
 

Primary progressive multiple sclerosis is a poorly understood disease entity with no specific prognostic biomarkers and scarce 
therapeutic options. We aimed to identify disease activity biomarkers in multiple sclerosis by performing an RNA sequencing ap- 
proach in peripheral blood mononuclear cells from a discovery cohort of 44 untreated patients with multiple sclerosis belonging to 
different clinical forms and activity phases of the disease, and 12 healthy control subjects. A validation cohort of 58 patients with 
multiple sclerosis and 26 healthy control subjects was included in the study to replicate the RNA sequencing findings. The RNA 
sequencing revealed an interleukin 1 beta (IL1B) signature in patients with primary progressive multiple sclerosis. Subsequent 
immunophenotyping pointed to blood monocytes as responsible for the IL1B signature observed in this group of patients. 
Functional experiments at baseline measuring apoptosis-associated speck-like protein containing a CARD (ASC) speck formation 
showed that the NOD-leucine rich repeat and pyrin containing protein 3 (NLRP3) inflammasome was overactive in monocytes 
from patients with primary progressive multiple sclerosis, and canonical NLRP3 inflammasome activation with a combination of 
ATP plus lipopolysaccharide was associated with increased IL1B production in this group of patients. Primary progressive multiple 
sclerosis patients with high IL1B gene expression levels in peripheral blood mononuclear cells progressed significantly faster com- 
pared to patients with low IL1B levels based on the time to reach an EDSS of 6.0 and the Multiple Sclerosis Severity Score. In 
agreement with peripheral blood findings, both NLRP3 and IL1B expression in brain tissue from patients with primary progressive 
multiple sclerosis was mainly restricted to cells of myeloid lineage. Treatment of mice with a specific NLRP3 inflammasome inhibi- 
tor attenuated established experimental autoimmune encephalomyelitis disease severity and improved CNS histopathology. NLRP3 
inflammasome-specific inhibition was also effective in reducing axonal damage in a model of lipopolysaccharide-neuroinflamma- 
tion using organotypic cerebellar cultures. Altogether, these results point to a role of IL1B and the NLRP3 inflammasome as prog- 
nostic biomarker and potential therapeutic target, respectively, in patients with primary progressive multiple sclerosis. 
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Avril A.B. Robertson,19 Diego Clemente,8 Marco Prinz,4,20,21 Pablo Pelegrin,6 
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Introduction 
Biomarkers are objectively measured indicators of normal 
processes or pathological conditions (Biomarkers Definitions 
Working Group et al. 2001). They are particularly needed in 
multiple sclerosis, a disease of complex aetiopathogenesis 
characterized by a high degree of multi-nature heterogeneity 
at the clinical, radiological, pathological, and treatment re- 
sponse levels (Lublin and Reingold, 1996; Lucchinetti et al., 
2000; Bielekova et al., 2005; Bermel et al., 2013). In this 
context, biomarkers in multiple sclerosis may help to distin- 
guish between different clinical courses with distinct progno- 
ses and, more importantly, they might become therapeutic 
targets that set the rationale for the design of new or effect- 
ive therapies for the disease (Comabella and Montalban, 
2014). Keeping these needs and limitations in mind, in the 
present study we embarked on a study aimed at identifying 
disease activity biomarkers in multiple sclerosis using a gen- 
ome-wide technique, RNA sequencing (RNA-seq), and 
found interleukin 1 beta (IL1B) and the NOD-leucine rich 
repeat and pyrin containing protein 3 (NLRP3) inflamma- 
some as prognostic factor and potential therapeutic target, 

respectively in multiple sclerosis patients with primary pro- 
gressive disease course (PPMS). 

 
 

Materials and methods 
Discovery cohort 
The discovery cohort comprised 44 patients with untreated mul- 
tiple sclerosis and 12 healthy controls. The multiple sclerosis 
group included: (i) 10 patients with early relapsing-remitting 
multiple sclerosis (RRMS) and active disease (in the first 5 years 
after disease onset and fulfilling criteria for treatment with 
immunomodulators); (ii) 11 RRMS patients with benign disease 
course [defined by the presence of Expanded Disability Status 
Scale (EDSS) scores 4 3.0 after 515 years from disease onset]; 
(iii) 12 patients with secondary progressive multiple sclerosis 
(SPMS; patients with relapsing-remitting disease onset who 
experienced disability progression not related to relapses, quan- 
tified as a confirmed increase at 6 months in the EDSS of 1 
point if EDSS 5 5.5 and 0.5 points if EDSS 5 5.5); and (iv) 11 
patients with PPMS. None of these patients had ever received 
treatment with immunosuppressive or immunomodulatory 
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therapies. A summary of demographic and main clinical charac- 
teristics is shown in Supplementary Table 1. 

 

RNA sequencing 
RNA-seq was performed in peripheral blood mononuclear cells 
(PBMCs) from individuals included in the discovery cohort. 
Library preparation and computational analysis of RNA-seq are 
summarized in the Supplementary material. 

 

Multiple sclerosis validation cohort 
An independent cohort of 58 untreated multiple sclerosis 
patients who never previously received immunosuppressive or 
immunomodulatory therapies and 26 healthy control subjects 
was used to validate the RNA-seq findings by an alternative 
technique, real-time PCR. The multiple sclerosis group included 
22 patients with RRMS, 16 patients with SPMS, and 20 
patients with PPMS. Considering that benign patients were hav- 
ing a RRMS disease course and findings in RNA-seq were simi- 
lar to the RRMS group, patients with benign disease were not 
included in the validation cohort. Similarly, considering that 
RRMS and SPMS patients have both a relapse onset and that 
RNA-seq findings were similar between both groups of patients, 
these two patient categories were merged as relapse-onset mul- 
tiple sclerosis (ROMS). Supplementary Table 2 summarizes 
demographic and main clinical characteristics of this validation 
cohort. In a subgroup of PPMS patients belonging to this valid- 
ation cohort (n= 12), brain MRI scans were performed in prox- 
imity to PBMC collection (46 months) and information on T1 
and T2 lesion loads was available. These patients participated in 
a phase II randomized, double-blind, placebo-controlled trial of 
interferon (IFN)-b (Montalban et al., 2009) and were included 
in the placebo arm. 

 

PPMS validation cohort 
An independent cohort of 21 PPMS patients was included to 
validate the prognostic implications of high IL1B mRNA ex- 
pression levels in PBMCs. These patients had never received im- 
munosuppressive or immunomodulatory therapies before blood 
collection and remained untreated until the time of the last fol- 
low-up included in the study. Demographic and main clinical 
characteristics are summarized in Supplementary Table 3. 

For both discovery and validation cohorts, all patients with 
multiple sclerosis were followed prospectively every 3–6 months 
and presence of relapses and EDSS scores were collected at each 
visit. 

 
Real-time PCR to measure IL1B, 
NLRP3, IL6, and TNF expression 
levels 
In individuals included in the validation cohort, total RNA was 
extracted from PBMCs previously frozen in liquid nitrogen by 
means of an RNeasyVR kit (Qiagen) and cDNA synthesized with 
the High Capacity cDNA Archive kit (Applied Biosystems). 
Messenger RNA expression levels for IL1B, NLRP3, IL6 and 
TNF were determined by real-time PCR using TaqManVR probes 
specific for each gene (Applied Biosystems). The housekeeping 
gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 

used as an endogenous control (Applied Biosystems). Assays 
were run on the ABI PRISMVR 7900HT system (Applied 
Biosystems) and data were analysed using the 2–DDCT method 
(Livak and Schmittgen, 2001). Results were expressed as fold- 
change in gene expression in patients with PPMS, SPMS, and 
RRMS relative to healthy control subjects (calibrators), and in 
patients during relapses relative to patients in clinical remission 
(calibrators). 

 
 

Assessment of time to reach 
EDSS 6.0 
Time to reach EDSS 6.0 (confirmed at 6 months) in patients 
with PPMS and ROMS with high and low mRNA expression 
levels of NLRP3 and IL1B according to a cut-off value based 
on the median were evaluated by Kaplan–Meier survival ana- 
lysis with the log-rank test. 

 
 

Peripheral blood cell 
immunophenotyping and flow 
cytometry analysis 
Expression of intracellular cytokines (IL1B, TNF, IL6) and 
NLRP3, CD40, CD80, CD86, and PD-L1 within PBMC subsets 
[monocytes, BDCA-1- and BDCA-3-positive dendritic cells, plas- 
macytoid dendritic cells, B cells, T cells, CD56dimCD16 + natural 
killer (NK) cells, CD56hiCD16neg NK cells, CD14 + CD16neg, 
CD14 + CD16 + , and CD14negCD16 + monocytes] was analysed 
by flow cytometry in a subgroup of 31 multiple sclerosis patients 
and 11 healthy control subjects belonging to the discovery and 
validation cohorts. The multiple sclerosis group comprised 10 
patients with PPMS and 21 patients with ROMS. A summary of 
demographic and clinical characteristics is provided in 
Supplementary Table 4. Immunophenotyping and flow cytometry 
analysis methods are summarized in the Supplementary material. 
Supplementary Fig. 1 depicts gating strategy and Supplementary 
Fig. 2 shows representative density plots and histograms for 
IL1B, IL6, TNF, and NLRP3 expression in monocytes. 

 
 

Quantification of IL1B levels in 
serum samples by ELISA 
Levels of IL1B were measured in serum samples of 81 multiple 
sclerosis patients and 16 healthy control subjects belonging to 
the discovery and validation cohorts. The multiple sclerosis 
group included 30 patients with PPMS and 51 patients with 
ROMS (SPMS and RRMS). Supplementary Table 4 summarizes 
demographic and clinical characteristics of patients. Serum sam- 
ples were obtained at the same time as the PBMCs used in the 
expression studies. Briefly, peripheral blood was collected by 
standard venipuncture and allowed to clot spontaneously for 30 
min. Serum was isolated by centrifugation and stored frozen at –
80oC until used. IL1B levels were measured in serum samples 
by means of a commercially available ELISA (Human IL1B 
ELISA; R&D Systems). Samples were measured in duplicate in 
undiluted serum. The intra-assay and inter-assay coefficients of 
variation were 5.8% and 8.4%, respectively. 
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CSF monocytes 
immunophenotyping and flow 
cytometry analysis 
Expression of intracellular IL1B was measured by flow cytome- 
try in CSF samples from nine untreated multiple sclerosis 
patients, three with PPMS and six with ROMS. A summary of 
demographic and clinical variables of patients is provided in 
Supplementary Table 4. 

 

 
Quantification of baseline active 
caspase-1 and ASC speck formation 
in monocytes 
Caspase-1 activity and ASC speck formation was determined in 
PBMCs from PPMS patients (n= 5), ROMS patients (n= 5), 
and healthy control subjects (n= 4). Intracellular apoptosis-asso- 
ciated speck-like protein containing a CARD (ASC) speck for- 
mation was evaluated by the time of flight inflammasome 
evaluation (TOFIE) in CD14 + monocytes using a polyclonal 
unconjugated rabbit anti-ASC (N-15)-R antibody (Santa Cruz 
Biotechnology) and a secondary monoclonal donkey anti-rabbit 
antibody Alexa FluorVR 488 (Thermo Fisher Scientific), both at 
1:1000 dilution. Active caspase-1 was measured in monocytes 
using the specific fluorescent probe FLICA-660 Caspase-1 Assay 
Kit (Immunochemistry Technologies) following the manufac- 
turer’s instructions. For the determination of ASC specks and 
FLICA, monocytes were selected using anti-CD14 PE (clone 
61D3, Tonbo Biosciences) or anti-CD14 APC-H7 (clone MuP9, 
BD Biosciences), respectively. Samples were analysed by flow 
cytometry using a FACS Canto (BD Biosciences) and the FCS 
express software (De Novo Software). Supplementary Fig. 3 
summarizes the gating strategy. 

 

 
Canonical NLRP3 inflammasome 
activation and quantification of 
IL1B levels in supernatant by 
ELISA 
Canonical activation of the NLRP3 inflammasome is illustrated 
in Supplementary Fig. 4. PBMCs from PPMS patients (n= 9), 
ROMS patients (n= 7), multiple sclerosis patients whose blood 
was collected at the time of clinical relapses (relapsing patients; 
n= 3), and healthy control subjects (n= 7) were plated at a 
density of 106 cells/well and left untreated or primed with lipo- 
polysaccharide (LPS, 1 lg/ll; Sigma) for 3 h and subsequently 
activated with ATP (5 mM; InvivoGen) for one additional hour. 
For some culture conditions, PBMCs were incubated in the pres- 
ence of IFNb (100 IU/ml) or IL-10 (100 ng/ml; ThermoFisher 
Scientific) for 4 h and then the inflammasome activated as previ- 
ously described with LPS and ATP. After stimulation, superna- 
tants were collected following centrifugation of the cultured 
PBMCs and stored frozen at –80oC until used. IL1B levels were 
measured in supernatants by ELISA as previously described. 
The intra-assay and inter-assay coefficients of variation were 
5.1% and 9.2%, respectively. 

Western blot analysis to determine 
NF-jB and IL1B intracellular 
expression 
NF-jB expression was measured in unstimulated conditions in 
PBMCs from PPMS patients (n= 4), ROMS patients (n= 4) and 
healthy control subjects (n= 4). Intracellular IL1B expression was 
determined in PBMCs from PPMS patients (n= 4), ROMS 
patients (n= 4), relapsing patients (n= 3), and healthy control 
subjects (n= 3) after NLRP3 inflammasome activation with a 
combination of LPS + ATP, as described above. For western blot 
analysis, PBMCs were lysed in RIPA buffer supplemented with 
protease inhibitor cocktail (Sigma-Aldrich). Protein concentration 
was determined by the BCA assay (Thermo Fisher Scientific) and 
equal amounts of protein were run on SDS-PAGE gels and trans- 
ferred onto PVDF membranes. Membranes were blocked with 
5% non-fat dry milk for 1 h at room temperature and incubated 
overnight at 4oC with specific primary antibodies against NF-jB 
p65 (sc-372, Santa Cruz Biotechnology), IL1B (ab2105, Abcam) 
and actin (A5060, Sigma-Aldrich). Membranes were then incu- 
bated with the appropriate secondary horseradish-peroxidase- 
labelled antibody and developed with the enhanced chemilumin- 
escence method (Millipore). Finally, blots were imaged on an 
Odyssey Fc imager (LI-COR, Lincoln, NE) and bands were quan- 
tified with the Image Studio Lite software (LI-COR). A represen- 
tative western blot is shown in Supplementary Fig. 5. 

 
Quantification of NF-jB p65 
transcription factor activity 
NF-jB activity was measured in unstimulated conditions in nu- 
clear protein extracts of PBMCs from the same PPMS patients 
(n= 4), ROMS patients (n= 4) and healthy control subjects 
(n= 4) that were used to determine NF-jB expression by west- 
ern blot. Nuclear proteins were extracted from PBMCs by 
means of a commercially available Nuclear Extraction Kit (Ray 
Biotech; Catalogue: NE-50) and stored frozen at –80oC until 
used. NF-jB p65 transcription factor activity assay was per- 
formed by means of a commercially available assay (Human 
NF-kB p65 Transcription Factor Activity Assay Kit; Ray 
Biotech; Catalogue: TFEH-p65), according to the manufac- 
turer’s instructions. 

 
Genotyping of the NLRP3 
polymorphism 
Genomic DNA from peripheral blood samples was obtained 
using standard methods from 2031 individuals including 
patients with PPMS (n= 309), patients with ROMS (n= 695), 
and healthy control subjects (n= 1027). Genotyping of 
rs35829419 was performed by means of the 50 nuclease assay 
technology for allelic discrimination using fluorogenic 
TaqManVR probes on a 7900 Applied Biosystems machine. 
Rs35829419 was commercially available from Applied 
Biosystems through the Assay-on-Demand service. 

 

Human brain tissue samples 
Paraffin-embedded brain samples from PPMS patients and non- 
neurological controls were provided by the UK Multiple Sclerosis 
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Tissue Bank (Imperial College London). Tissue sections were 
stained with haematoxylin and eosin and Klu¨ ver-Barrera for in- 
flammation and demyelination assessment. Two brain tissue 
samples were selected for the study. First, samples from PPMS 
patients. In this group, all lesions showed an inactive core with a 
variable inflammatory activity at the border. For this reason, all 
lesions, based on their activity at the border, were subsequently 
classified into two groups as mixed active/inactive demyelinating 
lesions (n= 7) [when macrophages/microglia were observed only 
at the lesion border and Luxol fast blue (LFB) + degradation 
products were observed within macrophages/microglia] and 
mixed active/inactive post-demyelinating lesions (n= 5) (when 
macrophages/microglia were observed only at the lesion border 
and LFB + degradation products were not observed within mac- 
rophages/microglia), according to the criteria published by 
Kuhlmann et al. (2017). The second group of samples comprised 
brain tissue from non-neurological controls (n= 5). 

 
NLRP3 and IL1B 
immunohistochemistry and 
immunostaining  assessment 
Immunostainings were developed with the automated Benchmark 
XT platform from Ventana Medical System. Briefly, 4-mm thick, 
paraffin-embedded serial sections were deparaffinized with EZ 
PrepTM (Ventana Medical Systems). Antigen retrieval was per- 
formed with Cell Conditioning 1 pH 8 (Ventana Medical 
Systems), for 30 min. Endogenous peroxidase activity was blocked 
with hydrogen peroxide 3%. Samples were incubated with the fol- 
lowing primary antibodies: rabbit anti-NLRP3 (Abcam 
ab214185) and rabbit anti-IL1B (Abcam ab82558) for 36 min 
and visualized with ultraView Universal DAB (Ventana Medical 
Systems). All samples were counterstained with haematoxylin. 

For each multiple sclerosis sample, five pictures were taken. 
Total NLRP3- and IL1B-positive cells were counted. Percentages 
of positive cells were calculated with respect to the total number 
of cells. Myelin basic protein (MBP) immunostainings were per- 
formed with the automated Autostainer Plus from Dako. In brief, 
antigen retrieval was performed at pH 6 prior to blocking en- 
dogenous peroxidases. Rabbit anti-MBP (Dako A0623) antibody 
was incubated overnight and visualized with EnVision detection 
system DAB (Dako SM809). For double immunostainings, anti- 
gen retrieval was performed at pH 6 prior to blocking endogen- 
ous peroxidase activity. Afterwards, sections were blocked for 10 
min with 10% normal donkey serum to prevent unspecific bind- 
ing of the antibodies. Primary antibodies (anti-NLRP3 or anti- 
IL1B) were incubated at 4oC overnight and visualized with 
EnVision detection system DAB (Dako SM809). Before addition 
of the primary rabbit anti-IBA1 (Abcam ab178846) or rabbit 
anti-TMEM119 (Abcam ab185333) antibodies, sections were 
again blocked with hydrogen peroxide 3% and 10% normal 
goat serum as described before. The antibodies were incubated at 
4oC overnight and visualized with the Monosan Permanent-AP 
Red Kit (Monosan MON-APP185). 

Mouse EAE induction, clinical 
follow-up and treatment 
Eight-week-old female C57BL6/J mice were immunized with 
myelin oligodendrocyte glycoprotein (MOG)35-55 as described 
in  the  Supplementary  material.  At  Days  13–14  post- 

immunization, mice were injected intraperitoneally daily with a 
NLRP3 inflammasome inhibitor (MCC950) (Coll et al., 2015) 
(50 mg/kg or 100 mg/kg), 100 mg/kg of an IL1R antagonist 
(anakinra, KineretVR ) or vehicle (200 ll of PBS). Treatment ad- 
ministration and clinical follow-up were performed in a blinded 
manner. Experimental autoimmune encephalomyelitis (EAE) 
clinical severity was analysed by means of area under the curve. 

 
Time course of Nlrp3 and Il1b gene 
expression in spinal cord from EAE 
mice 
C57BL6/J mice were immunized as described above, sacrificed 
at 8, 16, 22, 29, 36, and 50 days post-immunization and spinal 
cord tissue obtained. Nlrp3 and Il1b gene expression was deter- 
mined by real-time PCR (Supplementary material). 

 
Splenocyte proliferative assay and 
IL17 production 
Splenocytes were stimulated with MOG35-55 or phytohaem- 
agglutinin (PHA) and incorporated 3H-thymidine was measured 
as described in the Supplementary material. IL17 production 
was determined in the supernatants of MOG35-55-stimulated 
splenocytes with Mouse IL17 Platinum ELISA (Affymetrix e- 
Bioscience; BMS6001), according to the manufacturer’s 
instructions. 

 
Histopathology and 
immunohistochemistry in EAE and 
treated mice 
The animals were euthanized by CO2 asphyxiation and the 
brains and spinal cords were removed and fixed with 4% paraf- 
ormaldehyde (Sigma-Aldrich) for 24 h. The entire brains were 
cut in four coronal sections and the whole spinal cords were cut 
in two coronal and two transversal sections, which were 
embedded in paraffin wax, obtaining one paraffin block for 
every mouse. Brains and spinal cords were cut into 4-lm thick 
serial sections. Histopathological assessment was developed in 
slides containing two coronal and two longitudinal sections of 
the spinal cord for every mouse. Supplementary Fig. 6 shows 
examples of zoomed-out images representative of the spinal 
cord sections that were used for histological evaluation. Cell in- 
filtration (haematoxylin and eosin staining) was evaluated 
according to the following criteria: 0, no lesion; 1, cellular infil- 
tration only in the meninges; 2, very discrete and superficial 
infiltrates in the parenchyma; 3, moderate infiltrates (525%) in 
the white matter; 4, severe infiltrates (25–50%) in the white 
matter; and 5, more severe infiltrates (450%) in the white mat- 
ter. Demyelination (Klu¨ ver-Barrera staining) was scored as fol- 
lows: 0, no demyelination; 1, little demyelination only around 
infiltrates and involving 525% of the white matter; 2, demye- 
lination involving 550% of the white matter; and 3, diffuse 
and widespread demyelination involving 450% of the white 
matter. Quantification studies were done by selecting five repre- 
sentative areas (0.25 mm2) of the white matter after examining 
all the spinal cord areas (two coronal and two longitudinal sec- 
tions) included in every slice. Double immunostainings were 

https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa084#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa084#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa084#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa084#supplementary-data


 
 

 
performed to investigate NLRP3 and IL1B expression in astro- 
cytes (GFAP + ), macrophages/microglial cells [Lycopersicon 
esculentum agglutinin (LEA + )], and neurons (NeuN + ) 
(Supplementary material). 

Organotypic cerebellar slice 
cultures 
Cerebellar slice cultures were prepared from 7-day-old C57BL/ 
l6 mice from both sexes. Briefly, 300 mm parasagittal slices of 
cerebellum were obtained using a McIlwain tissue chopper (Ted 
Pella, Inc.). The slices were prepared from litters of five to seven 
pups and randomly distributed between conditions. Between six 
and eight slices were grown on each 0.4-lm cell culture insert 
(Millicell PICMORG50) in a P6 culture plaque, adding 1 ml/ 
well of medium containing 50% Basal medium containing 
Earle’s salt (BME, Gibco), 25% Hank’s buffered salt solution 
(HBSS; Gibco), 25% inactivated horse serum (Gibco), 5 mg/ml 
glucose, 0.25 mM L-glutamine (Gibco) and 25 mg/ml penicillin/ 
streptomycin (Gibco), and incubated at 37oC, 5% CO2. In all 
experiments, cerebellar slices were maintained for 7 days in cul- 
ture to reduce microglia activation and allow myelination before 
starting the studies. Culture medium was refreshed every 2 days. 
Cultures were then treated with 15 lg/ml of LPS (Sigma), a con- 
centration known to induce axonal damage (di Penta et al., 
2013), alone or together with different doses (1, 5 and 10 lM) 
of the specific NLRP3 inflammasome inhibitor (MCC950) for 
24 h. Cerebellar slices maintained in culture medium alone were 
included to establish basal axonal damage level. 
Immunofluorescence microscopy to evaluate axonal damage is 
summarized in the Supplementary material. 

 
Ethics statement for human and 
animal studies 
All human studies were approved by the corresponding local 
ethics committees and participants gave written informed con- 
sent. All animal experiments were carried out in strict accord- 
ance with the EU and governmental regulations. The Ethics 
Committee on Animal Experimentation of the Hospital 
Universitari Vall d’Hebron and the Hospital Nacional de 
Paraple´jicos approved all procedures described in this study. All 
the data presented here are in accordance with the guidelines 
suggested for EAE publication (Baker and Amor, 2012). 

 

Data availability 
The data that support the findings of the study are available 
from the corresponding author upon reasonable request. 

 

Results 
RNA-seq reveals a 
pro-inflammatory signature in 
patients with PPMS characterized 
by upregulation of IL1B and NLRP3 
RNA-seq was first performed in PBMCs from a discovery 
cohort of healthy control subjects and multiple sclerosis 

patients belonging to different clinical forms and activity 
phases of the disease. A pro-inflammatory signature com- 
posed of cytokine and chemokine genes was consistently 
upregulated in all the comparisons between PPMS patients 
and the other clinical forms of multiple sclerosis and healthy 
control subjects (Fig. 1A, B and Supplementary Table 5). 
Considering that IL1B was one of the top most expressed 
genes in PPMS patients and the functional enrichment 
observed for pathways containing IL1B and the NLRP3 
inflammasome among differentially expressed genes 
(Supplementary Table 6), we hypothesized a role for the 
NLRP3 inflammasome and its associated cytokine IL1B in 
the induction of the pro-inflammatory signature observed in 
patients with PPMS. In fact, a selective upregulation of 
NLRP3 gene expression but not of the expression levels of 
genes coding for other inflammasomes such as NLRP1, 
NLR family CARD domain containing 4 (NLRC4), and ab- 
sent in melanoma 2 (AIM2), was observed in PBMCs from 
PPMS patients compared to the other groups (Fig. 1C). 
RNA-seq findings were validated by real-time PCR in 
PBMCs from an independent replication cohort of multiple 
sclerosis patients and healthy control subjects. As shown in 
Fig. 1D, gene expression levels for IL1B and NLRP3, as 
well as for other cytokines identified in the pro-inflamma- 
tory signature, were again found to be significantly upregu- 
lated in PBMCs from PPMS patients compared to the other 
clinical forms of the disease and healthy control subjects. 
Based on these initial results pointing to a role for IL1B and 
the NLRP3 inflammasome in patients with PPMS, we car- 
ried out additional experiments to characterize the implica- 
tion of the NLRP3 pathway in this particular multiple 
sclerosis clinical form. 

 
Peripheral blood cell monocytes are 
responsible for the IL1B signature 
in patients with PPMS 
We first investigated IL1B expression in different peripheral 
blood cell subsets by flow cytometry analysis. As shown in 
Fig. 2A, an increased frequency of IL1B-positive monocytes 
was found in PBMCs from PPMS patients compared to 
patients with ROMS and healthy control subjects, and dif- 
ferences were observed across the different monocyte sub- 
sets. These findings were not due to an increased relative 
proportion of monocytes in PPMS patients, insomuch as the 
frequencies of CD14 + CD16 + , CD14negCD16 + and 
CD14 + CD16neg monocyte subsets were similar between 
PPMS patients and ROMS patients (although the latter 
monocyte subset was significantly increased in multiple scler- 
osis patients compared to healthy control subjects; 
Supplementary Fig. 7). While low-level IL1B expression also 
stemmed from other PBMC subsets such as conventional or 
plasmacytoid dendritic cells and NK cells, only monocytes 
but not T or B cells displayed a unique and differential IL1B 
signature in PPMS patients (Fig. 2A and B). This unique 
IL1B monocyte-specific signature in PPMS patients was 
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Figure 1 IL1B and NLRP3 are over-expressed in PBMCs from patients with PPMS. (A–C) RNA sequencing results in a discovery co- 
hort of 44 untreated multiple sclerosis patients [PPMS, n=  11; SPMS, n=  12; RRMS, n=  10; patients with benign disease course (Benign), n=  11] 
and 12 healthy controls (HC). (A) Volcano plots showing a pro-inflammatory signature formed by cytokines (IL1B, TNF, IL6) and chemokine genes 
(CCL3, CXCL1, CXCL2, CXCL3, CXCL10) that are consistently upregulated in all the comparisons between PPMS patients and the other clinical 
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supported by the findings of similar frequencies of IL1B- 
related pro-inflammatory cytokines such as IL6 and TNF in 
monocytes from PPMS patients and other clinical forms 
(Fig. 2C). Further investigation on the surface expression of 
activation and co-stimulatory molecules such as CD80, 
CD86, CD40 or PD-L1 in blood cell subsets did not reveal 
significant differences among multiple sclerosis groups 
(Supplementary Fig. 8). The IL1B signature was also 
observed in serum, where IL1B levels were found to be ele- 
vated in PPMS patients compared to ROMS patients and 
healthy control subjects (Fig. 2D), and in the CSF, where the 
frequency of CSF IL1B positive monocytes was increased in 
PPMS patients compared to ROMS patients (Fig. 2E). 

 
The NLRP3 inflammasome is more 
activated in PBMCs from PPMS 
patients 
In the first instance, we investigated whether rather than acti- 
vation of the NLRP3 inflammasome, differences in the IL1B 
signature in PPMS patients were due to increased pre-existing 
NLRP3 protein expression levels secondary to elevated 
mRNA expression levels and/or augmented signalling through 
the NF-jB pathway, which is known to upregulate the tran- 
scription of inflammasome components (Shao et al., 2015). As 
shown in Fig. 3A, intracellular NLRP3 protein expression was 
similar between PPMS and ROMS patients across different 
monocyte subsets, although significantly elevated in multiple 
sclerosis patients compared to healthy control subjects. 
Likewise, an increased signalling via NF-jB was ruled out in- 
somuch as NF-jB protein expression levels including activated 
NF-jB p65 were comparable between PPMS patients, ROMS 
patients and healthy control subjects (Fig. 3B and 
Supplementary Fig. 9). We next determined NLRP3 inflamma- 
some function at baseline by measuring ASC speck formation 
and active caspase-1 in monocytes. As shown in Fig. 3C, cas- 
pase-1 activity was significantly increased in monocytes from 
both ROMS and PPMS patients compared to healthy control 
subjects, whereas no differences were observed between the 
two multiple sclerosis groups. In contrast, only PPMS patients 
showed significantly increased percentage of monocytes with 
ASC specks at baseline compared to ROMS patients and 
healthy control subjects (Fig. 3C). To study the canonical 
NLRP3 inflammasome activation in PPMS patients, PBMCs 
were treated with a combination of LPS and ATP, two 

well-known signals involved in the inflammasome pathways 
(Weigt et al., 2017). For these experiments, a group of ROMS 
patients whose blood was collected at the time of clinical relap- 
ses was also included for comparison purposes 
(Supplementary Table 7). Similar to patients with PPMS, 
relapsing patients also had increased IL1B and NLRP3 
mRNA expression levels compared to patients in clinical re- 
mission (Fig. 3D). Following NLRP3 inflammasome stimula- 
tion, intracellular IL1B protein expression in PBMCs and IL1B 
levels in supernatants were highest in PPMS patients compared 
to ROMS patients, relapsing patients, and healthy control sub- 
jects (Fig. 3E and F). Interestingly, IL1B production from 
patients with PPMS was completely abrogated by incubating 
PBMCs with a specific NLRP3 inflammasome inhibitor 
(MCC950) (Coll et al., 2015) (Supplementary Fig. 10A). We 
next investigated whether inefficient suppression of the 
NLRP3 inflammasome by type 1 IFN and/or IL10, which 
have been shown to decrease inflammasome activation and 
IL1B production (Guarda et al., 2011; Inoue et al., 2012b), 
contributed to the IL1B signature observed in PPMS patients. 
After a dose response study using MX1 gene expression (MX 
dynamin like GTPase 1) as positive control (Supplementary 
Fig. 10B and C), addition of IFNb (100 IU/ml) to PBMC cul- 
tures did not result in decreased IL1B levels in supernatants of 
multiple sclerosis patients or healthy control subjects (Fig. 3F). 
In contrast, incubation of PBMCs with the anti-inflammatory 
cytokine IL10 significantly inhibited IL1B levels after inflam- 
masome activation in all groups except in relapsing patients 
(Fig. 3F). Finally, genotyping of the rs35829419 polymorph- 
ism, whose minor allele (A) has been associated with an over- 
active NLRP3 inflammasome (Verma et al., 2012), revealed 
similar genotype frequencies across groups (Supplementary 
Table 8) and ruled out a potential genetic factor due to the 
rs35829419 polymorphism as the cause of the higher inflam- 
masome activation observed in PPMS patients. 

 
 

High IL1B gene expression levels in 
PBMCs are associated with faster 
disease progression in patients with 
PPMS 
To investigate whether IL1B and NLRP3 gene expression 
could have prognostic implications in multiple sclerosis dis- 
ease course, the time to reach a score of 6.0 in the EDSS, 

 

 

Figure 1 Continued 
forms of multiple sclerosis and healthy control subjects. The number of genes differentially expressed with FDR (false discovery rate)-adjusted P- 
values 5 0.05 is shown in red: PPMS versus SPMS = 396; PPMS versus RRMS = 441; PPMS versus Benign = 357; PPMS versus healthy control 
subjects = 569. (B) Bar graphs showing mean gene expression levels (normalized counts) of genes belonging to the pro-inflammatory signature 
in the different groups of multiple sclerosis patients and healthy control subjects. (C) Bar graphs with mean gene expression levels (normalized 
counts) of inflammasome-related genes. PPMS patients have a selective upregulation of NLRP3 compared to the other patient categories and 
healthy control subjects. *P 5 0.01. (D) Real-time PCR results in a validation cohort of 58 untreated multiple sclerosis patients (ROMS, n= 38; 
15 SPMS and 23 RRMS) and 26 healthy control subjects. Graphs show over-expression of IL1B, NLRP3, IL6, and TNF in patients with PPMS com- 
pared to ROMS and healthy control subjects. Graphs are expressed as fold-change in gene expression in PPMS, SPMS, and RRMS relative to 
healthy control subjects. ***P 5 0.001, **P 5 0.01, *P 5 0.05 (Mann-Whitney U rank-sum test). 
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which indicates walking assistance, and the Multiple 
Sclerosis Severity Score (MSSS) (Roxburgh et al., 2005), 
which relates clinical disability to disease duration, were 
determined in patients with high and low IL1B and NLRP3 
mRNA expression levels calculated according to cut-off val- 
ues based on the median. As shown in Fig. 4A, PPMS 
patients with IL1B expression levels in PBMCs above the 
median progressed faster and reached an EDSS of 6.0 in 7 
years compared to 18 years in patients having low IL1B lev- 
els. These findings were restricted to the PPMS group and 
were not observed in patients with ROMS classified accord- 
ing to similar criteria (Fig. 4A). In contrast, classification of 
multiple sclerosis patients according to NLRP3 mRNA ex- 
pression levels in PBMCs did not influence disease course of 
PPMS or ROMS patients (Fig. 4A). A similar prognostic pic- 
ture of faster disease progression restricted both to the 
PPMS group and IL1B was observed using the MSSS at the 

time of blood collection. MSSS scores significantly correlated 
with IL1B mRNA expression levels (Supplementary Fig. 11) 
and were found to be higher only in PPMS patients with 
IL1B expression levels above the median compared to 
patients with low IL1B levels, but not in patients classified 
according to NLRP3 expression levels (Fig. 4B and 
Supplementary Fig. 11). The worse disease prognosis associ- 
ated with high IL1B mRNA expression levels in PBMCs 
was validated in an independent cohort of PPMS patients 
(Supplementary Table 3), and high IL1B levels were again 
associated with a shorter time to reach an EDSS of 6.0 com- 
pared to low IL1B levels (7 versus 20 years as median times, 
respectively) (Fig. 4C). Similarly, comparisons of MSSS 
scores both at the time of blood collection and at the time of 
last follow-up revealed significantly higher scores in PPMS 
patients with high IL1B levels compared to patients with 
low IL1B levels (Fig. 4C). Interestingly, disease progression 

 
cytometry analysis of intracellular cytokine expression in PBMCs reveals an increased frequency of IL1B + monocytes in PPMS patients. Graphs 
show the fraction of IL1B + cells within myeloid (A) and lymphoid (B) subsets from healthy controls (HC; n=  11), patients with PPMS (n= 10), 
and patients with ROMS (n= 21). (C) The percentage of positive monocytes expressing other cytokines such as IL6 and TNF is similar between 
multiple sclerosis groups. Graphs depict the fraction of IL6 + and TNF + cells in monocytes and monocyte subsets. (D) Serum IL1B levels are 
increased in patients with PPMS. Levels of IL1B were measured by ELISA in serum samples from healthy control subjects (n= 17), and patients 
with PPMS (n= 30) and ROMS (n= 51). (E) Intracellular IL1B expression determined by flow cytometry is increased in CSF monocytes from 
PPMS patients (n= 3) compared to ROMS patients (n= 6). In A–C, pooled data from two independent analyses are shown. Each symbol repre- 
sents an individual and horizontal bars indicate mean values. ***P 0.001, **P 0.01,*P 0.05 by Mann-Whitney U rank-sum test. ns = 
P 0.05. cDC = conventional dendritic cells; pDC = plasmacytoid dendritic cells. 
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Figure 3 NLRP3 inflammasome is more activated in patients with PPMS. (A) Increased protein expression levels of NLRP3 in PBMC- 
derived monocytes from patients with multiple sclerosis. PBMCs from healthy controls (HC), patients with PPMS or patients with ROMS were 
stained for NLRP3 and its intracellular expression analysed by flow cytometry. Expression levels were compared on monocytes and monocyte 
subsets via median fluorescence intensity (MFI). Each symbol represents an individual. (B) NF-jB signalling pathway is not upregulated in PPMS 
patients. NF-jB expression levels were determined by western blot in PBMCs from PPMS patients (n= 4), ROMS (n= 4), and healthy control 
subjects (n= 4). Graphs represent optical densities in arbitrary units with respect to b-actin. (C) The percentage of ASC-specking CD14 + cells 
is increased in PPMS patients. Graphs represent the percentage of CD14 + monocytes with active caspase-1 labelled using the fluorescent inhibi- 
tor probe 660-YVAD-FMK (FLICA) staining (left) and the percentage of apoptosis-associated speck-like protein containing a caspase recruitment 
domain (ASC)-specking monocytes (right). Each symbol represents an individual and horizontal bars indicate mean values. (D) NLRP3 and IL1B 
mRNA expression levels measured by real-time PCR are increased in multiple sclerosis patients during relapses compared to patients in remis- 
sion. Graphs are expressed as fold-change in gene expression in ROMS patients during relapses (n= 8) relative to ROMS patients in clinical remis- 
sion (n= 23). (E) IL1B expression is increased in PBMCs from PPMS patients following canonical inflammasome activation. The NLRP3 
inflammasome was activated with a combination of LPS + ATP and IL1B intracellular expression was measured by western blot in PBMCs from 
PPMS patients (n= 5), ROMS (n= 4), relapsing patients (n= 3), and healthy control subjects (n= 3). Graphs show the median difference in IL1B 
expression between the unstimulated and LPS + ATP stimulated conditions represented as optical densities in arbitrary units with respect to b- 
actin. (F) IL1B levels are increased in supernatants of PBMCs from PPMS patients following canonical NLRP3 inflammasome activation and are 
inhibited by IL10 but not by IFNb. PBMCs from PPMS patients (n= 9), ROMS (n= 7), patients during relapses (n= 3), and healthy control subjects 
(n= 7) were stimulated with a combination of LPS + ATP alone or in the presence of IFNb (100 IU/ml) or IL10 (100 ng/ml). After inflammasome 
activation, supernatants were collected and IL1B levels measured by ELISA. IFN = interferon-beta; UN = unstimulated condition. Statistics: 
Mann-Whitney U-test. ***P 5 0.001, **P 5 0.01, *P 5 0.05, ns = P 4 0.05. 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4 Patients with PPMS and high IL1B levels have faster disease progression. IL1B and NLRP3 mRNA expression levels deter- 
mined by real-time PCR in PBMCs from PPMS and ROMS patients were classified into high and low according to a cut-off value based on the me- 
dian, and related to the time to reach an EDSS of 6.0 and the MSSS as outcome variables to evaluate disease progression. (A) Time to reach an 
EDSS of 6.0 is shorter in PPMS patients with IL1B levels above the median. Patients with high IL1B levels reached an EDSS of 6.0 [median time 
(95% confidence interval)] in 7.0 years (4.4–9.6) compared to 18 years (12.0–24.0) in patients with low IL1B levels. Statistics: log-rank test for 
time to EDSS 6.0. (B) MSSS scores at the time of blood collection are higher in PPMS patients with high IL1B levels. In PPMS patients, the median 
follow-up time from disease onset to blood collection was 10 years. Statistics: Mann-Whitney U-test. (C) High IL1B levels are associated with 
faster disease progression in a validation cohort of PPMS patients. Patients with high IL1B levels reached an EDSS of 6.0 in 7.0 years (4.1–9.9) 
compared to 20 years (10.3–29.7) in patients with low IL1B levels. Left boxes refer to MSSS scores at the time of blood collection 11 years as me- 
dian time from disease onset. Right boxes refer to MSSS scores at the time of last follow-up 23 years as meadian time from disease onset. 
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from the time of blood collection to the time of the last fol- 
low-up was significantly faster in PPMS patients with IL1B 
levels above the median compared to patients with low 
IL1B levels (Fig. 4C). Finally, IL1B mRNA expression levels 
in PBMCs from PPMS patients significantly correlated with 
brain radiological measures of lesion formation and tissue 
destruction such as the T2 and T1 lesion loads, respectively 
(Fig. 4D). 

 
Both IL1B and NLRP3 are 
expressed in macrophages/ 
microglial cells and associate with 
lesion activity in PPMS patients 
We next investigated the cell source of NLRP3 and IL1B ex- 
pression in brain tissue from PPMS patients. In agreement 
with peripheral blood findings of constrained IL1B signature 
in monocytes, expression of both NLRP3 and IL1B in PPMS 
brain tissue was mainly restricted to cells of myeloid lineage, 
i.e. IBA1 + macrophages/microglia. As shown in Fig. 5a, 
both NLRP3 and IL1B immunoreactivity was observed in 
IBA1 + macrophages/microglial cells located in inactive 
demyelinated lesions. Double immunolabelling using 
TMEM119 as a specific marker for microglia revealed 
TMEM119 downregulation on microglia associated with 
multiple sclerosis lesions (Supplementary Fig. 12), a finding 
that is in line with previous reports (Masuda et al., 2019). 

Interestingly, classification of PPMS brain lesions accord- 
ing to their demyelinating activity revealed significantly 
higher percentages of NLRP3 and IL1B positive cells in 
mixed active/inactive demyelinating lesions than in post- 
demyelinating lesions and brain tissue from non-neurological 
controls (Fig. 5B), findings that indicate an association be- 
tween NLRP3 and IL1B expression and PPMS lesion 
activity. 

 
NLRP3 inflammasome inhibition 
improves EAE and protects against 
axonal damage in organotypic 
cerebellar cultures 
Based on the prognostic implications of the IL1B signature 
observed in PPMS patients, we next wondered whether in- 
hibition of IL1B effects could influence EAE disease severity 
by using the specific NLRP3 inflammasome inhibitor 
MCC950 (Coll et al., 2015) and the IL1 receptor (IL1R) 

antagonist anakinra administered in therapeutic settings 
(Supplementary Fig. 4 illustrates the levels of inhibition of 
MCC950 and anakinra). Animals were treated at Days 13– 
14 post-immunization, a time point in which the majority of 
animals had already developed clinical signs of the disease 
and close to the peak of Nlrp3 and Il1b gene expression 
observed in spinal cord tissue from EAE mice 
(Supplementary Fig. 13). Following a dose-response study 
(Supplementary Fig. 14), treatment of mice with 50 mg/kg 
of the specific NLRP3 inflammasome inhibitor significantly 
attenuated EAE disease severity (Fig. 6A). This effect was 
not observed when mice were treated with a higher dose 
(100 mg/kg) of the NLRP3 inhibitor (Supplementary Table 
9). Interestingly, blocking the binding of IL1B to its receptor 
with anakinra did not result in significant EAE improvement 
(Fig. 6A). Clinical improvement of mice treated with the 
NLRP3 inflammasome inhibitor was not associated with 
altered cellular immune responses, and the MOG-specific 
and PHA-polyclonal proliferative responses were similar be- 
tween NLRP3 inhibitor-treated mice and vehicle-treated 
counterparts (Supplementary Fig. 15A). Likewise, IL17 pro- 
duction was comparable between both groups of mice 
(Supplementary Fig. 15B). When examining the effects of 
specific treatment in the CNS at the histopathological level, 
treatment of mice with the NLRP3 inhibitor significantly 
decreased the degree of inflammation and induced a modest 
reduction in the level of demyelination compared to the ve- 
hicle-treated group (Fig. 6B). Improvement of CNS histo- 
pathology in NLRP3-treated mice was associated with 
significant decrease in LEA positive macrophages/microglial 
cells, reduction in the number of CD3 positive lymphocytes, 
less astrocytosis with reduction in GFAP positive staining, 
and diminished axonal damage with less SMI32-positive 
stained area compared with vehicle-treated mice (Fig. 6C). 
Positive cells for NLRP3 and IL1B were mainly observed in 
the inflammatory infiltrates and adjacent white matter, 
whereas NLRP3 positive cells were also detected in the grey 
matter (Fig. 6C). Treatment with the specific NLRP3 inhibi- 
tor significantly reduced NLRP3 and IL1B protein expres- 
sion compared to vehicle control mice (Fig. 6C). Similar to 
the findings in brain tissue from PPMS patients, macro- 
phages/microglia expressed both NLRP3 and IL1B 
(Fig. 6D). Additionally, in EAE mice, astrocytes were also 
found to express both NLRP3 and IL1B and neurons 
showed unique expression of NLRP3 (Fig. 6D). 

Considering that the PPMS form of the disease is less in- 
flammatory compared to the relapse-onset forms (Leary and 
Thompson, 2005) and aiming to investigate the potential 

 

 

Figure 4 Continued 
Statistics: for independent samples, unpaired Student’s t-test or Mann-Whitney U-test depending on normality of distributions; for dependent 
samples between MSSS assessments, Wilcoxon signed-rank test. Open and filled boxes: patients with IL1B levels below or above the median, re- 
spectively. (D) IL1B mRNA expression levels correlate with T2-weighted lesion load (T2LL) and T1-weighted lesion load (T1LL). r = Spearman’s 
rank correlation coefficient. Ct (cycle threshold) value is inversely related to the amount of IL1B mRNA expression levels. T2- and T1-weighted 
lesion load are expressed as percentage of total brain content. Non-enhancing hypointense lesions on T1-weighted spin echo images (black holes) 
were identified visually, and segmented with a semi-automated tool to obtain T1-weighted lesion load. Number of patients in A and B: PPMS, 
n=  13 for IL1B and n=  17 for NLRP3; ROMS, n=  33 for IL1B and NLRP3; 20 RRMS; and 13 SPMS. Number of patients in C and D: PPMS, n=  21 
and n= 12, respectively. **P 5 0.01, *P 5 0.05, ns = P 4 0.05. 
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Figure 5 NLRP3 and IL1B expression in multiple sclerosis lesions. (A and B) Brain samples from PPMS patients. (A) Inactive demyeli- 
nated lesion (R1 region) classified by complete absence of MBP immunoreactivity within phagocytes according to Lucchinetti et al. (2000) and 
Masuda et al. (2019). NLRP3 immunoreactivity is observed in IBA1-positive cells (filled arrows) inside the lesion (R1 region) but less in the mye- 
linated parts (R2 region). IL1B expression is detectable in IBA1-labelled macrophages/microglial cells (arrowheads) within the lesion (R1 region). 
Dotted lines represent the border of the demyelinated area. (B) The percentages of NLRP3 + and IL1B + cells were significantly higher in PPMS 
mixed active/inactive demyelinating lesions compared to PPMS mixed active/inactive post-demyelinating lesions and brain tissue from non-neuro- 
logical controls. Statistics: Mann-Whitney U-test. *P 5 0.01. 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 6 Treatment with the NLRP3 inflammasome inhibitor ameliorates EAE outcome and attenuates axonal damage in 
organotypic cultures. (A) Animals were treated at Days 13–14 post-immunization. At this point, mice were randomized into different experi- 
mental groups (vehicle, NLRP3 inhibitor or IL1R antagonist) in such a way that the clinical parameters, both the clinical and the cumulative score, 
were comparable at the day of randomization between all groups. Mice treated with 50 mg/kg of the NLRP3 inhibitor presented a significantly 
lower cumulative (57.64 ± 15.20 versus 71.24 ± 13.78, P = 0.009) and maximum (4.06 ± 0.57 versus 4.53 ± 0.74, P = 0.040) clinical score in com- 
parison with their counterparts administered with vehicle. In contrast, treatment with the IL1R antagonist did not have a relevant impact on EAE 
clinical outcome. Error bars represent the standard error of the mean (SEM). Statistics: unpaired Student’s t-test. *P 5 0.05. ns = P 4 0.05. 
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role for the NLRP3 inflammasome as therapeutic target in 
patients with PPMS, we wondered whether specific inhib- 
ition of the NLRP3 inflammasome would still be effective in 
reducing axonal damage after removing the effect of the per- 
ipheral immune system in CNS pathology by using an LPS- 
neuroinflammation model in organotypic cerebellar cultures. 
Following dose-response experiments with different concen- 
trations of the specific NLRP3 inflammasome inhibitor, a 
dose of 5 lM of the NLRP3-inhibitor was selected as the 
minimal effective dose (Supplementary Fig. 16) and found 
to significantly reduce the LPS-induced axonal damage 
evaluated by the percentage of total (phosphorylated and 
non-phosphorylated) heavy neurofilament (NfH) presenting 
non-phosphorylated NfH (SMI32) staining in cerebellar slice 
cultures (Fig. 6E and F). 

 

Discussion 
Inflammasomes are protein complexes that can be activated 
by a wide range of stimuli (Vanaja et al., 2015). The 
NLRP3 inflammasome is the best studied of the inflamma- 
somes and has been implicated in several autoimmune disor- 
ders including multiple sclerosis (Barclay and Shinohara, 
2017). Activation of the NLRP3 inflammasome results in 
procaspase-1 self-cleavage to generate activated caspase-1, 
which then leads to maturation of IL1B and IL18 (Schroder 
and Tschopp, 2010). In multiple sclerosis, memory T cells 
from patients exhibited reduced ability to suppress NLRP3 
inflammasome activation, which was restored by IFNb 
(Beynon et al., 2012). Non-responders to IFNb were charac- 
terized by increased gene expression levels of NLRP3 and 
IL1B in PBMCs compared to treatment responders 
(Malhotra et al., 2015). In EAE, studies in Nlrp3-deficient 
mice have shown discrepant results, with delayed course and 
reduced disease severity observed in some studies (Gris et al., 
2010; Inoue et al., 2012a, b) and protection from EAE pro- 
gression in others (Shaw et al., 2010; Inoue et al., 2016). 
Whereas the discrepancies most likely adhere to differences 
in the immunization protocols to induce EAE, altogether 
these findings reflect the complexity of the NLRP3 
inflammasome. 

An RNA-seq approach aiming to identify multiple scler- 
osis disease activity biomarkers revealed a consistent IL1B 
signature with selective upregulation of the NLRP3 inflam- 
masome in PBMCs from PPMS patients. While IL1B is 
known to be expressed by a wide range of peripheral blood 
cells (Zhao et al., 2013), differences in IL1B expression be- 
tween PPMS patients and ROMS patients and healthy con- 
trol subjects were exclusively driven by monocytes. One 
potential explanation for the IL1B signature restricted to 
monocytes from PPMS patients is the presence of an over- 
active NLRP3-inflammasome in patients with this clinical 
form compared to patients with ROMS and also healthy 
control subjects. It should be mentioned that cytokines 
and chemokines included in the pro-inflammatory signature 
are genes induced by IL1B. The findings of increased ASC 
specks at baseline in monocytes from PPMS patients support 
this notion, as assembly of ASC into large protein oligomers 
is a readout for inflammasome activation (Stutz et al., 
2013). Interestingly, the finding of similar caspase-1 activity 
between PPMS and ROMS patients may suggest an NLRP3- 
inflammasome activation through different pathways e.g. an 
alternative pathway in monocytes from ROMS patients 
that does not require ASC speck formation but activates 
caspase-1 (Gaidt et al., 2016). The increased IL1B levels 
observed after specific NLRP3-inflammasome activation 
with LPS and ATP is in line with a canonical NLRP3 acti- 
vation in monocytes from PPMS patients. Other potential 
factors contributing to the IL1B signature, such as genetic 
factors or an insufficient response to IL10 inhibition, were 
excluded. 

It is important to highlight that the IL1B signature associ- 
ated with an overactive NLRP3 inflammasome had prognos- 
tic implications within the PPMS group but not in ROMS 
patients. Using the MSSS and the time to reach an EDSS of 
6.0 as accepted outcome measures of disability progression 
(Cottrell et al., 1999; Roxburgh et al., 2005), PPMS patients 
with high IL1B gene expression levels in PBMCs progressed 
faster than those with low expression levels. Of note, a simi- 
lar classification of PPMS patients according to NLRP3 
gene expression levels did not result in differences in disease 
progression, most likely owing to the lower dynamic range 
observed for NLRP3 expression levels compared with the 

 
 

 

Figure 6 Continued 
(B) Histopathology in EAE mice spinal cords. The degree of inflammation (haematoxylin and eosin, HE) (arrows) and demyelination (Klu¨ver- 
Barrera, KB) (arrowheads) were lower in NLRP3 inhibitor-treated animals compared with the vehicle-treated group. (C) The percentage of 
LEA + , GFAP + and SMI32 + area, and the number of CD3 + , NLRP3 + and IL1B + cells were significantly lower in the NLRP3 inhibitor-treated 
group than in the vehicle-treated group. (B and C) Statistics were done using unpaired Student’s t-tests. ***P 5 0.001, **P 5 0.01, *P 5 0.05. 
ns = P 4 0.05. (D) Double immunostainings showed that both NLRP3 and IL1B were expressed in astrocytes (GFAP + ) and macrophages/micro- 
glial cells (LEA + ), whereas NLRP3 but not IL1B was expressed in neurons (NeuN + ). Arrows indicate double positive cells. (E) The presence of 
5 lM of the NLRP3 inflammasome inhibitor suppressed the axonal damage in organotypic cerebellar slices exposed to LPS (15 lg/ml) for 24 h. 
Boxes represent the 75th and 25th percentiles divided horizontally by the median, and error bars define the 10th and 90th percentiles. Statistics: 
ANOVA and Tukey’s post hoc test. *P 5 0.01. CT = control culture condition. (F) Representative detailed images of cerebellar slices stained with 
phosphorylated and non-phosphorylated neurofilaments (NfH, green), non-phosphorylated neurofilaments (SMI32, red) or their superposition 
(merged). Scale bar = 25 lm. 

https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awaa084#supplementary-data


 
 

 
dynamic range for IL1B and the tight control exerted on 
inflammasome activation through post-translational modifi- 
cations (Groslambert and Py, 2018). Altogether these find- 
ings suggest that the determination of IL1B gene expression 
levels in PBMCs may be used as a prognostic biomarker to 
identify a subgroup of PPMS patients with more activated 
NLRP3 inflammasome and worse disease prognosis that 
may benefit from available multiple sclerosis therapies to 
delay disability progression. 

In our study, immunohistochemistry assessment revealed 
expression of NLRP3 and IL1B in brain lesions from PPMS 
patients. Consistent with the IL1B signature in PBMCs, 
within the CNS mainly cells of the myeloid lineage, macro- 
phages/microglia, expressed both NLRP3 and IL1B. A po- 
tential pathogenic role for NLRP3 and IL1B expression in 
PPMS brain lesions was supported by the correlation 
observed between demyelinating activity and the percentage 
of CNS cells positive for NLRP3 and IL1B. In line with these 
findings, in a cuprizone-induced demyelination mouse 
model, Nlrp3 gene expression was significantly increased 
and mice deficient for Nlrp3 depicted delayed demyelination 
and oligodendrocyte loss (Jha et al., 2010). As a final point, 
the correlation observed in PPMS patients between IL1B 
gene expression levels and brain radiological measures of 
total lesion formation and tissue destruction further supports 
the findings in brain pathology. 

Based on our findings pointing to a prognostic role of IL1B 
associated with NLRP3 inflammasome overactivation in 
patients with PPMS, we explored the potential for NLRP3 as 
therapeutic target in multiple sclerosis patients suffering from 
this progressive clinical form of the disease. We first sought 
to investigate the effect of inhibiting the NLRP3 inflamma- 
some itself or blocking the IL1B binding to its receptor in 
EAE disease course. To block the inflammasome, we used 
MCC950, a selective NLRP3 inflammasome inhibitor that al- 
ready proved beneficial in EAE when administered in a 
prophylactic setting (Coll et al., 2015). To block IL1B bind- 
ing, we used anakinra, a human recombinant IL-1 receptor 
antagonist (Dinarello, 2014). Of note, only specific inhibition 
of the NLRP3 inflammasome attenuated established EAE, 
which suggests that therapies based on specific inhibition of 
the NLRP3 inflammasome may result in more suitable 
approaches to treat progressive phases of multiple sclerosis. 

Treatment with the specific inflammasome inhibitor was 
associated with improvement in CNS histopathology and re- 
duction in axonal damage. The finding of similar results 
observed between NLRP3 inhibitor-treated and control mice 
for cellular immune responses and IL17 production suggest 
that the NLRP3 inflammasome inhibitor is attenuating EAE 
by reducing neuroinflammation rather than modulating per- 
ipheral immune responses. Supporting this notion, in a 
model of LPS-mediated axonopathy where the effect of the 
peripheral immune system was excluded, NLRP3 inhibition 
still protected against axonal damage. These findings indi- 
cate that in our model, axonal damage is mediated by IL1B 
and can be reduced by blocking the NLRP3 inflammasome 
in CNS cells. In this context, IL1B has been shown to 

promote neurotoxicity in EAE by increasing excitatory post- 
synaptic currents and inducing neuronal death in mouse cor- 
ticostriatal slice cultures (Rossi et al., 2012, 2014). 

In summary, blood monocytes from PPMS patients are 
characterized by an IL1B signature secondary to canonical 
NLRP3 inflammasome overactivation. Segregation of PPMS 
patients according to their IL1B gene expression levels has 
prognostic implications insomuch as high levels are associated 
with faster disease progression. In brain lesions from PPMS 
patients, mainly cells of myeloid lineage expressed both IL1B 
and NLRP3 and a higher percentage of IL1B and NLRP3 
positive cells correlated with lesion activity. Specific inhibition 
of the NLRP3 inflammasome ameliorated established EAE 
and protected against neuroaxonal damage. Altogether these 
results point to IL1B as a prognostic factor in PPMS patients 
and NLRP3 inflammasome as a therapeutic target, which 
may set the rationale for the design of specific therapies based 
on NLRP3 inhibition to treat patients with PPMS. 
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