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Rituximab: Mechanism of Action

George J. Weiner

Rituximab is a mainstay in the therapy for a broad variety of B-cell malignancies. Despite its
undeniable therapeutic value, we still do not fully understand the mechanisms of action responsible
for rituximab’s anti-tumor effects. Direct signaling, complement-mediated cytotoxicity (CMC), and
antibody-dependent cellular cytotoxicity (ADCC) all appear to play a role in rituximab efficacy. In
vitro, animal model and clinical data addressing each of these mechanisms of action are reviewed,
as are data speaking to the complexity of interactions between these mechanisms. Taken together,
these data suggest different mechanisms are likely important in different scenarios. Study of the
complex mechanisms of action that contribute to the clinical efficacy of rituximab have led to novel
clinical trials including novel combinations, schedules, and generation of additional antibodies
designed to have even greater effect. Such studies need to be accompanied by rigorous correlative
analysis if we are to understand the importance of various mechanisms of action of rituximab and
use that information to improve on what is already an indispensable component of therapy.
Semin Hematol 47:115–123. © 2010 Elsevier Inc. All rights reserved.
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ituximab has become a mainstay in the therapy
of a broad variety of B-cell malignancies. In
some B-cell malignancies, rituximab alone can

nduce high response rates and long-term remissions,1,2

hile in others, adding rituximab to chemotherapy
nhances the rates of complete response, long-term
emission, and cure.3,4 Despite its undeniable value as
component of therapy for B-cell malignancies, ritux-

mab is not effective for all patients, and development
f resistance to therapy is common. Understanding the
echanisms by which rituximab induces anti-tumor

esponses is central to our ability to improve on what is
lready a highly effective therapy.

We know that anti-cancer monoclonal antibodies
mAbs) can mediate anti-tumor effects by a variety of
echanisms, including signaling resulting in cell cycle

rrest, direct induction of apoptosis, and sensitization
o cytotoxic drugs, complement-mediated cytotoxicity
CMC) and antibody-dependent cellular cytotoxicity
ADCC). Ideally, we would study these, and any other,
echanisms of action of rituximab using experimental

onditions that reflect clinical therapy. In reality this is
ore easily said than done. As a single agent, rituximab

s usually administered weekly for 4 weeks. When used
n combination with chemotherapy, it is often admin-
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stered every 3 to 4 weeks. The pharmacokinetics of
ituximab is similar to that seen with human IgG.5

hus, whether given weekly or monthly, rituximab is
resent at therapeutic levels in the circulation of pa-
ients for months at a time. As an IgG, rituximab dis-
ributes in both the intravascular and extravascular
ompartments, and so should be present within in-
olved lymph nodes with their complex architecture in
n environment that includes not only malignant B cells
ut also stromal cells, benign lymphocytes, extracellu-

ar matrix, vasculature, proteins in the extravascular
uid, and a complex mixture of cytokines and chemo-
ines.

In vitro studies allow for the rapid, rigorous, and
ocused evaluation of specific mechanisms of action.
owever, the conditions we have available in the re-

earch laboratory vary significantly from the real-world
linical environment. Studies of rituximab mechanisms
f action often utilize tumor cell lines that have been
elected based on their ability to grow rapidly in vitro,
nd sometimes their relative sensitivity to therapy. Ef-
ector cells, when present, are usually not syngeneic
nd often come from normal donors, not patients with
alignancy. In vivo, lymphocyte behavior changes
ithin seconds of cells being exposed to hypoxic con-
itions.6 It takes minutes to hours to harvest, wash, and
therwise manipulate peripheral blood cells for in vitro
nalysis. Obtaining malignant lymphocytes from lymph
odes involves much more drastic manipulation, and
ften they are cryopreserved and then thawed before
nalysis. These manipulations surely have effects on
heir response to therapy. Our best in vitro assays in-

olve incubation times of minutes (analysis of direct sig-
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116 G.J. Weiner
aling effects of rituximab) to hours (cytotoxicity assays),
ut never weeks or months—the time frame of clinical
esponse to rituximab. Finally, in vitro assays usually
ocus on one mechanism. Most studies of CMC do not
nclude immune effector cells, and studies of ADCC do
ot have functional complement, thereby preventing
hese analyses from informing us about interactions
etween mechanisms.

Animal models come one step closer to reflecting the
linical situation but also have significant limitations. Such
odels traditionally involve mice that have been inocu-

ated with malignant cell lines. Resulting tumors differ
rom clinical lymphoma with respect to growth kinetics,
henotype, infiltrating benign cells, and heterogeneity.
any models utilize immune compromised animals as
osts, and xenografted human tumors. Furthermore, ex-
erimental conditions (tumor burden at time of therapy,
osing of therapy, etc) are usually selected with an eye
owards enhancing our ability to detect a therapeutic
esponse as opposed to understanding the mechanisms
esponsible for that therapeutic response. Each of these
actors impacts on our ability to relate animal model
esults to clinical mechanisms of action.

Clinical trials and correlative assays are extremely
aluable as they involve measurement of what is hap-
ening in patients. However, the vast majority of clin-

cal trials are designed to assess efficacy of therapy, not
nderstand mechanisms of action. This restricts our
bility to manipulate conditions in a way that explores
pecific mechanisms. Correlative laboratory evaluation
ssociated with clinical trials has proven to be ex-
remely valuable, but even when informative, usually
eads to a demonstration of a correlation rather than
ausation—they are more often hypothesis-generating
han hypothesis-testing.

These limitations do not invalidate the significance
f the information gained from such research but need
o be taken into account when interpreting experimen-
al results. This review will discuss what we know, and
on’t know, about the mechanisms of action of ritux-

mab. It has been organized based on proposed mech-
nism of action, with a description of data available
rom in vitro, in vivo and clinical trials for each pro-
osed mechanism. The primary mechanisms by which
ituximab likely mediates its anti-tumor activity do not
ccur independently. The final sections of this review

nvolve discussion of possible interactions between
echanisms, and how these interactions might impact on

he efficacy, or resistance to, rituximab-based therapy.

IGNALING-INDUCED CELL DEATH

n Vitro Studies

In the absence of immune effector mechanisms,
ituximab can induce death of malignant B cell lines in

itro. The strength of this effect varies considerably t
etween target cell lines.7–10 Signaling mediated by
ross-linking of CD20 appears to be related to func-
ional reorganization of CD20 into lipid rafts. Changes
hat have been identified in response to rituximab in
itro include inhibition of p38 mitogen-activated pro-
ein kinase, nuclear factor-�B (NF-�B), extracellular sig-
al-regulated kinase 1/2 (ERK 1/2), and AKT anti-apop-
otic survival pathways. Development of in vitro
esistance to rituximab is not associated with genetic
hanges in the CD20 molecule but has been found to
e associated with downstream changes in signaling.11

he selection of CD20-resistant clones in these studies
as done in the absence of immune effector mecha-
isms (complement or cells capable of mediating
DCC); thus whether these changes also result in clin-

cal resistance to rituximab remains unclear.
Detection of signaling changes in response to ritux-

mab often requires cross-linking of the rituximab with
econdary antibodies. The affinity of anti-rituximab an-
ibodies for rituximab is much higher than the affinity
f rituximab Fc for FcR, and there is considerable
ross-linking because of the bivalent nature of the
ross-linking IgG. This artificially enhances the strength
f the signal. It is not clear whether cross-linking of
ituximab serves to speed up and strengthen the phys-
ologic effect of rituximab signaling so it can be mea-
ured in a short assay, or provides such a strong signal
hat nonphysiologic changes are induced that may not
e relevant clinically.

Sample processing itself induces signaling changes,
aking the study of signaling in primary lymphoma

amples extremely difficult. To avoid this predicament,
ost signaling assays involve use of cell lines that are

ery different from primary malignant cells. Chronic
ymphocytic leukemia (CLL) cells require considerably
ess manipulation than do lymphoma cells harvested
rom nodes, and signaling in CLL cells in response to
ituximab has been reported.12

In vitro synergy between rituximab and cytotoxic
hemotherapy has been demonstrated.13 Clones grown
o be resistant to rituximab in vitro also show resis-
ance to cytotoxic chemotherapy suggesting common
echanisms may be at play.14 Vega and colleagues

ecently demonstrated that both intact rituximab and
odified rituximab, which no longer fixes complement

r mediates ADCC, inhibit cell survival/growth. The
odified antibodies sensitized lymphoma cells to both

isplatin and Fas ligand-induced apoptosis.15 Evaluation
f the effects of such combinations have been among
he most valuable in vitro assays exploring rituximab
echanisms of action, and are particularly relevant

iven clinical evidence that such combinations are ef-
ective.

Overall, in vitro studies suggest rituximab-induced
ignaling can contribute to the anti-tumor effect of

herapy and can synergize with cytotoxic therapy.
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Rituximab: mechanism of action 117
nimal Model Studies

Animal models carry the potential advantage of al-
owing for prolonged exposure of malignant cells to
ituximab in an environment where the cells are grow-
ng in a physiologic environment. Synergy has been
bserved in animal models of rituximab and chemo-
herapy16,17 and these studies have helped provide im-
etus for clinical evaluation of such combinations;
owever, they add little to our understanding of ritux-

mab mechanisms of action as either single agents or in
ombination with chemotherapy.

linical Studies

Indirect evidence suggests that anti-CD20 therapy can
esult in regression of B-cell lymphoma in a manner that is
ot dependent on robust immune participation. The ear-

iest such evidence comes from the first studies of radio-
abeled anti-CD20 therapy. Subjects were preloaded with
old (unradiolabeled) antibody to improve biodistribution
f the radiolabeled antibody. Unexpectedly, some sub-

ects demonstrated shrinkage of lymphoma after the cold
ntibody but before the radiolabeled antibody was giv-
n.18 The cold antibody used in this study was a murine
gG2a (B1), demonstrating that even a murine IgG anti-
ody, with its relatively poor ability to interact with hu-
an Fc receptors, can have anti-tumor activity.
Rituximab injected directly into the cerebrospinal

uid in patients with central nervous system (CNS)
ymphoma has been reported to have local anti-lym-
homa effects.19 The lack of significant levels of com-
lement or cells capable of mediating ADCC in the CNS
ould suggest a direct effect of rituximab on the ma-

ignant cells. On the other hand, a small study suggests
he therapeutic effect of CNS administration of ritux-
mab can be augmented by concomitant injection of
erum into the CNS as a source of complement.20

The overall concept that rituximab will enhance the
fficacy of chemotherapy may seem counterintuitive if
ne assumes that the mechanism of action of mAb
herapy is based on activation of immune effector
echanisms. However, clinical data in a variety of
-cell malignancies provide strong evidence that ritux-

mab and chemotherapy can work well together.3,4,21,22

ne potential explanation for the success of these
egimens that include immune effectors is that chemo-
herapy enhances the sensitivity of malignant B cells to
mmune-mediated lysis. However, Fc�RIIIA (CD16) and
c�RIIA (CD32) polymorphisms in follicular lymphoma
atients treated with rituximab plus cyclophosphamide,
incristine, doxorubicin, and prednisone (CHOP) chemo-
herapy did not predict clinical outcome.23 These nega-
ive data provide circumstantial support for the hypothe-
is that direct signaling either induces apoptosis in
hemosensitized cells or sensitizes the malignant cells to
ytotoxic therapy when rituximab is given along with

hemotherapy. t
ignaling-Induced Cell Death—Conclusions

Taken together, there is indirect but convincing
vidence extending from in vitro analyses through clin-
cal trial correlative studies that signaling effects of
ituximab on B cells independent of additional immune
ffector mechanisms can contribute to the anti-tumor
ctivity of rituximab. The strongest such evidence is
he clear demonstration that the combination of ritux-
mab and cytotoxic chemotherapy is effective in a va-
iety of B-cell malignancies. Indeed, many investigators
re evaluating novel approaches to combining ritux-
mab with cytotoxic chemotherapy in vitro, in animal

odels and in clinical trials based on the synergistic
ffects of rituximab signaling and cytotoxic therapy.

OMPLEMENT-DEPENDENT CYTOTOXICITY

n Vitro Studies

Several studies have demonstrated in vitro that rit-
ximab is highly efficient at mediating CMC of various
-cell lines, as well as fresh malignant B-cell samples.
he expression of complement inhibitory molecules
CD55 and CD59) on malignant B cells correlates with
he extent of in vitro lysis.24–29 Follicular lymphoma is
ore sensitive to rituximab clinically, and follicular

ymphoma cells are more effectively lysed by comple-
ent in vitro when compared to cells from subjects
ith large cell lymphoma or mantle cell lymphoma.30

hese studies generally use serum as a source of com-
lement, which speaks to the importance of CMC in
he circulation, but tells us little about whether com-
lement plays a role in the anti-tumor activity of ritux-

mab within lymph nodes or at other extravascular
ites. To begin assessing this issue, we recently evalu-
ted whether CMC is observed when rituximab is
dded to transudative pleural fluid or ascites that
erved as surrogates for extravascular fluid. Although
he concentration of various components of the com-
lement cascade was lower in these fluids than in
lasma, there was enough complement in these fluids
o mediate CMC31 and to suggest that CMC could be
ontributing to the anti-tumor activity of rituximab in
he extravascular, as well as intravascular, compart-
ents.

nimal Model Studies

A number of in vivo tumor models suggest the anti-
umor activity of rituximab is dependent, at least in
art, on complement.32,33 Depletion of cellular effec-
ors in these models had no effect on the therapeutic
esponse to rituximab, while depletion of complement
hrough use of cobra venom factor abolished the ther-
peutic response. However, these models involved use
f rituximab (a chimeric humanized IgG) in mice,
hich would require interaction between a murine
arget cell, human IgG, and murine complement cell if
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118 G.J. Weiner
MC were to take place. In addition, the target cells
xpress low levels of complement inhibitor molecules.
omplement activation was recently found to play a

ole in antibody-induced infusion toxicity in both a
odent model and non-human primates. Use of antibod-
es modified to have a reduced ability to fix comple-

ent induced fewer infusion reactions. In the rodent
odel, this reduction in infusion reaction had little

ffect on anti-tumor activity.34 These data support the
ontention that complement fixation contributes to
nfusion reactions, although they also confirm that in-
usion reactions are not good predictors of a therapeu-
ic response to antibody.

linical Studies

Clinical observations demonstrate complement is ac-
ivated during treatment with rituximab in some but
ot all patients35 and that complement activation cor-
elates with infusional toxicity.36 CLL cells that remain
fter rituximab treatment have been found to have a
igher surface expression of the complement inhibitor
D59 when compared to pretherapy expression of this
arker.37,38 This suggests selective elimination or traf-

cking out of the circulation of CLL cells expressing
ower amounts of CD59 that might be more sensitive to
MC. However, no correlation has been found be-

ween expression of complement inhibitors and clini-
al response to rituximab treatment.29 Thus, comple-
ent consumption mediated by rituximab may not

ranslate into anti-tumor efficacy.

MC—Conclusions

CMC can clearly result in rapid cell death of ritux-
mab-coated target cells, and is a prime mechanism of
ction for antibody therapy in some animal models.
here are considerable data suggesting CMC occurs in
atients after rituximab therapy, and that complement
xation plays a role in infusion reactions. What is less
lear is the degree to which CMC contributes to the
linical anti-tumor response to therapy, and whether it
s active against cells that are outside the intravascular
ompartment. Overall, the evidence that CMC contrib-
tes to the clinical efficacy of rituximab has been seen
s strong enough to encourage the clinical develop-
ent of next generation anti-CD20 antibodies with an

nhanced ability to fix complement,39 and infusion of
lasma during rituximab treatment to replenish com-
lement.40 Whether such approaches will be clinically
uperior to rituximab therapy remains to be seen.

NTIBODY-DEPENDENT
ELLULAR CYTOTOXICITY

n Vitro Studies

mAbs can induce ADCC mediated by a variety of

ffector cells, including natural killer (NK) cells, gran- t
locytes, and macrophages.41,42 These processes re-
uire that the Fc of the antibody bound to the target
ell bind to Fc� receptor (Fc�Rs) on the effector cells
riggering immune cell activation and death of the
arget cell.43 Rituximab can induce ADCC of human
ymphoma cell lines by human peripheral blood mono-
uclear cells.24 However, in vitro detection of ADCC
ith rituximab and other antibodies often involves

ery high, nonphysiologic, effector:target cell ratios,
ften in the 25–50:1 range. Immune effector cells are
ften pre-activated with cytokines such as interleukin-2
rior to the ADCC assay. It is not clear whether these
anipulations serve to speed up ADCC so it can be
easured in a 4-hour time frame, or provide for killing

ia a mechanism that is not relevant clinically.
Most research exploring ADCC and rituximab has

ocused on interactions of rituximab with CD16 on NK
ells; however, other Fc receptors, including CD32,25

D64,44 and CD89,45 may also contribute to anti-
D20–mediated ADCC. Expression of these receptors,
nd ADCC mediated by cells expressing them, is en-
anced by the presence of a number of different cyto-
ines including interferon gamma (IFN�), which can be
roduced by activated NK cells. Thus, it is conceivable
hat CD16 plays a role in activating NK cells locally, and
hat the resulting cytokines produced by NK cells en-
ance ADCC mediated by other receptors and other
ffector cells.

nimal Model Studies

As outlined above, CMC is the central mechanism of
ction in some animal models of rituximab therapy. In
thers, CMC appears to play a limited role and ADCC is
ost important.46 Perhaps the strongest evidence for

he importance of ADCC in animal models comes from
he work of Clynes and colleagues, who found that
ntibody was effective in wild-type mice but not in
ice lacking the common FcR� chain.47 Furthermore,

he anti-tumor effect of mAb therapy was enhanced in
ice lacking Fc�RIIb, which is an inhibitory recep-

or,48 providing additional evidence that the interac-
ions between the antibody and FcR is central to deter-
ining the efficacy of therapy.

linical Studies

The most convincing evidence that ADCC is mech-
nistically involved in clinical response to rituximab
herapy comes from correlative studies demonstrating
n association between polymorphisms on CD16 (also
nown as Fc�RIIIa) and clinical response to single-
gent rituximab. CD16 homozygous for valine at 158
VV) has a higher affinity for IgG1 than does CD16 with
henylalanine at that position (VF or FF).49 Patients
ith follicular lymphoma with the VV genotype have a
etter clinical response to rituximab than patients with

he VF or FF genotype.50,51 The same polymorphism is
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Rituximab: mechanism of action 119
lso predictive of rituximab response in patients with
aldenström’s macroglobulinemia.52 Follicular lym-

homa patients homozygous for histidine at 131 (HH)
n Fc�RIIa also have an improved response to ritux-

mab.51 These data highlight the importance of Fc–
c�R interactions in the anti-tumor effects of rituximab
nd suggest that ADCC is a major mechanism of action.
hey also point towards NK cells, the principal cells

hat express CD16, as being key contributors to the
nti-tumor activity of mAbs. However, not all data in-
icate these polymorphisms are clinically relevant.
D16 polymorphisms did not predict clinical response

o rituximab in CLL patients53 or follicular lymphoma
atients treated with rituximab plus CHOP.23

This strong, if indirect, evidence that the interaction
etween rituximab Fc and CD16 is central to the mech-
nisms of action of rituximab has led to the develop-
ent and clinical evaluation of novel strategies for

nhancing target cell lysis by NK cells, including the
ddition to rituximab of immunostimulatory agents de-
igned to activate NK cells,54,55 and development of anti-
D20 antibodies with stronger affinity for CD16.43,56 Thus

ar, none of these strategies has been unequivocally suc-
essful, but evaluation is ongoing.

DCC—Conclusions

In vitro, animal model and correlative clinical stud-
es suggest that interaction of antibody Fc with CD16
ontributes to the clinical anti-tumor activity of single-
gent rituximab. The most obvious interpretation of
hese findings is that NK cells are mediating ADCC of
ituximab-coated target cells. However, there are alter-
ative explanations. For example, NK cells are acti-
ated and produce IFN� when they come in contact
ith rituximab-coated target cells.57 This IFN� could
ave direct anti-tumor effects on the malignant cells, or
ould be activating other immune effector cells that
ould contribute to ADCC. Indeed, IFN� is known to
pregulate the high-affinity Fc� receptor (CD64) on
ranulocytes.58 Whether the contribution of NK cells is
irect or indirect will be difficult to discern. However,
linical trials comparing rituximab to next generation
nti-CD20 antibodies that have an enhanced ability to
ind to Fc Fc� R and activate NK cells will help us
nderstand the clinical importance of ADCC in the
nti-tumor activity of rituximab.

NTERACTING MECHANISMS

The discussion above addresses the major mecha-
isms of action of rituximab independently. In fact,
esults of a number of studies point to more than one
echanism playing a role sensitivity or resistance to

herapy including an increase in complement inhibi-
ory molecules, decreased expression of CD20, and

nhanced expression of anti-apoptotic molecules.59,60 m
There are also extensive interactions—both syner-
istic and antagonistic—between these mechanisms of
ction. A mechanism that may contribute to the anti-
umor activity of rituximab in one clinical scenario may
ctually inhibit the therapeutic response in another.
ifferent mechanisms may contribute in different ways
t different sites and times within an individual patient.

An excellent example is complement. The influence
f the complement system on the immune response
oes beyond traditional CMC. Complement can impact
n B-cell activation directly61 and C3 has been shown to
ave a direct inhibitory effect on NK cell function.62

learance of apoptotic bodies by complement may im-
ede development of an active immune response.63,64

his may help explain our apparently paradoxical finding
f a correlation between polymorphisms in the C1q com-
onent of complement (A v G at position 276) and
uration of response to single-agent rituximab.65 In this
tudy, subjects with a polymorphism associated with
ecreased protein expression had a better outcome.
ore specifically, we found prolonged remission

mong subjects that were carriers of the A allele, which
s associated with lower C1q levels and less biologic
1q activity, when compared to homozygous G sub-

ects who have more biologically active C1q.
The presence of immune complexes on the surface

f cells does not always lead to CMC. Taylor and col-
eagues have demonstrated that monocytes and macro-
hages may “shave” rituximab-complement complexes
ff the surface of CLL cells,66,67 resulting in viable ma-

ignant cells that no longer have surface antigen on
heir surface. Whether this phenomenon is limited to
ituations such as CLL where opsonized cells circulate
hrough the liver and spleen, or also takes place in the
ymph nodes, remains to be seen.

We recently reported that NK cell activation and
DCC induced by rituximab-coated target cells are in-
ibited by the C3b component of complement.68 The
pitope to which C3b binds to IgG Fc is very close to
he epitope on the IgG Fc that binds to CD16. Thus,
omplement fixation may actually impede rituximab
inding to CD16 and ADCC. We have also found that
epletion of complement can actually enhance the
fficacy of antibody therapy in a murine model.31

Complement depletion, systemically or locally, could
esult in loss of CMC, or alternatively loss of the inhibitory
ffect of complement on other mechanisms.66 Taken to-
ether, CMC can result in anti-tumor activity in some situa-
ions, but this may be offset by shaving of the immune
omplex from the surface of viable malignant cells, or
nhibition of ADCC through C3b blockade of the interac-
ion between rituximab and NK cells. Thus, complement
ay be a positive contributor to therapy in some circum-

tances while having negative effects in others (Figure 1).
The dynamics of interaction between such mecha-

isms are extremely complex given the differences in

icroenvironment, saturation of receptors and possi-
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120 G.J. Weiner
le exhaustion of proteins or cells vital for effective
arget cell destruction. This could well explain many of
he apparently conflicting results discussed above. Rit-
ximab concentration, immune effector cell infiltra-
ion, FcR saturation, and complement depletion in the
ocal microenvironment could all impact on whether a
iven mechanism is active. Mechanisms that are impor-
ant in one setting may be less important in another,
ven in the same patient at different times or locations.
his review has focused on the mechanisms of action

igure 1. (A) Mechanisms of action related to direct rit
ituximab-induced CMC and ADCC with potential that the
f rituximab. There is growing evidence that not all s
nti-CD20 mAbs are alike.69 Class I mAbs, including
ituximab, and class II anti-CD20 mAbs, such as tositu-
omab, vary in how they cross link CD20. When com-
ared to class I anti-CD20, class II anti-CD20 appear to
esult in less movement of CD20 into lipid rafts, in-
reased signaling-induced cell death, decreased CMC,
nd possibly increased ADCC.70 Thus, findings related
o the relative importance of rituximab mechanisms of
ction and how they interact may not be applicable to
ll anti-CD20 mAbs. Whether class I or class II mAbs are

-induced signaling. (B) Mechanisms of action related to
mechanisms can be antagonistic.
uximab
uperior clinically remains to be determined.
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ONCLUSION

The data presented here suggest that rituximab-me-
iated signaling, CMC, and ADCC all contribute to
ituximab’s anti-tumor activity. Given this complexity,
here do we go from here? We are unable to say “This

s it!” with respect to a single mechanism being central
o clinical response to rituximab. However, the ongo-
ng evaluation of mechanisms of action has led to new
ituximab-based combinations, novel schedules, and
he design of the next generation of antibodies dis-
ussed at length elsewhere in this issue of Seminars in
ematology. Preclinical validation of novel strategies is
eing followed by clinical evaluation of the most prom-

sing approaches. Clinical trials based on these data
nclude evaluation of antibodies with an enhanced abil-
ty to signal, mediate CMC, and mediate ADCC. Such
tudies need to be accompanied by rigorous correlative
nalysis, and will continue to be central to our ability to
nderstand the importance of various mechanisms of
ction of rituximab in different settings. This knowl-
dge can be used to improve on what is already an
ndispensable approach to therapy. The results related
o an enhanced understanding of mechanisms of action
ould well be applicable beyond rituximab therapy of
-cell malignancies and impact on treatment of other
ancers and benign disorders.
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