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Abstract: The CD20-directed monoclonal antibody rituximab (RTX) established a new era in 

the treatment of non-Hodgkin lymphoma (NHL); however, suboptimal response and/or resistance 

to RTX still limit its clinical merits. Although four effector mechanisms are validated to partici-

pate in CD20-based immunotherapy, including complement-dependent cytotoxicity, antibody-

dependent cell-mediated cytotoxicity, caspase-dependent apoptosis, and lysosome-mediated 

programmed cell death (PCD), they could hardly be synchronously activated by any anti-CD20 

mAb or mAb derivative until now. Herein, a novel mAb nanocomb (polyethylenimine polymer–

RTX–tositumomab [PPRT nanocomb]) was firstly constructed through mass arming two different 

anti-CD20 mAbs (RTX and tositumomab) to one polymer by nanotechnology. Comparing with 

free mAbs, PPRT nanocomb possesses a comparable binding ability and reduced “off-rate” to 

surface CD20 of NHL cells. When treated by PPRT nanocomb, the caspase-dependent apoptosis 

was remarkably enhanced except for concurrently eliciting complement-dependent cytotoxicity, 

antibody-dependent cell-mediated cytotoxicity, and lysosome-mediated PCD. Besides, “cross-cell 

link”-assisted homotypic adhesion by PPRT nanocomb further enhanced the susceptibility to PCD 

of lymphoma cells. Pharmacokinetic assays revealed that PPRT nanocomb experienced a relatively 

reduced clearance from peripheral blood compared with free antibodies. With the cooperation of 

all the abovementioned superiorities, PPRT nanocomb exhibits exceptionally excellent in vivo 

antitumor activities in both disseminated and localized human NHL xenotransplant models.

Keywords: non-Hodgkin lymphoma, CD20, nanotechnology, rituximab, programmed cell 

death

Introduction
Non-Hodgkin lymphoma (NHL) is predominantly a cancer of B lymphocytes.1,2 

Depending on the subtype of B-cell NHL, the disease can pursue an indolent course 

spanning years, such as in follicular lymphoma, or it can present aggressively during 

several weeks or months, such as in diffuse large B-cell lymphoma.3 Although the 

“watch and wait” approach is acceptable in asymptomatic patients with indolent NHL, 

patients with more aggressive subtypes require immediate and effective treatments.3,4 

Traditional therapies for NHL, including chemotherapy and radiotherapy, are limited 

because of serious harmful side effects.2,3 In the past decades, a variety of basic and 

groundbreaking discoveries paved the way for the development of mAbs, the theoreti-

cal “magic bullets”, which could specifically identify and kill malignant cells, thereby 

reducing the detrimental side effects to normal tissues.5,6

CD20 is a B-cell differentiating antigen, which selectively expressed on the surface 

of mature and malignant B-cells, but not immature B-cells or plasma cells.7–9 Therefore, 

although anti-CD20 monoclonal antibodies (mAbs) target mature and malignant B 
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lymphocytes, they spare B-cell progenitors, allowing normal 

B-cell regeneration, which makes CD20 one of the most ideal 

therapeutic targets.7,10–12 Despite the success of US Food and 

Drug Administration (FDA) approved rituximab (RTX) in 

patients with B-cell NHLs, considerable room for improved 

therapeutic index remains. Only about 15% of patients 

with follicular lymphoma respond to the initial treatment 

with RTX monotherapy, and the majority of responders 

become refractory to RTX.13 Mantle cell lymphoma and 

chronic lymphocytic leukemia/small lymphocytic lymphoma 

remain incurable, while up to 40% of those with diffuse large 

B-cell lymphoma fail initial treatment and most of those die 

from their disease.14 Only 48% of all NHL patients respond 

to RTX treatment, with less than 10% showing a complete 

remission (CR).8,15 When patients relapsing after an initial 

response to RTX were retreated, an overall response rate 

of only 40% was reported.13,16 Recent studies demonstrate 

that the limitations of RTX-based immunotherapy may be 

attributed to the exhaustion and/or disability of effector cells 

(such as natural killer cells) and complements.17–19 In order 

to improve the disease prognosis, many novel anti-CD20 

mAbs or mAb derivatives with enhanced ability in inducing 

programmed cell death (PCD) have been developed.15,20–25

Presently, anti-CD20 mAbs can be broadly divided into 

two types with distinct lymphoma-killing mechanisms. Type I  

mAbs (RTX-like) can efficiently promote complement-

dependent cytotoxicity (CDC) but are relatively weak in 

evoking PCD, while type II mAbs (tositumomab [Tos]-

like) are relatively poor at complement activation but can 

effectively elicit lysosome-mediated PCD. Besides, both 

types are comparable in carrying out antibody-dependent 

cell-mediated cytotoxicity (ADCC).17,26,27 It appears that all 

the current anti-CD20 mAbs effective in evoking PCD are 

relatively ineffective in mediating CDC, and vice versa. Also, 

it is well established that, with the cross-linking of secondary 

antibodies, RTX can induce caspase-dependent apoptosis 

in malignant B-cells, which is different from the lysosome-

mediated cell death induced by type II mAbs.27–31 However, 

this cross-linking can hardly be realized in vivo. It seems, 

although we acknowledge that the activation of more effector 

mechanisms may lead to improved curative effects,7,22,25,32,33 

the abovementioned immunotherapeutic mechanisms could 

hardly be synchronously activated by any reported anti-CD20 

mAb or mAb derivative until now.

In this study, a novel mAb nanocomb (polyethylen-

imine [PEI] polymer–RTX–Tos [PPRT nanocomb]) was 

successfully prepared from two different anti-CD20 mAbs 

of distinct types by nanotechnology. It is worth mentioning 

that nanomedicine is an emerging form of anticancer ther-

apy based on the assembling of biological molecules into 

nanosized particles.34 Previous publications have proven 

that high leakiness of microvessels and lack of lymphatic 

drainage give rise to enhanced accumulation and retention 

of high-molecular weight (M
W

) compounds in tumor tissues. 

This phenomenon is called the enhanced permeability and 

retention effect, which is one of the most important superi-

orities of nanosized (from tens to hundreds of nanometers) 

particles.35–38 Recently, several studies confirmed that nano-

polymer cross-linked anti-CD20 mAbs can induce remark-

able caspase-dependent apoptosis in NHL cells, with the 

apoptotic efficiency being proportional to both the polymer 

chain length and valence (amount of antibody molecules per 

polymer) to some extent.39–42 In this work, PEI with a M
W

 

of 70 kDa was employed as a long-chain polymer for the 

cross-linking of both antibodies. The well-modified PPRT 

nanocomb can eliminate malignant B-cells by the activation 

of all the abovementioned CD20-based immunotherapeutic 

mechanisms, including CDC, ADCC, and direct induction of 

PCD through both caspase-dependent and -independent man-

ners. Also, PPRT nanocomb exhibits exceptionally potent 

in vivo lymphoma-suppressing ability in both disseminated 

and localized human NHL xenotransplant models. Besides, 

the specific mechanisms concerning its outstanding PCD-

inducing ability have been carefully explored.

Materials and methods
cell lines, materials, and animals
Three human NHL cell lines (Ramos, Raji, and JeKo-1) 

were obtained from the American Type Culture Collection 

([ATCC] Manassas, VA, USA). Cells were propagated in 

RPMI 1640 supplemented with 10% (v/v) fetal bovine serum 

(Thermo Fisher Scientific, Waltham, MA, USA). RTX (C2B8) 

and Tos (B1) were purchased from Hoffman-La Roche Ltd. 

(Basel, Switzerland) and GlaxoSmithKline plc (London, 

UK), respectively. PEI (70 kDa) was purchased from Sigma-

Aldrich Co. (St Louis, MO, USA). Maleimide–polyethylene 

glycol–Succinimide (MPEGS) was obtained from Greative 

PEGworks (Chapel Hill, Illinois, USA). Four-week-old 

female SCID and ICR mice were purchased from the Shang-

hai Experimental Animal Center of the Chinese Academic of 

Sciences (Shanghai, People’s Republic of China) and housed 

in specific-pathogen-free conditions. All the experiments on 

live mice were approved by the Committee on Animals of 

the Second Military Medical University (Shanghai, People’s 

Republic of China) and all the methods were carried out in 

accordance with the approved guidelines.
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Preparation of PPrT nanocomb
After RTX and Tos were thiolated by dithiothreitol as previ-

ously described,38,43 the PEI polymer was dissolved in phos-

phate-buffered saline (PBS) (1 mg/mL). The MPEGS linker 

was added to the polymer solution under stirring and N
2 
bub-

bling at room temperature for 4 hours (PEI:MPEGS =1:15).  

Then, equal amounts of RTX–SH and Tos–SH were slowly 

dropped into the MPEGS–PEI suspension (mAb/PEI =1,000: 

3.44). The reaction was conducted in an N
2
 environment 

for 6–8 hours. Unconjugated antibodies were separated by 

dialysis. The PPRT nanocomb was thus obtained, as shown in 

Figure 1A. The control sample PEI polymer–BSA (PPB) was 

constructed in the same way. Purified PPRT nanocomb was 

quantified by NanoVue™ (General Electric Company Health-

care, Cleveland, OH, USA) and analyzed with 8% sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS–

PAGE) followed by Coomassie brilliant blue staining.

size and morphology characterization
RTX, Tos, and PPRT nanocomb were respectively diluted 

by Milli-Q water, and the size distribution was determined 

with a dynamic laser light scattering instrument (ALV/CGS3, 

ALV-Laser Vertriebsgesellschaft mbH, Langen, Germany) at 

a scattering angle of 30°.44 For morphology characterization, 

10 μL PPRT nanocomb stocking suspension was spread onto 

freshly cleaved mica followed by gentle rinsing. The sample 

was air-dried and observed using atomic force microscopy 

(Veeco Instruments Inc, Woodbury, New York, US).

Weight-average molar mass analysis  
by static light scattering
The static light scattering measurements were carried out, 

varying the scattering angles (θ) from 40° to 140° with a 5° 

stepwise increase, with the dynamic laser light scattering 

instrument.45 The weight-average molar mass (M
m
) was 

calculated by the following equation:46

 KC R q M A C
p m
/ / ,( ) = +1 2

2
 (1)

where K n dn dC N
p A

= [ ( / ) ]/4 2 2 2 4π λ  is optical contrast, 

with n being the refractive index of solvent, C
p
 being the 

PPRT nanocomb concentration, dn/dC
p
 being the refractive 

index increment against C
p 
determined by a double-beam dif-

ferential refraction meter (DMR-1021; Otsuka Electronics, 

Tokyo, Japan), λ being the incident wavelength, and N
A
 being 

Avogadro’s number. R(q) is the Rayleigh ratio at a specific mea-

surement angle. By measuring R(q) for various θ and C
p
, values 

of M
m
 and A

2
 were estimated from typical Zimm plots.

labeling of free mabs and PPrT 
nanocomb
The Alexa Fluor-488-labeled RTX (RTX-488) and Alexa 

Fluor-647-labeled Tos (Tos-647) were prepared using the Alexa 

Fluor-488/647 Protein Labeling Kit (Thermo Fisher Scientific) 

following the product information. Briefly, 50 μL of 1 M sodium 

bicarbonate (pH =9.0, provided with the labeling kit) was added 

to 0.5 mL of 2 mg/mL mAb solution. The resulting solution was 

then transferred to the vial of reactive dye (provided with the 

labeling kit) at room temperature with continuous stirring for  

1 hour in the dark. The labeled mAbs were purified by the purifi-

cation columns provided with the labeling kit. For the labeling of 

PPRT nanocomb, both RTX and Tos were respectively labeled 

with Alexa Fluor-488 and -647 before thiolation.

confocal microscopy
For confocal microscopy, cells were placed onto poly-

D-lysine (Sigma-Aldrich Co.)-coated microscope slides. 

Samples were fixed by 4% paraformaldehyde and permea-

bilized by 0.3% Triton X-100. After staining, samples were 

observed using a confocal microscope (Zeiss lsm 710; Carl 

Zeiss Meditec AG, Jena, Germany).

Binding activity
Raji cells were incubated with 10 μg/mL RTX-488, Tos-

647, and Alexa Fluor-488/647-labeled PPRT nanocomb for 

45 minutes at 4°C in the dark, respectively. After washing, 

cells were observed with a confocal microscope.

Off-rate assessment
Raji cells were incubated with 10 μg/mL RTX, Tos, or 

PPRT nanocomb for 1 hour. A humanized anti-human epi-

dermal growth factor receptor-2 (Her-2) mAb, trastuzumab 

(Hoffman-La Roche Ltd.), was employed as an unspecific 

binding control. Then cells were washed and resuspended 

in mAb-free RPMI 1640 for different time intervals. After 

Alexa Fluor-488 labeled goat anti-human secondary antibody 

(GAH-488) staining, samples were analyzed by flow cytom-

etry (FCM). The percentage of antibody remaining on cellular 

surface was calculated by the following equation:15,47

 % initial binding =
−

−

MFl MFl

MFl MFl
samples trastuzumab

oh trastuzummab

×100%.  (2)

Where “MFI
oh

” is the mean fluorescence intensity (MFI) 

of cells after incubation with mAbs for 1 hour and labeled 

with GAH-488 without resuspension in antibody free culture 

medium.
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Figure 1 construction and characterization of PPrT nanocomb.
Notes: (A) schematic plot of the fabrication of PPrT nanocomb. (B) schematic diagram of the molecule structure of PPrT nanocomb. (C) The anchoring of mabs to 
polyethylenimine polymer was confirmed by sodium dodecyl sulfate polyacrylamide gel electrophoresis. Lane 1: protein marker; lane 2: rituximab; lane 3: tositumomab; lanes 
4 and 5: PPRT nanocomb; lanes 6 and 7, polyethylenimine polymer. (D) size distribution of rituximab, tositumomab, and PPrT nanocomb. (E) atomic force microscopy 
morphology of PPrT nanocomb. scale bar: 200 nm.
Abbreviations: Mal-PEG-SCM, maleimide-polyethylene glycol-succinimide; PPRT, polyethylenimine polymer–rituximab–tositumomab.

annexin V and propidium iodide staining
After a 16-hour treatment with 10 μg/mL RTX, Tos, or PPRT 

nanocomb, NHL cells were stained with Alexa Fluor-488 

labeled Annexin V antibody, and propidium iodide (PI) and 

analyzed by two-channel FCM of FL-1 (annexin-V) and FL-2 

(PI). Cells incubated with PPB and PPB + RTX + Tos were 

used as control treatments. For apoptosis inhibition assays, 

a cell-permeable pan-caspase inhibitor, Z-VAD-FMK (Pro-

mega Corporation, Fitchburg, WI, USA), was added 1 hour 

prior to the addition of therapeutic agents.
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cDc and aDcc assays
NHL cells were incubated with 10 μg/mL anti-CD20 mAbs 

or PPRT nanocombs. For CDC assays, 5% (v/v) fresh human 

serum (donated by Dr Zheng Xu) was employed as a source 

of complement, while, for ADCC assays, human peripheral 

blood mononuclear cells (donated by Dr Cong Wu) were 

added as effector cells with an effector/target ratio of 25:1. 

After a 4-hour incubation, dead cells were assessed using 

CytoTox-Glo™ Cytotoxicity Assay kit (Promega Corpora-

tion) following the product information. Cells lysed by the 

lysis reagent (digitonin) offered in the assay kit were used 

as positive controls.

lysosomal permeability
PPRT nanocomb- or mAb (10 μg/mL)-treated Raji cells 

were labeled with 200 nM Lyso-Tracker Red DND (Thermo 

Fisher Scientific) at 37°C for 10 minutes in the dark. Then 

FL-2 fluorescence (red) of labeled cells was assessed by 

FCM and confocal microscopy. Unlabeled cells were used 

as background controls.25,30

Mitochondrial membrane potentials 
and caspase activation assays
After a 16-hour treatment with 10 μg/mL RTX, Tos, and 

PPRT nanocomb, a JC-1 probe (Beyotime Biotechnology, 

Shanghai, People’s Republic of China) and the Vybrant® 

FAM Poly Caspases Assay Kit (Thermo Fisher Scientific) 

were employed to detect mitochondrial depolarization and 

caspase activation by FCM following the product informa-

tion, respectively.

homotypic adhesion determination
Raji cells were incubated with 2.5 μg/mL anti-CD20 mAbs 

or PPRT nanocombs for 8 hours and cell morphology was 

observed by light microscopy.

Pharmacokinetics
Three groups of three ICR mice were injected via the tail vein 

with 20 mg/kg RTX, Tos, and PPRT nanocomb, respectively, 

on day 0 and 1. After different time intervals, 40–60 μL 

venous blood was taken from the angular vein of the eyes. 

Serum concentrations of therapeutic antibodies were deter-

mined by enzyme-linked immunoassays.48,49 The pharmacoki-

netic parameters were analyzed by PKSolver software.50

survival analysis
Five groups of ten eight-week-old female SCID mice were 

injected via the tail vein with 1×107 NHL (Ramos, Raji, and 

JeKo-1) cells. After a week, mice were randomly administered 

tail-vein injections of PBS, RTX, Tos, PPB + RTX + Tos, or 

PPRT nanocomb (with a total antibody amount of 15 mg/

kg) every other day for five times. The mice were observed 

daily until natural death in a range of 120 days. All animals 

that survived were euthanatized at day 120.39,47

Treatment of established tumors in a 
localized human Nhl xenotransplant 
model
Because neither Ramos nor Raji cells could form measur-

able subcutaneous tumors in SCID mice in our preliminary 

studies, only JeKo-1 cells were used in the localized model. 

Briefly, cells (1×107) were inoculated subcutaneously into 

the lateral flank of 8-week-old female SCID mice. When 

tumors reached about 0.8–1.0 cm in length, 20 mg/kg RTX, 

Tos, PPB + RTX + Tos, or PPRT nanocomb was respectively 

intravenously injected via tail vein weekly for three times.7,15,48 

Tumor size was measured in two perpendicular diameters by 

a vernier caliper and estimated by the following function:38

 Tumor volume length width2= × / .2  (3)

statistical analysis
Statistical analysis was performed by Student’s t-test or one-

way analysis of variance to identify significant differences 

unless otherwise indicated. Differences were considered 

significant at a P-value of ,0.05.

Results
characterization of PPrT nanocomb
The characterization of PPRT nanocomb was firstly investi-

gated after successful construction. The schematic diagram of 

PPRT nanocomb molecular structure is illustrated in Figure 1B. 

The anchoring of mAbs to PEI polymer was confirmed by 

SDS–PAGE. As illustrated in Figure 1C, recognizable stranded 

protein bands are observed near the sample wells of PPRT nano-

comb (lanes 4 and 5) but not PEI polymer (lanes 6 and 7). By 

contrast, unmodified RTX (lane 2) and Tos (lane 3) both show 

clear protein bands at approximately 150 kDa. These results 

suggest that PPRT nanocomb was successfully prepared with 

a relatively high M
W

, which was further confirmed by dynamic 

light scattering (DLS) analysis (Figure 1D). As we can see, the 

mean radius of PPRT nanocomb was approximately 170 nm, 

compared with less than 7 nm for either free RTX or Tos. Also, 

the morphology of PPRT nanocomb was observed by atomic 

force microscopy, with the results displayed in Figure 1E.
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Table 1 Physical and chemical parameters of PPrT nanocomb

Rh (nm) PDI Mm (g/mol) mAb/PPRT 
nanocomb

170.1 0.075 2.89×106 19.5

Abbreviations: mAb/PPRT, number of mAb molecules per PPRT nanocomb; Mm, 
weight-average molar mass; PDI, particle dispersion index; PPRT, polyethylenimine 
polymer–rituximab–tositumomab; Rh, averaged hydrodynamic radius.

More importantly, successful fabrication of PPRT nano-

comb was validated by estimating antibody molecules per 

nanocomb according to the following equation:

 mAb per nanocomb =
−

+

M M

M M
m PPRT W

W mAb W MPEGS

( ) ( )

( ) ( )

.PEI  (4)

Here, M
m(PPRT)

 is the weight-average molar mass of PPRT 

nanocomb, which was estimated to be 2.89×106 g/mol by 

static light scattering analysis. The M
W(PEI)

, M
W(mAb)

, and 

M
W(MPEGS)

 are, respectively, 70 kDa, 143.9 kDa, and 1 kDa 

according to their own product descriptions. Therefore, we 

can estimate that there are, on average, ~19.5 mAb molecules 

per nanocomb (Table 1).

cellular binding
Figure 2A demonstrates that the exposure of Raji cells to 

RTX-488 or Tos-647 led to the decoration of cytomembranes 

with, respectively, green and red fluorescence, while the 

exposure to PPRT nanocomb led to both fluorescence decora-

tions. The results suggest that the outstanding biorecognition 

between nanocomb and CD20 was not affected during the 

course of PPRT nanocomb preparation.

The binding “off-rate” experiments were performed by 

comparing the remaining ratio of PPRT nanocomb and free 

mAbs on cellular surface at different time intervals post-mAb 

incubation. As shown in Figure 2B and C, approximately 

48.9%±4.1% of PPRT nanocomb remained on cellular sur-

face after 24 hours, compared with 10.2%±2.2% of RTX 

(P,0.01) and 30.1%±5.2% of Tos (P,0.01), as well as 

21.3%±5.2% of RTX + Tos (P,0.01). These results indicate 

that PPRT nanocomb possesses a reduced “off-rate” when 

compared with liberal mAbs.

In vitro tumor-killing ability
Figure 3A and B reveal that RTX (type I) but not Tos (type II)  

exhibits potent ability to mediate CDC. Just as per our expec-

tation, the abilities of PPRT nanocomb to mediate both CDC 

and ADCC are not affected when compared with parental 

mAbs (RTX + Tos) or PPRT nanocomb components (PPB +  

RTX + Tos) (P.0.05). Figure 3C demonstrates that PPRT 

nanocomb can elicit a significantly higher level of PCD 

(characterized by annexin V+ subsets) than that induced by 

combination treatment with PPRT nanocomb components 

(PPB + RTX + Tos, P,0.01) in all the three NHL cell 

lines. Because PPB control treatment was unable to induce 

significant cell death, this excellent PCD-inducing ability 

has nothing to do with the PEI polymer.

Involvement of lysosomes in PPrT 
nanocomb-induced PcD
Previous studies revealed that lysosomes play an important role 

in type II mAb (Tos)-induced PCD in leukemia and lymphoma 

cells.30,31 In order to characterize the lysosome involvement 

in PPRT nanocomb-evoked cell death, a Lyso-tracker was 

employed in our further experiments. Figure 4A reveals that 

the cellular fluorescence intentsity of FL-2 (lysosome tracker) 

subjected to visible alteration after the treatment with Tos 

(Figure 4Aa) or PPRT nanocombs (Figure 4Ab). Figure 4B 

indicates that the coefficient of variation of Lyso-tracker 

fluorescence (FL-2) increased from 28.1±2.5 to, respectively, 

75.4±2.77 and 72.6±3.04 after the treatment with Tos and 

PPRT nanocomb, the results of which better describe the 

abovementioned fluorescence shift. Confocal microscopy 

images (Figure 4C) clearly explain this specific fluorescence 

shift. As we can see, in normal cells, cellular lysosomes were 

labeled as relatively small and confined organelles, while, after 

Tos treatment, an enlargement of red fluorescence-labeled com-

partments and diffusion of red fluorescence in the cytoplasm 

were clearly detected. Considering previous studies, we believe 

the Tos-treated cells were successively experiencing a swelling 

of lysosomes (enlargement of red compartments) and collapse 

of this compartment (diffusion of red fluorescence throughout 

the cytoplasm).25,30,31 Because Tos is one of the major compo-

nents of PPRT nanocomb, similar lysosomal alteration was 

also observed in PPRT nanocomb-treated cells (Figure 4C). 

For further confirmation of lysosomal compartment collapse, 

we performed immunofluorescence staining for cathepsin B (a 

lysosomal component). In accordance, a substantial increase 

of green fluorescence (cathepsin B) was found throughout the 

cytoplasm of PPRT nanocomb-treated cells (Figure 4D).

Involvement of caspase in PPrT 
nanocomb-induced PcD
For determining the caspase involvement in PPRT nanocomb-

induced PCD, we firstly detected the mitochondrial membrane 

potential of Raji cells by FCM post-JC-1 staining. Mitochondrial 

depolarization of cells was indicated by a decrease in FL-2 

fluorescence intensity (JC-1 red). As shown in Figure 4E, cells 

treated with PPRT nanocomb experienced a significant mito-

chondrial depolarization compared with those treated with free 
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Figure 2 Biorecognition of PPrT nanocomb on surface cD20 of raji cells.
Notes: (A) Binding activity of PPrT nanocomb and free mabs to surface cD20 of raji cells. cells incubated with 10 μg/ml rTX-488, Tos-647, or PPrT nanocomb-488/647 were 
observed with a confocal microscope. scale bar: 10 μm. (B and C) Dissociation of PPrT nanocomb and parental mabs from raji cells. (B) The histogram represents the fluorescence 
intensity distribution of Raji cells. The black histogram shows phosphate-buffered saline-treated cells. Red and blue histograms show the fluorescence intensity distribution after  
0 and 24 hours, respectively. (C) Numerical data representing the percentage of remaining mabs or PPrT nanocombs on cellular surface after different time intervals. Data are  
mean ± standard deviation (n=3).
Abbreviations: PPRT, polyethylenimine polymer–RTX–Tos; PPRT-488/647, Alexa Fluor-488/647-labeled PPRT; RTX, rituximab; RTX-488, Alexa Fluor-488-labeled RTX; 
Tos, tositumomab; Tos-647, Alexa Fluor-647-labeled Tos.

mAbs or PPRT nanocomb components (PPB + RTX + Tos) 

(P,0.01). The caspase involvement was further confirmed by 

direct detection of caspase activation. As indicated in Figure 4F, 

cellular caspase can be efficiently activated by PPRT nanocomb 

but not the simple mixing of its components (PPB + RTX + Tos, 

P,0.01). Similar results were obtained by Western blotting 

analysis, with the results shown in Figure 4G. PCD inhibition 

results (Figure 4H) revealed that Z-VAD-FMK (a cell-permeable 

pan-caspase inhibitor) over a range of concentrations from 10 to 

30 μM can hardly prevent free Tos- or RTX-induced PCD. How-

ever, PPRT nanocomb-evoked PCD can be significantly but not 

completely reduced in a dose-dependent manner (P,0.01).

PPrT nanocomb can evoke strong 
homotypic adhesion in targeting cells on 
account of cross-cell link
During our previous experiments, we accidentally found that 

PPRT nanocomb-treated cells experienced homotypic adhe-

sion (HA) more obviously than free mAbs. For confirmation 

of this interesting phenomenon, Raji cells were incubated with  

2.5 μg/mL anti-CD20 mAbs or PPRT nanocombs based on 

the results of our preliminary experiments, in which cells 

were incubated with different concentrations of therapeutic 

mAbs for various time intervals (data not shown). As 
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Figure 3 In vitro Nhl-suppressing ability of PPrT nanocomb.
Notes: (A) cDc activity against Nhl cells. (B) aDcc activity against Nhl cells. (C) PcD-mediating ability against Nhl cells. Data are expressed as mean ± standard 
deviation (n=3). **P,0.01.
Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; CDC, complement-dependent cytotoxicity; NHL, non-Hodgkin lymphoma; NT, no treatment; 
PCD, programmed cell death; PPB, polyethylenimine polymer–BSA; PPRT, polyethylenimine polymer–RTX–Tos; RT, rituximab+tositumomab; RTX, rituximab; Tos, 
tositumomab.

displayed in Figure 4I, PPRT nanocomb exhibited the 

strongest HA-evoking ability among all the groups, which 

we consider as a potential contributor to the excellent PCD-

inducing capability as discussed in the discussion section. 

Similar results were also observed in Ramos and JeKo-1 

cells (Figure S1).

Pharmacokinetics
Table 2 demonstrates that the clearance (CL) of PPRT 

nanocomb from mouse peripheral blood was slower than 

that of free mAbs (CL
PPRT

: 13.31±3.12 L/h versus CL
RTX

: 

12.3±0.9 L/h and CL
Tos

: 7.71±0.99 L/h), with an elimination 

half-life (404.3±56.0 h) longer than that of unmodified RTX 

(257.3±28.7 h, P,0.01) and Tos (268.4±11.2 h, P,0.01). 

The reduced CL of PPRT nanocomb may contribute to 

increased circulation time in the blood vessels, resulting in 

long-lasting tumor-suppressing activity.

PPrT nanocomb exhibits excellent Nhl-
suppressing ability in both disseminated 
and localized human Nhl xenotransplant 
models
Before in vivo studies, the dose safety experiments were 

performed in healthy SCID mice. The results (shown in 
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Figure 4 PPrT nanocomb can induce PcD in Nhl cells via both caspase-dependent and -independent pathways.
Notes: (A–D) Involvement of lysosomes in PPrT nanocomb-induced cell death. (A) after the treatment with therapeutic antibodies, raji cells were labeled by lyso-Tracker 
probe and determined by FCM. The histogram represents the fluorescence intensity distribution of Raji cells. (a) Black, background (unlabeled cells); red, NT group; green, 
RTX-treated group; blue, Tos-treated group. (b) Black, background (unlabeled cells); red, NT group; green, PPB-treated group; blue, PPRT nanocomb-treated group. (B) The 
coefficient of variation of FL-2 was calculated using FlowJo software and compared (**P,0.01). (C) after the treatment with therapeutic antibodies, raji cells were labeled by 
lyso-Tracker probe and observed with a confocal microscope. scale bar: 20 μm. (D) confocal microscopy images of cathepsin B staining (green). DNa was counterstained with 
DaPI (blue). scale bar: 25 μm. (E–H) Involvement of caspase in PPrT nanocomb-induced PcD. (E) Detection of the mitochondrial membrane potentials of anti-cD20 mab- and 
PPrT nanocomb-treated cells. Data are mean ± sD (n=3) (**P,0.01). (F) Direct detection of caspase activation in PPrT nanocomb-treated cells by FcM. cells were stained with 
a FlIca reagent and assessed by FcM. Percentage of caspase-activated cells among groups was calculated and compared. Data are mean ± sD (n=3) (**P,0.01). (G) Western 
blotting analysis for cleaved caspase 3 and 9 in PPrT nanocomb-treated raji cells. (H) PPrT nanocomb-induced PcD can be partly but not completely prevented by a pan-caspase 
inhibitor (Z-VaD-FMK). Data are expressed as mean ± sD (n=3) (**P,0.01). (I) effects of PPrT nanocomb nanocomb and free mabs on homotypic adhesion formation. raji 
cells were treated with 2.5 μg/mL therapeutic antibodies or PPRT nanocombs for 8 hours and cell morphology was observed with a light microscope. Magnification: 20×.
Abbreviations: FCM, flow cytometry; FL-2, Fluorescence-2; mt, mitochondrial; NHL, non-Hodgkin lymphoma; NT, no treatment; PCD, programmed cell death; PPB, 
polyethylenimine polymer–BSA; PPRT, polyethylenimine polymer–RTX–Tos; RT, rituximab + tositumomab; RTX, rituximab; SD, standard deviation; Tos, tositumomab.
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Figure 5 In vivo Nhl-suppressing activity of PPrT nanocomb.
Notes: (A–C) The survival of Nhl-bearing scID mice treated with PPrT nanocomb. scID mice were injected with 1×107 (A) ramos, (B) raji, or (C) JeKo-1 cells via tail 
vein on day 1, followed by treatment with free antibodies or PPrT nanocombs on days 7, 9, 11, 13, and 15. survival curves were plotted according to Kaplan–Meier method 
and compared using log-rank test. (D) groups of scID mice were inoculated subcutaneously with 1×107 JeKo-1 cells and treated with free antibodies or PPrT nanocombs. 
Tumor size was measured two-dimensionally with a vernier caliper and tumor volume is shown as mean ± standard deviation (n=4).
Abbreviations: NHL, non-Hodgkin lymphoma; PBS, phosphate-buffered saline; PPB, polyethylenimine polymer–BSA; PPRT, polyethylenimine polymer–RTX–Tos; RTX, 
rituximab; Tos, tositumomab.

Table 2 Parameters of pharmacokinetics

Parameter RTX Tos PPRT nanocomb

t1/2 (h) 257.3±28.7 268.4±11.2 404.3±56.0
cl (l/h) 13.31±3.12 12.3±0.9 7.71±0.99
MrT (h) 388.2±40.1 393.1±12.4 581.3±68.4
Vd (ml) 4.61±0.33 4.71±0.35 4.86±0.41

Note: Data are presented as mean ± standard deviation.
Abbreviations: CL, clearance; MRT, mean residence time; PPRT, polyethylenimine 
polymer–RTX–Tos; RTX, rituximab; t1/2, elimination half-life; Tos, tositumomab; Vd, 
apparent volume of distribution.

Figure S2) reveal that PPRT nanocomb demonstrated no toxic-

ity to SCID with the therapeutic dose of 20 mg/kg in the fol-

lowing experiments. In the disseminated model, NHL-bearing 

mice were randomly administered tail-vein injections of PBS 

and therapeutic agents every other day for five times. The 

survival curves are shown in Figure 5A–C and the statistical 

results in Table S1. As we can see, RTX and Tos significantly 

prolonged the survival of NHL-bearing mice compared to PBS 

control (P,0.05). Similar results were seen with combination 

therapy of PPRT nanocomb components (PPB + RTX + Tos) 

(P,0.05) and were not statistically different compared to 

single injection of unmodified RTX and Tos. However, 

administration of PPRT nanocomb led to distinct prolongation 

of graft survival, with more than 50% of mice in complete 

remission (Ramos: 9/10, Raji: 7/10, JeKo-1: 6/10) indicated 

by long-term survival (.120 days post treatment).

The outstanding NHL-suppressing activity was confirmed 

in a localized model. Figure 5D demonstrates that PPRT 

nanocomb-treated mice experienced a remarkable decrease in 

tumor burden compared with combination therapy of PPRT 

nanocomb components (PPB + RTX + Tos) as measured by 

tumor volume, with two out of four mice in complete remis-

sion characterized by no measurable mass, although immu-

notherapy by free antibodies can also induce a significant 

decrease of tumor burden compared with PBS control.

Discussion
The introduction of RTX for B-cell malignancies in 1997 

inaugurated a new era of cancer therapy showcasing mAbs.1,3 
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Figure 6 graphical representation of the superiorities of PPrT nanocomb in curing Nhls.
Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; CDC, complement-dependent cytotoxicity; NHL, non-Hodgkin lymphoma; PCD, programmed cell 
death; PPRT, polyethylenimine polymer–RTX–Tos; RTX, rituximab; Tos, tositumomab.

Despite the uncontested success in the clinic, the application 

of RTX is still limited because of drug resistance, which is 

defined as a lack of response to an RTX-containing regi-

men, or progression within 6 months of treatment with an 

RTX-containing regimen.16 In the past decades, more and 

more novel anti-CD20 mAbs have been developed for 

improving the therapeutic efficacy against naïve and resis-

tant NHLs.3,8,14 Presently, anti-CD20 mAbs can be grouped 

into two major categories (type I and type II) with different 

tumor-killing mechanisms, including CDC, ADCC, and 

direct induction of PCD.27 It is well established that cancer is 

usually multifactorial in nature, involving various redundant 

disease-mediating ligands and receptors, as well as crosstalk 

between signal cascades.51,52 Targeting only one or two path-

ways may not completely shut off a hallmark capability of 

cancer, allowing some malignant cells to survive until they 

or their progeny eventually adapt to the selective pressure 

imposed by the therapeutic agents.25,51–53 Therefore, activation 

of multiple tumor-suppression pathways may be an efficient 

way to improve therapeutic index and reduce drug resistance. 

However, all the current anti-CD20 mAbs effective in evok-

ing PCD are relatively ineffective in activating complements, 

and vice versa. Although secondary antibody cross-linked 

anti-CD20 mAb can significantly induce caspase-dependent 

apoptosis in malignant B-cells, this cross-link can hardly be 

realized in vivo.28,29

In the present work, a novel mAb nanocomb (PPRT 

nanocomb) was successfully prepared by mass arming of two 

different anti-CD20 mAbs, RTX (type I) and Tos (type II), by 

nanotechnology. To our knowledge, this is the first study to 

report a mAb derivative consisting of two distinct antibodies. 

In vitro experimental results clearly prove that PPRT nano-

comb can activate two distinct signal transduction pathways 

of PCD in targeting cells, including a lysosome-mediated 

pathway (induced by Tos) and a caspase-dependent pathway 

(induced by cross-link). Besides, because a great many mAbs 

tightly anchored to one nanocomb, PPRT nanocomb pos-

sesses the ability of binding to separate CD20 on neighboring 

cells, a phenomenon we termed as “cross-cell link”, which 

contributes to its outstanding HA-evoking ability. Previous 
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studies proved that increased HA of cancer cells may cause 

increased susceptibility to apoptosis.54,55 Moreover, mAb-

evoked HA of NHL cells can trigger specific intracellular 

alterations including lysosomal membrane permeabilization, 

mitochondrial depolarization, and phosphorylation or 

up/downregulation of proteins related to the apoptotic signal 

transduction pathways, culminating in PCD.11,15,24,26,30,31 Given 

previous publications and our findings, it would be reason-

able to attribute the superior PCD-inducing ability of PPRT 

nanocomb partly to the “cross-cell link”-assisted HA. Further 

experimental results revealed that both CDC and ADCC can 

also be synchronously activated with the presence of comple-

ment and effector cells. As far as we know, no therapeutic 

agents except for our nanocomb could concurrently activate 

all the four known tumor-suppressing mechanisms of CD20-

based immunotherapy (Figure 6) until now.

Subsequent in vivo studies indicated that PPRT nanocomb 

was more effective than free parental antibodies for NHL 

inhibition in both disseminated and localized human NHL 

xenotransplant models. This exceptionally excellent NHL sup-

pression ability may be due to the cooperation of the fol-

lowing mechanisms (Figure 6). Firstly, as discussed above, 

synchronous activation of all the known CD20-based immu-

notherapeutic mechanisms (including CDC, ADCC, caspase-

dependent apoptosis, and lysosome-mediated cell death) make 

resistance to PPRT nanocomb therapy much more difficult. 

Secondly, “cross-cell link”-assisted HA further enhanced the 

susceptibility to PCD of lymphoma cells. Thirdly, reduced CL 

from peripheral blood, together with the decreased binding 

“off-rate” to surface CD20 on malignant B-cells, contributes 

to the durable and long-lasting anti-lymphoma ability of PPRT 

nanocomb. In conclusion, it should be appreciated that our 

PPRT nanocomb is more than just the sum of its parts and mer-

its further evaluation as an NHL therapeutic in the clinic.
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Figure S1 effects of PPrT nanocomb and free mabs on homotypic adhesion formation.
Notes: ramos and JeKo-1 cells were treated with 2.5 μg/ml therapeutic antibodies or PPrT nanocombs for 8 hours and cell morphology was observed by a light 
microscope. Magnification: 20×.
Abbreviations: NT, no treatment; PPB, polyethylenimine polymer–BSA; PPRT, polyethylenimine polymer–RTX–Tos; RT, rituximab+tositumomab; RTX, rituximab; Tos, 
tositumomab.

Figure S2 Determination of the in vivo toxicity of PPrT nanocomb to scID mice.
Notes: Four groups of four SCID mice were administrated tail-vein injections of different doses (from 10–80 mg/kg) of PPRT nanocomb every other day for five times. 
survival curves were plotted according to Kaplan–Meier method and compared using log-rank test.
Abbreviation: PPrT nanocomb, polyethylenimine polymer–rituximab–tositumomab.

Table S1 MsT by survival analysis

Group Ramos Raji JeKo-1

MST (days) 95% CI MST (days) 95% CI MST (days) 95% CI

PBs 31±4.2 22.74–39.26 32±3.2 25.80–38.20 25±2.8 19.58–30.42
rTX 56±7.9 40.51–71.50 48±12.6 23.21–72.80 48±9.0 30.44–65.56
Tos 44±12.1 20.24–67.76 69±15.8 38.01–100.00 43±7.9 27.51–58.50

PPB + rTX + Tos 55±4.7 45.70–64.30 46±5.8 34.64–57.36 57±9.5 38.41–75.59

PPrT nanocomb .120 – .120 – .120 –

Abbreviations: CI, confidence interval; MST, median survival time; PBS, phosphate-buffered saline; PPB, polyethylenimine polymer–BSA; PPRT, polyethylenimine polymer–
RTX–Tos; RTX, rituximab; Tos, tositumomab.
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