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Introduction

Autologous hematopoietic stem cell transplantation (AHSCT) is an effective treatment for relapsing remitting multiple sclerosis, yet the mechanisms underlying immune reset and sustained remission remain incompletely understood. This study provides a longitudinal immune profiling of patients undergoing AHSCT, with a specific focus on immune reconstitution at two years post-AHSCT.





Methods

Peripheral blood mononuclear cells (PBMCs) were collected from 22 relapsing-remitting multiple sclerosis patients at baseline and multiple time points post-AHSCT. Immune reconstitution was characterized using high-dimensional mass cytometry (CyTOF) and flow cytometry to assess phenotypic changes in B cells, T cells, and myeloid cells.





Results

AHSCT led to profound alterations in immune cell populations. B-cell recovery was marked by a rapid expansion of naïve B cells, while memory B cells and plasmablasts remained depleted. Notably, patients with evidence of inflammatory disease activity (EIDA) post-AHSCT exhibited higher pre-transplant frequencies of non-switched IgD+IgM+ memory B cells, raising the possibility of a potential biomarker for treatment response. Myeloid-cell reconstitution showed a decline in classical monocytes and an increase in non-classical monocytes and plasmacytoid dendritic cells, potentially shifting the immune balance toward a more tolerogenic state. CD4 T-cell reconstitution demonstrated a shift from central memory (Tcm) to effector memory (Tem) phenotypes, with a selective depletion of polyfunctional Th1/Th17cells lacking PD-1 expression. Clusters enriched for PD-1+ Tem CD4 T cells appeared to differ between patients with and without EIDA. Furthermore, an increase in atypical naïve CCR7⁻CD62L⁻ CD4 T cells was observed in EIDA patients, raising questions about their role in the pathophysiology of MS. CD8 T-cell reconstitution followed a similar pattern, with a shift from a naïve/Tcm-dominant to a Tem-skewed population, albeit with substantial interpatient variability. Mucosal-associated invariant T cells (MAIT) cells showed a sustained decrease, possibly reflecting microbiota alterations post-transplant.





Conclusions

Taken together, these findings provide an exploratory characterization of immune reconstitution following AHSCT, highlighting candidate biomarkers and mechanisms that warrant validation in larger cohorts to guide patient stratification and monitor treatment responses in multiple sclerosis.
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1 Introduction

Multiple sclerosis (MS) is a chronic autoimmune disorder of the central nervous system (CNS) characterized by inflammation, demyelination, and progressive neuronal damage. It remains one of the most common causes of non-traumatic disability in young adults, with substantial individual and societal burdens (1). While the precise etiology of MS is not fully understood, it is widely accepted that an interplay of genetic, environmental, and immunological factors triggers the disease. This results in autoreactive T and B lymphocytes attacking myelin and other CNS components, leading to MS lesions and neurodegeneration (1).

Autologous hematopoietic stem cell transplantation (AHSCT) has emerged as a transformative treatment for aggressive and treatment-refractory forms of relapsing-remitting MS (RRMS). The procedure involves immune ablation using high-dose chemotherapy, followed by reinfusion of autologous hematopoietic stem cells. This dual approach achieves comprehensive immune resetting, eliminating autoreactive immune cells and facilitating the reconstitution of a less autoreactive immune repertoire (2). AHSCT has demonstrated high efficacy in achieving sustained remission, with up to 80% of treated patients showing long-term freedom from relapses, new MRI lesions, and disability progression (3).

The mechanisms underlying the efficacy of AHSCT are multifaceted. Immune ablation eliminates autoreactive T and B cells, while immune reconstitution, mediated by thymic rebound, promotes the generation of naive T cells and a diversified T-cell receptor (TCR) repertoire. This process is critical for restoring immune tolerance and reducing CNS inflammation (4). AHSCT also modulates the cytokine milieu, reducing levels of pro-inflammatory mediators such as IL-17, while increasing anti-inflammatory cytokines like IL-10, fostering an environment conducive to long-term immune homeostasis (5, 6).

On a cellular level, the therapy profoundly alters the composition of immune cell subsets. Regulatory T cells (Tregs) and CD56high natural killer (NK) cells expand early post-transplantation, enhancing immunoregulatory functions, while pathogenic memory B cells and plasmablasts are significantly depleted. These shifts mitigate the pathogenic immune responses characteristic of MS (7–9). Moreover, the diversification of Epstein-Barr virus (EBV)-specific cytotoxic T-cell responses following AHSCT provides insights into the interplay between viral immunity and autoimmune pathogenesis (10). However, no clear association between increased immune regulatory functions, decrease in specific pathogenic immune cells and an event free outcome have been found.

Despite the overall promise of the treatment, challenges persist, including treatment-related toxicity, incomplete immune reset in some patients, and the risk of secondary autoimmunity. Refining conditioning regimens to minimize toxicity while maintaining efficacy remains a priority for optimizing AHSCT outcomes.

This study investigates the immunological changes following AHSCT in 22 patients with RRMS, focusing particularly on T- and B-cell reconstitution and associated phenotypic shifts apparent at two years post-AHSCT. We selected the two-year post-AHSCT time point as our primary analytical focus as immune reconstitution is expected to be largely complete at this stage (11). To provide additional depth and context, we supplemented this analysis with all other available samples obtained at various irregular intervals. Using mass cytometry and flow cytometry, we comprehensively profiled peripheral blood mononuclear cells (PBMCs) at baseline and at multiple time points post-transplantation. By characterizing these immunological shifts, we aimed to elucidate the mechanisms underlying the long-term efficacy of AHSCT in MS and identify potential biomarkers predictive of clinical outcomes.




2 Methods



2.1 Participants

Patients with relapsing-remitting multiple sclerosis (RRMS), diagnosed according to the 2017 revised McDonald criteria (12), who underwent AHSCT with a cyclophosphamide and anti-thymocyte globulin (ATG) conditioning regimen at Uppsala University Hospital between October 2011 and June 2022, were invited to participate. Blood samples were collected from 22 patients scheduled for AHSCT, at baseline (pre-AHSCT) (n=20) and at various follow-up intervals post-AHSCT. Summary demographics of study subjects (Table 1), as well as detailed demographics, sampling time points and performed analysis are provided in Supplementary Table S1.


Table 1 | The table contains a summary of the demographic and clinical data of multiple sclerosis (MS) patients who underwent hematopoietic stem cell transplantation (HSCT), as well as the ages of healthy control (HC) subjects.
	Characteristics
	MS, AHS CT (n=22)
	Healthy controls (n=17)
	MS, Newly diagnosed (n=22)



	Age at inclusion, Median [range]
	30 [22-48]
	35 [23-62]
	No info


	Sex, F/M, (%women)
	14/8 (64)
	12/5 (71)
	No info


	Disease duration (years), Median [range]
	1.75 [0.1-16.7]
	n/a
	No info


	EDSS, baseline, Median [range]
	3.5 [2.0-7.0]
	n/a
	No info


	Number of previous treatments, Median [range]
	2 [0-5]
	n/a
	No info


	Annual relapse rate, Median [range]
	0 [0-1]
	n/a
	No info


	New MRI leasions rate, Median [range]
	0 [0-1]
	n/a
	No info


	Disease activity, NEDA/EIDA (%NEDA)
	18/4 (82)
	n/a
	No info





Patient characteristics for the control group of newly diagnosed (ND) MS patients were blinded and therefore inaccessible. n/a; not applicable.



Healthy controls (HC) and newly diagnosed MS patients (ND) served as comparison groups. Pseudonymized HC samples were obtained from blood donors matched by sex and age, whereas ND samples were derived from anonymized biobank material, thus precluding access to detailed clinical and demographic data. Consequently, demographic and clinical characteristics for ND patients are not reported in Table 1.

Four patients showed potential evidence of disease activity post-AHSCT: three experienced clear clinical relapses, new T2 lesions, and gadolinium-enhancing lesions on MRI, indicating definite inflammatory disease activity. One additional patient had a single new small T2 lesion detected on MRI without associated clinical symptoms or gadolinium enhancement; thus, it is uncertain whether this represents true inflammatory disease activity or an incidental finding. This patient was included in descriptive analyses but is highlighted separately (with a distinct color in figures) to indicate this uncertainty. Due to the small number of patients with disease activity (three definitive, one uncertain), formal statistical comparisons between patients with and without disease activity post-AHSCT were not performed.




2.2 Peripheral blood mononuclear cell isolation

Peripheral blood mononuclear cells (PBMCs) were isolated using Ficoll-Paque PLUS density gradient centrifugation (Cytiva). Isolated cells were cryopreserved in fetal calf serum supplemented with 10% dimethyl sulfoxide (DMSO) and stored at -170°C.




2.3 Absolute cell counts of CD4 and CD8 T cells in whole blood (flow cytometry)

Blood samples were drawn at the clinic and T cell count were performed as part of the clinical immune reconstitution follow up. For all these timepoints were not phenotype analysis performed. For detailed information about patients and time points for these samples see Supplementary Table S1. A volume of 50µl blood, acquired in EDTA tubes, were pipetted in to Trucount™ tubes (BD Bioscience) containing a known number of fluorescent beads and stained with antibodies for CD3-FITC, CD45-Per Cp5.5, CD4-PeCy7 and CD8-APCCy7 incubated in the dark for 15 minutes at room temperature (RT). The erythrocytes were lysed using BD FACS™ lysing solution, diluted 1:10, and the sample was incubated for another 15 min in the dark at RT.

Cells were analyzed by flow cytometry on a DxFLEX instrument (Beckman Coulter), CD45+ leukocytes were gated on CD3+CD4+ and CD3+CD8+ and frequencies of these cells were established. CD4 and CD8 T cells were enumerated in relation to the fixed number of fluorescent beads in each sample.




2.4 Mass cytometry (CyTOF)

Cryopreserved PBMCs were analyzed using mass cytometry at the CryoSciLifeLab Cellular Immunomonitoring Facility in Stockholm, Sweden. Analysis included B/Myeloid, T-cell and intracellular panels (Supplementary Figures 1, S1.1, S1.2). Thawed cells were incubated in Benzonase-supplemented media and allowed to recover for 2 hours at 37°C and 5% CO2 before staining.



2.4.1 Barcoding (CyTOF)

Cells were barcoded using the Cell-ID 20-Plex Pd Barcoding Kit (Fluidigm). After barcoding, samples were pooled, washed, and stained with surface antigen antibodies (Supplementary Figures 1; S1.1, S1.2). Non-fixated samples were stored in 2% formaldehyde, while samples for intracellular staining underwent fixation and permeabilization using eBio Fixation/Permeabilization buffers.




2.4.2 Intracellular antigen staining (CyTOF)

Fixed and permeabilized cells were incubated with antibodies against CTLA-4 and Ki67 for 45 minutes. DNA staining with intercalator Iridium (Fluidigm) was performed before acquisition on a Helios mass cytometer (Fluidigm). Signal normalization was achieved using equilibration beads.





2.5 Flow cytometry

Upon analysis, frozen PBMCs were thawed at 37°C and washed twice in pre-warmed (37°C) RPMI-1640 medium supplemented with 10% heat-inactivated fetal calf serum, 10 mM HEPES, and 2 mM L-glutamine (all from Gibco). Cell viability and counts were assessed, and 1 × 106 cells per sample were resuspended in calcium- and magnesium-free phosphate-buffered saline (PBS) containing 5% normal mouse serum to block nonspecific binding.



2.5.1 Cell surface staining (flow cytometry)

Cells were incubated with pre-prepared antibody cocktails (Supplementary Table S2) for 30 minutes on ice in the dark, washed twice in PBS, and resuspended in PBS supplemented with ethylenediaminetetraacetic acid (EDTA). For viability assessment, 7-AAD was added 10 minutes before acquisition. Flow cytometry was performed using a FACSVerse (BD Biosciences).




2.5.2 Nuclear antigen staining for Helios and FoxP3 (flow cytometry)

Surface-stained PBMCs were incubated with fixable viability dye for 30 minutes on ice in the dark, followed by fixation and permeabilization with the True-Nuclear™ Transcription Buffer Set (BioLegend). Cells were then blocked with 5% normal mouse serum and stained intracellularly for Helios and FoxP3. Samples were washed, resuspended in PBS-EDTA, and stored for acquisition.





2.6 Data processing and analysis

Mass cytometry data were normalized and de-barcoded. Files were analyzed using FlowJo (versions 10.6.2 and 10.8.1) for gating and phenotypic assessments. Briefly, cells of all CyTOF FCS files from panel 1 and panel 2 were subjected to initial clean up gating in FlowJo (Supplementary Figures 1; S1.3) and FCS files containing CD45+ leukocytes together with relevant channels were exported and imported into new FlowJo worksheets. Equal numbers of cells per subset (e.g., 40,000 CD45+ cells, 20,000 T cells) were randomly selected (down sampled) and files concatenated for downstream analysis. The resulting mass cytometry data were processed in FlowJo using high-dimensional reduction algorithms (UMAP or t-SNE), followed by cell subset clustering with the graph-based clustering algorithm PhenoGraph clustering tool. The phenotype of each identified cell cluster was further characterized using Cluster Explorer, which enabled the visualization and annotation of clusters based on marker expression profiles. The Myeloid cell population was defined as CD3-CD19-CD20-HLA-DR+ and NK cells CD3-CD19-CD20-HLA-DRneg/low. For gaiting strategy of NK and Myeloid cells and marker inclusions for Myeloid cell subsets see Supplementary Figures 1; S1.4, S1.5. Expression patterns of markers used in each immune cell subset analysis are outlined in Supplementary Figures 1; S1.6-S1.8.

Flow cytometric data was performed in FlowJo (versions 10.6.2 and 10.8.1). Initial gating strategy for phenotype analysis of live PBMCs (panel 1-4) (Supplementary Figures 1; S1.9) and for fixated permeabilized PBMCs analyzing nuclear expressed antigens (Supplementary Figures 1; SS1.10). Gating strategies for each flow cytometric panel (panel 1-5) (Supplementary Figures 1; S1.11-S1.15). Definitions of CD4 T helper subsets are presented in Supplementary Figures 1, S1.16.




2.7 Statistical analysis

Data are presented as medians with minimum and maximum values. The Wilcoxon matched-pairs signed-rank test was used for paired baseline and post-AHSCT comparisons. Differences between unpaired groups were assessed using the Mann-Whitney U test. For multiple group comparisons, Kruskal-Wallis tests followed by Dunn’s post hoc tests were applied. Statistical significance was defined as p < 0.05. Analyses were performed using GraphPad Prism (version 10).




2.8 Ethical considerations

The study was approved by the Regional Ethical Review Board in Uppsala (Dnr 2010/450/1 and 2012/080/1). The study was performed in concordance with the Declaration of Helsinki (1964), and all patients provided written informed consent.





3 Results



3.1 CD4 and CD8 T cell recovery

Whole blood collected at baseline, 6 months, 1 year, 2 years as well as a few later timepoints were analyzed for absolute counts of CD4 and CD8 T cells by flow cytometry. CD4 T cells demonstrated significantly reduced absolute counts at 6 months, 1 year, and 2 years post-AHSCT compared to baseline, with gradual recovery observed over time. However, for most patients CD4 T cell counts and frequencies remained below baseline throughout the follow-up period (Figures 1A, B). In contrast, CD8 T cell counts remained within normal ranges, with no significant changes (Figure 1D).
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Figure 1 | Dynamics of CD4 and CD8 T-cell reconstitution in MS patients following AHSCT. Absolute CD3, CD4 and CD8 T cell counts in AHSCT treated patients were conducted in whole blood by flow cytometry and frequencies of CD4 and CD8 T cells were calculated out of total amount of CD3 T cells. Absolute CD4 T cell counts (A) and CD8 T cell counts (D). Frequencies of CD4 T cells (B) and CD8 T cells (C), as well as CD4/CD8 ratios (G). Time points and sample analyzed for AHSCT treated patients are as follows, baseline (n=16) and post-AHSCT: 6 months (n=6), 1 year (n=11), 2 years (n=21), 3.5 years (n=1), 5 years (n=3), 8 years (n=1), and 9 years (n=1). For reference, frequencies of CD4 and CD8 T cells and CD4/CD8 ratios in newly diagnosed (ND) MS patients (n=12) and healthy controls (HC) (n=12) (C, F, H). The horizontal lines in panels (A, D) indicate the upper and lower limits of the normal reference range for T-cell subset counts in blood (CD4: 490–1340 cells/µl; CD8: 190–800 cells/µl). In panels (G, H), a CD4/CD8 ratio of 1 is marked as the threshold for normality. Patients with a relapse post-AHSCT are highlighted in red, while one patient with a new T2 lesion post-AHSCT is marked in turquoise. Statistical analyses were performed with the Wilcoxon matched-pair test to compare paired samples at each time point (*p<0.05, **p<0.01, ***p<0.001).

The CD4/CD8 ratio was inverted in all patients at 6 months post AHSCT but showed partial normalization in six patients by two years (Figures 1G, H). Patients with EIDA had all regained normal CD4 counts and CD4/CD8 ratios during the observation period. However, this finding was not exclusive for relapsed patients.




3.2 Mass cytometric analysis of PBMC at baseline and post-AHSCT

Cryopreserved PBMC samples from 12 of the 22 MS patients treated with AHSCT, collected at baseline and two years post-treatment, were selected for immunophenotypic analysis using CyTOF panel 1. Samples from 10 newly diagnosed, untreated MS patients (ND) and 8 healthy controls (HC) were included as reference groups. Two antibody panels were utilized: panel 1 (26 markers), designed to capture an overall leukocyte phenotype with a focus on B cells and myeloid cells (Supplementary Figures 1, S1.1), and panel 2 (24 markers), tailored for an in-depth analysis of T cell phenotypes (Supplementary Figures 1; S1.2).

Mass cytometry data were processed in FlowJo, where high-dimensional reduction algorithms (UMAP or t-SNE) were applied to visualize cellular distributions. Cell subsets were then identified using the PhenoGraph clustering algorithm. The phenotype of each identified cluster was further characterized using Cluster Explorer, which facilitated the visualization and annotation of clusters based on marker expression profiles.




3.3 Decreased myeloid cell and elevated B-cell proportions post-AHSCT

Analysis of CyTOF data from the B-cell/myeloid panel (CyTOF, panel 1) revealed an increase in B-cell frequencies and a concurrent decrease in myeloid cell proportions two years post-AHSCT. In contrast, T- and NK-cell proportions remained stable (Figures 2A–D, Supplementary Figures 2, S2.1). The ND group exhibited significantly higher T-cell frequencies and lower myeloid cell proportions compared to HC (Figures 2A, D).
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Figure 2 | Comparative analysis of frequencies of T, B, NK and myeloid cells in MS patients at baseline and two years post-HSCT. Analysis of mass cytometric data (CyTOF, panel 1) of cell composition of the CD45+ leukocyte population. Summary graphs show the frequencies of T cells (A), B cells (B), NK cells (C), and myeloid cells (D) in each subject at baseline and two years post-AHSCT (n=12). Additionally, data from newly diagnosed MS patients (ND) (n=10) and healthy controls (HC) (n=8) are included for comparison. The cell populations were manually gated and defined as follows: T cells CD3+CD19-CD14-; B cells CD3-CD19+CD20+/-; NK cells CD3-CD19-CD14-HLA-DR-/dim; Myeloid cells CD3-CD19-CD20-HLA-DR+/high. Frequencies were calculated as a proportion of total CD45+ leukocytes. Patients with a relapse post-AHSCT are highlighted in red, while one patient with a new T2 lesion post-AHSCT is marked in turquoise. Statistical analyses were performed using the Wilcoxon matched-pair test (solid line, **p<0.01) to compare paired samples and the Mann-Whitney test (hatched line, *p<0.05, **p<0.01) to compare unpaired groups.




3.4 Reductions in classical monocytes post-AHSCT

A more detailed assessment of HLA-DR+ myeloid subsets (CD3-CD20-CD19-) showed a reduction in classical monocytes (CD14+CD16-) (p<0.001) and an increase in non-classical monocytes (CD14-CD16+) (p<0.01) following AHSCT (CyTOF, panel 1). Intermediate monocytes (CD14intCD16low) remained unchanged (Figures 3A–C, Supplementary Figures 2; S2.2A-C). Furthermore, the relative frequencies of plasmacytoid dendritic cells (pDCs) and conventional dendritic cells (DCs) were elevated two years post-AHSCT (p<0.01 and p<0.001 respectively) (Figures 3A–C, Supplementary Figures 2; S2.2D, E). Intriguingly, the composition of the myeloid compartment in post-AHSCT patients resembled the ND group with lower frequencies of classical monocytes and a rise in pDCs and DCs (Supplementary Figures 2, S2.2A, D, E). Two of the three patients with EIDA (one experiencing a clinical relapse and another with a new T2 lesion) exhibited the lowest classical monocyte frequencies and the highest pDC frequencies among transplanted patients (Supplementary Figures 2; S2.2A, D).
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Figure 3 | Differential frequencies of myeloid cell subsets in MS at two years post-AHSCT. Analysis of mass cytometric data (CyTOF, panel 1) of the myeloid cell population (CD45+CD3-CD19-CD20-HLA-DR+/high) in PBMCs from MS patients at baseline (n=12) and two years post-AHSCT (n=12). The CyTOF data were concatenated, myeloid cells were manually gated and subjected to high-dimensional reduction analysis of the myeloid cell population (CD3-CD19-CD20-HLA-DR+/high) using UMAP, followed by Phenograph clustering and phenotypic analysis of cell clusters with Cluster Explorer. Panels show the distribution of myeloid cell clusters at baseline (A) and two years post-AHSCT (B), alongside a table summarizing the mean relative frequencies of each cell cluster at both time points. The heatmaps show expression levels of cellular markers in each cell cluster. The summary graph (C) depicting log2 fold changes in the frequencies of phenotypically distinct myeloid cell clusters at two years post-AHSCT compared to baseline across all transplanted patients. Dispersion measures are represented by the median, along with the minimum and maximum log2 fold change values.




3.5 Higher frequencies of non-switched memory B cells at baseline in relapsed patients post-AHSCT

Given the effectiveness of B-cell-depleting therapies in MS treatment, we sought to analyze the B-cell population in greater detail. Manually gated B cells (CD19+ CD20+/- CD3-CD14-) from the B-cell/myeloid CyTOF panel 1 were subjected to dimensional reduction analysis using t-SNE, followed by cell clustering with the PhenoGraph algorithm and phenotypic characterization of clusters using Cluster Explorer. Two years post-AHSCT, the B-cell compartment exhibited a reduction in memory B cells and plasma cells, accompanied by a shift toward naïve B cells. In contrast, the proportions of transitional B cells (both TrB1 and TrB2) remained stable, except for one patient with prior rituximab therapy, who displayed elevated TrB2 levels at baseline. Interestingly, patients with EIDA had higher baseline levels of non-switched IgD+IgM+ memory B cells, suggesting a potential predictive biomarker (Figures 4A–D, Supplementary Figures 2; S2.3A–Q).
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Figure 4 | Alterations of naïve and memory B cells in MS patients following AHSCT. Analysis of mass cytometric data (CyTOF, panel 1) of the B cell population (CD45+CD3-CD19+/-CD20+/-) in PBMCs from MS patients at baseline (n=12) and two years post-AHSCT (n=12). The CyTOF data were concatenated, B cells were manually gated and subjected to high-dimensional reduction analysis of the B cell-population using t-SNE, followed by Phenograph clustering and heatmap analysis of marker expression within distinct cell clusters, visualized using Cluster Explorer. The distribution of B-cell clusters is shown at baseline (A) and two years post-AHSCT (B), along with a table summarizing the mean relative frequencies of each cluster at both time points. The heatmaps show mean expression levels of cellular markers in each cell cluster. The summary graph (C) depicting the log2 fold changes in the frequencies of phenotypically distinct B cell clusters at two years post-AHSCT compared to baseline across all patients. Dispersion measures are represented by the median, along with the minimum and maximum log2 fold change values The summary graph (D) shows the proportions of non-switched IgD+IgM+ memory B cells (cluster g) in each patient at baseline and two years post-AHSCT. Patients with a relapse post-AHSCT are highlighted in red, while one patient with a new T2 lesion post-AHSCT is marked in turquoise. Statistical analyses were performed with the Wilcoxon matched-pair test (***p<0.001).




3.6 Differential decline in central memory CD4 T cells subsets and expansion of PD-1+ effector memory CD4 T cells were associated with remission

Given the well-established role of T cells in the pathogenesis of multiple sclerosis (MS), we sought to characterize the phenotype of CD4+ and CD8+ T-cell populations in greater detail. CyTOF data from the T-cell panel (CyTOF, panel 2) were analyzed using a sequential workflow: first, CD4 and CD8 T cells were manually gated, followed by dimensionality reduction using t-SNE, cell subset clustering with PhenoGraph, and phenotypic characterization of clusters using Cluster Explorer. Naïve T cells were defined as CD45RA+CD28+CD27+, memory T cells (primarily central memory with some effector memory) as CD45RA-CD28+CD27+, effector memory T cells as CD45RA-CD28+CD27-, and TEMRA cells as CD45RA++CD28-CD27-. Due to poor data quality, two CyTOF runs were excluded from the analysis, affecting samples from five AHSCT patients (pre- and post-treatment), five ND samples, and three HC.

Two years post-AHSCT, naïve CD4 T cells (cluster a, b. d, e), phenotypical separated by HLA-DR, CD38 and CD5 expression, exhibited a modest decline in all patients except for one patient who experienced clinical relapse during the observation period (Figures 5A–C, Supplementary Figures 2; S2.4A, B, D, E). In contrast, two clusters of naïve CD4 T cells significantly expanded: one enriched for cells expressing CD194/CCR4 (cluster c) and another composed of naïve-like CD4 T cells lacking CD127 (cluster f) (p<0.05 and p<0.01 respectively) (Figures 5A–C, Supplementary Figures 2; S2.4C, F).

[image: This image shows a comparison of CD4+  T cell subsets atbaseline and  two  years  later. Panel  A displays  t-SNE plots  and  heatmaps of cellular frequencies and  marker expression at baseline, while Panel  B presents these data  at the two-year mark. The heatmaps illustrate  expression levels of various  markers like CCR5, CD27, and  CD38. Panel  C shows a box plot illustrating the  log2  fold change of different T cell subsets over  two years.  Panels  D to G consist of scatter plots  comparing the frequency of speciﬁc CD4+  T cell subsets across different conditions. A table  details  the frequency of T cell types  at baseline and  two  years  later.]
Figure 5 | Shifts in naïve, central memory, and effector CD4 T cell phenotypes after AHSCT. Analysis of mass cytometric data (CyTOF, panel 2) of the CD4 T cell population (CD45+CD3-CD19-CD20-HLA-DR+/high) in PBMCs from MS patients at baseline (n=8) and two years post-AHSCT (n=8). The CyTOF data were concatenated, CD4 T cells were manually gated and subjected to high-dimensional reduction analysis of the CD4 T cell population using t-SNE, followed by Phenograph clustering and heatmap analysis of marker expression within distinct cell clusters, visualized using Cluster Explorer. The distribution of CD4 T cell clusters is shown at baseline (A) and two years post-AHSCT (B), along with a table summarizing the mean relative frequencies of each cluster at both time points. The heatmaps show mean expression levels of cellular markers in each cell cluster. The summary graph (C) depicting log2 fold changes in the frequencies of phenotypically distinct CD4 T cell clusters at two years post-AHSCT compared to baseline across all patients. Dispersion measures are represented by the median, along with the minimum and maximum log2 fold change values. Relative frequencies of  central memory (Tcm) CD4 T cells  expressing no additional markers included in  the panel (cluster h) (D)  and CD4 Tcm   T cells expressing CD161 (cluster g) (E). Effector memory T cells (Tem), which have lost CD27 expression, CD194+/CCR4+ (cluster m) (F), and Tem enriched for PD-1+ cells (cluster n) (G). Patients with a relapse post-AHSCT are highlighted in red, while one patient with a new T2 lesion post-AHSCT is marked in turquoise. Statistical analyses were performed with the Wilcoxon matched-pair test (**p<0.01).

Within the memory CD4 T-cell compartment, a shift from central memory (Tcm) to effector memory (Tem) phenotypes was observed two years post-AHSCT. At this timepoint, the frequency of Tcm CD4 T cells lacking additional defining markers (cluster g) and those expressing CD161, associated with IL-17 production, (cluster h) were consistently reduced across all patients (p<0.01) (Figures 5D, E). In contrast, memory CD4 T cells expressing CD194/CCR4 with or without CD161, as well as memory cells with an activated phenotype, remained at baseline levels (clusters i-l) (Figures 5A–E, Supplementary Figures 2; S2.4I–L). Two distinct clusters of Tem lacking CD27 were identified, indicative of a more antigen-experienced phenotype (cluster m and n). (Figures 5F, G). These clusters differed in their expression of CD194/CCR4 and the immune checkpoint receptor PD-1. The relative proportions of these subsets varied more between patients at two years post-AHSCT compared to baseline. Notably, two of the three patients with EIDA exhibited the highest frequencies of CD194/CCR4+ Tem (cluster m) but among the lowest frequencies of PD-1+ Tem (cluster n) (Figures 5F, G). In contrast, all but one patient in remission showed an increased proportion of PD-1+ Tem (cluster n) (Figure 5G). Additionally, the proportion of effector/TEMRA CD4 T cells expressing high levels of CD57 (cluster o) was significantly increased two years post-AHSCT, though some inter-patient variability was observed at this timepoint (Figures 5A–C, Supplementary Figures 2; S2.4O). Regulatory T cells (Tregs; cluster p), characterized by central memory-like properties and high expression of CD39, CD194, and ICOS, maintained frequencies similar to baseline (Figures 5A–C, Supplementary Figures 2; S2.4P).




3.7 Increased effector memory and TEMRA phenotype in CD8 T cells two years post-AHSCT

CD8 T cells exhibited greater phenotypic diversity than CD4 T cells. Two years post-AHSCT, naïve CD8+ T-cell subsets (clusters a and b), (CyTOF panel 2) distinguished by CD31 expression, showed a slight decline in most patients, except for one individual who had a clinical relapse (Supplementary 2, Supplementary Figures 2; S2.5A). In contrast, significant reductions were observed in CD38- naïve CD8 T cells, (cluster c, p<0.05), HLA-DR+, (cluster d, p<0.01) and a small population of proliferating naïve-like cells lacking CD127 (cluster f, p<0.05), with this trend consistent across all patients. (Supplementary 2, Supplementary Figures 2; S2.5C, D, F)

Meanwhile, memory CD8 T cells shifted toward a more antigen-experienced effector memory/exhausted phenotype, characterized by increased frequencies of both CD57+ and CD57- TEMRA subsets (p<0.05 and p<0.01 respectively). Notably, patients in remission displayed higher TEMRA cell frequencies compared to those with EIDA (Figures 6A–C, Supplementary Figures 2; S2.5G–P).
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Figure 6 | Phenotypic diversity and TEMRA expansion in CD8 T cells two years post-AHSCT. Analysis of mass cytometric data (CyTOF, panel 2) of the CD8/DN T cell population (CD45+CD3+CD8+/-CD4- CD19-CD20-CD14-) in PBMCs from MS patients at baseline (n=8) and two years post-AHSCT (n=8). The CyTOF data were concatenated, CD8/DN T cells were manually gated and subjected to high-dimensional reduction analysis of the CD8 T cell population using t-SNE, followed by Phenograph clustering and heatmap analysis of marker expression within distinct cell clusters, visualized using Cluster Explorer. The distribution of CD8 T cell clusters is shown at baseline (A) and two years post-AHSCT (B), along with a table summarizing the mean relative frequencies of each cluster at both time points. The heatmaps show mean expression levels of cellular markers in each cell cluster. The summary graph (C) depicting the log2 fold changes in the frequencies of phenotypically distinct CD8 T cell clusters at two years post-AHSCT compared to baseline across all patients. Dispersion measures are represented by the median, along with the minimum and maximum log2 fold change values.

Mucosal-associated invariant T (MAIT) cells, identified by CD161 and CCR5 expression, declined consistently across all patients, whereas TcRγδ T cells (clusters s-u) remained at baseline frequencies (Figures 6A–C, Supplementary Figures 2; S2.5Q–U).




3.8 Extended T cell phenotyping with flow cytometry

Building on the CyTOF data, we sought to further characterize circulating T-cell phenotypes before and after AHSCT in a larger group of AHSCT-treated patients, incorporating both earlier and later time points for reference. To this end, we designed three traditional 7-color flow cytometry panels to assess T-cell maturation, functionality (Th-phenotype), and homing properties.

These panels included markers for CD62L, CCR7 (lymph node homing) and CD45RO, absent in the mass cytometric  panel, as well as CXCR3, CCR5, CCR6, and CXCR6 (tissue homing and Th-phenotype). For definition of CD4 Th-phenotype see Supplementary Figures 1; S1.16. Additionally, one panel specifically analyzed PD-1 expression in relation to CXCR3 (Th1-associated) and CCR6 (Th17-associated) subsets.



3.8.1 Persistent expansion of PD-1+Th1 effector memory, decreased Th17 and expansion of CD62L- naïve CD4 T cells two years post-AHSCT




3–6 Months post-AHSCT

Most CD4 and CD8 T cells exhibited an overall effector memory phenotype with high PD-1, CCR5, and CXCR3 expression, indicating a Th1/Tc1 activated/exhausted profile (Figures 7A–H, 8A–G, Supplementary Figures 2; S2.6-S2.9). However, due to the small sample size no statistical analysis was performed.
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Figure 7 | Variations in Th1/Th17 balance, PD-1 expression and naïve phenotype in CD4 T cell subsets two years post-AHSCT. Summary graphs of flow cytometric analysis depicting the relative frequencies of maturation, homing, and functional phenotypes of CD4 T cells in PBMCs from MS patients at baseline (n=20), 4–6 months (n=4), 1 year (n=4), 2 years (n=15-16), and 5–8 years (n=8) post-AHSCT, as well as in newly diagnosed MS patients (ND) (n=12) (not analyzed for PD-1) and healthy controls (HC) (n=11). The maturation profiles include naïve CD4 T cells (A), naïve CD62L- cells (B), central memory T cells (Tcm) (C), and effector memory T cells (Tem) (D). Functional T helper phenotypes were assessed using chemokine receptor expression patterns, defining Th1 cells (CXCR3+CCR5+CCR6-CXCR6-) (E), Th1/17 cells (CXCR3+CCR5+/-CCR6+CXCR6-) (F), and Th17 cells (CXCR3-CCR5+/-CCR6+CXCR6-) (G). Proportions of CD4 T cells expressing the immune inhibitory receptor PD-1 (H). Frequencies shown in the graphs were calculated as a proportion of total CD4 T cells. Patients with a relapse post-AHSCT are highlighted in red, while one patient with a new T2 lesion post-AHSCT is marked in turquoise. Statistical analyses were performed using the Wilcoxon matched-paired test used (solid line, *p<0.05, **p<0.01, ***p<0.001, **** p<0.0001) to compare paired samples and the Mann-Whitney test (hatched line, *p<0.05 and **p<0.01) to compare unpaired groups.
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Figure 8 | Shift toward increased Tc1 and decreased frequencies of naïve and central memory CD8 T cells post-AHSCT. Summary graphs of flow cytometric analysis depicting the relative frequencies of maturation, homing, and functional phenotypes of CD8 T cells in PBMCs from MS patients at baseline (n=20), 4–6 months (n=4), 1 year (n=4), 2 years (n=15-16), and 5–8 years (n=8) post-AHSCT, as well as in newly diagnosed MS patients (ND) (n=12) (not analyzed for PD-1) and healthy controls (HC) (n=11). The maturation profiles include naïve CD8 T cells (A), naïve CD62L- cells (B), central memory T cells (Tcm) (C), and effector memory T cells (Tem) (D). The Tc1 phenotype of CD8 T cells was assessed based on chemokine receptor expression patterns, including CXCR3+CCR5+CCR6-CXCR6- cells (E) and CCR6 expression (F). Proportions of CD8 T cells expressing PD-1 (G). Frequencies in the graphs were calculated as a proportion of total CD8 T cells. Patients with a relapse post-AHSCT are highlighted in red, while one patient with a new T2 lesion post-AHSCT is marked in turquoise. Statistical analyses were performed using the Wilcoxon matched paired test (solid line, *p<0.05, ****p<0.0001) to compare paired samples and the Mann-Whitney test (hatched line, *p<0.05) to compare unpaired groups.





1 Year post-AHSCT

A trend toward partial recovery of naïve T cells was observed, with reduced PD-1 and chemokine receptor expression. However, variability persisted among CD8 T cell phenotypes (Supplementary Figures 2; S2.8, S2.9). Again, due to the small sample size no statistical analysis was performed.





2 Years post-AHSCT

Two years post-AHSCT, the proportions of CD4 naïve T cells remained comparable to baseline levels (Figure 7A). However, a significant increase in a CD62L- naïve subset was observed, particularly in patients who relapsed, suggesting activation and potential TCR engagement in these cells (p<0.01) (Figure 7B). In the memory compartment, Tcm cells were significantly reduced (p<0.001), while effector memory Tem cells were increased (p<0.0001) (Figures 7C–D). Additionally, Th1 cell frequencies were elevated (p<0.01), whereas Th1/Th17 and Th17 subsets declined (p<0.001 and p<0.0001 respectively) (Figures 7E–G). PD-1 expression remained significantly upregulated (p<0.001) however variability across patients was seen at this time point (Figure 7H).

Further analysis revealed a preferential enrichment of Th1 cells within the PD-1+ CD4 T-cell subset (p<0.01), while the decline in CD4 T cells enriched for Th1/Th17 (p<0.001) and Th17 (p<0.0001) was primarily observed among PD-1- cells (Figures 9A–F, Supplementary Figures 2; S2.10).
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Figure 9 | Selective expansion of PD-1+ Th1 CD4 T cells and reduction of PD-1- Th17 subsets. Flow cytometric analysis of co- expression pattern PD-1, CXCR3 and CCR6, Summary graphs depicting CXCR3 and CCR6 expression on CD4 T cells, stratified by PD-1 expression, in PBMCs from MS patients at baseline (n=20), 4–6 months (n=4), 1 year (n=4), 2 years (n=16), and 5–8 years (n=7) post-AHSCT and healthy controls (HC) (n=11). The analyzed subsets include PD-1+CXCR3+CCR6- (A), PD-1+CXCR3+CCR6+ (B), PD-1+CXCR3-CCR6+ (C), PD-1-CXCR3+CCR6- (D), PD-1-CXCR3+CCR6+ (E), and PD-1-CXCR3-CCR6+ (F). Frequencies in the graphs were calculated as a proportion of total CD4 T cells. Patients with a relapse post-AHSCT are highlighted in red, while one patient with a new T2 lesion post-AHSCT is marked in turquoise. Statistical analyses were performed with the Wilcoxon matched-paired test (*p<0.05, **p<0.01, ****p<0.0001).

Among CD45RA+RO- CD8 T cells, encompassing both naïve and antigen-experienced TEMRA cells, a significant reduction in naïve cells was observed (p<0.0001), while CD62L- naïve CD8 T cells and TEMRA cells returned to baseline levels (Figures 8A, B, Supplementary Figures 2; ;S2.7E, D). The maturation phenotype of memory CD8 T cells paralleled that of CD4 T cells, with a significant reduction in Tcm cells (p<0.0001) and an increase in Tem cells in most patients (Figures 8C, D). Tc1 CD8 cells showed a slight increase (p<0.05), while CCR6+ CD8 T cells decreased significantly (p<0.0001), likely due to a reduction in CCR6+ MAIT cells (Figures 8E, F). In contrast, PD-1 expression in CD8 T cells exhibited variability across patients and did not reach statistical significance (Figure 8G).





5–8 Years post-AHSCT

At later timepoints the overall phenotype of CD4 and CD8 T cells appeared to normalize, with slight increases in Th1/Th17 subsets and a trend toward reduced CD62L- naïve T cells (Figures 7, 8). Due to the small sample size, no statistical analysis was performed.






3.9 Reduction in classical MAIT cells and sustained frequencies of TcRVα7.2+ immature/non MAIT post-AHSCT

In the CyTOF analysis, we observed a reduction in MAIT cells two years post-AHSCT (identified using CD161 and CCR5 as lineage markers). To further characterize these populations, we employed a seven-color flow cytometry panel incorporating the invariant T-cell receptor TcR Vα7.2, along with CD161, IL-18R, and CXCR6.

Two years post-AHSCT, the overall proportion of TcR Vα7.2+ CD8 T cells exhibited a modest but significant decline (p<0.05) (Figure 10A). Further stratification into classical MAIT cells (TcR Vα7.2+CD161+IL-18R+) and immature/non-MAIT cells (TcR Vα7.2+CD161-/+IL-18R-/+) revealed a pronounced reduction in classical MAIT cells (p<0.0001), whereas the frequencies of immature/non-MAIT cells remained stable across all time points (Figures 10B, D, Supplementary Figures 2; S2.12).
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Figure 10 | Post-AHSCT alterations in TcRVα7.2+ T Cells, decreased classical MAIT cells with preserved immature subsets. Flow cytometric analysis of the proportions of CD8 T cells expressing the invariant T cell receptor TcR Vα7.2 (A), classical MAIT CD8 T cells defined as TcR Vα7.2+IL-18R+CD161++ (B), and CXCR6 expression within the classical MAIT cell subset (C). Immature/non-MAIT CD8 T cells, defined as TcR Vα7.2+IL-18R+/-CD161+/-, (D), frequencies of CXCR6 expressing Immature/non-MAIT CD8 T cells (E). Flow cytometric analysis was performed on PBMCs from MS patients at baseline (n=20), 4–6 months (n=5), 1 year (n=5), 2 years (n=16), and 5–8 years (n=7) post-AHSCT, as well as from newly diagnosed MS patients (ND) (n=12) and healthy controls (HC) (n=11). Frequencies presented in (A, B, D) were calculated as a proportion of all CD8 T cells, while frequencies in (C, E) were calculated relative to the respective TcR Vα7.2+ cell subset. Patients with a relapse post-AHSCT are highlighted in red, while one patient with a new T2 lesion post-AHSCT is marked in turquoise. Statistical analyses were performed using the Wilcoxon matched-pair test (solid line, *p<0.05, ****p<0.0001) to compare paired samples and the Mann-Whitney test (hatched line, *p<0.05) to compare unpaired groups.

Classical MAIT cells exhibited high CXCR6 expression, while immature/non-MAIT cells displayed minimal CXCR6 expression (Figures 10C, E, Supplementary Figures 2; S2.12E). Within the double-negative (DN) T-cell subset, the proportions of classical and immature MAIT cells closely mirrored those observed in the CD8 T-cell compartment. In contrast, these subsets remained consistently low and unchanged in the CD4 T-cell population at all time points (Supplementary Figures 2; S2.11, S2.12).




3.10 Enhanced HLA-DR and CCR5 expression in regulatory T cells post-AHSCT

The CyTOF analysis of CD4 T cells revealed stable frequencies of Tregs at baseline and two years post-AHSCT. To further characterize their phenotype, we performed flow cytometric analyses of FoxP3, Helios, CD62L, CCR5, and HLA-DR.

Consistent with CyTOF data, the overall proportion of FoxP3+ CD4 T cells remained unchanged two years post-AHSCT (Supplementary Figures 2; S2.13A–C). However, within the FoxP3+Helios+ subset, commonly referred to as natural Tregs (nTregs) or thymic-derived Tregs (tTregs), a slight but significant reduction in relative frequency was observed (p<0.05). In contrast, FoxP3+Helios- Tregs (inducible Tregs, iTregs) maintained frequencies comparable to baseline (Supplementary Figures 2; S2.13D–G).

Both Treg subsets exhibited an enhanced activation phenotype, as indicated by reduced CD62L expression (p<0.01) and an increase in CCR5+ and HLA-DR+ cells, particularly within the FoxP3+Helios+ subset (p<0.01 and p<0.001, respectively) (Supplementary Figures 2; S2.14A–H).





4 Discussion

This study provides a comprehensive immunological characterization of patients with RRMS undergoing AHSCT. By leveraging mass cytometry and flow cytometry, we identified profound and durable shifts in immune cell subsets and functional phenotypic profiles, that likely contribute to the long-term efficacy of AHSCT in MS. Our findings offer new insights into how immune reconstitution may support disease remission, highlighting key alterations in B cells, myeloid cells, and T cells.



4.1 B cell alterations following AHSCT and implications for MS

While AHSCT is known to reset the immune system and reduce disease activity, most previous studies have focused on T-cell reconstitution, leaving the B-cell compartment relatively underexplored. Our findings align with prior studies demonstrating that B cells are efficiently depleted following AHSCT, yet recover rapidly and exceed normal levels within one year post-transplantation (9, 13). The predominance of naïve B cells post-AHSCT, which remains stable for at least two years, mirrors the natural development of memory B cells in childhood, where memory B-cell frequencies gradually stabilize by the age of five (14).

The profound depletion of memory B cells and plasmablasts, coupled with the expansion of naïve B cells, supports the notion that AHSCT effectively resets the B-cell compartment, reducing their capacity for antigen presentation and autoantibody production. Notably, patients with EIDA displayed a higher proportion of non-switched IgD+IgM+ memory B cells pre-AHSCT, suggesting a role for this subset in MS pathophysiology and highlighting its potential as a predictive biomarker for treatment response, though this needs confirmation in larger studies.

Unswitched IgD+IgM+ memory B cells, characterized by the expression of CD27 along with IgM and IgD, represent a key subset of the memory B-cell lineage. These cells play a fundamental role in immune surveillance and response, particularly by serving as a first line of defense against pathogens (15). Strong evidence supports the existence of two distinct subsets of IgD+IgM+CD27+ B cells: one generated independently of germinal centers and predominating in early life, and another with key post-germinal center memory B-cell characteristics that dominate in adulthood. These IgD+IgM+CD27+ B cells can differentiate into IgM-secreting plasma cells, providing highly efficient complement fixation, but they also have the unique ability to re-enter germinal center reactions upon re-exposure to the same or a related antigen. This allows for adaptation of their B-cell receptor specificity to altered antigens through new rounds of somatic hypermutation and selection (15).

In general, increased frequencies of memory B cells have been associated with an MRI phenotype with high neurodegeneration, defined by increased numbers of contrast-enhancing lesions and non-enhancing black holes on T1-weighted images, and reduced brain parenchymal fraction (16). Anti-CD20 monoclonal antibodies are very potent B-cell depleting agents and effectively deplete memory B cells (17) and have been shown to prevent new T2 lesions and clinical relapses (18, 19). In contrast, tabalumab, an anti-BAFF monoclonal targeting BAFF, mainly affecting transitional and mature B cells while sparing memory B cells, had no clinical effect in RRMS patients (20) Instead, treatment with tabalumab led to an increase in circulating memory B cells, further underscoring the importance of memory B-cell depletion for therapeutic efficacy (21).

The role of IgD+IgM+CD27+ B cells in the pathophysiology of MS is less clear, but they have increasingly been implicated in MS pathogenesis. Studies have demonstrated that these cells are capable of supporting ectopic lymphoid structures within the CNS. These structures serve as niches for ongoing inflammation and autoantibody production, contributing to chronic disease activity (22, 23). Moreover, unswitched memory B cells play a role in antigen presentation, engaging with autoreactive T cells and amplifying the autoimmune response (23). Their ability to produce pro-inflammatory cytokines, such as IL-6 and GM-CSF, further underscores their contribution to pathogenic inflammation in MS. Conversely, their production of the regulatory cytokine IL-10 appears limited in disease contexts, reflecting a dysregulation of their normal immune-modulating functions (22, 23). Such observations suggest that unswitched memory B cells may preserve autoreactive T cell clones that are resistant to AHSCT. This hypothesis is further supported by the finding that rituximab administration in close proximity to AHSCT is highly protective for relapses post-AHSCT (24).




4.2 Myeloid cell shifts and potential effects on neuroinflammation

Myeloid cells, particularly monocytes and macrophages, are known to infiltrate the CNS in MS and contribute to neuroinflammation, demyelination, and lesion formation (25, 26). In our study we observed a significant reduction in classical monocytes post-transplant, while non-classical monocytes increased. This shift could be important, as classical monocytes are major producers of pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β, which drive MS progression (27). Conversely, non-classical monocytes exhibit a patrolling function and possess regulatory properties, limiting excessive inflammation. This may represent a shift toward immune regulation rather than inflammation, potentially contributing to long-term remission in MS.

We also observed an increase in pDC post-AHSCT. Classically, these have been associated with antiviral responses and type I interferon production (28). This may be related to the shift from a Th17 to a Th1 type response, but could also reflect a response to viral replication post-AHSCT in the immunocompromised host. Future research focusing on functional assessments of these altered myeloid populations will be critical to understanding their roles in maintaining immune tolerance and preventing MS relapse.




4.3 T-cell reconstitution and immune balance post-AHSCT

T cells play a central role in multiple sclerosis (MS) pathogenesis, with both CD4+ and CD8+ subsets contributing to neuroinflammation and disease progression. Historically, MS has been considered a predominantly T-cell-driven autoimmune disorder, supported by findings of T-cell infiltration into CNS lesions and the strong genetic association with HLA-DRB1*15:01 (29). While early studies emphasized a Th1-driven immune pathology, more recent evidence suggests that disease progression is also influenced by Th1/Th17-mediated responses (30, 31). Given the critical role of T cells in MS, understanding their reconstitution post-AHSCT is essential for elucidating mechanisms of immune reset and sustained remission.

Our results reaffirm the critical role of immune ablation and subsequent reconstitution in achieving durable remission. The observed reduction in CD4 T-cell counts at six months, one year, and two years post-AHSCT aligns with previous findings (5), underscoring the transient depletion of lymphocyte subsets as an expected outcome of high-dose immunosuppressive conditioning. In contrast, CD8 T-cell counts remained relatively stable. The shifts in the CD4/CD8 ratio, persisting in many patients at least for two years, mirror the long-lasting effect of AHSCT. Importantly, patients exhibiting EIDA post-AHSCT retained normal CD4 counts and ratios, suggesting that the CD4/CD8 ratio is a potential biomarker for incomplete immune reset.




4.4 Atypical naïve CD4 T cells and their role in MS

Recovery of naïve CD4 T cells following AHSCT is known to depend on thymic function, with reconstitution typically beginning around one year post-transplant. At the two-year mark, we observed inter-patient variability in naïve CD4 T-cell frequencies, however those with EIDA were among the patients with the highest proportions, suggesting that this is associated with enhanced thymic output. Further analysis of the CD45RA+CD45RO- subset revealed an increase in naïve CD4+ T cells lacking CD62L post AHSCT. Although most patients exhibited a slight increase in these atypical naïve cells, the highest frequencies were observed in those who relapsed. Interestingly, newly diagnosed MS patients also displayed a significant elevation of naïve CD4+CD62L- T cells compared to healthy controls, suggesting that this subset may be relevant to early disease processes.

Naïve and Tcm CD4 T cells typically express CD62L and CCR7, which facilitate their recirculation through lymphoid tissues. Upon antigen engagement, CD62L downregulation enables effector differentiation and tissue migration. However, CD62L downregulation can also occur independently of TCR signaling, driven by cytokines, ATP, glucocorticoids, and metalloprotease activity (32). Atypical CD62L- naïve CD4 T cells have been described in rheumatoid arthritis (RA), where they correlate with disease flares and exhibit IL-1/IL-6/TNF-driven inflammatory signatures (33). A similar subset has been linked to relapses in a rat model of MS (34), suggesting a role in autoimmune pathology. These cells may serve as a pool of pre-activated, bystander-responsive CD4 T cells, capable of amplifying CNS inflammation when recruited to affected tissues.

The increased proportions of CD62L- naïve CD4 T cells post-AHSCT may reflect an inflammatory milieu favoring cytokine-driven activation. Alternatively, their presence in both relapsed and remission patients suggest a regulatory function in preventing excessive T-cell activation. Future studies should examine their TCR repertoire to determine whether they contribute to disease relapse or immune regulation post-AHSCT.




4.5 Th17 cells, CD4 Subsets, and immune modulation

Our flow cytometric analysis of CD4 T cells post-AHSCT revealed considerable inter-patient variability in immune reconstitution. However, certain shared features emerged two years post-transplant, including a consistent reduction in Tcm CD4 T cells, polyfunctional Th1/Th17 (CCR6+CXCR3+) cells, and Th17 (CCR6+CXCR3-) cells across all transplanted patients. These changes were accompanied by a variable increase in Tem CD4 T cells and a Th1-skewed phenotype (CXCR3+CCR5+CCR6-), findings that align with previous studies (5).

Using CyTOF analysis, where CD161 and CCR4 served as Th17 markers, we could further delineate these shifts. The observed reduction in Tcm CD4 T cells was predominantly restricted to two subsets: one lacking additional defining markers included in the CyTOF panel and another enriched for CD161+CCR4- Th17 cells. In contrast, the frequencies of classical Th17 Tcm CD4 T cells co-expressing CD161 and CCR4 (CD194) or CCR4 alone (Th0/Th2) remained stable. Notably, the Th1/Th17 and Th17 subsets that decreased were predominantly PD-1-, whereas their PD-1+ counterparts were preserved. These findings suggest that the reduction in Th17 cells post-AHSCT is limited to a specific subset of Th17 Tcm cells. However, given that this decline occurred in all patients, regardless of clinical outcome, additional immunological mechanisms likely contribute to long-term disease remission.

In contrast to the more uniform contraction of Tcm subsets, the Tem CD4 T-cell compartment exhibited greater inter-patient variability, particularly in the Th1 subtype and regarding PD-1 expression. Notably, clusters enriched for PD-1+ Tem CD4 T cells differed between patients with and without clinical relapse. All but one patient in remission exhibited elevated frequencies of PD-1+ Tem, whereas those who relapsed showed frequencies comparable to baseline. A similar, albeit less pronounced, trend was observed in CD4 T-cell clusters containing PD-1+CD57+ TEMRA cells. Conversely, two patients with EIDA, including one who experienced a clinical relapse at the two-year time point, exhibited the highest frequencies of Th17-skewed Tem cells (CCR4+CD161+).

The role of Tregs in the pathology of MS is not completely understood and the interplay between immune regulatory and immune enhancing elements are complex. Genetic variants in CTLA-4 and CD25, along with altered functions and levels of Tregs in the circulation of MS patients have been reported (35, 36). Emerging evidence underscores the importance of brain-resident Tregs and their functional interactions with pathogenic effector T cells and other immune cells, suggesting a potential role in modulating neuroinflammation (37). Previous studies of AHSCT for MS have described an early transient rise in Treg frequencies followed by return to baseline levels within 1 year post-AHSCT. The origin of these Tregs is presumed to be cells that escaped ablation or were re-infused with the graft (36, 38–40). At later time points, once thymic output is restored, the Treg compartment would also be expected to reflect ongoing immune renewal (41).

In the present study, the overall proportions of CD4 with a Treg associated phenotype were similar to baseline at two years post-AHSCT, but a slight decrease in the frequencies of a subset of natural Tregs (FoxP3+Helios+) was observed two years post-AHSCT. However, the phenotype of these Tregs cells showed an altered phenotype with decreased expression of CD62L, increased CCR5 and HLA-DR which resembles an activated effector memory type with possible CNS-migration properties.




4.6 CD8 T cell recovery and variability across patients

Although much of MS research has focused on CD4 T cells, emerging evidence suggests that CD8 T cells play a more significant role than previously appreciated. Histopathological analyses of post-mortem MS brain tissue have revealed a higher abundance of CD8 T cells compared to CD4 T cells. Additionally, studies in animal models have identified both myelin-reactive CD8 T cells and a potential regulatory function for this subset (42, 43). Given the distinct biological roles of CD4 and CD8 T cells, one plausible interpretation is that CD4 T cells initiate and drive the autoimmune process, whereas cytotoxic CD8 T cells act as effectors, executing tissue damage by targeting glial cells.

In the present study, we confirmed previous findings of a relatively rapid reconstitution of CD8 T cells in circulation post-AHSCT (5). The phenotypic profile of the CD8 compartment largely mirrored that of CD4 T cells, with a predominance of memory T cells at early time points post-transplant and a gradual recovery of naïve CD8 T cells over time.

At two years post-AHSCT, a shift from a naïve/Tcm-dominant to a Tem-skewed CD8 T-cell population remained evident, with significantly reduced proportions of naïve and Tcm CD8 T cells. However, substantial inter-patient variability was observed in chemokine receptor expression, PD-1 receptor expression, and distinct Tem/TEMRA CD8 T-cell CyTOF clusters.

Previous studies have reported an expansion of atypical terminally differentiated CD28- CD57+ CD8 T cells post-AHSCT, which has been linked to immunosuppression (8, 44). Interestingly, in our cohort, patients with EIDA exhibited high proportions of both CD57+ and CD57- CD8 cells lacking CD28 but co-expressing CD27. In contrast patients in remission showed increased proportions of highly differentiated CD57+ CD28- CD27- TEMRA-like cells, mirroring the corresponding antigen-experienced phenotype among the CD4 T-cells. This suggests a possible role for immune senescence in AHSCT-induced long-term tolerance.




4.7 MAIT cell dynamics

MAIT cells represent a unique subset of T cells characterized by the expression of the semi-invariant TCR TRAV1-2 (Vα7.2) paired with a limited set of TCRβ chains, typically TRBV6 or TRBV20. MAIT cells are primarily found in mucosal tissues, liver, and blood, where they respond to microbial vitamin B metabolites presented by MR1, triggering cytokine release and cytotoxic activity (45). Classical MAIT cells co-express CD161 and IL-18R, but a subset of Vα7.2+ T cells lack these markers, raising questions about whether these cells represent precursors to MAIT cells, a resting/naïve MAIT state, or an entirely distinct cell type. In MS, MAIT cells exhibit altered functionality and frequency, with their presence in MS lesions suggesting a potential role in MS pathology (46, 47).

Several studies have reported a persistent decline in MAIT cells following AHSCT in MS (38, 48, 49). In the present study, we observed a significant reduction in CD8 and double-negative (DN) MAIT cells at all time points up to two years post-transplant, with a slight recovery at later time points. In contrast, TcR Vα7.2+ T cells lacking classical MAIT markers (CD161-/IL-18R-) exhibited little variation from baseline. Whether these cells represent precursors to classical MAIT cells remains debated, and a more precise approach to defining their phenotype would involve the use of an MR1 tetramer loaded with an appropriate antigen. Additionally, given the frequent administration of antibiotics post-AHSCT, which alters the gut microbiota, it is possible that the reduction in classical MAIT cells reflects a decreased availability of bacterial-derived antigens necessary for their maintenance.




4.8 Limitations and future considerations

While our study provides valuable insights into immune reconstitution following AHSCT, several limitations should be acknowledged. The relatively small cohort size and observational design limit the generalizability of our findings, particularly regarding the subgroup experiencing post-AHSCT relapses. Consequently, these results should be considered exploratory and validated in larger cohorts. Moreover, our analyses were limited to circulating immune cell phenotypes, potentially influenced by external pathogens and immune events unrelated to MS.

Due to resource constraints and methodological scope, we did not include functional assays or B-cell receptor sequencing, which could provide deeper mechanistic insights. Specifically, detailed phenotypic and functional characterization of the unswitched IgD+IgM+ memory B-cell subset, including activation or exhaustion markers, somatic hypermutation status, and antibody secretion, represents an important direction for future research.

Future studies could also leverage single-cell sequencing and proteomics analyses of blood and cerebrospinal fluid (CSF) to further dissect molecular mechanisms driving immune reconstitution and relapse susceptibility.





5 Conclusion

Our findings underscore the potential of AHSCT to profoundly reset the immune system in RRMS, selectively depleting pathogenic Th1/Th17 CD4 T cells and expanding regulatory or exhausted PD-1+ subsets in CD4 and CD8 T cells. The observed expansion of atypical CD62L- naïve CD4 T cells post-AHSCT may represent a novel biomarker reflecting immune activation or regulatory processes.

Future studies should investigate these atypical naïve CD4 T cells, PD-1+ T-cell subsets, CD4/CD8 ratios, and unswitched IgD+IgM+ memory B cells to determine their utility as predictive biomarkers for treatment response and relapse. Further mechanistic studies incorporating functional analyses would also enhance understanding of immune dynamics post-AHSCT.

In conclusion, this study reinforces AHSCT as a transformative therapy capable of inducing sustained immunological changes in MS, providing a foundation for future biomarker discovery, therapeutic monitoring, and improved patient stratification.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The studies involving humans were approved by Regional Ethical Review Board in Uppsala (Dnr 2010/450/1 and 2012/080/1). The study was performed in concordance with the Declaration of Helsinki (1964). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

MM: Formal analysis, Visualization, Software, Data curation, Investigation, Writing – original draft, Methodology. IP: Writing – review & editing, Software, Visualization. AW: Project administration, Funding acquisition, Conceptualization, Writing – review & editing, Resources, Investigation. JB: Investigation, Conceptualization, Writing – review & editing, Supervision, Resources, Formal analysis, Writing – original draft, Project administration, Funding acquisition.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was funded by Bissen Brainwalk foundation, Marianne and Marcus Wallenberg Foundation, the MS research fund, the Neuro association, Olle Engkvist foundation, the Swedish Research Council (2021-02814), the Swedish Society for Medical Research and the Swedish Society for Medicine (Hildegard Machschefe’s donation).




Acknowledgments

The authors acknowledge the services of the SciLifeLab’s Cellular Immunomonitoring Facility in Stockholm for performing mass cytometry and providing support with data analysis, especially Lakshmikanth Tadepally, Yang Chen, Jaromir Mikes, and Petter Brodin.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that Generative AI was used in the creation of this manuscript. ChatGPT 4.0 was used for proofreading.





Author disclaimer

The funding agencies had no influence on design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for publication.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.1601223/full#supplementary-material

Supplementary Table S1 | Patient Characteristics, Treatments, and Post-AHSCT Outcomes. Demographic, clinical data and blood sampling time points for CyTOF and flow cytometry analysis of AHSCT treated multiple sclerosis (MS) patients. Abbreviations: EDSS: Expanded Disability Status Scale scores. AUB: Aubagio, DMF: Dimethyl fumarate, FLM : Fingolimod, GLA: Glatiramer acetate, IFN: Interferon beta, IVIG: Intravenous immunoglobulin, MTX: Mitoxantrone NTZ: Natalizumab , RTX: Rituximab. Summary statistics (medians and ranges) are provided at the bottom.

Supplementary Table S2 | Antibodies for Flow Cytometric analysis. The table summarizing antibodies and viability stains used for flow cytometric phenotypic analysis of T cells (panel 1-5). n/a; not applicable.




References

	 Jakimovski, D, Bittner, S, Zivadinov, R, Morrow, SA, Benedict, RH, Zipp, F, et al. Multiple sclerosis. Lancet. (2024) 403:183–202. doi: 10.1016/S0140-6736(23)01473-3


	 Muraro, PA, Martin, R, Mancardi, GL, Nicholas, R, Sormani, MP, and Saccardi, R. Autologous haematopoietic stem cell transplantation for treatment of multiple sclerosis. Nat Rev Neurol. (2017) 13(7):391–405. doi: 10.1038/nrneurol.2017.81


	 Muraro, PA, Mariottini, A, Greco, R, Burman, J, Iacobaeus, E, Inglese, M, et al. Autologous haematopoietic stem cell transplantation for treatment of multiple sclerosis and neuromyelitis optica spectrum disorder - recommendations from ECTRIMS and the EBMT. Nat Rev Neurol. (2025) 21(3):140–58. doi: 10.1038/s41582-024-01050-x


	 Harris, KM, Lim, N, Lindau, P, Robins, H, Griffith, LM, Nash, RA, et al. Extensive intrathecal T cell renewal following hematopoietic transplantation for multiple sclerosis. JCI Insight. (2020) 5(4). doi: 10.1172/jci.insight.127655


	 Darlington, PJ, Touil, T, Doucet, JS, Gaucher, D, Zeidan, J, Gauchat, D, et al. Diminished Th17 (not Th1) responses underlie multiple sclerosis disease abrogation after hematopoietic stem cell transplantation. Ann Neurol. (2013) 73:341–54. doi: 10.1002/ana.23784


	 Hendrawan, K, Khoo, MLM, Visweswaran, M, Massey, JC, Withers, B, Sutton, I, et al. Long-term suppression of circulating proinflammatory cytokines in multiple sclerosis patients following autologous haematopoietic stem cell transplantation. Front Immunol. (2021) 12:782935. doi: 10.3389/fimmu.2021.782935


	 Darlington, PJ, Stopnicki, B, Touil, T, Doucet, JS, Fawaz, L, Roberts, ME, et al. Natural killer cells regulate th17 cells after autologous hematopoietic stem cell transplantation for relapsing remitting multiple sclerosis. Front Immunol. (2018) 9:834. doi: 10.3389/fimmu.2018.00834


	 Visweswaran, M, Hendrawan, K, Massey, JC, Khoo, ML, Ford, CD, Zaunders, JJ, et al. Sustained immunotolerance in multiple sclerosis after stem cell transplant. Ann Clin Trans neurol. (2022) 9:206–20. doi: 10.1002/acn3.51510


	 Karnell, FG, Lin, D, Motley, S, Duhen, T, Lim, N, Campbell, DJ, et al. Reconstitution of immune cell populations in multiple sclerosis patients after autologous stem cell transplantation. Clin Exp Immunol. (2017) 189:268–78. doi: 10.1111/cei.12985


	 Massey, J, Artuz, C, Dyer, Z, Jackson, K, Khoo, M, Visweswaran, M, et al. Diversification and expansion of the EBV-reactive cytotoxic T lymphocyte repertoire following autologous haematopoietic stem cell transplant for multiple sclerosis. Clin Immunol. (2023) 254:109709. doi: 10.1016/j.clim.2023.109709


	 Porrata, LF, Litzow, MR, and Markovic, SN. Immune reconstitution after autologous hematopoietic stem cell transplantation. Mayo Clinic Proc. (2001) 76:407–12. doi: 10.1016/S0025-6196(11)62388-4


	 Thompson, AJ, Banwell, BL, Barkhof, F, Carroll, WM, Coetzee, T, Comi, G, et al. Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria. Lancet Neurol. (2018) 17:162–73. doi: 10.1016/S1474-4422(17)30470-2


	 von Niederhausern, V, Ruder, J, Ghraichy, M, Jelcic, I, Muller, AM, Schanz, U, et al. B-cell reconstitution after autologous hematopoietic stem cell transplantation in multiple sclerosis. Neurology(R) neuroimmunol Neuroinflamm. (2022) 9(6). doi: 10.1212/NXI.0000000000200027


	 Konigs, C, Schultze-Strasser, S, Quaiser, A, Bochennek, K, Schwabe, D, Klingebiel, TE, et al. An exponential regression model reveals the continuous development of B cell subpopulations used as reference values in children. Front Pediatr. (2018) 6:121. doi: 10.3389/fped.2018.00121


	 Budeus, B, Kibler, A, and Kuppers, R. Human IgM-expressing memory B cells. Front Immunol. (2023) 14:1308378. doi: 10.3389/fimmu.2023.1308378


	 Comabella, M, Canto, E, Nurtdinov, R, Rio, J, Villar, LM, Picon, C, et al. MRI phenotypes with high neurodegeneration are associated with peripheral blood B-cell changes. Hum Mol Genet. (2016) 25:308–16. doi: 10.1093/hmg/ddv473


	 Palanichamy, A, Jahn, S, Nickles, D, Derstine, M, Abounasr, A, Hauser, SL, et al. Rituximab efficiently depletes increased CD20-expressing T cells in multiple sclerosis patients. J Immunol. (2014) 193:580–6. doi: 10.4049/jimmunol.1400118


	 Hauser, SL, Bar-Or, A, Comi, G, Giovannoni, G, Hartung, HP, Hemmer, B, et al. Ocrelizumab versus interferon beta-1a in relapsing multiple sclerosis. N Engl J Med. (2016) 376(3):221–34. doi: 10.1056/NEJMoa1601277


	 Hauser, S, Waubant, E, Arnold, D, Vollmer, T, Ante, LJ, Fox, R, et al. B-cell depletion with rituximab in relapsing-remitting multiple sclerosis. N Engl J Med. (2008) 358:676–88. doi: 10.1056/NEJMoa0706383


	 Baker, D, Pryce, G, James, LK, Schmierer, K, and Giovannoni, G. Failed B cell survival factor trials support the importance of memory B cells in multiple sclerosis. Eur J Neurol. (2020) 27:221–8. doi: 10.1111/ene.14105


	 Silk, M, and Nantz, E. Efficacy and safety of tabalumab in patients with relapsing–remitting multiple sclerosis: a randomized, double-blind, placebo-controlled study. Neurology. (2018) 90(15_supplement). doi: 10.1212/WNL.90.15_supplement.P3.397


	 Claes, N, Fraussen, J, Stinissen, P, Hupperts, R, and Somers, V. B cells are multifunctional players in multiple sclerosis pathogenesis: insights from therapeutic interventions. Front Immunol. (2015) 6:642. doi: 10.3389/fimmu.2015.00642


	 DiSano, KD, Gilli, F, and Pachner, AR. Memory B cells in multiple sclerosis: emerging players in disease pathogenesis. Front Immunol. (2021) 12:676686. doi: 10.3389/fimmu.2021.676686


	 Noui, Y, Zjukovskaja, C, Silfverberg, T, Ljungman, P, Kultima, K, Tolf, A, et al. Factors associated with outcomes following autologous haematopoietic stem cell transplantation for multiple sclerosis. J Neurol Neurosurg Psychiatry. (2025). doi: 10.1136/jnnp-2024-335512


	 Mishra, MK, and Yong, VW. Myeloid cells - targets of medication in multiple sclerosis. Nat Rev Neurol. (2016) 12:539–51. doi: 10.1038/nrneurol.2016.110


	 Zrzavy, T, Hametner, S, Wimmer, I, Butovsky, O, Weiner, HL, and Lassmann, H. Loss of ‘homeostatic’ microglia and patterns of their activation in active multiple sclerosis. Brain. (2017) 140:1900–13. doi: 10.1093/brain/awx113


	 Kapellos, TS, Bonaguro, L, Gemund, I, Reusch, N, Saglam, A, Hinkley, ER, et al. Human monocyte subsets and phenotypes in major chronic inflammatory diseases. Front Immunol. (2019) 10:2035. doi: 10.3389/fimmu.2019.02035


	 Ngo, C, Garrec, C, Tomasello, E, and Dalod, M. The role of plasmacytoid dendritic cells (pDCs) in immunity during viral infections and beyond. Cell Mol Immunol. (2024) 21:1008–35. doi: 10.1038/s41423-024-01167-5


	 Consortium, IMSG, Consortium, WTCC, Sawcer, S, Hellenthal, G, Pirinen, M, Spencer, CC, et al. Genetic risk and a primary role for cell-mediated immune mechanisms in multiple sclerosis. Nature. (2011) 476:214–9. doi: 10.1038/nature10251


	 Sospedra, M, and Martin, R. Immunology of multiple sclerosis. Semin Neurol. (2016) 36:115–27. doi: 10.1055/s-0036-1579739


	 Sospedra, M, and Martin, R. Immunology of multiple sclerosis. Annu Rev Immunol. (2005) 23:683–747. doi: 10.1146/annurev.immunol.23.021704.115707


	 Ivetic, A, Hoskins Green, HL, and Hart, SJ. L-selectin: A major regulator of leukocyte adhesion, migration and signaling. Front Immunol. (2019) 10:1068. doi: 10.3389/fimmu.2019.01068


	 Burgoyne, CH, Field, SL, Brown, AK, Hensor, EM, English, A, Bingham, SL, et al. Abnormal T cell differentiation persists in patients with rheumatoid arthritis in clinical remission and predicts relapse. Ann Rheum Dis. (2008) 67:750–7. doi: 10.1136/ard.2007.073833


	 Izmailova, E, Walker, R, Fitzgerald, M, Ocain, T, Jaffee, B, and Healy, AM. Quantitation of peripheral blood markers of rat experimental autoimmune encephalomyelitis. Autoimmunity. (2007) 40:355–65. doi: 10.1080/08916930701391579


	 Li, YF, Zhang, SX, Ma, XW, Xue, YL, Gao, C, Li, XY, et al. The proportion of peripheral regulatory T cells in patients with Multiple Sclerosis: A meta-analysis. Mult Scler Relat Disord. (2019) 28:75–80. doi: 10.1016/j.msard.2018.12.019


	 Massey, J, Visweswaran, M, Khoo, M, Hendrawan, K, Sutton, I, Withers, B, et al. Detailed immunophenotyping of the hematopoietic graft from patients with multiple sclerosis undergoing autologous hematopoietic stem cell transplant. Cytotherapy. (2023) 25:1271–6. doi: 10.1016/j.jcyt.2023.08.010


	 Verreycken, J, Baeten, P, and Broux, B. Regulatory T cell therapy for multiple sclerosis: Breaching (blood-brain) barriers. Hum Vaccin Immunother. (2022) 18:2153534. doi: 10.1080/21645515.2022.2153534


	 Abrahamsson, SV, Angelini, DF, Dubinsky, AN, Morel, E, Oh, U, Jones, JL, et al. Non-myeloablative autologous haematopoietic stem cell transplantation expands regulatory cells and depletes IL-17 producing mucosal-associated invariant T cells in multiple sclerosis. Brain. (2013) 136:2888–903. doi: 10.1093/brain/awt182


	 Mariottini, A, Cencioni, MT, and Muraro, PA. Immune cell reconstitution following autologous hematopoietic stem cell transplantation in multiple sclerosis. Handb Clin Neurol. (2024) 202:55–74. doi: 10.1016/B978-0-323-90242-7.00003-1


	 Burman, J, Fransson, M, Totterman, TH, Fagius, J, Mangsbo, SM, and Loskog, AS. T-cell responses after haematopoietic stem cell transplantation for aggressive relapsing-remitting multiple sclerosis. Immunology. (2013) 140:211–9. doi: 10.1111/imm.2013.140.issue-2


	 Arruda, LC, Clave, E, Moins-Teisserenc, H, Douay, C, Farge, D, and Toubert, A. Resetting the immune response after autologous hematopoietic stem cell transplantation for autoimmune diseases. Curr Res Transl Med. (2016) 64:107–13. doi: 10.1016/j.retram.2016.03.004


	 Saligrama, N, Zhao, F, Sikora, MJ, Serratelli, WS, Fernandes, RA, Louis, DM, et al. Opposing T cell responses in experimental autoimmune encephalomyelitis. Nature. (2019) 572:481–7. doi: 10.1038/s41586-019-1467-x


	 Sun, D, Whitaker, JN, Huang, Z, Liu, D, Coleclough, C, Wekerle, H, et al. Myelin antigen-specific CD8+ T cells are encephalitogenic and produce severe disease in C57BL/6 mice. J Immunol. (2001) 166:7579–87. doi: 10.4049/jimmunol.166.12.7579


	 Autran, B, Leblond, V, Sadat-Sowti, B, Lefranc, E, Got, P, Sutton, L, et al. A soluble factor released by CD8+CD57+ lymphocytes from bone marrow transplanted patients inhibits cell-mediated cytolysis. Blood. (1991) 77:2237–41. doi: 10.1182/blood.V77.10.2237.2237


	 Godfrey, DI, Koay, HF, McCluskey, J, and Gherardin, NA. The biology and functional importance of MAIT cells. Nat Immunol. (2019) 20:1110–28. doi: 10.1038/s41590-019-0444-8


	 Salou, M, Nicol, B, Garcia, A, Baron, D, Michel, L, Elong-Ngono, A, et al. Neuropathologic, phenotypic and functional analyses of Mucosal Associated Invariant T cells in Multiple Sclerosis. Clin Immunol. (2016) 166-167:1–11. doi: 10.1016/j.clim.2016.03.014


	 Willing, A, Leach, OA, Ufer, F, Attfield, KE, Steinbach, K, Kursawe, N, et al. CD8(+) MAIT cells infiltrate into the CNS and alterations in their blood frequencies correlate with IL-18 serum levels in multiple sclerosis. Eur J Immunol. (2014) 44:3119–28. doi: 10.1002/eji.201344160


	 Ruder, J, Rex, J, Obahor, S, Docampo, MJ, Muller, AMS, Schanz, U, et al. NK cells and innate-like T cells after autologous hematopoietic stem cell transplantation in multiple sclerosis. Front Immunol. (2021) 12:794077. doi: 10.3389/fimmu.2021.794077


	 Moore, JJ, Massey, JC, Ford, CD, Khoo, ML, Zaunders, JJ, Hendrawan, K, et al. Prospective phase II clinical trial of autologous haematopoietic stem cell transplant for treatment refractory multiple sclerosis. J Neurol Neurosurg Psychiatry. (2018) 90(5):514–21. doi: 10.1136/jnnp-2018-319446







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Müller, Pavlovic, Wiberg and Burman. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-16-1601223-g004.jpg
tSNE 2

B&SEllne Frequency of B cells
Subset Name Baseline| 2 years
1 ] Naive IgD*IgMdim 37.407 58.623
150 < o - Naive IgD+igM* 7314 16.592
1 ’ 1 Naive IgD*lgMdimCD21- 1.407 1.486
] *» 1 Naive CD38high (Trb2) 12.963 9.018
80 — 80 - Trb1_Bregs 0.980 0.753
] ] f. Unswitched IgD*igM- 0.136 0.054
& ‘I l 3 - Unswitched IgD*IigM* 4.069 0.798
3 Switched IgM* 13.043 3.762
] . ] Switched IgG*IgE* 12.838 5370
40 - 40 1 Switched IgA* 6.220 2.359
1 2 g Plasma cells IgM* 0.009 0.003
20 - ‘ 20 4 Plasma cells IgG*IgE* 0433 0.184
1 ] Plasma cells IgA* 0.443 0.201
g ] .‘ . " ] DNIgG_IgE 1.837 0.612
B R I T r T T DN IgAt 0471 0.081
0 20 40 60 80 100 0 20 40 60 80 100
tSNE 1 tSNE 1
CD11c | CD123 | CD185 CD19 CD20 cD21 CD22 CD24 CcD27 CD38 CD39 CD44 |CD45RA | HLA-DR IgA IgD igMm
[—

Log2 fold change

C Fold change 2 years vs. Baseline

5

o
m
N

]

1
a1

N
o

Trrrrrrrrrrrrrrt

abcdefghijk

| IR W— | W—— | S——
Memory Plasma DN

Naive

fil

mn o

W

tSNE 2

100 100 —
80 — 80 -
] R
60 — Y e
] 2 L-
40 40 —
20 20
] 01
B e S| L N I | e
0 20 40 60 80 100 0
tSNE 1 tSNE 1
CD11c | CD123 | CD185 | CD19 CD20 CD21 CcD22 CD24 CcD27 CD38 CD39 CD44 |CD45RA|HLA-DR IgA IgD Igm

EE—  SeeeeaaaaaaS"
D Unswitched IgD*IgM* (cl.g)

Freq.of B cells

20

—
()]
|

—
o
|

(&)
|

o
|

skkk
=]
2]
[ ]
(]
S %
I I [ |
eé}\(\e' é‘);\ éo ‘2‘0
F
(<)
QO






OEBPS/Images/fimmu-16-1601223-g010.jpg
TcRVo7.2* CD8 T cells

TcRVa7.2*
A C (o)
60 -
© 50
8 40 ¢
. 30 ., %
® 20! L
O 20 o
S 15— =
i v (2]
8 10 s
L 5 o ‘:
0,
[ I I I I
O
é}\(\z‘bg)((\ N (ﬁ@gﬁ@‘z‘
&
TcRVo7.2* sub sets CXCR6 expression
B Classical MAIT C Classical MAIT .
60 - 1007 Gboot « o =
n 50
= skkkk L2
8 40- B 807
_!__ 30 ° o 60
R 20+ ° x
227 S 40-
© 15 ol
8 10 © 90-
L 5 L
0- 0-

604 —

Freq. of CD8" T cells
=2 2NN WP~
O U1 OO O O O
\ | [ | \ |

[

© S P B

50

Freq. CXCR6" cells






OEBPS/Images/cover.jpg
’ frontiers | Frontiersin Immunology

Longitudinal immune profiling
following autologous hematopoietic
stem cell transplantation in multiple

sclerosis: insights into immune

reconstitution and disease modulation





OEBPS/Images/fimmu-16-1601223-g006.jpg
tSNE 2

Baseline

120

SNE 2

Freqg. of CD8+/DN T cells|

GoRs | Go127 | CD161] CDio4] Cb27 | Coz8 | GD31

D3 | 039 | CDe4 ods

G057 JHLADR] 1005 | K67 | PD-1 | TeRys.

(g}

IS

N

Log2 fold change
) o

A

Subset Name Baseline 2 years

Naive 5.782 3.869 1201

cD31- 8515 6.300

CD38- 6.798 2.363

HLA-DR* 7.797 4.259 %

cD127- 1373 2931
Naive activated Ki67+ 0515 0.202
Memory 7.975 4078 « o
Memory CD194* 8.165 5535 % 0 - ™
Tem CD194* 1341 1128 ¢ 2
Tem CCR5+PD-1* 6.050 8.410
Tem/TEMRA CD57 4.283 7.044
Tem/TEMRA CD57* 3.904 8.993 =7
TEMRA CD57+ HLA-DR* 2503 3139
T CcDs7*+ 13.538 24.009
T CD57- 3379 4.881 3
TEMRA CD161* CD5T*+ 2.062 3.749 o
MAIT 8.485 2115
MAIT CD27- 0.997 0318
TCRYS Tem CD161* 2.827 1.880
TcRYS Tem CD161-CD57- 0.745 1.221
TcRyS Tepy CD57*CD161+ 2.876 3576

Fold change 2 years vs. Baseline

abcdefghijklimnopgrstu

Naive | Tem/Temra | TCRys

Tem/Tem

MAIT

G161 | Cbio4] coar

Go3 | co3s | Coas [ooa

Gos7 [WLADR]

P01 | TeRyS





OEBPS/Images/fimmu-16-1601223-g009.jpg
PD-1* CD4* T cells

CXCR3*(Th1) CXCR3* CCR6* (Th1/Th17) CCR6* (Th17)
A B C
Kk *
40 30 25
% 30 % % 205
[ — 20 -
S 204 3 517
&£ 2 © 404
o © 10 o
g 107 8 g 5
L L L
0- 0- 0-
[ [ [ [ I [ I I I I [ I I I I I I I
Q‘}\(\Q’ ‘b"oé\ N ‘15(037* ‘2‘0 Q;\\(\Q)(bfo@ '\\\ r];\ c;bﬁ ‘2‘0 Q;\\(‘Q,bg)& '\* "15 o;b\\ ‘2\0
& & &
PD-1-CD4*T cells
CXCR3*(Th1) CXCR3* CCR6* (Th1/Th17) CCR6* (Th17)
D = F
40— 30— 25—
2 g% KKKk 0 il
8 30 3 g 207
— — 20 —
% 5 5"
2 o © 40-
o S 10 [$)
g 107 g g 5
[T L (N
0- 0- 0-
I [ [ | [ [ [ [ [ [ [ [ [ [ [ [ I I
Q;\\(\Q,bfoé\ N ‘lﬁ 9358\ ‘2‘0 Q;\\(\Q’(b,"oé\ N (17\(,;8\ ‘2‘0 é\(‘@,b,‘b@ N fﬁ%ﬁﬁ ‘2‘0
< < 7





OEBPS/Images/fimmu-16-1601223-g007.jpg
Maturation phenotype CD4 T cells

em

Tcm

Naive CD62L"

Naive

00

*okkk

o o o o

slieo 1 ,¥a0 1o "baiy

PP O L
-1 expression

E
PD

Th17

Th1/Th17

Fkkk

o o o [

o o) o o]

Q& - -

o o o
™ N —

S|199 1 ,¥A9 Jo baig






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-16-1601223-g003.jpg
>

Baseline

2 - 25 -
2 - 2 -
o 15— o 15—
o a
<
S ] ES
2 10— 2 10 -
5- 5-
1 1
0- 0-
I T I i I I I
0 10 15 2 0 10 15
UMAP 1 UMAP 1
CD11c cD123 cD14 cD16 CD38 CD39 CD44 CD45RA CXCR3 HLA-DR
e.

Freq. ofMyeloid cells

Subset Name Baseline 2 years
Classical monocytes 80.305 57.779
Intermediate monocytes 4.632 4530
Non classical monocytes 6.016 15.068
DC 5.183 12.015
. pDC 3325 9.111
Other cells 0.538 1496

C Fold change 2 years vs. Baseline

6
g 4 T
2 . .
S, s
ko] O =ecccecocgene cceehocee ceceefocee
) - L
o] ™
8
— -4
-6
N & & &P
P S P Q
0\% &\ c}’b
2N
AR
(W S |

Monocytes

257 25 -

20~ 20 -

~ 15- w 15
N ] o
< 4 <
= 1 =

> 10- > 10—

50— 5,0 -

0 _- 0 —

1 | | | \
0 50 10 15 20 0 50 1015 20
UMAP 1 UMAP 1
CD11ec cD123 CcD14 CcD16 CD38 CcD39 CD44 CD45RA CXCR3 HLA-DR Mac-1






OEBPS/Images/fimmu-16-1601223-g001.jpg
CD4* T cells/ul

CD8* T cells/ul

2500
2000

1500

2500
2000
1500
1000

500

HSCT MS patients

Cell count CD4* T cells

Cell count CD8* T cells

T T T T T 171

B
Frequency CD4"* T cells
Fkk
100+ *  x
2 R —_
8 804
[
5 60
4 '
<
Q40
O
g 20
L
0,
I I T I T I I I
Q}\(g; & N N oY 3N Y o
X
E
Frequency CD8* T cells
kK
P B
8 80
'_
5 60
%
[a) - L ]
8 40
8 204
i
0,
I I T I T I I I
é§gq§> N Y o3) Y 5\ o)
o
G
CD4/CD8 ratio
[ee]
a
o
<
a
(@}

LB B B B
é§@69 N 3 03 5N 5N o
&

ND and HC controls

Cc

100+
80
60—
40

20

Freq CD4* of T cells

o
1

100

80

60

40

20

Freq. CD8" of T cells

whoo
I

CD4/CD8

[elelelelely

ohoRo®mo = N
|

Frequency CD4* T cells

mn ] [ )
®
L 'Y
T I
® F

Frequency CD4* T cells

[ ] ] ..0
n HE ...‘:
= 3
T T
O
CD4/CD8 ratio
-.-.. 'Tr:-’
T T
NN





OEBPS/Images/fimmu-16-1601223-g005.jpg
tSNE2

A Baseline B 2 years
Freq. of CD4+ T cells
120 = Subset Name Baseline 2 years 120 =
Naive 9.758 8.138
Naive CD38- 6.619 2.559
Naive Ki-67* 0.658 1.918
i Naive HLA-DRYIm 8169 8.253
Naive CDS-HLA-DR* 8106 8.020
. - N Naive Activated 1654 4757 o o
00 = H Memory 6.994 | 2.564 H H
* Memory CD161* 12213 5.485
4 Memory CD161*CD194* 7475 7.732
. Memory CD194* 12245 9.173
305 Memory ICOS*CD38* 5553 5.572
? Activated Memory PD-1* 2783 4.060
Tom CD194* 559 8.014
o , .Vu Tom PD-1* 3617 7.585
o 2 ) L ' Temga CD57*PD-1* 5137 12.407
oo Regulatory T cells 3723 3.762
Gors | cotar | corer | cotet | cozr | cvas | cost | coss [ cow | cow [oomma] cos | cosr | oriad [miadr] wos [ ket | o Gors | cotzr | corer | cotet | cozr | ovas | cost | coss [ cow | cow [oowma] cos | cosr [ oriad [miadn] tos [ kier | o
=il
- ]
- o
il |
=)
e ||
||
EE——— ] EE——— ]
: + +
6 Fold change 2 years vs. Baseline CD4* central memory type (Tcm) CD4* effector memory type (T,
[}
o 4 D E
g Memory (cl.h) Memory CD161* (cl.g) Tem CD194* (cl.m) Tem PD-1%(cl.n)
o 2 *k
S 15 25 o 15 15
kel o2 i 2 —_ o ]
S o 8 3 20 - 8 A 8
o~ 10 e 10 10
+ + + +
=) % 515 > 3 =
S Q a Q Q
| o (S o a o o
5 5 5 5 5 ag® B 5 /. e
-4 g g 5 g . g i
B g 8 0<: - g 3 .L.:
0 0 0 0 "
abcdefghijkImnop T
\ I n i @ P ® ¥ P
v & O & O
Naive Tom/Tem TReg & F T
QO QO

Tem/TEMRA






OEBPS/Images/fimmu-16-1601223-g008.jpg
Naive

>

@
o
|

AFkkk

2]
o
1

Freq. of CD8* T cells
N Py
T 9

N w
o o
| 1

Freq. of CD8" T cells
2

o
L

Freq. of CD8* T cells

Freq. of CD8" T cells

(o2}
=}
|

Maturation phenotype CD8 T cells

Naive CD62L"

40 skokok

Freq. of CD8* T cells
N
s

10
O_
T T T T T T T
é§g;§§> “\Q$¢§5\<§>~$D
o
G PD-1 expression
100
2
8807 AR
N
+ 60+ v“‘.'r ig?\
3 "%’fﬁ’ﬂ:.
Qa4 A Zpa %
o = ' d
Ton | %
EZO &
0,
T T T T T T
Q;\\Q\Q,bb@ N "17‘6'}2’* ‘2‘0
&

em

100

80

60—

Freq. of CD8" T cells






OEBPS/Images/fimmu-16-1601223-g002.jpg
B cells

T cells

@ ®
ooogfoo |OA\ o Mm ® ooH P
wih lo,  F T,
ie)
= o)
A;V ——
i | O ® i -
L %\m\ >
S, 2
“%. %o
6% <&
&
ST EE ST EE 0
o SOINgd +S+aD Jo "bai4 - SOINgd +S+AD Jo "bai4
i ooTooo o) ® 007000
ol o %, o 'Y
w EEm i ®
"5 % ® AL
o
- X
Dt S, 2 NI
) /\0% :
~ (o)
0@@%\%0
6% [vg
&
0 6 5 o o o W © W o W o
S ® © ¥ « N & - -

<  SHNgd +SaD Jo “baiq O sONgd +G¥aD Jo “baid






