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The autophilic anti-CD20 antibody DXL625 displays enhanced
potency due to lipid raft-dependent induction of apoptosis
Marc G. Bingaman?, Gargi D. Basu®, Tiana C. Golding® Samuel K. Chong?,
Andrew J. Lassen? Thomas J. Kindt® and Christopher A. Lipinski®

Despite widespread use of anti-CD20 antibodies as
therapeutic agents for oncologic and autoimmune
indications, precise descriptions of killing mechanisms
remain incomplete. Complement-dependent cytolysis and
antibody-dependent cell-mediated cytotoxicity are
indicated as modes of target cell depletion; however, the
importance of apoptosis induction is controversial. Studies
showing that the therapeutic anti-CD20 antibody rituximab
(Rituxan) mediates apoptosis of tumor cell targets in vitro
after cross-linking by anti-Fc reagents suggest that
enhancement strategies applied to Fc-independent
activities for anti-CD20 antibodies could improve
therapeutic efficacy. An anti-CD20 antibody designated
DXL625, with autophilic properties such as increased
binding avidity, is shown here to independently induce
caspase-mediated apoptosis of an established B-cell
lymphoma line in vitro. Depletion of membrane cholesterol or
chelation of extracellular calcium abrogated the pro-apoptotic
activity of DXL625, indicating that intact lipid rafts and

Introduction

Therapeutic monoclonal antibodies have widespread
applications in modern medicine and represent an area
of growth for opportunities in the pharmaceutical
industry [1,2]. Despite the myriad of candidate anti-
bodies that have been generated over the past few
decades, relatively few have proven to be safe and
efficacious therapeutic agents [3,4]. In some cases, an
approved therapeutic monoclonal antibody interacts with
a molecular target playing a pivotal role in the pathobiol-
ogy of a variety of diseases [5]. This affords the possibility
of these proven agents to enter therapeutic areas beyond
their original indications, expanding their utility and
increasing their market value. Understanding the me-
chanism by which these biologic drugs function in the
context of disease may suggest strategies for next-
generation agents and expand the therapeutic application
space.

Antibodies targeting the B-lymphocyte surface marker,
CD20, have proven to be effective agents in the
treatment of CD20-positive lymphoma and are remark-
ably well tolerated [6]. Prototypic of the anti-CD20
antibodies is rituximab (Rituxan; Genentech, USA), a
highly used therapeutic monoclonal antibody for cancer
treatment [6-9]. The pathobiological processes in which
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calcium are required for this activity. The Fc-mediated
complement-dependent and antibody-dependent cellular
killing mechanisms are maintained by DXL625 despite
conjugation of the parental Rituxan antibody to the
autophilic DXL peptide sequence. This study shows a
strategy for improving anti-CD20 immunotherapy by
endowing therapeutic antibodies with self-interacting
properties. Anti-Cancer Drugs 21:532-542 © 2010 Wolters
Kluwer Health | Lippincott Williams & Wilkins.
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B-cells participate, however, extend beyond hematologi-
cal malignancies and have led to additional indications
for Rituxan such as rheumatoid arthritis [5,10]. Despite
its success, information about precise mechanisms of
action for Rituxan remains incomplete [11-15]. Available
evidence strongly supports the role of Fc-dependent
cytolytic activity, including complement-dependent cyto-
toxicity (CDC) and antibody-dependent cellular cyto-
toxicity (ADCC), in the mechanism of action for Rituxan
[12,16-20]. Moreover, some have suggested that Rituxan
has Fc-independent activities including prolifera-
tion inhibition and induction of apoptosis, although the
latter is reported to require antibody cross-linking i vitro
[21-27]. In addition, reduction in Fc-mediated activity
resulting from Fc receptor polymorphisms on natural
killer (NK) cells is presently believed to underlie some
cases of Rituxan resistance in lymphoma [16,28-31]. It
is likely that enhancement strategies applied to Fc-
independent activities for anti-CD20 antibodies could
improve therapeutic efficacy and reduce the need for
patient exposure to more toxic, codministered chemo-
therapeutic agents.

Earlier work by Kohler ez @/ [32,33] showed that tumor
cell targeting and Kkilling by therapeutic antibodies was
enhanced by coupling the antibody to a short, self-binding

DOI: 10.1097/CAD.Ob013e328337d485

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Autophilic anti-CD20 antibody inducing apoptosis Bingaman et al. 533

peptide sequence, resulting in autophilic binding behavior
(antibody—antibody interaction upon antigen—antibody
engagement) while retaining antigenic specificity. This
peptide sequence contained within residues 50-73 of the
immunoglobulin heavy chain of the TEPC-15 murine anti-
phosphorylcholine antibody (P01787), was identified
based on its ability to specifically inhibit self-binding
of autophilic murine antibodies [34,35]. The mechanism
underlying potency enhancement yielded by engineering-
in autophilic properties to nonautophilic antibodies has not
been elucidated fully, but appears to involve potentiation
of both Fc-dependent and Fc-independent functionalities.

This report describes the chimeric (mouse/human) anti-
CD20 antibody, DXL625, created by the conjugation of
a self-binding DXL sequence to Rituxan. DXL625 dis-
plays augmented in-vitro potency mediated by improved
avidity compared with its parental antibody, shown here
in the Ramos Burkitt’s lymphoma cell line. A particular
enhancement of Fc-independent cytolytic activity was
seen for DXL625 through caspase-mediated apoptosis
induction not observed in Rituxan. The induction of
apoptosis by DXI.625 is abrogated through the dissolu-
tion of lipid rafts and removal of extracellular Ca®** . The
Fc-dependent mechanisms, CDC and NK cell-mediated
ADCC, both strongly induced by Rituxan, are fully
maintained or even improved by DXL625.

Materials and methods

Synthesis of DXL625

DXL625 was manufactured at InNexus Biotechnology
(Scottsdale, Arizona, USA) in a cGMP-like facility, by
ultraviolet photo-conjugation of Rituxan to a self-binding
(‘autophilic’) DXL peptide (WGAAASRNKANDYTTEY-
SASVKGRFIVSR) (Anaspec, San Jose, California, USA)
through the N-terminal tryptophan moiety of the
peptide, resulting in a majority of mono-conjugated
(~65%) and a minority of di-conjugated (= 10%) anti-
body as determined by liquid chromatography-mass
spectrometry. DXL.625 undergoes testing for sterility,
stability, and being free of endotoxin contaminant, and is
bottled at 10 mg/ml in a sodium citrate saline buffer
(SCS) (25 mmol/l sodium citrate, 150 mmol/l NaCl, pH
6.5) and stored at 4°C before experimentation.

Antibodies and reagents

Rituxan was purchased from the Mayo Clinic Pharmacy
(Scottsdale). CD20 peptide-mimetic (biotin-AHTPYI-
NIYNCEPANPSEKNSPSTQYCY) was from Anaspec.
Human peripheral blood lymphocytes (PBLs) were
purified from healthy donor samples using standard
Ficoll-Plaque separation. Normal human peripheral blood
mononuclear cells (PBMCs) were from AllCells (Emery-
ville, California, USA). CD56-immunomagnetic separa-
tion beads and magnetic separation columns were from
Miltenyi Biotec (Auburn, California, USA). Phycoerythrin

(PE)-conjugated mouse anti-human CDI19 was from
Invitrogen (Carlsbad, California, USA). PE-conjugated
mouse anti-human CD16 was from BD Biosciences
(Franklin Lakes, New Jersey, USA). Rabbit anti-human
CD20 (C-terminal) was from Epitomics (Burlingame,
California, USA). Erythrolyse buffer (10X) was from AbD
Serotec (Raleigh, North Carolina, USA). Fluorescein
isothiocyanate (FI'TC)-conjugated goat anti-human IgG,
calcein-AM, propidium iodide (PI), methyl-B-cyclodex-
trin (MBCD), RNase A, and rabbit HLA-ABC comple-
ment sera were from Sigma-Aldrich (St Louis, Missouri,
USA). CellTiter-Glo and CaspACE kits were from
Promega (Madison, Wisconsin, USA).

Binding assays

Surface plasmon resonance (SPR) was used to compare
the rates of antibody binding to and dissociation from a
CD20 peptide mimetic. CD20 peptides were bound to a
streptavidin-coated sensor chip (GE Healthcare, Piscat-
away, New Jersey, USA) in order to achieve flow cells
with varying antigen densities [100, 250, 1000 response
units (RU)] as detected by the Biacore T100 device (GE
Healthcare). Nonspecific interaction of antibodies was
assessed by flowing Rituxan or DXI.625 over streptavidin
chips similarly coated with irrelevant peptides. In
addition, the first of four flow cells remained uncoated
and served as an in-experiment control for nonspecific
association of antibody to the chip. Rituxan or DXL.625
(15 pg/ml; 100 nmol/l) was injected for 120s at 30 pl/min
with 1X HBS-EP buffer (0.01 mol/l HEPES, 0.15 mol/l
NaCl, 3mmol/l EDTA, 0.05% (v/v) EDTA, pH 7.4)
(association phase), followed for 60s with 1X HBS-EP
buffer only (dissociation phase), and regeneration for 30's
(10 mmol/l glycine, pH 2.5). The resulting change in RU
was observed and plotted versus time.

Human PBLs were used in a Scatchard-type assay to
compare the binding maximum (B, for Rituxan and
DXL625 by flow cytometry. Eight-fold dilutions (0-
300 pg/ml) of either Rituxan or DXI1.625 were incubated
in whole healthy-donor peripheral blood for 20 min on ice
followed by hypoosmotic lysis (1X Erythrolyse buffer).
Remaining mononuclear lymphocytes were washed and
CD20-bound antibodies were detected using FITC-
conjugated goat anti-mouse IgG. Samples were acquired
with the BD FACSCanto II (BD Biosciences) and
analyzed with BD FACSDiva software (BD Biosciences).
Nonspecific binding of reporter antibodies through Fc
receptors was gated out before analysis. Binding is
reported as mean fluorescence intensity.

Growth inhibition

Human Ramos Burkitt’s lymphoma cells were obtained
from the American Type Culture Collection and main-
tained in RPMI-1640 supplemented with HEPES and
10% heat-inactivated FBS at 37°C, 5% CO, unless
otherwise stated. Ramos cells used in experiments were
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between five and 30 passages. For effector-independent
ATP assays, Ramos cells were seeded into a 96-well,
flat-bottom white opaque microtiter plate (2 x 10* cells/
0.1 ml) and incubated for 1h before treatment with 1, 5,
10, or 25 pg/ml Rituxan or DXL625 as indicated or an
equivalent volume of sterile SCS buffer. At the endpoint,
the ATP-based luminescent CellTiter-Glo Reagent was
prepared according to the manufacturer’s instructions
and added 1:1 (v/v) with cells. The plates were
protected from light and incubated on an orbital shaker
(1h, room temperature) before luminescence reading
by the Synergy 2 Multi-Mode Microplate Reader (Biotek,
Winooski, Vermont, USA) and Gen5 Data Analysis
Software (Biotek). Values for drug-treated cells were
normalized to those measured for cells treated with saline
and are reported as a fraction of luminescence.

Apoptosis, lipid-raft depletion, and calcium chelation
Apoptosis of Ramos cells were determined by quantifying
the fraction of hypo-diploid cells (sub-Go/G; DNA
content) as identified by PI staining and separately
confirmed by staining of activated capases with CaspACE
reagent. For PI staining, Ramos cells were seeded
(1.5 % 10° cells/5ml) in a six-well format and incubated
overnight. The cells were then treated with 1, 5, 10, or
25 pg/ml drug or an equivalent volume of sterile SCS buffer
for 24 h. For processing, cells were washed twice with ice-
cold phosphate buffered saline (PBS), fixed with ice-cold
95% ethanol (1h, 4°C), washed twice again with ice-cold
PBS, treated with 10 mg/ml RNase A (15min, 37°C),
stained with 1 mg/ml PI (15 min, room temperature), and
acquired by flow cytometry. The cells were first gated by
forward scatter-height (FSC-H) and forward scatter-width
parameters to identify the total viable and nonviable
populations and exclude noncellular debris. From the total
cellular population, apoptotic cells were determined by
measuring the percentage of sub-Go/G; cells. Confirma-
tory labeling with FITC-conjugated CaspACE reagent
(20 umol/l/dimethyl sulfoxide) was done according to the
manufacturer’s instructions. Briefly, Ramos cells were
seeded and treated with drug as above (24h), washed
once with PBS; stained with CaspACE (25 min, 37°C, 5%
CO,) on a shaker platform, washed again with PBS, and the
mean fluorescence intensity and relative cellular population
expressing active caspases were assessed by flow cytometry.
For lipid raft depletion experiments, the maximal non-toxic
concentration of MBCD for Ramos cells was determined
by dose-limiting study and found to be 1% (w/v). Ramos
cells were resuspended in media containing 1% MBCD
for 1h, washed and resuspended in fresh culture media,
and treated with DXL625 or sterile SCS buffer equivalent
(10 ug/ml, 24 h). Apoptotic cells were identified using the
PI staining assay, using the procedure described above. For
calcium chelation experiments, Ramos cells were resus-
pended in media supplemented with 10 mmol/l EDTA,
followed by drug treatment and analysis by PI staining as
above.

Complement-dependent cytotoxicity

CDC was assessed for drug-treated Ramos cells or primary
B-lymphocytes from healthy donors. Ramos cells were
seeded (2.5 % 10° cells/0.5ml) in a 24-well format and
incubated overnight. Next, 5% (v/v) rabbit HLA-ABC
complement sera were added to cell cultures for 30 min
before the addition of either Rituxan or DXL1.625 (10 pg/ml)
or equivalent sterile SCS buffer. Rabbit complement sera
were used instead of a human-derived complement to
avoid complement inhibitory factors that could obscure
results when comparing CDC induction. Following a 2-h
drug incubation, viable and necrotic Ramos cells were
stained with Calcein-AM and PI, respectively, and
quantified by flow cytometry. Separately, frozen human
PBLs were rapidly thawed and resuspended in complete
media in a 24-well format (2.5 x 10° cells/0.5ml) for 2h
before the addition of 5% (v/v) rabbit HLA-ABC comple-
ment sera. After 30min, antibodies were added and
allowed Zh of incubation, at which point the proportion
of B cells was determined by flow cytometry using
PE-conjugated mouse anti-human CD19 antibodies. The
whole lymphocyte population was first determined by FSC
and SSC gating, where the decrease in the percentage of
CD19" cells within this population was used to determine
the relative decrease in B lymphocytes. Separate controls
for CDC induction included treatment with sterile SSC
buffer, either antibody alone, complement alone, or dual
treatment of antibody and complement.

Antibody-dependent cellular cytotoxicity

"To assess drug-dependent, effector cell-mediated cytotoxi-
city, CD56" (NK) cells were purified by immunomagnetic
separation from normal human PBMC samples. Frozen
human PBMCs were rapidly thawed and resuspended in
complete media, incubated with magnetically labeled anti-
CD56 micro-beads, and purified over magnetic separation
columns according to the manufacturer’s instructions.
Effector cell purity (CD56% /CD16%) was confirmed by
flow cytometric immunoprofiling. NK cells were added to
Ramos cells in a ratio of 6:1 (effector: target ratio) in the
presence of either drug (10pg/ml) or equivalent sterile
SCS buffer. After a 24-h incubation period, viability was
determined using the CellTiter-Glo assay as above. The
ATP content of effector cells remained unchanged over
the incubation period in the presence or absence of drug
and was corrected for using separate control cells.

Statistical analyses

Statistical analyses were performed using GraphPad Prism
V4.0 (GraphPad, San Diego, California, USA). Data sets
were first evaluated for significant within-group differ-
ences (greater than two SD from mean) and outliers were
excluded from subsequent comparative analyses. For
all in-vitro assays, a two-way analysis of variance and
Bonferroni post test were used for assessing differences
between treatment groups. The criterion for significance
between groups was set at P value of less than 0.05.
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Results

DXL625 displays enhanced binding and prolonged
dissociation from target compared with Rituxan
Therapeutic antibodies directed against cell surface
targets such as CD20 require acceptable association
kinetics to mediate cytolytic effects. Prolongation of
association with CD20 antigen (decreased off-rate) may
further potentiate therapeutic effects [36]. The associa-
tion and dissociation profiles of the DXL625 to CD20
antigen were compared with those of Rituxan using
SPR. In initial experiments, SPR sensorgrams were com-
pared for increasingly sparse CD20 peptide-mimetic
(antigen) concentrations to determine whether target antigen
density impacted the self-binding of DXI1.625. Both anti-
bodies were also evaluated for nonspecific sensor chip
surface interactions, and neither DX1.625 nor Rituxan
was found to bind irrelevant control peptides or peptide-
deficient surfaces (data not shown). No observable
binding was detected with human IgG1l isotype or
DXL-conjugated IgG1l serving as the negative control
analyte. As shown in Fig. 1a, the association kinetic
signature of Rituxan at fixed concentration did not vary as
a function of antigen coating density. A distinct autophilic
binding profile was seen for DX1.625, in which nonsatur-
able binding (RU values continue to increase throughout
the analyte injection period) and prolongation of off-rate
(return of maximum RU to baseline) were observed.
However, this distinction was only seen at the two higher
antigen-coating densities and was not evident at the
lowest coating density (100 RU). The improved non-
saturable binding kinetics of DXL.625 therefore appears
to require a threshold antigen density.

"To determine whether the results for SPR reflect binding
to cognate CD20 antigen on cells, we compared the
binding of DXL625 and Rituxan using healthy donor
human B cells. CD20-positive cells within a population
of human PBLs were stained with either antibody
and examined by flow cytometry (Fig. 1b). The binding
maximum (B.,) 1s 5.4-fold greater for DXILL625 than
Rituxan, indicating that the nonsaturable kinetic profile
observed in SPR experiments reflects what is observed in
live cells. Importantly, the binding of DXIL625 and
Rituxan could be blocked by the addition of recombinant
cognate antigen, revealing that the increased B, 1S not
because of a function of nonspecific binding of DXI1.625
(data not shown). Moreover, control experiments using
a DXL-conjugated human IgG1 isotype control showed
no significant binding above the background (data not
shown).

DXL625 displays enhanced effector-independent
potency

Therapeutic anti-CD20 antibodies work through a
combination of effector-dependent (Fc-mediated) and
effector-independent  (target-ligand-mediated) mecha-
nisms. We assessed whether the increased B, and

prolonged off-rate of DXIL625 would translate into
enhanced effector-independent potency, CDC, or ADCC
induction. To compare effector-independent potency,
drug-induced effects of DXL.625 were compared using
as a target, the Ramos Burkitt’s lymphoma cell line. ATP
content, a generally acceptable measure of cellular
viability and proliferation, was used to monitor antibody
effects. Treatment of Ramos cells with either Rituxan or
DXL625 elicited dose-dependent and time-dependent
reduction in total cellular ATP content (Fig. 2a, b). At
24-h treatment duration, increasing concentrations of
DXL625 (1, 5, 10, and 25 pg/ml) reduced ATP content
by 18.4, 26.4, 29.7, and 31.1%, respectively, from control
treated cells. These were statistically significant
(P <0.05, two-way analysis of variance) at all concentra-
tions and significance was maintained in cells treated for
48 h. Comparison of DXL625 activity to that of Rituxan
indicated significant reduction in ATP content (normal-
ized to vehicle-treated cells) in the DXIL625-treated
cells. At 24h, the relative reduction in ATP content
between DXL625 and Rituxan were 81.6 versus 97.6,
73.6 versus 93.8, 70.3 versus 89.8, and 68.9 versus 88.5%
(P < 0.01 for each concentration pairing) (Fig. 2a) and at
48 h 63.5 versus 83.4, 53.7 versus 84.4, 51.7 versus 75.3,
and 51.5 versus 69.1% (P < 0.01 for each concentration,
respectively) (Fig. 2b). Next, to determine whether any
synergistic activities exist between DXL625 and Rituxan
when coadministered to Ramos cells, standard addition
experiments were performed. As the concentration of
Rituxan in the culture media is reduced by 10% intervals
from 10 to 0 pg/ml concentration and replaced on a molar
basis with DXL.625, the enhanced Fc-independent effect
is restored at approximately 60% DXIL625:40% Rituxan
(Fig. 3). There are no apparent synergies observed
between the two anti-CD20 antibodies. It is concluded
from these data that reductions seen in total ATP content
of treated cells might occur as a result of either reduced
proliferation (metabolic rate), reduced viability (induc-
tion of cell death), or a combination of the two. Increasing
concentrations of Rituxan decrease the fraction of
receptor available for DXL625, supporting the idea of
a minimum threshold density required for enhanced
effector-independent potency seen with DXL625.

Enhanced effector-independent potency of DXL625

is because of apoptosis induction

Reduction of ATP content resulting from treatment
with anti-CD20 antibodies could be a result of effects
on proliferative rate, loss of viability, or a combination
thereof. Rituxan has been reported to slow cell growth
with no distinguishable arrest of cell cycle [37,38].
Furthermore, Rituxan monomers have been reported to
trigger caspase-mediated, lipid raft-dependent apoptosis
when a secondary anti-human IgGl Fe-crosslinking
antibody is added to the cells in culture [23,26,27]. PI
staining and flow cytometric analysis of drug-treated
Ramos cells was used to dually determine whether our
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Fig. 1
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DXL625 displays prolonged dissociation rate from antigen and increased binding maximum compared with Rituxan. (a) Surface plasmon resonance
(SPR) was used to compare the binding and dissociation kinetics of Rituxan and DXL625 with varying antigen densities, in which biotinylated CD20
peptide mimetic was immobilized to a streptavidin-coated sensor chip at three densities [increasing response units (RUs) correspond to greater
immobilized antigen]. Rituxan or DXL625 (15 pg/ml) was flowed over the chip (120 s mAb/buffer for association, 60 s buffer for dissociation, 30 s
acidic glycine for regeneration) and resulting change in relative RUs was compared. At 100 RU (lowest antigen density), saturable binding and rapid
dissociation are similarly observed for Rituxan and DXL625, but nonsaturable binding and slowed dissociation from antigen are observed for
DXL625 at higher densities. (b) Healthy donor peripheral blood lymphocyte samples were treated with varying concentrations of Rituxan and
DXL625 (0-300 pug/ml). Binding for Rituxan is saturated at approximately 10 pg/ml, whereas specific binding of DXL625 continues to increase with
higher concentrations. DXL625 displays a 5.4-fold increase in binding maximum compared with Rituxan.
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DXL625 and Rituxan treatment reduces total ATP content of Ramos cells. (a) After the indicated 24 h treatment (1, 5, 10, 25 pug/ml), the ATP content
(measured by luminescence) for drug-treated cells was reported as fraction normalized to those buffer-treated (mean = SD, n=3, *P<0.01 DXL625
vs. Rituxan). (b) Relative reduction in cellular ATP is amplified with 48 h of drug treatment.

earlier observations were because of cell killing or reduc-
tion in proliferation. After 24-h exposure to DXL625, a
significant increase in the proportion of sub-Gy/G; Ramos
cells present in the pre-gated (live and non-viable)
population was observed compared to Rituxan-treated or
buffer-treated cells. Of note, the sub-Gy/G; cells induced

by DXL625 were smaller in size (reduced FSC) and
denser (increased SSC) (data not shown), supporting
morphological progression through apoptosis. To further
characterize loss of viability, treated cells were evaluated
for the activation of caspases using a fluorescent pan-
caspase substrate analog. DX1.625 treatment (10 pg/ml)

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



Autophilic anti-CD20 antibody inducing apoptosis Bingaman et al. 537

Fig. 3
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Treatment with an admixture of DXL625 and Rituxan reduces total ATP
content of Ramos cells. The concentration of Rituxan (10 pg/ml) was
reduced at 10% intervals and replaced by an equivalent molar amount
of DXL625. Total cellular ATP content was assayed at 24 and 48 h

of treatment and normalized to vehicle (v) treated cells. The enhanced
Fc-independent effect is restored at approximately 60% DXL625: 40%
Rituxan at 48 h with no apparent synergies between the two antibodies.

of Ramos cells resulted in a doubling of apoptotic events
compared with equivalent Rituxan treatment (24.2 vs.
10.9%; P < 0.05). Moreover, caspase-positive cells pos-
sessed similar morphology as those in the sub-Gy/G; gate,
confirming that these cells were indeed undergoing
caspase-mediated apoptotic cell death (Fig. 4b—e). Thus,
DXL625-mediated induction of apoptosis underlies, at
least in part, the depletion of cellular ATP observed earlier.

DXL625-induced apoptosis selectively affects actively
proliferating Ramos cells

In-vitro exposure of Ramos cells to DXL.625 resulted in
a reduction of cellular ATP because of the induction of
apoptosis. As the cellular proliferation profile could also
be affected by either antibody, treated cells were stained
with PI and the proportions of cells in various stages of
cell division (Gy/Gq, S-phase, and G,/M) were analyzed
by flow cytometry. Ramos cells treated with DXIL.625
showed a decrease in the fraction of S-phase cells (36.6,
29.7, 27.8, and 25.9% for 1, 5, 10, and 25 pg/ml, res-
pectively) that correlated to increased apoptosis induc-
tion (9.5, 21.0, 24.9, and 30.0%), indicating that actively
dividing cells were most susceptible to DXL.625-induced
apoptosis. Of note, when only viable cells were con-
sidered, no significant change in the proportion of cells in
S-phase, G¢/Gy, or G,/M was observed with increasing
concentrations with DXL.625. Furthermore, no significant
change was seen between these phases with identical
treatment with Rituxan, DXL.625, or saline buffer (data
not shown). These data suggest that (i) the cellular ATP
reduction seen with DXL.625 treatment is not because
of altered proliferative activity in nonapoptotic cells, and
(i1) actively dividing (S-phase) cells are most susceptible
to DXL625-induced apoptosis.

DXL625-mediated apoptosis is lipid raft-dependent
and is abrogated by calcium chelation

Rituxan has been reported to induce apoptosis in the pre-
sence of a cross-linking secondary antibody, purportedly
through cholesterol-rich lipid raft signaling domains.
To determine whether lipid raft integrity is required for
the induction of apoptosis by DXL625, cholesterol was
depleted from Ramos cell membranes before antibody
exposure and analysis. To avoid the potential cytotoxic
effects of MBCD while still ensuring adequate lipid raft
dissolution, the highest concentration of MBCD that had
no discernible effects on morphology, as determined
by flow cytometry (FSC, SSC) and light microscopy, and
DNA fragmentation (sub-Gy/Gy cells) was used (1.0%).
After MBCD or saline pretreatment, Ramos cells were
treated for 24 h with DXL625 (10 pg/ml) and the fraction
of cells undergoing apoptosis was assessed by PI staining
and flow cytometry. The percentage of apoptotic cells
treated with MBCD before DXL.625 was significantly
reduced compared with cells not treated with MBCD
(10.6 = 3.4 vs. 30.0 =1.8%, P=0.036), confirming the
requirement for lipid raft integrity in DXL.625-mediated
apoptosis (Fig. 5a). As the CD20 receptor has been shown
to be involved in the cellular influx of calcium, the pro-
apoptotic effects of DXL625 were challenged by the
addition of the chelator EDTA [27,39,40]. Prechelation
of calcium from the cell culture media followed by the
addition of DXL625 resulted in an abrogation of the
proapoptotic effects of this autophilic anti-CD20 anti-
body (Fig. 5b). These experiments illustrate that the
Fc-independent induction of apoptosis observed with
DXL625 treatment requires cholesterol-enriched mem-
brane fractions (lipid rafts) and calcium influx from
extracellular pools.

DXL625 retains the Fc-dependent functions of Rituxan

Having established that DXL.625 induces substantially
greater levels of apoptosis than Rituxan, next we
compared the abilities of DXL.625 and Rituxan to induce
CDC and NK cell-mediated ADCC in Ramos cells and
primary B-lymphocytes from healthy donor PBLs. First,
the ability of DXL625 to kill Ramos cells by complement
fixation was tested. Flow cytometric analysis of treated
Ramos cells revealed little change in the percentage of
dead cells (PI staining) after 2-h incubation with
DXL625 in the absence of complement, Rituxan in the
absence of complement, or complement in the absence
of the drug. The addition of complement in the presence
of DXL625 or Rituxan resulted in significant cell killing
(56.5*+1.1 or 48.6+2.8%, respectively, P =10.0023)
(Fig. 6a, left panel). Next, complement-mediated deple-
tion of primary B-lymphocytes (CD19") was compared
for DXL625 and Rituxan. Compared with incubation for
2 h with complement in the absence of the drug, DXL.625
or Rituxan treatment in the absence of complement
resulted in the depletion of CD19% lymphocytes (23.4
*+ 1.6% of lymphocyte gate vs. 12.6 = 0.5 or 13.1 *+ 0.8%,
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hypodiploid (sub-Go/G) cells, as analyzed by propidium iodide staining and flow cytometry. DXL625-induced significant levels of apoptosis in a
dose-dependent manner whereas Rituxan did not (*P<0.05 DXL625 vs. Rituxan). Values are expressed as absolute percentages (mean £ SD, n=3)
of the total cell population. (b—e) After drug treatment (10 pg/ml, 24 h), Ramos cells were stained for activated caspases and analyzed by flow
cytometry. The percentages of caspase-positive cells are indicated (upper right-hand corner) for representative fluorescence histograms.
Staurosporine (1 umol/l, 6 h) served as a positive control for apoptosis induction in both experiments.

respectively). The reduction observed with antibody
treatment in the absence of complement is suspected
to be because of residual NK cells within the PBL
population. Treatment with DXIL.625 or Rituxan plus
complement resulted in further depletion of the CD19*
lymphocyte population (3.1 £0.2 or 2.8 = 0.4, respec-
tively, P=NS) confirming that complement fixation
indeed occurs with DXL625 (Fig. 6a, right panel).
Next, we assessed the ability of DXI.625 to induce NK
cell-mediated ADCC in Ramos cells. Ramos cells were
incubated with CD56™ /CD16™ NK cells for 24 h in the
presence or absence of 10pg/ml DXIL.625 or Rituxan.
Both DXL.625 and Rituxan significantly reduced Ramos

cell viability in the presence of NK cells when normalized
to vehicle treatment (0.56*0.05 and 0.77 =0.02,
respectively, P <0.001 for both) (Fig. 6b). Greater loss
in target cell viability was seen for DXL.625 than Rituxan
in the presence or absence of NK cells (P <0.01).
However, the difference in viability seen with Rituxan in
the presence or absence of NK cells was greater than that
for DXL625, suggesting that (i) caspase-mediated
apoptosis induced by DXIL625 treatment alone may
overlap pathways elicited by NK cell-released granzymes
targeting Rituxan-opsonized cells or (i) Fc-FcR inter-
actions may result in sufficient antigen cross-linking for
apoptosis induction already seen with DXL625 in the
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Induction of apoptosis by DXL625 requires lipid rafts and extracellular calcium. (a) Ramos cells were incubated with methyl-B-cyclodextran
(MBCD) (1% w/v, 1 h) before being resuspended in fresh media and treated with DXL625 (10 pg/ml, 24 h). MBCD pretreatment significantly reduced
DXL625-induced apoptosis as assessed by propidium iodide staining and flow cytometry (mean+SD, n=3, *P<0.05 DXL625 vs. MBCD +
DXL625). (b) Ramos cells were resuspended in media containing 10-mmol/| EDTA and treated with DXL625 (10 ug/ml, 24 h). EDTA treatment
significantly abrogated DXL625-induced apoptosis, as measured in a (mean+SD, n=3, *P<0.05 DXL625 vs. EDTA + DXL625).

absence of accessory cells. These data collectively show
that DXI1.625 maintains the ability to fix complement and
engage effector cells  vitro.

Discussion

In this study, we characterize the functional mechanisms
of a novel therapeutic anti-CD20 antibody, DXIL.625,
derived by ultraviolet photo-conjugation of an autophilic
DXL peptide to Rituxan, a mouse/human chimeric IgGk1
anti-CD20. DXL625 was designed to bind its antigenic
target with greater avidity and with a prolonged dissocia-
tion rate compared with its parental antibody. We show
here that DXL625 has (i) improved binding kinetics
compared with Rituxan (prolonged off-rate, increased
Bax), (i1) is endowed with autophilic binding properties
(antigen-dependent antibody interassociation), (iii) ex-
hibits markedly improved Fc-independent effects against
the Ramos Burkitt’s lymphoma cell line, (iv) induces
caspase-mediated, lipid raft-dependent apoptosis, and
(v) retains Fc-mediated CDC and ADCC immune effector
responses.

The Fc-independent functions of Rituxan, while sig-
nificant, are not completely defined and have since been
proposed to include apoptosis induction and slowing of
proliferation [12,37,38,41]. The induction of tumor cell
apoptosis is controversial but has been clarified by recent
reports [11,21-24,42,43]. Rituxan has long been pre-
sumed to induce apoptosis in malignant B cells m vivo,
although evidence from patients is limited and does not

preclude synergistic immune effects leading to caspase-
mediated apoptosis [11,41]. For example, binding of
Rituxan-opsonized cells by NK cells may result in
apoptosis through (i) crosslinking of CD20 through
multiple Fc-FcR engagements and (ii) granzyme release.
In the absence of crosslinking reagents, Rituxan has been
shown to not significantly induce apoptosis in established
lymphoma cell lines iz wvitro, although it is crucial for
sensitizing cells to chemotherapeutic drug-induced
apoptosis, in part through downregulation of antiapopto-
tic proteins (Bcl-2, Bel-xL,, Mcl-1) and deactivation of
constitutively activated cell survival pathways (PI3K-Akt,
MEK-ERK1/2) [37,38,44-50]. This sensitizing effect is
crucial for alleviating the patient’s exposure to broad-
spectrum, proapoptotic drugs such as doxorubicin while
still yielding a beneficial effect. Therefore, it is reason-
able to anticipate that anti-CD20 immunotherapeutic
efficacy could be improved by ‘engineering-in’ autophilic
binding properties with the goal of enhancing direct
induction of cell death and thereby reducing the patient’s
exposure to toxic chemotherapeutic agents.

We have found that treatment of lymphoma cells with
DXL625 resulted in dose-dependent and time-depen-
dent formation of a subpopulation of cells morphologi-
cally consistent with an apoptotic phenotype (smaller/
denser, sub-Gy/G; DNA content, and activated caspases).
This effect was not seen with similar treatment with
Rituxan. Experiments here show that enhanced binding
to CD20-coated SPR sensor chips by DXL625 can be
abrogated by limiting the antigen coating density,
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The Fc-dependent complement-dependent cytotoxicity (CDC) and antibody-dependent cellular cytotoxicity functions of Rituxan are maintained by
DXL625. (a) (Left panel) CDC-induced Ramos cell death was assessed by propidium iodide staining of Rituxan and DXL625-treated cells (10 ug/ml,
2h) in the presence or absence of complement sera (5% v/v, 30 min). Cells were analyzed by flow cytometry and values reported as absolute
percentages (mean £ SD, n=3). In the presence of complement, DXL625-induced significantly greater Ramos cell death than Rituxan (P=0.0023).
(Right panel) CDC was assessed for peripheral blood lymphocytes samples using flow cytometry as described in the Methods section. Both
DXL625 and Rituxan treatment resulted in a decrease in the proportion of CD19* lymphocytes when supplemented with complement (mean + SD,
n=2). (b) Effector cell-mediated killing is enhanced by DXL625. Ramos cells were treated with purified natural killer (NK) cells (6 : 1 effector : target)
in the presence or absence of drug (10 pug/ml, 24 h) and changes in cellular ATP were measured as described in the Methods section. Values are
reported as a fraction of luminescence of NK-treated cells in the absence of drug (mean* SD, n=3). Significantly greater NK cell-mediated killing is

seen with DXL625 compared with Rituxan (P<0.001).

suggesting that the characteristic antibody interassocia-
tion by DXL.625 requires some antigen density threshold.
Drug-induced translocation of CD20 receptor molecules
to lipid raft microenvironment may transiently result in
localized regions of high CD20 density, reflecting the
prolonged dissociation kinetics seen with higher CD20
sensor chip densities. Earlier work by Unruh e @/ and
Janas ez al. [26,27] indicated that the propoptotic effect
of Rituxan observed in the presence of a cross-linking
secondary antibody had the requirement for lipid rafts
and a source for calcium influx, and pretreatment with
MBCD or a calcium-chelating agent abolished the effect.
Present data suggest a requirement for lipid raft integrity
and for an extracellular source of calcium in potentiating
DXL625-induced apoptosis.

Importantly, we show that despite being altered by
conjugation to DXL peptide, DXL625 retains the Fc-
mediated CDC and ADCC functions of Rituxan. The
failure of Rituxan therapy in certain patients is more
clearly explained by variations in Fc y-receptor geno-
types and impaired ADCC activation rather than factors
affecting complement [12,29-31]. This lends support to
the idea that engagement of Rituxan-opsonized target
cells by FcR-expressing cells, at least in these patients, is

more important for tumor clearance than any direct
cytolytic or complement-mediated effects by Rituxan in
the absence of effector cell binding. Given the potential
role of NK cell-mediated ADCC in inducing target cell
apoptosis, either by the release of caspase-activating
granzymes or crosslinking of CD20 surface molecules
through Fc-FcR interactions, the pro-apoptotic effects
observed with DXL625 may prove beneficial for patients,
particularly for those whose lack of response to Rituxan is
linked to FcR genotypic variation. Although determining
the relative importance for each mode of action of Rituxan
has only been possible thus far by grouping patients who
have not responded to therapy, it may be possible to
confirm the mechanisms for DXIL.625 by which added
therapeutic benefit is achieved in future in-vivo studies.

In conclusion, we report that the autophilic anti-CD20
antibody, DXL.625, is unique in its ability to mediate
Fc-independent apoptosis without the need for a crosslin-
king secondary antibody. Modification through conjugation
to the autophilic DXL peptide did not impair Fc-
mediated effector functions and as such makes this
therapeutic candidate particularly attractive for develop-
ment for use in B-cell lymphoma patients unresponsive
to Rituxan.
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