
Large Molecule Therapeutics

Preclinical Activity of the Type II CD20 Antibody GA101
(Obinutuzumab) Compared with Rituximab and Ofatumumab
In Vitro and in Xenograft Models

Sylvia Herter1, Frank Herting2, Olaf Mundigl3, Inja Waldhauer1, Tina Weinzierl1, Tanja Fauti1, Gunter Muth2,
Doris Ziegler-Landesberger3, Erwin Van Puijenbroek1, Sabine Lang1, Minh Ngoc Duong4, Lina Reslan4,
Christian A. Gerdes1, Thomas Friess2, Ute Baer2, Helmut Burtscher2, Michael Weidner2, Charles Dumontet4,
Pablo Umana1, Gerhard Niederfellner2, Marina Bacac1, and Christian Klein1

Abstract
We report the first preclinical in vitro and in vivo comparison of GA101 (obinutuzumab), a novel glycoengi-

neered type II CD20monoclonal antibody, with rituximab and ofatumumab, the two currently approved type I

CD20 antibodies. The three antibodies were compared in assays measuring direct cell death (AnnexinV/PI

staining and time-lapse microscopy), complement-dependent cytotoxicity (CDC), antibody-dependent cell-

mediated cytotoxicity (ADCC), antibody-dependent cell-mediated phagocytosis (ADCP), and internalization.

Themodels used for the comparison of their activity in vivowere SU-DHL4 andRLxenografts. GA101was found

to be superior to rituximab and ofatumumab in the induction of direct cell death (independent of mechanical

manipulation required for cell aggregate disruption formed by antibody treatment), whereas it was 10 to 1,000

times less potent in mediating CDC. GA101 showed superior activity to rituximab and ofatumumab in ADCC

and whole-blood B-cell depletion assays, and was comparable with these two in ADCP. GA101 also showed

slower internalization rate upon binding to CD20 than rituximab and ofatumumab. In vivo, GA101 induced a

strong antitumor effect, including complete tumor remission in theSU-DHL4model andoverall superior efficacy

compared with both rituximab and ofatumumab. When rituximab-pretreated animals were used, second-line

treatment withGA101was still able to control tumor progression, whereas tumors escaped rituximab treatment.

Taken together, the preclinical data show that the glyoengineered type II CD20 antibodyGA101 is differentiated

from the two approved type I CD20 antibodies rituximab and ofatumumab by its overall preclinical activity,

further supporting its clinical investigation. Mol Cancer Ther; 12(10); 2031–42. �2013 AACR.

Introduction
The CD20 monoclonal antibody (mAb) rituximab has

revolutionized treatment of non-Hodgkin’s lymphoma
(NHL) and chronic lymphocytic leukemia (CLL) in com-
bination with chemotherapy. However, indolent malig-
nancies such as CLL and follicular lymphoma remain
largely incurable and a significant proportion of patients
with diffuse large B-cell lymphoma (DLBCL) still relapse.

Therefore, it remains a medical need for improved treat-
ments and novel CD20 antibodies to be developed.

Obinutuzumab (GA101) is a novel type II, humanized,
CD20 mAb that has been glycoengineered to reduce core
fucosylation, conferring enhanced affinity for the human
FcgRIIIa receptor on effector cells and, hence, enhanced
antibody-dependent cell-mediated cytotoxicity (ADCC;
refs. 1, 2). As a type II mAb, GA101 has lower capacity to
relocalize CD20 into lipid rafts upon binding compared
with type I antibodies and is a less potent in inducing
complement-dependent cytotoxicity (CDC) but more
potent in mediating homotypic cell adhesion and direct
cell death (3, 4). Results of epitope mapping and crystal-
lography indicate that GA101 and rituximab bind adja-
cent and partially overlapping epitopes on CD20 but
acquire different orientation upon binding (5–7), which
most likely contributes to different biologic characteristics
of type I and II antibodies (6).

Ofatumumab, a type I antibody like rituximab, is
approved for treatment of patients with CLL refractory
to fludarabine and alemtuzumab (8, 9). In preclinical
studies, ofatumumabwas amore potentmediator of CDC
than rituximab (10). Ofatumumab binds to a different
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epitope onCD20, involving both the small and large loops
of CD20 (5, 11, 12). It is not yet known whether the
increased CDC activity of ofatumumab is clinically rele-
vant as there are currently no head-to-head clinical data
available.

The current study provides, for the first time, a direct
comparison of preclinical activity of type II antibody
GA101 with that of the type I antibodies rituximab and
ofatumumab in a panel of in vitro and in vivo studies.

Materials and Methods
Reagents

GA101 and rituximabwere obtained from F. Hoffmann-
La Roche AG. Ofatumumab was obtained from a local
pharmacy. The experimental study protocol was reviewed
and approved by the Roche Group ethical committee.

Cell culture
Raji and WIL2S cells were purchased from ECACC

(European Collection of Cell Cultures; Ref: 85011429 and
90112121), Z138 cells were obtained from Martin Dyer
(University of Leicester, Leicester, United Kingdom; cell
line not authenticated), and SU-DHL4 cells from DSMZ
(Deutsche Sammlung f€ur Mikroorganismen und Zellk-
ulturen; Ref: ACC 495). Raji and WIL2 NS cells were
cultivated in Dulbecco’s modified Eagle medium (Invi-
trogen) containing 10% fetal calf serum (FCS; Invitrogen)
andN-acetyl-L-alanyl-L-glutamine (2mmol/L). Z138 cells
and SU-DHL4 cells were cultivated in RPMI-1640 (Invi-
trogen) containing 10% FCS and N-acetyl-L-alanyl-L-glu-
tamine (2 mmol/L). Cell line authentication was not
conducted in-house. Raji, WIL2S, and SU-DHL4 were
purchased from repositories that use short-tandem repeat
PCR (STR-PCR) for authentication. All cell lines were
expanded upon delivery and low-passage vials were
stored in liquid nitrogen. The experiments were carried
out within 8 weeks after thawing.

Fluorescence-activated cell sorting analysis
To compare the binding mode of type I and II anti-

bodies, fluorescence-activated cell sorting (FACS)–bind-
ing curves were generated by titrating the GA101, ritux-
imab, or ofatumumab. A total of 2� 105 Z138 or SU-DHL4
cells per sample were incubated withmAb for 30 minutes
at 4�C in a final volume of 200 mL. After washing, cells
were incubated for a further 30 minutes at 4�C with a
fluorescein isothiocyanate (FITC)–conjugated F(ab0)2
fragment goat anti-human immunoglobulin G (IgG) Fcg
(Jackson ImmunoResearch; #109-096-098). Dead cells
were identified and excluded using propidium iodide
(PI; Sigma-Aldrich; #P4864) staining. Measurements
were carried out using the FACSCanto II (BDBiosciences).
The average median fluorescence intensity and SDs were
calculated in triplicates and plotted.

Evaluation of C1q binding
The binding of the human complement component C1q

(Sigma-Aldrich; #C1740) to each mAb was assessed by

ELISA. Serial dilutions of the antibodies were immobi-
lized on aMaxiSorp 96-well plate. Free binding sites were
blocked with PBS containing 3% bovine serum albumin
(Sigma-Aldrich; #A3059) followedby incubationwithC1q
(2.2 mg/mL) at room temperature for 90 minutes. Plates
were washed and bound C1q were detected using poly-
clonal rabbit anti-human C1q (Dako; #A0136) with horse-
radish peroxidase–conjugated polyclonal goat anti-rabbit
Fc (Jackson ImmunoResearch; #111-035-046) and 2,20-
azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS;
Roche; #11684302001). Measurements were carried out
using an automated microplate reader (405 nm/490 nm).

Assessment of direct cell death, ADCC, CDC,
whole-blood assay

The assays were conducted as described by Mossner
and colleagues (1). A brief description is present in the
Supplementary Data.

Assessment of ADCP
Monocyte-derived macrophages (MDM) were generat-

ed by plating 8 � 106 monocytes [isolated from human
peripheral blood mononuclear cell (PBMC) derived from
healthy blooddonors] in aT75flask and incubating for 6 to
7 days in RPMI-1640 containing FCS (10%), L-glutamine
(1%), and macrophage colony-stimulating factor (M-CSF;
60 ng/mL; PeproTech; #300-25). MDMs were further
polarized for 24 hours with 100 ng/mL human IFN-g
(PeproTech; #300-02) and 100 ng/mL lipopolysaccharide
(LPS; Sigma-Aldrich; to generate M1macrophages) or for
48 hours with 10 ng/mL human IL-10 (PeproTech; #200-
10; to generate M2c macrophages). Both subpopulations
have been characterized by cytokine release and expres-
sion of surface markers. M1 secreted IL-12, TNF-a, IP10,
and IL-6, whereas M2c produced IL-10. Both subpopula-
tions expressed CD68. Furthermore, M1 highly expressed
MHC class II as well as CD80 on their surface, whereas
M2c expressed CD163. CD206 was significantly stronger
for M2c but was also detectable on M1 and therefore
was used as FACS marker for macrophages in the anti-
body-dependent cell-mediated phagocytosis (ADCP)
assay. For the ADCP assay, PKH26- or CFSE (Sigma-
Aldrich; #PKH26-GL and #21888)–labeled Raji cells were
incubatedwithM1orM2cmacrophages for 1 hour at 37�C
[effector:target (E:T), 3:1] in the presence of differentCD20
antibody concentrations, before staining with CD206-
FITC and anti-CD22-APC (BioLegend; #321104 and
#302510) and FACS analysis. ADCP was determined by
gating PKH26þ/CD206þ/CD22� cells and analyzing the
percentages of gated cells, which include phagocytosed
target cells but exclude target cells only attached to
the surface of the macrophages. The averages and SDs
of the triplicates of each experiment were calculated.
The assessment of ADCP in presence of competing
endogenous human IgGs was conducted by addition of
10 mg/mL Redimune (Behring) to the assay [4 hours
ADCP with human M2c macrophages and Raji (E:T 3:1)
in the presence of GA101, rituximab, and ofatumumab at

Herter et al.

Mol Cancer Ther; 12(10) October 2013 Molecular Cancer Therapeutics2032

on October 1, 2018. © 2013 American Association for Cancer Research. mct.aacrjournals.org Downloaded from 

Published OnlineFirst July 19, 2013; DOI: 10.1158/1535-7163.MCT-12-1182 

http://mct.aacrjournals.org/


1 mg/mL]. Three independent experiments were carried
out.

CD20 internalization
To assess CD20 internalization after binding of anti-

bodies, SU-DHL4 cells and fresh human blood derived
from 2 patients with CLL were incubated for 0.5, 2, 4, or 7
hours (SU-DHL4) and for 0.5, 1, 2, 3, and 5 hours (primary
CLL samples) with Alexa Fluor 488 (Life Technologies)–
labeled GA101, rituximab, or ofatumumab (all 5 mg/mL)
at 37�C. Cells were then washed and incubated in the
presence or absence of quenching anti-Alexa Fluor 488 for
30 minutes at 4�C. The remaining fluorescence indicates
the amount of labeled antibody that is not accessible to the
quenching anti-Alexa Fluor 488 antibody and thus corre-
sponds to internalized antibody. The average fluores-
cence intensity and SDs were calculated from duplicates
of the experiment with SU-DHL4 cells. Because of low
number of primary CLL samples, the average fluores-
cence intensity in B and C corresponds to single values.
The amount of surface-accessible CD20 was calculated as
follows:

Percentage surface-accessible CD20

¼ 100�median fluorescence quenched aCD20

median fluorescence aCD20
�100:

Live-cell imaging and confocal microscopy analysis
For direct monitoring, antibodies were directly labeled

with Alexa Fluor 488 or 568 (Invitrogen). Z138 cells were
seeded at 1.5 � 106/mL on poly-L-ornithine–coated glass
coverslips (Lab-Tek) and incubated with 5 mg/mL of
Alexa Fluor–labeled antibodies at 37�C on a microscope
stage incubator, maintaining temperature and CO2.
Images were taken on a Leica TCS SP5 X confocal laser
scanning microscope using white-light laser excitation at
497 and 578 nm (at 63�/1.2NA water immersion). Selec-
tive spectral detector emission band passes for each dye
were used in sequential scanning mode. High-sensitivity,
low-noise detectors (HyD) were used for image acquisi-
tion. Thedetectionpinhole sizewas set to 1Airyunit (AU);
voxel size, 0.98 to 1.96 mm. For cell-death induction, Z138
cells were treated with 20 mg/mL antibody together with
the Annexin V FLUOS/PI Labeling Kit (Roche). Apopto-
sis markers were excited at 497 and 578 nm, respectively,
using white-light laser excitation in sequential scanning
mode. Transmission imageswere recorded simultaneous-
ly. Time-lapse image serieswere collected every 3minutes
simultaneously for all four conditions (control/rituxi-
mab/GA101/ofatumumab) by using the multiposition
feature of the Leica AF control software. During the time
lapse (6 hours), cells were maintained at 37�C on a micro-
scope stage incubator.

In vivo antitumor activity
The human DLBCL cell line SU-DHL4 was subcutane-

ously inoculated (5 � 106 cells) with Matrigel (BD Bios-
ciences) into the right flank of 4- to 5-week-old female

severe combined immunodeficient (SCID) beige mice
(Charles River Laboratories) maintained under the stan-
dard conditions. Female SCID beige mice (Charles River
Laboratories), 4 to 5 weeks of age, were maintained under
specific pathogen-free conditions according to guidelines.
Continuous healthmonitoringwas carried out on a regular
basis, with daily monitoring of clinical symptoms and
adverse effects.Primary tumorvolume (TV)was calculated
according to the National Cancer Institute (NCI; Bethesda,

MD) protocol ½TV ¼ ðlength�width2Þ=2�, where "length"
and "width" are the long and short diameters of the tumor
mass in millimeters. Antitumor activity was assessed by
calculating tumor-growth inhibition (TGI) based on med-
ians by using the following formula:

100�Average ½T treatment ðday xÞ � T treatment ðbaselineÞ�
Average ½T reference ðday xÞ � T reference ðbaselineÞ� � 100:

At 25 days after cell transplantation, 10 animals with
established subcutaneous SU-DHL4 tumors (>500 mm3)
were randomized to vehicle control, single-agent GA101,
rituximab, or ofatumumab [all 30 mg/kg intraperitone-
ally (i.p.)]. Treatment commenced 25 days after tumor-cell
inoculation (median tumor volume, 504–571 mm3), with
administration repeated on days 32, 39, 46, 53, and 60. TGI
was assessed on day 46 after tumor-cell inoculation, and
animals were observed until day 67 to evaluate tumor
status. To evaluate second-line antitumor activity, mice
bearing tumors with a median volume of 504 to 571 mm3

received rituximab (10mg/kg, i.p.) ondays 25 and 32 after
tumor-cell inoculation (median tumor volume, 626–633
mm3) and were randomized to vehicle control, single-
agent GA101, rituximab, or ofatumumab (all 30 mg/kg,
i.p.). Second-line treatment was administered on study
days 39, 46, 53, 60, and 67, with second-line antitumor
activity evaluated on day 63 after tumor-cell inoculation.
The human indolent NHL cell line RLwas subcutaneous-
ly inoculated (10 � 106 cells) into the right flank of the
mice, and after 14 days, 10 animals with established
subcutaneousRL tumors (medianvolume, 150mm3)were
randomized to each group: vehicle control, single-agent
GA101, rituximab, and ofatumumab (all 30 mg/kg, i.p.
once-weekly over 4 weeks). TGI was assessed on day 28
after tumor-cell inoculation. Raw data from the RL exper-
iment were processed in the statistics software SAS-JMP
version 8.0.2.2 (SAS, 2007) using the menu RocheTools
3.1. Primary tumor volume and antitumor activity were
calculated by using the established methods.

Results
Binding to CD20-expressing target cells

The binding of GA101, rituximab, and ofatumumab
was assessed on Z138 and SU-DHL4 cell lines expressing
low (60,000) and high (1,000,000) CD20 receptor copy
numbers, respectively (data not shown). Despite binding
to different (or partially overlapping) epitopes, GA101,
rituximab, and ofatumumab competed with each other in
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binding, highlighting how small the extracellular portion
of CD20 is (data not shown). Titration of antibody con-
centrations up to 20 mg/mL showed that the maximal
binding intensity of GA101 to tumor cells was approxi-
mately 50%of that observedwith the same concentrations
of rituximab and ofatumumab (Fig. 1A and B), consistent
with previously reported data for GA101 and rituximab
(1). The EC50 values of GA101, rituximab, and ofatumu-
mab binding to the two NHL cell lines were comparable
(0.6–1.1 mg/mL) and independent of CD20 expression
level. Therefore, when bound to tumor cell lines, GA101
displayed similar EC50 values to the type I antibodies but
occupied only half of the number of CD20-binding sites.

Redistribution of CD20 by GA101, rituximab, and
ofatumumab

It has been shown that type I CD20 antibodies redis-
tribute CD20 into Triton-insoluble membrane fractions
corresponding to lipid rafts, whereas type II antibodies
induce homotypic aggregation ofCD20 at cell–cell contact
sites (1, 5). When directly labeled antibodies were incu-
bated with Z138 cells, we found a rapid redistribution of
GA101–Alexa Fluor 568–bound CD20 complexes into
homotypic adhesion sites within 30 minutes at 37�C.
When rituximab–Alexa Fluor 488 was coincubated with
GA101, it was excluded from the contact sites and

appeared clustered in lateral regions on the cell surface,
confirming our previous observations (5). Interestingly,
when ofatumumab–Alexa Fluor 488 was used in Z138
cells, the redistribution pattern was different from ritux-
imab. Ofatumumab did not seem completely excluded
from the homotypic adhesion sites. Although some sites
appeared reduced in ofatumumab, others had a quite
uniform localization of ofatumumab-bound CD20 com-
plexes also in GA101-enriched clusters of CD20 (Fig. 1C).
Overall, ofatumumab decorated CD20 membrane pools
more uniformly when compared with rituximab. More-
over,when cellswere followedover an extendedperiodof
time (>4 hours), GA101 labeling became successively
attenuated, as if ofatumumab competed with GA101 for
binding sites in areas of cell–cell contact (data not shown).

C1q binding and induction of CDC
The binding of the complement component C1q to the

antibodies was assessed using ELISA plates coated with
increasing antibody concentrations. Overall, rituximab
and ofatumumab showed comparable C1q binding but
bound significantly greater amounts of C1q than GA101
(Fig. 2A). The capacity to induce CDC was further
compared in cellular assays using Z138 and SU-DHL4
cell lines. In accordance with C1q-binding data, GA101
displayed inferior CDC activity comparedwith rituximab
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Figure 1. Antibody-binding assay comparing binding of GA101 (black squares), rituximab (open diamonds), and ofatumumab (open triangles) to CD20-
expressing NHL cells Z138 (A) and SU-DHL4 (B). Cells were incubated for 30 minutes at 4�C with increasing concentrations of CD20 antibodies
followed by staining using a FITC-labeled secondary antibody and flow cytometry analysis. Dead cells were excluded by PI staining. Calculated EC50 values
using SU-DHL4: GA101, 3.7 nmol/L; rituximab, 7.4 nmol/L; ofatumumab, 4.1 nmol/L. Statistical analysis corresponding to comparison of the maximal
binding on Z138 cells: GA101 versus rituximab, P ¼ 0.0028; GA101 versus ofatumumab, P ¼ 0.0013; rituximab versus ofatumumab, P ¼ 0.0006;
SUDHL4 cells: GA101 versus rituximab, P¼ 0.0009; GA101 versus ofatumumab, P¼ 0.0037; rituximab versus ofatumumab, P¼ 0.9233. C, redistribution of
CD20 on Z138 cells by GA101, rituximab, and ofatumumab: top, overlay of GA101–Alexa Fluor 568- and ofatumumab-Alexa Fluor 488–bound CD20
complexes; bottom, overlay of GA101-Alexa Fluor 568–bound CD20 complexes and rituximab–Alexa Fluor 488–bound CD20 complexes. The average
fluorescence intensity and SDs of one of three independent experiments were calculated from the triplicates of each experiment. MFI, mean fluorescence
intensity.
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and ofatumumab at low antibody concentrations (�1 mg/
mL for SU-DHL4 and �20 mg/mL Z138 cells; Fig. 2B
andC), resulting in significantly inferior EC50 CDCvalues
(40 mg/mL for GA101 compared with 0.17 mg/mL and
0.10mg/mL for rituximab andofatumumab, respectively).
The inferior CDC-mediating capacity of GA101 is also
reflected by the concentration required to reach the max-
imal CDC activity, which is more than 100 mg/mL for
GA101 and is between 0.8 and 4 mg/mL for rituximab and
ofatumumab on Z138 cells. The same is true for SU-DHL4
cells, on which GA101 reaches maximal CDC between 4
and 20mg/mL,whereas rituximab andofatumumabdo so
between 0.16 and 0.8 mg/mL. Notably, at high antibody
concentrations (>1 mg/mL for SU-DHL4 and >20 mg/mL
Z138 cells), all antibodies induced comparable levels of
overall CDC. Interestingly, rituximab and ofatumumab
showed comparableCDCactivity in our assaysusing both
cell lines.

Induction of direct cell death
The ability of the antibodies to induce direct cell death

was assessed by detecting phosphatidylserine exposure
(AnnexinVFLUOSbinding) andPI staining 24hours after
mAb incubation with a panel of CD20-expressing tumor
cell lines. Overall, GA101 was superior to rituximab and
ofatumumab in inducing cell death of Raji, WIL2S, and
Z138 NHL cells (Fig. 3A). To confirm that cell-death
induction by GA101 is unrelated to mechanical disrup-
tion, as recently hypothesized (13, 14), and to gain further

insights into the kinetics and mechanisms of cell death,
direct cell death was assessed using time-lapse confocal
microscopy and Annexin V/PI labeling of Z138 tumor
cells. Figure 3B shows representative images taken at the
indicated time points (cf. SupplementaryVideo S1).With-
in 1.5 hours, clear signs of Annexin V positivity, as early
hallmark of cell-death induction, were detected in cells
incubated with GA101, whereas the cell-death induction
observed with rituximab or ofatumumab was virtually
indistinguishable from that of control. After 5 hours,
GA101 caused strong cell death as visualized by PI label-
ing of lysed cells (Fig. 3B, i–vi). Control-, rituximab-, or
ofatumumab-treated cultures displayed only a slight
increase in PI-positive cells. Taken together, live-cell
imaging of tumor cells revealed that GA101 was faster
than, and superior to, rituximab and ofatumumab in
inducing direct cell death.

ADCC
The ability of GA101 [glycoengineered and wild-type

(WT) antibody variants], rituximab, and ofatumumab to
mediate ADCC was assessed using Z138 and SU-DHL4
target cell lines and human PBMCs expressing the V158/
V158 or the F158/F158 FcgRIIIa receptor. Overall, the
potency of GA101 was higher than that of rituximab and
ofatumumab in both cell lines with PBMCs expressing
either V158/V158 or F158/F158 FcgRIIIa receptor (Fig.
4A–D). The superiority of GA101 was apparent in terms
of both EC50 values of target cell killing (�2 ng/mL for
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Figure 2. Binding of the complement component C1q to CD20 antibody-coated dishes (A) and CDC induced by GA101 (black squares), rituximab
(open diamonds), and ofatumumab (open triangles) in two NHL cell lines, SU-DHL4 (B) and Z138 (C). Rituximab and ofatumumab bound significantly higher
amounts of C1q and induced higher CDC after 2 hours of incubation with rabbit complement and different CD20 antibody concentrations. The average
CDC and SDs were calculated from the triplicates of each experiment. The data from one of three independent experiments are shown. Calculated EC50

values for CDC with SU-DHL4: GA101, 6.3 nmol/L; rituximab, 0.42 nmol/L; ofatumumab, 0.48 nmol/L. Calculated EC50 values for CDC with Z138: GA101,
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GA101 vs.�40 ng/mL for rituximab and ofatumumab on
Z138 cells; �0.3 ng/mL for GA101 vs. �5–7 ng/mL for
rituximab and ofatumumab on SU-DHL4 cells) and
higher overall killing efficacy, particularly at lowantibody
concentrations. Notably, this was maintained even at
high antibody concentrations (Fig. 4E). Non-glycoengi-
neered GA101 (GA101WT) displayed comparable ADCC
activity to rituximab and ofatumumab confirming that
glycoengineering (and therefore the enhanced affinity to
FcgRIIIa), rather than type I versus type II binding mode,
is the predominant factor conferring superior ADCC
activity. Therefore, despite occupying only half the num-
ber of CD20 receptor-binding sites, GA101 achieves
superior ADCC compared with rituximab and ofatumu-
mab bearing a WT Fc portion.

ADCP
The ADCP-mediating activity of the three antibodies

was comparedusingM1andM2cmacrophages generated

from human MDMs (Fig. 4F). PKH26-labeled Raji
cells were incubated for 1 hour with M1 or M2c in the
presence of increasing concentrations of GA101, rituxi-
mab, and ofatumumab. ADCP was determined by FACS
analysis. Overall, M2c macrophages displayed superior
phagocytic activity comparedwithM1macrophages at all
antibody concentrations tested (Fig. 4F). No significant
differences were observed between the three antibodies
with respect to ADCP (Fig. 4F). The ADCP activity was
further assessed in presence of physiologic concentrations
of competing endogenous human IgGs (10 mg/mL), a
condition that more closely resembles the natural setting
(Fig. 4G). As before, GA101, rituximab, and ofatumumab
displayed comparable phagocytic activity.

Internalization of antibody-bound CD20
The internalization of GA101, rituximab, and ofatumu-

mabwas determined by FACS analysis after incubation of
SU-DHL4 cells (Supplementary Fig. S1A) and human

Figure 3. A, GA101-, rituximab-,
and ofatumumab-mediated direct
cell death assessed in four CD20-
expressing cell lines, Raji, SU-
DHL4, Wil2S, and Z138. Cells were
incubated for 24 hours with CD20
antibodies (10 mg/mL) and
subsequently stained with Annexin
V–FITC and PI to detect apoptotic
cells by flow cytometry. In three of
four cell lines tested (Raji, Wil2S,
and Z138), GA101 induced
significantly stronger Annexin
Vþ/PIþ cells compared with
rituximab and ofatumumab. The
data fromone of three independent
experiments carried out for each
cell line are shown. The average
and SDs were calculated from the
triplicates in each experiment.
Statistical analysis, Student t test,
���,P < 0.0001; �,P� 0.05. B, time-
lapse imaging of direct cell-death
induction in Z138 lymphoma cells
treated with rituximab,
ofatumumab, or GA101. Images
were taken at time ¼ 0 (i and iv),
time¼ 2 hours (ii and v), and time¼
5.5 hours (iii and vi). Fluorescent
(i)–(iii) represent Annexin V
(Ann V) FLUOS (detects
phosphatidylserine exposure,
green) and PI (detects loss of
membrane integrity, red).
Corresponding transmission
images are shown in (iv)–(vi).
Control- (buffer only), rituximab-,
and ofatumumab-treated cells
display limited direct cell-death
induction. In contrast, incubation
with GA101 leads to profound cell
death within 5 to 6 hours. See also
Supplementary Video S1.
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Figure 4. ADCC induced by standard doses of GA101 (black squares), GA101 WT (open squares), rituximab (open diamonds), and ofatumumab (open
triangles). Cells were incubated for 4 hours in the presence of the CD20 antibodies and human PBMCs as effectors (E:T, 25:1) and percentage of
ADCCwas calculated bymeasuring lactate dehydrogenase release in cell supernatants. PBMCs expressing the V158/V158 FcgRIIIa receptor were incubated
with Z138 (A) and SU-DHL4 (B) cell lines. PBMCs expressing the F158/F158 FcgRIIIa receptor were incubated with Z138 (C) and SU-DHL4 (D) cell lines. High
doses of GA101 (black squares), GA101 WT (open squares), rituximab (open diamonds), and ofatumumab (open triangles) were added to Z138 cell lines
incubated in the presence of PBMCs expressing the V158/V158 FcgRIIIa receptor (E). GA101 induces higher levels of ADCC compared with rituximab and
ofatumumab even at high antibody concentrations. The average and SDs were calculated from the triplicates of each experiment. The data from one
of three independent experiments are shown.CalculatedEC50 values: (A): GA101, 16 pmol/L; rituximab, 269pmol/L; ofatumumab, approximately 262pmol/L;
GA101WT, 302 pmol/L; (B): GA101, <2 pmol/L; rituximab, 38.7 pmol/L; ofatumumab, 47.3 pmol/L; GA101WT, 57.3 pmol/L; (C): GA101, 12 pmol/L; rituximab,
approximately 78 pmol/L; ofatumumab, approximately 69.3 pmol/L; GA101 WT, 182.7 pmol/L; (D): GA101, 2 pmol/L; rituximab, approximately 35 pmol/L;
ofatumumab, approximately 23 pmol/L; GA101 WT, 79.3 pmol/L; (E): GA101, approximately 30 pmol/L; rituximab, approximately 39 pmol/L; ofatumumab,
approximately 36 pmol/L; GA101 WT, 140 pmol/L. F, ADCP of Raji cells by human MDMs polarized to M1 or M2c subtypes. Raji cells were incubated
withM1 orM2cmacrophages for 1 hour (E:T, 3:1) in the presence of increasing concentrations of the CD20 antibodies. Analysis of phagocytosed target cells,
assessed by flow cytometry, showed that all three antibodies induced comparable levels of ADCP. M2c displayed superior phagocytic activity compared
with M1 macrophages. Calculated EC50 values: M1: GA101, 28 pmol/L; rituximab, 32.7 pmol/L; ofatumumab, 38 pmol/L; M2c: GA101, 8 pmol/L;
rituximab, 11.3 pmol/L; ofatumumab, 8 pmol/L. G, ADCP of Raji cells by humanM2cmacrophages (E:T, 3:1) in presence of 10 mg/mL competing human IgG
(Redimune) and 1 mg/mL CD20 antibodies for 4 hours. Analysis of phagocytosed target cells, assessed by flow cytometry, showed that all three antibodies
induced comparable levels of ADCP in presence of competing human IgGs.
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blood derived from 2 patients with CLL (Supplementary
Fig. S1B and S1C) with fluorescently labeled antibodies.
Increased stability of surface-accessible CD20 was
observed after GA101 treatment comparedwith ofatumu-
mab and rituximab using both in vitro cultured cell
line and primary CLL samples (Supplementary Fig.
S1A–S1C). GA101 persisted longer on cell surface and
thus displayed lower degree of internalization in com-
parison with rituximab and ofatumumab [the decrease in
percentage of the surface accessibleCD20between5hours
and 30 minutes of internalization was 2.5% for GA101
compared with 43% and 27% for rituximab and ofatumu-
mab using primary CLL samples; 8% for GA101 com-
pared with 18% and 22% for rituximab and ofatumumab
using SU-DHL4 cells (measured between 7 hours and 30
minutes of internalization)]. These data indicate that
GA101 persists slightly longer on the surface of tumor
cells than do rituximab and ofatumumab and confirm that
ofatumumab reduces the amount of surface-accessible
CD20 in accordance with previously published findings
with patient-derived NHL cells (15).

Whole-blood B-cell depletion
The activity of the antibodies was further compared in

whole-blood B-cell depletion assays, which integrate dif-
ferent antibodymodes of action (CDC, ADCC, and induc-
tion of cell death). Heparinized blood samples from
healthyvolunteers, representing eachof the three FcgRIIIa
genotypes [high-affinity (158V/158V), intermediate-affin-
ity (158F/158V), and low-affinity (158F/158F) receptors],
were examined. GA101 displayed the highest capacity of
B-cell depletion regardless of the FcgRIIIa genotype and
antibody concentrations used (Fig. 5A–C). The superiority

of GA101 compared with rituximab and ofatumumab is
shown both by lower EC50 values and by higher maximal
B-cell depletion (Supplementary Table S1). Interestingly,
rituximab and ofatumumab induced B-cell depletion at
antibody concentrations �50 ng/mL (with ofatumumab
being superior to rituximab), but at concentrations higher
than 50 ng/mL the B-cell depletion properties of ofatu-
mumab declined. The phenomenon was more evident at
very high antibody concentrations (up to 500 ng/mL; Fig.
5; Supplementary Fig. S2) at which ofatumumab almost
completely lost its efficacy, whereas the activity of GA101
and rituximabwas maintained. To exclude the possibility
that heparin-mediated complement inhibition underlies
the superiority of GA101 compared with rituximab and
ofatumumab, B-cell depletion was assessed in whole-
blood samples treatedwith lepirudin, a thrombin-specific
agent that does not interfere with complement activation
(SupplementaryFig. S2AandS2B).GA101was superior to
rituximab and ofatumumab in both heparin- and lepir-
udin-treated whole-blood samples, confirming that the
mechanisms underlying GA101’s superior B-cell deple-
tion are complement-independent.

To further confirmthe above-mentionedfindings, B-cell
depletion was assessed in autologous normal and heat-
inactivated blood samples. Overall, heat inactivation of
plasma samples reduced the B-cell depletion capacity of
all antibodies (Supplementary Fig. S2C). Rituximab and
ofatumumab efficacy was strongly affected by heat inac-
tivation, leading to a drop in maximal B-cell depletion
from 45% to 50% in normal blood to less than 10% in heat-
inactivated blood (Supplementary Fig. S2C). Taken
together, the experiments confirmed that ofatumumab
and rituximab more strongly rely on CDC for efficient
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Figure 5. Whole-blood B-cell
depletion mediated by GA101
(black squares), rituximab (open
diamonds), and ofatumumab
(open triangles) in heparin-treated
whole-blood samples: F/F donor
(A), F/V donor (B), V/V donor (C).
The average B-cell depletion
and SDs were calculated from
the triplicates of each experiment.
The data from one of three
independent experiments for each
genotype are shown. Average
values of triplicates corresponding
to EC50 values, percentage
maximal killing and statistical
analysis conducted for each
donor and genotypes (3 donors/
genotype, total of 9 experiments)
are included in the Supplementary
Table S1.
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B-cell depletion. GA101 activity was only marginally
affected by heat inactivation (B-cell depletion declined
from60% to 40%), allowing it tomaintain superior activity
under all assay conditions.

Antitumor activity in an SU-DHL4 and RL xenograft
model
We have previously shown that GA101 mediates dose-

dependent efficacy in the SU-DHL4NHLxenograftmodel
in SCID beige mice, with complete tumor remission
observedwithGA101at doses of 30mg/kg (1). In contrast,
the efficacy of the type I CD20 antibody, rituximab, cannot
be further enhanced by increasing doses. Here, we com-
pared the single-agent efficacy of the three antibodies at 30
mg/kg doses in mice bearing large established subcuta-
neous SU-DHL4 tumors. Assessment of the first-line TGI
on day 46 after tumor-cell inoculation showed tumor
regression with GA101 (TGI, 120%) but only tumor stasis
with rituximab and ofatumumab (100% or 106%, respec-
tively) compared with the control group (Fig. 6A). Fur-
thermore, at day 67, 7 of 10mice in the GA101 groupwere
tumor-free compared with only 4 of 10 and 2 of 10mice in
the rituximab or ofatumumab groups, respectively. For
the assessment of second-line antitumor activity, mice
bearing large established subcutaneous SU-DHL4
tumors first received two once-weekly doses of rituximab
(10mg/kg, i.p.) starting on day 25 after tumor inoculation
before administration of GA101, rituximab, ofatumumab,

or vehicle control on day 39. Second-line treatment with
GA101, rituximab, and ofatumumab resulted in a TGI of
64%, 20%, and 26%, respectively, on day 64 compared
with control (Fig. 6B), with one animal from the GA101
group achieving complete remission at day 63. These data
indicate that only treatment with GA101 resulted in a
significantly increased TGI compared with control in the
presence of residual amounts of rituximab. We have
previously shown a superior antitumor efficacy of GA101
in the RL follicular NHL xenograft model as compared
with rituximab (16). In the current study, we compared
the single-agent efficacy of GA101, rituximab, and of
atumumab at a dose of 30mg/kg. Treatmentwas initiated
on day 14 after tumor inoculation in mice bearing estab-
lished subcutaneous RL tumors with a median volume
of 150 mm3. Treatment with rituximab, ofatumumab, or
GA101 resulted in a statistically significant TGI compared
with control of 57%, 59%, or 82%, respectively, on day 28
(Fig. 6C).

Discussion
The introduction of rituximab into clinical practice has

markedly advanced the treatment of hematologic malig-
nancies (17–19). The success of CD20 as a target for
treatment led to development of other CD20 antibodies
in efforts to further improve patient outcome and provide
treatment options for individuals refractory to rituximab
including GA101, a glycoengineered type II antibody and
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Figure 6. A, antitumor activity of GA101 (black squares), rituximab (open diamonds), and ofatumumab (open triangles) in a subcutaneous SU-DHL4 model
(six once-weekly 30 mg/kg, i.p. doses commencing on day 25 after tumor inoculation; median and interquartile range; n ¼ 10 animals/group). B, antitumor
activity of GA101, rituximab, and ofatumumab (five once-weekly 30 mg/kg, i.p. doses) given as second-line treatment following first-line rituximab therapy
(two once-weekly doses of 10 mg/kg, i.p. starting on day 25 after tumor inoculation; median and interquartile range; n ¼ 7–9 animals/group). C,
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n ¼ 10 animals/group). In the rituximab and ofatumumab groups, mice received an injection on days 14, 21, and 28. In the GA101 group, mice received an
injection on days 14, 21, 28, and 35.
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the type I antibody ofatumumab. The current study com-
pared the activity of the three CD20 antibodies in a broad
panel of in vitro assays, including binding to target cells,
induction of direct cell death, CDC, ADCC, and whole-
blood B-cell depletion. The antitumor activities were
further compared in xenograft tumor models in vivo.

Overall, GA101 showed a different activity profile from
both type I antibodies, rituximab and ofatumumab.
Despite displaying only half of the maximal binding to
CD20, GA101 induced higher levels of direct cell death
than rituximab or ofatumumab in a panel of CD20-expres-
sing tumor cell lines as well as higher ADCC. It can be
hypothesized that the 2:1 binding ratio may be due to
different binding to CD20 tetramers: for example, inter-
tetramer binding for rituximab and ofatumumab versus
intratetramer binding forGA101. Superior direct effects of
GA101 were confirmed using time-lapse video microsco-
py, which showed that cell death (detected by Annexin V
expression and PI uptake) occurs rapidly following
GA101 but only marginally following rituximab and ofa-
tumumab binding. This is in line with published data
showing lower degree of cell death by rituximab and
ofatumumab than for GA101 (7). These findings further
support the recent observations proposing a novel,
lysosome-dependent induction of cell death by GA101
involving actin polymerization, release of cathepsins, and
reactive oxygen species (6). They do not support the
recently postulated conclusions that the enhanced induc-
tion of direct cell death attributed to GA101 and other
antibodies (20, 21), may be a consequence of mechanical
disruption during FACS analysis (13, 14).

As expected, GA101 was superior to rituximab and
ofatumumab in ADCC, an activity conferred by glycoen-
gineering and increased affinity for FcgRIIIa (CD16) on
natural killer cells. Enhanced ADCC may be further
strengthened by the lower induction of CD20 downmo-
dulation observed upon binding of GA101 in comparison
to rituximab and ofatumumab (3, 15), also confirmed in
the current study.

GA101 was found to be inferior to both rituximab and
ofatumumab in mediating CDC at low antibody concen-
trations in vitro. Notably, this difference was not as sig-
nificant at higher antibody concentrations. Type I anti-
bodies are believed to induce higher levels of CDC than
type II antibodies owing to stronger binding of type I
antibody/CD20 complexes within lipid rafts to C1q, the
first subcomponent of classical complement activation
(22, 23). Unlike type I antibodies, GA101 does not cluster
CD20 molecules into lipid rafts on surface of B cells (1),
whichmayexplain its lowerCDC induction seen in vitro at
low antibody concentrations (�10 mg/mL). However, in
clinical practice, the CD20 antibodies are dosed at high
concentrations resulting in trough levels >10 mg/mL. It is
therefore possible that differences in CDC between type I
and II antibodies observed in vitro may not be present in
the clinical setting.

Rituximab and ofatumumab were found to have com-
parable CDC andADCC activity using twoNHL cell lines,

Z138 and SU-DHL4, representing low and high CD20
expression levels, respectively. These findings are in con-
trast to previous reportswhere ofatumumabwas shown to
be more efficacious than rituximab (10, 24, 25). It has been
postulated that by binding to both the small and the large
loop of CD20, ofatumumab may bind to CD20 in a
more membrane-proximal manner than does rituximab
(10, 12, 26). Although the membrane proximity argument
may be valid for large membrane proteins such as mela-
noma chondroitin sulfate proteoglycan (MCSP; ref. 27), it
may not necessarily apply to membrane proteins with
small extracellular domains such as CD20. It is difficult to
argue why in our assays the described hallmark of ofatu-
mumab, namely the improved CDC, is not enhanced
compared with rituximab using NHL cell lines. Indeed,
Teeling and colleagues (26) did not show enhanced CDC
for all three cell lines that were investigated and other
publications showcomparableCDCbetween ofatumumab
and rituximab on a number of cell lines (28, 29). Therefore,
enhancedCDCcannot beconsideredasgeneralpropertyof
ofatumumab but may be observed under certain, more
sensitive conditions, for example,whenusingCLLsamples
(30, 31). Thesedata are in linewithRafiqandcolleagues (31)
who showed that GA101 mediated superior cell-death
induction andADCC, but reducedCDC as comparedwith
rituximab and ofatumumab in primary CLL samples.
However, differently from Rafiq and colleagues’ observa-
tions (31), we found that GA101, rituximab, and ofatumu-
mab mediate comparable ADCP when using NHL cell
lines and primary human MDMs.

In whole-blood B-cell deletion assays, which integrate
different antibody activities (CDC, ADCC, and induction
of cell death) and thusmaymore accurately reproduce the
clinical setting,GA101was superior to both rituximab and
ofatumumab. In addition, experiments carried out using
heat-inactivated serum confirmed that CDC plays a more
important role for B-cell depletion of type I than of type II
CD20 antibodies. We observed that ofatumumab was
clearly superior to rituximab at low antibody concentra-
tions,whereas at higher concentrations (>50 ng/mL) its B-
cell depletion properties declined. It is thought that both
ofatumumab and rituximab mediate tumor cell killing
via ADCC until saturation and that at higher concentra-
tions complement fixation occurs, which may interfere
with ADCC resulting in a "bell-shaped" curve (32, 33).
Therefore, the decreased B-cell depletion observed with
ofatumumab at high antibody concentrations may be
attributable to the reported increased affinity of ofatumu-
mab for complement factors (10), although in the current
study, we did not detect any significant difference in
complement binding and CDC activity in vitro. A recent
study by Beurskens and colleagues implies that maximal
B-cell killing with ofatumumab and rituximab in vitro is
indeed achieved with intermediate antibody concentra-
tions, whereas lower overall killing is achieved using
higher antibody concentrations, an effect attributed to
effector cell exhaustion (34). Taken together, our data
show that B-cell depletion by GA101 is superior to both
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rituximab and ofatumumab, under conditions where
CDC is retained. The superior activity of GA101 in
whole-blood assays may thus be attributable to its higher
FcgRIIIa affinity, ADCC, and induction of direct cell
death. Two studies have recently shown the important
contribution of ADCC to overall killing in whole-blood B-
cell depletion assays using patients with CLL (35, 36).
In vivo B-cell depletion studies in cynomolgus monkeys
support that superior B-cell depletion translates to the
in vivo setting (1).
Notably, our data provide the first direct in vivo com-

parison of the three CD20 antibodies, GA101, rituximab,
and ofatumumab in established xenografts models. The
30 mg/kg weekly dose was selected on the basis of
previous studies that showed that dose increments from
10 to 30 mg/kg led to complete tumor remission with
GA101 but not rituximab in the subcutaneous SU-DHL4
xenograft model (1). Importantly, trough levels achieved
with a weekly dose of 30 mg/kg in mice are in the 300 to
400 mg/mL range, matching the clinical trough levels of
dose-dense rituximab and GA101 schedules in clinical
trials (data not shown; refs. 37, 38). In vivo studies com-
paring GA101 and its non-glycoengineered version in the
SU-DHL4 model showed comparable antitumoral effica-
cy and tumor remission for both antibodies indicating that
the superior activity of GA101 is not related to glycoengi-
neering, but rather to direct effects. Nevertheless, a con-
tribution of macrophages to the overall mode of action is
possible. In contrast to Barth and colleagues (39) who
showed superiority of ofatumumab over rituximab in a
rituximab-resistant model, we observed comparable effi-
cacy for the two type I antibodies. It may be possible that
ofatumumab shows superior antitumor efficacy in xeno-
graft models based on rituximab-resistant cell lines,
whereas it shows equal efficacy in conventional models.
However, to date, the molecular mechanisms for ritux-
imab resistance (other than CD20 loss) have not been fully
understood and are subject of on-going research. Taken
together, the preclinical in vivo experiments show that
GA101 can induce tumor remission and tumor stasis in a
second-line setting, whereas rituximab, as well as ofatu-
mumab, can neither induce remission of large established
subcutaneous SU-DHL4 tumors nor control tumor pro-
gression under rituximab therapy.
In summary, our preclinical data show that the gly-

coenginereed type II CD20 antibody GA101 (obinutuzu-

mab) is differentiated from the two approved type I CD20
antibodies, rituximab and ofatumumab, by its superior
overall in vitro and in vivo activity supporting its further
clinical investigation. In contrast to previous reports (40),
wewere not able to showsuperior activity of ofatumumab
compared with rituximab in vitro or in vivo. Ultimately,
large randomized head-to-head clinical studies compar-
ing these antibodies will be required to showwhether the
preclinical findings reflect the clinical efficacy of CD20
antibodies controlling NHL and CLL.
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