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Aberrant mitochondrial DNA synthesis in
macrophages exacerbates inflammation and
atherosclerosis

Received: 22 September 2023 Niranjana Natarajan"®, Jonathan Florentin®, Ebin Johny', Hanxi Xiao ® %345,
Scott Patrick O’Neil', Liqun Lei', Jixing Shen', Lee Ohayon', Aaron R. Johnson®",
Krithika Rao', Xiaoyun Li', Yanwu Zhao', Yingze Zhang ®", Sina Tavakoli',
Published online: 26 August 2024 Sruti Shiva®®, Jishnu Das ® 234 & Partha Dutta ® %78

Accepted: 16 August 2024

M Check for updates

There is a large body of evidence that cellular metabolism governs inflam-
mation, and that inflammation contributes to the progression of athero-
sclerosis. However, whether mitochondrial DNA synthesis affects macrophage
function and atherosclerosis pathology is not fully understood. Here we show,
by transcriptomic analyzes of plaque macrophages, spatial single cell tran-
scriptomics of atherosclerotic plaques, and functional experiments, that
mitochondrial DNA (mtDNA) synthesis in atherosclerotic plaque macrophages
are triggered by vascular cell adhesion molecule 1 (VCAM-1) under inflamma-
tory conditions in both humans and mice. Mechanistically, VCAM-1 activates C/
EBPa, which binds to the promoters of key mitochondrial biogenesis genes -
Cmpk2 and Pgcla. Increased CMPK2 and PGC-1a expression triggers mtDNA
synthesis, which activates STING-mediated inflammation. Consistently,
atherosclerosis and inflammation are less severe in Apoe” mice lacking Vcam1
in macrophages. Downregulation of macrophage-specific VCAM-1in vivo leads
to decreased expression of LYZ1 and FCOR, involved in STING signalling.
Finally, VCAM-1 expression in human carotid plaque macrophages correlates
with necrotic core area, mitochondrial volume, and oxidative damage to DNA.
Collectively, our study highlights the importance of macrophage VCAM-1in
inflammation and atherogenesis pathology and proposes a self-acerbating
pathway involving increased mtDNA synthesis.

Cellular metabolism regulates various cellular functions, including memory formation®, cell migration’, and tissue repair® have been
energy production, growth, and proliferation. Furthermore, non- recently reported. Various pathways of cellular metabolism, such as
canonical roles of metabolism, such as cell phenotypic switch!, fatty acid synthesis’™ and oxidation?, and mitochondrial respiration®
differentiation’, cellular senescence’, neurogenesis*, efferocytosis’, control the functions of immune cells including CD8" T, Tyl17, and
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regulatory T cells. Similarly, cellular metabolism also shapes macro-
phage phenotype and function. For instance, ATP citrate lyase
and fatty acid synthase, decisive enzymes during de novo fatty acid
production, are crucial to macrophage-mediated inflammation by
promoting histone acetylation"” and atherosclerosis propagation'®,
Exposure to butyrate, a short-chain fatty acid, equip macrophages with
enhanced anti-microbial properties”. Moreover, uptake of triglycer-
ides by macrophages by the scavenger receptor CD36 in macrophages
supplies fatty acids to these cells, which leads to an alternative
activation”. Similarly, mitochondria, the powerhouse of the cell, reg-
ulate the functions of macrophages. The receptor for succinate, a TCA
cycle metabolite, exerts anti-inflammatory reprogramming of macro-
phages in a mouse model of obesity®. Inhibition of mitochondrial
fission decreases efferocytosis, a process of apoptotic cell clearance by
macrophages, and exacerbates atherosclerosis’. Additionally,
macrophage-specific mitochondrial complex deficiency resulted in
inflammatory macrophages with poor efferocytosis capacity, resulting
in defective cardiac healing after myocardial infarction”. A recent
study demonstrated that mitochondrial function is highly correlated
with the degree of severity in heart failure with preserved ejection
fraction”. These studies demonstrate that metabolism molds macro-
phage function. In contrast to the well-known role of cellular meta-
bolism in immunity, the contributions of mtDNA synthesis in shaping
inflammation under disease conditions have not been explored.
Mitochondrial homeostasis is maintained by two opposing pro-
cesses- mitochondrial biogenesis and mitophagy, by which cells
remove damaged mitochondria. Mitochondrial biogenesis, the pro-
cess by which cells increase mitochondrial numbers to fulfill their
energy needs™?*, is a multistep process. The first step of mitochondrial
biogenesis is mtDNA transcription®. There are several genes, which
orchestrate mtDNA synthesis, such as peroxisome proliferator-
activated receptor y coactivator 1 alpha (PGCIA), Cytidine/Uridine
monophosphate kinase 2 (CMPK2), and DNA polymerase y (POLG).
PGCIA is a transcriptional coactivator that induces transcription of
nuclear encoded mitochondrial genes?. PGC-1a interacts with nuclear
respiratory factors NRF1 and NRF2, which regulate the expression of
the electron transfer chain subunits encoded by the nuclear genome?”.
Finally, there is increased expression of TFAM, which is a mtDNA
binding protein and essential for mitochondrial genome
maintenance®. CMPK2, which is a rate-limiting enzyme for mtDNA
synthesis, is critical for the production of cytidine triphosphate”. The
catalytic subunit encoded by the POLG gene and auxiliary dimeric
subunit encoded by the POLG2 gene are crucial in mtDNA replication™.
In the second step, mtDNA-encoded genes are translated into proteins
with the help of several translation factors encoded by nuclear DNA.
These factors include mitochondrial initiation factors 2 and 3 (mtIF2
and mtIF3), mitochondrial elongation factors Tu, Ts, and G1 (mtEFTu,
mtEFTs, and mtEFG1), mitochondrial translational release factor 1-like
(mtRF1L), and mitochondrial recycling factors 1 and 2 (mtRRF1 and
mtRRF2). Aberrant mtDNA synthesis not only occurs in aging but also
in many diseases including neurodegeneration and cancer”. mtDNA
replication is an inital effect of the neurodegenerative process in
neurons®. As such, modulating mtDNA synthesis is a potential ther-
apeutic strategy in various neurodegenerative diseases including Alz-
heimer’s disease and Parkinson’s disease®. PGC-1a levels are increased
in cancer invasion and metstasis, and 2-methoxyestradiol has been
shown to reduce mtDNA synthesis in osteosarcoma cells*. Although
mtDNA synthesis has been reported to be crucial in many diseases,
whether this process affects plaque macrophage function and ather-
ogenesis has not been explored. The present study shows that myeloid
vascular cell adhesion molecule-1 (VCAM-1) augments the production
of CMPK2 and PGCIA, increasing mtDNA synthesis in atherosclerosis.
VCAM-1in endothelial cells has been shown to facilitate monocyte
migration into the intima. VCAM-1 expression is triggered by a variety
of stimuli including pro-inflammatory cytokines, reactive oxygen

species (ROS), oxidized low density lipoprotein (ox-LDL), and shear
stress® and is highly expressed by activated endothelial cells. VCAM-1
binds to very late antigen-4 (VLA-4), an integrin. This interaction is
required for firm adhesion of monocytes to the luminal surface of the
endothelium and their subsequent entry to the vasculature*. Con-
sistent with the literature®, the current study shows that macro-
phages, particularly foam cells in atherosclerotic plaques of humans
and mice, express VCAM-1 at high levels. Although the role of endo-
thelial VCAM-1 in monocyte extravasation during atherogenesis has
been widely studied, the function of macrophage VCAM-1 is less
understood.

The goal of this study is to A) understand the role of aberrant
mtDNA synthesis in macrophage-mediated inflammation and athero-
sclerosis, B) to examine myeloid VCAM-1-mediated regulation of
mitochondrial metabolism, and C) to discern the role of myeloid
VCAM-1 in atherogenesis. Here, we demonstrate increased VCAM-1
expression in human and mouse atherosclerotic plaque macrophages.
Mice lacking Vcaml in macrophages exhibit reduced atherosclerotic
plaque and necrotic core areas. Vcaml silencing in macrophages
diminishes oxidized LDL-mediated inflammation, oxidative phos-
phorylation, and mtDNA synthesis in vitro. Selective silencing of
mtDNA synthesis genes Cmpk2, Pgcla, and Polg in macrophages in vivo
causes a significant diminution in plaque burden and an increase in
plaque stability in Ldlr’~ mice on atherogenic diet. Furthermore, we
demonstrate that VCAM-1-mediated oxidized and fragmented DNA
signals through the stimulator of interferon genes (STING) pathway to
decrease the expression of FCOR and LYZ1, and augment inflammation.
Our findings demonstrate the role of macrophage VCAM-1 in
encouraging mtDNA synthesis to increase inflammation and aggravate
atherosclerosis. Mitochondrial dynamics in immune cells play a key
role in atherogenesis and cardiovascular disease. While increased
mitochondrial DNA damage has been documented in CVD, our study
establishes the pro-inflammatory effect of mtDNA in atherosclerotic
macrophages and downstream signaling through the cGAS - STING
pathway.

Results

Macrophage VCAM-1 expression is correlated with mitochon-
drial volume and DNA oxidative stress

VCAM-1 is an adhesion molecule, mainly expressed by endothelial
cells, facilitating extravasation of leukocytes, especially monocytes, to
the intima®*~*, VCAM-1 is reported to be expressed by other cell types
such as dendritic cells and macrophages*>*’. However, little is known
about the functions of VCAM-1 expressed by macrophages. Consitent
with published reports*¢, we observed that macrophages in human
early (>20% blockade) and advanced (>70% blockade) carotid ather-
osclerotic plaques highly expressed VCAM-1 compared to healthy part
(control) of the artery (Fig. 1A and B, H&E stained images of control,
early, and advanced plaques are shown in Fig. S1A). The analyzes of
published datasets confirmed increased VCAM-1 expression by ather-
osclerotic plaque macrophages (Fig. S1B). Single cell analysis of pub-
lished data showed that various mouse and human macrophage
subsets express high levels of Itga4 and Itgbl, which encode the VCAM-
1 ligand VLA-4** (Fig. S1C, D, Cardiovascular atlas, https:/pinto-lab.
shinyapps.io/clara/). There were elevated levels of oxidative stress in
atherosclerotic macrophages in advanced plaques as indicated by
heightened presence of 8-hydroxy-2’ -deoxyguanosine (8-OHdG), a
predominant form of oxidant-induced oxidative lesions in nuclear and
mtDNA (Fig. 1A, B). Additionally, atherosclerotic macrophages in both
early and advanced plaques had high expression of TOM20, a mito-
chondrial marker (Fig. 1A and B). Interestingly, we further noted that
VCAM-1 expression in atherosclerotic macrophages was positively
correlated with TOM20 and 8-OHdG staining (Fig. 1C). Moreover,
necrotic core area was also positively correlated with macrophage
VCAM-1, 8-OHdG, and TOM20 (Fig. 1D). We observed a parallel
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Fig. 1| VCAM-1 is highly expressed in human and mouse plaque macrophages
and correlates with increases in mitochondrial volume and oxidative DNA
damage. A Tissue sections of early, and advanced plaque and control (healthy)
human carotid arteries were stained with antibodies against 8OHdG (oxidative DNA
damage), CD68 (macrophage), TOM20 (mitochondrial volume), and VCAM-1. scale
bar= 50 um. Representative images shown from 2 cohorts of carotid samples: 1.
advanced plaque and control from endarterectomy at UPMC and 2. intermediate
plaques from NDRI. B VCAM-1, 8OHdG, and TOM20 mean fluorescent intensities
(MFI) in control and plaque macrophages in humans are measured, n=9 (Control),
4 (early plaque), 6 (advanced plaque). Two-tailed t-test (Tom20), One-way ANOVA
and post-hoc Fisher LSD test (80OHdG and VCAM-1). C, D Correlations among

TOM20, 8-OHdG, and VCAM-1 MFlin macrophages (CD68"), n =9 (Control), 4 (early
plaque), and 6 (advanced plaque) (C), and necrotic core area and 8-OHdG, TOM20,
and VCAM-1 MFI in macrophages, n=9 (Control), 4 (early plaque), 6 (advanced
plaque) (D) in human carotid plaques have been shown. The data were pooled from
two independent experiments. E MFI of CD68, VCAM-1, TOM20, and 80HdG in
aortic root macrophages of female Apoe”™ mice on regular and high fat diets for 2
and 5 months have been assessed by confocal microscopy. 8-OHdG: regular diet vs.
2 months HFD, 2 months HFD vs. 5 months HFD; TOM20 regular diet vs. 2 months
HFD, regular diet vs. 5 months HFD; VCAM-1: regular diet vs. 2 months HFD one-way
ANOVA and post-hoc Fisher LSD. VCAM-], regular diet vs. 2 months HFD, 2-tailed t-
test. (n=4/group). Bar graphs in 1B, E shown as mean + SEM.
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increase in VCAM-1, TOM20 and 8-OHdG in mouse atherosclerotic
macrophages in Apoe”” mice fed with an atherogenic diet for 2 (early
plaques) and 5 (advanced plaques) months (Figs. 1IE and SIE). We
observed that the atherogenic diet itself increased the levels of TOM20
and VCAM-1 but not 8-OHdG in aortic macrophages of C57BL/6 mice
(Fig. SIF, G).

To characterize VCAM-1+ plaque macrophages, we carried out
bulk RNA seq on sorted aortic VCAM-1" and VCAM-1" macrophages
(Fig. S2A-S2B). This experiment revealed enrichment of the genes
involved in the pathways, such as activation of macrophages, differ-
entiation of macrophages, and stimulation of antigen presenting cells,
in VCAM-1" atherosclerostic macrophages (Fig. S2C). Furthermore, our
analysis demonstrated that several upstream regulators, such as
ILIORA, MAFB, and MAPKAPK?2, which are crucial in atherogenesis* ™,
were upregulated in VCAM-1" macrophages (Fig. S2D). Finallly, mtROS
levels were significantly greater in VCAM-1" macrophages compared to
VCAM-1" macrophages (Fig. S2E).

Macrophage VCAM-1 expression triggers inflammation and
accelerates atherosclerosis

To explore the role of VCAM-1 expressed by macrophages in inflam-
mation in atherosclerosis, we generated mice lacking Vcaml in mac-
rophages on the Apoe” background (Apoe”” LyzM*" Vcaml™™) and
fed these mice with an atherogenic diet. Among the myeloid cells,
macrophages and monocytes in the wildtype mice had detectable
VCAM-1 expression while only macrophages of Apoe” LyzM‘™*
VeamI™ mice exhibited reduction in VCAM-1levels (Figs. S3A-S3B). We
further validated the efficiency of Vcaml deletion in aortic macro-
phages and bone marrow-derived macrophages (BMDM) in LyzMcr/*
VeamI™ mice (Fig. S3C-S3E). Apoe” LyzM*™* VcamI™ mice had less
atherosclerotic burden as shown by the decreased plaque and necrotic
core areas compared to Apoe”” LyzM*"* VcamI™ littermate control
mice (Fig. 2A, Figure S3F-S3H). However, the serum cholesterol levels
were unchanged when these mice were fed with a regular or athero-
genic diet (Fig. 2B). Additionally, Apoe” LyzM*"* VcamI™ mice had
suppressed systemic inflammation as shown by the lower levels of
serum IL-5, IL-17, GM-CSF, and TNF-a when fed with a hight fat diet
(Fig. 2C) and suppressed serum concentration of G-CSF on a regular
diet (Fig. S3I). Interestingly, mice with myeloid Vcam1I deficiency and
fed with a regular diet exhibited higher levels of eotaxin and RANTES
(Fig. S3I). To discern whether macrophages lacking Vcaml1 secrete less
inflammatory cytokines, we cultured BMDM from LyzM“*"* VcamI™®
and LyzM"* VcamI™ mice. Upon exposure to oxidized LDL, BMDM
lacking Vcaml secreted diminished amounts of pro-inflammatory
cytokines and chemokines such as IL-1, IL-1B, IL-12, IL-17A, TNF-a, and
MCP-1 (Fig. 2D). Interestingly, the levels of Th2 cytokines, such as IL-4
and IL-5, also decreased in the culture of VcamI-deficient macro-
phages. In line with this, eosinophil frequencies and numbers
decreased, and the amount of plaque malondialdehyde, an oxidation
specific epitope, was lower in myeloid Vcami-deficient mice
(Fig. S3J-L). However, Th2 frequencies and numbers increased in
myeloid Vcami-deficient mice (Fig. S3J, K). /6 and Ifnb mRNA expres-
sion was significantly lower in Vcami”- BMDM (Fig. 2E). In line with the
positive correlations of VCAM-1 with 8-OHdG and TOM20, we
observed significant reduction in the expression of the DNA damage
and mitochondrial markers in Vcam-17~ plaque macrophages
(Figs. S4A, B). However, 8-OHdG and TOM20 expression in macro-
phages was not significantly correlated with CCR2 levels (Fig. S4C, D)
suggesting that the correlations among VCAM-1, 8-OHdG, and TOM20
are not due to increased accumulation of macrophages. The absence
of Vcaml in these mice did not affect the numbers of leukocyte subsets
in the aorta, spleen, bone marrow, and blood (Figs. S4E-S4G and S5A).
Since endothelial VCAM-1 facilitates adhesion of macrophages in
atherosclerotic plaques®, we explored the possibility that macrophage
VCAM-1 promotes migration of these myeloid cells in atherosclerotic

plaques. We found that oxidized LDL increased the expression of the
retention factors, such as Ccr7, Nerl, Cd146 and Sema3 in VcamI™
macrophages (Fig. S5B). In contrast, the levels of these genes were
unaltered in VcamI” macrophages upon oxidized LDL treatment
compared to the native LDL-treated Vcaml™”~ macrophages. However,
Vcaml deficiency did not significantly change the migration of mac-
rophages towards an Mcp-1 gradient in vitro (Fig. S5C).

To better characterize the macrophage subsets and transcrip-
tional changes in Ldlr”™ LysM"* Vcam1"™ and Ldlr”~ LysM** Vcam1™®
mice, we performed spatial single cell transcriptomics in the aortic
roots of these mice. (Figs. 2F, G and S6). An overview of spatial
transcriptomics analyzes workflow is shown in Fig. S6A. A standard
preprocessing pipeline (Methods) was followed by cell type decon-
volution, using Robust Cell Type Deconvolution (RCTD), to identify
macrophage niches. A murine single-cell RNA-seq reference dataset
from aortic tissue served as the basis for cell type deconvolution**.
The representative spatial data show distribution of cells such as
macrophages, smooth muscle cells, and fibroblasts (Fig. 2F). We then
performed differential expression analyzes both overall and within
individual macrophage clusters corresponding to different spatial
niches. Aortic macrophages in Ldlr” LysM** Vcam1" mice expressed
higher levels of m¢-Nd5 and Tspo, critical in mitochondrial metabo-
lism, compared to the ones in Ldlr’™ LysM“** VcamI" mice (Fig. 2G).
The dimensionality reduction analyzes of the spatial transcriptomics
data unveiled four clusters of macrophages in the aortic roots
(Clusters 0, 2, 5, and 12) (Fig. S6B, C). The Clusters 0 and 2 expressed
most differential genes (Fig. S6C). We also identified the pathways
downregulated in Ldlr’~ LysM™* VcamI™ aortic macrophages
(Fig. S6D). To gain more systematic insights into corresponding
pathways, over-representation analyzes were conducted, both over-
all and within the different macrophage clusters. While canonical
marker genes for these clusters have similar expression levels, they
correspond to different spatial microniches based on their proximity
to other cell types. Across these clusters, we observed that the
pathways, such as immune system, neutrophil degranulation, adap-
tive immune system, and antigen processing and cross presentation,
were suppressed in aortic macrophages in the absence of Vcaml. Our
results suggest that the transcriptional and phenotypic alterations
that we see in the absence of Vcaml transcend macrophage subsets.

Macrophage VCAM-1 augments mitochondrial metabolism

Various studies have reported that atherosclerosis is linked with
mitochondrial dysfunction and increased mitochondrial ROS
generation® >, Mitochondrial ROS are produced by enhanced mito-
chondrial respiration®*°, Knowing that macrophage metabolism plays
a substantial role in the outcome of atherosclerosis’’ and VCAM-1
expression is correlated with TOM20 levels (Fig. 1), we investigated
whether VCAM-1 expression in atherosclerotic macrophages mod-
ulates their mitochondrial metabolism. Seahorse experiments
revealed that LyzM"* VcamI™ macrophages treated with oxidized LDL
had higher oxygen consumption rate (OCR) as demonstrated by
higher basal and maximal respiration and spare capacity, compared to
the native LDL-treated group (Fig. 3A and Table S1). In contrast, we did
not observe a similar increase in OCR of VcamlI-deficient (LyzM™*
VecamI™) macrophages after oxidized LDL treatment. Similarly, while
LyzM™"* VcamI™ macrophages treated with oxidized LDL had higher
mitochondrial volume and membrane potential, LyzM™* Vcam1"®
macrophages did not exhibit increases in these parameters upon oxi-
dized LDL exposure (Figs. 3B and S7A). Similarly, while there was no
difference in basal glycolysis, we found diminished maximal and
glucose-dependent (2-DG-sensitive) maximal glycolysis in Vcami-
deficient macrophages treated with oxLDL compared to VcamI'*
macrophages (Fig. S7B-E). Consistently, Vcaml”~ macrophages had
reduced amount of lactate (Fig. S7F). We next examined mitochondrial
complex activity and expression. Mitochondrial complexes Il and IV
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activities were diminished in macrophages lacking Vcaml (Fig. 3C). In
addition, the expression of complexes Il and Ill was reduced in these
macrophages (Fig. 3D and E). Finally, to understand whether Vcami
deficiency impairs the progression of the tricarboxylic acid (TCA)
cycle, we performed a targeted metabolomics experiment to measure
the TCA metabolites in LyzM""* VcamI™ and LyzM“"* Vcam1"" BMDM
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in presence of either native or oxidized LDL. Oxidized LDL exposure
decreased the amount of most TCA metabolites in the culture of
LyzM'"* VcamI™™ macrophages compared to LyzM™* VcamI™ mac-
rophages, indicating accelerated usage of the the TCA cycle meta-
bolites in the wildtype macrophages (Fig. S7G). Consistently, using
a C glucose labeling experiment, which informs about the
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Fig. 2 | Macrophage VCAM-1 promotes atherogenesis. A Representative images
of Masson'’s trichrome-stained aortic root sections from Apoe™™ LyzM"* Vcami1™"
and Apoe™” LyzM** VcamI™ mice are provided. Plaque area, plaque/root ratio, and
necrotic core area have been calculated (n =9 LyzM™"* Vcam1™, 7 LyzM*"* Vcam1™",
all female mice used). The data were pooled from two independent experiments.
Each data point represents one plaque in the aortic root, two-tailed t-test used.

B Serum cholesterol levels of Apoe™™ LyzM"* Vcam1™ and Apoe™™ LyzM™* Vcami1™"
female mice on atherogenic diet (top panel, n=12/group) and LyzM""* Vcam1™" and
LyzM™* Vcam1™ mice on regular diet (bottom panel, n=5/group) were quantified
by an enzymatic assay, two-tailed t-test used. C IL-5, IL-17A, GM-CSF, and TNF-a
concentrations by Luminex were measured (n=4,5 Vcaml”*, n=3 Vcaml™), one-
tailed t-test used. D Luminex assay was used to quantify the inflammatory

biomarkers in the cell culture supernatants of female LyzM"* VcamI"® and LyzM</*
Vcam1™" BMDM treated with oxidized LDL (n = 3/group, one-tailed t-test p values
comparing oxLDL treated LyzM"* VcamI" and LyzM*™* Vcam1™" BMDM shown).
E Expression of /l6 and Ifnf in BMDM obtained from Apoe™™ LyzM"* Vcam1"" and
Apoe™ LyzM*"* VcamI™ mice was assessed (n =5/group, one-way ANOVA with
post-hoc Fisher LSD test). F Representative spatial distribution of various cell types
in the aortic roots from single-cell spatial transcriptomics analysis of Ldlr’~ LysM**
Veam1™™ and Ldlr’~ LysM™* VcamI" mice. G The volcano plot of differential gene
expression in aortic macrophages of Ldlr”’~ LysM™* VcamI™ and Ldlr”~ LysM</*
Veam1™™ mice, data plotted as log,(fold change) vs. log;o(FDR corrected P-value).
n=3/group. Bar graphs in 2A-C, E shown as mean + SEM.

incorporation of carbon derived from the labeled glucose into new
metabolites, we observed elevated “C-labeled TCA metabolites in
LyzM*"* VcamI" macrophages (Fig. 3F and Table S2-S10). This finding
suggests an accelerated usage of the metabolites in the TCA cycle in
these macrophages. Taken together, these data suggest that mac-
rophage VCAM-1 increases mitochondrial metabolism.

VCAM-1 enhances mtDNA synthesis to unleash inflammation

We observed that macrophages in atheromas of patients and mice
have elevated VCAM-1and TOM20 mean fluorescence intensity (Fig. 1).
Additionally, because VCAM-1 deficiency limits oxidized LDL-mediated
expansion of mitochondrial volume (Fig. 3B), we hypothesized that
VCAM-1 amplifies mtDNA synthesis under pro-inflammatory condi-
tions. We measured D-loop/Tert ratios to quantify mtDNA. Oxidized
LDL treatment triggered mtDNA synthesis and increased cytoplasmic
mtDNA in VcamI'* BMDM while Vcaml deficiency abrogated this
response (Fig. 4A and Fig. S8A). Mitochondrial volume is also regulated
by mitophagy*®, a process by which aged and damaged mitochondria
are removed. Mitophagy was assessed by various strategies- transgenic
mice expressing mt-Keima, which is a pH-dependent fluorescent pro-
tein, and immunoblot to assess Parkin, which is essential for ubiquiti-
nation and clearance of mitochondrial proteins® (Fig. SSB-D). We
observed that VCAM-1 was dispensable for mitophagy. mtDNA synth-
esis relies upon the genes including Cmpk2, Pgcla, Polg, Diacylglycerol
kinase (Dgk), and Adenylate kinase 2 (Ak2)**°°, In line with raised
mtDNA synthesis in response to oxidized LDL, the expression of these
genes was heightened in VcamI”* BMDM (Fig. 4B). However, the
absence of Vcaml dampened the expression of the genes. We also
observed complementary alterations in EdU incorporation and
8-OHdG in mitochondria (Figs. 4C, D, and S9A). Since we observed that
Vcaml deficiency decreased mtDNA synthesis and inflammation, we
ascertained the role of reduced mtDNA synthesis in dampening
inflammation in Vcaml”~ macrophages. Both mitochondrial and
nuclear DNA transfection augmented the expression of the genes
encoding pro-inflammatory cytokines in Vcami”~ BMDM (Fig. S9B)
while mtDNA depletion in BMDM significantly curtailed oxLDL-
mediated inflammation (Fig. S9C). To examine if mtDNA synthesis
triggers inflammation in macrophages, we silenced Polg and Cmpk2
expression in VcamI”* BMDM exposed to native or oxidized LDL. As
expected siControl-treated BMDM responded to oxidized LDL treat-
ment by increasing the expression of Ifnb, ll1b, Il6, and Tnfa while
siPolg abrogated the inflammatory response to oxLDL (Fig. 4E). Simi-
larly, siCmpk2 treatment abolished oxidized LDL-induced exaggerated
production of IL-6 and TNF-a at both mRNA (Fig. 4F) and protein
(Fig. S9D) levels. Conversely, CMPK2 overexpression increased ILIB,
IL6, and TNFA expression in THP-1 macrophages treated with either
siControl or siVCAMI (Fig. 4G, Fig. SOE). As expected, Cmpk2 silencing
decreased D-loop/Tert ratio in BMDM treated with oxidized LDL
(Figs. S9F). Mitochondrial ROS is one of the main causes of mtDNA
damage and may induce leakage of mtDNA into the cytosol®. In line
with this report, Vcami”~ BMDM had significantly suppressed levels of
mitochondrial ROS, and inhibition of mitochondrial ROS in Vcami*

BMDM led to suppressed inflammatory gene expression (Figs. S9G, H).
Damaged mtDNA can bind to cGAS. The binding of mtDNA to cGAS
activates the production of a second messenger, cGAMP, which in turn
activates the adaptor STING®*. We found that oxLDL treatment sig-
nificantly increased the expression of STING in macrophages
(Fig. S10A). The other mtDNA sensors were not significantly altered.
Consistently, we observed that the ratio of pSTING/STING was sig-
nificantly suppressed in absence of Vcami (Fig. S10B). Moreover,
Cmpk2 and Pgcla but not Polg silencing decreased p-Sting/Sting ratios
(Fig. SI0C-S10D). To further ascertain the role of STING in VCAM-1-
mediated inflammation, we used loss and gain of function strategies.
We found that the expression of the pro-inflammatory cytokines in
response to oxidized LDL was depressed in BMDM after Sting knock
down (Figs. 4F and S10E). STING overexpression in THP-1 macrophages
magnified oxidized LDL-induced inflammatory cytokine expression
(Fig. 4G). Validation of Polg, Cmpk2, Sting, and Vcaml silencing, and
Cmpk2 overexpression is shown in Figure SIOE. In sum, these data
suggest that macrophage VCAM-1 augments mtDNA synthesis in the
presence of an inflammatory stimulus and escalates inflammation via
the STING pathway.

mtDNA synthesis genes in macrophages augments
atherosclerosis

Since our data indicate that macrophage VCAM-1 exacerbates inflam-
mation via upregulation of mtDNA synthesis, we tested the role of
three major mtDNA synthesis genes in atheroscleoris, Polg, Ppargcla
(Pgcla), and Cmpk2. Using a macrophage-specific in vivo siRNA deliv-
ery approach as we reported previously®®, we observed that silencing
of these genes in LdIr-/- mice fed with an atherogenic diet led to
significant decreases in plaque size and necrotic core area relative to
the control group while the fibrous cap thickness increased (Fig. 4H, I).
However, we did not observe significant changes in the abundance of
leukocyte populations in the aortas or differences in mitochondrial
membrane potential or volume (Fig. SI11A-SIIE). Interestingly, we
observed modest elevation in splenic B cell numbers after Polg and
Pgcla silencing, and bone marrow T cells after Cmpk2, Polg, and Pgcla
knockdown compared to the control siRNA group (Fig. S1IB, C).
Macrophages in atherosclerotic plaques of mice treated with siRNA
against the mtDNA synthesis genes (incorporated in DOTAP nano-
particles that are preferentially engulfed by macrophages) significantly
reduced the expression of TOM20 and 8-OHdG in atherosclerotic
plaque macrophages (Fig. S12A, B). To understand if these genes alter
macrophage phenotype, we stained aortic roots sections with anti-
bodies against iNos and found that iNos expression was significantly
decreased in atherosclerotic plaque macrophages after the silencing of
the mitochondrial biogenesis genes. Furthermore, among the three
mitochondrial biogenesis genes we tested, Cmpk2 silencing in mac-
rophages in mice with atherosclerosis resulted in the highest numbers
of differentially expressed genes. These genes, such as Gdf15, Ndufas,
Ndufv2, Ndufb3, Atpé6uviel, Map3ke, Lrp8, Ifnlrl, Acly, Gpr82, Ccl6,8,9,
and Ncoa4, are critical in inflammation, atherosclerosis, and cellular
metabolism (Fig. S12C)'84*¢¢,
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VCAM-1 modulates the downstream genes to enhance
inflammation

To further delineate the molecular mechanisms by which VCAM-1
exacerbates atherosclerosis, we generated bone marrow chimeric
mice by transplanting LyzM"* VcamI™ and LyzM*™* VcamI™ bone
marrow cells in Ldlr” mice and fed them with an atherogenic diet for

four months. RNA sequencing was performed on sorted aortic mac-
rophages from these mice. We found that 25 genes were differentially
expressed in plaque macrophages lacking VcamlI (Figs. 5A and S13A).
Among these genes, the expression of Fcor, Nidl, Wisp2, Zfp300,
Zfp940, Cxcré6, Nidl, Apoc4, and ltgb7 were stable across the samples
and their differential expression between the groups was validated by
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Fig. 3 | Macrophage VCAM-1 upregulates mitochondrial metabolism.

A Seahorse experiments were performed to measure oxygen consumption rates
(OCR), basal respiration, maximal respiration, and spare capacity in BMDM from
LyzM""* Vcam1™™ and LyzM®™* Vcam1™ treated with either native (n) or oxidized (ox)
LDL (n=10/group). The data were pooled from two independent experiments.
One-way ANOVA with post-hoc Fisher LSD test was used. B Mitochondrial mem-
brane potential and mitochondrial volume were calculated by mitotracker green
and deep red staining, respectively, by flow cytometry (n =5/group). One-way

ANOVA with post-hoc Fisher LSD test was used. C-E Mitochondrial complex
activities by enzymatic assays (C) and mitochondrial complex levels by immuno-
blot (D and E, normalized to {3 actin) were evaluated (n =3/group, two-tailed t-test
used). F BC glucose flux analyzes of the Krebs cycle metabolites by mass spectro-
metry were determined in LyzM** Vcam1™® and LyzM**"* VcamI"" BMDM (n =3/
group). The values in oxLDL-treated BMDM were normalized to those after nLDL
treatment. All bar graphs shown as mean + SEM.

gPCR (S13A, right panel). We observed that the expression of Fcor,
Lyzl, Nidl, Wisp2, Zfp300, and Zfp940, referred to as the VCAM-1
downstream genes hereafter, was heightened in Vcami-deficient
macrophages, suggesting their roles in suppressing inflammation.
Indeed, silencing these genes in BMDM significantly increased overall
inflammation (Fig. 5B). Because we found that VCAM-I-induced
inflammation is dependent on the mtDNA synthesis genes (Fig. 4),
we hypothesized that the VCAM-1 downstream genes are also con-
trolled by the mtDNA synthesis genes. In line with this, we observed
that Cmpk2 (Fig. 5C) and Polg (Fig. 5D) silencing upregulated the
VCAM-1 downstream genes in BMDM in presence of oxidized LDL. We
also overexpressed CMPK2 and STING in THP-1 macrophages to
examine their effects on the VCAM-1 downstream genes in presence or
absence of siVCAMI (Fig. 5E). As expected, VCAMI silencing increased
the expression of the VCAM-1 downstream genes compared to the
control. However, CMPK2 and STING overexpression rescinded the
upregulation of the VCAM-1 downstream genes after VCAMI silencing
(Figs. 5E and S13B). These data suggest that the VCAM-1 downstream
genes are regulated by CMPK2 and STING. Finally, we observed that
mtDNA transfection in BMDM lessened the expression of the VCAM-1
downstream genes (Fig. 5F). Cumulatively, these data suggest that
VCAM-1 dampens the expression of downstream genes via mtDNA
synthesis and the STING pathway, and the VCAM-1 downstream
genes curb inflammation. To understand how VCAM-1 regulates
Cmpk2, we compared the transcriptomic profiles of VcamI*"* and
Vcaml1™~ plaque macrophages and observed that CEBP/a is a tran-
scription factor regulated by VCAM-1 (Fig. S13C). We observed that
the expression of this transcription factor was downregulated in
BMDM lacking Vcaml (Figs. S13D). Ligand cross-linking of endothe-
lial VCAM-1 activates calcium fluxes and Racl®. In line with this
report, we observed significantly reduced Racl expression in
response to oxLDL in VcamlI-deificient macrophages (Fig. S13E).
Additionally, we saw a significant reduction in Cebpa levels after Racl
silencing in BMDM (Fig. S13F). Our in silico analysis has revealed that
CEBP/a has a binding motif on the promoter regions of Cmpk2, Pgcla,
and Polg (Fig. S13C, bottom panel). The binding of CEBP/a to Cmpk2
and Pgcla but not Polg was reduced in absence of Vcaml (Fig. S13G).
Consistently, Cebpa silencing significantly dampened the expression
of Cmpk2 and Pgcla but not Polg in BMDM (Fig. S13H). Altogether,
these data suggest that macrophage VCAM-1 increases the expres-
sion of Cebpa, which binds to the promoter regions of Cmpk2 and
Pgcla, elevating their expression.

VCAM-1 exacerbates atherosclerosis by suppressing Fcor

and Lyz1

We observed that, among the VCAM-1 downstream genes, the
expression of Fcor, Lyz1, and Wisp2 was detectable in atherosclerotic
plaque macrophages and their expression was downregulated in aortic
macrophages present in atherosclerotic lesions (Fig. 6A). To under-
stand if these genes are critical for reduced atherogenesis in mice
lacking Vcaml (Fig. 2), we generated bone marrow chimeric Ldlr’
mice lacking VcamlI in macrophages (Fig. 6B). We silenced Fcor, LyzI,
and Wisp2 in macrophages in these mice using siRNA incorporated in
DOTAP nanoparticles (Fig. 6C). Fcor and Lyz1, but not Wisp2, silencing
resulted in larger atherosclerotic plaques without changing fibrous cap
thickness compared to control siRNA treated mice (Fig. 6D).

Additionally, only siFcor significantly increased necrotic core areas in
atheromas. Interestingly, Wisp2 knockdown in macrophages thickened
fibrous caps without changing plaque and necrotic core areas. How-
ever, silencing of these genes did not significantly alter the numbers
and frequencies of leukocytes in the aorta, blood, bone marrow, and
spleen (Fig. S14A) and HDL, LDL+vLDL, and total cholesterol levels
(Fig. S14B). Interestingly, Lyz1 silencing, which did not change ather-
osclerotic plaque burden, exhibited non-significant reduction in HDL,
LDL+vLDL, and cholesterol levels. Congruent with the ather-
oprotective roles of Fcor and LyzI but not Wisp2, myeloid STING defi-
ciency rose Fcor and LyzI, but not Wisp2, expression in atherosclerotic
plaque macrophages (Fig. SISA). RNA sequencing analyzes of aortic
macrophages obtained from siFcor and siLyzI-treated mice showed
upregulation of Ake2, Chkb, and FkbpS, and downregulation of Mmpi4,
Rrp9 and Argl in both groups compared to siControl (Figs. 6E, S15B,
and S15C). These genes have been implicated in atherogenesis,
inflammation, and macrophage function®®”>. Altogether, these data
indicate that atherogenesis due to macrophage VCAM-1 is mediated by
low Fcor and Lyz1 expression (Fig. 6F).

Discussion

Atherosclerosis is the dominant cause of cardiovascular disease
including myocardial infarction, stroke, and peripheral artery dis-
ease. Inflammatory macrophages are the most prevalent leukocytes
within plaques. This cell population rises by differentiation of cir-
culating inflammatory monocytes’™ and local proliferation of plaque
resident macrophages”. In humans, the number of monocytes in the
intima expands at a very young age and the development of plaque in
young adults is not uncommon’. During atherogenesis, macro-
phages in a developing plaque take up lipoproteins and differentiate
into foam cells. The plaque’s microenvironment, such as cholesterol,
hypoxia, and apoptotic cellular debris, orchestrates metabolic
rewiring of foam cells””’%. Yet, if atherosclerosis propagates mtDNA
synthesis in plaque macrophages and how this process affects
inflammation and atherogenesis are not known. We observed that
atherosclerotic plaque macrophages have VCAM-1-mediated high
mtDNA synthesis, which amplifies inflammation and accelerates
atherosclerosis progression.

VCAM-1 and its ligand VLA-4 have been shown to facilitate leu-
kocyte, especially monocyte, entry into the intima. Although endo-
thelial cells express VCAM-1 at high levels, hematopoietic cells,
including monocytes, tissue macrophages, and dendritic cells, express
this adhesion molecule in inflammatory conditions****. However, the
functions of leukocyte VCAM-1 are understudied’””. Many studies
revealed the deleterious role of endothelial VCAM-1 in
atherosclerosis®**%. However, the role of VCAM-1 expressed by ather-
osclerotic plaque macrophages and how the adhesion molecule reg-
ulates mitochondrial metabolism have not been investigated.

mtDNA synthesis can shape immunity****. Congruent with our
findings in plaque macrophages, aortic samples from atherosclerotic
patients had greater mtDNA oxidative damage than nonathero-
sclerotic aortic samples from age-matched transplant donors®. Inter-
estingly, multiple studies showed that mtDNA drives noncanonical
inflammation via the cyclic cGAS-STING signaling pathway in various
diseases leading to the production of interferon-stimulated genes and
inflammatory cytokines®***°. The binding of double-stranded DNA
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activates cGAS and leads to the production of cyclic GMP-AMP
(cGAMP), a second messenger molecule and potent agonist of
STING’* %, STING can activate and promote NLRP3 localization in
endoplasmic reticulum to enhance inflammation® . Thus, the cGAS-
STING pathway has emerged as a critical mechanism for coupling DNA
sensing and the induction of powerful innate immune defense
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programs'®. Excessive mtDNA synthesis is a prerequisite step in this
process.

There are several genes, which orchestrate mtDNA synthesis, such
as PGCIA, CMPK2, and POLG. Mutations in POLG have been identified in
patients with mitochondrial diseases such as Alpers syndrome and
ataxia-neuropathy syndromes'®. Interestingly, a recent study showed
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Fig. 4 | VCAM-1 mediates inflammation by enhancing mtDNA synthesis. (A-D)
mtDNA levels by qPCR after oxLDL treatment (A, normalized to nLDL, n = 4/group,
two-tailed t-test), mtDNA synthesis gene expression after nLDL (n) or oxLDL(ox)
treatment by qPCR (B), and representative 8-OHdG, EdU, and TOM20 images after
oxLDL treatment (C, scale bar: 20 um), and 8-OHdG and EdU levels in mitochondria
after oxLDL treatment by confocal microscopy (D, normalized to nLDL, n=4/
group) are shown in LyzM""* Vcami™ and LyzM** VcamI"" BMDM. (E) Polg was
silenced in LyzM"* Vcam1™" BMDM treated with either nLDL or oxLDL, and the pro-
inflammatory genes were measured by qPCR (n = 5/group, one-way ANOVA with
post-hoc Fisher LSD test). (F) Cmpk2 and Sting were silenced in LyzM"* Vcami1™
BMDM treated with either nLDL or oxLDL, and the pro-inflammatory genes were

measured by qPCR (n = 5/group, one-way ANOVA with post-hoc Fisher LSD test).
(G) CMPK2 and STING were overexpressed with a lentiviral vector in THP-1 mac-
rophages treated with either control (siControl n=5) or VCAMI siRNA (siVcaml
n=3-4 no over expression, n =4 Cmpk2 and Sting over expression), and the pro-
inflammatory genes were measured by qPCR, one-way ANOVA with post-hoc Fisher
LSD test used. (H-I) Polg, Cmpk2 and Pgcla were silenced selectively in macro-
phages of female Ldlr’~ mice on atherogenic diet by siRNA delivery in DOTAP
liposomes for 8 weeks. Representative images of Masson’s trichrome-stained aortic
root sections are shown (scale bar: 200 um). One-way ANOVA with post-hoc Fisher
LSD test, n=5/group). All bar graphs shown as mean + SEM.

that CMPK2 is necessary for the generation of oxidized mtDNA, which,
in turn, triggers NLRP3 inflammasome activation'"'*2, Metformin,
which is an anti-diabetic drug, was successfully used to reduce mtDNA
synthesis and COVID-19-induced acute respiratory distress
syndrome'®, Oxidized and fragmented mtDNA release from the
mitochondria into the cytoplasm is crucial to subsequent inflamma-
tory steps®. Besides activating STING, breaks in mtDNA trigger a RIG-I-
MAVS-dependent immune response, increase the expression of type
interferon stimulated genes, and enhance immune surveillance'™. In
the present study, we showed that the adhesion molecule VCAM-1
increases the expression of C/EBPa that binds to the promoter region
of Cmpk2, augmenting its expression. We also observed that oxidized
and fragmented mtDNA triggers the activation of cGAS-STING path-
way-dependent inflammation and aggravates atherosclerosis. How-
ever, itis not clear exactly how mtDNA gets oxidized in atherosclerotic
conditions. A tempting hypothesis is that mitochondrial ROS pro-
duced due to inflammatory and noxious microenvironment in
atheromas oxidizes mtDNA. Mitochondria are the major cellular
sources of ROS production under physiological conditions'>'%, and
mtDNA synthesis and metabolism further augment cellular ROS
production'®’'%, Various studies showed that increased mitochondrial
ROS generation and dysfunction are associated with inflammatory
conditions including cardiovascular diseases*>**. Mitochondrial ROS is
one of the main causes of mtDNA damage and may induce leakage of
mtDNA into the cytosol®. In line with these reports, we observed that
VcamI”~ BMDM had reduced mitochondrial ROS compared to VcamI*
* BMDM, and mitoTEMPO, a mitochondrial ROS scavenger, sig-
nificantly lowered the expression of inflammatory genes in Vcamil*"
BMDM in response to oxLDL. Furthermore, our study does not eluci-
date the mechanisms of mtDNA escape into the cytoplasm in athero-
sclerosis. A very recent study elegantly demonstrated that LPS-induced
exit of mtDNA from the mitochondria relies on mPTP and VDAC-
dependent channels'”. Whether macrophages present in atheromas
use the same mechanisms remains to be investigated.

In addition to fragmented and oxidized mtDNA, exaggerated
mitochondrial oxidative phosphorylation can kindle inflammation.
Whether VCAM-l-amplified mitochondrial metabolism stimulates
inflammation and atherogenesis, independent of mtDNA sensing by
STING, is beyond the scope of this study. The elegant study by Chen et
al. demonstrated that oxLDL treatment induces a CD36-dependent
metabolic switch from mitochondrial oxidative phosphorylation to
glycolysis™. Although we found enhanced glycolysis in BMDM after
oxLDL treatment, we also observed elevated mitochondrial oxidative
phosphorylation in response to this stimulus. A possible explanation of
this discrepancy is that the study by Chen et al. used peritoneal mac-
rophages whereas we used BMDM for the seahorse assay. Since mac-
rophage niche determines the epigenetic landscapes and functions of
this cell population, the difference seen in OCR in our study could be
attributed to the fact that we cultured bone marrow cells in vitro over
seven days to obtain macrophages. This is also supported by a study
showing that oxLDL treatment confers discrete inflammatory and
metabolic responses in BMDM and peritoneal macrophages™. Addi-
tionally, the generation of anti-inflammatory alternative macrophages

in response to oXxLDL treatment in BMDM due to PPARa and PPARy
activation has been reported™*",

We observed that the atheroprotective effects of VCAM-1 defi-
ciency were due to elevated expression of FCOR and LYZI, resulting in
dampened inflammation. FCOR is a repressor that regulates insulin
sensitivity and energy metabolism by acting to fine-tune FOXO1
activity™, and LYZI has antibacterial properties. Our data showed
that these genes are controlled by the genes regulating mtDNA
synthesis, such as POLG and CMPK2. However, we do not know how
exactly these genes alter the expression of FCOR and LYZI. Further-
more, although we observed macrophages lacking these genes are less
inflammatory, our study did not ascertain the mechanisms behind this.
Additionally, we observed that, in contrary to the anti-inflammatory
effects of Wisp2, the deficiency of this gene in macrophages thickened
the fibrous cap in atherosclerotic lesions, indicating its role in plaque
vulnerability. However, how exactly Wisp2 exerts anti-inflammatory
and pro-atherogenic effects is not clear. Future studies will be required
to investigate the mechanisms.

Despite aggressive cholesterol-lowering therapy, a group of
patients with atherosclerosis have high mortality due to residual
inflammation'”. Cellular metabolism, which is causally linked with
inflammation, has been targeted to reduce cardiovascular
pathogenesis'®"*'?, The present work delineates VCAM-1 expression
by plaque macrophages as an essential contributor of inflammation
and atherosclerosis development and proposes an urgent need in
targeting mtDNA synthesis in atherosclerosis.

Methods

Our research complies with all relevant ethical regulations and were
approved by the University of Pittsburgh Institutional Animal Care and
Use Committee.

Animals

All animal experiments were performed according to the NIH guide-
lines, and the protocols of the animal experiments were approved by
the University of Pittsburgh Institutional Animal Care and Use Com-
mittee. The mice were housed in 12 hour dark/light cycle at 70° F and
40% humidity. Adult C57BL/6 wild-type (#000664), LyzM-re
(#004781), Sting™ (#031670), Apoe” (#002052) and LdIr’~ (#002207)
mice were obtained from the Jackson laboratory. Cmpk2"" mice were
obtained from MRC Harwell Institute, UK. VcamI™ mice were gener-
ous gifts from Dr. Thalia Papayannopoulou, University of Washington.
Myleoid-specific deletion of Vcaml was generated by breeding
Vcam1¥ mice with LyzMe¥*® mice. ApoE™~ Veam1™ LyzM™"* mice were
generated by breeding Veam1™ LyzM*"* and ApoE”~ mice. All animals
were maintained in a standard 12-hour light/ dark cycle in the vivarium.
Ten to twelve-week-old mice were fed with an atherogenic diet com-
posed of 21% milk fat and 0.2% cholesterol (0.15% added, 0.05% from
milk fat) (Teklad) for 16 weeks and then sacrificed. Bone marrow was
collected for flow cytometry or BMDM culture. Spleen and blood were
collected for flow cytometry. Aortas were excised for flow cytometry
and immuno-imaging. Age-matched litter mate controls were used in
each experiment.
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Fig. 5 | VCAM-1-mediated mtDNA synthesis regulates the downstream genes.
A Female Ldlr’~ mice were lethally irradiated, transplanted with either LyzM"*
VeamI™ or LyzM*™* VcamI™" bone marrow cells, and fed with a high fat diet for four
months. RNA sequencing was performed with aortic macrophages isolated from
these mice. The volcano plot shows the key differentially expressed genes (n =3/
group) in aortic macrophages, data plotted as log,(fold change) vs. log;o(FDR
corrected P-value). B The expression of the inflammatory genes after silencing the
VCAM-1 downstream genes in BMDM treated with oxLDL was measured by qPCR in
LyzM"* VcamI"" BMDM cultured in presence of either native or oxidized LDL (n =5/

group, one-tailed Mann-Whitney test). C, D The VCAM-1 downstream genes were
measured after silencing Cmpk2 (C) and Polg (D). C, D: n=5/group, one-way
ANOVA with post-hoc Fisher LSD test. E CMPK2 and STING were overexpressed with
a lentiviral vector in THP-1 macrophages treated with either control or VCAMI
siRNA. The VCAM-1 downstream genes were measured by qPCR (n=5/group,
two-tailed Mann-Whitney test. F The VCAM-1 downstream genes were quantified
after mtDNA transfection in LyzM"* VcamI™ BMDM treated with oxidized

LDL (n=>5/group, Two-tailed Mann-Whitney test). All bar graphs shown as

mean + SEM.
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In vivo gene silencing with DOTAP

LdIlr’~ mice were irradiated and transplanted with bone marrow
from LyzM®®" Vcami™ mice followed by administration of
atherogenic diet for five months. The mice were randomized into
4 cohorts and siControl, silLyzl, siFcor, and siWisp2 were
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administered intravenously in DOTAP liposomes weekly for
the last 8 weeks of the experiment. 50:50 DOTAP:cholesterol
liposomes (Encapsula Nanosciences), were administered at
1:7.5 siRNA:total DOTAP by weight and a dosage of 1.5mg/
kg DOTAP.
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Fig. 6 | VCAM-1 inhibits Fcor and Lyz1 to promote atherosclerosis. A Expression
of Fcor, Lyz1, and Wisp2 in sorted aortic macrophages from Apoe”™ mice on regular
and atherogenic diet was quantified by qPCR (n = 4/group, two-tailed Student’s
t-test. B The experimental schematic has been shown. Female Ldlr’~ mice were
lethally irradiated, transplanted with LyzM** Vcam1™ bone marrow cells, and fed a
high fat diet for five months. The animals were randomized into 4 groups, and
siRNA (siControl, siFcor, siLyz1, and siWisp2) in DOTAP nanoparticles was admi-
nistered intravenously for 8 weeks. C In vivo gene silencing by siRNA-DOTAP

delivery has been validated. n=3/group, two-tailed Student’s t-test. D The repre-
sentative images and quantification of different parameters of aortic root sections
of siControl, siFcor, siLyz1, and siWisp2-treated mice have been shown, scale bar:
100 pum. n=5/group, one-way ANOVA with post-hoc Fisher LSD test. E The volcano
plots depict differentially expressed genes in aortic macrophages of siFcor and
siLyzI vs. siControl-treated mice (n = 5/group), data plotted as log,(fold change) vs.
log;o(FDR corrected P-value). F Schematic representation of VCAM-1 signaling in
macrophages is shown (Biorender). All bar graphs shown as mean + SEM.

Organ harvesting and flow cytometry
Mice were euthanized according to the University of Pittsburgh IACUC
guidelines followed by perfusion of PBS through the left ventricle.
Aortas were harvested, minced, and digested in 450U/ml collagenase |
(sigma C0130), 125U/ml collagenase XI (Sigma), 60U/ml DNase I
(Worthington), 60U/ml hyaluronidase (Sigma-Aldrich), and 20 pM
HEPES at 37 °C at 750 rpm for 20 minutes. The dissociated cell sus-
pension was passed through 70 uM cell strainers and resuspended in
FACS buffer (PBS + 0.5%BSA) after centrifugation. Blood was collected
by terminal cardiac puncture and incubated with RBC lysis buffer for
3 minutes at room temperature, followed by the addition of FACS
buffer and centrifugation to pellet leukocytes. A hemocytometer was
used to count the number of viable cells in the organs.

The following panel of antibodies were used to analyze the mye-
loid cell population in mice: anti-CD45.2 (Biolegend 109820, clone 104,
lot B364148), CD11b (BD Biosciences 557657, clone M1/70, lot 1271559),
CD115 (Biolegend 565249, clone T38-320, lot 7291701), Ly6G (Biole-
gend 563979, clone 1A8, lot 0269936), Ly-6C (eBioscience 45-5932-82,
clone HK1.4, lot 2162018), F4/80 (Biolegend 123114, clone BMS, lot
B370041) CD3 (BD Biosciences 367-0032-82, clone 17A2, lot 2526889),
and CD19 (BD Biosciences 563148, clone 1D3, lot 3130912). In addition,
VCAM-1 (Biolegend 105704, clone 429, lot B173769), Streptavidin-
BV510 (BD Biosciences 563261, lot 8010877), Siglec (eBioscience 17-
5833-82, clone SH2.1, lot E17250-102) and IL-4 (Biolegend 504124,
clone 11B11, lot B374781) antibodies were used for flow cytometry.
Neutrophils were identified as CD11b*, Ly6G*, and CD115". Monocytes
were considered as CD11b*, Ly-6G~, and CD115". Lymphocytes B and T
were identified as CD11b-, CD19*, CD3™ and CD1lb-, CD19, CD3*
respectively. Aortic macrophages were determined as CD45.2*, CD11b",
Ly6G-, and F4/80', and sorted into Picopure (Thermo Scientific)
extraction buffer for RNA sequencing and qPCR. Eosinophils were
identified as CD45" CD11b™ Siglec’. Th2 cells were identified as CD45"
CD3" CD4" IL4/5". A Fortessa flow cytometer (BD) or cytek Aurora flow
cytometer were used to acquire the data, which were analyzed with
FlowJo software (Tree Star).

Histology, immunofluorescence, and western blotting

Aortic roots were excised after PBS perfusion and embedded in OCT
compound (Sakura Finetek) on dry ice. Sections (10uM) were cut using
a cryostat at three levels for quantification of plaque burden'”, and
Masson Trichrome staining was performed to quantify plaque size as
follows. Aortic root sections were fixed overnight in Bouin’s fixative
(RT). Slides were washed in tap water to remove residual Bouin’s
fixative, then stained for 10 minutes with a 1:1 mixture of hematoxylin A
and B (Thermo Scientific). Next, the slides were incubated in scarlet
acid stain (Electron Microscopy Sciences) for 10 minutes, followed by
Sminutes in phosphomolybdic acid solution (Electron Microscopy
Sciences). Finally, the sections were stained with aniline blue solution
(Electron Microscopy Sciences) for 5 minutes and then transferred to
1% acetic acid for 5 minutes, dehydrated in ethanol and xylene, and
mounted in permount (Electron Microscopy Sciences), cured for
24 hours before imaging. Stained sections were imaged using Nikon
Al, a confocal microscope, at the University of Pittsburgh Center for
Biological Imaging. Total plaque area, necrotic core area, and fibrous
cap thickness were calculated using ImageJ (NIH). NSPARC imaging

was performed on a Nikon AX-R confocal with a Nikon Spatial Array
Confocal (NSPARC) detector equipped with a 40X objective.

Deidentified human carotid arteries were obtained in collabora-
tion with Dr. Leers (IRB approvals: STUDY19020234 and PRO18060512,
control arteries and advanced plaques from patients who underwent
endarterectomy) and NDRI (early plaques from diseased patients).
Informed consent is not applicable for the deidentified carotid artery
samples obtained, hence patient clinical information is not available.
Carotid artery samples were fixed, and embedded in OCT compound
for immunostaining and FFPE blocks for histological staining. OCT
blocks were sectioned (10 um), and sections were permeabilized with
0.1% Triton X-100 in PBS prior to staining with 8-OHdG (Novus), VCAM-
1 (Invitrogen), TOM20 (Abcam), and CD68 (Abcam) antibodies. Sec-
tions were imaged with a Nikon Al confocal microscope. Images were
quantified in a randomized, blinded manner using ImageJ (NIH) to
enumerate VCAM-1, TOM20, CD68, and 8-OHdG MFI, and necrotic
core areas. Correlation analyzes were performed using GraphPad.

Mouse aortic roots were embedded in OCT compound, sectioned,
and permeabilized with 0.1% Triton X-100 in PBS prior to staining with
malondialdehyde (Abcam ab27642), CCR2 (eBioscience), iNos (Invi-
trogen/eBioscience 14-5920-82) antibdodies. BMDM were cultured in
chamber slides for immunofluorescence images and stained with
dsDNA (Abcam ab27156), Tfam (ThermoFisher/Proteintech 22586-
1-AP).

Mitochondrial complexes and Parkin western blot: 200,000
BMDMs were plated per well in a 6-well plate and treated with nLDL or
oXxLDL for 96 hours. BMDM were then lysed in 1X RIPA buffer with
protease inhibitor cocktail (Roche). 6X Laemmli buffer was added and
the lysates were run on a 10% SDS-PAGE, transferred to a nitrocellulose
membrane, blocked with 5% BSA, and probed with antibodies (Parkin:
Novus Bio, mitochondrial complexes: Abcam, pSting: Cell Signaling,
Sting: Cell Signaling) prior to chemiluminescent imaging with ECL.
B-actin was used as loading control. Moreover, TOM20 was used to
control for mitochondrial mass. Bands were quantified using Image).
The uncropped images of the western blots have been included in a
supplemental file.

Liquid chromatography-high resolution mass spectrometry and
BC glucose flux

Sample preparation: Metabolic quenching and polar metabolite pool
extraction was performed using ice cold 80% methanol in water with
0.1% formic acid at a ratio of 500 pL per 1e6 cells. A mix of stable
isotope labeled internal standards including taurine-y4, lactate-g3,
alanine-g3, and C-creatinine (Sigma-Aldrich) was added to the cell
lysates for a final concentration of 10 uM. The supernatant was cleared
of protein by centrifugation at 16,000 x g. A total of 400 pL of cleared
supernatant was dried under nitrogen gas and resuspended in 40 pL
water for online LC-MS analysis.

LC-HRMS method: Samples (2ul) were injected via a Thermo
Vanquish UHPLC and separated over a reversed phase Thermo
HyperCarb porous graphite column (2.1x 100 mm, 3pm particle size)
maintained at 55°C. For the 20 min LC gradient, the mobile phase
consisted of the following: solvent A (water/0.1% FA) and solvent B
(ACN/0.1% FA). The gradient was the following: 0-1min 1% B with an
increase to 15%B over 5 min, continue increasing to 98% B over 5 min
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and holding at 98% B for 5 min, followed by equilibration at 1% B for
5min. The Thermo ID-X tribrid mass spectrometer was operated in
negative ion mode, scanning in ddMS* mode (2 pscans) from 70 to
800 my/z at 120,000 resolution with an AGC target of 2e5 for full scan,
2e4 for MS? scans using HCD fragmentation at stepped 15,35,50 colli-
sion energies. Source ionization was set to 2.4 kV spray voltage. Source
gas parameters were 35 sheath gas, 12 auxiliary gas at 320 °C, and
8 sweep gas. Calibration was performed prior to analysis using the
Pierce™ FlexMix lon Calibration Solutions (Thermo Fisher Scientific).
Peak areas were manually extracted using Thermo QuanBrowser
ver4.3, normalized to internal standards. Background natural C
abundance of isotopologues were subtracted out using the MIMOSA
technique', before graphing using GraphPad PRISM 9.0.

Luminex

Biomarkers were analyzed using a Bio-Rad mouse 23-plex and a Bio-
plex 200 (Bio-Rad). Serum samples were diluted 5-fold using diluent
provided by the company and analyzed in duplicates. Cell culture
supernatants were analyzed as neat and run in single. Standard curve
and experimental data were generated and analyzed using the Bio-Plex
Manager Software.

Bioenergetic Measurements

Isolated macrophages were seeded in the Seahorse XF24 microplate
and treated with 100pg/ml nLDL or oxLDL for 96 hours. Oxygen
Consumption Rate (OCR) and Extracellular Acidification Rate (ECAR)
were measured by XF analysis (XF24, Agilent Seahorse Technologies).
After measurement of basal OCR, 2.5 pmol/L oligomycin A, 1.0 pmol/L
FCCP (to measure maximal OCR), and 10 pmol/L rotenone and Anti-
mycin A were consecutively added. Reserve capacity was calculated by
subtracting basal OCR from maximal OCR. ATP-linked OCR was cal-
culated by subtracting proton leak from basal OCR. All rates were
normalized to the number of macrophages measured by crystal violet
staining.

Electron transport chain complex activity

Enzymatic activity of complexes I, II, 11, IV, and V and citrate synthase
were performed by spectrophotometric kinetic assays according to
manufacturer’s guidelines'>%,

RT-PCR
RNeasy RNA isolation kit (Qiagen) was used to extract RNA from bone
marrow-derived macrophages, and cDNA was synthesized using
Applied Biosystems High Capacity RNA to cDNA kit. Gene expression
was quantified by quantitative RT-PCR using SYBR green mastermix,
and primers (IDT). Gene expression Ct values were normalized to those
of B-actin. Heat maps were generated with MATLAB and Excel. The list
of the primers used in this study is included in Table S11. In-vitro BMDM
chemotaxis assay

Chemotaxis assay was performed using Ibidi p1-Slide chemotaxis
protocol. Briefly, BMDM from LyzM“** Vcami™ and LyzM""* Vcami™®
animals were seeded at a concentration of 3x10° cells/mL and
embedded into a gel. They were then injected into the p-Slide (Ibidi,
cat #80326). The cells were then incubated at 37° C until the gel was
formed. Finally, a chemottractant was added to the p-Slide and video
microscopy was conducted at the Center for Biologic Imaging at the
University of Pittsburgh.

BMDM culture, oxidized LDL, and siRNA treatment

Bone marrow cells were isolated from the femurs and tibias of LyzM"*
VeamI™ and LyzM“"* VcamI™ mice after euthanasia followed by
intracardiac perfusion using PBS. The cells were cultured in DMEM
(low glucose) containing 5.5 mM glucose and supplemented with 20%
1929 conditioned medium. The cells were seeded in 12 well plates.
After the cells were 80% confluent, the culture was treated with 100 pg/

ml concentrations of native or oxidized LDL (BioLegend) for 48 hours.
For gene silencing, cells were seeded in 6-well plates. We replaced the
cell culture media with DMEM containing no FBS and antibiotics when
the cells were 80% confluent. Then the cells were treated with 50 pl of
OPTI-MEM (Gibco) containing 3 pl of Lipofectamine 2000 (Invitrogen)
and 50 nM of either control, or siRNVA against the gene of interest (IDT).
After 12 hours, cell culture medium was removed, and the cells were
incubated with DMEM medium containing L929- conditioned medium
for 72 hours before analysis.

mtDNA and nuclear DNA transfection

Mitochondrial DNA was isolated from the liver using mitochondrial
DNA extraction kit (Abcam ab65321). Isolated mitochondrial DNA was
transfected in BMDM using lipofectamine as per manufacturer’s
protocol'®.

mitoTEMPO treatment
BMDM were treated with 100 M mitoTEMPO for 1hour prior to
oxLDL treatment (48 hours).

mDNA depletion

Mitochondrial DNA was depleted in BMDM using 1 pM ddC'”. ddC was
added to the culture medium for 5 days to deplete mitochondrial DNA.
The cells were stimulated with 100 pg/ml oxLDL following mitochon-
drial DNA depletion and inflammatory gene expression was elucidated
by gPCR.

RNA isolation and sequencing

RNA was isolated according to the manufacturer’s protocol. Library
prep and sequencing were performed by the Health Science Sequen-
cing core at UPMC Children’s Hospital, Pittsburgh. RNA quality was
assessed on an Agilent TapeStation 2200 using the High Sensitivity
RNA Tape (Agilent: 5567-5579). 5.5 ul of each sample was used for cDNA
generation using the Takara Smart-Seq HT kit (Takara: 634438) fol-
lowing manufacturer instructions, with 15 cycles of cDNA amplifica-
tion. Smart-Seq cDNA was assessed for quality on an Agilent
TapeStation 2200 using the D5000 High sensitivity ScreenTape (Agi-
lent: 5067-5592). All samples passed QC with full-length ¢cDNA and
proceeded to library preparation using Illumina Nextera XT kit (Illu-
mina: FC-131-1096) using 12 PCR cycles. Libraries were pooled and
sequenced on an lllumina NextSeq 500 using a High Output 150 v2.5
cycle flow cell (Illumina: 20024907), 2 x 75 bp, for an average of ~40
million reads per sample.

RNA-sequencing data analysis

CLC genomics workbench was used to analyze transcriptomic data
generated by RNA sequencing. The data generated from our RNAseq
experiments have been deposited to GEO (GSE207634 and
GSE266296) and will be publicly released after the official acceptance
of this manuscript. The FASTQ files provided by Health Science
Sequencing Core at UPMC Children’s Hospital were imported into CLC
Genomics Workbench 22. A sequencing QC report was generated to
assess data quality. A PHRED score of less than 40 is considered
optimal for downstream analysis. The adapter present at the 3’ end of
the sequences was trimmed. The trimmed reads were aligned to the
Mus musculus CLC reference genome version 86. The gene expression
was calculated as reads per kilobase of transcript per million mapped
reads (RPKM). Next, differential expression of genes in VcamI”~ and
VeamI* aortic macrophages was calculated. Differentially expressed
genes were identified with at least 2 log2 fold change and FDR-
corrected p value < 0.05.

Spatial transcriptomics (Curio Slideseq)
Aortic root sections (10 pum) of LyzM*"* VcamI™ and LyzM®*"* Vcam1™?
animals on HFD for 5 months were cut and melted onto Slide-seq
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arrays. Next, the arrays with captured sections were transferred to a
1.5 ml tube of hybridization buffer (6x sodium chloride sodium citrate
with 2 U pl™ Lucigen NxGen RNAse inhibitor) for 30 min. Libraries were
generated and sequenced according to the Slideseq-V2 protocol. The
data have been deposited to the GEO (GSE266296).

Pre-processing of Slide-seq reads: Reads were aligned to
GRCmM39.103 and processed using Slide-seq pipeline to generate gene
count matrix and match array barcode and sequenced reads. Seurat
was employed for the quality control, normalization, and clustering
analyzes.

Cell type deconcolution of Slide-seq data using Robust Cell Type
Deconvolution (RCTD)

Cell type deconvolution of Slide-seq data was performed using
RCTD™, Single-cell RNA-seq reference data from abdominal aortic
cells were utilized**. Quality control, normalization, and clustering
analyzes were conducted using the Seurat package. Cell types were
determined based on key markers identified in Zhao et al. To enhance
deconvolution quality, the reference dataset was limited to the pre-
dominant cell types: macrophages (4 sub-clusters), fibroblasts (2 sub-
clusters), and smooth muscle cells (2 sub-clusters). RCTD was exe-
cuted in doublet mode, given the Curio Slide-seq’s high resolution,
with a Unique Molecular Identifier (UMI) threshold of 50 for default-
aligned samples and 10 for short-read-aligned samples. Subsequent
analyzes included regions exclusively identified as macrophages with a
weight > 0.6 or as two cell types with a macrophage weight > 0.6.

Differentially expressed gene analyzes

For downstream differentially expressed gene (DEG) analysis, six Slide-
seq datasets, formatted as Seurat objects, were integrated using the
SCTransform pipeline of Seurat. The confidently labeled macrophage
regions were extracted from the integrated Seurat object, control
samples within the macrophage population, and its sub-clusters.

Over-representation analyzes of DEGs

Over-representation analysis (ORA) of DEGs was conducted using the
WebGestalt online toolkit'”. DEGs with an adjusted p-value > 0.05 or
an absolute log2 fold change <1 were excluded. The murine canonical
pathways database from MsigDB served as the functional database for
the analysis.

Statistical analysis

Data are displayed as mean+SEM. Statistical significance between
groups was performed using Graphpad PRISM with Mann-Whitney,
Student’s t-test or ANOVA according to the dataset. Results were
considered as statistically significant when p <0.05.

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

Data availability

The RNAseq (bulk and spatial) data generated in this study have been
deposited in GEO - bulk RNAseq GSE266296, spatialRNAseq GSE20764
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE207634).
The raw data are available from the corresponding author upon
request. Source data are provided with this paper.
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