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Brief report

The mechanism of anti-CD20—mediated B cell
depletion revealed by intravital imaging
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Anti-CD20 Ab therapy has proven successful for treating B cell malignancies and a number of autoimmune
diseases. However, how anti-CD20 Abs operate in vivo to mediate B cell depletion is not fully understood.
In particular, the anatomical location, the type of effector cells, and the mechanism underlying anti-CD20
therapy remain uncertain. Here, we found that the liver is a major site for B cell depletion and that recircula-
tion accounts for the decrease in B cell numbers observed in secondary lymphoid organs. Using intravital
imaging, we established that, upon anti-CD20 treatment, Kupffer cells (KCs) mediate the abrupt arrest and
subsequent engulfment of B cells circulating in the liver sinusoids. KCs were also effective in depleting malig-
nant B cells in a model of spontaneous lymphoma. Our results identify Ab-dependent cellular phagocytosis
by KCs as a primary mechanism of anti-CD20 therapy and provide an experimental framework for optimizing

the efficacy of therapeutic Abs.

Introduction

Anti-CD20 therapy mediates the depletion of B cells and represents
a breakthrough in the treatment of B cell malignancies and auto-
immune disorders (1-3). Multiple underlying mechanisms have
been proposed, including complement-dependent cytotoxicity,
Ab-dependent cell-mediated cytotoxicity, and Ab-dependent
cellular phagocytosis. Preclinical studies have highlighted the
importance of Fc receptor-dependent (FcR-dependent) processes
for B cell depletion (4, S), a finding consistent with the observed
influence of FcR polymorphism on the efficiency of anti-CD20
therapy in humans (6). Many immune cells, including NK cells,
macrophages, and monocytes, kill anti-CD20-coated B cells in
vitro and/or are required for depletion in murine models (4, 5, 7).
Paradoxically, despite more than 15 years of clinical experience,
the anatomical location, the precise immune cell type, and the
mechanism underlying anti-CD20 therapy remain incompletely
understood (8). Addressing these questions remains critical to
facilitate the design of improved therapeutic Abs. Here, we used a
combination of surgical procedures, intravital 2-photon imaging,
and a spontaneous tumor model to uncover the mechanism by
which anti-CD20 injection results in the clearance of normal and
malignant B cells.

Results and Discussion

To model anti-CD20 therapy, we treated mice with a deplet-
ing mouse anti-CD20 Ab (9). After 16 hours, the percentage of
B cells was reduced in all organs analyzed, a phenomenon that
was strictly dependent on activating Fc receptors (Supplemen-
tal Figure 1; supplemental material available online with this
article; doi:10.1172/JCI70972DS1). It is noteworthy that after
2 hours B cell depletion was already detectable in the liver but
not in secondary lymphoid organs (Figure 1A). To evaluate the
contribution of the liver to systemic depletion, mice were sub-
jected to partial hepatectomy, during which 50% of the liver
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mass was removed. In this setting, the efficiency of systemic
anti-CD20-mediated depletion (as measured in the blood) was
reduced by approximately half (Figure 1B). In contrast, B cell
depletion was unaltered in splenectomized mice (Figure 1B).
To test whether blood circulation accounted for the late deple-
tion in secondary lymphoid organs, we exploited the fact that
pertussis toxin-treated (PTX-treated) B cells accumulate in the
circulation as they fail to enter into lymph nodes and the white
pulp of the spleen (ref. 10 and Supplemental Figure 2). In recip-
ients receiving a mixture of untreated and PTX-treated spleno-
cytes, B cells from both subsets were largely depleted in livers
by anti-CD20 treatment, but only PTX-treated B cells were effi-
ciently removed from the spleens (Figure 1C). Thus, favoring
B cell recirculation increased the efficiency of depletion. Col-
lectively, these results suggest that the liver plays a central role
during anti-CD20 therapy.

To characterize the mechanism operating in the liver during anti-
CD20 treatment, we relied on intravital imaging using mice with
RFP-expressing B cells. In untreated animals, we detected B cells
circulating in the liver sinusoids, appearing and disappearing rap-
idly from the imaging volume (Figure 1, D and E; Supplemental
Figure 3; and Supplemental Videos 1 and 2). Strikingly, within
minutes of anti-CD20 therapy, circulating B cells arrested and
remained immotile (Figure 1, D and E, and Supplemental Video 2).
After 10 to 30 minutes, the rounded morphology of B cells was lost
and RFP fluorescence appeared more diffuse, possibly reflecting
B cell death and/or degradation. The liver contains Kupffer cells
(KCs), a population of highly phagocytic tissular macrophages, lin-
ing the sinusoids and expressing FcRs (11). When mice were inject-
ed with clodronate liposomes, a treatment that efficiently removed
KCs (Figure 2A), anti-CD20 treatment was no longer effective (Fig-
ure 2B). To directly assess the role of KCs, we used a mouse strain
expressing a fluorescent reporter for Csfrl (referred to herein as
MAFIA mice; ref. 12), a key regulator of KC survival (13). In the
liver, GFP* cells included CD11b" F4/80% cells as well as cells with
the typical phenotype of KCs, expressing high levels of F4/80 and
the bona fide macrophage markers MerTK and CD64 (FcRyI)
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The liver is a major site for anti-CD20—mediated B cell depletion. (A) C57BL/6 mice were treated with a single injection of anti-CD20. The
percentage of remaining B cells (compared with that in untreated mice) was measured over time in the indicated organs. (B) Mice were sub-
jected to partial hepatectomy, splenectomy, or left untreated. The efficacy of B cell depletion was calculated as the fraction of B cells remain-
ing in the blood 16 hours after anti-CD20 injection relative to the same values in mice subjected to surgery but not injected with anti-CD20.
*P < 0.05. (C) Recipient Rag2-- mice were transferred with a 1:1 mixture of untreated and PTX-treated splenocytes and injected with anti-
CD20. For each subset, the percentage of B cells at 6 hours after anti-CD20 injection (compared with that in recipients that did not receive
anti-CD20) is shown for the indicated organs. (D and E) B cells circulating in the liver arrest immediately following anti-CD20 administration.
B cells are indicated by white circles. Mice with RFP-expressing B cells were subjected to intravital imaging of the liver. (D) Representative
time-lapse images and (E) quantification before or immediately after injection of anti-CD20 Ab. Each horizontal line represents an individual
B cell, and red squares represent the time period during which the B cell is visible in the imaging field. Scale bar: 10 um.

(Figure 2C). As expected, the latter population was the primary
population in the liver targeted by clodronate liposomes (Figure
2D and Supplemental Figure 4). Using in vivo cell labeling with a
fluorescent anti-F4/80 Ab and subsequent imaging, we confirmed
that GFP" cells expressing the F4/80 marker displayed the typical
elongated morphology of KCs and were largely sessile (Figure 2D).
GFP* cells that were not labeled by the F4/80 marker were motile
and displayed a rounded morphology, corresponding most likely
to monocytes and granulocytes (Figure 2E and Supplemental
Video 3). Thus, KCs could readily be visualized using the MAFIA
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mouse model on the basis of GFP expression and cell morphology.
We therefore imaged MAFIA mice to monitor B cell interactions
with GFP* KCs. In untreated MAFIA mice, B cells circulating in the
liver sinusoids occasionally contacted KCs, but these interactions
were transient (<5 minutes) (Figure 3, A and D, and Supplemen-
tal Video 4). Following anti-CD20 injection, virtually all B cells
specifically arrested on KCs and were engulfed by the contacting
KCs a few minutes later (Figure 3, A and B; Supplemental Video S;
and Supplemental Figure SA). B cell debris were occasionally
seen appearing in KCs, which is suggestive of B cell degradation
Number 12 December 2013
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Tracking KCs using the MAFIA mouse model. (A) Mice were injected intravenously with clodronate (lip-CL) or control liposomes (lip-PBS).
After 24 hours, depletion of KCs (F4/80+CD11b') by lip-CL was confirmed by flow cytometry. Numbers in A and D correspond to the per-
centage of cells falling in the indicated gate. (B) B cell depletion following anti-CD20 injection was quantified as in Figure 1 in the blood
in mice treated with clodronate or control liposomes. ***P < 0.001. (C) Flow cytometric analysis of liver cells in MAFIA mice. Data are
gated on CD45+ cells. Red and black histograms were obtained using the corresponding gates shown in the leftmost panel. (D) MAFIA
mice were injected intravenously with clodronate or control liposomes. After 24 hours, liver cells were analyzed by flow cytometry. (E)
Sessile GFP* cells in the livers of MAFIA mice correspond to KCs. MAFIA mice were injected intravenously with PE-conjugated anti-
F4/80 Ab and subjected to intravital imaging of the liver 10 minutes later. Time-lapse images showing that sessile spindle-shaped GFP+
cells with typical KC morphology were all stained with F4/80 Ab. In contrast, motile GFP+ cells (indicated by white arrowheads) were all

F4/80-. Scale bar: 10 um.

(Supplemental Figure 5B). B cells were alive when they arrested
on KCs and were not simply cleared by KCs after being killed by
a distinct effector cell (Supplemental Figure 6). Engulfment of
B cells by liver F4/80* cells was confirmed by immunofluorescence
on fixed tissue sections (Supplemental Figure 7). Importantly,
B cell arrest upon anti-CD20 treatment was impaired in FcRy”~
recipients (Figure 3C), indicating that engagement of activating
FcRs on KCs was important for B cell capture.

To test whether KCs also deplete malignant B cells, we relied
on the Eu-myc transgenic mice (a model for human Burkitt
lymphoma) (14) that spontaneously develop B cell lymphoma.
5100
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First, we isolated a fluorescent B cell lymphoma cell line from
a Eu-myc transgenic mouse and transferred these cells into
MAFIA mice. After 3 weeks, we showed that anti-CD20 injec-
tion resulted in the rapid engulfment of lymphoma cells by
KCs (Figure 3D and Supplemental Video 6). To test whether a
similar mechanism operates in the context of a spontaneously
developing lymphoma, we generated Csfr18%/*Cd19%/*Rosa26RF*/*
Eu-myc”~ mice that developed B cell lymphomas and contained
fluorescent KCs and B cells. Intravital imaging revealed that
B cells circulating in liver sinusoids were rapidly engulfed by
KCs upon anti-CD20 injection (Figure 3, E and F). Thus, KCs
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Figure 3

KCs mediate the arrest and engulfment of normal and malignant B cells during anti-CD20 therapy. (A—D) Rag2-- MAFIA mice were adop-
tively transferred with dye-labeled B cells and subjected to intravital imaging of the liver. (A) Representative time-lapse images recorded
before or immediately after anti-CD20 injection. B cells are indicated by white circles. (B) B cell behavior and contact with KCs before or
after anti-CD20 injection. Each line represents an individual B cell, red squares represent the time period during which B cells are present
in the imaging field without contacting KCs, and green squares indicate the time period during which B cells are associated with a KC. (C)
Impaired B cell arrest in FcRy~- mice treated with anti-CD20. Rag2--FcRy~- mice were transferred with dye-labeled B cells and injected
with anti-CD20. (D) Rag2-- MAFIA mice were injected with a YFP-expressing B cell tumor line. Representative time-lapse images show that
tumor cells were rapidly engulfed by KCs upon anti-CD20 injection. Engulfed B cell tumors are indicated by white circles. (E and F) KCs
are effectors of anti-CD20 therapy in a model of spontaneously developing B cell lymphoma. Csfr19//+Cd19¢e+Rosa26RFP+*Eu-myc+- mice
were subjected to intravital imaging of the liver following anti-CD20 injection. (E) Representative time-lapse images showing the engulfment
and subsequent digestion of RFP-expressing lymphoma cells by KCs. (F) Quantification of B cell engulfment by KCs following anti-CD20
therapy. Scale bar: 10 um.

mediate the elimination of malignant B cells during anti-CD20  Our results demonstrate that the liver is a major site for deple-
therapy in a physiological model of B cell lymphoma. tion and extend the results of a previous study, highlighting

In the present study, we address a long-standing question and  the importance of B cell circulation for systemic depletion
establish the mode of action of anti-CD20 in a mouse model.  (15). Most importantly, intravital imaging revealed that KCs

The Journal of Clinical Investigation  http://www.jci.org ~ Volume 123 ~ Number 12 December 2013 5101



brief report

were responsible for B cell depletion through Ab-dependent
cellular phagocytosis. In humans, the liver contains 15% of
total blood volume and filters one-third of the cardiac out-
put. Positioned in proximity to hepatic sinusoids, KCs are
ideally located to capture circulating Ab-coated B cells (16).
Following mAb injection, previous studies have observed tar-
get cells within KCs on fixed tissue sections (15, 17). Whether
this reflected the depletion mechanism or whether KCs were
simply scavenging dead cells previously killed by other effec-
tors could not be directly addressed. Here, with the help of
dynamic imaging, we established that B cell depletion proceeds
in two steps. First, within minutes of anti-CD20 injection,
circulating B cells abruptly arrested on KCs. Subsequently,
B cells were engulfed and degraded by the contacting KCs.
Overall, this process was remarkably efficient, as virtually all
liver B cells were trapped within minutes of anti-CD20 injec-
tion. These findings have important implications for the use
and development of anti-CD20 therapy. First, we would pre-
dict that depletion of malignant lymphoid cells would be more
efficient for recirculating tumor cells than for cells trapped in
secondary lymphoid organs. Second, our imaging approach
should help define Ab modifications that increase the rate of
B cell arrest and/or engulfment by KCs. In preclinical models,
the efficacy of different type I anti-CD20 mAbs, like ritux-
imab and ofatumumab, largely depends on FcRs (4, 18, 19).
Thus, the mechanism identified in the present report likely
pertains to other anti-CD20 Abs that largely rely on FcRs to
induce depletion (4, 5, 15, 19). Interestingly, type II anti-
CD20 Abs have been shown to exert direct cytotoxicity against
B cells (20, 21). Future imaging studies combined with human-
ized mouse models should therefore help generalize our find-
ings and clarify the contribution of direct versus FcR-depen-
dent effects mediated by type Il anti-CD20 Ab in vivo.

In summary, we have established here that Ab-dependent cel-
lular phagocytosis by KCs is a primary mechanism of anti-CD20
therapy and have illustrated how intravital imaging can be used to
uncover the mode of action of therapeutics drugs.

Methods
Further information can be found in the Supplemental Methods.

Mice. Ep-myc transgenic (14) and Csfr187/+ (also referred to as MAFIA;
ref. 12) mice were purchased from The Jackson Laboratory. C57BL/6,
Rag27/~, Rosa26R"/*, Cd19¢/<r¢, FcRy~~, and Ubi-GFP mice were bred in our
animal facility (22, 23).

Flow cytometry. Livers were perfused with 8 ml PBS. Organs were incubat-
ed for 30 minutes at 37°C in RPMI containing 0.5 mg/ml collagenase. Cell

suspensions were Fc blocked using anti-CD16/32 Ab (eBioscience). Analy-
ses were performed using a FACSCanto II Cytometer (BD Biosciences) and
analyzed using FlowJo software version 8.6.6 (Tree Star).

Anti-CD20 treatments. Mice were treated with one single dose of 50 or 100
ug mouse anti-mouse CD20 (clone 5D2, isotype IgG2a, Genentech) to eval-
uate depletion of endogenous or malignant B cells, respectively. For B cell
transfer, splenic B cells were isolated by negative selection (Miltenyi Bio-
tech), loaded with 10 uM SNARF or CellTracker Orange (Invitrogen), and
injected intravenously (0.5 x 108 to 1 x 108 cells). Pretreatment with PTX
(Sigma-Aldrich) was performed by incubating splenocytes isolated from
GFP-expressing mice (3 x 107 cells/ml) at 37°C for 2 hours in RPMI con-
taining 2% FCS and 200 ng/ml PTX. GFP- splenocytes isolated from WT
mice were left untreated. Cells were transferred at a 1:1 ratio into Rag2”/~
recipients. Clodronate was encapsulated in liposomes as described earlier
and injected intravenously (24).

Two-photon intravital imaging. Two-photon imaging was performed as
previously described (25) with some modifications. In brief, we modi-
fied an upright DM6000B microscope (Leica Microsystems) with a cus-
tom-designed objective inverter (for use as an inverted microscope) and
a x40/1.3NA oil-dipping objective (Nikon). Excitation was provided by
a Chameleon Ultra Ti:Sapphire Laser (Coherent) tuned at 1,000 nm.
Mice were anesthetized, and the liver was exposed through a horizontal
incision in the mid-abdomen, carefully pulled down, and glued onto
a glass bottom petri dish heated to 36°C. Mice were placed onto a
heated stage and provided with 95% oxygen. Data sets were processed
and analyzed using Imaris (version 7.2, Bitplane) and Image]J (version
1.46) softwares.

Statistics. Data are shown as mean + SEM and were analyzed using a 2-tailed
unpaired Student’s ¢ test.

Study approval. Animal experiments wereperformed with the approval
of Institut Pasteur and in accordance with its guidelines for animal

care and use.
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