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Introduction: Although numerous disease-modifying treatments have been
introduced for multiple sclerosis (MS), approximately 25% of patients
experience therapeutic failure. This underscores the urgent need for reliable,
minimally invasive biomarkers to predict treatment response at early stages. This
study aimed to investigate 22 circulating immune cell subpopulations and their
immune checkpoint (IC) expression profiles to identify early immunological
biomarkers indicative of therapeutic failure in MS patients.

Methods: In this observational and prospective study, 119 patients with
relapsing-remitting MS were enrolled, including 69 responders and 50 non-
responders, and 29 healthy controls. Spectral flow cytometry was used to
immunophenotype 22 immune cell subpopulations and quantify the
expression of co-stimulatory and co-inhibitory ICs before and at three months
post-treatment initiation. Their correlation with therapeutic response over 12
months in MS patients was also analyzed. The response to treatment was
evaluated using the No Evidence of Disease Activity composite, which includes
clinical relapses, new lesions on MRI and progression of motor disability.
Results: We identified differential IC expression patterns between MS patients
and healthy controls, revealing specific ICs involved in the disease. Within the MS
cohort, we observed differences between treatment responders and non-
responders. Responders exhibited higher CD70 expression on Natural
Killer®'9" cells. Additionally, elevated inhibitory CTLA-4 levels on CD20°CD27*
B cells may serve as biomarker for disability progression. BTLA expression on
CD20*CD27" B cells was associated with relapse events, and PD-L1 expression
on Natural Killer®"9" cells appeared to be a potential biomarker for progression
independent of relapse activity (PIRA).
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Discussion: These findings highlight that specific immune cell subpopulations
and their IC expression profiles can serve as valuable, early, and minimally
invasive immunological markers for predicting therapeutic response in

MS patients.
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Immune profiling as predictor of
therapeutic response in patients with MS
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GRAPHICAL ABSTRACT

1 Introduction

Multiple sclerosis (MS) is an immune-mediated neurological
disease of the central nervous system (CNS) that affects 2.8 million
people worldwide (1). Although the etiology is unknown, the most
accepted hypothesis is that MS is a multifactorial entity that occurs
when certain environmental factors act on genetically predisposed
individuals. This interplay between genetic predisposition and
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environmental exposure results in immune system dysfunction
that initiates with a loss of immune tolerance to CNS myelin
antigens. T cells mistakenly recognise CNS myelin antigens as
“foreign” (2) probably due to a defect in the recognition of
antigens presented by antigen-presenting cells to T cells via the
immunological synapse (3). When the synapse becomes overly
sensitive, it can result in the inappropriate activation of
autoreactive T and B cells, which then target the body’s own CNS
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myelin (4). The immunological synapse functions by integrating
activating and inhibitory signals, which are known as immune
checkpoint (IC) molecules. Dysregulation of these signals, such as
the overactivation of costimulatory pathways or under activation of
inhibitory checkpoints, can lead to a breakdown in self-tolerance
toward myelin (5). When this occurs, autoreactive T cells, together
with B cells and monocytes, cross the blood-brain barrier and
infiltrate the brain and spinal cord tissue. Once inside the CNS,
they release cytokines and autoantibodies, which activate astrocytes
and microglia, degrade the extracellular matrix and induce
apoptosis in oligodendrocytes. This inflammatory immune
response leads to demyelination in the CNS, resulting in axonal
and neuronal loss (6).

These lesions in CNS are associated with varying levels of
disability, making patients highly vulnerable and dependent. It is
essential to provide these individuals with the most effective
treatments to reduce disease activity and disability, improving
their quality of life for them and their families. Over the past 20
years, researchers have developed 20 different disease modifying
therapies (DMTs) to help treat MS by controlling the immune
system’s aggressive response against the CNS (7). However, despite
these therapeutic advancements, more than 25% of patients do not
respond adequately to the initial treatment and must switch to a
different drug, which can be an uncertain and challenging process.
Although serum neurofilament light chains are a promising
biomarker of neuroinflammation and treatment response, this
study was conducted to provide additional robustness to current
biomarkers. Currently, there are no blood biomarkers implemented
in clinical practice to help neurologists select the most effective
treatment for each patient or to detect therapeutic failure early
enough to allow timely adjustments (8). Instead, treatment failure is
monitored by waiting for new relapses or detecting new damage in
the CNS, which puts at risk the patient’s health and integrity.

DMTs have been shown to influence the expression of IC
molecules in patients with MS, highlighting their potential as
biomarkers of disease activity and treatment response. Interferon-f3
treatment has been associated with upregulation of CD40, CD86, and
PD-L1 ligands in relation to clinical response to treatment (9) and
with reduced serum levels of CD40L correlating with response to
treatment (10). Dimethyl fumarate has been reported to
downregulate CD40 on dendritic cells and increase CD27
expression in B cells (11). Additionally, altered PD-1/PD-L1
expression profiles correlate with disability progression and
increased PD-1" T follicular helper cell frequencies in cerebrospinal
fluid have been linked to worsening disease (12-15). Similarly,
functional alterations in TIM-3 and CTLA-4 have been associated
with MS progression and therapeutic response (16-20). Moreover,
changes in soluble CD40L levels following treatment with
natalizumab, glatiramer acetate, or interferon-f§ suggest its utility as
a marker of therapeutic efficacy (21-23). Collectively, these findings
underscore the potential of ICs as biomarkers for MS diagnosis,
disease staging, prognosis, and monitoring of therapeutic responses,
thereby paving the way toward personalized strategies in managing
this complex autoimmune disorder.
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This study aims to establish a novel strategy for the early
assessment of treatment response in patients with MS, enabling
clinicians to anticipate clinical events that could lead to irreversible
disability. To achieve this, we sought to identify early biomarkers
that reflect how treatment is influencing the patient’s immune
system and whether these immunological changes are associated
with subsequent treatment response or failure. We propose a
detailed analysis of 22 immune subpopulation proportions and
their expression of activating and inhibitory ICs. By analysing the
expression patterns of these checkpoints in specific immune
subpopulations, we can assess how treatments are modulating the
immune system. This information can help identify early signs of
therapeutic success or failure, enabling timely intervention to
optimise patient outcomes.

2 Material and methods
2.1 Study design

This was an observational, longitudinal, prospective clinical study
involving patients with a confirmed diagnosis of relapsing-remitting
MS based on the McDonald criteria (24), conducted between May
2021 and October 2024. Each patient attended three visits at specific
time points for correlative assessments: pre-treatment (prior to
initiating treatment) and post-treatment (at 3 and 12 months after
treatment onset). These visits were aligned with routine clinical
practice and did not cause additional discomfort for participants.
All clinical assessments and outcome measurements were conducted
exclusively by experienced neurologists. Participants were selected
according to the following criteria:

Inclusion criteria: male and female patients over 18 years old
with RRMS initiating or changing their DMT (Interferons,
Teriflunomide, Dimethyl fumarate (DMF), Cladribine (CdA),
Natalizumab (NTZ) and anti-CD20 treatments).

Exclusion criteria: patients with progressive MS, current
substance dependence, severe comorbid conditions, with other
immune-mediated disease, pregnant or breastfeeding women, and
those participating in pharmacological treatment trials or
receiving chemotherapy.

As a control group, the study included healthy controls (HCs)
who voluntarily agreed to participate.

A priori sample size calculation using G*Power 3.1 indicated
that a minimum of 114 patients was required to achieve 80% power
at a 0.05 significance level. The present study included 119 patients.

2.2 Ethics approval

This study was approved by the Research Ethics Committee of
La Paz University Hospital (PI-4675). Data management was
conducted in compliance with Spanish Law 14/2007 of July 3rd
on Biomedical Research, ensuring the confidentiality of all personal
information. The study adhered to the ethical principles outlined in
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the World Medical Association’s Declaration of Helsinki. Informed
consent was obtained from all participants.

2.3 Demographic and clinical data

The following demographic and clinical information was
collected from participants: sex; age; disease duration; baseline
and 12 months after treatment scores on the Expanded Disability
Status Scale (EDSS); Nine-Hole Peg Test (9-HPT) and
current treatments.

2.4 Clinical variables

The potential relationship between the proportion of cellular
subpopulations and their expression of ICs before and after treatment
initiation with new relapses, new lesions on magnetic resonance
image (MRI), and EDSS and 9HPT progression occurred throughout
the 12-month follow-up period of the study was analyzed. In
addition, progression independent of relapse activity (PIRA) and
relapse-associated worsening (RAW) were also examined.

Moreover, treatment response was evaluated at the 12-month
follow-up based on the ECTRIMS guidelines (25) and the NEDA-3
(No Evidence of Disease Activity-3) criteria. Patients were classified
as “responders” if they had no relapses, no MRI activity, and no
disability progression (assessed using the EDSS and the 9-HPT)
during 12 months of follow-up (26). Those presenting any of these
three signs of EDA (Evidence of Disease Activity) for 12 months
were categorized as “non-responders”. Lastly, this study also
explores PIRA defined by confirmed disability accumulation on
the EDSS scale at 6 months during a relapse-free period; and
relapse-associated worsening (RAW).

2.5 Sample collection

A total of 10 mL of blood was collected from patients with RRMS,
distributed into 2 EDTA tubes. For those who had received previous
DMTs, the required washout period for each treatment was observed
according to standard clinical practice. Peripheral blood was
immediately centrifuged at 3000 g for 15 minutes at 4 °C. Plasma
was collected in tubes and stored at temperature of -80 °C until
further analysis. Peripheral blood mononuclear cells (PBMCs) were
isolated using a density gradient separation method with Ficoll, then
collected in 2 cryotubes and stored at N, until further analysis.

2.6 Immunophenotypic profiling of
immune cell subpopulations

PBMCs were thawed, washed, and directly processed for staining.
Cell viability was determined using a Live and Dead viability dye, and
only samples with >80% viability was included in the analysis. To
identify the specific subpopulations that influence treatment response
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mechanisms, the immune subsets proportion was characterised and
compared across different groups. For this purpose, the following 22
subpopulations were studied according to methods previously
described (27-29) in the literature: classic monocytes CD14"™CD16,
non-classic monocytes CD14"°CD16", intermediate monocytes
CDh14'°MCD16", inflammatory dendritic cells (InfDCs)
CD14"HLADR"CDIC", CD197CD20"CD27 B cells,
CD19°CD20'CD27" B cells, CD19°CD20°CD27" B cells, memory
Treg cells CD3"CD4'CD25"'CD127 CD27'CD45RA’, naive Treg
cells CD3"CD4"CD25"CD127 CD27*CD45RA™, naive Th cells
CD4'CD3"CD4"CD27"CD45RA", memory Th cells
CD4"CD3*CD27"CD45RA", effector Th cells CD3*CD4"CD27"
CD45RACD27°, naive CD8" T cells CD3"CD8"CD45RA*CD277,
memory CD8" T cells CD3*CD8"CD45RA CD27", effector CD8" T
cells CD3"CD8"CD45RA CD27’, terminal effector CD8" T cells
CD3"CD8"CD45RA"CD27, CD56"CD3" cells, NK CD16
CD56™#", NK CD16"™CD56""¢", NK CD16™*¢"CD56"™, NK
CD16™#"CD56, NK CD16%™CD56"™, NK CD16' CD56"™ using
the CytekTM Aurora flow cytometer. The data obtained were
processed using Flow]oTM v_10.10.0 software (FlowJo, LLC, USA),
which allows for the processing, analysis and visualisation of flow
cytometry data. For specific information regarding the fluorochromes
used in the designed panel, please refer to Supplementary Table 1.

2.7 Analysis of surface immune checkpoint
expression

The expression of the following co-stimulatory and co-inhibitory
ICs was analyzed in each cell subset and compared between groups:
CD80-CD28/CTLA-4, CD70-CD27, PD-1-PD-L1, HVEM-BTLA-4,
CD40 and OX40. This expression was analyzed using the CytekTM
Aurora flow cytometer (Cytek). The data obtained were processed
using Flow]oTM v_10.10.0 software (FlowJo, LLC, USA). For specific
information regarding mean fluorescence intensity (MFI) and event
counts please refer to Supplementary Tables 2 and 3.

2.8 Study of soluble immune checkpoint
levels

The plasma levels of the following soluble co-stimulatory and
co-inhibitory molecules sCD25 (IL-2Ra), 4-1BB, CD86 (B7.2),
TGF-B1, CTLA-4, PD-L1, PD-1, Tim-3, LAG-3, Galectin-9 were
analyzed using the LEGENDplexTM HU Immune Checkpoint Panel
1 - S/P (Biolegend, USA) w/VbP on the BD FACS Calibur
flow cytometer.

2.9 Study of soluble cytokines levels
The plasma levels of the following soluble cytokines IL-5, IL-13,
IL-2, IL-6, IL-9, IL-10, IFN-y, TNF-0, IL-17A, IL-17F, IL-4, IL-22 were

analyzed using LEGENDplexTM HU Th Cytokine Panel (Biolegend,
USA) w/VbP V02 on the BD FACS Calibur' flow cytometer.
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FIGURE 1

(A) Schematic representation of the study design in 119 patients with RRMS. Blood samples were collected at baseline (pre-treatment) and at 3

months (post-treatment), while clinical parameters of treatment response and disease progression were evaluated at 12 months after treatment
initiation. (B) Gating strategy for spectral cytometry. The gating strategy used to identify the 22 immune cellular subsets is represented. All data

presented is derived from frozen peripheral blood mononuclear cells of one HC individual of the study.

2.10 Statistical ana[ysis R version 4.5.0 (R Core Team, Austria), RStudio 2025.05.0 (Posit
PBC, USA), and SPSS version 26 (IBM Corp., USA).
Quantitative results are expressed as mean * standard deviation Normal distribution of continuous data was tested using either

(SD). Prior to analysis, all variables were categorized as either  the Shapiro-Wilk test or the Kolmogorov-Smirnov test with
numerical or categorical. Statistical analyses were conducted using  Lilliefors correction, depending on sample size. Variables failing

Frontiers in Immunology 05 frontiersin.org


https://doi.org/10.3389/fimmu.2025.1694021
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lopez-Molina et al.

TABLE 1 Demographic and clinical data of the study participants.

Demographics

RRMS

patients
(n=119)

HCs (n=29)

Women. n (%)

71 (59.7%)

14 (48.3%)

0.299

Age. years

Demographics

42.82 (10.08)

Responders

(n=69)

32.2 (10.29)

Non-
responders
(n=50)

0.001

Women. n (%) 37 (53.6%) 34 (68%) 0.115
Age. years 43.16 (10.06) 42.70 (10.19) 0.863
Clinical data

Time from diagnosis. months = 144.87 (130.23) 144.35 (115.24) 0.770
Baseline EDSS 1.57 (1.68) 2.14 (2.19) 0.215
Relapses, 12 mo. - 0.30 (0.63) -
New lesions, 12 mo. - 1(1.34) -
Baseline 9HPT_dom. sec 24.46 (8.29) 28.37 (27.43) 0.353
Treatments received

Natalizumab. n (%) 15 (21.7%) 10 (20%)

Teriflunomide. n (%) 4 (5.8%) 4 (8%)

Interferon. n (%) 7 (10.1%) 1 (2%)

S1P modulators (%) 2 (2.9%) 1 (2%)

Dimethyl fumarate. n (%) 12 (17.4%) 8 (16%)

Anti-CD20. n (%) 13 (18.8%) 10 (20%)

Cladribine. n (%) 16 (23.2%) 16 (32%)

Previously treatments received

Natalizumab. n (%) 3 (7.7%) 5 (16.1%)

Teriflunomide. n (%) 7 (17.9%) 3 (9.7%)

Interferon. n (%) 14 (35.9%) 4 (12.9%)

S1P modulators (%) - -

Dimethyl fumarate. n (%) 9 (23.1%) 10 (32.3)

Anti-CD20. n (%) - 2 (6.5%)

Cladribine. n (%) 1 (2.6%) -

Alemtuzumab. n (%) 1(2.6%) 1(3.2%)

Glatiramer Acetate. n (%) 4 (10.3%) 6 (19.4%)

We compared the distribution of patients with responder and non-responder status across
different initial treatments. No statistically significant association was found between treatment
group and responder/non-responder status (Chi-square test, x> (6) = 4.10, p = 0.664). We
compared the distribution of patients with responder and non-responder status across different
previously treatments. No statistically significant association was found between treatment group
and responder/non-responder status (Chi-square test, > (7) = 10.3, p = 0.171).

All values are mean (SD) unless otherwise noted. mo.=months. dom.=dominant hand.
Mann-Whitney U test for continuous variables and Fisher’s exact test for categorical variables
were employed to determine statistically significant differences between groups. N, number;
SD, standard deviation; EDSS, expanded disability status scale.

Bold means p < 0.05.
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to meet normality criteria were treated as non-parametric. For
comparisons between two groups, either the unpaired Student’s t-
test or the Mann-Whitney U test was applied based on the
distribution of the data. Categorical data were analyzed using
Chi-square or Fisher’s exact test, depending on expected
frequencies. All p-values were adjusted using the Benjamini-
Hochberg method to control the false discovery rate. When
comparing more than two groups, one-way ANOVA or the
Kruskal-Wallis test was employed, followed by appropriate post
hoc tests (Tukey’s HSD or Dunn’s test). Correlations between
variables were assessed using Pearson’s or Spearman’s correlation
coefficients, depending on the normality of the data.

To assess the discriminatory capacity of individual immune
parameters, Receiver Operating Characteristic (ROC) curve
analyses were performed. The area under the curve (AUC) was
calculated as a measure of diagnostic accuracy. Optimal cut-off
points were determined using the Youden index, and corresponding
sensitivity and specificity values were reported.

To explore the association between specific clinical outcomes and
immune parameters, linear regression models were applied. The
dependent variable in each model was the immune marker level
measured three months after treatment initiation, and the
independent variable was the presence or absence of a clinical
event. Analyses were stratified by treatment response status
(responders vs. non-responders) and were specifically focused on
the non-responder group to identify immune correlates of differential
clinical manifestations (relapse, new MRI lesion, or disability
progression). Formula: biomarker~relapses+EDSS+lesions.

Regression outputs included the estimated coefficient (estimate),
standard error, 95% confidence interval (CI), and associated p-value.
A p-value < 0.05 was considered statistically significant. All figures
and plots were created using GraphPad Prism 8 (GraphPad Software,
USA) , RStudio 2025.05.0 (Posit PBC, USA) and BioRender.com.
Statistical significance was denoted as: p < 0.05 (*), p < 0.01 (**), and
P < 0.001 (**).

3 Results

The present study included 119 patients with RRMS who started
new DMT (Figure 1A), 69 patients were considered as responders, 50
patients as non-responders and there were 29 healthy controls. Patient
characteristics are summarised in Table 1.

3.1 Phenotypic characterisation of immune
populations

The following steps were taken to design a spectral cytometry
panel capable of detecting all the essential markers for identifying
immune system cells most relevant to the pathogenesis of MS.
Initially, data cleaning was performed to ensure the accuracy of the
analysis. A time graph was generated to monitor the number of
events over time, ensuring stable data acquisition. Periods of
instability or interruptions were identified, and a gate was drawn
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around the events acquired during stable periods, excluding those
from perturbation periods. Debris was identified using forward
scatter and side scatter plots, where debris events, due to their
smaller size and complexity, were excluded from further analysis.
Non-debris events were selected for subsequent gating. To ensure
the purity of the single-cell population, doublets were excluded
using FSC-H vs. FSC-A and SSC-H vs. SSC-A plots. Single cells
were identified as a well-defined population along a diagonal line,
and a gate was drawn around this population to exclude aggregates.
Live cells were identified using a live/dead marker. Following the
selection of live cells, the gating strategy was applied to differentiate
between monocytes and lymphocytes. Monocytes were
differentiated into three subsets based on CD14 and CD16
expression: CD14"CD16™ classical monocytes, CD14°MCD16"
intermediate monocytes, and CD14°CD16* non-classical
monocytes. Lymphocytes were gated and further subpopulations
were determined using CD3 and CD56 markers. T cells were
identified by CD3" expression. CD4" T cells were further
analyzed for CD25" expression to distinguish T helper (Th) and
regulatory T CD25" (Treg) cells. Th cells were categorised as:
CD27'CD45RA" naive Th, CD27 CD45RA" effector Th, memory
Th CD27"CD45RA™ and Treg cells were classified as:
CD27'CD45RA™ naive Treg, CD27" CD45RA™ memory Treg.
CD8" T cells were differentiated as: CD27"CD45RA" naive
cytotoxic T cells, CD27 CD45RA" effector cytotoxic T cells, CD27
CD45RA™ terminal effector cytotoxic T cells, CD27"CD45RA"
memory cytotoxic T cells. CD3" cells were analyzed using CD19"
and CD20" markers to identify B cells. B cells were further
differentiated into: CD20°CD27" B cells, CD20"CD27 B cells,
CD20"CD27" B cells. InfDCs were identified by gating CD20
CD19 cells, confirmed with CD16™ markers, and characterised by
HLA-DR'CD14" and CDIc" expression. Natural Killer (NK) cells
were identified by CD56" expression and confirmed using HLA-
DR'. Six NK subpopulations were identified based on CD16 and
CD56 expression: CD16"CD56" €™, CD16“™CD56""" collectively
categorized as NK"" CD16"8"CD56%™, CD16"¢"CD56",
CD16%™CD56%™, CD16 CD56"™ collectively categorized as
NKU™ (Figure 1B). Once these cells were identified, we analyzed
the expression of the following immune ICs by adding the
corresponding markers to this panel, activators: CD80, CD28,
CD70, CD27, CD40, OX40, HVEM and inhibitors: PD-1, PD-L1,
HVEM, BTLA, and CTLA-4.

3.2 Cell population proportions and their
IC expression differ in MS patients and HCs

Cell population proportions and IC expression differed
significantly in untreated patients with MS compared to HCs
(Figures 2A-Q, Supplementary Table S4). In CD207CD27 B
cells, MS patients showed lower CD40 and HVEM expression
and higher PD-1 expression than HCs (Figure 2A). In
CD207CD27" B cells, CD80 expression was higher in MS patients
compared to HCs (Figure 2C).
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The most pronounced differences were observed in CD20
CD27" B cells, where BTLA and CD40 expression were higher in
MS patients, while PD-L1, CTLA-4, and CD70 were significantly
reduced compared to HCs (Figure 2B). In effector Th cells, PD-1
expression was lower in MS patients relative to HCs (Figure 2D),
and in memory Th cells, both CTLA-4 and PD-1 were
downregulated in MS patients (Figure 2E).

In naive Th cells, BTLA and HVEM expression were elevated in
MS patients versus HCs (Figure 2F). Terminal effector CD8" T cells
from MS patients exhibited reduced PD-1 expression, while HVEM
expression remained slightly increased compared to controls
(Figure 2I). In memory CD8" T cells, CD28 expression was
increased in MS, whereas naive CD8" T cells showed reduced
CD28, BTLA, and HVEM expression compared to HCs
(Figures 2G, H).

In the myeloid lineage, InfDCs from MS patients displayed
higher CD40 and HVEM expression relative to HCs (Figure 2L).
Classical, intermediate, and non-classical monocytes all showed
increased CD40 expression in MS, with higher HVEM expression in
classical and intermediate subsets as well (Figures 20-Q).

In NK cells, both NK*" 8" and NK4™ subsets revealed altered IC
profiles in MS. NKP"8"t cells exhibited increased PD-L1 and PD-1,
while CD70 expression was reduced compared to HCs. Similarly,
CD70 expression in NK*™ cells was also lower in MS patients
(Figures 2], K).

Finally, in the Treg compartment, memory Tregs in MS patients
showed higher PD-L1 expression, whereas naive Tregs exhibited
comparable CD28 expression but increased BTLA expression
relative to HCs (Figures 2M, N). Figure 2R summarizes the most
prominently upregulated and downregulated activating and
inhibitory markers in MS patients compared to healthy controls.

3.3 Effects of DMTs on IC expression and
immune cell subsets

Both ICs expression and cell populations were analyzed at
baseline (pre-treatment) and three months post-treatment.
Through these, the phenotypic changes in immune system cells
due to the DMTs [NTZ, teriflunomide, DMF, anti-CD20
antibodies, and CdA] were analyzed (Figure 3A, Supplementary
Table S5).

Notably, the most pronounced differences between treatments
were observed in B cell percentages. Total B cell decreased
significantly, particularly with teriflunomide, CdA and anti-CD20.
The percentage of CD20"CD27" B cells increased with NTZ and
teriflunomide. Following anti-CD20 treatment, the percentage of
CD20°CD27" B cells increased markedly compared to the other
therapies (Supplementary Table S5, Figure 3A). Once again, anti-
CD20 demonstrated the most pronounced differences relative to
other treatments in the expression of the CD40, HVEM and PD-1
molecules in CD20"CD27 B cells. Lastly, BTLA expression in
CD20°CD27" B cells was higher after CdA compared to DMF
(Supplementary Table S5, Figure 3B).
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FIGURE 2

The pattern of activation and inhibition of immune system cells of RRMS patients shows differences with the pattern shown by HCs. IC expression
between HCs and patients with MS across subcellular subsets. (A—C) B cells; (D—F) T helper cells; (G=1) CD8" T cells; (J, K) Natural killer; (L) InfDCs;
(M, N) Treg cells; (O—Q) Monocytes. Data are mean + SD. *p < 0.05. **p < 0.01. ***p < 0.001. (R) Schematic summary of overexpressed (in green) and

underexpressed (in red) ICs.

Regarding T cells, DMF treatment resulted in significantly
higher CTLA-4 expression on effector Th cells compared to CdA,
NTZ and teriflunomide treatment. In addition, after DMF, HVEM
expression in memory Th cells is diminished in comparison with
teriflunomide and CdA. Finally, PD-1 expression in memory
CD8" T cells decrease after teriflunomide and NTZ compared to
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DMF and anti-CD20 treatment (Supplementary Table
S5, Figure 3C).

Finally, within the innate immune system, treatment-related
differences were also observed, particularly an increased expression
of PD-L1 on NK%™ cells following teriflunomide treatment
(Supplementary Table S5, Figure 3C).
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FIGURE 3

Effects of DMTs on cell percentages and IC expression from baseline to three months after treatment initiation. (A) B cells populations; (B) ICs
expression in B cells populations; (C) ICs expression in Th, CD8* T and NK cells populations. Data are presented as % Mean + SD. Color coding: NTZ
(red bars), teriflunomide (blue bars), DMF (green bars), anti-CD20 antibody (pink bars) and CdA (yellow bars). Data are mean + SD. *p < 0.05.

**p < 0.01. ***p < 0.001.

3.4 Immune profiling as a predictor of
relapse risk, MRI activity, and disability
progression

Clinical relapses, new MRI lesions, and disability progression do
not necessarily occur simultaneously, as an event indicating lack of
response may arise independently of the others. Therefore, we
identified immunological biomarkers for the presence of each

individual clinical variable.

Frontiers in Immunology

In patients who experienced a relapse during the 12 months of
follow up, an increase of BTLA expression in CD207CD27" and
CD20"CD27 B cells, a decrease of BTLA in naive T reg and a
decrease in soluble IL-10 in plasma concentration was observed at
three months post-treatment initiation (estimate = —47.54; 95%
CL: —94.27 to -0.80; p = 0.047) (Figure 4A; Supplementary
Table S6).

Patients who developed new MRI lesions exhibited significantly
higher plasma levels of soluble PD-1 at three months post-
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treatment compared to those without new lesions (estimate =
—32.65; 95% CI: —11.41 to —53.89; p = 0.004) (Figure 4B).
Regression analysis revealed that lower CTLA-4 expression on

CD20°CD27" B cells was significantly associated with disability
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progression (estimate = —10.93; 95% CI: —20.13 to —1.72; p = 0.022).
Similar inverse associations were observed for CTLA-4 expression on
memory regulatory T cells (estimate = —2.28; 95% CI: —4.38 to —0.18;
p = 0.034) and memory Th cells (estimate = —0.32; 95% CL: —0.59 to
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-0.05; p = 0.023). Conversely, HVEM expression on effector Th cells
showed a positive association with disability progression (estimate =
0.59; 95% CI: 0.03 to 1.14; p = 0.040) (Figure 4C). Consistently, patients
who experienced disability progression during follow-up showed
significantly lower CTLA-4 expression on CD20°CD27" B cells
compared to those who did not progress (2.36 + 4.42% vs. 17.87 +
27.06%; p = 0.039) at three months after treatment initiation
(Figure 4D). In addition, soluble plasma TIM-3 pre-treatment levels
in plasma were higher in patients who exhibited disability progression
(6714.11 + 2988.63 pg/mL and 3153.6 + 1827.92 pg/mL; p = 0.035)
(Figure 4D). This finding suggests a pre-existing pro-activating
immune environment in patients who go on to develop disability
worsening progression.

3.5 PD-L1 on NKP"9"t cells indicates PIRA
and RAW in MS patients

We evaluated whether immune cell distribution and IC
expression at three months post-treatment could predict RAW
and PIRA at 12 months. Notably, patients who developed PIRA
exhibited significantly higher PD-L1 expression on NK"&" cells
compared to those with RAW (2.01 + 1.25% vs. 0.77 = 0.3%; p =
0.036) (Figure 4E).

3.6 CD70 expression on Natural Killer®"9"

predicts early treatment response

Using the NEDA-3 criteria, which evaluate relapses, MRI
lesions, and disability progression together, we looked for an early
biomarker to identify responders and non-responders to treatment.
Responders exhibited a marked increase in expression of CD70 on
NK®8" at three months post-treatment compared to their pre-
treatment values (1.03 + 0.92% and 2.08 + 1.74%; p = 0.002).
Moreover, non-responders showed significantly lower CD70
expression compared to responders (0.86 + 0.8% and 1.98 + 1.7%;
p = 0.002). This difference in expression levels and statistical
significance remained consistent even when incorporating a more
stringent definition of treatment response by adding motor
disability progression assessed by the 9HPT (0.71 + 0.66% and
1.77 + 1.24%; p = 0.008). ROC curve analysis revealed an AUC of
0.816, with a sensitivity of 78.9% and specificity of 76.2%, which
identify a cut-off of 0.85% of CD70 expression that differentiate
responders from non-responders (Figure 5A).

3.7 Therapy-specific immune biomarkers
of treatment response

Given the distinct immunological targets of each therapy, we
examined immune responses three months after treatment
initiation to identify cell-specific biomarkers predictive of
treatment response at 12 months post-treatment initiation for
each therapeutic approach.
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At three months post-treatment with CdA, responders showed
increased expression of CD70 and PD-L1 on NK%™ and
CD20"CD27" B cells, along with a decrease in naive CD8+ T
cells, and in CD20"CD27°, CD20"CD27" and total B cell
populations (Supplementary Table S7). A slight increase in CD70
expression on memory Treg cells was also observed in responders
compared to non-responders (3.85 + 4.67% vs. -4.38 + 7.07%, p =
0.017). In contrast, non-responders exhibited a post-treatment
reduction in naive Treg cells and a significant decrease in InfDC
frequency (7.14 + 3.06% vs. 2.89 * 2.48%, p = 0.015), which was
more pronounced than in responders (-4.26 + 3.31% vs. -0.92 +
2.32%, p = 0.027) (Figure 5B, Supplementary Table S7).
Interestingly, a slight increase in the CD70 expression on memory

T reg cells was observed in responders compared to non-responders
(3.85 + 4.67% and -4.38 + 7.07%; p = 0.017). A decrease in CD70
expression on memory Treg cells of less than -0.35% from pre to
three months post-treatment was identified by ROC analysis as the
most discriminative threshold for treatment response (sensitivity:
80%, specificity: 88.9%, AUC = 0.9). That is, a minimal reduction or
stable expression of CD70 on memory Treg cells serves as an
indicator of therapeutic response to CdA (Figure 5B).

At three months post-treatment, patients responding to anti-
CD20 therapies exhibited a significant reduction in total B cells,
including the CD20*CD27 B cells subset, as well as a marked
decrease in CD80 expression on CD20"CD27" B cells compared to
baseline (Supplementary Table S7). Furthermore, non-responders
to anti-CD20 treatment showed significantly higher levels of
HVEM expression on InfDCs compared to responders (0.08 +
0.18% vs. -1.05 + 0.86%, p = 0.029) (Figure 5C).

In NTZ responders, an increase in HVEM expression on
intermediate monocytes was observed at three months relative to
pre-treatment levels (Supplementary Table S7).

3.8 Correlation of ligand-receptor
interactions in ICs in responders and in
non-responders

We analyzed the correlation between IC ligand-receptor pairs
across the various cell populations (Table 2). We observed that
BTLA ligand expression in CD20°CD27" B cells, naive Th cells,
naive T reg cells, naive CD8" T cells, InfDCs, and NK positively
correlated with HVEM expression in effector Th cells in responder
patients suggesting an inhibitory effect of HVEM in responder
group at 3 months post-treatment. Moreover, CTLA-4 expressed in
memory Th cells showed a significant correlation with its ligand
CD80 in CD20°CD27" B cells in both responders and non-
responders, which supports the robustness of our results.

4 Discussion

In this study, we analyzed immune subpopulation proportions
and their IC expression in the search for a therapeutic response
biomarker. We identified differential IC expression patterns between
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(green dots) and non-responders (orange dots). ROC curve analysis revealed an AUC of 0.816, with a sensitivity of 78.9% and specificity of 76.2%, using a
cut-off of 0.85% of CD70 expression on NKP™@" at 3 months post-treatment (black curve). NEDA-3=No Evidence of Disease Activity; EDA=Evidence of
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TABLE 2 Correlations between IC ligands and receptors in responders
versus non-responders post-treatment.

Responders Non-responders

Correlation L-R HVEM in effector Th cells

BTLA expression R p-value R p-value
CD20"CD27" B cells 0.059 0.691 0.262 0.170
CD20CD27" B cells 0.245 0.094 0.220 0.252
CD20°CD27" B cells 0.510 0.000* 0.249 0.193
Naive Th cells 0.386 0.007* -0.056 0.772
Naive T reg 0.452 0.001% 0.545 0.002*
Naive CD8" T cells 0.403 0.005* 0.006 0.975
InfDCs 0.526 0.000* 0.273 0.152
Natural killer Prieht 0.359 0.012% -0.298 0.117
Natural killer 4™ 0.592 0.000* -0.008 0.969
CTLA-4 in memory Th cells

CD80 expression R p-value R p-value
CD207CD27" B cells 0.274 0.060 0.096 0.622
CD20°CD27" B cells 0.482 0.001* 0.542 0.002*
Memory T reg -0.046 0.758 0.105 0.587

*Speraman or Pearson tests were employed to determine statistically significant between
groups. L, ligand; R, receptor; H, helper.
Bold means p < 0.05.

MS patients and HCs, revealing specific ICs involved in the disease.
Within the MS cohort, we observed differences between treatment
responders and non-responders. Responders exhibited higher CD70
expression on NK°8" cells post-treatment. Notably, CD70
expression on memory Treg cells emerged as a minimally invasive
early biomarker for response to Cladribine. Additionally, we propose
that elevated inhibitory CTLA-4 levels on CD20°CD27" B cells may
serve as a protective factor against disability progression. BTLA
expression on CD20"CD27" B cells was associated with relapse
events in patients, and PD-L1 expression on NK*&" cells appeared
to be a potential biomarker for PIRA. Beyond biomarker
identification, this study also evaluated immune system behaviour
under different therapies by analyzing paired pre- and post-treatment
samples. This longitudinal approach allowed us to characterize
treatment-induced immunological changes and link them to
clinical outcomes. Importantly, we found robust associations
between key indicators of treatment failure, including relapses, new
MRI lesions, and disability progression and the expression of both
membrane and soluble ICs, as well as plasma cytokine levels.
Spectral flow cytometry is a powerful tool that has gained
significant traction in recent years, though its integration into
routine clinical practice is still under development. Several studies
have employed spectral flow cytometry to characterize specific
immune cell profiles and their association with disease activity.
For example, circulating lymphocyte subsets in treatment-naive
individuals with MS and other CNS autoimmune diseases have
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been analyzed (30). Additionally, receptor expression in treatment-
naive MS patients has been monitored longitudinally to track
changes throughout therapy (31). Furthermore, subtle
longitudinal immune alterations characteristic of therapeutic
response have been investigated using this technique (32).

With this main idea, the first step in this study was to compare
IC expression and the proportion of immune populations between
HCs and MS patients. The results demonstrated significant
differences in the expression of co-inhibitory and co-stimulatory
molecules and cell population proportions between both groups,
suggesting an altered immune profile in MS patients. Some ICs,
such as PD-1, CD40, BTLA, HVEM, and CD28, exhibited both
increased and decreased expression depending on the immune cell
subset, indicating a cell-type-specific regulation. Despite this
variability, these IC were more frequently upregulated in MS
patients across the analyzed populations, and were therefore
classified as predominantly increased in MS. In contrast, CTLA-4
and CD70 consistently showed reduced expression in multiple
immune subsets in MS, supporting their classification as
predominantly decreased in MS patients. These patterns suggest a
context-dependent immune dysregulation that varies by IC and cell
type. Dysregulation of IC molecules within the synapse can lead to
excessive activation of autoreactive cells, ultimately triggering an
inflammatory cascade that results in demyelination and
neurodegeneration (5). Specifically in lymphoid lineage, our
findings reveal altered IC expression on CD207CD27", CD20"
CD27", CD207CD27" B cells in MS patients compared to HCs,
suggesting a disrupted immune environment that affects B cell
activation. Particularly in CD207CD27" B cells, CD80 expression
was increased in MS patients, suggesting enhanced immune
activation given the co-stimulatory role of this molecule. Within
the CD20°CD27" B cells population, PD-L1 and CTLA-4 were
significantly downregulated in MS patients compared to HCs,
indicating a reduced capacity to suppress the immune system,
consistent with the known inhibitory functions of these ICs. Our
results align with previous research demonstrating B cell
dysfunction in MS (33). Th cells revealed differences in IC
expression, particularly lower PD-1 expression on effector and
memory Th cells and lower CTLA-4 on memory Th cells in MS
patients. In CD8" T cells, memory CD8" T cells from MS patients
showed increased of the co-stimulatory molecule CD28, indicating
a potentially heightened activation state within this subset. MS
patients showed reduced co-inhibitory PD-1 on terminal effector
CD8" T cells. These results suggest that peripheral T cells may be
subjected to insufficient negative regulation. These observations are
consistent with previous studies demonstrating distinct PD-1
expression patterns in immune cell subsets of RRMS patients
compared to HCs (34). Myeloid cells, including monocytes and
DCs, exhibited significant differences in IC expression, further
highlighting their involvement in the immunopathogenesis of MS.
The increased expression of CD40 and HVEM on classical and
intermediate monocytes in MS patients suggests heightened
activation of these cells, which could enhance the antigen-
presenting capabilities of myelin proteins and promote T cell
activation (35). In this regard, previous studies agreed with these
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results by linking genetic predisposition to modifications in the
HVEM gene in MS patients (36). Similarly, in this study, InfDCs
displayed elevated expression of HVEM, CD40 and BTLA. These
findings align with previous studies demonstrating the function of
CD40 expression on DCs for priming pathogenic Th cells and
facilitating their migration to the CNS in animal models of MS (37).
The observed upregulation of IC molecules in monocytes and
InfDCs reinforces the idea that myeloid cells serve as key drivers
of inflammation in MS by bridging innate and adaptive
immune responses.

This study also reveals that DMTSs for MS modify IC expression
and immune cell populations. These findings provide valuable
insights into the immunomodulatory mechanisms of these
treatments, highlighting their distinct impacts on key cellular and
molecular pathways involved in MS pathogenesis. Among the
therapies analyzed, anti-CD20 demonstrated the most profound
effects on B cell populations. It significantly reduced total B cell
counts, CD20°CD27" B cells and ICs expression, such as HVEM
and PD-1 and CD40, compared to other DMTs. Interestingly, the
percentage of CD20°CD27" B cells increased markedly following
anti-CD20 treatment, suggesting a shift in B cell subsets in patients
receiving this treatment. This aligns with prior studies that indicate
anti-CD20 selective deplete CD20 expressing B cells while sparing
antibody-secreting CD20°CD27" B cells (38). DMF also notably
altered IC expression, with significant reductions in HVEM on
memory Th cells. These findings support prior reports highlighting
DMEF ability to switch T cell populations toward anti-inflammatory
phenotypes, including regulatory subsets (39, 40). For its part,
teriflunomide induced a decrease in PD-1 expression on memory
CD8" T cells compared to DMF, suggesting differing mechanisms
of action between these therapies in modulating cytotoxic T cell
subsets. These findings complement previous research showing
teriflunomide immunomodulatory effects through the inhibition
of pyrimidine synthesis, leading to reduced T cell proliferation and
cytokine production (41). Despite the numerous studies using
similar approaches, we found it relevant to explore immune
fluctuations in relation to treatment within our cohort. These
findings emphasise the differential impacts of DMTs on IC
pathways and immune cell populations, highlighting the
importance of tailoring treatments to the specific immunological
profiles of MS patients.

As an additional step, we performed a sub-analysis by treatment
to identify the immune biomarkers that specifically reflected
therapeutic response for each individual treatment. In the case of
CdA, its mechanism of action involves the depletion of B and T cells
through apoptosis, leading to a temporary reduction in immune
activation. This depletion is followed by a gradual immune system
reconstitution, promoting a homeostatic balance of immune cells
(42) we observe the principal T cells decrease in responders as well
as reconstitution of CD20"CD27" B cells and Treg cell subsets after
cladribine (43). The observed increase in InfDCs in responders
could reflect an adaptive immune response post-treatment,
facilitating better immune regulation and reduced inflammation.
Additionally, the increased proportion of CD70 on memory Treg in
CdA responders suggests a more balanced immune response.
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Regulatory T cells suppress immune responses and thus
contribute to immune homeostasis. Among the many
mechanisms implied in Treg-mediated suppression, the inhibition
of InfDCs has been shown to be central in peripheral tolerance
induction (44). Based on our findings, we propose the expression of
CD70 on memory Tregs as a potential biomarker of therapeutic
response to Cladribine. Moreover, patients responding to anti-
CD20 therapies exhibited a significant reduction in CD20*CD27"
B cell subset and CD80 expression on CD20"CD27" B cells
compared to baseline and responders to NTZ showed an increase
in HVEM expression on intermediate monocytes. These results
underscore the potential of various cell surface molecules as
biomarkers for predicting response to different immunological
treatments. While further validation in larger cohorts is necessary,
these findings provide valuable insights into how these therapies
modulate the immune system and how biomarkers can guide
personalised treatment strategies.

Although no specific biomarker of response to treatment
could be identified for the remaining therapies, possibly due to
sample size, we were able to identify a biomarker of treatment
response that appears to be shared across all treatment groups. We
identified immune-based biomarker that predict treatment
response: CD70 expression on NK"8" cells at 3 months post-
treatment. NK cells may reduce disease progression by
suppressing pathogenic T cells (45) and reducing disease
activity. Additionally, CD70 expression on NK cells showed low
cytotoxicity (46) and because of their immunomodulatory
properties, the CD56™8" subset is suggested to have beneficial
effects on the MS disease course (47). This finding regarding CD70
expression in both memory regulatory T cells and NK""&" cells
aligns with our results in MS patients compared to HCs. Three
months post-treatment, responders displayed higher levels of
CD70, resembling the expression pattern observed in HCs. This
suggests that the acquisition of a “healthy-like” immune
phenotype may serve as a favourable prognostic marker.

In a further subanalysis, we investigated the immunological
mechanisms underlying relapses, MRI activity, and disability
progression measured by EDSS. Patients who experienced
relapses during follow-up exhibited increased BTLA expression
on CD20"CD27 B cells. Although BTLA is typically considered
an inhibitory receptor, this upregulation may reflect a
compensatory, yet ultimately insufficient, attempt to regulate
disease activity, consistent with previous studies linking BTLA
expression on B cells with modulation of MS severity (48). In
parallel, higher IL-10 levels were associated with lower relapse rates,
highlighting the anti-inflammatory role of this cytokine in
suppressing activated macrophages and DCs and in regulating
innate and adaptive immune responses (49). These findings
support the idea that relapse events are strongly influenced by
imbalances in regulatory B cell function and cytokine-
mediated control.

Regarding MRI activity, associations were observed with soluble
PD-1 levels, consistent with prior reports (34), indicating that this
marker may reflect ongoing subclinical disease activity. These
results point to distinct immune mechanisms underlying MRI-
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detected inflammation, which may not always coincide with overt
clinical relapses.

Progression of disability, measured by EDSS, was associated with
lower CTLA-4 expression in CD20°CD27" B cells, suggesting that
reduced CTLA-4 levels may contribute to enhanced plasmablast
activation and autoantibody production, thereby promoting
inflammation during silent disease progression (50). Furthermore, a
decrease in Th cell frequency was linked to the absence of EDSS
worsening, aligning with the established pathogenic role of Th cells in
MS (51). Increased HVEM expression in effector Th cells was also
observed in patients with disability progression, although no
correlation with BTLA was detected suggesting that HVEM may
act through activating pathways, potentially involving other ligands
such as LIGHT (52). PD-L1 expression on memory Treg cells was
additionally associated with disability progression, which could
indicate an ineffective regulatory environment in patients
experiencing worsening of neurological function. In patients with
PIRA, we observed increased PD-L1 expression on NKPHght cells
compared to those with RAW. This suggests that PD-L1 on NK cells
may play a role in limiting acute inflammatory episodes, potentially
acting as a protective factor in this clinical phenotype (18). Whether
this expression reflects effective immune regulation or an exhausted
activation profile remains to be determined, but it highlights the
complexity and specificity of immune mechanisms across
MS subtypes.

Notably, the correlations observed between ligand-receptor
interactions, particularly BTLA-HVEM and CTLA-4-CD80,
provide mechanistic insights into immune regulation in response
to treatment. The significant correlations between these molecular
interactions further support our findings, reinforcing the idea that
these pathways play a crucial role in shaping therapeutic responses.

Overall, these results underscore the complexity of the immune
profile in non-responder patients and highlight the need to consider
each clinical variable independently to better understand the
pathogenesis. One limitation of the study is that the study’s
sample size was calculated to detect differences between
responders and non-responders, which resulted in reduced power
for analyses within individual treatment groups and particularly
small numbers in some treatment subgroups; these subgroup
findings should therefore be interpreted with caution. Another
limitation of our study is that serum biomarker assessment was
restricted to a single time point, at three months after treatment
initiation. This approach may not fully capture the delayed
pharmacodynamic effects of certain disease-modifying therapies,
such as teriflunomide, which are considered to exert their maximal
effect only after a longer period. In addition, some DMTs, such as
fingolimod or natalizumab, may carry a risk of disease reactivation
upon withdrawal, even when the recommended washout period is
observed, potentially creating a misleading impression of treatment
failure when a new therapy is introduced. Nevertheless, the study
design was intentional as our primary aim was to identify early
biomarkers capable of predicting treatment response or failure once
the patient is already under the pharmacological effect of the new
therapy. For this reason, immune biomarkers were assessed at three
months, while clinical and MRI response or failure was evaluated at
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12 months, a time point chosen in line with the ECTRIMS
consensus guidelines (25) and when residual effects of the
previous therapy are no longer expected to influence outcomes.
Detecting treatment failure at an earlier stage is of particular
relevance, since disability progression after 12 months of
ineffective therapy may already be irreversible.

This study offers a comprehensive characterization of IC
expression and immune cell subpopulation dynamics in patients
with MS, underscoring their potential role in modulating treatment
response and disease progression. Our data suggest that relapses are
linked to increased BTLA expression in CD20"CD27" and
CD207CD27 B cells, decreased BTLA in naive Treg, and lower
plasma IL-10, suggesting insufficient regulatory control. MRI activity
was associated with higher soluble PD-1 levels, reflecting ongoing
subclinical inflammation. Disability progression corresponded to
reduced CTLA-4 in CD20°CD27" B cells, memory Treg, and Th
cells, along with increased HVEM in effector Th cells and elevated
pre-treatment soluble TIM-3, indicating a pro-activating immune
environment. According to NEDA-3 criteria, responders exhibited
early upregulation of CD70 on NK"€" cells, whereas non-
responders showed lower expression, supporting its potential as a
predictive biomarker. These findings highlight the clinical relevance
of IC profiling and immune cell phenotyping as promising early
biomarkers for predicting treatment response.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Research
Ethics Committee of La Paz University Hospital (PI-4675). 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

ML-M: Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Writing - original draft, Writing — review
& editing. GI: Conceptualization, Data curation, Resources, Writing —
review & editing. GM: Writing — review & editing. JV-Q: Writing -
review & editing. FL-G: Investigation, Software, Supervision, Writing —
review & editing. RG: Writing — review & editing. JP-N: Data curation,
Writing - review & editing. BC: Data curation, Writing — review &
editing. EL-C: Conceptualization, Writing — review & editing. IP:
Writing - review & editing. ED-T: Funding acquisition, Resources,
Writing — review & editing. MG-F: Funding acquisition, Resources,
Supervision, Writing - review & editing. LO-O: Conceptualization,
Formal analysis, Funding acquisition, Project administration,

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1694021
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lopez-Molina et al.

Resources, Supervision, Writing — original draft, Writing - review
& editing.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This work was sponsored
by PI21/00918 research project, by a grant from Miguel Servet
(CP20/00024 to Laura Otero-Ortega), a predoctoral fellowship
(FI22/00009 to MariPaz Lopez Molina, FI21/00033 to Rebeca
Gallego), a postdoctoral Sara Borrel (CD24/00073 to Fernando
Laso-Garcia) from the Carlos III Health Institute Health Care
Research Fund and co-funded by the European Union.

Acknowledgments

We greatly appreciate the support of Morote Traducciones S.L.
for their assistance in editing this article.

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.

References

1. Bierhansl L, Hartung HP, Aktas O, Ruck T, Roden M, Meuth SG. Thinking
outside the box: non-canonical targets in multiple sclerosis. Nat Rev Drug Discov.
(2022) 21:578-600. doi: 10.1038/s41573-022-00477-5

2. Greer JM. Autoimmune T-cell reactivity to myelin proteolipids and glycolipids in
multiple sclerosis. Mult Scler Int. (2013) 2013:151427. doi: 10.1155/2013/151427

3. Shah K, Al-Haidari A, Sun J, Kazi JU. T cell receptor (TCR) signaling in health and
disease. Signal Transduct Target Ther. (2021) 6:412. doi: 10.1038/s41392-021-00823-w

4. Lee S, Ko Y, Kim TJ. Homeostasis and regulation of autoreactive B cells. Cell Mol
Immunol. (2020) 17:561-9. doi: 10.1038/s41423-020-0445-4

5. Paluch C, Santos AM, Anzilotti C, Cornall R], Davis SJ. Immune checkpoints as
therapeutic targets in autoimmunity. Front Immunol. (2018) 9:2306. doi: 10.3389/
fimmu.2018.02306

6. Friese MA, Schattling B, Fugger L. Mechanisms of neurodegeneration and axonal
dysfunction in multiple sclerosis. Nat Rev Neurol. (2014) 10:225-38. doi: 10.1038/
nrneurol.2014.37

7. Wingerchuk DM, Carter JL. Multiple sclerosis: current and emerging disease-
modifying therapies and treatment strategies. Mayo Clin Proc. (2014) 89:225-40.
doi: 10.1016/j.mayocp.2013.11.002

8. Yang J, Hamade M, Wu Q, Wang Q, Axtell R, Giri S, et al. Current and future
biomarkers in multiple sclerosis. Int | Mol Sci. (2022) 23:5877. doi: 10.3390/
ijms23115877

9. Wiesemann E, Deb M, Trebst C, Hemmer B, Stangel M, Windhagen A, et al.
Effects of interferon-beta on co-signaling molecules: upregulation of CD40, CD86 and
PD-L2 on monocytes in relation to clinical response to interferon-beta treatment in
patients with multiple sclerosis. Mult Scler. (2008) 14:166-76. doi: 10.1177/
1352458507081342

10. Durelli L, Barbero P, Bergui M, Versino E, Bassano MA, Verdun E, et al. The
OPTimization of interferon for MS study: 375 microg interferon beta-1b in suboptimal
responders. J Neurol. (2008) 255:1315-23. doi: 10.1007/s00415-008-0879-6

11. Lundy SK, Wu Q, Wang Q, Dowling CA, Taitano SH, Mao G, et al. Dimethyl
fumarate treatment of relapsing-remitting multiple sclerosis influences B-cell subsets.

Frontiers in Immunology

16

10.3389/fimmu.2025.1694021

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible.
If you identify any issues, please contact us.

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.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1694021/
full#supplementary-material

Neurol Neuroimmunol Neuroinflamm. (2016) 3:e211. doi: 10.1212/
NXI.0000000000000211

12. Javan MR, Aslani S, Zamani MR, Rostamnejad J, Asadi M, Farhoodi M, et al.
Downregulation of immunosuppressive molecules, PD-1 and PD-L1 but not PD-L2, in
the patients with multiple sclerosis. Iran J Allergy Asthma Immunol. (2016) 15:296-302.

13. Mohammadzadeh A, Rad IA, Ahmadi-Salmasi B. CTLA-4, PD-1 and TIM-3
expression predominantly downregulated in MS patients. ] Neuroimmunol. (2018)
323:105-8. doi: 10.1016/j.jneuroim.2018.08.004

14. Sambucci M, Gargano F, De Rosa V, De Bardi M, Picozza M, Placido R, et al.
FoxP3 isoforms and PD-1 expression by T regulatory cells in multiple sclerosis. Sci Rep.
(2018) 8:3674. doi: 10.1038/s41598-018-21861-5

15. Schaftlick D, Xu CA, Hartlehnert M, Cole M, Schulte-Mecklenbeck A, Lautwein
T, et al. Integrated single cell analysis of blood and cerebrospinal fluid leukocytes in
multiple sclerosis. Nat Commun. (2020) 11:247. doi: 10.1038/s41467-019-14118-w

16. Pouladian M, Ganjalikhani-Hakemi M, Alsahebfosul F, Homayouni V, Khosravi
S, Etemadifar M, et al. The +4259A>C polymorphism of TIM-3 but not -1637C>T
polymorphism of TIM-1 is associated with Multiple sclerosis in Isfahan population.
Mult Scler Relat Disord. (2017) 18:152-6. doi: 10.1016/j.msard.2017.09.031

17. Cizmarevie NS, Gasparovie I, Peterlin B, Sepéiz ], Rudolf G, Kapovie M, et al.
CTLA-4 +49 A/G gene polymorphism in Croatian and Slovenian multiple sclerosis
patients. Int ] Immunogenet. (2011) 38:419-26. doi: 10.1111/j.1744-313X.2011.01027.x

18. Derakhshani A, Asadzadeh Z, Safarpour H, Leone P, Shadbad MA, Heydari A,
et al. Regulation of CTLA-4 and PD-L1 expression in relapsing-remitting multiple
sclerosis patients after treatment with fingolimod, IFNB-10,, glatiramer acetate, and
dimethyl fumarate drugs. J Pers Med. (2021) 11:721. doi: 10.3390/jpm11080721

19. Penton-Rol G, Cervantes-Llanos M, Cabrera-Gomez JA, Alonso-Ramirez R,
Valenzuela-Silva C, Rodriguez-Lara R, et al. Treatment with type I interferons induces a
regulatory T cell subset in peripheral blood mononuclear cells from multiple sclerosis
patients. Int Immunopharmacol. (2008) 8:881-6. doi: 10.1016/j.intimp.2008.02.003

20. Espejo C, Brieva L, Ruggiero G, Rio J, Montalban X, Martinez-Caceres EM. IFN-
beta treatment modulates the CD28/CTLA-4-mediated pathway for IL-2 production in

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1694021/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1694021/full#supplementary-material
https://doi.org/10.1038/s41573-022-00477-5
https://doi.org/10.1155/2013/151427
https://doi.org/10.1038/s41392-021-00823-w
https://doi.org/10.1038/s41423-020-0445-4
https://doi.org/10.3389/fimmu.2018.02306
https://doi.org/10.3389/fimmu.2018.02306
https://doi.org/10.1038/nrneurol.2014.37
https://doi.org/10.1038/nrneurol.2014.37
https://doi.org/10.1016/j.mayocp.2013.11.002
https://doi.org/10.3390/ijms23115877
https://doi.org/10.3390/ijms23115877
https://doi.org/10.1177/1352458507081342
https://doi.org/10.1177/1352458507081342
https://doi.org/10.1007/s00415-008-0879-6
https://doi.org/10.1212/NXI.0000000000000211
https://doi.org/10.1212/NXI.0000000000000211
https://doi.org/10.1016/j.jneuroim.2018.08.004
https://doi.org/10.1038/s41598-018-21861-5
https://doi.org/10.1038/s41467-019-14118-w
https://doi.org/10.1016/j.msard.2017.09.031
https://doi.org/10.1111/j.1744-313X.2011.01027.x
https://doi.org/10.3390/jpm11080721
https://doi.org/10.1016/j.intimp.2008.02.003
https://doi.org/10.3389/fimmu.2025.1694021
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Lopez-Molina et al.

patients with relapsing-remitting multiple sclerosis. Mult Scler. (2004) 10:630-5.
doi: 10.1191/1352458504ms10940a

21. Balasa RI, Simu M, Voidazan S, Barcutean LI, Bajko Z, Hutanu A, et al.
Natalizumab changes the peripheral profile of the Th17 panel in MS patients: new
mechanisms of action. CNS Neurol Disord Drug Targets. (2017) 16:1018-26.
doi: 10.2174/1871527316666170807130632

22. Carrieri PB, Carbone F, Perna F, Bruzzese D, La Rocca C, Galgani M, et al.
Longitudinal assessment of immuno-metabolic parameters in multiple sclerosis
patients during treatment with glatiramer acetate. Metabolism. (2015) 64:1112-21.
doi: 10.1016/j.metabol.2015.05.001

23. de Guerrero-Garcia JJ, Rojas-Mayorquin AE, Valle Y, Padilla-Gutiérrez JR,
Castafieda-Moreno VA, Mireles-Ramirez MA, et al. Decreased serum levels of
sCD40L and IL-31 correlate in treated patients with relapsing-remitting multiple
sclerosis. Immunobiology. (2018) 223:135-41. doi: 10.1016/j.imbi0.2017.10.001

24. 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

25. Rio ], Pefia ], Brieva L, Garcia-Dominguez ], Rodriguez- Antigiiedad A, Oreja-
Guevara C, et al. Monitoring response to disease-modifying treatment in multiple
sclerosis. Newurol Perspect. (2023) 3:100119. doi: 10.1016/j.neurop.2023.100119

26. Londono AC, Mora CA. Evidence of disease control: a realistic concept beyond
NEDA in the treatment of multiple sclerosis. FI000Res. (2017) 6:566. doi: 10.12688/
f1000research.11349.2

27. Cossarizza A, Chang HD, Radbruch A, et al. Guidelines for the use of flow
cytometry and cell sorting in immunological studies (third edition). Eur J Immunol.
(2021) 51:2708-3145. doi: 10.1002/€ji.202170126

28. Park LM, Lannigan J, Jaimes MC. OMIP-069: forty-color full spectrum flow
cytometry panel for deep immunophenotyping of major cell subsets in human
peripheral blood. Cytometry A. (2020) 97:1044-51. doi: 10.1002/cyto.a.24213

29. Dutertre CA, Becht E, Irac SE, Khalilnezhad A, Narang V, Khalilnezhad S, et al.
Single-cell analysis of human mononuclear phagocytes reveals subset-defining markers
and identifies circulating inflammatory dendritic cells. Immunity. (2019) 51:573—
589.e8. doi: 10.1016/j.immuni.2019.08.008

30. Bogers L, Rip ], Franken SC, Kuiper KL, Marques AM, Wierenga-Wolf AF, et al.
Perturbances in both circulating B and CD4+ T cells discriminate multiple sclerosis
from other central nervous system autoimmune diseases. Eur J Immunol. (2025) 55.
doi: 10.1002/eji.70049

31. Robichon K, Taylor J, Milner I, Hally KE, La Flamme AC. Monitoring treatment-
associated receptor expression in multiple sclerosis using a newly developed panel for
spectral flow cytometry. Cytometry A. (2025) 23. doi: 10.1002/cyto.a.24963

32. Diebold M, Galli E, Kopf A, Sanderson NSR, Callegari I, Benkert P, et al. High-
dimensional immune profiling identifies a biomarker to monitor dimethyl fumarate
response in multiple sclerosis. Proc Natl Acad Sci U S A. (2022) 119:€2205042119.
doi: 10.1073/pnas.2205042119

33. Funaro M, Messina M, Shabbir M, Wright P, Najjar S, Tabansky I, et al. The role
of B cells in multiple sclerosis: more than antibodies. Discov Med. (2016) 22:251-5.

34. Tsaktanis T, Linnerbauer M, Loflein L, Farrenkopf D, Vandrey O, Peter A, et al.
Regulation of the programmed cell death protein 1/programmed cell death ligand 1 axis
in relapsing-remitting multiple sclerosis. Brain Commun. (2023) 5:fcad206.
doi: 10.1093/braincomms/fcad206

35. Aarts SABM, Seijkens TTP, van Dorst KJF, Dijkstra CD, Kooij G, Lutgens E. The
CD40-CD40L dyad in experimental autoimmune encephalomyelitis and multiple
sclerosis. Front Immunol. (2017) 8:1791. doi: 10.3389/fimmu.2017.01791

Frontiers in Immunology

17

10.3389/fimmu.2025.1694021

36. Blanco-Kelly F, Alvarez-Lafuente R, Alcina A, Abad-Grau MM, de Las Heras V,
Lucas M, et al. Members 6B and 14 of the TNF receptor superfamily in multiple
sclerosis predisposition. Genes Immun. (2011) 12:145-8. doi: 10.1038/gene.2010.42

37. Lu Y, Xu M, Dorrier CE, Zhang R, Mayer CT, Wagner D, et al. CD40 drives
central nervous system autoimmune disease by inducing complementary effector
programs via B cells and dendritic cells. J Immunol. (2022) 209:2083-92.
doi: 10.4049/jimmunol.2200439

38. Frisch ES, Pretzsch R, Weber MS. A milestone in multiple sclerosis therapy:
monoclonal antibodies against CD20—yet progress continues. Neurotherapeutics.
(2021) 18:1602-22. doi: 10.1007/s13311-021-01048-z

39. Wu Q, Wang Q, Mao G, Dowling CA, Lundy SK, Mao-Draayer Y. Dimethyl
fumarate selectively reduces memory T cells and shifts the balance between Th1/Th17
and Th2 in multiple sclerosis patients. J Immunol. (2017) 198:3069-80. doi: 10.4049/
jimmunol.1601532

40. Mills EA, Ogrodnik MA, Plave A, Mao-Draayer Y. Emerging understanding of
the mechanism of action for dimethyl fumarate in the treatment of multiple sclerosis.
Front Neurol. (2018) 9:5. doi: 10.3389/fneur.2018.00005

41. Cada DJ, Demaris K, Levien TL, Baker DE. Teriflunomide. Hosp Pharm. (2013)
48:231-40. doi: 10.1310/hpj4803-231

42. Giovannoni G. Cladribine to treat relapsing forms of multiple sclerosis.
Neurotherapeutics. (2017) 14:874-87. doi: 10.1007/s13311-017-0573-4

43. Holm Hansen R, von Essen MR, Mahler MR, Cobanovic S, Binko TS, Sellebjerg
F. Cladribine effects on T and B cells and T cell reactivity in multiple sclerosis. Ann
Neurol. (2023) 94:518-30. doi: 10.1002/ana.26684

44. Muth S, Klaric A, Radsak M, Schild H, Probst HC. CD27 expression on Treg cells
limits immune responses against tumors. | Mol Med (Berl). (2022) 100:439-49.
doi: 10.1007/s00109-021-02116-9

45. Liu M, Liang S, Zhang C. NK cells in autoimmune diseases: protective or
pathogenic? Front Immunol. (2021) 12:624687. doi: 10.3389/fimmu.2021.624687

46. Rey C, Jones KL, Stacey KB, Evans A, Worboys JD, Howell G, et al. CD8c. and
CD70 mark human natural killer cell populations which differ in cytotoxicity. Front
Immunol. (2025) 16:1526379. doi: 10.3389/fimmu.2025.1526379

47. Rodriguez-Mogeda C, van Ansenwoude CM]J, van der Molen L, Strijbis
EMM, Mebius RE, de Vries HE. The role of CD56bright NK cells in
neurodegenerative disorders. J Neuroinflammation. (2024) 21:48. doi: 10.1186/
$12974-024-03040-8

48. Piancone F, Saresella M, Marventano I, La Rosa F, Zoppis M, Agostini S, et al. B
lymphocytes in multiple sclerosis: Bregs and BTLA/CD272 expressing-CD19+
lymphocytes modulate disease severity. Sci Rep. (2016) 6:29699. doi: 10.1038/
srep29699

49. Abbas AK, Lichtman AH, Pillai S. Immune tolerance and autoimmunity. In:
Abbas AK, Lichtman AH, Pillai S, editors. Cellular and molecular immunology, 10th.
Elsevier (2021). p. 295-315.

50. Yang Y, Li X, Ma Z, Wang C, Yang Q, Byrne-Steele M, et al. CTLA-4 expression
by B-la B cells is essential for immune tolerance. Nat Commun. (2021) 12:525.
doi: 10.1038/s41467-020-20874-x

51. Moser T, Akgiin K, Proschmann U, Sellner J, Ziemssen T. The role of TH17 cells
in multiple sclerosis: therapeutic implications. Autoimmun Rev. (2020) 19:102647.
doi: 10.1016/j.autrev.2020.102647

52. Wojciechowicz K, Spodzieja M, Lisowska KA, Wardowska A. The role of the
BTLA-HVEM complex in the pathogenesis of autoimmune diseases. Cell Immunol.
(2022) 376:104532. doi: 10.1016/j.cellimm.2022.104532

frontiersin.org


https://doi.org/10.1191/1352458504ms1094oa
https://doi.org/10.2174/1871527316666170807130632
https://doi.org/10.1016/j.metabol.2015.05.001
https://doi.org/10.1016/j.imbio.2017.10.001
https://doi.org/10.1016/S1474-4422(17)30470-2
https://doi.org/10.1016/j.neurop.2023.100119
https://doi.org/10.12688/f1000research.11349.2
https://doi.org/10.12688/f1000research.11349.2
https://doi.org/10.1002/eji.202170126
https://doi.org/10.1002/cyto.a.24213
https://doi.org/10.1016/j.immuni.2019.08.008
https://doi.org/10.1002/eji.70049
https://doi.org/10.1002/cyto.a.24963
https://doi.org/10.1073/pnas.2205042119
https://doi.org/10.1093/braincomms/fcad206
https://doi.org/10.3389/fimmu.2017.01791
https://doi.org/10.1038/gene.2010.42
https://doi.org/10.4049/jimmunol.2200439
https://doi.org/10.1007/s13311-021-01048-z
https://doi.org/10.4049/jimmunol.1601532
https://doi.org/10.4049/jimmunol.1601532
https://doi.org/10.3389/fneur.2018.00005
https://doi.org/10.1310/hpj4803-231
https://doi.org/10.1007/s13311-017-0573-4
https://doi.org/10.1002/ana.26684
https://doi.org/10.1007/s00109-021-02116-9
https://doi.org/10.3389/fimmu.2021.624687
https://doi.org/10.3389/fimmu.2025.1526379
https://doi.org/10.1186/s12974-024-03040-8
https://doi.org/10.1186/s12974-024-03040-8
https://doi.org/10.1038/srep29699
https://doi.org/10.1038/srep29699
https://doi.org/10.1038/s41467-020-20874-x
https://doi.org/10.1016/j.autrev.2020.102647
https://doi.org/10.1016/j.cellimm.2022.104532
https://doi.org/10.3389/fimmu.2025.1694021
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immune checkpoint-based biomarkers for therapeutic response in patients with multiple sclerosis
	1 Introduction
	2 Material and methods
	2.1 Study design
	2.2 Ethics approval
	2.3 Demographic and clinical data
	2.4 Clinical variables
	2.5 Sample collection
	2.6 Immunophenotypic profiling of immune cell subpopulations
	2.7 Analysis of surface immune checkpoint expression
	2.8 Study of soluble immune checkpoint levels
	2.9 Study of soluble cytokines levels
	2.10 Statistical analysis

	3 Results
	3.1 Phenotypic characterisation of immune populations
	3.2 Cell population proportions and their IC expression differ in MS patients and HCs
	3.3 Effects of DMTs on IC expression and immune cell subsets
	3.4 Immune profiling as a predictor of relapse risk, MRI activity, and disability progression
	3.5 PD-L1 on NKbright cells indicates PIRA and RAW in MS patients
	3.6 CD70 expression on Natural Killerbright predicts early treatment response
	3.7 Therapy-specific immune biomarkers of treatment response
	3.8 Correlation of ligand-receptor interactions in ICs in responders and in non-responders

	4 Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


