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Triple Negative Breast Cancer Cells and Tumor-Associated
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Patients with brain metastases of triple negative breast cancer (TNBC) have

a poor prognosis owing to the lack of targeted therapies, the aggressive

nature of TNBC, and the presence of the blood-brain barrier (BBB) that

blocks penetration of most drugs. Additionally, infiltration of tumor-associated
macrophages (TAMs) promotes tumor progression. Here, a terpolymer-lipid
hybrid nanoparticle (TPLN) system is designed with multiple targeting moieties
to first undergo synchronized BBB crossing and then actively target TNBC cells
and TAMs in microlesions of brain metastases. In vitro and in vivo studies
demonstrate that covalently bound polysorbate 80 in the terpolymer enables the
low-density lipoprotein receptor-mediated BBB crossing and TAM-targetability
of the TPLN. Conjugation of cyclic internalizing peptide (iRGD) enhances
cellular uptake, cytotoxicity, and drug delivery to brain metastases of integrin-
overexpressing TNBC cells. iRGD-TPLN with coloaded doxorubicin (DOX)

and mitomycin C (MMC) (iRGD-DMTPLN) exhibits higher efficacy in reducing
metastatic burden and TAMs than nontargeted DMTPLN or a free DOX/

MMC combination. iRGD-DMTPLN treatment reduces metastatic burden by
6-fold and 19-fold and increases host median survival by 1.3-fold and 1.6-fold
compared to DMTPLN or free DOX/MMC treatments, respectively. These
findings suggest that iRGD-DMTPLN is a promising multitargeted drug delivery
system for the treatment of integrin-overexpressing brain metastases of TNBC.

Owing to the low expression of estrogen
receptor, progesterone receptor, and
human epidermal growth factor receptor
2 (HER2), endocrine and anti-HER?2 thera-
pies are ineffective against TNBC. Thus
currently, standard adjuvant and neoad-
juvant treatments of TNBC are limited
to conventional anthracycline-taxane-
based chemotherapy.!! Despite the initial
response to chemotherapy, TNBC patients
have a high risk of relapse and distal
metastases, especially to the brain, leading
to shortened survival times.”) A number
of targeted therapies have been investi-
gated to treat TNBC including poly(ADP-
ribose) polymerase (PARP) inhibitors,
immune checkpoint inhibitors, antian-
drogen agents, phosphoinositide 3-kinase
inhibitors,  mitogen-activated  protein
kinase inhibitors, antiangiogenic antibody,
and integrin inhibitors.[!"3!

Upregulation of cell surface owvf33 and
owvf5 integrins in aggressive TNBC, espe-
cially in brain metastases and tumor-

1. Introduction

Triple negative breast cancer (TNBC) is a highly aggressive
subtype that accounts for 15-20% of human breast cancers.!!l
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associated vasculature, has presented an
opportunity for targeted therapy of TNBC
using integrin-targeted peptides.! Of various peptide-based
inhibitors of av integrins, Cilengitide, an Arg-Gly-Asp (RGD)
peptide mimetic, with high selectivity against integrins owvf33
and avf5, reached phase 3 clinical trial; however, the results
were negative.”l This disappointing outcome may be caused
by insufficient amounts of inhibitor reaching tumor cells to
generate a direct cytotoxic effect against owf3 and owvf35 posi-
tive cancer cells due to the short halflife of Cilengitide in vivo."!
Nonetheless, RGD-conjugated nanoparticulate drug delivery
systems have shown an ability to target chemotherapeutic drugs
to integrin-overexpressing tumor vasculature and cancer cells.[®

Despite the promising results in preclinical models, it is
challenging to find an optimal RGD particle coverage to bal-
ance tumor accumulation against liver uptake. For example,
our previous studies on cyclic RGDfK (Arg-Gly-Asp-D-Phe-Lys;
cRGD) peptide-conjugated solid-lipid nanoparticles (SLN) or
polymer-lipid hybrid nanoparticles (PLN) revealed that a high
density of cRGD on the surface led to increased liver uptake
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and vascular retention of the nanoparticles (NPs) in primary
TNBC.! For the treatment of lung mestastases, the physiology
of normal blood circulation allows for intravenously injected
cRGD-PLN to first pass through the lungs, resulting in effec-
tive nanoparticle targeting to both owvf3-overexpressing cancer
cells and tumor neovasculature. With a modest surface density
of cRGD and co-loaded synergistic doxorubicin (DOX or D) and
mitomycin C (MMC or M), the optimized RGD-DM-PLN signif-
icantly improved the treatment of lung metastases of TNBC in a
mouse model as compared to nontargeted DM-PLN.8l However,
for targeting tumors that require deeper particle penetration, a
cyclic nine amino acid internalizing peptide (iRGD, CRGDK/
RGPD/EC) would be more appropriate because of its reported
capability of improved tumor tissue and vasculature penetra-
tion compared to other types of RGD peptides.[°®*? The penetra-
tion capability of iRGD stems from the initial binding of the
peptide to av integrins and subsequent exposure of the CendR
motif which binds to neuropilin-1 receptor on endothelial
cells and tumor cells, triggering tumor vasculature and tissue
penetration.[’!

In addition to targeting cancer cells, increasing evidence sug-
gests that targeting stromal cells in the tumor microenviron-
ment (TME) would be of therapeutic significance due to their
important role in promoting cancer progression.l'% Of various
types of stromal cells, tumor-associated macrophages (TAMs)
are the most abundant cell type in the metastatic microenviron-
ments, including brain metastases.l'!] In breast cancer, high
TAM density is associated with poor patient prognosis and low
efficacy of chemotherapeutic drugs and anticancer immune-
modulating agents.1%12l Therefore, inhibition or re-polariza-
tion of TAMs by targeting their surface receptors with small
molecule inhibitors, monoclonal antibodies, or drug-encapsu-
lated nanoparticles has shown therapeutic benefit in both pre-
clinical and clinical studies.® Recently, nanoparticle systems
have been exploited to deliver cytotoxic or inhibitory drugs to
cancer cells and TAMs, or to modulate TME and re-educate
TAMs for enhancing chemotherapy, with promising anticancer
efficacy in vivo.l'¥ Conceivably, targeted drug delivery to both
the TAM and cancer cell populations in the metastatic micro-
environment could potentially improve the treatment of brain
metastasis of TNBC.

However, delivering effetive amounts of therapeutic agents to
brain metastases of breast cancer is particularly difficult due to
the presence of the blood-brain barrier (BBB), which is nearly
intact in micrometastases with diameters less than 0.5 mm.["!
Additionally, the presence of drug efflux transporters, overex-
pressed on endothelial cells of brain blood microvessels, can
hinder drug transport from the blood to the brain parenchyma
as many anticancer drugs are known to be efficient substrates of
efflux transporters.'® Therefore, the BBB must be overcome first
to deliver a drug to TAMs and cancer cells in brain metastases.

Previously we developed a terpolymer-lipid nanoparticle
(TPLN) system, based on the terpolymer, poly(methacrylic acid)-
polysorbate 80-grafted starch (PMAA-PS 80-g-St), that is able to
facilitate BBB-crossing and deliver brain-impermeable imaging
and chemotherapeutic agents to brain metastases of breast
cancer in mouse models.’” The PS 80-containing nanoparti-
cles can recruit apolipoprotein E (ApoE) from the blood circula-
tion and then extravasate the brain blood microvessels via low
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density lipoprotein receptor (LDLR)-mediated transcytosis.!'” 18l

Exploiting this unique property of the terpolymer, herein, we
designed an iRGD peptide functionalized TPLN co-loaded with
DOX and MMC (iRGD-DMTPLN) to first cross the BBB via in
situ recruited ApoE on particle surface, and then target both av
integrin-overexpressing TNBC cells by iRGD and LDLR-over-
expressing TAMs (Figure 1).%1% The combination of DOX and
MMC was selected because of their strong anticancer synergy
when delivered simultaneously by the same nanocarrier, which
was found in our previous work in multiple breast cancer cell
lines including TNBC cells and corresponding mouse tumor
models.B2 The synergism was attributable to the enhanced
topoisomerase poisoning by DOX resulted from the activated
DNA repair activities from the direct DNA damage by MMC
as well as the increased intracellular DOX bioavailability due to
reduced level of detoxifying glutathione through the bioreduc-
tive activation of MMC.B“?!l The nanoparticle encapsulation
of the two drugs synchronized their spatiotemporal co-delivery
into the tumor cells at synergistic ratios, enabling their syn-
ergistic interactions which require the close proximity of the
drugs within the cells.20>21]

To examine the designed mechanism and multifunctionality
of the iRGD-DMTPLN system, we compared cellular uptake,
cytotoxicity and targetability of iRGD-free DMTPLN in human
TNBC cells and murine RAW 264.7 macrophages in vitro in
the absence or presence of an LDLR antagonist. The capability
of the iRGD-TPLN crossing the intact BBB was verified by
confocal microscopy of brain tissue of healthy mice following
intravenous injection of iRGD-DMTPLN loaded with a brain-
impermeable nucleus-staining dye. In vivo biodistribution and
effects of iRGD-DMTPLN on the TAM population, therapeutic
efficacy, and normal tissue toxicity were evaluated using a
murine brain metastasis model of human TNBC cells.

2. Results and Discussion

2.1. Synthesis and Characterization of Nanoparticles

The conjugation of iRGD to the terpolymer was made via
N-(3-dimethylaminopropyl)-N-ethylcarbodiimide ~ hydrochlo-
ride (EDC)/N-hydroxysuccinimide (NHS) covalent coupling
(Figure 2a) and confirmed using H!-NMR (Figure 2b). As high-
lighted by the blue-dotted box, the new peaks observed in the
NMR spectrum of iRGD-terpolymer compared to terpolymer
can likely be attributed to protons on the beta- and gamma-
carbons of the two cysteines, two arginines and two aspartic
acids of the peptide. These proton peaks were slightly shifted to
the right side of the spectrum likely due to dipole-dipole inter-
actions between the protons on the peptide and the terpolymer.

Transmission electron micrographs (TEM) images
(Figure 2c) portrayed a well-defined spherical nanostructure and
confirmed the average particle size measured by the dynamic
light scattering method (Figure 2d). The iRGD-DMTPLN have
an average particle size of 126 nm, zeta potentials of —43.6 mV,
polydispersity index of 0.20, DOX loading efficiencies of 97%
and MMC loading efficiencies of 52% (Figure 2e). The prop-
erties of DMTPLN are similar to iRGD-DMTPLN (Figure 2e),
making the DMTPLN a good control for studying the role of
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Figure 1. Schematic diagram of self-assembly of iRGD-conjugated terpolymer-lipid nanoparticles with co-loaded DOX and MMC (iRGD-DMTPLN)
and proposed mechanism of iRGD-DMTPLN crossing the BBB via synchronized action of ApoE-decorated NP binding to LDLR overexpressed on the
endothelial cells at the brain microvessels and iRGD-integrin binding at tumor neovasculature, followed by active targeting to LDLR-expressing TAMs

and av integrins-expressing TNBC cells in the brain metastases.

iRGD conjugation on cellular uptake and cytotoxicity. The
number of iRGD peptides on the NPs was estimated to be
about 1172 per particle using a fluorometric method as pre-
viously described (Table S1, Supporting Information).[8322]
The colloidal stability of iRGD-DMTPLN and DMTPLN was
determined and no significant changes in particle size or zeta
potential was observed over 48 h in 50% fetal bovine serum
(FBS)-containing o-MEM at 37 °C, or for 7 d in 5% dextrose at
4 °C (Figure S1, Supporting Information). DMTPLN and iRGD-
DMTPLN formulations exhibited similar drug release profiles;
both gradually released DOX and MMC with =80% cumulative
release in 72 h (Figure 2f). As the free drug DOX and MMC per-
meated through the dialysis membrane very quickly, the slow
release profiles of the nanoparticle formulations are deemed
a consequence of stable polymer-lipid matrix of the nanopar-
ticles.?) The particle properties and drug release profiles are
alike between the two formulations, indicating that the iRGD
conjugation did not significantly alter these properties of the
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TPLN. Significantly higher fluorescence intensity was observed
in iRGD-TPLN-treated owf33 integrin-coated wells compared to
TPLN, both loaded with Bodipy (Figure 2g), indicating reserved
high affinity of iRGD to avf33 integrin receptor after conjuga-
tion with the nanoparticles.

2.2. iRGD-Conjugation Increases the In Vitro Cytotoxicity
and Cellular Uptake of DMTPLN in TNBC Cells but Not in
Macrophages

The cytotoxicity of iRGD-DMTPLN or DMTPLN against
human TNBC MDA-MB-231-luc-D3H2LN and MDA-MB-
468 cells and RAW 264.7 murine macrophages was evalu-
ated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay as a function of DOX/MMC concentra-
tion at a fixed DOX:MMC molar ratio of 1.0:0.7 (Figure 3a,b,
Figure S2a, Supporting Information). Both NP formulations
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Figure 2. a) Reaction schematic for the conjugation of iRGD and terpolymer, and structure of polysorbate 80 (PS 80). b) H'-NMR of iRGD peptide,
terpolymer, and iRGD-terpolymer. Blue dashed rectangle indicates the perservation of CH, peaks from the peptide at =3.0 ppm. c) Particle size distribu-
tion. d) TEM images. Scale bar = 200 nm. e) Summary table of NP properties. f) Release profiles of DOX and MMC from DMTPLN and iRGD-DMTPLN
in PBS (pH = 7.4) determined by dialysis at 37 °C over 72 h. Data are presented as the mean = SD (n = 3). g) In vitro binding of Bodipy-labeled nano-
particles on immobilized recombinant human owf33 integrin receptors. Data are presented as mean = SD, n = 3. *p < 0.05.

increased the cytotoxicity and drug uptake significantly in both ~ macrophages that exhibit low integrin expression. The half
cell lines. However, iRGD conjugation only enhanced efficacy = maximal inhibitory concentration (IC50) of iRGD-DMTPLN
of DMTPLN and DOX uptake in the TNBC cells but not in the ~ in MDA-MB-231 cells (0.42 £ 0.08 pug mL™) is significantly
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Figure 3. In vitro cytotoxicity and DOX uptake of different formulations of DOX and MMC in human breast cancer cells and murine macrophages.
Cytotoxicity of different DOX/MMC formulations in DOX:MMC molar ratio of 1.0:0.7 against a) MDA-MB-231-luc-D3H2LN cells and b) RAW 264.7
macrophages. Cells were treated for 1 h with various DOX/MMC concentrations of free DOX/MMC or DMTPLN or iRGD-DMTPLN, or blank iRGD-
TPLN with same concentration of the NP. X-axes based on DOX concentration. Cells were allowed to proliferate for 24 h before being evaluated for
viability by MTT assay. c) IC50 of each treatment. d,e) Cellular uptake of DOX in the two cell lines. The fold increase in fluorescence of internalized
DOX in cells exposed to free DOX/MMC, DMTPLN, and iRGD-DMTPLN for up to 1 h was evaluated by spectrofluorometry. Fold-change was meas-
ured as DOX uptake relative to free DOX uptake in MDA-MB-231-luc-D3H2LN at 5 min. Data are presented as mean £ SD, n = 3. *p < 0.05. yindicate

significance of p < 0.05 between two cell lines.

lower than the IC50 of DMTPLN (1.02 £ 0.26 ug mL™!) and
free DOX/MMC (3.57 £ 0.74 ug mL™) (p < 0.05) (Figure 3c).
A similar trend was also observed in MDA-MB-468 cells,
another TNBC cell line (Figure S2a, Supporting Information).
In contrast, iRGD-DMTPLN did not produce higher cytotox-
icity in RAW 264.7 macrophages (IC50 0.27 + 0.02 ug mL™)
compared to DMTPLN (IC50 0.33 + 0.07 ug mL™}), while
both IC50s were significantly lower than that of free DOX/
MMC (3.67 + 0.36 ug mL™) (p < 0.05) (Figure 3c). The in
vitro cytotoxicity results (Figure 3a—c, Figure S2, Supporting
Information) demonstrate that DMTPLN and iRGD-DMTPLN
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are significantly more cytotoxic to RAW 264.7 macrophages
(IC50 0.33 £ 0.07 and 0.27 £ 0.02 ug mL™!, respectively)
than to the human TNBC cells with IC50 1.02 £ 0.26 and
0.42 + 0.08 ug mL™, respectively in MDA-MB-231-luc-D3H2LN
cells (p < 0.05) (Figure 3c).

To elucidate a possible explanation for the differences in
IC50s between formulations and cell lines, levels of DOX in the
cells treated with various formulations over a period of 1 h were
examined by measuring its fluorescence intensity. In line with
the trend of cytotoxicity presented above, nanoparticle formula-
tions, i.e., DMTPLN and iRGD-DMTPLN significantly increased

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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DOX uptake in both cell lines. However, iRGD-conjugation
resulted in a higher DOX level in MDA-MB-231-luc-D3H2LN
cells treated with iRGD-DMTPLN compared to DMTPLN
(p < 0.05) (Figure 3d); whereas iRGD conjugation did not affect
DOX uptake by RAW 264.7 macrophages (Figure 3e). It is worth
noting that DOX levels in RAW 264.7 macrophages delivered
by both nanoparticle formulations were significantly higher
(=14-fold increase from free DOX at 60 min) than that in MDA-
MB-231-luc-D3H2LN cells (8-10-fold increase at 60 min), pos-
sibly due to their strong phagocytic activity mediated by surface
receptors such as LDLR.?4

The iRGD conjugation facilitated DOX uptake was also
observed in MDA-MB-468 cells (Figure S2b,c, Supporting Infor-
mation) and confirmed microscopically in both human TNBC
cell lines (Figure S2d, Supporting Information). The positive
effect of iRGD conjugation on DOX uptake and cytotoxicity
in the human TNBC cells is possibly due to integrin-mediated
endocytosis of iRGD-DMTPLN via ov integrins overexpressed
on both cell lines."< ITn RAW 264.7 macrophages, indistin-
guishable drug uptake and cytotoxicity between DMTPLN
and iRGD-DMTPLN are ascribed to the lack of av integrin
overexpression.’!
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2.3. Effect of LDLR Inhibition on Nanoparticle Uptake In vitro

It is known that LDLRs are highly expressed on MDA-MB-
231-luc-D3H2LN cells and RAW 264.7 macrophages.[194-2]
However it is unknown whether their overexpression leads to
additional targeting specificity of nanoparticles or whether the
designed iRGD-TPLN could target both integrins and LDLR.
It is anticipated that PS 80-containing TPLN could target the
LDLR via recruiting apolipoproteins onto the NP surface.'7"<l
We first investigated this mechanism in vitro by pretreating
the cells with an LDLR antagonist, receptor-associated pro-
teins (RAPs), prior to incubation with DMTPLN or iRGD-
DMTPLN. RAP pretreatment diminished cellular uptake of
fluorescent dye-labeled DMTPLN in both cell lines measured
by spectrofluorometry (Figure 4a) and by confocal microscopy
(Figure 4b); but its antagonizing effect on cellular uptake
of iRGD-DMTPLN was less significant in MDA-MB-231-
luc-D3H2LN cells than in RAW 264.7 macrophages. These
results indicate that LDLR-mediated endocytosis plays a more
important role in nanoparticle uptake of iRGD-DMTPLN in
the macrophages than the TNBC cells; and integrin-iRGD
interaction remains a main mechanism for NP uptake of

RAW 264.7

Hoechst 33342 Cy5

Bright Field  (Nyclei) (NPs) Overlaid

Figure 4. Effect of LDLR inhibition on the uptake of NPs in MDA-MB-231-luc-D3H2LN cells and RAW 264.7 macrophages. Cells were incubated with
fluorescent Cy5-labeled DMTPLN or iRGD-DMTPLN for 1 h with or without pretreatment of the LDLR inhibitor RAP for 1 h. a) The fold increase in
fluorescence of internalized NPs was measured by spectrofluorometry. All fold changes in fluorescence were relative to fluorescence of MDA-MB-231-
luc-D3H2LN cells treated with DMTPLN without pretreatment of RAP. Data are presented as mean £ SD, n = 3. *p < 0.05. § and yindicate significant
difference between iRGD-DMTPLN and DMTPLN treated group with or without RAP treatment. b) Confocal microscopic images of internalized fluo-
rescent NPs. Scale bars = 30 um
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iRGD-DMTPLN in MDA-MB-231-luc-D3H2LN cells. Partial
inhibition of DMTPLN and iRGD-DMTPLN uptake by RAP
suggests that other internalization pathways may exist in
addition to LDLR-mediated endocytosis, or that RAP does not
completely block LDLR-mediated uptake. Higher NP uptake
by RAW 264.7 macrophages compared to MDA-MB-231-luc-
D3H2LN cells is consistent with the DOX uptake shown in
Figure 3d,e.

2.4. iRGD-DMTPLN Deliver BBB-Impermeable Agents
into Healthy Brain

The ability of the PS 80-containing iRGD-conjugated NPs
to cross the BBB and deliver brain-impermeable agents
into healthy brain was assessed by intravenous injection of
various formulations containing a brain-impermeable dye
(Hoechst 33342) that stains cell nuclei. Confocal laser scan-
ning microscopic images showed that iRGD-DMTPLN and
DMTPLN with covalently bound PS 80 crossed the BBB and
delivered the dye and DOX to brain parenchyma; whereas
treatments with PS 80-free iRGD-DMPLN, or free dye plus
DOX, showed no DOX accumulation outside of brain blood
vessels, and stained only blood vessel-associated cell nuclei
(Figure 5). This result is consistent with our previous findings
with the terpolymer-based NP systems and suggests that PS
80, but not iRGD, contributes to the brain-penetrating ability
of iRGD-DMTPLN to cross the intact BBB.I'> Several studies

Texas red

Rright Fleld (Vasculature)

iRGD-
DMTPLN

iRGD-

DMPLN
without
PS 80

DMTPLN

Free
Hoechst
33342 +

DOX

Hoechst 33342

www.advhealthmat.de

have reported that iRGD-conjugated NP delivery systems are
able to deliver drugs or imaging agents to the brain; however,
those studies were conducted in murine brain tumor or metas-
tasis models with impaired BBB that enables the enhanced
permeation and retention (EPR) effect.’”] The present study
suggests that iRGD is unlikely to facilitate receptor-mediated
BBB-crossing in healthy brain.

2.5. iRGD Conjugation Increases Nanoparticle Accumulation
in Brain Metastasis

The biodistribution and brain accumulation of iRGD-
DMTPLN were further investigated in a murine MDA-MB-
231-luc-D3H2LN brain metastasis model. Two weeks after
intracranial inoculation of the cancer cells, the mice were
intravenously injected with a near-infrared dye, HiLyte Fluor
750 (HF 750)-labeled NPs with or without iRGD conjuga-
tion. Whole body biodistribution of NPs was monitored for
up to 2 h postinjection using a Xenogen imager (Dorsal view:
Figure 6a; Ventral view: Figure S4, Supporting Information).
Stronger fluorescence signal of HF750-NPs was observed
in the brain of metastasis-bearing mice treated with iRGD-
DMTPLN than in the DMTPLN-treated mice. Ex vivo brain
imaging revealed co-localization of DOX signal, HF 750
signal and tumor bioluminescence signal in the mice treated
with the two NP formulations, while minimal DOX signal
was observed in the mice treated with free drugs (Figure 6b).

(Nuclei) Overlaid

&
—
<
=

Figure 5. Laser scanning confocal microscopic images of brain sections from healthy NRG mice treated with Hoechst 33342-loaded iRGD-DMTPLN,
iRGD-DMPLN (without PS 80), DMTPLN, or free Hoechst 33342 + free DOX/MMC for 2 h. Overlaid images contain the stained vasculature, nuclei,
and DOX. Blood vessels were labeled red by intravenous administration of Texas Red-dextran 15 min before euthanasia. Hoechst 33342-labeled cell
nuclei appear blue. DOX appears green. Arrows indicate representative stained nuclei and DOX located away from blood vessels. Scale bars = 20 pm.
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Figure 6. Biodistribution of HF 750-labeled DMTPLN and iRGD-DMTPLN in the NRG mice model of MDA-MB 231-luc-D3H2LN TNBC brain metas-
tasis. a) Whole body biodistribution images up to 2 h using Xenogen IVIS Spectrum System 100 with excitation at 745 nm and emission at 820 nm.
b) Ex vivo image of fluorescence signals of NPs and DOX and tumor bioluminescence in the brain. c) Representative qualitative presentation of organ
biodistribution ex vivo at 2 h. d) Quantitative presentation of ex vivo organ biodistribution at 2 h. Data are presented as mean £ SD, n = 3. *p < 0.05
and **p < 0.005. e) Laser scanning confocal microscopic images of brain sections from metastasis-bearing NRG mice treated for 2 h. Area with
brain metastases indicated by red box was enlarged. Letter “T” indicates metastatic tumors. Scale bars = 40 um. Overlaid images contain the stained
vasculature, nuclei and DOX. Blood vessels were labeled red by intravenous administration of Texas Red-dextran 15 min before euthanasia. Hoechst
33342-labeled nuclei appear blue. DOX appears green. Arrows indicate representative DOX located away from blood vessels.
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Based on fluorescence intensity, iRGD-DMTPLN were capable
of delivering a higher amount of DOX and HF 750 to the
brain metastasis compared to DMTPLN (Figure 6b,d), sug-
gesting that iRGD enables more effective NP targeting to the
brain metastases. The increased fluorescence signal in the
kidneys might be ascribed to the renal clearance of released
HF 750-labeled polymer chains (Figure 6c¢,d). Slightly higher
liver uptake of iRGD-DMTPLN than DMTPLN is likely due to
the recognition of RGD peptide on the NPs by the reticuloen-
dothelial system.7>8d]

DOX delivery by iRGD-DMTPLN or DMTPLN to brain
metastases was further evaluated microscopically. The fluo-
rescent and H&E stained imaged of brain revealed numerous
spontaneous small-sized metastatic lesions throughout the
brain, including the cortex and subcortex in the brain metas-
tasis model (Figure 6e, Figure S3, Supporting Information).
Confocal fluorescence images of brain samples obtained at 2 h
post-treatment revealed more dots of DOX and much brighter
DOX fluorescence signal in the iRGD-DMTPLN treatment
group than the DMTPLN group; while free DOX-MMC treated
group did not show DOX signal in the brain (Figure 6e).
The microscopic results further confirm the enhanced drug
delivery to brain metastases by iRGD-conjugation to DMTPLN
depicted in whole body and ex vivo images (Figure 6a—d). In
addition, higher fluorescent intensity of Texas red staining vas-
culature was observed in the iRGD-DMTPLN group compared
to DMTPLN, attributable to higher binding of iRGD-DMTPLN
to the integrin-overexpressing tumor neovasculature, which
may increase the retention of the injected Texas red-dextran
by the interaction of iRGD-DMTPLN with Texas red-dextran.

Various iRGD conjugated NPs and iRGD-drug conjugates
have been reported to bind av integrin-overexpressing cells
with high affinity.?®] The present combined results deline-
ated the mechanism by which iRGD-DMTPLN sequentially
overcome each barrier to deliver drugs to brain metastasis.
First, iRGD-DMTPLN extravasates from blood vessels via the
aforementioned BBB-penetrating mechanism involving PS
80, ApoE, and LDLR. Additionally, iRGD-DMTPLN may also
bind to av integrin overexpressing tumor vasculature, con-
centrating near the metastatic tumor, and enhancing BBB
penetration via an iRGD-mediated trancytosis mechanism
involving iRGD binding to av integrin and neuropilin-1.°!
Second, once iRGD-DMTPLN leaves the vasculature, they
can actively target av integrin-overexpressing MDA-MB-231-
luc-D3H2LN tumor cells. While iRGD-DMTPLN may not be
completely intact after crossing the BBB, active targeting is
still present because iRGD is covalently conjugated to the ter-
polymer chain.

2.6. iRGD-DMTPLN Reduce TAM Population in TNBC
Metastases-Bearing Brain

Given the ability of iRGD-DMTPLN to cross the BBB tumor
vasculature and target LDLR-overexpressing macrophages
in vitro, its effect on TAMs in the metastatic microenviron-
ment was investigated. Three weeks after intracranial inocu-
lation of brain metastases with MDA-MB-231-luc-D3H2LN
cells, the mice were intravenously treated with saline, free
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drugs, DMTPLN or iRGD-DMTPLN. At day 3 post-treatment,
mouse brains were resected, sectioned and immunohisto-
chemically stained for TAMs (using anti-F4/80 antibody)
and microglia (using anti-TMEM119 antibody). The images
showed that DMTPLN and iRGD-DMTPLN-treated mice
greatly reduced F4/80 positive TAMs compared to the saline-
and free drug-treated groups (Figure 7a). Quantification of
F4/80-positive areas in the metastasis regions illustrated that
DMTPLN (4.2 + 2.3%) and iRGD-DMTPLN (1.4 + 1.0%) for-
mulations significantly decreased TAMs compared to saline
control (16.3 + 2.3%) and free DOX/MMC (9.9 + 1.9%) groups
(Figure 7Db). Despite the existence of subpopulation of tumori-
cidal TAMs, the overall function of TAMs is protumoral,
where they stimulate angiogenesis, promote metastasis and
suppress immune response.??) Therefore, the depletion of
TAMs by DMTPLN or iRGD-DMTPLN might translate into
enhanced anticancer efficacy. The inhibitory effect of the NPs
on TAM density is likely due to the targeted drug delivery of
PS 80-containing DMTPLN and iRGD-DMTPLN to the LDLR-
overexpressing TAMs as demonstrated in vitro (Figure 4).1°f]
The treatment with iRGD-DMTPLN resulted in a more
reduction in F4/80 positive area compared to DMTPLN treat-
ment, though the difference was not statistically significant
(Figure 7b). Although macrophages do not overexpress ovf33
integrin, their baseline expression of avf33 was reported to
enable RGD peptide targeting to reduce TAM recruitment in a
murine glioblastoma xenografts model.?*% Thus, in addition
to delivering more drugs to the metastatic microenvironment,
iRGD-DMTPLN may also inhibit TAM recruitment, resulting
in greater TAM reduction as shown in Figure 7.

TAM population within brain tumor microenvironment
has been reported to include both tissue-resident microglia
and bone marrow-derived macrophages.'" In the present
study, the low levels of TMEM119* microglia in the metas-
tasis regions (Figure 7a) indicate that most TAMs were
likely recruited from the circulation instead of recruitment
from the local microenvironment. The TMEM119 staining
showed sparsely distributed star-shaped microglia in metas-
tasis-free brain regions of treated mice, suggesting that the
treatment did not reduce the microglial population in noncan-
cerous brain regions. This is likely due to the low toxicity of
DNA-damaging drugs (i.e., DOX and MMC) to less prolifera-
tive cells, such as microglia, and selective accumulation of the
NPs at the site of brain metastases.[*!]

2.7. iRGD-DMTPLN Inhibit the Progression of Brain Metastasis
and Extend Host Survival

To evaluate the in vivo therapeutic potential of iRGD-DMTPLN,
its efficacy was compared to the blank nanoparticles
iRGD-TPLN, free DOX/MMC and DMTPLN based on a two-
intravenous dose regimen (Figure 8a). Based on the dose
tolerance study, the free DOX/MMC at 6 mg kg™' DOX dose
was tolerable with no significant body weight loss (Figure 8d),
and thus was chosen for efficacy evaluation. Bioluminescence
images (Figure 8b,c) and body weights (Figure 8d) were recorded
every week for five weeks, and the survival of the treated mice
was monitored based on humane end points (Figure 8e). The
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Figure 7. Targeting TAMs with iRGD-DMTPLN in vivo. 3 d following intravenous injection of saline, free drugs, DMTPLN, and iRGD-DMTPLN (6 mg kg™
DOX dose at a DOX/MMC molar ratio of 1:0.7), the metastases-bearing mouse brains were resected for immunohistochemical (IHC) staining of TAMs
using anti-F4/80 antibody and microglia using anti-TMEM119 antibody. a) Representative images of the IHC staining are shown. Scale bars = 50 pm.
b) Quantification of F4/80-positive areas in metastatic brain regions. Data are presented as mean = SD, n = 3. *p < 0.05.

fold-change in tumor bioluminescence radiance (FC-TBR) was
compared to that at day 0 as a measure of metastatic burden.
iRGD-DMTPLN treatment significantly reduced FC-TBR at day
28 by =6-fold and =19-fold compared to DMTPLN (p < 0.05) and
free drugs (p < 0.05) (=4-fold compared to saline) treatment,
respectively (Figure 8c). No significant acute weight losses from
the treatments were observed, and the weight losses at later
stage were likely due to the progression of brain metastases
(Figure 8d). iRGD-DMTPLN treatment significantly extended
the median survival time of brain metastasis-bearing mice by
58% and 28% compared to free drugs (p < 0.005) and DMTPLN
(p < 0.05) treatment, respectively (Figure 8e,(f). Improved
therapeutic efficacy of iRGD-DMTPLN is attributed to greater
amounts of drugs delivered to the metastases via the sequential
triple targeting of the BBB, cancer cells and TAMs.

2.8. iRGD-DMTPLN Exhibit No Significant Acute Toxicity
to Major Organs

Cardiotoxicity is a well-known limitation to the therapeutic use
of DOX.34 To determine whether the current NP formulations
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of DOX/MMC can reduce the toxicity of the drug combination
compared to free drugs, heart, liver, kidneys and lungs were
collected from brain metastasis-bearing mice for histopatholog-
ical examination 3 d after treatment with saline, free DOX/MMC,
DMTPLN or iRGD-DMTPLN at a DOX dose of 6 mg kg™!. H&E
staining showed that DMTPLN and iRGD-DMTPLN did not
cause any observable toxicity compared to saline control. Free
DOX/MMC treatment resulted in myocardial vacuolation in the
ventricle wall, but no observable toxicity to the liver, kidneys and
lungs (Figure S5a, Supporting Information).>¥! Increased serum
level of cardiac troponin I was observed in the free DOX/MMC
group compared to the other three groups, though the differ-
ence was not significant (Figure S5b, Supporting Information).
The reduced cardiotoxicity of the DOX/MMC combination by
iRGD-DMTPLN and DMTPLN is attributable to the selected
drug delivery to tumor sites and local drug release.

3. Conclusion

A novel triple targeted, iRGD-modified terpolymer-lipid
nanoparticle (iRGD-TPLN) system was designed to deliver
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Figure 8. MDA-MB-231-luc-D3H2LN brain metastases-bearing NRG mouse tumor growth and survival. a) Treatment and imaging schedule for tumor-
bearing mice injected with saline (n = 6), blank iRGD-TPLN (n = 6), Free DOX/MMC (6 mg kg™' DOX, n = 7), DMTPLN (6 mg kg™' DOX, n = 8), or
iRGD-DMTPLN (6 mg kg™' DOX, n = 8). All treatments included MMC in a DOX:MMC molar ratio of 1.0:0.7. b) In vivo bioluminescence images of
representative brain metastases images over 28 d. c) Tumor burden measured by fold change in tumor bioluminescence radiance (FC-TBR) at days 7,
14, 21, and 28. d) Changes in mice body weight of treated group. Mice with body weight loss that were below the dotted line of 20% were euthanized
according to the Animal Care Committee guidelines. e) Kaplan—Meier survival plot, and f) mean and median survival time of each treatment group of
brain metastases-bearing mice. FC-TBR and body weight loss are presented as mean £ SD. *p < 0.05.

synergistic anticancer drugs DOX and MMC across the BBB
and target TNBC brain metastases and TAMs. The rationally
designed system utilized the LDLR and integrin binding moi-
eties to enhance BBB penetration by interacting with brain
endothelial cells and tumor neovasculature and to target TAMs
and TNBC cells in the micrometastases. The capability of
iRGD-DMTPLN crossing intact BBB was also demonstrated

Adv. Healthcare Mater. 2019, 1900543 1900543

in healthy mice. The iRGD-DMTPLN system showed selective
targetability to human TNBC cells and murine macrophages
via iRGD- and LDLR-mediated mechanisms, respectively, by
the in vitro cellular uptake and cytotoxicity studies. The iRGD-
DMTPLN system enhanced drug delivery to brain metastases
and reduced TAM populations therein and exhibited superior
efficacy over DMTPLN or free drugs in terms of tumor growth
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inhibition and survival of brain metastasis-bearing mice. These
results demonstrate that iRGD-DMTPLN is a promising drug
delivery system for the treatment of brain metastases of TNBC.

4. Experimental Section

Materials: Soluble corn starch, methacrylic acid (MAA), sodium
thiosulfate (STS), potassium persulfate (KPS), polysorbate 80 (PS 80),
sodium dodecyl sulphate (SDS), fluoresceinamine isomer | (FA), EDC,
NHS, dodecylamine, ethyl arachidate, 9,10-phenanthrenequinone, and
all other chemicals unless otherwise mentioned were purchased from
Sigma-Aldrich Canada (Oakville, ON, Canada). Cyclic peptide iRGD
[c(CRGDRGPDC)] was purchased from LifeTein (Somerset, NJ, USA).
Hilyte Fluor 750 hydrazide (HF 750) was purchased from AnaSpec
(Fremont, CA, USA). Texas red-labeled dextran (MW 70000 Da) was
obtained from Life Technologies (Carlsbad, CA, USA). Hoechst 33342
was purchased from Molecular Probes, Inc. (Eugene, OR, USA). MMC
and DOX were purchased from MedChemExpress (Monmouth Junction,
NJ, USA). Human and mouse RAPs were purchased from R&D systems
(Minneapolis, MN, USA). The MDA-MB-231-luc-D3H2LN cell line
was purchased from Caliper Life Sciences (Hopkinton, MA, USA) and
MDA-MB-468 is a kind gift from Dr. Mark D. Minden at the Princess
Margaret Cancer Centre (Toronto, ON, Canada). RAW 264.7 cells
(ATCC TIB-71) were purchased from ATCC (Manassas, VA). All cell lines
used were confirmed to be pathogen free by the supplier using IMPACT
Profile | (PCR). The cancer cells were passaged for <6 months following
recovery from frozen stock, and RAW 264.7 cells were used at less than
20 passages.

Synthesis and Characterization of DOX and MMC Coloaded Terpolymer-
Lipid Nanoparticles: The starch-based terpolymer was synthesized
to contain a pharmaceutical excipient, PS 80, and poly(methacrylic
acid) (PMAA) (PMAA-PS 80-g-St) following previously reported
methods.> TPLN was then prepared using a one-pot self-assembly
method.['7>< Briefly, to a solution of 12 mg of ethyl arachidate and
MMC (100 pL, 8 mg mL™", in methanol) preheated to 65 °C, Pluronic
F-68 (PF 68) (50 uL, 100 mg mL™"), DOX (100 ul, 10 mg mL™"), and
PMAA-PS 80-g-St terpolymer (200 pL, 50 mg mL™") in distilled deionized
(DDI) water were added and stirred for 20 min. The suspension was
emulsified at 65 °C at 100% peak power for 10 min using a Hielscher UP
100H probe ultrasonicator (Ringwood, NJ, USA). The emulsion was then
quickly transferred into 1 mL of saline being stirred on ice to generate
DMTPLN. To synthesize iRGD-DMTPLN, iRGD-terpolymer, prepared
by covalently linking iRGD peptides to PMAA chains of terpolymer via
NHS/EDC  (N-hydroxysuccinimide/1-Ethyl-3-(3-dimethylaminopropylca
rbodiimide) at an iRGD/terpolymer ratio of =30 nmol mg™', was used
instead of unconjugated terpolymer followed by the same process.
Particle size and zeta potential were measured with a Malvern Zetasizer
Nano ZS (Worcestershire, UK). The DOX and MMC coloaded NP
suspensions were centrifuged at 8000 g for 15 min through a 0.1 pm
filter unit (Millipore, Etobicoke, ON, Canada) to remove the particle
encapsulated drugs. The free drug concentration in the filtrate was
assayed spectrophotometrically (Molecular Devices, San Jose, CA, USA)
to calculate the drug loading (% wt encapsulated drug/wt NPs) and
encapsulation efficiency (% wt encapsulated drug/wt total drug). The
release profiles of DOX and MMC from iRGD-DMTPLN in phosphate-
buffered saline was determined by a dialysis method using a dialysis
membrane (Spectrum Laboratories, Inc. Rancho Dominguez, CA, USA)
with a 12 kDa molecular weight cut-off (MWCO). DMTPLN, iRGD-
DMTPLN and free DOX/MMC solutions all contained the two drugs,
DOX and MMC, at a molar ratio of 1.0:0.7.[8¢:200]

An in vitro binding assay was performed to evaluate the binding
of iRGD-conjugated nanoparticles to ovf3 receptor as previously
described.’®351 A~ 96-well high binding microtiter plate (Corning,
Inc., Corning, NY, USA) was coated with 1 ug mL~" Human integrin
ovf33 receptor protein (R&D systems, Minneapolis, MN, USA) in
Supplemented Tris Buffer (STB, 20 x 1073 m Tris-HCl (pH 7.4) with
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150 X 1073 m NaCl, 1 x 103 m MnCl,, 2 x 107 m CaCl,, and 1 x 103 m
MgCl,) or protein-free Tris buffer overnight at 4 °C. The wells were further
blocked with bovine serum albumin for 3 h at 37 °C followed by washing.
Bodipy 493/503-loaded TPLN or iRGD-TPLN was incubated in wells
with or without human integrin avf33 receptor protein for 1 h at 37 °C,
followed by three washes with STB. The fluorescence intensity of Bodipy
493/503-loaded nanoparticles was assayed spectrophotometrically at
excitation and emission wavelengths of 493 and 530 nm.

Cell Culture: Human MDA-MB 231-luc-D3H2LN and MDA-MB-468
cells were grown in cell culture flasks (Corning, Corning, New York,
USA) in growth medium made from alpha-modified minimal essential
medium (o-MEM) (Gibco-Life Technologies, Burlington, ON, Canada)
supplemented with 10% FBS (Invitrogen Inc. Burlington, ON, Canada)
at 37 °C in a humidified incubator with 5% CO, atmosphere. RAW
264.7 were cultured in growth medium made from Dulbecco’s Modified
Eagle’s Medium (D-MEM) (Gibco-Life Technologies, Burlington, ON,
Canada) supplemented with 10% FBS under the same condition as
TNBC cells.

In Vitro Viability Test: Cells were plated at a density of 10 000 cells
per well in 100 UL of respective growth medium in 96-well plates
(R&D systems, Minneapolis, MN, USA) overnight for 18 h. Cells were
treated with the following formulations at 37 °C and 5% CO, for 1 h:
iRGD-DMTPLN, DMTPLN or free DOX/MMC at equivalent DOX
concentrations of 0.001-50 pg mL™3 in growth medium. After being
washed three times with phosphate-buffered saline (PBS), the cells
were incubated in growth medium for a further 24 h. Cell viability was
measured using MTT assay. To each well, 100 uL of 1.2 X 1073 m MTT in
o-MEM was added followed by 4 h of incubation at 37 °C. Then, 50 uL
of dimethyl sulphoxide (DMSO) was added to each well and incubated
for 20 min at 37 °C. The concentration of formazan was analyzed with
SpectraMax M2 microplate reader (San Jose, CA, USA) at 540 nm.

In Vitro Cellular Uptake of DOX: To evaluate the cellular uptake of
DOX, cells were seeded at a density of 10 000 cells per well in 100 puL
of growth medium in black 96-well plates (Sarstedt, Saint Léonard, QC,
Canada) and incubated for 18 h at 37 °C, 5% CO,. Free DOX/MMC,
iRGD-DMTPLN, or DMTPLN at 5 pg mL=3 DOX concentration was
added to each well. At 5, 10, 20, 30, and 60 min after the treatment, the
medium was removed and the cells were washed three times with PBS.
The fluorescence of DOX was measured by SpectraMax M2 microplate
reader (San Jose, CA, USA) at A, = 490 nm and A, = 530 nm.[* Fold
change in DOX uptake was calculated as DOX fluorescence relative to
DOX fluorescence in free DOX-treated MDA-MB-231-luc-D3H2LN cells
at 5 min.

The uptake of DOX from free DOX/MMC solution, DMTPLN, or
iRGD-DMTPLN was also examined in MDA-MB-231-luc-D3H2LN
and MDA-MB-468 cells using confocal microscopy. Cells were seeded
at densities of 300 000 cells in 3 mL of growth media on 35 mm
glass-bottom culture dish (MatTek Corporation, Ashland, OR, USA) and
incubated for 24 h in 3 mL of growth medium at 37 °C, 5% CO?Z Cells
were then treated with free DOX/MMC, DMTPLN, and iRGD-DMTPLN
for 20 min (time is based on the quantitative study of DOX uptake),
followed by medium removal. Hoechst 33342 was added for nuclei
staining 10 min prior to medium removal. The cells were fixed with 4%
paraformaldehyde and washed three times with PBS and imaged with
bright field, 405 nm (blue, Hoechst 33342) and 488 nm (green, DOX)
using Zeiss LSM 700 laser scanning microscopy (Carl Zeiss Canada,
Toronto, ON, Canada).

LDLR Inhibition on Uptake of NPs In Vitro: Terpolymer was covalently
conjugated with Cyanine5 (Cy5) amine (Lumiprobe, Hunt Valley, MD,
USA) via EDC/NHS coupling. MDA-MB-231-luc-D3H2LN or RAW 264.7
cells were seeded at a density of 10 000 cells per well in 96-well plates
in 100 puL 10% human serum (Sigma-Aldrich, Oakville, ON, Canada)
or 10% mouse serum (obtained from NRG mice) containing a-MEM
or D-MEM, respectively, in black 96-well plates and incubated for 18 h
at 37 °C, 5% CO,. The human or mouse serum respectively contains
human or mouse ApoE. Cells were preincubated for 1 h with human RAP
for MDA-MB-231-luc-D3H2LN cells or mouse RAP for RAW 264.7 cells,
an inhibitor for ligand binding to LDLR family, followed by the treatment
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of Cy5-conjugated DMTPLN or iRGD-DMTPLN for 1 h. The cells were
then washed 3 times with PBS after medium removal. The uptake
of fluorescently labeled NPs was measured by microplate reader at
Aex = 600 nm and A, = 670 nm.[17¢

The uptake of NPs was further examined using confocal microscopy.
MDA-MB-231-luc-D3H2LN and RAW 264.7 cells were seeded at a density
of 15 000 cells per well in 200 pL of culture media on Lab-Tek 8-well
chamber slide (Thermo Scientific, Waltham, MA, USA) and incubated for
18 h at 37 °C, 5% CO,. Cells were preincubated with human or mouse
RAP respectively, for 1 h, followed by the treatment of Cy5-conjugated
DMTPLN or iRGD-DMTPLN for 1 h. The cells were then fixed by 4%
paraformaldehyde and washed 3 times with PBS after medium removal,
and imaged with bright field, 405 nm (blue, Hoescht 33342) and 648 nm
(red, Cy5-labeled NPs) using Leica TCS SP8 confocal laser scanning
microscopy platform (Leica Microsystems, Concord, ON, Canada).

Animal Models: All animal handling and procedures were conducted
under an approved protocol from the Animal Care Committee at the
Ontario Cancer Institute (Toronto, ON, Canada). An animal model for
brain metastasis of triple negative breast cancer was established by
injecting luciferase-expressing human breast cancer cells (MDA-MB-231-
luc-D3H2LN) (8 x 10* cells per mouse) intracranially into the cortex of
four to six week old female NRG mice (Ontario Cancer Institute, Toronto,
ON, Canada) using a stereotaxic system (SAS-5100, ASI Instruments,
Warren, MI, USA).'7®<l Intracranial models are commonly used to
evaluate therapeutic effect on brain metastasis of breast cancer.l
Tumor growth was monitored by luciferin-induced bioluminescence
imaging (15 mg kg™ luciferin, intraperitoneal injection 10 min prior
to imaging) using a Xenogen IVIS spectrum (Caliper Life Sciences,
Hopkinton, MA, USA).

Delivery of BBB-Impermeable Dye into Healthy Brain: Hoechst 33342-
loaded TPLN was prepared by heating 250 pL of Hoechst 33342
(a nuclear staining fluorescent dye) solution (10 mg mL™' in growth
medium), 10 mg of iRGD conjugated terpolymer, 100 uL of 10 mg mL™
DOX solution in DDI, 0.8 mg of MMC, 50 uL of PF 68 solution in DDI
(100 mg mL™), and 12 mg of ethyl arachidate to 65 °C, and stirring
for 20 min. NPs were formed under ultrasonication using the same
method mentioned in Section 2.2 and suspended in cold sterile saline
to a final dye concentration of 2.5 mg mL™". Furthermore, two additional
control formulations were created using procedures described in
Section 2.2—iRGD-DMPLN without PS 80 were prepared from iRGD
conjugated PMAA-g-St polymer without PS 80, and DMTPLN were
prepared from PMAA-PS 80-g-St terpolymer. To examine NP penetration
into the healthy brain, healthy NRG mice were treated with 200 uL of
dye-loaded iRGD-DMTPLN, iRGD-DMPLN without PS 80, DMTPLN,
or free dye + DOX/MMC solution (2.5 mg mL™' dye and 1 mg mL™
DOX in all formulations) via tail vein injection. Mice were euthanized
2 h following treatment. Texas red-labeled dextran (70 000 MW)
(100 pL volume, 1 wt% solution) was administered intravenously 15 min
prior to euthanasia. The brain was dissected, fixed in 10% formalin for 3 h,
transferred to 30% sucrose solution overnight. Ten um frozen sections
were prepared, and the brain cortex was analyzed using Zeiss LSM700
confocal microscope (Carl Zeiss, Jena, Germany) using appropriate
fluorescent excitation filters for detection of the indicated chromophores
(Texas red-dextran: 555 nm; DOX: 488 nm; Hoechst 33342: 405 nm).['7><]

In Vivo Biodistribution Study: Two weeks after tumor cell inoculation
in the brains of NRG mice, 200 uL of HF 750-covalently labeled
DMTPLN or iRGD-DMTPLN were injected into the lateral tail vein of
mice. Biodistribution of the NPs was recorded at various time points
up to 2 h with excitation and emission wavelengths of 745 and 820 nm,
respectively, using the Xenogen imager. The liver, spleen, kidneys, heart,
lungs and blood were then excised and immediately imaged with the
imager at 2 h. The fluorescence intensity emitted was quantified with
Living Image software over the region of interest (ROI). The fluorescence
signals of HF 750-conjugated NPs from major organs were quantified
and presented as fold-change from their respective background signal.

Microscopic  Analysis of Nanoparticle Distribution in the Brain
Metastases: Free DOX/MMC, DMTPLN, or iRGD-DMTPLN at 10 mg kg‘1
DOX dose was injected via tail vein of the brain metastases-bearing
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mice two weeks after tumor inoculation. The metastases-bearing brain
was resected 2 h following treatment and transferred to 10% buffered
formalin. Texas red-labeled dextran (70 000 MW, Life Technologies,
CA) was administered intravenously 15 min prior to euthanasia.
Samples were sectioned and stained for nuclei with Hoechst 33342.
The fluorescent images of Texas red-dextran (555 nm), DOX (488 nm),
and Hoechst 33342 (405 nm) were acquired with Zeiss LSM 700
laser scanning microscopy and overlaid by Image] software (National
Institutes of Health, Washington, DC, USA).

Evaluation of Tumor-Associated Macrophage Population and Organ
Toxicity In Vivo: Three weeks following tumor inoculation, brain
metastasis-bearing mice were intravenously injected with the following
formulations: 1) saline; 2) iRGD-TPLN; 3) free DOX/MMC (6 mg kg™
DOX dose); 4) DMTPLN (6 mg kg™' DOX dose); 5) iRGD-DMTPLN
(6 mg kg' DOX dose). Organs including brain, liver, lung, kidney,
and heart were resected 3 d after treatment and fixed in 10% buffered
formalin. Metastases-bearing brains were sectioned and stained with
murine anti-F4/80 antibody (Bio-Rad, Hercules, CA, USA) for TAM and
murine anti-TMEM119 antibody (Abcam, Toronto, ON, Canada) for
microglia.

Fixed liver, lung, kidney, and heart were then examined for toxicity
following hematoxylin and eosin (H&E) staining (CFIBCR Histology/
Microscope Core Unit, Toronto, ON, Canada). The acute cardiac toxicity
was also evaluated by measuring serum cardiac troponin-I (cTnl) level
using the mouse cardiac troponin | ELISA kit (Life Diagnostics, Inc. West
Chester, PA, USA).

Evaluation of In Vivo Therapeutic Efficacy: When the brain tumor
bioluminescence was detectable at about one week after tumor
inoculation (recorded as Day 0), the brain metastasis-bearing mice were
treated by intravenous injection of the following preparations: 1) saline;
2) iRGD-TPLN; 3) free DOX/MMC (6 mg kg™' DOX dose); 4) DMTPLN
(6 mg kg™' DOX dose); 5) iRGD-DMTPLN (6 mg kg™ DOX dose), where
the molar ratio of DOX to MMC was maintained at 1: 0.7. 14 d later, the
mice received an identical second treatment (recorded as Day 14). This
dosing regimen was determined from dose tolerance studies, where
free DOX/MMC solution at DOX dose of 6 mg kg™' and 10 mg kg™
(DOX and MMC at fixed molar ratio of 1:0.7) was intravenously injected
to brain-metastasis-bearing mice using a two-dose biweekly regimen as
previously described.'”®l Since the free solution of DOX/MMC at DOX
dose of 10 mg kg™' caused significant body weight loss of =20% one
week post-treatment (data not shown), DOX dose of 6 mg kg™' was used.
Tumor growth was monitored weekly for up to 28 d by bioluminescent
imaging using Xenogen imager with 1 min exposure time. The signal
intensity of brain metastases was quantified as the sum of all detected
photon counts within the ROI. The conditions of the mice (e.g., body
weight and fur conditions) were continuously monitored to make
decisions regarding their survival time.

Statistical Analysis: All quantitative data are presented as mean *
standard deviation (SD). Student’s t-test or one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test was performed to determine
statistical significance between two or more groups, respectively.
One-way repeated ANOVA was used for the changes over time among
treatment groups. The log rank test was used to compare treatment
groups in the survival study. All statistical tests were done in IBM SPSS
Software (Chicago, IL, USA). p-values < 0.05 were considered significant.
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