hours after the 

challenge, all groups of HIS-A2/hCD1d mice were sacrificed, and the percentage of HLA-

A2–restricted, PfCSP-specific CD8+ T cells among the total CD8+ T cells in the spleen was 
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determined using HLA-A2 tetramer staining and flow cytometric analysis. (B) The parasite 

load in the liver was determined by qRT-PCR analysis. (C) The correlation between the 

percentage of PfCSP-specific CD8+ T cells and the relative parasite load in the liver was 

assessed using Prism GraphPad 5.0 software. (D) A group of six HIS-A2/hCD1d mice were 

immunized with irradiated PfCSP/Py Spz. Another group of six HIS-A2/hCD1d mice 

received joint administration of α-GalCer with PfCSP/Py Spz immunization. Among the 

PfCSP/Py Spz-immunized HIS-A2/hCD1d mice and the PfCSP/Py Spz-immunized, 

7DW8-5-administered HIS-A2/hCD1d mice, a group of three each received two 0.1 mg/

mouse doses of anti-CD8 mAb, MT807R1, by IP injection on days 5 and 8 post-

immunization. Ten days after immunization, blood was collected from all four groups of 

mice, and the percentages of human CD8+ and CD4+ T cells among the total human T-cell 

population in PBMCs were determined by flow cytometric analysis. One of the 

representative figures is shown. (E) Groups of PfCSP/Py Spz-immunized HIS-A2/hCD1d 

mice and PfCSP/Py Spz-immunized, 7DW8-5-treated HIS-A2/hCD1d mice, and groups of 

these HIS-A2/hCD1d mice depleted of human CD8+ T cells, as well as a group of naïve 

HIS-A2/hCD1d mice were challenged by IV injection with 2 × 104 live PfCSP/Py Spz. 

Forty-two hours later, all groups of HIS-A2/hCD1d mice were sacrificed, livers were 

collected, and the parasite load in the liver was determined by qRT-PCR.
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