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Abstract

Activation of innate immunity is critical for vaccine development and immunotherapy, through
triggering antigen specific immune responses. Natural killer T (NKT) cells are a unique type of
innate immune cells which exert potent anti-viral and anti-metastasis function, through producing
interferon-y and activating dendritic cells to present tumor antigens to CD8 T cells. alpha-
Galactosylceramide, a synthetic antigen for NKT cells, is an adjuvant for protein antigens which
can induce protective immunity against cancer and viral diseases, and has been proven to be safe
and immune stimulatory in human cancer and hepatitis patients. Current existing problem for
alpha-galactosylceramide is its induction of anergy of NKT cells, due to the non-selective
presentation of alpha-galactosylceramide antigen by B cells. We hypothesized that nanoparticle
formulated alpha-galactosylceramide may be selectively presented by dendritic cells and
macrophages, but not B cells, thus avoiding anergy induction in NKT cells. We have prepared
poly-lactic acid based nanoparticles conjugated with alpha-galactosylceramide, examined their
stimulation of NKT cells /n vitroand in vivo in mice, and showed that nanoparticle formulated
alpha-galactosylceramide stimulates NKT cells. In contrast to soluble alpha-galactosylceramide,
which caused NKT anergy after single stimulation, nanoparticle formulated alpha-
galactosylceramide repeatedly stimulates NKT cells without inducing anergy. Mechanistic studies
showed that nanoparticle formulated alpha-galactosylceramide is efficiently presented by mouse
CD11c + population containing dendritic cells, and CD11b + population containing macrophages,
but very poorly by B220 + population containing B cells. Hence, nanoparticle formulated alpha-
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galactosylceramide is an attractive immunomodulator for immunotherapy and vaccine
development. Future studies will be focused on its application as adjuvant for protein and/or
peptide antigens.
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1. Introduction

Invariant natural killer T (NKT) cells express evolutionally conserved T cell receptors and
recognize glycolipid antigens presented by the non-MHC encoded, non-polymorphic, MHC-
like antigen presenting molecule CD1d. The therapeutic value of invariant NKT cells was
first discovered by mechanistic studies on a-galactosylceramide (aGalCer), a
glycosphingolipid which prevents lung metastasis of intravenously injected B16 melanoma
cells in mice [1,2]. aGalCer, presented by CD1d in antigen presenting cells, activates the
TCR signaling in NKT cells. The aGalCer activated NKT cells “jump-start” the antitumor
and antiviral function of both innate and adaptive immune cells, including natural killer
(NK) cells, macrophages, dendritic cells, CD4 and CD8 T cells. The functions of NKT cells
are not only mediated by their secretion of cytokines (IFN-y and 1L4), but also direct cell-to-
cell contact. Specifically, NKT cells enhance the “cross-priming” of tumor and viral antigen,
by activating dendritic cells, up-regulating co-stimulatory molecules, as well as intracellular
trafficking of phagocytosed antigens from endo-lysosome pathway to MHC class | antigen
loading in endoplasmic reticulum [3,4]. Following these exciting discoveries, aGalCer has
been proven to be a unique type of adjuvant for vaccine development, by multiple groups
[5-12].

A major obstacle for the clinical use of aGalCer is that the soluble form of aGalCer is
taken-up and presented by circulating, CD1d expressing B cells, and results in long term
NKT anergy [13-15]. For treating chronic diseases such as cancer, repeated stimulation of
innate cells by immunomodulators is necessary. Since soluble aGalCer induces anergy in
NKT cells when injected intravenously, the rationale of repeatedly injecting soluble a-
GalCer, as practiced in several previous clinical trials in cancer and hepatitis patients, has
been seriously challenged. Additionally, NKT cell numbers vary greatly among healthy
individuals, ranging from 0.001 to 0.1% of total peripheral blood leukocytes [16], and it is
very unlikely that single treatment by a NKT cell stimulant will be effective to cause
objective responses in patients. Therefore, novel therapeutic modalities that repeatedly
stimulate NKT cells without inducing anergy are urgently needed.

The mechanisms of NKT anergy caused by aGalCer have been studied by several
laboratories [13-15]. TCR signaling without co-stimulatory molecules turns on anergy-
inducing transcription factors, which further up-regulate the E3 ligases (Grail, Cbl-b, and
Itch) that degrade the molecular components required for T cell growth and differentiation,
through ubiquitin-mediated proteasome degradation [17]. Itwas found that the co-
stimulatory signals and cytokines provided by dendritic cells are critical for avoiding the
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NKT anergy. To overcome the anergy induction problem of soluble aGalCer, Dhodapkar
and Steinmann have developed a cell therapy approach by intravenously injecting aGalCer
pulsed dendritic cells generated /n vitro from patients’ peripheral blood [18]. The cell
therapy method avoided the NKT anergy and showed potent efficacy in human cancer
patients to elicit cancer-specific CD8 responses. The efficacy of this method in curing cancer
is currently being studied in larger number of patients. However, cell therapy is expensive
and also impractical in virus infected patients since their tissues are excluded from GMP
processing. New methods are needed to stimulate NKT cells /n7 vivo repeatedly and
effectively.

Data from several groups indicated that nanoparticles are superior carriers of vaccines due to
their preferable uptake by dendritic cells [19-21]. Vaccines delivered by polyglutamic acid
nanoparticles have been found to be more efficiently endocytosed by dendritic cells and
macrophages than B cells [21]. Nanoparticles of 500-2000nm size were found to be more
efficiently uptaken, as compared to smaller sizes (100-200 nm). Nanoparticle formulated
antigens are released in the lysosome of dendritic cells, and recycled to cell surface to
stimulate immune cells. Based on the above progress, we have formed the hypothesis that
aGalCer packed in nanoparticles, is preferentially phagocytosed by dendritic cells, loaded to
CD1d, recycled to cell surface, and activate NKT cells.

2. Materials and methods

2.1. Preparation of polylactic acid nanoparticles

Polylactic acid (PLA) nanoparticles (500-1000nm size) were prepared using a double-
emulsion technique. Four hundred milligrams of PLA was dissolved in 2mL of
dichloromethane in a glass tube, and 100 pL of Milli-Q water was added to the polymer
solution. The polymer solution was then sonicated for 15 s to create the primary emulsion.
4mL of an aqueous 1% (w/v) solution of PEMA (poly[ethylene-alt-maleic acid]) was added
to the tube, and the sonication step was repeated. After the second sonication, the emulsion
was poured into 100mL of 0.3% (w/v) aqueous solution of the same stabilizer used for the
second emulsion, under rapid stirring with a magnetic stirrer. The resulting nanoparticles
were stirred in the solution for 3 h to evaporate the organic solvent. The nanoparticles were
then washed three times with Milli-Q water, resuspended in 4mL of Milli-Q water for use.

2.2. Conjugation of streptavidin to nanoparticles

To conjugate streptavidin to nanoparticles, 12.5mg nanoparticles were resuspended in
coupling buffer (50mM MES, pH 5.2) at 170 pL. 20 pL of EDAC (N-[3-
Dimethylaminopropyl]-N’-ethylcarbodiimide hydrochloride) solution (200 g/L) was added
to the suspension, and incubated at room temperature with continuous mixing for 15min.
After, 200 ug of streptavidin was added and mixed gently for 1 h at room temperature. The
strepatavidin-conjugated nanoparticles were stored in 10 mM Tris buffer, pH 0.5% with
0.05% bovine serum albumin.
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2.3. Preparation of nanoparticle formulated aGalCer

The synthesis of biotinylated GalCer will be published elsewhere. For treatment of each
mouse, 12.5 g of streptavidin coated nanoparticles and 2 pg of biotinylated aGalCer were
mixed and incubated for overnight at 4 °C under constant shaking. Nanoparticles were
washed by PBS for 3 times by centrifugation at 2000 x g.

2.4. Examining the rate of binding for biotinylated aGalCer

The biotinylated aGalCer,when present in solution, can be measured by biological assays in
a NKT cell stimulation assay. We could not find detectable NKT stimulation activity of the
post-binding supernatant after the biotinylated aGalCer was mixed overnight with
streptavidin-nanoparticles (data not shown). Thus the biotinylated aGalCer was considered
as 100% bound to nanoparticles.

2.5. Presentation of aGalCer by mouse bone marrow derived dendritic cells (BMDC)

Presentation of nanoparticle formulated aGalCer was tested in professional antigen
presenting cells, dendritic cells. Mouse BMDC were generated according to our published
methods [22]. 50,000 of BMDCs were mixed with soluble biotinylated aGalcer or
nanoparticle formulated aGalCer for 24 h, before being incubated with 50,000 NKT cells
(DN32.D2) for additional 24 h. The activation of NKT cells was represented by their
cytokine (IL2) release, as measured by ELISA or bioassays [22].

2.6. Presentation of nanoparticle formulated aGalCer by mouse spleenic antigen
presenting cells

Three types of antigen presenting cells (APC) were purified from mouse spleens, CD11c +
population (containing dendritic cells), CD11b + (containing macrophages), and B220 +
cells (containing B cells). 200,000 of each type of APCs were mixed with soluble
biotinylated aGalcer or nanoparticle formulated aGalCer for 24 h, before being incubated
with 100,000 NKT cells (DN32.D2) for additional 24 h. The activation of NKT cells was
represented by their cytokine (IL2) release.

2.7. In vivo stimulation of NKT cells by nanoparticle formulated aGalCer

Nanoparticle containing 1 ug aGalCer was injected to C57BL6 mice, with non-conjugated
nanoparticles as negative control. In parallel, we studied soluble form of aGalCer. We
previously published that the biotinylation of aGalCer does not interfere or reduce its
biological activity [23].

2.8. The repeated in vivo NKT cell stimulation

C57/BL6 mice were purchased from the Jackson Laboratory (Bar Arbor, ME) and housed in
M.D. Anderson Cancer Center animal facilities under standard pathogen free conditions
abiding institutional guidelines. 6 weeks old C57BL/6 mice were used for all experiments. 3
mice per group were used for each experiment. The treatment schedule was described in
Scheme 1. For first treatment, 1 pg aGalCer, or nanoparticle formulated a.GalCer in 200 pL
PBS was intravenously injected (through tail vein) to each mouse. 200mL of PBS/1%DMSO
was used as control.
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2.9. Measurement of IFN-y secretion after each stimulation

Mice were bled at 24 h after each injection. Serum IFN-» was measured by ELISA using a
kit from BD Biosciences (San Jose, CA).

2.10. Staining of NKT cells and flow cytometry analysis

24 h after /n vivo drug treatment, NKT cells were purified from mouse liver, and stained by
aGalCer/CD1d tetramer (provided by NIAID tetramer facility at Emory University, Atlanta,
GA\) at cell surface, in combination with intracellular staining (ICS) of IFN-y.

3. Results and discussion

3.1. Nanoparticle formulated aGalCer can be presented by mouse bone marrow derived
dendritic cells

As shown in Fig. 1, nanoparticle formulated aGalCer was processed and presented by bone
marrow derived dendritic cells, triggering activation of NKT cells. At similar concentrations,
nanoparticle formulated aGalCer showed 30% stimulatory activity as compared to free
aGalCer (Fig. 1B). This could be due to incomplete release of aGalCer in the lysosome to
CD1d antigen presenting pathway.

3.2. Nanoparticle overcomes the anergy of NKT cells

Similarly to aGalCer [13-15], the first injection of nanoparticle formulated aGalCer elicited
cytokine release, peaked at 24-48 h post injection, as measured by serum IFN- ¥
concentration. As shown in Table 1, nanoparticle formulated aGalCer induced IFN-y
secretion after each stimulation. In contrast, soluble aGalCer caused IFN-y secretion only at
the first treatment and failed to induce upon subsequent stimulations. Thus our new
formulation of aGalCer can repeatedly stimulate NKT cells and induce IFN-y production
without leading to anergy. However, the nanoparticle formulated aGalCer induced 10-fold
lower cytokine secretion in mouse serum at a same drug dose (1 pg of aGalCer). This could
be due to lower retention of these nanoparticles in immune organs (liver and spleen) and the
efficacy of aGalCer releasing from nanoparticles (Fig. 1).

It is well known that soluble form of aGalCer, when administered intravenously to mice,
will cause down regulation of TCR on NKT cells within 24 h. T cell receptors will come
back to cell surface after 48 h, and NKT cells start massive expansion between day 4 and
day 6 after drug treatment, followed by long term anergy [13-15]. In a clear contrast, we
found nanoparticle formulated aGalCer did not cause the down regulation of cell surface T
cell receptor (Fig. 2), although the NKT cells were activated and produced INF-y. We also
found the nanoparticle formulated a-GalCer only caused 2—-3-fold of increase of NKT cell
number in peripheral blood peaked between day 5 and day 8 after drug treatment (data not
shown), which is in clear contrast to the massive expansion of NKT cells (10-20-fold
increase) when the mice were treated by soluble form of a-GalCer.

3.3. Nanoparticle formulated aGalCer is preferentially presented by dendritic cells

Parekh et al. demonstrated that intravenous injection of aGalCer loaded B cells caused the
anergy of NKT cells [15]. Thus we have examined the efficacy of B cells in presenting
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nanoparticle formulated aGalCer. Fig. 3A showed that nanoparticle formulated aGalCer
was presented at a 100-fold lower efficiency as compared to CD11c + cells, at different
concentrations between 1 ng/mL and 1 pg/mL. In contrast, soluble form of aGalCer (Fig.
3B) was very efficiently presented by B cells, a finding similar to previous published results
by several other groups [13-15]. Thus nanoparticle formulated a GalCer avoided the
presentation by B cell population due to their poor capacity of phagocytosis.

In summary, our data strongly support our hypothesis that nanoparticle formulated aGalCer
repeatedly activates NKT cells, avoiding anergy induction. Further improvement may be
achieved by testing more lysosome degradable materials, to enhance the efficacy of releasing
aGalCer. Surface charges may be modified to enhance the uptake of nanoparticles by
dendritic cells in immune organs. Dendritic cell specific ligands, such as carbohydrate
ligands for DC lectins, may be utilized for targeting to dendritic cells.

Nanoparticle formulated aGalCer may be used as novel immunomodulators to treat cancer
and viral diseases. Furthermore, a same nanoparticle may be packed with both aGalCer and
protein/peptide antigens, as unique vaccine adjuvant. Our preliminary studies have shown
that both OVA protein and gp100 melanoma peptide antigens [24], when conjugated to
aGalCer containing nanoparticles, induced potent antigen specific CD8 T cell responses
(data not shown).
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Fig. 1.
Presentation of nanoparticle formulated aGalCer by dendritic cells. (A) Strepatavidin coated

nanoparticles were stained by biotin-FITC, and visualized by fluorescence microscope.
Nanoparticles without streptavidin coating (non-coated) were stained as negative control.
(B) Strepatvidin coated nanoparticles were conjugatedwith biotinylated aGalCer, and
presented by mouse dendritic cells to stimulate NKT cells. Soluble form of biotinylated
aGalCer were used as positive control. NKT cell activation was represented by their
secretion of cytokine (IL2). Data were representative of three independent experiments: (A)
soluble biotinylated aGalCer and (@) nanoparticle conjugated aGalCer.
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In vivo stimulation of NKT cells by nanoparticle formulated a.GalCer. C57BL6 mice were
intravenously treated with 2 ug of nanoparticle formulated aGalCer. 24 h after treatment,
mice were sacrificed, and liver lymphocytes were prepared for cell surface staining of NKT
cells by aGalCer/CD1d tetramer, and intracellular staining of IFN-». Mice treated with non-
conjugated nanoparticles, as well as mice treated by soluble form of aGalCer, were studied
in parallel. (Up panel) Liver NKT cells were stained by aGalCer/CD1d tetramer. Numbers
indicate percentage of NKT cells. Aqua (Invitrogen, Carlsberg, CA) positive cells were
excluded to ensure only living cells were stained. (Lower panel) Intracellular production of
IFN-y was stained by intracellular staining technology. Numbers indicate the percentage of
NKT cells producing IFN-y. Data were representative of three mice in each treated group.
Note that soluble form of aGalCer, when administered intravenously to mice, will cause
down regulation of TCR on NKT cells within 24 h, thus the NKT cells could not be detected

by aGalCer/CD1d tetramer staining.
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Poor presentation of nanoparticle formulated aGalCer by B cells. B220 + B cells were
purified from mouse spleen by cell sorting. 200,000 B cells were mixed with different
concentration of nanoparticle formulated aGalCer, and incubated with 100,000 NKT cells
(DN32.D3) for 24 h.NKT cell activation was represented by their secretion of cytokine
(IL2). CD11c + cells and CD11b + cells were studied in parallel. Data were representative of
two independent experiments: (A) presentation of nanoparticle formulated aGalCer and (B)

presentation of free aGalCer.
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Scheme 1.

Schedule of aGalCer (in nanoparticle form or soluble form) treatment /n vivo.
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Table 1

aGalCer-nanoparticles repeatedly activate NKT cells to produce IFN-y (pg/mL).

aGalCer-nanoparticles Nanoparticles aGalCer

w/o aGalCer
xlinjection  »gg + 394 48+ 1 2601 + 257
x2 injection 252 + 62 42 +5 65+ 2
x3 injection 261 + 102 45+3 40+11

a . . i
Data were average of three mice per group along with standard deviation.

Vaccine. Author manuscript; available in PMC 2018 January 18.

Page 13



	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Preparation of polylactic acid nanoparticles
	2.2. Conjugation of streptavidin to nanoparticles
	2.3. Preparation of nanoparticle formulated αGalCer
	2.4. Examining the rate of binding for biotinylated αGalCer
	2.5. Presentation of αGalCer by mouse bone marrow derived dendritic cells (BMDC)
	2.6. Presentation of nanoparticle formulated αGalCer by mouse spleenic antigen presenting cells
	2.7. In vivo stimulation of NKT cells by nanoparticle formulated αGalCer
	2.8. The repeated in vivo NKT cell stimulation
	2.9. Measurement of IFN-γ secretion after each stimulation
	2.10. Staining of NKT cells and flow cytometry analysis

	3. Results and discussion
	3.1. Nanoparticle formulated αGalCer can be presented by mouse bone marrow derived dendritic cells
	3.2. Nanoparticle overcomes the anergy of NKT cells
	3.3. Nanoparticle formulated αGalCer is preferentially presented by dendritic cells

	References
	Fig. 1
	Fig. 2
	Fig. 3
	Scheme 1
	Table 1

