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Rituximab has been used to treat MS patients in Iceland for over a decade.
However, long-term effect of rituximab on leukocyte populations has not yet
been elucidated. By retrospective analysis of flow cytometric data from 349
patients visiting the neurological ward at The National University Hospital of
Iceland from 2012 to 2023 for rituximab treatment, the long-term effect of
rituximab and whether the effect was dose dependent (1000mg vs 500mg) was
evaluated. No difference was detected in efficacy of B cell depletion in patients
treated with 500mg as an initial dose of rituximab when compared to 1000mg.
Long-term use of rituximab led to an increase in T cell count (p=0,0015) in
patients receiving 3-8 doses of rituximab (1.5-8 years of treatment). The increase
occurred in both CD4" (p=0,0028) and CD8" T cells (p=0,0015) and led to a
decrease in the CD4/CD8 ratio (p=0,004). The most notable difference lies in
reshaping the balance between naive and effector CD8"* T cells. The clinical
implications of long-term treatment with rituximab and its effect on the T cell
pool needs to be explored further. Since no difference in B cell depletion was
detected between the two patient groups, 1000mg as an initial dose might be
excessive, suggesting a personalized dosing regimen might have therapeutic and
financial advantages.
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Background

In Iceland, the monoclonal, chimeric anti-CD20 IgG1 antibody
rituximab (RTX), has been used as an off-label treatment for
multiple-sclerosis (MS) during the last decade and has increased
considerably during that time. RTX has been shown to be superior
to certain other disease-modifying treatments against MS (1), where
a dose of 500-1000mg every 6-12 months was effective in the
depletion of B cells and slowing down disease activity (2). RTX
has shown benefits for MS patients in a phase 3 clinical trial, with no
safety concerns (3). The immediate and long-term impact that such
confound B cell depletion has upon safety, treatment efficacy,
lymphocyte subsets re-population, and secondary lymphoid
homeostasis is not fully known (4, 5). The aim of this study was
to investigate the long-term and potentially dose dependent impact
of RTX treatment on leukocyte populations in MS patients.

Methods
Cohort

In this retrospective study we analyzed flow cytometry data
from 349 patients visiting the neurological ward at Landspitali —
The National University Hospital of Iceland during the year 2012
until June 2023 (Table 1). Differential count data was analyzed for
286 patients receiving rituximab, including 262 patients diagnosed
with MS and 24 diagnosed with other neurological diseases
(Table 1). Two patients were excluded from the study, one due to
a chronic lymphocytic leukemia (CLL) diagnosis and one due to a
300mg dose of RTX. The study was approved by the Landspitali —
The National University Hospital Scientific Research Committee
(42/2023).

The clinical decision on treating MS patients with rituximab is
based on age, symptoms, radiological activity, type and duration of
MS, and previous treatment(s). Rituximab has been used in Iceland
for just over a decade for patients with moderate/high MS disease
activity, those who have had disease breakthrough on other
treatments, tolerability issues or JC virus positivity. Except for the
MS diagnosis no other clinical data was retrieved. Rituximab is the
most used disease modifying treatment for MS in Iceland and very
efficacious. According to two of the authors experience (HH, OAS
who are experienced MS clinicians), it rarely happens that patients
have an MS-relapse or new MRI lesions during treatment. To give a
clinical picture of our study group we estimate that <5-10% of
patients are graded 6 or higher on EDSS (disability scale widely used
in MS research, 6=use a walking aid). The rituximab treatment
followed a scheme from the Karolinska hospital in Stockholm.
Initially we treat every 6 months for at least 2-3 times (using 500 or
1000 mg, mostly depending on disease activity). The aim is to keep
CD19 cells depleted below 40 CD19" cells/uL and no signs of
disease activity. Then we extend treatment intervals up to 9 or 12
months. Among older patients (and those having IgG in the lower

Abbreviations: RTX, Rituximab; MS, Multiple sclerosis; CLL, Chronic
lymphocytic leukemia; OCR, Ocrelizumab.
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TABLE 1 Patient demographics.

Male, n (%) 109 (31)
Female, n (%) 240 (69)
Patients with differential count results after
drug administration 286 (82)
Male, n (%) 95 (33)
Male age range (y) 17-76
Males diagnosed with MS, n (%) 82 (86)
Males, other neurological diseases, n (%) 13 (14)
Female, n (%) 191 (67)
Female age range (y) 16-84
Females diagnosed with MS, n (%) 180 (94)
Females, other neurological diseases, n (%) 11 (6)
Patient excluded from cohort due to CLL 1
Patients, 1000mg RTX for the first administration 133 (47)
Male, n (%) 49 (37)
Female, n (%) 84 (63)
Patients, 500mg RTX for the first administration 152 (53)
Male, n (%) 45 (30)
Female, n (%) 107 (70)
Patients, 300mg RTX for the first administration 1, male (1)

Data was collected from 349 patients. 286 patients had results from leukocyte differential
count after RTX administration and were therefore eligible for the study.

range) we extend treatment intervals even further up to 15-24
months without taking into account reappearance of CD19 cells.

Flow cytometric analysis

During the years 2012 until 2023, differential counts and
classification of leukocytes were performed on a Navios (Beckman
Coulter) with an IVD tetraCHROME kit (Beckman Coulter). From
the year 2023, they were performed on a FACSLyric (BD
Biosciences) with an IVDR BD 6 color Multitest with Trucount ™
beads (BD Biosciences).

Patient’s differential counts and classification/differentiation
assessments were performed with tetraCHROME CD45-FITC/
CD4-PE/CD8-ECD/CD3-PC5 (Beckman Coulter), tetraCHROME
CD45-FITC/CD56-PE/CD19-ECD/CD3-PC5 (Beckman Coulter)
and Flow-Count Fluorospheres (Beckman Coulter) and was
analyzed on a Navios flow cytometer (Beckman Coulter) up until
the year 2023. After January 2023 differential counts were
performed with a BD Multitest  6-color TBNK Reagent and BD
Trucount " (CD3-FITC, CD16-PE, CD56-PE, CD45-PerCP-Cy5.5,
CD4-PE-Cy7, CD19-APC, CD8-APC-Cy7) and Trucount Absolute
Counting Tubes and analyzed on a FACSLyric instrument (BD
Bioscieneces). In brief, 20ul of BD multitest antibody cocktail is
pipetted into BD Trucount tubes. 50pl of well mixed, anticoagulated
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whole blood is pipetted into the tube and incubated for 20 minutes
in the dark and RT. 450ul of BD FACS lysing solution is added to
tube and incubated for 20 minutes in the dark and RT. Samples are
then analyzed on FACSLyric instrument in the FACSsuite
clinical environment.

When samples were analyzed on Navios (Beckman Coulter),
the protocol was similar, except that the counting beads were added
to the vials as a final step, while the Trucount " tubes already have
beads. Gating methods for differential counts and classification/
differentiation are shown in Supplementary Figure 4.

For the phenotypical analysis from 2012-2023 50 pl of whole
blood was collected in two tubes and washed in 1ml of PBS, 300g
5 min, and stained for 30 min on ice, followed by a 10 min, RT, rbc
lysis (BD biosciences) and washed twice (300g 5 min). The cells
were resuspended in 350ul PBS and run on the flow cytometer. Cells
were stained with the following antibodies tube 1: CD45RA-FITC,
CD197-PE, CD45-ECD, CD4-PC5, CD3-PC7, CD38-APC, CD8-
APC Alexa Fluor 750, HLA-DR-PB. Tube 2: CD16-FITC, IgD-PE,
CD20-PC5, CD27-PC7, CD14-APC Alexa Fluor 750, CD19-PB. All
antibodies from Beckman Coulter except CD16-FITC from Agilent
Technologies and analyzed on Navios. After 2023 the phenotypical
assay was run on a FACSLyric with the following antibodies
purchased from BD Biosciences CD45-APC-H7, CD3-BV786,
CD3-BV786, CD4-BV711, CD8-V500, CD19-FITC, CD56-PE,
CD45RA-PE-Cy7, CD197-APC, HLA-DR-R718, CD38-PerCP-
Cy5.5, CD20-V450, CD27-BV605. Gating strategy for the
phenotypical analysis are shown in Supplementary Figure 5.

Statistical analysis

The statistical tests Mann-Whitney, 2-way ANOVA corrected
with Sidak’s multiple comparisons test, Kruskal-Wallis test
corrected with Dunn’s multiple comparisons test, and Wilcoxon
test were performed in GraphPad Prism 9.5.1.

Results

No difference was detected in the relative change of B cells (CD19"),
when comparing the patient groups receiving an initial dose of either
500mg or 1000mg of RTX (p=0,2209) (Figure 1A), even though patients
receiving 1000mg of RTX had a higher number of B cells before
treatment (Figure 1B) (p=0,0341). There was no difference in RTX
administration intervals between the two groups. B cell count was
performed at an average of 6 months after RTX administrations for both
groups, 500mg and 1000mg, respectively (Supplementary Figure 1E).

To examine if the observed effect of RTX on the persistence of B
cell depletion was dependent on treatment dose or time since last
administration, the two patient groups were further divided into
three groups based on the time since the last RTX administration: 0-
200 days, 201-300 days, and 301 or more days (Figures 1C, D;
Supplementary Figure 1F). The patients who received 1000mg of
RTX had an average of 5 CD19" cells/uL in the first 200 days after
administration and those who received 500mg had an average of 4
CD19" cells/uL (p=0,7287) (Figure 1C). 200-300 days after RTX
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administration the patients who received 1000mg had an average of
20 CD19" cells/uL and those who received 500mg had an average of
30 CD19" cells/uL (p=0,6007). The average number of CD19" cells
more than 300 days after RTX administration was 40 CD19" cells/
UL, regardless of whether the patient received 1000mg or 500mg
(p=0,9182). Thus, no difference was detected in the persistence of
the B cell depletion when comparing the two initial doses.

The efficacy of RTX on B cell depletion was comparable between
genders and between different age groups [16-29 yr, 30-59 yr and
60-84 yr (Supplementary Figure 1B)]. In addition, the long-term B
cell depletion counts were not associated with age or gender
(Supplementary Figure 1A). No difference in efficacy was detected
between different RTX biosimilars (Supplementary Figure 1H).

Upon evaluation of the T cell population, the number and
percentages of T cells (CD3) were assessed at baseline and after one
RTX administration. The results demonstrate that RTX treatment
had no short-term effect upon these parameters (Figures 2A, B).
However, by assessing the number of T cells at baseline and after the
last RTX administration, ranging from 3-8 administrations and 1,5-
8 years of treatment, the results demonstrate a median increase in
the number of T cells of 167 cells/uL, or from 1351 to 1518 cells/uL
(p=0.0084) (Figure 2C).

Assessing the number of T cells after the first and last RTX
administration the results show that long-term use of RTX leads to a
9.5% increase of T cells numbers (p=0,0015) (Figure 3A), that is
largely driven by CD8" T cells also reflected by a significant decrease
in the CD4/CD8 ratio (Figure 3B; p=0,004).

The average change in the number of CD4" T cells was from
932 cells/UL to 977,9 cells/uL (p=0,0028) while it was 472,2 cells/UL
to 537,95 cells/UL (p=<0,0001) for the CD8" T cells (Figures 3C, D).

To further examine the CD8" and CD4" subsets, we analyzed
the ratio of activated cells (HLA-DR*CD38"), niive cells
(CCR7"CD45RA") and effector cells (CCR7"*CD45RA"®). There
was no change in the percentage of activated CD4" cells (CD4 " HLA-
DR/CD38"), between the first and last RTX administration
(Figure 3E). An increase was seen for the ratio of ndive CD4" cells
(CD4"CCR7"CD45RA™) (p=<0,0001) (Figure 3F) and effector CD4"
cells (CD4*CCR7"*¢CD45RA™®) (p=0,0002) (Figure 3G). In contrast,
RTX treatment led to a significant decrease in the percentage of both
activated CD8" cells (Figure 3H: CD8 "HLA-DR'CD38"; p=<0,0001),
and effector CD8" cells (Figure 3]J: CD8"CCR7"*CD45RA"8;
p=<0,0001) between the first and last RTX administration. Whereas
an increase in ndive CD8" cells (CD8"CCR7"CD45RA™) (p=<0,0001)
(Figure 3I) was noted.

Discussion

Taken together, these results demonstrate that a dose of 500mg of
RTX is sufficient for B cell depletion in MS patients, as the results show
that a dose of 500mg has similar impact as 1000mg on B cell depletion, a
finding supported by others (2, 6). The persistence of B cell depletion
does not seem to correlate with the dosage within the initial 200 days
post-drug administration. However, research indicates that patients
with higher B cell counts at baseline are less likely to attain complete
B cell depletion, underscoring the necessity for personalized anti-CD20

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1412668
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Bjornsson et al.

FIGURE 1

Relative ratio

#CD19’ cells/uL

1000mg (ne45)
500mg (ne83)
ns
8
6 .
a
2 . .
1.0
0.8 .
0.6 .
0.4 .
!
0.2 =
. -
0.0 —_
1000mg 500mg
0-200 days
1000mg (n=111)
300mg (ne347)
ns
400
350 f l
300 .
250 .
200
200 . .
150
100 B ’
. i
50 . 4
N ¢
& v

0 ——
1000mg S00mg

B
ns
1000mg (ne45)
* $00mg (n=33)
6000
ao00
_, 20004 .
& i 5 - 4
Z 5004 - -
'E,‘ .
.u 400 - -
o .
§ 300—1 eeeeee -
= 200 — -
100 -y - |
i g 3 1
Y T T
1000mg 500mg

@ Before drug administration
©  After drug administration

201-300 days

1000mg (n=19)
ns 500mg (n=380)
600
500
400
—= 300
< 300
A
@
o
‘o 200
8
* 100 *pe<0.05
**pe<0.01
***pe<0.001
0 ***7pe<0.0001

1000mg S00mg

10.3389/fimmu.2024.1412668

The effect of RTX on the B cell population. (A) The relative change in number of CD19" cells/uL after the first RTX administration comparing two
doses. (B) CD19™ cell depletion after the first administration of RTX comparing two doses. (C, D) Number of CD19* cells/uL 0-200 and 201-300
days after the administration of RTX, respectively. *p=<0.05, **p=<0.01, ***p=<0.001, ****p=<0.0001. ns, not significant.
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dosage (n=146), difference not significant. Wilcoxon test. (B) The relative change in the number of T cells (CD3* cells/uL) after the first RTX
administration comparing the two doses 1000mg (n=56) and 500mg (n=90), difference not significant. Mann-Whitney test. (C) The number of

T cells (CD3* cells/ul) at baseline and after the last RTX administration (3-8 RTX administrations) regardless of dosage (n=97), p=0.0084, Wilcoxon
test. **p=<0.01. ns, not significant.
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Long-term effects of RTX on T cells. (A) Frequency of CD3* cells/uL. (B) CD4/CD8 ratio. (C) Frequency of CD4" cells/uL. (D) Frequency of CD8"
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(naive) cells. (J) Percentage of CD8"/CCR7"*9/CD45RA (effector) cells. *p=<0.05, **p=<0.01, ***p=<0.001, ****p=<0.0001. ns, not significant.

treatment approaches (7). Further studies are needed focusing upon
personalized dosing and time scheduling regimen that would, hopefully,
eventually lead to enhanced therapeutic, and safety efficacy as well as
improving its cost-effective outcome measures.

This study demonstrates that long-term use of RTX results in an
increase of T cell numbers, most notably observed in the number of
CD8" T cell subset, leading to a significant decrease in the CD4/
CD8 ratio. Interestingly, during long-term RTX treatment, a
significant decrease in the percentage of both activated CD8" cells
and effector CD8" cells was detected which seems to correlate with a
drastic increase in the percentage of ndive CD8" cells. However,
there is an increase in percentage of both niive CD4" cells and
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effector CD4™ cells. Conversely, studies have shown that treatment
using Ocrelizumab (OCR), another anti-CD20 antibody, has a
depleting effect on the T cell populations, especially the CD8"
T cells (8-10). It is worth considering that the effects may vary
between OCR and RTX treatment, OCR is a humanized antibody,
while RTX is a chimeric monoclonal antibody. This calls into
question whether the increase seen in T cell population after
long-term use of RTX is due to the immunogenicity of the drug
itself. Yahayzadeh et al. have previously shown a decrease in T
follicular helper cells (Tfh) in MS patients after two doses of RTX
(11). By analyzing the absolute numbers of the lymphocytes, we
report an influx of CD4" T cells, mostly with a naive phenotype.
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Thus, a decrease in the percentages of Tth cells will occur if there is
an increase in the absolute numbers of naive CD4" T cells.

The variability in treatment duration (1,5-8 years) and the number
of RTX administrations (3-8 administrations) in this retrospective
study served as a strategy to maximize the depth of our data
analysis. We aimed to capture a comprehensive representation of the
long-term effects of RTX on the T cell population. This approach
allowed us to expand our data significantly. In a controlled clinical trial
setting, a fixed treatment duration and predetermined number of
administrations can offer distinct advantages of further assessment of
the long-term effects of RTX on the T cell population.

Patients on B cell depleting therapies for autoimmune diseases
have been shown to have an altered immune response to vaccination,
for example a lowered percentage of granzyme B" CD8" T cells in
response to stimulation with the vaccine as compared to healthy
controls (12). This may be due to the altered subgroups of CD8" T
cells in patients shown here, more naive and less effector and activated.
However, activated CD8" T cells in patients receiving RTX treatment
show similar responses to vaccination as in healthy controls (13).

In summary, long-term use of RTX is efficacious in suppressing the B
cell population. However, our study demonstrates a long-lasting variable
effect of RTX on selective T cell sub-populations. Whether these altered T
cell subgroups play a significant role in the immunopathogenesis of MS
and/or the therapeutic effectiveness of RTX, or is an immune response
against the therapy itself, remains to be further investigated. In addition,
these findings might help us enhance our understanding of the
homeostatic milieu of within the lymphoid system during its
repopulation process following B cell driven depletion protocol.

The finding that there is no difference in the efficacy of RTX on B
cell depletion between 500mg or 1000mg suggests that 500mg is a
sufficient dose and 1000mg could be avoided. Further studies are
needed to assess whether doses below 500mg could suffice. The current
study shows that the patients’ sex or age has no effect on the efficacy of
RTX, but the optimal dosage in reference to the patients’ weight has not
yet been established. Increased body weight has shown to contribute to
a faster clearing of rituximab (14). A personalized dosing regimen of
RTX for each patient, considering the weight of the patient, could be
beneficial in terms of reducing the risk of side effects such as risk of
infections, change in the T cell populations and infusion reactions as
well as lowering the cost of treatment.

Data availability statement

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

Ethics statement

The studies involving humans were approved by Landspitali — The
National University Hospital Scientific Research Committee (42/2023).
The studies were conducted in accordance with the local legislation and
institutional requirements. Written informed consent for participation
was not required from the participants or the participants’ legal

Frontiers in Immunology

10.3389/fimmu.2024.1412668

guardians/next of kin because the information obtained in the study
was flow cytometric data that was part of routine investigation in the
treatment of patients visiting the neurological ward. The information
was obtained from the journals of the patients.

Author contributions

GB: Writing - original draft, Methodology, Investigation, Formal
analysis. HS: Writing - original draft, Supervision, Methodology,
Investigation. SM: Writing - original draft, Supervision,
Conceptualization. BE: Writing - review & editing, Supervision,
Project administration, Methodology. OS: Writing - review &
editing, Resources. HH: Writing - review & editing, Resources. SS:
Writing - review & editing, Resources. BL: Writing - review &
editing, Resources. SB: Writing — review & editing, Writing — original
draft, Visualization, Validation, Supervision, Software, Resources,
Project administration, Methodology, Investigation, Funding
acquisition, Formal analysis, Data curation, Conceptualization.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Icelandic student innovation fund.

Conflict of interest

SB and GB received support from the Icelandic student
innovation fund. BL has received honoraria from Takeda, Pfizer
and CSL Behring and has received payment from the Icelandic
Medicines Agency for expert testimony. BL is the president of the
Scandinavian Society for Immunology, Executive director of clinical
research and associated services at Landspitali, Associate editor for
the Scandinavian Journal of Immunology and a member of the
board at Heilsustofnun Rehabilitation and Health Clinic.

The remaining 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.

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.2024.
1412668/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1412668/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1412668/full#supplementary-material
https://doi.org/10.3389/fimmu.2024.1412668
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Bjornsson et al.

References

1. Granqvist M, Boremalm M, Poorghobad A, Svenningsson A, Salzer J, Frisell T,
et al. Comparative effectiveness of rituximab and other initial treatment choices for
multiple sclerosis. JAMA Neurol. (2018) 75:320-7. doi: 10.1001/jamaneurol.2017.4011

2. Salzer ], Svenningsson R, Alping P, Novakova L, Bjorck A, Fink K, et al. Rituximab
in multiple sclerosis: A retrospective observational study on safety and efficacy.
Neurology. (2016) 87:2074-81. doi: 10.1212/WNL.0000000000003331

3. Svenningsson A, Frisell T, Burman J, Salzer J, Fink K, Hallberg S, et al. Safety and
efficacy of rituximab versus dimethyl fumarate in patients with relapsing-remitting
multiple sclerosis or clinically isolated syndrome in Sweden: a rater-blinded, phase 3,
randomised controlled trial. Lancet Neurol. (2022) 21:693-703. doi: 10.1016/S1474-
4422(22)00209-5

4. Varley CD, Winthrop KL. Long-term safety of rituximab (Risks of viral and
opportunistic infections). Curr Rheumatol Rep. (2021) 23:74. doi: 10.1007/s11926-021-
01037-3

5. Chauveau A, Pirgova G, Cheng HW, De Martin A, Zhou FY, Wideman §, et al.
Visualization of T cell migration in the spleen reveals a network of perivascular
pathways that guide entry into T zones. Immunity. (2020) 52:794-807.e7. doi: 10.1016/
jimmuni.2020.03.010

6. Nielsen AS, Miravalle A, Langer-Gould A, Cooper ], Edwards KR, Kinkel RP.
Maximally tolerated versus minimally effective dose: the case of rituximab in multiple
sclerosis. Mult Scler. (2012) 18:377-8. doi: 10.1177/1352458511418631

7. Abbadessa G, Miele G, Cavalla P, Valentino P, Marfia GA, Signoriello E, et al.
CD19 Cell Count at Baseline Predicts B Cell Repopulation at 6 and 12 Months in
Multiple Sclerosis Patients Treated with Ocrelizumab. Int ] Environ Res Public Health.
(2021) 18. doi: 10.3390/ijerph18158163

Frontiers in Immunology

07

10.3389/fimmu.2024.1412668

8. Capasso N, Palladino R, Cerbone V, Spiezia AL, Covelli B, Fiore A, et al.
Ocrelizumab effect on humoral and cellular immunity in multiple sclerosis and its
clinical correlates: a 3-year observational study. J Neurol. (2023) 270:272-82.
doi: 10.1007/s00415-022-11350-1

9. Capasso N, Nozzolillo A, Scalia G, Lanzillo R, Carotenuto A, De Angelis M, et al.
Ocrelizumab depletes T-lymphocytes more than rituximab in multiple sclerosis. Mult
Scler Relat Disord. (2021) 49:102802. doi: 10.1016/j.msard.2021.102802

10. Abbadessa G, Maida E, Miele G, Lavorgna L, Marfia GA, Valentino P, et al.
Lymphopenia in Multiple Sclerosis patients treated with Ocrelizumab is associated with
an effect on CD8 T cells. Mult Scler Relat Disord. (2022) 60:103740. doi: 10.1016/
j.msard.2022.103740

11. Yahyazadeh S, Esmaeil N, Shaygannejad V, Mirmosayyeb O. Comparison of
follicular T helper cells, monocytes, and T cells priming between newly diagnosed and
rituximab-treated MS patients and healthy controls. Res Pharm Sci. (2022) 17:315-23.
doi: 10.4103/1735-5362.343085

12. Hodl I, Sallegger C, Forstner P, Sareban N, Moritz M, Dreo B, et al. Altered
cellular immune response to vaccination against SARS-CoV-2 in patients suffering
from autoimmunity with B-cell depleting therapy. Microbes Infect. (2023) 25:105103.
doi: 10.1016/j.micinf.2023.105103

13. Bitoun S, Henry J, Desjardins D, Vauloup-Fellous C, Dib N, Belkhir R, et al.
Rituximab impairs B cell response but not T cell response to COVID-19 vaccine in
autoimmune diseases. Arthritis Rheumatol. (2022) 74:927-33. doi: 10.1002/art.42058

14. Muller C, Murawski N, Wiesen MH, Held G, Poeschel V, Zeynalova S, et al. The
role of sex and weight on rituximab clearance and serum elimination half-life in elderly
patients with DLBCL. Blood. (2012) 119:3276-84. doi: 10.1182/blood-2011-09-380949

frontiersin.org


https://doi.org/10.1001/jamaneurol.2017.4011
https://doi.org/10.1212/WNL.0000000000003331
https://doi.org/10.1016/S1474-4422(22)00209-5
https://doi.org/10.1016/S1474-4422(22)00209-5
https://doi.org/10.1007/s11926-021-01037-3
https://doi.org/10.1007/s11926-021-01037-3
https://doi.org/10.1016/j.immuni.2020.03.010
https://doi.org/10.1016/j.immuni.2020.03.010
https://doi.org/10.1177/1352458511418631
https://doi.org/10.3390/ijerph18158163
https://doi.org/10.1007/s00415-022-11350-1
https://doi.org/10.1016/j.msard.2021.102802
https://doi.org/10.1016/j.msard.2022.103740
https://doi.org/10.1016/j.msard.2022.103740
https://doi.org/10.4103/1735-5362.343085
https://doi.org/10.1016/j.micinf.2023.105103
https://doi.org/10.1002/art.42058
https://doi.org/10.1182/blood-2011-09-380949
https://doi.org/10.3389/fimmu.2024.1412668
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Long-term use of rituximab increases T cell count in MS patients
	Background
	Methods
	Cohort
	Flow cytometric analysis
	Statistical analysis

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


