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Persistent high-risk HPV infection is the main cause of cervical
cancer. The HPV oncogene E7 plays an important role in HPV
carcinogenesis. Currently, HPV vaccines do not offer an effec-
tive treatment for women who already present with cervical
disease, and recommended periodical cervical screenings are
difficult to perform in countries and areas lacking medical
resources. Qur aim was to develop nanoparticles (NPs) based
on poly (B-amino ester) (PBAE) and HPV16 E7-targeting
CRISPR/short hairpin RNA (shRNA) to reduce the levels of
HPV16 E7 as a preliminary form of a drug to treat HPV infec-
tion and its related cervical malignancy. Our NPs showed low
toxicity in cells and mouse organs. By reducing the expression
of HPV16 E7, our NPs could inhibit the growth of cervical
cancer cells and xenograft tumors in nude mice, and they could
reverse the malignant cervical epithelium phenotype in HPV16
transgenic mice. The performance of NPs containing shRNA is
better than that of NPs containing CRISPR. HPV-targeting
NPs consisting of PBAE and CRISPR/shRNA could potentially
be developed as drugs to treat HPV infection and HPV-related
cervical malignancy.

INTRODUCTION

Cervical cancer is a serious threat to women’s health and is the third
most common malignancy in women worldwide." Over 85% of new
cervical cancer cases and cervical cancer-related deaths occur in
developing countries. High-risk human papillomavirus (HR-HPV)
infection is the main cause of cervical cancer;” type 16 (HPV16) is
the most common type of HPV and is found in more than 60% of cer-
vical cancer cases.” The E6 and E7 oncoproteins are the primary cause
of HPV-related carcinogenesis, and they have been shown to target
the tumor protein p53 (P53) and retinoblastoma (RB) proteins,
promoting cell proliferation and leading to the development of carci-
noma.” The E7 oncogene is a stronger carcinogen than E6, and re-
ports have shown that cervical cancer could be induced in HPV16
E7 transgenic mice by estrogen treatment.”® Another possible cause
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of cervical cancer is HPV integration, which could result in E7 being
retained in the human genome.”” Since the progression from HPV
infection to cervical intraepithelial neoplasia (CIN) and eventually
to cervical cancer occurs over a long period of time, HPV, especially
E7, is a critical target for the prevention and treatment of cervical
cancer.

Several currently available methods for the prevention and treatment
of HPV infection have disadvantages. Interferon is often used to treat
viral infections by improving the local immune response. However,
this is not an HPV-specific treatment. Physical therapy, such as mi-
crowave treatment, loop electrosurgical excision procedure (LEEP)
treatment, and cervical conization, cannot clear HPV infection and
may even cause cervical insufficiency,” which likely results in higher
premature birth and abortion.'” HPV vaccines are widely used to pre-
vent HPV infection.'' Currently, HPV vaccine can prevent most nine
types of HPV infections (9-valent HPV vaccine), and it could prevent
infection and disease related to HPV31, 33, 45, 52, and 58 in a suscep-
tible population and generated an antibody response to HPV®, 11, 16,
and 18 that was noninferijor to that generated by the quadrivalent hu-
man papillomavirus (qHPV) vaccine.'” However, the 9-valent HPV
vaccine did not prevent infection and disease related to HPV types
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beyond the nine types covered by the vaccine.'” Furthermore, pro-
phylactic vaccines cannot offer an effective treatment for women
who already present with cervical diseases."”

An increasing number of gene-targeting technologies based on re-
combinant plasmids have been developed in recent years, such as
targeted gene silencing by short hairpin RNA (shRNA) or
RNAi'*"" and targeted gene knockout by CRISPR/Cas.'® The stability
of these plasmids is promising for their prospective use in pharma-
ceutical industrial production. However, as these plasmids have to
cross organ, tissue, and cell barriers to enter the cytoplasm, where
they can induce sequence-specific mRNA degradation or DNA dou-
ble-strand breaks, their application in therapy is limited by the lack of
safe and efficient carriers. Poly (-amino ester) (PBAE) is a biocom-
patible polymer with the advantages of pH sensitivity, low toxicity,
high water solubility, fast drug delivery at acidic pH values (suitable
for the acidic environment in the vagina), and high transfection
efficiency.'”*' Thus, we explored whether nanoparticles (NPs) con-
sisting of PBAE and recombinant plasmids could reverse the
HPV16-related cervical malignancy, providing novel ideas for the
development of HPV-targeting drugs.

RESULTS

Synthesis and Characterization of NPs

The PBAE polymer for delivering plasmids was synthesized using
three raw materials: 1,4-butanediol diacrylate, 4-amino-1-butanol,
and 1-(3-aminopropyl)-4-methylpiperazine. The synthetic scheme
is shown in Figure S1. We first generated NPs using PBAE and
GFP plasmid at different weight ratios (PBAE/GFP). Agarose gel elec-
trophoresis showed that the plasmid could be released from the NPs
and migrated into the gel until the weight ratio reached 60:1 (Fig-
ure S2A). Dynamic light scattering indicated that the NPs were
110.2-174.7 nm in size, and their zeta potentials ranged from 13.82
to 22.28 mV (Figures S2B and S2C; Table S1). The transmission
electron microscopy (TEM) micrograph showed the NPs were about
90 nm in size,
(Figure S2D).

and it demonstrated a uniform distribution

NPs Showed Low Toxicity in Cervical Cancer Cells and Mice

Toxicity is a primary concern in the development of NP pharmaceu-
ticals. To investigate the cytotoxicity of our NPs, SiHa, HeLa, CaSki,
$12, and HEK293 cells were treated with NPs consisting of PBAE and
GFP plasmid for 6 hr and further cultured for 72 hr. Cell viability was
tested at different time points by CCK-8 assays (Figures 1A-1E). No
significant alteration in cell viability in response to our NPs was
observed compared with control groups. The cell monolayers were
also co-incubated with branched poly (ethyleneimine) (bPEI)/GFP
(weight ratio 3:1) complexes, which inhibited cell growth significantly
(Figures 1A-1E). These data indicated that our NPs did not show
obvious cytotoxicity or deleterious effects on cell monolayers. To
further test the toxicity in vivo, NPs consisting of PBAE or bPEI
carrying pcDNA3.1 (a non-fluorescent and non-toxic empty vector)
were injected into the thigh muscles of mice. H&E staining and
TUNEL staining showed that cell apoptosis was low in the mouse
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thigh muscles injected with PBAE/pcDNA3.1 but increased sharply
in those injected with bPEI/pcDNA3.1 (Figure S3).

We further examined the toxicity of a maximum dose of NPs upon
vaginal and intramuscular administration. Considering that a total
of 200-300 pg plasmid was used in the subsequent HPV treatment
experiments, we injected NPs carrying 10 ug pcDNA3.1 into the va-
ginas of C57BL/6 mice once a day for 20 days, and we examined the
toxicity on the 11th and 21st days after the initial injection. Admin-
istration of bPEI/pcDNA3.1 resulted in an increased number of
vaginal localized inflammatory necrosis and pycnosis of hepatocyte
nuclei, whereas similar changes were not observed after PBAE/
pcDNA3.1 treatment (Figure 1F). We also administered NPs carrying
100 g pcDNA3.1 to the thigh muscles of C57BL/6 mice once a day
for 3 days, and we examined the toxicity on the fourth and seventh
days. Injection of bPEI/pcDNA3.1 resulted in massive necrosis of
the muscle cells and pycnosis of hepatocyte nuclei, indicating muscle
and liver damage, while injection of PBAE/pcDNA3.1 did not cause
significant changes (Figure 1G). Significant toxicity of heart, spleen,
lung, and kidney organs was not observed after muscular or vaginal
administration (Figures S4 and S5).The hepatotoxicity results suggest
that attention should be paid to side effects when developing future
vaginal medications, since these medications may be absorbed
through the vagina into the circulation and may subsequently damage
the liver. These data indicated that our NPs exhibited low toxicity and
good biocompatibility, which are necessary features of potential
drugs.

NPs Were Internalized by Cervical Cancer Cells and Cervical
Tissues

Efficient cellular uptake and expression are major requirements for
the therapeutic application of plasmids. To investigate the expression
efficiency of our NPs, we treated cells with NPs consisting of PBAE
and GFP plasmid. Our NPs with a weight ratio of 60:1 exhibited
the highest transfection efficiency (35.5% in SiHa cells, 31.3% in
HeLa cells, 27.0% in CaSki cells, 29.9% in S12 cells, and 75.5% in
HEK293 cells) compared with NPs consisting of bPEI and GFP
with a weight ratio of 3:1 (Figures 2A and 2B). TEM imaging of
293 cells transfected with PBAE/GFP showed that NPs were in the
vesicles of the cytoplasm, indicating that our NPs were uptaken
into the cells by endocytosis (Figure S6). Meanwhile, co-localization
of green and red fluorescence confirmed the expression of GFP
protein in the cytoplasm (Figure S7). These data demonstrated that
our NPs were taken up by cells and the plasmids were released into
the cytoplasm and expressed proteins.

We next evaluated the uptake of PBAE/red fluorescent protein (RFP)
NPs by vaginal administration in C57BL/6 mice (Figure 2C). Consid-
ering that the best treatment effect may result from the best transfec-
tion efficiency, we tested different in vivo transfection parameters,
including PBAE/RFP weight ratios, detection time points after
treatment, and the dosage of the transfected plasmid. We observed
that a weight ratio of 60:1, a plasmid quantity of 10 pg once a day
for 3 days, and detection on the sixth day after initial administration
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Figure 1. Analysis of NP Toxicity in Cell Lines and Mouse Organs
(A-E) Cytotoxicity of PBAE/GFP (weight ratio 20:1, 40:1, 60:1, and 80:1, GFP 100 ng/well) in (A) SiHa, (B) HeLa, (C) CaSki, (D) S12, and (E) HEK293 cells. CCK-8 assays were

used to determine the cytotoxicity of NPs, which was compared with that of bPEI/GFP (weight ratio 3:1). Toxicity is given as the viability of the cells remaining after treatment
for 0, 24, 48, and 72 hr. Each point represents the mean + SD (n = 4). (F and G) Representative images of H&E staining of (F) uterine cervixes and livers of mice that were
vaginally treated with NPs and (G) thigh muscles and livers of mice whose thigh muscles were injected with NPs. The NPs were generated using PBAE/pcDNA3.1 (weight
ratio 60:1) and bPEI/pcDNA3.1 (weight ratio 3:1). Mouse vaginas were treated by pipetting with NPs carrying 10 pg plasmid once per day for 20 days, and the uterine cervixes
and livers were harvested on the 11th and 21st days after the initial pipetting. Mouse thigh muscles were injected with NPs carrying 100 pg plasmid once per day for 3 days,
and the muscles and livers were harvested on the fourth and seventh days after initial injection. Arrows indicate the necrotic areas. Scale bars, 20 um.

Molecular Therapy Vol. 26 No 10 October 2018 2445


http://www.moleculartherapy.org

Molecular Therapy

A B = SiHa
80+ —HelLa
GFP White 3 = CaSki
< T - S12
g 604 mm HEK293
o
SiHa 2
w
5 404
£
1723
§ 201
Hela =
e A \ \ \ \
S TS S s o
TR TR TR TR KL
IS ISy & & &
CaSki
c RFP DAPI Merge
PBAE
s12 /RFP
Control
HEK293
D = 25 o~ 30 F ~25
e N o e
> 20 > 25 =20
s 2 él 2
[0} [0] [}
g2 ' 2 20 215
8 10 g 05 8 10
[0 [0} Q
@ @ @
o 05 o o 05
5 [ 5 =
NN 0 4 6 10 2 5 10
% RN & Time (days) Dose (ug)
PBAE:RFP

Figure 2. Uptake of NPs by Cell Lines and Mouse Uterine Cervixes

(A) Representative images of SiHa, Hel.a, CaSki, S12, and HEK293 cells 72 hr after treatment with NPs (PBAE/GFP, weight ratio 60:1, GFP 1 ng/uL). (B) Statistical uptake
efficiency of PBAE/GFP NPs with different weight ratios (20:1, 40:1, 60:1, and 80:1) compared with that of bPEI/GFP (weight ratio 3:1) by flow cytometry. (C) Representative
images of fluorescence in the uterine cervixes of C57BL/6 mice treated with NPs (PBAE/RFP, weight ratio 60:1, 10 ng RFP once per day for 3 days) compared with
cervixes treated with 25 mM sodium acetate. Scale bars, 20 um. Control means the vagina of C57BL/6 with no NP treatment. (D-F) Comparison of the uptake of NPs (D) with
different weight ratios (PBAE/RFP, 10 ng RFP once a day for 3 days), (E) at different time points after treatment (PBAE/RFP, weight ratio 60:1, 10 pg RFP once a day for
3 days), and (F) with different doses of RFP (PBAE/RFP, weight ratio 60:1, once a day for 3 days) in the cervixes of C57BL/6 female mice, as determined by fluorescence

intensity.

resulted in the best transfection efficiency (Figures 2D-2F). The re-
sults provided guidance for the application of NPs generated with
PBAE and HPV-targeting plasmids in the next step.

HPV16 E7 Expression Was Downregulated by NPs in Cervical
Cancer Cells and Samples

We constructed HPV16 E7-targeting CRISPR and shRNA plasmids
(Figure S8; Table S2), and we fabricated NPs from PBAE and these
plasmids. HPV16-positive cells (SiHa, CaSki, and S12) and HPV16-
negative cells (HeLa) were treated with our NPs, and the cell viability
was detected at 0, 24, 48, and 72 hr after treatment by CCK-8 assay.
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Three shRNAs and three CRISPRs were selected to form NPs, and
these NPs all could reduce E7 expression with different levels in
SiHa cells (Figures S9A and S9B). Then we selected one shRNA
and one CRISPR with the best performance as the representative
for further study. The viability of cells treated with our NPs was
significantly decreased compared with that of the untreated cells (Fig-
ures 3A-3C), whereas no differences were observed in Hela cells
(Figure S10).

We further examined the protein expression of HPV16 E7 and RB1
by western blot analysis, as protein expression is more solid evidence
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Figure 3. HPV16 E7-Targeting Ability of NPs in HPV16-Positive Cervical Cell Lines and Cervical Cancer Samples

(A-C) The cell viabilities of (A) SiHa, (B) CaSki, and (C) S12 cells were determined at 0, 24, 48, and 72 hr after HPV16 E7-targeting NP treatment by CCK-8 assay (PBAE/
CRISPR and PBAE/shRNA, weight ratio 60:1, 1 ng/uL plasmid). The data represent the mean + SD (n = 3). (D-F) The HPV16 E£7 and RB1 protein expression levels in (D) SiHa,
(E) CaSki, and (F) S12 cells 72 hr after NP treatment were determined by western blot analysis (PBAE/plasmid, weight ratio 60:1, 1 ng/uL plasmid). (G) Fluorescence intensity
of cervical cancer samples 24-72 hr after treatment with NPs (PBAE/luciferase, weight ratio 60:1, 100 ng/uL plasmid). Cervical cancer samples were cultured in KSFM after
surgery. (H) HPV16 E7 and RB1 protein expression in HPV16-positive cervical cancer samples 72 hr after treatment with NPs was determined by western blot analysis
(PBAE/CRISPR and PBAE/shRNA, weight ratio 60:1, 100 ng/uL plasmid). Cervical cancer samples were cultured in KSFM after surgery (Table S4). T1 and T2, cervical cancer

samples 1 and 2.

of an effect, and we found that our NPs caused decreased HPV16 E7
and restored RB1 protein expression in the three HPV16-positive cell
lines. It is worth noting that the effect of the PBAE/shRNA NPs was
stronger than that of the PBAE/CRISPR NPs (Figures 3D-3F).
Similar results were also obtained from the combination use of
PBAE/CRISPR and PBAE/shRNA NPs (Figure S9C). Although the
therapeutic effect did not increase synergistically, the combination
treatment of CRISPR and shRNA may clear HPV episome and inte-
grated HPV simultaneously, indicating a bright prospect in clinical
application. These data demonstrated that our NPs inhibited the
growth of cervical cancer cells by downregulating HPV16 E7 and sub-
sequently restoring RBI expression.

To further demonstrate the application potential of NP drugs
in the treatment of cervical cancer, cervical cancer samples
were randomly collected in Tongji Hospital (Table S3),
cultured in 12-well plates with 1 mL karatinocyte serum-free
medium (KSFM), and treated with NPs consisting of PBAE and
luciferase. We observed that 72 hr of treatment resulted in the
strongest luciferase signals (Figure 3G). We randomly collected
two HPV16-positive cervical cancer samples, divided them into
three equal parts, and treated them with PBAE/CRISPR and
PBAE/shRNA NPs. As expected, the protein expression of
HPV16 E7 was decreased, while that of RBI was restored after
treatment with HPV-targeting NPs for 72 hr (Figure 3H). These
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data further indicated the potential value of our NPs in the treat-
ment of cervical cancer.

NPs Inhibited the Growth of Xenografts in Nude Mice

To further explore the impact of our NPs on tumor growth in vivo,
nude mice were inoculated subcutaneously with SiHa (HPV16
positive) and HeLa cells (HPV16 negative, HPV18 positive), and
xenograft tumors were allowed to grow to approximately 35 mm?>.
NPs were then administered intratumorally every 4 days. Tumor
growth was observed continuously for 20 days. The tumors injected
with our HPV16-targeting NPs (PBAE/CRISPR and PBAE/shRNA)
showed slower growth rates, and the average xenograft volumes
were 52 and 60 mm’, respectively, significantly smaller than those
of tumors injected with control and plasmid only (Figures 4A and
4B). However, there was no significant change in the volumes of
HeLa cell xenograft tumors (Figures 4C and 4D). We also examined
the protein expression of HPV16 E7, Ki67, RB1,and CD34 in SiHa cell
xenografts by immunohistochemistry (IHC) staining. The expression
of the tumor suppressor gene RBI was restored, while the expression
of HPV16 E7, the proliferation-associated gene Ki67, and vascular
endothelial growth-related gene CD34 was decreased after treatment
with our HPV16-targeting NPs (Figures 4E and 4F). These data indi-
cated that our HPV16-targeting NPs significantly inhibit the growth
of cervical cancer cells.

NPs Reversed the Malignant Cervical Epithelium Phenotype of
HPV16 Transgenic Mice

In the control group of HPV16 transgenic mice, we observed thick-
ened cervical epithelia, the disappearance of epithelial stratification,
prominent papillary growth of the basal layer, and abnormal nucleus
enlargement. After 20 days of treatment with our NPs (especially
PBAE/shRNA), the malignant phenotype of the epithelium was
reversed, as evidenced by the reappearance of epithelial stratification,
smoothing of the basal layer, and reduced nuclear size (Figure 5A).
The better performance of the PBAE/shRNA NPs was consistent
with the data obtained in cervical cancer cell experiments (Figure 3).
We further examined the changes in protein expression by IHC. After
treatment with our NPs, the expression of HPV16 E7, the cell
cycle-related protein CDK?2, the transcription factor E2F1, and the
proliferation-related protein Ki67 decreased significantly, while the
expression of the tumor suppressor gene RB1 was restored (Figures
5A and 5B). The expression of P16, a surrogate marker of HR-HPV,
also decreased significantly (Figures 5A and 5B). These data suggest
that our NPs can effectively reduce the expression of the HPV16 E7
oncoprotein and regulate the related signaling pathways, thereby
inhibiting cell proliferation, promoting apoptosis, and reversing the
cervical epithelial malignant phenotype of HPV16 transgenic mice.

DISCUSSION

HPV infection is an established cause of cervical cancer.”> Cervical
cancer prevention mainly depends on periodical cervical screening™
and the use of HPV vaccines.'”** A randomized, double-blind trial
suggests the 9-valent HPV (HPVS6, 11, 16, 18, 31, 33, 45, 52, and 58)
vaccine prevents HPV infection, cytological abnormalities, and
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high-grade lesions,” but the vaccinated women are still threatened
by other HR-HPV types (HPV39, 56, 59, 68, etc.). HPV vaccines
did not prevent infection and disease related to HPV types beyond
the types covered by vaccines.'” HPV vaccines can stimulate the
body to produce antibodies to HPV and prevent it from infecting
cells,'>*” but it does not offer an effective treatment for women
who already present with cervical disease."’

An individual-based mathematical model suggests cervical screening
can be modified to start at later ages, occurring at decreased frequency
in HPV-vaccinated women,”® but vaccination does not completely
prevent HPV infection. Therefore, a drug for the treatment of HPV
as a supplement to the vaccine is needed. Periodical cervical screening
is a passive measure and is difficult to perform in countries and areas
lacking medical resources.””*’ To meet the requirement of patients
threatened by HPV, we combined PBAE and CRISPR/shRNA to
design a novel drug for targeted HPV therapy.

The E6 and E7 oncoproteins expressed by HPV are primarily respon-
sible for HPV-related malignancies. The E6 and E7 oncogenes inhibit
apoptosis and promote proliferation by affecting the p53- and RBI-
signaling pathways, and eventually they cause cervical cancer.**'
At present, two types of molecular biology techniques have been
developed to target specific genes. One is the silencing technique,
with shRNA as the representative, which specifically degrades genes
at the mRNA level."****” The other is the knockout technique,
with CRISPR/Cas as the representative, which takes advantage of
double-strand DNA cleavage and error-prone 16,3638
Currently, researchers have reported the application of the two tech-
niques in the HPV-related cancer treatment.”” ** They silenced the
HPV E6 and E7 expression in cervical carcinoma cells by RNAi;*" es-
tablished lentiviral vector-mediated shRNA targeting HPV16 E6/E7
transcripts, transducing the lentiviral construct into cervical
HPV16-positive cell lines Siha and Caski;* and used retroviruses
that expressed shRNA targeting the HPV16 E6 and E7 genes to infect
human oropharyngeal squamous cancer cell.** A dual-expression
plasmid that co-expressed E6-specific small interfering RNA
(siRNA) and wild-type p53 was developed, and it could cause a robust
suppression of tumor growth in vitro and in vivo.*” The CRISPR/Cas
system disrupting HPV16 E7 could induce apoptosis and growth
inhibition in HPV16-positive human cervical cancer cells in vitro.*'
CRISPR/Cas9 targeting HPV16 E6/E7 was also suggested could be

used as a chemosensitizer of cisplatin chemotherapy in cervical can-
16

repair.

cer cells.

Our data indicated that the performance of silencing was better than
that of knockout in inhibiting E7 oncogene expression (Figures 3D-
3F and 4). This may be because the silencing technique functions
directly at the mRNA level after plasmid transcription, while the
efficiency of the knockout technique is relatively low, as it requires
protein translation after plasmid transcription. Moreover, silencing
is transient, while the DNA damage caused by knockout is perma-
nent. Considering that both techniques have potential off-target
effects that could cause unintended gene expression changes, the
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Figure 4. Tumorigenicity of Xenografts in Nude Mice Treated with HPV16 E7-Targeting NPs

SiHa and Hel a cells were injected subcutaneously into the right flanks of BALB/c-nu mice. HPV16 E7-targeting NPs (PBAE/CRISPR and PBAE/shRNA, weight ratio 60:1,
60 g plasmid every 4 days) were injected intratumorally when the xenografts reached approximately 35 mm?®. (A-D) The subcutaneously formed tumors of (A) SiHa and
(C) Hela were photographed, and the estimated sizes of (B) SiHa and (D) HelLa were measured after treatment with NPs. (E and F) Shown are (E) representative images
of H&E and IHC staining and (F) a comparison of the protein expression of HPV16 E7, RB1, Ki67, and CD34 in xenografts with or without NP treatment. Scale

bars, 20 um. The protein expression was measured using the optical staining intensities by ImagePro Plus (version 6.0). The data represent the mean + SD (n = 4). *p < 0.05,
*p < 0.01.
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Figure 5. Protein Expression Changes in Cervical Tissues from HPV16 Transgenic Mice Treated with HPV16 E7-Targeting NPs

(A and B) Shown are (A) representative images of H&E and IHC staining and (B) a comparison of the protein expression of HPV16 E7, P16, RB1, CDK2, E2F1, and Ki67 in
cervical tissues from HPV16 transgenic mice treated with or without NPs (PBAE/CRISPR and PBAE/shRNA, weight ratio 60:1, 10 ug plasmid DNA per day for 20 days).
Scale bars, 20 um. The protein expression was measured using the optical staining intensities by ImagePro Plus (version 6.0). The data represent the mean + SD (n = 4).

*p < 0.05, *p < 0.01.

silencing technique may be safer and more suitable for drug
development.

These techniques or functional plasmids alone are not enough for the
development of appropriate drugs to treat HPV infection and cervical
cancer. They are unable to pass through the barriers of organs, tissues,
and cells, and, therefore, they require a suitable carrier. A variety of
nanomaterials has been shown to deliver nucleic acids (plasmid or
RNAI) for gene therapy, including vaginal application.”” Liposome-
templated hydrogel NPs (LHNPs) were suggested as a versatile
CRISPR/Cas9 delivery tool for experimentally studying the biology
of cancer as well as for clinically translating cancer gene therapy.*®
Folate receptor-targeted liposome (F-LP) was used to deliver a
CRISPR plasmid DNA co-expressing Cas9 and single-guide RNA tar-
geting the DNA methyltransferase 1 (DNMT1) gene to treat ovarian
cancer.”’ Cell-penetrating peptide (CPP)-modified nano-micelles,
comprising polyethylene glycol-polycaprolactone (PEG-PCL) copol-
ymers, were synthesized to improve the efficiency of siRNA delivery
to the brain.”® Urocanic acid-modified chitosan/siCD98 NPs could
reduce colitis in mice.”’ siRNA-loaded biodegradable poly(lactic-
co-glycolic acid) (PLGA) NPs targeted against EGFP successfully
silenced the expression of EGFP in transgenic GFP mice by vaginal
instillation.”® These previous studies indicated prospect in clinic
application of nanomaterials in gene therapy.
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In our study, we used the non-viral nanomaterial PBAE for
plasmid delivery, which has many advantages, such as low toxicity,
biodegradability, high transfection efficiency, and stable polyplex
formulation.'”*' PBAE has been used in the treatment of small cell
lung cancer, malignant brain glioma, breast cancer, melanoma, and
pulmonary fibrosis, and it has shown promising results.'®*">*~>
However, the stability of PBAE in blood is a main limitation for the
application, and PBAE can also cause hemolysis at large doses;
thus, some investigators have made attempts to modifiy PBAEs
with mannose and poly(ethylene glycol) to improve stability and
reduce toxicity.*">° Here we suggest that PBAE is particularly suitable
for vaginal administration; the acidic environment of the vagina is
good for the stability of PBAE NPs, and less PBAE in blood will
reduce the possibility of side effects such as hemolysis. Optimization
of PBAE materials and CRISPR/shRNA plasmids is worthy of further
study.

NPs have a diameter ranging from 10 to 1,000 nm and may or may
not contain drug substance.”” The size of NPs provide that they
have the capacity of encapsulating drugs.”® The particle size of NPs
synthesized by PBAE ranged from 100 to 400 nm in previous
reports.'®*"* In this study, our NPs were 110.2-174.7 nm in size
and were uniformly distributed. They also had low toxicity and
high transfection efficiency. We observed that our NPs could
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effectively inhibit the growth of xenografts in nude mice (Figure 4)
and significantly reduce the expression of E7 in HPV16-positive cer-
vical cancer samples (Figure 3). In the HPV16 transgenic mouse
model in particular, our NPs successfully reversed the malignant
phenotype of the cervical epithelium by inhibiting the expression of
the HPV oncoprotein (Figure 5). Our NPs are already very close to
a drug form that could be used in clinical vaginal medication.

We studied NPs targeting HPV16 E7 oncogene as a representative.
Other HPV16 elements and other types of HPV could also contribute
to cervical tumorigenesis. HPV E6 can cause carcinogenesis by de-
grading P53,°" and the integration of the HPV origin into the host
genome can increase the genomic instability.> Multiple HPV
infections (HPV16, 18, 31, and 59) often exist in lots of patients.
HPV-targeting nanodrugs for HPV16 E6, origin, and other HPV
types could be fabricated using a similar method in the future. In
the clinical settings, we may first detect the HPV type and also the in-
tegrated HPV elements using high-throughput sequencing,” then
apply specific HPV-targeting nanodrugs for individual therapy.

In conclusion, we established NPs based on PBAE and silencing or
knockout plasmids for the treatment of HPV infection, and we
systematically evaluated the toxicity and efficacy of these NPs. Our
work provides novel ideas for the translational application of nano-
materials and plasmids to the clinical treatment of HPV, and it sheds
new light on the prevention and treatment of cervical cancer.

MATERIALS AND METHODS

Material Preparation

1,4-Butanediol diacrylate and 4-amino-1-butanol were purchased
from TCI (B2935, A1013, Japan). 1-(3-aminopropyl)-4-methylpiper-
azine was purchased from Alfa Aesar (104876, USA). Branched poly
(ethyleneimine) (water-free, 25 kDa, bPEI) was purchased from
Sigma-Aldrich (408727, USA). The plasmids pDest-EGFP-N1
(plasmid 31796, GFP), pAAV-CAG-RFP (plasmid 22910, RFP),
and M69 pCMV pGL3 luciferase (plasmid 17186, luciferase) and
the HPV16 E7-targeting CRISPR vector pSpCas9 (BB)-2A-GFP
(plasmid 48138) were purchased from Addgene. The HPV16 E7-
targeting sShRNA vector pSIREN_U6-shRNA_FF6-CMV-iRFP was
purchased from BioVector NTCC, China. pcDNA3.1/Hygro (+)
(pcDNA3.1) was purchased from Invitrogen (USA). The HPV16
E7-targeting shRNA was constructed in our laboratory, and it was
chosen from three shRNAs according to the effective knockdown of
HPV16 E7 (Figures S8A and S8B; Table S2). The HPV16 E7-targeting
CRISPR plasmid was synthesized by Genscript Biotechnology
(Shanghai, China), and the sequence was chosen as the best of three
guide RNAs (gRNAs) designed from the ATUM website (https://
www.atum.bio) (Figures S8C and S8D; Table S2). Plasmid DNA
was prepared using an endotoxin-free plasmid extraction kit (Omega,
USA) and stored at —80°C.

C57BL/6 female mice and specific-pathogen-free BALB/c-nu nude
mice were purchased from BEIJING HFK BIOSCIENCE and housed

at the Experimental Animal Center, Tongji Medical College, Huaz-
hong University of Science and Technology (HUST, Wuhan, China).

K14-HPV16 transgenic mice were provided by the National Cancer
Institute (NCI) Mouse Repository (Frederick, MD, USA) (strain
nomenclature: FVB.Cg-Tg (KRT14-HPV16)wt1Dh) and housed at
the Experimental Animal Center, Tongji Medical College, Huazhong
University of Science and Technology (HUST, Wuhan, China).
Breeding and genotyping of the mice were performed as described
previously.”’

PBAE Polymer Synthesis

Considering that PBAE may be synthesized by a number of different
acrylate-terminated backbone monomers and amine-terminated
side-chain monomers and end-cap monomers, after literature re-
view #2%* and with the experimental verification, 1,4-butanediol
diacrylate, 4-amino-1-butanol, and 1- (3-aminopropyl)-4-methylpi-
perazine were selected to form PBAE polymer as follows: briefly, 1,
4-butanediol diacrylate was mixed with 4-amino-1-butanol and
stirred on a magnetic stir-plate at 90°C for 24 hr with 2 mL DMSO
at a 1.2:1 molar ratio. After stirring, 1-(3-aminopropyl)-4-methylpi-
perazine was added to the mixture (10-fold), and the mixture was
stirred for 30 s, incubated at room temperature for 1 hr, and precip-
itated in anhydrous diethyl ether (Figure S1). The polymer was
washed three times with ether and kept under a vacuum with desic-
cant for 48 hr to remove the final traces of ether. The purified polymer
was then stored at 4°C. For further use, the polymer was dissolved in
DMSO at 100 mg/mL and stored at —20°C.

Cell Culture

The cervical cancer cell lines SiHa (HPV16 positive), CaSki (HPV16
positive), HeLa (HPV16 negative, HPV18 positive) and the HEK cell
line HEK293 (HPV negative) were purchased from ATCC and
passaged in our laboratory. The S12 cell line (HPV16 positive) is an
immortalized human cervical keratinocyte cell line, and it was a
generous gift from professor Kenneth Raj (Health Protection Agency)
with permission from the original owner professor Margaret Stan-
ley.(’s’(’6 SiHa, HeLa, CaSki, and HEK293 cells were cultured in
DMEM supplemented with 10% fetal bovine serum (FBS) (Gibco)
and 100 U/mL penicillin and streptomycin (Invitrogen) at 37°C in
a humidified incubator with 5% CO,. S12 cells were maintained in
a 1:1 mixture of DMEM/F12 (Gibco) and Ham’s F12 (Gibco) medium
supplemented with 5% FBS, 24.3 mg/mL adenine, 0.5 mg/mL hydro-
cortisone, 8.4 ng/mL cholera toxin, 5 mg/mL insulin, and 10 ng/mL
epidermal growth factor (EGF).

NP Fabrication and Characterization

PBAE and plasmids were separately diluted in a 25 mM sodium
acetate solution (pH 5). The PBAE solution was added dropwise to
the DNA solution and mixed gently for 30 s, and the mixture was
incubated at room temperature for 15 min for complete NP forma-
tion. The particle size and zeta potential of the NPs were measured
by laser light scattering (DB-525 Zeta PALS; Brookhaven Instru-
ments, Holtsville, NY, USA).
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Biocompatibility of NPs

SiHa, HeLa, CaSki, S12, and HEK293 cells were seeded in 96-well
plates and incubated overnight. PBAE was diluted in 25 mM sodium
acetate (pH 5) with a GFP plasmid at different weight ratios
(20:1, 40:1, 60:1, and 80:1, PBAE to GFP). bPEI/GFP (weight ratio
3:1) diluted to 1 pg/pL in PBS was used as a control. Each well was
transfected with 100 ng GFP. The culture medium was replaced after
6 hr of treatment with our NPs and the controls. Cell viability was
defined as the metabolic activity retained in each well after transfec-
tion, and it was measured at different time points using a Cell
Counting Kit-8 (CCK-8, Dojindo) according to the manufacturer’s
instructions.

A total of 100 pL NPs (PBAE/pcDNA3.1, 10 pg pcDNA3.1 for the low
dose and 100 ng pcDNA3.1 for the maximum dose) was injected into
the thigh muscles of C57BL/6 mice once a day for 3 days, and bPEI/
pcDNA3.1 was injected as a positive control. On the fourth and
seventh days after the initial injection, the thigh muscles and other or-
gans were harvested. PBAE/pcDNA3.1 and bPEI/pcDNA3.1 (20 pL
NPs containing 10 ug pcDNA3.1) were pipetted into the vaginas of
mice once a day for 20 days; the cervix and other organs were then
harvested. Toxicity was evaluated by H&E staining and TUNEL (ter-
minal deoxynucleotidyl transferase-mediated dUTP-biotin nick end
labeling) staining.

In Vitro, Ex Vivo, and In Vivo Uptake of NPs

All cells were seeded in sterile 12-well plates and incubated overnight
at 37°C. The culture medium was replaced with a solution containing
125 puL NPs carrying 1 pg plasmid. bPEI/plasmid polyplexes (weight
ratio 3:1, 1 ng plasmid) were formed by mixing in PBS buffer for
15 min and then added to cells. The medium was replaced after
6 hr of incubation.

Fresh cervical cancer samples (HPV types were confirmed by Sanger
PCR; Tables S4 and S5) were randomly collected from patients in
Tongji Hospital, immediately washed with Dulbecco’s PBS (DPBS)
supplemented with 100 U/mL penicillin and streptomycin, and
cultured in 12-well plates with 1 mL KSFM (10725018, Gibco).
Then, 150 pL PBAE/plasmid NPs carrying 100 pg plasmid DNA
was added to the tissues. The KSFM was replaced after 6 hr of
incubation.

The vaginas of C57BL/6 mice were rinsed 3 times by PBS to clear the
vaginal mucus. PBAE/plasmid NPs containing 10 ug plasmid were in-
jected into the vaginas of C57BL/6 mice (4 weeks old) once a day for
3 days. Another 3 days later, uterine cervixes and vaginas were iso-
lated after the mice were euthanized, and they were cryosectioned
at 7 um using a frozen section machine (Thermo Fisher Scientific).

TEM Imaging

PBAE/GFP NPs were formed and deposited on carbon-coated copper
grids with porous carbon films, and they were characterized using
scanning electron microscopy with a Hitachi model microscope
(Hitachi HT7700, Japan).
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293 cells were transfected with PBAE/GFP NPs carrying 1 mg/mL
GFP, and they were cultured with DMEM. The cells were collected,
washed with PBS, fixed with 2% glutaraldehyde buffer, dried by crit-
ical point drying with liquid CO, dryer (HCP-2 type; Hitachi), coated
with osmium with a model osmium plasma coater (Nippon Laser &
Electronic Laboratory), and examined by scanning electron micro-
scopy with a Hitachi model microscope (Hitachi HT7700, Japan).

qRT-PCR Analysis

Total RNA was extracted from cells using Trizol reagent (Takara, Da-
lian, China) 72 hr after treatment with NPs. cDNA (2 pg) was gener-
ated using SMART MMLYV Reverse Transcriptase (639522, Takara,
Dalian, China). qRT-PCR was performed using All-in-One qPCR
Mix on a CFX96 Real-Time system (Bio-Rad, USA). Gene expression
in each sample was normalized to GAPDH expression. For qRT-PCR
primers, please see Table S3. The experiments were performed in trip-
licates, and the relative RNA expression was calculated using the
comparative Ct method.

Western Blot Analysis

Cells and tissues were lysed on ice for 30 min in lysis buffer containing
150 mmol/L NaCl, 1% sodium deoxycholate, 50 mmol/L Tris, 1%
Triton X-100, 0.1% SDS, and a protease inhibitor cocktail. The pri-
mary antibodies used were rabbit anti-GAPDH (1:1,000, AM1020a,
Abgent), rabbit anti-HPV16 E7 (1:200, orb10837, Biorbyt), and rabbit
anti-RB1 (1:1,000, 10048-2-Ig, Proteintech Group).

IHC and Immunofluorescence Staining

After the mice were euthanized, the uterine cervixes, vaginas, and
xenografts were isolated and fixed (4% paraformaldehyde).
Paraffin-embedded sections (5 um) were subjected to IHC staining
according to the Proteintech protocol (http://www.ptgen.com/
support/protocols). The slides were incubated overnight at 4°C
with rabbit anti-HPV16 E7 (1:50, orb10573, Biorbyt), rabbit anti-
P16 (1:100, A11337, Abclonal), rabbit anti-RB1 (1:100, 10048-2-Ig,
Proteintech), rabbit anti-Ki67 (1:100, ab16667, Abcam), rabbit anti-
CD34 (1:100, BA0532, Wuhan Boster Biological Engineering), rabbit
anti-CDK2 (1:400, ab6538, Abcam), and rabbit anti-E2F1 (1:200,
12171-1-Ap, Proteintech) primary antibodies. Antibody detection
was performed using diaminobezidin (DAB). Photographs were
taken of three randomly chosen fields using cellSens Dimension
(version 1.8.1, Olympus), and the staining intensity was measured
using ImagePro Plus (version 6.0, Media Cybernetics).

SiHa cells were transfected with PBAE/GFP carrying 1 ng/uL GFP
plasmids, fixed, and subjected to immunofluorescence staining
(red) according to the Proteintech protocol. The cells were incubated
overnight at 4°C with rabbit anti-GFP (1:200, 10048-2-Ig,
Proteintech).

Xenografts and Transgenic Mouse Experiments

4-week-old BALB/c-nu nude mice were injected subcutaneously
in the right flank with 5 x 10° SiHa and HeLa cells. The mice
were randomly divided into groups. After the xenografts grew to
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approximately 35 mm?>, we intratumorally injected 100 uL NPs car-
rying 60 pg plasmid DNA every 4 days. The tumor growth was
measured every 4 days until 20 days using a digital caliper, and the
tumor size was calculated using the following formula: L x W? x
0.5. The subcutaneous tumors were collected after the mice were
euthanized. All experimental protocols were approved by the Institu-
tional Animal Care and Use Committee of HUST, and the study was
carried out in strict accordance with the Guidelines for the Welfare of
Animals in Experimental Neoplasia.

HPV16-positive female mice (6-8 weeks old) were randomly assigned
to three groups for drug treatment. The mice were anesthetized with
1% pentobarbital, the vaginas were washed with 20 pL saline, and
20 puL NPs consisting of PBAE and HPV-targeting CRISPR/shRNA
containing 10 pg plasmid DNA were pipetted into the vaginas every
day for 20 days. The mice were kept anesthetized in the dorsal posi-
tion for at least 30 min to keep the NPs in the vagina. After 20 days of
treatment, the mice were euthanized, and the vaginas were dissected,
fixed in 4% paraformaldehyde, and analyzed by IHC.
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Figure S1. Synthesis of PBAE. 1,4-Butanediol diacrylate was mixed with
4-amino-1-butanol and stirred on a magnetic stir plate at 90°C for 24 hours.
1-(3-Aminopropyl)-4-methylpiperazine was added to the mixture and stirred to form

the PBAE nanomaterials.
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Figure S2. Physicochemical and morphological characterization of NPs. (A)
Agarose gel electrophoresis of NPs containing a GFP plasmid with different weight
ratios (PBAE:GFP). (B) Particle sizes and (C) zeta potentials of NPs with different
weight ratios (PBAE:GFP) measured by dynamic light scattering. The data represent
the mean + SD (n = 3 per group). The data represent the mean + SD (n = 3 per group).

(D) TEM imaging of PBAE/GFP NPs (weight ratio 60:1). Scale bar, 500nm.
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Figure S3. Toxicity of NPs in mouse thigh muscles. (A) Representative images of
H&E staining and (B) necrosis percentage of mouse thigh muscles injected with NPs
consisting of PBAE/pcDNA3.1 (weight ratio 60:1) or bPEI/pcDNAS3.1 (weight ratio
3:1). Arrows indicate the necrotic areas. Scale bars, 40 um. The data represent the
mean + SD (n = 3). (C) Representative images of TUNEL staining and (D) TUNEL
fluorescence intensity of mouse thigh muscles injected with NPs consisting of
PBAE/pcDNA3.1 or bPEI/pcDNA3.1. Green fluorescence indicates TUNEL staining.
Scale bars, 40 um. The data represent the mean £ SD (n = 3). Mouse thigh muscles
were injected with our NPs containing 10 pug of DNA once a day for three days and
then harvested, and the toxicity was evaluated by H&E staining and TUNEL staining
on the 4th day and 7th day after the initial injection. The NPs were compared with

bPEI/pcDNA3.1 (weight ratio 3:1) complexes.
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Figure S4. Toxicity of NPs in the organs of mice whose vaginas were pipetted
with NPs. Representative images of H&E staining of the hearts, spleens, lungs and
kidneys of mice whose vaginas were pipetted with NPs. The NPs consisted of
PBAE/pcDNA3.1 (weight ratio 60:1) or bPEI/pcDNA3.1 (weight ratio 3:1). The
mouse vaginas were pipetted with NPs carrying 10 pg of plasmid once per day for 20
days, and the organs were harvested on the 11th and 21st days after the initial

pipetting. Scale bars, 40 pm.
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Figure S5. Toxicity of NPs in the organs of mice whose thigh muscles were
injected with NPs. Representative images of H&E staining of the hearts, spleens,
lungs and kidneys of mice whose thigh muscles were injected with NPs. The NPs
consisted of PBAE/pcDNAS3.1 (weight ratio 60:1) or bPEI/pcDNA3.1 (weight ratio
3:1). The mouse thigh muscles were injected with NPs carrying 100 pg of plasmid
once per day for three days and the organs harvested on the 4th and 7th days after the

initial injection. Scale bars, 40 um.



Figure S6. Transmission electron microscopy (TEM) imaging of 293 cells

transfected with PBAE/GFP NPs. NPs were in the vesicles of the cytoplasm,
indicating the endocytosis. Figure (B) (Scale bar, 500 nm) was enlarged red box in
figure (A) (Scale bar, 5 um). Arrows showed NPs. Cells were fixed after 72 hours

transfection.
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Figure S7. GFP plasmids were released from the PBAE/GFP NPs. After
PBAE/GFP NPs were taken up by SiHa cells, GFP plasmids were released into the
cytoplasm and expressed GFP proteins (green). Anti-GFP immunofluorescence (RFP,
red) staining further confirmed the cytoplasm location of GFP proteins. Fixed cells
were stained with DAPI for nuclei (blue) and rabbit anti-GFP (RFP, red) for GFP

proteins. Scale bars, 20pum.
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CRISPR-1 AACATATATTCATGCAATGT

CRISPR-2 ACTTTGGAAGACCTGTTAAT
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Figure S8. Choose of HPV16E7 targeting sShRNA and CRISPR. (A) sequences of
HPV16E7 targeting ShRNAs. (B) The effect of silencing HPV 16 E7 of the three
shRNAs on SiHa cells. The expression of HPVV16 E7 was measured by RT-PCR. (C)
Targed sequences of HPV16E?7 targeting CRISPR. (D) T7E1 assay of the three

CRISPR.
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Figure S9. HPV16 E7-targeting ability of NPs in SiHa cells. The HPV16 E7 and RB1
protein expression levels in SiHa cells 72 hours after (A) PBAE/shRNAs NPs and (B)
PBAE/CRISPRs NPs treatment. ShRNA-1 and CRISPR-3 were selected for further
experiments. (C) The HPV16 E7 and RB1 protein expression levels in SiHa cells 72 hours
after PBAE/shRNA/CRISPR combined NPs treatment. Protein expression levels were

determined by western blotting analysis (PBAE/plasmid, weight ratio 60:1, 1 ng/ul plasmid).
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Figure S10. HPV16 E7-targeting ability of NPs in HPV16-negative (HPV18
positive) cervical cell line. The cell viabilities of HelLa cells were determined 0, 24,
48 and 72 hours after HPV16 E7-targeting NP treatment by CCK-8 assay
(PBAE/CRISPR and PBAE/shRNA, weight ratio 60:1, 1 ng/ul plasmid). The data

represent the mean + SD (n =3).



	Nanoparticles Based on Poly (β-Amino Ester) and HPV16-Targeting CRISPR/shRNA as Potential Drugs for HPV16-Related Cervical  ...
	Introduction
	Results
	Synthesis and Characterization of NPs
	NPs Showed Low Toxicity in Cervical Cancer Cells and Mice
	NPs Were Internalized by Cervical Cancer Cells and Cervical Tissues
	HPV16 E7 Expression Was Downregulated by NPs in Cervical Cancer Cells and Samples
	NPs Inhibited the Growth of Xenografts in Nude Mice
	NPs Reversed the Malignant Cervical Epithelium Phenotype of HPV16 Transgenic Mice

	Discussion
	Materials and Methods
	Material Preparation
	PBAE Polymer Synthesis
	Cell Culture
	NP Fabrication and Characterization
	Biocompatibility of NPs
	In Vitro, Ex Vivo, and In Vivo Uptake of NPs
	TEM Imaging
	qRT-PCR Analysis
	Western Blot Analysis
	IHC and Immunofluorescence Staining
	Xenografts and Transgenic Mouse Experiments

	Supplemental Information
	Author Contributions
	Acknowledgments
	References


