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Significance

Personalized treatment options 
in modern medicine are often 
challenging, especially regarding 
multifaceted autoimmune 
diseases such as multiple 
sclerosis. To date, it is still 
unresolved why some patients 
respond well to specific MS 
immunotherapies, while others 
experience undesirable 
treatment side effects. We 
investigated a currently poorly 
understood phenomenon known 
as disease rebound upon 
natalizumab treatment cessation. 
In our study, we identified an 
immune cell signature, 
MCAM+CCR6+Th17 cells, which 
gradually increased in 
pathogenicity already during NAT 
treatment. These Th17 cells are 
indicative of an increased risk to 
develop a severe disease 
rebound after NAT cessation 
before the actual event, thus 
highlighting an option for clinical 
patient monitoring to identify 
potentially susceptible 
individuals.
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After natalizumab (NAT) cessation, some multiple sclerosis (MS) patients experience 
a severe disease rebound. The rebound pathophysiology is still unclear; however, it has 
been linked to interleukin-17-producing T-helper (Th17) cells. We demonstrate that 
during NAT treatment, MCAM+CCR6+Th17 cells gradually acquire a pathogenic pro-
file, including proinflammatory cytokine production, pathogenic transcriptional signa-
tures, brain endothelial barrier impairment, and oligodendrocyte damage via induction 
of apoptotic pathways. This is accompanied by an increase in Th17 cell frequencies 
in the cerebrospinal fluid of NAT-treated patients. Notably, Th17 cells derived from 
NAT-treated patients, who later developed a disease rebound upon treatment cessa-
tion, displayed a distinct transcriptional pathogenicity profile associated with altered 
migratory properties. Accordingly, increased brain infiltration of patient Th17 cells was 
illustrated in a humanized mouse model and brain histology from a rebound patient. 
Therefore, peripheral blood-accumulated MCAM+CCR6+Th17 cells might be involved 
in rebound pathophysiology, and monitoring of changes in Th17 cell pathogenicity in 
patients before/during NAT treatment cessation might enable rebound risk assessment 
in the future.

multiple sclerosis | natalizumab | disease rebound | pathogenicity | Th17 cells

Multiple sclerosis (MS) is a chronic inflammatory disease of the central nervous system 
(CNS) partially driven by autoreactive T cells, which are activated in the periphery by yet 
unknown mechanisms. In accordance with their prominent role in disease pathogenesis, 
interference with lymphocyte transmigration across the blood–brain barrier (BBB) by 
natalizumab (NAT), a monoclonal antibody against very late antigen-4 (VLA-4), is highly 
efficient in preventing CNS inflammation in relapsing-remitting MS (RRMS) patients 
(1). However, due to increased risk in some NAT patients to develop progressive multifocal 
leukoencephalopathy, an opportunistic brain infection, NAT treatment often has to be 
discontinued at a certain point (2). However, in some patients, treatment cessation can 
lead to a massive reoccurrence of disease activity termed rebound, which may exceed 
pretreatment levels (3–7). The pathophysiology underlying disease rebound has not yet 
been fully understood. One central player may be interleukin-17-producing CD4+ T 
cells, termed T helper 17 (Th17) cells (3, 8). Another factor might be that, as a consequence 
of treatment-induced downmodulation of VLA-4 expression, alternative routes are used 
by immune cells, involving other adhesion molecules including melanoma cell adhesion 
molecule (MCAM), specifically expressed on Th17 cells (9). Together with the suspension 
of VLA-4 blockade upon treatment cessation, this might result in augmented migratory 
capacity of immune cells across the BBB. Similarly, interferon-γ (IFNγ)-producing Th17 
cells were enriched in the cerebrospinal fluid (CSF) of early MS patients due to their high 
expression of VLA-4 and accumulated in the periphery of stable but not relapsing NAT-
treated MS patients (10). These studies point toward a pathogenic role of Th17 cells in 
the context of reappearance of disease activity upon NAT treatment cessation. However, 
it still remains enigmatic why long-term NAT treatment and subsequent treatment ces-
sation are associated with altered Th17 responses.

Results

MCAM+CCR6+Th17 Cell Frequencies Are Enriched in the CSF after Long-Term NAT 
Treatment and Acquire an Enhanced Pathogenic Signature in the Peripheral Blood (PB). 
First, we investigated if and how NAT treatment affects Th17 cell function and phenotype. 
To this end, we characterized NAT-associated alterations of Th17 cells over time by using 
patient cohorts who received either short-term (<6 mo, NAT short) or long-term (>12 
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mo; NAT long) treatment of NAT and compared them to healthy 
donors (HD) and treatment-naïve RRMS patients (naïve MS) 
(Fig. 1A). In the CSF, particularly, frequencies of MCAM+CD4+ 
T cells, as well as MCAM+CD4+ T cells coexpressing the 
chemokine receptor CCR6, were significantly increased in long-
term NAT-treated patients compared to control groups (Fig. 1B 
and SI Appendix, Fig. S1A). As an expected consequence of NAT 
treatment (11), absolute numbers of all investigated T cell subsets 
in the CSF were significantly decreased as compared to treatment-
naïve MS patients, and this also included MCAM+CD4+ T 
cells, in line with the efficient prevention of relapse activity 
during treatment (1) (Fig.  1B and SI Appendix, Fig. S1A). As 
MCAM+CD4+ and MCAM+CCR6+CD4+ T cells show high 
Interleukin 17A+ (IL-17A+) expression, we henceforth refer to 
these cells as MCAM+Th17 and MCAM+CCR6+Th17 cells, 
respectively (SI Appendix, Fig. S1B).

We next characterized changes in these Th17 cells that occurred 
in the PB during NAT treatment. MCAM+Th17 and 
MCAM+CCR6+Th17 cell frequencies of NAT long-term treated 
patients increased in the PB when compared to naïve MS patients 
and patients under short-term NAT treatment (Fig. 1 C and D). 
Furthermore, frequencies of cytokine-producing 
MCAM+CCR6+Th17 cells (and MCAM+Th17 cells) were signifi-
cantly enhanced in long-term NAT-treated patients as compared to 
treatment-naïve patients, and this included IL-22+, granulo-
cyte-macrophage colony-stimulating factor (GM-CSF+), as well as 
double expression of tumor necrosis factor alpha (TNFα+)IL-17A+ 
and IFNγ+GM-CSF+, all of which are key for pathogenicity of 
T-helper cells in CNS autoimmunity (12) (Fig. 1E and SI Appendix, 
Fig. S1C). This increase of cytokine-secreting MCAM+CCR6+Th17 
cells could not be observed after short-term exposure to NAT 
(Fig. 1E).

Besides analysis of Th17 effector cytokines, we also determined 
IL-7 and IL-23 receptor expression, as these molecules are involved 
in the generation of encephalitogenic Th17 cells (13–16). Indeed, 
NAT short patients displayed significantly enhanced IL-7 and 
IL-23 receptor expression on MCAM+CCR6+Th17 cells com-
pared to control groups (Fig. 1E and SI Appendix, Fig. S1C), and 
the receptor expression on Th17 cells significantly correlated with 
proinflammatory cytokine production in NAT short patients 
(Fig. 1F). These data indicate that upregulation of receptor mol-
ecules early on during NAT treatment may result in increased 
proinflammatory cytokine expression at later treatment stages.

When investigating other T helper subset-specific cytokine pro-
files in NAT long patients as compared to short-term exposure, 
cytokine production was most pronounced in MCAM+Th17 and 
MCAM+CCR6+Th17 cells, whereas it was less induced in Th1 
cells and even down-regulated in Th2 cells (SI Appendix, Fig. S1D).

Intriguingly, induction of proinflammatory cytokine production 
within Th17 cells was not observed in the context of other long-
term treated disease-modifying therapies in MS, apart from fingo-
limod treatment (SI Appendix, Fig. S1E). These data suggest that 
long-term NAT treatment preferentially increases the pathogenicity 
of Th17 cells over time, and this effect is not related to immuno-
therapy per se. Furthermore, we could exclude that increased 
cytokine production is a consequence of disease duration, as we 

did not observe an increase over time in long-term untreated RRMS 
patients up to 8 y after disease initiation (SI Appendix, Fig. S2A). 
In a similar line, enhanced proinflammatory cytokine production 
did not reflect higher baseline disease activity in the NAT treatment 
group prior to treatment initiation as compared to patients prior 
to initiation of other immunotherapies (SI Appendix, Fig. S2B).

Long-Term NAT Treatment Alters the Transcriptional Profile of 
MCAM+CCR6+Th17 Cells Pointing toward a Distinct Pathogenic 
Gene Signature. To characterize potential transcriptional changes 
in Th17 cells as a consequence of long-term NAT treatment, we 
performed bulk RNA sequencing of MCAM+CCR6+Th17 cells 
from treatment-naive MS patients and NAT long-term patients. 
Th17 cells from NAT long patients displayed a distinct gene 
expression profile compared to those from untreated patients (Fig. 2 
A and B; PC1: 38.22%, PC2: 14.5%). Gene set enrichment analysis 
(GSEA) revealed 27 significantly enriched Kyoto Encyclopedia of 
Genes and Genomes (KEGG) pathways after long-term NAT 
treatment. Notably, 10 of those pathways were associated with 
altered metabolic function (SI Appendix, Fig. S2C), and evaluation 
of key metabolic genes using a reference gene set revealed 25 
metabolic genes to be differentially regulated after long-term 
NAT treatment (Fig. 2C and Dataset S17). Permutation analysis 
confirmed enrichment of this identified metabolic gene set in 
NAT long-term patients’ Th17 cells (Fig. 2C, P < 1 * 10−7). On 
a functional level, isolated MCAM+Th17 cells of NAT long 
patients displayed a significantly higher glycolytic ability and a 
trend toward enhanced mitochondrial respiration compared to 
those from treatment-naive patients (Fig. 2D and SI Appendix, 
Fig. S2D).

Pathogenic Th17 cells have already been investigated in mice 
and humans and are associated with a distinct transcriptional pro-
file in the context of autoimmunity (13, 14, 17–26). Thus, we 
compared our set of differentially regulated genes to a litera-
ture-based reference gene set of 216 Th17 pathogenicity genes 
(Dataset S17). We observed that 47 Th17 pathogenicity genes 
were significantly altered in Th17 cells derived from NAT long 
patients, which permutation analysis confirmed to be highly sig-
nificantly enriched (P ≤ 1 * 10−7) (Fig. 2E). Among these 47 iden-
tified pathogenicity signature genes, we observed a profound 
upregulation of key transcription (co)-factors relevant in Th17 
cells RORA, RUNX3, RELB, and SP3 (17, 21, 26), as well as 
signaling molecules Signal transducer and activator of transcrip-
tion 3 (STAT3) and C-C motif chemokine ligand 5 (CCL5), all 
associated with increased Th17 pathogenicity (20, 25). In contrast, 
receptors for nonpathogenic functions (IL10RA, IL4R, IL21R) 
and inhibitors of Th17 cell differentiation (IL2RA) were signifi-
cantly reduced in NAT long patients (Fig. 2F) (27). 
Overrepresentation analysis (ORA) of these identified pathogenic-
ity genes pointed toward significant involvement in the regulation 
of cytokine production, T cell activation, and differentiation as 
well as positive regulation of leukocyte cell–cell adhesion (Fig. 2G).

Taken together, our data demonstrate that Th17 cells in long-
term NAT patients display key features of increased pathogenicity 
encompassing both signature gene expression and production of 
proinflammatory cytokines.

term stimulation with leukocyte activation cocktail. Flow cytometry-based assessment of indicated proportions of cytokine-producing MCAM+CCR6+Th17 cells 
(CD3+CD8-CD4+CD45RO+CD146+CD196+) of HD (n = 22), naïve MS (n = 30), NAT short (n = 14 to 15), and NAT long (n = 13) patient groups. Middle: Bar graphs 
represent fold-change normalized to respective comparator groups as indicated; ±1.0 represents equal cytokine-producing cell proportions in indicated groups. 
Right: Circles illustrate significantly up- or down-regulated cytokine proportions, unchanged cytokine proportions between indicated groups are labeled as not 
regulated. (F) Spearman correlation of receptor expression (IL-23R+, IL-23R+IL-7R+, in %) and proportions of proinflammatory cytokine (GM-CSF+, IFNγ+GM-
CSF+, IL-17A+GM-CSF+) expressing MCAM+CCR6+Th17 cells longitudinally (paired) assessed in a NAT-treated patient cohort (n = 17, <3 mo; light blue, <6 mo; 
turquoise, and >12 mo; dark red). Graphs represent mean ± SD. Statistical significance was evaluated by one-way ANOVA with unpaired Kruskal–Wallis test and 
Dunn’s multiple comparisons test or unpaired two-sided Mann–Whitney U test. *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001; ****P ≤ 0.0001.
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Fig. 2. Long-term NAT treatment alters the transcriptional profile of MCAM+CCR6+Th17 cells pointing toward a distinct pathogenic gene signature. Analysis of 
differentially regulated genes based on bulk RNA sequencing of flow cytometry-sorted MCAM+CCR6+Th17 cells derived from treatment-naïve MS patients (naïve 
MS, n = 5; dark gray) as compared to long-term NAT treatment (NAT long, n = 5; dark red). (A) PCA displays rlog-transformed genes between naïve MS and NAT 
long patients. (B) Hierarchically clustered heatmap represents normalized and variance-stabilized transformed (vst) read counts (row z-score) of FDR-corrected 
genes (in total, n = 2,105 genes surpassed FDR correction (adjusted P-value < 0.05)) after long-term NAT treatment. (C) Volcano plot displays differentially regulated 
genes surpassing FDR correction against log2 fold change. Labeled are differentially regulated genes associated with metabolism (n = 25 genes), compared to a 
reference gene set (n = 417 genes; see full list in Dataset S17). (D) Metabolic properties of MCAM+Th17 cells magnetically isolated by microbeads derived from 
treatment-naïve MS patients (n = 5) and long-term NAT MS patients (n = 6) were assessed by measuring the extracellular acidification rate (ECAR) and the oxygen 
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MCAM+Th17 Cells from Long-Term NAT Patients Impair 
Brain Endothelial Cell (EC) Barrier Integrity and Promote 
Oligodendrocyte Cell Death. In the light of the known properties 
of human Th17 cells to alter brain EC functions (28), we 
wondered whether long-term NAT treatment-associated increase 
in pathogenicity might affect brain microvascular endothelial 
barrier properties. Indeed, MCAM+Th17 cells from long-term, 
but not short-term, NAT patients, as well as their supernatants, 
significantly impaired barrier properties as illustrated by reduced 
transendothelial electrical resistance (TEER) and increased 

monolayer capacitance (CCL) (Fig. 3 A and B and SI Appendix, 
Fig. S2 E–G). This effect was also present upon direct comparison 
of MCAM+Th17 cells derived from short-term compared to long-
term NAT-treated patients (SI Appendix, Fig. S2E).

We next asked whether this might also affect survival of brain 
resident cells as previously described for MS patients (29). We, 
therefore, evaluated the effects of MCAM+Th17 cells on human 
induced pluripotent stem cell (iPSC)-derived oligodendrocyte cell 
survival in a coculture assay. Albeit MCAM+Th17 cells from short-
term NAT patients displayed a similar tendency, MCAM+Th17 
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Fig. 3. MCAM+Th17 cells from long-term NAT patients impair brain EC barrier integrity and promote oligodendrocyte cell death. (A and B) Functional assessment 
of primary human brain microvascular brain EC monolayer properties upon coculture with CD4 T cells (cell–cell contact) or their supernatant. Cells and supernatant 
were collected after α-CD3/CD28 preactivation of MCAM-positive Th17 cells (MCAM+Th17) and compared to their MCAM-negative counterparts (CD4+MCAM−) 
of the same sample (gray) derived from short-term (cell–cell contact n = 7, supernatant n = 9, turquoise) and long-term (cell–cell contact n = 6, supernatant n = 9, 
dark red) NAT-treated patients. Changes in TEER (%TEER) of EC monolayer upon coculture with CD4 T cells (A) or respective supernatants (B) of indicated groups 
were monitored over time (24 h) by CellZscope. Graphs represent mean ± SEM per group. Dot plots (A) show TEER values per patient for indicated groups after 
8 h (i.e., maximum reduction of barrier integrity, Left) and after 24 h (i.e., time point of maximum recovery, Right). (C and D) Assessment of human iPSC-derived 
oligodendrocyte viability (in %) upon 24 h coculture with αCD3/αCD28 preactivated (C) MCAM+Th17 and CD4+MCAM− cells or (D) their respective supernatants 
derived from short-term (NAT short; turquoise; cell–cell contact n = 4, supernatant n = 10) and long-term (NAT long; dark red, cell–cell contact n = 5, supernatant 
n = 10) NAT-treated patients. Oligodendrocyte viability was normalized to medium control (med ctrl). Graphs represent mean ± SD and each dot represents the 
mean of 2 to 3 technical replicates. Statistical significance was evaluated by two-way ANOVA with Sidak’s multiple comparisons test and Wilcoxon matched-pairs 
signed rank test. *P ≤ 0.05; **P ≤ 0.01; ****P ≤ 0.0001.

consumption rate (OCR) using Seahorse XF HS Mini Analyzer by adjacent application of oligomycin (Oligo), carbonyl cyanide-p-trifluoromethoxyphenylhydrazone 
(FCCP), rotenone + antimycin A (Rot/AA), and 2-desoxy-glucose (2-DG). Displayed is one representative example of an ECAR measurement, and dot plots 
show glycolytic capacity (ECAR in mpH/min) and maximal respiration rate (OCR in pmol/min); each dot represents the mean of two technical replicates. (E–G) 
Assessment of differentially regulated Th17 pathogenicity signature genes after long-term NAT treatment (n = 5) compared to treatment-naïve MS patients  
(n = 5). (E) Volcano plot displays differentially regulated genes surpassing FDR correction against log2 fold change. Labeled are differentially regulated genes 
after long-term NAT treatment associated with Th17 cell pathogenicity in the context of autoimmunity (n = 47 genes), based on a literature-based reference 
gene set (n = 216 genes; see full list in Dataset S17). (F) Up- and down-regulated pathogenic Th17 cell signature genes in long-term NAT-treated patients, ranked 
according to Wald-statistic (stat), accounting for P value, standard deviation, and fold change regulation. (G) Left: ORA was performed based on significantly 
regulated (P < 0.05) Th17 pathogenicity genes in Gene Ontology (GO) biological processes (BP). Only P value-adjusted significant GO terms, including respective 
gene counts, are displayed. Right: Cnet plot presents the fold change (ranging from positive change = yellow to negative change = violet) and the size (count) 
of genes in the respective GO term of BP. Displayed are only P value-adjusted significant GO terms. Graphs represent mean ± SD. Statistical significance was 
evaluated by unpaired two-sided Mann–Whitney t test. **P ≤ 0.01; n.s., not significant.
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cells from long-term NAT patients significantly reduced oligo-
dendrocyte cell viability as compared to their MCAM-negative 
counterparts (Fig. 3C and SI Appendix, Fig. S2 H and I). Notably, 
T cell supernatants even enhanced oligodendrocyte survival; how-
ever, no difference between MCAM+ and MCAM− populations 
was observed, indicating that CD4+ T cells might have pleiotropic 
effects on oligodendrocytes (Fig. 3D).

Taken together, long-term NAT treatment not only increased 
Th17 cytokine production, but also enhanced their ability to dam-
age brain ECs and oligodendrocytes, thus illustrating an enhanced 
functional pathogenic profile of this cell population.

MCAM+Th17 Cells from Long-Term NAT Patients Induce 
Proapoptotic Pathways in Brain EC and Oligodendrocytes. To 
further elucidate the mechanisms of Th17-induced impairment of 
EC barrier function and oligodendrocyte survival, we performed 

bulk RNA sequencing of brain EC and oligodendrocytes after 
coculture with MCAM+ vs. MCAM−CD4+ T cells from NAT 
long patients. ECs cocultured with MCAM+ T cells displayed a 
distinct gene expression profile as compared to those cocultured 
with MCAM− T cells and enriched KEGG pathways comprised, 
e.g., cytokine–cytokine receptor interaction and apoptosis pathways 
(Fig. 4 A and E). ECs displayed significant regulation of multiple 
apoptosis-associated genes [e.g., FS-7-associated surface receptor 
(FAS), Perforin (PRF1)] (SI Appendix, Fig. S3A) and accordingly, 
Th17 cells from long-term, but not short-term, NAT patients 
elicited enhanced EC apoptosis (Fig. 4B). In support, we observed 
a significant increase in FS-7-associated surface ligand (FASL)-
expressing MCAM+CCR6+Th17 cells in long-term, but not short-
term, NAT patients (Fig. 4C). Following this line, pharmacological 
inhibition of the FAS signaling pathway partially abrogated EC 
apoptosis by MCAM+Th17 cells from NAT long patients, thus 
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Fig. 4. MCAM+Th17 cells from long-term NAT patients induce proapoptotic pathways in brain EC and oligodendrocytes. (A–F) Transcriptomic and functional 
analysis of primary human brain microvascular ECs (A–D) and iPSC-derived oligodendrocytes (E and F) after coculture with either MCAM-positive Th17 cells 
(MCAM+Th17, dark red) or their CD4+MCAM-negative counterparts (CD4+MCAM−, gray) derived from long-term NAT patients. (A) Differential gene expression 
analysis by bulk RNA sequencing of EC after coculture with MCAM+Th17 cells and CD4+MCAM− cells (n = 5). Top: PCA displays rlog-transformed genes of EC 
after coculture with indicated CD4 T cells. Bottom: GSEA of FDR-corrected differentially regulated genes. Enriched KEGG gene pathways which surpassed FDR 
correction are shown (selected). (B) Determination of brain EC apoptosis by caspase analysis after 6 h of coculture with α-CD3/αCD28-activated MCAM+Th17 
cells magnetically isolated by microbeads from NAT short (n = 8, turquoise) and NAT long (n = 7, dark red) patients as compared to CD4+MCAM− cells (gray). 
EC apoptosis was determined by flow cytometry based on caspase3/7+ and life/dead marker expression; graphs represent mean ± SD, normalized to medium 
ctrl. (C) Flow cytometry assessment of FASL-expressing MCAM+CCR6+Th17 cells of short-term (blue; n = 10) and long-term (red, n = 10) NAT-treated patients. 
(D) To investigate whether EC impairment by MCAM+Th17+ cells is mediated via apoptosis, EC viability (in %) was investigated either after coculture of EC 
with MCAM+Th17 cells (no inhibitor, dark gray) alone, or in the presence of the FAS signaling inhibitor Kp7-6 (yellow) in short-term (n = 6, Left) and long-term 
NAT-treated patients (n = 6, Right). (E) Differential gene expression analysis by bulk RNA sequencing of oligodendrocytes after coculture with MCAM+Th17 cells 
and CD4+MCAM− cells (n = 5). Top: PCA displays rlog-transformed genes of oligodendrocytes after coculture with indicated CD4 T cells. Bottom: GSEA of FDR-
corrected differentially regulated genes. Enriched KEGG gene pathways which surpassed FDR correction are shown (selected). (F) To assess how MCAM+Th17+ 
cells mediate oligodendrocyte cell death, oligodendrocyte viability (in %) was investigated either after coculture of oligodendrocyte with MCAM+Th17 cells (no 
inhibitor, dark gray) alone, or in the presence of the FAS signaling inhibitor Kp7-6 (yellow) in long-term NAT-treated patients (n = 7); normalized to background 
apoptosis by medium administration only (med ctrl). Graphs represent mean ± SD. Statistical significance was evaluated by Wilcoxon matched-pairs signed rank 
test or unpaired two-sided Mann–Whitney t test. *P ≤ 0.05.
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illustrating the functional relevance of this pathway (Fig. 4D). 
Albeit our transcriptional analysis also indicated the involvement 
of other apoptotic pathways besides FAS, we did not observe an 
increase in the expression of TNF-related apoptosis-inducing 
ligand (TRAIL) or Granzyme B on Th17 cells from long-term 
NAT patients (SI Appendix, Fig. S3B).

Also for oligodendrocytes, coculture with MCAM+ 
vs. MCAM− T cells from NAT long patients resulted in differen-
tial gene expression profiles (Fig. 4E). GSEA again identified 
apoptosis pathways as significantly enriched (Fig. 4E and SI 
Appendix, Fig. S3C), and oligodendrocyte death could be reduced 
upon pharmacological FAS inhibition (Fig. 4F).

Association of MCAM+CCR6+Th17 Cells with Disease Rebound 
upon NAT Treatment Cessation. We finally aimed to evaluate 
a potential link between the enhanced pathogenicity of Th17 
cells and the clinical phenomenon of disease rebound upon 
NAT treatment cessation. First, we addressed whether Th17 cells 
from NAT patients who later developed a disease rebound upon 
treatment cessation might differ from those of stable NAT-treated 
MS patients. To this end, we compared the transcriptional profile 
of MCAM+CCR6+Th17 cells from NAT long patients prior to a 
severe disease rebound (n = 3, NAT rebound) and those from stable 
long-term NAT-treated and treatment-naïve MS patients (Fig. 5A). 
Principal component analysis (PCA) indicated a distinctly altered 
gene expression profile of Th17 cells from NAT-rebound patients 
vs. treatment-naïve MS and NAT long patients (Fig. 5B). GSEA 
of NAT-rebound and treatment-naïve MS patients identified 17 
enriched KEGG pathways, proposing an altered metabolism and 
regulated calcium- and notch- signaling in Th17 cells from NAT-
rebound patients (SI Appendix, Fig. S4A). Th17 cell pathogenicity 
profile of NAT-rebound patients was significantly enriched 
(permutation analysis P = 1.7 * 10−6); however, in contrast to 
Fig. 2F (43% overlap of pathogenicity signatures), it displayed a 
unique expression of key regulators of Th17 pathogenicity such 
as GPR65, ZBTB32, and proinflammatory cytokines such as 
IFNG and CCL20 (Fig. 5C). Moreover, ORA of NAT-rebound 
Th17 pathogenicity profile hinted toward significant involvement 
in receptor signaling via STAT, regulation of leukocyte cell–cell 
adhesion, and response to interleukin-1 (SI Appendix, Fig. S4B). 
Direct comparison of differentially regulated genes of NAT long 
and NAT-rebound patients additionally identified unique genes 
associated with immune cell adhesion and migration, i.e., KLRB1 
(CD161), and immune cell signaling, i.e., CCL4, as differentially 
up-regulated in NAT-rebound patient MCAM+CCR6+Th17 
cells (Fig. 5C and SI Appendix, Fig. S4C). ORA of NAT long 
vs.  NAT-rebound pathogenicity signature showed significant 
involvement in calcium ion homeostasis and response to 
chemokines (SI Appendix, Fig. S4D).

Overall, our transcriptomic analyses suggested an enhanced 
capacity of Th17 cells derived from NAT-rebound patients to 
transmigrate and accumulate in the CNS. Therefore, we employed 
a humanized mouse model (Fig. 5D) and engrafted immunode-
ficient NSG mice with human peripheral blood mononuclear cell 
(PBMC) of HD, naïve MS, or NAT groups during NAT washout, 
who either transitioned to follow-up treatment in a stable manner 
(NAT stable) or suffered from disease rebound (NAT rebound) 
(Fig. 5D). To control for possible confounding effects on immune 
cell migration behavior by bound NAT, we verified comparable 
remaining VLA-4 blockade between NAT-stable and NAT-
rebound test groups prior to engraftment (SI Appendix, Fig. S4E). 
Three weeks after engraftment, absolute counts of CNS-infiltrating 
Th17 cells from rebound patients were enhanced compared to 
control groups (Fig. 5E and SI Appendix, Fig. S4F). To account 

for engraftment variability, we calculated the PB/CNS ratio of 
Th17 cells (in %) and detected a significant enrichment in the 
CNS within the rebound group as compared to HD, suggesting 
preferential CNS infiltration of Th17 cells (Fig. 5E). It should be 
noted that the relatively low migratory capacity of 
MCAM+CCR6+Th17 cells from stable NAT patients is most 
likely due to the leftover-bound NAT to the transferred 
lymphocytes.

Intriguingly, other T helper cell subsets including Th1 cells and 
T cells expressing the brain homing marker CCR5 (30) were not 
enriched in the CNS after engraftment of rebound patient 
PBMCs, further supporting our concept of a preferential involve-
ment of Th17 cells in rebound initiation (Fig. 5F and SI Appendix, 
Fig. S4G).

Finally, we had the opportunity to characterize a human brain 
biopsy specimen derived from a MS patient who developed a 
severe disease rebound after NAT treatment cessation. Notably, 
perivascular infiltrates showed abundance of MCAM+ cells as 
compared to “conventional” MS lesions from patients not treated 
with NAT (Fig. 5G).

Discussion

We showed that NAT treatment duration correlates with enhanced 
MCAM+CCR6+Th17 cell pathogenicity, evident by a gradual 
increase over NAT treatment course. Increased frequencies of 
proinflammatory cytokine-producing CD4+ T cells during NAT 
treatment have been described before (10, 31). However, we now 
demonstrate that in particular, MCAM+CCR6+Th17 cells exhibit 
a significant increase in cytokine production and acquire enhanced 
pathogenic potential during NAT treatment. Notably, already after 
short-term NAT treatment, IL-23R and IL-7R were significantly 
enhanced in MCAM+CCR6+Th17 cells. It has been proposed 
that IL-23R signaling is essential to produce stable encephalito-
genic Th17 cells with increased proinflammatory cytokine pro-
duction (13–15). Additionally, IL-7R has been suggested to drive 
Th17 plasticity toward an IFNγ-producing phenotype during 
experimental autoimmune encephalomyelitis (16). Thus, upreg-
ulation of these receptor molecules early on during NAT treatment 
may therefore result in increased proinflammatory cytokine 
expression at later treatment stages. Notably, comparison of tran-
scriptional profiles of MCAM+CCR6+Th17 cells from short-term 
vs. long-term NAT patients did not reveal strong differences  
(SI Appendix, Fig. S5A), indicating that treatment-associated tran-
scriptional changes already occur early during treatment. This 
might be related to the observed increase in IL-23R expression on 
Th17 cells in short-term NAT patients, as IL-23 signaling is key 
for the induction of several Th17 signature genes (13). In addition, 
augmented proinflammatory cytokine secretion in Th17 cells was 
accompanied by enhanced glycolytic function after long-term 
NAT treatment. It has been suggested that pathogenicity of 
encephalitogenic Th17 cells is driven by enhanced glycolytic func-
tion and that therapeutic targeting of c-Rel-mediated glycolysis 
might repress autoimmunity (32). Therefore, overall, our data sets 
indicate that MCAM+CCR6+Th17 pathogenicity might be facil-
itated and sustained through IL-23-polarizing Th17 cell signaling 
during treatment.

We further addressed the mechanism of action of NAT treat-
ment-induced gain in Th17 cell pathogenicity: direct NAT binding 
to VLA-4 may promote mitogen-activated protein kinase/extracel-
lular signal-regulated kinase 1/2 (MAPK/ERK) phosphorylation 
and proinflammatory cytokine secretion (33). Indeed, as expected, 
VLA-4 expression decreased as a consequence of NAT treatment 
initiation (9); however, expression levels did not differ between 
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Fig. 5. Association of MCAM+CCR6+Th17 cells with disease rebound upon NAT treatment cessation. (A) Schematic overview of treatment groups used to 
investigate NAT-associated disease rebound upon treatment cessation. PBMCs of patients receiving long-term NAT treatment (>12 mo), who either displayed 
no disease reoccurrence after subsequent treatment cessation (NAT long; red) or who later suffered from a severe disease rebound after cessation (NAT 
rebound, blue), were used. (B and C) Differentially regulated genes based on bulk RNA sequencing of flow cytometry-sorted MCAM+CCR6+Th17 cells, comparing 
gene expression in stable NAT long patients (n = 5; red) and NAT-rebound patients (n = 3; blue) with treatment-naïve MS patients (n = 5, gray). (B) PCA displays 
rlog-transformed (rld) genes between naïve MS (n = 5), NAT long (n = 5), and NAT-rebound (n = 3) patients. (C) Comparison of Th17 pathogenicity signatures 
identified based on a literature reference gene set (Dataset S17). Differentially regulated Th17 pathogenicity genes derived from (Left) naïve MS vs. NAT-rebound 
patients (blue) (Middle) naïve MS vs. NAT long patients (red), and (Right) NAT long vs. NAT-rebound patients (gray) are displayed. Significantly regulated genes 
[FDR corrected, adjusted P value < 0.05 (filled, Padj.)] and genes without FDR correction [P-value < 0.05 (unfilled, P-value)] are displayed. Overlapping Th17 
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short-term and long-term NAT-treated patients (SI Appendix, Fig. 
S5B). Furthermore, MCAM+Th17 cells from short-term and long-
term NAT-treated patients did not exhibit altered phosphorylated 
ERK levels compared to treatment-naïve MS patients (SI Appendix, 
Fig. S5C), which both argue against an immediate outside-in-sig-
naling effect by NAT binding to VLA-4. Instead, as Th17 patho-
genicity signatures accumulated over time, we propose that Th17 
pathogenicity might be promoted through continuous reallocation 
of innate and adaptive immune cell subsets due to interference with 
VLA-4-mediated adhesion at multiple sites of the body (34–39). 
This might lead to an enrichment of cell populations supporting 
pathogenic Th17 cell polarization and/or driving Th17 plasticity 
over time (13, 14). We therefore evaluated changes in antigen-pre-
senting cell populations (APC) during NAT treatment with regard 
to their Th17-polarizing and/or -stabilizing capacities. Indeed, we 
observed an increase in the production of IL-1β and IL-21 as well 
as the proinflammatory cytokines IL-17A, GM-CSF, IFNγ, and 
TNFα within the first treatment year (SI Appendix, Fig. S5D). 
Notably, these cytokines can facilitate Th17 pathogenicity either by 
acting directly on Th17 cells and/or indirectly on APCs (27, 40). 
In particular, GM-CSF induces IL-23 secretion in dendritic cells 
(DC) (40), which then in turn may polarize Th17 cells toward a 
pathogenic fate upon cell–cell interaction (41). Supporting this 
concept, we found that IL-23+ myeloid DC (IL-23+ mDC) signif-
icantly correlated with Th17 cell pathogenicity in the early phase 
of NAT treatment, therefore presenting IL-23+ mDC as a candidate 
immune cell subset which may drive Th17 pathogenicity in the 
context of NAT treatment (SI Appendix, Fig. S5E).

Next to characterization of the cytokine and transcriptional pro-
file of Th17 cells under NAT treatment, we also evaluated their 
potential of causing damage to CNS cells. In line with data from 
Kebir et al., who already suggested that human Th17 cells might 
promote damage to brain ECs by downmodulation of tight junction 
molecules via IL-22 and IL-17A (28), we observed that 
MCAM+Th17 cells of long-term NAT-treated patients significantly 
impaired brain endothelial barrier integrity, and this involved mech-
anisms via cell–cell contact as well as soluble factors. In a similar 
line, IL-17A has been implicated in the pathophysiology of human 
acute coronary syndrome via induction of endothelial apoptosis 
(42). Furthermore, Th17 cells were also capable of killing oligoden-
drocytes in a cell–cell contact-dependent manner. Killing of oligo-
dendrocytes by Th17 cells via cell contact has already been described, 
and this was mediated by CD29 and glutamate as well as the extra-
cellular matrix proteoglycan versican-V1; however, this was not in 
the context of NAT treatment (29, 43). In our setup, the deleterious 
effects of Th17 cells of long-term NAT-treated patients on ECs and 
oligodendrocytes were at least partly mediated by the FAS signaling 
pathway, as they were partially abrogated in the presence of a specific 
FAS inhibitor. Furthermore, we observed upregulation of FASL on 
Th17 cells from long-term, but not short-term, NAT patients. 

Another publication illustrated the relevance of contact-dependent 
granzyme B-mediated cytotoxicity of Th17 cells upon coculture 
with human oligodendrocytes, which at least indirectly supports 
our finding of altered apoptotic pathways induced upon coculture 
with Th17 cells derived from long-term NAT-treated MS patients 
(44). However, at least in the context of NAT treatment, we did 
observe an altered expression of granzyme B or TRAIL neither on 
MCAM+CCR6+Th17 cells nor in the supernatants upon coculture 
with either EC or oligodendrocytes (SI Appendix, Fig. S5F).

From a clinical point of view, our analyses link 
MCAM+CCR6+Th17 cells with the clinical phenomenon of 
rebound after NAT treatment cessation: transcriptomic data sug-
gest that MCAM+CCR6+Th17 cells from NAT-rebound patients 
exhibit an altered pathogenicity profile along with a higher pro-
pensity for migration into the CNS, illustrated by upregulation of 
gene transcripts for molecules associated with migration/homing/
tissue residency [e.g., CCR4, KLRB1 (CD161), CXCR6, ITGAE] (4, 
24, 27, 45–47), effector function, and chemoattraction of other 
immune cells (e.g., IFNG, CCL5, CCL20, CCL4) (20, 27, 48). Of 
note, none of the rebound patients displayed recent John 
Cunningham virus (JCV) seroconversion, thus ruling out that this 
might have caused the altered transcriptional profile of these par-
ticular patients.

In the humanized mouse model, we observed a higher CNS-
infiltrating capacity of Th17 cells but not Th1 cells from NAT-
rebound patients after treatment cessation. This might be 
facilitated by an altered expression of CNS homing molecules as 
observed by RNA sequencing of prerebound samples in combi-
nation with the observed enhanced capacity of Th17 cells to 
impair brain endothelial barrier integrity. These data sets indicate 
that upon NAT treatment cessation, immune cell blockade by 
NAT (49) is unleashed and the enriched pathogenic 
MCAM+CCR6+Th17 cells might promote damage to the brain 
endothelial barrier, thus facilitating immune cell entry into the 
CNS. This concept is further fueled by our observation of increased 
proportions of MCAM+Th17 cells in the CSF of long-term NAT-
treated patients, supporting the notion that these cells exhibit a 
migratory advantage due to their MCAM expression in a setting 
of declining NAT saturation upon treatment cessation (9).

With regard to our finding of MCAM+ cells within a brain 
lesion of a NAT-rebound patient, CNS-infiltrating T cells from 
another NAT-rebound patient displayed high levels of CD161, 
MCAM, as well as Granzyme B and IFNγ, thus supporting our 
concept of MCAM+Th17 cells as key effectors in the context of 
NAT-associated rebound activity (4). However, this unique con-
cept of MCAM+CCR6+Th17 cells as a potential marker for dis-
ease rebound after discontinuation of NAT treatment, as suggested 
in our study, should be prospectively confirmed in a larger cohort.

In conclusion, our study highlights the necessity to explore 
long-term effects of immunotherapeutic strategies on immune 

pathogenicity signature genes derived from treatment-naïve MS vs. NAT-rebound patients compared to treatment-naïve MS vs. stable NAT long patients are 
indicated (gray lines). Uniquely differentially regulated genes per pathogenicity signature of indicated groups are highlighted in bold. Venn diagram presents 
numbers of shared and uniquely differentially expressed Th17 pathogenicity signature genes derived from treatment-naïve MS vs. NAT-rebound (blue) patients 
compared to treatment-naïve MS vs. stable NAT long (red) patients. Up- and down-regulated pathogenic Th17 cell signature genes are ranked according to 
Wald-statistic (stat), accounting for P value, standard deviation, and fold change regulation. (D) Adult severely immunodeficient NOD/LtSz-scid IL-2Rγc(null) NSG 
mice were i.p. engrafted with human PBMC derived from NAT patients during washout who either displayed no disease reoccurrence later on [stable (sta.), red; 
NAT washout; mean 8 wk, n = 3] or suffered from a severe disease rebound [rebound (reb.), blue; NAT washout; mean 10 wk, n = 3]. As control groups, PBMCs 
of HD (gray, n = 4) and treatment-naïve MS patients (naïve MS, n = 4, gray) were used. Three weeks after engraftment, PB and CNS of mice were harvested and 
analyzed by flow cytometry. (E) Graphs show absolute counts of CNS-infiltrating MCAM+CCR6+Th17 cells (Left) and CNS/PB ratio of MCAM+CCR6+Th17 cells (Right) 
in indicated groups. (F) Displayed is the fold change in rebound patients normalized to stable NAT patients for indicated immune cell populations. (G) Human 
CNS biopsy derived from a patient who suffered from a severe disease rebound caused by NAT treatment cessation. (Scale bar, 100 µm.) Immunofluorescence 
staining with DAPI (blue, cell nuclei) and MCAM+ (CD146+, green) indicates brain infiltrates in comparison to representative MS lesions derived from untreated 
patients. (Scale bar, 50 µm.) ECs with high MCAM+ expression at the vascular lumen (dotted white arrows) and lower expressing MCAM+ immune cell infiltrates 
are indicated (white arrows). Areas of magnification are indicated by white squares. Graphs represent mean ± SD. Statistical significance was evaluated by one-
way ANOVA with unpaired Kruskal–Wallis test and Dunn’s multiple comparisons test. *P ≤ 0.05.
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function and their consequences upon treatment cessation. 
Continuous sequestration of MCAM+CCR6+Th17 cells during 
long-term NAT treatment and its implication for NAT treatment 
cessation-associated rebound suggest a so far underestimated 
immunological consequence of NAT treatment in MS. In the 
future, it might be of interest to monitor MCAM+CCR6+Th17 
cell pathogenicity in MS patients on the verge of NAT treatment 
cessation to identify potentially susceptible individuals at early 
time points to prevent disease rebound.

Materials and Methods

Standard Protocol Approvals, Registrations, and Patient Consents. This 
study was conducted at the Department of Neurology, Institute of Translational 
Neurology, University Hospital Münster. Blood sampling was approved by the 
local ethics committee Ärztekammer Westfalen-Lippe (2010-245-f-S, 2010-262-
f-S, 2011-665-f-S, 2013-350-f-S, 2014-068-f-S, and 2016-053-f-S). Furthermore, 
human blood and CSF patient material used were derived from the 32-wk, open, 
monocentric, exploratory, single-arm trial, ToFingo-successor study conducted 
at the Department of Neurology, Institute of Translational Neurology, University 
Hospital Münster. The ToFingo-successor study was registered at Clinicaltrials.
gov (NCT02325440), and the study protocol plus amendments were approved 
by the local ethics committee Ärztekammer Westfalen-Lippe (2014-060-f-A, 
2013-004616-21). All participants provided written informed consent prior to 
study entry. This study was performed according to the Declaration of Helsinki. 
All animal experiments were performed according to the guidelines of the animal 
ethics committee (German Animal Welfare Act) and approved by the government 
authorities of Nordrhein-Westfalen, Germany (Landesamt für Natur, Umwelt und 
Verbraucherschutz Nordrhein-Westfalen).

Patient and Healthy Control Cohorts. To address NAT-associated effects 
on immune cells over time, we used cryoconserved PBMCs of RRMS patients, 
diagnosed according to the McDonald criteria (50, 51). PBMCs of RRMS patients 
treated with the monoclonal antibody NAT (Tysabri, Biogen) were used. PB col-
lection occurred at two time intervals of NAT treatment: short-term (<6 mo = 
NAT short) and long-term (>12 mo = NAT long) NAT treatment. All NAT patients 
went through 4-wk standard interval dosing. Short- and long-term NAT-treated 
patients were clinically stable at the time of blood withdrawal. NAT-treated patient 
cohorts were compared either to healthy controls (HD) without any history of 
neurological diseases or untreated RRMS patients (naïve MS). To address NAT-
associated rebound pathophysiology, three patients still under long-term NAT 
treatment [mean, 73 mo of NAT treatment (range: 22 to 134 mo)] who later after 
NAT cessation experienced a disease rebound (NAT rebound) were included in this 
study. NAT-rebound patients were characterized by strong reoccurrence of disease 
activity with new clinical (i.e., physician-confirmed clinical relapse resulting in 
an increase in Expanded Disability Status Scale (EDSS) in two patients) and/or 
radiological symptoms (i.e., 15 new Gd-enhancing lesions in a cranial Magnetic 
Resonance Imaging (cMRI) in one patient) after NAT treatment cessation. In a 
humanized mouse model, we compared CNS infiltration of PBMC derived from 
long-term NAT-treated patients after NAT cessation during NAT washout phase 
(mean: 10 wk of NAT washout, range: 8 to 14 wk) who either developed disease 
rebound later on or transitioned into follow-up treatment (up to 6 mo after dis-
continuation, mean: 8 wk of NAT washout, range: 8 to 8 wk) without any signs 
of disease activity based on clinical and MRI assessment. A detailed schematic 
of rebound patient material used in this study is provided in Fig. 5 A and B. CSF 
samples of 11 patients after long-term NAT treatment were obtained and com-
pared to HD (n = 7) without any history of previous neurological diseases and 
untreated MS patients (naïve MS, n = 28) of specimen obtained for diagnostic 
purposes. Study participants’ demographic information, age, sex, disease dura-
tion, NAT treatment duration, EDSS, relapse rate, and JCV status (where applicable) 
is reported per experiment in Datasets S1–S14.

Flow Cytometry Staining Protocols. Flow cytometry surface and intracellular 
stainings of cryopreserved patient material were conducted as described before 
(11). To assess phosphorylation of signal transducers, PBMCs were either short 
term stimulated by 10 µg/mL soluble αCD3+/αCD28+ for 15 min or remained 
unstimulated at 37 °C/5% CO2 in a density of 5 × 105 cells/well. For CSF staining, 

CSF specimen was processed within 1 h from lumbar puncture by centrifugation 
at 4 °C for 15 min at 290 g. The samples were treated with VersaLyseTM (Beckman 
Coulter) for 10 min at room temperature (RT). A full list of used antibodies, fluo-
rochromes, working concentrations, and company names is provided in Dataset 
S15. All investigated immune cell populations with corresponding gating strate-
gies per population and experiment are listed in Dataset S16. Immune cells were 
acquired by Navios or Gallios (Beckman Coulter) flow cytometer and analyzed by 
Kaluza Analysis 2.1 (Beckman Coulter).

Bulk RNA Sequencing. RNA was isolated by the Qiagen RNeasy Micro Kit 
including on-column DNA digestion using the RNase-Free DNase Set (Qiagen), 
according to the manufacturer’s instructions. Quality of total RNA was determined 
using the Bioanalyzer RNA 6000 Nano or Pico Kit (Agilent Technologies). Bulk RNA 
sequencing was performed as described before (30). Genes with a false discovery 
rate (FDR)-corrected P value < 0.05 were considered as significantly differentially 
expressed. The GSEA was done using the R-package fgsea (52). The threshold 
for significantly enriched gene sets was set to a (FDR) corrected P value < 0.05. 
The permutation analysis was performed based on custom R-code according to 
Ostkamp et al. (53). Distribution-free permutation tests (1 × 107 random permu-
tations) were employed to corroborate metabolic and Th17 pathogenicity gene 
enrichment in investigated groups. Gene lists associated with Th17 pathogenicity 
and metabolism were compiled based on literature research and summarized 
in Dataset S17. Gene rankings were based on custom R-code and the R-package 
dplyr (54). Lists of all Differentially expressed genes (DEGs) per comparison are 
provided in Datasets S18–S22.

NOD scid gamma (NSG) Humanized Mouse Model. To investigate the path-
ogenic role of Th17 cells in a NAT-associated disease rebound, we engrafted 
severely immunodeficient NOD/LtSz-scid IL-2Rγc(null) NSG mice (purchased from 
Jackson Laboratory) with human PBMC as described in the study by Kebir et al. 
(55). Five hours prior to PBMC injection, 7- to 8-wk-old NSG mice were sublethally 
irradiated at 2 Gy using the Faxitron CP-160 (Faxitron Bioptics). NSG mice were 
intraperitoneally (i.p.) injected with 1 × 106 PBMC/100 µL PBS (Sigma-Aldrich). 
Three weeks after engraftment, mice were killed, and PB and CNS were collected 
for further application. To isolate human immune cells out of mouse PB, 200 µL 
of fresh peripheral mouse blood was withdrawn and diluted in 500 µL PBS plus 
5% heparin (Ratiopharm). Erythrocytes were lysed in two consecutive rounds 
by adding 500 µL ammonium–chloride–potassium lysis buffer (Thermo Fisher 
Scientific) for 5 min at RT. To determine CNS infiltration of human immune cells 
in mice, brain tissue was obtained. The brain tissue was further homogenized 
in PBS containing 0.4 mg/mL collagenase (Sigma Aldrich) for 30 min at 37 °C. 
The immune cells were collected and washed two times with PBS + 1% fetal 
calf serum (FCS). The isolated immune cells from PB and CNS were stained with 
fluorochrome-conjugated antibodies as described above and measured by flow 
cytometry. To assess absolute cell counts, 3 µL CountBrightTM Absolute Counting 
Beads (Invitrogen) per sample were added right before sample acquisition.

Statistical Analysis. Statistical significance was evaluated by GraphPad Prism 6 
software. Gaussian distribution was tested by either D’Agostino–Pearson omnibus 
normality test or Shapiro–Wilk normality test. To analyze statistical significance 
between two paired groups and check whether Gaussian distribution is fulfilled, a 
paired t test was used. If Gaussian distribution failed, the Wilcoxon matched-pairs 
rank test was applied. Correspondingly, in unpaired groups, the unpaired t test 
was used if Gaussian distribution was fulfilled. Mann–Whitney U test was applied 
when comparing two unpaired groups. For multiple comparisons with Gaussian 
distribution, one-way ANOVA was used. For nonparametric multiple comparisons, 
the Kruskal–Wallis test was used. The Dunn’s post-hoc test was implemented 
following both one-way ANOVA and Kruskal–Wallis test. In the case of multiple 
data points per time point and unpaired test groups, a two-way ANOVA was used. 
To correct for multiple comparisons, Sidak’s multiple comparisons test was used. 
Statistical significance was defined as *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001. The statistical test used in the corresponding experiment is 
indicated in the figure legend.

Extended Materials and Methods are available in SI Appendix.

Data, Materials, and Software Availability. Bulk RNA sequencing data have 
been deposited in European Nucleotide Archive (PRJEB56578) (56). All study 
data are included in the article and/or SI Appendix.
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