Molecular Pharmacology Fast Forward. Published on October 8, 2010 as DOI: 10.1124/mol.110.066811
Molecular PharnTacatixgphdsastbea mased ik eHolie et MheXotd bes i, iz bfasroo ihEdddd@d/mol.110.066811

MOLPHARM/2010/066811

Modulation of chemokines and allergic airway inflammation by
selective local S1P1 agonism in lungs

David Marsolais, Saiko Yagi, Tomoyuki Kago, Nora Leaf and Hugh Rosen

Department of Chemical Physiology (DM, SY, TK, NL, HR) and Molecular
Screening Center (HR), The Scripps Research Institute, La Jolla, CA, USA.

Current addresses are Kyorin Pharmaceutical Co. Ltd, Nogi, JAPAN (SY, TK);

Centre de Recherche de l'Institut Universitaire de Cardiologie et de Pneumologie
de Québec, Université Laval, Québec, Canada (DM).

1

Copyright 2010 by the American Society for Pharmacology and Experimental Therapeutics.

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on October 8, 2010 as DOI: 10.1124/mol.110.066811
This article has not been copyedited and formatted. The final version may differ from this version.

MOLPHARM/2010/066811

Running title: S1P1 Alleviates Allergic Airway Inflammation

Corresponding author and to whom reprint requests and page proofs should be
addressed:

Hugh Rosen,

MEM L55, TSR,

10550 N. Torrey Pines Rd,

La Jolla, CA 92037.

Phone: (858) 784-2397;

Fax: (858) 784-2988

hrosen@scripps.edu

Number of text pages (including references) : 34

Number of tables : 0
Number of figures : 6
Number of references : 39
Number of words in abstract : 199
Number of words in introduction : 582
Number of words in discussion : 1377

List of nonstandard abbreviations: AAl, allergic airway inflammation; AAL-R, (R)-
2-amino-4- (4-heptyloxyphenyl)-2-methylbutanol; BALF, bronchoalveolar lavage
fluid; BMDC, bone marrow-derived dendritic cells; CFSE, carboxy- fluorescein
diacetate, succinimidyl ester; CTR, control; CD, cluster of differentiation; cPLA2
cytosolic Phospholipase A2; DC, dendritic cell; ILN, inguinal lymph nodes; MLN,
mediastinal lymph nodes; PBS, phosphate buffered saline; OVA, ovalbumin;
RANTES, Regulated upon Activation, Normal T-cell Expressed, and Secreted;
S1P, Sphingosine-1-phosphate; S1P1-5, Sphingosine-1-phosphate receptors 1
to 5; SK, sphingosine kinase; TARC, Thymus- and Activation-Regulated
Chemokine; VEH, vehicle;

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on October 8, 2010 as DOI: 10.1124/mol.110.066811
This article has not been copyedited and formatted. The final version may differ from this version.

MOLPHARM/2010/066811

Abstract

Sphingosine-1-phosphate and its receptors have emerged as important
modulators of the immune response. The sphingosine-1-phosphate pro-drug
FTY720 can alleviate experimental allergic airway inflammation. Nevertheless,
the role of individual sphingosine-1-phosphate receptors in the regulation of
allergic airway inflammation remains undefined. Using a newly characterized
potent and selective sphingosine-1-phosphate receptor 1 (S1P1) agonist with
physical properties allowing airway delivery, we studied to the contribution of
S1P1 signaling to eosinophilic airway inflammation induced in ovalbumin-
immunized mice by airway challenges with ovalbumin. Airways delivery of
receptor-non-selective sphingosine-1-phosphate pro-drug significantly inhibits the
sequential accumulation of antigen presenting dendritic cells and CD4" T cells in
draining lymph nodes. This in turn suppressed by >80% the accumulation of
CD4" T cell and eosinophils in the airways. Systemic delivery of sphingosine-1-
phosphate pro-drug or of an S1P1-specific agonist at doses sufficient to induce
lymphopenia did not inhibit eosinophil accumulation in the airways. In contrast,
local airway delivery of S1P1-specific agonist inhibited airways release of
endogenous CCL5 and CCL17 chemokines, and significantly suppressed
accumulation of activated T cells and eosinophils in the lungs. Specific S1P1
agonism in lungs contributes significantly to anti-inflammatory activities of
sphingosine-1-phosphate therapeutics by suppressing chemokine release in the

airways, and may be of clinical relevance.
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Introduction

Sphingosine-1-phosphate (S1P) is produced by phosphorylation of
sphingosine by sphingosine kinases (SK1 and SK2). Along with its 5 high affinity
G-protein-coupled receptors (S1P1 to S1P5), S1P has emerged as significant
modulator of processes underlying pathogenesis of asthma. For instance, SK1-
derived S1P regulates pro-inflammatory signaling pathways, including activation
of NF-Kappa B (Alvarez et al.). S1P1 regulates endothelial barrier integrity
(Sanna et al., 2006), cytokine and adhesion molecules expression (Lien et al.,
2006), lymphocyte maturation, differentiation and trafficking (Liu et al., 2009;
Sanna et al., 2004), as well as mast cell migration (Jolly et al., 2004). S1P2 has
been involved in the regulation of mast cell degranulation (Jolly et al., 2004) and
tissue remodeling (Skoura et al., 2007) while S1P3 was shown to modulate
dendritic cell trafficking (Niessen et al., 2008). In addition, SK1 and SK2 (Liu et
al., 2000), as well as receptors S1P1 to S1P4 are expressed in the lung tissue
(Graler et al., 1998; Zhang et al., 1999). Importantly, S1P levels are increased in
the airways of asthmatic patients (Ammit et al., 2001) but whether or not this

increase is deleterious or protective remains unclear.

The role of S1P and its receptors in the pathogenesis of allergic airway
inflammation remains controversial. For instance, the S1P pro-drug FTY720
alleviates the salient features of allergic airway inflammation (AAI) including
accumulation of eosinophils and T cells in the airways and development of

bronchial hyperresponsiveness (ldzko et al.,, 2006; Sawicka et al., 2003). In
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contrast, administration of exogenous S1P exacerbates bronchial
hyperresponsiveness (Roviezzo et al., 2004) by favoring mast cell and eosinophil
accumulation in the lung, while reduction of S1P levels using sphingosine

kinases inhibitors leads to alleviation of AAI (Nishiuma et al., 2008).

Non-selective S1P receptor agonists, with significant additional off-target
activities, limit mechanistic understanding of the system. Indeed, sphingosine
analogs like FTY720 or AAL-R interact with or inhibit multiple proteins including
sphingosine kinases, SI1P lyase, cPLA2, lipid phosphatases and, after
phosphorylation, 4 of the 5 S1P receptors (S1P1, S1P3, S1P4 and S1P5)
(reviewed in (Marsolais and Rosen, 2009)). Similarly, modulation of AAI by
genetic or chemical inhibition of sphingosine kinase activities can either result
from the build up of upstream metabolites in the metabolic pathway leading to
S1P generation (Billich et al., 2003; Petrache et al., 2005), or potentially, from
decreased stimulation of any of the 5 S1P receptors. Thus, current genetic
systems and receptor-subtype non-selective chemical probes are limited in the
analysis of the complex sphingosine -S1P -S1P receptor signaling system in

Vivo.

S1P1 agonism shows therapeutic potential for alleviation of pulmonary
immunopathology since it regulates T cell trafficking (Brinkmann et al., 2004;
Sanna et al., 2004), barrier integrity (Marsolais and Rosen, 2009), and cytokine

release (Lien et al., 2006). Genetic deletion of S1P1 did not clarify the role of this
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receptor in the regulation of pulmonary immune response, as it is embryonic
lethal. Moreover, existing S1P1 agonists like SEW2871 or AUY954 (Pan et al.,
2006) had poor water solubility, which limited their use in the airways. Indeed,
these agonists need to be dissolved in common solvents including DMSO or
methanol, which are incompatible with lung delivery (Massion et al., 1996).
Usage of receptor-specific agonists with physical properties allowing airway
delivery is therefore a preferred experimental strategy to dissect site- and
subtype- specific receptor contributions in the pathogenesis of respiratory
diseases. Here we show that airway delivery of a water-soluble S1P1-selective
agonist dampens recruitment of activated CD4+ cells and inhibits eosinophilic

airway inflammation by regulating the release of chemokines in the airways.

Materials and Methods

Mice

Male C57BL/6j and BALB/c were maintained in a closed breeding facility at The
Scripps Research Institute. The handling of all mice conformed to the
requirements of the National Institutes of Health and The Scripps Research

Institute animal research committee.

Allergic airway inflammation model (Fig 1)
Male mice (6-8 weeks old) were immunized intraperitoneally (i.p.) on day 0 and 7
with 10 pg of ovalbumin (OVA) (Grade V; Sigma-Aldrich) in 0.1 ml of aluminum

hydroxide gel (Sigma) or 0.1ml of aluminum hydroxide gel with saline for control.
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Recall response was induced on days 19 to 21 or 23 with intratracheal (i.t.)

delivery, once daily, of PBS containing 0.1% OVA (Sigma, grade V).

Compounds

AUY954 (synthesized according to published methods, Pan et al, 2006) was
dissolved in polyethylene glycol 300 and 5% dextrose while AAL-R and the
tartrate salt of CYM-5442 ( [2-(4-(5-(3,4-diethoxyphenyl)-1,2,4-oxadiazol-3-yl)-
2,3-dihydro-1Hinden-1-yl amino) ) were dissolved in water. AUY954 was
administered by gavage while AAL-R ( (R)-2-amino-4-(4-heptyloxyphenyl)-2-
methylbutanol ) and CYM-5442 were either delivered i.p or i.t. (local treatment)

Mice were anesthetized with isoflurane for i.t. delivery of compounds.

Flow cytometric analyses

Single cell suspensions were obtained from bronchoalveolar lavage fluid (BALF),
whole lungs or lymph nodes as described earlier (Marsolais et al., 2008). The
frequencies of dendritic cells, T cells and eosinophils were assessed by flow
cytometry. To do so, single cell suspensions were processed for surface staining
with fluorochrome-labeled antibodies raised against murine CD3e, CD4, CD8a,
CD11b, CD1llc, CD45.2, CD44, CD62L, GR-1, F4/80 and CCR-3 (BD
Pharmingen and eBioscience). Total number of viable cells was evaluated by the
trypan-blue exclusion method and multiplied by frequencies obtained by flow

cytometry to compute the absolute number of specific cell subsets.
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Cytokine quantification

BALF were performed with 1ml of PBS. Samples were kept on ice and cell-free
supernatant was harvested after centrifugation at 4°C. A cocktail of protease
inhibitors (Complete, Roche diagnostics) was added to the samples which were
stored at -20°C until multiplex ELISA analysis (Quansys Biosciences) (Marsolais

et al., 2009).

In vivo uptake of OVA- Alexa Fluor 647

Mice were administered by gavage with either 3 mg/kg of AUY954 or vehicle
(polyethylene glycol 300, 5% dextrose). Three hours later, 100 pg of OVA- Alexa
Fluor 647 (Invitrogen) in 50 pl of PBS or 50 ul of PBS was administered i.t. under
isoflurane anesthesia. Twenty-four hours after injection, Alexa Fluor 647"

CD11C" DCs were quantified in lungs and mediastinal lymph nodes

Bone marrow-derived DCs in vivo migration assay

DCs were derived from bone marrow cells (BMDCs) as described previously
(Lutz et al., 1999). Cultured DCs were incubated with DMSO or 1 uM AUY954.
Thirty minutes later, 100 pg/ml of OVA was added into the DCs culture and
incubated overnight. DCs were then washed and labeled with carboxy-
fluorescein diacetate, succinimidyl ester (CFSE) (Invitrogen). 2 x 10° CFSE-
labeled DCs were transferred i.t. into congenic mice. The number of CFSE*
CD11c" cells was quantified in lungs and mediastinal LNs 48 hours after DC

transfer.
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Statistical Analysis

Bars represent means of a group of mice * standard error of the mean. Averages
between groups were compared using one-way analysis of variance (with Tukey-
Kramer post hoc test); or with two-sided unpaired Student's t test. When
appropriate, logarithmic transformation was applied on the data to insure stability
of variance between groups. For analyses of variance, labeling with a same
alphabetic letter represents absence of differences between groups. Asterisk (*)
was used to mark significant differences between two groups when T tests were
performed. The results were considered significant with p-values < 0.05. Three to
six mice were used in each individual group included in an experiment; and a
minimum of 2 experiments was performed for each set of data presented in

figures. Data were analyzed using the statistical package program STATA vX.X.

Results
Non-selective S1P receptor agonist pro-drug alleviates AAI

In a first series of experiments, we determined how local i.t. delivery of the
S1P receptor agonist pro-drug AAL-R modulated the immune response during
the recall response of AAIL. As in non-immunized mice (CTR), mice immunized
with saline and challenged with OVA (Saline/OVA mice; Fig 1) did not display
salient features of allergic airway inflammation (AAl), i.e. massive accumulation

of T cells and eosinophils in BALF (Fig 2A&B). As expected, significant
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accumulation of dendritic cells (DC) and T cells in draining mediastinal lymph
nodes (Fig 2C&D), as well as infiltration of CD4" T cells and eosinophils into the
airways (Fig 2A&B) were observed in mice sensitized and then challenged with
OVA (OVA/OVA mice).

Local i.t. delivery of 0.1 mg/kg of the S1P pro-drug AAL-R during the recall
phase of AAIl inhibited the accumulation of CD11lc® DC in the draining
mediastinal lymph nodes (Fig 2C) of OVA/OVA mice, leading to impaired
expansion of CD4" T cells in mediastinal lymph nodes (Fig. 2D) and to >70%
inhibition of CD4" T cell accumulation in the BALF (Fig 2A). Moreover, the
accumulation of eosinophils in BALF was reduced by 80%, when compared to
VEH-treated OVA/OVA mice, 24 h following the last OVA i.t. challenge (Fig 2B).
These results confirm alteration of DC trafficking from lungs to lymph nodes as a
primary immunosuppressive mechanism of airway-delivered sphingosine analogs

(Idzko et al., 2006; Marsolais et al., 2008; Marsolais et al., 2009).

Contrasting the effects of systemic delivery of pro-drug or selective S1P1 agonist
on AAI

To quantify the contribution of systemic effects of S1P receptor activation
in the recall phase of AAI, mice were gavaged with either AAL-R or with the
S1P1-selective agonist AUY954 (Pan et al., 2006), at doses sufficient to induce
sustained lymphopenia ((Marsolais et al., 2008; Pan et al.,, 2006); data not
shown). Systemic delivery of either AAL-R or AUY954 failed to significantly inhibit

accumulation of CD11c* DCs in mediastinal lymph nodes of OVA/OVA mice 24h

10
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following the last OVA challenge, compared to OVA/OVA mice treated with
vehicle (VEH) (Fig 3A). As expected by lymphocyte sequestration from peripheral
blood, systemic delivery of these drugs mildly altered CD4" T cell content of
mediastinal lymph nodes (Fig 3B), reduced the number of transiting CD4" T cells
in the lungs (Fig 3C), but failed to significantly alter the accumulation of
eosinophils in BALF (Fig 3D). Systemic delivery of S1P prodrug increased the
number of total T cells in non-draining inguinal popliteal lymph nodes (not shown)
through sequestration. Thus, systemic delivery both S1P pro-drug or S1P1-
specific agonist after allergen challenge, at doses sufficient to induce
lymphopenia, fails to replicate the effects of airway-delivered agonist, and
uncouples pulmonary effects from the alteration of trafficking of naive

lymphocytes.

S1P1 receptor activation does not interfere with antigen transport from lungs to
mediastinal lymph nodes.

Given that the number of CD4" T cells was reduced in BALF by local i.t.
S1P pro-drug treatment, we tested the hypothesis that S1P1 activation short
circuited DC trafficking from lungs to mediastinal lymph nodes, as previously
shown with the broad S1P receptor agonist prodrugs (Figure 2; (ldzko et al.,
2006),(Marsolais et al., 2009) and unpublished observations). Systemic
activation of S1P1 can increase the number of DCs in the blood (Lan et al.,
2005). However, whether or not this effect is mediated through direct activation of

S1P1 on DCs remains unknown. In agreement with results shown in figure 3A,

11
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oral delivery of AUY954 did not alter the movement of CD11c" carrying Alexa
Fluor 647-coupled OVA from lungs to mediastinal lymph nodes (Fig 4A). In
addition, in vitro treatment of CFSE-stained OVA-treated BMDCs with micromolar
concentration of AUY954 did not impair the ability of DCs to migrate to the
mediastinal lymph nodes (Fig 4B), which resulted in a normal T cell response in
the BALF (Fig 4C). In addition, S1P3-null DCs pulsed with OVA induced AAI (not
shown). Together, these results suggest that the mechanism of S1P1-mediated
inhibition of T cell accumulation in BALF during AAIl is independent of both

migration and antigen presentation by DC.

S1P1 activation in lungs inhibits CD4" T cell and eosinophilic responses.

Since S1P1 activation did not alter DC function in the airways, we tested if this
receptor was dispensable for local inhibition of AAl. Selective airway modulation
of S1P1 was made possible by the recent development of a water-soluble tartaric
salt of the S1P1-selective receptor agonist (CYM5442 (Gonzalez-Cabrera et al.,
2008)). Surprisingly, daily local i.t. delivery of CYM-5442 during the recall
response of AAIl strongly inhibited the T cell and eosinophilic responses in
OVA/OVA mice when compared to the VEH group (Fig 5A&B). Local i.t.
treatment with CYM-5442 inhibited the accumulation of effector/memory CD44"
CD4" T cells subsets (Fig 5C) in the BALF, when compared to the VEH group.
On the other hand, i.p. delivery of CYM-5442 was inefficient at inhibiting the
accumulation of eosinophils, total and effector/memory T cells in BALF (Fig 5),

when compared to the local i.t. delivery route. Along with the DC data presented

12

202 ‘02 |11dV uo speuinor 134SY e Bio'sfeulno fisdse wireydjow wod) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on October 8, 2010 as DOI: 10.1124/mol.110.066811
This article has not been copyedited and formatted. The final version may differ from this version.

MOLPHARM/2010/066811

in figure 4, these data (Fig. 5) support a mechanism of AAI inhibition by local
activation of S1P1 that is independent of the chain of events leading to efficient

clonal T cell expansion.

Local i.t. delivery of S1P1 receptor agonist suppresses recruitment signals for
activated T cell and eosinophil in the airways.

We tested whether or not the impairment of effector/memory T cell and
eosinophil accumulation in lungs was due to the alteration of recruitment signals
after local activation of S1P1. To do so, the concentrations of ‘Thymus- and
Activation-Regulated Chemokine’ (TARC; CCL17) and ‘Regulated upon
Activation, Normal T-cell Expressed, and Secreted’ (RANTES; CCL5) were
determined in BALF twenty-four hours following the last i.t. delivery of OVA in
OVA/OVA mice treated i.t. or i.p. with CYM-5442 or vehicle. While low in BALF of
Saline/OVA mice (not shown), concentrations of TARC (Fig 5D) and RANTES
(Fig 5E) were 15 ng/ml and 175 pg/ml, respectively, in OVA/OVA mice. Intra-
tracheal delivery of CYM-5442 strongly suppressed the concentrations of TARC
and RANTES by approximatively 75% in the BALF. As predicted by experiments
with systemic agonist, i.p. delivery of CYM-5442 did not decrease TARC or
RANTES levels compared to the i.p. vehicle treatment. Thus, secreted
recruitment signals are significantly modulated by local i.t. delivery of an S1P1-

specific agonist.

13
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Discussion

Airway delivery of S1P prodrugs interferes with pulmonary immune response to
alleviate immunopathology (Idzko et al., 2006; Marsolais et al., 2008), but
attribution of function to specific S1P receptors has remained undefined. Using a
specific S1P1 agonist with physical properties allowing airways delivery, we
showed that S1P1 pharmacological activation in the airways contributes to
alleviate AAIl. Mechanistically, potent local anti-inflammatory activity of S1P1
agonist cannot be explained only by alterations of antigen presentation by DCs or
by the induction of peripheral blood lymphopenia. Current data suggest that
S1P1-induced inhibition of chemokine production and release in the airways may

be an essential component of inflammation suppression by S1P prodrugs.

Specific S1P1 activation inhibits AAI. A number of in vitro studies suggest
anti-inflammatory properties of S1P1 in macrophages (Hughes et al., 2008) and
endothelial cells (Bolick et al., 2005). In vivo, S1P1, 3-5 agonist pro-drugs like
FTY720 inhibit inflammation in models of experimental autoimmune
encephalopathy (Papadopoulos et al., 2009), AAl (Idzko et al., 2006) and
pulmonary viral infections (Marsolais et al., 2008; Marsolais et al., 2009), but
contribution of single S1P receptors for alleviation of pulmonary immune
response has remained elusive. Importantly, delivery of a non-phosphorylatable
sphingosine analog does not inhibit T cell accumulation in lungs of mice infected

with influenza virus, strongly supporting that S1P receptors are required for

14
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immunomodulation in the airways (Marsolais et al., 2008). Moreover, S1P1
MRNA is expressed in the pulmonary tissue (Zhang et al., 1999). In accordance
with literature we show, for the first time, that significant anti-inflammatory effects

can be achieved with local i.t. delivery of a selective S1P1 receptor agonist.

Because local S1P1 activation in the airways quantitatively and
gualitatively inhibits pulmonary inflammation similar to S1P prodrugs (Fig 2,
(Marsolais et al., 2008), (Idzko et al., 2006)) we dissected the cellular events in
AAI that could be shared by both S1P1-selective agonists and non-selective S1P
pro-drugs (Fig 6). In contrast with AAL-R or FTY720 (Czeloth et al., 2005; Idzko
et al., 2006; Marsolais et al., 2009), S1P1-specific chemical probes do not
interfere with early steps of antigen presentation. While systemic delivery of an
S1P1-specific agonist modestly alters DC trafficking in mice (Lan et al., 2005)
and DC functions are modulated by the S1P3 receptor (Maeda et al., 2007;
Niessen et al., 2008), no in vivo evidence supports a role for S1P1 located on DC
to modulate their functions. Accordingly, local i.t. delivery of CYM-5442 during
the early phase following influenza virus infection does not interfere with clonal
expansion of T cells (Marsolais et al., 2008), and direct activation of S1P1 on
DCs does not alter the movement of antigen-loaded DCs from lungs to lymph
nodes (Fig 4). This is consistent with in vitro data showing no effect of the S1P1
agonist SEW2871 on DC migration and endocytosis (Maeda et al., 2007). Thus,

our in vivo results show that S1P prodrugs-mediated alteration of antigen
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presentation by DC is independent of S1P1 (Figs 3, 4 and 5) and that inhibition of

AAl by S1P1 relies on modulation of other mechanisms.

S1P1 activation in the lungs inhibits the release of chemokines. S1P1 can
alleviate the inflammatory response in vitro (Hughes et al., 2008) and in vivo
(Lien et al., 2006). However, limited information is available regarding its
mechanisms of action. The release of CCR4 ligands TARC and RANTES is
decreased in the lungs by S1P1-specific agonist. Importantly, recruitment of Th-2
polarized CD4" T cells is mediated through ligands of CCR4 since this
chemokine receptor is specifically expressed on Th-2 polarized T cells, as
opposed to naive, memory, Th-0 or Th-1 polarized T cells, that mainly express
CXCR4 or CXCR3 (Sallusto et al., 1998). Of note, TARC induces mouse
eosinophil chemotaxis, which would also explain the inhibition of eosinophil
infiltration by local i.t. delivery of the S1P1 agonist (Borchers et al., 2002). A
significant component of the immunosuppressive mechanism of local S1P1
activation is therefore through suppression of chemokine release within the

pulmonary tissue.

Lymphocyte sequestration in secondary lymphoid organs patrtially explains
the anti-inflammatory efficacy of pharmacological S1P1 activation. Indeed,
systemic delivery of AAL-R (0.1 mg/kg) or the S1P1-specific agonists AUY954
(3mg/kg) or CYM-5442 (2mg/kg), which were all documented to induce

significant lymphopenia at the doses used herein (Gonzalez-Cabrera et al., 2008;
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Marsolais et al., 2008; Pan et al., 2006), did not significantly inhibit eosinophil
accumulation in lung during the recall phase of AAI (Figs 3 & 5), when compared
with airway treatment (Figs 2 & 5). In the current study, compounds were
administered 1h following allergen exposure, which allows early chemotactic
factor release to occur. Our results contrast with ones others (Ble et al., 2009;
Sawicka et al., 2003) who showed in similar AAI models that systemic delivery of
FTY720 or S1P1-specific agonist inhibits T cell and eosinophil accumulation in
the airways. This discrepancy is likely explained by the timing of treatment. Of
note, Sawicka et al and Blé et al have administered mice with FTY720 prior to
allergen exposure, thus sequestering T cells in non-draining lymph nodes,
preventing their chemokine-driven recruitment in the airways. Moreover, FTY720
or AUY954-induced enhancement of barrier integrity prior to allergen exposure
might also have inhibited inflammation in their systems (Ble et al., 2009). Thus,
in our study, chemical probe delivery following allergen exposure revealed a
critical role for S1P1 in the control of ongoing AAI by blunting chemokine release

and recruitment of T cells and eosinophils.

Classically, systemic delivery of S1P pro-drugs or specific S1P1 agonists
were shown to induce immunosuppression by sequestering lymphocytes in
lymph nodes and Peyer’s patches, preventing T and B cells from reaching the
primary site of insult (Mandala et al., 2002; Sanna et al., 2004). On this basis,
FTY720 was tested for efficacy in models of solid grafts, only to observe rejection

with massive accumulation of myeloid leukocytes (Sis et al., 2008). This is similar
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to what we observed with systemic delivery of S1P prodrugs or S1P1-specific
agonists, with systemic doses sufficient to induce profound lymphopenia being
impotent for inhibition of myeloid leukocyte infiltration. In more recent studies,
airway delivery of S1P prodrugs has proven efficient at alleviating myeloid and
lymphoid leukocyte accumulation in lungs of mice infected with an influenza virus
(Marsolais et al., 2009; Marsolais and Rosen, 2009), or undergoing AAI (ldzko et
al., 2006). The current experiments define specific molecular events in local
S1P1 modulation of inflammatory cell recruitment. Systemic dosage of S1P1
agonists (Pan et al., 2006; Sanna et al., 2004) has been titrated for induction and
maintenance of lymphopenia. However, accumulating evidence supports
differential distribution of S1P receptor probes in various tissues (Gonzalez-
Cabrera et al.,, 2008; Meno-Tetang et al., 2006), supporting potential

distributional contributions to tissue-dependent modulatory activities.

In this study, we used a water-soluble tartaric salt of CYM-5442 to
determine if local activation of S1P1 in the airways could contribute to inhibit AAI.
Importantly, the half-life of CYM-5442 in the lungs after local i.t. delivery is the
same as that measured by systemic delivery (Gonzalez-Cabrera et al., 2008).
CYM-5442 does not preferentially accumulate in the lungs like other S1P
receptor chemical probes (Meno-Tetang et al., 2006); and local effects can thus
be dissociated from systemic effects using different routes of delivery. Moreover,
in contrast to S1P, CYM-5442 induces significant S1P1 ubiquitination (Gonzalez-

Cabrera et al.,, 2008), which is consistent with receptor internalization and
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prolonged intracellular signaling (Mullershausen et al., 2009). Although in vivo
selectivity is often hard to assess, CYM-5442 has high S1P1 selectivity upon
S1P2-5, without antagonistic activities (at 10uM) on S1P1-5 (Gonzalez-Cabrera
et al., 2008) and (The Scripps Research Institute Molecular Screening Center). In
addition, in vivo selectivity is supported by the ability of CYM-5442 to induce
lymphopenia (S1P1-specific effect), which can be competed using S1P1-specific
antagonist W146 (Gonzalez-Cabrera et al., 2008). In view that CYM-5442-
induced lymphopenia is competed in vivo with a selective antagonist in a dose-
range similar to that used in the current study, we expect off target effects of the

chemical probe to be minimal in the current setting.

Here, we show a new mechanism of inflammatory modulation by S1P
prodrugs that involves S1P1 activation leading to suppression of cytokine
production in the lung. Further characterization of S1P1 cellular distribution in the
pulmonary environment and the molecular basis of modulation of allergic
inflammation could ultimately lead to specific new therapies for pulmonary

immunopathology.
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Figure Legends

Figure 1: Experimental Model. Mice were sensitized on days 0 and 7 by i.p.
injections of ovalbumin (OVA) coupled to the adjuvant aluminum hydroxide
(Alum). Recall phase consisted in i.t. delivery of OVA, once daily, on consecutive
days, starting on day 19. Mice sensitized and challenged with OVA (OVA/OVA
mice) developed allergic airway inflammation. When required, sham procedure
was performed and consisted in injecting mice with a mixture of saline and
aluminum hydroxide prior to OVA i.t. challenges (Saline/OVA mice). Depending
on the experiment, three to five i.t. OVA challenges were performed and mice
were euthanized 24h following the last i.t. OVA delivery (on days 22 and 24,
respectively) for analyses. AUY954 or AAL-R were administered once daily
starting 1h post-OVA i.t. delivery. To account for the short in vivo half life of CYM-

5442, this compound was delivered 1h and 13h after each i.t. delivery of OVA.

Figure 2: Local activation of S1P receptors efficiently inhibits eosinophilic
airway inflammation. (A-D) C57BL/6J mice were either left intact (CTR),
submitted to the sham procedure (Saline/OVA) or to the procedure inducing
allergic airway inflammation (OVA/OVA). Saline/OVA or OVA/OVA mice were
treated i.t. with 50pl of water (VEH) or AAL-R (0.1 mg*kg™) 1 hour following each
daily i.t. delivery of OVA, during a 3 days recall response. Mice were euthanized
24 hours following the last i.t. delivery of OVA. (A) The accumulation of CD4" T

cells and (B) eosinophils was inhibited in the BALF by the AAL-R treatment,
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when compared to VEH, in the OVA/OVA mice. Also, (C) The number of CD11c”
dendritic cells (DCs) and of (D) CD4" T cells were significantly decreased in
mediastinal lymph nodes (MLN) by AAL-R treatment, when compared to VEH in
OVA/OVA mice. n = 3-5 mice per group; bars represent means +* SEM,;

*Significantly different from VEH, p < 0.05.

Figure 3: Systemic delivery of AAL-R or AUY954 is impotent for control of
allergic airway inflammation. Balb/c mice were left intact (CTR), or submitted
to the procedure inducing allergic airway inflammation (OVA/OVA). OVA/OVA
mice were administered by gavage with water (VEH), AAL-R (0.1 mg*kg™) or
AUY954 (AUY:; 3 mg*kg™) 3h prior to each daily i.t. instillation of OVA, during a 5
days recall response. Mice were euthanized 24 hours following the last i.t.
delivery of OVA. Systemic delivery of AAL-R or AUY954 did not significantly
inhibit of the accumulation of (A) CD11c" cells or (B) CD4" T cells in the draining
mediastinal lymph nodes, when compared to VEH. AAL-R and AUY954 did not
strongly reduce the accumulation of (C) T cells, or (D) eosinophils in the BALF. n
= 4-6 mice per group; bars represent means + SEM; *Significantly different from

VEH, p < 0.05.

Figure 4: Neither local nor systemic S1P1-specific activation impair
dendritic cell movement from lungs to mediastinal lymph nodes. (A) Mice
were administered by gavage with AUY954 (3mg/kg), then Alexa Fluor 647-OVA

(AF647) (50ug) was administered i.t.. Twenty-four hours later, mice were
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euthanized and CD11c* AF647" cells were detected by flow cytometry in the
mediastinal lymph nodes. (B-C) BMDCs were incubated for 18h in the presence
of OVA (0.2 mg*ml™) in DC medium without FBS containing either 0.1% DMSO
or AUY954 (1uM). BMDCs were then stained with CFSE and 50p! of a 1.5*10°
cells*ml™* suspension was administered i.t. to intact mice. Mice were euthanized
48h later. No CFSE signal could be detected in mediastinal lymph nodes (MLN)
of in PBS-treated DCs (not shown). (A) Systemic AUY954 treatment did not
affect movement of DCs from lungs to mediastinal lymph nodes. (B) The number
of CFSE" CD11c’ DCs in the mediastinal lymph nodes was not affected by
incubation with AUY954, when compared to DMSO treatment, (C) nor was the
total number of CD4" T cells. n = 3 mice per group; bars represent means +

SEM; *Significantly different, p < 0.05.

Figure 5: Local i.t. delivery of CYM-5442 inhibits the development of allergic
airway inflammation and chemokine release in the airways. Balb/c mice were
submitted to the sham procedure (Saline/OVA) or to the procedure inducing
allergic airway inflammation (OVA/OVA). OVA/OVA mice were treated i.t. or i.p.
with water (VEH) or CYM-5442 (2 mg*kg™) 1h and 13h following the daily i.t.
delivery of OVA, during a 5 days recall response. Mice were euthanized 24 hours
following the last i.t. delivery of OVA. The number of (A) total CD4" T cells, (B)
eosinophils, (C) Effector/Memory CD44" CD4" T cells were quantified in BALF.
Intra-tracheal delivery of CYM5442 is efficient at inhibiting CD44" CD4" T cells

and eosinophils in BALF when compared to i.p. delivery. (D) TARC and (E)
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RANTES levels were also quantified in BALF. RANTES was not consistently
detected in Saline/OVA mice (< 12pg/ml, when detected), while basal levels of
TARC were 148+55 pg/ml (not shown). When compared to VEH treatments, i.t.
but not i.p. delivery of CYM5442 strongly inhibited the release of these 2
cytokines in the BALF. n = 3-5 mice per group, experiment was repeated twice;

bars represent means + SEM; *Significantly different from VEH, p < 0.05.

Figure 6: Chemical modulation of S1P1 interrupts AAI by inhibiting the
release of chemokines in the airways. In sensitized mice, airway allergen
exposure triggers rapid release of chemokines and proinflammatory cytokines by
several cell subtypes in the airways including mast cells, macrophages, dendritic
cells, epithelial and endothelial cells. Antigen is uptaken by dendritic cells that
migrate towards draining lymph nodes where they present antigen to
lymphocytes. There, lymphocytes undergo rapid expansion, egress from lymph
nodes to efferent lymphatic vessels and then reach blood circulation. Because
chemokines are released in the lung, activated T cells and eosinophils
accumulate in the airways where they synergize with cells already in that location
to further recruit leukocytes. Eosinophils, will release a plethora of factors
inducing tissue remodeling thus contributing to the development of airway
hyperresponsiveness. Current and documented experiments (Idzko et al., 2006;
Marsolais et al., 2008; Marsolais et al., 2009) support that i.t. delivery of non-
selective S1P prodrugs interfere with antigen presentation process to inhibit

pulmonary immune response. Here we show that selective S1P1 activation in the
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airways interferes with the development of AAI by inhibiting the release of

chemokines in the airways, while not affecting steps of antigen presentation.
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Figure 1
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Figure 3 part 1
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Figure 4
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Figure 5 part 1
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Figure 5 part 3
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Figure 6

Legend
Lung * Chemokines
° Allergen
® Lymphocyte
AAL-R; @9 4 Denditic cel
Not S1P1 o.p Epi cells ° Eosinophil
agonists
Endo cells .I‘._ —
\, @ @ nor

S1P1 agonist

Afferent ‘\ Efferent
Lymphatics e

L)
® ®
E @

Lymph node

202 ‘0g |1Udy uo sjeuinor | 34SV e Biosfeulno ladse wieyd jow wioly pepeojumod


http://molpharm.aspetjournals.org/

