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Mechanism of Action of Type II, Glycoengineered, Anti-CD20
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Leukemia Whole Blood Assays in Comparison with
Rituximab and Alemtuzumab
Luca Bologna, Elisa Gotti, Massimiliano Manganini, Alessandro Rambaldi,
Tamara Intermesoli, Martino Introna, and Josée Golay

T

he chimeric anti-CD20 Ab rituximab has demonstrated
therapeutic activity in B non-Hodgkin’s lymphomas (BNHL) and other mature B cell neoplasias. The addition of
rituximab to chemotherapy resulted in improved cure rates in
diffuse large B cell NHL and overall survival benefits for patients
with follicular lymphoma (FL) and B-chronic lymphocytic leukemia (B-CLL) if used as upfront treatment. Despite this high
standard of care, the question remains how to improve current
therapy options in B-NHL and B-CLL patients (1, 2). Indeed, even
in B-NHL patients undergoing complete response to treatment,
relapse remains a major problem. Furthermore, rituximab as a
single agent has shown relatively limited efficacy in B-CLL and
mantle cell lymphoma compared with FL. In B-CLL, rituximab
has, however, significant activity at the higher dose levels (3).
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At least seven new anti-CD20 Abs have been designed with the
purpose of further improving the therapeutic efficacy of rituximab
and have entered clinical trials in the last 5 y (4). In comparison
with rituximab, these molecules have been humanized or selected
for either increased or decreased complement activation capacity,
improved Ab-dependent cellular cytotoxicity (ADCC), for example, with augmented binding to the low-affinity polymorphic
form of CD16A (Phe/Phe at position 158), and, in some cases,
increased proapoptotic property. One such molecule is GA101, a
type II glycoengineered humanized anti-CD20 Ab (5, 6), which
has been reported to mediate superior ADCC and induce significant direct cell death of lymphoma cell lines in vitro (7, 8). GA101
has shown promising activity in preclinical animal models and
phase I/II clinical trials in B-NHL and B-CLL (8–12).
The variety of modifications brought to the anti-CD20 mAbs
presently in clinical development at least in part reflect the still
incomplete knowledge about translation of preclinical findings into
the clinic and the most important mechanism of action of rituximab
in vivo in man, although a number of studies have been performed
in vitro and several mouse models investigated (13–19). Indeed,
rituximab activates complement, lyses neoplastic targets efficiently in vitro, and mediates ADCC by NK cells as well as
phagocytosis by macrophages (20–22), but the relative importance
of each of these mechanisms in vivo is still unclear (4, 23, 24). For
FL, FcgRIIIA polymorphism analysis suggests a role of ADCC
in vivo but this is unlikely to be the only mechanism (25). The
most controversial aspect is the role of complement, because its
activation has been variably suggested to be fundamental (14, 26),
to contribute to the in vivo activity of the Ab (15, 16), to have
no role, or even to be detrimental (17, 27). Finally, different
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We analyzed in B-chronic lymphocytic leukemia (B-CLL) whole blood assays the activity of therapeutic mAbs alemtuzumab, rituximab, and type II glycoengineered anti-CD20 mAb GA101. Whole blood samples were treated with Abs, and death of CD19+
B-CLL was measured by flow cytometry. Alemtuzumab efficiently lysed B-CLL targets with maximal lysis at 1–4 h (62%). In
contrast, rituximab induced a more limited cell death (21%) that was maximal only at 24 h. GA101 killed B-CLL targets to
a similar extent but more rapidly than rituximab, with 19.2 and 23.5% cell death at 4 and 24 h, respectively, compared with
7.9 and 21.4% for rituximab. Lysis by both rituximab and GA101 correlated directly with CD20 expression levels (r2 = 0.88 and
0.85, respectively). Interestingly, lysis by all three Abs at high concentrations was mostly complement dependent, because it was
blocked by the anti-C5 Ab eculizumab by 90% in the case of alemtuzumab and rituximab and by 64% in the case of GA101.
Although GA101 caused homotypic adhesion, it induced only limited (3%) direct cell death of purified B-CLL cells. Both
rituximab and GA101 showed the same efficiency in phagocytosis assays, but phagocytosis was not significant in whole blood
due to excess Igs. Finally, GA101 at 1–100 mg/ml induced 2- to 3-fold more efficient NK cell degranulation than rituximab in
isolated B-CLL or normal PBMCs. GA101, but not rituximab, also mediated significant NK cell degranulation in whole blood
samples. Thus, complement and Ab-dependent cellular cytotoxicity are believed to be the major effector mechanisms of GA101 in
whole blood assays. The Journal of Immunology, 2011, 186: 3762–3769.
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mechanisms may be predominant according to tissue localization
of target B cells, levels of CD20 expression, tumor burden, or
other yet undefined factors (28–30). Thus, it is crucial not only to
determine the most important biological activity of the Ab in vivo,
but also to establish its mode of action for each tissue/disease type.
With these problems in mind, we have set up assays that could
measure the biological properties of therapeutic mAbs in unmanipulated whole blood from B-CLL patients, with the view of: 1)
having a rapid assay to test the efficacy of novel Abs against B-CLL
or normal B cells in the circulation; and 2) having a tool to dissect
the role of different mechanisms of target cell killing by mAbs in
a context as unmanipulated as possible. With this method, we have
compared the efficacy and mechanism of action of alemtuzumab,
rituximab, and GA101 against B-CLL cells.

3763
treated versus control samples after gating on the CD45+ population. In
some experiments, a fixed volume of calibration beads was added to each
sample before FACS analysis to measure the decrease in absolute number
of CD19+/7-AAD2. The results obtained measuring relative or absolute
decrease in B cells were equivalent (data not shown).

CDC and direct cell death measurement in cytospins

Cells

Alamar blue cytotoxicity assay

Peripheral blood was drawn either in 0.1 M Na citrate vacuette tubes (BD
Biosciences, San Diego, CA) or in lepirudin (Refludan; Celgene, Summit,
NJ) at 500 mg/ml final concentration. Blood was obtained from patients
with B-CLL, indolent B-NHL with significant circulating disease (at least
50% of neoplastic cells in the mononuclear cell fraction), or normal
donors, after informed consent. All patients were diagnosed by routine
immunophenotypic, morphologic, and clinical criteria. Double staining
for CD19 and surface Igk or Igl was performed to establish monoclonality
and determine the percentage of neoplastic versus normal B cell present in
the samples (.95%). In some cases, the mononucleated cell (MNC)
fraction was also purified by standard Ficoll Hypaque gradient centrifugation (Seromed, Berlin, Germany). MNC were then cultured in Stem
Span SFEM medium (StemCell Technologies, Vancouver, Canada). The
study was approved by the Hospital Ethical Committee.
The DHL4 cell line has been described previously (20) and was grown in
RPMI 1640 medium supplemented with 10% FCS (Euroclone; Wetherby,
West Yorkshire, U.K.), 2 mM glutamine (Euroclone), and 110 mM gentamicin (PHT Pharma, Milano, Italy).

B-CLL mononuclear cells were plated at 105/well in Stem Span SFEM
medium supplemented with 10 mg/ml mAbs. After 24 or 48 h incubation at
37˚C 5% CO2, 1/10 volume Alamar blue solution (Biosource International,
Camarillo, CA) was added and incubated overnight. The plates were then
read in a fluorimeter (Tecan Austria, Salzburg, Austria) with excitation at
535 nm and emission at 590 nm. Cytotoxicity was calculated as percentage
of fluorescence with respect to untreated control, after subtracting for
background fluorescence in absence of cells.

Immunofluorescence analyses
Whenever possible, the absolute number of CD20 molecules was measured
on the mononucleated fraction using PE-labeled anti-CD20 and calibrated
Quantibrite beads (BD Biosciences), following the manufacturer’s instructions (29).

Complement-dependent cytotoxicity and complement fragment
deposition
B-CLL were cultured at 4 3 105/ml in medium supplemented with
20% human serum (HS) and/or different concentrations of mAbs. For
complement-dependent cytotoxicity (CDC), cells were collected after 4–24 h
incubation at 37˚C 5% CO2, stained with CD19-PE and 7-aminoactinomycin
D (7-AAD), and analyzed by flow cytometry using a FACScan instrument
(BD Biosciences). For complement deposition measurement, after 1 h incubation at 37˚C 5% CO2, cells were washed with PBS solution and stained
with the anti-C9 mAb aE11 and goat anti-mouse FITC-conjugated secondary
Ab (BD Biosciences) or with Alexa 488-labeled anti-C3 mAb 1H8 specific
for C3b/iC3b/C3dg (a kind gift of Prof. R. P. Taylor, University of Virginia
School of Medicine, Charlottesville, VA) (31). After washing in PBS, cells
were analyzed by flow cytometry.

Measurement of Ab-induced cell death in whole blood
A total of 200 ml unmanipulated peripheral blood of B-CLL/B-NHL
patients in 0.1 M Na citrate solution was plated in sterile nonpyrogenic
round-bottom tubes, and different concentrations of alemtuzumab, rituximab, GA101, or irrelevant control Ab trastuzumab (TX) were added. In
some cases, 200 mg/ml blocking anti-C5 mAb eculizumab (Soliris;
Alexion Pharmaceuticals, Cheshire, CT) or control irrelevant Ab were
added 5 min before the lytic Abs. Whole blood samples were incubated for
1–24 h at 37˚C and then stained for 15 min at room temperature with
allophycocyanin-Cy7–conjugated anti-CD45, FITC-conjugated anti-CD19
Ab, and PerCP complex (PerCP)/7-AAD (all from BD Biosciences). After
incubation, samples were lysed with hypotonic lysis solution (Pharm Lyse;
BD Biosciences) to eliminate platelets and RBCs and then analyzed by
double fluorescence on an FACSCanto instrument (BD Biosciences). Cell
death was measured as a decrease in the CD19+/7-AAD2 population in

Phagocytosis assay
CD14+ monocytes were purified from healthy volunteers’ mononuclear
cells by immunomagnetic sorting as previously described (21) and cultured
in eight-well chamber slides (LabTek; Nunc) at 2 3 105 cells/well for 6 to
7 d in RPMI 1640 medium supplemented with 20% heat-inactivated FCS
and 20 ng/ml recombinant human M-CSF (R&D Systems) to give rise to
differentiated macrophages. Phagocytosis was performed by adding 2 3
105 PBMCs in 300 ml or 300 ml whole blood from B-CLL patients to the
macrophages in the presence or absence of rituximab, GA101, and/or increasing concentrations of Na citrate, 20% HS, or 50 mg/ml i.v. Ig. After 2
h at 37˚C, slides were gently rinsed in PBS, fixed in methanol, and stained
with Giemsa. Slides were analyzed under a light microscope using a grid,
counting macrophages in a double blind fashion. The percentage of phagocytosis was expressed as the percentage of macrophages that engulfed
at least one tumor cell with respect to total macrophages.

Measurement of NK cell activation
MNC from normal donors or whole blood in lepirudin were treated with
different concentrations of GA101, rituximab, or TX for 3 h at 37˚C. Cells
were then incubated with anti–CD56-allophycocyanin and anti–CD107aPE for 20 min, washed in PBS, and, in the case of whole blood, red cells
were lysed in hypotonic lysing solution as above and analyzed on an
FACSCanto instrument (BD Biosciences). Cells were gated on the mononuclear population, and the percentage of CD107a in the CD56+ fraction
was then measured. The results are expressed as the percentages of CD107a
expression on CD56+ cells in treated samples after subtracting the background of TX-treated controls. Double staining of the control samples with
anti–CD56-allophycocyanin and anti–CD16-FITC demonstrated that in all
cases, .95% of CD56+ cells were CD16+ NK cells.

Statistical analysis
The data were analyzed using the paired or unpaired Student t test, as
appropriate: *p , 0.05, **p , 0.01, ***p , 0.001.

Results
Lysis of B-CLL cells in whole blood by alemtuzumab is
complement dependent
To measure the activity of therapeutic mAbs in vitro in conditions
as physiological as possible, we have tested several standard
anticoagulants to exclude that they may interfere with effector
mechanisms of therapeutic mAbs in vitro. We initially used the
anti-CD52 Ab alemtuzumab and anti-CD20 Ab rituximab as test
Abs, because their immune-mediated mechanisms on purified B-
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Materials and Methods

B-CLL mononuclear cells were cultured in Stem Span SFEM medium
(Stem Cell Technology, Vancouver, British Columbia, Canada) at 4 3 105
cells/ml in the presence (CDC) or absence (direct cell death) of 20% HS
and different mAbs. After 24 h at 37˚C 5% CO2, cells were stained for 15
min with 7-AAD, washed in PBS, and centrifuged onto glass slides at 500
rpm for 5 min using a Shandon centrifuge. Slides were dried, fixed in
100% methanol, and nuclei stained with 1.5 mg/ml DAPI in mounting
medium (Vectashield; Vector Laboratories, Burlingame, CA). At least five
representative fields were photographed under a fluorescence microscope.
Total number of cells (DAPI+) and percentage of dead cells (7-AAD+)
were then counted in a blind fashion using the ImageJ program (National
Institutes of Health).

THERAPEUTIC Abs IN B-CLL WHOLE BLOOD ASSAYS

Lysis of B-CLL targets in whole blood by rituximab and GA101
We next investigated the activity of the anti-CD20 Ab rituximab in
whole blood. For most B-CLL samples, rituximab was much less
effective than alemtuzumab in inducing cell lysis, with a mean 12
and 15% lysis after 24 h in presence of 10 or 200 mg/ml anti-CD20
Ab, respectively, compared with 77% with 10 mg/ml alemtuzumab
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FIGURE 2. Alemtuzumab kills B-CLL cells in whole blood (WB)
through complement. Either WB from B-CLL patients in 0.1 M Na citrate
solution (A–C) or MNC in culture medium + 20% HS (A) were incubated
with 10 mg/ml or the indicated concentrations of alemtuzumab, in presence
or absence of 200 mg/ml eculizumab (ECU). Incubation times were 4 h
unless otherwise indicated. Percentage cell death was measured as a decrease in CD19+/7-AAD2 cells relative to untreated control (A–C). C3 and
C9 deposition was measured by direct and indirect immunofluorescence,
respectively (D). **p , 0.01, ***p , 0.001.

(p , 0.001). Thus, in vitro, the dose of 200 mg/ml rituximab was
not significantly more effective in lysing B-CLL cells than that of
10 mg/ml (Fig. 3A). Time course experiments showed that, in 12
experiments, mean lysis with alemtuzumab was already maximal
at 4 h (62%), whereas that induced by rituximab was higher at 24
h (21%) compared with 4 h (7.8%) (p . 0.001; Fig. 3B).
GA101 is a type II, glycoengineered, anti-CD20 Ab that has
recently entered clinical trials (5). We therefore compared the
effect of rituximab and GA101 on B-CLL cells in whole blood
assays. Doses of 100 mg/ml were used because these levels and
above are reached in vivo. Whereas rituximab required 24 h for
maximal lysis (mean 21.4%, n = 17), the effect of GA101 on the
samples was more rapid, with near maximal cell death observed
already at 4 h (19.2%), which increased a little further at 24 h
(23.5%)(Fig. 4A). Lysis by both rituximab and GA101 correlated
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FIGURE 1. Na citrate does not inhibit significantly CDC or phagocytosis. A and B, Mononuclear cells from B-CLL patients were incubated
with 10 mg/ml alemtuzumab and 20% HS in presence of increasing concentrations of Na citrate solution. Deposition of C3 and C9 was measured
after 1 h incubation by direct and indirect immunofluorescence, respectively (A), and percentage cell death was measured after 4 h by 7-AAD
staining and FACS analysis (B). C, Phagocytosis assays were performed
with macrophages, B-CLL, and 10 mg/ml rituximab in culture medium in
presence of increasing concentrations of Na citrate solution. All results
are the mean and SD of duplicate wells and are representative of two
experiments.
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CLL cells are well characterized (32, 33). We observed that Na
citrate solution from vacutainer tubes, at the standard concentration used for anticoagulant activity (0.1 M), did not inhibit either
complement activation induced by alemtuzumab in presence of
20% HS, measured as C3 and C9 deposition (Fig. 1A), or cell lysis
(Fig. 1B). Furthermore, 0.1 M citrate did not inhibit significantly
rituximab-mediated phagocytosis (Fig. 1C).
We therefore used freshly isolated B-CLL whole blood samples
drawn in Na citrate solution to investigate the cytotoxic activity of
alemtuzumab. As shown in Fig. 2A, at 10 mg/ml and after 4 h, this
Ab killed the B-CLL targets somewhat less efficiently in whole
blood compared with purified cells in presence of 20% HS, with
a mean 50% lysis in whole blood compared with 80% of purified
cells in 20% HS (p , 0.01). Alemtuzumab-induced cell death was
dose and time dependent with maximal lysis observed already at 1
h at 25 mg/ml Ab (Fig. 2B and data not shown). Control Ab TX
had no effect (data not shown). We then wished to determine the
role of complement in the efficacy of alemtuzumab in whole blood
assays. For this purpose, we incubated the cells with excess
blocking anti-C5 Ab eculizumab (200 mg/ml) (34) and then added
10 mg/ml alemtuzumab. As shown in Fig. 2C, target cell killing by
anti-CD52 was essentially abolished by excess eculizumab at both
4 and 24 h. Study of C3 and C9 deposition on mononuclear cells
in whole blood in the presence or absence of alemtuzumab and/
or eculizumab confirmed that alemtuzumab induced rapid deposition of both C3 and C9 in absence of eculizumab. Furthermore,
the anti-C5 Ab blocked C9 but not C3 deposition, as expected
(Fig. 2D).
We conclude that alemtuzumab rapidly lyses B-CLL targets in
whole blood by a complement-dependent mechanism.
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with CD20 expression levels (Fig. 4C, 4D, respectively). Finally,
when three samples selected for high CD20 levels were analyzed,
the difference between rituximab and GA101 at 4 h was still
significant, with a mean 57.9% killing with GA101 compared with
29.5% with rituximab (p , 0.05; Fig. 4B).
We next determined the role of complement in anti-CD20 mAbinduced lysis. Addition of eculizumab to the test tubes showed that
rituximab-mediated killing is mostly complement dependent because cell death was inhibited by ∼90% at 24 h after blocking C5
activation (Fig. 4A). Surprisingly, GA101-mediated killing at 100
mg/ml was also strongly, although not completely, dependent upon
complement, with a mean 64% inhibition of killing by eculizumab
at the same time point (Fig. 4A). Similar data were obtained with
the selected patient samples expressing high levels of CD20 (n =
3; Fig. 4B).
We wondered whether the 6–16% residual cell death induced by
GA101, which was not inhibited by eculizumab, may have been
due to direct cell death, as previously suggested for other type II
anti-CD20 mAbs (35). We therefore further analyzed this phenomenon using purified mononuclear cells from B-CLL samples.
In these conditions, we first noticed that GA101 induced strong
homotypic adhesion of most B lymphoma cell lines (7 and data
not shown) and, to a lesser and variable extent, of B-CLL samples
(Fig. 5A). Because we had previously demonstrated that direct cell
death can be dramatically misinterpreted by flow cytometry when
using Abs that cause cell aggregation (36), we chose to further
investigate possible direct cell death induction using the vital
dye Alamar blue (Biosource International) and purified B-CLL
mononuclear cells. As shown in Fig. 5B, 100 mg/ml GA101 or
rituximab induced ,5% direct cell death of B-CLL cells compared with TX, after either 24 or 48 h incubation. The same results
were obtained using 10 mg/ml Abs (data not shown). To confirm
this finding using a different method, MNC from B-CLL patients
were treated with 10 mg/ml Abs for 24 h, stained with 7-AAD, and
centrifuged onto glass slides. The cytospin preparations were then
fixed and counterstained with DAPI. Percentages of 7-AAD+ cells
with respect to total number of cells (DAPI+) were then counted
under the microscope. The data show that, in the absence of HS,
∼3% increased direct cell death could be observed with GA101,
but not rituximab, with respect to control (Fig. 5C). This increase

was very small but statistically significant. As expected, in the
presence of serum, up to 70% lysis of neoplastic B cell samples
expressing high levels of CD20 could be measured following
treatment of the MNC with 100 mg/ml rituximab or GA101, and
this lysis was completely blocked by eculizumab (Fig. 5D, left
panel). In contrast, low CD20 samples were poorly lysed in
presence of HS (Fig. 5D, right panel). These data confirm using
cytospins that complement is the major mechanism of lysis of
B-CLL cells in presence of anti-C20 mAbs and serum and is
dependent upon CD20 expression levels.
The major role of complement with GA101 was surprising
because this Ab is known to be less effective at binding C1q and
activating complement (7). We therefore performed a standard
CDC assay using a B lymphoma cells line with rituximab and
GA101 in parallel. We indeed observed that GA101 was less active that rituximab at low doses in this assay, but that CDC was
equivalent with both Abs at the 10 mg/ml dose and above (Supplemental Fig. 1 and data not shown). Finally, we performed doseresponse curves with GA101 Ab in B-CLL whole blood assays in
the presence and absence of eculizumab. We observed a rapid
decrease in CDC using 10 mg/ml and 1 mg/ml GA101 in whole
blood compared with the 100 mg/ml dose (data not shown). This is
in agreement with the fact that relatively high doses of GA101 are
required for efficient CDC in vitro (Supplemental Fig. 1C).
Altogether, these data suggest that lysis of B-CLL cells induced
by 100 mg/ml rituximab or GA101 in whole blood is mostly due to
complement activation and is dependent on CD20 expression
levels. GA101, but not rituximab, induces homotypic adhesion of
B-CLL and a very small increase in direct cell death.
Both GA101 and rituximab induce phagocytosis, but this is
inhibited by excess Igs
To further investigate whether the residual, complement-independent cell death induced by GA101 in whole blood assays
may be due to phagocytosis, we next compared the activity of
rituximab and GA101 in phagocytosis assays using in vitrodifferentiated macrophages and purified B-CLL cells as targets.
As shown in Fig. 6A, both rituximab and GA101 showed overlapping dose-response curves in standard phagocytosis assays
in culture medium, suggesting similar efficacy of the two Abs
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through this mechanism. We then investigated whether phagocytosis could take place in whole blood. We observed that neither
rituximab nor GA101 were able to mediate significant phagocytosis in whole blood (Fig. 6B and data not shown). Inhibition was
probably due to the presence of high amounts of IgGs in whole
blood because phagocytosis mediated by rituximab in culture
medium was strongly inhibited in presence of either 20% HS or
excess Igs (50 mg/ml; Fig. 6B) (21).
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% Direct Cell Death
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FIGURE 6. Both GA101 and RTX mediate phagocytosis, but not in
whole blood. A, Phagocytosis assays were performed with macrophages
and B-CLL in culture medium in presence of increasing concentrations of
either RTX or GA101. The results are the means and SD of three
experiments. B, Phagocytosis assays were performed with B-CLL in whole
blood or MNC from B-CLL patients in presence of 0.1 or 10 mg/ml RTX
and either 20% HS or 50 mg/ml i.v. Ig. The results are the mean and SE of
duplicate wells and are representative of three independent experiments.
***p , 0.001.
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We conclude that GA101 and rituximab are equally potent in
mediating phagocytosis, but that this mechanism is not likely to
contribute significantly to target cell killing in whole blood.
GA101 is more effective than rituximab at activating NK cells
in whole blood
Using B lymphoma cell lines as targets, GA101 has been previously
demonstrated to bind more tightly to the FcgRIII receptor (CD16)
than rituximab and to induce higher ADCC (7). To investigate the
possible contribution of ADCC in B-CLL whole blood, we
searched for surrogate markers of NK cell activation that could be
used in this context. Up to 50% CD107a induction and 90% CD16
downmodulation on CD56+ NK cells could be measured at 2 and
24 h, respectively, following addition of anti-CD20 Abs to MNC
from either normal donors or B-CLL patients (Fig. 7A and data not
shown). However, CD107a, a marker of degranulation, was more
reproducible and correlated better with target cell lysis with respect to CD16 downmodulation (data not shown). We therefore
chose to use CD107a induction as a surrogate marker of ADCC in
whole blood. We observed, however, that citrate strongly inhibited
degranulation in MNC samples and therefore searched for other
anticoagulants. We found that, in contrast, the leech-derived
molecule lepirudin had no effect on CD107a degranulation (Fig.
7B). We therefore used lepirudin-treated whole blood to measure
NK cell activation. CD107a was induced up to 7 and 19.5% on
NK cells in the blood from normal donors and B-CLL patients,
respectively, following addition of 1–100 mg/ml GA101 Ab (Fig.
7C, 7D). In contrast, an increase of ,1% CD107a expression was
observed following addition of the same doses of rituximab (Fig.
7C, 7D).
We finally verified whether lepirudin modified the cell death data
measured in whole blood assays compared with citrate. Using two
B-CLL whole blood samples in lepirudin, we observed 20% cell
death in presence of 100 mg/ml GA101 after 4 h exposure compared with 10% for rituximab (data not shown). A total of 79 and
90% of this lysis was blocked by eculizumab, respectively. These
data are very similar to those observed in citrate (Fig. 4A) and
confirm a higher cell death induced by GA101 at 4 h and a major
contribution of complement for both rituximab and GA101 in
these conditions.
We conclude that NK cells are activated in whole blood by
GA101 more efficiently than by rituximab and that this mechanism
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FIGURE 5. GA101 induces homotypic adhesion of
B-CLL cells but little increase in direct cell death. A,
Total of 10 mg/ml GA101 or RTX were added to BCLL MNC and homotypic adhesion observed under the
microscope after 24 h. The pictures are representative
of four experiments performed in duplicate. B, B-CLL
MNC were cultured for 24 (black bars) or 48 h (gray
bars) in presence of 100 mg/ml GA101, RTX, or TX
and percentage cell death measured with the Alamar
blue dye. C, B-CLL MNC were cultured for 24 h in
presence of 10 mg/ml indicated Abs, stained with 7AAD, and cytopins counterstained with DAPI. Percentage of 7-AAD+/DAPI+ dead cells was then scored.
The results of B and C are the means and SD of four
experiments. D, B-CLL MNC expressing either high
CD20 (left panel) or low CD20 (right panel) were incubated with 100 mg/ml RTX, GA101, or TX in
presence or absence of 200 mg/ml eculizumab. After 24
h, 7-AAD was added, and cells were cytospinned,
fixed, and counterstained with DAPI. Percentage 7AAD+DAPI+ dead cells was then evaluated under the
microscope. *p , 0.05.
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may contribute to the complement-independent cytotoxic activity
of the former anti-CD20 mAb against B-CLL cells.

Discussion
In this report, we have set up novel whole blood assays to study the
mechanism of action of therapeutic mAbs for circulating neoplastic
B cells such as B-CLL and B-NHL, in conditions as physiological
as possible. As test Ab, we used anti-CD52 mAb alemtuzumab,
showing that this Ab has strong activity in whole blood with up to
77% killing of B-CLL targets in only 1–4 h using Ab concentrations that are reached in vivo (37). Furthermore, we showed, by
preincubating with excess blocking anti-C5 Ab eculizumab (34),
that this effect is entirely complement dependent. Indeed, cell
death as well as membrane attack complex formation, but not C3
activation, was confirmed to be strongly inhibited by eculizumab
in whole blood. This overwhelming role of complement in alemtuzumab-mediated killing in whole blood has not been reported
previously.
The efficacy and mechanisms of action of anti-CD20 mAbs
rituximab and GA101 were then analyzed. Rituximab was relatively poor at killing B-CLL cells in vitro compared with alemtuzumab, with a mean 21% lysis reached after 24 h. Also, target cell
killing by rituximab was less efficient and showed slower kinetics
in whole blood compared with purified neoplastic cells cultured in
medium supplemented with 20% HS. The slower kinetics were
likely due to inhibition of complement activation by cell-bound or
fluid-phase complement inhibitors present in whole blood. Indeed,
we showed that rituximab-mediated cell death was mostly due to
complement, because it was inhibited to 90% by eculizumab.
Furthermore, we did observe increased target cell lysis with rituximab in whole blood in presence of blocking anti-CD55 and
CD59 Abs (J. Golay and M. Manganini, unpublished observations).
In contrast, significant direct cell death did not take place with this
Ab under the chosen conditions, and phagocytosis was relatively
ineffective in whole blood, presumably due to the high concentrations of IgG present in the fluid phase that competes for FcgRs
(21). Finally, ADCC was unlikely to play a role in for rituximab in
this setting, because we could not detect significant CD107a induction, a marker of NK cell degranulation, in rituximab- treated
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whole blood samples (38). This was probably due to complement
activation, which is known to inhibit rituximab-mediated NK cell
activation (39).
The data obtained with eculizumab on the role of C5 complement fragment in the mechanism of action of rituximab in whole
blood are of interest for several reasons: 1) they were observed
in unmanipulated blood that should best mimic the events taking
place in the circulation; 2) they suggest that complement acts
through the membrane attack complex to induce direct target cell
lysis and that killing is not mediated, for example, by immune cells
recognizing deposited C3b; and 3) they demonstrate that CDC is
important for the mechanism of action of rituximab in the circulation, in contrast to previous reports indicating complement to be
the cause of the Ab early toxicity rather than efficacy in vivo (40).
Our data are in agreement with studies suggesting complement is
a limiting factor in B-CLL patients treated with rituximab (41) and
that infusion of fresh-frozen plasma to patients in addition to the
Ab may improve clinical response dramatically (42, 43). Our data
thus suggest a significant role of complement in vivo at least for the
clearance of circulating neoplastic B cells by rituximab. In contrast, clearance of neoplastic cells in tissues may require additional
mechanisms, as suggested in some murine models (17, 28).
We then compared the mechanism of action of the type II antiCD20 Ab GA101 and rituximab in whole blood assays. For both
Abs, target cell killing correlated with CD20 expression levels, but
GA101 had an apparently more rapid action than rituximab, with
maximal cell death observed at 4 h compared with 24 h for rituximab. Also, in this case, complement appeared to be an important
mechanism, because eculizumab blocked ∼64% of target cell
killing induced by GA101 Ab at 100 mg/ml. As expected, CDC
induction by GA101 in whole blood was dose dependent and
rapidly decreased at the 10 and 1 mg/ml doses. This is important
information for dosing schedules in vivo.
We then also analyzed the possible mechanism of complementindependent cell killing that accounts for the residual 6–16% cell
death observed in presence of eculizumab. To do this, we used
purified mononuclear cells from B-CLL patients. We could show
that GA101 induces homotypic adhesion of B-CLL after 4–24 h
incubation, in agreement with published data (44). To avoid pos-
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FIGURE 7. GA101 but not RTX induces
CD107a on NK cells in normal and B-CLL
whole blood. A, MNC from five normal
donors were incubated for 3 h with 10 mg/
ml GA101, RTX, or TX and percentage of
CD107a expression on CD56+ NK cells
analyzed by flow cytometry. B, MNC from
three normal donors were incubated for 2 h
with 10 mg/ml GA101 in presence or absence of 0.1 M Na citrate or 500 mg/ml
lepirudin. Percentage of CD107a expression on CD56+ cells was then analyzed by
flow cytometry. C, Total of 1 or 10 mg/ml
GA101, RTX, or TX was added to lepirudin-treated whole blood (WB) from two
normal donors and percentage CD107a induction on NK cells was analyzed by flow
cytometry 3 h later. D, Total of 1, 10, or
100 mg/ml GA101 or RTX were added to
lepirudin-treated WB from three B-CLL
patients and percentage of CD107a induction on NK cells analyzed after 3 h. The
results are the means and SD of the indicated number of experiments. *p , 0.05,
***p , 0.001.
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sible artifacts that may result from analysis of aggregated cells by
flow cytometry (36), we used Alamar blue and cytospin preparations of 7-AAD–stained cells to measure direct cell death.
With these methods, we could show that GA101 induces only
minimal cell death (up to 3% over controls) that could be detected
in cytospins. These results are in contrast with published data
indicating strong direct cell death induction by GA101 in Blymphoma cell lines (7). Our different result may be due to the
target cell type analyzed in this study, B-CLL cells from patients,
or the methods used. We of course cannot exclude that direct cell
death by GA101 may be higher in whole blood or in longer assays.
We also investigated the possible contribution of phagocytosis to
anti-CD20–mediated target cell killing using both purified B-CLL
or whole blood and in vitro-differentiated macrophages. Both
rituximab and GA101 showed overlapping dose-response curves
with purified B-CLL cells as targets. Because the glycosylation
pattern of GA101 is known to enhance binding to FcgRIIIA, these
data suggest that this receptor is not the only or major receptor
involved in phagocytosis mediated by these therapeutic mAbs.
Indeed, we previously reported that in vitro-differentiated macrophages express high levels of FcgRI and FcgRIIA and lower
amounts of FcgRIIIA (21), all of which may participate in phagocytosis. Our data are comparable to what has been described for
defucosylated anti-carcinoembryonic Ag Ab, which, compared
with unmodified Ab, showed enhanced ADCC but not phagocytosis (45). In contrast, phagocytosis of B-CLL in whole blood was
not significant, presumably due to inhibition by serum Igs. These
data suggest that phagocytosis is not a relevant mechanism of
action of GA101 or rituximab in whole blood and does not explain
the residual complement-independent cell killing.
Finally, a possible contribution of NK-mediated ADCC was
analyzed in whole blood using CD107a induction and a surrogate
marker of ADCC. In this case, we had to use lepirudin as an
anticoagulant because citrate was inhibitory. We first demonstrated,
using mononuclear cells from normal donors or B-CLL patients,
that GA101 induces two to three times more NK cell activation than
rituximab at all Ab doses. This property is presumably due to the
high-affinity binding of the glycoengineered Ab to FcgRIIIa
molecule (7). Furthermore, we observed significant CD107a induction by GA101, but not rituximab, on NK cells in whole blood
samples from normal donors or B-CLL patients. In contrast to
CDC, NK cell activation in whole blood was observed equally
well with the 1 or 10 mg/ml doses of Ab. Altogether, these data
strongly suggest that ADCC contributes to target cell killing by
GA101 in whole blood, because CD107a is a marker of NK cell
degranulation and therefore accompanies target cell killing. It was
not, however, possible to formally prove this point. In any case,
our results confirm the higher potency of GA101 compared with
rituximab in activating NK cells in physiological conditions, a
property that may also be significant in vivo.
In summary, the simple and rapid whole blood assays presented
in this study to measure the activity of therapeutic mAbs in the
circulation should be a useful adjunct to screen novel Abs directed
at B-CLL and determine their mechanism of action in the circulation. Our data point to a major role of complement for all three
mAbs analyzed, including GA101 at 100 mg/ml. GA101 in addition may induce direct cell death of B-CLL cells, but only to
a very limited extent, and strongly activates NK cell degranulation
in whole blood even at low Ab doses (1 mg/ml). The relevance of
these findings for the mode of action in B-CLL needs to be proven
by additional studies. Furthermore, whether these properties of
GA101 will result in higher clinical efficacy of GA101 in vivo
compared with rituximab will have to await controlled clinical
studies.
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Supplementary Fig.1. Dose response of CDC activity of rituximab and GA101.
The DHL4 cell line was incubated with the indicated antibodies + 20% HS and cell death
measured after 24 hours by 7AAD staining and FACS analysis.

