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Early intermittent hyperlipidaemiaalters
tissue macrophages to fuel atherosclerosis
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Hyperlipidaemia is a major risk factor of atherosclerotic cardiovascular disease
(ASCVD). Risk of cardiovascular events depends on cumulative lifetime exposure

to low-density lipoprotein cholesterol (LDL-C) and, independently, on the time
course of exposure to LDL-C, with early exposure being associated with a higher risk".
Furthermore, LDL-C fluctuations are associated with ASCVD outcomes? *. However,
the precise mechanisms behind this increased ASCVD risk are not understood. Here
we find that early intermittent feeding of mice on a high-cholesterol Western-type
diet (WD) accelerates atherosclerosis compared with late continuous exposure to the
WD, despite similar cumulative circulating LDL-C levels. We find that early intermittent
hyperlipidaemia alters the number and homeostatic phenotype of resident-like
arterial macrophages. Macrophage genes with altered expression are enriched for
genes linked to human ASCVD in genome-wide association studies. We show that
LYVEI' resident macrophages are atheroprotective, and identify biological pathways
related to actin filament organization, of which alteration accelerates atherosclerosis.
Using the Young Finns Study, we show that exposure to cholesterol early in life is
significantly associated with the incidence and size of carotid atherosclerotic plaques
inmid-adulthood. In summary, our results identify early intermittent exposure to
cholesterol as a strong determinant of accelerated atherosclerosis, highlighting the
importance of optimal control of hyperlipidaemia early in life, and providing insights
into the underlying biological mechanisms. This knowledge will be essential to
designing effective therapeutic strategies to combat ASCVD.

Alarge body of evidence supports a causal role of cholesterol in the
development of atherosclerosis, in part through activation of the
NLRP3-IL-1B pathway®>°. Despite these advances, the precise mech-
anisms that are responsible for the development of inflammatory
plaquesinresponse to cholesterol overload are not well understood.

Besides the circulating concentration of LDL-C, exposure duration
and therefore theareaunder the LDL-C versus age curveis anindepend-
ent predictor of incident ASCVD events'. Notably, the time course of
areaof cholesterolaccumulationis astrongindependent determinant
of ASCVD events, with early age accumulation being associated witha
greater cardiovascular disease risk'. Furthermore, periodic variations
in circulating cholesterol levels are associated with incident ASCVD,
independently of mean LDL-C concentration®*, even under statin treat-
ment*. The questions therefore regard (1) how early and intermittent
variations in serum cholesterol increase ASCVD risk; and (2) how this

can be modelled to understand the underlying mechanisms. Here we
have begun to answer these important questions.

Early intermittent WD and atherosclerosis

Animal models of atherosclerosis rely on the induction of hyperlipidae-
mia”®, the extentand size of atherosclerotic plaques being proportional
to the achieved levels of circulating cholesterol’'°. Since Ignatowski
developed the first animal model of diet-induced atherosclerosis in
1908, these models have mostly relied oninducing sustained elevations
in circulating cholesterol levels for a defined period of time until the
experiment is terminated for analysis of plaque size and characteristics.
Assuch, these models address the effect of ‘late’ hyperlipidaemia (that
is, late during lifetime) on the development of atherosclerosis, but
ignore the potential effect of lifelong variable exposure to circulating
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cholesterol on disease development and progression, as is the case
in humans.

Toaddress these deficiencies, we designed an experimental protocol
of diet-induced atherosclerosis that accounts for these parameters.
In this model of early intermittent hyperlipidaemia, the area under
the cholesterol-time curve (the cumulative cholesterol exposure) is
unchanged when compared to the current models of late sustained
hyperlipidaemia, but is spread over the lifetime of the animal (Fig. 1a
and Extended Data Fig. 1a).

Inafirstseries of experiments, we subjected LDL-receptor-deficient
(Ldir”") male mice to 6 weeks of late continuous Western-type
cholesterol-rich diet (c(WD) versus 6 weeks of early intermittent WD
(iWD) (Fig.1a and Extended Data Fig. 1a). We measured the plasma
cholesterol levels repetitively during the experiment (Extended Data
Fig.1b-d) and calculated the averaged cumulated plasmacholesterol
levels over the duration of the experiment (Fig. 1b). The overall choles-
terol load (cholesterol x time) was similar between the two groups of
mice. The weight, heart rate, blood pressure and plasma corticoster-
one levels were also similar between the two groups (Extended Data
Fig.1le-h). On the basis of the paradigm that cumulative exposure to
cholesterolis the major determinant of atherosclerosis, we should have
detected atherosclerotic lesions of similar sizes in the two groups of
mice. However, we were surprised by the substantial increase of plaque
size in mice subjected to the iWD compared with the cWD (Fig. 1c,d).
Theresults were reproducible in female mice (Extended DataFig.2a,b),
although the fold increase (1.3 to 2.5) in lesion size was more variable
thanin male mice. Analysis of the lesion composition (Extended Data
Fig. 2c-g) revealed a pro-inflammatory phenotype with increased
accumulation of MOMA2* macrophages and CD3" T cells, and large
necrotic cores. Despite an increase in the aSMA" area, suggesting
higher smooth muscle cell plaque content in the iWD group, collagen
accumulation as measured by Sirius Red staining was not different
betweenthe two groups, suggesting altered plaque healing iniWD mice
(Extended Data Fig. 2f,g). We tested several periods of iWD and cWD
and always obtained an acceleration of atherosclerosis in iWD mice
(Extended Data Fig. 3a,b). Ldlr”” mice subjected to 12 weeks of iWD
still showed substantially larger atherosclerotic plaques compared
with mice that were subjected to 12 weeks of late cWD (Fig. 1e,f), with
very large necrotic cores associated with defective efferocytosis and
increased accumulation of apoptotic debris (Extended Data Fig. 3c—j).
The lesion size tended to be smaller (although not statistically differ-
ent) wheniWD was started at 22 weeks of age compared with at 6 weeks
of age (Extended Data Fig. 3k-1). Insummary, early exposure to WD is
substantially more pro-atherogenic than late exposure.

WD feeding affects the composition of the gut microbiota, whichin
turn may affect the development of atherosclerosis'. We assessed the
gut microbiota composition using 16S rRNA sequencing of the faeces
afterboth3and 6 weeks of iWwD and cWD (Extended Data Fig. 4a). The gut
microbiotacomposition was similar between theiWD and cWD groups
after 3 weeks of WD, but differed slightly between the two groups after
6 weeks (Extended Data Fig. 4a-c). We therefore designed an experi-
ment to deplete the gut microbiota with oral antibiotics during the
last 3 weeks of iWD (Extended Data Fig. 4d). Antibiotic treatment sig-
nificantly depleted the gut microbiota (Extended Data Fig. 4e-g). We
found thatatherosclerosis wasstillaccelerated iniWD versus cWD under
antibiotics (Fig. 1g), although to alesser degree than in the absence of
antibiotics, which may in part be due to lower levels of plasma choles-
terolintheiWD group compared with the c WD group under antibiotics
(Extended Data Fig. 4h). Together, our results suggest a limited effect
of gut microbiota oniWD-induced acceleration of atherosclerosis.

We also examined the role of adaptive immunity and found that
iWD-induced acceleration of atherosclerosis still occurred in
Ldlr”"Rag2” mice (deficient in T and B cells) (Fig. 1h), despite similar
circulating cholesterol levels (Extended Data Fig. 4i). Although the
roles of specific T and B cell subsets require additional studies, our
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Fig.1|Early intermittent hyperlipidaemiaaccelerates atherosclerosis
inmice. a, The experimental set-up. LDL receptor-deficient (Ldlr”") male
mice onanormaldiet were fed aWD for 6 weeks either continuously (cWD) or
intermittently (iWD). b, Calculation of the estimated area under the curve of
plasmacholesterol levels over the whole period of the experiments.n = 6 per
group.c, Representative photomicrographs of Oil Red O staining of the aortic
sinusinthe two groups of mice at the end of the experiment. Scale bars, 500 um.
d, Themeanatherosclerotic plaque size in the aortic sinus of the two groups of
mice.n=16 (c(WD)and n=15 (iWD).e,f.Ldlr’ male mice onanormal diet were
putunderacWD oriWD diet for 12 weeks. e, Representative photomicrographs
of Oil Red O staining of the aortic sinus in the two groups of mice et the end of
the experiment. Scale bars, 500 pm. f, The mean atherosclerotic plaque sizein
theaorticsinus of the two groups of mice.n=5(cWD) andn=6 (iWD).g, Ldlr”
male mice onanormal diet were putonacWD versusiWD diet for 6 weeks.
To deplete gut microbiota, the two groups of mice were treated with oral
antibiotics (Methods) starting from week 9 until the end of the experiment. The
mean atherosclerotic plaque sizein the aortic sinus of the two groups of mice at
theend of the experimentisshown.n=12(cWD) andn=14iWD.h, Ldlr" Rag2”"
male mice onanormal diet were putonacWD versusiWD diet for 6 weeks.
Themeanatherosclerotic plaque size in the aortic sinus of the two groups of
mice atthe end of the experimentis shown.n =8 (cWD) and n=7 (iWD). Data
aremean +s.e.m. Statistical analysis was performed using two-tailed unpaired
t-tests (dandf-h). Pvaluesareindicated onthe graphs.

results suggest a critical role of non-adaptive immune responses in
this process.

iWD reshapes arterial macrophages

We conducted a series of additional experiments and found that the
atherosclerotic lesion size was not significantly different between the
iWwD and cWD groups after 3 weeks of WD (Extended Data Fig. 5a,b).
We therefore selected this timepoint to perform RNA-sequencing
(RNA-seq) analysis of aortae fromboth groups of mice with the aim of
identifying causal processes involved in the subsequent acceleration
of atherosclerosis in iWD mice. We focussed on macrophages, given
the prominent role of these innate immune cells in atherosclerosis.
We conducted two separate experiments with nine mice per group and
analysed the datatogether with a total of six separate pools (three mice
each) pergroup. Intotal, 746 genes were differentially expressed (DEGs)
inaortic macrophages betweeniWD- and cWD-fed mice (Fig.2a,band
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Fig.2|Early intermittent hyperlipidaemiaalters resident-like arterial
macrophages. Ldlr’” male mice were put on 3 weeks of (WD versus 3 weeks of
iWD (Extended DataFig. 5a,b). The aortas (n = 6 separated pools of 3 mice each
pergroup) were collected and digested for flow cytometry cell sorting of aortic
macrophages and then analysed using bulk RNA-seq (Methods). a, Tenselected
GO pathways (biological process) corresponding to the 746 significant DEGs
betweentheiWD and cWD groups (the full listis shown in Supplementary

Table 2). Blue and orange colour represents overall gene direction. Grey shading
shows the adjusted Pvalue (P,4), calculated using one-sided Fisher exact tests
followed by adjustment using the Benjamini-Hochberg procedure.b, Volcano
plot for DEGs; yellow/cyan colour highlights upregulated genes iniWD/cWD
(P,4;<0.05; two-sided Wald test with Benjamini-Hochberg adjustment) and
|log,[fold change]| >1,and grey colour displays non-significant DEGs. Some
significant DEGs related to resident/TLF-like (red) or Mac**®-like (violet)
macrophages are highlighted (a full listis provided in Supplementary Table 1).

Supplementary Table 1). Gene Ontology (GO) term enrichment identi-
fied reduced (macro)autophagy as a potential major causal process
(Fig.2aand Supplementary Table 2), which fits with the known role of
autophagy in limiting plaque inflammation, necrosis and progression
inmice™. Notably, this defective autophagy pathway includes several
autophagy-related genes (for example, Atg12 and Wdfy4, which oper-
ate in the Wdfy3 pathway", and Vps33a; Fig. 2b and Supplementary
Table 1) recently identified as top-ranked regulators of macrophage
efferocytosis™. This is consistent with the increased accumulation of
apoptotic debris and the larger necrotic cores in plaques of iWD-fed
mice (Extended Data Fig. 3), and the known role of impaired macro-
phage efferocytosis in promoting the formation of large necrotic and
inflammatory atherosclerotic lesions®.

iWD alters resident-like macrophages

Notably, we found that most of the highly significant macrophage DEGs
(Fig. 2b and Supplementary Table 1) were enriched in resident-like

c-e,Apoe” mice at 6 weeks of age were putona cWD diet for 8,10 or 18 weeks to
develop early-stage, intermediate or advanced atherosclerosis. Atherosclerotic
lesions of theinnominate and brachiocephalic arteries were stained with

DAPI (nuclei), and antibodies against LYVE1, CD68 and smooth muscle alpha-
actin (SMA). ¢, Representative photomicrographs are shown. Scale bars,

100 um.d,e, Quantification (mean +s.e.m.) of adventitial (adv.) LYVE1'CD68*
macrophages (n =4 per group; two-tailed Mann-Whitney U-test) (d) and
correlationwith the atherosclerotic plaque size (n =13) (e). Ris the Spearman
correlation coefficient (two-tailed). f,g. Tissue sections of healthy (n=7
individuals) and atherosclerotic (athero.; n =9 individuals) (Methods)
arteries were stained with DAPI (nuclei) and antibodies against LYVEL and
CD68.f, Representative photomicrographs. Scale bars,30 pm. g, The
percentages of adventitial LYVE1'CD68" macrophages among adventitial
CD68" macrophages. Statistical analysis was performed using two-tailed
unpaired t-tests.

macrophages, for example, aortic-intima-resident-like (Mac*®) mac-
rophages, adventitial and intimal TLF-like (expressing TIMD4 and/or
LYVEl and/or FOLR2) macrophages, and were downregulated under a
iWD versus acWD (Fig.2b and Supplementary Table 3). Thisis typically
the case of Cadm1, whichis enriched in Mac**®-like macrophages', and
Phactrl, whichis enriched in resident-like TLF* aortic macrophages”.

To examine whether downregulation of the resident-macrophage-
associated genes was duetoaloss or a phenotypicalteration of resident
arterial macrophages, we fate-mapped resident arterial macrophages
using Cx3crI*R"%* Rosa26-@mao] dir- mice'. After treatment with
tamoxifen to induce tdTomato expression (in resident macrophages
and blood monocytes), the mice were rested for 2 weeks on a normal
diettoallow for clearance of labelled blood monocytes. The mice were
then placed on 3 weeks of cWD versus 3 weeks of iWD (Extended Data
Fig.5c). The total numbers of intimal macrophages (CD45'CD68") were
similar between the cWD and iWD groups (Extended Data Fig. 5d,e),
consistent with the comparable plaque size between the two groups
atthis timepoint (Extended DataFig. 5a,b), but the percentage and the
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number of tdTomato* intimal Mac*® macrophages was significantly

reducediniWD mice (Extended DataFig. 5f,g). Thus, thereisanacceler-
ated loss of Mac*® macrophages under aniwD, whichis compensated
by anincreased accumulation of unlabelled monocyte-derived mac-
rophages. These data also indicate that the accelerated depletion of
Mac*® macrophages may in partbe responsible for the reduced expres-
sion of Mac*®-associated genes in the arterial macrophage dataset.
By contrast, the number of adventitial tdTomato® macrophages was
similar between the two groups (Extended Data Fig. 5h), suggesting
apredominantly phenotypic alteration of these macrophages at this
early timepoint.

To gain further insights into the regulatory mechanisms that may
drive the change in macrophage gene expression in the aortas of iwD
versus cWD mice, we performed transcription factor (TF) enrichment
analysis and found significant enrichment of binding motif's for 27
TFsin aortic macrophage DEGs compared with non-DEGs (Extended
DataFig. 6a and Supplementary Table 4). Most of these TFs are mem-
bers of the ETS TF family and have recently been shown to affect gene
expression within expression quantitative trait lociin humans, and to
drive theregulatory effects of inherited human genetic variation'®. The
mostenriched ETS TF member was SPIB (Extended Data Fig. 6a), previ-
ously identified as a multitissue key driver of a network of genes with
causal relationship to coronary heart disease™. SPIB is not expressed
in myeloid cells but its highly related TF, SPIC, which shares the same
DNA-binding specificity, is expressed in macrophages and was one of
the mostenriched TFsinthe aortic macrophage DEGs (Extended Data
Fig. 6a). Notably, SPIC was recently identified in a single-cell-based
integrated analysis of mononuclear phagocytes of mouse and human
atherosclerosis as one of top-3-ranked TFs for mouse TLF*and Mac*®
macrophages, with notable activity in human LYVE1* macrophages?.
Pathway analysis of our data showed that aortic macrophage DEGs
enriched for SPIC binding motifs mostly associate with resident-like
macrophages and are involved in biological processes related to
autophagy, ribosome biogenesis, RNA processing and actin cytoskele-
tonreorganization (Extended DataFig. 6b and Supplementary Table 5),
recapitulating the GO term enrichment of the whole set of aortic mac-
rophage DEGs (Fig. 2a and Supplementary Table 2). We therefore gen-
erated Lyz2¢""Spic™** mice (and Lyz2°*" Spic™* controls) to assess
the role of myeloid-specific expression of SPIC on atherogenesis. We
found that reconstitution of Ldlr”- mice with Lyz2*""Spic™"* bone
marrow substantially accelerated atherosclerosisin response to c WD
compared with reconstitution with Lyz2°*Spic™"* control bone mar-
row (Extended Data Fig. 6¢,d), despite similar circulating cholesterol
levels (Extended Data Fig. 6e). However, iWD-induced acceleration of
atherosclerosis was limited in mice with myeloid-specific deletion of
Spic (Extended DataFig. 6f). Thus, macrophage expression of SPIC,a TF
that was previously identified as a potential regulator of resident-like
macrophages® and of which the binding motifs are enriched in the arte-
rialmacrophage DEGs that are downregulated iniWD mice (Extended
DataFig. 6aand Supplementary Table 4), protects against the develop-
ment of atherosclerosis. Taken together, our datasuggest that altera-
tion of resident-like arterial macrophagesisinvolvedin the acceleration
of atherosclerosis in response to early intermittent hyperlipidaemia.

Effect of LYVEI' macrophage deletion

To examine the specific role of resident arterial macrophages in ath-
erosclerosis, we focussed on Lyvel-expressing macrophages, which
reside in the adventitia of healthy arteries® and are part of intimal
resident-like TLF macrophages in atherosclerotic lesions?, although
intimal TLF macrophages often do not express LYVE] protein. Three
weeks of iWD did not affect the accumulation of resident adventitial
macrophages compared with the cWD (Extended Data Fig. 5h), but it
profoundly reduced the expression of a substantial number of their
prototypical genes (Fig.2b and Supplementary Table 3). We reasoned
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that such a profound alteration of gene expression may potentially
compromise macrophage survival in the longer term. We therefore
assessed the accumulation of LYVEI" macrophages at various stages of
atherosclerosisin mice (Fig. 2c). We detected a significant progressive
reductioninaortic LYVE1' macrophages over time, which was strongly
and inversely correlated with the extent of atherosclerotic plaques
(Fig. 2d,e). This is consistent with the results of our reanalysis of the
single-cell RNA-seq (scRNA-seq) data of published mouse atheroscle-
rosis studies’®**2*, which shows that prototypical genes associated
with arterial resident-like macrophages, including Lyvel and Nrp1, are
progressively downregulated with increasing durations on a high-fat
diet (Extended Data Fig. 7a,b). We also analysed human healthy and
atherosclerotic coronary arteries and found asignificant reductionin
the accumulation of resident-like LYVEL" macrophages in atheroscle-
rotic compared with healthy human arteries (Fig. 2f,g), supporting the
clinical relevance of our findings.

Todirectly address the role of LyveI-expressing macrophagesinthe
development of atherosclerosis, we generated Lyvel*”"TCsf1ro/ox
mice (and Csf1r"*°x controls) on an apolipoprotein-E-deficient
(Apoe™") background to selectively ablate LYVEL" macrophages®
and assessed the effect of their genetic deletion on atherosclerosis.
LYVE1* macrophages were substantially reduced in Apoe™ Lyvel®*/""
Csf1r"*°* mice compared with in Apoe™ Csf1F**#°* mice (Extended
Data Fig. 8a,b), and this was associated with a significant increase in
atherosclerotic plaque size (Fig. 3a,b), despite similar plasma cho-
lesterol levels (Extended Data Fig. 8c). Analysis of plaque composi-
tion revealed comparable smooth muscle cell and collagen content
(Extended Data Fig. 8d,e). However, we found increased accumula-
tion of intimal CD68" macrophages (Fig. 3¢), and increased necrotic
core area (Fig. 3d), which was consistent with impaired efferocytosis
within the plaques of Apoe™ Lyvel*"" Csf1r** mice (Extended Data
Fig. 8f.g). We also used another model of hyperlipidaemia. Csf1r%/x
and LyveI”"TCsf1F"*** mice were injected with AAVS-D377Y-mPCSK9
and subjected to 6 weeks of cWD or 6 weeks of iWD (Extended Data
Fig. 8h,i). We found that, in control Csf1rF""* mice, the iWD led to a
significant increase in plaque size and necrotic core area compared
with the cWD (Fig. 3e-h). However, these iWD-dependent effects were
blunted in mice with deletion of LYVE1" macrophages (Fig. 3i-1). Our
dataindicate that resident-like arterial macrophages are altered dur-
ing the progression of atherosclerosis, and their alteration further
exacerbates disease progression.

iwD alters human ASCVD pathways

To further understand the mechanisms that are responsible for
iWD-dependent acceleration of atherosclerosis, we assessed the
relevance of our findings to the mechanisms of human ASCVD. We
found that macrophage DEGs (Fig. 2b and Supplementary Table 1)
were enrichedin genesshown (or predicted) to be causally involvedin
human ASCVD in genome-wide association studies (GWAS) (Fig.4aand
Supplementary Table 6). Among the DEGs that could be assigned to a
specific macrophage subset, a large proportion belonged to MAC*®/
TREM2-like or resident-like TLF* macrophages (Fig. 4b and Supple-
mentary Table 7). This is the case for Phactrl1 (Fig. 2b), the deficiency
of whichin macrophages accelerates atherosclerotic plaque necrosis
in mice”, and the expression of which in human arteries is controlled
by a genetic variant that is causally linked to human ASCVD* % and
angiographically determined burden of coronary atherosclerosis®.
To identify new targets involved in iWD-dependent accelera-
tion of atherosclerosis of relevance to human ASCVD, we analysed
publicly available scRNA-seq data® and found that 22 out of the
GWAS-ASCVD-associated DEGs showed significant differential expres-
sion in macrophages of symptomatic compared with asymptomatic
carotid atherosclerotic plaques (Fig. 4c and Supplementary Table 8).
Here we focussed on Nrpl for several additional reasons. We were
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Fig.3|Deletion of LYVE1' resident macrophages accelerates atherosclerosis.

a-d, Apoe™ Lyvel” Csf1F"*** mice (n =7) and Apoe™ Csf1F">/* [ittermate
controls (n=7)were putonacWD diet for 20 weeks. a, Representative

photomicrographs of aortic sinus atherosclerotic plaques from the two groups

of miceare shown, stained with DAPland antibodies against LYVE1, CD68 and
SMA. b, The mean atherosclerotic plaque size in the aortic sinus of the two
groups of mice. ¢, Quantification of the CD68" areain aortic sinus lesions

of the two groups of mice.d, The percentage of necrotic area (Methods) in
the aorticsinus lesions of the two groups of mice. e-l, CsfIF"*** (e-h) and

interested in genes that operate in the same biological pathway as
Phactrl, and our dataindicate that thelatter is part of anactin filament
organization pathway that shows differential enrichment in arterial

Lyvel®* CsfIr**°x (i-1) female mice were injected with AAV8-D377Y-mPCSK9

toinduce hyperlipidaemia. The mice were then subjected to 6 weeks of
cWD or 6 weeks of iWD. Csf1F"*/"°%: n = 8 (cWD) and n = 9 (iWD) mice; Lyvel”

Csf1r"°*°*; n = 11 (WD) and n = 11 (iWD) mice (Methods and Extended Data

Fig.8h).f,g,j k, Quantification of the atherosclerotic lesion size (fandj) and
necrotic core area(gandk) inthe aorticroot. h,l, Plasmacholesterol levels
atthe end of the experiment. Data are mean + s.e.m. Statistical analysis was
performed using two-tailed Mann-Whitney U-tests (b—d,g,h and j-1). Pvalues
areindicated onthegraphs.Fora,e,i,scalebars,200 um.

we focussed on the results of arecent study in which the investigators
systematically characterized risk variants and genes for coronary artery

disease in over a million participants®. Combining several comple-
macrophages of (WD compared withiWD mice (Extended DataFig.6b  mentary approaches, 220 candidate causal genes were prioritized. We
and Supplementary Table 5). Notably, this pathway includes other DEGs  applied GO analysis to those 220 genes and found that the most repre-
thatareinvolvedinactin polymerization (suchas Actr2and Cyfip2) and  sented biological pathways were pathways related to lipid metabolism,
were recently shown, like PHACTRI, to regulate macrophage effero-  cell migrationand vasculature development (Supplementary Table 11
cytosis™ and to be linked to ASCVD in GWAS?®. Notably, NrpIisoneof —andExtended DataFig.9). Genes related to actin filament organization,
theactin filament organization DEGs*>* (Supplementary Table 5),and  including NRPI, were over-represented in the pathways related to cell
previous work suggested that Phactrl may be induced downstream  migration, further highlighting the relevance of our findings obtained
of NRP1 signalling®. Furthermore, our meta-analysis of the available  in mice to the pathophysiology of ASCVD in humans. NRPI was also
scRNA-seq data on arterial macrophages shows that NRPI is prefer-  represented in pathways related to extrinsic apoptotic signalling and
entially expressed in resident-like TLF* macrophages both in mice  apoptotic cell clearance (Supplementary Table 11).
(Fig. 4d) and in humans (Fig. 4e), with NRP1"¢" macrophages being Together, our data point to actin filament organization and NRP1
enrichedinbiological pathways related to cellular migrationandactin  expressionin macrophages as potentiallyimportant targets, the altera-
cytoskeleton reorganization (Fig.4f and Supplementary Tables9and  tion of which may be causally linked to iWD-dependent acceleration of
10). Other biological pathways of importance to atherosclerosis, for  atherosclerosis. However, the role of myeloid NRP1in atherosclerosis
example, receptor-mediated endocytosis, regulation of leukocyte isunclear.
chemotaxis, apoptotic processes and complement activation, were
also enriched in NRPI"¢" macrophages (Fig. 4f and Supplementary
Tables 9 and 10).

To further assess the clinical relevance of the actin filament organi-
zation pathway to the causal pathways leading to ASCVD in humans,

Effect of Nrp1deletionin macrophages

A subset of lymphatic and blood endothelial cells express both LYVE1
and NRP1, precluding the use of Lyvel®**~ mice to address the role of
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Fig.4|Alteration of ASCVD pathwaysinresidentarterial macrophages
accelerates atherosclerosis. a, The percentage of genes withlink to
coronary artery disease (CAD) in GWAS for significant (P,4; < 0.05and |log,[fold
change]| 1) DEGs (209 out of 746) and non-significant (P,;;> 0.1and |log,[fold
change]| <1) DEGs (831 out of 3,461); P, values were calculated using two-sided
two-proportions z-tests. In total, 64 out of 209 DEGs linked to CAD-GWAS could
beassignedtothreetypesofarterial macrophages (the genelistis providedin
Supplementary Table 7). b, The distribution of 64 CAD-GWAS-related DEGs
among macrophage subtypes. ¢, Volcano plot for CAD-GWAS-associated
macrophage DEGs that are differentially expressed in symptomatic (sym.)
versus asymptomatic (asym.) human carotid atherosclerotic plaques, obtained
after reanalysis of available scRNA-seq data®. Yellow/cyan colour highlights
upregulated genes in symptomatic/asymptomatic plaques. Significant
DEGsrelated to resident/TLF-like (red), Mac*™®/ TREM2-like (violet) and IFN/
inflammatory-like (IFN/inflam.; grey) macrophages are highlighted. Pvalues
were calculated using two-sided Wald tests followed by adjustment using

NRP1inresident-like macrophages. Lyz2°*"~ mice have previously been
used successfully to delete Nrplinmyeloid cells and tissue resident-like
macrophages>. We therefore generated Lyz2"*""Nrp"** mice (and
Lyz2"*"NrpI** controls) and performed a bone marrow transplant
experiment into Ldlr”’” mice to assess the role of myeloid-specific
expression of NRP1 on atherogenesis (Extended Data Fig. 10a). We
successfully reconstituted Ldlr’" mice with NRP1-deficient and
NRP1-sufficient macrophages (Extended Data Fig. 10b). iWD accel-
erated the development of atherosclerosis compared with cWD in
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LdIr”’" mice with Lyz2°**NrpI"* bone marrow (Fig. 4g). Reconstitu-
tion of Ldlr”" mice with Lyz2°*""NrpP"***bone marrow increased the
development of atherosclerosis under the cWD compared withrecon-
stitution with Lyz2*”"NrpI*"* bone marrow (Fig. 4g), independently of
changes in circulating cholesterol levels (Extended Data Fig. 10c). By
contrast, deletion of NrpIin myeloid cells had no effect on the develop-
ment of atherosclerosis under iWD (Fig. 4g). Our findings suggest that
the protective effect of NRP1-expressing macrophages in cWD is not
maintained under iWD, consistent with the substantial downregulation



Table 1| Association of non-HDL-C with plaque presence and plaque area

Carotid plaque log-transformed carotid plaque area (mm?)
Model1(n=2,062) Model 2 (n=1,761) Model1(n=817) Model 2 (n=689)
RR 95%Crl Relative 95% RR 95%Crl Relative 95% B 95% Crl Relative 95% B 95%Crl  Relative 95%
weight Crl weight Crl weight Crl weight  Crl
(%) (%) (%) (%)
Lifetime 1.22 114-1.30 1.23 114-1.33 0.27 0.22,0.33 0.27 0.21,0.33
effect
Life-period, age
Childhood,  1.04 1.001-114 21.4 0.7-641 1.06 1.002-117 27.0 1.0-73.8 0.06 0.002-0.16 20.6 0.8-57.6 0.06 0.002-017 21.7 0.8-60.3
6to12years
Adolescence, 1.07 1.004-119 35.5 1.9-82.4 1.07 1.003-119 34.2 17-81.4 016 0.04-0.25 574 171-90.4 014 0.03-0.25 51.9 10.7-88.0
15to18years
Young 1.09 1.01-1.20 431 3.4-871 1.09 1.005-120 38.8 2.4-84.3 0.06 0.003-0.15 21.9 1.2-551 0.07 0.004-017 26.5 1.6-62.2
adulthood,
21to 24years
Life-course  Accumulation Accumulation Accumulation Accumulation
model®

Association of non-HDL-C in three life-periods (childhood, adolescence, young adulthood) with plaque (dichotomous, no/yes) and plague area (continuous measure) among those with plaque in
mid-adulthood (in 2018) aged 41to 56 years. f3, relative risk (RR) and relative weights are shown for a 1s.d. increase in non-HDL-C. Model 1 was adjusted for sex and year of birth in all participants.
Model 2 adjusted for sex, year of birth, area under the curve between ages 6 and 24 years for body mass index, HDL-C and systolic blood pressure, area under the curve between ages 9 and 24years
for blood glucose and physical activity index, education (years studied), ever smoked daily before age 24 years, family history of cardiovascular disease in all participants. Crl, credible interval.

Indicated by Euclidian distance.

of Nrp1 expression in aortic macrophages under iWD (Fig. 2b and
Supplementary Table 1). Bulk RNA-seq analysis of NRP1-deficient and
NRPI1-sufficient peritoneal macrophages from reconstituted Ldlr””
mice showed that NrpI deletion altered macrophage phenotype and
affected biological pathways related to actin-filament-based processes,
cytoskeleton organization, cell adhesion and apoptosis (Fig. 4h and
Supplementary Tables12 and 13). Consistently, we show that Nrp1 dele-
tion in macrophages reduces efferocytosis (Extended Data Fig. 10d).
Taken together, our dataimplicate NRP1as part of abiological pathway
that affects the arterial macrophage cytoskeleton and becomes altered
inresponseto early intermittent hyperlipidaemia, leading to accelera-
tion of atherosclerosis.

Lifetime cholesterol and carotid plaque

Our resultsled us to hypothesize that exposure to cholesterol early in
life (childhood, adolescence and young adulthood) may be a strong
determinant of atherosclerosis at mid-adulthood, independently of
cumulative lifetime exposure. We therefore analysed data from the
Cardiovascular Risk in Young Finns Study (YFS)*, which is a prospec-
tive cohort study that began in 1980 when the participants were aged
3-18years. Follow-up clinics were conducted regularly thereafter. We
performed analyses on two subsets of participants in the YFS when
carotid ultrasound studies were performed: 2,653 participants who
attended either the 2001 or 2007 follow-ups when aged 24-45 years,
and 2,062 participants who attended in 2018 when aged 41-56 years.
The participant characteristics are shownin Supplementary Tables 14
and15. Carotid plaques (n = 88 at the 2001/2007 visits, and n = 817 at the
2018 visit) were defined as protruding focal >50% arterial wall thicken-
ings®¢. The associations of non-high-density lipoprotein cholesterol
(non-HDL-C) from three early life periods (childhood, adolescence,
young adulthood) with the relative risk of carotid plaque (dichotomous
outcome, no/yes) and carotid plaque area (continuous outcome) in
mid-adulthood are shown in Supplementary Tables 16 and 17 for the
2001/2007 follow-ups and in Table 1 and Supplementary Table 18 for
the 2018 follow-up. Data stratification by sex for carotid plaque out-
comesis shownin Supplementary Tables16 and 17 for the 2001/2007
follow-ups andin Supplementary Tables19-22 for the 2018 follow-up.
Thelifetime effectindicated that higher non-HDL-C accumulated across

the observed life stages was associated with higher risk of plaque pres-
ence (Table 1and Supplementary Table 16), and higher plaque area
(Table 1and Supplementary Table 17). These findings were consist-
ent in minimally and fully adjusted analyses, including sex, year of
birth and potential confounding variables. The results also remained
consistent after imputation for missing values in the adjusted model
(Supplementary Table 18). Data stratification by sex suggested that
the associations were slightly stronger for male than for female par-
ticipants (Supplementary Tables 16,17 and 19-22). For each model,
the Euclidian distance generally indicated that the accumulation life
course model best represented the association with mid-adulthood
plaque presence and plaque area (Supplementary Tables 16,17 and
19-22, Supplementary Methods and Supplementary Data). This was
despite some variationintherelative contributions of non-HDL-Clevels
at each life stage, as shown in Table 1, Supplementary Tables 16-22
and accompanying ternary plots (Supplementary Methods and Sup-
plementary Data), noting that the credible intervals for each life stage
were wide and overlapped. Although there was some suggestion that
exposure tonon-HDL-Catadolescence and young adulthood was con-
tributing most to the observed lifetime effects, exposure tonon-HDL-C
levels before adulthood (thatis, childhood and adolescence) consist-
ently contributed more than half of the lifetime effect to plaque out-
comes in mid-adulthood. This suggests that exposure to cholesterol
before adulthood contributes to the development of atherosclerosis
in mid-adulthood.

Discussion

Hyperlipidaemia is a major causal risk factor for atherosclerosis. We
show that early intermittent hyperlipidaemia is a major determinant
of atherosclerotic plaque size compared with late hyperlipidaemia,
even when adjusted for cumulative plasma cholesterol levels over
time. Atherosclerosis is known as an age-associated arterial disease.
Our results show that events (here, high circulatinglipid levels) occur-
ring early in life substantially affect the subsequent development and
progression of atherosclerosis. Our observation may explain, at least
in part, the association between early (and periodic) time course of
cholesterol elevation and subsequent cardiovascular events in adult-
hood' 3. Our results may also be relevant to the increased risk of
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cardiovasculareventsafterstatindiscontinuationandre-exposuretohigh
cholesterol levels¥.

Understanding why atherosclerosis is accelerated in response to
early and intermittent hyperlipidaemia may lead to the identifica-
tion of biological mechanisms that are involved in disease develop-
ment and progression. As a first step, we show that early intermittent
hyperlipidaemiaimpairs critical autophagy- and efferocytosis-related
pathwaysinarterial macrophages with causal links to atherosclerosis
inmice and GWAS ASCVD in humans. We also show that most of these
pathways are enriched inresident-like arterial macrophages, and that
early intermittent hyperlipidaemia accelerates atherosclerosis, at least
inpartthroughtheloss of the atheroprotective properties of TLF* mac-
rophages. We identify biological pathwaysin arterial macrophages, in
particular genes that are involved in actin cytoskeleton organization
suchas NRPI1, that contribute to atheroprotection, in part through the
promotion of efferocytosis. Other relevant genes that we identified in
these pathways include PHACTRI, which has causal links to ASCVD in
humans®?% and has previously been shown to limit atherosclerosis
through improved efferocytosis”.

Our results indicate that resident arterial macrophages become
altered very early during the development of atherosclerosis. Intermit-
tent hyperlipidaemia prevents the newly recruited monocyte-derived
macrophages fromacquiring atheroprotective tissue-residency char-
acteristics, leading to substantial disease acceleration. Additional work
will be required to assess the differential roles of monocyte-, yolk-sac-
or erythromyeloid-progenitor-derived resident macrophages in this
process. Nevertheless, our results are in agreement with the concept
that the balance of homeostatic versus disease-associated signals is
amajor determinant of the local diversity of macrophage cell states
and, therefore, tissue homeostasis™.

We found that intermittent hyperlipidaemia cansstill accelerate ath-
erosclerosis after extended durations of a high-fat diet, long after the
early alteration of resident macrophages. This suggests that altera-
tion of resident macrophages sets the stage for further acceleration of
atherosclerosis by additional mechanisms, whichbecome revealed by
the absence of resident macrophages. This hypothesis merits further
investigation.

Our study has limitations. Cx3crI““®"#* mice could not be used to
assess the role of resident macrophages in atherosclerosis because
Cx3crl heterozygosity affects the development of atherosclerosis®.
Mice were lethally irradiated before reconstitution with the bone
marrow of interest to address the role of macrophage SPIC and NRP1
expression. Resident arterial macrophages are ablated by lethal irra-
diation but most (approximately 80%) of them reconstitute from
the donor bone marrow*’. Besides macrophages, the use of Lyz2*"/"
also affects gene expression in neutrophils. However, compared to
macrophages, Nrpl and Spic show very low or no expression, respec-
tively, inblood neutrophils. Thus, the results using Lyz2*""NrpP"ox/1ox
and Lyz2"Spic™" mice can mostly be attributed to the roles of
NRP1 and SPIC in macrophages. Note also that efferocytosis was
not directly assessed in plaque-derived macrophages. Finally,
although the human data show that hyperlipidaemia early in life
determines future atherosclerotic plaque development, these data
are observational and are subject to bias and confounding, and addi-
tional studies will be required to address the effect of cholesterol
variability in childhood or adolescence on plaque development
and progression.

In summary, we provide evidence that exposure to high circulating
lipidlevelsinearly lifeis amajor determinant of atherosclerosis devel-
opment and progression in adulthood. This finding has the potential
to radically change our understanding of the mechanisms of acceler-
ated atherosclerosis. We unravel major homeostatic roles of resident
arterial macrophagesin limiting the development of atherosclerosis,
and show that early intermittent hyperlipidaemia alters these home-
ostatic mechanisms to accelerate atherosclerosis. Our results have
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implicationsregarding the optimal timing of initiation of lipid-lowering
therapies*, the earlier being the better*?, and the need for sustained
lifelong control of circulating lipid levels***,
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Methods

Mice

Allin vivo experiments using mice were approved by local Institutional
Review Boards: the Home Office, UK, under PPL PA4BDF775; the Ethical
Committee of INSERM (APAFIS, 29371) and the French Ministry of Agri-
culture (MESRI 674 29371); the Institutional Animal Care and Use Com-
mittee (IACUC) at National University of Singapore (protocol number
R21-1562); and under animal protocol 2111-39587A for experiments per-
formedin the United States. Allmice were on the C57BL/6 background.
Bothmales and females were used. Atherosclerosis experiments were
started at the age of 6 weeks unless otherwise stated. Lyz2¢"", Ldlr”
and Rag2” mice were initially from Charles River. Spic™* mice were
from T. Kaisho and W. Ise®. Lyz2*"" Nrp "% and Lyz2°"**"NrpI”* mice
were generated by the group of Christiana Ruhrberg, University College
London, UK. Cx3crI“®™?* Rosa26--™m] dlr”~ mice were generated
byJ. Williams. Apoe™ mice were purchased from Comparative Medi-
cine (National University of Singapore). Lyvel”** and CsfIr™™/* mice
were purchased fromJackson Laboratory. Apoe™ Lyvel“"Csf1p/"ox/1ox
mice were generated by crossbreeding LyveI“with Apoe™ Csf1r"*/*
mice. In some experiments, 8-10-week-old Lyvel®”""Csf1r"/* and
Csf1r"°x female mice were injected intraperitoneally with 0.5 x 102
viralgenome copies of AAV8-D377Y-mPCSK9 virus per mouse toinduce
hypercholesterolemia. AAV8-D377Y-mPCSK9 viruses were purchased
from and generated by Phoenix Laboratory of Gene Therapy and Cell
Therapy (National University of Singapore). Mice were randomly
assigned to their respective experimental groups. Sample size was
determinedto detect asignificant difference (a = 0.05and 80% power)
ofatleast30%inlesion size between groups. Analyses were performed
inablinded manner. Main atherosclerosis experiments were repeated
several times and showed consistent results (see the main text). All
animals were maintained in pathogen-free animal facilities and were
handledinaccordance with protocols approved by local institutional
animal care and use committees. Mice were housed underal2 h-12 h
dark-light cycle, atambient temperature of 22 °C and 45-65% humidity.
No wild animals and no field-collected samples were used in the study.

Bone marrow transplants

LdIr” mice were irradiated with two doses of 5.5 Gy (separated by
4 h) followed by reconstitution with 0.5-1 x 10’ sex-matched donor
bone marrow cells. Animals were randomly assigned to receive the
appropriate bone marrow. Mice were then maintained for a 4-week
recovery period before being continued on normal or WD (21% fat,
0.15% cholesterol).

Measurement of plasma cholesterol levels

Blood was obtained from through the saphenous vein (during the
experimental period) or the vena cava (at euthanasia) on EDTA. Plasma
was separated by centrifugation at 12,000 rpm and kept at —80 °C.
Lipids (and corticosterone) were measured by the Core Biochemical
Assay laboratory at the University of Cambridge and, in some experi-
ments, using acommercially available cholesterol colorimetric assay
kit (BioVision).

Histology, immunohistochemistry and morphometry of mouse
atherosclerotic lesions

Tissueswere collected into 4% PFA overnight before washing into PBS.
Aorticroot and innominate artery cryosections were stained with Oil
Red O (Sigma-Aldrich) for atherosclerotic lesion size, Picrosirius Red
(Sigma-Aldrich) for collagen content and haematoxylin and eosinand
DAPIfor acellular debris (necrosis). Forimmunofluorescence staining,
cryosections (keptat—80 °C) were dried for 1 h followed by rehydration
in PBS for 10 min before the staining. The samples were then permea-
bilizedin 0.1% Triton X-100, 0.1% citrate in PBS for 30 min. The samples
were then washed in PBS and incubated with the blocking solution

(staining solution (PBS, 1% BSA, 2 mM EDTA, 0.01 % NaN,) + 5% serum
of'secondary antibody species) for 30 min followed by incubation with
primary antibodies diluted in the blocking solution overnight at 4 °C.
The samples were washed with PBS and incubated with secondary
antibodies diluted in the staining solution for 3 h. The samples were
washed in PBS and nuclei was counterstained with DAPland mounted
with CC mount (Sigma-Aldrich). Quantification of lesion size and com-
position was performed using ImageJ (National Institutes of Health)
accordingtoaccepted guidelines*. The LYVE1 macrophage numberin
aortic sections was quantified using colocalization of pan-macrophage
marker CD68 or the tissue-resident M2 macrophage markers CD206
with LYVEL We have previously shown that the majority of adventitial
resident LYVEL" macrophages also co-express CD206%. The adventi-
tial area of the innominate artery section was demarcated as the area
between GFP autofluorescence of the external elastic laminae and
the border of the periadventitial fat. The extent of plaque spread was
determined by the measurement of external elastic laminae length
beneath the plaque. Necrotic area was determined by demarcating
DAPI-negative regions within plaques of the aortic sinus sections.
Data analysis was conducted in a blind manner where appropriate.
Primary antibodies used for immunofluorescence analysis included
anti-MOMAZ2 (rabbit monoclonal, Bio-Rad, MCA519G;1:200), anti-CD68
(rat monoclonal, Bio-Rad, MCA1957,1:300), anti-CD206 (rat monoclo-
nal, Bio-Rad, MCA2235,1:200), anti-CD3 (rabbit polyclonal, DAKO/
Agilent, A045229-2,1:200), anti-LYVEI (rabbit monoclonal, Abcam,
ab218535,1:600), anti-CD31 (Armenian-hamster monoclonal, Millipore,
MAB1398Z,1:200), anti-collagen Type I (rabbit polyclonal, Millipore,
ABT257,1:300) and Cy3-conjugated anti-smooth muscle actin (1A4,
Sigma-Aldrich, C6198;1:1,000). Rat IgG (eBioscience) and rabbit IgG
(Jackson ImmunoResearch) were used for isotype controls. AF488-
(1:300), AF555- (1:300), Cy3- (1:500) and AF647 (1:300)-conjugated
antibodies (Jackson ImmunoResearch) were used for fluorescence
detection. The apoptosis assay was performed using the Roche In Situ
Cell Death Detection Kit, TMR Red (Roche). The number of extracellular
(notinternalized) apoptotic cells was determined on three x40 magni-
fication fields of aortic sinus lesions as TUNEL DAPI* double-positive
cells within the necrotic core of atherosclerotic plaques.

To examine whether NRP1 expression in macrophages affects
efferocytosis, bone-marrow-derived macrophages from Lyz2¢"~
Nrplo<fex and Lyz2°*"NrpI*"* mice were incubated with fluorescent
dye PKH26-labelled apoptotic Jurkat cells (E6-1; ATCC) induced by
ultravioletirradiation. After 45 min of incubation, macrophages were
washed with PBS and then fixed with 4% paraformaldehyde, rinsed with
PBS and imaged. The Jurkat cell line used in this experiment tested
negative for mycoplasma at first provision. However, it has not been
retested later on and has not been authenticated.

Microbiota analysis using 16S amplicon sequencing

DNA was isolated from faecal material of the experimental mice using
the DNeasy PowerSoil ProKit (Qiagen) according to the manufacturer’s
protocol. Extracted DNA was eluted from the spin-filter silica mem-
brane with 100 pl of elution buffer and stored at —80 °C. 16S profiling
and MiSeq sequencing was performed as described earlier*”*® with
the following modifications: the V3-V4 region of the 16S gene was
amplified using the dual barcoded primers 341F (GTGCCAGCMGCC
GCGGTAA) and 806R (GGACTACHVGGGTWTCTAAT). Each primer
contained additional sequences for a12 base Golay barcode, lllumina
adaptor and alinker sequence®.

PCR was performed using the Phusion Hot Start Flex 2x Master Mix
(NEB) inthe GeneAmp PCR system 9700 (Applied Biosystems) and the
following program: 98 °C for 3 min; 25x 98 °Cfor 20 s, 55 °Cfor 30 sand
72°Cfor45s;then72°Cfor10 minand hold at4 °C. The performance
of the PCR reactions was checked using agarose gel electrophoresis.
Normalization was performed using the SequalPrep Normalization
Plate Kit (Thermo Fisher Scientific) according to the manufacturer’s



instructions. Equal volumes of SequalPrep-normalized amplicons were
pooled and sequenced on the lllumina MiSeq (2 x 300 nucleotides)
system. MiSeq sequencing datawere analysed using MacQIIME v.1.9.1
(http://www.wernerlab.org/software/macqiime). In brief, all sequenc-
ingreads were trimmed, retaining only nucleotides with a Phred quality
score of at least 20, then paired-end assembled and mapped onto the
different samples using the barcode information. Rarefaction was
performed at 4,062 reads per sample to normalize all samples to the
minimum shared read count and to account for differential sequenc-
ing depth. Sequences were assigned to operational taxonomic units
(OTUs) using uclust and the greengenes reference database (gg_13 8
release) with 97% identity. Representative OTUs were picked and tax-
onomy assigned using uclust and the greengenes database. Quality
filtering was performed by removing chimeric sequences using Chime-
raSlayer and by removing singletons and sequences that did not align
with PyNAST. The reference phylogenetic tree was constructed using
FastTree 2. Unequal read counts were normalized by rarefactionto 5,257
and 9,200 (ABx experiment) reads per sample. The relative abundance
was calculated by dividing the number of reads foran OTU by the total
number of sequences in the sample. S-Diversity was calculated using
Bray-Curtis dissimilarity and visualized by principal coordinate plots.

Gut microbiota was depleted using a combination of oral antibi-
otics (metronidazole 1g 17, amoxicillin 0.5 g 1™, vancomycin 0.5g 17,
neomycin1gl™) dissolvedinthe drinking water with sucralose (4 g 17).
The success of bacterial depletion was determined by 16S qPCR on
theisolated faecal DNAs as described previously*™. 16S copy numbers
were normalized per g of faecal material and to the untreated control.

Fate mapping of and quantification of resident arterial
macrophages

Cx3criret’* Rog'stdTomato] i/ reporter mice were orally gavaged with
200 pl (20 mg mlI™) tamoxifenin corn oiltoinduce tdTomato-expression
in CX3CRI-expressing Mac*® and adventitia-resident macrophages.
Mice were thenrested onanormal diet for 2 weeks to allow for monocyte
turnover in the blood before initiating a 7 week experimental feeding
period. The control mice were rested for four additional weeks on a
normal diet followed by three weeks ona WD (TD.88137; adjusted calo-
ries diet, 42% from fat, Envigo). Mice in the intermittent feeding group
underwent three cycles of iWD; this consisted of 1 week of WD followed
by 2 weeks on a chow diet, with euthanasia after the third week of WD
feeding. Aortae were collected, fixed in a4% paraformaldehyde with30%
sucrose solutionand thenstained for macrophages using CD45 (30-F11,
BioLegend, 0.5 ug ml™) and CD68 (FA-11, BioLegend, 1 pg ml™) antibod-
ies overnight. Adventitia and aortic intima were whole-mountimaged
using the Leica Sp8 laser-scanning confocal microscope using LAS X
software.Images were processed using Imaris software (Bitplane), and
quantification of cells was performed using the spot function. Adventitia
samples were collected at three different regions of interest (approxi-
mately 1 mm x 1 mm each), and quantification of resident adventitia cell
density was averaged for each mouse. Macrophagesin the aorticintima
were quantified by CD68 expression, and Mac*® cells were identified
for co-expression of tdTomato. Sample imaging and quantification
were performed with sample identification blinded to the researcher.

Total RNA extraction, cDNA synthesis and qPCR

Total RNA was extracted from cells using the RNeasy mini kit (Qiagen)
and cDNA was synthesized using the QuantiTect Reverse Transcription
Kit. Quantitative PCR (QPCR) was performed using the SYBR Green
qPCR mix (Eurogentec) on the Roche Lightcycler. RplpO (also known
as 36B4) was used as areference gene. Data were analysed using the
AAC, method.

The primer list was as follows: mouse Nrpl forward, 5-CATCTCC
CGGTTACCCTCATTCTT-3’; mouse NrplI reverse, 5-GCGGCCGCCT
TCATTCTC-3’; RplpO forward, 5-TCTCCAGAGGCACCATTGAAA-3’;
RplpOreverse, 5-CTCGCTGGCTCCCACCTT-3".

Artery tissue digestion

Animals were perfused with cold PBS to remove any trace of blood.
Aortas were collected and cleaned of contaminated tissues under adis-
section microscope. Aortas were minced with scissors and subjected to
two different enzymatic digestion methods. For batch 1, collagenase D
(0.2 mg ml™, Sigma-Aldrich), dispase (1 U mI™, Stem Cell Technologies),
DNase I grade I1 (0.2 mg ml™, Sigma-Aldrich) and elastase (1 mgml~?,
Worthington) were used. For batch 2, collagenase type I (450 U ml ™,
Sigma-Aldrich), collagenase type XI (125U ml™, Sigma-Aldrich),
hyaluronidase type 1 (60 U ml™, Sigma-Aldrich), DNase I (60 U ml?,
Sigma-Aldrich) were used, thenincubated for 45 min at 37 °C. Cell sus-
pensions were pipetted up and down until disappearance of all residual
piece of tissue and filtered through a 70 pm cell strainer.

RNA-seq and analyses

RNA-seq. For aortic macrophages, single-cell suspensions of aortic
cells were prepared. Cell suspensions were incubated with Zombie
AquaFixable Viability Kit (BioLegend) for 10 min at room temperature
and the cells were then stained with fluorescently labelled anti-mouse
antibodies against CD45, CD11b and CD64 at 4 °C. Aortic macrophages
were identified as CD45°CD11b"CD64". Peritoneal macrophages were
obtained by intraperitoneal injection of cold PBS from LdIr”" mice
reconstituted with Lyz2""Nrp ™/ or Lyz2**/"NrpI** bone marrow.
Peritoneal exudates were allowed to adhere to the six-well plates by cul-
turing them for 2 hat37 °C. Nonadherent cells were removed by gently
washing with warm PBS and the remaining peritoneal macrophages
were used for bulk RNA-seq.

RNA extraction and residual DNA removal after DNase digestion
was performed using the RNeasy mini kit (Qiagen) according to the
manufacturer’s instructions. After quality checking using the Agilent
Bioanalyser 2100 system, total RNA was made into sequencing libraries.
For aortic macrophages, we used the Takara SMART-Seq v4 Ultra Low
Input RNAKit. In brief, total RNA was fragmented before reverse tran-
scription. Second-strand cDNA was PCR synthesized with theincorpo-
ration of SMART technology. cDNA originally from rRNA was removed
selectively before Illumina-compatible barcoded libraries were gener-
ated by PCR amplification. Indexed libraries were normalized, pooled
andwere sequenced on the lllumina HiSeq 4000 platform, single-end
reads (SE50). For peritoneal macrophages, total RNA was purified using
poly-T oligo beads and fragmented before reverse transcription. After
adenylating 3’ ends and ligating the adapter, cDNA fragments were
amplified by PCR. Indexed libraries were normalized, pooled and were
sequenced on the lllumina NovaSeq 6000 platform, paired-end reads
(PES0). All sequencing was performed at the Genomics Core Facility,
Cancer Research UK Cambridge Institute.

RNA-seq analyses. For iWD and cWD LdIr” mice, single-end,
unstranded sequencing was performed using SMART-Seq v4 plus
Nextera (Ultra Low Input RNAKit (Takara)) with read lengths of 50 bp.
Raw fastq data have been deposited in ArrayExpress under accession
number E-MTAB-12759. There are two separate experiments for this
study withiWD and cWD groups, each group has three independent
pools per experiment, and each pool comprises three different mice.
Allraw datawere merged and analysed together, with a total of six dif-
ferent pools for each group. The sample summary table is provided
inSupplementary Table 23a. The quality control, alignment and gene
quantification analysis were run using the nextflow (v.21.05.0.edge)*
RNA-seq pipeline with nf-core/rnaseq (v.3.2, https://nf-co.re/rnaseq)*
with the option ‘--aligner star_salmon’ and Ensembl reference genome
withthe annotation for mouse GRCm39. The alignment results are with
amean of 72% reads uniquely mapping and mean of 34 million reads
per sample (Supplementary Table 23a). Corresponding software/pack-
ages and versions from nextflow pipeline are listed in Supplementary
Table 24. All scripts, with details of software versions, expression raw
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count files and results are available at GitHub (https://github.com/
CAD-ZM-BFX/Takaoka_Mallat) and Zenodo (https://doi.org/10.5281/
zenodo.13137366).

Counts extracted with htseq-counts were used to perform the
DEG analysis using DESeq2 (v.1.36.0; R package, v.4.2.1; https://
www.r-project.org/)*>. In total, 746 genes were identified as signifi-
cant DEGs when comparing the iWD group to the cWD group using
the cut-offthreshold P, < 0.05and |log,[fold change]| > 1(anabsolute
fold change of 2). Thelist of significant DEGs is provided in Supplemen-
tary Table 1and a volcano plot is presented in Fig. 2b. The two-sided
Wald-test P value was then adjusted using the Benjamini-Hochberg
false-discovery rate multiple-test correction method. GO and KEGG
pathway analysis were performed using R package clusterProfiler
(v.4.4.4)>*% on the significant DEGs (n = 746); all identified pathways
arelistedinSupplementary Table 2, with ten selected pathways plotted
inFig. 2a. The enrichment Pvalue was calculated using the hypergeo-
metric distribution with the one-side Fisher’s exact test.

o (7)(0)

PX2x)=1-P(X<x-1)=1- )

s ()

In this equation, Nis the total number of genes in the background
distribution, Mis the number of genes within that distribution that are
annotated (either directly or indirectly) to the gene set of interest, n
is the size of the list of genes of interest and x is the number of genes
within that list which are annotated to the gene set. The background
distribution by default is all of the genes that have annotation. P val-
ues are adjusted for multiple comparison using Benjamini-Hochberg
correction.

TF-binding motif enrichment analysis was performed using Rcistar-
get package (v.1.16.0). Both significant DEGs and redefined (P,4;> 0.1
and |log,[fold change]| < 1) non-significant DEG after TF analysis were
performed. We identified 73 common enriched binding motifs cor-
responding to 27 TFs (Supplementary Table 4) and we performed
two-sample proportion z-tests (two-tailed) and adjusted the P values
using Benjamini-Hochberg correction. We generated a dot plot by
plotting the difference in normalized enrichment score (NES) between
significant and non-significant DEGs (Extended Data Fig. 6a). More-
over, SPICwas selected and GO analysis was performed on significant
DEGs (n =199) showing enrichment for SPIC binding motifs (Extended
DataFig. 6b and Supplementary Table 5).

Toassign significant DEGs to specific mouse macrophage cell types,
we performedintegrated analysis of the published scRNA-seq dataon
mouse atherosclerosis. We selected four main mouse studies from a
previous article?® (Supplementary Table 25). Both individual and inte-
grated study analyses were applied for the data using R package Seurat
(v.5.0.0)% with integration method scVI*”. We applied FeaturePlot to
a set of key mouse macrophage genes (Csfir, Seppl, Pf4, F13al, Folr2,
Nrpl, Lyvel, Cd163, Ednrb, Timd4, Phactrl, Egr1, Lgals3, Ctsd, Cxcl2,
Ccl4, Trem2,Spp1, Cd9, Gpnmb, Il1b, Cd74, Stat1, Ifit3, Mnda, Irf7, Isgl15,
Ifit2and Fcgr4) toidentify the macrophage cluster. We then reclustered
the macrophage cell types into six main subtypes of macrophagesiden-
tified as resident-like, IFN-, inflammation-, Mac**®- and TREM2-like and
CCR2-MHCILl. In early atherosclerosis, Mac*® macrophages are the first
macrophages that become foam cells, and Mac*®- and TREM2-like mac-
rophages share common markers and gene programs'®. Therefore, they
were grouped together for some analyses. For mouse macrophages,
weidentified NRPI""and NRPI*" groups, then performed GO pathway
analysis using enrichR (R package, v.3.1)***° (Supplementary Table 10).

Further differential expression analysis between chow diet and
high-fat diet of mouse scRNA-seq data across different time courses
of high-fat diet was performed for three main subsets of macrophages
using the FindMarkers function with the MAST method in Seurat
(v.5.0.0, R package)®. A log,[fold change] heat map was generated

with key genesin each annotated subtype of macrophage across time
(Extended Data Fig. 7a). A proportion bar plot presents the general
information for three main macrophage subtypes and the change in
their proportions with increased duration of high-fat diet (Extended
DataFig. 7b).

GWAS analysis was performed using the extracted list related to
atherosclerosis/CAD (coronary artery disease) from the GWAS Catalog
(https://www.ebi.ac.uk/gwas/) (Supplementary Table 26) and from
supplementary table 13 of ref. 28. The GWAS list human symbols were
converted to mouse symbols using g:Profiler2 orthology (v.0.2.1)*
inR (Supplementary Table 27). We then performed the overlap anal-
ysis between the GWAS list and our DEGs list (significant DEGs and
non-significant DEGs; Fig. 4a,b and Supplementary Tables 6 and 7).
To assign the 210 significant DEGs that are linked by coronary artery
GWAS to specific macrophage cell types, we performed integrated
analysis of the published scRNA-seq data on human atherosclerosis.
Six human studies from cardiovascular PlaqView were selected (https://
www.plaqview.com/; Supplementary Table 28). Integrated analysis was
performed first using R package Seurat (v.5.0.0)*¢, and the macrophage
cluster was identified by applying the FeaturePlot for aset of key human
macrophage genes (CSFIR, PF4, FOLR2, NRP1, LYVE1, LGALS3, CXCL2,
SPP1, GPNMB, IL1B, APOCI1, APOE, FCGR4, IFIT2 and FABP4). We then
reclustered the macrophage cell typesinto five main subtypes of mac-
rophagesidentified as resident-like, IFN-,inflammation-, foamy-like and
mixed subtypes. Next, we assigned our GWAS-related 210 significant
DEGs (Supplementary Table 6) to each macrophage cell type key marker
list (Fig.4b and Supplementary Table 7). For both human macrophages,
weidentified NRPI"#" and NRP1”“ groups, then performed GO pathway
analysis using enrichR (R package, v.3.1)°* *° (Supplementary Table 9).

We analysed data from a recent GWAS study in which the investi-
gators systematically characterized risk variants and genes for CAD
in over a million participants®. Two hundred and twenty candidate
causal genes at 279 CAD associations were prioritized, combining eight
complementary approaches. We used clusterProfiler (v.4.4.4, R pack-
age)’** and performed GO enrichment analysis of biological process
orthology. In total, 178 out of 220 causal genes contributed to the GO
enrichment analysis, and 867 enriched biological processes were identi-
fied (Supplementary Table11). Selected pathways and corresponding
causal gene network plots are shownin Extended Data Fig. 9 using the
cnetplot functioninR (enrichplot v.1.22.0; https://bioconductor.org/
packages/release/bioc/html/enrichplot.html). Significant differentially
expressed genesinour RNA-seq data of aortic macrophages fromiwD
versus cWD (Supplementary Table1) are shown (Extended DataFig. 9).

RNA-seq of peritoneal macrophages

Paired-end (PE50), reverse-stranded sequencing for NrpI WT versus
Nrp1-KO peritoneal macrophages in reconstituted Ldlr”” male mice
was performed using the Illumina NovaSeq6000 platform. Raw fastq
data have been deposited in ArrayExpress under accession number
E-MTAB-12761. DEG analysis was performed using the same workflow
as mentioned for iWD versus cWD. The sample summary and mapping
statistics tableis provided in Supplementary Table 23b. There were 113
significant DEGs identified (P,4;< 0.05 and |log,[fold change]| = 0.6;
Supplementary Table 12). GO was performed using clusterProfiler
(R package, v.4.4.4)°*% with the 113 DEGs, and the list of pathways is
givenin Supplementary Table 13.

Immunohistochemistry of human coronary healthy and
atherosclerotic arteries

Samples of human aortic tissue were obtained from the INSERM car-
diovascular tissue Biobank (member of European BBMRI-RIC organi-
zation). The study was performed according to the Guidelines of the
World Medical Association Declaration of Helsinki. The local ethics
committee of the INSERM Paris (01-024) approved the study, and
written informed consent for permission was given by all patients.
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Human coronary arteries were obtained from patients with coronary
artery disease from explanted hearts of transplant recipients (average
age, 59 years) INSERM. Coronary artery disease classification was based
on coronary angiography before transplant and macroscopic aspect
at dissection to confirm the presence of atherosclerotic plaque. Fur-
thermore, control healthy human coronary arteries were obtained
fromexplanted hearts of organ donors (average age, 56 years). Paraffin
sections were stained with H&E to assess atherosclerosis. For immu-
nostaining, antisera were first optimized using different dilutions to
determine the best staining results with minimal background. Immu-
nostainings were performed as previously described® using the follow-
ingmarker antibodies: goat anti-human LYVE1 (R&D, AF2089,1:100) and
mouse anti-human CD68 (DAKO, M0876,1:50). After antigen retrieval
andincubation with primary antibodies, visualization was performed
using secondary antibodies (donkey anti-goat Cy3, Jackson Immuno-
Research, 705-165-147,1:300 for LYVE1 and donkey anti-mouse Alexa
647,Jackson ImmunoResearch, 705-605-150,1:300 for CD68) as previ-
ously described®>®*, DAPl was used to stain the cell nuclei. For negative
controls, staining was performed without primary antibodies. Stained
slides were imaged using the Leica TCS SP8 3X or by DM6 B Thunder
Imager (Leica Microsystems). Images were acquired under identical
microscope settings using sequential acquisition of different channels
toavoid cross-talk between fluorophores, and non-overlapping fluoro-
phores were used for colocalization analysis. Allimages were prepared
as TIF files and quantified using ImageJ software. For quantification
of LYVEL" macrophages in the adventitia, LYVEI'CD68" macrophages
among total adventitial CD68" cells were quantified in 5-8 images
per sectionin three sections per sample and expressed as percentage
of LYVEL" macrophages from adventitial CD68" cells.

Participants of the YFS

The Cardiovascular Risk in Young Finns Study is a prospective cohort
study that beganin 1980 when the participants were aged 3-18 years.
Follow-up clinics were conducted in 1983, 1986, 1989 (sub-sample),
1992 (sub-sample),2001,2007,2011and 2018. The primary sample for
thisanalysisincluded up to 2,062 participants who attended the most
recent 2018 follow-up when aged 41-56 years and who had carotid
ultrasound studies performed. Moreover, asecondary sampleincluded
2,643 participants who attended either the 2001 or 2007 follow-ups
then aged 24-45years when carotid ultrasound studies were also per-
formed. Ethics approval for the baseline study was granted by the Uni-
versity of Turku Faculty of Medicine Ethical Committee (letter dated
14/11/1978, minutes 3/1978) and for the most recent follow-up, granted
by the Hospital District of Southwest Finland (Ethics approval number
ETMK:68/1801/2017).

Measures performed in the YFS

Ateachtimepoint, venous blood samples were taken after an overnight
fast (12 h) using standard methods to measure serum total choles-
terol and HDL-C that were calibrated to shifts in assay kits over time.
Non-HDL-C was calculated as total cholesterol minus HDL-C. In 2001
and 2007, B-mode ultrasound with 13.0 MHz linear array transduc-
ers (Sequoia 512, Acuson) was performed on the left common carotid
artery and the beginning of the bifurcation; and, in 2018, using the
GE Logiq S8 system (GE Vingmend Ultrasound A/S) on both the left
and right common carotid artery, bifurcation and internal carotid
artery. Carotid plaques were defined as focal structures protruding
into the arterial lumen of at least 0.5 mm or 50% of the surrounding
intima-media thickness value or demonstrating a thickness of 1.5 mm
asmeasured from the media-adventitiainterface to the intima-lumen
interface®*. Carotid artery plaque measures were performed off-line by
asingle reader blinded to the participant’s details. Where ultrasound
datawereavailable on participants atboth 2001 and 2007 follow-ups,
datafrom 2007 was used. The prevalence of plaque was 39.6% in 2018
(817 out 0of 2,062) and 3.3% (88 out 0of 2,643) in 2001/07.

Statistics and reproducibility

Statistical analyses were performed using Graph Pad Prism 7 (Graph
Pad Software). Experimental groups were compared using two-tailed
Student’s unpaired t-tests or Mann-Whitney tests as appropriate. Data
are presented asmean t s.e.m. P < 0.05was considered to be significant.

Statistical analyses in the YFS. The BRLM. The Bayesian relevant life-
course exposure model (BRLM) was used to identify relative contri-
bution of non-HDL-C measured in childhood (aged 6, 9 and 12 years),
adolescence (aged 15and 18 years), and young adulthood (aged 21and
24 years) on the atherosclerosis outcome variables in mid-adulthood
(carotid plaque presence with Poisson regression and plaque area with
linear regression). Detailed methods onthe BRLM have been provided
elsewhere®®, The BRLM estimates an overall or total lifetime effect,
representing the maximum accumulated effect of non-HDL-C measured
at different stages across the observed life-course (in this case child-
hood, adolescence and young adulthood) on each outcome variable
in mid-adulthood (g for continuous outcomes, and relative risk for
categorical outcomes). The BRLM also allows estimation of the relative
weights and their posterior distributions for non-HDL-C measured in
childhood, adolescence and young adulthood that represent the direct
orrelative contribution of non-HDL-C at eachlife stage to each outcome.
These weight parameters help to determine the life-course model that
is best supported by the data. The life-course association of non-HDL-C
and each outcome forms one of three prevailing hypotheses: (1) an
accumulationlife-course model (non-HDL-C at each life stage is having
an equal contribution); or subclasses of an accumulation model;
(2) asensitive life-course model (non-HDL-Clevels at each life stage has
different importance); or (3) a critical life-course model (non-HDL-C
at only one life stage is of importance). Using the accumulated effect
and relative weight, the BRLM also estimates the life-stage-specific
effect. Here we fit the BRLM using a Cauchy (0, 2.5) prior for the lifetime
effect and a non-informative Dirichlet (1, 1, 1) prior for weights.
ThelGC model. The individual growth curve (IGC) model® was used
to interpolate over ages with missing non-HDL-C values®. The IGC
model is an advanced multilevel mixed-effect regression model that
enables the simultaneous modelling of the interindividual differences
inintraindividual systematic changes over time (repeated measure-
ments at the individual level). The non-HDL-C trajectory in our study
was best described by an IGC model witha cubic age polynomial (age®)
randomintercept, quadraticage randomslope andinclusion of sexasa
modifier. If observed non-HDL-C data at the ages used inthe BRLM were
missing, we used individual-level data derived from the IGC model tofill
these gaps. These non-HDL-Clevels at each timepoint were transformed
into age- and sex-specific zscores. Life-stage averaged non-HDL-C
zscoreswere calculated as the mean valuesbetween ages 6 to 12 years
for childhood ((Zg years old + Zoyearsold + Zi2yearsola)/3), ages 15 and 18 years
for adolescence ((Z;syears old + Zisyearsola)/2), and ages 21 and 24 years for
young adulthood ((Zyyearsotd + Zaayearsoia)/2)- INour primary analyses, we
show the associationforals.d.increaseinnon-HDL-C z-score accounts
for variations in non-HDL-C that naturally occur with age and sex. We
have done this to ensure auniform metric for comparisonacross each
life-stage. However, we also provide data for a per 1 mmol I ' increase
in non-HDL-Cin the supplement, which might be more clinically rele-
vant. We routinely adjusted for potential confounders in a minimally
adjusted model (model 1) that included sex and year of birth, and a
fully adjusted model (model 2) that included sex, year of birth, edu-
cation (years studied), ever smoked daily before age 24 years, family
history of cardiovascular disease and areas under the curve of measure-
ments available up to age 24 years for body mass index, HDL-C, systolic
blood pressure, fasting blood glucose and physical activity index. All
models were additionally performed stratified by sex. Owing to miss-
ing covariates, there was a reduction in sample size between models
1and 2. Methods for imputing missing values have been described



Article

(https://github.com/MadathilSA/BayesianRelevantLifeCourseExposure/
blob/master/Manuscript lll/HeNCelndiaSmkModellmput.jags). Multi-
ple imputation was undertaken for the covariates of youth age, ever
smoked, family history of cardiovascular disease, education (number
ofyearsstudied), and cumulative body massindex, systolicblood pres-
sure and HDL-C, using predictive mean matching viathe Rlibrary mice.
Three imputations were made, and the means and credible intervals
were calculated using the draws across all imputations.

The rstan package of R studio (v.3.5.3, R Foundation for Statistical
Computing) was used to fit the BRLM in the probabilistic programming
language, Stan®. The Lme4 package of R studio (v.3.5.3, R Foundation
for Statistical Computing) was used to perform the IGC modelling.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All the associated raw data presented in this paper are available from
the corresponding author onreasonable request. Raw RNA-seq dataare
accessible through EMBL-EBI ArrayExpress under accession numbers
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this study are publicly available. For mouse datasets, see Supplemen-
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data are provided with this paper.
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Extended DataFig.1|Induction of early intermittent hyperlipidaemia measurementsin Ldlr’” mice under cWD (during the last 6 weeks, n = 6) and
inmice. a, Experimental set up. LDL receptor-deficient (Ldlr”") male mice on iWD (n =6).d, weekly LDL cholesterol measurements in Ldlr’” mice under cWD
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Extended DataFig.2|Early intermittent hyperlipidaemiaaccelerates
atherosclerosisin mice and increases plaque inflammation and necrosis.
a, LDL receptor-deficient (Ldlr’") female mice were fed a Western-type diet (WD)
for 6 weeks (w) either continuously ((WD) or intermittently (iWD). Representative
photomicrographs (left panels) and mean atherosclerotic plaque size (right
panel)intheaorticsinus of the 2 groups of mice are shown (n =10 cWD and
n=11iWD).b, Ldlr’" female miceirradiated and reconstituted with WT bone
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marrow and subjected to 6 weeks of c(WD (n=10) or iWD (n = 8). Representative
photomicrographs (left panels) and mean atherosclerotic plaque size (right
panel) intheaorticsinus of the 2 groups of mice are shown. ¢-g, Ldlr’" male
mice were puton 6 weeks cWD (n = 6) versus 6 weeksiWD (n = 6). Mean plaque
areastaining positively for MOMAZ2 (c), CD3 (d), acellular debris (necrosis) (e),
oSMA (f), and Sirius red (collagen) (g) inone set of aseries of experiments.
Mean ts.e.m.; two-tailed unpaired t-test. Pvalues are indicated on the graphs.
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Extended DataFig. 3| Various regimens of early intermittent
hyperlipidaemiaaccelerate atherosclerosisinmice. a, Experimental set up.
Ingroup1, LDL receptor-deficient (Ldlr’") male mice first received 3intermittent
weeks of Western diet (WD) at the beginning of the experiment, then 3 weeks of
continuous WD just before the end of the experiment (n = 6). Group 2 mice
received 6 weeks ofintermittent WD (n = 6). b, Mean atherosclerotic plaque size
inthe aortic sinus of the 2 groups of mice (n = 6 per group). c-j, Experimental set
up (). Ldlr’” male mice were put on12 weeks of c WD (n = 5) versus 12 weeks of
iWD (n=6).d, Mean atherosclerotic plaque size onen face aortainthe 2 groups

of mice (n=5to 6 pergroup). Mean plaque areastaining positively for MOMAZ2 (e),
CD3(f), aSMA (g), Sirius red (collagen) (h), and acellular debris (necrosis) (i),
(n=5pergroup).j, Representative photomicrographs of TUNEL staining

(red) and CD68 staining (green) (scale bar =10 um) and quantification of the
proportion of internalized apoptotic cellsin plaques from the 2 groups of mice
(n=5to 6 pergroup).k, Experimental set up. Ldlr’” male mice were puton 6
weeksiWD starting at 6 or 22 weeks of age (n =11and n =9 mice, respectively).

1, Mean atherosclerotic plaque size in the 2groups of mice. Mean ts.e.m.;
two-tailed unpaired t-test (b, d-j, ). Pvalues are indicated on the graphs.
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Extended DataFig. 4 |Early intermittent hyperlipidaemia, gut microbiota,

and accelerated atherosclerosisinmice. a, Experimental set up. LDL receptor-

deficient (Ldlr’") male mice were fed anormal (ND, control, n =4) dietora
Western-type diet (WD) for 3 or 6 weeks (w) either continuously (cWD) or
intermittently (iWD) (n=8 cWD3w,n=10iWD3w,n=8cWD 6w, n=6iWD 6w).
Faecalsamples were collected during and at the end of the experiment for
analysis of gut microbiota using 16S rRNA sequencing (b-c). b, Principal
coordinate analysis reveals distinct separation in microbiota composition
duetodiet.c, WD-induced changes in microbiome composition onthe
phylum level (mean relative abundance). d, Experimental set up. Ldlr’ male
mice were put on 6 weeks cWD versus 6 weeks iWD. Treatment with oral
antibiotics (see Methods) to deplete the gut microbiotawas started at the

beginning of week 9. Faecal samples collected at the end of week 8 (before
treatment with antibiotics), and at the end of the experiment (after treatment
with antibiotics) were analysed using 16S rRNA sequencing (n =10 per group)
(e-g). Bacterial quantification via16S qPCR (e), principal coordinate analysis
(f), and proportionalabundance of bacteria (g) demonstrate agreatimpact
oftheantibiotic treatment (ABx) on microbiome abundance and composition.
h, Plasmalevels of total cholesterol at the end of the experiment (n =10 per
group).i, LdIlr’-/Rag2” male mice were put on 6 weeks of c(WD (n = 8) versus
iWD (n=7). Calculation of plasma cholesterol levels over the whole period of
the experiment. Mean +s.e.m.; two-tailed unpaired t-test (h, i). Pvalues are
indicated onthe graphs.
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Extended DataFig. 5|Impact ofearly intermittent hyperlipidaemiaon
atherosclerosis and resident arterial macrophagesinmice. a, LDL receptor-
deficient (Ldlr”") female mice were fed a Western-type diet (WD) for 3 weeks (w)
either continuously (c(WD) or intermittently (iWD). b, Mean atherosclerotic
plaquesizeintheaortic sinus of the 2 groups of miceis shown (n=5cWD and
n=6iWD).c, Experimental set up. Cx3cri“*"?* Rosa26'-"°™* | dIr’- mice on
normaldiet (ND) received tamoxifen treatment (TAM) to induce Tomato
expression. The mice were rested for 2 weeks on normal diet to allow for
clearance of labelled blood monocytes. The mice were then placed on 3 weeks
of cWD versus 3 weeks of iWD. Mice were killed at the end of the experiment for

analysis of fate-mapped Tomato' resident arterial macrophages (n=15cWD;
n=21iWD).d, Representative photomicrographs showingstaining for
macrophages (CD45' CD68") to quantify the numbers of intimal Mac*"®
macrophages. e, Total CD45" CD68" macrophage countintheaorticarch
ofthe 2 groups of mice at the end of the experiment. f, Percentage of Tomato*
CD45"CD68"macrophagesin the intima (Mac*®) (among intimal CD45" CD68*
macrophages) of the 2 groups of mice. g, Number of Tomato* CD45' CD68*
intimal (Mac*™®) macrophages. h, Number of Tomato* adventitial (adv.)
macrophages.n=15cWDand n=21iWD (e-h). Mean +s.e.m.; two-tailed
unpaired t-test (b, e-h). Pvalues areindicated on the graphs.
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Extended DataFig. 6 | Impact of macrophage expression of SPIConthe
development of atherosclerosisinmice.a, Dotplot (n=1to 8) with mean
(redbar) forcommon transcription factor (TF) binding motifs enriched in
significant DEGs and their corresponding normalized enrichment score (NES)
difference with nonsignificant DEGs. The order of the TFs corresponds to the
mean of Padjvalue. Two-tailed proportion z-test performed then adjusted by
Benjamini-Hochberg (BH) correction. SPICis highlighted. Detailed information
isprovidedin Supplementary Table 4. b, Barplot of selected 6 Gene Ontology
(Biological Process) pathways for significant DEGs enriched in SPIC binding
motifs. Gradient blue colour represents the padj values (one-sided Fisher exact
testthenadjusted by BH correction), and the size of the bar represents the
number of genes that contribute to the corresponding pathways. Detailed
informationis provided in Supplementary Table 5. ¢, Ldlr” female mice were

lethally irradiated and reconstituted with bone marrow (BM) from Lyz2**~
Spic™* mice (n =27) and Lyz2**" Spic™** controls (n = 22) (see Methods).
After 5weeks of recovery mice were put on cWD for 8 weeks to assess therole
of myeloid-specific expression of SPIC on atherogenesis. Mean atherosclerotic
plaquesizeintheaorticsinus of the 2groups of miceis shown.d, Mean
atherosclerotic plaquesize inthe en face aortaof the 2 groups of mice (n=12
Lyz2°e* Spicfofo* and n = 10 Lyz2"**" Spic™**). e, Mean plasma total cholesterol
levels at the end of the experiment (n = 24 Lyz2*" Spic™®/** and n = 25 Lyz2**~
Spic™").f, Ldlr’ female mice were lethally irradiated and reconstituted with
Lyz2°e* Spicf*f°*bone marrow. After recovery, mice were put on 6 weeks of
cWD (n=9) or 6 weeksiWD (n=7).Mean atherosclerotic plaquessizein the aortic
sinus of the 2 groups of mice. Mean +s.e.m.; two-tailed unpaired t-test (c-f).
Pvaluesareindicated onthe graphs.
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Extended DataFig.7|Time-dependent changesinthe expression of
prototypical genes associated with distinct arterial macrophage subsets
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Extended DataFig. 8|See next page for caption.



Extended DataFig. 8 |Deletion of LYVEI' resident macrophagesin
atheroscleroticmice. a, Representative examples of staining for LYVE1, CD68,
SMA and DAPlinarteries of Apoe™ CsfIrf°*and Apoe™” Lyvel "~ Csf1ro/fox
mice. b, Quantification of adventitial LY VEL' macrophagesin the 2 groups of mice
(n=7Csf1F"*"** and n = 4 Lyvel*"~ Csf1¢"*/>"), ¢, Plasma levels of total cholesterol
atthe end of the experimentin the different groups of mice fed on cWD for

18 weeks (n=15Apoe” CsfIF"*"**and n =15Apoe” Lyvel Csf1F"**/** mice.

d, Quantification of SMA" areain lesion cap of the aorticsinus (n =7 per group).
e, Quantification of collagenlareain the plaques of the aortic sinus (n =7 per
group).Mean ts.e.m.; two-tailed unpaired t-test (b-e). Pvalues are indicated on
thegraphs. f, Representative photomicrographs (scale bar =50 pum) of plaques

stained with anti-CD68, DAPI, and TUNEL. g, Number of free apoptotic
(TUNEL'DAPIY) cellsin aortic lesions of Apoe™ Csf1r"* (n = 4) and Apoe™~
Lyvel“e" Csf1r**/*% (n = 5) were quantified (see Methods). Mean +s.e.m.;
two-tailed unpaired t-test. Pvalues are indicated on the graphs. h, Experimental
design. CsfIF""*~ and Lyvel**" Csf1F"*/** female mice were injected with AAVS-
D377Y-mPCSK9 toinduce hyperlipidaemia. The mice were then subjected to

6 weeks of (WD or 6 weeks of iWD. Csf1F*/** mice (n=8 cWDandn=9iWD),
and Lyvel“**~ Csf17"™"° mice (n =11 cWD and n =11iWD) (see Methods).

i, Representative values of plasmacholesterol levels at the indicated time
points.Mean £s.e.m.(n=5pergroup).
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Extended DataFig.9|Gene ontology enrichment analysison220 human
coronary artery disease causal genes. Gene ontology enrichment analysis
ofbiological processes (BP) was conducted on 220 coronary artery disease
causal genes prioritizedin Aragam et al.*>. A total of 178 out 0f 220 causal
genes contributed to the GO enrichment analysis, and 867 enriched BP were
identified (see Supplementary Table11). The most enriched pathways and their

corresponding causal gene network are plotted here using cnetplot function
inR.Significant differentially expressed genesin our RNASeq dataof aortic
macrophages fromiWD vs cWD (see Supplementary Table1) are shown here
(red:upregulatediniWD, blue: downregulated iniWD).NRP1is represented
inthe most enriched biological pathways, which arerelated to cell migration,
actin filament organization, and vascular development.
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Extended DataFig.10|Deletion of NRP1expressionin myeloid cells of
atherosclerotic mice. a, Experimental set up. LDL receptor-deficient (Ldlr’)
male mice were lethally irradiated and reconstituted with Lyz2¢"~ Nrpp/o¥/flox
(NrpI”") or Lyz2*”~ NrpI”* (WT) bone marrow. After recovery, mice were
putonaWestern-type diet (WD) for 6 weeks (w) either continuously (cWD)
orintermittently (iWD). b, NrpI gene expressionby qPCRin peritoneal
macrophages atthe end of the experiment (n =12 per group). Fold change is
relative to RplpO (36B4) expression. ¢, Mean plasma total cholesterol levels at

theend of the experimentin the 4 groups of mice (n=8 cWDWTandNrp™",
n=7iWDWT,andn=9iWDNrp™).d, Bone-marrow-derived macrophages were
generated from Lyz2*" NrpI”* (WT) and Lyz2"~ NrpP**/"°* mice and cultured
with PKH26-labelled apoptoticJurkat cells (see Methods). e, f, Quantification
of the percentage of macrophages (MO ineand M1inf) withinternalized
apoptoticcells; two separate experiments with n = 3 biological replicates/group.
Mean ts.e.m.; two-tailed unpaired t-test. Pvalues are indicated on the graphs.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Reported in manuscript and in Supplementary Table 24

Data analysis Reported in Methods section. Softwares used in the research are publicly available and are described in Supplementary Table 24. Code
deposition released to publicly available with Github link https://github.com/CAD-ZM-BFX/Takaoka_Mallat (DOI: https://doi.org/10.5281/
zenodo.13137366).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All the associated raw data presented in this paper are available from the corresponding author upon reasonable request. Source data are provided with this paper.




Raw RNA-sequencing data is publicly accessible with accession number E-MTAB-12759 (https://www.ebi.ac.uk/biostudies/arrayexpress/E-MTAB-12759) and E-
MTAB-12761(https://www.ebi.ac.uk/biostudies/arrayexpress/studies/E-MTAB-12761).

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender Reported

Population characteristics This is described in Methods and Supplementary Methods and patients characteristics are provided in Supplementary Tables
14 and 15. "Multiple imputation was undertaken for the covariates of youth age, ever smoked, family history of
cardiovascular disease, education (number of years studied), and cumulative body mass index, systolic blood pressure and
high-density cholesterol, using predictive mean matching via the R library, mice".

Recruitment Described
Ethics oversight Ethics approval for the baseline study was granted by the University of Turku Faculty of Medicine Ethical Committee (letter

dated 14/11/1978, minutes 3/1978) and for the most recent follow-up, granted by the Hospital District of Southwest Finland
(Ethics approval number ETMK:68/1801/2017).

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size We stated in the manuscript that "Sample size was determined to detect a significant difference (alpha=0.05 and 80% power) of at least 30%
in lesion size between groups."

Data exclusions  No data exclusion
Replication We indicated that "Main atherosclerosis experiments were repeated several times and showed consistent results (see Results)".

Randomization | We indicated that "Mice were randomly assigned to their respective experimental groups." The human data are derived from the Young Finns
Study cohort and randomization is not applicable.

Blinding For Atherosclerosis studies, we indicated that "Analyses were performed in a blinded manner". For staining quantification, we stated that

"Data analysis was conducted in a blind manner where appropriate". For human carotid plaque measurements, we indicated that "Carotid
artery plaque measures were performed off-line by a single reader blinded to participant’s details".
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Antibodies

Antibodies used

Validation

Antibodies are described in detail in Methods.

Primary mouse antibodies used for immunofluorescence analysis included anti-MOMA2 (rabbit monoclonal; Biorad MCA519G;
1:200), anti-CD68 (rat monoclonal; Bio-Rad MCA1957; 1:300), anti-CD206 (rat monoclonal; Bio-Rad MCA2235; 1:200), anti-CD3
(rabbit polyclonal, DAKO/Agilent A045229-2; 1:200), anti-LYVE-1 (rabbit monoclonal; Abcam ab218535; 1:600), anti-CD31 (Armenian-
Hamster monoclonal; Millipore MAB13987; 1:200), anti-Collagen Type | (rabbit polyclonal; Millipore ABT257; 1:300), and Cy3-
conjugated anti-smooth muscle actin (clone 1A4; Sigma-Aldrich C6198; 1:1000). CD45 (clone 30-F11, BioLegend, 0.5 ug/mL) and
CD68 (clone FA-11, BioLegend, 1 ug/mL). Rat IgG (eBioscience) and rabbit IgG (Jackson ImmunoResearch) were used for isotype
controls. AF488- (1:300), AF555- (1:300), Cy3- (1:500), AF647 (1:300)-conjugated antibodies (Jackson ImmunoResearch) were used
for fluorescence detection.

Primary human antibodies were: CD68 (Agilent DAKO, M087601-2, Clone PG-M1, Monoclonal Mouse Anti-Human, 1:50);

Lyvel (R&D Systems, AF2089, Polyclonal, Goat Anti-Human, 1:100).

Validation of antibodies was provided by the manufacturer, and this quality control data can be accessed through the supplier's
website. In addition, all antibody clones have been widely used and tested in research with numerous prior publications validating
their specificity.

Well-validated human antibodies were purchased from established commercial vendors, including Agilent, and, R&D Systems. Unless
otherwise noted, antibodies were used at manufacturer- and primary literature-validated concentrations for the relevant assays, as
detailed below:

CD68 (Agilent DAKO, M087601-2, Clone PG-M1, Monoclonal Mouse Anti-Human, 1:50): https://www.agilent.com/store/
productDetail.jsp?catalogld=M087601-2&catld=SubCat3ECS_86401;

Lyvel (R&D Systems, AF2089, Polyclonal, Goat Anti-Human, 1:100): https://www.rndsystems.com/products/human-lyve-1-
antibody_af2089.

Well-validated mouse antibodies were purchased from established commercial vendors, including Bio-Rad, Merck Millipore, Abcam,
Agilent DAKO and Sigma-Aldrich. Unless otherwise noted, antibodies were used at manufacturer- and primary literature-validated
concentrations for the relevant assays, as detailed below:

MOMA2 (Monoclonal, Rat anti-mouse; Bio-Rad MCA519G, 1:200) https://www.bio-rad-antibodies.com/monoclonal/mouse-
macrophages-monocytes-antibody-moma-2-mca519.html?f=purified

CD68 (Monoclonal, Rat anti-mouse; Bio-Rad MCA1957, 1:300) https://www.bio-rad-antibodies.com/monoclonal/mouse-cd68-
antibody-fa-11-mca1957.html?f=purified

CD206 (Monoclonal, Rat anti-mouse ; Bio-Rad MCA2235, 1:200) https://www.bio-rad-antibodies.com/monoclonal/mouse-cd206-
antibody-mr5d3-mca2235.html?f=purified

CD3 (Polyclonal, Rabbit anti-human/mouse DAKO/Agilent A045229-2, 1:200) https://www.agilent.com/store/en_US/Prod-
A045229-2/A045229-2

LYVE-1 (Monoclonal, Rabbit anti-mouse; Abcam ab218535, 1:600) https://www.abcam.com/en-us/products/primary-antibodies/
lyvel-antibody-epr21771-ab218535

CD31 (Monoclonal, Armenian-Hamster anti-mouse; Merck Millipore MAB13987, 1:200) https://www.merckmillipore.com/SG/en/
product/Anti-PECAM-1-Antibody-clone-2H8-Azide-Free, MM_NF-MAB1398Z?ReferrerURL=https%3A%2F%2Fwww.google.com%2F
Collagen Type | (Polyclonal, Rabbit anti-mouse; Merck Millipore ABT257, 1:300) https://www.merckmillipore.com/SG/en/product/
Anti-Pro-Collagen-Type-I-A1-COL1A1,MM_NF-ABT257

Smooth muscle actin (Monoclonal, Cy3-conjugated anti-mouse, clone 1A4; Sigma-Aldrich C6198, 1:1000) https://
www.sigmaaldrich.com/SG/en/product/sigma/c6198 ?srsltid=AfmBOopf9201h30s832a0Cvc6x3BCYIW3LEVIb_gxpzGwLQJ7bSMOApNn
CD45 (clone 30-F11, BiolLegend, 0.5ug/mL; catalog #103126) and CD68 (clone FA-11, BioLegend, 1 ug/mL, catalog #137020).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Jurkat cells clone E6-1, ATCC.

Jurkat cells have not been authenticated by our lab.

Mycoplasma contamination The Jurkat cell line used in the experiment tested negative for mycoplasma at first provision. However, it has not been re-

tested later on.

Commonly misidentified lines  n/a

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

All mice were on a C57BL/6 background. Both males and females were used. Atherosclerosis experiments were started at the age of
6 weeks unless otherwise stated. Lyz2Cre+/-, Ldlr-/- and Rag2—-/- mice were initially from Charles River. Spicflox/flox mice were
from Tsuneyasu Kaisho, Department of Immunology, Institute of Advanced Medicine, Wakayama Medical University, Japan, and Dr.
Wataru Ise, Laboratory of Lymphocyte Differentiation, World Premier International Immunology Frontier Research Center, Osaka
University, Japan44. Lyz2Cre+/- Nrp1flox/flox and Lyz2Cre+/- Nrp1+/+ mice were generated by the group of Christiana Ruhrberg,
University College London, UK. Cx3crlcreERT2/+ Rosa26LSL-Tomato Ldlr-/- mice were generated by Jesse Williams, University of
Minnesota Medical School, Minneapolis, USA. Apoe-/- mice were purchased from Comparative Medicine (National University of
Singapore). Lyvelcre/cre and Csflrflox/flox mice were purchased from Jackson Laboratory. Apoe-/-Lyvelcre/wtCsflrflox/flox mice
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were generated by crossbreeding Lyvelcre/cre with Apoe-/-Csflrflox/flox mice.
Mice were housed in 12h/12h dark/light cycle, at ambient temperature of 22 degrees Celsius and 45%-65% humidity.

Wild animals We indicated that "No wild animals and no field-collected samples were used in the study".
Reporting on sex Reported. We indicated that "Both males and females were used". Sex is clearly identified in legends of figures and extended dat
figures.

Field-collected samples  We indicated that "No wild animals and no field-collected samples were used in the study".

Ethics oversight We stated that " All in vivo experiments using mice were approved by local Institutional Review Boards: the Home Office, UK, under
PPL PA4BDF775; the Ethical Committee of INSERM (APAFIS #29371) and the French Ministry of Agriculture (MESRI 674 #29371); the
Institutional Animal Care and Use Committee (IACUC) at National University of Singapore (protocol number R21-1562); and under
animal protocol 2111-39587A for experiments performed in the USA".

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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