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Abstract

Background: PEGylated nanoparticles (PEG-NPs) are not effective for hematologic
malignancies as they lack the enhanced permeability and retention effect (EPR effect).
Tumor-targeted PEG-NPs can systemically track lymphoma and actively internalize

into cancer cells to enhance therapeutic efficacy. We generated an anti-PEG bispecific
antibody (BsAb; mPEGx CD20) which was able to simultaneously bind to methoxy PEG
on liposomes and CD20 to form multivalent aCD20-armed liposomes. This aCD20-
armed liposome was able to crosslink CD20 on lymphoma cells to enhance cellular
internalization and the anti-cancer efficacy of the liposomes to lymphoma. We gener-
ated mPEG x CD20 and used this bispecific antibody to modify PEGylated liposomal
doxorubicin (PLD) through a one-step formulation.

Results: aCD20-armed PLD (aCD20/PLD) specifically targeted CD20* Raji cells

and enhanced PLD internalization 56-fold after 24 h. aCD20/PLD also increased cyto-
toxicity to Raji cells by 15.2-fold in comparison with PLD and control mPEG x DNS-mod-
ified PLD (aDNS/PLD). mPEG x CD20 significantly enhanced the tumor accumulation
2.8-fold in comparison with mPEG x DNS-conjugated PEGylated liposomal DiD in Raji
tumors. Moreover, aCD20/PLD had significantly greater therapeutic efficacy as com-
pared to aDNS/PLD (P<0.0001) and PLD(P < 0.0001), and aCD20/PLD-treated mice had
a 90% survival rate at 100-day post-treatment.

Conclusions: Modification of mPEGx CD20 can confer PLD with CD20 specificity

to enhance the internalization and the anti-cancer efficacy of PEG-NPs. This therapeu-
tic strategy can conveniently be used to modify various PEG-NPs with anti-PEG BsAb
to overcome the lack of EPR effect of hematologic malignancies and improve thera-
peutic efficacy.

Keywords: PEGylated nanoparticles (PEG-NPs), Enhanced permeability and retention
effect (EPR effect), Anti-PEG bispecific antibody (BsAb; mPEG x CD20), CD20-armed
liposomes, aCD20/PLD, Hematologic malignancies
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Introduction

Non-Hodgkin’s lymphoma (NHL) is a type of hematologic malignancy that accounts for
at least 90% of lymphoma cases, which presents not only as a solid tumor of lymphoid
cells in lymph nodes and/or extranodal lymphatic organs, but also as free lymphoma
cells in circulating blood (Wu et al. 2014; Jiang et al. 2016). Patients with high-grade
B-cell NHL, such as diffuse large cell B-cell lymphoma (DLBCL), may require treatment
with high-dose CHOP (cyclophosphamide, doxorubicin, vincristine, and prednisone)
chemotherapy (Rivankar et al. 2014) and immunotherapy using monoclonal antibodies,
such as rituximab (Jiang et al. 2016; Huwyler et al. 2008). However, about 30-50% of
patients are not cured by this treatment (Coiffier et al. 2010; Coiffier and Sarkozy 2016).
One of the limitations is the toxicity of CHOP, such as immune pancytopenia, that is
caused by high-dose chemotherapy that not only eliminates lymphoma but also harms
the normal blood cells in the spleen and bone marrow (Nagashima et al. 2016; Chatterjee
et al. 2010; Franco et al. 2018). About 5% of patients older than age 60 years die because
of R-CHOP toxicity (Jardin et al. 2019). Thus, reducing the systemic toxicity of chemo-
therapy drugs can improve the therapeutic efficacy of lymphoma treatment. PEGylated
nanoparticles (PEG-NP) are a promising formulation for reducing the systemic toxicity
of chemotherapy drugs, because liposomes can reduce exposure of normal cells to a high
concentration of the chemotherapy drugs upon intravenous administration. In the clinic,
the PEGylated liposomal doxorubicin (PLD; Caelyx® and Lipo-Dox®) has been shown
to have low cardiotoxicity for treatment of patients with B-DLCL (Zaja et al. 2006; Milla
et al. 2012; Suk et al. 2016; Da-Silva-Freitas et al. 2015), and only 4% (3/79) of elderly
patients with B-DLCL had grade 3 cardiac events (Oki et al. 2015). However, there is
currently no convincing evidence for the anti-cancer effect of PLD treatment in hemato-
logic malignancies (Murawski et al. 2010; Garcia-Noblejas, et al. 2018). Possible reasons
for this are the lack of EPR effect in circulating tumors to reduce the tumor accumula-
tion of PEGylated liposomes, and the hydrophilic PEG moiety hindering cellular uptake
of liposomes (Khan et al. 2015). Therefore, there is a need to develop PEG-NPs that have
more tumor specificity and active transport into cells to improve the therapeutic efficacy
in B-cell NHL.

Conjugation of antibodies on PEG-NP can induce endocytosis of the NP into tumor
cells to enhance therapeutic efficacy. For example, Jiang and colleagues conjugated
anti-CD20 antibody on active carbon nanoparticles (ACNP) through the amine group
of the antibody, and the anti-CD20 ACNP had a fivefold increase in cytotoxicity to
Raji cells (Jiang et al. 2016; Tsimberidou et al. 2010). Using reducing agent to activate
the Fab fragments of rituximab for reactivity toward the maleimide on adriamycin-
loading liposome, they proved that anti-CD20 Fab liposome could significantly pro-
long the survival of mice (P<0.05) (Wu et al. 2014). However, chemical conjugation
may influence the binding activity of antibodies (Sapra et al. 2002). Antibodies have
several functional groups (amine, carboxyl, thiol groups) resulting in heterogeneous
coupling orientations (Manjappa et al. 2011; Bendas et al. 1999). Additionally, the
reducing agent which generates cysteine residues can in turn cause additional dam-
age and loss of antibody stability (Nobs et al. 2004; Hammer et al. 2007; Shahum et al.
1998; Trubetskoy et al. 1992; Zhang et al. 2016). Therefore, it is important that the
modification method is convenient and does not add harmful substances to retain the
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stability of antibodies and targeted particles. We have developed anti-mPEG bispe-
cific antibodies (BsAb; mPEG x marker), which can directly and rapidly attach to the
surface of PEG-NP with a non-covalent bond to confer specific targeting to PEG-NPs.
A one-step formulation of mPEG x HER2 or mPEG x EGFR increased tumor accu-
mulation of PEG-NP by 175% and 208% in HER2- or EGFR-positive solid tumors,
respectively (Cheng et al. 2019; Cheng et al. 2020; Kao et al. 2014).

To easily create nanomedicines that can target CD20-expressing hematologic malig-
nancies lacking the EPR effect, we generated a humanized bispecific antibody (BsAb;
mPEG x CD20) composed of a humanized anti-mPEG Fab linked to a human anti-
CD20 single-chain antibody (scFv). The BsAb can target the terminal methoxy groups
present on PEG chains surrounding PLD to confer CD20 specificity («CD20/PLD)
by a one-step formulation. The «aCD20/PLD enhances the targeting, internalization,
and anti-cancer activity in CD20-expressing hematologic malignancies (Fig. 1). In
this study, we investigated the specific targeting and the internalization of aCD20/
PLD when incubated with CD20" Raji cells. We then evaluated whether «CD20/PLD
enhances the cytotoxicity of PLD. Finally, we investigated the tumor accumulation
and therapeutic efficacy of aCD20/PLD in mice bearing Raji tumors. We have thus
found a new treatment for hematologic malignancies, by a one-step formulation of
PEG-NPs with mPEG x CD20 to target lymphoma and enhance the internalization
and the therapeutic efficacy of PLD.
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Fig. 1 Strategy by which the anti-PEG bispecific antibody (mPEG x CD20) targets PLD to CD20-expressing
hematologic malignancies. The anti-PEG bispecific antibody (mPEG x CD20) can bind to the terminal
methoxy groups present on PEG chains surrounding PLD and confer CD20 specificity to form aCD20/
PLD. The aCD20/PLD can target to CD20* lymphoma Raji cells, enhancing internalization, and increasing
anti-cancer activity in hematologic malignancies lacking an EPR effect
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Materials and methods

Reagents, cells, and animals

PEGylated liposomal doxorubicin (PLD), clinical Lipo-Dox® (2 mg/mL pegylated lipo-
somal doxorubicin HCIl), was purchased from TTY BioPharm and PEGylated DOPC/
CHOL liposomes labeled with DiD (Lipo-DiD) were purchased from FormuMax Sci-
entific, (Sunnyvale, CA, USA). Both formulations have the same concentration of lipid
(DSPC:Cholesterol:DSPE-PEG2000 = 3:2:0.3). Expi293F cells were cultured in Expi293
expression medium (Thermo Fisher Scientific) on shakers (25 mm shaking diameter)
with a shake speed of 120 rpm in a humidified atmosphere of 8% CO, in air at 37 °C.
Human Burkitt lymphoma cell lines, CD20" Raji cells, were from American Type Cul-
ture Collection (ATCC) and were cultured in RPMI1640 (Sigma-Aldrich) supplemented
with 6 g/L HEPES, 2 g/L NaHCO3, 10% heat-inactivated BCS (HyClone), penicillin
(100 U/mL), and streptomycin (100 mg/mL) at 37 °C in a humidified atmosphere of 5%
CO2 in air. No authentication besides confirming surface expression levels of CD20 was
performed by the authors. Healthy 3—6-week-old female SCID mice (CB17/lcr-Prkdcs-
cid/CrlNarl) were purchased from the National Laboratory Animal Center, Taipei, Tai-
wan. All animal procedures were performed in accordance with the Guidelines for Care
and Use of Laboratory Animals of Kaohsiung Medical University and approved by the
institutional animal care and use committee (IACUC) of Kaohsiung Medical University
(IACUC number: 105169).

Construction and expression of bispecific antibodies

Human bispecific antibodies were created by linking the C-terminus of an anti-meth-
oxy PEG Fab (clone h15-2b) to an anti-CD20 scFv or anti-dansyl (anti-DNS, control
group) scFv via a flexible peptide (GGGGS); to form mPEG x CD20 and mPEG x DNS,
respectively. The anti-CD20 scFv was constructed by linking the Ofatumumab (clone:
2F2) VH and VL domains with a linker (GGGGS),; the detailed description of BsAbs
have been published (Kao et al. 2014). We used the Murine Ig k-chain V-J2-C (amino
acid sequences: METDTLLLWVLLLWVPGSTG) as a signal peptide in front of the anti-
body for secretion via the endoplasmic reticulum (ER). Then, the VL-Ck and VH-CH1-
linker-scFv domains were separated with an IRES in the pLJCX retroviral vector (BD
Biosciences, San Diego, CA) to generate pLJCX-mPEG Fab-CD20-scFv-6His and
pLJCX-mPEG Fab-DNS-scFv-6His plasmids. For protein production, plasmids were
transfected into Epxi293F cells using ExpiFectamine and protocols provided by the man-
ufacturer (Thermo Fisher Scientific). Transfected cells were grown at 37 °C in an atmos-
phere of 8% CO, in air while shaking at 120 rpm for 5 days. Supernatant was harvested
by centrifugation at 3000 rpm for 5 min. Proteins were purified by Ni Sepharose High
Performance (GE Healthcare, Little Chalfont, UK) and protein molecular weight was
found by SDS-PAGE.

Bi-functional assay of mPEG x CD20 and mPEG x DNS BsAb

Ninety-six well plates were coated with 50 pg/ml of poly-p-lysine in PBS for 5 min at
37 °C, washed twice with deuterium-depleted water and then coated with 2 x 10° CD20™
Raji cells per well. To fix cells, 2% paraformaldehyde was added, left for 5 min, and then
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neutralized by 0.1 M glycine. The mPEG x CD20 or mPEG x DNS (20 pg/mL) were
added to the wells at room temperature for 30 min. After extensive washing, 10 pg/mL
of mPEG,-BSA was added to the wells for 30 min. After further extensive washing, the
bound concentrations of mPEGy-BSA were determined by adding 10 pg/mL of 6-3
anti-PEG backbone antibody for 30 min and then adding 0.4 ug/mL of goat anti-mouse
IgG Fc-HRP (Jackson ImmunoResearch Laboratories). The wells were washed and then
ABTS substrate was added for 30 min before absorbance values at 405 nm were meas-
ured in a microplate reader (Biochrom, St Albans, United Kingdom).

Optimal ratio of mMPEG x CD20 BsAb and PLD

mPEG x CD20 were mixed with PLD in PBS at 4 °C for 5 min to form aCD20/PLD. The
molar ratios of mPEG to BsAb were 4:360, 8:360, 16:360, and 24:360. Based on a 100 nm
liposome containing ~ 80,000 phospholipid molecules and ~ 4528 mPEG-DSPE (the
molar ratio of DSPC: cholesterol: DSPE-PEG2000 = 3: 2: 0.3), the corresponding number
of BsAbs per PLD was estimated to be 50, 100, 200, and 400, respectively. To quantify
the nonconjugated BsAb in aCD02/PLD, «CD20/PLD at different ratios were incubated
in mPEG-2K-BSA-coated 96-well plates at RT for 45 min. After extensive washing, the
BsAb was detected by 0.4 pg/mL of goat anti-human Fab-HRP, and then ABTS sub-
strate was added for 30 min before absorbance values at 405 nm were measured in a
microplate reader. The BsAb-conjugation rate of aCD20/PLD was calculated as the total
number of BsAb minus the number of nonconjugated BsAbs, and then divided by the
total number of BsAbs. To examine the ability of PLD modified with various ratios of
mPEG x CD20 to bind to lymphoma cells expressing CD20, Raji cells (2 x 10° cells per
well) were seeded in a poly-D-lysine-coated 96-well plate overnight at 37 °C. After fix-
ing the cells, 50 ug per mL of aCD02/PLD made with densities of BsAb on PLD of 50,
100, 200, and 400 BsAb/PLD were added to the wells at RT for 20 min. After extensive
washing with PBS, the bound concentrations of PLD were determined by sequentially
adding 10 ug per mL of 6-3 anti-PEG antibody for 1 h, washing with DMEM three times,
and then adding 0.4 pg per mL of goat anti-mouse IgG Fc-HRP. The wells were washed
three times with PBS and then ABTS substrate was added for 30 min before absorbance
values at 405 nm were measured in a microplate reader. To further analyze CD20-spe-
cific targeting efficacy of optimized BsAb-modified PLD, serial dilutions of «CD20/PLD
(with ratios of 200 BsAb/PLD) were incubated with Raji cells in poly-D-lysine-coated
96-well plates. PLD binding was measured as described above. On the basis of our previ-
ous studies, we confirmed the physical characteristics of BsAb/PLD. As detailed in prior
research, we observed a slight increase in the particle size of BsAb/PLD compared to
PLD (105 nm versus 98.8 nm), and the zeta potential of BsAb/PLD also experienced a
minor negative increase in comparison to PLD (— 50.8 mA versus — 43.4 mA) (Kao et al.
2014). The results indicate that the formulation of BsAb/PLD led to a minor alteration in
the particle size of PLD, without significantly affecting the particles’ stability.

The membrane integrity and stability of PLD after mPEG x CD20 modification

To assess the membrane integrity and stability of aCD20/PLD, we utilized «CD20/PLD
(with ratios of 200 BsAb/PLD), PLD, and PLD incubated with Triton X-100 as a positive
control (Fritze et al. 2006). These samples were incubated at 4 °C or 37 °C for 1, 3, 6, and
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12 h, respectively. The fluorescent signal of doxorubicin was measured with a microplate
reader (excitation, 480 nm; emission, 550 nm; Biochrom, St Albans, United Kingdom).
The results were calculated as percentage stability of PLD according to the following for-
mula: release of doxorubicin (%) =100 x (fluorescent signal of different groups/fluores-
cent signal of PLD in Triton X-100).

The specificity and internalization of aCD20-armed liposome against CD20* lymphoma
cells

2 x 10° CD20" Raji cells and CD20~ Molt-3 cells were incubated with 20 nM (200 pL)
BsAbs for 1 h on ice. Unbound antibodies were removed by extensive washing in cold
PBS containing 0.05% BSA, followed by the addition of 1 uM (200 puL) PEGylated Lipo-
DiD for 1 h on ice. After removal of unbound PLD by extensive washing in cold PBS
containing 0.05% BSA, the surface fluorescence of viable cells was measured on a FACS-
canflow cytometer (Merck Flow Cytometer, Guava easyCyte System). Internalization of
«CD20/PLD into CD20™ Raji cells was examined by adding 2 pg/mL of «CD20/PLD and
aDNS/PLD in staining buffer (PBS containing 0.05% BSA) to 2 x 10° CD20" Raji cells
for 40 min at 4 °C. After extensive washing with PBS, the cells were transferred to fresh
culture medium and incubated for 3, 6 and 12 h at 37 °C. Control cells were incubated
at 4 °C for 12 h. PLD on the surface of CD20" Raji cells was determined by sequential
staining with 10 ug/mL 6-3 anti-PEG antibody for 30 min and 4 pg/mL goat anti-mouse
IgG Fcy-FITC (Jackson ImmunoResearch Laboratories). After extensive washing with
PBS, the fluorescence of cells was measured on a FACScanflow cytometer.

Internalization imaging of aCD20/Lipo-DiD by confocal microscopy

Raji cells (1 x 10° cells per well) were seeded onto poly-D-lysine-coated glass slides at a
concentration of 20 ug/mL and then washed by deuterium-depleted water. The buffer
was then replaced with RPMI1640 medium supplemented with 10% FBS (culture
medium) at 37 °C in a humidified atmosphere containing 5% CO2 for 24 h. The cells
were incubated with 2 pM of LysoTracker Green DND-26 in RPMI (Sigma-Aldrich) to
stain lysosomes for 40 min at 37 °C. After washing with PBS, the cells were incubated
with 15 pg/mL of aCD20/Lipo-DiD, aDNS/Lipo-DiD, and a receptor-blocking group,
Ofatumumab (anti-CD20 Abs) with aCD20/Lipo-DiD in fresh culture medium at 37 °C
for 3 h or 6 h. Subsequently, the cells were fixed with 4% paraformaldehyde and cov-
ered by DAPI Fluoromount-G® (Southern Biotech) for fluorescence signal visualization.
The fluorescence signals were captured using an Olympus FluoView 1000 confocal laser
scanning microscope.

In vitro-specific cytotoxicity of aCD20/PLD against CD20" lymphoma cells

Raji cells (1 x 10° cells per well) were seeded in 96-well plates at 37 °C overnight. The
cells were incubated with serum-free medium (control) or serial dilutions of aCD20/
PLD, aDNS/PLD, or PLD (100 pL per well) at 37 °C for 12 h. The medium was replaced
with fresh medium and the cell viability was measured with the ATPlite luminescence
assay system (PerkinElmer, Waltham, MA) after incubation for 96 h. The results are
expressed as percentage inhibition of luminescence as compared with untreated cells
according to the following formula: cell viability (%)=100 x (treated luminescence/
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untreated luminescence). The standard deviation for each data point was averaged over
four samples (n=3).

Tumor accumulation and biodistribution of aCD20-armed liposome in vivo

SCID mice were injected with 5 x 10° Raji cells subcutaneously in the hind foot. Raji-
tumor-bearing SCID mice were intravenously injected with 10 nmol aCD20/Lipo-DiD
or aDNS/Lipo-DiD when the tumor size was about 200 mm?. The fluorescent signal
of Lipo-DiD was monitored by an IVIS spectrum optical imaging system (excitation,
750 nm; emission, 780 nm; PerkinElmer, Waltham, MA, USA) at 24, 48, and 72 h post-
injection. The tumors and different organs (blood, heart, lung, liver, spleen, kidney,
intestines, stomach, pancreas, tumor) of each group were collected at 72 h after Lipo-
DiD injection. The region of interest (ROI) in tumors or different organ areas was drawn
and analyzed with Living Image software version 4.2 (Caliper Life Sciences).

Therapeutic efficacy of aCD20/PLD in systemic Raji-bearing mice

SCID mice were injected via the tail vein with 5 x 10° Raji cells. One week later, mice
were randomized into groups of 6—-8 mice per group and intravenously injected with
saline or 2 mg/kg of «CD20/PLD, aDNS/PLD, PLD, aCD20 BsAb twice weekly for
2 weeks, up to a total dose of 8 mg/kg doxorubicin. Raji cell progression was monitored
weekly and the injections caused the mice to become paralyzed. Mice were killed at the
onset of paralysis; otherwise, the mice were maintained until 100 days and considered
to be long-term survivors. Data were analyzed using GraphPad Prism 6.0. Survival was
compared using Log rank test. Statistical significance was set at P<0.05.

Results

Characterization of mPEG x CD20 BsAb

We developed a bispecific antibody (BsAb) that can simultaneously bind to mPEG and
CD20. We fused an anti-mPEG Fab fragment (humanized anti-mPEG antibody, 15-2b)
and an anti-CD20 scFv via a flexible linker to generate mPEG x CD20. The mPEG x DNS
was also constructed as a negative control by replacing the anti-CD20 scFv with an anti-
dansyl (anti-DNS, control group) scFv, which can bind to the small chemical hapten
dansyl that is not present on the surface of cancer cells (Fig. 2a). The DNA plasmids
were transfected into Epxi293F cells, and the secreted protein was harvested and puri-
fied with Ni Sepharose High-Performance affinity media. SDS-PAGE analysis showed
that the BsAbs were composed of a heavy scFv fragment (57 kDa) and a light fragment
(27 kDa) under reducing conditions, and an 84 kDa disulfide-linked BsAb under non-
reducing conditions (Fig. 2b). To examine whether mPEG x CD20 could simultaneously
bind to mPEG and CD20, a sandwich cell-based ELISA was performed by immobiliz-
ing CD20" Raji cells on a 96-well cell culture plate, followed by subsequent incubation
with mPEG x CD20 or mPEG x DNS, and then reaction with mPEG,-BSA, anti-PEG
monoclonal Ab 6.3 and HRP-conjugated secondary Ab. As shown in Fig. 2C, only
mPEG x CD20 but not mPEG x DNS had a dose-dependent higher signal of OD405 nm
(Fig. 2c). These results indicate that mPEG x CD20 can simultaneously recognize the
mPEG molecule and the CD20 antigen and provide CD20 tropism to PLD.
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Fig. 2 Characterization of mPEG x CD20 BsAb a The gene constructs of BsAbs are composed of a signal
peptide (SP), the anti-mPEG VL-C,(L), the anti-mPEG VH-CH1(H), a flexible linker peptide and an anti-CD20
scFv (MPEG x CD20) or control anti-DNS scFv (MPEG x DNS). b The SDS-PAGE of purified mPEG x CD20 or
mPEG x DNS under reducing and non-reducing conditions. M:pre-stained protein ladder. ¢ The anti-mPEG
and anti-CD20 functions of mMPEG x CD20 and mPEG x DNS in CD20* Raji cells were detected via sandwich
cell-based ELISA (n=3). Bars, SD

Optimal modification of BsAbs for specific targeting of aCD20/PLD

To optimize the mPEG to BsAb modification ratio for PLD, mPEG x CD20 was mixed
with PLD at BsAb densities on PLD of 50, 100, 200, and 400 BsAb/PLD. We confirmed
that the conjugation rate of each BsAb on PLD was more than 85% (Additional file 1:
Fig. Sla). To compare the binding ability of the different BsAb-modified a«CD20/PLDs
to CD20™ Raji cells, we used sandwich cell-based ELISA which was performed by
immobilizing CD207" Raji cells on a 96-well cell culture plate followed by subsequent
incubation with different modified ratios with 50, 100, 200, and 400 BsAb/PLD. Then,
we detected binding of BsAb/PLD with the anti-PEG backbone antibody (6-3 Ab)
followed by HRP-conjugated secondary Ab (Additional file 1: Fig. S1b). The results
show that 200 and 400 BsAb/PLD have higher binding affinity to CD20" Raji cells. To
evaluate the optimized stability from 200 and 400 BsAb/PLD, we incubated these two
formulations in PBS at 4 °C for 7 days, and found that the 400 BsAb/PLD had little
precipitation compared to 200 BsAb/PLD. Thus, we demonstrated that the optimal
modification of aCD20/PLD is 200 BsAb/PLD. To analyze whether mPEG x CD20
BsAb could impact the membrane integrity and stability of PLD, we incubated
aCD20/PLD at BsAb densities of 200 BsAb/PLD at 4 °C or 37 °C for 1, 3, 6, and 12
and then measured the fluorescent signal of released doxorubicin. As shown in Addi-
tional file 2: Table S1, PLD displayed limited doxorubicin release: 0.9% at 4 °C for 6
and 12 h, 1.2% at 37 °C for 6 h, and 2.5% at 37 °C for 12 h. aCD20/PLD also exhibited
minimal doxorubicin release: 0.7% at 4 °C for 6 h, 1.4% at 4 °C for 12 h, 2.7% at 37 °C
for 6 h, and 3.9% at 37 °C for 12 h (Additional file 2: Table. S1). These results suggest
that modification of mPEG x CD20 did not compromise the membrane integrity and
stability of PLD.
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aCD20-armed liposomes enhance targeting and cellular internalization of PLD to CD20*
lymphoma cells

To investigate whether the «aCD20/PLD specifically target CD20™ Raji cells, a«CD20/PLD
were incubated with 2 x 10> CD20™" Raji cells or CD20~ Molt-3 cells for 1 h on ice, then
the surface fluorescence of viable cells was measured on a FACScan flow cytometer. As
shown in Fig. 3, «aCD20/PLD had a higher fluorescence signal compared to aDNS/PLD
in CD20" Raji cells, but in CD20~ Molt-3 cells, no increased fluorescence signal was
detected with either the aCD20/PLD or aDNS/PLD (Fig. 3a, b). These results suggest
that aCD20/PLD is selective for CD20" lymphoma cells. To examine the internaliza-
tion efficacy, we added 200 mPEG x CD20 per Lipo-DiD, which is a mPEGylated lipo-
some that is labeled with a red fluorescent dye (DiD). The aCD20-armed liposomes were
incubated with CD20™" Raji cells for different time periods (3, 6, and 12 h). We detected
total red fluorescence as a measure of the amount of DiD associated with cells (Fig. 3e).
We also measured total liposomes present on the cell surface by measuring PEG by
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Fig. 3 aCD20-armed liposomes enhance selection and internalization of PLD against CD20 + lymphoma
cells.a aCD20/PLD (red) and aDNS/PLD (blue) were incubated with CD20 4+ Raji cells and b CD20- Molt-3
cells. The particles were measured using flow cytometry with an anti-PEG antibody. ¢ The internalization of
aDNS/PLD and d aCD20/PLD into Raji cells. The surface Lipo-DiD was measured using flow cytometry with
an anti-PEG antibody. e The DiD uptake of aCD20/PLD in Raji cells was detected using flow cytometry. f The
internalization values (%) were determined at different time intervals of incubation
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staining with 6-3 antibody (anti-PEG backbone) and anti-mouse Fc Ab-FITC. As shown
in Fig. 3B, the red fluorescence signal was at a similar level at different times, showing
that liposomes were associated with cells, but the green fluorescence signal gradually
decreased in a time-dependent manner after incubation with Lipo-DiD, showing that
liposomes internalized. The internalization value of aCD20-armed liposomes at 12 h
was up to 56.3%, at 6 h was 43.2% and at 3 h it was only 24.7% (Fig. 3c, d, f). These results
indicate that aCD20-armed liposome can specifically target CD20" lymphoma cells and
efficiently trigger internalization.

mPEG x CD20 BsAb enhances the internalization of Lipo-DiD by receptor-mediated
endocytosis

To investigate whether mPEG x CD20 BsAb can specifically enhance the internalization
of mPEGylated particles into tumor cells by CD20-mediated endocytosis, Raji (CD20-
overexpressing) cells were incubated with aCD20/Lipo-DiD, aDNS/Lipo-DiD, and a
receptor-blocking group, Ofatumumab (anti-CD20 Abs) with «CD20/Lipo-DiD in fresh
culture medium at 4 °C for 30 min and 37 °C for 3 h or 6 h. Subsequently, the fluo-
rescence signals of Lipo-DiD were detected by confocal microscopy imaging. DAPI and
Lysotracker Green were used to stain the nuclei and lysosomes, respectively. Results in
new Fig. 4 show red fluorescence signals (Lipo-DiD) detected in the «CD20/Lipo-DiD
group, indicating specific binding to Raji cells. Additionally, red Lipo-DiD signals pro-
gressively transitioned from the plasma membrane to the cytoplasm, co-localizing with
green lysosomal signals, forming yellow in the aCD20/Lipo-DiD group. This observation
suggests successful internalization of Lipo-DiD into Raji cells. In contrast, pre-incuba-
tion with competitor Ofatumumab (anti-CD20 Abs) prevented uptake of «CD20/Lipo-
DiD, indicating the function of mPEG x CD20 BsAbs could be competed with aCD20
Ab (Fig. 4). These results suggested that mPEG x CD20 BsAb can selectively bind and
enhance the internalization of mPEG-liposomes (Lipo-DiD) through CD20-mediated
endocytosis, which is crucial for increasing the cellular nanoparticles uptake.

aCD20/PLD displays cytotoxicity to CD20* lymphoma cells

To analyze the cytotoxicity of «CD20/PLD to CD20-overexpressing Raji cells, we incu-
bated CD20" Raji cells with different concentrations of a«CD20/PLD, aDNS/PLD, or
PLD for 12 h, then removed the drug, and washed the cells. The cell viability was deter-
mined by ATPlite assay 96 h post-drug treatment. The results are expressed as percent-
age inhibition as compared with untreated cells according to the following formula: cell
viability (%) =100 x (treated signal/untreated signal). As shown in Fig. 4, «CD20/PLD
(IC5,=0.071 pg/mL) significantly reduced the cell viability of Raji cells as compared with
aDNS/PLD (IC;,=0.92 pg/mL) and PLD (IC;,=1.08 ug/mL) (Fig. 5a, b). These results
show that bispecific antibody targeting improved the cytotoxicity of aDNS/PLD to
CD20™" Raji cells by 15-fold.

Specific targeting and tumor accumulation of aCD20-armed liposomes in Raji-bearing
SCID mice

To examine the specific targeting and tumor accumulation of «CD20/PLD to CD20-
overexpressing B-cell lymphoma tumors in vivo, we established a human B-cell
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OFA +
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Fig. 4 mPEG x CD20 BsAb enhances the internalization of Lipo-DiD by receptor-mediated endocytosis. Raji
cells were incubated with aCD20/Lipo-DiD, aDNS/Lipo-DiD, and a receptor-blocking group, Ofatumumab
(anti-CD20 Abs), in combination with aCD20/Lipo-DiD. This was followed by supplementation with

DAPI and LysoTracker Green DND-26 and the samples were observed using a confocal microscope. DAPI
(blue), LysoTracker Green DND-26 (green), and Lipo-DiD (red) stain for the nuclei, lysosome, and Lipo-DiD,
respectively. White scale bars represent 20 pm
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Fig. 5 The cytotoxicity of aCD20/PLD against CD20" lymphoma cells. a PLD @, aCD20/PLD (e) or aDNS/
PLD (o) were incubated with CD20* lymphoma cells for 12 h. The cell viability was determined by ATPlite
analysis and the mean luminescence values were compared to untreated control cells (n=3). Bars, SD. b
The half-maximal inhibitory concentration (IC50) values of PLD, aCD20/PLD or aDNS/PLD. Bars, SD. *P < 0.05.
**P<0.01, n.s. not significant
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lymphoma carcinoma xenograft model by subcutaneously inoculating CD20™ Raji
cells in the hind foot of SCID mice. When the tumor size reached ~250 mm?, we
intravenously injected a«CD20/Lipo-DiD or aDNS/Lipo-DiD, respectively. The red
fluorescent signal of Lipo-DiD was detected by an IVIS imaging system at 24, 48, and
72 h post-injection. The images showed that aCD20/Lipo-DiD had more intense fluo-
rescence accumulation as compared to aDNS/DiD. The region of interest (ROI) in
aCD20/Lipo-DiD-treated tumors increased by 290% (17.2 x 10° versus 6 x 10°), 280%
(15.1 x 10° versus 5.4 x 10%), and 295% (12.1 x 10° versus 4.1 x 10°) at 24, 48, and 72 h,
respectively, as compared with aDNS/Lipo-DiD (Fig. 6a, b). These results indicate the
«CD20/Lipo-DiD can more specifically target to CD20" B-cell lymphoma tumors.
To analyze the biodistribution of «CD20/Lipo-DiD, the mice were killed 72 h post-
injection and the organs (blood, heart, lung, liver, spleen, kidney, intestines, stomach,
pancreas, tumor) were collected. aCD20/Lipo-DiD had up to 2.8-fold signal accumu-
lation as compared to aDNS/Lipo-DiD in tumors, and had lower uptake in metabolic
organs such as the lung, liver, and spleen (Fig. 6¢). These results indicate that aCD20-
armed liposomes preferentially accumulate in tumor tissue.
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Fig. 6 Tumor delivery of aCD20-armed liposomes in Raji-bearing SCID mice. a aCD20/Lipo-DiD or aDNS/
Lipo-DiD were intravenously injected into SCID mice bearing CD20" tumors (left flank). The fluorescence
intensity of DiD was detected at 24 h, 48 h, and 72 h after injection by IVIS. b Total radiant efficiency of
aCD20/Lipo-DiD (red) or aDNS/Lipo-DiD (blue) in CD20* tumors and ¢ the average radiant efficiency of the
collected organs and tumors at 72 h were quantified (n = 3). Bars, SEM. **P < 0.01. *P < 0.05; n.s. not significant
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aCD20/PLD increases the therapeutic efficacy of PLD in a systemic Raji-tumor SCID mouse
model

To investigate the therapeutic efficacy of aCD20/PLD to CD20" lymphoma tumors
in vivo, we established a systemic Raji-tumor model in SCID mice. SCID mice were
injected via the tail vein with 5 x 10° CD20™ Raji cells. One week later, mice were intra-
venously treated with saline, 2 mg/kg of aCD20/PLD, aDNS/PLD, PLD, or «CD20 BsAb
twice a week for 2 weeks and paralysis was observed and body weight was measured
twice a week. The mice which were not paralyzed were maintained for 100 days. Mice in
the non-treated and «CD20 BsAb groups all died by day 42, whereas mice treated with
aDNS/PLD or PLD died between days 80 and 90. There was no significant difference
between the aDNS/PLD- and PLD-treated groups, but in the aCD20/PLD group, 90%
survival rate was extended until 100 days (P<0.0001) (Fig. 7a). These results show that
aCD20/PLD can increase anti-tumor and therapeutic efficacy of PLD in a systemic Raji-
tumor SCID mouse model in vivo. There was no significant change in the body weight
of mice in each treatment group (Fig. 7b). These results demonstrate that «CD20/PLD
can enhance the therapeutic efficacy of PLD in CD20-overexpressing B-cell lymphoma

cancer with minimal obvious toxicity.

Discussion

In this study, we successfully modified mPEG x CD20 BsAb on PLD to provide a tar-
geted treatment method for lymphoma. mPEG x CD20 conferred CD20 specificity to
PLD through a one-step formulation without affecting PLD production, and effectively
promoted the internalization of PLD into Raji cells. aCD20/PLD displayed increased
cytotoxicity of about 15-fold compared with PLD alone to CD20™ Raji cells. Moreover,
aCD20/PLD specifically targeted Raji tumors and decreased the non-specific targeting
to normal tissues; mice treated with aCD20/PLD reached 90% survival rate at 100-day
post-injection. Our results show that an anti-mPEG BsAb combined with PEG-NPs can
actively crosslink surface tumor-associated antigens and enhance nanoparticle endocy-
tosis. Moreover, the tumor specificity of the BsAb is exchangeable to overcome antibody-
resistant tumors which lose the marker on the surface of tumor cells through antibody
treatment. Thus, anti-mPEG BsAb-modified PEG-NPs are more effective at systemic
targeting, internalization and the anti-tumor efficacy in hematologic malignancies.
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Fig. 7 Therapeutic efficacy of aCD20/PLD BsAbs in a systemic Raji-tumor SCID mouse model. SCID mice
bearing Raji cells were intravenously injected with 2 mg per kg of aCD20/PLD (red, n=8), aDNS/PLD (blue,
n=7),PLD (green, n=238), aCD20 BsAb (orange, n=5) or PBS (black, n=7). Treatment was performed twice
a week for 2 weeks. a Percentage survival as mean and b the mean of body weight were measured every
3 days post-treatment. Bars, SEM. **P < 0.01. *P < 0.05; n.s. not significant
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Antibody-mediated cross-linking of antigens can enhance the endocytic capacity into
cancer cells and further increase the uptake and therapeutic effect of the drug. For exam-
ple, Li and colleagues conjugated one or ten anti-CD20 Fab molecules on a polymeric
nanomedicine and showed that the particles with higher levels of anti-CD20 Fab dis-
played enhanced internalization in Raji cells by 2.7-fold as compared with the nanoparti-
cles conjugated with a single anti-CD20 Fab (Li et al. 2018). They also found that multiple
anti-CD20 Fab on nanoparticles significantly increased cellular apoptosis, indicating
that cross-linking CD20 can directly induces apoptosis of lymphoma B cells (Chu et al.
2015). However, binding of antibodies to different epitopes on the CD20 antigen can
influence internalization (Klein et al. 2013). Ofatumumab is the only anti-CD20 antibody
that binds the small extracellular loop of CD20 close to the surface of the cell membrane,
resulting in cross-linking of CD20 and enhancing internalization (Du et al. 2009; Davis
et al. 1999; Zhou et al. 2008). Ofatumumab can induce about two-fold greater internali-
zation than rituximab (Beum et al. 2011; Herter et al. 2013). Thus, we used ofatumumab
to generate the mPEG x CD20 bispecific antibody. The mPEG x CD20 bispecific anti-
body (BsAb) was mixed with PLD to generate the multivalent anti-CD20 nanoparticle
(aCD20/PLD), which had approximately 100 BsAbs per liposome. aCD20/PLD exhib-
ited about 56-fold greater internalization and 15-fold increased cytotoxicity in Raji cells
as compared with untargeted PLD. Modification of mPEG x CD20 also significantly
enhanced accumulation in Raji tumors by 2.8-fold in comparison with mPEG x DNS-
conjugated PEGylated liposomal DiD. Moreover, «CD20/PLD had significantly greater
therapeutic efficacy as compared to PLD (P<0.0001), resulting in a 90% long-term
survival rate. Therefore, anti-PEG bispecific antibodies can cross-linking antigens to
improve endocytosis and therapeutic effect of PEG-NP in hematologic malignancies.

Solving the drug-resistance issue is important for lymphoma patients who receive
long-term chemotherapy. A doxorubicin-based chemotherapy, CHOD, is the most effec-
tive treatment for high-grade B-cell lymphoma, but about 20-30% patients acquire
doxorubicin-resistance and lowered survival rate with this protocol (Nagashima, et al.
2016; Kao et al. 2014). Liu et al. found that using mPEGylated liposomal-irinotecan
(Onivyde) to replace mPEGylated liposomal doxorubicin (Lipo-Dox) enhanced cyto-
toxicity 33.5-fold in doxorubicin-resistance recurrent ovarian cancer cells (Murawski
et al. 2010; O’Brien et al. 2004). Tadahiro et al. reported that Onivyde improved the
survival of mice with doxorubicin-resistant acute lymphoblastic leukemia as compared
to Lipo-Dox treatment in vivo. Pegylated nanomedicines such as Lipo-Dox (Zaja et al.
2006; Murawski et al. 2010), Onivyde (Cheng et al. 2020; Kao et al. 2014), and PEGylated
liposomal-Mitomycin C (PROMITIL) are being used or under clinical trials for cancer
treatment (Cheng et al. 2020). The PEG x CD20 BsAb is able to bind to any terminal
methoxy groups of PEG-NPs to confer CD20 specificity, which can facilitate switching of
the nanomedicine in patients who develop drug resistance to a particular drug.

Several reports report that lymphoma cells lose cell surface antigens after antibody
treatment, leading to drug resistance. For example, the response rate of re-treatment of
rituximab is lower than 50% (Davis et al. 2000). Furthermore, Kennedy found that 60%
of patients who received rituximab had lost CD20 expression (Kennedy et al. 2002), and
this phenomenon extended to loss of CD19 (Masir et al. 2006). Antigen loss after tar-
geted treatment has also been reported in CAR-T therapies. Eleven—twenty-five percent
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of patients who receive CD19 CAR-T therapies relapse with leukemia without CD19.
Thus, how to conveniently convert the antigen targeting of the drug is important. Cara-
telli and colleagues generated Fcy chimeric receptor-expressing CAR-T cells, and the Fcy
receptor-expressing CAR-T was able to capture different therapeutic antibodies to pro-
vide several tumor-associated antigen (TAA)-specific targeting treatment (Caratelli et al.
2017). Landgraf and colleagues generated NKG2D receptor-expressing CAR-T cells,
and fused its MIC ligand on rituximab, and they demonstrated that injection of NKG2D
CAR-T cells and MIC-rituximab could enhance the survival rate of Raji-bearing mice.
For the nanodrugs, we generated anti-PEG BsAbs (mPEG x markers), which can convert
the TAA (such as CD20, CD19, CD22, and CD52) target using different anti-tumor scFv.
The anti-PEG BsAbs can confer the PEG-NP with various antigen targeting specificity
against the heterogenic lymphoma. According to the specific antigens expressed on the
cancer cells of the patients, we can select the anti-PEG BsAbs that correspond to the
specific antigen expressed on the cancer cells of the patient, and then directly mix it in
one-step with PEG-NP to treat the patient. Thus, anti-PEG BsAbs can provide a convert-
ible therapeutic strategy which can adjust antigen specificity for treating antigen loss in
lymphoma.

Conclusion

In summary, the non-covalent modification of liposomes with mPEG x CD20 provides
a simple and stable one-step formulation for site-specific modification of PEG-NPs,
aiming to enhance drug internalization and therapeutic efficacy of PLD. This approach
achieved a remarkable 90% survival rate at 100-day post-treatment in the systemic
tumor SCID mouse model. Thus, this study represents the pioneering use of targeted
nanomedicine for the treatment of hematologic malignancies, addressing their defi-
ciency in the EPR effect. We suggest that the BsAb-modifying strategy has the following
advantages and potential: (i) it is a novel and simple modification method to replace the
traditional chemical conjugation; (ii) it has exchangeable properties and universal appli-
cability, and BsAbs can directly diversify PEG-NPs to different biomarkers expressed
in individual diseases for diagnosis and therapy; and (iii) the BsAb modification can
increase antigen cross-linking and enhance the internalization of PEG-NPs to improve
the anti-cancer effect. We conclude that BsAbs (mPEG x markers) can expand the clini-
cal application of PEG-NPs for treating hematologic malignancies lacking the EPR effect
via improved tumor-specific targeting, internalization, and, thus, improved therapeutic
efficacy.

Supplementary Information
The online version contains supplementary material available at https://doi.org/10.1186/512645-023-00230-6.

Additional file 1: Fig. S1. Optimization of mPEG x CD20 BsAb-modified PLD. a. The CD20 conjugated ratio of
aCD2/PLD with densities of BsAb on PLD of 400, 200, 100, and 50 BsAb/PLD was investigated via ELISA (n = 3).
Bars, SD. b. The CD20 binding ability of aCD20/PLD with different ratio (400, 200, 100, and 50 BsAb/PLD) on CD20*
lymphoma cells was determined via ELISA (n = 3). Bars, SD.

Additional file 2: Table S1. Release of doxorubicin from PLD and aCD20/PLD. aCD20/PLD (with ratios of 200 BsAb/
PLD), PLD, and PLD incubated with Triton X-100 were subjected to incubation at 40c or 370c for 1, 3,6,and 12 h,
respectively, followed by the measurement of fluorescent release of doxorubicin. The release of doxorubicin values
was calculated as a percentage during various incubation times.
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