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Rituximab Infusion Promotes Rapid Complement Depletion
and Acute CD20 Loss in Chronic Lymphocytic Leukemia1

Adam D. Kennedy,2* Paul V. Beum,2* Michael D. Solga,* David J. DiLillo,*
Margaret A. Lindorfer,* Charles E. Hess,† John J. Densmore,† Michael E. Williams,† and
Ronald P. Taylor3*

Complement plays an important role in the immunotherapeutic action of the anti-CD20 mAb rituximab, and therefore we
investigated whether complement might be the limiting factor in rituximab therapy. Our in vitro studies indicate that at high cell
densities, binding of rituximab to human CD20� cells leads to loss of complement activity and consumption of component C2.
Infusion of rituximab in chronic lymphocytic leukemia patients also depletes complement; sera of treated patients have reduced
capacity to C3b opsonize and kill CD20� cells unless supplemented with normal serum or component C2. Initiation of rituximab
infusion in chronic lymphocytic leukemia patients leads to rapid clearance of CD20� cells. However, substantial numbers of B
cells, with significantly reduced levels of CD20, return to the bloodstream immediately after rituximab infusion. In addition, a mAb
specific for the Fc region of rituximab does not bind to these recirculating cells, suggesting that the rituximab-opsonized cells were
temporarily sequestered by the mononuclear phagocytic system, and then released back into the circulation after the rituximab-
CD20 complexes were removed by phagocytic cells. Western blots provide additional evidence for this escape mechanism that
appears to occur as a consequence of CD20 loss. Treatment paradigms to prevent this escape, such as use of engineered or
alternative anti-CD20 mAbs, may allow for more effective immunotherapy of chronic lymphocytic leukemia. The Journal of
Immunology, 2004, 172: 3280–3288.

T he anti-CD20 mAb rituximab (RTX)4 was the first mAb
approved for single agent therapy for non-Hodgkin’s lym-
phoma (NHL) (1–6). The efficacy of this mAb in indolent

or follicular NHL is well documented, and it is also being exam-
ined as an immunotherapeutic agent against chronic lymphocytic
leukemia (CLL) (7–10). The mechanism of antitumor activity of
RTX in vivo remains a subject of some debate; preclinical studies,
as well as more recent reports of animal models and clinical in-
vestigations have provided support for apoptosis (11–14), Fc� re-
ceptor-mediated Ab-dependent cellular cytotoxicity (ADCC) (10,
15–18), and complement-dependent cytotoxicity (CDC) (19–28).
In patients selected for treatment based on relatively low circulat-
ing lymphocyte counts (�5000/�l), infusion of RTX leads to rapid
and prolonged depletion of normal and malignant B cells from the

bloodstream (1, 4). This rapid clearance may be attributed to com-
plement-mediated lysis and/or phagocytosis of B cells via Fc� re-
ceptors on cells of the mononuclear phagocytic system (MPS).

We have reported that binding of RTX to CD20� cells promotes
complement activation and covalent deposition of approximately
half a million C3b activation fragments (C3b(i)) per cell (26). Our
fluorescence microscopy experiments indicate that most deposited
C3b(i) is colocalized with bound RTX on B cell lines and on
primary CLL cells (26); based on studies in model systems, it is
likely the C3b(i) is covalently bound to RTX (29). These findings,
along with the observed RTX-mediated clearance of CD20� cells
from the bloodstream, raise several important issues.

First, RTX treatment for CLL under conditions of high cell bur-
den might consume so much complement that the ability of RTX
to promote CDC could be compromised. Second, the capacity of
the MPS to remove IgG-opsonized cells may be exceeded at high
cell counts. Third, studies of phagocytosis reported by Griffin et al.
(30) suggest that Fc� receptor-mediated rearrangement and cap-
ping of RTX-CD20 complexes on the surface of B cells might lead
to removal of the complexes by macrophages instead of whole cell
phagocytosis, thus allowing the cells to escape.

We addressed these issues by studying the effects of RTX treat-
ment on complement levels in patients with B cell lymphomas. We
evaluated C3b(i) deposition and its colocalization with bound RTX
on CD20� cells from RTX-treated CLL patients, taken before,
during, and after RTX infusion. Our results indicate RTX infusion
promotes complement consumption in CLL, and sera taken from
such patients after RTX treatment have reduced capacity to lyse
Raji and primary lymphoma cells due to complement depletion.
We also observed acute loss of CD20 from B cells present in the
circulation immediately after RTX treatment. The details of these
findings, and the demonstration that cytotoxic activity can be sub-
stantially restored in RTX-rich, C-depleted CLL patient sera by
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supplementation with normal human serum (NHS) or complement
component C2, form the basis for this study.

Materials and Methods
Cell lines, sera, and patients

ARH77, DB, and Raji cells were obtained from American Type Culture
Collection (Manassas, VA) and maintained, as described (26). Blood was
obtained with written informed consent from healthy volunteers or patients
diagnosed with B cell lymphomas; the University of Virginia (UVA) In-
stitutional Review Board approved all protocols. PBMC were isolated from
anticoagulated whole blood by density-gradient centrifugation with Ficoll-
PaquePlus (Amersham Pharmacia Biotech, Piscataway, NJ) (31). Viability
defined by trypan blue exclusion was �95%. Patient and NHS were pro-
cessed within 1 h after blood collection and stored at �80°C.

Patients with B cell lymphomas received one or more cycles of RTX
therapy (375 mg/m2, once per week for 4 wk (1, 2, 4)), except for CLL
patient 22, who had two infusions of RTX, 5 wk apart. Other than patient
22, patients were treated as outpatients. This factor and the need to restrict
the amount of blood taken limited the total number of blood samples avail-
able for analysis. Blood samples were collected immediately before and
after RTX infusion and in several cases after 30 mg of RTX was infused.
Complete blood counts were determined by clinical laboratories at the
UVA Hospital. Of 25 patients studied, 6 had CLL, and the results for 4 of
these CLL patients (patients 1, 9, 22, and 33) with respect to complement
consumption and loss of CD20 are reported in detail. CLL patient 8 had
low CD20 levels and a low complement titer before treatment. CLL patient
10 had normal complement levels, but low CD20, and complement was not
consumed when this individual was treated with RTX.

Antibodies

IgG1 mAbs 7C12 and 3E7 (specific for C3b/iC3b), IgG2a mAb 1H8 (spe-
cific for C3b/iC3b/C3dg), and IgG1 mAb HB43 (specific for the Fc region
of human IgG) have been described (26, 32). Our findings with the mAbs
cited above are generally identified by their specific epitopes, e.g., mAb
HB43 was used to detect the human Fc region of RTX, and is referred to
as anti-RTX. RTX (IDEC Pharmaceuticals, San Diego, CA) was purchased
at the hospital pharmacy. mAbs were labeled with Alexa (Al) dyes (Mo-
lecular Probes, Eugene, OR), following the manufacturer’s directions.
Other mAbs included (label and epitope identified first): PE anti-CD5,
5D7, IgG1 (Caltag Laboratories, Burlingame, CA); PE and allophycocya-
nin (APhCy) anti-CD19, SJ25-C1, IgG1 (Caltag Laboratories); PE-anti-
CD20, B-Ly-1, IgG1 (DAKO, Carpinteria, CA); PerCP anti-CD45, 2D1,
IgG1 (BD PharMingen, San Diego, CA); FITC anti-�/PE anti-�, rabbit
polyclonal (DAKO). Washed blood samples were blocked with 2 mg/ml
mouse IgG before probing.

Complement opsonization and analyses of patient whole blood

EDTA anticoagulated patient blood was processed as follows: �0.5 ml of
whole blood was washed three times by addition of 4 ml of BSA-PBS,
followed by centrifugation at 1260 � g at room temperature (RT) in a
swinging bucket centrifuge. The supernatant was then carefully aspirated to
spare the buffy coat. The washed cell pellet was reconstituted to its original
volume in BSA-PBS. Autologous patient or ABO blood type-matched se-
rum was added, along with RTX and BSA-PBS, to give a final serum
concentration of 25% and a final RTX concentration of 10–25 �g/ml.
Alternatively, patient sera containing infused RTX, but low in complement
titer, were supplemented with autologous or matched sera with full com-
plement activity. One volume of reconstituted washed cell pellet was
mixed with one-half volume of patient serum containing RTX, and then
either one-half volume of BSA-PBS (25% serum final) or one-half volume
of serum with normal complement titer (50% serum final) was added. After
incubation for 30 min at 37°C, samples were washed three times, blocked
with mouse IgG, and probed with a mixture of PE anti-CD19, PerCP anti-
CD45, Al488 anti-C3b(i), and Al633 anti-RTX. After incubation for 30
min at RT, E were lysed, and the samples were washed, fixed in 1% para-
formaldehyde PBS, and analyzed by flow cytometry. The combination of
CD19, CD45, and side scattering identified B cells, which were analyzed
for bound RTX and C3b(i). Calibrated fluorescent beads (Spherotech, Lib-
ertyville, IL) were used to convert fluorescence intensities to molecules of
equivalent soluble fluorochrome (MESF) (26).

Immunophenotyping

Washed blood cell pellets, reconstituted in 2 mg/ml mouse IgG in BSA-
PBS, were incubated for 30 min at 37°C with or without unlabeled RTX
(50 �g/ml). Samples were washed and probed with a mixture of APhCy

anti-CD19, PerCP anti-CD45, and one of the following: Al488 anti-RTX;
Al488 RTX (anti-CD20) � PE-anti-CD5; Al488 anti-C3b(i) � PE anti-
CD20; FITC anti-� � PE anti-�; Al488 IgG1 isotype control; Al488 IgG2a
isotype control; or no addition.

Fluorescence microscopy

Washed blood cell pellets reconstituted in 2 mg/ml mouse IgG in BSA-
PBS were incubated for 30 min at RT with a mixture of Al488 anti-C3b(i)
and Al594 anti-RTX, processed, and examined with a BX40 fluorescent
microscope (Olympus, Melville, NY), equipped with a Magnafire digital
camera.

Killing assays

Raji cells or isolated patient PBMC were adjusted to 106 cells/ml in me-
dium (RPMI 1640, antibiotics, and FBS) (26), and 100 �l mixed with
25–50 �l of patient sera and additional reagents, including RTX, comple-
ment component C2 (Advanced Research Technologies, La Jolla, CA),
NHS, and mAb 3E7. Mixtures were incubated for varying periods at 37oC
in 5% CO2, and after two washes stained with FITC annexin V and pro-
pidium iodide and analyzed by flow cytometry (26). Alternatively, sera
deficient in individual complement components (Quidel, San Diego, CA)
were examined (10% final concentration) � the missing complement pro-
tein (Advanced Research Technologies) � RTX (10 �g/ml) to determine
the role of individual components of the complement pathway in RTX-
mediated CDC of Raji cells.

Total complement hemolytic activity (CH50) assays

Sheep E were opsonized with rabbit anti-sheep hemolysin (Sigma-Aldrich,
St. Louis, MO). NHS or patient sera were serially diluted, and equal vol-
umes of diluted sera were incubated with opsonized sheep E for 1 h at
37°C. Serum dilutions were examined in duplicate or triplicate, and the
complete hemolysis titration curve was used to calculate complement titer
(33). An NHS pool was used as a standard (absolute CH50 titer of 280;
clinical laboratories at the UVA Hospital) and was normalized to a titer of
100 for each day’s experiment. Data were evaluated for significance by
Student’s t test (Sigmastat; Jandel, San Rafael, CA). C2 titers of selected
patient sera were determined (compared with a purified C2 standard) by
measuring their ability to promote hemolysis of sensitized sheep E in the
presence of C2-deficient serum (33).

RTX assays

The RTX concentration in patient sera and plasmas was determined by
ELISA or flow cytometry; detailed procedures will be reported separately.
In brief, the ELISA was based on capture and development of RTX with
rabbit anti-mouse IgG and peroxidase-labeled goat anti-mouse IgG, respec-
tively. Alternatively, Raji cells were incubated with RTX-containing sam-
ples or prepared standards, and then washed and developed with Al488
anti-RTX to determine RTX levels.

Western blotting

Isolated patient mononuclear cells were lysed in 1% Triton X-100 buffer on
ice (34) and centrifuged at 14,000 � g, and the detergent-soluble fraction
was subjected to SDS-PAGE on 4–15% gradient gels and transferred onto
nitrocellulose. The membranes were blocked with 5% milk, incubated with
a 200-fold dilution of rabbit polyclonal anti-CD20 (C terminus specific;
LabVision, Fremont, CA) or mouse mAb anti-CD20 (N terminus spe-
cific; Santa Cruz Biotechnology, Santa Cruz, CA), washed, and devel-
oped using a 10,000-fold dilution of donkey anti-rabbit IgG HRP or
sheep anti-mouse IgG HRP, respectively, with ECL-plus as substrate
(Amersham Pharmacia Biotech). Finally, the pellets that were insoluble
in 1% Triton X-100 were solubilized in 3% Triton X-100 and also
examined by Western blotting.

Results
Binding of RTX to CD20� cells consumes complement at high
cell burdens in vitro and in vivo

Cells from three CD20� lines were incubated with varying con-
centrations of RTX in 50% NHS at a concentration of 1 � 105

cells/�l for 1 h at 37°C. Cells were pelleted, and the complement
titer of the supernatants was measured (Fig. 1). Previous investi-
gations have demonstrated that binding of RTX to CD20� cells
promotes complement activation, as demonstrated by C3b(i) cap-
ture (10, 26, 27). The present results indicate that CD20-RTX im-
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mune complexes formed on the cells also consume complement at
cell densities that are often seen in CLL (7–9) (also, see Table I).
At cell densities of 2 � 104 cells/�l, we observed moderate com-
plement consumption (�50% reduction in CH50; data not shown).
Complement component C2 is the component at lowest concen-
tration in serum, and is likely to be the first component dissipated
during complement activation (35). In fact, addition of C2 alone to
these C-depleted sera led to substantial restoration of complement
activity (Fig. 1).

Based on these in vitro findings, we measured the complement
titer in sera of CLL patients before and after RTX treatment. In
four CLL patients with circulating CD20� lymphoma cells, treat-
ment with RTX led to profound loss of complement activity. In-
dividual patients manifested distinct phenotypes with respect to the
dynamics of complement depletion and recovery. For example,
there was loss of complement activity in serum of patient 1 after
the RTX infusion; thereafter, his complement levels did not fully
recover until after the 4-wk cycle was completed (Fig. 2A). This
pattern of complement depletion was repeated for patient 1 dur-
ing two additional 4-wk cycles of RTX treatment. Serum of
patient 9 lost complement activity after RTX infusion, but com-
plement was almost completely restored 1 wk later (Fig. 2B),
and similar patterns were observed for patient 33 (data not
shown). Serum of patient 22 also lost complement activity after
RTX infusion, but 4 days later, when RTX was no longer de-
monstrable in the circulation (data not shown), complement lev-
els were restored (Fig. 2C).

After RTX treatment, concentrations of hemolytically active C2
for CLL patients 1, 9, and 33 averaged less than 2 �g/ml. C2
concentrations for these CLL patients before RTX treatment av-
eraged 25 �g/ml. In analogy to our results obtained with C-de-
pleted serum supernatants from cell lines, addition of complement
component C2 to C-depleted sera substantially restores complement
activity (Fig. 2, B and C). In addition, there was virtually no loss
(�33% decrease) of complement activity after RTX treatment in a
total of 76 non-CLL patient sera, representing 19 patients. These re-
sults suggest that in 4 CLL patients, RTX binds rapidly to accessible
CD20� target cells in the bloodstream (and perhaps in the spleen),
resulting in rapid complement activation and consumption.

Reduced RTX-mediated cytotoxicity in complement component-
depleted or in low complement titer patient sera is restored by
addition of complement components or NHS

In view of the reduction in CH50 and depletion of C2 after RTX
infusion, we examined the importance of individual complement
components in killing Raji cells (Fig. 3A). RTX-mediated killing is
modest in sera lacking single complement components; addition of
the missing complement component to sera containing RTX mark-
edly increases killing. No additional killing was observed when
these components were added to sera in the absence of RTX (data
not shown).

We next examined the ability of sera of CLL patients treated
with RTX to kill Raji cells. Before treatment, killing by naive
patient sera was modest and comparable to that of NHS (10–15%;
data not shown). After RTX infusion, sera of CLL patients 1, 8,
and 9 had lower cytotoxic activity compared with post-RTX sera
of control patients 5, 6, and 10 (Fig. 3B) (NHL, low grade B cell
lymphoma, low CD20 CLL, respectively). In these control post-
RTX sera, there was no loss of complement activity, and a very
high level of Raji cell killing was evident. These sera killed �90%
of Raji cells in a 24-h incubation period, and killing was demon-
strable immediately after RTX infusion (serum RTX �200 �g/
ml), and 1 wk later (serum RTX �150 �g/ml), before the next
infusion.

Although the levels of RTX were lower in CLL patient sera 1,
8, and 9 1 wk after infusion (13 � 8, 91 � 36, 3 � 1 �g/ml,
respectively), the reduced Raji cell killing potential of the sera,
especially immediately after RTX infusion (�133 �g/ml average
levels), might be due to reduced complement levels. To test this
hypothesis, we supplemented post-RTX CLL patient sera with
NHS, or with complement component C2. The results demonstrate
that addition of NHS or C2 substantially enhances the efficacy of
RTX-mediated killing by CLL sera (Fig. 3C). However, in CLL
patient 8, addition of C2 was not as effective; sera of this patient
had low complement titers before treatment, and although we have
not identified the origin of the defect, our results suggest that it was

FIGURE 1. Binding of RTX to CD20� cells depletes complement at
high cell densities, and addition of C2 restores complement activity. Hu-
man B cell lines were incubated in 50% NHS with RTX at 1 � 105 cells/�l
for 1 h at 37°C. The supernatants � C2 were assayed for CH50. Mock
incubations without RTX, or without cells, gave no decrease in CH50
(CH50 � 100). Averages and SD of three determinations. The reduction in
CH50 upon addition of RTX to sera plus cells was highly significant, p �
0.001 in all cases. ��, p � 0.01; #, p � 0.001 for C2 addition vs the
comparable control. Representative of two similar experiments.

Table I. Temporary sequestration of lymphocytes during RTX infusiona

Pat. No.

Pretreatment During 30 mg of RTX Immediately Posttreatment

WBC/�l % Lymphocytes WBC/�l % Lymphocytes WBC/�l % Lymphocytes

1b 17,300 75 4,000 37 7,400 59
1b 8,000 57 2,700 20 4,500 26
22 138,000 75 51,000 90 170,000 93
33c 25,300 82 6,800 64 18,000 67
33c 23,100 75 8,400 49 12,600 57

a Other data on these samples are presented in Fig. 7; WBC, white blood cells.
b Patient 1, two different treatment cycles, 3 mo apart.
c Patient 33, two consecutive treatments, 1 wk apart.

3282 RTX PROMOTES COMPLEMENT ACTIVATION AND CD20 LOSS
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not due to lack of C2. Finally, dose-response experiments indi-
cated that supplementation with 10% NHS was sufficient to re-
cover the maximum killing potential of C-depleted patient sera
containing RTX (data not shown).

The in vitro binding of RTX to CLL cells in NHS promotes
C3b(i) deposition on these cells (26), and we have observed RTX-
induced complement activation in the bloodstream of CLL patients
(Fig. 2). However, RTX is less effective therapeutically in CLL
than in NHL (8, 10, 23), probably due to at least two factors: the

cells express lower levels of CD20 and they may also up-regulate
complement control proteins (8, 10, 23, 36, 37). We have found
that a minority (�20%) of CLL patients seen at UVA have B cells
that are killed by RTX in NHS in vitro. These cells, which tend to

FIGURE 2. Complement is consumed in the bloodstream of CLL pa-
tients during RTX treatment. A, CH50 of sera from patient 1 before (Pre)
and after (Post) RTX treatments. The horizontal lines denote three treat-
ment cycles. CH50 values reported on days 34, 41, and 97 were not asso-
ciated with RTX treatments. Averages and SD of three replicates. Repre-
sentative of three independent determinations. B, CH50 of sera from
patient 9 before (Pre, �) and after (Post, o) RTX treatment � C2 (f and
s, respectively). Averages and SD of two replicates, performed in dupli-
cate. C, CH50 of sera from patient 22 (�) before, during (30 mg RTX
administered), after (750 mg administered), and 4 days (week 1) or 2 days
(week 5) posttreatment with RTX for the first and second treatment, 5 wk
later. The CH50 was also determined after supplementation with C2 (f).
Averages and SD of two replicates, performed in duplicate. �, p � 0.05;
��, p � 0.01; #, p � 0.001, for C2 addition vs the comparable control. A–C,
Compared with naive serum, the reduction in CH50 immediately after RTX
infusion was highly significant (p � 0.001).

FIGURE 3. Complement promotes RTX-mediated killing of Raji cells
and primary CLL cells. A, Raji cells were incubated in 10% sera (com-
plement-replete NHS, or human sera depleted of the indicated complement
components, f), or 10% sera � 10 �g/ml RTX (�), or 10% depleted sera
replenished with the deficient component and 10 �g/ml RTX (o). Cell
viability was determined by flow cytometry. Averages and SD of two or
three independent determinations. ��, p � 0.01; #, p � 0.001; �, p �
0.056, for depleted serum � RTX vs repleted serum � RTX. B, Raji cells
were incubated in 33% sera from CLL patients treated with RTX imme-
diately after infusion (�) and 7 days later (f). In B and C (below), for a
given patient, between three and nine different serum samples, obtained
during one or more cycles of treatment, were analyzed and averaged. Sera
from control patients 5, 6, and 10 retained the ability to kill Raji cells and
maintained CH50 titers 5 min and 1 wk after RTX treatment. #, p � 0.001
for patients 1, 8, and 9 vs controls. C, Raji cells were incubated in sera
(16%) from patients 1 (n � 13), 8 (n � 8), and 9 (n � 6), taken imme-
diately after RTX treatment (�) or supplemented with either 16% NHS (o)
or purified C2 (f). ��, p � 0.01; #, p � 0.001 for additional NHS or C2
vs control. D, Isolated primary tumor cells from three untreated CLL pa-
tients and one previously treated with RTX were incubated for 1 h at 37°C
with 16% pre- or post-TX treatment patient sera, � RTX � complement,
respectively, and assayed for viability by flow cytometry. Pat., Patient.
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express higher levels of CD20, are also killed by C-replete naive
patient sera upon addition of RTX (Fig. 3D, Pre � RTX). More-
over, supplementation of RTX-rich, but C-depleted, sera of RTX-
treated CLL patients with a complement source increases their
killing of these primary CLL cells (Fig. 3D, Post � C).

mAb 3E7, most specific for C3b(i) covalently deposited on cell
surfaces, binds avidly to RTX-opsonized cells in NHS, and can
enhance RTX activity in killing cells and in suppressing growth
(26). We examined the potential of this mAb to enhance RTX-
mediated killing of Raji cells by sera of patients with adequate
complement levels. As noted above, in the 24-h killing assay,
�90% of Raji cells are killed. Therefore, to allow for clear dem-
onstration of the effects of mAb 3E7, we report the percentage of
live Raji cells at 24 h for RTX-containing serum samples exam-
ined � mAb 3E7 (Fig. 4). In four independent experiments with
several different sera, mAb 3E7 clearly enhances the action of
RTX in both promoting killing and suppressing growth.

Reduced RTX-mediated C3b(i) opsonization is evident in low
complement titer patient sera

The mechanism of action of RTX in vivo may include ADCC,
which can be mediated by Fc� receptors acting in concert with
receptors for cell-bound C3b(i) activation products (38, 39).
Therefore, in view of the reduction in complement titer observed
in CLL patients’ sera after RTX treatment, we investigated
whether in vitro C3b(i) opsonization of the patient’s own cells was
compromised. We determined the efficacy of a patient’s serum
containing RTX to opsonize their cells, based on development with
mAbs specific for C3b(i) or for RTX. Addition of RTX to com-
plement-replete sera (either NHS, or pretreatment patient serum)
leads to deposition of C3b(i) activation fragments (Fig. 5, Pre,
RTX). When sera taken after RTX infusion and subsequent com-
plement consumption are used, although RTX binds to the cells,
C3b(i) opsonization is low (Fig. 5, Post). Supplementation of these
sera with NHS or with the patient’s own pretreatment serum (high
in complement activity) fully restores deposition of C3b(i) frag-
ments mediated by RTX (Fig. 5, Post, Pre).

Infused RTX can opsonize cells in the bloodstream

In view of the activation of complement observed after RTX in-
fusion in CLL patients, we examined residual circulating B cells

for bound RTX and/or bound C3b(i) fragments. Based on our pre-
vious in vitro studies, we expected that a fraction of these cells
would contain RTX colocalized with deposited C3b(i). As infusion
of RTX promotes rapid clearance of both normal and malignant B
cells 24 h postinfusion (1–6, 19, 40, 41), we analyzed blood sam-
ples collected before, 5 min after completion of RTX infusion, and
in several cases during RTX infusion, after 30 mg was infused.

Fluorescence microscopy analyses indicate that RTX activated
complement and promoted deposition of C3b(i) on circulating
cells (Fig. 6). Blood samples of patient 1, taken during and im-
mediately after RTX infusion, had numerous examples of cells and
cell aggregates with debris, portions of which showed coincident
staining for RTX and C3b(i). Patient 1 was treated again with RTX
1 year later, and we again observed cellular colocalization of RTX
and C3b(i). Similar patterns, indicative of uptake of RTX and
C3b(i), were evident when the patient’s B cells were analyzed by
flow cytometry (data not shown). In the case of patient 22, intact
cells had discrete sites showing colocalization of C3b(i) and RTX.
No such staining was found in comparable samples from either
patient before RTX infusion (data not shown).

Treatment with RTX acutely reduces CD20 on circulating cells

The CLL patients had varying, but high levels of lymphocyte
counts (Table I), ranging from �20,000 to �100,000 white blood
cells/�l, of which at least 75% were lymphocytes. The other pa-
tients with B cell lymphomas had few circulating malignant cells
and averaged �6,000 white blood cells/�l, and of these cells only
�20% were lymphocytes. Although in CLL patients 1, 9, 22, and
33 we generally observed reduction in lymphocyte levels after
completion of RTX infusion, final cell counts were sufficiently
high that we could examine CD20 levels of residual circulating B
cells. In the case of patient 22, although the B cell count decreased
after infusion of 30 mg of RTX, there was marked recrudescence
of cell counts by the end of the 7-h infusion. Similar patterns were
observed for other patient samples, although the levels of recru-
descence were lower (Table I). Washed patient bloods were as-
sayed for available CD20 based on probing with either Al488 RTX
or another PE anti-CD20 mAb. The results, expressed as the

FIGURE 4. mAb 3E7 enhances RTX-mediated killing of Raji cells.
Raji cells were incubated in 16% sera from CLL patients 1, 8, and 9, taken
immediately after RTX treatment and supplemented with either 16% NHS
(o) or 16% NHS � 10 �g/ml mAb 3E7 (s). Sera (16%) from patients 5,
6, and 10 were either not supplemented (f) or supplemented with 10 �g/ml
mAb 3E7 only (�). In each experiment, 4–10 determinations were con-
ducted with sera selected from patients 1, 8, and 9 (experiments 1–3) or
patients 5, 6, and 10 (experiment 4). �, p � 0.05; ��, p � 0.01; #, p � 0.001
for treatment with mAb 3E7 vs the comparable control. Pat., Patient.

FIGURE 5. Supplementation of patient sera with complement restores
RTX-mediated C3b(i) opsonization of autologous B cells. Primary tumor
cells from three CLL patients, obtained immediately before RTX treat-
ment, were opsonized for 30 min at 37°C with: autologous pretreatment
serum (no RTX, normal complement) � RTX (50 �g/ml); posttreatment
serum (typically �100 �g/ml RTX, but low in complement); or posttreat-
ment serum (RTX, low complement) � pretreatment serum (no RTX, nor-
mal complement). Opsonized cells were washed and probed to reveal
bound RTX and deposited C3b(i), and analyzed by flow cytometry. The
values for anti-C3b(i) are divided by 10. Background binding for anti-RTX
(no RTX added) averaged less than 100 MESF. Pat., Patient.
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MESF ratio for the post-RTX sample vs the pre-RTX sample, in-
dicate that after completion of the RTX infusions, B cells remain-
ing in the circulation have considerably reduced levels of CD20
(Fig. 7A, RTX and anti-CD20). Although these results could be
interpreted to indicate that CD20 is simply blocked by bound RTX,
additional experiments on these blood samples reveal that this is
not the case: we reacted washed blood cell pellets, taken before
and immediately after RTX treatment, with BSA-PBS (back-
ground), or with the patient’s post-RTX sera, which typically had
final RTX concentrations of �100 �g/ml. After incubation, cells
were washed and probed with anti-RTX, and the results are again
reported as the ratio of MESF bound to post-RTX cells divided by
MESF for pre-RTX cells (Fig. 7A, f). The results indicate that
RTX binds well to B cells in whole blood taken before RTX in-
fusion; however, RTX binding to post-RTX-treated samples is re-
duced considerably. This reduced binding cannot be explained by
occupancy of CD20 sites by previously bound RTX, as the back-
ground signal for bound RTX was much lower in all cases; the
levels of RTX bound to washed patient cells after RTX infusion
were only slightly higher than the background levels for washed
cells taken before RTX treatment. Moreover, after subtraction of
this background signal, the anti-RTX signal for washed patient
cells after RTX infusion averaged only 5% of the signal for pre-
treatment cells reacted with autologous RTX-rich serum. Thus,
little residual RTX was bound to the circulating B cells after RTX
infusion. Finally, the profound and acute loss of CD20 immedi-
ately after the completion of RTX infusion was confirmed by anal-
yses of representative samples by the clinical laboratories at the
UVA Hospital (Fig. 7B).

The reduction in CD20 levels may be explained by a process in
which RTX-CD20 complexes are removed from opsonized B cells

by fixed tissue macrophages (see Discussion below). To determine
whether CD20 is simply released or internalized due to prolonged
reaction with RTX, we incubated primary CLL CD20� cells in
washed whole blood reconstituted in 50% autologous serum � 25
�g/ml RTX. After 7 h at 37°C (thus modeling the patient infusion
paradigm), samples incubated with RTX had modest loss of CD20;
compared with controls incubated in the absence of RTX, 86 �
28% of the signal was preserved after 7 h (n � 6).

Finally, Western blots performed on 1% Triton X-100 extracts
of mononuclear cells taken before and after RTX treatment (pa-
tient 33) argue that internalization or steric hindrance cannot ex-
plain loss of CD20, as posttreatment samples showed a large loss
of CD20 (Fig. 7C). When the 1% Triton X-100 pellets were sol-
ubilized with 3% Triton X-100, very little CD20 (much less than
seen in Fig. 7C) was found, even after prolonged development
(data not shown).

Discussion
Complement and RTX

Binding of RTX to B cells activates complement, and increasing
evidence, based on both clinical investigations and a mouse model,
indicates that complement may play an important role in the in
vivo action of RTX (16, 19–28). The present findings reinforce
and extend these observations to CLL. Our experiments reveal that
at cell levels of 1 � 105/�l in 50% NHS, formation of RTX-CD20
immune complexes on several CD20� cell lines depletes comple-
ment, and this reaction consumes complement component C2, con-
sistent with activation of the classical complement pathway by
these complexes (Fig. 1). We extended this paradigm to RTX treat-
ment of CLL patients with comparable levels of circulating

FIGURE 6. RTX and C3b(i) are colo-
calized on patient B cells isolated during or
immediately after RTX infusion. Washed
patient cells were probed with Al594 anti-
RTX, and Al488 anti-C3b(i) using either
mAb 1H8 (patient 22, A) or mAb 3E7 (pa-
tient 1, B–D). Patient 1 cells were also
probed after the initial RTX treatment 1
year earlier (C and D). MF, mixed function
(merged); WL, white light. Original objec-
tive magnification �100. Pat., Patient.
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CD20� B cells (�2 � 104 to �1 � 105/�l), and we find that RTX
infusion promotes complement consumption and depletion of C2
(Fig. 2).

Although in one case (patient 22, week 2) complement was con-
sumed after infusion of only 30 mg of RTX, in most cases we did

not observe complement consumption until after the infusion was
complete, when a total of �700 mg had been infused. It is likely
that complement consumption in the other patients would have
been demonstrable before completion of the infusion, but study
design limited the number of blood samples available for analysis.
The amount of RTX infused should have been more than sufficient
to saturate CD20 sites on the circulating cells and promote com-
plement activation. For example, after infusion of 70 mg of RTX
(�1/10 of a full infusion), the initial concentration of RTX within
an intravascular volume of 4 L would be 17 �g/ml. If the cell count
were 1 � 105/�l, this would correspond to a ratio of �600,000
RTX molecules per cell, which would be more than enough to bind
to all CD20 molecules on the CLL cells, which vary from �5,000
to �100,000 per cell (10, 23, 27, 37). Moreover, dose-response
binding experiments have demonstrated that the affinity of RTX
for CD20 is sufficiently high that 10 �g/ml RTX will saturate
binding (24, 27, 42). Finally, we note that in the in vitro model
system (Fig. 1) we observed consumption of complement at RTX
concentrations of 10 and 100 �g/ml, for cell inputs of 1 � 105

cells/�l.
The entire classical complement cascade appears to be required

for full cytotoxic activity of RTX against Raji cells (Fig. 3A), and
addition of C2 to complement-depleted patient sera restores com-
plement activity as defined by the CH50 assay. Furthermore, ad-
dition of C2, pre-RTX patient serum, or NHS to complement-
depleted CLL patient sera containing RTX restores B cell-killing
activity (Fig. 3, B and C). Although most of the reconstitution-
killing assays were performed with Raji cells, we were able to
show that addition of a complement source to complement-de-
pleted patient sera containing RTX enhanced RTX-mediated kill-
ing of primary CLL cells (Fig. 3D). Therefore, we suggest that if
complement is required to promote killing of RTX-opsonized
cells, then use of C2, or compatible fresh frozen plasma as a com-
plement source, may enhance the action of RTX in patients with
reduced or depleted complement levels.

We used a similar approach to demonstrate that RTX-mediated
in vitro deposition of C3b(i) fragments on patients’ CD20� cells
could be restored by supplementation of their RTX-containing se-
rum with either NHS or the patients’ complement-replete sera,
taken just before RTX infusion (Fig. 5). Restoration of deposition
of C3b(i) on target cells may increase the immunotherapeutic ac-
tion of RTX, even when complement-mediated lysis does not oc-
cur. Several lines of evidence suggest that recognition of RTX-
opsonized cells by Fc� receptors on phagocytic cells promotes
ADCC and contributes to RTX immunotherapeutic action (10, 15–
18). Opsonization of IgG-containing target cells with C3b activa-
tion products enhances Fc� receptor-mediated phagocytosis of
cells by both neutrophils and monocytes (38, 39). This enhance-
ment is based on synergistic interaction between complement and
Fc� receptors on the phagocytic cell. Czuczman et al. (43) re-
ported, in a mouse lymphoma model, that up-regulation of CD11b
(a subunit of CR3, specific for iC3b) enhanced RTX-mediated
ADCC, and we suggest that deposition of C3b activation products
on RTX-opsonized cells will enhance ADCC. Thus, with respect
to the continuing controversy regarding the in vivo mechanism of
action of RTX, it appears that complement-promoted lysis, and
cellular cytoxicity, mediated by both complement receptors as well
as Fc� receptors, play important roles.

Dynamics of B cell opsonization and clearance

Previously, we reported, based on in vitro studies and a monkey
model, that complement activation induced by binding of RTX to

FIGURE 7. Post-RTX treatment patient B cells have substantially re-
duced CD20. A, Washed whole bloods were probed with either Al488 RTX
(�) or PE anti-CD20 (o) and PerCP CD45 and APhCy CD19. The levels
of CD20 on CD45�, CD19� cells are presented as the MESF signal for
posttreatment cells divided by the MESF signal for pretreatment cells. Al-
ternatively, the washed cell pellet was reconstituted in post-RTX treatment
autologous patient sera as a source of RTX, incubated at 37°C for 30 min,
processed as before, and probed with Al633 anti-RTX, PerCP CD45, and
PE CD19 (f). Absolute values for binding to pretreatment cells by Al488
RTX ranged from 35,000 to 540,000 MESF; for PE anti-CD20, from
12,000 to 54,000 MESF. Background binding of Al633 anti-RTX to pre- or
posttreatment cells averaged less than 300 MESF. After opsonization with
RTX, MESF values for Al633 anti-RTX ranged from 500 to 15,000. Mul-
tiple determinations for patients 1, 9, and 33 were at different times during
treatment. Blood samples for patient 9 were only obtained pre- and postin-
fusion. White blood cell counts (per �l) for 3 consecutive wk of treatment
of patient 9 were 25,000, 22,000, and 14,000; the corresponding post-
samples were 5,000, 6,000, and 3,200, respectively. B, Blood samples from
patient 33, before and after RTX infusion, were analyzed by the clinical
laboratories at the UVA hospital. The PerCP CD45� cells were ��, CD5�,
and CD19� before and after RTX treatment, but CD20 was completely lost
immediately after RTX treatment. Representative of three other determi-
nations on other patients. C, Immunoblots of 1% Triton X-100 cell extracts
(50 �g protein/lane) from 3 consecutive wk of treatment (patient 33). Pre-
RTX, lanes 1, 4, and 7; after 30 mg of RTX, lanes 2, 5, and 8; immediately
post-RTX, lanes 3, 6, and 9; each set corresponds to weeks 1, 2, and 3,
respectively. The bands below 35 kDa in the top and middle panels may
correspond to partial digestion products of CD20. The C terminus and N
terminus Western blots were performed a total of four and two times,
respectively, with very similar results.
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CD20� cells promotes deposition of large numbers of C3b acti-
vation products colocalized with cell-bound RTX (26). We en-
deavored to replicate this finding in RTX-treated patients, by iso-
lating and identifying RTX-opsonized cells containing bound
C3b(i). In most cases, we found few RTX-opsonized cells in the
circulation after RTX treatment. However, we were able to iden-
tify cells opsonized with RTX and C3b(i) in the circulation of two
RTX-treated CLL patients (Fig. 6). The fact that RTX and C3b
activation products were colocalized on the cells or cellular debris
is consistent with our previous observations and provides addi-
tional evidence that cell-bound RTX is an important site for cap-
ture of nascent C3b in vivo (26).

A proposed mechanism for acute RTX-mediated loss of
CD20 in CLL

RTX treatment led to reduction in lymphocyte counts, and the
reduction in lymphocytes was demonstrable after infusion of only
30 mg of RTX (Table I). However, after RTX infusion was com-
pleted (4–7 h later), often there was an increase in lymphocyte
counts (compared with the number observed after 30 mg of RTX),
and at this time B cells had considerably reduced levels of CD20
(Fig. 7). These observations, taken in the context of work reported
by Schreiber and Frank (44) and Griffin et al. (30), suggest a mech-
anism by which the RTX-opsonized cells were processed.

Studies of the clearance of IgM/C3b-opsonized 51Cr-labeled E
revealed that these cells are rapidly removed from the bloodstream
by liver macrophages that have receptors specific for C3b or iC3b
(44). However, a sizeable fraction of opsonized E is later released
back into the circulation after C3b fragments bound to the cells are
degraded to C3dg. Thus, there is precedence for temporary seques-
tration of opsonized cells, followed by proteolytic processing steps
that allow cells to be released. In studying phagocytosis of IgG-
opsonized lymphocytes, Griffin et al. (30) reported that capping of
IgG on targeted lymphocytes could lead to removal of the cap and
thus “prevent the destruction of these cells by macrophages.”
Binding of RTX to CD20� cells may induce rearrangement and
cross-linking of CD20, and these RTX-CD20 complexes can be
clustered by action of macrophage Fc� receptors (11). Griffin et al.
postulated that “phagocytic cells may clear” (Ab-opsonized) “ab-
normal surface determinants from these (neoplastic) cells, leaving
them no longer recognizable as abnormal and thus able to prolif-
erate within the host” (30).

We believe that the CD20-depleted B cells, which we observed
in the circulation of CLL patients after RTX treatment, are lym-
phoma cells that had previously bound RTX and C3b(i). These
cells had reduced CD20 and contained very little bound RTX (Fig.
7A). Western blotting experiments confirmed loss of CD20 (Fig.
7C), and our findings and other reports indicate it is unlikely the
cells spontaneously internalized and/or shed CD20 after ligation
by RTX (1, 11, 45). Thus, our results suggest that these cells were
temporarily sequestered by phagocytic cells in the liver and/or
spleen, where the complexes of CD20, RTX, and C3b(i) were re-
moved, thus allowing the CD20-depleted lymphocytes to return to
the circulation. Foran et al. (46) reported the case of a mantle cell
lymphoma patient who died of splenic rupture following RTX
treatment. The patient had a high burden of circulating cells, and
these cells lost CD20 after RTX treatment. We suggest that the
mechanism we have proposed may have led to acute CD20 loss in
this patient.

Studies in monkey models and more recent reports in humans
suggest that normal B cells are rapidly depleted from the circula-
tion upon treatment with RTX (19, 26, 40, 41, 47). We are unaware
of any reports suggesting loss of CD20 from normal cells and/or
recrudescence of the cells after RTX treatment, and the reason may

simply be that the cell burden is considerably lower than that found
in CLL.

Therapeutic implications

It is generally believed that one of the reasons for the efficacy of
RTX as an immunotherapeutic agent is its stable binding to CD20
on B cells with little internalization or release (1, 11, 45). Although
the mechanism of action of RTX is still under investigation, its Fc
region is required to promote complement activation and/or ADCC
in the immunotherapy of NHL (19). Our experiments suggest that
in CLL, processing of RTX-opsonized cells in the circulation al-
lows for more complex mechanisms to operate. In particular, re-
moval of RTX-CD20 complexes by the MPS may allow CLL cells
to escape and nullify the RTX immunotherapeutic potential. Use of
RTX as a single agent has been less effective in CLL than in the
lymphomas (8, 10, 23), and this escape mechanism may be an
important underlying factor. Use of other anti-CD20 mAbs, which
can kill B cells as F(ab	)2, may provide an approach for targeting
circulating CD20� cells in CLL (42). Alternatively, it should be
possible to engineer RTX to activate complement, but not bind to
Fc� receptors (48). Although such an engineered molecule may
not be appropriate for the treatment of NHL, it may have thera-
peutic efficacy in CLL.
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