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B-Lymphoblastic leukemia (B-LL) is the most common childhood hematological malignancy. Although its
overall prognosis is good, the outcome after relapse is poor. CD19 is highly expressed on the membrane of
most malignant B-cells, and was shown to be a promising therapeutic target of B-LL. In this present work,
we designed and synthesized a novel drug carrier, anti-CD19 monoclonal antibody-conjugated human serum
albumin nanoparticles (HSA-CD19 NPs). Doxorubicin (DOX) was well encapsulated into the HSA-CD19 NPs
to form an anticancer nanodrug DOX/HSA-CD19. DOX/HSA-CD19 was preferentially uptaken by CD19* B-LL
cell line KOPN-8. DOX/HSA-CD19 showed strong antiproliferative effect on KOPN-8 cells with an IC, value of
4.1 pg/mL. Further, proapoptotic Bax and caspase-3 were significantly elevated, but antiapoptotic Bcl2 was
reduced in DOX/HSA-CD19 treated KOPN-8 cells, indicating the activation of the apoptosis pathway by the
nanodrug. By contrast, DOX/HSA-CD19 did not show affinity to CD19-monocytic cell line, U937 and did not
affect its proliferation. Collectively, HSA-CD19 NPs are a kind of effective novel drug carrier, and DOX/HSA-CD19
is a promising antitumor nanodrug for the treatment of B-LL.

1. Introduction

Leukemia, a hematopoietic malignancy, accounts for 2.4% of
all cancer cases and 3.2% of all cancer deaths in 2018 (Bray et
al. 2018). B-Lymphoblastic leukemia (B-LL) is a major type of
childhood and adolescent leukemia characterized by abnormal
proliferation of primitive and immature B cells in the bone marrow
(Akiyama et al. 2008). Current therapeutic strategies for B-LL
include chemotherapy, hematopoietic stem cell transplantation
and chimeric antigen receptor T-cell immunotherapy (CAR-T)
(Giavridis et al. 2018; Yang et al. 2019). However, these strate-
gies displayed clear limitations. For example, drug resistance is
common in chemotherapy (Wei et al. 2017), and bone marrow
transplantation is often hampered by limited donors. CAR-T treat-
ment is effective in the treatment of B-LL but frequently involved
in safety concerns because serious adverse effects such as cytokine
release syndrome and neurotoxicity can occur (Ghorashian et al.
2019; Schuster et al. 2019) . Therefore, there is still an urgent need
for the development of new therapeutic strategies for more effec-
tive and specific treatment of B-LL.

Therapeutic approaches for B-LL with CD19 as a target have
recently been reported. CD19 is a member of the immunoglobulin
super-family, which is exclusively expressed on the surface of B
lymphocytes (Wang et al. 2012). CD19 is a critical co-receptor
of B cell antigen receptor, providing an effective binding site
for respective immunoconjugates for diagnosis and treatment of
B-cell malignancies. Nanoparticles conjugated with anti-CD19
mAb were shown to detect CD19* cancer cells. For example,
anti-CD19 mAb conjugated hollow gold-silver nanospheres were
designed as theranostic agents (Nagy-Simon et al. 2017; Tatar et
al. 2019). Besides, anti-CD19 mAb has been successfully used to
construct CD19 targeted antibody-drug conjugates (ADCs). Four
ADCs targeting CD19* malignant B cells are in clinical trial now,
including SAR3419 (coltuximab ravtansine) (Coiffier et al. 2016;
Trneny et al. 2018), SGN-CD19A (denintuzumab mafodotin)
(Farhadfar and Litzow, 2016; Jones et al. 2019), ADCT-402
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(loncastuximab tesirine) (Krishnan et al. 2015; Zammarchi et al.
2018), and SGN-CD19B (Hicks et al. 2019; Ryan et al. 2017).

As a broad-spectrum anticancer drug, doxorubicin (DOX) is a
cytotoxic anthracycline antibiotic isolated from cultures of Strep-
tomyces peucetius var. caesius (Franco et al. 2018). DOX slows or
stops cell growth by blocking topoisomerase 2, and is approved
by FDA for the treatment of many types of cancers including
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Fig. 1: Schematic illustration of the nanodrug synthesis and the mechanism of nan-
odrug action. (A) The process of DOX/HSA-CD19 nanodrug synthesis. (B)
Targeted delivery of DOX to B-LL cells and resultant apoptosis.
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leukemia. However, its clinical application is limited by severe
adverse effects such as cardiotoxicity due to the lack of cytotoxic
selectivity towards cancer cells over normal cells (Li et al. 2018;
Zhang et al. 2015; Zhitnyak et al. 2017) . Therefore, a delivery
carrier selectively targeting malignant cells is highly desirable for
DOX to reduce the side effects (Zhu et al. 2014). A recent report
showed that DOX can be selectively delivered to CD19* leukemic
cells via anti-CD19 mAb-conjugated polymeric nanoparticles
(Krishnan et al. 2015). Several nanocarriers have been tested,
however, human serum albumin (HSA) has not been reported as
nanocarrier to conjugate with anti-CD19 mAb for drug delivery
purpose. In fact, HSA is an abundant natural material for the fabri-
cation of nanoparticles, and is featured by preferential uptake by
tumour cells (Cai et al. 2019; Tzameret et al. 2019; Xu et al. 2018) .
In order to develop an effective drug delivery system for DOX to
target B-LL cells, we formulated novel anti-CD19 mAb-conju-
gated HSA nanoparticles (HSA NPs). The HSA NPs were prepared
by desolvation, and the following conjugation with anti-CD19
mAb yielded HSA-CD19 nanoparticles (HSA-CD19 NPs). DOX
was further encapsulated into the HSA-CD19 NPs to form DOX/
HSA-CDI9 (Fig. 1A). Through CDI19, the DOX/HSA-CD19
efficiently bind to and engulfed by the B-LL cells. Finally, DOX/
HSA-CD19 induced apoptosis in B-LL cells (Fig. 1B).

2. Investigations, results and discussion

2.1. Synthesis and characterization of DOX/HSA-CD19
nanodrug

The synthesis of DOX/HSA-CD19 is involving 3 steps: (1) HSA
NPs were prepared according to reported desolvation method
using glutaraldehyde as a crosslinker. (2) The amino group in HSA
NPs was modified by sulfo-SMCC to provide a maleimide cross-
linker, while anti-CD19 mAb was treated with 2-iminothiolane
hydrochloride to provide an active thiol group for further coupling.
Subsequently, HSA NPs and anti-CD19 mAb were coupled by
an addition of thiol to maleimide to form HSA-CD19 NPs. (3)
The novel nanodrug DOX/HSA-CD19 was obtained by loading
DOX into HSA-CD19 NPs. When 2.6 mg of HSA-CD19 NPs was
treated with 1 mg of DOX, 20.7% of DOX was encapsulated by
HSA-CD19 NPs. The loading content of DOX was 7.35%.
Scanning electron microscope (SEM) and transmission electron
microscope (TEM) were used for characterizing the morphology
of nanoparticles in nanoscale. The assays showed that synthesized
nanoparticles, HSA NPs and DOX/HSA-CD19, displayed spher-
ical shape with average size of 342 nm and 474 nm in diameter,
respectively (Fig. 2A-2F), revealing increased size after anti-CD19
mAD conjugation and DOX loading.
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Fig. 2: Characterization of HSA NPs and DOX/HSA-CD19 nanodrug. (A) SEM mi-
crograph of HSA NPs. (B) SEM micrograph of DOX/HSA-CD19. (C) TEM
micrograph of HSA NPs. (D) TEM micrograph of DOX/HSA-CD19. (E) The
size distribution of HSA NPs. (F) The size distribution of DOX/HSA-CD19.

As shown in Fig. 3, the zeta potentials of nanoparticles were
measured. The surface potential of the HSA NPs was -39.2 mV,
which was similar to data reported in the literature (Bae et al.
2012). The coupling of anti-CD19 mAbD resulted in the increase
of the zeta potential of HSA NPs to -18.4 mV. After the loading
of DOX, the whole surface potential was further increased to
-16.2 mV. The increase of zeta potential suggested that the amino

Pharmazie 75 (2020)

group of DOX is exposed on the nanoparticle surface stably. These
results confirmed successful preparation of the nanodrug DOX/
HSA-CD19.
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Fig. 3: Zeta potential of nanoparticles measured by DLS. Data were presented as the
mean = SD (n = 3).

2.2. Hemolysis analysis

To evaluate the safety of the DOX/HSA-CD19 in blood, we
performed the hemolysis assay. By the ASTM E2524-08 standard,
the hemolysis rates of DOX/HSA-CD19 were less than 1% even
at 10 ug/mL concentration (Fig. 4). These results suggested that
DOX/HSA-CD19 caused negligible damage to the red blood cells,
indicating a high safety profile and biocompatibility of DOX/
HSA-CD19.
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Fig. 4: Hemolysis rate caused by DOX/HSA-CD19 at different concentrations. Data
were presented as the mean = SD (n = 3).

2.3. Specific delivery of DOX/HSA-CD19 to KOPN-8
cells through CD19

To evaluate the specificity of DOX/HSA-CD19 delivery to target
cells through CD19, we carried out FACS analysis and confocal
microscopy with CD19* B-LL cell line KOPN-8 and CD19 mono-
cytic cell line U937. As expected, FACS analysis revealed that
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Fig. 5: Targeted delivery of DOX/HSA-CD19 to KOPN-8 cells and U937 cells determined by confocal microscopy. DOX-loaded NPs (DOX concentration, 10 pug/mL) were
incubated with KOPN-8 cells and U937 cells for 1 h. Cells were fixed with 4% paraformaldehyde and stained with DIO and DAPI for labelling the cell membranes and

nucleus, respectively. Scale bar was 25 pm.
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Fig. 6: FACS analysis show cellular uptake rate of nanoparticles. (A) Uptake rate of
DOX/HSA-CD19 nanodrug by U937 cells (left) and KOPN-8 cells (right)
after exposure to DOX/HSA-CD19 (DOX concentration, 10 ug/mL) for 1 h.
DOX/HSA-CD19 nanodrug was identified by anti-CD19 mAb and FITC-flu-
orescent secondary antibody in U937 cells (left) and KOPN-8 cells (right).
(B) Auto-fluorescence of DOX (red) represents DOX/HSA-CD19. (C) Quan-
titative analysis of (A). (D) Quantitative analysis of (B). (E) Uptake rate of
free DOX, DOX/HSA and DOX/HSA-CD19 in KOPN-8 cells. DOX concen-
tration, 10 pg/mL. The untreated cells were used as a control. (F) Quantitative
analysis of (E). Data were presented as mean + SD (n = 3). *p < 0.05; **p <
0.01; *##p<0.001; **p < 0.001.
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99.9% of KOPN-8 cells express CD19, compared to 1.92% of
U937 cells.

DOX is naturally autofluorescent and this characteristic can
be used to demonstrate and delineate drug delivery by the aid
of fluorescence microscopic study. As Fig. 5 shows, confocal
microscopy showed that DOX (red signal) was clearly detectable
on the membrane of about 65% of KOPN-§ cells, suggesting
about 2/3 of KOPN-8 cells have opportunity to uptake DOX.
By contrast, less than 7% of U937 cells were positive for DOX.
These observations demonstrated that DOX/HSA-CD19 was
selectively delivered to KOPN-8 cells with high expression of
CD19. The specific delivery of DOX by HSA-CD19 NPs not
only facilitates the subsequent cell uptake, but also is beneficial
for reducing toxicity to normal cells.

2.4. DOX/HSA-CD19 was efficiently uptaken by
KOPN-8 cells

To further evaluate the efficiency of DOX/HSA-CD19 delivery,
cellular uptake ability assay was carried out with KOPN-8 and
U937 cells. KOPN-8 cells and U937 cells were incubated with
DOX/HSA-CD19 for 1h, followed by FITC-labelled secondary
antibody. The uptake efficiency was evaluated by FACS. As
shown in Fig. 6A and 6C, 52.26% of KOPN-8 cells and only
6.08% of U937 cells uptake DOX/HSA-CD19 when sorted with
anti-CD19 antibody. This is an unsurprising result as it showed
high correspondence to the data obtained in the delivery assays.
The cellular uptake efficiency was further confirmed with auto-
fluorescence emitted by DOX. As revealed in Fig. 6B and 6D,
57.32% of KOPN-8 cells but only 6.76% of U937 cells uptake
DOX, which was consistent with the result from CD19 sorting. In
control experiments, we further found that KOPN-8 cells uptake
only 1% of DOX/HSA, and 15% of free DOX, respectively (Fig.
6F). Taken together, these data revealed that anti-CD19 mAb
renders significantly increased uptake efficiency and specificity,
and the HSA-CD19 NPs are effective carriers to target CD19*
B-LL cells.

2.5. DOX/HSA-CD19 inhibited KOPN-8 cell
proliferation

The cytotoxicity of DOX/HSA-CD19 against KOPN-8§ target cells
was determined by the CCK-8 assay kit. As shown in Fig. 7, DOX/
HSA-CD19 strongly inhibited the proliferation of KOPN-8 cells in
a dose-dependent manner with an IC, value of 4.1 pg/mL. In the
contrary, no significant cytotoxicity of DOX/HSA-CD19 on U937
control cells was found even at 10 ug/mL of DOX concentration.
These results indicated a selective therapeutic action of DOX/
HSA-CD19 nanodrug on CD19* B-LL cells, and a good safety
profile to CD19 cells (Fig. 7).
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Fig.7:  Cytotoxicity of the nanodrug in KOPN-8 and U937 cells determined by the
CCK-8 assay kit. Cell viability of KOPN-8 cells and U937 cells after exposure to
DOX/HSA-CD19 for 24 h at a dose range of 0-10 pg/mL was shown. IC,_ =4.104
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2.6. DOX/HSA-CDI19 activated the apoptosis pathway in
KOPN-8 cells

DOX is known to induce apoptosis and DNA damage (Tacar et al.
2013). We further conducted western blotting assays to evaluate
the apoptotic effect of DOX/HSA-CDI19 on KOPN-8 cells. We
found that antiapoptotic protein Bcl-2 was significantly downreg-
ulated, and proapoptotic proteins, Bax and caspase-3, were strik-
ingly upregulated in KOPN-8 cells treated with DOX/HSA-CD19
(Fig. 8A, 8B). This result confirmed that similarly to DOX, DOX/
HSA-CD19 nanodrug activates the apoptosis pathway to destroy
KOPN-8 cells.

In conclusion, HSA-CD19 NPs showed promising ability for
loading, selectively delivering and facilitating the cell uptake of anti-
cancer agents DOX towards CD19* cells such as KOPN-8. DOX/
HSA-CD19 exhibited a good safety profile and biocompatibility as
it did not cause damage to red blood cells and normal CD19- cells
as well. DOX/HSA-CD19 exhibited effective cytotoxicity against
CD19* cells through the induction of apoptosis in a similar manner
with DOX. Taken together, these features of DOX/HSA-CD19 make
it a promising nanomedicine for the treatment of B-LL. The in vivo
biological evaluation of DOX/HSA-CD19 is ongoing.
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Fig. 8: Western blotting assay shows the activation of apoptosis pathway by the nano-
drug. (A) The expression level of apoptosis related proteins. Bcl2 was reduced
but Bax and caspase-3 were increased in KOPN-8 cells treated with DOX/
HSA-CD19 (DOX concentration, 10 pg/mL) for 24h. (B) Quantitative analysis
of (A). ##p <0.01, ***p <0.001. Data were presented as mean + SD (n = 3).

3. Experimental

3.1. Materials

Human serum albumin (HSA, 99%, 66.5 kDa) was obtained from Sigma Aldrich (St.
Louis, MO). Anti-CD19 mAb was designed and synthesized by Healsun Biopharm
(Hangzhou, China). DoxorubicineHCI was purchased from Cool Chemistry (Beijing,
China). Glutaraldehyde (50%) and ethanol were purchased from Aladdin (Shanghai,
China). 2-Iminothiolane hydrochloride and sulfosuccinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (sulfo-SMCC) were obtained from Macklin (Shanghai,
China). Cell Counting Kit-8 (CCK-8) was purchased from Sangon Biotech (Shanghai,
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China). Anti-Human CD19-PE and Anti-Mouse CD16/CD32 were purchased from
eBioscience (Boston, USA). FITC conjugated Goat anti-rabbit IgG (H+L), Bax
Mouse Monoclonal antibody, Bcl2 Mouse Monoclonal antibody, Caspase-3 Mouse
Monoclonal antibody were bought from Proteintech Group, Inc (Chicago, USA).
Penicillin and streptomycin were purchased from Sangon Biotech (Shanghai, China).
RPMI 1640 culture medium was obtained from HyClone (Logan, USA). Fetal bovine
serum (FBS) was purchased from Gibco (Boston, USA). 3, 3'-dioctadecyloxacarbocy-
anine perchlorate (DIO) and 4', 6-diamidino-2-phenylindole (DAPI) were purchased
from Beyotime Biotechnology (Shanghai, China).

3.2. Cell culture

KOPN-8 cell line and U937 cell line were obtained from the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI 1640
containing 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 U/mL strep-
tomycin at 37 °C in a humidified atmosphere containing 5% CO,.

3.3. Preparation of HSA NPs

HSA NPs were prepared by desolvation technique according to reported procedures
(Jahanban-Esfahlan et al. 2016; Wilson et al. 2014) . Briefly, HSA (20 mg) was
dissolved in deionized water (1 mL), and sonicated for 5 min. To the HSA solution,
was added absolute ethanol (8 mL) at a rate of 1 mL/min with a stirring speed of 1000
rpm. Then, 8% glutaraldehyde (23.6 pL) was added, and the mixture was allowed
to stir at room temperature for 12 h. The product was collected by centrifugation at
8000 rpm for 10 min. The precipitate was washed three times with deionized water
to remove any remaining HSA and glutaraldehyde. The obtained HSA NPs were
resuspended in deionized water and stored at 4 °C.

3.4. Preparation of HSA-CD19 NPs

HSA-CD19 NPs were prepared using a modified literature procedure (Choi et al.
2015; Hoppmann et al. 2011). To a suspension of HSA NPs (3 mg) in deionized
water, sulfo-SMCC (1 mg) was added. The resulting mixture was stirred for 3 h at
room temperature. The activated SMCC-HSA NPs were obtained by centrifugation
at 8000 rpm for 10 min to remove unbound sulfo-SMCC. Besides, 2-iminothiolane
hydrochloride (5.5 ug) was added to anti-CD19 mAb (1 mg in deionized water), and
the mixture was stirred at room temperature for 1 h to provide HS-CD19. Then, the
HS-CD19 was added dropwise to the activated SMCC-HSA NPs. The mixture was
stirred for another 3 h at room temperature. The pellets were washed with deionized
water three times to afford purified HSA-CD19 NPs.

3.5. DOX loading in HSA NPs and HSA-CD19

DOXHCI (1 mg/mL in deionized water) was added dropwise into a suspension of
HSA NPs and HSA-CD19 NPs in deionized water, respectively. The resulting suspen-
sion was stirred at room temperature for 6 h. The pellets were washed with deionized
water three times to remove unloaded DOX<HCI. Eventually, DOX/HSA and DOX/
HSA-CD19 were obtained, respectively (Thao le et al. 2016; Wang et al. 2014).
The drug loading content (LC) was calculated by the formula below:

LC (%) =W /(W +W_) x 100% (1)
where W is the amount of DOX in the particles, W is the amount of the nanoparti-
cles before drug loading.

3.6. Characterization of prepared nanoparticles

The morphology of prepared nanoparticles was observed under SEM (Nova Nano
SEM 450, FEI, USA) and TEM (Tecnai G2F30 STWIN, FEI, USA). The size and
zeta potential of nanoparticles were measured by Malvern Zetasizer Nano ZS (Nano
7590, Malvern, UK). Nanoparticles were diluted 1:500 with deionized water and the
size was measured at 25 °C.

3.7. Hemolysis assay

The red blood cells of rabbit were used for hemolysis assay. Blood cells were prepared
from the whole blood obtained from rabbit heart by centrifugation. The red blood
cells were washed three times with PBS (pH7.4) and resuspended in PBS. The DOX/
HSA-CD19 were diluted to different concentrations of 0.3, 1, 10 pg/mL in 1 mL with
PBS. To each well containing red blood cells (50 pL), was added above nanodrugs, deion-
ized water and PBS, respectively. Deionized water and PBS were used as positive control
and negative control, respectively. After incubation in the shaker at 37 °C for 2 h, the
absorbance was measured at 540 nm by the microplate reader (Synergy H1, Biotek, USA).
The hemolysis rate was calculated by the formula below:
Hemolysis (%) = (Abs, — Abs )/(Abs — Abs

ag ~ A JIADS, i — ADS, ) X 100% - (2)
3.8. The expression of CD19 in U937 and KOPN-8 cells

The expression of CD19 was detected by Flow cytometry (BD FACSCalibur, USA).
Briefly, U937 and KOPN-8 cells were blocked by anti-mouse CD16/CD32 for 15 min,
then incubated on ice with anti-CD19-PE for 40 min. Unbound anti-CD19 mAb was
removed by centrifugation.

3.9. Targeted delivery of DOX/HSA-CD19

KOPN-8 and U937 cells were seeded into a 24-well plate (1.5x10° cells/well), and the
DOX/HSA-CD19 (DOX concentration, 10 ug/mL) were added and co-incubated for 1
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h at 37 °C. Then, the cells were collected by centrifugation and the followed removal
of the supernatant. The collected cells were fixed on a glass slide. Paraformaldehyde
(4%) was added to fix the cells for 15 min. After washing with PBS, 400 uL of cell
membrane dye DIO and nucleus dye DAPI were sequentially added (Gothwal et al.
2018; Wathiong et al. 2019). The cells were observed under a confocal laser scanning
microscope (DMI6000CS, Leica, Germany).

3.10. Cellular uptake assay

KOPN-8 and U937 cells (1x10° cells/well) were seeded into a 6-well plate. The free
DOX, DOX/HSA and DOX/HSA-CD19 (DOX concentration, 10 pg/mL) were added
to cells and incubated for 1 h, respectively. The red fluorescence of DOX and the
FITC-fluorescent secondary antibody were used to evaluate the cellular uptake of
DOX, DOX/HSA and DOX/HSA-CD19 by FACS (Rades et al. 2019; Soleymani et
al. 2019).

3.11. Cytotoxicity in vitro

To evaluate the cytotoxicity of nanoparticles, KOPN-8 and U937 cells were seeded
into 96-well plate at 5000 cells/well with RPMI 1640 (100 pL), respectively. The
DOX/HSA-CD19 with DOX at concentrations of 0.3, 1, 3, 10 pg/mL were added to
the cells, respectively. After incubation for 24 hours, CCK-8 kit (10 puL) was added to
each well and incubated for another 2 hours. Finally, the absorbance at 450 nm was
measured by microplate reader (Synergy H1, Biotek, USA).

3.12. Western blotting analysis

The protein expression of caspase-3, apoptosis promoting protein Bax and apoptosis
inhibitory protein Bcl2 were determined by western blotting (Deng et al. 2018;
Song et al. 2018). KOPN-8 cells were seeded into a 6-well plate (1x10° cells/well).
DOX/HSA-CD19 with DOX at 10 ug/mL was added and co-incubated for 24 h. The
collected cells were lysed on ice for 30 min, followed by centrifugation at 13300 rpm
for 10 min.

Cell proteins (20 pg) were loaded. Then, the cell lysates were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to
0.45 um PVDF membranes. Skim milk (5%) was used to block for 1 h, and the PVDF
membranes were incubated with the corresponding primary antibody (Bax Rabbit
polyclonal antibody, 1:1000; Bcl2 Rabbit polyclonal antibody, 1:2000; Caspase-3
Rabbit polyclonal antibody, 1:1000) overnight at 4 °C and followed by secondary
antibody (HRP-labeled Goat Anti-Rabbit IgG (H+L), 1:1000) for 1 h at room
temperature. The expression level of proteins was determined by chemiluminescence
immunoassay using the Imaging System (FluorChem HD2, ProteinSimple, USA).
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