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A B S T R A C T

Smoking is a risk factor for the development and progression of multiple sclerosis (MS); however, the pathogenic
effects of smoking are poorly understood. We studied the smoking-associated chemokine receptor-like molecule
GPR15 in relation to relapsing-remitting MS (RRMS). Using microarray analyses and qPCR we found elevated
GPR15 in blood cells from smokers, and increased GPR15 expression in RRMS. By flow cytometry we detected
increased frequencies of GPR15 expressing T and B cells in smokers, but no difference between patients with
RRMS and healthy controls. However, after cell culture with the autoantigens myelin basic protein (MBP) and
myelin oligodendrocyte glycoprotein, frequencies of MBP-reactive and non-proliferating GPR15+CD4+ T cells
were increased in patients with RRMS compared with healthy controls. GPR15+CD4+ T cells produced IL-17
and were enriched in the cerebrospinal fluid (CSF). Furthermore, in the CSF of patients with RRMS, GPR15+ T
cells were associated with CCR6+CXCR3+/CCR6−CXCR3+ phenotypes and correlated positively with con-
centrations of the newly identified GPR15-ligand (GPR15L), myelin degradation and disability. In conclusion, we
have identified a proinflammatory cell type linking smoking with pathogenic immune cell functions in RRMS.

1. Introduction

Smoking causes a chronic inflammatory condition in the lungs
characterized by increased frequencies of infiltrating immune cells [1].
Smoking is also one of the strongest environmental risk factors asso-
ciated with multiple sclerosis (MS) [2–4]. Apart from an increased risk
of developing MS, smokers among MS patients have an increased re-
lapse rate during treatment, faster conversion to secondary progressive
MS (SPMS) and faster disease progression [5–8].

In MS circulating immune cells play a crucial role in the disease
pathogenesis [9]. Only few studies have focused on the effects of
smoking on circulating immune cells in MS, and the understanding of
how smoking exerts its detrimental effect in MS is poorly understood.

A recent study reported that smokers among MS patients had a
higher percentage of proinflammatory T helper type 17 (Th17) cells and
a lower percentage of regulatory CD25hi T cells than non-smokers [10].
This relationship was, however, not confirmed in a study from our
group, where we conducted a wide scale profiling of immune cell
phenotypes and T cell reactivity in healthy individuals [11]. In an

animal model of MS, myelin-reactive T cells were reported to mature
and acquire a central nervous system (CNS) homing phenotype in the
lungs [12]. Taken together these findings suggest that smoking may
increase the risk of developing MS by promoting the activation and
differentiation of a circulating, pathogenic T cell subset.

We used microarray and qPCR analyses to identify genes differen-
tially expressed in mononuclear blood cells from smokers and non-
smokers in patients with MS and healthy controls (HC). We identified
one gene, GPR15, which was differentially expressed due to smoking
and RRMS, and used flow cytometry analyses and T cell activation
studies to further characterize GPR15-expressing cells in blood and
cerebrospinal fluid. Furthermore, we studied CSF levels of the newly
identified GPR15-ligand GPR15L [13,14].

2. Materials and methods

2.1. Study population

Microarray gene expression data were analyzed in a cohort
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comprising 33 patients with multiple sclerosis (MS) from a previously
published study [15]. All patients were diagnosed with MS according to
the 2005 revision of the McDonald criteria and the disease course was
classified as relapsing-remitting (RRMS), primary progressive (PPMS)
or secondary progressive SPMS according to the Lublin and Reingold
classification (1996) [16]. The patients had not received im-
munosuppressive or immunomodulatory treatment for at least three
months prior to blood sample collection.

For qPCR gene expression analyses, we studied blood samples from
93 healthy controls (HC), 48 patients with RRMS and 55 patients with
progressive MS (Supplementary Table 1). All patients were untreated.
28 patients with RRMS were newly diagnosed and 20 patients with
RRMS had not received immunomodulatory or immunosuppressive
treatment for at least two months. All patients with RRMS were diag-
nosed according to the 2010 McDonald criteria [17]. Patients with
progressive MS were diagnosed with SPMS or PPMS as described above.
From 46 of 55 patients with progressive MS, we used baseline sample
material from a recent clinical trial with erythropoietin [18,19]. In the
erythropoietin trial, inclusion criteria were an EDSS score of 4–6.5, age
of 19–60 years, progression without relapses of ≥0.5 EDSS point within
the last 2 years and MRI consistent with MS according to the Barkhof
criteria. Exclusion criteria were comorbidities, immunomodulatory or
immunosuppressive treatment 1 or 6 months prior to first visit, re-
spectively [19]. The remaining nine patients with progressive MS were
seen at the Danish Multiple Sclerosis Center prior to this study. These
patients did not receive immunomodulatory or immunosuppressive
treatment 3 months prior to sample collection.

Flow cytometry of freshly isolated blood cells were performed in 12
male age-matched HC and in additional 33 controls and 30 patients
with untreated RRMS. Of the 33 controls 26 were healthy, one had an
endocrinological disorder, one had neck pain, one had an eye disease,
one had otogenic vertigo, one had uncharacteristic symptoms, one had
white matter lesions but did not fulfill MS diagnostic criteria and one
had a small fiber neuropathy. In 8 controls and 16 patients, corre-
sponding CSF was collected during a diagnostic lumbar puncture.

Proliferation assays were performed in 38 HC and 20 patients with
RRMS who were untreated for at least three months and diagnosed
according to the 2010 McDonald criteria (Supplementary Table 1) [17].

Cytokine analyses were performed in 6 HC who were non-smokers.
GPR15L was measured in 20 untreated patients with RRMS of which

15 had corresponding CSF samples and 10 controls of which 8 had
corresponding CSF samples. Of the 10 controls three were healthy, one
had an endocrinological disorder, one had neck pain, one had an eye
disease, one had otogenic vertigo, one had uncharacteristic symptoms,
one had white matter lesions but did not fulfill MS diagnostic criteria
and one had a small fiber neuropathy.

All participants were characterized as smokers or non-smokers ac-
cording to questionnaires or telephone interviews. Smokers were active
smokers and former smokers were included in the non-smoker group.
No data were obtained from individuals using nicotine replacement
therapy. All participants gave informed consent to study participation.
Ethical approval was obtained from the local scientific ethics com-
mittee.

2.2. Microarray gene expression analyses

Gene expression in peripheral blood mononuclear cells (PBMC) was
measured using the Affymetrix Human Gene 1.0 ST Gene chip array as
described in details in a previous published study [15]. Gene expression
data were analyzed by ANCOVA analysis using Partek Genomics Suite
6.6 software.

2.3. Gene expression by quantitative real-time PCR (qPCR)

Blood collected in PAXgene tubes, PAXgene Blood miRNA kit
(PreAnalytix, Qiagen) was used to extract total RNA. RNA was then

reverse transcribed by the High Capacity cDNA RT kit (Applied
Biosystems). Using TaqMan technology, qPCR was performed in du-
plicates on 1:10 diluted cDNA template with target-specific primers and
probes for the LRRN3, GPR15 and CD3 genes. PCR amplification was
done on a ViiA7 real-time PCR thermal cycler (Life Technologies, USA).
A pool of cDNA from 50 HCs was used in quadruplets on each PCR plate
as an inter-plate calibrator. An expression index was calculated by the
2-ΔΔCt method for relative quantification using GenEx Pro 6.0.5. Data
were normalized with the reference gene CD3 since GPR15 and LRRN3
were shown to be mainly expressed in CD4+ and CD8+ T cells. All gene
expression values were set relative to the calibrator pool.

2.4. Flow cytometry of freshly isolated cells

CSF samples were held on ice and cells immediately separated from
fluid by centrifugation. Blood samples were collected in BD Vacutainer
EDTA tubes (BD Bioscience, Denmark) and processed within an hour.
PBMC's were isolated using Lymphoprep (Axis-Shield, Norway) and
density gradient centrifugation and washed twice in cold PBS with
2 mM EDTA. CSF cells and PBMC's were stained with fluorochrome-
conjugated antibodies against CD3, CD4, CD8, GPR15, CCR6 and
CXCR3 (Supplementary Table 2). We used matched isotype controls to
correct for non-specific antibody-binding and spectral overlap. Data
were acquired using a FACS Canto ll flow cytometer (BD Biosciences,
USA). FlowJo software v10 (Tree star, USA) was used for data analyses.
Cells expressing CD3, CD16/CD56, CD45, CD4, CD19 and CD8 were
enumerated with the 6-colour TBNK Trucount kit (BD Biosciences,
Denmark). Experiments and absolute cell count calculations were per-
formed according to instructions from the manufacturer.

2.5. T cell proliferation

To identify antigen-specific T cells, we thawed PBMC's stained with
carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular
Probes, Denmark) and cryo-preserved in human AB serum/10% DMSO
in liquid nitrogen. PBMC's were thawed in a 37 °C heat bath and washed
twice in RPMI-1640/5% fetal bovine serum (all ThermoFisher, USA).
0,5 × 106 cells per well were cultured in 96 wells flat bottom culture
plates (CellStar Greiner bio-one, Germany) in RPMI-1640/5% human
AB-serum/penicillin (50 units/mL) and streptomycin (50 μg/mL) (all
from ThermoFisher, USA). Antigens myelin basic protein (MBP; 30 μg/
mL, HyTest, Finland), myelin oligodendrocyte glycoprotein (MOG;
10 μg/mL, BioNordika, Denmark), heat-killed candida albicans (CA;
5 × 106 cells/mL, InVivoGen, USA) or no antigen as a negative control
was added to the cell culture. At day 4, new growth media was added.
After 7 days in 37 °C/5% CO2, cells were harvested and stained with
fluorochrome-conjugated anti-CD3, anti-CD4, anti-CCR6, anti-CXCR3
and anti-GPR15 (Supplementary Table 2). CD3+CD4− T cells were
used as the measure of CD8+ T cells. A live/dead stain was also in-
cluded. Cells were washed twice in FACS/PBS (PBS/2% FBS/0.02%
NaAzid) and analyzed by flow cytometry.

2.6. T cell cytokine production

To measure cytokine production of T cells, T cells were isolated
from freshly drawn blood by negative selection (Human T cell Isolation
kit, StemCell, Canada). Isolated T cells were left to rest overnight and
stimulated with phorbol 12-myristate 13 acetate (PMA; 10 ng/mL,
Sigma-Aldrich, USA) and ionomycin (0.5 μg/mL, Sigma-Aldrich, USA)
for 30 min before incubating the cells for 4 h with Brefeldin A (5 μg/mL,
Sigma-Aldrich, USA). Cells were stained with a live/dead stain and
antibodies against CD3, CD8, and GPR15 for 25 min, and then fixed and
permeabilized according to the manufacturer's protocol (Fixation Buffer
and Permeabilization Buffer, Biolegend, USA) (Supplementary Table 2).
CD3+CD8− T cells were used as the measure of CD4+ T cells as PMA
downregulates CD4 expression [20]. Finally, cells were stained with
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Fig. 1. GPR15 gene and surface expression in smokers and patients with MS. Gene expression of (A) GPR15 and (B) LRRN3 in smokers and non-smokers in
healthy controls (HC) (n = 93), relapsing remitting MS (n = 48) and progressive MS (n = 55) (ANCOVA adjusted for age (GPR15) and age and gender (LRRN3), P-
values are corrected with Bonferroni post hoc analyses). The expression of GPR15 and LRRN3 are normalized to CD3. (C) Gating of GPR15 surface expression on
CD19+ and CD56+ cells and CD4+ and CD8+ T cells by flow cytometry. Representative dot plots from 12 healthy controls are shown. (D) Frequencies of GPR15+

cells in CD4+, CD8+ T and B cell populations in smokers (n = 6) and non-smokers (n = 6). (E) Surface expression of GPR15 on CD4+, CD8+ and B cells by mean
fluorescence intensity. (F-G) Absolute cell counts of GPR15 ± cells in CD4+, CD8+ T and B cell populations. (D-G) Mann Whitney's U test with nominal P-values are
shown. Abbreviations: HC = healthy controls, PMS = progressive MS, RRMS = relapsing remitting MS, MFI = mean fluorescence intensity.
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anti-IL-17A, anti-IFN-γ, anti-TNF-α, anti-IL-10, anti-IL-4, anti-TGF-β1,
anti-IL21and anti-GM-CSF and washed twice in FACS/PBS and analyzed
by flow cytometry.

2.7. ELISA and electrochemiluminescence binding assays

ELISA of GPR15L was performed according to manufactures pro-
tocol (Cloud Clone, USA). All samples were measured in duplicate and
mean values used.

ELISA of cotinine (Calbiotech, USA) and EBNA-1 antibodies
(DiaSorin, Italy) were performed according to instructions from the
manufacturer as previously described [11]. Cotinine concentrations
were measured with an upper limit of 105 ng/mL.

Vitamin D electrochemiluminescence binding assays were per-
formed routinely on Copenhagen University Hospital's Department of
Clinical Biochemistry according to the manufacturer's protocol (Cobas,
Roche Diagnostics, Belgium) and analyzed on a Cobas 8000 analyzer.

2.8. Genotyping of HLA-DRB1*15:01

DNA from buffy coats was genotyped by TaqMan® allelic dis-
crimination, using the SNP rs9271366 to tag HLA-DRB1*15:01 as pre-
viously described in detail [11]. PCR assays were performed according
to the manufacturer's protocol (Life Technologies, Denmark).

2.9. Statistics

Statistical testing was done by ANCOVA (gene expression data),
Wilcoxon matched pairs signed rank test, Mann-Whitney U tests and
Spearman rank correlation analyses. Corrections for multiple compar-
isons were performed when relevant by false discovery rate (FDR)
correction [21] and Bonferroni post hoc analyses. P-values (two-sided)
and q-values (FDR) < 0.05 were considered statistically significant.
Statistical analyses were performed using SPSS version 22 (IBM, USA).

3. Results and discussion

3.1. GPR15 gene expression is increased in smokers and patients with
RRMS

To study the impact of smoking on circulating immune cells in MS,
we performed Affymetrix microarray gene expression analyses of per-
ipheral blood mononuclear cells (PBMC) from 33 patients with MS
previously included in a gene expression study [15].

We found 32 genes differentially expressed between smokers and
non-smokers among 22,148 annotated genes (Supplementary Table 3).
Adjusting P-values to a false discovery rate of q < 0.05, two genes
were still differentially expressed by ANCOVA with age and sex as
covariates. The gene G protein-coupled receptor 15 (GPR15) was 3.6-
fold upregulated in 17 smokers compared with 16 non-smokers
(q < 0.001), and neuronal leucine-rich repeat protein-3 (LRRN3) was
upregulated 2.1-fold in smokers compared with non-smokers
(q < 0.001) (Supplementary Table 3).

In immunomagnetically purified PBMC subpopulations there was
higher expression of GPR15 in CD4+ and CD8+ T cells and B cells,
compared with the expression in monocytes, NK cells and dendritic
cells (Supplementary Fig. 1). For LRRN3, gene expression was highest
in CD4+ and CD8+ T cells (Supplementary Fig. 1). These results con-
firm previous reports of increased GPR15 expression in smokers and
particularly in CD3+ T cells [22–24].

To validate and extend our findings we investigated GPR15 and
LRRN3 gene expression in cohorts of HC and untreated patients with
RRMS and progressive MS. We conducted qPCR gene expression ana-
lyses in whole blood samples, and normalized gene expression data to
CD3 (δ-subunit) as GPR15 and LRRN3 are mainly expressed in T cells
[24]. The results showed a highly significant increase in GPR15 and

LRRN3 gene expression in smokers compared with non-smokers in all
three groups (Fig. 1A–B). Levels of the nicotine metabolite cotinine are
depicted with GPR15 expression in Supplementary Fig. 2A to show the
biological correlation. Smoking status (non-smoker, former or current
smoker) and levels of GPR15 expression are depicted in Supplementary
Fig. 2B.

In non-smokers, patients with RRMS had significantly higher GPR15
expression than HC, whereas progressive MS patients did not differ
from HC (Fig. 1A). Among smokers, comparable GPR15 expression was
observed in patients and HC (Fig. 1A). The gene expression of LRRN3
did not differ significantly between any of the groups in neither smokers
nor non-smokers (Fig. 1B). In HC's, we further studied if MS risk factors
HLA-DRB1*15:01 genotype, low vitamin D concentrations or high anti-
EBNA-1 titers were associated with GPR15 expression. These data were
obtained in samples collected in a previously published study [11]. By
Spearman's rank correlation analyses we found no significant correla-
tions between MS risk factors and GPR15 expression (data not shown).

The GPR15 gene encodes the GPR15 protein, a seven-transmem-
brane protein receptor, sharing sequence homology with chemokine
receptors [25,26]. It has been suggested that GPR15 may function as a
chemoattractant receptor and GPR15 has been associated with effector
T cell phenotypes in inflammatory conditions [23,27–29].

3.2. Frequencies of GPR15 expressing T cells are increased in smokers but
not in patients with RRMS

We proceeded to study the expression of GPR15 on the cell surface
of circulating immune cells from HC smokers and non-smokers using
flow cytometry. GPR15 was expressed on CD4+ and CD8+ T cells and
CD19+ B cells but not on CD56+ NK cells (Fig. 1C). In concordance
with the gene expression results, frequencies of GPR15+CD4+ and
GPR15+CD8+ T cells were increased in smokers compared with non-
smokers (Fig. 1D). Smokers also had higher levels of GPR15 expressed
on their CD4+ T cells (mean fluorescence intensity) compared with
non-smokers (Fig. 1E). Absolute counts of cells expressing GPR15 were
also higher for CD8+ T cells and CD19+ B cells from smokers, whereas
numbers of circulating GPR15- cells were not associated with smoking
in CD4+, CD8+ or CD19+ cells (Fig. 1F–G).

In addition, we studied frequencies of GPR15+CD4+ and
GPR15+CD8+ T cells in untreated patients with RRMS compared with
HC who were all non-smokers. In these two groups we found compar-
able proportions of both GPR15+CD4+ and GPR15+CD8+ T cells (data
not shown).

Thus, smoking has a significant effect on gene expression and sur-
face expression of GPR15 whereas only gene expression of GPR15 is
increased in RRMS. Increased GPR15 in smokers has previously been
linked to DNA hypo-methylation, but whether GPR15 hypo-methylation
is related to RRMS has not been studied [30]. Smokers are continuously
smoke-exposed, whereas the included patients were all in clinical re-
mission. We therefore hypothesized that higher GPR15 protein ex-
pression on CD4+ T cells could be observed in RRMS upon activation.

3.3. GPR15+CD4+ T cell frequencies are increased with smoking and
RRMS upon cultivation

In MS, autoreactive CD4+ T cells are considered to play a prominent
pathogenic role. To elucidate whether GPR15 characterizes an auto-
reactive CD4+ T cell type associated with smoking, we conducted a
seven-day T cell proliferation assay with the autoantigens myelin basic
protein (MBP) and myelin oligodendrocyte glycoprotein (MOG) and
heat-killed candida albicans (CA) as a positive control (Fig. 2A). In HC,
GPR15+CD4+ T cells were highly reactive to CA regardless of smoking
status, but proliferation in response to myelin autoantigens, and even
negative control conditions, was significantly increased in smokers
compared with non-smokers (Fig. 2B). Moreover, proliferation of
GPR15+CD4+ T cells was increased in RRMS patients after MBP
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Fig. 2. Antigen reactivity and cytokine production of GPR15+CD4+ T cells. (A) Gating strategy of GPR15+CD4+ T cells. Representative dot plots are shown. (B-
E) GPR15+CD4+ T cells cultured for 7 days with CA, MBP, MOG or no antigen (Neg). Proliferating and non-proliferating GPR15+CD4+ T cells in (B-C) healthy
smokers and non-smokers and in (D-E) healthy controls and patients with RRMS (all non-smokers). (F) Intracellular staining of produced cytokines in GPR15+ and
GPR15- CD4+ T cells of 6 healthy non-smokers. All analyses are done by Mann Whitney's U test. Bonferroni corrected P-values are shown if significant. Abbreviations:
HC = healthy controls, MBP = myelin basic protein, MOG = myelin oligodendrocyte glycoprotein, Neg = negative control, CA = candida albicans.
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stimulation compared with HC (Fig. 2D).
We also enumerated frequencies of proliferating GPR15+CD8+ T

cells. In interpreting these results it should be considered that T cell
reactivity assays with extracellularly added antigen are biased towards
antigen presentation on HLA class II molecules to CD4+ T cells. The
data on GPR15+CD8+ T cell proliferation, which therefore either re-
presents bystander activation or depend on cross-presentation on HLA
class I molecules, did not differ significantly according to smoking
status or a diagnosis of RRMS (Supplementary Fig. 3A + C).

In non-proliferating cells, we also observed substantial differences
in GPR15+CD4+ T cell frequencies. Both smoking and RRMS were
associated with higher GPR15+CD4+ T cell frequencies (Fig. 2C + E).
HC smokers had a higher percentage of non-proliferating
GPR15+CD4+ T cells after stimulation with CA, MBP or MOG as well as
under negative control conditions (Fig. 2C). A significant increase in the
percentage of non-proliferating GPR15+CD4+ T cells were also ob-
served in RRMS compared with HC in cultures with MBP, MOG and
negative control conditions (Fig. 2E). Non-proliferating GPR15+CD8+

T cell frequencies were increased in smokers in all conditions studied,
but were not increased in patients with RRMS when compared with HC
(Supplementary Fig. 3B + D).

From these findings we suggest that increased GPR15 mRNA ex-
pression in RRMS may result in an increased potential to express GPR15
under conditions of mild activation such as those present during cell
culture, and that a specific autoantigen (MBP) can elicit a proliferative
response in GPR15+CD4+ T cells.

3.4. GPR15+CD4+ T cells display a Th17 profile

To determine the cytokine profile of GPR15+ T cells, we stimulated
freshly isolated T cells with phorbol 12-myristate 13 acetate and io-
nomycin and performed intracellular staining of selected cytokines.
These analyses showed that the frequency of IL-17 producing cells was
higher among GPR15+CD4+ T cells compared with GPR15−CD4+ T
cells (Fig. 2F). Comparable frequencies of cells producing IFN-γ, GM-
CSF, TNF-α, IL-21, TGF-β1, IL-10 or IL-4 were observed in GPR15+ and
GPR15- CD4+ T cells (Fig. 2F). Cytokine production of GPR15+CD8+ T
cells did not differ from the cytokine production of GPR15−CD8+ T
cells (Supplementary Fig. 3E). Secretion of IL-17 defines proin-
flammatory Th17 cells suggested to play a role in the pathogenesis of
MS [31]. Our findings therefore point towards GPR15+CD4+ T cells
being proinflammatory and pathogenic in MS.

3.5. GPR15+CD4+ and CD8+ T cells are enriched in cerebrospinal fluid

As GPR15 encodes a seven-transmembrane chemokine receptor-like
protein with a recently identified ligand with chemotactic properties,
we hypothesized that GPR15 might be involved in lymphocyte traf-
ficking to the CNS [13,14]. To evaluate the recruitment potential of
GPR15+ T cells, we analyzed corresponding blood and CSF samples
from 16 patients with RRMS and 8 controls of whom 1 were a healthy
control and 7 had a diagnostic lumbar puncture performed for various
non-inflammatory, neurological conditions other than MS. We found a
higher percentage of both GPR15+CD4+ and GPR15+CD8+ T cells in
the CSF compared with blood, which was not evident for GPR15- T cells
(Fig. 3A). Moreover, frequencies of GPR15+CD4+ and GPR15+CD8+ T
cells in the CSF, as well as in the blood, were significantly increased
with smoking (Fig. 3A). Frequencies of GPR15+CD4+ and
GPR15+CD8+ T cells in the CSF were comparable between patients
with RRMS and controls (data not shown). These results substantiate
the possibility that GPR15 may facilitate the recruitment of cells to the
CNS and that increased frequencies and absolute numbers of
GPR15+CD4+ T cells in smokers may, at least partially, explain the
harmful effects of smoking in MS.

3.6. GPR15L is not increased, but correlates with GPR15+ T cells, in the
CSF

GPR15L (also known as CSBF or AF-57), encoded by the C10ORF99
gene was recently identified as a ligand for GPR15. GPR15-GPR15L
function has been linked to immune homeostasis in the lamina propria
of the colon and skin [13,14]. To study a potential function of GPR15L
as a GPR15+ T cell chemoattractant in the CNS, we analyzed GPR15L in
corresponding blood and CSF in 15 patients with RRMS and 8 controls
(described in section 2.1). We found detectable but lower concentra-
tions of GPR15L in the CSF compared with blood in all individuals
(Fig. 3B). Patients and controls had comparable levels of GPR15L and so
did smokers and non-smokers (data not shown). In patients with MS,
concentrations of GPR15L in CSF correlated positively with frequencies
of GPR15+ T cells (Fig. 3C). This relationship was not significant if the
controls were included in the analysis. Our findings were somewhat
unexpected as we had expected a GPR15L CNS-blood chemotactic
gradient attracting GPR15+ T cells to the CNS, but it is possible that
locally increased concentrations may still provide a chemotactic gra-
dient. Alternatively, consumption of GPR15L by GPR15 positive cells
might also result in lower concentrations of free ligand as previously
demonstrated for the chemokine CCL2 [32]. The function of GPR15L
might also be more complex as two recent studies report contradictory
findings on whether GPR15L elicits a chemotactic response [13,14]. In
aggregate, we consider our findings of GPR15L correlating with
GPR15+ T cells supportive of chemotactic properties of GPR15L.

3.7. GPR15+CD4+ T cells with a CCR6+CXCR3+ phenotype in
cerebrospinal fluid correlates with levels of GPR15L, myelin breakdown and
disease activity

To further elaborate on the migration potential of GPR15+ T cells
we studied the co-expression of chemokine receptors CCR6 and CXCR3
with GPR15+ on CD4+ and CD8+ T cells in the CSF. These chemokine
receptors were previously suggested to play a role in T cell migration to
the CNS in MS [33–35]. We conducted explorative analyses in 16 pa-
tients with RRMS and found that on CD4+ T cells GPR15 expression
was most closely associated with a CCR6+CXCR3+ and
CCR6−CXCR3+ phenotype and in CD8+ T cells, GPR15 expression was
most closely associated with a CCR6−CXCR3+ phenotype (Fig. 3D–E).
These findings make it possible that GPR15 expression in combination
with established CNS homing chemokine receptors may guide patho-
genic cells to the CNS in MS. Finally, to determine the potential pa-
thogenic role of GPR15+ T cells in CSF, we correlated frequencies of
GPR15+ T cells and GPR15+ T cell subpopulations with MBP con-
centrations in CSF and the Expanded Disability Status Scale (EDSS). We
found that GPR15+ T cells and GPR15+CD4+CCR6+CXCR3+ T cells
correlated positively with MBP and EDSS (Fig. 3F). GPR15+CD4+ T
cells and GPR15+CD4+CCR6−CXCR3+ T cells also correlated posi-
tively with EDSS (ρ = 0.671, P = 0.004; ρ = 0.743, P = 0.001). Finally,
CCR6+CXCR3+ and CCR6−CXCR3+ GPR15+CD4+ T cells correlated
with GPR15L concentrations (ρ = 0.557, P = 0.031; ρ = 0.611,
P = 0.016). CD8+GPR15+ T cells were not significantly related with
MBP or EDSS nor were GPR15- T cells.

The present study has some limitations. Smokers were defined by
present smoking status and our results are therefore potentially biased
by the inclusion of non-smokers who had only recently stopped
smoking as well as passive smokers in the non-smoking group. From
supplementary analyses we conclude that GPR15 expression is sig-
nificantly higher in both former and present smokers compared with
never smokers, but the levels are considerably higher in present smo-
kers compared with the other two groups (Supplementary Fig. 2B).
Thus, the inclusion of former smokers in the non-smoker group may
lead to an underestimation of the full effect of smoking on GPR15 ex-
pression.

The sample sizes of the studied cohorts are limited, and this affect
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the statistical power. Analyses of gene expression, proliferation assays
and cytokine production were corrected for multiple comparisons, and
the relationship between smoking and GPR15 gene expression and cell
surface expression of GPR15 was confirmed in different cohorts of
controls and MS patients, but we have not validated our results in ex-
ternal cohorts. Furthermore, our T cell proliferation assays are biased
towards the analysis of CD4+ T cells because extracellularly added
antigens are mainly presented on HLA class II molecules. This is im-
portant to consider when interpreting the CD8+ T cell results.

In summary, we have confirmed previous reports of increased
GPR15 gene expression in smokers [36,37], and we suggest, for the first
time, a potential role of GPR15 in the pathogenesis of RRMS. We have
identified GPR15+CD4+ T cells as proinflammatory and autoreactive
in RRMS, in addition to being clearly induced by smoking. We sub-
stantiate the possibility that CCR6, CXCR3 and GPR15 in combination
provide proinflammatory T cells with tissue homing cues towards li-
gands in the inflamed CNS and, potentially, other tissues known to
express the GPR15-ligand. Additional studies of proinflammatory

Fig. 3. Presence of GPR15+ T cells and GPR15L in cerebrospinal fluid. (A) Frequencies of GPR15+ and GPR15- CD4+ and CD8+ T cells in blood and cere-
brospinal fluid of smokers and non-smokers in 16 patients with RRMS and 8 controls. (Nominal P-values with Wilcoxon matched-pairs signed rank test and Mann
Whitney's U test for unpaired samples. *P-values < 0.05, **P-values < 0.005, ***P-values < 0.0005). (B) Concentrations of GPR15L in blood and cerebrospinal fluid
of 20 patients with RRMS of which 15 had corresponding CSF samples and 10 controls of which 8 had corresponding CSF samples (Nominal P-values with Wilcoxon
matched pairs signed rank test). (C) Correlation of GPR15+CD3+ T cell frequencies with concentrations of GPR15L in cerebrospinal fluid of 16 patients with RRMS.
(D-E) Frequencies of CCR6+CXCR3-, CCR6+CXCR3+, CCR6−CXCR3+ and CCR6−CXCR3+ GPR15+ CD4+ and CD8+ T cells in the cerebrospinal fluid of 16 patients
with RRMS. (F) Correlations of GPR15+CD3+ and GPR15+CCR6+CXCR3+CD4+ T cells with EDSS and MBP in 16 patients with RRMS. Spearmann's rho and
nominal P-values are shown for correlation analyses. Abbreviations: CSF = cerebrospinal fluid, EDSS = Expanded Disability Status Scale, MBP = myelin basic
protein.
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cytokine producing GPR15+ T cell levels in smokers and patients with
MS as well as studies of adhesion molecule co-expression could further
elucidate the functional link between smoking, increased GPR15 ex-
pression and MS.
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