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ABSTRACT: Lipid nanoparticles (LNPs) represent the most clinically advanced platform for mRNA delivery, yet their inherent
immunogenicity remains a critical barrier to therapeutic efficacy. Nitric oxide (NO) is a central effector in macrophage-driven
inflammation, making it a particularly compelling molecular target for the design of anti-inflammatory LNP. Here, we
screened a library of ionizable guanidine compounds and identified G9, a potent inhibitor that suppresses NO production in
peritoneal M1 macrophages and reprograms macrophages toward an anti-inflammatory phenotype. Derivatization of G9
yielded G9-1, a guanidine-based ionizable lipid with an intrinsic NO-inhibitory motif, which retains full anti-inflammatory
activity while enabling efficient mRNA encapsulation and preferential delivery to lung-resident cells. In a murine acute lung
injury (ALI) model, G9-1 LNPs loaded with IL-10 mRNA exerted synergistic therapeutic effects, reducing inflammatory cell
infiltration, suppressing pro-inflammatory cytokines and improving systemic markers of tissue injury. This work establishes
NO inhibition as a design principle for anti-inflammatory ionizable lipids and introduces a new class of LNP with intrinsic

immunomodulatory activity for safer mRNA therapeutics in inflammatory disorders.

Introduction

Lipid nanoparticles (LNPs) have revolutionized mRNA-
based therapeutics, as exemplified by the clinical success of
mRNA vaccines.'-3 Clinically approved LNPs typically com-
prise four lipid components: ionizable lipids, cholesterol,
helper lipids, and PEGylated lipids.* > The ionizable lipid
serves as the core functional moiety, enabling pH-depend-
ent mRNA encapsulation and endosomal escape, both pre-
requisites for efficient in vivo mRNA delivery and transla-
tion.68 Despite their clinical success, the utility of LNPs is
severely hampered by their inherent immunogenicity? 1.
Systemic administration of LNPs triggers a robust innate
immune response characterized by pro-inflammatory cyto-
kine secretion, which not only induces systemic inflamma-
tion and potential tissue damage but also impairs the stabil-
ity and translational efficiency of the delivered mRNA.11-13
This creates a vicious cycle: LNP-induced inflammation re-
duces therapeutic efficacy, necessitating higher doses,
which in turn exacerbates immunogenicity.

A central driver of LNP-induced inflammation is the
crosstalk between LNPs and macrophages!* 15. As profes-
sional phagocytes, macrophages rapidly recognize and in-
ternalize LNPs, triggering pro-inflammatory signaling cas-
cades which leads to secretion of cytokines such as TNF-«
and IL-6.1618 Among the downstream effectors of macro-
phage activation, nitric oxide (NO) plays a particularly cen-
tral and self-amplifying role®. NO is produced from L-argi-
nine by inducible nitric oxide synthase 2 (NOS2/iNOS), a
hallmark enzyme of the pro-inflammatory M1 macrophage
state.?0 21 Critically, NO does not merely serve as a down-
stream effector molecule but actively sustains and amplifies
the inflammatory program through multiple positive feed-
back mechanisms. NO stabilizes hypoxia-inducible factor 1o
(HIF-1a) via S-nitrosylation, which in turn drives glycolytic

reprogramming and upregulates pro-inflammatory cyto-
kines.?? Simultaneously, NO activates NF-kB signaling, po-
tentiating transcriptional upregulation of iNOS itself and
creating a self-reinforcing loop that sustains M1 polariza-
tion.23 At the metabolic level, NO inhibits mitochondrial ac-
onitase 2 (ACO2) and causing citrate accumulation that fur-
ther fuels pro-inflammatory lipid mediator synthesis?4. To-
gether, these mechanisms establish NO as an upstream am-
plifier of macrophage-driven inflammation, making it a par-
ticularly compelling molecular target for anti-inflammatory
intervention?5-30,

Modulating NO production therefore represents a com-
pelling strategy to enhance LNP safety and efficacy. This is
especially relevant in pulmonary inflammatory pathologies
such as acute lung injury (ALI), where alveolar macro-
phages and interstitial macrophages are the predominant
drivers of pathological inflammation.31 However, despite
the well-established role of NO in macrophage-driven in-
flammation, rational design of ionizable lipid to direct in-
hibit NO production has not been realized. Prior efforts to
reduce LNP immunogenicity have focused on suppressing
TLR-mediated innate immune sensing through lipid engi-
neering!® 42-45 incorporating antioxidant moieties to scav-
enge reactive oxygen species,*®*7 or co-loading anti-inflam-
matory cargo*® 4,

We therefore hypothesized that incorporating a NO-
inhibitory motif directly into the ionizable lipid headgroup
could create a new class of intrinsically anti-inflammatory
LNP that suppresses macrophage NO production at the mo-
lecular level while retaining full mRNA delivery capacity.
Here, we report the discovery of G9, an ionizable guanidine
compound that potently inhibits NO production in primary
peritoneal M1 macrophages and reprograms macrophages
toward the anti-inflammatory phenotype. Derivatization of



Langtaosha (LTS) Preprint doi: https://doi.org/10.65215/LTSpreprints.2026.05.07.000231. This version posted May 7, 2026. The copyright holder for this preprint (which

was not certified by peer review) is the author/funder. Creative Commons license: CC Attribution-NonCommercial-NoDerivatives 4.0

https://creativecommons.org/licenses/by-nc-nd/4.0

a b o o

% "‘DJJ\ )LNINH,

H

~,

2-Mercaptoethanol '

G5
Peritoneal Macrophage

~
4
L

M d o o 2w
ey S AN
o o M NH;
G2 G3 G4
o NH o MW
Q i )L NH )L J\

G6 G7 G9

-] o )j\ / o
o:( ‘):D }— _gu—fm e ] NH. c}_ _{ .
) HN 1 - YT g uu—q
JLPq M)‘"" L M
G10 G 613 c1
c
M1 Macrophage
. 30 “ e
2
]
5]
o NH ©, 20 P
= PP -
R— N NH: § biiad i .
= 104 -
[o) 10
3:]’ =
o 0 ) 1 1 1 1 | 1 1 1
Model G1 G4 G5 G6 G8 G10 G111 G13 G14
d e n f g
ns
s
1004 * IS = 0849
1.0 s ‘@ 0.204 K * ‘g * ns
< . s 2 =
X 801 %u.s_ - a g 06
5 = T 0454 =
£ 80 £ ez 53 -
2 58 2504
E 40 (1 2B 0.4- 5 g ’ g3
oy T = B 02
2 20; S 02 2 005 5
0 > g 8
T T T 1 0.0 35 00 : -
0.0 0.5 1.0 1.5 20 PO % 0.00- - N
log[G8] / uM “\eb" oF o¥ oF of Blank Model GO & ‘t‘y @

Figure 1. G9 is a potent NO inhibitor in peritoneal macrophage. a) Schematic of the NO inhibitor screening workflow in
LPS-induced peritoneal M1 macrophages. b) Schematic representation of the acyl-guanidine compound library. ¢) NO pro-
duction in peritoneal M1 macrophages treated with guanidine compounds at 10 uM. d) Dose-dependent inhibition of NO
production by G9 in peritoneal M1 macrophages. e) Urea production in peritoneal M1 macrophages treated with G9. f) NO
and Urea (g) production in total protein extracts from peritoneal M1 macrophages treated with G9.

G9 yielded G9-1, a NO-inhibitory ionizable lipid that retains
anti-inflammatory activity while enabling efficient mRNA
encapsulation and lung-targeted delivery. In a murine
model of ALI, G9-1 LNPs loaded with IL-10 mRNA exerted
synergistic therapeutic effects, demonstrating the potential
of NO inhibition as a design principle for next-generation
anti-inflammatory ionizable lipids

Results and Discussion

Identification of G9: a potent NO production inhibitor in
peritoneal macrophage

We sought to identify a NO inhibitor with physicochemi-
cal properties compatible with integration into an ionizable
lipid scaffold. Existing guanidine-derived NOS inhibitors
such as L-NMMA and L-NAME carry a high pKa and perma-
nent positive charge, which predisposes them to non-

specific protein aggregation in circulation and systemic cy-
totoxicity.>%-52 To overcome these limitations, we designed a
series of neutral guanidine compounds in which aromatic
rings are conjugated to the guanidine warhead to lower its
pKa and tune its physicochemical properties for lipid com-
patibility (Figure 1b).

We evaluated the NO inhibitory activity of these com-
pounds in a lipopolysaccharide (LPS)-induced peritoneal
M1 macrophage model using per-cell NO production as a di-
rect readout (Figure 1a). LPS is a potent inducer of M1 po-
larization and NO expression. The results showed that sev-
eral compounds blocked M1 macrophage NO production at
10 uM. Notably, G9 exhibited exceptional efficacy, reducing
NO production by 50% compared to untreated controls
(Figure 1c). Cellular assays revealed a concentration-de-
pendent inhibitory effect of G9, with an ICso of ~12.6 uM in
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Figure 2. G9 reprograms macrophage polarization towards the anti-inflammation phenotype. Surface marker expres-
sion (a: CD86%; b: CD86%/CD206% ratio) in peritoneal M1 macrophages treated with G9. c-d) Secretion of TNF-a (c) and IL-
6 (d) by peritoneal M1 macrophages treated with G9. e) RNA-seq analysis of G9 and LPS-treated RAW264.7 macrophages. f)
Molecular docking of G9 within the NOS2 active site. g) Schematic representation of the ear edema model of acute cutaneous
inflammation and the treatment strategy. h) Ear swelling inhibition of G9 or Dex-treated mice.

LPS-induced peritoneal M1 macrophages (Figure 1d). In
LPS-stimulated RAW264.7 macrophages, the 1Cs, of G9 was
determined to be 20.6 puM, superior than that of L-NMMA
(ICse: 30-40 uM)33, a well-characterized arginine-derived
NO inhibitor (Supp Info. Figure S1). Importantly, no cyto-
toxicity was observed for G9 in macrophage cells at concen-
trations up to 500 uM, confirming its safety profile (Supp
Info. Figure S2).

Arginine metabolism in macrophages can proceed via
two competing pathways: the NOS-dependent pathway,
which produces NO, and the ARG1-dependent pathway,
which degrades arginine to urea.>* > Inhibition of NO

activity by G9 would be expected to increase substrate
availability for ARG1, potentially elevating urea production.
Nevertheless, G9-treated macrophages showed only a mod-
est trend toward increased urea production (Figure 1e). To
further characterize G9’s mechanism of action, we meas-
ured both NO and urea production from total protein ex-
tracts of peritoneal M1 macrophages. G9 significantly inhib-
ited total NO production (Figure 1f) while leaving urea pro-
duction unaffected (Figure 1g). Consistent with this selec-
tivity, G9 also inhibited recombinant NOS2 activity in a cell-
free assay, suggesting that G9 might act as a direct NOS2 in-
hibitor that blocks NO production (Supp Info. Figure S3).
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Figure 3. G9-1 is a NO-inhibitory ionizable lipid and reprograms macrophage polarization. a) Chemical structure of G9-
1. b) NO production in LPS-induced peritoneal M1 macro-phages treated with G9-1 and MC3 lipids. c) Cell viability of perito-
neal M1 macro-phages treated with G9-1. d-i) Surface marker expression (d: CD86%; e: CD86 mean fluorescence intensity
(MFI); f: CD206%; g: CD206 MFI; h: CD86/CD206%; i: CD86/CD206 MFI) in peritoneal M1 macrophages treated with G9-1
and MC3 lipids. j-k) Secretion of TNF-a (j) and IL-6 (k) by peritoneal M1 macrophages treated with G9-1 or MC3 lipid.

G9 reprograms macrophage polarization and inhibits
proinflammatory cytokine secretion

We next asked whether NO inhibition by G9 is sufficient
to drive macrophage reprogramming toward the anti-in-
flammatory phenotype. G9 dose-dependently decreased
CD86 expression in peritoneal macrophages (Figure 2a and
Supp Info. Figure S4), significantly shifting the CD86/CD206
ratio (Figure 2b), a surrogate for M1/M2 polarization. Cor-
respondingly, G9 significantly inhibited the secretion of
pro-inflammatory cytokines TNF-a and IL-6 (Figure 2c-d),
demonstrating that NO inhibition is sufficient to broadly
suppress the macrophage inflammatory program.

Transcriptomic analysis confirmed that G9 treatment
broadly reversed the pro-inflammatory transcriptional pro-
gram triggered by LPS (Figure 2e). G9 robustly downregu-
lated interferon-stimulated genes (ISGs) including Ifit1/2/3

and Ifit3b, as well as the type I interferon Ifnb1, indicating
suppression of the IFN-mediated inflammatory cascade.
Concurrently, G9 markedly reduced expression of 116 and
Nos2, consistent with the self-reinforcing anti-inflamma-
tory effect of NO inhibition. Notably, G9 enhanced expres-
sion of H2-DMa, an MHC class Il molecule critical for antigen
presentation, suggesting that G9 may function as a selective
immunomodulator that dampens pathological innate in-
flammation while preserving adaptive immune responses.

To elucidate the molecular mechanism underlying G9’s
NO inhibitory activity, we performed molecular docking
studies with NOS2. G9 exhibits a tight binding to NOS2 with
multiple non-covalent interactions (Figure 2f). The naph-
thalene group in G9 formed CH-m interactions with the a-
CH; of Gly365, the guanidine motif engaged in cation-m in-
teractions with the indole ring of Trp188, and the guanidine
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Figure 4. G9-1 LNP inhibits inflammatory responses and enables lung-targeted mRNA delivery. a) Schematic represen-
tation of G9-1 LNP. b) Percentage of monocytes and neutrophils in peripheral blood of mice treated with G9-1, MC3 and PBS
groups. c-f) Surface marker expression (c: CD86%; d: CD206%; e: CD86/CD206%; f: iNOS) in blood monocytes of mice. g)
Bioluminescence IVIS imaging of whole body and isolated organs from mice administered with mLuc@G9-1(i.v.). h) Average
radiance in isolated organs from mLuc@G9-1 treated mice. j) Flow cytometry analysis of Cy5* cell populations in the lung.

moiety formed hydrogen bonds with Asn364. However,
compound G7, which contains a naphthalene group at a dif-
ferent substitution position, did not alter macrophage NO
production (Figure 1c), highlighting the structural specific-
ity of G9’s inhibitory effect.

To further validate G9’s anti-inflammatory efficacy in
vivo, we employed a croton oil-induced murine ear edema
model of acute cutaneous inflammation. Subcutaneous ad-
ministration of G9 significantly alleviated ear edema in a
dose-dependent manner, with efficacy comparable to dexa-
methasone (Dex), a clinically approved anti-inflammatory
corticosteroid. Collectively, these results establish G9 as a
potent inhibitor that suppresses macrophage NO produc-
tion, drives M1-to-M2 reprogramming and exerts anti-in-
flammatory effects both in vitro and in vivo (Figure 2g-h).
G9-1: A NO-Inhibitory ionizable lipid that reprograms
macrophage polarization

Having validated G9 as a potent NO inhibitor with in vivo
anti-inflammatory activity, we sought to translate this activ-
ity into an ionizable lipid scaffold. The key design feature is

to conjugate the NO-inhibitory headgroup of G9 to a lipid
tail in a manner that: (1) preserves NO inhibitory activity,
(2) confers the pH-dependent ionization behavior required
for mRNA encapsulation and (3) enables self-assembly into
LNPs with favorable physicochemical properties.33

We thus designed and synthesized G9-1, a derivative of
G9 in which the acyl-guanidine motif is conjugated to the li-
pid headgroup (Figure 3a). To confirm that G9-1 retains NO
inhibitory activity, we treated LPS-induced peritoneal M1
macrophages with G9-1 and measured NO production. G9-
1 significantly inhibited NO production, albeit with reduced
potency compared to G9 (Figure 3b). In LPS-induced RAW
macrophages, the ICso of G9-1 for NO inhibition was deter-
mined to be ~45 pM (Supp. Info. Figure S5). Moreover, G9-
1 exhibited negligible cytotoxicity to peritoneal macro-
phages, suggesting that the NO-inhibition effect is not origi-
nated from decreased cell proliferation (Figure 3c). Criti-
cally, G9-1 treatment decreased both CD86 expression and
intensity (Figure 3d-e), while increasing the expression and
intensity of CD206 (Figure 3f-g),
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Figure 5. G9-1@IL-10 mRNA exerts synergistic therapeutic effects in a murine ALI model. a) Schematic of the LPS-
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significantly shifting the M1/M2 ratio in a manner that mir-
rored the effect of G9 (Figure 3h-i). In sharp contrast, the
clinically approved DLin-MC3-DMA (MC3) lipid did not alter
the M1/M2 ratio in macrophages, confirming that the anti-
inflammatory effect of G9-1 is specifically mediated by the
NO-inhibitory property. G9-1 also significantly inhibited se-
cretion of TNF-a and IL-6 in primary macrophages (Figure
3j-k), further validating its anti-inflammatory activity.

G9-1 LNP inhibits inflammatory response in vivo and
enables lung-targeted mRNA delivery

We next formulated LNPs using G9-1 as the ionizable li-
pid, alongside DOPE, DOTAP and DMG-PEG 2000. As previ-
ously demonstrated for ionizable guanidine-based LNPs,
cholesterol was omitted from the formulation.5¢ The molar
ratio of components was set to 50:2.5:26.5:0.5 (G9-1: DOPE:

DOTAP: DMG-PEG). Dynamic light scattering (DLS) analysis
revealed a mean particle size of ~135 nm and a zeta poten-
tial of ~+5 mV at neutral pH (Supp Info. Figure S7). G9-1
LNPs exhibited high encapsulation efficiency (>80%) for IL-
10 mRNA (Supp Info. Figure S8), confirming that the NO-
inhibitory motif does not compromise mRNA binding ca-
pacity.

We evaluated the inflammatory response of G9-1 LNPs
encapsulating Luc mRNA (mLuc@G9-1) and compared it to
that of the standard MC3 LNP (mLuc@MC3). Intravenous
administration of LNPs has been shown to trigger acute in-
flammatory responses characterized by rapid changes in
peripheral blood immune cell composition, particularly
neutrophils and monocytes.57 58 As shown in Figure 4b, ad-
ministration of mLuc@MC3 led to a more than 10-fold ele-
vation in the percentage of neutrophils in peripheral blood
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compared to the PBS group, indicating a severe inflamma-
tory response. In sharp contrast, mLuc@G9-1 induced only
a mild increase (~2.5-fold) in neutrophils, highlighting its
anti-inflammatory property. Examination of monocyte sur-
face markers further confirmed the superior anti-inflamma-
tory profile of G9-1 LNPs: CD86 expression was markedly
lower and the M1/M2 ratio remained comparable to the
PBS group (Figure 4c-e and Supp Info. Figure S9-10),
whereas MC3 LNP treatment led to a significant increase in
M1 markers and M1/M2 ratios. Furthermore, NOS2 expres-
sion in peripheral blood monocytes was not elevated in the
mLuc@G9-1 group, in contrast to the mLuc@MC3 group
(Figure 4f), directly confirming the NO-inhibitory activity of
the G9-1 lipid in vivo.

To evaluate the in vivo delivery performances, mLuc@G9-
1 were administered intravenously to Balb/c mice. IVIS im-
aging revealed predominant expression in the lung with
secondary expression in the spleen (Figure 4g-h). The cell-
type specificity of G9-1 in the lung was then determined us-
ing Cy5-labeled mRNA (Cy5-Luc) intravenously by flow cy-
tometry on dissociated lung cells. G9-1 LNP delivered
mRNA primarily to lung endothelial cells (61.7%) and alve-
olar macrophages (60.8%), cell types centrally involved in
ALI pathogenesis, followed by interstitial macrophages
(25.4%) and neutrophils (Figure 4i and Supp Info. Figure
$11-12).

Together, these findings establish G9-1 as an ionizable li-
pid that combines two functions in a single molecular scaf-
fold: intrinsic anti-inflammatory activity via NO inhibition,
and efficient mRNA delivery with preferential targeting to
pulmonary vascular endothelial cells and alveolar macro-
phages. This dual functionality makes G9-1 ideally suited
for the treatment of pulmonary inflammatory disorders.

G9-1 LNPs exert synergistic therapeutic effects in a mu-
rine model of ALI

Acute lung injury (ALI) is a life-threatening respiratory
disorder characterized by macrophage-dominated acute
pulmonary inflammation, leading to severe damage to the
pulmonary vascular endothelium and alveolar epithelium,
and ultimately respiratory failure.2%2! Given that alveolar
macrophages are the primary drivers of ALI pathogenesis,
and that NO is a key mediator of macrophage-driven tissue
damage,3® we reasoned that a NO-inhibitory ionizable lipid
would be particularly well-suited for ALI therapy. We there-
fore investigated whether G9-1 LNP loaded with IL-10
mRNA, a potent anti-inflammatory cytokine that inhibits
macrophage activation,?! could exert therapeutic effects in
an LPS-induced murine ALI model.

We established the ALI model by intratracheal instillation
of LPS into Balb/c mice. Subsequently, mice were treated in-
travenously with: (1) PBS, (2) G9-1 LNPs encapsulating lu-
ciferase mRNA (mLuc@G9-1), or (3) G9-1 LNPs encapsulat-
ing IL-10 mRNA (mIL10@G9-1). This design allowed us to
dissect the intrinsic anti-inflammatory contribution of the
G9-1lipid from the combined effect of the lipid and the ther-
apeutic IL-10 mRNA payload (Figure 5a).

Histopathological analysis of lung tissue via H&E staining
revealed that LPS-induced ALI caused severe lung damage,
including alveolar wall thickening, inflammatory cell infil-
tration, and alveolar hemorrhage (Figure 5b). mLuc@G9-1

treatment significantly alleviated these pathological
changes, demonstrating that the NO-inhibitory activity of
the G9-1 lipid alone is sufficient to confer meaningful pro-
tection against ALI-associated lung damage. mIL10@G9-1
treatment exerted an even stronger protective effect, with
lung tissue morphology approaching that of healthy con-
trols. Inflammatory scoring confirmed these observations:
mIL10@G9-1-treated mice had significantly lower bron-
chial and vascular inflammation scores compared to both
the ALI model and mLuc@G9-1 groups (Figure 5c).

To quantify the inflammatory response, we analyzed the
cellular composition of bronchoalveolar lavage fluid
(BALF). LPS-induced ALI led to a significant increase in total
leukocytes, neutrophils, monocytes, lymphocytes, and baso-
phils in BALF (Figure 5d). mLuc@G9-1 treatment signifi-
cantly reduced the number of these inflammatory cells,
demonstrating that NO inhibition by the G9-1 lipid is suffi-
cient to suppress inflammatory cell recruitment to the lung,
independent of any mRNA payload. mIL10@G9-1 treatment
further suppressed BALF leukocytes, neutrophils, and baso-
phils, demonstrating a synergistic effect between NO inhibi-
tion by the G9-1 lipid and anti-inflammatory signaling by
the delivered IL-10 mRNA. Concurrently, peripheral blood
analysis revealed an increase in circulating leukocytes and
neutrophils in G9-1-treated mice (Figure 5e), consistent
with inhibition of inflammatory cell migration into the lung,
a critical step in ALI pathogenesis.

We next measured pro-inflammatory and anti-inflamma-
tory cytokine levels in both lung and serum. In the lung, LPS-
induced ALI significantly elevated TNF-a and IL-6 levels
while reducing IL-10 (Figure 5f). mLuc@G9-1 treatment
significantly reduced IL-6 levels, consistent with its NO-
inhibitory and anti-inflammatory properties. mIL-10@G9-1
treatment markedly reduced both TNF-a and IL-6 levels
and substantially elevated IL-10 in the lung, confirming that
the delivered IL-10 mRNA is efficiently translated into func-
tional protein and amplifies the anti-inflammatory effect of
the G9-1 lipid. Serum cytokine profiles mirrored these
trends, with mIL-10@G9-1 treatment significantly reducing
systemic TNF-a and IL-6 levels and increasing IL-10 level
(Figure 5g).

To assess systemic inflammation and organ function, we
measured serum CRP (a marker of acute-phase inflamma-
tion) and albumin (ALB, a liver-derived protein whose lev-
els decline during inflammation). LPS-induced ALI in-
creased serum CRP and decreased serum ALB (Figure 5h-i).
mIL10@G9-1 treatment markedly suppressed serum CRP
and elevated serum ALB, indicating reduced systemic in-
flammation and improved liver function. Body weight anal-
ysis further confirmed the therapeutic benefit: ALI model
mice exhibited 5-7% weight loss on days 1-2 post-LPS,
whereas mIL10@G9-1 treatment markedly attenuated this
weight reduction (Supp Info. Figure S13).

Collectively, these data demonstrate that the NO-
inhibitory activity of the G9-1 lipid confers significant in-
trinsic anti-inflammatory efficacy in a murine ALI model.
When combined with IL-10 mRNA, mIL10@G9-1 achieves
synergistic therapeutic effects through complementary
mechanisms: direct NO inhibition by the lipid suppresses
macrophage activation and inflammatory cell recruitment,
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Figure 6. G9-1 exhibits excellent safety profile in Balb/c mice. a) Representative H&E-staining of mice organs. b) Eryth-
rocyte parameters analysis of the mice after the treatment (n=5). c) Serum biochemical index of the mice (n=5).

while the delivered IL-10 mRNA amplifies anti-inflamma-
tory signaling at the transcriptional level.

G9-1 LNP exhibits excellent safety profile

To further evaluate the biosafety of G9-1 LNPs, we admin-
istered them intravenously to healthy Balb/c mice
(mLuc@G9-1 or mIL10@G9-1) and analyzed major organs
(heart, liver, spleen, lung, kidney) via H&E staining 24 hours
post-administration. No pathological damage such as necro-
sis, inflammation, or fibrosis was observed in any organ,
confirming the safety of G9-1 (Figure 6a).

Erythrocyte parameters analysis revealed no significant
changes in G9-1 treated mice compared to the control group
(Figure 6b). Serum biochemical testing showed no marked
changes in markers of liver function (AST/ALT) and kidney

function (urea). Notably, both mLuc@G9-1 and mIL10@G9-
1 significantly reduced serum levels of creatinine (Crea),
creatine kinase (CK), and lactate dehydrogenase (LDH),
markers of kidney damage, muscle damage, and general tis-
sue injury, consistent with the systemic anti-inflammatory
activity of the G9-1 lipid and its favorable safety profile (Fig-
ure 6¢).

Summary and Outlook

In summary, we establish NO inhibition as a rational and
actionable design principle for anti-inflammatory ionizable
lipids. NO is a central amplifier of macrophage-driven in-
flammation: produced by NOS2 in response to LPS and
other danger signals, NO sustains M1 polarization through
a self-reinforcing loop and promotes pro-inflammatory
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cytokine production. By identifying G9 as a potent NO inhib-
itor and engineering it into the G9-1 ionizable lipid scaffold,
we demonstrate that NO-inhibitory activity can be embed-
ded directly into the lipid chemistry without compromising
mRNA delivery performance. The synergistic therapeutic
effect of G9-1 LNPs loaded with IL-10 mRNA in a murine ALI
model further demonstrates the potential of combining in-
trinsic lipid anti-inflammatory activity with therapeutic
mRNA payloads. G9-1 LNP alone exerted significant anti-in-
flammatory efficacy attributable to NO inhibition, while co-
delivery of IL-10 mRNA further amplified these effects
through complementary mechanisms operating at different
levels of the inflammatory cascade. This synergistic frame-
work represents a broadly applicable strategy for inflam-
matory disorders driven by macrophage activity. Future
studies directly quantifying NO production and NOS2 enzy-
matic activity in LNP-treated macrophages in vivo, and ex-
tending this design principle to other lipid architectures will
further advance the development of next-generation anti-
inflammatory mRNA delivery systems.

The NO-inhibitory ionizable guanidine headgroup can be
conjugated to a lipid tail without sacrificing mRNA encapsu-
lation efficiency or delivery performance. This design prin-
ciple could be extended to other immunomodulatory tar-
gets relevant to macrophage activation (e.g., NF-kB pathway
inhibitors, NLRP3 inflammasome inhibitors, or metabolic
enzyme inhibitors), opening a new avenue for the engineer-
ing of next-generation ionizable lipids with programmable
anti-inflammatory profiles.

In conclusion, our work introduces NO inhibition as a vi-
able design principle for anti-inflammatory ionizable lipids,
and establishes G9-1 as a NO-inhibitory ionizable lipid for
safer and more effective LNP-based mRNA therapeutics. By
embedding immunomodulatory function directly into the li-
pid chemistry, we provide a new framework for addressing
LNP immunogenicity at its molecular source, one that is
mechanistically grounded and compatible with existing
mRNA delivery platforms.

Methods
Cell lines

The RAW264.7 cells (mouse mononuclear macrophages
Cells) were maintained in DMEM with 10% FBS, penicillin
(100 U/ml) and streptomycin (100 pg/ml) at 37°C in a hu-
midified atmosphere with 5% CO,.

Animal studies

Female Balb/c mice (6-8 weeks, 18-20 g), male Kunming
mice, and C57BL/6] male mice (6-8 weeks, 18-20 g) were
housed under standard conditions with controlled temper-
ature and humidity in a 12 h light/dark cycle (GemPhar-
matech Co., Ltd, Nanjing, China). All animal experiments
were approved by the Institutional Animal Care and Use
Committee of Shenzhen Bay Laboratory (AELM202301,
AELM202401).

Primary peritoneal macrophage isolation, culture,
stimulation and analysis

Primary murine peritoneal macrophages were isolated
from C57BL/6] male mice by intraperitoneal injection of
3% thioglycollate medium and cultured. Cells were isolated
and plated into 96-well plates (2x10° cells/well, Costar,
USA). For anti-inflammatory evaluation, macrophages were

pretreated with the indicated compounds for 1 hour at
37°C, then stimulated with 1 pg/mL LPS for 24 h to induce
NO production. Cell supernatant (100 pL) was mixed with
100 pL Griess reagent (equal volumes of 0.1% N-1-naph-
thylethylenediamine and 1% sulfanilamide) and incubated
for 10 min at room temperature in the dark. Absorbance at
570 nm was measured using a microplate reader (Agilent
BioTek Synergy H1) and NO content was calculated from a
sodium nitrite standard curve.

Cell viability was assessed using the CCK-8 assay. Briefly,
following treatment and LPS stimulation, 100 puL of cell su-
pernatants were collected. 10 pL CCK-8 solution (APExBIO,
Houston, USA) was added to each well, and the plates were
incubated at 37°C for 30 min. Absorbance at 450 nm was
measured using a microplate reader.

The concentrations of cytokines (TNF-q«, IL-6, IL-10) and
urea in macrophage cell supernatants (treated with 10 uM
compounds, stimulated with 1 pg/mL LPS) were measured
using ELISA kits (Biolegend, California, USA) according to
the manufacturer’s protocols.

Protein markers on the surface of macrophages cells was as-
sessed using FITC anti-mouse F4/80 antibody, APC anti-
mouse CD86 antibody, PE anti-mouse CD206/MMR anti-
body (Elabscience Biotechnology Co. Ltd. Wuhan, China).
Each sample (2x10° cells) of cells was incubated with 100
uL of PBS containing 1 pL staining solutions above ice box
in dark for 30 min. After centrifugation, blank control and
single staining EP tubes contained 200 pL PBS were pre-
pared, then 10° macrophages cells were analyzed by flow
cytometry.

RNA-seq analysis

RAW264.7 was treated with G9 or LPS for 24 h, followed by
total RNA extraction to analyze the expression of inflamma-
tion-related genes. Total RNA of different treatments was
extracted using Trizol reagent kit (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s protocol. The ex-
tracted RNA was then subjected to high-throughput se-
quencing. Differential expression analysis was performed,
and the resulting data were mapped to the Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) database to identify
significantly enriched pathways related to the inflamma-
tory response.

Molecular docking

The crystal structure of inducible nitric oxide synthase was
obtained from the Protein Data Bank (PDB ID: 3NW2). Pro-
tein preparation included removal of water molecules and
irrelevant heteroatoms, addition of hydrogen atoms, and as-
signment of protonation states under physiological condi-
tions. The binding pocket was defined based on the co-crys-
tallized ligand MPW in the 3NW2 structure. The docking
grid was centered on the MPW binding site, ensuring cover-
age of the native ligand-binding region. Ligands were pre-
pared by generating 3D conformations and minimizing
their geometry prior to docking. Molecular docking was
performed using AutoDock Vina (or equivalent software),
generating multiple binding poses for each ligand. The top-
ranked poses were selected based on docking scores. To
further improve prediction reliability, docking results were
evaluated using the deep learning-based model DeepMice.
Final candidate selection was based on a combination of
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docking scores, DeepMice predictions, and binding mode
analysis. Protein-ligand interactions, including hydrogen
bonds and hydrophobic contacts, were analyzed using
PyMOL.

Croton oil-induced ear edema

Male Kunming mice were randomly divided into groups of
5. For the dose-response experiment, mice received subcu-
taneous (s.c.) injection of G9 (6.25, 12.5, or 25 mg/kg) or
dexamethasone (Dex, 1 mg/kg) as a positive control; vehi-
cle-treated mice served as the negative control. Thirty
minutes after injection, acute cutaneous inflammation was
induced by topical application of 50 uL of 4% (v/v) croton
oil solution to the left ear surface; the right ear was left un-
treated as an internal control. Four hours later, mice were
euthanized under anesthesia, and 8 mm diameter ear
punches were collected from both ears. The degree of ear
edema was quantified as the weight difference between the
left (treated) and right (untreated) ear.

Preparation for LNP

G9-1 lipid was dissolved in DMSO (50 mg/ml), DOPE and
DMG-PEG2000 were dissolved in ethanol (10 mg/mL),
DOTAP were dissolved in ethanol (50 mg/ml). G9-1 LNPs
were formulated with G9-1, DOPE, DMG-PEG2000 and
DOTAP in a molar ratio of 50:2.5:0.5:26.5. MC3 LNPs were
fixed with MC3 lipids, DSPC, cholesterol, DMG-PEG 2000 in
a molar ratio of 50:10:38.5:1.5. The lipid components and
Luc-mRNA solutions were mixed according to the indicated
formulations (total lipid: mRNA = 1:3) using pipettes (up
and down rapidly for 60 s) or microfluidic mixing for in vitro
or in vivo studies. After microfluidic mixing, LNPs were dia-
lyzed into PBS with Slide-A-Lyzer™ dialysis cassettes (10K
MWCO, Thermofisher).

Dynamic light scattering

LNP was diluted to 0.5mg/ml in PBS and tested for particle
size and zeta potential using dynamic light scattering
(Zetasizer Pro, Malvern Panalytical). Each sample was ex-
amined three times. Diameters are reported as intensity
means peak average.

Analysis of peripheral blood immune cells

Peripheral blood was collected from the retro-orbital sinus
of female C57BL/6] mice at 24h post-administration (i.v.) of
mLuc@MC3 or mLuc@G9-1 LNPs (0.5 mg/kg). The blood
samples were anticoagulated with 5 mM EDTA. 50 pL of
whole blood was resuspended in FACS buffer (PBS supple-
mented with 2% FBS) and stained with fluorophore-conju-
gated surface antibodies: Alexa Flour 700 anti-mouse CD45,
FITC anti-mouse CD11b, BV510 anti-mouse Gr-1, BV650
anti-mouse CD86, and PE anti-mouse CD206/MMR.

Following a 30 min incubation at room temperature in the
dark, the cells were fixed for 15 min and washed with 3 mL
of PBS. For intracellular staining, the cells were then incu-
bated for 15 min with PE-Cy7 anti-mouse iNOS antibody
(diluted 1:100 in permeabilization buffer). The permeabili-
zation step simultaneously facilitated the lysis of red blood
cells. After incubation, the samples were washed twice and
resuspended in 200 pL of PBS. Unstained and single-stained
controls were prepared concurrently to establish compen-
sation matrices. Data acquisition was subsequently per-
formed on a flow cytometer.

In vivo mRNA delivery

Female Balb/c mice (n = 3) were treated with Luc mRNA-
loaded LNPs at an mRNA dose of 0.4 mg/kg (i.v.). After 3 h,
mice were anesthetized with isoflurane and injected intra-
peritoneally with 200 pL D-Luciferin (potassium salt, 30
mg/mL). After 4 minutes, mice were imaged using an IVIS
Spectrum (PerkinElmer), and organs (heart, liver, spleen,
lung, kidney) were immediately excised and imaged. Aver-
age radiance in mice and isolated organs was quantified us-
ing Living Image software.

Cy5-Luc mRNA (0.4 mg/kg, i.v.) was used to examine the bi-
odistribution of LNPs in the lung tissues. After 3h, the lungs
of mice were harvested and digested using 2 mg/mL colla-
genase IV and 0.1 mg/mL DNAse, followed by filtration
through a 200-mesh strainer and centrifuged (300g, 5min)
at 4°C. Using red blood cell lysis buffer and PBS buffer to ob-
tain single cell suspension. Each sample (2x10° cells) of
cells was incubated with 100 pL of PBS containing 0.2 pL
staining solutions above ice box in dark for 30 min, contain-
ing Alexa Flour 700 anti-mouse CD45 antibody (immune
cells), BV 605 anti-mouse CD31 (endothelial cells), BV 786
anti-mouse CD326 (epithelial cells), PE/cyanine7 anti-
mouse CD3 antibody (T cells), BV 421 anti-mouse CD19 (B
cells), PE/cy5 anti-mouse F4/80 antibody (Macrophages),
FITC anti-mouse CD11b antibody (Neutrophil),
PerCP/cy5.5 anti-mouse CD11c antibody (DCs).

LPS-induced mice acute lung injury

Female Balb/c mice were randomly divided into groups. On
day 0, all mice except the PBS control group received in-
tratracheal instillation of LPS (120 pg in 50 pL PBS). Six
hours after LPS instillation, mice were administered (i.v.)
with PBS, mLuc@G9-1(0.3 mg/kg) and mIL10@G9-1(0.3
mg/kg). Body weight was recorded daily. On day 2 (48 h af-
ter LPS instillation), mice were euthanized and lung tissue,
BALF, and blood were collected for further analysis.

Lung tissue was fixed in 10% (v/v) formalin solution and
Paraffin-embedded, which was subsequently sliced in 4 pm
thickness and stained with hematoxylin-eosin (H&E) solu-
tion to observe pathological changes and analysis inflam-
matory cell infiltration as described previously. A 4-point
scale was used, and the assessment was performed in a sin-
gle-blind fashion: 0 point: no inflammatory cell infiltration
in bronchus and vessels; 1 point: occasional cuff-like inflam-
matory cell infiltration; 2 points:1-5 layer(s) of inflamma-
tory cells infiltrated in most of bronchus and vessels; 3
points: inflammatory cells greater than 5 layers infiltrated
in most of bronchus and vessels. Total lung injury score was
the sum of bronchus and vessel score, each slice was ob-
served 5 fields of view, and their average of bronchus and
vessel score was taken.

BALF was collected by intratracheal instillation with 700 pL
PBS triply. After centrifugation, the supernatant was stored
to test the concentration of TNF-q, IL-6 and IL-10 by ELISA
kits (Biolegend, California, USA), and the number of cells in
the BALF and blood were counted via a hemocytometer
(Mindray BC-5000 vet, Shenzhen, China). The protein con-
centration of BALF was tested by BCA protein assay kit (So-
larbio science & technology Co., Ltd, Beijing, China). The
CRP and ALB concentration of serum was tested by bio-
chemical analyzer (Mindray BS-240 Vet, Shenzhen, China).
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Safety assessment

Female Balb/c mice were divided into groups randomly for
evaluating potential LNPs-induced toxicity. Mice were ad-
ministered (i.v.) with mLuc@G9-1(0.3 mg/kg) and
mIL10@G9-1(0.3 mg/kg). After 24h, animals were har-
vested and collected organs, blood and serum for further
measurement, including histopathological examination of
major organs (heart, liver, spleen, lungs, and kidneys) by
H&E staining; complete blood count analysis measuring
five-part leukocyte differentials (total leukocytes, neutro-
phils, monocytes/macrophages, lymphocytes, and eosino-
phils) and erythrocyte parameters (RBC, HGB, MCV, PLT
and MPV) via a hemocytometer; and serum biochemical
testing for tissue injury markers (AST, ALT, ALB, CRP, UREA,
Crea, CK, and LDH) by biochemical analyzer.

Statistical analysis

Data are presented as mean * standard error of the mean
(SEM). Statistical analyses were performed using GraphPad
Prism 9.5.0. Comparisons among multiple groups were per-
formed using one-way analysis of variance (ANOVA). P <
0.05 was considered statistically significant.
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