nature communications

Article

Early identification of individuals at risk for
multiple sclerosis by quantification of
EBNA-155;.45>-specific antibody titers

https://doi.org/10.1038/s41467-025-61751-9

Hannes Vietzen®'! , Laura M. Kithner ®", Sarah M. Berger®,

Markus Ponleitner ® %3, Marianne Graninger', Charlotte Pistorius®,

Christof Jungbauer ® %5, Markus Reindl®®, Henrieke Saucke’, Franziska Kauth’,
Eva-Maria Wendel®, Kevin Rostasy’, Markus Breu ® >3, Barbara Kornek?3,
Gabriel Bsteh?3, Thomas Berger ® %3, Paulus Rommer ®%3° &

Elisabeth Puchhammer-Stockl?

Received: 13 May 2025

Accepted: 1 July 2025

Published online: 14 July 2025

M Check for updates

Multiple sclerosis (MS) is an immune-mediated demyelinating disease. Epstein-
Barr virus (EBV) encodes for the EBNA-13g;.45, region that induces autoreactive
antibody responses, which are likely critically involved in MS pathogenesis.
Here we investigate whether these EBNA-15g;.455-specific antibodies can serve
as a biomarker to identify at-risk individuals for MS. We quantify EBNA-15g;.45,-
specific antibody titers from 324 relapsing-remitting MS patients and 324
matched controls in longitudinal follow-up plasma samples, starting from the
individual’s EBV-seroconversion. In MS patients, significantly elevated EBNA-
13g1.452-specific IgG titers are identified that are increased already as early as
nine months after EBV-seroconversion (OR:5.7; 95% Cl: 4.1-8.1; P < 0.0001) and
a median 5.4 years prior to MS diagnosis. Especially, the presence of con-
tinuously high EBNA-15g;.455-specific antibody titers is associated with a more
rapid MS diagnosis after EBV-seroconversion (P < 0.0001). Thus, the quantifi-
cation of EBNA-15g;.455-specific IgG antibody levels may provide a prognostic
biomarker to determine the individual’s risk for the diagnosis of MS.

Multiple sclerosis (MS) is a chronic, autoinflammatory and demyeli-
nating disease of the central nervous system (CNS) and the most
common disabling neurological disorder in young adults'. Despite a
globally rising prevalence and an estimated 2.8 million (35.9/100,000)
people living with MS?, no reliable screening strategy currently exists
for the identification of individuals at risk of future MS.

The pathology of MS, i.e., demyelination and axonal damage, are
the result of an initial autoimmune-mediated inflammation, and it has
been suggested that Epstein-Barr virus (EBV) may be critically involved

in these processes®”. Especially, it has been shown that specific
immune responses directed against a highly conserved peptide
sequence within the EBV nuclear antigen (EBNA)-1 region, EBNA-
1381450, cross-react with distinct CNS-derived proteins and may thus
elicit autoreactive immune processes®. Recent studies have demon-
strated that MS patients have developed elevated antibody titers
against specific peptides within the EBNA-13g;.45, region’, and that
these antibodies cross-react with the distinct CNS-derived proteins,
such as the Glial Cell Adhesion Molecule (Glial CAM), Alpha-Crystallin B
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Chain (CRYAB), Myelin Basic Protein (MBP), and Anoctamin 2 (ANO2),
respectively® ™. Based on these findings, we have investigated whether
the quantification of EBNA-13g;.45.-specific IgG antibody titers could
serve as a biomarker for the identification of individuals who are at risk
of future MS.

Results

Establishment of EBNA-13g;.455-specific IgG ELISA

First, the EBNA-15g;.45>-specific IgG ELISA was established and validated
using an EBNA-13g;.45,-derived peptide pool as antigen. The test
showed low inter- and intra-assay variability, as assessed by repeated
testing of plasma samples from 15 EBV-seropositive and 15 EBV-
seronegative healthy blood donors (Table S4). Then, the test cut-off
for the detection of EBNA-13g;.450-specific IgG antibodies was calcu-
lated using plasma samples from an additional 25 EBV-seronegative
blood donors. An optical density (OD) of >0.32 was determined as cut-
off for a positive EBNA-135;.455-specific IgG antibody titer. We then
tested the plasma samples, obtained from all 704 EBV-EBNA-1-
seropositive MS patients of our cohort at the time point of MS diag-
nosis, as well as the samples obtained from 5381 EBV-EBNA-1-
seropositive control persons by the EBNA-135;.455-specific 1gG ELISA.
As shown in Figs. 1A, 97.9% of all MS patients and 77.9% of all controls
had detectable EBNA-15g;.45,-specific IgG antibody titers (OR: 12.6, 95%
Cl: 7.6-219, P< 0.0001).

High-level EBNA-135;.45>-specific IgG antibody titers are detect-
able at the time of MS diagnosis
Subsequently, the difference of EBNA-135:.45,-specific IgG antibody
titers in patients diagnosed with MS and healthy control persons was
assessed by quantifying the EBNA-15g;.45,-specific IgG antibody titers of
all EBNA-13g;.45, 1gG seropositive MS patients (N=689, 97.7%) and
controls (N =4189, 77.9%). As shown in Fig. 1B, C, significantly higher
EBNA-13g;.455-specific IgG antibody titers were detected by the ELISA in
MS patients, compared to controls (mean OD: 2.2 vs. 1.2, P< 0.0001).
Based on these data, we further investigated whether there is a
specific cut-off that may define an EBNA-13g;.455-specific IgG titer that is
associated with MS. Using ROC analysis, a cut-off was determined
(Fig. 1D, Table S5), and EBNA-lg;45:-specific I1gG antibody titers
exceeding an OD>1.7 were significantly more often identified in
patients at the time of MS diagnosis (Fig. 1E). In contrast, lower EBNA-
13g1.452-specific IgG titers, between OD>0.32 and OD<1.69, were
predominantly found in the control cohort. Additionally, specific cut-
off-values for male and female, as well as adult and pediatric persons
were calculated. As shown in Fig. S2, the same cut-off of OD >1.7 was
calculated for discrimination between MS patients and controls in
male and female, as well as in adult and pediatric individuals.

High-level EBNA-135;.45>-specific IgG antibody titers are asso-
ciated with MS disease severity

We next analyzed whether EBNA-135;.455-specific IgG antibody titers are
associated with surrogate markers of disease severity at the time of MS
diagnosis. Therefore, we correlated the EBNA-lsg;.45;-Specific 1gG
antibody titers with the number of T2 MRI brain lesions in the indivi-
dual patients at MS diagnosis. As shown in Fig. 1F and Fig. S3, in
patients with high-level (OD >1.7) EBNA-13g;.45,-specific IgG antibody
titers, >10 T2 MRI brain lesions were observed significantly more
frequently.

We also determined the plasma concentration of neurofilament
light chain (NfL) and plasma glial fibrillary acidic protein (GFAP), bio-
markers reflecting acute and chronic axonal damage and astrocytic
activation, MRI lesion burden, disability progression, and relapse
risk'™, from all MS patients at the time point of MS diagnosis. MS
patients with high-level EBNA-15g;.455-specific IgG antibody titers had
significantly higher NfL (Fig. 1G) and GFAP (Fig. S4A) plasma con-
centrations, compared to MS patients with low or undetectable

Table 1| Characteristics of the Study Cohort

Entire Study Cohort

Characteristic MS (N=704) Control (N=5381)

Gender
Female N =460 (65.3%) N =3857 (71.7%)
Male N =243 (34.5%) N =1524 (28.3%)
Nonbinary N=1(0.1%) N=0 (0%)

Age

Pediatric (<18 years)
Adult (>18 years)
Median Age (range)

N =265 (37.6%)
N =439 (62.4%)
34.5(7.2-59.7)

N =654 (12.2%)
N = 4727 (87.8%)
39.4 (7.7-70)

Retrospective Longitudinal Cohort

Characteristic MS (N =324) Control (N=324)
Gender
Female N =220 (67.9%) N =220 (67.9%)
Male N =104 (32.1%) N =104 (32.1%)
Age

N=21(6.5%)
N =303 (93.5%)
39.5(7.2-53.1)

N=21(6.5%)
N =303 (93.5%)
40.4 (7.7-52.4)

Pediatric (<18 years)
Adult (>18 years)
Median Age (min-max)

Primary EBV-Infection

N =264 (81.5%)
N =60 (18.5%)

N =264 (81.5%)
N =60 (18.5%)

Infectious Mononucleosis

Asymptomatic

EBNA-13g;.45,-specific IgG titers. Additionally, we compared the EBNA-
1351.450-specific I1gG antibody titers and the plasma NfL and GFAP con-
centrations specifically in male and female, as well as adult and
pediatric MS patients. As shown in Fig. S4B-E and Fig. S5, higher plasma
NfL and GFAP concentrations were observed independent of age and
gender, reflecting a higher level of axonal damage in MS patients with
high-level EBNA-13g;.455-specific IgG antibody titers.

High-level EBNA-135;.45>-specific IgG antibody titers develop
already early after primary EBV infection

As the level of EBNA-13g1.455-specific antibodies was found to be
associated with MS, we further investigated the time point of emer-
gence of these antibodies in the individual host after EBV
seroconversion. Therefore, we selected all MS patients from the
entire study cohort in whom the time point of EBV seroconversion
could be retrospectively identified and from whom follow-up plasma
samples were available between EBV seroconversion and MS diag-
nosis (Table 1). A total of 324 patients met these criteria and 324
controls could be matched to these patients according to the sam-
pling time points, gender, age, time to seroconversion, and occur-
rence of IM (Table S1). From all patients and controls, we tested one
plasma sample obtained during the period of EBV seroconversion,
and four follow-up plasma samples in median nine-month intervals
thereafter employing the EBNA-13g;.45,-specific IgG ELISA, thus cov-
ering an overall period of three years (Fig. 2A).

As shown in Fig. 2B and Fig. S6, EBNA-15g;.455-specific IgG anti-
bodies were undetectable at the time of EBV seroconversion, but
developed thereafter and were detectable at all time points (T1-T4)
after symptomatic (IM) and asymptomatic EBV seroconversion. EBNA-
13g1.450-specific IgG antibody titers of MS patients significantly excee-
ded those of controls. The distribution of high-level, low-level, and
negative EBNA-15g;.455-specific IgG antibody titers for all time points is
presented in Fig. 2C. MS patients showed a significantly higher fre-
quency of high-level EBNA-15g;.45,-specific 1gG antibody titers for all
time points than controls (Fig. 2D). These high-level EBNA-13g;.455-
specific IgG antibody titers were identified in MS patients up to 12.23
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years and a median 5.4 years (interquartile range (IQR) of 3.4-8.63
years) prior to the MS diagnosis (Fig. S7).

Repeated High-Level EBNA-135;.45,-Specific IgG Antibody Titers
over Time Predict the Development of MS

Although the majority of MS patients developed high-level EBNA-13g1.455-
specific IgG antibody titers after EBV seroconversion, high-level antibody

EBNA-134; 45,-specific IgG

levels were identified also in individual samples of control persons, which
did not allow a clear identification of individuals with an MS diagnosis in
the follow-up from a single test result. Therefore, we further analyzed,
whether MS patients show a more continuous presence of high-level
EBNA-13g;.455-specific IgG antibody titers over time compared to controls.

In Fig. 3A, the number of high-level EBNA-135;.45>-specific 1gG
antibody titers, detected in the four follow-up samples of MS patients
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Fig. 1| EBNA-135,.45>-specific antibody titers are elevated in MS patients. EBNA-
1381.450-specific IgG titers were quantified in N =704 MS patients and N = 5381
controls by ELISA. A Bars represent the number of MS patients and controls with
detectable (OD > 0.32) EBNA-13g;.45>-specific IgG antibody titers. Groups were
compared using the two-sided Fisher’s exact test. B Violin plots represent the
EBNA-13g.450-specific IgG antibody titers of EBNA-13g;.455-specific IgG antibody
seropositive MS patients (N = 689) and controls (N = 4189). Each data point repre-
sents one individual control or MS patient. Black lines indicate the median OD as
well as the first and third quartiles. Dashed black lines indicate the cut-off for
detection of EBNA-13g;.455-specific IgG antibody (OD > 0.32). Groups were com-
pared using the two-sided Mann-Whitney Test. C Forest plot for the discrimination
of MS patients and controls based on the EBNA-13g;.45>-specific IgG antibody titers.
The number of MS patients (N=704) and controls (N =5381) with EBNA-13g;.45>"
specific IgG antibody titers above the indicated cut-offs were compared using
Fisher’s exact test. The individual OR (+95% ClI) for each cut-off is shown. D Two-
sided ROC analysis (not correct for multiple comparisons) to discriminate between

EBNA-1381.452 IgG antibody seropositive MS patients (N =689) and controls

(N =4189). E Distribution of MS patients and controls with high-level (OD >1.7), low
level (OD <1.69 - >0.32), and absent (OD < 0.31) EBNA-13g;.45>-specific antibody
titers. Groups were compared using the Chi-square test. F, G EBNA-13g;.455-specific
IgG antibody titers are associated with axonal damage and MS disease severity.

F Blots represent the number of MRI MS lesion in MS patients with high-level, low
level, and absent EBNA-13g,.45,-specific antibody titers. Groups were compared
using the Chi-square test. G Plasma NfL concentrations were quantified in N =704
MS patients at the time point of MS diagnosis by SIMOA. Blots represent the mean
plasma NfL concentrations in MS patients with high-level, low level, and absent
EBNA-15g;.452-specific antibody titers. Plasma NfL concentrations were compared
between the groups using two-sided ANOVA and Dunn’s Post-Test. Source data are
provided as a Source Data file. AUC: Area under the curve, EBNA-1: Epstein-Barr
Virus Nuclear Antigen 1, MRI: Magnetic Resonance Imaging, MS: Multiple Sclerosis,
NfL: Neurofilament Light Chain, OD: Optical Density. OR: Odds Ratio.

and controls, is presented. In 96% of the MS patients, high-level EBNA-
13g1.450-specific 1gG titers were present in >2/4 samples taken within
three years after EBV seroconversion, while this was the case only in
5.6% of the controls. The detection of high-level EBNA-13g;.45,-specific
IgG antibody titers in two or more samples was thus associated with a
highly increased risk for further MS diagnosis (OR: 406.7; 95%Cl: 197.2-
829.9; P<0.0001). Presence of high-level EBNA-13g;.45,-specific 1gG
antibody titers at three or four time points in the follow up was even
exclusively found in MS patients.

Thus, the repeated detection of high-level EBNA-13g;.455-specific
IgG antibody titers in an individual, already within three years after EBV
seroconversion, is highly predictive for the later MS diagnosis.

Continuously high-level EBNA-13g;.45>-specific IgG antibody
titers predict the time to MS disease onset diagnosis

We then also assessed whether the repeated detection of high-level
EBNA-13g;.45,-specific IgG antibody titers in all samples after EBV ser-
oconversion is associated with the time to the MS diagnosis as well as
the MS disease onset. As shown in Fig. 3B, the presence of high-level
EBNA-13g;.45,-specific IgG antibody titers in all four samples tested was
associated with a significantly shorter time to the MS diagnosis
(median 4.38 years after EBV seroconversion) in contrast to patients in
whom not always high-level EBNA-13g;.455-specific I1gG antibody titers
were detected (median 7.88 years after EBV seroconversion,
P<0.0001) as well as compared to 4% of the MS patients in whom
these antibodies were never detected (median 9.6 years after EBV
seroconversion, P<0.0001).

As shown in Fig. 3C, the presence of high-level EBNA-13g;.45-
specific IgG antibody titers in all four samples tested was also asso-
ciated with a significantly shorter time to the MS disease onset
(median 3.99 years after EBV seroconversion), compared to MS
patients in whom not always high-level EBNA-13g;.455-specific 1gG
antibody titers were detected (median 7.06 years after EBV ser-
oconversion, P<0.0001) as well as compared to the MS patients in
whom EBNA-13g;45,-specific IgG antibodies were never detected
(median 9.09 years after EBV seroconversion, P<0.0001).

Additionally, we compared the time to the MS diagnosis as well as
the MS disease onset, specifically between male and female, as well as
adult and pediatric MS patients. As shown in Fig. S8 and Fig. S9, the
presence of high-level EBNA-13g;.455-specific IgG antibody titers in all
four samples tested was associated with a significantly shorter time to
the MS diagnosis (Fig. S8) as well as the MS disease onset (Fig. S9) in
male and female, as well as adult and pediatric MS patients.

Thus, continuous presence of high-level EBNA-15g;.455-specific
IgG antibody titers in individuals within three years after EBV ser-
oconversion is associated with an early MS diagnosis and MS dis-
ease onset.

Comparison of the high-level EBNA-13g;.45,-specific IgG antibody
titers with plasma NfL and GFAP in predicting MS

We then aimed to compare the increase of plasma NfL and GFAP to our
newly established EBNA-13g;-455-specific IgG ELISA, allowing the prog-
nosis of MS by detection of high-level EBNA-15g;.45,-specific IgG anti-
body titers. We therefore determined the plasma NfL and GFAP levels
in the longitudinal cohort at the time point of EBV seroconversion, all
four follow-up time points post-EBV seroconversion (T1-T4), and at
the time point of MS diagnosis, or at matched time points for controls.
As shown in Fig. 4A-B, neither plasma NfL nor GFAP levels were sig-
nificantly different between MS patients and controls at time point 1
and time point 2, when EBNA-13g;.45,-specific IgG antibody titers of MS
patients already significantly exceeded those of controls (Fig. 2B-C).
Thus, EBNA-13g;.455-specific IgG antibody titers seem to allow for the
earlier prediction of MS than plasma NfL and GFAP levels.

As we have shown that a more continuous presence of high-level
EBNA-13g;.45-specific IgG titers is associated with earlier MS diagnosis,
we also investigated whether this is also associated with higher axonal
damage and astrocytic activation in MS patients, as reflected by the
plasma NfL and GFAP concentrations at time point 4. As shown in
Fig. 4C-D, continuous presence of high-level EBNA-15g;.45,-specific IgG
antibody titers at three and especially four time points after EBV ser-
oconversion was associated with significantly increased NfL and GFAP
plasma levels at time point 4 in MS patients.

Thus, in individuals with constantly present high-level EBNA-
13s1.450-specific 1gG antibody titers, there is already a high-level of
axonal damage and astrocytic activation three years post EBV-
seroconversion.

The development of high-level EBNA-13g;.45,-specific antibodies
precedes axonal damage and astrocytic activation in MS

We finally analyzed to which extent the development of high-level
EBNA-13g;.45o-specific IgG antibody titers precede the axonal damage
and astrocytic activation in MS patients. Therefore, we collected ret-
rospective longitudinal follow-up plasma samples from all 324 MS
patients and controls in median 9- or 18-month intervals from the time
point of MS diagnosis, or a matched time point for controls, to time
point 1, i.e., the first included time point in which EBNA-15g;.455-specific
IgG antibody titers were detectable (Table S2). We then determined in
all samples the EBNA-15g;.45o-specific IgG antibody titer as well as the
NfL and GFAP plasma levels. As shown in Fig. S10, the first detection of
high-level EBNA-13g;.455-specific IgG antibody titers preceded the
increase of plasma NfL and GFAP levels in the individual MS patients by
median 3.6 years (IQR: 2.2-7 years) and 3.8 years (IQR: 1.8-7 years),
respectively, thus defining a time frame between the increase of
EBNA-13g;.45-specific IgG antibody titers and the occurrence of axonal
damage and astrocytic activation in MS patients.
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IgG antibody titers were quantified from N =324 MS patients and N = 324 controls
at the time point of EBV seroconversion, median 8.9 months after EBV
seroconversion (time point 1), median 17.8 months after EBV seroconversion (time
point 2), median 26.9 months after EBV seroconversion (time point 3), median

36 months after EBV seroconversion (time point 4), and at the MS diagnosis or a
matched time point for controls (median 97.2 months after EBV seroconversion).
Created in BioRender. Vietzen, H. (https://BioRender.com/o5videp). (B) EBNA-
13s1-452-specific IgG antibody titers from individual MS patients (N =324) and
controls (N =324) are shown for each individual time point. Boxes represent the
mean EBNA-15g,.45>-specific IgG antibody titer for each individual time point.
EBNA-13g;.450-specific IgG antibody titers were compared between individual MS

patients and controls for each individual time point using two-sided ANOVA and
Dunn’s post-hoc test. C Distribution of high-level (OD >1.7), low level (OD <1.69 -
>0.32), and absent (OD < 0.31) EBNA-13g;.45>-specific IgG antibody titers is shown for
each individual time point. The frequency of high-level, low level, and absent EBNA-
1381-450-specific antibody titers was compared using the Chi-square test. D Forest
plot for the discrimination of MS patients and controls based on the EBNA-13g;.452-
specific antibody titers: For each individual time point, the number of MS patients
and controls with high-level EBNA-15g;.45,-specific antibody titers was compared to
MS patients and controls with low-level and absent EBNA-15g;.45,-specific antibody
titers (Fig. 2C) using the Fisher’s exact test. The individual ORs (+95% CI) for each
comparison is shown Source data are provided as a Source Data file. EBNA-1:
Epstein-Barr Virus Nuclear Antigen 1, EBV: Epstein-Barr virus, MS: Multiple
Sclerosis, OR: Odds Ratio, T: Time point.
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Fig. 3 | Repeatedly high-level EBNA-135;.45>-specific IgG antibody titers over
time predict the diagnosis of MS. EBNA-155,.45,-specific IgG antibody titers from
N =324 MS patients and N =324 controls were quantified at time point of EBV
seroconversion, median 8.9 months after EBV seroconversion (time point 1),
median 17.8 months after EBV seroconversion (time point 2), median 26.9 months
after EBV seroconversion (time point 3), and median 36 months after EBV ser-
oconversion (time point 4). The number of MS patients and controls with high-
level EBNA-13g;.45>-specific IgG antibody titers (OD >1.7), was then assessed for
time point 1, time point 2, time point 3 and time point 4. A Data are shown as the

cumulative number of time points with high-level EBNA-15g;.45,-specific IgG anti-
body titers. Groups were compared using the Chi-square test. B The time point of
MS diagnosis was compared to the cumulative numbers of time points with high-
level EBNA-15g;.452-specific IgG antibody titers using the two-sided Gehan-Breslow-
Wilcoxon Test. C The time point of MS disease onset was compared to the
cumulative numbers of time points with high-level EBNA-155;.45,-specific IgG
antibody titers using the two-sided Gehan-Breslow-Wilcoxon Test. EBNA-1:
Epstein-Barr Virus Nuclear Antigen 1, EBV: Epstein-Barr virus, MS: Multiple
Sclerosis, T: Time point.
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Discussion It has been shown earlier that antibodies against different EBNA-

Here, we show that the longitudinal and quantitative detection of
distinct EBNA-13g;.455-specific IgG antibodies by ELISA allows for the
early identification of individuals at risk for MS. This serologic bio-
marker allows the early, reliable, and non-invasive identification of
people likely to be diagnosed with MS.

13g1.452-derived peptides may develop after EBV infection’, and that
these are cross-reactive against distinct CNS-derived proteins®*™.. The
EBNA-15g;.452-specific 1gG ELISA applied in this study allows the
quantitative detection of a specific panel of these antibodies that
cross-react with the CNS GlialCAMs70-350— (EBNA-l3gg 405"°),
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Fig. 4 | EBNA-13g;.45>-specific IgG antibody titers increase before the axonal
damage in MS patients. EBNA-155,.45,-specific IgG antibody titers, plasma NfL and
plasma GFAP concentrations were quantified from N = 324 MS patients and N =324
controls at the time point of EBV seroconversion, median 8.9 months after EBV
seroconversion (time point 1), median 17.8 months after EBV seroconversion (time
point 2), median 26.9 months after EBV seroconversion (time point 3), and median
36 months after EBV seroconversion (time point 4). Plasma (A) NfL and (B) GFAP
concentrations from individual MS patients and controls are shown for each indi-
vidual time point. Boxes represent the mean (A) NfL and (B) GFAP concentration

for each individual time point. Plasma (A) NfL and (B) GFAP concentrations were
compared between the groups using two-sided ANOVA and Dunn’s Post-Test.

C, D Plasma (C) NfL and (D) GFAP concentrations were compared between controls
and MS patients with 0/4,1/4, 2/4, 3/4, and 4/4 time points with high-level (OD >1.7)
EBNA-155;.452-specific IgG antibody titers using two-sided ANOVA and Dunn’s Post-
Test. Source data are provided as a Source Data file. EBNA-1: Epstein-Barr Virus
Nuclear Antigen 1, EBV: Epstein-Barr virus, GFAP: Glial Fibrillary Acidic Protein,
MS: Multiple Sclerosis, NfL: Neurofilament Light Chain, T: Time point.

CRYAB; 1~ (EBNA-1303-412""°), MBP2gs 224~ (EBNA-l109-428""), and
ANO2;35 154~ (EBNA-1456-445"°) derived epitopes, and revealed that
persons may develop repeatedly high-level antibodies against this
broad range of peptides already within nine months after EBV pri-
mary infection.

So far, studies have analyzed only the total EBNA-1-specific anti-
body titers and found a moderate or even absent association between
high overall EBNA-1-specific antibody titers, in blood or cerebrospinal
fluid (CSF) and the diagnosis of MS" ¢, Here, we demonstrate that, in
contrast, a peptide-specific, EBNA-15g;.455-derived antibody assay is
needed to significantly predict MS diagnosis. And, importantly, it is the
repeated longitudinal analysis of these EBNA-13g,.450-peptide-derived
antibody titers rather than single-point measurements, which is highly
predictive for the diagnosis of MS.

In particular, our data revealed that nearly all persons, in whom
high-level EBNA-135,.450-specific IgG were detected repeatedly in
plasma within three years after EBV seroconversion, were diagnosed
with MS in the follow-up. In addition, all individuals in whom high-level
antibody titers were detected continuously at all time points analyzed
were diagnosed with MS already within seven years after EBV infection.
This confirms that the EBNA-135;.45>-specific IgG antibody titers are an
excellent marker predicting the diagnosis of MS.

From a practical point of view, the EBNA-135;.45,-specific IgG ELISA
could be applied as a follow-up serological investigation in populations
at risk for MS, such as individuals after a clinically apparent IM. Sub-
sequent screening for MS lesions via MRI in individuals with repeated
high-level EBNA-13g;.45,-specific 1gG titers within 27 months after EBV-
seroconversion might be a useful first step to identify individuals at
risk for MS at an early time point.

In our study cohort, EBNA-13g1.455-specific antibody titers were
detectable in the majority of all EBNA-1 seropositive controls. Inter-
estingly, nearly all female controls had detectable EBNA-13g;.455-
specific antibody titers, while males were more often EBNA-13g1.452
seronegative. Although our study found no significant differences in
the EBNA-135;.452-specific antibody titers between EBNA-13g;.45, ser-
opositive males and females, these data are of special interest, as the
female gender is a known risk factor for MS”?°, Therefore, higher
EBNA-13g;.45, Seroprevalence may contribute to some extent to the
increased risk of MS in females.

Biological sex and sex hormones are thought to influence MS by
affecting immune responses, inflammation, myelination, and
neurodegeneration®. While studies on the influence of sex hormones
in MS patients are predominantly involving cisgender populations, in
our study, one MS patient was identified as non-binary. This highlights
the need for further research that includes transgender and gender-
diverse individuals.

Until now, reliably identifying individuals at risk for MS has not
been possible. Pre-symptomatic patients have been so far only inci-
dentally identified because of an MRI examination done for reasons
other than MS, such as brain trauma, headaches or fear of brain tumor.
However, it is for a plethora of reasons highly unlikely that MRI
examinations will enter routine practice as a screening tool for MS.
Moreover, even if it is speculated that MRI will serve for this purpose,
pre-clinical MRI diagnosis is limited to those individuals with already

morphological changes on MRI, thus, being unable to identify those
individuals at risk in a prodromal phase of MS.

In our study, high-level EBNA-13g;.45,-specific IgG antibody titers
emerged, however, not only years before the first clinical MS symp-
toms, but also substantially prior to the increase of NfL and GFAP in
plasma, which are markers of axonal damage and astrocytic
activation”™., These data are of special interest as high-level EBNA-
13g1.452-specific 1gG antibody titers seem to develop early in the
asymptomatic prodromal stage of MS, which may represent a win-
dow for early treatment to delay or even prevent conversion to
clinical MS. Going along with our finding, a recently published study
identified a highly specific, though not sensitive, antibody-based
biomarker for high-risk MS patients with clinically or radiologically
isolated syndrome?. Future studies are thus needed to compare the
development of high-level EBNA-13g;.450-specific 1gG antibody titers
with other potential biomarkers to identify patients at high
risk for MS.

The detection of high-level EBNA-135;.455-specific IgG antibody
titers cannot replace, but may be integrated as a valuable additional
tool in validated standard diagnostic techniques for MS diagnosis to
enhance sensitivity and specificity for MS risk prediction.

Our study had some limitations. Although we included only EBV
EBNA-1 seropositive study participants, 2.1% of all MS patients did not
develop detectable EBNAsg;.45;-specific antibody responses between
EBV seroconversion and MS diagnosis. Our findings are consistent with
recently published studies that demonstrated that in rare cases MS
may develop in EBV EBNA-1 seronegative MS patients*’, highlighting
that there is a minority of MS cases based on an EBV-independent
pathogenesis. Future studies are needed to evaluate additional bio-
markers, e.g., genetic risk factors, especially for these EBNA3g;.452-
specific antibody-seronegative MS patients.

In addition, in our study, we focused on relapsing remitting MS
(RRMS) patients. A recently published study demonstrated that EBV
seropositive RRMS patients have significantly higher overall EBNA-1-
specific antibody titers compared to primary progressive MS (PPMS)
patients®. Further studies are thus needed to specifically evaluate the
prognostic value of EBNA3g;.455-specific antibody responses in patients
with PPMS and other MS subtypes.

Furthermore, our study was limited by its retrospective case-
control design. Future research involving prospective validation
cohorts is thus needed to confirm the predictive potential of elevated
EBNA-13g;.45-specific IgG antibody titers for the early identification of
individuals at risk of developing MS.

The identification of early biomarkers before MS onset is of cri-
tical importance. As recent studies with patients with radiologically
isolated syndrome highlighted®*°, stratification of the risk for MS
before neuroaxonal damage and clinical deficits develop could allow
timely intervention and alteration of the outcome for these patients,
potentially preventing progression and reducing long-term disability.

In summary, we demonstrate that the quantification of high-level
EBNA-13g;.452-specific IgG antibody titers is a highly sensitive and reli-
able biomarker for the early identification of individuals at risk of
future MS, which may provide an opportunity for early treatment prior
to onset of MS.
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Methods

Study design and participants

For this multi-center study, 704 EBV-EBNA-1-seropositive relapsing
remitting MS (RRMS) patients were recruited. In all patients, MS was
diagnosed according to the McDonald 2017 criteria® between 2001
and 2023.

All MS patients were part of the part of the Vienna Multiple
Sclerosis Database (VMSD) and the BIOMARKER study of the Chil-
dren’s Hospital Datteln, Germany*> . The following demographic and
clinical data were included in the study: age, gender (based on self-
reporting), and lesion load at disease onset. From each patient, at least
one plasma sample was included, which was collected immediately
after MS diagnosis (0-14 days) and prior to any MS-specific treatment,
including high-dose corticosteroids for acute relapse treatment. At the
time of MS diagnosis, T2-weighted magnetic resonance imaging (MRI)
scans revealed that 51.1% of patients had between 3-9 brain lesions,
while 48.9% had 10 or more brain lesions.

In addition, 5381 EBV-EBNA-1 seropositive control individuals
were included in the study. Of these, 4134 (76.8%) were healthy blood
donors. From 1247 (23.2%) controls, plasma samples were collected
due to prophylactic medical examinations or vaccination titer con-
trols. Details of the study cohort are shown in Table 1.

In 324 (46%) of the MS patients, the time point of EBV ser-
oconversion could be retrospectively identified, and follow-up plasma
samples were available in a 6-12 (median: 8.9) month interval from EBV
seroconversion to the time point of MS diagnosis. MS was diagnosed
36-156 (median: 76.91) months after EBV seroconversion (Fig. S1A).
The MS disease onset, as defined by the first occurrence of symptoms
consistent with MS, occurred after 1-19 (mean: 7.92) months before
the MS diagnosis.

In 264 of these MS patients with follow-up samples (81.5%), EBV
seroconversion occurred in the course of clinically evident infectious
mononucleosis (IM), confirmed by the triad of fever, lymphadeno-
pathy, and tonsillitis (Table 1). In all patients with IM, EBV primary
infection was further confirmed serologically by the presence of EBV
viral-capsid antigen (VCA)-specific IgM in the absence of EBV-VCA- or
EBV-EBNA-specific IgG antibodies. In all 264 patients with clinically
evident IM, the time point of EBV seroconversion (TO) was defined as
the first available plasma sample with VCA-IgM positive, VCA-IgG
negative, and EBNA-IgG negative antibodies.

In 60 (18.5%) patients with MS, primary EBV infection had occur-
red asymptomatically, and, in these individuals, EBV seroconversion
was confirmed by an additional plasma sample that was available and
obtained at a median of 5.2 (3.2-7.2) months prior to the first detection
of EBV-VCA-specific IgM or EBV-VCA- specific IgG. In all 60 patients
with an asymptomatic EBV seroconversion, the time point of EBV
seroconversion (TO) was defined as the first available plasma sample
with VCA-IgM positive or VCA-IgG positive antibodies.

For each of the 324 follow-up MS patients, one healthy control
individual was selected from the control cohort matched according to
gender, age, time, and occurrence of IM. All MS patients and healthy
controls were recruited in Austria and Germany. Furthermore, from all
324 control subjects, a follow-up was available for >5 years after the
matching time point, and it was confirmed by follow-up records that
none of them was diagnosed with MS or other autoimmune diseases or
neuro-inflammatory disorders within this follow-up period. The
recruitment of the study participants was recently described in detail*®.
The study was approved by the Institutional Review Board of the
Medical University of Vienna (IRB number: 1339/2022). Details of the
study cohort are shown in Table 1. Further details of the plasma sam-
ples included are shown in Table S1 and Table S2.

For the validation of the EBNA-13g,.45,-specific IgG ELISA, addi-
tional plasma samples from 15 EBV-VCA-IgG and EBNA-IgG seropositive
as well as 40 EBV-VCA-specific IgM, EBV-VCA-specific IgG, and EBV-
EBNA-specific IgG seronegative healthy blood donors were included.

EBV serology
EBV-VCA-IlgM, EBV-EBNA-IgG and EBV-VCA-IgG antibodies were
detected and quantified by ELISA (Euroimmune).

EBNA-13g;.452 peptide lgG ELISA

EBNA-13g;.455-specific IgG antibodies were detected and quantified by a
newly established enzyme-linked immunosorbent assay (ELISA).
Briefly, 96-well plates (Thermo Fisher Scientific) were coated in car-
bonate buffer (1.59 g Na,CO3 + 2.93 g NaHCO3 in 1L ddH,0) with 1 pg/
mL of an EBNA-15g;.45,-derived peptide library (Table S3). The plate was
washed with PBST (IXPBS+0.05% Tween-20) and blocked with
Blocking Buffer (1xPBS + 1% BSA). Patient plasma samples were diluted
1:100 in Sample Diluent (DRG International) and incubated for 2 h at
37°C, followed by an additional washing step with PBST. Peptide-
specific IgG antibodies were detected using HRP-conjugated goat anti-
human IgG (1:12500 in Blocking Buffer) and TMB substrate (Thermo
Fisher Scientific). The reaction was stopped after 8 min, using 1N sul-
furic acid. The absorbance was measured at A =450 nm and A = 620 nm
using a Synergy HTX multimode reader (BioTek). The difference in
absorbance between 450 nm and 620 nm was calculated, followed by
the subtraction of the blank. EBNA-135;.45,-specific IgG antibody titers
were assessed in two independent technical replicates.

NfL and GFAP testing

Plasma neurofilament light chain (NfL), a biomarker reflecting axonal
damage, and plasma glial fibrillary acidic protein (GFAP), a biomarker
reflecting astrocytic activation associated with disease progression in
MS, were quantified using single-molecule array (SIMOA) Neurology 2
Plex B assay kits in the SIMOA SR-X Analyzer (Quanterix) according to
the manufacturer’s instructions as described in detail before”.

Statistical analysis

The 95.0% CI cut-off for the detection of EBNA-13g;.455-specific 1gG
antibodies was calculated as described in detail before®. Receiver
operating characteristic (ROC) curves were used to define high-level
EBNA-13g;.455-specific 1gG titers. After the ROC analysis, all cut-off
values > 70% sensitivity and >70% specificity were tested individually in
Fisher’s exact tests. The cut-off with the highest Odds Ratio (OD >1.7)
was selected to differentiate between high-level and low-level EBNA-
13g1450-specific 1gG antibody titers. The EBNA-13g1.452-specific 1gG
antibody seroprevalence and the number of MS lesions were com-
pared using the Chi-square test or Fisher’s exact test. EBNA-13g;.455"
specific IgG antibody titers as well as the plasma NfL and GFAP levels
over time were analysed using robust non-linear regressions and were
compared using Mann-Whitney-Test or ANOVA and Tukey’s or Dunn’s
post-hoc test. The association between the EBNA-13g;.452-specific 1gG
levels and the MS diagnosis was assessed using the Gehan-Breslow-
Wilcoxon Test. All statistical analyses were performed using GraphPad
Prism 10.

Ethics declaration

The study was approved by the Institutional Review Board of the
Medical University of Vienna (IRB number: 1339/2022). As datasets,
including data obtained in routine practice, were exported pseudo-
nymously, the need for written informed consent from study partici-
pants was waived by the Institutional Review Board.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The anonymized data supporting the findings of this study are avail-
able from the corresponding authors upon request. Due to legal and
ethical considerations, access is granted to qualified researchers upon
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request to the corresponding authors and pending approval by the
Data-Clearing Committee of the Medical University of Vienna. Source
data for the figures and Supplementary Figs. are provided as a Source
Data file. Source data are provided with this paper.

Code availability

This study generated no codes.
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