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Rituximab-CD20 Complexes Are Shaved from Z138 Mantle
Cell Lymphoma Cells in Intravenous and Subcutaneous
SCID Mouse Models1
Yongli Li,* Michael E. Williams,† John B. Cousar,‡ Andrew W. Pawluczkowycz,*
Margaret A. Lindorfer,* and Ronald P. Taylor2*

T

he use of mAbs in the rational targeting of epitopes on
malignant cells has led to notable advances in treatment
of certain forms of cancer (1– 8); however, these therapies
rarely lead to definitive cures. Multiple independent mechanisms
may be operative which explain why greater levels of therapeutic efficacy are not achieved with mAb-based therapies. A
detailed understanding of mAb-mediated tumor cell killing is
required; specifically, does the mAb kill the cells directly, or
does mAb-mediated killing require effector functions such as
Ab-dependent cellular cytotoxicity (ADCC),3 phagocytosis by
monocytes or macrophages, and complement-dependent cytotoxicity (CDC) (3, 7, 8).
A voluminous literature, based on in vitro experiments, studies
in mouse models, and clinical investigations, has revealed that anti-
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CD20 mAbs such as rituximab (RTX) kill targeted B cells by a
combination of ADCC, phagocytic uptake, and/or CDC (9 –22). It
is important to recognize that these mechanisms can be saturated
or exhausted under conditions of high tumor burden. If these
mechanisms are exhausted, then infusion of large amounts of RTX
in a patient with chronic lymphocytic leukemia (CLL) may not
achieve therapeutic efficacy (2, 23), even though such infusions
will lead to high steady-state concentrations of RTX in the bloodstream (24). In fact, our clinical investigations of the effects of
RTX infusion in CLL have demonstrated that standard-dose RTX
(375 mg/m2) can substantially deplete complement for extended
periods (25). Moreover, after infusion of standard-dose RTX, or
even after infusion of moderate amounts (⬃100 mg) of the mAb,
large numbers of targeted B cells are cleared from the bloodstream,
most likely by liver macrophages. However, the ability of the infused RTX to promote clearance of additional B cells that re-equilibrate from bone marrow and lymphatics appears to be considerably diminished, most likely due to saturation of effector clearance
mechanisms (21, 25). As a consequence, circulating RTX-opsonized cells are redirected to a second pathway in which RTX and
CD20 are shaved off circulating cells; based on our in vitro model,
the reaction appears to be promoted by effector cells that express
Fc␥R (26).
The shaving reaction could substantially compromise the therapeutic efficacy of RTX; therefore, we established a mouse model
to investigate shaving, with a goal of evaluating strategies focused
on suppressing or at least minimizing the effects of this reaction. In
this article, we show that Z138 cells, CD20⫹ B cells derived from
a human mantle cell lymphoma (27–29), rapidly grow and are
tumorigenic when injected i.v. or s.c. in SCID mice. We have also
previously reported, in an in vitro model, that RTX-opsonized
Z138 cells, as well as other RTX-opsonized CD20-expressing cells
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Infusion of standard-dose rituximab (RTX) in chronic lymphocytic leukemia (CLL) patients promotes rapid complement activation and deposition of C3 fragments on CLL B cells. However, immediately after RTX infusions, there is substantial loss
(shaving) of CD20 from circulating malignant cells. Because shaving can compromise efficacies of anticancer immunotherapeutic
mAbs, we investigated whether shaving occurs in SCID mouse models. Z138 cells, a B cell line derived from human mantle cell
lymphoma, were infused i.v. or s.c. The i.v. model recapitulates findings we previously reported for therapeutic RTX in CLL: i.v.
infused RTX rapidly binds to Z138 cells in lungs, and binding is accompanied by deposition of C3 fragments. However, within 1 h
targeted cells lose bound RTX and CD20, and these shaved cells are still demonstrable 40 h after RTX infusion. Z138 cells grow
in tumors at s.c. injection sites, and infusion of large amounts of RTX (0.50 mg on each of 4 days) leads to considerable loss of CD20
from these cells. Human i.v. Ig blocked shaving, suggesting that Fc␥RI on cells of the mononuclear phagocytic system promote
shaving. Examination of frozen tumor sections from treated mice by immunofluorescence revealed large areas of B cells devoid
of CD20, with CD20 intact in adjacent areas; it is likely that RTX had opsonized Z138 cells closest to capillaries, and these cells
were shaved by monocyte/macrophages. The shaving reaction occurs in neoplastic B cells in tissue and in peripheral blood, and
strategies to enhance therapeutic targeting and block shaving are under development. The Journal of Immunology, 2007, 179:
4263– 4271.
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including Raji and ARH77, are all subject to shaving by model
monocyte/macrophages such as THP-1 cells (26). In this reaction,
both RTX and CD20 are taken up and internalized by these acceptor cells.
We find that when RTX is injected into SCID mice after tumors
with Z138 cells are established, substantial shaving of CD20 from
these cells occurs in both i.v. and s.c. tumor models. The pattern of
shaving in the s.c. tumor model strongly suggests that cells in
contiguous areas of tissue are shaved, likely reflecting accessibility
of these areas to both RTX and to effector cells. Several of our
findings have important implications in the evaluation of the efficacy of mAbs in cancer immunotherapy and provide insight into
mechanisms of response and resistance to these agents.

Materials and Methods
Antibodies

In vivo protocol
Female 8- to 10-wk-old C.B-17/SCID mice were obtained from Harlan
Breeders. All experiments were approved by the Institutional Animal Care
and Use Committee. Studies were conducted in accordance with National
Institutes of Health guidelines for animal care.
Z138 cells were cultured as described previously (28), washed in PBS,
and 5 ⫻ 106 cells were administered either i.v. or s.c. Once tumor growth
was evident (20 –30 days), mice were either not treated or were given RTX
i.v. (once) or i.p. (up to five injections on 5 consecutive days). In some
experiments in the s.c. model, mice received separate i.p. injections of
300 g of mAb 2.4G2 or its fragments, given each morning, and RTX
6 h later. Human intravenous Ig (IVIG; Baxter) was administered to
mice (50 mg i.p (36)) in the morning of days 1 and 3 and RTX 6 h later
on 4 consecutive days.

Analysis of tumor cells
Cell suspensions were prepared from lungs or solid tumors by digestion
with a mixture of collagenase, hyaluronidase, elastase, and DNase (37, 38),
purified by density gradient centrifugation (39), washed, and reconstituted
in 2 mg/ml mouse IgG in BSA-PBS. Samples were stained as described
below, and analyzed by flow cytometry, following procedures used previously to examine B cells from CLL patients (21, 25). Z138 cells were
identified by gating on side scattering and PerCP CD45 alone or by gating
with both PerCP CD45 and allophycocyanin CD19; both methods gave
similar results. Z138 cells were assayed for total CD20 by incubation with
excess RTX ex vivo, followed by either Al488- or PE-mAb HB43, which
binds to the Fc region of RTX (25). Alternatively, no RTX was added ex
vivo, and washed cells were stained with either mAb HB43 to measure
bound RTX or with Al488 RTX to measure available CD20. The presumption in this last assay is that Al488 RTX will bind to nonligated CD20, but
binding will not occur if CD20 is previously occupied by infused unlabeled
RTX. Fluorescence analysis was performed with a FACSCalibur flow cytometer (BD Biosciences); fluorescence intensities were converted to molecules of equivalent soluble fluorochrome (MESF) (25). Several different
Al-labeled mAb preparations were used in these experiments, giving rise to
different MESF values for certain samples. In addition, we found that

MESF values for ostensibly identical cell preparations varied moderately
from day-to-day, and unless otherwise noted, all comparisons and evaluations are based on data sets accumulated for a single day’s experiment.
Frozen sections (5 m) of s.c. tumors were analyzed by fluorescence
immunohistochemistry by staining with Al488 or Al594 mAbs, as previously described (39).

Preliminary calibrations
In each experiment, we measured CD20 levels on naive Z138 cells in
parallel with CD20 levels on Z138 cells recovered from lungs or from s.c.
tumors in SCID mice. In most cases, CD20 levels on recovered Z138 cells
were reduced compared with levels on Z138 cells growing in culture. In 13
experiments conducted over a period of ⬎12 mo, CD20 on Z138 cells
recovered from lungs or s.c. tumors in untreated mice averaged 36 ⫾ 23%
(n ⫽ 11, mean ⫾ SD, i.v. lung model, six separate experiments) and 31 ⫾
8% (n ⫽ 13, s.c. model, seven separate experiments) of CD20 levels on
cells growing in culture. Based on a gating scheme in which Z138 cells
growing in culture were set to 99% CD20 positive, a small fraction
(⬃12%) of cells isolated from untreated mice was CD20 negative.

Statistics
Means were compared by t tests using Sigma Stat 3.1.

Results
The i.v. model: Z138 cells growing in lungs of RTX-treated
SCID mice are shaved, and C3 fragments are deposited
Several SCID mouse-B cell lymphoma models are based on i.v.
infusion of cells from a human B cell line (14, 40, 41), and we
adapted these models to Z138 cells to evaluate effects of RTX
infusion. Three to 4 wk after cells were injected i.v., mice showed
evidence of tumor growth (modest lethargy or the start of hind leg
paralysis) and they were either not treated, or were given RTX, and
they were subsequently euthanized between 15 min and 3 days
after RTX treatment. In the Daudi cell/SCID mouse models, Daudi
cells grow in the lungs (40, 41), and we found that Z138 cells also
grow in the lungs in the present model.
Z138 cells recovered from the lungs were identified based on
positive CD45 and CD19 signals and side scattering (21). Z138
cells obtained from untreated mice take up substantial amounts of
RTX when probed ex vivo, indicating that these cells express high
levels of CD20. Representative histograms in Fig. 1A show comparable analyses for cells isolated from the lungs of mice that
received i.v. RTX, followed by euthanization 15 or 60 min later.
After 60 min, the level of CD20 on the Z138 cells is reduced
considerably, compared with the level found in the untreated
mouse. Moreover, as is evident in Fig. 1A (constant times for
counting), fewer cells could be isolated from the RTX-treated
mice, suggesting that there was a substantial level of RTX-induced
killing, presumably mediated by complement (25).
The results in Fig. 1, B–D, demonstrate that soon (15 min) after
i.v. infusion of RTX, substantial binding of this mAb to Z138 cells
occurs, and binding is accompanied by complement activation, as
manifested by deposition of mouse C3 fragments on the cells.
However, findings in mice that were euthanized 1 h or more after
RTX infusion reveal that most cell-bound RTX, as well as CD20,
have been removed, and a substantial fraction of deposited C3
fragments is also removed. Based on MESF values for untreated vs
treated mice, 84 ⫾ 4% (mean ⫾ SD) of CD20 on the Z138 cells
was removed (shaved), 1–2 h after RTX infusion. Notably, even
after 2 h, small amounts of RTX was still bound to cells; the signal
obtained after probing with mAb HB43 alone is larger than that
observed on Z138 cells taken from lungs of mice that received no
RTX (2200 MESF units vs 200 MESF units). The trend of RTX
binding, followed by C3 fragment deposition and then shaving of
the CD20/RTX complex from the cell, was quite reproducible in
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Mouse mAb 9H5, specific for human and mouse C3b/iC3b, was obtained
by immunizing C3 knockout mice with human C3 (30). This mAb binds to
Z138 cells opsonized with RTX and mouse serum and thus has a binding
pattern similar to that of mAb 3E7 which binds to deposited C3b/iC3b on
RTX-opsonized B cells in the presence of human serum (31). Rituximab
(Biogen IDEC) was purchased at the hospital pharmacy. IgG1 mAbs HB43
and HB57, specific for the Fc region of human IgG and for the -chain of
human IgM, respectively, have been reported (25, 32). F(ab⬘)2 of rat IgG2b
mAb 2.4G2, specific for mouse Fc␥RII/III (33, 34) were prepared as described previously (30). HD1A, anti-human CD55, was a gift from Profs.
P. Morgan and C. Harris (University of Wales, Cardiff, U.K.). Other reagents were obtained commercially: Mouse macrophage marker M1/70
(35) (American Type Culture Collection); polyclonal rabbit IgG antihuman CD20 (Lab Vision); Alexa (Al) Fluor 488 goat-anti-rabbit IgG,
Al594 streptavidin (Molecular Probes); human PerCP CD45, human allophycocyanin CD19, biotinylated (bt) human CD59 (BD Biosciences); bt
human CD45 (Caltag Laboratories); FITC mAb CL7503F, specific for all
mouse C3 fragments, including C3dg (Cedarlane Laboratories). mAbs
were labeled with biotin or Al dyes according to the manufacturers’ instructions (Pierce and Molecular Probes).

SCID MOUSE MODEL OF CD20/RTX SHAVING
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the mouse model, but the magnitude of effects showed some variability. For example, in another experiment, two mice each received 300 g of RTX by i.v. infusion, and they were euthanized

either 30 or 90 min later. CD20 levels on Z138 cells harvested
from lungs of RTX-treated mice corresponded to 14,300 and
13,300 MESF units, respectively, compared with values of 37,200
for two untreated mice, thus giving 61 and 64% shaving, respectively. Some RTX was still bound to shaved cells; MESF signals
after probing with Al488 mAb HB43 alone were 12,000 and
11,000 units, respectively, suggesting that one-third of the original
CD20 on the Z138 cells was bound by RTX.
We next determined the effects of exposure of Z138 cells in the
lungs to larger quantities of RTX over longer time periods. In these
experiments, mice were euthanized 20 – 40 h after RTX infusion.
Results in Fig. 1, E and F, demonstrate that recovered Z138 cells
are again shaved, as evidenced by reduced levels of CD20 (shaving
of 83 ⫾ 2%). Moreover, fragments of mouse C3 are still found
associated with these cells. This result, similar to our findings in
CLL patients who received RTX (21), suggests that not all of the
C3 fragments deposited on cells due to complement activation after RTX binding are removed when RTX-CD20 immune complexes are stripped off during the shaving reaction. Similar results
with respect to shaving and C3 fragment deposition were obtained
in experiments in which RTX was infused and mice were euthanized 70 h later (results not shown).
We and others (31, 42, 43) have reported that C3 activation
fragments deposited on cancer cells can, in principle, be used as
specific targets for cancer immunotherapy. mAb 3E7 recognizes
cell-bound human C3b/iC3b and can bind to CD20-positive cells
when they are opsonized with RTX either in vitro in normal human
serum or in vivo in the circulation of nonhuman primates (31). To
develop a mouse model for this paradigm, we immunized C3deficient mice with human C3 and generated mAbs, including
mAb 9H5, which recognize both human and mouse C3b/iC3b fragments. During opsonization of Z138 cells by RTX in the presence
of mouse serum, mAb 9H5 can bind to deposited C3 fragments
despite the presence of C3 fragments generated in the milieu (results not shown). Therefore, we tested the potential of mAb 9H5 to
bind in vivo to Z138 cells after i.v. infusion of RTX. The results
in Fig. 2 demonstrate that Al488 mAb 9H5, infused into the mice
16 h earlier, binds to lung-associated Z138 cells within 30 min
after infusion of RTX, giving a signal of ⬃180,000 MESF units. In
a parallel in vitro control, Z138 cells were opsonized with RTX or
no mAb in the presence of 50% normal mouse serum and Al488
mAb 9H5 for 20 min at 37°C. In the presence of RTX, binding of
Al488 mAb 9H5 corresponded to 370,000 MESF, and the signal
was reduced to 30,000 MESF if RTX was omitted. Thus, the in
vivo result for mAb 9H5 binding to RTX-opsonized cells in the
presence of complement is within a factor of 2 of the result for the
in vitro control.
In experiments in which only Al488 mAb 9H5 was infused (no
treatment with RTX), binding of mAb 9H5 to Z138 cells was only
slightly above background, indicating there are few C3 fragments
present on Z138 cells isolated from mouse lungs if RTX is not
infused. We also found that mAb 9H5 binds poorly in vitro to
RTX-opsonized Z138 cells if it is reacted with cells taken from
mice several hours after RTX infusion (data not shown). This finding suggests that most deposited C3b/iC3b is rapidly degraded to
C3dg, but that if mAb 9H5 is present in the circulation before RTX
infusion, it can bind to RTX-opsonized cells during complement
activation, presumably soon after initial deposition of the
C3b/iC3b.
Evaluation of absolute cell numbers: preliminary evaluation of
RTX efficacy
Our experiments in the i.v. model were designed to determine
whether single doses of RTX could bind to malignant B cells in the
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FIGURE 1. Effect of single i.v. RTX treatments on CD20 levels and C3
fragment deposition on Z138 cells recovered from the lungs of SCID mice
15 min to 40 h after RTX infusion. A, Human CD19⫹CD45⫹ Z138 cells
were probed with RTX followed by PE mAb HB43. Representative histograms are presented for an untreated mouse and for mice that received
100 g of RTX and were euthanized 15 or 60 min later. B–F, Quantitative
flow cytometry results are presented as MESF. In the first, acute series,
three mice received i.v. infusions of 100 g of RTX and were, respectively,
euthanized 15, 60 (see A), or 120 min later. B, Cells were probed to reveal
total CD20, based on RTX followed by PE mAb HB43. Cells were analyzed in four replicates for each mouse, and the differences between the
untreated control mouse and treated mice were significant at p ⬍ 0.001 for
all three treated mice. C, Bound C3 fragments were assayed based on
probing with a FITC rat mAb specific for all fragments of mouse C3. Three
replicates were analyzed for each mouse, and differences between untreated and treated were significant at p ⬍ 0.001, p ⫽ 0.002, and p ⬍ 0.001
for the three treated mice. D, Bound RTX was measured based on direct
probing with PE mAb HB43. E and F, In the longer term experiments, four
mice were infused i.p. with between 0.25 and 1 mg of RTX, and they were
then euthanized 20 – 40 h later. Three untreated controls were processed in
parallel (striped bar). CD20 was measured based on probing with RTX,
followed by Al488 mAb HB43. CD20 levels on Z138 cells of the three
untreated mice averaged 20 ⫾ 3% of CD20 levels on Z138 cells grown in
culture. Differences between the average CD20 values in E and C3 fragment deposition in F for the three untreated mice compared with the three
treated mice at 20 h were both significant at p ⬍ 0.001.
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SCID MOUSE MODEL OF CD20/RTX SHAVING
tometry counting times were carefully controlled, in 21 of 23 cases the
percentage of recovered cells for RTX-treated mice averaged 25 ⫾
14% (mean and SD; range, 10 – 64%) of the values obtained for untreated controls. In one case, equal numbers of cells were found for
the matched mice, and in only 1 of 23 experiments did we recover
more cells from a RTX-treated mouse than from a control.
The s.c. model: Z138 cells growing in solid tumors in SCID
mice are shaved after RTX infusion

lungs, activate complement, and promote shaving, and thus did not
focus on direct evaluation of RTX efficacy. However, in most cases
we recovered far fewer Z138 cells from the lungs of RTX-treated
mice compared with the number of cells recovered in untreated
matched controls, thus indicating that although shaving occurred,
some RTX efficacy was evident. Under conditions in which flow cy-

FIGURE 3. In the s.c. model, moderate doses of RTX
increase the percentage of CD20-negative cells, but repeated higher doses induced substantial shaving. Tumor
cells were harvested 1–2 days after final RTX infusions. A,
Summation of data from five separate paired mice. In vitrocultured Z138 cells were set as 1% negative for CD20 in each
experiment, and the percentage of CD20-negative cells for
matched untreated animals was compared with levels in mice
that received RTX. In all cases, there were small increases
in the percent negative as a consequence of RTX treatment. B–D, Four mice each received 500 g of RTX on 5
consecutive days and were euthanized 2 days after the last
RTX infusion. CD45⫹ Z138 cells were also identified
based on side scatter and were examined for CD19 and for
CD20. Representative dot plots and histograms are displayed for Z138 cells (grown in culture), compared with
Z138 cells isolated from an untreated mouse, or isolated
from a RTX-treated mouse. In all cases, CD20 was determined by probing with RTX followed by PE mAb HB43.
CD19 levels are preserved after RTX treatment, but CD20
is substantially reduced, leaving only 15% of the cells expressing significant levels of CD20. C and D, Total CD20
(C, four separate determinations for each mouse) and bound
RTX (D, single determinations) were, respectively, measured
by probing with PE mAb HB43 with and without ex vivo
treatment with excess RTX, and thus D allows for an estimate
of the relative amount of bound RTX after treatment. C and
D, Differences between the averages for the untreated
compared with treated mice were significant at p ⬍ 0.001
and p ⫽ 0.019, respectively.
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FIGURE 2. mAb 9H5, specific for mouse C3b, bound in vivo to Z138
cells in the lungs as a consequence of RTX treatment. Mice that had received Z138 cells i.v. were divided into four groups. The first group (n ⫽
3) was not treated. The second group (n ⫽ 3) received 200 g of Al488
mAb 9H5 i.p. and was euthanized 16 h later. The third group (n ⫽ 2) was
injected i.v. with 250 g of RTX and euthanized 30 min later. The last group
(Both, n ⫽ 4) received 200 g of Al488 mAb 9H5 i.p. and 15.5 h later was
injected i.v. with 250 g of RTX and euthanized 30 min later. For a given
experiment, all groups were euthanized at the same time and the separate
batches of cells were processed in parallel. CD45⫹CD19⫹ Z138 cells were
identified and assayed for binding of infused Al488 mAb 9H5, based on
the Al488 signal. Infusion of Al488 mAb 9H5 alone gave MESF values
quite close to those of the untreated and RTX only mice, indicating that
background C3 fragment deposition on the cells (in the absence of RTX)
must be quite low. Differences between the mice that received both RTX
and Al488 mAb 9H5 were significant compared with the other treatments
at p ⫽ 0.015. Results of three experiments are averaged.

Z138 cells also grow in SCID mice when the cells are injected s.c.;
this result confirms similar findings obtained in Rag2-M mice (28).
Three to 4 wk after s.c. injections, frank tumors (⬃5 mm in diameter) were evident, and mice were either not treated, or received
one or more i.p. doses of RTX, and were euthanized within 7 days.
Z138 cells were recovered from s.c. tumors and analyzed by flow
cytometry. Based on a threshold set to classify 99% of cultured Z138
cells as CD20 positive, and as noted in the preliminary calibrations, a
fraction of the Z138 cells that grew in untreated SCID mice was
classified as CD20 negative (Fig. 3A). In mice that received between
one and three infusions of RTX, we observed a small but reproducible
increase in the percentage of CD20 cells classified as CD20 negative.
Based on MESF values for the entire population of cells, treatment
with RTX led to modest shaving for the five pairs of matched mice
illustrated in Fig. 3A; compared with untreated controls, RTX treatment led to shaving of 27 ⫾ 8% of CD20.
The results in Fig. 3A could indicate that insufficient RTX was
delivered to the tumors to induce substantial shaving. Therefore, in
subsequent experiments, we increased the dose and frequency of
RTX administration. Multiple infusions of RTX, at 500 g/dose,
promoted profound loss of CD20 from the Z138 cells. Representative dot plots and histograms, which compare Z138 cells in culture and Z138 cells recovered from an untreated and a RTX-treated
mouse, indicate that the RTX treatments induced substantial loss
of CD20, but did not affect CD19 (Fig. 3B). Results in Fig. 3C,
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based on MESF units, reveal that ⬎85% of CD20 was removed
from cells as a consequence of multiple treatments with RTX. To
determine whether residual RTX was bound to the cells, they were
also probed with mAb HB43 alone, without any ex vivo opsonization with excess RTX. A small amount of background binding of
mAb HB43 was detected on Z138 cells taken from mice not
treated with RTX (two striped bars, Fig. 3D). However, in RTXtreated mice, a modest but statistically significant ( p ⫽ 0.019)
higher level binding of mAb HB43 was demonstrable (Fig. 3D,
four solid bars). Finally, comparison of the MESF values for mAb
HB43 binding obtained for ex vivo RTX-opsonized cells in untreated mice (Fig. 3C, an average of 57,000 MESF units for total
CD20) to the corresponding values for RTX-treated mice in Fig.
3D (MESF values of 3,500 – 6,700 for bound RTX) indicate that in
mice infused with RTX, 5–10% of total CD20 sites (before RTX
infusion) on the Z138 cells contained bound RTX.
Effects of anti-Fc␥RII/III mAb 2.4G2 on shaving in the
s.c. model

FIGURE 4. In the s.c. model, RTX-mediated shaving of CD20 is
weakly blocked by anti-Fc␥RII/III mAb 2.4G2 but not by its F(ab⬘)2, and
shaving is inhibited by human IVIG. A, Mice were either untreated (n ⫽ 3)
or received 250 g of RTX on 5 consecutive days (n ⫽ 2) or they received
the same amount of RTX as well as six infusions, 300 g each, of mAb
2.4G2 (n ⫽ 2) or its F(ab⬘)2 (n ⫽ 2); the infusions of mAb 2.4G2 were
started 1 day earlier than RTX treatment. Starting the second day, mAb
2.4G2 was first infused, and RTX was infused 6 h later. B and C, Mice
were either untreated (n ⫽ 2), or received 250 g of RTX on 4 consecutive
days as well as four infusions of either 300 g of mAb 2.4G2 or its F(ab⬘)2
(two mice in each case), or on days 1 and 3, 50 mg of IVIG (n ⫽ 3). Total
CD20 (A and B) was measured as in Fig. 3. C, The cells were probed
directly with Al488 RTX to measure available CD20. Representative of
results of two similar experiments, each with nine mice. A, Differences
between untreated and the three respective groups of RTX-treated mice
(left to right) were p ⬍ 0.001, p ⫽ 0.014, and p ⫽ 0.002. Treatment with
mAb 2.4G2 and RTX led to a small but statistically significant difference
compared with RTX alone, p ⫽ 0.014. B, Differences between untreated
and treatment with either 2.4G2 plus RTX or 2.4G2 fragments plus RTX
were significant, p ⫽ 0.034 and p ⫽ 0.014, respectively. C, The same
comparisons also gave significant differences, p ⫽ 0.022 and p ⫽ 0.035.

IVIG blocks shaving in the s.c. model
We next attempted to block the shaving reaction by infusing large
amounts of human IVIG (36, 44) into mice before initiating RTX
treatments. Mice then received RTX and were compared with mice
that received RTX and were pretreated with either intact or F(ab⬘)2
of mAb 2.4G2. The results in Fig. 4, B and C, in agreement with
Fig. 4A, again demonstrate that neither mAb 2.4G2 nor its fragments can effectively block RTX-mediated shaving. However, two
treatments with IVIG largely inhibited RTX-induced loss of CD20.
To determine whether human IVIG infused in mice might have
interfered with binding of mAb HB43 to RTX-opsonized cells, we
probed cells directly with Al488 RTX. This mAb bound at high
levels to Z138 cells of mice that received both RTX and IVIG, and
binding was comparable to that observed in untreated mice (Fig.

4C), providing additional evidence that IVIG blocks shaving that
would otherwise be induced by RTX. Finally, in all experiments
described in Figs. 3 and 4, we found no evidence for deposition of
mouse C3 fragments on Z138 cells in either untreated or RTXtreated mice, thus indicating there was little complement activation
when RTX targeted Z138 cells in the s.c. compartment.
Immunohistochemical evidence for shaving of contiguous
regions of cells
The results in the s.c. model reveal an interesting dose-response
and time-dependent reaction for RTX-induced loss of CD20. Noteworthy is demonstration of increases in CD20-negative cells induced by infusions of relatively small amounts of RTX (Fig. 3A).
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Our in vitro model of the shaving reaction demonstrated that Fc␥
receptors play a key role in the process (26). Therefore, we attempted to block Fc␥ receptors in the mouse model by treating
mice with mAb 2.4G2, which is specific for Fc␥RII/Fc␥RIII (33,
34). The results in Fig. 4A indicate that five infusions of 250 g of
RTX induced 80% loss of CD20 on Z138 cells recovered from
SCID mice. Moreover, treatment of mice with multiple infusions
of either intact or F(ab⬘)2 of mAb 2.4G2 had modest effects in
blocking RTX-mediated shaving. We directly probed washed cells
with Al488 RTX to provide an independent test for availability of
CD20 on Z138 cells. The results indicate that in untreated mice,
CD20 is indeed available for binding by Al488 RTX (MESF signal
of 80,000 –100,000). However, much less Al488 RTX binds to
Z138 cells in RTX-treated mice (MESF values of 20,000 for RTX
or RTX plus mAb 2.4G2 F(ab⬘)2, corresponding to ⬃80% shaving). Since comparable amounts of shaving were observed based
on either an indirect assay (excess RTX followed by Al488 mAb
HB43, total CD20) or based on direct probing with Al488 RTX, it
is very unlikely that CD20 epitopes are simply masked by infused
RTX. After ex vivo reaction with Al488 RTX, we obtained MESF
values of 27,000 for mice that received RTX plus intact mAb
2.4G2, indicating that the intact mAb modestly blocked shaving, in
agreement with results in Fig. 4A, which are based on determination of total CD20. Finally, for all mice used in the experiments
illustrated in Fig. 4A, aliquots of cells were stained with PerCP
CD45, allophycocyanin CD19, and propidium iodide (PI) to determine whether isolated Z138 cells were alive. In all cases, we
detected a low level of staining of Z138 cells with PI, indicating
that ⬎85% of recovered Z138 cells were alive, for both RTXtreated and nontreated mice.
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It is possible that after lower RTX doses only cells closest to capillaries bind RTX and interact with effector cells that can promote
shaving. On this basis, it is likely that as the doses and frequency
of RTX infusions are increased, more cells targeted by RTX are
shaved, but there still could be other untouched regions (presumably furthest from capillaries) in which CD20 on Z138 cells is
substantially preserved. To test this possibility, we examined frozen sections of s.c. tumors by fluorescence immunohistochemistry.
Tissue was stained for CD20 with excess RTX, followed by
Al488-labeled mAb HB43, and with one of a number of other B
cell markers. The results, illustrated in Fig. 5, A–D, and representative of experiments on four different RTX-treated mice and five
untreated controls, have a common theme: both CD20 and other B
cell markers are easily demonstrable when cells from untreated
mice are examined. However, B cells analyzed in sections taken
from s.c. tumors in mice treated with multiple doses of RTX have
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FIGURE 5. RTX-mediated shaving of CD20 of cells
in discrete and contiguous areas is demonstrable in s.c.
tumors based on fluorescence immunohistochemistry
analyses of frozen sections. Subcutaneous tumors were
harvested from untreated mice (left side of each panel)
or from a mouse treated 4 consecutive days with 500 g
of RTX (right side, A and B) or from a mouse treated 5
consecutive days with 250 g of RTX (right side, C–E).
A, Sections were stained for total CD20 (RTX followed
by Al488 mAb HB43, green signal) and for the human
BCR (Al594 mAb HB57, red signal), and the individual
and merged images are displayed. B–D, Total CD20
was evaluated in a similar fashion, and CD45, CD55,
and CD59 (red signals) were revealed by consecutive
staining with specific bt mAbs followed by streptavidinAl594. Use of isotype controls for the CD-specific bt
mAbs produced no red signal (data not shown). E, Sections were stained for total CD20 based on consecutive
probing with rabbit IgG anti-human CD20 followed by
Al488 goat anti-rabbit IgG, and the BCR was revealed
as in A. Olympus BX40 fluorescent microscope and
Olympus Magnafire Digital Camera; original magnification, ⫻40.

defined areas which express little, if any, CD20, while still expressing normal levels of the human BCR, CD45, CD55, and
CD59. Loss of CD20 in tissue sections of RTX-treated mice is in
fact demonstrable by an alternative probing scheme (Fig. 5E). Frozen sections from RTX-treated mice and untreated controls were
stained with a polyclonal rabbit IgG Ab preparation specific for
CD20, followed by Al488 goat anti-rabbit IgG; in treated animals,
the Z138 cells again showed loss of CD20, but preservation of
the BCR.
We also used single-color immunohistochemistry to test frozen
sections for shaving. The results, illustrated in Fig. 6, are based on
probing samples with either primary bt probes or with unlabeled
primary probes followed by secondary bt developing agents. We
again found that compared with frozen sections isolated from untreated mice, comparable sections from RTX-treated mice expressed
the same patterns: large areas were almost totally devoid of CD20, but
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Our previous in vitro experiments suggest that monocyte/macrophages play a key role in the shaving reaction (26). Fluorescence
immunohistochemistry analyses were performed on frozen sections of
s.c. tumors based on the use of two different macrophage markers,
2.4G2 and M1/70. These markers reveal that macrophages are present
in fields of both shaved and unshaved Z138 cells (Fig. 7) in tissue
taken from a RTX-treated mouse. Finally, microscopic examination
of formalin-fixed sections confirmed our findings based on PI staining: most (⬎85%) Z138 cells were alive in both naive and RTXtreated animals. Macrophages were clearly present in areas of tumor
that had predominantly Z138 cells in tissue sections taken from both
untreated and RTX-treated mice (data not shown).

Discussion

the BCR was ubiquitously expressed throughout cells in the sections.
The same pattern of shaving was observed by assaying directly for
binding of btRTX or indirectly by adding excess unlabeled RTX followed by btHB43. Therefore, as noted previously, based on tests for
binding of Al488 RTX (Fig. 5), the low level of binding of exogenously added btRTX to Z138 cells taken from s.c. tumors of RTXtreated mice was not due to masking of the CD20 epitope by bound
RTX, but rather indicates that CD20 was indeed shaved.

FIGURE 7. In the s.c. model, mouse macrophages are demonstrated in
both shaved and nonshaved sections of frozen tissue after RTX treatment (5 ⫻
250 g of RTX) as revealed by fluorescence immunohistochemistry. A and B,
Cells were stained with Al488 RTX and with Al594 mAb 2.4G2, specific for
mouse macrophage Fc␥RII/III. C and D, Cells were stained with Al488 RTX
and with Al594 mAb M1/70, specific for CR3 on mouse macrophages. The
stained sections are not consecutive and were selected to represent either
shaved or nonshaved regions of cells. The signal due to M1/70 (right side) is
weaker, but macrophages are demonstrable in these sections. In each case, the
merged images RTX and 2.4G (A and B) or RTX and M1/70 (C and D) are
shown. Original magnification, ⫻40. Mouse macrophages can be seen in both
the shaved (A and C) and CD20-rich (B and D) regions.
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FIGURE 6. Single-color immunohistochemistry analyses of frozen sections from the s.c. model also revealed shaving of CD20. Sections of tumor
from an untreated mouse (left side) were compared with sections from a mouse
that received four infusions of 500 g of RTX. Total CD20 (A and C) was
revealed by consecutive probing with RTX followed by bt mAb HB43, and
then the slides were developed with Vectastain Elite ABC reagent (Vector
Laboratories), with 3,3⬘-diaminobenzidine substrate followed by hematoxylin.
Available CD20 (B and D) and the BCR (E) were, respectively, revealed by
probing with btRTX and btmAb HB57, followed by the same development
protocol.

The present studies, which investigate the action of RTX on CD20positive Z138 human mantle cell lymphoma cells in i.v. and s.c.
mouse models, replicate several of our key findings on the fate of
circulating B cells in CLL patients after RTX infusion (21, 25). In
the i.v. model (Figs. 1 and 2), binding of RTX promoted rapid
activation of complement and deposition of C3 activation fragments; soon after RTX binds to the cells, a large fraction of this
mAb, CD20 and deposited C3 activation fragments, is removed
from B cells in a process we have called the shaving reaction.
However, some C3 fragments are preserved on cells even after
levels of CD20 are substantially reduced. We have reported that in
CLL patients these C3 fragments persist on circulating shaved
(very low CD20) B cells for periods of at least 48 h (21), and a
similar pattern is evident in the mouse model upon analysis of
Z138 cells taken from lungs 20 – 40 h after RTX infusion. Also in
common with our observations in CLL, C3 fragments deposited on
the Z138 cells have been degraded to C3dg, because Al488 mAb
9H5, specific for C3b/iC3b, only bound to Z138 cells if it was
infused before RTX treatment (Fig. 2).
The s.c. model had several similarities, but also notable differences when compared with the i.v. model. In the s.c. model, we did
not perform any acute experiments, because we presumed that a
longer period of time would be required for i.p. RTX to enter the
tumor and interact with Z138 cells. Indeed, 24 h after RTX infusion, the mAb had partially penetrated the tumors; after relatively
small amounts of RTX were administered, flow cytometry analyses suggested that a fraction of Z138 cells had lost CD20 due to
RTX-promoted shaving (Fig. 3A). Larger and repeated doses of
RTX led to a high degree of shaving, although small amounts of
residual cell-bound RTX were clearly evident on the cells (Fig. 3,
C and D). However, in the s.c. model, cells targeted by RTX
showed no evidence for deposition of C3 fragments, and although
Z138 cells were accessible to RTX, the results suggest that one or
more complement proteins were excluded from the tumor. This
finding has potential implications with respect to use of mAbs for
targeting of lymphomas and solid tumors in humans. If in vitro
experiments were to indicate that complement-dependent cytotoxicity afforded one of the mechanisms of tumor killing mediated by
the mAb, then it would be important to determine whether complement activation could occur in the tumor microenvironment.
Our present results in the s.c. model, taken along with in vitro
findings (26), demonstrate that cells can be shaved after binding of
the IgG mAb RTX and that complement is not required to promote
shaving. However, in both cases, large amounts of IgG can inhibit
shaving. Our in vitro studies suggest that complement activation
and C3b deposition can suppress the inhibitory action of IgG, possibly by modulating interaction between the opsonized cells and
Fc␥RI. Alternatively, the C3 fragments deposited on the RTXopsonized substrate cells may provide ligands such as iC3b which
can engage CR3 on effector cells (35), thus enhancing cell-cell
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ing, and treatment with RTX was limited to brief periods, to determine whether shaving could indeed be demonstrated. Documentation
of shaving in the present model replicates our previous findings in
CLL (21, 25) and, taken together, these results indicate that under
certain conditions cancer therapy with mAbs such as RTX may be
only partially effective, due to limiting factors independent of the dose
of RTX or its concentration in the bloodstream.
We suggest that if the cytotoxic actions of an anti-tumor mAb
require and are limited to effector functions provided by the host,
such as ADCC or CDC, then when these mechanisms are saturated, depleted, and/or unavailable, dosing with additional mAb
may not be effective. In such cases, treatment with more mAb may
be counterproductive, if shaving occurs instead. The shaving reaction is quite similar to antigenic modulation, first documented in
cancer immunotherapy ⬎25 years ago (56 –58). Paradigms designed to address these issues may lead to new and improved therapeutic modalities. Such approaches may include repeated dosing
with small amounts of RTX over extended time periods (21) as
well as selectively down-modulating the shaving reaction, based
on either treatment with IVIG or with small molecules that block
endocytosis (59 – 61). Alternative strategies which could address
the issue of saturation of effector cell-killing mechanisms would
include serial transplantations of large numbers of autologous or
donor-compatible NK cells (62– 64) which could allow for substantially enhanced killing of RTX-opsonized neoplastic B cells in
tumors.
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contact and promoting shaving, even in the presence of IgG. In
future studies we hope to determine whether IVIG can block shaving in the i.v. model; in this system complement activation can
occur and thus potentially overcome the inhibitory effect of IVIG.
Our previous in vitro investigations provided strong evidence
that the shaving reaction requires recognition of cell-bound RTX
by Fc␥R on effector cells, and the evidence most strongly implicated the high-affinity receptor Fc␥RI (26). Our observation that
large amounts of IVIG, but not mAb 2.4G2 (specific for Fc␥RII/
III) could block shaving in the mouse model (Fig. 5) provides
additional evidence suggesting that the high-affinity receptor on
mouse macrophages mediates shaving in the present model, although we cannot definitively exclude a role for the recently described Fc␥RIV (45).
The standard dose of RTX that is used in CLL at first efficiently
targets and clears circulating B cells. This process occurs as a
result of opsonization, thus potentially allowing both killing mediated by Fc␥RIII on NK cells (46 –50) and clearance mediated by
Fc␥R on liver and possibly splenic macrophages (15, 17, 22, 51–
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cells enter the circulation after this first pass clearance, these B cells
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part reflect down-regulation/internalization of Fc␥RIII due to processing of large numbers of RTX-opsonized cells (49, 53). Then, the “second wave” of RTX-opsonized cells appears to be diverted to a different pathway, resulting in shaving. It is therefore possible that large
amounts of either IVIG, or simply an irrelevant isotype control human
IgG1 mAb, could be used to block Fc␥RI and thus inhibit shaving in
CLL patients treated with RTX.
Our analyses of shaving, based on examination of frozen tissue
sections of tumors by fluorescence and classical immunohistochemistry (Figs. 5–7), may have important implications with respect to identifying factors that limit the effectiveness of mAbs in
targeting solid tumors. The results demonstrate that RTX induces
shaving and reinforce our flow cytometry findings. Figs. 5– 6 provide compelling evidence that RTX treatment leads to generation
of large and contiguous areas of tumor cells that have lost CD20.
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