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Abstract
Objective—To evaluate loss of the B cell specific marker CD19 with addition of rituximab
(RTX) to healthy donor blood and to determine the role of complement mediated cytotoxicity in
these cells.

Methods—Healthy donor whole blood and peripheral blood mononuclear cells (PBMC) were
evaluated for loss of CD19 in the presence of RTX using flow cytometry. The effect of
complement on CD19 loss was examined using serum free media, C3- and C5- deficient sera, and
a C5 blocking antibody. Evidence for B cell death was evaluated by measuring RNA levels as well
as by flow cytometry. Demonstration of transfer of CD19 antigen to monocytes and neutrophils
was evaluated by flow cytometry and confocal microscopy.

Results—RTX induced a rapid drop in CD19 count (mean 51%, n=37) in PBMC. This reduction
occurred in the absence of complement. Despite the drop in CD19 expression, B cell death was
absent as evidenced by no change in CD19 or CD20 mRNA, no change in CD19 levels by
intracellular staining, and through use of viability dyes. The CD19 antigen was shown to be
transferred to monocytes and neutrophils in an Fc-dependent fashion.

Conclusion—RTX added to healthy donor PBMC in vitro results in complement independent
loss of CD19 without causing B cell death. CD19 is transferred from B cells to monocytes and
neutrophils during shaving of the RTX-CD20 complex in an Fc dependent manner. These data
suggest that monitoring the effect of RTX by measuring CD19+ cell counts may be compromised
by this activity.

Rituximab is a monoclonal antibody targeting CD20, a B cell specific marker, which has
shown great clinical efficacy in B cell malignancies and many autoimmune diseases,
including rheumatoid arthritis (RA) and the ANCA associated vasculitides. Rituximab has
three purported actions in effecting B cell depletion: antibody-dependent cellular
cytotoxicity (ADCC), complement dependent cytotoxicity (CDC), and induction of
apoptosis (1). Despite each of these effects being documented in vitro, the relative
contribution of each of these effects in vivo remains obscure.

Patients with RA who are given RTX uniformly have near complete to complete depletion
of circulating B cells as measured by flow cytometry using another B cell specific surface
protein, CD19 (2). Despite this depletion, only 50–70% of patients respond to RTX
treatment (2,3,4). There is evidence suggesting that B cell depletion in the synovium
predicts RTX response (5). We hypothesized that CDC played a major role in synovial
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depletion of B cells, and set out to develop a novel whole blood assay to determine variation
in RTX CDC in healthy donors and patients.

Interestingly, while we were able to show reductions in CD19+ cells as a function of RTX
treatment of whole blood, we were unable to demonstrate that this effect was complement-
dependent. To better define this observation, we examined the effect of RTX-dependent
complement-dependent killing of normal human B cells in peripheral blood mononuclear
cells (PBMC) in vitro. Surprisingly, we observed that human B cells are resistant to
complement-dependent killing by RTX. Moreover, the apparent reduction in CD19+ B cells
was due to loss of CD19 from the cell surface, not killing, and was also complement
independent. Rather, the loss of surface CD19 appeared to accompany the loss of CD20
triggered by RTX. We subsequently showed that RTX addition to PBMC in vitro induced
the rapid loss of CD19; this effect of RTX required an intact Fc region and was mediated by
both monocytes and neutrophils. These results suggest that reliance of CD19+ expression to
evaluate peripheral B cell depletion by RTX may be compromised.

MATERIALS AND METHODS
Cells and Serum

Blood was obtained from healthy volunteer donors following informed consent and PBMC
purified by discontinuous gradient isolation using Ficoll-Paque PLUS (GE Healthcare
Biosciences), which were resuspended in RPMI plus 10% serum or Aim V serum-free
media (Gibco). Neutrophils were isolated by dextran sedimentation from the blood pellet
and erythrocytes lysed using BD PharmLyse RBC lysing buffer (BD Biosciences). After
washing, neutrophils were resuspended in RPMI.

B cells were isolated by negative selection, using Invitrogen’s Untouched B-Cell Isolation
Kit (#113.51d). This protocol involves adding biotinylated monoclonal antibodies targeting
non-B cells to the PBMC, followed by addition of streptavidin coated magnetic beads to
separate non-B cells from B cells.

Antibodies/Sera
FITC anti-CD45 and APC anti-CD19 were purchased from BD Biosciences. PE anti-CD14
was purchased from eBioscience. AlexaFluor 647 anti-CD19 was purchased from
BioLegend. Rituximab (Genentech) and eculizumab (Alexion Pharmaceuticals) were
obtained from the hospital pharmacy. Complement C5- and C3-deficient sera were
purchased from Sigma Life Science and Calbiochem respectively. Heat inactivation (HI)
serum refers to treatment of a donor’s autologous serum (56°C for 45 minutes.).

Reagents
Hirudin was obtained from the hospital pharmacy. Propidum iodide (PI) was purchased from
Sigma Life Science. Cell Tracker CM DiI and Green LIVE/DEAD viability dye were from
Invitrogen. Protein A Sepharose beads were purchased from GE Healthcare. PBS/BSA/azide
was prepared at concentrations of BSA 0.1% and azide 0.05%.

Effect of RTX on CD19+ Cell Numbers
Whole blood in 50µg/ml hirudin was left untreated or treated with RTX at room temperature
(RT) for 15 minutes followed by RBC lysis using BD PharmLyse (BD Biosciences) for an
additional 15 minutes. Following two washes with ice cold PBS/BSA/azide, the cell pellet
was stained with fluorochrome labeled antibodies on ice for 15 minutes, washed, and fixed
using 1% paraformaldehyde before evaluation by flow cytometry using FACSCalibur (BD
Biosciences).
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PBMC (2 million cells/ml) in RPMI and 10% serum were treated with specified
concentrations of RTX for 30 minutes at RT, washed in ice cold PBS/BSA/azide, pelleted
(1500rpm for 5 minutes at 4°C), incubated on ice for 15 minutes with fluorochrome labeled
antibodies, washed and fixed using 1% paraformaldehyde. Flow cytometry analysis was
performed using FACSCalibur (BD Biosciences). Initial gating of lymphocytes was based
on side scatter and forward scatter properties, with subsequent quadrant or histogram
analysis based on fluorochrome positivity. In addition to measuring a percent of CD19
positivity, the mean fluorescence intensity (MFI) was determined by measuring the
geoMean of CD19. Gating on the monocyte population and the neutrophil population was
performed based on side scatter and forward scatter properties. All tests were performed in
duplicate.

The effect of eculizumab, a C5 blocking antibody, was examined by pre-incubation for 15
minutes prior to RTX addition at 10 µg/ml, 100 µg/ml, and 1 mg/ml, with equivalent results,
so remaining eculizumab experiments were performed using 1 mg/ml. For experiments
requiring RTX F(ab’)2 fragments, RTX was treated with immobilized pepsin (Thermo
Scientific) per manufacturer’s instructions, followed by removal of Fc fragments using
protein A Sepharose beads and purity confirmed by SDS-PAGE.

Measurement of the effect of RTX on B cell viability was performed following RTX
treatment through the addition of propidium iodide (1 µg/ml) and evaluated for number of
positive dead cells using flow cytometry. As a positive control, PBMC were treated with
20% ethanol for 15 minutes. Separately, the Green LIVE/DEAD viability dye (Invitrogen)
was used with 250 µl of a 1:5000 stock solution added to a 0.5 million PBMC pellet and
incubated on ice for 30 minutes following RTX treatment, then washed and fixed with 1%
paraformaldehyde, prior to flow cytometry.

Intracellular staining for CD19 following RTX incubation utilized a PBS-0.01%
paraformaldehyde fixation for 10 min at room temperature before permeabilization in 0.5%
Tween-20 in PBS for 15 min at room temperature. Subsequent staining with antibodies was
done in PBS with 0.1% Tween-20.

RTX-Complement Dependent Cytotoxicity of Daudi Cells
The human Daudi B cell line was adapted to and maintained in the serum-free media X-
Vivo 15 (Lonza) in a 5% CO2 incubator at 37°C. Daudi cells were brought to a
concentration of 250,000 cells/ml with the specified serum concentrations ranging from 1%
to 10%, along with RTX 10 µg/ml and incubated at RT for 30 minutes. PI 1 µg/ml was
added for an additional 30 minutes, followed by flow cytometry to determine cell death. In
some experiments, eculizumab 1mg/ml was added for 15 minutes prior to addition of RTX.

Quantitative RT-PCR Analysis
RNA was isolated from whole blood using the PAXgene blood RNA isolation kit per
manufacturer’s instructions (PreAnalytiX). RNA was extracted and purified from PBMC as
described by Gough (6). RNA was quantified using the NanoDrop spectrophotometer
(NanoDrop Technologies) and 0.5 µg reverse-transcribed using the SuperScript III Reverse
Transcriptase (Invitrogen). Quantitative real-time PCR was performed using an iCycler iQ
Real-Time PCR detection system using iQ SYBR Green Supermix (BioRad). Expression
levels of target genes (CD19 and CD20) were quantified relative to the expression of the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and actin housekeeping genes.
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Confocal Microscopy
Isolated neutrophils were stained using CellTracker CM-DiI (Invitrogen) at 1µM
concentration, and after incubation were washed generously. The stained neutrophils were
combined with purified human B cells, and in the correct setting, RTX 10 µg/ml was added.
After 15 minutes, CD19 AlexaFluor 647 was added for an additional 15 minutes, then
washed in 15 ml volume PBS/BSA/Azide. The cells were examined on a Zeiss Confocal
Microscope using red for the CellTracker and green for CD19.

Statistical Analysis
Analysis was performed using STATA software version 12.0 (StataCorp). Student’s t-tests
were performed to calculate statistical differences between the means of the different
variables. Two-tailed P values less than 0.05 were considered significant.

RESULTS
Rituximab results in rapid and robust loss of measured CD19

Following hirudin (50 µg/ml) anticoagulation, the effect of RTX addition to whole blood on
CD19+ cell number and MFI was examined (Data not shown). RTX treatment rapidly
reduced CD19+ cell number (mean 37%, n=32). Surprisingly, this effect of RTX on CD19+
cell expression was not accompanied by a reduction in CD19 or CD20 mRNA as measured
by quantitative RT-PCR (Data not shown). To better characterize this unexpected result, we
examined the relative CD19 depleting effect of RTX in PBMC cultured in 10% autologous
serum (Figure 1). A consistently greater (mean 51%, n=37, range 21–84%) degree of CD19
depletion was observed. This RTX-dependent reduction in CD19+ B cells was accompanied
by a comparable decline in CD19 surface expression as measured by changes in mean
fluorescent intensity (MFI). This effect of RTX was dose-dependent, becoming maximal at
1 µg/ml (Figure 1C). The changes in CD19 expression occurred very rapidly (5’) at 25°C
(Figure 1D).

Loss of CD19 in healthy donor PBMC in vitro is not complement dependent
The rapidity of the decline in CD19+ cells prompted further consideration that this
represented RTX mediated CDC. Surprisingly, the RTX dependent reduction in CD19+ B
cells was conserved despite the use of serum-free media (Figure 2). Moreover, this effect of
RTX did not require an intact or functional complement cascade as we saw equivalent
effects using heat-inactivated (56°C, 45’) human serum as well as C3- or C5-deficient sera.
Blockade of the C5 activity with the anti-C5 monoclonal antibody eculizumab also did not
alter this effect.

The activity of RTX in mediating CDC with human cells was confirmed using the Daudi B
cell line. With concentrations of 5% serum or less, RTX addition resulted in the rapid killing
of >80% of Daudi cells (Data not shown). No RTX-dependent killing was seen in the
absence of serum as a source of complement. Moreover, no Daudi cell death was seen using
5% C3- or C5-deficient sera, or when eculizumab, a C5 blocking antibody, was added (data
not shown). Thus, in contrast to that seen with human B cell lines, normal human B cells
exhibit little, if any, sensitivity to RTX-CDC.

Loss of measured CD19 does not represent cell death, but represents loss of the surface
protein

A consistent effect of RTX was the decline (~50% by MFI) in CD19 surface expression
(Figure 3A). This suggested that CD19 expression was being lost from the cell surface rather
than by cell death. Consistent with this interpretation, RT-PCR analysis of PBMC
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demonstrated no decline in CD19 or CD20 mRNA with RTX treatment, as seen in whole
blood (Figure 3B). Furthermore, propidium iodide uptake was not increased as a function of
RTX treatment (Figure 3C). Identical results were obtained with LIVE/DEAD green
viability dye (Data not shown). Subsequent studies determined that intracellular CD19
expression was unaffected by RTX treatment (Figure 3D). Thus, the rapid decline in CD19
positive cells occurring with RTX treatment was due to its rapid loss from the cell surface.

Rituximab induces loss of CD19 through the shaving process
Previous studies have demonstrated that RTX binding to CD20 enables monocytes to
mediate trogocytosis or “shaving” and internalization of the RTX-CD20 complex and
accompanying cell membrane through an Fcγ receptor dependent mechanism (7, 8). We
tested the potential role of shaving by first demonstrating that the CD19-depleting effect of
RTX was lost using partially (~90%+) purified B cells (Figure 4A) indicating a requirement
for a non-B cell. Second, RTX mediated loss of CD19 was completely inhibited by 0.05%
azide, which would inhibit the cellular respiration for shaving to occur (data not shown).
Third, in PBMC, using an F(ab’)2 fragment of RTX we observed a requirement for an intact
human Fc portion (Figure 4B). In addition, prior incubation with the F(ab’)2 of RTX
blocked the RTX-induced decline in CD19 (Figure 4B), establishing a requirement for both
the F(ab) and Fc portions of RTX for a reduction in CD19 expression. Finally, flow
cytometry demonstrated that, following incubation of PBMC with RTX, CD19 expression
was acquired by CD14+ monocytes, thereby directly indicating shaving (Figure 5A). Similar
results were obtained when purified human peripheral blood neutrophils were added to B
cells in the presence of RTX (Figure 5B). Using confocal microscopy, purified neutrophils
(color red) were combined with purified B cells, then stained with anti-CD19 (color green).
Untreated cells showed clear separation of neutrophils and CD19 positivity, however,
following treatment with RTX, the neutrophils had acquired CD19 from B cells (Figure 5C).

DISCUSSION
We report that both the analysis and effect of RTX on human peripheral blood B cells are
more complex and nuanced than previously thought. Notably, RTX addition to PBMC
results in a rapid loss of CD19 from the B cell surface in a complement-independent
manner. This effect is not associated with a decline in either CD19 or CD20 mRNA and is
observed in whole blood as well as in PBMC. This process is IgG Fc dependent and blocked
by azide. Moreover, it requires the presence of Fcγ receptor-expressing cells such as
monocytes and/or PMNs, which acquire the CD19 molecule on their cell surface as a
consequence of RTX treatment. This effect of RTX occurs without affecting B cell viability.
The importance of this finding to monitoring B cell recovery is underscored by the
demonstration that CD20 shaving occurs in vivo, where a CD20-negative population of B
cells arises in minutes following rituximab treatment (9). Our data would suggest that CD19
might be similarly affected.

Other potential mechanisms contributing to the loss of surface CD19 have been considered.
For example, CD19 internalization could be occurring following capping of CD20 by RTX.
This model is not consistent with several findings. First, we do not see a significant increase
in intracellular CD19 with intracellular staining of PBMC. Second, surface CD19 expression
is resistant to internalization, even with direct antibody ligation (10, 11). Third, both
internalization and shedding models for CD19 loss would be expected to be replicated by
RTX F(ab’)2 treatment. In contrast, our data (Figure 4) demonstrate a clear requirement of
CD19 loss for an intact rituximab antibody and Fc portion. The Fc-dependence of CD19 loss
with RTX argues against the model of CD19 shedding or internalization. These conclusions
are supported by other studies, where trogocytosis plays the dominant role in loss of CD20
from the B cell (7, 8, 17). Despite these reservations, determining the contribution, if any, of
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internalization and membrane shedding of CD19 is an area of future study, especially in
vivo. Whatever the result of these investigations, our primary conclusion remains: resting
human B cells lose CD19 from their cell surface following RTX treatment and this is not
associated with cell death.

Previous work has identified ADCC, CDC, and apoptosis as possible mechanisms of B cell
depletion induced by RTX that account for its efficacy in autoimmune disease (1). We show
that normal human peripheral blood B cells are resistant to RTX-CDC, in contrast to that
seen with human B cell lines (12, 13, 14). Indeed, RTX treatment had no apparent effect on
B cell viability in vitro, although it dramatically altered B cell phenotype, potentially
confounding measures of B cell numbers by CD19 surface expression. These data suggest
for the first time that RTX-CDC may not play a major role in the clinical efficacy of B cell
targeting in autoimmune disease. It remains uncertain as to whether malignant B cells differ
in their sensitivity to RTX-CDC, although reports have suggested that both shaving and
CDC occur (9, 15).

The observation of CD20 shaving induced by RTX has been extensively studied by the
Taylor laboratory, who have documented the role of the monocyte and Fc-FcγR interactions
(7, 15, 16, 17). Evidence supporting the presence of shaving of the RTX-CD20 complex has
been described in vivo in mice and in CLL patients (9, 18, 19). Our studies extend this
observation in several important ways. First, we demonstrate that shaving of the RTX-CD20
complex from normal human B cells is also associated with a marked loss of CD19. Second,
the magnitude of RTX-induced CD19 loss from normal human B cells appears to be greater
than that seen with B cell lines (7). This result potentially indicates a greater proximity of
CD19 with CD20 in peripheral blood B cells. Third, we observed that shaving can be
mediated by both monocytes and neutrophils, the predominant circulating phagocyte.
Finally, the CD19-depleting effect of RTX occurs rapidly in whole blood without affecting
CD19 mRNA levels, indicating that shaving of CD19 is also likely to occur in vivo.

The ability of RTX to create CD19-deficient B cells through shaving has important potential
consequences. The first of these arises from the common use of CD19 as a pan-B cell
marker. We have demonstrated that RTX concentrations of 1 µg/ml lead to marked loss of
CD19+ cells, yet in RA patients, RTX administration results in serum concentrations of 10
µg/ml or higher for up to 16 weeks, and concentrations of >1µg/ml for at least 24 weeks
(20). Thus, previous analyses of the effectiveness of RTX activity by monitoring CD19+ B
cells may have overestimated B cell depletion. Finally, persistent shaving of CD19 and
CD20 from the B cell surface might alone influence B cell function. CD20 deficiency in
humans results in altered humoral immunity through decreased T cell independent antibody
production (21). Potentially even more important, CD19 deficiency in humans resulted in
severely impaired B cell function as manifested by the syndrome of common variable
immunodeficiency (22, 23). Thus, RTX-dependent shaving of CD20 and CD19 from B cells
might have profound effects on B cell function and immune responses independent of B cell
depletion.

In summary, we have identified loss of the CD19 surface antigen from healthy donor B cells
exposed to rituximab in vitro. This effect is complement-independent and occurs without
causing B cell death. We have shown that healthy donor B cells are resistant to CDC, raising
the possibility that RTX-CDC in vitro or in vivo are restricted to malignant B cells. We have
shown that this loss of CD19 with the addition of RTX is mediated by trogocytosis, or
shaving, in which the CD19 surface marker accompanies the transfer of the RTX-CD20
complex to monocytes and neutrophils. These findings suggest that the assumption that the
measurement of CD19+ cells as a marker of RTX-induced B cell loss may be flawed.
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Finally, this finding has potential implication for a change in B cell function as a result of
RTX induced shaving.
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Figure 1.
RTX added to PBMC in 10% serum results in rapid loss of CD19 as measured by flow
cytometry. A, Representative dot plot of untreated and RTX treated lymphocytes as
determined by forward and side scatter properties. B, Bar graph representing mean percent
positive CD19 cells without and with RTX treatment (p<0.0001) and change in mean
fluorescence intensity (MFI) (p<0.0001, n=37). C, RTX promotes depletion of CD19 in a
dose-dependent manner with an incubation of 30 minutes (n=4). D, CD19 depletion occurs
as rapidly as 5 minutes at RTX dose of 10 µg/ml (n=5). Error bars represent standard error
of the mean.
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Figure 2.
RTX incubation for 30 minutes consistently results in CD19 depletion in multiple
complement independent conditions (displayed as the % of the CD19 value obtained from
untreated PBMC). Error bars represent standard error of the mean.
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Figure 3.
Loss of CD19 with RTX treatment is not due to cell death. A, Flow cytometry histogram of
PBMCs without and with RTX (gating on lymphocyte population based on forward and side
scatter properties) showing representative leftward shift of CD19 count into the negative
population. B, CD19 and CD20 mRNA message from PBMC does not change with addition
of RTX. C, Viability dye, propidium iodide, indicates that there is no increase in cell death
with addition of RTX despite large decline in CD19 count. Ethanol treated cells were >90%
positive for propidium iodide. D, While surface staining supports decrease in CD19 count,
intracellular staining indicates that B cells are not lost with addition of RTX. All graphs
represent a 30 minute RTX incubation. Bar graphs represent the mean of at least three
separate experiments; error bars represent standard error of the mean.
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Figure 4.
RTX induced loss of CD19 is dependent on Fc-FcγR interaction. A, Highly purified (~90%)
B cells do not lose CD19 in the presence of RTX. B, In PBMC, RTX F(ab’)2 does not result
in loss of CD19, but does prevent RTX mediated loss of CD19. Error bars represent standard
error of the mean.
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Figure 5.
Loss of CD19 with RTX treatment is not due to cell death. A, Flow cytometry histogram of
PBMCs without and with RTX (gating on lymphocyte population based on forward and side
scatter properties) showing representative leftward shift of CD19 count into the negative
population. B, CD19 and CD20 mRNA message from PBMC does not change with addition
of RTX. C, Viability dye, propidium iodide, indicates that there is no increase in cell death
with addition of RTX despite large decline in CD19 count. Ethanol treated cells were >90%
positive for propidium iodide. D, While surface staining supports decrease in CD19 count,
intracellular staining indicates that B cells are not lost with addition of RTX. All graphs
represent a 30 minute RTX incubation. Bar graphs represent the mean of at least three
separate experiments; error bars represent standard error of the mean.
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