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1-phosphate receptor
modulator BAF312 redirects
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BACKGROUND AND PURPOSE
BAF312 is a next-generation sphingosine 1-phosphate (S1P) receptor modulator, selective for S1P1 and S1P5 receptors. S1P1

receptors are essential for lymphocyte egress from lymph nodes and a drug target in immune-mediated diseases. Here, we
have characterized the immunomodulatory potential of BAF312 and the S1P receptor-mediated effects on heart rate using
preclinical and human data.

EXPERIMENTAL APPROACH
BAF312 was tested in a rat experimental autoimmune encephalomyelitis (EAE) model. Electrophysiological recordings of
G-protein-coupled inwardly rectifying potassium (GIRK) channels were carried out in human atrial myocytes. A Phase I
multiple-dose trial studied the pharmacokinetics, pharmacodynamics and safety of BAF312 in 48 healthy subjects.

KEY RESULTS
BAF312 effectively suppressed EAE in rats by internalizing S1P1 receptors, rendering them insensitive to the egress signal from
lymph nodes. In healthy volunteers, BAF312 caused preferential decreases in CD4+ T cells, Tnaïve, Tcentral memory and B cells within
4–6 h. Cell counts returned to normal ranges within a week after stopping treatment, in line with the elimination half-life of
BAF312. Despite sparing S1P3 receptors (associated with bradycardia in mice), BAF312 induced rapid, transient (day 1 only)
bradycardia in humans. BAF312-mediated activation of GIRK channels in human atrial myocytes can fully explain the
bradycardia.

CONCLUSION AND IMPLICATIONS
This study illustrates species-specific differences in S1P receptor specificity for first-dose cardiac effects. Based on its profound
but rapidly reversible inhibition of lymphocyte trafficking, BAF312 may have potential as a treatment for immune-mediated
diseases.
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Abbreviations
ABPM, ambulatory blood pressure monitoring; AE, adverse event; ALC, absolute lymphocyte count; ANCOVA, analysis of

covariance; AUC, area under the concentration–time curve; AV, atrioventricular; bpm, beats per minute; BAF312,

1-(4-{1-[(E)-4-cyclohexyl-3-trifluoromethylbenzyloxyimino]-ethyl}-2-ethylbenzyl)-azetidine-3-carboxylic acid CI,

confidence interval; DA, Dark Agouti; EAE, experimental autoimmune encephalomyelitis; GIRK, G-protein-coupled

inwardly rectifying potassium; IQR, interquartile range; MS, multiple sclerosis; S1P, sphingosine 1-phosphate

Introduction

Sphingosine 1-phosphate (S1P) is a bioactive sphingolipid,

found in body fluids and tissues and it regulates lymphocyte

recirculation, cardiac function and a variety of other physi-

ological processes (Spiegel and Milstien, 2003; Brinkmann,

2007; Mutoh et al., 2012). Most effects of S1P are mediated

via five G-protein-coupled S1P receptor subtypes that are

differentially expressed on various cell types, including

lymphocytes and neural cells (Brinkmann, 2007). The

therapeutic potential of S1P receptor modulation has been

demonstrated using Gilenya™ (fingolimod), which has

shown nanomolar affinity as an agonist at four of the five S1P

receptors (S1P1, S1P3, S1P4 and S1P5; receptor nomenclature

follows Alexander et al., 2011) and acts as a functional

antagonist at S1P1 receptors, inducing receptor internaliza-

tion and rendering T and B cells insensitive to a signal

necessary for egress from secondary lymphoid tissues (Brink-

mann et al., 2002; Baumruker et al., 2007; Cohen et al., 2010;

Kappos et al., 2010). The anti-inflammatory effects of this

class of agents involve modulation of S1P1 receptors on lym-

phocytes such as T and B cells due to persistent ligand-

induced internalization of the receptor (Matloubian et al.,

2004). The internalization of S1P1 receptors renders these

cells unresponsive to S1P, depriving them of an obligatory

signal to egress from lymphoid organs and recirculate to the

periphery and the CNS (Matloubian et al., 2004; Cyster,

2005). Further immune cell functions have also been attrib-

uted to S1P1 receptor signalling, such as dendritic cell migra-

tion (Gollmann et al., 2008), human eosinophil chemotaxis

and selective in vivo recruitment (Roviezzo et al., 2004), as

well as mast cell degranulation and chemotaxis (Jolly et al.,

2004). These functions are, however, less well characterized

than the S1P1 receptor-mediated effects on T- and B-cell lym-

phocyte recirculation.

The existence of S1P receptors in the heart was first

reported by Bünemann et al. (1995) and the subsequent dem-

onstration that slowing of the sinoatrial node in rabbits was

dependent on S1P (Guo et al., 1999) strongly implied that S1P

was a naturally occurring regulator of heart rate (Peters and

Alewijnse, 2007). In isolated cultured atrial myocytes, S1P

activates muscarinic receptor-gated potassium channels.

These studies led to the conclusion that activation of these

ion channels by S1P is induced by binding to G-protein-

coupled S1P receptors, triggering a Pertussis toxin-sensitive

G-protein signalling cascade and resulting in the Gbg-

dependent activation of the muscarinic receptor-gated potas-

sium channels (Bünemann et al., 1995). Gene deletion

studies in mice further suggested that the transient decrease

in heart rate was mediated by activation of the G-protein-

coupled inwardly rectifying potassium (GIRK) channels

(Koyrakh et al., 2005). In mice, S1P3 receptors were largely

responsible for bradycardia (Forrest et al., 2004; Sanna et al.,

2004) and this finding prompted the search for S1P receptor

agonists devoid of S1P3 signalling (Gonzalez-Cabrera et al.,

2008). However, the effects on heart rate in humans of S1P3-

sparing S1P receptor modulators have not previously been

reported.

In our search for S1P1 receptor modulators that are devoid

of S1P3 receptor activity, we postulated that modifications of

the hydrophobic alkyl chain in fingolimod would allow

receptor sub-type selectivity. One aspect of this optimization

was to introduce greater rigidity by replacement of the n-octyl

moiety of fingolimod by a substituted benzyloxy oxime

moiety. Further optimization effort was focused on using

amino carboxylic acids to mimic the amino phosphate

moiety in the active metabolite of fingolimod. Interestingly,

analogues containing amino carboxylic acids generally

showed shorter elimination half-lives in vivo. This effort

led to the discovery of BAF312 (1-(4-{1-[(E)-4-cyclohexyl-

3 - trifluoromethylbenzyloxyimino]-ethyl } - 2 - ethylbenzyl ) -

azetidine-3-carboxylic acid) a selective modulator of S1P1 and

S1P5 receptors (Figure 1), allowing S1P1 receptor-dependent

modulation of lymphocyte traffic without producing S1P3

receptor-mediated effects.

BAF312 was furthermore designed to have a relatively

short elimination half-life that provides a rapid recovery of

blood lymphocyte counts on stopping treatment, but would

allow once-daily oral dosing. BAF312 has been developed for

the treatment of immune-mediated diseases, such as multiple

sclerosis (MS), where redistribution of lymphocytes to sec-

ondary lymphoid organs and reduced infiltration of autore-

active cells into the target tissue should contribute to

improvement of the disease.

Here, we present both preclinical and human phase I

clinical data to (i) profile the effects of BAF312 on S1P1 recep-

tors, resulting in reduction of peripheral lymphocyte counts

and its preclinical efficacy in rat experimental autoimmune

Figure 1
Chemical structure of BAF312.
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encephalomyelitis (EAE), a model for human MS; (ii) deter-

mine the effects of selective S1P1,5 receptor modulation by

BAF312 on human peripheral blood lymphocyte counts and

key leukocyte subsets; (iii) characterize the initial heart rate

effect due to S1P1,5 receptor modulation without concomitant

S1P3 receptor agonism and (iv) characterize the pharmacoki-

netic and initial safety profile of BAF312 in humans.

Methods

Animals
All animal care and experimental procedures for in vivo

studies were in accordance with the Austrian Law on Animal

Experimentation and the Novartis Animal Welfare Policy. All

studies involving animals are reported in accordance with the

ARRIVE guidelines for reporting experiments involving

animals (Kilkenny et al., 2010; McGrath et al, 2010). For EAE,

female Dark Agouti (DA) rats (200-250 g; total = 39) from

Harlan Winkelmann (Borchen, Germany) were kept under

standardized light- and climate-controlled conditions with

free access to food and water.

Receptors and cell lines
Stable cell lines expressing human S1P receptors were pre-

pared by transfecting cDNA encoding full-length S1P1, S1P2,

S1P3, S1P4, and S1P5 receptors in CHO cells (ATCC, catalogue

number: CCL-61). S1P1 and S1P3 receptors were constructed

with an N-terminal Myc tag (EQKLISEEDL), while S1P4 recep-

tor had a C-terminal Myc tag (EQKLISEEDL). cDNA for the 5

human receptors was amplified by polymerase chain reaction

(PCR) from human tissues (spleen, brain, lung) and

sequenced. After the insertion of the Myc tag, the final con-

structs were verified by DNA sequencing. Positive clones were

selected based on functional receptors as described by Pan

et al. (2006).

GTPgS-binding assay
The cells were homogenized and centrifuged at 26 900¥ g for

30 min at 4°C. Membranes were re-suspended in 20 mM

HEPES (pH 7.4), 100 mM NaCl, 10 mM MgCl2, 1 mM EDTA

and 0.1% fat-free BSA at 2–3 mg protein·mL-1. GTPg[35S]

binding assay was performed with the membranes (75 mg·

protein mL-1 in 50 mM HEPES, 100 mM NaCl, 10 mM MgCl2,

20 mg·mL-1 saponin and 0.1% fat-free BSA (pH 7.4),

5 mg·mL-1 with wheat-germ agglutinin-coated scintillation

proximity assay-bead (Amersham Biosciences, Little Chal-

font, Buckinghamshire, UK), and 10 mM GDP for 10–15 min.

The GTPg[35S]-binding reaction was started by the addition

of 200 pM GTPg[35S] (Amersham; >1000 Ci·mmol-1). After

120 min at room temperature, the plates were centrifuged for

10 min at 300 x g and counted with a TopCount instrument

(Packard Instruments, Meriden, CT, USA).

Agonist-mediated internalization of S1P1

receptors in CHO cells analysed by
flow cytometry
Myc-tag hS1P1 cells were incubated for 1 h with agonist at

37°C in standard culture medium followed by a PBS wash.

An aliquot was kept on ice for 3 h, while another aliquot

was left for 3 (or 12) h in culture medium (no agonist) at

37°C. The cells were then incubated either with 4 mg·mL-1

monoclonal mouse anti C-myc IgG1 (Roche Applied

Science, Mannheim, Germany) antibody or with isotype

control mouse IgG1 (Pharmingen, BD Biosciences, Basel,

Switzerland) for 60 min at 4°C, followed by an incubation

with 1 mg·mL-1 of Alexa488-labelled goat anti-mouse

secondary conjugates (Molecular Probes, Juro Supply,

Luzern, Switzerland). The cells were subjected to flow

cytometry measurements using 10 000 viable cells per

sample.

Electrophysiological recordings of GIRK
channels in human atrial myocytes
All samples of human tissue were obtained with full informed

consent and after ethical review in accordance with Tulane

University School of Medicine Institutional guidelines. Speci-

mens of adult human right atrial appendage obtained from

patients undergoing cardiopulmonary bypass surgery for the

treatment of coronary artery disease. All samples were

described as grossly normal in appearance and were obtained

from patients without atrial dilation or P wave abnormalities.

The procedures for the isolation of atrial myocytes have been

described by (Crumb et al., 1995). Currents were measured

using the whole-cell variant of the patch clamp method at a

temperature of 37 � 1°C. The external solution (bathing the

cell) had an ionic composition of 120 mM NaCl, 20 mM KCl,

2 mM CaCl2, 1 mM MgCl2, 11 mM dextrose and 10 mM

HEPES, adjusted to a pH of 7.4 with NaOH. The internal

(pipette) solution had an ionic composition of: 100 mM

potassium aspartate, 40 mM KCl, 5.0 mM magnesium ATP,

2.0 mM EGTA, 0.01 mM GTP-Tris, 10 mM HEPES, pH

adjusted to 7.2 with KOH. In each cell, GIRK current elicited

by rapid superfusion with 20 mM carbachol was measured by

a current pulse to -100 mV from a holding potential of

-90 mV. After a wash-out period, the test compound was

superfused until an apparent steady-state effect was observed.

Peak inward current induced by the test compound were

normalized to the peak amplitude of current evoked by

20 mM carbachol.

EAE induction, drug treatment, clinical
scoring and measurement of blood
lymphocyte counts
Induction of EAE in the DA rat was as previously described

(Lorentzen 1995, Adelmann 1995). Briefly, antigen was pre-

pared by homogenization of lyophilized bovine spinal cord

(19mg) in Arlacel A and DA rat brain (29mg) and spinal cord

(19mg) homogenized in saline. These two mixtures were then

added to an equal volume of complete Freund’s adjuvant

(CFA) containing 16.6mg/mL M. tuberculosis H37Ra antigen.

The total volume was then homogenized, to provide a con-

sistent and well mixed adjuvant with antigen. Rats were

immunized at 9 weeks of age, s.c. in the tail base with 200mL

of the antigen/adjuvant mix, while anaesthetized by iso-

fluorane (0.5% Forane in air; Abbott Laboratories, Vienna,

Austria). At the peak of the acute phase of disease, the animals

were equally distributed to the experimental groups based on
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their initial onset and severity of disease in order to ensure

consistency between each group: vehicle and BAF312 at 0.03,

0.3 and 3 mg kg-1. Dosing began at the peak of fully estab-

lished disease on day 11 after inoculation and continued

through to day 34. BAF312 was suspended in 1% aqueous

carboxy-methylcellulose (C-4888, Sigma Chemical Co, St

Louis, MO) and was administered orally once daily by gavage

at a volume of 5 mL·kg-1 body weight. The animals were

weighed and scored daily for neurological signs. The resultant

chronic disease was evaluated using a numeric scale of

progressive paralysis: 0, no paralysis; 1, loss of tail tonicity;

2, hind limb weakening or ataxia; 3, hind limb paralysis

with or without urinary incontinence; 4, hind limb and

fore limb paralysis/moribund; 5, death. DA rats with a

score of 4 were killed if weight loss indicated little chance of

recovery, in accordance with animal welfare standards. Mor-

tality due to killing or spontaneous EAE-related death was

recorded as a 4, which continued to be included in the clini-

cal assessment; body weight measurements were not carried

forward.

Human multiple-dose study
All subjects gave written informed consent before study par-

ticipation. The study was conducted through Parkway

Research Center Inc. (North Miami Beach, FL) after approval

by the local ethics committee. The study was a phase I,

randomized, parallel, double-blind, placebo-controlled,

time-lagged, ascending, multiple-dose, pharmacokinetic,

pharmacodynamic, safety and tolerability study of BAF312

in healthy subjects (n = 48), using a placebo control and five

ascending dose levels of BAF312 (0.3, 1, 2.5, 10 and 20 mg

BAF312). After a screening period of 21 days, treatment with

BAF312 or matching placebo was over 28 days followed by

a follow-up period of 14 (for cohorts 0.3, 1 and 2.5 mg) or

21 days (for cohorts 10 and 20 mg). The study population

comprised healthy male and non-childbearing potential

female subjects between the ages of 18 and 55 years of age

inclusive. A total of six subjects were discontinued from the

study, two of whom were discontinued due to severe

adverse events (AEs) deemed not to be related to study drug

by the principal investigator. These two subjects were

replaced.

The primary objective of the study was to evaluate the

safety and tolerability of once-daily, oral doses of BAF312 in

healthy volunteers. Secondary objectives included the char-

acterization of the once-daily, oral dose pharmacokinetics of

BAF312 and the measurement of the effect of once-daily, oral

dose BAF312 on lymphocyte counts, leukocyte subsets and

the lymphocyte recovery period.

AEs were recorded throughout the study. Heart rate was

assessed using 24 h Holter monitoring on days -1, 1, 2, 13

and 27. To ensure safety, telemetry was also utilized for real-

time monitoring. For pharmacodynamic assessments on

blood cells, 5 mL blood was collected into EDTA vacuum

tubes at screening, on days -1, 1, 3, 5, 7, 14, 21, 28, 35, 42 and

49 (only for cohorts 4 and 5). Absolute lymphocyte count

(ALC) and granulocytes were assessed as part of standard

haematology tests processed centrally through Laboratory

Corporation (Hollywood and Tampa, FL). Further leukocyte

subpopulations were measured in whole blood by flow

cytometry using the following fluorescent conjugated anti-

bodies (all from Becton-Dickinson & Co, Cockeysville, MD):

CD3-peridinin chlorophyll protein, CD4-phycoerythrin (PE),

CD8-allophycocyanin (APC), CD45RA-fluorescein isothiocy-

anate (FITC), CCR7-PE-Cyanin7 (Cy7), CD16-FITC, CD14-PE,

CD56-PECy7, CD19-FITC, CD138-APC, mouse-anti-human

lineage cocktail-FITC monoclonal antibody mix (Becton-

Dickinson # 340546), HLA-DR-APC and CD11c-PE. The anti-

body mixes were added to whole blood at the clinical site,

incubated for 30 min at room temperature in the dark

and fixed and frozen. After thawing, the samples were

washed and analysed with a FACS-Canto flow cytometer

(Becton-Dickinson).

Further assessments included routine clinical biochemis-

try and haematology laboratory tests, vital signs, standard

ECG evaluations, 24 h ambulatory blood pressure monitor-

ing (ABPM), pulmonary function tests (PFTs) and neurologi-

cal examinations (Mini Mental State Examination and trail-

making tests). Visual examinations included visual acuity

(Snellen score) and ocular coherence tomography performed

for both the right and left eyes.

Pharmacokinetic assay
For pharmacokinetic assessments in the phase I multiple

dose study, 2 mL blood was collected into EDTA tubes on

days 1, 2, 4, 6, 7, 8, 11, 14, 17, 20, 23, 26, 28, 29, 30, 32,

35, 38, 42 and 49. BAF312 was quantified in plasma using a

validated specific LC/MS/MS bioanalytical method for phar-

macokinetic assessments. The lower limit of quantitation

was 0.02 ng·mL-1 for 0.1 mL plasma. Pharmacokinetic

data analysis was conducted using a standard non-

compartmental approach, and parameters were derived

using WinNonlin Pro version 5.2 (Pharsight Corp, Moun-

tain View, CA).

Statistical analysis
For the chronic EAE studies, area under the concentration–

time curve (AUC) values of clinical grade scores were evalu-

ated during days 12–34. ANOVA was used to compare the AUC

data sets using PRISM version 3.0 (GraphPad Software, Inc,

San Diego, CA). Differences between groups were analysed

using post hoc Dunn’s multiple comparison test. For ALC and

heart rate in the phase I multiple-dose study, the maximum

attainable effect (Emax) was evaluated on pre-dose day -1 and

pre-specified post-dose days. Treatment effects and treatment

differences from the placebo group were analysed by analysis

of covariance (ANCOVA) and a linear mixed-effect model with

day -1-value as covariate, treatment and day as fixed effects,

and subject as random effect using Proc Mixed in SAS version

8.2 (SAS Institute, Cary, NC). To compare the effect of

BAF312 on different leukocyte subsets in the 10 mg dose

group, the fold decreases in cell counts compared with base-

line (baseline value divided by post-baseline measurement)

were assessed for each subset at the end of treatment (day 28)

and the end of study (day 49). The distributions of fold

changes for different leukocyte subsets were compared using

the one-sided Wilcoxon rank sum test. P < 0.05 was consid-

ered significant.
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Materials

BAF312 was synthesized by Novartis Pharma AG by the pro-

cedure of Pan et al., (2004) and was >99.8% pure. For the in

vitro assays, BAF312 was dissolved in DMSO, to give stock

solutions of 10 mM and stored at 4°C. Further dilutions for

immediate use were made in the respective assay dilution

buffers; the final concentration of DMSO in the assays did not

exceed 0.3%. For early clinical use, BAF312 was formulated as

drinking solution of a concentration of 0.5 mg·mL-1 BAF312

and oral capsules with dose strengths of 2.5 mg and 25 mg

(Novartis Pharma AG, Switzerland).

Results

BAF312 is a selective agonist at S1P1 and
S1P5 receptors and induces a profound and
long-lasting internalization of S1P1 receptors
The selectivity of BAF312 for receptor subtypes S1P1 and S1P5,

sparing activity on the S1P2, S1P3 and S1P4 receptors, was

demonstrated by measuring agonist efficacy in the GTPg[35S]-

binding assay. The half-maximal effective concentration

(EC50) values were in the sub-nanomolar range for S1P1 (0.39

� 0.07 nM) and S1P5 (0.98 � 0.43 nM) receptors, with Emax

levels of approximately 100% (full agonist) (Table 1). Selec-

tivity for S1P1 versus S1P2, S1P3, and S1P4 receptors was greater

than 1000-fold.

To investigate the nature of S1P1 receptor modulation, we

tested BAF312 on CHO cells over-expressing myc-tagged

human S1P1 receptors (Cyster, 2005; Mullershausen et al.,

2007; Marsolais and Rosen, 2009). Prominent internalization

of S1P1 receptors was promoted by BAF312 (Figure 2). Inter-

nalization of S1P1 receptors by 91 � 4% (mean � SD, four

independent experiments) was observed after incubation of

cells for 1 h at 1 mM, compared with partial internalization

(48 � 12%; 12 experiments) of these receptors induced by the

same concentration of S1P. When the incubation of cells with

BAF312 was followed by a 3 h incubation in the absence of

compound, still 87 � 0.5% (three experiments) of the S1P1

receptors was localized intracellularly compared with almost

complete return of the receptors to the cell surface after

exposure to the endogenous agonist S1P (9 � 9%; 6 experi-

ments). The surface expression of S1P1 receptors in cells

treated with BAF312 also remained low when they were incu-

bated for up to 12 h without compound (data not shown).

Table 1
Functional activity of BAF312 on human S1P receptors in the GTPg

[35S] binding assay

Receptor subtype EC50 (nM) � SD %Emax

S1P1 0.39 � 0.07 91 � 6

S1P2 >10 000 –

S1P3 >1 000 –

S1P4 750 � 487 90 � 9

S1P5 0.98 � 0.43 112 � 20

EC50 values (nM; mean � SD) and percentage of maximum

stimulation (%Emax) induced by BAF312 on human S1P1, S1P2,

S1P3, S1P4 and S1P5 receptors.

Figure 2
Internalization of human S1P1 receptors by S1P and BAF312. (A) Schematic representation of the internalization assay. The extent of surface

expression of myc-tagged S1P1 receptors before and after incubation of the cells with compounds is determined by flow cytometry (FCM) using

an anti-myc-epitope antibody. A reduction in fluorescence indicates disappearance of the receptor from the surface of the cell. (B) Representative

experiment showing internalization of myc-tagged human S1P1 receptors in CHO cells mediated by 1 mM S1P or 1 mM BAF312 after a 1 h

incubation, and after a 1 h incubation and a 3 h wash.

BJPBAF312: translation from preclinical to clinical

British Journal of Pharmacology (2012) 167 1035–1047 1039



Lower concentrations of BAF312 of 100 and 10 nM still

induced 99 � 3% (2 experiments) and 86 � 4% (2 experi-

ments) internalization, respectively, after a 1 h incubation.

BAF312 suppresses ongoing disease symptoms
in rat EAE
The model of chronic EAE in DA rats immunized with spinal

cord homogenate was used to test the therapeutic efficacy of

BAF312. Vehicle-treated animals developed an ascending and

protracted disease starting on day 7 after immunization

(Figure 3A), which was clinically characterized by progressive

paraplegia and weight loss. Therapeutic intervention with

BAF312, starting on day 11 at the peak of clinical symptoms,

significantly suppressed established neurological deficits

compared with sustained disease in the vehicle control group

during the 24 day treatment period. Daily oral dosing with

0.3 or 3 mg·kg-1 of BAF312 resulted in a significant reduction

of disease scores (AUC from days 12 to 34) compared with

vehicle-treated control animals (Figure 3B), while the

0.03 mg·kg-1 dose had a borderline effect.

BAF312 activates the GIRK channel in
atrial myocytes
GIRK activation has been identified as the mechanism by

which fingolimod reduces heart rate in mice (Koyrakh et al.,

2005). To investigate whether the S1P1,5-selective modulator

BAF312 would still have a potential to induce a transient

decrease in heart rate, GIRK activation in human atrial

myocytes was measured. As indicated in Figure 4, BAF312

concentration-dependently increased GIRK current ampli-

tude with an EC50 of 15.8 nM, reaching approximately 80% of

the carbachol-induced maximal current activation. In the

same assay, the endogenous agonist, S1P, was approximately

8 times more potent than BAF312 in activating GIRK current

(EC50 = 1.9 nM).

Dose-dependent reduction of peripheral
absolute lymphocyte counts by BAF312
in humans
BAF312 was tested in a phase I, randomized, double-blind,

placebo-controlled trial in healthy subjects. BAF312 or

placebo was administered once daily, for 28 days, to 48
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Figure 3
BAF312 suppresses ongoing disease symptoms in rat EAE. (A) EAE was induced and clinical disease was evaluated, the treatment period is indicated

by the arrow (days 11–34 after immunization). Vehicle treatment group (n = 12, one moribund on day 20) and three treatment groups dosed

with BAF312 (0.03, n = 7, one moribund on day 15, 0.3, n = 9, and 3 mg·kg-1, n = 9) are shown. BAF312 dose-dependently reduced clinical disease

scores of established disease. (B) AUC of the disease scores during the treatment period (days 12–34); statistical significance in Dunn’s multiple

comparison test of BAF312 dosing groups versus vehicle-treated group. **P � 0.01, ***P � 0.001.

Figure 4
BAF312 activates human atrial myocytes via S1P1. Effects of BAF312

and for comparison S1P on GIRK current recorded from acutely

isolated human atrial myocytes. Symbols are mean � SEM (n = 4).

Values were normalized to the current increase evoked by 20 mM

carbachol.
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subjects in five cohorts at the dose levels of 0.3, 1, 2.5, 10 and

20 mg. Six subjects per dose group received BAF312 and two

subjects per dose group received placebo in the first three

(0.3, 1 and 2.5 mg) cohorts, whereas nine subjects per dose

group received BAF312 and three subjects per dose group

received placebo in the last two (10 and 20 mg) cohorts. On

day 1, the absolute lymphocyte count (ALC) declined with

the maximal reduction observed at approximately 4–6 h post

dose (Figure 5). Changes in ALC showed a dose-dependent

decline for the BAF312 doses of 0.3 to 10 mg and maximal

reduction was maintained throughout the 28 days of treat-

ment. ANCOVA, adjusted by baseline %Emax, showed that the

differences in mean %Emax of BAF312 and placebo [with 90%

confidence intervals (CIs)] were 32.8% (20.5–45.1), 61.6%

(49.2–74.0), 56.7% (44.2–69.2), 74.6% (63.7–85.5) and 76.1%

(64.9–87.3) for the 0.3, 1, 2.5, 10 and 20 mg dose groups

respectively. Significant reductions in ALC reflected the phar-

macodynamic effect of BAF312 and were not associated with

any AEs.

After treatment had been stopped on day 28, ALC

returned to the normal range (1.0–3.5 ¥ 103·mL-1) by day 35

for the dose groups 0.3–10 mg (Figure 5). A pharmacokinetic/

pharmacodynamic analysis was performed to characterize the

relationship between BAF312 plasma concentrations and

changes in ALC over time in healthy subjects (data not

shown). This model predicted that after stopping dosing at

steady state, the average time to reach the lower limit of the

normal ALC range (1.0 ¥ 103·mL-1) is approximately 24 and

123 h (1 and 5.1 day) for the doses of 1 and 10 mg respec-

tively. Recovery to baseline (day -1) levels of ALC was

observed at the end of the study (day 49) for all except the

20 mg cohort, which showed a clear trend towards returning

to baseline.

The effect of BAF312 on various leukocyte subsets, as

estimated in the 10 mg dose group by the fold decrease in

absolute count from baseline to the end-of-treatment values,

was different for each subset (Figure 6). Little or no effect was

seen for monocytes. In contrast, a strong reduction in cell

counts was observed for both B and T cells, with more pro-

nounced effect on CD4+ T cells [median fold decrease: 22.8

with interquartile range (IQR): 16.42–26.65] compared with

CD8+ T cells [median fold decrease: 5.9; (IQR 4.3–6.1); P =

0.0003]. As shown in Figure 6, the effect of BAF312 on the

CD4+ and CD8+ T-cell subtypes showed a consistent pattern of

response strength in the following order (with median fold

decreases): naïve T cells [for CD4+: 291.5 (IQR 143.9–320.3);

for CD8+: 101.4 (IQR 68.9–2.7)] > central memory T cells

[CD4+ TCM: 136.3 (IQR 119.3–150.7); CD8+ TCM: 44.9 (IQR

23.6–75.7)] > peripheral effector memory T cells [for CD4+

TPEM: 8.2 (IQR 6.2–13.1); for CD8+ TPEM: 3.3 IQR 2.7–4.8]. Three

weeks after discontinuation of BAF312 therapy, all cell counts

returned to baseline levels (data not shown).

Figure 5
Mean changes in ALC after multiple daily doses of BAF312 in healthy subjects. Mean peripheral ALC trajectories are shown over the run-in (day

-1), treatment phase (days 1–28) and during the follow-up period (until day 49) in subjects receiving placebo, 0.3, 1, 2.5, 10 and 20 mg·day-1

BAF312. End of study (EOS) is day 42 for cohorts 0.3, 1 and 2.5 mg, and day 49 for cohorts 10 and 20 mg. The normal range of ALC is indicated

by dotted lines.
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In humans, BAF312 induces maximal heart
rate reductions at 2 h after the first dose, but
these are not observed during continued
once-daily oral dosing
GIRK current activation induced by BAF312 in atrial myo-

cytes suggested that heart rate effects may also be demon-

strated in humans by BAF312 despite its selectivity for S1P1

and S1P5 receptors. Indeed, a transient, dose-dependent

decrease in mean ventricular heart rate was observed on day

1, with a maximum decrease at ~2 h post dose for all (0.3–

20 mg) doses in the phase I clinical trial (Figure 7). The

maximum effect reached a plateau at the 10 mg dose of

BAF312 on day 1 of treatment. For the two highest dose

groups, BAF312 10 and 20 mg, the mean heart rate reduction

from time-matched day -1 reached its maximum at 2 h post

dose of day 1, approximately 24 � 6 beats per minute (bpm)

and 29 � 10 bpm respectively. The decrease in mean Emax0-24

(bpm; [90% CI]) on day 1 in the BAF312-treated groups as

compared with the placebo group on the same visit day, with

the exception of the lowest 0.3 mg dose group (-0.92 [-4.70

to 2.86]) was significant in the 1 mg (-6.41 [-10.39 to -2.42]),

2.5 mg (-5.44 [-9.06 to -1.81]), 10 mg (-13.88 [-17.21 to

-10.56]) and 20 mg (14.22 [-17.58 to -10.86]) dose groups.

These transient, dose-dependent reductions in heart rate on

day 1 were clearly due to BAF312 whereas other sporadic,

non-dose-dependent decreases and increases in heart rate

were also noted on days 2, 3 and 27 (data not shown), which

could rather be attributed to physiological variability. All

changes in heart rate described above were asymptomatic.

In total, six subjects (three in the placebo and three in the

active groups) were found on at least one occasion to have an

asymptomatic second degree atrioventricular (AV) block that,

in the placebo group, occurred sporadically on days -1, 2 and

Figure 6
Effect of BAF312 on different leukocyte subsets after multiple daily doses of 10 mg BAF312 in healthy subjects. Fold decreases in the absolute

peripheral counts are shown for different leukocyte subsets including (A) CD14+ monocytes, CD19+ B cells, CD3+, CD4+, CD8+ T cells as well

as (B) naïve T cells, central memory T cells (TCM) and peripheral effector memory T cells (TPEM) of both CD4+ and CD8+ cells in individual subjects

treated with 10 mg BAF312 for 28 days. Baseline values were divided by end of treatment (day 28) values. Grey bars represent median values.

The effect of BAF312 estimated by the difference in fold decreases in ALC was more pronounced on CD4+ T cells than on CD8+ T cells (*P =
0.0003). The difference in fold decreases between TCM and TPEM was significant for both CD4+ and CD8+ T cells (**P < 0.0004). The difference

between naïve T and TCM cells was marginally significant (***P = 0.04) for CD4+ T cells and not significant (P = 0.22) for CD8+ cells.
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27; whereas in the active group, each occurred on day 1

reflecting bradyarrhythmic effects of BAF312. All of the

second degree AV blocks were considered by the investigator

to be benign and not clinically significant, as the duration of

these events was short and the conduction disturbances were

not continuous. No Mobitz type 2, second degree or higher

AV block occurred in the trial.

BAF312 has a favourable pharmacokinetic
and initial safety profile that allows the
wash-out of the compound within a week
In humans, BAF312 steady-state concentrations were

achieved following approximately 6 days of multiple once-

daily administration. Following once-daily administration

over 28 days, the mean accumulation ratio was in the range

of 1.9–2.7 (Table 2). Over a dose range of 0.3 to 20 mg, the

pharmacokinetics of BAF312 appeared to increase propor-

tionally with the dose. The effective elimination half-life

based on drug accumulation at steady state (Boxenbaum and

Battle, 1995) was 22–38 h (mean 30 h). A complete wash-out

of the compound (defined as five effective half-lives) follow-

ing treatment discontinuation is expected to take 6.3 days

(150 h based on a 30 h half-life), which is consistent with the

time needed for recovery of lymphocyte counts following last

BAF312 dose administration.

BAF312 was well tolerated, demonstrating a favourable

safety profile for standard and special safety assessments

including routine clinical biochemistry and haematology

laboratory tests, vital signs, standard ECG evaluations, ABPM,

telemetry, Holter monitoring and neurological exams.

As degradation of the S1P1 receptors was shown to lead to

vascular leak in mice (Oo et al., 2011) and as macular oedema

has been described as an AE for S1P receptor modulators in

clinical studies (Cohen et al., 2010; Kappos et al., 2010), thor-

ough visual examinations were performed. There were no

notable changes found in the visual acuity scores over treat-

ment days regardless of the dose of BAF312. Ocular coherence

tomography showed no signs of macular oedema in the

study.

In the pulmonary function tests, mild to moderate, sta-

tistically significant decreases were noted in the BAF312 treat-

ment groups compared with placebo (data not shown);

however, the magnitude of these changes seemed not to be

related to dose and day in any treatment groups. Importantly,

these changes in pulmonary function did not result in any

AEs or clinical symptoms related to bronchoconstriction or

dyspnoea.

There were no serious AEs in this trial. All AEs were mild

or moderate in severity, except for those in two subjects who

were excluded from the study due to severe, non-study drug-

related AEs. One of these two subjects received a non-

authorized massage therapy resulting in very high serum

levels of creatine kinase and aminotransaminases, which

interfered with the conduct of the study. The other excluded

subject had had a preexisting neurological disorder that was

hidden at screening but became apparent during the study.

There were a total of 53 AEs reported in 26 (52%) subjects.

AEs were experienced by three subjects in each of the 0.3 and

1 mg dose groups, four subjects in the 2.5 mg dose group, six

subjects in each of the 10 and 20 mg dose groups, and four

subjects in the placebo group. Of note, bradycardia as an AE

Figure 7
Mean changes in ventricular heart rate after multiple daily doses of BAF312 in healthy subjects. Mean supine heart rate during day -1, day 1 (first

dosing day) and day 2 is shown in subjects receiving placebo, 0.3, 1, 2.5, 10 and 20 mg·day-1 BAF312.
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was not reported for any of the subjects despite significant

decreases in heart rate as these events were asymptomatic and

judged as not clinically relevant by the investigator. The most

frequently affected system organ class, which involved �5%

of subjects, included nervous system disorders (16 subjects,

32%), investigations of clinically significant laboratory eleva-

tions (9 subjects, 18%), gastrointestinal disorders (5 subjects,

10%) and musculoskeletal and connective tissue disorders

(3 subjects, 6%). The AEs reported by �5% of subjects were

headache (14 subjects, 28%) and dizziness (3 subjects, 6%).

Laboratory variables had sporadic out-of-range values but did

not show an overall trend. Elevations in alanine aminotrans-

ferase level, however, occurred most frequently in subjects

in the BAF312 20 mg dose group suggesting a dose–effect

relationship.

Discussion and conclusions

The present findings in this paper characterize, to our knowl-

edge for the first time, human data of lymphocyte and heart

rate effects of a selective modulator of both S1P1 and S1P5

receptors. Interestingly, the lack of activity on S1P3 receptors

and related cardiac effects seen in mice did not translate into

humans, as treatment with BAF312 caused GIRK channel

activation in human atrial myocytes and bradycardia in

healthy subjects. The rapid attenuation of heart rate effects

and the short elimination half-life, allowing both once-daily

dosing and a potential for short compound wash-out, taken

together with the initial human safety data, suggest a unique

pharmacological profile, which may provide clinically rel-

evant advantages over other compounds.

The decline in ALC in peripheral blood after application

of BAF312 in human studies was observed at concentrations

that caused long-lasting S1P1 receptor internalization. S1P1

receptors regulate lymphocyte egress from the thymus and

lymph nodes by inducing a chemotactic response towards its

natural ligand S1P (Fujino et al., 2003; Matloubian et al.,

2004). This suggests that BAF312-treated T and B lym-

phocytes, lacking significant surface expression of S1P1 recep-

tors and failing to respond to S1P, are retained within the

thymus and lymph nodes. The preclinical efficacy of BAF312

in the EAE model can, to a large extent, be explained by

reduced recirculation of autoreactive lymphocytes and pre-

vention of their infiltration into the CNS (Fujino et al., 2003;

Balatoni et al., 2007).

BAF312 effects in healthy volunteers were more pro-

nounced for CD4+ than for CD8+ T cells, and preferential

decreases in lymphocyte counts were noted for CD4+-naïve

and CD4+ central memory (CCR7+) T cells (TCM), whereas

CD4+ peripheral effector memory (CCR7-) T (TPEM) cells were

affected to a much lesser extent. TCM are known to be

involved in recall responses in secondary lymphoid organs,

whereas TPEM are present primarily in peripheral tissues and

Table 2
Main pharmacokinetic parameters after multiple dose administration of BAF312 to healthy subjects under fasted conditions over 28 days

Pharmacokinetic

parameterA

Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5

0.3 mg·day-1 1 mg·day-1 2.5 mg·day-1 10 mg·day-1 20 mg·day-1

Day 1

N n = 6 n = 6 n = 7 n = 9 n = 9

Tmax (h)B 3.00 (3.00–6.00) 4.50 (2.00–8.00) 3.00 (3.00–6.00) 3.00 (2.00–6.00) 4.00 (3.00–8.00)

Cmax (ng·mL-1)C 2.13 [13] 8.01 [6] 17.4 [88] 84.1 [11] 162 [20]

AUC0–24 h (h*ng·mL-1)D 36.2 [10] 136 [8] 293 [85] 1370 [11] 2740 [14]

Day 28

n n = 6 n = 6 n = 5 n = 9 n = 8

Tmax,ss (h)B 3.50 (3.00–12.00) 3.00 (2.00–8.00) 4.00 (3.00–8.00) 3.00 (2.00–6.00) 3.00 (3.00–4.00)

Cmax,ss (ng·mL-1)C 5.31 [16] 14.9 [10] 38.3 [37] 147 [24] 359 [17]

AUCt (h*ng·mL-1)C 97.9 [19] 282 [16] 692 [45] 2580 [24] 6370 [23]

Cavg, ss (ng·mL-1)C 4.08 [19] 11.7 [16] 28.8 [45] 107 [24] 265 [23]

Cmin,ss (ng·mL-1)C 2.83 [27] 7.74 [20] 15.2 [120] 70.6 [29] 166 (88.0)D

Effective T1/2(h)C,E 36.2 [19] 25.2 [12] 36.3 [47] 21.9 [19] 28.8 [23]

Racc
C 2.71 [19] 2.07 [12] 2.72 [47] 1.88 [19] 2.28 [23]

AAbbreviations and definitions for pharmacokinetic parameters: Tmax,ss: the time to reach maximum (peak) concentration following drug

administration at steady state; Cmax,ss: the maximum (peak) observed steady-state drug concentration in the plasma during multiple dosing;

AUCt: area under curve during a dosing interval (t) at steady state; Cavg,ss: the mean observed steady-state drug concentration in the plasma

during multiple dosing; Cmin,ss: minimum (trough) observed steady-state drug concentration in the plasma during multiple dosing; T1/2:

elimination half-life associated with the terminal slope (lz) of a semilogarithmic concentration-time curve; Racc: accumulation ratio.
BMedian (min-max).
CGeometric mean [%CV geo mean].
DArithmetic mean (SD).
EEffective elimination half-life based on drug accumulation at steady-state (Boxenbaum and Battle, 1995).
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are endowed with immediate effector functions (Sallusto and

Lanzavecchia, 2009). However, the exact role of these T-cell

subsets in the pathogenesis of human autoimmune diseases

such as MS is unclear at present. Similar to our findings in

healthy individuals, recent data in MS patients demonstrated

that a therapeutic dose of fingolimod reduced peripheral

naïve T cells and TCM, but not TPEM, in blood without affecting

T-cell function (Mehling et al., 2008). As T cells and TCM

express the homing receptor CCR7 and recirculate through

secondary lymphoid tissues on a regular basis, these subtypes

are particularly susceptible to being trapped in the lymph

nodes by S1P1 receptor modulation. Similar results were

recently reported for the S1P1 agonist, ponesimod, which

shows 10- and 20-fold selectivity of S1P1 versus S1P5 (partial

agonist) and S1P3 (full agonist) receptors, respectively. Ponesi-

mod reduced ab T cells, B cells, and gd T cells, but not natural

killer (NK) cells and monocytes in rats (Piali et al., 2011). The

link between efficacy in MS and the effects of an S1P1 receptor

modulator on different lymphocyte subsets still needs to be

established.

Elimination of S1P receptor-induced heart rate reduction

in S1P3 receptor knockout mice (Forrest et al., 2004; Sanna

et al., 2004) led to the conclusion that eliminating activity of

S1P3 receptors would help to avoid transient bradycardia

effects. Evidence for S1P3 receptor-mediated activation of

GIRK by S1P in human atrial cardiomyocytes (Himmel et al.,

2000) seemed to support the relevant role of S1P3 receptors in

mediating heart rate reductions. Our in vitro data demon-

strated that the S1P1,5 receptor-selective agonist BAF312 also

activated GIRK channels in human atrial myocytes, provid-

ing a possible cellular mechanism for, and indicating species-

dependence of bradycardia.

The transient, dose-dependent bradycardia observed in

healthy volunteers treated with BAF312 in our clinical trial

demonstrated a dominant role of S1P1 receptors in mediating

cardiac effects in humans. The rapid onset (reaching a

maximum at 2 h post dose) on day 1, and the minimal or lack

of heart rate reduction after dosing on day 2 demonstrate that

desensitization to the heart rate-reducing effects of BAF312

develops quickly suggesting a unique pharmacological profile

of BAF312. The profound and long-lasting internalization of

S1P1 receptors induced by BAF312 and following receptor

degradation, preventing further activation of GIRK channels,

may be one of the mechanisms for this desensitization effect.

The data from the multiple ascending-dose study with

BAF312 demonstrated good safety and tolerability in

humans. Reversible, and in most cases clinically non-

significant, liver function test elevations observed mainly at

higher doses of BAF312 are in line with studies with another

S1P receptor modulator, fingolimod, where similar elevations

in liver enzyme levels were shown (Kappos et al., 2010). No

increase in incidence of infection was seen in healthy volun-

teers, also in line with findings from the fingolimod Phase III

FREEDOMS study (Kappos et al., 2010). The pharmacokinetic

profile with a clinically relevant half-life of approximately

30 h supports once-daily administration and allows the com-

plete wash-out of the compound within a week. In line with

these findings, a relatively rapid recovery of the peripheral

lymphocyte counts was seen, returning to the normal range

within a week. In cases where fast lymphocyte recovery is

desirable (e.g. during infections), this feature may be of con-

siderable clinical benefit. Of note, the reversible lymphocyte

redistribution, without destruction, to secondary lymphoid

organs by BAF312 is distinct from the cytotoxic effects of

several immunosuppressive agents (Gergely, 1999).

Overall, our findings suggest previously unknown species-

specific responses to S1P1 receptor signalling on heart rate

and a differentiated pharmacological profile of BAF312

regarding heart rate effects and lymphocyte recovery. Based

on its efficacy in the EAE model and its capability of signifi-

cantly modulating human T-cell and B-cell distribution,

BAF312 was recently tested in a phase II clinical trial as an

oral formulation for relapsing-remitting MS. Other chronic

inflammatory diseases characterized by infiltration of autore-

active lymphocytes in specific target tissues may also serve as

diseases that may benefit from the use of S1P receptor modu-

lators such as BAF312.
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