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Abstract
Sphingosine-1-phosphate receptor 1 (S1P1) mediated regulation of lymphocyte egress

from lymphoid organs is recognized as the mechanism of FTY720 (Fingolimod, Gilenya)

efficacy in relapsing-remitting forms of multiple sclerosis (RRMS). In this study we describe

a novel S1P1 agonist AKP-11, next generation of S1P1 agonist, with immunomodulatory

activities in cell culture model and for therapeutic efficacy against an animal model of MS,

i.e. experimental autoimmune encephalomyelitis (EAE) but without the adverse effects

observed with FTY720. Like FTY720, AKP-11 bound to S1P1 is internalized and activates

intracellular AKT and ERKs cellular signaling pathways. In contrast to FTY720, AKP-11

mediated S1P1 downregulation is independent of sphingosine kinase activity indicating it to

be a direct agonist of S1P1. The S1P1 loss and inhibition of lymphocyte egress by FTY720

leads to lymphopenia. In comparison with FTY720, oral administration of AKP-11 caused

milder and reversible lymphopenia while providing a similar degree of therapeutic efficacy

in the EAE animal model. Consistent with the observed reversible lymphopenia with AKP-

11, the S1P1 recycled back to cell membrane in AKP-11 treated cells following its with-

drawal, but not with withdrawal of FTY720. Accordingly, a smaller degree of ubiquitination

and proteolysis of S1P1 was observed in AKP-11 treated cells as compared to FTY720.

Consistent with previous observations, FTY720 treatment is associated with adverse

effects of bradycardia and lung vascular leaks in rodents, whereas AKP-11 treatment had

undetectable effects on bradycardia and reduced lung vascular leaks as compared to

FTY720. Taken together, the data documents that AKP-11 treatment cause milder and

reversible lymphopenia with milder adverse effects while maintaining therapeutic efficacy

similar to that observed with FTY720, thus indicating therapeutic potential of AKP-11 for

treatment of MS and related autoimmune disorders.
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Introduction
Multiple Sclerosis (MS), is a chronic inflammatory autoimmune disorder of the central nervous
system that leads to chronic demyelination with axonal damage and neuronal loss [1]. MS is a
major cause of disability among young adults with a worldwide incidence estimated to be 2.5
million [2]. It is initiated with central nervous system (CNS) infiltration of autoreactive T cells
and macrophages with expression of their pro-inflammatory effector functions (TNFα, IL-1β,
IFN-γ and IL-17), leading to demyelination, degeneration and lesion formation. The etiology
and pathology of this disease are still unclear. In laboratory animals, MS is modeled as an
experimental autoimmune encephalomyelitis (EAE), either by subcutaneous immunization
with various myelin proteins (MBP; myelin basic protein, PLP; proteolipid protein or MOG;
myelin oligodendrocyte protein), or by the adoptive transfer of encephalitogenic T cells [3–5].
Cytokine mediated immune response is one of the important factors in MS pathology [6,7].
Current FDA approved immunomodulatory drugs provide limited efficacy as the CNS disease
progression continues. This underscores the need for greater understanding of the pathobiol-
ogy of the MS disease process, and also the identification of drugs that target the clinical disease
process including immune responses as well as the manifest CNS disease. Available therapies
include interferon β, glatiramer acetate, natalizumab and mitoxantrone, which are reported to
be disease modifying drugs for relapsing-remitting MS (RRMS) progression. Glucocorticoids,
namely 6α-methylprednisolone (6-MP) or prednisone [8], are acute stress response hormones
known to act on many biological systems that reduce MS symptomology [9]. These drugs are
injected and act on the immune system with relatively little effect on the CNS [10–13].

Fingolimod (FTY720, Gilenya), a derivative of the fungal metabolite myriocin, is a structural
analogue of endogenous lysolipid sphingosine and is the first oral immunomodulatory drug
that received FDA approval for the treatment of RRMS [14–16]. It is a prodrug that acts by
modulating sphingosine 1 phosphate receptor 1(S1P1) signaling following the conversion of its
phosphorylated form [17]. In vivo, FTY720 is converted to phosphorylated derivative
FTY720-P by sphingosine kinase-2 [17,18]. FTY720P having structural resemblance to sphin-
gosine-1- phosphate (S1P), interacts with the G protein coupled receptor of S1P (S1P1, 3, 4
and 5), inducing downstream cellular responses in various cell systems [14,17,19]. The S1P1-5
are expressed by multiple cell types and are predominantly expressed on immune cells and
CNS and fingolimod has high affinity for S1P1 [20]. The efficacy of fingolimod against MS is
mediated by its functional antagonism of S1P1 which reduces the egress of autoreactive lym-
phocyte from lymphoid organs [21,22]. The role of S1P1 signaling in lymphocyte egression
from secondary lymphoid organs is demonstrated by S1P1 deletion in hematopoietic cells and
S1P1 agonists [19,22,23]. FTY720P causes long-lasting internalization and degradation and
thus loss of S1P1 receptor, thereby blocking S1P signaling mediated lymphocyte egress [24].
The reduced egress of reactive lymphocytes leads to reduced infiltration of autoreactive lym-
phocytes into CNS leading to suppression of the immune response [14] in MS patients. There-
fore, the efficacy of FTY720 is attributed to the induction of peripheral lymphopenia [25–27].
However, expression of S1P1 in multiple cell types for respective functions [28] and very slow
reconstitution of circulating lymphocyte count following discontinuation of FTY720, results in
associated adverse effects of bradycardia [29] and lung vascular dysfunction [30,31]. This
points to concern that sustained lymphopenia in management of patients with long term use of
FTY720 [32]. These studies suggest that drugs targeting S1P1 mechanisms without the adverse
effects will be highly desirable.

In this study, we investigated the efficacy of a novel S1P1 agonist, using in vitro cell culture
and animal model of EAE. In a direct comparison, oral administration of AKP-11 and FTY720
to EAE were equally effective in attenuation of clinical disease. The downregulation of S1P1

AKP-11 Attenuates EAE in Rat Model of Multiple Sclerosis

PLOS ONE | DOI:10.1371/journal.pone.0141781 October 29, 2015 2 / 25

preparation of the manuscript. GSG and DWG are
employed by Akaal Pharma Pty Ltd. Akaal Pharma
Pty Ltd. provided support in the form of salaries for
authors GSG and DWG and provided the drug AKP-
11, but did not have any additional role in the study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: GSG and DWG are employed
by Akaal Pharma Pty Ltd.. Akaal Pharma Pty Ltd.
provided the drug AKP-11 for this study. There are no
patents, further products in development or marketed
products to declare. This does not alter the authors'
adherence to all the PLoS ONE policies on sharing
data and materials.



receptor by AKP-11 is independent of the sphingosine kinase mechanism. Although treatment
with both FTY720 and AKP-11 decreased the peripheral lymphocytes, the reduction was much
greater in FTY720 treated animals than those treated with AKP-11. Furthermore, AKP-11
treatment caused milder and reversible lymphopenia as compared to FTY720. The reconstitu-
tion of circulating lymphocytes was much quicker at 48hrs in AKP-11 treated animals than
FTY720 treated animals at 48hrs following cessation of the drug treatments. Accordingly,
AKP-11 treatment compared to FTY720 had much milder effects of bradycardia and pulmo-
nary vascular dysfunction. Collectively, these data provide evidence that AKP-11 has potent
immune modulatory activity for treatment of EAE/MS, but with relatively low adverse effects
suggesting AKP-11 as a potential therapeutic drug for MS patients.

Materials and Methods

Ethics Statement
Adult female Lewis rats weighing 200-230g were purchased from Charles River laboratory
(Wilmington, MA) and housed in the animal care facility at the Medical University of South
Carolina (MUSC) throughout the experiment and provided with food and water ad lib. All ani-
mal experiments were conducted in accordance with accepted standards of humane care, as
outlined in the ethical guidelines and approved by MUSC's Animal Ethics Committee. When
rats were paralyzed in EAE induction procedure, they were provided with hydrogel (Clear
H2O) and/or moistened food in the cage and rats were monitored daily by both researchers
and veterinarians. At the time of termination of experiments, rats were sacrificed under deep
anesthesia with ketamine and xylazine. None of the rats reached moribundity during the
studies.

EAE induction
EAE was induced as described previously [33]. Briefly, rats were anesthetized with ketamine
and xylazine and were immunized in the hind of foot pad with 25 μg guinea pig myelin basic
protein (MBP) (Sigma, St Louis, MO) emulsified (1:1) in 100 μL complete Freund’s adjuvant
on day 0 and day 7 in incomplete Freund’s adjuvant. Additionally, 200 ng of Pertussis toxin
(Sigma, St Louis, MO) was given on day 0 and day 1 by i.p. injection. EAE clinical symptom
was monitored daily and was graded according to the following common scale 0–5: 0, no clini-
cal signs; limp tail or waddling gait with tail tonicity, 1; waddling gait with limp tail (ataxia), 2;
ataxia with partial limb paralysis, 2.5; full paralysis of one limb, 3; full paralysis of one limb
with partial paralysis of second limb, 3.5; full paralysis of two limbs, 4; moribund stage, 4.5;
and death, 5 [34,35]. After the onset of the disease, when the animals reached clinical score at
2, they were given orally with AKP-11 or FTY720.

AKP-11 was synthesized and supplied by Akaal Pharma LLP, Norbury, London (PCT appli-
cationW0-2010-043000A1). FTY720 was obtained from Cayman Chemical, Ann Arbor, Mich-
igan, USA. Molecular weight of AKP-11 and FTY720 are 443.5 and 343.9 respectively.

Cell Culture and S1P1 transfection
CHO cells were obtained from ATCC (American Type Culture Collection, Manassas, VA) and
cultured in Dulbecco's modified Eagle's medium (high glucose) supplemented with 10% FBS
and antibiotics (Invitrogen). For stable transfection, 35-mm dishes of CHO cells at the density
of 1.5 X 105 cells were transfected with 2μg of human S1P1 (Missouri S&T cDNA Resource
Centre) by using Lipofectamine2000 according to manufacturer’s instructions (Invitrogen).
Stable cells were selected after thirty six hours post-transfection by treatment with 800 μg/ml
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geneticin in the medium for 2 weeks. After selection, they were maintained in the DMEM
medium containing 10% charcoal FBS and 400μg/ml geneticin (Invitrogen). Before treatment
with AKP-11 or FTY720 or FTY720P (Echelon Biosciences Inc. Salt Lake City, UT), the cells
were serum starved in six well plates for 4hrs at 37°C and then they were incubated with the
above compounds at 37°C.

Cell Surface Biotinylation
After drug treatment the cells were washed with PBS and kept on ice. For membrane protein
detection, the cells were labeled with Sulfo-NHS-SS-biotin following manufacturer’s instruc-
tions (Pierce, Rockford, IL). Briefly, cells were incubated with membrane-impermeable sulfo-
NHS-SS-biotin (1mg/ml) at 4°C for 45min. After the incubation, the cells were washed with
PBS and the unbound biotin was quenched with 100mM glycine in PBS at 4°C for 10 min.
Cells were lysed with RIPA buffer (Pierce, Rockford, IL) and incubated with NeutraAvidin
beads (Pierce, Rockford, IL) overnight at 4°C. Then next day they were centrifuged, washed
three times with RIPA buffer and the bound proteins were eluted from the NeutraAvidin beads
by boiling with 2X sample buffer.

Real time PCR Analysis
Total RNA was isolated from spinal cord tissues using TRIzol reagent. The first-strand cDNA
was synthesized using the iScriptTM cDNA synthesis kit (Bio-Rad, Hercules, CA, USA) accord-
ing to the manufacturer instructions. Quantitative PCR for various genes were determined
using a SYBR green Super mix (Bio-Rad). Rat specific primer for CD4 was purchased from
Qiagen (Gaithersburg, MD). Real time PCR was run in the iCycler™ real time detection system
(Bio-Rad) and thermal cycling parameters were as follows: activation of iTaq DNA polymerase
at 95°C for 10 min, followed by 40 cycles of amplification at 95°C for 30 sec and 60°C for 1
min. A melt curve analysis was performed for specificity of real-time PCR. Quantification of
mRNA was calculated using the starting quantity of the cDNA of interest relative to that of
GAPDH cDNA in the same sample.

Lymphocytes counts in blood
Before cardiac blood collection in each experiment group, rats were anesthetized with ketamine
and xylazine and the whole-blood samples (200 μL) were collected into EDTA blood collection
tubes (BD Biosciences) and all blood cell counts were measured by an automated hematology
analyzer. For lymphocyte subsets, 50 μL of whole blood was mixed with staining buffer (20 μL)
containing fluorescently labelled antibodies (15 min, RT) and RBC were lysed with FACS lys-
ing solution (BD Biosciences) prior to FACS analysis. Antibodies used for staining were from
BD Pharmingen and included APC-labelled anti-rat CD3 (clone 1F4), FITC-labelled anti-rat
CD4 (clone OX-38) and PE-labelled anti-rat CD8 (clone OX-8) and PE-labelled anti-rat
CD62L (clone HRL1) and appropriate isotype-matched controls.

Histological Analysis
EAE animals and control animals were anesthetized and they were perfused first with saline
and then 4% paraformaldehyde and spinal cords were fixed in 10% formalin. To assess infiltra-
tion of T cells, H&E stain was performed in paraffin-embedded, 4-μm-thick transverse sections
of spinal cord. For assessing demyelination, Luxol Fast Blue was done. Pictures were taken
using an Olympus Compound Microscope (Olympus BX-60) with digital camera attached.
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ELISA andWestern blot analysis
For quantification of cytokines, ELISA was carried out from the spinal tissue samples. They
were homogenized with PBS and they were normalized with protein. Protein was estimated by
DC method (Bio-rad). IFN-γ and IL-10 ELISA kit were purchased from R&D systems (Minne-
apolis, MN) and IL-17A from Biolegend (San Diego, CA).

For western blot, tissues were lysed in RIPA buffer containing protease and phosphatase
inhibitors and the lysates were spun at 15,000g for 30 min at 4°C. The resulting supernatant
protein was estimated by DC method and used for western blot. Proteins were separated by
4–20% SDS gels and transferred to a nitrocellulose membrane (GE Healthcare Life Sciences,
Arlington Heights, IL). The membrane was blocked with 5% nonfat milk in Tris-buffered
saline containing 0.05% Tween for 1 hr. at room temperature. For phospho-protein, instead of
non-fat milk 5% BSA was used. The membranes were incubated overnight at 4°C with primary
antibodies at 1:1000 dilutions in blocking buffer (TTBS with 2% nonfat milk). The following
primary antibodies were used in the present study; Ubiquitin, MBP (Santa Cruz, Dallas, TX),
Phospho AKT and ERK, Total AKT and ERK, β-actin (Cell Signaling, Danvers, MA) and NF-
200, HA (Covance, MA). After washing, the membranes were incubated with 1:10,000 diluted
horseradish peroxidase conjugated secondary antibody (Jackson Immunoresearch Lab, West
Grove, PA) for 1hr at room temperature, again washed, reacted with ECL reagent (GE Health-
care Life Science, Pittsburgh, PA), and were exposed to ECL film. Autoradiographs were
scanned and the band intensity was quantified by NIH J image.

Isolation and flow cytometric analysis of mononuclear cells from spinal
cord
Mononuclear cells were isolated from the spinal cords of immunized rats on day 26 following
immunization. After perfusion with sterile PBS, the spinal cord was dissociated by passing
through a 70μm cell strainer and centrifuged at 500g for 5min. The pellet was re-suspended on
30% precool (Sigma Aldrich), and subjected to discontinuous 30%/70% percoll gradient at
800g for 20 min. Mononuclear cells were removed from the interphase, washed and suspended
in RPMI culture medium. The cells were stimulated with cell stimulator plus protein trans-
porter inhibitor (eBioscience, San Diego, CA) for 4hrs and were surface stained with CD4 anti-
body. The cells were then fixed and permeabilized (permeabilization buffer, BD biosciences),
followed by staining with IL-17A (ebiosciences).

In vitro Th17 generation
CD4+T cells isolated from the spleen using MagCelletTM Rat CD4+ T cell isolation kit (R&D
Systems) were stimulated with anti-CD3 and CD28 antibodies (Biolegend) under Th17 differ-
entiation conditions (recombinant IL-6, 20 ng/mL; recombinant TGF-β, 3 ng/mL; anti-IL-4, 10
ng/mL; and anti–IFN-γ, 10 ng/mL; Biolegend) in the absence or presence of AKP-11 or
FTY720 for 3 days. The culture supernatants were collected and measured for Th17 (IL-17)
cytokine production by ELISA.

Immunofluorescence
Stable cells expressing S1P1 CHO were seeded on four well chamber slides (Fisher Scientific,
Pittsburgh, PA) and after 24 hours they were starved in serum free conditions. They were then
incubated with AKP-11 or FTY720 or FTY720P for 1hr and after incubation washed with PBS
and fixed with 4% paraformaldehyde. The cells were permeablised with 0.2% Triton for 5 min
and pre-blocked with 5% BSA for 1hr at room temperature. They were then incubated with
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HA antibody for overnight at 4°C and next day washed with PBS and incubated with Alexa
Fluor 488 fluorophore conjugated secondary antibody (Molecular Probes, Invitrogen, CA) for
1hr. Afterwards they were washed with PBS and nuclei were stained with Hoechst (Fisher Sci-
entific, Pittsburgh, PA). Finally they were mounted with mounting medium (Vector Lab, Bur-
lingame, CA) and visualized under Olympus FLUOVIEW FV1000 confocal microscope.

Lung permeability assay
Lung permeability changes were measured by Evans blue dye (EBD, Sigma Aldrich, and
St. Louis, MO) leakage after administration of AKP-11 and FTY720. AKP-11 1.3mg/kg and
FTY720 1mg/kg were administered orally and after 24hrs, EBD (0.5% in saline) was adminis-
tered by tail vein injection. Two hours later, the animals were bled by cardiac puncture and pul-
monary vasculature was perfused with saline to remove EBD from the vascular spaces. Lungs
were removed, photographed and dried at 60°C for 24hrs. They were then weighed and EBD
was extracted in dimethylformamide (Sigma Aldrich, St. Louis, MO) at 37°C for 24hrs and
quantitated spectrophotometrically at 620 and 740 nm.

Heart rate and blood pressure measurement
Heart rate and blood pressure were measured non-invasively in rats by Coda Tail-Cuff Blood
Pressure system (Kent Scientific, USA). Rats were administrated orally with 1.3 mg/kg AKP-
11, 1 mg/kg FTY720 and vehicle. After post administration, heart rates were measured at 1, 2,
4, 6, 12, and 24 hr. The mean blood pressure was calculated as follows: Mean blood pressure =
(systolic blood pressure—diastolic blood pressure)/3 + diastolic blood pressure.

Statistical analysis
Statistical analysis was performed using Graph pad Prism 5.0 software. Significance between
the groups were determined by one-way analysis of variance (ANOVA) followed by Tukey’s
post-hoc test. The p-value less than 0.05 were considered statistically significant.

Results

AKP-11 attenuates EAE disease
EAE is the animal model of MS which is extensively used for investigating clinical studies for
MS drugs [36]. Attenuation of EAE disease by an oral drug FTY720 as a S1P1 agonist was also
studied in the EAE animal models [37–39]. Here, we investigated the relative efficacy of two
S1P1 agonists AKP-11 and FTY720 in rodent model of EAE disease. Both FTY720 and AKP-
11 were orally administered starting at the onset of clinical disease (score of EAE at 2.0) as
described under methods and material. Both FTY720 and AKP-11 treatments attenuated the
EAE disease (p<0.001) thus documenting therapeutic efficacy against EAE disease (Fig 1A and
1B). The observed relative similar efficacy of AKP-11 (1.3mg/kg) and FTY720 (1mg/kg) indi-
cates that both compounds are practically equally effective against the EAE disease.

FTY720 and AKP-11 treatments decreased peripheral lymphocyte count
in both control and EAE animals
FTY720 [26,37] and other S1P1 receptor agonists [39–41] are known to cause lymphocyte
sequestration in lymph nodes resulting in reduced peripheral blood count of lymphocytes. It is
the mechanism of observed efficacy [14] as well as one of the mechanisms of observed adverse
effects of FTY720 medication for MS [42]. Therefore, we investigated the peripheral T lympho-
cyte count following FTY720 or AKP-11 treatments in EAE and control animals. Fig 2 shows
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Fig 1. AKP-11 and FTY720 treatments attenuate EAE disease in the Lewis rat. (A-B) EAE was induced in
female Lewis rats with guinea pig MBP (25μg/rat). EAE developed rats were divided into 3 groups on day 11
or 12 after immunization and administered vehicle or AKP-11 (3 or 1.3 mg/kg) or FTY720 (1 mg/kg) orally
every-day until day 26. Clinical scores: 0, no clinical signs; limp tail or waddling gait with tail tonicity, 1;
waddling gait with limp tail (ataxia), 2; ataxia with partial limb paralysis, 2.5; full paralysis of one limb, 3; full
paralysis of one limb with partial paralysis of second limb, 3.5; full paralysis of two limbs, 4; moribund stage,
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the effects on peripheral lymphocyte count 24hrs following one time treatment of AKP-11 or
FTY720. As expected, FTY720 and AKP-11 treatments, as agonists of S1P1, reduced peripheral
total blood lymphocyte and T lymphocyte counts significantly (p<0.001) when compared to
untreated controls, however, lymphopenia was much severe in animals treated with FTY720
than with AKP-11 (Fig 2). The reduction in total lymphocytes and T cells was 78% and 90% in
FTY720 and 48% and 41% in AKP-11 treated animals respectively as compared to untreated
controls (Fig 2A and 2B). The reduction in the CD4+ and CD8+ T cell populations was 90%

4.5; and death, 5. Data represents mean ± SEM of three independent experiments (6 animals per group).
Statistical significance is indicated as *p<0.05 **p<0.01 and ***p<0.001.

doi:10.1371/journal.pone.0141781.g001

Fig 2. AKP-11 and FTY720 treatments reduce PBL count.Control animals were treated with a single dose of AKP-11 (1.3mg/kg) or FTY720 (1mg/kg) and
blood lymphocyte counts were analyzed by flow cytometry after 24 hrs. (A) Total lymphocytes, (B) Total T lymphocytes, (C) Total CD4+T lymphocytes, (D)
Total CD8+T lymphocytes populations were reduced in AKP-11 and FTY720 treated animals compared to vehicle control animals. (Total lymphocytes 100%
of control 2800 cells/μL, T cells 100% of control 2000 cells/ ul, CD4+T cells 100% of control 1400 cells/ μL, CD8+T cells 100% of control 600 cells/μL). Data
represents mean ± SEM of three independent experiments (6 animals per group). Statistical significance is indicated as *p<0.05 **p<0.01 and ***p<0.001.

doi:10.1371/journal.pone.0141781.g002
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and 69% in FTY720 and 41% and 40% in AKP-11 treated animals respectively, as compared to
untreated controls (Fig 2C and 2D). Accordingly, the reductions were greater in animals
treated in FTY720. Next, we investigated the peripheral lymphocyte count following treatment
of control and EAE animals with AKP-11 and FTY720 following onset of clinical disease for
seven days (Fig 3). FTY720 and AKP-11 treatments of control and EAE animals decreased
total lymphocyte, T cells and CD4+ T cells and CD8+T cells but a greater decrease was observed
in animals treated with FTY720 than those treated with AKP-11 (Fig 3). In agreement with the
previous reported reduction of CD62L+ T cells [43], FTY720 and AKP-11 treatments reduced
the levels of CD62L+ T cells but with a greater decrease with FTY720 as compared to AKP-11
in both EAE and control animals (Fig 3). Since efficacy of FTY720 is attributed by the induc-
tion of lymphopenia, long term use of this drug is a concern in MS patient care because recon-
stitution of circulating lymphocyte count is reported to lag from weeks to months following
drug trial [32]. Therefore, we also evaluated circulating lymphocyte counts following

Fig 3. AKP-11 and FTY720 reduce PBL count in rats during EAE.Control and EAE animals were treated with AKP-11 (1.3mg/kg) or FTY720 (1mg/kg) for
7 days and blood lymphocyte subsets were analyzed by flow cytometry after 24 hrs. of last drug treatment. (A) Total lymphocytes, (B) Total T lymphocytes,
(C) Total CD4+T lymphocytes, (D) Total CD8+T lymphocytes (E) Total CD62L+T lymphocytes populations were reduced in AKP-11 and FTY720 treated
animals compared to vehicle control animals. (Total lymphocytes 100% of control 2800 cells/μL, T cells 100% of control 2000 cells/μL, CD4+T cells 100% of
control 1400 cells/μL, CD8+T cells 100% of control 600 cells/μL and homing receptor CD62L+T cells 100% of control 1800 cells/μL). Data represents
mean ± SEM of three independent experiments (6 animals per group). Statistical significance is indicated as *p<0.05 **p<0.01 and ***p<0.001.

doi:10.1371/journal.pone.0141781.g003
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withdrawal in control and EAE animals treated for 14 days with AKP-11 or FTY720 starting at
onset of clinical disease. The T cell populations were analyzed following withdrawal of drugs
for 48hrs in both EAE and control groups. Interestingly, reconstitution of circulating lympho-
cytes was much more efficient in AKP-11 treated animals than FTY720 treated animals (Fig 4).
Total lymphocyte, CD4+, CD8+ and CD62L+ T cell populations following 48hrs withdrawal of
AKP-11 treatment in control and EAE animals were restored to the levels similar to untreated
control and EAE animals. On the other hand, withdrawal of FTY720 treatment for 48hrs had
relatively little effect on reversal of lymphopenia (Fig 4). The comparison of lymphocyte counts
at 24hrs (Fig 3) versus 48hrs (Fig 4) following last drug treatment documents milder and faster
reversible (short lasting) lymphopenia with AKP-11 as compared to FTY720 suggesting that

Fig 4. Comparison of AKP-11 and FTY720 on reversal of lymphopenia in control and EAE animals with different drug treatments followed by
withdrawal for 48hrs.Control and EAE animals were treated with AKP-11 or FTY720 for 14 days and blood lymphocyte subsets were analyzed after 48hrs
of discontinue of drug treatment. (A) Total lymphocytes, (B) Total T lymphocytes, (C) Total CD4+T lymphocytes, (D) Total CD8+T lymphocytes, (E) Total
CD62L+T lymphocytes populations were reversed to normal levels only in AKP-11 not in FTY720 treated animals. (Total lymphocytes 100% of control 2800
cells/μL, T cells 100% of control 2000 cells/μL, CD4+T cells 100% of control 1400 cells/μL and CD8+T cells 100% of control 600 cells/μL and homing receptor
CD62L+T cells 100% of control 1800 cells/μL). Data represents mean ± SEM of three independent experiments (6 animals per group). Statistical significance
is indicated as *p<0.05 **p<0.01 and ***p<0.001.

doi:10.1371/journal.pone.0141781.g004
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milder and short term lymphopenia with AKP-11 treatment may cause milder adverse effects
as compared to FTY720.

AKP-11 treatment reduces CNS infiltration of T cells and Cytokines and
enhances neuroprotection
Increased infiltration of T cells, inflammatory cytokines, and demyelination are characteristic
features of EAE pathology. FTY720 is reported to reduce the T cell infiltration and inflamma-
tory cytokines in the CNS [27,39]. Next, we investigated the effects of AKP-11 and FTY720
treatments on CNS infiltration of vascular immune cells, expression of pro-inflammatory cyto-
kines and myelin basic protein and NF200 as an index for status of axons (spinal cord) of con-
trol and EAE animals (Fig 5A–5F). Animals treated with AKP-11 and FTY720 had reduced
CNS infiltrating T cells when compared to control group as measured on H&E stain and CD4
mRNA analysis (Fig 5A–5C). To further investigate myelin specific Th17 cell infiltration in
CNS, we isolated mononuclear cells from spinal cord and stained for CD4 and IL-17. The flow
cytometric analysis revealed that there was a reduction in the number of Th17 cells in AKP-11
and FTY720 treated animals (Fig 5G). To analyze direct effects of AKP-11 and FTY720 on IL-
17 production under Th17 skewed (rIL-6 and rTGF-β) conditions, purified spleen CD4 T cells
were stimulated with CD3 and CD28 antibodies in the presence or absence of AKP-11 or
FTY720 for 72hrs and IL-17 expression level in the media was analyzed. Both AKP-11 and
FTY720 do not suppress IL-17 production (Fig 5H), indicating that AKP-11 and FTY720
inhibits egression of T cells from secondary lymphoid organs. We also investigated the efficacy
of AKP-11 and FTY720 against EAE disease mediated neurodegeneration. For neurodegenera-
tion studies, the spinal cord sections from control and experimental animals treated for 14 days
starting at disease onset (Fig 1) were investigated for morphological analysis using Luxol Fast
Blue (LFB) stain and biochemical analysis for MBP and neurofilament protein (NF 200). Fig
5C shows loss of MBP as well as NF200 in untreated EAE animals and treatments with AKP-
11 or FTY720 provided protection against EAE disease induced loss of these proteins. More-
over, Fig 5D–5G show that inhibition of infiltrating immune cells into CNS with AKP-11 as
well as FTY720 treated EAE animal decreased levels of their effector molecules such as inflam-
matory cytokines (IFN-γ and IL-17). However, in agreement with previous studies with
FTY720 [39], treatments with AKP-11 or FTY720 has relatively little effect on expression of
anti-inflammatory cytokines (IL-10). These data provides evidence that the inhibition of lym-
phocyte egression by AKP-11 as well as FTY720 results in reduced CNS infiltration of immune
cells and decreased expression of pro-inflammatory cytokines and thus decreased neurodegen-
eration in EAE.

AKP-11 decreases cell surface expression of S1P1 in in vitro cell culture
model
FTY720 as a S1P1 agonist is known to reduce cell surface distribution of S1P1 by its increased
internalization and degradation [44–46]. In fact, efficacy of FTY720 in MS is due to S1P1 loss
on lymphocytes leading to lymphopenia [14]. Since AKP-11 treatment causes relatively milder
and rapidly reversible lymphopenia, effects of AKP-11 or FTY720 on S1P1 were investigated
for S1P1 trafficking in stably expressing S1P1 CHO cells (CHOHA S1P1 cells) as described in
methods section. CHO HA S1P1 cells were treated with different concentrations of AKP-11,
FTY720 or FTY720P for 2hrs and levels of S1P1 in plasma membrane (surface) and total cellu-
lar levels of S1P1 were determined as described in methods section. Treatment with AKP-11 or
FTY720 significantly reduced S1P1 on the plasma membrane indicating that both drugs induce
internalization of S1P1 distribution on cell membrane (surface) (Fig 6A–6C). Treatment of
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Fig 5. AKP-11 and FTY720 prevent the infiltration of mononuclear cells into the CNS of EAE animals and decrease the inflammatory cytokines and
protect the MBP and NF-200. (A) Control and EAE animals were treated with AKP-11 (3 or 1.3mg/kg) or FTY720 (1mg/kg) for 14 days starting onset of
clinical disease (remission). Spinal cord tissue was fixed and infiltration of mononuclear cells was examined by H&E staining and for demyelination, Luxol
Blue Fast staining was performed. (B) Infiltrated CD4 cells in the spinal cord were analyzed by RT-PCR. (C) Western blotting for MBP and NF-200 in the
above tissue samples. (D-F) IFN-γ, IL-17, IL-10 were analyzed with ELISA from spinal cord tissue respectively.(G) Th17 cell population in spinal cord
mononuclear cell infiltrates was quantified by flow cytometry. (H) Spleen CD4+ T cells were stimulated with CD3 and CD28 antibodies under Th17 conditions
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FTY720 or FTY720P 100 and 1000nM for 2hr also reduced the total S1P1 levels indicating rela-
tively higher degradation S1P1 in FTY720 and FTY720P as compared to AKP-11 treated cells
(Fig 6B). Total S1P1 and plasma membrane S1P1 was reduced to a greater degree in FTY720
and FTY720P treated cells than in AKP-11 treated cells. These conclusions were further sup-
ported by the observed greater loss of immunofluorescence labelled S1P1 receptor in FTY720
and FTY720P treated cells as compared to AKP-11 treated cells (Fig 6D). These immunoctyo-
chemical studies showed greater retention of membrane S1P1 and total S1P1 in AKP-11
treated cells. Next, we investigated recycling of S1P1 to the plasma membrane following with-
drawal of drug treatment. For this study, cells were treated with AKP-11, FTY720 or FTY720P
(100nM) for 1hr followed by change of media to remove the drug exposure to cells and cells
were then incubated for 2 and 24hrs. As shown in Fig 7 there was a decrease in the amount of
S1P1on the surface after 1hr treatment with AKP-11, FTY720 and FTY720P. At 2hrs following
withdrawal with AKP-11 or FTY720 or FTY720P and FTY720P treatment caused a greater
decrease of S1P1. At 24hr after drug withdrawal plasma membrane distribution of S1P1
increased in AKP-11 treated cells but not in FTY720 or FTY720P treated cells. These observa-
tions indicate that S1P1 recycles back following withdrawal of AKP-11 treated cells but not in
FTY720 and FTY720P treated cells (Fig 7A and 7B). These studies are consistent with the
observed milder and quickly reversible lymphopenia in AKP-11 treated animals as compared
to FTY720 treated animals (Fig 4).

Effects of AKP-11 or FTY720 on S1P1 internalization and degradation
FTY720 is a prodrug and is activated via its phosphorylation by sphingosine kinase, whereas
FTY720P directly activates S1P1 signaling [17–19]. To evaluate the activity of AKP-11, cells
were treated with dual sphingosine kinase inhibitor (SPKII) for 30 min followed by treatment
with S1P1 agonists (AKP-11, FTY720 or FTY720P) for 1hr and plasma membrane distribution
of S1P1 was investigated as described in methods. Interestingly, SPKII inhibitor treatment had
no effect on the levels of S1P1 membrane distribution in AKP-11 or FTY720P treated cells (Fig
8A and 8B). These observations indicate that similar to FTY720P, AKP-11 binding to S1P1
and its internalization is independent of SPKII (Fig 8A and 8B). On the other hand, SPKII
inhibitor prevented FTY720 but not FTY720P mediated S1P1 receptor internalization. These
findings support the conclusion that AKP-11 and FTY720P are direct agonists of S1P1 whereas
FTY720 is a prodrug and that it needs to be activated by SPKII [17–19]. Binding of FTY720 to
S1P1 induced irreversible internalization followed by ubiquitination-mediated degradation
[46] and proteolysis [45]. Since the degree of internalization and S1P1 loss varied between
FTY720 and AKP-11 treatments, we investigated the role of AKP-11 in S1P1 ubiquitinylation.
CHO cells expressing S1P1 HA were treated with FTY720, FTY720P or AKP-11 and cell
homogenates were immunoprecipitated for S1P1 using anti-HA antibody followed by western
analysis for ubiquitin using antibody against ubiquitin. Fig 8C shows a greater degree of S1P1
ubiquitinylation in FTY720 as well as FTY720P treated cells as compared to cells treated with
AKP-11. The greater degree of ubiquitinylation of S1P1 with FTY720/FTY720P is consistent
with the observed greater degree of S1P1 degradation than with AKP-11 treatment (Figs 6 and
8). These observations indicate that binding of AKP-11 to S1P1 does not affect irreversible
internalization of S1P1 as observed with FTY720/FTY720P [45–47]. These conclusions are
consistent with data in Fig 9 showing recycling of S1P1 to cell membrane following withdrawal
of these drug treatments.

in the presence or absence of AKP-11 or FTY720 (100, 1000nM) for 72hrs and IL-17 was measured by ELISA. Data represents mean ± SEM of three
independent experiments (6 animals per group). Statistical significance is indicated as *p<0.05 **p<0.01 and ***p<0.001, NS- not significant.

doi:10.1371/journal.pone.0141781.g005
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Fig 6. AKP-11 decreases cell surface expression of S1P1 receptor. (A-C) CHO cells were stably transfected with S1P1-HA constructs and treated for
2hrs with 10 or 100 or 1000nM of AKP-11 or FTY720 or FTY720P. Cell surface S1P1 HA was carried out by biotinylation method. (D) Confocal
immunofluorescence analysis of surface S1P1 in CHO-S1P1-HA stable cells. 1000nM of AKP-11 or FTY720 or FTY720P were treated for 1hr. and fixed and
immuno-stained with HA antibody. Data represents mean ± SEM of three independent experiments. Statistical significance indicated as *p<0.05 **p<0.01
and ***p<0.001.

doi:10.1371/journal.pone.0141781.g006
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AKP-11 induces intracellular S1P1 mediated AKT and ERK activation
S1P1 receptor agonists are known to activate AKT and ERK cellular signaling mechanisms
[48,49]. Activation of AKT and ERK results in phosphorylation of Ser473 in AKT and Thr202/
Tyr204 phosphorylation in ERK1/2, respectively. As shown in Fig 9, treatment of cells with
AKP-11 or FTY720/FTY720P significantly increased pAKT and pERK levels when compared
to untreated cells. AKT and ERK phosphorylation peaked after 5 minutes in cells of FTY720P
or AKP-11 treatment but not in those treated with FTY720, a prodrug. It is only after 30 min-
utes of treatment with FTY720 that pAKT and pERK reached the levels observed with AKP-11
or FTY720P treatments for 5 minutes. There was also no difference in AKT and ERK phos-
phorylation at 60 min following treatment with AKP-11 or FTY720 compared to controls (Fig
9A–9C). The similar activities of FTY720P and AKP-11 at short term activation (5min) as

Fig 7. AKP-11 withdrawal increases cell surface S1P1 receptor expression. (A-B) CHO cells expressing S1P1-HA were pretreated with cycloheximide
(15μg/ml) for 30 min to block the synthesis of new S1P1 and then stimulated with 100 nM AKP-11 or FTY720 or FTY720P for 1 hr. The above compounds
were washed out and replenished with fresh serum free medium containing 0.5% fatty acid free BSA and cycloheximide and incubated for 2 or 24 hrs. Data
represents mean ± SEM of three independent experiments. Statistical significance is indicated as *p<0.05 **p<0.01 and ***p<0.001, NS- not significant.

doi:10.1371/journal.pone.0141781.g007
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compared to FTY720 indicate that similar to FTY720P, AKP-11 is direct agonist of S1P1.
These conclusions are also supported by data in Fig 9 showing AKP-11 mediated internaliza-
tion of S1P1 does not require its activation by sphingosine kinase II. On the other hand,
FTY720 is a prodrug and needs to be phosphorylated by sphingosine kinase II [17–19].

Fig 8. AKP-11 mediated S1P1 down-regulation is Sphingosine kinase independent and AKP-11 induces less ubiquitinylation. (A-B) 10μM of SPKII,
a dual sphingosine kinase inhibitor treated in CHO-S1P1-HA stable cells for 30 min. After that, the cells were stimulated with 100 nM AKP-11 or FTY720, or
FTY720P for 1 hr. Biotinylated cell surface S1P1 HA proteins were immunoblotted and quantitated. (C) CHO-S1P1-HA stable cells were pretreated 20μM
MG132 for 2hrs and then stimulated with 1000 nM AKP-11 or FTY720, or FTY720P for 1hr. Cell lysates were immunoprecipitated with HA antibody and
ubiquitination of S1P1 was detected by western blotting with ubiquitin antibody. The membrane was re-probed with HA antibody. (D) At the same time input
lysates were detected by direct western blot with S1P1 HA antibody. Data represents mean ± SEM of three independent experiments. Statistical significance
is indicated as *p<0.05 **p<0.01 and ***p<0.001, NS- not significant.

doi:10.1371/journal.pone.0141781.g008
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Role of FTY720 or AKP-11-mediated activation of S1P1 on lung
vascular permeability and on heart rate
FTY720 mediated lymphopenia is associated with a number of adverse effects [42]. Loss of
S1P1 receptor is reported to increase vascular permeability in lungs [16,30]. We investigated
the effect of AKP-11or FTY720 on lung vascular permeability by Evans blue dye extravasation
assay as described under methods and materials. Fig 10A and 10B shows increased vascular
permeability of Evans blue dye in lungs treated with FTY720 as compared to AKP-11. FTY720
treatment increased dye permeability by 4 fold whereas AKP-11 treatment increased the vascu-
lar permeability about 2 fold as compared to untreated controls. These observations indicate
that AKP-11 causes less vascular dysfunction as compared to FTY720. Secondly, bradycardia is

Fig 9. AKP-11 increases AKT and ERK activation through S1P1 receptor signaling. (A-C) CHO-S1P1-HA stable cells were stimulated with 100nM AKP-
11 or FTY720, or FTY720P at different time points. (5 min, 30 min and 60 min) and were subjected to western analyses of phospho and total AKT and ERK
proteins were quantitated. Data represents mean ± SEM of three independent experiments. Statistical significance is indicated as *p<0.05 **p<0.01 and
***p<0.001, NS- not significant.

doi:10.1371/journal.pone.0141781.g009
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another major adverse effect caused by FTY720 [29,50,51]. Therefore, we also investigated the
heart rate following single dose of AKP-11 (1.3mg/kg) and FTY720 (1mg/kg). AKP-11 treat-
ment had little effect on the heart rate of animals. On the other hand, FTY720 treated animals
had a significant drop (p<0.05) in heart rate following drug treatment (Fig 10C). Moreover,

Fig 10. Effect of AKP-11 and FTY720 on lung vascular permeability and heart rate. (A-B) AKP-11 (1.3mg/kg) and FTY720 (1mg/kg) were orally
administered. After 24hrs, Evans blue dye (EBD) was injected through tail vein and after 2hrs the animals were perfused with saline and lungs were
photographed. EBD was measured in the lungs after extraction in the dimethylformamide solution. (C-D) Heart rate and blood pressure were measured at
0,1,2,4,6,12,and 24hr post oral administration of vehicle, AKP-11 (1.3mg/kg) and FTY720 (1mg/kg). Data represents mean ± SEM of three independent
experiments (6 animals per group). Statistical significance is indicated as *p<0.05 **p<0.01 and ***p<0.001, NS- not significant.

doi:10.1371/journal.pone.0141781.g010
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the decrease in blood pressure was also smaller with AKP-11 treatment as compared animals
treated with FTY720 (Fig 10D). Consistent with previous findings, the observed mild and
reversible lymphopenia with no effects on heart rate and relatively little changes in lung vascu-
lar integrity in animals treated with AKP-11 as compared to FTY720 indicate that AKP-11 has
a favorable safety profile.

Discussion
This manuscript describes the activities of a novel oral S1P1 agonist (AKP-11) with therapeutic
efficacy similar to the one observed with FDA approved oral drug FTY720 in an animal model
of MS but with a better safety profile as compared with FTY720. These conclusions are based
on the following observations: 1) FTY720 and AKP-11 provide similar efficacy against clinical
disease of EAE and protection against EAE disease induced neurodegeneration. 2) Both
FTY720 and AKP-11, as S1P1 agonists induce similar cellular mechanisms such as activation
of AKT and ERK signaling pathways. 3) Both FTY720 and AKP-11 provide efficacy against
EAE via inhibition of S1P1 mediated lymphopenia and hence decreased infiltration of activated
immune cells into the CNS. However, lymphopenia induced by AKP-11 was milder and tran-
sient (quickly reversible) as compared to the one induced by FTY720. 4) Accordingly, FTY720
treatment caused a greater degree of internalization, ubiquitination and degradation of S1P1
and thus loss of S1P1 recycling to plasma membrane when compared to AKP-11 treatment. 5)
Consistent with previous reports on FTY720 treatment cause serious adverse effects
[29,30,50,51] whereas AKP-11 treatment of rodents produced much milder adverse effects of
lymphopenia, bradycardia and lung vascular leaks when compared to FTY720. We observed
milder adverse effects while maintaining similar efficacy against the clinical disease of EAE
documenting the favorable safety profile of AKP-11.

With the approval of fingolimod (FTY720), a S1P1, 3–5 agonist, as a first oral medication
for the treatment of RRMS patients, S1P receptors have attracted a greater degree of interest
for their contribution in various disease conditions [52]. S1P1-5 receptors are expressed on
diverse cell types, belonging to a superfamily of G protein coupled receptors and are coupled to
various cellular signaling activities [16,19,53]. FTY720, an analogue of sphingosine, is a pro-
drug and for its activity FTY720 is converted to phosphorylated FTY720 (FTY720P), an ana-
logue of S1P and thus an agonist of S1P1, S1P3, S1P4 and S1P5 receptors [19]. S1P1-5
receptors participate in a wide range of cellular activities in lymphocytes [17,19], oligodendro-
cytes [54], endothelial cells [18], macrophages [55], astrocytes [56] and neurons [57]. FTY720
binding to S1P receptor leads to its irreversible internalization and degradation results in loss
of its recycling to the membrane [46]. One of the important functions of S1P1 is S1P-depen-
dent egress of lymphocytes from secondary lymphoid organs. The loss of lymphocyte cell sur-
face S1P receptor 1 leads to loss of their response to S1P gradient that results in loss of
lymphocyte egress from secondary lymphoid organs and thus lymphopenia [19,22]. In fact,
FTY720 induced lymphopenia [58,59] is the basis of FTY720 as limited access of inflammatory
lymphocytes into CNS and thus limited CNS disease process in EAE and MS. However, long
lasting lymphopenia associated with loss of FTY720/S1PR functions alters cellular activities
leading to adverse effects [31,60]. In contrast, studies described in this manuscript document
that similar to FTY720, AKP-11 functions as a S1P1 agonist (Figs 2–5) and activation of cellu-
lar AKT and ERK signaling pathways (Fig 9). However the rate of internalization and degrada-
tion of S1P1 was much greater with FTY720 than AKP-11 (Fig 6). AKP-11 treatment of
control and EAE animals causes relatively milder and reversible lymphopenia (Figs 2–4) sug-
gesting possible limited milder adverse effects with AKP-11 as compared to FTY720. In this
study, total lymphocytes in EAE animals is similar or lower than that of control animals due to
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lymphocytes that were counted on remission condition at day 18 and 26 post immunization.
Our data is consistent with previous study by Webb et al [61] that showed an increase in blood
lymphocytes at early stage of EAE than control and then decreased during the chronic phase of
the disease.

FTY720 is a prodrug and is phosphorylated by SPHK2 in vivo and phosphorylated FTY720
(FTY720P) interacts and activates S1P1 surface receptors [17,19,45]. The role of SPHK2 in
FTY720 drug action was supported by lack of lymphopenia in SPHK2 knockout mice with
FTY720 whereas administration of FTY720P caused lymphopenia in this knockout model
[62]. The present study showing lack of effect of SPHK2 activity on AKP-11 mediated internal-
ization and activity of S1P1 documents that AKP-11 is not a pro-drug, rather it is a direct ago-
nist of S1P1 receptor (Fig 8) Recently, two other S1P1 agonist butterfly compounds ST-968
and ST-107 were also shown to be independent of SPHK2 activity in inducing S1P1 receptor
internalization and reducing clinical disease in EAE mice [63]. The AKP-11 activity seems to
be similar to S1P showing recycling of S1P1 to the plasma membrane [44]. The reduced ubiqui-
tination of S1P1 and degradation and the increased recycling of S1P1 with AKP-11 as com-
pared to FTY720 or FTY720P following withdrawal of AKP-11 (Figs 7 & 8) could possibly be
basis of milder and reversible lymphopenia effect observed with AKP-11. The higher levels of
S1P1 in AKP-11 as compared to FTY720 treated cells is in agreement with the observed greater
ubiquitination of S1P1 and turnover in FTY720 treated cells. AKP-11 as well as FTY720 or
FTY720P treatments decreases the distribution of S1P1 in the cell membrane (Fig 6) but it
cycles back to membrane only in AKP-11 treated cells as observed by higher levels of S1P1 at
24hrs as compared to 2hrs post treatment (Fig 7). On the other hand, the loss of cell membrane
distribution of S1P1 in FTY720 or FTY720P treated cells didn’t change with time. These studies
describe the activities of a novel S1P1 agonist (AKP-11) that produces milder and reversible
lymphopenia as compared to FTY720 producing a greater loss of S1P1 and thus prolonged
lymphopenia. CNS disease of MS/EAE initiates with the infiltration of myelin specific immune
cells and expression of inflammatory mediators (TNFα, IL-1β, IFN- γ and IL-17), demyelin-
ation and axonal degeneration leading to physical disability observed in patients with MS [64–
66]. Oral administration with AKP-11 following the onset of EAE clinical disease protected
against EAE disease progression. Histological studies show reduced infiltration of inflamma-
tory cells into the CNS of animals treated with AKP-11 or FTY720 resulting in reduced demye-
lination and axonal degeneration assessed by the levels of MBP and NF200 proteins (Fig 5).
Our data shows decreased CD4+ T cell infiltration into the spinal cord of AKP-11 and FTY720
treated EAE animals (Fig 5B and 5G). The CD4+IL-17+ cells increased in the CNS of EAE ani-
mals, reflect trafficking of myelin antigen specific T cells into the CNS and promotes develop-
ment and progression of EAE. AKP-11 and FTY720 has no effect on Th17 response (Fig 5H).
Both these compounds reduce S1P responsiveness and inhibit the lymphocyte egress from sec-
ondary lymphoid organs. Accordingly, FTY720 has no effect on IL-17 production in in-vitro
activated human T cells [67].The reduced infiltration of inflammatory T cells into the CNS
(Fig 5A–5B and 5G) is consistent with decreased egress of lymphocytes (CD4, CD8 and
CD62L T cells) (Figs 2–4). Consistent with the transient loss of S1P1 with AKP-11 as compared
to FTY720 treatment (Fig 6), AKP-11 caused milder (Figs 2 and 3) and transient lymphopenia
(Fig 4) as compared to prolonged lymphopenia with FTY720. In spite of the milder lymphope-
nia observed with AKP-11, equimolar dose of AKP-11 and FTY720 provided similar degrees of
therapeutic efficacy against the clinical disease of EAE (Fig 1) as well as in the protection
against the EAE disease induced neurodegeneration (Fig 5C).

FTY720 is an attractive drug for oral medication however it suffers from significant adverse
effects such as lymphopenia, bradycardia [42,68] and vascular effects [30,31]. Recent reports
have described a number of S1P1 agonists and antagonist as a substitute for FTY720, however,
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a number of them have not studied their activities relative to the above adverse effects
[63,69,70] while others were reported for one or other adverse effects [68,71]. Some of these
studies also need comparison against FTY720. The milder and reversible lymphopenia with
AKP-11 as compared to FTY720 suggest that AKP-11 may be a safer drug. In our study, we
tested the oral administration of equimolar dose of AKP-11 or FTY720 for clinical efficacy
against EAE disease as well as on adverse effects of reversibility of lymphopenia, heart rate and
lung vascular leaks in the rat model. As shown in Fig 10, FTY720 treatment caused significant
change in vascular leaks (Fig 10A and 10B) and drop in heart rate (Fig 10C) whereas AKP-11
treatment caused relatively milder vascular leaks and an insignificant change in heart rate. The
above observations indicate that AKP-11 as compared to FTY720 and other S1P1 agonists has
a favorable safety profile. FTY720 induced bradycardia caused by activation of S1P3 receptor,
is supported by lack of bradycardia in S1P3 knock out mice [72,73]. Moreover, inhibition of
S1P3 activation with its antagonist (TY-52156) prevented FTY720 induced bradycardia [74].

In summary, this study describes the properties of a novel S1P1 agonist AKP-11 using cell
culture and animal model of EAE. Both treatments of EAE animals with AKP-11 or FDA
approved drug for MS (FTY720) provided similar efficacy and neuroprotection in the EAE
model. AKP-11 treatment caused milder and reversible lymphopenia as compared to the severe
and long lasting lymphopenia observed with FTY720. Secondly, AKP-11 treatment did not
cause adverse effects observed with FTY720 treatment. These findings indicate that AKP-11
mediated S1P1 agonist activity may be of therapeutic value for MS and other immune mediated
disorders with better safety profile.

Acknowledgments
For this study, the drug AKP-11 was provided by Akaal Pharma (Drs. Gurmit Gill and Damian
Grobelny). Except for the drug supply, Akaal Pharma did not provide any financial resources
for this study. Accordingly, Akaal Pharma had no role in experimental study design, data anal-
ysis, interpretation and conclusions of this study. This work was supported in part by grants
from National Institute of Health (NS-72511) to A.K.S. and (NS-37766, and NS- 22576) and
Veterans Administration (BX2829) to I.S. This work was also supported by NIH Grants C06
RR-018823 and C06 RR-015455 from the Extramural Research Facilities Program of the
National Center for Research Resources. We would also like to thank J. Christopher Fuchs for
assistance in cell analyses performed in the MUSC Regenerative Medicine Flow Cytometry
Facility, which is supported by a COBRE grant from the NIH (P30 GM103342) and an RII
grant from the NSF (EPS-0903795).. We would like to thank Ms. Joyce Bryan for procurement
of animals and chemicals and secretarial assistance. We also thank Ms. Danielle Lowe for help
in proof reading the manuscript.

Author Contributions
Conceived and designed the experiments: DJS IS. Performed the experiments: DJS NS JSD.
Analyzed the data: DJS NS AKS IS. Contributed reagents/materials/analysis tools: IS AKS GSG
DWG. Wrote the paper: DJS NS IS.

References
1. Compston A, Coles A (2002) Multiple sclerosis. Lancet 359: 1221–1231. PMID: 11955556

2. Bashir K, Whitaker JN (2002) Current immunotherapy for demyelinating diseases. Arch Neurol 59:
726–731. PMID: 12020252

3. Martin R, McFarland HF, McFarlin DE (1992) Immunological aspects of demyelinating diseases. Annu
Rev Immunol 10: 153–187. PMID: 1375472

AKP-11 Attenuates EAE in Rat Model of Multiple Sclerosis

PLOS ONE | DOI:10.1371/journal.pone.0141781 October 29, 2015 21 / 25

http://www.ncbi.nlm.nih.gov/pubmed/11955556
http://www.ncbi.nlm.nih.gov/pubmed/12020252
http://www.ncbi.nlm.nih.gov/pubmed/1375472


4. Mokhtarian F, McFarlin DE, Raine CS (1984) Adoptive transfer of myelin basic protein-sensitized T
cells produces chronic relapsing demyelinating disease in mice. Nature 309: 356–358. PMID: 6203039

5. Virley DJ (2005) Developing therapeutics for the treatment of multiple sclerosis. NeuroRx 2: 638–649.
PMID: 16489371

6. Filippini G, Munari L, Incorvaia B, Ebers GC, Polman C, et al. (2003) Interferons in relapsing remitting
multiple sclerosis: a systematic review. Lancet 361: 545–552. PMID: 12598138

7. Steinman L (2008) Nuanced roles of cytokines in three major human brain disorders. J Clin Invest 118:
3557–3563. doi: 10.1172/JCI36532 PMID: 18982162

8. Myhr KM, Mellgren SI (2009) Corticosteroids in the treatment of multiple sclerosis. Acta Neurol Scand
Suppl: 73–80. doi: 10.1111/j.1600-0404.2009.01213.x PMID: 19566504

9. Charmandari E, Chrousos GP, Ichijo T, Bhattacharyya N, Vottero A, et al. (2005) The human glucocorti-
coid receptor (hGR) beta isoform suppresses the transcriptional activity of hGRalpha by interfering with
formation of active coactivator complexes. Mol Endocrinol 19: 52–64. PMID: 15459252

10. Langer-Gould A, Moses HH, Murray TJ (2004) Strategies for managing the side effects of treatments
for multiple sclerosis. Neurology 63: S35–41. PMID: 15596735

11. Cox D, Stone J (2006) Managing self-injection difficulties in patients with relapsing-remitting multiple
sclerosis. J Neurosci Nurs 38: 167–171. PMID: 16817668

12. Samuel L, Lowenstein EJ (2006) Recurrent injection site reactions from interferon beta 1-b. J Drugs
Dermatol 5: 366–367. PMID: 16673806

13. Cohen BA, Rieckmann P (2007) Emerging oral therapies for multiple sclerosis. Int J Clin Pract 61:
1922–1930. PMID: 17784852

14. Chun J, Hartung HP (2010) Mechanism of action of oral fingolimod (FTY720) in multiple sclerosis. Clin
Neuropharmacol 33: 91–101. doi: 10.1097/WNF.0b013e3181cbf825 PMID: 20061941

15. Comi G, O'Connor P, Montalban X, Antel J, Radue EW, et al. (2010) Phase II study of oral fingolimod
(FTY720) in multiple sclerosis: 3-year results. Mult Scler 16: 197–207. doi: 10.1177/
1352458509357065 PMID: 20028707

16. Brinkmann V, Billich A, Baumruker T, Heining P, Schmouder R, et al.(2010) Fingolimod (FTY720): dis-
covery and development of an oral drug to treat multiple sclerosis. Nat Rev Drug Discov 9: 883–897.
doi: 10.1038/nrd3248 PMID: 21031003

17. Brinkmann V, Davis MD, Heise CE, Albert R, Cottens S, et al. (2002) The immune modulator FTY720
targets sphingosine 1-phosphate receptors. J Biol Chem 277: 21453–21457. PMID: 11967257

18. Sanchez T, Estrada-Hernandez T, Paik JH, WuMT, Venkataraman K, et al. (2003) Phosphorylation
and action of the immunomodulator FTY720 inhibits vascular endothelial cell growth factor-induced
vascular permeability. J Biol Chem 278: 47281–47290. PMID: 12954648

19. Mandala S, Hajdu R, Bergstrom J, Quackenbush E, Xie J, et al. (2002) Alteration of lymphocyte traffick-
ing by sphingosine-1-phosphate receptor agonists. Science 296: 346–349. PMID: 11923495

20. Brinkmann V (2007) Sphingosine 1-phosphate receptors in health and disease: mechanistic insights
from gene deletion studies and reverse pharmacology. Pharmacol Ther 115: 84–105. PMID:
17561264

21. Hiestand PC, Rausch M, Meier DP, Foster CA (2008) Ascomycete derivative to MS therapeutic: S1P
receptor modulator FTY720. Prog Drug Res 66: 361, 363–381.

22. Matloubian M, Lo CG, Cinamon G, Lesneski MJ, Xu Y, et al. (2004) Lymphocyte egress from thymus
and peripheral lymphoid organs is dependent on S1P receptor 1. Nature 427: 355–360. PMID:
14737169

23. Allende ML, Sasaki T, Kawai H, Olivera A, Mi Y, et al. (2004) Mice deficient in sphingosine kinase 1 are
rendered lymphopenic by FTY720. J Biol Chem 279: 52487–52492. PMID: 15459201

24. Chiba K, Adachi K (2012) Sphingosine 1-phosphate receptor 1 as a useful target for treatment of multi-
ple sclerosis. Pharmaceuticals (Basel) 5: 514–528.

25. Balatoni B, Storch MK, Swoboda EM, Schonborn V, Koziel A, et al. (2007) FTY720 sustains and
restores neuronal function in the DA rat model of MOG-induced experimental autoimmune encephalo-
myelitis. Brain Res Bull 74: 307–316. PMID: 17845905

26. Foster CA, Howard LM, Schweitzer A, Persohn E, Hiestand PC, et al. (2007) Brain penetration of the
oral immunomodulatory drug FTY720 and its phosphorylation in the central nervous system during
experimental autoimmune encephalomyelitis: consequences for mode of action in multiple sclerosis. J
Pharmacol Exp Ther 323: 469–475. PMID: 17682127

27. Dev KK, Mullershausen F, Mattes H, Kuhn RR, Bilbe G, et al. (2008) Brain sphingosine-1-phosphate
receptors: implication for FTY720 in the treatment of multiple sclerosis. Pharmacol Ther 117: 77–93.
PMID: 17961662

AKP-11 Attenuates EAE in Rat Model of Multiple Sclerosis

PLOS ONE | DOI:10.1371/journal.pone.0141781 October 29, 2015 22 / 25

http://www.ncbi.nlm.nih.gov/pubmed/6203039
http://www.ncbi.nlm.nih.gov/pubmed/16489371
http://www.ncbi.nlm.nih.gov/pubmed/12598138
http://dx.doi.org/10.1172/JCI36532
http://www.ncbi.nlm.nih.gov/pubmed/18982162
http://dx.doi.org/10.1111/j.1600-0404.2009.01213.x
http://www.ncbi.nlm.nih.gov/pubmed/19566504
http://www.ncbi.nlm.nih.gov/pubmed/15459252
http://www.ncbi.nlm.nih.gov/pubmed/15596735
http://www.ncbi.nlm.nih.gov/pubmed/16817668
http://www.ncbi.nlm.nih.gov/pubmed/16673806
http://www.ncbi.nlm.nih.gov/pubmed/17784852
http://dx.doi.org/10.1097/WNF.0b013e3181cbf825
http://www.ncbi.nlm.nih.gov/pubmed/20061941
http://dx.doi.org/10.1177/1352458509357065
http://dx.doi.org/10.1177/1352458509357065
http://www.ncbi.nlm.nih.gov/pubmed/20028707
http://dx.doi.org/10.1038/nrd3248
http://www.ncbi.nlm.nih.gov/pubmed/21031003
http://www.ncbi.nlm.nih.gov/pubmed/11967257
http://www.ncbi.nlm.nih.gov/pubmed/12954648
http://www.ncbi.nlm.nih.gov/pubmed/11923495
http://www.ncbi.nlm.nih.gov/pubmed/17561264
http://www.ncbi.nlm.nih.gov/pubmed/14737169
http://www.ncbi.nlm.nih.gov/pubmed/15459201
http://www.ncbi.nlm.nih.gov/pubmed/17845905
http://www.ncbi.nlm.nih.gov/pubmed/17682127
http://www.ncbi.nlm.nih.gov/pubmed/17961662


28. Young N, Van Brocklyn JR (2006) Signal transduction of sphingosine-1-phosphate G protein-coupled
receptors. ScientificWorldJournal 6: 946–966. PMID: 16906327

29. Fragoso YD, Arruda CC, ArrudaWO, Brooks JB, Damasceno A, et al. (2014) The real-life experience
with cardiovascular complications in the first dose of fingolimod for multiple sclerosis. Arq Neuropsi-
quiatr 72: 712–714. PMID: 25252236

30. OoML, Chang SH, Thangada S, Wu MT, Rezaul K, et al. (2011) Engagement of S1P(1)-degradative
mechanisms leads to vascular leak in mice. J Clin Invest 121: 2290–2300. doi: 10.1172/JCI45403
PMID: 21555855

31. Camm J, Hla T, Bakshi R, Brinkmann V (2014) Cardiac and vascular effects of fingolimod: mechanistic
basis and clinical implications. Am Heart J 168: 632–644. doi: 10.1016/j.ahj.2014.06.028 PMID:
25440790

32. Johnson TA, Shames I, Keezer M, Lapierre Y, Haegert DG, et al. (2010) Reconstitution of circulating
lymphocyte counts in FTY720-treated MS patients. Clin Immunol 137: 15–20. doi: 10.1016/j.clim.2010.
06.005 PMID: 20599429

33. Paintlia AS, Paintlia MK, Mohan S, Singh AK, Singh I (2013) AMP-activated protein kinase signaling
protects oligodendrocytes that restore central nervous system functions in an experimental autoim-
mune encephalomyelitis model. Am J Pathol 183: 526–541. doi: 10.1016/j.ajpath.2013.04.030 PMID:
23759513

34. Zhang GX, Yu S, Gran B, Li J, Siglienti I, et al. (2003) Role of IL-12 receptor beta 1 in regulation of T cell
response by APC in experimental autoimmune encephalomyelitis. J Immunol 171: 4485–4492. PMID:
14568921

35. Gran B, Zhang GX, Yu S, Li J, Chen XH, et al. (2002) IL-12p35-deficient mice are susceptible to experi-
mental autoimmune encephalomyelitis: evidence for redundancy in the IL-12 system in the induction of
central nervous system autoimmune demyelination. J Immunol 169: 7104–7110. PMID: 12471147

36. Procaccini C, De Rosa V, Pucino V, Formisano L, Matarese G (2015) Animal models of Multiple Sclero-
sis. Eur J Pharmacol.

37. Kataoka H, Sugahara K, Shimano K, Teshima K, KoyamaM, et al. (2005) FTY720, sphingosine 1-
phosphate receptor modulator, ameliorates experimental autoimmune encephalomyelitis by inhibition
of T cell infiltration. Cell Mol Immunol 2: 439–448. PMID: 16426494

38. Papadopoulos D, Rundle J, Patel R, Marshall I, Stretton J, et al. (2010) FTY720 ameliorates MOG-
induced experimental autoimmune encephalomyelitis by suppressing both cellular and humoral
immune responses. J Neurosci Res 88: 346–359. doi: 10.1002/jnr.22196 PMID: 19658199

39. Foster CA, Mechtcheriakova D, Storch MK, Balatoni B, Howard LM, et al. (2009) FTY720 rescue ther-
apy in the dark agouti rat model of experimental autoimmune encephalomyelitis: expression of central
nervous system genes and reversal of blood-brain-barrier damage. Brain Pathol 19: 254–266. doi: 10.
1111/j.1750-3639.2008.00182.x PMID: 18540945

40. Jin J, Hu J, ZhouW, Wang X, Xiao Q, et al. (2014) Development of a selective S1P1 receptor agonist,
Syl930, as a potential therapeutic agent for autoimmune encephalitis. Biochem Pharmacol 90: 50–61.
doi: 10.1016/j.bcp.2014.04.010 PMID: 24780445

41. Gonzalez-Cabrera PJ, Cahalan SM, Nguyen N, Sarkisyan G, Leaf NB, et al. (2012) S1P(1) receptor
modulation with cyclical recovery from lymphopenia ameliorates mouse model of multiple sclerosis.
Mol Pharmacol 81: 166–174. doi: 10.1124/mol.111.076109 PMID: 22031473

42. Cohen JA, Chun J (2011) Mechanisms of fingolimod's efficacy and adverse effects in multiple sclerosis.
Ann Neurol 69: 759–777. doi: 10.1002/ana.22426 PMID: 21520239

43. Bohler T, Waiser J, Schuetz M, Neumayer HH, Budde K (2004) FTY720 exerts differential effects on
CD4+ and CD8+ T-lymphocyte subpopulations expressing chemokine and adhesion receptors.
Nephrol Dial Transplant 19: 702–713. PMID: 14767029

44. Liu CH, Thangada S, Lee MJ, Van Brocklyn JR, Spiegel S, et al. (1999) Ligand-induced trafficking of
the sphingosine-1-phosphate receptor EDG-1. Mol Biol Cell 10: 1179–1190. PMID: 10198065

45. OoML, Thangada S, Wu MT, Liu CH, Macdonald TL, et al. (2007) Immunosuppressive and anti-angio-
genic sphingosine 1-phosphate receptor-1 agonists induce ubiquitinylation and proteasomal degrada-
tion of the receptor. J Biol Chem 282: 9082–9089. PMID: 17237497

46. Graler MH, Goetzl EJ (2004) The immunosuppressant FTY720 down-regulates sphingosine 1-phos-
phate G-protein-coupled receptors. FASEB J 18: 551–553. PMID: 14715694

47. Pham TH, Okada T, Matloubian M, Lo CG, Cyster JG (2008) S1P1 receptor signaling overrides reten-
tion mediated by G alpha i-coupled receptors to promote T cell egress. Immunity 28: 122–133. doi: 10.
1016/j.immuni.2007.11.017 PMID: 18164221

48. Wilkerson BA, Grass GD, Wing SB, ArgravesWS, Argraves KM (2012) Sphingosine 1-phosphate
(S1P) carrier-dependent regulation of endothelial barrier: high density lipoprotein (HDL)-S1P prolongs

AKP-11 Attenuates EAE in Rat Model of Multiple Sclerosis

PLOS ONE | DOI:10.1371/journal.pone.0141781 October 29, 2015 23 / 25

http://www.ncbi.nlm.nih.gov/pubmed/16906327
http://www.ncbi.nlm.nih.gov/pubmed/25252236
http://dx.doi.org/10.1172/JCI45403
http://www.ncbi.nlm.nih.gov/pubmed/21555855
http://dx.doi.org/10.1016/j.ahj.2014.06.028
http://www.ncbi.nlm.nih.gov/pubmed/25440790
http://dx.doi.org/10.1016/j.clim.2010.06.005
http://dx.doi.org/10.1016/j.clim.2010.06.005
http://www.ncbi.nlm.nih.gov/pubmed/20599429
http://dx.doi.org/10.1016/j.ajpath.2013.04.030
http://www.ncbi.nlm.nih.gov/pubmed/23759513
http://www.ncbi.nlm.nih.gov/pubmed/14568921
http://www.ncbi.nlm.nih.gov/pubmed/12471147
http://www.ncbi.nlm.nih.gov/pubmed/16426494
http://dx.doi.org/10.1002/jnr.22196
http://www.ncbi.nlm.nih.gov/pubmed/19658199
http://dx.doi.org/10.1111/j.1750-3639.2008.00182.x
http://dx.doi.org/10.1111/j.1750-3639.2008.00182.x
http://www.ncbi.nlm.nih.gov/pubmed/18540945
http://dx.doi.org/10.1016/j.bcp.2014.04.010
http://www.ncbi.nlm.nih.gov/pubmed/24780445
http://dx.doi.org/10.1124/mol.111.076109
http://www.ncbi.nlm.nih.gov/pubmed/22031473
http://dx.doi.org/10.1002/ana.22426
http://www.ncbi.nlm.nih.gov/pubmed/21520239
http://www.ncbi.nlm.nih.gov/pubmed/14767029
http://www.ncbi.nlm.nih.gov/pubmed/10198065
http://www.ncbi.nlm.nih.gov/pubmed/17237497
http://www.ncbi.nlm.nih.gov/pubmed/14715694
http://dx.doi.org/10.1016/j.immuni.2007.11.017
http://dx.doi.org/10.1016/j.immuni.2007.11.017
http://www.ncbi.nlm.nih.gov/pubmed/18164221


endothelial barrier enhancement as compared with albumin-S1P via effects on levels, trafficking, and
signaling of S1P1. J Biol Chem 287: 44645–44653. doi: 10.1074/jbc.M112.423426 PMID: 23135269

49. Osinde M, Mullershausen F, Dev KK (2007) Phosphorylated FTY720 stimulates ERK phosphorylation
in astrocytes via S1P receptors. Neuropharmacology 52: 1210–1218. PMID: 17379261

50. VargasWS, Perumal JS (2013) Fingolimod and cardiac risk: latest findings and clinical implications.
Ther Adv Drug Saf 4: 119–124. doi: 10.1177/2042098613481023 PMID: 25083256

51. Faber H, Fischer HJ, Weber F (2013) Prolonged and symptomatic bradycardia following a single dose
of fingolimod. Mult Scler 19: 126–128. doi: 10.1177/1352458512447596 PMID: 22729989

52. Choi JW, Chun J (2013) Lysophospholipids and their receptors in the central nervous system. Biochim
Biophys Acta 1831: 20–32. doi: 10.1016/j.bbalip.2012.07.015 PMID: 22884303

53. Chiba K (2005) FTY720, a new class of immunomodulator, inhibits lymphocyte egress from secondary
lymphoid tissues and thymus by agonistic activity at sphingosine 1-phosphate receptors. Pharmacol
Ther 108: 308–319. PMID: 15951022

54. Miron VE, Schubart A, Antel JP (2008) Central nervous system-directed effects of FTY720 (fingolimod).
J Neurol Sci 274: 13–17. doi: 10.1016/j.jns.2008.06.031 PMID: 18678377

55. Singer II, Tian M, Wickham LA, Lin J, Matheravidathu SS, et al. (2005) Sphingosine-1-phosphate ago-
nists increase macrophage homing, lymphocyte contacts, and endothelial junctional complex formation
in murine lymph nodes. J Immunol 175: 7151–7161. PMID: 16301618

56. Rao TS, Lariosa-Willingham KD, Lin FF, Palfreyman EL, Yu N, et al. (2003) Pharmacological character-
ization of lysophospholipid receptor signal transduction pathways in rat cerebrocortical astrocytes.
Brain Res 990: 182–194. PMID: 14568343

57. McGiffert C, Contos JJ, Friedman B, Chun J (2002) Embryonic brain expression analysis of lysopho-
spholipid receptor genes suggests roles for s1p(1) in neurogenesis and s1p(1–3) in angiogenesis.
FEBS Lett 531: 103–108. PMID: 12401212

58. Mehling M, Brinkmann V, Antel J, Bar-Or A, Goebels N, et al. (2008) FTY720 therapy exerts differential
effects on T cell subsets in multiple sclerosis. Neurology 71: 1261–1267. doi: 10.1212/01.wnl.
0000327609.57688.ea PMID: 18852441

59. Graler MH (2010) Targeting sphingosine 1-phosphate (S1P) levels and S1P receptor functions for ther-
apeutic immune interventions. Cell Physiol Biochem 26: 79–86. doi: 10.1159/000315108 PMID:
20502007

60. Thone J, Ellrichmann G (2013) Oral available agents in the treatment of relapsing remitting multiple
sclerosis: an overview of merits and culprits. Drug Healthc Patient Saf 5: 37–47. doi: 10.2147/DHPS.
S28822 PMID: 23459383

61. WebbM, Tham CS, Lin FF, Lariosa-Willingham K, Yu N, et al. (2004) Sphingosine 1-phosphate recep-
tor agonists attenuate relapsing-remitting experimental autoimmune encephalitis in SJL mice. J Neu-
roimmunol 153: 108–121. PMID: 15265669

62. Zemann B, Kinzel B, Muller M, Reuschel R, Mechtcheriakova D, et al. (2006) Sphingosine kinase type
2 is essential for lymphopenia induced by the immunomodulatory drug FTY720. Blood 107: 1454–
1458. PMID: 16223773

63. Imeri F, Fallegger D, Zivkovic A, Schwalm S, Enzmann G, et al. (2014) Novel oxazolo-oxazole deriva-
tives of FTY720 reduce endothelial cell permeability, immune cell chemotaxis and symptoms of experi-
mental autoimmune encephalomyelitis in mice. Neuropharmacology 85: 314–327. doi: 10.1016/j.
neuropharm.2014.05.012 PMID: 24863045

64. Traugott U, Reinherz EL, Raine CS (1983) Multiple sclerosis: distribution of T cell subsets within active
chronic lesions. Science 219: 308–310. PMID: 6217550

65. Hauser SL, Bhan AK, Gilles F, KempM, Kerr C, et al. (1986) Immunohistochemical analysis of the cel-
lular infiltrate in multiple sclerosis lesions. Ann Neurol 19: 578–587. PMID: 3524414

66. Sriram S, Solomon D, Rouse RV, Steinman L (1982) Identification of T cell subsets and B lymphocytes
in mouse brain experimental allergic encephalitis lesions. J Immunol 129: 1649–1651. PMID: 6980946

67. Mehling M, Lindberg R, Raulf F, Kuhle J, Hess C, et al. (2010) Th17 central memory T cells are reduced
by FTY720 in patients with multiple sclerosis. Neurology 75: 403–410. doi: 10.1212/WNL.
0b013e3181ebdd64 PMID: 20592255

68. Fryer RM, Muthukumarana A, Harrison PC, Nodop Mazurek S, Chen RR, et al.(2012) The clinically-
tested S1P receptor agonists, FTY720 and BAF312, demonstrate subtype-specific bradycardia (S1P
(1)) and hypertension (S1P(3)) in rat. PLoS One 7: e52985. doi: 10.1371/journal.pone.0052985 PMID:
23285242

69. Quancard J, Bollbuck B, Janser P, Angst D, Berst F, et al. (2012) A potent and selective S1P(1) antago-
nist with efficacy in experimental autoimmune encephalomyelitis. Chem Biol 19: 1142–1151. doi: 10.
1016/j.chembiol.2012.07.016 PMID: 22999882

AKP-11 Attenuates EAE in Rat Model of Multiple Sclerosis

PLOS ONE | DOI:10.1371/journal.pone.0141781 October 29, 2015 24 / 25

http://dx.doi.org/10.1074/jbc.M112.423426
http://www.ncbi.nlm.nih.gov/pubmed/23135269
http://www.ncbi.nlm.nih.gov/pubmed/17379261
http://dx.doi.org/10.1177/2042098613481023
http://www.ncbi.nlm.nih.gov/pubmed/25083256
http://dx.doi.org/10.1177/1352458512447596
http://www.ncbi.nlm.nih.gov/pubmed/22729989
http://dx.doi.org/10.1016/j.bbalip.2012.07.015
http://www.ncbi.nlm.nih.gov/pubmed/22884303
http://www.ncbi.nlm.nih.gov/pubmed/15951022
http://dx.doi.org/10.1016/j.jns.2008.06.031
http://www.ncbi.nlm.nih.gov/pubmed/18678377
http://www.ncbi.nlm.nih.gov/pubmed/16301618
http://www.ncbi.nlm.nih.gov/pubmed/14568343
http://www.ncbi.nlm.nih.gov/pubmed/12401212
http://dx.doi.org/10.1212/01.wnl.0000327609.57688.ea
http://dx.doi.org/10.1212/01.wnl.0000327609.57688.ea
http://www.ncbi.nlm.nih.gov/pubmed/18852441
http://dx.doi.org/10.1159/000315108
http://www.ncbi.nlm.nih.gov/pubmed/20502007
http://dx.doi.org/10.2147/DHPS.S28822
http://dx.doi.org/10.2147/DHPS.S28822
http://www.ncbi.nlm.nih.gov/pubmed/23459383
http://www.ncbi.nlm.nih.gov/pubmed/15265669
http://www.ncbi.nlm.nih.gov/pubmed/16223773
http://dx.doi.org/10.1016/j.neuropharm.2014.05.012
http://dx.doi.org/10.1016/j.neuropharm.2014.05.012
http://www.ncbi.nlm.nih.gov/pubmed/24863045
http://www.ncbi.nlm.nih.gov/pubmed/6217550
http://www.ncbi.nlm.nih.gov/pubmed/3524414
http://www.ncbi.nlm.nih.gov/pubmed/6980946
http://dx.doi.org/10.1212/WNL.0b013e3181ebdd64
http://dx.doi.org/10.1212/WNL.0b013e3181ebdd64
http://www.ncbi.nlm.nih.gov/pubmed/20592255
http://dx.doi.org/10.1371/journal.pone.0052985
http://www.ncbi.nlm.nih.gov/pubmed/23285242
http://dx.doi.org/10.1016/j.chembiol.2012.07.016
http://dx.doi.org/10.1016/j.chembiol.2012.07.016
http://www.ncbi.nlm.nih.gov/pubmed/22999882


70. Deng H, Bernier SG, Doyle E, Lorusso J, Morgan BA, et al. (2013) Discovery of Clinical Candidate
GSK1842799 As a Selective S1P1 Receptor Agonist (Prodrug) for Multiple Sclerosis. ACSMed Chem
Lett 4: 942–947. doi: 10.1021/ml400194r PMID: 24900589

71. Gergely P, Nuesslein-Hildesheim B, Guerini D, Brinkmann V, Traebert M, et al. (2012) The selective
sphingosine 1-phosphate receptor modulator BAF312 redirects lymphocyte distribution and has spe-
cies-specific effects on heart rate. Br J Pharmacol 167: 1035–1047. doi: 10.1111/j.1476-5381.2012.
02061.x PMID: 22646698

72. Forrest M, Sun SY, Hajdu R, Bergstrom J, Card D, et al. (2004) Immune cell regulation and cardiovas-
cular effects of sphingosine 1-phosphate receptor agonists in rodents are mediated via distinct receptor
subtypes. J Pharmacol Exp Ther 309: 758–768. PMID: 14747617

73. Sanna MG, Liao J, Jo E, Alfonso C, Ahn MY, et al. (2004) Sphingosine 1-phosphate (S1P) receptor
subtypes S1P1 and S1P3, respectively, regulate lymphocyte recirculation and heart rate. J Biol Chem
279: 13839–13848. PMID: 14732717

74. Murakami A, Takasugi H, Ohnuma S, Koide Y, Sakurai A, et al. (2010) Sphingosine 1-phosphate (S1P)
regulates vascular contraction via S1P3 receptor: investigation based on a new S1P3 receptor antago-
nist. Mol Pharmacol 77: 704–713. doi: 10.1124/mol.109.061481 PMID: 20097776

AKP-11 Attenuates EAE in Rat Model of Multiple Sclerosis

PLOS ONE | DOI:10.1371/journal.pone.0141781 October 29, 2015 25 / 25

http://dx.doi.org/10.1021/ml400194r
http://www.ncbi.nlm.nih.gov/pubmed/24900589
http://dx.doi.org/10.1111/j.1476-5381.2012.02061.x
http://dx.doi.org/10.1111/j.1476-5381.2012.02061.x
http://www.ncbi.nlm.nih.gov/pubmed/22646698
http://www.ncbi.nlm.nih.gov/pubmed/14747617
http://www.ncbi.nlm.nih.gov/pubmed/14732717
http://dx.doi.org/10.1124/mol.109.061481
http://www.ncbi.nlm.nih.gov/pubmed/20097776

