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populations among tumor-infiltrating lymphocytes is asso-
ciated with SIAT8 vaccination. A single adenoviral vacci-
nation introduces anti-tumor activity similarly to repeated 
vaccination with naked DNA. Here, greater NKT tumor 
infiltrates were accompanied by marked overexpression 
of IL-17 in the tumor, later switching to IL-4. Our results 
suggest that a single intramuscular adenoviral vaccination 
introduces overexpression of GD3 by antigen-presenting 
cells at the injection site, recruiting NKT cells that provide 
an inflammatory anti-tumor environment. We propose ade-
noviral SIAT8 (AdV-SIAT8) can slow the growth of GD3 
expressing tumors in patients.
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ADCC  Antibody-dependent cellular cytotoxicity
AdV  Adenovirus
αGalCer  Alpha galactosylceramide
ANOVA  Analysis of variance
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Abstract An immunotherapeutic strategy is discussed 
supporting anti-tumor activity toward malignancies over-
expressing ganglioside D3. GD3 can be targeted by NKT 
cells when derived moieties are presented in the context 
of CD1d. NKT cells can support anti-tumor responses by 
secreting inflammatory cytokines and through cytotoxic-
ity toward CD1d+GD3+ tumors. To overexpress GD3, we 
generated expression vector DNA and an adenoviral vec-
tor encoding the enzyme responsible for generating GD3 
from its ubiquitous precursor GM3. We show that DNA 
encoding α-N-acetyl-neuraminide α-2,8-sialyltransferase 
1 (SIAT8) introduced by gene gun vaccination in vivo 
leads to overexpression of GD3 and delays tumor growth. 
Delayed tumor growth is dependent on CD1d expression 
by host immune cells, as shown in experiments engaging 
CD1d knockout mice. A trend toward greater NKT cell 
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CD  Cluster of differentiation
CDC  Complement-dependent cytotoxicity
CTL  Cytotoxic T-lymphocyte
DAPI  4′,6-Diamidino-2-phenylindole
DMEM  Dulbecco’s modified Eagle’s medium
DNA  Deoxyribonucleic acid
EV  Empty vector
GD3  Disialoganglioside 3
GM3  Monosialoganglioside 3
gp100  100 kD Glycoprotein
HEK293 cells  Human embryonic kidney 293 cells
HSP  Heat shock protein
IFN  Interferon
IL  Interleukin
iNKT cell  Invariant natural killer T cell
LAM  Lymphangioleiomyomatosis
MOVAS cells  Mus musculus vascular smooth muscle 

cells
MTT  3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide
OCT  Optimal cutting temperature
PBS  Phosphate-buffered saline
pfu  Plaque forming units
PMA  Phorbol 12-myristate 13-acetate
qRT-PCR  Quantitative reverse transcription-poly-

merase chain reaction
RNA  Ribonucleic acid
SCLC  Small cell lung cancer
SIAT8  Alpha-N-acetyl-neuraminide alpha-2,8-si-

alyltransferase 1
TRP  Tyrosinase-related protein

Introduction

Gangliosides are glycosphingolipids found within lipid 
rafts of the plasma membrane [1] and contribute to cell 
adhesion and motility [2]. This is particularly important 
during neuronal development [3]. Of particular interest 
is disialoganglioside D3 (GD3), generated by the addi-
tion of a sialic acid residue to endogenous ganglioside 
M3 (GM3) by the enzyme α-N-acetyl-neuraminide α-2,8-
sialyltransferase 1 or GD3 synthase, the expression of 
which occurs in the Golgi [4] and separates GD3 express-
ing from non-expressing cells.

During development, the ganglioside is found in the 
cerebral cortex, hippocampus, thalamus and cerebellum 
of the brain, whereas expression in adults is found in the 
neural retina [5]. GD3 is also expressed by neuroendo-
crine tumor cells, particularly melanoma [6]. We have 
similarly reported overexpression of GD3 in lung tumors 
that develop in lymphangioleiomyomatosis [7]. When 
expressed in tumors, the ganglioside supports metastasis, 

promotes angiogenesis and interacts with growth fac-
tor receptors [8]. Circulating gangliosides shed by tumors 
can be cytotoxic by introducing mitochondrial damage in 
cells [9] when the ganglioside is not deactivated by O-acet-
ylation [10]. Preferential expression of GD3 by tumors or 
immune privileged tissue [11] renders the molecule suited 
as a target of immunotherapeutic anti-tumor vaccines.

Previous attempts to target GD3 have involved antibody 
or anti-idiotype administration [12, 13]. Phase III clinical 
trials offered a unique attempt at immunotherapy for small 
cell lung cancer [14]. The success of antibody-based ther-
apy can, however, be limited, as humoral responses depend 
on additional immune components for complement-
dependent cytotoxicity or antibody-dependent cellular 
cytotoxicity [15]. Moreover, the targeted tumor type, small 
cell lung cancer (SCLC), is a particularly aggressive tumor 
type that evades treatment [16]. Meanwhile, these trial ther-
apies revealed limited autoimmune side effects, suggest-
ing that GD3 membrane expression is quite tumor-specific 
and that targeting GD3 is relatively safe, though safety of 
a more aggressive approach using anti-GD3 chimeric anti-
gen-receptor-transduced T cells has yet to be shown [17]. 
Treatment efficacy may be more clearly revealed when tar-
geting less aggressive GD3-expressing tumors and when 
activating an effector mechanism beyond antibodies and 
their derivatives.

We thus set out to design a vaccine to recruit natu-
ral killer T (NKT) cells to the tumor. Classical NKT cells 
express a restricted T cell receptor repertoire with an invari-
ant Vα14Jα18 chain in mice and Vα24Jα18 in humans. 
Upon recognition of cognate antigen, NKTs release 
type 1 cytokines including interferon-γ (IFN-γ) or type 
2 cytokines including IL-4 to induce adaptive immune 
responses. Production of IL-10 or IL-17A and others is also 
possible [18].

NKT cells can thus support ongoing immune responses 
within the tumor environment through cytokine produc-
tion to assist cytotoxic T cell responses against the tumor. 
NKT cells can also be directly cytotoxic toward tumor cells 
expressing a natural NKT ligand and appropriate antigen-
presenting moieties [19]. GD3 can be presented to both 
CD4+ and CD4− NKT cells in the context of cluster of dif-
ferentiation 1d (CD1d) [20]. Presentation of lipid antigens 
in the context of CD1d is generally limited to professional 
antigen-presenting cells [21]. However, expression has 
been observed on the surface of tumor cells including renal 
cell carcinomas and melanomas [22, 23]. Taken together, 
NKT cells can restrict tumor growth [24].

Invariant NKT cells can develop different cytokine pro-
files depending in part on the interaction affinity with the 
antigen-presenting cell [19]. Meanwhile, the majority of 
circulating NKT cells is of the effector memory type [25]. 
Key to GD3-enhanced stimulation of anti-tumor responses 
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is then whether GD3 expression by antigen-presenting cells 
can stimulate NKT cell recruitment and cytokine secretion 
where needed.

The GD3 synthase (SIAT8) or alpha-N-acetyl-neurami-
nide alpha-2,8-sialyltransferase 1 was overexpressed using 
an expression vector, and it was assessed whether expres-
sion of the enzyme is a sufficient and non-cytotoxic means 
to elicit GD3 expression. Wildtype and CD1d knockout 
mice were then gene gun-vaccinated with a combina-
tion of SIAT8 and adjuvant inducible heat shock protein 
70 (HSP70i) encoding DNA before a subcutaneous B16 
mouse melanoma tumor challenge. Tumor growth and 
depigmentation were followed, and NKT cell influx to 
tumors was monitored. The SIAT8 enzyme was likewise 
overexpressed by adenoviral transduction. Tumor regres-
sion after a single vaccination of adenovirus has been 
reported in mice [26]. This application carries particular 
significance for lung tumors, as adenovirus is responsible 
for natural pulmonary infections [27]. Administering ade-
novirus type 5-based vectors has proven safe in mice and 
humans [28]. Here, resulting cytokine profiles among NKT 
cells were measured by quantitative reverse transcription–
polymerase chain reaction (qRT-PCR), or mice were again 
subjected to a B16 tumor challenge. A novel vaccination 
principle is tested to help us understand the role of SIAT8 
in defining GD3 expression levels and tumor growth, probe 
NKT cell responses to GD3, and assess treatment efficacy 
for tumors overexpressing GD3. These experiments pro-
vide important insights for a vaccination strategy that can 
elicit NKT cell responses against GD3-expressing tumors, 
potentially keeping tumor growth in check.

Materials and Methods

Human and mouse SIAT8 cloning and expression 
verification

RNA was harvested from human melanoma cell lines M14 
(American Type Culture Collection, Manassas, VA) and 
reverse-transcribed, and cDNA clone MGC-36044 (ATCC) 
served as a template for amplification of mouse GD3 syn-
thase using primers (Invitrogen, Darmstadt, Germany) for 
human F: 5′ATGAGCCCCTGCGGGCGGGCCCGGCG 3′ 
R: 5′CTAGGAAGTGGGCTGGAGTGAGGTATC3′, and 
mouse F: 5′ATGAGCCCCTGCGGGCGGGCCCTAC3′, 
R: 5′CTAGGAAGTGGGCTGTGGTGACGGC3′ SIAT8 
enzymes. Amplified SIAT8 DNA including a stop codon 
was cloned into the pEF6/V5-His TOPO TA expression 
vector and introduced into chemically competent One Shot 
TOP10 E. coli (Invitrogen). Human embryonic kidney 
293 (HEK293) cells were transfected with the human or 
mouse SIAT8 plasmid using Lipofectamine LTX Reagent 

(Invitrogen). Cells were indirectly stained using K-18 goat 
polyclonal antibodies to GD3 synthase (Santa Cruz), and 
mouse IgG3 antibody clone R24 to GD3 (Invitrogen). Flu-
orescently labeled, species-specific secondary antibodies 
(Southern Biotechnologies) were added before fluorocyto-
metric analysis.

Complement‑dependent cytotoxicity assay

Complement-dependent cytotoxicity (CDC) assays were 
performed by plating SIAT8-transfected HEK293 cells in 
triplicate in 96-well plates. Adherent cells were subjected 
to 5 μg/ml azide-free R24 antibody (Invitrogen) and nor-
mal human serum complement solution (Quidel Corpora-
tion, San Diego, CA) in culture medium. Maximum cyto-
toxicity values were established from wells incubated 
with 0.5% Triton-X-100 (Sigma-Aldrich, St. Louis, MO). 
Background signal was determined from untreated wells. 
After 16 h, cells were subjected to an MTT assay (Bioas-
say Systems, Hayward, CA) to quantify viability. Briefly, 
cells were pre-incubated with 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) substrate before 
solubilizing the precipitate (Bioassay Systems). Absorb-
ance was measured at 570 nm in a Multiskan microplate 
reader (Thermo Scientific, Rockford, IL).

Gene gun vaccination

C57BL/6 mice or C57BL/6-Cd1d1tm1.1Aben/J (CD1d knockout) 
mice were gene gun-vaccinated with plasmid DNA encoding 
adjuvant human inducible heat shock protein 70 (HSP70i) 
[29] combined 1:1 with plasmid encoding mouse SIAT8 
(mSIAT8), human tyrosinase-related protein-1ee/ng (a kind gift 
from Dr. JA Guevara-Patiño, Loyola University Chicago, Chi-
cago, IL, USA) [30], or empty expression vector DNA. Bullets 
were prepared using endotoxin-free plasmid DNA precipitated 
onto spermidine-coated gold beads (Sigma-Aldrich, St. Louis, 
MO) [31], used to coat silicone tubing (Bio-Rad, Hercules, 
CA). Hair was removed with Nair (Church and Dwight Com-
pany Incorporated, Ewing, NJ). Vaccinations were adminis-
tered as 4.2 μg of total DNA using a Helios Gene Gun (Bio-
Rad, Hercules, CA) under isoflurane anesthesia (E-Z Systems 
Corporation, Palmer, PA). Mice were vaccinated weekly for a 
total of 5 times, and tumor challenges were performed after 
a 9-day interval unless stated otherwise. Animal experiments 
were performed in accordance with the Guide for the Care and 
Use of Laboratory Animals (2011).

Adenoviral vectors and vaccination

Recombinant human adenovirus type 5 (hAdV-5) vec-
tors were constructed by inserting human and murine 
SIAT8 cDNAs into the plasmid pAdapt-CMV. The adaptor 
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plasmids were linearized, digested with PacI and co-trans-
fected with PacI-linearized plasmid pWE/Ad-rITR into 
PER.C6 helper cells. The hAdV-5 sequences in both plas-
mids facilitate the generation of recombinant adenovirus 
through homologous recombination. Upon the appear-
ance of cytopathic effects, cell lysates were prepared by 
freeze/thawing and used to infect fresh PER.C6 cells. The 
hAdV-vectors were purified by double CsCl gradient band-
ing and stored at −80 °C. Viral titers were determined by 
plaque assay on 911 cells [32]. In vitro transduction was 
performed at 2 × 107 pfu/105 cells for 72 h. For vaccina-
tions, C57BL/6 mice were included at 6 weeks of age and 
vaccinated with mouse SIAT8-encoding adenovirus (AdV-
mSIAT8), empty vector adenovirus (AdV-EV), phosphate-
buffered saline (PBS) or 1 µg αGalCer. Mice received 0 
or 108 AdV plaque forming units (pfu) intramuscularly in 
the posterior thigh; αGalCer was administered intraperito-
neally. Tissues were harvested after 10 days unless animals 
were subjected to a subcutaneous B16 melanoma tumor 
challenge performed 10 days after (prophylactic) or just 
before (therapeutic) vaccination. In the latter case, a second 
vaccination was administered on day 7.

Tumor challenge

Mice were challenged with 105 B16F10 melanoma cells 
(source: American Type Tissue Collection, ATCC), trans-
fected or not with an expression plasmid encoding the 
SIAT8 enzyme into both flanks. Initial experiments were 
performed with untransfected GD3+ B16 cells alone. 
Where SIAT8-transfected cells were used, tumor cells 
transfected with empty vector alone were introduced 
into the opposite flank. Tumor growth was monitored 
daily using calipers for 3 weeks or until tumors reached 
1500 mm3. Tumor volume was calculated as 0.5(length × 
width × height) [33]. Mice were imaged to evaluate depig-
mentation at euthanasia, and tumor tissues were harvested 
for further analysis.

FACS analysis

B16 tumors were mechanically homogenized using cell 
strainers (Fisher Brand, Houston, TX) followed by Lym-
pholyte (Cedarlane Labs, Burlington, NC) separation. 
Lymphocytes with or without prior phorbol 12-myristate 
13-acetate (PMA)/ionomycin treatment were then immu-
nostained using rat antibody 30-F11 to CD45 (BioLegend, 
San Diego, CA) and rat antibody 6D5 to CD19 (BioLeg-
end) to distinguish non-B cell leukocytes and primary 
mouse antibody PK136 to NK1.1 (BioLegend, San Diego, 
CA), hamster antibody H57-597 to TCRβ (Biolegend), 
rat antibody RM5-5 to mouse CD4 (BD Biosciences, San 
Jose, CA), rat antibody 53-6.7 to mouse CD8α and hamster 

antibody 145-2c11 to mouse CD3ε (BD Biosciences) 
to determine the relative number of T, NKT and NK cell 
subpopulations. CD3− T cells were gated among NK1.1-
positive events to classify NK cells, with the remainder 
assessed for TCRβ expression and reactivity with αGalCer-
loaded dimers (Enzo Life Sciences, Farmingdale, NY and 
BD Biosciences, respectively) to classify NKT cells or CD4 
helper/suppressor T cells or CD8 cytotoxic T cells. CD1d 
dimer staining adds specificity at the expense of sensitivity, 
and elsewhere in the manuscript NKT cells are quantified 
as NK1.1+, CD3+ cells. For intracellular cytokine staining, 
cells were maintained in fixation/permeabilization buffer 
(eBioscience, San Diego, CA). Fluorocytometry was per-
formed using Fortessa instrumentation (BD Biosciences) 
and analyzed using FlowJo software (FlowJo LLC, Ash-
land, OR).

Immunofluorescent double stains

Optimal cutting temperature (OCT)-embedded mouse skin 
and tumor samples were cryosectioned (Leica Biosystems, 
Buffalo Grove, IL), acetone-fixed and stored at −20 °C. 
After Super Block treatment (ScyTek Laboratories, Inc., 
West Logan, UT), sections were immunostained using 145-
2c11 primary antibodies to CD3ε (BD Biosciences) dis-
played in red and PK136 to NK1.1 (BD Biosciences) dis-
played in green. Sections were coverslipped using ProLong 
Gold antifade reagent with 4′,6-diamidino-2-phenylindole 
(DAPI) mounting medium (Life Technologies, Grand 
Island, NY). Cells expressing both markers were counted 
as NKT cells and counted per microscopic field.

Reverse transcription–quantitative polymerase chain 
reaction

Ribonucleic acid (RNA) was isolated from 25-µm frozen 
B16 tissue sections placed in Trizol Reagent (Life Tech-
nologies, Grand Island, NY). After sonification, RNA was 
isolated, and reverse transcription was performed using 
SuperScriptII enzyme and oligo-dT primers (Life Tech-
nologies) at 42 °C for 50 min. Quantitative PCR reactions 
were set up using SYBR Green (Invitrogen), 200 ng/25 μl 
reaction cDNA, and commercially optimized qPCR prim-
ers (Qiagen, Venlo, NL). Real-time PCR reactions were run 
on an Applied Biosystems 7500 thermocycler (Life Tech-
nologies) following a hot start for 10 min. at 95 °C, and 50 
cycles of 95 °C for 15 s, 55 °C for 30 s and 72 °C for 30 s. 
Data were analyzed using the ΔΔCT method [34].

Statistical analysis

The means of groups were compared using two-sam-
ple t tests or ANOVA (when more than two groups were 
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compared), followed by Newman–Keuls multiple com-
parison test [35]. To adhere to the normality assumption 
required when comparing mean across groups with small 
sample sizes, tumor volume and weight data were square-
root-transformed to correct for skewness prior to apply-
ing hypothesis tests. The results were visually inspected 
to ensure normality. Statistical analyses were performed 
using Graphpad Prism software (La Jolla, CA). Statis-
tical significance of the differences in mean between 
groups is expressed in figures as * p < 0.05; ** p < 0.01; 
*** p < 0.001.

Results

Introducing GD3 synthase is necessary and sufficient 
to elicit surface GD3 expression

Monosialoganglioside M3 (GM3) is found in most cell 
types, yet only cells that express GD3 synthase can convert 

GM3 to GD3. Thus, this enzyme was introduced into GD3− 
HEK293 cells, and subsequent surface GD3 expression 
was assessed. In Fig. 1a, expression of GD3 by 93% of 
cells transfected with hSIAT8 is shown 48 h after transfec-
tion. Figure 1b shows complement-dependent cytotoxicity 
in the presence of the R24 antibody to GD3 was induced 
in approximately 40% of SIAT8 transfected HEK293 
cells within 24 h. An ANOVA indicated significant dif-
ferences among groups (p < 0.0001). All but the mSIAT8 
and hSIAT8 groups differed (p < 0.05) in a Newman-Keuls 
post-test. In Fig. 1c, GD3− Mus musculus vascular smooth 
muscle (MOVAS) cells, electroporated to express mouse 
SIAT8 increased 2.6-fold in mean fluorescence inten-
sity over 2 wks (stained using antibody GD3) relative to 
cells transduced to express gp100. In Fig. 1d, expression 
of GD3 on the cell surface of B16 mouse melanoma cells 
was increased 3.5-fold over background; however, expres-
sion of GD3 by B16 cells is variable. Taken together, Fig. 1 
shows that SIAT8 leads to GD3 expression and sensitizes 
cells to CDC.

Fig. 1  Expression of GD3 
synthase drives membrane 
GD3 expression. a Human 
SIAT8 induces GD3 expression 
by HEK293 cells within 48 h 
of transfection. b Comple-
ment mediated cytotoxicity 
is observed toward GD3+ 
HEK293 cells or 624.38 
melanoma cells c Mouse SIAT8 
electroporated into MOVAS 
cells likewise leads to overex-
pression of GD3 d Antibody 
Mel1 (=R24) to GD3 was used 
to demonstrate that B16 F10 
mouse melanoma cells can 
express GD3 on the cell surface
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Repeated adjuvant‑supported SIAT8 gene gun 
vaccination delays melanoma growth

Overexpression of SIAT8 may be of use to elicit immune 
responses to the ganglioside that can be protective in a 
tumor setting. DNA vaccination of mice was performed, 
followed by tumor growth monitoring upon challenge with 
B16 melanoma cells transfected with mSIAT8 expression 
plasmid or empty vector DNA. In supplementary figure S1, 
SIAT8 transfection mediates elevated expression of GD3 by 
B16 melanoma cells (Supplementary figure S1a), whereas 
transfected cells maintain greatly enhanced GD3 expres-
sion in vivo (Supplementary figure S1b). In Fig. 2a, mice 
received plasmids encoding adjuvant HSP70i and either 
human GD3 synthase, optimized tyrosinase-related pro-
tein-1 (TRP-1ee/ng) or empty vector DNA. In Fig. 2b, GD3-
overexpressing tumor weights were significantly decreased 
when comparing the SIAT8 to the negative control group. 
Meanwhile, in Fig. 2c depigmentation is shown as meas-
ured at the time of euthanasia. Significant autoimmunity 
(depigmentation at the vaccination site) was observed only 
in the TRP-1ee/ng and HSP70i vaccination group. Thus, pro-
tection offered by a DNA vaccine encoding the GD3 syn-
thase enzyme rivals with optimized TRP-1, yet offers the 
added bonus of anti-tumor protection without autoimmune 
side effects.

Anti‑tumor responses in SIAT8 vaccinated mice are 
CD1d dependent

Immune monitoring was performed on C57BL/6 wildtype 
and CD1d knockout mice treated with the DNA vaccine. 
Tumors were harvested at 1.5 cm3 in size or by day 21 
after tumor challenge for inclusion in immune monitoring 
experiments, and partly dissociated to obtain lymphocytes 
that were subjected to CD45, CD19, CD3, NK1.1, TCRβ 
and CD1d dimer staining. In Fig. 3a final tumor weights 
were compared for GD3 overexpressing B16 tumors in 
wildtype and CD1d knockout mice treated with or without 
SIAT8 vaccination. As assessed by ANOVA, tumor sizes 
were significantly different within the C57BL/6 group, 
and reduced GD3++ tumor sizes were observed for SIAT8 
treated C57BL/6 mice but not for CD1d knockout mice. 
Taken together with Fig. 2, the data support a role for NKT 
cell-mediated anti-tumor responses to GD3 s vaccination. 
In Fig. 3b, detection of NKT cells as αGalactosylCeramide 
(αGalCer)-loaded dimer engaging TCR-β+ cells among the 
CD45+, CD19− population of lymphocytes is compared 
to background using unloaded dimers (top panels). Simi-
lar analysis applied to a GD3 overexpressing tumor (+ in 
the table under GD3++) and its contralateral counterpart (− 
in the table) suggests that NKT cells preferentially home 
to GD3 overexpressing tumors (lower panels). In Fig. 3c, 

Fig. 2  hSIAT8 vaccination 
significantly delays B16 tumor 
growth. a C57BL/6 mice 
were gene gun-vaccinated 
with mSIAT8 and HSP70i 
DNA (n = 10), TRP-1ee/ng 
and HSP70i DNA (n = 5), 
or HSP70i and empty vector 
DNA (n = 10). Depigmentation 
was evaluated at euthanasia. b 
Tumor growth in mice vacci-
nated with mSIAT8 and HSP70i 
was significantly delayed 
compared to the control group, 
c Only TRP-1ee/ng and HSP70i 
vaccination induced significant 
autoimmune depigmentation as 
a side effect
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where NK populations are quantified, or in 3d where T 
cells were quantified, relative infiltration by these sub-
populations did not differ based on GD3 overexpression, 
presence or absence of CD1d or vaccination strategy. In 

3e, NKT cell infiltration is clearly dependent on the pres-
ence of CD1d and trends toward an increase in response to 
GD3 overexpression or SIAT8 vaccination. In situ staining 
reveals increased intra-tumoral abundance of NKT cells in 

Fig. 3  Efficacy of mSIAT8 vaccination is CD1d dependent. a Con-
trary to C57BL/6 mice, in CD1d knockout mice, final GD3++ 
tumor weights were not reduced by SIAT8 vaccination. b NKT cells 
are detected using loaded (dimers + αGalCer), but not unloaded 
(unloaded dimers) dimers (top panels) and such NKT cells are gener-
ally more abundant in GD3++ tumors than in GD3+ tumors (+ and 
− in the table, respectively; lower panels). c NK cell and d T cell 

abundance is independent of elevated GD3 expression, SIAT8 vacci-
nation and the presence or absence of CD1d, whereas e NKT cells are 
found only in tumors from CD1d expressing mice and trend toward 
an increase in response to GD3 overexpression and SIAT8 vaccina-
tion, as solidified by f immunofluorescent in situ staining of NK1.1+ 
(green) and CD3+ (red) staining to reveal NKT cells (yellow)
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response to the SIAT8 vaccine in Fig. 3f. Taken together, 
the data support a role for NKT cells as the main mecha-
nism of response to SIAT8 vaccination.

Adenoviral transduction rapidly induces vast GD3 
overexpression in GD3− cells

We sought to adjust the strategy to a safe and effective 
method by means of an adenoviral vector. For proof of 
principle, SIAT8 was transduced into MOVAS cells. In 
Fig. 4a, expression of GD3 synthase was measured 72 h 
post-transduction, when the mean fluorescence intensity 
for GD3 synthase staining was approximately 17-fold 
increased over MOVAS cells transduced with AdV-EV. 
In Fig. 4b, an estimated 450-fold increase in GD3 expres-
sion is observed in the cells. Thus, an adenoviral vector is 
increasingly efficient when compared to naked DNA. Thus, 
adenoviral vaccination was next tested to introduce SIAT8 
in vivo.

SIAT8 vaccination induces measurable changes 
in immune parameters

Adenoviral vaccination might model the effects of SIAT8 
and GD3 overexpression in mice. As repeated vaccination 
raises a concern for pre-existing immunity toward the virus 
in patients, such repeats were limited. Mice were intra-
muscularly injected (αGalCer was introduced intraperi-
toneally), and injection sites and spleens were subjected 

to immune monitoring after 10 days. In Fig. 5a, reduced 
NKT cell numbers among splenocytes were measured in 
mice treated with AdV-mSIAT8 or with αGalCer as com-
pared to control groups, suggesting that NKT cells were 
recruited elsewhere. NKT cell frequencies did not increase 
significantly after in vitro PMA/ionomycin stimulation. 
In Fig. 5b, a trend toward increased IL-4 production is 
observed among splenocytes after PMA/ionomycin stimu-
lation in the mSIAT8- and the αGalCer-treated groups. A 
trend toward PMA/ionomycin-induced expression of IFN-γ 
was only observed in the αGalCer group (not shown). In 
Fig. 5c, injection sites were probed for NKT cells. Among 
injected sites, NKT cells were sparse (yellow arrows) and 
found only in the AdV-mSIAT8 group. In Fig. 5d, a trend 
toward increased NKT cell infiltration is observed at the 
injection site (n = 4); the biopsy site may not fully coin-
cide with the injection site. Enumerated NK1.1+CD3+ 
cells may consist in part of activated T cells responding to 
AdV injection, though they were observed at the injection 
site only in response to SIAT8. It thus appears that a single 
adenoviral vaccination to overexpress SIAT8 and, conse-
quently, GD3 will elicit demonstrable NKT cell responses.

A single adenoviral injection to introduce SIAT8 delays 
tumor growth

AdV vaccination was performed for mice that were sub-
sequently challenged with B16 melanoma cells. Whereas 
therapeutic vaccination of rapidly growing B16 tumors was 

Fig. 4  Adenoviral SIAT8 transfection leads to rapidly increased GD3 
expression in MOVAS cells. MOVAS cells were transduced with 
adenovirus encoding human or mouse SIAT8 before a intracellular 

staining and FACS analysis of SIAT8 expression (antibody K-18) or 
b extracellular staining and FACS analysis of high levels of surface 
GD3 expression by the majority of cells
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not effective (supplementary figure S3), prophylactic treat-
ment did reduce tumor growth. As shown in Fig. 6a, mice 
(n = 10) were intramuscularly injected with 108 pfu of 
AdV-mSIAT8 or not. A bilateral B16 tumor challenge was 
followed after 10 days, and tumor growth was followed 
for 18 days. In Fig. 6b, delayed tumor growth is depicted 
(p < 0.01) compared to the control group. In Fig. 6c, this 
difference is upheld when comparing tumor weights. In 
supplementary figure S2, tumors from the AdV-EV-vac-
cinated group expressed more transcripts encoding IL-10 

(2.3-fold), IL-4 (2.2-fold) and IFN-γ (7.4-fold) compared 
to control animals, with no net effect on tumor growth. 
However, tumors from AdV-mSIAT8-vaccinated animals 
also displayed increased IFN-γ and only in this group IL-
17A was increased compared to PBS injection (n = 4). 
Thus, a single adenoviral SIAT8 vaccination can lead to 
immune activation and reduced tumor growth. This pro-
vides support for a therapeutic enzyme vaccination strategy 
to safely overexpress GD3 and elicit responses to GD3+ 
tumors.

Fig. 5  Mobilization of NKT 
cell responses by AdV-SIAT8 
administration in vivo. Mice 
(n = 4) were injected with 
murine SIAT8 encoding or 
empty vector AdV or PBS, 
or IP injected with αGalCer 
before harvesting spleens 
and the injection site. a NKT 
cells are underrepresented in 
spleens from mice treated with 
αGalCer or with AdVmSIAT8 
supporting selective recruit-
ment, as shown for blood-borne 
antigens by others [49], b NKT 
cells among splenocytes from 
αGalCer treated and AdVm-
SIAT8 trended slightly toward 
greater IL-4 production per cell 
upon activation. c NKT cells 
selectively infiltrate the injec-
tion site in AdVmSIAT8-treated 
mice (yellow arrows), but not in 
EV- or PBS-treated mice (red 
and green arrows: NK cells 
and T cells, respectively). d A 
trend toward increased NKT 
cell infiltration was observed 
among AdV-SIAT8 injected 
sites (n = 4)



72 Cancer Immunol Immunother (2017) 66:63–75

1 3

Discussion

An interest in targeting GD3 as a tumor antigen can be 
founded in the opportunity to elicit responses not only 
against melanoma and small cell lung cancer, but also 
toward tumors with a more benign physiology such as 
those observed in lymphangioleiomyomatosis (LAM) [36]. 
As patients develop LAM due to mutations that enhance 
GD3 expression, overexpression of this target is consistent 
[37]. However, patients with LAM do not exhibit spontane-
ous immune responses to the ganglioside [7]. This further 
prompted the objective to target GD3.

Overexpressing the enzyme responsible for generating 
GD3 from GM3 was sufficient to drive surface expression 
of the disialoganglioside, consistent with studies demon-
strating that SIAT8 expression limits GD3 expression [38]. 
Consequently, expression of SIAT8 may be a prognostic 
factor in cancer [39]. The remarkably accelerated tumor 
growth observed among mSIAT8-transduced, GD3++ B16 
cells further supports this. Thus, providing the enzyme 
together with an adjuvant might be sufficient to elicit an 
immune response to GD3. An important advantage is that 
the tolerizing consequences of immunizing with the gan-
glioside itself can be circumvented [40], as observed in 
response to circulating GD3 shed by ovarian tumors; as 
melanomas reportedly shed GD3 as well, upregulated 
expression introduced by SIAT8-encoding DNA may help 
to overcome such tolerization [41].

Available antibodies to GD3 are generally of the IgG3 
isotype. If this reflects the humoral response to naturally 
occurring antigen, resulting antibodies could bind com-
plement and elicit effective cytotoxic responses. In LAM 

and in melanoma, humoral responses to GD3 are sparse or 
absent [7]. Such a shortage can possibly be remedied by 
SIAT8 vaccination. Under conditions where GD3 is over-
expressed, abundant infiltration by macrophages and granu-
locytes has been reported. Thus, once humoral responses 
GD3 exist, tumors can likewise be targeted by antibody-
dependent cellular cytotoxicity (ADCC). Importantly, anti-
bodies to gangliosides can be cytotoxic by inducing cell 
detachment and other morphologic changes [42].

Though HSP70i plus SIAT8 gene gun vaccination did 
not affect NK recruitment, interactions between GD3 with 
surface siglec-7 may contribute to NK activation and the 
betterment of anti-tumor responses [43]. Cytotoxic T-lym-
phocyte (CTL) activation is likewise a feature of αGalCer 
vaccination [44]. It is possible that CTL were reactive to 
the SIAT8 enzyme itself. Even so, such responses can be 
supportive of tumor elimination as well.

Murine SIAT8 was next tested as an adenoviral vaccine. 
The enzyme was injected with AdV acting as an immune 
adjuvant [26]. The adenovirus was initially tested in 911 
host cells, mediating expression of both the enzyme and 
GD3 (not shown) [32]. This was next assessed in MOVAS 
host cells [45] to alleviate possible concerns with infect-
ing murine cells [46], and convincing expression of both 
enzyme and product was observed, providing incentive to 
further test adenoviral vaccination in mice.

Most importantly, SIAT8 vaccination appears to elicit 
NKT cell recruitment to the tumor. NKT cells were not 
found in tumors from CD1d knockouts where the vaccine 
failed to offer protection, indicating the latter is a potent 
strategy to elicit NKT cell responses other than administer-
ing αGalCer.

Fig. 6  A single AdV vaccina-
tion delays tumor growth in 
response to AdV-hSIAT8 a 
Adenoviral vaccination scheme. 
C57BL/6 mice (n = 10) were 
subjected to vaccination with 
AdV-mSIAT8, or AdV-empty 
vector, or PBS. b Final tumor 
sizes measured post-challenge 
were reduced for the AdV-
SIAT8 group. c Final tumor 
weights were likewise reduced 
in AdV-hSIAT8 mice
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As repeated AdV vaccination may be thwarted in 
humans due to pre-existing immunity neutralizing incom-
ing virions, we instead selected a single vaccination rap-
idly followed by a bilateral tumor challenge [47]. Delayed 
tumor growth was detected as reduced volumes and tumor 
weights. Complete remissions were not observed, and our 
studies indicate that SIAT8, particularly when therapeuti-
cally applied, will require combination therapy to treat 
aggressive tumors such as melanomas with a narrow treat-
ment window. That said, different vaccination doses or 
additional adjuvants may further enhance this NKT cell-
based strategy.

It appears that αGalCer vaccination elicits a dual IFN-
γ- and IL-4-based response by NKT cells [48]. The SIAT8 
vaccine, however, appears to accentuate a more IL-4-based 
response. As αGalCer is not expressed by mouse or human 
cells, its xenogeneity may explain this bias. However, even 
SIAT8 vaccination appears to be accompanied by NKT cell 
recruitment to the vaccination site. Benefit gained from 
SIAT8 vaccination may thus be ascribed to either enhanced 
recruitment of existing iNKT cells or to induction of mem-
ory NKT cells.

The effects of adenoviral vaccination on tumor growth 
associated with enhanced IL-17A and IFN-γ expression 
suggest that responsive cells generate supportive cytokines 
on site, where GD3 is in ample supply. Enhanced IL-17A 
expression may point to mTOR activation blocking invari-
ant NKT cell (iNKT) differentiation from iNKT-17 to 
iNKT-1 [49]. Though expression by B16 melanoma cells 
is low [50], some tumors can express CD1d in which 
case, NKT cells can directly respond to GD3 presented by 
tumors [51]. In fact, the requirement for CD1d to mediate 
NKT cell activation in response to GD3 was firmly estab-
lished [20, 51]. This can explain cytokine abundance and 
differences in tumor size.

Thus vaccinations based on expression of an enzyme 
responsible for de novo expression of a tumor antigen 
can offer a new concept to elicit prophylactic anti-tumor 
responses, whereas established tumors are less amenable 
to treatment. Prophylaxis is relevant for diseases associated 
with loss of TSC function and concomitant GD3 upregu-
lation [7]. Both DNA and adenoviral vaccination are pro-
cessed by dendritic cells [52], and the observed responses 
to SIAT8 vaccination in the tumor appear to be primarily 
NKT cell-based.

While immunotherapy targeting protein antigens can 
be associated with autoimmune side effects such as depig-
mentation, SIAT8 did not elicit a similar loss of pigment, 
even though GD3 is also expressed by melanocytes. This 
discrepancy is best explained by melanocytes not necessar-
ily colocalizing with CD1d expressing dendritic cells, so 
that NKT cells will unlikely mediate cytotoxicity toward 
melanocytes.

The current strategy may be of use to support adoptive 
T cell therapy with chimeric antigen-receptor-transduced 
T cells targeting GD3 by generating a favorable anti-
tumor cytokine environment, whereas SIAT8-based vac-
cination itself is more suited for prophylactic applications, 
for example in familial melanoma. The effects observed 
support the concept that adenoviral SIAT8 vaccines can 
interfere with growth of GD3 expressing tumors, without 
requiring personalized vaccine development as used in 
dendritic cell-based vaccines to administer αGalCer [3, 53, 
54]. Treatment can be directed toward particular locations, 
and overexpression of the target antigen is renewable and 
tenable over a longer period of time. Also, there is potential 
benefit to be gained from supporting humoral responses to 
a membrane antigen such as GD3.
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