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Abstract Mast cells may have either antitumor or tumor-
promoting potential. Nevertheless, mast cells in tumor
microenvironment have been found to promote tumor
growth. So far the mechanisms underlying the modulation
of mast cell function in tumor microenvironment remains to
be fully elucidated. Here, we report that tumor-promoting
potential of mast cells could be augmented by molecules
released from damaged tumor cells through cooperative
stimulation of stem cell factor (SCF) and ligand for Toll-
like receptor 4 (TLR4). Co-simulation with SCF and TLR4
ligand inhibited mast cell degranulation, but efficiently
induced the production and secretion of VEGF, PDGF, and
IL-10. Although TLR4 ligand alone may induce IL-12
expression in mast cells, co-stimulation with SCF and
TLR4 ligand induced the expression of IL-10, but not
IL-12, in mast cells. The phosphorylation of GSK3f was
crucial for the effect of SCF and TLR4 ligand. In addition
to inducing phosphorylation of GSK3f at Ser9 through
PI3K pathway, SCF and TLR4 ligand cooperated to induce
phosphorylation of GSK3f at Tyr216 by simultaneous
activation of ERK and p38MAPK pathways. Both phos-
pho-Ser9 and phospho-Tyr216 of GSK3f were required for
IL-10 expression induced by SCF/TLR4 ligand, whereas
suppressive effect of SCF/TLR4 ligand on mast cell degran-
ulation was related to phospho-Tyr216. Importantly, the
effect of SCF and TLR4 ligand on mast cells could be abro-
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gated by inhibiting phosphorylation of GSK3f at Tyr216.
These findings disclose the mechanisms underlying the
modulation of mast cell function in tumor microenviron-
ment, and suggest that inhibiting GSK3f in mast cells will
be beneficial to the treatment of cancer.
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Abbreviations

DTC-Ms Molecules from damaged tumor cells
T-sMs Soluble molecules from tumor

SCF Stem cell factor

BMMC Bone marrow-derived mast cell
sTLR4 Soluble form of TLR4

Introduction

Mast cells are key effector cells in allergic diseases. It has
also become apparent that they also influence tumor pro-
gression [1, 2]. Although mast cells may have antitumor
potential [3, 4], many studies have shown that the number
of tumor infiltrating mast cells correlates with increased
intra-tumoral microvessel density, enhanced tumor growth,
and poor clinical outcome [5-7]. Therefore, it has been sug-
gested that mast cells may serve as a novel therapeutic tar-
get for cancer treatment [2, 5, 8]. In this regard, elucidating
the mechanisms underlying the modulation of mast cell
function in tumor microenvironment will be very important
for designing new strategy for tumor therapy.

In addition to promoting angiogenesis [2], mast cells
have been found to play a critical role in the suppression
of immune reactions [9]. They could produce IL-10 to
suppress immune response [10], and are essential for the
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immune tolerance mediated by regulatory T cells [11]. On
the other hand, however, mast cell degranulation is detri-
mental to tumor [3, 4]. It has also been found that mast cells
are a crucial source of IL-12, an important regulator of T
cell responses and NK cell function [12]. Therefore, mast
cells may have both antitumor potential and tumor-
promoting potential. So far the mechanisms underlying the
modulation of the function of mast cells in tumor microen-
vironment have not been fully elucidated. We previously
reported that stem cell factor (SCF) could stimulate mast
cells to promote tumor growth by remodeling tumor micro-
environment [13]. To further investigate the mechanisms
underlying the modulation of mast cell function in tumor,
in this study, we focused on the modulation of mast cell
degranulation and the expressions of IL-10 and IL-12 in
mast cells. Our data showed that the tumor-promoting
potential of mast cells was augmented by tumor cell-
released SCF and ligand for Toll-like receptor 4 (TLR4).
SCF and TLR4 ligand cooperated to induce the expression
of IL-10 in mast cells and inhibit mast cell degranulation.
The underlying mechanism involved the phosphorylation
of GSK3f at both Ser9 and Tyr216 induced by SCF and
TLR4 ligand. Importantly, the effects of SCF and TLR4
ligand on mast cells could be abrogated by inhibiting phos-
phorylation at Tyr216 of GSK3p.

Materials and methods
Animal and cell line

BALB/c mice and C57BL/6 mice, 6—8-week-old, were pur-
chased from Center of Medical Experimental Animals of
Hubei Province (Wuhan, China) for studies approved by
the Animal Care and Use Committee of Tongji Medical
College. BALB/c background H22 hepatocarcinoma cell
line and C57BL/6 background melanoma B16F1 cell line
were purchased from China Center for Type Culture Col-
lection (CCTCC, Wuhan, China) and cultured according to
their guidelines.

Reagents and plasmids

Resveratrol  (3,4’,5-trihydroxy-trans-stilbene) and LPS
(lipopolysaccharide) were purchased from Sigma-Aldrich.
SB203580, PD98059, wortmannin, and 6-amino-4-(4-
phenoxyphenylethylamino)quinazoline (QNZ) were pur-
chased from Merck4Biosciences (Calbiochem). Murine
SCF and IL-3 were purchased from Peprotech (Rocky Hill,
NIJ). Eukaryotic expression vector psTLR4 [14] carrying
the cDNA encoding extracellular domain of murine TLR4
(sTLR4) was constructed by insertion of cDNA into plas-
mid pcDNA3.1 (Invitrogen, Carlsbad, CA).
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Generation of bone marrow-derived mast cells

Bone marrow cells were harvested from femurs of mice and
cultured in complete RPMI 1640 medium in presence of
10 ng/ml of IL-3 [13]. The non-adherent cells were pas-
saged every 3 days. 4 weeks later, the generated mast cells
(bone marrow-derived mast cells, BMMCs) were used for
further experiments. In different batches of BMMCs used
for experiment, the percentage of c-Kit*FceRI* cells was
>93%.

ELISA assay

Cell-free supernatants were harvested after 48-h culture.
VEGF, PDGF, IL-10, and IL-12p70 in the supernatants
were quantified using ELISA kits (R&D Systems, Minne-
apolis, MN) as per manufacturer’s instructions. Results
from cell culture were normalized between different sam-
ples and expressed as pg/ml/2 x 10° cells.

Flow cytometric analysis

The tissues removed from tumor inoculation sites were
digested with collagenase and hyaluronidase, and grinded
to single cells. For intracellular staining, the cells were
first stained with allophycocyanin (APC)-anti-mouse c-Kit
and FITC-anti-mouse FceRIo. Then, the cells were fixed
and permeabilized with Fix/Perm solution (eBioscience),
and stained with PE-anti-mouse IL-10 or PE-anti-mouse
IL-12 antibody or isotype control (eBioscience). For analy-
sis of CD8* T cells in tissue, the cells were stained with
PE-anti-mouse CD8 for flow cytometric analysis. For
analysis of mast cells in tissue, the cells were stained with
APC-anti-mouse c¢-Kit and FITC-anti-mouse FceRIa
(eBioscience) for flow cytometric analysis. Parameters
were acquired on a FACS Calibur flow cytometer (BD
Biosciences) and analyzed with CellQuest software (BD
Biosciences).

Tumor growth and treatment experiments

In co-inoculation test, mice were inoculated intramuscu-
larly in the right hind limb with 1 x 10° tumor cells with or
without 2 x 10° BMMCs as indicated. In intra-tumor injec-
tion test, the mice with palpable tumor were randomly
divided into several groups on d7 after inoculation with
tumor cells. 5 x 10> BMMCs or equal volume of PBS
(50 pl) were carefully injected to tumor. When disodium
cromoglycate (DSCG) and LiCl were used for treatment,
mice received i.p. injection of either DSCG or LiCl, or
equal volume of PBS, once a day within the indicated time
frame. Tumors were dissected and weighed at the indicated
time point.
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When psTLR4 was used in intra-tumor injection test,
mice were inoculated intramuscularly in the right hind limb
with 1 x 10° tumor cells. At the indicated time point, the
mice received the intramuscular (i.m.) injection of 100 pg
of psTLR4, or equal volume of saline or equal amount of
pcDNA3.1.

Preparation of DTC-Ms and T-sMs

Tumor cells were washed with PBS, and resuspended in
PBS to a final concentration of 5 x 10”/ml. After four-
round frozen-thaw cycles followed by vortexing for 30 s,
the cells were removed by centrifugation. The supernatant
contained a mixture of molecules from damaged tumor
cells (DTC-Ms). The mixture of soluble molecules from
tumor (T-sMs) was prepared by digesting tumor peripheral
tissue with collagenase and removing debris by centrifuga-
tion. The concentration of DTC-Ms and T-sMs was defined
by the concentration of protein, which was determined
using Coomassie Bradford reagent (Thermo Fisher Scien-
tific Inc., Rockford, IL) according to manufacturer’s
instructions.

In vitro migration assay

To determine the existence of functional SCF in DTC-Ms
and T-sMs, the medium containing DTC-Ms or T-sMs
(10 pg/ml) was set in lower chamber, and 6 x 10* BMMCs
were set in upper chamber, in triplicate, of a 24-well trans-
well apparatus (BD Biosciences, San Jose, CA), and incu-
bated at 37°C for 24 h. BMMCs migrating into the lower
chamber were enumerated, and the percentage of migrated
cells was calculated. Anti-SCF neutralizing antibody
(10 pg/ml) was used to inhibit the activity of SCF.

BMMC degranulation assay

Degranulation of mast cells was determined by f-hexosa-
minidase release assay [15]. Briefly, BMMCs (5 x 10%
well) were incubated for 2 h in triplicate in 96-well plates.
To induce degranulation, BMMCs were stimulated with
0.1 mM H,O0, [4]. f-hexosaminidase activity was measured
as described previously [15]. f-hexosaminidase release was
expressed as the percentage of total cell content.

Reverse transcription-PCR and real-time PCR

After 24-h culture, total RNA was extracted from cells with
TRIzol reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. A reverse transcription-PCR
(RT-PCR) procedure was used to determine relative quanti-
ties of mRNA. Twenty-eight PCR cycles were used for all
of the analyses. The primer sequences were as follows:

IL-10, sense 5'-CTCTTACTGACTGGCATGAGG-3’,
antisense 5'-CCTTGTAGACACCTTGGTCTTGGAG-3';
IL-12a, sense 5'-GGGACCAAACCAGCAC AT-3’, antisense
5'-AAGGCGTGAAGCAGGATG-3'; f-actin, sense 5'-AT
GGGTCAGAAGGACTCCTATG-3', antisense 5'-ATC
TCCTGCTCGAAGTCTAGA G-3'. The quantitative real-
time RT-PCR for IL-10 expression was done as described
previously [16].

Western blot assay

Western blot assay was done as described previously [13].
Abs against mouse GSK3pf, phospho-Ser9-GSK3f, and
phospho-Tyr216-GSK3f were purchased from Cell Signal-
ing Technology and BD Biosciences.

Statistics

Results were expressed as mean value £ SD and inter-
preted by one-way ANOVA. Differences were considered
to be statistically significant when P < 0.05.

Results

The function of mast cells is modulated
in the established tumor

To investigate the effect of tumor microenvironment on the
function of mast cells, we first tested the effect of disodium
cromoglycate (DSCG), an inhibitor of mast cell function [6,
17], on tumor growth by administration of DSCG within
different time frames after tumor inoculation. DSCG pro-
moted tumor growth in early stage of tumor development,
but suppressed tumor growth in later stage (Fig. 1a), sug-
gesting that the function of mast cells was modulated in the
established tumor. We then tested the effect of mast cells on
tumor growth in co-inoculation test and intra-tumor injec-
tion test, respectively. The results showed that the BMMCs
co-inoculated with tumor cells suppressed the growth of
tumor, whereas the BMMCs injected to palpable tumor
promoted tumor growth (Fig. 1b), further confirming that
the tumor-promoting potential of mast cells was only aug-
mented in the established tumor.

TLR4 ligand cooperates with SCF to augment
tumor-promoting potential of mast cells

We next investigated whether the function of mast cells
could be remodeled by signal molecules in tumor. The sol-
uble molecules in tumor (T-sMs) may contain most of, if
not all of, signal molecules which could stimulate mast
cells. Since T-sMs also contained the molecules from
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damaged tumor cells (DTC-Ms), we therefore treated
BMMCs with either T-sMs or DTC-Ms in co-inoculation
test. The results showed that the BMMCs pretreated
with either T-sMs or DTC-Ms could promote tumor
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Fig. 1 Mast cells are converted into tumor-promoting cells in the
established tumor. a Effect of DSCG on tumor growth. The mice were
inoculated with H22 cells on dO, and received i.p. injection of DSCG
(0.6 mg per injection), once a day from —d1 to d6 or from d7 to d16.
Tumors (n =38 in each group) were dissected and weighted on d10
(—d1 to d6 injection) or d17 (d7 to d16 injection) after tumor inocula-
tion. b Effect of BMMCs on tumor growth. BMMCs were co-inocu-
lated with H22 cells (co), or injected into palpable tumor (in). Tumors
(n = 8 in each group) were dissected and weighted on d10 (co-inocula-

tion) or d17 (intra-tumor injection) after tumor inoculation. P values,
*P <0.05
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growth (Fig.2a). Our previous study showed that the
tumor-promoting effect of mast cells was related to SCF
stimulation [13]. Both T-sMs and DTC-Ms indeed con-
tained functional SCF, since the migration of BMMCs
induced by DTC-Ms and T-sMs could be inhibited by SCF
neutralizing antibody (Fig. 2b). The existence of SCF in
DTC-Ms and T-sMs was also confirmed by Western blot
(data not shown). However, when we treated BMMCs with
SCF alone before they were used in co-inoculation test,
BMMCs did not significantly promote tumor growth
(Fig. 2¢), suggesting that other factor(s)in T-sMs and
DTC-Ms might cooperate with SCF to augment tumor-pro-
moting potential of mast cells. Based on same effects of
DTC-Ms and T-sMs, we next focused on DTC-Ms to ana-
lyze the mechanism underlying the modulation of mast cell
function.

Given that the DTC-Ms contained both TLR2 ligand and
TLR4 ligand [14, 18], and that both of these ligands could
stimulate mast cells [2, 19], we next investigated whether
the effect of DTC-Ms on mast cells involved the coopera-
tion of SCF with TLR2 ligand or TLR4 ligand. To do this,
we treated BMMCs with DTC-Ms in presence of QNZ or
resveratrol. QNZ, the inhibitor of NF-kB, could inhibit the
effect of both TLR2 signaling and TLR4 signaling. Resve-
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Fig. 2 SCF and TLR4 ligand augment tumor-promoting potential of
mast cells. a Effect of pretreated BMMCs on tumor growth. In co-inoc-
ulation test, BMMCs were pretreated without [Ms(0)] or with DTC-Ms
(5, 20, 100 pg/ml) or T-sMs for 48 h. b Functional SCF in T-sMs
and DTC-Ms. The migration of BMMCs in response to T-sMs and
DTC-Ms was determined as described in Methods. Anti-SCF neutral-
izing antibody (10 pg/ml) was used to inhibit the activity of SCF. ¢ In
co-inoculation test, H22 cells were inoculated alone, or with untreated
BMMCs or the BMMCs pretreated with SCF (10 or 100 ng/ml) for
48 h. d In co-inoculation test, BMMCs were pretreated with DTC-Ms
(100 pg/ml) for 48 h in absence or presence of resveratrol (Res,
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30 uM) or QNZ (20 nM). Untreated (without Ms) or T-sMs-treated
BMMCs were also used for co-inoculation with B16 cells. e In co-
inoculation test, H22 cells were inoculated without BMMCs, or
with the BMMCs pretreated with SCF (10 ng/ml), LPS (100 ng/ml),
or SCF/LPS for 48 h. f STLR4 abrogates tumor-promoting effect of
BMMC:s. In intra-tumor injection test, the mice received i.m. injection
of psTLR4 or pcDNA3.1 on d4, d5, d6 after tumor inoculation.
BMMCs were injected into tumor on d7. P values, *P <0.05,
**P < 0.01. Tumors (n = 8 in each group) were dissected and weighted
on dl10 (a, ¢, d, e) or d17 (f) after tumor inoculation
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ratrol inhibits TRIF, and therefore inhibits TLR4 signaling
but not TLR2 signaling [20]. QNZ and resveratrol were
not toxic to mast cells at the concentration used in the
experiments (data not shown). Importantly, each of them
significantly suppressed the effect of DTC-Ms on the
tumor-promoting potential of BMMCs (Fig. 2d), suggest-
ing that TLR4 ligand might cooperate with SCF to modu-
late the function of mast cells. To further confirm this, we
treated BMMCs with SCF and LPS, a well-known TLR4
ligand. Indeed, BMMCs treated with SCF and LPS pro-
moted tumor growth in co-inoculation test (Fig. 2e). To fur-
ther evaluate whether TLR4 ligand is required for
modulating mast cell function in tumor microenvironment,
we expressed soluble TLR4 (sTLR4) in intra-tumor injec-
tion test by local transfection of expression vector of
sTLR4. The expression of sTLR4 could block TLR4 sig-
naling in local microenvironment [14]. The tumor-promot-
ing effect of BMMCs in intra-tumor injection test was
suppressed by local expression of sTLR4 (Fig. 2f), indicat-
ing that TLR4 ligand in tumor microenvironment was
involved in modulating the function of mast cells.

Similar to H22 hepatocarcinoma cells, T-sMs from mel-
anoma and DTC-Ms from melanoma B16 cells also con-
tained SCF (Fig. 2b). BMMC:s pretreated with T-sMs from
melanoma and DTC-Ms from B16 cells could also promote
tumor growth in co-inoculation test (Fig. 2d). The effect of
DTC-Ms from B16 cells was also suppressed by QNZ and
resveratrol. Moreover, the tumor-promoting effect of
BMMC s in melanoma was also suppressed by local expres-
sion of sSTLR4 (Fig. 2f). These data suggested that mast
cells could be modulated through same mechanism in
different types of tumor.

SCF and TLR4 ligand inhibit degranulation of mast cells
but not secretion of growth factors

The way that mast cells could be beneficial to tumor is if
secretion of cytokines and other molecules from mast cells
could occur without degranulation [1, 21]. The antitumor
function of mast cells is related to their degranulation
induced by H,0O, [4]. Despite the existence of H,0,, how-
ever, mast cell degranulation is inhibited in tumor [21, 22].
We therefore investigated whether SCF and TLR4 ligand
may suppress H,0,-induced degranulation of mast cells. As
shown in Fig. 3a, H,O,-induced degranulation of BMMCs
was suppressed by DTC-Ms or SCF/LPS, but not by SCF
or LPS alone. Moreover, the treatment of BMMCs with
DTC-Ms or SCF/LPS for a longer period of time resulted in
a much stronger inhibitory effect (Fig. 3b). Both the viabil-
ity of mast cells and the intracellular granules of BMMCs
were not changed after incubation (data not shown).
Although SCF/TLR4 ligand could suppress mast cell
degranulation, SCF-induced production of VEGF and

PDGF in mast cells was not suppressed by co-stimulation
with SCF and TLR4 ligand (Fig. 3c). Differently, DSCG
has been known to suppress not only mast cell degranula-
tion but also the secretion of cytokines and growth factors
from mast cells. Consistently, DSCG not only abolished the
tumor-suppressing effect of untreated BMMCs, but also
abrogated the tumor-promoting effect of DTC-Ms-treated
BMMC:s in co-inoculation test (Fig. 3d). BMMCs treated
with DSCG could not influence tumor growth, no matter
whether they were treated with DTC-Ms or not. Therefore,
DSCG might suppress the function of mast cells, whereas
SCF/TLR4 ligand only remodeled the function of mast
cells.

SCF and TLR4 ligand cooperate to induce
the expression of IL-10 in mast cells

Mast cells have been found to negatively regulate immune
response by expressing IL-10 [10]. However, mast cells
have also been found to express IL-12 in response to TLR4
signaling [12]. We therefore analyzed the expression of IL-10
and IL-12 in mast cells in tumor. The results showed that
the mast cells in tumor expressed IL-10, but not IL-12
(Fig. 4a). To investigate whether the effect of TLR4 ligand
on mast cells might be altered by SCF, we stimulated
BMMCs with LPS and/or SCF. LPS alone indeed stimu-
lated BMMC:s to express IL-12, whereas LPS in combina-
tion with SCF stimulated BMMCs to express IL-10
(Fig. 4b). Consistently, DTC-Ms could stimulate BMMCs
to express IL-10, but not IL-12 (Fig. 4c). In presence of
wortmannin (PI3K inhibitor), IL-12 expression in BMMCs
was induced by DTC-Ms, whereas IL-10 expression was
significantly suppressed (Fig.4d). QNZ and resveratrol
inhibited IL-10 expression in DTC-Ms-stimulated
BMMC s, and also inhibited IL-12 expression in BMMCs
stimulated with DTC-Ms in presence of wortmannin
(Fig. 4d). These results suggested that TLR4 signaling
could stimulate mast cells to express either IL-10 or IL-12,
depending on whether PI3K pathway was activated. In line
with the results shown in Fig. 3c and d, SCF/TLR4 ligand
induced the production of IL-10, whereas DSCG could sup-
press the release of IL-10 (data not shown).

Phosphorylation of GSK3J is involved in the effect
of SCF/TLR4 ligand on mast cells

PI3K pathway is involved in the regulation of IL-10 and
IL-12 expressions. We next wondered whether GSK3p, a
downstream molecule of PI3K pathway, was involved in
the effect of SCF/TLR4 ligand on mast cell function. It has
been known that the activation of PI3K pathway induces
the phosphorylation of GSK3f at Ser9 [23-25]. Consis-
tently, DTC-Ms and SCF/LPS induced the phosphorylation
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Fig. 3 SCF and TLR4 ligand suppress degranulation of mast cells but
not secretion of VEGF and PDGF. a Degranulation of mast cells.
BMMCs were unstimulated (without H,0,) or stimulated with 0.1 mM
H,0, for 2 h in absence or presence of DTC-Ms (100 pg/ml), SCF
(10 ng/ml), LPS (100 ng/ml), or SCF/LPS. f-hexosaminidase (f-hex)
release was measured as described in Methods. b BMMCs were cul-
tured for 6 h in absence or presence of DTC-Ms, SCF, LPS, or SCF/
LPS. Then, the cells were stimulated with H,O, for f-hex release
assay. ¢ Production of VEGF and PDGF by mast cells. BMMCs were

of GSK3f at Ser9, which was inhibited by wortmannin
(Fig. 5a). Interestingly, DTC-Ms or SCF/LPS also induced
the phosphorylation of GSK3f at Tyr216, whereas either
SCF or LPS alone could not induce the phosphorylation of
Tyr216 (Fig. 5a). The phosphorylation of Tyr216 in
response to DTC-Ms or SCF/LPS was not influenced by
wortmannin or resveratrol, but inhibited by LiCl (GSK3p
inhibitor), SB203580 (p38MAPK inhibitor), and PD98059
(inhibitor of ERK pathway), suggesting that the activated
p38MAPK pathway and ERK pathway were required for
Tyr216 phosphorylation.

Using LiCl to inhibit Tyr216 phosphorylation, we next
investigated whether phospho-Tyr216 of GSK3f was criti-
cal for the effect of SCF/TLR4 ligand on mast cells. LiCl
inhibited IL-10 expression in mast cells in response to DTC-
Ms and SCF/LPS, but did not promote IL-12 expression
(Fig. 5b). Interestingly, LiCl also abrogated the inhibitory
effect of DTC-Ms and SCF/LPS on mast cell degranulation
(Fig. 5¢). Given that wortmannin also suppressed IL-10
expression in mast cells (Fig. 4d), these results indicated
that both phospho-Ser9 and phospho-Tyr216 were required
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cultured in absence or presence of SCF, SCF/DSCG(100 uM), SCF/
LPS, or DTC-Ms for 48 h. VEGF and PDGF in supernatants were
determined by ELISA. d DSCG abrogates the effect of BMMCs on
tumor growth. In co-inoculation test, the untreated BMMCs or DTC-
Ms-treated BMMCs were directly used, or further treated with DSCG
for 2 h. As indicated, the mice received i.p. injection of DSCG (0.6 mg
per injection, once a day for 2 days). Tumors (n =8 in each group)
were dissected and weighted on d10 after tumor inoculation. P values,
*P < 0.05, ¥**P < 0.01

for the induction of IL-10 expression in mast cells, whereas
phospho-Tyr216 was required for inhibiting mast cell
degranulation. Moreover, these results also explained
the result in Fig. 2c. QNZ and resveratrol could inhibit
DTC-Ms-induced tumor-promoting effect of mast cells, but
did not recover their tumor-suppressing effect, since the
phosphorylation of GSK3 /5 was not inhibited.

Phosphorylation of GSK3p at Tyr216 is crucial in
augmenting the tumor-promoting potential of mast cells

The above results suggested that inhibiting phosphorylation
of GSK3f at Tyr216 may suppress the tumor-promoting
potential of mast cells. Indeed, LiCl could suppress tumor
growth in vivo (Fig. 6a), although it did not significantly
influence tumor cell proliferation in vitro (data not shown).
Moreover, the accumulation of mast cells in tumor was not
significantly influenced (Fig. 6b), suggesting that LiCl
might mainly inhibit their function. We then treated
BMMCs with DTC-Ms and SCF/LPS in presence of LiCl,
and tested the effect of BMMCs on tumor growth in
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Fig. 4 SCF and TLR4 ligand stimulate mast cells to express IL-10.
a Flow cytometric analysis of IL-10 and IL-12 expressions in mast
cells in tumor as described in Methods. c-Kit* cells were gated for fur-
ther analysis. b, ¢ IL-10 and IL-12 expressions in mast cells. BMMCs
were cultured in absence or presence of SCF (10 ng/ml), LPS (100 ng/
ml), or SCF/LPS (b), or DTC-Ms (pg/ml) (c). IL-10 and IL-12 expres-

co-inoculation test. The results showed that LiCl abrogated
the tumor-promoting effect of BMMCs pretreated with
DTC-Ms or SCF/LPS (Fig. 6¢). Due to the difficulty of the
quantification of mast cell degranulation in tissue, we
detected CD8* T cells in local tissue, since degranulation of
mast cells could increase the recruitment of CD8" T cells
[26]. In co-inoculation test, the BMMCs pretreated with
DTC-Ms or SCF/LPS could not increase the recruitment of
CD8* T cells in local tissue (Fig. 6d), but increased IL-10
expression in local tissue (Fig. 6e). The effect of DTC-Ms
and SCF/LPS on mast cells was abrogated by LiCl. Taken
together, these results indicate that the phosphorylation of
GSK3p at Tyr216 is indeed critical in augmenting tumor-
promoting potential of mast cells.

Discussion

In tumor microenvironment, SCF is released from living
tumor cells [13] and the damaged tumor cells. TLR4 ligand
could be released from the damaged tumor cells [14, 18],
and produced by bacteria and fungi existent in tumor [27].
SCF activates multiple signaling pathways in mast cells,
including PI3K and ERK pathways [28-31]. TLR4 signal-
ing also activates several signaling pathways, including
MyD88, TRIF, PI3K, and p38MAPK pathways [23, 32,
33]. Our data in this study showed that SCF and TLR4
ligand cooperated to augment tumor-promoting potential of
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sions were determined by RT-PCR and ELISA as described in Meth-
ods. d ELISA analysis of IL-10 and IL-12 expressions. BMMCs were
cultured in absence or presence of DTC-Ms (100 pg/ml) in different
combination with resveratrol (Res, 30 uM), QNZ (20 nM), or wort-
mannin (WT, 10 nM). P values, ***P < 0.001

mast cells by activating these signaling pathways. Impor-
tantly, here we found that SCF/TLR4 ligand induced the
phosphorylation of GSK3p at both Ser9 and Tyr216 in mast
cells, which was critical for the tumor-promoting potential
of mast cells. It has been known that the activation of PI3K
pathway induces the phosphorylation of GSK3f at Ser9
[23-25]. The mechanism underlying the phosphorylation of
GSK3p at Tyr216 has not been identified to date. Here, we
found that the phosphorylation of GSK3f at Tyr216 in mast
cells could result from the simultaneous activation of ERK
and p38MAPK pathways. Thus, the cooperative stimula-
tion of SCF and TLR4 ligand is required for distinct phos-
phorylation pattern of GSK3f in mast cells.

The degranulation of mast cells could be induced by
H,0, in local microenvironment, which is involved in the
antitumor function of mast cells [4]. H,O, could be pro-
duced by phagocytes in inflammation site. Inflammation is
a fundamental character of tumor microenvironment
[34, 35]. Despite the existence of H,O,, however, mast cell
degranulation is usually inhibited in tumor [21, 22]. The
underlying mechanism has not been elucidated to date. Our
data in this study showed that degranulation of mast cells
could be inhibited by SCF and TLR4 ligand. The phosphor-
ylation of GSK3f was required for this inhibitory effect.
The degranulation of mast cells was not influenced by
phosphorylation of GSK3f at Ser9, since SCF alone
induced phosphorylation of GSK3f at Ser9, but did
not influence degranulation of mast cells. TLR4 ligand
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Fig. 5 Activation of GSK3p and its effect on mast cell function.
a BMMCs were untreated or pretreated with LiCl (60 uM), resveratrol
(Res, 30 uM), wortmannin (WT, 10nM), PD98059 (20 uM),
SB203580 (20 uM) for 60 min, and then stimulated with DTC-Ms
(100 pg/ml), SCF (10 ng/ml), LPS (100 ng/ml), or SCF/LPS for
30 min. Phospho-Ser9-GSK3f3, phospho-Tyr216-GSK3f, and GSK3
were detected by Western blot. b Effect of GSK3f on IL-10 expression

synergized with SCF to inhibit degranulation of mast cells
by inducing phosphorylation of GSK3f at Tyr216. After
recruited to tumor, mast cells could be stimulated by SCF
to express cytokines and growth factors. These factors
may promote tumor growth through different mechanisms
[36-38]. However, the mast cells expressing these factors
may not be certainly beneficial to tumor unless the degranu-
lation of mast cells is inhibited [1, 21]. In this respect,
TLR4 ligand plays an important role in the augmentation of
tumor-promoting potential of mast cells by synergizing
with SCF to inhibit mast cell degranulation.

TLR4 signaling-activated NF-xB could induce IL-12
expression in mast cells. Despite the existence of TLR4
ligand, however, the mast cells in tumor only expressed
IL-10. Our data showed that the response of mast cells to
TLR4 ligand was altered by SCF. The underlying mecha-
nism involved the phosphorylation of GSK3pf induced by
co-stimulation of TLR4 ligand and SCF. Phosphorylated
GSK3p suppressed NF-kB-induced IL-12 expression, but
cooperated with NF-xB to induce IL-10 expression in
mast cells. Phospho-Ser9 was required for GSK3p to
inhibit IL-12 expression, whereas both phospho-Ser9 and
phospho-Tyr216 were required for GSK3f to up-regulate
IL-10 expression in mast cells. Therefore, tumor cells could
induce IL-10 expression, but not IL-12 expression, in mast

@ Springer

in mast cells. BMMCs were cultured in absence or presence of DTC-
Ms or SCF/LPS with or without LiCl. The expressions of IL-10 and
IL-12 were determined by RT-PCR and ELISA as described in
Methods. ¢ Effect of GSK3f on mast cell degranulation. BMMCs were
cultured in absence or presence of DTC-Ms, SCF/LPS, and/or LiCl for
6 h. Then the cells were stimulated with 0.1 mM H,O, for the assay of
degranulation. P values, **P < 0.01

cells by releasing SCF and TLR4 ligand. We previously
reported that mast cells in tumor could suppress the func-
tion of T cells and NK cells [13], which could now be
explained by the production of IL-10 by mast cells in
response to SCF/TLR4 ligand.

The effect of SCF/TLR4 ligand on mast cells was differ-
ent from that of DSCG. DSCQG is a stabilizer which acts on
cellular membrane and inhibits the release of preformed
and newly synthesized mediators from mast cells [39].
DSCG may completely inhibit the function of mast cells by
inhibiting both degranulation and the secretion of cytokine
and growth factors. Therefore, DSCG may promote tumor
growth in early stage of tumor development by suppressing
mast cell degranulation, but suppress tumor growth in later
stage by inhibiting the secretion of mast cells. Different
from DSCG, SCF/TLR4 ligand augmented the tumor-
promoting potential of mast cells by inhibiting degranula-
tion of mast cells and simultaneously inducing production
of cytokine and growth factors such as IL-10, VEGF and
PDGF.

In summary, the findings in this report disclose the
mechanisms underlying the modulation of mast cell func-
tion in tumor microenvironment. Given that the cooperative
stimulation of SCF and TLR4 ligand was required for
tumor-promoting potential of mast cells, and that both SCF
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Fig. 6 Inhibiting phosphorylation of GSK3f at Tyr216 interferes with
the effect of SCF/TLR4 ligand on mast cells. a, b Effect of LiCl on
tumor growth in vivo. The mice inoculated with H22 cells received i.p.
injection of LiCl. Tumors (n =8 in each group) were dissected and
weighted on d15 after tumor inoculation (a). Single cell suspension
was prepared from the tumor tissues. The cells were analyzed by flow
cytometry. The percentage of mast cells (MCs) in total cells was cal-
culated (b). ¢ The effect of LiCl on mast cells. In co-inoculation test,
tumor cells were inoculated alone (no BMMCs), or co-inoculated with
the BMMCs pretreated for 48 h in absence or presence of DTC-Ms

and TLR4 ligand could be released from damaged tumor
cells, the damage of tumor cells by different elements may
indirectly promote tumor growth by modulating the func-
tion of mast cells.
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