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Monoclonal antibodies directed to CD20
and HLA-DR can elicit homotypic adhesion
followed by lysosome-mediated cell death

In human lymphoma and leukemia cells
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mADbs are becoming increasingly utilized in the treatment of lymphoid disorders. Although Fc-FcyR inter-
actions are thought to account for much of their therapeutic effect, this does not explain why certain mAb
specificities are more potent than others. An additional effector mechanism underlying the action of some
mAbs is the direct induction of cell death. Previously, we demonstrated that certain CD20-specific mAbs
(which we termed type II mAbs) evoke a nonapoptotic mode of cell death that appears to be linked with
the induction of homotypic adhesion. Here, we reveal that peripheral relocalization of actin is critical for
the adhesion and cell death induced by both the type II CD20-specific mAb tositumomab and an HLA-DR-
specific mAb in both human lymphoma cell lines and primary chronic lymphocytic leukemia cells. The cell
death elicited was rapid, nonapoptotic, nonautophagic, and dependent on the integrity of plasma membrane
cholesterol and activation of the V-type ATPase. This cytoplasmic cell death involved lysosomes, which
swelled and then dispersed their contents, including cathepsin B, into the cytoplasm and surrounding envi-
ronment. The resulting loss of plasma membrane integrity occurred independently of caspases and was not
controlled by Bcl-2. These experiments provide what we believe to be new insights into the mechanisms by
which 2 clinically relevant mAbs elicit cell death and show that this homotypic adhesion-related cell death

occurs through a lysosome-dependent pathway.

Introduction

mAbs are becoming increasingly utilized in the treatment of lym-
phoid disorders (1, 2). In particular, mAb directed to cell-surface
antigens on malignant B cells has proven the most clinically effec-
tive, with the anti-CD20 mADb, rituximab, being the first to be
approved by the US FDA for the treatment of cancer. Rituximab has
substantially improved outcome for patients with many different
types of non-Hodgkin lymphoma and has now been administered
to over 1 million patients in the decade since its approval. Despite
such success, treatment is not curative and there is intense pre-
clinical and clinical investigation of many other engineered mAbs
directed to both CD20 and a host of other cell-surface antigens (2).
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The current challenge in the development of novel anti-cancer
mAbs is to discover cell-surface antigens that will lead to efficient
tumor cell killing and to identify biological pathways that will
augment the cytotoxic effects of these mAbs. Central to this task
is the need to identify the critical effector mechanisms involved
in mADb therapy. Although Fc-FcyR interactions are thought to
explain much of the therapeutic effect of mAbs, this does not
explain why certain mAD specificities are more potent than others.
In addition to “classical” Fc-dependent effector mechanisms such
as complement-dependent cytotoxicity (CDC) and Ab-dependent
cellular cytotoxicity (ADCC), certain mAbs are also able to trigger
intracellular signaling in the target cell and directly induce pro-
grammed cell death (PCD) (reviewed in refs. 3, 4). Whereas ADCC
and CDC are dependent only upon the level of surface expression
and degree of modulation of a target molecule, PCD is reliant
upon the nature of the target molecule with its associated signal
transduction cascade. An enhanced understanding of how differ-
ent mAbs evoke PCD is clearly central to providing new insights
regarding not only their mode of action, but also how they might
function in vivo and how mAb efficacy might be augmented.

We previously defined anti-CD20 mAbs as either type I or II,
based upon their ability to redistribute CD20 into plasma mem-
brane lipid rafts and their potency in various assays measuring
CDC, homotypic adhesion (HA), and PCD (5-7). These experi-
ments indicated that type II mAbs (such as tositumomab/B1),
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with their greater tendency to promote PCD but not CDC, are
more effective at depleting malignant B cells in xenograft mod-
els (6). We have recently confirmed that this superior efficacy also
translates to syngeneic models of B cell depletion in human CD20
Tg mice (8). In both cases, this enhanced activity was independent
of the need for complement (6, 8) and no differences in ADCC (6)
or macrophage uptake were apparent (8). Therefore, in the absence
of other apparent effector mechanisms, it is possible that the
enhanced induction of PCD may contribute to the greater efficacy
of type Il reagents. Previously, we demonstrated that the cell death
induced by these type II mAbs was nonapoptotic, independent of
caspase activity, and correlated with HA (5).

The induction of physiological or cytotoxic responses by
extracellular signals requires the spatial and temporal coordina-
tion of distinct signaling pathways. Actin cytoskeleton remodeling
has been established as an integrating mechanism in lymphocyte
activation and antigen presentation, establishing immunological
synapses and kinapses (reviewed in ref. 9). Disruption of the actin
cytoskeleton inhibits both HA and cell death induced by anti-
HLA-DR (10, 11) and anti-CD99 Abs (12, 13). Moreover, this form
of cell death, like that induced by type IT anti-CD20 mAbs, is inde-
pendent of caspase activation (12). HA has also been reported for
B cells following the ligation of CD19, CD20, CD39, CD40 (10),
and CDS3 (14). Therefore, we hypothesized that cell signaling
events leading to anti-CD20 mAb-induced HA and death might
be linked through actin signaling.

Here, we show that actin redistribution toward the cell-to-
cell contact area is critical for both the adhesion and cell death
induced with type II anti-CD20 mAbs and HLA-DR class II mAbs
on a variety of cell lines and primary chronic lymphocytic leuke-
mia (CLL) patient samples. The importance of the adhesion for
efficient cell death is shown in experiments where cell contact
is prevented. Furthermore, we demonstrate that actin dynamics
are altered rapidly after mAb stimulation and that trogocytosis
involving membrane swapping is stimulated. Actin redistribution
is associated with structural changes in lysosomes that appear to
swell and then disperse their contents, such as cathepsin B, into
the cytoplasm, resulting in a loss of plasma membrane integrity
and nonapoptotic cell death.

Results
Actin reorganization is involved in anti-CD20 and anti—-HLA-DR—induced
HA and cell death. Following our earlier observation that HA cor-
relates with cell death induced by anti-CD20 mAbs (5), we per-
formed experiments to determine whether other mAb specificities
were able to perform both of these functions. These experiments
revealed that in addition to type II anti-CD20 reagents, mAbs to
HLA-DR but not to HLA-DQ, HLA-DP, CD37, CD38, or B cell
receptor (BCR) were able to evoke both strong HA and cell death
in Raji cells (Figure 1, A, B, and D, and data not shown). Death
observed after 24 hours also correlated with a loss of clonogenic
survival (~8-fold for tositumomab, a type I anti-CD20 mADb, and
~80-fold for L243 anti-HLA-DR) (data not shown). We concluded
that the 2 processes of HA and cell death might be functionally
linked. HA would require ultrastructural reorganization of the
actin cytoskeleton, and so we first investigated the effects of block-
ing this activity on HA and cell death. These experiments, using
agents that inhibit actin polymerization (cytochalasin D, latrun-
culin B), demonstrate a clear dependence of HA and cell death
on actin reorganization (Figure 1 C, D, and E, and Supplemental
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Figure 1; supplemental material available online with this article;
doi:10.1172/JCI37884DS1). Furthermore, longer term cell-growth
assays revealed that cotreatment with cytochalasin D was able to
protect cells from mAb treatment for at least 72 hours (Figure
1D). To verify that cell-cell contact was important for cell death,
we added low-melting point agarose to the cultures rapidly after
addition of mAbs to prevent cell aggregation and then assessed cell
death microscopically using SYTOX Green. SYTOX Green only
fluoresces in dead cells, and these data clearly demonstrate that
prevention of cell-cell aggregation severely limits cell death induc-
tion (Figure 2A). In contrast, delaying the addition of agarose until
1 hour after treatment with the mAbs failed to prevent either cell
clustering or death. To confirm that these findings had relevance
to primary tumors, we next investigated a panel of 7 CLL samples
in these assays with largely similar results (Figure 2, B and C). These
data show that both tositumomab and L243 mAbs evoked HA (Fig-
ure 2B) and increased cell death (Figure 2C) in an actin-dependent
manner, inhibited by latrunculin B, which itself resulted in a small
(~5%) inhibitory effect on spontaneous cell death.

Previously, we have demonstrated that type I (but not type II) anti-
CD20 mAbs such as rituximab transduce many of their intracellular
signals by “hijacking” the signaling capacity of the BCR (15). There-
fore, given the similarity in cell death characteristics evoked by
tositumomab and L243, we explored whether tositumomab might
elicit cell death by interacting with HLA-DR molecules using the
HLA-negative Raji variant (RJ.2.2.5). These cells lacked HLA-DR but
expressed equivalent levels of CD20 compared with WT Raji cells
and remained sensitive to cell death evoked by tositumomab (data
not shown), demonstrating that tositumomab does not require
HLA-DR expression for the induction of cell death.

Cholesterol-rich plasma membrane rafts are important for Ab-induced
HA and cell death. In order to investigate the pattern of cell-to-cell
contact in cells undergoing HA after treatment with mAbs, we
performed electron microscopy (EM) on Raji and SU-DHL4 cells.
Ultrastructural studies of cells undergoing the early stages of HA
revealed that the primary contact between cells was established
by microvilli (Figure 3A). It has previously been reported that
microvilli on B lymphocytes are enriched with detergent insoluble
membrane rafts (16) containing CD20 (17) and are important for
heterotypic adhesion during antigen presentation (16). We there-
fore assessed the impact of plasma membrane cholesterol on HA
induced by mAb ligation of CD20 or HLA-DR surface antigens.
Treatment of cells with methyl-B-cyclodextrin (MCD) resulted in
a prominent decrease in the amount of plasma membrane cho-
lesterol as detected by flow cytometry with FITC-labeled cholera
toxin B subunit (CTB) (Figure 3B). No HA was observed in mAb-
treated cells that were pretreated with MCD, whereas reincuba-
tion of cells with MCD/cholesterol complex to replete plasma
membrane cholesterol restored Ab-induced HA (Figure 3C). To
test the effect of cholesterol depletion on the cell death response,
Raji cells were incubated in the presence or absence of MCD, with
some samples replenished by incubation with MCD/cholesterol.
The cells were further cultured in the presence of anti-CD20 (tosi-
tumomab or rituximab), anti-HLA-DR (L243) mAbs, or HBSS (to
evoke nutrient and serum starvation) for 4 hours, and then cell
death was assessed. MCD pretreatment attenuated cell death in
both tositumomab- and L243 mAb-treated samples but enhanced
cell death in the HBSS-treated sample (Figure 3D). MCD-treated
samples that were cholesterol replenished exhibited the same level
of cell death as non-MCD-treated cells (Figure 3D). Importantly,
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Figure 1

Actin-dependent HA is involved in cell death evoked by mAbs directed against CD20 or HLA-DR. (A) Raji cells were incubated with various
mAbs (10 ug/ml) for 4 to 6 hours, at which point HA was assessed by light microscopy. The number of plus signs indicates the strength/extent
of adhesion as assessed semiquantitatively by microscopic visualization. 20 hours later, samples were assessed for the extent of cell death
following staining with AnV-FITC (AnV) and propidium iodide (PI) and flow cytometry. Bars represent the mean cell death (AnV- and PI-positive
cells) + SEM from 3 to 7 independent experiments. Representative data are shown in B. A typical “apoptotic” plot is shown for reference following
treatment of Raji cells with 4 Gy irradiation. Tos, tositumomab; Ritux, rituximab; NT, no treatment. (C) Raji cells were treated with various actin
inhibitors prior to the addition of anti-CD20 or HLA-DR mAbs, and cell death was assessed 4 hours later as previously described. (D) Inhibitor of
actin cytoskeleton at noncytotoxic concentrations protects cells from long-term cytotoxicity evoked by both anti-CD20 and HLA-DR mAbs. Prior
to the addition of various mAbs (5 ug/ml), Raji cells were treated for 45 minutes with cytochalasin D (CytoD; 0.1 uM). Cell viability was assessed
24, 48, and 72 hours later using Cell Proliferation Kit Il (sodium 3'-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene
sulfonic acid hydrate [XTT] assay; Roche). Plot represents mean metabolic activity relative to nontreated control from 2 independent experiments
run in 3 technical replicates. Data shown represent mean + SEM. (E) Raji cells were treated with DMSO or the actin inhibitor latrunculin B (LatB;
10 uM) prior to the addition of Tos or L243 (10 ug/ml) and assessed for HA 4 to 6 hours later. Original magnification, x20. Together, these data
clearly demonstrate that cell death evoked by both anti-CD20 and HLA-DR mAbs is dependent upon adhesion and that both these processes
are dependent upon actin.
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Figure 2

Direct involvement of HA in cell death evoked by CD20 and HLA-DR mAbs. (A) Cells were treated with tositumomab or L243 mAbs, plated as
usual or embedded either immediately or 1 hour later in low—melting point agarose containing SYTOX Green nuclear stain to prevent cell-cell
association, and assessed by fluorescence microscopy 4 hours after treatment. Scale bars: 100 um. (B) CLL cells were treated or not with the
actin inhibitor latrunculin B (10 uM) for 45 minutes prior to the addition of various mAbs (10 ug/ml) for 18 hours, when HA was assessed by light
microscopy. A typical example of the results is demonstrated. Scale bar: 40 um. (C) The same samples were then assessed for the extent of
cell death following staining with AnV-FITC and Pl and flow cytometry. Bars represent the mean cell death (AnV- and Pl-positive cells) above
cell death observed in the untreated samples + SEM from 7 different CLL samples. Due to heterogeneous levels of basal apoptosis in the CLL
samples, these data were expressed as percentage of cell death above control. These data clearly demonstrate that adhesion and death evoked
by both anti-CD20 and HLA-DR mAbs in CLL samples are dependent upon actin.
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Figure 3

Involvement of microvilli and
plasma membrane cholesterol in
mAb-induced HA. (A) Raji cells
were incubated with tositumomab
or L243 Abs (10 ug/ml) for 1 hour.
Then samples were collected and
processed for TEM as described
in Methods. Left panel shows the
early stage of intercellular adhe-
sion of Raji cells. Scale bar: 2 um.
Right panel shows high-power view
of the area shown in the square
demonstrating the involvement of
microvilli in HA of Raji cells. Scale
bar: 0.5 um. (B) Assessment of
plasma membrane cholesterol in
MCD-pretreated Raji cells. MCD-
treated cells were harvested and
stained with FITC-labeled CTB
and assessed by flow cytometry.
The prominent reduction of plasma
membrane cholesterol observed in
MCD-treated cells (MCD) could be
reversed by coincubation of cells
with cholesterol (MCD/cholesterol).
CTB unlabeled cells are shown as
a background control (background).
(C) Raji cells were pretreated with
10 uM MCD for 30 minutes, then
washed and incubated with tosi-
tumomab or L243 Abs (10 ug/ml)
for 4 hours. Then aggregation of
cells was assessed by inverted
phase contrast microscopy. Scale
bar: 150 um. (D) Involvement of
plasma membrane cholesterol in
anti-CD20- and anti-HLA-DR-
induced cell death. Plasma mem-
brane cholesterol was modulated
as described in B and C and then
cells were incubated with Abs (10
ug/ml) or in HBSS. Cell death was
assessed 4 hours later. Data rep-
resent the average of at least 2
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the extraction of plasma membrane cholesterol did not alter the
surface expression of CD20 or HLA-DR (Supplemental Figure 2),
although it was able to completely block the HA triggered by mAbs
to these antigens. Thus HA and cell death induced by both of these
mAbs appear dependent upon membrane cholesterol, most likely
through the interaction of microvilli.

Peripheral relocalization and increased lateral mobility of actin during
Ab-induced HA. After establishing the role of actin in cell death
induced by anti-CD20 and HLA-DR mAbs, we next investigated
actin dynamics after ligation of CD20 or HLA-DR. Using Alexa
Fluor 584-labeled phalloidin, we studied the distribution of
F-actin in Raji cells before and after treatment with anti-CD20
(Figure 4A) and anti-HLA-DR mAbs. These experiments revealed
a clear cytoskeleton actin ring around nuclei in nontreated
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independent experiments + SEM.

HBSS *P <0.01; *™*P < 0.003.

cells, while loss of its integrity accompanied by redistribution of
F-actin to the areas of cell-cell contact was observed after treat-
ment with both mAbs. To allow us to assess the kinetics of actin
relocalization, we subsequently performed time-lapse microscopy
of Raji cells transfected to express a GFP-actin fusion protein. The
redistribution of actin toward cell-to-cell contact areas was also
observed using this approach and started within 2 to 10 minutes,
coinciding with the onset of HA, reaching completion/maximal
adhesion in about 40 minutes (Figure 4B; Supplemental Video 1).
Importantly, Western blotting analysis showed no increase in the
total amount of actin during this period (Figure 4C), which is
indicative of actin redistribution rather than additional de novo
synthesis of G-actin. Furthermore, careful analysis of the actin
staining pattern showed a decrease in the fluorescence signal area
Volume 119  Number 8
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Figure 4

Peripheral relocalization of cellular actin in cells undergoing HA after treatment with tositumomab. (A) Raji cells were incubated with the
anti-CD20 Ab tositumomab or L243 (10 ug/ml), washed, and sedimented onto poly-L-lysine—coated microscope slides. After fixation with 1%
paraformaldehyde in PBS, cells were stained with Alexa Fluor 594—labeled phalloidin (red). DNA was counterstained with DAPI (blue). Lower
panels represent higher-power images. Scale bars: 60 um. (B) Time-lapse microscopy of Raji cells expressing AcGFP-labeled actin. After
addition of tositumomab or L243 (10 ug/ml), cell suspensions were put into a glass-bottom Petri dish and assessed at 37°C under inverted time-
lapse microscopy. Images were obtained every 2 minutes (see Supplemental Video 1). The interval between images displayed is 6 minutes,
except for between the final 2 images (50 minutes). Scale bars: 15 um. (C) The total amount of cellular actin was assessed by Western blotting.
a-tubulin was assessed as a loading control. Samples were taken 24 hours after stimulation. (D) Image analysis of F-actin signal area following
treatment with control mAbs (OKT3) or tositumomab. Cells were sedimented onto poly-L-lysine—coated slides and stained with phalloidin—Alexa
Fluor 594; images were taken. The area of Alexa Fluor—positive signal was then measured using Image-Pro Plus software, version 6.3 (Media

Cybernetics), and expressed graphically.

(Figure 4D), suggesting that compartmentalization rather than de
novo synthesis of cellular F-actin is responsible for the increased
actin signal at the cell-cell contact area.

Next, we performed fluorescence recovery after photobleaching
(FRAP) analysis to investigate the mobility of actin after treatment of
cells with anti-CD20 and HLA-DR mAbs. The speed of fluorescence
signal recovery was measured at several time points after addition of
mAbs (Figure 5,A and B, and Supplemental Videos 2-4). These data
indicate that the recovery of actin fluorescence is much faster in cells
treated with tositumomab or L243 mAbs than in control cells, in
which no recovery could be observed within 100 seconds. Moreover,
the faster recovery of fluorescence was evident in both cytoplasmic
and peripheral compartments in cells treated with tositumomab,
suggesting much faster overall turnover of F-actin in mAb-treated
cells (data not shown). Importantly, all of the above measurements
2148
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were performed in morphologically viable cells and no fluorescence
recovery was detected in dead cells (data not shown). Furthermore,
the recovery of the fluorescent actin signals returned to baseline
levels or greater within the first 10 minutes after addition of mAbs
(data not shown). This suggests that the log phase of actin redistri-
bution occurs within minutes of mAb treatment.

Video microscopy analysis also revealed that although cell aggre-
gation occurred within 5 minutes following addition of mAbs, it
remained stable for at least 48 hours (data not shown). Moreover,
close observation of the cell-cell interactions during HA revealed
the formation of small (~5-um diameter) transient cytoplasmic
bridges between cells that opened and closed at approximately
S-minute intervals (Figure 5C).

Interestingly, cells treated with tositumomab or L243 mAbs
also displayed peripheral relocalization of enlarged mitochon-
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Figure 5

Lateral mobility of cellular actin, formation of syncytium, and polarization of mitochondria in cells undergoing HA. (A) AcGFP-actin—expressing
Raji cells were treated with either control mAbs (OKT3), tositumomab, or L243 (all at 10 ug/ml) for 4 hours, then studied by FRAP, with fluro-
rescence recovery assessed for 100 seconds. Typical image data is shown for control- and tositumomab-treated cells. Upper panels: virtually
no recovery was observed in control mAb—treated cells. Lower panels (Tos): recovery of junctional actin within the cell-to-cell contact area was
observed after approximately 80 seconds. Scale bars: 20 um. Squares indicate regions targeted for photobleaching. (B) Typical fluorescence
recovery pattern of AcGFP-actin after photobleaching. Control cells showed no recovery within 100 seconds (left). Recovery of junctional actin
fluorescence was shown within 80 seconds after photobleaching in cells treated with anti-CD20 (Tos; center) and anti-HLA-DR (L243; right). (C)
Transient cytoplasmic bridges between cells undergoing HA. Phase contrast time-lapse microscopy of Raji cells treated with tositumomab (10
ug/ml). Intervals between images are 5 minutes. Arrows indicate location of bridge formation. Scale bar: 20 um. (D and E) Peripheral relocaliza-
tion of mitochondria toward cell-to-cell contact area as assessed by TEM (D) and JC-1 staining (E). Arrows indicate localized mitochondria. Scale
bar: 10 um. (E) JC-1-labeled cells were treated with tositumomab or L243 (10 ug/ml). After that, images were captured detecting monomeric
(green) and J-aggregate (red) forms of JC-1. Arrows indicate J-aggregate mitochondria at cell-cell junctions. Scale bars: 10 um (D); 20 um (E).
(F) Time-lapse video microscopy of JC-1-labeled cells. Red mitochondria represent mitochondria with high membrane potential, migrating
toward cell-to-cell contact areas. Interval between images is 1 hour. Scale bar: 20 um.
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dria toward the cell-to-cell contact areas (Figure 5, D and E). EM
showed well-developed cristae in the juxtaposed mitochondria,
suggesting that they are in an energy-producing phase (Figure 5D).
Furthermore JC-1 staining for mitochondria revealed that only
mitochondria maintaining high membrane potential, represented
as J-aggregates of JC-1 dye, were moving toward the cell-to-cell
contact area (Figure SE), and this process occurred within approxi-
mately 3 hours of addition of mAbs (Figure SF and Supplemental
Video 5). Additionally, peripheral relocalization of mitochondria
could be inhibited with the actin polymerization inhibitor latrun-
culin B (Supplemental Figure 3). These data indicate that cell-cell
adhesion upon ligation of surface antigens may be an active pro-
cess that requires energy from polarized mitochondria in situ that,
in turn, are driven or immobilized by the actin cytoskeleton.

CD20-induced HA is accompanied by plasma membrane exchange and
correlates with cell death. Having observed the apparent physical link-
age between apposing cells participating in HA (Figure 5C), we
hypothesized that mutual exchange of cellular components might
occur among the cells undergoing HA. To address this hypothesis,
we labeled Raji cells with the PKH26 cell membrane dye (red) and
mixed them at a 1:1 ratio with Raji cells expressing a GFP-actin
fusion protein (green). The cell mixture was treated with tositu-
momab or L243, and then the green and red fluorescence were
assessed by fluorescence microscopy (Figure 6A) and flow cytom-
etry (Figure 6B). Following control incubation in the absence of
mADb stimulation for 24 hours, we observed that only a very low
percentage (<1%) of cells became double stained, indicating that
spontaneous transfer of cellular material was a rare event. However,
following stimulation with tositumomab or L243, PKH26-labeled
membrane was taken up by 8% and 15% of GFP-actin-expressing
cells, respectively (Figure 6B). Fluorescence microscopy indicated
that actin patches were not detected in PKH26-labeled cells, sug-
gesting that cells undergoing HA exchange membranes but not
actin cytoskeletal components (Figure 6A). Next, we performed the
same experiments mixing PKH26-labeled cells with cells expressing
yellow fluorescent protein (YFP) in the cytosol. This confirmed ear-
lier work, with approximately 8% of cells dual stained (PKH26 and
YFP) 24 hours after tositumomab treatment (Figure 6B). Similar
results were obtained when cells were incubated for shorter periods
(2-4 hours; data not shown). Higher levels (~double) of membrane
transfer were observed when transfer experiments were performed
using 2 membrane dyes (PKH26 and PKH67), again indicating
that only membrane components were being transferred among
the cells after mADb stimulation (data not shown). To expand these
observations, we then tested a larger panel of mAbs for their ability
to induce intercell membrane exchange and determined whether
there was a relationship between mAb-induced membrane swap
and cell death induction. Figure 6C clearly demonstrates that a
correlation exists, as mAbs that induced membrane exchange
were more efficacious in evoking cell death. However, subsequent
annexin V-CyS.5 labeling indicated that equivalent numbers of
cells were dying regardless of whether they had undergone mem-
brane exchange (Figure 6D). Interestingly, Fc-FcyR interactions
did not appear to influence either of these properties, as F(ab)',
fragments of tositumomab and L243 elicited the same amount of
cell death and membrane exchange as did whole IgG (Figure 6C).
Having established the dynamics and critical role of actin in the
cell death process engaged by both CD20 and HLA-DR mAbs, we
next investigated more closely the nature of the cell death elicited
by these mAbs.
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Ab-induced cell death bas a distinctive morphology and is neither apop-
totic nor autophagic. We previously demonstrated that cell death
evoked by type II CD20 mAbs was not blocked by overexpression
of Bcl-2 in Ramos-EHRB cells (5) or Raji cells (18). Here, we per-
formed similar experiments also assessing HLA-DR mAbs in Raji
cells overexpressing Bcl-2. The data obtained 24 hours after treat-
ment with mAbs confirm our previous observations and dem-
onstrate that HLA-DR mAbs (unlike gamma radiation) (18) are
also able to bypass the mitochondrial death pathway regulated by
Bcl-2 (Figure 7A). Furthermore, inhibition of caspases using car-
bobenzoxy-valyl-alanyl-aspartyl-[O-methyl|-fluoromethylketone
(ZVAD-FMK) (data not shown) or quinoline-Val-Asp-difluoro-
phenoxymethylketone (QVD-OPH) had no effect on cell death. In
contrast, caspase inhibition was able to block cell death elicited
by mitoxantrone. Furthermore, the combination of caspase inhi-
bition and Bcl-2 overexpression was also unable to block the cell
death evoked by either mAb, confirming that this cell death was
independent of typical apoptotic regulation (Figure 7A).

In the last S years, the number of nonapoptotic death pathways
described in mammalian cells has steadily increased (19). Of those,
perhaps the best characterized is that resulting from autophagy,
which involves the formation of autophagosomes that are gov-
erned through the tightly regulated interactions of Atg proteins.
Therefore, given the absence of an apoptotic death program, we
next determined whether autophagy was elicited by CD20 and
HLA-DR mAbs. First, we assessed the expression of several key
Atg proteins before and after mAb treatment. These experiments
revealed that Atg5, Atgl12, and Beclin-1 were unchanged over the
24-hour time course studied (Figure 7B and data not shown).
Moreover, 2 independent siRNAs capable of reducing Beclin-1,
one of the key proteins implicated in autophagic death, had no
effect on either the level of HA (data not shown) or cell death
evoked by tositumomab or L243 (Figure 7C). As a control in these
experiments, we also employed a nonfunctional siRNA targeted
to Atgl2, which had no effect on Beclin-1 or cell death. Further-
more, it appears that Raji cells are relatively resistant to autophagy
induction per se, as classical inducers of autophagy such as rapa-
mycin, hypoxia, nutrient and serum starvation, and combinations
thereof were unable to induce changes in Atg5, Atg12, Beclin-1, or
LC3 (Supplemental Figure 4 and data not shown).

Previous workers have indicated that nonapoptotic, nonautopha-
gic type III death, such as evoked by CD47 ligation, results from
activation of chymotrypsin-like serine proteases (TPCK) (20). To
determine whether these enzymes were involved in the cell death
evoked by tositumomab and L.243, we examined the effects of previ-
ously characterized inhibitors of these enzymes in cell death assays.
These experiments, detailed in Figure 7D, clearly demonstrate that
cell death was not blocked by any of the inhibitors to TPCK or tryp-
sin-like serine proteases, indicating that death engaged by tositu-
momab and L243 mAbs is independent of these enzymes.

Ultrastructural studies confirmed that neither classical apop-
totic nor autophagic death was evoked with tositumomab or L243
mADbs (Figure 8). First, there was no evidence of DNA condensa-
tion or apoptotic body formation typical of apoptosis. Instead,
transmission EM (TEM) revealed large cytoplasmic inclusions and
vacuoles in cells (Figure 8, A and B) that were distinct from both
control cells (Figure 8C) and cells undergoing classical apoptosis
(Figure 8D). This pattern was coincident with cells displaying loss
of microvilli (Figure 8E) and permeabilized plasma membranes
(Figure 8F) while undergoing HA, as assessed by scanning EM (Fig-
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Figure 6

CD20-induced HA is accompanied by plasma membrane exchange and correlates with cell death. (A) Raji cells were labeled with PKH26 (red),
mixed with pGFP-actin—expressing (green) Raji cells, and treated with 10 ug/ml tositumomab or L243 and examined by fluorescence microscopy
after 24 hours. Scale bars: 20 um. (B) Flow cytometry profiles of membrane exchange using PKH26-labeled and YFP-expressing cells (right)
and PKH26-labeled and GFP-actin—expressing cells (left) at 24 hours after treatment with tositumomab or L243. Values indicate the percentage
of cells double positive for PKH26 and AcGFP. (C) Correlation between cell death and membrane exchange. The data clearly demonstrate that
type Il anti-CD20 and HLA-DR mAbs stimulate transfer of plasma membrane material between adhering cells whereas other mAbs do not. This
property is independent of Fc-FcyR interactions, occurring equivalently with F(ab)'» fragments, and was correlated with the extent of cell death
induced. Data shown are mean + SEM. (D) Similar proportion of cell death in overall population and in cells having undergone plasma membrane
exchange. Left panel: cell death was assessed by Cy5.5-labeled annexin V in FL4 channel of FACScalibur 4 hours after treatment with L243. The
histogram represents the pattern of annexin V positivity (M1 region) in the overall cell population (black) and in the population of dual-positive
cells (PKH26/PKH67; green). Red histogram shows control-treated cells. Right panel: numerical data representing the proportion of cell death
in dually PKH26/PKH67-positive cells and in the overall cell population in 2 independent experiments + SEM. The data show no enrichment of
cell death in the cells that have undergone membrane exchange.

ure 8, G and H). Again, this morphological pattern of cell death
differed significantly from what was seen in control cells (Figure
81) and cells undergoing classical apoptosis (Figure 8]). Although
vacuoles were evident, these were not autophagic in nature, as they
lacked double-membrane structure — the hallmark of autophagy.
Rather, our findings are most in accordance with the morphologi-
cal criteria described for cells said to be undergoing cytoplasmic
cell death (21-23). Indeed, the proportion of cells with decompos-
ing cytoplasm (as in Figure 8, A and B) was approximately 20% and
70% following treatment with tositumomab or L243, respectively,
and roughly equivalent to the proportion of cell death following
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these treatments. In summary, these data indicate that cell death
arising after engagement of CD20 or HLA-DR by mAbs is not
evoked through conventional apoptotic or autophagic routes but
instead appears to involve a “cytoplasmic” death pathway.
Involvement of lysosomes in cell death evoked by tositumomab or L243. 1t
is well established that lysosomes play important roles in nonapop-
totic cell death (24), and it has even been proposed that the lyso-
some is the primary organelle responsible for cell death triggered
by engagement of the BCR for antigen (25). Enlargement of the
lysosomal compartment and subsequent lysosome membrane per-
meabilization (LMP) are hallmarks of cytoplasmic cell death (26).
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Therefore, to characterize the involvement of lysosomes in the cell
death induced by tositumomab or L243, we assessed these charac-
teristics in LysoTracker-labeled (27) Raji and SU-DHL4 cells. These
experiments revealed that LysoTracker fluorescence increased with-
in 1 hour after addition of mAbs and reached its maximum within
4 hours in cells treated with tositumomab or L243 mAbs (Figure
9A). Although the increase in fluorescence could reflect an eleva-
tion in LysoTracker accumulation due to an increased pH gradient,
we believe that it reflects an enlargement in the lysosomal compart-
ment in these cells. The increase in LysoTracker fluorescence was
followed by the appearance of a LysoTracker-low fraction in a pro-
portion of cells after 4 hours, which suggests that the initial swell-
ing of lysosomes is followed by the collapse of this compartment.
Fluorescence microscopy of LysoTracker-labeled Ab-treated cells
undergoing HA also revealed the presence of highly enlarged lyso-
somes often present within aggregated cells. (Figure 9A). To directly
correlate the lysosomal changes with cell death, we performed dual
labeling of cells with LysoTracker and annexin V-Cy5.5 and ana-
lyzed cells after treatment with mAbs (Figure 9B). As expected, the
loss of lysosomal labeling with LysoTracker was coincident with
annexin V staining, indicating that cell death is directly related to
2152
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g @ @ treated with tositumomab or L243; cell
ANA death was measured 24 hours later. We
SI

performed similar experiments with inhibi-
tors over a 50-fold dilution range from 1 to
50 uM with identical results.

this phenomenon. The degree of LMP after treatment with tositu-
momab or L243 mAbs was then assessed using a method modified
from that used previously (28). In brief, cells were first treated with
acridine orange to label lysosomes and then washed prior to addi-
tion of mAbs. Acridine orange at acidic pH (for example in lyso-
somes) fluoresces red, whereas its leakage from lysosomes into the
more neutral pH of the cytosol results in green fluorescence, indi-
cating an increase in LMP. Increased green fluorescence (FL1) was
observed in approximately 30% of cells 4 hours after tositumomab
treatment (Figure 9C). This increase was followed by a reduction in
green fluorescence due to subsequent permeabilization of the plas-
ma membrane and leakage of the cytoplasmic content. The latter
was verified by fluorescence microscopy, in which cells with non-
fluorescent/destained cytoplasm were observed after tositumomab
(Figure 9D) or L243 mAD treatment (data not shown). To determine
whether lysosomes were releasing their contents in the cell, we per-
formed fluorescent immunohistochemical staining for cathepsin B,
a classical lysosomal component. These experiments revealed a
substantial increase in cathepsin B staining throughout the cytosol
and particularly at the intercellular junctions (Figure 9E). Further
investigation using double staining for cathepsin B and lysosomal-
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associated membrane protein 1 (LAMP-1) confirmed this observa-
tion and in addition revealed that the LAMP-1-positive lysosomes
appear to redistribute to the cellular periphery (Figure 9E and
inset). The importance of cathepsin B in the cell death process was
subsequently confirmed using a specific inhibitor that virtually
ablated tositumomab-induced cell death and markedly inhibited
the cell death induced by L243 mAbs (Figure 9F).

To further confirm the involvement of lysosomes in this death
process, we utilized the well-characterized inhibitor of vacuolar
ATPases (V-ATPases), concanamycin A. V-ATPases are proton
pumps that serve to energize intracellular membranous vesicles
such as lysosomes. Concanamycin A and the structurally related
bafilomycin Al are able to inhibit the acidification of organelles,
interfere with protein trafficking (29), and prevent cytotoxicity elic-
ited through perforin and/or Fas (30). Here, we determined whether
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Figure 8

Morphological pattern of cell death induced by anti-CD20 mAb tosi-
tumomab. (A and B) Gross vacuolization of cytoplasm (arrows) with
relatively intact nuclei (N) is a typical TEM pattern of cell death in the
presence of anti-CD20 (Tos) (A) and anti-HLA-DR (L243) Abs (B).
(C) Morphology of control, nontreated cell and (D) classical apoptosis.
(E-J) Scanning EM figures of tositumomab-treated Raiji cells. Scale
bars: 10 um (A, B, and E-J); 5 um (C and D). (E) Loss of microvilli
was a typical feature of tositumomab-treated cells at the 4-hour time
point. (F) Complete permeabilization and decomposition of cytoplasm
was observed at 24 hours after treatment (10 ug/ml). (G) HA of Raji
cells following treatment with tositumomab (10 ug/ml). (H) Section in
the square from G enlarged. Arrow shows nonapoptotic cell death of
aggregated cell. (I) Nontreated cell and (J) morphological control of
apoptosis after treatment with cycloheximide for 24 hours (50 ug/ml).

they could block cell death evoked by mAb engagement of CD20 or
HLA-DR. Low, submicromolar concentrations of concanamycin A,
which were nontoxic and thought to be specific for the V-ATPase,
were able to markedly reduce the death of Raji cells following treat-
ment with either tositumomab or L243 and in a dose-dependent
manner (Figure 10A). Similar results were generated with bafilo-
mycin Al, demonstrating a clear role for acidic vacuoles (likely lyso-
somes) in the death process (Figure 10B). Importantly, these inhib-
itors were able to prevent death of mAb-treated cells for at least
72 hours as demonstrated using sodium 3'-[1-(phenylaminocar-
bonyl)-3,4-tetrazolium]-bis (4-methoxy-6-nitro) benzene sulfonic
acid hydrate (XTT) assays (Figure 10C). In addition, we assessed the
effect of concanamycin and bafilomycin Al on the lysosomal vol-
ume in cells treated with mAbs. Figure 10D demonstrates that both
concanamycin and bafilomycin A1 reduce the increase in lysosomal
volume triggered by tositumomab and L243 mAbs.

Discussion

The last decade has seen a considerable expansion in the number
of mAbs available for the treatment of malignant and autoimmune
disease (2). We have previously speculated that “signaling mAbs”
provide a selective advantage compared with other mAb specifici-
ties, potentially by eliciting direct cell death programs in the target
cells (3). Here, we examined the effects of treating cells with mAbs
directed against 2 surface targets, namely CD20 and HLA-DR, that
have been developed as anticancer therapeutics in the clinic.

In this study, we have demonstrated that ligating CD20 and
HLA-DR (but not other B cell surface antigens, e.g., CD37, CD38)
on the surface of malignant B cells (including primary CLL sam-
ples) with certain mAbs induced strong HA and subsequent cell
death. Two important points arise from this observation, namely,
(a) only certain cell-surface targets are capable of evoking these
types of responses and (b) the fine binding specificity of the mAbs
is critical. Specifically, only type IT and not type I anti-CD20 mAbs
evoke strong HA (and cell death) while only anti-HLA-DR effi-
ciently perform a similar function for those mAbs targeting HLA
molecules (mAbs targeting HLA-DP, HLA-DQ, and pan-HLA do
not). Establishing the link between the type/location of binding
employed by the different mAbs and their subsequent effects on
HA and cell death is the subject of our ongoing research.

The engagement of HLA-DR, CD38, CD40, and other B cell sur-
face antigens, including CD19, CD20, CD21, CD22,and CD23, has
previously been shown to induce rapid HA of B cell lines (10). The
HA was not the result of mAb-mediated aggregation and required
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Number 8  August 2009



- 2
research article
A Oh 1h 4 h
128 128 128 Background
Control mAb
L243
Tos

0 4] - 0
10° 10 10° 10° 10 10° 10 10° 10° 10° 10" 10 10 10° 1

FL2-H FL2-H FL2-H
B NT Tos 1243 Cc NT = Tos

| 0.3% | 02% 6% |. 2. : 2 5. ., .
E’ - 28 g = I _‘ 4h|% I
% | ii 3, i . ; 3
g [ =) h s TR b :
[=T . i . ’
2 : Bt T T T N T (12 AEERELS
3 ‘ . ) oo ER Empty Empty

| 94.2% | 5.3% 46.9% | 45.2%

[o=]

=
Events
Events

0k 0
10 10° 10 L[ [V 10° 0 104
Empl Emply

AO fluorescence (green)

Control mAb

Annexin V/PI* (%)
& 8 &

0 20 50 80 100
Inhibitor (uM)

Figure 9

Involvement of lysosomes in anti-CD20 and anti-HLA-DR—-induced cell death. (A) Detection of total lysosomal volume in cells treated with mAbs.
Cells were incubated with anti-CD20 mAb tositumomab or anti-HLA-DR mAb L243 as described previously (10 ug/ml). After that, cells were
labeled with LysoTracker red and the volume of the lysosomal compartment measured by flow cytometry and fluorescence microscopy after
1 hour or 4 hours. Insert: L243-treated cell displaying a single large lysosome. (B) Relationship between lysosomal volume and cell death. Cells
were treated as in A and subsequently, after 4 hours, costained with annexin V-Cy5.5 and assessed by 2-channel flow cytometry. (C) Detection
of lysosomal membrane permeabilization followed by permeabilization of cytoplasm. Cells were treated with mAbs as described above and then
stained with acridine orange (AO). The relative increase or decrease in FL1 fluorescence was assessed by flow cytometry. (D) Permeabiliza-
tion of plasma membrane as detected by destained cytoplasm (arrows) of tositumomab-treated cells. Cells were stained with AO as described
and then assessed by fluorescence microscopy. Original magnification, x40. (E) Confocal microscopy of cathepsin B staining (red) 4 hours
after treatment with tositumomab or L243 mAbs. DNA was counterstained with DAPI (blue). Bottom right-hand panel shows L243-treated cells
costained with cathepsin B (red) and LAMP-1 (green) with control-treated cells shown in the insert. A gross increase in the cathepsin B signal
and peripheral localization of LAMP-1 (arrows) was observed. Scale bars: 20 um. (F) The impact of cathepsin inhibitor Il on cell death induced by
tositumomab and L243. Cells were pretreated with different concentrations of inhibitor, and cell death (percentage of annexin V-FITC/Pl—positive
cells) was assessed 4 hours after treatment. Data represent the average of 3 independent experiments + SEM.

cellular energy and an intact cytoskeleton, but not new mRNA  as-yet-unidentified adhesion receptor(s). With respect to HA, it is
or protein synthesis (10). Furthermore, anti-HLA-DR- and anti-  particularly noteworthy that both CD20 and MHC class II anti-
CD20 mAb-induced adhesion was lymphocyte function-associ-  gens are localized to microvilli and constitutively associated with
ated antigen-1 (LFA-1) independent (10) and was mediated by an ~membrane rafts (16, 17) that in turn are required for the expres-
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Lysosome-mediated cell death evoked by tositumomab and L243 is blocked by inhibitors of V-ATPase.
Raji cells were preincubated with concanamycin A (CMA) (0.01-100 nM) (A) or bafilomycin A1 (0-100
nM) (B) for 30 minutes before being treated with tositumomab or L243 (10 ug/ml). Cell death (AnV/PI*
cells) was measured 24 (A) or 4 (B) hours after treatment. (C) Inhibition of lysosomal V-type ATPase
protects cells from long-term cytotoxicity induced by anti-CD20 and HLA-DR mAbs. Cells were pretreated
with lysosomal V-type ATPase inhibitor concanamycin A (0.1 nM) for 45 minutes, and then mAbs were
added. Cell viability was assessed 24, 48, and 72 hours later using an XTT assay (Roche). The plot
represents mean metabolic activity relative to nontreated control from 2 independent experiments in 3
technical replicates. Data are shown as mean + SEM. (D) Impact of vATPase inhibitors on the volume
of the cellular lysosomal compartment. Cells were incubated with concanamycin A (1 nM) or bafilomycin
A1 (50 nM) for 30 minutes, and then mAbs were added (10 ug/ml). Subsequently, cells were labeled with
LysoTracker red for 1 hour as described in Methods. Volume of lysosomal compartment was measured
by flow cytometry as the magnitude of fluorescence in the FL2 channel. Level of fluorescence of Raji cells
not labeled with LysoTracker (red histograms) was used as the reference control. Histograms represent
FL2 fluorescence values of LysoTracker-labeled control cells with (green) or without (black) the indicated
vATPase inhibitors as well as Ab-treated cells with (purple) or without (blue) vATPase inhibitors.
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detergent-insoluble rafts and
attenuated both calcium mobili-
zation and cell death induced by
another anti-CD20 Ab, rituximab
(31). The central nature of the
adhesion to the cell death process
was further highlighted in experi-
ments in which adhesion was pre-
vented using agarose, such that
cell death with either tositumom-
ab or L243 was greatly reduced.
At the cell-to-cell contact areas,
we observed an enrichment of
mitochondria in cells undergo-
ing HA. Interestingly, this mito-
chondprial translocation occurred
much later (hours after addition
of mAbs) than the cholesterol-
dependent HA (minutes) and
polarization of cellular actin (tens
of minutes). This temporal sepa-
ration may suggest 2 stages of
mAb-triggered cellular aggrega-
tion at which the initial microvilli
and raft-driven adhesion are fol-
lowed by a stronger aggregation
of cells mediated by relocalized
actin supported by energy from
grouping mitochondria. In that
context, junctional actin might
initially serve to maintain the cel-
lular organelles within the inter-
cellular contact site. In support
of this hypothesis, emerging evi-
dence indicates that while micro-
tubules are important factors
for mitochondrial transport, the
actin cytoskeleton is required for
immobilization of these organ-
elles at the cell cortex (32, 33). The
latter is in good agreement with
our data showing that transloca-
tion of polarized mitochondria
toward the cell-to-cell contact
area was grossly impaired when
cells were treated with the actin
polymerization inhibitor latrun-
culin B. Although currently the
function of cortical immobiliza-
tion of mitochondria is not well
understood, it is believed that
these immobilization events are
critical for localization of mito-
chondria at sites of high ATP uti-

sion of microvilli on the cell surface. Therefore, we postulated that
extraction of plasma membrane cholesterol would significantly
impair the intercellular interaction induced by the mAbs studied.
Indeed, HA and cell death were inhibited if cells were pretreated
with MCD. In that context, it is notable that cholesterol deple-
tion prevented the association of hyper-cross-linked CD20 with
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lization (34). In our system, only mitochondria having high mem-
brane potential are relocalized toward the intercellular contact
area, suggesting that these areas are the sites of high ATP use.

In addition to tight HA and formation of transient cytoplasmic
bridges, we also observed clear evidence of membrane exchange
between the interacting cells after treatment with both mAbs.
Volume 119 Number 8
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Previously, a number of reports have demonstrated that certain
cell types, including pheochromocytoma (35), DCs (36-38),
T cells (39), natural killer cells (40), and B cell lymphoma (41), have
the capacity to transfer membrane and cellular components. In
the case of B cell lymphomas, spontaneous membrane exchange
is thought to be due to transfer of membrane components dur-
ing direct cell contact (41) in processes that are enhanced by BCR
cross-linking. However, using costaining with annexin V-CyS.5,
we revealed that cells that had undergone membrane exchange
were no more likely to die than those that had not, indicating that
this is probably an epiphenomenon of closely attached cells rather
than a process central to the mechanism of cell death.

Following HA, we observed the induction of nonapoptotic
cell death with both tositumomab and L243 mAbs. We previ-
ously reported that cell death triggered by tositumomab was not
accompanied by DNA fragmentation and was independent of cas-
pase activation, characteristic of classical apoptosis (5, 18). These
observations were confirmed and extended here, with ultrastruc-
tural studies using transmission and scanning EM indicating that
the mode of cell death evoked by both mAb specificities strongly
resembles “cytoplasmic cell death,” as described previously (21-23).
An equivalent mode of cell death was also evoked by 1.243 mAbs, in
which both overexpression of Bcl-2 and preincubation with QVD-
OPH did not have any impact on the extent of cell death.

The HLA-DR molecule is an important component of the
immune system, and its engagement on several cell types leads to
various cellular events that modulate cell function. For example,
signaling via this molecule can lead to rapid B cell death (42, 43)
that is independent of caspase activation (43-45). In agreement
with our data, this cell death involves the integrity of the cytoskel-
eton and is independent of the LFA-1 system.

It has previously been established that lysosomes control cell
death at several levels. A limited release of lysosomal contents
to the cytoplasm triggers apoptosis or apoptosis-like cell death,
whereas generalized lysosomal rupture results in rapid cellular
necrosis (reviewed in ref. 24). In response to endogenous or exog-
enous stress, LMP can occur, leading to the release of catabolic
hydrolases that can mediate caspase-independent cell death or
necrosis following high levels of LMP. In accordance with this con-
cept, we observed generalized swelling and rupture of the lysosom-
al compartment after ligation of CD20 and HLA-DR with mAbs,
resulting in release of cathepsin B, leading to a caspase- and Bcl-2-
independent cell death. Furthermore, lysosomes (stained with
LAMP-1) were observed at the cell-cell junctions, with cathepsin
staining evident at the cell-cell interface, indicating a relocation
and dispersal of lysosomal contents at the cell-cell juncture. Linked
to the observation that cell-cell contact/proximity is critical for
cell death, these data indicate that high local concentrations of
cathepsin B close to intercellular junctions are responsible for the
subsequent cell death.

In keeping with these observations, both swelling of lysosomal
compartment and cell death could be inhibited with V-ATPase
inhibitors concanamycin A and bafilomycin A1, with cell death
also blocked by cathepsin inhibitor III. Interestingly, although
bafilomycin Al is a commonly used inhibitor of autophagy, its
ability to inhibit anti-CD20-induced cell death was not dependent
on the key regulator of autophagy, Beclin-1. This suggests that
V-ATPase has a pleiotropic role in nonapoptotic cell death modali-
ties and that its pharmacological inhibition does not necessarily
exclude forms of nonapoptotic death other than autophagy. More-
2156
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over, in our system, V-ATPase appeared to be important for HA of
cells, which, to our knowledge, has not been reported previously.

Both mAbs evoked nonapoptotic cell death, as judged by the
detailed ultrastructural analysis described above. Inhibition of
apoptosis is considered an important factor in the treatment
resistance of tumor cells. Therefore, the ability of tositumomab
and HLA-DR mAbs such as L243 to bypass apoptotic regulation
may be a critical factor in their mode of action. This independence
from mitochondrial and death receptor signaling pathways poten-
tially facilitates use of these reagents for treatment of tumors with
impaired apoptotic machinery that have become resistant to con-
ventional cytotoxic chemotherapy.

In summary, we have shown for what we believe is the first time
that HA and cell death induced by 2 clinically relevant mAbs are
interrelated. Treatment with tositumomab and L243 mAbs accel-
erated the rate of membrane exchange between apposing cellsin a
process independent of Fc-FcyR interactions. Furthermore, adhe-
sion and death were both dependent upon redistribution of actin
filaments, with the latter resulting from lysosomal enlargement
and leakage. The loss of plasma membrane integrity was indepen-
dent of Bcl-2 control, but correlated with release of cathepsin B,
which coupled to the observed cell death pathway involved, indi-
cates that these mAbs are able to bypass the stunted apoptotic
machinery in tumor cells resistant to cytotoxic chemotherapy and
radiotherapy (18). Together, these data provide fresh insight into
how these mAbs may elicit antitumor responses and provide infor-
mation on a new cell death pathway that is potentially exploitable
with novel therapeutics in the clinic.

Methods
Cell lines and reagents. Human cell lines (Raji and SU-DHL4) were obtained
from the European Collection of Cell Cultures (ECACC). Raji cells express-
ing Bcl-2 were produced previously (18). RJ.2.2.5 cells are a Raji variant
that lack HLA expression (46) and were a gift from Roberto Accolla (Uni-
versity of Insubria, Varese, Italy). Cell lines were maintained in antibi-
otic-free RPMI 1640 medium with FCS (10%; Sigma-Aldrich), glutamine
(2 mM; Gibco, Invitrogen), and sodium pyruvate (1%) at 37°C, 5% CO. Jas-
plakinolide, cytochalasin D, latrunculin B, concanamycin A, LY294002 and
Y27632 Cathepsin Inhibitor III, and anti-cathepsin B Abs were purchased
from Calbiochem. MCD, bafilomycin Al, and mitoxantrone were pur-
chased from Sigma-Aldrich. Abs directed to Atg12, Beclin-1, and ezrin were
purchased from Cell Signaling Technology. Abs to LC3 were a gift from
P. Townsend (University of Southampton, Southampton, United King-
dom). Abs to actin were from Sigma-Aldrich. QVD-OPH was purchased
from MP. SYTOX Green stain was purchased from Invitrogen.

Abs. Tositumomab (B1; GlaxoSmithKline), 1F5, WR17 (mouse anti-
human CD37), L243 (anti-HLA-DR), and OKT3 (anti-CD3) are all of the
mlIgG2a isotype and have been described previously (5). Rituximab (anti-
CD20; Roche) and its murine IgG2a variant were provided by Luke Nolan
(University of Southampton) or produced in-house, respectively, as detailed
previously (8). M15/8 (anti-IgM), AT13/5 (CD38), F3.3 (pan HLA), A9-1
(pan HLA), B7-2.1 (HLA-DP), and L2 (HLA-DQ) were all derived in-house,
obtained from ATCC, or provided through HLDA Workshop 8. IgG was pro-
duced from supernatant secreted by hybridomas in tissue culture and puri-
fied in-house using protein A columns (GE Healthcare). F(ab)'; fragments of
Abs were prepared by trypsin digestion as detailed previously (47).

Clinical samples. Samples were prepared and provided by Ian Mock-
ridge (Molecular Immunology Group, Southampton General Hospital,
Southampton, United Kingdom) and Isla Wheatley (Experimental Cancer
Medicine Centre, Southampton, United Kingdom). Ethical approval for
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the use of clinical samples was obtained by the Southampton University
Hospital National Health Service (NHS) Trust from the Southampton
and South West Hampshire Research Ethics Committee. Informed con-
sent was provided in accordance with the Declaration of Helsinki. Blood
was obtained from patients with typical CLL who attended the hematol-
ogy outpatient clinics at Royal Bournemouth Hospital (Bournemouth,
United Kingdom), Hammersmith Hospital (London, United Kingdom),
Leicester Royal Infirmary (Leicester, United Kingdom), Portsmouth Hos-
pital (Portsmouth, United Kingdom), Southampton General Hospital, and
the Royal Wolverhampton Hospitals NHS Trust (Wolverhampton, United
Kingdom). PBMCs were isolated by Lymphoprep gradient centrifugation
(Axis-Shield), washed, and cryopreserved in RPMI 1640 medium supple-
mented with 10% DMSO and 15% FCS. CLL samples were thawed in com-
plete RPMI 1640 medium containing 10% FCS, 2 mM glutamine, and 1%
sodium pyruvate. Cells were pelleted by centrifugation, resuspended in
complete medium, and counted prior to use.

Western blotting. Cell lysates were prepared in PhosphoSafe lysis solution
(Merck). Samples were then separated by SDS-PAGE and proteins trans-
ferred immediately onto PVDF membrane (HYBOND; Amersham Phar-
macia Biotech) using a semi-dry transfer system (TE 22 system; Hoeffer,
Amersham Pharmacia Biotech). Membranes were blocked with 5% nonfat
dried milk, incubated with the appropriately diluted primary Abs, washed,
incubated with horseradish peroxidase-conjugated anti-rabbit or anti-
mouse IgG (Sigma-Aldrich), and visualized by ECL (Amersham Pharmacia
Biotech) and exposure to light-sensitive film (Hyperfilm ECL, Amersham
Pharmacia Biotech).

Cholesterol modulation. For cholesterol depletion, cells were treated in
RPMI containing 10 mM MCD (Sigma-Aldrich) for 30 minutes at 37°C.
For cholesterol repletion, cholesterol-depleted cells were washed and treated
in RPMI containing MCD/cholesterol complex (1.4 mm cholesterol in 10
mm MCD) (Sigma-Aldrich) for 30 minutes at 37°C, followed by washing.

CTB staining. Control and MCD-treated Raji cells were stained with
FITC-conjugated CTB (CTB-FITC; Sigma-Aldrich) in PBS at 4°C for 30
minutes, washed, and then analyzed by flow cytometry (BD) and Win-
MDI software (version 2.8; Joseph Trotter, Scripps Research Institute,
La Jolla, California, USA).

Light microscopy for measuring HA. HA was assessed by adding mAbs (5-10
ug/ml) to cells in flat-bottomed plastic plates (Nunc) and then examin-
ing them 4 to 24 hours later. Cells were viewed with an Olympus CKX21
inverted microscope (Olympus) using a x10 or x20/0.25 PH lens. Images
were acquired using a CCL2 digital cooled camera (Olympus) and were
processed with Cell B (Olympus Soft Imaging Solutions) and Adobe Pho-
toshop, version CS2, software.

Agarose embedding and assessment of cell death with SYTOX Green dye. After
mAD treatment (10 ug/ml), the cell suspension was immediately mixed 1:1
with 2% low-melting point agarose at 37°C in complete medium contain-
ing appropriate therapeutic Abs (10 ug/ml) and SYTOX Green DNA dye
(1 uM). The resulting mixture, containing 1% agarose, was allowed to set
on ice for 30 seconds, and then HA and SYTOX Green fluorescence were
assessed under the fluorescence microscope at given time intervals.

TEM. Cells were washed and fixed in 3% glutaraldehyde (Sigma-Aldrich)
before pelleting (500 g for S minutes) and fixing at 4°C overnight. The fixa-
tive was removed and the pellets washed 3 times in PBS prior to pelleting
again. Following removal of the supernatant, the cell pellets were post-fixed
for 1 hour in 1% osmium tetroxide (Agar Scientific) in PBS. Fixative was
removed and the pellets washed a further 3 times. Cell pellets were dehy-
drated through a graded series of ethanol. The pellets were then placed
in 100% Acetone (Merck), disaggregated, embedded with Agar 100 resin
(Agar Scientific), placed into prelabeled BEAM capsules (Agar Scientific)
filled with fresh 100% Agar 100, and polymerized at 60°C for 48 hours.
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The embedded pellets were sectioned (60-nm thick), collected on copper
TEM grids (Agar Scientific), and post-stained with uranyl acetate and lead
citrate prior to imaging in aJEOL1220 TEM at 120 kV (JEOL). Images were
acquired digitally with a Gatan Orius side mount CCD camera and Digital
Micrograph software, version 1 (Gatan).

Scanning EM. Cells were washed and fixed overnight as detailed
above. The cell suspension was spun (128 g for 5 minutes) and the
pellet washed 3 times in PBS before mounting onto polylysine-coated
(1 mg/ml) § mm-silicon chips (Agar Scientific). The chips were removed
and placed into 35-mm disposable Petri dishes containing 1% osmium
tetroxide in PBS and post-fixed for 1 hour. Chips were then washed in
PBS, 3 times for S minutes each time, before being dehydrated through
an ethanol series and then critical-point dried in a BAL-TEC CPD030
critical point dryer using CO, as the transition fluid. The chips were
then coated with 8 nm of chromium in an Edwards Auto 308 Cryo
Sputter Coater (BOC Edwards) and subsequently imaged in a lens
DS130 FESEM (ABT) at 30 kV. Images were acquired digitally using an
iScan Image Capture System (ISS GROUP).

Lysosomal volume and permeability assessment. To assess lysosomal volume,
cells were labeled with 75 nM LysoTracker probe (Invitrogen) at different
time points after treatment with mAbs. FL2 fluorescence of LysoTracker-
labeled cells was assessed 1 hour after labeling. Unlabeled cells were used
as a background control. For double LysoTracker/annexin V staining, cells
were incubated with mAbs, labeled with LysoTracker probe, washed, and
resuspended in 200 ul of annexin V-binding buffer containing 5 ul of
CyS5.5-labeled annexin V. Two channel flow cytometry of FL2 (LysoTracker)
and FL4 (annexin V-CyS5.5) fluorescence was then performed using a FACS-
Calibur cytometer (BD Biosciences).

For lysosome permeability measurements, cells were incubated with
5 uM acridine orange (Molecular Probes; Invitrogen) for 15 minutes
at 37°C and washed twice with PBS before the indicated treatments or
measurements. Acridine orange is a metachromatic fluorochrome and
a weak base that exhibits red fluorescence when highly concentrated in
acidic lysosomes and green fluorescence when outside lysosomes. Total
lysosomal integrity was evaluated by assessing green fluorescence (FL1) by
flow cytometry or fluorescence microscopy.

Fluorescence, time lapse, and confocal microscopy. For immunofluorescence
and confocal microscopy, harvested cells were cytospun onto poly-L-lysine-
coated microscope slides. Samples were fixed in 2% paraformaldehyde at
room temperature for 15 minutes (phalloidin) or in -20°C methanol
(cathepsin B and LAMP-1) and rinsed briefly in ice-cold acetone. Slides were
washed 3 times for 10 minutes each time and then incubated with appro-
priate primary Abs for 60 minutes at room temperature or overnight at
4°C. The primary Abs were diluted in TBS/0.1% BSA. Subsequently, slides
were washed in TBS (3 times for 10 minutes each time) and stained using
the anti-rabbit Alexa Fluor 488 or Alexa Fluor 594 SFX Kit (Invitrogen)
according to the manufacturer’s protocol. After 3 washes in TBS/0.05%
Tween-20, DNA was counterstained with 7-aminoactinomycin D or DAPI
before mounting in ProLong Gold Antifade Reagent (Invitrogen). Sub-
sequently, cells were assessed using a Zeiss Axiovert 200 M fluorescence
microscope equipped with Chroma Sedat excitation filters (402/488/555
nm) or a MAG Nipkow Spinning Disk confocal microscope equipped with
405-, 491-, and 561-nm imaging lasers. For time-lapse microscopy, cells
were put into thin glass-bottomed Petri dishes in a humid atmosphere at
37°C and assessed using a Zeiss 7D time-lapse microscope equipped with
a CoolSNAP HQ camera and MetaMorph software, version 1. Images were
taken every 5 minutes.

Cell transfection. Raji cells were transfected with pAcGFP-actin (Clon-
tech) using the Amaxa Nucleofection Device (Buffer T; Programme G16)
according to the manufacturer’s instructions. Transfection efficiency was
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approximately 30%, and cell death rate was approximately 5%-10% above
that of controls 24 hours after transfection. 24 hours later, cells were trans-
ferred to 96-well plates and selected in the presence of G418 (2 mg/ml;
Invitrogen). Two weeks later, wells were screened for GFP expression by
flow cytometry; positive wells were cloned and then expanded.

FRAP analysis. Samples for FRAP experiments were prepared by placing a
droplet of GFP-actin-labeled Raji cells into IWAKI glass-bottom Petri dishes.
The optical plane was set to the middle of the sample. Before bleaching,
a stack of 10 images was scanned using an Olympus BX71 microscope to
record the prebleach situation. Bleaching was carried out with the Argon
laser at a wavelength of 488 nm for 1 seconds to the 1 wm region of interest
within the cytoplasm. The recovery of fluorescence was assessed every 2
seconds for 100 seconds overall.

Statistics. Values were compared using unpaired, 2-tailed Student’s ¢ test.
P <0.05 was considered statistically significant in all calculations.
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