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Nanoparticle (NP)-based mRNA cancer vaccines hold great promise to realize person-
alized cancer treatments. To advance this technology requires delivery formulations
for efficient intracellular delivery to antigen-presenting cells. We developed a class of
bioreducible lipophilic poly(beta-amino ester) nanocarriers with quadpolymer architec-
ture. The platform is agnostic to the mRNA sequence, with one-step self-assembly allow-
ing for delivery of multiple antigen-encoding mRNAs as well as codelivery of nucleic
acid-based adjuvants. We examined structure—function relationships for NP-mediated
mRNA delivery to dendritic cells (DCs) and identified that a lipid subunit of the pol-
ymer structure was critical. Following intravenous administration, the engineered NP
design facilitated targeted delivery to the spleen and preferential transfection of DCs
without the need for surface functionalization with targeting ligands. Treatment with
engineered NDPs codelivering antigen-encoding mRNA and toll-like receptor agonist
adjuvants led to robust antigen-specific CD8+ T cell responses, resulting in efficient
antitumor therapy in in vivo models of murine melanoma and colon adenocarcinoma.

mMRNA | nanoparticle | delivery | cancer | vaccine

In recent years, the field of immunotherapy and the use of immune-checkpoint inhibitors
has revolutionized treatment of many cancers and led to approvals by the FDA of novel
therapeutics for various tumor types (1, 2). However, the diversity of tumor epitopes
between individuals makes each patient’s tumor unique; thus, the development of per-
sonalized cancer therapy technologies would add an important tool to the immunotherapy
toolbox (3). The availability of personalized diagnostics using sequencing and bioinfor-
matics technologies has made it possible in a timely and cost-effective manner to identify
tumor-specific mutations, referred to as neoantigens, in individual patients (4, 5). A
promising strategy to target these neoantigens is delivery of neoantigen-encoded mRNA
as a cancer vaccine. In this approach, neoantigen mRNA needs to be delivered to
antigen-presenting cells (APCs), such as dendpritic cells (DCs), to induce a tumor-specific
T cell response. mRNA vaccine technologies offer many benefits over conventional vaccine
approaches, including high potency, potential for low-cost manufacturing, capacity for
rapid development, and improved safety (6).

The main challenge to realizing the potential of mRNA cancer vaccines is the require-
ment for delivery materials to facilitate efficient intracellular mRNA delivery to large
numbers of DCs. The use of lipid nanoparticles (LNPs) for delivery of mRNA encoding
the spike protein of the SARS-CoV-2 virus has provided safe and powerful vaccine tech-
nologies against COVID-19 (7-9), demonstrating the great potential and increasing
public acceptance of mRNA vaccines. In these prophylactic vaccine platforms,
mRNA-LNPs are delivered intramuscularly to induce humoral immunity. A limitation
of this strategy for cancer vaccine applications is that skeletal muscle contains very few
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Dendritic cells (DCs) are a major
force in medicine with the ability
to induce antigen-specific
immune responses. However,
transfection of DCs is challenging,
and current nanoparticle
(NP)-based delivery systems have
had limited success in facilitating
tissue-mediated delivery to
lymphoid organs following
systemic administration.

We report the design of
biodegradable polymeric
nanocarriers that enable targeted
mRNA delivery to splenic DCs
following systemic administration
without the need for targeting
ligands. We also demonstrate
codelivery of adjuvants along
with mRNA to trigger
costimulatory signaling of DCs to
activate antigen-specific CD8+ T
cells. The NP design enables
robust antitumor immune
responses in multiple murine
tumor models. This technology is
an advancement that validates
systemically delivered polymeric
mRNA-based cancer vaccines
with broad applications.

DCs (10, 11), and transfected DCs are restricted to the local site of injection and must
migrate to a lymphoid organ for T cell activation. To address these limitations and broaden
this technology for therapeutic cancer vaccines, technologies facilitating delivery to a
DC- and T cell-rich lymphoid organ, such as the spleen, via systemic administration
would be preferred to maximize cellular immunity. In order to effectively treat tumors, a
potent and systemic cytotoxic T cell response is critical. Intravenous administration of
mRNA cancer vaccines has been shown to result in a more robust antigen-specific CD8+
T cell response compared to local routes of injection (12, 13), and such administration
routes are easily and regularly performed for cancer patients. However, there are concerns
about systemic toxicity associated with intravenous administration (14). Thus, cell tar-
get—specific mRNA delivery is necessary both for efficacy and to minimize any risks of
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adverse side effects. The use of RNA therapeutics for systemic
delivery had a major breakthrough in 2018 when the first RNA
interference technology using an LNP formulation for siRNA
delivery received its first FDA approval (15, 16). However, current
delivery technologies for RNA therapeutics have had limited suc-
cess to facilitate extrahepatic transfection. Thus, new nanoparticle
(NP) formulations are needed to achieve specific transfection in
organs beyond the liver following systemic administration.

Biodegradable polymeric NPs represent a promising class of
delivery vehicles for clinical application since they offer scalable
production and high safety (17). Poly(beta-amino ester)s (PBAE)
s are biodegradable cationic polymers that spontaneously
self-assemble with anionic nucleic acids into NPs in aqueous solu-
tions. PBAEs have several advantageous characteristics, including
positive charge for efficient binding of RNA therapeutics (18, 19),
high buffering capacity in an acidic environment for endosomal
escape (20, 21), and hydrolytic degradation into nontoxic
by-products under aqueous conditions, that make them an attrac-
tive delivery material (22-26). PBAEs have shown promise for
mRNA delivery; Patel et al. reported the design of hyperbranched
PBAE NPs, which facilitated efficient transfection of lung epithe-
lial cells following nebulized administration (27), and a recent
report demonstrates the capacity of PBAE-mediated delivery of
mRNA to nonliver and nonlung targets (20). However, for cancer
vaccine applications, new PBAE architectures are needed for effi-
cient systemic delivery and transfection targeted to DCs.

In addition to DC transfection with antigen-encoding mRNA,
DC activation is required to boost the immune response for potent
cancer treatment. One of the most promising classes of adjuvants
for inducing T cell immunity is toll-like receptor (TLR) agonists,
which stimulate DCs and induce expression of costimulatory
molecules and secretion of cytokines that drive T cell responses
(28, 29). Adjuvants of interest for cancer vaccine formulations
include the TLR3 agonist polyinosinic-polycytidylic acid
(poly(I:C)) and the TLRY agonist CpG oligodeoxynucleotide
(CpG ODN). In addition to being a TLR3 agonist, poly(I:C) can
also activate cytosolic RIG-I (30), inducing a type 1 interferon
response and leading to activation of cytotoxic T cells. The con-
trolled biodistribution and cellular uptake provided by
NP-mediated delivery are beneficial as a lower encapsulated adju-
vant dose is required compared to methods that rely on unassisted
uptake of the adjuvant, which reduces the risk of systemic side
effects. mRNA cancer vaccine technologies may be used in com-
bination with clinically approved and emerging immunotherapy
treatments, such as immune-checkpoint blockade, for synergistic
effect. It was reported in a clinical study treating patients with
stage IV melanoma that the antitumor T cell response was broad-
ened with combinational treatment of a T cell induced vaccine
and the immune checkpoint inhibitor pembrolizumab (anti-PD-1)
(31). Their synergistic effects might also be beneficial in preventing
T cell exhaustion, which is a major hurdle to eliciting potent
antitumor immunity (32).

Here, we present a structural design of bioreducible lipophilic
PBAE NPs that address the major challenges for mRNA cancer
vaccines by enabling efficient intracellular mRNA delivery to DCs
following systemic administration. We used combinatorial library
synthesis to generate polymeric nanocarriers and demonstrated
that both the incorporation of lipid subunit and endcap modifi-
cations of the polymer structure tuned intracellular trafficking in
DCs. Additionally, we incorporated disulfide bonds in the back-
bone structure for environmentally triggered biodegradation upon
entry into the reducing environment of the cytosol (33, 34). We
demonstrated that the engineered bioreducible lipophilic PBAE
NPs facilitated preferential delivery to splenic DCs following
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systemic administration without the need for any surface func-
tionalization, such as PEGylation or ligand modification—medi-
ated uptake (35). The engineered NP formulation for DC
transfection delivering antigen—-mRNA along with either CpG
ODN or poly(I:C) was further examined for therapeutic efficacy
following systemic administration using multiple in vivo murine
tumor models and was found to facilitate a robust antigen-specific
CD8+ T cell response for antitumor treatment.

Results

Design, Synthesis, and Characterization of Polymeric NPs. We
engineered a polymeric NP platform composed of PBAEs to
facilitate efficient and targeted mRNA delivery to DCs following
systemic administration and explored its potential as a cancer
vaccine (Fig. 1A4). In a two-step synthesis using Michael addition,
we combined diacrylate backbone, amine side-chain, and endcap
monomers to form the final PBAE structure (Fig. 1B). In addition
to the biodegradable ester bonds in the backbone structure, we
incorporated disulfide bonds to create bioreducible (R) polymers
to enable environmentally triggered rapid degradation in the
reducing environment of the cytosol, which also increases the
safety of the polymers (Fig. 1C) (18, 36). As side-chains, we
combined hydrophilic (S4) and lipophilic monomers (ScX, where
X is the number of carbons in the alkyl tail) to create amphipathic
polymers.

We assessed polymer molecular weights using gel permeation
chromatography (GPC), and they remained approximately the
same (2.5 to 2.8 kDa) after changing either the lipophilicity (ROA
through R18A) or the endcap molecule (R18A compared to
R18D) (Fig. 2A4). We used dynamic light scattering (DLS) to ana-
lyze NP size as a function of lipophilicity (Fig. 2B). The incorpo-
ration of a lipid subunit decreased the hydrodynamic diameter of
the NPs from 140 + 6 nm for ROD NPs (no lipid; 200 w/w) down
to 81 + 1 nm for R12D NPs (Sc12 lipid; 200 w/w), likely due to
increased hydrophobic interactions with the mRNA cargo forming
more condensed NPs. However, increasing the length of the alkyl
side-chain of the lipophilic subunit did not decrease the NP size
further. We performed transmission electron microscopy (TEM)
to visualize RI8D mRNA-NPs, which demonstrated that the
self-assembly resulted in spherical NPs of approximately 100 nm
in diameter (Fig. 2C). All NPs of varying lipophilicity are cationic,
with a surface charge in the range of +20 to +30 mV. The surface
charge was statistically higher for lipophilic NP formulations using
R12D and R14D nanocarriers compared to the nonlipophilic
formulation using ROD (Fig. 2D) (*P < 0.05; 7 = 2). In addition
to efficiently presenting tumor antigens, DCs need to become
activated to induce a robust cytotoxic T cell response against the
cancer cells (5). Our cationic nanocarriers can be used for code-
livery of antigen-encoding mRNA and nucleic acid—based adju-
vants. Accordingly, we examined the hydrodynamic diameter and
surface charge for RI8D NPs coencapsulating mRNA and the
adjuvants CpG or poly(I:C). No statistical changes in NP size or
surface charge were observed when the NPs were coencapsulating
CpG or poly(I:C) compared to mRNA only (S7 Appendix, Fig. S1).
Moreover, using the RiboGreen assay, we observed improved
mRNA encapsulation for lipophilic PBAE NPs compared to NPs
with no lipid subunit (*2 < 0.05; 7 = 3). The mRNA encapsulation
efficiency for lipophilic PBAE NPs was above 97% even for for-
mulations with lower polymer/mRNA ratios. As we sought to use
the engineered NPs for systemic administration in order to induce
the highest possible production of the encoded antigens, NP sta-
bility in the presence of serum is a key parameter. Previous electro-
statically formed NP formulations composed of cationic polymeric
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Fig. 1. Bioreducible lipophilic PBAE-mRNA nanoparticles (NPs) as cancer vaccine. (A) Schematic of the mRNA-based cancer vaccine technology using polymeric
(PBAE) NPs. (B) Reaction scheme for bioreducible lipophilic PBAEs. The bioreducible diacrylate backbone monomer (R) is polymerized with a 1:1 mixture of
a hydrophilic amine sidechain monomer (S4) and a lipophilic amine side chain monomer (Sc12-18) via Michael addition. The obtained diacrylate-terminated
random copolymer is endcapped with an amine-containing monomer (A-E) to form the final polymer structure. (C) Monomers used in the combinatorial library

synthesis to form bioreducible lipophilic PBAEs.

nanocarriers have had limited success following systemic adminis-
tration mainly due to insufficient stability in the presence of anionic
serum proteins that readily dissociate the formulations (37, 38). To
examine whether the presence of the lipophilic subunit would
influence NP stability, we incubated NPs in media with 10%
serum over 4 h (Fig. 2F). The PBAE NPs without a lipophilic
subunit (ROD NPs) completely dissociated (100% release) when
formed at 100 w/w, and 80% of the mRNA load was released over
4 h for the 300 w/w formulation. On the other hand, mRNA
within lipophilic R18D NPs remained securely encapsulated in
the presence of serum. Even when formulated at a lower polymer/
mRNA ratio of 100 w/w, only 21% of mRNA was released over
4 h. Thus, in addition to electrostatic interactions, the lipophilic
PBAE nanocarrier design facilitates hydrophobic interactions
within the NP, This improved NP stability is a key aspect for
systemic delivery technologies to ensure that the formulation does
not dissociate prior to reaching the target site.

We also evaluated the ability of the lipophilic nanocarrier R18D
to coencapsulate mRNA and CpG or poly(I:C) over time using
a gel electrophoresis assay. We prepared R18D NPs carrying flu-
orescently labeled mRNA and either CpG or poly(I:C) at 300
w/w and 100 w/w and incubated them in media with 10% serum
over 4 h. The majority of the mRNA and adjuvant remained
encapsulated in the R18D NPs, indicating that they are stably
bound in the particles. The highest observed dissociation was
12.0% and 15.2% for mRNA and CpG, respectively (Fig. 2G),
and 15.2% for poly(I:C) (Fig. 2H).

In Vitro Evaluation of mRNA Delivery to DCs. We evaluated the
PBAE NP library for transfection efficiency and toxicity using the
murine DC2.4 cell line and primary murine Bone marrow—derived
dendritic cells (BMDCs). In these high-throughput in vitro
screens, NPs delivered eGFP mRNA, and transfection was assessed
quantitatively by flow cytometry (Fig. 34) and qualitatively
by fluorescence microscopy (Fig. 3B) 24 h posttreatment. We
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evaluated cell viability using the MTS assay 24 h posttreatment
(SI Appendix, Fig. S2A). The percent of transfected cells generally
increased as polymer lipophilicity increased, with nonlipophilic
NPs (ROA-D) providing little to no transfection (Fig. 3 A and B).
In each lipophilic PBAE series (R12, R14, R16, and R18), the
PBAE with the D endcap monomer facilitated the highest level
of transfection (Fig. 34). The most lipophilic of those, R18D,
achieved the highest level of transfection. Structures with the B
endcap monomer showed very low transfection efficacy, indicating
that the secondary amine in the A, C, and D endcaps is preferable
to the tertiary amine and additional hydroxyl group in the B
endcap. These studies highlight the utility of high-throughput
in vitro valuation of polymer libraries with differential structure
for mRNA delivery, as small, seemingly minor changes to single
atoms in the side chain or end-group of the polymer lead to
dramatic functional differences in transfection.

R18D NPs were further examined in DC2.4 cells at a wide range
of mRNA doses and compared to Lipofectamine MessengerMAX,
a leading commercial mRNA transfection agent (Fig. 3C).
R18D NPs performed significantly better than Lipofectamine
MessengerMAX at all but the highest mRNA dose. Even at a
low dose of 5 ng mRNA per well in a 96-well plate (50 ng
mRNA/mL), 20 times lower than what is traditionally recom-
mended for commercial transfection reagents, R18D NPs trans-
fected 88.6% of cells, while Lipofectamine MessengerMAX
transfected 28.7% of cells on average.

To better mimic in vivo DCs, we evaluated a subset of the
PBAE NP library on primary murine BMDC:s. In this screen,
tested NP formulations delivered fLuc mRNA, and biolumines-
cence was assessed after 24 h to evaluate relative transfection
(Fig. 3D). Similar to DC2.4 cells, BMDCs showed the highest
level of transfection with the most lipophilic NPs, and R18D was
a top-performing candidate. Importantly, the NPs caused no tox-
icity in the BMDCs (8] Appendix, Fig. S2B). We also compared
R18D NPs to two leading commercial mRNA transfection
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Fig. 2. Characterization of bioreducible lipophilic poly(beta-amino ester) (PBAE) polymers and mRNA nanoparticles (NPs). (A) Molecular weights of PBAEs of
varying lipophilicity assessed by GPC. (B) Hydrodynamic diameter of PBAE NPs formed at a 300 or 200 w/w ratio of polymer to mRNA assessed via DLS (n = 2).
Significance indicates comparison to nonlipophilic PBAE nanoparticles (ROD) at the respective w/w ratio. (C) Representative TEM images of R18D mRNA NPs (Scale
bar, 200 nm). (D) Surface charge of mMRNA PBAE NPs in PBS (n = 2). (E) Encapsulation efficiency of mRNA assessed by the RiboGreen assay (n = 3). Significance
indicates comparison to nonlipophilic PBAE nanoparticles (ROD) at the respective w/w ratio. (F) Encapsulation and dissociation of fluorescently labeled mRNA for
nonlipophilic (ROD) and lipophilic (R18D) NPs formed at 300 and 100 w/w ratios after incubation in 10% serum over 4 h assessed by a gel electrophoresis assay.
(G) mRNA and CpG ODN, (H) mRNA and poly(l:C) dissociation in 10% serum from R18D-based NPs formed at 300 and 100 w/w ratios over 4 h, respectively. Error

bars represent SEM. *P < 0.05, **P < 0.01, and ***P < 0.001.

reagents (SI Appendix, Fig. S3). R18D NPs facilitated significantly
higher GFP-mRNA transfection, transfecting 17 to 20% of
BMDCs, compared to Lipofectamine MessengerMAX and jet-
MESSENGER, which transfected 3.6% and 5.5% of BMDCs,
respectively.

To further examine the effect of PBAE hydrophobicity on trans-
fection efficiency, we synthesized PBAEs in the R18 series with a
75:25 molar ratio of lipophilic Sc18 monomer to hydrophilic 4
monomer and compared their in vitro efficacy to PBAEs synthe-
sized with a 50:50 molar ratio of the two monomers (Fig. 3E). All
PBAE NPs with a 50:50 ratio of Sc18 to S4 performed signifi-
cantly better than their 75:25 counterparts with no differences in
cell viability (SI Appendix, Fig. S2C). Codelivery of CpG did not
influence mRNA transfection, whereas poly(I:C) did significantly
reduce transfection in a dose-dependent fashion (Fig. 3F).

Effect of Polymer Structure on NP-Mediated Intracellular
Trafficking. We used fluorescently labeled (Cy5) mRNA-NPs
to facilitate mechanistic understanding of how the structural
design of the nanocarrier influences intracellular trafficking.
We first analyzed cellular uptake in DC2.4 cells, and all tested

https://doi.org/10.1073/pnas.2301606120

NPs were taken up by over 83% of cells, with lipophilic NPs
demonstrating cellular uptake between 97% and 99% after 6 h
(Fig. 4A). We also analyzed the mean fluorescence intensity of
Cy5, which correlates with the average number of NPs taken
up per cell and found that NPs with the longer alkyl side-chain
(Sc18) were taken up more efficiently than NPs with a shorter
alkyl side-chain (Sc12) (Fig. 4A4). Both percent cellular uptake
and fluorescence intensity of uptake were statistically higher for
all lipophilic NPs compared to the NP formulations without a
lipophilic subunit (***P < 0.0001; 7 = 4). We further examined
NP uptake in BMDCs and found that increased lipophilicity
of the nanocarrier improved cellular uptake (Fig. 4B). The NP
uptake was statistically higher for the lipophilic NPs compared to
NPs without a lipophilic subunit using the same endcap (R12A
and R18A compared to ROA; R12D and R18D compared to
ROD; ****P < 0.0001; 2 = 4). This finding demonstrates that
the chemical structure of the lipophilic subunit is a key property
for cellular uptake. The trend of improved cellular uptake with
increased lipophilicity supports the higher in vitro transfection
efficiency observed for lipophilic mnRNA-NPs (Fig. 3 A and D).
Additionally, endcap modifications also influenced cellular uptake,
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Fig.3. Transfection of dendritic cells (DCs) in vitro by bioreducible liphophilic PBAE mMRNA nanoparticles (NPs). (A) Polymer library was evaluated for transfection
of the murine dendritic cell line DC2.4 using MRNA encoding GFP. Cells were treated with NPs formed at 200 w/w and a dose of 50 ng mRNA/well, and transfection
efficiency was assessed via flow cytometry after 24 h. (B) Representative bright-field (BF) and fluorescent microscopy images of DC2.4 cells transfected with
nonlipophilic ROA or lipophilic R18A GFP mRNA NPs (Scale bar, 50 nm). (C) Transfection of DC2.4 cells by top-performing R18D NPs was assessed at various
mRNA doses and compared to leading commercial mMRNA transfection reagent Lipofectamine MessengerMAX. (D) A subset of the polymer library was evaluated
on murine BMDCs using luciferase-encoding mRNA. Cells were treated with NPs at a dose of 25 ng mRNA/well, and bioluminescence activity was assessed after
24 h to determine transfection levels normalized to cell viability. (E) Polymers with the Sc18 monomer were synthesized with a 50:50 or 75:25 ratio of lipophilic
side chain monomer Sc18 to hydrophilic side chain monomer S4. DC2.4 cells were treated with GFP mRNA NPs with varied lipophilicity at a dose of 25 ng mRNA/
well, and transfection was assessed after 24 h. (F) The transfection efficiency in DC2.4s was examined following treatment with R18D NPs coencapsulating GFP
mRNA and CpG or poly(l:C) adjuvants with varied mRNA to adjuvant ratios where the mRNA dose was kept constant (25 ng/well) after 24 h. Significance indicates
comparison to no adjuvant control. Error bars represent SEM (n = 4). ***P <0.001 and ****P < 0.0001.

as shown for NP formulations using Sc18 as the lipophilic subunit,
where the R18 nanocarrier with endcapping monomer C (R18C)
facilitated the highest uptake (Fig. 4 A and B). The same trends
between nanocarrier structure and NP uptake at 6 h posttreatment
were also observed at 24 h posttreatment (87 Appendix, Fig. S4
A and B). Moreover, we prepared R18D NPs coencapsulating
mRNA and FITC-labeled CpG. The uptake of CpG was 90% =
3% and 58% + 5% for NDPs formulated at w/w ratios of mRNA to
CpG of 2:1 and 4:1, respectively (Fig. 4C). CpG was still present
in cells 24 h posttreatment (S Appendix, Fig. S4C).

We used apotome microscopy to visualize cellular uptake and
trafficking of Cy5-mRNA NPs and GFP-mRNA transfection 6 h
posttreatment (Fig. 4D). We evaluated endosomal escape by quan-
tifying the colocalization of endosomes/lysosomes stained with a
LysoTracker dye and Cy5-NDPs, with lower colocalization corre-
sponding to more effective endosomal escape. The calculated
Manders coefficient of colocalization demonstrated that R18A
and R18D NPs facilitated significantly higher endosomal escape
than R18C NPs (*P< 0.05 and **P < 0.01; = 3) (Fig. 4E). Thus,
the incorporation of a hydroxyl group (endcapping monomers A
and D) instead of an additional amine group (endcapping mon-
omer C) as endcap modification promoted endosomal escape. The
lower level of endosomal escape for R18C NPs explains why their
higher cellular uptake did not result in higher mRNA transfection.
Interestingly, R18D exhibited significantly higher transfection
than R18A (***P < 0.0001; 7 = 4) (Fig. 34) despite both struc-
tures demonstrating similarly high levels of cellular uptake and
endosomal escape in DC2.4 cells. This discrepancy is likely due
to the difference in cell viability, as RI8A NPs were significantly

PNAS 2023 Vol.120 No.26 e2301606120

more toxic than R18D NPs in DC2.4 cells (*P < 0.05; n = 4)
(SI Appendix, Fig. S2A). Taken together, these results demonstrate
that both the hydrophobicity of the polymer side-chains and the
chemistry of the endcaps influence NP-mediated intracellular
trafficking in DCs.

Targeted Transfection of Splenic DCs In Vivo. We assessed
the in vivo transfection following systemic administration of
fLuc mRNA NPs (10 pg mRNA/mouse) by whole animal
bioluminescence imaging (SI Appendix, Fig. S5). We included
NPs with the lipophilic side chains Sc16 and Sc18 and the endcaps
A, C, and D to explore the influence of side chain hydrophobicity
and endcap chemistry. These formulations all showed high in vitro
transfection in both immortalized and primary murine DCs.
These structural designs of the bioreducible lipophilic PBAE NPs
facilitated, almost exclusively, transfection localized to the spleen
(SI Appendix, Fig. S5A). The NPs with the more hydrophobic
side chains (Sc18 compared to Sc16) promoted NP-mediated
transfection in the spleen, whereas the endcaps with the same
base polymer chemistry showed a similar level of transfection of
splenocytes (SI Appendix, Fig. S5B). Based on in vitro experiments
for transfection and biocompatibility as well as the in vivo
spleen-targeted transfection, we selected the top-performing NP
formulation R18D for further in vivo studies. We first assessed
its time window for transfection in vivo following systemic
administration of fLuc mRNA NPs by further whole animal
bioluminescence imaging (S Appendix, Fig. S6). As previously
demonstrated, the structural design of the R18D NP:s facilitated
targeted transfection in the spleen (SI Appendix, Fig. S6B),
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Fig. 4. Cellular uptake and endosomal escape following mRNA nanoparticle (NP) design. (A) DC2.4 cells and (B) murine primary BMDCs were treated with NPs
carrying Cy5-mRNA at a dose of 50 ng mRNA/well, and NP uptake was assessed at 6 h posttreatment by flow cytometry (n = 4). (C) DC2.4 cells were treated with R18D
NPs coencapsulating mRNA at 50 ng mRNA/well and FITC-CpG, and uptake of CpG was assessed 6 h posttreatment by flow cytometry (n = 4). (D) Representative
images of DC2.4 cells labeled with lysosome/endosome dye 6 h posttreatment with NPs carrying Cy5-labeled GFP-encoding mRNA to visualize cellular uptake,
NP colocalization with endosomes/lysosomes, and GFP transfection (Scale bars, 20 pm). (E) Manders’ coefficient was determined using Image] to quantify the
degree of colocalization between NPs and endosomes/lysosomes (n = 3). Error bars represent SEM. *P < 0.05, **P < 0.01, and ****P < 0.0001.

and peak expression was between 2 and 6 h, with continuing
expression up to 48 h postadministration (S/ Appendix, Fig. S6C).
We similarly evaluated in vivo transfection for RI8D mRNA-NPs
codelivering no adjuvant, 2.5 pg CpG ODN, or 0.1 pg poly(1:C)/
mouse along with 10 pg mRNA/mouse at a polymer-to-nucleic
acid ratio of 100 w/w 6 h postadministration (Fig. 54). Congruent
with in vitro results, codelivery of CpG did not significantly reduce
the total bioluminescence in the spleen, while poly(I:C) reduced
the bioluminescence signal by approximately fivefold compared
to the no adjuvant group (Fig. 5B). However, all groups, with and
without adjuvants, showed localized transfection in the spleen.
In addition to organ-level targeting, we characterized the spe-
cific cell populations in the spleen that are targeted for transfection
using the Ai9 mouse model. Upon successful delivery of Cre
mRNA, cells undergo Cre recombinase—mediated recombination,
resulting in tdTomato expression (39) (Fig. 5C). We assessed trans-
fection in splenic cell populations 24 h posttreatment with sys-
temically administered R18D NPs encapsulating Cre mRNA
alone at varying w/w ratios or codelivering Cre mRNA with CpG
or poly(I:C) at varying adjuvant doses. RI8D NPs formed at 50
w/w were less effective than their 100 and 150 w/w counterparts,
in terms of both overall splenocyte transfection (S/ Appendix,
Fig. S7A) and transfection of DCs (Fig. 5F). R18D NP:s facilitated
transfection of approximately 5% of DCs in the spleen (Fig. 5
Fand G and SI Appendix, Fig. S7D), and DCs represented the
largest share of transfected cells in the spleen, accounting for
approximately 70% of all transfected cells, demonstrating cell
specificity of transfection (Fig. 5 Dand E and S/ Appendix,
Fig. S7E). For R18D NPs codelivering poly(I:C), DCs represented
a smaller share of transfected cells, although still the largest of any
cell population, at approximately 45%), with about 2% of splenic
DCs transfected for the two lower poly(I:C) doses (Fig.5 D-G
and ST Appendix, Fig. S7 D and E). Macrophages and monocytes
represented a small percentage of the transfected splenocytes,
approximately 4 to 5% and 1 to 2%, respectively (Fig. 5 D and £
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and S7 Appendix, Fig. STE). We assessed the expression of DC
activation markers, CD40 and CD86, in the transgenic Ai9 mouse
model. The mRNA NPs on their own led to minimal upregulation
of CD40 and CD86, but codelivery of CpG or poly(I:C) adju-
vants led to a substantial increase in expression of those activation
markers (Fig. 5 H and I and SI Appendix, Fig. S7 B and C). To
balance transfection and immunostimulation, the lowest CpG
and poly(I:C) doses of 2.5 pg (0.4 nmol) and 0.1 pg per mouse,
respectively, were selected for in vivo therapeutic studies. These
doses are significantly lower than conventional doses for vaccine
adjuvants, which are typically reported to be administered at doses
of 10 to 50 pg/mouse for both CpG (40-47) and poly(I:C)
(48-53).

The efficient intracellular delivery to DCs observed in vivo for
the R18D NPs would have ramifications on other routes of admin-
istration; thus, we compared the in vivo transfection following
systemic administration to that following intramuscular (I.M.)
and subcutaneous (S.Q.) administration (S Appendix, Fig. S8).
However, the engineered NP formulation facilitated much higher
transfection following systemic administration than the other
routes examined. Thus, modifications to the design principles
reported here would be needed to expand the technology to other
routes of administration.

In Vivo Therapeutic Tumor Vaccination. We first evaluated
the vaccine platform in the B16-F10-OVA mouse melanoma
model, which expresses ovalbumin (OVA) as a tumor antigen, in
combination with immune checkpoint blockade (Fig. 64). R18D
NPs coencapsulating OVA mRNA (mOVA) or fLuc mRNA
(mLuc, as an irrelevant mRNA control) and CpG, poly(I:C), or
no adjuvant were administered. The mOVA/CpG and mOVA/
poly(I:C) NP treatments resulted in a statistically significant
decrease in tumor burdens, completely halting tumor growth for
over a week after the final vaccination compared to the aPD-1-

only control (Fig. 64 and SI Appendix, Fig. S9). The mOVA/

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2301606120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301606120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301606120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301606120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301606120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301606120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301606120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301606120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301606120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301606120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2301606120#supplementary-materials

Downloaded from https://www.pnas.org by UPPSALA UNIVERSITETSBIBLIOTEK BMC-BIBLIOTEKET on August 18, 2023 from IP address 130.238.172.43.

w

R18D NPs 6h post administration

mLuc+p(l:C) S 8x1077 e
1 Qo
! 3L 6x107
€5
x € 4x107 *
5
T~ 2x107
(<}
4
0
o@ OQO &
\90 o
NP
NP
5 > R18D NPs
x 108 p/sec/cm?/sr
C D % DCs and Jocytes in tdT+ ion
100 ) )
Untreated Ai9 mouse 5 No adjuvant CpG Poly(1:C)
& 80 [ DCs
§ orcromoer Reort R uon A 2 2 Macrbages
LoxP & Loxp expression 8 604
+
tdTomato 5 “
Ai9 mouse injected ___eypression <
<%  with Cre mRNA NPs Cre recombinase . 3 2%
; . =
() —> o -
CAG promoter gis tdTomato i o &S
) N N L
m Assessment of mRNA S & R :&Q ® :\@ ® :&Q
s transfection by flow cytometry ‘?.OQ NP QQO oqc’ g"\ éﬂ\ §0\
A & & & ¢S
RN RN

E mRNA only, 100 w/w 2.5 ug CpG, 100 wiw 0.1 g p(I:C), 100 w/w

@ DCs
Il Neutrophils
Il Eosinophils
[l Macrophages
[ Monocytes
I Bcells
[ Tcells
[] Endothelial
[ Epithelial
F Transfection of DCs in spleen G .
81  Noaduvant CpG _ Poly(:C) No adjuvant CPG Pon(IC)
. ] R
86
o 4 ]
g E
g4 Es % T
B % % (@]
*, i o @
. ] ]
i 9 2.449
@e%@ey Sasa s 5.28% 5.75% %
‘:\a@“@“@“@@ Ty —rr—rrmy rr B
e"vy W NP Q\O W T {dTomato tdTomato tdfomato
SIT oo oot
& <~9~ 69 ,Lo; v; Q Q Q
CD40 MFI all DCs CD86 MFI all DCs
H 4000 No adjuvant  CpG _ Poly(l:C) 5000- No adjuvant CpG _ Poly(l:C) I
— 3000; . 4000 .
T I
g 53000 | No treatment No treatmet [\
& 2000 a8
o o
2000: No adjuva | |Noadjuva S
1000 1000 \
CpG - ~ 4 >
o / v
\@”’ {;\*‘ St q,o‘ N é\*‘ @*‘ S Poly(:C) . Poly(1:C)
P @\ 0»\@@“\@@\‘9 & \\‘9@»@@ NSRS CD40 CD86
® \,°° o‘*‘é\*cﬂ O é"&o(\ R <,<> e
Ny \; IO ¥ SR
EEETN i‘?ﬁ’ $o &% qfﬁﬁ % @6@ o

Fig.5. Invivo transfection in spleen following systemic administration of R18D mRNA nanoparticles (NPs). (A) R18D NPs carrying luciferase mRNA (mLuc) (10 pg/
mouse) and CpG (2.5 pg/mouse) or poly(l:C) (0.1 pg/mouse) were assembled at a polymer-to-nucleic acid ratio of 100 w/w and administered intravenously to
C57BL/6) mice. Whole-animal bioluminescence imaging was performed 6 h after administration. (B) Image analysis was used to assess total flux in the spleen.
(C) Schematic of the Ai9 mouse model used to assess transfected cell types in vivo following systemic administration of mRNA NPs carrying Cre mRNA. Cells
that are transfected undergo Cre recombinase-mediated recombination, resulting in tdTomato expression that is detected by flow cytometry. (D-H) R18D Cre
mMRNA NPs were administered intravenously to Ai9 mice at 10 pg mRNA/mouse, and tdTomato expression in key cell populations in the spleen was assessed
after 24 h. (D) Percent of all tdTomato+ (tdT+) cells in the spleen that are DCs, macrophages, or monocytes. () Pie charts indicating average share of transfected
cells in the spleen belonging to each cell population shown for NP treatments carrying no adjuvant, 2.5 pg CpG/mouse, or 0.1 ug poly(l:C)/mouse. (F) Percent
of DCs in the spleen that are transfected. (G) Representative flow cytometry plots showing transfected tdTomato+ DCs treated with mRNA-NP formulations
coencapsulating no adjuvant, 2.5 ug CpG, or 0.1 pg poly(l:C). (H) Geometric mean fluorescent intensity (MFI) of CD40 and CD86 expression in all splenic DCs.
(/) Representative histograms of CD40 and CD86 expression in no-treatment control, and following NP treatment coencapsulating no adjuvant, 2.5 pg CpG/
mouse, or 0.1 pg poly(l:C)/mouse. Error bars represent SEM.

CpG and mOVA/poly(I:C) NP treatments also prolonged survival ~ OVA SIINFEKL epitope (Fig. 6 Cand E). Controls without OVA
from a median survival of 21 d for the aPD-1 group to 35 and ~ mRNA generated almost no antigen-specific CD8+ T cells, while
33 d, respectively (= 0.0002) (Fig. 6B). Additionally, we assessed ~ in mice treated with OVA mRNA NPs with no adjuvant, 8.9% of
the presence of OVA-specific CD8+ T cells in the blood 14 d ~ CD8+ T cells in circulation were found to be OVA-specific. The
postinoculation using a tetramer stain for the H-2Kb restricted ~ percent of OVA-specific CD8+ T cells in circulation substantially
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Fig. 6. In vivo therapeutic efficacy of PBAE mRNA nanoparticle (NP) vaccination in B16-OVA and B16-F10 mouse melanoma models. (4-£) 3 x 10° B16-OVA cells
were inoculated subcutaneously on day 0, and R18D NPs encapsulating luciferase-encoding mRNA or OVA-encoding mRNA were administered intravenously
(l.V.) on days 4 and 9 at 10 pyg mRNA/mouse and 2.5 pg CpG/mouse or 0.1 ug poly(l:C)/mouse (n = 7 to 8 mice/group). Then, 200 pg of aPD-1 was injected
intraperitoneally (I.P.) on day 5. (A) Tumor growth measurements showing in vivo therapeutic effects between treatments. *P < 0.05, **P < 0.01, and ****p
< 0.0001 for comparison between aPD-1 + mOVA/CpG NP treatment and respective controls (indicated by color). #p < 0.05, ¥P < 0.01, and ¥**p < 0.0001 for
comparison between aPD-1 + mOVA/p(l:C) NP treatment and respective controls (indicated by color). (B) Mice were euthanized once tumors reached 200 mm?,
and survival curves are shown. (C) Mice were bled on day 14 postinoculation, and the percent of OVA-specific CD8+ T cells out of total CD8+ T cells was assessed
using H2Kb-SIINFEKL tetramer staining. Significance indicates comparison of mOVA/CpG and mOVA/p(1:C) NP treatment compared to all respective controls.
(D) On day 32 postinoculation, surviving mice in mOVA/CpG and mOVA/p(I:C) NP treatment groups were bled, and the presence of OVA-specific CD8+ T cells
was assessed via tetramer staining. (E) Representative flow cytometry plots showing H2Kb-SIINFEKL tetramer staining in CD3+ CD8+ cells on day 14. (F and G)
3 x 10° B16-F10 cells were inoculated subcutaneously on day 0, and R18D NPs encapsulating luciferase mRNA or a 1:1 mixture of TRP2 and GP100-encoding
mMRNA (10 pg total mMRNA/mouse) and CpG were administered following the previously described treatment scheme (n = 7 to 8 mice/group). (F) Tumor growth
measurements showing in vivo therapeutic effects between treatments. **P < 0.01, ***P < 0.001, and ****P < 0.0001 for comparison between aPD-1 + mTRP2/
mGP100/CpG NP treatment and aPD-1 control (black) or aPD-1 + mLuc/CpG NP group (pink). *P < 0.05 for comparison between the aPD-1 + mLuc/CpG NP group

and aPD-1 group. (G) Mice were euthanized once tumors reached 200 mm?, and survival curves are shown. Error bars represent SEM.

increased with the inclusion of CpG or poly(I:C) to 31.0% and
45.1%, respectively, confirming that an immunostimulatory
component is required for the NPs to elicit robust antigen-specific
T cell proliferation. We assessed OVA-specific T cells again 32 d
postinoculation in surviving mice treated with mOVA/CpG and
mOVA/poly(I:C) NPs to analyze the long-term CD8+ T cell
response and found that there were still 22.0% and 15.5% OVA-
specific CD8+ T cells, respectively.

We next assessed the efficacy of the vaccination platform in
B16-F10 murine melanoma cells that do not express the immu-
nogenic OVA antigen. We opted to deliver mRNA encoding two
well-established melanoma-associated antigens, tyrosinase-related
protein 2 (TRP2) and glycoprotein 100 (GP100) (54). As TRP2
and GP100 are self-antigens, they are typically difficult to vacci-
nate against (55), so we sought to explore whether the NP vaccine
platform could be potent enough to exert a therapeutic effect in
this model. Following the results from the B16-F10-OVA study
in which mOVA/CpG-treated mice had a slightly longer median
survival time and a more robust long-term CD8+ T cell response
compared to the mOVA/poly(I:C) group, we elected to move
forward with the CpG adjuvant for subsequent in vivo tumor
studies. Treatment with R18D NPs coencapsulating a 1:1 weight
ratio of TRP2 and GP100 mRNA, in combination with CpG,
led to a significant reduction in tumor burden compared to the
aPD-1 only control (Fig. 6F and SI Appendix, Fig. S10). Median
survival was significantly extended (2 = 0.0001) from 17 d in the
aPD-1 control group to 23 d in the full treatment group (Fig. 6G).

We thereafter examined the efficacy of the engineered PBAE
NP vaccine in the murine colon carcinoma MC38-OVA model

(Fig. 7A). Treatment with mOVA/CpG-NPs significantly reduced
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tumor burden compared to both controls on days 11 to 17, and
50% of mice completely cleared their tumors and were long-term
survivors compared to only 14.3% and 28.6% in the mLuc/CpG
and aPD-1-only groups, respectively (Fig. 7B). On day 65, all
long-term survivors, in addition to seven age-matched mice, were
rechallenged with MC38-OVA cells on the opposite flank. All
long-term survivors completely rejected the rechallenge, indicating
the generation of antigen-specific memory. We also assessed
OVA-specific CD8+ T cells in the blood 21 d postinoculation
(Fig. 7 C-E). There was a remarkable antigen-specific CD8+ T
cell response, with 64.1% of CD8+ T cells in the blood being
OVA-specific in mOVA/CpG NP-treated mice, compared to
approximately 1% in the controls (Fig. 7 C'and E). Additionally,
mOVA/CpG NP-treated mice had a higher percentage of CD8+
T cells out of all CD3+ T cells in the blood compared to both
controls (Fig. 7D).

Finally, we evaluated the alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels in serum to assess the
safety of the engineered R18D NPs delivering mRNA alone or in
combination with the adjuvants CpG or poly(I:C). The activity
levels of ALT and AST used as biomarkers for liver health were
within the tolerated level after both 24 and 72 h (SI Appendix,
Fig. S11 A and B). After 24 h, a slight increase in ALT activity
was observed when codelivering mRNA with CpG, and an
increase in AST activity was observed when codelivering mRNA
with either CpG or poly(I:C). However, by 72 h, their activities
were down to the same level as the untreated controls. Serum levels
of cytokines associated with cytokine release syndrome were also
evaluated. As expected, for the NPs codelivering adjuvants, certain
cytokines had somewhat increased levels at 24 h, but they had
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H2Kb SIINFEKL tetramer (BV421)

In vivo therapeutic efficacy of PBAE mRNA nanoparticle (NP) vaccination in the MC38-OVA mouse colon carcinoma model. (A) 1 x 106 MC38-OVA

cells were inoculated subcutaneously in the right flank of C57BL/6] mice on day 0, and R18D NPs encapsulating luciferase-encoding mRNA or OVA-encoding
MRNA (10 pg mMRNA/mouse) and CpG (2.5 pg/mouse) were administered intravenously on days 9 and 14 (n = 7 to 8 mice/group). Then, 200 pg of aPD-1 was
injected intraperitoneally on day 10. Tumor growth measurements showing the in vivo therapeutic effects between the treatment groups. Significance indicates
comparison of the aPD-1 + mOVA/CpG NP treatment group to the aPD-1 group (black) or aPD-1 + mLuc/CpG NP group (pink). (B) Mice were euthanized once
tumors reached 200 mm?, and survival curves are shown. (C) Four mice were randomly selected from each group to be bled on day 21 postinoculation, and
the percent of OVA-specific CD8+ T cells out of total CD8+ T cells in the blood was assessed using H2Kb SIINFEKL tetramer staining. (D) The percent of CD8+ T
cells out of total CD3+ T cells in blood is shown. () Representative flow cytometry plots showing BV421 H2Kb SIINFEKL tetramer staining in CD3+ CD8+ cells in

all groups. Error bars represent SEM.

already decreased to the same level as the no-treatment controls
after 72 h (81 Appendix, Fig. S11C). Taken together, these data
demonstrate that the engineered structural design of bioreducible
lipophilic PBAE NPs used for codelivery of mRNA along with
CpG or poly(I:C) can be used for safe and robust antitumor
vaccination.

Discussion

We synthesized a library of bioreducible lipophilic PBAE struc-
tures to facilitate fundamental understanding of structure—func-
tion relationships for efficient intracellular delivery to DCs. We
determined that inclusion of a lipophilic subunit in the PBAE
backbone is critical for DC transfection, as PBAE NPs with only
the hydrophilic subunit S4 resulted in very minimal mRNA trans-
fection in vitro. Moreover, the length of the lipophilic subunit
strongly affects cellular uptake and transfection. Polymers with
increased lipophilicity showed greater cellular uptake and
improved mRNA transfection. One potential mechanism con-
tributing to the enhanced cellular uptake of the lipophilic NPs by
DCs may be that many innate immune receptors have evolved to
recognize hydrophobic portions of molecules (56, 57). Thus, par-
ticles with more hydrophobic surfaces may have increased cell
uptake by DCs due to interaction with these receptors (56). In
addition to the lipophilic subunit, we found that the chemistry
of the endcap molecule influences uptake and subsequent endo-
somal escape. Within the R18 polymer series (most hydrophobic),
R18C NPs facilitated the highest uptake. However, R18A and
R18D NPs provided higher endosomal escape compared to R18C,
suggesting that the hydroxyl group in endcap monomers A and
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D is preferable to the additional amine group in endcap monomer
C for promoting endosomal escape. Balancing uptake, endosomal
escape, and cellular biocompatibility, R18D NPs facilitated the
highest in vitro DC transfection among all structures in the library.
Additionally, R18D NPs transfected DC2.4 cells and murine
BMDC:s at significantly higher levels in vitro compared to leading
commercial mRNA transfection reagents, even at very low mRNA
doses.

When the engineered bioreducible lipophilic NPs were used
for systemic administration in vivo, they were found to transfect
the spleen with a high degree of specificity, largely avoiding the
liver, which is usually a major site of NP accumulation and trans-
fection for many lipid- and polymer-based NPs (58, 59). Increased
hydrophobicity of the lipophilic side chain of the polymeric nano-
carrier promoted spleen-targeted transfection. Furthermore,
within the spleen, the R18D NPs facilitated preferential transfec-
tion of DCs over other cell types, including macrophages. This is
in contrast to most nonviral gene delivery platforms, in which
macrophages and monocytes rapidly phagocytose NPs upon sys-
temic administration and represent a large proportion of trans-
fected cells (60), and even LNPs that can transfect nonmacrophage
populations largely target hepatocytes (59). Previous work has
generally required surface functionalization with DC-targeting
ligands to achieve such specificity (61, 62). For a cancer vaccine
application, delivery to DCs over other APCs, namely monocytes
and macrophages, is preferred as DCs are much more potent in
initiating a T cell response (63).

We also demonstrated the ability of the engineered polymeric
NPs to coencapsulate and deliver the nucleic acid-based TLR
agonists CpG and poly(I:C) along with mRNA. By codelivering
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mRNA and adjuvant within the same PBAE NPs, we ensure that
any DC that is transfected with antigen-encoding mRNA also
receives a danger signal, resulting in its activation. Codelivery of
poly(I:C) reduced mRNA transfection both in vitro and in vivo,
likely due to the immunostimulatory effects of poly(I:C). Previous
work has shown that increased immunogenicity of mRNA for-
mulations has a negative impact on mRNA translation. Innate
immune sensing of unmodified mRNA leads to reduced transla-
tion efficiency, and nucleoside modification has been widely
employed to reduce the inherent immunogenicity of mRNA and,
thereby, improve transfection (64, 65). Contamination with
double-stranded RNA (dsRNA) has also been implicated in poor
mRNA translation due to activation of TLR3 and RIG-I (66).
Poly(I:C) is a synthetic analog of dsRNA and activates the same
receptors, so a similar mechanism is likely responsible for the
decreased mRNA expression observed with poly(I:C) codelivery.
Additionally, codelivery of certain adjuvants, such as STING ago-
nist R848 (67) and TLR4 agonist LPS (68), has been shown to
reduce mRNA expression both in vitro and in vivo. Unlike TLR3
agonist poly(I:C), codelivery of TLR9 agonist CpG did not result
in significantly decreased mRNA transfection in vitro or in vivo.
This discrepancy may be due, in part, to the variable expression
of TLR3 and TLRY. TLR3 is expressed more broadly than TLRO,
so poly(I:C) may stimulate the innate immune system more
strongly and across more cell types, resulting in dampened mRNA
translation (69). It should be noted that these results were observed
for codelivery of CpG and poly(I:C) with GFD, luciferase, and
Cre-encoding mRNA, indicating that this phenomenon is not
sequence specific. In future cancer vaccine design, adjuvanticity
and translation efficiency will have to be carefully balanced to
garner optimal antigen expression while inducing a robust CD8+
T cell response. In vivo, R18D mRNA-NPs codelivering CpG or
poly(I:C) were able to activate splenic DCs at doses of 2.5 pg CpG
or 0.1 pg poly(I:C) per mouse, substantially lower than previously
reported doses, which are typically in the range of 10 to 50 pg/
mouse for both CpG (40-47) and poly(I:C) (48-53). The engi-
neered NPs facilitated highly targeted delivery to splenic DCs with
efficient cellular internalization. As a result, the reported NP
design enables a therapeutic effect with much lower adjuvant doses
and avoids delivery to off-target cells, potentially reducing the risk
of systemic side effects.

Finally, we demonstrated therapeutic efficacy of the engineered
PBAE NP vaccine platform in multiple in vivo tumor models in
combination with immune checkpoint blockade. R18D NPs code-
livering antigen mRNA and CpG or poly(I:C) showed efficacy in
eliciting an antitumor response in B16-F10-OVA and B16-F10
murine melanoma models and MC38-OVA murine colon carci-
noma. In the B16-F10-OVA and MC38-OVA tumor models, we
observed a dramatic antigen-specific CD8+ T cell response follow-
ing treatment with NPs codelivering antigen mRNA and adjuvant,
resulting in reduced tumor burdens and prolonged median sur-
vival. We also assessed the efficacy of the R18D NP platform in
treating B16-F10 by targeting established melanoma self-antigens,
TRP2 and GP100 (54). Tumor-associated self-antigens are typi-
cally difficult to vaccinate against due to immune tolerance (55),
but our NP platform was able to mediate a significant reduction
in tumor size and prolonged survival. Additionally, we demon-
strated that this platform induces long-term systemic immunity
in the MC38-OVA model. Moreover, treatment with the R18D
NPs does not cause a risk of systemic toxicity. This is likely due to
the targeted delivery to splenic DCs facilitated by the structural
design of the engineered NPs and biodegradability of the polymeric
nanocarrier, which undergoes degradation into safe by-products
under physiological conditions (22).
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Taken together, the PBAE NP-mRNA vaccine showed efficacy
in treating three different in vivo tumor models by incorporating
low adjuvant doses and targeting clinically relevant antigens,
demonstrating the translational promise of this platform and poten-
tial for application to neoantigen vaccines. Compared to virus-based
strategies or ex vivo engineered cell-based immuno-oncology strat-
egies, the biodegradable polymeric NP vaccine platform discussed
here overcomes many safety, manufacturing, and scalability chal-
lenges. Compared to traditional and emerging LNP technology,
safe, efficient, and specific combination mRNA delivery to splenic
DCs in vivo was achieved without the need for PEGylation or
targeting ligands. This biotechnology platform is a simple, modular,
and scalable method for in vivo production of cancer antigen—spe-
cific CD8+ T cells that sidesteps the many challenges of alternative
viral and/or ex vivo cellular engineering strategies. These results
show tremendous promise for the use of bioreducible lipophilic
PBAE NPs as a modular genetic vaccine.

Materials and Methods
Expanded Materials and Methods are available in S/ Appendix.

Monomer and Polymer Synthesis. The bioreducible monomer 2,2’-disulfan
ediylbis(ethane-2,1-diyl) diacrylate (R) was synthesized as previously described
(23,70). Bioreducible lipophilic PBAEs were synthesized via the Michael addition
reaction. The obtained polymers were purified by precipitation ina 1:1 mixture
of diethyl ether and hexane and two washes.

NP Preparation. NPs were formed by mixing polymer and nucleic acid cargo
in 25 mM sodium acetate buffer (NaAc, pH 5) and allowed to self-assemble into
NPs for 6 min at room temperature.

Polymer and NP Characterization. Polymer molecular weight was measured
using GPC relative to linear polystyrene standards (Waters). The hydrodynamic
diameter of the NPs in 1x PBS was measured by DLS using a Zetasizer Pro
(Malvern Panalytical). Zeta potential was measured via electrophoretic mobility
using the same instrument to characterize the surface charge of the NPs. NP
size and morphology were visualized by TEM using a Talos L120C microscope
(Thermo Scientific).

Cell Culture and Cell Line Preparation. Murine DC2.4 cells were cultured in
RPMI 1640 media (Gibco) supplemented with 10% fetal bovine serum (FBS), 1%
penicillin/streptomycin, 70 mM HEPES, 1X nonessential amino acids, and 50 pM
beta-mercaptoethanol. BMDCs were generated from bone marrow isolated from
C57BL/6J mice (Jackson Laboratory; Bar Harbor, ME). MC38-OVA cells were cul-
tured in RPMI 1640 supplemented with 10% FBS and 1% penicillin/streptomycin.

In Vitro mRNA Transfection. Unless stated otherwise, all mRNA used was
purchased from Trilink Biotechnologies with 5-methoxyuridine modification
and CleanCap technology. NPs were formulated as described above with eGFP
mRNA[and CpG or Poly(1:C) if indicated] and then added to the cells. For cellular
uptake studies, 20% of the total mRNA was replaced with Cy5-labeled eGFP mRNA
(TriLink Biotechnologies). After 6 h (for uptake experiments) or 24 h (for trans-
fection experiments), transfection/uptake was evaluated via flow cytometry. The
MTS CellTiter 96 Aqueous One (Promega) cell proliferation assay was performed
24 h posttransfection according to the manufacturer's instructions as a measure
of cell viability.

Encapsulation Efficiency and NP Stability. mRNA encapsulation efficiency
was assessed using the RiboGreen RNA assay (Invitrogen) following the manu-
facturer's protocols. The gel electrophoresis assay was performed to examine NP
stability when incubated in 10% serum for 4 h.

Characterization of Intracellular Trafficking. Endosomal escape of NPs was
studied in DC2.4 cells using immunofluorescence staining. Cells were plated
onto coverslips in 12-well plates and grown overnight. NPs were prepared with
20% Cy5-mRNA and 80% unlabeled mRNAand incubated with cells for 6 h. Cells
were washed with Phosphate-Buffered Saline (PBS) and then stained for 30 min
with Hoechst 33,342 (Thermo Fisher Scientific) nuclear stain at 1:5000 dilution
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and Cell Navigator Lysosome Staining dye (AAT Bioquest) at 1:2500 dilution in
complete media. Colocalization of Cy5-NPs and LysoTracker stain was quantified
by calculating the Manders' coefficient in acquired images using Image.J.

NP Formulation for In Vivo Transfection. All animal work was performed in
strict adherence to the policies and guidelines of the Johns Hopkins University
Animal Care and Use Committee. NPs for in vivo mRNA delivery were formulated
at 100 w/w unless stated otherwise. Al in vivo transfections utilized the R18D
polymer (BR6-54, Sc18 [50:50]-D).

In Vivo Bioluminescence Transfection Studies. NPs encapsulating fLuc mRNA
were formulated as described above and administered to 6- to 7-wk-old male
BALB/c or C57BL/6J mice via retro-orbital injection. Whole-body bioluminescence
of BALB/c or shaved C57BL/6J mice was assessed at 6 h postinjection (or at pre-
specified timepoints up to 96 h for time course study). For timecourse studies,
animals were humanely killed immediately after whole-body imaging via cervical
dislocation, and selected organs were extracted, submerged in D-luciferin solution
(250 pg/mL), and imaged with IVIS.

Cre mRNA Delivery to Ai9 Mice. Ai9 mice were purchased from Jackson
Laboratory (JAX stock #007909) and bred in the Johns Hopkins animal facility
(39).NPs encapsulating Cre mRNAand adjuvants (if indicated) were administered
to Ai9 mice via tail vein injections, and tdTomato expression following Cre-Lox
recombination was allowed to accumulate for 24 h, at which point animals were
euthanized via cervical dislocation. Surface staining of cells with fluorescent
antibodies was then performed using the antibodies and dilutions listed in
Sl Appendix, Table S1.

Tumor Vaccination and Safety Studies. For both B16-F10-OVA and B16-F10
tumor studies, 3 x 10° cells in 50 pL RPMI 1640 media were inoculated subcuta-
neously in the right flank of C57BL/6J mice on day 0. For MC38-OVA studies, 1 x
10° cells in 50 L RPMI 1640 media were inoculated subcutaneously in the right
flank of C57BL/6J mice on day 0. R18D NPs encapsulating fLuc mRNA (as an irrele-
vant mRNA control) or OVA mRNA were administered intravenously by retro-orbital
injections on days 4 and 9 for the B16-F10-OVA study or days 9 and 14 for the MC38-
OVAstudy at 10 pg mRNA/mouse and 2.5 pg CpG or 0.1 pg poly(l:C) for adjuvant
groups (n = 7 to 8 mice/group). For the B16-F10 study, instead of OVA mRNA, a
1:1 mixture (each at 5 pg/mouse) of custom-synthesized TRP2 mRNA (NCBI gene
accession number: NM_021882) and GP100 mRNA (NCBI gene accession num-
ber: NM_010024)(TriLink Biotechnologies) was used, and NPs were administered
intravenously by retro-orbital injection on days 4 and 9.Then, 200 pg of aPD-1 was
injected intraperitoneally on day 5 for B16 studies or day 10 for the MC38-OVA study.

Statistical Analysis. All experiments were performed with n = 4 replicates
unless otherwise stated. Bar graphs indicate mean = SEM n.s. (not significant)
indicates P > 0.05, * indicates P < 0.05, ** indicates P < 0.01, *** indicates
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