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Abstract

Objectives. Pro- and anti-inflammatory properties have been
attributed to interleukin-27 (IL-27). Nevertheless, the impact of this
cytokine on chronic inflammatory diseases such as multiple
sclerosis (MS) remains ill-defined. We investigated the biology of
IL-27 and its specific receptor IL-27Ra in MS patients. Methods.
Levels of IL-27 and its natural antagonist (IL-27-Ra) were measured
by ELISA in biological fluids. CD4" and CD8" T lymphocytes were
isolated from untreated relapsing-remitting MS patients and
healthy donors. Transcriptome-wide analysis compared T-cell
subsets stimulated or not with IL-27. Expression of the IL-27Ra, key
immune factors, STAT phosphorylation and cytokine production
was assessed by flow cytometry. Results. We observed elevated
levels of IL-27 in the serum and cerebrospinal fluid of MS patients
compared with controls. Moreover, we show that specific IL-27-
mediated effects on T lymphocytes are reduced in MS patients
including the induction of PD-L1. IL-27-triggered STAT3 signalling
pathway is enhanced in CD4" and CD8" T lymphocytes from MS
patients. Elevated IL-27Ra levels in serum from MS patients are
sufficient to impair the capacity of IL-27 to act on immune cells.
We demonstrate that shedding of IL-27Ra by activated CD4" T
lymphocytes from MS patients contributes to the increased IL-27Ra
peripheral levels and consequently can dampen the IL-27
responsiveness. Conclusion. Our work identifies several
mechanisms that are altered in the IL-27/IL-27R axis in MS patients,
especially in T lymphocytes. Our results underline the importance
of characterising the biology of cytokines in human patients prior
to design new therapeutics.
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IL-27 axis in multiple sclerosis

INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory
disease of the central nervous system (CNS)
characterised by demyelination and neuronal
loss."? It is well established that the immune
system participates in the pathobiology of MS."?
Pro-inflammatory T lymphocytes infiltrating the
CNS play a central role in driving inflammation in
both MS patients and the animal model
experimental autoimmune  encephalomyelitis
(EAE).>3 Multiple cytokines can shape the
phenotype and functions of T Ilymphocytes.
Notably, an increasing number of publications
support the role of interleukin-27 (IL-27) in
shaping inflammation in MS and other
autoimmune diseases.*® Whereas IL-27 can limit
EAE,”"® its role in the human disease, MS,
remains ill-defined.®

IL-27 belongs to the IL-12 cytokine family and is
composed of two subunits: the Epstein-Barr virus-
induced gene 3 (EBI-3) and the p28 subunits. Two
chains form the IL-27 receptor (IL-27R): IL-27Ra
and glycoprotein 130 (gp130), the latter being
shared with other cytokines such as IL-6.'*'> The
IL-27R is expressed by different subsets of
leucocytes, including T lymphocytes.*'® Upon
binding to these lymphocytes, IL-27 triggers
mainly STAT1 and STAT3 signalling."”” " Several
studies indicate that IL-27 can exhibit pro- and
anti-inflammatory effects on T lymphocytes.®?°
For instance, IL-27 can promote the differentiation
of naive CD4" or CD8" T lymphocytes into Th1 and
Tcl cells’?2'2® and block the development of
FoxP3" regulatory T lymphocytes.?* However, this
cytokine dampens the proliferation and cytokine
production of established Th1 and Th17 cells®>2®
and favors the development of FoxP3™ regulatory
T lymphocytes Tr1 that produce anti-inflammatory
molecules such as 1L-10.%°

An increasing body of evidence indicates that
IL-27 expression is elevated in the CNS and
periphery of MS patients. We and others have
established that IL-27 is elevated in MS brains.?”-28
We have also shown that CNS-infiltrating CD4"
and CD8" T lymphocytes express IL-27R in MS
brains.?’ Cerebrospinal fluid levels of IL-27 are
higher in relapsing-remitting MS (RRMS) patients
compared with controls.”® Contradictory results
have been reported for IL-27 serum levels in MS
patients; while one study reported similar levels in
untreated and treated MS patients compared with
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HC,?® other studies showed higher IL-27 serum
levels in MS patients correlate with positive clinical
response to disease-modifying  therapies.??3?
Accumulating evidence from multiple physio-
logical states supports the notion that the
impact of IL-27 is shaped by specific conditions.®
Whether MS pathobiological conditions influence
the IL-27-mediated effects has not been previously
studied.

We compared the impact of IL-27/IL-27R
pathway on T lymphocytes from MS patients and
age/sex-matched healthy controls (HC). First, we
show that IL-27 levels are elevated in biological
fluids (serum and cerebrospinal fluid) from MS
patients. Based on microarray data, we
demonstrate that IL-27 increases the expression of
key immune factors such as PD-L1, Fas and ICAM-1
by T lymphocytes from both MS patients and HC.
However, the IL-27-mediated induction of PD-L1 is
less efficient in T lymphocytes from MS patients.
Second, we report that IL-27 triggers STAT3
phosphorylation in greater proportions of CD4"
and CD8" T lymphocytes from MS compared with
HC's counterparts. However, such enhanced
signalling is not because of elevated expression of
IL-27R by T Ilymphocytes from MS patients.
Notably, greater serum levels of the soluble form
of the IL-27Ra chain, a natural antagonist of IL-27,
are detected in MS patients compared with HC.
Finally, we show that activated CD4" T
lymphocytes from MS patients shed greater
amounts of IL-27Ra upon activation than those
from HC. Moreover, we validated that these
amounts can impair IL-27-mediated effects in T
lymphocytes. Overall, our results underscore that
the IL-27/IL-27R  pathway is altered in T
lymphocytes from MS patients.

RESULTS

Elevated IL-27 levels in serum and CSF from
MS patients compared with controls

We have previously shown that IL-27 is upregulated
in post-mortem brain tissues from MS patients.?” To
validate whether IL-27 levels are elevated in
biological fluids from MS patients,?®3? we measured
this cytokine in sera and cerebrospinal fluid (CSF)
from untreated MS patients. We detected
significantly higher levels of IL-27 in sera from MS
patients than from HC (Figure 1a). Moreover, IL-27
levels in CSF collected at time of diagnosis from MS
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Figure 1. Elevated IL-27 levels in serum and CSF from MS patients, and IL-27 triggers multiple genes in human T-cell subsets. (a) IL-27 levels in
serum (left panel) and CSF (right panel) from untreated MS patients and age/sex-matched HC or patients with other neurological diseases (OND);
each dot represents one donor. Serum data are shown as median; the Mann-Whitney test comparing MS patients vs. and HC (n = 20). Data for
CSF IL-27 levels are shown as mean + SEM; an unpaired t-test comparing MS (n = 26) vs. OND (n = 22), **P < 0.01. (b) Volcano plots depicting
the impact of IL-27 on the gene expression profiles of aCD3/aCD28-activated naive and central memory (CM) CD4" and CD8" T lymphocytes
from HC and MS patients, n = 3 per group. Genes were identified as significantly differentially expressed when the adjusted P-value < 0.05 and
the absolute fold change > 1.3. Number of genes downregulated (blue) or upregulated (red) is indicated for each subset. Log fold change (logFC)
shown according to —logo of P-values (—logoP-value) for each subset. (c) Correlation of log FC for genes identified as modified by IL-27 in
activated naive CD4 T cells from MS (y-axis: MS CD4N logFC) and naive CD4 T cells from HC (x-axis: HC CD4N logFC). A logFC (HC CD4N logFC-
MS CD4N logFC) for each gene is colour-coded according to the scale (blue greater logFC in HC cells and red greater logFC in MS cells);
—logso(adjusted P-value) is depicted by different circle size. (d) Enrichment for general pathways induced by IL-27 in activated naive CD4" T cells
(CD4N), central memory CD4" (CD4CM), naive CD8" T cells (CD8N) and central memory CD8* T cells (CD8CM) from HC and MS using the R
package fgsea v1.11.0 on the curated hallmark database. Genes were ranked according to the t-statistic of the corresponding comparison. Only
terms significant (adjusted P-value < 0.1) in at least one contrast are shown according to the colour code. Grey boxes indicate that no change
was observed in response to IL-27 in this T-cell subset.
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patients were significantly greater than in samples
from patients with other neurological diseases
(Figure 1a). IL-27 levels in CSF samples from MS
patients could be divided into low- and high-level
groups, but such difference could not be linked to
the sex of patients. Nevertheless, younger patients
tended to exhibit higher levels than older patients
without reaching statistical significance. Our results
show that IL-27 is an immune mediator present in
elevated quantities in both the periphery and CNS
of MS patients.

IL-27 induces the expression of a broad
spectrum of genes in CD4" and CD8" T
lymphocytes

As T lymphocytes play a central role in the
pathobiology of MS'33 and that these cells can
respond to IL-27,° we examined the broad impact
of this cytokine on human T lymphocytes. We
performed a microarray analysis assessing 20 800
well-annotated genes on  purified naive
(CD45RA'CD45RO CCR7") and central memory
(CD45RACD45ROCCR7") CD4" and CD8' T cells
from HC and untreated MS patients that were
activated in vitro with oCD3/aCD28 in the
presence or absence of IL-27 (10 ng mL™").
Unfortunately, it was not possible to obtain a
sufficient number of central memory CD8" T cells
from MS donor samples to perform this assay.
Genes  were identified as  significantly
differentially expressed when they showed an
adjusted P-value < 0.05 and an absolute log fold
change > 1.3. Our results show that addition of IL-
27 to activated T cells triggered a transcriptional
response that was most prominent in naive T cells,
especially in CD4" T cells (Figure 1b). The majority
of differentially expressed genes (DEGs) were
upregulated upon stimulation, suggesting a
transcriptional activation in response to IL-27.
When comparing the fold changes associated with
DEGs in response to IL-27 by oCD3/aCD28-
activated naive CD4 T cells from HC and untreated
MS patients, we found a strong correlation
(R=0.9, P<22 x 107 '%) between both groups
(Figure 1¢). While some genes showed slightly
higher or lower fold change in either donors’
groups, the general transcriptional response was
similar. Almost no gene was identified as being
significantly altered in central memory CD4" and
naive CD8" T cells from MS patients compared
with HC counterparts, suggesting a more
consistent response to IL-27 in HC. To examine
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which biological pathways are involved in the
response to IL-27, we performed a Gene Set
Enrichment Analysis (GSEA) using the fgsea
package in R. This allowed a single-list approach
where all genes are ranked according to their t-
statistic, taking into account both the significance
and the directionality of the statistical test. To
have the broadest view, we used the hallmark
gene sets of MSigDB, which contain a total of 50
general pathways. We found that the most
enriched pathways were associated with
interferon response (interferon-o/y) and that these
effects were similar in HC and MS patients.
Despite having less significant changes, this
approach shows that genes associated with
interferon-o. and interferon-y responses were also
enriched in the transcriptional variation induced
by IL-27 in central memory CD4" and CD8" T-cell
subsets (Figure 1d).

The capacity of IL-27 to shape CD4" and
CD8' T lymphocyte properties is altered in
MS patients

Amongst the genes increased by IL-27 in T
lymphocytes, we selected a subset of immune
mediators (Table 1) that have been previously
implicated in MS pathobiology for validation at
the protein level; those included CD274 (PD-L1),
Fas (CD95) and ICAM-1 (CD54).>*“° Moreover, to
investigate whether IL-27 has similar effects on
cells from MS and HC, we compared the impact of
this cytokine on CD4" and CD8" T lymphocytes
from both groups. We confirmed by flow
cytometry that IL-27 significantly increased the
percentage of activated CD4" and CD8" T
lymphocytes expressing PD-L1, CD95 or CD54
(Figure 2) in all donors. Since the proportion of
CD4" (HC, 6.5%; MS, 3.0%) and CD8" (HC, 11.4%;
MS, 4.6%) T lymphocytes expressing PD-L1 in the
absence of IL-27 was lower in MS vs. HC, we
compared the increased percentage of PD-L1-
positive cells induced by IL-27 (Figure 2c). We
observed that IL-27 had significantly less impact
on the proportion of PD-L1" cells in CD4" T
lymphocytes from MS patients compared with HC
(Figure 2b and c). Notably, IL-27 triggered a more
modest increase in PD-L1 mRNA levels in naive
CD4" T lymphocytes from MS patients compared
with HC's counterparts (Table 1). Hence, our
results establish that IL-27 has a reduced capacity
at inducing an inhibitory pathway (e.g. PD-L1) in
CD4" T lymphocytes from MS patients.

© 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of
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Table 1. IL-27-triggered upregulation of gene expression in activated naive and central memory CD4" and CD8" T cells

© 2021 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of
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CD4 CM
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HC

MS

HC

MS

HC

MS

HC

Adj. P-value

logFC

logFC  Adj. P-value

logFC  Adj. P-value

Adj. P-value

Adj. P-value logFC

logFC

logFC  Adj. P-value

Adj. P-value

Protein name logFC

Gene symbol

0.65 0.99
0.43 0.99
0.38 0.99
0.45 0.99
1.46 0.99
—-0.17 0.99

0.99
0.99
0.99
0.99
0.99
0.99

0.81

1.03

1.76  0.06
1.74

1.

0.96
0.87
0.97

0.17
0.62
0.15

1.46 0.26

0.98 0.12

0.0093
0.05
0.12
0.13

2.14

2.59 5.79E-04
2.26 9.60E-06
2.26 2.75E-05

CD274 (PD-L1)
1.63

Fas (CD95)

CD274
Fas

1.32E-03
1.41E-03
0.24
0.20
0.96

2.12

0.66

95

0.96 0.28
0.63 0.38

2.24 017
—-0.09 0.99

1.3
0.97
4.21

ICAM-1 (CD54)
IL-12RB1
IL-12RB2
IL-23R

ICAM1

0.32
2.66
0.18

0.59
1.88
0.13

—0.003 0.99

1.77E-05

IL12RB1

0.87
0.97

1.00
-0.18

0.0055
0.92

2.65 0.02
—-0.17 0.98

IL12RB2
IL23R

CD4" and CD8" T-cell subsets isolated from three healthy donors and three untreated MS patients were stimulated with aCD3 and aCD28 =+ IL-27 for 3 days, and then, transcriptomic profiles

were analysed by microarray.

IL-27 axis in multiple sclerosis

The capacity of IL-27 to enhance T-cell
response to IL-12 is reduced in MS patients

Pro-inflammatory Th1/Tc1 and Th17/Tc17 subsets
contribute to the pathobiology of MS and EAE.?
The capacity of IL-27 to modulate T-cell
polarisation in animal models of MS has been
shown.® "2 Notably, our microarray data showed IL-
27-mediated upregulation of receptor chains of key
cytokines involved in T-cell polarisation such as IL-
12 receptor chains: IL12RB1 and IL12RB2 genes in
naive CD4 T lymphocytes from HC, while mRNA
levels for IL12RB2 but not IL12RB1 were increased
in MS counterparts (Table 1). We observed that IL-
27 significantly enhanced IL-2RB1 expression at the
protein levels by CD4" and CD8" T lymphocytes
from both MS and HC donors (Figure 3a and b),
despite no significant changes at the mRNA levels
in MS'" T cells. Unfortunately, commercially
available antibodies did not allow the robust
detection of the IL-12RB2 chain despite its
upregulation at the mRNA detected in our
microarray data. The IL-12RB1 chain is shared by
the receptor complex of IL-12 and IL-23. We thus
analysed whether the IL-27-mediated upregulation
of IL-12RB1 led to an enhanced susceptibility to IL-
12 and/or IL-23 by assessing the main STAT pathway
triggered by these cytokines. Induction of STAT4
and STAT3 phosphorylation by IL-12 and IL-23,
respectively, was compared in CD4" and CD8" T
lymphocytes that have been pre-activated in the
presence or absence of IL-27 (Figure 3c). We
observed that pre-exposure to IL-27 increased the
capacity of CD4" and CD8" T lymphocytes to
respond to IL-12 (Figure 3d and e). Notably, the
impact of IL-27 was significantly less potent on
CD4" and CD8" T lymphocytes from untreated MS
patients compared with HC (Figure 3e). In contrast,
the IL-27 pre-activation of CD4" and CD8" T
lymphocytes had no impact on the IL-23 response
as assessed by STAT3 phosphorylation (Figure 3f).
Our results suggest that IL-27 has a diminished
capacity at inducing an IL-12 responsiveness in
CD4" and CD8" T lymphocytes from MS patients.

IL-27 decreases GM-CSF and IL-17
production by CD4" and CD8" T
lymphocytes

GM-CSF, IL-17 and IFN-y are crucial inflammatory
cytokines produced by T lymphocytes in the context
of MS and its animal models.**® We assessed the
impact of IL-27 on the production of these

2021 | Vol. 10 | e1262
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Figure 2. IL-27 induces PD-L1 with less efficiently on T lymphocytes from MS patients. Isolated CD4" (magenta) and CD8" (aqua) T cells from
untreated MS patients and age/sex-matched HC were stimulated during 4 days with aCD3/aCD28 in the absence or presence of IL-27
(100 ng mL™") and then analysed for the surface expression of PD-L1, CD95 (Fas) and CD54 (ICAM-1) by flow cytometry. Representative
histograms for the detection of PD-L1 (a), CD95 (d) and CD54 (f) for activated CD4™ T cells in the absence (blue) or presence of IL-27 (red)
compared with isotype control (grey) are shown. Percentage of positive cells for CD4" and CD8" T cells (n = 9-12) are shown as mean (b, g) or
median (e), and each dot represents one donor, for PD-L1 (b), CD95 (e) and CD54 (g). (c) Increased percentage of PD-L17 cells triggered by IL-
27 (percentage of PD-L1+ cells in IL-27 treated sample — percentage of PD-L1" cells in IL-27 untreated sample) for each subset and donors’ group
shown as mean + SEM. One-way paired ANOVA followed by Fisher’s LSD test (b, g) or the Friedman test (e) comparing T-cell subsets in the
presence vs. absence of IL-27 from each donors’ group or one-way unpaired ANOVA (b, c¢) comparing MS vs. HC (P-value above lines) for the
same subset and condition. *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
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comparing T-cell subsets in the presence vs. absence of IL-27 from MS patients and HC; a paired t-test comparing without vs. with IL-27 for the
same subset and the donors’ group. *P < 0.05, **P < 0.01 and ***P < 0.001.
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cytokines by T lymphocytes from MS patients. We
activated CD4" or CD8" T lymphocytes with aCD3/
aCD28 in the presence or not of IL-27 and assessed
their cytokine production by flow cytometry and
ELISA. As shown by others,*”*® a greater proportion
of CD4" T cells from MS patients produced IL-17A,

M-L Clénet et al.

GM-CSF or IFN-y than from the HC in the basal
activation conditions in the absence of IL-27
(Figure 4). Moreover, we measured elevated
amounts of IL-17 and IFN-y in supernatants from
CD4" T lymphocytes from MS patients compared
with cells from HC (Figure 4a and c¢). We observed
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Figure 4. IL-27 decreases the percentages of IL-17- and GM-CSF- producing CD4™ T cells from MS patients. Isolated CD4" (magenta) and CD8"
(aqua) T cells from MS patients and age/sex-matched HC were stimulated during 4 days with aCD3/aCD28 in the absence or presence of IL-27
(100 ng mL™"). Supernatants were collected for ELISA and cells shortly stimulated for intracellular detection by flow cytometry of IL-17A (a), GM-
CSF (b) and IFN-y (c). Contour plots from one MS patient gated on CD4™ T lymphocytes illustrating the detection of each cytokine (left panels),
compiled data for the flow cytometry detection of cytokine (middle panels) and compiled data for ELISA measures of cytokine (right panels).
Results are shown as mean, each dot represents one donor (n = 6-11). One-way ANOVA comparing T-cell subsets in the presence vs. absence of
IL-27 for MS patients or HC or comparing without vs. with IL-27 for the same subset and the donors’ group. #0.05 < P < 0.1, *P < 0.05,
**p < 0.01 and ***P < 0.001.
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that addition of IL-27 to activated T lymphocytes
from both MS patients and HC significantly
decreased the percentages of IL-17A-producing
CD4" T lymphocytes and the secreted amounts of
this cytokine by CD4" T lymphocytes (Figure 4a). The
addition of IL-27 to activated CD4" or CD8' T
lymphocytes significantly reduced the amounts of
secreted GM-CSF in both donors’ groups and
significantly diminished the percentage of CD4" and
CD8"* T lymphocytes from MS patients producing this
cytokine (Figure 4b). We did not detect significant
impact of IL-27 on the production of IFN-y
(Figure 4c). Overall, our results suggest that IL-27
exhibits a similar capacity in MS patients and HC to
decrease the production of both IL-17 and GM-CSF
by activated T lymphocytes.

IL-27 induces higher STAT3p response in
CD4" and CD8" T-cell subsets from MS
patients

We and others have previously shown that T
lymphocytes from MS patients exhibit enhanced
response to cytokines.**>° Since we observed that
specific effects of IL-27 on CD4" and CD8" T
lymphocytes (i.e. PD-L1 and IL-12 response) were
altered in MS patients compared with HC, we
investigated whether such observation could be
explained by dysregulation in the upstream IL-27-
triggered signalling pathways. We compared the
induction of STAT1 and STAT3 phosphorylation,
the main IL-27-triggered signalling pathways,'”"°
in T lymphocytes from untreated MS and age/sex-
matched HC. Ex vivo PBMCs were exposed to IL-27
(10 ng mL™") for 15 min, corresponding to the
peak of response as previously observed,?>>' and
analysed by flow cytometry for the different CD4"
and CD8" T-cell subsets based on the expression of
CCR7, CD45RA and CD45R0: naive
(CD3"CCR7"CD45RA"CD45R0™), central memory
(CM: CD3"CCR7'CD45RA CD45RO") and effector
memory (EM: CD3"CCR77) subsets. IL-27 triggered
STAT1p in similar proportions of CD4" and CD8" T-
cell subsets from untreated MS patients and HCs
(Figure 5b); average density of STAT1p as assessed
by median fluorescence intensity (MFI) was also
similar between donors’ groups (data not shown).
In contrast, we found a significantly elevated
percentage of STAT3p" cells in all CD4" and CD8"
T-cell subpopulations from untreated MS patients
compared with HC (Figure 5c). Moreover, the
average density (MFI) of STAT3p in T lymphocytes
was increased in MS patients compared with HC
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(data not shown). The availability of total STAT1
and STAT3 proteins in T-cell subsets was not
responsible for such differences as similar or lower
levels were  detected in MS  samples
(Supplementary figure 1). Moreover, we tested all
combinations of antibodies to detect total and
phosphorylated forms to rule out any steric
hindrance. Our results establish that IL-27-
triggered STAT3 signalling pathway is enhanced
in CD4" and CD8" T lymphocytes from MS
patients, which may explain the altered effects of
IL-27 on these immune cells.

IL-27R is differentially expressed on CD4" T
lymphocytes from MS patients

To determine whether the altered impact of IL-27
on T lymphocytes from MS patients compared
with HC is influenced by the expression levels of
IL-27R, we assessed the expression of both chains
gp130 and IL-27Ra on ex vivo PBMCs by flow
cytometry. We detected lower proportions of
naive, CM and EM CD4" T cells expressing IL-27R
(9p1307IL-27Ra) in MS patients than in the HC
group (Figure 6b). In contrast, we did not
observe significant differences for CD8" T-cell
subsets between donors’ groups (Figure 6b). We
also assessed gp130 expression regardless of IL-
27Ra chain and confirmed that less memory (CM
and EM) CD4" and CD8" T lymphocytes carried
the gp130 subunit (Figure 6¢).>> The gp130
expression was similar between MS and HC,
demonstrating that the differences we observed
between MS patients and HC were specific to the
IL-27Ra. chain (Figure 6d). Overall, our results
showed that cell surface IL-27R expression is
decreased in CD4" T Ilymphocytes from MS
patients compared with HC.

Elevated slIL-27Ra serum levels in MS
patients

A soluble form of the IL-27Ra (sIL-27Ra) receptor
chain has been identified as a natural antagonist
of IL-27 in human serum.>® This soluble form
captures IL-27 and prevents its binding to the
receptor expressed on cells (Figure 6e). We
detected significantly greater levels of the slIL-
27Ra in sera from untreated MS patients than in
sera from the HC (Figure 6f). These results suggest
that in the periphery of MS patients, IL-27 can be
impaired from acting on its targets because of the
presence of this natural antagonist.
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Figure 5. IL-27-signalling pathways are altered in MS patients. CD4" (magenta) and CD8" (aqua) T-cell subsets from untreated MS patients were
compared with age/sex-matched HC for their capacity to respond to IL-27. Ex vivo PBMCs incubated in the absence or presence of IL-27
(10 ng mL™") were stained for CD3, CD14, CD4, CD8, CD45RA, CD45R0O, CCR7, STAT1p and STAT3p and analysed by flow cytometry. (a)
Representative contour plots illustrating typical STAT1p and STAT3p expression gated on central memory (CM) from one HC either untreated or
stimulated with IL-27 for 15 min. Percentage of naive, CM or effector memory (EM) CD4" and CD8" T cells expressing STAT1p (b) and STAT3p
(c) following IL-27 stimulation for 15 min. Each dot represents one donor. Graphs show mean £ SEM (n = 15). One-way ANOVA followed by
the uncorrected Fisher's LSD as a post hoc test comparing T-cell subsets from MS patients to HC. #0.05 < P < 0.1, *P < 0.05, **P < 0.01,
*kkp < 0,001 and ****P < 0.0001.
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Figure 6. Altered peripheral IL-27R and sIL-27Ra levels in MS patients, and sIL-27Ra shed by CD4 T cells impairs IL-27 signalling. (a-d) Ex vivo
PBMCs from MS patients and age/sex-matched HC were stained for IL-27Ra, gp130 and other surface markers and analysed by flow cytometry.
(a) Representative contour plots gated on naive, central memory (CM) and effector memory (EM) CD4" T cells illustrating IL-27Ro and gp130
expression are depicted. Percentage of CD4" (magenta) and CD8" (aqua) T cells expressing both IL-27Ra and gp130 chains (b), gp130 (c) or IL-
27Ra. (d). Each dot represents one donor; results are shown as median (b, ¢, d (CD8)) or mean £ SEM (d (CD4)) (n = 15). The Kruskal-Wallis test
followed by an uncorrected Dunn’s test as a post hoc test (b) or one-way ANOVA (d) comparing CD4 T-cell subsets from MS patients to HC:
#0.05 < P< 0.1, **P < 0.01. (e) The soluble form of the IL-27Ra receptor chain, slL-27Ra, can capture IL-27 and block its binding to cells
expressing the surface IL-27R. (f) Serum levels of sIL-27Ra in MS patients and age/sex-matched HC; each dot represents one donor
(n = 20/group). Results are shown as mean + SEM; an unpaired t-test comparing MS vs. HC *P < 0.05. (g) Isolated CD4* (magenta) and CD8"
(aqua) T cells from MS patients and age/sex-matched HC were cultured in the absence or presence of aCD3/aCD28 during 6 days and cell
culture supernatants assessed for sIL-27Ra (n = 8). Results are shown as mean + SEM, each dot represents one donor. One-way ANOVA
comparing each T-cell subsets with vs. without aCD3/aCD28 and comparing MS patients with HC for the same subset and condition. *P < 0.05,
#%p < 0.01, ***P < 0.001 and ****P < 0.0001. (h) Recombinant IL-27 (2 ng mL™") and IL-27Ra (10, 20, 30 or 250 ng mL™") were pre-incubated
during 30 min and then added to PBMCs for 15 min prior to flow cytometry analysis for STAT1p and STAT3p expression (n = 3-7). Results are
shown as median. The Kruskal-Wallis test followed by an uncorrected Dunn’s test as a post hoc test comparing each T-cell subset for IL-27 alone
vs. all other conditions, *P < 0.05, ***P < 0.001 and ****P < 0.0001.
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Increased shedding of IL-27Ra in MS
patients can impair IL-27 signalling

To identify potential sources of sIL-27Ra, we
cultured CD4" and CD8" T lymphocytes from MS
patients and HC with or without o«CD3-0CD28 for
6 days and assessed the release of sIL-27Ra in
supernatants. As previously shown,”® the «CD3/
aCD28 activation increased the quantities of sIL-
27Ra shed by CD4" and CD8" T lymphocytes.
Notably, the amounts released by activated CD4" T
lymphocytes from MS patients were significantly
higher than those observed for cells from the HC
(Figure 6g). Such enhanced release of slL-27Ra by
CD4" T lymphocytes from MS patients could partially
explain the lower proportions of CD4" T
lymphocytes expressing surface IL-27Ra observed in
these patients (Figure 6b). CD8" T lymphocytes from
MS patients did not release higher levels of IL-27Ra
than those from HC (Figure 6g) nor did they exhibit
decreased expression ex vivo (Figure 6b).

To assess whether the measured serum levels of
sIL-27Ra could have a biological impact, we added
sIL-27Ra to similar concentrations (10, 20 and
30 ng mL~") measured in HC and MS’ sera to block
the effect of IL-27 on T lymphocytes and used the
induction of STAT1 and STAT3 pathways as a read-
out in ex vivo PBMCs. As expected, addition of
recombinant sIL-27Ra alone did not trigger STAT1
and STAT3 phosphorylation on CD4 and CD8 T
lymphocytes (Figure 6h), whereas IL-27 alone
potently induced STAT1 and STAT3
phosphorylation. Addition of 10 and 20 ng mL™" of
sIL-27Ra modestly reduced the proportions of
STAT1p® and STAT3p" T lymphocytes without
reaching statistical significance (Figure 6h), whereas
30 ng mL™" of sIL-27Ra significantly reduced both
STAT1 and STAT3 phosphorylation in response to IL-
27 in CD4" and CD8" T lymphocytes. Notably, the
250 ng mL™" dose, reported to be the highest
concentration in serum from Crohn’ disease
patients,>® completely abolished the impact of IL-27
(Figure 6h). Overall, our results support the notion
that elevated levels of sIL-27Ra in serum of MS
patients, originate, at least in part, from the
shedding of activated CD4 T lymphocytes and are
sufficient to significantly impair the capacity of IL-27
to act on immune cells.

DISCUSSION

Pro- and anti-inflammatory properties have been
attributed to IL-27 in several chronic inflammatory
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and autoimmune diseases.>>* Although IL-27 can
dampen the severity of the disease in EAE mouse
models, the role of IL-27 in the human disease,
MS, is still unclear. In this study, we demonstrate
that (1) IL-27-mediated effects are altered in CD4"
and CD8" T lymphocytes from MS patients, (2) IL-
27-triggered  STAT3 signalling pathway s
enhanced in CD4" and CD8" T lymphocytes from
MS patients, (3) peripheral levels of both IL-27
and sIL-27Ra are elevated in MS patients, and (4)
the physiological amounts of sIL-27Ra in sera from
MS patients can impair the capacity of IL-27 to act
on immune cells.

Elevated levels of IL-27 have been reported in
biological fluids from MS patients. The higher
amounts of this cytokine we detected in CSF from
RRMS patients compared with other neurological
diseases (Figure 1a) correlate with the results
reported by Lalive and colleagues.?® We can
speculate that astrocytes and macrophages/
microglia, which are the primary producers of I1L-27
in post-mortem MS brain tissues,?’” represent
potential sources of these enhanced levels in the
CSF. Moreover, the amounts of IL-27 we detected in
sera from untreated RRMS patients (mean
1951 pg mL~"; median 670 pg mL~', Figure 1a)
represent meaningful concentrations as we can
detect IL-27-induced STAT1 and STAT3
phosphorylation in human T lymphocytes at both
500 and 1000 pg mL™' doses (Supplementary
figure 1e and f). Other groups reported either
higher or lower peripheral levels of IL-27 in MS
patients than in controls.'®%%>> Differences could be
because of the type of biological fluids analysed
(plasma versus serum), the cohort of patients
studied, and the sensitivity of each assay and not
perfectly matched age/sex cohorts. Several groups
reported increased IL-27 serum or mRNA levels in
PBMCs from treatment (glatiramer acetate,
alemtuzumab, IFN-B) responder MS patients
compared with non-responders®®*32 suggesting that
increased peripheral IL-27 levels are beneficial.

We subsequently investigated the impact of IL-
27 on human T lymphocytes. We selected IL-27
doses for each assay based on our preliminary
data, identifying an intermediate dose that
induced a robust effect but did not reach the
plateau (data not shown). Notably, other groups
have used doses of IL-27 ranging from 10 to
200 ng mL™~" to treat human cells in vitro.?3>%>°
We showed that IL-27 increases the expression of
key immune factors implicated in the activation,
regulation and/or migration of CD4" and CD8" T
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lymphocytes such as PD-L1, CD95 (Fas) and CD54
(ICAM-1) (Figure 2). The lower basal levels of PD-
L1 we detected on CD4" T lymphocytes from MS
patients than from healthy donors correlate with
the decreased mRNA levels reported in PBMCs
from MS patients.®® PD-L1 expression by murine
CD4" and CD8" T lymphocytes can limit both their
response and survival.®’ CD80 (B7-1) has been
identified as a PD-L1 binding partner reducing the
activation and cytokine production of murine PD-
L1* T lymphocytes.®? IL-27-treated murine CD4" T
lymphocytes carrying PD-L1 can act in trans on
other CD4" T lymphocytes, block the activation of
Th17 cells and prevent the development of EAE.®3
Moreover, PD-L1 blockers have been shown to be
more efficient than PD-1 blockers as cancer
therapies supporting the contribution of PD-L1's
interactions with other binding partners than
PD-1.%* Finally, a proportion of cancer patients
treated with immune checkpoint inhibitors such
as PD-1 and PD-L1 blockers develop autoimmune
disorders supporting the key role of PD-L1 in
restricting autoimmunity.®®> Whether the impaired
capacity of IL-27 to enhance PD-L1 on MS CD4" T
lymphocytes contributes to favoring autoreactivity
will need to be further investigated.

Although IL-27 shapes the polarisation of T cells
in MS mouse models®'? and that both Th1/Tc1
and Th17/Tc17 subsets play crucial roles in the
pathobiology of MS,%>%%° the impact of IL-27 on
these T-cell subsets in MS patients is not
completely resolved. We demonstrated that IL-27
has multiple effects on human CD4" and CD8" T
lymphocytes such as augmenting the expression
of IL-12RB1, the responsiveness to IL-12 and
decreasing the production of IL-17 and GM-CSF
(Figures 3 and 4) on human CD4" and CD8" T
lymphocytes, similar to what has been shown for
mouse T cells.”® Despite the expected*’*® greater
proportions of CD4" T lymphocytes from MS
patients producing IL-17A, GM-CSF or IFN-y
compared with HC (Figure 4), IL-27 similarly
decreased the production of IL-17A and GM-CSF
by CD4" T cells from MS patients and HC
(Figure 4). However, IL-27's impact on T
lymphocytes from MS patients was significantly
less potent than on HC's cells for specific immune
functions (IL-12 responsiveness; Figure 3). Others
have shown that IL-6 triggers STAT3
phosphorylation in a greater proportion of CD4" T
lymphocytes from untreated RRMS patients than
from controls.*® Moreover, they suggested that an
elevated expression of the IL-6-specific receptor
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chain IL-6Ra, but not the shared gp130 chain, was
involved in such augmented STAT3 activation.*’

We investigated whether the altered impact of
IL-27 on MS T lymphocytes could be explained by
upstream events. IL-27 can induce STAT1 and
STAT3 homodimers and STAT1/STAT3
heterodimers.”’ We observed a striking elevated
STAT3 phosphorylation induced by IL-27 in all T-
cell subsets from MS patients compared with HC
but no difference for STAT1 (Figure 5). Studies
performed in mice highlighted a cross-regulation
between each STAT protein to achieve specific
biological functions.”>”® The cellular STAT3:STAT1
ratio plays a central role in murine Th17
differentiation downstream of IL-6 family
members.®’ The IL-27-mediated upregulation of
PD-L1 on CD4" T lymphocytes has been shown to
be  STAT1-dependent.®® Zhang et al.”*
demonstrated that STAT3 loss of function and
STAT1 gain of function enhanced PD-L1
expression in T lymphocytes. Moreover, the IL-27-
induced IL-12RB1 upregulation in naive CD4" T
cells is achieved via the STAT1 pathway.”> These
publications support the notion that the increased
STAT3 signalling triggered by IL-27 we detected in
T lymphocytes from MS patients compared with
HC most likely contributes to the reduced PD-L1
upregulation and response to IL-12, two pathways
related to STAT1-STAT3 balance (Figures 2 and 3).
We did rule out that the enhanced IL-27-triggered
STAT3 response in T cells from MS patients was
because of a greater abundance of this signalling
protein (Supplementary figure 1) or enhanced IL-
27R expression by MS T cells (Figure 6). The
mechanisms underlying the elevated IL-27-induced
STAT3 phosphorylation in MS T lymphocytes will
require additional investigations.

In the current manuscript, we report that IL-27-
mediated effects are altered in T lymphocytes
from untreated RRMS patients compared with
those from HC. We establish that one of the
mechanisms  contributing to these altered
responses is a shift in the balance of STAT1-STAT3
triggered signalling with a bias for an enhanced
STAT3 response in MS T lymphocytes. Moreover,
we demonstrated that in the peripheral
compartment, the beneficial in vivo anti-
inflammatory effects of IL-27 are most likely
impeded by the elevated amounts of sIL-27Ra, a
natural antagonist, in MS patient’s serum, similar
to what has been reported for Crohn’s disease
patients.>®> There are no data available on the
presence of sIL-27Ra in mouse models. Despite
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promising results from mouse models, supporting
IL-27 as novel therapeutic tool to block MS
disease,”” '® our work underscores that additional
investigations are deemed essential to thoroughly
characterise the IL-27/IL-27R axis in MS patients
prior to attempt therapeutic interventions.

METHODS

Human participants

A written informed consent was obtained from MS patients
and healthy controls (HC) in accordance with the local ethical
committee, and studies were approved by the Centre
Hospitalier de I’'Université de Montréal ethical boards (BH
07.001 and HD 07.002). Patients with clinically relapse—
remitting disease MS (RRMS) were recruited from the CHUM
MS-Clinic. Each patient was diagnosed according to the
revised 2017 McDonald criteria’® and classified at the time of
blood collection by a highly trained MS neurologist. Eighty-
nine RRMS patients (31 men and 58 women) were enrolled in
the study. As a result of the limited blood sample size, not all
patients were analysed in all assays; number of patients for
each assay is indicated in figure legends. MS patients had a
mean age of 41 years (min 20 years, max 64 years), mean EDSS
1.5 (min 0, max 7) and mean disease duration of 10.8 years
(min less than 1 year, max 40 years). HCs were age- and sex-
matched with RRMS patients for each set of experiments.
Patients undergoing lumbar puncture for diagnostic purpose
and who were confirmed as non-MS patients were included in
the other neurological disease (OND) group (examples of
diagnosis include migraine, chronic fatigue, prolactinoma,
ischaemic optic neuropathy, hypertensive leuco-
encephalopathy, normal pressure hydrocephalus), were used
as control for CSF assay and sex-matched with RRMS patients
(17 women and 9 men).

Serum, cerebrospinal fluid and ELISA

Blood was collected in silica-coated tubes (Greiner bio-one,
Monroe, NC, USA) and clotted for 30 min before
centrifugation at 1800 g for 10 min, and then, sera were
aliquoted and stored at —80°C until needed. Cerebrospinal
fluid (CSF) samples were centrifuged at 420 g for 10 min, and
supernatants were aliquoted and stored at —80°C until used.
Sera and CSF were assessed for the levels of IL-27 using DuoSet
ELISA Human IL-27 commercial kit (R&D Systems distributed by
Cedarlane, Oakville, ON, Canada). Soluble IL-27Ra levels were
measured as previously published.>® IL-17A-F, GM-CSF and IFN-
v levels were assessed on culture supernatants from isolated
CD4" and CD8" T cells using U-Plex immunoassay customised
kit according to the manufacturer’s instructions (Meso Scale
Discovery, Rockville MD, USA).

Peripheral immune cell isolation and
in vitro assays

Peripheral blood mononuclear cells (PBMCs) were isolated
from blood samples collected in EDTA-coated tubes (BD
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Biosciences, Mississauga, ON, Canada) using Ficoll density
gradient as previously described.?>*%7” To determine IL-27-
induced STAT signalling, PBMCs were incubated at 37°C in
Iscove’s Modified Dulbecco’s Medium (Life Technologies
Thermo Fisher Scientific, Burlington, ON, Canada) without
serum for 1 h, then exposed to human recombinant IL-27
(R&D Systems) for 15 min and finally quickly put on ice for
flow cytometry analysis as previously detailed.?? Basal levels
of STAT1 and STAT3 phosphorylation in CD4 and CD8 T
cells from MS patients and HC were subtracted from levels
after IL-27 stimulation.

To assess the impact of IL-27 on cytokine production,
response to other cytokines (IL-12, IL-23) or surface marker
expression by T cells, CD4" and CD8" T-cell subsets was
isolated from PBMCs using anti-human CD4 or CD8 beads,
respectively, according to manufacturer’s protocol (Miltenyi
Biotec, San Diego, CA, USA). Cell purity of each subset
assessed by FACS was > 90%. CD4" and CD8" T cells were
put in culture for 4 days in Iscove’s Modified Dulbecco’s
Medium supplemented with 10% (v/v) FBS, L-glutamine
(2 mm), penicillin (100 U mL™"), streptomycin (100 pg mL™"),
sodium pyruvate (1 mm), non-essential amino acids (1x
solution) and B-mercaptoethanol (50 um). Cells were
activated with plate-bound suboptimal doses of «-CD3
(clone OKT3, precoated for 24 h at 4°C, 0.6 ug mL~" for
CD4', 1.8pugmL' for CD8) and soluble «-CD28
(0.6 ug mL~") (BD Biosciences) in the presence or absence of
recombinant human IL-27 (100 ng mL~") (R&D Systems). To
assess IL-12 and IL-23-induced STAT signalling, these aCD3/
aCD28 pre-activated CD4" and CD8" T cells in the presence
or not of IL-27 were harvested, incubated without serum
for 1 h, subsequently exposed to human recombinant IL-12
(Invitrogen, Thermo Fisher Scientific, Burlington ON,
Canada) for 30 min or IL-23 (R&D Systems) for 15 min and
then quickly put on ice prior to flow cytometry analysis of
STAT3 and STAT4.?2 To assess cytokine production, pre-
activated CD4" and CD8" T cells were stimulated as
previously described in the presence of phorbol 12-
myristate 13-acetate (20 ng mL™") (Sigma-Aldrich, Oakville,
ON, Canada), ionomycin (500 ng mL™") (Sigma-Aldrich),
brefeldin A (5 ug mL™") (Sigma-Aldrich) and monensin
(1 um)  (Sigma-Aldrich) for 5 h before flow cytometry
analysis for cytokines.

Microarray

Naive (CD45RA'CD45RO CCR7") and central memory
(CD45RA CD45ROCCR7") CD4" and CD8" T cells from three
healthy donors and three untreated RRMS patients were
first sorted on a BD FACSAria lll (BD Biosciences, San Jose,
CA, USA) and then stimulated for 3 days with immobilised
aCD3 (naive: 1.6 pg mL~', central memory: 0.32 ug mL™")
and soluble aCD28 (1 ug mL™") in the presence or not of IL-
27 (10 ng mL™"). RNA samples were purified using RNeasy
Plus Mini Kit according to the manufacturer's protocol
(Qiagen, Toronto, ON Canada). RNA quality was checked on
RNA Nano chips using a 2100 bioanalyser (Agilent
Technologies, Mississauga, ON, Canada). All samples had a
RNA integrity number (RINs) > 8.3. Transcriptome-wide
analysis of gene expression was performed by Genome
Québec using the Clariom S HT array profiling more than
20 000 well-annotated genes. Differential expression
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Table 2. List of antibodies used for flow cytometry
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Targeted human antigen-fluorochrome Clone Source
CD3-Alexa Fluor® 700 UCHT1 BD Biosciences
CD4-BV786 SK23 BD Biosciences
CD8-Pacific Blue RPA-T8 BD Biosciences
CD8a-Super Bright 702 RPA-T8 Invitrogen
CD14-APC-H7 M5E2 BD Biosciences
CDA45RA-FITC HI100 BD Biosciences
CD45RO-PerCP-Cy™5.5 UCHL1 BD Biosciences or Biolegend
CCR7-PE-Cy™7 G043H7 Biolegend
gp130-PE 28126 R&D

IL-27Ra Polyclonal rabbit LifeSpan Biosciences
PD-L1-biotin MIH1 Invitrogen
IL-12RB1-APC 2.4E6 BD Biosciences
IL-17A-eFluor 660 64CAP17 eBioscience
IFN-y-Alexa Fluor® 700 B27 BD Biosciences
GM-CSF-biotin BVD2-21C11 BD Biosciences
STAT1p-PE 4a BD Biosciences
STAT3p-Alexa Fluor® 647 4/p-STAT3 BD Biosciences
STAT4p-PE 38/p-STAT4A BD Biosciences
Total STAT1-Alexa Fluor® 647 1/STAT1 BD Biosciences
Total STAT3-PE M5950 BD Biosciences

F(ab’)2-Goat anti-Rabbit-Alexa Fluor® 647
Streptavidin-BV605

Thermo Fisher Scientific
BD Biosciences

analysis was done using the statistical software R (The R
Foundation for Statistical Computing, c/o Institute for
Statistics and Mathematics Vienna, Austria). Intensity files
were processed using the oligo v1.19.0 and normalised with
the RMA method. Differential expression was then assessed
with the limma package v3.41.6 (Bioconductor open source
software for bioinformatics). Genes were identified as
significantly differentially expressed when the adjusted P-
value < 0.05 and the absolute fold change > 1.3. Microarray
data have been deposited in the NCBI-GEO repository with
the accession number GSE145334 (private access token for
reviewers: gxglsmmyhxkbfeh). GSEA was performed with
the fgsea package. The gene sets used can be found on the
MSigDB website: http://www.gsea-msigdb.org/gsea/msigdb/
index.jsp. Genes were ranked according to their t-statistic.

Flow cytometry

PBMCs and isolated T cells were stained for surface markers
and/or intracellular cytokines as previously described.?%5%77
Briefly, cells were blocked with normal mouse
immunoglobulins (mIgG) (6 pg mL™" per million of cells)
(Invitrogen) during 15 min at 4°C prior to be incubated
with fluorochrome-labelled antibodies targeting surface
antigen (see list of antibodies in Table 2) for 30 min at 4°C.
LIVE/DEAD Fixable Aqua Dead Cell Stain (Molecular
Probes™, Thermo Fisher Scientific) was added together with
the surface antibodies to exclude dead cells. To assess
phosphorylation of STATs, PBMCs were first surface-stained,
then fixed with 1.5% (w/v) paraformaldehyde and
permeabilised during 25 min on ice with Perm Buffer Ill (BD
Biosciences) according to the manufacturer’s instructions
prior to STAT labelling. Cells were acquired on a BD LSRIl or
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a Fortessa flow cytometer (BD Biosciences) and analysed
using FlowJo software (Treestar, Ashland, OR, USA). To
ensure stringent single-cell gating, doublets were excluded
using SSC and FSC height and width as recommended by
the Flow Cytometry Network (www.thefcn.org); single
events were first gated on the SSC-H vs. SSC-W and then on
the FSC-H vs. FSC-W dot plots. Appropriate isotype controls
were used in all steps. Staining specificity was confirmed
using fluorescence minus one (all antibodies minus one).
The change in median fluorescence intensity (MFI) was
calculated by subtracting the fluorescence of the isotype
from that of the stain.

Statistics

Data analysis was performed using the Prism 9.0 software
(GraphPad, La Jolla, CA, USA). When data passed the
D'Agostino & Pearson omnibus normality test, an unpaired
or paired t-test or one-way ANOVA followed by Fisher’s LSD
test was performed. When data did not pass the normality
test, the Mann-Whitney test, Friedman test or Kruskal-
Wallis test was used. Values were considered statistically
significant when probability (P) values were as follows:
P<0.05 (*¥), P<0.01 (**), P<0.001 (***) or P <0.0001
(***#*). P-values between 0.05 and 0.1 are marked as #.

ACKNOWLEDGMENTS

This work was supported by an Operating Grant from the
Multiple Sclerosis Society of Canada (MSSC). MLC obtained
a studentship from the MSSC. CyL obtained postdoctoral
awards from Fondation d’Aide pour la Recherche sur la

2021 | Vol. 10 | e1262
Page 15


http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145334
http://www.gsea-msigdb.org/gsea/msigdb/index.jsp
http://www.gsea-msigdb.org/gsea/msigdb/index.jsp
http://www.thefcn.org

IL-27 axis in multiple sclerosis

Sclérose en Plaques (ARSEP), Fonds de Recherche du
Québec-Santé (FRQS) and Canadian Institutes of Health
(CIHR). NF obtained studentships from the
Neuroinflammation CIHR Training Program and FRQS. CalL
holds a Chercheur-Boursier Junior 1 salary award from FRQS
and AP holds a Canadian Research Chair Tier I. NA holds
the Claude Bertrand Chair in neurosurgery of the Université
de Montréal. We are grateful for the excellent assistance of
the nurse Josée Poirier. We thank the flow cytometry core
facility of the CRCHUM. We are grateful to the members of
the Arbour team - Ana Carmena Moratalla and Yves
Carpentier Solorio — for their comments on the manuscript.

CONFLICT OF INTEREST

The authors declare no conflict of interest.

AUTHOR CONTRIBUTIONS

Marie-Laure Clénet: Conceptualization; Data curation;
Formal analysis; Investigation; Methodology; Writing-
original draft; Writing-review & editing. Cyril Laurent:
Formal analysis; Investigation; Methodology. Florent
Lemaitre: Data curation; Methodology. Negar Farzam-kia:
Data curation; Methodology. Olivier Tastet: Formal analysis;
Methodology. Odile Devergne: Methodology; Writing-
review & editing. Boaz Lahav: Formal analysis;
Investigation; Methodology. Marc Girard: Resources. Pierre
Duquette: Resources. Alexandre Prat: Resources. Catherine
Larochelle: Resources; Writing-review & editing. Nathalie
Arbour: Conceptualization; Data curation; Formal analysis;
Funding acquisition; Investigation; Methodology; Project
administration; Resources; Supervision; Writing-original
draft; Writing-review & editing.

REFERENCES

1. Lassmann H. Multiple sclerosis pathology. Cold Spring
Harb Perspect Med 2018; 8: a028936.

2. Baecher-Allan C, Kaskow BJ, Weiner HL. Multiple
sclerosis: mechanisms and immunotherapy. Neuron
2018; 97: 742-768.

3. McGinley AM, Edwards SC, Raverdeau M, Mills KHG.
Th17cells, v T cells and their interplay in EAE and
multiple sclerosis. J Autoimmun 2018; 87: 97-108.

4. Hunter CA, Kastelein R. Interleukin-27: balancing
protective and pathological immunity. Immunity 2012;
37: 960-969.

5. Meka RR, Venkatesha SH, Dudics S, Acharya B, Moudgil
KD. IL-27-induced modulation of autoimmunity and its
therapeutic potential. Autoimmun Rev 2015; 14: 1131-
1141.

6. Tait Wojno ED, Hunter CA, Stumhofer JS. The
immunobiology of the interleukin-12 family: room for
discovery. Immunity 2019; 50: 851-870.

7. Goldberg R, Zohar Y, Wildbaum G, Geron Y, Maor G,
Karin N. Suppression of ongoing experimental
autoimmune encephalomyelitis by neutralizing the
function of the p28 subunit of IL-27. J Immunol 2004,
173: 6465-6471.

2021 | Vol. 10 | e1262
Page 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

M-L Clénet et al.

Stumhofer JS, Laurence A, Wilson EH et al. Interleukin
27 negatively regulates the development of interleukin
17-producing T helper cells during chronic inflammation
of the central nervous system. Nat Immunol 2006; 7:
937-945.

Batten M, Li JI, Yi S et al. Interleukin 27 limits
autoimmune encephalomyelitis by suppressing the
development of interleukin 17-producing T cells. Nat
Immunol 2006; 7: 929-936.

Fitzgerald DC, Ciric B, Touil T et al. Suppressive effect
of IL-27 on encephalitogenic Th17 cells and the effector
phase of experimental autoimmune encephalomyelitis.
J Immunol 2007; 179: 3268-3275.

Fitzgerald DC, Zhang G-X, El-Behi M et al. Suppression
of autoimmune inflammation of the central nervous
system by interleukin 10 secreted by interleukin 27-
stimulated T cells. Nat Immunol 2007; 8: 1372-1379.
Mascanfroni ID, Yeste A, Vieira SM et al. IL-27 acts on
DCs to suppress the T cell response and autoimmunity
by inducing expression of the immunoregulatory
molecule CD39. Nat Immunol 2013; 14: 1054-1063.
Casella G, Finardi A, Descamps H et al. IL-27, but not IL-
35, inhibits neuroinflammation through modulating
GM-CSF expression. Sci Rep 2017; 7: 16547.

Pflanz S, Hibbert L, Mattson J et al. WSX-1 and
glycoprotein 130 constitute a signal-transducing
receptor for IL-27. J Immunol 2004; 172: 2225-2231.
Pflanz S, Timans JC, Cheung J et al. IL-27, a
heterodimeric cytokine composed of EBI3 and p28
protein, induces proliferation of naive CD4+ T cells.
Immunity 2002; 16: 779-790.

Villarino AV, Larkin J, Saris CJM et al. Positive and
negative regulation of the IL-27 receptor during lymphoid
cell activation. J Immunol 2005; 174: 7684-7691.
Yoshimura T, Takeda A, Hamano S et al. Two-sided roles
of IL-27: induction of Th1 differentiation on naive CD4+ T
cells versus suppression of proinflammatory cytokine
production including IL-23-induced IL-17 on activated
CD4+ T cells partially through STAT3-dependent
mechanism. J Immunol 2006; 177: 5377-5385.

Babaloo Z, Yeganeh RK, Farhoodi M, Baradaran B,
Bonyadi M, Aghebati L. Increased IL-17A but decreased
IL-27 serum levels in patients with multiple sclerosis.
Iran J Immunol 2013; 10: 47-54.

Hibbert L, Pflanz S, De Waal MR, Kastelein RA. IL-27
and IFN-o signal via Stat1 and Stat3 and induce T-Bet
and IL-12RB2 in naive T cells. J Interferon Cytokine Res
2003; 23: 513-522.

Kanai T, Nemoto Y, Kamada N et al. Homeostatic (IL-7)
and effector (IL-17) cytokines as distinct but
complementary target for an optimal therapeutic
strategy in inflammatory bowel disease. Curr Opin
Gastroenterol 2009; 25: 306-313.

Morishima N, Owaki T, Asakawa M, Kamiya S,
Mizuguchi J, Yoshimoto T. Augmentation of effector
CD8" T cell generation with enhanced granzyme B
expression by IL-27. J Immunol 2005; 175: 1686-1693.
Schneider R, Yaneva T, Beauseigle D, El-Khoury L,
Arbour N. IL-27 increases the proliferation and effector
functions of human naive CD8" T lymphocytes and
promotes their development into Tc1 cells. Eur J
Immunol 2011; 41: 47-59.

© 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.



M-L Clénet et al.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

© 2021 The Authors. Clinical & Translational Inmunology published by John Wiley & Sons Australia, Ltd on behalf of

Mittal A, Murugaiyan G, Beynon V, Hu D, Weiner HL.
IL-27 induction of IL-21 from human CD8" T cells
induces granzyme B in an autocrine manner. Immunol
Cell Biol 2012; 90: 831-835.

Huber M, Steinwald V, Guralnik A et al. IL-27 inhibits
the development of regulatory T cells via STAT3. Int
Immunol 2008; 20: 223-234.

Bosmann M, Ward PA. Modulation of inflammation by
interleukin-27. J Leukoc Biol 2013; 94: 1159-1165.
Wynick C, Petes C, Gee K. Interleukin-27 mediates
inflammation during chronic disease. J Interferon
Cytokine Res 2014; 34: 741-749.

Sénécal V, Deblois G, Beauseigle D et al. Production of
IL-27 in multiple sclerosis lesions by astrocytes and
myeloid cells: modulation of local immune responses.
Glia 2016; 64: 553-569.

Lalive PH, Kreutzfeldt M, Devergne O et al. Increased
interleukin-27 cytokine expression in the central
nervous system of multiple sclerosis patients. J
Neuroinflammation 2017; 14: 144.

Naderi S, Hejazi Z, Shajarian M, Alsahebfosoul F,
Etemadifar M, Sedaghat N. IL-27 plasma level in
relapsing remitting multiple sclerosis subjects: the
double-faced cytokine. J Immunoassay Immunochem
2016; 37: 659-670.

De Mercanti S, Rolla S, Cucci A et al. Alemtuzumab
long-term immunologic effect: Treg suppressor function
increases up to 24 months. Neuro/ Neuroimmunol
Neuroinflamm 2016; 3: e194.

Sweeney CM, Lonergan R, Basdeo SA et al. IL-27
mediates the response to IFN-B therapy in multiple
sclerosis patients by inhibiting Th17 cells. Brain Behav
Immun 2011; 25: 1170-1181.

Mindur JE, Valenzuela RM, Yadav SK, Boppana S, Dhib-

Jalbut S, Ito K. IL-27: a potential biomarker for
responders to glatiramer acetate therapy. J
Neuroimmunol 2017; 304: 21-28.

Legroux L, Arbour N. Multiple sclerosis and T

lymphocytes: an entangled
Pharmacol 2015; 10: 528-546.
Bullard DC, Hu X, Crawford D, McDonald K, Ramos TN,
Barnum SR. Expression of a single ICAM-1 isoform on T
cells is sufficient for development of experimental
autoimmune encephalomyelitis. Eur J Immunol 2014;
44: 1194-1199.

Duran |, Martinez-Caceres EM, Rio J, Barbera N, Marzo
ME, Montalban X. Immunological profile of patients
with primary progressive multiple sclerosis. Expression
of adhesion molecules. Brain 1999; 122(Pt 12): 2297-
2307.

Gomes AC, Jonsson G, Mjornheim S, Olsson T, Hillert J,
Grandien A. Upregulation of the apoptosis regulators
cFLIP, CD95 and CD95 ligand in peripheral blood
mononuclear cells in relapsing-remitting multiple
sclerosis. J Neuroimmunol 2003; 135: 126-134.

Satoh J-l, Nakanishi M, Koike F et al. Microarray
analysis identifies an aberrant expression of apoptosis
and DNA damage-regulatory genes in multiple sclerosis.
Neurobiol Dis 2005; 18: 537-550.

Okuda Y, Apatoff BR, Posnett DN. Apoptosis of T cells
in peripheral blood and cerebrospinal fluid is associated
with  disease activity of multiple sclerosis. J
Neuroimmunol 2006; 171: 163-170.

story. J Neuroimmune

Australian and New Zealand Society for Immunology, Inc.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

IL-27 axis in multiple sclerosis

Ichikawa H, Ota K, lwata M. Increased Fas antigen on T
cells in multiple sclerosis. J Neuroimmunol 1996; 71:
125-129.

Trabattoni D, Saresella M, Pacei M et al. Costimulatory
pathways in multiple sclerosis: distinctive expression of
PD-1 and PD-L1 in patients with different patterns of
disease. J Immunol 2009; 183: 4984-4993.

McQualter JL, Darwiche R, Ewing C et al. Granulocyte
macrophage colony-stimulating factor: a new putative
therapeutic target in multiple sclerosis. J Exp Med 2001;
194: 873-882.

Spath S, Komuczki J, Hermann M et al. Dysregulation of
the cytokine GM-CSF induces spontaneous phagocyte
invasion and immunopathology in the central nervous
system. Immunity 2017; 46: 245-260.

Kolbinger F, Huppertz C, Mir A, Padova FD. IL-17A and
multiple sclerosis: signaling pathways, producing cells
and target cells in the central nervous system. Curr
Drug Targets 2016; 17: 1882-1893.

Kebir H, Kreymborg K, Ifergan | et al. Human TH17
lymphocytes promote blood-brain barrier disruption
and central nervous system inflammation. Nat Med
2007; 13: 1173-1175.

Murphy AC, Lalor SJ, Lynch MA, Mills KH. Infiltration of
Th1 and Th17 cells and activation of microglia in the CNS
during the course of experimental autoimmune
encephalomyelitis. Brain Behav Immun 2010; 24: 641-651.
Khaibullin T, Ivanova V, Martynova E et al. Elevated
levels of proinflammatory cytokines in cerebrospinal
fluid of multiple sclerosis patients. Front Immunol 2017;
8: 531.

Rasouli J, Ciric B, Imitola J et al. Expression of GM-CSF in T
cells is increased in multiple sclerosis and suppressed by
IFN-B therapy. J Immunol 2015; 194: 5085-5093.

Durelli L, Conti L, Clerico M et al. T-helper 17 cells
expand in multiple sclerosis and are inhibited by
interferon-B. Ann Neurol 2009; 65: 499-509.

Schneider A, Long SA, Cerosaletti K et al. In active
relapsing-remitting multiple sclerosis, effector T cell
resistance to adaptive T(regs) involves IL-6-mediated
signaling. Sci Transl Med 2013; 5: 170ra115.

Schneider R, Mohebiany AN, Ifergan | et al. B cell-
derived IL-15 enhances CD8 T cell cytotoxicity and is
increased in multiple sclerosis patients. J Immunol 2011;
187: 4119-4128.

Peters A, Fowler KD, Chalmin F, Merkler D, Kuchroo VK,
Pot C. IL-27 induces Th17 differentiation in the absence
of STAT1 signaling. J Immunol 2015; 195: 4144-4153.
Betz UA, Muller W. Regulated expression of gp130 and
IL-6 receptor alpha chain in T cell maturation and
activation. Int Immunol 1998; 10: 1175-1184.

Dietrich C, Candon S, Ruemmele FM, Devergne O. A
soluble form of IL-27Ra is a natural IL-27 antagonist. J
Immunol 2014; 192: 5382-5389.

Yoshida H, Hunter CA. The immunobiology of
interleukin-27. Annu Rev Immunol 2015; 33: 417-443.
Tang SC, Fan XH, Pan QM, Sun QS, Liu Y. Decreased
expression of IL-27 and its correlation with Th1 and
Th17 cells in progressive multiple sclerosis. J Neurol Sci
2015; 348: 174-180.

Frangieh M, McHenry A, Phillips R et al. IL-27: an
endogenous  constitutive  repressor of  human
monocytes. Clin Immunol 2020; 217: 108498.

2021 | Vol. 10 | e1262
Page 17



IL-27 axis in multiple sclerosis

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

2021 | Vol. 10 | e1262

Petes C, Mariani MK, Yang Y, Grandvaux N, Gee K.
Interleukin (IL)-6 inhibits IL-27- and IL-30-mediated
inflammatory responses in human monocytes. Front
Immunol 2018; 9: 256.

Forrester MA, Robertson L, Bayoumi N, Keavney BD,
Barker RN, Vickers MA. Human interleukin-27: wide
individual variation in plasma levels and complex inter-
relationships with interleukin-17A. Clin Exp Immunol
2014; 178: 373-383.

Wang H, Meng R, Li Z et al. IL-27 induces the
differentiation of Tr1-like cells from human naive CD4"
T cells via the phosphorylation of STAT1 and STATS3.
Immunol Lett 2011; 136: 21-28.

Javan MR, Aslani S, Zamani MR et al. Downregulation
of immunosuppressive molecules, PD-1 and PD-L1 but
not PD-L2, in the patients with multiple sclerosis. Iran J
Allergy Asthma Immunol 2016; 15: 296-302.

Latchman YE, Liang SC, Wu Y et al. PD-L1-deficient
mice show that PD-L1 on T cells, antigen-presenting
cells, and host tissues negatively regulates T cells. Proc
Natl Acad Sci USA 2004; 101: 10691-10696.

Butte MJ, Keir ME, Phamduy TB, Sharpe AH, Freeman
GJ. Programmed death-1 ligand 1 interacts specifically
with the B7-1 costimulatory molecule to inhibit T cell
responses. Immunity 2007; 27: 111-122.

Hirahara K, Ghoreschi K, Yang X-P et al. Interleukin-27
priming of T cells controls IL-17 production in trans via
induction of the ligand PD-L1. Immunity 2012; 36:
1017-1030.

De Sousa Linhares A, Battin C, Jutz S et al. Therapeutic PD-
L1 antibodies are more effective than PD-1 antibodies in
blocking PD-1/PD-L1 signaling. Sci Rep 2019; 9: 11472.
Kong YC, Flynn JC. Opportunistic autoimmune disorders
potentiated by immune-checkpoint inhibitors anti-
CTLA-4 and anti-PD-1. Front Immunol 2014; 5: 206.
Axtell RC, Raman C, Steinman L. Type | interferons:
beneficial in Th1 and detrimental in Th17 autoimmunity.
Clin Rev Allergy Immunol 2013; 44: 114-120.

Stromnes IM, Cerretti LM, Liggitt D, Harris RA,
Goverman JM. Differential regulation of central
nervous system autoimmunity by T(H)1 and T(H)17 cells.
Nat Med 2008; 14: 337-342.

Kebir H, Ifergan |, Alvarez JI et al. Preferential
recruitment of interferon-y-expressing Ty17 cells in
multiple sclerosis. Ann Neurol 2009; 66: 390-402.

Huber M, Heink S, Pagenstecher A et al. IL-17A
secretion by CD8" T cells supports Th17-mediated

Page 18

70.

71.

72.

73.

74.

75.

76.

77.

M-L Clénet et al.

autoimmune encephalomyelitis. J Clin Invest 2013; 123:
247-260.

Lucas S, Ghilardi N, Li J, de Sauvage FJ. IL-27 regulates
IL-12 responsiveness of naive CD4" T cells through
Stat1-dependent and -independent mechanisms. Proc
Natl Acad Sci USA 2003; 100: 15047-15052.

Delgoffe GM, Vignali DA. STAT heterodimers in
immunity: a mixed message or a unique signal?
JAKSTAT 2013; 2: e23060.

Hirahara K, Onodera A, Villarino A et al. Asymmetric
action of STAT  transcription factors  drives
transcriptional outputs and cytokine specificity.
Immunity 2015; 42: 877-889.

Costa-Pereira AP, Tininini S, Strobl B et al. Mutational
switch of an IL-6 response to an interferon-y-like
response. Proc Natl Acad Sci USA 2002; 99: 8043-8047.
Zhang Y, Ma CA, Lawrence MG et al. PD-L1 up-
regulation restrains Th17 cell differentiation in STAT3
loss- and STAT1 gain-of-function patients. J Exp Med
2017; 214: 2523-2533.

Kamiya S, Owaki T, Morishima N, Fukai F, Mizuguchi J,
Yoshimoto T. An indispensable role for STAT1 in IL-27-
induced T-bet expression but not proliferation of naive
CD4" T cells. J Immunol 2004; 173: 3871-3877.
Thompson AJ, Banwell BL, Barkhof F et al. Diagnosis of
multiple sclerosis: 2017 revisions of the McDonald
criteria. Lancet Neurol 2018; 17: 162-173.

Arbour N, Holz A, Sipe JC et al. A new approach for
evaluating antigen-specific T cell responses to myelin
antigens during the course of multiple sclerosis. J
Neuroimmunol 2003; 137: 197-209.

Supporting Information

Additional supporting information may be found
online in the Supporting Information section at
the end of the article.

This is an open access article under the terms of
the Creative Commons Attribution-NonCommercial-
NoDerivs License, which permits use and
distribution in any medium, provided the original
work is properly cited, the use is non-commercial
and no modifications or adaptations are made.

© 2021 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

