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Abstract
Background and purpose: Multiple sclerosis (MS) is associated with abnormal B-cell 
function, and MS genetic risk alleles affect multiple genes that are expressed in B cells. 
However, how these genetic variants impact the B-cell compartment in early childhood 
is unclear. In the current study, we aim to assess whether polygenic risk scores (PRSs) for 
MS are associated with changes in the blood B-cell compartment in children from the 
general population.
Methods: Six-year-old children from the population-based Generation R Study were in-
cluded. Genotype data were used to calculate MS-PRSs and B-cell subset-enriched MS-
PRSs, established by designating risk loci based on expression and function. Analyses 
of variance were performed to examine the effect of MS-PRSs on total B-cell numbers 
(n = 1261) as well as naive and memory subsets (n = 675).
Results: After correction for multiple testing, no significant associations were observed 
between MS-PRSs and total B-cell numbers and frequencies of subsets therein. A 
naive B-cell-MS-PRS (n = 26 variants) was significantly associated with lower relative, 
but not absolute, naive B-cell numbers (p = 1.03 × 10−4 and p = 0.82, respectively), and 
higher frequencies and absolute numbers of CD27+ memory B cells (p = 8.83 × 10−4 and 
p = 4.89 × 10−3, respectively). These associations remained significant after adjustment 
for Epstein–Barr virus seropositivity and the HLA-DRB1*15:01 genotype.
Conclusions: The composition of the blood B-cell compartment is associated with spe-
cific naive B-cell-associated MS risk variants during childhood, possibly contributing to 
MS pathophysiology later in life. Cell subset-specific PRSs may offer a more sensitive tool 
to define the impact of genetic risk on the immune system in diseases such as MS.
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INTRODUC TION

The pathophysiology of multiple sclerosis (MS) remains unclear, but 
is influenced by a complex interplay between genetic and environ-
mental risk factors [1]. The International Multiple Sclerosis Genetics 
Consortium (IMSGC) has identified more than 200 autosomal single 
nucleotide polymorphisms (SNPs) that contribute to the disease pro-
cess of MS [2].

MS patients show defects in peripheral B-cell tolerance check-
points, with increased activation of potentially disease-inducing 
naive B cells [3]. In addition, increased presence of CD27+ memory 
B cells was found in the cerebrospinal fluid (CSF) and brain of MS 
patients [4]. After their interaction with CD4+ T helper cells, mem-
ory B cells migrate into the central nervous system (CNS) to mediate 
local pathology, under the influence of genetic control as evidenced 
by earlier studies [5–7]. Therapies that target the peripheral B-cell 
compartment (e.g., anti-CD20 antibody) reduce MS relapses and 
disability progression [8]. Altogether, this supports a combined role 
of genetics and B cells in MS, but the underlying early pathophys-
iology is not yet investigated. It remains unclear how genetic risk 
for MS affects B-cell development early in life, before a possible 
diagnosis of MS.

Recently, we have shown that children from a population-based 
study with a high polygenic risk for MS show alterations in the 
white matter microstructure of the brain and in the T-cell com-
partment of the immune system, which hints at early susceptibility 
factors for the disease process emerging in childhood [9, 10]. The 
importance of B cells and the interaction between B and T cells in 
MS pathophysiology warrant additional investigation of the influ-
ence of genetic risk for MS on the B-cell compartment and how 
this influences the distribution of naive and memory B cells during 
childhood [11].

In the current study, we investigate the effect of polygenic risk 
scores (PRSs) and functionally annotated risk variants for MS on the 
peripheral B-cell compartment in children from the general popu-
lation. We hypothesize that children with high genetic risk for MS 
show alterations in the B-cell distribution of the immune system at 
an early age.

MATERIAL S AND METHODS

Study participants

The study was performed in the context of the Generation R Study, 
a large population birth cohort (n = 9749) in the Netherlands [12]. 
Participants were selected on the basis of availability of geno-
typing data followed by detailed immunophenotyping at 6 years. 
Total B-cell numbers were measured in 3465 participants, and 
detailed phenotyping of B-cell subsets was conducted in 1079 
subjects [13]. Parental MS was recorded at time of birth through 
questionnaires.

Standard protocol approvals, registrations, and 
patient consents

The Generation R Study has been performed according to the 
Declaration of Helsinki, and the study protocol has been approved 
by the Medical Ethical Committee of the Erasmus Medical Center. 
Written informed consent was given by the parents or legal repre-
sentatives of all children.

B-cell immunophenotyping

Total B-cell numbers (CD19+) were measured using a routine diag-
nostic lyse-no-wash protocol [13]. In addition, detailed phenotyping 
of B-cell populations was performed using whole blood and stand-
ardized six-color flow cytometry [14, 15]. Flow cytometry data were 
collected on a three-laser LSRII instrument (BD Biosciences) with 
standardized measurement settings, and analyzed using FACSDiva 
software version 6.2 [16].

Naive B cells (CD27−IgD+) and six memory B-cell subsets, 
including Ig-switched (IgG+CD27+, IgG+CD27−, IgA+CD27+, 
IgA+CD27−) and nonswitched natural effector (CD27+IgM+IgD+) 
and IgM-only (CD27+IgM+IgD−) B cells [14, 15]. Finally, CD21low 
B cells (CD38lowCD21low) were defined [17]. The aforementioned 
subsets were used in our analyses based on their importance 
in MS pathophysiology and availability within the Generation 
R Study.

Genotyping

Genetic data extraction was performed on Illumina 610 K and 660 K 
SNP arrays on DNA collected at birth, from cord blood, or through 
venipuncture at a visit to the research center. A detailed description 
of the sample collection has been described earlier [18]. Participants 
of European ancestry were selected based on the HapMap Phase II 
data [19]. In addition, we imputed the genetic data using data from 
1000 Genomes (Phase I, version 3) [20]. Quality control measures 
performed on the genetic data, a detailed description of the imputa-
tion method, and the calculation of principal components (PCs) have 
been published previously [9].

Polygenic risk scores

Weighted PRSs were calculated on the imputed genotype data origi-
nally generated by the IMSGC (N  =  41,505; 14,802 cases/26,703 
controls) [2]. PRSice 2 was used to calculate p-value thresholded 
and clumped PRSs in PLINK [21, 22]. To include the effect of sug-
gestive MS risk variants [2], we calculated PRSs at several p-value 
thresholds (pT < 0.001, 0.005, 0.01, 0.05, 0.1, 0.5, 1). In addition, we 
calculated a PRS including only SNPs that reached genome-wide 
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significance (pT < 5 × 10−8) in the final meta-analysis from the IMSGC 
(N = 115,803; 47,429 cases/68,374 controls) [2].

Due to the importance of the major histocompatibility complex 
(MHC) in MS pathophysiology [2], we calculated three sets of PRSs: 
one with all risk variants included, one without SNPs from the MHC 
region, and one with only SNPs from the MHC. The SNP rs3135388 
was used as a tag variant for the HLA-DRB1*15:01 haplotype [23]. 
Due to the low minor allele frequency of rs3135388, carriership 
was dichotomized into two groups: homozygous nonrisk and at-risk 
participants.

B-cell PRSs

Various genetic expression datasets were utilized to construct PRSs 
within the complete MS genome-wide risk variant sets that asso-
ciated with particular B-cell subsets. B-cell-associated PRSs were 
constructed by assessing whether expression of a locus implicated 
by an SNP [2] was increased in a specific subset, defined by mRNA 
expression levels in the upper quartile of the concerning B-cell com-
partment [24–26]. In addition, expression quantitative trait loci were 
assessed for all MS risk SNPs and assigned to specific B-cell sub-
sets [24]. Finally, gene ontology analyses were performed on MS risk 
SNPs to assign loci to functional pathways in the aforementioned 
lymphocyte subsets [27–29]. Identification of an association be-
tween an MS risk variant and B-cell subset in one of the analyses led 
to the inclusion of the SNP in the subset-associated PRS (Figure S1).

Statistical analyses

All statistical analyses were performed using the R statistical soft-
ware package (version 3.5.1) [30]. First, we divided the MS-PRSs 
into quartiles. Using analyses of variance, we analyzed the effect 
of the different MS-PRSs' quartiles, using all p-value thresholds, on 
absolute B-cell counts. Second, the PRS with the strongest effect 
on absolute B-cell counts was used in further analyses with the dif-
ferent B-cell subsets of interest. To investigate the effects of the 
HLA-DRB1*15:01 haplotype, we used multiple linear regression with 
rs3135388 as categorical determinant. All analyses were adjusted 
for age at B-cell measurement, sex, and the first 10 genetic PCs. In 
an additional sensitivity analysis, we adjusted for Epstein–Barr virus 

(EBV) seropositivity, HLA-DRB1*15:01 positivity, and the CD4+/
CD8+ ratio [10]. The measurement of EBV capsid antigen in the 
Generation R Study has been described previously [13], where EBV 
seropositivity was defined by a sample-threshold ratio above 0.8. 
When PRS-specific effects were observed, investigation of individ-
ual SNPs comprising the PRS was performed using multiple linear 
regression adjusted for age at B-cell measurement, sex, and the first 
10 genetic PCs.

All B-cell populations were natural-log-transformed to establish 
normally distributed residuals in our regression models. False dis-
covery rate adjustment was used to correct for multiple testing [31].

RESULTS

Population characteristics

Of the 3465 participants with absolute B-cell data, 2286 had geno-
type data available. One thousand two hundred sixty-one of these 
participants were eligible for total B-cell number analyses after se-
lection on the quality of genotype data, relatedness, and European 
ancestry (Figure  S2). Sex was evenly distributed in the popula-
tion (50.8% male), and the median age was 6.0 years (interquartile 
range  =  5.9–6.2; Table  1). We observed no significant difference 
in mean MS-PRS compared to participants who had no total B-cell 
counts available using a two-sided t-test (n = 1569, p = 0.62).

One thousand seventy-nine participants had detailed B-cell phe-
notyping data available. Of these participants, 675 remained eligible 
for genetic analyses after selection on the quality of genotype data, 
relatedness, and European ancestry (Figure S2). No significant dif-
ferences were found between the characteristics of these partici-
pants and the participants who had total B-cell numbers available. 
No significant difference was found in the MS-PRS compared to the 
participants who had no detailed B-cell phenotyping data available 
(n = 2155, p = 0.42).

Total B-cell numbers

We found no significant association between the MS-PRSs' quar-
tiles, concerning all thresholds, and absolute B-cell numbers 
(Table  S1). We observed the strongest association with absolute 

Characteristic
Absolute B-cell 
counts, n = 1261

B-cell phenotyping, 
n = 675

Age, median years (IQR) 6.0 (5.9–6.2) 6.0 (5.9–6.2)

Male, n (%) 641 (50.8) 340 (50.4)

EBV seropositivity, n (%) 512/1225 (41.8) 270/649 (41.6)

Reported presence of paternal MS, n (%) 2/1036 (0.2) 0/572 (0.0)

Reported presence of maternal MS, n (%) 2/1144 (0.2) 0/611 (0.0)

HLA-DRB1*15:01 carriership, n at risk (%) 332/1261 (26.3) 175/675 (25.9)

Abbreviations: EBV, Epstein–Barr virus; IQR, interquartile range; MS, multiple sclerosis.

TA B L E  1  Demographics and laboratory 
measurements in study participants
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B-cell numbers when using a threshold of pT < 0.005 to include SNPs 
in our PRS (p = 0.07). This threshold was used in subsequent detailed 
B-cell phenotyping analyses, which are described below.

Naive and memory B-cell subpopulations

The suggestive MS-PRS (pT < 0.005) showed no significant asso-
ciations with the relative frequencies of different B-cell subsets, 
including naive and memory B-cell subsets within the total B-cell 
population (Table S2).

Exclusion of the MHC region from the PRS did not significantly 
change these results (Table S3). The MS-PRS that only included vari-
ants from the MHC region showed significant associations with rel-
ative naive and memory B-cell frequencies, but these findings did 
not survive multiple testing correction (Table  S4). Investigation of 
the effects of HLA-DRB1*15:01 tag SNP rs3135388 showed com-
parable results to the MHC-PRS, a negative association with naive 
B-cell frequencies, and a positive association with memory B-cell 
frequencies, which were not significant after multiple testing correc-
tion (Table S5). The MS-PRS only including genome-wide significant 
(pT < 5 × 10−8) risk variants from the MS genome-wide association 
studies (GWASs) showed similar significant associations with the B-
cell subset frequencies of interest (Table S6). These findings were 
not significant after multiple testing correction.

Additional adjustment for EBV status did not significantly 
alter our observed results for the MS-PRSs (Tables  S7 and S8). In 

conclusion, these results indicate no correlation between the sug-
gestive and genome-wide significant MS-PRSs and proportions of 
subsets within the B-cell population.

B-cell PRSs

For a more targeted B-cell analysis, we grouped the autosomal 
genome-wide significant risk variants from IMSGC GWASs into B-
cell subset-associated PRSs (Figure S1 and Table S9). We observed 
a significant association between the naive B-cell PRS (n = 26 vari-
ants) and naive B-cell frequencies (p = 1.03 × 10−4; Table S10). A post 
hoc Tukey test revealed significant negative associations between 
the different quartiles of the naive B-cell PRS (β first-fourth quar-
tile = −0.034) and naive B-cell frequencies (Figure 1). None of the 
other B-cell subset-restricted PRSs showed significant associations 
(Tables S10 and S11).

When investigating the effects of the naive B-cell PRS on the 
other B-cell subpopulations of interest, we observed several addi-
tional significant associations (Table 2, Figure 1). We found a positive 
association with total memory B-cell frequencies (p  =  2.69 × 10−4, 
β first-fourth quartile  =  0.14) and relative CD27+ memory B cells 
(Figure 1), resulting in a negative association with a naive/memory 
B-cell ratio. We observed no associations with CD21low B-cell fre-
quencies. The associations remained significant after adjustment 
for EBV seropositivity and HLA-DRB1*15:01 status (Tables  S12–
S14). Similarly, following adjustment for the CD4+/CD8+ ratio, 

F I G U R E  1  Effects of the naive B-cell 
polygenic risk score (PRS) quartiles 
on relative naive B cells and CD27+ 
memory B-cell frequencies and absolute 
numbers. (a) Association between the 
naive B-cell multiple sclerosis (MS)-PRS 
and frequencies of naive B cells. (b) 
Association between the naive B-cell MS-
PRS and frequencies of CD27+ memory 
B cells. (c) Association between the naive 
B-cell MS-PRS and the naive/memory 
B-cell ratio. (d) Association between the 
naive B-cell MS-PRS and absolute values 
of CD27+ memory B cells. Included were 
n = 675 children. Data are corrected 
for age, sex, and 10 genetic principal 
components. The PRS was divided into 
quartiles, and analyses of variance were 
used to investigate the effects of the PRS 
on B-cell subsets
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the associations of the naive B-cell MS-PRS remained significant 
(p = 5.73 × 10−4; Table S15). Investigation of individual SNPs in the 
naive B-cell PRS showed significant associations of rs969625 (BCL6) 
and rs701006 (OS9) with naive B-cell frequencies (Tables S16 and 
S17). Gene ontology analysis of the SNPs comprising the naive B-cell 
PRS showed significant enrichment in various pathways, including B-
cell activation and regulation of B-cell proliferation (p = 6.05 × 10−5 
and p = 8.45 × 10−5, respectively; Table 3).

Absolute numbers of B-cell subsets

In addition to relative frequencies within total B cells, the absolute 
numbers of CD27+ memory B cells were significantly associated with 
the naive B-cell MS-PRS. The association between the naive B-cell 
MS-PRS and absolute naive B-cell numbers was found to be non-
significant, whereas the association with the ratio of naive/memory 
B-cell numbers remained significant (Table  4, Figure  1). The asso-
ciations considering the CD27+ memory B cells and naive/memory 
B-cell ratio persisted in significance after additional adjustment for 
EBV seropositivity and HLA-DRB1*15:01 status (Tables S18–20). 
Thus, the naive B-cell PRS is superficially associated with an abso-
lute (and relative) increase in memory B cells, which subsequently 
resulted in the observed relative decrease in naive B cells.

DISCUSSION

In this study, we reveal that naive B-cell-associated genetic risk 
variants for MS are associated with altered B-cell compartments in 
6-year-old children from the general population. A selected set of 26 

naive B-cell MS risk variants were associated with higher numbers 
of CD27+ memory B cells in the blood. This was independent of EBV 
seropositivity, HLA-DRB1*15:01 status, and the CD4+/CD8+ ratio. 
HLA-DRB1*15:01 status, after multiple testing correction, was not 
associated with the distribution of B-cell subsets in children at an 
early age. These findings suggest that the presence of MS-risk SNPs 
involved in naive B cells has a specific impact on B-cell memory early 
in life, and can possibly contribute to the development of pathogenic 
B cells driving MS.

MS patients show defects in peripheral B-cell tolerance check-
points, resulting in increased activation of mature naive B cells, 
which seem to be more sensitive to inflammatory stimuli such as in-
terferon-γ and Toll-like receptor 9 ligands [3, 6, 32]. This could pos-
sibly predispose to their differentiation into memory B cells that are 
able to infiltrate the MS brain [6]. Because we did not find an associ-
ation with absolute numbers of naive B cells, the observed increase 
in relative total memory B-cell numbers and relative and absolute 
CD27+ memory B cells could be caused by elevated proliferation and 
activation of naive B cells expressing high levels of specific MS risk 
variants. Subsequently, this could predispose to an increased sur-
vival and clonal expansion of CNS-infiltrating B cells later in life in 
MS patients [6, 7].

We identified two autosomal genome-wide significant MS risk 
alleles that significantly altered the distribution of relative naive and 
memory B-cell subsets in pediatric blood. An intergenic variant near 
BCL6 (rs969625) was associated with high MS risk and decreased 
naive/memory ratios, whereas an intronic variant in OS9 (rs701006) 
corresponded to low MS risk and increased ratios [2]. Both OS9 and 
BCL6 are highly expressed in naive B cells [33] and although little is 
known about the role of OS9 in B-cell maturation, BCL6 is of impor-
tance in several pathways of the germinal center reaction, including 

TA B L E  2  Analysis of variance results of the specific naive B-cell multiple sclerosis polygenic risk score and relative values of various B-cell 
subsets of interest

Immunological subset Immunophenotype Unadjusted p FDR-adjusted p

Naive B cells CD27−IgD+CD19+ 1.03 × 10−4 1.17 × 10−3a

Total memory B cells CD27+IgD+CD19+ + CD27−IgD−CD19+ + 
CD27+IgD−CD19+

2.69 × 10−4 1.17 × 10−3a

CD27− memory B cells CD27−IgD−CD19+ 0.07 0.16

CD27+ memory B cells CD27+IgD−CD19+ 8.83 × 10−4 2.87 × 10−3a

IgM+ memory B cells CD27+IgM+CD19+ 0.12 0.22

Natural effector B cells CD27+IgM+IgD+CD19+ 0.19 0.28

IgM-only B cells CD27+IgM+IgD−CD19+ 0.57 0.67

CD27−IgA+ B cells CD27−IgA+CD19+ 0.16 0.26

CD27+IgA+ B cells CD27+IgA+CD19+ 0.45 0.59

CD27−IgG+ B cells CD27−IgG+CD19+ 0.72 0.75

CD27+IgG+ B cells CD27+IgG+CD19+ 0.07 0.16

CD21low B cells CD38−/lowCD21lowCD19+ 0.18 0.75

Naive B cells/total memory B cells 2.08 × 10−4 1.17 × 10−3a

Note: Included: n = 675 children. Data are corrected for age, sex, and 10 genetic principal components.
Abbreviation: FDR, false discovery rate.
ap < 0.05, significant values after FDR multiple testing correction.

 14681331, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/ene.15582 by E

rasm
us U

niversity R
otterdam

 U
niversiteitsbibliotheek, W

iley O
nline L

ibrary on [09/12/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense
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the regulation of apoptosis and activation, proliferation, and dif-
ferentiation of B cells, resulting in the formation of plasmablasts/
plasma cells and memory B cells [34]. Gene ontology analyses of all 
the genetic variants comprising the naive B-cell MS-PRS revealed 
significant enrichment in a number of functional pathways related to 
the germinal center reaction as well, including B-cell activation and 
regulation of B-cell proliferation. Additional negative regulation of 
B-cell apoptosis may potentiate a relative increase in autoreactive, 
possibly brain-homing, memory B-cell subsets in childhood, poten-
tially contributing to clonal CSF expansion of memory B cells and the 
MS disease process later in life, which should be further studied in 
the near future [2, 6, 7].

Analyses involving the suggestive MS-PRS (pT < 0.005), MS-
PRS only involving variants from the MHC complex, and the in-
dividual HLA-DRB1*15:01 haplotype showed similar directions of 
effect on relative naive and memory B cells as the MS-PRS involv-
ing only naive B-cell risk variants. The HLA-DRB1*15:01 haplotype 
is of importance in the interaction between B and T cells in adult 
MS patients, contributing to the ability of memory B cells to in-
duce brain-homing CD4+ T cells [10, 11, 35]. In an earlier study, we 
observed that higher genetic risk for MS and the HLA-DRB1*15:01 
haplotype increased the CD4+/CD8+ T-cell ratio in children from 

the general population [10]. The increased maturation of naive B 
cells observed in the current study in children with higher naive 
B-cell MS-PRS, independent of the CD4+/CD8+ T-cell ratio, was 
evident from higher frequencies and absolute numbers of CD27+ 
memory B cells at a young age. The independent effects of ge-
netic MS risk on B and T cells from children imply that certain 
risk variants have an impact on both compartments already at an 
early age, thereby affecting their interaction as one of the driving 
pathophysiological mechanisms behind MS.

The main remark that needs to be made on our current study, 
which often applies to PRS studies making use of disease-based 
genetic scoring, is on the subject of interpreting our findings and 
translating this to disease risk. Despite ongoing efforts to unravel 
the genetic architecture of MS, the SNP heritability for MS has been 
estimated at 19.2%, which limits the predictive ability of our PRS 
[2, 36]. Combined with the low population prevalence of MS and 
other factors contributing to MS risk not incorporated in this study 
(such as environmental risk factors and the interaction of these fac-
tors with genetic risk variants), it is unclear how our findings can 
be translated into an MS diagnosis later in life, because it remains 
elusive how many of the children in our sample will be diagnosed 
with MS in their life course. Because of this, our findings should be 

TA B L E  3  Gene ontology analysis results of naive B-cell SNPs

GO biological process complete Fold enrichment Unadjusted p FDR-adjusted p

Negative regulation of B-cell apoptotic process (GO:0002903) >100 1.18 × 10−4 0.03a

Negative regulation of immunoglobulin production (GO:0002638) >100 1.59 × 10−4 0.03a

Interleukin-15-mediated signaling pathway (GO:0035723) >100 1.59 × 10−4 0.03a

Regulation of B-cell proliferation (GO:0030888) 36.56 8.45 × 10−5 0.02a

Regulation of antigen receptor-mediated signaling pathway 
(GO:0050854)

36.01 8.82 × 10−5 0.02a

Positive regulation of angiogenesis (GO:0045766) 19.80 5.03 × 10−5 0.02a

B-cell activation (GO:0042113) 18.86 6.05 × 10−5 0.02a

Lymphocyte differentiation (GO:0030098) 18.71 7.07 × 10−7 2.79 × 10−3a

Regulation of lymphocyte differentiation (GO:0045619) 17.90 7.38 × 10−5 0.02a

Regulation of cysteine-type endopeptidase activity involved in 
apoptotic process (GO:0043281)

14.53 1.62 × 10−4 0.03a

Positive regulation of T-cell activation (GO:0050870) 14.40 1.68 × 10−4 0.03a

Defense response (GO:0006952) 5.55 4.91 × 10−6 7.06 × 10−3a

Response to other organism (GO:0051707) 5.00 3.92 × 10−5 0.02a

Negative regulation of signal transduction (GO:0009968) 4.86 1.47 × 10−4 0.03a

Positive regulation of signal transduction (GO:0009967) 4.50 8.93 × 10−5 0.02a

Intracellular signal transduction (GO:0035556) 4.25 1.39 × 10−4 0.03a

Immune response (GO:0006955) 3.82 1.27 × 10−4 0.03a

Positive regulation of cellular metabolic process (GO:0031325) 3.35 1.10 × 10−5 0.01a

Positive regulation of nitrogen compound metabolic process 
(GO:0051173)

3.30 3.34 × 10−5 0.01a

Positive regulation of macromolecule metabolic process (GO:0010604) 3.15 2.26 × 10−5 0.01a

Note: Naive B-cell multiple sclerosis risk SNPs assigned to functional pathways using GO analysis [27–29].Abbreviations: FDR, false discovery rate; 
GO, gene ontology; SNP, single nucleotide polymorphism.
ap < 0.05, significant enrichment values after multiple testing correction.
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interpreted with caution, but we do believe they give important in-
sights into the genetic pathophysiology of MS, which is necessary 
to unravel the mechanisms behind MS. In addition, on the topic of 
interpretability of our findings, MS GWASs are based largely on in-
dividuals with European ancestry [2]. Because of this, we included 
only participants of European ancestry in our analyses, but this lim-
its the generalization of our results to individuals of non-European 
ancestry [36]. Because the genetic architecture of MS is found to be 
different in non-European ancestries [36, 37], additional steps need 
to be made in the inclusivity of genetic MS studies to allow broader 
application of results to populations of different ancestries.

Another limitation to our study involves the nonsignificance of 
the analyses considering the HLA-DRB1*15:01 haplotype and MHC 
complex, which might suggest that these risk variants have no influ-
ence on the peripheral B-cell compartment in childhood. However, 
the lack of findings could also be due to power, although we did have 
a reasonable sample size for pediatric population-based studies. 
Suggestive genetic risk variants for MS and HLA-DRB1*15:01 status 
could still alter this compartment at a young age, warranting popula-
tion studies with large sample sizes to capture their polygenic effect. 
Additionally, our study is unable to analyze the functional properties 
of the B-cell subpopulations used in this study.

In addition to limitations, our study has several strengths. 
Despite being potentially underpowered for the detection of subtle 
polygenic effects, we included the largest number of children from 
the general population to date to explore the effects of MS genet-
ics on the peripheral B-cell compartment in childhood. Furthermore, 
we constructed specific B-cell PRSs, based on a systems biology ap-
proach combining various databases, to investigate the influences 

of certain groups of MS risk variants, providing additional insights 
into early MS pathophysiology. Our study also demonstrates the im-
portance of analyzing absolute values of immunological subsets in 
addition to relative frequencies to allow the correct interpretation 
of results.

Additional studies are warranted to investigate the longitudinal 
dynamics between MS genetics and the B-cell compartment, with 
serial sampling points of the immunological outcomes of interest. 
At the young age of our participants, the immune system is still in 
development, where the percentage of naive B cells may still vary 
in children throughout adolescence [38]. Longitudinal sampling 
would therefore increase the robustness of discovered associations. 
Further incorporation of environmental risk factors for MS in future 
studies such as EBV infection are needed to account for the epigen-
etic effects on B-cell-associated risk variants and fully characterize 
the early disease pathophysiology of MS.

To summarize, we report associations between B-cell-associated 
MS risk variants and circulating naive and memory B cells in children 
from the general population. We show that MS genetics correlate 
with the composition of the B-cell compartment early in life, possibly 
laying the foundation for MS disease later in life.
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TA B L E  4  Analysis of variance results of the specific naive B-cell multiple sclerosis polygenic risk score and absolute values of various B-
cell subsets of interest

Immunological subset Immunophenotype Unadjusted p FDR-adjusted p

Naive B cells CD27−IgD+CD19+ 0.82 0.86

Total memory B cells CD27+IgD+CD19+ + CD27−IgD−CD19+ + 
CD27+IgD−CD19+

0.02 0.09

CD27− memory B cells CD27−IgD−CD19+ 0.22 0.40

CD27+ memory B cells CD27+IgD−CD19+ 4.89 × 10−3 0.03a

IgM+ memory B cells CD27+IgM+CD19+ 0.15 0.38

Natural effector B cells CD27+IgM+IgD+CD19+ 0.31 0.50

IgM-only B cells CD27+IgM+IgD−CD19+ 0.21 0.40

CD27−IgA+ B cells CD27−IgA+CD19+ 0.36 0.50

CD27+IgA+ B cells CD27+IgA+CD19+ 0.39 0.50

CD27−IgG+ B cells CD27−IgG+CD19+ 0.79 0.86

CD27+IgG+ B cells CD27+IgG+CD19+ 0.10 0.32

CD21low B cells CD38−/lowCD21lowCD19+ 0.86 0.86

Naive B cells/total memory B cells 2.29 × 10−4 2.97 × 10−3a

Note: Included: n = 673 children, data are corrected for age, sex, and 10 genetic principal components.
Abbreviation: FDR, false discovery rate.
ap < 0.05, significant values after FDR multiple testing correction.
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