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Abstract
Multiple sclerosis (MS) is a chronic inflammatory, demyelinating and neurodegenerative disease affecting the central nerv-
ous system (CNS), often characterized by the accumulation of irreversible clinical disability over time. During last years, 
there has been a dramatic evolution in several key concepts of immune pathophysiology of MS and in the treatment of this 
disease. The demonstration of the strong efficacy and good safety profile of selective B-cell-depleting therapies (such as 
anti-CD20 monoclonal antibodies) has significantly expanded the therapeutic scenario for both relapsing and progressive 
MS patients with the identification of a new therapeutic target. The key role of B cells in triggering MS disease has been 
also pointed out, determining a shift from the traditional view of MS activity as largely being ‘T-cell mediated’ to the notion 
that MS-related pathological processes involve bi-directional interactions between several immune cell types, including 
B cells, both in the periphery and in the CNS. This review provides an updated overview of the involvement of B cells in the 
immune pathophysiology and pathology of MS. We summarize the rationale regarding the use of anti-CD20 therapies and 
the results of the main randomized controlled trials and observational studies investigating the efficacy and safety profile of 
rituximab, ocrelizumab, ofatumumab and ublituximab. Suggestions regarding vaccinations and management of MS patients 
during COVID-19 pandemic with anti-CD20 therapies are also discussed. Finally, therapies under investigation and future 
perspectives of anti-CD20 therapies are taken into consideration.
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Introduction

Multiple sclerosis (MS) is a chronic, inflammatory, demy-
elinating and neurodegenerative disease affecting the central 
nervous system (CNS), often leading to the accumulation of 
irreversible clinical disability.

During recent years, there has been a dramatic evolution 
in the arsenal of MS treatments.

Among the developed therapies, anti-CD20 monoclonal 
antibodies mediating B-cell depletion, such as rituximab, 
ocrelizumab and ofatumumab, have received increasing 
attention. The demonstration of the strong efficacy and good 
safety profile of these selective B-cell-depleting therapies 
[1–3] has significantly contributed to expand the therapeutic 
scenario to treat MS patients.

An increasing amount of data regarding the use of anti-
CD20 therapies has emerged. Accordingly, an updated over-
view is currently needed to summarize the most relevant 
findings supporting B-cell involvement in MS immune 
pathophysiology as well as the main results regarding 
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pharmacology, efficacy and safety of such therapies obtained 
from the most recent randomized controlled trials (RCTs) 
and observational studies. Guidelines for the proper tim-
ing of vaccinations and recent evidence about the risk of 
COVID-19 disease in association with anti-CD20 thera-
pies are also discussed. Finally, future perspectives of anti-
CD20 therapies and new promising anti-B-cell treatments 
are described.

Methods

We review the most recent evidence regarding the involve-
ment of B cells in the immune pathophysiology and pathol-
ogy of MS, the rationale underlying the use of anti-CD20 
therapies and the results of the main RCTs and observational 
studies investigating the efficacy and safety profile of anti-
CD20 therapies currently available.

References for this Review were identified through 
searches of PubMed with the search terms ‘adverse event(s)’, 
‘antigen-presenting cell’, ‘atrophy’, ‘B-cell’, ‘blood’, ‘Bru-
ton tyrosine kinase’, ‘CD19’, ‘CD20’, ‘COVID-19’, ‘cer-
ebrospinal fluid’, ‘demyelination’, ‘depleting therapy(ies)’, 
‘disability’, disease activity’, ‘disease-modifying’, ‘gado-
linium-enhancing lesion(s)’, ‘immunoglobulin’, ‘immunol-
ogy’, ‘inebilizumab’, ‘infusion reaction(s)’, ‘lymphocyte’, 
‘malignancy(ies)’, ‘monoclonal antibody(ies)’, ‘MRI’, ‘mul-
tiple sclerosis’, ‘ocrelizumab’, ‘ofatumumab’, ‘outcomes’, 
‘overall drug persistence’, ‘pathology’, ‘phenotype(s)’, ‘pre-
diction’, ‘progression’, ‘primary progressive’, ‘randomized 
controlled trial’, ‘relapse’, ‘relapsing–remitting’, ‘rituximab’, 
‘safety’, ‘SARS-CoV2’, ‘secondary progressive’, ‘T-cell’, 
‘T2-hyperintense lesion(s)’, ‘tolebrutinib’, ‘treatment’, 
‘ublituximab’, ‘vaccination’ from 1 January 1979 to 5 July 
2021. Articles were also identified through searches of the 
authors’ own files. Abstract presented at main congresses in 
the field were also evaluated. Only papers published in Eng-
lish were reviewed. The final reference list was generated on 
the basis of originality and relevance to the broad scope of 
this Review, with a focus on articles published during the 
past 3 years.

The role of B cells in MS immune 
pathophysiology

Historically, the classical view of MS immune patho-
physiology, based on the convergence of studies from MS 
patients and experimental models, supposed that bouts of 
MS inflammatory activities are principally mediated by 
aberrantly activated and/or dysregulated pro-inflammatory 
CNS-reactive T effector (Teff) CD4 + cells (including T 
helper 1 [Th1], interleukin-17 [IL-17]-expressing CD4 

[Th17], granulocyte–macrophage colony-stimulating factor 
[GM-CSF] expressing CD4) and CD8 + T cells (including 
IL-17-expressing CD8 [Tc17], GM-CSF expressing CD8, 
and mucosal-associated invariant T-cell receptor [TCR]-
expressing  CD8+ cells). By trafficking into the CNS, these 
cells are supposed to cause perivascular demyelination, glial 
cell activation and neuro-axonal injury [4, 5].

During the last few years, there has been a dramatic evo-
lution in several key concepts of MS immune pathophysiol-
ogy. One update involves a shift from the traditional view of 
MS disease activity as largely being ‘T-cell mediated’ to the 
view that MS relapses involve key bi-directional interactions 
between several immune cell types, including B cells, both 
in the periphery and in the CNS [4, 6].

This updated conceptual framework of the cellular immu-
nology underlying MS activity has occurred after the dem-
onstration of the strong efficacy of selective B-cell-depleting 
therapies (such as anti-CD20 monoclonal antibodies), point-
ing out the key role of B cells in triggering MS disease activ-
ity [1–3, 7].

The original impetus for targeting B cells in MS was 
based on the long-standing recognition of abnormally pro-
duced antibodies in the CNS of patients with MS (e.g., 
increased immunoglobulin [Ig] synthesis rates, cerebro-
spinal fluid (CSF)-restricted oligoclonal bands, antibodies 
bound to myelin fragments within phagocytic cells in the 
CNS parenchyma, Ig and complement detection in demy-
elinated lesions) [8–11].

Of note, B  cells, plasmablasts and plasma cells are 
increased in the CSF of MS patients and their number is pos-
itively associated with intrathecal inflammation and Ig syn-
thesis [12]. Despite this, the antigenic targets of the aberrant 
immune cell activation in MS remain incompletely defined 
and the long-term contribution of autoantibodies is largely 
unknown. Historically, the focus of investigation has been 
on myelin proteins, such as myelin basic protein (MBP), 
proteolipid protein (PLP) and myelin oligodendrocyte gly-
coprotein (MOG) [6, 13]. However, studies of circulating 
antibodies in MS patients including those directed against 
myelin antigens (MBP, MOG) [14] and the inward rectify-
ing potassium channel (Kir) 4.1 [15, 16] have not led to 
the same pathogenic implications of specific CNS-directed 
antibodies, as those recognized in other conditions such as 
anti-aquaporin 4 (AQP4) antibodies in neuromyelitis optica 
spectrum disorders (NMOSD) or anti-MOG associated dis-
ease (MOGAD).

Growing evidence suggests that antibody-independent 
functions of B cells play key roles in mediating disease 
activity. B cells have been demonstrated to contribute to cas-
cades of cellular immune interaction in the periphery, to act 
as antigen presenting cells (APCs) to T cells, thus promoting 
T-cell activation and proliferation, to interact with APCs to 
influence antigen trafficking, and to be directly involved in 
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the production of cytokines and chemokines exerting both 
anti- and pro-inflammatory actions and contributing to oli-
godendrocyte and neuronal damage (Fig. 1) [4, 6].

B cells are well-known efficient APCs, characterized by 
the expression of class-II major histocompatibility complex 
(MHC class II), and specialized in capturing soluble and 
membrane-tethered antigens, with a higher efficiency in pre-
senting antigens and activating T cells than non-B-cell APCs 
[6, 17]. Due to the possible relevant role of B cells in pro-
cessing CNS antigens, B cells could promote an increased 
activation of Teff, thanks to strong B-cell–T-cell interactions 
mediated by more than 20 co-stimulatory molecule-receptor 
pairs, with CD80/86 and their T-cell-activating binding part-
ner CD28 being among the best characterized [6]. In addi-
tion to expressing co-stimulatory molecules, B cells can also 
express co-inhibitory molecules involved in downregulating 
the responses of Teff, such as the programmed death ligand 
1 (PD-L1) and its receptor, programmed death 1 (PD-1) [6].

In MS, B cells are also recognized to have not only an 
abnormal propensity to produce pro-inflammatory cytokines 
(interleukin 6 [IL-6], GM-CSF, tumor necrosis factor alpha 
[TNF-α], and lymphotoxin alpha [LT-α]), but also a deficient 
capacity to produce regulatory cytokines (such as interleukin 
35 [IL-35], and transforming growth factor beta [TFG-β]) 
[4, 6, 18–22]. Due to such an abnormal cytokine response 
profile, B cells can induce aberrant pro-inflammatory Th1, 
Th17 and myeloid cell responses, contributing to the cellular 
immune cascades involved in disease activity [4, 6, 18–22].

B cells in MS pathology

Pathological studies have consistently shown that B cells sig-
nificantly contribute to MS pathology in the CNS [23–27]. 
B-cell infiltrates are significantly higher in MS compared 
with other inflammatory CNS diseases, especially in patients 
at early stages of MS and with active lesions.

In early and active focal demyelinating lesions,  CD20+ 
B cells are mainly located focally in the perivascular space 
of only one or a few larger veins and have pro-inflammatory 
functions (Fig. 1) [23, 24]. Conversely, a more abundant 
plasma cell infiltrate can be found in the perivascular space 
and in the meninges from patients with progressive MS 
(Fig. 1) [23, 24]. This evidence suggests a gradual differen-
tiation of infiltrating B cells into a stable plasma cell popu-
lation, showing expression of markers involved in B-cell 
survival and plasmablast differentiation (CD27 and CD38) 
[23, 24].

In addition to cascades of the peripheral cellular immune 
interactions contributing to ‘relapse biology’, there is also 
an important role for a ‘CNS-compartmentalized’ inflamma-
tion that sustains chronic inflammation, demyelination, and 

neurodegeneration, which can be maintained in the absence 
of ongoing relapse biology.

This ‘CNS-compartmentalized’ inflammation is charac-
terized by prominent B-cell-rich inflammatory aggregates 
resembling tertiary lymph follicles that can be found in 
the meninges of MS patients, mainly within deep corti-
cal sulci, but also in the perivascular spaces (Fig.  1). 
These inflammatory aggregates in the CNS may provide 
an environment that fosters B-cell homing, survival and 
functional activation [28, 29], and, in turn, contribute to 
degenerative mechanisms [30].

For instance, the extent of meningeal inflammation and 
the levels of pro-inflammatory cytokines (e.g., interferon 
gamma [IFN-γ], TNF-α, LT-α, IL-6) in the CSF of MS 
patients have been associated with the severity of subpial 
cortical demyelination, promoting also a graded pattern 
of neuronal loss and microglial activation consistent with 
a ‘surface-in’ process possibly mediated by one or more 
toxic substances contained in the CSF [25–27, 31, 32].

Mechanisms of action of anti‑CD20 therapies

CD20 is a transmembrane, non-glycosylated phosphopro-
tein of 33–37 kDa that is expressed in tetramers associ-
ated with lipid rafts on the surface of cell lineage from 
pre-B cells to naïve and memory B cells (Fig. 2) [33].

Monoclonal antibodies directed against specific targets 
typically deplete targeted cells through at least four possi-
ble different mechanisms: (i) antibody-dependent cellular 
cytotoxicity (ADCC); (ii) complement-dependent cytotox-
icity (CDC); (iii) antibody-dependent cellular phagocyto-
sis (ADCP); and (iv) induction of cell apoptosis. Currently 
available anti-CD20 monoclonal antibodies induce B-cell 
depletion mainly through ADCC, CDC and ADCP [33].

The infusion of anti-CD20 monoclonal antibodies pro-
motes a depletion of  CD20+ B cells within hours, mainly 
occurring in the liver [34]. Such a depletion reaches the 
nadir typically after 8 weeks and can be sustained for sev-
eral weeks to months according to the posology and the 
features of the specific anti-CD20 monoclonal antibody.

After anti-CD20 therapies, B-cell repopulation starts 
in bone marrow and spleen, followed by blood, with a dif-
ferent rate between memory B cells and  CD19+ cells [35].

Of note, B-cell counts are usually determined using 
CD19, which largely overlaps with CD20 during B-cell 
differentiation, because it is less prone to potential inter-
ference in presence of anti-CD20 monoclonal antibodies 
[35].

B-cell reappearance can be defined when  CD19+ B cells 
reach 1% of lymphocyte counts [36]; however, other crite-
ria are also applied, including 2% of  CD19+ B cells [36].
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Fig. 1  Summary of the involvement of B cells in the immune patho-
physiology and pathology of MS. A Roles of B cells in immunity and 
disimmunity. In MS, B cells are involved in innate immunity, anti-
gen presentation, production of regulatory and pro-inflammatory 
cytokines, chemokines and autoantibodies. B, C Overview of the dis-
tribution of B cells in the different CNS areas involved in MS pathol-
ogy. B In an active MS lesion with a central inflamed vein, a demy-
elinated core, with microglia and macrophages, and a rim of active 
ongoing demyelination with activated microglia, macrophages with 
different stages of myelin degradation, and oligodendrocyte injury, 
the highest density of lymphocytes is seen in the perivascular space 
of the central vein, with the majority of B cells in the lesion present 

at this site. C Aggregates of B cells can also be observed in the lep-
tomeninges. This compartmentalized inflammation, characterized 
by the development of ectopic follicle-like lymphoid aggregates, is 
mainly driven by B cells, plasma cells, T cells and follicular dendritic 
cells. Created with biorender.com. See text for further details. BCR 
B-cell receptor, Breg regulatory B-cell, Ig immunoglobulin, GM-CSF 
granulocyte–macrophage colony-stimulating factor, IL-6 interleukin 
6, IL-10 interleukin 10, IL-35 interleukin 35, MHC class II major 
histocompatibility complex class II, NAWM normal-appearing white 
matter, PD-L1 ligand programmed death ligand 1, TCR  T-cell recep-
tor, Teff effector T-cell, TFG-β transforming growth factor beta, TLR 
Toll-like receptor, TNF-α tumor necrosis factor alpha
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Efficacy of anti‑CD20 therapies

Rituximab

Rituximab is a chimeric monoclonal antibody that is com-
monly prescribed in highly active MS patients, although it is 
not approved from Food and Drug Administration (FDA) nor 
European Medicines Agency (EMA) for use in MS (Fig. 2).

Its efficacy has been investigated in several studies as 
summarized in Table 1.

In particular, in a 48-week phase-II RCT (HERMES), 
104 relapsing–remitting (RR) MS patients were randomized 
to receive either a single administration of i.v. rituximab 
1000 mg or placebo on days 1 and 15 [1]. Compared with 
placebo, patients who received rituximab had a lower ARR 
at week 24 (p = 0.04), not confirmed at week 48 (p = 0.08), 

and a reduction of T2-hyperintense lesion volume (LV) from 
baseline to week 24 (p = 0.008) and 36 (p = 0.004). From 
week 12, rituximab also reduced Gadolinium (Gd)-enhanc-
ing lesions (p ≤ 0.003).

The efficacy of rituximab has been also evaluated in a 
96-week phase-II/III RCT of 439 primary progressive (PP) 
MS patients (OLYMPUS) [37]. Rituximab (two i.v. admin-
istrations of 1000 mg 2 weeks apart) was not associated with 
changes in the proportion of patients developing confirmed 
disease progression (CDP) (p = 0.14), the primary outcome 
of the study, nor in brain atrophy rate (p = 0.62). However, 
it promoted a significant lower increase of T2-hyperintense 
LV at week 96 (p < 0.001) compared with placebo [37]. In a 
subgroup analysis, rituximab showed a delayed time to CDP 
in younger PPMS patients (aged < 51 years) or those with 
Gd-enhancing lesions at baseline. An additive predictive 

Fig. 2  B-cell lineage, main anti-CD20 monoclonal antibodies and 
their targeted CD20 epitopes. A Summary of the B-cell matura-
tion stages, defined according to the expression of specific cell-
surface antigens. CD20 is expressed in pre-B  cells, mature and 
memory B  cells. Of note, both early and late maturation stages are 
not depleted since they do not express CD20, thus B-cell repopula-
tion and humoral immune memory are preserved. B Structure of the 

different anti-CD20 monoclonal antibodies used in MS. C Schematic 
overview of the different CD20 epitopes recognized by each specific 
anti-CD20 monoclonal antibody. Created with biorender.com. See 
text for further details. CSF cerebrospinal fluid, HLA-II human leuko-
cyte antigen II, IgD immunoglobulin D, IgG immunoglobulin G, IgM 
immunoglobulin M, mAb monoclonal antibody



1321Journal of Neurology (2022) 269:1316–1334 

1 3

Ta
bl

e 
1 

 S
um

m
ar

y 
of

 ra
nd

om
iz

ed
 c

on
tro

lle
d 

tri
al

s a
nd

 o
bs

er
va

tio
na

l s
tu

di
es

 a
ss

es
si

ng
 ri

tu
xi

m
ab

 in
 m

ul
tip

le
 sc

le
ro

si
s p

at
ie

nt
s

Re
fe

re
nc

es
N

um
be

r a
nd

 ty
pe

 o
f p

at
ie

nt
s

Tr
ia

l d
es

ig
n

C
lin

ic
al

 fi
nd

in
gs

M
R

I fi
nd

in
gs

A
dv

er
se

 e
ffe

ct
s

B
ar

-O
r e

t a
l. 

[7
2]

26
 R

R
M

S
Ph

as
e 

I, 
m

ul
tic

en
te

r o
pe

n 
la

be
l 

(7
2 

w
ee

ks
)

↓ 
m

ea
n 

A
R

R
 fr

om
 b

 to
 w

ee
k 

72
 

(1
.2

7 
→

 0
.1

8)
↓ 

T2
 L

V
 (↓

 1
19

.6
  m

m
3  a

t w
ee

k 
48

, ↓
 2

72
.7

  m
m

3  a
t w

ee
k 

72
)

↓ 
G

d+
 le

si
on

s f
ro

m
 b

 to
 w

ee
k 

72
 (1

.3
1 
→

 0
)

A
Es

 in
 a

ll 
pa

tie
nt

s (
77

%
 m

ild
-

m
od

er
at

e,
 2

3%
 se

ve
re

)
N

o 
se

rio
us

 A
Es

65
%

 w
ith

 IA
R

s
62

%
 m

ild
-m

od
er

at
e 

in
fe

ct
io

n-
as

so
ci

at
ed

 e
ve

nt
s

H
au

se
r e

t a
l. 

[1
]

10
4 

R
R

M
S

Ph
as

e 
II

, r
an

do
m

iz
ed

, p
ar

al
-

le
l, 

do
ub

le
-b

lin
d,

 P
bo

-
co

nt
ro

lle
d 

stu
dy

 (H
ER

M
ES

-
N

C
T0

00
97

18
8)

 (4
8 

w
ee

ks
)

↓ 
A

R
R

 a
t w

ee
k 

24
 (0

.3
7 

w
ith

 
RT

X
 v

s 0
.8

4 
Pb

o,
 p

 =
 0.

04
)

↓ 
in

 T
2 

LV
 (–

16
3 

 m
m

3  w
ith

 
RT

X
 v

s +
 43

6 
 m

m
3  w

ith
 P

bo
 

at
 w

ee
k 

24
, p

 =
 0.

00
8,

 −
 1

75
 

 m
m

3  w
ith

 R
TX

 v
s +

 41
8 

 m
m

3  w
ith

 P
bo

 a
t w

ee
k 

36
, 

p =
 0.

00
4)

↓ 
G

d+
 le

si
on

s a
t w

ee
ks

 1
2,

 1
6,

 
20

, 2
4,

 a
nd

 4
8 

(0
.5

 w
ith

 R
TX

 
vs

 5
.5

 w
ith

 P
bo

; R
R

 =
 91

%
, 

p <
 0.

00
1)

M
or

e 
IA

R
s w

ith
 R

TX
 (8

7.
3%

 
vs

 4
0%

) a
fte

r fi
rs

t i
nf

us
io

n,
 

op
po

si
te

 a
fte

r s
ec

on
d 

in
fu

si
on

 
(2

0.
3%

 v
s 4

0%
), 

7.
4%

 se
ve

re
, 

re
m

ai
ni

ng
 m

ild
–m

od
er

at
e

Si
m

ila
r n

um
be

rs
 o

f s
er

io
us

 A
Es

 
w

ith
 R

TX
 v

s P
bo

 (1
3%

 v
s 

14
.3

%
)

Si
m

ila
r n

um
be

r o
f i

nf
ec

tio
ns

 
(6

9.
6%

 v
s 7

1.
4%

)
H

aw
ke

r e
t a

l. 
[3

7]
43

9 
PP

M
S

Ph
as

e 
II

/II
I, 

ra
nd

om
iz

ed
, 

do
ub

le
-b

lin
d,

 P
bo

-c
on

-
tro

lle
d 

stu
dy

 (O
LY

M
PU

S-
N

C
T0

00
87

52
9)

 (9
6 

w
ee

ks
)

Pr
op

or
tio

n 
of

 p
at

ie
nt

s w
ith

 
3-

m
on

th
 C

D
P 

no
t s

ig
ni

fi-
ca

nt
ly

 d
iff

er
en

t a
t w

ee
k 

96
 

(R
TX

 =
 30

.2
%

 v
s P

bo
 =

 38
.5

%
, 

p =
 0.

14
)

D
el

ay
ed

 C
D

P 
in

 p
at

ie
nt

s 
ag

ed
 <

 51
 y

ea
rs

 a
t b

 w
ith

 R
TX

Le
ss

 ↑
 o

f T
2 

LV
 a

t w
ee

k 
96

 
(m

ed
ia

n 
in

cr
ea

se
: +

 30
2.

0 
 m

m
3  w

ith
 R

TX
, +

 80
9.

5 
 m

m
3  

w
ith

 P
bo

, p
 <

 0.
00

1)
Si

m
ila

r r
at

e 
of

 b
ra

in
 a

tro
ph

y 
be

tw
ee

n 
gr

ou
ps

 (−
 1

3.
1 

 cm
3  

w
ith

 R
TX

 v
s −

 1
4.

0 
 cm

3  w
ith

 
Pb

o,
 p

 =
 0.

62
)

D
el

ay
ed

 C
D

P 
in

 p
at

ie
nt

s w
ith

 
G

d+
 le

si
on

s a
t b

 w
ith

 R
TX

16
.1

%
 w

ith
 R

TX
 v

s 1
3.

6%
 P

bo
 

w
ith

 se
rio

us
 A

Es
4.

5%
 w

ith
 R

TX
 v

s <
 1%

 P
bo

 se
ri-

ou
s i

nf
ec

tio
ns

M
ild

–m
od

er
at

e 
IA

R
s w

ith
 

RT
X

 d
ur

in
g 

th
e 

fir
st 

co
ur

se
, 

de
cr

ea
se

d 
to

 ra
te

s c
om

pa
ra

bl
e 

to
 P

bo
 w

ith
 su

cc
es

si
ve

 c
ou

rs
es

N
ai

sm
ith

 e
t a

l. 
[7

3]
32

 R
R

M
S

Ph
as

e 
II

 si
ng

le
 c

en
te

r (
no

 P
bo

-
gr

ou
p)

—
no

 M
R

I u
nt

il 
w

ee
k 

20
 (5

2 
w

ee
ks

)

St
ab

le
 E

D
SS

 d
ur

in
g 

fo
llo

w
-u

p
↑ 

M
SF

C
 im

pr
ov

em
en

t (
+

 0.
03

9 
z-

sc
or

e)

↓ 
G

d+
 le

si
on

s (
74

%
 a

t b
 v

s 2
6%

 
at

 w
ee

k 
20

, p
 <

 0.
00

01
)

N
o 

eff
ec

t o
n 

T2
 a

nd
 T

1 
le

si
on

 
bu

rd
en

N
o 

se
rio

us
 A

Es
2 

w
ith

dr
aw

n 
du

e 
to

 IA
R

s
4 

un
co

m
pl

ic
at

ed
 u

rin
ar

y 
tra

ct
 

in
fe

ct
io

ns
1 

up
pe

r r
es

pi
ra

to
ry

 tr
ac

t i
nf

ec
tio

n
A

lp
in

g 
et

 a
l. 

[7
4]

25
6 

R
R

M
S

Pr
os

pe
ct

iv
e 

m
ul

tic
en

te
r (

at
 le

as
t 

1-
ye

ar
 fo

llo
w

-u
p)

↓ 
re

la
ps

es
 w

ith
 R

TX
 v

s F
TY

 
(1

.8
%

 v
s 1

7.
6%

)
↓ 

G
d+

 le
si

on
s i

n 
RT

X
 v

s F
TY

 
(1

.4
%

 v
s 2

4.
2%

)
M

or
e 

A
Es

 w
ith

 F
TY

 (2
1%

) v
s 

RT
X

 (5
%

)
D

e 
Fl

on
 e

t a
l. 

[7
5]

75
 R

R
M

S
O

pe
n-

la
be

l, 
un

co
nt

ro
lle

d 
ph

as
e 

II
 st

ud
y 

(2
4 

w
ee

ks
)

5 
pa

tie
nt

s e
xp

er
ie

nc
ed

 d
is

ea
se

 
ac

tiv
ity

 (2
 c

lin
ic

al
 re

la
ps

es
, 4

 
M

R
I a

ct
iv

ity
)

↓ 
G

d+
 le

si
on

s (
0.

02
8 

at
 b

 →
 

0.
03

6 
at

 6
 m

on
th

s)
↓ 

ne
w

/e
nl

ar
ge

d 
T2

 le
si

on
s (

0.
28

 
at

 b
 →

 0
.0

1 
at

 1
2 

m
on

th
s)

M
od

er
at

e 
IA

R
s

3 
se

rio
us

 A
Es

 (p
ye

lo
ne

ph
rit

is
, 

in
flu

en
za

)

Sa
lz

er
 e

t a
l. 

[5
2]

82
2 

M
S 

(5
57

 R
R

M
S,

 1
98

 
SP

M
S,

 6
7 

PP
M

S)
Re

tro
sp

ec
tiv

e 
un

co
nt

ro
lle

d 
ob

se
rv

at
io

na
l s

tu
dy

 (m
ea

n 
fo

llo
w

-u
p 

21
.8

 m
on

th
s)

St
ab

le
 E

D
SS

 in
 R

R
M

S,
 ↑

 in
 

SP
M

S/
PP

M
S

↓ 
A

R
R

 (R
R

M
S 

=
 0.

04
4,

 
SP

M
S 

=
 0.

03
8,

 P
PM

S 
=

 0.
01

5)

↓ 
G

d+
 le

si
on

s (
26

.2
%

 a
t b

 →
 

4.
6%

 a
t t

he
 la

st 
av

ai
la

bl
e 

fo
llo

w
-u

p)

IA
R

s i
n 

7.
8%

89
 A

Es
 g

ra
de

 >
 2 

in
 7

0 
pa

tie
nt

s 
(in

fe
ct

io
ns

)



1322 Journal of Neurology (2022) 269:1316–1334

1 3

AE
 a

dv
er

se
 e

ve
nt

s, 
AR

R  
an

nu
al

iz
ed

 r
el

ap
se

 a
ct

iv
ity

, C
D

P 
co

nfi
rm

ed
 d

is
ab

ili
ty

 p
ro

gr
es

si
on

, D
M

Ts
 d

is
ea

se
-m

od
ify

in
g 

th
er

ap
ie

s, 
ED

SS
 e

xp
an

de
d 

D
is

ab
ili

ty
 S

ta
tu

s 
Sc

al
e,

 F
TY

 fi
ng

ol
im

od
, G

A 
gl

at
ira

m
er

 a
ce

ta
te

, G
d+

 g
ad

ol
in

iu
m

-e
nh

an
ci

ng
, I

AR
s 

in
fu

si
on

-a
ss

oc
ia

te
d 

re
ac

tio
ns

, I
FN

-β
1a

 i
nt

er
fe

ro
n-

β1
a,

 L
V 

le
si

on
 v

ol
um

e,
 M

RI
 m

ag
ne

tic
 r

es
on

an
ce

 i
m

ag
in

g,
 M

SF
C

 m
ul

tip
le

 s
cl

er
os

is
 

fu
nc

tio
na

l c
om

po
si

te
, N

ED
A-

3 
no

 e
vi

de
nc

e 
of

 d
is

ea
se

 a
ct

iv
ity

 3
, P

bo
 p

la
ce

bo
, P

M
S 

pr
og

re
ss

iv
e 

m
ul

tip
le

 s
cl

er
os

is
, P

PM
S 

pr
im

ar
y 

pr
og

re
ss

iv
e 

m
ul

tip
le

 s
cl

er
os

is
, R

R 
re

la
tiv

e 
re

du
ct

io
n,

 R
RM

S 
re

la
ps

in
g–

re
m

itt
in

g 
m

ul
tip

le
 sc

le
ro

si
s, 

RT
X 

rit
ux

im
ab

, S
PM

S 
se

co
nd

ar
y 

pr
og

re
ss

iv
e 

m
ul

tip
le

 sc
le

ro
si

s

Ta
bl

e 
1 

 (c
on

tin
ue

d)

Re
fe

re
nc

es
N

um
be

r a
nd

 ty
pe

 o
f p

at
ie

nt
s

Tr
ia

l d
es

ig
n

C
lin

ic
al

 fi
nd

in
gs

M
R

I fi
nd

in
gs

A
dv

er
se

 e
ffe

ct
s

A
lc

al
a 

et
 a

l. 
[7

6]
90

 M
S 

(3
1 

R
R

M
S,

 4
5 

SP
M

S,
 

14
 P

PM
S)

Re
tro

sp
ec

tiv
e 

si
ng

le
-c

en
te

r 
(fo

llo
w

-u
p 

6 
m

on
th

s–
5 

ye
ar

s)
↓ 

88
.4

%
 A

R
R

 
N

ED
A

-3
 a

t 1
 y

ea
r: 

al
l M

S 
=

 70
%

 
R

R
M

S 
=

 74
.2

%
, P

M
S 

=
 67

%

↓ 
G

d+
 le

si
on

s (
2.

56
 a

t b
 →

 0
.0

6 
at

 th
e 

la
st 

av
ai

la
bl

e 
fo

llo
w

-u
p,

 
p <

 0.
00

1)

18
.8

%
 IA

R
s

4 
SA

E 
(1

 a
gr

an
ul

oc
yt

os
is

, 3
 

th
ro

m
bo

tic
 e

ve
nt

s, 
1 

de
at

h 
du

e 
to

 p
ul

m
on

ar
y 

em
bo

lis
m

)

D
ur

oz
ar

d 
et

 a
l. 

[7
7]

50
 R

R
M

S
N

at
io

nw
id

e 
re

tro
sp

ec
tiv

e 
m

ul
tic

en
te

r (
m

ed
ia

n 
fo

llo
w

-u
p 

1.
1 

ye
ar

s)

↓ 
A

R
R

 (0
.8

 p
re

-R
TX

 →
 0

.1
8 

po
st-

RT
X

, p
 <

 0.
00

1)
↓ 

G
d+

 le
si

on
s (

72
%

 p
re

-R
TX

 →
 

8%
 p

os
t-R

TX
, p

 <
 0.

00
1)

16
 A

Es
, 1

0 
pa

tie
nt

s w
ith

 ≥
 1 

A
E 

(m
ai

nl
y 

in
fe

ct
io

ns
)

3 
SA

Es
2 

tre
at

m
en

t d
is

co
nt

in
ua

tio
ns

 d
ue

 
to

 A
E

G
ra

nq
vi

st 
et

 a
l. 

[7
8]

12
0 

R
R

M
S

Re
tro

sp
ec

tiv
e 

m
ul

tic
en

te
r 

(fo
llo

w
-u

p 
up

 to
 4

 y
ea

rs
)

↓ 
A

R
R

 w
ith

 R
TX

 v
s i

nj
ec

ta
bl

e 
D

M
Ts

 (p
 <

 0.
01

)
↓ 

G
d+

 le
si

on
s w

ith
 R

TX
- (

1.
7%

) 
vs

 in
je

ct
ab

le
 D

M
Ts

 (1
2.

6%
) 

an
d 

D
M

F 
(1

2.
8%

)

N
o 

se
rio

us
 A

Es
 w

ith
 R

TX
M

ild
 A

Es
 m

or
e 

co
m

m
on

 fo
r 

in
je

ct
ab

le
 D

M
Ts

 v
s R

TX
Ya

m
ou

t e
t a

l. 
[7

9]
59

 R
R

M
S,

 3
0 

PM
S

Re
tro

sp
ec

tiv
e 

si
ng

le
 c

en
te

r 
(m

ea
n 

fo
llo

w
-u

p 
22

.2
 m

on
th

s)
↓ 

A
R

R
 (1

.0
7 
→

 0
.1

1 
R

R
M

S 
an

d 
0.

25
 →

 0
.1

6 
PM

S)
 S

ta
bl

e 
ED

SS
 in

 b
ot

h 
gr

ou
ps

N
ED

A
-3

 =
 74

%
 a

t 1
 y

ea
r

↑ 
of

 p
at

ie
nt

s f
re

e 
fro

m
 n

ew
 

M
R

I l
es

io
ns

 (1
8.

6 
→

 9
2.

6%
 

in
 R

R
M

S 
an

d 
43

.3
%

 →
 8

2%
 

in
 P

M
S)

64
 A

Es
 w

ith
 R

TX
 (7

1.
9%

 o
f 

pa
tie

nt
s)

, I
A

R
s (

25
.8

%
)

2 
se

rio
us

 A
Es

 (p
yo

de
rm

a 
ga

n-
gr

en
os

um
, i

nc
re

as
e 

in
 m

en
in

gi
-

om
a 

si
ze

)
H

on
ce

 e
t a

l. 
[8

0]
55

 R
R

M
S

Pr
os

pe
ct

iv
e 

do
ub

le
-b

lin
d 

si
ng

le
 

ce
nt

er
 (m

ea
n 

fo
llo

w
-u

p 
1.

5 
ye

ar
s)

N
ED

A
-3

 =
 44

.4
%

 w
ith

 R
TX

-G
A

 
vs

 1
9.

2%
 P

bo
-G

A
↓ 

pr
op

or
tio

n 
of

 p
at

ie
nt

s w
ith

 
ne

w
 T

2 
le

si
on

s (
25

.9
%

 
RT

X
-G

A
 v

s 6
1.

5%
 P

bo
-G

A
, 

p =
 0.

00
9)

↑ 
IA

R
s i

n 
RT

X
4 

se
rio

us
 A

Es
 in

 R
TX

, 5
 in

 P
bo

Ze
cc

a 
et

 a
l. 

[8
1]

35
5 

M
S 

(1
88

 R
R

M
S,

 4
3 

PP
M

S,
 

12
4 

SP
M

S)
Re

tro
sp

ec
tiv

e,
 u

nc
on

tro
lle

d,
 

ob
se

rv
at

io
na

l s
tu

dy
 (m

ed
ia

n 
tre

at
m

en
t 1

.9
 y

ea
rs

)

↓ 
A

R
R

 v
s 1

 y
ea

r b
ef

or
e 

(R
R

M
S 

=
 0.

86
 →

 0
.0

9,
 

p <
 0.

00
1;

 S
PM

S 
=

 0.
34

 →
 

0.
06

, p
 <

 0.
00

1;
 P

PM
S 

=
 0.

12
 

→
 0

.0
7,

 p
 =

 0.
45

)

A
t m

12
, 1

5.
8%

 h
ad

 n
ew

 T
2 

an
d/

or
 G

d+
 le

si
on

s;
 4

.1
%

 
G

d+
 le

si
on

s a
nd

 1
3.

4%
 n

ew
 

T2
 le

si
on

s

23
.7

%
 a

t l
ea

st 
1 

IA
R

3.
1%

 se
rio

us
 A

E
8 

pa
tie

nt
s w

ith
dr

ew
1 

de
at

h 
du

e 
to

 m
ed

ia
sti

na
l 

ne
op

la
sm



1323Journal of Neurology (2022) 269:1316–1334 

1 3

effect of age and Gd-enhancing lesions at baseline was 
found, suggesting that B-cell depletion might be effective 
in PPMS patients who are younger and have higher inflam-
matory activity [38].

Although further exploration of efficacy has not been car-
ried out in phase-III RCTs, several other observational stud-
ies have confirmed a significant reduction of disease activity 
with rituximab (Table 1).

Few studies have utilized an intrathecal approach to 
administer rituximab to target compartmentalized inflam-
mation in progressive MS. In an open-label study in eight 
progressive MS patients with MRI evidence of meningeal 
inflammation, a significant and sustained reduction in cir-
culating B cells and a transient drop in CSF B cells were 
observed, but this did not translate in a change in the number 
or appearance of leptomeningeal enhancement [39].

Ocrelizumab

Ocrelizumab is a humanized anti-CD20 monoclonal anti-
body (Fig. 2) approved by the FDA (March 2017) and EMA 
(January 2018), at a dose of 600 mg i.v. twice yearly, as a 
therapy for the treatment of highly active relapse-onset MS 
and PPMS with evidence of disease activity.

A first phase-II RCT explored ocrelizumab efficacy in 
RRMS patients, assigned to either i.v. low (600 mg; n = 55) 
or high (2000 mg; n = 55) ocrelizumab administrations 
divided into two doses on days 1 and 15, i.v. placebo (n = 54) 
or weekly intramuscular (i.m.) INFβ-1a (30 µg; n = 54) 
(Table 2) [40]. RRMS patients treated with ocrelizumab 
showed a significantly lower ARR (0.13 in the low- and 
0.17 in the high-dose group) compared with placebo (0.64) 
and INFβ-1a (0.36) group [40]. Change in T2-hyperintense 
LV did not differ among groups at week 24 (p = 0.2 in the 
low- and high-dose groups; p = 0.5 in the INFβ-1a-group), 
whereas the total number of Gd-enhancing lesions was sig-
nificantly lower in ocrelizumab groups compared with pla-
cebo- and INFβ-1a groups (both p < 0.001).

At week 24, patients initially treated with placebo, 
600 mg ocrelizumab and i.m. INFβ-1a received 600 mg 
of ocrelizumab, whereas the 2000 mg ocrelizumab group 
received 1000 mg of ocrelizumab. An interim analysis of the 
open-label extension (OLE) phase showed a maintained low 
ARR in ocrelizumab groups (0.06 vs 0.07 in the placebo/
ocrelizumab group and 0.07 in the INFβ-1a/ocrelizumab 
group) over 96–144 weeks [41].

Two identical, phase-III RCTs, including 821 (OPERA 
I) and 835 (OPERA II) RRMS patients [2], further demon-
strated ocrelizumab efficacy (Table 2). Patients were rand-
omized (1:1) to i.v. ocrelizumab 600 mg every 24 weeks or 
subcutaneous (s.c.) IFNβ-1a 44 μg three times per week over 
96 weeks. Compared with IFNβ-1a, ocrelizumab showed a 
higher reduction of ARR (p < 0.001), a lower prevalence of 

12-week CDP (p < 0.05), and lower numbers of new/enlarged 
T2-hyperintense and Gd-enhancing lesions (p < 0.001) [2]. 
The proportion of RRMS patients with 12-week confirmed 
disability improvement was also higher with ocrelizumab 
compared with IFNβ-1a, being significant in the OPERA I 
(p = 0.01) but not in the OPERA II (p = 0.40) [2]. Percentage 
of brain volume loss from week 24 to 96 was significantly 
lower in ocrelizumab- vs IFN-β-1a-group in the OPERA I 
(p = 0.004), but not in the OPERA II (p = 0.09) [2].

In the 3-year follow-up OLE [42], the cumulative propor-
tion of patients with 24-week CDP was lower in patients 
who initiated ocrelizumab earlier vs those initially receiving 
IFNβ-1a (p = 0.014). ARR did not differ between RRMS 
patients continuing ocrelizumab and those receiving ocreli-
zumab after switching from IFNβ-1a (p ≥ 0.70); both groups 
attained an almost complete and sustained suppression of 
brain MRI lesion activity.

The proportion of RRMS patients with no evidence of 
disease activity 3 (NEDA-3) (i.e., no relapses, no disabil-
ity progression, no new/enlarged T2-hyperintense or Gd-
enhancing lesions) was also significantly higher in ocre-
lizumab groups compared with the INFβ-1a groups both 
in OPERA I and OPERA II (p < 0.001) [43]. In the OLE 
period, the proportion of patients with NEDA-3 was 65.4% 
in patients continuously treated with ocrelizumab compared 
with 55.1% in those switching from IFNβ-1a to ocrelizumab 
(p < 0.001, relative difference = 19%).

Some preliminary results of the open-label, prospective, 
single-arm, phase-IIIb ENSEMBLE study showed that early 
RRMS (disease duration ≤ 3 years) treated with ocrelizumab 
had a high NEDA-3 rate (84.8%) after 1 year of treatment 
[44]. Similarly, a high 2-year NEDA-3 rate (74.9%) was 
detected in the primary analysis of the phase-IIIb CAST-
ING trial, which evaluated ocrelizumab efficacy in RRMS 
patients with prior suboptimal response to one or two dis-
ease-modifying therapies (DMTs) (Table 2) [45].

Ocrelizumab has been the first DMT showing signifi-
cant effects in PPMS, as demonstrated in the phase-III RCT 
(ORATORIO), which evaluated 732 PPMS patients receiv-
ing either i.v. ocrelizumab (600 mg) (n = 488) or placebo 
(n = 244) every 24 weeks for at least 120 weeks [2]. Ocre-
lizumab reached the primary study endpoint since it was 
associated with a significant reduction of 12-week CDP 
(p = 0.03) compared with placebo, further confirmed with the 
24-week CDP (p = 0.04) [2]. The prevalence of worsening 
on timed 25-foot walk test (25-FWT) was also significantly 
reduced with ocrelizumab (p = 0.04) [2]. Brain T2-hyper-
intense LV decreased with ocrelizumab and increased with 
placebo from baseline to week 120 (p < 0.001), and the rate 
of brain atrophy was significantly lower with ocrelizumab 
compared with placebo (p = 0.02) [2].

Similarly to rituximab, a post hoc analysis (pooled 
OPERA studies) suggested that patients who were younger 
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(aged < 40 years) and with baseline disease activity (≥ 1 
Gd-enhancing lesions) had a greater treatment benefit with 
ocrelizumab, relative to IFNβ-1a, than patients who were 
older and with inactive disease [46].

An interim report from ORATORIO OLE has shown con-
sistent and sustained treatment-associated benefit in multiple 
measures of CDP and a good safety profile over 6.5 years 
[47]. Mean percentage changes of brain T2-hyperintense 
(p < 0.001) and T1-hypointense (p < 0.001) LVs were lower 
in patients who initiated ocrelizumab early than in those ini-
tially receiving placebo from baseline to week 168 [47]. No 
difference in the rates of whole brain (p = 0.13) and cortical 
gray matter atrophy (p = 0.38) from baseline to week 144 
was found between the two groups.

Some ongoing RCTs and observational studies are inves-
tigating additional aspects, including long-term effective-
ness and safety of ocrelizumab and of treatment switch from 
natalizumab or rituximab to ocrelizumab [48].

Ofatumumab

Ofatumumab is the first fully human anti-CD20 monoclo-
nal antibody, with a 20 mg s.c. monthly dosing regimen 
(Fig. 2), which has been approved by FDA (August 2020) 
and EMA (March 2021) for the treatment of active relaps-
ing MS forms.

A phase-II RCT evaluated 38 RRMS patients who 
received two i.v. infusions of ofatumumab 100, 300, or 
700 mg or placebo 2 weeks apart (Table 3) [49]. After 
24 weeks, ofatumumab promoted an almost completed sup-
pression of brain new/enlarging T2-hyperintense and Gd-
enhancing lesions (> 99%).

Another phase-II RCT, the MIRROR study, randomized 
232 RRMS patients [50] into placebo, ofatumumab 3, 30 
or 60 mg every 12 weeks, or ofatumumab 60 mg every 
4 weeks. All patients were treated for 24 weeks and followed 
up until B-cell repletion. Overall, 26 RRMS patients had a 
relapse during the first 12 weeks, 11 (42%) of whom during 
the first 4 weeks. Over 24 weeks, 17 (25%) RRMS patients 
relapsed in the placebo group compared with three to ten 
RRMS patients (9–22%) in the ofatumumab groups. Most 
patients (79%) had unchanged EDSS scores at weeks 12 and 
24 [50]. With all ofatumumab regimens, the mean cumula-
tive number of Gd-enhancing lesions was reduced by 65% 
from baseline to week 12 (p < 0.001), with reductions ≥ 90% 
for each dose ≥ 30 mg (p < 0.002) [50].

Two recent phase-III RCTs (ASCLEPIOS I and II) in 
RRMS patients compared the efficacy and safety of ofatu-
mumab (20 mg, s.c. administration every 4 weeks) (465 and 
481 RRMS patients) with oral teriflunomide 14 mg daily 
(462 and 474 patients) [3]. Ofatumumab groups showed a 
significant lower ARR compared with teriflunomide groups 
(p < 0.001). In pooled analysis, ofatumumab significantly AE
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reduced the risk of 12-week CDP by 34.4% and 32.5% at 3 
and 6 months (p = 0.002 and p = 0.012), whereas percentages 
of patients with 24-week disability improvement were not 
significantly different between treatment groups (p = 0.09) 
(Table 3).

Ofatumumab promoted also a more effective suppres-
sion of MRI activity compared with teriflunomide, with 
a significant reduction of new/enlarging T2-hyperintense 
(ASCLEPIOS I = 82%; ASCLEPIOS II = 84.5%) and Gd-
enhancing lesions (ASCLEPIOS I = 97.5%; ASCLEPIOS 
II = 93.8%). The annualized brain atrophy rate did not differ 
significantly between the ofatumumab- and teriflunomide 
groups (− 0.28% vs − 0.35% in ASCLEPIOS I; − 0.29% 
vs − 0.35% ASCLEPIOS II).

Safety and tolerability of anti‑CD20 
therapies

Infusion‑associated adverse events

Treatment infusion-associated reactions (IARs) are of mild-
to-moderate severity. The most common symptoms are fever, 
headache, rash, nausea, throat irritation, hypotension, and 
itching. There are no studies comparing the safety profile of 
different anti-CD20 therapies; evaluating IARs across stud-
ies is challenging given different premedication regimens 
[51].

In a phase-II RCT, IARs were disclosed in 78.3% of 
RRMS patients treated with rituximab compared with 40.0% 
in the placebo group [1].

In the OPERA I and II studies, IARs were reported in 
34% of the RRMS patients treated with ocrelizumab com-
pared with 10% of those treated with INFβ-1a or placebo, 
whereas the prevalence was 40% with ocrelizumab versus 
26% with placebo in PPMS from the ORATORIO trial [2]. 
In the OPERA I/II and ORATORIO OLE studies [42, 47], 
IARs incidence was consistent with past reports.

In the MIRROR study, a similar percentage of IARs was 
reported for ofatumumab (41–66% according to the regimen 
used vs 15% for placebo) [50]. In ASCLEPIOS I/II, IARs 
occurred in 20.2% in the ofatumumab group and 15.0% in 
the teriflunomide group [3].

Hypogammaglobulinemia

Although CD20 is not expressed on plasmablasts and plasma 
cells (Fig. 2), anti-CD20-depleting therapies have been 
shown to reduce Ig levels. Rituximab has some impact on 
serum IgM and IgG levels [52], and hypogammaglobuline-
mia can be found during long-time treatment [53]. In RCTs, 
ocrelizumab reduced the total serum Ig levels to some extent 
with greatest impact on IgM [2]. However, there was no 

association between low IgM levels and serious infections. 
In the MIRROR study, only two out of 232 (1%) RRMS 
patients treated with ofatumumab developed decreased IgG 
levels, leading to study termination [50]. In ASCLEPIOS I 
and II, no association was observed between a decrease in 
Ig levels and the incidence of serious/non-serious infections 
in ofatumumab-treated patients who experienced infections 
within 1 month prior and until 1 month after a reduction in 
Ig levels below the lower lymphocyte number [3].

Infections and COVID‑19 interaction

Before starting treatment, the screening for latent infections 
should be performed. Reactivation of tuberculosis, hepatitis, 
and human immunodeficiency virus has been reported in 
patients treated with anti-CD20 therapies [54].

Although the incidence of infections in the placebo 
(71.4%) and treated (69.7%) groups in the first phase-II RCT 
of rituximab in RRMS was similar [1], rituximab was asso-
ciated with an increased incidence of urinary tract infections 
and sinusitis.

In RCTs with ocrelizumab, the percentage of patients 
reporting any infection was 59.9% (vs 54.3% in patients 
treated with INFβ-1a) in OPERA I, 60.2% (vs 52.5% in 
patients treated with IFNB-1a) in OPERA II and 71.4% in 
ORATORIO (vs 69.9% in the placebo group). A slightly 
increased incidence of upper respiratory tract infections was 
observed in patients treated with ocrelizumab compared with 
placebo or INF-β-1a [2]. No increased risk of serious infec-
tions was reported in any of these studies.

No cases of progressive multifocal leukoencephalopathy 
(PML) were reported in RCTs with ocrelizumab, whereas 
ten cases of PML (as of June 2021) have been described in 
post-marketing surveillance, of which eight were carry-over 
cases from prior DMTs [55].

According to data from the phase-II/III RCTs, ofatu-
mumab was not associated with an increased risk of infec-
tion-related adverse events (AE) compared with placebo and 
teriflunomide [3, 50].

Recently, the COVID-19 pandemic raised some concerns 
about immunosuppression in MS, leading to treatment delay 
or cessation. Some publications have suggested that anti-CD20 
therapies in a 6-month schedule (i.e., rituximab and ocreli-
zumab) may be associated with an increased risk of severe 
COVID-19 disease and need for hospitalization [56], not con-
firmed by a recent study [57]. MS patients appear to respond 
to SARS-CoV2 in a similar way to the general population and 
high disability or a progressive disease course represent the 
most relevant risk factors for a severe COVID-19 disease in 
MS. Moreover, innate immune response, and, probably, anti-
viral CD8 T-cell responses play a major role in eliminating the 
SARS-CoV2 before significant antibody responses have devel-
oped, thus B cells do not appear to be an absolute requirement 
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for recovery. Duration of exposure might play a role, as sug-
gested by the North American Registry, which disclosed an 
increased risk of hospitalization in patients treated with rituxi-
mab, but not in those treated with ocrelizumab [58].

Malignancies

Immunosuppressive drugs could influence immunological 
tumor surveillance; therefore, long-term data are required to 
exclude an increased rate of malignancies. In MS patients, 
rituximab was not associated with an increased neoplastic 
risk over the long term compared with the general popula-
tion [59].

In the OPERA I and OPERA II trials, four patients (0.7%) 
treated with ocrelizumab developed malignancies compared 
with two patients (0.2%) treated with INF-β-1a [2]. In the 
ORATORIO trial, 11 patients receiving ocrelizumab (2.3%) 
developed malignancies (4 breast cancer) compared with two 
patients (0.8%) in the placebo group [2]. The percentage of 
patients developing breast cancer in the ocrelizumab-treated 
group was similar to those expected from epidemiological 
studies and the incidence decreased during the extension 
studies [51].

In ASCLEPIOS I/II trials, no unexpected imbalance in 
the rates of malignancies was observed in ofatumumab-
treated patients [3].

Vaccination

Patients should complete any required vaccinations at least 
6 weeks prior to treatment initiation. Live attenuated or live 
vaccines are not recommended during treatment and until 
B-cell recovery, and at least 6 months after the last admin-
istration of rituximab [60].

A recent phase-IIIb RCT (VELOCE) [60] provided class-
II evidence that peripherally B-cell-depleted ocrelizumab 
recipients mounted humoral responses to clinically relevant 
vaccines and the neo-antigen, KLH, although attenuated. 
For non-live/inactivated vaccines, such as seasonal influenza 
vaccines, it is recommended to vaccinate patients treated 
with ocrelizumab since a protective humoral response can 
be expected, even if attenuated [60]. An expert consensus 
recently suggested that patients planned to receive ocre-
lizumab should be vaccinated at least 6 weeks before the 
first administration, whereas in those already receiving 
ocrelizumab, vaccinations should be administered at least 
3 months after the last infusion [61].

Therapies currently under investigation and future 
perspectives

Few studies have investigated ublituximab, a third-gen-
eration glycol-engineered chimeric anti-CD20 antibody 

promoting B-cell depletion through ADCC (Table 4). In 
a phase-II study of 48 RRMS patients [62], ublituximab 
promoted a complete B-cell depletion (> 99%) within 
4 weeks. The ARR was 0.07, 93% of the patients were 
relapse-free at week 48, and no patients demonstrated 
CDP. T2-hyperintense LV decreased by 8% at week 24 
(p = 0.004) and 10% at week 48 (p = 0.016), whereas the 
mean number of Gd-enhancing lesions was reduced from 
3.8 at baseline to 0 at week 24 (p = 0.003) and maintained 
at week 48 (p < 0.001). The most common AEs were IARs 
that were all grade 1 or 2; no severe AEs were reported. 
No serious or opportunistic infections and no liver disease 
occurred. Ublituximab is currently being tested against 
teriflunomide in two fully enrolled phase-III studies 
(ULTIMATE I and II) in patients with RRMS (Clinical-
Trials.gov identifier: NCT03277261 and NCT03277248).

Given the central role of B cells in MS pathogenesis, 
new therapeutic strategies directed against B-cell targets 
are currently under investigations (Table  4). CD19, a 
member of Ig superfamily, is involved in signal transduc-
tion following B-cell-receptor activation and represents 
one of the main regulator of B-cell activation and humoral 
immunity [63]. CD19 is more broadly expressed on cells 
of B lineage since, in contrast to CD20, it is also expressed 
on pro-B cells, plasmablasts and Ig-producing plasma cells 
(Fig. 2) [63]. Anti-CD19 therapies produce a more long-
lasting B-cell depletion and a marked decline in Ig con-
centrations [63].

Among the different anti-CD19 monoclonal antibod-
ies, inebilizumab (MEDI-551) is a glycoengineered, afu-
cosylated anti-CD19 antibody having high affinity to 
FcyRIIA and causing B-cell depletion through ADCC [64]. 
A 24-week phase-I RCT (ClinicalTrials.gov study identi-
fier: NCT01585766) investigated pharmacological proper-
ties and safety of inebilizumab in RRMS patients compared 
with placebo [65]. Inebilizumab promoted a complete B-cell 
depletion with all doses (2 i.v. doses, days 1 and 15: 30, 100 
or 600 mg; or single s.c. dose on day 1: 60 or 300 mg), with 
IAR occurring in seven out of 21 (33.3%) RRMS patients 
and with upper respiratory tract and urinary tract infections, 
pyrexia and increased blood pressure as the most common 
AEs. At week 24, neither relapses nor median EDSS score 
changes occurred in RRMS patients receiving inebilizumab. 
Moreover, inebilizumab promoted trend in reductions in 
new/newly enlarging T2-hyperitense (0.4 vs 2.4) and Gd-
enhancing lesions (0.1 vs 1.3), with a higher proportion of 
patients free from new inflammatory activity (75% vs 43%) 
[65].

Bruton’s tyrosine kinase (BTK) is a cytoplasmic kinase 
expressed on cells of the hematopoietic lineage, except for 
T cells, natural killer (NK) cells and plasma cells, and con-
tributes to signal transductions from B-cell receptor (BCR) to 
the PI3K, MAPK and NF-κB pathways, thus regulating B-cell 
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survival, activation, proliferation, and differentiation to plasma 
cells [66, 67].

Several BTK inhibitors have been proposed for the treat-
ment of hematological malignancies and dysimmune disorders 
[66, 68]. A recent 24-week phase-II RCT (ClinicalTrials.gov 
study identifier: NCT02975349) [69] compared oral evobru-
tinib at different doses (25 mg daily, 75 mg daily or 75 mg 
twice daily) with placebo or dimethyl fumarate in patients with 
RRMS or active SPMS. MS patients who received 75 mg of 
evobrutinib once daily had significantly fewer Gd-enhancing 
lesions compared with placebo at weeks 12 through 24 (1.69 
vs 3.85, lesion rate ratio 0.30, p = 0.005), whereas only a trend 
for patients who received 75 mg of evobrutinib twice daily 
was found (1.15, lesion rate ratio 0.44, p = 0.06) [69]. No 
significant difference in the ARR, relapse-free status or dis-
ability progression at any dose occurred [69]. The most com-
mon AEs were nasopharyngitis and asymptomatic increase of 
aminotransferase levels.

In a 16-week phase-IIb study, 130 patients with RRMS 
were randomized to receive either placebo or tolebrutinib 
at different doses (5, 15, 30, and 60 mg) [70]. At week 12, 
patients treated with tolebrutinib had significantly lower mean 
number of new/enlarging T2-hyperintense lesions compared 
with placebo (1.90 with 5 mg, 1.32 with 15 mg, 1.30 with 
30 mg, 0.23 with 60 mg vs 2.12 with placebo). Tolebrutinib 
also reduced the mean number of Gd-enhancing lesions (1.39 
with 5 mg, 0.77 with 15 mg, 0.76 with 30 mg, 0.13 with 60 mg 
vs 1.03 with placebo).

Recently, in a subgroup analysis including 61 patients with 
highly active disease [71] (i.e., one relapse in the year prior 
to screening and one or more Gd-enhancing lesion on MRI 
within 6 months prior to screening or nine or more T2-hyper-
intense lesions at baseline, or two or more relapses in the year 
prior to screening), at week 12, tolebrutinib reduced the mean 
number of new/enlarging T2-hyperintense lesions compared 
with placebo (1.09 with 5 mg, 0.89 with 15 mg, 0.75 with 
30 mg, and 0.15 with 60 mg vs 1.44 with placebo). Tolebru-
tinib also promoted a reduction in the mean number of new 
Gd-enhancing lesions compared with placebo (0.82 with 5 mg, 
0.50 with 15 mg, 0.38 with 30 mg, and 0.08 with 60 mg vs 
0.89).

Several other BTK inhibitors are under investigation (see 
Ref. [66] for a comprehensive review), possibly representing 
a new therapeutic opportunity for MS patients in the near 
future although several aspects regarding their mechanism of 
action, efficacy and safety still need to be fully investigated.
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Conclusions

The introduction of anti-CD20 therapies in the MS scenario 
confirmed the central role of B cells in MS pathogenesis and 
established a new therapeutic approach for both relapsing 
and progressive MS patients.

In RRMS, currently approved anti-CD20 monoclonal 
antibodies (rituximab, ocrelizumab, and ofatumumab) con-
sistently lead to a dramatic reduction of clinical relapses and 
MRI disease activity together with a significant limitation of 
disability worsening and brain atrophy progression.

Interestingly, ocrelizumab has been the first effective 
DMT in delaying disability progression in PPMS. How-
ever, efficacy and benefits in PPMS appear partial and more 
limited compared with those observed in RRMS. These 
findings suggest that anti-CD20 therapies exert a strong 
anti-inflammatory activity and that their beneficial neuropro-
tective effects could be mainly secondary to the prevention 
of further inflammatory disease activity. The more limited 
effect in PPMS could be also due to an inefficient depletion 
of B cells within a CNS-compartmentalized inflammation, 
possibly due to a limited permeability of anti-CD20 mono-
clonal antibodies across the blood–brain barrier. This aspect 
should be better investigated in future studies which should 
include reliable clinical, laboratory and MRI biomarkers to 
identify and monitor MS progression.

Data from RCTs, their OLE and from observational stud-
ies suggest that anti-CD20 therapies have a favorable short- 
and medium-term safety profile, with IARs, upper respira-
tory tract and urinary infections being the most common side 
effects, although the risk of malignancies should be carefully 
monitored over long-term.

Several aspects regarding treatment with anti-CD20 ther-
apies deserve further investigations.

Future studies should define how to optimize anti-CD20 
therapy administration regimens in terms of dosing, timing 
and duration of the treatment. Finally, post-marketing and 
observational studies should be conducted to shed light on 
beneficial effects and risks over longer term and to better 
explore the risk of infections and malignancies, especially 
in older MS patients.
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