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Abstract: There is a largely divergent body of literature regarding the relationship between
Epstein-Barr virus (EBV) infection and brain inflammation in multiple sclerosis (MS). Here, we
tested MS patients during relapse (n = 11) and in remission (n = 19) in addition to n = 22 healthy
controls to study the correlation between the EBV- and brain-specific B cell response in the blood
by enzyme-linked immunospot (ELISPOT) and enzyme-linked immunosorbent assay (ELISA).
Cytomegalovirus (CMV) was used as a control antigen tested in n = 16 MS patients during relapse
and in n = 35 patients in remission. Over the course of the study, n = 16 patients were untreated,
while n = 33 patients received immunomodulatory therapy. The data show that there was a moderate
correlation between the frequencies of EBV- and brain-reactive B cells in MS patients in remission.
In addition we could detect a correlation between the B cell response to EBV and disease activity.
There was no evidence of an EBV reactivation. Interestingly, there was also a correlation between
the frequencies of CMV- and brain-specific B cells in MS patients experiencing an acute relapse
and an elevated B cell response to CMV was associated with higher disease activity. The trend
remained when excluding seronegative subjects but was non-significant. These data underline that
viral infections might impact the immunopathology of MS, but the exact link between the two entities
remains subject of controversy.
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1. Introduction

Multiple sclerosis (MS) is an autoimmune disease caused by the infiltration of autoreactive
lymphocytes into the central nervous system (CNS). How these lymphocytes become activated against
the CNS remains unclear. Several infectious agents have been postulated to trigger the development
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of autoimmune diseases. The role of Epstein-Barr virus (EBV) in the pathogenesis of MS has been
investigated in several clinical trials [1-4]. EBV, a B-lymphotropic herpes virus, is present in all
populations and infects over 90% of individuals before adulthood [5,6].

Once infected, the virus is able to persist in the host in a dormant state for an entire lifetime.
Periodically, the virus can be reactivated, at which time the viral replication cycle is initiated and
lymphocytes are exposed to viral antigens [7]. Activation and expansion of EBV-specific lymphocytes
will then force the virus back into its latent state. If primary infection is delayed beyond the first
decade of life, it often results in infectious mononucleosis (IM), a self-limiting disease with flu-like
symptoms. Thacker et al. postulated that EBV infection, which manifests itself as IM in adolescents
and young adults, constitutes a risk factor for MS [8]. Furthermore, one study showed evidence of
EBV infection in a substantial proportion of B cells and plasma cells found in post mortem MS brain
tissue [3]. Moreover, there seems to be an increased risk of developing MS when high titers of anti-EBV
antibodies are present in the serum [9].

Thus far, the analyses of a correlation between brain reactivity and a positive EBV response were
limited due to the fact that there were no reliable parameters reflecting cellular autoimmunity to CNS
antigens in MS. In several trials the EBV serum antibody titer has been correlated with clinical and
magnetic resonance imaging (MRI) evidence of disease activity [10,11]. The major drawback of these
studies was that neither MRI lesions nor the Expanded Disability Status Scale (EDSS) were reflective of
the cellular immunity to brain antigens. We have recently introduced an enzyme-linked immunospot
(ELISPOT) assay for the detection of brain-specific B cells in the blood of patients with MS. These
B cells only occurred in patients with clinically isolated syndrome or definite MS and were absent in
healthy donors and in patients with other inflammatory and non-inflammatory neurological diseases
as well as other autoimmune disorders [12,13]. In addition, the presence of directly ex vivo detectable
brain antigen-specific B cells during relapse was associated with a significantly increased risk of the
development of a subsequent relapse within the next few months [13].

In the following, we used this assay to study the correlation between the EBV-, Cytomegalovirus
(CMV)- and brain-specific B cell response as detected in the blood of patients with MS. The data show
that there was no difference in the EBV-specific B cell response in the blood or the previous viral
reactivation status comparing healthy donors and MS patients. Along these lines, the B cell response
status to EBV did not have a direct clinical impact on the course and severity of established MS.
Interestingly, however, there was an association between the frequencies of CMV- and brain-reactive
B cells in the blood and disease activity in MS.

2. Materials and Methods

2.1. Subjects

Forty-one patients that were diagnosed with MS according to the 2005 or 2010 McDonald
criteria [14,15], respectively, were included in the study. Sixteen of these patients were undergoing
an acute MS relapse. Aggravation of persistent disabilities or new clinical symptoms were present
for at least 24 h. Exclusion criteria comprised severe accompanying systemic or psychiatric disorders
as well as a history of other autoimmune diseases. Subjects who had undergone plasmapheresis or
received anti-B cell therapy were also excluded. Details on all patients and healthy control subjects
are provided in Tables 1 and 2. In addition, Table 3 provides information on the immune modulatory
treatment of the MS patients included in the study. The research protocol was approved by the
institutional ethics committee of the University of Cologne and the Bayerische Landesdrztekammer
(approval numbers 10-221 and mb BO 14043). For the evaluation of disease severity the EDSS was
used [16]. All patients gave written informed consent and were recruited from a MS clinical care
unit at the Department of Neurology of the University Hospitals of Cologne, the Department of
Neurology, Klinikum Augsburg, Germany and the Department of Neurology, Caritas-Krankenhaus
Bad Mergentheim, Germany. Peripheral blood mononuclear cells (PBMC) and plasma samples from
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healthy controls were obtained from n = 22 volunteers at the participating institutions after written
informed consent.

Table 1. Summary of healthy control demographics.

No. of healthy controls 22
Female sex—No. (%) 13 (59.1)
Mean (SE) age—years 34.1 (12.2)

Table 2. Summary of multiple sclerosis (MS) patient demographics.

No. of patients 41
Female sex—No. (%) 25 (61)
Mean (SE) age—years 38 (10.8)

Table 3. Immune modulatory treatment of MS patients included in the study.

Treatment n? CMV Positive EBV Positive Brain Antigen Positive
untreated 16 9/16 (56.3%) 8/11 (72.7%) 5/16 (31.3%)

IFN-3 14 4/14 (28.6%) 5/5 (100%) 8/14 (57.1%)
glatiramer acetate 5 4/5 (80%) 1/1 (100%) 3/5 (60%)

fumaric acid 1 0/1 (0%) n. a. 0/1 (0%)

natalizumab 8 4/8 (50%) 7/7 (100%) 1/8 (12.5%)

fingolimod 1 1/1 (100%) 1/1 (100%) 0/1 (0%)

mitoxantrone 2 0/2 (0%) 2/2 (100%) 1/2 (50%)

rituximab 2 0/2 (0%) 0 (0%) 0/2 (0%)

2 The n-number is higher than the total number of patients included because some of the patients switched
therapy during the course of the study.

2.2. ELISPOT

PBMC were isolated from the blood by Ficoll-Paque (GE Healthcare Europe GmbH, Freiburg,
Germany) density gradient centrifugation. For polyclonal stimulation of B cells, PBMC were cultured
for 96 h prior to the ELISPOT assay at a concentration of 3 x 10° cells/mL in complete Roswell Park
Memorial Institute (RPMI)-1640 medium (Lonza, Cologne, Germany) that was supplemented with
R-848 at 2.5 ug/mL (Enzo Life Sciences, Inc., Farmingdale, NY, USA), interleukin (IL)-2 at 15 ng/mL
(Peprotech, Hamburg, Germany) and 1 umol 3-mercaptoethanol (Sigma, Schnelldorf, Germany).
Polyclonal stimulation with R-848 and IL-2 has previously been shown to be a simple method for
the selective activation of memory B cells [15]. Complete RPMI medium consisted of RPMI-1640
containing 10% fetal bovine serum (FBS) (Biochrom, Berlin, Germany), 1% L-glutamine (Sigma) and
1% penicillin/streptomycin (Sigma). The plates were coated overnight with whole normal human
brain lysate, which was isolated from fresh frozen tissue (30 ug/mL; Novus Biologicals, Littleton, CO,
USA), human CMYV grade 2 antigen (100 ug/mL; Microbix Biosystems Inc., Mississauga, ON, Canada)
or prolyl 3-hydroxylase 3 (P3H3) cell extract EBV antigen (50 pug/mL; Microbix Biosystems Inc.,
Mississauga, ON, Canada). Coating with anti-human Igk at 10 pg/mL (SouthernBiotech, Birmingham,
AL, USA) served as a positive control. Plates were blocked with 10% FBS in sterile phosphate-buffered
saline (PBS) at room temperature for 2 h. Each sample was plated in duplicates with one million
polyclonally stimulated PBMC per well for human brain lysate and CMV and 500,000 polyclonally
stimulated PBMC per well for EBV, which we found to be the optimal cell concentration in titration
experiments. Biotinylated anti-human immunoglobulin (Ig)G (Hybridoma Reagent Laboratory,
Baltimore, MD, USA) diluted in 1% bovine serum albumin (BSA) solution was used as a detection
antibody at 0.2 ug/mL. Figure 1 shows that the total IgG production as measured by ELISPOT was
comparable between all individuals included in the study. Therefore, we assume that the number of
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plated antibody secreting cells was similar in each donor. All plates were developed with Vector Blue
substrate (Vector Laboratories, Burlingame, CA, USA). Spots were counted on an ImmunoSpot® Series
6 Analyzer (Cellular Technology Limited, Shaker Heights, OH, USA).
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Figure 1. No significant difference in the numbers of immunoglobulin G (IgG)-secreting B cells between
healthy controls and multiple sclerosis (MS) patients. Peripheral blood mononuclear cells (PBMC) were
obtained from healthy controls, MS patients in remission and during an acute relapse. The numbers of
total IgG secreting B cells in the polyclonally stimulated PBMC population are shown. Bars represent
median values and standard deviations.

2.3. ELISA

ELISA plates (Thermo Scientific, Schwerte, Germany) were coated overnight with whole normal
human brain lysate (10 pg/mL; Novus Biologicals), human CMV grade 2 antigen (10 pg/mL; Microbix
Biosystems Inc.), P3H3 cell extract EBV antigen (10 pg/mL; Microbix Biosystems Inc.), active EBV
(EA regions) (10 ug/mL; Abcam; Cambridge, UK), EBV nuclear antigen full length protein EBNA1
(10 ug/mL; Abcam), or anti-human Igk (2.5 pg/mL; SouthernBiotech), respectively, all diluted in PBS
or with PBS alone. As for the ELISPOT assay;, all antigens were titrated to their optimal concentration
for use in the antibody ELISA. Plates were blocked with 10% FBS in PBS containing 0.05% Tween 20
at room temperature for 2 h. The plates were incubated with plasma at 4 °C overnight. All plasma
samples were diluted 1:400 in 10% FBS solution containing 0.05% Tween 20 detergent. Biotinylated
anti-human IgG (Hybridoma Reagent Laboratory) diluted in 0.5% FBS/0.05% Tween 20 solution was
used as a detection antibody at 0.05 ug/mL. All plates were developed with tetramethylbenzidine
substrate (eBioscience, Frankurt, Germany) after incubation with streptavidin-horseradish peroxidase
(eBioscience) at 1:1000 dilution. The reaction was stopped with 0.16 M sulphuric acid and the optical
density (OD) in the wells was read at 450 nm using a Perkin Elmer Victor 3 1420 Multilabel Counter
and Wallac 1420 software version 3.00 revision 5.

2.4. Statistical Analysis

ELISPOT results were compared between the test subject groups with the use of the Wilcoxon
rank-sum or Kruskal-Wallis test followed by a Gabriel’s post hoc test. For comparing the mean spot
size differences between brain- and virus-specific B cell spots the Wilcoxon rank-sum test was used.
Fisher’s exact test was used to assess statistical differences in prevalence rates. p-values that were
equal to or less than 0.05 were considered to indicate statistical significance. The correlation between
the frequencies of brain- and virus-specific B cells was calculated using Spearman’s rank correlation.
Statistical analyses were performed using Prism 6 (GraphPad Software, Inc., La Jolla, CA, USA) and
SPSS Statistics 22 (IBM, New York, NY, USA).
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3. Results

PBMC were isolated from healthy controls and MS patients experiencing an acute relapse or in
remission, which was, on average, four months after a relapse. PBMC were polyclonally stimulated
with R-848, IL-2 and (3-mercaptoethanol for 96 h to activate resting B cells [17]. The numbers of
EBV- and brain-specific B cells were determined using ELISPOT and plasma antibody titers were
quantified in ELISA assays. As a control, we also investigated the cellular and plasma antibody
response to CMV.

3.1. There Was No Significant Difference in the EBV-Specific B Cell Activity Comparing Healthy Controls and
MS Patients

The numbers of EBV- and brain-specific B cells were quantified in n = 11 MS patients experiencing
an acute relapse and n = 19 MS patients in remission. In addition, CMV- and brain-specific B cell
numbers were quantified in n = 16 MS patients during relapse and n = 35 MS patients in remission.
We also measured the plasma antibody titers in #n = 10 patients. The data were compared to a total
of n = 22 healthy controls. An EBV response was detectable in the ELISPOT in 95.5% of the healthy
controls, 81.8% of MS patients experiencing an acute relapse and in 89.5% of MS patients during
remission. CMV-specific B cells were detectable in 50% of the healthy controls, 37.5% of MS patients
experiencing a relapse and in 54.3% of MS patients in remission. In all groups the frequencies of
virus-specific B cells showed a wide distribution ranging from 0 to 180 in 10° stimulated PBMC.
Overall, there was no significant difference in the EBV- or CMV-specific B cell frequencies in healthy
controls and MS patients (Figure 2A,B). As expected from our previous studies [12,13], brain-specific
B cells were barely detectable in healthy controls (Figure 2C). In contrast, MS patients showed numbers
between 0 and 122 brain-specific B cells. 65.5% of the MS patients in remission and 21% of the patients
experiencing an acute relapse were B cell responders to brain proteins in the ELISPOT (Figure 2C). In
n = 2 patients no B cell response to brain proteins could be detected during the relapse, but over time
there was a conversion to a B cell positive response in remission. In accordance with the ELISPOT data,
plasma antibody titers to EBV and CMV were comparable in both healthy controls and MS patients
(Figure 2D,E). As we have shown before [13], in the ELISA assay there was rarely any plasma antibody
response to brain antigens in MS patients (Figure 2F).

A EBV B cmv

Figure 2. Cont.
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Figure 2. No significant difference in the virus-, but in the brain-specific B cell activity between
healthy controls and MS patients. PBMC and plasma were obtained from healthy controls, MS patients
experiencing an acute relapse and MS patients in remission. The numbers of Epstein-Barr virus
(EBV)- (A); Cytomegalovirus (CMV)- (B) and brain antigen-specific (C) B cells in the polyclonally
stimulated PBMC population are shown in addition to the plasma antibody level for EBV (D); CMV (E)
and brain antigen (F) for each individual donor in the specified groups. Bars represent median values
and standard deviations.

Figure 3. Similar morphology of spots produced by virus-specific B cells in healthy controls and MS
patients. The line plots represent the mean spot sizes and standard deviations for EBV (A); CMV (B)
and brain antigen (C) detected in the ELISPOT in healthy controls and MS patients experiencing a
relapse and in remission. Spot sizes for brain antigen are displayed for MS patients only since spots
were absent in healthy controls.

3.2. The Morphology of Spots Produced by Virus-Specific B cells Was Similar in Healthy Controls and MS
Patients, Hence There Was No Difference in Productivity and the Kinetics of Cell Secretory Activity

The analysis of spot sizes in the ELISPOT can provide important information on the quantity of
antibodies produced by individual cells as well as the kinetics of the secretory process [18]. To this end,
we compared the morphology of spots produced by virus-specific B cells in healthy controls and MS
patients using a specialized ImmunoSpot™ image analysis software. Furthermore, we compared the
spots produced by brain-specific B cells of MS patients experiencing a relapse with those produced in
remission. As shown in Figure 3, there were no significant differences in size or morphology of spots
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produced by virus-specific B cells in healthy controls and MS patients. Typically virus-specific spots
were large in size and well-defined. The mean spot size for EBV was 0.155 + 0.077 mm? in healthy
controls, 0.157 + 0.107 mm? in MS patients during relapse and 0.149 + 0.074 mm? during remission.
For CMV we detected a mean spot size of 0.119 + 0.107 mm? in healthy controls, 0.159 + 0.047 mm?
in MS patients experiencing an acute relapse and 0.154 + 0.097 mm? in MS patients in remission.
The morphology of spots produced by brain-reactive B cells in MS patients experiencing a relapse
compared to patients in remission was also similar (compare 0.022 + 0.014 mm? to 0.034 + 0.021 mm?).
However, brain-specific B cell spots were significantly smaller than virus-specific spots (compare
0.029 + 0.02 to 0.147 + 0.091; p < 0.001).

3.3. There Was a Correlation between the Frequencies of Virus- and Brain-Reactive B cells in the Blood of
MS Patients

To investigate the relationship between virus and brain reactivity we correlated B cell reactivity to
EBV with the response to brain antigens in 7 = 19 MS patients in remission and n = 11 MS patients
experiencing an acute relapse. In addition, we correlated the B cell response to CMV with the numbers
of brain antigen-specific B cells in n = 35 patients in remission and n = 16 MS patients experiencing an
acute relapse. Due to the fact that healthy controls barely showed any B cell response to brain antigens,
there was no correlation between virus and brain reactivity (Figure 4A,D). However, we could detect
a significant correlation between the frequencies of EBV- and brain-reactive B cells in MS patients in
remission, but not in MS patients experiencing an acute relapse (Figure 4B,C). In three MS patients
no brain-reactive B cells could be detected, but EBV-specific B cells ranged from 19 to 135 cells in 10°
stimulated PBMC from these patients. There was also a significant correlation between the frequencies
of CMV- and brain-specific B cells in MS patients experiencing an acute relapse (Figure 4E). There
was no significant correlation between the numbers of CMV- and brain-specific B cells in MS patients
in remission, e.g., a high frequency of brain-reactive B cells was not linked to a high frequency of
CMV-specific B cells (Figure 4F).

3.4. An Acute MS Relapse Was Not Associated with any Change in the Virus-Specific B Cell Activity, but with
a Decrease in Brain-Reactive B Cell Responses Compared to the Remission

We analyzed if an acute MS relapse was associated with a shift of the virus- or brain-specific B cell
activity. To this end, we quantified the virus- and brain antigen-specific B cell response in n = 10 MS
patients experiencing an acute relapse and the same 10 patients in remission. In most patients the
virus-specific B cell response was stable (Figure 5). Nevertheless, an up to five-fold increase and an
up to 168-fold decrease of EBV-specific B cell numbers in remission compared to the relapse could
be detected in individual patients (Figure 5A). Similar diversities were observed when comparing
the CMV-specific B cell frequencies in remission and relapse (Figure 5B). Two patients displayed a
high CMV response with 180 CMV-specific B cells in remission and a drop to 34.5 or 0 CMV-specific
B cells, respectively, during relapse. On the contrary, other patients showed an up to two-fold decrease
of the CMV-specific response in remission compared to the relapse (Figure 5B). The variations in
virus-specific B cell numbers in individual patients detected by ELISPOT were not evident when
measuring CMV- and EBV-specific plasma antibody levels. The optical density (OD) was remarkably
constant in remission and relapse (Figure 5D,E). Overall, we could not detect any significant difference
in the CMV- or EBV-specific B cell frequencies and antibody titers in MS patients experiencing an
acute relapse compared to the remission. In contrast, a significant difference in the brain-reactive B cell
frequencies in MS patients experiencing a relapse compared to the remission was observed (p = 0.04).
On average there was a decrease from 27.05 spot forming units (SFU) in remission to 20 SFU during
relapse (Figure 5C).
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blood of MS patients. Spearman’s rank correlation (rs) representing the ratio between EBV and brain

antigen-specific B cell numbers in the polyclonally stimulated PBMC population of healthy controls

(A); MS patients in remission (B) and MS patients experiencing an acute relapse (C); (D-F) Correlation

between CMV and brain antigen-specific B cell numbers in healthy controls (D); MS patients in

remission (E) and MS patients experiencing an acute relapse (F). Lines represent the linear regression,
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Figure 5. Similar magnitude of the virus-specific B cell response in relapse and remission. The
frequencies of EBV- (A) CMV- (B) and brain antigen-specific (C) B cells and the plasma antibody levels
for EBV (D), CMV (E) and brain antigen (F) were detected in n = 10 MS patients experiencing a relapse
and in the same MS patients in remission. The results for the individual donors are displayed.

3.5. There Was a Trend for a Correlation between the Frequencies of CMV- and Brain-Reactive B cells in the
Blood of MS Patients Experiencing an Acute Relapse when Excluding CMV Seronegative Subjects

It could be argued that the viral seropositivity status might have had an effect on our results
presented so far. While all subjects were seropositive for EBV, 11 of 22 healthy controls and 5
of 11 MS patients were positive for CMV. There was no significant difference in the CMV-specific
B cell frequencies in CMV seropositive healthy controls and MS patients. Brain-specific B cells were
barely detectable in healthy controls, but could be detected in MS patients (Figure 6B,C). Due to the
low number of CMV seropositive MS patients experiencing an acute relapse, we could not detect
a significant correlation between the frequencies of CMV- and brain antigen-specific B cells in the
blood (Figure 6D). However, the tendency remained similar to the data obtained when including all
subjects with a Spearman’s rank correlation of 0.5. Furthermore, there was a similar magnitude of
the CMV-specific and brain antigen-specific B cell response in relapse and remission after excluding
seronegative subjects (Figure 6EG).
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Figure 6. CMV-specific and brain antigen-specific B cell frequencies and correlation analysis with CMV
seropositive subjects only. The frequencies of CMV- (A) and brain antigen-specific (B) B cells were
determined in 7 = 11 healthy controls and n = 5 MS patients experiencing a relapse and in the same MS
patients in remission for CMV seropositive subjects only. Spearman’s rank correlation (rs) analysis for
CMYV and brain antigen-specific B cell numbers in healthy controls (C), MS patients experiencing an
acute relapse (D) and MS patients in remission (E); lines represent the linear regression, and dotted lines
the 95% confidence interval. There was a similar magnitude of the CMV- (F) and brain antigen-specific
(G) B cell response in relapse and remission. The results for the individual donors are displayed.
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3.6. MS Is Not Associated with the Reactivation of a Latent EBV Infection

Reactivation of latent EBV infection was defined as the simultaneous seropositivity to IgM directed
against EBV early antigen (IgM-EA) and IgG directed against EBV nuclear antigen (IgG-EBNA) [19]. A
high IgM-EA titer associated with a high IgG-EBNA titer was evident in one healthy control (IgM-EA
OD: 0.80; IgG-EBNA OD: 1.25), in one MS patient experiencing an acute relapse (IgM-EA OD: 0.51;
IgG-EBNA OD: 1.0) and in one MS patient in remission (IgM-EA OD: 0.50; IgG-EBNA OD: 1.35). The
plasma IgM-EA titers in the other MS patients and healthy controls were below an OD of 0.49. Hence,
there was no evidence of EBV reactivation (Figure 7).

1.0

0.8 A
ﬁ 0.6 A Healthy controls
= pr e @ * Relapse
=04 o o Ne o Remission

0.2" ) L4 A .

. oo“ &%‘s
0.0 T 2 o—m .
0.0 0.5 1.0 1.5

IgG-EBNA

Figure 7. No association between MS and the reactivation of a latent EBV infection. Scatter plot for EBV
nuclear antigen (EBNA) IgG and EBV early antigen (EA) IgM plasma titers in the different subgroups.
Results for individual donors are displayed as circles.

3.7. There Was a Correlation between the Virus-Specific B Cell Response and Clinical Disease Parameters

To test whether an elevated B cell response to CMV or EBV was associated with clinical disease
parameters, we correlated the virus-specific B cell frequencies with disease activity, age at time of
diagnosis and the EDSS. We could detect a significant correlation between EBV-specific spot numbers
and disease activity in MS patients in remission (Table 4). Furthermore, there was a correlation between
the B cell response to CMV and disease activity in MS patients in relapse and remission.

Table 4. Correlation between virus-specific SFU/10° PBMC with clinical parameters.

Correlation Relapse Remission

EBV—Disease activity ? rs=0.39;p=024 (n=11) rs = 0.58; p = 0.009 (n = 19)
EBV—Age at time of diagnosis rs=—031;,p=032(n=11) rs =0.023; p=0.93 (n = 19)
EBV—Remission EDSS rs = 0.053; p =0.88 (n =11) rs = —0.05,p=0.84 (n=19)
CMV—Disease activity ? rs = 0.68; p =0.004 (n = 16) rs =0.39; p=0.02 (n = 35)
CMV—Age at time of diagnosis rs=—02,p=0.12 (n=16) rs =0.01;,p=0.94 (n = 35)
CMV—Remission EDSS rs =—0.18;p=0.12 (n = 16) rs =0.15p=0.38 (n = 35)

2 Numbers of relapses per year.

4. Discussion

The foundations of an efficient and functional immune system are both high diversity and
specificity of the lymphocyte pool. A side effect of the high diversity is that besides pathogen-specific
cells, also autoreactive lymphocytes are released from the bone marrow and thymus. Circulating
autoreactive B cells were found in healthy individuals without any history of an autoimmune
disease [20]. The question, which has remained unclear, is which mechanisms trigger the activation
of these naive autoreactive lymphocytes and initiate the development of an autoimmune disease
only in some individuals compared to those individuals whose autoreactive cells remain in a
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dormant state and will never cause tissue damage. Various studies have focused on EBV and
CMV as potential triggers of MS [1-4,21-23]. There are several possible mechanisms including
molecular mimicry, epitope spreading or bystander activation explaining the link between an anti-viral
immune response and MS [24]. These mechanisms linking viral infections to MS pathology are
largely hypothetical [25]. Molecular mimicry occurs when peptides from pathogens share structural
similarities with self-antigens of the CNS, which leads to the activation of autoreactive lymphocytes.
Infection with various pathogens, each with its individual molecular resemblance to a CNS antigen,
may explain the inability of investigators to link one specific virus to MS [26]. Wucherpfennig and
Strominger showed that EBV peptides could activate myelin basic protein (MBP)-specific T cell clones
isolated from the blood of MS patients [27]. Bystander activation is based on the fact that viral
infections lead to inflammation and activation of antigen-presenting cells (APC) such as dendritic
cells. These activated APC could potentially activate autoreactive lymphocytes, which may then
initiate autoimmune diseases [28]. However, at the same time, the hypothesis of epitope spreading
and bystander activation highlights the notion that the immunopathology may diverge in disease
evolution and manifested MS.

The consensus of these hypotheses is that there is a correlation and/or cross-reactivity between
brain- and virus-specific lymphocytes. In this study we used the ELISPOT approach to detect brain-
and virus-specific B cells in the blood of MS patients and healthy controls. To our knowledge this
is the first study comparing the B cell response to EBV, CMV and brain antigens using a cell-based
assay. In this assay we used an EBV lysate as antigen mix to coat the plates. There are studies pointing
out that EBV lysates are more immunogenic than EBV-encoded nuclear antigen 1 (EBNA-1). Loebel
et al. could show that EBV lysate induced production of several cytokines in particular interferon
(IFN)-y in whole blood in 50% of chronic fatigue syndrome (CFS) patients. Using EBNA-1 protein for
stimulation, no patient showed a detectable IFN-y response [29]. We suggest that the use of EBV lysate
has the advantage that it covers various immunogenic EBV proteins, which minimizes the risk of false
negative results.

Our data demonstrate a correlation between EBV-specific and brain-reactive B cells in the blood
of MS patients in remission. We also could detect a significant association between the frequencies of
EBV-specific B cells and the disease activity in MS patients.

These results go in line with earlier studies. Latham et al. postulated a correlation between the
frequencies of EBV-specific T cells in the blood and the number of active lesions on MRI scans [30]
and Levin ef al. found high serum levels of IgG antibodies to EBV to be a strong predictor of MS [31].
Serafini et al. observed the presence of EBV-infected B cells in the brain in almost 100% of MS cases in
addition to EBV reactivation in plasma cells in acute MS lesions and ectopic B cell follicles [3]. These
findings support a role for EBV infection in B cell activation in the MS brain, which may contribute to
the disruption of B cell tolerance [32]. Still, EBV-triggered B cell activation may be rather a consequence
and not the cause of B cell activation paralleling polyclonal activation of serum antibodies against
several viral agents in MS that is referred to as MRZ (measles-rubella-zoster) reaction. The increased
viral load in the brain as compared to the blood suggested that a locally dysregulated viral infection
could support the autoimmune response and tissue damage in the brain [3]. These earlier results may
explain why we could not detect increased numbers of EBV-specific B cells and antibody titers in MS
patients experiencing an acute relapse due to the fact that EBV-specific cells might accumulate in the
brain during acute inflammation. Under these conditions EBV-specific B cells circulating as memory
B cells could become readily detectable in the blood during remission, which was the case in our study.

The findings by Serafini et al. are in strong contrast to later studies that rarely detected
EBV-infected B cells in MS brains. Willis et al. studied a large cohort of MS specimens containing white
matter lesions with parenchymal and meningeal B cell infiltrates and they could not detect EBV in any
of the specimens using multiple techniques including in situ hybridization, immunohistochemistry
and two independent real-time PCR approaches [33]. Moreover, Sargsyan et al. failed to identify EBV
infection in cerebrospinal fluid (CSF) B and plasma blast cell populations and EBV-specific transcripts
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were not detected in MS lesions. In addition, the extent of intrathecal anti-EBV antibody synthesis
in patients with MS did not differ from that in non-MS inflammatory CNS disease patients [34].
Overall, there is a largely divergent body of literature regarding the relationship between EBV and MS
brain inflammation.

The influence of CMV on MS is also disputed. There are studies supporting a detrimental role of
CMYV as a trigger of MS, whereas most of the studies describe CMV infection as disease limiting. CMV
has been found in demyelinating lesions and a T cell response against CMV epitopes has been observed
within CD8+ cells derived from chronic inflammatory lesions [35]. Other researchers found that the
time to relapse decreased and the number of relapses increased with anti-CMV IgG positivity [36].
In this study we were able to show that there was a significant correlation between the CMV- and
brain antigen-specific B cell response in MS patients experiencing an acute relapse. Furthermore,
an elevated B cell response to CMV correlated with a higher disease activity. In earlier studies we
demonstrated that treatment-related effects had no impact on the ELISPOT results since the number
of brain antigen-specific B cell positive MS patients was independent of the treatment status [12].
However, to further analyze the impact of the immune modulatory treatment on our results, we
correlated the frequencies of CMV-specific B cells with disease activity in patients in remission who
were untreated (1 = 11). The Spearman’s rank correlation was 0.69 and the p-value 0.035. This shows
that the treatment does not significantly impact the results of the correlation analysis.

Earlier studies detected a correlation between CMV serum antibody titers and an increased MS
disease risk. Sundqvist ef al. could show that CMV seropositivity was associated with a decreased
risk of developing MS [37]. Additionally, Zivadinov et al. investigated an association between clinical
and MRI measures of disease activity and the presence and titer of IgG antibodies against CMV
in n = 140 patients with definite MS and n = 131 healthy controls [38]. In their study there was
an association between antibody positivity against CMV, a higher titer and better clinical and MRI
outcomes [38]. Limitations and a reason for the discrepancy in the results of the earlier studies
could be the low sensitivity, which is due to the measurement of serum antibody titers rather than
detecting virus-specific cells, and the lack of the technique reflecting cellular autoimmunity to brain
antigens. Along these lines, in an independent currently ongoing study we were able to show that
measurements of serum antibodies frequently failed to reveal CMV exposure in humans, which may
be better identified by direct detection of CMV-specific memory lymphocytes [39]. In the current
study the tendency for a correlation between the CMV- and brain antigen-specific B cell response
in MS patients experiencing a relapse remained similar when excluding CMV seronegative subjects.
However, the correlation was not significant most likely due to the low number of CMV seropositive
MS patients.

5. Conclusions

The role of EBV infection in MS is a widely debated topic of high clinical relevance. Our study
provides small additional support to the theory of a link between EBV infection and MS. However,
the two main limitations of our study are that the sample size was limited and CSF was not available
to us. Interestingly, however, we noted a correlation between the frequencies of CMV- and brain
antigen-specific B cells in the blood of MS patients. These data underline that viral infections might
still play an important role in the immunopathology of MS, but the exact link between the two entities
remains subject of controversy.

Author Contributions: M.W., BM., C.H. and C.R. performed experimental work. M.W. performed statistical
analysis. M.W. and S.K. planned the experiments and wrote the manuscript. PV.L.,, M.S., A.B., ].U., M.M. and
S.E. have been involved in drafting the manuscript or revising it critically for important intellectual content. All
authors read and approved the final manuscript.

Conflicts of Interest: S.K. has received grant support from TEVA, Bayer Vital, Novartis and Sanofi/Genzyme,
travel support from TEVA and Sanofi/Genzyme and personal compensations from TEVA and Novartis. P.V.L. is
the CEO of Cellular Technology Limited. M.S. has received personal and/or institutional compensation from
Almirall, Baxter, Bayer HealthCare, Boehringer Ingelheim, Biogen Idec, CSL Behring, Grifols, Merck Serono,



Viruses 2016, 8, 105 14 of 16

Novartis, Sanofi-Genzyme and TEVA. A.B. received honoraria for consulting and/or as speaker from Merck
Serono, Biogen, Bayer Vital, Novartis, Sanofi/Genzyme and TEVA, for trial activities from Merck Serono, Biogen
and Novartis and received grants for congress trips and participation from Biogen, Sanofi/Genzyme and
Merck Serono.

References

1.

10.

11.

12.

13.

14.

15.

16.

Mouhieddine, T.H.; Darwish, H.; Fawaz, L.; Yamout, B.; Tamim, H.; Khoury, S.J. Risk factors for Multiple
Sclerosis and associations with anti-EBV antibody titers. Clin. Immunol. 2015, 158, 59—-66. [CrossRef]
[PubMed]

Castellazzi, M.; Contini, C.; Tamborino, C.; Fasolo, F.; Roversi, G.; Seraceni, S.; Rizzo, R.; Baldi, E.;
Tola, M.; Bellini, T.; et al. Epstein-Barr virus-specific intrathecal oligoclonal IgG production in
relapsing-remitting multiple sclerosis is limited to a subset of patients and is composed of low-affinity
antibodies. J. Neuroinflammation 2014, 11, 188. [CrossRef] [PubMed]

Serafini, B.; Rosicarelli, B.; Franciotta, D.; Magliozzi, R.; Reynolds, R.; Cinque, P.; Andreoni, L.; Trivedi, P;
Salvetti, M.; Faggioni, A.; et al. Dysregulated Epstein-Barr virus infection in the multiple sclerosis brain.
J. Exp. Med. 2007, 204, 2899-2912. [CrossRef] [PubMed]

Cocuzza, C.E.; Piazza, F; Musumeci, R.; Oggioni, D.; Andreoni, S.; Gardinetti, M.; Fusco, L.; Frigo, M.;
Banfi, P; Rottoli, M.R.; et al. EBV-MS Italian Study Group. Quantitative detection of epstein-barr virus DNA
in cerebrospinal fluid and blood samples of patients with relapsing-remitting multiple sclerosis. PLoS ONE
2014, 9, €94497. [CrossRef] [PubMed]

Ascherio, A.; Munger, K.L. Epstein-barr virus infection and multiple sclerosis: A review. . Neuroimmune
Pharmacol. 2010, 5, 271-277. [CrossRef] [PubMed]

Balfour, H.H., Jr.; Odumade, O.A.; Schmeling, D.O.; Mullan, B.D.; Ed, J.A.; Knight, J.A.; Vezina, H.E.;
Thomas, W.; Hogquist, K.A. Behavioral, virologic, and immunologic factors associated with acquisition
and severity of primary Epstein-Barr virus infection in university students. J. Infect. Dis. 2013, 207, 80-88.
[CrossRef] [PubMed]

Murata, T. Regulation of Epstein-Barr virus reactivation from latency. Microbiol. Immunol. 2014, 58, 307-317.
[CrossRef] [PubMed]

Thacker, E.L.; Mirzaei, F; Ascherio, A. Infectious mononucleosis and risk for multiple sclerosis: A
meta-analysis. Ann. Neurol. 2006, 59, 499-503. [CrossRef] [PubMed]

Munger, K.L.; Levin, L.I; O'Reilly, E.J.; Falk, K.I.; Ascherio, A. Anti-Epstein-Barr virus antibodies as
serological markers of multiple sclerosis: A prospective study among United States military personnel.
Mult. Scler. 2011, 17, 1185-1193. [CrossRef] [PubMed]

Buljevac, D.; van Doornum, G.J.; Flach, H.Z.; Groen, J.; Osterhaus, A.D.; Hop, W.; van Doorn, P.A.; van der
Meché, F.G.; Hintzen, R.Q. Epstein-Barr virus and disease activity in multiple sclerosis. . Neurol. Neurosurg.
Psychiatry 2005, 76, 1377-1381. [CrossRef] [PubMed]

Kvistad, S.; Myhr, KM.; Holmoy, T.; Bakke, S.; Beiske, A.G.; Bjerve, K.S.; Hovdal, H.; Leken-Amsrud, K.I;
Lilleas, F; Midgard, R.; et al. Antibodies to Epstein-Barr virus and MRI disease activity in multiple sclerosis.
Mult Scler. 2014, 20, 1833-1840. [CrossRef] [PubMed]

Kuerten, S.; Pommerschein, G.; Barth, S.K.; Hohmann, C.; Milles, B.; Sammer, EW.; Duffy, C.E.; Wunsch, M.;
Rovituso, D.M.; Schroeter, M.; et al. Identification of a B cell-dependent subpopulation of multiple sclerosis
by measurements of brain-reactive B cells in the blood. Clin. Immunol. 2014, 152, 20-24. [CrossRef] [PubMed]
Hohmann, C.; Milles, B.; Schinke, M.; Schroeter, M.; Ulzheimer, ].; Kraft, P.; Kleinschnitz, C.; Lehmann, P.V.;
Kuerten, S. Categorization of multiple sclerosis relapse subtypes by B cell profiling in the blood.
Acta Neuropathol. Commun. 2014, 2, 138. [CrossRef] [PubMed]

Polman, C.H.; Reingold, S.C.; Banwell, B.; Clanet, M.; Cohen, J.A.; Filippi, M.; Fujihara, K.; Havrdova, E.;
Hutchinson, M.; Kappos, L.; et al. Diagnostic criteria for multiple sclerosis: 2010 revisions to the McDonald
criteria. Ann. Neurol. 2011, 69, 292-302. [CrossRef] [PubMed]

Polman, C.H.; Reingold, S.C.; Edan, G.; Filippi, M.; Hartung, H.P.; Kappos, L.; Lublin, ED.; Metz, L.M.;
McFarland, H.E; O’Connor, PW.; et al. Diagnostic criteria for multiple sclerosis: 2005 revisions to the
“McDonald Criteria”. Ann. Neurol. 2005, 58, 840-846. [CrossRef] [PubMed]

Kurtzke, J.F. Rating neurologic impairment in multiple sclerosis: An Expanded Disability Status Scale (EDSS).
Neurology 1983, 33, 1444-1452. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.clim.2015.03.011
http://www.ncbi.nlm.nih.gov/pubmed/25805657
http://dx.doi.org/10.1186/s12974-014-0188-1
http://www.ncbi.nlm.nih.gov/pubmed/25391491
http://dx.doi.org/10.1084/jem.20071030
http://www.ncbi.nlm.nih.gov/pubmed/17984305
http://dx.doi.org/10.1371/journal.pone.0094497
http://www.ncbi.nlm.nih.gov/pubmed/24722060
http://dx.doi.org/10.1007/s11481-010-9201-3
http://www.ncbi.nlm.nih.gov/pubmed/20369303
http://dx.doi.org/10.1093/infdis/jis646
http://www.ncbi.nlm.nih.gov/pubmed/23100562
http://dx.doi.org/10.1111/1348-0421.12155
http://www.ncbi.nlm.nih.gov/pubmed/24786491
http://dx.doi.org/10.1002/ana.20820
http://www.ncbi.nlm.nih.gov/pubmed/16502434
http://dx.doi.org/10.1177/1352458511408991
http://www.ncbi.nlm.nih.gov/pubmed/21685232
http://dx.doi.org/10.1136/jnnp.2004.048504
http://www.ncbi.nlm.nih.gov/pubmed/16170080
http://dx.doi.org/10.1177/1352458514533843
http://www.ncbi.nlm.nih.gov/pubmed/24842958
http://dx.doi.org/10.1016/j.clim.2014.02.014
http://www.ncbi.nlm.nih.gov/pubmed/24607792
http://dx.doi.org/10.1186/s40478-014-0138-2
http://www.ncbi.nlm.nih.gov/pubmed/25597707
http://dx.doi.org/10.1002/ana.22366
http://www.ncbi.nlm.nih.gov/pubmed/21387374
http://dx.doi.org/10.1002/ana.20703
http://www.ncbi.nlm.nih.gov/pubmed/16283615
http://dx.doi.org/10.1212/WNL.33.11.1444
http://www.ncbi.nlm.nih.gov/pubmed/6685237

Viruses 2016, 8, 105 15 of 16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Pinna, D.; Corti, D.; Jarrossay, D.; Sallusto, F.; Lanzavecchia, A. Clonal dissection of the human memory B-cell
repertoire following infection and vaccination. Eur. J. Immunol. 2009, 39, 1260-1270. [CrossRef] [PubMed]
Karulin, A.Y.; Lehmann, P.V. How ELISPOT morphology reflects on the productivity and kinetics of cells’
secretory activity. Methods Mol. Biol. 2012, 792, 125-143. [PubMed]

Obel, N.; Hoier-Madsen, M.; Kangro, H. Serological and clinical findings in patients with serological evidence
of reactivated Epstein-Barr virus infection. APMIS 1996, 104, 424-428. [CrossRef] [PubMed]

Meffre, E.; Wardemann, H. B-cell tolerance checkpoints in health and autoimmunity. Curr. Opin. Immunol.
2008, 20, 632-638. [CrossRef] [PubMed]

Zheng, M.M.; Zhang, X.H. Cross-reactivity between human cytomegalovirus peptide 981-1003 and myelin
oligodendroglia glycoprotein peptide 35-55 in experimental autoimmune encephalomyelitis in Lewis rats.
Biochem. Biophys. Res. Commun. 2014, 443, 1118-1123. [CrossRef] [PubMed]

Sanadgol, N.; Ramroodi, N.; Ahmadi, G.A.; Komijani, M.; Moghtaderi, A.; Bouzari, M. Prevalence of
cytomegalovirus infection and its role in total immunoglobulin pattern in Iranian patients with different
subtypes of multiple sclerosis. New Microbiol. 2011, 34, 263-274. [PubMed]

Tran, C.; Du Pasquier, R.A.; Cavassini, M.; Guex-Crosier, Y.; Meuli, R.; Ciuffreda, D. Neuromyelitis optica
following CMV primo-infection. J. Intern. Med. 2007, 261, 500-503. [CrossRef] [PubMed]

Barzilai, O.; Sherer, Y.; Ram, M.; Izhaky, D.; Anaya, ].M.; Shoenfeld, Y. Epstein-Barr virus and cytomegalovirus
in autoimmune diseases: Are they truly notorious? A preliminary report. Ann. N. Y. Acad. Sci. 2007, 1108,
567-577. [CrossRef] [PubMed]

Owens, G.P; Bennett, ].L. Trigger, pathogen, or bystander: The complex nexus linking Epstein- Barr virus
and multiple sclerosis. Mult. Scler. 2012, 18, 1204-1208. [CrossRef] [PubMed]

Libbey, ].E.; McCoy, L.L.; Fujinami, R.S. Molecular mimicry in multiple sclerosis. Int. Rev. Neurobiol. 2007, 79,
127-147. [PubMed]

Wucherpfennig, K.W.; Strominger, ].L. Molecular mimicry in T cell-mediated autoimmunity: Viral peptides
activate human T cell clones specific for myelin basic protein. Cell 1995, 80, 695-705. [CrossRef]

Fujinami, R.S.; von Herrath, M.G.; Christen, U.; Whitton, ]J.L. Molecular mimicry, bystander activation, or
viral persistence: Infections and autoimmune disease. Clin. Microbiol. Rev. 2006, 19, 80-94. [CrossRef]
[PubMed]

Loebel, M.; Strohschein, K.; Giannini, C.; Koelsch, U.; Bauer, S.; Doebis, C.; Thomas, S.; Unterwalder, N.;
von Baehr, V.; Reinke, P; et al. Deficient EBV-specific B- and T-cell response in patients with chronic fatigue
syndrome. PLoS ONE 2014, 9, e85387. [CrossRef] [PubMed]

Latham, L.B.; Lee, M.].; Lincoln, J.A.; Ji, N.; Forsthuber, T.G.; Lindsey, ].W. Antivirus immune activity in
multiple sclerosis correlates with MRI activity. Acta Neurol. Scand. 2015. [CrossRef] [PubMed]

Levin, L.I,; Munger, K.L.; Rubertone, M.V.; Peck, C.A.; Lennette, E.T.; Spiegelmann, D.; Ascherio, A. Temporal
relationship between elevation of Epstein—Barr virus antibody titers and initial onset of neurological
symptoms in multiple sclerosis. JAMA 2005, 293, 2496-2500. [CrossRef] [PubMed]

Serafini, B.; Severa, M.; Columba-Cabezas, S.; Rosicarelli, B.; Veroni, C.; Chiappetta, G.; Magliozzi, R.;
Reynolds, R.; Coccia, E.M.; Aloisi, F. Epstein-Barr virus latent infection and BAFF expression in B cells in the
multiple sclerosis brain: Implications for viral persistence and intrathecal B-cell activation. J. Neuropathol.
Exp. Neurol. 2010, 69, 677-693. [CrossRef] [PubMed]

Willis, S.N.; Stadelmann, C.; Rodig, S.J.; Caron, T.; Gattenloehner, S.; Mallozzi, S.S.; Roughan, J.E.;
Almendinger, S.E.; Blewett, M.M.; Briick, W.; et al. Epstein-Barr virus infection is not a characteristic
feature of multiple sclerosis brain. Brain 2009, 132, 3318-3328. [CrossRef] [PubMed]

Sargsyan, S.A.; Shearer, A].; Ritchie, A.M.; Burgoon, M.P.; Anderson, S.; Hemmer, B.; Stadelmann, C.;
Gattenlohner, S.; Owens, G.P; Gilden, D.; et al. Absence of Epstein-Barr virus in the brain and CSF of patients
with multiple sclerosis. Neurology 2010, 74, 1127-1135. [CrossRef] [PubMed]

Scotet, E.; Peyrat, M.A.; Saulquin, X.; Retiere, C.; Coudedel, C.; Davodeau, F; Dulphy, N.; Toubert, A.;
Bignon, ].D.; Lim, A; et al. Frequent enrichment for CD8 T cells reactive against common herpes viruses in
chronic inflammatory lesions: Towards a reassessment of the physiopathological significance of T cell clonal
expansions found in autoimmune inflammatory processes. Eur. J. Immunol. 1999, 29, 973-985. [CrossRef]


http://dx.doi.org/10.1002/eji.200839129
http://www.ncbi.nlm.nih.gov/pubmed/19404981
http://www.ncbi.nlm.nih.gov/pubmed/21956507
http://dx.doi.org/10.1111/j.1699-0463.1996.tb00737.x
http://www.ncbi.nlm.nih.gov/pubmed/8774671
http://dx.doi.org/10.1016/j.coi.2008.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18848883
http://dx.doi.org/10.1016/j.bbrc.2013.12.122
http://www.ncbi.nlm.nih.gov/pubmed/24388990
http://www.ncbi.nlm.nih.gov/pubmed/21811746
http://dx.doi.org/10.1111/j.1365-2796.2007.01794.x
http://www.ncbi.nlm.nih.gov/pubmed/17444889
http://dx.doi.org/10.1196/annals.1422.059
http://www.ncbi.nlm.nih.gov/pubmed/17894021
http://dx.doi.org/10.1177/1352458512448109
http://www.ncbi.nlm.nih.gov/pubmed/22685062
http://www.ncbi.nlm.nih.gov/pubmed/17531840
http://dx.doi.org/10.1016/0092-8674(95)90348-8
http://dx.doi.org/10.1128/CMR.19.1.80-94.2006
http://www.ncbi.nlm.nih.gov/pubmed/16418524
http://dx.doi.org/10.1371/journal.pone.0085387
http://www.ncbi.nlm.nih.gov/pubmed/24454857
http://dx.doi.org/10.1111/ane.12417
http://www.ncbi.nlm.nih.gov/pubmed/25939660
http://dx.doi.org/10.1001/jama.293.20.2496
http://www.ncbi.nlm.nih.gov/pubmed/15914750
http://dx.doi.org/10.1097/NEN.0b013e3181e332ec
http://www.ncbi.nlm.nih.gov/pubmed/20535037
http://dx.doi.org/10.1093/brain/awp200
http://www.ncbi.nlm.nih.gov/pubmed/19638446
http://dx.doi.org/10.1212/WNL.0b013e3181d865a1
http://www.ncbi.nlm.nih.gov/pubmed/20220124
http://dx.doi.org/10.1002/(SICI)1521-4141(199903)29:03&lt;973::AID-IMMU973&gt;3.0.CO;2-P

Viruses 2016, 8, 105 16 of 16

36.

37.

38.

39.

Horakova, D.; Zivadinov, R.; Weinstock-Guttmann, B.; Havrdova, E.; Qu, J.; Tamano-Blanco, M.; Badgett, D.;
Tyblova, M.; Bergsland, N.; Hussein, S.; et al. Environmental factors associated with disease progression after
the first demyelinating event: Results from the multi-center SET study. PLoS ONE 2013, 8, €53996. [CrossRef]
[PubMed]

Sundgqvist, E.; Bergstrém, T.; Daialhosein, H.; Nystrom, M.; Sundstréom, P; Hillert, J.; Alfredsson, L.;
Kockum, I; Olsson, T. Cytomegalovirus seropositivity is negatively associated with multiple sclerosis.
Mult. Scler. 2014, 20, 165-173. [CrossRef] [PubMed]

Zivadinov, R.; Nasuelli, D.; Tommasi, M.A.; Serafin, M.; Bratina, A.; Ukmar, M.; Pirko, I.; Johnson, A.].;
Furlan, C.; Pozzi-Mucelli, R.S.; et al. Positivity of cytomegalovirus antibodies predicts a better clinical and
radiological outcome in multiple sclerosis patients. Neurol. Res. 2006, 28, 262-269. [CrossRef] [PubMed]
Terlutter, F; Nowacki, TM.; Caspell, R.; Li, R.; Horvath, K.; von Gall, C.; Kuerten, S.; Sundararaman, S.;
Lehmann, P.V. Direct detection of T and B memory lymphocytes reveals HCMV exposure that serum
antibodies fail to identify. Cancer Immunol. Immunother. (under review).

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.pone.0053996
http://www.ncbi.nlm.nih.gov/pubmed/23320113
http://dx.doi.org/10.1177/1352458513494489
http://www.ncbi.nlm.nih.gov/pubmed/23999606
http://dx.doi.org/10.1179/016164106X98134
http://www.ncbi.nlm.nih.gov/pubmed/16687051
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	
	
	
	
	
	

	
	
	
	
	
	
	
	

	
	

