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ARTICLE INFO ABSTRACT

Keywords: Alteration in endogenous Interferon (IFN) system may profoundly impact immune cell function in autoimmune
Relapsing-remitting multiple sclerosis diseases.

B cell

Here, we provide evidence that dysregulation in IFN-regulated genes and pathways are involved in B cell- and

Monocyte monocyte-driven pathogenic contribution to Multiple Sclerosis (MS) development and maintenance.

Transcriptome . . . . .

Interferome In particular, by using an Interferome-based cell type-specific approach, we characterized an increased sus-

Apoptosis ceptibility to an IFN-linked caspase-3 dependent apoptotic cell death in both B cells and monocytes of MS

Antiviral state patients that may arise from their chronic activation and persistent stimulation by activated T cells. Ongoing

Type I interferon signaling caspase-3 activation functionally impacts on MS monocyte properties influencing the STAT-3/IL-16 axis, thus,
driving increased expression and massive release of the bio-active IL-16 triggering and perpetuating CD4™ T cell
migration.

Importantly, our analysis also identified a previously unknown multi-component defect in type I IFN-medi-
ated signaling and response to virus pathways specific of MS B cells, impacting on induction of anti-viral re-
sponses and Epstein-barr virus infection control in patients.

Taking advantage of cell type-specific transcriptomics and in-depth functional validation, this study revealed
pathogenic contribution of endogenous IFN signaling and IFN-regulated cell processes to MS pathogenesis with
implications on fate and functions of B cells and monocytes that may hold therapeutic potential.

Abbreviations: Ab, antibody; AIM2, absent in melanoma 2 gene; CNS, central nervous system; EBER-1, Epstein-barr virus-encoded small RNA; EBV, Epstein-barr
virus; FBS, fetal bovine serum; FvDye, Fixable viability dye; GO, gene ontology; HD, healthy donor; IFNAR, Interferon-o/( receptor; IFI, Interferon inducible protein;
IFN, interferon; IFNGR, Interferon-y receptor; IL-16, Interleukin-16; IL-1RA, interleukin-1 receptor antagonist; IRAK3, IL-1 receptor-associated kinase 3; IRF,
Interferon regulatory factor; IRG, Interferon-regulated gene; mAb, monoclonal antibody; MS, multiple sclerosis; Mx1, Mx dynamin-like GTPase 1; MyD88, myeloid
differentiation primary response gene 88; OAS1, 2’-5’ oligoadenylate synthetase 1; PBMC, peripheral blood mononuclear cells; RRMS, relapsing-remitting multiple
sclerosis; SD, standard deviation; SP110, sp110 nuclear body protein gene; STAT, signal transducer and activator of transcription; TBK1, TANK binding kinase 1; TBP,
TATA-box-binding protein; TLR, Toll-like receptor
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1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory disorder of the
central nervous system (CNS) characterized by structural and functional
alterations in this tissue compartment that give rise to progressive
neurodegeneration associated to disability [1,2]. Although the nature of
the disease remains elusive, it was reported that MS implies a complex
interaction among environmental factors (i.e. lifestyle-related and in-
fectious agents) in a genetically susceptible host [3].

Indeed, to preserve the integrity of the host, the immune system
works to distinguish self from harmful non-self. Deficits in this dis-
crimination can result in hyper-susceptibility to infections or over-re-
activity to harmless antigens, leading to immunopathology and auto-
immunity. Thus, in individuals with autoimmune diseases, some
pathogens may establish a more severe primary infection [4]. Many
infectious agents have been proposed to have a role in MS, but one of
the most interesting candidates is Epstein-barr virus (EBV), with ex-
tensive literature supporting the hypothesis that EBV infection in-
creases the risk of MS [5,6].

Interferons (IFNs) are a pleiotropic family of cytokines protecting
host organism from infection, disease and maintaining immune home-
ostasis [7]. Type I IFNs (mainly IFN-as and IFN-B), in particular, are
involved in the multi-level regulation of antiviral responses, while type
II IFN, i.e. IFN-y, whose expression is dramatically altered in MS, is
linked to activation and perpetuation of inflammation [8,9]. Like other
multifunctional cytokines, excessive or inappropriate activity of IFNs
can cause toxicity and even death. Therefore, host organisms have
evolved highly regulated mechanisms to select appropriate genes and
pathways as effectors of the IFN response in cells and control the
temporal and tissue specificity of IFN production. Recent data have
uncovered a dark side to IFN in inflammatory diseases, autoimmunity
and diabetes, where these mechanisms of control are significantly al-
tered [8,9].

In MS, genome-wide association studies identified single nucleotide
polymorphisms and variants involved in type I IFN signaling and an-
tiviral pathways (such as IFN regulatory factor 8, IRF8; suppressor of
cytokine signaling 1; tyrosine kinase 2; signal transducer and activator
of transcription 3, STAT?3; zinc finger CCCH-type containing, antiviral 1
protein and 2’-5’ oligoadenylate synthetase 1, OAS1) [10-12], which
may display transcriptional dysregulation in blood cells at distinct MS
stages [13]. Information on IFN signature are available for MS subjects
under IFN-f therapy [14], however, these studies do not provide any
insights on the state of the endogenous IFN signaling. Some studies on
the antiviral state and IFN-regulated responses in therapy-free MS pa-
tients highlighted significant changes associated to MS stages and dis-
ease activity; however, these data refer to the mixed cell population of
peripheral blood mononuclear cells (PBMC) [15-22].

Recent advances in the field set B cells and monocytes on the central
stage in MS, as these cell types contribute to CNS-compartmentalized
inflammatory responses and provide systemic disease maintenance
[23-32]. In this study, by employing the Interferome database, con-
taining a full collection of types I, IT and III IFN-regulated genes (IRG)
catalogued from published and available gene expression datasets
[33,34], we have carried out an Interferome-filtered transcriptomic-
based approach to systematically analyze alterations in endogenous IFN
signaling occurring in B cells and monocytes of MS patients. The In-
terferome-based analysis followed by cell type-specific in-depth func-
tional validation studies helped in the characterization of previously
unknown dysregulation in IFN-linked pathways and cell mechanisms
altered specifically in MS B cells and monocytes relevant to MS pa-
thogenesis and maintenance.
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2. Materials and methods
2.1. Enrollment of MS patients and healthy controls

For this study untreated patients with definite relapsing-remitting
MS (RRMS) according to revised McDonald's criteria [35] were enrolled
at S. Andrea Hospital MS Center (Sapienza University, Rome, Italy).
Twenty-five were enrolled for the exploratory cohort [17 females/8
males; median age * Standard Deviation (SD) 39 =+ 1yrs; Females:
42 = 13yrs, Males: 39 = 11 yrs] (Supplementary Table 1) and thirty-
five for the validation cohort (21 females/14 males; median age *+ SD,
44 + 12yrs; Females: 46 * 11.5yrs, Males: 39 = 13yrs)
(Supplementary Table 2).

Median Expanded Disability Status Scale was 1 + 1.2 (range 0-4)
for Exploratory cohort and 1 + 1 (range 0-4) for Validation cohort.
Median disease duration was 7 + 6 (range 0.5-22 yrs) for Exploratory
cohortand 6 = 7 (range 0.5-26 yrs) for Validation cohort. Patients had
not been taking steroids or any disease-modifying drugs for at least
three months prior to their enrollment in the study. Additional exclu-
sion criteria included presence of other autoimmune disorders, cancer,
active infection that may be associated with abnormal immune re-
sponse, and pregnancy.

Twenty-four sex- and age-matched healthy donors (HD) were also
enrolled for the exploratory cohort (15 females/9 males; median
age = SD, 36 = 7.5yrs; Females: 36 = 7.5yrs, Males: 36 = 8.5yrs)
(Supplementary Table 3) and twenty-nine for the Validation cohort (18
females/11 males; median age + SD, 42 * 9.4yrs; Females:
39 + 10yrs, Males: 44 = 7yrs) (Supplementary Table 4). Inclusion
criteria for this group were the absence of autoimmune diseases, cancer,
active infection, pregnancy and immunomodulatory treatments.

The Ethics Committee of S. Andrea Hospital approved this study (CE
204/10). All the subjects involved in the study gave written informed
consent.

2.2. Cell isolation and treatments

PBMC were isolated from peripheral blood (~40ml), withdrawn
from patients and paired HD, by density gradient centrifugation using
Lympholyte-H (Cedarlane Laboratories) and cultured (1 x 10° cells/
ml) in RPMI 1640 (BioWhittaker Europe) supplemented with 2 mM t-
glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin (Gibco) and
10% fetal bovine serum (FBS, Lonza-Biowhittaker) [36].

To isolate paired B cells and monocytes from the same patients an
ad-hoc purification protocol was set-up by using sequentially CD19™*
and then CD14" magnetic microbeads (Miltenyi Biotech). Briefly,
PBMC were first incubated with CD19 " beads. Upon B cell purification,
PBMC depleted of CD19™" cells were incubated with CD14* beads to
isolate monocytes. Manufacturer's protocol was implemented by mod-
ifying column washing steps and procedure of incubation to reach al-
most 100% purity of cells, checked for each cell preparation by flow
cytometry.

Most of the experiments were conducted on freshly isolated cells (ex
vivo). However, in the validation studies, cells were cultured at
10° cells/ml in RPMI 1640 (Lonza-Biowhittaker), in the presence of
1mM penicillin and streptomycin (Lonza-Biowhittaker) and com-
plemented with 2 mM 1-glutamine (Lonza-BioWhittaker) and 10% FBS
(Lonza-Biowhittaker). Staurosporine (Sigma Aldrich) was used at 1 uM
in presence of the protein transport inhibitor GolgiPlug™ (BD
Biosciences). Z-VAD-FMK caspase-3 inhibitor (Sigma Aldrich) was used
at 100 pM. Intron” A (IFN-a 2 recombinant, Merck-Serono) and Rebif
44° (IFN-B1la recombinant, Merck-Serono) were used at 1 or 10 units/
ml. Human recombinant IFN-y (Peprotech) was used at 1, 10 or 100
units/ml.
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2.3. FACS analysis

Flow cytometry analysis was conducted as previously described
[36,37]. Briefly, 5 x 10° PBMC were stained with monoclonal anti-
bodies (mAb) against the cell-lineage specific surface marker CD14 for
monocytes (PE; BD Pharmingen, clone M5E2) and CD19 for B cells (PE-
Cy™7; BD Pharmingen, clone SJ25C1). For B cells the anti-CD27 mAb
(FITC; BD Pharmingen, clone M-T271) was also used to allow the dis-
crimination of CD19*CD27~ naive and CD19*CD27 " memory B cell
subtypes.

To identify those cells undergoing apoptosis, PBMC were stained
with the Annexin-V apoptosis detection reagent (Abcam).

To evaluate plasmablast differentiation and B cell proliferation in
EBV-GFP cultures we stained cells with mAbs for CD19 (PE-Cy™7; BD
Pharmingen, clone SJ25C1), CD27 (BrillantViolet510; Biolegend, clone
0323), CD38 (APC, BD Pharmingen, clone HIT2), CD138 (VioBlue;
Miltenyi Biotech) and intracellular marker Ki67 (AlexaFluor700,
Biolegend, clone 16A8).

Expression of active caspase-3 was evaluated by intracellular
staining with an anti-active caspase-3 mAb (Horizon V450; BD
Pharmingen; clone C92-605) by using the BD Cytofix/Cytoperm
Fixation/Permeabilization Kit (BD Pharmingen) according to the pro-
vided protocol.

To analyze IFN-a/f receptor chain (IFNAR) 1 and IFNAR2 surface
expression in CD19*CD27~ naive and CD19"CD27* memory B cell
subtypes, anti-human IFNAR1 mAb (APC; R&D Systems, clone 85228)
and anti-human IFNAR2 mAb (PE; PBL assay science, clone MMHAR-2)
were used.

MADbs’ mixes always included Fixable Viability Dye (FvDye,
eFluor780, eBioscience) to exclude dead cells from the analysis and the
anti-CD45 mAb (Pacific Orange; Invitrogen, clone HI30) to gate
lympho-mono cells only and exclude residual red blood cells. All flow
cytometry analyses were conducted in CD45*FvDye™ live cells
(Supplementary Fig. 1 for gating strategy).

The different IgG1 and/or IgG2a isotype negative control Abs were
added as needed.

After staining, cells were fixed, where requested, with 2% paraf-
ormaldehyde and run on a FACSCanto (BD Bioscience) or on a Gallios
Instrument (Beckman Coulter). Phenotypic analysis was performed
using Flow Jo software (Tree Star Inc.).

2.4. RNA isolation, quantification ad quality assessment

DNase-I-treated total RNA was purified from RRMS- or HD-derived
B cells and monocytes using the RNeasy Mini Kit (Qiagen, Valencia, CA)
as previously described [37].

RNA was quantified using a Nanodrop spectrophotometer
(Nanodrop2000) and quality assessed with an established cut-off of
~1.8 for 260/280 absorbance ratio. RNA integrity was instead in-
spected by Bioanalyzer analysis (Agilent Technologies) considering a
cut-off of 1.8 for 28S/18S ratio.

2.5. Generation and analysis of microarray datasets

For the generation of B cell and monocyte transcriptomes cRNA
were synthesized with the Illumina TotalPrep RNA Amplification kit
and hybridized on Illumina Human_V4 arrays on a Beadstation 500
(Illumina). The Genome Studio GX software (Illumina) was used to
extract the Illumina raw data, which were then background subtracted
by NEC method and normalized by cubic spline normalization as im-
plemented in the software. Batch effects were corrected using Combat.
Probes with a mean intensity value lower than 100 in all experimental
groups were filtered out. The differentially expressed genes between
RRMS and HD were identified using Limma package in R.
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2.6. Collection of IRG and frequency of dysregulated cell type-specific
interferome in MS

The Illumina Probe IDs of differentially expressed genes were con-
verted to their corresponding Ensembl ID and mapped in the Interferome
database focusing on blood-specific IRG (version 2.01, update of 2015,
http://interferome.its.monash.edu.au/interferome/home.jspx) [13,34].
Briefly, all the filtered probes in the transcriptomics datasets were
submitted to DAVID gene ID conversion tool [38] to retrieve Ensemble
and gene symbol identifiers and isolate the probes relative to IRG. As
further control, the same probe list was submitted to biomaRt ID con-
version package in R Bioconductor [39].

To verify whether MS B cell or monocyte transcriptomes were en-
riched in dysregulated IRG, we measured the frequency of differential
expression in IRG list and in the global transcriptome as previously
described [17], and verified whether the frequency of IRG differentially
expressed genes was significantly higher in the IRG list than the ex-
pected frequency of dysregulation in a random selection of transcripts
from the database by chi-square test with Yates's correction in Graph
Pad [13]. Z score was calculated by Z = r-n ((R/N)/Sqrt (n(R/N) (1-R/
N) (1-(n-1/N-1)) [40], where R is the number of dysregulated probes in
the global transcriptome, N is the total number of expressed probes in
the global transcriptome, r is the number of differentially expressed IRG
probes and n is the total number of expressed IRG probes.

2.7. Gene ontology and pathway enrichment analysis

Genecodis program [41] was used to search for gene ontology (GO)
biological processes and pathways enriched in the gene list and selected
those terms passing the p-value threshold of 0.05 and containing at
least three differentially expressed genes. The database was annotated
with approximately 95% of the genes in our gene list.

2.8. Retro-transcription and quantitative real time PCR

Purified RNA was reverse-transcribed by the Murine Leukaemia
Virus Reverse Transcriptase (Invitrogen, Thermo Fisher Scientific).
Expression of the genes encoding caspase-3, Interleukin-16 (IL-16),
STAT3, myeloid differentiation primary response gene 88 (MyD88),
OAS]1, IRF1 and 7, AIM2 (absent in melanoma 2 gene), (sp110 nuclear
body protein gene) SP110, Mx dynamin-like GTPase 1 (Mx1), IFNAR1
and IFNAR2 was measured by quantitative real time PCR using the
appropriate TagMan™ assay, chosen by matching the Illumina probe ID
found dysregulated in the array list, and TagMan™ Universal Master
Mix II (Applied Biosystems, Thermo Fisher Scientific) on a ViiA™ 7
Instrument (Applied Biosystems, Thermo Fisher Scientific).

In EBV-infected cultures quantitative real time PCR analysis was
conducted to analyze viral and cellular gene expression as previously
described [36,37]. Briefly, expression of the Mx1 gene as well as of the
viral transcripts for EBV-encoded small RNA 1 (EBER-1) and the lytic
gene BZLF1 were quantified by using the Light Cycler Fast Start DNA
SYBR Green I Master Mix (Roche Diagnostics) in the presence of 3 uM
MgCl, on a LightCycler Instrument (Roche Diagnostics) [37].

The housekeeping gene TATA-box-binding protein (TBP), whose
expression was proven stable in proliferating and non proliferating cells
[36] and by analyzing the array lists of both monocytes and B cells, was
used as normalizer.

Real time reactions were run at least in duplicates. Sample values
for each mRNA were normalized to the selected housekeeping gene
using formula 274,

2.9. Protein preparation and western blotting
Whole cell extracts were prepared as previously described [42].

Briefly, cells (at least 10°) were lysed in 10 ul/10° cells of ice-cold RIPA-
modified whole cell extraction buffer [1% Nonidet P-40, 150 mM NaCl,
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Fig. 1. Interferome-based transcriptome analysis of B cells and monocytes. A. Summary of demographic characteristics (sex and age) of MS patients and healthy
donors (HD) used for transcriptome analysis of B cells and monocytes. B. Flow charts for transcriptomics study of B cells and monocytes. DE IRG, differentially
expressed IFN-regulated genes in MS patients. DEG, differentially expressed genes. C. Top 15 gene ontology (GO) terms and top 6 panther pathways emerged from
the analysis of B cell and monocyte transcriptomes graphed by using the formula -log;, of their p-value. In red GO processes and pathways that were further
validated. D. Gene nodes selected for molecular and functional validation studies. As indicated by a color code, red color indicates gene fold change (RRMS vs. HD)
equal or greater than 1.2; blue color stands for gene fold change (RRMS vs. HD) equal or lower than 1.2. Grey color indicates unchanged expression of the gene in a
dataset derived from a specific cell type. White color indicates that gene was not found in the DE IRG list of a specific dataset. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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1 mM EDTA pH = 8, 10% glycerol, 50 mM TRIS buffer pH = 7.4 to-
gether with 1mM PMSF and 1 X protease inhibitor cocktail (Sigma
Aldrich)].

Western blotting was performed as previously described [43].
Briefly, protein extracts were separated on 15% SDS-PAGE gel and
blotted onto nitrocellulose membranes (Millipore). Blots from mono-
cyte extracts were incubated with rabbit anti-STAT3 mAb (C-terminal,
Cell Signaling technology, clone 79D7), mouse anti-STAT3 mAb (N-
terminal, BD Transduction lab, clone 84/Stat3) or anti-IL-16 Ab (R&D
Systems, clone Q140005), as needed. Blots from B cells were incubated
with Abs anti-STAT1 (BD Transduction Laboratories, clone 42/STAT1)
and 2 (BD Transduction Laboratories, clone 22/Stat2) as well as anti-
phospho-STAT1 (Y701, Cell Signaling, clone D4A7) and 2 (Y689, R&D
Systems, clone 1021D). Detection was achieved using anti-rabbit, anti-
mouse or anti-goat horseradish peroxidase-conjugate secondary Ab
(Santa Cruz Biotechnology) as needed, and visualized with Enhanced
Chemiluminescence plus kit (GE Healthcare Bio-Sciences). A ChemiDoc
XRS (Bio-Rad) instrument and ImageLab software (Bio-Rad) were used
to reveal and analyze the chemiluminescence signal.

For loading control, 3-actin levels were quantified by using a goat
anti-B-actin Ab (Santa Cruz, clone I-19). Protein amount was quantified
by Bradford method (Bio-Rad) and normalized to the actin level by
ImageLab software (Bio-Rad). To make sure to correctly compare cells
from patients to those of HD, each sample was loaded onto gel con-
sidering the initial number of lysed cells.

2.10. EBV infection

GFP-transformed EBV (2089 strain) was produced in a cell line
(2089/293) based on 293 cells stably transduced with a GFP-encoding
recombinant EBV genome based on B95.8 EBV strain [44]. Super-
natants containing virus particles were purified by centrifugation of cell
debris (300 g, 5min) and filtration (0.45 um pore size).

PBMC were infected with 100 ul of viral supernatant/10° cells after
1.5 h viral adsorption at 37 °C and then plated at 5 x 10° cells/ml in 24-
wells plates (Costar). Cells were cultured at the indicated time points in
RPMI 1640 (BioWhittaker Europe) supplemented with 2 mM 1-gluta-
mine, 100 U/ml penicillin, 100 pg/ml streptomycin (Gibco) and 20%
FBS (BioWhittaker Europe) in presence of 1ug/ml of Cyclosporin A
(Sigma-Aldrich) and complete medium was changed once a week.

2.11. Insilico analysis of human IL-16 promoter

The in silico analysis of the human promoter of the IL-16 gene (ac-
cession number NM_001172128.1, full length pro-IL-16 variant 3) was
done by using the transcription factor binding site prediction program
MatInspector (online at www.genomatix.de/matinspector.html) [45].
Matinspector analysis was then implemented with gene information
contained in the human gene database GeneCards® (online at https://
www.genecards.org). Transcription factor binding sites were analyzed
in a region spanning 500 bp upstream and 360 bp downstream the
transcription starting site (TSS) of the gene. Enhancer elements were
also studied revealing an important STAT3 binding site at +154 Kb
from the TSS, besides those contained within the classical promoter
region. STAT3 binding sites, together with STAT1 (alpha and beta), are
considered top transcription factor binding sites within the human IL-
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16 promoter and those with the highest gene association score (https://
www.genecards.org/cgi-bin/carddisp.pl?gene = IL16&keywords = IL-
16).

2.12. Statistical analysis

Statistical significance of differences was determined by using
Ministat 2.1 software. Student's t-test was used for paired data. For
unpaired data, Mann-Whitney U test was applied for comparisons be-
tween two groups, whereas two-way Anova was utilized for compar-
isons between more than two groups using two-tailed p-values.

Results were shown as median values + SD. P < 0.05 was con-
sidered significant. In the figures, star scale was assigned as follows:
* = p < 0.05; ** = p < 0.01; *** = p < 0.001.

3. Results
3.1. Cell-type specific transcriptomic analysis of interferome in MS

To investigate the cell type-specific expression level of IRG in RRMS,
we performed high-throughput transcriptomics profiling of freshly
isolated (ex vivo) B cells and monocytes from therapy-free RRMS pa-
tients and sex- and age-matched HD enrolled within the exploratory
cohort (Fig. 1A, Supplementary Tables 1 and 3). Around 13,000 probes
were found expressed in B cell and monocyte transcriptomes. The II-
lumina Probe IDs of expressed transcripts were converted to their cor-
responding Ensembl ID and mapped in the Interferome database fo-
cusing on blood-specific IRG (2.01 updated version). Of 1438 IRG genes
defined in the Interferome database 1142 and 1156 were expressed in B
cells and monocytes, respectively (Fig. 1B). The Bayesian analysis
identified that 285 and 158 IRG probes were differentially expressed in
B cells and monocytes of RRMS patients and HD (Supplementary Tables
5 and 6). Particularly, in RRMS monocytes, the differentially expressed
IRG reflected a more pro-inflammatory phenotype of these cells with
higher expression of activation markers, such as CD69 and CD86, IFN-y
receptor chain 2 (IFNGR2) and chemokine receptors CCR1 and CCR2,
and lower levels of the interleukin-1 receptor antagonist (IL-IRA) as
compared to HD cells (see Supplementary Table 6). Similarly, MS B
cells expressed higher levels of IFNGR1 and kinases involved in pro-
inflammatory cytokine production such as the IL-1 receptor-associated
kinase 3 (IRAK3) and TANK binding kinase 1 (TBK1), whereas genes
linked to anti-viral responses such as IRF7, OAS1 and OAS3 were
strongly down-regulated (see Supplementary Table 5).

To evaluate whether transcriptomes of RRMS B cells and monocytes
were enriched in dysregulated IRG, we measured the frequency of
differential expression in the list of expressed IRG and in the global
transcriptome for each cell type, and calculated whether the frequency
of dysregulation of IRG was significantly higher in this list than the
expected frequency of differential expression in a random selection of
transcripts from the whole transcriptome. As shown in Table 1, the
enrichment in dysregulated IRG was significant in both transcriptomes
derived from B cells and monocytes of RRMS patients.

GO and pathway analyses participated by the differentially ex-
pressed IRG unraveled significant cell type-specific changes in MS
(Fig. 1C; Supplementary Tables 7-10). When focusing on the emerged
dysregulated terms, we noticed a significant enrichment in genes

Table 1
Probability of enrichment in differentially expressed IFN-regulated genes in B cells and Monocytes of relapsing-remitting multiple sclerosis patients.
Raw p value DE IRG All IRG IRG All DEG Total no. Probes Global Chi square P Value
Frequency (%) Frequency (%)
B cells 285 1142 24.9 3645 13,136 27.7 4.71 0.03
Monocytes 158 1156 13.6 1616 13,701 11.7 4.06 0.04

IRG, Interferon-regulated genes; DE, differentially expressed; FDR-c, false discovery rate-corrected.


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=NM_001172128.1
http://www.genomatix.de/matinspector.html
https://www.genecards.org
https://www.genecards.org
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL16&keywords=IL-16
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL16&keywords=IL-16
https://www.genecards.org/cgi-bin/carddisp.pl?gene=IL16&keywords=IL-16
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involved in “type I IFN-mediated signaling and response to virus
pathways” in B cells and in “inflammation mediated by chemokine and
cytokine signaling pathway” in monocytes. Conversely, in both cell
types from MS patients, the “apoptotic process” and the “Toll-like re-
ceptor (TLR) signaling pathway” were commonly altered. Indeed,

A.
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several key nodes of these biological processes were dysregulated at
transcriptional level. Some were found altered in both MS B cells and
monocytes, as the gene encoding caspase-3, considered the effector
enzyme for execution of apoptotic cell death [46] (Fig. 1D). Other genes
like the transcription factor STAT3, which regulates expression of many
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Fig. 2. Analysis of apoptotic pathway in B cells and monocytes. A. Quantitative real time PCR of caspase-3 gene expression in freshly isolated paired B cells
(**p = 0.007) and monocytes (**p = 0.009) from 10 RRMS patients (red bars) and 11 matched HD (blue bars) enrolled in the validation cohort. mRNA level of
expression was normalized to TBP using formula 2~ 2, Error bars show median values + SD. Each dot represents a single RRMS patient or HD. B-C. Intracellular
active caspase-3 (B) and surface Annexin-V (C) level of expression were measured by flow cytometry in gated CD19* B cells and CD14* monocytes in PBMC of 7
RRMS patients and 7 matched HD. For caspase-3: ***p (B cells) = 0.0001; *p (monocytes) = 0.019. For Annexin-V: *p (B cells) = 0.03; **p (monocytes) = 0.0016.
D-E. Intracellular active caspase-3 (D) and surface Annexin-V (E) were also studied in gated CD19 " CD27* memory and CD19*CD27 ™ naive B cells. For caspase-3:
***p(CD197CD27 %) = 0.0001. For Annexin-V: **p(CD19* CD27 ") = 0.003. Values of mean fluorescence intensity (MFI) are depicted for each studied individual,
together with median + SD values. For each experimental condition representative flow cytometry histograms are included. (For interpretation of the references to

color in this figure legend, the reader is referred to the Web version of this article.)

cytokines [47], and IL-16, a chemokine for CD4* T cells [48], were
exclusively dysregulated in MS monocytes. Instead, in MS B cells, the
predominant gene expression changes noted were in the type I IFN
inducible genes encoding for proteins involved in anti-viral responses,
like OAS1, IRF7 [49], absent in melanoma 2 gene, AIM2 [50] and
SP110/IFN inducible protein (IFI) 41 or IFI75 [51] and MyD88, a key
adaptor protein involved in TLR signaling [52] (Fig. 1D). These genes
were selected for in-depth validation studies on newly isolated mono-
cytes and B cells from a second independent case-control cohort of
RRMS patients and matched HD (see Supplementary Tables 2 and 4).

3.2. “Apoptotic signaling pathway” in MS B cells and monocytes

Among different components of the apoptotic process dysregulated
in either B cells or monocytes, the Interferome-filtered analysis of
transcriptomes highlighted up-regulation of the pro-apoptotic caspase-
3, tyrosin kinase LYN and FAS receptor, and down-regulation of the
anti-apoptotic protein of the BCL-2 family MCL1 (Supplementary Tables
5 and 6).

We validated higher expression of caspase-3 gene detected by
quantitative real time PCR (Fig. 2A) and stronger activation of in-
tracellular caspase-3 protein by flow cytometry (Fig. 2B) in both
monocytes and B cells of patients in comparison to HD. Accordingly, an
increased binding of Annexin-V to phosphatidylserine on the outer
leaflet of the apoptotic cell plasma membrane was found in MS B cells
and monocytes, further confirming a critical alteration of this cellular
state in MS (Fig. 2C). The distinct characterization of CD27~ (naive)
and CD27* (memory) B cells, gated as in Supplementary Fig. 1, showed
that mainly memory B cells displayed an apoptotic phenotype in MS (as
seen for both caspase-3 activation and Annexin-V expression) (Fig. 2D
and E).

These findings underline apoptosis as common active trait in MS
monocytes and B cells.

3.3. “Inflammation mediated by chemokine and cytokine signaling
pathway” in MS monocytes

Our Interferome-based study revealed a MS-associated monocyte-
specific dysregulation in genes involved in “immune response” and
“cytokine-mediated signaling pathways”. In particular, one of the top
up-regulated genes in MS monocytes encoding IL-16, a chemoattractant
and activator of CD4™ T cells (see Supplementary Tables 8 and 10)
drew our attention and was further examined. We first quantified its
expression by real time PCR in samples derived from the validation
cohort and confirmed a specific and statistically significant IL-16 up-
regulation in MS monocytes and not in B cells (Fig. 3A). In silico analysis
of the human IL-16 gene tracked down the main transcription factors
involved in the regulation of its expression and highlighted several
STAT3 binding sites within the promoter region and in an enhancer
element downstream the starting site of the IL-16 gene (Fig. 3B). In-
terestingly, STAT3 gene was one of the differentially expressed IRG in
MS monocytes (see Supplementary Tables 8 and 10) and was validated
by quantitative PCR in the second independent cohort (Fig. 3C). It is
known that the main STAT3 isoforms differ by a few amino acids with a
molecular weight ranging from 88 to 83 kDa, due to proteolytic pro-
cessing at the C-terminus of the protein. Instead, the presence of

multiple cleavage sites for active caspase-3 at the N-terminus leads to
fragments ranging from 70 to 50 kDa [53]. Western blotting analysis
with Abs directed to the C- or N-terminus of STAT3 confirmed higher
level of STAT3 protein in ex vivo monocyte lysates derived from RRMS
patients than in sex- and age-matched HD (Fig. 3D). Importantly, the N-
terminal pattern was more consistently characterized by cleaved STAT3
bands in MS monocytes (Fig. 3D), demonstrating enhanced activity of
caspase-3 in vivo.

Considering that the primary transcript of IL-16, encoding the pro-
IL-16 form (45kDa), is also cleaved into a short bioactive form of
15 kDa by active caspase-3 that can be then released from the cells [54],
we verified the state of IL-16 protein ex vivo and in vitro in MS and
healthy monocytes. This experiment unraveled higher levels of pro-IL-
16 in MS cells than in controls (Fig. 3E). This is consistent with quan-
titative real time PCR data. Moreover, we detected more abundant
active IL-16 in MS monocytes compared to HD cells when cultured in
presence of the protein transport inhibitor GolgiPlug™, suggesting that
the higher activity of caspase-3 in MS monocytes induces the cleavage
of IL-16 into the active released form, akin to that observed in HD cells
upon treatment with Staurosporine, a chemical caspase-3 activator
(Fig. 3E). Indeed, inhibition of caspase-3 completely blocked IL-16
cleavage in cultures of MS monocytes (Fig. 3F). Overall these experi-
ments demonstrate that, in addition to cell fate, ongoing apoptosis in
MS immune cells may determine cell function via induction of STAT3
and production of IL-16.

3.4. “Type I IFN-mediated signaling” and “response to virus” pathways in
MS B cells

Intriguing data point to the association of MS with EBV, a herpes-
virus with B cells as its latent reservoir [5]. Interestingly, our cell type-
specific Interferome-based transcriptomics analysis indicated the down-
regulation of several genes involved in “type I IFN-mediated signaling
and response to virus pathways” specifically in B cells of RRMS patients,
e.g. IRF7, OAS1, SP110, AIM2, MyD88 and others (see Supplementary
Tables 7 and 9). Validation studies confirmed that transcripts of se-
lected IRG were dramatically decreased in B cells of MS patients as
compared to HD, while unchanged in monocytes (Fig. 4A). Further-
more, the responsiveness to increasing low doses of recombinant type I
IFNs, which trigger the antiviral responses, was found strongly de-
pressed in MS B cells, as demonstrated by the levels of the classical type
I IFN inducible gene Mx1 (Fig. 4B). Conversely, no significant differ-
ence in [FN-y-mediated induction of IRF1 was detected in the cells of
RRMS patients and HD (Fig. 4C). Thus, MS B cells display a specific
alteration of the type I IFN signaling pathway at multiple levels. Ac-
cordingly, the transcription of both type I IFN receptor IFNAR1 and 2
chains was significantly lower in MS B cells than in controls and, no-
tably, was restored upon in vivo IFN-3 treatment (Fig. 5A). Surface
expression of IFNAR1 and IFNAR2 proteins, monitored by flow cyto-
metry, dropped in terms of intensity of expression and frequency in
CD19% B cells of MS patients in comparison to HD (Fig. 5B and
Supplementary Figs. 2A-B). This decrease affected both CD277
memory and CD27 ™~ naive B cell subsets, although a major impact was
found in the memory compartment (Fig. 5B and Supplementary
Figs. 2A-B). Conversely, no difference in the expression of type I IFN
receptors was observed in CD3 ™ T cells and CD14* monocytes between
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MS patients and HD (Supplementary Fig. 2C). Finally, the basal and
IFN-B-induced phosphorylation of STAT1 and 2, two transcription
factors necessary for IFN-regulated transcription, was much lower in
MS B lymphocytes than in healthy counterparts (Fig. 5C), further de-
monstrating an overall weak type I IFN signaling in MS B cells.

Journal of Autoimmunity 101 (2019) 1-16

To verify the functional impact of these alterations on the antiviral
response of MS B cells, we infected PBMC from 3 RRMS patients and 3
matched HD with a GFP-transformed EBV strain (2089) in presence of
Cyclosporin A, and measured the efficiency of EBV infection by mon-
itoring the frequency of GFP-positive cells at distinct time points up to
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Fig. 3. Characterization of IL-16/STAT3 axis in monocytes. A. Expression level of IL-16 gene was evaluated by real-time PCR in freshly isolated B cells and
monocytes (**p = 0.002) from 10 RRMS patients (red bars) and 11 matched HD (blue bars) enrolled in the validation cohort. mRNA level of IL-16 gene was
normalized to TBP using formula 2 2%, Error bars show median values + SD. Each dot represents a single RRMS patient or HD. B. Schematic map of in silico analysis
of human IL-16 promoter and enhancer element showing the main transcription factors and their binding sites involved in IL-16 gene transcription. TSS, transcription
start site; UTR, untranslated region; CDS, coding sequence; bp, base pair, Kb, kilobases. C. Quantitative real time PCR of STAT3 gene expression was performed in
freshly isolated B cells and monocytes (**p = 0.002) as in A. D. Protein lysates were prepared from freshly isolated (ex vivo) monocytes of 3 RRMS and 3 matched
HD. STATS3 full length (FL, 88 kDa) expression was analyzed by western blotting by using an anti-C-terminal STAT3 Ab. STAT3 caspase-3-cleaved forms (ranging from
70 to 50 KDa) were detected by using an anti-N-terminal STAT3 Ab. Signals derived from C-terminal STAT3 FL and N-terminal STAT3 FL and STAT3 cleaved forms
were singularly normalized to actin level, used as loading control. Normalized values derived from each HD or RRMS patient were then summed up and median + SD
values derived from 3 HD and 3 RRMS were graphed. *p (C-terminal STAT3) = 0.03; *p (N-terminal STAT3) = 0.04. Signals derived from STAT3 cleaved forms were
also normalized on N-terminal STAT3 FL (**p = 0.01). E. Protein lysates were prepared from monocytes of HD or RRMS ex vivo or left untreated in culture for 24 h
(h). As positive control, monocytes from HD were also treated for 4 h with the caspase-3 activator Staurosporine (STAURO) in presence of the protein transport
inhibitor Golgi plug®. Pro-IL16 (45 kDa) as well as the cleaved active IL-16 form (15 kDa) were detected by western blotting by using a polyclonal anti-IL16 Ab.
Results are representative of experiments conducted on cells of 3 different HD or RRMS individuals. F. Monocytes were isolated from a RRMS patient and protein
extracts were prepared from freshly isolated cells or cells left untreated or treated with a caspase-3 inhibitor for 12 and 24 h. Results are representative of experiments
conducted on 3 different HD or RRMS individuals. As loading control, actin level was assayed on all samples (E, F). (For interpretation of the references to color in

this figure legend, the reader is referred to the Web version of this article.)

14 days of culture. In this experimental setting we found significantly
higher EBV infection in MS B cells at the final timepoint (Fig. 6A). These
data were in line with the increased proliferation of CD19* B cells
(Fig. 6B), greater differentiation into CD387CD138" plasmablasts
(Fig. 6C), higher expression of the viral transcripts EBER-1, a small non-
coding RNA expressed in all phases of latency, and BZLF1, responsible
for the activation of lytic/replication cycle [55], in MS patients as
compared to HD (Fig. 6D).

As expected, no effect on EBV infection was observed in cultures
from HD pre-treated cells with recombinant IFN- (Fig. 6A-D), de-
monstrating an ongoing anti-viral response induced by the endogenous
type I IFN production upon EBV challenge. Conversely, exposure of MS
cells to IFN-f dramatically decreased the frequency of EBV-GFP-posi-
tive cells and their ability to proliferate upon EBV infection (Fig. 6A-D).
Mx1 expression was induced by IFN-f in HD cultures in the first hours
of treatment and then declined as expected (Fig. 6D, lowest panel, blue
line). Differently, its induction was weaker in IFN-B-treated MS cells
than in HD but subsequently increased at day 3, reaching a higher and
more sustained levels than in the HD counterpart until day 7 (Fig. 6D,
lowest panel, red line). This is likely due to the capacity of IFN-f} to
potentiate the type I IFN signaling machinery to contain EBV infection
in MS B cells to the level found in HD and to induce the generally de-
ficient antiviral responses. Consistent with this view and with a sub-
sequent induction of Mx1, IFN-f3 pre-treatment was able to strongly
induce both IFNAR1 and IFNAR2 upon 3 days of treatment only in MS
cultures (Fig. 6E).

Overall, the Interferome analysis followed by functional validation
unveiled a breakdown in the endogenous type I IFN-mediated signaling
pathway and antiviral responses specifically in B cells of MS patients,
with potential consequences on the containment of EBV infection.

4. Discussion

In this study we provide evidence for a pathogenic contribution of
altered IFN-regulated genes and pathways in B cell and monocyte im-
mune responses in MS. The comprehensive molecular and functional
analysis of selected dysregulated IRG, intracellular cascades and cell
functions highlighted: 1) the ongoing caspase-3 dependent apoptotic
cell death in MS B lymphocytes and monocytes that may arise from
their continuous engagement in MS pro-inflammatory responses; 2) the
significant induction of the STAT3/IL-16 axis in MS monocytes, pos-
sibly influencing migration of inflammatory CD4* T cells; 3) the
widespread impairment of IFN receptors, transcription factors and
protein adapters, involved in type I IFN-mediated signaling in MS B
cells; 4) the defective control of EBV infection in MS B cells, which is
partly recovered by the treatment with IFN-f.

The perturbation of the constitutive “tonic” production of IFN has
been linked to the development of a number of different diseases,

including systemic lupus erythematosus, Sjogren's syndrome, or type I
diabetes mellitus, often correlating with increased disease severity
[56-58]. Accordingly, most MS patients have low levels of serum IFN
than healthy counterparts [59] and, during MS exacerbations and ac-
tive clinical progression, cultured PBMC are resistant to IFN- treat-
ment and need higher doses to trigger a response, suggesting an en-
dogenous, state-dependent defect of IFN signaling in MS [60].

Interferome is an on-line open access database with a compilation of
microarray datasets derived from various cell types and tissues stimu-
lated with type I, II and III IFNs that enables a comprehensive vision of
IFN-regulated cell processes and pathways facilitating the systems
biology of IFN response [33,34]. By taking advantage of the full access
to this database, we performed microarray profiling of unmanipulated,
freshly isolated B cells and monocytes from therapy-free patients and
matched HD to identify immune cell-specific MS-associated changes in
IRG.

In particular, Interferome-filtered transcriptome analysis identified
altered expression in MS cells of many previously uncharacterized IRG
with known immunological functions and defined specific features of
these cell types associated to disease. An activated phenotype emerged
for both B cells and monocytes of therapy-naive MS patients as com-
pared to healthy cells. The MS monocytes display higher expression,
among others, of the activation markers CD69 and CD86, of the che-
mokine receptors CCR1 and CCR2 and IFNGR2. Similarly, the MS B
cells expressed higher levels of IFNGR1 but also of kinases involved in
pro-inflammatory cytokine production such as IRAK3 and TBKI.
Dysregulation in protein expression of some of these molecules has
been previously shown in MS mainly on T cells. Furthermore, their
alterations have also been reported in B cells and monocytes, in long-
itudinal studies conducted in patients before and after therapy admin-
istration or at different stages of the disease [61-69].

Pathway analysis of dysregulated Interferome highlighted apoptosis,
which regulates survival/death balance of activated lymphocytes and
is, thus, considered crucial for the evolution of MS disease [70], as
candidate process governing cell fate of both MS B cells and monocytes.
Both extrinsic and intrinsic apoptotic pathways converge to the clea-
vage of pro-caspase-3 into its mature active form [71]. A number of
studies investigating this process in MS blood cells showed lower sus-
ceptibility of PBMC from RRMS and secondary progressive MS patients
to cell death [72] and defective caspase-3 activation and apoptosis in T
lymphocytes of RRMS [73] and primary progressive MS [74] patients.
In contrast, our study identified higher caspase-3 expression and acti-
vation as well as increased Annexin-V levels in B cells and monocytes of
MS patients as compared to the healthy counterparts. This novel ob-
servation in antigen-presenting cells of MS patients might be the con-
sequence of immune cell exhaustion due to chronic activation. Indeed,
MHC class II protein expression is enhanced in both MS B cells [75] and
monocytes [76], indicating a continued stimulation, which in turn
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Fig. 4. Characterization of type I IFN-mediated signaling and response to virus pathways in B cells. A. Quantitative real time PCR of selected differentially
expressed IFN-regulated genes was performed in freshly isolated B cells and monocytes from 10 RRMS patients (red bars) and 11 matched HD (blue bars) enrolled in
the validation cohort. mRNA level of expression was normalized to TBP using formula 2%, Error bars show median values = SD. Each dot represents a single
RRMS patient or HD. For B cells: IRF7, *p = 0.02; OAS1, *p = 0.027; SP110, *p = 0.018; AIM2, **p = 0.001; MYD88, *p = 0.03. B. Mx1 gene expression was
quantified as in (A) in B cells from 6 HD and 6 RRMS from validation cohort treated for 1 h with 1 and 10 units/ml (U) of IFN-a or IFN-f. P values were calculated
comparing the same experimental condition in RRMS or HD cells. Untreated (un), *p = 0.02; 1U IFN-a, ***p = 8E-05; 10U IFN-a, ***p = 3.6E-05; 1U IFN-f,
**p = 0.006; 10U IFN-B, ***p = 0.001. C. Quantitative gene expression for IRF1 was conducted as in (B) in B cells from 3 HD and 3 RRMS from validation cohort
treated for 1 h with 1, 10 and 100 units/ml (U) of IFN-y. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 5. Type I IFN intracellular signaling is depressed in B cells of RRMS patients. A. Quantitative real time PCR of IFNAR1 and IFNAR2 genes was performed in
freshly isolated B cells from 11 HD (blue bars) and 5 RRMS patients (red bars) longitudinally sampled before (No treatm) and one month after the beginning of in vivo
IFN-B therapy (IFN--treated). mRNA level of expression was normalized to TBP using formula 2~ ““", Error bars show median values + SD. Each dot represents a
single RRMS patient or HD. For IFNAR1: RRMS (No treatm) vs. HD, ***p = 0.0001; RRMS (No treatm) vs. (IFN-B-treated), *p = 0.04. For IFINAR2: RRMS (No treatm)
vs. HD, **p = 0.005; RRMS (No treatm) vs. (IFN-B-treated), *p = 0.03. B. IFNAR1 and IFNAR2 surface expression was studied by flow cytometry in CD19* B cells, as
well as in CD27 " memory and CD27 ~ naive B cells gated in CD19™" total B cells from 3 RRMS and 3 matched HD. For each experimental condition representative
histograms are shown. Median values + SD of mean fluorescence intensity (MFI) are depicted for each cell subset analyzed (lower panels). For IFNAR1: **p(CD19%;
CD19%CD27*; CD19%CD27~) = 0.003. For IFNAR2: *p(CD19"; CD19*CD27 ) = 0.03. C. Protein lysates of 4 RRMS and 4 matched HD were prepared from B cells
freshly isolated (ex vivo) or treated for 1 h with 1 unit/ml (U) of IFN-B. STAT1 and STAT2 content or phosphorylated forms were detected by western blotting by using
the specific Abs. Depicted results are representative of all the experiments performed. As loading control, actin level was assayed on all samples. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

might sustain apoptosis-induced cell death following persistent MHC II cells. Our study describes for the first time that the expression of several
ligation by activated T cells [77]. In accordance with this view, we IFN-inducible genes strictly involved in antiviral responses, such as
found that apoptosis of MS B cells affected mainly the CD27 " memory IRF7, SP110, OAS1, and AIM2, showed a strong reduction in MS B cells
compartment, which is considered the most inflammatory and patho- compared to their counterparts derived from HD. Interestingly, also
genic B cell subset in MS [24]. Importantly, IFN-f therapy of MS de- MyD88 level was reduced suggesting an impaired TLR signaling, while
creases the frequency of circulating CD27 " B cells via FAS-mediated we previously reported that TLR7 and 9 expression is unchanged in MS
programmed cell death [37], indicating that IFN signaling may ex- B cells [32]. When dissecting the type I IFN pathway, we observed an
acerbate apoptosis of MS B cells. even more profound defect. In fact, MS B cells displayed low transcript
Our Interferome-based transcriptome study revealed also monocyte- and protein levels of IFNAR1 and IFNAR2, weak expression and acti-
specific alterations in genes involved in “immune response” and “in- vation of STAT1 and 2, and selective impairment in responses to type I
flammation mediated by chemokine and cytokine signaling pathway”, but not type II IFN. Thus, to the best of our knowledge, our findings for
consistent with the view that circulating monocytes expressing high the first time reveal a profound multi-level defect in type I IFN signaling
levels of co-stimulatory molecules and pro-inflammatory cytokines and response to virus pathways in these cells.
stimulate and sustain differentiation of Th-1/Th-17 cells, key drivers of Keeping in mind the recent success of B cell-depleting therapies in
inflammation during MS [78], and are among the first cells to arrive to reducing disease activity and relapse rate in MS [23,87], we hypothe-
the brain, together with T lymphocytes, where they initiate and per- sized that these treatments may display antiviral effects by targeting the
petuate inflammation [25]. One of top up-regulated transcripts in MS pathogenic pro-inflammatory memory B cell subset [24], which also
monocytes was that encoding IL-16, a chemotactic factor specific for represent the EBV reservoir in humans.
CD4™" T lymphocytes [79] that regulates T cell activation and crosstalk The contribution of EBV to MS pathogenesis is still being fervently
with dendritic cells and B cells [79,80]. While it is known that the debated, however several hypotheses have been proposed in support of
chemokine IL-16 is widely expressed in cells of peripheral blood [81] either a direct or an indirect involvement of this virus in MS [6,88]. In
and its circulating levels are elevated in untreated RRMS patients and line with this view and with our results pointing to an anti-viral failure
decreased after IFN-f3 therapy [82]; here we show that monocytes may in MS B cells, we further investigated whether these cells may display
represent a more robust source of IL-16 transcript and protein in MS altered viral expression program and virus propagation. Following in
than in the healthy condition. IL-16 has been extensively studied both vitro infection of PBMC with a GFP-transformed EBV strain, stronger
in MS and experimental models [48]. Its expression was found in im- expression of the viral transcripts EBER-1 and BZLF1 appeared in MS B
mune cells infiltrating MS lesions, in particular CD4 ™ and CD8™" T cells, cells than in healthy cell cultures. In particular, the immediate early
CD83" dendritic cells and B cells [83]. IL-16 is generated from a full- switch gene BZLF1 marking the beginning of the lytic cycle in plas-
length precursor molecule of 80 KDa, the so-called pro-IL-16, which is mablasts/plasmacells [89] increased in HD cultures after 14 days of in
cleaved at the C-terminal portion into a secreted bioactive form of vitro infection. Conversely, its level was induced early and very high in
17 kDa by active caspase-3 [84]. Interestingly, increased levels of active MS cultures, indicating a strong dysregulation in the control of viral
caspase-3 in RRMS lesions correlate with those of bioactive IL-16 cycle by B cells of MS patients. Notably, we provide evidence that, at
[83,85]. Further, correlation between elevated IL-16 CNS levels and least in the early phases of in vitro infection, EBV propagated more ef-
intensity of CD4* T cell infiltration was demonstrated in RRMS and ficiently in MS cultures than in controls. Thus, dysregulation of type I
experimental autoimmune encephalomyelitis suggesting an important signaling machinery observed in MS B cells may result in reduced
role for this chemokine in the regulation of CD4" T cell infiltration containment of EBV infection. This is consistent with the increased EBV
[83,85,86]. Further, we found that STAT3, one of the main IL-16 gene expression in both peripheral blood and CNS tissues of MS patients
transcriptional regulators emerged by our in silico analysis, is over-ex- reported by others and us [37,90,91] and with more general data
pressed at both transcript and protein levels in MS monocytes but not in showing the pathogenic relevance of the interaction between a MS-
B cells. Importantly, we provide evidence for caspase-3-mediated predisposing genotype and EBV [92].
cleavage at the N-terminus of STAT3, strongly impacting on the re- The current research adds novel findings in support of those pre-
pertoire of STAT3 isoforms in MS monocytes. This pattern was pre- vious studies and may have important implications with regard to the
viously described under apoptotic conditions and it is associated with diffusion and maintenance of active EBV infection in MS B cells.
STATS3 translocation into the nucleus and transcription of target genes Importantly, exposure to IFN-f3 could potentiate type I IFN signaling
independently of STAT3 phosphorylation [53]. Besides targeting machinery in MS as it enhanced IFNAR1 and 2 transcription in B cells in
STATS3, active caspase-3 also enhanced IL-16 cleavage into its bioactive vitro and in vivo and induced delayed but sustained Mx1 expression in
shorter form in MS monocytes. Overall, these data support the hy- MS B cells in vitro. These evidences are in agreement with previous data
pothesis that chronic peripheral inflammation activates caspase-3-de- showing a deficient IFNAR/TLR7 signaling in MS B cells that could be
pendent mechanisms in MS monocytes which, while predisposing them partially rescued by exogenous IFN-f [93]. Finally, we show that in vitro
to apoptotic cell death, further trigger and perpetuate CD4* T cell exposure to IFN-f3, most probably through the induction of the deficient
activation and migration into the CNS via IL-16 release. IFN machinery and, in turn, activating the anti-viral responses, reduces
The Interferome-based analysis of B cell transcriptomes revealed that the frequency of EBV-infected cells and proliferating B cells in MS but
several components of the “type I IFN-mediated signaling and response not HD cultures. Significantly, this recapitulates the strong decrease of
to virus pathways” were dramatically and specifically impaired in MS B CD27* memory B cells and EBV gene expression in peripheral blood of

12



M. Severa, et al.

patients undergoing IFN-f therapy, previously shown by us [37].

Our study profiled changes in IRG associated with MS B cells and
monocytes and unveiled novel dysregulation in endogenous IFN sig-
naling and IFN-regulated cell processes specific of these immune
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subsets, including support of T cell activation and migration via the
STAT3/IL-16 axis in monocytes and improper control of EBV infection
by B cells.
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Fig. 6. Antiviral response is less effective in B cells of RRMS patients. A-B. PBMC from 3 RRMS patients and 3 matched HD enrolled in the validation cohort were
infected with EBV-GFP (2089 strain) in presence or absence of a 16 h pre-treatment with IFN- (10 units/ml). Then, viral adsorption was conducted for 1.5h
(considered the input signal) in cells untreated or pre-treated with IFN-f3. Upon adsorption, cells were left in culture for the indicated time points up to 14 days. A.
EBV infection was monitored by flow cytometry in gated CD19™" B cells and graphed as median values * SD of percentage (%) of EBV-GFP ™" cells. RRMS (EBV-GFP
day 14) vs. HD (EBV-GFP day 14), **p = 0.01; RRMS (EBV-GFP day 14) vs. RRMS (EBV-GFP +IFN-f day 14), ***p = 0.001. For each experimental condition graphed
in (A), representative flow cytometry histograms derived from 1 RRMS patient and 1 matched HD are shown. B. Median values + SD of % of CD19" proliferating
blasts are reported for day 7 and day 14 of culture in presence or absence of 10 units/ml of IFN-fB. P values were calculated comparing the same experimental
condition in RRMS or HD cells (black stars), *p (EBV-GFP day 14) = 0.03; or comparing cells of RRMS patients before or after IFN-5 pre-treatment (red stars), for
IFN-B + EBV-GFP day7 and IFN-B + EBV-GFP day14 *p = 0.03. C. Frequency of CD19*CD38*CD138" plasmablasts, and the respective quote of EBV-GFP* cells, was
evaluated by flow cytometry in Fixable Viability dye negative live cells. Representative dot plots derived from 1 RRMS patient and 1 HD out of 3 analyzed are
depicted. D-E. Expression level of the EBV transcripts EBER-1 and BZLF1 (D), and of the cellular transcripts Mx1 (D), IFNAR1 and IFNAR2 (E) were measured by
quantitative real time PCR in PBMC treated at the indicated time points and experimental conditions. mRNA level of expression was normalized to TBP using formula
274t Error bars show median values obtained from 3 RRMS and 3 HD = SD. P values were calculated comparing the same experimental condition in RRMS or HD
cells (black stars). For EBER-1: EBV-GFP day3, EBV-GFP day7, **p = 0.01; EBV-GFP dayl4, *p = 0.03. For BZLF1: EBV-GFP day3, IFN-+EBV-GFP day3,
**p = 0.009; EBV-GFP day7, ***p = 0.001; IFN-3 +EBV-GFP day7, EBV-GFP day 14, *p = 0.04. For Mx1: IFN-B 16 h, IFN-B+EBV-GFP 1.5 h, IFN-f day3,
*p = 0.04; IFN-p +EBV-GFP day3, **p = 0.01; EBV-GFP day 3, EBV-GFP day 7, *p = 0.02. For IFNAR1 and IFNAR2: IFN-f day3, **p = 0.01. In cells of RRMS
patients the decrement in gene expression observed in presence of IFN-[3 pre-treatment was significant in the following experimental conditions (red stars). For EBER-
1: IFN-B + EBV-GFP day3, IFN-3+EBV-GFP day 7, *p = 0.04; IFN- +EBV-GFP day 14, **p = 0.01. For BZLF1: IFN-( + EBV-GFP day 7, IFN-3 + EBV-GFP day 14,
**p = 0.01. For Mx1: IFN-f day3, p = 0.04; IFN-f +EBV-GFP day3, **p = 0.01. Untreated (un). Without IFN-} pre-treatment (w/o IFN-f); with IFN-f pre-treatment
(w/IFN-B). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

5. Conclusions study conceptualization and design as well as in the revision of the
manuscript. E.M.C. supervised the whole study.

The application of an Interferome-based cell type-specific approach

allowed us to identify IFN-linked pathways and cell mechanisms altered
specifically in MS B cells and monocytes relevant to MS pathogenesis
and maintenance that may have important implications on fate and
functions of these cell types and that may also hold therapeutic po-
tential for the development of novel strategies and combined protocols
to treat MS targeting pathogenic function of specific cells.

In particular, having in mind the usage of IFN-$ therapy in MS
treatment and its ability to modulate monocyte-B cell crosstalk [32] or
to specifically deplete the pathogenic CD27 © memory B cell compart-
ment [37], we might envisage the possibility of a synergistic effect of
IFN-f} therapy as add-on therapy with other drugs targeting B cells or
the development and optimization of IFN-based immunocytokines [94]
that may allow cell-specific modulation of altered IFN-linked processes
in specific cell types impacting on immunopathogenic mechanisms and
disease course.
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