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ARTICLE INFO ABSTRACT

Keywords: B cell depletion by the anti-CD20 antibody ocrelizumab is effective in relapsing-remitting (RR) and primary
Multiple sclerosis progressive (PP) multiple sclerosis (MS). We investigated immunological changes in peripheral blood of a real-
Ocrelizumab

world MS cohort after 6 and 12 months of ocrelizumab.

All RRMS and most PPMS patients (15/20) showed treatment response. Ocrelizumab not only reduced CD20™"
B cells, but also numbers of CD20™ T cells. Absolute numbers of monocytes, dendritic cells and CD8" T cells were
increased, while CD56" natural killer cells were reduced after ocrelizumab. The residual B cell population shifted
towards transitional and activated, IgA" switched memory B cells, double negative B cells, and antibody-
secreting cells. Delaying the treatment interval by 2-3 months increased mean B cell frequencies and
enhanced naive B cell repopulation. Ocrelizumab reduced plasma levels of interleukin(IL)-12p70 and interferon
(IFN)-0r2.

These findings will contribute to understanding ineffective treatment responses, dealing with life-threatening
infections and further unravelling MS pathogenesis.
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1. Introduction [1]. Over time, 15-30% of RRMS patients develops secondary progres-
sive (SP)MS. In primary progressive (PP)MS (10-15% of MS patients),

Multiple sclerosis (MS) is one of the most common chronic inflam- gradual clinical deterioration occurs from disease onset [1]. B cells
matory, demyelinating diseases of the CNS in young adults. In 85-90% contribute to MS pathogenesis, both by differentiation into antibody-
of MS patients, the disease initiates as relapsing-remitting (RR)MS, secreting cells [2] and antibody-independent functions such as antigen
characterized by alternating periods of clinical relapses and remission presentation [3], costimulation [3], and cytokine production [4,5]. The
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activity; NK cells, natural killer cells; PBMCs, peripheral blood mononuclear cells; pDCs, plasmacytoid dendritic cells; PPMS, primary progressive MS; RA, rheumatoid
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importance of B cell mediated pathology in MS has been emphasized by
the clinical success of B cell depletion therapy in the treatment of RRMS
and even PPMS patients [6,7].

Anti-CD20 B cell depleting monoclonal antibodies have been
explored in several autoimmune and autoantibody-mediated diseases
[8-11]. In MS, the chimeric rituximab, humanized ocrelizumab and
recombinant human ofatumumab demonstrated a high efficacy for the
treatment of RRMS [6,7,12]. Importantly, ocrelizumab was the first
immunosuppressive agent reaching the primary endpoint in a clinical
trial for early PPMS [7]. Therefore, it was licensed for the treatment of
RRMS and PPMS by the US Food and Drug Administration in 2017. The
phase 3 clinical trials for RRMS (OPERA I/1I) and PPMS (ORATORIO)
revealed that intravenous admission of 600 mg ocrelizumab every 24
weeks resulted in a decline of circulating B cells to negligible levels by
week 2 until the end of follow-up (96 and 216 weeks, respectively) [6,7].

As CD20 is not expressed on antibody-secreting cells, the clinical
effects of anti-CD20 therapy are due to antibody-independent mecha-
nisms. However, long-term B cell depletion was recently associated with
decreased serum immunoglobulin (Ig) levels, increasing the risk of
(serious) infections [13,14]. In this light, MS patients on rituximab or
ocrelizumab treatment showed an increased risk of severe COVID-19
infection with higher probabilities of hospitalization, admission to the
intensive care unit and death [15-17]. Therefore, there is still a need for
detailed profiling of changes in the immune system after B cell depletion
therapy to better understand how B cell depletion impairs host defense
against (life-threatening) infections. Additionally, insights into the lack
of treatment response in a proportion of MS patients is still missing
[18,19]. This study aimed to longitudinally investigate a real-world
cohort of RRMS and PPMS patients followed up to one year after ocre-
lizumab initiation. Blood samples were collected before and after 6 and
12 months (M) of ocrelizumab treatment and used for in-depth immu-
nological phenotyping of both the innate (monocytes, natural killer (NK)
cells, dendritic cells (DCs)) and adaptive immune system (B and T cell
subsets). In addition, an extensive characterization of the systemic
cytokine profile was done before and during ocrelizumab treatment.

2. Methods
2.1. Human participants

Peripheral blood samples were obtained from 20 healthy controls
(HC), 16 RRMS and 20 PPMS patients at the University Biobank Limburg
(UBiLim; Hasselt, Belgium) [20] and Noorderhart hospital (Pelt,
Belgium). MS patients were diagnosed according to the McDonald
criteria [21]. This study was approved by the Committee of Medical
Ethics from Hasselt University and Noorderhart. Written informed
consent was obtained from all participants. Blood samples were
collected from MS patients at the start of ocrelizumab (Ocrevus) treat-
ment (n = 15 RRMS, n = 18 PPMS) and at the second (6 M; n = 13 RRMS,
n = 17 PPMS) and third (12 M; n = 12 RRMS, n = 12 PPMS) infusion.
Missing time points/data were due to organizational issues or patient
withdrawal. For two RRMS patients, blood samples were additionally
collected after a 2 M or 3 M treatment delay due to the COVID-19
pandemic (“restart”). All samples were cryopreserved at UBiLim.
Donor characteristics are provided in Tables 1 and S1. HC did not have
allergies, autoimmune disorders or infections at sampling and were
matched to MS patients with regard to age and sex as closely as possible.

2.2. Flow cytometry

Peripheral blood mononuclear cells (PBMCs) were obtained via ficoll
density gradient centrifugation (Cederlane lympholyte, Sheffield, UK)
and frozen in liquid nitrogen. At the time of analysis, samples were
thawed and rested for 2 h at 37 °C, 5% COa. After live/dead staining
using Fixable Viability Dye eFluor 506 (Thermo Fisher Scientific, Wal-
tham, USA) or Zombie Aqua (BioLegend, San Diego, USA), samples were
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Table 1
Baseline donor clinical characteristics.
MS HC
RRMS PPMS
Number of donors 16 20 20
Start ocrelizumab 15 18 NA
6 M ocrelizumab 13 17 NA
12 M ocrelizumab 12 12 NA
Restart ocrelizumab 2 0 NA
Age at baseline” 42.0 49.5 48.0
(21.0-62.0) (28.0-70.0) (26.0-67.0)
Sex, % F 80 30 50
Disease duration since MS 10.0 3.9 NA
diagnosis® (1.0-29.3) (0.3-20.0)
Last treatment before
ocrelizumab”
Untreated 1 7 NA
Interferon beta-1a 2 0
Teriflunomide 1 3
Glatiramer acetate 0 1
Dimethyl fumarate 4 3
Fingolimod 3 0
Natalizumab 4 0
Cyclophosphamide 1 6
EDSS at baseline” 2.5(0.0-6.0) 4.5 (1.0-6.5) NA
EDSS deterioration durin, 40of 17
ocrelizumab treatment® i 0 of 14 (0%) (22.5%)"
Number of T2 lesions on MRI*
. 10of15 40f 19
< 10 lesions 6.7%) (21.1%) NA
. 11 of 15 11 of 19
10-50 lesions (73.3%) (57.9%)
. 30of 15 40of 19
50-100 lesions (20.0%) ©21.1%)
Change of MRI activity during 10 11
ocrelizumab treatment 1:0 1:0
. . N 6 of 15 30of 20
Patients showing Gd* lesions' (40%) (15.0%) NA
Change of MRI activity during 10 1:0
ocrelizumab treatment 115 12
Patlent.s with rﬁ:le%[{ses. after o 0 NA
ocrelizumab initiation
Patients with NEDA-3 after 12 M 150f 15 15 of 20 NA
ocrelizumab treatment® (100%) (75%)
Patients with 30of 15 30f17 NA
hypogammaglobulinemia“ (20%) (17.6%)
Patients that switched to other 0 NA

treatment during study period

Abbreviations: EDSS, expanded disability status scale; F, female; Gd,
gadolinium-enhancing lesions; M, months; MRI, magnetic resonance imaging;
NA, not applicable; NEDA-3, no evidence of disease activity = no disability
progression, no relapse, no new or newly enlarged T2 lesions and no Gd* lesions.

# In years, median (range).

b Data available for n = 15 RRMS and n = 18 PPMS, median (range).

¢ n (%).

d 2 PPMS patients showed EDSS deterioration after 6 M and 2 PPMS patients
after 12 M of ocrelizumab treatment.

stained with three different antibody panels to analyze general immune
cells, B and T cell subsets (Table S2). The isotypes IgG, IgA and IgM were
stained on B cells using a surface staining. PBMCs were fixed (CytoFix
Fixation Buffer, BD Biosciences, Erembodegem, Belgium) or per-
meabilized using the FOXP3/Transcription factor staining buffer kit
(Thermo Fisher Scientific) according to the manufacturer’s instructions.
Human TruStain FcX and True-Stain Monocyte Blocker (BioLegend)
were also used. Samples were acquired using the FACSymphony or
LSRFortessa (BD Biosciences) and analyzed using FlowJo 10.8.0 (BD
Biosciences) and FlowSOM [22]. For manual gating, fluorescence minus
one controls were used. The gating strategy is depicted in Figs. S1 and
S2. To avoid inter-assay variation, all samples of the same donor were
processed simultaneously. Absolute lymphocyte and monocyte numbers
were obtained from standard clinical lab tests performed before (n = 14
RRMS, n = 18 PPMS), 6 M (n = 13 RRMS, n = 16 PPMS) and 12 M (n =
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12 RRMS, n = 12 PPMS) after ocrelizumab initiation. Absolute number
of immune cell subsets was calculated as follows: absolute lymphocyte
or monocyte number (/pl) X percentage of lymphocyte or monocyte
subset.

2.3. FlowSOM analysis

Flow cytometry data were manually gated to single live cells and
exported to FlowJo 10.8.0. Only MS patients with available blood
samples at all three time points (before, 6 M and 12 M after ocrelizumab)
were included (n = 10 RRMS, n = 11 PPMS) along with age-and sex-
matched HC (n = 9). Analysis was performed using the FlowSOM al-
gorithm [22]. All data were concatenated, scaled, and log-transformed
on import. Cells were assigned to a Self-Organizing Map (SOM) with a
16 x 16 grid, grouping similar cells into 256 nodes. Each node in the
FlowSOM tree was assigned to a score indicating its correspondence to
the desired cell profile. A minimal spanning tree was constructed to
visualize similar nodes in branches. Cell numbers were scaled logarith-
mically and nodes with similar expression markers were clustered into
metaclusters. The FlowSOM algorithm was run at least three times to
ensure reproducibility. Comparisons between time points were per-
formed with Friedman test and a Benjamini-Hochberg corrected test by
calculating the mean percentage per sample group in each cluster and
testing statistical significance for each node within metaclusters. P-
values were two-sided and analysis was performed using RStudio
(Version 1.4.1106). Significant differences were defined by p < 0.05.

2.4. Bead-based immunoassay

Plasma samples were collected from MS patients before (n = 15
RRMS, n =18 PPMS), 6 M (n = 13 RRMS, n = 17 PPMS) and 12 M (n =
12 RRMS, n = 12 PPMS) after start of ocrelizumab treatment and
immediately stored at —80 °C. The LEGENDplex™ Human Anti-Virus
Response Panel kit (BioLegend) was used to measure circulating con-
centrations of tumor necrosis factor (TNF)-a, interleukin (IL)-1p, IL-8, IL-
6, interferon gamma-induced protein (IP)-10, granulocyte-macrophage
colony-stimulating factor (GM-CSF), IL-12, interferon (IFN)-a, IFN-B,
IFN-y, IFN-A1, IFN-A2/3 and IL-10. The kit was used according to the
manufacturer’s instructions with minor adjustments. The assay was
carried out in V-bottom 96-well plates and 12.5 pl of plasma samples and
reagents were added. All plasma samples were diluted twofold with
assay buffer and tested in duplicate. Samples were acquired using the
LSRFortessa (BD Biosciences) and analyzed using LEGENDplex™ Data
Analysis Software Suite (BioLegend). Means of detection limits of
duplicate tests were calculated and were used as a reference for cytokine
levels under the detection limit.

2.5. Statistical analysis

Data analysis was done using Prism software version 9.5 (GraphPad
Software, San Diego, CA, USA) and SAS JMP Pro 16 software (SAS
Institute, Cary, NC, USA). Differences in immune cell subsets between
start, 6 M and 12 M of ocrelizumab treatment were assessed by a linear
mixed model with random effects (sample ID) and fixed effects (age, sex,
timepoint, expanded disability status scale (EDSS), disease duration,
previous treatments and all interactions with timepoint), allowing for
repeated measurements and missing values. The most common con-
founders were age, sex and EDSS. Normality was checked using a normal
quantile plot of the conditional residuals of the model and if needed, the
data was log-transformed. To determine whether group means differed,
pairwise comparisons were conducted using the Tukey post-hoc test.
Differences between HC and MS samples at ocrelizumab initiation were
analyzed using the Mann-Whitney test. A p < 0.05 was considered
significant.
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3. Results
3.1. Demographic and clinical characteristics

Peripheral blood samples were collected from 20 HC, and 16 RRMS
and 20 PPMS patients before, 6 M and 12 M after ocrelizumab initiation
(Table 1). In this real-world patient cohort, most RRMS (15/16, 93.8%)
and PPMS (13/20, 65%) patients had received other disease modifying
therapies before ocrelizumab treatment (Table S1). No evidence of dis-
ease activity (NEDA) was defined according to the 3 parameter NEDA
(NEDA-3): no disease progression (measured by EDSS), no new clinical
relapse and absence of new or newly enlarged T2 lesions and
gadolinium-enhancing (Gd™) lesions [23]. All RRMS patients reached
NEDA-3 during the observation period, whereas 5/20 (25%) PPMS pa-
tients did not. Of these non-responding PPMS patients, four experienced
a deterioration in EDSS and one developed a new T2 lesion during
ocrelizumab treatment. None of the RRMS and PPMS patients experi-
enced a clinical relapse or switched to another treatment during the
study period.

3.2. High-dimensional immune profiling shows a CD20™" cell-specific
depletion by ocrelizumab

B cells were efficiently depleted following ocrelizumab treatment,
with CD20™ B cell numbers significantly reduced in both RRMS and
PPMS patients at 6 M (96% and 98%, respectively) and 12 M (98% and
94%, respectively; Table 2). CD20" cells within the T cell population
were also significantly decreased by ocrelizumab. Although total CD3* T
cell numbers remained unchanged, the absolute number of CD8" T cells
was significantly increased in PPMS patients at 12 M of ocrelizumab
treatment. Within the innate immune cell population, the absolute
number of CD56" NK cells was significantly reduced at 6 M of ocreli-
zumab treatment in RRMS but not in PPMS patients. The absolute
number of DCs was not altered in RRMS patients, but was significantly
increased at 6 M of ocrelizumab treatment in PPMS patients. At 12 M of
ocrelizumab treatment, a significant increase in the number of myeloid
DCs (mDCs) and plasmacytoid DCs (pDCs) in RRMS patients and of
mDCs in PPMS patients was found (Table S3). Furthermore, the absolute
number of monocytes was significantly increased at 6 M and 12 M of
ocrelizumab treatment in RRMS patients and at 12 M in PPMS patients.
Within the monocyte population, the absolute number of CD14"
monocytes was increased at 12 M in PPMS patients (Table S3). In
summary, ocrelizumab treatment reduced CD20" immune cells and
CD56M NK cells, but increased CD8™" T cells, monocytes and DCs.

The effect of ocrelizumab treatment on the frequencies of immune
cell subsets was additionally investigated using unbiased clustering by
FlowSOM analysis [22,24]. An overlay of the manually gated data on the
FlowSOM tree indicated separate clustering of the major immune cell
subsets (Figs. 1A, S3, S4). Confirming the manual analysis, all B cell
clusters were significantly decreased following ocrelizumab treatment
in both RRMS and PPMS patients (Fig. 1B-C), except for two nodes at 6
M in both patient groups (1, 2, Fig. 1B-C) and one node at 12 M in PPMS
patients (3, Fig. 10). Node 1 was defined as
CD20"IgD*CD27 CD24*CD38Me"CXCR5™, node 2 as
CD20*1gD*CD27 CD247CD38M8"CXCR5~ and node 3  as
CD20"IgD"CD27 CD24"CD38"CXCR5", partially overlapping with
transitional B cells. No significant differences were found between the 6
M and 12 M time points and between start and HC (data not shown) in
both RRMS and PPMS patients. Furthermore, no significant changes
were observed in the other immune cell subsets. To ensure that rare
subpopulations of CD4" T cells are captured with our analyses, CD4" T
helper (Th) cell subsets were studied in more detail by FlowSOM anal-
ysis (Figs. S5, S6). However, no significant results were observed, con-
firming that B cells are the main immune cell subset targeted and
changed by ocrelizumab treatment in our real-world cohort.
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Table 2
Changes in the absolute number (cells/pl) of innate and adaptive immune cells
before and after start of ocrelizumab treatment in RRMS and PPMS patients.

START 6M 12M
Mean + Mean + p-value Mean + p-value
SEM SEM 6 M vs SEM 12Mvs
START START
12 Mvs
6M
RRMS
CD20" Bcells  372.37 1427 + p< 6.62 + p<
+8811  8.20 0.0001 552 0.0001
987.47 818.13 + = 93272+ p=
N
Cb3" Teells | 1gp37  140.82 02251  147.14 0.9112
CD3*CD20" T  0.55 + 011+ p< 0.19 + p=
cells 0.12 0.03 0.0001  0.07 0.0006
CD3'CD4" T 609.16 527.16 + p= 612.13 + p=
cells +£126.82  102.0 01003  102.06 0.9393
CD3'CD8* T  278.47 21641+ p= 24638+ p=
cells +£4974 3316 01709  35.09 0.567
237.23 204.80 + = 20794+ p=
NK cells +£31.04 2593 0.4103  32.09 0.8255
bes 225.90 258.68+ p= 27558+ p=
+1479 1611 04898 32,10 0.1177
p<
Monoevies 144.33 19653+ p= 22142+  0.0001
v +£1474 2643 0.0137  28.86 p=
0.0347
PPMS
266.17 5.16 + p< 155 + p<
N
D207 Beells a0 49 357 0.0001  10.84 0.0001
937.89 1134.17 p= 1057.19
+ -
CD3" Teells 0104 112716 02591 +101.08 P=02
CD37CD20" T  0.45 + p= 0.15 + p=
cells 0.08 0.08£02 50002  0.06 0.001
CD3'CD4* T 597.87 74321+ p= 683.1 + p=
cells £72.06  110.42 0.2042  58.60 0.2989
CD3'CD8" T  267.63 30775+ p= 28779+  0.0076
cells +£29.08  32.52 0.9053  42.41 p=
0.0241
195.37 24710+ p= 27049+  p=
NK cells +2274 3691 01115  36.42 0.1237
s 257.89 291.47 + = 340.54 + =
+£2342  28.20 0.0049  48.89 0.0807
p =
Monoevies 166.36 18492+ p= 27003+  0.0031
Y +£1473  19.27 07504  27.57 p=
0.0232

Absolute number (cells/pul) of immune cell subsets in the peripheral blood of
RRMS and PPMS patients before (i.e. start, n = 14 and n = 18, respectively), at 6
M (n = 13 and n = 16, respectively) and at 12 M (n = 12 each) of ocrelizumab
treatment. NK cells were defined as CD3°CD56", DCs as
CD3~CD56 CD20 HLADR"CD14 CD27~ and monocytes as
CD3 CD56 CD20 HLADR'CD14*. Mean with SEM are shown. P-values in bold
are statistically significant. Differences in the immune cell subsets were assessed
by a linear mixed model and normal distribution was checked using a normal
quantile plot of the conditional residuals of the model. Abbreviations: DCs,
dendritic cells; NK, natural killer cells; SEM, standard error of the mean.

3.3. Ocrelizumab induces a shift in the distribution of residual B cell
subsets

The B cell population was investigated in more detail by analysis of
CD24"ehcp38Mish transitional B cells, IgDTCD27~ naive B cells,
IgD"CD27" unswitched memory B cells, IgD~CD27 " switched memory
B cells, IgD"CD27~ double negative B cells and CD27M8hcD3ghish
antibody-secreting cells. In addition, the transitional B cell population
was divided into CD21~ transitional (T)1 and CD21" T2 transitional B
cells, while naive B cells were separated in CD21" activated naive and
CD21" resting naive B cells. Switched memory B cells comprised both
IgM-only and IgG ", IgA™ or IgE" B cells. Within double negative B cells,
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CD21~ and CD217 double negative B cells were discriminated. For both
RRMS and PPMS patients, the absolute number of all B cell subsets was
significantly decreased after 12 M of ocrelizumab, except for T2 tran-
sitional B cells in RRMS patients and T1 transitional B cells in PPMS
patients (Table S4).

Moreover, the frequency of total B cells was significantly decreased
in RRMS and PPMS patients at 6 M (92% and 94%, respectively) and 12
M (96% and 93%, respectively) of ocrelizumab treatment compared to
start (Figs. 2, S7, respectively; p-values in Table S5). Within the residual
B cell population, ocrelizumab induced a shift towards significantly
more transitional, switched memory and double negative B cells and
antibody-secreting cells in all MS patients after 6 M and 12 M of ocre-
lizumab treatment (Figs. 2, S7, Table S5). In contrast, frequencies of
naive and unswitched memory B cells were significantly decreased
following ocrelizumab treatment in RRMS and PPMS patients. Within
the transitional B cell population, ocrelizumab treatment resulted in a
shift towards more T1 transitional B cells and fewer T2 transitional B
cells, while naive B cells shifted towards more activated naive and fewer
resting naive B cells in both patient groups. Additionally, there was an
increase in CD21" cells and a decrease in CD21" cells in the double
negative B cell population. Interestingly, the frequency of double
negative B cells was significantly increased in PPMS patients who did
not reach NEDA-3 (n = 4) compared to PPMS patients who reached
NEDA-3 after 12 M of ocrelizumab treatment (n = 8, p = 0.0283,
Fig. S8). At baseline, the total B cell population was increased while
unswitched memory B cells were slightly decreased in both RRMS (p =
0.0119 and p = 0.0556, respectively, Fig. 2) and PPMS patients (p =
0.0149 and p = 0.0548, respectively, Fig. S7) compared to HC. Thus,
although the total B cell population was depleted after ocrelizumab
treatment, a shift in the distribution of the residual B cell subsets was
observed towards T1 transitional, switched memory and double nega-
tive B cells, and antibody-secreting cells.

3.4. The residual B cell population mainly consists of activated IgA™ B
cells

The phenotype of the residual antigen-experienced B cell subsets
after ocrelizumab treatment (antibody-secreting cells, switched memory
and double negative B cells) was studied by measuring their expression
of the activation markers CD86 and CD80 and Ig isotypes (IgM, 1gG, IgA)
(Figs. 3, S9). Samples of ocrelizumab treated patients with <10 acquired
B cells following analysis were excluded. The frequency of CD86™ cells
was significantly increased after ocrelizumab treatment within the
remaining switched memory and double negative B cells of all patients,
and in the antibody-secreting cells of RRMS patients (p-values in
Table S6). Additionally, the frequency of CD80™ cells was significantly
higher in both switched memory and double negative B cells following
ocrelizumab treatment. In contrast, CD80" cell frequencies were
decreased in antibody-secreting cells of PPMS patients at 6 M of ocre-
lizumab. For the Ig isotypes, a shift was observed towards more IgA™ and
less IgG " cells within antibody-secreting cells, switched memory and
double negative B cells of all patients at both timepoints. To conclude,
ocrelizumab treatment induced a shift in the phenotype of the residual
antigen-experienced B cells towards an activated (CD86 and CD80
expression) and IgA class-switched phenotype.

3.5. Increasing the time between two doses of ocrelizumab could result in
a repopulation of early B cell subsets

During the COVID-19 pandemic, blood samples were collected of two
RRMS patients whose time to the next dose (i.e. 18 M timepoint) was
delayed by either 2 M (RRMS2) or 3 M (RRMS3), resulting in a time
interval of 8 M or 9 M between the third and fourth dose. To study the
impact of the extended interval between ocrelizumab doses on B cell
frequencies and subset distribution within these two patients, we per-
formed an in-depth B cell phenotypic analysis (Fig. 4). Although no
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Fig. 1. Distribution of the major immune cell subsets after ocrelizumab treatment in RRMS and PPMS patients. A. FlowSOM tree (16 x 16) with the main immune
cell subsets within single live cells (based on manual gating). Only MS patients with available blood samples at all three time points (before, 6 M and 12 M after
ocrelizumab) were included (n = 10 RRMS, n = 11 PPMS) along with age-and sex-matched HC (n = 9). Each subset is colored as shown in the legend. Immune cell
subsets were identified using manual gating: CD3~CD56 CD20 HLADR"CD14" monocytes, CD3~CD56 CD20 HLADR'"CD14 CD27~ DCs, CD3 CD56 CD20" B
cells, CD37CD56" NK cells, CD8™ cytotoxic and CD4™ helper T (Th) cells, with CD25"FOXP3™ regulatory T cells (Treg) as part of the CD4™ T cells. Node sizes are
equalized (relative node sizes in Figs. S1, S2). Nodes are built out of different markers as represented by the starchart legend. Comparison of start versus 6 M, start
versus 12 M and 6 M versus 12 M of ocrelizumab treatment for RRMS (B) and PPMS (C) patients. Node 1 is defined as CD20*IgD*CD27’CD24+CD38highCXCR5+,
node 2 as CD20*IgD*CD27 CD24"CD38"#"CXCR5~ and node 3 as CD20*IgD"CD27 CD24"CD38"CXCR5". Comparisons between time points were performed
using a Benjamini-Hochberg corrected test. Nodes significantly decreased compared to start are indicated in red. Abbreviations: DCs, dendritic cells; M, month; NK,
natural killer cells; Treg: regulatory T cell. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

statistical analysis could be performed, the total B cell frequency was secreting cells, switched memory and double negative B cells was
increased with delayed ocrelizumab treatment in both RRMS patients, decreased. Additionally, the ocrelizumab-induced shift in transitional
indicating B cell repopulation. Still, the B cell frequency was lower than and naive B cell subsets was now reversed from activated naive towards
at treatment initiation. Delayed ocrelizumab treatment further allowed resting naive B cells and T1 transitional towards T2 transitional B cells.
a repopulation of naive B cells whereas the proportion of antibody- The remaining antibody-secreting cells, switched memory and double
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Fig. 2. Distribution of B cell subsets in HC and before and after start of ocrelizumab treatment in RRMS patients. Frequency of B cell subsets in the peripheral blood of
20 HC and 16 RRMS patients before (i.e. start, n = 15) after 6 M (n = 13) and 12 M (n = 12) of ocrelizumab treatment. B cell subsets are gated within the total CD19™"
B cell population. Percentages of total CD19" B cells, CD24"8"CD38"8" transitional B cells, CD21" transitional (T1) B cells, CD21" transitional (T2) B cells,
IgDTCD27 naive B cells, CD21~ aNaive B cells, CD21" rNaive B cells, IgDTCD27" USM B cells, IgD~CD27" SM B cells, IgD~CD27~ DN B cells, CD21~ DN B cells,
CD21" DN B cells and antibody-secreting cells are depicted. Mean + SEM are shown. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Differences in B cell
subsets were assessed by a linear mixed model and normal distribution was checked using a normal quantile plot of the conditional residuals of the model. Differences
between HC and MS samples at the start of ocrelizumab treatment were analyzed using the non-parametric Mann-Whitney test. Abbreviations: aNaive, activated
Naive B cells; SM, switched memory; DN, double negative; M, month; USM, unswitched memory; rNaive, resting naive B cells; SEM, standard error of the mean.
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Fig. 3. Phenotypic characterization of the residual B cell subsets after ocrelizumab treatment in RRMS patients. Frequency of the activation markers CD86 and CD80
and the Ig isotypes IgG, IgA and IgM within antibody-secreting cells (A), SM B cells (B) and DN B cells (C) in the peripheral blood of 20 HC and 16 RRMS patients
before (i.e. start), after 6 M and 12 M of ocrelizumab treatment was measured using flow cytometry. B cell subsets were gated within the total CD19" B cell
population. Patient samples with <10 B cells left after ocrelizumab treatment were excluded from the analysis. All patient samples showed sufficient numbers of
antibody-secreting cells after 6 M and 12 M of ocrelizumab treatment (start: n = 15, 6 M: n = 13, 12 M: n = 12), whereas 6 patients showed an insufficient number of
SM B cells after 12 M of ocrelizumab treatment (start: n = 15, 6 M: n = 13, 12 M: n = 6). For the DN B cells, 1 patient showed an insufficient number of DN B cells
after 6 M of ocrelizumab treatment and 4 patients after 12 M of ocrelizumab (start: n = 15, 6 M: n = 12, 12 M: n = 8). Mean + SEM are shown. *p < 0.05, **p < 0.01,
**¥*p < 0.001, ****p < 0.0001. Differences in the frequency of activation markers and Ig isotypes were assessed by a linear mixed model and normal distribution was
checked using a normal quantile plot of the conditional residuals of the model. Differences between HC and MS samples at the start of ocrelizumab treatment were
analyzed using the non-parametric Mann-Whitney test. Abbreviations: SM, switched memory; DN, double negative; M, month; SEM, standard error of the mean.

negative B cells showed a lower frequency of CD86" cells with delayed
ocrelizumab dosing (Fig. S10). Nevertheless, the shift towards increased
IgA™ B cell frequencies and decreased IgG" B cell frequencies was still
observed in switched memory and double negative B cells (Fig. S10). In
conclusion, it is suggested that delaying the next ocrelizumab dose by 2
M or 3 M could lead to a repopulation of the antigen-inexperienced B cell
populations and reduced expression of the activation marker CD86 in
antigen-experienced cells.

3.6. Ocrelizumab treatment induces changes in plasma cytokine levels of
RRMS and PPMS patients

Since the systemic cytokine profile of MS patients after ocrelizumab

treatment is not completely understood, the concentration of 13 cyto-
kines involved in inflammation and anti-viral immunity was measured
in the plasma of RRMS and PPMS patients before (n = 15 and n = 18,
respectively), after 6 M (n = 13 and n = 17, respectively) and 12 M (n =
12 each) of ocrelizumab treatment. IL-12p70 and IFN-a2 levels were
significantly lower in all MS patients after 12 M of ocrelizumab treat-
ment (Table 3). In PPMS patients, the concentration of IL-10 was
significantly reduced after 12 M of ocrelizumab, whereas IL-8 was
increased after 6 M and decreased again after 12 M (Table 3). All other
cytokine levels were not significantly changed after ocrelizumab treat-
ment. Remarkably, IFN-y levels were significantly increased in PPMS
patients who did not reach NEDA-3 (n = 4) compared to PPMS patients
who reached NEDA-3 after 12 M of ocrelizumab treatment (n = 8, p =
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Fig. 4. Distribution of the B cell subsets after ocrelizumab treatment in two RRMS patients with an extended time to the next dose of ocrelizumab. Frequency of B cell
subsets in the peripheral blood of 2 RRMS patients (RRMS2 and RRMS3) before (i.e. start), after 6 M, 12 M and 20 M (RRMS2) or 21 M (RRMS3) of ocrelizumab
treatment. B cell subsets are gated within the total CD19" B cell population. Percentages of total CD19* B cells, CD24"8"CD38M&" transitional B cells, CD21~
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Table 3
Circulating cytokine levels from RRMS and PPMS patients before and after start of ocrelizumab treatment.
START 6 M 12 M
Mean + SEM Mean + SEM p-value Mean + SEM p-value
6 M vs START 12 M vs START
12Mvs6 M
RRMS
IL-1B 5.54 + 3.01 6.53 + 2.45 p =0.8703 298 +£1.22 p = 0.5089
IL-6 3.91 + 0.86 5.08 £ 2.16 p =0.9608 8.98 + 7.02 p = 0.5906
TNF-a 10.10 £+ 2.78 8.10 £+ 3.92 p = 0.3886 7.87 + 2.86 p=0.3917
IP-10 49.60 + 3.58 57.29 + 7.18 p=0.2733 56.49 + 7.83 p = 0.4938
IL-8 32.65 + 24.94 4.65 + 1.46 p =0.4737 16.11 + 8.04 p =0.7782
IL-12p70 2.17 £0.36 1.69 + 0.24 p=0.1095 1.26 + 0.09 p =0.0031
IFN-y 16.59 + 2.37 12.53 +1.72 p = 0.4591 14.21 £+ 3.06 p =0.3475
GM-CSF 6.73 £ 1.35 5.87 £ 1.07 p = 0.5462 4.28 £ 0.24 p = 0.0926
IFN-A1 37.47 £ 5.52 30.02 + 4.63 p =0.9923 23.78 + 3.37 p = 0.5980
IFN-p 10.13 £+ 2.85 9.22 £+ 3.05 p =0.9075 9.59 £+ 3.30 p =0.9624
IFN-a2 4.56 + 1.37 3.52 +£1.36 p=0.9771 3.36 £ 1.53 p = 0.0336
IFN-22/3 95.32 + 14.60 84.36 + 14.33 p=0.7651 72.63 + 16.81 p =0.1063
IL-10 4.65 £ 1.47 3.69 £ 0.95 p = 0.5477 2.89 £+ 0.64 p=0.2948
PPMS
IL-1p 8.42 £ 2.57 8.74 £ 2.97 p = 0.8346 4.32+1.18 p =0.9649
IL-6 6.32 £ 2.26 9.87 £+ 3.93 p =0.937 5.70 £ 2.18 p = 0.1476
TNF-a 9.04 + 2.09 11.77 + 3.05 p=0.7036 11.02 £+ 2.50 p =0.7019
IP-10 51.58 + 5.09 56.20 + 7.62 p =0.4238 62.87 +7.92 p =0.099
p = 0.9957
IL-8 26.54 + 9.26 171.14 + 124.02 p =0.0134 38.15 + 29.52 p = 0.0411
IL-12p70 293 £0.71 2.40 £ 0.48 p=0.2636 2.07 £ 0.55 p = 0.0340
IFN-y 16.21 + 2.01 17.61 + 2.87 p =0.9810 19.25 + 2.46 p =0.6745
GM-CSF 10.44 + 4.90 8.84 + 3.07 p = 0.4640 7.49 + 3.82 p =0.1293
IFN-A1 42.3 +5.26 44.59 + 6.52 p =0.9923 34.60 + 6.04 p = 0.5980
IFN-B 24.80 +£13.14 12.42 + 5.62 p =0.9075 13.19 £+ 8.97 p =0.9624
IFN-02 5.03 £7.75 3.62 +1.01 p=0.9771 2.40 £+ 0.69 p = 0.0336
IFN-22/3 99.29 + 13.87 89.04 + 14.20 p=0.7651 67.84 + 6.26 p =0.1063
IL-10 4.19 £ 0.99 3.73 £0.95 p =0.5016 2.53 £0.91 p = 0.0271

Cytokine concentration (pg/ml) in plasma of RRMS and PPMS patients before (i.e. start; n = 15 and n = 17, respectively), after 6 M (n = 13 and n = 17, respectively)
and 12 M (n = 12 each) of ocrelizumab. Mean with SEM are shown. P-values in bold are statistically significant. Differences in the cytokine levels were assessed by a
linear mixed model and normal distribution was checked using a normal quantile plot of the conditional residuals of the model. Abbreviations: GM-CSF, granulocyte
macrophage colony stimulating factor; IFN, interferon; IL, interleukin; IP-10, IFN-y-induced protein 10; SEM, standard error of the mean; TNF-«, tumor necrosis factor

alpha.

0.0141, data not shown). Thus, the concentrations of the pro-
inflammatory cytokine IL-12p70 and anti-viral cytokine IFN-a2 were
reduced in RRMS and PPMS patients after 12 M of ocrelizumab
treatment.

4. Discussion

The B cell depletion therapy ocrelizumab is an effective treatment for
RRMS and PPMS, but is also associated with an increased risk of in-
fections [6,7,13,14,25]. Therefore, there is still a high need for detailed
immune profiling after ocrelizumab treatment to better understand how
B cell depleted MS patients can deal with life-threatening infections. In
this study, we longitudinally examined the effect of ocrelizumab treat-
ment on innate and adaptive immune cell populations and cytokine
levels in a real-world cohort of RRMS and PPMS patients. High-
dimensional flow cytometry revealed that circulating CD20" B cells
were successfully reduced after ocrelizumab treatment, both in absolute
numbers and frequencies. Additionally, CD20" T cell numbers were
decreased in all patients. Within CD20™~ immune cells, CD56M NK cells
were reduced, whereas numbers of CD8" T cells, monocytes and DCs
were increased following ocrelizumab treatment. While overall B cell
numbers were diminished, a shift in the residual B cell population was
observed towards transitional B cells and activated, IgA" antigen-
experienced B cells (antibody-secreting cells, switched memory and
double negative B cells). Extended interval dosing in two RRMS patients
resulted in a repopulation of antigen-inexperienced naive B cells.
Furthermore, plasma levels of the pro-inflammatory cytokine IL-12p70
and anti-viral cytokine IFN-a2 were reduced after 12 M of

ocrelizumab treatment.

Our study confirmed the efficacy of ocrelizumab treatment as all
RRMS patients and the majority of PPMS patients reached NEDA-3 after
1 year of treatment consistent with the results of clinical trials [6,7] and
observational studies [18,19]. In contrast to the clinical trials, almost all
patients in our cohort had been treated prior to ocrelizumab providing
us a real-world cohort rather than a controlled dataset. While B cell
depletion was observed in all PPMS patients who did not reach NEDA-3,
our analysis did reveal an increased frequency of double negative B cells
and elevated concentration of IFN-y in these patients compared to PPMS
patients who did reach NEDA-3 after 12 M of ocrelizumab. Increased
frequencies of double negative B cells were already described in the
peripheral blood and cerebrospinal fluid (CSF) of a proportion of MS
patients [26,27]. These double negative B cells showed a pro-
inflammatory phenotype and function suggesting their pathological
role in MS pathogenesis [26], which could potentially explain the failure
to reach NEDA-3 in PPMS patients with high frequencies of residual
double negative B cells. While further validation in a larger patient
cohort is warranted, this finding suggests the importance of analyzing B
cell subset distribution in order to understand the clinical efficacy of
ocrelizumab. This is consistent with observations in rheumatoid arthritis
(RA), where the extent of B cell depletion was not predictive of therapy
response, although differences in baseline plasmablast frequency were
shown in non-responders [28].

In accordance with other studies, the absolute number of CD20" T
cells was significantly decreased after ocrelizumab treatment in both
RRMS and PPMS patients [29,30]. CD20" T cells have previously been
found in the CSF of MS patients and were reported to have pro-
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inflammatory functions [31,32]. Unlike other reports [29,33-36], no
significant differences were found in the CD20™ T cell population of
RRMS patients after ocrelizumab, while for PPMS patients an increase in
the absolute CD8" T cell numbers was observed after 12 M of ocreli-
zumab. This discrepancy may be due to differences in the study pop-
ulations between studies. In our study, RRMS and PPMS patients were
analyzed separately instead of being combined into one group [34-36].
Furthermore, the majority of MS patients in our real-world cohort were
previously treated, mostly with only a short washout period, while
changes in the CD4" and CD8" T cell populations were previously
observed in treatment-naive RRMS [33] and PPMS patients [29]. In
addition, we investigated the effect of one or two doses of ocrelizumab,
while another study only reported an effect on CD8™ T cells after a third
dose [34]. Another explanation could be that the T cells had already
recovered after 6 M. This was demonstrated by a study in untreated
RRMS and PPMS patients in which T cell levels were decreased directly
after ocrelizumab infusion but quickly recovered after 3 M of ocrelizu-
mab [30]. The reduced number of CD56M NK cells was in agreement
with only one study, where the effect of one ocrelizumab dose was
investigated in a cohort of treatment-naive PPMS patients [29]. In
addition, we confirmed other reports in the increased absolute number
of monocytes following ocrelizumab treatment, whereas the increased
number of mDCs and pDCs was not in correspondence with literature
[29,30]. The increase in antigen-presenting cells might compensate for
the decrease in antigen-presenting B cells. To confirm this hypothesis,
research should also focus on how B cell depletion therapy affects the
function of the innate immunity. The differences in the distribution of
the immune cell subsets suggest that the effect of ocrelizumab is patient
dependent and highlight the importance of investigating the working
mechanism of ocrelizumab in different cohorts.

The shift towards more transitional B cells and antibody-secreting
cells within the residual B cell population is in agreement with
another study on ocrelizumab [29]. Furthermore, an increased fre-
quency of switched memory and double negative B cells within the re-
sidual B cell population was observed after rituximab treatment in MS
patients [37] and for double negative B cells also in RA patients [38].
Additionally, we found that the residual B cells were more activated as
indicated by the shift towards CD21" cells (T1 transitional, CD21"
double negative, activated naive) as well as the increased frequency of
CD86" and CD80™ cells within the antibody-secreting cells, switched
memory and double negative B cells. This was also observed after rit-
uximab treatment as the majority of the residual switched memory and
double negative B cells was CD21 "~ in RA patients [38], and an increased
frequency of CD86" B cells was observed in RRMS patients [39].
Furthermore, the majority of antigen-experienced cells were IgA™ class-
switched. Previous research in rituximab treated RA patients showed
increased levels of gut-derived IgA" antibody-secreting cells [40]. In
MS, gut-derived IgA" antibody-secreting cells can migrate to the CNS
and are assumed to have a regulatory function by secreting IL-10
[41,42]. Further analysis is needed to investigate if the residual IgA™"
B cells observed post-ocrelizumab treatment are also regulatory, gut-
derived cells. Our observations suggest that the remaining B cell popu-
lation consists of repopulating transitional cells on one hand and on the
other hand of activated, antigen-experienced cells, possibly less
responsive to ocrelizumab, as was also hypothesized in rituximab
studies [37,38]. However, the role of the residual B cells, whether reg-
ulatory or pro-inflammatory, in MS pathology remains unclear. Addi-
tionally, their increased activation state might compensate for the
reduced B cell count in the protective immune responses against
infections.

Increasing the time between two ocrelizumab doses could be bene-
ficial for vaccination strategies by enabling repopulation of antigen-
inexperienced T2 transitional and resting naive B cells, and reducing
the frequency of residual CD86 ™" antigen-experienced cells. This is in line
with a recent study that showed an increased repopulation of transi-
tional, naive and regulatory B cells after extended interval dosing

10

Clinical Immunology 259 (2024) 109894

compared to standard dosing schemes [43]. Several studies have shown
in the context of COVID-19 that extended interval dosing does not affect
the short-term disease activity [44-48]. However, more research on the
long-term effect is warranted.

Cytokine analysis indicated reduced plasma levels of IL-12p70 and
IFN-a2 after 12 M of ocrelizumab treatment in all MS patients. It is
unclear whether the lower IL-12p70 concentration is due to B cell
depletion or impaired monocyte and DC functioning. IFN-a2 is produced
by the innate immune system in response to viral infections [49]. The
reduction in IFN-a2 levels and the attenuated humoral immune response
could explain the increased risk of severe infections such as COVID-19 in
ocrelizumab treated MS patients [15,16]. Unlike other studies
[29,30,50], we did not observe differences in the concentration of other
pro-inflammatory cytokines following ocrelizumab treatment. This
could be explained by variations in experimental set-up as intracellular
cytokine staining on PBMCs revealed an increase in IL-6 and GM-CSF
producing B cells in ocrelizumab treated PPMS patients [29]. Contra-
dictory, ocrelizumab induced a decreased frequency of IL-6™ B cells in
another study [50]. Multiplex analysis using serum instead of plasma
also showed no significant differences in IL-6, TNF-a and IFN-y levels
after 6 M and 12 M of ocrelizumab [18]. Another study reported an
increase in IL-6, TNF-a and IFN-y levels in serum samples after 1 week of
ocrelizumab that declined during follow-up [30]. Consequently, there
remains a lack of consensus regarding the effect of ocrelizumab on
cytokine levels. Moreover, our real-world cohort mainly consisted of
previously treated patients and together with limited washout periods,
baseline cytokine levels did not represent a naive inflammatory MS
state. Another limitation of this study was the small sample size,
particularly among patients with extended interval dosing, because this
was a single-center study with patient dropout during the observation
period.

Taken together, we investigated the effect of ocrelizumab treatment
on the immune system in a real-world cohort of RRMS and PPMS pa-
tients over a 12 M period. High-dimensional flow cytometry revealed
that not only the CD20™" cell populations were affected by ocrelizumab
but also the number of CD56™ NK cells, monocytes and DCs. The re-
sidual B cell population mainly consisted of repopulating transitional B
cells and activated antigen-experienced cells, potentially less responsive
to anti-CD20 therapy. Extended interval dosing in two RRMS patients
suggested a repopulation of antigen-inexperienced cells. Future studies
should examine the long-term clinical outcomes of these shifts in B cell
subsets and their potential impact. With knowledge gained from this
study, clinicians and researchers can better tailor therapeutic strategies
to ensure optimal outcomes for RRMS and PPMS patients.
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