1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Control Release. Author manuscript; available in PMC 2021 May 10.

-, HHS Public Access
«

Published in final edited form as:
J Control Release. 2020 May 10; 321: 272-284. doi:10.1016/j.jconrel.2020.01.051.

Ultrasound-Mediated Delivery of miRNA-122 and Anti-miRNA-21
Therapeutically Immunomodulates Murine Hepatocellular
Carcinoma In Vivo

Jennifer C. Wischhusenl2, Sayan Mullick Chowdhury?, Taehwa Lee?2, Huaijun Wang?,
Sunitha Bachawal?, Rammohan Devulapally?, Rayhaneh Afjei2, Uday Kumar Sukumar?,
Ramasamy Paulmurugan?”

1Apoptosis, Cancer and Development Laboratory, Centre de Cancérologie de Lyon, INSERM
U1052-CNRS UMR5286, Centre Léon Bérard, 69008 Lyon, France

2Department of Radiology, School of Medicine, Stanford University, Stanford, CA, USA

Abstract

Hepatocellular carcinoma (HCC) is the most common cause of cancer-related mortality, and
patients with HCC show poor response to currently available treatments, which demands new
therapies. We recently developed a synthetic microRNA-based molecularly targeted therapy for
improving HCC response to chemotherapy by eliminating drug resistance. We used ultrasound-
targeted microbubble destruction (UTMD) to locally deliver microRNA-loaded nanoparticles to
HCC. Since the immune microenvironment plays a crucial role in HCC disease development and
response to treatment, and UTMD and microRNASs have the potential to interfere with the immune
system, in this study we analyzed the immunomodulatory effects of UTMD and miRNAs in HCC.
We used an immunocompetent syngeneic HCC mouse model for the study. We conducted cytokine
profiling in tumor, lymph nodes, and serum of animals within the first 24 h of treatment to analyze
changes in the level of pro- and antitumoral cytokines. The results showed: (1) Hepal—6 syngeneic
tumors expressed HCC-related cytokines, (2) UTMD-microRNA combination therapy triggered
transient cytokine storms, and (3) delivery of microRNA-122 and anti-microRNA-21 affected the
immune microenvironment by decreasing the level of GM-CSF in tumors while modulating
protumoral IL-1a, IL-1B, IL-5, IL-6 and IL-17 and antitumoral IL-2 and IL-12 in tumor-proximal
lymph nodes, and increasing IL-2 in the serum of tumor-bearing mice. Local delivery of targeted
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therapy by UTMD significantly reduced the concentration of IL-12 and IL-17 in lymph nodes of
treated and contralateral tumors suggesting a systemic response.

Conclusion—UTMD-mediated delivery of microRNA-122 and anti-microRNA-21 modulated
the immune microenvironment of Hepal—6 tumors at the level of cytokine expressions. Exploiting
antitumoral immune effects could enhance the therapeutic efficacy of the proposed combination
therapy for HCC.

Keywords

Ultrasound-targeted microbubble destruction; local drug delivery; poly (lactic-co-glycolic acid)
nanoparticles; cytokine screening; tumor immune response

Introduction

Hepatocellular carcinoma (HCC) is the seventh most common cancer worldwide and the
second leading cause of cancer-related death (1). The current treatment paradigm for HCC
has significant limitations. While early stage HCC is treatable by surgical resection or liver
transplantation, with local thermal ablation as an alternative (2,3), only 10-30% of patients
qualify for surgical management (4); recurrence is common after resection (up to 70%) (5),
and transplantation is limited by a shortage of donor organs. For intermediate stage HCC,
transarterial chemoembolization (TACE) is the standard of care (6), with transarterial
radioembolization is emerging as a complementary liver-directed therapy (7). Unfortunately,
both are often contraindicated in cirrhotic patients due to poor baseline liver function and
treatment response can be variable. Patients with advanced HCC and those who fail or are
ineligible for liver-directed therapies are left with extremely limited treatment options and
dismal prognosis. Moreover, HCC is commonly resistant to chemotherapies, such as
doxorubicin (8). Despite screening, most HCC patients are diagnosed at intermediate or
advanced stage with large/multifocal lesions, extrahepatic spread, and vascular invasion (1).
These patients are excluded from surgery and undergo palliative therapy such as local
chemotherapy (transarterial chemoembolization), or with sorafenib, a small molecule kinase
inhibitor, for which the response rates are low and side effects are common (1,9). Thus,
novel therapies for intermediate and advanced stage patients are required to improve disease
management.

Targeted delivery using various nanoparticles have been used for small molecule drugs and
siRNAs. Doxorubicin with liposome as a nanocomplex (Doxil) is currently used for cancer
therapy in the clinic to reduce non-specific toxicity associated with Doxorubicin. In contrast
to all the advances in various delivery approaches and therapeutic molecules,
immunotherapy has been dominating as a promising treatment for various cancers. But not
many immunotherapies are currently available for HCC, except the recently tested PD-1
inhibitory monoclonal antibodies, such as pembrolizumab and nivolumab, as a second-line
therapy for advanced HCC as monotherapy (10). Hence, our group has previously reported a
novel therapeutic approach for HCC using an image-guided focused ultrasound (US)-based
system for localized delivery of miRNA-loaded poly (lactic-co-glycolic acid) nanoparticles
(PLGA-NPs) and subsequent systemic chemotherapy with doxorubicin (Dox) to reduce the
dose of Dox needed for treatment (11,12). US drug delivery was achieved by intravenous
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injection of contrast agents called microbubbles (MBs), with a diameter of 1-5 um, and the
application of US to trigger targeted MB destruction (UTMD) causing MB oscillation and
collapse (13). This process, termed cavitation, permeabilizes treated tissue thereby
facilitating the delivery of co-injected drugs/drug loaded nanoparticles, such as PLGA-NPs,
to the tumor. Our PLGA-NPs are loaded with microRNA-122 (miR-122) and anti-
microRNA-21 (anti-miR-21). miR-122 is a tumor suppressor microRNA (miRNA) that is
downregulated in HCC causing apoptosis evasion, tumor progression, metastasis and drug
resistance (14,15). In contrast, miR-21 is an oncogenic miRNA that is upregulated in HCC
and promotes tumor cell proliferation, migration, invasion and chemo-resistance (16,17).
The combination treatment with miR-122 and anti-miR-21 complements the lack of
miR-122 while decreasing the level of endogenous miR-21 by functional inhibition in
HepG2 human HCC cells, and this process molecularly alter the endogenous target genes
expression to implement therapeutic response (12). Therefore, this approach is considered a
molecularly targeted therapy affecting cancer cells with altered miR-122 and miR-21
expression. The complementary miRNA therapy re-sensitizes HCC to Dox and shows
improved therapeutic efficacy (12). These results underscore its potential for further
development.

The immune system plays an important role in HCC disease that is an antigenic lesion
expressing tumor-associated antigens and neo-antigens leading to infiltration of tumor-
associated antigen-specific CD8* T-cells (18). But tumor cell recognition by CD8* T-cells is
prevented by regulatory T cells, myeloid-derived suppressor cells, and tumor-associated
(M2) macrophages, and immune checkpoint regulators expressed by tumor cells (18,19). In
order to challenge HCC, this protumoral immune barrier needs to be thwarted.

miR-122, miR-21, and UTMD have been reported to modulate the immune system. miR-122
downregulation in HCC upregulates monocyte chemoattractant protein 1 (MCP-1)
supporting the pro-inflammatory environment required for HCC progression. Hence,
delivery of miR-122 is expected to attenuate or revert this condition (20,21). Myeloid-
derived suppressor cells and HCC cells overexpress miR-21, which limits the polarization of
antitumoral Th1 cells. This in turn activates anti-inflammatory M2 macrophages and
promote pro-inflammatory and protumoral microenvironment (22,23), which is expected to
be inhibited by the delivery of anti-miR-21. It has been previously shown in colorectal tumor
models that mechanical or low-intensity US can induce the leakage of antigens and
molecules from tumor cells leading to recruitment and accumulation of cytotoxic T cells and
Natural Killer cells in the tumor (24,25). Similarly, immunogenic presentation of tumor
antigens and the reversal of T cell tolerance has been shown in a melanoma model (26).
Thus, in this study, we sought to evaluate whether our proposed combination therapy has any
immune-modulatory activity in an immune-competent syngeneic murine HCC model, which
can be exploited to enhance anti-cancer therapeutic efficacy. To do so, we applied UTMD
alone or UTMD in combination with miRNA and assessed the associated change in the
immune microenvironment of the tumor, tumor-proximal lymph nodes, and serum by
screening for an array of pro- and antitumoral cytokines (Fig. 1A). We observed a significant
change in the expression level of antitumoral cytokines when we used UTMD in
combination with microRNAs compared untreated conditions.
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Materials and Methods

PREPARATION OF miRNA-LOADED PLGA-b-PEG NANOPARTICLES

miRNA-loaded PLGA-PEG NPs were prepared as described by us previously (11,12,27,28).
For more details, refer to the Supplementary Material and Methods. Of note, we used the
same miR-122 and anti-miR-21 sequences as used for drug delivery to human HCC since
the mature miRNA sequences of both human and murine are identical (Supp. Tab. S1).

IN VITRO EXPERIMENTS

Therapeutic response of Hepal-6 (CRL-1830, ATCC) murine HCC cells to miRNA-122/
anti-miR-21 treatment was assessed by measuring cell viability by propidium iodide staining
based FACS analysis, western blot analysis for the expression of pro- and anti-apoptotic
proteins, and the cellular levels of miR-122 and anti-miR-21 upon treatment. The in vitro
experiments are described in more detail in Supplementary Material and Methods.

ANIMAL STUDIES

The Institutional Administrative Panel on Laboratory Animal Care at Stanford University
approved all procedures involving the use of laboratory animals. C57BL/6J mice were
purchased from The Jackson Laboratory (Bar Harbor, ME, USA). A total of 4 million
Hepal-6 cells of an early passage (less than 5) were subcutaneously injected into the lower
flank of 8-weeks old female C57BL/6J mice. After four weeks, tumors were surgically
excised and pieces (~0.1 mm) of the first established Hepal—-6 tumor were further engrafted
using a Precision Trochar (Innovative Research of America, Sarasota, Florida, USA) under
sterile conditions. This procedure was repeated for establishing a syngeneic Hepal-6 HCC
mouse model for further experiments. Mice at the age of 12 weeks with a fully active
immune system were used for all the experiments conducted in this study.

US THERAPY SYSTEM

The composite US system used for local UTMD treatment was previously described (Lee et
al., under revision). Briefly, each tumor was perfused with MBs and miRNA-loaded NPs and
insonified five times in total. During each therapy cycle, the US transducer was
electronically steered into six adjacent foci to cover the entire tumor volume (Fig. 1B). The
detailed procedure for UTMD is described in Supplementary Material and Methods.

THERAPY RESPONSE ASSESSMENT

To assess the efficacy of the combination therapy approach, Hepal-6 tumors were treated
with UTMD + miRNA followed by an intraperitoneal injection of doxorubicin at 10 mg/kg
body weight on day 0, 1 and 3. Tumor volume was measured with a caliper, and the
apoptosis was assessed by TUNEL assay as described in detail in Supplementary Material
and Methods.

CYTOKINE EXPRESSION ANALYSIS

For cytokine expression analysis, serum, lymph nodes, muscles and tumor samples were
collected at 0.5 h, 6 h, and 24 h after UTMD or UTMD/miRNA treatment (Fig. 1C). Mice
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were kept under anesthesia at 2% isoflurane in oxygen (2 L/min) during treatment and blood
collection. Blood was collected by submandibular bleeding into Serum Gel Z/1.1 tubes.
Tubes were kept at room temperature for 15 min to allow clotting, and centrifuged for 5 min
at 5,000 rpm. Supernatants were collected and stored at —80 °C until the assay was
performed. To remove blood pool associated cytokines in tumors and lymph nodes, mice
underwent cardiac perfusion with 15 mL of phosphate buffer saline. Then, inguinal lymph
nodes of treated and contralateral sites were isolated. Finally, treated and contralateral
control tumors or hind limb muscle were collected. All tissues were flash frozen in liquid
nitrogen and finally stored at —80 °C until processing. To isolate proteins from tissues, 100
uL of lysis buffer was added to 50 mg of tissues, and tissues were homogenized (PRO250
Homogenizer, PRO Scientific) for approximately 1 min at intermediate speed. Samples were
centrifuged at 10,000 rpm for 5 min at 4 °C and supernatants were collected for use in
cytokine assays. Protein concentrations were quantified by Bio-Rad Protein Assay kit and
Qubit Protein Assay Kit. 16-plex Q-Plex Array (Quansys Biosciences, Logan, Utah, USA)
was used to screen a panel of pro- and antitumoral cytokines (IL-1a, IL-1B, IL-2, IL-3, IL-4,
IL-5, IL-6, IL-10, IL-12, IL-17, MCP-1, IFN-y, TNF-a, MIP-1a, GM-CSF, and RANTES)
(Fig. 1C). For tissue samples, 125 g of protein was used for the assay. For serum, the
samples were diluted 1:2 prior to use. Read-out of Q-Plex 96-well plates was performed
using an 1VIS Lumina I1I (Caliper Life Sciences, Perkin Elmer, Waltham, MA) optical
imaging system. Absolute photon counts were acquired, regions of interest were manually
positioned over the chemiluminescent signals, and the photon counts of the calibrator and
samples were used to calculate the concentration of cytokines in pg/mL that were above the
limit of quantification (Supp. Tab. S2).

STATISTICAL ANALYSIS

Results

All continuous measurements were expressed as mean + standard error of mean (SEM). The
two-sample Wilcoxon rank test was used for comparisons between two groups for data
collected in the tumor growth study, TUNEL assay, and cytokine screening. All treated or
intra-animal contralateral control tissues were compared to untreated control tissues as listed
in detail in the Supplementary Material and Methods. All statistical analyses were performed
with statistical software (SPSS version 21; IBM Corporation, Endicott, NY). Asterisks
indicate significant differences with *: p<0.05 or **: p<0.01.

miR-122 AND anti-miR-21 CO-TREATMENT TO HCC CELLS DECREASE CELL VIABILITY
AND INCREASE APOPTOSIS IN VITRO

We sought to assess the immune-modulatory function of UTMD-mediated miRNA delivery
to leverage it as a novel therapy approach for HCC. First, we tested the /n vitro response of
murine Hepal-6 cells to the combined treatment with miR-122- and anti-miR-21-loaded
PLGA-PEG NPs and Dox (Fig. 2A). Incubation of cells with a combination of miRNA-
loaded NPs showed microRNA dose-dependent decrease in cell viability in the presence and
absence of doxorubicin (Supp. Fig. S1A). Incubation of cells with miRNA-loaded NPs (10
pmols each of miR-122 and anti-miR-21) led to a decrease in the viable cell population from
89% in the control to 66.8% in miR-122/anti-miR-21-treated cells (Fig. 2B). When miRNA
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treatment was combined with 1 uM Dox, cell viability further decreased from 83.9% in the
Dox alone treatment to 49.8% after miRNA/Dox co-treatment. We also assessed the cell
cycle status of different treatment conditions. The microRNA co-treatment in presence and
absence of Dox enhanced cell cycle arrest at S/G2 phases, and sensitized cells to Dox-
mediated apoptosis (Fig. 2C,D and Supp. Fig. S1B).

Next, the intracellular delivery of intact miRNAs was assessed by real time quantitative RT-
PCR. The results showed successful delivery of miRNAs in Hepal-6 cells, which was
1.5+0.5x10°-fold (MiR-122) and 3.5+0.7x105-fold (anti-miR-21) higher in cells treated with
respective miRNAs either treated alone or in combination with Dox (Fig. 3A-C). Treatment
with Dox did not affect the transfection efficiency of miRNAs (Fig. 3C). Further, the
expression of pro- and antiapoptotic proteins along with the targets of miR-122 and miR-21
were assessed. PDCD4 and PTEN, both inhibited by oncomiR-21, were upregulated upon
anti-miR-21 treatment confirming successful delivery and activity of anti-miR-21 in Hepal-
6 cells (Fig. 3D). The expression of survival factor IGF-1R and cell cycle inhibitor p21 did
not change much upon treatment. Pro-apoptotic Puma protein was slightly decreased when
co-treated with miRNA/Dox. The survival factor Bcl2 but also the pro-apoptotic protein
BAX were decreased in cells treated with miR-122/anti-miR-21/Dox compared with the
control condition but the BAX to Bcl2 ratio increased which supported the apoptotic action
in cells.

Taken together, there was an overall positive in vitro therapy response decreasing cell
viability, confirming successful miRNA delivery and increasing pro-apoptotic activities.

UTMD TREATMENT WITH miR-122/ANTI-miR-21 AND DOX CO-TREATMENT DECREASE
Hepal-6 TUMOR GROWTH AND INCRESASE APOPTOSIS IN VIVO

The response of Hepal—6 tumors to UTMD-mediated delivery of miRNA-loaded NPs
followed by intraperitoneal injection of Dox was studied by following the scheme shown in
Fig. 4A. Treatment significantly decreased the growth of Hepal-6 tumors compared to
untreated controls as observed on day 2 (142.6% relative tumor volume in control vs.
110.3% in treated tumors, p=0.008), day 4 (196.5% vs. 156.5%, p=0.032), and day 6
(265.2% vs. 161.0%, p=0.005) (Fig. 4B). The smaller tumor volume upon treatment was
accompanied by a significant increase in cell death (4.3-fold increase, p=0.001) (Fig. 4C,D).
Compared to previous studies performed with human HepG2 tumors in immune-
compromised nude mice, untreated control Hepal-6 tumors grew more slowly than HepG2
tumors (29), which could be due to the role of active immune microenvironment in
C57BL/6J mice. The reduced growth rate of treated Hepal—6 tumors was similar to that of
treated HepG2 tumors confirming the consistency of therapeutic efficacy by the combination
therapy.

Hepal-6 TUMORS EXPRESS HCC-RELATED CYTOKINES

To characterize the immune condition of Hepal-6 tumors in the syngeneic C57BL/6J
immunocompetent mouse background, we performed a systematic screening for a panel of
cytokines with pro- and antitumor functions. All screened cytokines were expressed at
seemingly higher levels in the Hepal—6 tumor tissues engrafted onto the lower flanks of
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C57BL/6J mice than in the hind limb muscles of control mice, whereof eight HCC-related
cytokines were expressed at significantly increased levels: IL-1a (16.1 vs. 3.2 pg/mL,
£=0.020), IL-1B (22.4 vs. 4.3 pg/mL, p=0.001), IL-5 (44.9 vs. 3.4 pg/mL, p=0.001), IL-17
(216.3 vs. 3.7 pg/mL, p=0.004), TNF-a (43.2 vs. 1.5 pg/mL, p=0.032), macrophage
inflammatory protein 1a (MIP-1a) (477.7 vs. 16.6 pg/mL, p=0.001), granulocyte-
macrophage colony-stimulating factor (GM-CSF) (128.4 vs. 2.6 pg/mL, p=0.0001) and
Regulated on Activation, Normal T Cell Expressed and Secreted (RANTES) (182.5 vs. 13.9
pg/mL, p=0.006) (Fig. 5A). IL-1a is a mediator of liver tumorigenesis (30). IL-1p is
overexpressed in human hepatoma cell lines and mediates inflammation, carcinogenesis,
invasiveness, and immunosuppression (31,32). IL-5 was associated with poor prognosis in
HCC as serum levels of IL-5 were higher in patients with HCC than in healthy controls (33).
IL-17 was upregulated in HCC patients suggesting a protumoral function, which has not
been understood yet (33). TNF-a is overexpressed in HCC patients, and induces hepatocyte
apoptosis and carcinogenesis (34). MIP-1a is overexpressed in HCC mouse models and
triggers monocyte migration (32). GM-CSF is frequently upregulated in cancer, and
neutralization of GM-CSF inhibits HCC progression and myeloid-derived suppressor cell
accumulation (35,36). The pro-inflammatory cytokine RANTES was shown to be
overexpressed in patients with chronic liver disease and in HCC mouse models, and its
deletion reduces immune cell infiltration and angiogenesis (37). The expression of these
protumoral cytokines confirmed the establishment of an HCC-related immune
microenvironment upon engraftment of Hepal-6 tumors.

In tumor-associated lymph nodes, we observed a significant increase in the concentration of
several cytokines compared to normal lymph nodes: protumoral IL-1a (38.2 vs. 13.8 pg/mL,
£~=0.008), IL-1B (64.6 vs. 34.5 pg/mL, p=0.044), IL-5 (70.1 vs. 28.8 pg/mL, p=0.021), IL-6
(35.3 vs. 7.0 pg/mL, p=0.029), and antitumoral IL-2 (30.7 vs. 13.7 pg/mL, p=0.037), IL-12
(118.4 vs.50.7 pg/mL, p=0.036), and IFN-y (38.2 vs. 8.7 pg/mL, p=0.035) (Fig. 5B). IL-6
that activates STAT3 in the tumor microenvironment inhibiting dendritic cell maturation and
blocking antitumor immunity has been reported to be upregulated in HCC patients (38). IL-2
regulates survival, proliferation, and differentiation of T cells and Natural Killer cells for
cancer immune surveillance (39). IL-12 is a pro-inflammatory cytokine with antitumor
functions such as enhancement of cytotoxic T cells and cytolytic Natural Killer cells, and
inhibition of angiogenesis (40). IFN-vy is a pro-inflammatory chemokine enhancing T cell
and Natural Killer cell infiltration and tumor cell death in HCC (41). Thus, the inflammatory
condition in the tumor tissue seemed to elicit immune system activation in proximal lymph
nodes producing both pro- and antitumoral cytokines indicating a fight between immune
surveillance and evasion.

In the serum of tumor-bearing mice, IL-3 (3.4 vs. 1.8 pg/mL in control, p=0.001) and IL-4
(4.2 vs. 1.6 pg/mL in control, p=0.001) were significantly upregulated compared to serum of
normal mice (Fig. 5C). IL-3 is a regulator of immune cell growth, differentiation, migration
and effector function, and it has been shown to enhance viability and proliferation of
leukemic cells (42). IL-4 is involved in M2 macrophage polarization and was associated
with cancer cell proliferation and survival in human glioma, ovarian, lung, breast,
pancreatic, colon, and bladder cancers (43). Although the exact function of IL-3 and IL-4 in
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HCC has not been understood, the data suggests a protumoral cytokine profile in the serum
of tumor-bearing mice.

Taken together the data suggests an HCC-specific inflammatory immune microenvironment
in Hepal-6 tumors that is extended to tumor-associated lymph nodes and the systemic
circulation.

mMiRNA and UTMD COMBINATION THERAPY SUPPRESS PROTUMORAL CYTOKINES IN
HCC TUMORS

Dox is an FDA-approved chemotherapy whose therapeutic efficacy and immune-modulatory
effects have been extensively studied. Here, we focus on evaluating the immune-regulatory
effects of UTMD-mediated delivery of miR-122/anti-miR-21-loaded PLGA-NPs in HCC.

We observed that protumoral GM-CSF significantly decreased at 0.5 h after UTMD-
mediated miRNA delivery in the treated tumor compared to untreated control tumor (26.5
vs. 128.4 pg/mL, p=0.039). Thus, miRNA delivery seemed to elicit antitumoral effects in the
tumor tissue.

In the tumor lymph nodes, the concentration of many cytokine levels increased at 0.5 h and
at 24 h while concentrations were lower than the control at 6 h post treatment by miRNA
delivery. A significant decrease in concentration at 6 h post treatment was observed for:
protumoral IL-1a (5.1 vs. 38.2 pg/mL, p=0.03), IL-1p (5.7 vs. 64.6 pg/mL, p=0.014), IL-5
(6.4 vs. 70.1 pg/mL, p=0.009), IL-6 (1.8 vs. 35.3 pg/mL, p=0.044) and I1L-17 (12.4 vs. 86.3
pg/mL, p=0.021), and antitumoral IL-2 (3.5 vs. 30.7 pg/mL, p=0.014) and IL-12 (23.0 vs.
118.4 pg/mL, p=0.021) (Fig. 6). Interestingly, almost all of these same cytokines were
significantly upregulated at 24 h post miRNA delivery: protumoral IL-1a (110.0 vs. 38.2
pg/mL, p=0.019), IL-1B (199.9 vs. 96.2 pg/mL, p=0.009), IL-5 (137.3 vs. 70.1 pg/mL,
=0.039), IL-6 (126.5 vs. 35.3 pg/mL, p=0.024), IL-10 (47.8 vs. 16.6 pg/mL, p=0.024) and
IL-17 (168.5 vs. 86.3 pg/mL, p=0.031), and antitumoral IL-2 (79.9 vs. 30.7 pg/mL, p=0.007)
(Fig. 6). IL-10 mediates M2 macrophage polarization and promotes HCC progression (19).
Thus, there was an initial drop followed by upregulation of both pro- and antitumoral
cytokines in tumor lymph nodes, which can potentially affect the therapy response (Fig. 6).

In the serum of tumor-bearing mice, miRNA delivery led to an increase of antitumoral IL-2
concentration at 6 h post treatment (13.9 vs. 3.3 pg/mL, £=0.008), and an increase in
protumoral RANTES concentration at 0.5 h (61.6 vs. 32.2 pg/mL, £=0.043), at 6 h (357.9
vs. 32.2 pg/mL, p=0.011), and at 24 h (120.3 vs. 32.2 pg/mL, p=0.013) (Fig. 6). Thus, there
was an overall positive therapy response upon UTMD treatment in the presence of miRNAs.

Taken together, cytokine screening demonstrated an important immune-modulatory potential
of UTMD-mediated miRNA therapy, as several HCC-related pro- and antitumoral cytokines
were modulated in tumor tissue, adjacent lymph nodes and serum.

UTMD AND miRNA-LOADED NPs SYNERGISTICALLY ACTIVATE IMMUNE RESPONSES

To understand whether UTMD has any contribution to the immune-modulatory effects of
miR-122/anti-miR-21 treatment, UTMD treatment alone and UTMD-mediated miRNA
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delivery were directly compared. An overview on the concentration changes upon both
treatment regimens for all cytokines of the screening panel is presented in Fig. S2. Here, we
present the data only for cytokines for which significant concentration changes were
observed. In tumor tissue, GM-CSF concentration decreased early upon miRNA delivery (at
0.5 h) and returned to the original level at 24 h post treatment (Fig. 7A). UTMD treatment
alone showed a moderate increase in GM-CSF level, but was not significantly different from
the control. In tumor lymph nodes, miRNA delivery initially led to a marginal upregulation
of cytokines at the earliest time point (0.5 h post treatment) and then to a significant
decrease in concentration of IL-1a, IL-1B, IL-2, IL-5, IL-6, IL-12, and IL-17 at 6 h followed
by a significant upregulation compared to the control at 24 h. In comparison, UTMD
treatment alone triggered moderate but non-significant changes in the concentration of these
cytokines that reflected the same tendency of changes as triggered by the UTMD-mediated
miRNA delivery.

At 6 h, UTMD treatment alone triggered a significant decrease in IL-5 concentration by
78+9% (mean £ SEM) and miRNA delivery by 91+7%. Moreover, UTMD treatment
significantly increased the concentration of 1L-12 (341+173%) and of I1L-17 (169+33%) at
0.5 h post treatment while miRNA along with UTMD did not add much to the expression of
these cytokines (IL-12 to 139+78% and of IL-17 to 131+£83%). With regard to TNF-a,
UTMD treatment triggered a significant increase (189+33%) at 0.5 h post treatment while
UTMD-mediated miRNA delivery showed no effect (72+39%). For GM-CSF, UTMD
treatment significantly reduced its concentration by 83+5%, and miRNA supplementation
further reduced its concentration (by 58+36%). RANTES was significantly upregulated at 6
h and 24 h upon UTMD treatment (186+34% and 153+17%, respectively), but there was no
significant change with UTMD-miRNA delivery (104+22% and 88+20%, respectively).
Overall, UTMD showed the same tendency but weaker effects than miRNA delivery
suggesting that mechanical US activity contributed to the immune-regulatory effects of
miR-122/anti-miR-21 delivery not only by indirectly enhancing the penetration of miRNA-
loaded NPs, but also by directly interfering with the immune microenvironment.

In the serum of tumor-bearing mice, significant concentration changes upon miRNA
delivery were observed for IL-2 and RANTES while UTMD treatment alone did not trigger
any change (Fig. 7C). GM-CSF was significantly reduced (6+2%) at 6 h post UTMD
treatment alone, and miRNA supplementation caused only a moderate decrease (55+36%).
Thus, there was only a partial overlap in the effect of UTMD alone and UTMD-mediated
miRNA delivery. UTMD alone had a much weaker effect, which is coherent with the fact
that cytokine-secreting cells in the blood are well exposed to intravenously administered
miRNA-loaded NPs, but not to locally applied US.

MiRNA DELIVERY TRIGGERS LOCAL AND SYSTEMIC IMMUNE RESPONSES

To assess systemic responses, mice bearing Hepal—6 tumors on both the right and left hind
limbs were used for the study. We treated one tumor with UTMD, but treated and untreated
contralateral tumor tissues with their respective adjacent inguinal lymph nodes were
collected for cytokine screening. Significant changes in cytokine concentrations upon
miRNA delivery were detected in lymph nodes of contralateral tumors while no changes
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were observed in the contralateral tumor tissue itself. An overview on concentration changes
upon therapy for all cytokines of the screening panel is presented in Fig. S3. Here,
significant concentration changes are described (Fig. 8).

GM-CSF concentration reduced in the lymph nodes of the contralateral tumors at 6 h post
miRNA delivery while there were no significant changes in the lymph nodes of treated
tumors (23.1 (treated) or 13.1 (contralateral) vs. 55.0 pg/mL (control), 5=0.149 or p=0.043)
(Fig. 8). For IL-12 and IL-17, UTMD-mediated miRNA delivery triggered a significant drop
in concentration in lymph nodes of both treated tumors and contralateral tumors at 6 h post
treatment (IL-12: 23.0 (treated) or 32.7 (contralateral) vs. 118.4 pg/mL (control), £=0.021 or
p=0.014; IL-17: 12.4 (treated) or 27.1 (contralateral) vs. 86.3 pg/mL (control), p=0.021 or
£~=0.043). For IL-3, a significant upregulation was observed in the lymph nodes of
contralateral tumors at 24 h post miRNA delivery while there was no significant change
observed in the lymph nodes of treated tumors (46.0 (treated) or 46.8 (contralateral) vs. 15.0
pg/mL (control), p=0.051 or p=0.040). Thus, the significant increase in IL-3 and decrease in
GM-CSF in contralateral lymph nodes were accompanied by a moderate increase and
decrease, respectively, in lymph nodes of treated tumors. In summary, miRNA delivery
proved to immunomodulate lymph nodes adjacent to both treated and untreated contralateral
tumors therefore suggesting local and systemic therapy effects.

Discussion

In this study, using an immune-competent mouse model bearing subcutaneously engrafted
syngeneic Hepal-6 HCC tumors, we showed: (i) UTMD-mediated delivery restores tumor
suppressor miR-122 while depleting the function of oncogenic miR-21 in HCC, (ii) miRNA
delivery increases apoptosis /n vitro and /n vivo, and reduced tumor growth /in vivo, and (iii)
the tumor immune microenvironment is modulated by partially activating antitumoral
cytokines and suppressing protumoral cytokines.

We hypothesized that supplementation of miR-122 and depletion of miR-21 can reactivate
antitumor immune functions. The results of our study confirmed this hypothesis by
indicating a change in the concentration of pro-inflammatory and protumoral cytokines and
suggesting a positive therapy outcome upon treatment. But it is not clear whether the
positive effects, such as the upregulation of antitumoral IL-2 can dominate concomitant
negative effects, such as the upregulation of HCC-promoting IL-6 and IL-10, and reactivate
antitumoral immune responses. Based on cytokine functions, one might assume that M2
macrophages (polarized by 1L-10), myeloid-derived suppressor cells (stimulated by GM-
CSF), regulatory T cells (activated by IL-1a), and eosinophils (modulated by IL-5) are
present in the microenvironment of Hepal-6 tumors which can be tuned by modulating
cytokine expressions to achieve antitumoral effects and impair HCC progression. Our
combination therapy triggered local and systemic changes in cytokines levels. This
observation was very promising for the development of a therapy approach that directly
targets the primary tumor but can also show effect on metastatic nodules in distant sites,
which needs further validation. A limitation of our study is the fact that various cytokines in
different groups with small sample sizes were analyzed. However, our results show that
despite a small sample size significant expression changes could be detected for multiple
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cytokines upon therapy. Therefore, we decided to not extend this study to a larger scale. The
study was limited to cytokine analysis within the first 24 h upon UTMD-mediated miRNA
delivery. Further studies with extended time points with multiple treatment conditions are
needed to confirm these assumptions and to understand the long-term changes in the
immune microenvironment of HCC after repeated treatment. A characterization of immune
cell populations in addition to cytokine profiles will also be useful to allow for an even better
understanding of the therapy’s immunomodulatory potential for cancer cell elimination.

As expected, UTMD interfered with the tumor’s immune microenvironment upon therapy.
Indeed, UTMD alone triggered a change in various cytokine concentrations. This is in line
with previous studies showing that pulsed focused US triggers mechanical effects and
damages tissues at the subcellular level, thereby releasing danger signals, and enables
penetration of dendritic cells, activated cytotoxic T cells, and Natural Killer cells into tumor
tissues resulting in a decrease of tumor growth (44-46).

PLGA-NPs are clinically approved as they show good biocompatibility and provide high
delivery efficacy, and miRNA-loaded PLGA-NPs can be prepared according to Good
Manufacturing Practice (GMP), which facilitates rapid clinical translation of this approach.
UTMD has already been shown to be safe and efficient for the delivery of chemotherapy in
patients with inoperable pancreatic cancer in a first human clinical trial (47). With regard to
these facts, our therapy approach has a good chance to be clinically translatable in the future,
but requires first experimental clinical trials to prove these assumptions.

To further fine-tune and enhance our therapy approach, it could be complemented with
additional drugs such as antitumoral IL-2 protein, which was previously observed to be
downregulated in our therapy approach, and for which different clinically translatable drug
formats are available. Also, the combination of UTMD-mediated delivery of targeted gene
therapy with immunotherapies is conceivable. Recent studies from Ferrara and colleagues
have shown a local and systemic tumor responses after treatment with US-mediated
hyperthermia for delivery of Dox-encapsulated temperature-sensitive liposomes combined
with intra-tumoral injection of toll-like receptor-9 activating CpG immunotherapy or
intraperitoneal injection of anti-PD-1 immune checkpoint inhibitor antibodies (48,49).
Further studies are needed to investigate whether combined UTMD drug delivery and
immunotherapy can have mutually intensified therapeutic effects that can be exploited for
cancer therapy.

The therapy approach shown in this study targets a common oncogenic miRNA and
complements a common tumor suppressor miRNA. Besides HCC, dysregulation of miR-122
and miR-21 were also found in other solid tumors such as, breast cancer, pancreatic cancer
and prostate cancer (50), which could potentially benefit from the development of our drug
delivery approach as tumors in these respective organs can be easily insonified, opening a
path for broad clinical utility that warrants further assessment.

In conclusion, UTMD-mediated delivery of miR-122/anti-miR-21-loaded PLGA-NPs for the
treatment of HCC is a powerful strategy. In addition to a sensitization of tumor cells to
apoptosis and a reduction in tumor growth, activation of antitumoral immune functions was
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also observed. Further studies will be required to determine whether the effects are long-
lasting and translate into changes in immune cell populations, how to fine-tune and enhance
therapeutic efficacy by combining with anticancer drugs, and whether this strategy can be
adopted to other types of cancer. The combination therapy exploiting biophysical effects and
molecular targeting of relevant oncogenes/tumor suppressors provides an optimistic
approach for countering aggressiveness and resistance of HCC to improve therapeutic
outcome in patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A. Study scheme
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FIG. 1.
Study design. (A) Schematic workflow of the study: In order to study the effect of UTMD-

mediated miRNA delivery on the immune response of HCC /n vivo, the study was
performed in three phases. (B) US therapy setup: The US device comprises an imaging
transducer for guidance and a therapy transducer for focused mechanical US inducing MB
cavitation. The US device is lowered until transducers and tissues are coupled using US gel.
B-mode is used to focus the US energy on the center of the tumor. The therapy protocol lasts
10 min with alternating cycles of MB & NP infusion and cavitation. (C) Cytokine screening:
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Tumors were treated by UTMD-mediated delivery of miR-122/anti-miR-21-loaded PLGA-
NPs. Serum was collected by submandibular bleeding. The blood pool was cleared by
cardiac perfusion with PBS and inguinal lymph nodes and tumors were collected. Using a
multiplex cytokine array assay, cytokines were captured with anti-cytokine antibodies,
immobilized at the bottom of a 96-well plate and revealed like in a Western blot analysis.
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A. Schematic work-flow of in vitro analyses
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D. Cell cycle status table

Cell cycle phases [%]
Condition G1 S G2
Control 22.57 19.41 58
Dox 11.55 13.86 74.5
miR-122 18.46 21.89 59.6
miR-122 + Dox 8.4 15.98 75.5
anti-miR-21 18.86 28.2 52.9
anti-miR-21 + Dox 9.2 18.75 72
miR-122 + anti-miR-21 11.47 34.5 53.97
miR-122 + anti-miR-21 + Dox 76 19.23 73

FIG. 2.
MiR-122 and anti-miR-21 co-delivery sensitize murine Hepal-6 cells to Dox and induce

apoptosis and cell cycle arrest. (A) Scheme for the timing of various conditions for /n vitro
experiments. (B) FACS histograms after propidium iodide (P1) staining to distinguish
between viable and apoptotic cells. (C) FACS histograms showing cell cycle phases in
response to treatment. (D) Table showing the percentage of cells in different cell cycle
phases in response to different treatment conditions (cells were treated with Dox at 1 uM).
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A. gRT-PCR analysis of miR-122
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B. gRT-PCR analysis of anti-miR-21
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FIG. 3.

0, =
Bel2

Assessment of intracellular miR-122 and anti-miR-21 levels after UTMD, and the
expression of apoptosis-related proteins in Hepal—6 tumor cells after treatment with
miR-122/anti-miR-21/Dox. Fluorescence charts indicating the threshold cycles of (A) anti-
miR-21 and (B) miR-122 as assessed by quantitative RT-PCR. (C) Quantification of the fold
change in delivered intracellular miRNAs levels (anti-miR-21 and miR-122) relative to the
control sample. (D) Western blot analysis results of cells treated with a combination of
microRNAs in the presence Dox for the expression of pro- and anti-apoptotic proteins along
with miRNA targets.
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A. Schematic work-flow of in vivo therapy C. TUNEL assay in tumor tissues
response analysis Control Treated
Drug :

delivery Doxorubicin
Time ‘ f
[d] 0 1 2034 N5 N6
4 $$&8$
Tumor volume TUNEL
measurement assay

B. Tumor growth curve
D. Quantification of apoptosis

*%

% 300 -
.2 } [o) 5‘ * %
= 250 A * -
S — .5324 I
o X = 0 T
\-:-200— § 8"‘55
00 *% i c =5
£ = § § 5 3 -
3¢ 150 1 s 9 S8
o 0 =]
> 0 100 ¢ @ TEE 21
: 2383
E ©

0 T T T T T 1 0 T

0 1 2 3 4 5 6 Control Treated

Time [d]
e Control o Treated

FIG. 4.
Tumor growth and apoptosis in the murine immune-competent Hepal—-6 syngeneic HCC

mouse model upon UTMD-mediated miRNA delivery and Dox co-treatment. (A) Schematic
illustration of treatment timing of /n vivo therapy conditions and assessment. (B) Growth
curves of untreated control tumors (N=6) and treated tumors (N=10). (C) Representative
TUNEL assay results of tumors from control and treated animals. Scale bars indicate 50 pm.
(D) Quantified apoptosis staining in control and treated tumor slices (N=3).
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A. Cytokine levels in the muscles of normal mice vs. Hepa1-6 tumors
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B. Cytokine levels in the inguinal lymph node of normal mice vs. lymph nodes adjacent

to Hepa1-6 tumors
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C. Cytokine levels in the serum of normal mice vs. Hepa1-6 tumor-bearing mice
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FIG. 5.

Physiological baseline cytokine levels in normal C57BL/6J mice and C57BL/6J mice
bearing Hepal-6 tumors. Comparison of cytokine expression levels (A) in normal hind limb
muscle of healthy 12-week-old C57BL/6 mice and syngeneic Hepal-6 tumors from
C57BL/6 mice, (B) in inguinal lymph nodes of normal mice and tumor-associated lymph
nodes, and (C) in serum of normal mice and serum of tumor-bearing mice.
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Sample

Tumor

Tumor lymph nodes Tumor serum

Control

Time [h]

0.5

IL-1a
IL-18
IL-2
IL-3
IL-4
IL-5
IL-6
IL-10

IL-12
IL-17
IFN-y

TNF-a
MIP-1a
GM-CSF
RANTES

24 0.5

Minimum:

5%

FIG. 6.

6 24 0.5 6 24

h

Control:
100%

SN Maximum:
533%

Heat map of the screening results of therapy-induced cytokine expression changes in tumors,
lymph nodes and serum. Cytokine expressions were assessed in tumors, tumor-associated
lymph nodes (tumor lymph nodes) and in serum of tumor-bearing mice (tumor serum) prior
to treatment (control) and 0.5, 6, and 24 h after treatment with UTMD-mediated delivery of
miR-122-/anti-miR-21-loaded NPs. Decrease in cytokine expression is indicated in blue and
increase is shown in red. As a reference, the cytokine expression in control tissues (without
treatment) was set to 100% (shown in grey). The currency sign (@) indicates that the
cytokine expression was higher than the depicted maximum of 533% (IFN-y at 1918%,
TNF-a at 921%, RANTES at 1112%). For statistical analysis, all treated samples were
compared to the untreated control.
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A. Cytokine levels in the tumor tissues
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Comparison of the cytokine expression changes after UTMD treatment alone or UTD-
mediated miRNA drug delivery. Cytokine expressions were assessed in (A) tumors, (B)
tumor-associated lymph nodes (tumor lymph nodes) and (C) serum of tumor-bearing mice
(tumor serum) prior to treatment (0 h) and 0.5, 6, and 24 h after treatment with UTMD-
mediated delivery of miR-122-/anti-miR-21-loaded NPs. For statistical analysis, all treated
samples were compared to the untreated control.

FIG. 7.
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FIG. 8.
Evaluation of systemic cytokine expression changes upon UTMD-mediated miRNA

delivery. Mice were engrafted with Hepal—6 tumors on both hind limbs. Only one tumor
was treated (T) while the other was used as a contralateral control (CL). Cytokine
expressions were assessed in tumor-associated lymph nodes prior to treatment (control) and
0.5, 6, and 24 h after treatment with UTMD-mediated delivery of miR-122-/anti-miR-21-
loaded NPs. For statistical analysis, all treated and contralateral samples were compared to
the untreated control.
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