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Immunologic profiles of multiple sclerosis
treatments reveal shared early B cell
alterations

ABSTRACT

Objective: We undertook a systems immunology approach of the adaptive immune system in mul-
tiple sclerosis (MS), overcoming tradeoffs between scale and level of detail, in order to identify the
immunologic signature of MS and the changes wrought by current immunomodulatory
treatments.

Methods: We developed a comprehensive flow cytometry platform measuring 38 immunologic
cell types in the peripheral blood of 245 individuals in a routine clinical setting. These include
patients with MS, untreated or receiving any of 4 current immunomodulatory treatments
(interferon-b, glatiramer acetate, natalizumab, or fingolimod), patients with autoimmune thyroid
disease, and healthy controls.

Results: An increase in memory CD81 T cells and B cells was observed in untreated patients with
MS. Interferon-b and fingolimod induce significant changes upon multiple aspects of the periph-
eral immune system, with an unexpectedly prominent alteration of B cells. Overall, both treat-
ments push the immune system in different directions, with only 2 significant effects shared
across these treatments—an increase in transitional B cells and a decrease in class-switched B
cells. We further identified heightened B cell-activating factor (BAFF) levels as regulating this
shared B cell pathway.

Conclusions: A systems immunology approach established different immunologic profiles induced
by current immunomodulatory MS treatments, offering perspectives for personalized medicine.
Pathways shared between the immunologic architecture of existing efficacious treatments iden-
tify targets for future treatment design. Neurol Neuroimmunol Neuroinflamm 2016;3:e240; doi:

10.1212/NXI.0000000000000240

GLOSSARY
AITD5 autoimmune thyroid disease; BAFF5 B cell-activating factor;mDC5myeloid dendritic cell;MS5multiple sclerosis;
NMO 5 neuromyelitis optica; PBMC 5 peripheral blood mononuclear cell; RTE 5 recent thymic emigrant.

The emergence of high-throughput genetics technology led to the identification of .100 risk
variants for multiple sclerosis (MS), reinforcing the key role for adaptive immunity.1,2 The basis
for understanding the immunology of MS is, by contrast, still largely founded upon animal
models where intrinsic limitations in the fidelity of models to disease processes, interspecies
barriers, and the highly complex nature of MS have hampered translational potential.3 Despite
progress in the treatment of MS, the predictive capacity for successful treatments remains poor,
with a trial and error approach being required, and the precise mechanism of action often
remains unclear.3,4 These observations have spurred the call for characterization of the immune
system in MS and upon treatment.3,5
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In-depth analysis of variation in the adap-
tive immune system in humans has proven to
be difficult due to trade-offs between scale
and level of detail. Large-scale flow cytometry
screens have now been able to characterize
immune cells in the peripheral blood of
healthy controls.6–8 We have here applied this
systems immunology approach to the study
of MS and, for comparison, autoimmune thy-
roid disease (AITD), characterized by familial
clustering and shared genetic risk factors with
MS.9,10 In an unbiased analysis, we revealed
the immunologic signatures of MS and 4 cur-
rent immunomodulatory treatments. The
prominent alterations in B cell subsets, most
importantly the increase in B cell-activating
factor (BAFF) and transitional B cells induced
by both interferon-b and fingolimod, indi-
cate the importance of the early B cell path-
way in treating MS.

METHODS Study population. Unrelated patients of Cauca-
sian descent fulfilling McDonald criteria for MS or criteria for

clinical AITD, and spouses as healthy controls, were included

in the study over a 22-month inclusion period (table 1).

Extensive demographic and clinical data were collected through

a questionnaire and medical records. Exclusion criteria were

cancer, immunosuppressive treatments, antibiotics, anti-allergy

or anti-inflammatory treatment in the week prior to sampling,

and, for healthy controls, presence of known clinical autoimmune

disease.

Standard protocol approvals, registrations, and patient
consents. Participants gave written informed consent, and the

study was approved by the Ethics Committee of the University

Hospitals Leuven.

Immunophenotyping and cytokine measurements. Periph-
eral blood mononuclear cells (PBMCs) and plasma were isolated

from heparinized blood and stored at 280°C prior to analysis. A

multiplex flow cytometry platform, previously validated in

healthy controls,8 was applied (table e-1 and figure e-1 at

Neurology.org/nn). Some variables were measured in subsets of

the samples only. Measurements are expressed as percentage of

parental or grandparental cells as indicated. BAFF plasma levels were

measured using a human BAFF Quantikine ELISA (R&D Systems,

Minneapolis, MN). Averages were taken over 2–3 replicates after

standardization using samples present on multiple plates. Sensitivity

was 6.44 pg/mL and average standard deviation 15%.

Gene expression. RNA was extracted from total PBMCs

and reverse transcribed using a high-capacity cDNA reverse

transcription kit (Life Technologies, Carlsbad, CA). Droplet digital

PCR (Bio-Rad, Hercules, CA) with gene expression assays (Life

Technologies) for the BAFF gene TNFSF13B (Hs00198106_m1)

and housekeeping gene POLR2A (Hs00172187_m1) was performed

using 4 ng/mL cDNA. Relative quantity of TNFSF13B vs POLR2A
was measured with QuantaSoft v1.4 (Bio-Rad). Correlation between

separate experiments (n 5 68) was 0.75.

Statistical analysis. For ratios of variables, the natural logarithm
was taken. Spearman correlation for pairs of variables and signif-

icance in correlation coefficient between groups were calculated

and plotted with heatmap.2 and cocor packages. Linear regression

models in R 2.14.1 included the immunologic variable as func-

tion of disease or treatment and covariates sex, age, and, for dis-

ease effects, disease duration at sampling. Multiple testing

correction was applied for 38 variables across 4 treatments (p 5

0.00033). Nonmetric multidimensional scaling was used to

Table 1 Properties of the study population

Characteristics Controls AITD MS

Total no. of participants 36 55 154

Female, % 39 84 68

Age at onset, mean (range), y — 38 (15–72) 32 (10–53)

Age at sampling, mean (range), y 47 (19–72) 43 (20–73) 42 (21–70)

Disease duration at sampling, mean (range), y — 4 (0–58) 11 (0–41)

Disease type AITD (% Hashimoto thyroiditis) — 15 —

Disease course MS (% primary progressive) — — 8

Multiple Sclerosis Severity Scale, mean (range) — — 3.08 (0.03–9.86)

Concurrent AITD, n — — 10

Current treatment, n

Interferon-b — — 54

Glatiramer acetate — — 21

Natalizumab — — 9

Fingolimod — — 14

None — — 56

Duration treatment at sampling, mean (range), y — — 4 (0–17)

Abbreviations: AITD 5 autoimmune thyroid disease; MS 5 multiple sclerosis.
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visualize dissimilarities of samples between treatments. The ordi-

nation was created in R 3.1.0 using R package vegan with custom

scripts. Distance matrix was calculated with Bray-Curtis

dissimilarity index on original data. To test for the contribution

of each variable to the resulting distance matrix, we applied

Mantel test with 999 permutations comparing the original

distance matrix to one with one variable removed at a time.

RESULTS The adaptive immune profile of MS. In
order to directly study the adaptive immune system
across conditions, we applied a systems immunology
approach in 154 patients with MS, 36 controls, and,
for comparison, 55 patients with AITD (table 1). For
each individual, the frequency of 38 leukocyte pop-
ulations or ratios was assessed in the peripheral blood
utilizing multiparameter flow cytometry, with a focus
on T- and B cell subsets (table e-1 and figure e-1).
Phenotype–phenotype correlations were assessed
across each group (figure 1), identifying coregulated
leukocyte populations that validate the systems
immunology approach used here, as demonstrated
previously.8 Treatment of MS resulted in substantial
immunologic deviation (described below), so initial

analysis was performed on untreated patients with
MS. Comparison of the immunologic status of pa-
tients with AITD currently untreated or treated with
the thyroperoxidase inhibitor methimazole revealed
no consistent differences (data not shown), allowing
merged analysis. Of the robust immunologic changes
observed to occur in autoimmune disease patients
compared to healthy individuals, there were, surpris-
ingly, no overlaps between AITD and MS (table e-2).
MS was correlated with perturbation in the CD81

T-cell compartment compared to healthy controls, with
a shift towards effector memory CD81 T cells
(CD42CD81CD45RA2CCR72) as a percentage of
all CD81 T cells (p 5 0.012), and increased the pro-
portion of B cells, resulting in a decreased T/B cell ratio.
The increase in B cells was mainly due to an increase in
memory B cells (CD42CD191IgM1CD271) as a per-
centage of total lymphocytes (p 5 0.0042), and was
especially prominent early on in disease (figure 2, A and
B, and table e-2). Disease course (bout onset or primary
progressive), time since last relapse, and multiple scle-
rosis severity scores did not confound these observations

Figure 1 The human adaptive immune profile in multiple sclerosis (MS)

In A and B, the right upper half, above the diagonal, indicates coregulation between pairs of cell types in healthy controls (n 5 36) (red: positive correlation
coefficient, blue: negative correlation coefficient, light gray: no data available). Unbiased clustering of coefficients was performed to group coregulated cell
types. Upon clustering, a main distinct naive cluster was observed, consisting of coregulated CD41 T cells, CD41/CD81 ratio, and naive T cells, together with
recent thymic emigrants (RTE) of both CD41 and CD81 lineages. This naive cluster was negatively correlated with activated and antigen-experienced
lymphocyte subsets. Several microclusters were additionally observed, with coregulation of regulatory T cells (Tregs) with central memory CD41 and CD81 T
cells (the antigen-experienced microcluster), coregulation of Th1 cells and interferon-g-producing CD81 cells (the Th1 microcluster), coregulation of Th2 and
memory B cells (the Th2 microcluster), and so forth, revealing the emergence of known immunologic interactions through this systems immunology
approach. In the lower left half, below the diagonal, dark gray indicates coregulation between pairs of cell types in (A) patients with untreated MS (MS_UNT,
n5 56) and (B) patients with autoimmune thyroid disease (AITD, n5 55) that does not differ significantly from healthy controls. Coregulation between pairs
of cell types that is significantly altered by disease (p, 0.05, and boxed if p, 0.01) in (A) untreated patients with MS vs controls and (B) patients with AITD
vs controls is colored (red: positive correlation coefficient, blue: negative correlation coefficient, light gray: no data available).
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(data not shown). The relationship between different
immunologic populations is largely left intact in pa-
tients with MS but the positive coregulation between
B cells and the naive CD41 T-cell cluster disappeared
(r controls 5 0.37, r MS 5 20.36, p 5 0.00064)
(figure 1A). Four immunologic variables were associ-
ated with nominal significance with AITD but not
MS: increased CD41 recent thymic emigrant (RTE)
(p5 0.047) and Th17 (p5 0.046) cells as percentage
of CD41 T cells and increased transitional (p5 0.046)
with decreased switched B cells as percentage of B cells
(p 5 0.0019) (figure 2, C–F). A Th17-positive
coregulation with effector memory CD41 T cells
(r controls 5 20.16, r AITD 5 0.51, p 5 0.0092)
and negative coregulation with the CD41-naive cluster
(r controls 5 0.093, r AITD 5 20.483, p 5 0.027)
appeared in patients with AITD that was not present
in healthy individuals or patients with MS (figure 1B),
indicating greater influence of Th17 cells over the
immunologic landscape in AITD.

The immunologic profile induced by MS treatments.

After establishing the immunologic changes induced
by MS in untreated patients, we investigated the
immunologic signature induced by 4 common immu-
nomodulatory treatments for MS (table e-3). Glatir-
amer acetate (Copaxone; Teva Pharmaceuticals,
Castleford, UK; n 5 21) and natalizumab (Tysabri;

Biogen Idec, Maidenhead, UK; n5 9) induced several
immunologic changes reaching nominal significance,
including an increase in the frequency of RTE CD41

T cells (p 5 0.045) with glatiramer acetate and of
switched B cells (p 5 0.023) upon treatment with
natalizumab; however, none of these changes survived
multiple testing (152 tests corresponding to p 5

0.00033).
Interferon-b (Avonex; Biogen Idec, Maidenhead,

UK; Betaferon; Bayer Pharma AG, Berlin, Germany;
Rebif; Merck Serono, London, UK; n 5 54) and fin-
golimod (Gilenya; Novartis Pharma AG, Horsham,
UK; n 5 14), on the other hand, were observed to
alter multiple aspects of the peripheral immune system,
both in a multidimensional analysis including all 38
variables (figure 3) and for individual variables (table
e-3). A total of 4 variables regulated by treatment with
interferon-b survived multiple testing (p , 0.00033)
(figure 4, A–D). These include 2 changes in frequency
of the B cell population, with an increase in transitional
B cells (p 5 0.00030) and decrease in switched B cells
(p 5 8.0E-05). The final significant changes were
a decrease in frequency of myeloid dendritic cells
(mDCs) (p 5 9.22E-06) and interferon-g-producing
CD81 cells (p 5 0.00032), with an additional 12 var-
iables reaching nominal significance (p , 0.05) (table
e-3), including an increase in total (p 5 0.0064) and
naive (p 5 0.00037) B cells, and a decrease in Th1

Figure 2 Distinct changes to immunoprofile in autoimmune thyroid disease (AITD) and multiple sclerosis (MS)

A linear regression with covariates age, sex, and disease duration was applied to the immune profiling results of patients with AITD and untreated patients
with MS vs healthy controls, and—within patients—untreated MS vs AITD. Significant differences in the peripheral immune system of untreated patients
with MS compared to controls were restricted to (A) effector memory CD81 cells and (B) memory B cells. Significant differences compared to controls
observed for patients with AITD but not patients with MS include altered proportions of (C) recent thymic emigrant CD41, (D) Th17, (E) transitional B cells,
and (F) class-switched B cells. Median with boxes indicate 25th and 75th percentile and whiskers indicate 1.5 3 interquartile range.
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(p5 0.0014). The decrease in mDCs and in Th1 cells
is correlated with the increase in B cells (p5 0.023 and
p 5 0.033, respectively), suggesting the B cell changes
as primary drivers in the interferon-b-driven immune
deviation.

Fingolimod induced the strongest changes in the
peripheral immune system of the 4 routine MS treat-
ments (figure 3), with changes in the frequency of
13/38 of the measured immunologic variables surviving
multiple testing (p , 0.00033) (figure 4), and another
14 reaching nominal significance (p, 0.05) (table e-3).
Within the T-cell compartment, the observed reduc-
tions in the frequency of C-chemokine receptor type
7–expressing naive and central memory populations
were consistent with the biological function for fingoli-
mod,11 but within the effector population, Th2 cells
proved relatively refractory to fingolimod compared to
Th1, Th17, and Tfh cells (table e-3, figure e-2). Com-
pared to the decrease in the T-cell compartment, the
observed decrease in B cell frequency (p 5 1.16E-10)
(figure 4E) was, however, more profound. These alter-
ations were driven by reduced switched (p 5 0.00014)
and naive (p 5 6.44E-09) B cells (figure 4, B and G),
with transitional B cells (p5 0.0012) and plasmablasts
(p 5 3.50E-09) (figure 4, A and H) increased as

a proportion of B cells but remaining constant as a pro-
portion of total lymphocytes (figure e-3).

Early B cell changes as shared immunologic alterations

across treatments. At a global level, the 2 strongest
immunomodulatory treatments pushed the immune
system in different directions (figure 3), with only 2
significant effects shared across treatments—a decrease
in switched B cells and an increase in transitional B cells
as percentage of total B cells upon treatment with both
interferon-b and fingolimod (figure 4, A and B). As
BAFF drives the differentiation of transitional B
cells,12,13 we additionally measured levels of BAFF in
the same individuals. We observed upregulated BAFF
plasma levels for the AITD disease process (p 5

0.0011). In MS, levels were unaltered in untreated pa-
tients but were upregulated during treatment with
interferon-b (high-dose p5 2.69E-09) and fingolimod
(p 5 2.17E-10), in parallel with changes in the B cell
compartment (figure 5, A–C). Treatment-induced
changes followed a dose-dependent model (for
interferon-b) (figure 5, A–C) and decreased by
increased treatment duration (data not shown).
Changes in BAFF plasma levels were correlated with
the observed changes in B cell immunophenotype, i.e.,

Figure 3 Multiple sclerosis (MS) immunomodulatory treatments interferon-b (IFNB) and fingolimod (FTY720)
result in global perturbation of the immune system

Patients with MS being treated with one of 4 immunomodulatory treatments (GA5 glatiramer acetate; NAT5 natalizumab)
were plotted together with controls (CON) and untreated (UNT) patients with MS using nonparametric multidimensional
scaling over 38 immunologic variables. Individual patients and distance from the average of each condition are shown.
Variation explained by each axis is indicated in the parentheses. Pairwise distance of samples was calculated based on Bray-
Curtis dissimilarity index.
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Figure 4 Shared and unique immune changes induced by multiple sclerosis (MS) immunomodulatory
treatments

The effect of 4 immunomodulatory treatments (interferon-b [IFNB], glatiramer acetate [GA], natalizumab [NAT], fingolimod
[FTY720]) was compared with combined controls (CON) and untreated (UNT) patients with MS, after establishing no
significant difference between the latter 2 groups (except for panels E and F). A linear regression with covariates age

Continued
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the increase in the frequency of transitional B cells
(r2 5 0.30, p 5 0.0047) and decrease in switched B
cells (r2 5 0.072, p 5 0.022) as percentage of B cells,
after accounting for disease/treatment group, sex, and
age (figure 5, D–E). In line with protein levels,
transcription levels of the BAFF gene (TNFSF13B)
in total PBMCs were upregulated in patients with
AITD (p 5 0.046) as well as upon treatment of
patients with MS with high-dose interferon-b (p 5

0.035) or fingolimod (p 5 0.00087) (figure 5F).

DISCUSSION In this study, we have undertaken
a comprehensive and unbiased analysis of the adaptive
immune system measuring 38 immunologic variables
in 245 individuals. Our approach allows us to directly
compare, on the same large-scale platform, MS and

AITD, 2 distinct autoimmune diseases with elements
of shared genetic risk9,10 as well as 4 common
immunomodulatory treatments for MS (interferon-b,
glatiramer acetate, natalizumab, fingolimod), of which
the mechanism of action is not fully understood.3,4

Patients with MS displayed systematic immune de-
viations, with an overall increase in effector memory
CD81 T cells and memory B cells. Both cell types
have recently been reported as part of the inflammatory
response in MS14,15 and as populating the CNS in
MS,16–18 providing a biological parallel to these
systems–immunology associations. Despite the shared
genetic risk factors, the immunologic deviations
observed for MS were distinct from AITD. This result
opposes a model (implied from genome-wide associa-
tion studies) where common immunologic processes

and sex was applied. Significant differences (after multiple testing correction) in the peripheral immune system of patients
with MS following treatment compared to controls and untreated patients with MS included altered proportions of (A)
transitional B cells, (B) switched B cells, (C) myeloid dendritic cells (mDC), (D) interferon-g-producing CD81 T cells, (E) B cells,
(F) T cell/B cell ratio, (G) naive B cells, (H) plasmablasts, (I) CD41/CD81 T cell ratio, (J) Th2 cells, (K) interleukin-2 (IL-2)–
producing CD41 T cells, (L) CD81 terminally differentiated effector memory T cells (TEMRA), (M) IL-2-secreting CD81 T cells,
and (N) natural killer T cell (NKT) cells. Median with boxes indicating 25th and 75th percentile and whiskers indicating
1.5 3 interquartile range.

Figure 4 legend, continued:

Figure 5 Increased B cell-activating factor (BAFF) levels are shared between immunomodulatory treatments

(A) Plasma BAFF levels, (B) transitional B cells, (C) switched B cells, and (F) total peripheral blood mononuclear cells (PBMC) BAFF gene expression levels
(RQ 5 relative quantity compared to housekeeping gene, with addition of n 5 13 additional controls not part of the immunophenotyping cohort) were
quantified in controls (CON), patients with autoimmune thyroid disease (AITD), and patients with multiple sclerosis (MS) either untreated (MS_UNT) or treated
with 4 immunomodulatory treatments (interferon [IFN]–b low and IFN-b high 5 IFN-b low or high dose; GA 5 glatiramer acetate; NAT 5 natalizumab;
FTY720 5 fingolimod). Median with boxes indicating 25th and 75th percentile and whiskers indicating 1.5 3 interquartile range. A linear regression with
covariates age and sex was applied. Correlation between plasma BAFF levels and (D) transitional B cells and (E) switched B cells in the entire cohort after
accounting for disease/treatment group, age, and sex.

Neurology: Neuroimmunology & Neuroinflammation 7

ª 2016 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.



underlie different autoimmune diseases, with the
unique clinical manifestations being based on the spec-
ificity of the escaping forbidden clones. By contrast,
the results here support a more complex gene–immune
relationship, where largely overlapping genetic poly-
morphisms nevertheless synergize to form immuno-
logic deviations that are distinct at the systems level.

In addition to the different efficacy and safety pro-
file of the 4 compounds in routine MS treatment, each
induced unique constellations of immune deviations,
which offers perspectives to the challenge of personal-
ized medicine.5 Alterations in B cells were unexpect-
edly prominent upon treatment; indeed, the only
shared treatment effects were notably B cell-related.
Our observations on the crucial role of B cells in
immunomodulatory treatment of MS hence add to
emerging evidence emphasizing the importance of B
cells, which have long stood in the shadow of T cells, in
both MS pathogenesis and treatment.19

Our immunophenotyping platform suggests a janus
role for BAFF in autoimmune disease and treatment.
The pathogenic face of BAFF is exposed in AITD,
where BAFF is upregulated and may contribute to
Th17-mediated disease. By contrast, the protective face
of BAFF is revealed as the convergence point of effec-
tive immunomodulatory treatment in MS. Here we
confirm previously reported changes in BAFF protein
level upon interferon-b treatment20 and establish it
as a unique shared mechanism with fingolimod. This
pathway is furthermore shared with promising emerg-
ing lymphocyte and B cell depletion therapies for
MS.21,22 We demonstrate that these protein level
changes are not merely due to reduced consumption
by BAFF receptors on B cells but involve active upre-
gulation of transcription. Both in AITD and upon
immunomodulatory treatment of MS, we now corre-
late BAFF plasma changes to an increase in transitional
and decrease in switched B cells as percentage of B cells
and propose the BAFF pathway as the mechanism of
action driving these B cell alterations. Transitional B
cells may be enriched for autoreactive B cells and have
been implicated in the pathogenesis of other autoim-
mune diseases such as Sjögren syndrome and systemic
lupus erythematosus.23 At the same time, they may also
have regulatory properties supporting a beneficial effect
as part of the therapeutic mechanisms of MS immu-
nomodulatory treatments.24

BAFF antagonists have been proposed as a promis-
ing strategy based on animal models for MS.25,26 How-
ever, 2 clinical trials in MS with atacicept, neutralizing
all forms of BAFF and the related a proliferation-
inducing ligand (APRIL), had to be stopped prema-
turely because of increased inflammatory activity in
patients withMS, and a 2-fold higher rate of conversion
from clinically isolated syndrome to clinically definite
MS in the treated compared to placebo group.27,28 A

third trial with a monoclonal antibody against BAFF
(tabalumab) was completed but no results are avail-
able.29 Of note, animal models leading to these clinical
trials had a Th17-mediated component,26 which in our
study we observe in human patients with AITD but not
MS. The immunomodulatory treatments for which we
observe an increase in BAFF, interferon-b and fingoli-
mod, have notably distinct effects between MS, where
they are beneficial, and the neuroinflammatory disease
neuromyelitis optica (NMO), where these treatments
are not only ineffective but may be harmful and result
in excessive inflammatory activity and increased relapse
rate and disability.30,31 This is in line with our observa-
tion that the unique shared signature of both treatments
is an increase in BAFF coupled to already increased
levels in BAFF seen in NMO but not MS.32 We pro-
pose that the distinct and shared immunologic archi-
tecture of disease and of existing efficacious treatments
may inform further design of novel treatment strategies.
In particular, our data suggest that antagonism of BAFF
may be counterproductive to MS treatment but may be
further pursued in NMO, where current immunosup-
pressive or immunomodulatory treatments are only
partially effective.33

Our study was based on a routine clinical setting
in a tertiary outpatient clinic. While we corrected
for heterogeneity in age and sex, additional variables
affecting treatment decisions, patient compliance,
and treatment response are potential confounders.
Preexisting variation among the immune profiles of
patients with MS is, however, unlikely to be respon-
sible for the immunologic responses to treatment.
While patients with MS were assigned to treatment
groups based on standard clinical criteria (driven by
disease factors), assignment between low-dose
interferon-b, high-dose interferon-b, and glatiramer
acetate was determined by patient-preferred regimen,
a research design that would not produce the dose-
dependent effects observed with interferon-b or the
distinct immunologic changes between interferon-b
and glatiramer acetate–treated groups. Likewise, of
the 14 fingolimod patients, 10 were included as part
of a randomized clinical trial determined by patient
preference for an oral treatment, a design structure
that avoids segregation based on preexisting clinical
variation. Furthermore, our recapitulation of previ-
ously reported findings in studies of single treatments
typically limited by sample size and number of cell
types investigated34–38 validates the methodology and
thus the novel associations also observed in this sys-
tems immunology approach. While we were only able
to assess changes in the peripheral blood, and not the
target tissue, there is active exchange between the
CNS and peripheral blood,18,39 and changes in
the peripheral blood have previously been shown to
be able to capture genetic variation important for
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MS.40 Moreover, immunomodulatory treatments are
not administered directly into the CNS, and thus the
likely location of activity is in the periphery, where
our analysis took place.

In response to the challenge put forward for large-
scale evaluation of the adaptive immune system in pa-
tients with MS,3 we demonstrate that a comprehensive
common immunophenotyping platform is able to dis-
sect the unique immunologic signatures of MS and
immunomodulatory treatments. The different effects
of immunomodulatory treatments suggest that the
immunologic profile may in the future assist the neu-
rologist in taking treatment decisions and optimizing
the efficacy and safety for subgroups of patients, hence
offering perspectives to the challenge of personalized
medicine in MS.5 We propose that further design of
novel treatment strategies takes into account the shared
immunologic architecture of existing efficacious treat-
ments, such as the early B cell changes with increase in
BAFF and transitional B cells.
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