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We have generated hexavalent antibodies
(HexAbs) comprising 6 Fabs tethered
to one Fc of human IgG1. Three such
constructs, 20-20, a monospecific HexAb
comprising 6 Fabs of veltuzumab (human-
ized anti-CD20 immunoglobulin G1�

[IgG1�]), 20-22, a bispecific HexAb com-
prising veltuzumab and 4 Fabs of epratu-
zumab (humanized anti-CD22 IgG1�),
and 22-20, a bispecific HexAb comprising
epratuzumab and 4 Fabs of veltuzumab,
were previously shown to inhibit pro-
liferation of several lymphoma cell lines

at nanomolar concentrations in the
absence of a crosslinking antibody. We
now report an in-depth analysis of the
apoptotic and survival signals induced
by the 3 HexAbs in Burkitt lymphomas
and provide in vitro cytotoxicity data for
additional lymphoma cell lines and also
chronic lymphocytic leukemia patient
specimens. Among the key findings are
the significant increase in the levels of
phosphorylated p38 and phosphatase
and tensin homolog deleted on chromo-
some 10 (PTEN) by all 3 HexAbs and the

notable differences in the signaling
events triggered by the HexAbs from
those incurred by crosslinking veltu-
zumab or rituximab with a secondary
antibody. Thus, the greatly enhanced
direct toxicity of these HexAbs correlates
with their ability to alter the basal expres-
sion of various intracellular proteins
involved in regulating cell growth, sur-
vival, and apoptosis, with the net
outcome leading to cell death. (Blood.
2010;116(17):3258-3267)

Introduction

To address the clinical concerns of undesirable immmunogenicity
and suboptimal pharmacokinetics, cancer therapy with monoclonal
antibodies (mAbs) has evolved from murine to chimeric, human-
ized, and now fully human constructs. Parallel to these improve-
ments have been continuing efforts to develop more effective forms
of mAbs, which to date, include different isotypes, smaller
single-chain proteins with monomeric or multimeric binding
moieties derived from variable domains, specific mutations in the
Fc to modulate immune effector functions or circulating half-lives,
and bispecific antibodies (bsAbs) of numerous designs that vary in
valency, structure, and constituents, among others.1

In the absence of a covalently attached drug, toxin, or radionu-
clide, the toxicity of a mAb after ligation of its cognate antigen on
target cells can be either direct or indirect. Direct toxicity is caused
primarily by apoptosis, resulting from perturbation of intracellular
signal transduction pathways, whereas indirect toxicity requires the
involvement of effector cells and complement, which lead to
antibody-dependent cellular cytotoxicity (ADCC), complement-
dependent cytotoxicity (CDC), and/or monocyte/macrophage phago-
cytosis. Despite this variety of mechanisms of action, most mAbs
are not administered as a monotherapy, but usually are combined
with other modalities, particularly chemotherapy. Because signal-
ing pathway redundancies can result in lack of response to a single
mAb, diverse strategies to use 2 mAbs, each against a different
epitope of the same antigen or different antigens on the same target
cell, have been proposed, and combinations such as anti-CD20 and
anti-CD22,2 anti-CD20 and anti–human leukocyte antigen DR,3

anti-CD20 and anti-TRAIL-R1,4 anti-insulin–like growth factor
1 receptor (IGF-1R) and anti–epidermal growth factor receptor
(EGFR),5 anti–IGF-1R and anti–vascular endothelial growth
factor,6 or trastuzumab and pertuzumab that target different extra-
cellular regions of human epidermal growth factor receptor 27 have
been evaluated preclinically, showing enhanced or synergistic
antitumor activity both in vitro and in vivo.

The first clinical evidence of an apparent advantage of combin-
ing 2 mAbs against different cell surface antigens of a cancer cell
involved the administration of rituximab, the chimeric anti-CD20
mAb, and epratuzumab, the humanized anti-CD22 mAb, in pa-
tients with non-Hodgkin lymphoma (NHL), where the combination
was found to enhance antilymphoma efficacy without a commensu-
rate increase in toxicities, based on 3 independent clinical trials.8 A
bsAb targeting both EGFR and IGF-R has been studied,9 yet the
combination of the 2 parental mAbs has not been reported to be
additive or synergistic. Given the short list of mAbs currently
approved in cancer therapy, the available combinations are not
large. Nevertheless, where such combinations show improved
efficacy, it is of concern, from an economic perspective, whether
the costs of combining 2 expensive antibody therapies can be borne
by the healthcare system, in addition to the inconvenience and time
of conducting separate infusions. Therefore, developing bsAbs,
whereby 2 antigen targets can be bound by a single agent, has been
a goal for some time, resulting in a multitude of approaches.10

Earlier methods used for the production of bsAbs made use of
either chemical cross-linking of IgG or Fab�11,12 or quadromas13
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obtained by fusing 2 hybridomas. Subsequent strategies focused on
generating recombinant bsAbs composed of tandem scFvs or
diabodies,14 and one format of such Fc-lacking constructs, referred
to as BiTe, is currently being tested clinically.15 Because, for many
therapeutic applications, the presence of an Fc and its effector
functions is beneficial, if not essential, for improved in vivo
properties, Fc-containing bsAbs, as exemplified by a variety of
novel designs, also have been described.16-20 Indeed, a renewed
interest in the construction of IgG-like bsAbs has emerged21 to
recruit effector cells, which is an important mechanism for most of
the currently available anticancer mAbs.

We have advanced a new approach of constructing multivalent
antibodies using the Dock-and-Lock (DNL) method,22 which
enables site-specific self-assembly of 2 modular components only
with each other, resulting, after combining, in a covalent structure
of defined composition with retained bioactivity.23 With the avail-
able DNL method and noting that the administration of both
anti-CD20 and anti-CD22 antibodies showed improved antilym-
phoma efficacy without increased toxicity in patients,8,24 as well as
enhanced activity in a lymphoma xenograft model,2 we embarked
on the generation of a pair of bispecific anti-CD20/CD22 hexava-
lent antibodies (HexAbs), designated 22-20 and 20-22, each
consisting of an immunoglobulin G (IgG) linked to 4 additional
Fabs.25 Specifically, 22-20 comprises epratuzumab and 4 Fabs of
veltuzumab, and 20-22 comprises veltuzumab and 4 Fabs of
epratuzumab. In addition, a monospecific anti-CD20 HexAb,
20-20, comprising 6 Fabs of veltuzumab, was constructed and
evaluated.26 We found that 22-20, 20-22, and 20-20 have distinct
properties compared with their parental counterparts, including
enhanced antilymphoma activity in vitro and comparable efficacy
in vivo, despite showing shorter circulating half-lives.25,26

The goal of this study was to extend our in vitro characterization
of 20-20, 20-22, and 22-20, with a primary interest in elucidating
the intracellular signaling pathways involved in transducing
CD20 upon ligating human lymphoma cells with each of these
3 HexAbs, and comparing the results with those obtained in
parallel with epratuzumab, veltuzumab, and rituximab. Selective
experiments were performed to determine whether the individual
profile of the kinase activated by the anti-CD20/CD22 HexAbs
would be similar to or different from that triggered by anti-IgM, or
by crosslinking veltuzumab or rituximab with a secondary anti-
body. The data presented here allow us to correlate the enhanced
direct cytotoxicity of the anti-CD20/CD22 HexAbs, compared with
their bivalent parental antibodies, with their increased ability to
up-regulate PTEN (phosphatase and tensin homology deleted on
chromosome 10), phosphorylated p38, and cyclin-dependent
kinase (CDK) inhibitors, as represented by p21, p27, and Kip2. The
reasons for selecting 22-20 as the best lead among the 3 HexAbs for
clinical evaluation also are discussed.

Methods

Antibodies and reagents

The generation and preparation of 20-20, 20-22, and 22-20 have been
described previously.25,26 Rituximab was obtained from commercial sup-
plies. Mouse antihuman IgM was purchased from Southern Biotech. Other
antibodies were from Cell Signaling or Santa Cruz Biotechnology. Horse-
radish peroxidase–conjugated secondary antibodies were obtained from
Jackson ImmunoResearch Laboratories. Heat-inactivated fetal bovine
serum was purchased from Hyclone. Cell culture media, supplements,
tetramethylrhodamine ethyl ester, and the transfection reagent DMRIE-C

were bought from Invitrogen Life Technologies. One Solution MTS
[3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe-
nyl)-2H-tetrazolium] assay reagent was obtained from Promega. Reducing
4%-20% gradient Tris-glycine gels were from Cambrex Bio Science.
Annexin V–Alexa Fluor 488 conjugate for apoptosis detection was
obtained from Invitrogen. All other chemicals were purchased from
Sigma-Aldrich.

Cell culture

Burkitt (Daudi, Raji) and non-Burkitt (RL and DoHH2) human lymphoma
lines were obtained from ATCC and cultured at 37°C in 5% CO2 and RPMI
1640 medium supplemented with 10% heat-inactivated fetal bovine serum,
2mM L-glutamine, 200 U/mL penicillin, and 100 �g/mL streptomycin.
Cells from chronic lymphocytic leukemia (CLL) patients were collected
from whole blood by Ficoll-Hypaque separation27 and grown in RPMI
media as described above. All patients gave written informed consent in
accordance with the Declaration of Helsinki under an approved protocol
of the Institutional Review Board of Weill-Cornell Medical College
(New York, NY).

Cell viability assay

Cells were seeded at a density of 1 � 105 cells/mL in 96-well plates
(1 � 104 cells/well) and incubated with each test Ab at a final concentration
of 0.01-500nM for 3 (Daudi) and 4 days (Raji, RL, and DoHH2). Where
indicated, Abs were cross-linked with a secondary goat anti–human (GAH)
Ab at a concentration of 10 �g/mL. Patient CLL cells were seeded in
48-well plates at a density of 5 � 105 cells/mL (1.5 � 105 cells/well) and
incubated with each test Ab at a final concentration of 10nM for 3 days. The
number of living cells was then determined using the soluble tetrazolium
salt MTS following the manufacturer’s protocol.

Annexin V binding assay

Cells in 6-well plates (2 � 105 cells/well at 1 � 105 cells/mL) were treated
with each test Ab at 10 or 100nM for 24 hours, washed, resuspended in
100 �L of annexin-binding buffer (10mM HEPES [N-2-hydroxyethylpipera-
zine-N�-2-ethanesulfonic acid], 140mM NaCl, and 2.5mM CaCl2 in
phosphate-buffered saline; PBS), stained with 5 �L of annexin V–Alexa
Fluor 488 conjugate for 20 minutes, followed by staining with 1 �g/mL of
propidium iodide (PI) in 400 �L of annexin-binding buffer, and analyzed
by flow cytometry (FACSCalibur; Becton Dickinson). Cells stained
positive with annexin V (including both PI-negative and -positive) were
counted as apoptotic populations.

Cell-cycle analysis

Cells were seeded and treated with each test Ab as described for the
annexin V binding assay, except that they were resuspended in 0.5 mL of a
solution containing PI (50 �g/mL), sodium citrate (0.1%), and Triton
X-100 (0.1%) and stained for 1 hour before analysis by flow cytometry.

Assessment of mitochondrial membrane depolarization

Changes in mitochondrial transmembrane potential (��m) were determined
by flow cytometry. Briefly, Daudi cells in 6-well plates (2 � 105 cells/well
seeded at 1 � 105 cells/mL) were incubated overnight (16 hours) with
rituximab (133nM), veltuzumab (133nM), or each of the 3 HexAbs
(100nM). Samples also included rituximab (133nM) or veltuzumab (133nM)
in the presence of a crosslinking antibody (10 �g/mL). Cells were stained
for 30 minutes in the dark at 37°C with 50nM of the fluorescent probe
tetramethylrhodamine ethyl ester in a medium containing antibiotics and
serum, washed 3� with PBS, and analyzed.

Immunoblot analysis

In general, Daudi or Raji cells (1 � 106 cells/mL) were treated for a
predetermined time with rituximab, veltuzumab, or epratuzumab at 133 or
10nM, or with 20-20, 20-22, or 22-20 at 10nM, then washed in PBS,
centrifuged, and lysed in ice cold 1� RIPA buffer comprising 2mM sodium
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orthovanadate, 5mM sodium fluoride, 2.5mM sodium pyrophosphate, 1mM
�-glycerophosphate, and 0.25% sodium deoxycholate. The lysates were
centrifuged at 13 000g, and the supernatants were collected. Protein content
was determined using the protein assay kit from Bio-Rad, with bovine
serum albumin as the standard. Protein samples (25 �g) were mixed with
the lysis buffer and heated at 95°C for 5 minutes, followed by separation on
4%-20% gradient Tris-glycine gels. Separated proteins were transferred
electrophoretically onto nitrocellulose membranes (Bio-Rad). Nonspecific
binding sites were blocked in 10mM Tris-buffered saline containing
0.05% Tween-20 (TBS-T) and 10% nonfat milk. Membranes were incu-
bated with a primary antibody (1:1000 dilution in TBS-T containing
5% bovine serum albumin) overnight at 4°C. The next day, membranes
were washed 3� with TBS-T at room temperature. Horseradish peroxidase–
conjugated secondary antibody (1:5000 dilution) was used to probe the
primary antibody. Blots were visualized with enhanced chemiluminescence
(Thermo Scientific).

RNA interference of PTEN

Daudi cells were transfected with PTEN small interfering RNA (siRNA;
Cell Signaling Technologies) or control siRNA (Santa Cruz Biotechnology)
in 6-well plates using DMRIE-C, per manufacturer’s instructions, then
treated with each HexAb at 10nM for 16 hours. Cells were washed with
PBS, stained with annexin V conjugate for 20 minutes, and analyzed by

flow cytometry. Controls also included cells incubated with only
DMRIE-C. Immunoblot analysis was performed as described above with
5-�g protein samples and anti-PTEN antibody.

Results

Growth inhibition and apoptosis

The dose-response curves (Figure 1A) obtained with the MTS
assay from a 3-day treatment of Daudi cells indicated comparable
values of EC50 for 20-20, 22-20, and 20-22 (2.3-5.8nM), which
were 100-fold lower (ie, more potent) than veltuzumab or ritux-
imab (� 500nM). Under these conditions, crosslinking veltuzumab
or rituximab with GAH Ab potently inhibited the proliferation of
Daudi cells, with an EC50 of approximately 0.6nM. Previous
results25 obtained from a cell counting assay at day 5 in Daudi
demonstrated lower EC50 values for 22-20 (0.32nM) and
20-22 (0.5nM), which may have been due to a longer incubation
time (5 vs 3 days), as well as using a different assay (cell counting
vs MTS). The 3 HexAbs also inhibited the proliferation of Raji
(Figure 1B), with EC50 values of 6-8nM, and when tested at 10nM,

Figure 1. In vitro cytotoxicity as determined by the MTS assay and apoptosis by the annexin V staining. Shown are results for Daudi (A), Raji (B), RL and DoHH2 (C),
and the annexin V binding assay for Daudi (D). The concentrations of each primary antibody and GAH (C) were 10nM and 10 �g/mL, respectively.
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were effective in suppressing the growth of RL and DoHH2
(Figure 1C), as well as CLL specimens (Table 1) from 3 of the
8 patients (CLL078, CLL113, and CLL145) showing higher levels
of CD20 expression.27 It is noted that under the same conditions
and even in the presence of GAH, neither rituximab nor veltu-
zumab showed significant inhibition (10% or less) of CLL samples
from all 8 patients.

We next determined whether the observed growth inhibition
would involve apoptosis. As shown in Figure 1D, treating Daudi
cells for 24 hours with the 3 HexAbs resulted in approximately
20%-30% apoptosis at 10nM, and approximately 25%-35% at
100nM. In contrast, the parental Abs (veltuzumab and epratu-
zumab) and also rituximab, at 10nM, and epratuzumab at
100nM, did not induce apoptosis beyond the background levels
observed with the untreated control. However, a slight increase
was observed for the 2 anti-CD20 mAbs, veltuzumab and ritux-
imab, at 100nM. These results confirm our previous findings25,26

that 20-20, 22-20, and 20-22 are effective in inducing apoptosis
without the requirement of a crosslinking Ab, and suggest that
apoptosis of Daudi cells may be provoked with higher concentra-
tions of a Type I anti-CD20 mAb,28 as represented by veltuzumab
or rituximab. Similar results were obtained with Raji cells, in which
the 3 HexAbs induced approximately 20%-30% apoptosis when
tested at 10 or 100nM (data not shown).

Differentiation from anti-IgM and crosslinked anti-CD20

Ligation of the B-cell antigen receptor (BCR) with anti-IgM mAb,
or CD20 with veltuzumab or rituximab in the presence of a
crosslinking Ab, results in a rapid rise of intracellular calcium.29

Thus, the inability of the 3 anti-CD20/CD22 HexAbs to affect a
notable increase in calcium flux25,26 suggests the involvement of
different signals. Noting that activation of BCR in B cells induces
the phosphorylation of Lyn, Syk, and PLC�2,30 we first compared
the phosphorylation profiles of these key signaling molecules in
Daudi cells treated for 24 hours with the following: 133nM of
epratuzumab, veltuzumab, or rituximab; 10nM of 20-20, 22-20, or
20-22; or 10 �g/mL of anti-IgM. As shown in Figure 2A, anti-IgM
induced the phosphorylation of Lyn, Syk, and PLC�2 significantly
above the basal levels observed for the untreated cells. In contrast,
the 3 HexAbs at 10nM neither induced the phosphorylation of
Syk nor increased the constitutive level of phosphorylated
PLC�2; however, they effectively reduced the constitutive level of
phosphorylated Lyn, which was notable within 2 hours, became
more prominent with time, and persisted for at least 24 hours
(Figure 2B). Additional studies revealed that the HexAbs dimin-
ished the level of phosphorylated Akt (Figure 2C) and stimulated

the expression of Raf-1 kinase inhibition protein (RKIP), which
was unchanged with anti-IgM (Figure 2D). These characteristic
changes were also observed for veltuzumab or rituximab at 133nM
(Figure 2A-C), but not at 10nM, as shown for phosphorylated Lyn
and Akt (Figure 2E). No appreciable changes were observed with
epratuzumab at 10 or 133nM.

Modulation of the MAPK pathways

The up-regulation of RKIP prompted us to investigate whether
these anti-CD20/CD22 HexAbs modulate mitogen-activated pro-
tein kinase (MAPK) pathways. Intracellular signaling by rituximab
has been studied intensively and been reported to influence various
signaling pathways in B-cell malignancies,31-38 in particular, the
down-regulation of both phosphorylated extracellular signal regu-
lated kinase (ERK)33 and p38 MAPK.38 Daudi cells were treated
for
24 hours with 10nM of 20-20, 20-22, or 22-20, or 133nM of
epratuzumab, veltuzumab, or rituximab, and whole-cell lysates
were subjected to immunoblotting using phosphor-specific ERK
and p38 antibodies, with total ERK, p38, and �-actin serving as
controls for comparing the amount of proteins loaded in each
sample. As shown in Figure 3A, both hexavalent monospecific
20-20 and hexavalent bispecifc 20-22 and 22-20, when tested at
10nM, induced more than a 50% decrease in the levels of
phosphorylated ERK, which was also observed with veltuzumab or
rituximab at 133nM. In addition, all 3 HexAbs led to a 3-fold
increase in the levels of phosphorylated p38, whereas veltuzumab
and rituximab appeared to have an opposite or minimal effect on
the phosphorylation of p38. Similar results (ie, decrease in
phosphorylated ERK and increase in phosphorylated p38) also
were observed in Raji cells under the same conditions (data not
shown). The time course study in Daudi revealed a continuing
decrease of phosphorylated ERK during a 24-hour period, which
began to be noticeable at 2 hours after the addition of the HexAbs
(Figure 3B). In contrast, crosslinking veltuzumab or rituximab
with GAH resulted in enhanced phosphorylation of both ERK and
p38 (Figure 3C), thus further attesting that the HexAbs act through
different mechanisms from hypercrosslinked anti-CD20 Abs.

NF-�B pathway, Bcl-2 family proteins, and mitochondrial
membrane depolarization

Consistent with the observation of increased RKIP and decreased
phosphorylation of ERK, which should negatively affect the
nuclear factor (NF)-	B pathway, we found a significant reduction
in the phosphorylation of IKK
/� and I	B
 (Figure 4A). To
account for the enhanced potency of the HexAbs to induce

Table 1. Cytotoxicity of HexAbs on CLL patient specimens as determined by the MTS assay

Patient
ID CD20 expression Rituximab

Rituximab
�GAH VeltuzumabVeltuzumab�GAH 20-20 22-20 20-22

CLL021 Low 114 � 6 120 � 6 113 � 12 103 � 11 117 � 2 118 � 6 114 � 4

CLL022 Low 102 � 5 107 � 5 106 � 1 102 � 3 114 � 1 113 � 1 99 � 2

CLL030 Low 107 � 2 105 � 2 105 � 3 105 � 16 108 � 3 115 � 2 104 � 3

CLL037 Low 107 � 5 102 � 18 102 � 8 90 � 4 109 � 4 99 � 3 96 � 6

CLL078 Moderate 104 � 1 98 � 2 101 � 3 93 � 4 74 � 5 76 � 1 72 � 2

CLL113 High 101 � 1 97 � 4 92 � 1 96 � 3 45 � 2 43 � 3 39 � 5

CLL117 Low 107 � 9 98 � 7 98 � 8 97 � 1 101 � 7 102 � 5 84 � 2

CLL145 Moderate 100 � 4 107 � 3 106 � 6 101 � 9 84 � 1 79 � 1 73 � 2

Values shown are percentage of untreated controls. Cells were treated with each antibody at 10nM and, where indicated, GAH at 10 �g/mL. The CD20 expression levels of
the CLL specimens were provided by Dr Rhona Stein (personal e-mail communication, May 13, 2010).

MTS indicates the viability assay using One Solution assay reagent; and GAH, goat anti–human secondary antibody used for cross linking.
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apoptosis, we also probed the expression levels of certain pro- and
antiapoptotic proteins of the Bcl-2 family, and the results (Figure
4B) convincingly demonstrate the down-regulation of at least
4 antiapoptotic proteins (Mcl-1, Bcl-xL, Bcl-2, and phospho-
BAD), with concurrent up-regulation of one proapoptotic protein
(Bax) that was evident for 22-20 and 20-22. It is noted that the
reduction in the antiapoptotic phospho-BAD was not due to a
parallel decrease in the apoptotic BAD, which remained un-
changed. Such alterations in the balance of anti- and proapoptotic
proteins can change the cell fate from survival to apoptosis. The
active modulation of Bcl-2 family proteins further led us to
determine whether mitochondrial membrane polarization was
involved. Surprisingly, only crosslinked veltuzumab or rituximab,
but not the HexAbs, could induce an appreciable loss of mitochon-
drial membrane potential in Daudi cells over the untreated control
(Figure 4C), although they were all capable of inducing apoptosis
under the conditions examined. These results agree with the notion
that the HexAbs differ in mechanisms of action from crosslinked
veltuzumab or rituximab.

Role of PTEN

The up-regulation of RKIP as well as the down-regulation of the
AKT and NF-	B pathways also prompted us to investigate whether
the tumor suppressor, PTEN, plays a specific role in the apoptosis

induced by the HexAbs. Daudi cells were treated with 10nM
20-20, 20-22, or 22-20, or with 133nM of rituximab, and the
cellular levels of PTEN were examined at 1, 2, 4, 6, and 24 hours
(Figure 5A). Whereas all 3 HexAbs induced a notable increase in
PTEN at 1 hour, which persisted through the next 3-5 hours
and returned to the basal level at 24 hours, no appreciable change in
PTEN was observed with rituximab during the same period.
Because up-regulation of PTEN may result in enhanced apoptosis,
down-regulation of PTEN by specific siRNAs (Figure 5B) should
prevent apoptosis, as shown in Figure 5C. The involvement of
PTEN was likewise indicated by the observation that LY294002,
the specific inhibitor for PI3K, increased the apoptosis induced by
the HexAbs from 20% to 25%-40%, but had no effect on either
veltuzumab or rituximab (Figure 5D).

Deregulation of cell cycle

The HexAbs were found to arrest Daudi cells in the G1 phase at
both 100nM (Figure 6A) and 10nM (Figure 6B). Treating Daudi
cells with veltuzumab or rituximab exhibited a similar distribution
of various phases as the untreated cells. The deregulation of cell
cycle by the HexAbs was associated with the up-regulation of the
CDK inhibitors, as shown for p21, p27(Kip1), and Kip2 in Figure
6C, as well as the down-regulation of cyclin D1 and phosphory-
lated Rb (Figure 6D).

Figure 2. Western blot analysis of select proteins induced in Daudi by the parental antibodies and HexAbs. Parent antibodies each at 133 nM (A,C-D) or 10nM (E); the
HexAbs, each at 10nM (A-E); or anti-IgM, at 10 �g/mL (A,C). The changes in phospho-Lyn observed with 20-20, 22-20, and 20-22 within the first 24 hours are shown in panel B.
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Figure 4. Effects observed in Daudi cells. (A) Selective proteins pertaining to the NF-	B pathway, (B) selective proteins pertaining to the Bcl-2 family, and (C) mitochondrial
membrane depolarization.

Figure 3. Modulation of ERK1/2 and p38 MAPK pathways. (A) Daudi cells were treated with 133nM each of rituximab, epratuzumab, and veltuzumab and 10nM each of
20-20, 22-20, and 20-22 separately for 24 hours. Cells were immunoblotted and probed with phospho-specific antibodies as well as with antibodies to ERK1/2, p38, and
�-actin. Bar diagrams show the relative intensity of phospho-ERK or phospho-p38 induced by each agent, as determined by densitometry analysis of the results from 2 or more
independent experiments. (B) Phospho-ERK1/2 induced by 20-20, 22-20, and 20-22 or rituximab at 10nM measured at various time points within the first 24 hours.
(C) Up-regulation of phospho-ERK1/2 by crosslinking rituximab and veltuzumab with GAH (10 �g/mL).

SIGNALING PATHWAYS INDUCED BY CD20/CD22 HexAbs 3263BLOOD, 28 OCTOBER 2010 � VOLUME 116, NUMBER 17

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/17/3258/1331735/zh804310003258.pdf by guest on 24 M

ay 2024



Discussion

The HexAbs (20-20, 20-22, and 22-20) share properties of both
Type I (rituximab, veltuzumab) and Type II (B1, tositumomab)
mAbs.28 Consistent with Type II, the HexAbs are negative for CDC
and calcium mobilization, do not require crosslinking for growth
inhibition or apoptosis, and induce strong homotypic adhesion; yet,
they induce translocation of CD20 to lipid rafts as Type I.25,26

Unexpectedly, 20-20 inhibited proliferation of Burkitt NHL cell
lines, Daudi and Raji, in vitro with considerably greater potency,
compared with either Type I or II mAbs.26 Burkitt lymphoma lines,
Daudi and Raji, were sensitive to all 3 HexAbs, with similar EC50

values25,26 to crosslinked veltuzumab or rituximab, whereas non-
Burkitt lymphoma lines, RL and DoHH2, depicted approximately
25%-40% inhibition on treatment with 10nM HexAbs. The de-
crease in potency could have been due to the formation of visible
clumps by RL and DoHH2 cells in suspension.

Direct toxicity of these HexAbs was also evaluated on 8 CLL
patient specimens, which varied in their CD20 expression. The
3 specimens expressing moderate to high CD20 showed
30%-60% inhibition by the HexAbs, whereas no significant
inhibition was observed in the other 5 specimens with low

CD20 expression. Interestingly, neither rituximab nor veltuzumab,
with or without crosslinking, produced measurable inhibition.
Although these studies suggest a trend in the activity of HexAbs
related to CD20 expression, more patient samples are needed to
substantiate this. On the other hand, it is intriguing that these
multivalent monospecific/bispecific HexAbs depict better antilym-
phoma and antileukemia properties than their parental IgGs. Future
work will include the investigation of the effects of these HexAbs
on rituximab-refractory NHL.

To better elucidate the mechanisms by which direct cell killing
is achieved with these hexavalent constructs, we focused here on
the investigation of the signaling pathways that are triggered in
Daudi cells by the 3 HexAbs, in comparison to those induced by the
parental Abs, with some of the experiments repeated in Raji cells.
We also performed selective studies in which human lymphoma
cells were treated with anti-IgM mAb to activate the BCR, or with
veltuzumab or rituximab in the presence of a crosslinking Ab to
enhance the apoptotic potency. Our key findings are summarized as
follows: (1) The signaling events triggered by 20-20, 22-20, or
20-22 are quantitatively and qualitatively similar in Daudi cells, but
distinct from those induced by anti-IgM. (2) Although veltuzumab
and rituximab modify the signaling events in Daudi cells similarly
to the hexavalent derivatives, as observed for the ERK and NF-	B

Figure 5. PTEN-PI3K pathway. (A) Time course of PTEN after treating Daudi cells with 20-20, 22-20, and 20-22 at 10nM and rituximab at 133nM. The sample corresponding
to 20-22 at 24 hours was lost during loading and thus not analyzed (†). (B) Daudi cells transfected with PTEN siRNA showed reduced expression of PTEN, compared with
the untreated cells or cells transfected with control siRNA. (C) PTEN siRNA reduced the apoptosis of Daudi by 20-20, 22-20, and 20-22 at 10nM (P values with respect to
*20-20, #22-20, and **20-22; P � .05). (D) The PI3K inhibitor, LY294002 (5�M), enhanced the apoptosis induced by 20-20, 22-20, and 20-22 at 10nM, but not rituximab at 133nM.

3264 GUPTA et al BLOOD, 28 OCTOBER 2010 � VOLUME 116, NUMBER 17

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/116/17/3258/1331735/zh804310003258.pdf by guest on 24 M

ay 2024



pathways, both require a higher concentration to be effective and
are less efficient in modulating the cell-cycle regulators that
promote growth arrest. In addition, the bivalent veltuzumab and
rituximab fail to alter the levels of phosphorylated p38 and PTEN
from untreated control, whereas all 3 HexAbs increase phosphory-
lated p38 and PTEN levels significantly. Similar results were
obtained in Raji cells for the decrease in phosphorylated ERKs and
the increase in phosphorylated p38. No appreciable change in the

basal expression of signaling molecules was observed in Daudi
cells upon ligation of CD22 by epratuzumab. (3) The apoptosis and
inhibition of cell proliferation resulting from crosslinking veltu-
zumab or rituximab with GAH involves signaling events that are
distinguishable from those associated with the HexAbs, as mani-
fested in phosphorylated ERK (increase vs decrease), intracellular
calcium (increase vs no change), and mitochondrial membrane
potential (loss vs no change).

Figure 6. Deregulation of cell cycle. (A) Histograms obtained from Daudi cells treated with 100nM of each agent, showing G1 arrest induced by 20-20, 22-20, and 20-22.
(B) Comparison of cells in the G1 phase after treatment with each agent at 10 or 100nM. (C) Up-regulation of the Cip/Kip family of proteins on treatment with 20-20, 20-22, and
22-20. (D) Down-regulation of cyclin D1 and p-Rb.
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For example, we showed that all 3 HexAbs at 10nM and the
bivalent veltuzumab or rituximab at 133nM, but not at 10nM,
produced similar results in the observed levels of various phosphor-
ylated proteins, CDK inhibitors, and Bcl-2 family members that
are known to mediate proliferation, cell-cycle arrest, and apoptosis.
Specifically, we observed a notable decrease in p-Lyn, p-Akt,
p-BAD, p-ERK1/2, p-IKK
/�, p-IKB
, Mcl-1, Bcl-2, and
Bcl-xl levels in the treated versus untreated cells, indicating that
multiple prosurvival pathways were negatively affected, which
require a higher threshold for the bivalent Abs. On the other hand,
we also noted that a significant increase in the proapoptotic signals
(phosphorylated p38 and Bax), the tumor suppressor (PTEN), and
the CDK inhibitors (p21 and Kip2) was only observed with the
HexAbs. Moreover, only the HexAbs induced G1 arrest, which
apparently augmented their antiproliferative potency. However,
clustering of CD20 or both CD20 and CD22 via the HexAbs
induced neither a rapid rise in intracellular calcium nor phosphory-
lation of Lyn, Syk, and PLC�, which are characteristic of ligating
BCR with anti-IgM.30 The inability of the HexAbs to effect a
transient increase in intracellular calcium as well as a notable
��m, and the down-regulation rather than up-regulation of phosphor-
ylated ERK, also differentiate their action from that induced by
crosslinking veltuzumab or rituximab with a secondary Ab.

Additional studies using PTEN siRNA and the PI3K inhibitor,
LY294002, suggest that PTEN, which converts PI(3,4,5)P3 to
PI(4,5)P2, and PI3K, producing PI(3,4,5)P3 from PI(4,5)P2, play
opposing roles in mediating the direct toxicity induced by the
anti-CD20/CD22 HexAbs, for which we show PTEN siRNA
mitigates, whereas LY294002 enhances, the apoptotic outcome.
Such results suggest that accumulation of PI(4,5)P2, either via the
up-regulation of PTEN or the inhibition of PI3K, may be critical for
tipping the balance of survival toward death.

Collectively, our findings are consistent with the view that the
potent direct cytotoxicity of 20-20, 22-20, and 20-22 is due to their
ability for multivalent binding, which lowers the threshold for
modifying multiple signaling pathways, resulting in a new distribu-
tion of pro- and antiapoptotic proteins that promotes growth arrest,
apoptosis, and, eventually, cell death. Surprisingly, these effects
translated to notable differences with regard to their relative
potency for killing normal human B cells versus human Burkitt
lymphoma cells ex vivo, where 22-20 and 20-22 showed a higher
therapeutic ratio (percentage killing of malignant vs percentage
normal B cells), compared with veltuzumab and rituximab.25

Because neither 22-20 nor 20-22 displayed CDC activity, in
contrast to the parental veltuzumab, and although 22-20 was less
effective in ADCC than 20-22 or veltuzumab, the presence of 4
Fabs of veltuzumab in 22-20 enhanced the ADCC of epratuzumab,

which was found to be moderate but statistically significant.25

Taking into consideration that both 22-20 and 20-22 had a higher
therapeutic index ex vivo in terms of relative killing of lymphoma
versus normal B cells than their parental mAbs, we speculate that a
bispecific anti-CD20/CD22 HexAb may be a more potent class of
antilymphoma therapeutic antibodies for clinical use. In terms of
treating B-cell lymphomas and leukemias expressing both CD20
and CD22, the results suggest that 22-20, with 4 anti-CD20 Fabs,
would be the more effective of the 2 bsAb choices. These
experiences stimulate us to study whether bispecific HexAbs
against other cancer targets also can acquire different and improved
therapeutic properties over their parental bivalent antibody forms.

As reported by Pease et al,39 the mobility diameter of a
Y-shaped monomeric IgG measured by electrospray differential
mobility analysis is approximately 9.4 nm, which increases to
11.5 nm for a dimeric IgG, 12.9 nm for a trimeric IgG, and as large
as 16.2 nm for an aggregate containing 6 antibodies. Because the
length of a Fab is approximately 9 nm and the length of an Fc is
approximately 8 nm, we believe the size of HexAbs should not be
much larger than a dimeric IgG. Noting that 10-100 nm is
considered the optimal range of the diameter for nanoparticle drug
carriers in cancer therapy,40 the concern that a HexAb made by
DNL would be too large to penetrate into tumor is likely not valid,
but needs to be addressed in further studies.
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