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Abstract:

Pharmacological activation of the retinoic acid-inducible gene | (RIG-I) pathway holds
promise for increasing tumor immunogenicity and improving response to immune
checkpoint inhibitors (ICl). However, the potency and clinical efficacy of 5’-triphosphate
RNA (3pRNA) agonists of RIG-I is hindered by multiple pharmacological barriers,
including poor pharmacokinetics, nuclease degradation, and inefficient delivery to the
cytosol where RIG-I is localized. Here, we address these challenges through the design
and evaluation of ionizable lipid nanoparticles (LNPs) for the delivery of 3p-modified stem-
loop RNAs (SLRs). Packaging of SLRs into LNPs (SLR-LNPs) yielded surface charge-
neutral nanoparticles with a size of ~100 nm that activated RIG-I signaling in vitro and in
vivo. SLR-LNPs were safely administered to mice via both intratumoral and intravenous
routes, resulting in RIG-I activation in the tumor microenvironment (TME) and inhibition
of tumor growth in mouse models of poorly immunogenic melanoma and breast cancer.
Significantly, we found that systemic administration of SLR-LNPs reprogrammed the
breast TME to enhance the infiltration of CD8* and CD4* T cells with antitumor function,
resulting in enhanced response to aPD-1 ICI in an orthotopic EO771 model of triple
negative breast cancer. Therapeutic efficacy was further demonstrated in a metastatic
B16.F10 melanoma model, with systemically administered SLR-LNPs significantly
reducing lung metastatic burden compared to combined aPD-1 + aCTLA-4 ICI.
Collectively, these studies have established SLR-LNPs as a translationally promising
immunotherapeutic nanomedicine for potent and selective activation of RIG-I with

potential to enhance response to ICls and other immunotherapeutic modalities.

Keywords: retinoic acid-inducible gene-l, innate immunity, lipid nanoparticle,
immunotherapy, immune checkpoint blockade
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79  Introduction:

80 Immunotherapy has revolutionized the treatment of an expanding diversity of
81  tumor types, resulting in robust and durable responses for some patients.! However, it is
82  now well-recognized that, for most cancer types, only a minority of patients respond to
83  currently approved immune checkpoint inhibitors (ICI) that target CTLA-4 and PD-1/PD-
84  L1.2 While resistance to ICls is multifaceted, for many cancer types the response to IClI
85  correlates with an immunogenic (“hot”) tumor microenvironment (TME) that is infiltrated
86  with tumor antigen-specific CD8" cytotoxic T cells that are reactivated by immune
87  checkpoint blockade (ICB).% 3 However, accumulating data indicate that many patients —
88  perhaps the majority — have immunologically “cold” tumors that lack significant T cell
89 infiltration and are instead characterized by a high density of immunosuppressive cells
90 that inhibit antitumor immunity. This has motivated wide-spread investigation into the
91 development of therapeutics that reprogram the TME to increase the number and/or
92  function of tumor infiltrating T cells that can be reactivated in response to ICls.3-

93 Innate immunity plays a critical role in the detection and elimination of cancers.®
94  The innate immune system employs pattern recognition receptors (PRRs) — a network of
95 molecular sensors that detect distinctive features of pathogens or damaged tissue (i.e.,
96  ‘danger signals’) — to trigger inflammatory responses that are critical to the recruitment of
97 immune cell populations to sites of infection, tissue injury, and malignancy.® 7 Retinoic
98 acid-inducible gene-l (RIG-I) (also known as DDX58) is an important PRR for sensing of
99  RNA viruses?® via recognition of short, double-stranded RNA with a triphosphate group
100  (3p) on the 5’ end (3pRNA).® '° The 3p group acts as a ‘tag’ that allows RIG-I to
101  discriminate between 3pRNA and other cytosolic RNAs (e.g., mRNA, miRNA, etc.) with
102 high selectivity. Activation of RIG-I triggers a multifaceted innate immune response
103 characterized by the expression of type-Il interferons (IFN-I), interferon stimulated genes
104  (ISGs), T cell chemokines (e.g., CXCL-9, 10), and proinflammatory cytokines, which
105  cooperate to exert direct and broad-spectrum antiviral functions while also augmenting
106  and shaping the subsequent adaptive immune response.'''3 Evidence is also emerging
107  that RIG-I can detect self RNA derived from aberrantly expressed endogenous retroviral
108 elements dispersed within the human genome or mislocalized mitochondrial RNA in the

109  cytosol and, hence, may also have an important role in promoting endogenous immunity
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110  against cancer.' '° Indeed, RIG-I signaling in cancer cells has recently been shown to
111  mediate responsiveness to anti-CTLA-4 immune checkpoint blockade in tumor-bearing
112 mice, consistent with an association between RIG-I expression level, T cell infiltration,
113 and overall survival in melanoma patients.'® Such links between RIG-I and endogenous
114  cancer immune surveillance motivates the development of RIG-I agonists as cancer
115 immunotherapies.

116 While promising as an immunotherapy agent, 3pRNA RIG-| agonists face multiple
117  barriers to therapeutic efficacy that are shared with many oligonucleotide therapies,
118 including a short plasma half-life (i.e., minutes), high susceptibility to nuclease
119  degradation, poor intracellular uptake, and, critically, degradation in endo/lysosomes with
120  minimal delivery to the cytosol where RIG-I is localized.'” '® In considering this drug
121  delivery challenge, we postulated that clinically-advanced lipid nanoparticle (LNP)
122 technology could be harnessed to overcome barriers to 3pRNA delivery, thereby opening
123 atherapeutic window for pharmacological activation of RIG-I as a cancer immunotherapy.
124 LNPs have been widely employed for the delivery of diverse types of nucleic acid
125  therapeutics (e.g., mMRNA, siRNA, DNA).'® 20 Their capacity to efficiently package and
126 facilitate the cytosolic delivery of drug cargo is vital to the success of several FDA-
127 approved LNP-based nanomedicines, including the Moderna and Pfizer-BioNTech
128 mRNA COVID-19 vaccines.?’ However, LNP formulations of 3pRNA have not yet been
129  explored for immunotherapeutic activation of RIG-I.

130 Here, we describe the design and pre-clinical evaluation of a nanoparticle RIG-I
131 agonist for cancer immunotherapy based on a remarkably simple yet highly effective
132 approach. We leveraged an ionizable lipid that is already used in an FDA-approved siRNA
133 therapeutic® to package a 3p-modified, stem-loop RNA (SLRs) that we have engineered
134  to be a molecularly-defined, selective, and high-affinity RIG-I agonist."" We found that
135 SLR-loaded LNPs (SLR-LNP) inhibited tumor growth and increased response to ICls in
136 poorly immunogenic, orthotopic mouse models of breast cancer and melanoma.
137  Importantly, whereas most previous reports' 2 24 and early-stage clinical trials (e.g.
138 NCT03739138)%° have relied on intratumoral injection of 3pRNA complexed to the
139 cationic transfection agent JetPEI™, SLR-LNPs could be safely administered

140  systemically via intravenous injection, resulting a nearly complete elimination of lung
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141  metastases in mice with ICl-resistant metastatic melanoma. Collectively, our studies have
142 vyielded amongst the most potent and effective strategies for pharmacological RIG-I
143 activation described to date and have identified LNPs as a previously unexplored and
144  translationally-ready nanotechnology platform for harnessing the potential of RIG-I in
145  cancer immunotherapy.

146

147 Results:

148 Lipid nanoparticle delivery of SLR potently activates RIG-I signaling- LNPs are
149  comprised of several types of lipids, including ‘helper’ lipids that contribute to structure
150 and delivery efficiency, lipids modified with poly(ethylene glycol) (PEG-lipid) to confer
151  colloidal stability and blood compatibility, and, importantly, ionizable lipids that facilitate
152  packaging of RNA cargo via electrostatic interactions and promote the delivery of RNA
153 into the cytoplasm following endocytosis and endosomal acidification.'® 2° While an ever
154  expanding number of novel ionizable lipids are being developed, few are currently
155 approved as components of therapeutics that are administered systemically (i.e.,
156  intravenously) in humans.?® Therefore, we selected DLin-MC3-DMA (MC3), a component
157 inthe FDA-approved, siRNA therapeutic ONPATTRO (patisiran)?? 26 as a translationally-
158 relevantionizable lipid for our design (Figure 1A). To confer colloidal stability and improve
159  circulation half-life, 3.5% PEGylated lipid (DMG-PEG2000) was used in the formulation
160 aswellas 7.5% cholesterol and 31.5% DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine)
161 as helper lipids. We increased the amount of PEGylated lipid relative to that used in the
162  patisiran formulation (3.5% vs. 1.5%) based on previous work demonstrating that
163  increased PEGylation can increase circulation time and enhance tumor accumulation.?”
164  In our design we also employed a well-defined, high-affinity, stem-loop 3pRNA (SLR)
165 ligand for RIG-I that we have previously leveraged for potent and specific pharmacological
166  activation of RIG-I in mice.'" 7 SLRs are synthesized using solid phase nucleic acid
167 synthesis methods, enabling high yield and purity of potent RIG-I agonists with
168 advantages over double-stranded 3pRNA synthesized via in vitro transcription that have
169  been primarily utilized. Here, we used SLR20, a single-stranded 44-mer that folds into a

170  stem-loop structure with a 20 base pair stem and a four-nucleotide loop (Figure 1B).
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171 Mixing of lipids and SLR20 in citrate buffer (pH 3) at a nitrogen:phosphate (N:P)
172 ratio of 4.8:1 resulted in the assembly of SLR-loaded LNPs (SLR-LNP) with near 100%
173 RNA encapsulation efficiency, a diameter of ~100 nm, and a neutral zeta potential (Figure
174  1C).The immunostimulatory activity of SLR-LNP was evaluated in a series of type-l
175  interferon (IFN-I) reporter cell lines, with dose-response studies yielding ECso values in
176  the 1 to 10 nM range, depending on cell type (Figure 1D). Importantly, empty LNPs and
177  LNPs loaded with an analogous negative control SLR (cSLR) that lacked the 3p moiety
178 and instead displayed a 5’-hydroxyl group did not induce an IFN-I response. Using RIG-I
179  knockout reporter cells, we also validated that the IFN-I response induced by SLR-LNPs
180  was dependent on RIG-I (Figure 1E). We also tested the activity of SLR-LNPs in primary
181  murine bone marrow-derived dendritic cells (BMDCs), finding that SLR-LNPs, but not
182 empty LNP and cSLR-LNP controls, stimulated expression of IFN-I (/fnb7), interferon-
183  stimulated genes (ISGs) (Cxcl9, Cxcl10), and Th1 cytokines (Tnfa, 1/112) (Figure 1F), and
184  increased surface expression of the dendritic cell (DC) activation and maturation markers
185 CD80, CD86, and MHC-II (Figure 1G). Finally, since we, and others, have demonstrated
186 that RIG-I activation in cancer cells can be important to therapeutic responses, 628 2% we
187  also tested activity of SLR-LNPs in B16.F10 melanoma and EO771 breast cancer cells,
188  again demonstrating that SLR-LNPs increased expression of cytokines associated with
189  RIG-I activation relative to controls (Figure 1H). Hence, LNPs provide a facile strategy
190 for efficient packaging and intracellular delivery of SLR20, yielding a new class of

191  immunostimulatory nanoparticle with broad potential clinical utility.
192
193
194
195
196
197
198
199
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Figure 1. Lipid nanoparticle delivery of SLR20 potently activates RIG-l. (A) Schematic of
SLR20-LNP composition and structure. (B) Structure and sequence of SLR20. (C) Particle size
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203  distribution determined by dynamic light scattering and zeta potential at pH 7.4 of LNPs loaded
204  with SLR20 and SLROH. (D) Dose-response curves for type-l IFN (IFN-I) elicited by indicated
205  LNP formulations in THP-1, RAW264.7, and A549 cells with an IFN regulatory factor (IRF)-
206  inducible reporter construct. (E) Dose-response curve of type-I IFN (IFN-I) response elicited by
207  indicated LNP formulation or STING agonist cGAMP (positive control) in RAW264.7 KO-RIG-I
208  cells with an IFN regulatory factor (IRF)-inducible reporter construct. (F) RT-gPCR analysis of
209  bone marrow derived dendritic cells (BMDCs) treated with indicated LNP formulation or PBS for
210  24h. (n=4, *** p<0.001, ****p<0.0001, by one-way ANOVA). (G) Flow cytometric quantification
211  (median fluorescent intensity) of CD80, CD86, and MHC Il expression on BMDCs stained after
212 24h treatment with indicated LNP formulation or PBS. (n=2, **p<0.01, *** p<0.001, ****p<0.0001,
213 by one-way ANOVA). (H) RT-gPCR analysis of B16.F10 melanoma cells and EO771 breast
214 cancer cells treated with indicated LNP formulation or PBS for 24h. (n=4, *p<0.05, **p<0.01, ***
215  p<0.001, ****p<0.0001, by one-way ANOVA). All statistical data are presented as mean + SD.

216

217  SLR-LNPs stimulate antitumor innate immunity- We evaluated the in vivo activity of
218 SLR-LNPs in a poorly immunogenic B16.F10 melanoma model, first using the
219 intratumoral administration route that has been most commonly employed for evaluation
220  of RIG-I agonists,'® 24 including in recent clinical trials (Figure 2).25 Consistent with in
221  vitro data, SLR-LNPs promoted expression of pro-inflammatory, antitumor cytokines
222 (Ifnb1, Tnfa, and //12) as well as Cxcl9 and Cxcl10, important chemokines for directing T
223 cellinfiltration (Figure 2A). We also tested the immunostimulatory activity SLR-LNP in a
224  melanoma model in which B16.F10 cells express an IFN-inducible luciferase reporter,
225  demonstrating that intratumoral administration of SLR-LNPs increases IFN signaling in

226  the tumor cell compartment (Figure 2B).

227 We next evaluated the effect of SLR-LNPs on tumor growth using the B16.F10
228 melanoma model, employing an intratumoral administration (i.t.) route that is used
229  clinically in melanoma patients receiving oncolytic virus therapy (e.g., T-VEC) (Figure
230  2C).3° We found that SLR-LNPs inhibited tumor growth, resulting in an increase in survival
231 time, whereas empty LNPs and cSLR-LNPs had no impact on tumor growth inhibition
232  relative to vehicle (PBS) treated mice (Figure 2D-F). We also tested therapeutic efficacy
233 in an ovalbumin-expressing B16.F10 (B16-OVA) model in which two tumors were
234  established on opposite flanks and only one of the tumors (treated) was injected with
235  SLR-LNPs (Figure 2G). Consistent with induction of an abscopal effect, we found that
236 i.t. administration of SLR-LNP inhibited growth of the treated tumor (Figure 2H), but also
237  reduced growth of the distal (untreated tumor) (Figure 2I). As was observed in the single

238  tumor study, empty LNPs and cSLR-LNP had no effect on tumor growth inhibition in this
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239  dual-tumor model, indicating that the antitumor response is RIG-I dependent. We also
240  evaluated SLR-LNPs in combination with aPD-1 and aCTLA4 ICls, which are approved
241  for the treatment of metastatic melanoma. As expected in the immunologically cold B16-
242  OVA model, aPD-1 + aCTLA4 had no effect on tumor growth but enhanced the efficacy
243  of SLR-LNPs in inhibiting both primary and distal tumor growth and increasing overall
244  survival (Figure 2G-J). These studies demonstrate that intratumoral administration of
245  SLR-LNPs can inhibit both treated and distal tumor growth and increase response to
246  approved ICls approved in melanoma. While other materials (e.g., jetPEIl) have been
247  employed for local delivery of RIG-I agonists,'® 24 it is notable that LNPs have now been
248 locally administered via intramuscular injection to millions of people receiving COVID-19
249  mRNA vaccines, which may accelerate the translation of SLR-LNPs for intralesional
250  therapy.

251
252
253
254
255
256
257
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258  Figure 2. Intratumoral administration of SLR-LNPs activate RIG-l in the tumor
259  microenvironment to inhibit local and distal tumor growth. (A) RT-gPCR analysis of B16.F10
260  tumors after intratumoral injection with single 100uL dose of either SLR-LNP (10 ug SLR), empty
261  LNP, or PBS (n =10, ***P <0.001; **** P < 0.0001 by one-way ANOVA.) (B) Left: Representative

10
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262  luminescence IVIS images of IFN production in B16.F10 IFN-LUC tumors. An intratumoral
263  injection was given as single 100 pL dose of either SLR-LNP (10 ug SLR) or PBS. Right: statistical
264  analysis of relative IFN activity following treatment; data was normalized to t=0 h. (***P < 0.001
265 by paired t-test, n=6). (C) Schematic representation of the B16-F10 melanoma single
266  subcutaneous tumor model showing the treatment schedule. (D) Growth curves (**** P < 0.0001
267 by one-way ANOVA compared to all other groups at day 18), (E) Kaplan-Meier survival curves,
268  and (F) spider plots for B16-F 10 single subcutaneous tumors. Tumors were measured by a caliper
269  every other day from day 8 through 30 after tumor implantation (n=8-10 mice per group). (G)
270  Schematic representation of the subcutaneous B16.F10-OVA melanoma abscopal tumor model
271  showing the treatment schedule. (H) Growth curves of the treated-side tumors (H, left, **** P <
272 0.0001 at day 21 by paired t-test), and volumes of treated tumors on day 17 (H, right, **** P <
273 0.0001 by one-way ANOVA). (I) Growth curves of the untreated-side tumors (I, left, **P < 0.01 at
274  day 21 by paired t-test), and volumes of untreated tumors on day 15 (I, right, **P < 0.01; **** P <
275 0.0001 by one-way ANOVA). (J) Kaplan-Meier survival curves for mice with two B16.F10-OVA
276  tumors. Tumors were measured by a caliper every other day from day 7 through 30 after tumor
277  implantation (n = 7-10 mice per group). All data are presented as mean + SD.

278

279  Systemic administration of SLR-LNPs inhibits tumor growth— \While SLR-LNPs hold
280 promise as an intralesional therapy, intratumoral administration may not be possible or
281 practical for many patients and/or cancer types.®' Therefore, we next focused our
282 investigations on the larger challenge of achieving safe and effective systemic
283  administration of RIG-I agonists for cancer immunotherapy. Our group has recently
284 identified RIG-I activation as a potentially promising target for enhancing immunotherapy
285  responses in triple negative breast cancer (TNBC).?8 Therefore, we evaluated the efficacy
286  of systemically administrated SLR-LNPs in an orthotopic EO771 breast cancer model.
287  We first administered SLR-LNPs or control formulations intravenously at a dose of 10 ug
288 SLR (~0.5 mg/kg) three times, spaced three days apart, and monitored tumor volume
289  (Figure 3A). SLR-LNPs significantly inhibited tumor growth and increased survival time,
290 whereas empty LNPs and cSLR-LNPs had no effect (Figure 3B,C), further demonstrating
291 the importance of RIG-I activation in mediating a therapeutic benefit. We further tested
292  the efficacy of intravenously administered SLR-LNPs in the B16.F10 model, again

293  observing inhibition of tumor growth and extended survival time (Figure 3D-F).

294 Importantly, we found that this therapeutic regimen was well tolerated, with mice
295  exhibiting only a mild (~5%) and transient weight loss in the immediate post-treatment
296 period (Figure S1B). Consistent with administration of other innate immune agonists,
297 including those that have advanced into the clinic,'® 32 33 elevated serum cytokine levels

298  were observed six hours following administration but were insignificant from background
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299 by 24 h (Figure S1C). Additionally, no changes in levels of serum BUN, ALT, glucose, or
300 AST were observed (Figure S1D), indicating that the treatment did not induce significant
301 liver or kidney damage. Red blood cell (RBC) count and hemoglobin (HGB) levels were
302  slightly reduced for all nanoparticle formulations, but no effect on mean corpuscular
303  hemoglobin (MCH) or MCH concentration (MCHC) were noted. Complete blood count
304 (CBC) revealed no differences relative to vehicle control, with the exception of
305 neutrophils, which were elevated in response to SLR-LNP treatment. Major organs (liver,
306 spleen, kidney, lung, brain, heart, pancreas, and bone marrow (sternum)) were also
307 isolated 24 h following treatment, routinely fixed in 10% neutral buffered formalin,
308 embedded, sectioned, and stained for blinded evaluation by a board-certified veterinary
309 pathologist. No histopathologic abnormalities were observed in the kidney, lung, brain,
310 heart, or pancreas. Histological evidence of a slight increase in extramedullary
311  hematopoiesis in the liver and spleen was observed, and an increased ratio of myeloid to
312 erythroid precursor cells in the bone marrow was noted, both of which were likely

313  secondary to elevated pro-inflammatory cytokine levels and not clinically significant.
314
315
316
317
318
319
320
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321

322  Figure 3. Systemic administration of SLR-LNPs inhibits tumor growth. (A) Schematic
323  illustration of intravenous LNP treatment in mice bearing EO771 tumors in the mammary fat pad
324  (MFP). (B) Tumor growth curves of EO771 tumor-bearing mice after the indicated treatments. (n=
325  8-10 per group, ****P < 0.0001 by one-way ANOVA compared to all other groups). (C) Kaplan-
326  Meier survival curves for EO771 MFP tumor-bearing mice after the indicated treatments. (D)
327  Schematic illustration of intravenous LNP treatment in B16-F10 tumor-bearing mice. (E) Tumor
328  growth curves of B16-F10 tumor-bearing mice after the indicated treatments. (n=5 per group,
329  ****P < 0.0001 by one-way ANOVA compared to all other groups). (F) Kaplan-Meier survival
330  curves for B16-F10 tumor-bearing mice after the indicated treatments. All data are presented as
331 mean SD.

332

333  Systemic administration of SLR-LNPs reprograms the TME to enhance T cell
334  infiltration- Having established a safe and effective regimen for systemic administration
335 of SLR-LNPs, we next evaluated effects on the tumor microenvironment in the orthotopic
336 EQO771 breast cancer model. Tumor tissue was harvested 24 h following the three-dose
337 regimen and processed for analysis by qRT-PCR, western blot, and flow cytometry
338 (Figure 4A). Consistent with RIG-I activation, we observed increased levels of pIRF3 in
339 the TME (Figure 4B) and expression of ISGs and proinflammatory cytokines (Figure 4C)
340 in mice treated with SLR-LNPs, but not empty LNPs or cSLR-LNP formulations. We also
341 observed a significant increase in the number of tumor infiltrating CD4* and CD8" T cells

342  in response SLR-LNP treatment, but no significant differences in the number of NK cells,
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343  dendritic cells, macrophages, or MDSCs (Figure 4D). Based on these data, we antibody
344 depleted CD4* and CD8* T cells to elucidate their relative contributions to antitumor
345 efficacy in the EO771 model (Figure 4E-G). Depletion of either T cell population
346  abrogated therapeutic efficacy, with CD8"* T cell depletion having a slightly larger impact
347  on antitumor efficacy (Figure 4F-G). Collectively, these studies demonstrate the ability of
348 SLR-LNPs to promote the infiltration of T cells with antitumor function into the TME.

14


https://doi.org/10.1101/2023.04.25.537919
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.04.25.537919; this version posted April 25, 2023. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A B Empty
E0771 (MFP) PBS SLR-LNP cSLR-LNP LNP
0 14 17 20 6h 24h 1.2 3 456 7 8 9
————0—0—0 IR L i -
@®Tumor innoculation IFR3[~.—---~ R 450
®1.V. LNP injection e = 1
@ Analysis of tumors Actin w— e
\
" Cxcl10 24h Tnfa 24h 1112 24h
'g 150- 3 4 * % g 0.10
° I 3 ° T 0.08-
* 100 L S [}
g ° + 0.06 o[®
= > 2 2
'& - 2 0.04
® 50 8 & 3
o 21 © 0.02- j_& n
S C S s
_— L
S o S o = 0.00- T T
o s & & & > g & > & & &
& & & O < *\,Q \g-'\}\ > & & & &
X "
D & & ¥ & @ E°~'\' & & ¥
= 0007 g wewk
£ * PBS EO771 (MFP
2 | |7 ¢ SLR-LNP (MFP)
o 0 67 910 1213 15 18
£ 3000~
= H
c 2000+ o . ©® Tumor innoculation
g o ool e ® L.V. LNP injection
(&} ofe . ® |.P. aCD4/aCD8
— 1000+ ° . w
] -4 \
(8} o '
CDh4 CD8 NK M® DC MDSC
F  1800- G 100 < PBS
«?g < PBS s = oCD4
E = aCD4 : - -+ aCDS8
o 1200 ™ 9cp8 s -+ SLR-LNP
g -~ SLR-LNP E SLR-LNP + aCD4
2 SLR-LNP + aCD4 7 50- < SLR-LNP +aCD8
> =% SLR-LNP + aCD8 xkkx B
5 600~ ®
£ *k e
= [
- o
0 0 L] 1
0 5 10 15 20 25 0 30 60 90
Days (Post-tumor inoculation) Days (Post-tumor inoculation)

349  Figure 4. Systemic administration of SLR-LNPs activates RIG-l in the tumor
350 microenvironment to enhance infiltration of CD8" and CD4" T cells with antitumor function.
351  (A) Schematic diagram of LNP treatment in the orthotopic EO771 breast cancer model. (B) The
352  effects of SLR-LNP on RIG-I signaling were determined using Western blot analysis. (C) RT-PCR
353 analysis of pro-inflammatory cytokines gene expression in the tumor. **P<0.01, ***P < 0.001 by
354  one-way ANOVA. (D) Flow cytometric analysis of immune cells in the TME including CD8" and
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355 CD4" T cells, macrophages (CD11b*F4/80"), dendritic cells (MHC-II"CD11c"), NK cells (NK1.1%)
356 and MDSCs (CD11b*Gr*). **P < 0.01, ****P < 0.0001 by 2-way ANOVA. (E) Schematic diagram
357  of experimental design in EO771 MFP tumors treated with anti-CD4 (aCD4) or anti-CD8 (aCD8)
358  depleting antibodies, and SLR-LNP (n = 8-10 mice per group). (F) Comparison of tumor growth
359  curves (**P < 0.01, ***P < 0.0001 by one-way ANOVA of tumor volumes at day 25) and (G)
360  Kaplan-Meier overall survival curves after T cell depletion and SLR-LNP treatmentin EO771 MFP
361 tumor-bearing mice. All data are presented as mean + SD.

362

363 SLR-LNPs enhance response to immune checkpoint blockade- Based on the
364 capacity of SLR-LNPs to promote T cell infiltration into the breast TME, we next evaluated
365 SLR-LNPs in combination with aPD-1 ICI, which is approved for a subset of TNBC
366  patients, who experience a response rate of only ~20%.3* Mice with orthotopic EQ771
367  tumors were treated with SLR-LNPs alone or in combination with anti-PD-1 ICl and tumor
368  volume was monitored (Figure 5A). SLR-LNPs inhibited tumor growth to a greater degree
369 than aPD-1, which exerted only minimal efficacy as monotherapy (Figure 5B), and the
370  combination of SLR-LNPs and oPD-1 further inhibited tumor growth and extended
371  survival, resulting in a 25% (2/8) complete response rate (Figure 5C). We also tested
372  SLR-LNPs in the context of aggressive metastatic melanoma, a setting where systemic
373  administration of RIG-I agonists may be necessary. As a model of lung metastasis,
374 luciferase-expressing B16.F10 cells were injected intravenously to colonize the lung, and
375 mice were subsequently treated with SLR-LNP alone and in combination with aCTLA-
376  4/aPD-1 ICI (Figure 5D). Mice were euthanized 20 days post-tumor inoculation and lung
377 metastatic burden was evaluated via luminescence and lung mass measurements.
378  Consistent with our other findings, SLR-LNPs, but not cSLR-LNPs, dramatically inhibited
379  tumor formation in the lung, an effect that was further, though not significantly, enhanced
380  with the addition of a CTLA-4/aPD-1 ICI, which had no effect as a monotherapy in this
381 model (Figure 5E-H). Hence, systemic administration of SLR-LNPs can inhibit tumor
382 growth and metastasis as well as increase response to approved ICls in multiple poorly

383 immunogenic tumor models.
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385  Figure 5. SLR-LNPs enhance response to immune checkpoint inhibitors. (A) Schematic
386  diagram of LNP and anti-PD-1antibody (aPD-1) treatment in the orthotopic EO771 model (n=8-
387 10). (B) Comparison of tumor growth curves (*P < 0.05, ***P < 0.001, ****P < 0.0001 by one-way
388  ANOVA of tumor volumes at day 24, ####P< 0.0001 compared to all other groups on day 22 by
389 one-way ANOVA). (C) Kaplan-Meier overall survival curves after SLR-LNP and aPD-1 treatment
390 in EO771 MFP tumor-bearing mice. (D) Schematic diagram showing the schedule for B16F10-
391  Luc1 tumor challenge and treatment (n=10). (E) Representative lung images from PBS, cSLR-
392  LNP, and SLR-LNP treatment groups. (F) Quantification of lung weight (****P < 0.0001 by one-
393  way ANOVA). (G) Bioluminescence images measured by IVIS of lungs. (H) Quantification of lung
394  metastases by FLI depicted in (G) (*P < 0.05, **P < 0.01 by one-way ANOVA.) All data are
395 presented as mean + SD.

396

397 Discussion:
398 Identifying agents that remodel the tumor microenvironment from “cold” (i.e.,

399 lacking T cell infiltration) to “hot” (i.e., T cell inflamed) has rapidly emerged as a promising
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400  approach for reversing resistance to ICls.5 © 3% 36 RIG-I is promising target for increasing
401 tumor immunogenicity and improving response to immunotherapy, but major
402  pharmacological barriers limit the activity and efficacy of 3pRNA as a nucleic acid
403 therapeutic. Here, we address this challenge using a facile and translationally-ready
404  strategy that leverages advanced LNP technology and a molecularly engineered SLR to
405  fabricate an immunotherapeutic nanomedicine for potent activation of RIG-I signaling. We
406 found that SLR-LNPs, administered either intratumorally or intravenously, activated RIG-
407 | in the tumor microenvironment, resulting in enhanced effector T cell infiltration that
408 inhibited tumor growth and enhanced response to ICls in multiple immunologically “cold”
409 tumor models. This represents a new application of LNPs and establishes a foundation
410 for further optimization and preclinical development of SLR-LNPs for cancer
411  immunotherapy.

412 Despite the promise of 3pRNA as an immunopotentiator, there has been relatively
413 little investigation into the design and testing of carriers to enhance its efficacy. Several
414  groups have employed PLGA-based micro- and nanoparticle formulations for 3pRNA
415  delivery, primarily for vaccine applications.3”- 3 Huang and co-workers described 3pRNA-
416 loaded lipid calcium phosphate nanoparticles and demonstrated that systemic
417  administration could inhibit tumor growth in models of pancreatic cancer.?® Our has
418 described polymeric carriers for 3pRNA delivery by exploiting the combinatorial diversity
419  enabled through the synthesis of polymer and SLR structural libraries.’” 4° However,
420  recent clinical trials,?® and most preclinical studies to date'" 1323 24 have employed the
421  cationic polymeric transfection reagent JetPEI™, which electrostatically condenses
422  nucleic acids and facilities their release from the endolysosome.*! While PEl-based
423  approaches remain promising, and merit continued development, their clinical translation
424  has been hindered by toxicity concerns, a proclivity for accumulation in the lungs, and a
425 relatively low efficiency for cytosolic delivery via the still debated “proton sponge”
426  mechanism.*?> 43 By contrast, LNPs have rapidly emerged as one of the most versatile
427  platforms for delivery of a diverse array of nucleic acids, and are essential to the efficacy
428  of several recently approved nucleic acid therapeutics.?® Additionally, LNPs are approved

429  for administration both locally (e.g., as mRNA vaccines) and intravenously (e.g., as siRNA
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430 therapeutics), providing a versatile drug carrier for both intralesional therapy and systemic
431 therapy for treatment of metastatic disease.

432 Surprisingly, there has been virtually no investigation into the use of LNPs for
433  delivery of 3pRNA, which faces delivery barriers common to other classes of
434  oligonucleotide therapeutics but is distinguished by its unique immunopharmacological
435  mechanisms of action. Hence, we sought to fill this knowledge and innovation gap by
436 leveraging LNP technology to design and test a nanoscale platform for RIG-I activation.
437  Our selection of the MC3 ionizable lipid was primarily motivated by translational
438 considerations as it is already approved for clinical use, and, therefore, represented a
439 logical initial choice for the design RIG-I activating lipid nanoparticles. However, there is
440 also now a vast tool box of ionizable lipids available for RNA delivery that vary in head
441  group and lipid tail structure that can be leveraged to optimize delivery of a specific nucleic
442  acid cargo.?® Further, LNP formulations can be assembled with different types and/or
443  compositions of helper and PEGylated lipids using different fabrication approaches, which
444  can be harnessed to modulate pharmacokinetics and/or to confer tissue- or cell-specific
445  tropism that can be tuned for specific disease applications.** Hence, there is a virtually
446 limitless parameter space for the design of LNPs for the delivery of 3pRNA that can now
447  be explored by building upon our development and evaluation of a first-generation SLR-
448  LNP platform for immunotherapy.

449 The design of drug carriers for 3pRNA therapeutics will ultimately be driven by an
450  understanding of pharmacological mechanisms of efficacy and toxicity. Such knowledge
451  remains limited for this unique class of oligonucleotide therapeutic due, in part, to a dearth
452  of technologies that have been developed and/or tested for 3pRNA administration. In this
453  regard, our investigations provide a preclinical benchmark for evaluating systemically
454  administered RIG-I agonists and their carriers. An important distinction between 3pRNA
455  and more conventional classes of nucleic acid therapeutics for cancer (e.g., siRNA) is
456 that 3pRNA can exert robust therapeutic effects via both local and systemic
457  reprogramming of immune cell populations that can initiate and propagate antitumor
458  immunity. This has the potential to obviate the need to deliver high drug doses to the vast
459  majority of cancer cells at all tumor sites in the body, which is an established limitation of

460  even the most promising nanomedicines.*® While our study demonstrates that SLR-LNPs
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461 canenhance T cell infiltration into tumors and that the response is T cell-mediated, further
462 investigation is necessary to identify the primary cellular responders to SLR-LNPs and to
463 examine the immunopharmacological behavior of SLR-LNPs in the tumor and other
464  tissues (e.g., liver, spleen).

465 While intravenous administration of SLR-LNPs results in RIG-I activation in the
466  TME, it also results in a transient elevation of serum cytokines due to on-target, off-tumor
467  effects. While systemic immunopotentiation that mobilizes an antitumor response may be
468 advantageous, and perhaps even necessary, for the treatment of advanced metastatic
469  disease, the potential of systemically administrated PRR agonists to induce inflammatory
470  toxicities must be considered.'® Therefore, we performed a robust preclinical analysis of
471  toxicity following a therapeutic three-dose regimen and found SLR-LNPs to be well-
472  tolerated, with mice exhibiting only mild and transient weight loss without evidence of
473  organ pathology or abnormal blood chemistry test results. It is notable that other
474  promising innate immune agonists similarly induce a transient elevation of serum
475  cytokines and weight loss in mice,*® 47 including nanomedicines and antibody-drug
476  conjugates that have advanced into patients, which experienced only transient flu-like
477  symptoms or other adverse events that were readily manageable.3® 48 Nonetheless, an
478  important future direction will be to engineer SLR-LNPs to further enrich RIG-I activation
479 in the TME, while minimizing systemic inflammatory responses. Towards this end, our
480  group has described the design of 3pRNA pro-drugs that employ bulky covalently-linked
481 macromolecules (e.g, PEG) to block RIG-I recognition of 3pRNA until they are removed
482  under a specific environmental stimulus (e.g., redox, enzymes).*° Likewise, there is deep
483  nanomedicine toolbox available for improving cargo delivery to tumor sites, including
484  integration of molecular targeting moieties or “sheddable” coronas, that could be
485  harnessed to expand the therapeutic window of systemically administered RIG-I agonists.
486 While systemically administered SLR-LNPs demonstrated efficacy as a
487  monotherapy, their ability to remodel the TME to increase CD8* and CD4* T cell infiltration
488  also offers exciting opportunities for developing novel combination immune-regimens to
489  further enhance therapeutic responses. Here, we focused our investigations on
490 combining SLR-LNPs with approved ICls based on the recent Phase | clinical trials that

491 explored intratumoral injection of 3pRNA in combination with anti-PD-1
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492  (pembrolizumab).?® But there is also a strong immunological rationale for combining RIG-
493 | agonists with other approved and experimental therapeutics, including chemotherapy
494  and other immunomodulators. Furthermore, our finding that SLR-LNPs increase the
495  tumor infiltration of endogenous T cells opens the possibility of using i.v. administered
496  SLR-LNPs to enhance responses to other T cell-based immunotherapeutic modalities —
497 including cancer vaccines, adoptive T cell transfer, or CAR T cell therapy — where poor
498  tumor infiltration is a major barrier to efficacy for solid tumors.3” 59 SLR-LNPs pave the
499  way to pursue these opportunities.

500

501 Conclusion:

502 In conclusion, we have described the fabrication, characterization, and preclinical
503 evaluation of a nanoparticle-based immunotherapy that enhances antitumor immunity via
504 activation of the RIG-I pathway. Our design of a nanoparticle RIG-I agonist was inspired
505 by currently approved lipid nanoparticle formulations for other classes of RNA
506 therapeutics: we leveraged the ionizable lipid DLin-MC3-DMA to package and enhance
507 the intracellular delivery of selective and well-defined 5’-triphosphate stem loop RNA
508 (SLR)RIG-I ligands. We demonstrated that this strategy resulted in potent activation RIG-
509 I signaling in vitro and in vivo, and that SLR-LNPs could be safely administered via both
510 intratumoral and intravenous routes to promote RIG-I activation in the TME, resulting in
511 expression of type-l interferons, proinflammatory cytokines, and chemokines that
512 enhanced the infiltration of CD8* and CD4* T cells with antitumor function. Consequently,
513  SLR-LNPs inhibited tumor growth in a RIG-I-dependent manner in multiple poorly
514  immunogenic solid tumor models and increased therapeutic responses to anti-PD-1 and
515 anti-CTLA-4 immune checkpoint inhibitors. Collectively, these studies establish lipid
516  nanoparticle-based delivery of RIG-I agonists as a translationally promising strategy for
517 increasing tumor immunogenicity and enhancing responses to ICs and other
518 immunotherapies.

519
520
521

522
523
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524  Materials and Methods:

525

526  Synthesis of DLin-MC3-DMA lipid: DLin-MC3-DMA (MC3) was prepared following the
527 method described in WO2010144740 (Example 5, page 140). Detailed synthesis
528  methods are available in Supporting Information and characterization by 1TH NMR, UPLC-
529  ELSD, and mass spectrometry is provided in Figure S2.

530

531 Formulation of SLR-LNPs: SLR20 was synthesized and purified as described
532 previously.': 24 LNP formulations of SLR20 were prepared as previously described for
533  formulation of siRNA-loaded LNPs with minor modifications.5" Briefly, DLin-MC3-
534 DMA, 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) (Avanti Polar Lipids),
535 cholesterol (Avanti Polar Lipids), and PEGakpa-lipid (PEG-DMG) (Avanti Polar Lipids)
536  were solubilized in ethanol at a molar ratio of 57.5:7.5:31.5:3.5 and heated to 65°C prior
537  to dropwise addition into citrate buffer (0.1 M, pH 3, 25°C) under constant mixing to a final
538  volume ratio of 1:3 ethanol to citrate buffer. For SLR-containing formulations, SLRs were
539 dissolved in citrate buffer prior to lipid addition at a concentration that resulted in a final
540  SLR weight fraction (w/w) of 0.06 SLR/DIin-MC3-DMA,; for in vivo studies, an SLR weight
541 fraction of 0.1 was used. Homogenous mixing was allowed to occur for at least 1 h at
542  room temperature to ensure nanoparticle formation. The ethanol and citrate were
543  removed via buffer exchange with PBS (155 mM NaCl, 3 mM Na:HPO4, 1 mM KH2POs,
544 pH 7.4) by dialysis using an Amicon® Ultra-15 Centrifugal Filter Unit with 100 kDa
545  molecular weight cutoff regenerated cellulose membrane (Millipore) or via tangential flow
546 filtration (Repligen; KrosFlo Research | Peristaltic Pump with MicroKros Hollow Fiber
547  Filter) for larger batches used for mouse studies. Particle size and zeta potential were
548  determined using a Malvern Zetasizer Nano ZS instrument at room temperature. The
549  measurement was repeated three times independently for each sample. The amount of
550 encapsulated nucleic acid was determined using the Quant-it™ RiboGreen RNA Assay
551  Kit (Invitrogen). Briefly, LNPs were disrupted in 2% Triton X-100 in TE buffer, RiboGreen
552 solution was added to these samples, and fluorescence was measured using a plate

553  reader (Synergy H1 Multi-Mode Microplate Reader; Biotek). The RNA concentration was
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554  then determined by comparing the fluorescence of the LNP samples to SLR20 or SLROH
555  standard curves.

556

557  Cell culture: B16-F10 cells were obtained from American Type Culture Collection
558 (ATCC) (Manassas, Virginia) and RAW-Dual ISG, THP1-Dual ISG, A549-Dual ISG,
559  RAW-Dual RIG-I KO ISG were purchased from InvivoGen. EO771 cells were gifted from
560  Justin Balko (Vanderbilt University Medical Center), luciferase-expressing B16-F10 cells
561 (B16-LUC) were provided by Ann Richmond (Vanderbilt University Medical Center), and
562  ovalbumin expressing B16-F10 (B16-OVA) cells were gifted from Amanda Lund (New
563  York University School of Medicine). B16-F10 cells expressing an interferon inducible
564 luciferase reporter were used as described previously.*® All cell lines were cultured
565 according to manufacturer’'s specifications. BMDCs were isolated from 6-8-week-old
566  C57BL/6 mice and cultured as previously described.%? Briefly, bone barrow was flushed
567 from the femurs and tibias of mice using complete BMDC culture medium (RPMI 640
568 medium supplemented with 10% heat-inactivated FBS, 100 U/mL penicillin, 100 pg/mL
569  streptomycin, 2 mM |-glutamine, 10 mM HEPES, 1 mM sodium pyruvate, 1% non-essential
570  amino acids, and 50 yM B-mercaptoethanol), and the marrow was passed through a 70
571  PM cell strainer. Cells were centrifuged at 1500 rpm for 5 minutes, resuspended in ACK
572 lysis buffer (ThermoFisher), and washed with cold PBS. Then, cells were seeded in 100
573 % 15 mm Petri dishes (Corning Inc.) in complete medium supplemented with 20 ng/mL
574  granulocyte-macrophage colony-stimulating factor (GM-CSF). Cells were maintained in
575 a 37°C incubator supplemented with 5% CO2, and culture medium containing GM-CSF
576  was replaced on days 3, 5, and 7. On day 8, cells were confirmed to be > 80% BMDCs
577 (CD11c*) by flow cytometry.

578

579  Evaluation of immunostimulatory activity in ISG reporter cells: RAW-Dual ISG,
580 THP1-Dual ISG, A549-Dual ISG, and RAW-Dual RIG-I KO ISG Reporter cells were
581 seeded at 5x10° cells/well in 100 pyL media in 96-well plates (Greiner Bio-One). When
582  adherent cells became ~80% confluent or suspension cells reached a density of 1.5x108
583  cells/mL, SLR-LNPs or controls were added to wells at 2x concentration in 100 yL media.

584  Supernatant was collected 24h after treatment and Quanti-Luc™ (Invivogen) assay used
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585 to determine the amount of secreted luciferase following manufacturer’s instructions.
586 Luminescence was quantified using a plate reader (Synergy H1 Multi-Mode Microplate
587 Reader; Biotek) using white, opaque-bottom 96-well plates (Greiner Bio-One). The signal
588  for each sample concentration was determined using 3 biological replicates, each with 3
589 technical replicates. All reporter cell measurements were normalized by subtracting the
590 average value of a PBS-treated negative control group. The ECsg values were calculated
591 for each of the dose responses using curve fitting analysis in the GraphPad Prism
592  software.

593

594 Gene expression in BMDCs and cancer cell lines: Relative gene expression of /fn(1,
595  Tnfa, Cxcl10 and/or IL12 in BMDCs, B16.F10 melanoma cells, and EO771 breast cancer
596 cells was quantified by qPCR following treatment with SLR-LNP or controls. In brief, 1
597  x108 BMDCs/well, 500,000 B16.F10 cells/well, or 500,000 EO771 cells/well were seeded
598 in 12-well plate and treated with PBS, empty LNP cSLR-LNP, or SLR-LNP for 24 hrs.
599  Total RNA was isolated using a RNeasy Mini kit (Qiagen, Germantown, MD). Total RNA
600 (1 upg) was reverse transcribed by an iScript cDNA synthesis kit (Bio-Rad) and qPCR was
601 performed using a TagMan Mastermix kit (Thermo Fisher Scientific) as per
602  manufacturer’s instructions.

603

604 Evaluation of BMDC activation: BMDC activation was evaluated by flow cytometric
605  analysis of surface CD80, CD86, and MHC-II expression. Briefly, 1 x108 BMDCs/well were
606 seeded in a 12-well plate and treated with PBS, empty LNP, cSLR-LNP, or SLR-LNP for
607 24 hrs. The cells were collected and washed with 3% BSA in PBS and then stained with
608 FITC-anti-CD11c (1:100), APC/Cy7-anti-MHC class Il (1:100), PE-anti-CD86 (1:100),
609 APC-anti-CD80 (1:100) (Biolegend) antibodies. Dead cells were excluded from analysis
610 using DAPI (live/dead) stain (1:20,000). Cells were analyzed using a CellStream flow

611 cytometer.

612
613  Animal ethics statement: All studies using animals were completed under an Animal

614  Care Protocol approved by the Vanderbilt University Institutional Animal Care and Use
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615 Committee (IACUC). Animal health assessments were completed using standard
616  operating procedures approved by Vanderbilt University IACUC.

617

618 Subcutaneous single B16-F10 tumor model: B16-F10 (3x10%) cells were
619  subcutaneously injected into the right flank region of 6-7-week-old female C57BL/6 mice
620  (The Jackson Laboratory, Bar Harbor, ME). Established B16-F10 (40-60 mm?) tumors
621  were treated intratumorally with vehicle (PBS), empty LNP, cSLR-LNP (10 ug), SLR-LNP
622 (10 yg) in 50 uL. For evaluation of gene expression via qPCR, mice were treated once
623 intratumorally and mice were euthanized 24 h post-injection. For evaluation of therapeutic
624  efficacy, mice were administered SLR-LNPs or controls intratumorally every 3 days for 3
625 total injections. Tumor volume was measured 3x weekly via caliper measurements, and
626  volumes were calculated using (Viumor = L x W? x 0.5, in which Vimor is tumor volume, L
627 is tumor length, and W is tumor width). Mice were euthanized by carbon dioxide
628  asphyxiation when tumor volume reached >1500 mm3.

629

630  Orthotopic EO771 breast tumor model: EO771 (2.5x10°) cells were injected into the
631 left inguinal mammary fat pad of 6-7-week-old female C57BL/6 mice (The Jackson
632  Laboratory, Bar Harbor, ME). Mice were randomized into treatment groups and mice were
633 intravenously administered vehicle (PBS), empty LNP, cSLR-LNP (10 ug), or SLR-LNP
634 (10 pg) in 100 uL PBS 3 times spaced 3 days apart. In studies evaluating effects on the
635  tumor microenvironment by gRT PCR, western blot analysis, or flow cytometry, mice were
636 euthanized 24 h following the last treatment. In studies investigating combination effects
637  with immune checkpoint inhibitors (aPD-1) or T cell depletion antibodies (aCD4 or aCD8),
638 mice received intraperitoneal injections of 100 ug antibody in dilution buffer every 3 days
639 for 5 total injections. For T cell depletion studies, antibody treatment began 24 h before
640 treatment with SLR-LNPs. Tumor volume was measured 3x weekly via caliper
641  measurements, and volumes were calculated using (Viumor = L x W2 x 0.5, in which Viymor
642 is tumor volume, L is tumor length, and W is tumor width). Mice were euthanized by
643  carbon dioxide asphyxiation when tumor volume reached >1500 mm3.

644
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645 In vivo imaging of interferon response: B16.F10 melanoma cells were transduced to
646  express luciferase in an ISRE-dependent manner via the Cignal Lenti Reporter construct
647 (Qiagen) as described previously.*® 6-8 week-old C57BL/6 mice (The Jackson
648 Laboratory) were anesthetized with isoflurane and their right dorsal flanks were shaved.
649  Mice were inoculated with 1 x 10% B16.F10 interferon reporter cells in 100 uL of PBS.
650  When tumors were ~100 mm?, the mice were administered a single 50 pL intratumoral
651 injection of either PBS or SLR-LNP at a dose corresponding to 10 ug SLR20. At each
652  timepoint (0 and 6 h), mice were administered a dorsal subcutaneous 150 pL injection of
653 30 mg/mL D-luciferin (Thermo Fisher Scientific) reconstituted in PBS and luminescence
654 images was captured 15 minutes thereafter. Relative IFN production for each tumor was
655 calculated at 6h as a fold change relative to the respective t=0h value for each mouse.
656

657  Subcutaneous B16-OVA two tumor model: Ovalbumin-expressing B16-F10 melanoma
658 (B16-OVA) cells (2.5x10%) cells were subcutaneously injected into the right flank region
659 of 6-7-week-old female C57BL/6 mice (The Jackson Laboratory, Bar Harbor, ME). A
660 second subcutaneous injection containing (1.5x10%) cells was performed on the left flank
661 region 2 days after the initial tumor inoculation. Established right flank B16-OVA (40-60
662 mm?3) tumors were treated intratumorally with vehicle (PBS), empty LNP, cSLR-LNP or
663 SLR-LNP (10 pg) every 3 days for 3 total injections. Mice in groups receiving aPD-1 and
664 oCTLA-4 (100 ug, every 3 days for 5 injections, BioXcell, West Lebanon NH) were treated
665 intraperitoneally. Tumor volume was measured 3x weekly via caliper measurements, and
666  volumes were calculated using (Viumor = L x W? x 0.5, in which Vimor is tumor volume, L
667 is tumor length, and W is tumor width). Mice were euthanized by carbon dioxide
668  asphyxiation when tumor either reached >1500 mms3.

669

670 Lung metastatic B16-F10 tumor model: 6-8 week-old C57BL/6 mice (The Jackson
671 Laboratory) were administered a single intravenous injection of 0.5 x 108 luciferase-
672  expressing B16.F10 cells (B16-LUC) suspended in PBS. On day 3 post tumor inoculation,
673  mice were treated intravenously with PBS, cSLR-LNP (10 pg), or SLR-LNP (10 ug) every
674 3 days for 3 doses total. Mice in groups receiving aPD-1 and aCTLA-4 (100 ug, every 3

675  days for 4 injections, BioXcell, West Lebanon NH) were treated intraperitoneally. Twenty
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676  days post tumor inoculation, mice were euthanized, and lungs were excised. Lungs were
677 weighed and imaged. Lungs were then placed in black 12-well plates (Cellvis) and
678 incubated in 1 mg/mL Pierce™ D-Luciferin, Monopotassium Salt (88293; Thermo Fisher
679  Scientific) reconstituted in PBS, and luminescence images were captured 5 minutes
680 thereafter on the IVIS Lumina Il (PerkinElmer). The luminescence was quantified as total
681 radiant flux (p/s) for each set of lungs.

682

683 Quantitative real-time PCR (qPCR) of tumor tissue: C57BL/6 mice bearing either
684  subcutaneous B16-F10 or orthotopic EO771 breast tumors were treated with SLR-LNPs
685 or controls as described above and euthanized 6 or 24 h later. Tumors were collected
686 and snap frozen in liquid nitrogen until analysis. Tumors were homogenized using a
687  TissueLyser Il (Qiagen) and total RNA was isolated by RNeasy mini kit (Qiagen) and
688  reverse transcribed by iScript cDNA synthesis kit (Bio-Rad). gqPCR was performed using
689 a TagMan Mastermix Kit (Thermo Fisher Scientific) as per manufacturer’s instructions.
690 Hmbs was used as a housekeeping gene. TagMan gene expression primers were
691 purchased from ThermoFisher Scientific (Waltham, Massachusetts): mouse Tnfa
692 (Mm00443258 m1); mouse Cxcl10 (Mm00445235 _m1); mouse 1112b
693 (MmO00434174_m1) and mouse Hmbs (Mm01143545_m1).

694

695 Western blot analysis of EO771 tumors: Female C57BL/6 mice with 100-200 mm?3
696 EO771 tumors in the mammary fat pad were treated as described above with SLR-LNP
697  or controls. Mice were euthanized at 24 h following the last injection and tissues were
698  snap frozen until analysis. EO777 tumors were homogenized using a TissueLyser Il
699 (Qiagen) in RIPA lysis buffer (Santa Cruz). The protein concentration was determined
700 using a BCA assay (Thermo Scientific, Waltham, Massachusetts), samples were run on
701 a SDS-PAGE and transferred onto a nitrocellulose membrane using a semi-dry transfer
702  protocol (Bio-Rad laboratories, Hercules, California). Membranes were washed and
703  incubated with primary antibody (p-IRF3, IRF3, RIG-I, and B-actin) at 4°C overnight,
704  followed by blotting with HRP-conjugated secondary antibodies (Promega). The protein
705 bands were obtained with the ChemiDoc XRS+system (Bio-Rad) using an immobile

706  western Chemiluminescent HRP Substrate Kit (Millipore Sigma, Billerica,
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707  Massachusetts). Protein from blots was quantified using ImagedJ, and B-actin was used
708 as aloading control for normalization of samples.

709

710  Flow cytometric analysis of EO771 tumors: Female C57BL/6 mice with 100-200 mm?3
711  EO771 tumors in the mammary fat pad were treated with SLR-LNPs (10 g,
712 intravenously) or PBS every 3 days for three total injections. Mice were euthanized 24 h
713 after final treatment, tumors were harvested, weighed, and placed on ice prior to
714 dissociation using an OctoMACS separator (Miltenyi) and digestion in RPMI 1640
715  containing 125 pyg/mL deoxyribonuclease | and 500 ug/mL collagenase Il for 30 mins at
716  37°C. The cell suspension was strained through a cell strainer (40 uym), red blood cells
717  were lysed using ACK lysis buffer (Gibco). Cells were then resuspended in flow buffer
718 (5% BSA + 0.1% dasatinib in PBS), counted and stained with the following flow panels
719  (antibodies obtained from Biolegend). Panel | for T cells: PE/Cy7-aCD45 (30-F11), APC-
720 aCD3 (17A2), APC/Cy7-aCD4 (RM4-5), PE-aCD8a (53-6.7) and DAPI. Panel Il for
721  myeloid cells and NK cells: APC-aCD45 (30/F11), PerCP/Cy5.5-aCD11b (M1/70),
722  PE/Cy7-aF4/80 (BMS8), Alex Flour 488-aCD11c (N418), APC/Cy7-aMHC-II
723  (M5/114.15.2), PE-aNK1.1 (PK136), BV605-Gr-1 (1A8), and DAPI (Millipore Sigma,
724  Billerica, Massachusetts). Cells were then washed twice, suspended in flow buffer
725  containing AccuCheck counting beads and analyzed on a BD LSR Il flow cytometer. All
726  flow cytometry data were analyzed using FlowJo software (version 10; Tree

727  Star; https://www.flowjo.com/solutions/flowjo). Representative flow cytometry plots and

728  gating schemes are shown in Figure S3.

729

730  Statistical Analysis: The data were plotted using Prism 8 (Graphpad) software as the
731 mean = SD unless otherwise stated in the figure legend. Data were analyzed via Student’s
732  t-test or a one-way ANOVA followed by Tukey’s adjustment for multiple comparisons. A
733 log-rank test was used to compare Kaplan-Meier survival data. P-values <0.05 were
734  considered statistically significant in all studies.

735

736
737
738
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