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LDL delivery of microbial small RNAs drives 
atherosclerosis through macrophage TLR8

Ryan M. Allen    1,5 , Danielle L. Michell    1, Ashley B. Cavnar1, Wanying Zhu1, 
Neil Makhijani1, Danielle M. Contreras1, Chase A. Raby1, Elizabeth M. Semler2, 
Carlisle DeJulius3, Mark Castleberry1, Youmin Zhang1, Marisol Ramirez-Solano4, 
Shilin Zhao4, Craig Duvall    3, Amanda C. Doran1, Quanhu Sheng    4, 
MacRae F. Linton1 & Kasey C. Vickers    1,2,6 

Macrophages present a spectrum of phenotypes that mediate both the 
pathogenesis and resolution of atherosclerotic lesions. Inflammatory 
macrophage phenotypes are pro-atherogenic, but the stimulatory 
factors that promote these phenotypes remain incompletely defined. 
Here we demonstrate that microbial small RNAs (msRNA) are enriched on 
low-density lipoprotein (LDL) and drive pro-inflammatory macrophage 
polarization and cytokine secretion via activation of the RNA sensor toll-like 
receptor 8 (TLR8). Removal of msRNA cargo during LDL re-constitution 
yields particles that readily promote sterol loading but fail to stimulate 
inflammatory activation. Competitive antagonism of TLR8 with 
non-targeting locked nucleic acids was found to prevent native LDL-induced 
macrophage polarization in vitro, and re-organize lesion macrophage 
phenotypes in vivo, as determined by single-cell RNA sequencing. Critically, 
this was associated with reduced disease burden in distinct mouse models 
of atherosclerosis. These results identify LDL-msRNA as instigators of 
atherosclerosis-associated inflammation and support alternative functions 
of LDL beyond cholesterol transport.

Atherosclerosis is a pathophysiological process driven by dyslipidaemia 
and unchecked chronic inflammation1,2. Pharmacological lowering 
of low-density lipoprotein (LDL)-C levels is a primary clinical target 
to reduce the risk of cardiovascular disease (CVD); yet, residual risk 
remains for many with properly managed plasma lipid levels3. Results 
of the CANTOS trial support that targeting inflammation—monoclonal 
antibody (canakinumab) against interleukin 1β (IL1β)—in the absence 
of reducing plasma lipids is a viable approach to mitigating cardiovas-
cular events4. Nonetheless, inhibiting facilitators of systemic immune 
responses (that is, cytokines) may be problematic for patients at risk 
of infection. A more desirable approach may be to target upstream, 

inciting stimuli that promote atherosclerosis-associated inflammation; 
however, identification of such stimulating factors has proven elusive.

Macrophages have long been the focus of atherosclerosis research 
owing to their ability to enhance inflammation and recruit immune 
cells, as well as their propensity to become engorged with cholesterol 
to yield foam cells5. Macrophage scavenger receptor-mediated uptake 
of modified (for example, oxidized) LDL is widely regarded as a cru-
cial event in foam cell formation within atheromas6. The importance 
of scavenger receptors and the impact of LDL modifications have 
been demonstrated by genetic studies in mice7–10 and coordinated 
signalling between scavenger receptors and pro-inflammatory cell 
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nLDL activates macrophage cytokine expression and secretion, prob-
ably through NF-κB.

nLDL activates the RNA sensor TLR8 in macrophages
Macrophage toll-like receptors (TLR) facilitate innate immunity by 
recognizing pathogen-associated molecular patterns (PAMPs), which 
have been extensively studied in atherosclerosis27. Extracellular PAMPs 
are detected by surface TLRs (TLR1, -2, -4, -5 and -6), whereas intracel-
lular PAMPs (that is, nucleic acids) are recognized by endosomal TLRs 
(TLR3, -7, -8 and -9). Surface TLR2, TLR4 and TLR6 have been directly 
implicated in the pathogenesis of atherosclerosis through their rec-
ognition of modified LDL particles (for example, oxidized LDL) and 
lipoprotein (a) (Lp(a)), which has similar density to nLDL and is a natural 
source of oxidized phospholipids11,28. Although LDL preparations from 
healthy donors were consistent with nLDL (Extended Data Fig. 2a–c), it 
is possible that our preparations could contain Lp(a) and/or oxidized 
phospholipid cargo capable of signalling through TLR2; however, chem-
ical inhibition of TLR2 with C29 (ref. 29) failed to blunt nLDL-induced 
cytokine transcription (Fig. 2a) or secretion of IL-6 (Fig. 2b).  
Furthermore, nLDL treatments of primary macrophages failed to 
upregulate HMOX1 (Fig. 2a), a key gene of the Mox macrophage phe-
notype driven by exposure to oxidized phospholipids30. Conversely, 
cytokine and HMOX1 expression were robustly induced in response to 
the TLR2 ligand PAM3CSK4, which was abrogated by C29 (Extended 
Data Fig. 2d). The potential involvement of TLRs in nLDL-induced polari-
zation was confirmed by chelation of intracellular calcium31, which 
abrogated secretion of TNF-α in response to nLDL, lipopolysaccharide 
(LPS; TLR4 ligand) and single-stranded RNA oligonucleotide (ssRNA40; 
TLR8 ligand; Fig. 2c). However, disruption of endo-lysosome matura-
tion with bafilomycin A1 reduced TNF-α secretion in response to only 
nLDL− and ssRNA40, supporting the involvement of an endosomal 
receptor in nLDL-induced cytokine secretion. To further resolve this, 
individual TLRs were co-expressed in HEK293T cells with an NF-κB 
promoter-driven luciferase reporter and validated by treatment with 
TLR-specific ligands, or TNF-α for cells expressing no TLR (Fig. 2d). We 
observed activation of nLDL-driven NF-κB activity only in the presence 
of TLR8, an endosomal receptor that recognizes ssRNA and products 
of ssRNA catabolism32,33. Although TLR7 and TLR8 share some ligands, 
only TLR8 was required for nLDL-induced NF-κB activity (Extended Data 
Fig. 2e). The levels of TLR8 expression in HEK293T cells were found 
to be comparable to endogenous TLR8 expression levels observed 
in primary human and THP-1 macrophages, although it is suspected 
that high TLR8 turnover is present in THP-1 cells (Fig. 2e). Neverthe-
less, partial silencing of TLR8 with small interfering RNAs (siRNAs) 
blunted nLDL-induced expression and secretion of IL-6 and TNF-α in 
THP-1 macrophages (Fig. 2f,g). Intriguingly, siRNA against TLR7 blunted 
nLDL-induced cytokine expression in these cells nearly as effective 
as siRNA against TLR8, without effecting TLR8 expression (Extended 
Data Fig. 2f). However, THP-1 macrophages failed to induce a robust 
response to the TLR7 agonist R848, and partial silencing of TLR7 did 
not impede modest induction of IL1B (Extended Data Fig. 2g), bringing 
into question the functionality of TLR7 in these conditions. Conversely, 
silencing TLR8 expression strongly impaired the macrophage response 
to ssRNA40 (Extended Data Fig. 2h). We speculate that our siRNA results 
may be partially linked to off-target effects of siRNA on TLR8 activity34,35. 
To address this issue, we also selectively inhibited TLR8 activity with 
CU-CPT9a36, a selective chemical inhibitor of TLR8 activity, and we 
observed a significant reduction in cytokine expression and secre-
tion in response to nLDL and ssRNA40 treatments (Fig. 2h,i). Thus, 
we conclude that TLR8 is necessary and sufficient for nLDL-induced 
activation of NF-κB in human macrophages.

The functionality of TLR8 in mice has been controversial, as murine 
TLR7 recognizes ligands of both human TLR7 and TLR8 and is required 
for detection of synthetic and viral ssRNA37,38. Additionally, mouse 
TLR8 lacks a five-amino-acid motif that is necessary for proteolytic 

signalling in macrophages has been reported in atherosclerosis11,12. 
Nevertheless, the inability of anti-oxidation therapies to improve 
clinical outcomes in CVD has introduced questions as to whether LDL 
oxidation is a cause or consequence of atherosclerosis13,14. Further-
more, single-cell RNA-sequencing (scRNA-seq) studies have found 
that transcriptomes of lipid-loaded foam cells within the atheroma 
are not associated with inflammatory phenotypes15–17, supporting 
earlier studies that activation of sterol-sensing machinery suppresses 
inflammatory gene expression18. On the contrary, other groups have 
reported that native LDL (nLDL) promote pro-inflammatory mac-
rophage phenotypes and cytokine secretion from macrophages19,20. 
Moreover, small dense LDL particles, which carry reduced sterol cargo, 
are associated with increased risk of CVD21. Collectively, these studies 
indicate that a cholesterol-independent mechanism may link nLDL 
to pro-inflammatory macrophage phenotypes in the lesion and the 
chronic inflammation that underlies atherosclerotic CVD (ASCVD). In 
this Article, we provide evidence that nLDL transports microbial small 
RNA (msRNA) that propagate atherosclerosis through activation of 
toll-like receptor 8 (TLR8) and subsequent inflammatory macrophage 
polarization.

Results
nLDL induces inflammatory activation in macrophages
nLDL particles can accumulate in human atherosclerotic lesions  
to concentrations >2 mg ml−1, prompting foam cell formation  
through fluid-phase pinocytosis22–24. Nevertheless, the impact of  
nLDL on the macrophage phenotype is incompletely defined. We 
exposed phorbol 12-myristate 13-acetate (PMA)-differentiated  
human THP-1 macrophages to human nLDL (0.5 mg ml−1) and 
observed 365 upregulated genes and 141 downregulated genes using 
high-throughput RNA sequencing (RNA-seq; Fig. 1a and Supplementary 
Table 1). Using a network analysis, many of these genes were linked 
to transcription factors nuclear factor kappa B (NF-κB) and CCAAT/
enhancer binding protein beta (C/EBPβ), which are established 
regulators of inflammation and atherosclerosis (Fig. 1b,c and Sup-
plementary Tables 2 and 3). We validated dose- and time-dependent 
nLDL-induced changes to NF-κB and C/EBPβ transcriptional networks 
by quantitative polymerase chain reaction (qPCR) for messenger RNA 
levels and multi-plex enzyme-linked immunosorbent assay (ELISA) 
for secreted cytokines (Fig. 1d,e and Extended Data Fig. 1a,b). nLDL 
treatments resulted in accumulation of apolipoprotein B (APOB), the 
essential structural protein of LDL, within macrophages and the for-
mation of lipid droplets, as evidenced by lipid-droplet protein per-
ilipin 2 (PLIN2) (Fig. 1f and Extended Data Fig. 1c), observations that 
are supported by previous studies24,25. Intracellular increases of IL-1β 
protein and inflammatory cell signalling factors, inhibitor of NF-κB 
kinase subunit beta (IKKβ) and NF-κB inhibitor alpha (IκBα)—tran-
scriptional targets of NF-κB—further validated RNA-seq results (Fig. 1f).  
Although circulating monocytes have been found to internalize 
LDL26, we found that nLDL treatment did not stimulate expression 
of IL1B, IL6 (encoding interleukin-6) or TNF (encoding tumour necro-
sis factor α) from freshly isolated human CD14+ monocytes (Fig. 1g). 
However, when monocytes were differentiated with granulocyte– 
macrophage colony-stimulating factor (GM-CSF) and interferon 
gamma (IFNγ) towards a pro-inflammatory macrophage phenotype, 
nLDL induced both IL1B and IL6, comparable to results observed in 
THP-1 macrophages. Intriguingly, primary monocytes differentiated to 
alternatively activated macrophages (macrophage colony-stimulating 
factor (M-CSF), IL-4 and IL-13) did not induce IL1B or IL6 expression in 
response to nLDL, but repressed TNF (Fig. 1g). Subsequent experiments 
with independent donors confirmed GM-CSF/IFNγ-differentiated pri-
mary macrophages were activated by both time- and dose-dependent 
nLDL treatments (Fig. 1h–k). Similar results were obtained by treating 
primary mouse bone-marrow-derived macrophages (BMDMs) with 
nLDL (Extended Data Fig. 1d–f). Collectively, these data support that 
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Fig. 1 | nLDL induce inflammatory activation in macrophages. a, Differentially 
expressed transcripts (mRNA) of THP-1 macrophages treated with 0.5 mg ml−1 
nLDL for 24 h identified by RNA-seq (n = 3 biological replicates). FDR 
(α = 0.05)-adjusted P values after Wald test. log2FC >1.0, adjusted P < 0.05 (P adj).  
b, Transcription factor network enrichment analysis of nLDL-altered genes. 
Benjamini–Hochberg multiple testing correction adjusted P values generated 
based on hypergeometric distribution. Adjusted P < 0.05. c, Differentially 
expressed transcripts of a within the RelA (NF-κB p65) cluster. d,e, mRNA 
expression by qPCR (relative quantitative value (RQV)) (d) and secreted cytokine 
levels by ELISA of selected targets of NF-κB and C/EBPβ following exposure to 
0.5 mg ml−1 nLDL for 3, 6 and 24 h relative to cells receiving no treatment for 
24 h (control (Ctr)) (n = 3 biological replicates) (e). f, Immunoblots of selected 
proteins of THP-1 cells exposed to varied doses of nLDL for 24 h (n = 3 biological 

replicates). g, mRNA expression of primary human CD14+ cells from peripheral 
blood either freshly isolated or differentiated with GM-CSF and IFNγ, or M-CSF, 
IL-4 and IL-13, and treated with 0.5 mg mL−1 nLDL for 24 h (n = 3 healthy human 
donors). h–j, mRNA expression (h and j) and cytokine secretion (i and k) of 
primary human CD14+ PBMC differentiated with GM-CSF and IFNγ following 
treatment with nLDL for indicated time (h and i) or dose (j and k) (n = 4 biological 
replicates). Data are mean ± s.e.m. In d, e, h and j, a one-way ANOVA, Benjamini, 
Krieger and Yekutieli FDR (q = 0.05) for experimental groups relative to Ctr. 
*q < 0.05, **q < 0.01. In g, a two-way ANOVA or Sidak’s multiple comparison test 
was performed, *P < 0.05, **P < 0.01. In i and k, one-way ANOVA and Dunnett’s 
multiple comparison test on experimental groups relative to Ctr group were 
carried out, *P < 0.05, **P < 0.01. Numerical source data, statistics, exact P values 
and q values are provided.
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processing, folding and activity of human TLR8 (refs. 39,40). Nonetheless, 
canonical signalling domains required for activation of NF-κB remain 
conserved and are activated in the presence of synthetic thymidine 
homopolymer oligonucleotides41, suggesting the possibility of undis-
covered natural ligands. We found that over-expression of mouse TLR8 
permitted nLDL activation of NF-κB, despite a lack of responsiveness 

to synthetic ssRNA and nucleoside analogues (Extended Data  
Fig. 2i). Moreover, BMDMs isolated from wild-type and Tlr7-deficient 
mice showed similar sensitivity to nLDL treatments, indicating TLR7 
is not necessary for nLDL-induced macrophage activation in mice 
(Extended Data Fig. 2j). Although nLDL was capable of activating both 
mouse and human TLR8 in luciferase-reporter assays, the chemical 
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Fig. 2 | nLDL activates NF-κB through TLR8 in macrophages. a,b, mRNA 
expression by qPCR (a) and IL-6 secretion (b) of primary human CD14+ 
macrophages differentiated with GM-CSF and IFNγ that were pre-treated 
with vehicle (Veh; DMSO) or C29 for 30 min and then incubated with nLDL or 
without (Ctr) for 24 h (n = 4 biological replicates). c, TNF-α secretion of THP-1 
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replicates). d, Normalized NF-κB-driven luciferase activity of HEK293T cells 
over expressing an empty vector, individual or tandem human TLRs following 
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(n = 3 biological replicates). e, Immunoblots of HEK293T cells transfected with 
the indicated plasmids relative to endogenous expression in primary human 
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experiments). TLR8-O denotes full-length protein. TLR8-X represents 
proteolytically processed (active) peptides. f,g, mRNA expression (f) (n = 4 
biological replicates) and cytokine secretion (g) (n = 3 biological replicates) of 
THP-1 macrophages electroporated with scrambled (siScr) or TLR8-targeted 
(siTLR8) siRNAs or without siRNA (Ctr) following 24 h of nLDL exposure 
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24 h of nLDL exposure (n = 3 biological replicates). Data are mean ± s.e.m. In a, 
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provided.
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inhibitor CU-CPT9a was effective at blocking only human TLR8 activity 
(Extended Data Fig. 2k). Collectively, these data support a conserved 
sensitivity of TLR8 to nLDL in both mice and humans.

nLDL-msRNAs mediate inflammatory signalling in 
macrophages
We previously reported that lipoproteins of mice are enriched with 
microbial small RNA (msRNA) that are probably derived from microbes 
of our internal and external environment42, which could plausibly be 
responsible for TLR8 activation. We therefore quantified the sRNAs 
of human LDL by high-throughput small RNA (sRNA) sequencing (Fig. 
3a). LDL-sRNA reads that aligned to the human reference genome were 
prioritized, which revealed human sRNAs derived from parent ribo-
somal RNA (rRNAs; rDR) and transfer RNA (tRNAs; tDR) to be most 
abundant, followed by microRNAs (miRNA; Fig. 3b). Reads that failed 
to align to the human genome were then aligned concurrently to struc-
tural RNA databases (that is, rRNA (SILVA) and tRNA (GtRNA-db)), as 
well as to curated genome databases for bacteria and other microbes 
(Fig. 3c,d and Extended Data Fig. 3a–d). On average, non-host sRNA were 
approximately 16 times more abundant than host sRNAs, with bacterial 
rDRs explaining approximately 30% of all reads (Fig. 3a,c). Alignment 
to bacterial genome databases found enrichment for msRNAs derived 
from Proteobacteria, although one individual showed enrichment for 
Firmicutes msRNAs, and several showed high abundances of Actinobac-
teria msRNAs (Fig. 3d and Extended Data Fig. 3b). In addition, alignment 
to fungi and algae genome databases also found substantial mapping 
relative to the host genome (Extended Data Fig. 3c,d). To distinguish 
the inflammatory potential of host and non-host sRNAs on LDL, sRNAs 
with comparable size to those found on LDL were isolated from human 
cells (representing host sRNAs) and from Escherichia coli (representing 
non-host msRNA) (Fig. 3e) and transfected in equal concentrations 
to THP-1 macrophages. Remarkably, host-derived sRNAs were unable 
to activate inflammatory signalling in human macrophages, whereas 
foreign msRNAs promoted the expression of IL1B, IL6 and IL12B, com-
parable to the synthetic ssRNA ORN06 (Fig. 3f). Lastly, to determine 
if sRNA cargo confer nLDL’s inflammatory capacity in macrophages, 
reconstituted LDL (rLDL) particles lacking sRNAs were generated by 
selectively removing the neutral lipid core of nLDL and replacing it 
with cholesteryl linoleate spiked with a fluorescent cholesteryl ester43. 
Phospholipid-to-protein ratios were similar for rLDL and nLDL, and 
exogenous lipid loading was confirmed by fluorescence (Extended 
Data Fig. 3e,f). Although APOB levels were similar between rLDL and 
nLDL (Extended Data Fig. 3g), rLDL particles lacked sRNA cargo, as 
determined by bioanalyzer analysis (Fig. 3g) and qPCR (Fig. 3h and 
Extended Data Fig. 3h). Although macrophages showed robust uptake 
of both rLDL and nLDL, as determined by increased cellular cholesterol 
levels and lipid staining (Fig. 3i and Extended Data Fig. 3i), only nLDL was 
found to increase inflammatory gene expression and cytokine secre-
tion in treated macrophages (Fig. 3j,k). These results support that the 
msRNA cargo confer nLDL’s pro-inflammatory effects in macrophages.

msRNA are present on lipoproteins of GF mice
Based on the findings of Fig. 3, reduced LDL-msRNA levels in vivo 
may confer protection against ASCVD. Commensal flora are abun-
dant in both mice and humans and have been extensively associ-
ated with ASCVD44. We hypothesized that mice lacking commensal 
microbiota (that is, germ-free (GF) mice), would have reduced levels 
of msRNA on their lipoproteins. Therefore, plasma from two cohorts 
of specific-pathogen-free (SPF) and facility-matched GF mice were 
collected for fractionation and isolation of high-density lipoprotein 
(HDL), the primary lipoprotein of mice (Extended Data Fig. 4a,b). Based 
on sRNA-seq, the levels of host sRNAs were similar between SPF and GF 
mice, including the number of reads mapped to individual host miRNA, 
tRNA or rRNA transcripts (Extended Data Fig. 4c,d). Moreover, the 
levels of non-host sRNAs were also similar between GF and SPF control 

mice. For example, we failed to identify any changes to overall depth 
of non-host msRNA based on total counts for fungi, algae or bacteria 
(Extended Data Fig. 4c, e–i). Assessing differential abundance of sRNA 
alignment counts for 374 bacterial genomes in the HMB (human micro-
biome) and ENV (environmental) databases revealed modest changes 
in individual species between GF and SPF mice (Extended Data Fig. 4j 
and Supplementary Table 4). Consequently, the relationship between 
lipoprotein sRNA and the commensal microbiome is unclear.

nt-LNA inhibits nLDL activation of macrophage TLR8
Chemically modified (for example, 2′-O-methyl and locked nucleic acid 
(LNA)) anti-sense oligonucleotides have been reported to impair ssRNA 
activation of TLR7/8, independent of transcriptional silencing34,45,46. We 
hypothesized that we could exploit these off-target effects to antago-
nize nLDL-induced TLR8 signalling by using a non-targeting (that is, 
scrambled) LNA. Hence, we screened commercially available control 
non-targeting LNAs (nt-LNA) for TLR8 antagonism using NF-κB (lucif-
erase) reporter assays (Fig. 4a and Supplementary Table 5). nt-LNAs 
proved to be powerful inhibitors of TLR8-mediated responses to ssRNA 
ligands (ssRNA40/ORN06) but provided poor-to-ineffective inhibition 
of CL075, which stimulates TLR8 at an active site separate from that 
of ssRNA33. Replacing LNA nucleotides of nt-LNA-A with DNA nucleo-
tides (nt-DNA-A) abolished antagonism of TLR8’s ORN detection and 
potentiated the response to CL075 (Extended Data Fig. 5a). Conversely, 
replacing RNA nucleotides of the canonical TLR8-stimulating ORN 
ssRNA40 with LNA nucleotides (ssLNA40) abrogated TLR8’s response 
to ORN, but not CL075 (Fig. 4a and Extended Data Fig. 5a). As little 
as 15% LNA nucleotides within nt-LNA-A was found to be effective at 
antagonizing TLR8’s ORN-driven activity. Together with results from 
dose–response assays (Fig. 4b), these data support that nt-LNA function 
as competitive antagonists of TLR8’s ORN recognition site through an 
LNA chemistry-driven effect. Although both sequences were effec-
tive, the nt-LNA-A oligonucleotide, referred to herein as nt-LNA, was 
selected for further experiments (Fig. 4a). nt-LNA pre-treatments in 
THP-1 macrophages dose dependently blocked activation of cells by 
ssRNA40, but not CL075, LPS (TLR4 ligand) or poly I:C (TLR3 ligand) 
(Extended Data Fig. 5b). Similarly, nt-LNA was also effective at blocking 
the induction of cytokine expression and secretion of IL-6 in response 
to ssRNA40 in primary human macrophages (Extended Data Fig. 5c,d). 
Pre-treatment of HEK293T cells over expressing mouse or human TLR8 
with nt-LNA reduced nLDL-stimulated NF-κB-driven luciferase activ-
ity by approximately 50% (Fig. 4c). Likewise, nt-LNA pre-treatments 
blocked nLDL-induced gene expression (Fig. 4d) and IL-6 secretion 
(Fig. 4e) in primary human macrophages. Similar results were obtained 
from THP-1 human macrophages, which tended to have more robust 
responses for CEBP/β targets CCL3, CXCL2 and CLEC4E that were also 
blocked by nt-LNA (Fig. 4f). Concordantly, nt-LNA treatments also 
blunted nLDL-induced IL-6 and TNF-α secretion (Fig. 4g) and intracel-
lular IL-1β and IKKβ protein levels in THP-1 macrophages (Fig. 4h). To 
further illustrate nt-LNA’s mechanism of TLR8 antagonism, primary 
BMDMs were pre-treated with IFNγ, which has previously been dem-
onstrated to promote proteosome-based turnover of IκBα, removing a 
negative feedback loop on NF-κB activity47, in the presence or absence 
of nt-LNA. nLDL-mediated inductions of lL1b and IL6 were significantly 
reduced by nt-LNA treatments in BMDMs (Extended Data Fig. 5e) and 
modest impairment of IL-6 secretion were observed (Extended Data 
Fig. 5f). nLDL were found to be rapidly internalized by BMDMs, as evi-
denced by increased intracellular APOB protein levels and promoted 
lipid-droplet formation, as assessed by PLIN2 protein levels, both of 
which were not impaired by nt-LNA treatments (Extended Data Fig. 5g). 
nLDL treatments were associated with reduced IKKβ protein, probably 
due to enhanced proteosome activity, which was blocked by nt-LNA 
pre-treatments. As expected, IFNγ pre-treatment resulted in mini-
mally detectable levels of IkBα, which were unexpectedly restored by 
nt-LNA pre-treatment, and further stabilized in the presence of nLDL. 
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macrophages transfected with 1 µg ml−1 of isolated human sRNA, bacterial sRNA 
or ORN06 for 24 h (n = 3 biological replicates). g, total RNA of nLDL and rLDL 
assessed by a Bioanalyzer (PicoChip) (representative image of four independent 
preparations). h, Quantification of representative miRNA across independent 
preparations of rLDL and matched nLDL, or buffer negative control (n = 4 
independent preparations). i, Cellular cholesterol levels in THP-1 macrophages 
following treatment with nLDL and rLDL or without treatment (UNT) for 24 h 
(n = 4 biological replicates). j,k, mRNA expression (j) and cytokine secretion 
(k) of THP-1 cells after treatment with 0.5 mg ml−1 nLDL or rLDL for 24 h (n = 4 
biological replicates). Data are mean ± s.e.m. In f, h and j–k, one-way ANOVA 
and Benjamini, Krieger and Yekutieli FDR were performed (q = 0.05), *q < 0.05, 
**q < 0.01, ***q < 0.001, ****q < 0.0001. In i, one-way ANOVA with Dunnett’s 
multiple comparison test were carried out, *P < 0.05. Numerical source data, 
statistics, exact P values and q values are provided.
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Collectively, these results support that nt-LNA is an effective competi-
tive antagonist for nLDL-msRNA-mediated activation of TLR8.

nt-LNA inhibits atherosclerosis in mice
We next hypothesized that TLR8 antagonism with nt-LNA could reduce 
atherosclerosis-associated inflammation and disease burden in vivo.  
We first performed a small study in male and female hypercholesterolemic 

(Apoe−/−) mice fed a Western diet for 4 weeks receiving weekly doses of 
either saline control (Ctr), nt-LNA-A or nt-LNA-B (Fig. 5a). We observed 
that female mice developed larger legions in the aortic sinus in this 
period relative to males (Extended Data Fig. 6a,b). When normalized 
by sex, both nt-LNA-A and nt-LNA-B had similar reductions in the Oil-Red 
O (ORO)-positive lesion area, of nearly 30% (Extended Data Fig. 6c). 
To increase statistical power, we repeated these 4 week experiments 
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Fig. 4 | nt-LNAs inhibit TLR8. a, Normalized NF-κB-driven luciferase activity 
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CL075 (2.5 µg ml−1), ssRNA40 (2 µg ml−1) and ORN06 (2 µg ml−1), in the presence 
or absence (Veh = DOTAP) of 2 µg ml−1 indicated LNA-oligonucleotide (n = 4 
biological replicates). b, Dose–response curves for ORN06-induced luciferase 
activity in HEK293T cells over expressing human TLR8 co-treated with vehicle 
(white), nt-LNA-A 0.5 µg ml−1 (blue) or nt-LNA-A 2.5 µg ml−1 (purple) (n = 4 
biological replicates). c, NF-κB-driven luciferase activity of HEK293T cells 
over expressing mouse or human TLR8 treated with nLDL (2.5 mg ml−1) with 
(purple) or without (white) nt-LNA-A (2.5 µg ml−1) (n = 4 biological replicates). 
d,e, mRNA expression (d) and cytokine secretion (e) of primary human CD14+ 

PBMC differentiated with GM-CSF and IFNγ following 24 h treatment with or 
without 0.5 mg ml−1 nLDL in the presence or absence of 2.5 µg ml−1 nt-LNA (n = 4 
biological replicates). f–h, mRNA expression (f) (n = 4 biological replicates), 
cytokine secretion (g) (n = 4 biological replicates) and immunoblotting (h) of 
THP-1 macrophages following 24 h treatment with or without 0.5 mg ml−1 nLDL 
in the presence or absence of 2.5 µg ml−1 nt-LNA (n = 3 biological replicates). Data 
are mean ± s.e.m. Two-way ANOVA (a and f) or one-way ANOVA and Dunnett’s 
multiple comparison test (d, e and g), *P < 0.05, **P < 0.01, ***P < 0.001. Non-linear 
regression with extra sum-of-squares F test (two-sided) (b). Two-way ANOVA 
with Sidak’s multiple comparison test (c), ***P < 0.001. Numerical source data, 
statistics, exact P values and q values are provided.
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with increased sample size (n = 10 per group) using only female Apoe−/− 
mice and focusing only on the nt-LNA-A sequence, referred to herein 
as nt-LNA (Fig. 5a). We validated that nt-LNA treatments reached the 
lesion using in situ hybridization (ISH) with an anti-nt-LNA (anti-sense) 
probe, which revealed deposition within the lesion and surrounding 

adventitia (Fig. 5b). Most importantly, nt-LNA treatments in this 4 week 
study were found to reduce atherosclerosis in mice by approximately 
33% compared with saline control in the absence of altering plasma 
lipid levels and minor changes in plasma lipoproteins apolipoprotein 
AI (APOA1) and APOB (Fig. 5c,d, Supplementary Tables 6 and 7 and 
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Extended Data Fig. 6d–g). Strikingly, neither macrophage content  
(Adhesion G protein-coupled receptor E1 (F4/80; Fig. 5e,f), Galectin-3 
(MAC-2; Fig. 5g,h)), or collagen content (Fig. 5i,j) were found to be sig-
nificantly altered by nt-LNA treatments within atherosclerotic lesions 
(Fig. 5g–j). Moreover, treatments with nt-LNA did not result in changes to 
hepatic lipid metabolism or inflammatory gene expression in the liver, sug-
gesting some specificity for TLR8 antagonism within the lesion (Extended 
Data Fig. 6h). We repeated this study design in female Apoe−/− mice  
for 10 weeks to allow development of advanced atherosclerotic lesions 
(Fig. 5a). Plasma total cholesterol levels increased by >50% after 10 weeks, 
but were similar between treatment groups (Supplementary Tables 
6 and 7). Most importantly, weekly injections with nt-LNA reduced 
lesion development in the aorta by nearly 40% relative to saline controls  
(Fig. 5k,l). In the aortic sinus (cross-sections), a reduction in necrotic 
(lesion) core area was also observed with nt-LNA treatments after 
10 weeks (Fig. 5m–p). Interestingly, lipid deposition in the aortic 
sinus (cross-sections) was not altered when normalized to lesion area  
(Fig. 5q,r), nor was macrophage content (Fig. 5s,t). However, collagen 
content was found to be increased by nt-LNA treatments (Fig. 5u,v). 
Collectively, the observed reduction in necrotic core formation coupled 
with increased collagen deposition support that nt-LNA treatments 
improve lesion stability and antagonize atherosclerotic progression. 
To determine if nt-LNA also promotes lesion regression, adult LDL 
receptor-deficient (Ldlr−/−) mice were fed an atherogenic diet for 14 weeks 
to develop severe atherosclerotic lesions and then switched to a chow 
diet for an additional 4 weeks, as previously described48. After conversion 
to the chow diet, remaining mice were injected weekly with nt-LNA or 
saline (Extended Data Fig. 7a). At baseline (14 weeks), mice on athero-
genic diet showed expected elevations in plasma lipids compared with 
mice fed a chow diet, which returned to normal levels after 4 weeks of 
chow diet (Supplementary Tables 6 and 7 and Extended Data Fig. 7b,c). 
No differences in circulating APOA1 or APOB protein levels were observed 
between nt-LNA-treated and Ctr-treated mice after 4 weeks of treat-
ments (Extended Data Fig. 7d,e). Yet, nt-LNA treatments were found to 
significantly reduce atherosclerotic lesion area compared with control 
mice, which was more pronounced in males than females (Extended 
Data Fig. 7f–i). Similar to the 4 week study in Apoe−/− mice, we failed to 
observe a change in fibrosis (Extended Data Fig. 7j,k) and macrophage 
content between the regression treatment groups (Extended Data  
Fig. 7l,m). Although a 30% increase in the mean macrophage content was 
observed in the regression nt-LNA mice relative to saline-treated mice, 
this was not statistically significant. Importantly, nt-LNA treatment in 
either progression or regression studies did not increase circulating 
liver enzymes alanine transaminase (ALT) or aspartate aminotransferase 
(AST), nor C-reactive protein, suggesting nt-LNA treatment was not hepa-
totoxic (Supplementary Tables 6 and 7). Furthermore, nt-LNA treatment 
did not alter circulating levels of serum amyloid A, a marker of systemic 
inflammation in mice (Supplementary Tables 6 and 7). Nevertheless, 
these results support that nt-LNA treatments reduce lesion progression 
and promote lesion regression in mouse models of atherosclerosis.

nt-LNA reduces inflammatory macrophage phenotypes in 
lesions
To better understand the mechanisms through which nt-LNA reduced 
atherosclerosis in mice, single-cell suspensions were collected from 

atherosclerotic aortas and scRNA-seq was performed (Fig. 6a). 
CD45+CD3- immune cells were isolated by fluorescence-activated cell 
sorting (Extended Data Fig. 8) from aortic lesions of atherosclerotic 
mice (Apoe−/− mice on atherogenic diet) administered with nt-LNA or 
a saline control (pool of n = 8 treatment−1) for 4 weeks (Extended Data 
Fig. 9a). In total, 2,742 and 4,871 quality cells (representing 92% of total 
input cells) were obtained from control and nt-LNA-treated lesions, 
respectively. This approach identified 20 distinct clusters that were 
broadly identified as myeloid cells (9/20), B cells (4/20), T cells (6/20) 
and natural killer (NK) cells (1/20), based on gene enrichment analysis 
(Fig. 6b,c, Extended Data Fig. 9b–d and Supplementary Table 8). The 
number of total myeloid cell counts was comparable for both treat-
ment groups; however, myeloid cells accounted for only a third of the 
cells detected in the nt-LNA lesions (Fig. 6c). Nevertheless, differen-
tial gene expression analyses between treatment groups identified 
relatively few differences among lymphocytic groups (Supplemen-
tary Table 9), whereas robust changes were detected in myeloid cells 
between treatments (Fig. 6d and Supplementary Table 10). Among  
the genes suppressed by nt-LNA treatments in myeloid cells were 
critical inflammasome mediators IL1b and Nlrp3 (NLR Family Pyrin 
Domain Containing 3), as well as regulators of foam cell formation 
(Cebpb and Ctsd (Cathepsin D)) (Fig. 6e)49–51. Gene Ontology analysis of 
all transcripts altered by nt-LNA in predicted myeloid cells identified an 
enrichment of genes associated with immune responses, and more spe-
cifically leucocyte activation, supporting the hypothesis that nt-LNA’s 
anti-atherosclerotic effects are due to reduced macrophage activation 
(Fig. 6f and Supplementary Table 11). To further investigate this point, 
myeloid cells were re-clustered to enhance phenotypic resolution (Fig. 
7a,b). On the basis of enrichment of putative marker genes, specific 
macrophage phenotypes were identified, including inflammatory 
(C3), foamy (C6), cavity (C8), proliferating (C0), repair (C14) and two 
clusters of resident-like macrophages (C1 and C4) (Fig. 7c,d and Supple-
mentary Table 12). Remarkably, inflammatory and foamy macrophages 
clusters were found to be predominant in lesions from saline-treated 
mice, whereas proliferating, cavity and repair macrophages were more 
prevalent in lesions of nt-LNA-treated mice (Fig. 7c,d). Classical mono-
cytes (C7), aortic intimal resident macrophages (C9), mixed monocyte/
macrophage/dendritic cells (cDC2; C2) and a neutrophil-like cluster of 
cells (C11) were roughly equal between treatments, whereas mature 
(C12), plasmacytoid (C13) and cDC1 (C10) dendritic cells, as well as 
resident-like (C1/C4) and transitioning (C5) macrophages were skewed 
towards nt-LNA-treated mouse lesions. Repair macrophages (C14) 
were found to be approximately 80% derived from nt-LNA-treated 
mice and showed high expression of Adgre1 (F4/80), thus support-
ing immunohistochemistry (IHC) data (Fig. 5e,f). Collectively, these 
results support that nt-LNA treatments promote the re-organization 
of macrophage phenotypes from pro-inflammatory and lipid-storage 
macrophages towards expansion of resident and repair macrophages 
that correlate with reduced disease burden.

Discussion
Our findings support that a diverse collection of non-host sRNA are 
present on LDL and, upon uptake by macrophages, trigger inflamma-
tory activation through TLR8 to promote atherosclerosis (Fig. 7e). The 
mechanisms and route by which LDL acquire msRNA remains entirely 

Fig. 6 | nt-LNA treatments re-organize lesion cell types. a, Flow chart 
depicting (1) the digestion of aortas dissected from Apoe−/− mice fed a Western 
diet for 4 weeks and treated weekly with saline (Ctr: n = 8 mice) or nt-LNA 
(30 mg kg week−1; n = 8 mice) and (2) single-cell suspensions from individual 
mice pooled before fluorescence-activated cell sorting to isolate a CD45+ and 
CD3− population of immune cells used for (3) 10× chromium RNA single-cell 
partitioning and barcoding for (4) downstream scRNA-seq. b, Uniform manifold 
approximation and projection (UMAP) of individual cellular transcriptomes 
obtained from Ctr- and nt-LNA-treated mice. c, Absolute (histogram) and 

relative (pie) quantification of immune cell types obtained from b. d, Differential 
expression analysis between myeloid cells obtained from each treatment group. 
FDR (α = 0.05) adjusted P values after genewise negative binomial generalized 
linear models with quasi-likelihood tests. log2FC >0.5, adjusted P < 0.05). e, Violin 
plots of selected transcripts found to be differentially altered in d. f, Voronoi 
plots of Gene Ontology analysis (left) and detailed expansion of key segments of 
the immune system process (right). FDR (α = 0.05) adjusted P values calculated 
on the basis of EASE score, a modified Fisher’s exact test (one-sided).
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unexplored; however, phagocytotic cells within mucosal tissues, which 
serve as the interface to the microbial environment, probably contrib-
ute to the acquisition and loading of msRNA on circulating LDL. We 
postulate that acquisition and transport of msRNA by LDL probably 

highlights a physiological role of lipoproteins that is at least partially 
independent of lipid trafficking and may serve to maintain mucosal 
homeostasis. Our results support a model in which impaired lipopro-
tein clearance and subsequent deposition of LDL within the vascular 
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wall promotes non-saturable uptake by macrophages, which in turn 
propagate vascular inflammation following recognition of LDL-msRNA 
cargo. Critical support of this model lies in our finding that removal 
of sRNA cargo from LDL depletes its inflammatory potential, as well 
as our observations that antagonizing TLR8 impairs nLDL-induced 
macrophage polarization and reduces atherosclerotic burden in hyper-
cholesterolemic mice. Of note, we have not been successful in reload-
ing or repopulating LDL’s sRNA cargo to physiological levels ex vivo, 
which would greatly expand our ability to investigate the biological 

functions of LDL-sRNAs and further support our overall conclusions. 
Future studies will be needed to address technical issues in LDL-sRNA 
reloading approaches. Nevertheless, the identification of nLDL-msRNA 
as an inciting inflammatory factor in atherosclerosis is a critical advance 
as it overcomes a major barrier in our understanding of sterile inflam-
mation that frequently accompanies cardiometabolic diseases. This 
study also highlights that not all macrophages (for example, CD14+ 
monocytes, alternatively activated macrophages) respond to nLDL 
with inflammatory activation and effect sizes are often modest. This, 
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Fig. 7 | nt-LNA treatments reduce inflammatory macrophages in mouse 
lesions. a,b, Uniform manifold approximation and projection (UMAP) 
projections of myeloid cells identified by scRNA-seq analysis following selection 
and re-clustering analysis. Visualized as unbiased clusters (a) or by source (b). 
c, Relative expression (colour) and percentage of cells reaching the threshold 
of detection (size) for selected transcripts enriched for each cluster of a. d, 
Relative contribution of each treatment to clusters obtained from a. e, Proposed 
mechanism for LDL-msRNA in atherosclerosis-associated inflammation: (1) 

nLDL with associated msRNA cargo is internalized and catabolized within the 
endosomal network; (2) released msRNA cargo during catabolism is recognized 
by endosomal TLR8, which can be outcompeted by chemically modified 
oligonucleotides (for example, nt-LNA); (3) activation of TLR8 promotes 
translocation of NF-κB to the nucleus and upregulation of target genes (for 
example, TNF, IL6 and IL1B); and (4) release of cytokines that initiate an innate 
immune response and (5) sustained LDL-msRNA-driven inflammation promotes 
atherosclerotic plaque progression and impedes resolution.
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however, may explain the oscillating and subacute nature of inflamma-
tion in CVD and its slow progression over decades in humans. While all 
macrophage subtypes are probably exposed to high concentrations of 
nLDL in the lesion, not all macrophages are polarized towards inflam-
matory phenotypes.

Further studies are needed to gain a greater understanding of the 
impact of genetic, environmental, lifestyle and socio-economic factors 
on nLDL-msRNA content, as such investigation may identify risk factors 
for human disease, particularly ASCVD. We showed that the lipoprotein 
sRNA profile of GF mice was not altered relative to control SPF mice. 
Consistent with these observations, work from other groups has shown 
that plasma endotoxin, which also circulates on lipoproteins, is only 
modestly reduced in GF mice relative to SPF and conventional mice52. 
Bacterial products in GF mice are probably attributable to exposure 
to non-viable microbes present in food, water, bedding and air, which 
the host is undoubtedly still exposed to, and probably does not dis-
tinguish from viable microbes from an immunological standpoint. 
Thus, our data, and overall model, are consistent with reports from 
other groups that the absence of a viable microbiome does not prevent 
murine atherogenesis;53,54 however, further investigation is required in 
this space. So far, the overall abundance of total RNA content on LDL, 
including msRNA, have not been quantified within a human population, 
or between subtypes of LDL (for example, small dense LDL) within indi-
viduals. We observed a range of macrophage inflammatory responses 
to independent preparations of nLDL, which could be attributable to 
variations in sRNA abundance or unknown factors co-purified with 
density-gradient ultracentrifugation (DGUC)-LDL. Although many 
TLR-modulating agents have been considered for combating CVD and 
other metabolic diseases, strategies to selectively antagonize TLR8 are 
underdeveloped55. The identification of nt-LNA as competitive antago-
nists of TLR8 highlights a new avenue for therapeutic development,  
one that is likely to be well tolerated in human subjects56. The devel-
opment of therapeutic strategies to mitigate LDL-msRNA signalling 
may hold great potential for the treatment and prevention of CVD, as 
well as many other diseases that feature hyperlipidaemia and chronic 
inflammation.
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Methods
Animal protocols were approved by and performed according to the 
regulations of Vanderbilt University Medical Center’s Institutional 
Animal Care and Usage Committee and animal studies complied with 
all relevant ethical regulations for vertebrate animal research (number 
M1600252-01). Studies requiring acquisition of blood were obtained 
from healthy human donors able to give informed consent under 
approved Vanderbilt University Medical Center Institutional Review 
Board protocol (IRB number 170046). Human subjects were compen-
sated ($20.00).

Materials
Coding sequences of individual toll-like receptors (TLR) were amplified 
from complementary DNA of human and mouse macrophages using 
Phusion high-fidelity DNA polymerase (ThermoFisher) and cloned 
to the multiple-cloning site of the pAdTrack-CMV vector (a gift from 
Bert Vogelstein (Addgene plasmid number 16405; http://n2t.net/
addgene:16405; RRID: Addgene_16405), which expresses green fluo-
rescent protein (GFP) from an independent CMV promoter57. The cod-
ing sequence of the TLR chaperone protein UNC93B1 and co-receptor 
CD14 were similarly amplified from human macrophage cDNA and 
inserted to the pMSCV-neo and pMSCV-puro vectors, respectively 
(Clontech). The NanoLuc Reporter Vector with NF-κB response ele-
ment (pNL3.2.NF-κB-RE) is commercially available (Promega). Trans-
fections of plasmid DNA were performed using Lipofectamine 3000 
(Life Technologies), per the manufacturer’s instructions. In vivo grade 
nt-LNA (catalogue number 339203, Qiagen) was purchased in individ-
ual lots of 100 mg, reconstituted in sterile saline, aliquoted and stored 
at −20 °C. ssRNA oligonucleotides were synthesized with a phospho-
rothioate backbone (Integrated DNA Technologies). Nucleoside ana-
logues CL075 and Resiquimod (R848) were purchased commercially 
(Sigma). Bafilomycin A1 and EGTA-AM were purchased commercially 
(Sigma). C29 was purchased from Cayman Chemical (catalogue num-
ber 27029) and solubilized in dimethyl sulfoxide (DMSO) according to 
the manufacturer’s recommendations. For oligoribonucleotide trans-
fections, nt-LNA, ssRNA and sRNA oligonucleotides were complexed 
with N-(2,3-Dioleoyloxy-1-propyl)trimethylammonium methyl sulfate 
(DOTAP; Sigma) according to the manufacturer’s instructions. Ligands 
for TLR1/2 (Pam3CSK4), TLR2 (heat-killed Listeria monocytogenes), 
TLR3 (Poly(I:C)), TLR4 (LPS Escherichia coli K12), TLR5 (Flagellin  
Salmonella typhimurium), TLR6/2 (FSL-1) and TLR9 (ODN2006) were 
purchased commercially (Invivogen) and diluted according to the 
manufacturer’s recommendations. Antibodies used for immunoblot-
ting and flow cytometry in this study are provided in Supplementary 
Table 13.

Mouse studies
Animals and models of atherosclerosis. Wild-type (RRID: IMSR_
JAX:000664), Tlr7−/− (RRID: IMSR_JAX:008380), Ldlr−/− (RRID: IMSR_
JAX:002207) and Apoe−/− (RRID: IMSR_JAX:002052) mice of the C57BL/6 
background were purchased (The Jackson Laboratory). Mice were 
maintained on a chow diet (NIH-31) or an atherogenic diet containing 
42% kcal from milk fat and 0.2% cholesterol added (Envigo; TD.88137) 
in a 12 h:12 h light–dark cycle with unrestricted access to food and 
water. For atherosclerosis progression studies, 10 week-old female 
Apoe−/− mice were converted from a chow diet to an atherogenic diet for 
4 weeks or 10 weeks where indicated, receiving weekly intraperitoneal 
(i.p.) injections of saline (n = 10–12) or non-targeting locked nucleic 
acid (nt-LNA; 30 mg kg−1; n = 10–12) that were randomized within 
cages to limit cage effects. For atherosclerotic regression studies, 
male and female Ldlr−/− mice were fed the atherogenic diet for 14 weeks 
to promote hypercholesterolaemia and lesion development (n = 25 
per sex). Ldlr−/− mice fed a chow diet for this time period were used 
as an age-matched control. After 14 weeks of atherogenic diet feed-
ing, mice from each cage were randomly assigned to either a baseline 

group that was killed at this time (n = 7–8 per sex), or one of two treat-
ment groups that were converted to a chow diet for 4 additional weeks 
with weekly i.p. injections of saline (n = 9 per sex) or nt-LNA (n = 8–9 
per sex), as previously described48. Results of the regression study are 
pooled from two independent cohorts of mice staggered by 4 weeks. 
Upon killing, blood was collected by cannulating the vena cava using 
an EDTA-coated syringe and plasma was obtained by centrifugation at 
2,500g for 10 min. Isolated plasma was stored at −80 °C before analysis. 
Unless otherwise indicated, tissues were flash frozen in liquid nitrogen 
and stored at −80 °C.

Plasma obtained upon killing from facility-matched 129SvEv SPF 
and GF mice was purchased from the National Gnotobiotic Rodent 
Resource Center through collaboration with Dr Susan Tonkonogy.

Lipid analysis. Plasma collected during animal killing was assayed 
directly for total cholesterol and triglycerides using colorimetric kits 
(Pointe Scientific). For assessment of lipid/lipoprotein distribution, 
200 µl of mouse plasma was diluted in SEC running buffer and injected 
in the ÄKTA Pure SEC system (GE Healthcare) composed of three tan-
dem Superdex-200 Increase columns with collection of 1.5 ml frac-
tions58. Individual fractions were then assessed for total protein (BCA; 
Pierce) and lipids (Pointe Scientific). For quantification of cellular 
cholesterol following nLDL treatment, cells were washed once with PBS 
and scraped from the plate in ice-cold methanol and transferred to a 
12 ml borosilicate tube. Subsequently, a Bligh–Dyer lipid extraction was 
performed with a final ratio of 1:1:0.9 chloroform:methanol:saline59. 
Extracted lipids were solubilized with 1% Triton-X 100 and assayed for 
cellular cholesterol by a colorimetric kit (Pointe Scientific). The aque-
ous phase was evaporated, residual protein solubilized with heated 
1 M NaOH and total protein assayed by a colorimetric kit (BCA; Pierce).

Assessment of circulating liver enzymes and systemic inflamma-
tion. ALT and AST activity in mouse plasma (one to two freeze–thaws) 
were assessed by colorimetric kits according to the manufacturer’s 
recommendations (Abcam; catalogue numbers ab105134 and ab105135, 
respectively). Circulating mouse C-reactive protein levels in plasma 
were measured by ELISA (RayBiotech; ELM-CRP-1) according to the 
manufacturer’s recommendations. Murine serum amyloid A levels in 
plasma were measured by ELISA (Abcam; ab215090) according to the 
manufacturer’s recommendations. For ALT/AST activity assays, as well 
as ELISAs, samples with extensive haemolysis were not assayed owing 
to the potential for non-specific activity.

Quantification of atherosclerosis. For each experiment, mice were 
fasted for 4 h at the end of the dark phase and killed with isoflurane. 
Blood was collected by cannulating the vena cava and mice were per-
fused with PBS until vasculature was clear. The heart, with aortic root 
attached, was collected, embedded with optimal cutting temperature 
compound (OCT) and frozen on dry ice. As detailed by Paigen et al.60, 
30 × 10 µm sections were taken from the beginning of the aortic root 
(where valve cusps first appear) using a Leica CM3050s cryostat by the 
same technician for all studies. For each root, every other slide for the 
300 µm span was stained with ORO to identify the neutral lipid deposi-
tion. To quantify lesion area, the ORO-positive area was imaged using 
the KS300 imaging system (Kontron Elektronik GmbH), as previously 
described61–63, and reported as ORO µm2. The area under the curve 
(AUC) was calculated from the lesion area of serial sections. All other 
stains were conducted on sections 40–60 mm distal of the aortic sinus. 
Masson’s Trichrome staining and IHC for F4/80 (Novus Biologicals; 
secondary by Vector Laboratories) were performed by the Vanderbilt 
Translational Pathology Shared Resource core using four sections  
per animal and quantified using the KS300 imaging system applying 
methodologies previously described64. For immunofluorescence (IF) 
studies, frozen aortic root sections were dried at 55 °C for 10 min and 
then fixed in formalin for 20 min. Slides then underwent 3× 30 s dip 

http://www.nature.com/naturecellbiology
http://n2t.net/addgene:16405
http://n2t.net/addgene:16405
https://scicrunch.org/resolver/Addgene_16405/


Nature Cell Biology

Article https://doi.org/10.1038/s41556-022-01030-7

rinses in de-ionized water. Slides then underwent antigen retrieval 
(H-3300, VectorLabs) in a pressure cooker for 10 s. Slides were then 
rinsed (30 dips) three times in PBS. In a humidified chamber, slides were 
blocked using 1% BSA for 30 min and then aspirated and incubated over-
night in primary antibody (Mac2, 1:10,000, Cedarlane). Slides were then 
rinsed (30 dips) three times in 1× PBS and then probed with secondary 
antibody (goat anti-rat AF488, 1:200, ThermoFisher) and sealed with 
a coverslip. Fluorescence microscopy was completed using a Nikon 
STORM scope and images were recorded for subsequent analysis in 
ImageJ (Fiji v1.51). For ISH experiments, 10 µm frozen sections were 
fixed overnight in 10% neutral-buffered formalin and rinsed three times 
in PBS for 3 min each the following day. Slides were then digested with 
Proteinase K at 37 °C for 10 min and washed in PBS. Hybridization was 
performed with 40 nM double-FAM anti-sense LNA probes against 
nt-LNA (Qiagen) according to the manufacturer’s recommendations 
(miRCURY LNA miRNA in situ hybridization kit; Qiagene). Alternatively, 
the 10 week progression study was processed using 7 µm sections from 
the same starting points, but ORO staining was performed on five sets 
of two sequential sections spaced 70 µm from when the valve cusps 
first appear. Adjacent sections were then used for haematoxylin and 
eosin (H&E) staining (Abcam), Picrosirius Red (Polysciences) or IHC. 
In these studies, H&E staining was used to quantify lesion area (ImageJ 
(Fiji v1.51)) and necrosis, fibrosis and lipid deposition were defined 
as a percentage of the total lesion area. Aortas collected for en face 
presentation were fixed in neutral-buffered formalin, washed in PBS, 
pinned and stained with Sudan IV.

Cell culture studies
Tissue culture. HEK293T cells were maintained in DMEM  
supplemented with sodium pyruvate (110 mg l−1), l-glutamine, 10% 
heat-inactivated FBS and 1% penicillin–streptamycin (GIBCO). THP-1 
cells were maintained in RPMI 1640 supplemented with 25 mM HEPES, 
l-glutamine, 10% heat-inactivated FBS and 1% penicillin–streptamycin 
(GIBCO) on suspension culture dishes (Corning). To generate THP-1 
macrophages, THP-1 cells were suspended in fresh medium spiked 
with 5 ng ml−1 PMA and transferred to non-tissue-culture-treated 
plates for 48 h. After 48 h, adherent cells were washed twice with PBS 
and given fresh media without PMA for 24 h (ref. 65). Best results were 
obtained from THP-1 cells in early passages, with phenotypic drift and 
lack of normal responses observed in cells with extended culture. For 
siRNA experiments, non-differentiated THP-1 cells were concentrated 
ten-fold in Opti-MEM and incubated with 300 nM scrambled or siTLR8 
siRNA (ON TARGETplus; Horizon Discovery) or without siRNA and elec-
troporated using program Y-001 on a Nucleofector 2b device (Lonza). 
Cells were immediately diluted ten-fold in RPMI containing 5 ng ml−1 
PMA and differentiated, as above. Primary human CD14+ peripheral 
blood mononuclear cells (PBMC) were isolated from whole blood 
obtained from self-reported healthy male and female donors using 
the Ficoll–Paque method (GE Healthcare) followed by CD14+ selection 
with magnetic-activated cell sorting (Miltenyi Biotec) following the 
manufacturer’s protocols. Cells isolated by positive selection were 
then seeded directly to tissue culture plates with or without cytokine 
treatments where indicated. Cells not treated with cytokines were 
allowed to attach to plastic overnight, non-adherent cells washed 
away, and then treated with nLDL for 24 h. To generate M1-like mac-
rophages, CD14+ cells were first seeded with GM-CSF (20 ng ml−1) for 
5 days without medium change. On the sixth day, non-adherent cells 
were removed and mediumcontaining GM-CSF (20 ng ml−1; PeproTech) 
and IFNγ (20 ng ml−1; Sino Biological) was added to remaining adherent 
cells, as previously described. Similarly, M2-like macrophages were 
differentiated from CD14+ monocytes by incubating with M-CSF (Sino 
Biological), IL-4 (PeproTech) and IL-13 (Tonbo Bioscience; 20 ng ml−1 
each) for 9 days with a single medium change on the sixth day. On the 
ninth day, M1-like and M2-like cells were treated as indicated. Primary 
BMDMs were generated by incubating total bone-marrow aspirates 

isolated from the tibia and femur of C57BL/6 male and female mice 
in DMEM containing sodium pyruvate (110 mg l−1), l-glutamine, 10% 
heat-inactivated FBS and 1% penicillin–streptamycin (GIBCO) sup-
plemented with murine GM-CSF (50 ng ml−1; Tonbo Bioscience) for 
72 h on non-treated tissue culture plates66,67. After 72 h, non-adherent 
cells were washed with PBS and provided additional fresh medium 
containing GM-CSF with indicated treatments.

NF-κB activity (Luciferase) reporter assay. HEK293T cells were 
seeded in 24- or 96-well plates and allowed to attach overnight in 
full medium. The following day, cells were transfected with 1 µg ml−1 
plasmid DNA (35% pAdTrack-CMV, 30% pMSCV-puro-CD14, 30% 
pMSCV-neo-UNC93B1 and 5% pNL3.2.NF-κB-RE) using Lipofectamine 
3000. After 3 h, transfection medium was carefully aspirated and 
replaced with fresh media for 24 h. The following day, treatments were 
performed as indicated for 20–24 h, at which time media was removed 
and a passive lysis buffer (Nano-Glo Luciferase Assay Buffer; Promega) 
was added, and lysates were incubated on a horizontal shaker for 10 min 
at 25 °C with 500 reads per million total reads (RPM). Lysates were 
then transferred to an opaque 96-well plate for measurement of GFP 
(co-expressed with gene-of-interest (GOI) from pAdTrack-CMV) fluo-
rescence as an indicator of cell density and transfection efficiency on a 
Synergy Mx plate reader. Subsequently, the NanoLuc substrate Furima-
zine was diluted in lysis buffer, added to lysates with a multichannel 
pipette and incubated with agitation for 2 min at room temperature. 
Luminescence was then quantified using a Synergy Mx plate reader. 
Luciferase activity was calculated as luminescence divided by GFP 
fluorescence and reported as a relative fold change (FC).

Methods
RNA isolation and real-time PCR. For cells, total RNA was isolated 
using Total RNA Purification kits (Norgen), as per the manufacturer’s 
instructions. For tissue, total RNA was isolated using miRNeasy Mini kits 
(Qiagen), as per the manufacturer’s instructions. For lipoproteins, total 
RNA was isolated using miRNeasy Mini kits with slight modifications 
to the manufacturer’s instructions58. Briefly, Qiazol was added at 10× 
the initial volume of lipoprotein concentrate, vortexed for 30–60 s and 
allowed to incubate for 5 min at room temperature before the addition 
of 0.2 volumes of chloroform. After phase separation, the aqueous 
phase was mixed with an equal volume of 100% ethanol, vortexed and 
stored overnight at −80 °C. The following day, the RNA sample was 
applied to the mini column, per the manufacturer’s instructions. For 
targeted isolation of human sRNAs, 1 × 107 THP-1 cells were pelleted 
by centrifugation and lysed in Qiazol and processed according to 
Appendix A of the manufacturer’s instructions (Qiagen). For targeted 
isolation of bacterial sRNA, an overnight culture of E. coli (DH5α; Inv-
itrogen, catalogue number 18265-017) was pelleted at 4,000g, washed 
twice with PBS and incubated with 1 µg ml−1 lysozyme for 5 min at room 
temperature with agitation. Qiazol was then added and the partial cell 
lysate was pulverized with Zirconium beads (Sigma) in an oscillating 
tissue homogenizer for 30 s. Subsequently, the sample was processed 
following the Appendix A protocol of the miRNeasy Mini kit (Qiagen) 
for the separate isolation of long and small RNAs. Total RNA, sRNA and 
LDL-sRNA were assessed by PicoChip on a 2100 Bioanalyzer instru-
ment (Agilent). Endotoxin was detectable in both E. coli total RNA 
(95 EU mg−1 RNA) and sRNA (34.1 ± 7.6 EU mg−1 RNA), but levels used 
for cell culture were below 0.5 EU ml−1 medium. cDNA was generated 
from total RNA using the High Capacity cDNA Reverse Transcription 
Kit (ThermoFisher) for mRNA targets. For sRNA targets, the miRCURY 
LNA RT kit was used for cDNA synthesis (Qiagen). Real-time PCR was 
performed for targeted transcripts and sRNAs using the Power SYBR 
2× Master Mix (ThermoFisher) on QuantStudio 6 or QuantStudio 12 
instruments (Life Technologies). RPOLII served as a housekeeper for 
human cells and Rplp01 (36b4) served as a housekeeper for murine cells 
and tissues. For LDL-sRNAs, an arbitrary Ct of 35 was used for relative 
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quantitative values calculations. All primer sequences are available 
upon request. Relative quantitative values were calculated by the 
delta-Ct method and reported as FC.

High-throughput RNA-seq. Individual RNA-seq libraries were gener-
ated using Ovation Human FFPE RNA-Seq Multi-plex System (NuGen) 
kits, per the manufacturer’s instructions. Individual libraries were 
assessed for quality using the Agilent 2100 Bioanalyzer and quanti-
fied with a Qubit Fluorometer. Paired-end sequencing of multiplexed 
libraries was performed on the NovaSeq6000 (Illumina) platform 
by the Vanderbilt Technologies for Advanced Genomics (VANTAGE) 
core (Vanderbilt University, Nashville, TN). Reads were trimmed to 
remove adaptor sequences using Cutadapt v1.1668 and aligned to the 
human hg19 genome using STAR v2.5.3a69. GENCODE human v19 gene 
annotations were provided to STAR to improve the accuracy of map-
ping. Quality control on both raw reads and adaptor-trimmed reads 
was performed using FastQC (v0.11.9) www.bioinformatics.babraham.
ac.uk/projects/fastqc). featureCounts v1.15.2 (ref. 70) was used to count 
the number of mapped reads to each gene. Significantly differential 
expressed genes with false discovery rate (FDR)-adjusted P value <0.05 
and absolute FC >2.0 were detected by DESeq2 (v1.18.1) (ref. 71). Gene 
Ontology and transcription factor analyses were assessed from dif-
ferentially expressed mRNAs using the MetaCore (v5.0) software suite 
(Clarivate Analytics).

sRNA-seq. Individual sRNA libraries were generated from LDL-sRNA 
using the NEXTFlex Small RNA Library Preparation Kits v3 for Illumina 
Platforms (PerkinElmer), per the manufacturer’s instructions with the 
following modifications: (1) 3′- and 5′-adaptors were diluted 1:8, (2) 
3′-adaptor ligation was performed overnight in multiple steps –25 °C 
for 2 h, 20 °C for 4 h and 16 °C overnight, (3) following cDNA synthesis 
and before barcoding PCR, the supplementary modified step F protocol 
was followed (that is, no size selection protocol), (4) PCR amplification 
was 20 cycles. Following PCR amplification, individual libraries were 
size-selected (136–200 bp product) using pre-cast 3% agarose gel 
cassettes with a Pippin Prep (Sage Sciences) and quantified on a Qubit 
Fluorometer. Single-end sequencing (SE-75) of equimolar multiplexed 
libraries was performed on the NextSeq500 (Illumina) platform by the 
VANTAGE core (Vanderbilt University, Nashville, TN). Bioinformatic 
processing was performed using an in-house data analysis pipeline 
(TIGER (v20210422), previously described in detail42. Briefly, Cutadapt 
(v1.16) (ref. 68) was used to trim 3′ adaptors for raw reads. All reads with 
fewer than 16 nucleotides (nts) were designated as ‘too short’ and dis-
carded. The adaptor-trimmed reads were mapped to the hg19 genome, 
with additional rRNA and tRNA reference sequences, by Bowtie1 (v1.1.2) 
(ref. 72) allowing only one mismatch (1MM). Reads <20 nts that failed 
to be annotated as sRNA without perfect alignment to human genome 
were discarded. Remaining unmapped reads were then mapped in 
parallel to non-host structural RNA databases and curated microbial 
genome databases allowing no mismatches (perfect alignment). Reads 
that failed to align to any strategy were categorized as ‘unknown.’

scRNA-seq. After collection of the heart and aortic root, as described 
above (n = 8 per treatment), the aortic arch and thoracic aorta were 
removed, cleaned and placed into 1 ml of RPMI 1640 containing 10% FBS 
on ice, as previously described73. Once all aortas were collected, aortas 
were minced to small pieces using vigorous scissor action and digested 
by shaking at 37 °C for 30 min in 1 ml of RPMI 1640 containing 2.6 U ml−1 
Liberase TM (Sigma), 60 U ml−1 hyaluronidase (Sigma), 0.1 mg ml−1 
Dnase I (Sigma), 1 µg ml−1 actinomycin D (Sigma), 0.744 U ml−1 Elastase 
(Worthington Biochemical). Digested samples were placed in fresh 
tubes and spun at 500g for 10 min at 4 °C. Pellets were pooled and 
filtered through a 70 mm cell strainer using RPMI + 10% FBS. Fc recep-
tors were blocked with anti-mouse CD16/32 (BioLegend) for 10 min 
at 4 °C before surface marker staining. Cells were stained with Pacific 

Blue anti-CD45 (BioLegend), FITC anti-Ter119/RBC (BD Biosciences) 
and PerCP-Cy5.5 anti-CD3 (BD Pharmingen) for 30 min at 4 °C. Cells 
were washed twice with RPMI + 10% FBS, filtered and sorted using a 
four-laser FACSAria III by the VUMC Flow Cytometry Shared Research 
Core. Dead cells (labelled with 7-amino-actinomycin D) (Biolegend)) 
and red blood cells were excluded and CD45+CD3− cells were collected 
using a 100 µm nozzle into RPMI 1640 + 10% FBS. Each sample (saline, 
13,055 cells; nt-LNA, 19,980 cells) was processed for single-cell 3′ 
RNA-seq utilizing the 10× Chromium system through the VANTAGE 
core (Vanderbilt University, Nashville, TN). Libraries were prepared 
using P/N 1000006, 1000080 and 1000020 following the manufac-
turer’s protocol. The libraries were sequenced using the NovaSeq6000 
with 150 bp paired-end reads. RTA (version 2.4.11; Illumina) was used 
for base calling and analysis was completed using 10× Genomics Cell 
Ranger software v2.1.1. scRNABatchQC (v0.10.3) software package 
was used for assessment of scSEQ data quality control, as previously 
described74. Clustering analysis was generated by Seurat (v3.2.3) (ref. 75).  
Initial cell type classification (that is, myeloid/macrophage, B cells, 
T cells and NK cells) of complete datasets was based on cell activity 
database76. Refined annotation of clusters was conducted manually 
following recommendations of a meta-analysis of similar sequencing 
approaches;17 however, discrepancies between predicted clusters 
based on the previously reported meta-analysis and our data were 
observed. These differences were probably attributable to the early 
atherosclerosis model employed in our study. Hence, we observed two 
resident-like macrophage clusters distinguishable by the expression 
of B-cell markers Cd79a, Ms4a1, Fcamr and Ighm (C1 versus C4), which 
may be the result of pre/pro-B-cell differentiation to macrophages77. 
Aortic intimal resident macrophages (C9) were categorized by their 
expression of Cx3cr1 and Itgax, as well as genes in lipid metabolism 
(Abcg1, Scarb1, Pparg and Cebpb)78. Interestingly, this population also 
had selective expression of Cd300e, as well as enriched expression of 
Nr4a1, a transcription factor associated with resident macrophage 
differentiation79. Repair macrophages (C14) were categorized by their 
expression of Mlxipl (carbohydrate response-element binding pro-
tein; ChREBP), Alox15 and Fn1 (fibronectin)80. Transitioning cells (C5) 
showed expression of proliferation genes (Top2a, Mki67 and Pclaf), 
as well as differentiation modulators Celf1 and Nr4a1. EdgeR (v3.15) 
software was used for differential expression analysis between treat-
ments and within cell types81. Gene Ontology and transcription factor 
analyses were assessed from differentially expressed mRNAs using the 
MetaCore software suite (Clarivate Analytics).

Lipoprotein isolation and preparation of rLDL. Human whole blood 
was collected from fasted male and female subjects age 18 years or 
older (IRB number 170046) in K2EDTA tubes after informed written 
consent was obtained. In total, 55 blood samples were obtained from 
self-reported healthy donors (confirmed to have total cholesterol 
<240 mg dl−1) (Supplementary Table 14). Owing to recruitment chal-
lenges during the coronavirus disease 2019 pandemic, four individu-
als contributed 14 samples over the course of the study. Aliquoted 
plasma was either used fresh or stored at −80 °C and used after one 
freeze–thaw. In many instances, nLDL for experiments were obtained 
from pooled plasma of multiple donors. Sequential DGUC using a Beck-
man Coulter Optima XPN-80 Ultracentrifuge with either SW32Ti or 
SW41Ti swinging bucket rotors was used to isolate VLDL (1.006–1.018), 
LDL (1.019–1.063) and HDL (1.064–1.021) by adjusting sample density 
with potassium bromide, as previously described58. Isolated lipopro-
teins were immediately dialysed in 1× PBS for at least four changes of 
200-fold excess buffer. After (up to) 48 h dialysis, lipoproteins were 
concentrated using Amicon Ultra Centrifugal Filters (3 kDa molecu-
lar weight cut-off; Millipore) and then immediately sterile-filtered 
(0.22 µm) by syringe. Total protein concentration was measured by 
BCA Protein Assay Kit (Pierce). Isolated lipoproteins were stored in 
the dark at 4 °C and monitored for aggregation and loss of colour. 
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Best results were obtained from freshly collected plasma and newly 
processed nLDL. As quality control, LDL isolated and stored under 
these conditions for up to 1 month were assayed for oxidation using 
the thiobarbituric acid reactive substance (TBARS) method and com-
pared against matched LDL oxidized by indicated concentrations and 
exposure time to copper sulfate82. Typical results are shown in Extended 
Data Fig. 2b. Additionally, nLDL quality was assessed by electropho-
resis in 0.5% agarose gels with albumin and copper-sulfate oxidized 
LDL (oxLDL) serving as positive controls for electrophoretic mobility 
(Extended Data Fig. 2a) or fractionated by size-exclusion chromatog-
raphy (SEC) on two tandem Superose 6 gel filtration columns (Cytiva) 
with HDL, VLDL and albumin size references (Extended Data Fig. 2c). 
Endotoxin levels were monitored by Chromogenic Endotoxin Quant 
Kit (Pierce) and found to be less than 0.5 EU mg−1 total protein. In a 
survey of seventeen DGUC-purified LDL samples, Lp(a) was detected 
by ELISA (Mercodia) in six samples. In samples with detectable signal 
Lp(a) content averaged 0.122 U mg−1 total protein. rLDL was prepared 
as previously described with minimal modifications43. Briefly, de-salted 
nLDL was mixed with potato starch (Sigma) by vortexing and flash 
frozen in liquid nitrogen before lyophilization for 6 h. Neutral lipids 
were selectively removed by sequential heptane extractions at −10 °C, 
before re-constitution with cholesteryl linoleate (NuChek-Prep) spiked 
with a 1:20 ratio of fluorescent 18:2 TopFluor cholesteryl ester (Avanti 
Polar Lipids) solubilized in heptane. This mixture was evaporated under 
a nitrogen stream until powder dry. Formation of rLDL particles was 
solubilized in 10 mM tricine, pH 8.4 for 108 h at 4 °C. Insoluble starch 
was pelleted by centrifugation at 2,000g and solubilized rLDL was 
extracted and sterile-filtered. In parallel, nLDL and rLDL samples were 
analyzed by size-exclusion chromatography in running buffer (10 mM 
Tris–HCl, 0.15 M NaCl and 0.2% NaN3) using two tandem Superose 6 
gel filtration columns (Cytiva) on an ÄKTA SEC system (Cytiva). The 
distribution of fluorescent cholesteryl ester was measured by a fluo-
rometer using the Synergy Mx plate reader (Biotek). Total protein and 
lipid composition of LDL samples were determined by colorimetric kits: 
total cholesterol (Pointe Scientific), triglycerides (Pointe Scientific), 
phospholipid C (Wako) and protein by BCA (Pierce). In all experiments, 
LDL (nLDL, oxLDL and rLDL) treatments were normalized by total pro-
tein concentration. Most experiments presented in this manuscript 
were performed using pools of two or more donors.

Immunoblotting. Cell lysates were collected on ice in RIPA buffer 
(150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 
50 mM Tris–HCl pH 8.0) containing Halt Protease and Phosphatase 
Inhibitors Cocktail (ThermoFisher) and rotated at 4 °C for 1 h. Insoluble 
cell debris was pelleted at 12,000g for 10 min in a pre-chilled centrifuge 
(4 o°C), and soluble protein lysates were transferred to new tubes on 
ice. For immunoblots of cells, 12 µl of cell lysate (180 µl per well of a 
six-well plate) was mixed with 4 µl of 4× Protein Sample Loading Buffer 
(LI-COR), denatured at 70 °C for 5 min or 48 °C for 10 min and immedi-
ately placed on ice. For immunoblots of mouse plasma, 1.5 µl of plasma 
was mixed with 10.5 µl RIPA buffer containing Halt Protease Inhibitor 
Cocktail (ThermoFisher) and 4 µl of 4× Protein Sample Loading Buffer 
(LI-COR), denatured at 70 °C for 5 min and immediately placed on ice. 
Denatured protein samples were then run on NuPAGE 4–12% Bis-Tris or 
3–8% Tris-acetate gels (Life Technologies) at 125 V on ice with Precision 
Plus Protein Kaleidoscope Pre-Stained Protein Standards (BioRad) or 
HiMark Pre-Stained Protein Standards (Life Technologies) as molecu-
lar weight references. After electrophoresis, gels were transferred to 
nitrocellulose membranes using the iBlot system (Life Technologies). 
Blots were then blocked in Intercept TBS Blocking Buffer (LI-COR) for 
30 min before dilution of the primary antibody. Primary antibodies 
were incubated for at least 1 h at room temperature or overnight at 
4 °C, washed three times with Tris-buffered saline containing 0.05% 
Tween-20 for 10 min. Subsequently, this process was repeated for 
secondary antibodies. Blots were assayed using the LI-COR Odyssey 

Infrared Imaging system, and analyzed using Image Studio Lite and 
ImageJ software suites.

Single-plex and multi-plex ELISA. Media supernatants of cell culture 
experiments were assayed for indicated cytokine concentrations by 
MILLIPLEX MAP Human Cytokine/Chemokine Magnetic Bead Panel 
(Millipore) on the Luminex MAGPIX System by the Vanderbilt Hormone 
Assay and Analytical Services Core, per the manufacturer’s recommen-
dations. For individual assays, cytokine concentration in medium was 
assayed by conventional ELISA for human and mouse IL-6 and TNF-α 
(DuoSet; R&D Systems).

Formulation of PLGA-CU-CPT9a microparticles. The selective 
TLR8 inhibitor CU-CPT9a is not water soluble, requiring alternative 
methods for effective drug delivery in cell culture systems. Hence, 
drug-loaded microparticles (MPs) were formulated using a conven-
tional oil-in-water emulsion technique. Poly(lactide-co-glycolide) 
(PLGA, 50:50 lactide:glycolide, 10 kDa, Sigma) was dissolved at 
100 mg ml−1 in dichloromethane (DCM) with vortexing and brief soni-
cation. CU-CPT9a (Sigma) was re-suspended at 10 mg ml−1 in DCM. 
Then 0.5 m of the drug solution was added to 0.5 ml PLGA solution, at 
which point the drug fully dissolved. The polymer/drug O phase was 
added dropwise to 5 ml 1.5% poly(vinyl alcohol) (30–70 kDa, Sigma) in 
water and homogenized for 30 s at 10,000 rpm with an IKA T18 Digital 
Ultra-Turrax homogenizer. The oil-in-water emulsion was transferred 
to a 100 ml round-bottom flask, and DCM was removed via rotary 
evaporation to complete MP hardening. The aqueous MP suspension 
was centrifuged at 7,500g for 10 min and re-suspended in de-ionized 
water to remove excess poly(vinyl alcohol), and the re-suspended MPs 
were aliquoted for lyophilization and subsequently stored at −20 °C. 
Immediately before experiments, lyophilized MP were equilibrated 
to room temperature and re-suspended with PBS to 4 mg ml−1 before 
dilution at the indicated doses. Resulting particles were deposited 
on a glass coverslip, imaged on a Nikon Eclipse Ti inverted scope and 
the diameters measured using Nikon Ti software. Drug loading was 
quantified by dissolving in DMSO and measuring the ultraviolet– 
visible absorbance spectra relative to free CU-CPT9a on a Varian UV–VIS 
spectrophotometer. Resulting particles were 3.39 ± 1.93 µm in diameter 
with 84.8 µg drug per milligram MP (encapsulation efficiency 84.8%).

Statistics and reproducibility
Data shown for in vitro experiments are representative experiments 
performed at least three times with independent donors/isolations of 
LDL. In vitro experiments were performed with three or more technical 
replicates. Unless otherwise specified, data are mean ± standard error 
of the mean (s.e.m.). For animal studies, all treatments were rand-
omized within individual cages to limit cage effects. For atherosclerosis 
studies, quantification of lesion area, fibrosis, IHC and IF were assessed 
in a blinded fashion by at least two researchers. Collection and prepa-
ration of heart and aortas for histology was also performed blinded 
by a single technician. Where two treatments were compared with a 
sample size >3 for each treatment a Mann–Whitney U test (two-sided) 
was performed with α = 0.05. Where three or more groups were com-
pared, a one-way analysis of variance (ANOVA) was performed using 
a Benjamini, Krieger and Yekutieli post-hoc test to control the false 
discovery rate (q = 0.05; Figs. 1 and 4) or Sidak’s post-hoc test to control 
type I errors (Fig. 5). Where more than one test was performed for three 
or more groups a two-way ANOVA was performed using Benjamini, 
Krieger and Yekutieli post-hoc test to control the FDR (q = 0.05), or 
when multiple comparisons were made to a single group, Dunnett’s 
test was performed. To determine whether differences existed between 
treatments in dose–response curves a non-linear regression with extra 
sum-of-squares F test was performed. Schematics and aspects of some 
figures were created with BioRender.com, Tableau and R Studio (v4.1.2). 
Microsoft Excel (v16.62) and GraphPad Prism 9 (GraphPad Software; 
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v9.0.1) were used to create graphs and calculate statistical signifi-
cances. Images were assembled in Affinity Designer (Serif; v1.8.4) to 
generate figures.

Data
RNA-seq data that support the findings of this study have been 
deposited in the Gene Expression Omnibus under accession series 
GSE206859. All other data supporting the findings of this study are 
available from the corresponding authors on reasonable request.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Code availability
Informatics tools used for sequencing analysis in this manuscript are 
available for public use via GitHub (https://github.com/shengqh). 
Additional support is available through the corresponding authors.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | nLDL induces inflammatory activation of 
macrophages. (a) mRNA expression determined by qPCR of THP-1 macrophages 
treated with indicated doses of nLDL (matched to Fig. 1f) for 24 h (n = 3 biological 
replicates). (b) Quantification of immunoblots presented in Fig. 1f (n = 3 
biological replicates). (c) Secreted cytokines in the media of THP-1 macrophages 
stimulated with 0.5 mg/ml nLDL for 3 h, 6 h, 24 h relative to cells receiving 
no treatment for 24 h (Ctr) (matched to Fig. 1e; n = 3 biological replicates) (d) 
Primary mouse bone-marrow derived macrophages (BMDM) differentiated 

with GM-CSF were treated with nLDL (0.5 mg/ml) for 24 h and assayed for mRNA 
expression by qPCR (n = 3 biological replicates), (e) cytokine secretion by 
ELISA (n = 3 biological replicates), and (f) protein expression in cell lysates by 
immunoblot (n = 2 biological replicates). Data are mean ± SEM. (a-c) One-way 
ANOVA and (d) Two-way ANOVA with Benjamini, Krieger and Yekutieli FDR 
(Q = 0.05), *q < 0.05, **q < 0.01, ***q < 0.001, ****q < 0.0001. e, Student’s t-test 
(unpaired, two-sided), **p < 0.01. Numerical source data, statistics, exact p values 
and q values are provided.
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | nLDL and macrophage TLR responses quality control. 
(a) Total protein (top) and neutral lipid (bottom) of ox LDL, bovine serum 
albumin (BSA), and 10 human nLDL of independent donors resolved by agarose 
gel electrophoresis. Image represents two independent experiments. (b) TBARS 
assay of nLDL samples, or matched LDL samples treated with copper sulfate as 
indicated (limit of detection = 0.625 µM) (n = 10 independent preparations). 
(c) Quantification of total protein and lipids of DGUC-VLDL, -LDL, -HDL, or BSA 
following fractionation with 2x-Superose-6 columns. Lipoprotein data are 
matched to a single donor representative of >10 independent experiments. 
(d) mRNA expression of primary human macrophages (CD14 + ; GM-CSF/IFNγ) 
pre-treated with C29 (200 µM) for 30 min, then stimulated with PAM3CSK4 
(2 ng/mL) for 4 h (n = 3 biological replicates(BR)). (e) Normalized NF-κB-driven 
luciferase activity of HEK293T cells over expressing an empty vector, hTLR7 
or hTLR8 following treatments with vehicle (Ctr, n = 4 BR), nLDL (0.5 mg/ml, 
n = 4 BR), ssRNA40 (TLR8 ligand; 2 µg/mL, n = 4 BR), R848 (TLR7 ligand; 10 µM, 
n = 3 BR), or CL075 (TLR8 ligand; 2.5 µg/mL, n = 3 BR). (f-h) mRNA expression of 

THP-1 macrophages electroporated with siRNA against TLR7,TLR8, or no siRNA 
(Control, n = 4 BR) and then treated with (f) nLDL (0.5 mg/mL, n = 6 BR), (g) R848 
(10 µM, n = 6 BR) or (h) ssRNA40 (0.5 µg/mL, n = 6 BR). (i) Relative NF-κB-driven 
luciferase activity of HEK293T cells over expressing an empty vector (n = 7–8), 
mTLR7 (n = 7–8) or mTLR8 (n = 6-8) treated with mock transfection, R848 (10 
µM), ssRNA40 (2 µg/mL), or nLDL (0.5 mg/ml) for 24 h. ( j) mRNA expression in 
wild-type (WT) and Tlr7-/- BMDMs following treatment with 0.5 mg/ml nLDL,  
or 1 µg/mL ssRNA40 for 24 h (n = 3 BR). (k) Relative NF-κB-driven luciferase 
activity of HEK293T cells over expressing human or mTLR8 pre-treated with  
CU-CPT9a and exposed to nLDL for 24 h (n = 4 BR). Data are mean ± SEM.  
(d) Two-way ANOVA; Sidak’s multiple comparisons test, ***p < 0.001, 
****p < 0.0001. (e, i-k) Two-way ANOVA; Benjamini, Krieger and Yekutieli FDR 
(Q = 0.05), *q < 0.05, **q < 0.01, ***q < 0.001). (f-h) One-way ANOVA; Dunnett’s 
multiple comparisons test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
Numerical source data, statistics, exact p values and q values are provided.
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Extended Data Fig. 3 | The small RNA on LDL is predominantly exogenous and 
removed by LDL re-constitution. a) Normalized abundance of taxa identified 
upon alignment of LDL-sRNA to non-host tRNA database (tRNA-db). RPM, reads 
per million total reads. b) Normalized abundance of bacterial phyla (human 
microbiome database) contributing sRNA to LDL. c) Normalized abundance 
of fungal sRNA and representative genomes present on LDL. d) Normalized 
abundance of algal and protist sRNA and representative genomes present on 
LDL. RPM, reads per million total reads. Matched nLDL and rLDL samples were 
fractionated by size-exclusion chromatography (SEC) using two superose-6 

columns in tandem and assessed for e) phospholipid and protein content by 
colorimetric kit (representative data of three independent experiments),  
f) fluorescence (TopFluor Cholesteryl ester), and g) APOB protein by immunoblot 
(representative image of three independent experiments). h) Relative expression 
of exogenous sRNA in matched rLDL and nLDL of a single preparation relative 
to buffer controls. i) Oil-Red-O staining and fluorescence microscopy (TopFluor 
Cholesterol ester) (representative images of three biological replicates). Scale 
bar = 200 µm. Numerical source data, statistics, exact p values and q values are 
provided.
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Extended Data Fig. 4 | Microbial small RNA on lipoproteins is not depleted 
in germ-free mice. a) Plasma from two cohorts of adult mice - specific pathogen 
free (SPF; n = 6 mice total) and facility-matched germ-free (GF; n = 17 mice total) 
fed a chow diet were harvested at the National Gnotobiotic Rodent Resource 
Center (NGRRC; North Carolina, USA) for lipoprotein sRNA-seq b) Plasma was 
fractionated by size-exclusion chromatography (SEC) and cholesterol-rich 
fractions corresponding with HDL were selected for sRNA-seq. c) Relative 
percentage of reads aligned to host and non-host databases, as well as reads too 
short for analysis or reads that failed to align to either database (unmapped). 
d) Percentage of sRNA reads aligned to host miRNA, host tRNA and host rRNA 
transcripts. e) Percentage of reads aligned to the non-host rRNA database and 
tRNA database. f) Percentage of reads aligned to genomes of fungi and algae. 
g) Percentage of reads aligned to bacterial genomes associated with a human 

microbiome (HMB) database. h) Reads per million total reads (RPM) mapped 
to indicated bacterial phyla within the HMB database. i) Percentage of reads 
aligned to bacterial genomes within an environmental bacteria (ENV) database. 
j) Differential abundance (log2) of bacterial sRNA (dots represent individual 
genomes of the HMB and ENV databases) between GF and SPF mice categorized 
by phyla. Gray bar represents a 1.5 fold change. Data are mean ± SEM. (d-g, i) 
Statistical differences between GF and SPF were assessed by Mann-Whitney 
U-test, but no evaluations were statistically significant. j) Differences in 
abundance of individual genomes within each database were assessed between 
groups by the Wald Test, but applying False Discovery Rate correction (α = 0.05)  
resulted in no differentially abundant genomes. Numerical source data, 
statistics, exact p values and q values are provided.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Locked nucleic acid (LNA) bases mediate antagonism 
of single-stranded RNA ligands of TLR8. a) HEK293T cells over-expressing 
human TLR8, UNC93B1 and CD14 were pre-treated with vehicle (DOTAP) or 
corresponding DNA/LNA oligonucleotides (2.5 µg/mL) for 30 min and then 
stimulated with TLR8 nucleoside analogue agonist CL075 or TLR8 ORN agonists 
ssRNA40 or ORN06 (2 µg/mL) for 24 h (n = 5 biological replicates). Two-way 
ANOVA with Dunnett’s multiple comparison test (statistical significance relative 
to untreated within each group; **p < 0.0001). b) THP-1 macrophages were pre-
treated + /- nt-LNA (1 µg/mL) for 45 min and treated with LPS (500 ng/mL), Poly 
I:C (1 µg/mL), CL075 (2.5 µg/ml), or ssRNA40 at 1 µg/mL (1:1, nt-LNA:ssRNA40) 
or 0.2 µg/ml (5:1) for 24 h (n = 3 biological replicates). Relative mRNA expression 
of IL1B, IL6 and TNF were then assessed by qPCR. For each treatment, the 
relative fold change of each treatment in the presence of nt-LNA was expressed 
as a percentage of the relative fold change of each treatment without nt-LNA 

pre-treatment (% inhibition). Two-way ANOVA, Benjamini, Krieger and Yekutieli 
FDR (Q = 0.05), **q < 0.01. c-d) Primary human CD14 + PBMC differentiated with 
GM-CSF and IFNγ were pre-treated with 2.5 µg/mL nt-LNA or vehicle (DOTAP) for 
30 minutes and then stimulated with or without ssRNA40 (0.5 µg/mL) for 24 h.  
c) mRNA expression was quantified by qPCR (n = 4 biological replicates)  
d) Cytokine (IL-6) secretion was quantified by ELISA (n = 4 biological replicates). 
One-way ANOVA with Dunnett’s multiple comparison test. **p < 0.01. ***p < 0.001, 
****p < 0.0001 (e) mRNA expression (n = 4 biological replicates), (f) cytokine 
secretion (n = 3 biological replicates) and (g) immunoblotting (representative 
image of three independent experiments) of BMDMs following up to 24 h 
treatment with IFNγ (100 U/mL) +/- 0.5 mg/ml nLDL in the presence or absence 
of 2.5 µg/mL nt-LNA. Two-way ANOVA, Benjamini, Krieger and Yekutieli FDR 
(Q = 0.05), *q < 0.05, **q < 0.01. Data are mean ± SEM. Numerical source data, 
statistics, exact p values and q values are provided.
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Extended Data Fig. 6 | nt-LNA treatment reduces atherosclerosis without 
altering lipid or lipoprotein metabolism in Apoe-/- mice. a) Female and male 
Apoe-/- mice fed a western diet were administered saline (Ctr; n = 4 mice per 
sex), nt-LNA-A (20 mg/kg; n = 4 mice per sex) or nt-LNA-B (20 mg/kg; n = 4 mice 
per sex) by intraperitoneal injection once weekly for four weeks. Treatments 
for each were randomized between cohabitating animals separated by sex. At 
sacrifice, the aortic sinus was serially sectioned and stained with Oil-Red O to 
identify atherosclerotic lesions. Scale bar = 500 µm. b) Quantification of lesion 
area in serial sections and c) sex-normalized, relative lesion area under the curve 
(n = 8 mice per treatment). d) Plasma of female Apoe-/- mice treated for 4 weeks 
with saline (Ctr; n = 10) or nt-LNA (n = 10) were fractionated by size-exclusion 
chromatography and assessed for total cholesterol (TC) e) Plasma protein levels 

were assessed by immunoblot of individual cages receiving either Saline/Ctr 
(n = 5 mice) or nt-LNA (n = 5 mice) treatments (representative images of two 
independent assessments). f) Quantification of independent immunoblots by 
densitometry (n = 10 mice per treatment) normalized to C3. g) Lesion area (Oil-
red O) of matched sections of the aortic root following treatment with saline (Ctr) 
or nt-LNA for 4 weeks (n = 10 mice per treatment). h) Hepatic mRNA expression 
determined by qPCR (n = 10 mice per treatment). Data are mean ± SEM.  
(c) One-way ANOVA, Sidak’s multiple comparison test, *p < 0.05. **p < 0.01. (f-h) 
Two-way ANOVA with Benjamini, Krieger and Yekutieli FDR (Q = 0.05), *q < 0.05, 
**q < 0.01,***q < 0.001. Numerical source data, statistics, exact p values and  
q values are provided.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | nt-LNA treatment promotes atherosclerotic 
regression in Ldlr-/- mice. (a) Schematic for regression study design. Male(M) 
and female(F) Ldlr-/- mice were fed a chow diet (n = 6 mice) or an atherogenic 
diet (n = 50 mice) for 14 weeks. After 14 weeks, chow-fed mice and a subset of 
mice from the atherogenic diet group (baseline; n = 7 M/8 F mice). Remaining 
diet-fed mice were then switched to a chow diet to allow lesion regression (Reg.) 
and were injected once weekly with saline control (Reg. Ctr; n = 9 M/9 F mice) 
or Reg. nt-LNA (30 mg/kg; n = 9 M/8 F mice). b) Plasma total cholesterol (TC) 
or c) triglycerides (TG) following fractionation by SEC; chow (n = 6; 3 M/3 F), 
baseline (n = 8; 4 M/4 F), Reg. Ctr; (n = 10; 5 M/5 F) and Reg. nt-LNA (n = 10; 5 M/5 F) 
d) Immunoblots of plasma proteins in Reg. Ctr (n = 10) or Reg. nt-LNA (n = 9) 
groups. Representative images of two independent experiments are shown. 
e) Quantification of immunoblots by densitometry. f-g) Lesion area of serial 
sections of the aortic root in baseline (n = 15 mice; 7 M/8 F), Reg. Ctr(n = 18 mice; 

9 M/9 F) or nt-LNA (n = 17; 9 M/8 F) groups. h) Lesion area under the curve (AUC) 
for both sexes of mice as determined by Oil Red O staining in the aortic root 
(Baseline: n = 15; Reg. Ctr: n = 18; Reg. nt-LNA; n = 17). One-way ANOVA; Dunnett’s 
multiple comparison test, **p < 0.01, ***p < 0.001. i) Lesion AUC for mice of each 
group separated by sex. Two-way ANOVA; Dunnett’s multiple comparison test, 
**p < 0.01. j-k) Masson’s Trichrome staining and quantification of fibrosis in aortic 
roots of baseline (n = 7 mice; 3 M/4 F) Reg. Ctr (n = 9 mice; 4 M/5 F) or Reg. nt-LNA 
(n = 10 mice; 5 M/5 F) groups. l-m) MAC2 (green) immunofluorescence and 
quantification within aortic roots obtained of at baseline (n = 7 mice; 3 M/4 F), 
Reg. Ctr (n = 10 mice; 5 M/5 F), or Reg. nt-LNA (n = 10 mice; 5 M/5 F) groups. Two-
way ANOVA; Tukey’s multiple comparison test, **p < 0.01, ***p < 0.001. Data are 
mean ± SEM. Scale bar = 500 µm. Numerical source data, statistics, exact p values 
and q values are provided.
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Extended Data Fig. 8 | Gating strategy of leukocytes from mouse aortas for single-cell RNA sequencing. Sequential gating fluorescent activated cell sorting for 
single and live cells, followed by non-red blood cells. Cells were then sorted that were CD45 + but CD3−.
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Extended Data Fig. 9 | Single-cell RNA sequencing of the atherosclerotic 
lesion to identify anti-atherosclerotic mechanisms of nt-LNA treatment.  
a) Apoe-/- mice fed an atherogenic diet for 4 weeks were injected once weekly with 
saline control (Ctr; n = 8) or nt-LNA (30 mg/kg; n = 8). b) UMAP projection of 
unbiased clusters obtained from atherosclerotic lesions. c) Relative contribution 

of cells from saline (Ctr) and nt-LNA treated mice to each cluster of (b).  
d) Relative expression (color) and % of cells reaching threshold of detection 
(size) of transcripts pertaining to T cell and NK cell phenotypes (top) or B-cell 
phenotypes (bottom) in atherosclerosis for each cluster. Numerical source data, 
statistics, exact p values and q values are provided.
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