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We report a strategy for generating a combinatorial library of
oligonucleotide transporters with varied lipid domains and their use
in the efficient transfection of lymphocytes with mRNA in vitro and
in vivo. This library is based on amphiphilic charge-altering releas-
able transporters (CARTSs) that contain a lipophilic block functional-
ized with various side-chain lipids and a polycationic a-amino ester
mRNA-binding block that undergoes rearrangement to neutral small
molecules, resulting in mRNA release. We show that certain binary
mixtures of these lipid-varied CARTs provide up to a ninefold en-
hancement in mRNA translation in lymphocytes in vitro relative to
either a single-lipid CART component alone or the commercial re-
agent Lipofectamine 2000, corresponding to a striking increase in
percent transfection from 9-12% to 80%. Informed by the results
with binary mixtures, we further show that CARTs consisting of
optimized ratios of the two lead lipids incorporated into a single
hybrid-lipid transporter molecule maintain the same delivery effi-
cacy as the noncovalent mixture of two CARTs. The lead lipid CART
mixtures and hybrid-lipid CARTs show enhanced lymphocyte trans-
fection in primary T cells and in vivo in mice. This combinatorial
approach for rapidly screening mRNA delivery vectors has provided
lipid-varied CART mixtures and hybrid-lipid CARTs that exhibit sig-
nificant improvement in mRNA delivery to lymphocytes, a finding of
potentially broad value in research and clinical applications.

gene therapy | nanoparticle | polyplex | combinatorial | immunotherapy

merging DNA and RNA technologies have the potential to

revolutionize life science research and medicine. Relying on
the delivery of oligonucleotides, these technologies enable a range
of applications from protein expression to genome editing and
regulation, impacting vaccinology, allergy tolerization, gene ther-
apy, and cancer immunotherapy (1-3). mRNA-based therapies, in
particular, have emerged as powerful complements to DNA-based
methods due to their decreased risk of mutagenesis, transient
effects, and reduced complexity relative to plasmid DNA since
mRNA is inherently the minimal genetic vector necessary for
protein expression (4-6). However, the effective delivery of oli-
gonucleotides has proven challenging due to the difficulty of de-
livering large, polar, polyanions across the nonpolar membrane
of a cell. To address this challenge, recent delivery methods in-
cluding cationic polymers (7) and lipid nanoparticles (LNPs) (8)
have been employed which circumvent the immunogenicity
concerns of viral vectors and the tolerability and efficacy issues of
mechanical methods such as electroporation. Notable examples
of polymer-based systems include pH-responsive lipid/polyester
hybrid materials (9), tunable amine-functionalized polyesters (10),
polyamine complexes preassociated with cellular translational
machinery (11, 12), and rapidly degrading peptide-like materials
(13-15). While nonviral methods for mRNA delivery into cultured
cells and in vivo are emerging, there have been very few reports on
the safe and effective delivery of mRNA to lymphocytes (16).
Typically, limited endocytosis and protein translation, as well as
low resulting lymphocyte viability, have been difficult challenges to
overcome (17).

www.pnas.org/cgi/doi/10.1073/pnas.1805358115

Of great significance for further advances in vaccinology and
immunology with the advent of advanced cancer immunother-
apies using chimeric antigen receptor T cells is the delivery of
oligonucleotides, including mRNA, into lymphocytes (18-20).
Currently, clinical strategies that rely on lymphocyte transfection
using mainly physical methods such as electroporation and nucle-
ofection require ex vivo enrichment of T lymphocytes, which is cost-
and efficiency-limited (21, 22). Enhanced chemical methods for ex
vivo transfection of lymphocytes, or more ambitiously direct in vivo
delivery of mRNA into lymphocytes, would allow for more efficient
and time-effective treatments (20, 23, 24). Recent advances in gene
delivery to lymphocytes include the use of polycationic polymers,
such as lipid substituted polyethylenimines (25) or arginine-rich
poly(oxanorbonene)s for the delivery of siRNA (26) as well as poly
(B-amino ester)s to deliver DNA (27, 28). While the use of these
polycationic nanoparticles has improved gene delivery to B and
T cells, new transporters are still needed to enhance transfection
and decrease toxicity of the carriers. Previously explored trans-
porters typically only achieve 5-50% gene transfection in vitro
(27-31) and less than 1% lymphocyte transfection for mRNA
delivery in vivo (16, 32, 33).

Significance

The transfection of lymphocytes with genetic material is a sig-
nificant unmet need in immunotherapy and the treatment of
many diseases. Current transfection strategies primarily rely on
physical methods that must be conducted ex vivo and are often
inefficient. We identified mixtures of lipid-varied mRNA delivery
vehicles (charge-altering releasable transporters, CARTs) that
show enhanced uptake into multiple lymphocyte cell types. The
top performing lipid mixtures were rapidly identified using a
combinatorial strategy and the resulting information was used
to design single-delivery agents incorporating both lipid do-
mains using our two-step organocatalytic ring-opening poly-
merization. Hybrid-lipid CARTs show >80% mRNA transfection
efficiency in vitro and >1.5% lymphocyte transfection efficiency
in mice, which is higher than previously reported systems. These
materials should enable new immunotherapy strategies and
applications.
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Our group has recently reported the use of poly(carbonate)-b-
(o amino ester)s for the delivery of mRNA with >95% efficiency
in cultured cells and at high levels in vivo in BALB/c mice (Fig.
1A4) (34). Charge-altering releasable transporters, dubbed CARTS,
are functionally distinct from most polycation systems in that they
are dynamic, undergoing an ester-to-amide rearrangement of the
cationic poly(a amino ester) backbone into neutral small mole-
cules (diketopiperizine) over time, thereby providing a mechanism
for release of mRNA and avoiding tolerability issues often asso-
ciated with persistent polycations (35, 36). CARTs are step-
economically synthesized and readily formulated with mRNA by
simple mixing, rather than the microfluidic methods necessitated
by cationic LNP technologies (8, 33, 37, 38). Single-lipid CARTSs
achieve high transfection of GFP mRNA in many epithelial cell
lines such as HeLa (Fig. 1B); however, low delivery efficiencies are
observed in lymphatic cells such as Jurkat cells (T lymphocyte),
a trend common among many delivery agents (27). Herein we
report that systematic tuning of CART lipid domains using a
combinatorial method has yielded transporters that significantly
outperform previously reported transporters and commercial
agents for the transfection of lymphocytes including T cells in
culture and in vivo.

The efficiency of oligonucleotide delivery vehicles is greatly
influenced by the type of lipids they contain (16, 37, 39-42). For
example, we showed that amphipathic transporters for siRNA
perform best with dodecyl-functionalized lipid blocks compared
with the analogous hexyl or ethyl materials (43). Langer and
coworkers have used high-throughput methods to find optimal
lipid compositions for both cationic polymers (44-46) and LNPs
(16, 47, 48). Additionally, Tew has shown that the lipid and
charge distribution greatly influences siRNA uptake, especially
in T lymphocytes (26, 49). Taken together, these studies suggest
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Fig. 1. (A) Structure of previously reported CART Dq3:Aq; and neutral prod-
ucts of the charge-altering mechanism. (B) Transfection efficiencies of EGFP
mRNA alone, lipofectamine-formulated EGFP mRNA, and D,3:A;;-complexed
EGFP mRNA into Hela cells versus Jurkat cells (T lymphocytes). Error bars
represent the SD over three experiments in triplicate.
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Fig. 2. Structures of CARTs with varying lipid blocks used in this study.

that the uptake of the newly described CART-mRNA nano-
particles could be influenced by their lipid content, prompting
our interest in a rapid method to identify preferred systems.
Organocatalytic ring-opening polymerization (OROP) meth-
ods (34, 50-52) allow for the rapid (two step) synthesis of
CARTSs, each with a single but different lipid block. We hy-
pothesized that binary and ternary mixtures of lipid blocks (di-
and trilipid blocks) might lead to better-performing CARTS as
different compositions would allow for more varied performance
at the critical and differing stages of RNA complexation, pro-
tection, delivery, and release. However, exploring this idea with
even as few as eight different lipids would require the synthesis
of 64 different lipid diblocks including the single-lipid diblock
repeat (AA, BB, etc.) and mixed-lipid diblocks (AB, BA, BC,
CB, etc.). Exploring different lipid diblock ratios would quickly
inflate this number and the required synthesis time. In contrast,
we reasoned that a high-throughput approach to testing perfor-
mance of binary (and higher-order) mixtures would be to simply
mix and test different monolipid CARTS in pairs. Similar com-
binatorial approaches by Langer and coworkers (53), Riezman
and coworkers (41), and Montenegro and coworkers (54) have
been utilized in other contexts for identifying trends in oligo-
nucleotide and protein delivery materials. In this case, explora-
tion of all 64 diblock combinations at a given ratio would require
the synthesis of only eight different CARTSs and their combina-
torial mixing. When an unequal ratio of two CARTS is used, all
64 of those combinations are unique, and by varying the ratio by
n-fold one could expand this sampling by n-fold without the need
to prepare new materials. Here we report a high-throughput
screen of lymphocyte delivery using eight CARTs differing by
their lipid domain and representing 64 CART systems (Fig. 2).
Using this strategy, we have identified CART mixtures that
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Fig. 3. High-throughput evaluation of mixtures of amphipathic CARTs for the delivery of luciferase (Fluc) mRNA. For mixture matrices, CARTs in columns and
rows correspond to 66% and 33% of the total cationic charge in the mixture, respectively. Each grid image is three-color-weighted to designate the relative
expression levels of the given mixture, with white representing no expression, blue representing the expression of CART D43:A¢; 2, and orange being the highest-
performing mixture. The scale bar below each matrix gives the bioluminescence (in photons-s~'.cm™2sr™") of each experiment. (A) Expression in nonadherent
lymphocytes (Jurkat cells, EL4 cells, A20 cells, and activated primary T cells). (B) Expression in adherent epithelial cells and monocytes (HeLa cells, DC 2.4 cells, and
A549 cells). All values represent the average bioluminescence of three separate experiments. (C) Normalized bioluminescence intensity of cells treated with the
highest-performing mixture of CART 3 and 7 demonstrating the fold improvement over Dq3:A;4 2 in all cell lines tested. Horizontal dashed line corresponds to

expression from unmixed Dq3:Aq; 2. Data are the average of three separate experiments, each in triplicate, with error bars representing the SD.

outperform individual CARTs. Informed by these results, we
then designed and prepared hybrid CARTs incorporating both
lipid domains of the preferred individual CART mixtures and in
the preferred ratios (i.e., a hybrid-lipid CART). We found that
these hybrid-lipid CARTs performed as well as the CART mix-
tures and proved to be highly effective for mRNA delivery to
lymphocytes in vitro and in vivo.

Results and Discussion

Design and Synthesis of Single-Lipid CARTs. We synthesized eight
different CART candidates with variations in their lipid blocks
for evaluation in mixtures for mRNA delivery to lymphocytes
(Fig. 2). All CARTSs were prepared in only two synthetic steps
and low dispersity utilizing our previously reported OROP
methodology using benzyl alcohol as the initiator (50, 55). To
simplify initial screening, overall block lengths were kept con-
stant at ~12 lipid units and 12 cationic units, in line with previous
optimization of a-amino ester CARTSs for mRNA delivery (34).
A homooligomer of the dodecyl carbonate monomer (Dq;, 1,
Fig. 2) was included to determine if simply increasing the total
lipid content relative to the cationic content would be advanta-
geous. The CART panel contained a variety of lipids that have
previously shown success for oligonucleotide delivery (43, 56),
including saturated (dodecyl 2, stearyl 8), unsaturated (oleyl 3
and nonenyl 7), and aromatic (benzyl 4) lipids, as well as the
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much more rigid cholesterol (6), which is commonly used in
LNPs (57). An ethyl-functionalized CART (5) was also synthe-
sized to determine if partial incorporation of a significantly less
hydrophobic CART would be advantageous.

Screening of CART Mixtures for Delivery into Lymphocytes. A high-
throughput assay was developed to evaluate binary combinations of
the lipid-containing CARTSs for mRNA delivery. For preliminary
optimization studies, Jurkat cells were selected as a commonly used
model lymphocyte line with low reported transfection efficiencies
(26, 27, 58). The experimental design involved pairwise premixing
of CARTs 1-8 at specified ratios in a 96-well plate. Mixtures were
set up such that each column and row of a 96-well plate corre-
sponded to 66% and 33% of the given mixture (with respect to
cationic charges), respectively. Thus, 64 total combinations were
prepared for evaluation (each CART by itself, and mixed with the
other seven CARTSs at both a 2:1 and a 1:2 ratio). For example,
column 1, row 2 contains 66% of CART 1 and 33% of CART 2,
and column 2, row 2 contains 100% CART 2. By mixing CARTS at
2:1 ratios rather than simply 1:1, redundancy is avoided and 64
unique mixtures can be prepared.

CART mixtures were then added to a second 96-well plate
containing firefly luciferase (Fluc) mRNA in PBS at a 10:1 (+/-)
charge ratio of total cations on the CARTS to total anions on the
mRNA to form electrostatic associated CART-mRNA com-
plexes. Fluc mRNA was selected as a convenient reporter system,

PNAS | vol. 115 | no.26 | E5861

CHEMISTRY

APPLIED BIOLOGICAL

SCIENCES



L T

/

D\

= 3
= 400x10° —
c
2 N
£ 300 — R
t Qo , N
o, \
8 E / \
2 9 200 —
g2 ' ‘
@
IE & /li \
=} ~
3 100 = _§_ - 3
=] - = E- i
o :
0
| | | | |

% N1g:A1g (7) in mixture

Fig. 4. Performance of binary mixtures of varying ratios of O4:Aq (3) and
N10:A1q (7) for the delivery of Fluc mRNA into Jurkat cells. All values repre-
sent the average bioluminescence of three separate experiments with error
bars corresponding to the SD.

because it allows simultaneous measurement of expression levels
across an entire 96-well plate in a single image using an IVIS
system. After mixing the CART-mRNA for 20 s, these complexes
were added to Jurkat cells (50,000 per well) for treatment at a
final concentration of 20 ng mRNA per well. Bioluminescence was
assessed after 8 h and processed to quantify relative expression of
the mixtures compared with the previously reported CART
D13:A11 (2) (Flg 3)

By color-weighting the raw bioluminescence values, it is clear
that several CART mixtures significantly outperform Dj;3:Aqy
(2), the previously reported CART, for mRNA delivery into
Jurkat cells. Specifically, a 1:2 mixture of Oq1:Ag (3) to Nyg:Ajo
(7) was the lead performer in Jurkat cells, demonstrating a six-
fold enhancement in expression over Dy3:Aqq. The 2:1 Oqq:Ag
(3):Ny0:Aj9 (7) mixture of these CARTSs was also effective,
though to a somewhat lesser degree. The mixtures containing the
lipid block homooligomer (1) generally did not outperform the
analogous CART by itself, suggesting that overall increased lipid
content in CART complexes is not by itself advantageous. No-
tably, mixtures containing the benzyl (4), ethyl (5), and choles-
terol (6) CARTSs showed very little expression regardless of their
lipid CART counterpart. This was somewhat surprising since
cationic LNP formulations typically incorporate a cholesterol
component of 10-40% (46, 57, 59). However, previously reported
systems were monomeric and so result in much lower local con-
centrations of cholesterol, which, while not studied, could be
achieved with CARTS using cholesterol as an initiator (43). Sig-
nificantly, Jurkat cells treated with all lipid mixtures showed >73%
viability, with all high-performing compounds showing >85% via-
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Fig. 5.
the optimized performance of a 50:50 mixture of O41:Ag (3) and Ng:Aqo (7).
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bility (SI Appendix, Fig. S1). This can be attributed to their charge-
altering degradation to neutral products compared with other
reported persistent polycations that exhibit cytotoxicity (60).

We next examined other cells lines and found that the top-
performing mixtures of O;1:Ag (3) and Njg:Ajp (7) consistently
outperformed the other lipid combinations in all other non-
adherent lymphocyte lines tested including EL4 immortalized
T cells and A20 immortalized B cells, which showed 3- and 10-
fold increases in gene expression, respectively. This trend was
further confirmed in activated primary murine T cells (Fig. 34),
which exhibited a ninefold increase in expression relative to
the single-lipid CART Dj3:A;; 2. Interestingly, in the adherent
monocyte and epithelial cell lines tested (Fig. 3B), including
HeLa, DC2.4, and A549 cells, the lipid combinations did not
significantly affect luciferase expression, with Dy3:A;; (2) and
O41:Ay (3) performing comparably to or better than the combi-
nations, indicating the enhanced mRNA uptake by mixed nonenyl-
and oleyl-based CARTs may be unique to lymphatic cells.

Optimization of Lipid Ratio. After the high-throughput screen ex-
amining 33% and 66% lipid mixtures resulted in increased lucif-
erase expression with the O;1:Ag (3) and Njg:Ajy (7) CART
mixtures, we sought to determine the optimal treatment ratio of
CARTs 3 and 7 for mRNA delivery into Jurkat cells. For this
study, mixtures were prepared as described above but with addi-
tional ratios of 3 and 7. Specifically, Fluc mRNA was complexed
with 10:0, 9:1, 7:3, 5:5: 3:7, 1.9, or 0:10 ratios of O;1:Ag (3):Njo:Ajo
(7) (Fig. 4). Further reflecting this discovery-based approach,
the mixtures resulted in a parabolic expression trend, with the
5:5 mixture resulting in the maximum bioluminescence intensity,
more than fourfold higher than either CART 3 or 7 alone.

Synthesis and Evaluation of Hybrid-Lipid CARTs. To study whether
the enhanced uptake of the mixed CART-mRNA complexes
into lymphocytes was due to solely noncovalent CART lipid
mixes or whether covalent lipid mixtures would affect activity, we
prepared several hybrid CARTSs with lipid blocks of both nonenyl
and oleyl side chains (Fig. 5). We prepared two different diblock
CARTs of varying block order by OROP, with a third block
being the self-immolating domain, yielding Os-b-Ng:Ag (9) and
Ns-b-Og:Ajp (10) after global TFA deprotection. Additionally,
we prepared CART Oy-stat-N4:Ag (11) consisting of a first block
made up of a 1:1 statistical mixture of oleyl and nonenyl
monomers, followed by the a-amino ester cationic block to col-
lectively reflect the properties of the CART mixtures. These
hybrid-lipid CARTs were fully characterized by NMR endgroup
analysis and gel permeation chromatography (S Appendix, Fig. S2).

The hybrid-lipid CARTs 9-11 and the lead 1:1 noncovalent
mixture of monoblock CARTs 3 and 7 were then assayed for
EGFP mRNA delivery into Jurkat cells compared with 2 and

9: O5-b-Ng:Ag; A= MTCjeyi, B = MTCponenyi C = Mioc
n=5m=6,p=9

10: N5-b-Og:A1g; A= MTCponenyis B = MTCqqy), C = Mo
n=5m=6,p=10

11: Oy-stat-Ny:Ag; A= MTCgjey + MTCponenyls B = Mo, C = none
n =4 (oleyl) + 4 (nonenyl), m=0,p =8

Synthesis of CARTs containing mixtures of lipophilic blocks in either block (b) or statistical (stat) architectures. Monomer ratios were selected based on

McKinlay et al.
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Fig. 6. Performance of noncovalent (3 + 7) and hybrid-lipid CARTs (9, 10, and 11)
for the delivery of EGFP mRNA to Jurkat cells, as well as baseline performance of
Lipo and single-lipid CARTs (2, 3, and 7). All values represent the average percent
of EGFP-positive cells from three separate experiments with error bars corre-
sponding to the SD. Unpaired Student's t test: *P < 0.0005, **P < 0.0001.

commercial reagent Lipofectamine 2000 (Lipo). By flow
cytometry, EGFP mRNA alone resulted in no GFP-positive cells
and Lipo resulted in only 9% GFP-positive cells (Fig. 6). Both
the 1:1 noncovalent mixture of CARTs 3 and 7 as well as the
hybrid triblock Os-b-Ng:Ag 9 and statistical mixture 11 yielded
77-81% GFP-positive Jurkat cells, a striking sevenfold increase
over the performance of CART 2 and an ninefold increase over
that of Lipo (Fig. 6). Interestingly, CART triblock 10 had slightly
lower GFP transfection, 56%, although it still significantly out-
performed Lipo (P = 0.0004) and single-lipid CARTs. All
hybrid-lipid CART-mRNA complexes tested in Jurkat cells
resulted in cells with greater than 80% cell viability relative to un-
treated cells by a 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium
bromide (MTT) assay (SI Appendix, Fig. S3).

Understanding the Increased Performance of Lipid Mixtures. We
conducted several experiments aimed at exploring possible fac-
tors that could contribute to the increased efficacy of the nonenyl
and oleyl lipid CART mixtures and hybrid-lipid CARTs. We
hypothesized that the increased mRNA expression by these lipid
mixed CARTSs and hybrid CARTs could be due to (i) increased
efficiency in mRNA binding into polyplexes, (if) increased
mRNA uptake possibly due to differences in particle size, or (iii)
differences in endosomal escape and/or mRNA release of the
mixtures.

To evaluate the encapsulation efficiency of mRNA into lipid
CART mixtures, we used a commercial dye (Qubit-RNA; Life
Technologies) that shows significant fluorescence increase upon
binding free mRNA but would not show fluorescence to polyplex
bound mRNA due to lack of association. Using this probe sys-
tem, we determined that all CART-mRNA complexes bind 96—
99% of mRNA in the formulation (Fig. 74), which is even higher
than the top reported LNP formulations (33, 61, 62). However,
this alone likely does not contribute to the increased efficacy of
the mixed-lipid CARTs since single-lipid formulations and mix-
tures show nearly identical encapsulation efficiencies. This is
consistent with delivery efficiencies in adherent cells that show
similar performance of lipid mixtures and single CARTs (Fig. 3).

Next, we used dynamic light scattering (DLS) to determine if
the incorporation of multiple lipid domains in the formulation
led to differences in particle sizes. Notably, all formulations
showed consistent particle sizes from 177 to 238 nm with no
obvious trend between delivery efficiency and size within that
range, suggesting that particle size alone is likely not a major
contributor to the efficacy of the lipid CART mixtures or hybrid-
lipid CARTs (Fig. 7B). All particle size distributions were
monomodal with low dispersity (SI Appendix, Fig. S4).
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Finally, we used a fluorescently labeled mRNA to decouple
mRNA uptake from the resulting gene expression. This enables
the determination of whether CART mixtures show differences
in mRNA uptake which results in their higher efficacy, or if
similar amounts of mRNA are delivered compared with unmixed
CARTs, suggesting that higher gene expression is a function of
endosomal escape and/or mRNA release from CART com-
plexes. To achieve this, we treated Jurkat cells with a panel of
CARTSs and CART mixtures formulated with Cy5-labeled EGFP
mRNA. As expected, due to its limited efficacy for inducing gene
expression, the three CARTSs with single-lipid domains (dodecyl
2, oleyl 3, and nonenyl 7) showed limited levels of Cy5 mRNA
uptake, with somewhat lower percentages of CyS-positive cells
(Fig. 7C). In contrast, both the noncovalent mixture of 3 and 7
and the CARTSs containing both oleyl and nonenyl lipids (9-11)
showed a nearly twofold increase in the total mRNA delivered,
relative to single-lipid CARTs 2, 3, and 7. Taken together with
the encapsulation data (Fig. 74), this suggests that particles
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Fig. 7. Evaluating the mechanism of enhanced mRNA delivery by lipid

mixtures. (A) Percent encapsulation of free mRNA by CART complexes. En-
capsulation is normalized to free mRNA (0%) and Qubit-mRNA dye alone
(100%). (B) CART-mRNA complex particle sizes as determined by DLS. (C)
Comparison of the uptake of a fluorescently labeled Cy5-mRNA by single-
CART oligomer complexes versus lipid CART mixtures and hybrid-lipid CARTs
in Jurkat cells. Data are reported as the mean Cy5 fluorescence of all cells
measured (bars, left axis) or percentage of Cy5-positive cells (markers, right
axis). All values are expressed as the average of three separate experiments
with error bars corresponding to the SD.
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Fig. 8. In vivo transfection of lymphocytes using mixed-lipid CARTs. (A)
Structure of fluorescently labeled single-lipid CART 12 and hybrid-lipid CART
13. (B) Representative bioluminescence images following in vivo delivery of
luciferase mRNA in BALB/c mice via tail vein injection by hybrid-lipid CART
13. (C) Transfection of lymphocytes and monocytes in the spleen following
i.v. injection of CART 12-mRNA and CART 13-mRNA complexes. All values
are expressed as the average of separate experiments (CART 12: n = 5; CART
13: n = 6 mice) with error bars corresponding to the SD (*P < 0.001, **P <
0.05, ***P < 0.01, unpaired Student’s t test).

formed with the combination of these lipids are primarily more
effective at getting into lymphocytes, such as Jurkat cells, rather
than enhancing endosomal escape or mRNA release. The
mechanism for poly(carbonate)-b-(a-amino ester) CART uptake
is primarily endocytotic (34). Therefore, in addition to enhancing
cell uptake, the presence of two unsaturated lipids could also
lead to increased endosomalytic behavior and mRNA release
through hexagonal phase formation, so partial contribution from
these factors is also possible (6, 44, 63).

One explanation for the increase in efficiency of uptake for
mixed-lipid CARTSs is that the presence of two different un-
saturated lipids (in this case oleyl and nonenyl) in the same
particle significantly increases the fluidity of the particle’s lipid
domains. These domains are hypothesized to help enhance
membrane fusion of mRNA delivery vehicles and trigger endo-
cytosis (64, 65). This effect may be especially pronounced in
T cells, which are known to have low rates of endocytosis and do
not fuse with amphipathic polyplexes as well as adherent cells (66).

In Vivo mRNA Delivery Using Hybrid-Lipid CARTs. We demonstrated
the in vivo efficacy of these mixed-lipid systems for mRNA delivery
by delivering luciferase mRNA with fluorescently labeled CARTSs
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and determining both the resulting gene expression by biolumi-
nescence imaging and the transfection efficiency of spleenocytes
by flow cytometry. Previous reports in the literature, and our own
experience, suggest that the expression of fluorescent reporter
genes is difficult to observe when determining cell uptake into
specific spleenocyte subpopulations (16, 32, 33). Therefore, we
used fluorescently labeled single-lipid CART 12 and hybrid-lipid
CART 13 (Fig. 84). These CARTs are easily prepared using
a difluoroboron diketonate (BDK) alcohol (67) as the initiator
for ring-opening polymerization. CART stoichiometry results in a
nearly 1,000-fold molar excess of CART to mRNA, so the sensi-
tivity of labeling the CART is significantly higher than using a
labeled mRNA cargo as in other reports. We have confirmed that
both mRNA uptake and resulting gene expression are directly
correlated to BDK fluorescence using flow cytometry and that all
cells that are positive for BDK-CART fluorescence are also pos-
itive for gene expression (SI Appendix, Fig. S5)

Mice transfected with hybrid-lipid CART 13-mRNA showed
high levels of Fluc gene expression localized primarily in the
spleen (Fig. 8B), which is advantageous for lymphocyte trans-
fection as those cells reside at significant levels in that organ.
Hybrid-lipid CART-mRNA complexes generally showed higher
levels of luciferase expression compared with the single-lipid-
containing CART 12 (SI Appendix, Fig. S6).

After mice were imaged for luciferase expression they were
killed and their spleens analyzed for CART transfection in
T cells, B cells, macrophages, and dendritic cells. Higher per-
centages of transfected cells were observed with mice treated
with the mixed-lipid CART relative to the single-lipid system
(Fig. 8C and SI Appendix, Fig. S7). A significant increase in
T-cell transfection was observed for CD4 T cells from ~1.0%
with CART 12 to 1.6% with CART 13, respectively. A similar
trend was also observed in CD8 T cells, with hybrid-lipid CART
13 transfecting 1.5% of CDS8 T cells in the spleen. Notably,
transfection of T cells at this level has not been observed in vivo
for similar mRNA delivery systems, which show well below 1%
T-cell transfection (16, 32, 33), presumably due to the vast
number of cells in the spleen. The mixed-lipid CART 13 also
showed transfection of 11% of B cells, outperforming both
CART 12 and previously reported LNP systems which transfect
1-7% of B cells (16, 32). Higher levels of transfection were also
observed in monocyte populations of both dendritic cells and
macrophages, a desirable characteristic for mRNA-based vaccination
approaches.

Overall gene expression levels are higher in mice treated with the
mixed-lipid CART, especially in lymphocyte populations, indicating
that the optimization of lipid composition in a high-throughput in
vitro screen can be used to inform the design of mixed-lipid systems
with improved lymphocyte transfection in vivo.

Conclusions

The design and screening of a combinatorial library of 64 non-
covalent CART lipid mixtures allowed us to identify a pair of
CARTs, oleyl CART 3 and nonenyl CART 7, that are more
effective for mRNA delivery than either CART alone for the
delivery of mRNA into T and B lymphocytes. Informed by these
results, we prepared hybrid-lipid CARTSs 9 and 11 incorporating
these same oleyl and nonenyl lipid components into a single
CART and found them to exhibit similarly high transfection
efficiencies (77-81%) in Jurkat cells, sixfold higher than either
unmixed CART 3 or 7 alone and ninefold higher than the
commercial agent Lipo. Additionally, although many physical
transfection methods and cationic transporters lead to decreases
in cell viability, cells treated with the CART mixtures maintained
high viability along with the high transfection efficiency. Despite
the fact that all CART complexes tested were similar in size
(177-238 nm) and achieved a similar percent encapsulation, the
amount of Cy5-labeled mRNA that entered cells was higher for
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mixed CARTSs (e.g., 3 and 7 together) relative to their individual
CART components (3 or 7 alone). These data suggest that both
covalent and noncovalent CART mixtures containing both oleyl
and nonenyl functionalities are more effective at transfecting
lymphocytes than either single-lipid CART. In addition to
establishing a high (80%) transfection efficiency in vitro using
these mixed-lipid CARTSs, we have further shown that these
vehicles are effective for in vivo mRNA delivery of a reporter
gene, outperforming the single-lipid CART for transfection of
CD4 and CD8 T cells in the spleen (>1.5% versus <1%). As
there is a great need for improved delivery methods to lympho-
cytes for both in vivo and ex vivo applications including cancer
immunology and vaccinology, the combinatorial strategy reported
herein provides a facile method to discover more effective trans-
porter lipid combinations and hybrid-lipid transporters for a po-
tentially wide range of polyanionic cargos. This study has further
identified CART combinations and hybrid-lipid CARTSs that ex-
hibit high transfection efficiencies and minimal toxicity, providing
tools for future biomedical research and therapeutic use.

Materials and Methods

Materials. Reagents were purchased from Sigma-Aldrich and used as received
unless otherwise indicated. The 1-(3,5-bis-trifluoromethyl-phenyl)-3-cyclohexyl-
thiourea (51), lipid-functionalized monomers (43, 50), and Boc-morpholinone
monomer (55) were all prepared according to literature procedures. Regen-
erated cellulose dialysis membranes (Spectra/Por 6 Standard RC; molecular weight
cutoff 1,000) were purchased from Spectrum Laboratories, Inc. Lipofectamine
2000 was purchased from Life Technologies. MTT was purchased from Fluka.

mRNAs. EGFP mRNA (5meC, ¥, L-6101), Fluc mRNA (5meC, ¥, L-6107), and Cy5-
EGFP mRNA (5meC, ¥, L-6402) were purchased from TriLink BioTechnologies Inc.

Instrumentation. Particle size was measured by DLS on a Malvern Zetasizer
Nano Z590. Flow cytometry analysis was performed on a BD LSRII.UV FACS
Analyzer (Stanford University Shared FACS Facility). Bioluminescence was
measured using a CCD camera (IVIS 100; Xenogen Corp.) and analyzed using
Living Image Software (PerkinElmer). Fluorescence measurements were
taken on a Horiba Jobin-Yvon Spex Fluorolog-3 fluorimeter with a ther-
moelectrically controlled R928P detector (240-850 nm).

Cell Lines. Jurkat, A20, and EL4 cells were maintained in RPMI supplemented
with 10% FBS and 1% penicillin/streptomycin. Nonadherent cells were
treated with the addition of 1% poly(vinyl alcohol) (PVA) to prevent adhe-
sion. For murine primary T cells, single-cell suspensions were prepared from
spleens of 6- to 8-wk-old BALB/c mice. From these suspensions, untouched
T cells were isolated using the Pan T cell Isolation kit Il (Miltenyi Biotec
GmbH) according to the manufacturer’s protocol. HeLa, DC2.4, and A549
cells were maintained in DMEM supplemented with 10% FBS and 1% penicillin/
streptomycin. All cells were grown at 37 °Ciin a 5% CO, atmosphere. Cells were
passaged at ~80% confluence.

Preparation of CARTs. Single-lipid and hybrid-lipid CARTs were prepared as
previously described (34, 43, 55). Detailed procedures and characterization
can be found in S/ Appendix.

High-Throughput Screen of Hybrid-Lipid CART-mRNA Complexes. Nonadherent
cells were seeded at 50,000 cells per well in 100 pL of serum-free RPMI media
containing 0.1% PVA (~75 kDa) in black 96-well plates. Adherent cells (seeded
at 20,000 cells per well in DMEM) were allowed to adhere overnight while
lymphocyte lines were transfected immediately. CART mixtures (in DMSO)
were made up in a 96-well V-bottom plate by first diluting from 2 mM (with
respect to chains) single-CART stock solutions to equal concentrations with
respect to cationic monomers (final cation concentration of 94.4 nM). These
were then mixed at 2:1 and 1:2 ratios by taking 3.33 pL of one CART solution
and 6.66 pL of the second and mixing to obtain all 64 combinations. In a
separate 96-well plate, 13 pL of a 5.15 ng/pL solution of Fluc mRNA in PBS (pH
adjusted to 5.5 with HCl) was added. Complexes were formed by taking 2 pL
of each CART mixture and mixing with mRNA for 20 s, then 4.46 pL of this
solution was added to a black 96-well plate containing the cells to be trans-
fected at a final concentration of 20 ng mRNA per well in 100 pL total volume
of media containing 0.35 mg/mL b-luciferin. Cells were incubated with
treatment for 8 h at 37 °C, then the resultant luminescence was measured
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using an IVIS 100 CCD camera. Data represent the average bioluminescence
intensity of three experiments, each in triplicate, with error expressed as +SD.

EGFP and Cy-5 EGFP mRNA Delivery and Expression in Jurkat Cells by Flow
Cytometry. Jurkat cells were seeded at 25,000 cells per well in 100 pL serum-
free RPMI media containing 0.1% PVA in 96-well plates. CART mixtures and
CART-mRNA polyplexes were prepared as described above adjusted to a total
treatment dose of 100 ng EGFP or Cy5-EGFP mRNA. The Lipo control was
prepared in OptiMEM per the manufacturer’s instructions. After formulation,
22.5 pL of the CART-mRNA complexes was added to a total volume of 100 pL,
all conditions in triplicate, for a final mRNA concentration of 100 ng per well.
The cells were incubated for 8 h at 37 °C then resuspended in serum-
containing media and centrifuged, the supernatant was removed, and the
pelleted cells were redispersed in PBS (125 uL) and transferred to FACS tubes,
and read on a flow cytometry analyzer (LSR-Il.UV, Stanford University). The
data presented are the mean fluorescent signals from 10,000 cells analyzed.
For transfection efficiency, untreated cells were gated for no EGFP expression,
and the data presented are the percentage of 10,000 cells analyzed with
higher EGFP expression than untreated cells. Error is expressed as +SD.

MTT Viability Assay. Cellular viability following treatment with CART-mRNA
complexes was assayed using a standard MTT/formazan turnover assay.
Briefly, Jurkat cells were treated with CART-mRNA complexes at the con-
centrations used in the combinatorial screen (20 ng mRNA per well) or flow
cytometry experiments (100 ng mRNA per well). Cells were grown for 3 d,
after which time 2 pL of a 5 mg/mL solution of MTT (Fluka) was added. Cells
were incubated for an additional 4 h then lysed and absorbance measured at
570 nm. Viability was determined by dividing the absorbance of treated
samples by the average absorbance of untreated cells.

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 was complexed with a single CART or
CART mixtures as described above using 840 ng of EGFP mRNA and enough
CART for a net 10:1 (cation:anion) ratio. This was added to 0.75 mL of RNase-
free deionized water containing 5 pL 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 mRNA) and normalizing to the fluorescence of
Qubit with uncomplexed mRNA.

DLS. CART-mRNA complexes were prepared at a 10:1 (cation:anion) charge
ratio as above using 210 ng Fluc mRNA in PBS pH 5.5, mixed for 20 s, then
added to 390 uL RNase-free water. The solution was immediately transferred to
a disposable clear plastic cuvette and the size measured. The sizes reported are
the Z-averages of measurements run in triplicate with error expressed as +SD.

In Vivo Fluc mRNA Delivery and Flow Cytometry. BDK-CART-mRNA polyplexes
were prepared as described above using 20 pg mRNA per mouse (3 pg Fluc
mMRNA and 17 pg irrelevant mRNA) in a total volume of 150 pL. Complexes were
mixed for 20 s before i.v. injection into tail vain of female BALB/c mice. After 7 h,
150 mg/kg p-luciferin was injected i.p. and luminescence was measured using an
AMI Imaging System CCD camera and analyzed using AMI View software. For
spleenocyte transfection analysis, animals were killed and single-cell suspensions
were prepared by passing the spleens through 70-um cell strainers followed by
lysis of blood cells with ACK Lysing Buffer and washing two times with PBS.
Spleenocytes were partitioned into two staining groups and stained fluorescent
antibodies for CD8 (APC), CD4 (PE), and B220 (FITC) or F480 (APC), CD11b (FITC),
and CD11c (PE). Fluorescence of BDK-CART transfection in subpopulations was
detected was detected on LSR-ILUV (BD Biosciences) using the Pacific Blue
channel. Experimental protocols were approved by the Stanford Administrative
Panel on Laboratory Animal Care.
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