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Traceable Nanoparticles with Dual Targeting and ROS
Response for RNAi-Based Immunochemotherapy of

Intracranial Glioblastoma Treatment

Chenmeng Qiao, Jun Yang, Qi Shen, Ruiyuan Liu, Yanhui Li, Yuanjie Shi, Jingli Chen,

Yangin Shen, Zuobing Xiao, Jie Weng,* and Xin Zhang*

The chemotherapy of glioblastoma is severely hindered by the immunosup-
pressive tumor microenvironment, especially the tumor growth factor 8 (TGF-
B), an immunosuppressive cytokine. In this study, it is proposed to employ
RNAi-based immunomodulation to modify the tumor immune microenviron-
ment and improve the effect of chemotherapy. Herein, a nanotheranostic
system (Angiopep LipoPCB(Temozolomide+BAP/siTGF-f), ALBTA) with dual
targeting and ROS response is established for intracranial glioblastoma treat-
ment. The traceable nanoparticles exhibit strong siRNA condensation, high
drug loading efficiency, good serum stability, and magnetic property. They
can efficiently cross the blood-brain barrier and target to glioblastoma cells
via receptor-mediated transcytosis. The zwitterionic lipid (distearoyl phos-
phoethanol-amine-polycarboxybetaine lipid) in ALBTA promotes endosomal/
lysosomal escape, and thus enhances the cytotoxicity of temozolomide and
improves gene silencing efficiency of siTGF-f. ALBTA significantly improves
the immunosuppressive microenvironment and prolongs the survival time

on surgical resection and chemotherapy.
Limited by the special growth site and
aggressive  growth characteristics of
glioblastoma, it is hard to eradicate the
pathological tissue completely.l] Cur-
rent chemotherapy mainly refers to the
treatment with temozolomide (TMZ), a
Food and Drugs Administration (FDA)-
approved alkylating drug, to decrease the
invasion of tumor cells. However, the
effect of chemotherapy is severely blocked
by the immunosuppressive tumor micro-
environment, such as elevated levels of
immune-suppressive cytokines, especially
the tumor growth factor 8 (TGF-f).11

The high level of TGF-f3 in tumor micro-
environment inhibits T-cell and B-cell pro-
liferation and promotes T regulatory cell

of glioma-bearing mice. Moreover, ALBTA can be accurately traced by MRI

in brain tumors. The study indicates that this immunochemotherapeutic
platform can serve as a flexible and powerful synergistic system for treatment
with brain tumors as well as other brain diseases in central nervous system.

Glioblastoma, one of the most common primary brain tumor
types of the central nervous system (CNS), is highly malig-
nant and remains poor prognosis.!l The pathological hall-
mark of glioblastoma is the diffuse invasion of surrounding
normal tissue.”! The traditional treatment primarily depends

proliferation.’! Herein, down-regulation
of TGF-B has been reported as a prom-
ising approach to sensitize the TMZ-based
chemotherapy via improvement of glio-
blastoma immune microenvironment.6l
It is well known that the specific and
robust effect of RNA interference (RNAi)
on gene expression renders small inter-
fering RNA (siRNA) a valuable therapeutic agent for the
down-regulation of the gene expression.’l Inspired by this,
we propose to utilize siRNA, i.e., siRNA against tumor growth
factor B (siTGF-P), to modify the immune microenvironment
of glioblastoma and improve the efficacy of chemotherapy.!
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Scheme 1. A) Chemical structural formula of each component and preparation of the targeting nanoparticles (Ang-LiB(T+AN@siTGF-f3), ALBTA).
(1) BAP polymers could self-assemble into nanoparticles by encapsulating SPIONs in the hydrophobic region. (2) The positively charged AN could
load siTGF-f3 by electrostatic attractions. (3) Then zwitterionic lipid-based envelopes were coated to the nanoparticles. (4) The targeting molecules
angiopep-2 were conjugated to nanoparticles by the reaction between maleimide groups of DSPE-PCB-mal and sulfhydryl groups (-SH) of angiopep-2.
B) Schematic diagram of cellular uptake and subcellular drug delivery of ALBTA. (1) The cellular uptake of targeting NPs via receptor-mediator endo-
cytosis, (2) the acidification and perturbation with the membranes of endosomes/lysosomes, the endosomes/lysosomes escape and the release of (3)
TMZ molecules and (3") nanoparticles into cytosol, (4) TMZ enter into nuclei. After being oxidized by ROS (4), nanoparticles release (5-1") siTGF-f8
and (5-2") SPIONSs into cytosol. SPIONs could serve as contrast agents for MRI. (67, 7’) SiTGF-f3 could down-regulate the secretion of TGF-f3 and (8")
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However, the intrinsic deficiencies of siRNA, such as poor
membrane penetrability and lack of selective targeting capa-
bility, restrict its therapeutic effects.!’!

Given the considerations of the special location of glio-
blastoma, a trackable system is an ideal carrier to accurately
monitor the drug trace in tumor area. Superparamagnetic iron
nanocubes (SPIONs, N), which possess higher transverse relax-
ivity (r,) in magnetic resonance imaging (MRI), have emerged
as a new paradigm for drugs delivery applications in vivo.['%
However, their application is severely limited by the hydro-
phobic character and insufficient accumulation in tumor.

To this end, we intend to establish a nanotheranostic system
with RNAi-based immunochemotherapy for effective intracra-
nial glioblastoma treatment. Considering the special location of
the brain tumor, three challenges must be addressed: (1) the
system should overcome the limitation of the blood-brain bar-
rier (BBB) and specifically target to glioma cells; (2) the system
should escape from endosomes/lysosomes effectively, avoiding
degradation in late lysosomes; (3) the system should deliver
TMZ and siTGF-f in a controlled manner so that they can be
released into the corresponding target sites accurately.

With this concept, firstly, the dual-targeting peptide,
angiopep-2, which can target the low-density lipoprotein
receptor-related protein (LRP) that is overexpressed on the
BBB and glioblastoma cells,['!l is selected to guide the system
for efficient targeting to intracranial glioblastoma. Secondly,
the general cellular internalization pathway of nanoparticles
is endocytosis, which is further trapped in lysosomes, causing
efflux out of cells. Sparked by the enhanced capability of
endosomal/lysosomal escape of the zwitterionic lipid distearoyl
phosphoethanol-aminepolycarboxybetaine (DSPE-PCB) in our
previous work, ' the zwitterionic-based lipid envelope (ZLE) is
a preferable choice in our system. The obtained nanoparticles
can improve the delivery of TMZ and siTGF-f3 into cytoplasm.
Finally, since the intracellular signaling ROS, including H,0,,
superoxide anions (O,7), and hydroxyl radicals, is known to be
elevated in cancerous cells,!'®l poly[(2-acryloyl)ethyl(p-boronic
acid benzyl)diethylammonium bromide] (BA-PDEAEA, BAP),
an ROS-responsive polymer, is chosen for controlled release
of siTGF-f. After exposure to ROS, the reactive oxygen species
can trigger the charge reversal by oxidizing benzylboronic acid/
esters and elicit the release of nucleic acid molecules. Besides,
considering the amphiphilic property of BAP, lipophilic
SPIONSs can be introduced into the hydrophobic core for MRI.
Inspired by the design of nanosystem with core-shell structure,
we propose the design of the following nanosystem.!'*l

As shown in Scheme 1A, BAP polymers could self-assemble
into nanoparticles by encapsulating SPIONs in the hydro-
phobic region (BAP/SPIONs, AN) (1). The positively charged
BAP could condense with siTGF-f to form BAP/SPIONs@
siTGF-f nanoparticles (AN@siTGF-f}) (2), and the zwitterionic
lipid-based envelopes (ZLEs) were then coated on nanoparti-
cles as well as TMZ to construct the nanotheranostic system
(LiB(T+AN@siTGF-f), LBTA) (3). The dual-targeting peptide

www.advmat.de

angiopep-2 was conjugated with the maleimide (Mal) groups at
the end of DSPE-PCB-mal to obtain the final nanosystem (Ang-
LiB(T+AN@siTGF-f), ALBTA) (4).

Herein, the proposed drug-delivery route was illustrated
in Scheme 1B, with the help of angiopep-2, the nanosystem
ALBTA accumulated into the tumor region selectively after
crossing BBB. After entering the glioblastoma cells via receptor-
mediated endocytosis (1), the nanosystem was internalized
into endosomes/lysosomes. The zwitterionic lipid DSPE-PCB
gradually became positively charged as the acidic proceeding,
which led to the perturbation of the membrane of endosomes/
lysosomes (2), and helped TMZ (3) and AN@siTGF-f3 nano-
particles (3’) escape into cytoplasm. The released TMZ further
entered into nuclei to kill the glioblastoma cells (4) and per-
formed antitumor effect (5). Meanwhile, the nanoparticles were
triggered by the intracellular ROS (4’). Upon oxidation of the
boronic acid group of BAP, the positive quaternary ammonium
could change to negative carboxylic group by releasing p-qui-
none methide (p-hydroxylmethylenephenol) and ester bond
breakage, which could facilitate the release of the bounded
siTGF-B (5’-1). The down-regulation of TGF-f3 could modulate
the glioblastoma immune microenvironment by regulating the
naive T cell (6', 7, and &), and eventually possessed a syner-
gistic effect on the antitumor therapy (5 and 9’). The released
SPIONs were used to trace the system through MRI (5-2).
Therefore, the nanotheranostic system (ALBTA) would be an
effectively therapeutic and traceable system for intracranial
glioblastoma treatment.

BAP were synthesized through reversible addition-fragmen-
tation chain transfer (RAFT) polymerization, and conjugated
with 4-(bromomethyl) phenylboronic acid to obtain the reac-
tive oxygen species (ROS)-labile charge-reversal polymer BAP
(Figure S1, Supporting Information). As a control of BAP, BB-
PDMAEA (BBP) polymers without ROS responsiveness were
synthesized in a similar route (Figure S2, Supporting Informa-
tion). The chemical structures of the obtained polymers were
confirmed by 'H NMR (Figure S3, Supporting Information).
DSPE-PCB-mal were synthesized by conjugating N-(4-Ami-
nophenyl)maleimide (APM) with DSPE-PCB (Figure S4, Sup-
porting Information). 'H NMR result indicated that 10%
DSPE-PCB were successfully conjugated with APM (Figure S5,
Supporting Information). The oleic acid coated SPIONs were
fabricated by using the thermal decomposition method with
minor changes.'”] The morphology of SPIONs was observed
by transmission electron microscope (TEM) with a diameter of
23 nm (Figure S6, Supporting Information).

The BAP could be oxidized once exposed to ROS (such as
H,0,) and then generated the negatively charged polyacrylic
acid (PAA) (Figure S7, Supporting Information). The capa-
bility of ROS responsiveness of BBP and BAP was confirmed
by 'H NMR after incubating polymers with H,0, solution for
0.5 h, 2 h, 8 h, and 24 h, respectively (Figure S8, Supporting
Information). No peak shift was observed in BBP group, while
an obvious change occurred around 6.6-7.5 ppm after 0.5 h

the down-regulation of TGF-8 may further regulate the proliferation of the T cells, including T regulation cells (Treg), T effect cells (Teff) as well as
cytotoxic lymphocyte (CTL). The synergistic effect could obtain by the combination of (5) the antitumor effect of TMZ and (9") the immune modulation
of TGF-f. (BBB: blood-brain barrier, LPR: low-density lipoprotein receptor-related protein).
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Figure 1. A) The average size of different nanoparticles at N/P ratio of 10. (The inset image is the TEM result of ALBTA, scale bar: 200 nm; ALBTA
with higher magnitude is shown in the top-left corner, scale bar: 100 nm; and the polydispersity index of LGTA, LBTB, LBTA, and ALBTA were 0.143,
0.221, 0.153, and 0.229, respectively.) B) The zeta potentials of different nanoparticles dispersion in 0.01 x 1073 m PBS at 25 °C. C) The serum stability
of ALBTA after incubation in culture medium supplemented with 10% FBS. D) The magnetization curve of ALBTA. (The inset image showed the accu-
mulation of ALBTA with the magnet.) E) A plot of r, as a function of the Fe concentration of ALBTA. The slope of Fe concentration-R, regression curve
was r; relaxivity. F) The TMZ released from LGTA (black line) and LBTA (blue line) at pH of 7.4 and 5.5 at 37 °C. Data are presented as the mean £ SD.

incubation with BAP, which verified the ROS-responsive capa-
bility of BAP.

BAP could form nanoparticles by encapsulating SPIONs
through hydrophobic interaction (BAP/SPIONs, abbreviated
as AN). The control nanoparticles BBP/SPIONs (BN) were pre-
pared to investigate the effect of ROS responsiveness of BAP on
the siRNA controlled release. As shown in Figure S9A in the
Supporting Information, the average sizes of AN@siRNA were
decreased from 135.9 to 51.3 nm as the N/P ratio increased
from 0.5 to 50, which was similar to that of BN@siRNA.
Meanwhile, the zeta potentials of AN@siRNA were changed
from 3.18 to 51.3 mV as the N/P ratio increased (Figure S9B,
Supporting Information; N: nitrogen moiety of BAP, P: phos-
phate groups of siRNA). This indicated that siRNA could be
effectively condensed to form compact uniform nanoparticles
when N/P ratio was larger than 10 (Figure S9C, Supporting
Information). The r, values of the nanoparticles were obtained
by calculating the change in the spin—spin relaxation rate (R))
per unit iron concentration. The r, values of BN@siRNA and

Adv. Mater. 2018, 1705054
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AN@siRNA were 361.83 and 355.52 mm! s7!, respectively
(Figure S9D, Supporting Information).

The agarose gel retardation assay was performed to eval-
uate the siRNA condensation capability of nanoparticles.'”!
As shown in Figure S10A in the Supporting Information, the
complete retardation of siRNA was achieved at N/P ratio range
from 3 to 50, suggesting that AN could load siRNA at the N/P
ratio greater than 3. The siRNA condensation capability of BN
was comparable to that of BN nanoparticles (Figure S10B, Sup-
porting Information). Besides, the controlled release of siRNA
from AN@siRNA was also tested by agarose gel retardation
assay (Figure S10C,D, Supporting Information).'® The siRNA
loading efficiency was evaluated by Quant-iT RiboGreen RNA
Reagent and Kit (Invitrogen; Figure S11, Supporting Informa-
tion). More than 95% of siRNA was complexed with nanopar-
ticles. After incubating with H,0, solution at concentration
more than 0.25 x 1073 m for 1 h, the siRNA could be released
from AN@siRNA, while no band was observed in BN@siRNA
group. Furthermore, the size variation of nanoparticles

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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after treatment with H,0, was monitored by DLS. As per the
data shown in Figure S12 in the Supporting Information, no
changes happened in group of BN@siRNA whereas great
increase occurred in group of AN@siRNA. The size change
of AN@siRNA was due to electrostatic repulsion when oxi-
dized by H,0,. The ROS-responsive release of siRNA was
further confirmed by confocal laser scan microscopy (CLSM).
There was no FAM-siRNA released from the nanoparticles (red
fluorescence) after inhibition of ROS with the inhibitor DPI
(Figure S13A,B, Supporting Information).
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To confirm the biocompatibility of the nanoparticles, the
cytotoxicity at N/P ratios ranging from 0.5 to 50 was esti-
mated by a methyl thiazolyl tetrazolium (MTT) assay. GL261
was chosen as a glioblastoma model cell. As shown in
Figure S14A,B in the Supporting Information, these two nano-
particles had very low toxicity. The in vitro transfection effi-
ciency was analyzed by flow cytometry using carboxyfluorescein
(FAM)-labeled siRNA (FAM-siRNA) as a fluorescence probe
in GL261 glioblastoma cells. As shown in Figure S14C in the
Supporting Information, the highest transfection efficiency of

TGF-8 (pg/mL)

Figure 2. A) The schematic illustration of transwell model. B) The cellular uptake efficiency of LBTA and ALBTA nanoparticles after transport across the
bEnd.3 monolayer. C) The cellular uptake and D) the endosomal/lysosomal escape of various formulations assayed by CLSM after incubation for 4 and
8 h, respectively. E) The cytotoxicity of GL261 cells after treatment with free TMZ, LGTA, LBTA-siNC, LBTA, and ALBTA, respectively. F) The regulation
of TGF-f3 secretion after treatment with various formulations for 48 h in vitro. The scale bar corresponds to 20 um. Data are presented as the mean
+ SD. Error bars are based on triplicated experiments. *: differences between ALBTA with other groups, **: P < 0.01, ***: P < 0.001.
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Figure 3. A) Representative flow cytometry plots showing different groups of CTL (gated on CD3*CD4 CD8" cells, blue plots) and T helper cells (gated
on CD3*CD4*CD8" cells, wine plots) in spleen. B) Representative flow cytometry plots showing percentages of regulatory T cells (gated on CD4* FoxP3*
cells) and effector T cells (gated on CD4* FoxP3~ cells) in spleen after various treatments (a, wild; b, 5% glucose; ¢, free TMZ; d, TMZ+siTGF-3; e, LGTA;
f, LBTB; g, LBTA-siNC; h, LBTA; i, ALBTA). C) Proportions of CD8" CTL, CD4"* T helper cells, CD4*FoxP3~ effector T cells, and CD4*FoxP3* regulatory
T cells according to data in (A) and (B). D) CD8* CTL: Treg ratios and CD4" effector T cells: Treg ratios in spleen upon various treatments. E) The survival
time of different groups of intracranial glioblastoma-bearing mice after various treatments. F) The regulation of TGF-J secretion after treatment with
various formulations in vivo. G) YH2A.X staining for animals after treatment with 5% glucose, LBTA or ALBTA (a—c). 200x magnification. d) Relative
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AN@FAM-siRNA was achieved at N/P ratio of 10. Taking the
cytotoxicity and transfection efficiency into accounts, AN@
siRNA nanoparticles with an N/P ratio of 10 were chosen in the
following experiments.

The zwitterionic lipid-based envelope was introduced to
encapsulate the nanoparticles and TMZ by using the thin-
film method. As shown in Table S1 in the Supporting Infor-
mation, LipoPCB(TMZ+BA-PDMAEA/SPIONs @siTGF-fj)
(LBTA) without angiopep-2 were prepared as a comparison.
Non-ROS-responsiveness nanoparticles LipoPCB(TMZ+BB-
PDMAEA/SPIONs@siTGF-f) (LBTB) were used to study
the ROS-responsive capability. Nanoparticles with nonsense
siRNA, LipoPCB(TMZ+BA-PDMAEA/SPIONs@siNegtive
Control) (LBTA-siNC), were used to exclude the “off-target”
effect of siTGF-f. Moreover, in order to investigate the endo-
some/lysosome escape capability of DSPE-PCB, the neutral
lipid DSPE-PEG based envelope was also prepared to form
LipoPEG(TMZ+BA-PDMAEA/SPIONs@siTGF-f)  nanoparti-
cles (LGTA).

The obtained nanosystem was around 120 nm with a zeta
potential of 10 mV (Figure 1A,B). The TEM image inset in
Figure 1A showed that SPIONs were tended to aggregate
at the center of the nanoparticles. The excellent serum sta-
bility was verified by the slight changes (=10 nm increase) in
average size after incubation in culture medium supplemented
with 10% FBS for different time (Figure 1C). The nanosystem
ALBTA exhibited good magnetic properties, with the satura-
tion magnetization about 54 emu g™' (Figure 1D). The inset
image in Figure 1D showed that ALBTA accumulated on the
cup wall with a magnet, which suggested that ALBTA were
magnetic field sensitive. Furthermore, ALBTA had an r, value
of 315.46 mm~! s, which was high enough for in vivo MRI
application (Figure 1E).

The loading efficiency of TMZ was detected by using UV-
vis spectroscopy with a characteristic absorption peak at
329 nm.['"] As presented in Table S2 in the Supporting Infor-
mation, the loading efficiency of TMZ was about 110.54, 95.85,
102.42, 109.34, and 106.27 pug mg! for LGTA, LBTB, LBTA-
siNC, LBTA, and ALBTA, respectively. To investigate the release
kinetics of TMZ, the NPs were incubated under different con-
ditions for 2 d at 37 °C. The conditions of pH 7.4 and 5.5 were
simulating the physiological environment and endosomes/
lysosomes of tumor cells, respectively.'¥ As displayed in
Figure 1F, there was only 0.52% TMZ release from LBTA at
pH 7.4, indicating that the NPs were stable in culture medium,
which was inconsistent with the serum stability result
(Figure 1D). However, the total release of TMZ from LBTA at
pH 5.5 was about 79.57% after incubation for 48 h. That indi-
cated that the protonation of DSPE-PCB in acidic conditions
disrupted the NPs and released the cargoes.'”) The change
of zeta potentials in LGTA and LBTA group at pH 7.4 and
5.5 also confirmed the capability of protonation (Figure S15A,
Supporting Information), which was further confirmed by
the acid-base titration experiment (Figure S15B, Supporting
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Information). On the contrary, the release of TMZ from LGTA
was negligible at pH 7.4. And only 3.58% of TMZ was released
from those NPs after incubation even at pH 5.5 for 48 h,
indicating that they displayed no responsiveness to the acid
environment. Collectively, these results indicated TMZ was
sustaining release in a pH-responsive manner.

Next, the in vitro BBB transport efficacy of the nanosystems
was measured by using transwell filters seeded with a compact
bEnd.3 monolayer to simulate the BBB (Figure 2A).32% The
cellular uptake of GL261 cells was tested over a period of 12 h
to indicate the transport efficiency by flow cytometry. Figure 2B
revealed that ALBTA possessed the more prominent transport
capability compared with LBTA. This receptor-mediated transcy-
tosis (RMT) was further confirmed by a blocking assay.’l Excess
free angiopep-2 was pre-incubated in the culture medium to
competitively bind to LRP receptors on the in vitro BBB model,
which resulted in significantly reduced transport efficiency of
ALBTA to the level of LBTA (Figure S16, Supporting Informa-
tion). These data strongly demonstrated the critical role of angi-
opep-2, which mediated transcytosis in crossing the BBB and
targeting to glioma cells for ALBTA.

The cellular uptake and endosomal/lysosomal escape of
different formulations were further observed by CLSM after
transfection for 4 and 8 h, respectively. As shown in Figure 2C,
there was a relatively high number of co-localization (yellow)
for LGTA, LBTB, and LBTA, which combined the green
FAM-siRNA and red endosomes/lysosomes fluorescence.
Remarkably, the cellular uptake of ALBTA was 1.46 times
higher than that of LBTA, which suggested that ALBTA could
enhance the cellular uptake efficiently (Figure S17A, Sup-
porting Information). This was inconsistent with the data in
the in vitro BBB transport efficacy experiment (Figure 2B).
After 8 h of incubation, the FAM-siRNA fluorescence was sepa-
rated from the red fluorescence labeled endosomes/lysosomes
in LBTB, LBTA, and ALBTA groups due to the protonation
effect of DSPE-PCB in acidic environment, and the co-localiza-
tion ratio was reduced by 22.1%, 21.9%, and 29.8%, respectively
(Figure S17B, Supporting Information) (white arrows pointed
the separated FAM-siRNA fluorescence). The much reduction
of co-localization ratio in ALBTA group was related with the
higher cellular endocytosis (Figure 2C). The FAM-siRNA fluo-
rescence for LGTA was still co-localized within the endosomes/
lysosomes because of the steric hindrance of DSPE-PEG, with
the co-localization ratio only reduced by 6.4%. These results
indicated zwitterionic NPs could facilitate enhanced endo-
somal/lysosomal escape. This was also in accordance with our
previous research that zwitterionic liposomes could help siRNA
escape from endosomes/lysosomes.*"]

The in vitro antitumor effect of the formulations on GL261 glio-
blastoma cells was evaluated by MTT assay. As shown in Figure 2E,
each of TMZ formulations inhibited the growth of GL261 cells.
The ICs; values of free TMZ, LGTA, LBTA-siNC, LBTA, and ALBTA
were 80, 20, 14.62, 14, and 8 pg mL™, respectively (Table S3, Sup-
porting Information). The results indicated that the cytotoxicity

YH2AX foci number in tumor from different groups of mice based on yH2A.X staining data shown in panel (G, a—c). H) Representative in vivo T,*-
weighted MRI images of brains in intracranial glioblastoma mice before and after injection of LBTA (upper) or ALBTA (lower). Data are presented as the
mean £ SD. Error bars are based on triplicated experiments. *: differences between ALBTA with other groups, *: P < 0.05, **: P < 0.01, ***: P < 0.001.
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of TMZ was significantly increased when TMZ molecules were
loaded into ALBTA nanoparticles, with 10-fold increase. The
changes in the secretion of TGF-f3 were an important indicator of
immune microenvironment, which obviously sensitized the TMZ-
based chemotherapy. As shown in Figure 2F, free TMZ treatment
slightly regulated the secretion of TGF-f, while the ALBTA group
exhibited a significant down-regulation of TGF-f3 level. Reverse
transcription-polymerase chain reaction (RT-PCR) was performed
to validate the RNAI effect on the TGF-f3 expression at molecular
level (Figure S18A, Supporting Information). And nonsense
siRNA was also used as a control to exclude the “off-target” effect
(Figure S18B, Supporting Information). To further confirm the on-
target effect of RNAi on TGF-f3 expression, RNA rescue assay was
performed after 5" rapid-amplification of cDNA ends-polymerase
chain reaction (5 RACE-PCR results not shown). As shown in
Figure S19 in the Supporting Information, the expression level of
TGF-B in cells treated with siTGF-f3 could return after transfected
with a siRNA-resistant TGFf3 cDNA (primer’s information shown
in Table S4 in the Supporting Information).

The T cells of immune system played a vital role for tumor
therapy. For example, the cytotoxic T lymphocytes (CTL)
(CD3*CD47CD8*) could kill tumor cells directly; helper T cells
(CD3*CD4*CD8") had a great effect on the regulation of adap-
tive immunities.?!! Herein, immune cells in spleen were
studied on day 3 after the last injection (Figure 3A-C). The
mice treated with free TMZ or TMZ+TGF-f failed to promote
CD8* CTL proliferation. In contrast, the percentage of CD8"
CTL of mice treated with ALBTA significantly increased from
18.2 to 28.6, which was higher than that treated with LGTA
(21.5%), LBTB (23.79%), LBTA-siNC (22.8%), and LBTA (25.1%).
Moreover, the percentage of helper T cells exhibited the same
trend as CTL, with the highest promotion of 51.4% when
treated with ALBTA. The effective T cells (CD3*CD4*Foxp37)
that were helpful to promote immune responses, and the regu-
latory T cells (Tregs) (CD3"CD4"Foxp3") that could hamper
effective antitumor immune responses were also assayed. The
treatment with ALBTA could greatly reduce the percentage of
Treg (=2.6%, compared with =9.2% in free TMZ group). Both
CD8* CTL/Treg ratios and CD4" Teff/Treg ratios were greatly
enhanced in mice after treatment with ALBTA (Figure 3D). The
higher percentage of CD8" CTL, CD4" T helper, and T effect
cells (Teff) in mice treated with LBTA than that of LBTB might
be due to the ROS-responsive release of siTGF-f. The enhanced
endosomal/lysosomal escape capability of LBTA resulted in
much more CD8" CTL, CD4" T helper, and T effector cell pro-
liferation and less Treg than that of LGTA. These indicated
that the change of the immune microenvironment could facili-
tate the chemotherapy for glioblastoma. Similar trends were
obtained from the immunofluorescence results of brain tumor
section (Figure S20, Supporting Information).

The immunochemotherapeutic system had an impact on
the survival time of glioma-bearing mice (Figure 3E). No sig-
nificant difference was observed in the 5% glucose, free TMZ,
and TMZ+siTGF-f3 group, while treatment with LGTA, LBTB,
and LBTA prolonged the survival time of glioma-bearing mice
(Figure 3E). Specifically, ALBTA-treated mice increased the
medium survival time from 19 d (untreated group) to 36 d
without sharp weight loss (Figure S21, Supporting Informa-
tion). The level of TGF-f indicated a remarkable change for
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immune microenvironment; hence, TGF-f in serum was
characterized. As expected, mice treated with ALBTA shown
a strong reduction in TGF-f secretion than other groups
(44% reduction compared with untreated group, Figure 3F).
Moreover, TMZ activity in vivo was evaluated by using immu-
nohistochemistry (IHC). TMZ, a potent DNA damaging drug,
could produce the accumulation of phosphorylated histone
H2AX (YH2AX), a hallmark of the DNA damage response
(DDR).122 As shown in Figure 3G, IHC analysis of yH2A.X
verified an enhanced antitumor effect of TMZ in mice treated
with ALBTA (black arrow). The results indicated that our
system could efficiently modify the immunosuppress microen-
vironment induced by TMZ-based chemotherapy, and sensitize
the antitumor effects.

The trace of the system in vivo was observed by using T,*-
weighted MRIL['% Intracranial glioma-bearing mice were treated
with LBTA and ALBTA via intravenous injection, respectively.
The images were obtained after 12 h of injection. As shown in
Figure 3H, there was an obvious contrast enhancement of MRI
image in mice treated with ALBTA than that of LBTA-treated
mice, indicating the efficient targeting and accurate trace of
ALBTA in brain tumors. These results were further confirmed
by Prussian-blue staining, indicating that SPIONs were mostly
distributed in the tumor section (Figure S22, Supporting Infor-
mation). ICP-MS results indicated a highly selective accumus-
lation of ALBTA in brain tumor compared with other groups
(Figure S23A,B, Supporting Information).

In summary, we have successfully established an ROS-
responsive nanotheranostic platform based on RNAi-based
immunomodulation. This nanosytem could (i) cross BBB via
receptor-mediated transcytosis and realize active targeting,
(ii) control release of drugs and contrast agents depending on
the change of the local microenvironment, and (iii) trace the
nanosystem for in vivo visual application. Both in vitro and
in vivo results indicated that this immunochemotherapeutic
system could effectively down-regulate the expression of TGF-
B and dramatically enhance the efficacy of FDA-approved drug
TMZ against intracranial glioblastoma. With the synergistic
combination, the survival time of glioma-bearing mice was
significantly prolonged. Conclusively, the proposed immuno-
chemotherapeutic platform has great promise to serve as a flex-
ible and powerful synergistic system for treatment with brain
tumors as well as other brain diseases in CNS.

Supporting Information

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