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Abstract—There is substantial evidence suggesting that the Ras inhibitor farnesylthiosalicylic acid
(FTS) may modulate various aspects of immune function and inflammation in addition to its well
known anti-cancer activity. In this regard, we have recently shown that FTS suppresses T lymph-
ocyte-mediated immune responses. Mast cells (MC), the main effector cells in the elicitation of the
allergic response, are known to secrete granule-associated mediators and to release prostaglandins
and cytokines on FCεRI-cross-linking, thereby contributing to the pathogenesis of allergic diseases.
We hypothesized that MC act as an additional target for FTS. In the present work we analyze the
effects of FTS on MC degranulation, prostaglandin release, and cytokine release in vitro, and on the
elicitation of IgE-mediated MC dependent cutaneous allergic inflammation in vivo. First we have
established that FTS inhibited Ras activation in MC. Next, we have shown that FTS preferentially
inhibited prostaglandin (PG) D2 and tumor necrosis factor (TNF)-α release without having any
significant effect on MC β-hexosaminidase secretion. In vivo administration of FTS inhibited the
late phase of passive cutaneous anaphylaxis reaction. The time course of FTS-induced inhibition in
vivo correlated with mediators release and not with degranulation. This data suggests that FTS may
have an inhibitory effect on MC mediated allergic inflammation, and thus may be considered as a
possible therapeutic modality.
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INTRODUCTION

S-trans,trans-farnesylthiosalicylic acid (salirasib,
FTS) is a synthetic compound that resembles the

carboxyl-terminal farnesylcysteine of Ras. Cells readily
take up FTS that, once inside the cell, specifically
disrupts the association of active forms of Ras with the
inner surface of the cell membranes. FTS has been
extensively studied in regards to its ability to inhibit
Ras-dependent tumor growth [1]. Furthermore, there is
substantial evidence suggesting that FTS may modulate
various aspects of immune function and inflammation in
addition to its well known anti proliferative activity. FTS
has been shown to have beneficial effects in several
inflammatory conditions including experimental auto-
immune neuritis, MRL/lpr mice, and myocarditis [2]. In
this regard, we have recently shown that FTS suppresses
T lymphocyte-mediated immune responses [in press].

Mast cells (MC), the main effector cells in the
elicitation of the allergic response, are known to secrete
granule-associated mediators and to release prostaglandins
and cytokines on FC epsilon receptor (εR) I-cross-linking,
thereby contributing to the pathogenesis of allergic
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diseases [3]. Some of these events are Ras-signaling
dependent [3]. In light of the above information, and in
view of the essential role ofMC in elicitation and evolution
of allergic inflammation, we directly analyzed in the
present work the effect of FTS on MC degranulation,
prostaglandin (PG) D2 release and tumor necrosis factor
(TNF)-α release. We hypothesized that MC act as an
additional target for FTS andmay represent a novel method
for treating inflammatory and allergic disorders. Remark-
ably, we found that FTS was able to inhibit the elicitation
of IgE-mediated MC dependent cutaneous allergic inflam-
mation in vivo. This effect is more likely associated with
inhibition of PGD2 release and TNF-α release than with
degranulation.

MATERIALS AND METHODS

General Reagents

FTS was synthesized as previously described and
was stored in chloroform, which was evaporated under a
stream of nitrogen immediately before use [2]. RFP-N-
Ras and GFP-Raf-1-RBD constructs were described and
validated previously [4].

Cells and Transfection

The LAD2 MC, expressing functional FCεRI
receptors, were established from bone marrow aspirates
of a patient with MC leukemia and maintained as
previously described [4]. Transfection of LAD2 cells
was performed with DMRIE-C (Invitrogen, Carlsbad,
CA), and cells were studied 24 h later.

Mast Cell Stimulation and Activation

For IgE-mediated activation, cells were sensitized
overnight with 100 ng/ml of human myeloma IgE-biotin
(Calbiochem; Merck Darmstadt, Germany) and then
stimulated with 100 ng/ml of streptavidin (Jackson
Immuno-Research Laboratories, West Grove, PA).
Degranulation was quantified 20 min after stimulation
by assaying the release of β-hexosaminidase, a pre-
formed mediator present in the secretory granules of
MC. Release of β-hexosaminidase was measured spec-
trophotometrically by assaying the cleavage of its
substrate p-nitrophenyl-N-acetyl-β-D-glucosaminide.
Degranulation was expressed as a percentage of cells’
total β-hexosaminidase activity obtained by lysis of the
cells with 0.5% triton X-100. Supernatants obtained

from MC stimulated for 3 to 6 h were examined for the
released PGD2 and TNF-α by a commercial ELISA kits,
according to the manufacturer’s instructions (Prostaglan-
din D2-MOX EIA Kit, Cayman Chemical Company,
Ann Arbor, MI, and TNF-α HS Elisa kit, R&D®
Systems Inc., Minneapolis, MN).

Ras Activation Assay

Detection of activated Ras by pull-down assay and
by SDS-PAGE immunoblotting was performed as
previously described [4]. Ras is a molecular switch and
is regulated by the GTP/GDP cycle. The index of
activated Ras, or the relative GTP-Ras, is the ratio
between GTP loaded Ras over the total amount of Ras
(both GTP and GDP loaded).

Mice

The study was approved by the Institutional Ethics
Committee of Tel Aviv University. Eight to 10 weeks
old BALB/c female mice were primed to express an IgE-
dependent passive cutaneous anaphylaxis (PCA) reac-
tion. Mice were lightly anesthetized with ether and their
left footpads were injected subcutaneously with 20 μl
(20 ng) of IgE anti DNP. Their right footpads were
injected with 20 μl of diluents. The next day the mice
received an intraperitoneal injection of 100 μg of
DNP30–40-HAS in saline. Footpad swelling was meas-
ured with an engineer's micrometer (Ozaki Mfg. Co.,
Itabashi, Tokyo). Footpad swelling was expressed as the
difference in thickness before and after the challenge,
measured at several time points after the challenge. FTS
was orally administrated before the antigen challenge at
100 mg/kg as previously described [2].

Microscopy

Live cells were plated in 35-mm dishes containing
a no. 0 glass cover slip over a 15-mm cutout (MatTek,
Ashland, MA). Cells were maintained at 37°C using a
PDMI-2 microincubator (Harvard Apparatus, Holliston,
MA). Individual cells were imaged before and after
addition of stimuli. Images were acquired with a Zeiss
510 inverted laser scanning confocal microscope (Carl
Zeiss MicroImaging, Inc., Thornwood, NY) and pro-
cessed with Adobe Photoshop CS.

Statistical Analysis

Data were analyzed and expressed as mean±s.e.m.
Significance was determined using Student’s t test.
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RESULTS

FTS Inhibits Ras Activation in Mast Cells

First, we had to establish that FTS inhibits Ras
activation in MC. We have previously reported that Ras
is activated at the plasma membrane of LAD2 cells upon
cross-linking the antigen receptor [4]. LAD2 cells
expressing RFP-N-Ras and GFP tagged Raf-1-RBD
(marker for GTP loaded Ras) were studied (Fig. 1a). In
resting cells, the probe for activated Ras was homoge-
nously distributed throughout the cytoplasm of the cells.
When the cells were stimulated by cross-linking the
FCεRI, the probe translocated to the plasma membrane.
This translocation was completely blocked when the
cells were pretreated with 25 μM of FTS (Fig. 1a),
suggesting that N-Ras activation at the plasma membrane
is inhibited by FTS. In order to document the ability of
FTS to inhibit the endogenous pool of Ras, LAD2 cells
were subjected to Raf-1-RBD pull-down assay (Fig. 1b).
Compared to serum starved resting cells, cross-linking of
the FCεRI resulted in higher levels of GTP loaded Ras
(Fig. 1b). When the cells were pretreated with 25 μM of
FTS, the levels were significantly attenuated (Fig. 1b).
Quantification of the same experiment revealed 35%
relative reduction in the amount of activated Ras
(Fig. 1c). Thus, FTS inhibits Ras activation in MC
stimulated through the FCεRI receptor.

Preferential Inhibition of Prostaglandin D2

and Tumor Necrosis Factor-α Release

Next, the effect of FTS on MC degranulation and
mediators release was investigated. LAD2 cells were
activated by cross-linking the FCεRI. Degranulation,
PGD2, and TNF-α release were measured at 20 min, 6
and 3 h post activation, respectively. As shown in Fig. 2a,
cross-linking the FCεRI resulted in increased level of β-
hexosaminidase secretion. Pre treating the cells with
either 25 or 50 μM of FTS did not significantly modify
the immunological degranulation (Fig. 2a).

In contrast, 50 μM, but not 25 μM, of FTS
inhibited the release of PGD2 from LAD2 cells
stimulated by cross-linking the antigen receptor
(Fig. 2b). Interestingly, FTS inhibited TNF-α release
from LAD2 cells stimulated by cross-linking the FCεRI
(Fig. 2c). Moreover, the inhibition of TNF-α release was
dose-dependent and statistically significant (p<0.05,
Fig. 2c). Thus, FTS selectively inhibits PGD2 and
TNF-α release from activated MC without affecting
their degranulation.
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Fig. 1. FTS inhibits Ras activation in mast cells. LAD2 cells expre-
ssing RFP-N-Ras and GFP tagged Raf-1-RBD were analyzed before
and after stimulation by cross-linking the FCεRI and after pretreated
with 25 μM of FTS (Fig. 1a). Stimulated LAD2 cells were subjected
to Raf-1-RBD pull-down assay. Cells were stimulated by cross-lin-
king of the FCεRI, before and after pretreatment with 25 μM of FTS
(Fig. 1b). Quantification of the same experiment is shown in Fig. 1c
(n=4, mean±s.e.m).
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In Vivo Inhibition of Passive Cutaneous Anaphylaxis
Reaction by FTS

Next, we asked whether FTS could inhibit MC
activation in an animal model. Passive cutaneous

anaphylaxis reaction elicited in footpads of female
BALB/c mice was studied by assessment of tissue
swelling. It has been established that the increased tissue
swelling is MC dependent cutaneous response, and that
this reaction is regulated by MC mediators’ release [5].
Twenty mice were divided into two groups. Mice of one
group were treated orally with FTS (100 mg/kg), while
the control group was given vehicle. The left footpads of
all mice were injected subcutaneously with IgE (anti
DNP), while the right footpads were injected with
diluents. Footpad swelling was measured at different
time points after antigen (DNP30–40-HAS) challenge. As
shown in Fig. 3, FTS inhibited tissue swelling as early as
3 h after the challenge. The same degree on attenuation
(~40%) was observed as long as 6 h into the elicitation
of the allergic reaction (Fig. 3). Interestingly, the time
course for FTS-induced inhibition of tissue swelling
in vivo correlated with the kinetic of mediators release
in vitro (Fig. 2b and c).

DISCUSSION

Allergic diseases are common with lifetime preva-
lence of 13% for asthma and between 0.05% and 2% for
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Fig. 2. Preferential inhibition of prostaglandin D2 and tumor necrosis
factor-α release. LAD2 cells were activated by cross-linking the FCεRI
with and without pretreatment with different concentrations of FTS (as
indicted). The levels of β-hexosaminidase secretion were studied 20 min
after stimulation (Fig. 2a). PGD2 levels were studied 6 h after stimulation
(Fig. 2b). TNF-α levels were studied 3 h after stimulation (Fig. 2c). The
asteriskmeans statistically significant values between the groups, p<0.05.

Fig. 3. In vivo inhibition of passive cutaneous anaphylaxis reaction by
FTS. Mice were pretreated with either oral FTS (100 mg/kg; open
symbols), or vehicle (solid symbols). The left footpads of all mice were
injected subcutaneously with 20 μl of IgE (anti DNP; squares), while
the right footpads were injected with 20 μl of diluents (triangles). The
next day, mice received an intraperitoneal injection of 100 μg of cha-
llenge antigen (DNP30–40-HAS) and footpad swelling was measured at
different time points. Results are shown as mean±s.e.m (n=10 in each
group).
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anaphylaxis [6]. Underlying the pathophysiology of
allergy is the exposure to an allergen that activates
MC, promoting immediate release of preformed media-
tors (histamine and tryptase), synthesis of arachidonic
acid metabolites (prostaglandins and leukotrienes) and of
delayed phase cytokines (e.g., TNF-α) [3]. These
mediators are responsible for the early phase response
(hypotension, bronchospasm, and angioedema), and the
late phase cytokines synthesis, leading to the biphasic
response.

Allergic responses are mostly mediated by IgE.
Antigen specific IgE binds with high affinity to the
FCεRI, and in the presence of specific antigen, these
complexes aggregate. This step is followed by activation
of several signaling molecules such as LAT, Grb2, SOS,
Vav, PLCγ, PI3K, PLA2, and RasGRP1. The Ras-Raf-
mitogen-activated protein (MAPK) cascade is a key
downstream effector pathway, leading to release of
eicosanoids metabolites and to the activation of several
transcription factors associated with cytokines produc-
tion. In our previous study, we characterized the function
and the pattern of Ras activation in MC downstream the
FCεRI. We showed that N-Ras is the key isoform
involved and that its activation is RasGRP1-dependent
[4]. In a more recent work, we studied the kinetics of
MAPK activation in MC stimulated by cross-linking the
antigen receptor [7].

The established pharmacological agents to treat
allergic diseases are limited [6]. Options include antihist-
amines, leukotriene antagonists, glucocorticosteroids,
and more recently omalizumab. In order to develop
more effective managements, research should identify
new pathways for intervention. FCεRI triggers a
diversity of intracellular signaling cascades—many of
which are Ras-dependent [3]. Thus, one of the
approaches to treat allergic diseases might be mediated
through the inhibition of Ras.

Remarkably, we found that FTS reduced MC PGD2

release and TNF-α release. In contract, FTS failed to
inhibit MC degranulation. FTS also inhibited the
elicitation of IgE-mediated MC dependent cutaneous
allergic inflammation in vivo. The mechanism by which
FTS modify MC mediator release is likely mediated, at
least in part, by Ras inhibition, which is located
upstream to both PGD2 and TNF-α, but not to
hexosaminidase release. Taken together, the results
reported in this study suggest that FTS may have an
inhibitory effect on MC mediated allergic inflammation,
and thus may be considered as a novel method for
treating inflammatory and allergic disorders.
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