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ABSTRACT
Despite the success of CD20 antibody rituximab in immunotherapy, acquired resistance is one of the prime
obstacles for the successful treatment of B-cell malignancies. There is an urgent need to intensify efforts
against resistance in cancer treatment. Growing evidence indicated that lysosomes may form an “Achilles
heel” for cancer cells by sensitizing them to death pathways. Here, we uncover an important role of CD20
in initiation of ceramide/lysosomal membrane permeabilization (LMP)-mediated cell death, showing that
colocalization of CD20-TNFR1 after type II CD20 antibody ligation can stimulate de novo ceramide
synthesis by ceramide synthase and consequently induce remarkable lysosomal permeabilization (LMP)
and lysosome-mediated cell death. Further studies show that the potent lysosome-mediated cell death
induced by CD20 antibodies exhibits a profound killing effect against both rituximab-sensitive and
-resistant (RR) lymphoma. Furthermore, engineering of rituximab by introducing a point mutation endows
it with the ability to induce potent ceramide/LMP-mediated cell death in both RR lymphoma and primary
B-cell malignancies from patients with rituximab-refractory, suggesting the potential clinical application to
combat rituximab resistance.

Abbreviations: ADCC, antibody-dependent cellular cytotoxicity; B-CLL, B cell chronic lymphocytic leukemia; CDC,
complement-dependent cytotoxicity; CDR, complementarity-determining region; DEGS1, desaturase, sphingolipid 1;
DLBCL, diffuse large B cell lymphoma; D-MAPP, D-erythro-2-Tetradecanoylamino-1-phenyl-1-propanol; FB1, fumoni-
sin B1; FCM, flow cytometry; Imip, imipramine; LMP, lysosomal membrane permeabilization; PI, Propidium Iodide;
qRT-PCR, quantitative reverse transcriptase PCR; RR, rituximab resistant; SIM, structured illumination microscopy;
TEM, transmission EM; V-ATPases, vacuolar ATPases; 3-OMe-SM, 3-O-Methyl-sphingomyeline
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Introduction

Despite rituximab has revolutionized the treatment of lym-
phoma,1 treatment of refractory or relapsed indolent lym-
phoma patients with rituximab remains associated with a
response rate of only 50%, and close to 60% of prior rituximab
responding patients will no longer benefit with retreatment due
to acquired resistance.2 Although rituximab resistance mecha-
nisms have been identified in preclinical studies, no effective
regimen has been developed to overcome rituximab resistance
in patients.3,4 More importantly, rituximab-resistant (RR) cell
lines generated in vitro display cross-resistance when are tested
against a panel of chemotherapeutic agents,3-5 indicating the

alternative survival pathways developed during drug treatment
pose additional challenges to the clinical management of
patients with RR lymphoma.

Although most CD20 mAbs recognize the larger extracellular
loop (only 44 amino acids) of the CD20 molecule,6-8 they are
functionally diverse and can be defined as two distinct types:
type I mAbs, or rituximab-like, which activate complement and
are relatively poor at mediating cell death; and type II mAbs, or
11B8-like, which are relatively inactive in complement activation
but tend to promote more cell death.8 Until now, no clear expla-
nation has been offered for why CD20 mAbs are so functionally
diverse, especially given their restricted epitope recognition,
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suggesting that CD20 molecule may still have some significant
biological functions that remains uncovered. It is imperative
that a better understanding of CD20 biology and the effector
mechanisms after antibody ligation will allow more efficient
exploitation of CD20 as a therapeutic target against RR NHL.

Numerous studies have revealed that several mechanisms
might be involved in providing therapeutic efficacy of CD20
mAbs, including complement-dependent cytotoxicity (CDC),
antibody-dependent cellular cytotoxicity (ADCC), and the
induction of cell death.9,10 Although Fc-mediated effector func-
tions are important for lymphoma treatment,11-14 the relative
contributions of these different mechanisms of action are still a
matter of debate.9,10,15 Very recently, type II CD20 mAb-
induced lysosome-mediated cell death has been reported to be
mediated through a ceramide-dependent pathway.16,17 How-
ever, signal transduction pathway of lysosome-mediated cell
death induced by type II CD20 mAbs is still elusive. Previously,
emerging experimental evidence suggests that such alterations
in lysosomes may form an “Achilles heel” for cancer cells by sen-
sitizing them to death pathways involving LMP and the release
of cathepsins into the cytosol.18-20 Some lysosome targeting
drugs have been shown to possess the ability to resensitize multi-
drug resistant cells to classical chemotherapy.19,21,22 These data
may suggest that lymphoma lysosomes can be specifically uti-
lized for development of antibody to combat resistance.

In the present study, we have characterized the behavior of
CD20molecule after antibody ligation on B-cell lymphoma. Our
data reveal that co-localization of CD20 and TNFR1 molecules
after type II CD20 antibody ligation could stimulate ceramide
synthesis by the enzyme ceramide synthase (DEGS1), which
subsequently induced LMP and initiated lysosome-dependent
cell death in both rituximab-sensitive and RR B-cell lymphoma.
Intriguingly, by introducing a point mutation Tyr102Lys into
the complementarity-determining region (CDR), the rituximab
variant H102YK could trigger marked LMP-mediated cell death,
exhibiting potent therapeutic efficacy against RR lymphoma.

Results

Activation of lysosome-mediated cell death overcomes
rituximab resistance in vitro and in vivo

To evaluate whether type II CD20 mAb-mediated cell death can
eliminate RR lymphoma, two RR lymphoma Raji-R and Daudi-
R generated as previously described 3,4,23 were used. In line with
our previous findings,23 both of these RR cells (Raji-R and
Daudi-R) exhibited strong resistance to rituximab-mediated
CDC (Data not shown). The remarkable cell death initiated by
type II CD20mAb 11B8 can be observed in both of these two RR
cells (Fig. 1A). The XTT assays were also used to evaluate the cell
death induced by these CD20 mAbs and the similar results can
be observed (Data not shown). Further studies showed that cas-
pase and Bcl-2 inhibitors could not block 11B8-induced cell
death (Fig. S1A, Fig. 1B). Moreover, cleaved fragments of cas-
pase-3 or caspase-9 were not detected by western blot after treat-
ment with CD20mAbs for 24 h (Fig. S1B). To further investigate
whether autophagy was elicited by type II CD20 mAb, we
assessed the expression of several autophagy marker proteins
before and after mAb treatment. These data revealed that Beclin-

1, Atg 12 and LC-3 were unchanged over the 16-h time course
studied (Fig. S1C), indicating that autophagy had not been acti-
vated by type II CD20 mAb 11B8. In line with previous findings,
11B8 could elicit homotypic adhesion of lymphoma cells
(Fig. S1D), and substantially induce the enlargement of lyso-
somal compartment and LMP in both Raji and Raji-R cells after
treatment for 4 h (Fig. 1C). In line with previous findings
reported by other groups,24,25 type II CD20 mAbs could induce
LMP and leakage from lysosomes into the more neutral pH of
the cytosol, which could subsequently increase pH of lysosome
compartment and consequently decrease lysotracker fluores-
cence (Fig. S1E). A substantial increase in cathepsin B (Fig. 1D)
and D (Fig. S1F) staining throughout the cytosol can be observed
after 11B8 treatment for 4 h. The similar results can be obtained
from other lymphoma cells, including Daudi and Daudi-R (Data
not shown). These results have been further validated by FCM
analysis (Fig. S1G). To further confirm the involvement of lyso-
somes in 11B8-induced death process, we utilized the well-char-
acterized inhibitors of vacuolar ATPases (V-ATPases)
concanamycin A and bafilomycin A1 (Fig. S1H and S1I). In line
with the previous findings,24,25 both concanamycin A and bafilo-
mycin A1 could significantly inhibit the cell death induced by
type II CD20 mAb 11B8. The importance of cathepsins in the
cell death process was subsequently confirmed by using specific
cathepsin inhibitors (cathepsin inhibitor III or E-64d) that virtu-
ally ablated 11B8-induced cell death (Fig. 1E) and markedly
inhibited the release of cathepsin B from lysosome (Fig. 1F). To
further evaluate the specific cell death induced by type II CD20
mAb 11B8, CHO and HT-29 cells expressing human CD20 pro-
tein (CHO-CD20 and HT-29-CD20) were used in our experi-
ments (Fig. S1J). After treatment with 11B8, the specific cell
death can be observed in both CHO-CD20 and HT-29-CD20
cells. Moreover, the transmission EM (TEM) revealed that no
evidence of DNA condensation or apoptotic body formation typ-
ical of apoptosis was observed after treatment with 11B8. Instead,
we found large cytoplasmic inclusions and vacuoles in 11B8-
treated cells that were distinct from control cells (Fig. S1K). The
ultrastructural studies confirmed that neither classical apoptotic
nor autophagic death was initiated by 11B8mAbs.

Although both rituximab and 11B8 were shown to signifi-
cantly improve the survival of SCID mice bearing disseminated
Raji tumor cells (p < .001 for each compared with the PBS con-
trol), 11B8 could significantly prolong the survival of SCID/Raji-
R mice (Fig. 1H). More importantly, treatment with the cathep-
sin inhibitor E-64d could markedly decrease the protection of
11B8 in both SCID/Raji and SCID/Raji-R mice, while the signifi-
cant difference was not observed in the rituximab-treated groups.

De novo synthesis of ceramide is essential for LMP-
mediated cell death initiated by type II CD20 mAb

Ceramide, a prototypic sphingolipid, is either synthesized de
novo or generated from sphingomyelin breakdown.26 To evalu-
ate the notion that ceramide is involved in the LMP-mediated
cell death induced by type II CD20 mAbs, widely used specific
inhibitors of A-SMase (Imipramine), N-SMase (3-O-Methyl-
sphingomyeline) and ceramide synthase (fumonisin B1) were
employed. 11B8-induced cell death can be significantly inhib-
ited by 25 mM fumonisin B1 (FB1), whereas imipramine
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Figure 1. Lysosome-mediated cell death induced by type II CD20 mAbs can overcome rituximab resistance. (A) Evaluation of cell death induced by CD20 mAbs with or
without cross-linker on Raji, Raji-R, Daudi and Daudi-R cells. Columns represent mean cell death (Annexin V- and PI-positive cells) (n D 3); bars represent SD. �p < 0.05.
(B) Effect of Caspase Inhibitor VI on the cell death induced in 16 h by inhibitor alone, 10 mg/mL rituximab, and 11B8 in the presence or absence of cross-linker (goat anti-
human F(ab0)2 fragment, 20 mg/mL) in Raji cells. Inhibitors were added over a range of different concentrations for 2 h before the addition of mAbs. Data are mean § SD
of at least three experiments. (C) Raji cells were incubated with CD20 mAbs as described previously (10 mg/mL). After that, cells were labeled with Lyso-Tracker green
and the volume of the lysosomal compartment measured by confocal microscopy after 4 h. (D) Fluorescence microscopy of the lysosomal protease cathepsin B staining
(red) of Raji cells 4 h after treatment with mAbs. DNA was counterstained with DAPI (blue; scale bar, 10 mm). (E) The inhibition of CD20 mAb-induced cell death by
cathepsin inhibitor III in Raji cells as measured by FCM. Mean § SD (n D 3). �p < 0.05. (F) Confocal microscopy of cathepsin B staining (red) 4 h after treatment with
CD20 mAbs. DNA was counterstained with DAPI (blue). Scale bars: 10 mm. The survival of tumor-bearing SCID mice SCID/Raji (G) and SCID/Raji-R (H) treated with anti-
CD20 mAbs. Groups of 10 SCID mice were injected intravenously with 3.5£ 106 Raji or Raji-R cells. Five days after tumor cell inoculation, the mice were treated with ritux-
imab and 11B8 (400 mg/dose). The SCID/Raji and SCID/Raji-R mice were treated with cathepsin inhibitor (E-64d) at a dose of 1 mg/100 g of body weight/day intraperito-
neally 3 d a week for 3 weeks.
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(Imip) and 3-O-Methyl-sphingomyeline (3-OMe-SM) could
not protect the cells (the concentration from 50 mM to 0 mM)
(Fig. 2A). The FB1, in the range from 0.2 nM to 25 nM, exhib-
ited a dose-dependent inhibition of cell death induced by
11B8 (Fig. S2A). Exogenous ceramide (either C2 ceramide
or ceramide obtained from bovine spinal cord) could
induce dose-dependent cell death in both Raji and Ramos
cells in the concentrations from 150 mM to 50 mM
(Fig. 2B). After treatment with 10 mg/mL CD20 mAbs, the
generation of ceramide induced by 11B8 was detectable
after 6 h (Fig. 2C). The elevation of intracellular ceramide
stimulated by 11B8 could be specifically inhibited by FB1
(Fig. 2D). The generation of Ceramide and the inhibitory
effect of FB1 were also confirmed by the confocal fluores-
cent microscopy analysis (Fig. S2B). Moreover, LMP and
the subsequent release of cathepsin B into the cytosol could
be markedly inhibited by FB1 (Fig. 2E–G). Treatment with
exogenous ceramide (150 mM or 100 mM) could

significantly induce LMP and the subsequent release of
cathepsin B (Fig. 2E and H).

Dihydroceramide desaturase-1 (DEGS1) is critical to the
initiation of LMP-mediated cell death

DEGS1, a key enzyme in the de novo pathway of ceramide
generation, is the only dihydroceramide desaturase reported
to be present in human cells.27 Here, shRNA against the
human desaturase enzyme DEGS1 was used to attenuate its
expression and consequently inhibit its activity. Raji and
Ramos cells were transfected with DEGS1 shRNA or non-
specific shRNA. Knockdown of DEGS1 mRNA level was
confirmed by quantitative reverse transcriptase PCR (qRT-
PCR), with about 75% knockdown of DEGS1 mRNA
achieved in Raji and Ramos cells (Fig. S3A). The decreased
expressions of the DEGS1 protein in DEGS1 shRNA-treated
Raji (Raji/DEGS1-) and Ramos (Ramos/DEGS1-) cells were

Figure 2. De novo ceramide synthesis involved in LMP-mediated cell death initiated by type II CD20 mAb. (A) The inhibition of cell death in Ramos cells by A-SMase, N-
SMase and ceramide synthase inhibitors (Imip, 3-OMe-SM and FB1, respectively) was assessed by FCM. Error bars indicate SD (n D 3). �p < 0.05. (B) The exogenous cer-
amide (C2-Ceramide) induced cell death in both Raji and Ramos cells in a dose-dependent manner. �p < 0.05. (C) Time course study of ceramide generation in B cells
induced by CD20 mAbs. The ceramide levels were quantitated as described in “Supplemental Experimental Procedures.” Results are representative of three independent
experiments. (D) The generation of ceramide stimulated by 11B8 was inhibited by FB1. Raji cells were treated with FB1 prior to the addition of CD20 mAbs. �p < 0.05.
Detection of total lysosomal volume in cells treated with mAbs and FB1. Cells were incubated with CD20 mAbs (10 mg/mL) and FB1 (25 mM). After that, cells were labeled
with LysoTracker green and the volume of the lysosomal compartment measured by confocal microscopy (E) and FCM (F) after 4 h. (G and H) The assessment of LMP by
evaluating the release of cathepsin B (red) into cytoplasm. Scale bars: 10 mm.
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also confirmed by protein gel blotting (Fig. S3B and C). The
decrease of DEGS1 expression and consequent reduction of
its activity could effectively prevent the cell death induced
by 11B8 in both Raji and Ramos cells (Fig. 3A and B). The
cathepsin B release induced by 11B8 was not observed in
Raji/DEGS1- (Fig. 3C). Moreover, 11B8-stimulated intracel-
lular ceramide elevation could be specifically inhibited by
silencing of DEGS1 expression (Fig. 3D), suggesting that
attenuation of intracellular ceramide through downregula-
tion of DEGS1 could prevent LMP. Dihydroceramide, an
inactive form of ceramide in ceramide de novo synthesis
pathway, can be dehydrogenated to form ceramide by
DEGS1.28 Addition of C2-dihydroceramide in the range
from 5 mM to 100 mM could not induce cell death
(Fig. 3E). However, after preincubation of 11B8-treated
cells with 50 mM or 100 mM C2-dihydroceramide, a
marked increase of cell death was observed (Fig. 3E). The
11B8-treated cells exhibited a much more extensive
release of cathepsin B into cytosol after incubation with
100 mM C2-dihydroceramide (Fig. 3F), although C2-
dihydroceramide (100 mM) in rituximab-treated cells

could not induce cathepsin B release from lysosome, sug-
gesting that DEGS1 can be activated by type II CD20
mAbs.

Induction of LMP is directly mediated by sphingosine

On the basis of its chemical structure and pKa value, sphingosine
has been reported to be a lysosomotropic detergent.29 It is only
generated from the hydrolysis of ceramides via ceramidases.30 To
further explore the role of sphingosine in LMP, we first assessed
the cellular sphingosine level induced by CD20 mAbs. As shown
in Fig. 4A, the considerable increase of intracellular sphingosine
was observed after treatment with 11B8 for 6 h, whereas rituxi-
mab was found to have no influence on the level of intracellular
sphingosine even after 24 h. Incubation of cells with D-erythro-
2-Tetradecanoylamino-1-phenyl-1-propanol (D-MAPP), which
specifically blocked the generation of sphingosine by inhibiting
ceramidase without suppressing ceramide generation (Fig. S4),
could abolish the cellular sphingosine change induced by 11B8
(Fig. 4B) and subsequently inhibit the cell death in 11B8-treated
cells (Fig. 4C). Our further analysis showed that D-MAPP in

Figure 3. The important role of DEGS1 in the initiation of LMP-mediated cell death. (A and B) After downregulation of DEGS1 in Raji (Raji/DEGS1-) and Ramos (Ramos/
DEGS1-) cells, the induction of cell death by CD20 mAbs was evaluated by FCM. Data represent means with SD (n D 3). �p < 0.05. (C) Confocal microscopy of intracellular
cathepsin B (red) in Raji and Raji/DEGS1- cells to assess the extent of LMP induced by CD20 mAbs. Raji cells transfected with the control vectors were used as the control.
DNA was counterstained with DAPI (blue). Scale bars: 10 mm. (D) The intracellular ceramide level was determined after treatment with CD20 mAbs for 16 h. Columns,
mean (n D 3); bars, SD. �p < 0.05. (E) The dihydroceramide-induced death in CD20 mAb-treated cells was determined by staining of SYTOX Red on FCM. Bars represent
the mean cell deathC SD from three independent experiments. �p < 0.05. (F) Confocal analysis of cathepsin B release after dihydroceramide and CD20 mAbs treatment.

ONCOIMMUNOLOGY e1143995-5



25 mM could markedly block the release of cathepsin B from
lysosomes (Fig. 4D). The substantial release of cathepsin B and
the considerable cell death initiated by adding exogenous cer-
amide (100 mM) could be potently inhibited after D-MAPP
treatment (Fig. 4C and D). Increasing the concentration of exog-
enous sphingosine from 10mM to 50mMcould induce cathepsin
B release from lysosomes and consequently induce cell death in a
dose-dependent manner (Fig. 4E and F). The direct and essential
role of sphingosine in mediating LMP was further demonstrated
by in vitro incubation of lysosomal fraction with sphingosine at
different concentrations (Fig. 4G).

Engineering of rituximab by introducing a point mutation
could initiate potent ceramide/LMP-mediated cell death
against rituximab resistance

Although Rituximab has produced significant tumor regres-
sions in lymphoma patients, it is unable to initiate potent cell
death against B-cell malignancies. To our knowledge, the ideal

CD20 antibody should have the advantages of both type I and
type II CD20 mAbs, exhibiting potent CDC, ADCC and cell
death against malignant cells. Interestingly, although introduc-
tion of a point mutation Tyr102Lys (H102YK) into the CDR of
rituximab could not significantly increase binding avidity
(Fig. S5A), the marked enhancement of cell death could be
observed (Fig. 5A and B). Although caspase inhibitor (from
0.4 mM to 50 mM) could not block the H102YK-induced cell
death (Fig. S5B), cathepsin inhibitor in the range from
1.25 mM to 10 mM could significantly suppress the cell death
induced by H102YK (Fig. 5A). Furthermore, the H102YK could
induce remarkable cathepsin B release from lysosome, but the
cathepsin B release was not observed in rituximab-, H57DE-
and L93NR-treated groups (Fig. 5B). In accordance with these
observations, H102YK could promote the generation of cer-
amide (Fig. 5C), and downregulation of DEGS1 (Fig. 5D) could
significantly inhibit the cell death triggered by H102YK.

To further evaluate the advantages of rituximab variant
H102YK, we first established 11B8-resistant Raji cells (Raji-

Figure 4. Induction of LMP is directly mediated by sphingosine. (A) A time-course analysis of intracellular sphingosine level after treatment with CD20 mAbs. Points repre-
sent mean (n D 3); bars represent SD. (B) The inhibition of sphingosine generation by D-MAPP was evaluated. Data are mean § SD (n D 3). �p < 0.05. (C) The cell death
induced by CD20 mAbs was inhibited by D-MAPP. Cell death was determined by staining of SYTOX Red on FCM. Bars represent the mean cell deathC SD from three inde-
pendent experiments. �p < 0.05. (D) Evaluation of D-MAPP on the release of cathepsin B. Cathepsin B was immunostained (red) and nuclear DNA was stained with DAPI
(blue). Scale bars, 10 mm. (F) Dose-dependent induction of cell death by exogenous sphingosine. Cells were stained with SYTOX Red and detected on FCM Data are
mean § SD (n D 3). �p < 0.05. (E) Dose-dependent cathepsin B release determined by confocal analysis. Cathepsin B, red; DAPI, blue. Scale bars, 10 mm. (G) Lysosomal
fraction in buffered 300 mM sucrose was exposed for 30 min at 37�C to sphingosine at the concentrations indicated. After centrifugation, supernatant activity was
expressed as a percentage of total activity (following treatment with 0.1 M Triton X-100).
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B) according to previously described method 3,4,23 and eval-
uated CDC, ADCC and induction of cell death among wild
type, rituximab- or 11B8-resistant cells. H102YK could
induce potent cell death against both Raji and Raji-R cells
even without cross-linking (Fig. 5E). To further confirm
these findings had relevance to primary tumors, we per-
formed ex vivo experiments on a large subset of rituximab-
refractory patient samples from multiple B cell NHL sub-
types, including diffuse large B cell lymphoma (DLBCL)
and B cell chronic lymphocytic leukemia (B-CLL). The
relapsed refractory lymphoma is defined as per criteria pro-
posed by Cheson et al.31 Our data showed that the signifi-
cant cell death was visibly observed after treatment with

11B8 and H102YK for 16 h (Fig. 5F). Although Raji-B cells
exhibited profound resistance to cell death initiated by 11B8
and H102YK (Fig. 5E), H102YK with the benefit of type I
CD20 mAbs could promote significant CDC and ADCC
against Raji-B cells (Fig. 5G and H). The in vivo therapeutic
efficacy of H102YK was studied by comparison with simul-
taneous administration of rituximab and 11B8 against Raji
or Raiji-R cells (Fig. 5I and J). H102YK with the benefits of
both type I and type II CD20 mAbs could initiate multiple
antitumor mechanisms against RR B-cell malignancies,
exhibiting more potent antitumor activities than either type
I and type II CD20 mAb treatment alone or combination
treatment.

Figure 5. Rituximab variant H102YK exhibiting marked therapeutic efficacy against RR lymphoma. (A) Effect of cathepsin inhibitor on the cell death induced in 48 h by
inhibitor alone, 10 mg/mL rituximab, and rituximab variant in Raji cells. Cathepsin inhibitor III was added over a range of different concentrations for 2 h before the addi-
tion of mAbs. Data are mean § SD (n D 3). �p < 0.05. The release of cathepsin B (B) and the intracellular ceramide generation (C) in Raji cells were examined by confocal
analysis. Cathepsin B and ceramide were immunostained (red) and nuclear DNA was stained with DAPI (blue). Scale bars, 10 mm. (D) The induction of cell death by CD20
mAbs in Raji and Raji/DEGS1- was evaluated. Data represent means with SD (n D 3). �p < 0.05. (E) Evaluation of cell death induced by CD20 mAbs with or without cross-
linker on Raji, rituximab-resistant Raji (Raji-R) and 11B8-resistant Raji (Raji-B) cells. Columns represent mean (n D 3); bars represent SD. �p < 0.05. (F) Induction of cell
death on normal peripheral blood (PB) B cells, DLBCL (N D 19), rituximab-refractory DLBCL (n D 17), B-CLL (n D 15), rituximab-refractory B-CLL (n D 14) was evaluated
by XTT assay. The absorbance values indicate the cell viability in the experiment conditions. �p < 0.05. Raji and resistant Raji cells were exposed to CD20 mAbs (10 mg/
each or 20 mg/each), followed by the addition of NHS (G) or PBMCs (H), respectively. �p < 0.05. The survival of tumor-bearing SCID mice treated with anti-CD20 mAbs .
Groups of 10 SCID mice were injected intravenously with 3.5 £ 106 Raji (I) or Raji-R cells (J). Five days after tumor cell inoculation, the mice were treated with rituximab,
rituximab variant H102YK or simultaneous treatment with rituximab and 11B8 (100 mg/each mice in SCID/Raji).
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Colocalization of CD20-TNFR1 stimulated by CD20
antibody ligation is responsible for ceramide/LMP-
mediated cell death

Here, we used the structured illumination microscopy (SIM)
and confocal microscopy to probe the distribution and nano-
meter scale associations of CD20 on cell membranes and to
determine the influence of Tyr102Lys (H102YK) mutation of
rituximab on the distribution of CD20 molecules after antibody
ligation. The distribution of CD20 in control cells and cells
treated with CD20 mAbs for 30 min prior to fixation was

assessed by SIM and confocal microscopy. As shown in
Fig. 6A, CD20 microcluster formation can be observed after
treatment with 11B8 or the rituximab variant H102YK, but rit-
uximab could not have the ability to induce microcluster for-
mation of CD20 molecule. In agreement with these results, the
super resolution TIRF-SIM data provided further evidence for
CD20 micorcluster formation induced by 11B8 and H102YK
(Fig. 6C). To further investigate whether inhibition of de novo
ceramide synthesis could have an effect on the microcluster for-
mation of CD20, the ceramide synthase inhibitor FB1 was used.
Our data showed that it could not influence the microcluster

Figure 6. Colocalization of CD20 and TNFR1 initiated by CD20 mAbs is critical for initiation of lysosome-mediated cell death by CD20 mAbs. (A) Confocal images of the
distribution of CD20 molecule after treatment with CD20 mAbs for 30 min. 3D reconstruction based on a confocal z-stack. (B) The impact of exogenous C2-ceramide on
the spatial arrangement of CD20. Scale bars: 5 mm. (C) TIRF-SIM images of the distribution of CD20 in the bilayer before and after treatment with CD20 mAbs. Scale bars:
1 mm. (D) 3D-SIM images of the colocalization of CD20 (green fluorescence) and TNFR1 (red fluorescence) proteins before and after treatment with CD20 mAbs. The
images were acquired by a structured illumination microscopy N-SIM (Nikon). Scale bars: 1 mm. (E) CD20 is recruited to the TNFR-1 signaling complex after treatment
with type II CD20 mAbs and H102YK. The recruitment of CD20 protein was determined by western blot. Control: NT group used isotype antibody for IP, CD20 or TNFR1
antibody for IB. (F) The essential role of TNFR1 in induction of cell death triggered by type II CD20 mAbs. �p < 0.05. The inhibition of cell death by Humira after 48 h by
Humira alone, 10 mg/mL rituximab, and rituximab variant in Raji (G) and Ramos (H) cells. Humira was added over a range of different concentrations for 2 h before the
addition of mAbs. Data are mean § SD (n D 3). �p < 0.05. (I) A proposed model role for initiation of lysosome-mediated cell death induced by CD20 antibodies.
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formation of CD20 (Fig. 6A). Addition of exogenous C2-cer-
amide (150 mM or 100 mM) could not initiate CD20 microclus-
ter formation (Fig. 6B).

Furthermore, we used three-dimensional SIM (3D-SIM) to
investigate the involvement of TNFR1 in CD20 mAb-induced
cell death. As shown in Fig. 6D, after treatment with 11B8 or
H102YK, colocalization of CD20 and TNFR1 was observed. In
line with these observations, the physical interaction between
CD20 and TNFR1 can be observed after treatment with type II
CD20 mAbs and H102YK (Fig. 6E). Decrease of TNFR1
expression has been validated by RT-PCR and western-blot
(Fig. S6A and B). We found that downregulation of TNFR1
could significantly reduce cathepsin B release (Fig. S7A), inhibit
11B8 or H102YK-induced cell death and decrease the in vivo
antitumor protection of type II CD20 mAb (Fig. S7B), whereas
downregulation of TNFR2 could not affect the cell death
(Fig. 6F). But decrease of TNFR1 expression could not affect
the microcluster formation of CD20 by type II CD20 mAbs
(Data not shown). In agreement with these findings, Humira, a
therapeutic antibody binding to TNF a, was used in our experi-
ments. We found that Humira could markedly inhibit the cell
death triggered by H102YK in both Raji and Ramos cells in a
dose-dependent manner (Fig. 6G and H).

Discussion

Recent studies have highlighted a scenario in which, upon pro-
longed treatment by a highly specific targeted therapy, tumor
cells reprogram themselves to develop alternative compensatory
pathways to sustain cell proliferation, ultimately leading to drug
resistance. Previous studies showed that RR cells exhibited con-
stitutive hyperactivation of the nuclear factor-kB and extracellu-
lar signal-regulated kinase 1/2 pathways, leading to
overexpression of Bcl-2 and Bcl-2-related gene.4 Thus, attention
has been driven toward other signaling pathways that circum-
vent the signaling events of classical apoptosis to eliminate can-
cer cells. However, due to the heterogeneous nature of tumors,
different resistance mechanisms may coexist in the same patient.
Targeting one molecule or one resistance mechanism is usually
ineffective. Simultaneous activation of multiple killing mecha-
nisms could be a promising strategy against drug-resistant
tumor. In this study, we have optimized rituximab by introduc-
ing a point mutation Tyr102Lys, which endows rituximab vari-
ant with the advantages of both type I and type II CD20 mAbs,
exhibiting significant CDC, ADCC and ceramide/LMP-medi-
ated cell death against RR B-cell lymphoma. The two RR lym-
phoma cell lines were previously characterized in both others
and our own group, which have shared some common charac-
teristics with the primary RR samples from patients.15,23,32,33 To
our knowledge, the resistance mechanisms of these RR lym-
phoma cell lines could be at least partially relate to real RR tumor
cells generated in vivo. Furthermore, these observations have
been confirmed by our ex vivo experiments with the primary
patient samples from RR DLBCL and RR B-CLL, showing that
H102YK could induce significant lysosome-mediated cell death
against RR primary B-NHL cells. No significant difference in
TNFR1 expression of these primary samples was observed (Data
not shown). Recently, Nakayama and her colleagues interest-
ingly found that TNFR1 expression variation could be correlated

with the poor prognosis of DLBCL.34 In my opinion, although
TNFR1-positive cases of DLBCL were reported to be signifi-
cantly correlated with a poorer overall survival,34 these NHL
patients with TNFR1 expression might potentially benefit from
the administration of type II CD20 mAb and H102YK.

By using the F(ab0)2 fragments of CD20 antibodies, we have
previously demonstrated that the direct caspase-independent
cell death triggered by rituximab variant could not be related to
the Fc part of antibody.23 Here, our results indicate that the cas-
pase-independent cell death induced by rituximab variant
belongs to ceramide/LMP-mediated cell death, suggested that
combating rituximab resistance can be achieved through induc-
tion of potent ceramide/LMP-mediated cell death and simulta-
neous activation of multiple killing mechanisms could be an
effective way to eradicate resistant B-cell lymphoma.

Although Golay and her colleagues have raised several
important points regarding the possible pitfalls in assessing
CD20 mAb-induced cell death by flow cytometry 35, Cragg and
his colleagues have used four different techniques to evaluate
the cell death.36 More importantly, the clinical trials have fur-
ther confirmed the antitumor effects of GA101,37 which
recently have approved by FDA for first-line CLL treatment.38

As we known, GA101 is a type II CD20 mAb with enhance-
ment of hFcgRIII-dependent effector functions through glyco-
modification.39-41 In agreement with our present study, their
results showed that there was no difference in in vivo B-cell
depletion when comparing GA101, non-glycoengineered
GA101 and non-glycoengineered mIgG2a versions of GA101,42

suggesting that the direct cell death induced by type II CD20
mAb GA101 may play an important role in its in vivo antitu-
mor protection.

Growing evidences suggest that lysosomes can be considered
as an “Achilles heel” for cancer cells and some lysosome target-
ing drugs have the ability to resensitize multidrug resistant cells
to classical chemotherapy,18,19,21,22 suggesting that lysosome
could be considered as an attractive target for combating rituxi-
mab resistance. Previous studies have revealed that type II
CD20 mAbs can elicit lysosome-mediated cell death against
lymphoma.24,25 Very recently, ceramide has been reported to
be involved in type II CD20 mAb-induced cell death, although
the mechanisms and the signal transduction pathways remain
unclear.16,17 As we all known, microcluster formation of recep-
tors has attracted increasing attention in recent years due to it
is one of the earliest steps in receptor activation, which can ini-
tiate the early signaling events.43,44 To further investigate how
to initiate ceramide/LMP-mediated cell death after CD20 mAb
ligation, super-resolution SIM and confocal microscopy have
been used to visualize the nanoscale organization of CD20 at
the plasma membrane of human B lymphoma cells before and
after CD20 mAb binding. Notably, type II CD20 mAb 11B8
could induce CD20 microcluster formation and colocalization
of CD20-TNFR1 within 30 min, which exhibits the ability to
initiate potent lysosome-mediated cell death. The relationship
between CD20-TNFR1 colocalization and lysosome-mediated
cell death has been further demonstrated by the comparative
study of rituximab and rituximab variant H102YK. Our data
show that CD20 microcluster formation and colocalization of
CD20-TNFR1 can be accomplished by introducing only a point
mutation Tyr102Lys in the CDR of rituximab, which endows
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the rituximab variant H102YK with the ability to trigger sub-
stantial lysosome-mediated cell death. These data indicate that
CD20 microcluster formation and the involvement of TNFR1
are responsible for ceramide/LMP-mediated cell death initiated
by CD20 mAbs.

In conclusion, the co-localization of CD20-TNFR1 initiated
by CD20 mAbs stimulates de novo ceramide synthesis. Sphin-
gosine subsequently produced from ceramide by ceramidase is
directly responsible for LMP and consequent cell death, which
has been demonstrated to be an effective way to combate rituxi-
mab resistance of B-cell lymphoma. In addition, the rituximab
variant H102YK with the benefits of both type I and type II
CD20 mAbs exhibits potent antitumor activities, even in RR
lymphoma mouse models, suggesting that it may serve as a
promising therapeutic agent for the treatment of human B-cell
lymphoproliferative disorders.

Materials and methods

Patient samples

Human NHL samples were collected with the informed consent
of the patients and the experiments were approved by Institute
Research Ethics Committee at Cancer Center, PLA General
Hospital; ethics committee of Affiliated Hospital of Academy
of Military Medical Science; ethics committee of Second Mili-
tary Medical University. The primary cells were maintained in
RPMI 1640 medium (Hyclone Laboratories, USA), supple-
mented with 10% fetal bovine serum (Hyclone Laboratories,
USA), and incubated at 37�C in 5% CO2humidified air.

Cell death assay

Cells were incubated with CD20 mAbs (10 mg/mL) or dif-
ferent concentrations of C2-ceramide (Sigma-Aldrich) at
37�C, with 5% CO2, for 16 h. Various inhibitors were added
before CD20 mAb adding to the culture media. After wash-
ing, cells were treated with Annexin-V Alexa Fluor 488 &
Propidium Iodide (PI) (Invitrogen) on ice for 15 min pro-
tected from light. Flow cytometry (FCM) were performed to
analyze cell death (Annexin V- and PtdIns-positive cells).
Alternative assays used to detect mAb-induced cell death.
Raji cells were treated with mAb (10 mg/mL) for 48 h and
stained with SYTOX red (Invitrogen). Cell death was then
analyzed by FCM.

In XTT assays, antibody-treated cells (100-mL samples) were
harvested and incubated with 50 mL of XTT reagent for 4 h at
37�C in 96-well plates, then absorbance was detected at 485 nm
(reference wavelength: 680 nm) using the multi-detection plate
reader and normalized relative to untreated controls (deter-
mine the average value from the triplicate readings and subtract
the average value for the blank wells as well as the average value
of the non-specific readings).

Lysosomal permeability assessment

The method we used are followed as previously
described.24,25 In brief, cells were labeled with 200 nM
Lyso-Tracker probe (Invitrogen) at 37�C after treatment

with CD20 mAbs with or without fumonisin B1 (FB1)
(25mM, Sigma-Aldrich) adding to the culture media before
for 16 h. Fluorescence of Lyso-Tracker labeled cells was
assessed by FCM and confocal microscopy. Unlabeled cells
were used as a background control.

Structured illumination microscopy

Cells were imaged by using Nikon’s N-SIM microscopy system,
which can achieve a resolution of 100 nm along the x–y axis
and 300 nm along the z-axis. TIRF-SIM and 3D-SIM Images
were acquired with Andor Technology iXon3 897 EMCCD
camera coupled to a Nikon Motorized inverted microscope
ECLIPSE Ti-E. Images were recorded and processed with NIS-
Elements software (Nikon).

Immunotherapy

Groups of 10 8-week-old female SCID mice were injected via
the tail vein with 3.5 £ 106 Raji or Raji-R cells on day 0, fol-
lowed 7 d later by the intravenous injection of CD20 mAb IgG
(100 or 400 mg/mouse). For the Rituximab and 11B8 simulta-
neous treatment groups, groups of 10 SCID mice were injected
with 3.5 £ 106 Raji-R cells intravenously on day 0 and then
treated with 100 mg or 200 mg each of mAbs intravenously on
day 7. The mice were observed daily and killed at the onset of
hind-leg paralysis.

Statistics

Data represent mean § SD of representative experiments,
unless otherwise stated. Statistical significance was calculated
by Student unpaired t test to identify significant differences
unless otherwise indicated. Survival of mice was analyzed by
log-rank tests. Differences were considered significant at a p
value of less than 0.05.

Please refer to Supplementary Data for complete details of
Methods.
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