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SUMMARY

Immune targeting of (glyco)protein tumor markers
has been useful to develop cancer and virus vac-
cines. However, the ganglioside family of tumor-
associated glycolipids remains intractable to vaccine
approaches. Here we show that synthetic antigens
mimicking the carbohydrate moiety of GD2 or GD3
gangliosides can be used as vaccines to activate a
selective humoral and cellular immunity that is thera-
peutic against several cancers expressing GD2 or
GD3. Adoptive transfer of T cells generated after
vaccination elicits tumor-infiltrating lymphocytes of
the v3 T cell receptor and CD8" phenotypes; and af-
fords a high therapeutic index. The glycomimetic
vaccine principles can be expanded to target the
family of tumor gangliosides and other carbohy-
drates expressed primarily in pathological states.

INTRODUCTION

Gangliosides are sialic acid-containing glycosphingolipids with
an extracellular carbohydrate headgroup linked to a ceramide
with two lipid tails embedded in the outer leaflet of the plasma
membrane. The unique extracellular carbohydrate head defines
the name of each ganglioside (Figure S1), while the lipids are het-
erogeneous and variable within a ganglioside.

Some gangliosides such as GM1 are ubiquitous and appear in
most normal cells, but tumor-marker gangliosides (TMGs) such
as GD2 and GD3 are TMGs expressed at high levels in cancer
(Daniotti et al., 2013, 2016; Gagnon and Saragovi, 2002) such
as neuroblastoma, melanoma, lymphomas, small cell lung can-
cer, gliomas, breast cancer stem cells, and other pathologies.

Functionally, TMGs provide tumors with advantages in
growth, metastasis (Cazet et al., 2009; Shibuya et al., 2012),
and enhanced angiogenesis and blood supply, allowing them
to extravasate (Liu et al., 2006; Ziche et al., 1992). TMGs can pro-
mote tyrosine kinase signal transduction (Tong et al., 2015);
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interact with adhesion proteins; and regulate raft, cell-cell, and
cell-matrix interactions (Aixinjueluo et al., 2005; Furukawa
et al., 2006; Gagnon and Saragovi, 2002; Hamamura et al.,
2011; lwabuchi et al., 2000; Nakashima et al., 2007; Todeschini
et al.,, 2007; Tong et al., 2015; Yoshida et al., 2002), making
TMGs etiological for cancer. Also, TMGs afford tumors with the
ability to evade the immune system. GD2 and GD3 are immuno-
suppressive (Grayson and Ladisch, 1992) and suppress antigen
presentation (Caldwell et al., 2003; Shurin et al., 2001; Yoshida
et al., 2001).

Therefore, the TMGs are etiological in cancer development
and immune evasion, making them valuable targets. The TMG
family, which is a subset of tumor-associated carbohydrate an-
tigens, comprises >20 glycosphingolipids highly expressed in
many cancer types for which a therapeutic strategy could be
developed (Heimburg-Molinaro et al., 2011). From a translational
medicine perspective, the pattern of TMG expression is
conserved across mammalian species, the glycan structures
that define each TMG are maintained (e.g., the GD2 carbohy-
drate tree is identical in mouse and humans), TMG expression
in tumor cells is homogeneous and uniform in cell lines and pri-
mary tumors (Doronin et al., 2014), and expression of TMGs
does not downregulate during or after therapy at least in osteo-
sarcoma and glioblastoma (Poon et al., 2015). These features
make TMGs attractive not just as tumor markers but also as rele-
vant etiological targets for cancer therapy, and they have thus
been prioritized (Cheever et al., 2009).

However, exploiting TMGs using immunotherapy has been
challenging because glycolipids are poor immunogens. The car-
bohydrate may not be efficiently processed or presented in the
context of major histocompatibility complex (MHC)/human
leukocyte antigen (Heimburg-Molinaro et al., 2011; Sun et al.,
2016); and while lipids can be recognized by specialized CD1-
restricted T cells (TCRaf or TCRyd or natural killer T cells
[NK-T])) (Brigl and Brenner, 2004; Park et al., 2008; Van Rhijn
et al., 2016), each lipid is not unique to a specific TMG, causing
concerns of possible tolerance or cross-reactivity.

Notwithstanding the challenges above, GD2 and GD3 have
been exploited clinically as tumor targets. Partial success in
cancer therapy was achieved by administering monoclonal anti-
bodies (mAbs) anti-GD2 (Cheung et al., 1998; Saleh et al., 1992;
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Yu et al., 2010) or anti-GD3 (Bajorin et al., 1990; Minasian et al.,
1995; Vadhan-Raj et al., 1988) in combination with chemo-
therapy or as a bifunctional antibody (Yankelevich et al., 2012;
Yu et al., 2010). Strategies somewhat related to passive immu-
nity comprise mimotopes and anti-idiotypes (Bleeke et al.,
2009; Fest et al., 2006; Horwacik et al., 2011; Kozbor, 2010;
Wondimu et al., 2008), and engineered chimeric antigen recep-
tors of an anti-GD2 mAb sequence expressed in T cells or NK
cells (Esser et al., 2012). Unfortunately, all of these produced
poor results and exhibited low therapeutic efficacy and a low
therapeutic index due to side effects (Navid et al., 2010);
however, dinutuximab (Ch14.18 mAb) was approved for high-
risk neuroblastoma, with other trials ongoing for neuroblas-
toma (NCT01822652, NCT02107963) and advanced sarcomas
(NCT01953900).

Active immunization using vaccines also generated poor out-
comes. We noted that most vaccines conjugated native gangli-
osides (containing heterogeneous lipids) to carriers (Chapman
et al., 2000; Kawashima et al., 2003; Kim et al., 2011; Ragupathi
et al., 2000, 2002, 2008), and the chemical conjugation caused
further heterogeneity (Astronomo and Burton, 2010; Danishefsky
and Allen, 2000). The most immunogenic vaccine conjugate did
not provide clinical benefits (Kirkwood et al., 2001).

We also noted that the ganglioside vaccines were thought to
elicit antibodies acting via complement-dependent cytotoxicity.
However, the antibody responses to gangliosides may be short-
lived (Chapman et al., 2004; Ragupathi et al., 2000), and there
was no direct correlation between anti-ganglioside antibody titer
and tumor therapy (Bleeke et al., 2009; Hakomori, 2001; Navid
et al., 2010; Terme et al., 2014).

We further noted that all ganglioside vaccines reported humor-
al response (e.qg., testing antisera after vaccination) but failed to
report on cellular immunity. This astonishing bias may be attrib-
uted to the relative success of passive therapy using anti-GD2
and anti-GD3 antibodies; but may have been conceptually
misleading.

As an alternative, we proposed to explore the generation of
carbohydrate-specific T cells. Our hypothesis was that a multi-
valent structure mimicking the aggregated state of TMGs within
rafts, and sized to fit immune binding pockets, may be crucial for
aT cellresponse. We produced a synthetic vaccine using GD2 or
GD3 glycomimetic analogs on a dendrimer core. The glycomi-
metic precursors (Blixt et al., 2005; Tong et al., 2010) were con-
jugated to a tetrameric polyamidoamine scaffold (PAMAM) to
generate oligomers “PAMAM-GD2” and “PAMAM-GDS3,” which
are lipid-free, water soluble, and maintain the native structure
found in native GD2 or GD3 ganglioside carbohydrates (Tong
et al., 2010).

The PAMAM-GD2 and PAMAM-GD3 used as vaccines are
highly immunogenic and elicit humoral responses that are selec-
tively cross-reactive with GD2 or GD3 on the tumor cell surface.
While anti-ganglioside humoral immunity is a helpful biomarker
and may be therapeutically relevant, it was not absolutely
required. Rather, cellular immunity elicited by the vaccine is
more relevant to cancer therapy. Direct vaccination, or adoptive
transfer of T cells purified from vaccinated donors, results in tu-
mor-infiltrating lymphocytes (TILs) of the TCRyd phenotype and
the CD8" phenotype, and a high therapeutic index in four
aggressive and metastatic syngeneic tumor models. The vac-
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cine is also effective in prophylactic paradigms. These principles
can be expanded to other high-value targets of the TMG family
(comprising >20 members), as well as to other carbohydrates
expressed in a significant number of cancers.

RESULTS

Design and Synthesis of Precursor Carbohydrate
Analogs, and Dendrimer Vaccine Products

The carbohydrates of normal gangliosides and TMGs share
common structures. For example, GD2 and GD3 differ from
each other by one sugar (Figure S1A), and the ubiquitously ex-
pressed GM1 differs from GD2 by two sugar units. Hence, it is
very difficult to safely raise anti-ganglioside immunity. We pre-
pared ganglioside mimetics that are structurally identical to
native GD2 and GD3 carbohydrates and without the variable lipid
tail, to reduce heterogeneity and the risk of cross-reactivity. Syn-
thetic analogs p-amino phenyl ether-GD2 (AP-GD2) and p-amino
phenyl ether-GD3 (AP-GD3) were generated, whereby their
amine group can be exploited for conjugation to amenable scaf-
folds (Figure S1B) (Tong et al., 2010).

In AP-GD2 and AP-GD3, the anomeric center of the glucose
linked to the phenyl ether is in the B-configuration, which is the
native linkage found between sugar and ceramide in the natural
gangliosides. This stereochemistry is key for preserving the
native structure, and contrasts with some chemistry-only
based synthetic methods that result in a mixture of a.- and -con-
figurations. After high-performance liquid chromatography
purification, the identity of AP-GD2 was verified by liquid chro-
matography-mass spectrometry, and the configuration was
confirmed using 'H nuclear magnetic resonance (NMR) spec-
troscopy, as we reported (Tong et al., 2010). The AP-GD3 was
characterized similarly (data not shown). Using AP-GD2 and
AP-GD3 glycomimetic precursors, we synthesized lipid-free,
water-soluble oligomeric products to be used as vaccines.

Purified AP-GD2 and AP-GD3 were converted to the corre-
sponding isothiocyanate and coupled to the free amines of
PAMAM GO dendritic core to provide the corresponding thio-
ureas, PAMAM-GD2 and PAMAM-GD3 (Figure S1C). After
separation from unreacted precursors and excess reagents,
PAMAM-GD2 and PAMAM-GD3 were characterized using
thin-layer chromatography, NMR spectroscopy, and quantita-
tive ELISA (see STAR Methods and Figures S2A-S2E, S3A,
and S3B).

Vaccines Elicit Humoral Immunity Selective against GD2
and GD3

The immunogenicity of PAMAM-GD2 and PAMAM-GDS3 anti-
gens was tested in vivo, using humoral immunity as a biomarker.
After two injections with vaccine (at days —10, and —4), the sera
were collected (at day 0) for testing by flow-cytometry binding to
native gangliosides on the tumor cell surface, and testing by
ELISA binding to AP-GD2 or AP-GD3 precursors, and to
PAMAM-GD2 or PAMAM-GD3 vaccine products, or to native
gangliosides.

Flow cytometry showed that test antisera bound to the sur-
faces of EL4-GD2* and EL4-GD3" cells. Negative control sera
(pre-immune or PBS-vehicle-injected mice) exhibited back-
ground reactivity. In cellular controls, the test antisera did not



bind to Jurkat cells, which are GD2™ and GD3™ but express other
gangliosides including GM1, indicating that antisera are GD2- or
GD3-specific. Representative data for two PAMAM-GD2 vacci-
nated mice (M1 and M3) are shown in Figure 1A. These data indi-
cate that the resulting humoral immunity cross-reacts with native
ganglioside on tumor cells. Similar assays with antisera from
PAMAM-GD3-immunized mice resulted in similar conclusions
(data not shown).

ELISA measured antisera binding to vaccine precursor AP-
GD2, or PAMAM-GD2 vaccine immobilized on plates, and
further confirmed that vaccination raises antibodies against the
immunogen (Figure 1B) as well as to native GD2 or native GD3
immobilized on plates (Figure S4). ELISA using antisera from
PAMAM-GD3-immunized mice resulted in similar conclusions
(data not shown). The test antisera from PAMAM-GD2 vacci-
nated mice had some degree of cross-reactivity with GD3 (and
test antisera from PAMAM-GD3 vaccinated mice had some de-
gree of cross-reactivity with GD2). This was not surprising
because GD2 and GD3 share a common carbohydrate core
(see Figure S1A).

In both the flow cytometry and the ELISA studies, the use of
anti-immunoglobulin G (IgG)-specific secondary reagents in-
dicates that the humoral response can mature and class-
switch. The ELISA and FACScan results were consistent
with each other, and immunization generated responses in
57 out of 60 mice tested (95%). It is noteworthy that vaccina-
tion used relatively low doses of antigen (50-100 pg/dose),
and that titers increased after the second vaccination (see
Figure S4).

As further validation that vaccination activates humoral immu-
nity, hybridomas were prepared using B cells from vaccinated
mice. The fusion generated several distinct anti-GD2 or anti-
GD3 mAbs (W.T., R.R., F.B., and H.U.S., unpublished data).

While a mature humoral response may be therapeutically use-
ful, and it is a convenient biomarker of vaccine immunogenicity,
we next focused on cellular immunity.

PAMAM-GD2 Vaccination Expands T Cells that Ex Vivo
Are Cytotoxic to GD2* Target Cells

The proliferation of lymph node and spleen primary T cells
collected from naive mice or PAMAM-GD2 vaccinated mice
was studied by measuring proliferation in vitro in response to
stimulation by EL4-GD2* target cells or control Jurkat cells
(Figure 2).

T cells from vaccinated mice proliferated when challenged
with mitomycin-treated EL4-GD2* cells, but not when chal-
lenged with mitomycin-treated control Jurkat cells. T cells from
non-vaccinated mice did not proliferate when challenged with
either mitomycin-treated cell type. Mitomycin-treated EL4-
GD2* and Jurkat cells did not incorporate [°H]thymidine (188 +
4 cpm and 107 + 5 cpm, respectively) (Figure 2A). In cell-viability
controls, treatment with concanavalin A (ConA) stimulated T cell
proliferation in vaccinated and non-vaccinated mice to a similar
degree (21,457 + 504 cpm and 19,834 + 309 cpm, respectively).
These controls demonstrate that DNA synthesis takes place in
the T cells from vaccinated mice when challenged with cells ex-
pressing GD2™.

Similar proliferation results were obtained by vital dye cell
counting. T cells from vaccinated mice (1:40 target-to-effector

ratio) increased in number after co-culture with live EL4-GD2"*
target cells but did not increase in control co-cultures with
live Jurkat cells (Figure 2B). After 7 days of co-culture all the
EL4-GD2* cells were dead but Jurkat cells were alive (see
morphology in Figure 2C). These data demonstrate that T cells
from vaccinated mice can be selectively cytotoxic to GD2* tumor
cells.

PAMAM-GDZ2 Vaccination Is Therapeutic against
Metastatic GD2* Tumors

We studied PAMAM-GD2 as a vaccine in vivo. In a tumor-pro-
phylactic paradigm, immune-competent C57/BI6 mice were
vaccinated twice (at days —9 and —3) prior to tumor implanta-
tion, followed by subcutaneous inoculation of EL4-GD2* cells
(at day 0). In a tumor-therapeutic paradigm, mice were inocu-
lated subcutaneously with EL4-GD2* cells (at day 0), followed
by vaccination at days 3 and 7 post implantation (Figure 3A).
EL4-GD2* cells are syngeneic, grow very aggressively, and are
palpable at day 3 post inoculation (i.e., the day of first vaccina-
tion in the therapeutic model), and are highly metastatic to lymph
nodes.

Vaccinated mice had significantly smaller primary tumors than
control mice, in the prophylactic and the therapeutic paradigms
(Figure 3B). Prophylactic and therapeutic experiments with
PAMAM-GD2 vaccination were reproduced four times indepen-
dently. Standardizing the primary tumor volumes of vehicle-
injected control mice in each experiment to 100%, the
vaccination reduced primary tumors by a significant ~50% at
the endpoint (Figure 3C).

Adoptive Transfer of T Cells from Vaccinated Donors
Protects Tumor-Bearing Recipient Mice

We tested whether adoptive transfer of T cells would convey im-
mune protection against tumors. A dose-escalation study (Fig-
ure S5) showed that the adoptive transfer of 4 x 10° T cells
collected from vaccinated donor mice was sufficient to convey
an effective anti-tumor response in a therapeutic paradigm
(adoptive transfer was done at day 3 post tumor inoculation).
This dose was selected for further experiments.

Mice bearing subcutaneous EL4-GD2* tumors received an
adoptive transfer of 4 x 10° T cells obtained from PAMAM-
GD2 vaccinated donor mice or were untreated as control. The
recipient group had significantly smaller primary tumors
compared with the control group (n = 5 per group) at all days
measured (respectively, ~500 mm?® versus ~1,200 mm?® at
day 14) (Figure 3D). Importantly, the recipient group had no sig-
nificant metastasis to the lymph nodes, which is the major site of
metastasis. The control group had lymph nodes ~10-fold heav-
ier than naive healthy mice, while the recipient group was signif-
icantly smaller and similar to naive healthy mice (Figure 3E,
representative pictures at day 14 post tumor implantation are
shown as an inset).

PAMAM-GD3 Vaccination Is Therapeutic against
Metastatic GD3* Tumors

In a therapeutic paradigm, mice bearing subcutaneous EL4-
GD3* tumors (n = 8 per group) were untreated (control), or
vaccinated, or received adoptive transfer of 4 x 10° T cells
purified from donor mice that had been vaccinated. Both
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Figure 1. Vaccination with PAMAM-GD2 Elicits Humoral Immunity

Mice vaccinated with PAMAM-GD2 (shown) or PAMAM-GD3 (not shown) developed antisera to native GD2 or GD3 (53/56 mice, 95%). Antisera binds to GD2
tumor cell surfaces in flow-cytometry studies, and binds to AP-GD2 precursor or PAMAM-GD2 in ELISA studies. Antisera binding to a panel of native gangliosides
is shown in Figures S3 and S4.

(A) Representative flow cytometry for PAMAM-GD2-vaccinated mouse 1 (M1) and mouse 3 (M3) producing anti-GD2 antibodies of the IgG class, compared with
negative controls. Cellular controls Jurkat and EL4-GD3"* cells show that the antisera had no reactivity to other gangliosides other than to the structurally related
GD3. mAbs directed to GD2 or GD3 are used as positive controls (top panels).

(B) Sera from mice vaccinated (VM) with PAMAM-GD2 (n = 8) or non-vaccinated (NV) controls (n = 2) were tested in ELISA for binding to immobilized AP-GD2
precursor (which is PAMAM-free, black bars), or immobilized PAMAM-GD2 vaccine (white bars). Each ELISA for each test sera were studied in triplicate at least
twice independently. The serum dilution used was 1:50. The optical density (OD) values shown are after background correction, done by subtracting the OD of
wells where there was no immobilized GD2, or wells with immobilized GM1 (these controls are not different from each other).
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treatments significantly delayed primary tumor growth, at all
days measured, compared with controls (Figure 4A). Therapeu-
tic experiments were reproduced three times independently.
Standardizing the primary tumor volumes of control mice in
each experiment to 100%, vaccination reduced primary tumors
by a significant ~40% at the endpoint (Figure 4B). The vaccina-
tion and the adoptive transfer also significantly reduced EL4-
GD3* metastasis to the lymph nodes (Figure 4C, representative
pictures of the lymph nodes are shown as an inset). This is bio-
logically significant, as preventing metastasis is a key parameter
for therapeutic efficacy.

Two additional metastatic GD3* tumor models were evalu-
ated, the B16 melanoma (Figure 4D) and the LLC1 lung
cancer (Figure S6). The PAMAM-GD3 vaccine proved effec-
tive for both. The B16-GD3* melanoma is inoculated intrave-
nously and does not produce a primary tumor. Lung metasta-
ses can be quantified as melanin-containing black nodules.
Mice bearing B16-GD3* tumors were a control group
(n =9), or at days 3 and 8 post tumor inoculation they were
vaccinated with PAMAM-GD3 (n = 12). In this therapeutic
paradigm the vaccinated mice had ~60 black spots per
lung (most of relatively small size) compared with control
mice with ~210 black spots per lung (most of relatively larger
size) (Figure 4D).

Similar data were obtained when using the LLC1-2E5 line that
expresses GD2 and GD3. Subcutaneous injection of LLC1-2E5
cells forms a primary tumor that metastasizes to lung, forming
white nodules. In a therapeutic paradigm, PAMAM-GDS3 vacci-

+ Jurkat

Figure 2. Vaccination with PAMAM-GD2 Af-
fords T Cell Proliferation in a Target-Selective
Manner after Challenge Ex Vivo

(A) T cells from vaccinated or naive mice were
cultured with mitomycin-treated tumor cells (1:10
target-to-effector ratio). T cell proliferation was
evaluated in [3H]thymidine incorporation assays
(mitomycin-treated tumors do not proliferate). EL4-
GD2* cells stimulate T cells from vaccinated mice
but control Jurkat cells lacking GD2 do not. T cells
from unvaccinated naive mice do not proliferate to
either challenge. ConA was used as positive control.
Mitomycin-treated EL4-GD2* or Jurkat cells do not
proliferate and only act as stimulators. Data are
mean += SD (n = 4) and are analyzed by Student’s
ttest. **p < 0.01. Representative of two independent
experiments, each in quadruplicate.

(B) T cell proliferation was measured by trypan
blue exclusion. Purified T cells from PAMAM-GD2
vaccinated mice (~40,000/well) were seeded with
live EL4-GD2" (black bars) or live Jurkat (gray bars)
stimulator cells (1,000/well) (1:40 target-to-effector
ratio). After 7 days in vitro, the T cells challenged
by EL4-GD2* proliferated significantly to ~80,000
whereas control cultures decreased form ~40,000
input to ~20,000 (n = 6 replicate wells).

(C) After 7 days in vitro, all the Jurkat cells were alive
and proliferating; while the EL4-GD2* cells were
dead (white arrowheads), and the dishes contained
cells with the morphology of activated or blasting
T cells (black arrowheads).

nation resulted in the absence or the significant reduction of
LLC1-2E5 lung nodules (Figure S6).

PAMAM-GD2 and PAMAM-GD3 Vaccination Extends

Life Span

Additional therapeutic studies and Kaplan-Meier survival plots
were done using the subcutaneous EL4-GD2* and EL4-GD3*
models. Vaccinated groups had significantly prolonged survival
(Figures 5A and 5B) with PAMAM-GD2 vaccine (p < 0.002) and
PAMAM-GD3 vaccine (p < 0.0005) compared with the respective
control groups.

In addition, the PAMAM-GD2 vaccinated mice had axillary
lymph nodes of 53% lower weight (p < 0.005, non-paired two-
tailed t test), and the PAMAM-GD3 vaccinated mice had axillary
lymph nodes of 37% lower weight (p < 0.05, non-paired two-
tailed t test), indicating reduced metastases.

The terminal endpoint was defined as death or as a primary tu-
mor volume >1,100 mm®. Compared with their respective control
groups the vaccinated groups had significantly smaller primary
tumors, with results similar to the tumor volume data reported
in Figure 3. Given that the lymph nodes were collected at different
endpoints (e.g., in the EL4-GD2* model at days 16—19 for control;
and at days 18-21 for vaccinated) the reduced metastasis may
not be directly related to primary tumor size, but rather may be
associated with a protective systemic immunity.

Together, these data indicate that vaccination is effective at
reducing primary tumors, at reducing metastasis, and at extend-
ing survival.
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Figure 3. PAMAM-GD2 Provides Protection from EL4-GD2* Tumors through Vaccination or Adoptive T Cell Transfer
(A) Flowchart of in vivo vaccinations and experimental endpoints (prophylactic or therapeutic, and therapeutic adoptive transfers).

(B) Representative experiments against EL4-GD2* tumors. In the vaccine group

there was one mouse with no primary tumor at day 15 and another at day 18.

“Complete regressions” were not considered for the graph shown, to exclude the unlikely possibility of failure of tumor implantation. * p < 0.05, ** p < 0.01,

“* < 0.001.

(C) Average primary tumor volumes + SD for four independent prophylactic exper
to control mice as 100% at endpoint, and analyzed by two-tailed t tests. **p < 0
(D) The adoptive transfer (AT) therapy group (n = 6) had significantly delayed prim
and **p < 0.01.

(E) Quantification of metastasis by measuring lymph node weights. Mice bearing

iments and four independent therapeutic experiments. Data were standardized
.01 and ***p < 0.001.
ary tumor growth compared with control (n = 6) at all days measured. *p < 0.05

tumors (n = 6) have ~10-fold heavier lymph nodes than naive mice not bearing

tumors. Mice bearing tumors (n = 6) but receiving AT of T cells had relatively normal-sized lymph nodes. Representative pictures are shown as an inset.

Vaccination of Tumor-Free Mice Induce Expansion of
TCRyY3 T Cells

To study the cellular immunity mechanism in more detail, tumor-
free mice were left untreated (control group, n = 2) or vaccinated
with PAMAM-GD2 (vaccine group, n = 3). Following verification
of ahumoral response (as a biomarker of vaccination, by flow cy-
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tometry and ELISA testing of sera, as in Figure 1), the T cells were
collected from lymph node and spleen and immediately purified
using a negative selection kit. Live single cell suspensions were
immediately phenotyped by flow cytometry.

In both tumor-free groups nearly 100% of the purified
cells were CD3", but it is noteworthy that in the vaccinated
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Figure 4. PAMAM-GD3 Provides Protection from Tumors through Vaccination or Adoptive T Cell Transfer

(A) Mice bearing subcutaneous EL4-GD3* tumors were randomized into groups: control (n = 8), vaccinated with PAMAM-GD3 (n = 8), or adoptively transferred
with T cells from vaccinated mice (n = 8). The adoptively transferred and the vaccinated groups displayed significantly delayed primary tumor growth compared
with control at all days measured. Shown are average primary tumor volumes + SD. * p < 0.05, ** p < 0.01, ** p < 0.001.

(B) Average primary tumor volumes + SD for three independent therapeutic experiments. Data were standardized to control mice as 100% at endpoint, and
analyzed by two-tailed t tests. ***p < 0.001.

(C) Quantification of metastasis by measuring lymph node weights. Control tumor-bearing mice have larger lymph nodes than tumor-bearing mice that received
adoptive transfer (AT) of T cells or PAMAM-GD3 vaccination (n = 8 each group). Representative pictures are shown as an inset.

(D) PAMAM-GD3 vaccine reduces lung metastasis of B16-GD3* melanoma cells. Cells were injected in the tail vein (n = 21, day 0), after 3 days mice were
randomized and either vaccinated (50 ng/mouse intraperitoneally, n = 12) or used as control (n = 9). Mice were sacrificed at day 17, and metastatic nodules were
counted. Histogram shows the average number of metastatic nodules + SD. All control mice had ~4-fold more nodules of larger size than the vaccinated mice.

Representative lungs are shown.

group ~30% of the cells had significantly increased CD3 density
(CD3M) compared with the untreated control group (Figure 6A).
Moreover, compared with the untreated control group the vacci-
nated group had an increased percentage of the TCRy3d subset
of T cells (Figure 6B), which increased from 3% to 5% in control
mice to 8%-11% in vaccinated mice.

Vaccination of Tumor-Bearing Mice Induces Expansion
of TCRy3 T Cells and CD8* T Cells

Phenotyping studies were then carried out with purified cells
obtained from mice bearing subcutaneous LLC1-2E5 tumors.
Tumor-bearing mice were untreated (control group) or vacci-
nated with PAMAM-GD3 (vaccine group), and single cell sus-
pensions were purified as above and phenotyped by flow
cytometry for CD3, CD4, CD8, CD25, TCRpB, TCRy3, and
FOXP3 markers.

In tumor-bearing mice, group comparisons show that in the
vaccine group there is an unexpected increase in the percentage
of CD8"CD3* T cells relative to CD4*CD3* T cells (Figure 6C). In
the tumor-bearing untreated mice the CD4/CD8 ratio is 1:1. This
1:1 ratio is different from the 2:1 ratio of naive normal mice
(tumor-free, untreated), suggesting that the presence of tumor
causes a CD8" expansion. In the tumor-bearing vaccinated

mice the CD4/CD8 ratio changes further to 1:2, suggesting
that vaccination causes a further CD8" expansion but only
when a tumor is present.

In tumor-bearing mice, similar to what we report above for tu-
mor-free mice, in the vaccine group there is an increase in the
percentage of vd TCR CD3™ cells relative to TCRB" CD3* cells
(Figure 6D) compared with the control group. This similar in-
crease in yd TCR cells in vaccinated mice (whether or not mice
bear tumors) suggests that the y3d T cell expansion may be due
solely to the vaccination.

Together, these data suggest that the presence of a tumor
activates a CD8" immune response, which is likely recog-
nizing peptide antigens from the tumor but which is ineffective
at protecting the host. Vaccination with a glycomimetic elicits
a vd TCR expansion (in tumor-free and in tumor-bearing
mice); and in tumor-bearing mice vaccination elicits a subse-
quent additional anti-tumor CD8" T cell expansion, which
makes the immune response more effective at protecting
the host.

Regarding other markers studied, vaccination of LLC1-2E5 tu-
mor-bearing mice did not significantly alter the total number of
CD4"* regulatory T cells expressing CD25*FoxP3* (T regulatory
cells), or CD3* T cells expressing TCRB (data not shown).
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Figure 5. Therapeutic Vaccination Prolongs Survival in EL4 Tumor-
Bearing Mice

After subcutaneous implantation of tumors, mice were divided into untreated
or vaccinated groups (n = 7-8 per group). The vaccinated groups (A) PAMAM-
GD2 or (B) PAMAM-GD3 had significantly prolonged survival versus the
corresponding control (p < 0.001 for PAMAM-GD2 and p < 0.0005 for PAMAM-
GDg3; paired, two-tailed Student’s t test). A long-term surviving mouse
(>35 days) had a measurable primary tumor that regressed over time. In
addition, vaccinated groups had reduced metastases to lymph nodes
(see text).

PAMAM-GD3 and PAMAM-GD2 Vaccines Induce
Expansion of TCRy3 T Cells and CD8* T Cells that
Infiltrate Tumors

To study the function of the expanded T cells, mice bearing sub-
cutaneous LLC1-2E5 tumors were left untreated (control group)
or received adoptive transfer (AT) of T cells purified from
PAMAM-GD3-vaccinated mice (recipient group). Immunohisto-
chemistry of tumor cryosections showed the presence of TCRYd
TILs in the AT group (Figure 7A).

Increasing the number of adoptively transferred T cells posi-
tively correlated with increasing numbers of TCRy3d TILs, while
in the control group not recipient of AT (no AT) the TCRy3 TILs
were undetectable (Figure 7B).

Similar immunohistochemical studies were done in tumor
cryosections prepared from mice bearing EL4-GD2* tumors.
The recipient group (receiving AT of T cells from donor mice
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vaccinated with PAMAM-GD2) had a significantly higher num-
ber of CD8" TILs. Moreover, after AT the number of CD4* TILs
increases on average but the data are not statistically signifi-
cant due to low numbers and variability. The control
group (not receiving AT) had low or no detectable CD8* or
CD4* TILs (Figure 7C). Note that the EL4-GD2* lymphoma is
CD3" and TCRaB*, but does not express CD4 or CD8 detect-
able by flow cytometry. Hence the increased immunostaining
in the tumor cryosections is due only to immune cell
infiltration.

Hypervaccination with PAMAM-GD3 Does Not Elicit
Detectable Negative Side Effects

Potential negative side effects were evaluated in mice (n = 4
per group) that were injected with saline as control, or
hyperimmunized with PAMAM-GD3 (5 intraperitoneal vaccina-
tions: 3 x 100 pg and 2 x 50 pg, each ~14 days apart, over a
56-day period).

At day 60 after first injection, blood profiles, enzymes associ-
ated with liver or kidney damage, motility, vision and retinal
health, wire grip strength, and learning and memory were quan-
tified, and behavior associated with pain was monitored. All pa-
rameters tested were normal and equal for both groups. Data for
the Morris Water Maze test (Figure S7) shows that the perfor-
mance of hyperimmunized and control groups was indistinguish-
able with respect to swimming and motility (Figure S7A), learning
(Figure S7B), and memory recall (Figure S7C). Together, these
data indicate that PAMAM-GD3 vaccination (even hypervacci-
nation) was free of negative side effects known to burden pas-
sive administration of anti-ganglioside mAbs in humans and
rodents (Navid et al., 2010).

DISCUSSION

TMGs as Cancer Drivers and Valuable Cancer Targets
Gangliosides such as GD2 and GD3 are TMGss expressed at high
levels in cancer (Daniotti et al., 2013, 2016; Gagnon and Sara-
govi, 2002), and are etiological for cancer (Aixinjueluo et al.,
2005; Cazet et al., 2009; Furukawa et al., 2006; Gagnon and Sar-
agovi, 2002; Hamamura et al., 2011; Iwabuchi et al., 2000; Liu
et al., 2006; Nakashima et al., 2007; Shibuya et al., 2012; Tode-
schini et al., 2007; Tong et al., 2015; Yoshida et al., 2002; Ziche
et al., 1992) and immune evasion or suppression (Caldwell et al.,
2003; Gagnon and Saragovi, 2002; Shurin et al., 2001; Yoshida
et al., 2001). These valuable markers, comprising >20 glyco-
sphingolipids, would be ideal targets for immune-mediated
therapy.

Cell Immunity and Carbohydrates

Carbohydrate dendrimers of GD2 and GD3 mimetics that
possess native-like B-linkages at the reducing end are highly
immunogenic. The products act as vaccines to activate an innate
cellular immunity that ex vivo and in vivo is selectively cytotoxic
against tumors expressing these TMGs.

Vaccination expands non-overlapping CD3* TCRyd and
CD3*CD8"* T cells. The vd and the CD8" T cell expansion can
be achieved through direct vaccination in vivo and the CD8"*
cytotoxic T cell expansion can be further promoted ex vivo by
exposure of T cells to tumors. Direct vaccination (or AT therapy
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Figure 6. Phenotype of Expanding T Cells Resulting from Vaccination

Primary cells were phenotyped by flow cytometry.
(A and B) Tumor-free mice were untreated (n = 2) or were vaccinated with PAMAM-GD2 (n = 3), and cells from lymph nodes and spleen were purified using a

negative selection kit that removes non-T cells including B cells, NK, and NK-T cells. (A) CD3 expression, with the negative control staining (dashed line) being
identical for both. Vaccination generates a CD3" population. (B) TCR v3 expression. The area to the right of the marker shows TCR y3-expressing cells, with an
additional peak in the vaccinated group (solid line) versus the untreated group (dashed line). The negative control staining, not shown for clarity, overlays the
histogram to the left of the marker.

(C and D) Mice bearing subcutaneous LLC1-2E5 tumors were untreated or vaccinated with PAMAM-GD3 (n = 4 per group), and their T cells were purified
as above. Flow cytometry was gated on live CD3* cells. (C) Vaccination of tumor-bearing mice elicits expansion of the CD8" relative to CD4* T cells, as
shown by the bar graph (quantification + SD). In the untreated tumor-bearing mice the CD4/CD8 ratio is 1:1, and the ratio changes to 1:2 in the vaccinated
tumor-bearing mice. (D) Vaccination of tumor-bearing mice elicits expansion of the TCRy3" relative to TCRap* T cells, as shown by the bar graph

(quantification + SD).

Cell Chemical Biology 26, 1013-1026, July 18, 2019 1021



Cell’ress

A Negative control immunostain

yd TCR immunostain

Tumor from
AT recipient

B vd TCR immunostain
400,000 AT

Negative control
immunostain

1,300,000 AT 4,000,000 AT

CD8+DAPI

Adoptive
transfer

| Control | |

|

Adoptive
transfer

| Control | L

Figure 7. Adoptive Transfer of T Cells from Vaccinated Donors Results in TILs

(A and B) Mice bearing subcutaneous LLC1-2E5 tumors received adoptive transfer (AT) of T cells purified from PAMAM-GD3-vaccinated donors. Tumor cry-
osections were immunostained for TCRy3 using two different Abs, yielding consistent data (clone GL3 eBioscience cat. #14-5711-82, shown, and clone UC7-
13D5, not shown). (A) shows the presence of vd TCR TILs after adoptive transfer. (B) shows that an AT dose escalation yields increasing y5 TCR TILs (0, 0.4 x 10°,
1.3 x 108, or 4 x 10° transferred T cells). Negative control stain is species- and isotype-matched irrelevant primary Ab.

(C) Mice bearing subcutaneous EL4-GD2* tumors received AT of T cells purified from untreated or PAMAM-GD2 vaccinated donor mice. Cryosections were
immunostained for CD8 or CD4, and co-stained with DAPI. Compared with the control untreated group, the AT group had increased CD8* TILs. There are small

increases in CD4* TILs but due to low numbers the data are not significant.
All micrographs taken at 20x magnification.

of T cells generated through vaccination) results in TCRy3 and
CD8" TILs, indicating that these cells target the tumor mass.

In therapeutic paradigms the treatments were safe and effec-
tive, prevented tumor growth and metastasis, and extended sur-
vival in four very aggressive syngeneic cancer models. This is
proof of concept that a synthetic small-molecule glycomimetic
with no carrier protein can be used as a therapeutic cancer vac-
cine; and endorses the theory that other tumor gangliosides and
carbohydrate vaccines should also be equally tested.

TCRyYd T Cells and Carbohydrates
A small percentage of T cells express yd TCRs that recognize
(phospho)lipid antigens. The v3 T cells span definitions of
both innate and adaptive immune responses because they
carry out effector, helper, and adjuvant-like functions by inter-
acting with macrophages, dendritic cells, NK cells, T cells,
and B cells (Bonneville et al., 2010; Van Rhijn et al., 2016; Van-
tourout and Hayday, 2013). While 3 T cells are not self-MHC-
restricted, they can distinguish “foreign” or transformed cells,
and can elicit memory (Hoft et al., 1998; Huang et al., 2015;
Sheridan et al., 2013). For these reasons y3d T cells have
been utilized for cancer therapy (Dieli et al., 2007; Khan
et al., 2014).

Our study reveals the unexpected expansion of y3d T cells
being driven by a pure carbohydrate dendrimer, rather than
lipids or (glyco)lipids or (glyco)peptides. In terms of kinetics,
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the PAMAM-glycan vaccine appears to induce an initial yd
T cell response that circumvents tumor-mediated immuno-
suppression or immune-checkpoint blockade and later initi-
ates a cascade of immune responses including CD8*
T cells. The v3 T cell expansion occurs rapidly after vaccina-
tion in mice independent of tumor presence, and expansion of
the CD8* T cells occurs subsequent to tumor challenge in vivo
or ex vivo. Other agents such as aminobiphosphonates
(alendronate and analogs) also expand 3 T cells, but do so
in an antigen-non-specific manner and through different
mechanisms.

We hypothesize that vaccination induces yd T cells, which
subsequent to tumor challenge recruit or help to expand the
CD8* T cells. The y3 T cells thus may have acted as antigen-pre-
senting cells (APCs) to induce the proliferation and activation of
antigen-specific CD8"* af effector T cells, as reported in other
models (Brandes et al., 2009; Paul and Lal, 2016). While a low
percentage of y3 T cells can acquire the CD8" phenotype and
act as MHC-unrestricted cytotoxic effector T cells (Morita
etal., 1991), the majority of the expanded CD8™ TILs in our in vivo
work are most likely of the «p TCR phenotype, given that they
exceed the total number of vd T cells.

Further characterization of the kinetics and the mechanisms
are ongoing based on the hypothesis that CD8" T cell expansion
may be due to antigen migration and recognition of protein
targets—rather than gangliosides—when an initial anti-tumor



immune response induces T-cell-mediated destruction of tumor
cells (e.g., from a therapeutic anti-cancer vaccine or from im-
mune-checkpoint blockade), with subsequent presentation of
additional tumor-associated secondary antigens (Efremova
et al., 2017; Gulley et al., 2017; Ott et al., 2017).

The Role of Humoral Immunity after Vaccination

In our work, a humoral response was useful as a convenient
biomarker of vaccine immunogenicity, but does not seem to
be absolutely required for therapy (based on adoptive T cell
transfer experiments). Nonetheless a humoral response may
potentiate the cellular response.

As stated, the yd T cells are CD1 restricted (Brigl and Bren-
ner, 2004; Park et al., 2008; Van Rhijn et al., 2016). Interestingly,
GD8 has relatively high affinity for CD1d (Caldwell et al., 2003).
Activation of natural killer T (NKT) cells is prevented by direct
GD3-CD1 binding (Wu et al., 2003) as well as binding by other
glycosphingolipids (Sriram et al., 2002). The vaccine-induced
antibodies may release TMG-CD1 inhibition or mop up shed
TMGs reducing TMG-CD1 binding, thus allowing vd T cell
activation. Antibodies may also improve immune responses
through ADCC.

Indeed, we have used the vaccines for generating mAbs and
to show that the humoral response is polyclonal and can mature.
The mAbs and yd TCR sequences expanding after vaccination
may be cloned and used in CAR-T therapy.

Carbohydrates as Targets in Cancer, and Role of

Sialic Acids

TMGs contain at least one sialic acid, with N-acetylneuraminic
acid (Neu5Ac) being the predominant form. Sialic acids («-2,3,
a-2,6, and «-2,8) are also found in glycoproteins (e.g., siglecs)
that negatively regulate the immune system much like TMGs or
immune-checkpoint inhibition do. It is therefore tempting to
draw a correlation. Indeed, gangliosides such as GD2 and GD3
bind to CD33-related siglecs with a certain degree of selectivity,
promoting metastasis and tumor progression (Ito et al., 2001;
Rapoport et al., 2003).

The concept of the Glycocode (Dube and Bertozzi, 2005;
Rodriguez et al., 2018) poses that protein glycosylation
(mainly sialic acids have been studied) regulates biological
events that are crucial to immunity and cancer progression,
beyond the PD-1 type of checkpoint inhibition. These include
tumor camouflage, immunosuppression, and masking of
neo-epitopes. Our work would extend this concept to the
glycosylation of gangliosides, with TMGs representing a
glyco-immune checkpoint. Vaccines, antibodies, small mole-
cules, soluble glycoproteins, enzymatic cleavage of sialic
acids, or soluble competitors targeting the glyco-immune
checkpoint would be a promising approach to therapy (As-
tronomo and Burton, 2010; Dube and Bertozzi, 2005; Slovin
et al., 1999).

Conclusions

Vaccination with the PAMAM glycoconjugates as monotherapy
affords a significant therapeutic response. Efficacy does not
absolutely depend on adjuvant treatment, does not absolutely
require the humoral response, and appears to be safe and free
of side effects associated with passive immunity. These proper-

ties and the efficacy of the vaccines afford a high therapeu-
tic index.

Our proof-of-concept study demonstrates a humoral
response, but also uncovers unexpected properties of yd T cell
activation by a vaccine containing a carbohydrate small-mole-
cule antigen, with further expansion of CD8" T effector cells
and generation of TILs that afford protection in four very aggres-
sive and metastatic tumors.

While yd T cells are susceptible to PD1-mediated inhibition
(Iwasaki et al., 2011), vaccination may activate yd T cells outside
the tumor inhibitory environment (Khan et al., 2014), rendering
the activated T cells less susceptible to immune-checkpoint in-
hibition. We are exploring immune-checkpoint inhibition in com-
bination with vaccine or with anti-GD2 or anti-GD3 mAb passive
immunotherapy, expecting improved responses because the
four tumor models express high levels of PDL-1. Other studies
include the v3 TCR repertoire, and understanding the mecha-
nism (CD1-mediated? CD33-related?) of activation of the 3
T cells by the vaccine.

SIGNIFICANCE

Tumor-associated-ganglioside glycosphingolipids such as
GD2 or GD3 are tumor markers and etiological for cancer,
but being non-immunogenic they can only be targeted using
passive immunotherapy. To generate active immunity, we
synthesized dendrimers of GD2 and GD3 carbohydrate
headgroup structures (lipid-free, water-soluble), products
that are highly immunogenic in vivo and are therapeutic for
cancer. The data show the unexpected finding that a carbo-
hydrate synthetic vaccine—protein-free and lipid-free—
activates T cells as well as antibody responses that are
protective. This principle may be expanded and applied to
target a large family of tumor-associated glycolipids ex-
pressed in a significant number of cancers.
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STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-GD2 (14G2a) monoclonal antibody Santa-Cruz Cat# sc-53831
RRID:AB_1123587
Anti-GD3 (R24) monoclonal antibody Abcam Cat# ab11779
RRID:AB_298562
FITC-conjugated CD4 (OKT-4) eBioscience Cat# 11-0048-41
RRID:AB_1633391
Anti-TCRp (H57-598) eBioscience Cat# 14-5961-81
RRID:AB_467757
Hamster anti-TCRyd,GL3 eBioscience Cat# 14-5711-82
RRID:AB_467569
FITC-conjugated anti-mouse CD8 eBioscience Cat# 11-0083-81
RRID:AB_657765
PE-Cy7 conjugated anti-mouse CD4 eBioscience Cat# 552775
RRID:AB_394461
AF700 conjugated anti-CD3 eBioscience Cat# 56-0032-80
RRID:AB_529508
PerCP-e710 conjugated anti-CD4 eBioscience Cat# 46-0047-41
RRID:AB_1834402
APC-e780 conjugated anti-CD8 eBioscience Cat# 46-0047-41
RRID:AB_1834402
eFLuor450 conjugated anti-CD25 eBioscience Cat# 48-0251-80
RRID:AB_10698312
APC-conjugated anti-FoxP3 eBioscience Cat# 17-5773-80
RRID:AB_469456
PE conjugated anti-TCRyd eBioscience Cat# 12-5711-81
RRID:AB_465933
FITC-conjugated anti-mouse IgG Sigma Cat# F0257
RRID:AB_259378
Horseradish peroxidase (HRP)-conjugated anti-mouse IgG Sigma Cat# A9044
RRID: AB_258431
FITC-conjugated secondary antibody BD Bioscience Cat# 554011
RRID:AB_395207
Anti-CD16/32 BD Bioscience Cat# 553141

RRID:AB_394656

Chemicals, Peptides, and Recombinant Proteins

GD2 ganglioside
GDS3 ganglioside
Mitomycin

SH thymidine

Advanced ImmunoChemical Inc.
Advanced ImmunoChemical Inc
Sigma
Sigma

Cat# 9-1G6-b
Cat# 9-1G7-b
Cat# M4287
Cat# T4688

Critical Commercial Assays

EasySep Negative Selection Mouse T Cell Enrichment kit

Stemcell Tech.

Cat# 19751A

Experimental Models: Cell Lines

EL4 mouse thymoma cells ATCC ATCC Cat# TIB-39, RRID:CVCL_0255
LLC1 (Lewis lung carcinoma) ATCC ATCC Cat# CRL-1642, RRID:CVCL_4358
B16-F1 melanoma ATCC ATCC Cat# CRL-6323, RRID:CVCL_0158
Jurkat cells ATCC ATCC Cat# TIB-152, RRID:CVCL_0367
Experimental Models: Organisms/Strains

C57/BI6 mice Harlan RRID:MGI:5656552
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and request for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. H. Uri
Saragovi (uri.saragovi@mcgill.ca).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

The animal protocol used was reviewed and approved by the Lady Davis Institute Animal Care Committee and animal experiments
were performed according to the guidelines of the Canadian Council on Animal Care. Healthy wild-type female C57/BI6 mice
(10-12 weeks of age, 19-20 g) were purchased from Harlan (Lachine, Quebec, Canada) and used to test the effect of PAMAM-
GD2 and PAMAM-GD3 in tumor progression and lung metastasis. A maximum of five mice per cage were kept in a 12-h dark-light
cycle with food and water ad libitum. For the establishment of experimental groups, littermates were randomly assigned to exper-
imental groups. All the in vivo tumors are syngeneic and grow rapidly with 100% successful “take” in all vehicle control-treated
animals.

Cell Lines

Mouse thymoma EL4-GD2* (wild type EL4 cells) and Jurkat leukemia (male origin) are from ATCC. EL4-GD3" cells resulted from
negative selection of EL4-GD2* using anti-GD2 mAbs, they are clonal and stable. EL4-GD2* cells express GD2 but not GDS3,
EL4-GD3* cells express GD3 but not GD2, and Jurkat cells do not express GD2 or GD3, but express GM1. LLC1 cells (Lewis
lung carcinoma, ATCC) express low and heterogeneous levels of GD2 and GD3. LLC1-2E5 were FACS-sorted for high GD3-expres-
sion, followed by limiting dilution sub-cloning. B16-GD3"* cellsare B16 melanoma cells (male origin, ATCC) transfected with GD3 syn-
thase under 0.5 mg/ml G418 selection. All cells were grown in RPMI 1640 medium (Wisent) supplemented with 5% fetal bovine
serum, 2 mM glutamine, 10 mM Hepes and penicillin/streptomycin at 37°C in 5% CO, humidified atmosphere. All cell lines were
mycoplasma free and were regularly tested by using a PCR mycoplasma detection kit (Zentech). Cell lines have been thoroughly
tested and authenticated by ATCC using morphology, karyotyping, and PCR based approaches.

METHODS DETAILS

p- Aminophenylether-B-D-lactopyranoside (AP-Lac, from Toronto Research Chemicals) was used to enzymatically synthesize water
soluble (>20 mg/ml) AP-GD2 and AP-GDS intermediate carbohydrates (Blixt et al., 2005; Tong et al., 2010). The synthesis of AP-GD2
included 215 umol of AP-GD3 (4 mM), 295 umol of UDP-GalNAc (5.4 mM), and 10.5 units of CgtA (construct CJL-30), 10 mM MnCl,
and 24 mM Hepes pH 7.0 in a final volume of 55 ml. The reaction mixture was incubated at 37°C for 6.5 hr. Insoluble material was
removed by centrifugation at 27,0009 for 15 min and the enzyme was removed by ultrafiltration using a 10 kDa membrane cut off. The
filtrate was loaded on SepPak C18 5g column (waters Corp) and the product was eluted with water while unidentified contaminants
remained in the column. The product was further purified by anion exchange chromatography on HiTrapQ (GE Healthcare) using a
gradient of 0-0.3 M NH4HCO3 and by size exclusion chromatography on a Superdex Peptide 10/300 GL column (GE Healthcare).

The measured molecular weights of AP-GD2 (1,218 g/mol) and AP-GD3 (927 g/mol) correspond to expected values. Structures
were verified by 1D and 2D NMR spectroscopy and mass spectrometry (EI-MS). The AP-GD2 and AP-GD3 intermediates were pu-
rified to >99% purity by size-exclusion chromatography (Superdex 30 16 mm X 85 cm column, GE Health Care) before their appli-
cation in the synthesis of vaccines by conjugation to a dendrimer scaffold.

Synthesis of PAMAM-GD2 and PAMAM-GD3 Dendrimers

Thiophosgene (2 pl) was added to a stirred solution of AP-GD2 (2 mg) in 80% ethanol (300 pl). After 3 hr at room temperature, thin layer
chromatography (ethyl acetate: methanol: water: acetic acid 4:2:1:0.1 v/v) showed that a single product had formed. Concentration
to near dryness gave a solid, which was treated with water and filtered. The filter cake was washed with water, and the combined
filtrate and washings were freeze-dried to give isothiocyanatophenyl GD2 as white powder (1.8 mg, 90% yield). In a separate flask,
the volatiles from a methanol solution of polyamidoamine (PAMAM GO, Dendritech, Inc) were evaporated under reduced pressure,
and the resulting residue was dissolved in dimethylformamide (DMF). Isothiocyanatophenyl GD2 (1.8 mg) in DMF (110 pl) was added
drop-wise to a stirred DMF solution (100 pl) of N,N-diisopropylethylamine (0.5 ul) and PAMAM GO (2 pl of 85.4 pg/pl). The reaction was
stirred at room temperature for 20 h, until no starting material was detected by TLC. The mixture was diluted with water and dialyzed
against water (MW cutoff 2 kDa, Spectrum Laboratories Inc.). The resulting solution was freeze-dried to give 1.34 mg (80% vyield) of
PAMAM-GD2 vaccine product as white powder that was further characterized by 1D and 2D NMR spectroscopy. The PAMAM-GD3
vaccine was synthesized from AP-GD3 precursor and PAMAM using a similar process. Syntheses of PAMAM-GD2 and PAMAM-
GD3 vaccines were reproduced each at least three times, yielding identical products as determined by TLC and NMR.

The vaccine products are heterogeneous mixtures of different amounts of GD2 moieties conjugated onto PAMAM, ranging from
0-4 and including a fully conjugated tetramer (e.g. see the aromatic region (6 ppm and above) of the '"H NMR). Thus, we further inves-
tigated the components of the vaccines. The HPLC of PAMAM-GD2 showed two major peaks which were isolated (peak 1 and
peak 2) and subjected to NMR analysis. Peak 1 is a PAMAM-lactose tetramer, having lost the GalNAc and sialic acid residues
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and which does not contain GD2 epitopes. Peak 2 is a mixture PAMAM-GD2 with all its components, and contains GD2 epitopes
including a tetramer. Quantification of the amount of antigen (AP-GD2) in a PAMAM-GD2 vaccine was done by using a selective
anti-GD2 mADb (clone 14G2a) (Figure S3A). The amount (w/w) of GD2-reactive epitopes were quantified in each of the different com-
ponents of PAMAM-GD?2 vaccine mixtures (Figure S3B). The loss of sialic acid and GalNAc residue in peak 1 results in no detection of
GD2 epitopes. All other fractions isolated from PAMAM-GD2 mixtures bind to 14G2a, suggesting that those fractions have GD2 con-
tent. Quantification from dose-response curves indicates that 49 + 12% (w/w) is AP-GD2 content in the PAMAM-GD2 vaccine
mixture.

It is likely that the carbohydrate portion in peak 1 is cleaved due to acidification during the chemical reaction using thiophosgene,
because glycosidic linkages are susceptible to this environment. This generates the mixture in the vaccine. However, it is rather sur-
prising that GalNAc is more susceptible than lactose. In cases when the synthetic procedure was altered, the resulting products had
different biophysical properties and did not elicit humoral responses, and for that reason they were discarded.

Immunization

PAMAM-GD2 and PAMAM-GD3 were each injected twice intraperitoneally (50 pg in PBS) ~5-7 days apart. The first vaccination had
10% (v/v) gerbu (an adjuvant), while the second vaccination had no adjuvant. Serum samples were collected (capillary Microvette,
Sardstedt) and antibody binding to vaccine products or to native gangliosides were analyzed by flow cytometry and ELISA. Tumor
volumes were measured over time, and tissues (lymph node, spleen, lung, primary tumor) were collected at the indicated times.
A flowchart of the timelines for in vivo vaccination is in Figure 3A. Safety parameters after hyper-vaccination were quantified (vision,
learning and memory, Figure S7), as well as blood profiles, enzymes associated with liver or kidney damage, matility, retinal health,
wire grip strength, and behavior associated with pain was monitored (data not shown).

Tumor-Prophylactic Studies

C57BL/6 mice were injected with vehicle control or vaccinated intraperitoneally. Depending on the experiment, vaccinations were
done either 2 or 4 times (50 pg each time), spaced 5-7 days apart. Three to five days after the last vaccination, tumor cells (EL4-
GD2*, EL4-GD3", ranging from 2x10° to 4 x 10° cells depending on the experiment and cell type) were injected subcutaneously
(at “day 0”). Tumors in the control groups were measurable starting at day 7-10 after tumor inoculation.

Tumor-Therapeutic Studies

For subcutaneous tumor inoculation, mice were injected in the left flank (EL4-GD2*, EL4-GD3" cells, LLC1-2E5 cells). After
~3-4 days (depending on the experiment) the subcutaneous primary tumor was visible/palpable. At that point the mice were treated
with vehicle or vaccine (2 times with PAMAM-GD2 or PAMAM-GD3, 50 pg in PBS), intraperitoneally, 5 days apart (e.g. at days 3and 8
post-inoculation). For the intravenous tumor inoculation, B16-GD3* cells (1.25 x 10°%) were injected in the tail vein, to achieve lung
metastasis. At days 3 and 8 after inoculation the mice were injected intraperitoneally with vehicle control or vaccine, with an endpoint
at day 14 post-tumor inoculation. There are no primary tumors to monitor in this model.

Adoptive T Cell Transfer for Therapeutic Studies

Mice were vaccinated intraperitoneally twice with 50 png of PAMAM-GD2 or PAMAM-GDS3, or with control vehicle. Seven days after
the second immunization, T cells from spleen and lymph nodes were prepared using the EasySep Negative Selection Mouse T Cell
Enrichment Kit (Stemcell Technologies). C57BL/6 recipient mice that had been inoculated subcutaneously with tumor cells (at day 0)
received adoptive transfer of ~4 x 10° T cells injected intraperitoneally at day 3. Tumors were measured at the indicated times post-
inoculation. Cryosections of primary tumors were used to phenotype the Tumor Infiltrating Lymphocytes (TILs). The ipsilateral
inguinal and axillary lymph nodes were dissected and their weights measured as an indication of metastasis. The presence of
GD2* or GD3" cells in lymph node (i.e. tumor cells) was verified by immunofluorescence in cryosections of the lymph nodes.

Characterization of Sera

Flow Cytometry

2 x 10° cells of EL4-GD2*, EL4-GD3*, and Jurkat cells were incubated for 20 min on ice with 2 il mouse antisera (1:50 dilution) or with
positive control anti-GD2 mAb (13 nM, 14G2a; Santa Cruz Biotechnology) or anti-GD3 mAb (13 nM, R24; Abcam), followed by FITC-
conjugated anti-mouse IgG secondary (1.8 nM, Sigma). Cells were studied immediately in a flow cytometer (Becton-Dickinson), and
data analyzed using CellQuest software. Pre-bleed sera and normal mouse sera were used as negative controls. Jurkat cells (nega-
tive for GD2 and GD3) were used as negative control cells.

ELISA

Native gangliosides GD2 or GD3 (Advanced ImmunoChemical Inc.), AP-GD2 or AP-GD3 precursors, or PAMAM-GD2 or PAMAM-
GD83 vaccines or native gangliosides were immobilized onto polystyrene Corning Strip Well 96-well plates (10 ng/well, Fisher
Scientific), and tested for binding of test sera, negative control pre-bleed sera, or positive control mAbs. Secondary was horseradish
peroxidase (HRP)-conjugated anti-mouse IgG (Sigma) and readout was colorimetric assays. All tests were done 3-4 independent
times for each serum, in duplicate or triplicate wells. The concentration of the primary antibody was 0.33 nM and the concentration
of the secondary antibody was 0.06 nM.
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Proliferation and Phenotypic Assays

3H-thymidine Incorporation Assays

As target cells EL4-GD2* and control Jurkat were treated with 25 ug/mL Mitomycin (Sigma) for 1 h to arrest DNA synthesis. Cells were
washed three times with media to remove Mitomycin, and cells were plated at 2 x 10° cells/well in 96-well plates. As effector cells
single cell suspension of splenocytes were prepared from mice immunized twice and from vehicle-injected control mice. Cells were
separated using EasySep Negative Selection Mouse T Cell Enrichment Kit (Stemcell Technologies) to >95% purity. The primary
T cells were plated at a target to effector ratio of 1:10 or 1:40. As negative control, primary T cells alone (no stimulating target cells)
were cultured, and as positive control T cells were treated with Concanavalin A. After 5-7 days of culture, 0.1 pCi/well ®H-thymidine
(Sigma-Aldrich) was added and the ®H-thymidine incorporated in DNA was counted by liquid scintillation. Data are reported as
average cpm = sd.

Phenotype of Cytotoxic T Cells

Parallel cultures (without 3H-thymidine) were used to phenotype the expanding T cells. After 7-10 days of culture flow cytometry was
performed on a BD LSR Fortessa using a FITC-conjugated anti-mouse CD8 antibody (eBioscience) and PE-Cy7 conjugated anti-
mouse CD4 antibody (BD Biosciences). The EL4 are CD3* TCR v3 * T cells but are CD4 and CD8 negative, and human Jurkat cells
do not cross-react with anti-mouse reagents. The final concentration of the primary antibodies is 1.2 nM.

Trypan Blue Exclusion Assays

T cells (40,000 total) purified from PAMAM-GD2 vaccinated or control mice were plated in 24-well plates with 1,000 target cells (target
to effector ratio of 1:40). After 7 days, in vitro, target cell viability was assessed by staining with 0.1% Trypan Blue, and cells were
counted using a hemocytometer. Bright field images were acquired using an Olympus CKX41 microscope and Infinity Analyze soft-
ware (Lumenera Corporation).

Phenotyping of Freshly Isolated Primary T Cells

T cells were isolated from lymph nodes of vaccinated or control mice using the EasySep Negative Selection Mouse T Cell Enrichment
Kit (Stemcell Technologies) as above. Flow cytometry was performed on a BD LSRFortessa using a LIVE/DEAD Fixable Aqua Dead
Cell Stain (Thermo), AF700 conjugated anti-CD3 antibody, PerCP-e710 conjugated anti-CD4 antibody, APC-e780 conjugated anti-
CD8 antibody, eFluor450 conjugated anti-CD25 antibody, APC-conjugated anti-FoxP3 antibody, PE-conjugated anti-TCRp
antibody, and FITC conjugated anti-TCRy3 antibody (all from eBioscience).

Immunofluorescence of TILs in Tumor Cryosections

Primary tumors were excised from control or adoptively-transferred tumor-bearing mice and immediately washed twice in cold PBS
and fixed overnight in 4% PFA at 4°C. After two PBS washes, tumors were cryoprotected (30% sucrose for 48 hr), embedded in
Optimal Cutting Temperature (O.C.T) Tissue-Tek compound (Sakura Finetek), and 10 uM cryostat sections were mounted on
SuperFrost Plus slides (Fisher). The tissue section was blocked with rat anti-mouse CD16/32 at 10 pg/ml (BD Pharmingen)
and 2% normal mouse serum in TBST, then with TBST containing 1% BSA and 2% FCS for 30 min each. Standard immunostaining
was done using a 1:100 dilution of a hamster clone GL3 anti-TCR TCRy3 antibody (eBioscience), followed by detection using a FITC-
conjugated secondary antibody (BD Bioscience), or FITC conjugated anti-CD8a antibody, anti-CD4 antibody, and anti-TCRp anti-
body (all from eBioscience). Similar results were obtained using a different anti-TCRyd antibody clone UC7-13D5 (not shown).
Images were acquired using a Leica DM LB2 microscope, mounted with a Leica DFC350 Fx digital camera and Leica Application
Suite V3 software (Leica Microsystems).

Evaluation of Primary Tumor Growth and Metastases

The primary tumors were measured with a digital caliper, and data were analyzed by the equation V (mm?) = 0.5 x width? x length.
After euthanasia, metastasis to lymph nodes (homing organ for EL4 tumors) were quantified by dissecting the ipsilateral inguinal and
axillary lymph nodes and measuring their weights as an indication of metastasis. Metastasis to lung (homing organ for LLC1-2E5 and
B16-GD3* tumors) were quantified by counting tumor nodules using ImagedJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS
Statistical parameters including the exact value of “n”, the dispersion and precision measures (mean + SD) and statistical signifi-
cance are reported in the Figures and Figure Legends. Differences in tumor growth for vaccinated versus control groups were

analyzed by two-tailed student t-tests; with significance p<0.05 (*), p< 0.01 (**) and p< 0.001 (***). Elsewhere, one-way ANOVA
with Tukey-Kramer Multiple Comparisons Test compared different groups.
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