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ABSTRACT

The broad clinical application of mRNA therapeutics has been hampered by a lack of delivery vehicles that
induce protein expression in extrahepatic organs and tissues. Recently, it was shown that mRNA delivery to the
spleen or lungs is possible upon the addition of a charged lipid to a standard four-component lipid nanoparticle
formulation. This approach, while effective, further complicates an already complex drug formulation and has
the potential to slow regulatory approval and adversely impact manufacturing processes. We were thus moti-
vated to maintain a four-component nanoparticle system while achieving shifts in tropism. To that end, we
replaced the standard helper lipid in lipidoid nanoparticles, DOPE, with one of eight alternatives. These lipids
included the neutral lipids, DOPC, sphingomyelin, and ceramide; the anionic lipids, phosphatidylserine (PS),
phosphatidylglycerol, and phosphatidic acid; and the cationic lipids, DOTAP and ethyl phosphatidylcholine.
While neutral helper lipids maintained protein expression in the liver, anionic and cationic lipids shifted protein
expression to the spleen and lungs, respectively. For example, replacing DOPE with DOTAP increased positive
LNP surface charge at pH 7 by 5-fold and altered the ratio of liver to lung protein expression from 36:1 to 1:56.
Similarly, replacing DOPE with PS reduced positive charge by half and altered the ratio of liver to spleen protein
expression from 8:1 to 1:3. Effects were consistent across ionizable lipidoid chemistries. Regarding mechanism,
nanoparticles formulated with neutral and anionic helper lipids best transfected epithelial and immune cells,
respectively. Further, the lung-tropic effect of DOTAP was linked to reduced immune cell infiltration of the lungs
compared to neutral or anionic lipids. Together, these data show that intravenous non-hepatocellular mRNA
delivery is readily achievable while maintaining a four-component formulation with modified helper lipid
chemistry.

1. Introduction

Modulation of the LNP surface tends to alter nanoparticle bio-
distribution, given that the surface interacts directly with cellular re-

Lipid nanoparticles (LNPs) represent the only clinically approved
form of non-viral RNA delivery [1], and their role in stemming the
COVID-19 pandemic has underscored their relevance to modern medi-
cine. These delivery vehicles are formulated with ionizable lipids that
are typically uncharged at neutral pH and become cationic in the acidic
endosome, enabling endosomal escape and successful mRNA translation
[2,3]. Although efficacious, LNPs have been limited in application
because they primarily target cell populations in the liver [4]. While the
chemical identity of the ionizable lipid influences which organs and cell
types are transfected [5-7], general approaches to shift LNP targeting
have been limited until recently.

ceptors, serum proteins, and extracellular matrix components [8,9]. The
surface of nanoparticles can be decorated with antibodies, peptides,
proteins, and other molecules to increase interactions with receptors on
the surface of target cells [10-13]. While this “active” targeting
approach is beneficial in some cases, it rarely results in substantial shifts
in protein expression. Additionally, the complex reactions to conjugate
some of these ligands, coupled with their high cost, render them less
than ideal for widespread use [14].

An alternative strategy focuses on alteration of lipid nanoparticle
chemistry and relative ratios of the ingredients [6,15]. Such changes
impact endogenous targeting, which is the LNP biodistribution that
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results from altered serum protein interactions in response to LNP sur-
face chemistry*!. Lipid nanoparticle chemistry is defined, in most cases,
by four lipids: an ionizable lipid, a helper lipid, cholesterol, and lipid-
anchored poly(ethylene glycol) (PEG) [16]. Of these components,
cryo-transmission electron microscopy and molecular dynamic simula-
tions have identified the helper lipid as the primary component of the
LNP surface [17,18]. Therefore, to alter the surface properties of LNPs,
tuning the helper lipid is a rational choice.

For mRNA delivery, one commonly used helper lipid is 1,2-di-(9Z-
octadecenoyl)-sn-glycero-3-phosphoethanolamine (DOPE) [19,20].
Phosphatidylethanolamines tend to augment LNP-mediated mRNA
transfection because they facilitate fusion of the nanoparticle membrane
with the membrane of target cells [21-23]. LNPs generated with DOPE,
which contains one anion and one cation, is net neutral and typically
facilitates mRNA delivery to the liver [24]. Interestingly, several studies
have shown that altering nanoparticle charge has the potential to shift
RNA delivery from the liver to the spleen with negative charge or the
lungs with positive charge [25-27]. More recently, Cheng et al.
demonstrated that such a shift in LNP charge and resultant LNP tropism
was achievable through the addition of charged helper lipid to the
nanoparticle formulation [28]. This is an important finding that will
facilitate the use of mRNA as a treatment for extrahepatocellular
diseases.

We were motivated to expand upon this work for two reasons. First,
the addition of a fifth lipid component to lipid nanoparticles further
complicates what is already a complex formulation space. Such
complexity may slow regulatory approval processes and/or cause
manufacturing challenges due to GMP production of an additional lipid
and a more complex final drug product. Second, we wondered if similar
tropism-shifting effects could be achieved with a broader array of
charged helper lipids. Accordingly, we examined eight alternative
helper lipids for complete replacement of the standard DOPE lipid used
in lipidoid nanoparticle formulations.

For the replacement lipids, we selected at least one member of all
major naturally occurring classes of phospholipids as well as several
non-natural cationic helper lipids. Apart from charge, helper lipids have
a variety of biological signaling interactions, including detection of
apoptotic cells and exosomes, immunostimulation, and membrane
fusion [29-31] . Helper lipids such as phosphatidylserine, sphingo-
myelin, and ceramide have been shown to be enriched in exosomal
membranes [32,33]. Positively charged lipids, such as DOTAP, do not
have native biological interactions, as they do not occur naturally in any
known biological organism. Nonetheless, cationic lipids can aid in
membrane fusion and endosomal escape, which can facilitate shifts in
efficacy due to differences in organ susceptibility to fusion [34,35]. The
ability to control organ distribution by adjusting the helper lipid alone
could be a robust and powerful method to expand the application of lipid
nanoparticle technology.

Herein, we demonstrate that most neutral, anionic, and cationic
helper lipids deliver mRNA to the liver, spleen, and lungs, respectively.
This can be accomplished with a four-component lipid nanoparticle
formulation. Further, we show that the magnitude of charge linearly
increases this shift in specificity, suggesting that physical parameters of
LNPs and resultant LNP-cell interactions play a key role in tissue specific
mRNA delivery. These observations were not universal, however, indi-
cating that the relationship between charge and specificity is more
complex than cationic delivers to the lung and anionic delivers to the
spleen.

2. Results
2.1. Helper lipid charge and concentration affected organ specificity
The goal of this study was to determine whether the tropism of

mRNA-loaded lipid nanoparticles could be altered through helper lipid
substitution in a four-component formulation. Although the effect of the
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chemistry and concentration of helper lipids has been described for
some classes of ionizable materials, it has not been clear whether these
trends extend to other materials. Accordingly, we first probed the impact
of helper lipid chemistry on the in vivo performance of LNPs containing
the class of ionizable lipidoids generated by our lab [36,37]. As a
benchmark, we used our standard formulation, which contains 35 mol%
ionizable lipidoid, 46.5 mol% cholesterol, 16 mol% DOPE, and 2.5 mol
% C14-PEGaggp, with a lipidoid to mRNA mass ratio of 10:1. This
formulation was identified in 2018 through a design of experiment
optimization process [15] that we independently validated (data not
shown). We focused on complete replacement of DOPE with an alter-
native helper lipid to maintain a four-component formulation.

For an initial experiment, we chose to work with the ionizable lip-
idoid 3060, (Supplementary Fig. 1A), which is potent both in vitro and
in vivo [38]. We formulated it with one of three helper lipids (Fig. 1A):
DOPE (net neutral charge), PS (net negative charge), or DOTAP (positive
charge). LNPs were loaded with mRNA encoding Firefly luciferase
(mLuc) and injected intravenously into mice before resultant luciferase
expression was measured three hours later.

When working with our standard formulation of 16 mol% helper
lipid, substitution of DOPE with PS or DOTAP did not cause a statisti-
cally significant shift in luciferase expression away from the liver
(Fig. 1B). Since helper lipids effects here were minimal, we performed
concentration gradient experiments in vitro (Supplementary Fig. 2).
These experiments identified 40 mol% helper lipid as the concentration
at which helper lipid variation produced the greatest effects, in agree-
ment with previous work [28]. To accomplish this, we reduced the mol
% of cholesterol since its concentration has less of an effect on LNP ef-
ficacy and circulation time compared to the ionizable lipidoid or PEG-
lipid [39,40].

In contrast to the 16 mol% data, intravenous administration of LNPs
at 40 mol% helper lipid significantly altered the organ specificity of
mRNA expression (Fig. 1B,C). Specifically, the negatively charged PS
and positively charged DOTAP particles shifted luciferase expression
from the liver to the spleen and lungs, respectively. Altered tropism did
come at some cost, as the total luminescent signal produced by the LNPs
formulated at 40 mol% helper lipid was roughly half of those formulated
at 16 mol% (Supplementary Fig. 3A,B). Moving forward, we chose to
examine only formulations containing 40% helper lipid.

We next asked whether these results extended to LNPs formulated
with ionizable lipidoids that are not exclusively liver-tropic. For these
experiments, LNPs were formulated with DOPE, PS, or DOTAP and one
of three efficacious lipidoids: 2000j10, 20506 19, and 30601 (Supple-
mentary Fig. 1). When formulated with 40 mol% DOPE, these formu-
lations had varied tropism for the liver and spleen, with spleen: liver
ratios of 3:1, ~1:1, and 0.3:1, respectively (Fig. 1D). PS formulations
shifted specificity to the spleen, except for 2000j1¢. Because all LNPs
formulated with 2000j;¢ had reduced efficacy, it is possible that they
were poorly compatible with the PS helper lipid (Supplementary
Fig. 3C). LNPs formulated with any of the three ionizable lipidoids and
DOTAP shifted specificity to the lungs, with varying degrees of efficacy.
These data support the concept of anionic helper lipids shifting protein
expression to the spleen and cationic helper lipids transfecting primarily
the lung. However, the 2000;;¢ data suggest that both helper lipid and
the specific ionizable lipidoid contribute to alterations in tropism.

2.2. The effect of helper lipid charge was conserved for different
phospholipid chemistries

We next sought to understand whether these trends extend to alter-
native classes of helper lipids. These included the neutrally charged
ethanolamine (PE), phosphatidylcholine (DOPC), sphingomyelin (SM),
and ceramide; the negatively charged phosphatidylserine (PS), phos-
phatidic acid (PA), and phosphatidylglycerol (PG); and the positively
charged DOTAP and ethyl phosphatidylcholine (EPC). The ionizable
lipidoid 30607 was used in all formulations. As with DOPE, the net
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Fig. 1. Helper lipid charge influences the organ location of protein expression following mRNA delivery. LNPs were formulated with one of three helper lipids: DOPE
(net neutral charge), PS (net negative charge), or DOTAP (positive charge). Mice were injected intravenously with LNPs at a dose of 0.75 mg/kg of mRNA encoding
Firefly luciferase. Luciferase signal was quantified three hours post-injection using an In Vivo Imaging System (IVIS). (A) Structures of the 3 helper lipids considered
in this figure. (B) Luciferase expression occurred predominantly in the liver, regardless of helper lipid charge, for a standard LNP formulation (16 mol% helper lipid)
incorporating the ionizable lipidoid 3060,¢. The 3 columns in the images represent the 3 helper lipids, and the scale bar is on the right. (C) Luciferase expression
shifted from the liver to the spleen or lungs when LNPs were formulated with 40 mol% PS or DOTAP instead of DOPE. (D) Helper lipid charge altered the organ
location of protein expression irrespective of ionizable lipidoid identity for LNPs. Data for three ionizable lipidoids (2000410, 2050610, and 3060+) are shown here.
Data represent mean values. Error bars represent standard deviation (n = 3).
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neutral helper lipids SM and ceramide produced luminescence primarily
in the liver (Fig. 2). In comparison, all anionic and cationic helper lipids
shifted LNP specificity to the spleen and lungs, respectively. Unfortu-
nately, the helper lipids PC, SM, and PA extinguished LNP efficacy in vivo
(Supplementary Fig. 3D), so they are unlikely to be good choices when
formulating LNPs. Overall, DOTAP and PS best maintained LNP efficacy
(total signal in the organ) while shifting specificity (percentage of total
signal in the organ) to the lungs and spleen, respectively.

2.3. Changes in LNP charge and ionization correlated with in vivo
specificity results

Based on these results, we investigated how formulation of LNPs
with different helper lipids affected physical properties. We wanted to
understand if these properties were responsible for the altered in vivo
specificity and efficacy. LNP size was determined using dynamic light
scattering (DLS). All LNPs remained a similar size except DOTAP, which
increased in diameter by 50% compared to DOPE. In vivo lung specificity
correlated with LNP size (R = 0.83, p = 0.0005) and ionization at pH 7
(R%2 = 0.89, p < 0.0001) and pH 5 (R? = 0.85, p = 0.0003) (Fig. 3A-C).
The increased correlation from efficacy to specificity also suggests that
increased ionization (positive charge) causes more effects on specificity
than on efficacy. These trends transcended lipidoid chemistry and were
similar for LNPs generated with the ionizable lipids shown in Supple-
mentary Fig. 1B and C (data not shown).

The effect of helper lipid charge on LNP surface charge was measured
via zeta potential and cationic ionization of the LNPs through the TNS
fluorescence assay. The zeta potential of LNPs at 16 mol% of helper
lipids did not show any obvious trends (Supplementary Fig. 5A). Ioni-
zation was measured using the TNS fluorescence assay at pH 7 and pH 5
to mimic physiological and endosomal conditions, respectively. The TNS
molecule is known to integrate into lipid membranes and become more
fluorescent when exposed to more positive charge [41]. At 16 mol%
helper lipid, replacement of DOPE with anionic helper lipids caused no
significant changes in ionization, but there was an increase in ionization
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Fig. 2. The effect of helper lipid charge on the location of protein expression
holds is conserved across helper lipid chemistries. LNPs were formulated with
the ionizable lipidoid 3060,¢ and 40 mol% helper lipid and IV injected into
mice (0.75 mg/kg mRNA). Luciferase signal was measured three hours later. In
addition to DOPE, neutral lipids 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), sphingomyelin (SM), and ceramide (Cer) induced protein expression
primarily in the liver. Anionic lipids, including PS, phosphatidylglycerol (PG)
and phosphatidic acid (PA) shifted expression to the spleen, and the cationic
lipids DOTAP and ethyl phosphatidylcholine (EPC) shifted expression to the
lungs. Luminescence values as a percentage of total luminescence of all organs
(liver, lungs, spleen, kidneys, intestines, pancreas, and heart) are plotted above.
Mean values shown. Error bars represent standard deviation (n = 3).
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with cationic helper lipids (Supplementary Fig. 5C, E). At 40 mol%
helper lipid, the cationic helper lipids DOTAP and EPC both exhibited
higher ionization via TNS assay at both pH 7 and pH 5 (Supplementary
Fig. 5D, F). This suggests that higher concentrations of helper lipid have
more pronounced changes in overall nanoparticle charge. Specificity in
the spleen in vivo correlated moderately and negatively with zeta po-
tential (R? = 0.47, p = 0.04) and RNA entrapment ®R? = 0.45, p =
0.048), suggesting that negative charge leads to preferential effects in
the spleen (Fig. 5D, E). We confirmed that these correlation values were
similar for LNPs formulated with the ionizable lipidoids in Supplemen-
tary Fig. 1B and C (data not shown).

We also noted that negatively charged PS and PA reduced RNA
entrapment, which can be visualized in Fig. 3E by noting the formula-
tions with highest spleen efficacy (PS and PA) had the lowest entrap-
ment. This could be due to poor interactions between the negatively
charged RNA and the negatively charged helper lipids. The negative
correlation with RNA entrapment could also suggest that anionic helper
lipids lead to externalization of mRNA onto the surface of LNPs, causing
a negative surface charge. All in vivo specificity correlations with LNP
physical properties are summarized in Fig. 3F.

2.4. Helper lipid choice caused differential efficacy in adherent and
immune cell lines

Next, we asked if helper lipids shifted in vivo organ efficacy because
they have inherent cellular specificity. For these experiments, LNPs were
formulated with DOPE or one of the eight alternative helper lipids and
delivered to cells in culture. We used cell lines representative of the
major populations of the liver, lung, and spleen. Liver was represented
by hepatocyte (HepG2), macrophage (RAW 264.7), fibroblast (NIH/3
T3), and endothelial (HULEC-5a) cell lines. Major lung cell types were
represented by lung epithelial cells (A549), endothelial cells (HULEC-
5a), fibroblasts (NIH/3 T3), and macrophages (RAW 264.7). Finally, the
spleen was represented by B cells (RajiB), T cells (Jurkat), and macro-
phages (RAW 264.7). HeLa cells were included as they are commonly
used for in vitro investigations of nanoparticle efficacy [36].

Results revealed that the use of different helper lipids' effect on
transfection efficacy was due to both cellular specificity and helper lipid
concentration. At 40 mol% helper lipid, DOPE produced the highest
efficacy in HeLa, HepG2 hepatocytes, NIH3T3 fibroblasts, A549 lung
epithelial cells and HULEC-5a endothelial cells (Fig. 4A-E). These cells
are most abundant in the liver and lungs. Inmune cells had significantly
lower transfection levels compared to other cell types investigated
(Fig. 4F-H). In RAW macrophages, ceramide performed similarly to
DOPE, while PG was the most potent helper lipid (Fig. 4F). In Jurkat T
cells, DOPE, SM, ceramide, and PS all performed similarly (Fig. 4G). In
Raji B cells, PG then PS were the most effective helper lipids while DOPE
was only mildly effective, representing the only cell type in which DOPE
was not a top performer (Fig. 4H). This illustrates that the optimal helper
lipid in an LNP formulation can vary with cell type. Of note, similar
trends of helper lipid effect on cell line transfection efficacy were not
observed for LNPs formulated with only 16 mol% helper lipid (Supple-
mentary Fig. 6). This further illustrates that higher concentrations of
helper lipid are required to affect nanoparticle tropism.

2.5. Helper lipids altered acute inflammatory responses in vivo

Given that we identified the organs to which alternative helper lipids
shifted expression, we next asked how helper lipids affected cells within
these targeted organs. The helper lipids PS and DOTAP both are known
to elicit cellular responses, with PS being an apoptotic signal to immune
cells and DOTAP causing toxicity [4,42]. To characterize the cellular
response to intravenous administration of these different LNP formula-
tions, we performed flow cytometric analysis on the liver, lungs, and
spleen following LNP administration. LNPs formulated with the lipidoid
30601 and either DOPE, PS, or DOTAP were delivered to C57BL/6 mice
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at an mFLuc dose of 0.75 mg/kg.

Choice of helper lipid did not affect the relative ratios of resident
liver cell types (Fig. 5A-D). LNPs also did not change these ratios
compared to control, except for Kupffer cells (F4/80+). LNP treatment
resulted in 3-10x fewer Kupffer cells in the liver compared to control
animals (Fig. 5E), indicating an acute response from these liver-resident
immune cells.

In the lung, the presence of various myeloid and immune cell pop-
ulations changed in response to lipid nanoparticles and the choice of
helper lipid (Fig. 5F — J). Specifically, treatment with LNPs containing
DOPE and PS caused an infiltration of several types of immune cells,
including T-cells (CD3+) and F4/80 + CD11b + macrophages. There
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were no changes in epithelial or endothelial cell populations in the lung,
with each representing ~30% of the total population (data not shown).

In general, splenic immune cell (CD45+) population were consistent
regardless of LNP formulation (Fig. 5K-O). For example, B-cell and T-cell
populations remained at 35-40% across treatment groups. Only PS
altered relative myeloid cell populations, likely driven by a corre-
sponding increase in CD11b + cells. When considering all the organs,
LNP administration caused a host response that resulted in changes in
CD11b" and F4/80" myeloid cell populations.



S.T. LoPresti et al.

Journal of Controlled Release 345 (2022) 819-831

40 mol% Helper Lipid

>

HelLa
5x106~

rxAx

4x10€

3x10° -

(RL.U)
~
X
3

1x10¢ =

Luminescence Intensity

DOPEDOPC SM Cer PS PG PA DOTAPEPC

@)

NIH3T3 Fibroblast
1%x10€ =

ArAn

8x105

)

S 6x105

(RL.U
X

=]

e

2x105

Luminescence Intensity

DOPEDOPC SM Cer PS PG PA DOTAP EPC

m

Hulec-5a Endothelial
8x105

6x105 =

4x105 4

(RL.U)

2x105

Luminescence Intensity

0

Ll T I U T
DOPEDOPC SM Cer PS

L
PG PA DOTAP EPC

0

Jurkat T Cell
2 1.6%106
S
E_ 1x10¢+
g3
-l
)
& 5x104-
=
E
=
-l
[
DOPEDOPC SM Cer PS PG PA DOTAPEPC

B

Luminescence Intensity

-n

T

Luminescence Intensity Luminescence Intensity O

Luminescence Intensity

HepG2 Hepatocyte
2.5x10%+

xxxx

2x10¢

1x10€+

65x105=

0

DOPEDOPC SM Cer PS PG PA DOTAPEPC

A549 Lung Epithelial

2.5%10%+
106
1.5x10¢
1x10¢

65x10 5=

0

DOPEDOPC SM Cer PS PG PA DOTAPEPC

RAW Macrophage

1.6%10 5=

aenn

1%103=

(RL.U)

5x102

0

DOPEDOPC SM Cer PS PG PA DOTAPEPC

Raji B Cell
1.6x104+

aran

1x104+

(R.L.U)

5x10%=

1 1 1
DOPEDOPC SM Cer PS PG PA DOTAPEPC

Fig. 4. Adherent and immune cell lines were best transfected by neutral and anionic helper lipids, respectively. Lipid nanoparticles formulated with 40 mol% helper
lipid and mLuc were incubated with eight cell lines for 24 h at 100 ng/well prior to measurement of luciferase signal. Cell lines included HeLa (human cervical),
HepG2 (human hepatocytes), NIH 3 T3 (mouse fibroblasts), A549 (human lung epithelial), Hulec-5a (human lung endothelial), RAW 264.7 (mouse macrophage),
Jurkat (human T) and Raji B (human B). Data shown represent mean values. Error bars indicate standard deviation, 2-way ANOVA Tukey Test where *, **, *** and

**%% represent p < 0.05, p < 0.01, p < 0.001 and p < 0.001 respectively.

2.6. LNP formulations did not cause acute organ damage

Finally, we investigated the effects of LNP administration upon the
pathology of the organs they target. Following LNP administration, the
liver, lungs, and spleen of mice were fixed in formalin and embedded for
frozen sectioning. Sections of mouse organs were stained with hema-
toxylin and eosin for histologic analysis (Fig. 6). Upon evaluation under
brightfield microscopy, there were no obvious signs of gross patholog-
ical changes suggestive of tissue damage in the liver, lungs, or spleen.
Investigation of all the other helper lipids tested via histology similarly
did not reveal any gross changes in tissue morphology (Supplementary
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Fig. 7). There was higher cellularity in the lungs in mice administered
with PS LNPs and slightly with DOPE LNPs, suggesting an acute in-
flammatory response similar to our results from flow cytometry. How-
ever, further investigation of tissue damage at acute as well as several
chronic timepoints would be necessary to determine the safety of these
new formulations.

2.7. Comparison with SORT method

To address the anticipated comparison with the SORT method
described by Cheng and colleagues for shifting organ specificity, we
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Fig. 5. Organ specificity was linked to immune cell infiltration patterns. LNPs were formulated with the lipidoid 3060 and 40 mol% DOPE, PS, or DOTAP. Three
hours after LNP injection via tail vein at an mLuc dose of 0.75 mg/kg, cell populations in the liver, lungs, and spleen were analyzed via flow cytometry. Cell types are
identified on the y-axes. Total immune cells were identified as CD45+, T cells as CD3+, B-cells as CD19+ with F4/80+ and CD11b + labeled as such as further
markers are needed for distinct cell definition. (A-E) LNP formulations did not alter the proportion of most cell types in the liver. (F-J) LNPs formulated with DOPE or
PS increased the proportion of immune cells, and, specifically, myeloid cells in the lungs. DOTAP LNPs did not have an effect. (K—O) LNPs formulated with PS

increased the proportion of myeloid cells in the spleen. Mean values are shown with error bars indicating s.d. (n = 3), 2-way ANOVA Tukey Test with * an

representing p < 0.05 and p < 0.01, respectively.

performed a head-to-head study of our four-component method versus
SORT method [28]. Here, we used the lipidoid, helper lipids and helper
lipid concentration optimized for our four-component method for con-
sistency. Characterization data between the two methods were similar.
Regarding LNP size, SORT LNPs were somewhat larger than four-
component LNPs (Supplementary Fig. 9A). Both four-component and
SORT LNPs identically altered surface charge as assessed by zeta po-
tential (Supplementary Fig. 9B). Incorporation of DOTAP into four-
component and SORT methods resulted in nearly identical shifts in
ionization as assessed by TNS at pH 7 and pH 5 (Supplementary Fig. 9C,
D). DOPS resulted in reduced ionization at pH 5 in both four-component
and SORT methods, while four-component resulted in higher ionization
within each helper lipid group at pH 5 (Supplementary Fig. 9D).

Differences in efficacy between our four-component system and
SORT were determined in vivo by injecting LNPs intravenously at 0.25
mg/kg mLuciferase for 3 h, followed by IVIS imaging. Four-component
and SORT LNPs behaved comparable with DOPE and DOTAP formula-
tions (Supplementary Fig. 9E-G). The effect of adding DOPS, however,
differed between methods. Here, DOPS four-component and SORT for-
mulations provided a ~ 2.5x increase and ~ 4x decrease in efficacy,
respectively, compared to DOPE formulations. These overall efficacy
differences were driven by efficacy increases in the spleen for four-
component DOPS LNPs and decreases in liver expression for SORT
LNPs. Despite differences in efficacy, the four-component system and
SORT resulted in similar shifts in organ specificity (Supplementary
Fig. 9I-L). The only difference was a reduced shift to the spleen for DOPS
for SORT compared to four-component systems. We discuss the limita-
tions of these comparisons below.

825

3. Discussion

Here, we present alternative four-component mRNA lipid nano-
particle formulations that alter protein expression patterns in mice
following IV administration. Although LNPs are highly efficacious de-
livery vehicles, their delivery capabilities are typically localized to the
liver with minimal spleen or lung efficacy [4]. This is due to the control
of the mononuclear phagocytic system (MPS), which involves phago-
cytes such as macrophages in the liver and spleen rapidly taking up
nanoparticles to clear them from the body [43]. Some lipid nano-
particles can also preferentially enter liver hepatocytes and macro-
phages due to LNP binding to the protein ApoE in the blood [11].

The targeting of specific organs is one of the biggest hurdles facing
delivery of mRNA therapeutics [36]. Although there has been some
success targeting extrahepatic organs using alternative administration
routes (e.g., intraperitoneal, oral, intramyocardial), these are not ideal
for clinical translation [44-46]. In this study, we show that the organ
specificity of LNP formulations can be altered by tuning the chemistry
and concentration of the helper lipid. This effect, which shifted delivery
from the liver to the spleen or lungs, was achieved via complete
replacement of the helper lipid with anionic or cationic lipids to induce
negative or positive charge in the lipid nanoparticle.

Several previous reports have shown that imbuing a positive or
negative charge shifts lipid nanoparticle tropism to the lungs or spleens,
respectively. For example, Kranz et al. showed LNP surface charge can
be altered by varying the ratio of cationic lipid to the anionic mRNA
cargo [26]. However, this approach is problematic with lipidoid nano-
particles, as low mRNA or low lipidoid concentrations significantly re-
duces the efficacy of these particles. Another paper by Chen et al.
demonstrated that alteration of lipid nanoparticle charge by swapping
DC-cholesterol (cationic) for cholesterol or using phosphatidylglycerol
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Fig. 6. Helper lipid identity affected inflammatory state and cell-specific location of protein expression within organs. LNPs were formulated with the lipidoid
306010 and at a helper lipid concentration of 40 mol%. (A) Three hours following intravenous LNP administration in mice, organs were harvested and prepared for
hematoxylin & eosin staining. Hypercellularity was observed in the lungs of mice treated with DOTAP LNPs, suggesting the host response to DOTAP LNPs may
contribute to the shift in efficacy to the lungs. (B) Tissues sections were also stained with antibodies against Firefly luciferase (green), phalloidin (red) and Hoescht
(blue). Staining suggested that DOPE LNPs transfected the entirety of the liver emanating from liver sinusoidal endothelial cells. Transfection in the lungs appeared
localized to the blood vessels. Splenic tissue sections suggested that transfection was throughout the spleen in DOPE and DOTAP LNP-treated mice, while PS LNP
treated mice had more transfection in the white pulp marginal zones which contain adaptive immune cells such as B cells. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

(PG) as the helper lipid altered the protein corona that coated the LNPs
[27]. Other reports have shown that cationic liposomes cause efficacy in
the lung and can even shift the efficacy of adenoviral vectors to the lungs
[47,48]. Our approach differs from a recently reported method that
incorporates an additional lipid, termed a SORT lipid, to achieve similar
effects [28]. Although SORT LNPs are quite effective, the additional
lipid in the formulation has the potential to complicate regulatory and
manufacturing processes. We were thus motivated to extend those re-
sults to “simpler”, four component nanoparticles. Together, four- and
five-component extrahepatic lipid nanoparticle formulations offer a
breadth of formulation space to meet the needs of specific products in
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terms of specificity, potency, immunogenicity, stability, and more.

The ability of anionic and cationic lipids to shift LNP specificity while
maintaining efficacy appears linked to the chemistry of helper lipid
functional groups. Phosphatidylserine's higher efficacy than the other
anionic lipids may be related to pKa properties, with PS's carboxylic acid
functional group yielding a pKa value of roughly 5.5, whereas the
phosphate groups in PG and PA acid have pKa values around 3 [49].
Therefore, PS is more likely to have a protonated carboxylic acid residue
and a net neutral charge in the acidic environments of the endosome,
which may aid endosomal escape. Similarly, the cationic lipids DOTAP
and EPC differentially impacted efficacy despite their common net
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positive charge. The head group of both DOTAP and EPC contain a
quaternary nitrogen, so their pKa values should be similar. However, the
ethyl modification in EPC prevents this lipid from making hydrogen
bonds, which could affect its membrane properties [50].

The reduction of cholesterol concentration from 46.5 mol% to 22.5
mol% when increasing helper lipid concentrations from 16 to 40 mol%
also contributes to shifted organ specificity away from the liver.
Cholesterol is a critical LNP component because it aids nanoparticle
stability, RNA encapsulation, and cell uptake via interaction with lipid
rafts in cellular membranes [39,40,51,52]. Further, native cholesterol
lipoparticles undergo receptor-mediated uptake by hepatocytes in the
liver through LDL receptor and scavenger receptors [53,54]. All 40 mol
% helper lipid formulations reduced liver specificity, with their only
commonality being a roughly 2-fold reduction in cholesterol concen-
tration compared to the standard lipidoid formulation (16 mol% helper).
This suggests that cholesterol within an LNP formulation augments liver
specificity. This concept is supported by studies that examined the in-
clusion of cholesterol analogues in LNP formulations [55,56], one of
which reported efficacy shifts from hepatocytes to other liver cells.
Substitution of cholesterol for analogues could reduce LNP interactions
with LDL, after which scavenger receptors on immune cells could aid in
shifting LNP specificity away from the liver.

Apart from imbuing surface charge to lipid nanoparticles, helper
lipids have physiological roles that may determine their fate upon
intravenous administration. The ethanolamine, DOPE, is the most
common choice for a helper lipid in lipidoid nanoparticle formulations
[57]. The success of this helper lipid is attributed to its support of a non-
bilayer hexagonal II (Hy) phase, which forms during membrane fusion
and disruption [58]. This has led to DOPE being described as a fusogenic
lipid as it helps nanoparticles fuse with the endosomal membrane,
leading to more efficient endosomal escape [59]. Phosphatidylcholines
such as DOPC are the most common lipids in mammalian lipid mem-
branes [60]. This lipid class provides membrane stability by favoring the
lipid bilayer formation [61]. Unfortunately, the stability that DOPC
lipids provide to lipid nanoparticles may also cause reduced endosomal
escape based upon on the observed reduction in efficacy of these LNPs.

Several lipid classes investigated in this study are enriched in exo-
somal membranes. PS, SM, ceramide, and PA, in particular, are found in
elevated levels in exosomes while PE, PC, and PG are reduced in level
[62]. Phosphatidylserine is involved in recognition of apoptotic cells -
normally maintained on the inner leaflet of cells through trans-
membrane lipid transporter proteins called flippases, they present
externally only upon cell death [63]. Upon intravenous administration,
the marginal zone macrophages of the spleen could facilitate uptake of
PS LNPs via the PS-specific receptor Tim4, leading to shifts in efficacy
[64]. Our flow cytometry results showed increased levels of CD11b +
myeloid cells in the lungs and spleen and CD3+ T cells in the lungs,
suggesting PS LNPs are immunostimulatory in this setting.

Sphingomyelin and ceramide have a special relationship in their role
during exosome budding. Sphingomyelin, like phosphatidylcholine, is
maintained on the outer membrane of cells and acts as a stabilizing lipid
[65]. Sphingomyelin also plays a role in the stabilization of cholesterol
in lipid rafts due to strong interactions between the two which could
lead to reduced transfection efficacy. The cleavage of sphingomyelin
into ceramide is involved in the budding off of exosomes, as inhibition of
sphingomyelinases prevented exosome formation [32]. Therefore, cer-
amide is naturally enriched in exosomes and could be used as a signaling
molecule for cell-to-cell communication.

Phosphatidylglycerol has unique signaling properties of its own
which may contribute to its distinct efficacy profile. Interestingly, PG
has been shown to activate RNA synthesis, which could be beneficial for
applications of mRNA delivery [66]. Phosphatidylglycerol was also
found to inhibit TLR2 and TLR4 activation in the context of damage-
associated molecular pattern signaling [67]. This could also reduce
immune cell uptake of PG LNPs, which may be responsible for the
reduced shift to the spleen observed in this study.
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The cationic helper lipids, DOTAP and EPC, showed specificity shifts
to the lungs. Apart from the role of protein corona, which was discussed
above, there are several other potential mechanisms that could be
responsible for lung specificity. It has been previously shown that
cationic DOTAP liposomes interact with heparan sulfate proteoglycans
in the glycocalyx around the alveolar endothelial cells due to electro-
static interactions enabling lung specific delivery [47,48,68,69]. It is
possible that the cationic helper lipids cause similar association with the
negatively charged proteoglycans [70]. The increased lung efficacy
could also be due to lung cells being more susceptible to the membrane
destabilization caused by cationic lipids. If the lungs are more suscep-
tible to these cationic lipids, there may also be more damage being
caused by these formulations [71]. Further studies investigating the
acute and chronic inflammatory responses to both these cationic and
other LNP formulations to understand the immune response which could
affect the viability of their clinical translation.

The unique specificity shifts of LNPs formulated with different lip-
idoids suggests that lipidoids have differentially interact with charged
helper lipids. This could be due to the natural charge of each lipidoid
and/or their unique chemistries causing different ionic interactions with
helper lipid functional groups. The removal of cholesterol could also
have caused specificity shifts as cholesterol facilitates liver uptake
through cholesterol receptors. A larger screen of lipidoids is still
necessary to observe the strength of this effect.

Charge seemed to be the most predictive indicator of fate in vivo for
the LNP formulations investigated in this paper. The charge of LNPs was
investigated using both zeta potential measurements and the TNS fluo-
rescence assay for ionization. Zeta potential surface charge relies on
applying an electric field to nanoparticle suspensions and measuring the
trafficking of particles to one electrode or the other. This electric field to
lipid nanoparticles causes other complications as there are several
ionizable groups including the lipidoid and sometimes the helper lipid,
which may cause drifts in charge or rearrangement of the LNP structure.
This unreliability may be responsible for the lack of substantial shifts in
zeta potential when formulating LNPs with cationic or anionic helper
lipids.

The fluorescent molecule 6-(p-Toluidino)-2-naphthalenesulfonic
acid (TNS) is a negatively charged molecule that increases in fluores-
cence when it interacts with positively charged lipids [72]. As this
technique does not apply the external force of an electric field like zeta
potential, it may alter LNPs less and give a better representation of their
natural state. Further investigation with a larger sample of LNP formu-
lations is necessary to understand if this correlation holds and would be
useful for screening LNPs.

Flow cytometric analysis in both lungs and spleen indicated there
was inflammatory activation of monocytes and macrophages [73]. It is
unclear if this phenomenon, observed most in PS formulations, is due to
recruitment of CD11b + monocytes, neutrophils, or eosinophils into the
lungs and spleen, or if it is due to activation of tissue-resident macro-
phage populations [74]. As discussed previously, phosphatidylserine is
recognized by and activates immune cell populations so these formu-
lations could be leading to recruitment via activation of blood- and
tissue-derived immune populations. As there was a similar increase in
lung and spleen immune cell populations with PS LNP administration, it
is unclear why there was not a similar functional signal in the lungs as
assessed by IVIS imaging.

Flow cytometry on liver samples revealed that LNP treatment led to a
significant reduction in F4/80" Kupffer/macrophages. Lipidoid nano-
particles are chiefly made of lipids and cholesterol, both of which are
taken up and metabolized by the liver [75]. Analysis of high fat- or
cholesterol diets induce an anti-inflammatory response in liver macro-
phages, as opposed to in bone-marrow derived macrophages [34]. This
anti-inflammatory activation appears to be mediated by liver X re-
ceptors (LXRs) which regulate lipid homeostasis in the liver [76].
Further investigation is necessary to confirm this relationship; however,
it makes sense that this pathway is involved in the liver response to
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nanoparticles chiefly composed of lipids.

Interestingly, DOTAP did not elicit many of the inflammatory
changes that DOPE and PS LNPs did. One potential reason is that
DOTAP, being an artificial lipid, does not have any natural receptor
recognition [77]. Liposomes containing DOTAP and other cationic lipids
have been shown to elicit pro-inflammatory responses, but these lipo-
somes are much larger than lipid nanoparticles (1 pm liposomes vs 100
nm lipid nanoparticles) [78]. The lack of detection of a cellular response
to DOTAP LNP formulations suggest that the shifts in organ functional
efficacy may be due only to physical interactions such as alterations in
protein corona or interaction with the negatively charged lung glyco-
calyx. Further analysis of the immune response is necessary as the
cellular analysis was limited and cytokine expression was not measured.

Given the similarity of our approach to SORT, we performed a direct
comparison between the two methods. Our approach replaces a stan-
dard helper lipid such as DOPE completely and reduces the amount of
cholesterol to increase the molarity of the helper lipid. The SORT
method, in contrast, adds a charged helper lipid in addition to DOPE.
Both methods produced nanoparticles that similarly shifted organ
specificity to the spleen or lungs. While our method produced higher
efficacy compared to SORT in this comparison, direct comparisons of the
two methods are difficult to perform. Each method will have unique
optimizations based on the helper lipid(s) and lipidoids used. Further-
more, the inclusion of a standard helper lipid in the SORT method will
affect the overall charge of the lipid nanoparticle. For instance, inclusion
of phosphatidic acid (PA) in our method produced poor results but was
one of the more successful anionic lipids tested in the SORT method.
Regardless of the method used to achieve organ specificity shifts,
formulation optimization will be necessary to achieve application-
specific tropism and efficacy.

4. Conclusion

This paper demonstrates that the complete replacement of a con-
ventional helper lipid with an alternative anionic or cationic lipid causes
a pronounced and consistent shift of lipid nanoparticle specificity in vivo
to the spleen or lungs, respectively. These formulations contained only
four lipid components, reducing their complexity compared to alterna-
tive, five component formulations with similar organ-shifting proper-
ties. The specificity shift effect was consistent across phospholipid
classes and lipidoids, the mechanism of which may be tied to acute
immune cell trafficking patterns that occur without overt signs of tissue
damage. In summary, the four-component lipid nanoparticle formula-
tions reported here for extrahepatocellular mRNA delivery enhance the
formulation toolbox for distinct, organ- and disease-specific applications
with specific product requirements.

5. Materials & methods
5.1. Materials

CleanCap® Firefly Luciferase mRNA (L-7602) was purchased from
TriLink Biotechnologies. 1,2-dioleoyl-sn-glycero-3-phosphoethanol-
amine (DOPE) (850725P), 1,2-dioleoyl-sn-glycero-3-phosphocholine
(DOPC), L-a-phosphatidylserine (Brain, Porcine) (sodium salt)
(840032P), 1,2-dioleoyl-sn-glycero-3-phosphate (sodium salt) (PA)
(840875P), 1,2-dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (so-
dium salt) (PG) (840475P), Sphingomyelin (Brain, Porcine) (860062P),
N-oleoyl-D-erythro-sphingosine (Ceramide) (860519P), 1,2-dioleoyl-3-
trimethylammonium-propane (chloride salt) (DOTAP) (890890P) and
1,2-dimyristoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-2000] (ammonium salt) (C;4-PEG2000) (880150P)
were obtained from Avanti Polar Lipids. Cholesterol (C8667), sodium
citrate monobasic (71497) and Sodium 2-(p-toluidino)-6-naph-
thalenesulfonic acid (T9792) were purchased from Sigma Aldrich.
Quant-iT™ RiboGreen™ RNA Assay Kit (R11490) was sourced from
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ThermoFisher Scientific.
5.2. Lipid nanoparticle formulation

Lipidoids, helper lipids, cholesterol, and C;4-PEG2oo were dissolved
in reagent grade ethanol at 1-10 mg/mL. Firefly luciferase mRNA was
dissolved in 10 mM sodium citrate monobasic. Lipid solutions were
mixed at a 35:16:46.5:2.5 or 35:40:22.5:2.5 lipidoid to helper lipid to
cholesterol to PEG molar ratio. Citrate buffer was added to the lipid
solutions at 1: 10 volume ratio. The resultant lipid solution was then
added to an equal volume of RNA solution at a 10:1 lipidoid:mRNA mass
ratio, followed by thorough mixing by vortex. Finally, an equal volume
of phosphate-buffered saline (PBS) was added to the ethanol-citrate
mixture, and this was mixed thoroughly with vortexing. Lipid nano-
particles for in vitro and in vivo studies were formulated at final mRNA
concentrations of 5 pg/mL and 90 pg/mlL, respectively. Lipid nano-
particles for in vivo studies were dialyzed against 2 L of PBS in 3 kDa
molecular weight cut off dialysis cassettes for 1 h prior to use.

5.3. Lipid nanoparticle characterization

Lipid nanoparticles were characterized for size and surface zeta po-
tential using a Malvern ZetaSizer Nano (Malvern Instruments). Prior to
analysis by ZetaSizer, the LNPs were diluted ten-fold in PBS to a con-
centration of 0.5 pg/mL mRNA. Three technical replicates were con-
ducted on each sample for both size and surface zeta potential. To
measure RNA entrapment, intact and lysed nanoparticles were
measured for RNA content using a Quant-iT™ RiboGreen™ RNA Assay
Kit according to manufacturer instructions. Briefly, LNPs were diluted in
equal volumes of Tris-EDTA buffer or 2% Triton X-100 in Tris-EDTA
buffer. Then, an equal volume of RiboGreen™ reagent was added to
each sample and incubated at 37 °C for 15 min. The fluorescence (ex/em
480/520 nm) was read on a Tecan Spark® Multimode Microplate
Reader. To measure Sodium 2-(p-toluidino)-6-naphthalenesulfonic acid
(TNS) ionization a surrogate measure of LNP surface charge, 5 pL
nanoparticles were diluted in 250 pL TNS assay buffer (20 mM sodium
phosphate tribasic, 25 mM ammonium citrate dibasic, 20 mM ammo-
nium acetate, 150 mM sodium chloride) at pH 7.4 or pH 5%%, Then, 5 pL
of a 0.16 mM stock solution of 2-(p-toluidinyl)naphthalene-6-sulphonic
acid (TNS, Sigma Aldrich) in DI water was added to each well. The TNS
fluorescence was read on a Tecan Spark® (ex/em 320/430 nm). Metrics
of LNP physical properties were plotted against the specificity (per-
centage of total in vivo efficacy) in liver, lung or spleen (Fig. 3). Pearson
correlation constants were calculated for correlation between physical
LNP properties and LNP efficacy and specificity in the liver, spleen and
lungs in vivo.

5.4. Cell culture

Hela, HepG2, NIH3T3, RAW264.7, A549, Jurkat, Raji B, and
HULEC-5a cells were obtained from ATCC. HeLa, HepG2, NIH3T3, and
RAW264.7 cells were cultured in DMEM, A549 were cultured in F12
and, Jurkat and Raji B cells were cultured in RPMI as the basal media. All
media were supplemented with FBS (10% v/v) and Penicillin/Strepto-
mycin (1% v/v). HULEC-5a cells were cultured in MCDB131 supple-
mented with FBS (10% v/v), Penicillin/Streptomycin (1% v/v), EGF (10
ng/mL), hydrocortisone (1 pg/mL) and glutamine (10 mM). All cells
were maintained at 37 °C and 5% CO» in a humidified incubator. For in
vitro transfection assays, RAW, HepG2, A549, Jurkat and Raji B were
seeded at 100,000 cells per well, NIH-3 T3 at 50,000 cells/well, HULEC-
5a at 25,000 cells per well, and HeLa cells at 15,000 cells per well. Cells
were allowed to adhere or settle for 24 h prior to LNP administration.
Twenty microliters of LNPs per well at an original concentration of 5 pg/
mL Firefly luciferase mRNA (as described above) were added into cell
culture media then allowed to incubate for 24 h. Transfection efficiency
was measured using Bright-Glo™ Luciferase Assay System (Promega).
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Briefly, BrightGlo reagent was diluted 1:4 in PBS then 50 pL was added
to each well. After a 7 min incubation in the dark, luminescence in-
tensity was read on a Tecan Spark plate reader.

5.5. In vivo intravenous LNP administration

Female C57BL/6NCrl (Charles River) mice of at least 6 weeks of age
were used for all in vivo experiments. Animal experiments were
approved by the Carnegie Mellon University IACUC prior to work and
conformed to all federal, state, and local regulations. Mice received tail
vein injections of Firefly luciferase mRNA-containing LNPs at an mRNA
dose of 0.75 mg/kg. Three hours later, mice were injected intraperito-
neally with 130 pL of 30 mg/mL D-luciferin. Fifteen minutes following
luciferin administration, mice were euthanized via CO, asphyxiation
and secondary cervical dislocation. Organs were removed, excess blood
was blotted off, and organs were placed on black construction paper.
Luminescent signal was measured using an In Vivo Imaging System
(Perkin Elmer), and luminescent images were juxtaposed with bright-
field images. Total luminescent flux (p/s) was calculated for each organ
using Living Image® software. Organs used for histology were imme-
diately placed in 10% neutral buffered formalin and stored at 4 °C for 4
days before washing in PBS and storing in 70% ethanol at 4 °C. Organs
used for flow cytometric analysis were placed into cold DMEM during
transport to the cell culture room for processing.

5.6. Histologic analysis

Following fixation, organs were dissected and placed in optimal
cutting temperature (OCT) in histology molds and frozen at —80 °C.
Frozen tissue sections were sliced at 10 pm and mounted on glass slides
and stored at —80 °C until used for staining. Slides were stained for
hematoxylin & eosin to evaluate gross morphological changes. Slides
were thawed and then rehydrated in PBS. Sections were then stained in
Harris hematoxylin for 8 min, washed twice in deionized water, differ-
entiated in 5% glacial acetic acid for 1 min, then washed again twice in
deionized water. Hematoxylin was blued using Scott's tap water for 15 s
then washed again twice in deionized water. Sections were stained with
Alcoholic Eosin Y for 2 min. Following eosin staining, slides were rapidly
dehydrated in 95% and 100% ethanol then cleared with xylenes. Slides
were mounted using a toluene-based mounting media (Shandon Clear-
Vue) and allowed to dry overnight. Sections were imaged on an Invi-
trogen EVOS™ FL Auto 2 Imaging System using a 10x objective.

5.7. Flow cytometric analysis

Livers, lungs, and spleens from three mice injected with 40 mol%
DOPE, PS or DOTAP LNPs were analyzed for cell populations and
transfection using flow cytometry. Organs were digested using Miltenyi
Tissue Dissociation Kits for liver (130-105-807), lung (130-095-927),
and spleen (130-095-926) according to manufacturer instructions.

For liver dissociation, 200 pL Enzyme D, 100 pL Enzyme R, and 20 pL
Enzyme A were added to 4.7 mL DMEM and warmed to 37 °C for 30 min.
Livers were rinsed with DMEM and transferred to a Miltenyi C Tube
containing the liver enzyme mix. Livers were dissociated using the
gentleMACS dissociator (Miltenyi) using a custom liver program set to
20 RPM for 30 min at 37 °C. Liver samples were resuspended with 5 mL
flow buffer (PBS/10% FBS) and then centrifuged at 300 RCF for 5 min.
Pellets were resuspended in 10 mL flow buffer and debris was removed
using a 70 pm cell strainer. Following centrifugation, red blood cells
were lysed by resuspending pellets in 3 mL RBC lysis buffer (Biolegend)
for 3 min. Lysis was stopped by adding 7 mL flow buffer. Cells were then
centrifuged again at 300 RCF for 5 min. The cell pellet was resuspended
in flow buffer and then stained and analyzed as described below.

For lung dissociation, 100 pL Enzyme D and 15 pL Enzyme A were
added to 2.4 mL Buffer S (Miltenyi). After the lungs were washed in
DMEM, individual lobes were dissected and added to a gentleMACS™ C
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tube containing the enzyme mix. Tubes were placed on the gentle-
MACS™ Dissociator, and the program 37C_m_LDK_1 was run. Following
dissociation, lung samples were resuspended with 7.5 mL flow buffer
and centrifuged at 300 RCF for 10 min. Pellets were resuspended in 10
mL flow buffer, and debris was removed using a 70 pm cell strainer.
Following centrifugation, red blood cells were lysed by resuspending
pellets in 3 mL RBC lysis buffer for 3 min. Lysis was stopped by adding 7
mL flow buffer, then cells were centrifuged again. Cells were resus-
pended in flow buffer, and then staining and analysis was performed as
described below.

For spleen dissociation, spleens were washed in DMEM and manually
dissociated by forcing spleens through a 70 pm cell strainer. The strainer
was then washed with DMEM. Cells were centrifuged at 300 RCF for 5
min then red blood cells were lysed by adding 3 mL RBC lysis buffer to
pellets for 3 min. Lysis was stopped by adding 7 mL flow buffer, and then
cells were centrifuged again. Cells were resuspended in flow buffer, and
then staining and analysis was performed as described below.

Cells used for antibody staining were fixed with Flow Cytometry
Fixation Buffer (R&D Systems) for 10 min at 4 °C. Fixation was
quenched by adding flow buffer at a volumetric ratio of 9:1 in relation to
fixation buffer. Cells were then centrifuged and resuspended in flow
buffer to wash. Following centrifugation, cells were permeabilized, and
Fc receptors were blocked by resuspending cells in Flow Cytometry
Permeabilization/Wash Buffer I (R&D Systems) containing 1:100 anti-
CD16/32 antibodies for 10 min at 4 °C. Following permeabilization
and Fc blocking, cells were stained with antibodies diluted 1:100 in
Permabilization/Wash Buffer for 45 min at 4 °C. Liver cells were stained
with BV421 anti-ASGR1, BV605 anti-EpCAM, BV785 anti-F4/80, PE
anti-Firefly Luciferase, AF647 anti-GFAP, and PerCP/Cyanine5.5 anti-
CD31. Lung cells were stained with BV421 anti-EpCAM, BV570 anti-
CD11b, BV650 anti-F4/80, BV785 anti-CD31, PE anti-Firefly Lucif-
erase, PerCP anti-CD45, and APC anti-CD3. Spleen cells were stained
with BV421 anti-CD19, BV570 anti-CD11b, BV650 anti-F4/80, PE anti-
Firefly Luciferase, PerCP anti-CD45, and APC anti-CD3 (all purchased
from Biolegend). Following antibody staining, cells were centrifuged
and washed with permeabilization/wash buffer once, centrifuged again,
resuspended in flow buffer, and run on the flow cytometer. Unstained
and single stain controls were performed for all antibodies and a fluo-
rescence minus one (FMO) control was run for Firefly Luciferase to
accurately quantify transfection. Flow cytometry data was compensated
and analyzed using NovoExpress® software.

Our liver gating analysis identified Kupffer cells (liver macrophages)
as F4/801/GFAP™ and stellate cells (liver fibroblasts) as GFAP/F4/80~
(Supplementary Fig. 8A). From the F4/80" /GFAP~ population, hepa-
tocytes were identified as ASGR1"/CD31~ and endothelial cells were
identified as CD31"/ASGR1~ (Supplementary Fig. 8A). Our spleen
gating analysis identified T cells as CD3'/CD19~ and B cells as
CD19"CD3~ (Supplementary Fig. 8B). From the CD3~/CD19™ popula-
tion, populations were analyzed for being F4/80" and/or CD11b* with
F4/80"/CD11b™" identified as macrophages (Supplementary Fig. B). For
our lung gating analysis, we identified T cells as CD37/CD45" (Sup-
plementary Fig. C). From CD45"/CD3~ population, immune cells were
further characterized as F4/80" and/or CD11b" with F4/807/CD11b™"
cells characterized as macrophages. Endothelial cells were identified as
CD317/CD45™ and epithelial cells were identified as EpCAM*/CD45"~
(Supplementary Fig. 8C).

5.8. Statistical analysis

Data were analyzed for statistical significance using one-way ANOVA
(comparison between helper lipids) or two-way ANOVA (comparison
between lipidoids and helper lipids) with Tukey post-hoc analysis using
GraphPad Prism software. Correlation coefficients were calculated as
Pearson R? values assuming a linear regression with an estimated
intercept term.
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