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ABSTRACT
Objectives: SLE is an autoimmune disease
characterised by aberrant lymphocyte activation and
autoantibody production. This study provides an in-
depth preclinical and clinical characterisation of the
treatment effect of cenerimod, a sphingosine-1-
phosphate receptor type 1 (S1P1) modulator, in SLE.
Methods: Cenerimod effect on lymphocyte numbers,
organ pathology, inflammation, and survival was
evaluated in the MRL/lpr lupus mouse model.
Lymphocytes from healthy subjects and patients with
SLE were assessed for cenerimod-induced
S1P1 receptor internalisation. Lymphocyte subsets and
inflammatory biomarkers were characterised in a 12-
week phase 2 clinical study (NCT-02472795), where
patients with SLE were treated with multiple doses of
cenerimod or placebo.
Results: In MRL/lpr mice treated with cenerimod,
blood lymphocytes were reduced, leading to reduced
immune infiltrates into tissue, and decreased tissue
pathology, proteinuria, and inflammation, resulting in
increased survival. Cenerimod was potent and
efficacious in inducing S1P1 receptor internalisation in
lymphocytes in both healthy subjects and patients with
SLE. In patients with SLE, 12-week cenerimod
treatment resulted in a dose-dependent reduction of
blood lymphocytes, antibody-secreting cells (ASC), and
plasma IFN-α.

Conclusion: Cenerimod significantly ameliorated
systemic and organ-specific pathology and
inflammation in a mouse model of SLE. In lymphocytes
from patients with SLE, the S1P1 receptor remained
functional despite concomitant background medication.
The preclinical lymphocyte reduction translated to
patients with SLE and resulted in the normalisation of
ASC and the reduction of IFN-associated biomarkers.
The efficacy and safety of cenerimod is being further
investigated in a long-term clinical study in patients
with SLE (CARE; NCT-03742037).

INTRODUCTION
Both B and T lymphocytes have been impli-
cated in playing a major role in the pathogen-
esis of systemic lupus erythematosus (SLE),
a complex and heterogeneous autoimmune
disease of unknown aetiology, characterised
by the production of high titres of pathogenic
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Key messages

What is already known about this subject?
► Sphingosine-1-phosphate (S1P)-dependent

chemotaxis is a key mechanism of regulating B and
T lymphocyte egress from secondary lymphoid organs
into the lymphatic and vascular circulation
contributing to autoimmune disease pathogenesis.

► S1P receptor modulators are approved for the
treatment of relapsing-remitting and secondary
progressive multiple sclerosis.

What does this study add?
► Cenerimod, a novel potent and selective

S1P1 receptor modulator, showed significant
efficacy in the MRL/lpr mouse model of SLE;
specifically, by reducing blood B and
T lymphocytes, cenerimod treatment reduced
proteinuria and tissue pathology, and controlled
systemic and local inflammation resulting in
increased survival.

► In patients with SLE, cenerimod treatment reduced
blood B and T lymphocytes, normalised blood
antibody-secreting cell numbers, and reduced IFN-
associated biomarkers.

How might this impact on clinical practice?
► This study supports the further development of

cenerimod in SLE where this treatment strategy
may provide benefit to patients with SLE.
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autoantibodies, infiltrating lymphocytes and tissue
damage across multiple organ systems.1

In SLE, T lymphocytes orchestrate pathogenesis by
directly driving organ damage and additionally by support-
ing B lymphocyte activation and proliferation, thus
enabling the maturation of autoantibody-producing
B lymphocytes, so-called antibody-secreting cells (ASC).
ASC represent proliferative plasmablasts and plasma cells
which are the predominant effector B lymphocytes in
pathogenic conditions of autoimmunity.2 3 Increased
numbers of ASC correlate with various aspects of disease
activity in patients with active SLE.4–6

Concomitant to the changes in immune lymphocyte
populations observed in patients with SLE, the inflam-
matory environment in SLE is reminiscent of
a chronic interferon (IFN)-driven immune response
associated with viral infections. These include sus-
tained expression of type I IFNs, often referred to as
the ‘IFN signature’,7–9 and an increase in IFN-
responsive chemokines such as CXCL9 and CXCL10.
Additionally, increases in modulators associated with
SLE pathology such as interleukin6 (IL-6) and tumor-
necrosis factor (TNF) exacerbate the inflammatory
environment in SLE.10

One key aspect of the inextricable network between
immune lymphocytes and the inflammatory environ-
ment is the interaction between lymphocytes and
chemokine gradients, underlying the tightly con-
trolled process of immune lymphocyte migration,
which is fundamental in driving an adaptive immune
response. The sphingosine-1-phosphate (S1P) chemo-
tactic gradient is the predominant factor for lympho-
cyte egress out of peripheral lymphoid organs into
the lymphatic and vascular circulation via S1P/S1P1

receptor engagement on B and T lymphocytes.11

S1P1 receptor modulators are approved to treat mul-
tiple sclerosis and have shown clinical benefit in
other diseases, providing evidence that this mode of
action is of importance in autoimmune
conditions.12–14

Therefore, cenerimod, a novel potent, selective and
orally active S1P1 receptor modulator15 was evaluated
for efficacy in the MRL/lpr mouse model of SLE and
clinically in patients with SLE.

MATERIALS AND METHODS
Details of materials and methods are available in online
supplemental section.

RESULTS
Cenerimod reduces circulating and organ-infiltrating
lymphocytes, decreases proteinuria and increases survival in
the MRL/lpr mouse model of SLE
The MRL/lpr lupus mouse model reflects autoimmu-
nity and organ pathology associated with SLE16 and
was therefore used to evaluate the preclinical efficacy

of cenerimod. Seven-week-old MRL/lpr mice, an age
at which B cell abnormalities are already
detectable,17 were treated with vehicle or cenerimod
food admix (figure 1A). At treatment week 11, 6/20
mice in the vehicle group had died, achieving the
predefined endpoint of at least 20% morbidity/mor-
tality in one group. At this time point, all cenerimod-
treated mice were still alive (figure 1B). Analysis of
cenerimod-treated animals revealed a significant
decrease of peripheral CD19+ B lymphocytes
(−78.9%), and CD4+ (−98.9%) and CD8+ (−90.4%)
T lymphocytes when compared with vehicle control
(figure 1C).
Brain and kidney pathology are commonly associated

with severe complications in patients with SLE,10 aspects
of which can be addressed in the MRL/lpr model. In the
brain, cenerimod treatment led to a significant reduction of
T cell infiltrates (figure 1D) and total IgG (figure 1E).
Incidence of brain pathology was significantly decreased
in cenerimod-treated (20%) compared with vehicle-
treated mice (71%) (figure 1F), displaying reduced lym-
phocyte infiltrate in the choroid plexus and tela choroidea
(figure 1G).
In the kidney, a significant reduction of T cell infiltrates

(figure 1H) and a 25% decrease in kidney weight (online
supplemental figure 1, p<0.0001) was observed in cener-
imod-treated compared with vehicle-treatedmice. Impor-
tantly, the decrease in urine albumin/creatinine ratio
(figure 1I) was associated with reduced kidney pathology.
The severity of histological damage (membranoprolifera-
tive glomerulonephritis associated with chronic tubulo-
interstitial nephritis and pyelitis) was significantly lower
in the cenerimod-treated group (median severity score of
1.0; IQR: 1.0–2.0) when compared with vehicle (median
severity score of 2.5; IQR: 1.0–3.25) (figure 1J,K).

Cenerimod suppresses the systemic and local inflammatory
environment in the MRL/lpr mouse model of SLE
Cenerimod treatment significantly reduced plasma anti-
dsDNA and immunoglobulin (Ig) levels (figure 2A), and
plasma IFN-associated, proinflammatory-associated and
B cell-associated biomarkers (figure 2B). Importantly,
the systemic effect of cenerimod was reflected in
a statistically significant reduction of several of these dis-
ease relevant biomarkers in the brain (figure 2C).
In summary, cenerimod showed a consistent and pro-

nounced suppression of the inflammatory environment
in the MRL/lpr mouse model both systemically (figure
2D) and locally in brain tissue (figure 2E).

B and T lymphocytes in both healthy subjects and patients with
SLE are responsive to cenerimod in vitro
In a non-interventional exploratory study of 10 healthy
subjects and 10 patients with SLE (figure 3A), leucocyte
populations were quantified (online supplemental figure
2A). Patients with SLE had decreased T lymphocytes,
specifically central memory CD4+ and CD8+ T cells
(online supplemental figure 2B), and plasmacytoid
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Figure 1 Cenerimod reduces circulating and organ-infiltrating lymphocytes, decreases proteinuria and increases survival in the
MRL/lpr mouse model of SLE. (A) Lupus study design in MRL/lpr female mice; mice were 7 weeks of age at treatment start
(treatment week 1). Study was predefined to end when at least 20% morbidity/mortality was reached in one group, which
was attained at treatment week 11. (B) Survival curve of vehicle-treated (n=20) versus cenerimod-treated (n=20) mice;
Mantle–Cox test for comparisons between groups. (C) Blood B and T lymphocyte counts were quantified at end of
treatment by flow cytometry (treatment week 11). Frequencies represent the specified lymphocyte subset decrease in the
cenerimod- versus vehicle-treated group (median). (D) The total number of CD3+ T lymphocyte area (mm2) normalised
against the total tissue area in the choroid plexus area of two brain levels was quantified using immunofluorescence
analysis. (E) Total IgG in the brain was measured by ELISA. (F) Histopathological grade of lymphocyte infiltration in the right
half brain of individual mice. The severity of lesions was graded using a 5-degree system: 0=normal, 1=minimal (focal cell
infiltration), 2=slight (multifocal cell infiltration), 3=moderate, 4=marked and 5=severe. (G) Representative H&E sections
from the right half brain morphologically assessed by bright field microscopy; lymphocyte infiltration in the tela choroidea
(asterisk); scale bars=100 µm; objective 10×. (H) The total number of CD3+ T lymphocyte area (mm2) normalised against the
total tissue area from a representative kidney section was quantified using immunofluorescence analysis. (I) Ratio of urine
albumin to urine creatinine at treatment week 10. (J) Histopathological grade of nephritis in the right kidney of individual
mice. The severity of lesions was graded using a 5-degree system: 0=normal (maximum inflammatory cell focus within the
murine background), 1=minimal (pyelitis), 2=slight (tubulo-interstitial nephritis), 3=moderate (multifocal membranoproli-
ferative glomerulonephritis (MPGN)), 4=marked (diffuse MPGN), and 5=severe. (K) Representative H&E sections from the
kidney morphologically assessed by bright field microscopy; membranoproliferative glomerulonephritis (arrowhead) and
chronic tubulo-interstitial nephritis (star); scale bars=50 µm; objective 20×. Each data point represents the measurement of
individual mice; box and whisker plots, the whiskers indicate the minimum and maximum range; p values are shown when
statically significant (Mann–Whitney test). SLE,systemic lupus erythematosus.
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dendritic cells compared with healthy subjects while
other populations including B lymphocytes were
unchanged (online supplemental figure 2A).
Blood B (CD19+) and T lymphocytes (CD4+ and CD8+)

were isolated and analysed for surface expression of S1P1

receptor using flow cytometry (online supplemental
figure 2C). Mean surface expression of the S1P1 receptor
was similar in healthy subjects and patients, and expres-
sion was threefold higher in B compared with
T lymphocytes in all individuals (figure 3B). In vitro,

Figure 2 Cenerimod suppresses the systemic and local inflammatory environment in the MRL/lpr mouse model of SLE. Disease
relevant biomarkers in plasma and brain were measured at end of treatment (treatment week 11). (A) Plasma anti-double-
stranded DNA (anti-dsDNA), plasma IgA and IgG2a antibody titres were measured with ELISA. (B, C) Biomarkers measured
in plasma (B) and brain (C) representing IFN-associated (IFN-α, Galectin-9, CXCL9, CXCL10), inflammatory (TNF-α, IL-6)
and B cell-associated biomarkers (B cell-activating factor (BAFF) and IL-10) using ELISA. (D, E) Heatmap plots of z-score
normalised biomarker levels in plasma (D) and brain (E) from individual MRL/lpr mice at end of treatment (treatment week
11). Each vertical line represents z-scores from one individual mouse; numbers below heatmap plot represent individual
mice. Missing numbers in vehicle group are frommice that died before treatment week 11; no mouse died in the cenerimod
treatment group. Each data point represents the measurement of individual mice; box and whisker plots, the whiskers
indicate the minimum and maximum range; p values are shown when statistically significant (Mann–Whitney test). IFN,
interferon; LLOQ: lowest level of quantification; SLE, systemic lupus erythematosus; TNF, tumour necrosis factor.
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Figure 3 Lymphocytes in both healthy subjects and patients with SLE are responsive to cenerimod in vitro, and patients with SLE
present with a heterogeneous inflammatory phenotype. (A) In the non-interventional exploratory study, 10 patients with SLE
(SLEDAI ≥6–31) and 10 matched healthy subjects were recruited. Patients with SLE were predominantly female (8/10),
between 19 and 63 years old, and treated with antimalarials (7/10) and corticosteroids (7/10). (B) S1P1 receptor surface
expression (MFI) on blood CD19+ B lymphocytes and CD4+ and CD8+ T lymphocytes isolated from healthy subjects and
patients with SLE from the non-interventional exploratory study. Each data point represents the measurement of individual
subjects; box and whisker plots, the whiskers indicate the minimum and maximum range. (C) S1P1 receptor surface
expression (MFI) before (−) and following (+) incubation with cenerimod with lines indicating paired samples. (D) Mean
concentration–response curves of min/max normalised S1P1 receptor surface expression levels for healthy subjects and
patients with SLE. (E) Box and whisker plots of disease-relevant biomarkers in patients with SLE compared with healthy
subjects (non-interventional exploratory study); the whiskers indicate the minimum andmaximum range. P values are given
(Mann–Whitney test). (F) Heatmap of z-score normalised biomarker levels for each individual subject in the non-
interventional exploratory study. (G) Heatmap of Spearman rank correlation (r) of biomarkers in patients with SLE from the
non-interventional exploratory study. Red represents positive and blue negative Spearman rank correlation. All p values are
indicated where statistically significant (Mann–Whitney test). MFI, median fluorescence intensity; SLE, systemic lupus
erythematosus.
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cenerimod induced a consistent internalisation of the
S1P1 receptor on B and T lymphocytes (figure 3C).
Importantly, cenerimod had a similar potency
(EC50, half-maximal effective concentration) on
B (10.8 nM vs 15.3 nM), CD4+ T (16.5 nM vs 14 nM),
and CD8+ T lymphocytes (13.2 nM vs 19.6 nM) from
healthy subjects and patients (figure 3D). In summary,
peripheral B and T lymphocytes in both healthy subjects
and patients with SLE treated with standard of care were
responsive to cenerimod-induced S1P1 receptor
modulation.

Patients with SLE present with a heterogeneous inflammatory
phenotype
Currently, no clinically approved biomarker exists to
monitor SLE disease activity (monitoring), to predict dis-
ease progression (prognostic), or to capture disease het-
erogeneity. Therefore, a panel of known exploratory
biomarkers were used to characterise patients with SLE.
In the non-interventional exploratory study, these SLE-
associated biomarkers were all increased in patients com-
pared with healthy subjects (figure 3E). Specifically, type-
1 IFN signature molecules such as pan-IFN-α,18 and
Galectin-919 as well as the IFN-responsive chemokines
CXCL920 and CXCL10,21 and the inflammation biomar-
kers TNF-α22 and IL-6,23 24 were statistically significantly
elevated. In addition, B cell-activating factor (BAFF),
a critical survival factor for mature B-lymphocytes and
promoter of B-lymphocyte proliferation and differentia-
tion, IgG class switching25 and anti-dsDNA production26

was increased. IL-10, a cytokine associated with B-lympho-
cyte hyperactivity and autoantibody production,27 28 was
also statistically significantly increased (figure 3E).
A heatmap of these plasma biomarkers demonstrated
a heterogeneity in the inflammatory severity between
patients. Within individual patients, the overall biomar-
ker phenotype was consistent, ranging from broadly ele-
vated to levels observed in healthy subjects (figure 3F).
The correlation between the individual biomarkers was
high in patients with SLE (figure 3G). The heterogeneity
between patients was confirmed in a larger patient cohort
(online supplemental figure 2D). Additionally, there was
a positive correlation between the majority of individual
biomarkers across the cohort (online supplemental fig
ure 2E).

In the phase 2 SLE study, cenerimod treatment
dose-dependently reduces blood B and T lymphocytes
In the phase 2 SLE study, patients with SLE were treated for
12 weeks with multiple doses of cenerimod (figure 4A).29

A dose-dependent reduction in blood CD19+ B, CD4+ and
CD8+ T lymphocytes was observed following 12 weeks of
cenerimod treatment compared with placebo control
groups (figure 4B). The median reduction was most pro-
nounced in CD4+ T (−94%) and B lymphocytes (−90%)
compared with CD8+ T lymphocytes (−63%). A granular
analysis of T lymphocytes revealed a dose-dependent reduc-
tion of all investigated subsets with the most pronounced

effect on CD4+ T lymphocytes in general and central mem-
ory lymphocytes in particular (figure 4C).

In the phase 2 SLE study, cenerimod treatment normalises
blood antibody-secreting cell numbers which correlate with
IFN-associated biomarkers
Based on the high expression of S1P1 receptor on blood
B lymphocytes, the increase in B cell-associated biomarkers
in SLE, and a cenerimod-driven blood B lymphocyte reduc-
tion, an unbiased analysis of B lymphocyte populations in
the phase 2 SLE study part A was performed (figure 5A–C).
The self-organising map algorithm used, identified 16 clus-
ters based on surface marker expression. Of the B cell-
specific clusters, clusters 9 and 11 were statistically signifi-
cantly reduced following cenerimod treatment (figure 5A).
Cells in cluster 9 had higher expression of CD19,

CD20, CD27, CD38 and CXCR3 when compared with
the whole lymphocyte population; cells in cluster 11 had
a similar expression pattern to cluster 9 except for lower
expression of CD19 and higher expression of CD138
(figure 5B,C). Clusters 9 and 11 represented a subset
of B lymphocytes resembling previously identified ASC
which are known to be central to autoimmunity.5 Enu-
meration of these cenerimod-responsive cell clusters
confirmed a dose-dependent reduction in absolute
numbers in the cenerimod-treated groups compared
with placebo control (figure 5C).
In the non-interventional exploratory study, patients

with SLE showed a significant elevation in ASC numbers
compared with healthy subjects (figure 5D). In the phase
2 SLE study, cenerimod treatment dose-dependently nor-
malised ASC numbers to levels observed in healthy sub-
jects (figure 5D and online supplemental figure 3A). The
role of ASC in the production of pathogenic antibodies is
well described5 and the increase in ASC was reflected in
an increase of anti-dsDNA in patients from the non-
interventional exploratory study (online supplemental fig
ure 3B). Treatment with 4 mg cenerimod led to
a significant decrease in systemic anti-dsDNA antibodies
(online supplemental figure 3B) and total IgG (online
supplemental figure 3C).
The relationship between ASC numbers and the inflam-

matory environment in patients with SLE was investigated.
In the non-interventional exploratory study, ASC numbers
correlated positively with the IFN-associated biomarkers
CXCL9 (r=0.7, p=0.04) and CXCL10 (r=0.7, p=0.03); in
the phase 2 SLE study prior to cenerimod treatment, ASC
numbers correlated positively with pan-IFN-α (r=0.4,
p=0.01), Galectin-9 (r=0.4, p=0.01) and CXCL10 (r=0.3,
p=0.04) (figure 5E).
The phenotypically defined ASC from the non-

interventional exploratory study were characterised by
RNA sequencing analysis. ASC from patients with SLE
had 601 differentially expressed genes (DEG) (false dis-
covery rate <0.05 and fold change >1.5) compared with
ASC from healthy subjects. Pathway analysis revealed IFN
signalling to be the most significantly increased pathway
(online supplemental figure 4A). Genes representing the
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previously reported 60-gene IFN signature identified in
whole blood (WB) of patients with SLE30 were strongly
upregulated, confirming the dominance of the IFN path-
way in ASC (online supplemental figure 4B).
In summary, cenerimod treatment in patients with SLE

normalised ASC numbers which correlated with the IFN-
phenotype.

A whole blood gene expression signature of patients with SLE
reflects an elevated IFN-associated phenotype
AWB gene expression analysis in patients with SLE versus
healthy subjects was performed in the non-interventional
exploratory study to investigate its relationship to the
elevation of IFN-associated biomarkers and ASC
numbers.

Figure 4 In the phase 2 SLE study, cenerimod treatment dose-dependently reduces bloodB and T lymphocytes. (A) In the phase
2 SLE study, 60 patients with SLE (modified PD set) from the phase 2 clinical study with cenerimodwere included.29 In brief,
the phase 2 SLE study part A consisted of a placebo group (n=11), 0.5 mg (n=12), 1 mg (n=10) and 2 mg cenerimod
treatment groups (n=13); the phase 2 SLE study part B consisted of a placebo group (n=5) and 4 mg cenerimod treatment
group (n=9). Treatment lasted for 12 weeks. (B) Enumeration of blood CD19+ B lymphocytes and CD4+ and CD8+

T lymphocytes from patients with SLE treated with cenerimod or placebo from the phase 2 SLE study at end of treatment
(week 12) as percentage compared with baseline levels using flow cytometry. Box and whisker plots, the whiskers indicate
the minimum and maximum range. Dotted lines represent the no change level in lymphocyte numbers compared with
baseline (100%). (C) Heatmap representation of median per cent change of blood B and T lymphocyte subsets compared
with baseline levels in patients with SLE treatedwith cenerimod or placebo from the phase 2 SLE study. Red represents high
and white low percentage decrease. All p values shown were statistically significant (Mann–Whitney t-test for the non-
interventional exploratory study and phase 2 SLE study part B; Kruskal–Wallis test with Dunn’smultiplicity-correction for the
phase 2 SLE study part A). CM, central memory, EM, effector memory, EMRA, effector memory CD45RA positive; SLE,
systemic lupus erythematosus.
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Gene expression analysis of WB revealed 830 DEG
with 642 genes upregulated and 178 genes downregu-
lated in patients with SLE versus healthy subjects. The
most prominent canonical pathways perturbed in
patients with SLE represented genes associated with
IFN signalling, estrogen-mediated S-phase entry, and
cyclins and cell cycle regulation/proliferation (figure
6A). Genes from the 60-gene IFN gene signature30

were strongly upregulated confirming the prominence
of the IFN pathway, depicted as a heatmap (figure

6B), and captured in an overall score (figure 6C). In
addition, increased plasma IFN-α protein levels corre-
lated with the elevated IFN gene signature score
(r=0.8, p<0.0001) (supplemental figure 4C).
A correlation analysis demonstrated the WB-SLE
gene signature to correlate stronger with the IFN-
associated biomarkers than the IFN gene signature
(figure 6D). Furthermore, the WB-SLE gene signature
correlated with blood ASC numbers (r=0.6, p=0.006,
online supplemental figure 4D).

Figure 5 In the phase 2 SLE study, cenerimod treatment normalises blood antibody-secreting cell numbers which correlate with
IFN-associated biomarkers. (A–C) Unbiased analysis and quantification of blood B lymphocytes from the phase 2 SLE study
part A at week 12. (A) Total number of distinct clusters identified using a panel of B lymphocyte surface markers shown in
a self-organisingmap. The relative size of each cluster is depicted in themap, with each individual cluster assigned a colour.
B cell clusters with a statistically significant difference between 2mg cenerimod treatment and placebo are shown in shades
of blue (clusters 9 and 11). The p value for each statistically significant changed B cell cluster is given (Wilcoxon test).
(B) Heatmap depicting relative expression of associatedB lymphocyte cell surface expressionmarkers with individual clusters
ordered in hierarchical association horizontally, and hierarchical association of lymphocyte surface markers, SSC, and FSC
ordered vertically. Red represents high, and blue low cell surface expression values. (C) Radar plots of clusters 9 and 11.
Depicted are relative levels of cell surface marker expression for individual clusters. Red represents the individual cluster in
comparison to the total population represented in turquoise. Enumeration of clusters shown as beads-adjusted event count of
cells. (D) Enumeration of blood antibody-secreting cells based on the described phenotype5 from the non-interventional
exploratory study, and phase 2 SLE study atweek 12. All p values shownwere statistically significant (Mann–Whitney t-test for
the non-interventional exploratory study and phase 2 SLE study part B; Kruskal–Wallis test with Dunn’smultiplicity-correction
for the phase 2 SLE study part A). (E) Heatmap of Spearman rank correlation (r) of blood antibody-secreting cells versus
plasma IFN-associated biomarkers in patients with SLE from the non-interventional exploratory study, and phase 2 SLE study
at baseline. Red represents positive and blue negative Spearman rank correlation. The r and p values are indicated for all
correlations that are significant. FSC, forward scatter; SSC, side scatter; SLE, systemic lupus erythematosus. Results are
displayed as box and whisker plots; the whiskers indicate the minimum and maximum range.
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Figure 6 Whole blood gene expression signature of patients with SLE reflects an elevated IFN-associated phenotype which is
decreased after cenerimod treatment. (A) Analysis of theWB-SLE gene signature for the top three significantly enriched pathways.
The dotted line represents the threshold defining the significance level of p=0.05. (B) Heatmap depicting the relative expression
level of individual genes of the IFNgene signature identified by Li et al inWBof individuals from the non-interventional exploratory
study. Individuals are shown vertically, genes are depicted horizontally. Red; high relative expression level. Blue; low relative
expression level. (C) Overall IFN gene signature score from figure 6B for each individual from the non-interventional exploratory
study. P value (Mann–Whitney test). (D) Heatmap of Spearman rank correlation (r) of plasma IFN-associated biomarkers and
gene signatures in blood from individuals from the non-interventional exploratory study. Red represents positive Spearman rank
correlation. The r and p values are indicated for all correlations between theWB-SLE signature or IFN signature and plasma IFN-
associated biomarkers. (E) Quantification of plasma pan-IFN-α protein after 12 weeks of cenerimod treatment versus placebo in
the phase 2 SLE study. Results are displayed as mean plus SEM (numerical reduction). (F) Heatmap of normalised z-score of
IFN-associated protein biomarkers ranked according to the normalised z-score delta (numerical reduction) from the phase 2SLE
study part A (left panel) and part B (right panel) after 12 weeks of treatment. IFN, interferon; SEM: standard error of the mean;
SLE, systemic lupus erythematosus; WB, whole blood.
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Cenerimod treatment dose-dependently decreases
IFN-associated biomarkers
Analysis of the IFN-associated biomarkers in the phase 2
SLE study following 12 weeks of cenerimod treatment
demonstrated a numerical, dose-dependent reduction in
absolute plasma pan-IFN-α levels (figure 6E) and in
per cent to baseline (online supplemental figure 4E).
Analysis of the IFN-associated biomarkers in the phase 2
SLE study after 12 weeks of cenerimod treatment also
demonstrated a consistent reduction in CXCL9, CXCL10
and Galectin-9 (figure 6F, online supplemental figure 4F).

DISCUSSION
Despite significant improvements in disease understand-
ing and management of patients with SLE, remission and
preservation of organ function is still considered challen-
ging due to overreliance on corticosteroids and restricted
options of effective drugs.31 32 In this study, cenerimod,
a novel, potent, selective and orally active S1P1 receptor
modulator was characterised in the context of SLE.
The MRL/lpr mouse model presents with a systemic

autoimmune phenotype, which possesses pathophysiolo-
gical hallmarks of SLE, and is amenable to study histo-
pathology in target organs typically associated with SLE.16

Cenerimod treatment decreased blood B and
T lymphocyte numbers, consistent with its mechanism
of action in sequestering lymphocytes in secondary lym-
phoid organs and is consistent with previous findings
describing S1P receptor modulators in models of
SLE.33–37 Importantly, the reduction of circulating lym-
phocytes translated to a reduction in organ-infiltrating
lymphocytes in the kidney and brain. Consequently,
organ-specific pathology and proteinuria were attenu-
ated and culminated in improved survival. Cenerimod
treatment also significantly reduced IFN-associated,
inflammatory, and B cell-associated biomarkers. In sum-
mary, the preclinical data demonstrated that cenerimod
treatment, by sequestering B and T lymphocytes, led to an
efficient suppression of the inflammatory phenotype
associated with SLE. Important for the translatability,
the inflammatory phenotype in the blood and target
organ of MRL/lpr mice, which could be reduced by
cenerimod treatment, was also observed in the blood of
patients with SLE.
Cenerimod was further investigated in patients with SLE

following the promising results obtained in the MRL/lpr
lupus mouse model. Cenerimod internalised the S1P1
receptor with equal potency on B and T lymphocytes iso-
lated from healthy subjects and patients with SLE, thus
rendering the lymphocytes non-responsive to S1P gradi-
ents. The results demonstrated that despite patients being
treated with antimalarials and corticosteroids, ceneri-
mod’s mechanism of action remained functional.
Patients with SLE present with a heterogeneous clinical

and molecular phenotype.38 To capture this heteroge-
neous molecular phenotype, we characterised

biomarkers associated with SLE immunopathogenesis.
Patients showed a statistically significant increase of bio-
markers related to B lymphocyte activity, the IFN path-
way, and inflammation. B lymphocytes are an important
source of IFN-α,39 40 which represents a relevant driver of
SLE pathology, and has been employed for patient strati-
fication in clinical studies.41 Whereas individual patients
at time of analysis had no inflammation, others showed
pronounced inflammation, reflected in elevation of all
the evaluated biomarkers. These data highlight the inter-
connectivity of these biomarkers and indicate that the
IFN pathway is only one component of the general
inflammatory phenotype in SLE.
In the phase 2 SLE study, blood B and T lymphocytes

were dose-dependently reduced, successfully translating
cenerimod’s mechanism of action observed preclinically
to patients with SLE. Cenerimod was equi-efficacious on
CD19+ B and CD4+ T lymphocytes highlighting the essen-
tial role of the S1P–S1P1 receptor pathway not only in
T cell, but also in B cell trafficking in SLE. The impor-
tance of B lymphocytes in patients with SLE is well
documented42 and supported by the approval of an anti-
body targeting B cell activation.43 Although profound
lymphopenia is considered a risk factor for infection,
cenerimod treatment in the 12-week study did not affect
rates of infection.29

An unbiased multivariate analysis of the B lymphocyte
subsets revealed that cenerimod treatment significantly
reduced a cell population resembling ASC. This cell popu-
lation has been shown to be elevated in patients with SLE5

44 45 and correlates with increased anti-dsDNA levels.46

A focused phenotypical analysis of ASC confirmed that
cenerimod treatment dose-dependently normalised their
numbers to a level comparable to healthy subjects and
reduced total IgG and anti-dsDNA levels. These data sug-
gest that by normalising ASC numbers, cenerimod treat-
ment may lead to a reduction of pathogenic
autoantibodies. The strong effect of cenerimod treatment
on reducing blood CD4+ T lymphocytes could provide an
additional mechanism to limit B cell help and conse-
quently ASC numbers and anti-dsDNA levels.
The IFN pathway was previously described as an impor-

tant contributor to the loss of tolerance47 and in driving
the increased frequency of ASC in patients.48 Further-
more, B lymphocytes were reported to produce signifi-
cant amounts of IFN-α in patients with SLE,39 40

indicating that B lymphocytes (including ASC) might
contribute to a systemic IFN-α increase. In line with
these reported findings, both in the non-interventional
exploratory and phase 2 SLE studies, ASC numbers cor-
related significantly with the IFN-associated biomarkers
IFN-α, Galectin-9, CXCL9, and CXCL10. Next-
generation sequencing of isolated ASC and WB con-
firmed a strong expression of IFN-associated genes in
patients with SLE, as demonstrated by the striking upre-
gulation of the published IFN gene signature.30 Eleva-
tion of IFN-associated gene expression was reflected in
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higher plasma IFN-α. The significance of blocking this
pathway has been demonstrated in a phase 3 clinical
study in patients with 2the non-interventional explora-
tory study, the WB gene expression signature identified
in patients with SLE (WB-SLE) was superior to the IFN
gene signature in reflecting the inflammatory pheno-
type. Besides IFN signalling, the WB-SLE signature also
captured additionally activated pathways including
estrogen-mediated S-phase entry, which is implicated
in immune cell activation and cytokine production,50

and cyclins and cell cycle regulation which may be why
the WB gene signature better reflected the phenotype.
These data substantiate the observation that multiple
pathways contribute to the overall activation of the adap-
tive and innate immune system in patients with SLE.38 51

In the phase 2 SLE study, concomitantly to the reduction
in ASC number, cenerimod treatment reduced plasma
IFN-α levels and had a small effect on other IFN-
associated biomarkers. While cenerimod treatment
directly reduced circulating lymphocytes, probably as
a consequence it also indirectly dampened IFN-α levels.
B cell-associated and inflammatory biomarkers were not
impacted in this short 12-week study. It remains to be
seen in a long-term clinical study and larger patient
cohort if the above-mentioned effects can be confirmed
and whether cenerimod treatment can decrease addi-
tional inflammatory biomarkers and associated patholo-
gies in patients with SLE.
In summary, cenerimod treatment demonstrated pre-

clinical efficacy in the MRL/lpr mouse model. In patients
with SLE, cenerimod treatment reduced blood B and
T lymphocytes, normalised ASC numbers, decreased
autoantibodies and reduced IFN-associated biomarkers.
Cenerimod is being investigated in a multiple-dose clin-
ical study up to 12 months in patients with SLE (CARE:
NCT-03742037).
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