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Delivery of an mRNA formulated with lipid nanoparticles (LNPs) induces robust humoral and cell-
mediated branches of the immune response. Depending on the LNP formula, mRNA encoding 
proteins can be detected in the liver upon intramuscular administration of mRNA/LNP in mice. This 
study investigated the impact of mRNA/LNP administration on liver-associated macrophages at 
the transcriptomic and epigenetic levels in a mouse model. An mRNA encoding ovalbumin (OVA) 
formulated with LNPs, was administered intramuscularly, and a robust OVA-specific antibody was 
detected in the serum on Day 7. F4/80+ liver-associated macrophages were isolated and subjected 
to RNA sequencing, which identified 554 genes whose expression levels were altered compared 
with those in the PBS control group. The expression of genes involved in macrophage inflammatory 
functions, such as Tnf, Il6 and Marco, were upregulated. Gene ontology enrichment analysis revealed 
that IL-6/JAK/STAT3 and TNFα/NF-κB hallmarks were significantly enriched, and mRNA/LNP-
exposed liver-associated macrophages were characterized as M1-like cells based on the macrophage 
transcriptomic profiles. Enrichment of the active histone mark H3K4me3 showed that clusters of loci 
were highly increased in the mRNA/LNP group, indicating an impact of mRNA/LNPs on macrophage 
epigenetic profiles. The cis-regulatory regions of Tnf, Il6 and Marco showed enrichment of H3K4me3 
marks, which correlated well with their increased transcription. Taken together, our data indicated that 
mRNA/LNP administration via the intramuscular route influences the gene expression and epigenetic 
profiles of liver-associated macrophages, reflecting its robust ability to induce an immune response.
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Innate immune cells in tissues play important roles in maintaining tissue homeostasis and may exacerbate 
pathological conditions in disease settings. Tissue-resident macrophages (TRMs) develop from the yolk sac 
and fetal liver/bone marrow cells and can be found in most organs1. They receive cues from each tissue’s local 
environment and adopt more tissue-specific roles, reflecting the unique enhancer landscape2. For example, while 
liver and spleen TRMs are engaged in recycling heme from old red blood cells, alveolar macrophages in the lung 
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play a significant role in controlling surfactant homeostasis. For their effector functions, TRMs phagocytose and 
eliminate invasive pathogens during infections and may present antigens to T cells3.

The origin and developmental pathways of TRMs have been recently revised, and their roles in maintaining 
organ functions have become increasingly appreciated. Kupffer cells (KCs) are the major leukocytes in the liver, 
where they have crucial housekeeping functions and respond to systemic infection4. KCs are of embryonic 
origin and are capable of self-renewal with limited contributions from circulating monocytes5. It is estimated 
that KCs make up of approximately 15% of the total liver cell population, or 70-80% of nonparenchymal liver 
cells6,7. During liver injury, monocyte-derived KCs replenish embryonic KCs and modulate the severity of liver 
injury and fibrosis8. In recent years, macrophages have been shown to exhibit epigenetic memory that enhances 
or dampens the response to unrelated stimuli9. Histone modifications by methylation and acetylation of histone 
subunits influence the cis-regulatory elements of enhancers and promoters that affect the transcription of nearby 
genes. Active histone marks, including trimethylated lysine 4 of histone subunit 3 (H3K4me3) and acetylated 
H3K27 (H3K27ac), are crucial for controlling innate immune memory10. Thus, the insults that activate TRMs 
potentially leave long-term epigenetic marks on these cells and may dictate future responses.

mRNA vaccines have quickly become a vaccine of choice for emerging infectious diseases due to their flexible 
design and ease of manufacturing. The COVID-19 pandemic has accelerated the emergency use authorization 
of mRNA vaccines against SARS-CoV-211. mRNA vaccines are expected to be applied to other diseases in the 
future for both infectious and communicable diseases. The intramuscular administration of mRNA vaccines 
formulated with lipid nanoparticles (LNPs) results in the expression of encoded protein(s) mainly at the site of 
injection (such as muscle tissues) and in other organs, mainly the liver and spleen12,13. Depending on the LNP 
formulation, mRNA/LNPs are localized to different organs, which may influence the local and systemic immune 
response induced by LNPs in a mouse model14.

In a mouse model, administration of mRNA/LNPs readily resulted in liver expression of the encoded proteins 
in the liver. In one study, the hepatotropic mRNA-LNP of the reporter gene administered via intravenous 
injection resulted in detectable reporter signaling in the liver that lasted 3 days15. Interestingly, in this study, 
the results clearly showed that all hepatocytes were transfected with an mRNA along with a subpopulation of 
endothelial cells and KCs15. This has led to the development of liver-trophic therapy using mRNA/LNPs that 
drive the expression of hepatocyte growth factor and epidermal growth factor in the liver16. The effect of liver-
associated macrophages on the uptake of mRNA/LNPs in the liver is unknown. Furthermore, how mRNA/LNPs 
influence the epigenetic profiles of liver-associated macrophages, which may affect the future response of innate 
immune cells via innate immune memory, is unclear.

Results
Immune response to mRNA/LNP immunization
Mice were intramuscularly immunized with ovalbumin (OVA) encoding mRNA formulated with LNPs (OVA 
mRNA/LNP) or control PBS. On Day 7 after immunization, blood samples were collected to measure the OVA-
specific IgG titer, and livers were harvested to isolate F4/80+ liver-associated macrophages (Fig. 1A). The OVA-
specific antibody titer was significantly greater in the OVA mRNA/LNP group than in the PBS control group, 
indicating that only one dose of OVA mRNA/LNP immunization led to a robust humoral response (Fig. 1B). 

Fig. 1.  Study design and OVA-specific antibody titers after OVA mRNA/LNP immunization. (A) A schematic 
representation of the study design. (B) Sera obtained from mice (n = 6 per group) immunized with OVA 
mRNA/LNPs (10 µg per mouse) or PBS control for 7 days were subjected to ELISA. The endpoint titer for 
OVA-specific IgG was obtained as described in the Methods section. The data are presented as means ± SEM. 
Statistical analysis was performed using unpaired two-tailed Student’s t test; **** indicates p < 0.0001.
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The morphology and weight of the livers were observed to investigate the effect of the mRNA/LNPs on the 
livers. As shown in Fig. 2A,B, no gross changes were observed between the two groups, and the liver weights 
were similar. After single-cell isolation and magnetic bead column-based sorting of F4/80+ cells, the cells were 
analyzed for CD45 + CD11b + F4/80+ subsets by flow cytometry (Supplementary Fig. 1). The isolated cells were 
characterized as CD45 + CD11b + F4/80+ with 90% or greater purity. Compared with that in bone marrow-
derived macrophages, the expression of the KC-specific marker Clec4f in isolated cells was detected17. A high 
level of Clec4f mRNA was detected in sorted F4/80+ liver-associated macrophages, but no difference in the level 
of Clec4f was found between cells from the PBS control and OVA mRNA/LNP groups (Fig. 2C). 

Transcriptomic profile of F4/80+ liver-associated macrophages from OVA mRNA/LNP 
immunized mice
Next, the global transcriptomic changes induced by mRNA/LNP immunization in liver-associated macrophages 
on Day 7 after immunization were investigated by RNA sequencing. Analysis of the differentially expressed 
genes (DEGs) in macrophages isolated from OVA mRNA/LNP-immunized mice revealed that 19 genes and 
535 genes were upregulated and downregulated, respectively, compared with those in the PBS control group 
(|log2FC| >1 or <-1, p < 0.05) (Fig.  3A and Supplementary Table 1). Based on the unsupervised clustering, 
3 different gene clusters were identified (C1-C3) (Supplementary Fig. 2). Genes in cluster C1 were uniquely 
upregulated in OVA mRNA/LNP-immunized mice while genes in cluster C3 were uniquely downregulated in 
OVA mRNA/LNP-immunized mice (Fig. 3B). Genes in cluster C2 did not show such robust differences between 
OVA and the control group and thus were not subjected to further analysis. 

Genes associated with macrophage effector functions, such as pro-inflammatory cytokines Il6, Tnf, the 
chemokines Cxcl13, Cxcl1, Cxcl2 and scavenger receptor Marco, were identified among the upregulated genes. 
Furthermore, genes involved in antigen presentation, H2-Ab1 and H2-Eb1, were upregulated (Fig. 3B). Among 
the downregulated genes, genes encoding extracellular matrix (ECM) proteins, including collagen family 
proteins (Col3a1, Col1a1, Col1a2, Col4a1, Col4a2, Col13a1) were prominent, while macrophage M2a marker 
Chi3l1 was downregulated (Fig. 3B).

Gene Ontology (GO) enrichment analysis revealed that the C1 cluster contained IL-6/JAK/STAT3 and TNFα 
signaling/NF-κB hallmarks as the top overrepresented hallmark, which correlated well with the upregulation of 
both cytokines in OVA mRNA/LNP-immunized mice (Fig. 3C). Among the KEGG pathways enriched in C3, 
PPAR signaling pathway and TGF-beta signaling pathway were found (Fig. 3D). Taken together, these findings 
indicate that mRNA/LNP immunization via the intramuscular route induces liver-associated macrophages to 
adopt proinflammatory phenotypes while decreasing anti-inflammatory function on Day 7 after mRNA/LNP 
administration.

To understand the activation status of macrophages, MacSpectrum was used to analyze and identify 
heterogeneous subpopulations and their activation states with condition-specific signature genes18. The results 
showed that macrophages from the OVA mRNA/LNP group were mainly M1-like cells, whereas macrophages 
from the PBS group were in a pre-activation state (Fig. 4A). These results are consistent with the GO and GSEA 
results described above. To corroborate this finding, we compared the expression of several key proinflammatory 
cytokine genes between the mRNA/LNP and PBS groups using qRT-PCR. The results showed that liver-
associated macrophages from the mRNA/LNP group expressed higher levels of Il1b, Il6 and Tnf (Fig. 4B). 

Fig. 2.  Morphology and weight of livers from OVA mRNA/LNP-immunized mice. (A) The morphology of 
livers was observed on Day 7 after immunization (n = 6). (B) Liver weight (g) is shown as the mean ± SEM 
(n = 6). (C) The expression of the Kupffer cell marker Clec4f in isolated liver-associated macrophages 
(CD45 + CD11b + F4/80+) was examined by qRT‒PCR. Bone marrow-derived macrophages (BMMs) were used 
as controls. Each bar represents the mean ± SEM (n = 3 per group). Statistical analysis was performed using 
unpaired two-tailed Student’s t test; **** indicates p < 0.0001, and ns indicates not significant.
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H3K4me3 profiles of liver-associated macrophages upon mRNA/LNP immunization
To gain insight into the impact of mRNA/LNPs on the epigenetic profiles of liver-associated macrophages, the 
CUT&RUN assay and sequencing were performed, focusing on the H3K4me3 profile. The enrichment profiles 
of this epigenetic mark are summarized in Fig. 5A,B. Compared with those in the PBS group, three clusters 
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of enriched loci in which H3K4me3 was significantly enriched were identified: high, intermediate and low 
(Clusters 1–3). Loci in Cluster 1 showed enhanced H3K4me3 both upstream and downstream of the TSS (+/- 3 
Kbp), which included the coding regions. Cluster 2 had H3K4me3 concentrated around the transcription start 
sites (TSSs), and Cluster 3 showed little change in H3K4me3 between the groups. 

The loci in Cluster 1 were further analyzed to identify overrepresented loci (Fig.  5B,C). Among the 
overrepresented sequences were those of genes related to the response to cytokines (biological process), which 
may reflect the inflammatory nature of mRNA/LNP-stimulated macrophages. Among the enriched pathways, 
pathways related to the cytokines TNFa and IL-6 were identified, indicating that macrophages in the liver may 
be epigenetically poised to initiate the transcription of inflammatory cytokines after mRNA/LNP immunization 
(Fig. 5C). The H3K4me3 profiles of Tnf, Il6 and Marco are shown in Fig. 6. These genes are upregulated in liver-
associated macrophages from mRNA/LNP mice according to the RNA-seq data described above. The highly 
enriched H3K4me3 in the promoter regions provides conducive chromatin structure for active gene expression 
and may reflect the transcription of those genes. 

Motif identification revealed potential binding sites for GABPA, an ETS transcription factor; Sp2/3, an 
Sp subfamily transcription factor; and CREB1, a cAMP response element binding protein (Supplementary 
Fig. 3). This finding suggested that mRNA/LNP immunization may induce conducive conditions for binding 
transcription factors that regulate gene expression. Taken together, the study results showed that immunization 
with mRNA/LNPs via the intramuscular route influences liver-associated macrophages to adopt an M1-like 

Fig. 3.  Transcriptomic profiles of liver-associated macrophages from OVA mRNA/LNP-immunized mice. 
Total RNA from F4/80+ liver-associated macrophages was subjected to RNA sequencing (n = 3 for the control 
PBS or mRNA/LNP-immunized group). The data were analyzed as described in the Methods section. (A) The 
volcano plot and (B) the heatmap depicting DEGs between the control and mRNA/LNP-vaccinated groups. 
DEGs were filtered using |log2FC| > 1 or <-1. The dark blue spots represent genes downregulated in the 
OVA-treated groups, as depicted in the refined heatmap depicted in (B). The light blue spots represent genes 
downregulated in the OVA-treated groups from the initial analysis shown in the Supplementary Fig. 2. (C) GO 
terms associated with DEGs of cluster C1 are shown. (D) GO terms are shown associated with DEGs of cluster 
C3 are shown (FDR < 0.05). The KEGG database was used for KEGG pathway analysis48–50.

◂

Fig. 4.  Phenotypic characterization of F4/80+ liver-associated macrophages. (A) MacSpectrum 
characterization was performed using the RNA-seq dataset. The macrophage subsets on the MacSpectrum 
plot were designated A, “M2-like”; B, “M1-like”; C, “transitional M1-like”; and D, “preactivation”. (B) The 
expression of inflammatory cytokines was measured by qRT‒PCR. Each bar represents the mean ± SEM (n = 3 
per group). Statistical analysis was performed using unpaired two-tailed Student’s t test. * indicates statistical 
significance at p < 0.05.
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Fig. 5.  Profiles of H3K4me3 in F4/80+ liver-associated macrophages from CUT&RUN analysis. (A) The 
mapped fragment size distribution from 4 samples subjected to CUT&RUN sequencing. (B) Heatmap showing 
the genomic regions with enriched H3K4me3 at 3 Kbp flanking the transcriptional start site (TSS) of genes. 
Gene Ontology (GO) analysis of overrepresented genes from Cluster I is shown. (C) Overrepresentation of 
pathways in loci of Cluster 1 in the WikiPathway, KEGG, Reactome and Panther databases are shown. The 
KEGG database was used for KEGG pathway analysis48–50.
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phenotype and alters histone modification profiles (active histone marks), which may affect the macrophage 
response to future stimulation and potentiate adaptive immune functions.

Effect of LNP or mRNA/LNP on macrophage responses to LPS
To investigate whether LNP or mRNA/LNP directly trigger responses in macrophages, bone marrow derived 
macrophages (BMMs) were treated with empty LNP or mRNA/LNP at various doses for 24  h and two 
inflammatory cytokines (Fig. 7A, TNFα and IL-6 were measured in the culture supernatants. As shown in Fig. 7B, 
LNP or mRNA/LNP were able to induce TNFα production higher than the untreated control. On the other 
hand, only mRNA/LNP was able to induce IL-6 production (Fig. 7D). The levels of both cytokines, however, 
were much lower than LPS stimulation condition. Because mRNA/LNP immunization resulted in active histone 
mark in liver-associated macrophages, the impact of LNP or mRNA/LNP on innate immune memory was 
examined using BMM model. After exposure to LNP or mRNA/LNP for 24 h, cells were rested for 48 h before 
being subjected to LPS stimulation (Fig. 7A). Treatment with β-glucan or LPS was used as the control for trained 
immune response and tolerance response, respectively19. The amounts of TNFα and IL-6 were used as a readout 
for innate immune memory response. The results as shown in Fig. 7C,E, exposure to LNP or mRNA/LNP before 
stimulation with LPS did not change the amounts of both cytokines, whereas treatment with β-glucan further 
increased LPS-induced cytokine production while treatment with LPS reduced those levels. Taken together, LNP 
or OVA/LNP exhibited the ability to induce weak but detectable inflammatory response, but either treatment did 
not affect response after LPS restimulation. 

Discussion
mRNA technologies provide groundbreaking tools for combating infectious diseases and cancer and for 
therapeutic purposes20. The delivery of an mRNA for in vivo applications relies mainly on using LNPs, which play 
crucial roles in intracellular mRNA delivery and as adjuvants in vaccines11. Thus, mRNA/LNP administration 
can induce tissue responses that alter the homeostasis of affected organs. Our study aimed to investigate the 
impact of mRNA/LNPs administered via the intramuscular route on macrophages in the liver. mRNAs such as 
luciferase reporter genes can be detected at the injection site (muscle) and in other tissues, including the liver, 
spleen, and lymph nodes, with rapid kinetics (within hours) that can last 3–5 days21,22. We designed this study 
to investigate the post-acute impact of mRNA/LNPs on liver-associated macrophages on Day 7 after one dose 
of mRNA/LNPs.

The targeted cells in this study were F4/80+ macrophages residing in the liver. Liver macrophages are 
mainly composed of embryonic-origin KCs and monocyte-derived KCs. The latter is recruited upon depletion 
of the former, such as in liver injuries23. Our study did not distinguish between embryonic KCs and newly 
recruited monocyte-derived macrophages. The pools of F4/80+ cells associated with the liver were subjected to 
transcriptomic analysis to obtain a global view of the gene expression profiles of these cells. On Day 7, we found 

Fig. 6.  Genome tracks of H3K4me3 profiles in F4/80+ liver-associated macrophages. Genome tracks showing 
H3K4me3 enrichment at the promoter regions of Tnf, IL6 and Marco are shown. The experiment was 
conducted with 2 biological replicates.
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a total of 554 genes that were considered differentially expressed, where more genes were downregulated. The 
number of upregulated genes (19 genes) was relatively small, possibly because the time of cell harvesting from 
the livers was past the acute phase.

GO enrichment analysis identified the enrichment of pro-inflammatory cytokines (IL-6/JAK/STAT3, 
TNFα/NF-κB pathways) and cytokines related to cell-mediated immune response (interferon gamma response, 
interferon alpha response) in macrophages from the mRNA/LNP group. This result indicated that intramuscular 
immunization of mRNA/LNPs triggers inflammatory responses in the livers that favor cell-mediated immune 
effector functions. The effect observed here may be direct from mRNA/LNPs on macrophages or indirect via 
inflammatory cytokines such as interferon gamma produced by other immune cells in the liver.

Among upregulated genes, pro-inflammatory cytokines, Tnf, Il6, Il1b were significantly increased in 
macrophages from OVA mRNA/LNPs. This result was expected because mRNA/LNP immunization is known 
to induce inflammatory response24. Furthermore, several chemokines were upregulated (Cxcl1, Cxcl2, Cxcl13), 
indicating the ability of mRNA/LNP to recruit immune cells into the liver such as neutrophils25. Overall profiles 
of F4/80+ liver associated macrophages categorized them to be M1-like phenotypes at 7 days post immunization. 
This result indicated that mRNA/LNP immunization via intramuscular route conditioned liver-associated 
macrophages to be pro-inflammatory phenotypes.

The expression of genes encoding ECM proteins was downregulated in the mRNA/LNP groups, while that 
of Mmp9 was upregulated. The data suggested that mRNA/LNP administration triggered changes in the tissue 
environment in the liver that may involve remodeling. KCs are known to play a role in liver fibrosis progression 
and regression, and during liver injury, ECM remodeling is important for supporting liver progenitor cell 
proliferation and invasion26. Our data and those from studies on the role of monocyte-derived KCs may suggest 
that after mRNA/LNP exposure, monocyte-derived KCs may be recruited to the liver instead of embryonic KCs, 
reflecting reduced ECM production8.

Fig. 7.  Effect of LNP or mRNA/LNP on Macrophages. (A) Experimental scheme to test the impact of LNP 
or mRNA/LNP on BMMs. The level of TNFα (B, C) or IL-6 (D, E) were measured by ELISA. Data are 
representative of four independent experiments. The letter a and b on the bar graph indicated p < 0.001 and 
p < 0.0001 compared to the unstimulated control, respectively.
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LNP is a key component of mRNA delivery system. It has been shown that LNP acts as adjuvant upon 
co-administration with mRNA or protein antigens27. This study further elucidated that the intrinsic adjuvant 
activity of LNP formulation promotes strong B cell response and T follicular helper cells via IL-6 induction. Our 
in vitro data collaborated with this finding that LNP or mRNA/LNP weakly induced TNFα and IL-6 production 
in BMMs but the cytokine levels were much lower than that induced by strong inflammatory stimulus LPS.

Innate immune memory is controlled by epigenetic reprogramming and metabolic rewiring9. The epigenetic 
reprogramming of histone proteins allows cells to be in a complex chromatin state readily responsive to unrelated 
insults. One of our study aims was to elucidate the epigenetic changes to liver-associated macrophages caused 
by mRNA/LNP administration. The active histone marker H3K4me3 is associated with transcriptionally active/
poised chromatin. This histone mark among others is reported to regulate trained immunity in macrophages28,29. 
The CUT&RUN sequencing data from our study revealed two main clusters of cis-regulatory loci in which 
H3K4me3 was enriched at high and intermediate levels by mRNA/LNPs. Some loci in these clusters directly 
regulated the expression of genes (such as Tnf and Marco), whereas others did not directly link to the upregulated 
genes. This result may indicate that mRNA/LNPs induce epigenetic changes that prepare cells to respond to 
stimulation by keeping chromatin in a “poised” state. The study of other histone marks, such as H3K27ac or 
H3K4me1, may provide a more comprehensive view of how mRNA/LNPs induce innate immune memory. The 
involvement of mRNA/LNPs in inducing trained immunity may be critical for the future design of mRNA-based 
vaccines or therapeutic tools.

In an effect to investigate whether exposure to LNP or mRNA/LNP alters response to secondary stimuli, an 
in vitro innate immune memory assay was performed. Exposure to β-glucan before LPS restimulation heightens 
inflammatory cytokine production which is the characteristic of trained immunity30. In contrast, successive LPS 
exposure dampens inflammatory cytokine level which is considered tolerance response30. In this study, the in 
vitro study of innate immune memory induced by LNP or mRNA/LNP did not show enhance or dampen effect 
upon LPS restimulation. However, other factors such as the amounts of LNP or mRNA/LNP, cytokine milieus 
may affect this phenomena and further study in an in vivo model is needed to clarify whether exposure to LNP 
or mRNA/LNP may epigenetically modify innate immune response that result in trained or tolerance response.

The current study has some limitations that may need to be addressed in future studies. In this work, we did 
not address the direct or indirect impact of mRNA/LNP on macrophages in the liver. The impact of mRNA/LNP 
administered via intramuscular injection may influence liver associated macrophages directly by being uptake 
by such cells. Alternatively, the cytokines produced as a result of mRNA/LNP administration may indirectly 
influence macrophages in the liver. How embryonic KCs and monocyte-derived KCs respond to mRNA/LNPs 
and influence the immune response is unknown. How long this epigenetic marker identified in our study was 
maintained is also an intriguing question. Finally, how the response induced in liver-associated macrophages 
influences the adaptive immune response needs further detailed investigation.

Methods
Mice
C57BL/6 mice (female aged 8–12 weeks) were purchased from Siam Nomura International (Thailand) and 
housed at Chulalongkorn University Laboratory Animal Center (CULAC) under animal protocol No. 2,173,040, 
which was approved by CULAC IACUC. All experiments involving mice were performed according to the 
guidelines issued by the IACUC. Isoflurane was used for anaesthetizing the mice where indicated. The mice 
were humanely euthanized via carbon dioxide inhalation. The results obtained in this study were reported in 
accordance with ARRIVE guidelines.

In vitro transcription for mRNA and lipid nanoparticle (LNP) formulation
An mRNA encoding OVA was prepared using previously published pUC-ccTEV-ovalbumin-A101 (OVA)13. 
The plasmid was propagated in Escherichia coli (Stbl3) and extracted using a ZymoPureII plasmid midiprep 
kit (Zymo Research, Irvine, CA, USA). Nucleoside-modified mRNA was produced by in vitro transcription 
(IVT) by substituting uridine triphosphate (UTP) with N1-methylpseudouridine (m1Ψ) triphosphate 
(TriLink, Biotechnologies, San Diego, CA, USA). The reaction was carried out with T7 RNA polymerase 
(MegaScript, Thermo Fisher Scientific, MA, USA) on a linearized plasmid. mRNA capping was performed by 
the trinucleotide cap1 analog CleanCap (TriLink Biotechnologies). The capped mRNA was purified by cellulose 
column purification31. IVT mRNA was analyzed on agarose to determine its integrity. Additional quality 
control was performed as described previously to ensure the absence of double-stranded RNA (dsRNA) and 
endotoxin contamination before encapsulation into LNPs21. mRNA encapsulation was performed by Genevant 
Sciences Corporation (Vancouver, British Columbia, Canada). The proprietary lipid and LNP compositions are 
similar to those previously reported32 and are described in the patent application WO2020097540A1. The LNP-
encapsulated mRNA was stored at − 80 °C until use.

Immunization with mRNA/LNPs
Mice were randomly divided into 2groups (6 mice per group): the mRNA immunization group and placebo 
group (PBS). Mice were immunized via the intramuscular (i.m.) route with mRNA encoding OVA formulated 
with LNPs (10 µg per mouse) or the PBS control. Serum was collected to monitor the specific antibody response.

Specific antibody titer
Serum was collected to measure the level of IgG antibodies specific to OVA by ELISA. Ovalbumin (InvivoGen, 
San Diego, CA, USA) (10 µg/ml; 100 µL/well) was added to Maxisorb 96-well plates. Twofold serial dilutions 
of mouse serum were added in duplicate. After 2 h of incubation at RT, the plates were vigorously washed with 
washing buffer (PBS + 0.5% Tween 20, PBST). Goat anti-mouse IgG-HRP (Jackson ImmunoResearch, West 

Scientific Reports |         (2025) 15:1146 9| https://doi.org/10.1038/s41598-025-85234-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Grove, PA, USA) was added, and the plates were incubated for an additional 30 min. The substrate TMB (Sigma 
Aldrich, St. Louis, MO, USA) was added, and the reaction was stopped with 1 M H2SO4. The absorbance at 450 
and 620 nm was measured on a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA). The endpoint 
titers were determined as the highest dilution of sera that had an OD greater than the cutoff value. The cutoff 
value was calculated from the OD of preimmunized sera at a dilution of 1:8033.

Isolation of F4/80+ liver-associated macrophages
On Day 7 post immunization, the mice were sacrificed as described above, and liver-resident macrophages 
were isolated following the protocol described by Lynch et al. with some modifications34. Briefly, mice were 
placed under deep anesthesia, and liver perfusion through the inferior vena cava was performed using PBS. After 
perfusion, the livers were harvested and placed in DMEM, finely chopped using a razor blade and digested in 
5 ml of enzyme mixture (DMEM containing collagenase type IV (0.85 mg/mL; Sigma Aldrich) and dispase II 
(1 mg/mL; Sigma Aldrich)) for 25 min at 37 °C in an orbital shaker. Digested livers were filtered through 100-µm 
cell strainers (Corning, NY, USA), and the filtrates containing cells were serially washed in 40 mL and 30 mL of 
DMEM. The cells were harvested by centrifugation at 300 × g for 5 min. RBC lysis buffer was added to the cell 
pellets, and the solutions were incubated for 5 min, followed by resuspension and washing in FACS buffer (PBS 
with 0.5% BSA and 2 M EDTA). The cell pellets were resuspended and filtered through a 40-µm cell strainer. 
Single-cell suspensions were incubated with MojoSortTM Mouse F4/80 Nanobeads (BioLegend, San Diego, CA, 
USA) for 15 min on ice. Positive selection of F4/80+ macrophages was performed using MojoSort™ Magnetic 
Cell Separation (BioLegend). Livers from at least 3 mice from each treatment group were subjected to isolation 
of F4/80+ liver-associated macrophages.

Flow cytometry
To evaluate the purity of the F4/80+ cells obtained from magnetic bead sorting, the cells were stained with anti-
mouse CD45-APC Cy7, anti-mouse F4/80-AlexaFluor 488 and anti-mouse CD11b-PE antibodies (all antibodies 
were obtained from BioLegend). Dead/live cells were distinguished with 7-AAD (BioLegend). The cells were 
incubated for 15  min at 4  °C in the dark and analyzed by a Beckman Coulter CytoFLEX Flow Cytometer 
(Beckman Coulter, Brea, CA, USA). The acquired data were analyzed by FlowJo™ V10 software (TreeStar BD 
Biosciences).

RT-qPCR
Total RNA from liver-associated macrophages from mice receiving OVA mRNA/LNPs or PBS was extracted 
using an RNeasy Mini Kit (Qiagen, Hilden, Germany) and reverse transcribed using RevertAid reverse 
transcriptase (Thermo Fisher Scientific) following the manufacturer’s protocol. Five hundred nanograms of 
RNA per sample was converted to cDNA, which was used for quantitative PCR using iQ SYBR Green SuperMix 
(Bio-Rad, Hercules, CA, USA) according to the manufacturer’s instructions. The primers used in this study 
are listed in Table 1. The relative expression of all target genes was normalized to GAPDH expression by the 
2−∆∆ct method and calculated by comparison with that of bone marrow-derived macrophages (Clec4f) or liver-
associated macrophages from mice receiving PBS for other genes35. 

RNA sequencing and data analysis
Three samples from each treatment (PBS or mRNA/LNP) were subjected to RNA sequencing. Total RNA was 
extracted using an RNeasy Mini Kit (Qiagen, USA) following the manufacturer’s protocol as described above. 
The quality and concentrations of RNA were measured using a NanoDrop™ 2000 spectrophotometer (Thermo 
Fisher Scientific). cDNA libraries were prepared using a DNBSEQ Eukaryotic Strand-specific mRNA library 
kit (BGI Genomics, Shenzhen, China). The quantity and quality of the libraries were determined using a 2100 
Bioanalyzer. Sequencing was performed on a DNBseq platform (2 × 150 bp paired-end reads). The sequences 
were subjected to cleaning and quality assessment using FastQC. Subsequently, the sequences were mapped 
and aligned against Mus musculus reference genome GRCm39 using STAR40. The quantification of the mapped 
outputs was performed using Kallisto41. The read counts were normalized and analyzed for genes that were 
differentially expressed (DEGs) using edgeR42 and limma-voom packages43,44. Genes were considered statistically 
significant (nominal p-value < 0.05) if their log2 fold change was less than − 1 or larger than 1, representing 
down- or up-regulation, respectively.

Gene name Sequences References

Clec4f F: 5’-​C​T​T​C​G​G​G​G​A​A​G​C​A​A​C​A​A​C​T​C-3’
R: 5’-​C​A​A​G​C​A​A​C​T​G​C​A​C​C​A​G​A​G​A​A​C-3’

2

Tnfa F: 5’-​A​G​C​C​C​A​C​G​T​C​G​T​A​G​C​A​A​A​C​C​A​C-3’
R: 5’-​A​T​C​G​G​C​T​G​G​C​A​C​C​A​C​T​A​G​T​T​G GT-3’

36

Il1b F: 5’-​T​A​T​A​C​C​T​G​T​C​C​T​G​T​G TAA-3’
R: 5’-​T​T​G​A​C​T​T​C​T​A​T​C​T​T​G​T​T​G​A-3’

37

Il6 F: 5’-​T​C​T​G​G​G​A​A​A​T​C​G​T​G​G​A​A​A​T​G-3’
R: 5’-​A​A​G​T​G​C​A​T​C​A​T​C​G​T​T​G​T​T​C​A​T​A​C​A-3’

38

GAPDH F: 5’- ​A​C​C​A​C​A​G​T​C​C​A​T​G​C​C​A​T​C-3’
R: 5’-​T​C​C​A​C​C​A​C​C​C​T​G​T​T​G​C​T​G-3’

39

Table 1.  List of primers used in this study.
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The nominal p-value reported in the supplementary figures represents the uncorrected p-value obtained 
from the limma statistical model. While multiple genes showed nominal p-values below 0.05, only one gene 
(Gm10337, a predicted protein-coding gene) achieved an FDR-adjusted p-value (i.e., q-value) below 0.05. 
The remaining genes exhibited FDR values between 0.1 and 0.6, indicating a considerable risk of 10–60% 
false positives. To address this and ensure the robustness of our findings, we focused on genes demonstrating 
consistent expression changes across all biological replicates. Visual analysis of the heatmap in Supplementary 
Fig.  2 revealed that Cluster 2 contained genes predominantly upregulated in a single sample, potentially 
introducing bias. Consequently, we prioritized genes in Clusters 1 and 3 for further analysis, as shown in Fig. 3B. 
Importantly, key genes identified in this analysis, such as Il6 and Tnf, were further validated using qRT-PCR 
(Fig. 4B), providing additional confidence in their significance.

Hierarchical clustering of DEGs was performed (Euclidean distance and Ward.D2 method) using 
ComplexHeatmap package45. The up- and down-regulated DEGs from selected clusters were analyzed for their 
functions using Gene Ontology46,47, KEGG48–50, and MSigDB hallmark51 databases using enrichr package52–54. 
In gene functional analysis, a gene set was statistically enriched if its p-value was less than 0.05. The analyses were 
conducted on triplicate samples. All analyses were carried out using R program version 4.3.2 unless otherwise 
specified.

MacSpectrum is a two-index platform utilizing macrophage polarization (MPI) and activation-induced 
macrophage differentiation (AMDI) indices that employ distinct gene signatures to correlate with macrophage 
activation states18. MPI quantifies the overall inflammatory status of the macrophage population. A higher MPI 
indicates a more pro-inflammatory (M1-like) phenotype. On the other hand, AMDI measures the extent of 
macrophage differentiation towards a specific activation state. MacSpectrum compares the gene expression 
patterns in the input data to the signature genes in its reference database and calculates a score for each signature 
gene based on its expression level in the samples. MacSpectrum is originally designed to characterize adipose 
tissue macrophages into M1-like, M2-like, transitional, and pre-activation phenotypes, we adapted it to our 
context. Briefly, significant genes (nominal p-value < 0.05, absolute log2 fold-change > 1) and their expression 
levels were formatted for the MacSpectrum web-based software (https://macspectrum.uconn.edu). The resulting 
outputs were then downloaded and visualized using R to establish the M1-like character of the macrophages in 
our study.

CUT&RUN and CUT&RUN-qPCR data analysis
The CUT&RUN assay was performed using a CUT&RUN Assay Kit (Cell Signaling Technology, Danvers, MA, 
USA) according to the manufacturer’s instructions. Briefly, approximately 1 × 106 cells were harvested, washed, 
and fixed with 37% formaldehyde to a final concentration of 0.1%. The cells were then incubated with activated 
concanavalin A-coated magnetic beads and permeabilized with digitonin. The complexes of bead-bound cells 
were incubated with antibodies (rabbit anti-H3K4me3 and normal rabbit IgG as a negative control) at 4  °C 
overnight with rotation. pAG-MNase was accordingly introduced to the cell: bead suspension and incubated at 
4 °C for 1 h before DNA digestion and diffusion. The input DNA was prepared and unfragmented separately via 
sonication. DNA was purified using a DNA purification kit (Cell Signaling Technology). DNA fragmentation 
was visualized using gel electrophoresis and a bioanalyzer (Agilent Technology, 2100). Fragmented input DNA 
and digested DNA were used to amplify rpl30, a housekeeping gene positively related to H3K4me3, using qPCR 
according to the manufacturer’s protocol. Fold enrichments were normalized and calculated based on the total 
amount of 10% input and presented as a relative quantification using the 2−∆∆ct method.

CUT&RUN sequencing analyses
Reads were aligned to the Mus musculus reference genome mm10 using Bowtie2. The SAM files were converted 
and sorted to the BAM format using SAMtools. PCR duplicates were removed using Picard tools. The BAM 
files were converted to bigwig files by deepTools for visualization and heatmaps. For comparison across samples 
with a spike-in genome, the bigwig files were normalized to spike-in genome coverage (Saccharomyces cerevisiae 
R64-1-1). Genome browser tracks were visualized by Integrative Genomics Viewer (IGV) and pyGenomeTracks. 
Heatmap clustering was generated using deepTools by k-means clustering.

Assay for innate immune memory response in macrophages
BMMs were prepared from bone marrow cells of C57BL/6 mice as described elsewhere55. To investigate the 
effect of LNP or mRNA/LNP on macrophages, BMMs were treated with various amounts of empty LNP or 
mRNA/LNP for 24 h, and the culture supernatants were subjected to ELISA for TNFα and IL-6 using ELISA 
MAX™ Deluxe Set for mouse TNF-α or IL-6 (BioLegend, USA). For β-glucan-induced trained immune response 
or LPS-induced tolerance response, previous protocol as described by Benjaskulluecha et al. were followed and 
the scheme was depicted in Fig. 7A19.

Data analysis and statistics
All in vivo experiments were performed using six mice from each treatment. All in vitro experiments were 
performed in triplicates with two independent experiments. Statistical analyses were performed using GraphPad 
Prism version 9.0. The data were compared using unpaired two-tailed Student’s t test. *, **, and *** indicate 
P < 0.05, 0.01, and 0.001, respectively. All the data were represented as means ± SEM.

Data availability
The datasets generated and analyzed during the current study are available in the NCBI’s Gene Expression Om-
nibus repository. The RNA-seq and CUT&RUN-seq data are accessible through GEO Series accession number 
GSE267045, and GSE267043, respectively.
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