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ABSTRACT

The Role of Sphingolipids in Obinutuzumab-induced Direct Cell Death

Mechanism

Sun Hyung kwon

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Joo Young Kim)

Obinutuzumab (OBI) is a third-generation therapeutic agent for CD20-targeted
lymphoma with enhanced antibody-dependent cytotoxicity. The point is that OBI
directly induces direct cell death (DCD) by simply binding to an antigen. This direct
cell death is thought to be induced by the release of enzymes such as cathepsin B into
the cytoplasm by lysosomal membrane permeabilization (LMP). However, the
mechanism of LMP after OBI binding is not known.

In this study, we confirmed that OBI is endocytosis into lysosome through
measuring the fluorescence change of pHAD labeled-OBI according to pH change.
Also, we observed that filipin, known as an endocytosis blocker, reduces the OBI

1



induced DCD. Previously, we confirmed that the internalization of OBI blocks the
TRPML2 channel and observed that it was related to the level of sphingomyelin (SM),
a sphingolipid constituting the cell surface. When SM in the plasma membrane was
degraded via bacterial sphingomyelinase (SMase), not only the inhibition of
TRPML2 channel activity by OBI disappeared, but OBI-induced DCD was reduced.
To demonstrate the critical role of SM endocytosis and degradation in the lysosome
in OBI-induced DCD, bi-functional fusion antibodies were created by combining
OBI with an enzyme that specifically degrades SM in acidic pH. It was observed that
antibodies fused with acid sphingomyelinase (ASMase) showed enhanced DCD and
antibody-dependent cellular cytotoxicity at low concentrations.

Taken together, we suggest that caveolae-dependent endocytosis of SM in plasma
membrane along with OBI is important in DCD induced by OBI. Enhanced DCD by
low concentrations of ASMase fusion antibody supports that subsequent SM

degradation by ASMase in lysosome is essential for DCD.

Keywords:  Obinutuzumab, CD20, sphingomyelin, sphingosine, acid

sphingomyelinase, acid ceramidase, Lysosome membrane Permeabilization



The Role of Sphingolipids in Obinutuzumab-induced Direct Cell Death

Mechanism

Sun Hyung Kwon

Department of Medical Science

The Graduate School, Yonsei University

(Directed by Professor Joo Young Kim)

I. INTRODUCTION

Lymphoma is the most common lymphoid malignancy including non-Hodgkin’s
lymphoma and Hodgkin’s lymphoma. Non-Hodgkin’s lymphoma, the majority (80-
85%) of lymphomas, is considered more aggressive and unpredictable than
Hodgkin’s lymphoma'2. Most B cell-derived lymphoma express a high level of
CD207. This CD20 surface antigen is expressed in a wide range starting from pre-B
lymphocyte to germinal center mature B-cell**. However, the role of CD20 is still
unclear®3. The anti-CD20 monoclonal antibody (mAb) has been developed and used
with chemotherapeutic agents®. For example, rituximab (RTX), developed for the
treatment of non-Hodgkin lymphoma at the end of the 20th century, completely
changed the treatment of lymphoma>¢. Also, since the anti-CD20 antibody has the
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advantage of effectively depleting B cells, it has recently been attractive as a
treatment for autoimmune diseases involving B cells’.

Anti-CD20 mAbs are divided into two types, each of which shares features of killing
effect and mechanism. Anti-CD20 mAbs have a variety of malignant B cell killing
abilities such as antibody-dependent cell cytotoxicity (ADCC), complement-
dependent cytotoxicity (CDC), and antibody-dependent cell phagocytosis (ADCP)?.
Type I anti-CD20 mAbs including RTX, show strong CDC which is caused by the
recruitment of complement components. On the other side, type II anti-CD20 mAbs
are characterized by potent DCD and ADCC°. ADCC occurs by a process that effector
cells such as natural killer (NK) cells recognize the FC region of antibody which is
binding to surface antigen and release the cytotoxic molecules to kill the infected cell
or cancer cell'®. However, the most characteristic and ambiguous part is the DCD
mechanism.

Obinutuzumab (OBI) is a glycoengineered humanized type II anti-CD20 mAb. This
glycoengineering results in the defucosylated IgG Fc region, which has enhanced
affinity to the FeyIIl of NK cell'!. As mentioned previously, OBI induces potent direct
binding cell death ability as a type II antibody''. The DCD induced by OBI is the
result of a serial process. OBI-induced lysosome swelling leads to lysosome rupture
called lysosomal membrane permeabilization (LMP). Finally, lysosomal degradative
enzymes such as cathepsin B are released in the cytosol and induce reactive oxygen
species (ROS) occurrence which is directly connected to non-apoptotic cell death'*
14 Tt seems that LMP carries out a critical role in OBI-induced DCD.

A lysosome is an intracellular vesicle carrying a lot of lysosomal enzymes and ion
channels. Lysosome has various hydrolytic enzymes involved with cellular molecules
such as lipid, protein, carbohydrates, which are associated with cell signaling by
several degradation pathways'>'®, Also, these enzymes are usually working in

lysosomal acidic pH maintained by V-ATPase on the lysosomal membrane.
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Especially, autophagy is the best-known lysosome-mediated degradation pathway to
maintain cellular homeostasis'’. In the beginning, phagophore encloses protein
aggregates, the intracellular damaged subcellular organelle. Autophagosome
completely enclosed phagophore, merge with lysosome during maturation. Then,
lysosomal enzymes promote breaking down the contents from the autophagosome.
Through this pathway, a cell reuses the byproduct of degradation's.

Normally, glycoproteins such as Lamp-1 or Lamp-2 are expressed at high levels for
keeping the lysosome membrane intact from lysosomal low pH and enzymes by
forming a glycocalyx layer inside of the lysosome membrane'®. However, once
lysosomotropic factors such as sphingosine, TNF-a, and siramesine destabilize the
membrane, then the lysosomal membrane gets ruptured and lysosomal enzymes are
released?®?!. Although somewhat ambiguous, it is known that Imp induces
apoptosis.?!. The lysosomotropic agents, which are accumulated to the lysosomal
membrane and destabilize the membrane balance, intend to be more toxic in various
cancers?!23-24,

SM, which generates sphingosine, a lysosomotropic factor, is involved with DCD
induced by type II anti-CD20 antibody*’. DCD induced by type II antibodies depend
on the level of SM in the plasma membrane?. The sphingolipid such as sphingosine,
ceramide and SM is a type of phospholipid that has a sphingoid backbone containing
sphingosine backbone and various carbon chain structure’’. Each member of
sphingolipid carries out an important role as a cellular signaling mediator because of
its bioactivities.

SM enriched in the plasma membrane is a fully saturated fatty acid. Cholesterol
tends to have a stable interaction with saturated fatty acids, and thus tends to interact
with SM over other phospholipids, which affect the membrane property and
recruitment of transmembrane protein in the plasma membrane®2°. Also, SM which

forms lipid microdomain including caveolin-1 is involved in caveolar endocytosis™®.
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The level of each sphingolipid member is regulated by a variety of enzymes that are
involved in sphingolipid metabolism and sphingolipid biogenesis®!*2. There are
lysosomal enzymes that degrade each sphingolipid specifically at low pH. Acidic
sphingomyelinase (ASMase) is a lysosomal enzyme that breaks down SM to
ceramide®?. ASMase is known to consist of a saposin domain and a catalytic domain.
Saposin domain is interacting with membrane and makes substrates accessible to the
catalytic domain, which is necessary to the activity of ASMase**. But ASMase
undergoes various post-translational modifications. After successful translation, the
disulfide bridge in ASMase is formed by disulfide bond isomerase in the ER lumen
and undergoes C-terminal modification by enzymes such as B-glucosidase and
cathepsin D in the lyososome?*.

In this study, we found that filipin (an inhibitor of caveolae-dependent endocytosis)
not only decreased endocytosis of OBI into acidic organelles, but also decreased OBI-
induced DCD. In addition, the reduced SM in the plasma membrane by bacterial
SMase not only reversed OBI-induced TRPML?2 channel inhibition, but also reduced
OBI-induced DCD. To prove the importance of SM degradation in acidic organelles,
4 forms of bi-functional OBI fused with enzymes decomposing SM were generated
to accelerate SM degradation after endocytosis. ASMase fusion OBI, not acidic
ceramidase (ACDase) fusion OBI, showed increased DCD at low concentrations.
Based on this finding, we concluded that delivery and decomposing of SM into acidic

organelles along with OBI endocytosis is critical for OBI-induced DCD.



II. MATERIALS AND METHODS

1. HEK 293T transfection for Lentivirus production

HEK 293 T cells were maintained in DMEM media (# LM 001-01, Welgene)
supplemented with 10 % FBS (# 16000-044, Gibco) and 1 % penicillin/streptomycin
(# LS202-02, Welgene) at 37 °C in 5 % CO,. Seeding 0.8 x 10° HEK 293T cells each
well on a 6 well plate. After 24 hours, PEI (# 23966-1, Polysciences, Warrington, US)
(1 mg / ml) and lentiviral plasmid vectors (pMD2g : psPAX2 : lentiviral vector = 0.25
pg: 0.75 pg : 1 pg) are mixed according to the protocol recommended from Addgene.
After 16 hours, DMEM media should be changed up to 6 ml and incubated for 48

hours.

2. Generation of mAb-producing CHO-K1 cells

CHO-KI cells were maintained with RPMI full media supplemented with 10 % FBS
and 1 % penicillin/streptomycin at 37°C in 5 % CO,. Seeding 0.3 ~ 0.5 x 10° CHO-K1
cells each well on a 12 well plate. After overnight, cells were incubated with polybrene
(# 2920949, sigma, St. louis, Missouri, USA) with 10 pg / ml in 600 ul RPMI full
media for 5 hours. After incubation, lentivirus including DNA of antibody’s heavy
chain and light chain were added to cells in a PLVX-CIBleo-light chain lentivirus:
PLVX-CIP-heavy chain lentivirus = 300 ul : 700 ul ratio. After 16 hours, the media
containing lentivirus is replaced with fresh media. CHO-K1 Cells were selected with
antibiotics puromycin (# ant-pr-1 Invivogen, San Diego, California, USA) with §

pg/ml and blasticidin S (# SMB001-100MGS, Biomax) with 16 pg/ml.



3. Purification of mAb

CHO-K1 expressing antibody cells grown to 80~90% confluence on 100 cm petri dish
in RPMI full media were washed twice with PBS (# PR4007-100-00, Biosesang). CD
CHO media (# 10743029, Gibco, Waltham, Massachusetts, USA) supplemented with
L-glutamine with 8 mM final concentration and 1mM sodium butyrate (# LS033-01,
Welgene) was added to cells. CHO cells with CHO media were incubated for 3 weeks
at 30°C in 5% CO, CHO media was incubated via protein A agarose (# 20333,
Thermoscientific, Waltham, Massachusetts, USA) to purify antibodies for overnight.
Antibodies were eluted from the resin via 0.1 M citric acid buffer. Buffer change was
conducted by Slide-A-Lyzer™ Dialysis cassettes (#66330, Thermoscientific, Waltham,
Massachusetts, USA) and antibody concentration was carried out via Amicon® Ultra-
4 Centrifugal Filter Unit (# UFC810008, Merck, Darmstadt, Germany). 7 uM purified
antibody was loaded to PAGE gel for SDS-PAGE and stained via coomassie brilliant
blue R-250 (# CR1031-025-00, Biosesang).

4. Bi-functional fusion antibody cloning

Bi-functional fusion antibodies were cloned by fusion of the c-terminal of the OBI
heavy chain with two enzymes, ASMase and ACDase. For appropriate enzyme activity
of ASMase, three structures were designed. The ASMase and ACDase clones were
purchased from Sino Biological (# HG11087-M, Beijing, China) and Korea Human
Gene Bank (# BKU002034) respectively. The detail sequences of used OBI are

following:



OBI light chain amino acid sequence

MDMRVPAQLLGLLLLWFPGARCDIVMTQTPLSLPVTPGEPASISCRSSKSLLH
SNGITYLYWYLQKPGQSPQLLIYQMSNLVSGVPDRFSGSGSGTDFTLKISRVE
AEDVGVYYCAQNLELPYTFGGGTKVEIKRTVAAPSVFIFPPSDEQLKSGTASV
VCLLNNFYPREAKVQWKVDNALQSGNSQESVTEQDSKDSTYSLSSTLTLSK
ADYEKHKVYACEVTHQGLSSPVTKSFNRGEC

OBI heavy chain amino acid sequence

MDWTWRILFLVAAATGAHSQVQLVQSGAEVKKPGSSVKVSCKASGYAFSYS
WMNWVRQAPGQGLEWMGRIFPGDGDTDYNGKFKGRVTITADKSTSTAYME
LSSLRSEDTAVYYCARNVFDGYWLVYWGQGTLVTVSSASTKGPSVFPLAPSS
KSTSGGTAALGCLVKDYFPEPVTVSWNSGALTSGVHTFPAVLQSSGLYSLSSV
VTVPSSSLGTQTYICNVNHKPSNTKVDKKVEPKSCDKTHTCPPCPAPELLGGP
SVFLFPPKPKDTLMISRTPEVTCVVVDVSHEDPEVKFNWYVDGVEVHNAKT
KPREEQYNSTYRVVSVLTVLHQDWLNGKEYKCKVSNKALPAPIEKTISKAKG
QPREPQVYTLPPSRDELTKNQVSLTCLVKGFYPSDIAVEWESNGQPENNYKTT
PPVLDSDGSFFLYSKLTVDKSRWQQGNVFSCSVMHEALHNHYTQKSLSLSPG
K

About OBI fusion antibody with ASMase (Obi-ASMase wild type), C-terminus of OBI
heavy chain is fused with N-terminus of ASMase (RefSeq NM_000543.3,
NP _000534.3, amino acid residues 47-631). Two-part of this protein were linked via
two peptides -AS- (Nhe I restriction site). In the case of Obi-GFLG-ASMase and Obi-
DEVD-ASMase, the C-terminus of the OBI heavy chain is fused with the N-terminus
of ASMase (amino acid residues 85 to 630). Also, -AS DEVD- and —AS GFLG- linked
the two domains of the fusion protein. In addition, Obi-ACDase (RefSeq



NM 177924.5, NP_808592.2, amino acid residues 22-395) wild type was created in

the same manner as Obi -ASMase wild type.

5. Antibody conjugation with pH sensor dye, pHAb

Antibody was conjugated with pHAb amine-reactive dye (# G9845, Promega,
Madison, Wisconsin, USA) according to the manual. The purification process was
conducted according to Dylight™ 550 Microscale antibody labeling kit (# 84531,
Thermoscientific, Waltham, Massachusetts, USA) via spin column and purification

resin.

6. Antibody internalization assay

9 x 10° Raji cells were incubated in PBS containing antibody with a final concentration
of 10 pg / ml for 1 hour at 4 °C. After incubation, cells were washed to remove unbound
antibodies and resuspended with PBS. For inhibition of internalization, Raji cells were
pretreated with filipin or dynasore. Fluorescence was measured by FACSverse (BD
bioscience). The fluorescence intensity change ratio was calculated as the change of
fluorescence intensity (AF) which was normalized with the first fluorescence intensity

(Fo) every indicated time.

7. Antibody binding assay

1.5 x 10° Ramos cells were prepared in 25 ul PBS. Antibody with 1 pg/ml, 3 pg/ml,
10 pg/ml in 25 pl PBS was added to Ramos cells for 1 hour at 4°C. After 1 hour, Ramos
cells were washed with PBS and resuspended with 100 pl goat anti-human IgG Alexa
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647 (3 pg/ml) (# 109-605-003, Jackson ImmunoResearch, West Gove, Pennsylvania,
USA) for 30 min at 4 °C. After incubation, Ramos cells were washed with PBS twice

and resuspended with 200 pl PBS. Fluorescence was measured by FACSverse.

8. Measurement of complement-dependent cytotoxicity

For complement-dependent cell death, 2 x 103 Ramos cells were prepared in 50 ul
RPMI full media and incubated with a final concentration of 0.125 pg/ml calcein-am
(#425201, Biolegend, San Diego, California, USA) for 30 min at 37 °C. After washing
the Ramos cells, cells were incubated with antibodies (0.7 nM, 2.1 nM, 7 nM, 21 nM)
for 10 min at 37°C in 5 % COs. 6 ul of complement rabbit MA (# CL3221, Cedarlane,
Burlington, Canada) was added to cells and incubated for 2 hours. Calcein-AM-stained
cells were considered live cells and the death rate (%) (100 % - % of live cells) was

calculated by FACSverse (BD bioscience).

9. Purification of PBMC cells and measurement of antibody-dependent cellular

cytotoxicity

PBMC from healthy donors who voluntarily participated in our study according to IRB
procedure approved by the committee of Yonsei IRB board. 5 ml blood was briefly
mixed with 5 ml PBS then the mixture was added to 3 ml Histopaque-1077 (# 10771,
Sigma, St. louis, Missouri, USA) which had been laid down in 15 ml conical tube. For
antibody-dependent cell death, 2 x 10° Ramos cells were prepared in 50 ul RPMI full
media and incubated with a final concentration of 0.125 pg/ml Calcein-AM (# 425201,
Biolegend, San Diego, California, USA) for 30 min at 37°C in 5 % CO,. After washing
the Ramos cells, cells were incubated with PBMC cells with 1: 5 ratio. Antibodies (0.7

11



nM, 2.1 nM, 7 nM, 21 nM) were added and incubated for 4 hours at 37 °C. Calcein-
AM-stained cells were considered live cells and the death rate (%) (100 % - % of live

cells) was calculated by FACSverse (BD bioscience).

10 Measurement of antibody-induced direct cell death

2 x 10° Raji cells are incubated with 0.7 nM, 2.1 nM, 7 nM, and 21 nM antibody in
100 pl reaction volume of RPMI full media at 37°C in 5 % CO; for 6 hours. After
incubation, cells were stained with 100 ul of 0.25 pg/ml calcein-AM at 37°C in 5 %
CO; for 30 min. Calcein-AM-stained cells were considered live cells and the death rate

(%) (100 % - % of live cells) was calculated by FACSverse (BD bioscience).

11. Enzymatic assay for measurement of ASMase activity

1.32 mmol/L HMU-PC (# EH31028, Sigma, St. louis, Missouri, USA) was prepared
in distilled water. 10 pl of 17 nM antibody, 10 ul of 0.1 M sodium acetate buffer (pH
5.2) containing 0.2% (w/v) synthetic sodium taurocholate (#102H5011, Sigma, St.
louis, Missouri, USA), and 0.02% sodium azide were mixed on black 96-well plate, in
advance. After HMU-PC was added to the mixture with 10 pl of 10 mM sphingomyelin
(# S0756, Sigma, St. louis, Missouri, USA) or not, the mixture was incubated for 5
hours at 37°C. The stop solution containing 0.2 mol/L glycin-NaOH buffer (pH 10.7),
containing 0.2% (w/v) sodium dodecyl sulphate and 0.2 % (w/v) Triton X-100 was
added to the mixture after incubation. The fluorescence was measured by a microplate

reader with 360 nm /460 nm.
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12. Measurement TRPML?2 activity by change of calcium-indicator fusion

protein, GCaMP-TRPML2

The GCaMP-TRPML2 plasmid was transfected in Ramos cells. 48 hours after
transfection, the change of GCaMP fluorescence was monitored using confocal
microscopy (LSM710 Zeiss, Germany). The cells were continually perfused in 1.5 mM
Ca*" regular solution containing 150 mM NaCl, 5 mM KCI, 1 mM MgCl,, 10 mM
HEPES (pH 7.4 adjusted with NaOH), then cells were treated with indicated mAbs (10
ug/ml) for 5 min. The TRPML2 specific Ca** channel activity was measured by the
treatment of ML-SA1 (20 uM), a TRPML channel-specific activator. The fluorescence
intensity change of GCaMP-TRPML2 was calculated as the change of fluorescence
intensity (AF) normalized by the first fluorescence intensity (Fo) in the specific cell

region.

13. Statistical analysis

Data are presented as the means + standard error of the mean. Statistical analysis was
performed with student’s t-test, followed by Tukey’s multiple comparisons using the
GraphPad Prism software package (version 5.0), as appropriate. P<(0.05 was

considered statistically significant.
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I11. RESULTS

1. Endocytosis of obinutuzumab into acidic organelles after CD20 binding

It is well-known that RTX is internalized by binding to CD20 on the plasma
membrane. Internalization of RTX is conducted by FcyRIIb and considered a process
of getting resistance to RTX-induced killing effect by lymphoma®®. But, whether the
OBI is internalized or not has been unclear. We conjugated the pH-sensing molecule,
pHAD, to antibodies. Conjugated antibodies release fluorescence depending on the
acidity around the antibody (Fig.1A). Successful conjugation of antibody was
confirmed in SDS-PAGE gel by Ph-dependent fluorescence (Fig.1B). Antibody-
dylight (Obi-dylight, Rit-dylight) showed fluorescence regardless of pH. Antibody
internalization assay was performed during 10, 30, 60, 90, 120 min at 37°C after the
10 pg/ml-antibodies treatment. OBI showed a faster and higher increase of
fluorescence than RTX (Fig.1C). OBI showed noticeable fluorescence changes from
10 min and plateau from 60 min. RTX showed the similar trend, but the fluorescence
change of RTX was much less than it of OBI. Considering that the binding affinity of
OBI is only half of RTX, the internalization of OBI is likely to reach very acidic
organelles, such as lysosomes. This result suggests that when OBI binds to CD20,

OBI is endocytosis to the acidic organelles, endo/lysosome.
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Figure 1. Obinutuzumab-pHAb endocytosis into the acidic organelle (A)
Schematic image of endocytosis process of conjugated antibody (B) SDS-PAGE
running of OBI-pHAb and Rituximab-pHAb (Rit-pHAD). The SDS-PAGE gel was
incubated in pH 3.0 distilled water for 30 min or just distilled water. (C) The
fluorescence intensity change ratio of pHAb-conjugated IgG, RTX, and OBI. Raji
cells were incubated with 10 ug/ml of each anti-CD20 antibody for 1 hour at 4 °C.
After incubation, cells were washed with cold PBS buffer. Cells were incubated at
37 °C on a heat block for the indicated time. Then, fluorescence was measured by
FACS every indicated time. OBI-pHADb released fluorescence greater than Rit-pHAb
or [gG-pHAD. Data are presented as the mean+SEM. ***p<(.001 vs. control
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2. Decreased obinutuzumab-induced DCD by blocking of obinutuzumab-
endocytosis

OBI is known to cause lysosomal swelling in a short time (about 30 min to 1 hour),
and eventually the lysosome bursts (after about 1 hour). The LMP seems a very
important process for OBI-induced DCD. In Figure 1, we demonstrated that OBI
internalizes rapidly into the acidic organelles. To determine whether the endocytosis
is related to OBI-induced DCD, we carried out a DCD assay with two representative
endocytosis inhibitors, filipin and dynasore. Filipin is known to prevent caveolae-
mediated endocytosis by fixation of cholesterol, and dynasore is known to prevent
clathrin-dependent endocytosis by blocking GTPase activity of dynamin’¢-%, To
check which endocytosis pathway is related to OBI endocytosis, filipin and dynasore
were pretreated in Raji cells and measured the fluorescence change of OBI-pHAD for
1 hour. Both treatments inhibited the fluorescence change of OBI-pHAD, but the
filipin showed stronger inhibition (Fig. 2A). In addition, DCD caused by OBI was
reduced with filipin, but DCD caused by OBI was not affected by dynasore (Fig. 2B).
These data suggest that OBI reduces DCD because of reduced internalization by
filipin. Accordingly, the caveolae-dependent endocytosis of OBI is the critical
process of DCD by OBI.
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Figure 2. Inhibition of obinutuzumab-induced direct cell death by filipin, a
caveolae-mediated endocytosis blocker. (A) Relative fluorescence change of
antibody labeled with pHADb dye. Filipin and dynasore were pretreated for 30 min at
37 °C. Raji cells were incubated for 1 hour at a concentration of 10 pg/ml of
conjugated antibody. (B) Direct cell death assay with filipin and dynasore. Raji cells
were incubated at 10 pg/ml OBI for 6 hours. Filipin (80 uM) and dynasore (10 pM)
were pretreated for 30 min at 37°C. Data are presented as the mean+SEM. *p<0.05,

**p<0.01 vs. control.
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3. Reduced obinutuzumab-induced DCD by sphingomyelin depletion in the
plasma membrane

TRPML channels located in the endo/lysosome include TRPML1, TRPML2, and
TRPML3*. The TRPML channel functions to release Ca** from the inside of the
lysosome, and the normal function of the channel plays an important role in lysosomal
traffickings such as fusion or fission between the lysosome and other organelles*’. In
previous research, we found OBI inhibit the Ca** channel activity of the TRPML2
channel in the lysosome. When cells were treated with OBI, ML-SA1 induced Ca*
channel activity of TRPML2 was inhibited. Given that GPN, a non-specific lysosome
Ca’" ionophore-induced activity of TRPML2 was not affected, OBI specifically
inhibits TRPML2 after endocytosis. Interestingly, the activity of TRPML channels is
inhibited by SM*'. The amount of SM in the plasma membrane is associated with type
II anti-CD20 antibody-induced DCD. Based on these observations, we hypothesized
that OBI-binding to CD20 would induce internalization of SM on the plasma
membrane and inhibit the TRPML2 channel activity. To demonstrate this, the activity
of TRPML2 was measured after SM in the plasma membrane was degraded by
bacterial SMase which is active in neutral pH. In the case of heat-inactivated bacterial
SMase, OBI inhibited the TRPML2 channel activity (Fig. 3A). We observed that the
ability of OBI to inhibit TRPML2 channel activity was disappeared by treatment with
50 ng and more inhibited with 5000 ng bacterial SMase (Fig, 3B, 3C). Next, we
observed whether the treatment of bacterial SMase affects DCD caused by OBI. We
incubated Raji cells with 10 pg/ml antibody at 37 °C for 6 hours after pre-treatment
of active bacterial SMase or heat- inactivated bacterial SMase for 30 min. We found
that OBI-induced DCD was decreased by bacterial SMase, not by the inactive form
of SMase (Fig. 3D). These data suggest that OBI-induced DCD is dependent on the

internalized SM.
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Figure 3. Abolished obinutuzumab-inhibited TRPML2 Ca** channel activity and
decreased direct cell death by bacterial sphingomyelinase. Mean GCaMP-
TRPML2 fluorescence traces of Ramos cells. ML-SA1 was used as a TRPML2
channel activator. Ramos cells were pretreated with 50 ng inactive bacterial SMase
(A) 50 ng (B) and 5000 ng SMase (C) at 37°C. (D) OBI induced direct cell death

assay. Raji cells are incubated with a bacterial SMase, inactive bacterial SMase at
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37°C heat block for 30 min. After washing the cells, incubate the cells in 10 pg/ml
antibody for 6 hours. Calcein-AM staining was performed for 30 min to measure
fluorescence through FACS. Data are presented as the mean + SEM. **p<0.01 vs.

control.
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4. Preserved affinity and enzyme activity in ASMase fusion obinutuzumab

We found that OBI would be internalized in the lysosome together with SM. It seems
that the SM internalized to the lysosome by OBI is degraded into sphingosine, which
induces destabilization of the lysosomal membrane. So, we designed a fusion
antibody by attaching enzymes to the c-terminus of the OBI heavy chain for
enhancing lysosomal sphingolipid metabolism after SM internalization. OBI-
ASMase wild type (Obi-ASMase wt) was made through a fusion of N-terminal
ASMase (amino acid residues 47-631 without signal sequence). Also, there is a report
that N-terminal residue (47-84) and c-terminus (C631) deletion is required for
ASMase’s activity 334424 Because the N-terminal saposin domain of ASMase is
required for membrane docking, which is essential for SM degradation*?, we are
concerned the saposin domain would be affected by the IgG Fc region. So, by
attaching a lysosomal degradable 4 peptide linker such as GFLG or DEVD to a
modified enzyme (amino acid residues 85-630), OBI-GFLG-ASMase (Obi-GFLG-
ASMase) and OBI-DEVD-ASMase (Obi-DEVD-ASMase) were designed to induce
the release of ASMase from the lysosome (Fig. 4A). The designed antibodies were
prepared by lentivirus infection to produce a CHO-K1 stable cell line, and the
antibody was purified by incubation of CHO-K1 expressing antibodies with the
media optimized for antibody secretion for 3 weeks. After antibody purification, we
observed the purified fusion antibodies by SDS-PAGE (Fig. 4B). Obi-ASMase wt
showed several degraded forms (arrow bars on Obi-ASMase wt lane in non-reducing,
reducing conditions), which might be caused by N-terminal cleavage. Also, Obi-
ACDase showed cleaved form (arrow bars on Obi-ACDase lane in reducing condition)
in the reducing condition because of the disulfide bonds which stabilize and link two
domains (a-domain, B-domain) of ACDase*. However, since it did not show a
degraded form under non-reducing conditions, Obi-ACDase was thought to maintain
an intact form. Fusion Antibodies binding affinity was measured in comparison to
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OBI. Ramos cells were incubated with antibodies (7 nM, 21 nM, 70 nM) at 4°C for 1
hour. There is no difference in the binding affinity of these antibodies, indicating that
the binding affinity of the fusion antibodies was almost normal. (Fig. 4C). To identify
that these fusion antibodies have ASMase activity, we checked whether they have
enzymatic ASMase activity using a fluorogenic substrate of ASMase, HMU-PC.
Accuracy of ASMase activity was confirmed by competitive inhibiting activity of SM,
a non-fluorogenic substrate of ASMase. In Figure 4 D, compared to OBI, bi-
functional fusion antibodies showed noticeable fluorescence and Obi-DEVD-
ASMase showed the highest activity among them. These data indicate that we
successfully produced and purified the intact fusion antibodies carrying the

equivalent affinity and enzymatic activity.
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are additional two fusion antibodies with -GFLG- or —-DEVD- linker. (B) SDS PAGE
of antibodies. 7 uM of each antibody was loaded, and each protein was stained with
coomassie blue. (C) Binding assay of OBI and fusion antibodies at 7 nM, 21 nM, and
70 nM concentrations. The binding response was conducted at 4°C for lhour. The
2nd antibody for primary antibodies, anti-human IgG (Heavy chain + Light chain)
Alexa 647, was incubated with Ramos cells at 4°C for 30 min. The fluorescence was
detected by FACSvers. (D) The activity of the enzyme which is fused with antibody.
The 17.5 nM antibodies were incubated with 1.32 mmol/L HMU-PC at 37 °C for 5
hours. The competitive inhibitor is 10 mM sphingomyelin. In case of no com.

Inhibitor, distilled water was added instead.
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5. Enhanced DCD and ADCC by ASMase fusion obinutuzumab

Next, we evaluated DCD, ADCC and CDC efficacy of bi-functional fusion antibody
whether the fusion antibodies show enhanced B cell depletion ability. Although there
was almost no difference in DCD at 7 nM and 21 nM, Obi-GFLG-ASMase and Obi-
DEVD-ASMase showed enhanced DCD than OBI at 0.7 nM and 2.1 nM
concentrations (Fig, SA). It appeared that the DCD induced by the fusion antibody
reached its maximum faster than the DCD caused by OBI. But, in the case of Obi-
ACDase, we observed lower DCD than OBI at every concentration of the antibody.
Even when Obi-ACDase-induced DCD was saturated, it was lower than OBI.
Compared to OBI, bi-functional fusion antibodies show enhanced ADCC rate at 2.1
nM concentration, but there was no difference at 7 nM, 21 nM (Fig. 5B). Except for
Obi-ACDase, this pattern was similar to DCD. A slightly different point is that Obi-
DEVD-ASMase killed more target cells than Obi-GFLG-ASMase at 2.1 nM
concentration. But CDC of fusion antibodies showed no difference or lower CDC
with OBI at every antibody concentration (Fig. 5C). The reason that the CDC of the
fusion antibody was similar to or lower than OBI was thought to be because the
combined enzyme interferes with the interaction with complement components.
Based on this data, the properties of the type II anti-CD20 antibody become stronger,
but the properties of the type I anti-CD20 antibody such as CDC remain the same or

weaken.
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IV. DISCUSSION

Type Il anti-CD20 antibodies, including obinutuzumab, exhibit potent DCD and
ADCC but relatively weak CDC™. It is very interesting that an antibody induces cell
death just by attaching it to an antigen, but the exact mechanism has not yet been
elucidated. In this study, we elucidated on obinutuzumab-induced DCD by focusing
on the mechanism of LMP.

It is known that RTX is internalized by the FcylIb receptor on the tumor surface®,
but in the case of obinutuzumab, it is not even clear whether it can be internalized.
As shown in Figure 1C, we observed that the obinutuzumab is internalized into the
acidic compartment by detecting fluorescence of antibodies with a pH-dependent
fluorescence. In addition, internalization was compared with filipin and dynasore, the
fluorescence change was dramatically decreased (Fig. 2A). To investigate whether
this internalization is related to the DCD caused by obinutuzumab, it was confirmed
that DCD was reduced by culturing cells with filipin, but not dynasore (Figure 2B).

TRPML channels are Ca?* channels that are associated with lysosome fusion and
fission to the various vesicles. Lysosomal lipid storage disorder leads to blocking of
TRPML channel activity*!. In previous research, we observed that OBI suppressed
the activity of the TRPML2 channel. Also, the suppressed activity disappeared when
filipin was treated, but did not disappear when dynasore was treated. Moreover, as
shown in Figure 3, it seems that SM in the plasma membrane moves to the lysosomal
membrane and blocks the TRPML2 channel. Taken together, obinutuzumab seems to
have two paths for internalization, but the pathway that affects the DCD is caveolae-
mediated endocytosis which is accompanied by SM rather than clathrin-mediated
endocytosis. Through these findings, we suggest that the lysosomal ASMase
catalyzes the internalized SM into ceramide which is subsequently broken into
sphingosine by lysosomal ACDase?>%, then the sphingosine would eventually induce
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LMP22’25.

Through these findings, we suggested that lysosomal ASMase catalyzes internalized
SM into ceramide which is subsequently broken into sphingosine by lysosomal
ACDase?**®, In this suggestion, the sphingosine would eventually induce LMP?2,

OBI-induced DCD depends on LMP4, When LMP occurs, cell death is induced by
the generation of ROS*2!4, So, we decided to create some constructs for inducing
potent and fast LMP compared to OBI by enhanced SMase activity in lysosomes. In
Figure 4, we created bi-functional fusion antibodies by fusion of ASMase or ACDase
to the C-terminal part of the OBI heavy chain. In the case of Obi-ASMase wt (amino
acid residues 47-631), it showed several degraded forms. Perhaps, it is due to N-
terminal cleavage which is related to ASMase maturation “2. The deletion of N-
terminal ASMase amino acid residues 47-84 and C-terminus cysteine 631 is required
for ASMase’s activity®*344243, With this in mind, we made fusion antibodies with a
modified ASMase (amino acid residues 85-630) and lysosomal degradable linker for
membrane docking of ASMase by N-terminal saposin domain 342, As shown in
Figure 5A, at low concentrations, the death rate (%) becomes saturated faster than
OBI. It is thought that enhanced DCD at low concentrations is probably because N-
terminus-exposed ASMase (amino acid residues 85-630) due to cleavage of the linker
degrades SM better. But, Although Obi-DEVD-ASMase showed the strongest
enzymatic activity than other constructs (Fig. 4D), -GFLG- and —DEVD- linked
constructs showed almost no difference in DCD. And, fusion antibody showed no
difference in DCD compared to OBI at 7 nM, 21 nM. It is thought that because the
internalized SM is limited, the amount of sphingosine accumulated during DCD
would be similar in both cases of fusion antibodies. But, Obi-ACDase exhibited lower
DCD than OBI. It is thought that this is because the sphingolipid degradation enzyme
involved after SM disruption does not affect DCD. Also, this tendency was seen in
ADCC as shown in Figure 5B. On the other hand, Obi-ACDase showed higher ADCC
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than OBI. Although DCD was lower than OBI, the high ADCC of Obi-ACDase
seems to have a different reason from the high ADCC shown in other fusion
antibodies. Type I anti-CD20 antibodies such as RTX shows strong CDC after CD20
binding. These antibodies induce rearrangement of CD20 in lipid rafts, which favors
complement activation®®. However, type Il anti-CD20 antibodies such as OBI do not
form lipid rafts and thus show low CDC. In Figure 5C, Fusion antibodies showed
weaker CDC than OBI. This is probably because the changed Fc region blocks the
cascade process of complement components or the process of forming a membrane
attack complex to induce cell lysis*®. Based on these results, we suggest that enhanced
DCD leads to strong ADCC because it further stimulates the surrounding immune
cells.

As a combination treatment strategy with immunomodulatory therapy or bi-specific
antibody is becoming the next-generation strategy for the treatment of various
lymphoma, ADCC enhancing platform is more demanded for bio-better of target-
oriented antibody. This study suggests a strategy for next-generation bio-better of
target-oriented antibodies by elucidating the molecular mechanism of DCD induced

by OBI as well as evidence that enhanced DCD leads to ADCC improvement.
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V. CONCLUSION

In this study, we found that binding of OBI induces endocytosis via caveolae-
mediated pathway and blocking of this pathway causes reduced DCD by OBL
Inhibition of endocytosis and depletion of SM in plasma membrane not only reversed
TRPML2 Ca*" channel inhibition by OBI, but also decreased DCD by OBI. Enhanced
DCD and ADCC by low concentrations of ASMase-fusion OBI demonstrated that
degradation of SM in lysosome is a process of DCD. Accordingly, lysosomal

sphingolipid metabolism of SM delivered OBI endocytosis mediates DCD by OBI.
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