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Abstract
Background  To investigate the intrathecal effect of cladribine tablets on cerebrospinal fluid (CSF) inflammatory 
proteomic profile, cortical lesions (CLs), paramagnetic rim lesions (PRLs) number and cognition after 2 years of 
treatment.

Results  Forty-two patients with RRMS treated with cladribine tablets were enrolled in a prospective longitudinal 
2-year study. All patients were scheduled to undergo a lumbar puncture before treatment initiation and after 2 years 
of treatment, a clinical evaluation, including Expanded Disability Status Scale (EDSS) assessment, every 6 months, and 
a 3T MRI every year. White matter lesion number and volume, CLs, PRLs number and neuropsychological status were 
evaluated. CSF levels of 17 inflammatory markers were assessed by multiplex immune assay. No evidence of disease 
activity (NEDA) was defined as the absence of relapses, MRI activity and 6-months confirmed disability progression, 
defined as an increase of ≥ 1 point in the EDSS. Thirty-nine patients completed the study, and 33 agreed to repeat the 
lumbar puncture. After two years, 23 (59%) patients retained the NEDA status. Cladribine tablets reduced most of the 
inflammatory markers in the CSF of patients, with a significant reduction, after correction for multiple comparisons, 
in levels of sTNFR1, Pentraxin3 and CCL22. No patients accumulated new CLs, and no significant changes in PRLs and 
cognition were observed over the follow-up.

Conclusions  Cladribine tablets administration led to a reduction of intrathecal inflammatory markers. These 
findings, along with the absence of CLs and PRLs accumulation, suggest a potential effect of the drug on intrathecal 
compartmentalized inflammation.
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Introduction
Relapsing multiple sclerosis (RMS) is characterized by 
the occurrence of new neurological symptoms with or 
without disability accumulation, associated in many cases 
with a slow accumulation of irreversible disability that 
defines the progression independent of relapse activity 
(PIRA, [1, 2]).

Among factors contributing to irreversible disability 
accumulation, intrathecal compartmentalised inflamma-
tion has been suggested to play a crucial role, leading to 
extensive demyelination in white and grey matter (GM) 
and axonal and neuronal loss [3]. Intrathecal chronic 
inflammatory processes occur both in the meningeal 
compartment, with inflammatory aggregates associated 
with demyelination in the adjacent GM [4–6], as well as 
on the chronically activated microglial-rich edge of the 
chronic active lesions in the inflamed Central Nervous 
System (CNS) parenchyma [7, 8].

Cerebrospinal fluid (CSF) markers are an easily acces-
sible and reasonable surrogate of intrathecal inflam-
mation [9]. In vivo and ex vivo evaluation of CSF 
inflammatory markers provided evidence of an asso-
ciation between meningeal inflammation, GM damage, 
and disease activity in early MS [5, 6, 10, 11]. Similarly, 
efforts have been done to characterize molecules impli-
cated in chronic microglial activation, such as CHIT-1L3 
and sCD163, that could act as good surrogate markers 
of chronic microglial activity at the edge of demyelinat-
ing lesions [12–14]. Notably, a longitudinal assessment 
of CSF inflammatory markers could provide insight into 
intrathecal drug’s efficacy [15, 16] as well as suggest bio-
markers associated with the non-relapsing biology of the 
disease [17].

Cladribine is an oral drug licensed for the treatment of 
adults with RMS, including relapsing-remitting (RRMS) 
and active secondary progressive MS (SPMS) in the US 
and for adults with highly active RMS in the European 
Union. The molecule is an adenosine prodrug thought to 
function by causing cytotoxic effects on B and T cells by 
impairing DNA synthesis, resulting in lymphocyte deple-
tion. Due to its small size and lipophilic features, it could 
cross the blood-brain barrier [18, 19], thus potentially 
directly acting on intrathecal compartmentalized inflam-
matory processes.

According to this evidence, we designed a longitu-
dinal prospective trial aimed to evaluate the drug effi-
cacy on (i) CSF inflammatory markers, assessed after 
a two-year follow-up; (ii) MRI biomarkers of chronic 
intrathecal inflammation such as cortical lesions (CLs) 

and paramagnetic rim lesions (PRLs); (iii) longitudinal 
changes in neuropsychological status.

Materials and methods
Study population
Forty-two patients with a diagnosis of RRMS accord-
ing to revised McDonald’s Criteria [20], who started 
cladribine tablets at the MS Centre of Verona Univer-
sity Hospital, were recruited to participate in a phase IV, 
single-arm, longitudinal prospective study (CLAD19, 
n°2018-004947-21, ​h​t​t​p​​s​:​/​​/​w​w​w​​.​c​​l​i​n​​i​c​a​​l​t​r​i​​a​l​​s​r​e​​g​i​s​​t​e​r​.​​e​u​​/​
c​t​r​-​s​e​a​r​c​h​/). Along with a diagnosis of RRMS, inclusion 
criteria were (i) the absence of any other inflammatory 
disease; (ii) the availability of at least 1 ml of CSF col-
lected by lumbar puncture performed before treatment 
initiation. All the patients had to be therapy-free at the 
time of the lumbar puncture and, after the study’s inclu-
sion, started the treatment with cladribine. Medical his-
tory review and laboratory analysis excluded concurrent 
infections and systemic disorders.

Study design
Each patient underwent a clinical and radiological 
2-years follow-up, including neurological evaluations 
every six months with additional examinations in case of 
relapses. A relapse was defined as a worsening of neuro-
logical impairment or appearance of a new symptom or 
abnormality attributable to MS, lasting at least 24  h, in 
the absence of fever, and preceded by the stability of at 
least 1 month. The neurological evaluation included the 
Expanded Disability Status Scale (EDSS) assessment, by 
two certified raters (MC, DM).

The combined three-domain status of ‘no evidence of 
disease activity’ (NEDA-3) was defined by no evidence 
of clinical relapses, magnetic resonance imaging (MRI) 
activity (new or enlarged white matter T2 hyperintense 
lesions, gadolinium-enhancing lesions), and 6-months 
confirmed disability progression (CDP), defined as a six-
months confirmed increase of ≥ 1 point in Expanded 
Disability Status Scale (EDSS). Occurrence of PIRA was 
defined if: (i) a baseline/reference score, applied to set a 
new reference score every time the EDSS or individual 
measure of the composite was higher than the previ-
ous measure and confirmed at the following visit or if a 
relapse caused residual disability; (ii) a clinically signifi-
cant increase of EDSS of 1.5 points or more from an EDSS 
of 0, 1.0 points or more from an EDSS of 1.0 to 5.0, or 0.5 
points or more from an EDSS score of 5.5 or more; (iii) an 
increase of EDSS not determined within 30 days before 
and 90 days after the onset of an investigator-reported 
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relapse; (iv) a confirmation EDSS assigned at least 6 
months after the initial disability increase [21].

All patients were scheduled to undergo a brain 3T-MRI 
at 6 (re-baseline), 12 and 24 months after cladrib-
ine administration. All the patients were proposed to 
undergo a second lumbar puncture with a CSF examina-
tion after 24 months after treatment initiation.

Adverse events, including the occurrence of lym-
phopenia, were recorded. Lymphopenia was defined in 
accordance with the Common Terminology Criteria for 
Adverse Events (CTCAE version 5.0) as follows: grade 0 
(≥ 910 × 109/L), grade 1 (≥ 800 × 109/L), grade 2 (< 800–
500 × 109/L), grade 3 (< 500–200 × 109/L), and grade 4 
(< 200 × 109/L).

CSF protein analysis
CSF samples were obtained before and after 2 years of 
Cladribine tablets treatment according to Consensus 
Guidelines for CSF and Blood Biobanking [22]. After 
centrifugation, the CSF supernatant was collected and 
stored at -80 °C until use. The CSF analysis was opti-
mized and performed by two independent investigators 
(DA, FV), blinded with respect to the patients’ clinical 
and MRI features. The levels of 17 inflammatory media-
tors, that potentially reflect chronic inflammatory pro-
cesses and a severe disease course [5, 6, 10–14] were 
assessed using a Human 40- (#171AK99MR2) and 37- 
Plex (#171AL001M) magnetic beads panels in a Bio-Plex 
X200 Luminex instrument equipped with a magnetic 
workstation (Biorad, Hercules, CA, USA), as previously 
described [5, 6]. The CSF level of each protein was nor-
malized to the total protein concentration of each CSF 
sample measured by the Bradford protocol [6], and 
expressed as pg/ml/mg. Finally, CSF/serum albumin quo-
tient, Immunoglobulin G (IgG) index and the presence 
or absence of oligoclonal bands (OCB) were evaluated in 
each patient.

MRI analysis

MRI acquisition protocol
All 3T MRI scans were acquired using a Philips Achieva 
3T MRI Scanner at the Neuroradiology Unit of the Uni-
versity Hospital of Verona. A manual quality check was 
carried out to exclude significant artifacts.

A standardized protocol was employed to acquire 
the following sequences: (i) 3D-T1 weighted Turbo 
Field Echo (TFE) (Repetition Time (TR)/Echo Time 
(TE) = 8.4/3.7 ms, voxel size of 1 × 1 × 1  mm, acquisi-
tion time of 5:51  min); (ii) 3D-Double Inversion Recov-
ery (DIR, TR/TE = 5500/292 ms, Inversion Times (TI) 
TI1/TI2 = 525/2530 ms voxel size of 1 × 1 × 1 mm, acqui-
sition time of 10:49  min); (iii) 3D-Fluid Attenuated 
Inversion Recovery (FLAIR) (TR/TE = 5500 /292 ms, 

TI = 1650 ms voxel size of 1 × 1 × 1 mm, acquisition time 
of 4:48  min); (iv) 3D-T1 weighted TFE post-contrast 
with the same parameters of the pre-contrast sequence 
(TR/TE = 8.4/3.7 ms, voxel size of 1 × 1 × 1  mm, acquisi-
tion time of 5:51 min); (v) 3D echo-planar imaging (EPI) 
phase (0.55 × 0.55 × 0.55 mm) sequences.

MRI analysis
All MRI scans were anonymized prior to evaluation, and 
all readers were blinded to clinical data and MRI acquisi-
tion timepoint (baseline vs. follow-up).

Lesion detection
The number of white matter (WM) lesions (WMLn) at 
re-baseline and the new and enlarging WM lesions dur-
ing and at the end of the study were assessed on FLAIR 
images by a neuroradiologist with extensive experience 
with MS (FBP). The number of total cortical lesions 
(CLn) and the new CLs were assessed by two indepen-
dent raters (CE and GZ), who were blinded to clini-
cal data and MRI timepoint, on DIR images based on 
recent recommendations [23]. Inter-rater agreement 
was 75% at baseline and 78% at follow-up. Owing to the 
suboptimal performance of the MRI in visualizing sub-
pial lesions, the present analysis could have considered 
mainly the intracortical and leukocortical lesions. In case 
of disagreement, CLs classification was resolved by joint 
re-evaluation and consensus, involving an expert neuro-
radiologist (FBP).

Paramagnetic rim lesions
3D EPI was coregistered to the other MRI modali-
ties using Advanced Normalization Tools (ANTs), and 
itk-snap [24] was used for lesion visualization, identi-
fication, and classification purposes. The 3D EPI phase 
image processing consisted of phase unwrapping using a 
Laplacian filter and Gaussian filtering with a filter size of 
32 pixels and full width at a maximum of 8 pixels [25]. 
The susceptibility-weighted images (SWI) were recon-
structed using the phase-filtered image, and a final SWI 
image was created and included in the itk-snap work-
space with other modalities. Supratentorial MS lesions 
were evaluated by visual inspection by two independent 
investigators blinded to timepoint and clinical data (MC 
and GZ, inter-rater agreement of 79% and 77% at baseline 
and follow-up, respectively) and classified as PRLs when 
showing a hypointense rim on the lesion edge on phase-
filtered images obtained from 3D EPI sequence, accord-
ing to recently adopted criteria [7]. In case of discordant 
ratings, images were jointly re-evaluated and a final clas-
sification was reached by consensus, involving an expert 
neuroradiologist (FBP).
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Neuropsychological assessment
A comprehensive battery of neuropsychological tests was 
administered to all patients at the time of cladribine tab-
lets initiation and after 24 months. Patients underwent 
the Brief Repeatable Battery of Neuropsychological Tests 
[26] and some executive functioning tests such as the 
Stroop Test [27], the Phonemic Semantic Alternate Ver-
bal Fluency [28], and the Modified Five Point Test [29]. 
Raw scores were adjusted for age, education, and sex. 
Adjusted scores below the cut-off (5th percentile) of the 
Italian normative data of each test/battery were consid-
ered as failed. Patients were divided into three groups 
based on their cognitive performance on all neuropsy-
chological tests [30]: cognitively normal (CN, 0 failed 
subtests), mildly cognitively impaired (mCI, one or 2 
failed subtests), and severely cognitive impaired (sCI, 3 or 
more failed subtests). Occurrence of cognitive PIRA was 
also evaluated, considering a significant cognitive decline 
(using a reliable change index methodology) in the Sym-
bol Digit Modalities Test (SDMT) occurred in absence of 
relapse activity 9 months before and 9 months after the 
cognitive decline [31].

Statistical analysis
Clinical and demographical variables were reported as 
mean with standard deviation or median with interquar-
tile range, accordingly to their distribution. Protein values 
at baseline, two years after cladribine tablets administra-
tion, and their percentage difference, were reported as 
median with interquartile ranges. Differences after two 
years of treatment were compared to baseline values for 
the analysed CSF markers. All CSF markers were consid-
ered exploratory. Differences between the two-years fol-
low-up and baseline values were statistically tested using 
the non-parametric two-sided sign test for matched 
pairs. Furthermore, a composite intrathecal inflamma-
tion score was derived as the mean of baseline-stan-
dardized z-scores of the markers exhibiting the strongest 
trend (p < 0.1 after adjustment for multiple comparisons) 
toward reduction following treatment. Baseline and 
follow-up values were compared using a two-sided 
Wilcoxon signed-rank test. Additionally, patients who 
achieved NEDA were compared with those who did not 
on the percentage change, using the non-parametric 
Mann-Whitney test. P-values were adjusted using the 
false-discovery rate method to account for multiple com-
parisons, with a significance level set at 0.05. Stata (v.16; 
StataCorp) was used for all statistical analyses.

Results
Study cohort
Thirty-nine of the 42 patients completed the study and 
achieved a follow-up of 2 years (Fig.  1). Three patients 
dropped out for personal reasons. Of those who 

completed the study, 22 patients (58%) began cladribine 
tablets as their first disease-modifying drug. All these 
patients had at least two relapses with concurrent dis-
ability accumulation and radiological activity in the 
year before treatment started. Seventeen patients (45%) 
were switched to cladribine tablets after experiencing a 
previous treatment (12 from dimethyl fumarate, 5 from 
interferon beta1a) due to the occurrence of new disease 
activity despite the ongoing treatment. The demographic 
and clinical characteristics of the 39 patients who ended 
the study are reported in Table 1. After two years of fol-
low-up, 23 patients retained the NEDA status. Notably, 
CDP occurred in 4 patients, with only one patient experi-
encing PIRA. No severe adverse drug reactions leading to 
discontinuation were reported, nor did grade 4 lympho-
penia occur. Two cutaneous Varicella Zoster Virus reac-
tivation events leading to antiviral therapy administration 
were reported in the first year of follow-up. All patients 
regularly underwent a second year treatment (third and 
fourth cycles of cladribine tablets) without delay.

Cladribine tablets reduce intrathecal inflammatory milieu
Thirty-three out of 39 patients agreed to undergo a sec-
ond lumbar puncture after 24 months of treatment initia-
tion. The interval since the last treatment administration 
was the same for all participants (11 months) since the 
regular two-year treatment schedule was respected. 
Cladribine tablets reduced most of the examined CSF 
inflammatory markers, except OPN, CCL21 and APRIL, 
which didn’t decrease after treatment (Fig. 2, Table 2). In 
particular significant reductions in levels of TNF, TNFR1, 
Pentraxin3, CCL22, Chitinase 3like1 was observed before 
adjustment for multiple comparisons (Table 2). After cor-
rection for multiple comparisons, TNFR1, Pentraxin3, 
and CCL22 levels were significantly reduced after treat-
ment, while TNF showed a trend toward reduced levels 
without reaching statistical significance (Fig. 3). The com-
posite intrathecal inflammation score, which included 
TNFR1, Pentraxin3, CCL22 and TNF values, showed a 
significant reduction from baseline to follow-up (median 
[IQR]: −0.27 [− 0.43 to 0.09] vs. − 0.49 [− 0.70 to − 0.26], 
p = 0.004).

When stratified by disease activity, no significant dif-
ferent in percentage change of reduced markers were 
observed between groups. Reductions in selected CSF 
inflammatory markers were more consistently observed 
in patients maintaining NEDA, whereas patients with 
evidence of disease activity showed smaller and more 
heterogeneous changes (Table 3).

No changes in marker levels were noticed according to 
patients’ exposure to cladribine tablets as a first therapeu-
tic approach. Regarding OCBs status, OCBs disappeared 
in five patients while were detected in two patients who 
previously turned out negative. The albumin quotient 
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was 5.10 ± 2.18 at the time of the first lumbar puncture 
and 5.76 ± 2.39 (p = 0.157) at the second lumbar punc-
ture. IgG index changed from 0.77 ± 0.32 to 0.71 ± 0.20 
(p = 0.958).

Cladribine efficacy on cortical and paramagnetic rim 
lesions
Over the follow-up, no patients developed new CLs. 
Regarding PRLs, no significant changes have been 
observed during the follow-up (0.94 ± 2.07 vs. 0.94 ± 1.95, 
p = 0.707). Patients with disease activity showed a not sig-
nificant trend toward an increased baseline CLs number 
(4.0 ± 6.4 vs. 1.8 ± 2.5, p = 0.280) and number of PRLs at 
treatment initiation (1.3 ± 2.7 vs. 0.4 ± 1.0, p = 0.429).

Neuropsychological evaluation
Thirty-eight out of 39 patients completed the neuro-
psychological testing before and after cladribine tablets 
administration. Of these, at the time of treatment initia-
tion, 23 (60.5%) were classified as CN while the remain-
ing 15 (39.5%) were classified as cognitively impaired (7 
were mCI and 8 were sCI). After the completion of the 
two-year cladribine cycle, the proportion between cog-
nitive normal and impaired patients was the same: 23 

Table 1  Baseline demographic, clinical and MRI characteristics 
of the whole population

n = 39
Age - yr 34 ± 11.0

Female– no. (%) 28 (71.8)

EDSS score - median (range) 2.0 (0.0–5.0)

Disease duration - mean ± SD 2.44 ± 4.3

Previous treatment – yes (%) 17 (43.6)

Relapses in previous year - mean ± SD 1.5 ± 0.6

BMI (Kg/m2) 23.7 ± 2.1

WMLn - mean ± SD 11.2 ± 5.6

Spinal Cord lesion number - mean ± SD 1.2 ± 1.5

Gd+ lesions - mean ± SD 0.5 ± 0.9

CLn - mean ± SD 2.9 ± 5.0

PRLs - mean ± SD 0.9 ± 2.1

CI – number (%) 15 (39.5)

CSF OCBs (yes/not)  32/7
Abbreviations: EDSS Expanded Disability Status Scale, WMLn, White Matter 
Lesion Number, Gd+ lesions Gadolinium enhancing lesions, CLn Cortical 
lesion number, PRLs Paramagnetic Rim Lesions, CI Cognitive Impaired, CSF 
Cerebrospinal fluid, OCBs Oligoclonal bands

Fig. 1   Schematic illustration of the study flow-chart. Of forty-two patients enrolled (T0), 39 completed the two years follow-up and 33 underwent a 
second lumbar puncture after two years of treatment with cladribine tablets (T2)
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Table 2  Levels of inflammatory markers before and after cladribine tablets administration
T0 T2 Percentage difference p-value

unadjusted
p-value
adjusted for m.c

CCL21 1926 (657–3296) 3265 (2278–4294) 18.8 (-19.4, 334.4) 0.061 0.17

CXCL13 1.55 (0.83–2.52) 1.24 (0.60–1.57) -9.3 (-51.3, 18.3) 0.093 0.18

CXCL5 120 (54–209) 67 (15–88) -62.4 (-88.8, 53.9) 0.077 0.17

IFN-g 4.07 (2.36–6.56) 3.25 (2.38–4.21) -8.9 (-62.5, 13.4) 0.85 0.85

IL-1b 0.28 (0.16–0.63) 0.25 (0.14–0.44) -4.2 (-58.3, 33.3) 0.52 0.63

IL-6 8.80 (6.80–19.50) 9.49 (6.65–14.59) -18.0 (-56.4, 57.5) 0.26 0.44

CCL22 9.38 (5.40–15.00) 5.32 (3.77–8.33) -43.3 (-66.5, -18.0) 0.004 0.023
CXCL12 372 (125–775) 257 (62–619) -39.1 (-83.6, 320.2) 0.44 0.58

TNF 4.64 (3.14–5.58) 3.11 (1.04–4.52) -41.8 (-69.9, 17.8) 0.023 0.098

APRIL 62951 (15249–136267) 72755 (15518–145244) 17.3 (-88.6, 377.1) 0.73 0.78

BAFF 4843 (1123–9132) 1434 (723–5443) -51.1 (-85.4, 16.3) 0.080 0.17

sCD163 12811 (5412–23268) 4188 (1845–14614) -21.0 (-88.6, 19.9) 0.30 0.46

Chitinase 3-like 1 13563 (5169–19984) 8715 (2633–15974) -22.5 (-63.7, 6.5) 0.035 0.12

Osteopontin 13523 (4344–38534) 27698 (5883–57184) 8.0 (-28.0, 516.4) 0.73 0.78

Pentraxin-3 126 (84–163) 79 (23–119) -41.2 (-77.0, -10.8) < 0.001 0.002
TNF-R1 2980 (1739–4816) 1983 (499–3115) -28.7 (-81.6, 20.9) 0.001 0.012
TNF-R2 229 (151–374) 219 (153–302) -7.8 (-44.3, 34.1) 0.38 0.54
Values are expressed as pg/ml/mgProt. Results are reported as median (25th -75th percentile). Significant comparisons (p < 0.05) between cerebrospinal fluid markers 
values obtained before (T0) and after two years of treatment (T2) are reported in bold

Abbreviations: m.c. Multiple comparisons, CCL21 Chemokine (C-C motif) ligand 21, CXCL13 Chemokine (C-X-C motif) ligand 13, CXCL5 C-X-C motif chemokine 5, 
IFNgamma Interferon gamma, IL1beta Interleukin-1 beta, IL6 Interleukin-6, CCL22 C-C motif chemokine 22, CXCL12 C-X-C motif chemokine 12, TNF Tumor necrosis 
factor, APRIL A proliferation-inducing ligand, BAFF B-cell activating factor, sCD163 Soluble-CD163 (Cluster of Differentiation 163), sTNFR1 Soluble- tumor necrosis 
factor-receptor 1, sTNFR2 Soluble- tumor necrosis factor-receptor 2

Fig. 2   Percentage decrement in cerebrospinal fluid levels of 17 inflammatory markers. After two years of treatment (T2) with cladribine tablets, most of 
inflammatory markers showed a reduction in their CSF levels compared with paired baseline values (T0). Abbreviations: CCL21, chemokine (C-C motif ) 
ligand 21; CXCL13, C-X-C motif chemokine 13; CXCL5, C-X-C motif chemokine 5; IFN-g, interferon gamma; IL-1b, interleukin-1beta; IL-6, interleukin-6; 
CCL22, chemokine (C-C motif ) ligand 22; CXCL12, C-X-C motif chemokine 12; TNF, tumor necrosis factor; APRIL, a proliferation-inducing ligand; BAFF, B-cell 
activating factor; CD163, soluble-CD163 (Cluster of Differentiation 163); TNFR1, soluble-tumor necrosis factor-receptor 1; TNFR2, soluble-tumor necrosis 
factor-receptor 2
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(60.5%) were classified as CN, while 15 (39.5%) were clas-
sified as cognitively impaired (9 mCI and 6 sCI). Only 
one patient experienced cognitive PIRA at the follow-up 
evaluation.

Discussion
Our findings showed that cladribine tablets reduces mul-
tiple inflammatory mediators in the CSF of patients with 
RRMS and helps prevent the formation of new cortical 
and paramagnetic rim lesions. These observations sug-
gest that the drug potentially impacts on inflammatory 
processes underlying chronic disability.

This is in line with the molecule size that permits the 
crossing of the human BBB [18, 19], thus potentially act-
ing directly into the CNS compartment. Cladribine, an 
adenosine analogue prodrug, is considered an immune 
reconstitution therapy [32]. This is suggested by initial 
cytotoxic effects on B and T cells through the impairment 
of DNA synthesis resulting in lymphocyte depletion and 

subsequent repopulation of the immune system that 
regains the ability to respond to infections without com-
mensurate return of MS disease activity [33]. Such atten-
uation in MS activity is compatible with the reduction in 
inflammatory markers we observed after the two-years 
follow-up. In particular we observed significant changes 
in the sTNFR1 levels, a marker that have been previously 
associated with cortical damage and MS severity [6, 34]. 
An unbalanced TNF signaling between TNFR1 and 2, 
towards an increased pro-inflammatory TNFR1, asso-
ciated with chronic meningeal inflammation, has been 
detected by gene expression of both cortical lesions and 
normal appearing GM [35]. In line with this evidence, 
subpial demyelination and neuronal loss have been 
associated with the persistent meningeal production of 
TNF and IFNγ in the animal model [36]. According to 
a previous observation in a 10-years longitudinal study 
[37] we detected an effect on the intrathecal humoral 
response, with the disappearance of oligoclonal bands 

Fig. 3   Box-plot illustrating differences in cerebrospinal fluid levels of selected molecules after two years of cladribine treatment (Last) when compared 
to baseline values. TNFR1 (p = 0.012), Pentraxin3 (p = 0.002), and CCL22 (p = 0.023) levels were significantly reduced after treatment, while TNF showed 
a trend toward reduced levels without reaching statistical significance (p = 0.098). A composite intrathecal inflammation score derived as the mean of 
baseline-standardized z-scores of these markers showed a significant reduction from baseline to follow-up (p = 0.004). The CSF level of each protein was 
normalized to the total protein concentration of each CSF sample (expressed as pg/ml/mgProt). P-values were adjusted using the false-discovery rate 
method to account for multiple comparisons, with a significance level set at 0.05. Abbreviations: CCL22, chemokine (C-C motif ) ligand 22; TNF-R1, soluble-
tumor necrosis factor-receptor 1; TNF-α, tumor necrosis factor
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in five patients who showed no disease activity over the 
follow-up.

Whether the effect of the drug in the CSF compart-
ment reflects a direct action on chronic inflammatory 
parenchymal processes remains to be elucidated. It has 
been suggested that cladribine reduces the recruitment 
of inflammatory cells into the CNS by acting on adhesion 
molecule secretion by immune cells [38]. Nevertheless, 
exposure to cladribine in vitro reduced the granularity 
and phagocytic activity of microglia [39]. Furthermore, 
cladribine inhibits microglial proliferation and release of 
proinflammatory cytokines and induces apoptosis [40, 
41]. In the EAE model, cladribine administration led to 
reduced immune cell infiltration into the CNS and par-
tially restored cortical neuronal network function, poten-
tially suggesting a CNS neuroprotective effect after the 
cross of the blood-brain barrier [42]. Accordingly, intra-
cerebroventricular administration of the drug amelio-
rated glutamatergic synaptopathy associated with central 
inflammation and blocked EAE synaptic alterations by 
interfering with interleukin-1β effects [43]. Finally, oral 
cladribine treatment significantly attenuated clinical defi-
cits in EAE mice. Nevertheless, given that these observa-
tions originate from preclinical studies, interpretations 
regarding anti-inflammatory or neuroprotective effects 
of cladribine independent of its peripheral immunosup-
pressive action should be regarded as exploratory and 
speculative.

In line with the need to provide evidence on the ability 
of available therapies to halt chronic intrathecal inflam-
mation and neuro-axonal damage, previous human stud-
ies in patients with MS have suggested beneficial effects 
of high-efficacy treatments. In particular, the antiCD20 
monoclonal antibody rituximab (RTX) administration 
in patients with RRMS resulted in the expected marked 
reduction of CSF B cells, along with a decrease in CSF 
T cells and reduced levels of CXCL13 and CCL19 [44]. 
These observations support the central role of B-cell-
mediated immunity in MS and highlighted how targeted 
therapies may modulate the production of chemotac-
tic molecules (particularly those involved in lymphoid 
recruitment) that are not directly produced by B cells. 
RTX was also associated with a reduction in CSF mark-
ers of neuroaxonal damage, such as neurofilament light 
chain (NfL), while neurofilament heavy chain (NfH) lev-
els were significantly reduced only in patients achiev-
ing NEDA status [45]. Additional evidence supporting 
the modulation of intrathecal immunity derives from 
studies of patients switching from first-line therapies to 
fingolimod, which demonstrated reduced inflamma-
tory activity (lower CSF levels of CXCL13, CHI3L1, and 
CHIT1), as well as decreased NfL concentrations [46]. 
Finally, similar findings have been reported in progres-
sive MS, where reductions in CXCL13 and NfL, but not 

in the astroglial marker GFAP, suggested an effect of 
mitoxantrone and RTX on axonal damage, particularly 
in patients with active disease [47]. Notably, defining bio-
markers that reflect the non-relapsing, progressive, MS 
biology, represent a major need. In the current study we 
focused on inflammatory markers, also previously asso-
ciated with cortical damage [5] and a worse disease out-
come including accumulation of brain atrophy [6], while 
we did not assess NfL, NfH, and GFAP levels, that would 
have provided additional evidence about the drug effect 
on the non-relapsing biology of the disease and its effi-
cacy on the intrathecal compartment. Indeed, a recent 
study based on different cohorts suggested GFAP and 
NfH as specifically associated with non-relapsing pro-
gressive disease outcomes, potentially providing com-
plementary information to NfL, which was more closely 
related to acute disease activity [17]. Notably, in a cohort 
of patients from the MAGNIFY-MS study, a reduction of 
NfL in both serum and CSF have been detected after 2 
years from cladribine tablets administration, suggesting a 
protective effect on neuro-axonal damage that occurred 
along with a potential reduction of intrathecal inflamma-
tion [48].

We observed, after cladribine tablets, a potential ben-
eficial effect on specific MRI markers associated with 
disability progression independent of relapse-related 
mechanisms, such as CLs and PRLs [8]. In our cohort, no 
patients developed new CLs, and no significant changes 
were detected in PRLs throughout the 2-year follow-
up period. This findings point to a potential, albeit par-
tial, impact on the inflammatory processes underlying 
chronic disability. Indeed, PRLs, a subset of chronic active 
lesions characterized by a rim of activated microglia with 
iron accumulation detectable with susceptibility-sensi-
tive MRI, are considered surrogate marker of persistent 
parenchymal inflammation, neuro-axonal damage, and 
a severe disease course [7]. Similarly, CLs represent a 
significant marker associated with disability accumula-
tion [49–51]. Of note, the accumulation of CLs in the 
first years of the disease represents a negative prognos-
tic factor for disability accumulation [52]. The absence 
of CLs accumulation potentially aligns with the experi-
enced reduction in cortical atrophy in patients exposed 
to cladribine. In a previous study, cladribine treatment 
was associated with reduced brain atrophy over two years 
compared with placebo, closely linked with a lower risk 
of disability progression [53]. Similarly, cladribine tablets 
reduce GM atrophy accumulation compared to placebo 
[54], further supporting its effect on cortical pathol-
ogy. Of note, in the absence of a comparator group and 
given the absence of MRI lesions evolution, our find-
ings can only suggest a potential efficacy of the drug on 
MRI markers of compartmentalized inflammation, not 
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supporting causal or mechanistic conclusions. Future 
studies confirming this hypothesis are then needed.

The present study has several limitations. The rela-
tively small sample size may limit the generalizability 
of the findings. Of note, the present findings should be 
regarded as exploratory, hypothesis-generating, and 
not a definitive proof of intrathecal efficacy of the drug. 
Indeed, the single-arm design of the study precludes 
causal inference and prevents treatment-related effects 
on intrathecal inflammation from being fully disentan-
gled from regression to the mean or non-specific tempo-
ral fluctuations in CSF inflammation. The pattern of CSF 
changes was highly selective, with reductions in TNFR1, 
Pentraxin-3 and CCL22, with other markers remaining 
stable, reducing the probability of a uniform temporal 
shift. Furthermore, when stratified by disease activity, 
reductions in selected CSF inflammatory markers were 
more consistently observed in patients maintaining 
NEDA, whereas patients with evidence of disease activ-
ity showed smaller and more heterogeneous changes. 
Nevertheless, these observations are descriptive and not 
intended to imply a differential causal effect. Notably, 
defining group comparisons according to NEDA status 
assessed at two years inherently conditions the analyses 
on post-baseline outcomes that are themselves linked to 
inflammatory activity, thereby limiting the interpretabil-
ity of the associations between CSF biomarker changes 
and clinical response. Biological analyses were limited 
to patients who consented to a second lumbar punc-
ture. Because this selection occurred after treatment 
initiation and during follow-up, it may have introduced 
selection bias i.e. favoring patients with greater clinical 
stability or treatment adherence. Serum samples were 
not included, as our primary aim was to focus on the 
intrathecal inflammatory compartment. While previous 
studies have already demonstrated a reduction in various 
serum inflammatory markers following cladribine treat-
ment [55, 56], it remains unclear how faithfully the serum 
compartment reflects CNS-specific immune activity. In a 
large, treatment-naïve MS cohort, we showed only weak 
and inconsistent correlations between serum and CSF 
inflammatory patterns, with markers displaying mini-
mal cross-compartment association [57]. Future studies 
directly comparing serum and CSF trajectories of mark-
ers may nonetheless provide valuable insights into the 
relationship between peripheral and intrathecal immune 
modulation that occurs under cladribine treatment.

In conclusion, our findings suggest that cladrib-
ine tablets exert a measurable effect on the intrathecal 
compartment, leading to a selective reduction of CSF 
inflammatory markers. The observed stability of MRI 
markers underscores the need for further controlled 
studies to confirm and better characterize the impact of 

cladribine on compartmentalized CNS inflammation and 
the chronic evolution of the disease.
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