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Abstract
Background and Objective
Depleting CD20+ B cells is the primary mechanism by which ocrelizumab (OCRE) is efficient
in persons with multiple sclerosis (pwMS). However, the exact role of OCRE on other immune
cell subsets directly or indirectly remains elusive. The purpose of this study is to characterize the
dynamics of peripheral immune cells of pwMS on OCRE.

Methods
We collected blood samples from 38 pwMS before OCRE onset (T0) and at 6 and 12 months
(T6, T12) after initiation. To cover the immune cell diversity, using mass cytometry time of
flight, we designed a 38-parameter panel to analyze B, T, and innate immune cell markers and
CNS migratory markers. In parallel, viral-specific CD8+ T-cell responses were assessed by the
quantification of interferon-γ secretion using the enzyme-linked immunospot assay on cyto-
megalovirus, Epstein-Barr virus, and influenza stimulations.

Results
Beside B-cell depletion, we observed a loss in memory CD8+CD20+ and central memory CD8+

T cells but not in CD4+CD20+ T cells already at T6 and T12 (p < 0.001). The loss of memory
CD8+ T cells correlated with a lower CXCR3 expression (p < 0.001) and CNS-related LFA-1
integrin expression (p < 0.001) as well as a reduced antiviral cellular immune response observed at
both time points (p < 0.001). Of note, we did not observe major changes in the phenotype of the
other cell types studied. Seven of 38 (18.4%) patients in our cohort presented with infections
while on OCRE; 4 of which were switched from dimethyl fumarate. Finally, using a mixed linear
model on mass cytometry data, we demonstrated that the immunomodulation induced by
previous disease-modifying therapies (DMTs) was prolonged over the period of the study.

Discussion
In addition to its well-known role on B cells, our data suggest that OCRE also acts on CD8+

T cells by depleting the memory compartment. These changes in CD8+ T cells may be an asset
in the action of OCRE on MS course but might also contribute to explain the increased
occurrence of infections in these patients. Finally, although more data are needed to confirm
this observation, it suggests that clinicians should pay a special attention to an increased
infection risk in pwMS switched from other DMTs to OCRE.
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It is commonly accepted that multiple sclerosis (MS) starts
in the periphery with the activation of immune cells, which
then migrates to the CNS where they drive nervous system
injuries. Although MS is traditionally seen as a T-cell–
mediated disease, B-cell involvement is increasingly recog-
nized.1 Indeed, the success of anti-CD20 therapies,2 which
rapidly depletes B cells from the circulation but does not affect
the immunoglobulin-secreting plasma cells, points to an
antibody-independent effect of B-cell depletion on MS disease
activity.3,4 Selective B-cell depletion successfully reduces clini-
cal andMRI activity in active persons withMS (pwMS)2,5-7 and
slows disability progression in patients with primary progressive
MS.8 Ocrelizumab (OCRE), a recombinant humanized mono-
clonal antibody that selectively targets CD20-expressing
B cells,5,7 was the first B-cell–depleting disease-modifying
treatment (DMT) to demonstrate a superiority over
interferon-beta-1a in phase II and III randomized trials.5,7,8

Post hoc analysis and real-world studies now show a sustained
efficacy over a period of up to 7 years9 and position OCRE
and other anti-CD20 treatments as high-efficacy DMTs with a
similar profile as natalizumab (NTZ).10

At a mechanistic level, after binding CD20-expressing B cells,
OCRE induces complement-dependent and antibody-dependent
cellular cytotoxicity,11 effectively depleting CD20+ and CD19+

cells 2 weeks after treatment initiation.7,12-14 CD20 is expressed
with increasing concentrations from pre-B cells to naive and
memory B cells. However, it is not expressed on progenitor B cells
(pro-B cells), short-lived plasma cells, and terminally differentiated
antibody-producing long-lived plasma cells.15 Therefore, OCRE
does not theoretically affect the capacity of B cells to reconstitute
themselves.11,16

On the other hand, continuous B-cell depletion is associated
with hypogammaglobulinemia and an increased risk of
infection.14,17,18 This has raised many concerns during the
recent SARS-CoV-2 pandemic for the care of pwMS.19,20

Anti-CD20 treatment is associated with a 2- to 3-fold in-
creased risk of more severe COronaVIrus Disease 2019
(COVID-19) as compared to patients with MS who are not
on this drug.21 Indeed, one can observe markedly attenuated
humoral responses in OCRE-treated pwMS after COVID-19
infection or after vaccination by mRNA vaccine.22-26 By
contrast, SARS-CoV-2–specific CD4+ and CD8+ T-cell re-
sponses do not seem to be affected,22,24-31 although selective
deficits in circulating follicular helper T cells are reported.22

Nevertheless, up to now, not much is known regarding the

maintenance of the virus-specific memory T-cell recall re-
sponses on OCRE, which raises the question whether this
cellular immune response might be involved in the reported
increased risk of infection on OCRE.17

In addition to CD20+ B cells, memory myelin-specific
CD8+CD20+ T cells are affected by OCRE and have been
reported to be depleted within 6 months of treatment onset.32

There is also a shift in the distribution within the T-cell com-
partment with enrichment of naive and depletion of effector
memory CD4+ and CD8+ T cells.33,34 Whether the aforemen-
tioned changes in the T-cell compartment taking place on
OCRE are accompanied by a functional deficit is not fully elu-
cidated. Furthermore, current knowledge on how OCRE sys-
tematically affects other immune cell subsets, especially T cells,
directly or indirectly is missing.

In this 1-year longitudinal observational study including pa-
tients with relapsing-remitting MS (RR-MS) and progressive
MS (P-MS) treated with OCRE, using multiparameter mass
cytometry time of flight, we systematically characterized the
dynamics of CD20+ B- and T-cell subsets. We also assessed
the changes in all other immune cell subsets in the blood of
pwMS on OCRE. Finally, we examined the influence of
OCRE on the function of the virus-specific memory CD8+

T-cell immune response.

Methods
Study Patients
We enrolled 38 persons with MS (pwMS) who had RR, active
secondary progressive (SP), or primary progressive form. All were
treated with OCRE (Table 1). The diagnosis of MS was made
using the revised 2017 McDonald’s criteria. Blood samples were
drawn just before the first OCRE administration (T0) and then at
6 and 12 months (T6 and T12, respectively) into treatment. In
parallel, we recorded any infection occurring in the first 2 years of
OCRE treatment up to the day before the 24-month infusion
(Table 2). Peripheral blood mononuclear cells (PBMCs) were
isolated and frozen as previously described.35

Standard Protocol Approvals, Registrations,
and Patient Consents
Enrolled patients were part of an ongoing open study aiming
at characterizing the effects of disease-modifying therapies
with every 6–12 month blood sampling of pwMS. This study
was accepted by our institution’s review board (2018_01622

Glossary
ANOVA = analysis of variance; CSM = cell staining medium; DMF = dimethyl fumarate; ELISPOT = enzyme-linked
immunospot; GA = glatiramer acetate; HLA-DR = Human Leukocyte Antigen-DR; IFN = interferon; LFA-1 = lymphocyte
function-associated antigen 1;MACS = magnetic-activated cell sorting;MS = multiple sclerosis;NTZ = natalizumab;OCRE =
ocrelizumab; P-MS = progressive MS; PBMCs = peripheral blood mononuclear cells; pwMS = persons with MS; RR-MS =
relapsing-remitting MS; RT = room temperature; SFCs = spot-forming cells; SFU = spot-forming unit.
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and 2019_02197), and all patients gave their written informed
consent before study initiation.

Barcoding for Mass Cytometry Analyses
PBMCs were thawed, resuspended in Roswell Park Memorial
Institute medium supplemented with 10% fetal bovine serum,
and left for a 4-hour resting in a cell incubator. After washing
steps, to reduce sample variability, increase interassay re-
producibility, increase throughput, and reduce time/reagent
consumption, 2 million PBMCs were individually barcoded us-
ing a unique combination of anti-CD45–coupled Abs (see
eTable 1, links.lww.com/NXI/A796, and Figure 1A for an
overview of the work flow). Some of the antibodies used formass
cytometry analyses were coupled in our facility (Maxpar X8
Multimetal Labeling Kit, Fluidigm) and listed as laboratory
conjugate in eTable 1 and eTable 2 (links.lww.com/NXI/A797)
at room temperature (RT) for 30 minutes in cell staining me-
dium (CSM; phosphate-buffered saline and 4% bovine serum
albumin) under agitation. After washing steps, barcoded single

samples from 3 donors at 3 time points were pooled together
into a single reaction tube for further staining steps.

Surface Staining for Mass Cytometry Analyses
Barcoded-pooled cells were then stained in 1 mL of a combi-
nation of surface antibodies (eTable 2, links.lww.com/NXI/
A797) and cell viability marker [Cell-ID Intercalator-103Rh,
Fluidigm] diluted in CSM for 30 minutes at RT under agitation.
To give a broad overview of the immune environment by high-
dimensional analysis, a large 38-parameter panel was optimized.
It included B-cell markers (CD19, CD20, CD21, CD27, CD38,
Human Leukocyte Antigen-DR (HLA-DR) and IgA/G/D/M);
T-cell markers (CD3, CD4, CD8, CCR7, CD45RA, CD45RO,
CD127, CCR4, CCR5, CCR6, CXCR3, CXCR5, CRTH2, PD1,
ICOS, CD25, and CD95); innate immune cell markers (CD16,
CD56, CD7, CD14, CD1c, CD11c, CD123, andHLA-DR); and
CNS migratory phenotype markers (CD49d, CD29, CD11a,
and CD18). After washing steps, cells were fixed with 2.4%
paraformaldehyde (10 minutes; RT). Total cells were identified

Table 1 Clinical Data of 38 Enrolled Patients With MS

MS type n Age (y)a
F/M
ratio

Disease
duration (y)a

EDSS
scorea

Total no. of
relapses before
OCRE onseta

DMT before
OCRE onset

Disease activity
before OCRE
onset (n)

Side effects
on OCRE
treatment (n)

RR-MS 26 44 [16.5] 17/9 12 [16] 2.25 [1] 5 [6.25] n/a: 4
GA: 1
TRF: 3
DMF: 6
FTY: 7
NTZ: 5

18 Infection: 6
AS: 1
Psoriasis: 1

SP-MS 4 48.5 [5] 4/0 22.5 [8.5] 5.25 [1] 5 [6.25] IFN: 1
TRF: 1
FTY: 1
DCZ: 1

4 Infection: 1
Psoriasis: 1

PP-MS 8 47.5 [12] 5/3 10 [7] 4.25 [2.25] n/a n/a: 8 6 n/a

Abbreviations: AS = ankylosing spondyloarthritis; DCZ = daclizumab; DMF = dimethyl fumarate; DMT = disease-modifying treatment; FTY = fingolimod;
GA = glatiramer acetate; IFN = interferon-β; MS = multiple sclerosis; n/a = no prior treatment; NTZ = natalizumab; OCRE = ocrelizumab; RR-MS = relapsing-
remitting MS; SP = secondary progressive; TRF = teriflunomide.
a Median [interquartile range].

Table 2 Clinical Data of 7 Patients Developing an Infection on OCRE

Patient ID DMT before OCRE Type of infections No. of months after OCRE onseta

#1 IFN-β Repeated lower and upper urinary tract infections [3–23]

#2 DMF Cutaneous infection of a probable bacterial origin 23

#3 DMF Herpes zoster in the left L3-L4 dermatome 1

#4 GA Pneumonia necessitating antibiotics 8

#5 NTZ Cutaneous and ENT infections [3–23]

#6 DMF Multiple viral infections and cutaneous abscess [6–23]

#7 DMF Thoracic abscess complicating a preexisting cyst, needing antibiotics and surgery 2

Abbreviations: DMF = dimethyl fumarate; DMT = disease-modifying treatment; GA = glatiramer acetate; IFN-β = interferon-β; NTZ = natalizumab;
OCRE = ocrelizumab.
aNumbers in brackets represent the period during which the patient suffered from infection.
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Figure 1 Immunophenotyping of the Effect of Ocrelizumab on Total PBMCs of Treated Patients With MS Using
Mass Cytometry

PBMCs from38patientswithMSbeforeOCRE onset (T0) and after 6 and 12months (T6 and T12). To cover the immune cell diversity, a 38-parameter panelwas
designed formass cytometry analyses (CyTOF) includingB, T, NK, and innate immune cellmarkers aswell as CNSmigratorymarkers. (A) A schematic overview
of the analysis pipeline is represented from the barcoding of PBMC individual sample to mass cytometry acquisition and analyses. The 3 longitudinal time
points from 3 donors were barcoded, and all 9 samples analyzed together to minimize the batch effect. (B) FlowSOM unsupervised clustering allows to
discriminate the 6 major blood cell subsets, i.e., B cells, CD4+ and CD8+ T cells, NKT cells, and monocytes/dendritic cells (see legend for marker selection
[inside color pies] and metacluster definition [outside ring color]). (C) Effect of sex, age, MS type, treatment before OCRE introduction, and washout period
before OCRE introduction on the expression of all 38 parameters was tested using a mixed linear model (MLM) in the total PBMC FlowSOMmetaclusters. In
white, pLM > 0.05 (not significant [ns]); in light gray, pLM < 0.05; in dark gray, pLM < 0.01; in black, pLM < 0.001. MS = multiple sclerosis; OCRE = ocrelizumab;
PBMCs = peripheral blood mononuclear cells.
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by DNA intercalation (1 μM Cell-ID Intercalator, Fluidigm,
South San Francisco, CA) in 1.6% PFA at 4°C overnight. La-
beled samples were acquired with a Helios CyTOF System
(Fluidigm). A minimum of 200,000 cells were acquired per
sample.

Mass Cytometry Data Analyses
Raw mass spectrometry files were normalized to the EQ Four
Element Calibration Beads using the CyTOF software (done
by the CyTOF platform; Immunology and Allergy Immune
Monitoring Platform, CHUV, Lausanne). For basic cytometry
analysis of FCS files, including dead cell exclusion and debar-
coding, raw files were loaded into Cytobank data analysis
software. Once debarcoded, each individual FCS file was ana-
lyzed using different softwares including FlowJo (TreeStar,
v10.7.1) for cell subset analyses and R studio (R version 4.0.2)
using the flowWorkspace framework.36-39 Marker intensity
values were arcsinh (hyperbolic inverse sine) with cofactor 5
transformed and centered using the formula xi −meanðxÞ

sdðxÞ , where x
is an individual marker. Unsupervised clustering was run using
self-organizing map in combination with consensus clustering
(FlowSOM R package). All FlowSOM-based clustering was
performed on the combined dataset to enable the identification
of populations of interest and manually annotated after auto-
mated unsupervised clustering (see figure legend for the de-
tailed list of specific markers used). To take into account the
depletion of CD20+ cell subsets on OCRE, nodes or clusters’
individual frequencies were subsequently corrected for total
CD20-negative cell counts.

CD8+ T-Cell Isolation and Coculture
CD8+ T cells were sorted from thawed PBMCs by magnetic-
activated cell sorting (MACS) using anti-CD8 MicroBeads
(Miltenyi Biotec, North Rhine-Westphalia, Germany) with an
autoMACS Pro Separator (Miltenyi Biotec) according to the
manufacturer’s instructions. The CD8-negative fraction from the
baseline time point (T0; CD8−0) was kept for coculture pur-
poses, with CD8+ fractions at all time points (T0, T6, and T12;
CD8+0, CD8

+
6, and CD8+12). The purity of sorted cells was

checked by flow cytometry (see section Flow Cytometry). In
vitro coculture was performed only if the purity of CD3+CD8+

sorted fractions reached at least 90%, and if CD8-negative
populations at T0 contained a maximum of 5% remaining
CD3+CD8+ T cells. A total of 20,000 CD8+ T cells isolated at
T0, T6, or T12 were cocultured with autologous cells from the
CD8-negative fraction from the baseline time point (T0) at a
ratio of 1:10 cells (CD8+:CD8−). The evolution of antiviral
T-cell response was assessed by enzyme-linked immunospot
(ELISPOT) assay (see section ELISPOT Assay).

Flow Cytometry Analyses
Sorted CD8-positive and CD8-negative fractions were stained
as described previously40 using the following antibodies: anti-
CD8 Pacific Blue (clone RPA-T8, BD), anti-CCR7 FITC
(clone REA546, Miltenyi), anti-CD4 ECD (clone T4, Beck-
man Coulter, Brea, CA), anti-CD45RA PerCP-Cy5.5 (clone
HI100, BD), anti-CD20 AF700 (clone 2H7, BioLegend, San

Diego, CA), and anti-CD3 APC-H7 (clone SK7, BD). Dead
cells were excluded using the Aqua LIVE/DEAD stain kit
(Invitrogen AG, Basel, Switzerland). Data were acquired on a
LSRII flow cytometer (Becton Dickinson, Franklin Lakes,
NJ). A blinded investigator acquired the data on a LSRII flow
cytometer (Becton Dickinson) and analyzed using FlowJo
software (TreeStar Inc., version 10.7.1). All samples from a
given study participant were analyzed on the same day; each
set of experiments included pwMS from different baseline,
untreated, or previously treated so that potential sources of
variation and technical side effects were minimized.

ELISPOT Assay
To detect interferon-γ–secreting activated T cells specific to
CMV, EBV, and FLU (CEF), we used an ELISPOT assay as
described previously.35 Briefly, 200,000 thawed PBMCs or
200,000 CD8−0 alone or 200,000 CD8

−
0 cocultured with 20,000

autologous CD8+0, CD8
+
6, or CD8

+
12 cells were stimulated

overnight. Conditions used were medium only (negative con-
trol), phytohemagglutinin lectin (positive control, 5 μg/mL,
used as a saturating condition), and CEF pool of different HLA
Class I-restricted 9mer peptide immunodominant CD8+ T-cell
epitopes (CEF pool, 1 μg/mL).41 Spot counts and mean re-
sponses were generated as previously described.35 All conditions
were performed in triplicates, and a mean of the results was
calculated for each condition. Responses were expressed as net
spot-forming cells (SFCs) per 106 cells. The assay was consid-
ered valid if, in the absence of peptide (i.e., negative control),
there were fewer than 40 SFCs per 106 cells. A CEF-specific
response was considered as positive if it was >4 times higher than
the negative control. Validated background values were sub-
tracted from the peptide-stimulated data before analysis. Nota-
bly, to take the lymphopenic effect of OCRE into account, all
SFCs were normalized to 106 CD3+CD8+ T cells, whose fre-
quency was determined by unsupervised clustering of CD8+

T cells of mass cytometry acquisitions (Figure 1B, cluster 5),
such as described previously.42 To dismiss baseline CD8−0 re-
sidual response, spots from the CD8−0 alone CEF control con-
ditions were removed for all CEF counts in the coculture
conditions with autologous CD8+0, CD8

+
6, or CD8

+
12 cells. For

CD8 coculture, all SFCs were normalized to 106 memory CD8+

T cells, whose frequency was determined by unsupervised
clustering of CD8+ T cells of mass cytometry acquisitions
(Figure 4A, clusters 2 and 3).42

Statistical Analyses
All plots and statistical analyses were performed using the R
software (ggplot, rstatix, PMCMR packages; version 4.0.2)
and GraphPad Prism (version 9.1.0 [221]). The effect of sex,
age, MS type, DMT used before OCRE introduction, and
washout period between previous DMT andOCRE onset was
tested using a mixed linear model (R “lm” function in R
software). Because age and previous DMT were found to be
the most significant parameters, all data were adjusted ac-
cordingly for statistical analyses. p Values obtained from these
linear models are mentioned in the text as pLM. A non-
parametric paired Friedman analysis of variance (ANOVA)
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was run to test the effect of OCRE treatment, all along the
treatment duration (T0 vs T6 vs T12). p Values obtained
from these ANOVAs are mentioned in the text as pF. Com-
parisons include frequencies of immune populations and
modulation of marker expressions. If the effect of the treat-
ment reached significance, the differences between immune
responses measured at T0 with the various subsequent time
points were analyzed with the Nemenyi or Dunn-corrected
post hoc test (nonparametric paired rank test corrected for
multiple comparisons; pN and pD, respectively, in the text).
p < 0.05 was considered as significant for adjusted p values.

Data Availability
Anonymized data not published within this article will be
made available by request from any qualified investigator.

Results
To better characterize the overall effect of OCRE on circulating
immune cells, a 38-parameter panel was designed for mass
cytometry analyses (CyTOF) to cover the immune cell di-
versity including B, T, NK, and other innate immune cell
markers as well as CNSmigratory markers. Because of the high
number of parameters to be acquired and to circumvent any
experimentator-dependent gating strategy, we followed an
unsupervised clustering approach (Figure 1, A and B) using
FlowSOM. We were able to define all 6 major leukocyte sub-
sets: B, CD4 and CD8 T cells, NK and NKT cells, and myeloid
cells. On all time points and parameters tested, we found that
age, MS type, and previous DMT used before OCRE onset
were the 3 determinants that mostly influenced the immune
parameters tested (Figure 1C). Therefore, for statistical anal-
yses, the data were corrected for these parameters. Neverthe-
less, because MS type and age are highly correlated (patients
with P-MS are older than patients with RR-MS), we corrected
only for age and prior DMT use, all along the manuscript.
Indeed, age is a continuous variable, thus leading to finer and
more robust correction as compared to MS type, which is a
categorical variable (with only 3 variables, RR vs SP vs PP).
This observation suggests that DMTs given before OCRE have
a long-standing effect on the immune repertoire that persists
even onOCRE.Of interest, this effect seems to be independent
of the length of the washout, i.e., the period between the end of
the previous DMT and the start of OCRE. Of note, 7 of 38
patients (18%) developed infections on OCRE during the
study: 1 was previously on interferon (IFN)-β, 1 on glatiramer
acetate (GA), 4 on dimethyl fumarate (DMF), and 1 on NTZ
(Table 2). None of them had severe lymphopenia or significant
hypogammaglobulinemia at the time of infection.

We then studied the overall expression of the CD20 marker
across all immune cell subsets. We were able to identify 8
CD20+ nodes: 3 among the B-cell cluster (at T0; 2 naive
CD27−IgD+ [7, 8] and 1 memory IgG+ [16]), 3 among the
CD4+ T-cell cluster (2 naive CCR7+CD45RA+ [47, 56] and 1
central memory CCR7+CD45RA− [61] [CM]), and 2 among
the CD8+ T-cell cluster (naive CCR7+CD45RA+ [24] and

effector memory CCR7−CD45RA− [36] [EM]) (Figure 2A).
Regarding the first CD20+ B-cell compartment, we confirmed
the rapid depletion of all CD20+ B cells (Figure 2B, pF <
0.001) already at T6 (pN < 0.001) and T12 (pN < 0.001).

To go a step further, we analyzed the phenotypic and func-
tional evolution of the CD20+ B-cell nodes (Figure 2C). On
OCRE, there was a significant decrease in the level of ex-
pression of IgD (pF < 0.001), HLA-DR (nodes 7, 16: pF <
0.001), CD21 (pF < 0.001), and CD19 (pF < 0.001). By
contrast, there was an increase in the level of expression of
CD38 (pF < 0.001), CD27 (node 8: pF < 0.001), IgA (nodes
7, 8: pF < 0.001), and IgG (node 8: pF < 0.001) (Figure 2C).
With our unsupervised systematic approach, we were thus
able to confirm the rapid occurrence of naive CD27-
IgD+CD21+ and nonswitched memory [CD27+IgD+] B-cell
depletion. Our data further suggest that remaining B cells are
rapidly switched to memory CD27+IgD− and plasma cells
IgG/IgA CD27+CD38+ rapidly after OCRE introduction,
such as seen already at T6 and T12. These findings, in line
with previous results on OCRE effect on B cells, validate our
unsupervised clustering approach and pave the way for the
analyses of other immune compartments.43

We also wanted to study the effect of OCRE on CD20+ cells
outside CD20+ B cells, i.e., first on CD20+ T cells. Of interest,
we found that as expected memory CD8+ CD20+ T cells were
significantly depleted at both time points (Figure 3A, node 36,
pF < 0.001), but strikingly not naive CD8+ CD20+ T cells
(Figure 3A; node 24) nor naive and memory CD4+ T cells
(Figure 3, A and B, nodes 47, 56, and 61).

Going one step further into the detailed characterization of the
effect of OCRE on the CD20-expressing T cells, we ran a
functional phenotype analysis on both CD8+CD20+ and
CD4+CD20+ T-cell nodes. To this end, we used a combination
of 17 function/activation markers and CNS-related integrins
(Figure 3, C and D). We found that both the CD8+CD20+ and
the CD4+CD20+ exhibited changes in their phenotypes as
compared to T0, but these changes involved only the memory
population (node 36 for CD8+CD20+ T cells and node 61 for
CD4+CD20+T cells; Figure 3, C andD).However, themodified
markers were not always the same between CD4+CD20+ and
CD8+CD20+ T cells. Indeed, although CD45RO, CXCR3, or
PD1 was decreased in both populations of T cells, there was an
additional effect ofOCREon theCD8+CD20+T-cell population
because it seemed to decrease the expression of lymphocyte
function-associated antigen 1 (LFA-1) subunits (CD18 [pF <
0.001; −20%] and CD11a [pF < 0.001; −20%]), LFA-1 being an
importantCNS-related integrin (Figure 3D). Altogether,OCRE,
in addition to significantly reducing the number of CD8+CD20+

T cells, seems to render them less active and less prone to
migrate to the brain, thus markedly impairing this population.

Whereas NK, NKT, and CD4+ T cells were not significantly
modulated byOCRE at the total cell level, there was an overall
decrease in CD8+ T cells (−13.2%; Figure 1B, cluster 5) at T6
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(pN = 0.005) and T12 (pN = 0.005). Thus, to better char-
acterize the effect of OCRE on the overall CD8+ T-cell sub-
sets, we performed a submetaclustering on the CD8+ T-cell
cluster 5 (Figures 1B and 4). This unsupervised approach
allowed to discriminate CCR7+CD45RO−CD45RA+ naive,
CCR7+CD45RO+CD45RA− CM, CCR7−CD45RO−CD45RA−

EM, and CCR7−CD45ROintCD45RA+ effector CD8+ T cells
(Figure 4A).Of interest, as compared toT0, therewas a loss of CM
CD8+T cells at T6 (−14.4%) and T12 (−15.9%, Figure 4B; cluster
2, pF < 0.001) along with an expansion of naive CD8+ T-cell
subsets (at T6 [+8.8%] and T12 [+11.8%; Figure 4B; cluster 3,
pF < 0.001]). Using a combination of activationmarkers listed in
Figure 4C, we could show that the phenotype of the remaining
CM CD8+ T cells was also altered and displayed a decreased
expression of CD45RO (−5%) and CXCR3 (÷5; pF < 0.001) as
well as a gain in the expression of ICOS (pF < 0.001; ×2.3)
(Figure 4C). Of interest, CXCR3 expression was also down-
regulated on both EM (÷4,8) and effector (÷3; Figure 4C; pF <
0.001) CD8+ T cells.

Then, we wanted to investigate whether the phenotypical
changes observed by mass cytometry in CD8+ T cells were
associated with an actual loss of function. To this end, using an
ELISPOT assay, we measured the IFN-γ–mediated cellular
immune responses against a pool of immunodominant pep-
tides of CMV, EBV, and influenza (CEF) at all 3 OCRE time
points (Figure 4D). Of note, to take into account the overall
diminution in CD8+ T cells, spot-forming units (SFUs) were
normalized to total CD8+ T-cell counts as determined by
unsupervised FlowSOM clustering (Figure 1B, cluster 5).
Among the 38 patients tested by mass cytometry, 33 had a
valid ELISPOT at T0. Of those, 22 exhibited positive specific-
CEFmemory responses at T0 (seeMethods section for details).
In these 22 patients, there was a sharply reduced antiviral
immune response at both time points (pD < 0.001; T6: ÷2.2;
T12: ÷2.4) (Figure 4D). Furthermore, 22.7% (n = 5/22) showed
no reactivity at T6 andT12, and half of the study patients who had
a response at T0 experienced a minimal 50% reduction in the
CEF-specific CD8+ T-cell responses at T6 and T12.

Figure 2 Depletion and Phenotypical Changes of CD20+ B-Cell Subsets on OCRE

PBMCs were analyzed as in Figure 1. (A) CD20 expression across FlowSOM unsupervised clustering allows to discriminate the major CD20-expressing nodes
including B cells (nodes 7, 8, and 16), CD4+ T cells (nodes 47, 56, and 61), and CD8+ T cells (nodes 24 and 36). (B) Changes in the frequency of FlowSOM
unsupervised naive andmemory CD20+ B-cell subsets overtime (T0, T6, and T12). The asterisks (*) represent significant differences for the effect of time for a
given treatment on a given metacluster: ***p < 0.001 using a nonparametric paired post hoc Nemenyi test. (C) Statistical heatmap expression analyses of
markers of function/activation of CD20+ B-cell subsets overtime (T0, T6, and T12). Effect of the treatment overtime and over CD20+ nodes was tested using a
nonparametric paired Friedman test as compared to baseline (T0, squares). If significant, a nonparametric paired post hoc Nemenyi test was run to compare
baseline valueswith subsequent time points (T0 vs T6 and T0 vs T12). Post hoc results are depicted as circles (the smallest being not significant and the largest,
p < 0.001, see the figure for details). OCRE = ocrelizumab; PBMCs = peripheral blood mononuclear cells.
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Because B cells can present antigens to T cells, we wanted to
rule out that the reduced CD8 T-cell antiviral response was
due to the lack of B cells in the in vitro ELISPOT assay.
Therefore, we performed cocultures between (1) CD8+

T cells isolated at all 3 time points and (2) antigen-presenting
cells consisting in autologous PBMCs depleted in CD8+

T cells sampled before OCRE treatment (i.e., T0). These
highly controlled experiments were performed in a subset of
11 of 22 CEF-responsive patients including 5 pwMS un-
treated at T0; 2 previously on DMF and 4 infectious patients

(1 previously on IFN, 2 previously on DMF, and 1 previously
on GA) (Figure 4E). To take into account the overall re-
duction in memory CD8+ T-cell frequency among CD8+

T cells, SFUs were normalized to total memory CD8+ T-cell
counts as determined by unsupervised FlowSOM clustering
(Figure 4A, clusters 2 and 3). In these 11 patients, CEF-
specific immune response was already diminished at T6
(−80.5%, pD = 0.057) and significantly leveled off at T12
(−87.4%, pD < 0.001), showing that there is a specific loss of
the remaining function of memory CD8+ T cells on OCRE.

Figure 3 Depletion of Memory CD20+ CD8+ T Cells and Phenotype Changes of CD20+ T-Cell Subsets on OCRE

PBMCs were analyzed as in Figure 1. CD8+CD20+ and CD4+CD20+-expressing nodes were selected as depicted in Figure 2A. CD20 expression across FlowSOM
unsupervised clustering allows to discriminate themajor CD20-expressing T-cell nodes including CD8+ T cells (nodes 24 and 36) and CD4+ T cells (nodes 47, 56,
and 61) as identified in Figure 2. Changes in the frequency of FlowSOM unsupervised naive and memory CD8+CD20+ (A) and CD4+CD20+ (B) T-cell subsets
overtime (T0, T6, and T12). The asterisks (*) represent significant differences for the effect of time for a given treatment on a given metacluster: ***p < 0.001
using a nonparametric paired post hoc Nemenyi test. Statistical heatmap expression analyses of markers of function/activation and CNS-migration prop-
erties of CD8+CD20+ (C) andCD4+CD20+ (D) T-cell subsets overtime (T0, T6, and T12). Effect of the treatment overtime andover CD20+nodeswas tested using a
nonparametric paired Friedman test as compared to baseline (T0, squares). If significant, a nonparametric paired post hoc Nemenyi test was run to compare
baseline valueswith subsequent time points (T0 vs T6 and T0 vs T12). Post hoc results are depicted as circles (the smallest being not significant and the largest,
p < 0.001, see the figure for details). OCRE = ocrelizumab; PBMCs = peripheral blood mononuclear cells.
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We then examined the viral-specific immune response of the 7
tested study patients who developed an infection during the
time of this study, thus while on OCRE. They did not present
with lymphopenia nor with hypogammaglobulinemia G, and
their ELISPOT response was not significantly lower than the
one of the other study patients (Figure 4, colored spots; 4/7
being CEF positive at T0). However, and interestingly, 4 of
them were treated with DMF before receiving OCRE. Of
note, all patients on DMF before receiving OCRE had as

expected a lower total CD8+ T-cell count as compared to the
other study patients (data not shown).

Discussion
OCRE has a major and predominant effect consisting in de-
pleting CD20+ B cells. Nevertheless, how OCRE may affect
the phenotype and functions of other immune cell subsets is

Figure 4 Loss of Functional Activated Central Memory CD8+ T Cells on OCRE Treatment

(A) FlowSOM unsupervised subclustering of PBMC CD8+ metacluster 5 discriminates the circulating naive, central memory (CM), effector memory (EM), and
effector (Eff) CD8+ T cells (see legend for marker selection and submetacluster definition). (B) Modification in the frequency of FlowSOM unsupervised naive
andmemory CD8+ T-cell subsets overtime (T0, T6, and T12) is represented. The asterisks (*) represent significant differences for the effect of time for a given
treatment on a givenmetacluster: **p < 0.01; ***p < 0.001 using a nonparametric paired post hocNemenyi test. (C) Statistical heatmap analyses ofmarkers of
phenotype, function/activation, and CNS-migration properties of CD8+ cell subsets overtime (T0, T6, and T12). Effect of the treatment overtime and over
CD8+submetaclusters was tested using a nonparametric paired Friedman test as compared to baseline (T0, squares). If significant, a nonparametric paired
post hoc Nemenyi test was run to compare baseline values with subsequent time points (T0 vs T6 and T0 vs T12). Post hoc results are depicted as circles (the
smallest being not significant; the lower intermediate, p < 0.05; the upper intermediate, p < 0.01; and the largest, p < 0.001, see the figure for details). (D) IFN-
γ–mediated cellular immune responses against a pool of immunodominant peptides of CMV, EBV, and influenza (CEF) were tested using an ELISPOT assay at 3
time points of OCRE administration (T0, T6, and T12) in n = 22 of 38 patients testedwith valid ELISPOT at T0 andmore than 4 times the unstimulated condition.
Spot-forming units (SFUs) were normalized to total CD8+ T-cell counts (frequencies from cluster 5, Figure 1, B andC). (E) In a subset of patients tested in panel D
(11/22), CD8+ T-cell fractions were MACS sorted at 3 time points of OCRE administration (T0, T6, and T12) and cocultured with autologous CD8-depleted
PBMCs (CD80

−) that were collected only at T0, at a ratio of 1:10 (CD8+:CD80
−). SFUs were normalized to total memory CD8+ T-cell counts (frequencies from

clusters 2 and 3, panel A). (D-E) The asterisks (*) represent significant differences for the effect of time: ***p < 0.001 using a nonparametric paired Friedman
test followed by a post hoc Dunn test (pD). Colored dots represent patients who developed infections on OCRE treatment over the period of the study.
In green, patients previously under IFN; in red, previously under DMF; and in blue, previously under GA. ELISPOT = enzyme-linked immunospot;
MACS = magnetic-activated cell sorting; OCRE = ocrelizumab; PBMCs = peripheral blood mononuclear cells.
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less clear. Using the unique combination of an unbiased
comprehensive mass cytometry approach and a functional
T-cell assay in OCRE-treated pwMS followed over 1 year, we
show that OCRE also significantly affects the CD8+ T-cell
population.

First, we find that OCRE not only depletes the memory
CD8+CD20+ T cells but also impairs their phenotype, espe-
cially by reducing CXCR3 and CNS-related LFA-1 integrin
expression. Of interest, memory MOG-specific double-
positive CD8+CD20+ T cells, a subset that is increased in
pwMS in comparison with HD, are rapidly depleted on anti-
CD20 treatment.32 Thus, it is tempting to postulate, as al-
ready suggested by others, that the disappearance of this
subset of CD8+ T cells and the loss of migratory functions
could contribute to the clinical efficacy observed in pwMS on
OCRE and on other anti-CD20 therapy.32,44,45

Second, we observe that, within the total CD8+ T-cell pop-
ulation, OCRE induces a shift in the distribution of cells with
an enrichment in naive and a depletion in CM CD8+ T cells,
such an effect on the T-cell compartment being reported by
others.33,34 Mirroring what was observed for memory
CD8+CD20+ T cells, the expression of CXCR3, a key che-
mokine receptor for memory T-cell recruitment in inflamed
tissues including the brain, was fully repressed on both CM
and EM CD8+ T cells.46 Altogether, these results suggest that
OCRE, by reducing the ability of potential pathogenic
memory CD8+ T cells to migrate into the brain, may exert its
therapeutical effect not only through the B-cell depletion but
also through T cells, particularly CD8+ T cells.

Nevertheless, as the other side of the medal, we also
demonstrate that the virus-specific memory CD8+ T-cell re-
sponse is significantly reduced already after 6 months on
OCRE, even after normalization of the data for the total
number of CD8+ T cells per individual counts (Figure 4D).
Furthermore, we demonstrate that this loss of function of
memory CD8 T cells does not seem to be due to the absence
of B cells in the assay but well to a broader effect of OCRE
in vivo including on circulating memory CD8+ T cells
(Figure 4E).

Our results contrast with what has been reported to date
regarding the SARS-CoV-2–specific T-cell response. These
data show that OCRE does not impair a de novo induction
of new virus-specific effector cellular immune response such
as extensively reported in the context of vaccination
against22,24-31 or infection by SARS-CoV-2.47-49 Here, we do
not claim that a patient on OCRE is not able to mount a virus-
specific immune response; however, our longitudinal sys-
tematic study suggests that the persistence of a classical CM
immune response such as a CEF-specific CD8+ T-cell re-
sponse is impaired.

Precisely, 7 of 38 (18.4%) patients in our cohort presented
with infections while onOCRE (Table 2). We did not identify

any specific hallmark of immune suppression either general
(lymphopenia and hypogammaglobulinemia) or issued from
our study (CEF viral-specific immune responses in infectious
patients were similar to the ones of the noninfectious pa-
tients) that would support the occurrence of these infections.
Nevertheless, we also show that the pre-OCRE DMTs do
have an enduring influence on the phenotype of the cells,
which is independent on the length of the washout period
(Figure 1C). Of interest, other authors have recently
reported that a FTY-caused T-cell lymphopenia persisted
in patients once they were on OCRE, suggesting that
immune dysfunction could be carried over from the pre-
vious treatment to OCRE.50 Here, we demonstrate that
the overall immune landscape is imprinted by the DMT
used before OCRE. Of these 7 patients reporting benign
to severe infections on OCRE, 4 were previously on DMF,
representing two-thirds of the total number of patients
switching from DMF (4/6). Knowing that DMF affects
particularly the CD8+ T-cell population including the
CD8+CD20+ T cells,45 it is tempting to hypothesize that
there is a legacy effect of DMF on the CD8+ T cells, a
population of cells that was further affected by OCRE.51

Nevertheless, such as mentioned above, we did not detect
significant differences between the CD8+ T cells of OCRE-
infected vs OCRE-noninfected study patients. This ab-
sence of difference could be explained by the low number
of study patients and/or by markers that we did not
identify. Our results may open new axes of research to
stratify the risk of developing opportunistic infection in
patients on anti-CD20 treatments. Whatever the cause, it
might be important for the clinician to pay a particular
attention to patients who are switched from DMF to
OCRE.

To conclude, our study contributes to a better understanding
of the mechanisms of actions of OCRE in pwMS, especially
regarding its impact on memory CD8+ T cells suspected to be
major players in MS pathogenesis. This article also suggests
that a special attention should be paid to patients switching
from DMF to OCRE.
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