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Abstract
Background and Objectives
Multiple sclerosis (MS) is considered a prototypic autoimmune disease of the CNS. It is the leading
cause of chronic neurologic disability in young adults. Proinflammatory B cells and autoreactive
T cells both play important roles in its pathogenesis. We aimed to study alterations of regulatory
T cells (Tregs), which likely also contribute to the disease, but their involvement is less clear.

Methods
By combining multiple experimental approaches, we examined the Treg compartments in 41
patients with relapsing-remitting MS and 17 healthy donors.

Results
Patients with MS showed a reduced frequency of CD4+ T cells and Foxp3+ Tregs and age-
dependent alterations of Treg subsets. Treg suppressive function was compromised in patients, who
were treated with natalizumab, while it was unaffected in untreated and anti-CD20–treated patients.
The changes in natalizumab-treated patients included increased proinflammatory cytokines and an
altered transcriptome in thymus-derived (t)-Tregs, but not in peripheral (p)-Tregs.

Discussion
Treg dysfunction in patients with MS might be related to an altered transcriptome of t-Tregs
and a proinflammatory environment. Our findings contribute to a better understanding of
Tregs and their subtypes in MS.

Introduction
Multiple sclerosis (MS) is a chronic inflammatory disease of the CNS, characterized by focal
inflammatory lesions with demyelination and remyelination and neuronal/axonal damage.1 It
affects 2.8 million people worldwide with rising prevalence over the past decades.2 It develops in
young adults with a mean age at diagnosis of 32 years,2 and women are affected approximately 3
times as often than men by the most frequent, relapsing-remitting form (RRMS).1 While autor-
eactive CD4+ T cells, proinflammatory B cells, and activated microglia1 participate in the patho-
genesis of MS, regulatory T cells (Tregs) are believed to play protective roles.3 A failure of
Treg-dependent immune control has been proposed to contribute to MS pathogenesis. Several
studies have assessed Tregs and their characteristics in patients with MS,3-6 however, with
sometimes controversial results, partly due to the lack of unique identifying markers for Tregs. In
peripheral blood of patients with MS, the number of Tregs has been described to be either normal
or low, depending on whether they were defined as CD4+CD25+ cells or CD4+CD25+Foxp3+
cells, respectively.7 Furthermore, Tregs derived from patients with RRMS, but not with secondary
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progressive MS, showed a reduced suppressive function.6,8 The
underlying mechanisms of this dysfunction are incompletely
understood. Existing data hint at an impaired thymic function
and a proinflammatory environment.9-11 Both can be influenced
by genetic susceptibility and environmental factors.12 Reduced
thymic output is supported by the lower frequency of CD31+

recent thymic emigrant (RTE) Tregs and contracted TCR
repertoire diversity.9 It has been shown that RTE-Tregs decline
at a faster rate in pediatric patients with MS.10 The notion that a
proinflammatory environment may reduce Treg stability and
downregulate Foxp3 is supported by the higher frequency of T
helper type 1 (Th1)–like Tregs secreting interferon-γ (IFN-γ)
and reduced suppressive function in untreated patients with
RRMS.11 The differentiation into this phenotype could be in-
duced in vitro by IL-12. Furthermore, proinflammatory signals,
as the ones found during aMS relapse, can shape the expression
of molecules involved in Tregmigration toward inflamed tissues
(CD103 and CD49d), activation (HLA-DR), and inhibitory
function (CD39).6,13-15 Impaired thymic Treg development and
a proinflammatory environment could preferentially affect ei-
ther thymus-derived (t) or/and peripheral (p)-Tregs. After
release from the thymus, t-Tregs migrate to secondary lym-
phoid organs, where they can be reactivated. Because they then
express activation and memory markers, it is difficult to dis-
tinguish them from p-Tregs.16 GPA33 has recently been dis-
covered asmarker of stable thymus-derivedTregs.17 It has been
identified in näıve Tregs just before exit from the thymus, but
its expression remained detectable after Treg activation, thus
identifying Tregs with a low propensity of conversion into T
effector cells.17

In this study, we used this marker to study the spectrum of
Treg alterations in patients with RRMS and to understand
their relationship with Treg function. In addition to un-
treated patients, we examined the effects on Treg homeo-
stasis of 2 highly effective treatments for MS with different
mechanisms of action, natalizumab, an antibody that blocks
α4 integrin (CD49d) and prevents immune cell entry into
the CNS,18 and anti-CD20 therapy, which depletes CD20+

B cells and T cells18 and indirectly also affects the activation
and growth of autoreactive CD4+ T cells.19 An important
aim of this study was to understand the applicability of Treg-
directed therapies of MS.

Methods
Standard Protocol Approvals, Registrations,
and Patient Consents
Patients and controls were recruited from the NIMS-
Neuroimmunology and MS Research Section, Department

of Neurology, University Hospital Zurich. Samples were
collected in the context of previous research projects that
had been approved by the Cantonal Ethical Committee of
Zurich, Switzerland (EC-No. 2013-0001 and EC-No. ERC
2014-0699). All study participants had given their written
informed consent to use their samples for research before
inclusion in the study. The study was conducted according
to Declaration of Helsinki principles.

Immunophenotyping
We used 3 flow cytometry panels to stain peripheral blood
mononuclear cells isolated from blood samples. In addition to
the fundamental Treg markers (CD3, CD4, CD25, CD127,
and Foxp3), we analyzed origin and memory markers (GPA33
and CD45RA), functional markers (CD39), and migratory
markers (CD103 and CD49d).

Suppression Assay
CD4+CD25−Teffs were stimulated with anti-biotinMACSiBead
particles loadedwith biotinylated antibodies against humanCD2,
CD3, and CD28 at a bead-to-cell ratio of 1:2 (Miltenyi Biotec).
Then, 5 × 104 Teffs/well were plated alone or in the presence of
Tregs at different ratios (from 1:8 to 2:1) in a 96-well U-bottom
plate (Greiner Bio-One). In addition, Tregs were also cultured
alone. In parallel, Teffs were plated in the presence of the re-
spective ratio of CD4+CD25− cells. At day 5, wells were pulsed
with 1 μCi/well [3H] thymidine. Supernatants were harvested
and stored at −20°C for subsequent cytokine analysis. After 16
hours, [3H] thymidine uptake was detected using Wallac 1450
Microbeta TriLux scintillation counter (Perkin Elmer). Cell
proliferation was measured as counts per minute (cpm). Percent
suppression was calculated using the following formula: [1-(cpm
Teffs cocultured with Tregs/cpm Teffs cocultured with
CD4+CD25− cells)] x 100. The mean suppressive capacity was
calculated as the mean of 5 percent suppression values calcu-
lated at different Treg:Teff ratios.

RNA Extraction, Sequencing, and Analysis
RNA was purified using QIAzol Lysis Reagent (QIAGEN)
and isolated using the PicoPure RNA Isolation Kit (Life
Technologies) according to the manufacturer’s instructions.
The libraries were prepared with the kit SMARTer Stranded
Total RNA-Seq Kit v2 (Takara). RNA sequencing (RNAseq)
was performed using Illumina’s NovaSeq 6000 at the Func-
tional Genomics Center Zurich. Additional methods are de-
scribed in the eMethods.

Data Availability
RNA sequencing data are deposited in the European
Genome-phenome Archive (EGA) and can be accessed
upon request.

Glossary
HDs = healthy donors;MS = multiple sclerosis; RNAseq = RNA sequencing; RRMS = relapsing-remitting MS; RTE = recent
thymic emigrant.
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Results
Phenotypic Treg Alterations in Patients
With MS
We used flow cytometry to assess Treg frequency and phe-
notype in a cohort of 57 individuals. Patients with RRMS
included untreated (UNT, n = 19), natalizumab-treated
(NAT, n = 12), and anti-CD20–treated (a-CD20, n = 10)
patients. The control group was composed of 16 healthy
donors (HDs). Untreated patients were either assessed be-
fore starting the initial treatment with immunomodulatory
drugs or were clinically stable after receiving the base therapy
and had not been treated in the last 3 months. Natalizumab-
treated and anti-CD20–treated patients had been on treat-
ment for 18.6 and 14.4 months on average, respectively. The
sex ratio was not significantly different between patients and
HDs (χ2 test of independence). The mean age during blood
collection ranged from 35.3 in HDs to 40.7 years in anti-
CD20–treated patients and did not differ significantly
among groups (one-way ANOVA). The percentage of HLA-
DRB1*15:01–positive individuals was 9.1% among HDs,
while it was 76% among patients, confirming the known
positive association between MS and HLA-DRB1*15:01
(p = 0.002, Chi-square t test of independence). Additional
clinical and laboratory information is provided in eTables 1
and 2.

We initially compared patients and HDs. The frequency of
CD3+CD4+ cells was significantly lower in patients with MS
when compared with HDs (p = 0.042; Figure 1B). The pro-
portion of CD25+CD127lo cells within this subset was
comparable with the percentage observed in HDs, with
greater variability in patients (Figure 1C). Nevertheless, the
frequency of Foxp3+ cells within CD25+CD127lo subset was
significantly lower in patients (p = 0.002; Figure 1D). CD127
expression on CD25+Foxp3+ T cells was not significantly
increased in patients (Figure 1E). Similarly, the frequency of
CD39+ cells in CD25+CD127lo cells was higher, but not
significantly, in patients (Figure 1F). The expression of the
adhesion molecules CD103 and CD49d on CD25+CD127lo
cells did not differ significantly between patients and HDs
(Figure 1, G–H).

To understand whether MS treatments may lead to differ-
ences in Treg phenotype, we performed a multiple com-
parison analysis. The percentage of Foxp3+CD25+CD127lo
cells was significantly reduced in anti-CD20–treated and
natalizumab-treated patients (p < 0.0001 and p = 0.013,
respectively; Figure 1I), while it was not significantly dif-
ferent in untreated patients in comparison with HDs
(Figure 1I). Moreover, anti-CD20–treated patients had an
increased expression of CD127 on CD25+Foxp3+ T cells in
comparison with untreated patients and HDs (p = 0.046
and p = 0.029, respectively; Figure 1J). Previously, it had
been demonstrated that natalizumab induces internaliza-
tion and degradation of CD49d on circulating lymphocytes,
and therefore, anti-CD49d antibody staining is altered.20

Accordingly, we observed reduced CD49d staining of
Tregs in natalizumab-treated patients vs untreated pa-
tients and HDs (p = 0.024 and p = 0.006, respectively;
Figure 1K). We did not find differences in frequencies
of CD3+CD4+ cells, CD25+CD127lo cells, CD39+ Tregs,
and in CD103 expression within groups of patients
(eFigure 1, A–D).

Thus, we observed treatment-dependent alterations of Treg
phenotype in patients with MS: treated patients showed a
reduced frequency of Foxp3-expressing Tregs, anti-CD20–
treated patients showed a higher CD127 expression, and
natalizumab-treated patients showed a reduced CD49d
expression.

Distinct Transcriptional Profiles of Thymus-
Derived Tregs vs Peripheral Tregs
GPA33 has recently been discovered as a cell surface marker
predominantly expressed on CD4+CD25+CD45RA+ T cells as
compared to their CD45RA- counterpart and to CD4+CD25- T
cells.17 In an exemplary experiment, Tregs were isolated from a
healthy donor and analyzed by flow cytometry. We confirmed
the abovementioned observation, but noted that histograms
of GPA33 expression in CD45RA+ and CD45RA- Tregs
partly overlapped (Figure 2A). Next, we designed a gating
strategy to identify t-Tregs, which expressed both CD45RA
and GPA33 (CD45RA+GPA33+), and p-Tregs, which did
not express CD45RA nor GPA33 (CD45RA-GPA33-)
(Figure 2A). With the aim to compare the transcriptome of
these 2 cell types, we selected 12 patients of the cohort, in-
cluding 9 patients with RRMS (3 untreated, 3 natalizumab-
treated and 3 anti-CD20–treated patients) and 3 HDs. From
these patients, we isolated t-Tregs and p-Tregs by
fluorescence-activated cell sorting, extracted their RNA, and
performed bulk RNA sequencing. A total of 802 genes were
differentially expressed between these t-Tregs and p-Tregs
(false discovery rate <0.05). The 50 most differentially
expressed genes are shown in Figure 2B. Differentially upre-
gulated genes in t-Tregs were enriched for genes involved in
RNA processing and translation and in p-Tregs for genes
playing a role in cell migration, chemokine-mediated and
cytokine-mediated signaling pathways, and immune response
(Figure 2C, eFigure 2, and eFigure 3). Whereas t-Tregs
expressed higher levels of genes identifying näıve Tregs
(TCF7, BACH2, LEF1, AFF3, SATB1) and implicated in
recirculation through lymphoid tissues (CCR7 and
CXCR5), p-Tregs showed a memory signature (upregula-
tion of DUSP4, CDKN1A, and FAS, and downregulation of
DNMT3A) (Figure 2D). In addition, p-Tregs expressed higher
levels of genes involved in migration and tissue homing (CCR3,
CCR4, CCR6, CCR8, CCR10, ITGB1, and CXCR6), HLA-class
II (HLADRA, HLADPB1, HLADQB1), T-cell activation
(CD80 and TNFRSF9), and negative regulation of T-cell re-
sponse (CTLA4, LGALS1, LGALS3, andGZMA) (Figure 2D).
By contrast, t-Tregs highly expressed AREG, encoding for
amphiregulin, an autocrine growth factor essential for Treg
function. Of interest, p-Tregs upregulated genes associated
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Figure 1 Treg Phenotype in Patients With Relapsing-Remitting Multiple Sclerosis and Healthy Donors

(A) CD25+CD127lo cells were gated on CD3+CD4+ cells. The expression of Foxp3, CD39, CD49d, and CD103 was evaluated on this subset as percentage of positive cells or
meanfluorescence intensity (MFI) (onlyFoxp3expression isshown). (B–K)PatientswithMS(MS)werecomparedwithHDs (HD)and includeduntreated (green),natalizumab-
treated (red), andanti-CD20–treated (blue)patients. (B–C)FrequencyofCD3+CD4+cellsandCD25+CD127locells. (D) FrequencyofFoxp3+cells inCD25+CD127locells. (E) The
expressionofCD127wasanalyzedonCD25+Foxp3+cells asMFI. (F) PercentageofCD25+CD127lo cells expressingCD39. (G–H)MFI ofCD103andCD49donCD25+CD127lo
cells. (I–K)Multiple comparisonbetweenuntreated (UNT), natalizumab-treated (NAT), anti-CD20-treatedpatients (a-CD20), andHDs (HD). Frequencyof Foxp3+cells andMFI
ofCD127andCD49dareshown, respectively. (B–K)Dots represent frequencyofeachdonor,boxesextendfromthe25th to75thpercentiles, andwhiskers frommintomax.
The line in themiddleof thebox is themedian.Unpaired t testorMann-Whitney testwasused tocompare2setsofdata.One-wayANOVAorKruskal-Wallis test followedby
the Tukey and Dunn statistical hypothesis testing, respectively, were adopted to compare more than 2 sets of data. *p < 0.05; **p < 0.01.
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Figure 2 Transcriptome Analysis of Thymic Tregs and Peripheral Tregs in 9 PatientsWithMultiple Sclerosis and 3Healthy Donors

(A) Exemplary dot plots andhistogramof Foxp3, CD45RA, andGPA33expression in Tregs isolated fromaHDshowing the gating strategydesigned todefine 2 subsets:
p-Tregs (CD45RA-GPA33-) and t-Tregs (CD45RA+GPA33+). A minor cell subset was CD45RA-GPA33+. The first 2 subsets (red squares) were analyzed by RNA
sequencing. The third subset was speculated to contain activated (Act.) t-Tregs but was not further investigated by transcriptome analysis. (B) Heatmap showing the
expression counts of the top 50 differentially expressed genes across t-Tregs and p-Tregs. Both positive and negative log fold changes are displayed. (C) Genes
belonging todifferentGeneOntology (GO)Biological Process (BP) termswereupregulated inp-Tregsand t-Tregs, respectively. (D)Volcanoplot showinggenes involved
inTreghomeostasis, homing, activation, and functiondifferentiallyexpressedbetween t-Tregsandp-Tregs (log2 foldchange threshold>1.5; falsediscovery rate<0.05).
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with Th17 lineage commitment (RORC, RORA, BATF, CCR6,
and IL17RB) (Figure 2D).

GPA33 was reported to be stably expressed on t-Tregs,17 but
was also expressed on a subset of cells among CD45RA-Treg
cells (Figure 2A). It has been argued that the CD45RA-
GPA33+ Treg subset contains activated t-Tregs,17 which
might have occurred due to antigen-specific activation after
leaving the thymus. Due to the poor cell viability after sorting,
which led to RNA degradation,21 we could not investigate this
subset further by transcriptome analysis. Our findings confirm
that CD45RA and GPA33 can be used to identify 2 distinct
subsets of Tregs, which differentially express genes related to
their thymic or peripheral origin.

Age-Dependent, Altered Distribution of t-Tregs
in Patients With MS
Previous studies have used the expression of CD45RA, CD31,
or Helios to discriminate between t-Tregs and p-Tregs.9,14,17

To examine the relative proportion of t-Tregs and p-Tregs in
patients with MS when compared with HDs, we used the
gating strategy defined earlier (Figure 2A), based on the
combination of CD45RA and GPA33. Despite the lack of
transcriptome data, we were also interested to analyze the
CD45RA-GPA33+ fraction in patients and HDs.

In agreement with previous data (9, 10), we found that
t-Tregs tend to decrease during aging in HDs, probably
reflecting a progressive thymic involution (r2 = 0.25, p =
0.048; Figure 3A). At the same time, p-Tregs tend to increase
(r2 = 0.42, p = 0.007) and CD45RA-GPA33+ t-Tregs tend to
decline with age (r2 = 0.45, p = 0.004; Figure 3A). In patients
with MS, the trend was less evident for t-Tregs (r2 = 0.1, p =
0.037) and p-Tregs (r2 = 0.18, p = 0.005) in comparison with
HDs (Figure 3A). Furthermore, we did not find a significant
decline of CD45RA-GPA33+ t-Tregs with aging in patients
(Figure 3A).

Given the influence of age on Treg subset distribution, we used
themedian age of the cohort (37 years) as cutoff to define 2 age
groups. Next, we comparedmatched age groups of patients and
HDs. We found that the frequency of t-Tregs was significantly
decreased in younger, but not in older patients with MS (p =
0.039; Figures 3, B and C). The percentage of p-Tregs was not
significantly altered both in younger and older patients (Figures
3, D and E). Moreover, in contrast to younger patients, older
patients displayed an increased frequency of CD45RA-
GPA33+ t-Tregs in comparison with HDs (p = 0.033; Figures
3, F and G). When we performed a multiple comparison
analysis, we observed that CD45RA-GPA33+ t-Tregs were
mainly increased in older natalizumab-treated patients (p =
0.011; Figure 3H). No significant differences in the proportion
of the other Treg subsets between treatment groups were ap-
parent (eFigure 4, A–E).

Furthermore, we observed that Foxp3 expression was lower in
all Treg subsets in patients with MS when compared with

HDs (p = 0.045, 0.007 and 0.010, respectively; Figure 3H).
When we compared treatment groups, we found that the
reduction of Foxp3 expression was more pronounced in
CD45RA-GPA33+ t-Tregs and p-Tregs and in anti-CD20–
treated patients (p = 0.002 and p = 0.003, respectively;
eFigure 4F). In summary, we observed age-dependent alter-
ations of t-Treg subsets and a reduced expression of Foxp3 in
each subset of Tregs in patients with MS.

Determinants of Treg Function in Patients
With MS
To characterize functional aspects of Tregs, we performed
suppression assays with Tregs (CD4+CD25+CD127lo) and T
effector cells (Teffs, CD4+CD25−) isolated from 30 patients
with RRMS and 11 HDs (eTable 1). The suppression assay
assesses the effect of different numbers of Tregs on a fixed
number of activated bulk effector cells with proliferation as
readout (Figure 4A). The mean suppressive capacity at 5
Treg:Teff ratios was significantly reduced in natalizumab-
treated patients compared with untreated and anti-CD20–
treated patients (p = 0.004 and p = 0.001, respectively;
Figure 4A).

Next, we quantified cytokines in cell culture supernatants of
the suppression assays in 24 patients with RRMS and 7 HDs
(eTables 1 and 3). The mean concentration of IL-5 was
significantly higher in natalizumab-treated compared with
that in anti-CD20–treated patients (p = 0.018. Figure 4B).
Natalizumab-treated patients had increased concentrations
of IL-2 in comparison with HDs and anti-CD20–treated
patients (p = 0.044 and p = 0.033, respectively. Figure 4B).
Moreover, natalizumab-treated patients had the strongest
secretion of IFN-γ compared with HDs, untreated patients
and anti-CD20–treated patients (p = 0.0004, p = 0.0004, and
p < 0.0001, respectively. Figure 4B), which indicates a
functional skew toward Th1.

To understand which factors influence Treg suppressive
function, we plotted the mean suppressive capacity against
the surface markers and cytokine secretion data using a
correlation analysis (eTable 4). The suppressive function of
Tregs tended to increase together with the percentages of
t-Tregs (r2 = 0.11, p = 0.038; Figure 4C). By contrast, Treg
function tended to decrease when IFN-γ concentration in
supernatants increased (r2 = 0.14, p = 0.041; Figure 4D).
Treg function and frequency of Foxp3+ cells within the
CD25+CD127lo fraction did not show a correlation
(Figure 4E). Moreover, the frequency of CD39+ cells within
CD25+CD127lo subset was not positively correlated to
Treg suppressive capacity (eTable 4), but inversely corre-
lated to the frequency of t-Tregs (r2 = 0.22, p = 0.003;
Figure 4F), in agreement with a higher expression of CD39
on effector/memory-like Tregs.13 The mean suppressive
function was 18.6% in HLA-DRB1*15:01–positive indi-
viduals and 20.7% in HLA-DRB1*15:01–negative individ-
uals. Collectively, our results suggest a reduced Treg
function in natalizumab-treated patients that might be
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Figure 3 Balance Between t-Tregs, p-Tregs, andCD45RA-GPA33+ t-Tregs in PatientsWith Relapsing-RemittingMultiple Sclerosis

(A–H) PatientswithMS (MS)were comparedwithHDs (HD). Patients includeduntreated (green), natalizumab-treated (red), and anti-CD20–treated (blue) patients.
(A) Age-dependent course of t-Tregs, p-Tregs, and CD45RA-GPA33+ t-Tregs in patients with MS (dark gray line) and HDs (black line) (XY correlation). (B–C)
Frequency of t-Tregs in younger and older patients, respectively. (D–E) Frequency of CD45RA-GPA33+ t-Tregs in younger and older patients, respectively. (F–G)
Frequency of CD45RA-GPA33+ t-Tregs in younger and older patients, respectively. (B–G)Dots represent the frequency of each donor, boxes extend from the 25th
to75thpercentiles, andwhiskers frommin tomax. The line in themiddle of thebox is themedian.Unpaired t test orMann-WhitneyU test. *p<0.05; **p< 0.01. (H)
Multiple comparisonof the frequency of CD45RA-GPA33+ t-Tregs betweenuntreated (UNT), natalizumab-treated (NAT), anti-CD20–treatedpatients (a-CD20), and
HDs (HD). (I) Multiple comparison of the median MFI of Foxp3 in t-Tregs, p-Tregs, and CD45RA-GPA33+ t-Tregs (Act. t-Tregs) between patients and HDs. UNT:
untreated. NAT: natalizumab-treated. a-CD20: anti-CD20–treated. (H–I) Scatterplot with bar graph. One-way ANOVA or Kruskal-Wallis test. *p < 0.05; **p < 0.01.
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Figure 4 Treg Function in Multiple Sclerosis

(A) Schematic representation of suppression assay: polyclonally stimulated Teffs were cocultured with different ratio of Tregs, and the proliferation was
measured at day 5 (created with Biorender.com). The mean Treg inhibitory capacity calculated at 5 Treg:Teff ratios is shown. (B) Concentrations of cytokines
were detected in the supernatants harvested from the suppression assay at ratio Treg:Teff 1:1 by a bead-based immunoassay. (C) XY correlation between
Treg suppressive capacity and frequency of t-Tregs within CD25+CD127lo subset. (D) XY correlation between Treg suppressive function and IFN-γ concen-
tration in the supernatants. (E) XY correlation between Treg function and frequency of FOXP3+ cells within CD25+CD127lo fraction. (F) XY correlation between
frequency of t-Tregs and CD39+ cells within CD25+CD127lo subset. (A–B) Scatterplot with bar graph. Two-way ANOVA test. *p < 0.05; **p < 0.01; ***p < 0.001;
and ****p < 0.0001. (A–F) UNT: untreated (green). NAT: natalizumab-treated (red). a-CD20: anti-CD20–treated (blue). HD: healthy donor (yellow).
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related to defective t-Tregs and a proinflammatory skew of
autoreactive T cells.

Gene Expression Alterations in Thymus-
Derived Tregs ofNatalizumab-Treated Patients
To further investigate the fact that an impaired Treg function
was observed exclusively in natalizumab-treated patients, we
compared the gene expression profile between 9 patients (3
untreated, 3 natalizumab-treated and 3 anti-CD20–treated
patients) and 3 HDs. Sex ratio, HLA-DR haplotype, mean age
during blood collection, and frequency of t-Tregs were not
significantly different between patients and HDs (χ2 test of
independence and one-way ANOVA, respectively; eTable 1).
The mean suppressive capacity was 8% in natalizumab-
treated patients and 18.7%, 27%, and 19.3% in untreated
patients, anti-CD20–treated patients and HDs, respectively.
We isolated both t-Tregs and p-Tregs and performed bulk
RNA sequencing. A total of 512 genes were differentially
expressed between t-Tregs derived from natalizumab-treated
patients and HDs (false discovery rate <0.05; Figure 5A).
Most of the differentially expressed genes (DEGs) were
downregulated in t-Tregs derived from natalizumab-treated
patients (Figures 5, A and B). In contrast and consistent with
the similar suppressive activities, we did not find DEGs in
t-Tregs from untreated and anti-CD20–treated patients, re-
spectively, in comparison with those from HDs (eFigures 5,
A–C). DEGs between patients and HDs in p-Tregs were 0 in
untreated, 6 in anti-CD20–treated patients, and 1 in
natalizumab-treated patients, respectively (eFigures 5, B, D,
and E). We explored the function of the pathways differen-
tially modulated in t-Tregs from natalizumab-treated patients
and HDs with reference to the biological process (BP) do-
main of the Gene Ontology (GO) functional database. We
observed that 26 of 512 DEGs showed a significant correla-
tion with Treg function (eTable 5). Genes implicated in RNA
splicing and mRNA processing were upregulated in Tregs
derived from natalizumab-treated patients in comparison
with those in HDs (Figures 6C and eFigure 6; eTable 6). By
contrast, genes involved in ion transmembrane transport,
signaling, positive regulation of cell proliferation, chemotaxis,
and cell adhesion were downregulated in t-Tregs derived
from natalizumab-treated patients (Figures 5C and eFigure 7;
eTable 7). Among the genes that were negatively corre-
lated to Treg suppressive capacity and overexpressed in
natalizumab-treated patients, we found IL7R (CD127),
which is among other functions involved in homeostatic
proliferation of T cells, genes playing a role in RNA pro-
cessing, and TXNIP (Figure 5D). Of interest, the latter
is induced following sustained T-cell activation and
restrains lymphocyte proliferation.22,23 Genes that were
positively correlated to Treg inhibitory function and down-
regulated in natalizumab-treated patients included E2F1,
IL13RA1, and MS4A5, which are involved in the regulation
of cell proliferation and signal transduction. Therefore, an
altered expression of genes implicated in t-Treg homeostasis
may determine a functional Treg impairment in natalizumab-
treated patients (Figure 5D).

Discussion
We analyzed phenotypic and functional aspects of the Treg
compartments in a cohort of 41 patients with MS with similar
demographics as the 17 HDs with the exception of a strong
enrichment of individuals expressing the MS-associated HLA-
DR15 haplotype among patients. In agreement with previous
reports, we found no evidence for reduced numbers of
CD25+CD127lo cells, but observed reduced Foxp3+
CD25+CD127lo cells in patients.7,24 Low Foxp3 expression
was found in both thymic and peripheral Tregs and did not
seem to influence Treg function. Furthermore, we detected an
increased expression of CD127 on Tregs in anti-CD20–
treated patients. This molecule is believed to identify activated
Tregs25 and has been found to be abnormally upregulated in
patients with MS.26 As Tregs constitutively express low sur-
face levels of CD49d,27 one would expect them to be less
influenced by natalizumab. By contrast, we confirmed their
susceptibility to the treatment.28

To discern possible Treg alterations in MS, we used GPA33
that marks thymus-derived Tregs in a stable way.We observed
age-dependent Treg alterations in patients with MS, which
may reflect premature thymic involution, which has already
been reported.10,29 The relevance of a reduced thymic output
in MS pathogenesis is related to the induction of compensa-
tory mechanisms such as homeostatic proliferation, expres-
sion of antiapoptotic signals, and conversion of Teffs into
Tregs.30 It has been suggested that homeostatic proliferation
constricts the TCR repertoire and expands autoreactive
T cells.31

The frequency of p-Tregs, which are believed to derive from
Teffs, was not significantly changed in patients. However, we
found an increased frequency of CD45RA-GPA33+ t-Tregs,
which may represent a transitional status between naive
t-Tregs and those that had been reactivated, in older patients.
Higher numbers of memory-like CD45RAlow Tregs have
been detected in older patients with MS.29 Additional studies
of CD45RA-GPA33+ t-Tregs, for example by single-cell
RNAseq, are required to understand whether they are a dis-
tinct entity.

A correlation between the frequency of t-Tregs and Treg
inhibitory capacity has already been described,9 but we found
that the latter was reduced only in natalizumab-treated pa-
tients. Although a functional Treg defect in patients with MS
has been reported by numerous studies,4,6,8 Treg function was
not always found to be affected.29 Furthermore, some studies
assessed Treg function pre- and posttreatment, for instance
changes after natalizumab infusion have been excluded.32 The
effect of different immunomodulatory therapies has not been
examined until now. An enhanced T-cell autoproliferation
with production of proinflammatory cytokines after natali-
zumab treatment, probably sustained by high circulating
B cells, has been reported.19 Because brain-homing cells are
trapped in the peripheral blood, inflammation is dampened or
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Figure 5 Transcriptomic Analysis of t-Tregs Derived From Natalizumab-Treated Patients and Healthy Donors

(A) Comparison of average gene expression showing significantly differentially expressed genes between t-Tregs derived from natalizumab-treated patients
and HDs. Present (black) indicates genes with read counts ≥10 inmore than one sample, absent (gray) indicates all genes that are not flagged as present, and
significant (blue) indicates genes with log2 ratio >0.5 and a p value <0.01. Log2 ratio indicates the fold-change in gene expression. (B) Heatmap showing the
expression counts of the top 50 differentially expressed genes across t-Tregs derived fromnatalizumab-treated patients and HDs. Both positive and negative
log fold changes are displayed. (C) Genes belonging to different Gene Ontology (GO) Biological Process (BP) terms were upregulated in t-Tregs derived from
natalizumab-treated patients and HDs, respectively. (D) Volcano plot showing genes involved in T-cell activation, proliferation, metabolism, and RNA
processing differentially expressed between t-Tregs derived fromnatalizumab-treated patients andHDs (log2 fold change threshold >1.5; false discovery rate
<0.05).
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abrogated in the CNS during the time of treatment. However,
when natalizumab is stopped, patients often show rebound of
disease activity.20 By contrast, anti-CD20 therapy inhibits
T-cell autoproliferation by removing memory B cells, which
stimulate proinflammatory CD4+ T cells and proin-
flammatory cytokine secretion of the latter.20 Consistent with
these observations, we found increased inflammatory cyto-
kines in the supernatants harvested from suppression assays
performed in natalizumab-treated patients when compared
with anti-CD20–treated patients.

The reduced Treg suppressive capacity in natalizumab-treated
patients might either be an as yet unknown direct effect on
Tregs or be secondary to Teff refractoriness to suppression due
to increased autoproliferation and their proinflammatory dif-
ferentiation state.19 The detection of an altered transcriptome
in t-Tregs, but not in p-Tregs, derived from natalizumab-
treated patients supports a direct effect on t-Tregs, while the
increase in proinflammatory cytokines in the supernatants ar-
gues that the increase of autoreactive T cells in the periphery,
their activation, and proinflammatory skew also affect t-Tregs
and their phenotypes.11 We consider the latter possibility as
more likely, but this aspect should be studied in more detail.

Besides a downregulation of genes involved in T-cell activation,
proliferation, and migration, we observed an upregulation of
IL7R (CD127) that was negatively correlated with Treg func-
tion. A sequence variant in the IL7R gene is recognized as sus-
ceptibility gene for MS, although the functional consequences of
how the IL7R variant influences disease susceptibility and/or
pathogenesis are not fully understood.12,33,34 In a mouse model
for MS, it has been shown that t-Tregs express IL7R during
active disease.35 Thus, the increased expression of CD127 by
Tregs in patients with MS may indicate a compensatory mech-
anism to balance the reduced thymic Treg neogenesis and
contribute to the functional Treg impairment. Another gene of
interest isTXNIP, which was upregulated in natalizumab-treated
patients and was also the most significantly upregulated gene in
twins with MS when compared with that in unaffected twins.36

In the case of upregulation of TXNIP during natalizumab
treatment, it is not clear, similar to the upregulation of IL7R,
whether this is a compensatory mechanism.

Limitations of our study were the cohort size, especially con-
sidering the heterogeneity of treatment groups, which requires
multiple comparison analyses, and differences in the fraction of
HLA-DR15+ individuals, which were much higher in patients
compared with those in HDs. We did not investigate the prev-
alence of known risk factors ofMS, such as obesity, smoking, and
exposure to vitaminD. These factors influenceTreg homeostasis
and, if differentially distributed among groups of patients, could
influence the results.37-39 Additional studies would be necessary
to dissect complex interactions between genetic background,
environment, and immune system in MS. Other limitations are
that we did not examine in depth the intrinsic Teff proliferative
capacity and whether the upregulation of IL7R was related to it.
For the latter purpose, the use of a single-cell RNAseq approach

might be more sensitive in detecting signaling pathways that
could be therapeutically targeted. Finally, regarding the effects of
natalizumab on Tregs, it would have been interesting to follow
Treg phenotype and function before and on natalizumab treat-
ment, i.e., longitudinally.

While we cannot rule out peripheral mechanisms, we suggest
that t-Treg neogenesismight be affected in younger patients with
MS. Compensatory mechanisms might ensure a normal Treg
function in untreated and anti-CD20–treated patients. However,
in natalizumab-treated patients, whose t-Tregs show altered gene
expression, these compensatory mechanisms might fail to re-
cover Treg function and/or be impeded by the proinflammatory
environment, likely enhanced by anti-VLA treatment.

The adoptive transfer of Tregs has been proposed as a prom-
ising strategy to reestablish Treg-mediated tolerance. Tregs
might be beneficial in suppressing not only autoreactive T cells
but also CNS inflammation because they can enter this com-
partment different from many of the currently approved MS
therapies. This aspect may be particularly relevant in the con-
text of disease progression independent of relapse activity,40

which is attributed to ongoing immune activation in chronically
smoldering lesions.41 The use of t-Tregs seems preferable in
this situation. Our findings may have implications for the se-
lection of candidates eligible for this therapy and the timing of
the adoptive transfer. The effects of the disease course and
immunomodulatory treatments on Treg homeostasis should
also be considered when defining the therapeutic strategy.
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