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Impact statement

Multiple myeloma (MM) remains largely
incurable until now. One of the main rea-
sons is that there are cancer stem cells
(CSCs) in MM, which are responsible for
MM’s drug resistance and relapse. In this
study, we wanted to extend our previous
investigation®? that whether we developed
the LCL-HHT-H-PEG formulation have an
inhibitory effect on MM CD138 CD34~
CSCs in MM CSC engrafted NOD/SCID
mouse model. Our data from the present
study have demonstrated the therapeutic
effect of LCL-HHT-H-PEG on MM-bearing
mouse model. The study represents the
first attempt to demonstrate that the LCL-
HHT-H-PEG formulation is available for
treatment MM patients in clinic. Therefore,
this finding is important and deserves
publication in Experimental Biology and
Medicine.

Abstract

The goal of this investigation was to evaluate the inhibiting effect of high proportion poly-
ethyleneglycol of long-circulating homoharringtonine liposomes on RPMI8226 multiple mye-
loma cancer stem cells. The CD138 CD34~ multiple myeloma cancer stem cells isolated
from RPMI8226 cell line using magnetic activated cell sorting system were, respectively,
incubated with the optimized formulation of polyethyleneglycol of long-circulating homo-
harringtonine liposomes and the homoharringtonine in vitro, and the multiple myeloma
cancer stem cell proliferation, colony formation, and cell cycle were analyzed. The inhibition
of the multiple myeloma CD138 CD34~ cancer stem cell growth was investigated in non--
obese-diabetic/severe-combined-immunodeficiency mice that were implanted with mul-
tiple myeloma RPMI 8226 cancer stem cells and treated with the LCL-HHT-H-PEG. The
results showed that the polyethyleneglycol of long-circulating homoharringtonine liposomes
significantly inhibited MM cancer stem cell proliferation, colony formation, and induced
cancer stem cell apoptosis in vitro as well as MM cancer stem cell growth in hon-obese-
diabetic/severe-combined-immunodeficiency mice compared with the homoharringtonine.
In addition, the mouse bone mineral density and the red blood cell count were significantly

increased in polyethyleneglycol of long-circulating homoharringtonine liposomes group. In conclusion, the data demonstrated that
the developed polyethyleneglycol of long-circulating homoharringtonine liposomes formulation may serve as an efficient thera-
peutic drug for suppressing CD138~CD34 ™ multiple myeloma cancer stem cell growth by inducing cancer stem cell apoptosis in
non-obese-diabetic/severe-combined-immunodeficiency mouse model.
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Introduction patients eventually relapse and succumb to the disease

that still remains incurable.*™®

It was known that the tumor-initiating population and/
or CSCs are distinguished by their ability to produce
tumors, and are responsible for maintaining the pull of resi-
dual disease, eventual chemo-resistance, and recurrence in
MM patients.””'? Despite the theory of MM CSCs proposed
for the drug resistance in MM patients, how to target MM
CSCs for solving the resistant problem has not been prop-
erly defined yet.'" Therefore, there is an unmet need for
new therapies to lengthen survival of MM patients.'*"?
Recently, a trio of United States Food and Drug

Multiple myeloma (MM), the second most common hema-
tological malignancy, accounts for approximately 10% of
hematologic cancers."”> MM patients clinically result in
anemia, immunodeficiency, renal insufficiency, hypercalce-
mia, and an increase of infection risk.>® Although the recent
advances were made in the treatment of MM patients with
the introduction of the novel agents such as bortezomib
(proteasome inhibitor), thalidomide, and lenalidomide
(immunomodulatory drugs), which has significantly
improved patient’s response rate and survival, most MM
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Administration drug approvals for MM, including two
immunotherapies (daratumumab, elotuzumab) and an
oral proteasome inhibitor (ixazomib) have suddenly broa-
dened oncologists” options for treatment of MM patients,
suggesting that therapeutic approaches to this disease focus
on discovering a novel therapeutic drugs to enhance effi-
cacy of treating MM patients.'*

Homoharringtonine ~ (HHT) isolated from the
Cephalotaxus evergreen tree has been widely used in trad-
itional Chinese medicine for treatment of a variety of hema-
tologic malignancies, and also approved by the Food and
Drug Administration of United States for treating patients
within acute and chronic myeloid lymphoma.'>™"”
However, HHT may induce unanticipated side effects in
the gastrointestinal tract, which limits its wide clinical util-
ity."” Given the growing use of liposome encapsulation of
anticancer drugs to alter their pharmacokinetics and distri-
bution in vivo, these drugs have decreased the toxicity and
increased the drug efficacy.'®** Accumulating evidence has
showed that the long-circulating dose-independent lipo-
some formulations containing polyethyleneglycol (PEG)
on the surface of liposomes has been approved for treat-
ment of the different tumors.* > In our previous study,*?
we developed the high proportion PEGylated long-
circulating liposomes containing HHT (LCL-HHT-H-PEG)
to have evaluated the therapeutic effects on MM RPMI8226
cells in vitro and in vivo, indicating encouraging results of
inhibitory MM growth compared with general liposome-
encapsulated-HHT, low proportion PEG of long-circulating
HHT liposomes, and micelle-HHT. In this study, we wanted
to extend the investigation that whether the LCL-HHT-H-
PEG have an inhibitory effect on MM RPMI8226
CD1387CD34 CSCs. From the present study, our results
indicated that, compared with the control HHT, the LCL-
HHT-H-PEG formulation showed a significant suppression
of MM CSC proliferation in vitro and MM CSC growth in
non-obese-diabetic/severe-combined-immunodeficiency
(NOD/SCID) mice injected with MM RPMI8226
CD1387CD34 CSCs. The data demonstrated that the
LCL-HHT-H-PEG formulation might be worth further
exploration for the treatment of MM patients by targeting
CD138 CD34 CSCs.

Materials and methods
Cells

Human MM RPMI 8226 cells were purchased from the
Institute of Basic Medical Sciences Chinese Academy,
People’s Republic of China. Cells were cultured in complete
medium consisting of RPMI 1640, 2mM L-glutamine,
100U/mL penicillin, 100 pg/mL streptomycin, and 10%
fetal bovine serum at 37°C in a humidified incubator con-
taining 5% CO..

NOD/SCID mice

NOD/SCID mice at five to six weeks of age with 16-18¢g
in weight were purchased from Slac laboratory animal
center, Shanghai, China. All the mice were maintained in
a pathogen-free facility that has a 12-h light/dark cycle
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and relative humidity ranged from 40% to 50% at 22°C.
All the animal experiments were performed in compliance
with the Guidelines of the Animal Research Ethics Board of
Southeast University. Full details of approval of the study
can be found in the approval ID: 20080925.

Main materials

Mouse anti-human CD138 and CD34 microbead monoclonal
antibody were purchased from Miltenyi Biotec (Bergisch
Gladbach, Germany). HHT was purchased from Dalian
Meilun Biotech Co., Ltd of China. The annexin V-PE/7-
AAD apoptosis assay kit (KGA1017) was purchased from
Nanjing KeyGen Biotech. Co., Ltd. 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[methoxy (polyethylene
glycol)-2000]-biotin (DSPE-PEG 2000-Biotin) and 25-NBD-
cholesterol were purchased from Avanti Polar Lipids, Inc.
Matrigel was purchased from BD Biosciences (USA). Cell
cycle and JC-1 apoptosis detection kit were procured from
Keygen Biotech of China. All other chemicals were commer-
cially available and analytical grade.

Developing of LCL-HHT-H-PEG formulation

Firstly, HHT formulation was prepared as follow: 206.24 mg
of natural phospholipids, 10.15mg of cholesterol, 20.42 mg
of HHT, and 100 mg of DSPE-PEG2000 were synchronously
dissolved in 1 ml of ethanol with ultrasound. This solution
was added in 20ml pure water slowly drop by drop with
vortex to get the mixture. Liposome suspension was
obtained after removing the organic solvent from the mix-
ture. The suspension was concentrated to reduce the size
of liposomes with probe ultrasound, and then the suspen-
sion was freeze dried with 1.2ml liposome and 1.2ml
(100 mg/ml) sucrose solution in each vial after determin-
ation of content. Finally, we got the high proportion PEG
of long-circulating HHT liposomes (1.006 mg/vial), and
named it for LCL-HHT-H-PEG.**"*?

Preparation of CD138 CD34 MM CSCs

CD138 cells were isolated from human MM RPMI 8226
cells using mouse antihuman CD138 monoclonal antibody
coupled to magnetic microbeads (Miltenyi Biotec,
Germany) followed by magnetic column selection, using
immune magnetic activated cell sorting (Miltenyi Biotec,
Germany). Resulting cells were additionally depleted of
normal hematopoietic progenitors by using mouse antihu-
man CD34 antibody (Miltenyi Biotec,Germany).”*** The
CD1387CD34 cells were analyzed by flow cytometer
(FCM, FACS Caliber, BD, USA). We named
CD1387CD34 cells in human MM RPMI 8226 cell line for
the MM stem-like cells (MM CSCs) as described in our pre-
vious reports.'

Assay of colony formation in soft agar media

The assay protocol of colony formation was described in
our previous reports.**? Briefly, 2x10> CD138~
CD34 MM CSC suspensions were resuspended in 0.8 mL
growth media containing 0.3% low melting tempera-
ture agarose (Promega, Madison, WI, USA) and the
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LCL-HHT-H-PEG (40ng/0.8 ml) or HHT (40ng/0.8 ml) or
LCL-H-PEG (40ng/0.8ml, high proportion PEGylated
long-circulating liposomes without HHT) was plated in
triplicate on 24-well plate over a base layer of 0.8mL
growth media containing 0.6% low melting temperature
agarose. The plates were incubated for two weeks until
colonies were formed. Colony diameters larger than 75 pm
or colony cells more than 50 cells were then counted as one
positive colony visualized by light a microscope (10 x 10).

Cell cycle of MM CSCs analyzed by FCM

In cell cycle assay, 1 x10° CD138~CD34 MM CSCs were
incubated with the LCL-HHT-H-PEG formulation or HHT
or LCL-H-PEG each well (40ng/ml) at 37°C in 5% CO, for
72h, and fixed overnight with 70% (w/v) ice-cold ethanol.
Cells then were resuspended in 1mL of PBS containing
40pug/mL Annexin V/PI and 500 U/mL RNase A.
Following incubation for 30 min in the dark at room tem-
perature, cells were analyzed by FCM using the system
modfit software. The PI fluorescence signal peak versus
the integral was used to discriminate G2-M cells from GO
to G1 doublets by using cell cycle and JC-1 apoptosis detec-
tion kit.**®

Animal experiments

CD138 CD34 MM CSCs (4 x 10°) were mixed with matri-
gel (100 pL in volume) and injected subcutaneously into the
dorsal side in NOD/SCID mice. The palpable tumors at the
injection sites were examined after around 12 days, and
these MM-bearing mice were randomly divided into HHT
and LCL-HHT-H-PEG groups. Three days after MM-bear-
ing mice were established, the tumor area in each mouse
was locally treated with 150 mg/kg HHT or 150mg/kg
LCL-HHT-H-PEG (100 pL in volume), in total of 10 times
with three-day intervals between the treatments. Three
mice/group were used in the study, and the experiment
was repeated twice. The tumor growth in NOD/SCID
mice was monitored once three days for tumor volume.
The general health indicators of mice, such as overall
behavior, feeding, body weight and appearance of fur
after treatment, were also monitored. The endpoint for
this study was the diameter of tumor >15mm, and then
mice were anesthetized with phenobarbital sodium and
executed. Mouse tumor tissues, bones, blood, and spleens
were collected for further analysis."

Bone lesion analysis

MM-bearing mice were anesthetized with phenobarbital
sodium and executed by cervical dislocation 30 days after
treatment. The femurs, humerus, and vertebra were,
respectively, removed for detection of lytic bone lesions
by microcomputed to micrography (Micro-CT, MCT-1108,
China), and the parameters of voltage 45mV and electric
current 90 mA werr used in the assay.*****°

Western blot

1 x 10° tumor tissue cells from the MM-bearing mice treated
with LCL-HHT-H-PEG or HHT were collected and lyzed in

a protein extraction buffer (Novagen, WI, USA) according
to the manufacturer protocol. Western blot was performed
after a 10% SDS-polyacrylamide gel electrophoresis. The
membrane was blocked with a blocking solution 30 min
on a rotary shaker, then washed twice with a washing solu-
tion and subsequently incubated with a rabbit antihuman
caspase-8, caspase-9, caspase-3, and Beta-actin (Bioworld,
MN) for 1h, respectively. The following steps were per-
formed according to the Kit's protocol.**2

Statistical analysis

Spss17.0 and Graphpad Prism 5.0 were used for data ana-
lysis. Values of interest were presented as the mean plus or
minus standard deviation. Statistical analysis was per-
formed using the Student’s f-test method. Differences
were considered statistically significant if P values <0.05.

Results
Properties of the LCL-HHT-H-PEG formulation

The properties of LCL-HHT-H-PEG were described in our
previous report.”” Figure 1 shows that the different compo-
nents in formulations of LCL-HHT-H-PEG, which are
Cholesterin (a), PEG (b), phospholipids (c), Liposomes-
phospholipids (d), HHT (e), LCL-H-PEG (f), and
LCL-HHT-H-PEG (g) in order. It was found that the LCL-
HHT-H-PEG was maintained in the spherical shape, and
there were some floccules in the hollow carries, and no rup-
ture of the capsule wall, and that the LCL-HHT-H-PEG for-
mulations were well demarcated, suggesting that a typical
vesicle structure had been formed.

In vitro inhibitive efficacy of the LCL-HHT-H-PEG on
proliferation, clone formation, and cell cycle of MM
CSCs

In our previous study,** we found that the developed LCL-
HHT-H-PEG formulation had significant inhibitive effects
on MM RPMI 8226 cell growth by inhibition of clone for-
mation and induction of cell apoptosis in vitro compared
with other control formulations including general lipo-
some-encapsulated-HHT, low proportion PEG of long-
circulating HHT liposomes, and micelle-HHT. In this
study, we sought to know if the LCL-HHT-H-PEG would
work on MM RPMI 8226 CSCs. We first observed the pro-
liferation ability when MM RPMI 8226 CSCs were incu-
bated with the LCL-HHT-H-PEG formulation for 24, 48,
and 72h, respectively. Figure 2(a) shows that inhibition of
MM CSC proliferation was significantly increased in LCL-
HHT-H-PEG group compared with the HHT group
(P <0.05) or LCL-H-PEG group (P < 0.01) when the incuba-
tion lasted 72h. However, we found that there was no sig-
nificant difference between the LCL-HHT-H-PEG and HHT
groups in inhibition of MM CSC proliferation in 24 or 48 h,
which suggested the LCL-HHT-H-PEG formulation has
lasted inhibitive effect on MM CSC proliferation
due to slow release of HHT from the LCL-HHT-H-PEG.
Figure 2(b) indicates that clone formation rate was signifi-
cantly lower in LCL-HHT-H-PEG group than that of HHT
group (4.940.79% vs. 9.6 £0.28%, P < 0.05) or LCL-H-PEG
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Figure 1 lllustration of LCL-HHT-H-PEG formulation. (a) Cholesterin. (b) PEG. (c) Phospholipids. (d) Liposomes-phospholipids. (e) HHT. (f) LCL-H-PEG. (g) High
proportion PEG of long-circulating HHT liposomes (LCL-HHT-H-PEG). (A color version of this figure is available in the online journal.)
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Figure 2 Inhibitive effects of LCL-HHT-H-PEG on MM CD138CD34~~~CSCs in vitro. (a) Proliferative inhibition assay. (b) Clone formation rate of MM
CD1387CD34 CSCs. (c) Quantification of clone formation rate. (d) MM CSC apoptosis, G1 and S phases in cell cycle analyzed by FCM as described in the section of
Materials and methods. (e) Quantification analysis of percentage of MM CSC cycle. *P < 0.05, **P < 0.01, and ***P < 0.005. (A color version of this figure is available in
the online journal.)
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group (4.9+0.79% vs. 27.6+0.15%/29.1 +0.98%, P < 0.001),
shown in Figure 2(c), after two week culture. The cell cycles
in Figure 2(d) exhibited that apoptosis rate was significantly
increased in LCL-HHT-H-PEG group compared with in
LCL-H-PEG group (394 0.28% vs. 7.24+0.19%, P < 0.001) or
HHT group (39+£0.28% vs. 23.2£1.16%, P < 0.05), strongly
suggesting LCL-HHT-H-PEG induced MM CSC apoptosis
in vitro. Additionally, the difference of G1 and S phases
was statistically significant between the LCL-HHT-H-PEG
group and the other groups as is shown in Figure 2(e).

In vivo inhibitive efficacy of LCL-HHT-H-PEG on
MMCSC growth in mice

We next attempted to demonstrate whether the developed
LCL-HHT-H-PEG formulation could translate in wvitro
inhibitive effect on MM CSCs into in vivo inhibitive effect
on MM CSC growth in mice. For this reason, we established
the MM xenograft model by subcutaneous injection of
human MM RPMI 8226 CSCs into the NOD/SCID mice.
All the injected mice generated MM xenografts 12 days
after injection of 4x10° MM CSCs per mouse; the

MM-bearing mice were, respectively, treated with
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whole mouse bone mineral density. “P < 0.05, **P < 0.01, and ***P < 0.005

stronger therapeutic effect than that of HHT in MM xeno-
graft mouse model.

LCL-HHT-H-PEG increases the mouse bone mineral
density in MM-bearing mice. Since the LCL-HHT-H-PEG
formulation was efficient in inhibition of RPMI 8226 MM
CSC growth in mice, we wanted to further know whether
this effect would have relieved the lytic bone lesions in MM-
bearing mouse model. Figure 4(a) shows the representative
clinical pictures, scaned by in vivo Micro-CT imaging in
normal mice and RPMI 8226 MM CSC xenograft mice.
Figure 4(b) indicates the bone mineral density (femurs,
humerus, and vertebra) in two group mice without treat-
ment. After mice were respectively treated with LCL-HHT-
H-PEG and HHT, the femurs, humerus, and vertebra were
successively stripped from the treated mice; the bone mineral
density was scanned, and images were shown in Figure 4(c),
in which the numbers represent the account of mouse bone
mineral density. We found that the LCL-HHT-H-PEG formu-
lation significantly increased the bone mineral density and
ameliorated lytic bone lesions compared with the control
HHT in the MM CSC xenograft mice. The difference was
statistically significant as shown in Figure 4(d). The results
of mouse bone mineral density demonstrated that the appli-
cation of LCL-HHT-H-PEG formulation to RPMI 8226 MM
CSC xenograft NOD-SCID mice significantly relieved the
lytic bone lesions and increased mouse bone mineral density
compared with the mice treated with the HHT.

LCL-HHT-H-PEG induces the apoptosis of MM cells
in vivo and increases the index of spleen and RBC count

Next, we sought to know the possible mechanism of
the LCL-HHT-H-PEG treatment of MM-bearing mice. The
MM tissues were isolated from the treated mice that were
injected with MM CSCs. The MM tissue suspensions
were prepared for Western blot assay. Figure 5(a) showed
that the expression of caspase-3 was significantly increased
in the MM tissues from the mice treated with LCL-HHT-H-
PEG group compared with the HHT group, and the cas-
pase-3 activity was also true, which was reflected in high
cleaved caspase-3 expression. The result from caspase-8
expression in MM tissues from the mice treated with
LCL-HHT-H-PEG group indicated a similar one as did
caspase-8 expression in HHT group, and there is no statis-
tically significant between the groups (P > 0.05); but cas-
pase-9 expression was increased in the LCL-HHT-H-PEG
group. Statistical analysis of caspase expressive changes
in MM tissues is shown in Figure 5(b). In addition, we
found that the representative clinical spleen images in
Figure 5(c) showed the spleen index was significantly
increased in LCL-HHT-H-PEG-treated mice compared to
HHT-treated mice, which was statistically significant
(P <0.05) in Figure 5(d). Similarly, the index of RBC was
also significantly increased in LCL-HHT-H-PEG-treated
mice compared to HHT-treated mice, and the difference
was statistically significant (P < 0.05) (Figure 5(e)).
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It is known that caspase-8 and caspase-9 are activated by
the death receptor signaling pathway and the mitochon-
drial signaling pathway during apoptosis in order, whereas
caspase-3 is a common effector of both signaling
pathways.*>**Therefore, we speculate that the LCL-HHT-
H-PEG might induce MM CSC apoptosis via mitochondrial
apoptotic pathway. This was because the LCL-HHT-H-PEG
formulation enhanced the expression of the initiator cas-
pase-9 and the executioner caspase-3, which led to MM
cell apoptosis.

Discussion

Emerging evidence supports the view that a subpopulation
of MM cells that are highly resistant to conventional cancer
therapies shares certain CSC features. The CSCs are thought
to be responsible for eventual chemoresistances and relapse
in MM patients.”*'" Therefore, development of effective
targeted therapeutic agents is necessary to control the
disease.

In current study, we expanded our previous study by
using developed the LCL-HHT-H-PEG to investigate
whether this novel drug would have the inhibitory effects
on MM RPMI8226 CSCs in vitro and in vivo. We have found
that the LCL-HHT-H-PEG formulation not only had obvi-
ous efficacy of inhibiting clone formation and inducing
apoptosis of MM RPMI8226 cells,” but also had similar
effects on inhibiting MM CD138CD34~CSC progression
that was shown in suppressing MM CSC proliferation,
clone formation, and promoting cell apoptosis compared
with the HHT in wvitro. Importantly, in vivo MM murine

model established by subcutaneous injection of MM
CD138 CD34 CSCs, the LCL-HHT-H-PEG formulation
showed a stronger therapeutic activity than that of HHT,
which was reflected in inhibition of MM growth observed
by MM-bearing mice’s survival, and remission of the lytic
bone lesions detected by micro-computer tomography scan-
ning. In addition, the LCL-HHT-H-PEG formulation
increased the red blood cell count and the spleen index,
suggesting the improvement of MM mice’s clinic signs
and increase of MM-bearing mice’s ability of anti-
infections. The strong therapeutic activity of LCL-HHT-H-
PEG is apparently associated with its strong activity to
induce MM tissue cell apoptosis, which was demonstrated
by Western blot analysis. These comprehensive effects of
suppressing MM CSC growth in MM-bearing mice treated
with the LCL-HHT-H-PEG were more obvious than that of
HHT. It is known that PEG-coated liposomes displayed
lower uptake by the phagecytes and longer circulation
time than liposomes without PEG coating.*****> We guess
that PEG-coated liposomes formed the bilayer in the LCL-
HHT-H-PEG and made it more rigid and more stability,
which might safeguard LCL-HHT-H-PEG from the degrad-
ation by biological activity materials or enzyme digestion.
Consequently, the LCL-HHT-H-PEG formulation has stron-
ger bioavailability in inhibiting MM CSC growth with
decrease of chemotherapeutic side effects than that of
HHT without PEG-coated liposomes. Although the above-
mentioned findings are encouraging, however, further
investigation of the molecular mechanisms of suppressing
MM RPMI8226 CSC growth in mice treated with



LCL-HHT-H-PEG formulation still is a necessary for this
drug treatment of MM disease.

In summary, the data from the present study have
demonstrated the therapeutic effect of LCL-HHT-H-PEG
on MM-bearing NOD/SCID mouse model. To our know-
ledge, this investigation is the first to report the therapeutic
efficacy of LCL-HHT-H-PEG formulation in MM
CD1387CD34~CSC xenograft mice. The novel agent may
be regarded as a promising drug for treatment of MM
patients in clinical trials.
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