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Abstract
Background and Objectives
The anti-CD20 antibody ofatumumab is an efficacious therapy for multiple sclerosis (MS)
through depletion of B cells. The purpose of this study was to examine the derivative effects of
B cell depletion on the peripheral immune system and a direct treatment effect on T cells
expressing CD20.

Methods
Frequency and absolute numbers of peripheral leukocytes of treatment-naive patients with
relapsing-remitting MS (RRMS) and patients treated with ofatumumab for a mean of 482 days
were assessed in this observational study by flow cytometry. In addition, effector function and
CNSmigration of T cells using a human in vitro blood-brain barrier (BBB) assay were analyzed.

Results
This study showed that ofatumumab treatment of patients with RRMS increased the control of
effector T cells and decreased T cell autoreactivity. It also showed that ofatumumab reduced the
level of peripheral CD20+ T cells and that the observed decrease in CNS-migratory capacity of
T cells was caused by the depletion of CD20+ T cells. Finally, our study pointed out a bias in the
measurement of CD20+ cells due to a steric hindrance between the treatment antibody and the
flow cytometry antibody.

Discussion
The substantial ofatumumab-induced alteration in the T cell compartment including a severely
decreased CNS-migratory capacity of T cells could partly be attributed to the depletion of
CD20+ T cells. Therefore, we propose that depletion of CD20+ T cells contributes to the
positive treatment effect of ofatumumab and suggests that ofatumumab therapy should be
considered a B cell and CD20+ T cell depletion therapy.

Classification of Evidence
This study provides Class IV evidence that compared with treatment-naive patients, ofatu-
mumab treatment of patients with RRMS decreases peripheral CD20+ T cells, increases effector
T cell control, and decreases T cell autoreactivity.

MORE ONLINE

Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies
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Multiple sclerosis (MS) is an inflammatory and demyelinating
disease of the CNS.1 The immunopathogenesis ofMS is complex
and involves cells of both the innate and adaptive immune system
including monocytes,2 NK cells,3 dendritic cells (DCs),4

B cells,5,6 and CD4+ and CD8+ T cells.7 In the periphery, disease
has been associated with a redistribution of CD4+ T cells with an
increased frequency of inflammatory effector T cells8,9 and a
reduction in either effector function or incidence of regulatory
T cells10,11 shifting the balance from control to inflammation. A
similar shift is observed in the ratio between T follicular helper
(Tfh) cells and T follicular regulatory (Tfr) cells in favor of Tfh
cells.12 Furthermore, the suppressive function of Tfr cells in pa-
tients with MS is decreased.13 Abnormalities in the B cell com-
partment of patients with MS include an increased production of
proinflammatory cytokines14-17 and a reduced suppressive func-
tion of regulatory B cells.18-21 These changes disrupt the natural
balance between the T- and B cell compartment with potential
increased activation of T cells by B cell–produced cytokines and
antigen presentation and vice versa by increased B cell activation
and antibody production byTfh cells. In theCNS, disease activity
has been associated with increased recruitment of inflammatory
CD4+ and CD8+ T cells as well as B cell recruitment and im-
munoglobulin production.6 CNS-infiltrating B and T cells are
involved in blood-brain barrier (BBB) disruption, demyelination,
activation of glial cells,22,23 and the formation of lymphoid
follicle–like structures in chronically inflamed CNS.5

To control disease progression in patients with MS, numerous
therapies to dampen immune responses have therefore been
developed. Therapy-based antibodies targeting the CD20
molecule on the surface of B cells have proven highly
efficacious.24-30 The anti-CD20 antibody armamentarium for
MS includes the 3 antibodies rituximab, ocrelizumab, and
ofatumumab. Binding of these anti-CD20 antibodies to their
target cells induces cell death through antibody-dependent
cellular cytotoxicity and complement-dependent cellular cyto-
toxicity. Although the goal of anti-CD20 antibody therapies is
depletion of peripheral B cells, studies have indicated that
targeting the B cell compartment also affects the dynamics of
the T cell population.31-33 In addition to this inevitable T cell
effect caused by the diminished B:T cell interaction following
depletion of B cells, a direct effect on the T cell populationmay
play a role in the positive treatment effect of anti-CD20 anti-
body therapies through depletion of the smaller T cell pop-
ulation expressing intermediate levels of CD20.

The effect of anti-CD20 antibody therapies on the B cell com-
partment has been investigated in numerous studies; however, the
importance of the treatment effect on theT cell population has not

been thoroughly analyzed.To clarify the treatment effect onTcells,
we therefore investigated ofatumumab-induced changes in the T
cell compartment and analyzed a possible bias in the detection of
CD20 expression on the surface of both B and T cells from treated
patients, using commercially available anti-CD20 antibodies. The
primary researchquestion addressed in this study is as follows:what
are the effects of ofatumumab treatment on theT cell populationof
patients with relapsing-remitting MS (RRMS)?

Methods
Study Population
In this case-control observational study, we included 20 treatment-
naive patients with RRMS (mean age = 35 years, SD = 7; male/
female = 2/18) and 16 patients treated with ofatumumab
(Arzerra) (mean age= 42 years, SD= 11;male/female = 2/14) for
a mean of 482 days (range 190–778 days); time since last infusion
was 116 days (mean; range 9–120 days). The treatment regimen
included a first infusion of 300 mg ofatumumab IV and a second
infusion of 300 mg given 2 weeks after the first. Thereafter, the
patients were given 600 mg every 6th month. Off-label IV ofatu-
mumab was used,34 and the study was performed from September
2016 to December 2017. Of the ofatumumab-treated patients, 4
previously received fingolimod, 7 natalizumab, and 5 dimethyl
fumarate. All untreated patients were treatment naive except one,
who previously received teriflunomide. All patients were diagnosed
with RRMS based on the 2010 revised McDonald criteria.35,36

There was no significant difference in age (p = 0.093) or sex (p =
0.79) distribution between the 2 groups. The relapse frequency
(number of relapses within the last year) of the untreated patients
was 1.0 (median; range 0–2) and 0.0 (median; range 0–2) of the
ofatumumab-treated patients. Disease severity (Expanded Dis-
ability Status Scale score) was 1.75 (median; range 0–3.5) of the
untreated patients and 3.75 (median; range 1.5–7.0) of the
ofatumumab-treated patients.

Standard Protocol Approvals, Registrations,
and Patient Consents
All participants gave informed written consent to participa-
tion. The study was approved by the regional scientific ethics
committee (protocol number H-16047666).

Flow Cytometric Analysis of Freshly Isolated
Peripheral Blood Mononuclear Cells
From 20 treatment-naive patients and 16 ofatumumab-
treated patients, venous blood was collected, and peripheral
blood mononuclear cells (PBMCs) were isolated by density-
gradient centrifugation using Lymphoprep (Axis-Shield, Oslo,
Norway) and washed twice in cold phosphate buffered

Glossary
BBB = blood-brain barrier;DC = dendritic cell;HBMEC= human brainmicrovascular endothelial cell;MBP=myelin basic protein;
MOG = myelin oligodendrocyte glycoprotein; MS = multiple sclerosis; PBMC = peripheral blood mononuclear cell; RRMS =
relapsing-remitting MS; TEER = transendothelial electrical resistance; Tfh = T follicular helper; Tfr = T follicular regulatory.
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saline/2 mM ethylenediaminetetraacetic acid. PBMCs were
instantly incubated with Fc receptor blocking reagent (Miltenyi
Biotec, Bergisch Gladbach, Germany) to prevent nonspecific Ab
binding and thereafter stained in phosphate buffered saline/2%
fetal bovine serum/0.02% NaN3 with a combination of
fluorochrome-conjugated Ab against (conjugate; clone) CD3
(FITC, APC, APC/Cy7, PE/Cy7, and PerCP/Cy5.5; UCHT1),
CD8 (BV605; RPA-T8), CD11c (PE/Cy7; Bu15), CD14
(BV605; M5E2), CD16 (BV421; 3G8), CD20 (PE/Cy7; 2H7),
CD25 (PE;M-A251), CD49d (BV605; 9F10), CD127 (BV421;
A019D5), CXCR3 (BV421; G025H7), CXCR5 (APC;
J252D4), CCR6 (PerCP/Cy5.5; G034E3), and PD-1 (BV605;
EH12), all from BioLegend (CA), CD56 (PE/Cy7; CMSSB)
from eBioscience (Thermo Fisher, MA), BDCA-2 (FITC;
AC144) from Miltenyi Biotec (Bergisch Gladbach, Germany),
and CD4 (APC/AF750; S3.5) and CD19 (APC/AF750; SJ25-
C1) from Invitrogen (MA). Isotype-matched controls were used
to correct for nonspecific Ab binding and spectral overlap, where
appropriate. TruCount staining of whole blood to measure ab-
solute cell count was performed using BD Multitest 6-color
TBNKReagent according to themanufacturer (BD Biosciences,
CA). Data were acquired on a FACS Canto II flow cytometer
(BD Biosciences), and data analysis was performed using the
software FlowJo (TreeStar, OR).

Intracellular Staining of CD20
Following cell surface staining of PBMCs using fluorochrome-
conjugated Ab against CD3 (APC; UCHT1), CD19 (APC/
Cy7; HIB19), and CD20 (PE/Cy7; 2H7), all from BioLegend,
cells were fixed at 37°C for 15 minutes using Fixation Buffer
(BioLegend) followed by permeabilization for 60 minutes at
−20°C using True-Phos Permeabilization Buffer (BioLegend).
Background staining was then reduced by incubation at RT for
10 minutes with mouse serum (Dako Agilent, CA) followed by
30-minute incubation at RTwith either an anti-CD20 antibody
recognizing the intracellular part of CD20 (FITC, L26; eBio-
sciences Thermo Fisher) or a corresponding isotype antibody.
Data were acquired on a FACS Canto II flow cytometer, and
data analysis was performed using the software FlowJo.

Cytokine Production by T Cells
To measure cytokine production by T cells, PBMCs from 12
treatment-naive patients and 8 ofatumumab-treated patients
were thawed and either stimulated for 6 hours with Dynabeads
Human T-Activator CD3/CD28 beads (Gibco,Waltham,MA)
at a bead:cell ratio of 1:3 or for 48 hours with 30 μg/mLmyelin
basic protein (MBP; HyTest, Turku, Finland) and 10 μg/mL
myelin oligodendrocyte glycoprotein, MOG (AnaSpec Inc,
CA). For the last 6 hours of the stimulation periods, 5 μg/mL
brefeldin A (Sigma-Aldrich,MO)was added to the cell cultures.
The cells were thereafter stained with fluorochrome-conjugated
Ab against TCRαβ (BV605, APC; IP26), CD4 (BV421;
OKT4), and CD8 (APC/Cy7; RPA-T8), all from BioLegend,
and then fixed for 20 minutes at RT using Fixation buffer and
washed twice in Permeabilization Wash Buffer, both from
BioLegend. Finally, cells were intracellularly stained with
fluorochrome-conjugated Ab against IFN-γ (PerCP/Cy5.5,

PE/Cy7; B27), GM-CSF (APC, PE; BVD2-21C11), IL-17
(AF88, PerCP/Cy5.5; BL168), TNFα (AF488; Mab11), or
corresponding isotype controls, all from BioLegend. Data were
acquired on a FACS Canto II flow cytometer, and data analysis
was performed using the software FlowJo.

In Vitro BBB Assay
The membrane of transwell inserts (CellQuart 12-well cell
culture inserts with 3.0-μm pore polyester membrane;
SABEU, Northeim, Germany) was coated on both sides with
20 μg/mL human fibronectin (Sigma, Merck, MO) at 37°C,
5% CO2 for 2 hours. Thereafter, the fibronectin was removed,
and inserts were left to dry for 45 minutes. The inserts were
inverted, and 106,000 human brain astrocytes (95,000 as-
trocytes/cm2; Gibco, Thermo Fisher) in astrocyte medium
(Gibco, Thermo Fisher) were added to the external side of the
membrane. After 3-hour incubation at 37°C, 5% CO2 astro-
cyte medium was added to wells of 12-well plates, and the
inserts were reverted into normal position and placed in the
well. Astrocyte medium was then added to the upper com-
partment of the inserts, and the astrocytes were incubated
for 3 days at 37°C, 5% CO2. All astrocyte medium was re-
moved, and 106,000 human brain microvascular endothe-
lial cells (HBMECs; 95,000 HBMEC/cm2; PELOBiotech,
Martinsried, Germany) in HBMEC medium (PELOBiotech)
were added to the upper compartment. HBMECmediumwas
added to the wells and incubated for additionally 2 days at
37°C, 5% CO2. In this way, astrocytes grew into a monolayer
on the external side and HBMECs into a monolayer on the
internal side of the transwell insert. The quality of the co-
culture was monitored by measuring the transendothelial
electrical resistance (TEER value). Transmigration experi-
ments were performed when high, stable resistance mea-
surements indicated a confluent cell layer; i.e., a TEER value
of 40 Ω × cm2 when background was subtracted.

To induce inflammation of the BBB, 100 U/mL TNFα and
IFN-γ (R&D Systems, MN) was added to the upper com-
partment 24 hours before performing the migration assay.
Thereafter, the supernatant was discarded, and 700,000 pu-
rified T cells in Roswell Park Memorial Institute medium
(RPMI) (Gibco, Thermo Fisher) were transferred to the
upper compartment from 12 treatment-naive patients or 11
ofatumumab-treated patients. The T cells were purified from
PBMCs using a human T cell isolation kit from Stem Cell
Technologies (Vancouver, Canada). To the lower compart-
ment, RPMI supplemented with B-27 (Gibco, Thermo
Fisher) was added with or without 1,000 ng/mL CXCL10
(R&D systems) and 1,000 ng/mL CXCL13 (BioLegend) and
incubated for 5 hours at 37°C, 5% CO2. As a control, 700,000
T cells were also added to 1 well at the lower compartment.
After migration, a standardized amount of Flow-Count Flu-
orospheres (Beckman Coulter, CA) was added to the lower
compartment of each well. Migrated cells plus Flow-Count
Fluorospheres were harvested and stained for flow cytometry
as described above using fluorochrome-conjugated Ab against
CD3 (AF488; UCHT1), CD4 (PerCP; SK3), CD8 (BV421;
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RPA-T8), and CD20 (PE/Cy7; 2H7), all from BioLegend,
and the number and percent of migrated cells were calculated:

Number of migrated cells =

detected number of cells × total number of count − fluorospheres added
detected number of count − fluorospheres

Percent migrated cells =
number of migrated cells

number of cells in the control well
× 100

CD20 Antibody Steric Hindrance Assay
PBMCs were incubated with an increasing amount of ofatu-
mumab, rituximab, or ocrelizumab ranging from 0 to 320 μg/
mL for 25 minutes. As a control, PBMCs were also incu-
bated with the same concentrations of the unstained anti-
CD20 antibody used for flow cytometry. Thereafter, cells
were stained for flow cytometry using the fluorochrome-
conjugated Ab against CD3 (APC; UCHT1), CD19 (APC/
Cy7; HIB19), and CD20 (PE/Cy7; 2H7), all from BioL-
egend, and a blocking effect was analyzed on a FACSCanto II.

Statistical Analysis
For analysis of sex differences between groups, a χ2 test was
performed. For comparison of age and cell populations

between groups, the Mann-Whitney U test was applied.
Correlations were assessed using Spearman rank correla-
tion analysis. A significance level <0.05 was considered
statistically significant. The study was exploratory and de-
scriptive, and correction for multiple comparisons was not
feasible.

STROBE Guidelines
For this article, the STROBE reporting guidelines for obser-
vational studies were used.37

Data Availability
Data are available in an anonymized form and can be shared by
request form any qualified investigator. Sharing requires approval
of a data transfer agreement by the Danish Data Protection
Agency.

Results
Ofatumumab Efficiently Depletes Peripheral
B Cells in Patients With MS
To investigate the effect of ofatumumab treatment on
the peripheral pool of immune cells in patients with

Figure 1 Ofatumumab Efficiently Depletes Peripheral B Cells in Patients With MS

(A–C) Absolute numbers of CD19+ B cells (A), CD4+ T cells and CD8+ T cells (B.a–B.b), and CD56+ NK cells, CD14+monocytes, and dendritic cells, DCs (C.a–C.d), in
the blood of 20 treatment-naive patients with RRMS (UNT) and 16 ofatumumab-treated patients. The mean value is 429 shown for all groups analyzed. MS =
multiple sclerosis; RRMS = relapsing-remitting MS.
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RRMS, we analyzed freshly isolated PBMCs from 16 pa-
tients treated with ofatumumab for a mean of 482 days
(range 190–778 days) and 20 treatment-naive patients by
flow cytometry.

As expected, this showed an efficient depletion of CD19+

B cells following ofatumumab treatment (p < 0.0001;
Figure 1A). In contrast, no change in absolute counts of CD4+

and CD8+ T cells (Figure 1B), or of NK cells, monocytes, and
DCs, was observed (Figure 1C).

OfatumumabDoesNot Influence the Frequency
or Number of DCs or NK Cell Subpopulations
No difference in the frequency or absolute number of
CD3−CD19−CD56− conventional DCs cDC (CD11c+) or plas-
macytoid DC pDC (BDCA2+) was found between untreated and

Table Ofatumumab Treatment Effect on Immune Cell Populations

Cell population

Absolute number/μL blood median (range) Frequency median (range)

Untreated Ofatumumab p Value Untreated Ofatumumab p Value

B cells (CD19+) 1,347 (545–2,653) 7 (0–15) <0.0001

T cells (CD3+)a 9,722 (5,953–14,166) 9,135 (2,863–1,640) 0.755

CD4+ T cells 6,404 (3,222–9,518) 5,952 (2,125–9,715) 0.610 65.9 (47.2–83.0) 66.5 (45.7–76.9) 0.972

Th1-like (CXCR3+CCR62) 182 (74–321) 201 (95–331) 0.681 20.5 (11.6–40.7) 22.5 (13.5–38.1) 0.451

Th17-like (CXCR32CCR6+) 101 (35–136) 83(39–130) 0.149 11.7 (6.1–17.6) 9.8 (2.8–18.3) 0.555

Th17.1-like (CXCR3+CCR6+) 148 (48–239) 100 (28–188) 0.040 15.8 (6.1–33.9) 12.7 (5.3–21.5) 0.068

CD49dhiCXCR3+ 180 (77–366) 150 (47–240) 0.035 26.6 (13.6–46.6) 16.7 (8.6–36.9) 0.005

Treg (CD25++CD1272) 61 (15–122) 78 (30–166) 0.161 7.0 (3.5–10.3) 9.0 (4.4–12.0) 0.003

Tfh (CD252CD127+CXCR5+PD-1+) 28 (7–52) 20 (2–66) 0.189 3.4 (1.4–6.5) 2.5 (0.2–11.4) 0.516

Tfr (CD25++CD1272CXCR5+PD-1+) 1 (1–6) 3 (0–10) 0.036 0.14 (0.06–0.60) 0.31 (0.01–1.76) 0.016

CD8+ T cells 2,651 (2,030–5,376) 2,961 (661–9,419) 0.987 29.2 (15.1–42.8) 28.6 (18.5–51.0) 0.989

Tc1-like (CXCR3+CCR62) 229 (70–516) 297 (96–749) 0.319 56.2 (38.4–81.2) 68.7 (45.8–77.4) 0.132

Tc17-like (CXCR32CCR6+) 13 (2–41) 12 (3–38) 0.784 3.9 (0.3–8.9) 2.3 (0.4–15.0) 0.560

Tc17.1-like (CXCR3+CCR6+) 44 (15–91) 43 (8–67) 0.837 9.4 (4.6–26.3) 8.1 (3.2–24.5) 0.678

CD49dhiCXCR3+ 178 (78–299) 172 (52–487) 0.398 47.9 (34.1–67.5) 39.8 (31.2–59.4) 0.046

CD20+ T cells 108 (51–194) 24 (11–103) <0.0001 7.2 (4.7–14.4) 1.9 (0.8–9.6) <0.0001

CD20+CD4+ T cells 49 (27–132) 20 (10–68) <0.0001 4.0 (2.4–8.5) 1.6 (0.6–2.2) <0.0001

CD49dhiCXCR3+ 29 (11–46) 6 (2–9) <0.0001 46.9 (29.6–68.8) 28.0 (15.8–37.4) <0.0001

CD20+CD8+ T cells 45 (18–93) 7 (1–57) <0.0001 3.1 (1.7–7.0) 0.4 (0.2–1.2) <0.0001

CD49dhiCXCR3+ 35 (15–74) 3 (1–7) <0.0001 79.9 (61.6–94.7) 46.2 (30.0–69.1) <0.0001

NK cells (CD56+)b 2,383 (1,141–8,496) 2,219 (820–4,045) 0.438

CD16+CD56int 336 (145–1,136) 321 (174–655) 0.919 94.5 (82.0–97.8) 93.3 (76.9–98.7) 0.945

CD162CD56hi 11 (4–31) 11 (3–29) 0.710 3.0 (1.1–11.6) 3.4 (0.9–12.2) 0.831

Dendritic cellsb 68 (23–197) 78 (49–160) 0.419

cDC (CD11c+) 31 (5–101) 26 (17–103) 0.718 48.7 (8.4–74.3) 36.9 (13.0–64.4) 0.249

pDC (BDCA2+) 9 (4–22) 11 (5–22) 0.780 15.3 (6.6–38.4) 12.4 (5.8–26.8) 0.500

Monocytes (CD14+) 355 (194–702) 428 (219–953) 0.271

Abbreviations: Tfh = T follicular helper; Tfr = T follicular regulatory.
a Frequencies of CD4+ and CD8+ T cells are calculated as percentage of total T cells. Frequencies of CD4+ and CD8+ T cell subpopulations are calculated as
percentage of total CD4+ and CD8+ T cells, respectively. Frequencies of CD20+, CD4+CD20+, and CD8+CD20+ T cells are calculated as percentage of total T cells.
Frequencies of CD20+CD4+ and CD20+CD8+ T cell subpopulations are calculated as percentage of total CD20+CD4+ and CD20+CD8+ T cells, respectively.
b Frequencies of NK and dendritic cell subpopulations are calculated as percentage of total NK and dendritic cells, respectively.
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ofatumumab-treated patients withMS (Table).MeasuringNK cell
subpopulations also did not show any differences in the frequency
or absolute number of the 2 subpopulations’ CD16+CD56int or
CD16−CD56hi NK cells between groups (Table).

Ofatumumab Increases the Control of Effector
T Cells in Patients With MS
To analyze the effect of ofatumumab on T cell subpopula-
tions, we measured the frequency and absolute number of the

Figure 2 Ofatumumab Increases the Control of Effector T Cells in Patients With MS

(A) Flow cytometry dot plot example of gating strategies. CD4+ effector T cells were defined as CD25−CD127+ and further subdivided into Th-like cells according to
CXCR3 and CCR6 expression or CXCR5+PD-1+ Tfh cells. CD4+ regulatory T cells were defined as CD25+CD127− and further subdivided into Tfr cells according to
expression of CXCR5 and PD-1. (B.a–d) Absolute number of Th1-like cells (B.a), Th17-like cells (B.b), Th17.1-like cells (B.c) and Treg cells (B.d), and (C.a–d) frequency of
Treg cells in the blood of 20 treatment-naive patients with RRMS (untreated [UNT]) and 16 ofatumumab-treated patients. (C.a–d) Ratios between Treg cells (C.a) and
Th1-like cells (C.b), Th17-like cells (C.c), and Th17.1-like cells (C.d) of UNT and ofatumumab-treated patientswith RRMS. (D.a–d) Absolute number and frequency of Tfh
cells (D.a) and Tfr cells (D.b) and the ratio between Tfh (D.c) and Tfr (D.d) cells. All ratios are calculated using the absolute cell counts. Themean value is shown for all
groups analyzed. MS = multiple sclerosis; RRMS = relapsing-remitting MS.
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proinflammatory CD4+ T cell effector (CD25−CD127+)
subpopulations Th1-like (CXCR3+CCR6−), Th17-like
(CXCR3−CCR6+), and Th17.1-like (CXCR3+CCR6+);
see Figure 2A for gating examples. Except for a decrease in the
number of Th17.1 cells from ofatumumab-treated patients (p =
0.040), no changes were found (Figure 2B and Table). Analyzing
CD4+ T regulatory (Treg) cells (CD25+CD127−) showed an
increase in the frequency ofTreg cells in the blood of ofatumumab-
treated patients (p = 0.003; Figure 2C) and furthermore a reduced
Th17:Treg and Th17.1:Treg cell ratio (p = 0.017, p = 0.0061;
Figure 2C). Analyzing Tfh cells (CD25−CD127+CXCR5+PD-1+)
and Tfr cells (CD25+CD127−CXCR5+PD-1+) showed an in-
creased number and frequency of Tfr cells (p = 0.036, p = 0.016;
Figure 2D) as well as a decrease in the Tfh:Thr ratio (p = 0.0003;
Figure 2D) in the blood of ofatumumab-treated patients. Overall,

this suggests that ofatumumab induces an environment of in-
creased control of effector T cells. No change in the CD8+ T cell
effector subpopulations Tc1-like (CXCR3+CCR6−), Tc17-like
(CXCR3−CCR6+), andTc17.1-like (CXCR3+CCR6+) (Table) or
the Tc1:Treg, Tc17:Treg, Tc17.1:Treg ratios was found.

Ofatumumab Decreases T Cell Reactivity in
Patients With MS
We next analyzed T cell reactivity and production of proin-
flammatory cytokines. For this, PBMCs were stimulated for 6
hours with a polyclonal stimulus (anti-CD3/CD28 beads), and
the production of IFN-γ, TNFα, GM-CSF, and IL-17 was mea-
sured by flow cytometry; see Figure 3A for gating examples. This
showed a decreased capacity of CD4+ T cells from ofatumumab-
treated patients to produce IFN-γ (p = 0.028), TNFα (p =

Figure 3 Ofatumumab Decreases T Cell Reactivity in Patients With MS

(A) Flow cytometry dot plot examples of IFN-γ, TNFα, GM-CSF, and IL-17 production in T cells stimulatedwith anti-CD3/CD28 beads. (B.a–d) Frequency of CD4+

T cells producing IFN-γ (B.a), TNFα (B.b), GM-CSF (B.c), and IL-17 (B.d) in response to anti-CD3/CD28 beads in untreated (UNT) and ofatumumab-treated
patients with RRMS. (C.a–d) Frequency of CD4+ T cells producing IFN-γ (C.a–b), GM-CSF (C.c), and IL-17 (C.d) in response tomyelin basic protein, MBP, or MOG.
The mean value is shown for all groups analyzed. MBP = myelin basic protein; MOG = myelin oligodendrocyte glycoprotein; MS = multiple sclerosis; RRMS =
relapsing-remitting MS.
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0.0072), andGM-CSF (p= 0.0018; Figure 3B). To determine the
reactivity of T cells toward myelin antigens presented by antigen-
presenting cells (APCs) following ofatumumab treatment,
PBMCs from untreated and ofatumumab-treated patients were
stimulated for 48 hours with MBP and myelin oligodendrocyte
glycoprotein (MOG), and the production of IFN-γ, GM-CSF,
and IL-17 was measured. This showed a decrease in CD4+ T cells
from ofatumumab-treated patients producing IFN-γ (p = 0.035;
MOG antigen), GM-CSF (p = 0.040; MBP antigen), and IL-17
(p = 0.033; MOG antigen) (Figure 3C).

Ofatumumab Reduces the Level of Peripheral
CD20+ T Cells in Patients With MS
Besides B cells, a small population of T cells express CD20 on
their cellular surface although at lower levels than found on
B cells.38 Analyzing a possible depletion of these CD20+

T cells following ofatumumab treatment showed a reduction

both in the frequency and absolute number of CD4+ (p <
0.0001) and CD8+ (p < 0.0001) CD20+ T cells (Figure 4A
and Table). Also, we did not find a correlation between
the number of CD20+ T cells and time since last treatment
(p = 0.97, rs = 0.01).

Ofatumumab Decreases Migration of CD20+

T Cells in Patients With MS
Migration of peripheral T cells to the CNS is central to the
pathogenesis of MS, a process in which expression of the
chemokine receptor CXCR3 and adhesion molecule VLA-4
(CD49d) on the T cell surface is essential; see Figure 4B for
gating example. Measuring the absolute number and fre-
quency of peripheral T cells and CD20+ T cells expressing
CXCR3 and a high level of CD49d showed a great reduc-
tion in both numbers and frequency of CXCR3+CD49dhi

T cells in the CD20+ population from patients treated with

Figure 4 CD20+ T Cell Depletion and Expression of Migration Markers in T Cells From Patients With MS

(A.a–c) Frequency of CD20+ T cells (A.a) and absolute numbers of CD4+CD20+ T cells (A.b) and CD8+CD20+ T cells (A.c) in untreated (UNT) and ofatumumab-
treated patients with RRMS. (B) Flow cytometry dot plot example of the gating strategy used to define CD49dhiCXCR3+ T cells. (C.a–d, D.a–d) Absolute number
and frequency of CD49dhiCXCR3+ CD4+ T cells, CD8+ T cells, CD4+CD20+ T cells, and CD8+CD20+ T cells in untreated (UNT) and ofatumumab-treated patients
with RRMS. The mean value is shown for all groups analyzed. MS = multiple sclerosis; RRMS = relapsing-remitting MS.
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ofatumumab (p < 0.0001, CD4+CD20+ T cells; p < 0.0001,
CD8+CD20+ T cells), an effect not as strongly found in the
broad T cell population (Figure 4, C–D).

To further investigate the CNS-migratory potential of pe-
ripheral T cells from patients with MS treated with ofatu-
mumab, we applied purified T cells to an in vitro BBB assay
based on a coculture of primary human astrocytes and pri-
mary HBMECs grown in a Boyden chamber. In the setup
applied, T cells were challenged with both a noninflamed and
an inflamed BBB (prestimulated for 24 hours with TNFα and
IFN-γ), and the chemokine CXCL10 was used as a chemo-
attractant. This showed no difference in absolute numbers or
frequencies of migrated CD4+ and CD8+ T cells between
treatment-naive and ofatumumab-treated patients with MS
(eFigure 1A–D, links.lww.com/NXI/A725). In contrast, the
migration of CD20+CD4+ T cells and CD20+CD8+ T cells
from ofatumumab-treated patients was severely reduced both
in absolute numbers and frequencies, particularly when
challenged with the inflamed BBB (Figure 5, A–D).

Bias in the Measurement of CD20+ Cells Due
to Steric Hindrance Between the Treatment
Antibody and the Flow Cytometry
Detection Antibody
When CD20 on the surface of B and T cells is measured by
flow cytometry, a possible blocking effect and hence a
false-negative reading may be applied by the ofatumumab
antibody. To analyze a possible steric hindrance effect
between the treatment antibody bound to the cells and the
flow cytometry antibody used for detection, we incubated
PBMCs from healthy donors in an increasing concentra-
tion of the 3 commonly used therapeutic anti-CD20 an-
tibodies; ofatumumab, ocrelizumab, and rituximab.
Thereafter, PBMCs were stained for flow cytometry using
the commercially available CD20 antibody clone 2H7. As
shown in Figure 6, a blocking effect of CD20 on the surface
of T cells preincubated with either of the 3 treatment an-
tibodies is observed above antibody concentrations of
0.1 μg/mL and above 1–10 μg/mL for detection of CD20
on the surface of B cells (Figure 6B). The difference in

Figure 5 Ofatumumab Reduces In Vitro Migration of CD20+ T Cells in Patients With MS

Absolute number (A and B) and frequency (C and D) of CD4+CD20+ T cells and CD8+CD20+ T cells migrated across an in vitro human BBB either noninflamed
(−TNFα/IFN-γ) or inflamed (+TNFα/IFN-γ) and either with or without a chemoattractant (+/− CXCL10) applied to the assay. Compared are cells from untreated
(UNT) and ofatumumab-treated patients with RRMS. The mean value is shown for all groups analyzed. BBB = blood-brain barrier; MS = multiple sclerosis;
RRMS = relapsing-remitting MS.
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detection threshold between T and B cells is likely due to
their respective surface expression levels of CD20
(Figure 6A).

To verify that the reduced numbers of CD20+ T cells fol-
lowing ofatumumab therapy was due to depletion of the
T cells and not to the bias of a possible steric hindrance
between antibodies, we used a CD20+ antibody recognizing
the intracellular part of the CD20 molecule (clone L26),
hence being independent of a possible blocking effect of the

extracellular part of CD20. Performing this analysis con-
firmed that CD20+ T cells are depleted in patients treated
with ofatumumab (Figure 6, C–D).

Classification of Evidence
This study provides Class IV evidence that compared
with treatment-naive patients, ofatumumab treatment of
patients with RRMS decreases peripheral CD20+ T cells,
increases effector T cell control, and decreases T cell
autoreactivity.

Figure 6 Bias in the Measurement of CD20+ Cells in Patients Treated With Ofatumumab

(A) Flow cytometry overlay dot plots showing CD20+ B cells in green and CD20+ T cells in blue when cells were preincubated with 0–80 μg/mL ofatumumab.
(B.a–c) Graphs showing the frequency and mean fluorescence intensity (MFI) of CD20+ T cells and CD20+ B cells detected by the anti-CD20 flow cytometry
antibody after the cells were preincubated with either of the 3 treatment anti-CD20 antibodies ofatumumab, rituximab, and ocrelizumab. Normalized values
are depicted. (C) Flow cytometry dot plot example of a healthy donor showing detection of CD20 on CD3+ T and CD19+ B cells using an anti-CD20 flow
cytometry antibody targeting a surface epitope of CD20, clone 2H7, or an intracellular epitope of CD20, clone L26. An intracellular isotype control for staining
was included. (D) Flow cytometry dot plot example of an ofatumumab-treated patient showing detection of CD20 using the anti-CD20 antibody targeting the
surface epitope or intracellular epitope of CD20.
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Discussion
In this study, we investigated the effect of the anti-CD20 antibody
therapy ofatumumab on peripheral immune cell populations in
patients with RRMS. Anti-CD20 antibody therapies are de-
veloped to target peripheral B cells; in concordance, we con-
firmed an efficient depletion of the B cell population in patients
treated with ofatumumab. CD20-targeting therapies reduce
clinical relapses andMRI lesion activity,24,25,27,29,34,39 highlighting
the importance of B cells in the immunopathogenesis of RRMS.
However, the immune system is a complex network of interacting
cells; depletion of one cell population inevitably affects the dy-
namics of the entire network. Investigating possible derivative
effects of B cell depletion showed no change in absolute numbers
of NK cells, DCs, or their subpopulations following ofatumumab
treatment. In contrast, we found a substantial ofatumumab-
induced alteration in the T cell compartment.

The pathogenesis of RRMS has been associated with a skewing
in the T effector cell:T regulatory cell ratio in favor of loss of T
effector cell control. In the current study, we showed that ofa-
tumumab therapy primarily decreased the ratio betweenTh17.1-
like and Treg cells and between Tfh and Tfr cells, reflecting a
possible gain of T cell control. Th17.1-like cells have an en-
hanced potential to infiltrate the CNS where they produce high
amounts of IFN-γ and GM-CSF9; furthermore, they have been
associated with clinical disease activity in patients with RRMS.9

An imbalance between Tfh and Tfr cells as observed in patients
with RRMS may increase activation of B cells and promote
increased antibody production.12,40 Suppression of Th17.1-like
cells and Tfh cells therefore may be beneficial for patients with
RRMS and likely contribute to the positive treatment effect
observed using anti-CD20 antibody therapies.

The effector function of proinflammatory T cells in the
pathogenesis of MS includes production of proinflammatory
cytokines. In accordance with a previous finding in patients
with RRMS treated with the anti-CD20 antibody ublitux-
imab,32 our study found a decreased frequency of CD4+

T cells producing IFN-γ, TNFα, GM-CSF, and IL-17. These
observations indicate that ofatumumab therapy also has a
positive effect on proinflammatory T cells through suppres-
sion of their effector function; these observations may reflect a
direct effect of ofatumumab on proinflammatory T cells or the
increased Treg cell control of effector T cells.

In addition to a possible derivative effect of B cell depletion
on the activation and function of T cells in patients treated
with anti-CD20 antibody therapies, previous studies have
shown a direct effect of the anti-CD20 antibody therapies
rituximab,41-43 ocrelizumab,33,44 and ublituximab32 on the T
cell compartment through depletion of T cells expressing
CD20. In concordance, we found that ofatumumab effi-
ciently reduced the number and frequency of peripheral
CD4+CD20+ and CD8+CD20+ T cells, with an almost
complete depletion of CD8+CD20+ T cells as also observed
in a previous study of rituximab.41 Previous findings show

that the frequency of peripheral CD20+ T cells is increased
in patients with RRMS,38,41 that CD20+ T cells are enriched
in the CSF38 and present in white mater lesions of patients
with MS,45 have a high reactivity to CNS antigens,38 are
enriched in the myelin-specific CD8+ T cell population,46

and are associated with MS disease severity.38 Treatment-
induced depletion of CD20+ T cells, in addition to the de-
pletion of B cells, is therefore likely to contribute to the
positive treatment effect of ofatumumab.

We have previously shown that CD20+T cells are themain T cell
population that produces IFN-γ, TNFα, and GM-CSF and that
the majority of CD8+CD20+ T cells produce all 3 cytokines.38

The observation in the current study of a reduced frequency of
T cells producing IFN-γ, TNFα, and GM-CSF may therefore in
part be a direct consequence of ofatumumab-induced depletion
of CD20+ T cells.

In patients with RRMS, activated pathogenic T and B cells
migrate to the CNS where they induce inflammation and
nervous tissue damage.6 To investigate the effect of ofatu-
mumab on T cell migration, we measured the expression of
the chemokine receptor CXCR3 and adhesionmolecule VLA-
4 (CD49d) involved in transmigration through the BBB. This
only showed a small decrease in CXCR3+CD49dhi expression
on T cells in general but a highly significant decrease on both
CD4+CD20+ and CD8+CD20+ T cells. In line with this ob-
servation, we found that migration of CD20+ T cells, but not
the general T cell population, through an in vitro BBB was
also significantly suppressed. These data suggest that the CNS
migration potential of the few CD20+ T cells left in the blood
of ofatumumab-treated patients is severely compromised.

One important considerationwhenmeasuring CD20+ T cells is
the possibility of a steric hindrance between the therapeutic
antibody bound to the blood cells of the patient and the anti-
CD20 antibody used for detection of the population by flow
cytometry. This possible bias can affect measurement of both
CD20+ T cells and B cells if CD20 is used to identify B cells.
Examining this possibility showed that ofatumumab, rituximab,
and ocrelizumab could block the binding of the anti-CD20 flow
cytometry detection antibody on both T and B cells with the
risk of a false-negative result. As the concentration of CD20 on
the surface of B cells is far higher than on T cells, the blocking
effect becomes evident on B cells at treatment antibody con-
centrations above 1–10 μg/mL and on T cells as low as 0.1 μg/
mL. Studies of the pharmacokinetics of ocrelizumab indicate
that mean maximum serum concentrations of ocrelizumab
range from 131 to 213 μg/mL, and trough concentrations
range from a mean of 0.6–1.0 μg/mL but may be as high as
12 μg/mL.47 Because both ocrelizumab and ofatumumab are
IgG1 antibodies, they presumably have similar pharmacoki-
netics, and hence, the serum concentration measurements of
ocrelizumab likely also apply to ofatumumab. To ensure that
the observed decrease in numbers of CD20+ T cells measured
in our current study was not caused by the blocking effect, we
used an anti-CD20 antibody detecting the intracellular part of
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CD20, hence being independent of a possible blocking effect
on the cell surface. This analysis confirmed that CD20+ T cells
are indeed depleted in patients treated with ofatumumab. In
addition, we did not find a correlation between the number of
CD20+ T cells and days since last treatment, suggesting that
CD20+ T cells can be detected even at the higher serum con-
centrations of ofatumumab found shortly after infusion.

Our study is subject to the limitation of a sample size as
ofatumumab therapy in its IV formulation was withdrawn
from the market. This excluded the possibility of a larger
number of patients or inclusion of a replication cohort. Al-
though only 16 ofatumumab-treated patients were included,
our explorative study was thoroughly conducted and identi-
fied significant and potentially important mechanisms by
which ofatumumab exerts its immunomodulatory effect.
However, a larger subject cohort might have revealed addi-
tional effects and would have allowed for correction for
multiple testing to reduce the risk of type I statistical errors.
Another weakness of the study is the cross-sectional design. A
prospective study with pretreatment and serial sampling on
treatment as well as complementary MRI and CSF studies
would yield additional important information regarding the
mechanism of action of anti-CD20 therapy.

Altogether, our study demonstrates that ofatumumab treat-
ment recovers the control of effector T cells and reduces the
effector function of T cells and their migratory potential to the
CNS. We also found that suppression of T effector cells was
particularly pronounced in the T cell population expressing
CD20. Considering the importance of CD20+ T cells in the
pathogenesis of RRMS, the high efficacy of the anti-CD20
antibody therapies in reducing disease activity in patients with
RRMS is likely to be mediated both by the depletion of B cells
and derivative effects hereof and to the depletion of T cells
expressing CD20. This suggestion is strengthened by a recent
rituximab study in an experimental autoimmune encephalomy-
elitis (EAE) mouse model showing that rituximab was most
effective in controlling EAE when the treatment induced a
marked T cell depletion.48 Therefore, anti-CD20 antibody ther-
apies may be classified as a B and T cell subset depletion therapy.
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