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Abstract

Targeted delivery of nucleic acid therapeutics to the lungs could transform treatment
options for pulmonary disease. We have previously developed oligomeric charge-altering
releasable transporters (CARTs) for in vivo mRNA transfection and demonstrated their efficacy
for use in mRNA-based cancer vaccination and local immunomodulatory therapies against murine
tumors. While our previously reported glycine-based CART-mRNA complexes (G-
CARTs/mRNA) show selective protein expression in the spleen (mouse, >99%), here we report a
new lysine-derived CART-mRNA complex (K-CART/mRNA) that, without additives or targeting
ligands, shows selective protein expression in the lungs (mouse, >90%) following systemic IV
administration. We further show that by delivering siRNA using the K-CART we can significantly
decrease expression of a lung-localized reporter protein. Blood chemistry and organ pathology
studies demonstrate that K-CARTSs are safe and well-tolerated. We report on the new step
economical, organocatalytic synthesis (two steps) of functionalized polyesters and oligo-
carbonate-co-a-aminoester K-CARTSs from simple amino acid and lipid-based monomers. The
ability to direct protein expression selectively in the spleen or lungs by simple, modular changes

to the CART structure opens fundamentally new opportunities in research and gene therapy.
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Introduction

Nucleic acid therapies are increasingly being evaluated in promising new approaches to
the prevention and treatment of infectious disease!'*® as highlighted by the rapid clinical translation
of mRNA vaccines to curb the SARS-CoV-2 pandemic.” Of further significance, nucleic acid
therapies present potentially transformative approaches for the treatment of autoimmune® and
genetic disease® as well as cancer.!®'* However, a key to the further implementation of this
technology will require selective delivery to and functional expression of oligonucleotides such as
mRNA in specific organs and cell populations of interest.!>!® For example, functional expression
of nucleic acid therapeutics in the lungs would provide interventions for pulmonary disease,

19 and cystic fibrosis.?® Thus, achieving targeted delivery and

including lung cancer, asthma,
functional expression of nucleic acids in specific organs, such as the lung, is a formidable barrier

to realizing the full potential of mRNA therapeutics.’ !> 14-15. 21

22-24 25-29

While local administration and the attachment of targeting ligands are being
actively pursued, there is growing evidence that manipulation of the inherent physico-chemical
properties of the delivery vehicle itself can influence both the organs and cell types that are
transfected upon systemic administration.!3-16:337 For example, we have previously reported on a
family of diblock copolymers called charge-altering releasable transporters (CARTs)!0: 223845 that
are effective delivery vehicles for mRNA, circRNA,* pDNA,*’ and multiple polyanionic cargos.??
We have demonstrated that tuning the structural identity of the lipid block or initiator of the CART
impacts the transfection efficiency of the CART for different cell types.*** N-hydroxyethyl
glycine-derived CARTSs (previously described?® but newly referred to here as G-CARTS, vide
infra) and serine-derived CARTs?? elicit protein expression in the spleen with high selectivity
(>99%) upon intravenous (IV) tail vein injection in mice, providing an example of extrahepatic
mRNA delivery by a non-viral vector. We also demonstrated the utility of these G-CARTSs as
therapeutic agents by curing antigen-expressing murine tumors (OVA*-A20) with mRNA-based
cancer vaccination,'? in novel local mRNA-based immunomodulatory cancer therapies as a model
for metastatic disease,?? and by developing a prophylactic mRNA vaccine for SARS-CoV-2.4
Herein we describe a new class of CARTs (K-CARTS) that, upon complexation with
mRNA and systemic delivery (mice), provide selective protein expression in the lungs. In addition
to this profound change in organ selectivity (from >99% spleen to >90% lung) as a function of

only changes in the CART components, the chemical modification from a glycine-based a-amino
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ester repeat unit (thus G-CART, Figure 1a) to a lysine-based a-amino ester repeat unit (thus K-
CART, Figure 1b) has been found to influence the rate and mechanism of degradation of the
amphiphilic CART oligomer as well as the size, zeta potential and dynamics of the resulting
complexes with mRNA. Understanding the interplay of these physicochemical properties and the
resulting biological activity of nucleic acid delivery vectors is critical for the further development
of gene therapies. Additionally, inspired by the clinical success of siRNA-based therapies*® and
indicative of the generality of CARTs as a platform technology for gene (polyanion) delivery, we
demonstrate the functional in vivo delivery of siRNA to the lung with K-CART/siRNA
nanoparticles.
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Figure 1. CART/mRNA delivery concept and synthesis of new CARTs. A.) Amphiphilic CART oligomers complexed
to mRNA at pH 5.5 release mRNA under physiological conditions (pH 7.4) by charge-altering degradation of the
hydroxyethyl glycine repeat unit. B.) Organo-catalytic ring-opening polymerization (OROP) and deprotection strategy
for the syntheses of G-CART (Dj3:A1;) and novel K-CART (D4:Ks5).



Results

We modified a previously developed synthetic route*' to generate lysine-derived
morpholinone monomers and their co-polymerization with lipid-functionalize cyclic carbonates to
generate CART amphiphiles derived from lysine. As previous studies had revealed that the nature
of lipid sequences of the CART amphiphiles influenced the cell selectivity of mRNA expression,**
these studies were initiated to assess if the charge density and the nature, number and spatial array
of the cationic repeat units would influence delivery to and transfection and mRNA translation in
different cell types and organs.

Prior to generating the amphiphilic lysine CARTs (Figure 1B), we first investigated the
synthesis and properties of the poly(N-hydroxyethyl-lysine) p(heK)** homopolymer 5 prepared
from the lysine-derived morpholinones (Figure 2B). In these studies, we compared the synthesis
and degradation of the previously reported*! poly(N-hydroxyethyl-glycine) p(heG)* 6 to that of
poly(N-hydroxyethyl-lysine) 5§ (Figure 2C). The morpholinone monomers were prepared by a
three-step sequence from 2-bromoethanol and the desired amino acid methyl ester, as its HCI salt
(Figure 2A). Morpholinone 3a (R = H, derived from N-hydroxyethyl glycine) was previously
prepared by the oxidative lactonization of N-substituted diethanolamines;® the present synthesis
provides a more general route to amino acid-derived morpholinones.*! This three-step procedure
afforded the glycine-derived morpholinone 3a in an overall yield of 34% and the lysine-derived
morpholinone 3b in 47% overall yield.

Attempts to polymerize the morpholinone 3b under conditions reported for morpholinone
3a 103847 were unsuccessful (R.T. with thiourea / DBU organocatalysts). We reasoned that this
was due to unfavorable polymerization thermodynamics of the substituted morpholinones. 4! 47-48
Based on the hypothesis that the unfavorable entropy of polymerization of 3b at ambient

temperature was limiting conversion of this monomer,*->

we employed more reactive organic
catalysts®' derived from urea anions and carried out the polymerization at -78°C (Figure 2B).
Polymerization of 3b with a benzyl alcohol initiator and a phenyl cyclohexyl urea anion catalyst
in THF cooled by a dry ice/acetone bath ([3b]Jo =1 M, [urea]o=0.08 M, [KH]o=0.0266 M [BnOH]
=0.01 M) proceeded over 20 minutes to convert ca. 60% of 3b and generate the N-hydroxylethyl
lysine homopolyester 4 in ca. 50% total isolated yield, after dialysis. Analysis of the resulting
polymer by '"H NMR and gel permeation chromatography yielded an average degree of
polymerization DP = 43.5 with a number average molecular weight (vs. polystyrene) Mn (GPC) =
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5.5 kDa and a dispersity B = 1.2. The N-Boc-protected polymer 4 was deprotected with 10% TFA
in DCM for 4 hours to afford only the cationic homopolymer 5 as a white foam. Analysis by 'H

NMR spectroscopy revealed the quantitative removal of the N-Boc protecting group, but no loss

in the average degree of polymerization (DP = 42).
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Figure 2. Amino acid-based synthesis of functionalized morpholinone monomers and
homopolymers. ~ A) Synthetic pathway for amino acid-sourced monomer synthesis. B)
Polymerization and deprotection of cationic homopolymer 5 C) Comparative kinetics and product
distributions for the aqueous (pH 6.5) degradation of 6 and 5.



The cationic homopolymer 5 is readily soluble and stable for >18 h when dissolved in
unbuffered D20 as determined by NMR, and shows similar stability and resistance to hydrolysis
to 6 reported previously (stable in D20 >48 hrs.).*! However, in phosphate buffered D20 at pH 6.5
((K2HPO4/KH2PO4) = 3.3 M), the lysine-derived 5 degrades selectively (>99 % yield) with first-
order kinetics to afford the N-hydroxyethyl lysine zwitterion with a half-life of ti2=12 min (Figure
2C). Illustrative of the intrinsic structural control over release rates, this behavior contrasts that of
the related N-hydroxyethyl glycine homopolymer 6,3 #! which degrades more rapidly (pH 6.5,
t12=3 min) to the diketopiperazine (85% selectivity) along with minor amounts of the N-

hydroxyethyl glycine. (Figure S1).

Synthesis and characterization of lysine-derived K-CART (D14:Ks) and
CART/mRNA nanoparticles. The amphiphilic K-CART (D;4:Ks : Figure 1b) was prepared by
the low-temperature (-78°C) organocatalytic co-oligomerization of MTC-dodecyl and N-Boc
protected morpholinone Mk. The resulting N-Boc-protected oligomer was purified by dialysis,
and deprotected with trifluoroacetic acid to afford (>99% yield) the amphiphilic, diblock
copolymer K-CART Di4:Ks (Figure 1B) comprised of lipid and dicationic repeat units. The
deprotected material was dissolved in DMSO and mixed with mRNA at an overall +/- charge ratio
of 10:1 in PBS pH 5.5 to form K-CART/mRNA nanoparticles (NPs) (Figure 3A). The physical
properties of the K-CART/mRNA NPs were then compared with that of the previously reported
G-CART/mRNA NPs.

As has been previously observed for G-CART/mRNA NPs,* characterization of the K-
CART/mRNA NPs reveals complete complexation of RNA when formulated at this charge ratio
(>99% by Qubit RNA assay, Figure S2). The size and surface charge of CART/mRNA complexes
were characterized by dynamic light scattering (DLS) and zeta potential measurements. To assess
how size and surface charge evolve over time, we allowed the CART/mRNA NPs to stand in pH
7.4 serum-free media or ultrapure D.I. water and monitored changes in the size and zeta potential,
respectively, for the two CART/mRNA NPs. When CART/mRNA NP complexes were analyzed
by DLS, G-CART NPs showed a mean diameter of 227 (+/- 5) nm, which grew to 470 nm over
2.5 hours, while K-CART NPs were slightly smaller at 170 (+/- 3) nm and grew only modestly to
210 nm over 2.5 hours (Figure 3B, Figure S3). As previously reported,*® G-CART NPs initially
exhibit a positive zeta potential of ca. +30 (+/- 2) mV which is neutralized after 20 minutes and
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decreases to ca. -30 (+/- 8) mV after two hours (Figure 3C). The K-CART NPs exhibit a similar
initial surface charge of +35 (+/- 3) mV yet retain their positive charge over the two-hour
experiment (+30 (+/- 14) mV at two hours). These data helped validate our hypothesis that the
more densely cationic K-CART results in an altered size, charge, and stability profile of the NPs

generated upon mixing with mRNA.
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Figure 3. CART/mRNA NP formulation and stability studies. A.) CART formulation of NPs via
simple mixing of mRNA and CARTSs in a 10:1 +/- charge ratio B.) DLS sizing comparison over
time between the G-CART and K-CART/mRNA NPs, open symbols are used to indicate
uncertainty, standard deviations are smaller than the symbol size C.) Zeta potential measurements
over time for G-CART and K-CART/mRNA NPs. All measurements are an average of three
independent formulations, error bars represent standard deviation.

In vitro K-CART mediated delivery of mRNA. To evaluate the effectiveness of the new
K-CART (D14:Ks) as an mRNA delivery vehicle in cell culture and to compare its effectiveness
relative to that of G-CART (Di3:A11), the CARTs were mixed with mRNA encoding firefly
luciferase (FLuc; K-CART/FLuc and G-CART/FLuc) at an overall +/- charge ratio of 10:1 in
PBS pH 5.5 then administered to dendritic (DC 2.4), HeLa, or Lewis lung carcinoma (LLC) cells
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and assayed for protein expression via bioluminescence imaging (BLI). These studies showed the
significant influence of CART structure on reporter gene expression in different cell types: Fluc
expression in LLC cells was higher with the K-CART than with the G-CART, whereas in HeLa
cells and DC 2.4 dendritic cells, Fluc expression was higher with the G-CART (Figure S4A).
Importantly, using an MTT cellular proliferation assay, CART/FLuc NPs, the CART vehicles
alone, and the degradation product hydroxyethyl lysine show no significant cell toxicity at the

doses administered for in vitro studies (1 ng mRNA/1000 cells, Figure S4B).

K-CART/FLuc and G-CART/FLuc exhibit strikingly different organ-level protein
expression for mRNA delivery in vivo. We have previously shown that, upon intravenous
injection into the tail-vein (IV) of mice, the G-CART/FLuc exhibits very high selectivity (99%)
for protein expression in the spleen. To evaluate the in vivo mRNA delivery with K-CART and
to compare it with that of G-CART, we systemically administered K-CART/FLuc in mice by tail
vein injection (Figure 4A). After 8 hours, protein expression, as determined by BLI, gave a higher
overall signal with G-CART/FLuc (Figure 4B). However, and significantly, the K-CART/FLuc
showed a striking predominance of luciferase reporter signal in the lung. After taking full body
measurements, mice were sacrificed, and the heart, kidney, liver, lungs, and spleen were harvested
to assay the relative luminescence of individual organs (Figure 4C). Remarkably, while protein
expression with the G-CART/FLuc localized in the spleen (>99%), in this comparative study the
K-CART/FLuc-treated mice predominantly produced reporter signal in the lungs (ca. 91%) with
low levels of expression in the spleen (ca. 8%) (Figure 4D) and near-background levels in the
liver (ca. 1%). Importantly, no abnormalities were noted upon histo-pathological assessment of
tissues and blood taken from mice 72 hours after treatment with K-CART/mRNA (SEAP mRNA,
Figure S5).
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Figure 4. Protein expression induced by G-CART/FLuc and K-CART/FLuc upon IV injection
administration. A.) Representative bioluminescence images (units in radiance) of mice 8 hours
after IV injection with 5 ug FLuc mRNA (0.25 mg/kg) formulated with G-CART and K-CART
at an overall +/- charge ratio of 10:1. B.) Overall BLI signal from FLuc/CART-treated mouse
immediately before sacrifice (n=3). C.) Representative organ BLI of mice sacrificed 8 hours after
mRNA delivery with G-CART (left) vs K-CART (right) (n=1, see also Figure S6) D.) Percent
distribution of BLI signal from the organs (n=3) as shown in panel C. (The percent organ
distribution was determined by dividing the BLI signal for heart, kidney, liver, lungs, spleen by
the total signal of these organs combined).

To perform a more detailed analysis of the cell-level biodistribution of K-CART/FLuc in
the lung and spleen, we synthesized a benzodiketonate (BDK) fluorophore-functionalized BDK-
K-CART. The high quantum yield-BDK fluorophore was incorporated into the K-CART by use
as a BDK-derived initiator, providing covalent attachment to each CART oligomer (Figure S7).%2
In line with the organ-localized BLI measurements, this experiment revealed that ~25% of all the
cells in the lungs and ~ 5% of spleen cells were BDK-positive after treatment with BDK-K-
CART/mRNA whereas > 15% of all cells in the spleen and ~2 % of all lung cells were BDK
positive after treatment with BDK-G-CART/mRNA (Figure S8C). In a second experiment to
determine the phenotype of organ specific cell populations transfected with K-CART, we
intravenously administered Cy5-modified mRNA with G-CART/FLuc and K-CART/FLuc.
Using flow cytometry, we analyzed single cell suspensions from the lung or spleen and found that

the population of CART-transfected cells (Cy-5 positive cells) comprised ca. 38% B cells, 17%



endothelial cells, 6% CD3 T cells, 8% natural killer cells, 9% eosinophils, and 20% monocytes
(Figure S8B).

K-CART effectively delivers siRNA to silence reporter gene expression in an in-vivo
lung tumor model. As systemic administration of K-CART/FLuc results in preferential protein
expression in the lung, we sought to assess whether this organ selectivity might be generalizable
to other genetic polyanionic cargos, such as siRNA. The delivery and successful translation of
mRNA elicits the intracellular expression of proteins, whereas the delivery of siRNA silences the
translation of the mRNA for which it targets, resulting in the suppression of protein expression.>!

As with mRNA, mixing siRNA and K-CART leads to similar nanoparticle formation.
Characterization of the K-CART/siRNA particles reveals complete complexation of siRNA when
formulated at a +/- charge ratio of 10:1 (>99% by Qubit RNA probe, Figure S2). DLS
measurements of the K-CART/siRNA NPs reveal an initial diameter of 160 (+/- 2) nm which
remains constant over two hours (Figure S9). The initial zeta potential of the particles is 32 (+/-
22) mV and, like the K-CART/mRNA NPs, K-CART/siRNA NPs retain a positive zeta potential
over two hours (Figure S10). These comparisons suggest that the physical properties of the
resulting CART/RNA NPs are not particularly sensitive to the exact nature or length of the RNA
cargo. Additionally, in an MTT cellular proliferation assay, K-CART/siRNA NPs (like their
mRNA-based congeners) also show no significant cell toxicity (Figure S11).

To assess the ability of CARTs to silence protein expression by siRNA delivery in vitro,
we used an siRNA against FLuc (FLuc-siRNA) to decrease the expression of FLuc in stably FLuc-
expressing LLC and 4T1 breast cancer cells (Figure S4C). We observed no silencing of FLuc
expression in LLC cells when treated with G-CART/FLuc-siRNA but observed ca. 25% silencing
when treated with K-CART/FLuc-siRNA. Conversely, in 4T1 breast cancer cells G-CART/FLuc-
siRNA demonstrated greater knockdown efficacy than K-CART/FLuc-siRNA, 60% and 50%
respectively. These results illustrate the complementary selectivities of the two CARTs, with K-
CART performing better in Lewis lung carcinoma cells.

To assess siRNA knockdown in vivo, we first treated mice with K-CART/FLuc to
establish FLuc expression in the lungs (see scheme in Figure 5A). Bioluminescence in the lung
was clearly observed and quantified six hours after K-CART/FLuc injection. The mice were
subsequently injected with either 10 ug siRNA against FLuc (K-CART/FLuc-siRNA) or 10 ug
scrambled siRNA (K-CART/scrambled-siRNA, Figure 5A) and the FLuc bioluminescence was
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measured after 18 hours. Mice treated with K-CART/FLuc-siRNA showed a 3-fold decrease in
FLuc signal relative to that observed prior to siRNA administration and relative to that observed
from administration of a scrambled siRNA or a PBS control (Figure 5C). IV administration of
K-CART/FLuc-siRNA results in functional delivery of siRNA to the lungs, clearly disrupting
expression of protein-encoding mRNA; thus, demonstrating that K-CARTSs are candidates to treat

genetic disease in the lung via protein knock-down.
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Figure 5 Silencing of FLuc protein expression in tumor cells in the lung with K-CART/FLuc-
SiRNA. A.) 5 ug FLuc mRNA was administered to mice. After 6 hours BLI was measured then 10
ug K-CART/FLuc-siRNA or K-CART/Scrambled-siRNA was administered IV the FLuc signal was
assayed again at t=24 hours (18 hrs after siRNA). Group 1(red) received K-CART/FLuc-siRNA ,
Group 2 (grey) received scrambled K-CART/Scrambled-siRNA , Group 3 (black) received free
FLuc siRNA B.) Measurement of BLI for siRNA treated vs control mice at T=24 hours compared
to the levels at the time of administration of siRNA C.) 12 BALB/c mice were IV injected with
5x10° FLuc expressing CT26 colon carcinoma cells. Group 1 (red) received two doses of 10 ug K-
CART/FLuc-siRNA on day 7 and day 9 post tumor injection. Group 2 (black) received two doses
of 10 ug control K-CART/Scrambled-siRNA on day 7 and day 9 post tumor injection D.)
Measurement of BLI for siRNA treated mice was performed on day 7, 8, 9 and day 9+4 hrs.
(arrows indicate injection timing) *Data representative of 2 indivudual experiments. Error bars are
standard deviation, in panel D open symbols are used to indicate uncertainty, where not visible
standard deviations are smaller than the symbol size. Significance was calculated using the two
tailed T test with * p<0.01.\B\C/D.
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To assess if CART mediated delivery of siRNA might be used to silence protein expression
in cancer cells in the lung, we injected 5x10° FLuc expressing CT26 colon carcinoma cells into 12
BALB/c mice IV into the tail vein; this procedure provides a means of establishing tumors
selectively in the lung. After 7 days, bioluminescence imaging confirmed that FLuc-expressing
tumors were selectively established in the lung (Figure S12). We then treated these mice twice in
48 hrs. using 10 ug of either K-CART/FLuc-siRNA or scrambled K-CART/Scrambled-siRNA
(see scheme in Figure 5C). We observed a dramatic and significant reduction of FLuc signal from
the mice treated with the K-CART/FLuc-siRNA (Figure SD). These data indicate that K-CART

is an excellent vehicle for siRNA delivery to and protein silencing of cells in the lung.

Discussion

Gene therapies provide promising new strategies to treat many canonically undruggable
diseases. Emerging as a front-line nonviral candidate for gene delivery,” 23! LNPs have been
shown in early studies to enable delivery to and gene expression primarily in the liver.>® This has
limited many clinical applications to therapeutic targets in the liver. It follows that an important
goal in current nucleic acid delivery research would be the development of extrahepatic delivery
systems that would broaden the clinical scope of mRNA therapy. A key to the realization of this
goal is understanding factors that influence organ selectivity of LNPs and other gene delivery
vectors.

CARTs present a nonviral delivery system with key distinctions from LNPs. In addition to
their ability to undergo charge alteration through an O-to-N acyl shift, N-hydroxyethyl glycine-
derived CARTSs and serine-derived CARTs* exhibit selective transfection of the spleen!? 38, 43-44
rather than the liver. This is true even when the nature of the hydrophobic side chain of the CARTs
is varied, though these chemical modifications do influence the types of cells which are
transfected.** We now show that by changing the chemical structure of the cationic repeat unit
from N-hydroxyethyl glycine (G-CART) or serine to N-hydroxyethyl lysine (K-CART) we see a
marked shift from selective protein expression in the spleen to selective expression in the lung.

We demonstrate that K-CARTSs can achieve functional delivery of both mRNA and siRNA to
the lung. Furthermore, by sequentially delivering mRNA and then siRNA for FLuc systemically
in the same animal we observe first turn on of FLuc luminescence and then statistically significant

reduction of FLuc luminescence, only in those animals that receive FLuc siRNA. While not
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quantitative, these results show that regardless of the cargo (mRNA or siRNA) at least some of the
same cells in the lung are transfected, indicating that the selectivity observed with these particles
is influenced significantly by the CART vector. We further demonstrated that CARTs can
functionally deliver siRNA to cancer cells in an established tumor within the lung.

To correlate the structure and properties of CARTs to their biological function, we investigated
and compared the chemical behavior of homopolymers and amphiphilic CART oligomers derived
from N-hydroxy glycine (G-CART) and N-hydroxy lysine (K-CART) cationic repeat units. The
chemical structure of the a-amino ester segments in the amphiphilic CARTs has a significant
influence on the chemical behavior of the oligomeric CART amphiphiles and their corresponding
mRNA nanoparticles. The slower degradation kinetics of the dicationic lysine polymers (pH 6.5,
ti2= 12 min) relative to the glycine analogs (pH 6.5, ti2= 3 min, Figure S1) is mirrored in the
relative stability of their CART/mRNA nanoparticles in buffered aqueous solution (Figure 3). The
introduction of a substituent at the alpha position of the amino ester both slows the rate of
degradation and changes the mechanism; the cationic lysine polymers degrade by hydrolysis,
whereas the glycine-derived polymers degrade predominantly by an O-to-N acyl shift to generate
cyclic diketopiperazines.3® 4!

The differences in charge-altering kinetics of these cationic homopolymers are reflected in the
dynamic and physical properties of the corresponding K-CART/mRNA and G-CART/mRNA
NPs (Figure 3). The lysine-derived K-CARTSs form mRNA NPs with a hydrodynamic diameter
of ~170 nm and a surface charge of +34 mV, which remain stable over the course of 2 hours at pH
7.4. For the G-CART/mRNA NPs,*® the surface charge evolves from a positive zeta potential to
a negative zeta potential over 20 minutes, and hydrodynamic diameter increases from 227 nm to
~450 nm over the course of one hour at pH 7.4.

The physical properties of many gene delivery agents have been shown to impact their
circulation time and biodistribution.!> 3433 Previous studies!3-16 33,3637 had implicated that the
surface charge of the nanoparticle influences organ tropism. The selective organ targeting (SORT)
approach!” developed by Siegwart, ef al. involves the engineering of LNPs to influence the tissue
tropism of mRNA delivery by modulating, among other factors, the surface charge of the resulting
particles. The differences in size, charge density, charge spatial array, and stability of the CART
NPs (Figure 3) could contribute to the differential cell association and thus tissue tropism and
selective cellular transfection relative to the G-CART/mRNA. Recent studies align with these
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observations showing that systemic administration of highly cationic NP transfection agents are
often correlated to functional delivery of mRNA to the lung,!> 3034 5657 while anionic NP tend to
exhibit protein expression in the spleen.!>16:30.34 Indeed, G-CART NPs and serine-derived CART
NPs, which both evolve over time to exhibit a negative surface potential,’* show selective RNA
cargo expression in the spleen and K-CART NPs exhibiting stable cationic character show
selective RNA cargo expression in the lung (Figure 4). The spleen-targeting G-CART!% 3343 Jeads
to highly effective delivery to monocytes and B cells. Notably, many of the cells transfected in
vivo in the lung using K-CART are also immune system-related cells (e.g., B cells, monocytes,
eosinophils, NK cells, T cells, neutrophils; Figure S8B). Importantly, treatment with
CART/mRNASs shows no histological abnormalities in the major organs (i.e., brain, heart, kidney,
liver, lung, and spleen; Figure S5). Thus, the CART methodology is a generalizable platform for
selective, targeted mRNA delivery in vitro and in vivo, without recognizable adverse effects.

Despite recent advances in the development of non-viral gene delivery agents for extra-
hepatic delivery, the in vivo organ selectivity for mRNA delivery remains poorly understood.?% 30-
37, 45,53, 58-60 G-CART/FLuc and K-CART/FLuc NPs, though lacking in any targeting ligands,
show complementary and selective cellular transfection efficiencies in vitro and organ selective
protein expression in vivo (Figure 4). Here we show that by altering the charge density and spatial
distribution of cationic CART repeat units, either spleen or lungs can be targeted upon IV
administration. It is possible that the surface charge of the CART/mRNA NPs can influence
protein adsorption/opsonization upon injection into the blood stream. There is some evidence!-!6:
30.32 that the composition of the resulting “protein corona,” plays a critical role in the ultimate
organ selectivity and retention of delivery vehicles. Further studies are underway to test this
hypothesis and to correlate how the chemical structure of the CARTs influences the physical
properties of the resulting CART/RNA NPs, the protein and cell surface interactions, and the
cell/organ selectivity for CART/RNA delivery in vivo.

Conclusions
Nanoparticles that target particular diseased organs have the potential to transform gene

therapy. Here we show that CART delivery technology can be used to target organs without the
need of targeting ligands. Glycine-derived G-CARTS provide highly selective mRNA expression
in the spleen (>99%) and the readily accessible (two steps) lysine-derived K-CARTSs show
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selective mRNA expression in the lung (~91%). Importantly, G-CART and K-CART induce no
adverse effects in blood chemistries nor histopathological analysis of major organs. We further
show that CARTs are effective for siRNA delivery: K-CARTSs upon systemic administration,
functionally deliver siRNA to the lung, efficiently suppressing reporter protein expression. We
propose that this organ selectivity is related to functionality, density and spatial array of charges
and lipids of the CART/mRNA NPs and their interactions with carriers and/or cell and organ
surfaces. However, this and other hypotheses are an ongoing topic of study and part of further
investigations on targeting other organs with new CART families. Critically, the G-CART and K-
CART NPs were designed to exhibit different physical properties; K-CARTSs are more highly
cationic and compact, while G-CARTSs acquire anionic character and change in size over time;
and in turn exhibit different in vivo behavior and organ selective functional delivery. CARTSs
comprise a platform technology for the delivery of siRNA, mRNA, circRNA* and DNA* in vitro
and in vivo. The demonstration that CART delivery can now be selectively targeted to different
organs based on differences in the intrinsic CART structural features opens new opportunities for

their use in research and medicine.

Materials and methods

Reagents. Deuterated solvents (D20, CD30OD, CDCls) were purchased from Cambridge Isotope
Laboratories and used without further purification. THF, DCM, and toluene used for
polymerization experiments were dried over activated 3 A molecular sieves and used without
further purification. Acetonitrile, methanol, toluene, DCM, and ethyl acetate used for the synthesis
and purification of monomers and precursors were used without purification. Potassium hydride
(KH), benzyl alcohol (BnOH), and trifluoroacetic acid (TFA) were purchased from Aldrich and
used without purification. All other substrates were purchased from Fisher, Alfa Aesar, or Sigma
Aldrich and used without further purification. Urea catalysts 1-(3,5-bis(trifluoromethyl)phenyl)-
3-(3-(trifluoromethyl)phenyl) urea and 1-cyclohexyl-3-phenylurea were prepared as previously
reported.’’ Boc-morpholinone monomer and dodecyl carbonate monomer were prepared
according to literature procedures.®® BDK initiator and BDK G-CART were prepared as
previously reported.** The 1-(3,5-bis-trifluoromethyl-phenyl)-3-cyclohexyl- thiourea used for
some ring-opening polymerizations was prepared as previously reported.! Ring-opening

polymerization reactions were set up in a glovebox under nitrogen atmosphere and then performed
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under nitrogen using air-free Schlenk techniques. Regenerated cellulose dialysis membranes
(Spectra/Por 6 Standard RC; molecular weight cutoff 1,000) were purchased from Spectrum
Laboratories, Inc. MTT was purchased from Fluka. EGFP mRNA (5meC, ¥, L-6101), Cy5- EGFP
mRNA (5meC, V¥, L-6402), Fluc mRNA (5meC, ¥, L-6107), and Cy5-Fluc mRNA (5meC, V¥, L-
7702), were purchased from TriLink BioTechnologies Inc. FLuc siRNA was purchased from
Dharmacon (P-002099-01-20).
Cell lines. DC 2.4 cells, Lewis Lung Carcinoma (LLC) cells, HeLa cells, CT26 cells, 293T cells
and 4T1 FLuc-expressing cells were cultured in RPMI 1640 medium (Invitrogen Life
Technologies) supplemented with 10% heat-inactivated fetal calf serum (HyClone Laboratories),
100 U/mL penicillin, 100 ug/mL streptomycin (Invitrogen Life Technologies), as complete
medium. All cells were grown at 37 °C in a 5% CO, atmosphere. Cells were passaged at ~80%
confluence.
Mice. Female BALB/c mice (6-8 weeks old at treatment) and female C57B1/6 mice (8-10 weeks
old at treatment) were purchased from Charles River Laboratories. All mice were housed at the
Comparative Medicine Pavilion at Stanford University.
Establishing stable FLuc expressing LLC and CT26 cell lines: Lentiviruses were produced
using 293T cells co-transfected with the pCMV-VSV-G and the pCMV ARS.2 packaging plasmids
(gift from Gozani lab, Stanford) and the pHIV-Luc-ZsGreen plasmid (pHIV-Luc-ZsGreen was a
gift from Bryan Welm, Addgene plasmid # 39196). Transfection was performed using TransIT
(Mirus Bio) as per the manufacturer instructions. Target cells were then incubated with the virus-
containing supernatant for 24h. Transduced cells were then selected by two rounds of FACS
sorting on ZsGreen expressing cells.
Instrumentation. 'H-NMR and '3C-NMR spectra were recorded on either an Inova 300 MHz,
Mercury 400 MHz, or Inova 500 MHz spectrometer. Gel permeation chromatography (GPC) was
performed in tetrahydrofuran (THF) at a flow rate of 1.0 mL/min on a Shimadzu Prominence
chromatograph equipped with two Jordi columns (Jordi DVB 1000 A and DVB Mixed Bed Low)
connected in series. A Wyatt Optilab TrEX differential refractive index detector and a miniDAWN
TREOS2 3-angle analytical light scattering detector were employed, Mn (GPC) determined by
comparison of elution time to a calibration curve of polystyrene standards. Particle size and zeta
potential were measured using a Malvern Zetasizer Nano ZS90. Flow cytometry analysis was
performed on a BD LSRIL.LUV FACS Analyzer (Stanford University Shared FACS Facility).
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Bioluminescence was measured using a CCD camera (IVIS 100; Xenogen Corp.) or an AMI HT
instrument and analyzed using Living Image Software (PerkinElmer) or alternatively, using a
SpectraMax luminometer. For cell transfection phenotyping, a SpectraMax paradigm was used to
measure BDK signal.

Synthesis of Mg precursor 2a (methyl N-(tert-butoxycarbonyl)-NV-(2-
hydroxyethyl)glycinate): A round-bottom flask was charged with glycine methyl ester HCI1 (270
mg, 2.2 mmol) and NaHCO3 (500 mg, 6 mmol) in 60 mL acetonitrile. This mixture was refluxed
for one hour at 85 °C, then bromoethanol (145 uL, 2.1 mmol) was added in one portion. The
reaction was stirred overnight, filtered, then concentrated. This residue was resuspended in 4 mL
MeOH and stirred for 5 minutes before adding di-tert-butyl dicarbonate in one portion (500 uL,
2.2 mmol). After stirring for 3 hours, the reaction was concentrated under reduced pressure to give
1.2 g white slurry as the crude product which was loaded onto silica gel and purified via flash
chromatography using 2:1 DCM:EtOAc. Concentration of the relevant fractions yielded 182 mg
clear residue (0.87 mmol, 40% yield). The 'H NMR of the isolated product matched that reported
in the literature.*!

Synthesis of Mc monomer 3a (zer-butyl 2-oxomorpholine-4-carboxylate): The linear alcohol
intermediate 2a (81 mg, 0.38 mmol) along with catalytic p-toluenesulfonic acid (12 mg) was
dissolved in 15 mL toluene and refluxed (110 °C), monitoring reaction progress by TLC (9:1
DCM: EtOAc). After a total of 30 minutes, the reaction was cooled to room temperature and
concentrated under reduced pressure. The crude mixture was loaded onto silica gel and purified
via flash chromatography using 9:1 DCM:EtOAc. Concentration of the relevant fractions yielded
64 mg clear residue (0.31 mmol, 84% yield). NMR matched that reported in the literature.*!
Overall yield for 2-steps = 34 % yield

Synthesis of Mk precursor 2b (methyl N2,N6-bis(tert-butoxycarbonyl)-Nz-(2-
hydroxyethyl)lysinate): A round-bottom flask was charged with N-epsilon-Boc-L-Lysine methyl
ester HCI (1.18g, 4 mmol) and NaHCOs3 (750 mg, 8.9 mmol) in 12 mL acetonitrile. This mixture
was refluxed for one hour at 85 °C, then bromoethanol (300 uL, 4.4 mmol) was added in one
portion. The reaction was stirred overnight, filtered, and then concentrated. This residue was
resuspended in 4 mL MeOH and stirred for 5 minutes before adding di-tert-butyl dicarbonate in
one portion (950 uL, 4.15 mmol). After stirring overnight, the reaction was concentrated under

reduced pressure to give 1.7 g yellow residue as the crude product which was loaded onto silica
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gel and purified via flash chromatography using 2:1 DCM:EtOAc. Concentration of the relevant
fractions yielded 857 mg clear residue (2.12 mmol, 53% yield). NMR spectra and characterization
data provided in the supporting information.

Synthesis of Mk monomer 3b: (fert-butyl 3-(4-((tert-butoxycarbonyl)amino)butyl)-2-
oxomorpholine-4-carboxylate): The linear alcohol intermediate 2b (140 mg, 0.35 mmol) along
with catalytic p-toluenesulfonic acid (10 mg) was taken up in 15 mL toluene and refluxed (110
°C), monitoring reaction progress by TLC (9:1 DCM: EtOAc). After a total of 20 minutes, the
reaction was cooled to room temperature and concentrated under reduced pressure. The crude
mixture was loaded onto silica gel and purified via flash chromatography using 9:1 DCM:EtOAc.
Concentration of the relevant fractions yielded 115 mg clear residue (0.31 mmol, 89% yield).
Overall yield for 2-steps = 47 % yield. NMR spectra and characterization data provided in the
supporting information.

Synthesis of homopolymer p(heK): A flame-dried vial was loaded with Mk (38.5 mg, 0.103
mmol, 54 eq) in 75 uL THF. To this solution was added a mixture of KH (0.04 mg, 0.001 mmol,
1 eq), BnOH (0.2 mg, 0.002 mmol, 2 eq), and 1-cyclohexyl-3-phenylurea (1.3 mg, 0.006 mmol, 6
eq) in 25 uL THF. After stirring at R.T. for 30 s, the reaction mixture was submerged in an
acetone/dry ice bath at -78 °C. The reaction was allowed to stir for 20 minutes, then quenched with
5 uL AcOH in 100 uL THF. After quenching the reaction at -78 °C for 2 minutes, the solution was
warmed to room temperature. The product was then dialyzed in DCM/MeOH overnight (1 kDa
dialysis tubing). Concentration of dialyzed polymer 1 yielded 31.5 mg clear residue (81 % yield).
NMR spectra and characterization data provided in the supporting information.

Synthesis of Boc-K-CART: A flame dried vial loaded with dodecyl carbonate monomer (16.5
mg, 0.05 mmol) and was stirred in 50 uL THF at room temperature for 5 minutes to homogenize
the reactants. To this starting material was added a solution of KH (0.2 mg, 0.005 mmol), 1-
cyclohexyl-3-phenylurea (3.3 mg, 0.015 mmol) and BnOH (0.54 mg, 0.005 mmol) in 25 uL. THF.
After stirring at R.T. for 2 minutes, Mk (37 mg, 0.1 mmol) in 50 uL THF was added and reaction
was submerged in an acetone/dry ice bath. The reaction was allowed to stir at -78 °C for 20
minutes, then quenched with 5 uL AcOH in 100 uL THF. After stirring the quenched reaction at -
78 °C for 2 minutes, the reaction was warmed to room temperature and analyzed for conversion

by 'H NMR. The product was then dialyzed in DCM/MeOH overnight (1 kDa dialysis bag).
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Concentration of the recovered polymer yielded 24 mg of a clear residue (45% yield). NMR spectra
and characterization data provided in the supporting information.

Synthesis of BDK Boc-K-CART: A flame dried vial loaded with dodecyl carbonate (32.5 mg,
0.1 mmol) and BDK initiator (2.4 mg, 0.0072 mmol) was stirred in 40 uL THF at room
temperature. To this mixture was added a solution of KH (0.6 mg, 0.015 mmol), and 1-(3,5-
bis(trifluoromethyl)phenyl)-3-(3-(trifluoromethyl)phenyl) urea (10 mg, 0.045 mmol). The reaction
was stirred for 1 minute, then Mk was added to the reaction as a solid (45 mg, 0.12 mmol). The
reaction was allowed to stir for 3-5 minutes until all Mk had dissolved, then submerged in an
acetone/dry ice bath. The reaction was allowed to stir at -78 C for 45 minutes, then quenched with
5ul AcOH in 100 uL THF. After stirring the quenched reaction at -78 C for 2 minutes, the reaction
was warmed to room temperature and was then dialyzed in DCM/MeOH overnight (1 kDa dialysis
bag). Concentration of the recovered polymer yielded 32 mg clear residue (40% yield). NMR
spectra and characterization data provided in the supporting information.

Deprotection of p(heK) to the oligocation p(heK)>*: p(heK) polymer (30 mg) was dissolved in
3 mL DCM. To this solution was added 0.3 mL TFA and allowed to stir under N2. After 4 hours,
the reaction was concentrated, yielding 33 mg of a foamy tan residue. NMR spectra and
characterization data provided in the supporting information.

Deprotection of Boc-K-CART to yield K-CART (D:Lys 14:8): Boc-K-CART (35 mg) polymer
was dissolved in DCM (3.5 mL). To this solution was added TFA (0.35 mL) and allowed to stir
under N2. After 4 hours, the reaction was concentrated, yielding 36 mg of a foamy tan residue.
NMR spectra and characterization data provided in the supporting information.

Deprotection of BDK Boc-K-CART to yield BDK K-CART (D:Lys 13:5.5): BDK Boc-K-
CART (25 mg) polymer was dissolved in DCM (2.5 mL). To this solution was added TFA (0.25
mL) and allowed to stir under N2. After 4 hours, the reaction was concentrated, yielding 26 mg of
a foamy tan residue. NMR spectra and characterization data provided in the supporting
information.

Procedure for comparative degradation Kinetics experiment in D20: Deprotected polymer
(10.4 mg, 0.048 mmol by repeat units) was dissolved in 500 uL D20 with 7 mg sodium
toluenesulfonate as internal standard (0.036 mmol; & 2.38). The fo "H NMR spectrum was acquired
with the parameters (Varian) nt = 8, at = 8, and d1 = 12, which were confirmed to provide a long
enough time between scans to ensure accurate relative integrations. 500 ulL of the 3.3 M
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(HK2PO4/H2KPOs4) buffer solution in D20 was then added to the NMR tube, which was inverted
multiple times to ensure thorough mixing. NMR spectra were then acquired once every 90 s for
2.5 h using the parameters nt = 4, at = 8, and d1 = 12. The arrayed spectral data were analyzed
using MNova software. This method and additional details and NMR regarding the degradation of
p(heG)*have been published elsewhere,*! representative NMR spectra from the degradation of
p(heK)** provided in the supporting information (Figure S13).
CART-mRNA/siRNA NP formulation: Representative procedure. To 21.0 uL of RNAse free
PBS (pH 5.5) was added 2.1 uL of a 0.2 ug/uL solution of FLuc mRNA. To this solution was
added 0.40 uL of 2 mM K-CART (stored in DMSO). The solution was mixed for 20 seconds and
used in vitro or in vivo immediately following formulation.
CART NP size measurements: Sizing measurements were performed using a Malvern Zetasizer
Nano ZS90: A volume of CART to achieve a 10:1 +/- ratio was mixed into a solution containing
6.3 uL of'a 0.2 ug/uL solution of SEAP mRNA or siRNA, and 17.1 uL pH 5.5 PBS. This mixture
was incubated for 30 s at room temperature, then added to a cuvette containing 100 uL RPMI
media (-phenol red). Measurements were taken at the indicated times and the sizes reported are
the Z-averages of measurements run in triplicate with error expressed as +SD.
CART NP zeta potential measurements: Zeta potential measurements were performed using a
Malvern Zetasizer Nano ZS90: A volume of CART to achieve a 10:1 +/- ratio was mixed into a
solution containing 5.0 uL of a 0.2 ug/uL solution of SEAP mRNA or siRNA, 14.0 uL pH 5.5
PBS, then incubated for 30s at room temperature. 5 uL of this solution was added to a zeta potential
cuvette containing 795 uLL DI water. Measurements were taken at the indicated times and reported
are the average voltages of measurements run in triplicate with error expressed as £SD.
RNA percent Encapsulation Determination by Qubit Probe: Encapsulation efficiency was
measured by the fluorescence of the RNA-specific Qubit RNA HS dye (Q32852; Invitrogen).
Briefly, mRNA or siRNA was complexed with K-CART as described above using 420 ng of RNA
and enough CART for a net 10:1 (cation:anion) ratio. This was added to 0.75 mL of RNasefree
deionized water containing 5 ul of Qubit reagent. The fluorescence of the solution was
immediately measuring using an excitation wavelength of 630 (4-nm slit width) and emission
wavelength of 680 nm (5-nm slit width). Percent encapsulation was determined by subtracting the
fluorescence of the Qubit dye alone (no RNA) and normalizing to the fluorescence of Qubit with
uncomplexed RNA.
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In vitro cellular transfection: One day before transfection, cells were plated at 40,000 cells per
well in a 96 well plate. On the day of transfection, complete media was replaced with 100 pl serum-
free RPMI. FLuc mRNA (TriLink) or FLuc siRNA (dharmacon) was formulated with CART in a
10:1 +/- ratio, mixed for 20 s, then 2 pl of the mixture was added to the cells (1 ng/1000 cells).
After four hours, 5 pl of PBS containing 3 mg/ml of luciferin was added to each well and the
luminescent signal was measured using a SpectraMax L luminometer.

MTT Viability Assay: Cellular viability following treatment with CART-mRNA or CART-
siRNA complexes was assayed using a standard MTT/formazan turnover assay. Briefly, HelLa,
DC 2.4 and LLC cells were seeded at 5000 cells per well, then treated with CART-RNA
complexes at a dose of 5 ng (1 ng/1000 cells). Cells were grown for 3 d, after which time 10 uL of
PBS containing 2 uL of a 5 mg/mL solution of MTT (Fluka) was added to each well. Cells were
incubated for an additional 3 h then the media was removed and 100 ul DMSO was added to each
well. Cells were mixed for 15 min at 37°C and then absorbance was measured at 540 nm.

In vitro siRNA FLuc knockdown: In vitro silencing of FLuc reporter gene in LLC and 4T-1
stably-FLuc expressing cells. 10° FLuc-expressing cells were treated with 200ng FLuc-targeting
siRNA formulated in G-CART, K-CART, or PBS as described above. Bioluminescence was
quantified 24hrs post treatment. Untreated cells were included as a control.

Live animal studies. Experimental protocols were approved by the Stanford Administrative Panel
on Laboratory Animal Care and were performed in accordance with all national or local guidelines
and regulations.

In Vivo transfection of Fluc mRNA. CART-mRNA NPs were prepared as described above using
5 ug mRNA per mouse in a total volume of 100 uL. Complexes were mixed for 20 s before IV
injection into the tail vein of female BALB/c mice. After 8 h, 150 mg/kg D-luciferin was injected
1.p. and mice were anesthetized with isoflurane for 5 minutes. Luminescence was measured using
an AMI Imaging System CCD camera (AMI HT), and analyzed using AMI View software or
alternatively using the IVIS 100 (Xenogen Corp.) imaging system equipped with a cooled charge-
coupled device camera and analyzed using Living Image software. For bioluminescent imaging of
excised organs, mice were sacrificed 5 minutes after the whole-body imaging, then individual
organs were harvested and imaged within 5 minutes after sacrifice, all measurements were

averages of groups of three animals.
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Flow Cytometry method for phenotyping of transfected cells in the lung and spleen: To
phenotype CART-transfected cell populations, we used BDK labeled K-CART, BDK labeled G-
CART or Cy5.5 labeled eGFP mRNA (TriLink). 45 min post transfection mice were sacrificed,
and lungs and spleens were harvested. Single cell suspensions of splenocytes were prepared by
homogenizing and filtering spleens. Next, red blood cells were lysed for 10 min in ACK lysis
buffer. Single cell suspension of the lung was prepared by cutting the lung into tiny pieces and
incubating it in PBS containing Img/ml collagenase for 20 min at 37°C. Cells were stained using
panel 1: CD45 FITC, CD31 PE, EpCam PerCP Cy5.5, CD11b BV605, CD3 BV786 and panel 2:
CDll1c PE-Cy7, CD64 PE, IA/IE Ax488, CD24 PerCP, CD11b BV605, CD49b eF450. Flow
cytometry analysis was performed using a LSRII (BD).

In vivo silencing of FLuc transfected cells. First, mice were injected with 5 ug FLuc mRNA
formulated with K-CART. Six hours post injection, bioluminescence was measured before the
animals were injected with either 10 ug FLuc siRNA K-CART or 10 ug scrambled siRNA K-
CART. At 18 hours post siRNA mRNA injection mice were imaged again using an AMI HT.
Tumor implantation and siRNA treatment. 5 x10° CT26 FLuc cells were injected intravenously
in BALB/c mice. On day 7, tumor establishment was confirmed by bioluminescence imaging using
an AMI HT. Treatments were given on day 7 and 9 after tumor injection. For each treatment, mice
were injected IV. with 10 ug FLuc or control siRNA formulated with K-CART at a 10:1 +/- ratio
in 100 pl of PBS pH 5.5. Tumor growth was monitored by bioluminescence.

Histology and Hematology. K-CART/mRNA NPs were prepared as described above using 5 ug
mRNA per mouse in a total volume of 100 uL. Complexes were mixed for 20 s before IV injection
into the tail vein of female BALB/c mice. After 72 hours, following humane euthanasia, tissues
were fixed by immersion in 10% neutral buffered formalin. Tissues were then processed,
embedded in paraffin, sectioned at 5.0mm, and routinely stained with hematoxylin and eosin
(H&E). Stained sections were evaluated blindly by a board-certified veterinary pathologist using
an Olympus BX43 brightfield microscope. Photomicrographs were captured using an Olympus
DP27 digital camera and the Olympus cellSens software. Representative images presented in
Figure S5. Complete blood count and serum chemistry levels for the treated group were within

normal range.
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