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The year 2007 marks the 10th anniversary of approval
by the U.S. Food and Drug Adminstration of the first
monoclonal antibody for the treatment of cancer.
Rituximab, an anti-CD20 chimeric monoclonal anti-
body, was approved for the treatment of patients with
relapsed/refractory low-grade B-cell non-Hodgkin
lymphomas. From an immunologic perspective, this
therapeutic indication provided the long-elusive
validation of immunotherapy as the fourth modality of
treatment for patients with cancer. From a clinical
perspective, it was hard to imagine then that this
nonchemotherapeutic approach would dramatically
impact the management of patients with almost every
type of B-cell malignancy and that it would even find a
place as a therapeutic option for patients with non-

malignant disorders. Although thousands of patients
have been treated worldwide with rituximab, there is
still debate regarding its mechanism(s) of action. The
demonstration that a number of patients do not benefit
with this treatment and that no cures have been
achieved with single-agent rituximab prompted several
investigators to identify those barriers limiting the
efficacy of this monoclonal antibody. Here, we summa-
rize what we have learned in the past 10 years about
rituximab efficacy and its mechanisms of action and
resistance. We also discuss the new generation of
monoclonal antibodies, the development of which has
been spurred by the widespread success of anti-CD20
MAb therapy.

Rituximab: The First 10 Years
Rituximab, a chimeric anti-CD20 monoclonal antibody
(MAb), induces killing of normal and malignant B cells
expressing the cell-surface molecule CD20. Treatment with
rituximab as a single agent has resulted in significant re-
sponses in patients with almost every subtype of B-cell
lymphoma. However, its biggest benefit is seen when it is
combined with chemotherapy regimens for patients with
indolent as well as aggressive B-cell non-Hodgkin lym-
phomas (NHLs).1 In indolent lymphomas, the addition of
rituximab to every chemotherapeutic combination (FCM,
CVP, CHOP, FND) has resulted in a significant increase in
overall response rate (ORR) and complete remission rate
(CR), as well as delay of time to progression (TTP).2-4 In
diffuse large B-cell lymphomas, adding rituximab to CHOP
chemotherapy not only has positively affected the ORR,
CR and TTP, but also has led to an increase in overall
survival (OS).5 A recently presented 7-year update by the

Groupe d’Etude des Lymphomes de l’Adulte (GELA) group,a

has confirmed the long-term survival benefit of combining
rituximab with CHOP for the treatment of elderly patients
with diffuse large B-cell lymphomas. However, not always
adding rituximab to chemotherapy has led to improved
clinical outcomes. For instance, in patients with mantle cell
lymphoma (MCL), treatment with CHOP plus rituximab
resulted in progression-free survival (PFS) and OS that was
similar to the outcomes observed in patients treated with
chemotherapy alone.6

In addition to its use as a single agent or in combina-
tion with chemotherapy, several clinical studies have evalu-
ated the role of rituximab to consolidate or prolong remis-
sion after rituximab monotherapy,7-10 standard chemo-
therapy,11-12 or following combined rituximab-chemo-
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therapy.12-14 Although different schedules of maintenance
rituximab have been used after rituximab monotherapy
(Table 1), we still do not know what is the best dose, dura-
tion and proper interval between treatments for patients
with follicular lymphomas and other B-cell lymphomas.
Only one prospective pharmacokinetic study has addressed
the optimal interval between rituximab doses.9 By defin-
ing the serum concentration of rituximab at 25 mg/mL as a
target, Gordan et al found that the administration of one
dose of the MAb (375 mg/m2) every 3 months was suffi-
cient to maintain active levels of rituximab above this se-
lected threshold. In lieu of these data, the 3-month sched-
ule has been adopted in ongoing clinical studies spon-
sored by several cooperative groups. As an example, the
Eastern Cooperative Oncology Group (ECOG) 4402 (RE-
SORT study) is an important clinical trial that would likely
better define the role of maintenance rituximab in the front-
line follicular lymphoma setting. Patients with low tumor
burden, stage III/IV follicular lymphoma are treated with
standard rituximab induction (375 mg/m2 weekly for 4
weeks) and those that achieve CR/partial response (PR) are
then randomized to either maintenance rituximab (375 mg/
m2 every 12 weeks until progression or side effects) or
retreatment with rituximab at the time of relapse.

Although some studies have shown a significant clini-
cal benefit when using maintenance rituximab after initial
standard chemotherapy with either CVP11 or CHOP,12 there
is still debate as to whether maintenance rituximab pro-
vides additional benefit to those patients in which this MAb
was also used as part of the induction regimen. A recent
update of the Intergroup study E4494/C9793b has further
confirmed that patients with diffuse large B-cell lymphoma
randomized to receive R-CHOP as induction regimen did
not achieve additional clinical benefit with maintenance
rituximab (375 mg/m2 weekly for 4 weeks) given every 6
months for 2 years. Other studies have shown, however,
that in patients with relapsed follicular lymphomas or MCL,
the addition of rituximab maintenance (375 mg/m2 weekly
for 4 weeks on months 3 and 9 after randomization) to

induction chemotherapy with fludarabine, cytoxan,
mitoxantrone and rituximab (FCM-R) led to improved re-
sponse duration compared with the clinical outcome ob-
served in patients that received FCM-R but not mainte-
nance.13 Similarly, Van Oers et al have found that, in pa-
tients with relapsed/refractory follicular lymphoma who
responded to induction treatment with CHOP chemotherapy
with or without rituximab, the addition of maintenance
rituximab (375 mg/m2 every 12 weeks for 2 years) signifi-
cantly improved PFS and OS.14 It is important to mention
that until recently no studies have addressed the role of
rituximab maintenance following combined rituximab-
chemotherapy in the frontline follicular lymphoma setting.
The European International Primary Rituximab and Main-
tenance (PRIMA) study is trying to answer this question by
assessing the effect of maintenance rituximab (375 mg/m2

every 2 months for 2 years) versus observation in patients
with follicular lymphoma who achieve a CR/PR after in-
duction treatment with either R-CHOP, R-CVP or R-FCM.
Needless to say, in the absence of conclusive data on effi-
cacy and long-term toxicities from prospective random-
ized trials of maintenance versus no maintenance, the use
of rituximab to consolidate or maintain an initial response
should not be considered as standard, and its use should be
limited to clinical trials.

Rituximab, since its initial use in patients with folli-
cular lymphomas, has dramatically changed our approach
toward patients with B-cell malignancies. Ongoing and fu-
ture clinical trials will define how to maximize the efficacy
of this treatment that, although in use for 10 years, is still
endowed with a therapeutic potential that remains to be
fully unveiled.

Rituximab’s Mechanism of Action
Rituximab works by binding to CD20, a cell-surface anti-
gen expressed on almost all B-cell lymphomas and in nor-
mal B cells. How this binding results in cytotoxicity is not
entirely known, but likely includes several mechanisms.15

Among the proposed mechanisms of action of rituximab
are (1) elicitation of antibody-dependent cellular cytotox-
icity (ADCC), (2) induction of lymphoma cell death through
complement-dependent cytolysis (CDC) and/or comple-

Table 1. Schedules of rituximab maintenance.

Reference Patient population Maintenance schedule

Hainsworth et al7 Untreated follicular and SLL Induction: Rituximab monotherapy (375 mg/m2 weekly × 4 weeks)
375 mg/m2 weekly × 4 weeks every 6 months × 3 times

Ghielmini et al8 Untreated and relapsed follicular lymphoma Induction: Rituximab monotherapy (375 mg/m2 weekly × 4 weeks)
375 mg/m2 at month 2,4,6,8 after end of induction

Gordan et al9 Patients with CD20+ lymphoproliferative 375 mg/m2 every time rituximab blood levels fall under 25 mg/mL
disorders who had received at least 1 (375 mg/m2 given every 3-4 months)
prior treatment

Hagenbeek et al Relapsed follicular lymphoma 375 mg/m2 every 3 months × 2 years
EORTC10

Abbreviations: SLL, small lymphocytic leukemia; EORTC, European Organization for Research on Treatment of Cancer.
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ment-dependent cellular cytotoxicity, and (3) direct induc-
tion of apoptosis following engagement of CD20 by
rituximab. In addition, a mechanism that is gaining par-
ticular attention relates to the potential “vaccinal effect”
of rituximab. Killing of malignant B cells by rituximab has
been proposed, might promote cross-presentation of lym-
phoma antigens by antigen-presenting cells (APCs) and
priming of lymphoma antigen-specific T cells.16

Antibody-dependent cellular cytotoxicity
This mechanism involves binding of the antibody’s Fc por-
tion to Fcγ receptors expressed in immune cells with cyto-
toxic capabilities such as monocytes, natural killer cells
and granulocytes, which would then lead to destruction of
rituximab-bound B cells either by phagocytosis or by the
release of cytotoxic granules contained in immune effector
cells. Several lines of evidence have led many investiga-
tors to consider ADCC as the major mechanism of action of
rituximab. First, studies in vitro have shown that depletion
of malignant B cells by rituximab requires the presence of
functional mononuclear cells.17 Second, elegant studies
using mice genetically devoid of inhibitory Fc receptors
demonstrated that the in vivo antitumor effect of rituximab
requires interaction of its Fc portion with Fc receptors ex-
pressed in the host’s immune cells.18 Perhaps the strongest
evidence favoring ADCC as the main mechanism of action
of rituximab was provided by three independent groups
that found that properties of the host’s FcγR to which the
antibody binds on leukocyte effector cells influences the
efficacy of rituximab therapy.19-21

Complement-mediated cytotoxicity
Given the ability of the Fc portion of rituximab to bind
complement, it was proposed that this MAb might induce
lymphoma cell death through complement-dependent cy-
tolysis (CDC) and/or complement-dependent cellular cy-
totoxicity. Support for this mechanism of action was pro-
vided by in vitro studies demonstrating that rituximab can
trigger complement-dependent killing of a variety of hu-
man lymphoma cell lines.15 The additional observation that
complement activation occurred during rituximab treat-
ment in vivo and that modulation of two complement in-
hibitors, CD55 and CD59, led to enhanced CDC in
rituximab-treated cells, provided further support for the role
of complement activation as a mechanism by which
rituximab might kill B cells.22,23 However, the enthusiasm
for this mechanism was tempered by the findings that B-
cell depletion induced by rituximab still occurred in mice
genetically deficient of some complement factors.24 There-
fore, the exact role played by complement activation in
rituximab-induced tumor killing remains to be elucidated.

Direct induction of apoptosis
The B-cell surface phosphoprotein CD20 has been postu-
lated to play a role in several cellular functions such as
proliferation, activation, differentiation and cell survival.25

In vitro studies have shown that engagement of CD20 by
rituximab triggers a cascade of intracellular signaling
events and selective down-regulation of antiapoptotic fac-
tors. For instance, Bonavida’s group has shown that
rituximab diminishes the activity of the p38MAPK signal-
ing pathway, resulting in inhibition of the IL-10/IL-10R
cytokine loop, leading to the inhibition of constitutive
STAT3 activity and subsequent down-regulation of the anti-
apoptotic molecule bcl-2.26 Rituximab also up-regulates
Raf-1 kinase inhibitor protein (RKIP) expression in some
malignant B cells. RKIP is a negative regulator of ERK1/2
as well as NF-κB pathways, two major survival pathways in
B cells. Rituximab-induced increased expression of RKIP
therefore led to diminished levels of ERK1/2 and NF-κB,
both of which contribute to the down-regulation of Bcl-xL
and subsequent sensitization to drug-induced apoptosis.25

An important recent observation relates to the ability of
rituximab to translocate CD20 into lipid rafts in vitro and
to induce caspase activation via increased calcium mobili-
zation.27 Needless to say, the relative contribution of these
different intracellular events to the overall antitumor effi-
cacy of rituximab in vivo remains to be fully elucidated.
Byrd and colleagues provided what is considered one of
the strongest pieces of evidence supporting a direct
apoptotic effect of rituximab in the clinical setting. Analy-
sis of circulating malignant B cells immediately after in
vivo treatment with rituximab demonstrated that these cells
display activation of several caspases and poly (ADP-ri-
bose) polymerase (PARP) cleavage. This apoptotic effect
was observed long before other potential mechanism such
as ADCC could be triggered in vivo, suggesting that direct
apoptosis induced by rituximab might play a role in deple-
tion of circulating malignant B cells.28

Cross-presentation of lymphoma-derived antigens
and “vaccinal” effect of rituximab
One of the most intriguing clinical observations in patients
with follicular lymphomas was the finding that retreatment
with rituximab was associated with a median response du-
ration that was longer than the one observed following first
treatment with this MAb.29 Furthermore, in those patients
that responded to retreatment, the antitumor effect of
rituximab persisted long after the antibody was cleared from
circulation. These findings led some investigators to pro-
pose that rituximab-induced killing of malignant B cells
might result in priming of lymphoma antigen-specific T-
cell responses in vivo. Generation of these T-cell responses
or “vaccinal effect” of rituximab might in turn be respon-
sible for an antilymphoma immunity that persists far be-
yond the initial cytotoxic effect of the antibody itself. Sup-
porting this mechanism, Selenko et al have shown that in
vitro treatment of lymphoma cells with rituximab led to
cell destruction and generation of apoptotic bodies that
are taken up and processed by APCs and subsequent cross-
presentation of tumor-derived antigens to T cells.16
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Rituximab Resistance
Despite being an effective agent in the treatment of B-cell
lymphomas, approximately 50% of patients with relapsed/
refractory CD20+ follicular lymphomas do not respond to
initial therapy with rituximab (innate resistance)30 and close
to 60% of prior rituximab responding patients will not
longer benefit with retreatment with this monoclonal anti-
body (acquired resistance).29 Whether these forms of
rituximab-resistance are due to an adaptive property of the
malignant B cell or to an impaired host’s immune effector
mechanisms remains unclear. Below, we describe the stud-
ies that have increased our understanding of the mecha-
nisms of rituximab-resistance and fostered the rational de-
velopment of therapeutic strategies aimed to overcome these
barriers to anti-CD20 therapy.

Tumor-related mechanisms
It was initially thought that the degree of CD20 expression
in malignant B cells would influence the magnitude of
response to rituximab treatment. However, several studies
have demonstrated that the intensity of CD20 expression
does not predict response to treatment and/or represents a
major resistance mechanism to rituximab therapy.15 An al-
ternative explanation was that perhaps malignant B cells
undergo mutations that render them less susceptible to
rituximab. Support for this mechanism has been provided
by extensive studies of rituximab-resistant (RR) cell lines
displaying altered cell-signaling pathways. For instance, it
has been observed that cross-linking of the rituximab mol-
ecule bound to the surface of RR cells do not lead to their
apoptosis.31 RR cell lines have been shown to display
changes in the intracellular domain of the CD20 antigen
that affect the pro-apoptotic proteins SERCA3 and Bax/
Bak resulting in a decrease in intracellular Ca++ mobiliza-
tion and inhibition of apoptosis.32 Other studies have shown
that RR cells display constitutive hyperactivation of the
survival pathways NF-κB and ERK1/2, leading to over-
expression of Bcl-2, Bcl-2–related gene, and myeloid cell
differentiation-1 and increased drug resistance.31 Unlike
parental cells, treatment of RR cells with rituximab does
not diminish the expression of resistant factors. In contrast,
specific pharmacologic inhibition of NF-κB, ERK1/2 path-
ways or Bcl-2 was able to sensitize the RR clones, providing
support for a rational combination of pharmacologic inhibi-
tors targeting survival/antiapototic pathways with rituximab
as a strategy to overcome intrinsic mechanisms or resistance
in malignant B cells.

Host-related mechanisms
Evidence accumulated in recent years is pointing to host-
related mechanisms rather than intrinsic properties of the
malignant B cell as playing a dominant role in rituximab-
resistance. Indeed, the host’s FcγR to which the antibody
binds on leukocyte effector cells seems to greatly influ-
ence rituximab efficacy.19-21 Three classes of FcγR (FcγRI,

FcγRII and FcγRIII) have been described in immune effec-
tor cells. Eight genes located on chromosome 1 in humans
encode these receptors and their subclasses. Some of these
genes display allelic polymorphism that results in allo-
types with different receptor properties.19 Among those
genes, one that is particularly important is the FCGR3A
gene that, given its dimorphism, can encode FcγRIIIa
(CD16) with either the amino acid phenylalanine (F) or
valine (V) at amino acid position 158. It turns out that such
a change in a single amino acid significantly affects the
affinity of the FcγRIIIa for human immunoglobulin G1 and
the subsequent efficacy of ADCC. Indeed, it is now well
established that human IgG1 binds more strongly to ho-
mozygous FcγRIIIa-158 valine/valine (V/V) expressed in
natural killer (NK) cells than homozygous FcγRIIIa-158
phenylalanine/phenylalanine (F/F) or heterozygous
FcγRIIIa-158F carriers. Given that rituximab is an IgG1
MAb, Cartron and colleagues asked whether FCGR3A poly-
morphism might influence the therapeutic response to
rituximab. In 49 patients with follicular lymphoma who
received this antibody as a single agent, these investiga-
tors found that patients with homozygous FcγRIIIa-158V/
V, who account for approximately 20% of the healthy popu-
lation, had an objective response rate of 90% at 12 months
compared with the 51% response rate observed in patients
with the FcγRIIIa-158F/F genotype.19 Weng and Levy con-
firmed these findings with the demonstration that patients
with follicular lymphomas homozygous for FcγRIIIa-158V/
V had a higher response rate and freedom from progression
(FFP) following rituximab treatment.20 Furthermore, these
same investigators found a favorable clinical outcome in
patients with follicular lymphoma treated with an idiotype
vaccine that correlated with the induction of specific anti-
idiotype antibody response and the FcγRIIIa 158 V/V geno-
type.33 Finally, in a larger series of patients with follicular
lymphoma, the Swiss Group of Clinical Cancer Research
(SAKK) observed similar outcomes, with the FcγRIIIa-
158V/V genotype being associated with a median event-
free survival (EFS) of 41 months relative to an EFS of 9
months in patients with the FcγRIIIa-158F/F genotype.21 It
should be pointed out, however, that such a positive corre-
lation between FcγRIIIa 158V/V polymorphism and re-
sponses to rituximab has not been observed in patients
with chronic lymphocytic leukemia (CLL).34 The above
findings prompted several groups to engineer the Fc por-
tion of MAbs as a strategy to increase their binding to the
low-affinity receptors FcγRIIIa-158F/F or V/F (which ac-
counts for the large majority of the population) that aug-
ments ADCC and ultimately try to improve the response to
antibody therapy.

An additional mechanism of rituximab resistance in-
volves overexpression on the malignant cells of CD55 and
CD59, molecules that have been shown to inhibit CDC.23

A recent Japanese study has demonstrated that repeated
exposure of B-cell lymphoma cell lines to rituximab in
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vitro resulted in selection of RR cells displaying an in-
creased expression of these complement-inhibitory mol-
ecules.35 Highlighting further the role of complement in
the clinical response to rituximab, Weiner’s group have
recently found that polymorphism in the C1qA compo-
nent of complement correlates with prolonged complete
remission following rituximab therapy in patients with fol-
licular lymphomas.36

Beyond Rituximab Therapy
Regardless of the mechanisms, rituximab resistance repre-
sents a significant barrier to immunotherapy of B-cell lym-
phomas. Several approaches to overcome this resistance
are under evaluation, such as drugs that interfere with in-
trinsic tumor-related mechanisms of resistance or the de-
velopment of a newer generation of MAbs (Table 2). Among
the latter, two general strategies are being pursued: (1) en-
gineering of novel anti-CD20 MAb, and (2) development
of MAbs that target antigens other than CD20.

Novel anti-CD20 monoclonal antibodies
Several new anti-CD20 MAbs are currently undergoing pre-
clinical and clinical evaluation. These antibodies fall under
two categories: (1) anti-CD20 MAb displaying higher affin-
ity than rituximab for FcγRIIIa, and (2) anti-CD20 antibodies
with lower immunogenicity (humanized).

Anti-CD20 MAbs with improved binding to FcγRIIIa.
Three novel engineered anti-CD20 antibodies, AME-133v,
rhuMAb v114, and GA-101, are currently in early phases
of clinical development. AME-133v binds with an increased
affinity to the FcγRIIIa (CD16) and has been shown to dis-
play higher affinity than rituximab for this receptor ex-
pressed in NK cells in vitro.37 Furthermore, when compared
with rituximab, AME-133v has a 10-fold improved killing
of human B cells. This novel MAb is being evaluated in a
phase 1/2 dose escalation study using weekly intravenous
doses for 4 consecutive weeks in patients with relapsed/
refractory follicular B-cell NHLs.

RhuMAb v114 is another MAb that, because of the
engineering of its Fc portion, displays a 30-fold greater

Table 2. New monoclonal antibodies and their targets in B-cell non-Hodgkin lymphoma (NHL).

Name Target Studies/comments

AME-133v CD20 Binds with an increased affinity to FcγRIIIa (CD16). 10-fold increase in cytotoxicity
relative to rituximab in vitro. Phase 1/2 study ongoing for patients with relapsed/refractory
follicular lymphoma

GA-101 CD20 Glycol-engineered Fc portion and a modified elbow hinge. 50-fold higher binding affinity to
the FcγRIIIa resulting in a 10 to 100-fold increase in ADCC in vitro. Apoptosis-inducer.

rhuMAb v114 CD20 30-fold greater binding to the low-affinity variant of FcγRIIIα than to rituximab. 2 to 10
times improved ADCC relative to rituximab in vitro.

Ofatumumab (HuMaxCD20) CD20 Humanized antibody that binds to a different CD20 epitope than rituximab. Phase 1/2
trials demonstrated activity in patients with follicular lymphoma and CLL.

IMMU-106 (hA20) CD20 Humanized antibody. Phase 1/2 studies showed a 53% ORR in patients with recurrent B-
cell NHL, including 6 patients that achieved CR.

Lumiliximab CD23 Active in CLL when used in combination with fludarabine-based chemotherapy. Phase 3
clinical trial comparing lumiliximab plus FCR to FCR alone currently ongoing.

Epratuzumab CD22 Epratuzumab in combination with rituximab for patients with refractory/recurrent B-cell
NHL was associated with a 47% ORR and 24% CR.

SGN-40 CD40 In animal models, combination of SGN-40 with CHOP was more active than either CHOP
or SGN-40 alone. Phase 1 study demonstrated activity in heavily pretreated patients with
aggressive NHL.

HCD122 CD40 In vitro studies have shown that HCD122 is a more potent mediator of ADCC than
rituximab. Phase 1 trial ongoing.

Galiximab CD80 Active in relapsed/refractory follicular NHL either as a single agent or in combination with
rituximab. Phase 3 trial comparing galiximab plus rituximab versus rituximab plus placebo
ongoing.

Apolizumab (Hu1D10) HLA-DR Active when used in combination with rituximab or G-CSF in patients with relapsed/
refractory NHL.

CMC-544 (immunoconjugate) CD22 Conjugated to calicheamicin. Clinical responses in patients with relapsed/refractory
follicular lymphoma and large B-cell lymphoma.

BL22 CD22 Recombinant anti-CD22 antibody combined with Pseudomonas exotoxin. Clinical
responses in hairy cell leukemia and to a lesser extent in patients with CLL. Hemolytic-
uremic syndrome.

Abbreviations: FCR, ADCC, antibody-dependent cell-mediated cytotoxicity; CLL, chronic lymphocytic leukemia; ORR, overall
response rate; CR, complete response; CHOP, cyclophosphamide, adriamycin, vincristine, prednisone; G-CSF, granulocyte colony-
stimulating factor
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binding to the low-affinity variant of FcγRIIIa (FF or FV)
than rituximab. This has resulted in 2 to 10 times improved
ADCC relative to rituximab in in vitro models. Preclinical
studies in cynomolgus macaques have shown, however,
that treatment with rhuMAB v114 is associated with a dose-
dependent reversible neutropenia and thrombocytopenia.
Given these hematologic toxicities, a phase 1/2 clinical study
has been recently opened in the U.S. to assess the safety of
administration of escalating doses of rhuMAb v114 in pa-
tients with relapsed or refractory follicular B-cell NHL who
have been treated with a prior rituximab-containing regimen.

GA-101 is a third-generation humanized anti-CD20
anti body with a glycol-engineered Fc portion and a modi-
fied elbow hinge. The glycol-engineered Fc gives it a 50-
fold higher binding affinity to the FcγRIII, resulting in a
10- to 100-fold increase in ADCC against CD20-express-
ing NHL cell lines. In addition, the modified elbow hinge
area resulted in stronger induction of apoptosis of several
NHL cell lines and primary malignant B cells. Such a dual
modification confers GA-101 with an increased therapeu-
tic efficacy, leading to complete responses and long-term
survival in xenograft models of diffuse large B-cell lym-
phoma and MCL.38

In spite of the excitement generated by the new gen-
eration of anti-CD20 MAbs, their potential place in the
therapeutic armamentarium against B-cell malignancies
will mainly depend not only on their safety profile but
more importantly on the demonstration of a therapeutic
efficacy far superior than the provided by rituximab. An
additional barrier faced by novel anti-CD20 MAbs is the
increasing use of maintenance rituximab, especially in pa-
tients with follicular lymphomas. In this patient population,
it is likely that the extended use of rituximab would make the
interpretation of clinical results with novel anti-CD20 MAbs
a challenge. Well-designed clinical trials targeting patients
in whom rituximab treatment is associated with minimal or
no efficacy, e.g., patients with MCL, will help to define the
role of novel engineered anti-CD20 MAb in the treatment of
B-cell malignancies.

Anti-CD20 antibodies with lower immunogenicity.
Approximately 25% of patients receiving rituximab for the
first time will experience infusion-related side effects such
as fever, chills, rigors, pruritus and/or rash. Although the
mechanism(s) involved in these adverse reactions are not
completely understood, it is thought that they are the re-
sult of the rapid lysis of circulating B cells that accompa-
nies the first rituximab infusion.39 By the time of the sec-
ond infusion, the large majority of circulating B cells have
already disappeared, and this kinetic of B-cell depletion
might explain why infusional reactions are less common
during the second and subsequent rituximab treatment.30

Nowadays, treatment with rituximab and especially man-
agement of its side effects is a routine practice in oncology.
However, its use outside this field, such as in the treatment
of rheumatologic and autoimmune diseases, still represents
a challenge. It is in these settings where novel humanized

anti-CD20 MAbs displaying lower immunogenicity and
perhaps better side-effect profile might find a therapeutic
niche. In contrast, humanized anti-CD20 MAbs will find a
place in the therapeutic armamentarium of B-cell malig-
nancies only if ongoing clinical trials demonstrate that they
are far better than rituximab, if they are active against B-
cell lymphomas in which rituximab has minimal activity
(i.e., CLL, MCL), or if they are shown to have clinical ac-
tivity in rituximab-refractory patients. The recent demon-
stration that rituximab infusion can be safely administered
over 90 minutes in patients with B-cell NHL40 has raised the
bar further for humanized anti-CD20 MAb since one of the
potential advantages of these novel antibodies was precisely
to allow shorter infusion time relative to the slow and gradu-
ally increasing speed used in rituximab treatment.

There are three humanized monoclonal anti-CD20 an-
tibodies undergoing clinical evaluation. One of these MAbs
is ofatumumab (HuMaxCD20), an IgG1κ human MAb that
binds to a novel CD20 epitope and elicits stronger CDC
but is less of an apoptosis-inducer than rituximab.41 Earlier
phase 1/2 studies evaluated the efficacy of ofatumumab in
patients with relapsed or refractory follicular NHL, patients
with CLL and patients with rheumatoid arthritis (RA). In
the first trial, 40 patients with follicular lymphoma were
treated with four-weekly infusions of ofatumumab given at
different doses (300-1000 mg). Out of 37 patients, 5 CR, 2
CR unconfirmed (CRu), and 9 PR were observed. The me-
dian duration of response and median time to disease pro-
gression in responding patients was not reached after 12
months of follow-up.41 In view of these results, ofatumu-
mab is being evaluated in a phase 3 clinical trial for pa-
tients with follicular lymphoma that are refractory to
rituximab in combination with chemotherapy or to ritux-
imab given as maintenance treatment. A separate phase 3
trial is also evaluating ofatumumab as a single agent in
patients with refractory CLL, a B-cell disorder character-
ized by lower CD20 expression and minimal susceptibility
to rituximab treatment, at least at standard doses. The ratio-
nale for this phase 3 clinical trial was provided by in vitro
studies showing that this MAb induced effective killing of
target cells expressing low levels of CD20 and by encour-
aging results obtained by Coiffier at al in earlier phase 1/2
clinical studies. These investigators showed that 11 of 21
evaluable patients (52%) treated at the highest dose level
of ofatumumab (1st week, 500 mg; weeks 2 through 4, 2000
mg) achieved objective responses (4 clinical CR and 7 PR)
lasting at least 8 weeks.42

The second humanized anti-CD20 MAb ongoing clini-
cal evaluation is IMMU-106 (hA20), an engineered anti-
body with complementarity-determining regions (CDR) of
murine origin and with 90% of the human framework re-
gions identical to epratuzumab, a humanized anti-CD22
IgG1 antibody. Preclinical studies showed that IMMU-106
displays mechanisms of cytotoxicity similar to rituximab.
Furthermore, phase 1/2 dose escalation studies for patients
with recurrent B-cell lymphomas have demonstrated a 53%
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ORR, including 6 patients that achieved CR at a median
follow up of 12 weeks.43 Although preliminary, these re-
sults demonstrating CR, tolerability, and short infusion
times are promising. Finally, the use of the third human-
ized anti-CD20 MAb, PR070769, is currently being lim-
ited to the treatment of patients with rheumatoid arthritis.

Targets other than CD20
Monoclonal antibodies targeting surface molecules other
than CD20 in B-cell NHL have shown promise in early
clinical trials and might represent an additional strategy to
overcoming rituximab resistance. Below, we describe a se-
lected list (not intended to be all inclusive) of MAbs against
B-cell malignancies.

Anti-idiotype antibodies. B-cell lymphomas represent
clonal expansion of lymphoid cells with rearranged immu-
noglobulin genes. The V-D-J recombination sequence re-
sults in a unique hypervariable region characteristic of each
individual tumor. This sequence is known as the idiotype
(Id). Although not the product of a gene mutation, the
idiotype represents a truly tumor-specific antigen that has
been the target for both passive immunotherapy by using
anti-Id antibodies44 as well as active immunization with Id
vaccines (discussed by Dr. L. Kwak in this volume). Levy’s
group at Stanford was able not only to generate monoclonal
anti-Id antibodies against human B-cell lymphomas, but also
to demonstrate tumor regression in patients treated with these
custom-made, Id-specific MAbs.45 However, a major draw-
back of this strategy has been the difficulty and labor inten-
sity of tailor-made antibodies as well as the emergence of Id
variants with no reactivity to the MAb.

Anti-CD23 MAb. CD23 is a low-affinity IgE receptor
found to be highly expressed on CLL cells. Lumiliximab is
a primatized anti-CD23 MAb with a human IgG1 constant
region and macaque variable regions. Phase 1 clinical tri-
als demonstrated that as a single agent this MAb has an
excellent safety profile but minimal activity in patients
with CLL. Given that preclinical studies showed that
lumiliximab enhances the antitumor effect of fludarabine
or rituximab in vitro and in vivo, Byrd and colleagues re-
cently conducted a phase 1/2 trial of lumiliximab in combi-
nation with fludarabine, cyclophosphamide and rituximab
(FCR) for patients with recurring CLL. In this study, an ORR
of 72% (52% CR, 10% PR, and 10% unconfirmed PR) was
observed. Furthermore, when these outcomes were compared
with published results using FCR, it seems that the addition
of lumiliximab to FCR was better than FCR alone.46 As such,
a phase 3 clinical trial comparing lumiliximab plus FCR with
FCR alone has been recently initiated.

Anti-CD22 MAb. CD22 is a glycoprotein expressed on
B cells in the mature stages of differentiation. The function
of CD22 is unclear, although some studies suggest it plays
a role in the B-cell activation complex and as an adhesion
molecule. Epratuzumab is a humanized anti-CD22 anti-
body that has been evaluated as a single agent or in combi-
nation with rituximab in phase 1/2 studies for patients with

refractory/relapsed B-cell NHL. Leonard et al have demon-
strated that epratuzumab is well tolerated with no dose-
limiting toxicity. Furthermore, in patients with aggressive
lymphomas, treatment with this MAb resulted in 10% ORR,
including 3 CR.47 In patients with refractory or recurrent B-
cell NHL, the combination of rituximab with epratuzumab
was associated with a higher ORR and CR (47% and 24%,
respectively).48

Anti-CD40 MAb. CD40 is a member of the tumor ne-
crosis factor receptor (TNFR) family that is expressed pri-
marily on B cells and other APCs such as dendritic cells
and macrophages. Binding of CD40 leads to subsequent
activation of multiple downstream signaling pathways in-
volved in cellular proliferation and survival. SGN-40 is a
humanized anti-CD40 MAb that has shown promise in the
treatment of B-cell lymphomas. In human NHL cell lines
expressing CD40, SGN-40 induced apoptosis and medi-
ated ADCC. In addition, in a xenograft animal model the
combination of SGN-40 with CHOP chemotherapy was sig-
nificantly more active than either CHOP or SGN-40 used
alone. Furthermore, a recently completed phase 1 clinical
study has shown that SGN-40 monotherapy has a favorable
safety profile and induces durable objective responses in
heavily pretreated patients with recurring aggressive NHL.49

HCD122 is another humanized anti-CD40 MAb in de-
velopment. In vitro studies have shown that HCD122 blocks
CD40-mediated cell-cycle proliferation and is a more po-
tent mediator of ADCC than rituximab.50 This antibody is
currently undergoing evaluation in phase 1 clinical trials
for patients with B-cell malignancies.

Anti-CD80 MAb. Galiximab is a primatized IgG1 mono-
clonal antibody that targets CD80, a costimulatory mol-
ecule constitutively expressed on malignant B cells and
Reed-Sternberg cells. CD80 is also transiently expressed
on activated normal B cells and APCs. Preclinical studies
demonstrated that crosslinking of CD80 inhibits cell-cycle
proliferation, up-regulates pro-apoptotic molecules, and in-
duces ADCC. In a phase 1/2 escalation study of galiximab
for patients with relapsed/refractory follicular NHL,
Czuczman et al found that this MAb therapy was safe and
resulted in an ORR of 11% (4 of 37 patients: 2 CR and 2
PR).51 Encouraging clinical outcomes were obtained by
combining galiximab with rituximab. Friedberg et al have
shown that this combination is associated with an ORR of
66% (19% CR, 14% uCR and 33% PR). In addition, the
observed PFS of 12.1 months in the galiximab-plus-
rituximab group was superior to historic rituximab single-
agent studies.52 These promising results prompted the ini-
tiation of a phase 3 clinical trial comparing galiximib plus
rituximab with rituximab plus placebo for patients with
recurring follicular B-cell NHL.

Anti–HLA-DR antibodies. The human leukocyte anti-
gen (HLA)–DR is selectively expressed on immune cells
such as B lymphocytes, activated T lymphocytes, mono-
cytes, and dendritic cells. Studies using human cell lines
have shown that binding of class II HLA molecules in-
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duces cell death in B-cell tumors.53 The exact mechanism
for this cell death is unknown but could be related to in-
duction of apoptosis through direct signaling, ADCC and/
or CDC. Some studies also suggest the formation of reac-
tive oxygen species as the cause of cell death.54 There are
several humanized monoclonal anti–HLA-DR antibodies
undergoing clinical evaluation, including apolizumab
(Hu1D10), KRN848 and 1D09C3. Rech et al evaluated
apolizumab combined with G-CSF in 6 patients with re-
lapsed or refractory 1D10+ B-cell NHL. In this study, 2 of
the 6 patients obtained a prolonged stabilization of their
disease of 12 months or more.55 Another study is evaluat-
ing apolizumab in combination with rituximab for patients
with relapsed/refractory NHL. Preliminary results of this
phase 1 clinical trial have shown a response rate of 42%
and a CR rate of 21%.56

Immunoconjugates. The development of MAbs con-
jugated with radioisotopes (radioimmunotherapy), chemo-
therapeutic drugs or toxins represents a very active field of
research aimed to improve the efficacy of MAb therapy. Radio-
immunotherapy (RIT) is already an accepted treatment mo-
dality for patients with B-cell malignancies. Two anti-CD20
IgG-radioconjugates, 90Y-ibritumomab tiuxetan (Zevalin)
and 131I-tositumomab (Bexxar), have been approved by the
U.S. Food and Drug Administration (FDA) for the treatment
of relapsed/refractory, indolent or transformed B-cell NHL.
Several studies have shown that RIT is well tolerated, has
the highest single-agent activity observed in lymphoma
therapy and can provide durable responses even in patients
who had failed previous treatments, including rituximab
therapy.57 The mechanism of action of RIT involves both
binding of CD20 as well as induction of DNA damage in
tumor cells by radioactive emissions delivered by the ra-
dionuclides. This is considered a major attribute for
radioimmunoconjugates relative to other immuno-
conjugates, since RIT can be therapeutically active even if
there are factors that impede targeting of every single cell.

As for immunoconjugates involving drugs bound to
MAbs, promising results have been seen in early clinical
studies. One such agent is CMC-544, an anti-CD22 MAb
combined with calicheamicin, a potent cytotoxic antitu-
mor antibiotic that binds DNA. In a phase 1 trial using this
conjugated antibody, an overall response rate of 69% and
33% was observed in patients with relapsed/refractory folli-
cular lymphoma and diffuse large B-cell lymphoma, respec-
tively.58 Another antibody-drug conjugate in development is
rituximab-vcMMAE, which combines the anti-CD20 prop-
erties of rituximab with the antimitotic agent monomethyl
auristatin E (MMAE). Rituximab-vcMMAE has been shown
to be selectively cytotoxic against CD20+ B-cell lymphoma
cell lines in vitro and in vivo xenograft models.59

Toxins conjugated to MAbs represent a third area of
development in immunoconjugate therapy of B-cell ma-
lignancies. Most of the toxins being evaluated are natural
proteins derived from plants, bacteria, or fungi that by in-

activating ribosomal proteins disrupt protein synthesis in
the target cells. Immunotoxin BL22, a recombinant anti-
CD22 antibody combined with Pseudomonas exotoxin,
has been shown to be effective in patients with hairy cell
leukemia and, to a lesser extent, in patients with CLL. In a
phase 1 trial, 86% of patients with hairy cell leukemia
achieved a CR with a median duration of 36 months. How-
ever, 5 patients developed hemolytic-uremic syndrome
(HUS) that responded to plasmapheresis.60 Phase 2 studies
with this immunoconjugate are now under way.

Concluding Remarks
As can be gathered from above, the last 10 years have wit-
nessed an impressive improvement in the management of
patients with B-cell malignancies. Rituximab, the first MAb
ever approved for the treatment of patients with cancer, has
been at the forefront of this remarkable journey. Either alone
or more effectively in combination with chemotherapy,
rituximab has dramatically changed our therapeutic ap-
proach to patients with almost every type of B-cell lym-
phomas. With these successes, however, also came the real-
ization of the limitations associated with MAb treatment.
A better understanding of the barriers limiting the efficacy
of rituximab prompted the rational design of novel MAbs
that are already providing encouraging results in preclini-
cal as well as in early clinical studies. In the next 10 years,
ongoing and future clinical trials will not only fully unveil
the remaining therapeutic potential of rituximab, but they
will also better define the therapeutic role of the emerging
generation of novel MAbs against B-cell lymphomas.
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