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Background and Purpose: Around 40–50% of diffuse large-B cell lymphoma (DLBCL) 
patients suffer from refractory disease or relapse after R-CHOP first-line treatment. Many 
ongoing clinical trials for DLBCL patients involve microtubule targeting agents (MTAs), 
however, their anticancer activity is limited by severe side effects. Therefore, we chose to 
improve the therapeutic window of the MTA monomethyl auristatin E developing 
a nanoconjugate, T22-AUR, that selectively targets the CXCR4 receptor, which is over-
expressed in many DLBCL cells (CXCR4+) and associated with poor prognosis.
Methods: The T22-AUR specificity towards CXCR4 receptor was performed by flow 
cytometry in different DLBCL cell lines and running biodistribution assays in 
a subcutaneous mouse model bearing CXCR4+ DLBCL cells. Moreover, we determined 
T22-AUR cytotoxicity using cell viability assays, cell cycle analysis, DAPI staining and 
immunohistochemistry. Finally, the T22-AUR antineoplastic effect was evaluated in vivo in 
an extranodal CXCR4+ DLBCL mouse model whereas the toxicity analysis was assessed by 
histopathology in non-infiltrated mouse organs and by in vitro cytotoxic assays in human 
PBMCs.
Results: We demonstrate that the T22-AUR nanoconjugate displays CXCR4-dependent 
targeting and internalization in CXCR4+ DLBCL cells in vitro as well as in 
a subcutaneous DLBCL mouse model. Moreover, it shows high cytotoxic effect in 
CXCR4+ DLBCL cells, including induction of G2/M mitotic arrest, DNA damage, mitotic 
catastrophe and apoptosis. Furthermore, the nanoconjugate shows a potent reduction in 
lymphoma mouse dissemination without histopathological alterations in non-DLBCL infil-
trated organs. Importantly, T22-AUR also exhibits lack of toxicity in human PBMCs.
Conclusion: T22-AUR exerts in vitro and in vivo anticancer effect on CXCR4+ DLBCL 
cells without off-target toxicity. Thus, T22-AUR promises to become an effective therapy for 
CXCR4+ DLBCL patients.
Keywords: nanomedicine, targeted drug delivery, MMAE, DLBCL

Introduction
Diffuse Large B-cell lymphoma (DLBCL) is the most frequent non-Hodgkin 
lymphoma (NHL).1 Although the addition of rituximab to the standard chemother-
apy has improved the outcome of DLBCL patients, about 40–50% of them develop 
relapsed/refractory (R/R) disease after treatment with rituximab plus cyclopho-
sphamide, doxorubicin, vincristine and prednisone (R-CHOP).2,3 This is usually 
managed with salvage chemotherapy and, after a complete or partial response, 
patients undergo a hematopoietic stem cell transplant (HSCT). However, patients 
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younger than 60 years old with high International 
Prognostic Index (IPI) and disseminated DLBCL do not 
have a standard first-line therapy. Moreover, some DLBCL 
patients do not respond to the high-dose chemotherapy or 
they are not initially candidate for HSCT (second-line 
therapy), or even fail to the HSCT (needing third-line 
therapy).4 Furthermore, current chemotherapy can induce 
life-threatening side effects in DLBCL patients.5 Thus, 
new treatments are urgently needed to enhance their anti-
neoplastic effect in lymphoma cells without damaging 
normal cells. Actively targeted nanoparticles, containing 
a ligand that allows their specific targeting to a receptor 
overexpressed in cancer cells, have appeared as 
a promising option.6,7 Here, we chose the CXCR4 receptor 
to target lymphoma cells, since around 30–50% of 
DLBCL biopsies overexpress this receptor (CXCR4+)8,9 

and its expression in lymphoma cells is much higher than 
in normal B cells.10 Moreover, CXCR4 overexpression is 
a poor prognostic factor in DLBCL patients.9,11

Interestingly, microtubule-targeting agents (MTAs) 
promise to become potent drug-payloads in anticancer 
treatments. Microtubules are tubulin polymers and essen-
tial components of the cytoskeleton that undergo constant 
assembling and disassembling within the cell. The main 
role of microtubules is the segregation of the chromo-
somes to the spindle poles during mitosis with the conse-
quent formation of daughter cells.12 However, they are 
involved in many other cellular processes, such as intra-
cellular trafficking, migration and angiogenesis.13,14 

Therefore, their dynamic features and their implication in 
the cancer cell survival renders them good antineoplastic 
targets.

Our group designed a T22-AUR therapeutic nanocon-
jugate that includes the T22-GFP-H6 protein nanocarrier, 
previously demonstrated to selectively target CXCR4 
receptor-overexpressing DLBCL cells,15 and is conjugated 
with the MTA monomethyl auristatin E (MMAE), aiming 
at selectively killing CXCR4+ DLBCL cells. Furthermore, 
this nanoconjugate has recently demonstrated efficacy in 
treating an aggressive acute myeloid leukemia dissemi-
nated mouse model.16

MMAE has been tested in different clinical trials 
always conjugated with monoclonal antibodies in the 
form of antibody-drug conjugates (ADCs).17 Currently, 
there are two ADCs-MMAE approved by the FDA, 
being both indicated for the treatment of hematological 
malignancies.18 Brentuximab vedotin targets CD30, which 
is expressed in anaplastic large cell lymphoma and 

Hodgkin’s lymphoma cells,19 whereas polatuzumab vedo-
tin targets the CD79b marker and was recently approved 
for the treatment of R/R DLBCL patients.20 Nevertheless, 
all ADCs, including these two ADCs-MMAE that have 
reached the clinical setting, share the issue of limited 
efficacy because less than 1% of the total administered 
ADC dose reaches the tumor.21,22 Here, we tested the T22- 
AUR nanoconjugate that displays around twelve CXCR4 
ligands per drug-loaded nanoparticle,16 which enhances 
tumor uptake and selective CXCR4+ DLBCL cell killing 
and leads to a potent blockade of lymphoma dissemination 
while reducing systemic toxicity in non-infiltrated organs.

Materials and Methods
T22-AUR Nanoconjugate Production and 
Characterization
T22-GFP-H6 nanocarrier was produced in E. coli Origami 
B strain as previously described in Int J Nanomedicine. 
2012;7:4533–44. Maleimide functionalized Monomethyl 
Auristain E (MC-MMAE) was acquired as custom synth-
esis from Levena Biopharma (Levena Biopharma, San 
Diego, CA, USA). T22-GFP-H6-MMAE (T22-AUR) 
nanoconjugate was synthetized by the covalent binding 
of MC-MMAE to T22-GFP-H6 through protein lysine 
amines (generation of Alkylamine bonds) in a one-pot 
reaction. For that, T22-GFP-H6 was incubated in presence 
of a 1:50 molar excess of MC-MMAE for 4 h at R.T in 
sodium carbonate buffer (166 mM NaCO3H, 333 mM 
NaCl pH=8). T22-AUR nanoconjugate was then re- 
purified by IMAC affinity chromatography in order to 
remove non-reacted free MC-MMAE molecules. Finally, 
re-purified nanoconjugates were dialyzed against sodium 
carbonate buffer and filtered through 0.22 µm pore filter. 
Conjugation efficiency was checked by MALDI-TOF 
mass spectrometry and nanoconjugate final concentration 
determined by Bradford assay.

Volume size distribution and zeta potential of parental 
T22-GFP-H6 nanocarrier and T22-AUR nanoconjugate 
was determined by Dynamic Light Scattering (DLS) and 
Electrophoretic Light Scattering (ELS), respectively, in 
a Zetasizer Nano ZS (Malvern instruments) at 633 nm.

Average molar mass of T22-GFP-H6 nanoparticle and 
T22-AUR nanoconjugate was determined by size exclu-
sion chromatography coupled to a multi angle light scat-
tering (SEC-MALS). For that, 200 µg of each sample was 
injected in a Superdex 200 increase 10/300 GL column 
(GE Healthcare, Chicago, Illinois, USA) and run in 
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a sodium carbonate buffer supplemented with zinc (166 
mM NaCO3H, 333 mM NaCl, 0.1 mM ZnCl2 pH=8). 
Eluent was monitored by an in-line UV-Vis detector, 
a Dawn Heleos MALS detector and an Optilab rEX RI 
detector (Wyatt Technology Corporation, Santa Barbara, 
California, USA). All data were then analyzed by Astra 
6.0.2.9 software (Wyatt Technology Corporation) using 
dn/dc value of 0.185 (mL/g) and protein UV molar extinc-
tion coefficient value of 1.099 (mL/mg.cm).

DLBCL Cell Lines and Human PBMCs
The human Toledo and U-2932 DLBCL cell lines were 
cultured with RPMI 1640 medium whereas the human 
SUDHL-2 DLBCL cell line was cultured in IMDM med-
ium. All cell lines were supplemented with 10% fetal 
bovine serum (FBS), 1% glutamine and 100 U/mL peni-
cillin-streptomycin (Thermo Fisher Scientific, Waltham, 
MA, USA) and were incubated at 37°C and 5% CO2 in 
humidified atmosphere. Toledo cell line was purchased 
from the American Type Culture Collection (ATCC, 
Manassas, Virginia, USA) and U-2932 cell line from the 
German Collection of Microorganisms and Cell Cultures 
(DSMZ, Braunschweig, Germany). Finally, SUDHL-2 was 
kindly provided by Dr L. Pasqualucci (Columbia 
University, NY, USA) and its use approved by IIB-Sant 
Pau research ethics committee.

U-2932 cell line was transfected with the Luciferase 
gene (pPK-CMV- F3, Promokine, TE Huissen, The 
Netherlands) by electroporation (Nucleofector TM 2b 
Device, Lonza, Basel, Switzerland). Then, transfected 
cells were selected with 0.4 mg/mL of geneticin (Thermo 
Fisher Scientific) in order to achieve stable clones.

Fresh peripheral blood was obtained from healthy 
donors after acquiring informed consent and approval of 
the Hospital de la Santa Creu i Sant Pau Ethical 
Committee for Clinical Research. Human PBMCs were 
isolated by Lymphoprep gradient centrifugation (Stem 
Cell Technologies Vancouver, BC, Canada) followed by 
red blood cell lysis (Thermo Fisher Scientific) according to 
the manufacturer’s instructions. Human PBMCs were 
maintained in culture for 48 h in Iscove’s modified 
Dulbecco’s medium (IMDM) supplemented with 3% heat 
inactivated FBS, 2 mM L-glutamine (Thermo Fisher 
Scientific), 20% BIT 9500 Serum Substitute (StemCell 
Technologies), 5 ng/mL IL-3 (Peprotech, Rocky Hill, NJ, 
USA), 5 × 10−5 M β-mercaptoethanol (Sigma-Aldrich, St 
Louis, MO, USA), 1 mM sodium pyruvate and 0.1 mM 
non-essential amino acids (Thermo Fisher Scientific).

In vitro Nanoconjugate Internalization
The evaluation of the T22-AUR internalization in different 
DLBCL cell lines was performed measuring the GFP 
levels of the nanoconjugate and using the FACS Calibur 
flow cytometer (BD Biosciences, San Jose, CA, USA). 
Cells were incubated with 10 nM T22-AUR for 
1 h. Then, cells were washed with PBS and trypsinized 
for 15 min (1 mg/mL trypsin, Thermo Fisher Scientific) in 
order to remove nonspecific binding of nanoconjugates to 
the cell membrane. The competition assays were done by 
preincubating the cells for 1 h with 100 nM of the CXCR4 
antagonist AMD3100 (Sigma-Aldrich, St-Louis, MO, 
USA). Results were analyzed with Cell Quest Pro software 
(BD Biosciences) and expressed as mean fluorescence 
intensity (MFI).

Cytotoxicity Assays
The in vitro cytotoxic effect of T22-AUR was evaluated 
using the colorimetric cell proliferation kit (XTT) after the 
exposure of the three DLBCL cell lines (3.5·105 cells/mL) 
or human PBMCs (10·105 cells/mL) to buffer (166 mM 
NaCO3H 333 mM NaCl, pH=8) or different concentrations 
of T22-AUR for 48 h in 96 well plates. Then, XTT reagent 
(Roche Diagnostics, Basel, Switzerland) was added and, 
after 4 h incubation, cell viability was quantified by mea-
suring the absorbance at 492 nm wavelength using 
a FLUOstar OPTIMA spectrophotometer (BMG Labtech, 
Ortenberg, Germany). Moreover, the cytotoxic effect of 
free MMAE (Levena Biopharma) or vehicle DMSO 
(Sigma-Aldrich) in the DLBCL cell lines was also evalu-
ated following the same procedure. IC50 of free MMAE 
for all DLBCL cell lines was calculated using the 
GraphPad Prism 6 program. Competition viability assays 
were done by 1 h pretreatment of U-2932 cells with 
AMD3100 followed by the addition of the T22-AUR 
nanoparticle (ratio 10 AMD300 – 1 T22-AUR). Data 
were shown as percentage of cell death in relation to its 
control (buffer, DMSO or AMD3100).

CXCR4 Flow Cytometry
CXCR4 membrane determination was done by flow cyto-
metry in human PBMCs and DLBCL cells, after washing 
with PBS 0.5% BSA and incubating with either PE-Cy5 
mouse anti-human CXCR4 monoclonal antibody (BD 
Biosciences) or PE-Cy5 Mouse IgG2a isotype (BD 
Biosciences) as negative control. Results were analyzed 
using the FACS Calibur flow cytometer with the Cell 

International Journal of Nanomedicine 2021:16                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
1871

Dovepress                                                                                                                                                            Falgàs et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Quest Pro software and expressed as ratio of CXCR4 MFI 
divided by isotype MFI.

Cell Cycle Analysis
Cells were treated with buffer or 125 nM of T22-AUR for 
24 h and 48 h. Then, 1.2·106 cells were centrifuged and 
washed with PBS. Afterwards, cells were fixed with cold 
66% ethanol for 2 h at 4°C, centrifuged and washed with 
PBS. Finally, propidium iodide (Merck Millipore, 
Burlington, Massachusetts, USA) and RNAse (Thermo 
Fisher Scientific) were added at a final concentration of 
40 µg/mL and 20 µg/mL, respectively, and cells were 
incubated at 37°C for 20 min. Cells were analyzed using 
the FACS Calibur flow cytometer and data were obtained 
using the Cell Quest Pro software (BD Biosciences).

Paraffin-Embedded Cell Blocks
Toledo, U-2932 and SUDHL-2 cells were seeded at 
3.5·105 cells/mL in 75 cm2 cell culture flasks. Moreover, 
U-2932 cells were either treated with buffer or 125 nM of 
T22-AUR for 24 h and 48 h. Then, paraffin-embedded cell 
blocks were prepared from the pellet of centrifuged cell 
suspension by adding five drops of plasma and thrombin to 
enmesh the cellular material in a clot. Then, cell clots were 
placed in a cassette, fixed in 4% paraformaldehyde and 
paraffin-embedded in a tissue processor (Sakura, Tokyo, 
Japan) for future histology or immunohistochemistry 
(IHC) evaluations.

DAPI Staining
U-2932 cells (3.5·105 cells/mL) were incubated with buffer 
or 125 nM T22-AUR for 24 h and 48 h. After, cells were 
washed with PBS, resuspended with 3.7% of paraformalde-
hyde (Thermo Fisher Scientific) and fixed for 10 min at 
−20°C. Then, cells were resuspended with 10 μL of PBS 
and were let air dry on a slide. Finally, cells were stained 
with DAPI mounting medium (Thermo Fisher Scientific) and 
visualized using a fluorescence microscope (Olympus BX53, 
Olympus, Tokyo, Japan). Representative pictures were taken 
using an Olympus DP73 digital camera and processed with 
the cellSens Dimension 1.9 software (Olympus) at 400x. 
Apoptotic cells were visualized as chromatin condensation 
and/or formation of apoptotic bodies, while mitotic cata-
strophe (MC) cells as aberrant mitosis formation.

Annexin/PI Staining
DLBCL cells were seeded at 3.5·105 cells/mL and treated 
with buffer or 125 nM T22-AUR for 24 h or 48 h. The 

percentage of apoptosis (early/late) for each condition was 
evaluated using the Annexin V-CF Blue/PI apoptosis 
detection kit (Abcam, Cambridge, UK) and following the 
manufacturer’s instructions. Data were analyzed by 
MACSQuant analyzer flow cytometry using the MACS 
Quantify version 2.3 software (Miltenyi Biotec).

Western Blotting
DLBCL cells were seeded at 3.5·105 cells/mL and treated 
with buffer or 125 nM T22-AUR for 24 h and 48 h. Then, 
cells were washed with PBS and resuspended in lysis buffer 
(1 M Tris/acetate, 1 M sucrose, 100 mM EDTA, 100 mM 
EGTA, 10% Triton-X-100, 100 mM Naorto, 100 mM 
Naβglycerol, 0.5 M NaF, 100 mM Napyro, β-mercapto, 
100 mM Benzamidine, 1.74 mg/mL PMSF and 2 mg/mL 
leupeptin). The cell suspension was sonicated and rested for 
20 min on ice and centrifuged for 10 min at 18000g at 4°C. 
Protein concentration in supernatant was determined using 
the Bradford protein assay (BioRad, Hercules, California, 
USA), according to the manufacturer’s instructions. Cell 
lysates (50 μg) were separated using 12–15% SDS-PAGE 
and transferred to a nitrocellulose blotting membrane. 
Membranes were blocked with 5% skim milk in TBST for 
2 h at room temperature, and then incubated with primary 
antibodies, 1:2000 PARP (556494, BD) O/N, 1:1000 cas-
pase-3 (610322, BD) O/N, 1/1000 cleaved caspase-3 (9661, 
Cell Signaling Technology, Danvers, Massachusetts, USA) 
O/N, 1:10000 GAPDH (MAB374, Merck Millipore) for 1 h 
or 1:1000 α/β tubulin (2148, Cell Signaling Technology) for 
1 h. Membranes were washed with TBST and then incu-
bated with the appropriate secondary antibody (1:10000, 
Jackson Immune Research, West Grove, Pennsylvania, 
USA). Western blot visualization was performed using the 
SuperSignal West Pico Chemiluminescent Substrate 
(Thermo Fisher Scientific) and the Universal Hood II Gel 
Doc Imaging System (BioRad).

Animal Maintenance
Four-week-old female NOD/SCID mice were obtained 
from Charles River Laboratories. Mice were maintained 
in specific pathogen-free (SPF) conditions with sterile 
food and water ad libitum. All animal experiments were 
approved by the Hospital de la Santa Creu i Sant Pau 
Animal Ethics Committee (project number 10108 by the 
Government of Catalonia) and performed following the 
European Union Directive 2010–63-EU for welfare of 
the laboratory animals.
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In vivo Nanoconjugate Biodistribution
The nanoconjugate biodistribution was assessed in 
a subcutaneous (SC) DLBCL mouse model. Firstly, 
10 million DLBCL Toledo cells were injected in both 
dorsal flanks of NOD/SCID mice. Tumor growth was 
monitored twice a week with bilateral caliper measure-
ments. The mean tumor volumes were calculated using 
the equation (length·width2)/2. When tumors reached 
a volume of 600–800 mm3, mice received a single intra-
venous (IV) dose of 325 μg T22-AUR (n=3/time point) or 
166 mM NaCO3H 333 mM NaCl pH=8 buffer (n=3). 
Fluorescence intensity (FLI) was measured ex vivo at 
two time points (5 h and 24 h) in subcutaneous tumors 
and all organs after carefully washing each organ with 
physiological serum. The emitted FLI, expressed as aver-
age radiant efficiency, measures the amount of accumu-
lated T22-AUR, detected by the fluorescence emission of 
the GFP domain, in each tissue. FLI from experimental 
mice was calculated subtracting the FLI auto-fluorescence 
of control mice. FLI was registered in the IVIS Spectrum 
200 Imaging System (Perkin Elmer, Waltham, MA, USA). 
The area under the curve (AUC) of the emitted FLI during 
the 0–24 h period was calculated using the GraphPad 
Prism 6 program.

Finally, tumors were collected, fixed and paraffined to 
perform immunofluorescence assays.

In vivo Nanoconjugate Antineoplastic 
Effect
NOD/SCID mice were intravenously injected with 
20 million luciferase-transfected U-2932 cells in 200 μL 
of physiological serum. Three days after cell injection, 
mice were divided randomly in the control group, admi-
nistered with buffer (166 mM NaCO3H 333 mM NaCl, 
pH=8), and the experimental group administered with 100 
μg T22-AUR. The administration of buffer or T22-AUR 
was performed three times per week for twelve doses. 
Lymphoma dissemination was monitored, once per week, 
using bioluminescence imaging (BLI, total radiance 
photons) in the IVIS Spectrum (Perkin-Elmer). Mice 
were anesthetized with 3% isoflurane in oxygen and BLI 
was captured 5 min after intraperitoneal injection of firefly 
D-luciferin (2.25 mg/mouse, Perkin Elmer). Moreover, 
mouse body weight was registered throughout the course 
of the study.

All mice were euthanized when the first mouse pre-
sented relevant signs of disease such as poor mobility or 

significant weight loss. At that day, the BLI of lymphoma- 
infiltrated organs was analyzed ex vivo. Finally, all organs 
were collected, fixed in 4% formaldehyde and paraffin- 
embedded for further histopathological or immunohisto-
chemical evaluations.

Immunofluorescence Microscopy
Tumor paraffin sections were used for the simultaneous 
immunodetection of GFP, CXCR4 and DAPI staining in 
a confocal microscopy. Tumor slides were heated 15 min 
at 60°C, dewaxed and rehydrated. Antigen retrieval was 
performed using pH=9 citrate buffer with DeCloaking 
Chamber. For the immunodetection, sections were washed 
3 times with TBS for 5 min and blocking buffer (TBS1x + 
0.5% triton + 3% donkey serum) was added 1 h at RT. 
Slides were incubated with the GFP chicken IgY 1:250 
(AVES, Davis, CA, USA) and the CXCR4 rabbit IgG 
1:250 (Abcam) primary antibodies overnight at 4°C and 
2 h at RT. Then, sections were washed and the secondary 
antibodies, an anti-chicken IgY-Cy2 1:50 antibody 
together with an anti-rabbit IgG-Cy5 1:200 antibody, 
were added to the tissue sections for 2 h at 37°C. After 
three additional TBS washes, the sections were stained 
with DAPI 1:10000 for 10 min at RT and, finally, the 
mounting medium was added.

Furthermore, to determine whether T22-AUR coloca-
lized with lysosomes, live U-2932 cells were incubated for 
5 h with 1 µM T22-AUR. Then, cells were centrifuged and 
resuspended with 1 mL of cultured medium. 
LysotrackerTM DeepRed (Thermofisher) and Hoescht 
bisBenzimide H 33342 trihydrochloride (Sigma-Aldrich) 
were added at a final concentration of 70 nM (37°C for 
1 h) and 1 μg/mL (37°C for 30 min), respectively.

All immunofluorescence pictures were taken with 4.17 
or 5.00 zoom using the 63X/1.30 objective in a Confocal 
TCS SPE microscope (Leica, Wetzlar, Germany) using 
LAS AF software (Leica).

Histopathology
All organ sections of paraffin-embedded samples were ana-
lyzed histopathologically (H&E staining) by two indepen-
dent observers to assess either the antineoplastic effect in 
DLBCL infiltrated organs or the possible toxicity in non- 
DLBCL infiltrated organs. Pictures were taken at 100x or 
200x using an Olympus DP73 digital camera and processed 
with the cellSens Dimension 1.9 software (Olympus).
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Immunohistochemistry (IHC)
Anti-CXCR4 (1:300, Abcam) antibody was used for the 
evaluation of CXCR4 expression in cellular blocks from 
three different DLBCL cell lines. Anti-H2AX pSer139 
(γH2AX, 1:800, Novus, Centennial, CO, USA) and anti- 
cleaved Poly (ADP-ribose) polymerase (cleaved PARP, 
1:300, Promega, Madison, Wisconsin, USA) antibodies 
were used in cellular blocks from U-2932 cells treated with 
T22-AUR. Anti-CD20, anti-CD79a, anti-Ki67 (Dako, Santa 
Clara, CA, USA) and anti-CXCR4 (1:300, Abcam) IHC 
were performed in mouse paraffin-embedded organs. All 
IHC analyses were performed in a DAKO Autostainer 
Link48 following the manufacturer’s instructions. The 
stained area of positive cells was quantified using the 
Olympus CellD Imaging 3.3 software in 6-fields for cellular 
blocks and 12-fields for mouse organs. Data were shown as 
positive stained area of samples treated with T22-AUR 
divided by the positive stained area of buffer-treated samples. 
The pictures were taken at 100x, 200x or 400x. Moreover, for 
the CXCR4 determination in cellular blocks, pictures were 
captured with the exact same exposure time and the CXCR4 
intensity was measured using the Image J software 
(1.8.0.172). We used the Colour Deconvolution Plugin with 
the H DAB vector to split the brown staining adjusting the 
threshold to 30. After that, the “Analyze particles” plugin 
was used to detect all stained areas and the mean gray value 
was obtained combining all selected black areas and using 
the ROI Manager. The intensity value of each analyzed slide 
was calculated subtracting 255 to the mean gray value 
obtained by the Image J analysis.

Statistical Analysis
All results were expressed as mean ± standard error (SE). 
Differences between groups were analyzed using either the 
T-Student test or Mann–Whitney U-test after the testing of 
normality (Shapiro Wilk test). Differences were consid-
ered statistically significant at p≤0.05. Statistical calcula-
tions were performed using SPSS software v21 
(New York, NY, USA).

Results
Characterization of Functionalization of 
T22-AUR Nanoconjugate
T22-AUR nanoconjugate was generated by the covalent 
binding of maleimidocaproyl functionalized MMAE mole-
cules (MC-MMAE) through solvent exposed protein 
lysine-amines of T22-GFP-H6 nanocarrier in a one-pot 

reaction (Figure 1A). MALDI-TOF mass spectrometry 
spectra revealed up to 12 peaks with a sequential incre-
ment of around 911 Da over the T22-GFP-H6 protein 
molecular weight (30.6 kDa) (Figure 1B), corresponding 
each one to the incorporation of an additional MC-MMAE 
molecule (911 Da). T22-GFP-H6 conjugation did not sig-
nificantly disturb nanoparticles supramolecular structure, 
which showed a mild increment in size (+5.5 nm) upon 
conjugation (Figure 1C). Finally, SEC-MALS analysis 
showed an average molar mass increment of 207 kDa in 
T22-AUR nanoconjugate (564 kDa) over parental T22- 
GFP-H6 nanoparticles (357 kDa). This fact suggested an 
average incorporation of around 19 MMAE molecules per 
protein (or around 228 MMAE molecules per nanoparti-
cle) considering that each nanoparticle is composed by 
approximately 12 monomers of T22-GFP-H6 protein 
(Figure 1D).

Specific T22-AUR Entrance Through the 
CXCR4 Receptor in DLBCL Cell Lines
Before evaluating the therapeutic effect of the T22-AUR, 
we first determined the in vitro internalization of the 
nanoconjugate inside the DLBCL cell lines through the 
CXCR4 receptor expressed in the cell membrane. Toledo 
and U-2932 DLBCL cell lines had high levels of CXCR4 
receptor (CXCR4+ DLBCL cells), achieving intensity 
mean values as high as 227.68±0.06 and 226.42±0.05, 
respectively, over a total of 255. In contrast, the 
SUDHL-2 cell line did not express the receptor (Figure 
2A and B). Then, the T22-AUR internalization was mea-
sured, after 1 h exposure, by quantifying the fluorescence 
emission of the GFP domain incorporated to the nanocon-
jugate. T22-AUR internalized in CXCR4+ DLBCL cells in 
a high amount, being the MFI 27.88±3.01 and 14.25±1.64 
in Toledo and U-2932 cells, respectively. This internaliza-
tion was CXCR4-dependent since when CXCR4+ DLBCL 
cells were pre-incubated 1 h with AMD3100, an antago-
nist of CXCR4 receptor, the nanoconjugate entrance was 
blocked and the MFI significantly decreased, reaching 
levels as low as 5.92±0.22 in Toledo cells and 4.02±0.09 
in U-2932 cells. Besides that, the negative-CXCR4 
SUDHL-2 cell line showed low MFI levels (3.15±0.13) 
after 1 h exposure to T22-AUR, which practically did not 
differ from control cells treated with buffer (2.97±0.12) or 
cells pre-incubated with AMD3100 before the T22-AUR 
addition (2.97±0.01) (Figure 2C).
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Figure 1 T22-AUR nanoconjugate characterization. (A) T22-GFP-H6 nanoparticle conjugation with maleimide functionalized MMAE (MC-MMAE) through protein lysine 
amines in order to form the T22-AUR nanoconjugate. The number of conjugated MMAE molecules (purple stars) is only illustrative. (B) MALDI-TOF mass spectrometry 
spectra of parental T22-GFP-H6 and T22-AUR nanoconjugate. Each peak over 30.6 kDa in T22-AUR indicates the covalent incorporation of an additional MMAE molecule 
(+911Da). (C) Volume size distribution (size) and zeta potential (zeta) of T22-GFP-H6 nanoparticle (red) and T22-AUR nanoconjugate (purple) determined by light 
scattering. Pdi indicates polydispersion index. Data are presented as mean ± standard error. (D) Average molar mass distribution of parental T22-GFP-H6 nanoparticle (red) 
and T22-AUR nanoconjugate (purple) determined by size exclusion chromatography coupled to a multi angle light scattering (SEC-MALS).
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High Tumor Uptake and Internalization of 
T22-AUR in SC Tumors of CXCR4+ 

DLBCL Cells
After a single intravenous dose of 325 μg of T22-AUR in 
a subcutaneous (SC) mouse model bearing CXCR4+ 

Toledo cells, the nanoconjugate achieved a high tumor 
uptake in SC tumors and negligible fluorescence levels 
(FLI) in the normal organs (spleen, pancreas, liver, heart, 
lungs, kidneys and bone marrow) (Figure 3A). The FLI 
peak of T22-AUR in SC tumors was at 5 h (1.36±0.51·107 

radiant efficiency) and decreased considerably at 24 
h (0.61±0.29·107 radiant efficiency). The highest FLI 
levels in non-DLBCL infiltrated organs were observed in 
kidneys at 5 h (0.35±0.06·107 radiant efficiency) and liver 
at 24 h (0.22±0.22·107 radiant efficiency), which showed 
3.88-fold and 2.77-fold lower levels than SC tumors, 
respectively, at each corresponding time point (Figure 3B 
above). Moreover, the AUC of the emitted FLI revealed 
that the highest percent of the total T22-AUR injected 

dose accumulated in SC tumors (57.91 ±5.01%), followed 
by the uptake in kidneys (15.10±2.32%) and liver (10.74 
±1.84%) (Figure 3B below).

Furthermore, we analyzed the in vivo T22-AUR inter-
nalization in the CXCR4+ Toledo cells of SC tumors. By 
immunofluorescence, we could detect the localization of 
T22-AUR, with an anti-GFP antibody, observing that it 
was located in the membrane as well as in the cytosol of 
Toledo cells in the SC tumors of mice treated with a single 
bolus of T22-AUR. In the buffer-treated animals, there 
was no presence of GFP in the SC tumors. Regarding the 
CXCR4 expression, the receptor was detected predomi-
nantly in the membrane of SC tumor cells of animals 
treated with buffer whereas the CXCR4 expression was 
more dot-pointed in the group of animals treated with the 
nanoconjugate, suggesting the endocytosis of the receptor 
inside the cytosol of lymphoma cells. In the merged 
images, a co-localization of CXCR4 and T22-AUR was 
visualized in the membrane and inside of lymphoma cells 
(Figure 3C).

Figure 2 Assessment of CXCR4 expression intensity and nanoconjugate internalization in different DLBCL cell lines. (A) CXCR4 IHC of Toledo, U-2932 and SUDHL-2 
cellular blocks. Pictures were taken at 400x (scale bars=50 μm). (B) Quantitation of mean CXCR4 expression intensity counting six IHC-stained fields (400x) for Toledo, 
U-2932 and SUDHL-2 cellular blocks. (C) MFI quantification by flow cytometry in Toledo, U-2932 and SUDHL-2 cells after their incubation in buffer, 100 nM AMD3100 or 
10 nM T22-AUR for 1 h, or after pretreatment for 1 h with 100 nM AMD3100 followed by the addition of 10 nM of nanoconjugate for 1 h (AMD3100 + T22-AUR). This 
experiment was performed in biological triplicates. All data are shown as mean ± standard error. **p≤0.01. 
Abbreviations: IHC, immunohistochemistry, MFI, mean fluorescence intensity.
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Figure 3 T22-AUR tissue biodistribution in a SC mouse model bearing CXCR4+ DLBCL cells. (A) Representative images of the FLI emitted in SC Toledo tumors and normal organs in 
animals treated either with buffer or the fluorescent nanoconjugate T22-AUR at 5 and 24 h. (B) Above: FLI quantification measured in SC Toledo tumors and normal organs in T22-AUR- 
treated mice 5 h (n=3) and 24 h (n=3) postinjection. FLI was calculated subtracting the autofluorescence of each tissue from buffer-treated mice (n=3) and represented as radiant 
efficiency. Below: Quantification of the percentage of T22-AUR injected dose that accumulated in SC tumors and non-infiltrated organs (spleen, pancreas, liver, heart, lungs, kidneys and 
BM). This percentage was measured using the area under the curve (AUC) of emitted FLI registered in each organ calculated in relation to the total emitted FLI during the 0–24 h period. 
(C) Confocal images visualizing cell nuclei (DAPI), CXCR4 receptor, GFP protein and the merged of the three staining in the SC Toledo tumors from animals treated with buffer or T22- 
AUR at 5 h. Scale bars=7.5 μm. All data are shown as mean ± standard error. 
Abbreviations: BM, bone marrow; FLI, fluorescence intensity; SC, subcutaneous.
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Cytotoxic Effect of Untargeted Free 
MMAE and CXCR4-Targeted T22-AUR 
Nanoconjugate on the DLBCL Cell Lines
Here, we assessed the sensitivity of the three DLBCL cell 
lines to untargeted free MMAE (the drug conjugated to the 
T22-AUR nanoconjugate). Our results demonstrated that 
U-2932 cells were the most sensitive (IC50=0.33±0.14 ng/ 
mL) followed by SUDHL-2 (IC50=0.50±0.08 ng/mL) and 
finally Toledo (IC50=0.87±0.09 ng/mL). Thus, Toledo cells 
(with high CXCR4 expression) incubated with free 
MMAE showed significantly less cell death and, therefore, 
significantly higher IC50 than U-2932 (with high- 
intermediate CXCR4 expression) and SUDHL-2 cells 
(lacking CXCR4 expression) (Figure 4A and B). These 
data show a lack of relationship of the cytotoxicity of free 
MMAE with CXCR4 expression in DLBCL cell lines.

Next step was to assess the cytotoxic effect of 
T22-AUR as well as its CXCR4-dependent cytotoxicity 
in the three DLBCL cell lines. The higher cytotoxic effect 

was shown in U-2932 cells (52.14±2.51% at 125 nM T22- 
AUR) followed by Toledo cells (18.95±1.93% at 125 nM 
T22-AUR), and finally the SUDHL-2 cell line, which is 
the CXCR4-negative DLBCL cell line, only showed 
barely cell death (3.76±2.44% at 125 nM T22-AUR). 
Moreover, U-2932 cells underwent a significantly higher 
level of cell death than Toledo or SUDHL-2 cells at both 
low and high concentrations, whereas Toledo cell line 
achieved significant differences with SUDHL-2 at high 
T22-AUR concentrations (Figure 4C). Thus, despite 
Toledo cells express higher levels of CXCR4 receptor 
than U-2932 cells, they are less sensitive to T22-AUR 
because of their lower sensitivity to the untargeted drug 
itself (free MMAE) (Figure 4A and B). Moreover, 
SUDHL-2 cells, which are more sensitive to free MMAE 
than Toledo cells, but lack CXCR4 expression, show very 
low levels of cell death induction after T22-AUR treat-
ment demonstrating that the entry of the nanoconjugate in 
the cells through CXCR4 is essential for the 

Figure 4 Cytotoxic effect of untargeted free MMAE and CXCR4-targeted T22-AUR nanoconjugate on the DLBCL cell lines. (A) Percentage of cell death induced after the 
incubation of free-MMAE for 48 h in CXCR4+ DLBCL cell lines (U-2932 and Toledo) and CXCR4− DLBCL cell line (SUDHL-2) measured by colorimetric cell proliferation 
kit (XTT). (B) Quantification of the half-maximal inhibitory concentration (IC50) of free-MMAE in each DLBCL cell line. (C) Percentage of cell death induced by different 
concentrations of T22-AUR for 48 h in DLBCL cell lines. (D) Competition assays (measured as percentage of cell death) done by 1 h pretreatment of U-2932 cells with 100 
nM AMD3100 followed by the addition of 10 nM of nanoconjugate. All experiments were performed in biological triplicates and data are shown as mean ± standard error. 
*p≤0.05; **p≤0.01 and ***p≤0.005.
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nanoconjugate cytotoxic effect. Additionally, we con-
firmed the CXCR4-dependence of the T22-AUR cytotoxic 
effect because after blocking the receptor with AMD3100 
the cell death of U-2932 cells decreased significantly from 
32.42±2.00% to 2.83±0.40% (Figure 4D).

Mechanism of Action and Cell Death 
Induction by T22-AUR in CXCR4+ 

DLBCL Cells
Since T22-AUR included a non-cleavable linker in its 
conjugation with MMAE, the T22-AUR must be proteo-
lyzed within the lysosomes for the release of the MMAE 
into the cytoplasm, where it can exert the drug cytotoxic 
effect in DLBCL cells, as it has been described for ADCs 
that use non-cleavable linkers to bind and transport 
MTAs.23 To check this process, we performed an immu-
nofluorescence assay with nuclear (Hoescht dye) and lyso-
somal (lysotracker Deep Red dye) staining in live U-2932 
cells treated with T22-AUR. We detected the presence of 
T22-AUR (green), by the GFP protein, into lysosomes 
(red), which both merged (yellow) within U-2932 cells. 
Moreover, we also observed the presence of the nanocon-
jugate in the cell membrane (Figure 5A). These results 
suggested the endocytosis of T22-AUR and its subsequent 
destination to lysosomes, undergoing complete proteolysis 
of the protein nanocarrier which releases the attached 
MMAE to the cytosol where it binds and inhibits tubulin 
to induce cell death. Thus, T22-AUR lysosomal entry and 
the subsequent CXCR4-dependent cell death confirm the 
successful conjugation of MMAE to the nanocarrier.

In order to further elucidate the cell death mechanisms 
underlying T22-AUR cytotoxicity, we performed different 
experiments. We analyzed the cell cycle phase distribution 
after 24 h and 48 h of 125 nM T22-AUR exposition in 
U-2932 cells. As time elapsed, the percentage of U-2932 
cells in G0/G1 phase decreased from 70.37±0.68% in the 
buffer-treated cells to 54.44±5.01% after 48 h with the nano-
conjugate incubation. This G0/G1 reduction was mainly due 
to the increase of the G2/M phase, which represented the 
18.29±1.96% of total cells in the buffer group and the 36.58 
±4.80% of T22-AUR treated cells for 48 h (Figure 5B and C).

After performing DAPI staining, we observed a 9.16- 
fold significant increase of U-2932 cells undergoing mitotic 
catastrophe (MC) after 24 h of T22-AUR incubation com-
pared to cells treated with buffer. At 48 h, cells undergoing 
MC diminished compared to the T22-AUR incubation for 
24 h, although the increase (2.42-fold) continued being 

significant with respect to buffer-treated cells. The ratio of 
apoptosis in cells treated with T22-AUR was significantly 
higher compared to buffer-treated cells, 17.35-fold and 
38.93-fold at 24 h and 48 h, respectively (Figure 6A and B).

Moreover, by performing the Annexin/PI staining in 
U-2932 cells, we identified a significant decrease in the 
percentage of viable cells treated with the nanoconju-
gate, from 89.62±0.97% in cells treated with buffer to 
70.54±1.01% after 24 h exposure to T22-AUR and 
44.17±1.53% after 48 h exposure. The low viability 
was associated with a significant increase of the percen-
tage of T22-AUR-treated cells undergoing early apopto-
sis (from 3.82±1.76% to 12.27±2.30% after 24 h and 
11.15±0.99% after 48 h) and late apoptosis (from 6.06 
±0.72% to 15.68±0.72% at 24 h and 40.55±1.25% at 
48 h) (Figure 6C).

Afterwards, we quantified by IHC the phosphorylation of 
the histone H2AX (γH2AX) in order to know whether DNA 
double-strand breaks were induced by T22-AUR. U-2932 
cells treated with the nanoconjugate achieved a significant 
5.09-fold and 3.98-fold increase of γH2AX-positive area at 
24 h and 48 h, respectively, compared to cells treated with 
buffer. Additionally, the positive area of cleaved PARP, 
a marker of apoptosis, was also significantly higher in these 
cells treated with T22-AUR, 2.38-fold at 24 h and 5.27-fold 
at 48 h, compared to buffer group (Figure 6D and E). Finally, 
we confirmed the activation of the apoptotic pathway, by 
Western blot, detecting the expression of cleaved PARP as 
well as cleaved caspase-3 in U-2932 cell extracts treated with 
T22-AUR for 24 h and 48 h (Figure 6F).

In vivo Antineoplastic Effect of the 
T22-AUR Nanoconjugate in a CXCR4+ 

DLBCL Disseminated Mouse Model
Afterwards, we evaluated the in vivo therapeutic effect 
of T22-AUR in a disseminated mouse model of 
CXCR4+ U-2932-Luci cells. The lymphoma dissemina-
tion, detected by bioluminescence imaging (BLI) 
emitted by U-2932-Luci cells, was exhibited on CNS 
and BM (frequently backbone and rarely cranium or 
jaw). Three days after the intravenous injection of lym-
phoma cells, we started the administration of buffer or 
100 μg T22-AUR (≈60 nmol of MMAE in one dose), 
three days per week and a total of 12 doses (≈720 nmol 
of MMAE in the total dosage). The emitted BLI was 
reduced in the T22-AUR-treated animals compared to 
buffer-treated animals (Figure 7A). Indeed, the AUC 
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from the whole study showed a significant reduction of 
BLI in the mice group treated with the therapeutic 
nanoconjugate (0.53±0.06·108 total radiance photons) 
compared to the buffer-group (1.71±0.51·108 total radi-
ance photons) (Figure 7B). We ended the experiment 
when the first buffer-treated mice showed a significant 
weight loss. Nevertheless, the nanoconjugate-treated 
mice did not lose weight nor did present any symptoms 
of illness (Figure 7C). At that time, we analyzed ex vivo 

the infiltrated lymphoma organs of the U-2932-Luci 
disseminated mouse model. The organs with highest 
lymphoma-cell infiltration were bone marrow (BM, 
backbone) and central nervous system (CNS, brain). 
Both organs were infiltrated in 7 out of 9 buffer- 
treated mice. The BM was not infiltrated in any mice 
treated with T22-AUR and the CNS was infiltrated in 
only 3 out of 10 T22-AUR-treated mice. Moreover, the 
levels of BLI in these organs (BM and CNS) were 

Figure 5 T22-AUR-lysosomal colocalization and cell cycle arrest by T22-AUR in CXCR4+ DLBCL cells. (A) Hoechst (blue staining), GFP protein (green staining) and 
lysotracker (red staining) immunofluorescence detection in live U-2932 cells exposed to 1 μM T22-AUR for 5 h. Scale bars=5 μm. (B) Representative graphics for cell cycle 
analysis in U-2932 cells treated with buffer or 24 or 48 h with 125 nM T22-AUR. M1: G0/G1 phase, M2: S phase and M3: G2/M phase. (C) Quantification of the percentage 
of total U-2932 cells in different cell cycle phases (G0/G1, S and G2/M) after incubation with buffer or 125 nM T22-AUR (24 and 48 h). This experiment was performed in 
biological triplicates and data are shown as mean ± standard error. *p≤0.05.
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Figure 6 Further mechanisms of cell death induction by T22-AUR in CXCR4+ DLBCL cells. (A and B) DAPI staining pictures and ratio quantification of MCs (yellow 
arrows) or apoptotic bodies (red arrows) in U-2932 cells treated with buffer or 125 nM-T22-AUR (24 and 48 h). Ratio quantification was measured dividing the number of 
cells undergoing MC or apoptosis in 10 fields of T22-AUR samples (24 and 48 h) by 10 fields of buffer-exposed samples. (C) Annexin/PI assay showing the total percentage of 
viable, early apoptotic and late apoptotic U-2932 cells treated with buffer or 125 nM T22-AUR (24 h and 48 h). These experiments were performed in biological triplicates. 
(D) IHC staining using γH2AX and cleaved PARP antibodies after buffer or 125 nM T22-AUR treatment (24 and 48 h) in U-2932 cells. (E) Ratio quantification of the IHC 
positive stained area marked by γH2AX and cleaved PARP in buffer or T22-AUR-treated samples. Ratio quantification was represented dividing the area of positive cells from 
6 fields of T22-AUR-treated samples (24 and 48 h) by 6 fields of buffer-treated samples. (F) Anti-PARP, cleaved PARP, pro-caspase-3 and cleaved caspase-3 detection, by 
Western blotting, in U-2932 extracts treated with buffer or 125 nM T22-AUR for 24 h and 48 h. GAPDH and α/β tubulin were used as endogenous controls. All pictures 
were taken at 400x (scale bars= 50 μm). All data are shown as mean ± standard error. *p≤0.05; ***p≤0.005. 
Abbreviation: MC, mitotic catastrophe.

International Journal of Nanomedicine 2021:16                                                                          submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
1881

Dovepress                                                                                                                                                            Falgàs et al

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


Figure 7 In vivo antineoplastic effect of T22-AUR in a disseminated mouse model of CXCR4+ DLBCL-Luci cells. (A) Representative images of lymphoma dissemination, 
registered by measuring the BLI emitted by U-2932-Luci cells, in animals treated with buffer or T22-AUR at the last days of the experiment (days 23 and 30 postinjection of 
lymphoma cells). (B) Area under the curve (AUC) of the lymphoma follow-up (from day 1 to day 30) registered by total BLI emission from buffer-treated mice (n=9) and 
T22-AUR-treated mice (n=10). (C) Body weight of mice treated with buffer (n=9) or T22-AUR (n=10) during the whole experiment. (D) Quantification of the total BLI 
registered (above) and representative images (below) from CNS and BM in buffer (n=9) and T22-AUR-treated mice (n=10). All data are shown as mean ± standard error. 
*p≤0.05; **p≤0.01. 
Abbreviations: BLI, bioluminescence imaging; BM, bone marrow; CNS, central nervous system.
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significantly reduced in the T22-AUR-treated compared 
to buffer-treated animals (Figure 7D).

Lymphoma-Burden Reduction by 
T22-AUR Nanoconjugate in CXCR4+ 

DLBCL Infiltrated Organs
By H&E staining, CD20 and CD79a IHC, we confirmed 
human B cell infiltration in the CNS and BM. Those data 
showed that buffer treated animals presented a high lymphoma 
infiltration in the meninges, which covers the CNS parench-
yma, and, at many points, this infiltration penetrated to the 
brain parenchyma. Otherwise, animals treated with T22-AUR 
presented only residual CD20+/CD79a+ B cells in the 
meninges, which did not penetrate to the parenchyma in any 
case. Thus, the quantification of the ratio of CD20/CD79a- 
positive area showed significant differences between the ani-
mals treated with T22-AUR (ratio 0.25±0.03 CD20 and 0.15 
±0.04 CD79a) and buffer (ratio 1.00±0.14 CD20 and 1.00 
±0.18 CD79a). Furthermore, we observed that the expression 
of the CXCR4 receptor was maintained in the human B cells, 
meaning that we detected also a reduction of the ratio of 
CXCR4-positive area in the T22-AUR group (0.21±0.04) 
compared to buffer group (1.00±0.11). Finally, we also demon-
strated that DLBCL cells in the CNS of buffer-treated mice 
expressed Ki67 (1.00±0.22), a marker of proliferation, and the 
Ki67-positive-cells were significantly reduced in mice treated 
with T22-AUR (0.11±0.03) (Figure 8A).

Similar findings were observed in the BM, animals treated 
with buffer had a high lymphoma infiltration (CD20/CD79a- 
positive cells) which was significantly reduced in T22-AUR- 
treated mice (ratio 1.00±0.13 CD20-positive area and ratio 
1.00±0.15 CD79a-positive area in buffer treated mice vs 0.10 
±0.04 and 0.17±0.08, respectively, in T22-AUR-treated 
mice). Moreover, the ratio of the CXCR4-positive area as 
well as the ratio of Ki67-positive area in the animals treated 
with T22-AUR was also significantly lower (0.21±0.07 
CXCR4-positive area and 0.14±0.13 Ki67-positive area) 
than in the animals treated with buffer (1.00±0.15 CXCR4- 
positive area and 1.00±0.13 Ki67-positive area) (Figure 8B).

Absence of Histopathological Alterations 
in Normal Organs of Mice and Lack of 
in vitro Cytotoxicity in Human PBMCs 
After T22-AUR Treatment
The repeated T22-AUR administration in mice did not 
show any histopathological alteration in the organs non- 

infiltrated by DLBCL cells, such as liver, spleen, kidneys, 
heart and lungs (Figure 9A).

Most importantly, since human hematopoietic cells are 
reported to express the CXCR4 receptor, we wanted to 
evaluate the possible hematopoietic toxicity produced by 
T22-AUR in human PBMCs. Thus, we firstly evaluated 
the levels of CXCR4 in human PBMCs of three healthy 
donors, which were significantly lower (4.36±0.14 MFI) 
than CXCR4+ DLBCL cells (99.32±12.13 MFI) (Figure 
9B). Then, we evaluated the cytotoxicity of the T22-AUR 
to human PBMCs observing almost negligible levels of cell 
death induction (0.47±0.45% at 10nM; 4.05±4.05% at 50nM 
and 4.24±2.93% at 125nM) as compared to the cytotoxicity 
observed in CXCR4+ DLBCL cells (24.17±7.76% at 10 nM; 
56.99±5.86% at 50 nM and 63.78±5.93% at 125 nM) 
(Figure 9C). Therefore, T22-AUR did not produce side 
toxicity in mice neither in human PBMCs.

Discussion
We have here demonstrated the T22-AUR nanoconjugate 
capacity to potently block lymphoma dissemination in 
a CXCR4+ DLBCL mouse model, as well as its induction 
of mitotic arrest and apoptosis in CXCR4+ DLBCL cells.

Importantly, we have proved that MMAE conjugation 
to the nanocarrier, in order to generate the T22-AUR 
nanoconjugate, does not alter the nanocarrier targeting 
and specific internalization ability through the CXCR4 
receptor in DLBCL cell lines nor the tumor and non- 
tumor tissue distribution pattern in the mouse model. 
Thus, T22-AUR displayed a CXCR4-dependent targeting, 
as we had previously demonstrated for the unconjugated 
T22-GFP-H6 nanoparticle. In fact, T22-AUR nanoconju-
gate achieved a high tumor uptake and internalization 
within CXCR4+ DLCBL tumor cells in a SC mouse 
model reaching its peak at 5 h post-injection, exactly the 
same tumor accumulation time we have reported for the 
nanocarrier.15

The pharmacokinetics of our nanoconjugate may be 
similar to that reported for ADCs, in which the antibody 
rather than the drug determines its half-life in blood.24 

Moreover, the size of T22-AUR (17.9 nm ± 0.7 nm), 
which is higher than the renal filtration cut-off (7 nm), 
avoids its clearance by renal filtration, as also reported by 
ADCs.25

The MMAE, which belongs to the vinkaloid group and 
dolastatins family of MTAs, is increasingly used for tar-
geted drug delivery approaches in cancer therapy. 
Microtubules are actively involved in essential processes, 
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Figure 8 T22-AUR effect on lymphoma infiltration burden in the affected organs (CNS and BM). (A and B) Hematoxylin and eosin (H&E) staining, anti-CD20, anti-CD79a, 
anti-CXCR4 and anti-Ki67 immunohistochemical representative pictures and quantification of the ratio of the positive stained tissue area for each marker in CNS and BM 
organs from animals treated either with buffer or T22-AUR. Ratio quantification was obtained dividing the area of positive cells in 12 counted fields in samples T22-AUR- 
treated by the counted positive area in 12 fields of buffer-treated samples. Pictures were taken at 100x (scale bars= 200 μm) for CNS and 200x (scale bars= 100 μm) for BM. 
All data are shown as mean ± standard error. ***p≤0.005. 
Abbreviations: BM, bone marrow; CNS, central nervous system.

submit your manuscript | www.dovepress.com                                                                                                                                                                                                                    

DovePress                                                                                                                                       

International Journal of Nanomedicine 2021:16 1884

Falgàs et al                                                                                                                                                            Dovepress

Powered by TCPDF (www.tcpdf.org)

http://www.dovepress.com
http://www.dovepress.com


both in dividing and non-dividing cells, which cannot be 
replaced by other cellular systems. One of the main rea-
sons for the increasing interest in the clinical use of MTAs 
is because they can kill mitotic, interphase and quiescent 
cancer cells.13,14

Regarding the mechanism of action of the MMAE 
delivered payload drug, our results showed that the T22- 
AUR cytotoxic effect in CXCR4+ DLBCL cells involves 
G2/M cell cycle arrest, MC and DNA damage (as mea-
sured by γH2AX), followed by PARP cleavage and 
induction of apoptotic bodies. There is an ongoing 
debate on whether MC is a specific cell death program 
by itself or a previous event process leading to apoptosis 
or necrosis.26,27 We observed that MC appeared earlier 
(ie, 24 h) than apoptosis; however, at a later time point 
(ie, 48 h), the proportion of cells involved in apoptotic 
cell death was extremely higher than the proportion of 
cells undergoing MC at an earlier time point (ie, 24 h). It 
is likely that the MMAE-induced apoptosis in our model 

may also be activated independently of MC in non- 
cycling cells. Therefore, our data support the notion 
that MMAE may act by two different apoptotic mechan-
isms, with and without previous MC trigger, in CXCR4+ 

DLBCL cells. Actually, MTAs, such as MMAE, are 
mechanistically different from DNA-directed drugs 
used in chemotherapy and mitosis-specific drugs that 
kill only cancer cells that are actively dividing.28

For the evaluation of the in vivo T22-AUR antineo-
plastic effect, we used an extranodal DLBCL disseminated 
mouse model, with CXCR4+ DLBCL infiltration in the 
CNS and BM, which we consider a relevant model to 
test novel therapies since extranodal DLBCL patients 
involving more than one site present worse overall as 
well as progression-free survival than nodal DLBCL 
patients.29–31 In this DLBCL model, repeated administra-
tion of the T22-AUR nanoconjugate induces a decrease of 
lymphoma dissemination during the whole experimental 
follow-up. This cytotoxic effect was observed in the 

Figure 9 T22-AUR does not induce systemic toxicity in CXCR4+ DLBCL-Luci disseminated mice or in vitro cytotoxicity on human PBMCs. (A) Hematoxylin and eosin 
(H&E) staining of non-DLBCL infiltrated organs (liver, spleen, kidneys, lungs and heart) from buffer and T22-AUR-treated mice. Pictures were taken at 200x (scale bars= 100 
μm). (B) Membrane CXCR4 expression measured by cell cytometry in U-2932 cells and human PBMCs from three independent healthy donors. Data were shown as mean 
fluorescence intensity (MFI) resulted from dividing the CXCR4 MFI by its own isotype MFI. (C) Percentage of cell death measured by colorimetric cell proliferation kit (XTT) 
in U-2932 and human PBMCs after exposure to T22-AUR in the 10–125 nM range. All experiments were performed in biological triplicates and data are shown as mean ± 
standard error. *p≤0.05; ***p≤0.005. 
Abbreviations: MFI, mean fluorescence intensity; PBMCs, peripheral blood mononuclear cells.
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CXCR4+ DLBCL-infiltrated CNS and especially in the 
BM, where a nearly complete elimination of CXCR4+ 

DLBCL cells was achieved in all nanoconjugate-treated 
animals. Therefore, the use of MMAE as a payload drug is 
especially relevant to eliminate quiescent resistant cells in 
R/R DLBCL patients, which remain in the hypoxic niches, 
including bulky necrotic lymphoma masses and the BM.32 

Moreover, the hypoxic tumor BM microenvironment 
enhances cancer cell survival and reduces the sensitivity 
to therapy.33–35

Furthermore, the absence of toxicity, either on non- 
DLBCL infiltrated mouse organs or human PBMCs, 
could be explained by the “super-selectivity” reported in 
multivalent systems, such as nanoparticles or nanoconju-
gates, which consists in the ability of interacting with their 
target receptor only when its density in the cell surface is 
above a certain threshold.36,37

Finally, a successful preclinical development of our 
T22-AUR nanoconjugate could add a therapeutic option 
for transplantation-ineligible R/R DLBCL patients. In this 
sense, it must be necessarily compared with the perfor-
mance of polatuzumab vedotin ADC, which has been 
recently approved for clinical use in R/R DLBCL patients 
together with rituximab and bendamustine.38,39 Despite 
both polatuzumab vedotin and T22-AUR incorporate the 
same payload drug (MMAE), we believe that, as compared 
to this ADC, there are five main reasons to further develop 
our nanoconjugate:

1. T22-AUR could be more efficient than polatuzumab 
vedotin in selectively delivering the MMAE payload 
to target cells, and in subsequently inducing their 
elimination, because each nanoconjugate shows 
a multivalent ligand display of around 12 molecules 
to internalize through CXCR4-mediated internaliza-
tion, as compared to the only two epitope-binding 
domains from two antigen-binding fragment (Fab) 
present in the antibody of ADCs.16,40

2. Each T22-AUR nanoconjugate displays about 228 
molecules of MMAE linked to the nanocarrier, as 
compared to a mean of 3.65 MMAE molecules 
added to polatuzumab vedotin.41 Thus, lower 
doses of T22-AUR should be more effective than 
polatuzumab vedotin.

3. Our nanoconjugate is mostly uptaken by cancer tar-
get cells in the tumor tissue, while only low or neg-
ligible uptake is seen in non-lymphoma infiltrated 

tissues, whereas ADCs accumulate less than 1% of 
the administered dose in cancer tissues.21,22

4. Whereas gene expression of CD79b, the target of 
this ADC, is around a median of 7.5 fold-higher in 
DLBCL patients than non-neoplastic controls, the 
CXCR4 gene expression, targeted by the T22-AUR 
nanoconjugate in DLBCL samples is on average 
140-fold higher than in normal controls.10,38 Thus, 
our nanoconjugate can be targeted more specifically 
due to the huge CXCR4 overexpression existing in 
DLBCL patients.

5. Our nanoconjugate achieves a potent block of lym-
phoma dissemination with complete lack of associated 
toxicity in normal organs. In contrast, polatuzumab 
vedotin is effective at a dosage that induces severe side 
effects and life-threatening toxicities, such as grade 
3–4 cytopenias, peripheral neuropathy, progressive 
multifocal leukoencephalopathy or tumor lysis 
syndrome.38

Conclusions
The association of the overexpression of CXCR4 in 
DLBCL cells with therapy resistance, the specific 
CXCR4 targeting of the nanoconjugate and the use of 
the payload MMAE, which is capable to kill quiescent 
cancer cells, make the T22-AUR a promising therapeutic 
approach in CXCR4+ transplantation-ineligible R/R 
DLBCL patients.
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