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A B S T R A C T   

Background: B cell depletion therapy is highly effective in relapsing-remitting multiple sclerosis (RRMS). How
ever, the precise underlying mechanisms of action for its biological effects in MS have still not been clarified. 
Epstein-Barr virus (EBV) is a known risk factor for MS and seems to be a prerequisite for disease development. 
EBV resides latently in the memory B cells, and may not only increase the risk of developing MS, but also 
contribute to disease activity and disability progression. Therefore, the effects of B cell depletion in MS could be 
associated with the depletion of EBV-infected cells and the altered immune response to the virus. In this study, 
we investigate the impact of B cell depletion on the humoral immune response specific to EBV in patients with 
MS. 
Methods: Newly diagnosed, treatment-naïve patients with RRMS were followed up to 18 months after initiation of 
B-cell depletion therapy in the Overlord-MS study, a phase III trial (NCT04578639). We analyzed serum sampled 
before treatment and after 3, 6, 12 and 18 months for immunoglobulin γ (IgG) against Epstein-Barr nuclear 
antigen 1 (EBNA1) and Epstein-Barr viral capsid antigen (VCA). We analyzed antibodies to cytomegalovirus 
(CMV) and total IgG in serum, as controls for viral and overall humoral immunity. The risk allele, HLA- 
DRB1*15:01, and the protective allele, HLA-A*02:01, were determined in all participants. In addition, poly
merase chain reaction (PCR) for circulating EBV-DNA was performed in the first 156 samples drawn. The as
sociations between time on B cell-depletion therapy and serum anti-EBV antibody levels were estimated using 
linear mixed-effects models. 
Results: A total of 290 serum samples from 99 patients were available for analysis. After 6, 12 and 18 months, the 
EBNA1 IgG levels decreased by 12.7 % (95 % CI -18.8 to -6.60, p < 0.001), 12.1 % (95 % CI -19.8 to -3.7, p =
0.006) and 14.6 % (95 % CI to -25.3 to -2.4, p = 0.02) respectively, compared to baseline level. Carriers of the 
HLA-DRB1*15:01 allele had higher EBNA1 IgG levels at baseline (p = 0.02). The VCA IgG levels significantly 
increased by 13.7 % (95 % CI 9.4 to 18.1, p < 0.001) after 3 months, compared to baseline, and persisted at this 
level throughout the follow-up. CMV IgG levels decreased, but to a lesser extent than the decrease of EBNA1 IgG, 
and total IgG levels decreased during therapy. Circulating EBV-DNA was found in only three of 156 samples from 
64 patients. 
Conclusions: EBNA1 IgG levels decreased, while VCA IgG levels increased, during B cell depletion therapy. This 
supports the hypothesis that the mechanism of action for B cell depletion therapy might be mediated by effects 
on EBV infection, which, in turn, mitigate immune cross-reactivity and disease perpetuation.  

Abbreviation: EBV, Epstein-Barr virus; RRMS, relapsing-remitting multiple sclerosis; EBNA1, Epstein-Barr nuclear antigen-1; VCA, EBV viral capsid antigen; CMV, 
cytomegalovirus; Ig, immunoglobulins; MRI, magnetic resonance imaging; PCR, polymerase chain reaction. 
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1. Introduction 

Epstein-Barr virus (EBV) is ubiquitous and one of the most common 
virus infections in humans (Young et al., 2016). EBV is able to reside 
latent in the memory B cells (Houen and Trier, 2020) and more than 90 
% of the adult population are carriers of the virus (Young et al., 2016). 
Mainly two immunoglobulins (Ig) are used as markers of EBV infection 
in diagnostics: anti-Epstein-Barr nuclear antigen 1 (EBNA1) IgG and 
anti-Epstein-Barr viral capsid antigen (VCA) IgG. EBNA1 is a protein 
essential for the virus’ persistence and replication, and VCA encapsi
dates the virus’ genome and is expressed mainly during the lytic phase. 

Infection with EBV is the strongest risk factor for multiple sclerosis 
(MS) and seems to be a prerequisite for disease development (Bjornevik 
et al., 2022). Especially high levels of IgG against EBNA1 are associated 
with increased MS-risk (Ascherio et al., 2001; Sundström et al., 2004; 
Levin et al., 2005). One of the suggested mechanisms for the association 
is molecular mimicry, where antibodies to EBNA1 cross-react with CNS 
proteins, such as GlialCAM, alpha-crystallin B and Anoctamin 2 (Lanz 
et al., 2022; Thomas et al., 2023; Tengvall et al., 2019). The association 
between high VCA IgG levels and MS-risk is less certain, as some have 
found an increased risk (Ascherio et al., 2001) (Levin et al., 2005) and 
others a reduced risk (Sundström et al., 2004). Some speculate that EBV 
is also a mediator of disease activity (Sollid, 2022), however, results 
from studies are conflicting on whether elevated EBNA1 and VCA IgG 
levels are associated with MRI and clinical markers of MS progression 
and disability (Ascherio et al., 2001) (Levin et al., 2005) (Munger et al., 
2015) (Farrell et al., 2009) (Kvistad et al., 2014) (Horakova et al., 2013) 
(Lünemann et al., 2010) (Gieß et al., 2017). 

Anti-CD20 monoclonal antibodies, which depletes circulating B cells, 
are one of the most effective disease modifying therapies in MS 
(Granqvist et al., 2018) (Torgauten et al., 2021). The underlying 
mechanisms by which B cell depletion therapy reduces disease activity 
are not clear, but it has been suggested that removal of EBV-infected 
cells alters immune responses to the virus, which in turn, mitigates 
antibody cross-reactivity and MS disease perpetuation (Berger and 
Kakara, 2022). 

The aim of our study was to investigate the changes in humoral 
immune response to EBV after initiation of B cell depletion therapy in 
MS, using prospectively collected serum samples from treatment-naïve 
patients, followed for up to 18 months. 

2. Materials and methods 

2.1. Design, study population and procedure 

The study population consists of a subgroup of participants in an 
ongoing randomized double-blinded non-inferiority trial of ocrelizumab 
vs. rituximab for RRMS (Overlord-MS study, NCT04578639). All pa
tients recruited in the trial at Haukeland University Hospital, Bergen, 
Norway between November 2, 2020, and October 20, 2022, were 
included. Overlord-MS inclusion criteria are: a diagnosis of relapsing- 
remitting MS according to the 2017 McDonald criteria (Thompson 
et al., 2018); being treatment-naïve; aged 18 - 60 years; disease activity 
within the latest 12 months, defined as ≥ 1 relapse or ≥ 1 new MRI 
lesion during the last 12 months; expanded disability status scale (EDSS) 
score ≤ 4.0; absence of comorbidity precluding study participation. 
Patients were randomized to receive either rituximab or ocrelizumab, at 
doses of 500 mg and 300 mg, respectively, initially starting with 1000 
mg and 600 mg. As the therapy in both treatment arms was anti-CD20, 
and as this is an ongoing double-blinded trial, they were pooled in one 
cohort for analysis. Both treatment arms received therapy at baseline, 
and at month 6, 12, 18 and 24. Serum and plasma were collected pre
infusion on the same days, in addition to 3 months after the first infusion 
(Fig. 1). 

2.2. Outcome measures 

2.21. EBV serology 
We assessed the presence of immunoglobulins (Ig) G antibodies to 

Epstein-Barr virus nuclear antigen 1 (EBNA1), viral capsid antigen 
(VCA)-p18 and cytomegalovirus (CMV) using the Liaison XL ® quanti
tative chemiluminesce assay (DiaSorin, Saluggia Italy) according to the 
instructions by the manufacturer. The results were expressed as relative 
light units (RLU) with corresponding concentration of antibodies (U/ 
mL). For 48 % of the samples, the test results were above the upper 
reference range, and these were therefore diluted, 1:20. To assess the 
reliability of the analyses, the first 24 serum samples were analysed 
twice. Intra-assay coefficients of variation ranged from 3.8 % (EBNA1 
IgG) to 6.0 % (VCA IgG) in the samples measured in duplicate. All sera 
were analysed in batches, at the Department of Microbiology, Hauke
land University Hospital. Measurement of total IgG in the sera was 
performed simultaneously, but analysed on a nephelometer (Athellica 
NEPH 360, Siemens) as part of routine diagnostics at the Department of 
Immunology and Transfusion Medicine, Haukeland University Hospital. 

2.2.2. HLA-analysis 
High-resolution sequencing-based typing of the major histocompat

ibility complex (MHC) class I allele, HLA-A*02, and the MHC class II 
allele, HLA-DRB1*15, was performed at the Department of Trans
plantation Immunology, Oslo University Hospital. NGSgo®-AmpX v2 
and NGSgo® Library Full Kit from Gendx (Utrecht, The Netherlands) on 
an Illumina Miseq sequencer with a MiSeq Reagent Kit v2 (300-cycles) 
were used. HLA genotypes were obtained using the NGSengine software 
from Gendx. Patients carrying at least one HLA-A*02:01 allele were 
classified “HLA-A*02:01 positive” and those carrying at least one HLA- 
DRB1*15:01 were classified “HLA-DRB1*15:01 positive”. 

2.2.3. EBV-DNA 
EBV-DNA was measured in the plasma samples with a quantitative 

nucleic acid amplification test on Cobas 6800 Systems (Roche, by 
Mannheim Germany). The system is a fully automated molecular 
analyzer, all steps, including primary sample handling, DNA extraction 
and PCR amplification were performed in the same system without 
further manual intervention. The results were reported as units per 
milliliter (IU/mL), as recommended by the world health organization 
(Fryer et al., 2016). The limit of detection was 19 IU/mL, with a linear 
range between 35 and 100 000 000 IU/mL. All PCR analyses were run at 
the same laboratory and in one batch. 

2.3. Statistical analyses 

Demographic characteristics at baseline are presented as mean 
values with standard deviations (SD). All statistical data analyses were 
performed using R for Windows, version 4.2.1. Antibody levels that were 
lower than the quantification limit of the assay were replaced with the 
value half of the limit, before being included in the statistical analysis. In 
all analyses, immunoglobulin levels were log-transformed to improve 
normality. Where the baseline levels of immunoglobulins were normally 
distributed within their groups for each analysis, the levels were 
compared using the two-sample t-test. Where they were not normally 
distributed, the non-parametric Wilcoxon rank sum test was used. 
Baseline levels of immunoglobulins by age were compared by linear 
regression. Mixed-effects linear regression with random intercept for 
individuals was used to compare measurements of serum antibody levels 
at different time points after initiation of B cell depletion therapy, using 
the r-package “lme4”. EBV antibody levels were included as the 
dependent variable, while time categorized as baseline, 3-month’s visit, 
6-month’s visit, 12-month’s visit and 18-month’s visit, sex and age were 
included as independent variables. The regression coefficients were 
back-transformed to the original scale. All tests are 2-tailed. The α-level 
was set at 0.05. 
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2.4. Ethics 

The study protocol was approved by the Regional Committee for 
Medical and Health Research Ethics in Western Norway (66,391) and 
the Norwegian Medicines Agency. All patients provided written 
informed consent. The Overlord-MS trial is registered at ClinicalTrials. 
gov, ID NCT04578639. 

3. Results 

3.1. Descriptive statistics 

We collected a total of 290 serum samples from 99 patients. The 
patients were followed up to 18 months, but as the trial is still ongoing, 
the median follow-up time after the start of therapy was 6 months. For 
one patient, the HLA-status was missing for both HLA-A*02- and HLA- 
DRB1*15-status, and for 7 patients only the HLA-DRBB1*15-status was 
missing. Demographic characteristics are shown in Table 1. 

3.2. Baseline levels of antibodies, by HLA-status, sex and age 

All the patients were seropositive for EBV at baseline. Only one pa
tient had low levels of VCA IgG, but this patient had high levels of 
EBNA1 IgG, and was therefore considered EBV seropositive. 94 of 99 
patients were positive for EBNA1 IgG, two were negative and three in
termediate. 56 of 99 patients were CMV IgG positive, the rest were 
negative. The reference ranges for the Liaison XL ® quantitative chem
iluminesce assays are found in the supplemental Table 1. 

HLA-DRB1*15:01 positive patients had significantly higher EBNA1 
IgG levels at baseline, compared to those HLA-DRB1*15:01 negative 
(Fig. 2; p = 0.014). Baseline levels of VCA IgG, CMV IgG and total IgG 
were not affected by HLA-DRB1*15-status. HLA-A*02-status and sex did 
not affect any of the immunoglobulin levels at baseline (Fig. 2, 3 and 
supplemental Fig. 1). Higher age at baseline was associated with lower 
total IgG levels (supplemental Fig. 1; p = 0.023). 

3.3. Changes in EBNA1 IgG levels 

EBNA1 IgG levels decreased with time since initiation of B cell 
depletion therapy. At the visit 3 months after baseline, there was no 
statistically significant change compared to baseline. At the visits 6, 12 
and 18 months after baseline, there was a decrease of 12.7 % (95 % CI 
− 18.8 to − 6.60, p < 0.001), 12.1 % (95 % CI − 19.8 to − 3.7, p = 0.006) 
and 14.6 % (95 % CI to − 25.3 to − 2.4, p = 0.021) respectively, 
compared to baseline (Fig. 4A and supplemental Fig. 2A). 

When HLA-DRB1*15- and HLA-A*02-status were included in the 
model, the estimates remained significant, except 18 months after 
treatment initiation. When we stratified the cohort based on HLA- 
DRB1*15:01-positivity before analysis, both subgroups showed 
decreasing levels of EBNA1 IgG during therapy, but the estimates were 
not statistically significant (Fig. 5). When stratified for DRB1*15:01- 
positivity and sex, the response to B cell depletion therapy did not seem 
to be affected in any of the immunoglobulin levels analyzed 

(supplemental Fig. 3 and supplemental Fig. 4). 

3.4. Changes in VCA IgG levels 

VCA IgG levels increased with time since initiation of B cell depletion 
therapy, by 13.7 % (95 % CI 9.4 to 18.1, p < 0.001), 12.2 % (95 % CI 7.6 
to 17.0, p < 0.001), 13.4 % (95 % CI 7.6 to 19.6, p < 0.001) and 12.0 % 
(95 % CI 3.7 to 20.9, p = 0.004) respectively, at 3, 6, 12 and 18 months 
compared to baseline (Fig. 4B and supplemental Fig. 2B). The ratio of 
EBNA1 IgG/VCA IgG decreased with 0.59 (p = 0.020) and 0.83 (p =
0.004) 3 and 6 months after therapy, compared to the ratio at baseline 
(supplemental Fig. 5), though individuals seronegative for any of the 
two immunoglobulins at baseline were excluded in this analysis. 

3.5. Changes in CMV IgG and total IgG levels 

CMV IgG levels in patients who were seropositive at baseline (n = 56) 
did not change significantly during follow-up, except for a decrease of 
7.2 % (95 % CI − 13.2 to − 0.8, p = 0.027) at 6 months and 16.4 % (95 % 
CI – 27.4 to − 3.97, p = 0.012) at 18 months after initiation of B cell 
depletion therapy, compared to baseline (Fig. 4C and supplemental 
Fig. 2C). Total IgG levels decreased significantly by 12.4 % (95 % CI 
− 14.7 to − 10.0, p < 0.0001), 12.5 % (95 % CI -15.3 to − 9.6, p <
0.0001), 12.6 % (95 % CI − 16.0 to − 9.0, p < 0.0001) and 17.3 % (95 % 
CI − 22.5 to − 11.8, p < 0.0001) at the 3, 6, 12 and 18 month’s visits, 
compared to baseline (Fig. 4D and supplemental Fig. 2D). 

3.6. EBV-DNA 

Plasma for analysis of EBV-DNA was available from 156 samples of 
64 patients. Of these samples, 64 were drawn at baseline, 49 after 3 
months, 31 after 6 months and 12 after 12 months after baseline. All, 
except three samples, were negative. The three positive samples had low 
concentrations, between 38–42 IU/ml. Two of the positive samples were 

Fig. 1. Trial procedure.  

Table 1 
Sample characteristics.  

Characteristic Number (%) 

Sex 
Female 70 (70.7) 
Male 29 (29.3) 

Age at baseline, median years (SD) 37.7 (9.7) 
HLA-status/available sample results  

HLA-DRB1*15:01-positive 41 /91 (45.0) 
HLA-A*02:01-positive 47 / 98 (48.0) 
Both HLA-A*02:01 and HLA -DRB1*15:01-positive 22 / 91 (24.2) 

Number of patients at visits, n  
Visit 1 (baseline) 99 
Visit 2 (3 months after baseline) 80 
Visit 3 (6 months after baseline) 62 
Visit 4 (12 months after baseline) 35 
Visit 5 (18 months after baseline) 14 

Abbreviations: HLA, human leukocyte antigen; n, number; SD, standard 
deviations. 
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Fig. 2. Immunoglobulin levels at baseline by HLA-DRB1*15- and HLA-A*02-status. The figure shows box plots of immunoglobulin levels at baseline in patients 
with multiple sclerosis, by HLA-status. Yellow indicates patients who are HLA-DRB1*15:01-positive (41 of 91) and red HLA-A*02:01-positive (47 of 98). Each dot 
represents one serum sample from one patient. Log(EBNA1 IgG) and log(CMV IgG) were not normally distributed, and the non-parametric Wilcoxon rank sum test 
was used. Log(total IgG) and log(VCA IgG) were normally distributed within each group, and compared using the two-sample t-test. HLA-DRB1*15:01 positive 
patients had higher EBNA1 IgG levels at baseline, compared to those HLA-DRB1*15:01 negative (p = 0.014). Baseline levels of VCA IgG, CMV IgG and total IgG were 
not affected by HLA -DRB1*15-status. HLA-A*02-status was not associated with either of the immunoglobulin levels. For the analysis of CMV IgG by HLA-status, those 
CMV seronegative were not included, but they are included in the figure, Fig. 2C. 
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baseline samples, and one was from a visit 12 months after treatment 
initiation. 

4. Discussion 

In this study, we found that the EBNA1 IgG levels in the serum of 
treatment-naïve patients with RRMS had decreased by 13 % six months 
after initiation of B cell depletion therapy, and persisted at this level 
throughout the follow-up of 18 months. These findings suggest that the 
underlying mechanisms by which B cell depletion therapy affects dis
ease activity involves regulation of EBV activity. 

Our findings are consistent with two smaller studies, reporting a 
decline in EBNA1 IgG concentration after 12 and 24 months of B cell 

depletion therapy (Pham et al., 2023) (Zivadinov et al., 2022). Reduced 
EBNA1 IgG after initiation of therapy could be due to reduced expression 
of the antigen, EBNA1, as there are fewer EBV-infected cells after B cell 
depletion. Still, it can also be a result of a reduced number of 
immunoglobulin-producing cells, as one would expect, removing all 
circulating precursors for the plasma cells. In our study, the CMV IgG 
levels decreased during therapy, but not to the same extent as the 
decrease in EBNA1 IgG levels, in line with the hypothesis of reduced 
available EBV. However, there was also a general reduction of total 
immunoglobulin levels, by 12 % three months after therapy initiation. 
This implies that the altered humoral immune response during therapy 
is not entirely specific for EBV, but indicates that both mechanisms, less 
available antigen and a reduced number of IgG-producing cells, are 

Fig. 3. Anti-Epstein-Barr virus-immunoglobulin levels at baseline by age and sex. In the scatter-plots of anti-EBV immunoglobulin levels at baseline by age, each dot 
represents one serum sample. The blue lines are smooth trend lines with their corresponding 95 % confidence intervals. The box plots for anti-Epstein-Barr virus- 
immunoglobulin levels at baseline by sex represent 50 % of the samples and the middle line is the median. The whiskers extend out 1.5 times the interquartile range. 
70 patients were female and 29 were male (n = 99). Sex and age were not significantly associated with the log of EBNA1 IgG or VCA IgG at baseline, when Wilcoxon 
rank sum test, two-sample t-test and linear regression were used, respectively. 
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involved. 
HLA-DRB1*15:01-positivity was associated with higher EBNA1 IgG 

serum levels in the baseline samples, as previously reported (Jacobs 
et al., 2020), supporting that the increased MS-risk due to the HLA ge
notype involves regulation of EBV activity. HLA-DRB1*15:01-positivity 
has earlier been linked to increased MS disease activity, measured by 
new MS-lesions detected on MRI (Kvistad et al., 2014) (Brownlee et al., 
2022). A more inflammatory MS phenotype may correlate with a better 
response to immunomodulatory therapies (Brownlee et al., 2022). In our 
study, regardless of HLA-DRB1*15-status, the EBNA1 IgG levels seemed 
to decrease at the same rate during therapy, although change during 
follow-up was not statistically significant. These trends may indicate 
that the HLA-DRB1*15-status does not have a considerable influence on 
the change in EBNA1 IgG levels during B cell depletion therapy. 

A novel finding in our study was that the VCA IgG levels increased by 
13 % three months after treatment initiation compared to baseline, and 
persisted at this level. This happened despite a decrease in the levels of 
EBNA1 IgG, CMV IgG and total IgG. The underlying mechanism for the 
increase in VCA IgG levels is currently not known, and should be 
addressed in further studies. It might have been caused by a temporary 
release of VCA-proteins to the circulation from the EBV-infected cells 
before lysed during B cell depletion, giving a responsive raise in the VCA 
IgG levels. The antibody levels remained elevated throughout the study 
period, perhaps because of repeated B cell depletion every six months 
with associated release of immunostimulating VCA-proteins. Our find
ings deviate from those of two smaller studies on patients on ocrelizu
mab treatment. One study reported no significant change in VCA IgG 
levels among 20 patients during 24 months (Zivadinov et al., 2022), 

Fig. 4. Within-person change of immunoglobulin levels during B cell depletion therapy. The graphs represent the percentage change of the geometric means of the 
immunoglobulin levels from the baseline levels, with their 95 % confidence intervals. The graphs are visualisations of the estimates from the mixed-effects linear 
regression with random intercept for individuals, adjusted for sex and age. EBNA1 IgG levels of treatment-naïve patients with RRMS decreased by 13 % six months 
after initiation of B cell depletion therapy (p < 0.001) and persisted at this level throughout the follow-up of 18 months. VCA IgG levels increased by 14 % three 
months after therapy initiation (p < 0.001). CMV IgG levels of the seropositive patients at baseline did not change significantly during follow-up, except for a 
decrease of 7.2 % (p = 0.03) after 6 months and of 16.4 % (p = 0.01) 18 months after initiation of B cell depletion therapy, compared to baseline. Total IgG levels 
decreased by 12 % after three months (p < 0.0001). 

B.E. Rød et al.                                                                                                                                                                                                                                   



Multiple Sclerosis and Related Disorders 79 (2023) 105037

7

while the other reported a decline in the levels of antibodies to the small 
viral capsid protein, BFRF3, in 36 patients during 12 months (Pham 
et al., 2023). 

The high levels of EBNA1 IgG in serum of patients with MS could be a 
result of poor elimination of the virus reservoir in these individuals. EBV 
DNA in plasma is mainly used as a biomarker for EBV-associated can
cers, such as nasopharyngeal carcinomas (Chan et al., 2017), but is also 
found during the first days of infectious mononucleosis (Lupo et al., 
2023). Earlier studies have found discrepant results regarding the pro
portion of patients with MS with detectable levels of EBV DNA in plasma 
(Gieß et al., 2017) (Wagner et al., 2004). We performed PCR-analysis on 
the samples to measure viral activity and changes during B cell depletion 
therapy. EBV-DNA was detected in only three of 156 plasma samples, 
and was therefore not a suitable biomarker of virus activity in this study 
population. An interesting finding was the detectable virus in plasma 
from a patient after initiation of B cell depletion therapy. This supports 
earlier findings of EBV DNA being present in the absence of circulating B 
cells, though earlier only reported in saliva (Hoover et al., 2008). B cells 
are essential for the latency of EBV (Faulkner et al., 1999). However, our 
finding, if confirmed, suggests that EBV can survive B cell depletion and 
persist in either non-circulating B cells in lymphoid tissue or in other cell 
types, such as natural killer-cells (Trempat et al., 2002). 

The study has several strengths. It includes exclusively newly diag
nosed treatment-naïve patients, has a prospective follow-up, and is the 
largest study reported examining patients with MS being followed for 
changes in the immune response to EBV during B cell depletion therapy. 
Furthermore it is the first to control for the second strongest risk factor, 
HLA-DRB1*15-status. The fact that our cohort is treatment-naïve at 
baseline is a strength when evaluating the effects of the therapy, as there 
seem to be longstanding effects on immune repertoires of disease- 
modifying drugs given before B cell depletion therapy (Mathias et al., 
2023). 

Nevertheless, the study has limitations. Our main outcome measure 
is ambiguous. The decrease in EBNA1 IgG levels during the study 
duration can be interpreted as a result of removal of EBV-infected cells, 
or as a general reduction in the number of antibody-producing cells. 
Additionally, the secondary outcome measure, EBV-DNA in plasma, did 
not prove to be a reliable biomarker, possibly because our assay lacked 
sufficient sensitivity. Another methodological limitation is that the 
Overlord-MS trial is an ongoing double-blinded clinical trial, and we 
could therefore not analyze for any differences between ocrelizumab 
and rituximab effects. However, considering that both therapies are 
monoclonal IgGs targeting the same protein subtype, this limitation 

appears minor. The fact that the trial is ongoing also means that par
ticipants have varying follow-up periods, leading to wide confidence 
intervals for most estimates at the later time points. Lastly, CMV may 
protect against MS development and may therefore not be an ideal 
control virus (Sundqvist et al., 2014). It has, however, not been associ
ated with disease progression, and was chosen because it is a relatively 
common herpes virus that is not latent in B cells and because antibody 
levels are not affected by vaccination. 

Alternative methods of assessing the EBV-specific immune response, 
such as measuring the anti-EBV cellular response, have been explored by 
Pham and colleagues (Pham et al., 2021). They report a decline of T cell 
responses to EBV during B cell depletion therapy in a cohort of 32 pa
tients with MS, supporting the overall hypothesis that modification of 
the EBV-specific immune response contributes to the effect of B cell 
depletion in MS. However, another study followed 14 patients with MS 
up to 12 months after initiation of B cell depletion therapy and found no 
significant change of EBV-specific T cell occurrence compared to before 
therapy (Schneider-Hohendorf et al., 2022). T cell responses may prove 
to better reflect of therapeutic response to B-cell depletion therapy than 
humoral responses, and this should be examined in larger studies in the 
future. Alternative methods of assessing the EBV activity could be 
measuring EBV DNA in saliva or in isolated B cells from peripheral 
blood. 

To summarize, EBNA1 IgG levels decreased, while VCA IgG levels 
increased, during B cell depletion therapy. Our findings support the 
hypothesis that the mechanism of action for B cell depletion therapy in 
MS involves immune responses to EBV. This may reduce immune cross- 
reactivity, which in turn could interrupt disease perpetuation. To further 
address this hypothesis, additional investigations focusing on T cell re
sponses to EBV during B cell depletion therapies should be conducted. 
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Lünemann, J.D., Tintoré, M., Messmer, B., et al., 2010. Elevated Epstein-Barr virus- 
encoded nuclear antigen-1 immune responses predict conversion to multiple 
sclerosis. Ann. Neurol. 67 (2), 159–169. https://doi.org/10.1002/ana.21886. 

Gieß, R.M., Pfuhl, C., Behrens, J.R., et al., 2017. Epstein-Barr virus antibodies in serum 
and DNA load in saliva are not associated with radiological or clinical disease 
activity in patients with early multiple sclerosis. PLoS ONE 12 (4), e0175279. 
https://doi.org/10.1371/journal.pone.0175279 [published Online First: 2017/04/ 
08].  

Granqvist, M., Boremalm, M., Poorghobad, A., et al., 2018. Comparative effectiveness of 
rituximab and other initial treatment choices for multiple sclerosis. JAMA Neurol. 75 
(3), 320–327. https://doi.org/10.1001/jamaneurol.2017.4011 [published Online 
First: 2018/01/09].  

Torgauten, H.M., Myhr, K.M., Wergeland, S., et al., 2021. Safety and efficacy of 
rituximab as first- and second line treatment in multiple sclerosis - A cohort study. 
Mult. Scler. J. Exp. Transl. Clin. 7 (1), 2055217320973049 https://doi.org/10.1177/ 
2055217320973049 [published Online First: 2021/04/03].  

Berger, J.R., Kakara, M., 2022. The elimination of circulating Epstein-Barr virus infected 
B cells underlies anti-CD20 monoclonal antibody activity in multiple sclerosis: a 
hypothesis. Mult. Scler. Relat. Disord. 59, 103678 https://doi.org/10.1016/j. 
msard.2022.103678 [published Online First: 2022/02/14].  

Thompson, A.J., Banwell, B.L., Barkhof, F., et al., 2018. Diagnosis of multiple sclerosis: 
2017 revisions of the McDonald criteria. Lancet Neurol. 17 (2), 162–173. https:// 
doi.org/10.1016/s1474-4422(17)30470-2 [published Online First: 2017/12/26].  

Fryer, J.F., Heath, A.B., Wilkinson, D.E., et al., 2016. A collaborative study to establish 
the 1st WHO International Standard for Epstein-Barr virus for nucleic acid 
amplification techniques. Biologicals 44 (5), 423–433. https://doi.org/10.1016/j. 
biologicals.2016.04.010 [published Online First: 20160722].  

Pham, H.P.T., Saroukhani, S., Lindsey, J.W., 2023. The concentrations of antibodies to 
Epstein-Barr virus decrease during ocrelizumab treatment. Mult. Scler. Relat. Disord. 
70, 104497 https://doi.org/10.1016/j.msard.2023.104497 [published Online First: 
2023/01/06].  

Zivadinov, R., Jakimovski, D., Ramanathan, M., et al., 2022. Effect of ocrelizumab on 
leptomeningeal inflammation and humoral response to Epstein-Barr virus in 
multiple sclerosis. A pilot study. Mult. Scler. Relat. Disord. 67, 104094 https://doi. 
org/10.1016/j.msard.2022.104094 [published Online First: 2022/08/15].  

Jacobs, B.M., Giovannoni, G., Cuzick, J., et al., 2020. Systematic review and meta- 
analysis of the association between Epstein-Barr virus, multiple sclerosis and other 
risk factors. Mult. Scler. 26 (11), 1281–1297. https://doi.org/10.1177/ 
1352458520907901 [published Online First: 2020/03/24].  

Brownlee, W.J., Tur, C., Manole, A., et al., 2022. HLA-DRB1×1501 influences long-term 
disability progression and tissue damage on MRI in relapse-onset multiple sclerosis. 
Mult. Scler., 13524585221130941 https://doi.org/10.1177/13524585221130941 
[published Online First: 2022/11/19].  

Chan, K.C.A., Woo, J.K.S., King, A., et al., 2017. Analysis of plasma Epstein-Barr virus 
DNA to screen for nasopharyngeal cancer. N. Engl. J. Med. 377 (6), 513–522. 
https://doi.org/10.1056/NEJMoa1701717. 

Lupo, J., Truffot, A., Andreani, J., et al., 2023. Virological markers in Epstein-Barr virus- 
associated diseases. Viruses 15 (3). https://doi.org/10.3390/v15030656 [published 
Online First: 20230228].  

Wagner, H.J., Munger, K.L., Ascherio, A., 2004. Plasma viral load of Epstein-Barr virus 
and risk of multiple sclerosis. Eur J. Neurol. 11 (12), 833–834. https://doi.org/ 
10.1111/j.1468-1331.2004.00871.x [published Online First: 2005/01/26].  

Hoover, S.E., Kawada, J., Wilson, W., et al., 2008. Oropharyngeal shedding of Epstein- 
Barr virus in the absence of circulating B cells. J. Infect. Dis. 198 (3), 318–323. 
https://doi.org/10.1086/589714 [published Online First: 2008/06/12].  

Faulkner, G.C., Burrows, S.R., Khanna, R., et al., 1999. X-Linked agammaglobulinemia 
patients are not infected with Epstein-Barr virus: implications for the biology of the 
virus. J. Virol. 73 (2), 1555–1564. https://doi.org/10.1128/jvi.73.2.1555- 
1564.1999. 

Trempat, P., Tabiasco, J., Andre, P., et al., 2002. Evidence for early infection of 
nonneoplastic natural killer cells by Epstein-Barr virus. J. Virol. 76 (21), 
11139–11142. https://doi.org/10.1128/jvi.76.21.11139-11142.2002. 

Mathias, A., Pantazou, V., Perriot, S., et al., 2023. Ocrelizumab impairs the phenotype 
and function of memory CD8(+) T Cells: a 1-year longitudinal study in patients with 
multiple sclerosis. Neurol. Neuroimmunol. Neuroinflamm. 10 (2) https://doi.org/ 
10.1212/nxi.0000000000200084 [published Online First: 2023/01/31].  

Sundqvist, E., Bergström, T., Daialhosein, H., et al., 2014. Cytomegalovirus seropositivity 
is negatively associated with multiple sclerosis. Mult. Scler. 20 (2), 165–173. 
https://doi.org/10.1177/1352458513494489 [published Online First: 20130902].  

Pham, H.P.T., Gupta, R., Lindsey, J.W., 2021. The cellular immune response against 
Epstein-Barr virus decreases during ocrelizumab treatment. Mult. Scler. Relat. 
Disord. 56, 103282 https://doi.org/10.1016/j.msard.2021.103282 [published 
Online First: 2021/10/09].  

Schneider-Hohendorf, T., Gerdes, L.A., Pignolet, B., et al., 2022. Broader Epstein-Barr 
virus-specific T cell receptor repertoire in patients with multiple sclerosis. J. Exp. 
Med. 219 (11) https://doi.org/10.1084/jem.20220650 [published Online First: 
20220901].  

B.E. Rød et al.                                                                                                                                                                                                                                   

https://doi.org/10.1016/j.msard.2023.105037
https://doi.org/10.1038/nrc.2016.92
https://doi.org/10.1038/nrc.2016.92
https://doi.org/10.3389/fimmu.2020.587380
https://doi.org/10.1126/science.abj8222
https://doi.org/10.1126/science.abj8222
https://doi.org/10.1001/jama.286.24.3083
https://doi.org/10.1001/jama.286.24.3083
https://doi.org/10.1212/01.wnl.0000130496.51156.d7
https://doi.org/10.1001/jama.293.20.2496
https://doi.org/10.1001/jama.293.20.2496
https://doi.org/10.1038/s41586-022-04432-7
https://doi.org/10.1038/s41586-022-04432-7
https://doi.org/10.1126/sciadv.adg3032
https://doi.org/10.1073/pnas.1902623116
https://doi.org/10.1073/pnas.1902623116
https://doi.org/10.1126/sciimmunol.abo7799
https://doi.org/10.1212/wnl.0000000000002099
https://doi.org/10.1212/WNL.0b013e3181aa29fe
https://doi.org/10.1177/1352458514533843
https://doi.org/10.1177/1352458514533843
https://doi.org/10.1371/journal.pone.0053996
https://doi.org/10.1371/journal.pone.0053996
https://doi.org/10.1002/ana.21886
https://doi.org/10.1371/journal.pone.0175279
https://doi.org/10.1001/jamaneurol.2017.4011
https://doi.org/10.1177/2055217320973049
https://doi.org/10.1177/2055217320973049
https://doi.org/10.1016/j.msard.2022.103678
https://doi.org/10.1016/j.msard.2022.103678
https://doi.org/10.1016/s1474-4422(17)30470-2
https://doi.org/10.1016/s1474-4422(17)30470-2
https://doi.org/10.1016/j.biologicals.2016.04.010
https://doi.org/10.1016/j.biologicals.2016.04.010
https://doi.org/10.1016/j.msard.2023.104497
https://doi.org/10.1016/j.msard.2022.104094
https://doi.org/10.1016/j.msard.2022.104094
https://doi.org/10.1177/1352458520907901
https://doi.org/10.1177/1352458520907901
https://doi.org/10.1177/13524585221130941
https://doi.org/10.1056/NEJMoa1701717
https://doi.org/10.3390/v15030656
https://doi.org/10.1111/j.1468-1331.2004.00871.x
https://doi.org/10.1111/j.1468-1331.2004.00871.x
https://doi.org/10.1086/589714
https://doi.org/10.1128/jvi.73.2.1555-1564.1999
https://doi.org/10.1128/jvi.73.2.1555-1564.1999
https://doi.org/10.1128/jvi.76.21.11139-11142.2002
https://doi.org/10.1212/nxi.0000000000200084
https://doi.org/10.1212/nxi.0000000000200084
https://doi.org/10.1177/1352458513494489
https://doi.org/10.1016/j.msard.2021.103282
https://doi.org/10.1084/jem.20220650

	Humoral response to Epstein-Barr virus in patients with multiple sclerosis treated with B cell depletion therapy
	1 Introduction
	2 Materials and methods
	2.1 Design, study population and procedure
	2.2 Outcome measures
	2.21 EBV serology
	2.2.2 HLA-analysis
	2.2.3 EBV-DNA

	2.3 Statistical analyses
	2.4 Ethics

	3 Results
	3.1 Descriptive statistics
	3.2 Baseline levels of antibodies, by HLA-status, sex and age
	3.3 Changes in EBNA1 IgG levels
	3.4 Changes in VCA IgG levels
	3.5 Changes in CMV IgG and total IgG levels
	3.6 EBV-DNA

	4 Discussion
	Funding

	CRediT authorship contribution statement
	Declaration of Competing Interest
	Supplementary materials
	References


