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Introduction

Summary

Tumour pathogenesis is characterized by an immunosuppressive microen-
vironment that limits the development of effective tumour-specific
immune responses. This is in part the result of tumour-dependent recruit-
ment and activation of regulatory cells, such as myeloid-derived suppres-
sor cells and regulatory T cells in the tumour microenvironment and
draining lymph nodes. Shedding of gangliosides by tumour cells has
immunomodulatory properties, suggesting that gangliosides may be a crit-
ical factor in initiating an immunosuppressive microenvironment. To
better define the immunomodulatory properties of gangliosides on anti-
gen-specific T-cell activation and development we have developed an
in vitro system using ganglioside-treated murine bone-marrow-derived
dendritic cells to prime and activate antigen-specific CD4" T cells from
AND T-cell receptor transgenic mice. Using this system, ganglioside treat-
ment promotes the development of a dendritic cell population character-
ized by decreased CD86 (B7-2) expression, and decreased interleukin-12
and interleukin-6 production. When these cells are used as antigen-
presenting cells, CD4 T cells are primed to proliferate normally, but have
a defect in T helper (Th) effector cell development. This defect in Th
effector cell responses is associated with the development of regulatory
T-cell activity that can suppress the activation of previously primed Th
effector cells in a contact-dependent manner. In total, these data suggest
that ganglioside-exposed dendritic cells promote regulatory T-cell activity
that may have long-lasting effects on the development of tumour-specific
immune responses.

Keywords: dendritic cells; gangliosides; T helper effector cells; tolerance/
suppression

derived gangliosides have been shown to modulate growth
factor signalling of normal cells in the tumour microenvi-

Gangliosides are sialic-acid-containing glycosphingolipids
located in the outer leaflet of the plasma membrane of
eukaryotic cells. Tumour cells, particularly tumours of
neuroectodermal cell origin, express high levels of gan-
gliosides and shed them in the microenvironment in vitro
and in vivo.'” Clinically, increased levels of tumour-
derived circulating gangliosides correlate with disease sta-
tus and are predictive of more rapid disease progression
in patients with advanced stage neuroblastoma, suggesting
that gangliosides may play a role in tumour development
and progression.*” In support of this hypothesis, tumour-

ronment such as fibroblasts and vascular endothelial cells
that may promote tumour growth and metastasis.>” Also,
gangliosides may promote tumour development by sup-
pressing immune cell function and promoting immune
evasion mechanisms."*'

The mechanisms by which gangliosides suppress
tumour immunity, although incompletely understood,
probably involve regulation of multiple immune cells. For
example, direct T-cell exposure to exogenous gangliosides
has been shown to blunt interleukin-2 (IL-2) -dependent

proliferation,'”'* to promote an increased susceptibility
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toward the development of T helper type 2 (Th2) effector
cells.">'® In addition to acting directly on T lymphocytes,
gangliosides may also regulate the development of tumour
immunity by the inhibition of antigen-presenting cell
function,®'®"” and affecting immunological activation
and priming in vivo.'"®"’

In our current studies, we have focused on the effect of
ganglioside exposure of antigen-presenting cells (APC)
found in the tumour microenvironment. Exposed to
tumour antigens and shed tumour gangliosides in the
tumour itself, APC such as dendritic cells (DC) can
migrate to tumour-draining lymph nodes where they have
initial contact with T cells. Here, they interact with naive
T cells through antigen-specific recognition of peptide—
MHC complexes and co-stimulatory molecules on their
surface. Once this interaction takes place, naive CD4" T
cells become activated, proliferate and can differentiate
into a variety of effector cell subsets, depending on the
signals they receive from the APC and the microenviron-
ment.”® Activation and differentiation of CD4" T cells are
critically dependent upon, and regulated by, the initial
interaction with DC, which is consistent with the hypoth-
esis that a major effect of gangliosides on T-cell-mediated
tumour immunity is the result of the previous exposure
of APC to gangliosides shed by tumour cells into the
tumour microenvironment.

To address the role of gangliosides in regulating den-
dritic cell function and subsequent T-cell activation and
effector cell development, we used a well-characterized
murine model system that can assess primary CD4 T-cell
activation and development. In this system purified CD4
T cells obtained from AND T-cell receptor transgenic
mice [in which CD4" T cells express a T-cell receptor
specific for the C terminus of Moth Cytochrome ¢
(pMCC) peptide in the context of I-EX]*! were stimulated
with bone-marrow-derived DC (BMDC) pre-treated with
GDla ganglioside. Similar to our previous observations
using human monocytes and DC,*>'”** we show that gan-
glioside treatment of murine BMDC reduced lipopolysac-
charide (LPS) -dependent up-regulation of CD80/86 and
reduced IL-12 production. Importantly, priming CD4 T
cells with ganglioside-treated DC also resulted in
decreased development of Thl effector cell function upon
re-stimulation, when compared with priming with control
DC. However, this defect in Thl differentiation was not
fully corrected upon the addition of exogenous IL-12 or
agonistic antibody to CD28, suggesting that other factors
may be involved in down-regulating T-cell effector func-
tion. In cell co-culture experiments we found that pre-
treatment of BMDC with gangliosides promoted the
development of regulatory T-cell activity that could sup-
press T-cell effector function of already differentiated
effector T cells. These data suggest that ganglioside expo-
sure of DC in the tumour microenvironment may have

Gangliosides inhibit T-cell effector function

long-lasting effects on the development and function of
tumour antigen-reactive T cells both within and outside
the tumour microenvironment.

Materials and methods

Mice

The AND T-cell receptor-transgenic mice in which CD4"
T cells express a T-cell receptor specific for the C termi-
nus of pMCC peptide in the context of I-EX have been
previously described,”! and are maintained in our breed-
ing colony as heterozygotes on a C57BL/6 background.
B10.Br mice were used as a source of BMDC for priming
naive cell activation, and T-cell-depleted spleen cells were
used as APC to re-stimulate previously primed effector
cells. All procedures involving these animals were
approved by an institutional animal review committee.

Ganglioside, cytokines and other reagents

Highly purified GDla and GM1 gangliosides were pur-
chased from Matreya (Pleasant Gap, PA). Gangliosides
were dissolved in EHAA (Click’s) medium (Invitrogen,
Carlsbad, CA) without fetal bovine serum and resus-
pended by mild bath sonication. Recombinant murine
granulocyte-macrophage colony-stimulating factor (GM-
CSF), IL-2 and IL-12 were obtained from BD Biosciences
(San Diego, CA), Roche Diagnostics (Indianapolis, IN)
and Peprotech (Rocky Hill, NJ), respectively. Anti-trans-
forming growth factor-f§ was purchased from R&D (Min-
neapolis, MN) and anti-IL-10R was provided by Nancy
Noben-Trauth (George Washington University). All fluo-
rochrome-conjugated antibodies were purchased from BD
Biosciences or eBiosciences. Intracellular cytokine fixation
and permeabilization reagents were obtained from Invi-
trogen/Caltag (Burlingame, CA).

In vitro isolation, activation, and ganglioside treatment
of BMDC

Tibias and femurs from B10.Br mice were dissected asepti-
cally, washed first in PBS, twice in ethanol, and finally in
EHAA (Click’s) medium supplemented with 10% fetal calf
serum (FCS) and 2-mercaptoethanol. Bone marrow cell
suspensions were prepared by flushing the inside of the
bones with a syringe needle in solution containing Click’s
medium containing 10% FCS and dispersed through a
100-pm mesh filter to create a single cell suspension. Viable
mononuclear cells were isolated using a Ficoll-Hypaque
gradient. Cells (10° cells/ml) were cultured in Clicks med-
ium with 10% FCS and GM-CSF (20 ng/ml) for 3 days,
and then non-adherent cells were removed. Fresh medium
was added and the remaining, adherent, cells were cultured
for an additional 2 days with GM-CSF. After the total
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culture period of 5 days, BMDC were harvested in PBS/
5 mm EDTA, washed and re-suspended in Click’s medium
supplemented with 1% FCS with or without the added
GDla ganglioside. After overnight culture the cells were
further stimulated with LPS (200 ng/ml) for an additional
24 hr in the continued presence of GD1a.

Purification of CD4" T cells and APC

CD4" T cells from lymph nodes and spleens of B6 AND
transgenic mice were isolated by immunomagnetic nega-
tive selection, using antibodies against CD8, CD32/CD16,
B220 and MHC class II, followed by incubation with
anti-mouse and anti-rat immunoglobulin-coated magnetic
beads as previously described.”> Purity of the recovered
Val1" CD4" T cells as determined by staining with anti-
CD4 and anti-Vall monoclonal antibody is usually 85—
95%. T-cell-depleted spleen cells for use as APC were pre-
pared by antibody-mediated complement lysis from total
splenocytes as described elsewhere.”* The APC were trea-
ted with 50 pg/ml mitomycin C (Sigma, St Louis, MO)
and washed extensively before use.

CD4" T-cell activation and priming

AND CD4" T cells (5 x 10° cells/ml) were stimulated
with GDla or non-GDla pre-treated LPS-stimulated
BMDC (5 x 10* cells/ml) in the presence of pMCC (5 pg/
ml) [agonist peptide of Moth cytochrome ¢ (81-103),
pMCC = VFAGLKKANERADLIAYLKQATK] and recom-
binant IL-2 (25 IU/ml). After 5 days of primary stimula-
tion, primed T cells were harvested, counted and equal
numbers were re-stimulated with mitomycin C-treated
T-cell-depleted splenocytes (1 x 10° cells/ml) and pMCC
(5 pg/ml) and analysed for cytokine production by ELISA
and by intracellular staining. For analysis of cell prolifera-
tion after T-cell priming, T cells were loaded with 0-5 pm
carboxyfluorescein succinimidyl ester (CFSE) and stimu-
lated as above except in the absence of exogenous IL-2.

Intracellular cytokine analysis

Intracellular cytokine analysis was performed following
12-16 hr of stimulation with agonist peptide and the
addition of monensin (Golgistop, BD Biosciences) for the
final 4-6 hr of culture. Cells were harvested and surface
labelled with anti-CD4 before fixation and permeabiliza-
tion, and then labelled with antibodies to interferon-y
(IFN-7; BD Biosciences).

ELISA

Cytokine concentrations in cell culture supernatants were
determined by ELISA reagents specific for IL-2, IL-4,
IFN-y, IL-12, IL-6, IL-10 (from R&D Systems; Pierce-

Endogen, Cambridge, MA; and eBioscience). Supernatants
were diluted serially in duplicate, and the average concen-
tration of cytokine (and standard deviation) of two to
four replicate dilutions was determined in relation to a
reference standard supplied by the manufacturer.

Statistics

Values of P were determined using a f-test comparing
average cytokine concentrations from ganglioside-treated
cells with those from control cells as indicated.

Results

Ganglioside exposure of BMDC inhibits
LPS-dependent up-regulation of co-stimulatory
molecules and cytokine production

Previous studies showed that pre-treatment with ganglio-
sides inhibits LPS-mediated up-regulation of co-stimula-
tory molecules and cytokine production by human
peripheral blood monocytes and blood-derived DC,'”*>*
and tumour gangliosides have also been shown to inhibit
DC generation and function.'’ In the current study, we
extended these findings using an antigen-specific mouse
model and murine BMDC. As shown in Fig. 1(a), treat-
ment of BMDC with the ganglioside GD1a inhibits LPS-
dependent up-regulation of B7-1 and B7-2 (with B7-2
more affected than B7-1), while the LPS-dependent
increase in MHC class II expression is not affected. As a
control, CD45 expression was also unchanged upon GDla
treatment. In addition to affecting co-stimulatory mole-
cule expression, GDla treatment also suppressed LPS-
dependent secretion of the pro-inflammatory cytokines
IL-12 and IL-6 by BMDC and LPS-induced IL-10 produc-
tion by BMDC was also suppressed by GDla exposure
(Fig. 1b,c). Ganglioside treatment alone had no effect on
cytokine production compared with untreated BMDC. As
with GDla, pre-treatment of BMDC with GM1 ganglio-
side also inhibited IL-12 production® (Fig. 1c). The
inhibitory effect of ganglioside treatment could be par-
tially overcome by increasing the concentration of LPS,
indicating that the ganglioside effects on the BMDC were
not non-specifically toxic (Fig. 1c). In these experiments a
dose of 50 um of ganglioside was used, which has been
shown to be optimal in previous experiments,”” and does
not induce a decrease in the viability of treated DC com-
pared with control DC, as determined by trypan blue
exclusion (data not shown).

T-cell differentiation into Th effector cells is inhibited
upon priming with ganglioside-treated DC

So as to determine the effect of ganglioside exposure on
the ability of BMDC to prime naive T cells and induce
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Figure 1. Pre-treatment of bone-marrow-derived dendritic cells (BMDC) inhibits lipopolysaccharide (LPS) -induced co-stimulatory molecule
expression and cytokine production. Bone marrow cells grown in the presence of granulocyte—macrophage colony-stimulating factor (GM-CSF)
for 5 days were harvested and treated with 50 um GDla in EHAA supplemented with 1% fetal calf serum. (a) After 24 hr the cells were stimu-
lated with 200 ng/ml lipopolysaccharide (LPS) and then cells were harvested and protein expression on CD11c" cells was analysed by flow cytom-
etry. (b) Cells were prepared as above and supernatants from the BMDC treated with or without GDla and LPS as indicated were analysed by
ELISA. (c) BMDC prepared as above were treated with 50 pm GM1 for 24 hr and then exposed to various doses of LPS as indicated for an addi-
tional 24 hr. Supernatants were collected and analysed by ELISA. The ELISA data are an average (+ SD) obtained from two to four wells from
two independent two-fold serial dilutions for each sample. *P < 0-05 for all groups compared with control. The results are representative of three

independent experiments.

the development of T-cell effector function, purified
CD4" AND T-cell receptor transgenic T cells were stimu-
lated with an agonist peptide from pMCC presented by
ganglioside-treated or untreated control BMDC in the
presence of exogenous IL-2. After 4-5 days the T cells
were harvested and equal numbers of cells were re-stimu-
lated with peptide, presented by normal control T-cell-
depleted spleen cells, and then cytokine production was
assessed. In these experiments, T cells primed with BMDC
pre-treated with ganglioside produced significantly less
IFN-y and IL-2 upon secondary stimulation than did T
cells primed with untreated control BMDC, indicating a
defect in Thl effector cell development (Fig. 2a). The

© 2010 The Authors. Immunology © 2010 Blackwell Publishing Ltd, Immunology, 132, 134-143

extent of the defect in IFN-y production in these experi-
ments was variable (see also Figs 4-6), but typically ran-
ged from a 50% to 95% decrease in IFN-y release,
compared with parallel control cultures, and was related
to the dose of ganglioside used to pre-treat the BMDC
(Fig. 2a). Under these neutral conditions, ie. in the
absence of exogenously added cytokines to skew effector
cell development, there was typically little or no detect-
able production of IL-4, IL-10, or IL-17, regardless of
whether T cells were primed with ganglioside-treated or
control BMDC (data not shown). When T cells were
primed with ganglioside-treated BMDC under Th2 cyto-
kine skewing conditions (in the presence of exogenous
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Figure 2. Priming with ganglioside-treated bone-marrow-derived
dendritic cells (BMDC) inhibits the development of effector T cells.
(a) Naive CD4" T cells from B6 AND TCR transgenic mice were
primed with 5 pg/ml MCC peptide presented by either untreated
BMDC or BMDC pre-treated with the indicated concentration of
GM1 ganglioside as described in Fig. 1 in the presence of exogenous
interleukin-2 (IL-2; neutral conditions). After 4 days the T cells were
harvested and equal numbers (5 X 10A5/ml) were re-stimulated with
MCC peptide presented by T-cell-depleted spleen cells as antigen-
presenting cells. Two days later supernatant was collected and the
indicated cytokines were assayed by ELISA as described in Fig. 1. (b)
B6 AND T-cell receptor T cells were stimulated as in (a) except
exogenous IL-4 and anti-interferon-y (IFN-y) antibody was added
during the priming phase of the culture to induce T helper type 2
(Th2) development (Th2 skewing conditions) and GDla (50 pm)
was used to treat the BMDC. The level of IL-4 produced under neu-
tral conditions is below the level of detection in the ELISA.
*P < 0-005 for all groups compared with control. These results are
representative of more than three independent experiments for each
cytokine.

IL-4 and anti-IFN-y antibody), there was also a decrease
in the development of IL-4-producing cells upon second-
ary stimulation compared with priming with control
BMDCs (Fig. 2b).

The deficient development of IFN-y-producing Th
effector cells upon priming with ganglioside-treated
BMDC does not appear to be related to a defect in initial
T-cell activation. This is supported by the equivalent
induction of CD69 and CD25 expression on T cells 24 hr
after stimulation with either GD1a pre-treated BMDCs or
control BMDCs (Fig. 3). In addition, proliferation of T

cells after stimulation with pMCC, assessed by CFSE dye
dilution, was similar regardless of whether the BMDC
were pre-treated with GD1a (Fig. 3). Consistent with the
CFSE data, cell recovery at the end of the priming period
was not affected when comparing T cells primed with
GDla-pre-treated BMDC with T cells primed with con-
trol BMDC (data not shown).

To determine if the defect in the development of Th
effector cells could be attributed to the decrease in
co-stimulation (B7-2 expression) or to the decreased
IL-12 production observed upon ganglioside treatment
(Fig. 1), T cells were primed in the presence of an agonis-
tic antibody to CD28 or in an excess of exogenously
added IL-12. As shown in Fig. 4a, the addition of either
IL-12 or anti-CD28, despite causing an increase in overall
Thl effector development, did not reverse the effect of
incubation with ganglioside-exposed BMDC: T cells
primed in the presence of ganglioside pre-treated BMDCs
continued to exhibit a > 50% decrease in IFN-y produc-
tion compared with control cultures. These data suggested
that the immunosuppressive effect of ganglioside-treated
BMDC cannot be fully corrected by enhancing the stimu-
latory microenvironment, and may involve other factors
in addition to decreased IL-12 production and decreased
co-stimulation.

As the Th effector cells produced less IL-2 upon
re-stimulation, we asked if the addition of exogenous IL-2
during re-stimulation could rescue the ganglioside-depen-
dent defect in IFN-y production. As shown in Fig. 4b,
exogenous IL-2 did not restore the IFN-y production by
Th effector cells primed with ganglioside-treated BMDC.

Priming with ganglioside-treated DC induces
regulatory T-cell activity

The development of regulatory T cells is a major mecha-
nism involved in down-regulating tumour-specific
immune responses.”® To determine if ganglioside-treated
BMDC were inducing regulatory T-cell activity in our sys-
tem, we performed a series of ‘mixing’ studies. In these
experiments, T cells primed for 5 days with ganglioside-
treated BMDC were harvested and then mixed with effec-
tor T cells primed in parallel control cultures (i.e. primed
with untreated BMDC). As shown in Fig. 5a, the T cells
primed with ganglioside-treated BMDC exhibited dose-
dependent suppressive activity on the ability of previously
activated effector T cells to secrete IFN-y upon secondary
stimulation.

The decrease in IFN-y production was directly attrib-
uted to decreased production by the control T effector
cells as demonstrated by intracellular flow cytometric
analysis of IFN-y production by individual T effector cells
24 hr after re-stimulation (Fig. 5b). In this experiment,
cells primed with ganglioside-treated BMDC (not labelled
with CFSE) were mixed with CFSE-labelled control T cells
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Figure 3. Initial T-cell activation is not affected after priming with ganglioside-treated bone-marrow-derived dendritic cells (BMDC). B6 AND
T-cell receptor T cells were stimulated with GDla-treated or untreated control BMDC and pMCC as in Fig. 2 except in the absence of exogenous
interleukin-2 (IL-2). (a) T cells were harvested 24 hr after priming and analysed for CD25 and CD69 expression after gating on CD4" cells.
(b) Before priming, T cells were loaded with 0-5 pm CFSE, stimulated as indicated, and then 3 and 4 days later were harvested and the degree of
CFESE dye dilution was assessed on CD4" T cells. These data are representative of three independent experiments.
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Figure 4. Inhibition of T helper (Th) effector cell development by ganglioside-treated bone-marrow-derived dendritic cells (BMDC) persists
despite the addition of exogenous co-stimulation and exogenous IL-12. (a) B6 AND T-cell receptor T cells were stimulated with 50 pm GDla-
treated or untreated control BMDC and pMCC as in Fig. 2, except exogenous 5 ng/ml interleukin-12 (IL-12) or 5 pg/ml exogenous CD28 anti-
body (clone 37.51) was added as indicated, in addition to control cells which were cultured under neutral conditions as in Fig. 2(a). After 4 days
the T cells were harvested and equal numbers were re-stimulated with pMCC and T-cell-depleted spleen cells and interferon-y (IFN-y) secretion
in the supernatant was assessed by ELISA after 2 days as described for Fig. 2. (b) B6 AND T-cell receptor cells were primed with control or
GM1-treated BMDC and pMCC with exogenous IL-2 as in Fig. 2 for 5 days. The cells were then harvested and re-stimulated with pMCC and
T-cell-depleted antigen-presenting cell with or without exogenous IL-2 (25 U/m) during re-stimulation. After 48 hr, supernatants were
collected and assayed by ELISA as described. *P < 0-005 for all groups compared with control. These data are representative of three independent
experiments.
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Figure 5. T cells primed with GDla-treated bone-marrow-derived
dendritic cells (BMDC) inhibit interferon-y (IFN-y) production by
previously primed Th effector cells. B6 AND T-cell receptor T cells
were stimulated with GD1a treated or untreated control BMDC and
pMCC as in Fig. 2 for 4 days. The T cells from each group were
harvested and re-stimulated with T-cell-depleted splenocytes and
pMCC. (a) Increasing numbers of T cells originally primed with
GDla-treated BMDC were mixed with a fixed number of control
T cells (5 x 10%) primed with untreated BMDC (No GDla) before
re-stimulation. These cells were re-stimulated for 48 hr with T-cell-
depleted splenocytes in the presence of pMCC and IFN-y production
was measured by ELISA. *P < 0-01 for the indicated groups com-
pared with control. (b) T cells primed with control, untreated
BMDC or as above were harvested after 5 days and labelled with
CFSE, whereas T cells primed with ganglioside-treated DC were har-
vested in parallel and left unlabelled to distinguish the two popula-
tions of T cells. The cells were then re-stimulated for approximately
24 hr in the absence or presence of equal numbers of T cells primed
with GDla-treated BMDC (unlabelled by CFSE). Intracellular IFN-y
production was assessed by flow cytometry. Key: Left panel (control):
CFSE-labelled T cells primed with control BMDC combined with
unlabelled T cells primed with control BMDC; right panel: CFSE-
labelled T cells primed with control BMDC combined with equal
numbers of unlabelled T cells primed with GDIla-treated BMDC.
These data are representative of three independent experiments.

primed with untreated BMDC and then re-stimulated
with pMCC peptide and T-cell-depleted spleen cells as
APC. After 24 hr the cultures were harvested and intracel-
lular IFN-y production was assessed in both T-cell popu-
lations. As shown in Fig. 5b, approximately 40% of the
CFSE-labelled T effector cells produced IFN-y in the
absence of T cells primed with ganglioside-treated BMDC.
In contrast, IFN-y production by the same CFSE-labelled
T effector cells was markedly inhibited upon mixing with
equal numbers of T cells primed with ganglioside-treated
BMDC.
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Figure 6. Inhibitory effect of T cells primed with GDla-treated
bone-marrow-derived dendritic cells (BMDC) requires cell-cell con-
tact. B6 AND T-cell receptor T cells were primed with GDla-treated
or untreated control BMDC and pMCC as in Fig. 2 for 5 days. Via-
ble cells were harvested and re-stimulated in transwell culture dishes
with 5 pg/ml pMCC. Wells contain T cells primed with control
BMDC (control) and/or T cells primed with GDla-treated BMDC
(GD1a), as shown. Both the upper and lower wells in each condition
(A-D) also contain 6 x 10° T-cell-depleted spleen cells as antigen-
presenting cells. After 48 hr of culture, the supernatant was collected
and analysed for interferon-y (IFN-y) by ELISA. Key: A, 3 x 10> T
cells primed with control BMDC; B, 3 x 10° T cells primed with
GD1la-treated BMDC; C, 3 x 10° T cells primed with control BMDC,
mixed with 3 x 10° T cells primed with GDla-treated BMDC; D,
both as in C, but separated by the membrane. *P < 0-005 for all
groups compared with control. These data are representative of two
independent experiments.

The necessity of cell contact for the observed immuno-
suppressive activity of T cells primed by ganglioside-trea-
ted BMDC was assessed in transwell experiments. When
control T effector cells were mixed with T effector cells
primed by ganglioside-treated BMDC and re-stimulated
with peptide, there was significant suppression of IFN-y
production (Fig. 6, lane C) similar to that seen in Fig. 5.
However, when the same number of T cells primed with
ganglioside-treated BMDC are mixed with control T
effector cells, but separated by a permeable membrane, no
suppressive activity is observed (Fig. 6, lane D).

These results were confirmed by a second approach, i.e.
by culturing effector T cells primed with ganglioside-trea-
ted BMDC either at the usual cell density or at a much
lower (10-fold lower) density to determine whether mini-
mizing T-cell-T-cell contact during re-stimulation would
affect the diminished Thl effector function observed
upon priming with ganglioside-treated BMDC. In this
case, re-stimulation of T cells that were primed with gan-
glioside-treated BMDC at high cell density resulted in
marked suppression of the production of IFN-y (only 2%
of control levels), whereas re-stimulation of the same cells
at low-density resulted in IFN-y production at 74% of
control levels.
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Consistent with the requirement for cell-contact indi-
cated in the transwell experiments, the addition of block-
ing antibodies to the IL-10 receptor and transforming
growth factor-f§ to T cells during the priming phase of
the cell cultures or during secondary stimulation did not
reverse the inhibitory effect observed following priming
with ganglioside-treated BMDC (not shown). Taken
together, our findings suggest that priming with ganglio-
side-treated BMDC induces the development of a subset
of T cells that have suppressive activity, and that these
cells can inhibit the function of previously primed effec-
tor cells in a cell-contact-dependent manner.

Perhaps the best-characterized population of T regula-
tory cells are cells expressing the FoxP3 transcription fac-
tor. However, comparison of CD4" FoxP3" cells
following priming with ganglioside-treated or control T
cells consistently failed to show an increase in the number
of FoxP3" cells in the ganglioside-treated cultures. In fact
the percentage of FoxP3" cells was less in the ganglioside-
treated group (Fig. 7a). It is possible that the FoxP3™ cells
that were present were more active when primed with

Gangliosides inhibit T-cell effector function

ganglioside-treated rather than control APC, because
FoxP3 expression itself may not necessarily reflect sup-
pressor activity.””?® To test this possibility we removed
the CD25" FoxP3" cells from both control and ganglio-
side-primed T-cell populations by cell sorting before re-
stimulation. As shown in Fig. 7b, depletion of CD25*
cells did not rescue the defect in IFN-y production seen
in T effector cells primed with ganglioside-treated DC, or
reverse the suppressive activity when these cells were
mixed with the control population of effector T cells.

Discussion

There is a large body of evidence indicating that the
microenvironment at the tumour site and within the
tumour-draining lymph node is immunosuppressive. This
is in part the result of tumour production of cytokines
and other factors, such as gangliosides that affect the APC
expression of co-stimulatory or inhibitory molecules, cyto-
kine production, and production of other immunomodu-
latory factors. These can in turn inhibit T-cell activation

(a) Control
No depletion
L) R S —— A E————
100 10" 102 103  10¢ 101 102 108 104
<
G| 10'y e T .
103m‘" v 14% ~ 06%
10273 CD25 depletion
1014
(o] M E—— [T SECRIIeIe S —
100 10" 102 103 104 100 10! 102 103  10%
FoxP3
(b) 1
2001
4 —|- . No depletion
1504 [[] cD25 depletion
E
= ]
£
3~ 1001
z
L ]
*
50 A T
*
' . T
0 e ) S
T-cell groups Control GM1-DC primed Mix 1:1

Figure 7. Depletion of FoxP3" cells does not correct the defect in interferon-y (IFN-y) production following priming with ganglioside-treated
dendritic cells (DC). B6 AND T-cell receptor T cells were primed with GM1-treated or untreated control bone-marrow-derived DC (BMDC) and
pMCC as in Fig. 2 for 5 days. (a) T cells primed with GM-1-treated or control DC were depleted of CD25" cells by cell sorting on a FACAria
following labelling with CD25 antibody. Control and CD25-depleted T cells were then labelled with antibody to CD4, CD25 and FoxP3. Expres-
sion of FoxP3 in the control and CD25-depleted cell populations is shown. (b) CD4 T cells prepared as above were then re-stimulated and IFN-y

production was assessed by ELISA. *P < 0-005 for all groups compared with control. These data are representative of two independent cell

sorting experiments.
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and the generation of tumour immunity.”® The precise
role and relative importance of these tumour-derived fac-
tors is not well understood. Our current study suggests
that exposure of DC to tumour-derived gangliosides may
be a critical initiating and long-lasting factor in suppress-
ing an effective tumour immune response. The data sug-
gest that priming of T cells with ganglioside-treated
BMDC induced the development of a population of regu-
latory T cells that could suppress cytokine production by
previously primed effector T cells in a contact-dependent
manner. Although we focused primarily on IFN-y produc-
tion in the current study, the effect of using ganglioside-
exposed DC during T-cell priming appears to be relatively
broadly immunosuppressive as inhibition of Th2 effector
responses was also observed when T cells were stimulated
in the presence of exogenous IL-4. Hence the effect of gan-
glioside-treated APC was not specific for Th1 responses.

Recent findings suggest that a mechanism by which
ganglioside exposure alters APC function to induce regu-
latory T-cell development or activation may be related to
ganglioside-dependent alterations in TLR signalling. Using
a variety of TLR ligands that stimulate a broad range of
TLRs, including TLR2, TLR3, TLR4, TLR5, TLR6 and
TLR7/8, we have found that ganglioside pre-treatment
inhibits TLR-dependent pro-inflammatory cytokine pro-
duction.”® In these studies, we found that ganglioside pre-
treatment of monocytes before stimulation with TLR ag-
onists promoted the induction of IRAK-M expression.
IRAK-M is a negative regulator of TLR signalling and is
associated with endotoxin tolerance.”” Importantly, a
recent study by Xie et al’® found that in IRAK-M-defi-
cient mice, the immune response to tumours was
enhanced, with a concordant decrease in regulatory T
cells. Taken together, these data suggest that IRAK-M
induction by gangliosides may promote the development
of a regulatory T-cell phenotype.

Myeloid-derived suppressor cells (MDSC) have also
been implicated in down-regulating T-cell tumour
immune responses and may also be regulated by ganglio-
side exposure, although we think it unlikely that these
cells are playing an important role in our current studies.
We cannot definitively exclude the presence of low levels
of MDSC in our cultures, but > 80% of the cells in the
BMDC cultures used for T-cell stimulation have a DC
phenotype and are typically characterized as expressing
CDllc and MHC dlass II and lacking Fc-y receptor,
unlike most MDSC populations. Furthermore , as we are
using MHC-II-restricted T cells to analyse T-cell effector
function, APC function is restricted to class II MHC-
expressing cells.

The precise nature of the regulatory T-cell activity
induced following priming with ganglioside-treated DCs
remains to be elucidated. Although we have shown that
cell contact is required, we have not been able to pheno-
typically distinguish the specific cell population that is

associated with immunosuppressive activity in the cells
primed with ganglioside-treated BMDC. Analysis of
FoxP3 expression in T cells primed with ganglioside-trea-
ted BMDC did not reveal any increase in the generation
of FoxP3" cells when comparing T cells primed with con-
trol and ganglioside-pre-treated BMDC (Fig. 7). Further-
more, depletion of CD25" FoxP3" cells from the T
effector cell population primed with ganglioside-treated
DC did not rescue the immunosuppressive effect of gan-
glioside exposure. These data suggest that there is an
atypical FoxP3-independent regulatory cell being gener-
ated by ganglioside-treated APC, although future experi-
ments will be needed to characterize further the
regulatory activity present following ganglioside treatment
of DC. The ganglioside-dependent immunosuppression
we observe could be partly the result of direct cytotoxic
effects of the regulatory T-cell population, as has been
recently described in regulatory T cells isolated from the
tumour microenvironment,” or may be related to the
induction of T-cell populations that express negative
co-stimulator molecules such as programmed death-1 and
cytotoxic T lymphocyte antigen-4.

Although the mechanism of immunoregulation requires
further investigation, our data indicate that priming with
ganglioside-treated BMDC induces the development of a
regulatory cell population that inhibits previously acti-
vated effector T cells in a contact-dependent manner.
These data provide further support for the concept that
gangliosides, shed by tumours into the microenviron-
ment, are a potent immunomodulatory agent that may
initiate tumour immune-evasion mechanisms.
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