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1.

INTRODUCTION: This project pursues a new approach to preventing metastatic breast cancer recurrence
through the development of a novel immunotherapeutic technology that generates antitumor immunity
via reprograming of the tumor microenvironment (TME). Our approach is based on sustained
intratumoral release of multifunctional immunotherapeutic nanoparticles (IT-NPs) that precisely re-
shape the TME through coordinated immunostimulation and blockade of immunosuppression. IT-NPs
promote efficient cytosolic delivery of novel RNA therapeutics designed to activate antitumor innate
immunity via the retinoic acid-inducible gene | (RIG-I) pathway while concurrently silencing key
immunosuppressive pathways, including TGF-B signaling. The overall objective of this grant is to
develop injectable IT-NP delivery platform that allows for precise immunomodulation of the TME, and
to investigate how the dynamics of TME reprogramming influence tumor growth and induction of anti-
tumor immunity. We hypothesize that activation of RIG-1 combined with silencing of TGF-p receptor 2
(TBR2) will increase the immunogenicity of the TME, resulting in induction of local and systemic anti-
tumor immunity and immune memory that can eliminate local and disease and prevent future
recurrence.



2. KEYWORDS: RIG-I, Nanoparticle, Breast Cancer, Metastasis, Tumor growth, Anti-tumor immunity,
Immunotherapy, Gene silencing



3. ACCOMPLISHMENTS:

What were the major goals of the project? The overall goal of this project is to prevent metastatic breast
cancer recurrence through the development of a novel in situ vaccination strategy for generating antitumor
immunity and immune memory. To accomplish this, we are designing and validating an injectable IT-NP
delivery platform that allows for precise immunomodulation of the TME. We are pursuing the following
Specific Aims:

Aim 1: Develop an injectable delivery platform for sustained and tunable release of immunotherapeutic
nanoparticles (IT-NPs) to breast tumors.

Aim 2: Evaluate the effect of local TPR2 silencing and RIG-I activation on the breast tumor
microenvironment in an immunocompetent murine model of metastatic breast cancer.

Aim 3: Demonstrate the efficacy of local and temporally regulated immunomodulation of the breast TME in
mediating breast tumor regression, eliminating established breast cancer metastases, and preventing future
metastatic recurrence of breast cancer.

The following Tasks from the Statement of Work are color coded to represent Tasks led by the
Initiating PI1 John Wilson (in gray) or Partnering Pl Rebecca Cook (in blue). Those tasks which
represent significant intercalation of efforts from the Initiating Pl and Partnering Pl are indicated in
green.

Specific _Aim __1: Develop a platform for controlled, sustained and tunable release of
immunotherapeutic nanoparticles (IT-NPs) to breast tumors.

Major Task 1: Synthesize and characterize “smart” nanoparticles for cytosolic delivery of 5’ppp-TPR2
SiRNA

Subtask 1: Synthesize “smart” polymeric nanoparticles, characterize polymer molecular weight and
polydispersity, and measure particle size by dynamic light scattering. Months 1-2.

Status: These projects were completed in Year 1 (see Y1 progress report, 2017).

Subtask 2: Screen TPR2 siRNA sequences in mammary tumor epithelial cells from MMTV-PyMT mice,
macrophages, and dendritic cells (DCs) to select one with an IC50 of 10 nM or less. Months 2-4.

Status: These projects were completed in Year 1 (see Y1 progress report, 2017).

Subtask 3: Synthesize 2-3 mg 5’ppp-siTBR2 and control sequences. Demonstrate TBR2 knockdown and
RIG-1-dependent IFN-f secretion in primary mammary tumor epithelial cells, macrophages, and DCs.
Months 4-5.

Status: These projects were completed in Year 1 (see Y1 progress report, 2017).

Major Task 2: Develop PLGA micro-particles for controlled release of IT-NPs.

Subtask 1: Use a water-in-oil-in-water emulsion method to load IT-NPs into 5-10 pm PLGA microparticles
formulated with 0, 1.25, 2.5, and 5 wt% trehalose to control release kinetics. Characterize microparticle
size, polydispersity, and porosity via TEM and SEM. Months 3-6.

Status: These projects were completed in Year 1 (see Y1 progress report, 2017).



Subtask 2: Determine microparticle IT-NP loading capacity and encapsulation efficiency and measure the
in vitro release kinetics of IT-NPs from microparticles fabricated with different amounts of trehelose. Fit
with transport models to determine half-maximal release for each formulation. Months 6-8.

Status: These projects were completed in Year 1 (see Y1 progress report, 2017).

Subtask 3: Compare the SIRNA silencing and RIG-I activity of IT-NPs released from microparticles to
freshly-prepared IT-NPs. Months 6-8.

Status: These projects were completed in Year 2 (see Y2 progress report, 2018).

Major Task 3: Characterize the intratumoral retention time of IT-NPs from microspheres delivered to
TME.

Subtask 1: Using the MMTV-PyVmT syngeneic mammary tumor model, perform preliminary dosing (0.1-1
mg.kg RNA) and safety studies. Monitor animals for local and systemic side effects and quantify TPR2
knockdown as an initial validation of delivery. Months 8-12.

Status: These experiments were completed in Y1 using a 3pRNA RIG-I ligand complexed to free IT-
NPs (see Y1 progress report, 2017).

Subtask 2. Administer IT-NP release depots into tumors and quantify local IT-NP retention as a function of
time using whose animal fluorescent imaging. Months 8-12.

Status: These projects were completed in Year 2 (see Y2 progress report, 2018).

Specific Aim 2: Evaluate the effect of local TBR2 silencing and RIG-I1 activation on the breast tumor
microenvironment.

Major Task 1: Characterize the tissue- and cell-level biodistribution of intratumorally administered
IT-NPs.

Subtask 1: Characterize the cellular uptake of IT-NPs by tumor cell and leukocytes in the TME and TDLN
at 24 h, 96h, 1wk, 2wk, and 1 month using flow cytometric analyses. Months 8-12.

Status: These experiments were completed in Year 3 (see Y3 progress report, 2019

Subtask 2: Characterize systemic IT-NP biodistribution in the blood, liver, lung, kidney, heart, and spleen
using whole organ fluorescent imaging. Months 12-15.

Status: These projects were completed in Year 2 (see Y2 progress report, 2018).

Major Task 2: Quantify local TBR2 knockdown and RIG-I mediated type-1 IFN production in vivo.

Subtask 1: Quantify TBR2 expression in tumor at 24h, 96h, 1 wk, 2 wks, and 1 month. Western analysis for
phospho-Smad2/3 and total Smad2/3 will be performed. Flow cytometric analysis will be used to quantify
TBR2 expression by breast cancer cells, macrophages, dendritic cells, and MDSCs. Months 15-20.

Status: These projects were completed in Year 2 (see Y2 progress report, 2018).

Subtask 2: Quantify IFN-a/p induction in tumor and TDLN homogenates via RT-PCR and/or ELISA at
24h, 96h, 1 week, 2 weeks and 1 month. Western analysis for phospho-IRF3 will be performed to confirm
induction of IFN signaling. Months 15-20.



Status: These projects were completed in Year 2 (see Y2 progress report, 2018).

Major Task 3: Characterize the effect of local IT-NP delivery on local leukocyte populations and cytokine
profiles

Subtask 1: Assess leukocyte populations in tumors. Antibody panels to identify macrophages, MDSCs,
DCs, NK cells, CD8+ T cells, CD4+ T cells, and regulatory T cells will be used to monitor changes in
cellular infiltrate 24h, 96h, 1 week, 2 weeks and month post particle administration. Months 20-26.

Status: These studies were completed in Year 3 (see Y3 progress report, 2019).

Subtask 2: Measure cytokine levels (including IL-4, IL-10/f, IL-10, IL-6, IL-12, IL-2, INF-y, TGF-f, and
TNF-0) in tumor and TDLN lysates using cytokine arrays, and RT-PCR. Months 20-26.

Status: These studies were completed in Year 3 (see Y3 progress report, 2019)

Specific Aim 3. Demonstrate the efficacy of local and temporally regulated modulation of the breast
TME in mediating breast tumor regression, eliminating established breast cancer metastases, and
preventing future metastatic recurrence of breast cancer.

Major Task 1: Evaluate the efficacy of local IT-NP delivery in preventing tumor growth and metastasis and
protection from re-challenge in an orthotopic model.

Subtask 1: Administer microparticles for IT-NP into mammary tumors, monitoring tumor volume
throughout treatment and measuring tumor metastases upon sacrifice at treatment day 28. Months 24-36.

Status: These studies were completed in Year 3 (see Y3 progress report, 2019).

Subtask 2: Re-challenge mice receiving IT-NP formulations that inhibit tumor growth and metastasis for
three months with luciferase-expressing tumor cells. Months 30-36.

Status: These studies were completed in Year 3 (see Y3 progress report, 2019).

Major Task 2: Evaluate the efficacy of local IT-NP delivery in two spontaneous breast cancer models.
Subtask 1: Administer optimized IT-NP depots into 200 mm? primary breast tumors in MMTV-PyMT
mice. Measure tumor growth, metastasis, and survival. Months 30-36.

Status: These studies were completed in Year 3 (see Y3 progress report, 2019).

Subtask 2: Administer optimized IT-NP depots into 200 mm? primary breast tumors in MMTV-Neu mice.
Measure tumor growth, metastasis, and survival. Months 30-36.
Status: These studies were completed in Year 3 (see Y3 progress report, 2019)..

What was accomplished under these goals?

Our findings are published in peer-review journals. PDF versions of the published reports are included as
Appendix materials.

What opportunities for training and professional development has the project provided?

Five graduate students, Max Jacobson and Christian Palmer in the lab of the Initiating Pl John Wilson,
and Michelle Williams and David Elion from the lab of the partnering Pl Rebecca Cook, and one post-
doctoral research fellow, Dr. Thomas Werfel from the Cook Lab, worked on aspects of this project. Each
student gained valuable experience in studying cell-based assays to assess RIG-1 signaling, cell death, and



expression analysis. Each graduate student regularly presented results at group meetings. In addition, Mr.
Jacobson has mastered polymer synthesis and nanoparticle fabrication and characterization, and has gained
experience in characterizing innate immune responses. This project also involved a postdoctoral fellow in
the Wilson Lab, Dr. Sema Sevimli who expanded upon her training in polymer chemistry with
complementary expertise in design and optimization of microparticle depots for controlled release.
Additionally, Dr. Sevimli received co-mentorship from Dr. Cook in breast cancer biology and evaluating
nanoparticle therapeutics and delivery depots in animal models of breast cancer. All trainees regularly
presented results at group meetings, and Mr. Jacobson, Mr. Elion, and Dr. Sevimli were regular attendees
and contributors at a monthly project planning meeting held between the Wilson, Cook, and Duvall groups.
Two undergraduate students, Linus Lee (Vanderbilt University School of Engineering) and Bushra
Rahman (Vanderbilt University, College of Arts and Sciences) participated in RIG-I research projects.
These two undergraduate students and three graduate students listed above learned basic research skills and
data analysis. Further, graduate student mentoring of undergraduates will build valuable mentoring, project
management, and communication skills that will serve them throughout their careers. Finally, both Drs.
Cook and Wilson worked with the Vanderbilt School for Science and Math, a Vanderbilt Community
Outreach program to build STEM-focused opportunities for underserved/under-represented high school
students in the Metro Nashville area, to recruit and train promising high school students. Dr. Cook used this
project as a backdrop for this immersive summer experience.

How were the results disseminated to communities of interest?

These results have been published (Elion et al., Cancer Research, 2018; Palmer et al., Bioconjug. Chem.,
2018; Jacobson et al., Biomat. Sci., 2018). presented at Cook lab meeting (11-2018 and 4-2019), and at
Balko-Cook lab meeting (3-2019). These data were presented at the Microenvironmental Influences in
Cancer Training Grant Scientific Forum at Vanderbilt University (June 2018), and the Cancer Biology
Graduate Program Science Hour (October, 2018). These results were presented at the Vanderbilt-Ingram
Cancer Center Retreat (May 2019).

What do you plan to do during the next reporting period to accomplish the goals?

Nothing to Report



4.

IMPACT: Describe distinctive contributions, major accomplishments, innovations, successes, or any change
in practice or behavior that has come about as a result of the project relative to:

a. What was the impact on the development of the principal discipline(s) of the project?

Our findings have led to the initial development of a new class of nanoparticle-based therapeutics that
activate anti-tumor innate immunity while concurrently silencing mediators of immunosuppression.
Because siRNA can be designed against virtually any target, this approach has broad potential for
impact in cancer immunotherapy.

We have developed a novel “nano-in-micro” depot technology for sustained release of IT-NPs, which
offers a new opportunity for sustaining anti-viral sensing and/or gene silencing in local immunotherapy
applications.

These findings demonstrate that synthetic RIG-I agonists potently and specifically stimulate RIG-I
signaling in breast cancer cells in culture and in vivo.

These findings demonstrate that a nanoparticle-based approach for RIG-I activation in vivo decreases
breast tumor growth.

These findings show that RIG-1 signaling induces breast cancer cell death through a tumor cell intrinsic
pathway.

These findings demonstrate that IT-NPs that activate RIG-I potently increase the number of leukocytes
that infiltrate breast tumors.

These findings show that IT-NPs that activate RIG-I modulate cytokines and chemokines in breast
tumors, and increase expression of MHC-1 on breast tumor cells.

These findings demonstrate that the number of lung metastases is reduced in tumor-bearing mice.

b. What was the impact on other disciplines?

This approach can be applied to a multitude of other cancers, as RIG-I is expressed in an abundance of
cell types. Thus, multiple cancers could be screened using RIG-I agonists for response to RIG-I
activation.

The PLGA depot technology has broad applicability for local gene silencing applications.

Sustained release of IT-NPs can also be leveraged for antigen-specific vaccine applications in both
cancer and infectious disease.

The duration of viral infection and type-I interferon production can have a significant impact on the
magnitude and phenotype of an immune response. The IT-NP depot technology may provide a tool for
modulating the kinetics of viral sensing and understanding how this influences immunity.

IT-NPs enable efficient delivery of bi-functional 3p-siRNA designed for gene silencing and activation of
RIG-1. This platform can be modified to silence a diversity of gene targets, leading to the design of
novel immunotherapeutics and vaccine adjuvants..

c. What was the impact on technology transfer?

i. A provisional patent application describing a new class of environmentally-responsive
RIG-I ligand was filed.:



d. What was the impact on society beyond science and technology?

We anticipate that the findings presented herein will be applied toward therapeutic treatment of patients
with breast cancer. Additionally, IT-NPs and controlled release formations have broad potential as
cancer immunotherapeutics and as vaccine careers.



5. CHANGES/PROBLEMS:

a. Changes in approach and reasons for change

As introduced in our Year 1 progress report, upon realizing how little was reported in the literature
regarding the impact of RIG-1 signaling in breast cancer cells, we initiated investigations to understand
RIG-I activation in the context of breast tumor cells per se. In order to interpret the data of the proposed
experiments with more rigor, we required an initial basis of understanding of how breast cancer cells
might react to RIG-1 activation, specifically in the absence of tumor infiltrating leukocytes. This avenue
of research made a substantial contribution to the field of breast cancer biology and to the field of
immunotherapy, providing key observations that most breast cancers, but not all breast cancers, express
RIG-I, and thus patients will need to be selected carefully prior to treatment with a RIG-1 mimetic once
these preclinical studies progress to clinical studies. Further, the observation that RIG-I signaling
induces programmed cell death in breast cancer cells provides an added layer of therapeutic value to the
use of RIG-I mimetics in treatment-resistant breast cancers. Finally, our finding that pyroptosis, rather
than instrinsic apoptosis, is the mechanism underlying programmed cell death of breast cancer cells
upon RIG-I induction provides a safeguard against the generation of immune tolerance, as is often seen
following intrinsic apoptosis. Instead, pyroptosis is potentially immunogenic, and may cooperate with
inflammatory cytokines and tumor-infiltrating leukocytes to bolster therapeutic anti-tumor immunity in
breast cancer patients. .

b. Actual or anticipated problems or delays and actions or plans to resolve them
Nothing to report.

c. Changes that had a significant impact on expenditures
Nothing to report

d. Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

i. Nothing to report.
e. Significant changes in use or care of human subjects
N/A
f.  Significant changes in use or care of vertebrate animals.
Nothing to report
g. Significant changes in use of biohazards and/or select agents

Nothing to report



6. PRODUCTS:
a. Publications

Journal publications.

Garland KM, Sevimli S, Kilchrist KV, Duvall CL, Cook RS, Wilson JT.. Microparticle Depots for
Controlled and Sustained Release of Endosomolytic Nanopatrticles. Cell Mol Bioeng. 2019 May
3;12(5):429-442. doi: 10.1007/s12195-019-00571-6. eCollection 2019 Oct

Elion DL, Cook RS. Activation of RIG-I signaling to increase the pro-inflammatory phenotype of
a tumor. Oncotarget. 2019 Mar 22;10(24):2338-2339. doi: 10.18632/oncotarget.26729.
eCollection 2019 Mar 22

Elion DL, Jacobson ME, Hicks DJ, Rahman B, Sanchez V, Gonzales-Ericsson PI, Fedorova O,
Pyle AM, Wilson JT, Cook RS. Therapeutically Active RIG-I Agonist Induces Immunogenic
Tumor Cell Killing in Breast Cancers. Cancer Res. 2018 Nov 1;78(21):6183-6195. doi:
10.1158/0008-5472.CAN-18-0730. Epub 2018 Sep 17

Elion DL, Cook RS. Genetic and Phenotypic Diversification of Heterogeneous Tumor
Populations. Trends Mol Med. 2018 Aug;24(8):655-656. doi: 10.1016/].molmed.2018.06.003.
Epub 2018 Jun 28

Elion DL, Cook RS. Harnessing RIG-I and intrinsic immunity in the tumor microenvironment for
therapeutic cancer treatment. Oncotarget. 2018 Jun 22;9(48):29007-29017. doi:
10.18632/oncotarget.25626. eCollection 2018 Jun 22

Other publications, conference papers, and presentations.

Departments of Immunobiology and Molecular, Cellular and Developmental Biology,
Yale University, New Haven, CT. Engineering Smart Nanotechnologies for Immuno-Oncology:
Harnessing Cytosolic Immune Surveillance Pathways for Cancer Immunotherapy. Invited
Seminar (Wilson JT).

Southeastern Immunology Symposium, Vanderbilt University, Nashville, TN, Engineering
therapeutic activation of RIG-I to promote multi-faceted tumor cell killing. Poster Presentation

Engineering Immunity Symposium, Vanderbilt University, Nashville, TN. Optimizing pH-
Responsive Diblock Copolymer Compositions for Cytosolic Delivery of RIG-I Agonist. Poster
Presentation

Cancer Biology Training Consortium, Stevenson, WA, RIG-I| activates TRAIL signaling and
inflammasome-mediated pyroptosis to promote tumor cell death in luminal breast cancers.
Poster Presentation

Annual Cancer Biology Retreat, Vanderbilt University, Nashville, TN, RIG-I activation
promotes multi-faceted tumor cell killing in luminal breast cancer. Poster Presentation.

Meharry Medical College/ Vanderbilt Ingram Cancer Center/ Tennessee State University
Cancer Partnership Annual Retreat (Health Disparities in Cancer Immunology and Immune
Therapy), Therapeutically active RIG-I agonists increase immunogenic tumor cell killing in
breast cancer cells. Poster Presentation

Website(s) or other Internet site(s)

nothing to report


https://pubmed.ncbi.nlm.nih.gov/31719925/
https://pubmed.ncbi.nlm.nih.gov/31719925/
https://pubmed.ncbi.nlm.nih.gov/31040925/
https://pubmed.ncbi.nlm.nih.gov/31040925/
https://pubmed.ncbi.nlm.nih.gov/30224377/
https://pubmed.ncbi.nlm.nih.gov/30224377/
https://pubmed.ncbi.nlm.nih.gov/30060834/
https://pubmed.ncbi.nlm.nih.gov/30060834/
https://pubmed.ncbi.nlm.nih.gov/29989043/
https://pubmed.ncbi.nlm.nih.gov/29989043/

Technologies or techniques

Intratumoral delivery of IT-NPs
Formulation methods for generating PLGA depots for IT-NP relase/delivery

Inventions, patent applications, and/or licenses
Nothing to report

Other Products

i. PLGA depots for IT-NP release (Intellectual property has not yet been filed on this invention)
Nanoparticles for cytosolic delivery of RIG-I ligands (Intellectual property has not yet been
filed on this invention)

RIG-I prodrugs based on synthetic polymer overhangs (A provisional patent has been filed:
Wilson JT, Palmer C. Retinoic acid-inducible gene | (RIG-I) prodrugs and methods of use
thereof. Provisional patent 62615370 filed January 9, 2018.



PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

b. What individuals have worked on the project?

Name: John T. Wilson
Project Role: Pl

Researcher Identifier (e.g. ORCID Unknown

ID):

Nearest person month worked: 2.5

Contribution to Project:

Guidance of graduate students, postdocs, and
research staff in the work (particle development,
tumor immunology)

Name:

Rebecca Cook

Project Role:

Partnering Pl

Researcher Identifier (e.g. ORCID
ID):

Unknown

Nearest person month worked:

2

Contribution to Project:

Guidance of graduate students, postdocs, and
research staff in the work (cancer biology, tumor
models, microenvironment)

Name:

Craig Duvall

Project Role:

Co-Investigator

Researcher Identifier (e.g. ORCID
ID):

Unknown

Nearest person month worked:

1.5

Contribution to Project:

Guidance on depot development and
characterization; support on IVIS imaging.

Name: Max Jacobson
Project Role: Graduate Student
Researcher ldentifier (e.g. ORCID Unknown

ID):

Nearest person month worked: 12




Contribution to Project:

Mr. Jacobson synthesized polymers, generated
IT-NP formulations, and investigated effects of
IT-NP on breast cancer and immune cells.

Funding Support:

This project

Name:

Sema Sevimli

Project Role:

Postdoctoral Fellow

Researcher Identifier (e.g. ORCID
ID):

Unknown

Nearest person month worked:

5

Contribution to Project:

Dr. Sevimli has lead efforts on PLGA depot
formulation and evaluation of IT-NP in vitro and
in vivo.

Funding Support:

Komen Foundation Postdoctoral Fellowship

Name:

Kyle Becker

Project Role:

Research Assistant Il

Researcher Identifier (e.g. ORCID
ID):

Unknown

Nearest person month worked:

3

Contribution to Project:

Mr. Becker provides full laboratory support for all
culture and animal experiments performed in the
Wilson Lab

Funding Support:

This project and other extramural support

Name:

Christian Palmer

Project Role:

Graduate Student

Researcher Identifier (e.g. ORCID
ID):

Unknown

Nearest person month worked:

1

Contribution to Project:

Mr. Palmer contributed to the development of
novel RNA immunotherapeutics for RIG-I
activation




Funding Support:

Institutional and other extramural support

Name: David Elion
Project Role: Graduate Student
Researcher Identifier (e.g. ORCID Unknown

ID):

Nearest person month worked: 3

Contribution to Project:

Mr. Elion provided RT-qPCR analysis of breast
cancer cell lines transfected with 5 ppp-HP20 and
HP20.

Funding Support:

Tumor Microenvironmental Influences in Cancer
T32 Training Grant

Name: Michelle Williams
Project Role: Graduate Student
Researcher Identifi 0.

ifier (e.g. ORCID Unknown
ID):
Nearest person month worked: 1

Contribution to Project:

Ms. Williams provided western analysis of breast

cancer cell lines transfected with 5 ppp-HP20 and
HP20.

Funding Support:

NCI F31 Fellowship

Name: Linus Lee
Project Role: Undergraduate Student
R ifi ..
esearcher Identifier (e.g. ORCID Unknown
ID):
Nearest person month worked: <1

Contribution to Project:

Mr. Lee provided cell culture support for breast
cancer cell lines.

Funding Support:

N/A




C.

Name: Bushra Rahman
Project Role: Undergraduate Student
Researcher Identifier (e.g. ORCID Unknown

ID):

Nearest person month worked: >1

Contribution to Project:

Ms. Rahman provided qRT-PCR support for cells
transfected with 5 ppp-HP20 and HP20.

Funding Support:

Biomedical Engineering Scholarship

Name:

Selvia Waghu

Project Role:

High School Student

Researcher Identifier (e.g.
ORCID ID):

Unknown

Nearest person month worked:

>1

Contribution to Project:
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Funding Support:
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Project Role:

Laboratory Manager
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Unknown
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4
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Ms. Hicks provided full laboratory support and
infrastructure for all cell culture, western, RT-
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Funding Support:

This grant

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel

since the last reporting period?

The Initiating Pl (Wilson) has been awarded additional grants since the last reporting period.

These new grants are listed below and none have overlap with this grant.




Funding Agency: DoD CDMRP BCRP / Era of Hope Scholar Award

Title: "Translating immunotherapy to breast cancer: mechanisms, biomarkers, and rationally
designed therapeutic combinations™

Performance Period: 07/01/2018-05/31/2022

Role: Co-I (PI: J. Balko)

Funding Agency / Mechanism: National Institutes of Health / R01

Title: "Neoantigen-Based Therapeutic Targeting of Head and Neck Cancers"
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Abstract

Introduction—Nucleic acids have gained recognition as
promising immunomodulatory therapeutics. However, their
potential is limited by several drug delivery barriers, and
there is a need for technologies that enhance intracellular
delivery of nucleic acid drugs. Furthermore, controlled and
sustained release is a significant concern, as the kinetics and
localization of immunomodulators can influence resultant
immune responses. Here, we describe the design and initial
evaluation of poly(lactic-co-glycolic) acid (PLGA) micropar-
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ticle (MP) depots for enhanced retention and sustained
release of endosomolytic nanoparticles that enable the
cytosolic delivery of nucleic acids.
Methods—Endosomolytic p[DMAEMA]gxp-bl-[PAA 3-co-
DMAEMA 3-co-BMAy 4]»5kp diblock copolymers were syn-
thesized by reversible addition-fragmentation chain transfer
polymerization. Polymers were electrostatically complexed
with nucleic acids and resultant nanoparticles (NPs) were
encapsulated in PLGA MPs. To modulate release kinetics,
ammonium bicarbonate was added as a porogen. Release
profiles were quantified in vitro and in vivo via quantification
of fluorescently-labeled nucleic acid. Bioactivity of released
NPs was assessed using small interfering RNA (siRNA)
targeting luciferase as a representative nucleic acid cargo.
MPs were incubated with luciferase-expressing 4T1 (4T1-
LUC) breast cancer cells in vitro or administered intratu-
morally to 4T1-LUC breast tumors, and silencing via RNA
interference was quantified vie longitudinal luminescence
imaging.

Results—Endosomolytic NPs complexed to siRNA were
effectively loaded into PLGA MPs and release kinetics could
be modulated in vitro and in vivo via control of MP porosity,
with porous MPs exhibiting faster cargo release. In vitro,
release of NPs from porous MP depots enabled sustained
luciferase knockdown in 4T1 breast cancer cells over a five-
day treatment period. Administered intratumorally, MPs

1865-5025/19/1000-0429/0 © 2019 Biomedical Engineering Society
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prolonged the retention of nucleic acid within the injected
tumor, resulting in enhanced and sustained silencing of
luciferase relative to a single bolus administration of NPs at
an equivalent dose.

Conclusion—This work highlights the potential of PLGA MP
depots as a platform for local release of endosomolytic
polymer NPs that enhance the cytosolic delivery of nucleic
acid therapeutics.

Keywords—Nucleic acid therapeutics, Local delivery, Intra-
tumoral, Immunotherapy, RNA interference, Endosomal
escape, PLGA, Biomaterial, Drug delivery depot.

ABBREVIATIONS
BMA Butyl methacrylate
DCM Dichloromethane

DMAEMA Dimethylaminoethyl methacrylate

D-PDB POly[DMAEMA]10kD-bIOCk-[PAA().3-CO
-DMAEMAO'3-C0-BMAO_4]25kD

ECT 4-Cyano-4-(ethylsulfanylthiocarbonyl)
sulfanylpentanoic acid

MP Microparticle

NP Nanoparticle

PAA Propylacrylic acid

PLGA Poly(lactic-co-glycolic) acid

PVA Polyvinyl alcohol

SEM Scanning electron microscopy

V-70 2,2’-Azobis(4-methoxy-2,4-dimethyl
valeronitrile)

INTRODUCTION

Nucleic acids have emerged as a promising class of
immunotherapeutics with potential to treat numerous
diseases, including infections, inflammation, autoim-
munity, and cancer.?%334>4337.79:85 This broad and
versatile class of biomacromolecular drugs can be
leveraged to both activate and suppress the immune
system. Notably, short-interfering RNA (siRNA) can
be utilized to selectively inhibit expression of specific
immunoregulatory proteins through RNA interference
(RNAI),6-7:68.76.79 g]lowing for precision tailoring of
immune responses. Additionally, nucleic acids that
chemically or structurally mimic pathogenic genetic
material can be harnessed to activate the innate im-
mune system by targeting various nucleic acid sensing
pathways, which have evolved to detect viral or bac-
terial invasion.'?20-3342:438485 \ycleic acids have been
widely explored as adjuvants to bolster responses to
vaccines,’” and more recently as cancer immunother-
apeutics that initiate inflammatory programs at tumor
sites to stimulate antitumor immunity."** Despite their
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immense promise as immunomodulators, the clinical
advancement of nucleic acid therapeutics has been
relatively modest due to a multitude of challenges that
hinder drug efficacy and/or patient safety.''®

Inefficient intracellular delivery is a significant bar-
rier to efficacy that is shared across virtually all types
of nucleic acid therapeutics.''3*6%6%7276 Nycleic acids
do not passively diffuse across the plasma membrane,
are cleared rapidly after administration, and are
endocytosed with relatively low efficiency. Addition-
ally, while several immunostimulatory nucleic acids
(e.g. CpG DNA, poly(I:C)) act through receptors
residing in endosomal membranes, a larger number
must access cytosolic targets to exert their
immunoregulatory effects. This includes more com-
mon classes of nucleic acid therapeutics that can be
leveraged for immunotherapy, such as siRNA, miR-
NA, and mRNA, but also an emerging family of
immunostimulatory agents that engage cytosolic pat-
tern recognition receptors (PRRs), such as RIG-I,
MDA-5, c¢cGAS, and STING."?*3! This pervasive
challenge has led to the widespread development of
synthetic nucleic acid carriers that enhance cellular
uptake and promote endosomal escape of associated
cargo.**%% Our group, and others, have recently uti-
lized  pH-responsive,  endosomolytic  polymer
nanoparticles (NPs) to enhance the cytosolic delivery
and activity of siRNA and immunostimulatory 5'-
triphosphate RNA.'*?*31%6 These NPs are assembled
using amphiphilic diblock copolymers that self-
assemble into micelles with a cationic dimethy-
laminoethyl methacrylate (DMAEMA) corona for
electrostatic complexation of nucleic acids, and a pH-
responsive, endosomolytic core comprising DMAE-
MA, butyl methacrylate (BMA), and propylacrylic
acid (PAA) (Fig. 1b)."®'” While highly efficient at
cytosolic delivery, the cationic corona has restricted
the use of such NPs to local delivery applications,
including tissue regeneration, vaccine delivery, and
intratumoral cancer immunotherapy.’*"7377

While systemic administration of nucleic acid thera-
peutics is necessary for many applications, directed,
local delivery circumvents critical systemic delivery
barriers and ensures sufficiently high doses reach target
tissues, while also reducing systemic side effects.’>®°
Indeed, local delivery is commonly used, and often
preferred, for many immunotherapeutics, the most
salient example being vaccines, which are delivered
intradermally or intramuscularly.’*® Additionally,
image-guided, direct injection into lymph nodes (intra-
nodal), considered the “command centers” of an im-
mune response, is used clinically for treatment of
allergy.”  Finally, intratumoral injection  of
immunotherapeutics, including several different nucleic
acids, has become increasingly prevalent in recent clin-
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(a) Microparticle Depot Local Cells
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FIGURE 1.
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PLGA microparticle depots for controlled release of endosomolytic nanoparticles. (a) PLGA MP depots mediate local

nanoparticle release and subsequent intracellular delivery of nucleic acid to local cell populations. (b) Structure and composition
of the endosomolytic diblock copolymers used for cytosolic nucleic acid delivery. (c) Representative scanning electron
microscopy (SEM) images of nonporous microparticles (left) and porous microparticles (right). Scale: 3 um.

ical trials among substantial preclinical evidence that
local immunotherapy can generate systemic immunity
capable of eliminating distal, untreated tumors (e.g.
abscopal effect).**”! However, for nearly all of these
applications, multiple, repeated injections are necessary
to stimulate desired immune responses and attendant
therapeutic activitiy.”**-*° This requirement for multiple
injections can pose a significant practical challenge for
both physicians and patients and, in some cases, may not
be feasible. Additionally, the timing, dose, and
localization of immunomodulators plays a critical role
in determining the magnitude and phenotype of the
resultant immune response.”'*038182 yet  Jocally
administered biomacromolecules, including nucleic
acids, typically rapidly clear from the injection site,
which not only limits local bioavailability but can also
result in systemic distribution with an increased risk of
toxicity.>’**" These challenges have motivated the
development of delivery technologies for controlled and
sustained release of nucleic acid immunotherapeu-
tics.>33%3%:38.75 These drug delivery depots can be either
injectable or implantable scaffolds or microparticles,
and are typically composed of biodegradable materials
that release cargo in a controlled and sustained man-
ner.** Depots can also be engineered to exhibit a wide
variety of drug release profiles by altering their chemical
and physical properties.'

The NP system used here has been previously used
in sustained and controllable release scaffolds aimed
toward wound healing applications.”*>*7*> Here, we

describe an intratumorally-injectable nanoparticle-in-
microparticle strategy for controlled, localized delivery
of cytosolically-active nucleic acid therapeutics.
Poly(lactic-co-glycolic) (PLGA) microparticle (MP)
depots were designed for sustained release of endoso-
molytic NPs that can mediate the cytosolic delivery of
various nucleic acids, exemplified here by intratumoral
delivery of siRNA. Through enhanced retention, con-
trolled and sustained release, and prolonged func-
tionality of encapsulated NPs, this approach offers a
simple and potentially universally applicable strategy
for achieving enhanced spatial and temporal control of
nucleic acid delivery for applications in immunother-

apy.

MATERIALS AND METHODS

Materials

All chemicals were supplied by Sigma Aldrich unless
otherwise specified.

Synthesis of Endosomolytic Polymers

The amphiphilic diblock copolymer, poly(dimethy-
laminoethyl methacrylate)-block-[(propylacrylic
acid)g 3-co-(dimethylaminoethyl — methacrylate)q 3-co-
(butyl methacrylate)q 4] ()[DMAEMA]-b/-[PAAg 3-co-
DMAEMA 3-co-BMA4]; D-PDB) was synthesized
via reversible addition-fragmentation chain transfer
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(RAFT) polymerizations following a protocol adapted
from Convertine et al.'® Briefly, 4-cyano-4-(ethylsul-
fanylthiocarbonyl)sulfanylpentanoic acid (ECT; Boron
Molecular) was used as a chain transfer agent (CTA),
and 2,2’-azobis(4-methoxy-2,4-dimethyl valeronitrile)
(V-70; Wako Chemicals) was used as an initiator for
RAFT polymerization. Mass measurements were per-
formed using an analytical mass balance (XSE205DU
DualRange; Mettler Toledo). Gravity filtration was
employed in columns packed with aluminum oxide to
remove inhibitors from monomer solutions. For the
polymerization of the first block, DMAEMA, CTA,
and initiator were dissolved in dioxane at a molar ratio
of 100:1:0.05 at 40 wt% monomer, purged with
nitrogen gas for 30 min on ice, and reacted at 30 °C for
18 h. The resultant polymer was then purified by pre-
cipitation (6x) in cold pentane followed by dialysis
(3.5kDa MWCO) in decionized water. Poly(-
DMAEMA) was then frozen at — 80 °C and then
lyophilized for 3 days to obtain a dry powder.

For the polymerization of the second block, poly(-
DMAEMA) was used as a macroCTA (mCTA) and
was added to DMAEMA, PAA, and BMA
(30:30:40 mol%). PAA was synthesized as previously
described using diethyl propylmalonate as the precur-
sor.””> Using N,N-dimethylacetamide (DMAC) as the
reaction solvent, initiator was added to mCTA and
monomers at a molar ratio of 450:1:0.4 representing
total monomer, mCTA, and initiator, respectively at
40 wt% mCTA and monomer. The reaction vessel was
purged with nitrogen gas for 30 min on ice followed by
reaction for 24 h at 30 °C in an oil bath. The resultant
polymer was then purified by precipitation (6x) in
pentane:ether (80:20) followed by dialysis in acetone (4
exchanges) and subsequent dialysis in deionized water.
D-PDB was then frozen at — 80 °C and then lyophi-
lized for 3 days. All lyophilized polymer was stored at
— 20 °C until used.

The experimental degree of polymerization, polymer
composition, and theoretical molecular weight were
obtained by '"H nuclear magnetic resonance (NMR)
Spectroscopy (CDCl; with TMS, Bruker AV 400).
Experimental molecular weight and polydispersity
were determined via gel permeation chromatography
(GPC) using HPLC-grade dimethylformamide (DMF)
containing 0.1% LiBr as a mobile phase with inline
light scattering (Wyatt Technology) and refractive in-
dex (Agilent) detectors. The ASTRA V Software
(Wyatt Technology) was used for all GPC calculations.
Hydrodynamic size of the polymer micelles at physio-
logical pH 7.4 was measured via digital light scattering
(DLS) using a Zetasizer Nano ZS Instrument (Mal-
vern, USA). D-PDB used herein had a 1st block
molecular weight of 10.3 kDa, a 2nd block molecular
weight of 31.0 kDa, and a polydispersity index (PDI)
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of 1.24. The 2nd block composition was determined to
be 28:33:39 for PAA, DMAEMA, and BMA, respec-
tively. Additionally, the hydrodynamic diameter of the
D-PDB micelles was ~ 100 nm by an intensity particle
size distribution.

Formulation of Polymer Nanoparticles and Nucleic Acid
Complexes for In Vitro Experiments

Micellar nanoparticles (NPs) were formulated
according to a protocol adapted from Wilson ez al.”’
Lyophilized D-PDB was dissolved in ethanol to 50 mg/
mL and rapidly diluted in 100 mM phosphate buffer
(pH 7.0) to a concentration of 10 mg/mL to induce
self-assembly into micelles. Polymer micelles were
subsequently diluted in phosphate buffer saline (PBS;
pH 7.4, 155mM NaCl, 1.05 mM KH,PO; 4 mM
Na,HPO,, Gibco) to a concentration to 1 mg/mL. The
micelles were then added to nucleic acid solutions at
concentrations corresponding to a charge ratio (i.e. N/
P ratio: molar charge from the polymer’s tertiary
amines relative to the molar charge of phosphate from
the nucleic acid backbone) of 4:1. Note that the N:P
ratio is based on the poly(DMAEMA) first block and
assuming 50% protonation of DMAEMA groups at
pH 7.4. D-PDB micelles and nucleic acid were incu-
bated at room temperature for 20 min to ensure
complete electrostatic complexation.

Formulation of Polymer Nanoparticles and Nucleic Acid
Complexes for In Vivo Experiments

D-PDB micelles were formulated as described
above, followed by sterile filtration (0.2 um
polyethersulfone sterile filter) and subsequent concen-
tration to 30-60 mg/mL in PBS via centrifugal filtra-
tion (Amicon® Ultra 0.5 mL Centrifugal Filter Units;
Ultracel®—3 K, Regenerated Cellulose 3000 NMWL,
Millipore) following manufacturer’s instructions. The
final concentrated solution was collected, and an ali-
quot was used to determine the resultant polymer
concentration using UV—Vis spectroscopy (Synergy H1
Multi-Mode Microplate Reader, Biotek) based on an
absorbance-wavelength of 310 nm corresponding to
ECT. The solution was added to nucleic acids at con-
centrations corresponding to a charge ratio (i.e. N/P
ratio) of 4:1 as described above.

Cell Culture

All cell handling procedures were performed in
accordance with published technical data sheets.
Murine mammary epithelial 4T1-LUC tumor cells
stably co-express destabilized copepod green fluores-
cent protein (cop-GFP) and firefly luciferase were
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generated using psuedotyped lentiviral particles.
Briefly, a transfection mixture consisting of pGreen-
Fire]-CMYV (System Biosciences, Cat. No. TRO11PA-
1), psPAX2 (Addgene Plasmid #12260), and pCMV-
VSV-G (Addgene Plasmid #8454) in water at a quan-
tity of 10, 10, and 1 ug, respectively, was added to a
final volume of 558 uL in Opti-MEM media (Gibco,
Cat. No. 31985062) in a polypropylene tube, followed
by the addition of 42 uLL. FuGENE 6 (Promega, Cat.
No. E2691). The tube was gently flicked to mix the
plasmids before and after the addition of FuGENE 6.
The transfection mixture was added dropwise to a T-75
tissue culture flask at approximately 50% confluency
of HEK-293-T cells in 11 mL Dulbecco’s modified
eagle medium (DMEM, Gibco) supplemented to 10%
heat-inactivated fetal bovine serum (HI-FBS) without
antibiotics. Cells were incubated at 37 °C for 18 h, and
then the media on the HEK-293-T cells was exchanged
for DMEM supplemented with 10% HI-FBS and 1%
penicillin/streptomycin (P/S). At 24 and 48 h after this
media change, the viral supernatant was removed,
clarified by centrifugation (1000xg, 5 min, room tem-
perature) and syringe filtered (0.45 ym, nylon). To
transduce 4T1 cells, viral supernatant was mixed 1:1
with fresh DMEM supplemented with 10% HI-FBS
without antibiotics and applied to cells for 24 h. Cells
were selected with 5 pug/mL puromycin for 2 weeks
then sorted into approximately equal populations of
low, medium, and high expressing cop-GFP cells using
fluorescence activated cell sorting of GFP (BD FAC-
SARIA IITu, BD Biosciences) in the Vanderbilt Flow
Cytometry Shared Resource Facility. The high
expressing cop-GFP 4T1-LUC cells were used for all
luminescent experiments herein. 4T1 and 4T1-LUC
cells were maintained in DMEM supplemented with
2 mM L-glutamine, 4.5 g/L glucose, 10% HI-FBS, and
1% P/S. Cells were kept in a humidified environment
at 37 °C with 5% CO,. Puromycin was added to 4T1-
LUC cells after every cell passage at a concentration of
1 ug/mL for the continual selection of cells.

Preparation of PLGA Microparticles Encapsulating
Micellar Nanoparticles

PLGA MPs encapsulating pH-responsive NPs were
formed using a water-in-oil-in-water (W;/O/W,) dou-
ble  emulsion  synthesis method  previously
reported.'>?74731:56 A fluorescently labelled double-
stranded DNA  (5-[6FAM]ATAGGCGTATTA-
TACGCGATTAACG-3’, negative control sequence)
was used as representative cargo to determine the ideal
conditions for the loading of NPs into PLGA MPs.
Briefly, 100 mg of poly(p,L-lactide-co-glycolide)
(PLGA, Resomer® RG 503, 50:50, ester-terminated,
MW 24,000-38,000 Da) was dissolved in 750 uL of

dichloromethane (DCM) for 30 min under continuous
shaking at room temperature. 200 uL. of NP solution
(i.e. polyplexes prepared with D-PBD and various
amounts of nucleic acid strands ranging in concentra-
tion from 1.9 nmol to 11.4 nmol) was added dropwise
to the PLGA solution at a primary aqueous phase
(W) to oil phase (O) volume ratio of 0.27. The pri-
mary emulsion (W;/O) was prepared by sonicating the
two phases for 30 s at 40% amplitude on ice using a
Sonic Dismembrator (Fisher Scientific'™ Model 120).
The secondary emulsion (W;/O/W,) was formulated
by homogenizing the primary emulsion into 15 mL of
1% polyvinyl alcohol solution (PVA) for 30 s at
20,000 rpm on ice using a T18 digital ULTRA-TUR-
RAX®, equipped with a S18N-10G dispersing tool
(IKA). The double emulsion was then transferred to a
round bottom flask and rotary evaporated for 1 h at
400 torr to allow complete evaporation of DCM. MPs
were collected by centrifugation (10,000xg, 10 min,
4 °C) and washed 3 times with sterile water. PLGA
MPs were then frozen at — 80 °C for 5 h and then
lyophilized for 3 days. The effervescent salt, ammo-
nium bicarbonate was employed as a porogen to create
porous MPs. 20 wt% NH4HCO; was incorporated
into the W; aqueous phase along with the NPs and
then emulsified with the oil phase as described. All
PLGA MPs were stored at — 20 °C until used.

The hydrodynamic diameter of the PLGA MPs was
measured by laser-diffraction size analysis using a
Mastersizer 2000 (Malvern, USA). Approximately, 10—
20 mg of PLGA MPs were dissolved in deionized
water and used for analysis. Measurements detected
within the acceptable range, between 10 and 15%
obscuration, were deemed to be reproducible data
points. Surface morphology and porosity of the PLGA
MPs were analyzed using a Zeiss Merlin scanning
electron microscope (SEM; Carl Zeiss Microscopy,
LLC, ZEISS Group, Thornwood, NY) equipped with
a GEMINI II column. SEM samples were prepared by
reconstituting PLGA MPs in deionized water at a
concentration of 2 mg/mL and then placing 20 uL of
the solution on a strip of carbon tape (Ted Pella Inc.)
adhered onto an aluminum SEM stub (J12.7 mm, Ted
Pella Inc). After drying overnight, samples were sput-
ter coated with gold—palladium for 120 s and imme-
diately imaged via SEM.

Evaluation of Loading and Encapsulation Efficiency

To determine the nucleic acid loading and encap-
sulation efficiency, nucleic acids were extracted from
PLGA MPs. In brief, 7.5 mg of PLGA MPs were
dissolved in 400 uL. DCM and continuously mixed for
45 min at room temperature. 400 uL. of TE buffer
supplemented with 100 mM NaCl was added to this
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mixture and vortexed vigorously for 5 min. The sus-
pension was then centrifuged (15,000xg, 10 min,
4 °C). The aqueous layer was collected into a fresh
tube, and the extraction was performed again. The two
extracted layers were combined, incubated with 1%
sodium dodecyl sulfate (SDS) for 10 min at room
temperature to disassemble the any electrostatically
associated nucleic acids, and nucleic acid concentration
was determined via fluorescence spectroscopy (excita-
tion/emission wavelengths of 495/525 nm for 6FAM-
DNA or 650/685 nm for Alexa Fluor® 647 (A647)-
siRNA). Nucleic acid loading and encapsulation effi-
ciencies were determined based on the ratio of encap-
sulated nucleic acid to PLGA MPs (ug/mg) and
percentage relative to the theoretical maximum loading
(%), respectively.

In Vitro Release of Nanoparticles from PLGA
Microparticles

To investigate the in vitro release profiles of NPs
from porous and nonporous MPs, 20 mg of PLGA
MPs was suspended 1 mL sterile PBS (pH 7.4, 0.02%
sodium azide) in microcentrifuge tubes and maintained
at 37 °C with constant rotation. At pre-determined
time intervals, tubes were centrifuged (15,000 rpm,
10 min, 4 °C), and 900 pL of supernatant was removed
for analysis, replaced by the same volume of fresh
buffer, and frozen and lyophilized for further analysis.
Each lyophilized sample was reconstituted in 220 uL
TE buffer supplemented with 100 mM NaCl, pipetted
into a UV-Star® microplate (100 uL/well), and quan-
tified by a fluorescence plate reader (Synergy H1 Hy-
brid Multi-Mode Reader, BioTek) as described above.
All samples were run in technical duplicates.

In Vivo Controlled Release of Nanoparticles
from PLGA Microparticles

Female BALB/c mice were obtained from The
Jackson Laboratory (Bar Harbor, ME) and main-
tained at the animal facilities of Vanderbilt University
under conventional conditions. The mice were anes-
thetized with isoflurane gas and maintained at 37 °C
while their flanks or abdomens were depilated and
sterilized for subcutaneous or intratumoral adminis-
tration. NPs were prepared with A647-DNA (negative
control sequence, IDT DNA) and loaded into PLGA
MPs with or without porogen for subcutaneous and
intratumoral in vivo release studies. 6-8 week old mice
were anesthetized with isoflurane gas and given a single
subcutaneous injection of porous MP (n = 5), non-
porous MP (n = 5), or NP (n = 3). For the murine
tumor studies, 10° 4T1-LUC cells were inoculated
(50 uL injection volume) into the inguinal mammary
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fatpads of 6-8 week old mice anesthetized with
isoflurane gas. Tumor volume was calculated using the
equation: Volume = (Length x Width?)/2. When
tumor volumes reached 50-100 mm>, mice were anes-
thetized with isoflurane gas and administered a single
intratumoral injection of porous MPs (n = 3), non-
porous MPs (n = 3), or NPs (n = 3). All treatments
were administered at a 10 pug dose of nucleic acid in a
100 uL injection volume. Using constant image cap-
ture settings on an I'VIS Spectrum (PerkinElmer), mice
were imaged at predetermined time intervals to quan-
tify A647 fluorescence. Relative release of NPs was
determined by measuring the total fluorescent effi-
ciency (cm?) of A647 overtime and normalizing to the
respective initial (day 0) values.

In Vitro Evaluation of Luciferase Knockdown

NPs were prepared with the siRNA oligos, siLUC
(anti-luciferase sequence, 5-CAAUUGCACUGAUA
AUGAACUCCTC[3AlexF647N]-3’; IDT DNA) or
siNC (negative control sequence, 5-[SAlexF647-
NJAUACGCGUAUUAUACGCGAUUAACGAC-
3’; IDT DNA) and encapsulated into porous MPs as
described above. 4T1-LUC cells were seeded in five
black 24-well plates (a separate plate for each day of
imaging) with clear tissue culture treated bottoms
(Sensoplate REF:662892; Greiner Bio-One) at 2000
cells per well (500 uL seeding volume). NPs were
complexed with either siLUC (siLUC/NP) or siNC
(siNC/NP) and embedded in porous MPs (siLUC/MP
and siNC/MP). Cells were treated 24 h later with free
NPs or porous MPs at a final concentration of 50 nM
nucleic acid per well. The supernatant in the free NP-
treated wells was removed from all plates at 24 h to
mimic the NP clearance observed in vivo. Every 24 h
over the course of 5 days, Pierce p-luciferin (Ther-
moFisher Scientific) was administered to all the wells
within the plate for the corresponding day to a final p-
luciferin concentration of 0.15 mg/mL. 5 min after the
addition of p-luciferin, plates were imaged for biolu-
minescent signal using an IVIS Lumina IIT (Perk-
inElmer). Images were captured at 24, 48, 72, 96, 120 h
post-treatment, and luciferase knockdown was quan-
tified for each day based on the percent decrease in
bioluminescent signal (i.e. Total Flux, photons/second)
relative to each respective negative control siRNA.

In Vivo Evaluation of Luciferase Knockdown

Female BALB/c mice were obtained from The
Jackson Laboratory (Bar Harbor, ME) and main-
tained at the animal facilities of Vanderbilt University
under conventional conditions. Orthotopic 4T1-LUC
tumors were generated as described above. siLUC/NPs
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and siNC/NPs were prepared as described above and
loaded into porous MPs (siLUC/MP and siNC/MP).
When tumor volumes reached 50—-100 mm?, mice were
anesthetized with isoflurane gas and administered a
single intratumoral injection of free NPs or porous
MPs (n = 10 for all treatment groups). All treatments
were administered at a 10 pg oligonucleotide dose
(0.5 mg/kg) in a 100 pL injection volume. Using con-
stant image capture settings on an IVIS Lumina III
(PerkinElmer), mice were analyzed at predetermined
time intervals for fluorescence and bioluminescence.
Bioluminescence within the mice was measured 10 min
after dorsal subcutancous injection of 300 uL Pierce p-
luciferin (15 mg/mL). After 14 days mice were eutha-
nized and tumor samples were isolated postmortem for
histological analysis.

Statistical Analysis

All data analysis was performed on Graphpad
Prism (Version 7.0c). One-way analysis of variance
(ANOVA) coupled with Tukey’s post-test was used to
compare statistical significance among multiple groups
(> 2). Differences between two groups were analyzed
by unpaired ¢ tests. In vivo experiments were performed
with at least three biological replicates, with
FREED < 0.0001, **%p < 0.001, **p < 0.01,
*p < 0.05 being considered statistically significant.

RESULTS AND DISCUSSION

Design and In Vitro Characterization of PLGA
Microparticle Depots

To generate depots for controlled release of
cytosolically-active nucleic acids, we encapsulated
endosomolytic polymer NPs complexed with nucleic
acid (either double-stranded DNA or siRNA) within
MPs of PLGA, a biocompatible, hydrolytically-
degradable, and commonly used biomaterial for local
and sustained therapeutic drug deliv-
ery,|721-23.29.35.4041444574 Pl GA' MPs were synthe-
sized using DCM as a volatile organic solvent and
PVA as a surfactant in a W;/O/W, double emulsion as
previously described.'>?”*"3® Sonication and homog-
enization were employed after the primary and sec-
ondary emulsions, respectively. NPs were incorporated
into the W, aqueous phase, resulting in a drug loading
of approximately 1.8 4+ 0.05 ug nucleic acid per mg
PLGA and an encapsulation efficiency of about
75 £ 2%. To generate porous MPs with a faster re-
lease profile, the effervescent salt ammonium bicar-
bonate was added to the W aqueous phase. Following

(a) (b)
157 == Nonporous MPs % 1007 = porous MPs

;\? = Porous MPs & 801 Nonporous MPs

@ 107 2

g S 60

o @ 40

g 5 £

;_'; 20
0 £ o—————
0.1 1 10 100 1000 0 5 10 15 20
Particle Size (um) Time (d)
(c)
Il siLUC/INP

& 1501 HM siLUC/IMP

o

o

c

@

@

2 100

£ .
=

|

.g 50_ *kk

® *  kkkk .

E *kkk

N Vv > ™ “

)

S )

S )

p )

P )

A

FIGURE 2. In vitro characterization of PLGA microparticle
depots. (a) Particle size distribution of nonporous and porous
MPs determined by laser diffraction particle sizing. (b) In vitro
release profiles of NPs from porous and nonporous MP
depots over a 15 day period. (c) Longitudinal analysis of
luciferase silencing in 4T1-LUC breast cancer cells treated
with a single administration of either free NPs or porous MPs.
The NP treatments were removed after 24 h, while MPs were
left in coculture with the cells throughout the experiment to
mimic biological residence. Luminescent signal for each
treatment group was normalized to that of an analogous
treatment containing scrambled negative control RNA
substituted for luciferase siRNA.

PLGA MP synthesis, SEM imaging was performed to
characterizec MP morphology, which confirmed that
ammonium bicarbonate was an effective porogen for
NP-loaded PLGA MPs (Fig. 1c). Laser diffraction size
analysis was used to quantitatively characterize the
particle size distribution (Fig. 2a). Nonporous MPs
and porous MPs had an average diameter of 21.21 um
and 28.33 um, respectively. An in vitro release assay
was performed to characterize the release profiles of
NPs from PLGA MP depots with varying porosity
(Fig. 2b). As expected, the addition of pores and the
associated increase in surface area within PLGA MPs
resulted in faster release of the NP cargo, likely
reflecting the shorter diffusion distance for release.
While cationic excipients, such as polyethyleneimine or
polyamines, have been incorporated into PLGA to
increase nucleic acid loading and intracellular deliv-
ery,®>? 178 this represents the first demonstration of a
PLGA MP depot used for sustained release of endo-
somolytic nanoparticles that enhance cytosolic nucleic
acid delivery.
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In Vitro RNAi Luciferase Silencing

An in vitro RNAI protein knockdown assay was
performed to demonstrate that PLGA MP depots could
sustain the release and biological activity of nucleic acid-
loaded NPs (Fig. 2¢). As a model nucleic acid cargo,
siRNA specific for luciferase (siLUC) or a scrambled
negative control siRNA (siNC) were complexed with D-
PDB micelles (siRNA/NP) and loaded into porous MPs
(siRNA/MP). 4T1-LUC breast cancer cells, engineered
to constitutively express luciferase, were treated with
free NP or porous MPs each complexed to either siLUC
or siNC at 50 nM siRNA per well. Free NPs were
removed after 24 h to approximate a transient residence
time at an injected site, whereas cells were incubated with
MP depots for an additional 4 days. Bioluminescence
imaging was used to quantify luciferase expression each
day, following an administration of p-luciferin. While
comparable silencing was observed between free siLUC/
NP and siLUC/MP after 1 day (~ 75% knockdown),
continuous incubation with depots resulted in signifi-
cantly greater knockdown on days 2-5. The luciferase
expression of the cells treated for 24 h with siLUC/NP
returned to near baseline intensity within 3 days. Due to
the short doubling time of 4TIl cells, cultures
approached confluence within 5 days, which therefore
precluded evaluation of knockdown at later timepoints.
Nonetheless, these data demonstrate the capacity of
PLGA MP depots to sustain the release and silencing
activity of encapsulated siRNA/NP complexes.

Cytotoxicity is a well-established challenge of all
polycationic nucleic acid delivery platforms that can
indeed limit their utility in local delivery applications.
However, this may be advantageous or detrimental
depending on the intended application of the system;
for example, in an intratumoral setting, some toxicity
can galvanize cancer cell antigen release and may
therefore be beneficial toward priming an anti-cancer
immune response. Notably, we observed similar
expression of bioluminescence in both the NP and MP
negative control groups, suggesting that there is no
difference in cell viability between the various treat-
ments and that the PLGA used to entrap the NPs does
not contribute to cellular toxicity, which is consistent
with its high cytocompatibility.

In Vivo Nanoparticle Release from PLGA Microparticle
Depots

To monitor NP release and retention in vivo, NPs
were electrostatically complexed with a fluorescently-
labeled double-stranded DNA (dsDNA/NP) and then
loaded into PLGA MP depots (dsDNA/MP). Fluo-
rescent dSDNA was used as representative cargo as it is
a cost-effective analog to other nucleic acid sequences
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of similar length such as fluorescent siRNA. Free
dsDNA/NP, nonporous dsDNA/MP, and porous
dsDNA/MP were administered subcutaneously (s.c.) at
a dose of 10 ug DNA (0.5 mg/kg) into BALB/c mice,
and fluorescence was monitored with an in vivo imag-
ing system (IVIS) to track the retention of dsDNA at
the injection site (Figs. 3a and 3c). Free dSDNA/NP
rapidly cleared the injection site, with > 50% clear-
ance within 24 h and undetectable levels present by
5 days. By contrast, both MP depots enhanced reten-
tion and sustained release of dSDNA/NP, with porous
depots demonstrating faster release than analogous
nonporous depots, particularly within the first week of
administration. Gradual release from both depots was
observed over the following month with significant
fluorescence still evident at day 56.

We also evaluated NP retention in the context of
intratumoral (i.t.) delivery, which is increasing in use
both preclinically and clinically as an administration
route for cancer immunotherapeutics, including several
nucleic acid drugs.®'**® Here, we administered free
dsDNA/NP, nonporous dsDNA/MP, and porous
dsDNA/MP into 50 mm® 4T1 tumors growing in the
inguinal mammary fat pad, fluorescence was moni-
tored within the tumor over time with intravital fluo-
rescence imaging via IVIS. Similar to the release
profiles observed with s.c. administration, MP depots
enabled sustained release of dASDNA/NP over a 2-week
period, the longest possible time-frame based on the
endpoint tumor volume (~ 1500 mm?®). Again, the
porous MP depots exhibited faster release with ~ 75%
of cargo cleared within 2 weeks, whereas minimal re-
lease from nonporous MPs was observed (Figs. 3a and
3b). Notably, despite their cationic surface charge, free
dsDNA/NP drained quickly with > 60% of nucleic
acid cleared from the tumor site within 24 h. This rapid
clearance may in part explain the need for multiple
injections when using these or similar NPs for localized
intratumoral delivery of siRNA or 5’ppp-RNA ligands
of RIG-1.**!" Moreover, these data add to a large
body of evidence indicating that the fate of most
intratumorally administered nanoparticles and/or
macromolecular therapeutics is a short and often
suboptimal intratumoral half-life followed by ultimate
systemic clearance. This also further motivates the
design of implantable or injectable depots for intratu-
moral administration'®® or the incorporation of li-
gand to tether agents to local cells and/or extracellular
matrix. %8

In Vivo RNAi Luciferase Silencing

Based on their capacity to release ~ 50% of NP
cargo into tumors within 1 week, we evaluated the
ability of porous MP depots to sustain activity of a
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FIGURE 3. In vivo retention and release of nanoparticles from PLGA microparticles. In vivo analysis of injection site localization
of free NPs, nonporous MP depots, and porous MP depots in BALB/c mice. (a) Relative fluorescence of Alexa Fluor® 647(A647)-
labelled dsDNA cargo injected subcutaneously and monitored over 56 days. (b) Relative fluorescence of A647-labelled dsDNA
cargo, releasing from an intratumoral injection site over 14 days. The fluorescent efficiency of each mouse was captured by IVIS
imaging and was normalized to the respective initial (day 0) fluorescence. (c) Representative IVIS images of mice bearing
subcutaneously administered particles containing fluorescent dsDNA (Red). (d) Representative IVIS images of the mice treated

intratumorally with particles containing fluorescent dsDNA (Red).

nucleic acid therapeutic, here, siRNA targeting luci-
ferase. Inspired by several ongoing clinical trials
exploring intratumoral immunotherapy,®'>?** intra-
tumoral injections were employed for protein knock-
down studies to demonstrate the utility of PLGA MP
depots in a cancer setting. While subcutaneous injec-
tions are undoubtedly easier for physicians to perform,
recent advances in surgical intervention have made
intratumoral injections more practical, as almost every
site in the human body can be biopsied and therefore
injected.*” Thus, both administration routes explored
within the retention studies have potential for clinical
translation. To evaluate luciferase knockdown, mice
with 4T1-LUC tumors growing in the inguinal mam-
mary fat pad were intratumorally administered a single
10 ug siRNA dose (0.5 mg/kg) of siLUC/NP either

free or loaded into depots (siLUC/MP); siNC/NP and
siNC/MP were used as negative controls. IVIS imaging
of both luminescence and fluorescence demonstrated a
qualitatively high degree of co-localization between
siLUC/NP and tumor cells (Fig. 4b), and MPs could
also be identified within cyrosections of resected
tumors (Fig. 4a). Using longitudinal IVIS imaging, we
also quantified bioluminescence to determine the de-
gree of luciferase knockdown from the anti-luciferase
siRNA cargo 14 days post-intratumoral injection
(Fig. 4c). We found that porous MP depots loaded
with siLUC/NP resulted in ~ 50% reduction in lumi-
nescent signal relative to analogous depots loaded with
siNC/NP control complexes. By contrast, at a 10 ug
siRNA dose, no luciferase knockdown was observed
using free siLUC/NP, potentially reflecting the rela-
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FIGURE 4. In vivo activity of PLGA microparticle depots for siRNA delivery. In vivo activity of free NP and porous MPs delivering
Alexa Fluor® 647 siRNA cargo was investigated in an orthotopic 4T1-LUC breast cancer model. (a) Fluorescent (top) and overlaid
fluorescent and bright field (bottom) images of cyrosections of tumor tissue following intratumoral injection of porous MPs. Scale:
75 um. (b) Representative IVIS images of mice bearing luciferase-expressing 4T1-LUC cells (Blue), treated intratumorally with
fluorescent RNA (Red). (¢) Longitudinal analysis of luciferase silencing in a 4T1-LUC breast cancer tumor model treated with a
single intratumoral injection of either free NPs or porous MPs. Luminescent signal for each treatment group was normalized to that
of an analogous treatment containing scrambled negative control RNA substituted for luciferase siRNA.

tively short half-life of NPs within the tumor after local
administration. Collectively, these data demonstrate
that increasing intratumoral residence time of nucleic
acid therapeutics via sustained release can enhance and
prolong biological activity.

In these studies, we utilized PLGA MPs as a depot
for siRNA/NP owing to their favorable biocompati-
bility and tunable biodegradability. However, ineffi-
cient loading of hydrophilic cargo during the W;/O/W,
emulsion synthesis is a known limitation of PLGA
depots, which we found to be the case as well for the
loading of NPs (~ 1.8 ug oligonucleotide per mg
PLGA). This necessitates delivery of a relatively high
volume of MPs to obtain relevant doses of NPs in the
context of RNAI, which may restrict the applications
of this approach. While we achieved ~ 50% luciferase
silencing over 3 days using a single dose of MPs, fur-
ther enhancements may be achieved using doses higher
than those employed herein, which were restrained by
the volume of MPs that could be physically injected
into 4T1 tumors. Therefore, for cancer therapy appli-
cations, PLGA MP depots for NP release may be
better suited for localized delivery into tumor resection
cavities that can be filled with a larger volume of MPs.
To establish proof-of-concept, we used siRNA as a
well-established model nucleic acid cargo throughout
our investigations, but in principle this approach can
be used for local and sustained delivery of any
cytosolically-active nucleic acid, including immunos-
timulatory agonists such as 5ppp-RNA RIG-I
ligands®' or immunostimulatory DNA ligands of
cGAS." However, exploration of these promising
immunotherapeutics is at a stage of relative infancy,
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and therefore much remains to be elucidated regarding
dose and treatment regimens that result in optimal
efficacy. Nonetheless, PLGA MP depots for release of
endosomolytic NPs offer a promising strategy for
enhancing the cytosolic delivery of such nucleic acids
and locally sustaining their bioavailability and
immunostimulatory activity in vivo.

CONCLUSION

Localized delivery of cytosolically-active nucleic
acids offers a promising approach for spatiotemporal
modulation of immune responses with broad potential
applicability in the treatment of many diseases. How-
ever, efficacy in this setting is limited by inefficient
cytosolic delivery as well as rapid clearance from the
administration site. To address these challenges, we
developed a nano-in-microparticle delivery platform
using PLGA MPs as a depot for the controlled release
of endosomolytic NPs that promote cytosolic delivery
of electrostatically complexed nucleic acid cargo.
Using siRNA as a model therapeutic, we demonstrated
that the rate of release of siRNA/NP complexes both
in vitro and in vivo could be increased using ammonium
bicarbonate as a porogen during the fabrication pro-
cess. Importantly, we found that release of siRNA/NP
complexes from PLGA MP depots resulted in sus-
tained protein silencing in vitro as well as in an
orthotopic murine breast cancer model via intratu-
moral administration. The observed 50% protein
knockdown in breast cancer tumors may indeed be
sufficient for delivery of an immunomodulatory agent
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where only a portion of cells within a tumor need to be
stimulated in order to produce a more immunogenic
tumor microenvironment. Collectively, these studies
demonstrate that controlled release of endosomolytic
nanoparticles from porous MP depots may offer an
enabling strategy for controlled and localized delivery
of nucleic acid therapeutics that target cytosolic
immunoregulatory machinery. While this technology
holds promise for local administration, improved per-
formance could be achieved with a higher degree of
drug loading and more tightly controlled kinetics of
drug release that might enable sustained silencing and/
or enhanced cytosolic delivery of siRNA or innate
immune agonists. Additionally, co-administering
chemotherapy or radiotherapy to ablate the majority
of the tumor cells and allow for decreased tumor
burden at the site of injection would likely synergize
well with this platform.
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Abstract

Cancer immunotherapies that remove checkpoint re-
straints on adaptive immunity are gaining clinical momen-
tum but have not achieved widespread success in breast
cancers, a tumor type considered poorly immunogenic and
which harbors a decreased presence of tumor-infiltrating
lymphocytes. Approaches that activate innate immunity
in breast cancer cells and the tumor microenvironment are
of increasing interest, based on their ability to induce
immunogenic tumor cell death, type I IFNs, and lympho-
cyte-recruiting chemokines. In agreement with reports in
other cancers, we observe loss, downregulation, or muta-
tion of the innate viral nucleotide sensor retinoic acid-
inducible gene I (RIG-I/DDX58) in only 1% of clinical
breast cancers, suggesting potentially widespread applica-
bility for therapeutic RIG-I agonists that activate innate
immunity. This was tested using an engineered RIG-I ago-
nist in a breast cancer cell panel representing each of three
major clinical breast cancer subtypes. Treatment with RIG-I
agonist resulted in upregulation and mitochondrial local-

Introduction

Breast cancer is the most frequently diagnosed cancer in
women (1). Despite advances in early detection and treatment,
breast cancer remains the second leading cause of cancer-
related deaths for women. With an eye toward new treatment
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ization of RIG-I and activation of proinflammatory tran-
scription factors STAT1 and NF-kB. RIG-I agonist triggered
the extrinsic apoptosis pathway and pyroptosis, a highly
immunogenic form of cell death in breast cancer cells. RIG-I
agonist also induced expression of lymphocyte-recruiting
chemokines and type I IEN, confirming that cell death and
cytokine modulation occur in a tumor cell-intrinsic
manner. Importantly, RIG-I activation in breast tumors
increased tumor lymphocytes and decreased tumor growth
and metastasis. Overall, these findings demonstrate success-
ful therapeutic delivery of a synthetic RIG-I agonist to
induce tumor cell killing and to modulate the tumor micro-
environment in vivo.

Significance: These findings describe the first in vivo
delivery of RIG-I mimetics to tumors, demonstrating a
potent immunogenic and therapeutic effect in the context
of otherwise poorly immunogenic breast cancers. Cancer Res;
78(21); 6183-95. ©2018 AACR.

strategies, recent attention has focused on immune-checkpoint
inhibitors (ICI), antibodies that block regulatory receptors
that dampen adaptive immunity (e.g., PD-1, PD-L1, CTLA-4).
ICI-mediated inhibition of checkpoint receptors releases regu-
latory restraints on adaptive immunity, permitting a proin-
flammatory lymphocytic response against tumor neoantigens,
and resulting in robust and durable antitumor immune
responses (2). ICI treatments have seen remarkable success
in cases of melanoma and lung cancer (2-4). However, ICI
response rates reported in breast cancer clinical trials have
thus far been disappointing, achieving success in only a fraction
of patients (5-7). The relatively diminished response to ICls
in breast cancer is not completely understood, but may relate
to fewer tumor-infiltrating lymphocytes (TIL; refs. 8, 9), a
decreased mutational burden (10, 11), limited or absent
expression of antigen presentation machinery on tumor cells
(12), or enhanced expression of counterregulatory factors in
breast cancers as compared with what is seen in other cancer
types (13). A fraction of the highly aggressive triple-negative
breast cancer (TNBC) subtypes, which on average harbor a
greater number of TILs and a greater mutational burden than
the other clinical breast cancer subtypes, have shown greater
response to ICI over those breast cancer subtypes expressing
estrogen receptor (ER") or harboring HER2 gene amplification
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(HER2™"). Further, decreased TILs within the aggressive TNBC
subtype predict poor outcome and decreased response to ICI.
Interestingly, certain chemotherapeutic regimens increase TILs
in breast cancers, which often correlates with improved
response to treatment. Therefore, a new treatment paradigm
may be needed in breast cancers to promote de novo inflam-
mation to instigate antitumor immunity, or to enable efficacy
of existing ICIs. It is possible that treatment strategies that
increase TILs improve antigen presentation or increase inflam-
matory cytokines in the tumor microenvironment might
improve immunogenicity of all breast cancer subtypes.

Pattern recognition receptors (PRR) of the innate immune
system, which recognize conserved pathogen-associated molec-
ular patterns (PAMP; e.g., viral nucleotide motifs), are gaining
interest as a potential treatment strategy (14, 15). PRR activation
by their viral nucleotide ligand induces proinflammatory tran-
scription factors, including NF-kB, signal transduction and tran-
scription, and interferon regulatory factors (IRF), which drive
production of IFNs and other proinflammatory cytokines that
orchestrate antimicrobial innate immune responses and stimu-
late adaptive immunity (14, 16). Certain PRRs are expressed in
nearly every cell in the human body, including cancer cells,
suggesting that some PRRs might be leveraged therapeutically as
part of a cancer treatment strategy. This idea is being explored
extensively in regard to the PRR known as stimulator of interferon
genes (STING; refs. 17, 18). Synthetic STING ligands potently
induce type I IFNs and support antitumor immunity across a
variety of cancers, including breast, CLL, colon, and squamous cell
carcinoma (19-23). However, there is increasing evidence that
STING signaling is defective in many cancers, including breast
some breast cancers, due to mutations, promoter methylation,
and decreased expression of genes in the STING pathway (24, 25).

Retinoic acid-inducible gene I (RIG-I) is another PRR, play-
ing a key role in recognizing RNA viruses. In contrast to the
frequent STING pathway alterations seen in breast cancers,
alterations in the RIG-I gene DDX58 have been infrequently
reported, and DDX58 promoter methylation was not signifi-
cantly higher in breast tumor versus normal breast tissue
(24). RIG-I recognizes double-stranded viral RNAs (dsRNA)
containing two or three 5’-phosphates (26-29). RIG-I activa-
tion by its ligand causes RIG-I translocation to mitochondria,
where it interacts with its binding partner Mitochondrial
antiviral signaling (MAVS) to activate signaling pathways that
produce proinflammatory cytokines (30). Importantly, RIG-I
activation also promotes the elimination of virally infected
cells through apoptotic pathways (31-33). These attributes
make RIG-I mimetics an attractive therapeutic approach in
immune oncology.

Therapeutic efficacy of RIG-I mimetics has been seen in
several cancer cell lines originating from a variety of tissues,
although the impact of RIG-I activation in breast cancers is
relatively understudied as compared with other cancers. Fur-
ther, the use of RIG-I agonists as a cancer treatment requires a
specific and potent RIG-I ligand that is functional in vivo, which
has only recently been reported in a study using a minimal 5’-
triphophosphorylated stem-loop RNA (SLR) sequence for
intravenous delivery to mice (28). The stem-loop structure
enhances structural stability of the complex, a key determinant
of RIG-I ligand potency. Delivery of SLR sequences to mice
in vivo activated in RIG-I signaling, IFN induction, and expres-
sion of genes required for potent antiviral immunity. However,
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the efficacy of RIG-I ligands, including SLRs, in animal models
of cancer has not yet been tested.

We tested the hypothesis that RIG-I-mediated activation of
innate immune responses might be therapeutically efficacious
in breast cancers, while increasing the inflammatory phenotype
of breast cancers. We demonstrate here that RIG-I activation
in breast cancer cells resulted in tumor cell-intrinsic tumor
cell death due in part to activation of pyroptosis and induced
expression of inflammatory cytokines, leukocyte-recruiting
chemokines, and increased expression of major histocompat-
ibility (MHC)-I components. Delivery of synthetic RIG-I ligands
to breast tumors in vivo recapitulated these results, recruiting
leukocytes to the tumor microenvironment and decreasing
tumor growth and metastasis.

Materials and Methods

Generation of SLR20

Oligoribonucleotides sequence OH-SLR20 (5-GGACGUA-
CGUUUCGACGUACGUCC) was synthesized on an automated
MerMade synthesizer (BioAutomation) using standard phos-
phoramidite chemistry. The hydroxylated oligonucleotide was
deprotected and gel purified as previously described (34).
Triphosphorylated oligoribonucleotide SLR20 (5'ppp-GGAC-
GUACGUUUCGACGUACGUCC) was synthesized as describ-
ed (35), deprotected, and gel purified. The triphosphorylation
state and purity were confirmed using mass spectrometry.
The oligonucleotides were resuspended in RNA storage buffer
(10 mmol/L MOPS pH 7, 1 mmol/L EDTA) and snap cooled
to ensure hairpin formation, as previously described (28).

Cell line authentication

The human cell lines MCF-7, BT474, and murine cell line 4T1
were purchased from ATCC in 2015. All cells were maintained at
low passage in DMEM with 10% fetal bovine serum and 1%
antibiotics and antimyotics. Cell identity was verified by ATCC
using genotyping with a Multiplex STR assay. All cell lines were
screened monthly for Mycoplasma. Cells were used within 20 pas-
sages for each experiment.

Cell culture

SLR20 and OH-SLR20 were delivered to cells in serum-free
Opti-MEM media at a final concentration of 0.25 umol/L using
lipofectamine 2000 (Invitrogen). Where indicated, cells were
treated with staurosporine (Cell Signaling Technology) at a final
concentration of 1 umol/L in serum-free Opti-MEM. Cells expres-
sing shRNA against RIG-I were generated by transduction with
pLKO lentiviral particles (Sigma-Aldrich) harboring shRNA
sequences against human or mouse RIG-I1 (DDX58) and selected
with puromycin (2 pg/mL). Cells were treated with inhibitors
for caspase-9 (Z-LEHD-FMK, BD Pharmingen), caspase-10
(Z-AEVD-FMK, Cayman Chemical), and caspase-1 (Ac-YVAD-
CHO, Cayman Chemical) at a final concentration of 5 pumol/L.

Western analysis

Whole-cell lysate was harvested by homogenization of cells
in ice-cold lysis buffer [50 mmol/L Tris pH 7.4, 100 mmol/L
NaF, 120 mmol/LNaCl, 0.5% nonidet P-40, 100 umol/L NazVO,,
1 x protease inhibitor cocktail (Roche), 0.5 uM MG132
(Selleck Chem)]. Mitochondrial and cell membrane extracts
were harvested from cells using the Cell Fractionation Kit (Cell
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Signaling Technologies) according to the manufacturer's instruc-
tions. Lysates (20 ug protein measured by BCA assay) were
resolved on 4% to 12% polyacrylamide gels (Novex) and trans-
ferred to nitrocellulose membranes (iBlot), blocked in 3% gelatin
in TBS-T (Tris-buffered saline, 0.1% Tween-20), incubated in
primary antibodies from Cell Signaling Technologies: (RIG-I
(D14G6, 1:1,000), MAVS (3993, 1:1,000), SOD2 (D3 x 8F,
1:1,000), p65 (D14E12, 1:1,000), P-p65 Y701 (D4A7,
1:1,000), STAT1 (D1K9Y, 1:1,000), P-STAT1 $536 (93H1,
1:1,000), PARP (9542, 1:1,000), caspase-1 (2225, 1:1,000),
cleaved caspase-1 (D57A2, 1:1,000), gasdermin D (96458,
1:1,000), Rab11 (7100, 1:1,000); B-actin (Sigma-Aldrich, AC-15,
1:10,000); and E-cadherin (BD Transduction Laboratories,
610182, 1:1,000). Secondary antibodies were from PerkinElmer
[goat anti-rabbit (1:5,000) and goat anti-mouse (1:10,000)].
Western blots were developed with ECL substrate (Thermo Fisher
Scientific).

Cytofluorescence

Live cells were incubated in MitoTracker Red (Invitrogen) for
45 minutes to stain mitochondria then 100% methanol fixed,
blocked in TBS-T 3% gelatin and stained with rabbit anti-RIG-I
(1:100, Cell Signaling Technology) and goat anti-rabbit Alexa
Fluor 488 (1:1,000, Invitrogen). For apoptotic analysis, live
cells were stained with Annexin V, AlexaFluor-488 conjugate
(1:500, Invitrogen) for 4 hours before imaging. For pyroptotic
studies, live cells were stained in propidium iodide (PI; Sigma-
Aldrich, 1:1,000) for 1 hour before imaging.

Generation of nanoparticles for intratumoral delivery

Amphiphilic diblock copolymer composed of a 10.3 kDa
dimethylaminoethyl methacrylate (DMAEMA) first block and a
31.0 kDa, 35% DMAEMA, 39% butyl methacrylate (BMA), and
26% propylacrylic acid (PAA) second block were synthesized
as previously described (36). Dry amphiphilic diblock polymer
was dissolved into ethanol at 50 mg/mL, rapidly diluted into
phosphate buffer (pH 7.0, 100 mmol/L) to 10 mg/mL, concen-
trated, and buffer was exchanged into PBS (Gibco) using 3 kDa
molecular weight cutoff centrifugal filtration columns (Ambion,
Millipore) and sterile filtered. Polymer concentration was mea-
sured by absorbance at 310 nm (Synergy H1 microplate reader,
BioTek). Concentrated polymer solution was rapidly mixed
with SLR20 (or OH-SLR20) at a charge ratio of 5:1 (N:P) for
30 minutes and diluted into PBS (pH 7.4, Gibco) to 20 ug of SLR
and 400 ug of polymer in 50 pL total volume.

Animal studies

All studies were performed in accordance with Association
for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC) guidelines and were approved by the
Institutional Animal Care and Use Committee at Vanderbilt
University. All mice were housed in pathogen-free conditions.
Left inguinal mammary fat pads of wild-type (WT) female
Balb/c mice or athymic (nu/nu) Balb/c mice (Jackson Labs)
were injected with 10° 4T1 cells. Mice were randomized into
treatment groups when tumors reached 50 to 100 mm?. Intratu-
moral injection of nanoparticle in 50 uL of saline (or saline
without nanoparticle) was performed at 48-hour intervals
for a total of 3 treatments, or at 72- to 96-hour intervals for
a total of 4 treatments. Intraperitoneal injection of InVivoMab
aPD-L1 (B7-H1) and control IgG2b x from Bio X Cell were
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delivered at 25 mg/kg in sterile saline twice weekly for 10 days.
Mice were monitored daily, and tumor volume was measured
with calipers twice weekly for up to 25 days.

Histologic analyses

Lungs and tumors were formalin-fixed and paraffin-embed-
ded, and sections (5 pm) were stained with hematoxylin and
eosin. In situ TUNEL analysis was performed on paraffin-
embedded sections using the ApopTag kit (Millipore). IHC
was performed using the following antibodies: RIG-I (Invitro-
gen, PA5-20276, 1:400), P-STAT1 (Cell Signaling Technology,
9167, 1:100), Ki67 (Biocare Medical, CFM325B, 1:100), CD45
(Abcam, ab10558, 1:5,000), F4/80 (Bio-Rad, MCA497GA,
1:100), CD4 (eBioscience, 14-0195-82, 1:1,000), CDS8
(eBioscience, 14-0195-82, 1:100), TRAIL (GeneTex, 6TX11700,
1:800). Immunodetection was performed using the Vectastain
kit (Vector Laboratories) according to the manufacturer's
instructions.

RNA isolation and expression analyses

Total RNA was extracted using NucleoSpin RNA (Machery-
Nagel), reverse transcribed (iScript cDNA Synthesis; Bio-Rad),
and using for qPCR with iTaq Universal SYBR Green (Bio-Rad)
on a Bio-Rad CFX96 thermocycler. Gene expression is normal-
ized to 36B4. The following primers were obtained from Inte-
grated DNA Technologies: IFNBI [forward 5'-TGCTCTC-
CTGTTGTGCITCTCC; reverse 5'-GTTCATCCTGTCCTTGAGGC-
AGT]; Ifnbl [forward 5’-CAGCTCCAAGAAAGGACGAAC;
reverse 5'-GGCAGTGTAACTCITCTGCAT]; HLA-A [forward 5'-
GCGGCTACTACAACCAGAGC; reverse 5-GATGTAATCCITG-
CCGTCGT]; INF [forward 5'-CCTCTCTCTAATCAGCCCICTG;
reverse 5-GAGGACCTGGGAGTAGATGAG]; Tnf [forward 5'-
CCCTCACACTCAGATCATCTTCT; reverse 5-GCTACGACGT-
GGGCTACAG]; TNFSF10 [forward 5-TGCGTGCTGATCGT-
GATCTTG; reverse 5'-GCTCGTTGGTAAAGTACACGTA]; Tnfsf10
[forward 5'-ATGGTGATTTGCATAGTGCTCC; reverse 5'-GCA-
AGCAGGGTCTGITCAAGA]. Other genes were analyzed via
PCR array (RT? Profiler Array, Qiagen).

Cytokine array

Cells (1 x 10°) were seeded. After 24 hours, cells were trans-
fected with SLR20 or OH-SLR20 as described above. Cell
culture media were removed 32 hours after transfection, filtered
with a 0.2 micron strainer, and immediately added to blocked
membranes from Human Cytokine Antibody Array C1000
(RayBiotech), and processed according to the manufacturer's
instructions. Chemiluminescent cytokine arrays were imaged
digitally using Amersham Imager 600 (GE Healthcare).

Statistical analysis

Experimental groups were compared with controls using Stu-
dent unpaired, two-tailed t test. Multiple groups were compared
across a single condition using one-way analysis of variance
(ANOVA). P<0.05 was used to define significant differences from
the null hypothesis. JPCR array data sets were compared using
multiple ¢ tests with an FDR cutoff of 0.05.

Ethics statement
Animals were housed under pathogen-free conditions, and
experiments were performed in accordance with AAALAC
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guidelines and with Vanderbilt University Institutional Animal
Care and Use Committee approval.

Results

Breast cancer cell autonomous RIG-I signaling is activated
by a synthetic RIG-I mimetic

To assess the potential applicability of a RIG-I agonist in
breast cancer, we examined RIG-I/DDX58 expression in a clin-
ical invasive breast cancer data set curated by The Cancer
Genome Atlas (TCGA; ref. 37). We found genomic DDX58
deletion in only 1 of 817 tumors and mRNA downregulation
in only 8 of 817 tumors (Fig. 1A), suggesting that loss of RIG-I
expression is a rare event. Similar results were produced upon
the analysis of 2509 breast tumors from the METABRIC inva-
sive breast cancer data set (Supplementary Fig. S1A; ref. 38).
Whole-exome sequencing data identified 3 nonrecurrent mis-
sense mutations within DDX58, and no recurrent, truncating, or
in-frame mutations (Supplementary Fig. S1B), suggesting that
RIG-I/DDX58 is rarely lost or mutated in breast cancers.

Western analysis confirmed RIG-I expression in two human
breast cancer cell lines, MCF7 (ER"), and BT474 (HER2
amplified; Fig. 1B), but not in HER2-amplified, ER* MDA-MB-
361 cells (Supplementary Fig. S2A). To determine if RIG-I signal-
ing pathways are functional in breast cancer cells, we used a
previously described synthetic minimal RIG-I agonist composed
of a double-stranded, triphosphorylated 20-base pair stem-loop
RNA, which was then modified with a 5’ triphosphate sequence
(SLR20; ref. 39). Previous studies demonstrated that SLRs con-
taining the 5’ ppp motif, but not those lacking the motif, activate
type I IFN production via RIG-I/MAVS signaling. We transfected
SLR20 (and the nonphosphorylated, but otherwise identical
sequence, OH-SLR20) into MCF7 cells and measured RIG-I ex-
pression and distribution by immunofluorescence. RIG-I expres-
sion was robustly increased in cells transfected with the RIG-I
ligand SLR20 as compared with the control ligand OH-SLR20
(Fig. 1C). Counterstaining of mitochondria demonstrated mito-
chondrial localization of RIG-I in many cells following SLR20
treatment. Further, analysis of mitochondrial cell fractions by
Western analysis confirmed mitochondrial RIG-I localization in
MCF7 and BT474 cells transfected with SLR20, but not OH-SLR20
(Fig. 1D). Western analysis confirmed RIG-I upregulation follow-
ing transfection with SLR20 in MCF7, BT474, and mouse 4T1
cells, a mammary tumor line used as a model of aggressive,
metastatic, and poorly immunogenic TNBC (Fig. 1E). Important-
ly, SLR20 increased phosphorylation of the proinflammatory
transcription factors p65 (an NF-«xB subunit) and STAT1 in MCF7,
BT474, and 4T1 cells. Importantly, SLR20 did not affect P-p65 in
MDA-MB-361 cells, which lack RIG-I expression (Supplementary
Fig. S2B). These data support use of these breast cancer cell lines,
and the SLR20 agonist, to model the therapeutic impact of RIG-I
signaling in breast cancer.

A nanoparticle-based approach for RIG-I activation in vivo
decreases breast tumor growth and metastasis

A recent study examining SLR delivery in vivo confirmed
rapid induction of type I IFNs following delivery of a 10-bp
SLR sequence (SLR10; ref. 28). However, the impact of RIG-I
activation in the complex breast tumor microenvironment has
not been explored. We used a nanoparticle-based platform
previously optimized for oligonucleotide delivery in vivo for
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intratumoral (i.t.) treatment of breast tumors with SLR20
(Fig. 2A). These pH-responsive nanoparticles (NP) were com-
posed of amphiphilic diblock copolymers formulated with a
hydrophobic core-forming block that is endosomolytic and
drives micellar assembly, and a polycationic corona for elec-
trostatic complexation with oligonucleotide (i.e., SLR20), as
described previously (36). This formulation has been shown to
maximize cytoplasmic delivery of oligonucleotides, an ideal
scenario for cytoplasmic RIG-I activation by SLR20. NPs were
delivered i.t. to 4T1 mammary tumors grown in WT Balb/c
female mice when tumors reached 50 to 100 mm?®. As an addi-
tional control, a third group of tumor-bearing mice were
treated by i.t. injection of saline, the vehicle in which NPs
were delivered. A total of 3 treatments were administered (days
0, 2, and 4; Fig. 2B). IHC of tumors collected at day 5 (24 hours
after final treatment) revealed RIG-I protein upregulation in
4T1 tumors treated with SLR20 NPs over saline-treated or
OH-SLR20 NP-treated tumors (Fig. 2C-D and Supplementary
Fig. S2C). Further, tumors treated with SLR20 NPs, but not
OH-SLR20 NPs, exhibited a 3-fold increase in phosphorylation
of STAT1 (Fig. 2C and D), confirming RIG-I signaling in SLR20-
treated tumors in vivo.

We used a slightly modified treatment scheme to assess the
therapeutic impact of SLR20-NP on tumor growth. Tumors
were treated on days 0, 3, 6, and 9 with i.t. delivery of SLR20
NPs, at which point treatment stopped and tumor volume was
monitored through day 25 (Fig. 2E). Tumors treated with
SLR20 NPs did not increase in volume during the treatment
window (days 0-9), while tumors treated with saline or with
OH-SLR20 NPs increased nearly 4-fold (Fig. 2F). Once treat-
ment was complete, tumors treated with SLR20 resumed vol-
umetric increase, but still grew at a diminished rate as com-
pared with tumors treated with OH-SLR20 NPs or with saline.
Lungs harvested from mice on day 25 revealed a decreased
number of lung metastases in the SLR20-treated mice as com-
pared with control groups (Fig. 2G). Treatment extended
through treatment day 25 (Supplementary Fig. S3A) resulted
in sustained tumor growth inhibition in response to SLR20
(Supplementary Fig. S3B).

RIG-I signaling induces breast cancer cell death through
tumor cell-intrinsic pathways

We investigated potential mechanisms responsible for
decreased tumor growth and metastasis following treatment
with SLR20 NPs, first measuring Ki67-positive cells by THC as a
marker of cell proliferation (Fig. 3A; Supplementary Fig. S4A).
Assessing 4T1 tumors collected on treatment day 5, we found a
decreased percentage of Ki67" tumor cells in samples treated
with SLR20 NPs as compared with samples treated with
OH-SLR20-NPs or with saline (Fig. 3B). Conversely, tumor cell
death, measured by terminal dUTP nick-end labeling (TUNEL)
analysis (Fig. 3A), was increased 5-fold in samples treated with
SLR20 NPs (Fig. 3B). RIG-I signaling is capable of inducing
programmed cell death in many cell types, including some
cancer cell types (40), although this possibility remains unclear
in breast cancers. Therefore, we transfected MCF7, BT474, and
4T1 cells in culture with SLR20, assessing cells 12 hours after
transfection for PARP cleavage, a molecular marker of cell
death. Cleaved PARP was increased in cells transfected with
SLR20 versus OH-SLR20 (Fig. 3C). Annexin V-FITC staining
was used to enumerate apoptotic cells, revealing increased
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Figure 1.

RIG-1/DDX58 is expressed in breast cancers and is activated by the RIG-I agonist SLR20. A, TCGA-curated clinical data set of invasive breast cancers (N = 817;
ref. 37) was assessed for samples harboring genomic DDX58 loss (solid blue) and/or DDX58 mRNA downregulation (defined as <—1SD from the mean DDX58
expression among the entire data set and shown in blue outline). Reported scores for IHC analysis of ER and HER2 corresponding to each clinical
specimen are shown. B, Whole-cell lysates were assessed by Western analysis using the antibodies indicated to the left of each blot. C, Sixteen hours after
transfection with OH-SLR20 and SLR20, cells were fixed, assessed by immunofluorescence to detect RIG-I (green fluorescence), and counterstained with
MitoTracker Red (red fluorescence). Left, representative images are shown. The inset shows a high-power magnification of the boxed area within

each respective panel. Right, the ratio of RIG-| staining to MitoTracker is shown. MitoTracker staining was quantified as the number of red fluorescent pixels
per 40 x field using ImageJ. RIG-I immunofluorescent staining was quantified as the number of green fluorescent pixels per 40 x field. Each point represents
the average value of three random fields per sample, N = 5 samples. Midlines and error bars show average 4 SD. P value was calculated using
Student unpaired t test. D, Mitochondrial fractions of cells were assessed by Western analysis 18 hours after transfection, using the antibodies shown on the
left of each panel. Representative images are shown. N = 3. E, Whole-cell lysates collected 12 hours after transfection were assessed by Western
analysis using the antibodies shown on the left of each panel. Representative images are shown. N = 3.

Annexin V* cells following SLR20 treatment in MCF7, BT474,
and 4T1 cells (Fig. 3D), but not in MDA-MB-361 cells, which
lack RIG-I expression (Supplementary Fig. S4B). Importantly,
knockdown of RIG-I in MCF7, BT474, and 4T1 cells using
shRNA sequences against RIG-I (Fig. 3E) abrogated the
increased Annexin V staining in response to SLR20 (Fig. 3F),
while SLR20 remained capable of inducing Annexin V staining
in cells expressing nontargeting shRNA sequences. These find-
ings demonstrate that SLR20 activates RIG-I signaling in
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breast cancer cells, inducing cell death in a tumor cell-intrinsic
manner.

RIG-I signaling in breast cancer cells induces intrinsic
apoptosis and pyroptosis

Because RIG-I signaling is reported to induce apoptosis
through several distinct pathways, including intrinsic apopto-
sis, extrinsic apoptosis, and pyroptosis pathways across a vari-
ety of cell types (33), it is unclear by which pathway RIG-I
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Figure 2.

RIG-I agonist SLR20 induces RIG-| signaling and impairs tumor progression in vivo. A, Schematic representation of nanoparticle formulation used to treat
tumor-bearing mice in vivo. B, Schematic of treatment strategy for intratumoral nanoparticle delivery of SLR20 (or OH-SLR20) to WT Balb/c mice
harboring 4T1 mammary tumors. Saline was delivered intratumorally as a control. C and D, IHC was used to measure RIG-1 and P-STATT in tumors harvested
at day 14. B, Representative images are shown. N = 5. C, IHC staining for RIG-I and P-STAT1 was quantitated. Each point represents the average of three
random fields per sample, N = 5. Midlines show average (£SD). P values were calculated using Student ¢ test. E, Schematic of treatment strategy for
intratumoral nanoparticle delivery of SLR20 (or OH-SLR20) to WT Balb/c mice harboring 471 mammary tumors. Saline was delivered intratumorally as a
control. Tumors were measured throughout treatment (days 0-9) and for 16 days after treatment ceased (days 10-25). Tumors were collected on day 25
(16 days after the final treatment). F, Tumor volume was measured beginning at treatment day 1. N = 10 per group through day 5. N = 5 per group
from days 6 to 25. G, Lungs harvested at day 25 were assessed histologically for metastatic lesions. Each point represents the number of metastases
per individual mouse. Midlines represent the average (& SD); Student t test. n.s., nonsignificant.

induces cell death in breast cancers. We investigated this using
an apoptosis expression array, assessing expression changes in
84 genes associated with the intrinsic and extrinsic apoptosis
pathways. RNA harvested from BT474 cells collected 16 hours
after transfection harbored changes in 18 of the 84 genes
assessed. Genes arranged in order of expression fold change
revealed that genes regulating intrinsic apoptosis (e.g., BAD,
BAX, CASP9) were downregulated, while expression of genes
regulating the extrinsic apoptosis pathway (TNFSF10, FAS,
CASP10, CASP8) were upregulated (Fig. 4A), suggesting that
the extrinsic apoptosis pathway might be activated in response
to RIG-I signaling in breast cancer cells. We confirmed that
SLR20 induced expression of the extrinsic apoptotic factor
TNFSF10 in MCF7, BT474, and 4T1 cells (Fig. 4B). Addition-
ally, 4T1 tumors treated in vivo with SLR20 NPs were assessed
by IHC for expression of the Tnfsf10 gene product, TRAIL.

6188 Cancer Res; 78(21) November 1, 2018

Although TRAIL was expressed at only low levels in 4T1 tumors
treated with saline or with OH-SLR20 NPs (Fig. 4C), TRAIL
protein levels were markedly upregulated in samples treated
with SLR20 NPs.

These data suggest that RIG-I might activate the extrinsic
apoptosis pathway in breast cancer cells but do not rule out that
RIG-I signaling might also induce breast cancer cells to undergo
pyroptosis, an inflammatory type of programmed cell death
that requires activation of caspase-1 and oligomerization of
gasdermin D on the cell membrane (41). Western analysis of
MCF7 and BT474 cells transfected with SLR20 revealed potent
activation of caspase-1 (Fig. 4D) and localization of gasdermin D
to cell membranes (Fig. 4E). These findings were confirmed in 4T1
cells (Supplementary Fig. S4C). Upregulation of CASP1 and
CASP4 (encoding another mediator of pyroptosis, caspase-4)
was seen in BT474 cells transfected with SLR20 (Fig. 4F).
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Figure 3.

RIG-I agonist SLR20 induces tumor cell apoptosis. A and B, histologic analysis of tumor sections using IHC against Ki67 and TUNEL analysis. B, Representative
images are shown. N = 5. C, The number of Ki67" cells and TUNEL™ cells per 400x field was quantitated. Each point represents the average of three
random fields per sample, N = 5. Midlines show average (& SD). P values were calculated using Student t test. C, Western analysis of whole-cell lysates
harvested 12 hours after transfection, using antibodies indicated on the left of each panel. D, Cells were transfected, and after 18 hours, cells were stained
with Annexin V-AlexaFluor488 for 4 hours. AlexaFluor488™ cells were imaged by fluorescence microscopy. The number of Annexin V' cells per well
was counted. Each point shown represents the average of two experimental replicates, N = 5. Midlines represent the average (& SD). P values were
calculated using Student ¢ test. Staurosporine treatment (1 umol/L) was performed in parallel as a positive control for induction of apoptosis/

Annexin V staining. E, Western analysis of whole-cell lysates using antibodies shown on left of each panel. F, Cells were transfected and stained with
Annexin V-FITC as shown in D. n.s., nonsignificant.

Importantly, Casp1 levels were increased in 4T1 tumors treated in
vivo with SLR20 NPs, but not in tumors treated with OH-SLR20
NPs (Fig. 4G), suggesting the RIG-I-mediated activation of pyr-
optotic signaling pathway may be maintained even within the
complex tumor microenvironment.

Next, we used a selective inhibitor of caspase-10, AEVD-FMK,
to block the extrinsic apoptotic pathway, resulting in a mod-

erate, but significant, diminution of Annexin V" cells following
treatment with SLR20 (Fig. 4H). In contrast, the caspase-9
inhibitor Z-LEHD-FMK, which blocks activation of the intrinsic
apoptotic pathway, had little impact on Annexin V staining in
cells transfected with SLR20. We also tested an inhibitor of
caspase-1, Z-YVAD-FMK, to block the pyroptosis pathway in
SLR20-transfected cells, resulting in partial inhibition of
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Figure 4.

RIG-I signaling in breast cancer cells induces extrinsic apoptosis and pyroptosis. A, BT474 cells were transfected with SLR20 or OH-SLR20. After 12 hours,
RNA was collected and assessed for expression of genes within the intrinsic and extrinsic apoptosis pathway (RT2 Profiler Apoptosis Array). Relative
gene-expression values were calculated using the ddCT method, correcting for expression of ACTB and GAPDH, and are shown as expression relative
to the average value for each gene in OH-SLR20-transfected cells, as shown in the heat map. Genes (listed at left) were ranked in order of expression
fold change, as shown on the right. B, Cells were transfected, and after 12 hours, total RNA was assessed by RT-gPCR to measure expression of the
indicated genes involved in pyroptosis. Each point represents the average of three experimental replicates, N = 3. Midlines are average + SD. Student ¢ test.
C, IHC analysis to detect TRAIL in 4T1 tumors harvested on treatment day 5. D and E, Western analysis of whole-cell lysates (D) or membrane

fractions (E) harvested 16 hours after transfection using the antibodies shown on left of each panel. F, Cells were transfected, and after 12 hours, total
RNA was assessed by RT-gqPCR to measure expression of the indicated genes involved in pyroptosis. Each point represents the average of three
experimental replicates, N = 3. Midlines are average +SD. Student t test. G, RNA harvested from 4T1 tumors collected on treatment day 5 was
assessed by RT-gPCR for Caspl gene expression as described in C. H and I, Cells were transfected and immediately treated with caspase-specific
inhibitors (each used at 10 umol/L). After 18 hours, cells were stained with Annexin V-AlexFluor488 for 4 hours (H) or Pl for 10 minutes (l). AlexaFluor488* and
PI™ cells were imaged by fluorescence microscopy. The number of fluorescent cells per well was counted. Each point shown represents the average

of two experimental replicates, N = 5 (H) and N = 4-5 (I). Midlines represent the average (+SD). P values use Student ¢t test.

Annexin V staining. These results were confirmed in MCF7 cells  a greater reduction in Annexin V staining in BT474 cells as
(Supplementary Fig. S4D). Interestingly, the combination of compared with either inhibitor used alone (Fig. 4H), consistent
the caspase-10 inhibitor with the caspase-1 inhibitor produced  with the idea that these two inhibitors operate through distinct
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pathways in BT474 cells, and suggesting that RIG-I signaling in
breast cancer cells may use both the intrinsic apoptosis pathway
and pyroptosis to potently induce programmed cell death.
Because pyroptosis produces pores in the plasma membrane
(41), making them permeable to PI, we stained MCF7 and
BT474 cells with PI at 12 hours after transfection with OH-
SLR20 or SLR20, finding a robust increase in PI" staining when
cells were transfected with SLR20 (Fig. 41). However, PI staining
was completely abolished in MCF7 and BT474 cells pretreated
with the caspase-1 inhibitor, confirming that pyroptosis is
induced by SLR20 in breast cancer cells.

RIG-I signaling increases breast tumor-infiltrating leukocytes

In contrast to the intrinsic apoptosis pathway, which is
considered an immunologically silent form of programmed
cell death, pyroptosis is thought to be an immunogenic form
of cell death that may recruit inflammatory leukocytes to the
site of a viral infection through cytokine modulation, while
increasing immunogenicity of the infected cell through
increased expression of the major histocompatibility complex
(MHC)-I, the antigen presentation machinery expressed on
most nucleated cells. Consistent with this idea, both MCF7
and BT474 breast cancer cells transfected with SLR20 showed
upregulation of HLAB (Fig. 5A), encoding a key MHC-I com-
ponent. The gene B2M, encoding another key MHC-I compo-
nent, B2 microglobulin, was similarly upregulated in BT474
cells (Fig. 4A).

We assessed leukocyte recruitment to 4T1 mammary tumors
grown in immune-competent Balb/c mice following treatment
with SLR20 NPs. THC analysis for CD45, a pan-leukocyte
marker, revealed substantially increased CD45" cells in tumors
treated with SLR20 NPs versus saline or OH-SLR20 NPs (Fig. 5B
and Supplementary Fig. S5). Further, IHC analysis using anti-
bodies against F4/80 (a mature macrophage marker), CD4
(a marker of helper T lymphocytes), and CD8, a marker of
cytotoxic T lymphocytes (CTL), natural killer T cells (NK-T) and
inflammatory dendritic cell (DC) populations, were each
increased in tumors treated with SLR20 NPs as compared with
saline OH-SLR20 NP-treated tumors (Fig. 5B and C). These data
suggest that RIG-I activation results in active recruitment of
leukocytes to the TME, consistent with a more immunogenic
tumor microenvironment. Consistent with this notion, we
found that SLR20 delivery to 4T1 tumors grown in immuno-
compromised athymic Balb/c (nu/nu) mice displayed more
rapid resurgence of tumor growth once the SLR20 treatment
was discontinued (Supplementary Fig. S6). This use of the
RIG-I ligand to generate a more immunogenic tumor micro-
environment was tested more directly using SLR20 in combi-
nation with the ICI, aPD-L1. Tumor-bearing WT Balb/c mice
were randomized into groups to receive treatment with SLR20,
OH-SLR20, or saline and were randomized further into groups
receiving aPD-L1 or an isotype-matched control IgG (Fig. 5D).
Tumors were treated twice weekly through treatment day 10
and monitored through treatment day 18. We found that
tumors treated with SLR20 alone grew at a slower rate than
tumors treated with OH-SLR20 or with saline (Fig. 5E). Tumor
growth was inhibited by treatment with aPD-L1 alone. How-
ever, the combination of SLR20 with ooPD-L1 decreased tumor
growth to a greater extent than either agent alone, and to a
greater extent than oPD-L1 in combination with the control
OH-SLR20 NP. These findings are consistent with the idea that
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SLR20 increases the immunogenicity of the tumor microenvi-
ronment in this model of breast cancer.

Cytokine and chemokine modulation by RIG-I signaling in
breast cancer cells

Like many PRRs, RIG-I induces expression of inflammatory
cytokines required for lymphocyte recruitment (42). Therefore,
we measured expression of IFNB1 in MCF7, BT474, and
4T1 cells following transfection with SLR20, revealing IFNB1
upregulation (Fig. 6A). Notably, Ifnb1 upregulation was also
seen in 4T1 tumors treated in vivo with SLR20 NPs (Fig. 6B).
SLR20-mediated upregulation of IFN1B was impaired in MCF7
and BT474 cells expressing RIG-I-directed shRNA sequences
(Fig. 6C; Supplementary Fig. S7). This suggests that RIG-I
signaling in breast cancer cells might be capable of activating
in trans the antigen presenting cells, such as macrophages,
within the tumor microenvironment. We tested this hypothesis
by harvesting cultured media from 4T1 cells transfected with
SLR20 or OH-SLR20, and adding the cultured media to mac-
rophage-derived Raw264.7 cells. After 30 minutes of exposure
to cultured media harvested from 4T1 cells treated with SLR20,
we found phosphorylation of the proinflammatory transcrip-
tion factor STAT1 (Supplementary Fig. S8A). Induction of
TNF gene expression following transfection with SLR20 also
was seen in MCF7, BT474, and 4T1 (Fig. 6D), but not in cells
expressing RIG-I shRNA sequences (Supplementary Fig. S8B).
To confirm that these gene-expression changes were seen at the
protein level, we assessed cultured media harvested from
MCF?7 cells 48 hours after transfection with SLR20 by cytokine
array analysis. Although this array did not carry IFN, we
observed increased protein levels of TNFo and TNFJ in the
cultured media harvested from SLR20 transfected MCF7 cells
(Fig. 6E). Additionally, MCF7 cells transfected with SLR20
harbored increased protein expression of several IFNB-induc-
ible chemokines known to recruit T lymphocytes, including
chemokine (C-C) motif ligand (CCL)-3, CCL5, CCL13, C-X-C
motif chemokine ligand 11 (CXCL11), lymphotactin/C-motif
ligand (XCL1) and interleukin (IL)-8.

Discussion

Although RIG-I-dependent anticancer immunity has been
reported in several cancers, including pancreatic cancer, hepato-
cellular carcinoma (40), leukemias (43), and melanomas (31),
little is known regarding RIG-I signaling in breast cancers. We used
a synthetic agonist to activate the innate immune effector RIG-1in
breast cancer cells in culture and in vivo, resulting in decreased
tumor growth, decreased metastasis, increased TILs, and induc-
tion of tumor cell death via pyroptosis, an immunogenic form
of cell death. These results suggest that RIG-I signaling remains
intact in breast cancer cells and can be exploited to increase tumor
cell death and, perhaps, tumor immunogenicity. Similar results
have been reported from preclinical tumor models and clinical
trials in cancers assessing the STING-mediated DNA/viral-sensing
pathway (19, 20, 23), although STING signaling reportedly may
be defective in a variety of cancers (24, 25). Nonetheless, these
findings suggest that the developing field of RIG-I mimetics
and the wider field of innate anticancer immunity may yield
novel treatment strategies for breast cancers, which historically
have not benefited to the same extent as other cancers from recent
breakthroughs in immuno-oncology.
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RIG-I signaling induces immunogenic cell death and increases tumor leukocyte infiltration. A, Cells were transfected, and after 12 hours, total RNA was
assessed by RT-gPCR to measure expression of the MHC Class Il gene HLAB. Each point represents the average of three experimental replicates, N = 3.
Midlines are average =+ SD. Student ¢ test. B and C, histologic analysis of tumor sections using IHC against F4/80analysis. B, Representative images are shown.
N = 5. C, The number of CD45", F4/80", CD4™, and CD8™ cells per 400 x field was quantitated. Each point represents the average of three random
fields per sample, N = 5. Midlines show average (£SD). P values were calculated using Student ¢ test. D, Schematic of treatment strategy for
intraperitoneal delivery of aPD-L1 or IgG, and intratumoral nanoparticle delivery of SLR20 (or OH-SLR20, or saline) to WT Balb/c mice harboring 4T1
mammary tumors. Tumors were measured throughout treatment (days 1-10) and for 8 days after treatment ceased (days 11-18). E, Tumor volume was
measured beginning at treatment day 1. N = 7 to 8 per group. n.s., nonsignificant.

The data shown herein are the first (to our knowledge)
showing that RIG-I signaling provides a therapeutic benefit
in breast cancer cells, per se, and in a mouse model of breast
cancer in vivo. Interestingly, a previous report identified
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RIG-I/DDX58 as belonging to an antimetastatic gene signa-
ture in breast cancer cells (44); however, the significance
of this interesting finding remains unclear. Our findings
here are consistent with a previous report using poly(I:C), a
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RIG-I signaling induces expression of proinflammatory cytokines from breast cancer cells. A-D, Cells were transfected, and after 12 hours, total RNA
was assessed by RT-gPCR to measure expression of the indicated genes. Each point represents the average of three experimental replicates, N = 3.
Midlines are average + SD. Student ¢ test. E, Cytokine array assessing cultured media harvested from MCF7 cells 48 hours after transfection.

Representative images are shown.

double-stranded RNA that binds to a RIG-I like receptor
known as MDAS, as well as Toll-like receptor 3 (TLR3), to
demonstrate that viral-sensing RNA helicases can activate
proinflammatory signaling pathways that can be exploited
therapeutically in breast cancers (45). We have built upon
these important early studies by investigating models of
each of the three major clinical subtypes of breast cancer,
including poorly immunogenic ER" breast cancers, and highly
aggressive TNBCs (1). We have also studied the impact of
RIG-I signaling in the context of an immune-competent
mouse model, finding that RIG-I signaling not only induces
tumor cell death and cytokine modulation, but also increases
tumor infiltration by leukocytes, a significant finding given

www.aacrjournals.org

that increased TILs predict a better outcome for patients
with breast cancer and correlates with increased response to
ICIs (5, 8, 9).

Although proinflammatory cytokines, such as those induced
by RIG-I signaling, support antitumor immunity, these are
likely to have multifaceted effects on antitumor immunity,
depending on their expression dose and duration. For example,
type I IFNs promote DC maturation and T-cell priming during
an antitumor immune response, but prolonged IFN exposure
induces regulatory factors that restrain inflammation and
antitumor immunity, such as PD-L1, IDO-1, and others.
This has been shown in the context of therapeutic STING
signaling in tumors, causing sustained induction of type I
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IFNs, which ultimately recruited immune-suppressive myeloid-
derived suppressor cells (MDSC) to the tumor micro-
environment (46). Further, studies demonstrating that RIG-I
may respond to endogenous "unshielded" long noncoding
RNAs (InRNA) or genomically incorporated retroviral
sequences, derived from neighboring tumor-associated
fibroblasts and delivered to tumor cells through exosomal
transport, may actually increase tumor cell growth, treatment
resistance and malignant progression (47), despite produc-
tion of inflammatory cytokines. These observations support
further investigation into the longer-term consequences
of RIG-I signaling in tumors. Future studies also need to consi-
der the potential risk for unrestrained inflammation, because
RIG-1 is expressed in virtually all cell types, and RIG-I activation
induces feed-forward signaling to amplify RIG-I and IFN-re-
sponsive genes. Recently described conditional RIG-I agonists,
in which the 5'-triphosphorylated terminus of the RNA duplex
remains shielded until release by predetermined molecular
cues, may help enrich delivery of RIG-I agonist to the target
tissue (48).

In summary, we demonstrate that RIG-I signaling induces
immunogenic tumor cell death and upregulates expression
of MHC-I components, proinflammatory cytokines, and che-
mokines in ER' breast cancer cells, HER2" breast cancer
cells, and TNBC cells, resulting in inhibition of tumor growth
and increased TILs in vivo. These findings suggest that RIG-I
activation using a synthetic agonist activates innate immunity
in breast cancer cells increases immunogenicity of breast
cancers and may be a feasible treatment approach for treat-
ment of breast cancers, including those with lower muta-
tional burden that are considered poor candidates for
immunotherapy.

Disclosure of Potential Conflicts of Interest
No potential conflicts of interest were disclosed.

References

1. Miller KD, Siegel RL, Lin CC, Mariotto AB, Kramer JL, Rowland JH, et al.
Cancer treatment and survivorship statistics, 2016. CA Cancer J Clin
2016;66:271-289.

2. Pardoll DM. The blockade of immune checkpoints in cancer immuno-
therapy. Nat Rev Cancer 2012;12:252-264.

3. Hodi FS, O'Day S§J, McDermott DF, Weber RW, Sosman JA, Haanen JB,
et al. Improved survival with ipilimumab in patients with metastatic
melanoma. N Engl ] Med 2010;363:711-723.

4. Ellis PM, Vella ET, Ung YC. Immune checkpoint inhibitors for patients
with advanced non-small-cell lung cancer: a systematic review. Clin
Lung Cancer 2017;18:444-459 e441.

5. Cimino-Mathews A, Foote JB, Emens LA. Immune targeting in breast
cancer. Oncology (Williston Park) 2015;29:375-385.

6. Emens LA, Kok M, Ojalvo LS. Targeting the programmed cell death-1
pathway in breast and ovarian cancer. Curr Opin Obstet Gynecol 2016;
28:142-147.

7. Nanda R, Chow LQ, Dees EC, Berger R, Gupta S, Geva R, et al. Pembro-
lizumab in patients with advanced triple-negative breast cancer: phase Ib
KEYNOTE-012 Study. J Clin Oncol 2016;34:2460-2467.

8. Garcia-Teijido P, Cabal ML, Fernandez IP, Perez YF. Tumor-Infiltrating
Lymphocytes in triple negative breast cancer: the future of immune
targeting. Clin Med Insights Oncol 2016;10:31-39.

9. Luen SJ, Savas P, Fox SB, Salgado R, Loi S. Tumour-infiltrating lymphocytes
and the emerging role of immunotherapy in breast cancer. Pathology
2017;49:141-155.

6194 Cancer Res; 78(21) November 1, 2018

Authors’ Contributions

Conception and design: D.L. Elion, J.T. Wilson, R.S. Cook

Development of methodology: D.L. Elion, M.E. Jacobson, V. Sanchez,
J.T. Wilson, R.S. Cook

Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): D.L. Elion, E. Jacobson, D.J. Hicks, P.I. Gonzalez-
Ericsson, O. Fedorova

Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): D.L. Elion, B. Rahman, R.S. Cook

Writing, review, and/or revision of the manuscript: D.L. Elion, A.M. Pyle,
]J.T. Wilson, R.S. Cook

Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): D.L. Elion, D.J. Hicks, B. Rahman, P.I. Gonzalez-
Ericsson

Study supervision: D.L. Elion, D.J. Hicks, J.T. Wilson, R.S. Cook

Acknowledgments

We would like to acknowledge the shared resources at Vanderbilt Uni-
versity, Vanderbilt University Medical Center, and the Vanderbilt-Ingram
Cancer Center that contributed to the studies reported herein, including the
VICC Breast SPORE pathology service under the direction of Dr. Melinda
Sanders, the VUMC Translational Pathology Shared Resource under the
direction of Dr. Kellye Boyd, the Vanderbilt Digital Histology Shared
Resource (DHSR) under the direction of Joseph Roland for access to a slide
scanner and assistance with histology quantification. This work was sup-
ported by Specialized Program of Research Excellence (SPORE) grant NIH
P50 CA098131 (VICC; to R.S. Cook, D.J. Hicks, V. Sanchez, and P.I
Gonzalez-Ericsson), Cancer Center Support grant NIH P30 CA68485 (VICC;
to RS. Cook, DJ. Hicks, V. Sanchez, and P.I. Gonzalez-Ericsson), CTSA
UL1TR000445 (R. S. Cook) from the National Center for Advancing Trans-
lational Sciences, W81XWH-161-0063 (J.T. Wilson and R.S. Cook) from the
Congressionally Directed Medical Research Program, and CBET-1554623
(J.T. Wilson) from the National Science Foundation.

The costs of publication of this article were defrayed in part by the payment
of page charges. This article must therefore be hereby marked advertisement
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

Received March 13, 2018; revised June 29, 2018; accepted September 4, 2018;
published first September 17, 2018.

10. Luen S, Virassamy B, Savas P, Salgado R, Loi S. The genomic landscape
of breast cancer and its interaction with host immunity. Breast
2016;29:241-250.

11. Marincola FM, Jaffee EM, Hicklin DJ, Ferrone S. Escape of human solid
tumors from T-cell recognition: molecular mechanisms and functional
significance. Adv Immunol 2000;74:181-273.

12. Garrido F, Algarra I. MHC antigens and tumor escape from immune
surveillance. Adv Cancer Res 2001;83:117-158.

13. Gatalica Z, Snyder C, Maney T, Ghazalpour A, Holterman DA, Xiao N, et al.
Programmed cell death 1 (PD-1) and its ligand (PD-L1) in common
cancers and their correlation with molecular cancer type. Cancer Epidemiol
Biomarkers Prev 2014;23:2965-2970.

14. Takeuchi O, Akira S. Pattern recognition receptors and inflammation. Cell
2010;140:805-820.

15. Shalapour S, Karin M. Immunity, inflammation, and cancer: an eternal
fight between good and evil. J Clin Invest 2015;125:3347-3355.

16. Okamoto M, Tsukamoto H, Kouwaki T, Seya T, Oshiumi H. Recognition of
Viral RNA by pattern recognition receptors in the induction of innate
immunity and excessive inflammation during respiratory viral infections.
Viral Immunol 2017;30:408-420.

17. Ishikawa H, Barber GN. STING is an endoplasmic reticulum adaptor that
facilitates innate immune signalling. Nature 2008;455:674-678.

18. Ishikawa H, Ma Z, Barber GN. STING regulates intracellular DNA-
mediated, type I interferon-dependent innate immunity. Nature 2009;
461:788-792.

Cancer Research

Downloaded from cancerres.aacrjournals.org on November 15, 2020. © 2018 American Association for Cancer Research.


http://cancerres.aacrjournals.org/

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Published OnlineFirst September 17, 2018; DOI: 10.1158/0008-5472.CAN-18-0730

Chandra D, Quispe-Tintaya W, Jahangir A, Asafu-Adjei D, Ramos I, Sintim
HO, et al. STING ligand c-di-GMP improves cancer vaccination against
metastatic breast cancer. Cancer Immunol Res 2014;2:901-910.

Li T, Cheng H, Yuan H, Xu Q, Shu C, Zhang Y, et al. Antitumor Activity of
cGAMP via Stimulation of cGAS-cGAMP-STING-IRF3 mediated innate
immune response. Sci Rep 2016;6:19049.

Tang CH, Zundell JA, Ranatunga S, Lin C, Nefedova Y, Del Valle JR, et al.
Agonist-Mediated Activation of STING induces apoptosis in malignant B
cells. Cancer Res 2016;76:2137-2152.

Demaria O, De Gassart A, Coso S, Gestermann N, Di Domizio J, Flatz L,
et al. STING activation of tumor endothelial cells initiates spontaneous
and therapeutic antitumor immunity. Proc Natl Acad Sci U S A 2015;
112:15408-15413.

Fu J, Kanne DB, Leong M, Glickman LH, McWhirter SM, Lemmens
E, et al. STING agonist formulated cancer vaccines can cure estab-
lished tumors resistant to PD-1 blockade. Sci Transl Med 2015;7:
283ra252.

Konno H, Yamauchi S, Berglund A, Putney RM, Mule JJ, Barber GN.
Suppression of STING signaling through epigenetic silencing and mis-
sense mutation impedes DNA damage mediated cytokine production.
Oncogene 2018;37:2037-51.

Xia T, Konno H, Ahn J, Barber GN. Deregulation of STING signaling in
colorectal carcinoma constrains DNA damage responses and correlates
with tumorigenesis. Cell Rep 2016;14:282-297.

Goubau D, Schlee M, Deddouche S, Pruijssers AJ, Zillinger T, Goldeck
M, et al. Antiviral immunity via RIG-I-mediated recognition of RNA
bearing 5'-diphosphates. Nature 2014;514:372-375.

Hornung V, Ellegast J, Kim S, Brzozka K, Jung A, Kato H, et al. 5'-
Triphosphate RNA is the ligand for RIG-I. Science 2006;314:994-997.
Linehan MM, Dickey TH, Molinari ES, Fitzgerald ME, Potapova O,
Iwasaki A, et al. A minimal RNA ligand for potent RIG-I activation in
living mice. Sci Adv 2018;4:e1701854.

Schlee M, Roth A, Hornung V, Hagmann CA, Wimmenauer V, Barchet
W, et al. Recognition of 5' triphosphate by RIG-I helicase requires short
blunt double-stranded RNA as contained in panhandle of negative-
strand virus. Immunity 2009;31:25-34.

Seth RB, Sun L, Ea CK, Chen ZJ. Identification and characterization
of MAVS, a mitochondrial antiviral signaling protein that activates
NF-kappaB and IRF 3. Cell 2005;122:669-682.

Besch R, Poeck H, Hohenauer T, Senft D, Hacker G, Berking C, et al.
Proapoptotic signaling induced by RIG-I and MDA-5 results in type I
interferon-independent apoptosis in human melanoma cells. J Clin Invest
2009;119:2399-2411.

Liu LW, Nishikawa T, Kaneda Y. An RNA molecule derived from sendai
virus DI particles induces antitumor immunity and cancer cell-selective
apoptosis. Mol Ther 2016;24:135-145.

Rintahaka J, Wiik D, Kovanen PE, Alenius H, Matikainen S. Cytosolic
antiviral RNA recognition pathway activates caspases 1 and 3. ] Immunol
2008;180:1749-1757.

www.aacrjournals.org

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

In Vivo Delivery to RIG-I Mimetics to Tumors

Wincott F, DiRenzo A, Shaffer C, Grimm S, Tracz D, Workman C, et al.
Synthesis, deprotection, analysis and purification of RNA and ribozymes.
Nucleic Acids Res 1995;23:2677-2684.

Zlatev I, Lackey JG, Zhang L, Dell A, McRae K, Shaikh S, et al. Automated
parallel synthesis of 5'-triphosphate oligonucleotides and preparation of
chemically modified 5'-triphosphate small interfering RNA. Bioorg Med
Chem 2013;21:722-732.

Wilson JT, Keller S, Manganiello MJ, Cheng C, Lee CC, Opara C, et al.
pH-Responsive nanoparticle vaccines for dual-delivery of antigens and
immunostimulatory oligonucleotides. ACS Nano 2013;7:3912-3925.

Ciriello G, Gatza ML, Beck AH, Wilkerson MD, Rhie SK, Pastore A, et al.
Comprehensive molecular portraits of invasive lobular breast cancer. Cell
2015;163:506-519.

Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, Dunning MJ, etal. The
genomic and transcriptomic architecture of 2,000 breast tumours reveals
novel subgroups. Nature 2012;486:346-352.

Kohlway A, Luo D, Rawling DC, Ding SC, Pyle AM. Defining the
functional determinants for RNA surveillance by RIG-I. EMBO Rep
2013;14:772-779.

HouJ, ZhouY, ZhengY, Fan ], Zhou W, Ng IO, et al. Hepatic RIG-I predicts
survival and interferon-alpha therapeutic response in hepatocellular
carcinoma. Cancer Cell 2014;25:49-63.

Galluzzi L, Vitale I, Aaronson SA, Abrams JM, Adam D, Agostinis P,
et al. Molecular mechanisms of cell death: recommendations of the
Nomenclature Committee on Cell Death 2018. Cell Death Differ
2018;25:486-541.

Duewell P, Steger A, Lohr H, Bourhis H, Hoelz H, Kirchleitner SV, et al.
RIG-I-like helicases induce immunogenic cell death of pancreatic
cancer cells and sensitize tumors toward killing by CD8(+) T cells.
Cell Death Differ 2014;21:1825-1837.

Li D, Gale RP, Liu Y, Lei B, Wang Y, Diao D, et al. 5'-Triphosphate siRNA
targeting MDRI1 reverses multi-drug resistance and activates RIG-I-induced
immune-stimulatory and apoptotic effects against human myeloid
leukaemia cells. Leuk Res 2017;58:23-30.

Wallden B, Emond M, Swift ME, Disis ML, Swisshelm K. Antimetastatic
gene expression profiles mediated by retinoic acid receptor beta 2 in
MDA-MB-435 breast cancer cells. BMC Cancer 2005;5:140.

Venkatesh A, Nandigam H, Muccioli M, Singh M, Loftus T, Lewis D, et al.
Regulation of inflammatory factors by double-stranded RNA receptors in
breast cancer cells. Immunobiology 2018;223:466-76.

Liang H, Deng L, Hou Y, Meng X, Huang X, Rao E, et al. Host STING-
dependent MDSC mobilization drives extrinsic radiation resistance.
Nat Commun 2017;8:1736.

Nabet BY, Qiu Y, Shabason JE, Wu TJ, Yoon T, Kim BC, et al. Exosome RNA
unshielding couples stromal activation to pattern recognition receptor
signaling in cancer. Cell 2017;170:352-366 e313.

Palmer CR, Jacobson ME, Fedorova O, Pyle AM, Wilson JT. Environmen-
tally triggerable retinoic acid-inducible gene I agonists using synthetic
polymer overhangs. Bioconjug Chem 2018;29:742-7.

Cancer Res; 78(21) November 1, 2018

Downloaded from cancerres.aacrjournals.org on November 15, 2020. © 2018 American Association for Cancer Research.

6195


http://cancerres.aacrjournals.org/

Published OnlineFirst September 17, 2018; DOI: 10.1158/0008-5472.CAN-18-0730

AAC_R American Association
for Cancer Research

Cancer Research

The Journal of Cancer Research (1916-1930) | The American Journal of Cancer (1931-1940)

Therapeutically Active RIG-1 Agonist Induces Immunogenic Tumor
Cell Killing in Breast Cancers

David L. Elion, Max E. Jacobson, Donna J. Hicks, et al.

Cancer Res 2018;78:6183-6195. Published OnlineFirst September 17, 2018.

Updated version

Supplementary
Material

Access the most recent version of this article at:
doi:10.1158/0008-5472.CAN-18-0730

Access the most recent supplemental material at:
http://cancerres.aacrjournals.org/content/suppl/2018/09/15/0008-5472.CAN-18-0730.DC1

Cited articles

Citing articles

This article cites 48 articles, 9 of which you can access for free at:
http://cancerres.aacrjournals.org/content/78/21/6183.full#ref-list-1

This article has been cited by 3 HighWire-hosted articles. Access the articles at:
http://cancerres.aacrjournals.org/content/78/21/6183.full#related-urls

E-mail alerts

Reprints and
Subscriptions

Permissions

Sign up to receive free email-alerts related to this article or journal.

To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.

To request permission to re-use all or part of this article, use this link
http://cancerres.aacrjournals.org/content/78/21/6183.

Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from cancerres.aacrjournals.org on November 15, 2020. © 2018 American Association for Cancer Research.


http://cancerres.aacrjournals.org/lookup/doi/10.1158/0008-5472.CAN-18-0730
http://cancerres.aacrjournals.org/content/suppl/2018/09/15/0008-5472.CAN-18-0730.DC1
http://cancerres.aacrjournals.org/content/78/21/6183.full#ref-list-1
http://cancerres.aacrjournals.org/content/78/21/6183.full#related-urls
http://cancerres.aacrjournals.org/cgi/alerts
mailto:pubs@aacr.org
http://cancerres.aacrjournals.org/content/78/21/6183
http://cancerres.aacrjournals.org/

www.oncotarget.com

Oncotarget, 2019, Vol. 10, (No. 24), pp: 2338-2339

Editorial

Activation of RIG-I signaling to increase the pro-inflammatory

phenotype of a tumor

David L. Elion and Rebecca S. Cook

Immune checkpoint inhibitors (ICIs) are achieving
remarkable successes in several cancers, including
melanoma, colon, and lung cancers. However, these
same successes for ICIs are not yet being realized in
estrogen receptor positive (ER+) breast cancer, the most
common breast cancer subtype. Compared to triple-
negative breast cancer (TNBC), ER+ breast cancers
exhibit lower overall response rates to ICI treatments,
including anti-programmed cell death (PD)-1, and anti-
PD-ligand 1 (PD-L1) [1]. Accumulating evidence suggests
that TNBCs harbor more tumor infiltrating lymphocytes
(TILs), a higher mutational burden, and higher tumor cell
PD-L1 expression as compared to ER+ breast cancers,
characteristics that may prime TNBCs for ICI response
[2]. If so, then it is possible that treatment strategies aimed
at increasing TILs in the tumor microenvironment (TME)
of ER+ breast cancers might increase ICI responsiveness
[3]. This hypothesis underlies intense research efforts to
identify treatment strategies that would increase TILs in
ER+ breast cancers, potentially enabling effective and
durable ICI responses.

Numerous reports demonstrate that most cells in
the body, including tumor cells as well as cells of the
TME, express receptors that recognize and respond to
viral nucleotide motifs, referred to as pattern recognition
receptors (PRRs) [4]. PRRs are an important element
of innate immunity. Once activated, PRRs initiate
signaling pathways that generate a pro-inflammatory
microenvironment that becomes replete with lymphocytes.
Therapeutic approaches that use non-infectious methods
to activate PRR signaling within the TME is gaining
momentum as a strategy for priming tumors for ICI
sensitivity, with much excitement surrounding agonists of
the PRR known as STING [4]. We recently investigated
the PRR known as retinoic acid-inducible gene (RIG)-I
in models of ER+ breast cancers, testing the possibility
that, when appropriately delivered and modulated, RIG-I
mimetics might have robust therapeutic as a cancer
treatment, as is currently being explored for STING
agonists. We found that RIG-I signaling resulted in
potent TIL recruitment to the TME, and primed otherwise
insensitive tumors for sensitivity to PD-L1 treatment [4,
5].

RIG-I is a cytosolic RNA helicase, recognizing
RNA motifs specific to certain viruses. Years of RIG-I
research has culminated in the discovery of synthetic non-
infectious RIG-I mimetics, comprised of minimal stem-
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loop RNA (SLR) sequences harboring a 5’-triphosphate
motif, capable of potent RIG-I activation in cultured
tumor cells and in mice in vivo [6]. Delivery of SLR
sequences to cultured ER+ breast cancer cells activated
RIG-I signaling, and induced immunogenic programs
of breast cancer cell death, including pyroptosis and
extrinsic apoptosis [5], demonstrating that RIG-I signaling
has important therapeutic consequences that occur in
a breast cancer cell intrinsic manner. Interestingly, we
also found that RIG-I activation using SLR sequences
induced expression of pro-inflammatory and T-cell
recruiting cytokines by ER+ breast cancer cells. Further,
RIG-I signaling in response to SLR sequences increased
expression of Major Histocompatibility (MHC)-I proteins
by ER+ breast cancer cells, and increased breast cancer
cell expression of PD-L1. Together, these observations
support the hypothesis that therapeutic RIG-I activation
might recruit TILs and prime the TME for ICI response.

The effective delivery of SLR sequences to the TME
in vivo was enabled by recent advances in nanoparticle
(NP)-mediated delivery of RNA interference (RNAi)
technologies. We focused on a previously described NP
design strategy used with siRNAs, based on its proven in
vivo protection of siRNA sequences, longer circulating
half-life, increased uptake of siRNA by tumor cells, and
enhanced endosomal release of siRNA cargo into the
cytoplasm of tumor cells [7]. Adapting this NP design for
use with SLR sequences, we found that NP-SLR delivery
activated RIG-I signaling in tumor cells in vivo [5]. Similar
to what was seen in cultured breast cancer cells, we found
that RIG-I activation in tumor cells in vivo resulted in
increased expression of pro-inflammatory cytokines.
Importantly, we found increased CD4" and CD8" TILs
and heightened ICI sensitivity in tumors treated with NP-
SLR, consistent with the larger hypothesis that activation
of innate immunity in ER+ breast cancers may prime these
tumors for response to ICI.

These findings support clinical translation
of RIG-I agonists, which is currently underway
(NCT03065023) using the RIG-I agonist from Merck,
MK-4621, in advanced and recurrent tumors. Another
clinical trial recently opened (NCT03739138) to
identify the therapeutic effects of MK-4621 with anti-
PD-1 (Pembrolizumab) in patients with advanced and
recurrent tumors. These trials are supported by our data
demonstrating that RIG-I agonists increase ICI response
in breast cancers through at least two mechanisms, tumor
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intrinsic apoptosis and enhanced immunogenicity of the
TME. It is anticipated that, although RIG-I agonists are
only in earliest phases of exploration as cancer treatment
strategy, the field will move forward at a rapid pace, based
on the vast potential for its success in immune-oncology.
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ABSTRACT

Cancer immunotherapies that remove checkpoint restraints on adaptive
immunity are gaining clinical momentum. Approaches aimed at intrinsic cellular
immunity in the tumor microenvironment are less understood, but are of intense
interest, based on their ability to induce tumor cell apoptosis while orchestrating
innate and adaptive immune responses against tumor antigens. The intrinsic immune
response is initiated by ancient, highly conserved intracellular proteins that detect
viral infection. For example, the RIG-I-like receptors (RLRs), a family of related
RNA helicases, detect viral oligonucleotide patterns of certain RNA viruses. RLR
activation induces immunogenic cell death of virally infected cells, accompanied by
increased inflammatory cytokine production, antigen presentation, and antigen-
directed immunity against virus antigens. Approaches aimed at non-infectious RIG-I
activation in cancers are being tested as a treatment option, with the goal of inducing
immunogenic tumor cell death, stimulating production of pro-inflammatory cytokines,
enhancing tumor neoantigen presentation, and potently increasing cytotoxic activity
of tumor infiltrating lymphocytes. These studies are finding success in several pre-
clinical models, and are entering early phases of clinical trial. Here, we review pre-
clinical studies of RLR agonists, including the successes and challenges currently
faced RLR agonists on the path to clinical translation.

INTRODUCTION the checkpoint restraints on adaptive immunity [1]. ICIs
have revolutionized treatments for many types of cancer

The immune system is capable of targeted tumor [1-3]. Despite these successes, not all patients respond to

cell killing through the process of immunosurveillance. ICI therapy, for reasons that are varied and incompletely
Although tumors often develop ways to escape understood. It is thought that ICIs may be less effective
immunosurveillance, the growing interest and in tumors that are poorly immunogenic, as defined by
understanding of molecular interactions that occur low levels of tumor infiltrating lymphocytes (TILs),
between the tumor and the immune system have minimal cross-presentation of tumor neoantigens, and
resulted in treatment strategies aimed at harnessing the high levels of immune suppressive leukocytes such as
immune system to target cancers. Recent advances in regulatory T-cells (T, _s), tumor associated macrophages
tumor immunology have produced immune checkpoint (TAMs) and myeloid derived suppressor cells (MDSCs)
inhibitors (ICIs), cancer treatments designed to relieve [4-7]. Innovative strategies to increase immunogenicity in
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tumors are being explored through a variety of approaches.
One emerging strategy is based on activation of innate
immunity in the tumor microenvironment (TME) [8, 9].
Innate immunity is a powerful arm of the immune system
responsible for rapid anti-microbial immunity, often
inducing programmed cell death of an infected cell. Innate
immunity functions beyond the infected cell as well, by
modulating the expression of cytokines and chemokines
that recruit T-lymphocytes to the affected tissue, enhance
antigen presentation, and increase cross-priming to
antigen-specific T-cells [8, 10]. This idea is being explored
extensively in regards to the pattern recognition receptor
(PRR) known as Stimulator of Interferon Genes (STING)
[11, 12]. Synthetic STING ligands potently induce anti-
tumor immunity in several cancers, including breast
cancer, chronic lymphocytic leukemia, colon cancer,
and squamous cell carcinoma [13—17]. However, there
is increasing evidence that STING signaling might be
defective in some cancers, due to mutations, promoter
methylation, and decreased expression of STING pathway
effectors [18, 19], thus limiting their potential efficacy
in the tumor cell compartment of the TME. However,
other cells of the TME, particularly cells of the immune
compartment, may retain STING signaling even when the
STING pathway is defective within the tumor cells, per se,
allowing STING ligands to induce innate immunity within
the TME under these circumstances [20].

Viral nucleic acid sensors, such as the RNA
helicase known as retinoic acid-inducible gene I (RIG-I,
encoded by the gene DDX58) [21], are expressed in most
cells of the human body, including tumor cells [22].
When infected by an RNA virus, double-stranded RNA
replication intermediates derived from the virus bind to
RIG-I [23-26] and activate a RIG-I inflammasome leading
to pyroptosis, a highly immunogenic mechanism of
programmed cell death [27-29]. A hallmark of pyroptosis
is the formation of pores in the plasma membrane
[30], leading to hypotonic cell swelling and leakage
of intracellular contents, including danger associated
molecular patterns (DAMPs), into the microenvironment.
RIG-I signaling simultaneously induces expression of
pro-inflammatory cytokines [8, 10]. Together, DAMPs
and pro-inflammatory cytokines stimulate a local acute
inflammatory immune response aimed at removal of
virus and virally-infected cells [31]. Interestingly, viral
nucleotide motifs can be mimicked using synthetic, non-
infectious oligonucleotides. These RIG-I agonists are
capable of triggering RIG-I signaling, pyroptosis, and
acute inflammation [26, 32-35]. In the cancer setting,
RIG-I activation could thus provide a three-pronged
attack: 1.) direct activation of tumor cell death; 2.)
cytokine-mediated activation of innate immune effectors
(e.g., macrophages, natural killer cells), and 3.) increased
recruitment and cross priming of adaptive immune
effectors (e.g., CD8+ T-lymphocytes) through a cytokine-
enriched microenvironment and enhanced activity of

professional antigen presenting cells [APCs, e.g., dendritic
cells (DCs) or macrophages] (Figure 1). Synthetic RIG-I
agonists are being explored as a therapeutic approach in a
diverse range of cancers [27, 33, 34, 36]. Here, we review
studies of RIG-I signaling in the tumor microenvironment,
and preclinical studies investigating RIG-1 agonists for
cancer treatment.

Activation of RIG-I induces pro-inflammatory
signaling in a cell-intrinsic manner

RIG-I was first identified as a cytosolic DExD/H
box RNA helicase activated in response to certain RNA
viruses [21]. RIG-I is activated upon recognition of
its ligand, double-stranded RNA sequences modified
with a 5’-triphosphate (5’-3pRNA) or 5’-diphosphate
(5’-2pRNA) motif [24, 26, 27, 37]. RIG-I activation
may occur in response to other RNA motifs, including
blunt dsRNAs [38], monomeric RNA within defective
human immunodeficiency virus (HIV)-1 particles [39],
cytoplasmic long non-coding RNAs [40], small nuclear
RNAs [41-44], or endogenous retroviral transcripts.
In addition to the DexD/H box RNA helicase domain,
RIG-I is characterized by an amino-terminal Caspase
Activation and Recruitment Domain (CARD) domain,
and a Carboxy-Terminal Domain (CTD) [45-47].
Once activated by its ligand, RIG-I undergoes an
ATP-dependent conformational change, exposing its
CARD domain for polyubiquitylation [48] by ubiquitin
ligases such as TRIM2S5, Riplet and others [49-52].
Once polyubiquitylated, a mitochondrial signalosome,
comprised of the proteins WHIP, PPP6C and TRIM 14,
recruits RIG-I to the mitochondrial surface where the
CARD domain of RIG-I interacts with the CARD domain
of Mitochondrial Anti-Viral Signaling (MAVYS), a requisite
RIG-I co-factor [49, 53-55].

Once engaged, MAVS signaling activates three
kinases that serve as regulators of inflammation, Inhibitor
of kB-Kinase (IKK)-y, TANK-Binding Kinase (TBK)-
1 and IKK-g¢ [56-58]. These kinases phosphorylate
Interferon (IFN) Regulatory Factor (IRF)-1, IRF-3, IRF-7,
and Nuclear Factor (NF)-xB [59-61], transcription factors
that drive expression of a pro-inflammatory transcriptional
program that includes type I IFNs and pro-inflammatory
cytokines [45, 62]. Importantly, IFN-a, IFN-B, and other
pro-inflammatory cytokines produced in response to
RIG-I activation drive a feed-forward signaling loop
that maintains high expression levels of RIG-I, IFNs
and additional pro-inflammatory IFN-stimulated genes
(ISGs), by maintaining phosphorylation and activation
of the transcription factors IRF-3, IRF-7, and NF-kB,
and by phosphorylation of the transcription factor Signal
Transducer and Activator of Transcription (STAT)-1,
which occurs in response to IFN-a/p receptor (IFNAR)-
mediated activation of JAK-STAT signaling (Figure
2) [62]. This feed-forward signaling model amplifies
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inflammatory cytokine production in the infected and
neighboring cells, while recruiting leukocytes to the
infected area, including pro-inflammatory lymphocytes.
Since a ‘T-cell inflamed’ microenvironment is often
associated with an improved prognosis for several cancers,
and correlates with increased tumor sensitivity to ICIs, the
pro-inflammatory phenotype induced by RIG-I activation
may be an attractive treatment approach to increase tumor
immunogenicity and clinical success of ICls.

Two RIG-I-like receptors (RLRs) with structural
similarity to RIG-I have been identified. One of these
RLRs, Melanoma Differentiation Associated (MDA)-5,
harbors an amino-terminal CARD domain, a DexD/H box
motif, and a CTD domain [63, 64]. Like RIG-I, MDA-5
induces type I [FNs and other pro-inflammatory cytokines
in response to viral nucleotides, albeit viral nucleotide
motifs that are distinct from those that activate RIG-I.
MDA-S5 is activated by blunt-ended, long double-stranded
RNA [e.g. polyinosinic-polycytidylic acid, or poly(I:C)],
a ligand that also activated some Toll-Like Receptors
(TLRs). In contrast to RIG-I and MDA-5, the other RLR

Tumor Cells

known as Laboratory of Genetics and Physiology (LGP)-
2 lacks the CARD domain shared by RIG-I and MDA-5,
but is otherwise similar to the other RLRs [65]. Without
the CARD domain, LGP-2 is unable to interact directly
with MAVS to initiate a pro-inflammatory response. There
are reports suggesting that LGP-2 activation interferes
with RIG-I signaling, but that MDA-5 signaling may
be enhanced by LGP2 [48, 66—69]. The implications of
LGP2 expression and signaling in the context of cancer
therapy, and how LGP2 might affect therapeutic responses
to RIG-I agonists, are currently unclear.

RIG-I signaling potently activates programmed
cell death

In the context of viral infection, RIG-I signaling is
capable of inducing programmed cell death (PCD) as a
mechanism to eliminate virally-infected cells. Cellular
mechanisms by which RIG-I induces PCD include
activation of the intrinsic apoptosis pathway, the extrinsic
apoptosis pathway, and a type of programmed necrosis
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cytokine modulation

Cytotxic activity
Antigen presentation
T-cell cross priming

o Tumor cell
m_’ : E — pyroptosis
RIG-1 agonist - \A Tumor cell
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Y 4
Production of
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Figure 1: RLR activation signals innate immunity in the TME. When tumor cells are treated with an RIG-I mimetic, inflammatory
cytokine and type I IFN expression is rapidly upregulated, inducing innate immune responses in the tumor microenvironment. The cytolytic
activity of leukocytes, such NK cells and macrophages, is increased in response to this I[FN-enriched microenvironment. Maturation and
activation of macrophages and DCs result in enhanced antigen presentation to T-lymphocytes in tumor draining lymph nodes. T-regulatory
cell differentiation is decreased by the pro-inflammatory microenvironment produced by RIG-I activation.
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termed ‘pyroptosis.” The molecular factors governing
the mode of RIG-I mediated cell death may depend to
some extent on cell type. For example, RLR activation
in keratinocytes, melanoma cells, glioblastoma cells,
and many leukemia cells cause mitochondrial outer
membrane permeabilization (MOMP), cytochrome-C
release from mitochondria, and activation of caspase-9

and Apaf-1, the irreversible molecular switch that governs
the intrinsic apoptotic pathway [27]. However, RIG-I
signaling in pancreatic and prostate cancer cells robustly
induces expression of several factors that activate the
extrinsic apoptotic pathway, including Fas, Fas Ligand,
Tumor Necrosis Factor (TNF), TNF-related apoptosis-
inducing ligand (TRAIL), and the TRAIL receptors Death
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Figure 2: RIG-I activation induces Type I IFNs, which support pro-inflammatory transcriptional reprogramming.
RIG-I binding to 5’-3pRNA or 5’-2pRNA induces a conformational change, allowing RIG-I CARD domains to be polyubiquitylated by
E3 ligases (e.g., Riplet or TRIM25). Polyubiquitylated RIG-I is recruited to mitochondria outer membranes, where it interacts with MAVS,
which then activates IKK-¢, IKK-y, and TBK1, kinases responsible for phosphorylation/activation of transcription factors (ATF-1, c-Jun,
CBP, IRF-3, NF-kB). These transcription factors induce an expression profile that includes Type I I IFNs and additional pro-inflammatory
cytokines. Type I IFNs bind to IFNAR, activating the intracellular tyrosine kinase JAK1/2, which in turn phosphorylates pro-inflammatory
STAT transcription factors, thus driving expression of additional ISGs and amplifying the IFN-inducible positive feedback loop to support
and maintain a pro-inflammatory microenvironment.
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Receptor (DR)-4 and DR-5, causing caspase-8 activation
and extrinsic apoptosis. The mechanism by which RIG-I
signaling upregulates TRAIL, FAS and other extrinsic
apoptosis-activating factors are not entirely clear, although
it is likely that IFN signaling is involved, given that Fas,
TRAIL, and caspase-8 are known ISGs [70, 71].

Another mode of programmed cell death induced
upon RIG-I activation is termed “pyroptosis,” an
immunogenic form of cell death occurring in response
to activation of the inflammasome, a multi-protein
holoenzyme comprised of capsase-1 oligomers, adaptor
proteins known as ASC (Apoptosis-associated Speck
with a Caspase-recruitment domain), and a molecular
sensor of pathogens, such as RIG-I (Figure 3). RIG-I
can interact, via its CARD domain, with the CARD
domains of inflammasome components [72], resulting
in auto-cleavage and activation of caspase-1 [29, 73],
which then allows proteolysis of the pro-inflammatory
cytokines interleukin (IL)-1p and IL-18 [73], which
amplify inflammatory signaling in the local environment
while activating natural killer (NK) cells and recruiting
leukocytes to the affected tissue. Caspase-1 activation
also results in cleavage of Gasdermin-D, removing the
auto-inhibitory domain from Gasdermin-D to allow
oligomerization at the plasma membrane and pore
formation. Plasma membrane permeabilization by
Gasdermin-D pores allows water to enter and swell the
cell, a hallmark of necrosis. Once membrane integrity is

RIG-I agonist
[6°-3pRNA or 5’-2pRNA]

IL-18

lost, intracellular contents, including DAMPs, permeate
the extracellular environment, inducing danger responses
in neighboring cells, which amplifies the inflammatory
response.

RIG-I signaling in tumor cells affects the
complex tumor microenvironment

The capacity for RIG-I signaling to induce cell
death, while inducing pro-inflammatory responses, makes
therapeutic use of RIG-I mimetics a highly attractive
option in cancers. A growing number of studies show that
the molecular responses to RIG-I or RLR signaling are
retained in tumor cells and in non-tumor cells of the tumor
microenvironment, and support innate immune responses
against tumor cells [34]. For example, RIG-I activation
in ovarian cancer cells enables NK-mediated tumor cell
killing in culture [36]. Further, RIG-I signaling within the
tumor cell increases phagocytosis of the affected tumor
cell by professional APCs, including macrophages and
DCs, thus providing tumor antigens for presentation to
lymphocytes [32]. At the same time, the IFN-enriched
microenvironment generated by tumor cell RIG-I
signaling increases expression of major histocompatibility
complex (MHC)-II antigen presentation molecules in
macrophages and DCs, which may further increase tumor
antigen cross-presentation. In support of this idea, it is
reported that DCs presented pancreatic cancer-derived
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Figure 3: RIG-I activation induces immunogenic modes of programmed cell death. Activated RIG-Irecruits the inflammasome
adaptor protein ASC, which facilitates binding and oligomerization of Caspase-1, leading to caspase-1 auto-cleavage and activation.
Caspase-1 cleaves protein precursors of IL-1B and IL-18 to generate their mature, pro-inflammatory isoforms, which are then secreted.
Caspase-1 activity also drives cleavage of the auto-inhibitory domain from Gasdermin-D, liberation the amino-terminal pore-forming
domain of Gasdermin-D to translocate to the plasma membrane and oligomerize, forming pores that initiate hypotonic cellular swelling and
lysis, followed by release of DAMPs into the extracellular space, thus inducing an inflammatory response from surrounding cells.
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antigens more robustly to T-cells if RIG-I signaling was
activated in pancreatic cancer cells prior to their co-culture
with DCs [32, 36]. Similar results were observed upon
RIG-I activation ovarian cancer cells prior to co-culture
with macrophages [74].

RIG-I mimetics are gaining traction as a possible
cancer treatment in pre-clinical studies

Through direct activation of intrinsic immunity
in cancer cells, and accompanying indirect activation
of leukocytes in the TME, synthetic RIG-I mimetics are
under investigation for cancer treatment in pre-clinical
studies in hepatocellular carcinoma [75], leukemias
[76], melanomas [27], prostate cancers [77] and others.
RIG-I agonists that are stable and functional in vivo are
under current development. For example, a minimal
5’-triphophosphorylated stem-loop RNA (SLR) sequence
for intra-venous delivery to mice was recently reported
[25]. The stem-loop structure enhances structural stability
of the complex, a key determinant of RIG-I ligand
potency. Delivery of SLR sequences to mice in vivo
activated RIG-I signaling, IFN induction, and expression
of genes required for potent anti-viral immunity, although
this RIG-I mimetic has not yet been studied in tumors
grown in vivo. A pre-clinical compound specific for
RIG-I is RGT100 (Merck/Rigontec), currently in phase I
clinical trials for treatment of advanced solid tumors and
lymphomas (NCT03065023), although peer-reviewed
preclinical reports for RGT100 were not identified, to our
knowledge. Another compound which activates RIG-I by
unknown mechanisms is SB-9200 [78], which is currently
under investigation as an anti-viral agent, but has not yet
been tested in the pre-clinical setting of cancer treatment.

In addition to RIG-I specific mimetics, synthetic
RLR mimetics are being investigated in pre-clinical
and early clinical studies. The compound Hiltonol
[polyinosinic-polycytidylic acid stabilized with poly-I-
lysine and carboxymethylcellulose (poly-ICLC)] [79,
80] was tested in combination with chemotherapy for
patients with Stage IV anaplastic astrocytoma, resulting
in increased overall survival (OS) to >8 years, versus
the expected survival of two years on conventional
chemotherapy alone [81]. Another trial tested poly-ICLC
in combination with radiation and temozolomide in newly
diagnosed adult glioblastoma patients. In these studies,
intramuscular poly-ICLC increased OS to 18.3 months
from 14.6 months [82—-84]. Further, poly-ICLC is being
tested as a tumor vaccine adjuvant in several cancer
types, with a growing number of successes in Phase I
and II clinical trials for gliomas [85], breast cancer [86],
pancreatic cancer [87], ovarian cancer [88, 89], multiple
myeloma [90], and others, highlighting the potential
advances that Poly-ICLC may achieve across a spectrum
of cancers. Although poly-ICLC potently activates MDA-
5, it also activates Toll-like Receptor (TLR)-3, making the

specific contributions of RLR signaling to the therapeutic
effects of poly-ICLC, and to patient outcome, difficult to
dissect.

The future of RIG-I agonists in cancer

Exciting innovations within the field of RIG-I
agonists are emerging. For example, a powerful, bimodal
application of RNAi-based silencing of intra-tumoral gene
targets using a 5’-triphosphate modified dsSRNA sequence
would allow for RIG-I activation and simultaneous gene
targeting. This approach was demonstrated in melanomas,
using 5’-3p-siRNA sequences specific to the anti-apoptotic
gene BCL2. Delivery of this construct to cells potently
stimulated IFN production and NK activation, while
enhancing tumor cell killing through Bcl-2 ablation [34].
This concept was validated using a 5°-3p-siRNA targeting
transforming growth factor (TGF)-f in pancreatic cancer
cells, resulting in tumor cell apoptosis, IFN induction,
and enhanced CD8+ T cell responses [36]. A similar
approach was used in models of non-small cell lung
cancer, using 5’-3p-siRNA sequences against vascular
endothelial growth factor (VEGF), resulting in reduced
tumor angiogenesis while enhancing anti-tumor immunity
[91]. Defining the most appropriate gene silencing target
may be a difficult task, but the use of siRNA paves the
pathway for targeting certain oncogenes (e.g., MYC) that
are currently ‘undruggable.’

Despite the potential success of RIG-I and RLR
agonists, the immune system is powerful and incompletely
understood, warranting cautious optimism and thorough
examination of the caveats associated with innate immune
activation, including possible on-target induction of
autoimmunity, or induction of a cytokine ‘storm’ which
could pose a threat to patient safety [92-94]. It is important
to note that, since RIG-I is expressed in most cells of the
human body, the consequences of RIG-I activation might
be widespread, driving symptoms like fatigue, depression
and cognitive impairment. In ICI-based therapies, these
side-effects are generally managed by corticosteroid
immunosuppression.

Delivery of small nucleotide sequences to tumor
cells and leukocytes within the TME is another major
obstacle to the widespread utility of RIG-I or RLR-
based therapeutics in the cancer setting. Studies aimed
at generating stable, specific and potent RIG-I ligands
that retain functionality in vivo have been reported only
recently. For example, a study employing a minimal
5’-triphophosphorylated stem-loop RNA (SLR) sequence
delivered by intra-venous delivery to mice activated
in RIG-I signaling, IFN induction, and expression of
genes required for potent anti-viral immunity in vivo.
A recently described ‘conditional’ RIG-I ligand, in
which the 5’-triphosphorylated terminus of the RNA
duplex remained shielded until release by predetermined
molecular cues in vivo, could enhance delivery of RIG-I
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agonist to tumors, and minimize RIG-I activation outside
of the TME [95]. However, the efficacy of RIG-I ligands,
including SLRs and conditional RIG-I ligands, not yet
been tested in animal models of cancer [25].

CONCLUSION

Therapeutic RIG-I and RLR agonists are emerging
as a novel approach to engage the immune system in
the fight against cancer. Importantly, RIG-I signaling
directly promotes tumor cell killing through three
distinct modes of action: intrinsic apoptosis, extrinsic
apoptosis, and pyroptosis. Further, simultancous
activation of the innate and adaptive arms of the immune
system may generate durable therapeutic responses.
The multi-faceted mechanisms by which RLR agonists
eliminate cancer cells represent the well-rounded arsenal
of weapons required to fight aggressive and metastatic
cancers effectively.
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1.

INTRODUCTION: This project pursues a new approach to preventing metastatic breast cancer recurrence
through the development of a novel immunotherapeutic technology that generates antitumor immunity
via reprograming of the tumor microenvironment (TME). Our approach is based on sustained
intratumoral release of multifunctional immunotherapeutic nanoparticles (IT-NPs) that precisely re-
shape the TME through coordinated immunostimulation and blockade of immunosuppression. IT-NPs
promote efficient cytosolic delivery of novel RNA therapeutics designed to activate antitumor innate
immunity via the retinoic acid-inducible gene | (RIG-I) pathway while concurrently silencing key
immunosuppressive pathways, including TGF-B signaling. The overall objective of this grant is to
develop injectable IT-NP delivery platform that allows for precise immunomodulation of the TME, and
to investigate how the dynamics of TME reprogramming influence tumor growth and induction of anti-
tumor immunity. We hypothesize that activation of RIG-1 combined with silencing of TGF-p receptor 2
(TBR2) will increase the immunogenicity of the TME, resulting in induction of local and systemic anti-
tumor immunity and immune memory that can eliminate local and disease and prevent future
recurrence.





2. KEYWORDS: RIG-I, Nanoparticle, Breast Cancer, Metastasis, Tumor growth, Anti-tumor immunity,
Immunotherapy, Gene silencing





3. ACCOMPLISHMENTS:

What were the major goals of the project? The overall goal of this project is to prevent metastatic breast
cancer recurrence through the development of a novel in situ vaccination strategy for generating antitumor
immunity and immune memory. To accomplish this, we are designing and validating an injectable IT-NP
delivery platform that allows for precise immunomodulation of the TME. We are pursuing the following
Specific Aims:

Aim 1: Develop an injectable delivery platform for sustained and tunable release of immunotherapeutic
nanoparticles (IT-NPs) to breast tumors.

Aim 2: Evaluate the effect of local TPR2 silencing and RIG-I activation on the breast tumor
microenvironment in an immunocompetent murine model of metastatic breast cancer.

Aim 3: Demonstrate the efficacy of local and temporally regulated immunomodulation of the breast TME in
mediating breast tumor regression, eliminating established breast cancer metastases, and preventing future
metastatic recurrence of breast cancer.

The following Tasks from the Statement of Work are color coded to represent Tasks led by the
Initiating PI1 John Wilson (in gray) or Partnering Pl Rebecca Cook (in blue). Those tasks which
represent significant intercalation of efforts from the Initiating Pl and Partnering Pl are indicated in
green.

Specific _Aim __1: Develop a platform for controlled, sustained and tunable release of
immunotherapeutic nanoparticles (IT-NPs) to breast tumors.

Major Task 1: Synthesize and characterize “smart” nanoparticles for cytosolic delivery of 5’ppp-TPR2
SiRNA

Subtask 1: Synthesize “smart” polymeric nanoparticles, characterize polymer molecular weight and
polydispersity, and measure particle size by dynamic light scattering. Months 1-2.

Status: These projects were completed in Year 1 (see Y1 progress report, 2017).

Subtask 2: Screen TPR2 siRNA sequences in mammary tumor epithelial cells from MMTV-PyMT mice,
macrophages, and dendritic cells (DCs) to select one with an IC50 of 10 nM or less. Months 2-4.

Status: These projects were completed in Year 1 (see Y1 progress report, 2017).

Subtask 3: Synthesize 2-3 mg 5’ppp-siTBR2 and control sequences. Demonstrate TBR2 knockdown and
RIG-1-dependent IFN-f secretion in primary mammary tumor epithelial cells, macrophages, and DCs.
Months 4-5.

Status: These projects were completed in Year 1 (see Y1 progress report, 2017).

Major Task 2: Develop PLGA micro-particles for controlled release of IT-NPs.

Subtask 1: Use a water-in-oil-in-water emulsion method to load IT-NPs into 5-10 pm PLGA microparticles
formulated with 0, 1.25, 2.5, and 5 wt% trehalose to control release kinetics. Characterize microparticle
size, polydispersity, and porosity via TEM and SEM. Months 3-6.

Status: These projects were completed in Year 1 (see Y1 progress report, 2017).





Subtask 2: Determine microparticle IT-NP loading capacity and encapsulation efficiency and measure the
in vitro release kinetics of IT-NPs from microparticles fabricated with different amounts of trehelose. Fit
with transport models to determine half-maximal release for each formulation. Months 6-8.

Status: These projects were completed in Year 1 (see Y1 progress report, 2017).

Subtask 3: Compare the SIRNA silencing and RIG-I activity of IT-NPs released from microparticles to
freshly-prepared IT-NPs. Months 6-8.

Status: These projects were completed in Year 2 (see Y2 progress report, 2018).

Major Task 3: Characterize the intratumoral retention time of IT-NPs from microspheres delivered to
TME.

Subtask 1: Using the MMTV-PyVmT syngeneic mammary tumor model, perform preliminary dosing (0.1-1
mg.kg RNA) and safety studies. Monitor animals for local and systemic side effects and quantify TPR2
knockdown as an initial validation of delivery. Months 8-12.

Status: These experiments were completed in Y1 using a 3pRNA RIG-I ligand complexed to free IT-
NPs (see Y1 progress report, 2017).

Subtask 2. Administer IT-NP release depots into tumors and quantify local IT-NP retention as a function of
time using whose animal fluorescent imaging. Months 8-12.

Status: These projects were completed in Year 2 (see Y2 progress report, 2018).

Specific Aim 2: Evaluate the effect of local TBR2 silencing and RIG-I1 activation on the breast tumor
microenvironment.

Major Task 1: Characterize the tissue- and cell-level biodistribution of intratumorally administered
IT-NPs.

Subtask 1: Characterize the cellular uptake of IT-NPs by tumor cell and leukocytes in the TME and TDLN
at 24 h, 96h, 1wk, 2wk, and 1 month using flow cytometric analyses. Months 8-12.

Status: These experiments were completed in Year 3 (see Y3 progress report, 2019

Subtask 2: Characterize systemic IT-NP biodistribution in the blood, liver, lung, kidney, heart, and spleen
using whole organ fluorescent imaging. Months 12-15.

Status: These projects were completed in Year 2 (see Y2 progress report, 2018).

Major Task 2: Quantify local TBR2 knockdown and RIG-I mediated type-1 IFN production in vivo.

Subtask 1: Quantify TBR2 expression in tumor at 24h, 96h, 1 wk, 2 wks, and 1 month. Western analysis for
phospho-Smad2/3 and total Smad2/3 will be performed. Flow cytometric analysis will be used to quantify
TBR2 expression by breast cancer cells, macrophages, dendritic cells, and MDSCs. Months 15-20.

Status: These projects were completed in Year 2 (see Y2 progress report, 2018).

Subtask 2: Quantify IFN-a/p induction in tumor and TDLN homogenates via RT-PCR and/or ELISA at
24h, 96h, 1 week, 2 weeks and 1 month. Western analysis for phospho-IRF3 will be performed to confirm
induction of IFN signaling. Months 15-20.





Status: These projects were completed in Year 2 (see Y2 progress report, 2018).

Major Task 3: Characterize the effect of local IT-NP delivery on local leukocyte populations and cytokine
profiles

Subtask 1: Assess leukocyte populations in tumors. Antibody panels to identify macrophages, MDSCs,
DCs, NK cells, CD8+ T cells, CD4+ T cells, and regulatory T cells will be used to monitor changes in
cellular infiltrate 24h, 96h, 1 week, 2 weeks and month post particle administration. Months 20-26.

Status: These studies were completed in Year 3 (see Y3 progress report, 2019).

Subtask 2: Measure cytokine levels (including IL-4, IL-10/f, IL-10, IL-6, IL-12, IL-2, INF-y, TGF-f, and
TNF-0) in tumor and TDLN lysates using cytokine arrays, and RT-PCR. Months 20-26.

Status: These studies were completed in Year 3 (see Y3 progress report, 2019)

Specific Aim 3. Demonstrate the efficacy of local and temporally regulated modulation of the breast
TME in mediating breast tumor regression, eliminating established breast cancer metastases, and
preventing future metastatic recurrence of breast cancer.

Major Task 1: Evaluate the efficacy of local IT-NP delivery in preventing tumor growth and metastasis and
protection from re-challenge in an orthotopic model.

Subtask 1: Administer microparticles for IT-NP into mammary tumors, monitoring tumor volume
throughout treatment and measuring tumor metastases upon sacrifice at treatment day 28. Months 24-36.

Status: These studies were completed in Year 3 (see Y3 progress report, 2019).

Subtask 2: Re-challenge mice receiving IT-NP formulations that inhibit tumor growth and metastasis for
three months with luciferase-expressing tumor cells. Months 30-36.

Status: These studies were completed in Year 3 (see Y3 progress report, 2019).

Major Task 2: Evaluate the efficacy of local IT-NP delivery in two spontaneous breast cancer models.
Subtask 1: Administer optimized IT-NP depots into 200 mm? primary breast tumors in MMTV-PyMT
mice. Measure tumor growth, metastasis, and survival. Months 30-36.

Status: These studies were completed in Year 3 (see Y3 progress report, 2019).

Subtask 2: Administer optimized IT-NP depots into 200 mm? primary breast tumors in MMTV-Neu mice.
Measure tumor growth, metastasis, and survival. Months 30-36.
Status: These studies were completed in Year 3 (see Y3 progress report, 2019)..

What was accomplished under these goals?

Our findings are published in peer-review journals. PDF versions of the published reports are included as
Appendix materials.

What opportunities for training and professional development has the project provided?

Five graduate students, Max Jacobson and Christian Palmer in the lab of the Initiating Pl John Wilson,
and Michelle Williams and David Elion from the lab of the partnering Pl Rebecca Cook, and one post-
doctoral research fellow, Dr. Thomas Werfel from the Cook Lab, worked on aspects of this project. Each
student gained valuable experience in studying cell-based assays to assess RIG-1 signaling, cell death, and





expression analysis. Each graduate student regularly presented results at group meetings. In addition, Mr.
Jacobson has mastered polymer synthesis and nanoparticle fabrication and characterization, and has gained
experience in characterizing innate immune responses. This project also involved a postdoctoral fellow in
the Wilson Lab, Dr. Sema Sevimli who expanded upon her training in polymer chemistry with
complementary expertise in design and optimization of microparticle depots for controlled release.
Additionally, Dr. Sevimli received co-mentorship from Dr. Cook in breast cancer biology and evaluating
nanoparticle therapeutics and delivery depots in animal models of breast cancer. All trainees regularly
presented results at group meetings, and Mr. Jacobson, Mr. Elion, and Dr. Sevimli were regular attendees
and contributors at a monthly project planning meeting held between the Wilson, Cook, and Duvall groups.
Two undergraduate students, Linus Lee (Vanderbilt University School of Engineering) and Bushra
Rahman (Vanderbilt University, College of Arts and Sciences) participated in RIG-I research projects.
These two undergraduate students and three graduate students listed above learned basic research skills and
data analysis. Further, graduate student mentoring of undergraduates will build valuable mentoring, project
management, and communication skills that will serve them throughout their careers. Finally, both Drs.
Cook and Wilson worked with the Vanderbilt School for Science and Math, a Vanderbilt Community
Outreach program to build STEM-focused opportunities for underserved/under-represented high school
students in the Metro Nashville area, to recruit and train promising high school students. Dr. Cook used this
project as a backdrop for this immersive summer experience.

How were the results disseminated to communities of interest?

These results have been published (Elion et al., Cancer Research, 2018; Palmer et al., Bioconjug. Chem.,
2018; Jacobson et al., Biomat. Sci., 2018). presented at Cook lab meeting (11-2018 and 4-2019), and at
Balko-Cook lab meeting (3-2019). These data were presented at the Microenvironmental Influences in
Cancer Training Grant Scientific Forum at Vanderbilt University (June 2018), and the Cancer Biology
Graduate Program Science Hour (October, 2018). These results were presented at the Vanderbilt-Ingram
Cancer Center Retreat (May 2019).

What do you plan to do during the next reporting period to accomplish the goals?

Nothing to Report





4.

IMPACT: Describe distinctive contributions, major accomplishments, innovations, successes, or any change
in practice or behavior that has come about as a result of the project relative to:

a. What was the impact on the development of the principal discipline(s) of the project?

Our findings have led to the initial development of a new class of nanoparticle-based therapeutics that
activate anti-tumor innate immunity while concurrently silencing mediators of immunosuppression.
Because siRNA can be designed against virtually any target, this approach has broad potential for
impact in cancer immunotherapy.

We have developed a novel “nano-in-micro” depot technology for sustained release of IT-NPs, which
offers a new opportunity for sustaining anti-viral sensing and/or gene silencing in local immunotherapy
applications.

These findings demonstrate that synthetic RIG-I agonists potently and specifically stimulate RIG-I
signaling in breast cancer cells in culture and in vivo.

These findings demonstrate that a nanoparticle-based approach for RIG-I activation in vivo decreases
breast tumor growth.

These findings show that RIG-1 signaling induces breast cancer cell death through a tumor cell intrinsic
pathway.

These findings demonstrate that IT-NPs that activate RIG-I potently increase the number of leukocytes
that infiltrate breast tumors.

These findings show that IT-NPs that activate RIG-I modulate cytokines and chemokines in breast
tumors, and increase expression of MHC-1 on breast tumor cells.

These findings demonstrate that the number of lung metastases is reduced in tumor-bearing mice.

b. What was the impact on other disciplines?

This approach can be applied to a multitude of other cancers, as RIG-I is expressed in an abundance of
cell types. Thus, multiple cancers could be screened using RIG-I agonists for response to RIG-I
activation.

The PLGA depot technology has broad applicability for local gene silencing applications.

Sustained release of IT-NPs can also be leveraged for antigen-specific vaccine applications in both
cancer and infectious disease.

The duration of viral infection and type-I interferon production can have a significant impact on the
magnitude and phenotype of an immune response. The IT-NP depot technology may provide a tool for
modulating the kinetics of viral sensing and understanding how this influences immunity.

IT-NPs enable efficient delivery of bi-functional 3p-siRNA designed for gene silencing and activation of
RIG-1. This platform can be modified to silence a diversity of gene targets, leading to the design of
novel immunotherapeutics and vaccine adjuvants..

c. What was the impact on technology transfer?

i. A provisional patent application describing a new class of environmentally-responsive
RIG-I ligand was filed.:





d. What was the impact on society beyond science and technology?

We anticipate that the findings presented herein will be applied toward therapeutic treatment of patients
with breast cancer. Additionally, IT-NPs and controlled release formations have broad potential as
cancer immunotherapeutics and as vaccine careers.





5. CHANGES/PROBLEMS:

a. Changes in approach and reasons for change

As introduced in our Year 1 progress report, upon realizing how little was reported in the literature
regarding the impact of RIG-1 signaling in breast cancer cells, we initiated investigations to understand
RIG-I activation in the context of breast tumor cells per se. In order to interpret the data of the proposed
experiments with more rigor, we required an initial basis of understanding of how breast cancer cells
might react to RIG-1 activation, specifically in the absence of tumor infiltrating leukocytes. This avenue
of research made a substantial contribution to the field of breast cancer biology and to the field of
immunotherapy, providing key observations that most breast cancers, but not all breast cancers, express
RIG-I, and thus patients will need to be selected carefully prior to treatment with a RIG-1 mimetic once
these preclinical studies progress to clinical studies. Further, the observation that RIG-I signaling
induces programmed cell death in breast cancer cells provides an added layer of therapeutic value to the
use of RIG-I mimetics in treatment-resistant breast cancers. Finally, our finding that pyroptosis, rather
than instrinsic apoptosis, is the mechanism underlying programmed cell death of breast cancer cells
upon RIG-I induction provides a safeguard against the generation of immune tolerance, as is often seen
following intrinsic apoptosis. Instead, pyroptosis is potentially immunogenic, and may cooperate with
inflammatory cytokines and tumor-infiltrating leukocytes to bolster therapeutic anti-tumor immunity in
breast cancer patients. .

b. Actual or anticipated problems or delays and actions or plans to resolve them
Nothing to report.

c. Changes that had a significant impact on expenditures
Nothing to report

d. Significant changes in use or care of human subjects, vertebrate animals, biohazards, and/or
select agents

i. Nothing to report.
e. Significant changes in use or care of human subjects
N/A
f. Significant changes in use or care of vertebrate animals.
Nothing to report
g. Significant changes in use of biohazards and/or select agents

Nothing to report





6. PRODUCTS:
a. Publications

Journal publications.

Garland KM, Sevimli S, Kilchrist KV, Duvall CL, Cook RS, Wilson JT.. Microparticle Depots for
Controlled and Sustained Release of Endosomolytic Nanopatrticles. Cell Mol Bioeng. 2019 May
3;12(5):429-442. doi: 10.1007/s12195-019-00571-6. eCollection 2019 Oct

Elion DL, Cook RS. Activation of RIG-I signaling to increase the pro-inflammatory phenotype of
a tumor. Oncotarget. 2019 Mar 22;10(24):2338-2339. doi: 10.18632/oncotarget.26729.
eCollection 2019 Mar 22

Elion DL, Jacobson ME, Hicks DJ, Rahman B, Sanchez V, Gonzales-Ericsson PI, Fedorova O,
Pyle AM, Wilson JT, Cook RS. Therapeutically Active RIG-I Agonist Induces Immunogenic
Tumor Cell Killing in Breast Cancers. Cancer Res. 2018 Nov 1;78(21):6183-6195. doi:
10.1158/0008-5472.CAN-18-0730. Epub 2018 Sep 17

Elion DL, Cook RS. Genetic and Phenotypic Diversification of Heterogeneous Tumor
Populations. Trends Mol Med. 2018 Aug;24(8):655-656. doi: 10.1016/].molmed.2018.06.003.
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Elion DL, Cook RS. Harnessing RIG-I and intrinsic immunity in the tumor microenvironment for
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10.18632/oncotarget.25626. eCollection 2018 Jun 22

Other publications, conference papers, and presentations.

Departments of Immunobiology and Molecular, Cellular and Developmental Biology,
Yale University, New Haven, CT. Engineering Smart Nanotechnologies for Immuno-Oncology:
Harnessing Cytosolic Immune Surveillance Pathways for Cancer Immunotherapy. Invited
Seminar (Wilson JT).

Southeastern Immunology Symposium, Vanderbilt University, Nashville, TN, Engineering
therapeutic activation of RIG-I to promote multi-faceted tumor cell killing. Poster Presentation

Engineering Immunity Symposium, Vanderbilt University, Nashville, TN. Optimizing pH-
Responsive Diblock Copolymer Compositions for Cytosolic Delivery of RIG-I Agonist. Poster
Presentation

Cancer Biology Training Consortium, Stevenson, WA, RIG-I| activates TRAIL signaling and
inflammasome-mediated pyroptosis to promote tumor cell death in luminal breast cancers.
Poster Presentation

Annual Cancer Biology Retreat, Vanderbilt University, Nashville, TN, RIG-I activation
promotes multi-faceted tumor cell killing in luminal breast cancer. Poster Presentation.

Meharry Medical College/ Vanderbilt Ingram Cancer Center/ Tennessee State University
Cancer Partnership Annual Retreat (Health Disparities in Cancer Immunology and Immune
Therapy), Therapeutically active RIG-I agonists increase immunogenic tumor cell killing in
breast cancer cells. Poster Presentation

Website(s) or other Internet site(s)

nothing to report
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Technologies or techniques

Intratumoral delivery of IT-NPs
Formulation methods for generating PLGA depots for IT-NP relase/delivery

Inventions, patent applications, and/or licenses
Nothing to report

Other Products

i. PLGA depots for IT-NP release (Intellectual property has not yet been filed on this invention)
Nanoparticles for cytosolic delivery of RIG-I ligands (Intellectual property has not yet been
filed on this invention)

RIG-I prodrugs based on synthetic polymer overhangs (A provisional patent has been filed:
Wilson JT, Palmer C. Retinoic acid-inducible gene | (RIG-I) prodrugs and methods of use
thereof. Provisional patent 62615370 filed January 9, 2018.





PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

b. What individuals have worked on the project?

Name: John T. Wilson
Project Role: Pl

Researcher Identifier (e.g. ORCID Unknown

ID):

Nearest person month worked: 2.5

Contribution to Project:

Guidance of graduate students, postdocs, and
research staff in the work (particle development,
tumor immunology)

Name:

Rebecca Cook

Project Role:

Partnering Pl

Researcher Identifier (e.g. ORCID
ID):

Unknown

Nearest person month worked:

2

Contribution to Project:

Guidance of graduate students, postdocs, and
research staff in the work (cancer biology, tumor
models, microenvironment)

Name:

Craig Duvall

Project Role:

Co-Investigator

Researcher Identifier (e.g. ORCID
ID):

Unknown

Nearest person month worked:

1.5

Contribution to Project:

Guidance on depot development and
characterization; support on IVIS imaging.

Name: Max Jacobson
Project Role: Graduate Student
Researcher ldentifier (e.g. ORCID Unknown

ID):

Nearest person month worked: 12






Contribution to Project:

Mr. Jacobson synthesized polymers, generated
IT-NP formulations, and investigated effects of
IT-NP on breast cancer and immune cells.

Funding Support:

This project

Name:

Sema Sevimli

Project Role:

Postdoctoral Fellow

Researcher Identifier (e.g. ORCID
ID):

Unknown

Nearest person month worked:

5

Contribution to Project:

Dr. Sevimli has lead efforts on PLGA depot
formulation and evaluation of IT-NP in vitro and
in vivo.

Funding Support:

Komen Foundation Postdoctoral Fellowship

Name:

Kyle Becker

Project Role:

Research Assistant Il

Researcher Identifier (e.g. ORCID
ID):

Unknown

Nearest person month worked:

3

Contribution to Project:

Mr. Becker provides full laboratory support for all
culture and animal experiments performed in the
Wilson Lab

Funding Support:

This project and other extramural support

Name:

Christian Palmer

Project Role:

Graduate Student

Researcher Identifier (e.g. ORCID
ID):

Unknown

Nearest person month worked:

1

Contribution to Project:

Mr. Palmer contributed to the development of
novel RNA immunotherapeutics for RIG-I
activation






Funding Support:

Institutional and other extramural support

Name: David Elion
Project Role: Graduate Student
Researcher Identifier (e.g. ORCID Unknown

ID):

Nearest person month worked: 3

Contribution to Project:

Mr. Elion provided RT-qPCR analysis of breast
cancer cell lines transfected with 5 ppp-HP20 and
HP20.

Funding Support:

Tumor Microenvironmental Influences in Cancer
T32 Training Grant

Name: Michelle Williams
Project Role: Graduate Student
Researcher Identifi 0.

ifier (e.g. ORCID Unknown
ID):
Nearest person month worked: 1

Contribution to Project:

Ms. Williams provided western analysis of breast

cancer cell lines transfected with 5 ppp-HP20 and
HP20.

Funding Support:

NCI F31 Fellowship

Name: Linus Lee
Project Role: Undergraduate Student
R ifi ..
esearcher Identifier (e.g. ORCID Unknown
ID):
Nearest person month worked: <1

Contribution to Project:

Mr. Lee provided cell culture support for breast
cancer cell lines.

Funding Support:

N/A






C.

Name: Bushra Rahman
Project Role: Undergraduate Student
Researcher Identifier (e.g. ORCID Unknown

ID):

Nearest person month worked: >1

Contribution to Project:

Ms. Rahman provided qRT-PCR support for cells
transfected with 5 ppp-HP20 and HP20.

Funding Support:

Biomedical Engineering Scholarship

Name:

Selvia Waghu

Project Role:

High School Student

Researcher Identifier (e.g.
ORCID ID):

Unknown

Nearest person month worked:

>1

Contribution to Project:

Ms. Waghu provided basic lab support and cell
culture support.

Funding Support:

Vanderbilt School for Science and Math

Name:

Donna Hicks

Project Role:

Laboratory Manager

Researcher Identifier (e.g.
ORCID ID):

Unknown

Nearest person month worked:

4

Contribution to Project:

Ms. Hicks provided full laboratory support and
infrastructure for all cell culture, western, RT-
gPCR, and aanimal modeling experimentation

Funding Support:

This grant

Has there been a change in the active other support of the PD/PI(s) or senior/key personnel

since the last reporting period?

The Initiating Pl (Wilson) has been awarded additional grants since the last reporting period.

These new grants are listed below and none have overlap with this grant.






Funding Agency: DoD CDMRP BCRP / Era of Hope Scholar Award

Title: "Translating immunotherapy to breast cancer: mechanisms, biomarkers, and rationally
designed therapeutic combinations™

Performance Period: 07/01/2018-05/31/2022

Role: Co-I (PI: J. Balko)

Funding Agency / Mechanism: National Institutes of Health / R01

Title: "Neoantigen-Based Therapeutic Targeting of Head and Neck Cancers"
Performance Period: 07/01/18-06/30/23

Role: Co-I (Co-PI: S. Joyce and Y. Kim)

Funding Agency/ Mechanism: Veterans Administration / Merit Award

Title: "Vaccinating at Mucosal Surfaces with Nanoparticle Conjugated Antigen and Adjuvant
Performance Period: 07/01/2018-05/31/2023

Level of Funding: $1,116,043

Role: Co-I (PI: S. Joyce)

Funding Agency / Mechanism: DoD CDMRP KCRP / Idea Development Award

Title: "Reinvigorating Anti-Tumor Immunity in Renal Cell Carcinoma with Nanoparticulate
STING Agonists"

Performance Period: 10/01/2018-09/30/2021

d. What other organizations were involved as partners?

i. Nothing to report





i.
7. SPECIAL REPORTING REQUIREMENTS
a. COLLABORATIVE AWARDS:
The Initiating PI1, Dr. John Wilson, has submitted his final report for this Partnering PI grant award.
b. QUAD CHARTS:

N/A





8. APPENDICES:
I

Garland KM, Sevimli S, Kilchrist KV, Duvall CL, Cook RS, Wilson JT.. Microparticle
Depots for Controlled and Sustained Release of Endosomolytic Nanoparticles. Cell Mol
Bioeng. 2019 May 3;12(5):429-442. doi: 10.1007/s12195-019-00571-6. eCollection
2019 Oct

Elion DL, Cook RS. Activation of RIG-I signaling to increase the pro-inflammatory
phenotype of a tumor. Oncotarget. 2019 Mar 22;10(24):2338-2339. doi:
10.18632/oncotarget.26729. eCollection 2019 Mar 22

Elion DL, Jacobson ME, Hicks DJ, Rahman B, Sanchez V, Gonzales-Ericsson PlI,
Fedorova O, Pyle AM, Wilson JT, Cook RS. Therapeutically Active RIG-I Agonist
Induces Immunogenic Tumor Cell Killing in Breast Cancers. Cancer Res. 2018 Nov
1;78(21):6183-6195. doi: 10.1158/0008-5472.CAN-18-0730. Epub 2018 Sep 17

Elion DL, Cook RS. Harnessing RIG-I and intrinsic immunity in the tumor
microenvironment for therapeutic cancer treatment. Oncotarget. 2018 Jun
22;9(48):29007-29017. doi: 10.18632/oncotarget.25626. eCollection 2018 Jun 22
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