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SUMMARY

Current pharmacologic treatments for atherosclerosis do not completely protect patients; 

additional protection can be achieved by dietary modifications, such as a low-cholesterol/low-

fat diet (LCLFD), that mediate plaque stabilization and inflammation reduction. However, this 

lifestyle modification can be challenging for patients. Unfortunately, incomplete understanding 

of the underlying mechanisms has thwarted efforts to mimic the protective effects of a LCLFD. 

Here, we report that the tricarboxylic acid cycle intermediate itaconate (ITA), produced by plaque 

macrophages, is key to diet-induced plaque resolution. ITA is produced by immunoresponsive 

gene 1 (IRG1), which we observe is highly elevated in myeloid cells of vulnerable plaques and 

absent from early or stable plaques in mice and humans. We additionally report development of 

an ITA-conjugated lipid nanoparticle that accumulates in plaque and bone marrow myeloid cells, 

epigenetically reduces inflammation via H3K27ac deacetylation, and reproduces the therapeutic 

effects of LCLFD-induced plaque resolution in multiple atherosclerosis models.

Graphical Abstract
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In brief

Hong et al. report that the tricarboxylic acid cycle metabolite itaconate (ITA) mediates low-

cholesterol/low-fat-diet-induced atherosclerotic plaque resolution. Additionally, administration of 

nanoparticle-based ITA therapy induces plaque resolution in several models of atherosclerosis via 

multiple mechanisms, including epigenetic immunomodulation via H3K27ac deacetylation.

INTRODUCTION

Atherosclerotic cardiovascular disease (ASCVD) accounts for 16% of global mortality, 

and its prevalence is projected to increase further with the growing aging population.1,2 

In advanced states, ASCVD can progress to plaque rupture with subsequent myocardial 

infarction or cerebrovascular stroke.2–4 Current therapies used to treat patients with 

ASCVD, such as cholesterol-lowering agents, are beneficial but do not achieve full 

protection, as patients still experience significant residual cardiovascular risk and mortality. 

Furthermore, advanced-stage treatments such as atherectomy are associated with risk 

of post-surgical complications.5–12 While additional protection can be achieved by 

low-cholesterol, low-fat diet (LCLFD)-mediated plaque stabilization and inflammation 

reduction, a primary clinical strategy to combat ASCVD, patients often find it challenging to 

sustainably achieve this lifestyle modification.13–25 Thus, there is a significant unmet need 

to develop therapeutics that recapitulate the protective efficacy of LCLFD. Unfortunately, 
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incomplete understanding of the underlying mechanisms of this phenomenon has thus far 

prevented attainment of this goal.

A major component of residual cardiovascular risk is inflammation, which is largely 

associated with macrophages.5,7,12,26–28 While lipid lowering, whether by diet or by 

medicine, reduces inflammation, there is substantial clinical evidence demonstrating 

synergistic benefit in directly targeting inflammatory pathways in tandem with 

administration of lipid-lowering medications.5,6,8,21,29–33 However, there still remains a 

significant risk of cardiovascular death and ASCVD complications in these patients.6,8,29–32 

Furthermore, chronically inhibiting general inflammation is not a viable treatment option 

because it increases susceptibility to infections and sepsis.26–28 Epigenetic modification 

of inflammatory pathways has also been proposed as an alternative route to normalize 

physiologic inflammation. However, current therapeutics such as histone deacetylase 

(HDAC) inhibitors are plagued by lack of specificity, modest efficacy, and significant 

toxicity.34–37

To develop therapeutics to take on this residual risk, we investigated the inflammatory and 

metabolomic changes induced by lipid reduction via lifestyle modifications. Here, we report 

mechanistic insight into low-fat-diet-induced plaque resolution, which we translated into 

development of a therapeutic agent. By “plaque resolution” we refer to the phenomenon 

of increasing plaque stability, halting plaque growth, and directly resolving inflammation 

in plaque-related cells to prevent ASCVD complications. Laboratory animals that develop 

atherosclerotic plaque when fed a prolonged high-cholesterol, high-fat diet (HCHFD) 

demonstrate plaque resolution when they are subsequently switched to a normal low-fat diet 

(“dietary cessation”).13–20 Here, we studied dietary cessation in two well-known atherogenic 

mouse models: ApoE−/− and Ldlr−/−.38–40 Using these models, we discovered that dietary 

cessation-driven plaque resolution is characterized by altered levels of the tricarboxylic 

acid (TCA) cycle metabolite itaconate (ITA), an immunomodulatory molecule, and of the 

ITA-synthesizing enzyme immunoresponsive gene 1 (IRG1, alternatively known as ACOD1; 

gene: Irg1 or Acod1).41,42 We also report elevated levels of IRG1 in vulnerable human 

carotid plaques and the absence of IRG1 in early or stable plaques.

We next tested whether exposing plaques to exogenously delivered ITA could directly 

achieve plaque resolution. While the ITA derivative 4-octyl itaconate (OI) has been 

previously shown to induce plaque resolution,43,44 current ITA derivatives are not ideal 

for studying or replicating the biological effects of endogenous, unconjugated ITA, 

which differs from its derivatives.42,45 Thus, to achieve targeted and efficient delivery of 

unconjugated ITA, we synthesized an ITA-based lipid nanoparticle, termed ITA-LNP. We 

demonstrate that ITA-LNPs deliver unconjugated ITA intracellularly, accumulate in myeloid 

cells in plaque and bone marrow, and recapitulate immunomodulatory effects that are unique 

to unmodified ITA.42,46,47 We also show that ITA-LNPs are non-toxic and elicit epigenetic 

changes that lead to anti-inflammatory activity in plaques and myeloid progenitor cells in 

bone marrow. Additionally, we report that ITA-LNPs safely stimulate plaque resolution in 

several murine models with and without dietary cessation, including a model of unstable, 

vulnerable plaque that represents highly advanced ASCVD. Taken together, our results 

provide mechanistic understanding of the natural process of diet-driven plaque stabilization 
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and demonstrate selective delivery of a natural metabolite directly to myeloid cells to induce 

plaque resolution. This identifies a mode of treatment for ASCVD that targets inflammation 

with a two-pronged approach: site-specific plaque resolution and bone marrow progenitor 

priming.

RESULTS

Lowered cholesterol and lipoproteins via dietary cessation

We initiated our study of the physiologic, biochemical, and morphologic metrics of low-fat-

diet-induced plaque resolution by assigning ApoE−/− mice to the following cohorts in a 

25-week experimental paradigm: (1) “control” (Ctrl) mice fed a standard laboratory (chow) 

diet, (2) “progression” (Prog) mice fed an HCHFD, and (3) dietary “cessation” (Cess) mice 

fed HCHFD for 17 weeks and then subsequently switched to chow diet (Figure 1A). This 

experimental design is referred to as Ctrl-Prog-Cess (CPC). Metrics of plaque resolution 

(e.g., size, stability, and inflammation) were studied by comparing the groups at the end of 

this 25-week period.

As an atherogenic mouse model, ApoE−/− mice fed HCHFD have increased weight and lipid 

accumulation compared to mice fed a normal chow diet due to physiologic dysregulation 

of lipids.39 Consequently, the progression group demonstrated significant body, white 

adipose tissue, and lymph node weight gain compared to the control group. The cessation 

group showed non-significant reductions in the aforementioned categories compared to the 

progression group. No differences were noted in brown adipose tissue content or organ 

weight between the cessation and progression groups (Figures S1A–S1E). Additionally, 

the progression group developed increased plasma cholesterol, liver cholesterol, plasma 

lipoproteins, and plasma phospholipids relative to the control group, and all four parameters 

were decreased in the cessation group back to control-group levels (Figures 1B–1D and 

S1F). Plasma triglycerides were also decreased in both the progression and cessation groups 

relative to the control group (Figure 1B), and liver triglycerides and non-esterified fatty acids 

were not altered across all groups (Figures 1C and S1G). Atherogenic very-low-density 

lipoprotein (vLDL) cholesterol was also increased in the progression group relative to the 

control group and decreased in the cessation group down to control-group levels (Figure 

1D). There were no differences across all groups in intermediate-density lipoprotein (IDL), 

low-density lipoprotein (LDL), or high-density lipoprotein (HDL) (Figure 1D). NanoString 

analysis showed prominent regulation of major cholesterol- and lipid metabolism-relevant 

genes (e.g., Cyp7A1 and CD36) in the liver in the cessation group relative to the progression 

group (Figure 1E).48,49

Reduced inflammation and induction of plaque resolution via dietary cessation

The progression group showed elevated inflammation in the form of increased gene 

expression in the liver for Toll-like receptor 4 (Tlr4) and tumor necrosis factor (Tnf), as well 

as increased plasma levels of interleukin-1β (IL-1β), IL-6, and macrophage inflammatory 

protein 1α (MIP1α). By contrast, the cessation group displayed lower inflammation, similar 

to the control group (Figures 1E, 1F, and S1H).
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To further study inflammation in the CPC groups, we analyzed key immune cell populations 

that are key players in atherosclerotic development and inflammation. The markers 

of interest were immune activation marker Ly6C and migratory markers CCR2 and 

CX3CR1.50–54 We examined these atherosclerosis-linked immune cell populations in blood, 

spleen, and bone marrow via flow cytometry (Figures 1G and S1I–S1K). In the cessation 

group relative to the progression group, blood Ly6C+ (hi) monocytes were decreased and 

blood Ly6C− (lo) monocytes were increased (Figure 1G). There were no differences in 

either monocyte population across all groups in spleen and bone marrow (Figure 1G). 

These results indicate that dietary cessation reduces systemic inflammation.50,51 Further 

phenotyping of monocytes in blood revealed additional substantial changes in the cessation 

group, especially for CCR2+ cells (Figure 1H). Importantly, the number of Ly6C+CX3CR1− 

monocytes, which directly traffic to atherosclerotic lesions and generate inflammatory 

macrophages,52–54 was reduced in the cessation group (Figure 1H). Conversely, the number 

of Ly6C−CCR2−CX3CR1+ monocytes, which are thought to differentiate into macrophages 

with attenuated inflammatory potential and possible inflammation-resolving properties,52,54 

was increased in the cessation group (Figure 1H).

Importantly, we observed significant resolution of atherosclerotic plaque in the cessation 

group, as seen by oil red O and hematoxylin-eosin (H&E, luminal occlusion) staining 

(Figure 2A). Key plaque stability metrics (i.e., predictive markers of plaque rupture 

and subsequent ASCVD events), including decreased necrotic core (Figure 2B) and 

increased smooth muscle actin (αSMA) to Mac3+ macrophage ratio (Figure 2C), also 

indicated increased stability and lowered inflammation in the plaques of the cessation 

group.55,56 Additional markers of plaque stability were also studied at the mRNA level 

using NanoString analysis. Immune cell markers (e.g., Cd11b) and vascular inflammation 

markers (e.g., S100A9, Pon1) were aberrantly dysregulated in the progression group 

and significantly returned toward normal in the cessation group (Figures 2D and S2A), 

confirming reduced inflammation in the cessation group.57–60 Thus, our analysis indicated 

that inflammation associated with plaque progression is reduced in the cessation group and 

that dietary cessation leads to increased plaque stability.

NanoString counting of mRNA transcripts in single-cell leukocytes isolated from plaques 

showed a near complete reversal in expression of many inflammation-related genes in 

the cessation group, including interleukins, chemokines, chemokine receptors, complement 

activation, and oxidation stress-related markers (Figures 2E and S2A–S2C). Furthermore, 

transcriptomic analysis with bulk RNA sequencing (RNA-seq) in whole aortas from 

these groups demonstrated significant differences in levels of differentially expressed 

genes (DEGs) that indicated powerful epigenetic modulation of atherosclerosis by 

dietary cessation (Figures 2F and S2D–S2F; Sequence Read Archive accession SRA: 

PRJNA530042). Gene ontology (GO) analysis further showed that several interleukin and 

cytokine pathways were downregulated in the cessation group (Figures S2D–S2F). We 

also observed highly significant downregulation of many mitochondria-related genes in 

the cessation group (Figure 2G). Additionally, the cessation group showed statistically 

significant downregulation of both classic and alternative markers of macrophage 

activation (Figure 2H). Notably, typical pro-inflammatory genes, including targets in anti-

atherosclerotic therapy such as Il1b and Il6,61,62 were significantly downregulated in the 
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cessation group (Figure 2H). Intriguingly, transcription factor enrichment analysis of these 

RNA-seq datasets revealed 87 downregulated targets for peroxisome proliferator activated 

receptor α (PPARA), a regulator of lipid metabolism and inflammation, and 49 upregulated 

targets of nuclear factor erythroid 2-related factor 2 (NRF2; NFE2L2), a regulator of stress 

and inflammation, in the cessation group (Table S1).63,64 Altogether, these findings suggest 

that transcriptional activation of antioxidant and anti-inflammatory programs is associated 

with plaque resolution.

Identification of macrophage-derived ITA as a key metabolite in dietary cessation-mediated 
plaque resolution

Metabolic studies have been conducted to seek out potential therapeutic targets to treat 

atherosclerosis, although they have largely been conducted in the setting of plaque 

progression.65,66 To elucidate potential therapeutic strategies to induce plaque resolution, 

we examined how metabolism in aortic plaque responds to dietary cessation. Aortas, 

which are the site of major plaque formation in the ApoE−/− model, were isolated from 

a separate CPC experiment and incubated with uniformly labeled [13C]glucose in an 

organoid culture according to established methods (Figure 2I).67,68 The excised aortas 

were then subjected to stable isotope-resolved metabolomics (SIRM). Two modes of 

detection were employed: nuclear magnetic resonance (NMR) with heteronuclear single-

quantum correlation analysis (HSQC), and ion chromatography-mass spectrometry (IC-MS, 

ProteomeXchange: PXD041137). More than 130 metabolites and their 1,300 isotopologs 

were identified to inform how 13C was incorporated in metabolites of the TCA cycle, 

pentose phosphate pathway, and urea cycle, which are three fundamental and interconnected 

metabolic pathways. Selected metabolites are presented in Figures 2I and S2G. NMR-HSQC 

analysis of tissue-culture supernatants showed a trend of increased [13C] lactate in the 

cessation group compared to the progression group, consistent with analysis of cell lysates 

showing higher production of intracellular [13C]lactate (Figures 2I and S2G).67–69 High 

glycolytic conversion of [13C]glucose to pyruvate, followed by almost 90% fermentation 

into lactate, was indicative of high glycolytic rates in all CPC tissues (Figures 2I and 

S2G). This is expected, as even chow-diet-only ApoE−/− mice develop atherosclerosis and 

thus would likely have high glycolytic rates reflective of an atherosclerotic inflammatory 

state.39 A notable difference between the cessation and progression groups was noted in 
13C enrichment of certain TCA metabolites at different stages of the cycle (Figure S2G). 

These differences indicate that the TCA cycle was largely utilizing a fuel source outside 

of glycolysis for earlier stages such as citrate (Figures 2J and S2G). Given this prominent 

difference, we further examined the TCA metabolites.

Intriguingly, analysis of total isotopologs of TCA cycle metabolites (12C + 13C) prominently 

revealed that ITA was particularly abundant in the progression group and sparse in the 

cessation group (Figure 3A). SIRM 13C tracing studies subsequently confirmed that ITA 

synthesis from [13C]glucose was highly upregulated in the progression group and reduced 

in the cessation group (Figure 3B). ITA is a metabolite produced from cis-aconitate by the 

IRG1 enzyme (gene: Irg1 or Acod1) as an offshoot of the TCA cycle (Figure 3B).41,70,71 

Notably, ITA is produced by activated macrophages to reduce inflammation,41,70,71 a 

strategy noted as a potential way to cause plaque resolution.26,27 ITA inhibits succinate 
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dehydrogenase (SDH), leading to succinate accumulation as noted in the progression group 

(Figure S2G), and it additionally inhibits inflammation through other pathways, including 

NRF2 activation and suppression of mitochondrial oxidative phosphorylation (oxPhos).42 

These functions of ITA are consistent with the results of our transcriptome analysis. Thus, 

we focused on ITA as our primary molecule of interest in studying the mechanism of plaque 

resolution.

Enriched expression of IRG1 in cholesterol loading and in vulnerable plaque in mice and 
humans

We next investigated Irg1/IRG1 expression in mouse and human atherosclerotic lesions 

to further study the role of ITA in plaque resolution. In bulk plaque tissue, Irg1 mRNA 

transcripts were highly expressed in the progression group compared to the cessation group 

and were undetected in the control group (Figure 3C). Furthermore, plaque myeloid cells 

co-expressed Irg1 mRNA with CD68+ and Mac3+ in brachiocephalic artery (BCA) tissue 

sections, as shown by in situ hybridization with RNAscope (Figures S3A–S3E) and at the 

protein level via IRG1 immunofluorescence (Figure 3D). Notably, Irg1 expression is limited 

to myeloid cell populations, as seen in the consortium ImmGen database72 and in publicly 

available single-cell RNA-seq (scRNA-seq) datasets from human atherosclerosis specimens 

(Figure S3F, GEO: GSE131780).73 In human plaque, immunofluorescence showed more 

prominent IRG1 co-staining with CD68+ cells in stable plaque than in vulnerable plaque 

(Figures 3E, 3F, and S3K). This may be due to phenotypic changes seen in cells such 

as smooth muscle and macrophages in advanced human plaque,74 as IRG1 was high and 

ubiquitous in vulnerable carotid plaques75 (Figure 3E), whereas IRG1 was limited to a low 

number of CD68+ cells in stable carotid plaques (Figure 3F). The anti-IRG1 antibodies that 

were used for these experiments were validated through Irg1 overexpression, cell treatment, 

and human tissue staining (Figures S3I and S3J).

We hypothesized that the increase in Irg1 expression in unstable plaque was an 

immunoprotective response to lipid accumulation. ITA is protective in an inflammatory 

milieu through multiple mechanisms and is released by macrophages in the context of 

bacterial or viral infection.76 Stimulation of macrophages with inflammatory molecules, 

namely lipopolysaccharide (LPS), is a widely accepted model for studying Irg1/IRG1 

expression and ITA release.42,45 Surprisingly, however, when we tested some of the most 

common atherosclerosis-relevant in vitro models of cholesterol loading,77–79 we noted 

that they failed to induce Irg1 and Il1b expression in bone-marrow-derived macrophages 

(BMDMs) (Figure S3G). Notably, previous literature has reported similar findings with Il1b, 

and it has been previously shown that cells such as macrophages use acetyl-coenzyme A 

acetyltransferase (ACAT) to protectively process free cholesterol into esterified cholesterol, 

hence the observed lack of inflammatory response with these cholesterol-loading models.80–

82 Thus, we then turned to a different model for atherosclerotic-relevant cholesterol loading: 

incubation of BMDMs with cholesterol in the presence of an ACAT inhibitor (CP113818, 

ACAT-i).83–86 This model yields increased intracellular free cholesterol levels, inducing 

the unfolded protein response and ultimately forming cholesterol crystals, a signature of 

advanced mouse and human atherosclerosis.82,85–89 With this model, we observed that Irg1 
mRNA and IRG1 protein levels were significantly upregulated with free cholesterol loading 
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(Figures 3G and S3H). Concomitantly, the levels of pro-inflammatory genes, such as IL-6 

(Il6), were also increased compared to PBS control (Figure 3G). IRG1 knockdown (IRG1 

KD) in immortalized BMDMs (iBMDMs) using short hairpin RNA (shRNA) (Figure 3H) 

followed by cholesterol loading resulted in upregulation of inducible nitric oxide synthase 

(iNOS) and IkBα, which are, respectively, a major downstream mediator and upstream 

activator of NF-κB-p65 and inflammation (Figure 3I).

Altogether, these results demonstrate that expression of Irg1/IRG1, which produces ITA, 

is induced in late-stage unstable plaques and is driven by lipid accumulation. Given the 

immunomodulatory nature of ITA and the low production of IRG1 in early and stable 

plaques in mice and humans, we hypothesized that ITA is produced in unstable plaque 

to reduce inflammation and could thus act as a macrophage “switch” to allow for plaque 

resolution.26,27 This inspired us to next test whether direct administration of ITA could 

achieve plaque resolution.

Formulation of ITA into a lipid nanoparticle pro-drug, ITA-LNP

To determine whether ITA could directly contribute to plaque resolution, we sought to 

test the effects of direct application of ITA to plaques. Although ITA is a hydrophilic 

dicarboxylic acid, previous studies have shown that ITA permeates cellular membranes 

through various active transport mechanisms.42,45,90 However, unmodified ITA is likely 

to be a poor choice as a therapeutic because the micromolar levels that are required for 

efficacy would demand unreasonably high doses due to wide-spread systemic distribution 

and rapid systemic clearance.42,91 ITA derivatives, such as dimethyl ITA (DMI) and OI, 

are widely used in place of ITA, as they are more cell permeable and more potent NRF2 

activators.42,45 In fact, it has been previously shown that direct administration of OI can 

achieve plaque resolution via NRF2.43,44 However, ITA derivatives such as OI have effects 

somewhat divergent from those of unmodified ITA, notably in part due to their more 

potent electrophilicity, and thus are not ideal candidates to fully represent ITA’s intracellular 

actions.42,45,92 As our goal was to try to study the effects of unconjugated ITA on plaque 

resolution, we thus sought to design an ITA formulation that would achieve targeted 

delivery of unmodified ITA. To achieve this goal, we developed and tested ITA-based 

nanotherapeutic formulations. Here, we selected lipid-based nanoparticles as the delivery 

vehicle given their high biocompatibility, ease of drug loading, and natural affinity to target 

phagocytic cells such as macrophages.93,94

Our first formulation was itaconic acid salt loaded into the aqueous core of the 

lipid nanoparticle. Upon treating LPS-stimulated BMDMs with these ~100-nm-sized 

nanoparticles (Lip-ITA-Aq, Figures S4A and S4B), the BMDMs demonstrated no change 

in expression of inflammatory gene Il1b. This was in contrast to previous studies using 

free ITA and various carboxylic ester modifications of ITA, which exhibited robust 

downregulation of Il1b with treatment.42,90 Our second formulation was several iterations 

of nanoparticles loaded with OI (OI-LNPs) in the lipid bilayer (Figure S4A and Table S2). 

BMDMs treated with this second formulation demonstrated downregulation of Il1b in a 

dose-dependent manner, while expression of NRF2 target gene heme oxygenase (Hmox1) 

was increased, consistent with an established mode of regulation of inflammation by ITA 
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(Figures S4C and S4D).42,90 Again, however, while OI was shown to be effective in 

plaque resolution,43 its divergent effects from unmodified ITA led us to develop a third 

and final formulation to achieve effective intracellular delivery of the original ITA molecule. 

Thus, to achieve delivery of the base ITA molecule, the final formulation was a lipid 

(1,2-dioleoyl-sn-glycero-3-phospho (ethylene glycol), Ptd-EG) conjugated to ITA (Figure 

4A and Table S2; STAR Methods). Encouragingly, this lipid-ITA conjugate exhibited the 

following three key properties. First, it rapidly self-assembled into stable 66.5 ± 4.1-nm 

nanoparticles with a zeta potential of −30 ± 0.2 mV, referred to as ITA-LNP (Figures S4E 

and S4F; Table S2). Second, the design of ITA-LNP allows for rapid release of ITA through 

intracellular esterase activity (Figure 4A),95,96 a significant improvement over previously 

described derivatives such as DMI.42,46 Third, ITA-LNP, as a lipid nanoparticle, is amenable 

to surface modifications and/or incorporation of an imaging agent (e.g., fluorochrome) 

for biodistribution studies.93 We also synthesized a control nanoparticle without ITA 

conjugation (Ctrl-LNP) of the same size for control-group treatments (Figure S4F and Table 

S2).

Intracellular release of ITA in myeloid cells by ITA-LNPs targets inflammation in vitro and in 
vivo

To evaluate the effects of ITA-LNPs in comparison to endogenous ITA and of ITA 

derivatives, we performed in vitro assays with several immune cell models. We first used 

two IL-1β assays (nigericin-activated BMDMs and monosodium urate [MSU]-activated 

THP-1s) to evaluate the effect of ITA-LNPs on IL-1β production and release. In LPS-

primed, nigericin-activated inflammasomes in BMDMs, which models cholesterol crystal-

triggered inflammation,97,98 ITA-LNPs dose-dependently downregulated protein levels of 

the “mature” form of IL-1β and cleaved caspase-1 (p10) in cell-culture supernatants, a 

process that has been shown to be anti-inflammatory (Figure 4B).99–101 ITA-LNPs also 

dose-dependently downregulated IL-1β in differentiated, MSU-activated THP-1 cells as 

seen in IL-1β cell reporter assays (Figure S4H and Table S3). Typically, endogenous ITA 

upregulates interferon-β (IFN-β), which differs from ITA derivatives (e.g., OI) that suppress 

IFN-β.42 While ITA-LNPs did not exhibit IFN-β upregulation in LPS-stimulated BMDMs, 

ITA-LNPs’ effect on IFN-β was either non-suppressive or significantly less suppressive 

than OI in a dose-dependent manner (Figure S4I). In line with previous data on ITA ester 

derivatives,90 ITA-LNPs decreased LPS-induced extracellular acidification rate (ECAR) 

in BMDMs (Figure 4C), demonstrating a robust anti-inflammatory effect against LPS 

stimulation. Furthermore, immunoblotting of unstimulated BMDMs treated with ITA-LNPs 

or Ctrl-LNPs confirmed that ITA-LNPs upregulate NRF2 and NRF2 targets HO-1 and p62 

while somewhat lowering Keap1, although not statistically significantly (Figure 4D), similar 

to ITA derivatives.45,90,102–104 Additional analysis revealed that ITA-LNPs significantly 

increased reduced glutathione to oxidized glutathione (GSH-to-GSSG) ratios and somewhat 

decreased NADPH-to-NADP ratios (Figure S4G), which are reflective of ITA’s ability to 

increase GSH production via NRF2 activation and induce NADPH oxidase activity.105,106 

Notably, intracellular succinate accumulated with ITA-LNP treatment (Figure 4E), which 

is seen in unmodified ITA but not with ITA derivatives.42 While ITA has been shown to 

inhibit SDH and thus increase succinate accumulation, we also note that ITA-LNPs lowered 

expression of SDHA (Figure 4D). Glycolysis upregulation was confirmed by upregulation 
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of PKM2, PDH, and PKM1,107,108 although the latter was statistically insignificant (Figure 

4D), as well as intracellular accumulation of 13C-labeled 1,3-bisphos-phoglycerate and 

extracellular [13C]lactate release (Figure 4E). HIF-1α was lowered, albeit statistically 

insignificantly, similar to the effects of ITA derivatives (Figure 4D).102 Ultimately, [U-13C] 

glucose tracer SIRM experiments showed that intracellular levels of ITA were raised 

significantly upon ITA-LNP incubation with BMDMs (Figure 4E), which is not seen with 

several other modifications of ITA.42,46 Notably, the intracellular [13C]glucose conversion 

occurred without significant differences in glucose tracer uptake in Ctrl- vs. ITA-LNPs.

To study the biodistribution of ITA-LNPs in the setting of atherosclerosis, Ldlr−/− mice fed 

an HCHFD were bolus injected with Atto647-labeled ITA-LNPs. These experiments showed 

that ITA-LNPs robustly accumulated in atherosclerotic aortic plaque as well as in bone 

marrow after a single injection (Figures 4F–4H).

Furthermore, the amount of ITA-LNPs deposited in atherosclerotic plaque was increased 

with atherosclerosis severity and total plaque burden (Figure 4F). ITA-LNPs and Ctrl-LNPs 

accumulated in monocytes and neutrophils in plaque and blood, with a preference for Ly6C− 

monocytes in the blood (Figures 4G and S4J). Importantly, we had shown that Ly6C− 

monocytes were highly abundant in blood in response to cholesterol lowering in dietary 

cessation (Figures 1G), which suggests that these plaque-trafficking cells could be a carrier 

of ITA-LNPs under such conditions.52–54 In conclusion, ITA-LNPs share mechanistic traits 

of ITA derivatives and traits unique to unmodified ITA, accumulate ITA intracellularly, and 

naturally target plaque and bone marrow, thus providing a superior means to study the 

therapeutic effect of ITA in atherosclerosis.

Effective plaque resolution with non-toxic ITA-LNP accumulation in plaque, blood, and 
bone marrow immune cells

Given ITA-LNPs’ myeloid-targeting features, we tested the therapeutic efficacy of 

ITA-LNPs in both ApoE−/− and Ldlr−/− models. Ldlr−/− mice are another commonly 

used atherogenic knockout model, similar to ApoE−/− in outcome yet with different 

pathophysiologic mechanisms.39 The use of both ApoE−/− and Ldlr−/− models allows for 

a multi-pronged study of atherosclerotic disease.39 First, to mimic clinical treatments of 

lipid management (e.g., statins) with dietary modifications, we administered ITA-LNPs 

simultaneously with dietary restriction in Ldlr−/− mice (Figure 5A). Statin therapy, the most 

common clinical treatment for atherosclerosis, was not included as a control group because 

statins are known to have inconsistent effects in some atherogenic animal models.109–111 

Additionally, in contrast to ApoE−/− mice, Ldlr−/− mice develop only mild atherosclerosis 

when fed a chow diet, and thus chow diet cannot be used as a control group.39,40,112 

Therefore, our control “baseline” group for the Ldlr−/− studies was a subset of animals that 

were euthanized just before randomization to ITA-/Ctrl-LNP injections (Figure 5A).

To investigate whether plaque growth is alleviated by ITA-LNP therapy concomitant with 

dietary cessation, Ldlr−/− mice were fed HCHFD for 16 weeks and then switched to a 

chow diet and administered either ITA- or Ctrl-LNPs (50 mg/kg, two times per week, 

intravenously [i.v.]) for 8 weeks. At 24 weeks, we observed profound anti-atherosclerotic 

effects in the ITA-LNP group in comparison to the Ctrl-LNP group (Figures 5B–5E). The 

Hong et al. Page 11

Cell Rep. Author manuscript; available in PMC 2024 December 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



size of the necrotic core in the plaques was reduced in the ITA-LNP group, as seen in aortic 

root tissue sections (Figures 5B and 5C). Oil red O staining and analysis of consecutive 

sections of aortic root and BCA showed significantly decreased lipid content with ITA-LNP 

treatment (Figures 5D and 5E). Plasma and liver cholesterol levels were also decreased 

significantly in Ctrl- and ITA-LNP groups in comparison to baseline, echoing what was 

observed in dietary cessation in ApoE−/− mice (Figures 1B, 1C, and 5F). However, there 

was no difference in plasma cholesterol levels between Ctrl- and ITA-LNPs, and there was 

a slight but significant increase in triglyceride levels in the ITA-LNP group compared to 

the Ctrl-LNP group but not the baseline group (Figure 5F), suggesting that the observed 

anti-atherosclerotic effects were due to the anti-inflammatory effects of ITA-LNPs as 

opposed to lipid-lowering actions. Importantly, plasma levels of IL-1β were downregulated 

with ITA-LNP treatment without impacting plaque stabilization (Figure 5F).113 Indeed, the 

αSMA-to-Mac3+ ratio increased significantly in the ITA-LNP vs. Ctrl-LNP group BCA 

lesions (Figure 5G). This occurred concomitantly with reduced IL-1β signaling in plaque, 

evidenced by reduced IL-6 and phospho-IRAK in BCA sections (Figure 5H). Notably, 

this differs from previous literature showing that direct IL-1β targeting increases plaque 

vulnerability.113

Finally, to evaluate the safety of ITA-LNPs, we measured various parameters of tissue 

damage in the liver. The expression levels of common apoptosis, necrosis, and fibrosis 

markers in the liver and ALT/AST enzymes in serum were not statistically different between 

groups except for the downregulation of SDHA in response to ITA-LNP treatment (Figures 

S5A and S5B), which was previously observed (Figure 4D). There were also no differences 

in body or organ weights or liver histology between ITA-LNP and Ctrl-LNP groups (Figures 

S5C and S5D). In summary, this evidence shows that ITA-LNPs are non-toxic at this 

administered i.v. dose, which we predicted, since both ITA and Ptd-EG are typically well 

tolerated.42,114,115

Epigenetic-mediated plaque resolution by ITA-LNPs

Having confirmed that ITA-LNPs’ anti-inflammatory effects lead to plaque resolution, 

we further probed the transcriptomes of ITA-LNP-targeted cells with deeper sequencing 

depths of bulk RNA-seq. In this assay, which we refer to as koded cells RNA-seq 

(kc-RNA-seq), kodecytes116 are generated through targeting a living cell with a function-

spacer-lipid construct (FSL) incorporated into ITA-LNPs or Ctrl-LNPs (Figure 6A). The 

biotin-conjugated FSL produces “koded” cells that exhibit a widely biotinylated cell surface 

(Figure 6B), allowing separation of nanoparticle-targeted cells via streptavidin-conjugated 

magnetic beads. Using Ldlr−/− mice and the previously described diet-switch design (Figure 

5A), we injected unlabeled ITA- or Ctrl-LNPs for 6 weeks followed by switching to 

FSL-labeled ITA- and Ctrl-LNP injections for the last 2 weeks (Figure 6C). Single cells 

were separated from the whole aorta digest followed by pull-down of koded ITA- or Ctrl-

LNP-targeted cells. Here, kcRNA-seq analysis identified 469 DEGs in the positive fraction 

and 456 DEGs in the negative fraction. Major DEG clusters from the positive fraction 

produced highly significant GO terms (Figures 6D and 6E) suggesting negative regulation 

(downregulated in ITA-LNPs) of epigenetic genes of leukocyte chemotaxis and positive 

regulation (upregulated in ITA-LNPs) of receptor-mediated endocytosis. Additionally, GO 

Hong et al. Page 12

Cell Rep. Author manuscript; available in PMC 2024 December 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



terms of the whole positive fraction showed downregulation of leukocyte adhesion and 

tethering/rolling as well as reduction in inflammatory responses, while epigenetic-related 

terms such as chromatin remodeling and histone exchange were upregulated (Figure 6F).

In summary, these data reveal that ITA-LNPs epigenetically regulate inflammation on 

a single-cell level. Additionally, the enhancement of endocytosis-efferocytosis pathways, 

which are shown to promote plaque resolution, in ITA-LNP-targeted cells may also explain 

anti-atherosclerotic actions of ITA.117–119

Resolution of unstable atherosclerosis by ITA-LNPs in a model of tandem stenosis

To study ITA-LNPs’ ability to treat unstable, vulnerable plaque, we turned to a surgically 

modified mouse model described by Chen et al., as typical atherosclerotic mouse models 

do not spontaneously generate vulnerable atherosclerotic plaque.75,120–124 To simulate 

appropriate wall-stress dynamics, two non-occlusive sutures were applied to the right carotid 

artery (Figure 6G), which resulted in “tandem stenosis” (TS). TS-ApoE−/− mice fed HCHFD 

subsequently generated unstable plaque morphology proximal to the TS suture (Figure 6H). 

Gross pathology and Prussian blue staining prominently revealed intra-luminal thrombosis, 

intraplaque hemorrhage, and iron depositions (Figure 6H), which are characteristic features 

of unstable plaque in humans.121,122

The TS model allowed us to evaluate ITA-LNP efficacy under the extreme conditions of 

persistent hyperlipidemia and unstable, vulnerable plaque with the following timeline. First, 

ApoE−/− mice were fed HCHFD for 7 weeks, after which the TS surgery was performed. 

HCHFD feeding was then continued for an additional 7 weeks during which PBS placebo, 

ITA-LNPs, or Ctrl-LNPs were administered i.v. biweekly (Figure 6I). Single cells from 

the TS-affected right carotid artery (RCA) segment were subjected to flow-cytometric cell 

sorting to separate myeloid CD45+ cells, followed by 10× Genomics scRNA-seq pipeline 

(SRA: PRJNA729752). Unsupervised clustering analysis detected eight distinct leukocyte 

clusters in the combined datasets from the TS-RCA of ITA- and Ctrl-LNP-treated mice 

(Figure 6J). The following major cell types were identified according to published immune 

cell markers and cluster-specific marker genes: B cells (cluster 0), macrophages (cluster 1), 

natural killer cells (cluster 2), granulocytes (cluster 3), fibroblasts (cluster 4), monocytes 

(cluster 5) and T cells (cluster 6). Cluster 7 contained cells that expressed myeloid/dendritic 

cell markers (Bst2, Ccr9, Trem2, Lyz2) and also uniquely expressed Siglec-h, and thus 

was defined as interferon-producing cells (IPCs).125,126 A number of gene set enrichment 

analyses of differential gene expression indicated reduction in apoptosis, adipogenesis, 

inflammatory response, and mitochondrial transport in ITA-LNPs vs. Ctrl-LNPs (Figure 

6K). Strikingly, a GO term, “unstable atherosclerotic plaque UP,”127 was significantly 

downregulated in cluster 2 in ITA- vs. Ctrl-LNPs. Notably, and in line with kcRNA-seq data 

from the Ldlr−/− model of atherosclerosis (Figure 6F), epigenetic-related terms including 

those related to leukocyte trafficking, inflammation, and chromatin remodeling changed 

significantly. With regard to ITA-treated macrophages (cluster 1), DEG analysis showed a 

reduction of classic inflammation-related genes, such as Il1b, Cd14, Ccl3, Ccl4, and Clec4n 
(also known as Dectin-2) (Figure 6L). Measurements of plaque vulnerability markers, 

such as an increase in Wwp1 expression (and subsequent significantly reduced expression 
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of ubiquitin conjugates on a protein level), CD68, and CHI3L1, indicated decreased 

plaque vulnerability in ITA-LNP-treated groups (Figure S6A).128–130 Gross pathology 

scoring confirmed significant reduction in the disease scores of ITA-LNP-treated animals 

(Figure S6B). Furthermore, serum analysis showed that major thrombosis-associated factors 

and inflammatory markers, including PAI-1, sP-selectin, and IL-6, were significantly 

downregulated in ITA- LNPs vs. Ctrl-LNPs, while anti-thrombotic thrombomodulin and 

anti-inflammatory T helper 2 cytokine IL-13 were upregulated (Figure S6C).62,131–135 

Notably, IL-13 has been previously shown to initiate inflammation resolution through 

macrophage efferocytosis and to suppress atherosclerosis.134,135

Collectively, these data show that even under severe conditions of hyperlipidemia and a 

shear-stress-induced inflammatory insult, ITA-LNPs significantly lower inflammation and 

stabilize vulnerable plaque. This likely occurs through multiple mechanisms, including 

epigenetic changes, attenuation of plaque inflammation, and systemic effects that reduce 

immune cell infiltration and secreted pro-thrombotic and pro-inflammatory factors.

Histone deacetylation and cellular priming by ITA-LNP-mediated epigenetic effects in 
myeloid cells

Based on the previous data showing the effects of ITA-LNP accumulation in plaque 

myeloid cells (Figure 6), we hypothesized that ITA-LNP accumulation in bone marrow 

(Figure 4H) could indicate that ITA-LNPs also affected bone marrow cells, particularly 

myeloid progenitor cells.136 To test our hypothesis, we injected a single dose of ITA- or 

Ctrl-LNPs into wild-type C57BL/6 mice and collected and phenotyped the bone marrow 

24 h later. We found prominent ITA-LNP accumulation in hematopoietic stem cells 

(HSCs) and multipotent progenitors (MPPs), both of which give rise to myeloid and 

lymphoid lineages (Figure S7A).137,138 Subsequent RNA-seq GO term pathway analysis of 

these cells demonstrated that ITA-LNP injection induced changes in biological processes 

and molecular functions associated with chromatin remodeling and suppressed histone 

acetylation (Figure S7B). We also investigated the effects of ITA-LNPs in neutrophils, 

in which ITA-LNPs were shown to accumulate (Figure S4J), as they are considered 

the “first responders” to insults such as atherosclerotic plaque and play a key role in 

plaque biology.139 Bone marrow neutrophils from ITA- or Ctrl-LNP bolus-injected mice 

were cultured with LPS or recombinant tumor necrosis factor α (TNF-α) (Figure 7A), 

and we observed that ITA-LNP-treated neutrophils secreted significantly lower levels of 

pro-inflammatory cytokines compared to those treated with Ctrl-LNPs (Figure 7B). Bulk 

RNA-seq followed by principal component analysis in these neutrophils demonstrated clear 

differences between the treatments (Figure 7C). Notably, the GO term analysis indicated that 

ITA-LNPs upregulated biological processes related to chromatin remodeling, nucleosome 

assembly, and downregulated interleukin production (Figure 7D). The effects of ITA-LNPs 

on transcriptional regulation of inflammation, using Il1b as a representative marker, were 

also confirmed by qPCR analysis (Figure S7C).

The above findings and scRNA-seq data (Figure 6) suggested that ITA-LNPs epigenetically 

regulate inflammation and cause chromatin remodeling. Additionally, ITA and its derivatives 

have been shown to activate the transcription factor NRF2, which has ties to histone 
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deacetylation.90,140 Thus, we performed chromatin immunoprecipitation sequencing (ChIP-

seq) and the assay for transposase-accessible chromatin (ATAC-seq) in flow-sorted NP+ 

(Atto647-labeled ITA-LNPs or Ctrl-LNPs) cells of the bone marrow after a single injection 

(Figure 7A). For ChIP-seq, we used an antibody against acetylated histone H3 at lysine 

27 (H3K27ac), a known epigenetic mark often associated with immune activation, active 

enhancers, chromatin opening, and transcription activation.141,142 The ChIP-seq signal at 

6,575 genes aligned by the transcription start site (Figure 7E) demonstrated a marked loss of 

acetylation at H3K27 in the ITA-LNP group. This was further confirmed by immunoblotting 

of ITA- or Ctrl-LNP-treated BMDM lysates (Figure 7F). Strikingly, this deacetylated state 

was associated with downregulation of inflammation and thrombosis-relevant Il1b, Tnf, 
and F3, as illustrated by the significant loss of H3K27ac and accessible chromatin at their 

promoters and regions of open chromatin (Figure 7G). Similarly, accessible chromatin at 

prototypical monocyte and neutrophil maturation genes (Klf4, Cxcr2, PU.1)143–145 was 

greatly reduced in the cells of ITA-LNP-injected animals. GO analysis of ATAC-seq peaks 

demonstrated that lost peaks were associated with T cell receptor signaling and cytokine 

signaling pathways (Figure 7H). As H3K27 is acetylated by histone acetyltransferases 

(HATs), we analyzed the expression of a number of mRNAs that encoded histone-modifying 

enzymes, including HDACs and HATs. Notably, major HATs, including Crebbp, Ep300, 

Kat2a, and Kat2b, were significantly downregulated with ITA-LNP treatment (Figure 7I).

In summary, ITA-LNPs effectively target chronic and acute inflammation via epigenetic 

action on HATs in progenitor bone marrow cells. The reduction in HAT activity is associated 

with deacetylation and, consequently, closed chromatin at major histone mark H3K27ac, 

leading to suppressed transcription of major inflammatory and myeloid differentiation 

genes. Suppressed differentiation likely occurs through reduced accessibility of maturation 

genes and thus results in reduced neutrophil egress from the bone marrow. Consequently, 

neutrophils shift to less-inflammatory subtypes, manifesting protective actions against 

vascular inflammation including atherosclerosis and thrombosis.

DISCUSSION

In this study, we have elucidated the biological mechanisms underlying dietary cessation-

driven plaque resolution in several atherosclerotic murine models. In doing so, we 

highlighted the role of ITA as an immunomodulatory and plaque-resolving agent that 

induces plaque stabilization, inhibits plaque growth, and is directly immunomodulatory in 

preventing ASCVD complications. Importantly, we also developed and tested an ITA-based 

drug candidate and demonstrated its plaque-resolving capabilities and myeloid cell targeting 

while also revealing previously unknown epigenetic modulatory properties of ITA.

The dietary cessation model was determined to be the optimal model for studying the 

mechanisms of plaque resolution, as it is more clinically relevant than other models 

such as sense-anti-sense or surgical transplantation methods.146–151 Our dietary cessation 

model demonstrated significant plaque resolution and typical phenotypic changes associated 

with dietary modifications, such as reduction in cholesterol levels, plasma lipids, and 

systemic and local inflammation. Notably, dietary cessation is characterized by decreased 

mitochondrial metabolism and increased glycolysis. We identified that the levels of the 
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immunomodulatory metabolite ITA and the ITA-producing enzyme IRG1 (gene: Irg1) were 

a key difference between progression and cessation groups in mice as well as between 

unstable and stable plaques in human samples.41,70,71 Between both groups, ITA and/or 

IRG1 were consistently more abundant in the more pathologic samples (e.g., progression 

and unstable human plaque).

The therapeutic efficacy of ITA-LNPs confirms that ITA is a response to atherosclerosis, 

rather than a driver or incidental biomarker of the disease. Because prior studies had shown 

that ITA and its derivatives inhibit IL-1β in vitro and in vivo, we tested ITA-LNP in 
vitro and in Ldlr−/− animals to confirm inhibition of IL-1β. While prior studies by Gomez 

et al. suggested that IL-1β inhibition causes plaque instability in animals with advanced 

atherosclerosis,113 our Ldlr−/− model of advanced, unstable atherosclerosis showed that 

ITA-LNPs increased plaque stability as compared to baseline or Ctrl-LNPs. We thus 

hypothesize that ITA-LNPs’ composite mechanism of action modulates IL-1β inhibition, 

thereby negating the detrimental impact on plaque stability. One of the future directions for 

our research will be to use genetic models to regulate Irg1 gene expression to further explore 

the role of the IRG1 enzyme in IL-1β-dependent plaque resolution.113

Unlike certain ITA derivatives (e.g., DMI), our ITA-conjugated lipid nanoparticles (ITA-

LNPs) led to intracellular accumulation of non-endogenous and unconjugated ITA, which 

was endorsed by ITA-LNPs’ effects that were akin to both unconjugated ITA and of ITA 

derivatives.42,46,47 We postulate that non-endogenous ITA forms because of principally 

different uptake mechanisms of ITA-LNPs and ITA derivatives. Engulfment of nanoparticles 

such as ITA-LNPs by macrophages is followed by endosome-lysosome fusion152 and 

may allow for lysosomal de-esterification of ITA from the lipid carrier, resulting in 

intracellular release of unconjugated ITA. On the other hand, lipophilic derivatives such 

as DMI may bypass lysosomal processing because of their preferred entry into the cell 

via diffusion, leaving the molecule intact. Ultimately, this demonstrates that this ITA-

nanoparticle treatment generates intracellular, unconjugated ITA and demonstrates effects 

(e.g., intracellular succinate accumulation) that are unique to unconjugated ITA.42

ITA-LNPs achieved direct, metabolite-based delivery and accumulation in myeloid cells 

in blood and plaque as well as in myeloid progenitor cells in the bone marrow. This 

myeloid- and bone-marrow-targeting trait is likely due to the negative surface charge of 

ITA-LNPs. We reported previously that negatively charged vesicles exhibit robust plaque- 

and macrophage-targeting characteristics, likely because such vesicles mimic apoptotic 

debris with negatively charged exteriorized oxidized lipids and phosphatidylserine serving 

as “eat me” signals for cellular uptake.153–155 This phenomenon is also consistent with 

literature showing that certain negatively charged nanoparticles (e.g., aspartate-decorated 

particles) have high affinity to bone marrow.156 Importantly, bone marrow is the source of 

myeloid progenitors such as HSCs and MPPs, which give rise to cell populations with high 

propensity to migrate to sites of inflammation (e.g., atherosclerotic plaque).53,157 Targeting 

these cells with nanoparticles has been previously successfully demonstrated in models of 

transplant rejection, cancer, and atherosclerosis, delivering immunomodulatory agents able 

to “reprogram” the bone marrow compartment for therapeutic gain.138,157,158 From this and 
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our observational data, it appears that ITA-LNPs may also “reprogram” bone marrow cells to 

aid in atherosclerotic resolution.

This targeting resulted in inflammation resolution and plaque stabilization and was 

corroborated in macrophages by scRNA-seq. We discovered that ITA may exhibit an 

epigenetic mode of action that could be a driving force of its broad anti-inflammatory 

effects. The analysis of datasets from bulk RNA-seq and scRNA-seq experiments suggested 

that ITA-LNPs affect epigenetic gene regulation, including actions on histone acetylation. 

This was further clarified through ChIP- and ATAC-seq and immunoblotting focusing on 

H3K27ac, a well-known inflammation enhancer mark. We determined that the loss of 

acetylation at H3K27ac, resulting in reduced transcription of inflammation- and thrombosis-

relevant genes, is likely due to the reduction in HAT activity rather than through activation 

of HDACs. The exact mechanism by which ITA inhibits HATs and whether this inhibition 

is limited to a specific class of HATs remains to be determined in future studies. From 

a translational perspective, such mechanisms of action in conjunction with bone-marrow-

selective delivery of ITA may provide long-lasting therapeutic efficacy and infrequent 

dosing.

In summary, we described the underlying mechanisms of the dietary cessation murine model 

of atherosclerotic plaque resolution and developed a treatment strategy in the form of a drug 

candidate based on our mechanistic insights. We tested this drug candidate, ITA-LNPs, in 

models of stable and vulnerable atherosclerotic plaques. ITA-LNPs were observed to be both 

effective and safe in these models and did not cause liver toxicity. Furthermore, we identified 

a mechanism of action of ITA, namely the epigenetic reprogramming of bone marrow cells 

via H3K27ac deacetylation, which likely contributes to plaque resolution and ITA’s overall 

immunomodulatory effects. We consider ITA-LNPs a safe and effective drug candidate for 

pursuit of future translation to clinical trials. Future studies will aim to develop ITA-LNPs as 

a therapeutic and determine the role of the IRG1 enzyme in atherosclerotic resolution.

Limitations of the study

Our model of dietary cessation was designed to demonstrate the differences in plaque burden 

and study its biology at 25 weeks after the start of HCHFD, so the results obtained may 

not fully correlate with other studies of different design. In addition, we did not investigate 

whether dietary cessation in the Ldlr−/− mouse model produces results comparable to those 

in ApoE−/− mice. We did, however, thoroughly investigate the effects of ITA-LNPs in 

both mouse models with consistent results, demonstrating that the effect of ITA-LNPs 

on atherosclerosis is not genotype dependent. We did not determine whether ITA-LNPs 

were liposomal or micellar in nature. However, we thoroughly characterized the ITA-LNP 

particle and its precursors and demonstrated the ability of ITA-LNPs to deliver ITA and 

induce ITA-related effects. Lastly, we were not able to definitively decipher the actions of 

ITA-LNPs on HATs that modulated the epigenetic effect and whether the direct or indirect 

inhibition of HATs by ITA-LNPs may occur. Effects on HATs as well as the specificity of 

ITA-LNPs warrant future investigation.
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RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Andrei Maiseyeu (axm1079@case.edu).

Materials availability—All unique/stable reagents generated in this study are available 

from the lead contact with a completed materials transfer agreement.

Data and code availability

• scRNA-seq, CPC model, and IC-MS datasets have been deposited in the 

Sequence Read Archive and ProteomeXchange and are publicly available as of 

the date of publication. Accession numbers are listed in the key resources table. 

Microscopy data reported in this paper will be shared by the lead contact upon 

request.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

STAR★METHODS

Detailed methods are provided in the online version of this paper and include the following:

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture—IL-1β Reporter HEK 293 cells, RAW 264.7, THP1, and iBMDMs were 

acquired from vendors as noted in the KRT. Primary BMDMs, smooth muscle cells, 

endothelial cells, and hepatocytes were acquired from mice as specified in this publication. 

Unless specified, the basal medium consisted of Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% heat-inactivated fetal bovine serum and 1% streptomycin/

penicillin. Cell culture flasks and cell culture dishes were used with tissue-culture-treated 

vessels for all cell types except primary BMDMs, which were cultured in non-tissue-culture-

treated vessels. The cell culture incubator was maintained at 37°C at 5% CO2.

Animal studies—Male ApoE−/− and LDLr−/− mice (5 weeks of age) were purchased 

from The Jackson Laboratory (Bar Harbor, ME) and kept in AAALAC-accredited facilities 

at Case Western Reserve University. The experimental procedures here described were 

approved by The Institutional Animal Care and Use Committee (IACUC). Animals were 

housed five per cage and allowed to acclimate in the facility for one week. Throughout all 

experiments, animals were kept on a 12:12 h light-dark cycle at 22°C, and both diet and 

water were provided ad libitum.

METHOD DETAILS

Experimental design

CPC experiments: ApoE−/− mice were fed a high-cholesterol, high-fat diet (HCHFD), 

which provided 40% kcal from fat and 1.25% added cholesterol (Research Diets Inc., 

D12108C). After 17 weeks, half of the animals on HCHFD were switched to a standard 
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laboratory diet (chow diet) (Diet Switch (Cessation) group, n = 8) for another eight weeks. 

The other half remained on HCHFD diet for these 8 weeks (Progression group, n = 6). 

Control mice (n = 5) received a chow (standard laboratory diet) throughout the whole 

experiment. Animals were euthanized by isoflurane followed by cervical dislocation. Blood 

was taken by cardiac puncture and organs excised, weighed and snap-frozen in liquid 

nitrogen. Samples were stored at −80°C until further analysis.

ITA-LNP testing in LDLr−/− mice: LDLr−/− mice (10–15 per group) were fed HCHFD 

starting 10 weeks of age for 16 weeks, followed by randomization to a baseline (6 animals 

euthanized at this point) and two treatment groups: ITA- and Ctrl-LNP. For treatment groups 

the mice were switched to standard laboratory diet and the treatments were administered 

ITA- or Ctrl-LNP at 50 mg/kg two times a week for an 8 week period.

ITA-LNP testing in tandem stenosis ApoE−/− model: Tandem stenosis (TS) was induced as 

described below. ApoE−/− mice with TS were treated for 7 weeks with ITA- or Ctrl-LNP at 

50 mg/kg three times a week intravenously or 0.1 mL PBS as a placebo control.

Plasma lipids determinations—Blood obtained from cardiac puncture after euthanasia 

was kept on ice and centrifuged at 2500 rpm for 25 min at 4°C in order to isolate plasma. 

Samples were stored at −80°C until further analysis. Blood glucose was obtained using a 

hand-held glucometer (Ascensia Diabetes Care, Parsippany, NJ) from tail-vein blood, and 

insulin, plasma fatty acids (cholesterol, TG, NEFA and phospholipids) were detected using 

commercial kits (key resources table).

Plasma lipoproteins: Plasma lipids were analyzed using fast protein liquid chromatography 

(FPLC) as previously described.159 Briefly, the separation was performed on a Superose 6 

Increase 3.2/300 column (Cytiva Bio-Sciences) using isocratic elution with a PBS buffer 

containing 10 mM phosphate and 154 mM NaCl at pH 7.4 and room temperature. The 

injection volume was set at 10 μL via injection loop and the samples were diluted ten times 

in PBS prior to the separation. The flow rate was set at 0.05 mL/min. The effluent from 

the column was delivered into a 25 μL binary mixing tee (ASI part number: 402–0025B), 

where it was mixed with either enzymatic cholesterol reagent (Infinity, Thermo Scientific 

TR13421) or enzymatic triglyceride reagent (Infinity, Thermo Scientific TR22421). The 

reagent was delivered at 0.25 mL/min via an auxiliary pump (Lab Alliance, Series 1), after 

which the mixture of the reagent and the mobile phase reacted in an ASI post column reactor 

(Model 310) equipped with a 1 mL cartridge and maintained at 45°C. The absorbance of 

the effluent was then recorded via Shimadzu SPD-20A UV/Vis detector at 590 nm. The 

quantification was performed using Shimadzu Lab Solutions version 5.3 by using the peak 

area of the lipoprotein interpolated with the area of the standard curve peak produced 

with known amounts of cholesterol or triglycerides using corresponding standards (Stanbio 

Laboratory).

Plasma cytokines—Serum levels of eotaxin, granulocyte-colony stimulating factor 

(G-CSF), IL-1α, IL-2, IL-5, IL-6, IL-10, IL-12 (p70), IL-13, IL-15, IL-17, interferon 

gamma-induced protein 10 (IP-10), chemokine (C-X-C motif) ligand 1 (KC), C-X-C 

motif chemokine 5 (LIX), monocyte chemoattractant protein 1 (MCP-1), MIP1α, MIP2, 
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monokine induced by gamma interferon (MIG) and vascular endothelial growth factor 

(VEGF) were determined using the Mouse High-Sensitivity Cytokine array (cat#: MD31, 

Eve Technologies, Calgary, Canada).

Liver lipid determinations—Whole livers were ground using the Geno/Grinder 2010 

(SpexSamplePrep, Metuchen, New Jersey) for 90 s and 30 s rest at a rate of 1500 strokes/

min. Liver powder was then lyophilized, and a solution of chloroform:methanol was added, 

followed by bath sonication. Samples were then centrifuged at 14000 × g for 5 min. The 

organic lipid extract was then removed and placed in a centrifugal evaporator. Following, the 

samples were resuspended in PBS containing 1% sodium taurocholate, and cholesterol and 

triglycerides were detected using commercial colorimetric kits (Stanbio Laboratory).

Liver gene expression—Whole livers were ground as described above. RNA was 

isolated from liver powder using the RNeasy Mini Kit (Qiagen, 74004), quantified using 

the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, 

DE, USA) and checked for integrity with gel electrophoresis (1%) and on the Advanced 

Analytical Technologies Fragment Analyzer (Agilent Technologies, Inc., CA, USA) 

(RIN>7.0). Samples were normalized to a concentration of 150 ng/μL each for subsequent 

analyses. A total of 28 probeset identifiers (Integrated DNA Technologies, Inc., IL, USA) 

associated with lipid metabolism and inflammation in the liver, together with a set of 

reference genes (Table S4), was submitted to NanoString Technologies, Inc. (Seattle, WA, 

USA) for a custom codeset creation and transcript count. Reporter code count (RCC) output 

files were processed using the nSolver analysis software (version 4.0) for quality control, 

background correction and normalization using negative controls and eight housekeeping 

genes (Ppia, Hprt, Rpl19, Sdha, Tubb, Abcf1, Gusb and Alas1), and the data obtained was 

used to compare differences between groups. The counts represented on the bar graphs refer 

to the expression levels of the analyzed mRNA.

Aorta gene expression—Whole aorta was excised and immediately placed into ice-

cold TRIzol Reagent and grinded with a pestle. RNA was then extracted using the 

TRIzol Reagent protocol, quantified using the NanoDrop ND-1000 spectrophotometer 

(NanoDrop Technologies Inc., Wilmington, DE, USA) and checked for integrity with gel 

electrophoresis (1%) and on the Advanced Analytical Technologies Fragment Analyzer 

(Agilent Technologies, Inc., CA, USA) (RIN>7.0). Samples were normalized to a 

concentration of 50 ng/μL each and were submitted for single-end sequencing to the 

Beijing Genomics Institute (Cambridge, MA, USA) following standard protocols. Library 

products were sequenced using a BGISEQ-50, and bioinformatics analysis was performed 

as previously described using NextFlow computational pipeline.160 RNA (at a concentration 

of 50 ng/μL per sample) was also submitted to NanoString Technologies, Inc. (Seattle, WA, 

USA) together with a total of 39 probeset identifiers and reference genes (Integrated DNA 

Technologies, Inc., IL, USA) (Table S5) for a custom codeset creation and transcript count. 

Reporter code count (RCC) output files were processed using the nSolver analysis software 

(version 4.0) for quality control, background correction, and normalization using negative 

controls and housekeeping genes. Data obtained was used to compare differences between 

groups.
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Flow cytometry (FACS)—Single-cell suspensions from whole blood, spleen, bone 

marrow and aorta were prepared separately as follows (see below for aorta digestion). 

Briefly, spleens were minced in 4–5 mL of RPMI 1640 medium supplemented with 2% fetal 

bovine serum (FBS) and then passed through a 70 μm micron cell strainer to remove tissue 

clumps; bone marrow was flushed from femurs of mice with 1 mL of RPMI 1640 medium 

supplemented with 2% FBS using a 26G needle, resuspended using gentle pipetting, and 

passed through a 70 μm micron cell strainer to remove clumps; and blood was collected 

from cardiac puncture, transferred into EDTA tubes and centrifuged at 650 × g, 25 min 

at 4°C to collect plasma. All cell suspensions were treated with ACK lysing buffer as 

per the manufacturer’s instructions and resuspended in FACS buffer (PBS, 0.1% bovine 

serum albumin, 0.5% FBS). Following, cells (2 × 105) were incubated with TruStain FcX 

(anti-mouse CD16/32) antibody for 25 min on ice, centrifuged (300 × g, 5 min, 4°C), and 

resuspended in 50 μL FACS buffer and 50 μL of fluorochrome conjugated antibody mix for 

30 min. Cells were then washed twice with FACS buffer and resuspended in 300 μL FACS 

for analysis. Cells were acquired on either the BD LSR II or BD LSRFortessa equipped 

with 5 lasers and 18 detector filters. Data were analyzed using FlowJo V10 (FlowJo, LLC) 

and specific cell populations were identified using the gating strategies described in Figures 

1G–H, S1I–S1K, and S7A. Details of all antibodies and reagents can be found in the key 

resources table.

Seahorse analysis—BMDMs were isolated and differentiated in Teflon wells as 

described above. On day 6, 150k/well of BMDMs were seeded into a 24-well Seahorse 

XF Cell Culture Microplate and allowed to attach for 3 h. The cells were then incubated 

overnight with 100 μM ITA-LNP or Ctrl-LNP, with or without 1ug/mL LPS. The next day, 

cells were washed and equilibrated in base DMEM supplemented with 5 mM HEPES and 

2 mM L-glutamine, but without glucose and pyruvate. The assay was conducted using the 

Glycolysis Stress Test template provided by Agilent, with sequential injections of 100 mM 

glucose, 100 μM oligomycin, and 500 mM 2-DG.

Tissue culture of aorta organoids in the presence of 13C glucose—Aortas 

(including aortic root, ascending aorta, aortic arch, and descending aorta) were excised and 

carefully cleaned of all adjoining lymph nodes, cut lengthwise and immediately immersed 

in tissue culture medium containing Dulbecco’s Modified Eagle Medium (DMEM, no 

sodium pyruvate, glucose, sodium bicarbonate and glutamine), 10% dialyzed fetal bovine 

serum, 1000 U/mL penicillin-streptomycin, 2 mM glutamine, 3.7 g/L sodium bicarbonate 

and 1000 mg/L uniformly-labeled [U-13C] glucose (details in key resources table). The 

tissue organoids were incubated for 24 h in 25 cm2 tissue-culture flasks with gentle 

rocking at 37°C and 5% carbon dioxide atmosphere. Next, the tissue was thoroughly rinsed 

in phosphate buffered saline (3 × 20 mL) and blotted with filter paper to remove the 

buffer excess. The tissue was flash-frozen in liquid nitrogen and stored at −80°C until 

pulverization, quenching, and metabolite extraction.

Metabolite extraction of aortas—Samples were quenched and extracted as previously 

described using methodology developed by the Resource Center for Stable Isotope-Resolved 

Metabolomics (RC-SIRM) at the University of Kentucky.67,68,161–163 Frozen aorta samples 
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were pulverized in liquid nitrogen using a Spex Freezer Mill (SPEX SamplePrep, Metuchen, 

NJ, USA). A fraction (20–50 mg) of the pulverized tissue was quenched in 2 mL cold 

acetonitrile, 0.75 mL of water and 0.75 mL of Tris-HCl buffer (0.2 mM Tris-HCl, 

pH 8.0), to which 1 mL of chloroform was added to result in a 2:1.5:1 mixture of 

acetonitrile:water:chloroform. Samples were vigorously shaken and vortexed for at least 3 

min followed by centrifugation (20 min at 3,000 × g, 4°C) that resulted in phase separation. 

The top polar layer (acetonitrile, water) and the bottom lipid layers (chloroform, water) were 

collected in separate tubes, while the remaining interphase tissue protein was separated and 

washed with methanol via centrifugation (10 min, 2 × 10,000 g, 200 μL each). The tissue 

protein obtained was dissolved and analyzed for total protein content for normalization of 

metabolites. Polar fractions were lyophilized and stored at −80°C until analysis via NMR 

or IC-MS as described below. Tissue culture supernatants (100 μL) were quenched in 400 

μL ice-cold acetone and the insoluble protein fraction was separated via centrifugation (10 

min × 20,000 g). The supernatant was transferred into another tube, flash frozen in liquid 

nitrogen, and lyophilized.

Nuclear magnetic resonance metabolomics—Polar extracts were reconstituted in 

deuterium oxide (D2O) (>99.9%) containing 0.1 mM ethylenediaminetetraacetic acid and 

0.5 mM d6–2,2-dimethyl-2-silapentane-5-sulfonate (DSS) followed by 1D 1H and 1H 

(13C) HSQC (heteronuclear single quantum coherence or heteronuclear single quantum 

correlation) NMR on a 14.1 Tesla NMR spectrometer (Agilent Technologies, CA) equipped 

with a 3 mm inverse triple resonance HCN cryoprobe. 1D 1H spectra were acquired 

with standard PRESAT pulse sequence at 15°C. The acquisition parameters were: 16384 

data points, 2 s acquisition time, 512 transients, 12 ppm spectral width, and 4 s recycle 

delay time. The spectra were linear predicted and zero filled to 128 k points and 

apodized with 1 Hz exponential line broadening. 1D HSQC spectra were acquired with 
13C adiabatic decoupling and parameters as follows: 0.25 s acquisition time, 1796 data 

points, 1024 transients, 12 ppm spectral width. The HSQC spectra were then apodized 

with unshifted Gaussian function and 4 Hz exponential line broadening and zero filling to 

16 k data points before Fourier transformation. Metabolites were assigned by comparison 

with in-house164 and public (Human Metabolome Database, http://www.hmdb.ca/), and 

commercial (ChenomX, Edmonton, Alberta, Canada) NMR databases. Metabolites and their 
13C isotopomers were assigned and quantified using the MestReNova software (Mestrelab, 

Spain) and ChenomX. The peak intensities of metabolites obtained were converted into 

nmoles by calibration against the peak intensity of DSS (27.5 nmol) at 0 ppm for 1H spectra. 

HSQC spectra were normalized using lactate satellites as previously described.161,164 

Metabolite amounts were normalized to total protein content.

Ion chromatography-mass spectrometry metabolomics—Polar extracts for IC-MS 

were reconstituted in 20 μL ultrapure deionized water of which 10 μL was injected for 

IC-MS. All analyses were performed on a Dionex ICS-5000+ ion chromatography interfaced 

to a Thermo Fusion Orbitrap Tribrid mass spectrometer (Thermo Fisher Scientific) as 

previously described.165,166 Isotopologue peak areas were integrated and exported to 

Microsoft Excel via the Thermo TraceFinder (version 3.3) software package. Natural 

abundance correction of peak areas was performed using the method developed by Moseley 
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HN.167 Fractional enrichment was calculated as the percentage of the natural abundance 

corrected signal of each isotopologue from the sum of all isotopologues within a certain 

metabolite and averaged across all replicates. Selected metabolites were quantified using an 

external standard mixture with known concentration of a given metabolite.

Protein quantification—The protein pellet obtained after acetonitrile:chloroform 

extraction was homogenized in a 2% sodium dodecyl sulfate (SDS), 62.5 mM Tris, and 

1 mM dithiothreitol (DTT), pH 6.8 buffer followed by protein quantification using the 

bicinchoninic acid (BCA) assay. The colorimetric detection was performed in a 96-well 

format using Molecular Devices i3 plate reader and a wavelength of 562 nm.

Synthesis of itaconate conjugates and corresponding nanoparticles

Ptd Ethylene Glycol - ITA synthesis: 40.2 mg itaconic anhydride (0.359 mmol, 1.1 

mol eq) and 250 mg (0.326 mmol) of 18:1 Ptd Ethylene Glycol (Avanti Polar Lipids 

870302) were mixed in 6 mL absolute dichloromethane in a 50 mL dry Schlenk flask. The 

liquid was stirred with a magnet simultaneously with addition of 100 μL boron trifluoride 

tetrahydrofuran complex (Sigma-Aldrich 434280). The flask was filled with dry nitrogen 

gas and kept stirring overnight at room temperature. Next, to that solution 30–40 mL of dry 

acetonitrile was then added. The white precipitate was formed. The mixture was then placed 

at −20°C overnight. The precipitate was then separated by centrifugation (3500 g, 2 min, 

4°C) and the acetonitrile was discarded. This re-precipitation was repeated 2 times and the 

residue was dried in a high vacuum yielding 199 mg of Ptd Ethylene Glycol - ITA (63%).

ITA-LNP nanoparticle synthesis and fluorescent labeling: The Ptd Ethylene Glycol - ITA 

powder was resuspended at 10 mg/mL (12.6 mM) in water and then pH-adjusted with 1 M 

NaOH slowly while stirring until pH is ~7.2. The mixture was stirred for 30 min and the 

pH was adjusted to ~7.2 with additional few drops of 0.1 M NaOH. The mixture was then 

sonicated at max power at 20°C for 20 min using QSonica Sonicator Q2000 with a bath 

probe until the solution turned clear. The solution was vortexed with 10x PBS to a final 

1x PBS concentration as adjusted to the volume, and then sonicated again for 5 min. The 

solution was filter-sterilized through 0.2 μm PES membrane. In some experiments, ITA-LNP 

were labeled with Atto647 fluorochrome: 100 μL (1 mg/mL) of DPPE-Atto647 (Atto-Tech 

GmbH, AD 647–155) in chloroform was added to a 15 mL Falcon tube and the solvent was 

evaporated. 100 mg of Ptd Ethylene Glycol - ITA was then added and the nanoparticles were 

produced as described above. To produce “Koded” cells in vivo as described in Figure 6, the 

final formulation was supplemented with 1 mol% FSL-biotin (Sigma Aldrich).

Synthesis of Na-ITA-LNP, OI-LNP-pc, OI-LNP-ps, and OI-LNP-pg lipid 
nanoparticles: Nanoparticles were prepared via standard lipid film hydration technique 

using lipids and surfactants found in literature to formulate and stabilize particles.168–172 

Briefly, the lipids and cholesterol at a molar percentages indicated in Table S2 were 

dissolved in chloroform, the solvent was evaporated under nitrogen gas, and the resulting 

lipid film was hydrated with a 10 mM PBS buffer or 100 mM sodium itaconate (ITA) 

in water (for Na-ITA-LNP). The mixture was sonicated at maximum power at 4°C using 

Sonica Sonicator Q2000 with a bath probe until the solution turned clear. Next, the 
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nanoparticles were extruded through 100 nm Nuclepore membranes at 60°C using a hand-

held syringe-based extruder (Avanti Polar Lipids). The unincorporated sodium ITA was then 

separated from the nanoparticles using dialysis (20 kDa MWCO cellulose membrane). The 

amount of ITA in Na-ITA-LNP was determined after nanoparticle breakdown in acetonitrile 

(50 μL of nanoparticles mixed with 250 μL of acetonitrile) followed by HPLC to analyze 

ITA concentration. The amount of ITA incorporated in the OI-based nanoparticles was 

determined as follows. First, a 100 μL of the corresponding nanoparticles was mixed with 

100 μL 5 M NaOH and the solution was stirred at 4°C overnight to completely saponify 

the lipids and hydrolyze OI into sodium ITA. The hydroxide was then neutralized with an 

equimolar hydrochloric acid and the concentration of ITA was determined using HPLC.

Nanoparticle characterization: The nanoparticles were characterized using dynamic light 

scattering using the Zetasizer Nano ZS instrument (Malvern Instruments). Nanoparticles 

were diluted in water at 0.01% and standard latex SOP was used. At least 15 measurement 

cycles were used for each sample. To determine lipid concentration in nanoparticle 

preparations, lipids were precipitated from an aliquot of nanoparticles by addition of 

10 volumes of acetone and incubated at −80°C for at least 1 h. Next, the precipitate 

was separated using centrifugation (31,000 g × 10 min, 4°C) and the supernatant was 

removed. The lipid concentration was then analyzed using Stewart lipid assay as previously 

described.173,174

Cryo transmission electron microscopy (Cryo-TEM) was performed to analyze nanoparticle 

shape and diameter. One drop of nanoarticle formulation was added to glow-discharged 

holey carbon/formvar film coated grids in a controlled environment vitrification system at 

constant humidity and temperature of 25°C. The samples were blotted and frozen hydrated 

by plunging into a bath of liquid ethane slush. They were stored under liquid nitrogen 

temperature until transfer to Gatan cryo-holder operating at 176°C and imaged in low-dose 

mode with FEI Tecnai G2 Spirit TEM equipped with bioTWIN optics operating at 120 

kV. Images were recorded using a Gatan CCD camera equipped with a post column Gatan 

energy filter (GIF).

Biodistribution of ITA-LNP—ITA-LNP was labeled with Atto647 as described above to 

allow for fluorescence detection in isolated organs. LDLr−/− male mice of 8 weeks of age 

were fed with HCHFD for 12, 20 and 28 weeks and briefly switched on Alfalfa free diet 

(Inotiv) for 1 week prior to the imaging. The mice were fasted overnight (12 h) and injected 

with 30 mg/kg of Atto647-labeled ITA-LNP retro-orbitally. One hour after the injection, 

the animals were euthanized and perfused in a reduced light environment through the left 

ventricle with cold PBS-citrate buffer (10 mM PBS containing 11 mM trisodium citrate, 

pH 7.2) for at least 5 min. The major organs including whole aorta (cut in an en face 
preparation) were then excised and immediately imaged using Azure C400 reader equipped 

with Cy5 fluorescence filter. The same aortas were next stained with Oil Red O and 

photographed for comparative localization of the ITA-LNP signal and lipid accumulation. 

Quantification was performed on organs after pulverizing them in liquid nitrogen, extraction 

of the Atto647 fluorochrome with chloroform and analysis of the extracts on a fluorescence 
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plate reader (630 excitation and 647 emission). The resulting relative fluorescence units 

(RFU) were normalized to total protein content from the same tissue.

Cell isolation and culture—IL-1β Reporter HEK 293 Cells (Invivogen), RAW 264.7 

(ATCC), THP1, and iBMDMs were cultured as per vendor recommendations. See key 

resources table for specific identifiers.

Bone marrow cells were isolated from mice by flushing the femurs and tibias with PBS. 

Cells were cultured in Teflon flasks in 30mL of Dulbecco’s Modified Eagle’s Medium 

(DMEM) containing 10% fetal bovine serum, 1% MEM Non-essential Amino Acid 

Solution, 1% antibiotic-antimycotic and 40 ng/ml Mouse M-CSF for 6 days to differentiate 

them into macrophages (bone marrow derived macrophages, BMDM).

Neutrophil isolation: Mice femurs and tibias were flushed using a syringe containing 

RPMI. The bone marrow cell suspension was filtered using 100 μM falcon cell strainer 

and centrifuged for 7 min at 1400 rpm at 4°C. The pellet was lysed with 20 mL of 0.2% 

saline for 20 s. Afterward, 20 mL of 1.6% saline solution was added. The suspension was 

centrifuged in the aforementioned conditions. The pellet was resuspended in 1 mL RPMI, 

layered on the top of a histopaque gradient (3mL of histopaque 1119, 3mL of histopaque 

1077), and centrifuged for 30 min 2000 rpm, 22°C (acceleration 3, deceleration 0). The 

bottom white band was collected and resuspended in 20 mL of RPMI and centrifuged for 7 

min at 1400 rpm 4°C. After washing, cells were plated.

Hepatocyte isolation: Perfusion buffer (0.9% Sodium Chloride, 20 mM HEPES, 5 mM 

Calcium Chloride, 1% BSA) was prepared and kept in a water bath (42°C) during all 

surgery. C57BL/6 Mice were anesthetized (Ketamine 20 mg/mL and xylazine 7.5 mg/mL 

mouse cocktail, 5 mL/kg) before a flap of skin was cut across the lower rib cage and the 

intestines were moved to the left side to expose the portal vein. The catheter was inserted 

into the portal vein and fixed with threads. Then the abdominal IVC was cut. The liver 

was perfused with a warm perfusion buffer using a peristaltic pump at a rate of 20 mL/min 

for 2 min until the liver was blanched. The cotton applicators were used to squeeze the 

effluent blood vessel to inflate the liver a few times to ensure all the blood drained out. 

This was followed by perfusion with a collagenase solution (0.9% Sodium Chloride, 20 

mM HEPES, 5 mM Calcium Chloride, 1% BSA, 1 mg/mL Collagenase H) at a rate of 4 

mL/min for 10 min. The liver was extracted and resuspended in a collagenase solution to 

yield a cell suspension. The liver cell suspension was resuspended in a perfusion buffer and 

filtered through a 40 μm filter and centrifuged at 60 × g for 5 min 4°C. After three wash 

cycles, the cells were resuspended in 10 mL of warm Dulbecco’s Modified Eagle’s Medium 

(DMEM) containing 10% fetal bovine serum and 1% Penicillin-Streptomycin, plated in 

collagen-coated plates and incubated for 3–4 h at 37°C in 5% CO2. After the cells attached, 

the media was changed to William’s Medium E containing 8 μg/mL gentamicin, 1% NEAA, 

1% Anti-anti, 1% glutamine and 50 nM dexamethasone.

GSH/GSSG and NADPH/NADP measurements—BMDMS were differentiated as 

described above and then treated with 100 μM ITA- or Ctrl-LNP for 24 h. The respective 

Promega kits were used to measure GSH/GSSG and NADPH/NADP levels.
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Gene expression analysis via quantitative PCR—For qRT-PCR, cells were lysed 

in Trizol and RNA was isolated using Direct-zol RNA Miniprep Kit (Zymo Research). 

Concentrations of total RNA were quantified by NanoDrop spectrophotometry. cDNA was 

synthesized from 250 ng total RNA using a High-Capacity cDNA Reverse Transcription Kit 

(Thermo Fisher Scientific). qRT-PCR was carried out using TaqMan Fast Advanced Master 

Mix and TaqMan probes in a Roche LightCycler 480 system. Fold change was calculated by 

the ΔΔCT method and normalized to housekeeping genes Gapdh and Actb.

Immunoblot assays (western blot)—Cells were lysed in 2x Laemmli SDS loading 

buffer (4% SDS, 0.1 M DTT, 6.25% Ficoll, 1x protease inhibitor cocktail and 0.001% 

bromophenol blue) and boiled at 95°C for 5 min. Direct Detect Infrared Spectrometer 

(Millipore) was used to measure protein concentration. Cell lysates were loaded into a Bio 

Rad TGX Criterion (4–20%) gel and resolved at 300 V in Tris-Glycine running buffer. 

Proteins were transferred on PVDF membranes using the BioRad TransBlot Turbo. After 

transfer, membranes were incubated in pre-cooled acetone for 30 min with the subsequent 

drying at 50°C for 30 min. The membranes were hydrated in PBS, blocked in 5% nonfat dry 

milk in Tris-buffered saline containing 0.05% Tween 20 (TBS-T), probed overnight at 4°C 

with primary antibodies as indicated in key resources table. The membranes were washed 

in TBS-T and incubated with secondary antibodies for 1 h at room temperature. The Azure 

C400 western blot imaging system was used for visualization of the proteins of interest.

IRG1 knockdown via shRNA overexpression—iBMDMs cells were seeded in 0.75 

M/well in 24-well plates and incubated overnight. The media was then changed to media 

containing 5 or 10 μg/mL of polybrene. On the day of infection, cells were about 50% 

confluent. The cells were treated in duplicates with lentiviruses encoding IRG1 shRNA or 

cop-GFP control (both from Santa Cruz Biotechnology) at three different concentrations (1, 

2 and 4 μL). After 24 h of incubation, the media was changed to media without polybrene. 

Puromycin dihydrochloride was used for selecting the most stable clones by incubating cells 

in media containing infected cells that were grown in media containing 10 μg/mL puromycin 

for one week. Western blot was used to determine the success of the knockdown.

IL-1β reporter assays in THP1 cells—The assays were performed according to the 

manufacturer’s instructions (Invivogen). THP1 cells were seeded 0.5 M/well in 96-well 

plates in RPMI media and treated with different concentrations of 4-octyl itaconate (OI) 

and ITA-LNP overnight. The cells were then treated with 100 ng/mL LPS overnight.The 

cells were then treated with monosodium urate crystals (MSU, Invivogen) at 1 μg/mL and 

incubated overnight. The 50 μL of media was then collected and added to IL-1β Reporter 

HEK cells, which were seeded 0.05 M/well in 96-well plates and cultured according to 

the manufacturer’s instructions. After an overnight incubation, 20 μL of the media was 

transferred to a new 96 well plate and mixed with 180 μL of QUANTI-Blue Solution 

(Invivogen). The plate was incubated at 37°C for 1 h and the optical density was detected at 

a wavelength of 650 nm.
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In vitro analysis in IRG1-KD iBMDMs and BMDMs

Unfolded protein response: iBMDMs and BMDMs were seeded in DMEM containing 1% 

BSA and 1% Penicillin-Streptomycin. The media for iBMDMs additionally contained 10 

μg/mL puromycin. Cells were treated with DMSO, ACAT-inhibitor (ACATi, CP-113818), 

CD-Cholesterol, or ACATi with CD-Cholesterol simultaneously. After 48 h of incubation, 

the cells were lysed in a 2x Laemmli SDS loading buffer. Immunoblotting was performed 

as described above. The cells were seeded at a density of 0.3 M/well in 24-well plates 

and allowed to attach overnight. The media was then changed to the media containing 

10% human lipoprotein-depleted serum and treated with PBS; 5 μg/mL ACATi; 100 μg/mL 

oxLDL, ACATi and oxLDL; 10 μg/ml CD-cholesterol, ACATi and CD-cholesterol; 1 μg/mL 

Tunicamycin; or 100 μg/mL LPS. After 24 h, the cells were lysed in Trizol, and qPCR was 

performed as described above.

Inflammasome assays: BMDMs were seeded at a density of 0.7 M/well in 24-well plates. 

After the cells attached, they were treated overnight with the indicated concentrations of 

ITA-LNP, Ctrl-LNP or PBS. The following day, the media was changed to Opti-MEM 

without serum and the cells were treated with PBS or 50 ng/mL ultrapure LPS (List 

Biological Labs) for 3 h. The cells were then treated with 5 μM Nigericin. After 1 h of 

incubation, the supernatant was collected and the cells were lysed in a 2x Laemmli SDS 

loading buffer. Cell lysates (15 μg/lane) and supernatant (50 μL/well) were loaded to Bio 

Rad TGX Criterion (4–20%) 12-well gels. Immunoblotting was performed as described 

above.

Immunofluorescence studies in human plaque—Human aortic tissue was obtained 

from autopsy specimens under exemptions granted by the Institutional Review Boards at 

CVPath Institute (Gaithersburg, MD). Immunohistochemical stains were performed using 

anti-IRG1 mAb (key resources table). Anti-IRG1 mAb was validated in house using 

cell validation treatment and overexpression experiments (Figures S3I, and S3J). Human 

coronary specimens were formalin-fixed and paraffin embedded and cut at 5 μm on glass 

slides. Following standard deparaffinization and hydration, the slides were processed using a 

Leica Bond system via standard protocol as previously described by us.175,176 The sections 

were pre-treated using heat mediated antigen retrieval with Tris-EDTA buffer at pH 9 for 

20 min. The sections were then incubated with anti-IRG1 mAb or anti-CD68 at dilutions 

indicated in key resources table for 45 min at room temperature and detected using anti-

mouse Alexa Fluor 488 (to detect CD68) or anti-rabbit Alexa Fluor 647 (to detect IRG1). 

The sections were then counter-stained with DAPI and mounted with Mowiol aqueous 

mounting media. The fluorescence was visualized by confocal microscopy (Zeiss LSM800).

Immunofluorescence and immunohistochemistry studies in mouse 
atherosclerosis—For immunofluorescence studies in mouse brachiocephalic artery 

(BCA) and aortic root, 10 μm pre-dried frozen sections were fixed by immersion in 

acetone for 10 min at −20°C, drying and rehydrating. Blocking and staining with 

primary and fluorochrome-conjugated secondary antibodies was accomplished as described 

previously.159,177 The antibodies and the dilutions that were used in this work are listed in 

key resources table. Vectashield mounting medium with DAPI (Vector Laboratories) was 
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used to stain nuclei and mount the slides. In some experiments, colorimetric detection of 

antigens was performed according to standard protocols and manufacturer’s instructions. 

In brief, the slides were exposed to primary antibodies as above, washed and processed 

with an ImmPRESS HRP Horse Anti-Rabbit IgG PLUS Polymer Kit (Vector Laboratories), 

followed by the detection using ImmPACT DAB EqV Substrate (Vector Laboratories).

Image analysis—Whole organ fluorescence was analyzed using ImageJ/Fiji, an open 

source image analysis software. In brief, the images were first color inverted and the 

ROIs were created by tracing each organ. The integrated intensity of fluorescence per ROI 

area was then determined using the “Analysis” function in ImageJ. After autofluorescence 

subtraction, the values of each organ were normalized to the value of liver from the same 

animal. The analysis of Mac3 and αSMA expression plaque was performed using Keyence 

BZ-X analyzer and a Hybrid Cell Count plugin. First, the area of analysis was identified 

using the “Same Intensity” function and then the “Cell Separation” function was used to 

outline individual fluorescence+ or DAB+ cells. The number of such cells was next counted 

in each slide using a premade macro function and a “Macro cell count” module. Ten slides 

at different histopathological locations (30 μm difference between slides) were analyzed per 

mouse/condition.

Koded Cells RNA-seq (kc-RNA-seq)—The pooled aortas (three tissues per pool from 

9 animals per group) from “koded” ITA-LNP and Ctrl-LNP injected animals were digested 

in an enzyme cocktail in RPMI as previously described by us.159 The enzymatic reaction 

was quenched with 3% BSA in PBS containing 0.3 mM EDTA. The cell suspension 

was passed through a 100 μm cell strainer, washed with the buffer and incubated with 

streptavidin magnetic beads on ice (Thermo Fisher Dynabeads M-280). Dynabeads M-280 

were specifically selected over other commercially available beads because it has been 

previously shown that they are most suitable for cell capture under a variety of conditions. 

Dynabeads M-280 resulted in highest cell viability, specific capture and the highest nucleic 

acid yield.178 Importantly, the large size of Dynabeads M-280 is not conducive for non-

specific engulfment by phagocytic cells at 4°C. The incubation proceeded for 10 min on 

ice under gentle tube rotation following which the cells were separated with a magnet. 

The negative fraction (the cells that did not bind to the magnet) and the positive fraction 

(Dynabeads-bound cells) were separated. The Dynabeads-bound cells were washed three 

times with PBS containing 1% BSA and then lysed in Trizol under vigorous repeat pipetting 

and the RNA was isolated as described above. Bulk RNA sequencing was performed as 

described above.

Tandem stenosis model—Mice were divided into two groups: 1) sham (460 μm 

stenosis) and 2) experimental tandem stenosis surgery (150 μm stenosis). 8 (4 and 4) were 

used for tissue histology to demonstrate unstable plaque phenotype. 8 mice/group were used 

for scRNA-Seq analysis using pooled aortic segments. 10–15 mice per group were used for 

gross pathology analysis and downstream immunofluorescence analysis of tissue sections.

At 6 weeks of age, ApoE−/− mice were initiated on an HCHFD (Evigo TD 88137). At 12 

weeks of age, they underwent tandem stenosis surgery as previously described124 and were 

sacrificed after 6 weeks of therapy as indicated above and in the main manuscript. Mice 
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were operated on according to the following protocol. Using the dissecting microscope, 

a small incision (~1 cm) was made on the skin directly midline over the trachea. The 

connective tissue was bluntly dissected underneath the skin using curved forceps. A segment 

of the left common carotid artery was exposed. The common carotid artery was lifted up 

and bluntly dissected away from the surrounding tissue. The vagus nerve was identified 

and separated from the common carotid artery. Vascular stenosis was induced by suturing 

two points on the common carotid using 6–0 blue braided polyester fiber (Ti-cron). Distal 

point is defined as 1 mm from the carotid bifurcation. Proximal point is defined as 3 

mm from the distal point. Carotid stenosis was performed by tying the carotid against 

a probe made of a needle. For 150 μm stenosis, a 8–0 Ethilon needle, and for 460 

μm stenosis, a 26 G needle was used. A surgeon’s knot was tied over the probe with 

moderate tightness and one relatively loose above it before removal. Blood flow distal to 

suture was confirmed. Any excess filament was cut. The wound was closed using a 6–0 

monofilament suture in the single interrupted method. 500 μL saline bolus was then given 

i.v. Mice were monitored to ensure recovery from anesthesia. Buprenorphine at 0.1 mg/kg 

was administered subcutaneously (SQ) as mice awakened postoperatively. The mice were 

monitored closely for the next 48 h administering buprenorphine at 0.05 mg/kg SQ 8–12 h 

with 2 extra doses post 48 h as needed.

Single-cell RNA sequencing

Sample preparation: ApoE−/− mice with tandem stenosis (see above) were euthanized 

followed by perfusion with cold PBS/citrate buffer containing 1 μg/mL Actinomycin D. The 

aortic segments were extracted and carefully processed by removing all lymph nodes. The 

pooled aortic segments (8 from both ITA-LNP and Ctrl-LNP injected animals) were then 

digested in an enzyme cocktail in RPMI containing 1 μg/mL Actinomycin D as previously 

described by us.159 The enzymatic reaction was quenched with 3% BSA in PBS containing 

0.3 mM EDTA and 1 μg/mL Actinomycin D. The cell suspension was passed through 

a 100 μm filter, washed with the buffer and the cell viability was determined. Next, the 

cells were labeled with anti-CD45 fluorochrome-labeled antibodies and live/dead staining 

and separated using FACS as described above. After FACS separation, viable CD45+ cells 

were kept on ice in a PBS buffer containing 1% BSA and 1 μg/mL Actinomycin D until 

scRNA-seq using the 10x Genomic platform as previously described by us.179

Sequencing: Briefly, the 10x Genomics Chromium Next GEM Single Cell 5′ Kit v2 was 

used to process cell suspensions for 5′ gene expression profiling. The cell suspension 

volumes were calculated for a target cell recovery of 10,000 cells and loaded on the 

chromium controller per manufacturer’s guidelines. The resultant cDNAs were quantified 

and assessed on the Agilent Bioanalyzer using the high-sensitivity DNA kit. The final single 

cell 5′ libraries were quantified using the Qubit dsDNA high sensitivity and qualitatively 

evaluated on the Agilent Bioanalyzer using the high-sensitivity DNA kit. Libraries were 

sequenced on an Illumina NovaSeq 6000 under recommended settings (PE26×90 with 10 bp 

dual index) targeting 50,000 PE reads per target cell equivalent.

Preprocessing and quality control: The raw scRNA-seq fastq files were processed using 

Cell Ranger from 10X Genomics Technology and aligned to mm10 reference genome. All 
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expression matrices were loaded into R version 4.1.2 (R Foundation) using the “Read10X” 

function from the Seurat library version 4.1.0.180 The Seurat library was also used to 

perform the analyses. The expression matrices from two separate samples (ITA-LNP and 

Ctrl-LNP injected animals) were combined into one Seurat object prior to preprocessing, 

transformation, and analysis. Pre-processing removed cells with fewer than 200 genes, 

greater than 6000 genes, or displaying more than 10% mitochondrial transcripts to filter 

out low-quality cells. The “SCTransform” function from the Seurat library was applied 

to transform the expression matrices via normalization and variance stabilization on each 

sample.181

Integration: To allow comparison between two groups, the expression matrices were 

integrated via the “FindIntegrationAnchors” Seurat function prior to principal component 

analysis (PCA) dimension reduction with 50 principal components and subsequent UMAP 

dimensional reduction. Clusters were identified in an unsupervised manner via shared 

nearest neighbor modularity optimization-based Louvain clustering algorithm using a 

resolution parameter of 0.5.

Differential expression analysis: This was conducted via the “FindMarkers” Seurat 

function, where the Wilcoxon Rank-Sum Test and thresholding criteria of logFC >1 or < 

−1 and a Bonferroni-adjusted p < 0.05 to identify differentially expressed genes between and 

within groups and conditions. All statistical comparison of scRNA-seq DEGs, and canonical 

pathway analysis cell clusters was performed with ingenuity pathway analysis by Qiagen. 

UMAP visualizations were created using the “DimPlot” and “FeaturePlot” Seurat functions. 

Volcano plots were created using the ggplot2 library of functions.

H3K27ac chromatin immunoprecipitation sequencing (ChIP-seq)

Sample preparation: C57BL/6 mice of 8 weeks of age (n = 3 per group) were bolus 

injected with either ITA- or Ctrl-LNP at 30 mg/kg. The mice were euthanized 24 h later 

and the bone marrow was isolated as described above. The whole bone marrow cells were 

then fixed with 1% paraformaldehyde for 10 min at room temperature. The cross-linked 

chromatin was sonicated to shear chromatin into fragments of 200–600 bp using the 

Diagenode Bioruptor Pico sonication device according to the manufacturer’s instruction. 

The sheared chromatin was immunoprecipitated with 1 μg of anti-H3K27ac ChIP grade 

rabbit polyclonal antibody (Millipore Sigma) with rabbit IgG used as a negative control. 

The immunoprecipitates were captured using Protein A/G Dynabeads (Thermo Fisher). The 

genomic DNA was then eluted with the DNA elution buffer and analyzed for integrity 

using Agilent Bioanalyzer as described above. DNA library preparation and sequencing 

was performed by Beijing Genomics Institute (Cambridge, MA, USA) following standard 

protocols and using Illumina TruSeq Chip Library Kit.

ChIP-seq data processing: The sequencing reads from Illumina HiSeq were aligned 

to the mouse genome (mm10) using the BOWTIE alignment tool.182 These aligned 

reads were then processed and converted into bam/bai (http://genome.ucsc.edu/goldenPath/

help/bam.html) format, and then loaded in the Integrative Genomics Viewer (http://

www.broadinstitute.org/igv/) for visualization as previously described by us.183 The 
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processing steps involved removing duplicate reads and format conversions using SAMtools 

suite.184 Once the peaks were obtained for all the tracks, the common peaks and genes 

between these tracks were removed by BEDtools185 intersect command.

QUANTIFICATION AND STATISTICAL ANALYSIS

For all experiments, data was first tested for normality using the Shapiro-Wilk test and 

for equality of variances using Bartlett’s test. If it was determined that the normality 

and equality of variances are satisfied (p ≤ 0.05), the group means were compared using 

Student’s t-test (for 2 groups) or ANOVA with Tukey’s post-hoc test (>2 groups). In 

some experiments with >2 groups, pairwise t test was applied with Holm post-hoc test. 

The particular statistical analysis employed is indicated in the figure legends of the main 

manuscript. For non-normally distributed data or data with unequal variances, nonparametric 

Mann-Whitney U-test (2 groups) was used. The statistical analysis was performed using R 

version 4.3.0 (“Already Tomorrow”) or later. Graphs and plots were created using Plotly 

Chart Studio or with R packages tidyverse/ggplot2. The results are presented as mean with 

standard error of mean (SEM). The SEM values are displayed as error bars in the figures or 

values following plus-minus sign in the main text.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Itaconate (ITA) mediates diet-driven plaque resolution in ASCVD

• ITA-bearing lipid nanoparticles (ITA-LNPs) target plaque and bone marrow 

myeloid cells

• ITA-LNP treatment recapitulates LCLFD-induced atherosclerotic plaque 

resolution

• ITA-LNP treatment downregulates inflammatory genes via H3K27ac 

deacetylation
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Figure 1. Systemic metrics of atherosclerosis resolution in dietary cessation CPC model
(A) Illustration of the CPC experimental system.

(B) Plasma cholesterol and triglyceride levels after CPC. Data are presented as mean ± SD.

(C) Liver cholesterol and triglyceride levels after CPC normalized on dry tissue weight. Data 

are presented as mean ± SD.

(D) Plasma lipoprotein subclass analysis after CPC. Lipoproteins (vLDL, LDL, IDL, HDL) 

were separated using fast protein liquid chromatography with in-line analysis of cholesterol 

(top) and triglyceride (bottom) content in the effluent. Data are presented as mean ± SD.

(E) Whole-liver mRNA transcript counting using NanoString. The data are shown as a 

heatmap with a color scale anchored to the minimum and maximum expression values for 

each gene.
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(F) ELISA analysis of IL-1β in plasma after CPC. Data are presented as mean ± SD.

(G) Flow-cytometric analysis of Ly6C+ and LyC− monocytes subsets in blood, spleen and 

bone marrow after CPC. Data are presented as mean ± SD.

(H) Flow-cytometric analysis of subpopulations of Ly6C+ and Ly6C− monocytes in blood. 

The data are presented in the same manner as in (E).

Data were analyzed and p values were obtained by one-way ANOVA with Tukey’s multiple 

comparisons test or pairwise t test with Holm post hoc correction. n =5 (Ctrl), 6 (Prog), and 

8 (Cess) animals in (A)–(F) and n = 5–7 (Ctrl), 6–9 (Prog), and 7–10 (Cess) animals in (G) 

and (H).
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Figure 2. Cessation reduces atherosclerosis and plaque inflammation through glycolytic 
metabolism activation
(A) Representative photomicrographs of H&E- and oil-red-O-stained sections of aortic root 

from CPC. Left: quantification of atherosclerosis burden using analysis of luminal occlusion 

in consecutive tissue sections starting from aortic sinus (AS). Right: quantification of oil red 

O staining in the adjacent tissue sections. Data are presented as mean ± SD. Scale bar, 200 

μm.

(B) Necrotic core analysis using H&E-stained sections from (A). Data are presented as mean 

± SD.
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(C) Representative immunofluorescence images of Mac-3- and αSMA-stained aortic root 

tissue sections and corresponding quantitative ratio analysis (right). Counterstain is DAPI 

(blue). Data are presented as mean ± SD. Scale bar, 200 μm.

(D) NanoString analysis of whole aortas for Cd11b and S100A9. Data are presented as mean 

± SD.

(E) Schematic of transcriptomic analysis of aortas.

(F) Principal component (PC) analysis in bulk RNA-seq from whole aortas of CPC mice.

(G) Gene ontology (GO) analysis comparing Cess and Prog RNA-seq datasets. Most 

represented downregulated GO terms in cellular component sub-ontology are shown.

(H) Heatmap displaying fold change (log10) of mRNA expression of specific genes as 

indicated, measured using RNA-seq and normalized vs. Ctrl samples in whole aortas from 

CPC. Filled circles indicate p < 0.05.

(I) Schematic showing SIRM experiments in cultured aorta organoids and the analysis of 

uniformly labeled [13C]glucose (U-13C) and lactate using HSQC-NMR spectroscopy. Data 

are presented as mean ± SD.

(J) Diagram hypothesizing a metabolic shift and fuel utilization in Cess vs. Prog in CPC. 

Filled circles represent 13C-labeled metabolites derived from [13C]glucose, and open circles 

depict 12C metabolites originating from other sources. The diagram summarizes the findings 

from SIRM (see also Figure S2G).

Data were analyzed and p values were obtained using pairwise t-test with Holm post hoc 

correction. n = 3–5 (Ctrl), 4–7 (Prog), and 5–8 (Cess) animals.
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Figure 3. IRG1 and itaconate expression in mouse and human lesions
(A) Relative levels of the metabolites of the TCA cycle in whole aortas from CPC. White/

black square on bottom left denotes not detected.

(B) SIRM analysis of itaconate isotopologs in CPC aortas from (A). Bottom: scheme 

illustrating the production of itaconate. Data are presented as mean ± SD. p values were 

obtained from Student’s t-test.

(C) qPCR analysis of the levels of Irg1 transcripts in whole aortas from separate CPC 

cohorts. N.d., not detected. Data are presented as mean ± SD. p values were obtained from 

Student’s t-test.

(D) Immunofluorescence micrographs depicting positive staining for IRG1 and CD68 in 

BCA lesions from Prog mice with DAPI counterstain. Scale bars, 100 and 20 μm.
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(E and F) Histologic assessment with H&E and Movat pentachrome stains and 

immunofluorescence analysis of IRG1 and CD68 expression in human (F) stable vs. (E) 

vulnerable thin-cap fibroatheroma (TCFA) plaques from mid-left anterior descending artery 

(MLAD) with DAPI counterstain. Quantification of co-localization between IRG1 and 

CD68 is included in (F). Scale bars, 1 mm and 100 μm.

(G) BMDMs were treated with free cholesterol for 48 h in the presence or absence of 

acyl-coenzyme A cholesterol acyltransferase inhibitor (ACAT-i) followed by qPCR mRNA 

analysis of the expression of Irg1 and Il6 as indicated. Data are presented as mean ± SD. p 
values were obtained from ANOVA with Tukey post hoc.

(H) Immunoblot of IRG1 knockdown in iBMDMs using shRNA.

(I) iBMDMs with the IRG1 knockdown (IRG1 KD) or control cells were treated with 

cholesterol as in (G), and the levels of IkBα and iNOS were determined in the cell lysates 

using immunoblotting. Staining with Coomassie brilliant blue (CBB) was used as total 

protein loading control.
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Figure 4. ITA-LNP is an engineered nanometabolite that raises intracellular itaconate levels, 
exhibits robust anti-inflammatory and metabolic effects in vitro and in vivo, and accumulates in 
plaque and bone marrow
(A) Chemical structure of itaconate pro-drug and schematic of self-assembled ITA-LNP.

(B) Immunoblot for inflammasome assays in Ctrl/ITA-LNP-treated BMDMs.

(C) Seahorse analysis of BMDMs pre-treated with Ctrl/ITA-LNP with LPS stimulation. Data 

are presented as mean ± SD.

(D) Immunoblotting for various metabolic targets of itaconate in Ctrl/ITA-LNP-treated 

BMDM lysate. p values were obtained from Student’s t-test.
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(E) SIRM experiments in BMDMs cultured with U-13C-labeled glucose and treated with 

Ctrl/ITA-LNP for 24 h. [U-13C]glucose and [U-13C]lactate levels in supernatants and lysates 

were measured with HSQC-NMR spectroscopy and normalized to the total lysate protein 

content. Bottom: IC-MS analysis of itaconate, succinate, and 1,3-bisphosphoglyceric acid 

(1,3-BPG) isotopologs in the same experiments. Data are presented as mean ± SD. p values 

were obtained from Student’s t-test.

(F) Fluorescence imaging of whole aortas excised 24 h post bolus injection of Atto647-

labeled ITA-LNP in Ldlr−/− mice fed with HCHFD and corresponding oil red O staining of 

the same aortas.

(G) Flow-cytometric analysis of Ctrl/ITA-LNP-targeted cells in blood and plaque post bolus 

injection in Ldlr−/− animals fed with HCHFD for 12 weeks. Data are presented as mean ± 

SD.

(H) Atto647-labeled ITA-LNP were bolus injected intravenously in high-fat-fed Ldlr−/− mice 

(20 weeks on HCHFD), and the organs were excised following extensive perfusion at 6 

h post injection. Mice injected with saline served as a control. Bottom: quantification of 

Atto647 content normalized to total protein content of the respective organs. n = 2 animals 

per group; statistical analysis was not performed.
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Figure 5. ITA-LNP accumulates in plaque and alleviates inflammation
(A) Timeline of efficacy testing experiments in Ldlr−/− mice.

(B) En face and histologic analysis of aortic root after oil red O staining from Ctrl/ITA-LNP-

treated mice from A. Scale bars, 2 mm and 300 μm.

(C and D) Quantification of (C) necrotic core and (D) plaque burden in oil-red-O-stained 

brachiocephalic artery (BCA) samples from (A). Data are presented as mean ± SD. p values 

were obtained from Student’s t-test.
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(E) Quantification of aortic root plaque burden in oil-red-O-stained consecutive tissue 

sections from (A). Data are presented as mean ± SD. p values were obtained from ANOVA 

with Tukey’s post hoc test.

(F) Plasma lipids, IL-1β levels, and liver lipids as indicated from (A). Data are presented as 

mean ± SD. p values were obtained from ANOVA with Tukey’s post hoc test.

(G) Metrics of plaque stability: macrophages and smooth muscle actin staining in BCA 

samples from Ctrl/ITA-LNP-treated mice with corresponding quantitative ratio analysis 

(right). Data are presented as mean ± SD. Scale bar, 200 mm. p values were obtained from 

Student’s t-test.

(H) Metrics of IL-1β signaling: IL-6 and phospho-IRAK in BCA samples from the same 

mice. Right: quantification with target levels normalized to the total area. n = 6–15 animals 

per group. Data are presented as mean ± SD. p values were obtained from Student’s t-test. 

Scale bar, 200 μm.
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Figure 6. ITA-LNP targets inflammatory, epigenetic, and plaque vulnerability pathways in 
atherosclerotic lesions
(A) Schematic of in vivo cell biotinylation using ITA-LNP incorporating FSL-biotin.

(B) In vitro proof-of-concept studies demonstrating biotin label stability in BMDMs treated 

with ITA-LNP-FSL-biotin on day 1. Surface biotin presence was visualized with FITC-

streptavidin.

(C) Schematic of experimental workflow for in vivo labeling and magnetic isolation of 

ITA-LNP-targeted cells in plaque and blood of Ldlr−/− Cess animals simultaneous with 

ITA-LNP therapy.
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(D and E) mRNA from Ctrl/ITA-LNP-targeted cells in plaque from (C) was subjected to 

bulk RNA-seq and data analysis of representative hierarchical clusters of gene ontology (GO 

biological process). p values were derived from Benjamini-Hochberg multiple testing with 

False Discovery Rate (FDR) < 0.05.

(F) GO analysis of Ctrl/ITA-LNP-targeted cells in blood.

(G) Schematic of tandem stenosis to form unstable plaque (TS). A ligature was placed in the 

right carotid artery (RCA).

(H) Characterization of the TS model. I, oil red O lipid staining; II, gross pathology; III, 

Prussian blue iron staining in RCA sections. Scale bars, 10 μm and 50 μm.

(I) Experimental workflow scheme for ITA-LNP testing in TS model.

(J) CD45+ cells from RCA segments were subjected to scRNA-seq. Uniform manifold 

approximation and projection (UMAP) clustering analysis identified distinct cell types.

(K) GO analysis of the most prevalent clusters from (J).

(L) Heatmap indicating differentially expressed genes in cluster 1 (macrophages).
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Figure 7. ITA-LNP “reprograms” bone marrow to immunomodulatory phenotype through 
impaired histone acetylation
(A) Ctrl/ITA-LNP were injected into wild-type mice followed by neutrophil isolation from 

bone marrow. Neutrophils were cultured and stimulated by LPS or TNF-α in vitro.

(B) Cytokines in supernatants from (A) as determined by Luminex (n = 7). Filled circles 

indicate p < 0.001.

(C) Principal component (PC) analysis after bulk RNA-seq of mRNA obtained from (A).

(D) GO analysis of Ctrl/ITA-LNP treated neutrophils with and without LPS stimulation.
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(E) ChIP-seq heatmaps showing acetylation of H3K27 near the transcription start site (TSS). 

The data were obtained from whole bone marrow cells in separate experiments conducted as 

shown in (A) but without stimulation in vitro.

(F) Immunoblot probing for H3K27ac and pan-acetylated lysine (Kac) in lysates of cultured 

BMDMs treated with Ctrl/ITA-LNP.

(G) Profiles of H3K27ac ChIP-seq occupancy and ATAC-seq in loci of the indicated genes 

from flow-sorted ITA-LNP-targeted bone marrow cells. See text and Figure S7A for identity 

of these cells.

(H) WikiPathways GO analysis of gene set enrichments for downregulated genes in ITA-

LNP vs. Ctrl-LNP groups from ATAC-seq datasets.

(I) RNA-seq counts of histone acetylation regulating genes differentially expressed in 

whole bone marrow cells in separate experiments conducted as shown in (A) but without 

stimulation. Data are presented as mean ± SD. The p values were obtained from ANOVA 

with Tukey post hoc test.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

CD45 Monoclonal Antibody (30-F11), eVolve 605, eBioscience™ ThermoFisher Scientific Cat#: 83-0451-42; RRID: AB_2574712

Ly-6C Monoclonal Antibody (HK1.4), eFluor 450, eBioscience™ ThermoFisher Scientific Cat#: 48-5932-82; RRID: AB_10805519

BUV737 Rat Anti-Mouse CD24 BD Biosciences Cat#: 565308; RRID: AB_2739174

Brilliant Violet 711™ anti-mouse CD64 (FcγRI) Antibody BioLegend Cat#: 139311; RRID: AB_2563846

FITC anti-mouse Ly-6G Antibody BioLegend Cat#: 127605; RRID: AB_1236488

PE/Dazzle™ 594 anti-mouse I-A/I-E Antibody BioLegend Cat#: 107647; RRID: AB_2565978

PE/Cy7 anti-mouse F4/80 Antibody BioLegend Cat#: 123113; RRID: AB_893490

APC Hamster Anti-Mouse CD11c BD Biosciences Cat#: 561119; RRID: AB_398460

APC-Cy™7 Rat Anti-CD11b BD Biosciences Cat#: 561039; RRID: AB_396772

Alexa Fluor® 700 anti-mouse/human CD11b Antibody BioLegend Cat#: 101222; RRID: AB_493705

Biotin anti-mouse CD115 (CSF-1R) Antibody BioLegend Cat#: 135507; RRID: AB_2028401

Brilliant Violet 510™ anti-mouse CD192 (CCR2) Antibody BioLegend Cat#: 150617; RRID: AB_2721535

APC/Fire™ 750 anti-mouse CX3CR1 Antibody BioLegend Cat#: 149039; RRID: AB_2632859

FITC anti-mouse CD3ε Antibody BioLegend Cat#: 100305; RRID: AB_312670

FITC anti-mouse CD19 Antibody BioLegend Cat#: 115505; RRID: AB_313640

Purified rat Mac-3 (1:50) BD Pharmingen Cat#: 550292; RRID: AB_393587

Biotinylated Rabbit Anti-Rat IgG (1:1000) Vector Cat#: BA-4001; RRID: AB_10015300

Anti-Actin, alpha smooth muscle, mouse monoclonal (1:50) Sigma-Aldrich Cat#: A5228, RRID: AB_262054

Anti-Mouse IgG (H + L) X-Adsorbed-Biotin (1:5000) Sigma-Aldrich Cat#: RI20683; RRID: AB_2910246

TruStain FcX™ (anti-mouse CD16/32) BioLegend Cat#: 101320; RRID: AB_1574975

anti-human IRG1 (D6H2Y) Rabbit mAb Cell Signaling Technology Cat#: 77510; RRID:AB_2799901

anti-mouse IRG1 (E5B2G) Rabbit mAb Cell Signaling Technology Cat#: 19857; RRID:AB_3076520

anti-mouse NRF2 (D1Z9C) XP Rabbit mAb Cell Signaling Technology Cat#: 12721; RRID:AB_2715528

anti-mouse HO-1 (E3F4S) Rabbit mAb Cell Signaling Technology Cat#: 43966; RRID:AB_2799254

anti-mouse SQSTM1/p62 (D1Q5S) Rabbit mAb Cell Signaling Technology Cat#: 39749; RRID:AB_2799160

anti-mouse PKM1 (D30G6) XP Rabbit mAb Cell Signaling Technology Cat#: 7067; RRID:AB_2715534

anti-mouse PKM2 (D78A4) XP Rabbit mAb Cell Signaling Technology Cat#: 4053; RRID:AB_1904096

anti-mouse Pyruvate Dehydrogenase (C54G1) Rabbit mAb Cell Signaling Technology Cat#: 3205; RRID:AB_2162926

anti-mouse SDHA (D6J9M) XP Rabbit mAb #11998 Cell Signaling Technology Cat#: 11998; RRID:AB_2750900

alpha Tubulin Antibody (DM1A) Novus Biologicals Cat#: NB100-690; RRID:AB_521686

anti-mouse NLRP3/NALP3 mAb (Cryo-1) AdipoGen Cat#: AG-20B-0006-C100; 
RRID:AB_2819182

anti-mouse Interleukin-1β antibody polyclonal antibody produced 
in goat

Millipore Sigma Cat#: I3767; RRID:AB_477105

anti-mouse GAPDH (D16H11) XP Rabbit mAb (HRP Conjugate) Cell Signaling Technology Cat#: 8884; RRID:AB_11129865

anti-mouse Caspase-1 (p10) mAb (Casper-2) AdipoGen Cat#: AG-20B-0044-C100; 
RRID:AB_2490253

anti-mouse phospho-IRAK1 (Thr387) Polyclonal Antibody Bioss Antibodies Cat#: bs-3194R; RRID:AB_10857144

anti-mouse IL-6 (D5W4V) XP Rabbit mAb Cell Signaling Technology Cat#: 12912; RRID:AB_2798059
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REAGENT or RESOURCE SOURCE IDENTIFIER

anti-mouse Anti-Actin, α-Smooth Muscle antibody (1A4) Mouse 
mAb

Millipore Sigma Cat#: A5228; RRID:AB_262054

anti-mouse AATM Antibody (E–7) mouse mAb Santa Cruz Biotechnology Cat#: sc-271702; RRID:AB_10710382

anti-human IRG1 Rabbit polyclonal antibody Abcam Cat#: ab238580

anti-mouse Cytokeratin 18 (DC10) mAb ThermoFisher Scientific Cat#: MA5-12104; RRID:AB_10981680

anti-mouse Cleaved PARP (Asp214) (D6X6X) Rabbit mAb Cell Signaling Technology Cat#: 94885; RRID:AB_2800237

anti-mouse Phospho-MLKL (Ser345) (D6E3G) Rabbit mAb Cell Signaling Technology Cat#: 37333; RRID:AB_2799112

anti-Ubiquitin (E6K4Y) XP Rabbit mAb Cell Signaling Technology Cat#: 20326; RRID:AB_3064918

anti-mouse CD68 (E3O7V) Rabbit mAb Cell Signaling Technology Cat#: 97778; RRID:AB_2928056

anti-human CD68 (KP1) mouse mAb ThermoFisher Scientific Cat#: 14-0688-82; RRID:AB_11151139

anti-mouse CHI3L1/YKL40 Polyclonal antibody ProteinTech Cat#: 12036-1-AP; RRID:AB_2877819

Goat anti-Mouse IgG (H + L) Highly Cross-Adsorbed Secondary 
Antibody, Alexa Fluor™ Plus 488

ThermoFisher Scientific Cat#: A32723TR; RRID:AB_2866489

Donkey anti-Rabbit IgG (H + L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor™ Plus 647

ThermoFisher Scientific Cat#: A32795TR; RRID:AB_2866496

Goat anti-Rabbit IgG (Heavy chain), Superclonal™ Recombinant 
Secondary Antibody, HRP

ThermoFisher Scientific Cat#: A27036; RRID:AB_2536099

Rabbit anti-Goat IgG (Heavy Chain), Superclonal™ Recombinant 
Secondary Antibody, HRP

ThermoFisher Scientific Cat#: A27014; RRID:AB_2536079

Rabbit anti-Mouse IgG (H + L), Superclonal™ Recombinant 
Secondary Antibody, HRP

ThermoFisher Scientific Cat#: A27025; RRID:AB_2536089

Anti-acetyl-Histone H3 (Lys27) Antibody Millipore Sigma Cat#: 07-360; RRID:AB_310550

Biological samples

Human aortic tissue CVPath Institute https://www.cvpath.org/

Human tonsil tissue CVPath Institute https://www.cvpath.org/

Chemicals, peptides, and recombinant proteins

PE Streptavidin (High Concentration) BioLegend Cat#: 405245

Tris-EDTA (pH 9) Abcam ab93684; CAS: 77-86-1, 6381-92-6

Tris-HCl (pH 8) Thermo Fisher Scientific 15568025; CAS: 77-86-1, 7647-01-0

Tris-buffered saline Thermo Fisher Scientific J60764.K2; CAS: 77-86-1, 7647-14-5

Chloroform Sigma-Aldrich 288306; CAS: 67-66-3

Methanol Thermo Fisher Scientific 610090040; CAS: 67-56-1

Sodium taurocholate Sigma-Aldrich 86339; CAS: 345909-26-4

Sodium dodecyl sulfate Merck 8220500100; CAS: 151-21-3

Dithiothreitol Roche 10197777001; CAS: 3483-12-3

Acetonitrile Acros Organics 610961000; CAS: 75-05-8

Deuterium oxide Cambridge Isotope 
Laboratories

DLM-4-PK; CAS: 7789-20-0; (labeled) 
7732-18-5 (unlabeled)

Ethylenediaminetetraacetic acid Thermo Fisher Scientific S312; CAS: 6381-92-6

d6-2,2-dimethyl-2-silapentane-5-sulfonate Cambridge Isotope 
Laboratories

DLM-8206-PK; CAS: 284664-85-3 
(labeled); 2039-96-5 (unlabeled)

D-glucose (U-13C6, 99%) Cambridge Isotope 
Laboratories

CLM-1396-5; CAS: 110187-42-3 
(labeled); 50-99-7 (unlabeled)
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REAGENT or RESOURCE SOURCE IDENTIFIER

TRIzol™ Reagent Thermo Fisher Scientific 15596026

Fetal bovine serum Gemini Biosciences 100-108

ACK lysing buffer Thermo Fisher Scientific A1049201

18:1 Ptd Ethylene Glycol Avanti Polar Lipids 870302; CAS: 474923-51-8

Boron trifluoride tetrahydrofuran complex Sigma-Aldrich 434280; CAS: 462-34-0

1,2-dipalmitoyl-sn-glycero-3phosphoethanolamine (DPPE)-
Atto647

Atto-Tec GmbH AD 647-155

Sodium itaconate Sigma-Aldrich 93598; CAS: 97-65-4

Itaconic anhydride Acros Organics 412940250; CAS: 2170-03-8

100 nm Nuclepore membranes Avanti Polar Lipids 610005-1EA

20 kDa MWCO cellulose membrane Repligen 131345

Sodium hydroxide Sigma-Aldrich 221465; CAS: 1310-73-2

Hydrochloric acid Thermo Fisher Scientific L13091.AU; CAS: 7647-01-0

MEM Non-essential Amino Acid Solution Thermo Fisher Scientific 11140050

Mouse Macrophage colony stimulating factor R&D Systems 414-CS; CAS: 81627-83-0

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) Corning MT 61-034-RR; CAS 7365-45-9

Calcium chloride Sigma-Aldrich 21115; CAS: 10043-52-4

Bovine serum albumin Gemini Bio-Products 700-107P; CAS: 9048-46-8

Ketamine Hanna’s Pharmaceutical 
Supply

CAS: 6740-88-1

Xylazine Hanna’s Pharmaceutical 
Supply

CAS: 7361-61-7

Collagenase H Sigma-Aldrich COLLH-RO

Histopaque 1119 Sigma-Aldrich 11191

Histopaque 1077 Sigma-Aldrich 10771

Taqman Fast Advanced Master Mix Thermo Fisher Scientific 4444556

2x Laemmli SDS loading buffer Bio-Rad 1610737

Polybrene Santa Cruz Biotechnology sc-134220; CAS: 28728-55-4

Puromycin dihydrochloride AdipoGen AGCN20078M025; CAS: 58-58-2

Cholic acid Sigma-Aldrich C1129; CAS: 81-25-4

4-octyl itaconate Cayman Chemical 25374; CAS: 3133-16-2

QUANTI-Blue™ Solution InvivoGen rep-qbs

Dimethyl sulfoxide Corning 25-950-CQC; CAS: 67-68-5

Tunicamycin Sigma-Aldrich T7765; CAS: 11089-65-9

Oxidized LDL Athens Research and 
Technology

12-16-120412-OX

Cholesterol-Water Soluble (CD-cholesterol) Sigma-Aldrich C4951; CAS: 57-88-5

Lipopolysaccharides from Escherichia coli O111:B4 Sigma-Aldrich L2630

Ultra pure Lipopolysaccharides Escherichia coli O111:B4 List Biological Labs #421

CP-113818 MedChemExpress HY-105445; CAS: 135025-12-6

Nigericin Sigma-Aldrich N7143; CAS: 28643-80-3

Buprenorphine Hanna’s Pharmaceutical 
Supply

CAS: 2485-79-7

DMEM Agilent Technologies 103575–100
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REAGENT or RESOURCE SOURCE IDENTIFIER

RPMI Sigma-Aldrich R0883

William’s Medium E Thermo Fisher Scientific A1217601

Opti-MEM Thermo Fisher Scientific 31985062

Antibiotic-antimycotic Thermo Fisher Scientific 15240062

Actinomycin D from Streptomyces sp. Sigma-Aldrich A4262

Dynabeads™ M-280 Streptavidin Thermo Fisher Scientific 11206D

Dynabeads™ Protein A/Protein G Thermo Fisher Scientific 10015D

FSL-biotin Sigma-Aldrich F9182

1,2-dioleoyl-sn-glycero-3-phospho(ethylene glycol) Avanti Polar Lipids CAS: 474923-51-8

1,2-dioleoyl-sn-glycero-3-phospho-L-serine Avanti Polar Lipids CAS: 90693-88-2

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine Avanti Polar Lipids CAS: 26853-31-6

1,2-dipalmitoyl-sn-glycero-3-phosphocholine Avanti Polar Lipids CAS: 63-89-8

1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000]

Avanti Polar Lipids CAS: 474922-77-5

1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) Avanti Polar Lipids CAS: 67254-28-8

Critical commercial assays

Mouse Insulin ELISA ALPCO 80-INSMS-E01

Laboratory Cholesterol Standard (200 mg/dL) Stanbio Laboratory 1012–030

Total Cholesterol Reagents (Infinity) Thermo Fisher Scientific TR13421

Triglycerides Reagent (Infinity) Thermo Fisher Scientific TR22421

Triglycerides Standard (2 mg/mL) Pointe Scientific T7531-STD

Pointe Scientific Triglycerides Liquid Reagents Fisher Scientific T7532500

Free Fatty Acid Quantitation Kit Millipore-Sigma MAK044

Phospholipid Assay Kit Millipore-Sigma MAK122

Mouse Cytokine Array/Chemokine Array 31-Plex (MD31) Eve Technologies MD31

RNeasy Mini Kit Qiagen 74004

Bicinchoninic acid (BCA) assay Thermo Fisher Scientific A55864

Direct-zol RNA Miniprep Kit Zymo Research R2054

RNAscope 2.5 HD Assay - BROWN RNAscope 322370

Mouse IFN-beta DuoSet ELISA R&D Systems DY8234-05

ImmPRESS® HRP Horse Anti-Rabbit IgG Polymer Detection Kit, 
Peroxidase

Vector Laboratories MP-7401

ImmPACT® DAB EqV Substrate Kit, Peroxidase (HRP) Vector Laboratories SK-4103

Seahorse XF Glycolysis Stress Test Kit Agilent Technologies 103020–100

NADP/NADPH-Glo™ Assay Promega Corporation G9081

GSH/GSSG-Glo™ Assay Promega Corporation V6612

Deposited data

SRA data for scRNA-seq tandem stenosis Sequence Read Archive 
(SRA)

PRJNA729752

CPC model (Figures 1 and 2) Sequence Read Archive 
(SRA)

PRJNA530042
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REAGENT or RESOURCE SOURCE IDENTIFIER

IC-MS datasets in RAW format ProteomeXchange PXD041137

Experimental models: Cell lines

IL-1β Reporter HEK 293 Cells InvivoGen hkb-il1bv2

RAW 264.7 ATCC TIB-71

THP1 ATCC TIB-202

iBMDMs Kerafast ENH166-FP

Experimental models: Organisms/strains

Mouse: B6.129P2-Apoem1Unc/J The Jackson Laboratory RRID:IMSR_JAX:002052

Mouse: B6.129S7-Ldlrtm1Her/J The Jackson Laboratory RRID:IMSR_JAX:002207

Oligonucleotides

List of probes used for liver gene expression See Table S4 –

List of probes used for aorta gene expression See Table S5 –

Software and algorithms

NextFlow Seqera https://www.nextflow.io/

MestReNova Mestrelab https://mestrelab.com/software/mnova-
software/

ChenomX Chenomx Inc https://www.chenomx.com/

Thermo TraceFinder Thermo Fisher Scientific https://www.thermofisher.com/us/en/
home/industrial/mass-spectrometry/
liquid-chromatography-mass-
spectrometry-lc-ms/lc-ms-software/lc-
ms-data-acquisition-software/tracefinder-
software.html

FlowJo FLOWJO LLC https://www.flowjo.com/

Other

Zeiss LSM800 Confocal Scanning Microscope Carl Zeiss LSM800

Superose 6 Increase 3.2/300 FPLC column Cytiva 29091598

25 mL Biocompatible PEEK Static Mixer ASI 401-0025B
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