Angewandte

3362

Communications

Tumor Targeting

DOI: 10.1002/anie.201308368

Hypoxia-Targeted siRNA Delivery**
E Perche, S. Biswas, T. Wang, L. Zhu, and V. P. Torchilin*

Abstract: Altered vasculature and the resultant chaotic tumor
blood flow lead to the appearance in fast-growing tumors of
regions with gradients of oxygen tension and acute hypoxia
(less than 1.4 % oxygen).”'! Due to its roles in tumorigenesis
and resistance to therapy, hypoxia represents a problem in
cancer therapy."? Insufficient delivery of therapeutic agents to
the hypoxic regions in solid tumors is recognized as one of the
causes of resistance to therapy.!" This led to the development
of hypoxia imaging agents, and the use of hypoxia-activated
anticancer prodrugs.” Here we show the first example of the
hypoxia-induced siRNA uptake and silencing using a nano-
carrier consisting of polyethyleneglycol2000, azobenzene,
polyethyleneimine (PEI)(1.8 kDa), and 1,2-dioleyl-sn-glyc-
ero-3-phosphoethanolamine (DOPE) units (the nanocarrier
is referred to as PAPD), where azobenzene imparts hypoxia
sensitivity and specificity.’* We report hypoxia-activated green
fluorescent protein (GFP) silencing in vitro and its down-
regulation in GFP-expressing tumors after intravenous admin-
istration. The proposed nanoformulation represents a novel
tumor-environment-responsive modality for cancer targeting
and siRNA delivery.

The specificity and potency of siRNA regulation of gene
expression holds great promise for cancer therapy.’! How-
ever, siRNA delivery to hypoxic regions is challenging since
such regions are distant from blood vessels and have
increased efflux transporters.'! In addition, the use of nano-
carriers is required to protect siRNA from degradation and to
promote its cellular internalization and endosomal escape.
Usually, nanoparticle applications rely on the enhanced
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permeability and retention (EPR) effect for accumulation in
tumor tissue.l) Nanoparticles are expected to show prefer-
ential extravasation from the circulation when they reach the
altered tumor vasculature with its widened endothelial
fenestrae and deficient pericyte coverage. Conjugation of
polyethyleneglycol (PEG) to nanoparticles extends their
blood circulation time, increasing the probability of tumor
accumulation by EPR.”' However, PEGylation can also
hinder cellular uptake resulting in decreased therapeutic
activity.®*” This PEG dilemma led to the design of nano-
formulations with PEG that can be detached upon tumor
stimulus to target payload delivery.*®! Nitroimidazole deriv-
atives have been proposed as hypoxia sensors since they are
subject to intracellular reduction with formation of free
radicals.'*?*%! While these free radicals are rapidly oxidized
by molecular oxygen, their stabilization under hypoxia leads
to reduction-mediated cleavage."™***) Nagano and co-work-
ers demonstrated successful hypoxia imaging in vivo with
azobenzene-based probes.**? In our study, we used azoben-
zene as a hypoxia-responsive bioreductive linker for hypoxia-
targeted delivery of siRNA from PEGylated nanoprepara-
tions upon PEG removal/cleavage. The production of GFP
was used as a model to test for siRNA downregulation in both
in vitro and in vivo studies.

The potency of the azobenzene unit for siRNA delivery
was evaluated by linking azobenzene to PEG2000 at one end
and to a PEI(1.8 kDa)-DOPE conjugate on the other end to
obtain PAPD (Figure 1a).

PEG2000 was used as the hydrophilic block and for
imparting stability in circulation.’>!”! The PEI-DOPE con-
jugate was introduced for siRNA complexation and to
promote formation of micellar nanoparticles.'!! The hypo-
xia-sensitive polymer PAPD and its insensitive PEG-PEI-
DOPE (PPD) counterpart were synthetized (Figures S1-S6)
and expected to condense siRNA into nanoparticles with
a PEG layer to protect it from the nuclease attack and impart
stability in physiological fluids (Figure 1b)."341% The PEG
groups would be detached from PAPD/siRNA complexes in
the hypoxic and reductive!™™'? tumor environment because of
degradation of the azobenzene linker; as a result PEI’s
positive charge would be exposed and the remaining PEI-
DOPE/siRNA complexes would be taken up in the cell.”
c,8¢,11b]

Formation of complexes between PAPD and siRNA was
demonstrated by an ethidium bromide (EtBr) exclusion assay
and transmission electron microscopy (Figure 2a,d). In line
with previous results,"* a higher N/P ratio of PAPD over PEI
was required to quench siRNA fluorescence (16 and 4,
respectively). Complexes protected siRNA against RNAse
degradation (Figure 2b) and demonstrated moderate unpack-
ing (30% increase in EtBr fluorescence, Figure 2¢) after
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Figure 1. a) Schematic representation of the synthesized polymers and
b) proposed mechanism of internalization in hypoxic tumor micro-
environment.

incubation in the medium containing 10 % fetal bovine serum,
in agreement with Refs. [7b,8e,13,14].

Since reductase-rich rat liver microsomes were reported
to cleave nitroimidazole derivatives under hypoxia,l****! we
evaluated siRNA condensation and uptake of the complexes
after incubation with rat liver microsomes (Figure2c,
Figure 3). While siRNA fluorescence was quenched in PBS
(26 % of siRNA fluorescence), the incubation with micro-
somes led to a threefold increase in fluorescence (Figure 2c¢)
and a threefold increase in aniline absorbance (Figure S8),
supporting bioreductive cleavage.*™'? Addition of micro-
somes also led to a considerable positive charge increase from
(0.1+£6.5) mV to (13.2+3.7) mV (p =0.006, Student’s t test)
(Figure 2e.f). Exposure of positive surface charges from the
siRNA complexes, which were previously hidden by PEG,
under reductive hypoxia conditions indicates PEG detach-
ment after azobenzene cleavage.”**%! By contrast, no such
charge exposure was observed for PPD/siRNA complexes
(Figure S9). No cytotoxicity was detected after the cells were
treated with PPD and PAPD both free and complexed with
siRNA and both in normoxic and hypoxic conditions (Figur-
es S10 and S11).

We studied the uptake of the nanopreparations with
monolayer cultures of cancer cells in normoxic and hypoxic
environments. In vitro hypoxia was confirmed by Hydroxyp-
robe staining (Figure S12). Cellular internalization of PPD
or PAPD complexes prepared with Fluorescein amidite (
FAM)-labeled siRNA was determined by flow cytometry
(Figure 3a,b). The cell-associated fluorescence of PAPD/
siRNA-treated cells under hypoxia was 3.2-fold higher than
under normoxia (13.4 and 4.1, respectively; Figure 3b) and
3.9-fold higher than for PPD/siRNA under hypoxia.

Cancer cell spheroids have been proposed as models for
the evaluation of nanomedicines,” and we used a spheroid
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Figure 2. siRNA binding and cytotoxicity. a) Ethidium bromide exclu-
sion assay: PEl 1.8 kDa (¢), PAPD (o), PEI (1.8 kDa) polyplexes
treated with heparin (), PAPD treated with heparin (®@). b) RNAse
protection assay. 1. untreated free siRNA; 2. RNAse-treated free
siRNA; 4. PAPD polyplexes, N/P 40; 5. PAPD polyplexes, N/P 40
treated with RNAse and heparin; 6. PAPD polyplexes, N/P 60; 7. PAPD
polyplexes, N/P 60 treated with RNAse and heparin; 8. PEG-PEI-DOPE
(PPD) polyplexes, N/P 40; 9. PPD polyplexes, N/P 40 treated with
RNAse and heparin; 10. PPD polyplexes, N/P 60; 11. PPD polyplexes,
N/P 60 treated with RNAse and heparin; wells 3 and 12 were unused.
c) siRNA signal from PAPD polyplexes prepared at an N/P ratio of 40
and incubated 2 h in 1. PBS, 2. 0% FBS media, 3. 10% FBS N,-
bubbled media, 4. 10% FBS N,-bubbled media and microsomes,

5. PBS followed by heparin treatment; * p <0.05, ** p < 0.01 compared
with PBS. d) Transmission electron microscopy micrograph of PAPD
polyplexes in PBS showing a rodlike structure; scale bar represents
100 nm. e, f) Zeta potential of PAPD/siRNA complexes prepared at an
N/P of 40 after incubation with PBS (e) and N,-bubbled PBS contain-
ing microsomes (f).

Zeta potential / (mV)

model to confirm hypoxia-activated siRNA internalization.
Whereas free FAM-siRNA fluorescence was bound to the
surface of the spheroids, complexation with PAPD or PPD
nanocarriers increased its penetration under normoxia,
although only to the first cell layers (Figure 3, Figure S13),
as reported by Wong et al. with siRNA lipoplexes.'®l Only
treatment of spheroids with PAPD/siRNA under hypoxia
(Figure 3e, Figure S13) resulted in further increase of
siRNA penetration. This was matched with a deeper pene-
tration of rhodamine-labeled PEG-Azo-Rhodamine-
PEI-DOPE (PARPD) over PEG-Rhodamine-PEI-DOPE
(PRPD) (Figure S14). Altogether, this data suggests better
uptake of the nanoformulation after PEG deshielding, <]

We used HeLa cells stably expressing GFP (HeLa/GFP)
and some other cells to confirm the PAPD-mediated gene
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Figure 3. Internalization of siRNA in monolayers and distribution in
spheroids. Monolayers: a) Representative histogram plots of cellular
internalization under hypoxia in the presence of 10% FBS; 1: PBS-
treated cells, 2: free FAM-siRNA, 3: PEG-PEI-DOPE/siRNA, 4: PEG-
Azo-PEI-DOPE/siRNA. b) Geometric mean of fluorescence of A549
cells incubated 24 h with the same formulations as in (a) under
normoxia (white bars) and hypoxia (black bars). Spheroids: NCI-ADR-
RES spheroids were incubated 4 h under normoxia and hypoxia with
DY 547-labeled siRNA. c) Imaging of siRNA distribution by confocal
microscopy; scale bar represents 250 um. d) Quantitation of DY 547
fluorescence from the spheroid surface after incubation with free
siRNA (¢ for normoxia, & for hypoxia), PEG-Azo-PEI-DOPE/siRNA (A
for normoxia, A for hypoxia) and PEG-PEI-DOPE/siRNA (o for
normoxia, @ for hypoxia). e) Average intensity of fluorescence at

120 um from spheroid surface after treatment with PEG-Azo-PEI-
DOPE/siRNA (PAPD) and PEG-PEI-DOPE/siRNA (PPD) under hypoxia.
* p<0.05 compared with PAPD/DY 547 siRNA complexes.
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downregulation in the presence of 10% FBS (Figure 4,
Figure S15). Whereas no GFP downregulation was observed
with PAPD-complexed siRNA under normoxia (Figure 4a),
30-40% downregulation was detected under hypoxia in all
HeLa/GFP, NCI-ADR-RES/GFP ,and A2780/GFP cells (Fig-
ure 4a, Figure S16); there was no significant downregulation
when insensitive PPD/siRNA polyplexes were used (Fig-
ure 4b). This silencing activity is comparable with that
reported earlier using 200 nm siRNA.['! Hypoxia-induced
silencing was concordant with the internalization results
(Figure 3). The silencing activity observed in vitro, which was
moderate compared to that associated with Lipofectamine-
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Figure 4. GFP downregulation in vitro. GFP downregulation was eval-
uated both by flow cytometry (a,b) and microscopy (c—f) after trans-
fection under normoxic (NX) or hypoxic (HX) conditions. Relative
geometric mean fluorescence from FACS analysis of HeLa/GFP cells
transfected with a) PEG-Azo-PEI-DOPE (PAPD)/siRNA complexes,

b) PEG-PEI-DOPE (PPD)/siRNA complexes in the presence of 10%
FBS. Polyplexes were prepared at N/P ratios of 40 and 60 with anti-
GFP siRNA (black bars) or scrambled siRNA (white bars). Lipofect-
amine 2000 (LFA) was used as a positive control, * p <0.05, **

p <0.01 compared with scrambled siRNA complexes. CLSM images of
Hela/GFP cells transfected with Rhodamine B labeled copolymers
PEG-Azo-Rhodamine-PEI-DOPE (PARPD), PEG-Rhodamine-PEI-DOPE
(PRPD) and GFP siRNA under normoxia (c) and hypoxia (d). Mean
pixel intensities of GFP (e) and Rhodamine B (f) after transfection
under normoxia (white bars) and hypoxia (black bars); 1: PBS, 2: free
siRNA, 3: PARPD, 4: PRPD. p <0.05, ** p<0.01 compared with
normoxia.

mediated delivery, may be attributed to incomplete cleavage
of the azobenzene unit within the observation time; however,
one has to note that the silencing of Lipofectamine complexes
is identical under both normoxia and hypoxia, which clearly
supports the hypoxic selectivity of our nanocarrier. To
corroborate downregulation in hypoxic conditions with
internalization, we formed polyplexes using Rhodamine B
labeled copolymers (Figure 4c—f). Stronger GFP downregu-
lation under hypoxia over normoxia was proportional to the
enhanced PARPD uptake (Figure 4c,d) while an opposite
correlation was observed for PRPD (Figure 4 d—f).

We then performed a tumor accumulation study of the
copolymers 4 h after intravenous administration of PARPD
and PRPD to mice bearing hypoxic B16F10 tumors®
(Figures S12 and S17-19). A twofold increase in tumor-cell-
associated fluorescence intensity was observed only for
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PARPD (Figure S17). Fluorescence from polymers was also
detected in the blood-filtering organs liver, spleen, and kidney
(Figures S17 and S18), off-target sites for nanomedicines.?*>!
Whereas PARPD was detected in tumor sections, PRPD was
not found to accumulate in tumors. The data support tumor
hypoxia-induced PEG shedding with subsequent PARPD
uptake upon the charge exposure, in good agreement with
reports on tumor-specific charge exposure.?*54<]

We finally assessed the ability of GFP silencing in vivo on
A2780/GFP tumors in mice (Figure5). Substantial GFP
downregulation was detected after intravenous injection of
PAPD/siRNA nanoparticles both by ex vivo imaging (Fig-
ure 5a, 24 %) and by flow cytometry (Figure 5b, 32%). No
downregulation was observed with PAPD complexes formed
with scrambled siRNA (Figure 5). The in vivo silencing
capacity of PAPD corresponded well to its in vitro uptake and
silencing profiles (Figures 3 and 4; Figure S15) and tumor
accumulation (Figures S17 and S18).

The PAPD nanocarrier has the following attributes:
a) PEG for stability in physiological fluids and increased
tumor accumulation®” (Figure 2, Figure S17), b) PEI-
DOPE for siRNA complexation, protection form RNAse
degradation, and endosomal escape!®!®<l (Figure 2), c) an
azobenzene linker for hypoxia-activated charge exposure™*
b8a.11a.13.16] (Fjoure 2; Figure S8) to allow d) hypoxia-depen-
dent cellular uptake and accumulation of the copolymer in
the tumor cells (Figure 5, Figure S18), and GFP silencing in
vivo after intravenous administration (Figure5) without
detectable cytotoxicity (Figures S10, S11, and S20).

Few examples of hypoxia-targeted delivery have been
reported.”®¢ Our study is, to the best of our knowledge, the
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Figure 5. In vivo silencing activity. a) Ex vivo fluorescence optical
imaging of tumors 48 h after intravenous injection of PBS (n=4),
PEG-Azo-PEI-DOPE/anti-GFP siRNA complexes prepared with (PAPD/
siGFP, n=4), PEG-Azo-PEI-DOPE/negative siRNA complexes (PAPD/
siNeg, n=3) at a dose of 1.5 mgkg ™" of siRNA in 200 puL PBS.

b) Relative GFP fluorescence from tumors. Student’s t test was
performed, *p < 0.05 compared to PBS or PAPD/siNeg. c) Cell-associ-
ated fluorescence of dissociated tumors by flow cytometry and
representative histogram (d). Green: PBS, red: PAPD/siGFP, black:
PAPD/siNeg. Only PAPD/siGFP led to a significant decrease of GFP
expression (Student’s t test, **p <0.01 compared to PBS, #p < 0.001
compared to PAPD/siNeg).
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first of its kind with a hypoxia-activated siRNA nanocarrier
achieving silencing in vivo. The low oxygen threshold (0.1-
1%) of the azobenzene-based probe described by Kiyose
et al.*! suggests the biosafety of PAPD since the side effects
associated with tirapazamine were attributed to its high
hypoxic activation threshold.” However, we only detected
a moderate silencing activity in vitro and in vivo indicating
that the structure should be optimized. We suggest two
approaches for further improvement: on the one hand,
a compromise between tumor hypoxia activation and cellular
uptake by optimization of the chemical structure as in the
report by Piao et al;® on the other hand, mixed micelles of
PAPD and another copolymer could be prepared for
improved silencing activity.l'”? Finally, since hypoxia is one
of the characteristics of drug-resistant cancers,!! hypoxia-
targeted co-delivery of a chemotherapeutic drug and siRNA
against the hypoxia principal effector, hypoxia inducible
factor 1o, could allow relapse-free destruction of some of the
most aggressive tumors.
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