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1. Introduction

Acute myelogenous leukemia (AML) is a fatal blood cancer with high patient

mortality. Daunorubicin and cytarabine are first-line chemotherapy for AML,
with bone marrow transplantation in most cases. Recently, cancer
immunotherapy has been challenged in AML and leukemia-niche myeloid
cells are promising targets for the AML immunotherapy. Heme oxygenase 1

(HO1) is an antioxidative and cytoprotective enzyme inducing

chemo-resistant AML and has been focused as an immune checkpoint
molecule in tumor microenvironments. Herein, lipid-polymer hybrid

a
HO1-inhibitor, and non-covalently modified with an engineered antibody for
leukemic cell-targeted delivery. HO1-inhibiting T-hNP (T-hNP/SnMP)
enhances chemo-sensitivity in human leukemia cells. In a human
AML-bearing orthotopic mouse model, intravenously injected T-hNP not only
actively targets to human leukemia cells but passively targets to CD11b+
myeloid cells in a bone marrow niche. The T-hNP/SnMP enhances the

nanoparticle (hNP) is loaded with tin mesoporphyrin (SnMP),

chemo-therapeutic effect of daunorubicin and boosts immune
reprogramming bone marrow myeloid cells resulting from the

the monocyte-lineage and induction of inflammatory genes. The ex vivo study
demonstrates an enhanced immune response of HO1-inhibited bone marrow
CD11b+ myeloid cells against apoptotic leukemia cells. Collectively,
HO1-inhibiting dual cell-targeted T-hNP/SnMP has a strong potential as a

novel therapeutic in AML.
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Acute myelogenous leukemia (AML) is one
of the most life-threatening hematologi-
cal malignancies. Approximately 10 000 pa-
tients died of AML in the US alone in
2018. Various genetic drivers and their com-
binations are involved in AML, and mul-
tiple leukemic clones that directly affect
therapeutic responsiveness, relapse rates,
and chemoresistance have been reported.[!]
Combinations of anthracycline drugs and
cytarabine have been used for the treat-
ment of AML and, followed by bone mar-
row transplant in most cases.”) Cancer
immunotherapy based on immunological
understanding of cancer-immune cell in-
teractions has been developed and clin-
ically used, most successfully with PD-
1- and CTLA4-targeted T cell-activating
strategies.’] However, most of cancer im-
munotherapies are limited to solid tu-
mor models such as melanoma and breast
tumor.[32] Recently, the effectiveness of anti-
PD-1 therapy was demonstrated in relapsed
AML patients,[* and other blood cancer
models.’! In a tumor microenvironment,
myeloid lineages such as monocytes and
macrophages (TAMs) constitute supportive
cells that compromise anti-tumor immune
responses Dby facilitating pro-tumoral microenvironment
development,!®] and metastasis for secondary tumor evasion.”]
TAMs are common in various types of tumors,’! and TAM-
targeted immunotherapy has been challenged using CSFI1R
inhibitors,®] and nanoparticle-mediated TAM-reprogramming
in melanomas, colon cancers, breast tumors, and other solid
tumors.l! In the case of blood cancer, leukemia-education and
attraction of TAMs have been identified in spleen and bone
marrow niches of AML,'% and repolarization of bone marrow
niche macrophages to an M1-like phenotype has been reported
to suppress growth of myeloma cells.[!!] More recently, CSF1R-
expressing, leukemia-supportive myeloid lineages from AML
patient samples has been proved indispensable for genetic
heterogeneity, 2] suggesting immunotherapeutic potential of
myeloid cell (TAMs) reprogramming in AML. Heme oxygenase
1 (HO1) is an antioxidant, heme-degrading enzyme representing

response by
recruitment of
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Scheme 1. Schematic illustration of HO 1-inhibiting hybrid nanoparticle for chemo-and immuno-combination therapy in acute myeloid leukemia (AML).
The hNP is actively targeted to AML cells by sFVA-modification and passively targeted to LAM cells by negatively charged surface and phagocytic

uptake.

protective effects in various tissues and HO1-mediated chemo-
resistant mechanisms have been studied in various cancers,**!
and AML samples from patients.™ In addition, HO1 siRNA-
mediated chemo-sensitization has been validated in a human
AML orthotopic model.l'®] On the other hand, HO1-knockout
macrophages represented more Ml-like and inflammatory
gene expressions,!'®l and a recent study by Muliaditan et al.l*”]
reported tumor myeloid cell-specific HO1 expression which was
pharmacologically controlled with HO1 inhibitors, inducing an
anti-tumor immune response in breast tumor model, suggesting
HO1 can act as a novel immune checkpoint molecule. However,
the immunotherapeutic effects of HO1 inhibition have not been
validated in blood cancer models, such as AML. Due to the
ease of modification, drug loading, and tumor-targeting effect,
nanoparticle-based cancer immunotherapies were proven to be
effective.'®! In this study, lipid-polymer hybrid nanoparticles
(hNP) were loaded with Tin mesoporphyrin (SnMP), a HO1-
inhibitor, and non-covalently modified with an engineered single
chain antibody (T-hNP) for active targeting of acute myeloid
leukemia cells and passive targeting to leukemia-associated
myeloid cell (LAM), and T-hNP-mediated synergistic dual ther-
apeutic effects combining chemo-sensitization of AML and
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immuno-reprogramming of LAM were evaluated in orthotopic
xenograft model (Scheme 1).

2. Results

2.1. Preparation and Characterization of Engineered Antibody
Fusion Protein, sFVA

Recently, non-covalent antibody modification of nanoparti-
cles has been demonstrated as an efficient targeted delivery
strategy,[*! and biotin-avidin affinity is particularly selective.!?’]
Since anti-human CD64-targeting single chain antibody (scFv)
was found to be effective in human leukemia cell-targeted de-
livery in vivo,'®] anti-CD64 scFv was recombinantly fused to
monomeric avidin/?!l (sFVA) for nanoparticle modification (Fig-
ure 1a). The sFVA was expressed and purified from a bac-
terial expression system and dialyzed to recover its antigen-
binding ability. As shown in Figure 1b,c, the sFVA band was
identified at the molecular weight of ~43 kDa, which is con-
sistent with its theoretically estimated molecular weight. To
evaluate human CD64- and biotin-binding abilities, sFVA was

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Preparation and characterization of engineered antibody fusion protein, sFVA. a) Structure of the antibody fusion protein sFVA. An scFv-
encoding sequence was inserted between Xbal and Notl followed by GS-linker and monomeric streptavidin (msA). b) SDS-PAGE data of purified sFVA
fusion protein. c) His-tag immunodetection of sFVA. The sFVA represents a molecular weights of ~43 kDa. d) A competition assay with anti-CD64
monoclonal antibody. THP-1 cells were analyzed for anti-CD64 and -CCR2 mAb binding after pre-treatment of sFVA (10 pg mL™"). e) A competition
assay with avidin-FITC for biotin binding. The anti-CCR2 mAb-biotin was or was not bound with avidin-FITC in the presence of sFVA and analyzed for
cell binding. f) Concentration-dependent cell binding of sFVA/biotin-FITC. The biotin-FITC-bound sFVA was analyzed for THP-1 cell binding. Data are
presented as mean = SD. All statistical analyses were performed with a Student’s t-test, *p < 0.05 ***p < 0.001, n = 3—6 per group.

competed with commercial antibodies. The CD64-expressing
THP-1 cells showed reduced anti-CD64 antibody-FITC bind-
ing in the presence of sFVA with 3.75-fold lower % of cell
binding compared to the non-competed group, while anti-
CCR2 antibody-PE did not compete with sFVA (Figure 1d).
A competition assay with anti-CCR2 mAb-biotin and avidin-
FITC proved the biotin-binding affinity of sFVA with 2.6-fold
lower % of cell binding in the presence of sFVA compared
to the non-competed group (Figure 1le). Biotin-FITC-bound
sFVA exhibited concentration-dependent cell binding profiles
(Figure 1f).

2.2. Optimization and Characterization of PLGA-Lipid Hybrid
Nanoparticles

Lipid-layered polymeric hNPs have been reported as efficient
drug delivery carriers for cancer cells and T cells.[??] In here, hNP
is consisted of three components: 1) PLGA polymeric core for
hydrophobic drug loading and release, 2) biotin- and PEG-ylated
lipid layer to enhance cellular uptake and easy antibody modifica-
tion, 3) sFVA moiety for AML cell-targeting. To develop an HO1-
inhibitor-loaded hNP, a PLGA-polymeric core was complexed
with various ratios of DSPE-PEG,,,, and DPPC (at a molar ratio
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of 1:3) as previously described.!?””! The lipid weight ratio to PLGA
of 0.25 indicated an increased ¢-potential with —33.7 + 2.71 mV
and an average size of 162.9 + 8.64 nm in comparison with
—39.86 + 2.85 mV and 198.5 + 2.06 nm of PLGA nanoparti-
cles (Figure 2a). SnMP is an FDA-approved HO1 inhibitor and
has been used to treat hyper bilirubinemia.[?! Among various
SnMP to particle ratios, 4-6% were found to be the optimum
loading amount without affecting the size and ¢-potential of the
prepared nanoparticles with 214.5 + 0.7 nm in 6% drug amount
loading (Figure 2b). As shown in Figure 2c, scanning electron mi-
croscopy imaging of prepared hNPs revealed that the PLGA par-
ticle is layered by a thin lipid membrane (indicated as an arrow).
After preparation and concentration, the hNP retains its spheri-
cal shape, size, and poly dispersity index of 0.1-0.2 for more than
a month. The SnMP-loaded hNP is slightly larger than an empty
hNP with 181 + 3 and 144.1 + 2.4 nm, respectively (Figure 2d).
Finally, sSFVA was complexed with hNP for binding on DSPE-
PEG,,-biotin, with a weight to hNP ratio of 2.5-5% indicated as
an optimal formulation (Figure 2e). In Figure 2f, the drug load-
ing efficiency was 4.99 + 0.15% and 4.98 + 0.21% for 5.6% and
6.4% of initial drug loading, respectively, and which is converges
to weight ratio 5% of hNP. The drug release study in Figure 2g
shows 47.08 + 5.45% of the drug was released from the hNP after
72 hat 37 °C.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Optimization and characterization of PLGA-lipid hybrid nanoparticle (hNP). a) Optimization of the lipid to PLGA ratio for hybrid nanoparticle
preparation. The hybrid nanoparticle was synthesized in various amounts of lipid to PLGA ratios (DPPC:DSPE-PEG (0, 3:1). b) Optimization of HO1
inhibitor to PLGA ratio for hybrid nanoparticle preparation. c) Scanning electron microscopy image of empty- and SnMP-loaded- hybrid nanoparticles.
The hybrid nanoparticles were lyophilized and imaged. d) Stability test of the hybrid nanoparticle. The prepared and concentrated hybrid nanoparticles
were analyzed by a Zeta-Sizer at the indicated days. e) Optimization of sFVA-bound hybrid nanoparticles. f) Drug loading efficiency and encapsulation
efficiency test. g) Drug release test. All data are presented as mean = SD, n = 3—6 per group.

2.3. Enhanced Cellular Uptake of Hybrid Nanoparticle
in Leukemia Cells

To evaluate enhanced cellular uptake by lipid-layer and sFVA-
modification, THP-1 and U937 cells were incubated with
Cy5-loaded nanoparticles and analyzed by flow cytometry. The
size and ¢-potential of Cy5-loaded hNP were comparable with
SnMP-loaded hNP (Figure Sla, Supporting Information). In hu-
man AML cell lines (CD64+) THP-1 and U937, hNPs showed
1.62-and 3.2-fold higher cellular uptakes in comparison with
PLGA nanoparticles. However, sFVA-modification on the sur-
face of hNP at a weight ratio 1.25-5% exhibited different pat-
terns in cellular uptake enhancements between two cell lines. In
U937, sFVA-modification reduced cellular uptake of hNP which
differed from enhanced cellular uptake by 1.25-2.5% sFVA-
modification in THP-1 cells, demonstrating different cellular
uptake mechanism by lipid-cell membrane interaction between
these two cell lines (Figure 3a). Confocal microscopy imaging
showed similar Cy5 uptake patterns with flow cytometry data. In
comparison with PLGA nanoparticle, hNPs with/without sFVA
modification showed higher cellular uptake and were mostly dis-
tributed in cytoplasm upon surface binding and internalization
(Figure 3D, Figure S1b, Supporting Information). Collectively, the
hNP and sFVA-modified hNP (T-hNP) exhibited higher cellular
uptakes than PLGA nanoparticles. Although higher sFVA modifi-
cation hampered cellular internalization of hNP in vitro, targeted
delivery with antibody was expected to represent more prominent
effects in vivo. Therefore, 2.5% and 5% sFVA-modification were
chosen for in vivo study.
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2.4. sFVA-Mediated Bone Marrow Leukemia Cell Targeting and
Biodistribution of Hybrid Nanoparticle in U937-Bearing
Orthotopic AML Model

As previously reported,[**) human leukemia xenograft has been
developed with NOD-SCID il2r gamma~/~ (NSG) mice deficient
in T and B cell maturation and NK cell immune response. De-
spite of deficiency of adaptive immune response and gamma-
chain signaling, myeloid cells such as macrophage, monocyte,
and neutrophil exist in NSG mice which enables to study in-
nate immune-cancer interaction and myeloid cell-mediated im-
munotherapeutic effect.'!l The CD64+ CD33+ U937 cells were
injected intravenously into NSG mice and modeling was vali-
dated as described in our previous study (Figure S2, Supporting
Information).">) Human U937 cells are commonly accumulated
in liver and bone marrow niches followed by enlarged spleens
which recapitulate human AML pathologies.?>! Bone marrow is
a clinically relevant, dominating organ in blood cancers,!**! and
leukemia-targeted delivery was evaluated in bone marrow. The
hNP and sFVA-modified T-hNP were injected into an orthotopic
AML model and their uptake into bone marrow leukemia cells
was analyzed from the tibia and femur by using flow cytometry
(Figure 4a). As shown in Figure 4b, human CD64+ CD33+ U937
cells showed cellular uptake of 79.8 + 7.2% for T-hNP (5% sFVA)
and 35 + 6.9% for hNP. In addition, sFVA-modification at 5%
resulted in higher leukemia cell-targeted uptake than 2.5% (Fig-
ure S3, Supporting Information). In Figure 4c, hNP was shown
to be internalized by 33.5 + 4.3% of mouse CD11b+ bone mar-
row myeloid cells and T-hNP showed a slightly reduced uptake by

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

www.advancedscience.com

a
U937 e THP1 .
4 2000- 4, 2000+ Control
7 PLGA NP
" 1500 E o 1500
€ E £ 8 T-hNP (SFVA 1.25%)
3 [ =] © : -
8 = 1000 8 = 1000
T T T-hNP (sFVA 5%)
= =
500+ 500-
0- 0-
b
Merge P(Cy5) CD33 DAPI Merge P(Cy5) CD33 DAPI
L
— o)
[ N
‘g b
O Z
5
}—
$ i
< N
9 o
= =
'_
9
e 0,
=z o
= =
5
’—

Figure 3. Enhanced cellular uptake of hybrid nanoparticle in leukemia cells. a) In vitro cellular uptake of Cy5-loaded hybrid nanoparticle in leukemia

cells. Each cell was incubated with PLGA and hybrid nanoparticles for Thr and analyzed by flow cytometry (nanoparticle concentration: 5 yg mL~
are presented as mean + SD, and all statistical analyses were performed by one-way ANOVA and Tukey’s post-hoc test, ***

"). Data
p <0.001, n =3 per group. b)

Confocal microscopy image of cellular uptake of hybrid nanoparticles (Cy5, Red) in THP-1 cells at 1hr after treatment of nanoparticles at a concentration
of 5 pg mL~". Cells were stained with anti-CD33 antibody (green) for morphology imaging. Scale bar: 20 pm.

27.5 + 3.3%, which confirmed that sFVA-modification enhanced
leukemia cell-targeted uptake of hNP. It should be pointed out
that only 10.1 + 1.7% of the CD11b- immune cells internalized T-
hNP (Figure 4d). Macrophages and monocytes are mononuclear
phagocytes naturally engulfing nanoparticles more than other
cell types.[?”] In a previous study, the negatively charged surface
of nanoparticles was shown to enhance phagocytic- and myeloid-
cell uptake.?®] At 10 days post cell infusion, orthotopic AML
xenografts were intravenously injected with Cy5-loaded hNP and
T-hNP. Major organs and femur and tibia were harvested to mea-
sure fluorescence intensity. Both hNP and T-hNP highly localized
to liver and kidney which are major clearance routes for nanopar-
ticles (Figure 4e). The hNP and T-hNP localization in femur and
tibia was quantified and compared with other organs. In compar-
ison with hNP, T-hNP showed higher accumulation in liver, lung,
and femur and tibia, which are attributable to leukemia-enriched
organ targeting effects (Figure 4f). As previously described, liver
and bone marrow are major U937 accumulation organ and lung
is also a probable organ due to the size of cells.*) Average radi-
ant efficiency analysis in femur and tibia of T-hNP group showed
1.3-fold higher intensity compared to hNP group which is rea-
sonable to explain bone marrow leukemia-targeted delivery by
sFVA-modification (Figure 4g). Our previous study showed that

Adv. Sci. 2020, 7, 2000487 2000487 (5 of 14)

U937 cells comprise 10% to 25% of bone marrow cell at 10 days
post AML modeling. Collectively, sFVA-modification enhanced
active targeting of nanoparticles to CD64+ leukemia cells in bone
marrow and leukemia niche organs, and passively targeting to
CD11b+ myeloid cells.

2.5. In Vitro Chemo-Sensitization Effect of HO1-Inhibiting Hybrid
Nanoparticle in Leukemia Cells

Previous studies have demonstrated chemo-resistant effect of
HO1 in various cancers and AML.**] Recently, we have re-
ported that siRNA-mediated HO1 inhibition enhances chemo-
sensitivity in an AML xenograft model and patient-derived
cells.”®] To evaluate the chemo-sensitization effect of HO1-
inhibiting hNPs, THP-1, and U937 cells were treated with empty-
and SnMP-loaded T-hNPs in the presence of daunorubicin
(DNR), a first-line chemotherapeutic for AML. The HO1 was
overexpressed depending on the concentration of DNR in the
THP-1 and U937 cells (Figure 5a). In Figure 5b,c, T-hNP/SnMP
improved the cytotoxic effect of DNR at SnMP concentrations of
1 to 5 pm. However, no cytotoxic effects were observed in the ab-
sence of DNR. Flow cytometry data revealed increased apoptotic

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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responses of leukemia cells to DNR at various concentrations of
T-hNP/SnMP compared to T-hNP/Empty group. (Figure 5d—f).

2.6. Combination Therapy of HO1-Inhibiting T-hNP with
Daunorubicin Suppresses Leukemia Growth in Human
AML-Bearing Orthotopic Model

A human U937 AML xenograft model has been used to dis-
tinguish mouse myeloid cells from human cells, which fa-
cilitated experimental analysis of immune reprogramming in
bone marrow niche myeloid cells. Recent study showed that
HOT1 acted as an immune checkpoint molecule in myeloid cell
and a combination therapy of SnMP with 5-FU boosted anti-
tumor immune response in breast tumor model.l'’] As pre-
viously described before,'””] many kinds of chemotherapeutics
induce anti-cancer immune responses. Additionally, most of
immunotherapeutic reagents show outstanding anti-tumor ef-
fect when only it combined with chemotherapeutic and other
immunotherapeutic.'’*"! Based on the chemo-sensitization ef-
fect and immune checkpoint function of HO1,!'”] T-hNP/SnMP
was combined with DNR in human AML-bearing orthotopic
model. Empty T-hNP +DNR group represents chemotherapy
by DNR and T-hNP/SnMP +DNR group represents chemo-
and immuno-combination therapy. First, the anti-cancer effect
of HO1-inhibiting T-hNP was evaluated in an orthotopic AML
model. Xenograft mice were injected 4 times with nanoparticles
and treated with DNR, and their organs were analyzed at day 11
(Figure 6a). As shown in Figure 6b, leukemia cell growth in bone
marrow was significantly reduced in the T-hNP/SnMP +DNR
treatment group, at a rate that was 3.68-fold and 3.56-fold lower
than with hNP/SnMP +DNR and T-hNP/Empty +DNR groups,
respectively. The T-hNP/SnMP +DNR also suppressed growth of
liver-enriched leukemia cells (Figure 6¢). In Figure 6d,e, the T-
hNP/SnMP +DNR group showed highly reduced splenomegaly.
Furthermore, 1.63-fold and 1.87-fold more apoptotic CD33+
U937 cell populations were detected in the bone marrow of the
T-hNP/SnMP +DNR treatment group in comparison with T-
hNP/Empty and hNP/SnMP groups, respectively (Figure 6f). In
Figure 6g, less amount of human GAPDH mRNA was measured
in the bone marrow of the treatment group, which is consistent
with the flow cytometry results of Figure 6b.

2.7. Immune Reprogramming and Activation Effect of
HO1-Inhibiting T-hNP in Bone Marrow Myeloid Cells

To validate the immune reprogramming and activation effects of
HO1-inhibiting T-hNP, mouse bone marrow myeloid cells were

www.advancedscience.com

analyzed by flow cytometry. As shown in Figure 7a, CD11b+
cells were gated as total bone marrow myeloid lineages. The
total CD11b+ myeloid cell % to CD45+ immune cell did not
change significantly between groups (Figure 7b). The F4/80-
hi CD206- M1-like and F4/80-hi CD206+ M2-like macrophages
were analyzed,*!l and CD206- M1-like cells were increased in T-
hNP/SnMP group with 12.1 + 2% compared to 7.83 + 0.66%
and 7.9 = 1.7% in T-hNP/Empty and hNP/SnMP, respectively
(Figure 7c). However, F4/80-hi CD206+ M2-like macrophage
was not significantly reduced (Figure S4a, Supporting Informa-
tion). The M1/M2 ratio of T-hNP/SnMP +DNR group was also
higher than other groups (Figure S4b, Supporting Information).
Grl-intermediate (Grl-int) and F4/80-intermediate (F4/80-int)
myeloid cells were increased in the hNP/SnMP +DNR and T-
hNP/SnMP +DNR groups with 17.3 + 4.2% and 19.8 + 2.9%,
respectively (Figure 7d). Gr1 is Ly6c/Ly6G and Grl-int, F4/80-
int cells are generally monocytic lineages,??! and CJ Perry
etal. demonstrated Chi313+ Ly6c+ F4/80-int monocyte attraction
in melanomas after myeloid-targeted immunotherapy, which
is a polyfunctional inflammatory cell with increased cytokine
expression.*¥] Total Lybc+ monocytic cell % was not signifi-
cantly different between groups (Figure S4c, Supporting Infor-
mation). However, the ratio of Ly6c-int to Ly6c-hi monocytes
was increased in T-hNP/SnMP +DNR group of 1.26 + 0.1 in
comparison with 0.5 + 0.09 and 0.6 = 0.1 of T-hNP/Empty
+DNR and hNP/SnMP +DNR, respectively (Figure 7e). These
results demonstrate Ly6c-int monocyte recruitment and phe-
notypic change of monocyte population. Furthermore, in Fig-
ure 7f,g, 2.2-fold and 2.3-fold higher % of CD11b+ Ly6c+ mono-
cytes from T-hNP/SnMP +DNR expressed intracellular levels of
inflammatory cytokines, IL12p70 and TNF-a, respectively. Non-
monocytic Ly6c- CD11b+ cells show less prominent upregulation
of intracellular cytokine (Figure S4d, Supporting Information).
Immune activation, suppression, and monocyte/macrophage
gene expressions were analyzed in bone marrow cells to eval-
uate the immune reprogramming effect of T-hNP/SnMP treat-
ment. In Figure 7h, immune activation-relevant genes such
as IL-12a, IL-14, and Aldh2 were mostly upregulated in T-
hNP/SnMP +DNR in comparison with other groups, and mono-
cyte/macrophage activation markers such as interferon regula-
tory factor 8 (IRF8) and CCR2 were increased, which was consis-
tent with the result of monocyte/macrophage phenotype change
in flow cytometric analysis. In previous studies, IRF8 activation
demonstrated immunotherapeutic effect and human leukemia
inhibition.[®34 The increased level of Chi3l3 was reasonable to
explain by Chi313+ Ly6c+ polyfunctional monocyte attraction.®*)
M2-like macrophage and immune suppression-relevant gene ex-
pressions showed decreased levels of IL-10, Mgl-1, and Mrcl
(CD206) in the T-hNP/SnMP +DNR treatment group (Figure 7i).

Figure 4. sFVA-mediated bone marrow leukemia cell targeting and biodistribution of hybrid nanoparticle in U937-bearing orthotopic AML model. a)
Experimental procedures and FACS gating strategy for bone marrow cells. NSG mice 4-6 week old were infused with U937 cells and intravenously
injected with hybrid nanoparticle at day 6 post cell infusion. At 2 h after nanoparticle injection, bone marrow cells were harvested from the femur and
tibia and analyzed by flow cytometry. b) Representative dot plot of nanoparticle uptake for human CD33+ bone marrow U937 cells. c) Representative dot
plot of nanoparticle uptake for mouse CD45+ CD11b+ bone marrow immune cells. d) Bar graph for the percentage of nanoparticle uptake for U937 and
mouse immune cells. Data are presented as mean + SD (n = 3—4 per group). €) Representative organ image for biodistribution of hNP and T-hNP. f)
Total radiant efficiency for organ distribution of nanoparticles at 24 h post injection. Total radiant efficiency for femur and tibia indicates sum of left and
right femur and tibia and compared to other organs. g) Average radiant efficiency for nanoparticles in femur and tibia. Each dot indicates fluorescence
intensity for left or right femur and tibia. Data are presented as mean + SD (n = 3 per group). All statistical analyses were performed by one-way ANOVA
with Bonferroni’s test, *p < 0.05, ***p < 0.001, n.s = not significant.
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Figure 5. In vitro chemo-sensitization effect of HO1-inhibiting hybrid nanoparticle in leukemia cells. a) Western blot image of DNR-responsive HO1
overexpression in leukemia cells. The HO1 protein was detected in THP-1 and U937 cells 24 h after exposure to various concentrations of DNR. b)
Cell viability test in THP-1 leukemia cells. c) Cell viability test in U937 leukemia cells. Cell viability was measured after 24 h of DNR and nanoparticle
treatment. Data are presented as mean + SEM, and all statistical analyses were performed by two-way ANOVA and Tukey’s post-hoc test, *p < 0.05,
**p < 0.01, ***p < 0.001, n = 3 per group for -DNR, n = 5-7 per group for +DNR. d) Apoptosis assay for chemo-sensitization by T-hNP/SnMP in
leukemia cells. Annexin V and 7AAD were stained and analyzed by flow cytometry at 30 h after DNR and nanoparticle treatment. e,f) Bar graph of
apoptosis assay in (d). Data are presented as mean =+ SD, ***p < 0.001 by one-way ANOVA with Tukey’s post-hoc test, n.s = not significant (n = 3 per
group).

IL-10 is a major immune-suppressive cytokine and Mgl-1 is  In comparison with T-hNP/SnMP, only a modest change in
a C-type lectin receptor for glycan and related with tumor- gene expression was measured in the hNP/SnMP group even
associated macrophage and immune suppression.*>! A reduced ~ comparable Grl-int, F4/80-int monocytic cell recruitment (Fig-
chemokine, CCL17 was associated with unfavorable prognoses of ~ ure 7d). As an immune checkpoint molecule in myeloid cells,!*”!
tumors and attraction of regulatory T cells in a previous study.*®)  HO1-inhibition shows therapeutic effect only when it combined
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Figure 6. Combination therapy of HO1-inhibiting T-hNP with daunorubicin suppresses leukemia growth in human AML-bearing orthotopic model. a)
Experimental schedule for an in vivo therapeutic study. The 5-6 week old NSG mice were intravenously injected with 2 million U937 cells and treated
4, 6, 8, and 10 days after cell infusion, and their organs were harvested at day 11 for analysis. DNR was injected intravenously after 6 h of nanoparticle
treatment. b) Leukemia growth in bone marrow. Total bone marrow cells from tibia and femur were stained with human CD33 mAb and mouse CD45
mADb for flow cytometric analysis. c) Leukemia growth in liver. Total liver cells were homogenized and stained for analysis. d) A representative spleen
images. €) Bar graph for spleen weight. Data are presented as mean = SD, *p < 0.05, ***p < 0.001 by non-parametric Kruskal-Wallis-test, n.s = not
significant (n = 6 per group for b, c, e). f) Apoptosis assay for human CD33+ U937 cell in bone marrow. Total bone marrow cells were harvested
and stained for gating of CD33+ leukemia cell. The bar graph indicates live cells (Annexin V-, 7AAD-) and apoptotic cells (Annexin V+). g) qRT-PCR
analysis. The mRNA level of human GAPDH was measured in total bone marrow cells and normalized by mouse GAPDH levels. Data are presented
as mean + S.E.M, **p < 0.01, ***p < 0.001 by non-parametric Kruskal-Wallis-test, n.s = not significant (n = 3—4 per group for (f), n = 5-6 per group

for (g)).

with chemotherapeutics suggesting that chemo-induced specific
conditions trigger HO1-inhibition-mediated immune activation.
To understand the improved anti-leukemic and immune activa-
tion mechanism of the T-hNP/SnMP group, CD11b+ bone mar-
row cells were sorted by magnetic beads and analyzed ex vivo
(Figure 7j). The magnetic sorted CD11b+ cell showed ~98.6%
purity and exposed to DNR or DNR-treated U937 at 24 h af-
ter T-hNP treatment, could discriminate immune activation
response to DNR from response to apoptotic leukemia cells
(DNR-treated U937). As shown in Figure 7k1l, T-hNP/SnMP
treatment modulates expression levels of listed-genes as com-
parable to in vivo analysis. The T-hNP/SnMP treated myeloid

Adv. Sci. 2020, 7, 2000487 2000487 (9 of 14)

cells responded strongly to apoptotic leukemia cells with in-
creased inflammatory genes and reduced immune suppressive
gene expression. Interestingly, HO1-inhibition-mediated gene
expression was reversed in response to DNR treatment. Col-
lectively, HO1-inhibiting T-hNP reprogrammed bone marrow
myeloid cells by recruiting Gr1-int, Ly6c-int, F4/80-int monocytic
cells, inducing F4/80-hi, CD206- M1-like macrophages, conse-
quently, enhances the immune activation response against apop-
totic leukemia cells. In comparison with hNP/SnMP treatment,
increased leukemic apoptosis in T-hNP/SnMP is a condition for
immune boosting effect in HO1 checkpoint-inhibited myeloid
cell.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Immune reprogramming and activation effect of HOT-inhibiting T-hNP in bone marrow myeloid cells. a) Gating strategy for bone marrow
myeloid cells. The CD11b+ and Gr1+ cells were gated for further analysis. b) The ratio of CD11b+ myeloid cells to CD45+ total immune cells. c) The
ratio of F4/80-hi, CD206- M 1-like macrophages in total myeloid cells. d) The ratio of Gr1-int and F4/80-int monocytic cells in total myeloid cells. e) The
ratio of Ly6c-int and Ly6c-hi monocyte in total bone marrow myeloid cells. f) Flow cytometric analysis of intracellular IL-12p70 expression in bone marrow
CD11b+ Ly6c+ monocytes. g) Flow cytometric analysis of intracellular TNF-a expression in bone marrow CD11b+ Ly6c+ monocytes. Data are presented
as mean + SD, *p < 0.05, **p < 0.01 by a non-parametric Kruskal-Wallis-test, n.s = not significant (n = 6 per group for b, ¢, d, n = 3—4 per group for
e, f, and g). h) Immune activation and monocyte/macrophage activation marker gene expression levels in bone marrow. i) Immune suppression and
M2-like macrophage marker gene expression levels in bone marrow. Data are presented as mean + SEM, *p < 0.05, **p < 0.01 by non-parametric
Kruskal-Wallis-test, n.s = not significant, n = 5 per group for h and i. j) Magnetic cell sorting for CD11b+ myeloid cells and experimental scheme for ex
vivo analysis. Bone marrow cells were harvested from C57BL/6 mice and analyzed by flow cytometry before and after sorting. k) Marker gene expression
levels in HO1-inhibited CD11b+ myeloid cells in response to apoptotic leukemia. |) Marker gene expression levels in HO1-inhibited CD11b+ myeloid
cells in response to chemotherapy. Data are presented as mean = SD, *p < 0.05, **p < 0.01, ***p < 0.001 by Student’s t-test, n.s = not significant, n =
3—4 per group for (k,l).
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Figure 8. Survival study and therapeutic mechanisms of chemo- and immuno-combination therapy by HO 1-inhibiting T-hNP. a) Experimental schedule
for survival study (SnMP dose: 1.4 mg kg™", DNR dose: 1.5 mg kg™" at days 1,3, 5, 7,9, and 11). b) Survival study (n = 4-5 per group). c) Body weight
graph. Data is presented as mean + SD, n = 4-5 per group. d) Experimental summary of therapeutic mechanism for HO 1-inhibiting T-hNP.

2.8. Survival Study and Therapeutic Mechanisms of Chemo- and
Immuno-Combination Therapy by HO1-Inhibiting T-hNP

Finally, in vivo therapeutic benefit with respect to survival was
validated in an orthotopic AML model. A human AML-bearing
xenograft model was injected with nanoparticles and DNR 6
times after cell infusion and its survival and body weight was
monitored (Figure 8a). The overall survival was 19, 24, 23,
and 28 days for PBS, T-hNP +DNR, hNP/SnMP +DNR, and
T-hNP/SnMP +DNR, respectively (Figure 8b,c). Only moderate
survival prolongation was demonstrated which is attributable
to adaptive T cell immunity deficiency in NSG mice which is
a key factor affecting cancer immunotherapy efficiency.!:**!
Collectively, our study demonstrates HO1 inhibitor-mediated
chemo-sensitization in leukemia cells and HO1 inhibitor-
mediated immune activation of myeloid cells as mechanisms for
a combination therapy of T-hNP/SnMP with DNR (Figure 8d).

Adv. Sci. 2020, 7, 2000487 2000487 (11 of 14)

3. Discussion

In recent studies of AML therapy, multiple leukemic clones have
been detected that induces a relapse and de novo leukemia gen-
esis and therapy resistance and complicates leukemia treatment.
Meanwhile, targeting environmental cells in a leukemia niche
such as a macrophage/monocyte is a promising strategy due to
its prevalence in various kinds of tumors.” CD64 expressions
in leukemia and tumor macrophages has been reported,!*>3]
which supports clinical relevance of CD64-targeting. Previously,
HO1 siRNA-mediated chemo-sensitization has been demon-
strated in an AML xenograft model and AML patient bone
marrow samples.['®] Here, we evaluated dual cell-targeted HO1-
inhibition for a synergistic effect of chemo-sensitization and
immune reprogramming by using HO1 inhibitor-loaded lipid-
polymer hNP. T-hNP was actively targeted to CD64+ leukemia
cells by engineered antibody moiety and passively targeted to

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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CD11b+ myeloid cells through their phagocytic nature and neg-
atively charged surface. The T-hNP/SnMP treatment enhanced
DNR-responsive apoptosis in leukemia cells and activates im-
mune responses in myeloid cells against apoptotic leukemia.
Although NSG mice present an appropriate model for studying
human leukemia xenograft, it is difficult to evaluate anti-tumor
immune generation due to a lack of T and B cell immune
maturation and NK cell immunity. Our results demonstrate
immunotherapeutic effects by innate myeloid cell immune
response, not by adaptive anti-tumor immune response that
is attributable to the moderate effects of T-hNP/SnMP +DNR
treatment in survival study. The SntMP-mediated HO1-inhibition
in myeloid cells induces an anti-tumor immune response via
CD8+ T cell adaptive immune responses,'”! and the therapeutic
effects of HO1-inhibiting T-hNP should be evaluated in an AML
patient-derived xenograft model bearing a human immune
system.[®®) As described before,'”] HO1 is an enzyme break-
ing down dying cell released heme, consequently producing
biliverdin, Fe2+ and carbon monoxide (CO). The CO is closely
related with p38 MAPK, STAT1/3, and NFkB signaling, which
have been proposed for HO1-mediated cytoprotective and anti-
inflammatory effects. However, exact molecular mechanism has
not yet understood how HO1 acts on myeloid cell reprogram-
ming and macrophage polarization, and molecular mechanisms
of HO1-mediated myeloid cell reprogramming and polarization
should be studied in the future. Various chemotherapeutic drugs
other than DNR should be combined with an HO1-inhibiting
strategy to optimize immunotherapeutic effects. Cytarabine,
a pyrimidine analog similar to 5-fluorouracil, is a promising
candidate.!"”] For antibody fusion proteins, simple modification
using an engineered antibody is a promising targeted delivery
strategy with a broad spectrum of potential applications, from
cancers to inflammatory diseases.

4. Conclusion

HO1-inhibiting lipid-polymer hybrid nanoparticle (T-hNP) ac-
tively targeted to human leukemia cells by engineered antibody
and passively targeted to CD11b+ myeloid cells in a bone mar-
row niche of human AML-bearing orthotopic mouse model. T-
hNP-mediated HO1-inhibition enhanced the chemo-therapeutic
effect of DNR and boosted immune response by reprogramming
bone marrow myeloid cells. HO1-inhibitng dual cell-targeted
hNP with DNR has a strong potential as a novel therapeutic
in AML by providing chemo-sensitization of AML cells and im-
mune activation of bone marrow myeloid cells.

5. Experimental Section

Materials:  SnMP, DNR hydrochloride, poly(lactic-co-glycolic acid)
(PLGA, lactide: glycolide 50:50, 7000-17000 Da), and biotin-FITC were
purchased from Sigma Aldrich (St. Louis, MO, USA). 1,2-Dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[biotinyl(polyethylene  glycol)-2000]  (DSPE-
PEG,oo-Biotin),  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[amino(polyethylene glycol)-2000] (DSPE-PEG,qy,) were obtained from
Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Anti-human CD33, CD64 an-
tibodies and anti-mouse CD11b, CD45, CD206, Ly6c, Gr1, TNF-a, IL12p70,
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Rat 1gG1 Isotype antibodies were purchased from BD Biosciences (USA)
(Table 1, Supporting Information). Anti-mouse F4/80 antibody and
Avidin-FITC were purchased from Biolegend (San Diego, CA, USA). Anti-
human CCR2 antibody was obtained from R&D Systems (Minneapolis,
MN, USA). Anti-His-Tag, anti-human HO1 (P249), and f-actin antibodies
(13E5) were obtained from Cell Signaling Technology (Danvers MA, USA).

Vector Construction: A 429 and 888 base pair sequence for monomeric
avidin and anti-CD64 scFv were cloned (Incorporation Bioneer, Korea) in
pET21a (Novagen, Madison, WI) by Notl, xhol and xbal, Notl sites, re-
spectively, for bacterial expression.

Hybrid Nanoparticle Preparation: DSPE-PEG,q, (ratio of 5:1 for bi-
otinylated to non-biotinylated) and DPPC were mixed at a molar ratio of 1:3
and stored for 1 h at room temperature to evaporate the chloroform. The
prepared lipid mixture was hydrated in water (4% EtOH, 10 mL) at 0.2 mg
mL~" and gently stirred. SnMP (400 pg) and PLGA (7.2 mg) solutions were
prepared at concentrations of 4 mg mL~" in dimethyl sulfoxide (DMSO)
and 2.4 mg mL~" in dichloromethane, respectively. The drug/PLGA so-
lution (836 pL) was dropped slowly to a lipid solution (2.4 mL) at a ra-
tio of 1:3 (v/v, PLGA: lipid), sonicated and evaporated to remove the
dichloromethane. The prepared particle solution (1 mg mL™") was con-
centrated and washed through a cellulose membrane (MWCO 30 000 Da)
at2.5-10 mg mL~".

sFVA Protein Expression and Purification: BL21 (DE3) cells (Novagen,
Madison, WI) were transformed with a sFVA-cloned pET21a vector and
cultured in 20 mL of Amp+ lysogeny broth (LB) at 37 °C. After 2-4 h
of incubation, the cells were cultured in 0.5 L of LB medium. When
the optical density at 600 nm reached 0.2-0.3, T mm isopropyl g-D-1-
thiogalactopyranoside (IPTG) was added and the cells were induced for
4 h at 37 °C. The induced pellet was re-suspended in a lysis buffer (pH
8.0) and then sonicated (pulse on: 20 s, total 2 min, off: 59 s, amplitude:
30%). The protein solution was then collected through centrifugation at
27 500 g, and the resulting solution was filtered using a 0.45 pym filter.

Affinity Chromatography Purification: ~ The protein solution was loaded
to a Ni-NTA agarose resin (Qiagen)-charged column and washed with 40
volume equivalents of washing buffer. The resin-bound protein was eluted
at 250 mm imidazole elution buffer. The purified protein was dialyzed us-
ing a Slide-A-Lyzer Dialysis cassettes (Thermo Fisher Scientific, 12 mL, CA;
MWCO 10 000 Da) in presence of a refolding buffer (pH 8.2) and dialyzed
through a phosphate buffered saline (PBS) at pH of 7.4. Protein was con-
centrated through a cellulose membrane (MWCO 10 000 Da).

Cell Culture:  Human THP-1 and U937 leukemia cells were purchased
from ATCC (Virginia, USA) and cultured at 37 °C in 5% CO2 in RPMI1640
medium (Welgene, Korea) supplemented with 10% fetal bovine serum and
1% penicillin. Cells were passaged to a density of 1-2 x 10° cells mL~" and
media was changed every 2-3 days.

SDS-PAGE and Western Blotting: Purified and PBS-dialyzed protein
was mixed with Laemmli buffer (5 mwm dithiothreitol), boiled for 15 min
and loaded into 12% SDS-PAGE gels for electrophoresis. Gel was stained
with Coomassie blue or transferred to a polyvinylidene fluoride mem-
brane (Millipore, Billerica, MA) for immunodetection by anti-His-Tag an-
tibody (Cell Signaling Technology, Danvers MA, USA) and anti-rabbit 1gG
antibody-HRP (Santa Cruz, Texas, DA, USA).

Competitive Binding Study: THP-1 cells (2 x 10° cells well~") were in-
cubated with anti-CD64 mAb-FITC (BD Pharmingen) in the presence of
sFVA (10 uyg mL™") in PBS at 4 °C for 20 min. After the cells were washed
twice, they were analyzed using FACSCalibur (BD Biosciences, USA). For
biotin-competitive binding of sFVA, the THP-1 cells were incubated with
anti-CCR2 mAb-biotin in the presence of sFVA and avidin-FITC.

Drug Loading Efficiency and Release Profiling: After preparation of
SnMP-loaded hNPs (10 mg mL™"), 0.6-0.7 mg particles were used to
measure the loading efficiency and encapsulation efficiency at absorbance
399 nm using Tecan. The 10 mg mL™" particle was resuspended in PBS
(DMSO 10%) and centrifuged to harvest the released medium at 6, 12,
24, 48, and 72 h. Release media and particle were freeze-dried and resus-
pended for detection of SnMP at absorbance 399 nm.

Characterization of Hybrid Nanoparticles: The prepared particles (1 mg
mL~1) were diluted in water and analyzed with Zeta-Sizer (Malvern) to
optimize lipid/PLGA, particle/drug, and particle/sFVA ratios. The size of
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the hybrid particles (10 mg mL~") was measured at indicated days and
weeks after preparation to evaluate stability.

Cellular Uptake and Confocal Microscopy Imaging: THP-1 and U937
cells (1x 108 cells mL™") were incubated with Cy5-loaded PLGA and hNPs
at a concentration of 5 yg mL™" for 1 h and analyzed by flow cytometry.
Cells were stained with DAPI Fluoromount-G (Southern Biotech) and im-
aged by confocal microscopy (Leica).

Daunorubicin-Responsive HO1 Upregulation in Leukemia Cells: THP-1
and U937 cells (4 x 10° cells mL™") were seeded and cultured in com-
plete medium with various concentrations of DNR for 24 h. The cells were
lysed using RIPA buffer and total protein was used for immunodetection
by using anti-human HO1 and f-actin antibodies (Cell Signaling Technol-
ogy, Danvers, MA, USA).

Cell Viability Test and Apoptosis Assay: Seeded THP-1 and U937 cells
(4-5 % 10° cells mL~", 24 well plate) were treated with hNPs (SnMP con-
centration: 1, 3, 5 pm). 5 h after treatment, DNR was added and incubated
for an additional 24 and 30 h for further analysis. Total cell numbers were
calculated using a hemocytometer. For apoptosis assay, cells were stained
with Annexin V and 7AAD (BD Biosciences, USA) and analyzed by flow
cytometry.

Orthotopic Acute Myelogenous Leukemia Modeling: 4—6 week-old male
NOD-SCID il2r gamma~/~ (NSG) mice (Jackson Laboratory) were intra-
venously injected with 1-2 x 106 U937 cells and their survival was eval-
uated under SPF conditions. All animal experimental procedures were re-
viewed and approved by the Institutional Animal Care and Use Committee
(IACUC) of Hanyang University (2019-0076A) and were performed in ac-
cordance with the relevant guidelines.

In Vivo Leukemia-Targeted Delivery of Hybrid Nanoparticle: 1 week post
cell infusion, U937-bearing NSG mice were intravenously injected with
hNP and T-hNP (Cy5, 0.6 mg kg™') and after 2 h, bone marrow cells were
harvested from the femur and tibia and filtered through a 100 pm filter. Red
blood cells were lysed and stained with anti-human CD33, mouse CD11b,
and CD45 antibodies for flow cytometric analysis.

In Vivo Biodistribution of Hybrid Nanoparticle: At day 10 post U937 cell
infusion of NOD-SCID il2r gamma~/~ mice, hNPs were intravenously in-
jected (Cy5, 0.6 mg kg™"). The mice were sacrificed and Cy5 fluorescence
intensity was measured in major organs at 4 and 24 h post injection us-
ing VISQUE InVivo Smart (Vieworks Co, Korea) in the Korea Basic Science
Institute (Chuncheon, Korea).

In Vivo Therapeutic Study in an Orthotopic Model:  U937-bearing NSG
mice were intravenously injected with hNPs (SnMP dose: 1.4 mg kg™') at
4,6, 8, 10 days post cell infusion. At day11, major leukemia niche organs
were harvested and analyzed for further experimental analysis.

Bone Marrow Myeloid Cell Analysis and Gene Expression: After treat-
ment, total bone marrow cells were harvested from femur and tibia and
filtered through a 100 pm filter. Red blood cells were lysed and stained
with myeloid cell lineage markers for flow cytometry analysis. Total RNA
was isolated from bone marrow cells and reverse transcribed to cDNA
using iScript cDNA synthesis kit (Bio-Rad) to measure marker gene ex-
pression levels. All primers were synthesized and purchased from IDT
DNA.

Ex Vivo Myeloid Cell Reprogramming: ~ Total bone marrow cells were iso-
lated from 5-7 week-old C57BL/6 mice (Orient Bio) and sorted using mag-
netic EasySep Mouse CD11b positive Selection Kit (STEMCELL Technolo-
gies, USA). Purity was validated by FACSCalibur (BD Biosciences, USA)
and seeded (4 X 10° cells mL™"). 24 h post treatment of hNP, DNR, and
DNR-exposed U937 cells (DNR: 0.2 um) were added. Total RNA was iso-
lated, and reverse transcribed to cDNA (iScript cDNA synthesis kit, Bio-
Rad) and gene expressions were measured. For DNR-exposed U937, U937
cells were exposed to DNR for 5 h and washed twice and added to myeloid
cells (8 x 10* cells mL™").

In Vivo Therapeutic and Survival Study: 4-6 week-old NSG mice were
injected with 1 x 10% U937 cells intravenously via tail vein injection. At
days 1,3,57,9,and 11 post cell infusion, hNPs (SnMP: 1.4 mg kg™") and
DNR (1.5 mg kg™") were intravenously injected and further monitored for
survival rate.

Statistical Analysis: All data are presented as mean +SD and SEM.
Statistical analyses were performed using a Student’s t-test and one-way
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ANOVA with Tukey's post-hoc test in GraphPad Prism 7 Project software.
All animal studies were analyzed using a non-parametric Kruskal-Wallis
test.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements

This research was partially supported by grants from the National Re-
search Foundation of Korea (NRF-2019R1A2C3008992) and Bio & Med-
ical technology development program (NRF-2017M3A9F5029655), the
Brain Korea 21 plus program (22A20130011095), and the Korean Health
Technology R&D project through the Ministry of Health and Welfare
(HI17C0888).

Conflict of Interest

The authors declare no conflict of interest.

Keywords

acute myelogenous leukemia, cancer immunotherapy, heme oxyge-
nase 1-targeted leukemia immunotherapy, heme oxygenase 1-targeted
nanomedicine, immunotherapeutic nanomedicine

Received: February 10, 2020
Revised: April 29, 2020
Published online: June 3, 2020

[1] J.Chen, Y.-R. Kao, D. Sun, T. . Todorova, D. Reynolds, S.-R. Narayana-
gari, C. Montagna, B. Will, A. Verma, U. Steidl, Nat. Med. 2019, 25,
103.

[2] ). M. Rowe, M. S. Tallman, Blood 2010, 116, 3147.

[3] a) P.Sharma, J. P. Allison, Science 2015, 348, 56; b) C. Kyi, M. A. Pos-

tow, FEBS Lett. 2014, 588, 368.

N. Daver, G. Garcia-Manero, S. Basu, P. C. Boddu, M. Alfayez, |. E.

Cortes, M. Konopleva, F. Ravandi-Kashani, E. Jabbour, T. Kadia, G. M.

Nogueras-Gonzalez, ). Ning, N. Pemmaraju, C. D. DiNardo, M. An-

dreeff, S. A. Pierce, T. Gordon, S. M. Kornblau, W. Flores, Z. Alhamal,

C. Bueso-Ramos, |. L. Jorgensen, K. P. Patel, . Blando, J. P. Allison, P.

Sharma, H. Kantarjian, Cancer Discov. 2019, 9, 370.

[5] K.lIshitsuka, A. Utsunomiya, T. Ishida, N. Engl. J. Med. 2018, 379, 695.

[6] M. Binnewies, E. W. Roberts, K. Kersten, V. Chan, D. F. Fearon, M.
Merad, L. M. Coussens, D. I. Gabrilovich, S. Ostrand-Rosenberg, C.
C. Hedrick, Nat. Med. 2018, 24, 541.

[7] R. Noy, J. W. Pollard, Immunity 2014, 41, 49.

[8] S. Hoves, C.-H. Ooi, C. Wolter, H. Sade, S. Bissinger, M. Schmit-

tnaegel, O. Ast, A. M. Giusti, K. Wartha, V. Runza, J. Exp. Med. 2018,

215, 859.

a) S. Shen, H.-J. Li, K.-G. Chen, Y.-C. Wang, X.-Z. Yang, Z.-X. Lian, |.-Z.

Du, J. Wang, Nano Lett. 2017, 17, 3822; b) Y. Qian, S. Qiao, Y. Dai, G.

Xu, B. Dai, L. Lu, X. Yu, Q. Luo, Z. Zhang, ACS Nano 2017, 11, 9536,

c) H. Peng, B. Chen, W. Huang, Y. Tang, Y. Jiang, W. Zhang, Y. Huang,

Nano Lett. 2017, 17, 7684.

[4

El

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(1]

!

(12]

(13]
(14]
[15]

[16]

(7]

(18]

[19]

[20]
[21]

[22]

(23]
(24]
(25]

(26]

Adv. Sci. 2020, 7, 2000487

Y. S. Al-Matary, L. Botezatu, B. Opalka, . M. Hénes, R. F. Lams, A.
Thivakaran, J. Schiitte, R. Késter, K. Lennartz, T. Schroeder, Haema-
tologica 2016, 101, 1216.

A. Gutiérrez-Gonzélez, M. Martinez-Moreno, R. Samaniego, N.
Arellano-Sanchez, L. Salinas-Mufioz, M. Relloso, A. Valeri, ).
Martinez-Lépez, A. L. Corbi, A. Hidalgo, Blood 2016, 128, 2241.

D. K. Edwards, K. Watanabe-Smith, A. Rofelty, A. Damnernsawad, T.
Laderas, A. Lamble, E. F. Lind, A. Kaempf, M. Mori, M. Rosenberg,
Blood 2019, 133, 588.

A. Furfaro, N. Traverso, C. Domenicotti, S. Piras, L. Moretta, U. Mari-
nari, M. Pronzato, M. Nitti, Oxid. Med. Cell. Longevity 2016, 2016, 1.
S.-A. Heasman, L. Zaitseva, K. M. Bowles, S. A. Rushworth, D. J.
MacEwan, Oncotarget 2011, 2, 658.

S.-B. Yong, ). Y. Chung, S. S. Kim, H. S. Choi, Y.-H. Kim, Biomaterials
2019, 230, 119651.

M. Zhang, K. Nakamura, S. Kageyama, A. O. Lawal, K. W. Gong, M.
Bhetraratana, T. Fujii, D. Sulaiman, H. Hirao, S. Bolisetty, J. W. Kupiec-
Weglinski, ). A. Araujo, JCI Insight 2018, 3, e120596.

T. Muliaditan, ). W. Opzoomer, J. Caron, M. Okesola, P. Kosti, S. Lall,
M. V. Hemelrijck, F. Dazzi, A. Tutt, A. Grigoriadis, Clin. Cancer Res.
2018, 24, 1617.

S.-B. Yong, J. Y. Chung, Y. Song, . Kim, S. Ra, Y.-H. Kim, Biomaterials
2019, 279, 119401.

R. Kedmi, N. Veiga, S. Ramishetti, M. Goldsmith, D. Rosenblum,
N. Dammes, |. Hazan-Halevy, L. Nahary, S. Leviatan-Ben-Arye, M.
Harlev, Nat. Nanotechnol. 2018, 13, 214.

J. Schultz, Y. Lin, ). Sanderson, Y. Zuo, D. Stone, R. Mallett, S. Wilbert,
D. Axworthy, Cancer Res. 2000, 60, 6663.

K. H. Lim, H. Huang, A. Pralle, S. Park, Biotechnol. Bioeng. 2013, 110,
57.

a) L. Zhang, . M. Chan, F. X. Gu, J.-W. Rhee, A. Z. Wang, A. F. Radovic-
Moreno, F. Alexis, R. Langer, O. C. Farokhzad, ACS Nano 2008, 2,
1696; b) W. Ou, R. K. Thapa, L. Jiang, Z. C. Soe, M. Gautam, ).-H.
Chang, J.-H. Jeong, S. K. Ku, H.-G. Choi, C. S. Yong, J. Controll. Rel.
2018, 281, 84; ¢) S. Cao, S. D. Slack, C. N. Levy, S. M. Hughes, Y.
Jiang, C. Yogodzinski, P. Roychoudhury, K. R. Jerome, J. T. Schiffer, F.
Hladik, Sci. Adv. 2019, 5, eaav6322.

V. Bhutani, R. Poland, L. Meloy, T. Hegyi, A. Fanaroff, M. Maisels, J.
Perinatol. 2016, 36, 533.

L. D. Shultz, M. A. Brehm, J. V. Garcia-Martinez, D. L. Greiner, Nat.
Rev. Immunol. 2012, 12, 786.

M. Wunderlich, B. Mizukawa, F.-S. Chou, C. Sexton, M. Shrestha, Y.
Saunthararajah, ). C. Mulloy, Blood 2013, 121, €90.

a) A. Gutiérrez-Gonzdlez, M. Martinez-Moreno, R. Samaniego,
N. Arellano-Sanchez, L. Salinas-Munoz, M. Relloso, A. Valeri, .
Martinez-Lépez, A. L. Corbi, A. Hidalgo, A. Garcia-Pardo, . Teix-
ido, P. Sanchez-Mateos, Blood 2016, 128, 2241; b) D. K. Edwards, K.
Watanabe-Smith, A. Rofelty, A. Damnernsawad, T. Laderas, A. Lam-
ble, E. F. Lind, A. Kaempf, M. Mori, M. Rosenberg, A. d’Almeida, N.
Long, A. Agarwal, D. T. Sweeney, M. Loriaux, S. K. McWeeney, J. W.
Tyner, Blood 2019, 133, 588.

2000487 (14 of 14)

[27]

(28]

(29]

(3]

(31]

(32

(33]

(34]

35]

36]

(37]

38]

www.advancedscience.com

S.-B. Yong, Y. Song, H. J. Kim, Q. U. Ain, Y.-H. Kim, J. Controlled Rel.
2017, 259, 53.

a) D. R. Getts, R. L. Terry, M. T. Getts, C. Deffrasnes, M. Miiller, C.
van Vreden, T. M. Ashhurst, B. Chami, D. McCarthy, H. Wu, Sci. Transl.
Med. 2014, 6, 219ra7; b) L. M. Kranz, M. Diken, H. Haas, S. Kreiter,
C. Loquai, K. C. Reuter, M. Meng, D. Fritz, F. Vascotto, H. Hefesha,
Nature 2016, 534, 396.

U. M. Fischer, M. T. Harting, F. Jimenez, W. O. Monzon-Posadas, H.
Xue, S. I. Savitz, G. A. Laine, C. S. Cox Jr., Stem Cells Dev. 2009, 18,
683.

a) Y. Zhu, B. L. Knolhoff, M. A. Meyer, T. M. Nywen-
ing, B. L. West, J. Luo, A. Wang-Gillam, S. P. Goedegebu-
ure, D. C. Linehan, D. G. DeNardo, Cancer Res. 2014, 74,
5057; b) D. G. DeNardo, D. ]. Brennan, E. Rexhepaj, B. Ruffell,
S. L. Shiao, S. F. Madden, W. M. Gallagher, N. Wadhwani, S. D. Keil,
S. A. Junaid, H. S. Rugo, E. S. Hwang, K. Jirstrom, B. L. West, L. M.
Coussens, Cancer Discov. 2011, 1, 54.

A. Nawaz, A. Aminuddin, T. Kado, A. Takikawa, S. Yamamoto, K.
Tsuneyama, Y. |garashi, M. lkutani, Y. Nishida, Y. Nagai, K. Takatsu,
J. Imura, M. Sasahara, Y. Okazaki, K. Ueki, T. Okamura, K. Tokuyama,
A. Ando, M. Matsumoto, H. Mori, T. Nakagawa, N. Kobayashi,
K. Saeki, I. Usui, S. Fujisaka, K. Tobe, Nat. Commun. 2017, 8,
286.

a) B. Yan, S. Xie, Y. Liu, W. Liu, D. Li, M. Liu, H. R. Luo, J. Zhou,
Theranostics 2018, 8,2927; b) K. P. O'Dea, M. R. Wilson, J. O. Dokpesi,
K. Wakabayashi, L. Tatton, N. van Rooijen, M. Takata, J. Immunol.
2009, 7182, 1155.

C. J. Perry, A. R. Mufioz-Rojas, K. M. Meeth, L. N. Kellman, R.
A. Amezquita, D. Thakral, V. Y. Du, J. X. Wang, W. Damsky, A. L.
Kuhlmann, J. Exp. Med. 2018, 215, 877.

A. Sharma, H. Yun, N. Jyotsana, A. Chaturvedi, A. Schwarzer,
E. Yung, C. K. Lai, F. Kuchenbauer, B. Argiropoulos, K. Gér-
lich, A. Ganser, R. K. Humpries, M. Heuser, Leukemia 2015, 29,
157.

S. A. Dusoswa, |. Verhoeff, E. Abels, S. P. Méndez-Huergo, D. O.
Croci, L. H. Kuijper, E. de Miguel, V. M. C. J. Wouters, M. G. Best,
E. Rodriguez, L. A. M. Cornelissen, S. ). van Vliet, P. Wesseling, X. O.
Breakefield, D. P. Noske, T. Wiirdinger, M. L. D. Broekman, G. A. Ra-
binovich, Y. van Kooyk, ). J. Garcia-Vallejo, Proc. Natl. Acad. Sci. USA
2020, 117, 3693.

Y. Mizukami, K. Kono, Y. Kawaguchi, H. Akaike, K. Kamimura, H.
Sugai, H. Fuijii, Int. J. Cancer 2008, 122, 2286.

a) S. E. Kurtz, C. A. Eide, A. Kaempf, V. Khanna, S. L. Savage, A. Ro-
felty, I. English, H. Ho, R. Pandya, W. J. Bolosky, Proc. Natl. Acad.
Sci. USA 2017, 114, E7554; b) P--L. Loyher, P. Hamon, M. Laviron,
A. Meghraoui-Kheddar, E. Goncalves, Z. Deng, S. Torstensson, N.
Bercovici, C. B. De Chanville, B. Combadieére, J. Exp. Med. 2018, 215,
2536.

E. M. Lee, D. Yee, S. ). Busfield, J. F. McManus, N. Cummings, G.
Vairo, A. Wei, H. S. Ramshaw, |. A. Powell, A. F. Lopez, |. D. Lewis, M.
N. McCall, R. B. Lock, Haematologica 2015, 100, 914.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



