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Active co-delivery of tumor antigens (Ag) and α-galactosylceramide (α-GalCer), a potent
agonist for invariant Natural Killer T (iNKT) cells, to cross-priming CD8α+ dendritic cells
(DCs) was previously shown to promote strong anti-tumor responses in mice. Here,
we designed a nanoparticle-based vaccine able to target human CD141+ (BDCA3+)
DCs - the equivalent of murine CD8α+ DCs – and deliver both tumor Ag (Melan A)
and α-GalCer. This nanovaccine was inoculated into humanized mice that mimic the
human immune system (HIS) and possess functional iNKT cells and CD8+ T cells, called
HIS-CD8/NKT mice. We found that multiple immunizations of HIS-CD8/NKT mice with
the nanovaccine resulted in the activation and/or expansion of human CD141+ DCs
and iNKT cells and ultimately elicited a potent Melan-A-specific CD8+ T cell response,
as determined by tetramer staining and ELISpot assay. Single-cell proteomics further
detailed the highly polyfunctional CD8+ T cells induced by the nanovaccine and revealed
their predictive potential for vaccine potency. This finding demonstrates for the first time
the unique ability of human iNKT cells to license cross-priming DCs in vivo and adds a
new dimension to the current strategy of cancer vaccine development.

Keywords: nanovaccine, targeting, human CD141+ DCs, iNKT cells, α-galactosylceramide, CD8+ T cells, human
immune system mice, melanoma

INTRODUCTION

The development of cancer vaccines has been a challenging – but promising – task to date. The
induction of protective cytotoxic CD8+ T (CTL) cells against tumors has been the main objective
of these vaccines (1–5). To achieve this goal, many attempts have been undertaken, including
the optimization of the vaccine formulation and vaccine delivery, as well as the inclusion of
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adjuvants (4–9). One well-studied approach is the use of
poly(lactic-co-glycolic) acid (PLGA)-based nanoparticles (NP)
as a vaccine delivery system. These NPs have several desired
properties, including high antigen density, incorporation of
different classes of molecules including proteins and lipids, ability
to reach the MHC-class I pathway after uptake by dendritic
cells (DCs), and slow extended release of their payload (10, 11).
PLGA-based NP vaccines can also be targeted to specific cell
types; for example, to CD141+ (BDCA3+) cross-priming DCs
by using anti-CLEC9A antibodies (Abs) (12). In this regard, it
was previously shown that the presentation of tumor antigens
(Ag) by cross-priming DCs can effectively induce a potent
anti-tumor CTL response (1, 3, 4). Given this potential, some
tumor vaccines have been designed for targeting cross-priming
DCs (13–16), one of which is now in clinical development
(17). A further benefit of these NP vaccines, also known as
nanovaccines, is that they can co-encapsulate tumor Ag and
immune modulators (adjuvants), such as a Toll-like receptor
(TLR) agonist for the purpose of enhancing the tumor-specific
CD8+ T cell response (18, 19). Alpha-galactosylceramide (α-
GalCer), a strong agonist of invariant natural killer T (iNKT) cell
cells, is known to act as a potent adjuvant (20–24). In response
to α-GalCer, iNKT cells swiftly produce immunostimulatory
cytokines, such as IFN-γ, which in turn leads to DC maturation
and activation and ultimately triggers the downstream activation
of effector cells, such as NK cells and T lymphocytes (20–
24). This α-GalCer has also been co-encapsulated with a tumor
antigen (12, 25).

We have previously designed a PLGA-based NP vaccine
by encapsulating a tumor Ag and α-GalCer and decorating
the NPs with Abs against human CLEC9A to target cross-
priming CD141+ DCs known to be capable of inducing
potent CTL responses (13, 16, 26). Using nanovaccines co-
encapsulating tumor self-Ag (Trp2 and gp120) and α-GalCer,
and decorated with Abs against Clec9a (mouse counterpart),
we have recently shown that these nanovaccines induce
a potent CTL response that protects in prophylactic and
therapeutic settings against the development of aggressive tumors
(melanoma) (12). We have also shown that the NP vaccine
containing the Melan A Ag and α-GalCer and coated with
anti-CLEC9A Abs strongly induced the expansion of tumor
Ag-specific CD8+ T cells from human PBMCs in vitro (12).
Although these studies have clearly revealed that the adjuvant
functions of iNKT cells can be exploited by the simultaneous
co-delivery of both α-GalCer and Ag into the same DCs,
the iNKT cell helper functions have yet to be tested in a
human setting in vivo. Our current objective was to confirm
these promising data in vivo by using a humanized mouse
model. To this end, we took advantage of a novel model of
humanized mice, termed human immune system (HIS) mice,
which possess functional human iNKT cells and CD8+ T
cells, called HIS-CD8/NKT mice (27). These HIS-CD8/NKT
mice were generated by the transduction of β2-microglobulin
(β2m)-deficient NOD/SCID-IL2rγnull (NSG) mice with adeno-
associated virus serotype 9 (AAV9) expressing genes that
encode HLA-A∗0201 linked to human β2m, human CD1d
linked to human β2m, and also human hematopoietic cytokines

(human GM-CSF, IL-3, and IL-15). Then, these human genes-
transduced NSG mice were engrafted with HLA-A∗0201-positive
human hematopoietic stem cells as a source of various human
immune-competent cells (28). It is important to note that
we recently were able to exhibit the functionality of human
CD141+ DCs in our HIS mice, validating their utility for
this study (29). Here, using a nanovaccine loaded with the
tumor Ag Melan A and α-GalCer and decorated with anti-
CLEC9A Abs, we aimed to analyze the immune response in
HIS-CD8/NKT mice. Our data confirm the exquisite ability
of the vaccine to expand/activate CD141+ DCs and iNKT
cells and ultimately to generate a potent Melan-A-specific
CD8 + T cell response.

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
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,
United States); 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 (27–29).

Mice
NOD.Cg-B2mtm1Unc Prkdcscid Il2rgtm1Wjl/SzJ (NSG-B2m) triple
mutant mice, which combined the features of severe combined
immune deficiency mutation 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, as
previously described (27–29).

Generation of HIS-CD8/NKT Mice
Three-week old NSG-B2m mice, which lack endogenous
mouse CD1d, were given intravenous (i.v.) injection of
adeno-associated virus serotype 9 (AAV9) which encodes
for human IL-3, IL-15, and GM-CSF, as well as peri-
thoracic injection of AAV9 which encodes for HLA-A∗0201
(28) and human CD1d (27). One to two weeks after the
transduction of selected human genes by AAV9 vectors, mice
were exposed to 150-Gy whole-body sublethal irradiation for
myeloablation. A few hours later, each transduced, irradiated
mouse was engrafted i.v. with 1 × 105 HLA-A∗0201+
matched CD34+ human HSCs which were isolated from fetal
liver samples, as previously described (27–29). The entire
procedure of generating HIS-CD8/NKT mice is illustrated
in Figure 1A.
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FIGURE 1 | Establishment of HIS-CD8/NKT mice and schematic representation of the immunization protocol. (A) NSG-B2m mice were first transduced with
HLA-A2, human CD1d, and selected human cytokines, followed by sub-lethal irradiation and engraftment of HLA-A2+ HSCs after 1 week. Fifteen weeks after the
HSC engraftment, the status of HIS reconstitution was determined by measuring the percentages of certain human lymphocyte subpopulations present in PBMCs
by flow cytometry. (B) After the establishment of HIS-CD8/NKT mice, they were immunized with NP-based Melan-A vaccines three times with 2-week intervals and
10 days after the last boost, splenocytes were isolated and various immunoassays were performed.

Construction of PLGA-Based NP
Vaccines That Co-deliver Melan A and
α-GalCer With or Without Anti-CLEC9A
Antibody Attachment
PLGA-based NP coated with lipid-polyethylene glycol and
carrying Ab were generated using the copolymer PLGA
essentially as recently described (12). Briefly, 20 mg of
endotoxin-free 18-mer Melan A peptide, which contains the
HLA-A∗0201-restricted CD8+ T-cell epitope (ELAGIGILTV),
and 50 µg of α-GalCer were co-encapsulated to 100 mg of
PLGA. Anti-human CLEC9A Ab or an isotype control was
attached to the lipid-polyethylene glycol layer. The PLGA-
based NPs were then characterized by dynamic light scattering
and zeta potential to assess quality. Incorporation of Melan A
peptide in NPs was quantified by Coomassie dye protein assay
(Thermo Fisher Scientific, United States) or by reversed-phase
high-performance liquid chromatography. The presence of Ab
on the particle surface was quantified by Coomassie dye
protein assay. The constructed NP/MelanA/α-GalCer/IgG and

NP/MelanA/α-GalCer/anti-CLEC9A vaccines were designed to
be analogous to those which were previously used to investigate
the in vitro activation of the α-GalCer-reactive human iNKT-
cell response, as well as Melan-A-specific human CD8+ T-cell
proliferation of the PBMCs collected from HLA-A2+ healthy
donors and melanoma patients (12).

Immunization Regimens
The immunization regimens were selected based on
our previously published studies (12), in which a free
α-GalCer/tumor peptides complex, NP/α-GalCer/tumor
peptides/IgG, and NP/α-GalCer/tumor peptides/anti-Clec9a
were immunized 3 times and tumor-specific mouse CD8+
T-cell response, as well as α-GalCer-reactive mouse iNKT-cell
response, were measured (12). Regimens were administered
by the intramuscular route, because this route is one of
the three parenteral routes (subcutaneous, intradermal,
and intramuscular) approved by the U.S. Food and Drug
Administration (FDA) and European Medicines Agency (EMA)
for licensed PLGA to be used in humans (11). Therefore, in
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order to test the immunogenicity of the NP vaccine which
co-delivers Melan A and α-GalCer and is decorated by
anti-CLEC9A Ab (NP/Melan A/α-GalCer/anti-CLEC9A), a
group of HIS-CD8/NKT mice were immunized three times
i.m. with the vaccine with 2-week intervals (Figure 1B). An NP
vaccine that co-delivers Melan A peptide and α-GalCer and is
coated by an isotype IgG (12), as well as the mixture of soluble
forms of Melan A peptide and α-GalCer, were immunized into
other groups of HIS-CD8/NKT mice as controls. Ten days after
the last immunization, splenocytes were isolated from the spleens
of immunized, as well as naïve HIS-CD8/NKT mice, for analysis.

A Flow Cytometric Analysis to Determine
the Phenotypes of Human Lymphocyte
Subsets in the Spleen of Immunized, as
Well as Naïve HIS-CD8/NKT Mice
Splenocytes isolated from immunized and naïve HIS-
CD8/NKT mice were blocked for 5 min on ice using normal
mouse sera supplemented with anti-CD16/CD32 (clone 93,
BioLegend) (27–29). 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,
San Diego, CA, United States), Pacific Orange anti-mouse
CD45 (clone 30-F11, Life Technologies, Carlsbad, CA,
United States), phycoerythrin (PE)-TexasRed antihuman
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/Jα18 (clone 6B11,
BioLegend), Alexa Fluor 647 anti-human CD161 (clone HP-
3G10, BioLegend), PE-Cy7 anti-human CD19 (clone HIB19,
BioLegend), PE anti-CD11c (clone 3.9, BioLegend), and PerCp-
Cy5.5 anti-human CD14 (clone M5E2, BioLegend). After
staining, cells were washed twice with PBS containing 2%
FBS, fixed with 1% paraformaldehyde, and analyzed using a
BD LSR II Flow Cytometer (BD Biosciences, Franklin Lakes,
NJ, United States).

Tetramer Staining to Determine
Melan-A-Specific
HLA-A∗0201-Restricted CD8+ T-Cell
Response
Splenocytes were isolated from immunized and naïve HIS-
CD8/NKT mice and incubated with Melan A peptide-loaded
HLA-A∗0201 tetramer, which was kindly supplied by the
NIH Tetramer Core Facility. We also incubated the cells
with the following antibodies: Pacific Blue anti-human CD45
(clone HI30), Pacific Orange anti-mouse CD45 (clone 30-
F11), PE-Texas Red anti-human CD3 (clone UCHT1),
APC-Cy7 anti-human CD4 (clone RPA-T4), FITC anti-
human CD8 (clone HIT8a), and PE-Cy7 anti-human CD19
(clone HIB19). Finally, the percentage of Melan-A-specific
human CD8+ T cells was determined using a BD LSR
II Flow Cytometer.

An ELISpot Assay to Determine
Melan-A-Specific Human CD8+ T-Cell
Response and Human iNKT-Cell
Response
After isolation of splenocytes, the relative numbers of Melan-
A-specific IFN-γ-secreting human CD8+ T cells or α-GalCer-
reactive human iNKT cells among 1 × 106 splenocytes
obtained from immunized and naïve HIS-CD8/NKT mice
were determined using ELISpot assays (27). Briefly, 1 × 106

splenocytes were placed on each well of the 96-well ELISpot
plate pre-coated with captured anti-human IFN-γ antibody and
incubated for 24 h in the presence of a synthetic peptide
corresponding to the HLA-A∗0201-restricted CD8+ T-cell
epitope of Melan A antigen (ELAGIGILTV) (12) for detecting
Melan-A-specific CD8+ T cells, or α-GalCer (27) for detecting
human iNKT cells. Then, the ELISpot plate was incubated
with biotinylated anti-human IFN-γ antibody, followed by
incubation with avidin-conjugated with horseradish peroxidase.
Finally, the spots were developed after adding ELISpot substrate
(BioLegend), as described (27, 28).

Thirty-Two-Plex Single-Cell Proteomics
Detection Platform to Profile Human
CD8+ T-Cell Polyfunctionality
Splenic human CD8+ T cells were isolated from immunized
and naïve HIS-CD8/NKT mice by anti-human CD8 microbeads
(Miltenyi) and stimulated with plate-bound anti-human CD3
(10 µg/mL, clone OKT3) and soluble anti-human CD28
(5 µg/mL, clone CD28.2) at 37◦C, 5% CO2 for 24 h. After
stimulation, cells were stained with PE-conjugated anti-human
CD8, rinsed and resuspended with fresh complete culture media
and loaded on a single-cell IsoCode containing ∼12000 cellular
microchambers, each of which was pre-patterned with a complete
copy of the 32-plex antibody panel (30–33). After an additional
16-h-on-chip-incubation at 37◦C, 5% CO2, proteins secreted
from approximately 1000 single cells were captured and analyzed
by the 32-plex ELISA array categorized into different functional
groups: Effector: Granzyme B, TNF-α, IFN-γ, MIP1-α, Perforin,
TNF-β; Stimulatory: GM-CSF, IL-2, IL-5, IL-7, IL-8, IL-9, IL-12,
IL-15, IL-21; Chemoattractive: CCL11, IP-10, MIP-1β, RANTES;
Regulatory: IL-4, IL-10, IL-13, IL-22, sCD137, sCD40L, TGF-
β1; Inflammatory: IL-6, IL-17A, IL-17F, MCP-1, MCP-4, IL-1β.
Protein signals from zero-cell microchambers were used to assess
cytokine-specific background. Signals with a signal-to-noise ratio
(SNR) of at least 2 (relative to the background threshold) and
from at least 5 single cells or 2% of all single cells (whichever
quantity was larger) were considered as significantly secreted.
The polyfunctional profile of individual cells defined as co-
secreted 2 + proteins per cell was evaluated by the IsoSpeak
software package. The polyfunctional strength index (PSI) was
calculated in a similar manner as previously described (34),
defined as the percentage of polyfunctional cells, multiplied
by mean fluorescence intensity (MFI) of the proteins secreted
by those cells. The 3D t-SNE visualization of all single cells
was analyzed in the IsoSpeak software by using the following
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hyperparameters: theta: 0.5; perplexity: 50; maximum iterations:
1000; and seed: 123.

Statistical Analysis
All statistical analyses were performed using GraphPad Prism
(ver. 7) (GraphPad Software, Inc). For all studies, unpaired t-test
or Mann-Whitney U Test was used to determine the differences
between two groups. For statistical differences across the four
groups, an ANOVA test followed by Tukey’s HSD test were used.

RESULTS

NPs Incorporating Self-Tumor Ag and
α-GalCer Induce a Potent
Melan-A-Specific Human CD8+ T-Cell
Response in HIS-CD8/NKT Mice
HIS-CD8/NKT mice were generated as illustrated in Figure 1A,
and then divided into four groups for immunization by the
following: (1) Naïve untreated mice, (2) a mixture of soluble
forms of Melan A peptide and α-GalCer, (3) NP vaccine which
co-delivers Melan A peptide and α-GalCer and is coated by
an isotype IgG (NP/Melan A/α-GalCer/IgG), (4) NP vaccine
which co-delivers Melan A and α-GalCer and is decorated
by anti-CLEC9A Ab (NP/Melan A/α-GalCer/anti-CLEC9A).
Immunizations were conducted three times intramuscularly
(i.m.), 2 weeks apart (Figure 1B). Of note, the anti-CLEC9A Ab
used in this study reacts with only human DCs (12) and does not
cross-react with mouse DCs (Supplementary Figure S1).

Ten days after the last administration, the expansion
of the Melan A-specific human CD8+ T-cell response was
evaluated. To this end, the percentage of human CD8+ T
cells that were positive for Melan A peptide (ELAGIGILTV)-
loaded HLA-A∗0201 tetramer was assessed by flow cytometry
(Figure 2A). Compared to controls, the NP vaccine having
both the Melan A peptide and α-GalCer and coated with
anti-CLEC9A Ab (NP/Melan A/α-GalCer/anti-CLEC9A)
induced a higher level of the Melan A-specific, HLA-A∗0201-
restricted human CD8+ T-cell response (Figure 2A and
Supplementary Figure S2). Although HIS-CD8/NKT mice
immunized with the control NP vaccine (NP/Melan A/α-
GalCer/IgG) or with a mixture of soluble Melan A and
α-GalCer displayed a significantly higher percentage of
Melan A-specific, HLA-A∗0201-restricted human CD8+
T-cell response compared to naïve HIS-CD8/NKT mice, the
response was significantly lower than that induced by NP/Melan
A/α-GalCer/anti-CLEC9A.

We also conducted an ELISpot assay to determine the
relative number of IFN-γ-secreting human CD8+ T cells
in response to Melan-A peptide ex vivo (Figure 2B). We
observed that HIS-CD8/NKT mice immunized with NP/Melan
A/α-GalCer/anti-CLEC9A had a higher number of human T
cells that secrete IFN-γ in response to the Melan A peptide,
ELAGIGILTV, which corresponds to its HLA-A∗0201-restricted
human CD8+ T-cell epitope, in vitro (Figure 2B). Collectively,

these data indicate that the NP vaccine triggers a potent Melan-A-
specific CD8+ T cell response, both in term of frequency/number
and cytokine production.

The NP Vaccine Induces Expansion of
Human iNKT Cells in HIS-CD8/NKT Mice
We next determined whether α-GalCer encapsulated in the
NP vaccine can activate and expand human iNKT cells in
HIS-CD8/NKT mice. We stained PBMCs from all mice for
an invariant TCR expressed by iNKT cells (Vα24/Jα18) and
quantified the proportion of iNKT cells within all human
CD45+ cells. As shown in Figure 3A, HIS-CD8/NKT mice that
received NP/Melan A/α-GalCer/anti-CLEC9A had a significantly
increased percentage and number of human iNKT cells
compared to other control groups. Functional analysis of the
iNKT cells by ELISpot to determine IFN-γ production in
response to α-GalCer revealed a significantly higher number
of IFN-γ-secreting iNKT cells not only in this animal group,
but also in the group of mice that received the immunization
with NP/Melan A/α-GalCer/IgG, compared to the group of mice
immunized with Melan A peptide and α-GalCer (Figure 3B).
The number of α-GalCer-reactive iNKT cells tended to be higher
in the NP/Melan A/α-GalCer/anti-CLEC9A group compared
to the control NP/Melan A/α-GalCer/IgG group, although the
difference was not statistically significant (p = 0.135).

The NP Vaccine Induces Expansion of
CD141+ Human DCs in HIS-CD8/NKT
Mice
We next investigated the impact of the NP-based vaccine on
the expansion of human CD141+ (BDCA3+) DCs. To this
end, splenocytes collected from each of the vaccinated groups
of HIS-CD8/NKT mice were incubated with anti-CD11c and
anti-CD141 Abs then assessed by flow cytometry. As shown in
Figure 4A, the percentage of CD141+ CD11c+ human DCs
in the spleen of HIS-CD8/NKT mice that received NP/Melan
A/α-GalCer/anti-CLEC9A significantly increased relative to the
control. The percentage of CD11c+ DCs (pan-myeloid DCs) was
also significantly increased in this mouse group (Figure 4B). The
expansion of CD11c+ DCs that do not express CLEC9A, could be
caused by their interaction with T cells and iNKT cells. Together,
immunization with the NP vaccine decorated with the anti-
CLEC9A Ab led to greater expansion of DCs, including CD141+
DCs, compared to HIS-CD8/NKT mice immunized with the
control NP vaccine (IgG).

The NP Vaccine Triggers Polyfunctional
Human CD8+ T Cells as Revealed by
Single Cell-Based Multiplexed
Proteomics
Lastly, we sought to evaluate the polyfunctional T-cell response
in the immunized HIS-CD8/NKT mice. To this end, we
took advantage of a 32-plex single-cell proteomics detection
platform to profile human CD8+ T-cell functionality across
approximately 500 single cells. The single-cell analysis identified

Frontiers in Immunology | www.frontiersin.org 5 August 2020 | Volume 11 | Article 2043

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-02043 August 16, 2020 Time: 14:14 # 6

Huang et al. Novel Nanovaccine in Humanized Mice

FIGURE 2 | Level of Melan-A-specific, HLA-A2-restricted human CD8+ T-cell response induced by the NP vaccines. (A) The percentage of Melan-A-specific T cells
among total human CD8+ T cells in the spleen of all groups of mice was determined by flow cytometry using the Melan A tetramer. (B) The relative number of
Melan-A-specific, HLA-A2-restricted human CD8+ T cells that secrete IFN-γ among splenocytes from all groups of mice was determined by an ELISpot assay.
Results are displayed as the mean value and standard error (n = 5). Statistical analyses were performed using ANOVA followed by Dunnett’s test and differences
were considered if P < 0.05.

FIGURE 3 | Level of α-GalCer-reactive human iNKT-cell response induced by NP vaccines. (A) The percentage (closed symbols) and number (open symbols) of
Vα24+Jα18+ human iNKT cells among mouse CD45+ cells within splenocytes isolated from immunized HIS-CD8/NKT mice were determined by flow cytometry.
(B) The relative number of α-GalCer-activated human iNKT cells that secrete IFN-γ among splenocytes from HIS-CD8/NKT mice immunized with NP-Melan-A
vaccine was determined by an ELISpot assay. Results are displayed as the mean value and standard error (n = 5). Statistical analyses were performed using ANOVA
followed by Dunnett’s test and differences were considered if P < 0.05.

a robust upregulation of polyfunctional human CD8+ T
cells in the HIS-CD8/NKT mice immunized with NP/Melan-
A/α-GalCer/anti-CLEC9A compared to other animal groups
(Figure 5A). Polyfunctional T cells, defined as at least 2 proteins
simultaneously co-secreted by a single cell, are recognized as
one of the important functional attributes for the assessment of
the T cell immune response to antigenic stimulation (30–32).
As shown in Figure 5A, NP/Melan-A/α-GalCer/anti-CLEC9A
elicited the highest increase of polyfunctional CD8+ T cells
compared to NP/Melan-A/α-GalCer/anti-IgG and to Melan-A
and α-GalCer administered in a free form. In addition, we
noted a statistically significant difference between the NP/Melan

A/α-GalCer/anti-CLEC9A group and both the mixture of soluble
Melan A and α-GalCer and naïve groups when we calculated
the polyfunctional strength index (PSI; see section “Materials
and Methods”) of the human CD8+ T cells induced by the
vaccines (Figure 5B). PSI was calculated based on the percentage
of polyfunctional cells and the intensities of secreted proteins,
suggesting the impact of NP/Melan-A/α-GalCer/anti-CLEC9A
on promoting CD8+ T-cell polyfunctionality, as well as the
quantity of each of the secreted proteins by these individual
CD8+ T cells. Moreover, the significantly upregulated PSI of
the human CD8+ T cells by the NP/Melan A/α-GalCer/anti-
CLEC9A vaccine was predominated by anti-tumor associated
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FIGURE 4 | Expansion of human DC subsets by NP-Melan-A vaccines. (A) The percentage of CD141+ human DCs among mouse CD45+ cells within splenocytes
isolated from immunized HIS-CD8/NKT mice was determined by flow cytometry. (B) The percentage of CD11c+ human DCs among CD45+ cells within splenocytes
isolated from immunized HIS-CD8/NKT mice was determined by flow cytometry. Results are displayed as the mean value and standard error (n = 5). Statistical
analyses were performed using ANOVA followed by Dunnett’s test and differences were considered if P < 0.05.

proteins including human Granzyme B, IFN-γ, Perforin, and
TNF-α, as well as a low level of sCD137 secretion (Figure 5B),
indicating the superior anti-cancer potential of this vaccine.

Visualization of each of the combination of proteins as
a heatmap revealed specific subsets of polyfunctional cells
upregulated by the NP/Melan A/α-GalCer/anti-CLEC9A vaccine
(Figure 5C). For example, polyfunctional CD8+ T cells which
expressed both Granzyme B and Perforin, or those that expressed
TNF-α and sCD137 together, were upregulated in the NP/Melan
A/α-GalCer/anti-CLEC9A group compared to other groups.
Breaking down the contribution of each protein to the overall PSI
indicated that all the identified proteins were major contributors
to the PSI observed (Supplementary Figure S3). In addition,
as shown in Figure 5D, non-linear single-cell visualization by
three-dimensional t-distributed stochastic neighbor embedding
(3D t-SNE), a machine-learning algorithm (35), revealed that
cells isolated from mice which received the NP/Melan A/α-
GalCer/anti-CLEC9A vaccine clustered separately from cells of
other mice, and that this group was highly polyfunctional and
exhibited a profile of multiple effector-driven functions.

DISCUSSION

Growing evidence demonstrates that iNKT cell agonists (typically
α-GalCer) may directly potentiate anti-cancer therapy. However,
innovative strategies to better manipulate the adjuvant effects
against iNKT cells are required. In the current study, we tested the
ability of an NP-based vaccine to enhance DC/iNKT cell/naïve
CD8+ T cell interactions, thereby triggering potent Ag-specific
CD8+ T responses. This design was based on exploiting the
unique ability of human iNKT cells to substitute “classical”
CD4+ T helper cells in licensing cross-priming DCs in vivo
(36). We have recently demonstrated the ability of a nanovaccine
containing the Melan A Ag and α-GalCer and coated with

anti-CLEC9A Abs to strongly induce the expansion of tumor
Ag-specific CD8+ T cells from human PBMCs in vitro (12).
In order to determine whether such an NP-based Melan A
vaccine can successfully induce a tumor Ag-specific human
CD8+ T cell response “in vivo,” we have utilized a humanized
mouse model, which mimics the human immune system and
includes functional human CD8+ T cells (28), iNKT cells
(27), and human CD141+ DCs (29). These humanized mice,
called HIS-CD8/NKT mice, are made by transducing β2-
microglobulin-deficient NSG mice (lack mouse CD1d) with
HLA-A2/human β2m and human CD1d/human β2m, as well
as human hematopoietic cytokines (human GM-CSF, IL-3, and
IL-15), followed by the engraftment of A2-matched human
hematopoietic stem cells (27–29).

Our main finding is that the NP-based Melan A vaccine
was able to induce a high level of Melan-A-specific, A2-
restricted human CD8+ T-cell response in HIS-CD8/NKT
mice (Figure 2). Furthermore, the response to the vaccine
included a significant level of human iNKT cell (Figure 3)
and human CD141+ DCs (Figure 4A) responses. We further
profiled the functionality of the human CD8+ T cells induced
by the NP vaccine by using a 32-plex single-cell proteomics
detection platform, finding that there was a robust upregulation
of polyfunctionality due to the vaccine (Figure 5). We found
that these polyfunctional CD8+ T cells secreted greater levels
of granzyme B, IFN-γ, perforin, TNF-α, and sCD137 in the
NP vaccine-immunized HIS-CD8/NKT mice relative to other
groups. We employed 3D t-SNE, a non-linear dimensionality
reduction tool to dissect the high-dimensional single-cell
data and demonstrate distinct cell clusters among the groups
with a prominent increase of polyfunctionality in CD8+ T
cells by NP vaccine. Furthermore, these polyfunctional cell
subsets promoted by NP/Melan A/α-GalCer/anti-CLEC9A
vaccine predominantly secreted effector proteins that are
associated with antitumor immunity. Hence, the use of
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FIGURE 5 | Polyfunctional human CD8+ T cells induced by the NP-Melan-A vaccines as determined by single cell-based multiplexed proteomics. (A) The
NP-Melan-A vaccines resulted in an upregulation of polyfunctionality and (B) polyfunctional strength index (PSI). (C) Heat map identified an increase of polyfunctional
cell subsets (multiple secreted cytokines) in the vaccinated mice compared to naive mice. Results are displayed as the mean value and standard error (n = 5). (D) 3D
t-SNE visualization dissected high-dimensional single cells and revealed highly upregulated polyfunctionality of CD8+ T cells with effector protein-driven multiple
functions upon NP-Melan-A vaccines. Statistical analyses were performed using Mann-Whitney U test and differences were considered if P < 0.05.

this humanized mouse model allowed us to accurately
replicate the human iNKT cell response and assess a novel
vaccination strategy.

Two independent studies have recently used α-GalCer or its
analog as a means to enhance a tumor-specific CD8+ T-cell
response (24, 25). In the first study, which was conducted
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by our group, mice were immunized with tumor peptides
simply mixed with a free form of an α-GalCer analog, and
we observed a slight increase in tumor-specific CD8+ T-cell
response and protective immunity, both of which were further
enhanced by co-administration of monophosphoryl lipid A
(MPLA), a TLR4 agonist (24). Our study indicated that the
α-GalCer analog can induce robust CD8+ T-cell-mediated
protective immunity when co-administered with MPLA, thus
rendering this combination of adjuvants a novel vaccine adjuvant
formulation. The second study by Dölen, Y. et al. compared
the immunogenicity and efficacy of a PGLA-based NP vaccine
that encapsulated both a full-length ovalbumin (OVA) and α-
GalCer with those of PGLA that encapsulated OVA and a
several TLR ligands (R848 and poly I:C) (25). They compared
the level of OVA-specific T-cell responses, as well as the
protective efficacy of these responses by challenging mice with
a B16 melanoma cell line that expressed OVA. The study
concluded that the vaccine which co-encapsulated OVA and
α-GalCer exerted a more robust T-cell-mediated anti-tumor
response than the vaccine which co-encapsulated OVA and a
TLR ligand. This current study is in agreement with these
two previous studies in demonstrating α-GalCer is a potent
adjuvant for a tumor-specific T-cell response. However, in
contrast to both published studies, which were done using
conventional mice, this current work has demonstrated in
a human immune system model that a PGLA-based NP
vaccine which encapsulated a tumor antigen and α-GalCer
and decorated by anti-CLEC9A can actually engage both
populations of human iNKT cells and human CD141+ DCs
in vivo. In doing so, the vaccine successfully expanded DC/iNKT
cell/naïve CD8+ T cell interactions, thereby efficiently priming
and expanding Ag-specific CD8+ T cells as intended, and
ultimately enhanced a tumor Ag-specific human CD8+ T-cell
response. With regards to the anti-tumor effects of the tumor
Ag-specific human CD8+ T cells both in vivo and in vitro,
we are planning to determine whether NP formulation is
able to induce such tumoricidal human CD8+ T cells in
HIS-CD8/NKT mice using an appropriate tumor model in
the near future.

In summary, we demonstrated the successful induction
of a significant level of tumor Ag-specific human CD8+
T-cell response in HIS-CD8/NKT mice by an NP-based
vaccine. As one of the advantages of using such a humanized
mouse model was that we could visibly monitor the
interactions of important cell types including human CD8+
T cells, iNKT cells, and CD141+ DCs, future studies could
address mechanistic properties through methods such as
an intravital imaging analysis by multi-photon microscopy
(37, 38) and a whole body in vivo imaging system (39,
40). Secondly and more importantly, we will be able to
challenge NP vaccine-immunized HIS-CD8/NKT mice with
Melan A-expressing tumors and determine the efficacy of
the vaccine. Finally, the successful profiling of the NP
vaccine-induced polyfunctional human CD8+ T cells using
single-cell proteomics may serve as predictive biomarkers
for a more accurate evaluation of tumor vaccine efficacy in a
pre-clinical setting.
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