Downloaded from https://www.pnas.org by Michael John Mitchell on February 5, 2024 from IP address 108.4.240.167.

APPLIED BIOLOGICAL SCIENCES
CHEMISTRY

PNAS

RESEARCH ARTICLE

L)

Check for
updates

af® OPEN ACCESS

Precision treatment of viral pneumonia through
macrophage-targeted lipid nanoparticle delivery

Gan Zhao™*“", Lulu Xue®' 2, Hannah C. Geisler®®, junchao xu*

, Xinyuan Li*®<, Michael J. MitchellP¢&f&h2

, and Andrew E. Vaughan?®<?

Edited by Daniel ). Siegwart, The University of Texas Southwestern Medical Center, Dallas, TX; received August 25, 2023; accepted January 5, 2024 by

Editorial Board Member Carl F. Nathan

Macrophages are integral components of the innate immune system, playing a dual role
in host defense during infection and pathophysiological states. Macrophages contribute
to immune responses and aid in combatting various infections, yet their production of
abundant proinflammatory cytokines can lead to uncontrolled inflammation and wors-
ened tissue damage. Therefore, reducing macrophage-derived proinflammatory cytokine
release represents a promising approach for treating various acute and chronic inflam-
matory disorders. However, limited macrophage-specific delivery vehicles have hindered
the development of macrophage-targeted therapies. In this study, we screened a pool
of 112 lipid nanoparticles (LNPs) to identify an optimal LNP formulation for efficient
siRNA delivery. Subsequently, by conjugating the macrophage-specific antibody F4/80
to the LNP surface, we constructed MacLNDP, an enhanced LNP formulation designed
for targeted macrophage delivery. In both in vitro and in vivo experiments, MacLNP
demonstrated a significant enhancement in targeting macrophages. Specifically, delivery
of siRNA targeting TAK1, a critical kinase upstream of multiple inflammatory path-
ways, effectively suppressed the phosphorylation/activation of NF-kB. LNP-mediated
inhibition of NF-kB, a key upstream regulator in the classic inflammatory signaling
pathway, in the murine macrophage cell line RAW?264.7 significantly reduced the release
of proinflammatory cytokines after stimulation with the viral RNA mimic Poly(I:C).
Finally, intranasal administration of MacLNP-encapsulated TAK1 siRNA markedly
ameliorated lung injury induced by influenza infection. In conclusion, our findings
validate the potential of targeted macrophage interventions in attenuating inflammatory
responses, reinforcing the potential of LNP-mediated macrophage targeting to treat
pulmonary inflammatory disorders.

lipid nanoparticles | inhalation delivery | nanomedicine | RNAI therapeutics | pneumonia

Macrophages, pivotal immune cells in the lung, stand as the foremost guardians of the
respiratory system. Their ability to sense and engulf pathogens, release cytokines, and
participate in tissue restoration underscores their vital role as a first responder of the innate
immune system (1, 2). However, accumulating evidence also points to macrophages as
contributors to tissue inflammation and damage. Given that they are a major source of
proinflammatory cytokines, they have been implicated in driving the pathology of various
diseases including atherosclerosis (3), COVID-19 (4), and desquamative interstitial pneu-
monia (DIP) (5). Since the inflammatory response driven by macrophages intricately
impacts disease progression, exploration of strategies to temper or regulate excessive
macrophage-induced inflammation emerges as a promising avenue for the treatment of
inflammarory diseases.

Strategies to target macrophages have garnered significant attention, especially with the
application of nanomaterials to modulate macrophage function. Numerous studies have
demonstrated that nanoparticles significantly enhance the pharmacokinetic properties
and chemical stability of loaded therapeutic agents, including small-molecule drugs, pep-
tides, proteins, small interfering RNA (siRNA), and microRNAs (miRNA) (6-8).
Nanoparticle delivery strategies targeting inflammatory macrophages have been used suc-
cessfully in various murine disease models (3, 9—11). Despite the development of diverse
nanoparticle delivery methods targeting the mouse lungs (12-15), research into thera-
peutic strategies specifically focused on lung macrophages remains limited.

Using RNA interference (RNAI) for therapy holds promise in improving disease out-
comes (16-19) and holds an advantage over CRISPR/Cas9 for some application in that
modulation of gene expression is inherently transient. However, obstacles hinder the
widespread application of RNAI therapeutics, specifically concerning efliciently delivering
oligonucleotides to target cells while minimizing delivery to nontarget cells. Here, we
identified the most effective lipid nanoparticle (LNP) delivery formulation from a pool
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Significance

Tissue- or cell-specific delivery
within the body is currently one
of the most critical challenges in
the field of nanodelivery. Our
work demonstrates that an
antibody-conjugated lipid
nanoparticle strategy, when
administered intranasally,
effectively targets lung
macrophages, an essential
immune cell type involved in
numerous disease states as well
as in proper tissue homeostasis.
Further, we demonstrate that
delivery of siRNA targeting TAKT,
an important kinase upstream of
inflammatory signaling pathways,
can significantly attenuate the
proinflammatory macrophage
phenotype both in vitro and

in vivo. We believe that this work
bears high translational
relevance given the ongoing
COVID-19 epidemic and
considering unmet need for
better treatments for patients
suffering from additional
respiratory viral infections
including influenza and RSV.
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of 112 formulations. Following this, we conjugated the F4/80
antibody, a canonical and widely utilized macrophage surface
marker, to the LNPs, leading to the successful creation of an
advanced LNP we term “MacLNP” This strategy substantially
enhances the delivery efficiency to targeted macrophages.
Considering relevant target molecules important in macrophage
function, TGF-p-activated kinase 1 (TAK1, also referred to as
MAP3K7) is a member of the mitogen-activated protein kinase
kinase kinase (MAP3K) family. TAK1 regulates multiple down-
stream pathways including the nuclear factor-kB, c-Jun N-terminal
kinase (JNK), p38, and TGF-p signaling pathways, playing a vital
role in the fibrotic and inflammatory responses (20). Targeting
TAKI has displayed promising results in mitigating inflammation
and fibrosis in experimental pneumoconiosis (21). We therefore
employed MacLNP to deliver siRNA targeting TAK] in influenza-
induced pneumonia as a proof-of-concept approach, significantly
attenuating local lung inflammation and promoting lung regen-
eration and repair. This research provides valuable insights
targeting macrophages for the treatment of lung inflammatory
diseases.

Results

Design of LNP Formulations. Branched ionizable lipids (lipidoids)
are beneficial for potent RNA delivery in various applications,
including vaccination, RNAi therapeutics, protein replacement
therapy, gene editing, and cancer therapy (8, 22-25). Notably,
SM-102 lipid, a key component in one of the highly effective
FDA-approved COVID-19 vaccines, employs a branched tail
structure for mRNA delivery, underscoring the significance of
such branched architectures (8). The branched configuration
introduces a larger chemical space, thereby increasing the distance
between tails to form a more cone-shaped ion pair with the anionic
membrane phospholipid, facilitating efficient endosome disruption
(22, 23, 25). Consequently, this enhanced fusogenicity is pivotal
for achieving effective delivery. While branched tail structures have
been widely employed (22, 23, 25), the degree of branching tails
as a discrete variable that influences genetic cargo delivery has not
been thoroughly investigated in previous studies (22, 23, 25). In
this study, we employ a classic esterification reaction to synthesize
branched tails with various branching degrees (Fig. 1 A-C and
SI Appendix, Figs. S1-S4), then coupling these tails into various
amine cores to create a library of branched lipidoids through
Michael- addition reaction (Fig. 1C and SI Appendix, Figs. S5
and S6). The 28 generated branched lipidoids were denoted as
X-O10b-y, where “X” represents the order of amine heads in
this study, “O10b” indicates the ester-based branching tail (10
means the tail length), and “y” indicates the branching degree of
alkyl tails.

High-throughput In Vitro Screening of LNP Formulations for
Optimal siRNA Delivery Efficiency. To investigate the structure—
activity relationship (SAR) of branched lipidoids for siRNA
delivery under various classic formulation parameters, 28 different
branched lipidoids, 2 different phospholipids (DOPE and DSPC),
cholesterol, and 2 different lipid-anchored PEG (C14PEG2K
and DMG-PEG2K) were orthogonally used to formulate 112
total branched LNDPs encapsulating GFP siRNA (siGFP), which
we then used to evaluate in vitro GFP silencing in HepG2-GFP
fibroblast cell line (Fig. 2A4). Branched LNPs were formulated with
an ethanol phase containing branched lipidoid, phospholipid,
cholesterol, and lipid-anchored poly(ethylene glycol) with a molar
ratio of 35:16:46.5:2.5 and an aqueous containing siGFP via
pipette mixing (26, 27) (Figs. 14 and 2A4). The resulting branched
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LNPs exhibited a diverse range of hydrodynamic sizes (100 to
240 nm) (SI Appendix, Tables S1 and S2) with monodisperse
populations indicated by a polydispersity index (PDI) lower than
0.2 for ~80% of LNDPs (S7 Appendix, Tables S1 and S2), suitable
surface charge (S Appendix, Tables S1 and S2), and favorable
siRNA encapsulation efficiencies for DOPE based formulations
(~84% of them are greater than 70%, SI Appendix, Tables S1 and
S2), but lower encapsulation capability for DSPC incorporated
formulations (SI Appendix, Tables S1 and S2). Importantly, all
branched LNPs exhibited low cytotoxicity, evidenced by >80% cell
viability after LNP transfection (SI Appendix, Fig. S7). Moreover,
cryo-transmission electron microscopy (cryo-TEM) revealed that
representative branched LNP formulated by microfluidic mixing
possessed uniform solid core morphology with a diameter smaller
than 100 nm for intracellular delivery (Fig. 2 B and C).

Following in vitro screening in HepG2-GFP cells, we gener-
ated heat maps representing the SAR of branched lipidoids for-
mulated under the various parameters that influenced siRNA
delivery activity (Fig. 2 D—G and SI Appendix, Fig. S8). A relative
hit rate, defined by a GFP silencing efficacy >50%, was used to
evaluate the most crucial structural properties influencing siRNA
delivery in vitro after treating cells with each branched LNP at
siRNA concentrations of 50 nM under the different formulation
parameters. Branched lipidoids with four tertiary amines per
lipidoid exhibited the highest efficacy, with a hit rate of ~38%
across these formulations, likely due to 1) their potential to facil-
itate endosomal escape and 2) suitable binding capability to
release cargoes (28, 29) (Fig. 2H). Furthermore, we assessed how
the branched degree of tails on lipidoids, referring to the length
of the branched structure, directed siRNA delivery. Lipidoids
with a branched degree of 3 exhibited the highest siRNA delivery,
up to 25%, compared to other branched degrees (Fig. 27), con-
sistent with previous studies (25, 30). We then investigated
whether different formulation parameters affected siRNA deliv-
ery in vitro. Formulation parameters containing DOPE and/or
C14PEG2K displayed better knockdown capability than formu-
lations using DSPC and/or DMG-PEG2K, which may result
from the relative lower encapsulation efficacy of DSPC-based
formulations (S Appendix, Table S2). Within this library, branched
4-O10b1 lipidoid under the formulation parameter A, demon-
strating the highest GFP silencing efficacy, was further purified
and selected as the top performer for the following in vitro and
in vivo studies (S/ Appendix, Fig. S5). We further explored the
median effective dose (EDs,) of 4-O10b1 LNP for GFP gene
silencing in vitro through flow cytometry (~7.2 nM, SI Appendix,
Fig. S9). To demonstrate the enhanced delivery efficacy and
endosomal escape performance attributable to branched struc-
tures, a similar lipioid with linear structured tails was synthesized
(4-O10, SI Appendix, Fig. S6) to assess as a nonbranched but
otherwise nearly identical control. We hypothesized that the
branched structure could increase the distance between tails to
form a more cone-shaped ion pair with the anionic membrane
phospholipid to enhance endosome disruption (31). To verify
this, the packing parameter () of branched and linear lipidoids
was calculated from molecular dynamics simulation (Fig. 2 K
and /). Our results showed that the P value of 4-O10b1 (P =
2.60) was larger than that of 4-O10 (P = 2.17), indicating that
4-O10b1 is more likely to induce the rupture of the endosomal
membrane. We next evaluated the membrane-disruptive activities
of these lipidoids using hemolysis assay (Fig. 2/ and SI Appendix,
Fig. $10). 4-O10b1 LNP exhibited stronger hemolysis than
4-010 LND especially at acidic pH. These results collectively
highlight the utility of branched LNP formulations for enhanc-
ing siRNA delivery efficacy in vitro.
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Fig. 1.

Design of LNP formulations. (4) Study synopsis: LNP formulation design, screening, MacLNP assembly and validation, and in vivo application. (B) An

antibody-modification strategy was utilized to conjugate antibody onto branched LNP surfaces for active targeting. Branched LNPs were formulated with
branched lipidoids, phospholipids, cholesterol, PEG-lipids, and azide-PEG2K. The resulting branched LNPs were further incubated with DBCO-activated antibody
for targeted LNPs formulation. (C) A list of seven amine cores and four branched tails was used for combinatorial design and synthesis of 28 branched lipidoids

through a Michael-addition reaction.

Enhanced Macrophage Delivery Efficiency via F4/80 Antibody-
conjugated Branched LNPs. Incorporation of ligands into LNP
formulations, including small molecules (32, 33), peptides (34), and
antibodies (35, 36), represents a useful strategy to deliver genetic
drugs into specific cells and tissues of interest (37). Among them,
antibody-conjugating strategies have already been demonstrated to
selectively target cell types with minimum side effects in various

PNAS 2024 Vol.121 No.7 e2314747121

therapeutic applications (35, 36, 38). Macrophages are dynamic cells
involved in innate immunity, tissue development, homeostasis, and
repair, and are widely utilized in in vitro research platforms (2, 39,
40). However, they are also challenging targets for transfection (41).
To achieve effective targeted delivery to macrophages, we employed
an antibody conjugation strategy as previously described (42) In
short, a strain-promoted alkyne azide cycloaddition (SPAAC)
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Fig. 2. In vitro screening of branched LNPs for siRNA delivery. (A) Branched LNPs were formulated through pipette mixing of an ethanol phase containing
branched lipidoids (35%, molar ratio), phospholipids (DOPE or DSPC, 16%, molar ratio), cholesterol (46.5%, molar ratio), and PEG-lipids (C14PEG2K or DMG-PEG2K,
2.5%, molar ratio) and an aqueous phase containing siRNA. (B) A representative cryogenic transmission electron microscopy (cyro-TEM) image of branched LNP
formulated by microfluidic mixing. (Scale bar: 100 nm.) (C) Hydrodynamic size of the representative branched LNP in B. (D-G) Heat maps of GFP knockdown
following treatment of HepG2-GFP cells with branched LNPs delivering siGFP at a concentration of 50 nM formulated under different parameters (n > 3 replicates).
(D) LNPs were formulated under parameter A with ethanol phase containing branched lipidoods, DOPE, cholesterol, and C14PEG2k. (E) LNPs were formulated under
parameter B with ethanol phase containing branched lipidoids, DOPE, cholesterol, and DMG-PEG2K. (F) LNPs were formulated under parameter C with ethanol
phase containing branched lipidoids, DSPC, cholesterol, and C14PEG2K. (G) LNPs were formulated under parameter D with ethanol phase containing branched
lipidoids, DSPC, cholesterol, and DMG-PEG2K. (H-/) Structure-activity relationship (SAR) of branched LNPs for siRNA delivery. Relative hit rate (GFP silencing
of >50%) was counted for GFP knockdown efficacy. (H) Relative hit rate of branched LNPs with different tertiary amine numbers per lipidoids. (/) Relative hit rate
of branched LNPs with different branched degrees. (/) Relative hit rate of branched LNPs with different phospholipids and PEG-lipids. (K) Chemical structures
of 4-010b1 and 4-010 lipidoids and their side view images generated from molecular dynamics simulations. (L) Critical packing parameters of 4-O10b1 and
4-010 lipidoids calculated based on molecular dynamics simulations. (M) Hemolysis of LNPs with different dosages at pH 5.5 or 7.4. Red blood cells (RBCs) were
incubated with LNPs at 37 °C for 1 h, and then, the supernatant was used to determine the adsorption at 540 nm. All data are presented as mean + SEM (n = 3).

click chemistry method was utilized to integrate DBCO-activated
F4/80 (a classical macrophage-specific marker in mice) antibody
with as-prepared azide-4-O10b1-LNP (F4/80 LNP or MacLND,
Fig. 34), with IgG2a-conjugated LNP (IgG LNP or Control LNP)

as negative controls. The increased particle size and decreased zeta
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potential of LNPs after antibody conjugation demonstrated the
successful antibody conjugation process (S/ Appendix, Fig. S11). To
assess the targeting specificity and transfection efficiency of MacLNP
in vitro and in vivo, GFP mRNA-loaded LNPs, MacLNPs, and IgG

LNPs were separately used for transfecting the murine macrophage
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cell line RAW264.7 (Fig. 3B) and administered intranasally in vivo
(Fig. 3E). We observed a significant transfection advantage of
MacLNP compared to IgG LNP, both in vitro (Fig. 3 C and D)
and in vivo (Fig. 3 Fand G). No notable differences were observed
between IgG LNP and untreated LNPs. In vivo GFP distribution
indicates that MacLNP exhibits high specificity, targeting
macrophages (CD68" and/or F4/80") effectively (Fig. 3F and
SI Appendix, Fig. S12), with no observed targeting to other
cell types (SI Appendix, Fig. S13). Notably, the lack of F4/80
antibody modification doesnt appear to impact macrophage
targeting specificity but does result in a significant reduction in
delivery/transfection efficiency (Fig. 3F). Meanwhile, reducing
MacLNP GFP dosage to 0.75 mg/kg revealed significant targeting
efficiency even at lower doses (ST Appendix, Fig. S14). Furthermore, to
investigate the in vivo duration of MacLNP-mediated RNA delivery,
we surveyed GFP-expressing cells after MacLNP administration

for 2 to 7 d. Our data indicated a significant reduction in GFP+
macrophages on day 3, with almost no GFP+ cells observed by day
7 (ST Appendix, Fig. S15). As SM-102 LNP is a crucial component
in the FDA-approved mRNA-based COVID-19 vaccine, we next
compared the delivery efficacy of MacLNP (4-10b1) with MacLNP
(SM-102). We observed that when delivering GFP mRNA,
SM102 F4/80 LNP (MacLNP) demonstrated in vivo targeting
specificity and transfection efficiency comparable to the MacLNP
used in this study, namely 4-10b1 MacLNP. Intriguingly, SM102
MacLNP exhibited very low GFP mRNA transfection efliciency
in RAW264.7 cells (8] Appendix, Fig. S16). This indicated that
the inconsistency in transfection between in vivo and in vitro
settings may be due to differences in the microenvironment. Taken
together, this suggests that the F4/80 antibody conjugation likely
enhances the attachment/enrichment of LNPs on the macrophage
surface, thus increasing the delivery efliciency.
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Fig. 3. Validation of F4/80-conjugated LNP for macrophage delivery. (A) Schematic representation of the antibody-conjugated branched LNPs formulation.
Azide LNP was formulated by microfluidics mixing of an ethanol phase containing 4-O10b1 lipidoid (35%, molar ratio), DOPE (16%, molar ratio), cholesterol
(46.5%, molar ratio), C14PEG2K (2%, molar ratio), and azide-PEG (0.5%, molar ratio) with an aqueous phase containing siRNA. Subsequently, DBCO-activated
monoclonal antibody (mAb) was incubated with the above LNP solution for clickable conjugation. (B-D) (B) RAW264.7 cells were resuspended in 2 mL of Opi-MEM
culture medium to obtain a single-cell suspension. These cells then mixed with LNP containing GFP mRNA (50 nM) as follows: LNP (no antibody conjugation),
1gG LNP, and F4/80 LNP. The LNP-cell mixtures were then evenly distributed into a six-well plate. After 6 h, fluorescence microscopy was used to evaluate GFP
expression. (C) Representative images of GFP expression from each group under the microscope. (Scale bar: 100 pm.) (D) Quantification of GFP cells, data are
presented as means + SEM (n = 3), calculated using one-way ANOVA, followed by Dunnett's multiple comparison test, ***P < 0.001. (E-G) (E) C57BL/6 mice were
intranasally administered GFP-encapsulated LNPs, including LNP (without antibody conjugation), IgG LNP, and F4/80 LNP. Dexamethasone (DEX) was injected
intraperitoneally (2 mg/kg; i.p.) 1 h prior to LNPs injection in all mice. Samples were collected 24 h later to observe GFP expression. (F) Representative images
of macrophages (CD68") expressing GFP from each group. (Scale bar: 100 pm.) (G) Quantification of GFP" macrophages, data are presented as means + SEM
(n = 3), calculated using one-way ANOVA, followed by Dunnett's multiple comparison test, **P < 0.01.
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MacLNP-mediated Targeted Knockdown of TAK1 Inhibits the
Release of Proinflammatory Cytokines in RAW264.7 Cells.
Macrophages release numerous proinflammatory cytokines while
recognizing and eliminating bacterial and viral pathogens, but
excessive cytokine production can exacerbate tissue damage
(4, 43). M1-like macrophages, a subtype activated by microbial
products or proinflammatory signals, are crucial for the immune
system’s inflammatory response. They release cytokines like
IL-1B, IL-6, and TNF-a, playing a role in host defense and
pathogen removal. Prolonged M1-like activation, though, may
lead to chronic inflammation and tissue damage (44). Adjusting
proinflammatory cytokine release to control inflammation holds
promise for treating diverse diseases characterized by overexuberant
inflammation. NF-kB is a critical signaling pathway that triggers
the classical activation (M1-like) of macrophages (45). Upon
stimulation, the NF-xB subunit p65 undergoes phosphorylation
and is subsequently translocated into the nucleus, initiating
downstream effector mechanisms and inducing the production
of proinflammatory mediators including the aforementioned
cytokines (46). TAKI activates the NF-kB pathway, playing a
vital role in the inflammatory process, and holds potential as a
therapeutic target for inflammatory disorders (21). We therefore
investigated whether blocking TAK1 using MacLNP for siRNA
delivery could reduce NF-kB activation and consequently decrease
the release of proinflammatory cytokines. After in vitro treatment
with MacLNP containing TAK1 siRNA (si-TAK1), we noted a
significant decrease in TAK1 expression (Fig. 44), indicating the
feasibility of the MacLNP approach. Next, we explored whether
reducing TAK1 expression using MacLNP/siTAK1 affects the
activation of NF-kB and the release of proinflammatory cytokines.
As shown in Fig. 4B, RAW264.7 cells transfected with si-TAK1
or control siRNA (si-NC) were exposed to the viral RNA mimic
and TLR3 agonist Poly(I:C) for 1 or 24 h. Poly(I:C) significantly
promoted NF-kB phosphorylation, as expected. However, si-TAK1
notably suppressed Poly(I:C)-induced NF-kB phosphorylation
levels (Fig. 4 C and D). Similarly, si-TAK1 inhibited the levels
of proinflammatory cytokines IL-1p, IL-6, and TNF-a induced
by Poly(I:C) (Fig. 4 £~G). These results suggest that MacLNP-
mediated si-TAKT1 effectively mitigate macrophage inflammatory
responses associated with the classical “M1” phenotype (Fig. 4H).

MacLNP-mediated Targeted Knockdown of TAK1in Macrophages
Alleviates Viral Pneumonia. Macrophages, the most abundant
resident immune cell in the lung, represent the first line of
defense, recognizing pathogens, releasing cytokines, aiding
tissue repair, and playing a vital role in innate immunity (47).
Attenuating the release of proinflammatory cytokines, especially in
proinflammatory (M1-like) macrophages, can potentially reduce
local inﬂammatory responses, promoting tissue repair (2, 10,
39). Based on our findings above demonstrating that MacLNP
effectively enhances targeted delivery efficiency to macrophages
can be employed to reduce TAK1 expression and subsequent
proinflammatory cytokine release, we investigated whether in vivo
MacLNP delivery of si-TAKI could alleviate morbidity resulting
from viral pneumonia. C57BL/6 mice were treated with equal
volume of PBS, control siRNA(si-NC), or TAK1 siRNA (si-TAK1)
MacLNP (1.25 mg/kg, 40 pL) on days 15 and 20 postinfection
intranasally and samples were collected at the indicated time
points. Given that LNPs may themselves trigger an immediate
immune response, potentially exacerbating inflammation in the
treatment of inflammatory diseases, we employed pretreatment
with dexamethasone (DEX) which has been demonstrated to
effectively manage LNP-induced inflammation (48, 49). Indeed,
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mice not pretreated with DEX exhibited a strong trend toward
increased inflammation upon intranasal administration of
MacLNP GFP, while DEX (2 mg/kg; i.p.) treatment alleviated
this condition (SI Appendix, Fig. S17). Additionally, to clarify
the potential immunogenic side effects of our MacLND, we used
standard SM-102 LNP as a control. Our results confirm that
MacLNP and SM-102 exhibit similar immunogenicity. This was
evidenced by the assessment of the total immune cell population
(CD45") in the lungs and the levels of inflammatory cytokines
in BALE including TNF-a, IL-6, MCP-1/CCL-2, and IFN-y.
Furthermore, treatment of RAW?264.7 cells with MacLNP or SM-
102 LNP resulted in similar levels of TNF-a, IL-6, IL-1p, MCP-
1/CCL-2, and IL-12 in the cell supernatant. Notably, both types
of LNPs demonstrated some proinflammatory effects as expected,
but pretreatment with DEX lessened this trend (S7 Appendix,
Fig. S18). Thus, DEX was injected intraperitoneally (2 mg/kg;
i.p.) 1 h prior to MacLNDs injection in all mice (Fig. 54). We
observed that MacLNP/si-TAK1 treatment resulted in less local
inflammation during viral injury, as evidenced by decreased
levels of total protein (Fig. 5B), myeloperoxidase (MPO) activity
(Fig. 5C), and proinflammatory cytokines TNF-a, IL-1f and IL-6
(Fig. 5 D—F) present in the bronchoalveolar lavage fluid (BALF)
in comparison to mice treated with MacLNP/si-NC control.
Histologic analysis of the lungs supported these findings and
revealed reduced injury following MacLNP/si-TAK1 treatment,
as assessed through an unbiased computational imaging method
(50) (Fig. 5 G and H). However, we also noticed a slight increase
in histopathology in mice treated with si-NC LNPs compared
to mice treated with PBS only, even though all animals were
pretreated with DEX. In addition, while targeting TAK1 has
displayed promising results in reducing fibrosis (21), we did not
observe a significant reduction in lung fibrosis resulting from
influenza injury through MacLNP-mediated delivery of TAK
siRNA (87 Appendix, Fig. S19). This may be attributed to the
targeting of different cell types and/or different models of fibrosis.
These observations suggest that LNP targeting of macrophages
to reduce TAK1 levels offers protection against severe influenza
pneumonia, partially by diminishing local inflammation, but also
reinforces that LNP delivery in and of itself can promote some
degree of inflammation.

Discussion

Here, we present an LNP delivery strategy targeting alveolar mac-
rophages. Using MacLNP-mediated delivery of TAK siRNA dur-
ing lung injury effectively reduces the inflammation caused by
macrophage-released proinflammatory cytokines, thereby amelio-
rating lung injury. This provides a broad avenue and strategy for
the clinical treatment of inflammatory diseases.

Macrophages, originating from proliferation of resident alveolar
macrophages or from precursor monocytes through tissue-specific
differentiation, migrate to infection or injury sites and produce
inflammatory signals like chemokines, cytokines, and other cas-
cading products. They can adopt a spectrum of phenotypes
bookended by two major states: M1, which is a proinflammatory
phenotype, and M2, which is anti-inflammatory and prorepaira-
tive. M1 macrophages release proinflammatory cytokines, such as
TNF-a, IL-6, and IL-1B, and boost inflammation. M2 mac-
rophages, on the other hand, express IL-10 and IL-1RA, aiding in
pathogen clearance, dampening inflammation, promoting tissue
repair (1, 39, 44, 51, 52). The balance between these two mac-
rophage phenotypes is crucial in governing the body’s inflamma-
tory response, influencing the onset, development, and resolution
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Fig.4. MacLNP delivery of TAK1 siRNA inhibits the release of proinflammatory cytokines in RAW264.7 cells. (A) RAW264.7 cells were transfected with siRNAs [50 nM,
control siRNA (si-NC) and TAK1 siRNA (si-TAK1)] encapsulated in F4/80 LNP (MacLNP). TAK1 expression was analyzed using western blotting at 24 h posttransfection.
(B-G) (B) After transfection of RAW264.7 cells with MacLNP encapsulating siRNAs [S0 nM; control siRNA (si-NC) and TAK1 siRNA (si-TAK1)], the cells were switched to
complete culture medium after 6 h. Subsequently, they were cultured for an additional 12 h and then exposed to Poly(l:C) (50 pg/mL) for 1 h (for western blot analysis)
or 24 h (supernatant collection for ELISA). (C) Western blot analysis was conducted to assess the phosphorylation levels of NF-kB p65. (D) Quantitative analysis was
performed to measure the phosphorylation levels of NF-kB p65 relative to p-actin. ELISA was used to detect the levels of proinflammatory cytokines IL-14 (E), IL-6
(A, and TNF-« (G) in the supernatant. Data are presented as means + SEM (n = 3), calculated using one-way ANOVA, followed by Dunnett's multiple comparison test,
**%P < 0.001, ****P < 0.0001. (H) The diagram shows how MacLNP delivers TAK7 (MAP3K) siRNA to reduce proinflammatory cytokine release from macrophages.

of inflammatory conditions (39). As such, macrophages hold a ~ mounting immune response, directing the delivery vehicle to the

pivotal role in preserving homeostasis and modulating the inflam-  inflammation site. Alternatively, the delivery vehicle’s surface can
matory responses when needed. Thus, considerable emphasis has ~ be decorated with a ligand that specifically interacts with the target
been laid upon targeted therapies against them to treat inflamma-  receptors on macrophages (42). In this study, we initially screened

tory diseases (3, 9, 10). A widely employed strategy involves aiding for the most effective LNP formulation for gene knockdown using
these cells in engulfing micro- or nanoscale delivery vehiclesloaded ~ GFP siRNA. Subsequently, we employed the antibody-LNP con-
with therapeutic agents (9). This passive targeting leverages the  jugation technique to create LNPs that can specifically bind the
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Fig. 5. MacLNP delivery of TAK siRNA for the treatment of viral lung injury. (A) Timeline for MacLNP administration and sampling. C57BL/6 mice were treated
with PBS or MacLNPs encapsulating control siRNA (si-NC) or TAK1 siRNA (si-TAK1) (1.25 mg/kg, intranasal) on days 15 and 20 postinfection, and samples
were collected on day 25 postinfection. Dexamethasone-21-Phosphate (DEX) was injected intraperitoneally (i.p. 2 mg/kg) into the mice 1 h prior to PBS/LNP
administration in all mice. (B and C) Total protein (B) and MPO activity (C) were quantified in BALF collected from mice which received treatment as described
in A harvested on day 25 after infection. Data are represented as mean + SEM (n = 4 to 5 mice/group), calculated using one-way ANOVA, followed by Dunnett's
multiple comparison test, *P < 0.05. (D-F) The concentration of proinflammatory cytokines, IL-1p (D), IL-6 (E), and TNF-a (F) in BALF was measured by ELISA from
mice which received treatment as described in A and harvested on day 25 after infection. Data are represented as mean + SEM (n = 4 to 5 mice/group), calculated
using one-way ANOVA, followed by Dunnett's multiple comparison test, *P < 0.05. (G and H) (G) Upper: Tile scan images of H&E stain; Lower: clustered injury zone
maps produced from upper H&E images. (Scale bars: 1 mm.) (H) Quantification of relative area in different injury zones in G. Data are represented as mean + SEM
(n =4 to 5 mice/group), calculated using an unpaired two-tailed t test, *P < 0.05.
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macrophage surface antigen F4/80, enhancing macrophage deliv-
ery efficiency. While our data validated the significantly improved
delivery efficiency of F4/80 antibody-conjugated LNPs, in vivo
results indicated that almost all GFP LNPs delivered through nasal
administration were transduced only into macrophages even with-
out antibody incorporation. (Fig. 3F). This suggests that LNPs
introduced into the lung through inhalation are initially subjected
to phagocytosis/clearance by macrophages. While this character-
istic prevents off-target effects in therapies aimed at macrophages,
it also presents challenges in developing delivery tools targeting
other cell types within the lung, especially for nasal administration
of nanovaccines development or gene correction of airway or alve-
olar epithelial cells. Although our data demonstrate that the
F4/80-LNP strategy effectively targets lung macrophages, this
occurs in the context of in situ delivery of LNPs rather than
systemic administration, such as intravenous injection. It is
therefore uncertain whether this strategy would be effective via
systemic administration. Additionally, since dendritic cells (DCs)
also express F4/80, despite our data showing that GFP-expressing
cells are CD68"F480"SiglecF" alveolar macrophages (S Appendix,
Fig. $13), we cannot rule out the possibility of some limited
targeting of DCs. TAK1 is crucial for DC survival and develop-
ment (53), and thus, the F4/80 antibody modification strategy
may affect the development and survival of a small subset of DCs.
Therefore, developing more specific antibodies is one of the key
challenges in the LNP antibody conjugation strategy for in vivo
targeting.

Extensive research has been conducted on lipid-based nanopar-
ticles as delivery platforms for nucleic acid therapy targeting var-
ious diseases (3, 8, 9, 16, 29, 36). LNPs are gaining prominence
as the leading nonviral nanocarrier for in vivo gene editing/ther-
apy. They typically exhibit minimal cytotoxicity and immuno-
genicity and are relatively straightforward to synthesize and produce
(54), and more than ten pharmaceuticals employing LNPs for
drug or mRNA delivery are US Food and Drug Administration
(FDA) approved, including Pfizer/BioNTech’s and Moderna’s
COVID-19 mRNA vaccines (55-57). Encouragingly, LNPs have
been utilized to generate transient CAR-T cells in vivo for the treat-
ment of cardiac fibrosis (35). Although LNPs have demonstrated
promising results as delivery tools in mouse models, they still face
challenges when employed as therapeutic agents. First and fore-
most is the issue of targeting specific tissues or cells with LNP
delivery. While considerable progress has been made to achieve
targeted delivery to various cell types within different organs such
as the liver (58), spleen (58), and lungs (14, 58, 59), research on
tissue/cell targeting in larger animals and even primates remains
limited. Second, the route of LNP administration is crucial.
Systemic administration, such as intravenous delivery, is the pri-
mary method currently used, but it also carries higher immune
risks. Therefore, local administration may be relatively safer. We
observed that nasal administration effectively reaches the lungs,
yet it poses the challenge of uneven distribution of LNPs across
the tissue. Nebulized LNPs seem promising (14), but they might
come with higher costs. Last, LNPs are foreign substances that can
trigger an immediate immune response from the body’s immune
system, posing a risk of exacerbating inflammation when used to
treat inflammatory diseases (30, 48, 49). Some studies have shown
that using dexamethasone before LNP treatment can effectively
control the immediate inflammatory reaction caused by LNPs
(48, 49). In our study, before treating mice with MacLNP to
deliver TAK1 siRNA for viral lung injury, all mice were pretreated
with dexamethasone, and we did not observe significant worsening
of inflammation during the experiment. That being said, mice
treated with siLNP trended toward worsened histopathology
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compared to mice treated only with saline, though this was effec-
tively overcome in the siTAKI1 treatment group, reinforcing the
care that needs to be taken when considering delivery LNP ther-
apeutics. Furthermore, we believe that the timing of LNP admin-
istration is critical. Therefore, in future applications, LNP-mediated
gene therapy may need to be combined with other approaches for
effective disease treatment.

In theory, siRNA can specifically halt the production of
disease-related proteins. However, putting siRNA into clinical use
has presented major challenges. These encompass safeguarding
siRNA from degradation in bodily fluids, specific delivery to target
tissues, and transporting it to the target cell’s cytoplasm. LNDPs are
thus promising vehicles to overcome these siRNA delivery chal-
lenges. LNPs containing improved ionizable cationic lipids have
shown impressive in vivo effects, silencing liver target genes at
incredibly low siRNA doses (as little as 0.005 mg/kg body weight)
via intravenous injection in rodents (26). These systems are rela-
tively safe and hold promise for clinical use. TAK1 is recognized
as a stimulating kinase for the IkB kinase (IKK) complex, which
includes IKKa, IKKp, and NF-kB essential modulator NEMO).
This activation occurs by associating with TNF receptor-associated
factor 2 (TRAF2) in the TNF-a pathway and TRAF6 in the
IL-1-TLR pathway (20). TAK1 is therefore of great interest as a
major target kinase promoting inflammatory disorders (20, 21).
Indeed, TAK1 blockade has been shown to profoundly suppress
inflammation and fibrosis (21, 60). By employing MacLNP to
deliver TAK1 siRNA, we observed a reduction in inflammation
both in vitro and in vivo, which was evidenced by the decrease in
levels of proinflammatory cytokines. While specific disease states
will be best served by discrete siRNA targets, we believe that our
work here targeting TAK1 with macrophage-targeted LNPs rep-
resents very strong proof of principle for future development of
macrophage-targeted therapeutics.

In sum, this study significantly enhanced the targeted delivery
efficiency to macrophages using our newly designed MacLNP.
Through in vivo targeted siRNA delivery, it effectively ameliorated
viral lung injury, offering a therapeutic avenue for clinical treat-
ment of inflammatory diseases and facilitating approaches to
future macrophage-targeted therapies.

Materials and Methods

Detailed materials and methods are provided in SI Appendix, Materials and
Methods, including all materials and instruments, chemical synthesis and
characterization of LNPs, and all in vitro and in vivo biological assays. All ani-
mal experiments were carried out under the guidelines set by the University of
Pennsylvania's Institutional Animal Care and Use Committees and followed all
NIH Office of Laboratory Animal Welfare regulations. Key techniques and protocols
used in this manuscript are summarized below, with fully detailed descriptions
present in S/ Appendix.

Cell Culture. HepG2-GFP cells (John M. Maris Laboratory) were cultured in
Dulbecco's Modified Eagle Medium (DMEM, Gibco) supplemented with 10%
fetal bovine serum (FBS, Sigma-Aldrich) and 1% penicillin-streptomycin (P/S,
Gibco). RAW264.7 (ATCC TIB-71™) were cultured in RPMI 1640 media with
GlutaMAX supplement added, containing 10% cosmic calf serum (CC; HyClone,
#SH3008704) and 1% penicillin/streptomycin (P/S; Gibco, #15140122).

Animal Studies. Six- to 8-wk old C57BL/6J mice of both sexes were administered
influenza virus A/H1N1/PR/8 at 50 to 75 TCID50 units. Mice were weighed regu-
larly and killed at the indicated time points for tissue harvest. LNP formulations
were delivered to anesthetized mice via intranasal inhalation.

Synthesis of Branched lonizable Lipids. Branched ionizable lipids were
synthesized by Michael addition reaction between seven different amine cores
and four different branched tails. Taking synthesis of 4-010b1 as an example,
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core 1(117.2 mg, T mmol, 1 equiv) and 010b1(1.02 g, 4.8 mmol, 4.8 equiv)
were dissolved in ethanol and added in a glass vial equipped with a stir bar. The
reaction was stirred at 80 °C for 2 d. The crude product was afforded by removing
the solvents and was used to screen the library for siGFP delivery in vitro without
further purification.

Data, Materials, and Software Availability. All study data are included in the
article and/or SI Appendix.
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