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Background and Aim: Acute myeloid leukemia (AML), initiated and maintained by
leukemia stem cells (LSCs), is often relapsed or refractory to therapy. The present study
aimed at assessing the effects of nanozyme-like Fe;O, nanoparticles (IONPs) combined with
cytosine arabinoside (Ara-C) on LSCs in vitro and in vivo.

Methods: The CD34 CD38 LSCs, isolated from human AML cell line KG1la by a magnetic
activated cell sorting method, were treated with Ara-C, IONPs, and Ara-C+ IONPs respectively
in vitro. The cellular proliferation, apoptosis, reactive oxygen species (ROS), and the related
molecular expression levels in LSCs were analyzed using flow cytometry, RT-qPCR, and
Western blot. The nonobese diabetic/severe combined immune deficiency mice were transplanted
with LSCs or non-LSCs via tail vein, and then the mice were treated with Ara-C, IONPs and IONPs
plus Ara-C, respectively. The therapeutic effects on the AML bearing mice were further evaluated.
Results: LSCs indicated stronger cellular proliferation, more clone formation, and more robust
resistance to Ara-C than non-LSCs. Compared with LSCs treated with Ara-C alone, LSCs treated
with IONPs plus Ara-C showed a significant increase in apoptosis and ROS levels that might be
regulated by nanozyme-like IONPs via improving the expression of pro-oxidation molecule gp91-
phox but decreasing the expression of antioxidation molecule superoxide dismutase 1. The in vivo
results suggested that, compared with the AML bearing mice treated with Ara-C alone, the mice
treated with IONPs plus Ara-C markedly reduced the abnormal leukocyte numbers in peripheral
blood and bone marrow and significantly extended the survival of AML bearing mice.
Conclusion: IONPs combined with Ara-C showed the effectiveness on reducing AML
burden in the mice engrafted with LSCs and extending mouse survival by increasing
LSC’s ROS level to induce LSC apoptosis. Our findings suggest that targeting LSCs could
control the AML relapse by using IONPs plus Ara-C.

Keywords: acute myeloid leukemia, leukemia stem cells, Fe;04 nanoparticles, cytosine
arabinoside, reactive oxygen species

Introduction

Acute myeloid leukemia (AML) accounts for approximately 30% of leukemia
cases, it is the most frequently diagnosed type of acute leukemia in the elderly,
and its drug-resistant relapse is common.' The disease is characterized by abnor-
mal primitive medullary system cell proliferation, poor cell differentiation, and
infiltration of bone marrow, peripheral blood, and other tissues such as liver, spleen,
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and lymph nodes. AML patients are also found to have
common hematopoiesis suppression, white blood cell
abnormality in qualitative nature and quantity, and
decrease in erythrocytes and platelets. Currently, standard
care methods for AML treatment include new chemother-
apeutic drugs, such as a combination of cytosine arabino-
side (Ara-C) with an anthracycline to improve the curative
effect and prolong the survival of patients. However, many
patients still ultimately relapsed due to occurrence of drug
resistance, although two-thirds of AML patients achieve
complete remission with progression-free survival.
Therefore, AML chemotherapy resistance is still a major
challenge in the treatment of AML.

Leukemia stem cells (LSCs), a very small subpopula-
tion of the total number of leukemic cells, are considered
the initiator cells of AML. LSCs have the capability of
self-renewal, immortalization and multi-directional differ-
entiation. LSCs are associated with the chemoresistance to
different cytotoxic drugs, radiotherapy, primarily respon-
sible for AML relapses, and poor prognoses. Therefore,
targeted treatment of LSCs could control the regeneration
of AML.>*

It was known that intracellular reactive oxygen species
(ROS) are important in regulating normal cellular pro-
cesses, but abnormal ROS levels contribute to the devel-
opment of various human diseases. Cancerous cells with
an innately high level of intracellular ROS have accom-
modated their accelerated metabolism, which distinguishes
the cancerous cells from normal cells.”*® However, LSCs
possess low ROS level, which may be one of the important
factors related to AML’s drug resistance.”®

Studies have demonstrated that Fe;O, nanoparticles
(FesO4 NPs), also called iron oxide nanoparticles (IONPs),
are a member of the recently discovered nanozyme-like
family. IONPs have the function of horseradish peroxidase
(HRP) without any modification on the surface. For example,
in acidic condition, IONPs can catalyze the reaction of
hydrogen peroxide to generate hydroxyl radicals, which
leads to an increase in ROS level.”'? The modulation of
intracellular ROS level is crucial to cellular homeostasis
because the different ROS levels can induce different biolo-
gical responses.'*'° In addition, engineered multiply func-
tional IONPs have shown pronounced biological activities,

including antibacterial action against different bacteria'®'”

and antitumor action against different tumors.'® 2
In the present study, we developed nanozyme-like
IONPs to evaluate its effects on  LSCs

(CD34°CD38 cells),”' > which were isolated from the

KGla cells, a human AML cell line, when the nanozyme-
like IONPs were administered in combination with the
chemotherapeutic drug Ara-C. Our study exhibited the
regulation of ROS level in LSCs and provided evidence
that the AML relapse might be controlled by a targeted
inducing of LSC apoptosis.

Materials and Methods

Materials

Cell Lines

Human AML cell lines KG1 and HL-60 were purchased
from the Cell Institute of Chinese Academy of Sciences in
Beijing, People’s Republic of China. Human AML cell
line KGla was a generous gift from Prof. Haiyan Xu,
Chinese Academy of Medical Sciences, Basic Medicine
Institute, Beijing, China. Cells were grown in IMDM
medium (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% Fetal Bovine Serum (FBS;
Thermo Fisher Scientific), 2mM L-glutamine, and 100U/
mL penicillin, 100ug/mL streptomycin at 37 °C in
a humidified incubator containing 5% CO,. All cell lines
used in the study were approved by the ethics committee
of Southeast University.

Chemicals

All the chemicals and media components used in the
present study were procured from Nuclear Industry
Institute of Physical and Chemical Engineering
(Shanghai, China), BD Biosciences (San Jose, CA,
USA), and Sigma-Aldrich (St. Louis, MO, USA).

Antibodies, Primers, and Compounds

Primary antibodies for gp91-phox (Rabbit anti Human
polyclonal antibody, pAb), superoxide dismutase 1
(SOD1) (Rabbit anti Human polyclonal antibody, pAb),
GAPDH (Rabbit anti Human monoclonal antibody, mAb),
and HRP Secondary Goat anti Rabbit antibody were pur-
chased from Proteintech Group, Inc. (Wuhan, China).
CD34-FITC (Rabbit anti Human pAb) and CD38-APC
(Rabbit anti Human pAb) were purchased from Biolegend
(Way San Diego, CA, USA).

Gene specific quantitative real-time polymerase chain
reaction (qQRT-PCR) primers for GAPDH (Forward: 5'-
CGGAGTCAACGGATTTGGTCGTAT-3', Reverse: 5-AG
CCTTCTCCATGGTGGTGAAGAC-3"), CD38 (Fwd: 5'-
GCTCAATGGATCCCGCA  GTA-3, Rvs:5-GGATCC
TGGCATAAGTCTCTGG-3"), DEP domain-containing
mTOR-interacting protein (DEPTOR) (Fwd: 5-GGTGC
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GAGGAAGTAAGCCAT-3', Rvs:5-TTGAGCCCGTTGA
CAGAGAC-3'), interferon-inducible  transmembrane3
(IFITM3) (Fwd:5'-CATCGTCATCCCAGTGCTGAT-3/,
Rvs: 5'-TGGAAGTTGGAG TACGTGGG-3'), were obtained
from Gene and Technology (Shanghai, China).

Fe;04 NPs (IONPs) were generously provided by Prof.
Ning Gu, School of Biological Science and Medical
Engineering, Southeast University, Nanjing, China. Ara-
C was procured from Dalian Meilun Biotech CO., Ltd
(DD-port (DIGITAL&DNA), China).

Methods

Preparation of AML CD34"CD38 Cells

The CD34'CD38 cells were isolated from the human
AML cell line KGla by magnetic activated cell sorting
method (MACS; Miltenyi Biotec, Gladbach, Germany)
following our previous studies.’** We named
CD34'CD38 cells for AML-SCs. This was accomplished
through our subsequent analysis of the CD34 CD38 cells
that shared the CSC characteristics.”®?’ To detect the
purity of CD34"CD38 LSCs and expression of the CD45
the CD34 CD38, and CD 45 antibodies
(eBioscience) were applied on a flow cytometry (FCM;

in mice,

BD Biosciences) according to the manufacturer’s instruc-
tions and as described previously®.

Drug Dose Response Viability and Cell Proliferation
Assays

To determine the cytotoxic effect of Ara-C on LSCs and
non-LSCs, 2x10* LSCs or non-LSCs/well were plated into
96-well plates. Cells were treated with Ara-C in various
drug concentrations (0, 0.0625, 0.25, 1, 4, and 16uM /well)
in triplicate wells for 48h. After 48h of incubation, 10uL/
well CCKS8 assay Kit (Sigma-Aldrich Co., St. Louis, MO,
USA) was added to the cells and further incubated for 4h.
Microplate Reader (Bio-Rad Laboratories, Inc., Hercules,
CA, USA) at optical density (OD) 450 was measured and
OD value was recorded. The result was analyzed by Graph
Pad software (Version: 5.0).%° After the optimal drug con-
centration was selected, 2x10° LSCs and non-LSCs were
plated into 96-well plates for the cell proliferation assay at
Oh, 24h, 48h, 72h, 96h, and 120h, respectively. According to
OD value, the cell proliferative activity was evaluated at
120h.

Clonogenic Assay
1x10° LSCs or Non-LSCs were treated with the different
agents following our previous reports.*>*! One hundred

single-cell suspension cells were resuspended in 0.8mL
IMDM medium containing 0.3% low melting temperature
agarose (Promega, Fitchburg, MI, USA) and were plated in
triplicate on 24-well plate over a base layer of 0.8 mL IMDM
medium containing 0.6% low melting temperature agarose.
The plate was incubated for 12—14 days until colonies were
developed. Colony diameter larger than 75pum or colony cells
more than 50 cells were then counted as 1 positive colony.

Determination of Intracellular ROS Level
ROS generation was investigated as previously reported.***
LSCs and Non-LSCs at the density of 1 x 10%mL medium
were treated with phosphate-buffered saline (PBS), Ara-C
(0.4puM), IONPs (150 pg/mL), and Ara-C (0.4uM)+IONPs
(150pg/mL) incubated at 37 °C for 24 h. Twenty-five mins
prior to the end of incubation, 5 uM chloromethyl dihydro 2’
7’ dichloro-fluorescein diacetate (DCFH-DA, Njjcbio,
China) was added to cells at 37 °C. At the completion of
incubation, samples were placed on ice. The production of
ROS in LSCs and Non-LSCs was measured by fluorescence
intensity following dichlorofluorescein staining using FCM
(BD Biosciences).

Apoptosis Measurements

The apoptotic rate was assessed by using Annexin V- APC/PI
Apoptosis Detection Kit (Fcmacs, China). Generally, LSCs
and Non-LSCs were respectively plated in six-well plates
(2x10° cells/well) and treated with various agents for 24 h.
Subsequently, cells were washed with PBS and resuspended
in binding buffer. Aliquots (100 uL) of 10° cells/mL were
incubated with 5 pL. of annexin V-APC and 10 pL propidium
iodide (PI) for 15 min in the dark at room temperature, prior
to the evaluation of cell apoptosis by FCM analysis™*.

qRT-PCR

qRT-PCR was performed as previously reported.*>°
Briefly, RNA was extracted from each sample by using
a Qiagen RNeasy Kit (Qiagen, Valencia, CA, USA).
Concentration of the extracted RNA was measured with
Nano Drop ND-1000 Spectrophotometer (Nano Drop
Technologies, Thermo Fisher Scientific). One microgram
of total RNA per sample was subjected to cDNA synthesis
using the Superscript III Reverse Transcriptase
(Invitrogen, Thermo Fisher Scientific). The mRNA levels
of the genes of interest were expressed as the ratio of each
gene of interest to GAPDH mRNA for each sample. The
fold change in gene expression was calculated with the
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2722 method and the presented data were normalized to

the mesothelium values.

Western Blots

Cells were plated at 1x10° cells/well in 6 well plates and
allowed to grow for 24 h and treated with various agents
for another 24 h after the incubation. Treated cells were
washed in PBS. Gel electrophoresis was performed on 10-
well 1.5 mm NuPAGE 12% Bis-Tris gels (Thermo Fisher
Scientific). Samples were then transferred to Invitrolon
PVDF transfer membranes (Invitrogen, Thermo Fisher
Scientific) and blocked overnight at 4°C or 1h at room
temperature in blocking buffer consisting of 1x TBS
(Quality Biological) with 0.1% Tween® 20 (Thermo
Fisher Scientific) and 5% dehydrated milk. Primary anti-
bodies were used at concentration of 1:1000 except the
GAPDH control that was used at concentration of 1:2000.
The membrane was rinsed for 5 min with an antibody
wash solution for 3 times. The secondary antibody con-
centration used was at a 1:5000 dilution for 1 h at room
temperature, and the following steps were performed

according to the kit’s protocol.>”*

In vivo Experiment

The animal experiments were carried out in agreement
with the Guidelines of the Animal Research Ethics Board
of Southeast University. Full details of the study approval
can be found in the approval ID: 20080925. The Animal
Research Ethics Board of Southeast
approved the present animal studies and the approval

University

number was 20190128. All the mice were maintained in
a pathogen-free facility that has a 12-hour light/dark cycle
and relative humidity ranged from 50% to 60% at 24°C.
The released cells from each group were transplanted into
the nonobese diabetic/severe combined immune deficiency
(NOD/SCID) mice (5%10° LSCs or PBS) through caudal
vein inoculation at 5 weeks of age with 16.88 + 0.51
grams in weight, which were purchased from Beijing
Weitong Lihua Experimental Animal Technology Co.,
Ltd., China (Animal certificate number: SCXK (Beijing)
2016-0006). Fifteen days after injection, the mice trans-
planted with Non-LSCs or LSCs were randomly divided
into eight groups of equal size (3 mice), including four
Non-LSC groups and four LSC groups. AML model group
(treated with PBS 200puL), IONPs group (treated with
10 mg/kg IONPs), Ara-C group (treated with 50mg/kg
Ara-C), and Ara-C-IONPs group (treated with 50mg/kg
Ara-C+10 mg/kg IONPs). To assess the antitumor effects

of various agents, 200uL of each agent were intravenously
injected into AML-bearing mice once every three days
a total of five times. To test leukocyte classification, the
blood routine samples were collected from the venous
plexus of eye sockets in mice. The peripheral blood leu-
kocyte classification and hemoglobin (HGB) were tested
On Day 0, Day 10, Day 20, and Day 30, respectively. Mice
were sacrificed 33 days later and mouse tissues were
collected and histological examination was performed.

The animal experiment was repeated twice.*”**

Statistical Analysis

The data were plotted as mean £ SD and analyzed for
statistical significance by two-tailed paired Student’s ¢ test
or repeated measures analysis of variance (ANOVA).
P values less than 0.05 were considered statistically sig-
nificant. Analyses were performed with the SPSS 19.0
software package.

Results and Discussion
LSCs Were Isolated and Identified in vitro

AML is a hematopoietic system disease that tends to
relapse due to the existence of LSCs. It is well known
that LSCs are responsible for chemoresistance and this is
the primary cause for the clinical failure in elimination of
AML cells’. In this study, to evaluate the effects of nano-
zyme-like IONPs and Ara-C on LSCs from AML cell line
KGla, we first analyzed the percentage of CD34'CD38~
cells in human AML cell lines of HL-60, KG1 and KG1la
since the CD34'CD38" phenotype cells are contributed to
LSCs.2'*? In Figure 1A, the results analyzed by FCM
showed that a very small fraction of CD34'CD38 cells
were found in the HL-60 cells (0.912%) and the KGl1
cells (7.30%), but 32.9% of CD34'CD38 cells were
found in the KGla cells. Based on these findings, we
used the KGla cells to isolate the CD34'CD38 cells.
Following a standard protocol and our previous
reports,”**>  we isolated the CD34"CD38cells by
MSAC. The percentage of CD34 'CD38  phenotype cells
was found to be around 94.3% (Figure 1A). This result
suggested that the purity of the CD34'CD38" cells isolated
by MSAC was acceptable for use in subsequent study.

To identify the characteristics of CD34 CD38 cells, we
analyzed the resistance to chemotherapeutic drug in
CD34'CD38 LSCs incubated with Ara-C in varying con-
centrations using the CCK8 assay. Figure 1B illustrated the
cellular viability of LSCs and Non-LSCs was decreased as
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Figure | Isolation and identification of LSCs. (A) FCM analysis of CD34"CD38 cells in HL-60 cells (0.912%), KGI cells (7.30%), and KGla cells (32.9%). Isolation of
CD34"CD38 cells by magnetic activated cell sorting method from KGla cell line and the purity of CD34"CD38 cells (94.3%) was identified by FCM. (B) Cellular viability
assay for LSCs and Non-LSCs incubated with various concentration of Ara-C (uM). (C) Cell proliferation assay for LSCs and Non-LSCs in vitro. (D) Clone assay for LSCs
and Non-LSCs in the soft agar media. The black arrows represent the positive clones. (E) Statistical analysis of clone formation rate. **p <0.0l and **p<0.001 were
calculated by t test, referring to the statistically significant difference as compared to respective group.

Ara-C concentration was increased step by step. It was
found that Ara-C was at concentration of 0.0625 pM and
the cellular viability of Non-LSCs was significantly reduced
compared with that of LSCs (79% vs 61%, P<0.01).
However, the cellular viability did not show remarkable
difference between LSCs and Non-LSCs when the Ara-C
concentration went over 1uM, which indicated the signifi-
cant increase in the cytotoxicity conferred by Ara-C.
Therefore, we applied the Ara-C at concentration of 0.4
UM in our subsequent experiments. Figure 1C shows that
the proliferative ability of LSCs was gradually increasing
compared with that of Non-LSCs in the IMDM medium,

especially in the 5 day-culture, and the difference in change
was statistically significant (p < 0. 005).

The clone formation ability in the soft agar is used to
measure the ability of cells to cross tissue barriers and cell
invasion. The cloning efficiency is correlated positively
with the disease stage of multiple myeloma, plasma cell
leukemia or advanced multiple myeloma.***' For this
reason, we assessed the clone formation ability of LSCs
in soft agar medium. Figure 1D shows that LSCs formed
more clones than that of Non-LSCs and the colony forma-
tion rate in the soft agar media was around 21% for the
LSCs and 7% for the Non-LSCs when measured 14 days
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after the incubation. The difference was statistically sig-
nificant (p<0.01) as shown in Figure 1E. Overall, the data
analysis showed that the CD34"CD38 cells isolated from
the KGla cells possessed the LSC’s characteristics, such
as more resistant to chemotherapeutic drug Ara-C and
stronger clone formation ability than those of Non-LSCs.
Therefore, the CD34"CD38 cells were identified as LSCs.
The isolated LSCs were cultured in the IMDM medium in
4h for the subsequent experiments to avoid LSC

differentiation.

IONPs Combined with Ara-C Increased
LSC Apoptosis via Enhancing ROS Level

To assess the effect of IONPs on LSCs, we first observed the
cytotoxicity of IONPs on the KG1a cells with the 50% inhibit-
ing concentration (ICsg) assay in this study. Figure 2A indicates
that no cytotoxicity to KGla cells was present when IONPs

was at concentration of 20 pg/mL or 60pg/mL, but when the
concentration was over 180pg/mL, the apoptosis level in the
KG1a cells was significantly increased compared with that at
concentration of 20 pg/mL or 60pug/mL (Figure 2A and B). In
another preliminary experiment, ICsy of IONPs in the KGla
cells was found to be around 145.2+ 7.6 ng/mL (data not
shown here). Therefore, IONPs was used at concentration of
150 pg/mL in the subsequent experiments. Figure 2C shows no
significant differences were found in apoptosis levels (Control)
between the LSCs and the Non-LSCs when incubated with
IONPs at concentration of the 150 pg/mL. On the other hand,
the apoptosis level was increased in Non-LSCs compared to
LSCs incubated with Ara-C at concentration of 0.4uM, espe-
cially in Ara-C (0.4uM) plus IONPs (150pg/mL), and the
difference statistically significant (Figure 2D). It is known
that caspase-8 and caspase-9 are activated via the death recep-
tor and mitochondrial signaling pathways during apoptosis,
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Figure 2 FCM analysis of levels of apoptosis and ROS in LSCs and Non-LSCs treated with different agents. (A) ICsq assay for KGla cells analyzed by FCM and the
cytotoxicity of IONPs to KGla cells incubated with various concentration of IONPs (ug/mL). (B) Statistical analysis of the apoptosis rate. (C) FCM analysis of apoptosis
rates of LSCs and Non-LSCs incubated with various agents. (D) Statistical analysis of apoptosis rates. (E) The cleaved caspase-3 expression analyzed by Western blot. (F)
FCM analysis of ROS levels in LSCs and Non-LSCs treated with different agents. (G) Statistical analysis of ROS level in LSCs and Non-LSCs. *p <0.05, **p <0.01 and **p <
0.001 were calculated by t test, referring to the statistically significant difference as compared to respective group.
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whereas caspase-3 is a common effector of both signaling
pathways.** We speculate that IONPs combined with Ara-C
might induce the LSC apoptosis via both caspase-dependent
receptor and mitochondrial apoptotic pathways. Therefore, we
detected the important biomarker for apoptosis, a cleaved cas-
pase-3, by Western blot. The high expression of cleaved cas-
pase-3 further confirmed the cell apoptosis effect induced by
IONPs plus Ara-C (Figure 2E).

Recent advances in research demonstrate that high ROS
content in cancer cells makes them more susceptible to oxida-
tive stress to induce cell death, and this evidence can be
exploited for targeted selective AML treatment by aiming at
modulation of ROS level in AML cells.>® To this end, we
reasoned that the increased apoptosis level in LSCs treated
with IONPs combined with Ara-C may be associated with the
elevated ROS level. Since IONPs can catalyze the reaction of
hydrogen peroxide to lead to elevated ROS levels in cancerous
cells, we next analyzed the ROS level in LSCs. Interestingly,
the ROS levels in both LSCs and Non-LSCs were significantly
increased when cultured with IONPs compared to the control
without any agents. Moreover, the ROS level in the cells
treated with IONPs was higher than that of the cells treated
with Ara-C, especially in the cells treated with IONPs com-
bined with Ara-C. The differences were statistically significant
(» <0.0108, p <0.0007, and p < 0.0307) (Figure 2F and G). It
has been reported that one of stem cell’s features is their low
ROS level.”® Our data was consistent with the reports and
showed that the ROS level was lower in LSCs than Non-LSCs
(Figure 2F). Our findings from the data let us conclude that the
IONPs combined with Ara-C increased the apoptosis in LSCs
and Non-LSCs through enhancing the ROS levels. This find-
ings also agreed with previous studies that the Fe;0,4 compo-
site can be used as an effective inhibitor of antibiotic resistance
in medicine, including nanoparticles carrying chemotherapeu-
tic agents used in cancer treatment; our result suggested that
the good efficacy might be due to improving the ROS
level. ™ Thus, we believed that the combination of
a conventional cancer drug Ara-C and the IONPs to target
upregulation of ROS would be a better approach than using
chemotherapeutic agents alone to improve drug-sensitivity for
treating AML patients.

IONPs Plus Ara-C Improved gp9|-phox
but Decreased SOD| Expression in LSCs

The intracellular ROS level is associated with a complex
interplay in the modulation of ROS production, such as
autophagy and apoptosis in response to various molecular

expression.'**® It is known that gp91-phox may improve
ROS level, but SODI, an important antioxidant enzyme,
could convert ROS in cancerous cells to hypochlorous acid
and subsequent singlet oxygen species that might mediate
the inhibition of cancerous cell proliferation. Nevertheless,
both gp91-phox and SODI1 are related with the regulation
of ROS level and oxidative stress.*’” *° Therefore, we
further detected the expression levels of gp91-phox and
SODI1 by Western blot. Figure 3A shows that the expres-
sion of gp91-phox was markedly increased in the Non-
LSCs treated with IONPs, particularly in the Non-LSCs
treated with IONPs plus Ara-C; the difference between the
IONPs and IONPs plus Ara-C was statistically significant.
On the other hand, the gp91-phox expression did not
reveal any significant change in Non-LSCs treated with
Ara-C only (Figure 3C). According to this result, we
reasoned that Ara-C could have forcefully inhibited the
synthesis of DNA polymerase, as well as DNA polymer-
ization and synthesis, but the action of Ara-C was not
involved in impacting on the expression of gp91-phox,
a component of nicotinamide-adenine dinucleotide phos-
phate (NADPH) oxidase that serves as an electron carrier
in a number of reactions, when being alternately oxidized
(NADP+) and reduced NADPH. Figure 3A and C also
showed that the expression of gp91-phox was significantly
up-regulated in Non-LSCs and LSCs compared to the
control cells without adding any agent, especially in Non-
LSCs in the presence of IONPs plus Ara-C. In contrast, the
expression of SOD1 was markedly down regulated in
LSCs treated with IONPs, Ara-C, and IONPs combined
with Ara-C, respectively, compared with the control cells;
however, the SOD1 expression did not chang in Non-LSCs
when incubated with IONPs, Ara-C, and IONPs combined
with Ara-C, respectively (Figure 3B and D). Collectively,
these results demonstrated that IONPs and IONPs plus
Ara-C increased the gp91-phox expression but decreased
the SOD1 expression in LSCs, which might increase the
ROS level to induce the LSC apoptosis.

In addition, we simultaneously detected the expression
of LSC-related genes including CD38, DEPTOR (pleckstrin
domain-containing mTOR-interacting protein), which is an
inhibitor of the mTOR kinase that controls cell growth,>
and IFITM3 (interferon-induced transmembrane protein 3),
which is an antiviral factor that inhibits viruses to enter host
cells through acidic endosomes® by using RT-qPCR. As
expected, the expression levels of CD38 and DEPTOR
were down regulated in LSCs when treated with IONPs,
Ara-C, and IONPs combined with Ara-C, respectively,
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Figure 3 Analysis of the expression levels of gp91-phox and SODI. (A and B) The expression levels of gp91-phox and SOD| analyzed by Western Blot in LSCs and Non-
LSCs treated with different agents. (C—G) Semi-quantification of the expression levels of gp91-phox, SODI, CD38, DEPTOR, and IFITM3 detected by RT-qPCR in LSCs and
Non-LSCs treated with different agents. *p <0.05, **p <0.01 and ***p < 0.00| were calculated by t test, referring to the statistically significant difference as compared to

respective group.

compared with the Non-LSCs. In contrast, the IFITM3
expression was upregulated in LSCs when incubated with
IONPs, Ara-C, and IONPs plus Ara-C compared to Non-
LSCs, respectively (Figure 3E and F); but there was no
significant change in Non-LSCs in the presence of IONPs,
Ara-C, and IONPs plus Ara-C, respectively, compared with
the LSCs (Figure 3G). More recently, emerging data have
revealed that overexpression of IFITM3 has been observed
in glioma, head and neck cancer, lung cancer, and breast
cancer.®? Therefore, LSCs have high expression of IFITM3
and low expressions of CD38 and DEPTOR, which are
involved in the stem-like characteristics of LSCs. Our cur-
rent preliminary findings suggested that the IONPs com-
bined with Ara-C could impact the expression levels of
CD38, DEPTOR, and IFITM3 in LSCs, which in turn
might further impact LSC’s characteristics, resulting in

changing the resistance to chemotherapeutic drugs. Based
on the results, we think that additional studies aimed at the
intricacies of IFITM3 overexpression and how this expres-
sion can be inhibited may be instrumental for the design of
novel targeted strategy to control AML.

Establishment of a AML Xenograft Model
To evaluate the effects of IONPs combined with Ara-C on
LSCs in vivo, we first established an AML xenograft model.
NOD/SCID mice were injected with 5x10° CD34"CD38~
cells or PBS through tail veins. Twenty days after the
injection, AML-bearing mice were in low spirits, and had
less movement. The body weights and hemoglobins (HGB)
level were remarkably reduced but the peripheral blood
white cell (WBC) counts were markedly increased com-
pared with the control mice injected with PBS. The spleens
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of the AML-bearing mice were turgid swelling, and the
spleen index was increased compared with the control
mice; the differences were statistically significant (Figure
4A-E). The smears of the blood samples revealed abnormal
blood cells in cell morphology, indicating round or ellipse
shapes, a macro-nucleus and hypo-cytoplasm. The smears
of the bone marrow samples stained by Wright-giemsa
staining indicated the archaeocyte cells or juvenile cells,
which exhibited morpho-irregularity, nuclear chromatin
increase, and disproportion of nucleus and cytoplasm. The
ratio of juvenile cells was markedly increased in the AML-
bearing mice compared to control mice (Figure 4F and G).
These results suggested that the AML xenograft mouse
model was successfully established, and that the model
mice shared many pathological characteristics with those

of AML and was available for investigating treatment of
AML diseases.

Treatment of AML-Bearing Mice Using
IONPs Combined with Ara-C

Having established the AML xenograft mouse model we
evaluated the therapeutic effects of nanozyme-like IONPs
combined with Ara-C (combination) on AML-driven xeno-
graft progression in NOD/SCID mice by injection of Non-
LSCs or LSCs. Fifteen days after injection, the mice were
treated once every three days with PBS, IONPs, Ara-C and the
combination, respectively, in total of five times. The demon-
strated strong therapeutic activity of the treatment with various
agents was apparently associated with the therapeutic efficacy
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Figure 4 Assessment of AML xenograft model in NOD/SCID mice. (A) Weight of mouse body weights once every 10 days in mice injected with 5%10° CD34"CD38 AML
cells or PBS through tail veins. (B) WBC counts of peripheral blood once every 10 days in mice injected with 5x10° CD34"CD38 AML cells or PBS. (C) HGB level of
peripheral blood once every 10 days in mice injected with 5% 10° CD34"CD38~ AML cells or PBS. (D) Representative images of the size of spleens taken from the mice
injected with 5x10° CD34"CD38 AML cells or PBS 30 days later. (E) The statistical analysis of spleen index in AML xenograft mice and control mice. (F) Representative
images of AML cell shape (Wright-giemsa staining) on the smears of peripheral blood (PB, top, arrow, magnification x 1000) and juvenile cell shape (Wright-giemsa staining)
on the smears of bone morrow (BM, bottom, arrow, magnification X 1000) in AML xenograft mice and control mice. (G) Statistical analysis of juvenile cell percentage in BM.
*p <0.05, **p <0.01 and ***p < 0.001 were calculated by t test, referring to the statistically significant difference as compared to respective group.
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significant difference as compared to respective group.

to reduce abnormal WBC counts in the peripheral blood. As
shown in Figure 5A, the highest WBC counts were found in
the model mice transplanted with LSCs and treated with PBS.
Similarly, the mice transplanted with LSCs were treated with
IONPs alone also showed high counts of WBC; whereas the
lowest WBC counts were found in the group of mice trans-
planted with Non-LSCs and treated with Ara-C only.
Analogously, the mice injected with Non-LSCs were treated
with the combination also showed low WBC counts; the
differences were statistically significant (Figure 5A). In con-
trast, the highest level of HGB was found in the mice trans-
planted with Non-LSCs and treated with the combination.
Moreover, the mice transplanted with LSCs and treated with
the combination also showed high level of HGB. However, the
lowest level of HGB was found in the group of mice trans-
planted with LSCs and treated with IONPs alone.

Analogously, the mice transplanted with LSCs and treated
with the PBS also showed low level of HGB, which were
statistically significant (Figure 5B).

The morphous of AML cells in the AML bearing mice
treated with various agents were further assessed by histo-
logical morphology. Figure 6B shows the AML cell mor-
phous, as determined by Wright-giemsa staining, on the
smears of blood samples that were collected from the LSC-
transplanted mice treated with various agents. However, no
AML cells were observed on the smears of the blood sam-
ples collected from the Non-LSC-transplanted mice treated
with various agents (Figure 6A). The result suggested that
Non-LSCs had hardly any growth under the selected pres-
sure of various agents. Our data from the SCID mice trans-
planted with Non-LSCs agreed considerably with a previous
report that the marrow implants from six patients in the
chronic phase of CML showed infrequent and limited

submit your manuscript

1240

Dove

International Journal of Nanomedicine 2021:16


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

Dove

Dou et al

myeloid growth in the mice.*® Notably, on the smears of the
bone marrow samples (Figure 6C and D), the percentage of
primitive and immature cells was significantly increased in
the mice transplanted with LSCs compared with the mice
transplanted with Non-LSCs, particularly in the mice treated
with IONPs alone. However, there were no significant dif-
ferences between the combination and the Ara-C groups
(Figure 6E).

The in vivo animal experiment results suggested that
the IONPs seemed to have no active effect on the AML
bearing mice. We analyzed that IONPs had no specific
target destination and hardly entered the bone marrow to
penetrate AML cells in the complicated internal milieu
in vivo, and did not increase ROS level to induce AML
cell apoptosis. On the other hand, the ROS-inducing
cytotoxic drug Ara-C could minimize the adverse effects
on normal cells by acting as antioxidants without inter-

fering with their cytotoxic effects on AML cells as pro-

A Control Ara-C IONPs
Q(I})\' £ & 2L ' | .b . ‘U >
) S - '
B —
Q. sl i :
4 '

oxidants.® Therefore, Ara-C exerted active effects on the
AML bearing mice by decreasing abnormal WBC counts
and increasing HGB level, particularly in the mice treated
with combination.

To further evaluate the therapeutic effect of the combina-
tion by evaluating the tumor burden in vivo, we detected the
KG-1a cells express human CD45 molecule by FCM. From
the data shown in Figure 6F, we found that the CD45 " cells of
bone marrow cell populations in mice treated with PBS was
accounting for ~3.03%, whereas in mice treated with the
combination, the CD45" cell population was only accounting
for ~0.98%, and the CD45 " cell population was around 1.20%
for the Ara-C treated mice and 1.71% for the IONPs treated
mice, suggesting reduced tumor burden in vivo after treated by
various agents, especially in the combination treated mice.

In addition, we evaluated whether the combination could
give rise to toxic damage to major organs, pathological

examinations were used to assess the changes of liver and
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Figure 6 Analysis of therapeutic effects of different agents on AML-bearing mice. (A and B) Representative images of blood cell shape (A) and AML cell shape (B) (Wright-
giemsa staining, arrow, magnification X 400) on the smears of peripheral blood samples collected from the mice injected with LSCs after treated with different agents. (C and
D) Representative images of juvenile cell shape (Wright-giemsa staining, arrow, magnification x 1000) on the smears of bone morrow (BM) in Non-LSCs (C) and in LSCs (D)
xenograft mice after treated with different agents. (E) Statistical analysis of juvenile cell percentage of BM in mice after treated with different agents. (F) FCM analysis of the
CD45"cells of bone marrow cell populations in mice treated with various agents. ***p<0.001 was calculated by t test, referring to the statistically significant difference as
compared to respective group.
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kidney by H&E staining. The results showed that the morphol-
ogy of liver and kidney tissue were all normal, indicating that
the combination did not cause major adverse events associated
with therapy (data not shown here).

Based on these results, we may conclude that the
established AML xenograft mouse model could be used
to evaluate in vivo efficacy of the AML-therapy with the
different agents. The combination of IONPs and Ara-C
exerted the therapeutic efficacy in decreasing AML burden
and improving survival in the mice engrafted with LSCs.

Conclusion

We focused on the CD34 ' CD38 cells in this study because
the cells shared LSC’s characteristics, which were deter-
mined by the assays of resistance to chemotherapeutic
drug Ara-C, the cellular proliferation, and clone formation.
Importantly, the in vitro and in vivo results demonstrate
that the combination of the nanozyme-like IONPs and
Ara-C exhibited high efficiency for the AML-therapy.
The combination revealed an increase in the levels of
apoptosis and ROS in LSCs by improving the p91-phox
expression and decreasing the SOD1 expression. Our data
also demonstrates that the SCID mouse is a reproducible
system for the propagation of AML via tail veins implan-
tation of LSCs. We believe that this initial research of ours
may provide a viable alternative to making the combina-
tion of IONPs and Ara-C capable of treating LSCs without
external energy activation, which may act as a potent
trigger of the ROS-mediated LSC apoptosis for reducing
AML relapses.
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