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Highlights

» Lipid nanoparticle (LNP), the delivery vehicle for mRNA vaccines, was
found to promote experimental pulmonary metastasis of tumors in
mouse model.

e LNP induced localized inflammation at the injection site, triggering
systemic changes, including neutrophil accumulation in pulmonary
tissues.

» Histones present in NETs induced by LNP enhanced tumor cell
adhesion to endothelial cells.

Abstract

mRNA vaccines have advanced immunotherapy against infectious diseases and cancer, with lipid nanoparticles (LNPs)
playing a crucial role as delivery systems. While LNP effectively enhance mRNA stability and cellular uptake, their
immunomodulatory effects remain incompletely understood. Here, we demonstrate that LNP administration promotes
tumor metastasis by inducing a systemic inflammatory response. In mouse models, LNP injection triggered acute
neutrophil accumulation in the lungs, driven by the release of mitochondrial DNA (mtDNA) from necrotic muscle cells at
the injection site. This mtDNA-mediated signaling activated the TLR9-MyD88 and cGAS-STING pathways, leading to
neutrophil extracellular trap (NET) formation, which facilitated the establishment of a pro-metastatic niche. These findings
underscore the need for LNP formulation refinement to mitigate unintended immune activation while preserving their
efficacy as vaccine carriers. As mRNA-based therapeutics expand beyond infectious diseases into oncology, rationally
engineered LNP may offer safer and more effective delivery platforms.
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Mechanism of increased tumor metastasis caused by pulmonary NETosis due to LNP-induced cell necrosis. The injection of
LNP induces inflammation at the site of origin and necrosis of muscle cells, releasing damage-associated molecular
patterns (DAMPs), including mitochondrial DNA (mtDNA). mtDNA activates the TLR9-MyD88 and cGAS-STING pathways in
neutrophils, thereby promoting neutrophil activation, aggregation, and the formation of neutrophil extracellular traps
(NETs). The ultimate result is a significant enhancement in the ability of tumor cells to metastasize to the lungs. Created
with BioRender.com

Introduction

mRNA vaccines have emerged as a transformative platform in infectious disease prevention and cancer immunotherapy.
The Pfizer-BioNTech (BNT162b2) and Moderna (mRNA-1273) COVID-19 vaccines demonstrated the feasibility of lipid
nanoparticles (LNPs) as efficient carriers, leading to their widespread application and regulatory approval by the U.S. Food
and Drug Administration (FDA) and the European Medicines Agency (EMA) [1], [2], [3], [4]. Beyond infectious diseases,
LNP-based mRNA therapeutics are now being explored for cancer treatment and other medical applications [5], [6], [7],
[8].

A defining characteristic of mRNA vaccines is the use of ionizable cationic LNP to encapsulate and deliver mRNA to target
cells [9], [10], [11]. These nanoparticles not only protect mRNA from degradation but also play an active role in stimulating
immune responses [12], [13]. As vaccine adjuvants, LNP induce local inflammation at the injection site, characterized by
leukocyte infiltration and cytokine release, which enhances antigen presentation and immunogenicity [14]. However,
emerging evidence suggests that LNP-induced immune activation can also lead to unintended inflammatory effects [4],
[15], [16]. While most reported adverse effects, such as injection site pain, fatigue, and myalgia, are transient [17], [18],
prolonged inflammation may trigger systemic immune dysregulation.

The interplay between inflammation and tumorigenesis is complex and has been widely studied since the 19th century.
The primary mediator of inflammation is the neutrophil, which are produced in local inflammation, along with metastatic
cancer cells, possess the capability to infiltrate diverse tissues from the circulatory system [19]. Therefore, the role of
neutrophils in the process of tumor metastasis is being intensively explored [20], [21]. It has been reported that granule
proteins released upon neutrophil activation [22], such as matrix metalloproteinase 9 (MMP9), which induces
angiogenesis and facilitates the extravasation of tumor cells, and arginase-1, which creates an immunosuppressive
microenvironment, are released during neutrophil degranulation and influence tumor metastasis [23]. In addition, among
neutrophil populations (N1 and N2), there is compelling evidence indicating that N2-type neutrophils contribute to the
formation of the tumor metastatic niche by producing pro-metastatic proteins, such as IL-1f, and by mediating tumor
angiogenesis and remodeling the extracellular matrix (ECM) [24], [25]. Furthermore, neutrophils can release a meshwork
of granule proteins and depolymerized chromatin to form neutrophil extracellular traps (NETs), containing histones,
granulins and cytoplasmic proteins [26], [27], [28], [29]. Neutrophil elastase (NE) in NETs binds to laminin. The hydrolytic
remodeling of laminin reveals an epitope, which enhances the metastatic potential of tumor cells through integrin
activation and FAK/ERK/MLCK/YAP signaling [30]. Despite the extensive and in - depth research on the role of
inflammation in tumorigenesis and tumor development, our understanding of the association between local inflammation
induced by vaccination and tumors remains elusive to date.
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In this study, we found that intramuscular LNP injection led to localized muscle cell necrosis, releasing mitochondrial DNA
(mtDNA) into the circulation as a damage-associated molecular pattern (DAMP). Circulating mtDNA subsequently
activated neutrophils via the TLR9-MyD88 and cGAS-STING pathways [31], [32], leading to their accumulation in the lungs
and the formation of pro-metastatic niche through NET formation. Importantly, genetic ablation of key signaling
components (Tlr97/, MyD887/-, Sting/-) abrogated this effect, confirming the causal role of LNP-induced inflammation in
metastasis. While previous reports have highlighted the immunostimulatory properties of LNP, our findings suggest that
their effects extend beyond conventional vaccine adjuvant, potentially influencing cancer progression. We do not
categorize this as a “side effect” but rather as a critical consideration for the design and application of mRNA-LNP
therapeutics.
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Preparation and characterization of ionizable cationic nanocarriers

Following the previously reported ratios of various components of the lipid phase of LNP in mRNA vaccines (Fig. 1a-b) [4],
we synthesized LNP using microfluidics and dialyzed the resulting liquid overnight. Transmission electron microscopy
(TEM) revealed that the LNP predominantly displayed an elliptical morphology, and the micrographs provided a direct
visualization of their size (Fig. 1c). Additionally, we characterized the LNP by measuring their particle size, revealing an
average diameter ...

Discussion

Inflammation plays a critical role in cancer progression by promoting invasion, epithelial-mesenchymal transition (EMT),
and tumor cell migration [50], [51], [52]. Lipid nanoparticles (LNPs), used as delivery systems in mRNA vaccines, are
known to elicit significant inflammatory responses. Exposure to LNP alone can trigger inflammation, amplify existing
immune reactions, and even result in prolonged suppression of adaptive immunity [42], [53], [54]. Our results suggest that
LNP indeed promotes ...

Fabrication and characterization of ionizable cationic nanocarriers

DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine), DMG-PEG2000 (1,2-Dimyristoyl-sn-glycero-3-methoxypolyethylene
glycol 2000) and Cholesterol were purchased from AVT (Shanghai, China). ALC-0159 (2-[(polyethylene glycol)-2000]-N)
and ALC-0315 ((4-hydroxybutyl) azanediyl bis (hexane-6,1-diyl) bis (2-hexyldecanoate)) was purchased from SINOPEG
(Xiamen, China).

The lipids were prepared by mixing ALC-0315, DSPC, cholesterol and DMG-PEG2000 at the molar ratio of 50: 10: 38.5: 1.5.
The system comprises ...
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