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Dengpan Liang®'?*, Yalin Qi****, Hesong Han®">*
Kewa Gao®3*®, Kaycee Sapasap®'?, Yuxi Zhang'?, Silin Guo"?,

Atip Lawanprasert®'?, Sopida Pimcharoen®, Sheng Zhao'?’, Milan T. Del Buono'?,
He Xia®**5, Zoe O. Enders ® 3>, Benjamin W. Burgstone ®'2, Antonino Calio®?,
Neel Dankar*?, Bingwei Lu®, Lei S. Qi®'°™"2, Aijun Wang ®34°"31 &

, Negar Ahmadian®%5%,

Lipid nanoparticles (LNPs) have great potential as nucleic acid delivery
vehicles; however, they trigger the production of inflammatory cytokines,
which limits their medical applications. Developing non-inflammatory LNPs
is challenging because the LNP’sionizable lipid and the process of endosomal
disruption are the major sources of LNP toxicity but are also essential for
delivering nucleic acids. Here we demonstrate that ionizable lipids containing
acarboxylic acid and anamine (termed S-lipid) switch their charged state
between the pHs of 7.4 and 4.0, allowing them to generate LNPs (termed
switchable nanoparticles) that efficiently encapsulate nucleic acid and trigger
endosomal release without activation of the TLR4, complement, galectin-8
and platelet activating factor signalling pathways. Finally, we demonstrate that
switchable nanoparticles are better at treating lipopolysaccharide-induced
acute lunginjury than traditional LNPs because they do not exacerbate
pre-existing inflammation. Collectively, these results demonstrate that
negatively charged ionizable lipids can mitigate the toxicity of LNPs.

Lipid nanoparticle (LNP)-mRNA complexes have the transfection effi-
ciency and tissue tropism needed to treat numerous diseases; how-
ever, their clinical translation beyond vaccines has been slow owing to
toxicity'*. LNP-mRNA complexes induce toxicity by activating multiple
inflammatory pathways, such as the complement cascade, the TLR4
signalling pathway and the galectin signalling pathway*°. Inaddition,
LNPs cause inflammation by triggering the release of platelet activating
factor (PAF). Finally, LNP-mediated toxicity is exacerbated in patients

with pre-existing inflammation’®, whichis concerning because alarge
fraction of the patient population that need an LNP-based therapy
have pre-existing inflammation’®". The toxicity and inflammation
caused by LNP-nucleic acid complexes prevents them from being
administered chronically*** or at high doses'® and limits their medi-
cal applications” ™. LNPs that do not trigger inflammation have the
potential to accelerate the clinical development of nucleic acid-based
therapeutics and expand their therapeutic applications”?°.
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However, developing LNPs that do not cause inflammation has
been challenging because the positive charge of the LNP’s ionizable
lipid and its ability to disrupt endosomes are the major sources of LNP
toxicity? **but arealso essential for delivering mRNA. In particular, the
cationic charge of theionizable lipid is needed for LNPs to bind mRNAZ,
generate the proper protein corona* and trigger endosomal release”;
however, it also causes the activation of complement, TLR4 and various
otherinflammatory pathways>*, Inaddition, LNPs trigger endosomal
release of mMRNA by disrupting endosomes, which also causes inflamma-
tion by activating the galectin signalling pathway and by stimulating the
release of PAF®?, Current LNPs consequently have a trade-offbetween
toxicity and mRNA delivery efficiency, and resolving this dilemma is
critical for expanding the therapeutic applications of nucleic acids.

Inthis Article, we demonstrate thationizable lipids that are nega-
tively charged at pH 7.4 (termed switchable lipids (S-lipids)) generate
LNPs (termed switchable nanoparticles (SNPs)) that deliver mRNA
and plasmid DNA (pDNA) efficiently with low toxicity and can resolve
the trade-off between nucleic acid delivery efficiency and LNP tox-
icity. The chemical structure of a representative S-lipid is shown in
Fig. 1, it contains a head group that has a carboxylic acid and tertiary
amine and switchesits charged state between the pHs of 4.0 and 7.4.In
addition, the S-lipids have hydrophobic tails that generate LNPs that
have aviscous core and trigger endosomal release efficiently without
damaging the endosomal membrane. The low toxicity of the SNPs
arises fromits head group, whichis negatively charged at pH 7.4, and its
ability to trigger endosomal release efficiently without damaging the
endosomal membrane. Inaddition, the S-lipid is positively charged at
pH 4.0 and has branched hydrophobic tails, and these features allow it
to encapsulate nucleic acids efficiently and trigger endosomal release
efficiently. Collectively, these molecular features allow the S-lipids to
generate SNPs that deliver mRNA and pDNA efficiently without trigger-
ingthe TLR4, complement, galectin-8 and PAF inflammatory signalling
pathways, which are ubiquitously activated by traditional LNPs.

The ability of the SNPs to deliver mRNA and pDNA efficiently with
low toxicity was demonstrated in a variety of cell and animal models.
For example, SNPs delivered mRNA and pDNA to mice and human
peripheral blood mononuclear cells (PBMCs) as efficiently as tradi-
tional LNPs but did not trigger cytokine productionineither lipopoly-
saccharide (LPS)-pretreated mice or human PBMCs. By contrast, all of
the traditional LNPs investigated in this report caused large increases
in cytokine production in both of these models. SNPs were also able
to deliver nanoplasmid DNA to mice efficiently without causing acute
toxicity, whereas traditional LNPs that delivered nanoplasmids caused
acute toxicity and death within 24 h. Finally, SNPs containing IL-22
mRNA were more effective at treating LPS-induced acute lung injury
than traditional LNPs in a therapeutic setting, because they do not
exacerbate pre-existing inflammation. Collectively, these results dem-
onstrate that it is possible to generate LNPs that can deliver nucleic
acids with low toxicity by engineering the ionizable lipid head group
to benegatively charged at pH 7.4.

High-throughput synthesis identifies S-lipids
that efficiently deliver mRNA invitro

We synthesized a library of 144 S-lipids and measured their ability to
deliver luciferase mRNA into HEK cells. Details about the design and
synthesis of our S-lipid library are described inthe Supplementary Infor-
mation on page S8. Heat maps of the cell screening results are shownin
Fig. 2c,d and demonstrate that the head group of the S-lipid needs to
have a 6-8 carbonlinker betweenits amine and carboxyl group to deliver
mRNA efficiently (Supplementary Fig. 66). Inaddition, the S-lipids also
needto have branched hydrophobictails and aninternal spacer to func-
tion properly, and lipids with these modifications performed up to 9,500
times better than those with linear tails (Supplementary Figs. 69 and 70).
Finally, epoxide-based S-lipids were more efficient at transfecting cells
than their acrylate analogues (Fig. 2c,d).

Weidentified the top 18 S-lipids from the S-lipid screen described
above and purified them and further verified their transfection activ-
ity on HEK cells and primary fibroblasts. Figure 2e demonstrates that
SNPs can deliver luciferase mRNA to HEK cells efficiently, and Fig. 2f,g
demonstrate that SNPs can deliver GFP mRNA to HEK cells and primary
mouse fibroblasts with high efficiency. Notably, 11 out of the 18 S-lipids
(61.1%) generated SNPs that transfected fibroblast cells as efficiently
as LNPs made from the most efficient ionizable lipids, such as cKK-E12
and SM-102. We also characterized the biophysical properties of the
top SNP hits and observed that they had pK, values between 4.2 and 5.8
for becoming zwitterionic (Fig. 2b) and had a zeta potential that was
more negative than LNPs made from MC3-DLin (Supplementary Figs. 79
and 80). Collectively, these results demonstrateitis possible to develop
ionizable lipids that are negatively charged at pH 7.4 that deliver
mRNA efficiently.

SNPs can deliver nucleic acids efficiently in vivo
with low toxicity

We investigated whether SNPs could deliver mRNA in vivo in mice.
The top 18 SNPs from the cell experiments were investigated for their
ability todeliver luciferase mRNA in vivo and were compared against a
panel of benchmark LNPs. Figure 3a and Supplementary Fig. 86 dem-
onstrate that SNPs can deliver mRNA in vivo efficiently. For example,
five SNPs delivered luciferase mRNA in vivo with an efficiency equalling
or surpassing MC3-DLin LNPs, and several of them generated signals
comparable to LNPs made from second- and third-generationionizable
lipids, such as SM-102. In addition, SNPs had a strong tropism for the
liver, similar to traditional LNPs, and ten SNPs generated more than
80% of their luciferase signal from the liver (Supplementary Fig. 88).
The remaining eight SNPs showed a tendency towards spleen tropism.

Onthebasis of these results, we further investigated if SNPs could
be used as a platform for developing protein replacement therapies
that targeted liver, using humanerythropoietin (hEPO) asarepresenta-
tive therapeutic mRNA. The top four SNPs from the luciferase study, E7,
E12,E15and E20 were formulated with hEPO mRNA and administered to
miceata 0.1 mg kg™ mRNA dose, and their ability to generate therapeu-
ticlevels of hEPO proteininthe blood was evaluated against MC3-DLin
LNPs. Figure 3b demonstrates that SNPs can efficiently deliver hEPO
mRNA invivo. In particular, SNPs made from E20 generated blood hEPO
concentrations of 600 mU ml™, which is 100 times greater than the
therapeutic threshold for hEPO and was also equivalent to the hEPO
serum concentrations generated from MC3-DLin LNPs**,

Next, we investigated the immunostimulatory effects of E20-
SNPs in LPS-pretreated mice, which is an inflammation exacerbation
model that mimics administering LNPs to patients with pre-existing
inflammation'*, The immunostimulatory effects of the E20-SNP
were compared against benchmark LNPs, in particular MC3-DLin,
SM-102, ALC-0315,4A3-SC8 and cKK-E12 LNPs. Mice were treated with
LPS 1mgkg™) and, 4 h later, were injected with either SNPs or LNPs
(1mg kg™ mRNA) and analysed 4 and 24 h later for cytokines in their
blood. Figure 3e,f and Supplementary Figs. 95-97 demonstrate that
E20-SNPs do not exacerbate inflammation in LPS-pretreated mice,
whereas traditional LNPs caused high levels of inflammation exacer-
bation. For example, LNPs made from MC3-DLin, cKK-E12 and SM-102
caused large increases in the serum concentrations of IL-6, IL-1p and
MIP-2. By contrast, E20-SNPs did not increase the concentration of
these cytokines, and it was the only LNP investigated that did not
exacerbate pre-existing inflammation. In addition, E20-SNP-treated
mice appeared healthy, similar to untreated controls, whereas those
treated with LNPs exhibited signs of distress and had a hunched pos-
ture, reduced mobility and narrowed eyes.

Finally, weinvestigated if SNPs could lower the toxicity associated
with pDNA delivery. Mice were injected with 1 mg kg™ pDNA encapsu-
lated ineither E20-SNPs or MC3-DLin LNPs and monitored for survival
and luciferase expression. All mice treated with MC3-DLin LNPs died
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@ SNPs switch their charged states and deliver mRNA efficiently with low immunostimulatory effects
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Fig.1|SNPs deliver mRNA and DNA efficiently without causing inflammation.
a, SNPs contain anionizable lipid that has a single amine and carboxylic acid in

its head group, termed S-lipid, and switch their charged state between the pHs

of 4.0 and 7.4. The charge-switching ability of the SNPs allows them to deliver
nucleic acids efficiently without triggering inflammation. b, SNPs deliver mMRNA
and pDNA efficiently and do not activate the inflammatory pathways commonly
activated by traditional LNPs. SNPs are negatively charged at pH 7.4 and
consequently do not activate complement or TLR4. SNPs can trigger endosomal

release without activating galectin-8 or triggering the release of PAF. ¢, SNPs
have lower immunostimulatory effects than traditional LNPs in LPS-pretreated
mice, in mice treated with LNPs containing pDNA and in human PBMCs. d, SNPs
containing anti-inflammatory mRNA are more effective at treating mice with
LPS-induced acute lung injury than traditional LNPs. [llustrations created in
BioRender; c,d, Sharma, R. https://biorender.com/I8enkxr (2026); b, Sharma,
R. https://biorender.com/6toqakn (2026); ¢, Sharma, R. https://biorender.
com/3irfxvl (2026); ¢, Sharma, R. https://biorender.com/z9j40sz (2026).
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@ SNPs are negatively charged LNPs that can deliver mRNA efficiently in vivo
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Fig.2|SNPs are negatively charged at pH 7.4 and can deliver mRNA efficiently
invitro. a, Alibrary of 144 S-lipids was synthesized, formulated into SNPs and
screened in vitro for their ability to deliver mRNA. Chemical structures of five

of the top-performing S-lipids are shown. b, The pK, values of the SNPs for
becoming neutral were measured with the R18 dye and are between 4.2 and
5.8.The SNPs are negatively charged at pH 7.4. ¢,d, A heat map of the luciferase
mRNA transfection efficiency of acrylate-based (c) and epoxide-based (d) SNPs is
shown. The S-lipids in these SNPs had different head-linker lengths (5-9 carbons),
branch lengths (for example, 4 x 4 to 8 x 6) and spacer lengths (for example,

7,9 or11carbons). HEK cells were treated with luciferase mRNA-loaded SNPs

or MC3-DLin LNPs (500 ng mI" mRNA) for 24 h (n = 3 biologically independent

replicates). Heat maps are colour-coded by performance; a darker blue indicates
greater transfection. The black box represents the transfection efficiency of
MC3-DLin LNPs. e, Top-performing S-lipids identified from the screenind were
purified and formulated into SNPs to test luciferase mRNA transfection on HEK
cells (500 ng mI™ mRNA). Several SNPs delivered luciferase mRNA to HEK293
cells better than MC3-DLin LNPs (n = 3 biological independent replicates).

f.g, Several of the SNPs also delivered GFP mRNA (500 ng mI™ mRNA) to HEK293
cells (f) and mouse fibroblasts (g) more efficiently than traditional LNPs (n=3
biological independent replicates). Schematicin a created with BioRender;
Sharma, R. https://biorender.com/3irfxvl (2026).

within24 h, consistent with previously reported DNA-LNP toxicity**~.
By contrast, mice treated with E20-SNP-pDNA showed no signs of
distress and survived the entire 7-day observation period (Fig. 3i
and Extended DataFig. 2a-c).Inaddition, mice treated with E20-SNPs
alsogenerated highlevels of luciferase luminescence, demonstrating
that the low toxicity of the SNPs was not due to low transfection activ-
ity (Fig.3h).

SNPs have a unique combination of

high transfection efficiency and low
immunostimulatory effectsin human PBMCs

The mRNA delivery efficiency and immunostimulatory effects of
the SNPs were also evaluated in human PBMCs. Human PBMCs were
selected as an additional test bed for the SNPs because they are
the primary source of cytokines produced in response to systemic
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Fig. 3| SNPs efficiently deliver mRNA and pDNA in vivo without exacerbating
inflammation. a, Top SNPs were evaluated in vivo for luciferase mRNA

delivery and compared against MC3-DLin LNPs (0.25 mg kg mRNA dose,
n=2biologicalindependent replicates). Several SNPs delivered luciferase mRNA
to mice as efficiently as MC3-DLin LNPs, based on whole-body IVIS imaging.

(b) SNPs efficiently deliver hEPO mRNA in vivo. Mice were intravenously

injected with SNPs or MC3-DLin LNPs containing hEPO mRNA (0.1 mg kg mRNA
dose, n=3biologicalindependent replicates). Blood samples were collected

24 hpostinjection and analysed by ELISA. ¢, E20-SNPs are substantially less
immunostimulatory than traditional LNPs in LPS-pretreated mice. Mice were
predosed with1.0 mg kg LPS and, 4 h later, were treated with SNPs or traditional
LNPs containing luciferase mRNA (1 mg kg™). The LNP DLin eq was formulated
using the same formulation parameters as the SNPs, except that the S-lipid was
replaced withMC3-DLin. d, The E20-SNPs delivered luciferase mRNA to LPS-
pretreated mice more efficiently than LNPs made with cationicionizable lipids
(n=3Dbiologicalindependent replicates). e, Blood samples in the LPS-treated

mice were collected 4 h postinjection of LNPs or SNPs and were analysed for cytokine
levels by Luminex (n = 3 biologically independent replicates). f, Traditional LNPs
induced the production of IL-6, IL-1B and MIP-2, whereas E20-SNPs did not (n =3
biological independent replicates). g, Mice injected with E20-SNP-pDNA had
reduced toxicity in comparison with mice injected with MC3-DLin LNP-pDNA
(1mg kg nanoplasmid DNA dose, n = 3 biological independent replicates).

h, Mice treated with E20-SNP-pDNA (1 mg kg™ pDNA) expressed luciferase
throughout the 7-day observation period (n = 3 biologically independent
replicates). i, All mice treated with MC3-DLin LNP-pDNA died within 24 h,
whereas mice treated with E20-SNP-pDNA survived and were healthy. Statistical
differences were determined using a one-way ANOVA followed by Dunnett’s
testinbandf. Survival curvesin (i) were analysed using the Log-rank (Mantel-
Cox) test. *P < 0.05,**P < 0.01, **P< 0.001, ***P < 0.0001 for band f. Dataare
presented as mean * s.e.m. Schematics in a-c, g created in BioRender; Sharma, R.
https://biorender.com/3irfxvl (2026); Sharma, R. https://biorender.com/z9j40sz
(2026); Sharma, R. https://biorender.com/I8enkxr (2026).
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@ SNPs do not induce cytokine production from human PBMCs and are less
immunostimulatory than traditional LNPs to PBMCs
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Fig.4 | SNPs have lowerimmunostimulatory effects than traditional LNPs

in human PBMCs. a, SNPs or LNPs containing luciferase mRNA were incubated
with human PBMCs at 2,000 ng ml™ for 24 h. b, SNPs efficiently transfect human
PBMCs (n = 4 healthy donors). The LNP DLin eq was formulated using the same
formulation parameters as the SNPs, except that the S-lipid was replaced with
MC3-DLin. LPS was used as a positive control. ¢, SNPs do notinduce cytokine
production from human PBMCs (n = 4 healthy donors), whereas traditional
LNPsinduce large amounts of cytokine release (n = 4 healthy donors). Human
PBMCs (n =4 healthy donors) were treated with E20-SNPs or traditional LNPs
(2,000 ng mI"mRNA) and analysed for the release of IL-1B, IL-6, IL-8 and MIP-1a

(n=4healthy donors). d, A heat map of cytokine levels in PBMCs (n = 4 healthy
donors) treated with E20-SNPs or traditional LNPs (2,000 ng mI"*mRNA) for 24 h.
E20-SNPs did not produce inflammatory cytokines. By contrast, traditional LNPs
produced large amounts of inflammatory cytokines. e-h, SNPs have aunique
combination of high mRNA delivery efficiency and low immunostimulatory
effects (n =4 healthy donors); luciferase/IL-1B (e), luciferase/IL-6 (f), luciferase/
IL-8 (g) and luciferase/ MIP-1a (h). Statistical differences were determined

using aone-way ANOVA followed by Holm-Sidak test in c. *P < 0.05, **P< 0.01,
***P<0.001, ***P< 0.0001. Data are presented as mean + s.e.m.Schematicina
created in BioRender; Sharma, R. https://biorender.com/z9j40sz (2026).
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Fig. 5| SNPs do not activate the common inflammatory pathways activated
by traditional LNPs. a, SNPs avoid activating TLR4 or complement while
circulatingin the blood owingto their negative charge density. After endocytosis,
SNPs avoid activating galectin-8 or stimulating PAF release because they trigger
endosomal release without damaging cell membranes. By contrast, traditional
LNPs activate multiple inflammatory signalling pathways. b, Human serum mixed
with SNPs at a concentration of 2,000 ng mI™ mRNA for 1 h at 37 °C showed no
increase in complement C3a: negative control, untreated human serum; positive
control, Zymosan (n = 3 biologically independent replicates). ¢, HEK293 cells
containing ahuman TLR4 reporter gene were incubated with SNPs or traditional
LNPs (2,000 ng mI™ mRNA). SNPs do not activate TLR4, but traditional LNPs

do; positive control, LPS; negative controls, PBS and vehicle (nolipids) (n=3
biologically independent replicates). d, Representative fluorescent microscopy
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SNP-mRNA complexes are trafficked to Rab11* endosomes

Cy-5 mRNA with
endosome marker
12h

Endosome marker

images of galectin-8-YFP reporter cells treated with LNPs or SNPs. e, E20-SNPs
caused minimal galectin-8 recruitment to endosomes at an mRNA concentration
0f1,000 ng ml™, whereas traditional LNPs caused substantial levels of galectin-8
recruitment toendosomes (n = 8 views from three biologically independent
replicates). f, SNPs do not trigger PAF release from human PBMCs, but traditional
LNPs do (2,000 ng mI™ mRNA, n =3 biologically independent replicates). g, HeLa
cellsincubated with SNPs or LNPs carrying Cy5-labelled mRNA were stained for
the endosomal markers EEA1and Rabll and the lysosomal marker LAMP1. SNPs
preferentially accumulated in Rab11* endosomes. Statistical differences were
determined using one-way ANOVA followed by Dunnett'stestinb, ¢c,e andf.
*P<0.05,*P<0.01,***P<0.001,***P<0.0001forb, c,eandf.Dataare
presented as mean +s.e.m. Schematicin a created in BioRender; Sharma, R.
https://biorender.com/q07dtqa (2026).

Nature Nanotechnology | Volume 21| October 2026 | 1479-1488

1485


http://www.nature.com/naturenanotechnology
http://biorender.com/q07dtqa

Article

https://doi.org/10.1038/s41565-026-02262-6

@ SNPs are more effective at traditional LNPs at treating acute lung injury

&,

LNP/SNP
LPS

\' 3h

A

LNP/SNP

24 h

LPS pretreatment SNPs rescue mice from acute lung
injection injury in a therapeutic setting
b BAL protein € Leukocyte infiltration d IL-22 levels in the blood
n.s.
n.s.
* n.s kel ns. 80 Mhs |
207 T 1 T 807 s
= *% ° 8+ ** 30 € 1
o E o)) *% n.s.
2 15 * e 3o il S 6o 1]
] — [ o€ 5 n.s. (]
3 * 337 — s 1 e
c 1.0 A o © £ 401 .T.
c ns. E E n.s. g
£ o051 ? 2% 61 . o # S 20 o
= ? é o $ N
5] . )
E ol — ‘ s = o '?‘ ;‘ e
& 00 000 & P @0% S & <@ ‘3’00\’\ & %db S &500000\4}0 S '5@%0%
& &N v Q%O N & N Y QO"OO\@ G N P bl
& & WS & » WY S e

Fig. 6 | SNPs can rescue mice from acute lung injury and are more effective
than traditional LNPs at treating acute lung injury. a, Mice were treated

with LPS (3 mg kg™, intratracheally) and, 3 h later, were treated with IL-22

mRNA formulated in E20-SNPs or LNPs (2.5 mg kg™ mRNA dose, intratracheal
administration). Ascrambled mRNA control group (E20-SNPs/mLuc, 2.5 mg kg™,
intratracheally) was included. Inflammation was assessed 24 h after the mRNA
treatment by measuring the total number of cellsinfiltrating into the lungs and
the amount of protein leaking into the lungs. b, The E20-SNP-treated mice had
their lung permeability phenotype completely rescued and had pulmonary
protein levels similar to healthy mice. By contrast, mice treated with traditional

LNPs had increased levels of protein in their lungs (n = 3 biologically independent
replicates). ¢, The E20-SNP-treated mice had cell infiltration levels similar to the
untreated controls, whereas mice treated with traditional LNPs had increased
infiltration (n = 3 biologically independent replicates). d, E20-SNPs deliver IL-22
mRNA with an efficiency comparable to traditional LNPs (n = 3 biologically
independent replicates). Statistical differences were determined using one-

way ANOVA followed by Tukey’s test (b-d). *P < 0.05,**P < 0.01, **P<0.001,
***+*p < (0.0001 for b-d. Data are presented as mean + s.e.m. Schematicinacreated
in BioRender; Sharma, R. https://biorender.com/I8enkxr (2026).

LNP administration’. In addition, PBMCs have a well-established
in vitro-in vivo correlation and are a widely used model for assessing
the immunostimulatory effects of nanoparticles®****. PBMCs from
healthy donors were isolated and treated with either E20-SNPs or a
panel of traditional LNPs containing luciferase mRNA, at three dif-
ferent doses, and their immunostimulatory effects and transfection
efficiency were determined and compared.

Figure 4e—h demonstrate that E20-SNPs have a unique combi-
nation of high transfection efficiency and low immunostimulatory
effectsin PBMCs and were the only LNP in the panel that did not stimu-
late human PBMCs to secrete cytokines. For example, LNPs based on
MC3-DLin, 4A3-SC8, ALC-0315, SM-102 and cKK-E12 caused human
PBMCs to make a variety of inflammatory cytokines. By contrast, the
E20-SNP did not cause the production of any of the 14 cytokinesinves-
tigated (Fig. 4d and Supplementary Figs. 90 and 91). In addition, the
E20-SNP also transfected human PBMCs with luciferase mRNA effi-
ciently and generated luciferase signals that were much higher than
several of the LNPs investigated.

SNPs do not activate the galectin-8, TLR4 and
complement signalling pathways and also do not
trigger therelease of PAF

LNPs cause inflammation by at least four different mechanisms. In
particular, they activate the complement pathway, the TLR4 signalling
pathway, the galectin-8 signalling pathway and trigger PAF release.
LNP-mediated activation of the complement and TLR4 signalling path-
ways are caused by the positively charged head group of the ionizable
lipid, but E20-SNPs are either negatively charged or neutral at pH 7.4.
Wetherefore investigated whether E20-SNPs caused less activation of

the TLR4 and complement signalling pathways than traditional LNPs.
Figure 5b,c demonstrate that E20-SNPs do not activate either TLR4 or
complement, whereas several traditional LNPs made with a variety of
different ionizable lipids activated both signalling pathways.

We further investigated if SNPs caused less activation of the
galectin-8 and PAF signalling pathways than traditional LNPs using a
galectin-8 reporter cell lineand human PBMCs as test beds. Figure 5d-f
demonstrate that E20-SNPs do not activate either the galectin-8
or PAF signalling pathways, whereas all the traditional LNPs inves-
tigated activated both signalling pathways. In addition, E20-SNPs
were also able to deliver mRNA efficiently to the galectin-8 reporter
cell line and generated luciferase expression levels similar to tra-
ditional LNPs (Extended Data Fig. 3a). These experiments demon-
strate that the E20-SNP can deliver mRNA into the cytoplasm without
permeabilizing the endosome to galectin-8. We investigated the
membrane-disruptive properties of E20-SNPs at pH 5.5 using a hae-
molysis assay to gaininsight into E20-SNPs ability to avoid galectin-8
activation. Extended Data Fig. 3b demonstrates that E20-SNPs are
not membrane disruptive at pH 5.5, whereas all the traditional LNPs
investigated are membrane disruptive at pH 5.5.

We performed fluorescent intracellular trafficking experiments
to identify the endosomal compartment from which the E20-SNP
was being released from to gain further insight into their ability to
trigger endosomal release without disrupting membranes. E20-SNPs
were loaded with Cy5-labelled mRNA, incubated with cells for various
timepoints and stained for the endosomal markers EEAl1and Rab11and
the lysosomal marker LAMPL. Figure 5g demonstrates that E20-SNPs
accumulatein Rabll+endosomes, whichis arelease competent endo-
somal compartment®. These experiments suggest that being trafficked
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to Rabl1+endosomes can allow LNPs to enter the cytoplasm, without
activating the galectin-8 or PAF signalling pathways.

SNPs containing IL-22 mRNA are better at treating
mice suffering from acute lunginjury than
traditional LNPs

Finally, we used LPS-induced lung injury as a test bed to investigate if
E20-SNPs could treat inflammatory diseases better than traditional
LNPs, owing to their ability to avoid inflammation exacerbation. We
selected IL-22 mRNA as the therapeutic cargo because the IL-22 pro-
tein is a well-established therapeutic for treating LPS-induced lung
injury***. Mice were predosed with LPS intratracheally, and after 3 h,
E20-SNPs,MC3-DLin, SM-102, ALC-0315 or 4A3-SC8 LNPs were admin-
istered via intratracheal instillation (IL-22 mRNA dose 2.5 mg kg™). At
24 h after the LNP treatment, mice were killed and analysed for inflam-
mation and for IL-22 protein in the serum.

Figure 6b,c demonstrates that E20-SNPs are more effective at
treating acute lung injury in mice with pre-existing inflammation
than traditional LNPs. For example, mice treated with E20-SNPs had
their lung permeabilization phenotype completely rescued. By con-
trast, mice treated with LNPs made from all of the traditional LNPs
still showed substantial levels of lung permeabilization (Fig. 6b). In
addition, mice treated with E20-SNPs had markedly lower numbers
of cells infiltrating into their lungs in comparison with mice treated
with traditional LNPs, and E20-SNPs also rescued this inflammatory
phenotype (Fig. 6¢). The IL-22 mRNA delivery efficiency of E20-SNPs
was similar to traditional LNPs (Fig. 6d), and E20-SNP’s superior ability
totreatacute lunginjury probably results fromits low immunostimula-
tory properties in comparison with traditional LNPs.

Conclusion

Inthis Article, we demonstrate that ionizable lipids that containasingle
tertiary amine and carboxylic acid can generate LNPs (termed SNPs)
that deliver mRNA and pDNA efficiently with low toxicity. The low toxic-
ity of the SNPs arises from their ability to avoid activating the comple-
ment pathway, the TLR4 signalling pathway, the galectin-8 signalling
pathway and the release of PAF. However, the intracellular metabolism
and accumulation of the S-lipids was not investigated, and the SNPs
could cause toxicity after chronic administration by accumulating in
cells. Future generations of S-lipids may therefore need toincorporate
additional estersintheir hydrophobictailsto accelerate theirintracel-
lular clearance®**’, The S-lipids were able to lower the toxicity of both
mRNA and pDNAin avariety of celland animal models, and collectively,
the experiments in this report demonstrate that ionizable lipids with
asingle amine and carboxylic acid have numerous potential applica-
tionsindrug delivery.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
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Method

Ethics statement

The research complied with all relevant ethical regulations. Animal
housing, maintenance and experimental procedures were approved by
theInstitutional Animal Care and Use Committees of the University of
California, Davis (protocol number 23430) and the University of Cali-
fornia, Berkeley (AUP-2015-02-7140-3). Allanimal facilities used during
the study period were accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care International.

LNP preparation

LNPs were prepared by mixing lipids in ethanol withmRNA dissolved in
anacidicaqueous buffer atavolumeratio of 1to 3. LNPs were dialysed
against PBS, unless otherwise indicated. Detailed protocols for the
formation of LNPs are described in the Supplementary Information
insection 4.1.

R18 assay for pK, measurements

The cationic fluorescent probe octadecyl rhodamine B chloride (R18)
was used to evaluate the pK, at which SNPs become neutral. SNP-mRNA
complexes were prepared without dialysis and dilutedin PBS at pH 7.0
toachieveafinallipid concentration of 6 mM. They were thenincubated
for 15 min at room temperature and vortexed for 2 min. The solution
was diluted to 600 pM lipid in PBS pH 7.0, and the R18 dye was added
to generate a final concentration of 30 pM. This mixture was further
diluted to12.0 pM lipidsin 1.5 ml of buffered solutions with pH values
ranging from2.0t012.0. After 30 min of incubation at room tempera-
ture, rhodamine fluorescence was measured at 20 °C with excitation
and emission wavelengths of 568 and 594 nm, respectively. A sigmoidal
best-fit analysis was used to determine the lipid pK;, defined as the pH
at which 50% of the maximum fluorescence intensity was observed.

Delivery of firefly luciferase mRNA to HEK 293T cells with LNPs
HEK 293T cells were seeded in 96-well plates at a density of 10,000
cells per wellin100 pl of Dulbecco’s modified Eagle medium (DMEM)
with10% foetal bovine serum (FBS) and incubated at 37 °C overnight.
LNPs were formulated with firefly luciferase mRNA (GenScript) and
were diluted with PBS to a final mRNA concentration of 5 ug mil™.
Next, 10 pl of the diluted LNP mixture and 90 pl of fresh Opti-MEM
were added to each well, replacing the old medium. The final dose of
mRNA was 50 ng per well (n =3 biologically independent replicates).
After 24 h, the cells were washed with PBS (pH 7.4) and analysed using a
luciferase assay kit (Goldbio) according to the manufacturer’sinstruc-
tions. Cells were washed with 200 pl PBS (pH 7.4) and lysed with 40 pl
lysis buffer for 15 min. A 10-pl aliquot of the lysate was transferred to
ablack flat-bottom plate and mixed with 100 pl luciferase working
solution (D-luciferin, 10 mg ml?, diluted 1:50 in luciferase assay buffer).
Luminescence was measured immediately using a Tecan Infinite M200
plate reader (Tecan). Luciferase expression levels were normalized
relative to total cellnumber, which was quantified by analysing 10 pl of
cell lysate using a bicinchoninic acid (BCA) assay kit (Thermo Fisher).
The relative cellnumber was calculated by comparing the BCA values
in the treatment group with those in the control group.

Delivery of EGFP mRNA to HEK 293 T cells with LNPs

HEK 293T cells were seeded in 96-well plates at adensity of 10,000 cells
ina100 plvolume per well and incubated at 37 °C overnightin DMEM
with 10% FBS. LNP-mRNA complexes containing 10 pg of GFP mRNA
(GenScript) were collected from the dialysis kit and diluted with PBS
to afinal volume of 200 pl. Aliquots of 2 pl of this dilution were mixed
with Opti-MEM to a final volume of 100 pl. The resulting formulations
were then added to each well without removing the existing culture
medium (finalmRNA concentration of 500 ng ml™). After17 h, the cells
were washed with PBS at pH 7.4 and detached with Accutase solution
for10 minat37 °C. The transfection efficiency of the LNPs was analysed

using an Attune flow cytometer (Thermo Fisher). Data analysis was
performed using FlowJo v10.7.1 software (FlowJo).

Endosomal membrane disruption study by galectin-8
reporter cells

Galectin-8-YFP-MDA-MB231 cells were graciously provided by Dr. Craig
L. Duvall. Cells were cultured in a 96-well plate at a density of 20,000
cells ml™ in 100 pl DMEM with 10% FBS per well and incubated at
37 °C overnight. LNP-mRNA complexes containing 10 pg of firefly
luciferase mRNA (GenScript) were formulated as described in Sup-
plementary Information section 4.1.4 and diluted with PBS to a total
volume of 400 pl. Aliquots of 0.8, 4 or 8 pl of this dilution were mixed
with Opti-MEM to afinal volume of 100 pl. The resulting formulations
were then added to each well without removing the existing culture
medium, generating solutions withmRNA concentrations of 0.1 pug ml™,
0.5 pg mli™and 1 pg ml™. Cells were incubated with LNPs or SNPs for
4 h. After incubation, the supernatants were aspirated and the cells
were washed three times with PBS at pH 7.4. Cells were fixed in 10%
formalin for 24 h, and the nuclei were stained with DAPI. Fluorescence
microscopy was then performed, and the number of puncta per cell
was quantified. Details are described in the Supplementary Informa-
tioninsection7.5.

Activation of complement with LNPs and SNPs

Human serum was purchased from STEMCELL Technologies (200-
0159). Samples (90 ul) were incubated with 10 pl of either control
or SNPs/LNPs (final mRNA concentration: 2,000 ng ml™). Zymosan
(5 mg ml™) was used as a positive control. PBS was used as a negative
control. Samples wereincubated for1hat37 °Cand subsequently cen-
trifuged at 500g for 5 min to pellet the zymosan. Supernatants were
transferred to fresh polypropylene tubes, immediately sealed and
stored at —80 °C until analysis. On the day of analysis, serum samples
wererapidly thawed at 37 °C and assayed for C3a usinga Human Com-
plement C3aenzyme-linked immunosorbentassay (ELISA) (BMS2089,
Invitrogen), according to the manufacturer’sinstructions.

Cellular trafficking of SNPs and LNPs

HelLa cellswere seeded in confocal dishes with complete mediumand
incubated overnight. Cy5-labelled SNPs or LNPs (2,000 ng mI"™ mRNA)
were added to the dishes with complete medium and incubated for
2h, 4 hand 12 h. The cells were then washed with PBS and fixed with
4% paraformaldehyde. The fixed cells were blocked with 5% BSA for
30 min. Primary antibody dilutions of anti-EEA1 antibody (EPR4245,
Abcam), anti-LAMP1 antibody (EPR21026, Abcam) and anti-Rab11 anti-
body (EPR7587(B), Abcam) were added to the dishes and incubated for
2 h. The primary antibodies were removed, and the cells were washed
with PBS three times; secondary antibodies were added and incubated
for 1 h. Secondary antibodies were removed and washed three times
with PBS, after which, the cells were stained with DAPl and analysed by
confocal microscopy (ImageXpress).

Immunostimulation of human PBMCs with LNPs or SNPs

PBMCs were isolated from fresh leukopaks from four healthy donors
(STEMCELL Technologies). The leukopak was diluted 1:1 with MACS/
EasySep buffer (2% FBS, 2 mM EDTA in PBS) and centrifuged at 100g
for 15 min. The supernatant was discarded, and the cell pellet was
resuspended in 50 ml of MACS/EasySep buffer. The suspension was
then centrifuged at400gfor 5 min, and the supernatant was removed
again. This washing step was repeated twice. PBMCs were counted
using a 3% acetic acid solution containing methylene blue. Cells were
cultured in 48-well plates at a density of 5-10 x 10° per well in 200 pl
RPMI medium supplemented with 10% FBS and incubated overnight
at 37 °C. LNP-mRNA complexes containing 10 pg of firefly luciferase
mRNA (GenScript) were formulated as described in Supplementary
Information section 4.1.4 and diluted with PBS to a total volume of
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100 pl. Aliquots of 2,4 or 8 pl of this dilution were further diluted with
Opti-MEM to a final volume of 200 pl. These dilutions were added to
each well without removing the existing culture medium, resultingin
finalmRNA concentrations of 0.5 pg ml™, 1 pg ml™ or 2 pg ml, respec-
tively. Cells were incubated at 37 °C in a humidified atmosphere with
5% CO, for 24 h or 48 h. After incubation, the cells were pelleted by
centrifugation at 1,000g for 10 min at 4 °C. The supernatants were
collected and stored at —80 °C until cytokine analysis. Cytokine lev-
els were measured using ELISA kits (R&D Systems) according to the
manufacturer’s instructions. The PBMC pellets were collected, and
their luciferase expression was tested by the method mentioned in
the luciferase mRNA transfection study.

Invivo firefly luciferase mRNA delivery with SNP-mRNA
complexes

Wild-type BALB/c mice weighing between 18 and 20 g and aged
10-16 weeks old were used for firefly luciferase mRNA delivery experi-
ments. Analiquot of dialysed SNP-mRNA complexes containing 25 ug
mRNA was diluted to 500 pl using PBS (pH 7.4). A100-p volume of LNPs
(0.25 mg kg™ mRNA) was administered intravenously via retro-orbital
injection; 4-6 h later, a D-luciferin solution in PBS pH 7.4 (50 mg kg™)
was injected into the intraperitoneal cavity of the mice. After 10 min,
the luciferase luminescence intensity of the whole body and organs
(lungs, liver, kidneys, heart and spleen) was imaged using an In Vivo
Imaging System (IVIS) spectrum imager (PerkinElmer).

Invivo firefly luciferase pDNA delivery with SNP-pDNA
complexes

SNP-pDNA complexes were prepared with luciferase nanoplasmid
(pALD-Nanoplasmid-CMV-luc, Aldevron). An aliquot of dialysed
DLin LNP-pDNA or E20-SNP-pDNA complexes containing 100 pg
of pDNA was diluted with PBS (pH 7.4) to a final volume of 600 pl. A
120-pl dose (20 pg pDNA, 1.0 mg kg ™) was administered intravenously
viaretro-orbital injection to three mice in each group. A group of
three mice injected with PBS served as the blank control. At 1,2, 3,
4,5,6 and 7 days post injection, a D-luciferin solution in PBS pH 7.4
(50 mg kg™) was administered to mice by intraperitoneal injection.
At 10 min after the D-luciferin injection, the luminescence inten-
sity of the whole body was measured using an IVIS spectrum imager
(PerkinElmer). Details are described in the Supplementary Informa-
tioninsection 6.2.

Invivo human EPO mRNA delivery with SNP-mRNA complexes
Wild-type BALB/c mice weighing between 18 and 20 g and aged
10-16 weeks were used for the hEPO mRNA delivery experiments. DLin
LNP-mRNA and SNP-mRNA complexes were made with hREPO mRNA
(RP-A00034-1, GenScript). An aliquot of dialysed LNP-mRNA or SNP-
mRNA complexes containing 10 pg mRNA was diluted to 500 pl with
PBS (pH 7.4). A100 pl volume of LNPs (0.1 mg kg™ mRNA) was admin-
istered intravenously viaretro-orbital injection. The blood of the mice
was collected 24 h after injection and analysed using an hEPO ELISA
kit (DY286-05, R&D Systems), following the manufacturer’s protocol.

Immunostimulatory effects of SNP-mRNA complexes in
LPS-treated mice

Wild-type BALB/c mice and C57BL/6 mice weighing between 18 and
20 g and aged 10-16 weeks were used to investigate LNP-mediated
inflammation exacerbation. LPS from Escherichia coli (Sigma) was
injected intravenously (retro-orbital intravenous) into mice at1 mg kg™
LNP-mRNA complexes were made with luciferase mRNA and dialysed in
PBSat4 °Cfor2h.At4 hafter the LPS challenge, LNP-mRNA complexes
were administered via the retro-orbital intravenousinjectionroute ata
dose of 1 mg kg mRNA. The blood of the mice was collected 4 hor24h
for BALB/c,and 4 hfor C57BL/6, after LNP-mRNA injection and analysed
using Luminex (Invitrogen), following the manufacturer’s protocols.

Immunostimulatory effects of SNP-pDNA complexes in mice
Wild-type BALB/c mice weighing between 18 and 20 g and aged
10-16 weeks were used for firefly luciferase pDNA delivery experi-
ments. LNP and SNP formulations were prepared with nanoplasmid
(pALD-Nanoplasmid-CMV-luc, Aldevron). An aliquot of dialysed DLin
LNP-pDNA or E20-SNP-pDNA complexes containing 100 pg of pDNA
was diluted with PBS (pH 7.4) to afinal volume of 600 pl. A120-pul dose
(20 ng pDNA, 1.0 mg kg™) of pDNA-LNP complexes was administered
intravenously viaretro-orbital injection to three mice for each group.
A group of three mice injected with PBS served as the blank control.
Mice were monitored and a survival curve was recorded. Mice were
killed after 7 days of observation, and their blood and organs were
collected. Allthree miceinthe DLin treated group died, and we could
not collect their blood; their organs were collected. The cytokine
levels in the serum of SNP treated mice were analysed by Luminex
(Invitrogen) according to the manufacturer’s protocol. Liver damage
was assessed by measuring the alanine aminotransferase activity in
the serum, using a fluorometric kit (AB105134-1001). The heart, lung,
liver, spleen and kidney histology were analysed to further evaluate
organ damage.

Rescue of mice from acute lung injury with SNPs
Wild-type BALB/c mice (male and female, Jackson Laboratory, 000651),
10-16 weeks old and weighing between 18 and 20 g, were used in this
experiment. The efficacy of E20-SNP-IL-22 mRNA was compared against
LNPs formulated with the ionizable lipids 4A3-SC8 (benchmark tradi-
tional lipid), DLin-MC3-DMA (FDA-approved ionizable lipid), SM-102
(FDA-approved ionizable lipid), ALC-0315 (FDA-approved ionizable
lipid) and IL-22 mRNA. Mice were randomly assigned to four groups:
LPS +1L-22 mRNA treatment group, untreated control group, LPS-only
group and scrambled mRNA control group. In the treatment group,
mice were challenged with 3 mg kg™ LPS intratracheally. They were
then maintained for 3 hto stimulate acute inflammatory injury. Subse-
quently, mice were administered 2.5 mg kg™ doses of LNP-I1L-22 mRNA
complexesintratracheally (E20-SNPsand MC3-DLin, SM-102, ALC-0315,
4A3-SC8 LNPs prepared as described in the Supplementary Informa-
tion section 4.1.4) and were killed 24 h later. In the untreated control
group, mice received intratracheal PBS and were killed 24 hlater.Inthe
LPS group, mice were challenged with 3 mg kg™ LPS via intratracheal
administration. After 3 h, they were administered PBS intratracheally
and werekilled 24 hlater. Inthe scrambled mRNA control group, mice
were challenged with 3 mg kg™ LPS via intratracheal administration.
After 3 h, they were administered 2.5 mg kg™ doses of E20-SNP-lucif-
erase mRNA complexes intratracheally and were killed 24 h later.
Blood samples and bronchoalveolar lavage fluid from the lower
right lung were collected, and the total protein content was analysed
using the BCA assay. An equal volume (10 pl) of resuspended bron-
choalveolar lavage fluid cell suspension was mixed with 0.4% trypan
blue solution (10 pl) and incubated at room temperature for 2 min.
Viable cells were quantified using an automated cell counter. Total
cellnumbers were calculated and reported as cells per millilitre. Blood
samples were analysed for cytokines by Luminex (Invitrogen) according
to the manufacturer’s protocol, and IL-22 protein level was measured
by ELISA.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

The data supporting the findings of this study are available within
the Article and its Supplementary Information. Additional raw data
files, including datain alternative formats, are available from the cor-
responding authors upon request. Source data are provided with
this paper.
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A. SAXS characterization of E20-SNPs

B. Cryo-TEM of E20-SNPs at pH 7.4
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Extended Data Fig.1| SAXS and cryo-TEM analysis demonstrate that SNPs amixture of inverted hexagonal and bilayer phasesin their core and had ashell
contain amixture ofinverted hexagonal and bilayer phases in their core. that was predominantly composed of bilayer phases. Images are representative
(a) SAXS analysis demonstrates that E20-SNPs contain a mixture of inverted of 85 fields of view collected from 3 independently prepared samples. Scale bars:

hexagonal and bilayer phases. (b) Cryo-TEM demonstrates that E20-SNPs contain 100 nm (left) and 90 nm (right). Data are presented as mean + SEM.
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A. E20-SNPs do not induce tissue injury B. SNP/pDNA do not induce C. ALT activity
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Extended Data Fig. 2| E20-SNP/pDNA complexes are not toxic to mice. showed no evidence of liver damage in E20-SNP-treated mice 7 days after
(a) Histological analysis shows that E20-SNP treated mice do not have liver damage. injection (n =3 biologically independent replicates). ALT activity (c) was analyzed
(b) SNPs deliver DNA to mice with minimal cytokine release (n = 3 biologically using a one-tailed unpaired t-test. *P < 0.05, **P < 0.01, **P < 0.001, ***P < 0.0001
independent replicates). (c) Serum alanine aminotransferase (ALT) analysis forbandc.Dataare presented as mean + SEM.
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A. SNPs transfect Gal-8 B. SNPs do not damage
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Extended Data Fig. 3 | SNPs efficiently transfect Gal-8 reporter cells and membrane disruptive, but traditional LNPs containing a range of ionizable lipids
donotdisruptred blood cell membranes. (a) SNPs efficiently transfect are membrane disruptive (n = 3 biologically independent replicates). PBS was
Gal-8reporter cells (1000 ng/mL mRNA), indicating that the low galectin-8 used as the negative control (0% hemolysis) and lysis buffer was used as the
recruitment of SNPs is not due to low transfection efficiency. (b) SNPs are not positive control (100% hemolysis).
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Human PBMC experiments were performed with n = 4 healthy donors, including the cytokine heat map in Fig. 4D. For animal experiments,
mice were randomly allocated into treatment groups. The in vivo luciferase mRNA screening experiment in Fig. 3A was performed with n =2
biological replicates, while the hEPO delivery, LPS-pretreated mouse, pDNA delivery/toxicity, long-term pDNA expression, tissue injury,
cytokine, ALT, and acute lung injury experiments were performed with n = 3 biological replicates unless otherwise stated. In Fig. 3D, the LPS
pretreatment experiment was performed with n = 3 biological replicates for all groups except cKK-E12 group, which had n = 2 biological
replicates because one mouse died during the experiment.

Randomization  For animal experiments, mice were randomly allocated into each treatment group. For cell and PBMC experiments, samples were allocated
into experimental groups randomly to reduce bias.

Blinding The experiments were not done in a strictly blinded manner. Some of those performing the experiments were blinded (e. g., during mice

injection and cell isolation). We did not blind the authors that synthesized the LNPs because the materials used in the formulations needed to
be clear. When possible, the data collection and analysis were done by separate individuals.
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Antibodies

Antibodies used The antibodies used were FITC anti-human CD66b antibody (BioLegend, Cat. No. 305103, clone G10F5), APC anti-human CD15
antibody (BioLegend, Cat. No. 323007, clone W6D3), anti-EEA1 antibody (Abcam, Cat. No. ab109110, clone EPR4245), anti-LAMP1
antibody (Abcam, Cat. No. ab208943, clone EPR21026), and anti-Rab11A antibody (Abcam, Cat. No. ab128913, clone EPR7587(B)).

Validation The antibodies used in this manuscript were purchased from commercial suppliers and selected based on supplier-provided
validation data.
(1) FITC anti-human CD66b antibody (BioLegend, Cat. No. 305103, clone G10F5; supplied at 200 pug/mL) was used to identify CD66b-
positive neutrophils. The antibody was purified by affinity chromatography, conjugated with FITC under optimal conditions, and
quality-control tested by the supplier for flow cytometry using immunofluorescent staining followed by flow-cytometric analysis.
(https://www.biolegend.com/nl-be/products/fitc-anti-human-cd66b-antibody-666?GrouplD=BLG10273)
(2) APC anti-human CD15 antibody (BioLegend, Cat. No. 323007, clone W6D3; supplied at 100 pug/mL) was used to identify CD15-
positive neutrophils. The antibody is a mouse IgG1, Kk monoclonal antibody conjugated to APC. BioLegend lists this product as flow-
cytometry quality tested, with each lot quality-control tested by immunofluorescent staining followed by flow-cytometric analysis.
(https://www.biolegend.com/nl-be/products/apc-anti-human-cd15-ssea-1-antibody-3702)
(3) Anti-EEA1 antibody (Abcam, Cat. No. ab109110, clone EPR4245; supplied at 1.36 mg/mL) was used as an early endosome marker.
The antibody is a rabbit monoclonal IgG that reacts with human, mouse, rat, and African green monkey samples. Abcam lists this
antibody as suitable for immunocytochemistry/immunofluorescence (ICC/IF) and western blot (WB), and verified its specificity using
knockout cells.(https://www.abcam.com/en-us/products/primary-antibodies/eeal-antibody-epr4245-early-endosome-marker-
ab109110)
(4) Anti-LAMP1 antibody (Abcam, Cat. No. ab208943, clone EPR21026; supplied at 0.639 mg/mL) was used as a lysosomal marker.
The antibody is a rabbit monoclonal IgG that reacts with mouse samples. Abcam lists this antibody as suitable for
immunocytochemistry/immunofluorescence (ICC/IF), intracellular flow cytometry, immunohistochemistry, immunoprecipitation, and
western blot. (https://www.abcam.com/en-us/products/primary-antibodies/lamp1-antibody-epr21026-lysosome-marker-ab208943)
(5) Anti-Rab11A antibody (Abcam, Cat. No. ab128913, clone EPR7587(B); supplied at 0.414 mg/mL) was used to detect Rab11A-
associated endosomal compartment. The antibody is a rabbit monoclonal IgG that reacts with human, mouse, and rat samples.
Abcam lists this antibody as suitable for western blot and immunoprecipitation; immunofluorescence use was therefore laboratory-
optimized rather than supplier-validated.(https://www.abcam.com/en-us/products/primary-antibodies/rab11a-antibody-epr7587b-
ab128913)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HEK 293T cells were purchased from the cell facility at the University of California, Berkeley; Hela cells were purchased from
the ATCC (#CCL-2); Primary mouse fibroblasts were isolated from Ai9 mice as described in Supplementary Materials section




Authentication

4.4; Gal8-YFP-MDA-MB231 cells were obtained from Dr. Craig L. Duvall's lab. Human TLR4 Dual Reporter HEK 293 cells were
purchased from InvivoGen (#hkd-htlr4).

The cell lines were not further authenticated after receiving.

Mycoplasma contamination The cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines  HEK 293T cells were used in the research, they are ideal for mRNA transfection studies due to their high transfection

(See ICLAC register)

efficiency and rapid growth, facilitating effective gene expression studies and protein production.Hela cells were also used,
they are widely used for determining IC50 values in drug testing due to their robust growth and extensive historical data, and
provide reliable and consistent results in cytotoxicity assays.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Ai9 transgenic mice (007909), C57BL/6) mice (000664) and BALB/c (000651) were purchased from The Jackson Laboratory. All mice
were group-housed at the University of California, Davis and the University of California, Berkeley, with a 12-h light-dark cycle with ad
libitum access to food and water at 20-22 °C with 40-60% humidity. Ai9 mice 16-20 weeks old were used for this study. BALB/c and
C57BL/6J mice 10-16 weeks old were used for this study.

No wild animals were used in this study.

Both male and female animals were used in this study. Sex was determined based on vendor-provided information and was
considered during study design. Animals were randomly assigned to experimental groups, with both sexes distributed across groups
when possible. Data were not analyzed separately by sex because the study was designed to evaluate treatment efficacy and toxicity
rather than sex-specific effects, and the group sizes were not powered for sex-based comparisons. Therefore, the conclusions apply
to both male and female animals under the conditions tested.

The study did not involve samples collected from the field.

Housing, maintenance, and animal experiments were conducted in accordance with protocols approved by the institutional animal
care and use committees (IACUC) at the University of California, Davis and the University of California, Berkeley. All animal facilities
used during the study period were accredited by the Association for Assessment and Accreditation of Laboratory Animal Care
International.

(1) For animal experiments conducted at the University of California, Davis, all procedures were approved by the University of
California, Davis Institutional Animal Care and Use Committee (IACUC).

(2) For animal experiments conducted at the University of California, Berkeley, all procedures were approved by the University of
California, Berkeley Institutional Animal Care and Use Committee (IACUC).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Methodology

Sample preparation

Instrument
Software

Cell population abundance

Gating strategy

For HEK293T cells, the cells were trypsinized, quenched in medium, pelleted, and resuspended in PBS before flow cytometry
analysis.

For primary mouse fibroblasts, the cells were washed with PBS (pH 7.4), detached with Accutase® solution for 10 min at 37 °
C, pelleted, and resuspended in PBS before flow cytometry analysis.

For PBMCs, cells were stained with fluorophore-conjugated anti-human CD66b antibodies (BioLegend Cat.No. 305103) and
APC anti-human CD15 antibodies (BioLegend Cat. No. 323007) according to the manufacturer’s instructions. Live/Dead
staining was performed by GhostDye 780. After staining, cells were washed and analyzed by flow cytometry.

For PBMC mRNA uptake experiments, cells were centrifuged at 1000g for 10 min and washed three times with 200 uL PBS
(pH 7.4). Cy5 fluorescence was then quantified by flow cytometry to assess cellular uptake.

Attune NXT acoustic focusing cytometer
FlowJov1010.7.1

Not applicable. Human PBMCs were used without sorting into specific cell populations. Therefore, post-sort purity was not
determined.

1. For GFP expression analysis, debris was excluded based on FSC-A/SSC-A. Single cells were gated using FSC-A/FSC-H, and
GFP-positive cells were quantified based on GFP-A fluorescence.

2. For the neutrophil analysis, PBMCs were first gated by FSC/SSC to exclude debris. Live cells were then identified as Live/
Dead dye-negative cells. Neutrophils were defined as CD15*CD66b* cells.

3. For PBMC uptake studies, total PBMCs were gated by FSC/SSC to exclude debris, followed by singlet gating using FSC-A/
FSC-H. mRNA uptake was quantified based on the Cy5* cell population.

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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