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Atherosclerosisis a chronic disease of the vascular wall driven by lipid
accumulation and inflammation in the intimal layer of arteries, and its main
complications—myocardial infarction and stroke—are the leading cause of
mortality worldwide'”. Recent studies have identified triggering receptor
expressed on myeloid cells 2 (TREM2), alipid-sensing receptor regulating
myeloid cell functions®, to be highly expressed in macrophage foam cells
in experimental and human atherosclerosis*. However, the role of TREM2
in atherosclerosis is not fully known. Here we show that hematopoietic or
global TREM2 deficiency increased, whereas TREM2 agonism decreased,
necrotic core formation in early atherosclerosis. We demonstrate that
TREM2 is essential for the efferocytosis capacities of macrophages and to
the survival of lipid-laden macrophages, indicating a crucial role of TREM2
in maintaining the balance between foam cell death and clearance of dead
cellsin atherosclerotic lesions, thereby controlling plaque necrosis.

Atherosclerosis is initiated when low-density lipoproteins (LDLs) accu-  lipoprotein particles and become foam cells, a hallmark of atheroscle-
mulatein the intima of arteries and undergo modifications (oxidation  rotic plaques?, and play important roles in the clearance of cellular
or aggregation®) rendering LDL pro-inflammatory, thus promoting  debris and apoptotic cells—a process called efferocytosis’. Death of
therecruitment of monocytes, which differentiateinto macrophages foam cells combined with impaired efferocytosis promotes the forma-
withvarious functionsin the plaque. Macrophages take up modified  tion of necrotic areas, a feature of unstable rupture-prone lesions®.
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Fig.1| Trem2 expression patterns at the single-cell level in mouse and human
atherosclerosis. a, Uniform manifold approximation and projection (UMAP)
visualization of scRNA-seq profiles of total mouse aortic cells in Ldlr”’” mice

fed normal chow or an HFD for 8 weeks, 16 weeks or 26 weeks (Ldlr’"HFD),
n=1scRNA-seq library per timepoint. b, Expression of Trem2in murine aortas
projected onto the UMAP plot, split according to experimental condition.

¢, UMAP plot of mouse aortic MPCs identified in a after subsetting and
reclustering. Inflamm., inflammatory; Mono, monocyte; (p)DC, (plasmacytoid)
dendritic cell; Prolif., proliferating. d, Proportion of MPC clusters among all
MPCs, and macrophage clusters among all macrophages, at different times of
HFD feeding. e, Trem2 expression levels in MPC clusters. UMAP visualization

of scRNA-seq of human atherosclerotic coronary artery cells (n = 4 patients,
datafromref. 9) (f) and expression of TREM2 projected onto the UMAP plot

(g). UMAP visualization of scRNA-seq profiles of human coronary artery MPCs

after subsetting and reclustering (h) and expression of TREM2 projected onto
the UMAP plot (i). APC, antigen-presenting cell; Cytotoxic, cytotoxic T cell;

EC, endothelial cell; Fibro, fibroblast; gdT, gammadelta T cell; LEC, lymphatic
endothelial cell; MSC, mesenchymal stromal cell; Neutro, neutrophil; NK,
natural killer cell. j, STREM2 levels in the serum of patients with or without
progression of atherosclerotic lesions from baseline to follow-up. Statistical
test: unpaired two-tailed ¢-test. Center: median; dashed lines: quartiles. k, Plot
showing adjusted OR (center of measure) and 95% Cl (error bars) for progression
of atherosclerotic carotid lesions from baseline to follow-up investigation after
amedian of 7.5 months (range, 6-9 months) in 707 patients. OR was calculated
by multivariable logistic regression analysis with adjustment for age, sex,
history of myocardial infarction, stroke and peripheral artery disease, arterial
hypertension, smoking history, statin use, hypertension, LDL cholesterol

and HbAlc.
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Single-cell sequencing studies have revealed macrophage heteroge-
neity in atherosclerosis, notably identifying a subset of foamy trig-
gering receptor expressed on myeloid cells 2 (TREM2)-expressing
macrophages enriched for genes involved in lipid metabolism but
displaying a non-inflammatory gene expression signature in murine
and human plaques*. TREM2-expressing macrophages with similar
transcriptional profiles were found in multiple diseases in mice and
humans?, including non-alcoholic steatohepatitis (NASH), where we
uncovered a protective role of TREM2-expressing macrophages’. In
the present study, we sought to address the function of TREM2 in
atherosclerosis and atherosclerosis-relevant macrophage functions.

We analyzed Trem2 gene expression in single-cell RNA sequenc-
ing (scRNA-seq) data of aortic cells in atherosclerotic Ldlr”” mice®
(Fig.1a,b). High Trem2was observed in macrophages in atherosclerotic
conditions (Fig.1a,b and Extended Data Fig. 1a). In otherimmune line-
ages, few cells showed detectable Trem2 (T cells: 1.2%, neutrophils:
5.1%) (Extended Data Fig. 1a). Analysis of mononuclear phagocytes
(MPCs) revealed Trem2expressionin various macrophage subpopula-
tions, with the highest expression detected in lipid-associated/foamy
macrophages corresponding to previously defined Trem2"Gpnmb"
and Trem2"'Slamf9" populations*, which accumulate during disease
development (Fig. 1c-e and Extended DataFig.1b-d). Trem2 expression
indendritic cells was low (Fig. 1b—e and Extended DataFig.1b,c). Asub-
set of smooth muscle cells (VSMC_2) expanding at later disease stages
alsoexpressed Trem2, albeit at alower level than macrophages, along-
side other foamy cell markers (Lgals3, SppI and Apoe) (Extended Data
Fig. le-g). Consistent with accumulation of Trem2-expressing cells,
we observed increased levels of total and soluble TREM2 (sTREM2)
in atherosclerotic aortas and sSTREM2 in the blood (Extended Data
Fig.1h).In human atherosclerotic coronary arteries’, TREM2 expres-
sion was mainly restricted to MPCs but was also detected in some
fibroblasts and fibromyocytes (Fig. 1f,g). TREM2 expression was pre-
dominantly detected in foamy macrophages (Fig. 1h,i and Extended
DataFig.2a,b). We also measured levels of sSTREM2 in the plasma of 707
patients from the Inflammation and Carotid Artery-Risk for Atheroscle-
rosis Study (ICARAS) cohort'®, sSTREM2 levels were significantly higher
in patients with measurable plaque progression (Fig. 1j; P=0.0499),
and above-median sSTREM2 levels were associated with increased
risk of plaque progression (Fig. 1k; adjusted odds ratio (OR) =2.525
(1.448-4.403); P=0.001), indicating thatincreased sSTREM2 levels are
associated with plaque progression in patients.

Next, we investigated the role of TREM2 in atherosclerosis using
Ldlr” bone marrow (BM) chimeras with hematopoietic Trem2 defi-
ciency and fed a high-fatdiet (HFD) as our main model (Fig. 2a). Experi-
ments were performed in Wiirzburg (8 weeks and 20 weeks HFD) and in
Vienna (12 weeks and 16 weeks HFD). Due to inter-laboratory variations,
we considered these experiments as independent early (8 weeks and
12 weeks HFD) and late (16 weeks and 20 weeks HFD) lesion formation
experiments rather than representing a continuum of atheroprogres-
sion. We examined aortic sinus lesions as the primary readout site.

Atalltimepoints, lesion size in the aortic sinus was not affected by
hematopoietic Trem2 deficiency (Fig. 2b—e). We also did not observe
effectsonlesionsize at other sites (aortaorinnominate artery) except

for an increased lesion size measured in en face aortas after 12 weeks
of HFD in mice with hematopoietic Trem2 deficiency (Extended Data
Fig. 3a,b). Mac2" macrophage coverage within the cellular areas of
lesions was not affected, except for atrend toward decrease (P=0.09)
at the earliest timepoint (8 weeks of HFD) in mice with Trem2”" BM
(Fig.2f-iand Extended DataFig. 3c). During early lesion formation, we
evidenced a strong increase in necrotic core size in mice with hemat-
opoietic Trem2 deficiency, with a 1.7-fold (8 weeks HFD; P = 0.005)
and a more than twofold (12 weeks of HFD; P = 0.007) increase in
independently performed experiments (Fig. 2j,k and Supplemen-
tary Fig. 1). In late-stage atherosclerosis experiments, no differences
in necrotic core size were observed (Fig. 21,m). Although we chose
BM chimeras as our primary model to avoid confounding effects of
TREM2 expression on non-hematopoietic cells, we also analyzed
atherogenesisin Ldlr’ Trem2” mice (Extended DataFig.4). At 10 weeks
of HFD, LdIr” Trem2”" mice did not show any significant difference in
plaquesizeintheaorticsinusand atrend towardincreased lesionsizein
theaorta. Consistent with our BM chimera experiments, Ldlr” Trem2”"
had decreased macrophage content and an increased necrotic core
area at this timepoint (Extended Data Fig. 4a-d). At 20 weeks of HFD,
Ldlr” Trem2” mice displayed a trend toward decreased plaque size
and no differences in necrotic core (Extended Data Fig. 4e-g). Over-
all, data obtained in Ldlr”" Trem2”" mice are in line with observations
in BM chimera experiments. In our BM chimera experiments and in
Ldlr’" Trem2” mice, we did not observe significant effects on body
weight, and inconsistent effects on systemic lipid levels, with Trem2
deficiency being associated with no modification, slight increases or
slightreductionsin total cholesterol and triglycerides in serumacross
experiments (Extended Data Table 1). Trem2 deficiency increased
necrotic core formation in early atherosclerosis in mice with no
changesin systemic lipid parameters (BM chimeras, 12 weeks of HFD,
and LdIlr” Trem2” mice, 10 weeks of HFD) but also in mice showing
decreased total cholesterol and triglyceride levels (Trem2”” BM chime-
ras, 8 weeks of HFD), indicating thatincreased necrotic core formation
is not driven by dyslipidemia. Altogether, these data indicate that
TREM2 deficiencyis associated withincreased necrotic core formation
during early experimental atherogenesis.

Next, we hypothesized that TREM2 activation might produce
opposite effects—that is, reduce plaque necrosis. We treated HFD-
fed Ldlr’" mice with the TREM2 agonistic antibody 4D9 (ref. 11)
for 10 weeks, initiating treatment together with the onset of HFD
(Fig. 2n). LdIr”" mice receiving 4D9 (5 mg kg intraperitoneally (i.p.)
twice weekly) showed no differences in lesion size in the aortic sinus
but a decreased macrophage content and a reduced necrotic core
size (Fig. 20-q and Extended Data Fig. 3d). Blood cholesterol or tri-
glycerides were not affected (Extended Data Table 1). A trend toward
decreased aortic plaques was observed in 4D9-treated mice (Extended
Data Fig. 5a). Anindependent experiment employing a lower dose of
4D9 (1 mg kg™ i.p. weekly) showed a clear trend toward decreased
necrotic core formation, without inducing changes in lesion size or
macrophage content (Extended Data Fig. 5b-e). These data demon-
strate that TREM2 activation with 4D9 inhibits necrotic core formation
inlesions.

Fig.2| TREM2 controls necrotic core formation in early experimental
atherosclerosis. a, Experimental design for atherogenesis experimentsin BM
chimeras reconstituted with Trem2"* or Trem2”7~BM. Aortic sinus plaque size
(b-e), macrophage content (expressed in percent of cellular plaque area) (f-i)
and necrotic core size (expressed in percent of total plaque area; necrotic areais
demarcated by a dashed red line) (j-m) in Ldlr”” mice irradiated and reconstituted
with Trem2"* or Trem2”" BM cells and fed an HFD for 8 weeks (b,f j: n =7 Trem2"*
BM, n=9 Trem2”" BM); 12 weeks (c,g k:n =13 Trem2"* BM,n=15 Trem2”"BMinc;
n=14 Trem2"*BM, n=15 Trem2” BMing, n=12 Trem2"*BM, n=15 Trem2”"BM
ink); 16 weeks (d,h,l:n=7 Trem2”7*BM,n=7 Trem2” BMind,l; n = 6 Trem2”*BM,
n=7Trem2” BMinh); or 20 weeks (e,i,m: n =11 Trem2"* BM, n=8 Trem2”" BM).

n, Experimental design for the in vivo TREM2 agonism experiment. Aortic sinus
plaque size (0), macrophage content (expressed in percent of cellular plaque
area) (p) and necrotic core size (expressed in percent of total plaque area;
necrotic areais demarcated by adashed red line) (q) in Ldlr”" mice fed an HFD and
treated withisotype antibody or 4D9 for 10 weeks (5 mg kg™ i.p. twice weekly)
(n=14Ldlr” mice treated with isotype control (eight males, six females); n =17
Ldlr” mice treated with 4D9 (10 males, seven females). Squares, female mice;
circles, male mice; pooled from two experiments. All bar graphsin Fig. 2 present
dataas mean + s.e.m. together with individual data point distribution. Statistical
tests: two-tailed Mann-Whitney test (b,d,f h-j,I); two-tailed unpaired ¢-test
(c,e,g k,m,0-q). Pictures inaand n were created with BioRender.
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Overall, our data indicate that TREM2 protects from atheroscle-
rosis by limiting necrotic core formation. Necrotic core formationisa
hallmark of unstable atherosclerotic plaques and results from a local
imbalance between cell death, often associated with macrophage
cholesterol overloading, and efferocytosis®. To gain insight into the

mechanisms underlying the role of TREM2 in necrotic core forma-
tion, we performed single-nucleus RNA sequencing (snRNA-seq) and
invitro experiments.

snRNA-seq of aortic cells was performed in Ldlr” Trem2** and
Ldlr” Trem2”" mice after 10 weeks of HFD (Extended Data Fig. 6a—c).
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We identified Gpnmb* foamy macrophages after reclustering cells
corresponding to MPCs (Extended DataFig. 6b-e). Differential expres-
sion analysis performed on all single foamy macrophages showed
reduced expression of genes encoding foamy macrophage markers
(Sppl and Cd5l), scavenger receptors (Msrl and Cd36), antioxidant
heme oxygenase (HmoxI) and anti-apoptotic BCL2 (Bcl2) in Trem2”"
foamy macrophages (Fig. 3a). A more stringent pseudo-bulk analysis
(Methods) confirmed lower expression of HmoxI, Msr1 and Bcl2in
Trem2” foamy macrophages (Extended Data Fig. 6f). This analysis
suggests that TREM2 affects expression of genes associated with the
foamy macrophage signature, lipid uptake and pro-survival activities
inatherosclerosis-associated foamy macrophages.

In vitro, we tested whether TREM2 influences macrophage foam
cell formation, survival and efferocytosis. Exposure of thioglycolate-
elicited peritoneal macrophages to copper-oxidized LDL (Cu-oxLDL)
induced expression of Trem2 and other markers of the foamy/lipid-
associated macrophage signature (Extended Data Fig. 7a). Trem2”"
bone-marrow-derived macrophages (BMDMs) showed reduced
expression of oxidized LDL (oxLDL) uptake receptors (Cd36, Msrl1,
Cxcl16 and Olr1) at baseline and after oxLDL loading, in line with our
snRNA-seq findings (Fig. 3a,b). Macrophage uptake of Dil-labeled
oxLDL was reduced in Trem2”~ BMDMs and showed a trend toward
increase in 4D9-treated macrophages (Fig. 3c and Supplementary
Fig.2). Theseresultsindicate that TREM2 modulates oxLDL uptake by
macrophages, possibly viaregulation of scavenger receptor expression.

We evaluated macrophage survivalin response to free cholesterol
loading as an atherosclerosis-relevant in vitro model of macrophage
death'?. Trem27 BMDMs showed reduced survival upon free choles-
terolloading (Fig.3d-e), whereas the opposite was seenin 4D9-treated
BMDM s (Fig. 3f), indicating that TREM2 promotes macrophage foam
cellsurvival. Mitochondrial potential in remaining viable macrophages
wasreducedin Trem2” BMDMs and increased in 4D9-treated BMDMs
(Fig. 3g), consistent with previous work linking TREM2 to phagocyte
metabolic fitness during stress®.

Inaflow cytometry-based assay, Trem2”” BMDMs and thioglyco-
late-elicited peritoneal macrophages showed reduced ability to take up
apoptotic cells (Fig. 3h, Extended Data Fig. 7b-d and Supplementary
Fig.3). Analysis of in situ efferocytosisin Ldlr” BM chimeras at 12 weeks
of HFD feeding showed a higher free apoptotic cell:macrophage-
associated apoptotic cell ratio in lesions of mice with Trem2”" BM,
further indicating reduced efferocytic activity of macrophages
within lesions (Fig. 3i). We furthermore assayed continual efferocy-
tosis ability of BMDMs using a two-step efferocytosis assay™ (Fig. 3j).

Primary and continuous efferocytosis of apoptotic and necrotic
cells were both impaired in Trem27- BMDM s (Fig. 3k-1), altogether
suggesting an impaired ability of TREM2-deficient macrophages to
clear dead cells. Efferocytosis reprograms macrophages to promote
continuous efferocytosis and resolution of inflammation, notably
upregulating expression of Mertk (ref.15) and /l10 (ref. 16). Although
Trem2”* BMDMs upregulated Mertk, Il10, Abcal and markers of the
foamy macrophage signature (Gpnmb and Fabp5)* in response to
efferocytosis, this response was blunted in Trem2”” BMDMs (Fig. 3m).
Toaccount for reduced efferocytosis ability of Trem2”” macrophages,
we performed gene expression analysis of sorted efferocytic mac-
rophages, yielding consistent results (Extended Data Fig. 7e—f). Our
data suggest that TREM2-deficient macrophages have a decreased
efferocytosis ability and altered gene expression responses trig-
gered by efferocytosis. Efferocytosis in atherosclerotic lesions can
beinhibited by the ‘don’t-eat-me’signal CD47.In our snRNA-seq data,
Cd47 expression was not significantly affected in various aortic cell
lineagesin Ldlr’” Trem2” mice (Extended Data Fig. 8).

Based on our in vivo and in vitro observations, we propose that,
by enhancing oxLDL uptake and macrophage foam cell survival and
by increasing macrophage efferocytosis and anti-inflammatory gene
expressioninresponse to efferocytosis, TREM2 limits atherosclerotic
plaque necrosis (Fig. 3n).

Inexperimental atherosclerosis, hematopoietic or global TREM2
deficiency increased, whereas treating Ldlr”" mice with the TREM2
agonistic antibody 4D9 (ref. 11) decreased, necrotic core formation.
A recent report investigating TREM2 in macrophages in atheroscle-
rosis proposed that TREM2 promotes lipid uptake and macrophage
survival and that TREM2 deficiency in macrophages decreases lesion
formation”, thereby showing TREM2-mediated modulation of mac-
rophage functions consistent with our observations but contrasting
outcomes of invivo disease readouts. This report used Cx3cr1-CreERT2-
Trem2™* mice in which maintenance of Trem2knockout inmacrophages
required continuous tamoxifen administration over several weeks,
which has been linked to confounding effects on systemic lipid metabo-
lism and plaque formation in experimental atherosclerosis'®. A recent
preprint fromthe same group using another TREM2 agonistic antibody
in established atherosclerosis also demonstrated reduced necrotic
core formation”, corroborating our conclusions that TREM2 signaling
reduces plaque necrosis.

Whether macrophage foam cell survival is deleterious or ben-
eficial during atherogenesis likely depends on the disease stage®
and is difficult to investigate in experimental mouse models where

Fig.3| TREM2 controls macrophage survival and efferocytosis. a, Dot plot

of differentially expressed genes in Ldlr” Trem2"* and Ldlr” Trem2” foamy
macrophages as determined by snRNA-seq analyses. b, Expression of the
indicated transcripts in Trem2"* and Trem2”~ BMDMs with or without oxLDL
loading (n =5 biological replicates per genotype and condition; pooled from two
experiments). ¢, Dil-oxLDL uptake by Trem2”* and Trem2”-BMDMs (n =5 Trem2"*
and n=4 Trem2” biological replicates; representative of two independent
experiments) and in BMDMs treated with the TREM2 agonistic antibody 4D9
(n=7biological replicates; pooled from two experiments). Representative flow
cytometric analysis of BMDM survival in response to free cholesterol loading

(d) and analysis of macrophage viability (expressed as percent of untreated
wild-type (WT) control) (e) (0 pg ml™and 50 pg ml™ cholesterol, n = 6 biological
replicates per genotype; 25 pg ml™and 100 pg ml™ cholesterol, n = 5 biological
replicates per genotype; data were pooled from six experiments with BMDMs
from n =1mouse from each genotype assayed in technical triplicates). f, Analysis
of macrophage viability in response to free cholesterol loading in BMDMs
treated with4D9 or isotype control (n = 4 biological replicates per condition;
representative of two independent experiments). g,JC-1MitoProbe red/green
ratio indicating mitochondrial potential in viable 7-AAD™ macrophages after

free cholesterol loading (25 pg ml™) in Trem2** and Trem2”” BMDMs (left;n=3
biological replicates per genotype and condition; one experiment) and in

4D9-treated BMDMs (right; n = 6 biological replicates; pooled from two
experiments). h, Efferocytosis assay with experimental design, representative
flow cytometry plots (pre-gated on viable F4/80" cells) and quantitative
analysis of phagocytic macrophages after overnight co-incubation with CFSE-
labeled apoptoticJurkat T cells (n =5 Trem2** and n =5 Trem2”" biological
replicates; pooled from two independent experiments). i, Analysis of in situ
efferocytosis in Ldlr’ mice with hematopoietic Trem2 deficiency after 12 weeks
of HFD with representative pictures and quantification of the free apoptotic
cell:macrophage-associated apoptotic cell ratio. For representative images,
F4/80" areas are shown in green, TUNEL" areas in red and DAPI* nucleiin blue.
Pink arrows indicate F4/80" macrophage-associated TUNEL DAPI" apoptotic
cells, and yellow arrows indicate free TUNEL'DAPI" apoptotic cells (n=8 Ldlr”"
mice with Trem2”* BM and n =8 LdIr”” mice with Trem2”~ BM). j-1, Continuous
efferocytosis assay with experimental design (j), continuous efferocytosis assay
withapoptotic bait cells (k) and continuous efferocytosis assay with necrotic
bait cells (I) (fork and I: n = 3 Trem2"* and n = 3 Trem2” biological replicates; one
experiment). m, Gene expression in Trem2** and Trem2”- BMDMs in response to
apoptotic cell efferocytosis overnight (n = 4 biological replicates per genotype
and condition; one experiment). n, Proposed model and overview of the
conclusions. ctrl, control; FSC-A; forward scatter area.
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complexlesions develop within short timeframes (weeks), compared
to human lesions developing over decades. In early atherosclerosis,
the ability of macrophages to take up lipids and engage the appropri-
ate mechanisms to clear them from the intima, while surviving and
preserving their efferocytosis ability, appears necessary to maintain
local tissue homeostasis. By promoting the survival, lipid handling
and efferocytosis capacities of macrophages, TREM2 would have a
beneficialrolein this context. Furthermore, although local macrophage
death underlies plaque regression upon reversal of dyslipidemia®, this
requires continued efferocytosis. At later stages of atherosclerosis,
other mechanisms might prevail in the regulation of macrophage
accumulation, survival and efferocytosis, with macrophage prolifera-
tion becoming predominant® and impairment of MERTK-dependent
efferocytosis underlying plaque necrosis®. In patients, we observed an
association between sTREM2 levels and carotid plaque progression.
This is in line with our previous observation of a positive association
between sTREM2 levels and advanced disease in patients with NASH’.

Our observations of macrophage-intrinsic functions of TREM2
as a regulator of macrophage survival and efferocytosis are consist-
ent with previous research. TREM2 is a marker of disease-associated
microglia in the brain® and promotes survival of these cells in condi-
tions of metabolic stress”, promotes efferocytosis in the diseased
liver* and regulates the expression of genes involved in lipid handling
after a phagocytic challenge”. Another recent report also proposed
that TREM2 promotes macrophage lipid uptake, consistent with our
results, but showed reduced atherogenesis in Apoe” Trem2”” mice®.
These contrasting findings might be caused by the use of Apoe™ mice,
as APOE and TREM2 are functionally linked”, and macrophage-derived
APOE controls macrophage survival, apoptotic cell clearance and
necrotic core formation in atherosclerosis™.

Previous evidence indicates that TREM2 functions in other cell
typesand organs might affect atherosclerosis. In diet-induced obesity,
TREM2 has been proposed to control adipose tissue remodeling® and
to possibly affect metabolic homeostasis systemically”. TREM2 has a
protectiverolein the liverin experimental NASH**, We did not observe
consistent effects of TREM2 deficiency on weight gain or systemic
lipid levels under atherogenic conditions, and we observed increased
necrotic core formation in mice with similar, or even decreased, sys-
temic lipid levels, indicating that TREM2 limits plaque necrosis inde-
pendently of lipid levels. However, we cannot fully exclude that TREM2
functionsin other organs mightinfluence lesion formation. Although
Trem2expression is mostly restricted to MPCs?, we observed expression
of Trem2 in phenotypically modulated vascular smooth muscle cells
(VSMCs). Guo et al.”® proposed that TREM2 promotes lipid uptake by
VSMCs. Uncovering the role of TREM2in VSMCs requires further stud-
ies using appropriate cell-type-specific models. Expression of Trem2
mRNA on non-macrophage immune cells was low in our scRNA-seq
analysis, but potential effects of TREM2 in other BM-derived cells
cannot be categorically excluded. Likewise, beneficial effects of the
TREM2 agonist antibody 4D9 might have been caused by activating
TREM2bothin macrophages and in other TREM2-expressing cells.

In conclusion, our data using TREM2 deficiency and TREM2 ago-
nism in experimental atherosclerosis uncovered a role of TREM2 in
limiting plaque necrotic core formation, a feature of unstable lesions
associated with plaque rupture®. TREM2 might represent anattractive
therapeutic target in cardiometabolic disease, as, in addition to its
proposed beneficial roles in obesity and other lipid-driven diseases,
such as NASH, activating TREM2 signaling may limit plaque necrosis
and promote stabilization of atherosclerotic lesions.

Methods

This study adheres to all relevant ethical regulations. Experimental
studies performed in Wiirzburg were conducted according to Good
Scientific Practice institutional guidelines of the University of Wiirz-
burg. Allanimal studies performed in Wiirzburg conformto Directive

2010/63/EU of the European Parliament and have been approved by
the appropriate local authorities (Regierung von Unterfranken, Wuer-
zburg, Germany, Akt.-Z. 55.2-2531.01-24/13, 55.2-DMS-2532-2-287 and
55.2-DMS-2532-2-1227). All experimental studies performedin Vienna
were approved by the Animal Ethics Committee of the Medical Univer-
sity of Vienna and the Austrian Federal Ministry of Education, Science
and Research and were performed according to Good Scientific Prac-
tice and national and international institutional guidelines (license no.
BMWF 66.009/0336-V/3b/2018).

Animal models

Mice. Ldlr”’ mice (B6.129S7-LdIrtm1Her/J, JAX stock no. 002207)
were originally obtained from The Jackson Laboratory. Trem2”" mice
were originally provided by Marco Colonna (Washington University).
Trem2”" LdIr” mice were obtained by crossing the above mouse strains
in-house. All mice were on a C57BL/6) background.

Wiirzburg experiments. Mice were bred and kept inindividually ven-
tilated cages (IVCs) with a12-h dark/light cycle and ad libitum access to
sterilized food and water under barrier-specific pathogen-free condi-
tions. Ambient temperature was maintained between 20 °C and 24 °C
and humidity between 45% and 65%. Six- to eight-week-old male or
female Ldlr” and Ldlr” Trem2” mice were fed with an atherogenic diet
(15% milk fat, 1.25% cholesterol; Altromin) for 10 weeks or 20 weeks.
BM chimeras were generated by lethally irradiating 6- to 8-week-old
male Ldlr”" mice (9 Gy, Faxitron, CP-160). Four hours after irradiation,
the mice received 5 x10° total BM cells from male Trem2** or Trem2”"
donors and were left to recover for 4 weeks, with neomycin sulfate
(bela-pharm, 2 g L, indrinking water) as antibiotic prophylaxis during
the first week. Afterwards, mice were fed an atherogenic diet (HFD)
(15% milk fat, 1.25% cholesterol; Altromin) for 8 weeks or 20 weeks.
For TREM2 activation experiments, 6-10-week-old Ldlr”" mice were
randomized to receive weekly i.p. injections of 1 mg kg 4D9 antibody
or the appropriate isotype control (4D5)" and fed an HFD for 9 weeks
(low-dose experiment) or randomized to receive i.p. injections of
5mgkg™4D9antibody or the appropriate isotype control (4D5) twice
weekly and fed an HFD for 10 weeks (high-dose experiment). Male mice
were used inthe low-dose experiment, and a mix of males and females
were used in the high-dose experiment. Number and sex of mice usedin
eachexperimental group areindicated in the figure legends. Sex-disag-
gregated dataare provided inthe Source datatables. All animal studies
conformto Directive 2010/63/EU of the European Parliament and have
been approved by the appropriate local authorities (Regierung von
Unterfranken, Wuerzburg, Germany, Akt.-Z. 55.2-2531.01-24/13, 55.2-
DMS-2532-2-287 and 55.2-DMS-2532-2-1227).

Vienna experiments. Age-matched male mice of at least 8 weeks of age
were used for all experiments, and groups were kept co-housed. Mice
were bred and kept in IVCs with a 12-h dark/light cycle and ad libitum
access to sterilized food and water under barrier-specific pathogen-
free conditions at the Core Facility for Animal Breedingand Husbandry
of the Center for Biomedical Research at the Medical University of
Vienna. Ambient temperature was maintained around 22 °C (20-24 °C)
and humidity around 55% (45-65%). For BM transplantation stud-
ies, 8-week-old male Ldlr”- mice were y-irradiated using two doses
of 6 Gy spaced 4 h apart to eliminate hematopoietic cells. The BM
was subsequently reconstituted with 5 x 10¢ BM cells isolated from
the femurs and tibias of 6-8-week-old male Trem2”" donor mice or
male Trem2"* littermates. Recipient mice recovered for 6 weeks after
BM transplantation to allow for reconstitution of the hematopoietic
compartment. To induce atherosclerosis, mice were put on a high-
fat, high-cholesterol diet (HFD) containing 21% milk fat and 0.21%
cholesterol (TD88137, ssniiff-Spezialdidten GmbH) with ad libitum
access to pellets for 12 weeks or 16 weeks. Number of mice used ineach
experimental groupisindicatedinthe figure legends. The diet pellets
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were previously irradiated/autoclaved for sterility. All experimental
studies were approved by the Animal Ethics Committee of the Medical
University of Vienna and the Austrian Federal Ministry of Education,
Science and Research and were performed according to Good Scientific
Practice and national and international institutional guidelines (license
no. BMWF 66.009/0336-V/3b/2018).

Histology and immunohistochemistry

Histomorphological analyses wereindependently performedin each
laboratory by investigators blinded to the experimental conditions,
without prior consultation or knowledge of results obtained in the
other laboratory.

Wiirzburg experiments. Aorta Oil-Red-O staining for atherosclerotic
lesion quantification. Mice were killed by cervical dislocation under
isoflurane anesthesia. Aortas were perfused with PBS, excised and fixed
in4% paraformaldehyde (PFA) for 24 h. After removing the adventitia
layer, the aortas were washed in PBS for 5 min and dipped 10 times in
60% 2-propanol. Oil-Red-O staining was performed, incubating the
aortas for 15 min in Oil-Red-O staining solution. After washing with
60% 2-propanol and PBS, the aortas were mounted, and pictures were
acquired with a Leica DM 4000 B LED microscope. Lesion size was
assessed measuring the red staining area using ImageJ software (Fiji).

Aorticroot preparation and histology staining. Mice were killed by cervi-
cal dislocation underisoflurane anesthesia. The hearts were exposed,
perfused with PBS, excised and fixed in4% PFA for 24 h. Aortic root sec-
tions were made with a cryostat (Leica, CM3050 S) at 4-pum thickness.
For immunofluorescence staining, antigen retrieval with the citrate
method was performed. The sections were then blocked for 30 min
with blocking solution containing 2% mouse serum, 2% rabbit serum, 2%
horse serum, 1% BSA and 0.1% Triton X-100 to prevent unspecific stain-
ing. Then, they wereincubated with rat anti-mouse MAC2 (Cedarlane,
CL8942AP,M3/38,1:600) antibodies overnight at 4 °C. After washing
with PBS, sections were stained with goat anti-rat Alexa Fluor 488
(Thermo Fisher Scientific, A1106, polyclonal, 1:500). Finally, the sec-
tions were mounted using VECTASHIELD (Vector Laboratories, H1200)
containing DAPI, and pictures were acquired with the LeicaDM 4000 B
LED microscope. MAC2 fluorescence area was measured using Image)
software. For necrotic core measurement, hematoxylin and eosin
staining was performed on aortic root sections. In brief, the sections
were stained with hematoxylin (Morphisto, 10231) solution for 6 min
and washed shortly in distilled water and then in running tap water for
6 min. Aortic root sections were stained with eosin (Morphisto, 10177)
for 6 min and then washed shortly in distilled water. The sections were
dehydrated inincreased ethanol concentration and xylene as the last
step. Thesslides were mounted witha mounting medium, and pictures
wereacquired with the LeicaDM 4000 B LED microscope. Necrotic core
areaand plaque size were measured using ImageJ software.

Vienna experiments. Aorta, heart and innominate artery preparation.
Mice were killed by CO, overdose under isofluorane anaesthesia, and
blood was drawn via the vena cava. Mice were post-mortally perfused
via the heart with 20 ml of PBS using a perfusion system, followed by
perfusion in 3.7% formaldehyde (Merck Millipore). Perivascular tis-
sue was removed in situ, and hearts, brachiocephalic (innominate)
arteries and aortas were isolated until the iliac bifurcation and stored
in 3.7% formaldehyde for 16-24 h before transfer to PBS until further
processing. The ventricular ends of the hearts were cut and removed
inparallel to the atria to expose the aortic origin for subsequent aortic
root cross-section preparation.

Aorta Sudan 1V staining and lesion quantification. For en face prep-
arations, aortas were pinned onto standard wax dissection pans
submerged in PBS, and remaining adventitial tissue was removed.

Aortas were washed in Sgrensen’s phosphate buffer (pH 7.38) and
subsequently incubated for 15 minin Sudan IV Staining Solution (0.5%
SudanlVin1l:1acetone and 70% ethanol, filtered; Sigma-Aldrich) with
periodic shaking. Aortas were subsequently incubated in 80% ethanol
for 5 min, followed by washing in water. Images were acquired on a
Zeiss Stemi Dissecting Microscope with Axiocam 208 Color and ZEN
Blue software (Carl Zeiss). Lesion size was assessed inadouble-blinded
fashion by computer-assisted analysis using Photoshop Elements
(Adobe) and Image]. Data are expressed as percent of Sudan IV* area
per total aortic area.

Aorticroot cross-section and innominate artery preparation and lesion
quantification.For aortic root cross-sections and innominate artery
sections, hearts were dehydrated and embedded in paraffin according
tostandard protocols by incubation withincreasing concentrations
of ethanol followed by xylene and paraffin. Sequential tissue section-
ing was subsequently performed on a microtome (Microm GmbH).
Innominate arteries were sequentially sectioned in 5-pm-thick serial
sections starting from the branching point of theinnominate artery
toward the aortic arch. Aortic roots were sectioned in 5-pm-thick
serial sections starting from the appearance of the three aortic valve
leaflets. Nine sections separated by 50 pm across a distance of 400 pm
from aortic root origin were used for subsequent analysis. Sections
were stained using Masson’s trichrome staining according to the
manufacturer’s instructions (Sigma-Aldrich). Images were photo-
graphed on a Zeiss Axiolmager Al using AxioCam MRC5and ZEN 2.3
Prosoftware (Carl Zeiss). Lesion size in all three leaflets was assessed
in a double-blinded fashion by computer-assisted image analysis
using Photoshop Elements and ImageJ software. For cross-section
lesion sizes, data are expressed as the average total lesion size across
nine sections (0-400 um) fromthe aortic origin, with total lesion size
defined as the sum of lesions at the three leaflets at each location.
For necrotic cores, data are expressed as percent of lesional area
made up of necrotic, acellular area. Necrotic cores were assessed at
150-250 pm fromaortic root origin, and data are expressed as average
necroticarea per lesional area per leaflet across three sections spaced
50 umapart. Forinnominate arteries, brachiocephalic arteries were
isolated from the mice postmortem, fixed and embedded in paraffin
and sectioned in 5-pm-thick serial sections. Five sections separated
by 50 um were used for subsequent analysis in a similar fashion as
aorticroot cross-sections. Innominate artery lesion size is expressed
as percent stenosis (that is, percent of artery lumen covered by ath-
eroscleroticlesions).

Immunohistochemistry. For the assessment of lesional macrophage
content, aortic root cross-sections (190-210 um from aortic origin)
were stained with anti-Mac2 antibody (BioLegend, 125401, clone
M3/38,1:1,500). In brief, after dewaxing and rehydration, slides were
subjected to antigen retrieval for 20 min at 99 °C at pH 6.0 using Cit-
rate Antigen Retrieval Solution (Sigma-Aldrich) and PBS-T washing.
Cross-sections were blocked in 10% goat serumin1% BSA-PBS-Tween
20for1h, followed by 10-minincubations with avidin and then biotin
in PBS (Dako, Agilent). Sections were incubated with rat anti-mouse
Mac2 IgG2a antibody (BioLegend, 125401, clone M3/38, 1:1,500 in
Ab dilution buffer containing 1% BSA, 0.05% sodium azide, 0.1% cold
fish skin gelatin and 0.01 M PBS, pH 7.2) or rat IgG2a isotype control
(Thermo Fisher Scientific, 14-4321-81, clone eBR2a, 1:1,500) at 4 °C
overnight, followed by H,0, treatment and incubation with second-
ary antibody fragment biotinylated goat anti-rat IgG (H + L) (1:200 in
PBS-Tween 20; Vector Laboratories, BA-9401, polyclonal). Finally,
slides were incubated with Streptavidin Peroxidase Polymer (Sigma-
Aldrich) for 30 min, followed by DAB Substrate Chromogen solution
(Dako, Agilent). Slides were dehydrated using increasing concentra-
tions of ethanol and xylene and mounted with Entellan before image
acquisition onthe Zeiss Axiolmager Al using AxioCam MRC5 and ZEN
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2.3 Pro software. Quantification was performed by image-assisted
analysis using Image]J software to determine Mac2" areas. Data are
expressed as percent of positive areas within the cellular areas of the
atherosclerotic plaques.

Necrotic core area measurement. Necrotic cores were defined as acellu-
lar/anuclear areasin hematoxylinand eosin (Wiirzburg) orin Masson’s
trichrome (Vienna)-stained tissue sections (Supplementary Fig. 1).
Necrotic core areais expressed relative to plaque size.

In situ assessment of lesional efferocytosis. Formalin-fixed, paraffin-
embedded tissue sections fromaortic root cross-sections were heated
and deparaffinized using xylene, followed by rehydration using
decreasing concentrations of ethanol (CarlRoth). Slides were subjected
toantigenretrieval for 20 minat 99 °Cat pH 6.0 using Citrate Antigen
Retrieval Solution (Sigma-Aldrich), followed by cooling, PBS rinsing
and treatment with 0.01% Triton X-100 for 30 min. Sections were then
incubated inadark, humidified chamber with TUNEL mixture (accord-
ing to the manufacturer’s instructions) using the In Situ Cell Death
Detection Kit TMR-Red (Roche Diagnostics) at 37 °C for 90 min. After
3xPBS washing, sections were blocked for 30 min at room tempera-
ture using 10% donkey serum (Sigma-Aldrich) in PBS supplemented
with 1% BSA, followed by overnight incubation at 4 °Cwith aratIgG2a
anti-mouse anti-F4/80 antibody (clone BMS8, eBioscience, 14-4801-82,
Thermo Fisher Scientific) diluted 1:50 in a 1% BSA, 0.3% Triton X-100,
0.01 MPBS buffer.Inparallel, selected adjacent sections were incubated
witharatlgG2aisotype control (clone eBR2a, eBioscience, 14-4321-81,
dilution1:50) to assess specificity. After 3xPBS washing, sections were
incubated with a polyclonal Alexa Fluor 647-conjugated donkey anti-
ratF(ab’),fragmentagainstratlgG (H + L) (Jackson ImmunoResearch,
712-606-153, polyclonal) diluted 1:100 in PBS supplemented with 1% BSA
for 100 min at room temperature. After PBS washing, sections were
counterstained with DAPI (Sigma Aldrich, 1:1,000 in PBS) for 10 min
atroom temperature. Slides were mounted in Fluoromount Aqueous
Mounting Medium (Sigma-Aldrich).

For quantification, 7-10 representative images from different
regions of each of the three valve leaflets at aregion between 190 um
and 210 um from the appearance of valve leaflets at the aortic origin
were stained and acquired at x20 magnification using an Axio-Imager
M2 (Carl Zeiss). Representative images were additionally acquired at
x40 magnification. The number of ‘free apoptotic cells’, defined as
TUNEL'DAPI* nucleinot associated with F4/80" regions, and the num-
ber of ‘macrophage-associated apoptotic cells’,defined as TUNEL 'DAPI*
nucleithat were surrounded by orin contact with neighbouring F4/80*
cells, were counted. The ratio of free apoptotic cells to macrophage-
associated apoptotic cells was used as an indicator of efferocytosis
efficiency as previously described™.

Blood cholesterol and triglyceride measurements

Wiirzburg experiments. Blood was collected in serum collection
tubes (Sarstedt, 41-1500-005) and kept on ice until all samples were
collected. After equilibrating the sample to room temperature for
30 min, they were centrifuged at 10,000 relative centrifugal force
(rcf) for 5 min. The serum was aliquoted and stored at —80 °C until
further use. Total cholesterol was measured using an Amplex Red
Cholesterol Assay Kit (Invitrogen, A12216) according to the manu-
facturer’sinstructions. Fluorescence intensity was measured usinga
microplatereader. Triglycerides were measured using an EzymChrom
Triglyceride Assay Kit (BioAssay Systems, ETGA-200) according to the
manufacturer’s instructions. Optical density was measured using a
microplate reader.

Vienna experiments. Blood was collected using 23-gauge needles post-
mortem after more than 4 h of fasting via the vena cava into EDTA col-
lectiontubes (Greiner Bio-One). Plasma was obtained by centrifugation

at1,000g for 20 min at room temperature. Plasma triglyceride and
cholesterol levels were measured in an ISO-15189-accredited medi-
cal laboratory under standardized conditions on Beckman Coulter
AU5400 instruments using Beckman Coulter OSR6516 Reagent at the
Department of Laboratory Medicine, Medical University of Vienna.

BMDM culture generation

Femur and tibia of two hindlimbs were used for BM isolation as
described in ref. 33. BM cells were resuspended in RPMI supple-
mented with 10% FCS, 100 U mI™ penicillin-streptomycin and 50 pM
B-mercaptoethanol, filtered (70-um cell strainer) and washed. Cells
wereresuspended in medium supplemented with15% 1929 conditioned
medium; cells were counted; and 2 x 10° cells per milliliter were plated
in a10-cm? cell culture dish. After 7 d, macrophages were detached
using Accutase (Sigma-Aldrich, A6964), washed and resuspended in
15% L929 supplemented medium, and 0.4 x 10° macrophages were
plated per well in a 12-well plate. Cells were rested overnight before
conducting experiments. Before allin vitro assays, macrophages were
incubated for 4 hin starving low-serum medium (RPMIsupplemented
with1%FCS)

Thioglycolate-elicited peritoneal macrophages

Toelicit peritoneal macrophages, 12-16-week-old male mice received
asingle dose (50 pl g body weight) of sterile thioglycolate (Thermo
Fisher Scientific, Difco Laboratories) by i.p.injection 72 hbefore being
killed. After mice were killed, thioglycolate-elicited macrophages were
harvested by peritoneal lavage using sterile PBS +1% BSA. Cells were
subsequently plated in RPMI-1640 medium supplemented with 10%
heat-inactivated FCS and allowed to adhere for 2 h, after which cells
were used for subsequent experiments (oxLDL loading and efferocy-
tosis assays).

oxLDL uptake assay

Wiirzburg experiments. Macrophages were exposed to 5 ug ml™ Dil-
oxLDL (Thermo Fisher Scientific, K1612) overnight. For TREM2 activa-
tion assay, cell culture plates were coated with 4D9 or isotype control
antibody at 20 pg mI™ in PBS at 4 °C overnight. Plates were washed
once, and macrophages were plated in complete medium. The day
after, macrophages were exposed to 5 pg ml™ Dil-oxLDL for 6 h. Cells
werewashed once with PBS and detached with Accutase. Macrophages
werethen collected in FACS tubes, washed with PBS supplemented with
1% FCS and incubated in Fc Block (1:50, clone 93, BioLegend, 101320)
for10 min. After blocking, macrophages were stained with F4/80 e450
(1:100, eBioscience, 48-4801-82, clone BM8) and viability dye e780
(1:1,000, Thermo Fisher Scientific, 65-0865-14) for 30 minin the dark.
Afterwashing, they were resuspendedin PBS supplemented with1%FCS
andread by aFACSCelesta (BD Biosciences) and analyzed with FlowJo
version 10 software. All flow cytometry gating strategies are detailed
in Supplementary Fig. 2.

Gene expression in response to oxLDL. Cultured macrophages were
incubated for 6 hwith oxLDL 50 pg ml™. After washing, adherent mac-
rophages were lyzedin RAllysis buffer (with added 3-mercaptoethanol)
from a NucleoSpin RNA Extraction Kit (Macherey-Nagel).

Vienna experiments. Foam cell formation assays were performed as
previously described’. In brief, thioglycolate-elicited peritoneal mac-
rophages were treated with 10 pg m1™, 20 pg mi™ or 50 pg ml™ Cu-
oxLDL or 50 pg ml™ native LDL for 24 h. Cells were subsequently rinsed
in serum-free PBS and processed for RNA isolation. To confirm lipid
loading, cells were stained using 2 uM BODIPY 493/503 (4,4-difluoro-
1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-s-indacene; Invitrogen,
Thermo Fisher Scientific), and mean fluorescence intensity (MFI)
of BODIPY-493/503 was assessed by flow cytometry as previously
described’ (datanot shown).
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Viability assay

Adherent BMDMs from either Trem2"* or Trem2”~ genotype were
incubated with ACAT inhibitor (Sigma-Aldrich, S9318) at 2 ug ml™,
together with different concentrations of soluble cholesterol (Sigma
Aldrich, C4951) (25 pg mI™, 50 pg ml™ and 100 pg ml™). For TREM2
activation assay, cell culture plates were coated with 4D9 or isotype
control antibody at 20 pg ml™in PBS at 4 °C overnight. Plates were
washed once, and macrophages were plated in complete medium. The
day after,adherent macrophages were incubated with ACAT inhibitor
(Sigma-Aldrich, S9318) at 2 ug ml™ and M-CSF (5 ng ml™) together
with different concentrations of soluble cholesterol (Sigma Aldrich,
C4951) (25 pg ml™ and 50 pg ml™). After 24 h, cells were washed and
either directly harvested or incubated for 20 min with JC-1MitoProbe
at1:1,000 dilution (Cell Signaling Technology, 92891), washed and then
detached gently with Accutase and stained with 7-AAD (Thermo Fisher
Scientific), according to the manufacturer’sinstructions. The cellswere
read by FACSCelestaand analyzed with FlowJo version10 software. All
flow cytometry gating strategies are detailed in Supplementary Fig. 2.

Efferocytosis assays

Vienna experiments. To generate bait cells, Jurkat cells were rendered
apoptotic/necrotic by exposure to UV irradiation (100 mJ cm™) and
kept in culture at 37 °C with 5% CO, for 24 h before the efferocytosis
assay.Jurkat cells were subsequently stained using pH-sensitive pHrodo
Red dye (Thermo Fisher Scientific) and cultured with previously plated
adherent thioglycolate-elicited peritoneal macrophages at the indi-
catedratios (1:1,2:1and 4:1). pHrodo-labeled bait cells were incubated
with macrophages for 2 h, after which medium containing apoptotic
bait cells was removed and remaining unbound cells were washed off
using PBS. Macrophages were subsequently harvested by gentle scrap-
ing and stained (anti-CD11b-FITC, clone M1/70, BioLegend, 101206,
1:800, and anti-F4/80-PerCP/Cy5.5, clone BMS, BioLegend, 123128,
1:800) in flow cytometry buffer (cold PBS supplemented with 1% BSA) to
distinguish macrophages from remaining bait cells. Macrophages were
assessed for apoptotic cell uptake by flow cytometry-based measure-
ment of pHrodo-positivity of CD11b‘F4/80 cells. All flow cytometry
gating strategies are detailed in Supplementary Fig. 2.

Wiirzburg experiments: generation of apoptotic/necrotic cells.
Total thymocytes from the thymus of C57BL6/) mice were rendered
apoptotic by overnight incubation at 37 °C in 1 uM staurosporine in
RPMI supplemented with 10% FCS. Jurkat cells were fluorescently
labeled in RPMI with either CFSE (CellTrace CFSE, Thermo Fisher
Scientific) or violet dye (CellTrace Violet, Thermo Fisher Scientific)
according to the manufacturer’s instructions. They were left to rest
at least 4 hin complete medium before apoptosis or necrosis induc-
tion. ApoptoticJurkat T cells were generated by exposingJurkat T cells
(10 million cells at 1.10° cells per milliliter in a10-cm cell culture dish)
to UVirradiation (312 nm) for 15 min, followed by 12 hrestin complete
medium. Induction of apoptosis was verified by Annexin V/7-AAD
staining (Supplementary Fig. 3), and preparations with more than 60%
apoptotic cells and less than 10% necrotic cells were used. Necrotic
Jurkat cells were generated by incubation at 56 °C for 30 min.

Wiirzburg experiments: efferocytosis and continuous efferocytosis
assays. Figure 3h: macrophages were incubated overnight with 5:1
CFSE" apoptoticJurkat T cells or left untreated. Figure 3j-I: for con-
tinuous efferocytosis assays, macrophages were incubated for 2 hwith
CFSE*apoptoticJurkat cells (3 Jurkat cells:1 macrophage ratio), washed
three times with PBS, left to rest for 2 h and then incubated with Cell-
Trace Violet"apoptoticJurkat cells for 2 h. Alternatively, BMDMs were
incubated for1hwith CFSE* necroticJurkat cells, washed three times,
rested for 2 hand thenincubated a second time with CellTrace Violet*
necrotic Jurkat cells for 1 h. Macrophages were washed three times
and then harvested, stained with viability dye 780 (1:1,000, Thermo

Fisher Scientific, 65-0865-14) and F4/80 PE-Cy7 (BioLegend, 123114,
clone BM8,1:300) and analyzed by flow cytometry. All flow cytometry
gating strategies are detailed in Supplementary Fig. 2.

Wiirzburg experiments: gene expression in response to efferocy-
tosis. Figure 3: cultured macrophages were incubated for 16 h with
apoptotic thymocytes at a 5 thymocyte:1 macrophage ratio or left
untreated. After extensive washing to remove unbound thymocytes,
adherent macrophages were lyzed in RA1 lysis buffer (with added
B-mercaptoethanol) from the NucleoSpin RNA Extraction Kit (Mach-
erey-Nagel, 740855.50). Extended Data Fig. 7e: macrophages were
incubated overnight with 5:1 CFSE" apoptotic Jurkat T cells or left
untreated. After extensive washing, macrophages were detached using
Accutase (Sigma-Aldrich, A6964), washed and labeled with F4/80 e450
(eBioscience, 48-4801-82, clone BMS8, 1:100) and viability dye e780
(Thermo Fisher Scientific, 65-0865-14,1:1,000) for 30 min. Efferocytic
and non-efferocytic macrophages were sorted directly into RA1 lysis
buffer (with added 3-mercaptoethanol) from the NucleoSpin RNA
Extraction Kit using a FACSArialll (BD Biosciences) with a100-puim noz-
zle. Before sorting cells inlysis buffer, greater than 95% sort purity was
verified. Total RNA was extracted using the NucleoSpin RNA Extraction
Kitinaccordance withthe manufacturer’sinstructions. Equalamounts
of template RNA were used for cDNA synthesis, and RNA was reverse
transcribed using random hexamer primers of a First Strand cDNA
Synthesis Kit (Thermo Fisher Scientific, K1612).

RNA isolation, cDNA generation and assessment of gene
expression in response to efferocytosis or cholesterol loading
Vienna experiments. For RNA extraction from in vitro Cu-oxLDL-
treated macrophages, cells were lysed according to the manufac-
turer’s instructions using QIAzol Lysis Reagent (Qiagen). To generate
cDNA for subsequent quantitative real-time PCR experiments, up to
0.3 pg of RNA was subsequently reverse transcribed according to the
manufacturer’s instructions using a High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Thermo Fisher Scientific).
Real-time PCRwas subsequently performed ona CFX96 Real Time PCR
System (Bio-Rad) using a KAPA SYBR Fast Kit (Thermo Fisher Scientific),
with the primersindicated below. Gene expression was normalized to
18S. 18S forward: AGTCCCTGCCCTTTGTACACA, reverse: CGATCC-
CAGGGCCTCACTA; Trem2 forward: CTACCAGTGTCAGAGTCTCCGA,
reverse: CCTCGAAACTCGATGACTCCTC; Gpnmb forward: GGC-
TACTTCAGAGCCACCATCA, reverse: CTTTGCAGGTCACAGTGAA-
GTCC; Lgals3 forward: AACACGAAGCAGGACAATAACTGG, reverse:
GCAGTAGGTGAGCATCGTTGAC; Cd36 forward: GCCAAGCTATT-
GCGACATGA, reverse: AAAAGAATCTCAATGTCCGAGACTTT; Abcal
forward: GGAGCCTTTGTGGAACTCTTCC, reverse: CGCTCTCTTCAGC-
CACTTTGAG; Abcgl forward: GACACCGATGTGAACCCGTTTC, reverse:
GCATGATGCTGAGGAAGGTCCT.

Wiirzburg experiments. Quantitative real-time PCR was performed
on triplicate samples of template cDNA with PowerUp SYBR Green
Master Mix (Applied Biosystems, A25742) on an Applied Biosystems
QuantStudio 6 Flex Real-Time PCR System using specific primer pairs.
Quantitative measurements were determined using the AACt method,
with Hprtasthe housekeeping gene. Primer sequences were as follows:
Hprt forward: TCCTCCTCAGACCGCTTTT, reverse: CCTGGTTCAT-
CATCGCTAATC; Fabpsforward: AAGCCACGGCTTTGAGGAGT, reverse:
TTCACTGTGCTCTCGGTTTTG; Gpnmb forward: GGGCCATGAACA-
GTATCCCG, reverse: CCTTCTGGCATCTGGGGAAC; Abcal forward:
AGTGATAATCAAAGTCAAAGGGACAC, reverse: AGCAACTTGGCAC-
TAGTAACTCTG:; /110 forward: ATTTGAATTCCCTGGGTGAGAAG,
reverse: CACAGGGGAGAAATCGATGACA; Sppl1 forward: ATCTCAC-
CATTCGGATGAGTCT, reverse: TGTAGGGACGATTGGAGTGAAA;
Mertk forward: CAGGGCCTTTACCAGGGAGA, reverse: TGTGTGCTG-
GATGTGATCTTC; Cd36 forward: GAACCACTGCTTTCAAAAACTGG,
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reverse: TGCTGTTCTTTGCCACGTCA; Cxcli6 forward: CCTT-
GTCTCTTGCGTTCTTCC, reverse: TCCAAAGTACCCTGCGGTATC;
Msriforward: TTTCCCAATTCAAAAGCTGA, reverse: CCTCCGTTCAG-
GAGAAGTTC; Olr1 forward: CAAGATGAAGCCTGCGAATGA, reverse:
ACCTGGCGTAATTGTGTCCAC.

scRNA-seq analysis of public datasets

Mouse scRNA-seq data. Sequencing data from Pan et al.® were down-
loaded fromthe Gene Expression Omnibus (GSE155513), pre-processed
in Cell Ranger 6.1.2 and further analyzed in Seurat version 4 (ref. 34).
We used data from Ldlr” mice fed normal chow or a Western diet
for 8 weeks, 16 weeks or 26 weeks (that is, the following data from
Gene Expression Omnibus GSE155513: GSM4705592, GSM4705593,
GSM4705594, GSM4705595, GSM4705596, GSM4705597, GSM4705598
and GSM4705599). Individual datasets were pre-processed with
quality control filtering in Seurat: cells containing more than 200
detected genes and genes detected inat least three cells were included
in the analysis using the ‘CreateSeuratObject’ function with ‘min.
features =200’ and ‘min.cells = 3". Quality controlfiltering was further
performed to remove dead/damaged cells with a high proportion of
mitochondrial transcripts (>10%) and outlier cells with high unique
molecular identifier (UMI) numbers. All data were log normalized
using the ‘NormalizeData’ functionin Seurat with default parameters.
Datawere pooled and batch corrected using Harmony* within Seurat.
In total, 2,000 highly variable genes were identified using ‘FindVari-
ableFeatures’ (with selection.method = ‘vst’). Datawere scaled using
‘ScaleData’ with default parameters; principal component analysis
was performed using ‘RunPCA’ with default parameters and batch
corrected using ‘RunHarmony’ with default parameters. Dimensional
reduction was performed using ‘RunUMAP (reduction = ‘harmony’,
dims =1:20)’, and clustering was performed at a 0.4 resolution using
‘FindNeighbors (reduction = ‘harmony’, dims =1:20)’, followed by
‘FindClusters (resolution = 0.2)". Positive marker genes for each clus-
ter were identified using ‘FindAllMarkers’. To analyze MPC subsets,
cells corresponding to MPCs were extracted and reclustered using a
clustering resolution of 0.5.

Human scRNA-seq data. Data from total cells of human athero-
sclerotic coronary arteries’ were analyzed in Seurat version 3 start-
ing from the author-provided cell count matrix (downloaded from
Gene Expression Omnibus GSE131778), as we previously described in
ref.36 and ref. 37. Cells containing fewer than 200 detected genes were
excluded, and genes detected in at least three cells were included in
the analysis using the ‘CreateSeuratObject’ function with ‘min.fea-
tures =200’ and ‘min.cells = 3. Further quality control filtering was
performed, and cells with more than 5% mitochondrial transcripts
were excluded as well as cells with an outlier number of UMIs (nCount_
RNA >15,000). A total 0f 10,934 cells were analyzed. As a pre-analysis
indicated asubstantial patient-driven batch effect, we performed batch
correction using Harmony? within Seurat, considering each patient
as an independent sample. Data were normalized using the ‘Normal-
izeData’ function in Seurat with default parameters. In total, 2,000
highly variable genes were identified using ‘FindVariableFeatures’
(withselection.method = ‘vst’). Datawere scaled using ‘ScaleData’ with
default parameters, and principal component analysis was performed
using ‘RunPCA’ with default parameters and batch corrected using
‘RunHarmony’ with default parameters. Dimensional reduction was
performed using ‘RunUMAP (reduction = ‘harmony’, dims = 1:20)’,and
clustering was performed at a 0.4 resolution using ‘FindNeighbors
(reduction =‘harmony’, dims =1:20)’, followed by ‘FindClusters (reso-
lution = 0.4)". Positive marker genes for each cluster were identified
using ‘FindAllMarkers’. Cell type annotation was performed based on
expression of known cell lineage markers and on cluster annotations
inref. 9. To analyze MPC subsets, cells corresponding to MPCs were
extracted and reclustered using a clustering resolution of 0.4.

snRNA-seq

Library preparation and sequencing. Aortas from Ldlr’ Trem2"* and
Ldlr” Trem2” mice fed an HFD for 10 weeks were snap frozeninliquid
nitrogen and cryoconserved at—80 °C. Nucleifromn =3 mice per group
were isolated using Chromium Nuclei Isolation Kits (10x Genomics)
according to the manufacturer’s instructions. For counting, nuclei
were labeled with DAPland counted using a fluorescence microscope
and aNeubauer counting chamber (concentration range,1,400-2,300
nuclei per microliter). Nuclei from each sample were loaded onto
separate lanes of the 10x Genomics Chromium with the aim to recover
10,000 nuclei per sample, using loading volumes recommended by
the manufacturer. We employed Chromium Next GEM Single Cell 3’ Kit
version 3.1 (10x Genomics). Libraries were generated according to the
manufacturer’sinstructions. Alllibraries were quantified by aQubit 3.0
Fluorometer (Thermo Fisher Scientific), and quality was checked using
a 2100 Bioanalyzer with High Sensitivity DNA Kit (Agilent). Sequenc-
ing was performed using an S1flowcell withaNovaSeq 6000 platform
(Illumina) targeting 26,500 reads per nucleus. Sequencing data were
demultiplexed and mapped with Cell Ranger software version 7.0.1
(10x Genomics). Mouse mm10 (Ensembl 98) reference was used for
the alignment, and counting steps with intronic reads were included.

Analysis. CellRanger outputs (filtered_feature_bc_matrix) wereloaded
inR (version4.3.1), pre-processed and analyzed using Seurat version 4
(ref.34) and DoubletFinder version 2.0.3 (ref. 38). Each sample was pre-
filtered as follows: nuclei with more than 3% mitochondrial transcripts
were excluded, and clustering analysis was performed in Seurat using
20 principal components and a 0.2 resolution. Doublets were excluded
using DoubletFinder version2.0.3 (ref. 38), inputting a predicted dou-
blet rate of 15%. The six resulting Seurat objects (one for each sample)
were pooled. As all the samples were processed simultaneously (same
10x Genomics Chromium chip, sequencing in the same flow cell) and
had similar quality control characteristics (number of nuclei recov-
ered, reads per nuclei, UMI per nuclei, etc.), the data presented in this
manuscript were pooled in Seurat without applying batch correction
(replicating the analysis using the batch correction tool Harmony*
yielded consistent results; not shown). Clustering analysis of all aor-
tic nuclei was performed using 20 principal components and a 0.1
resolution to identify vascular cell lineages. Cells corresponding to
MPCs (monocytes, macrophages and dendritic cells) were identi-
fied and separately reclustered using 20 principal components and
a 0.3 clustering resolution. Cluster markers were identified using
‘FindAllMarkers’ in Seurat. For pseudo-bulk differential expression
analysis of foamy macrophages, raw counts for each gene in all cells
from this cluster were aggregated to create a pseudo-bulk matrix
for each sample. Two samples were excluded for this analysis as they
had low numbers (<200 nuclei) within the foamy macrophage cluster
(Ldlr” Trem2"* sample 3; Ldlr’ Trem2”~ sample 1). The pseudo-bulk
count matrices were analyzed using DESeq2 version 1.40.2 (ref. 39),
and an adjusted P value cutoff of 0.1 was applied for identification of
differentially expressed genes.

STREM2 measurements in patients of the ICARAS

Intotal, 1,268 patients were enrolled in the prospective, single-center
ICARAS between March 2002 and March 2003. Study design, patient
selection criteria and inclusion and exclusion criteria were published
previously'™. Patients with acute cardiovascular events (including
myocardial infarction, stroke, coronary intervention and peripheral
vascular surgery) in the 6 months before enrollment were excluded to
reflect the chronic disease stage. Serum was collected at enrollment
for biochemical analyses. Mortality and cause of death according
to International Classification of Diseases revision 10 (ICD-10) crite-
ria were determined by screening of the national death register. All
patients gave written informed consent. The study was designed in
accordance with the Declaration of Helsinkiand approved by the ethics
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committee and review board of the Medical University of Vienna. Of
the 1,268 patients, 203 (16%) were lost to clinical follow-up. For 358
patients (28%), no plasma measurements of STREM2 were available.
The cohort was divided into two groups based onmediansTREM2 levels
measured (5,950 ng ml™; interquartile range, 4,295-8,348 ng ml™).
Demographic parameters did not differ significantly between groups
at baseline. At enrollment, patients underwent duplex ultrasonog-
raphy investigations of extracranial internal carotid arteries (ICAs)
to establish the presence of clinically asymptomatic atherosclerotic
disease (defined as presence of carotid narrowing of any degree or
presence of non-stenotic carotid plaque). Patients underwent another
duplexultrasonography investigation to assess unilateral or bilateral
progression of atherosclerosis in ICAs after 6-9 months (median,
7.5 months). Degree of stenosis was classified into five categories:
0% to 29% (carotid plaques), 30% to 49% (advanced plaques), 50% to
69% (moderate stenosis), 70% to 89% (high-grade stenosis), 90% to
99% (subocclusive stenosis) and 100% (occlusion). Progression of
atherosclerotic disease was defined as an increase of the degree of
stenosis by atleast one category. Progression of stenosisin either one
orbothICAswas considered indicative of progressive disease. Plasma
human sTREM2 was measured as previously described’ according
to the manufacturer’s instructions using a human sTREM2 ELISA Kit
(R&D Systems). Human plasma samples were diluted 1:15 in Reagent
Diluent. Multivariable logistic regression analysis was applied to assess
the effect of STREM2 on progression of carotid atherosclerosis with
adjustment for potential confounders (age (continuous), sex (binary),
history of myocardialinfarction (binary), stroke (binary) and peripheral
artery (binary) disease, arterial hypertension (binary), smoking history
(categorical), statin use (binary), LDL cholesterol (continuous) and
HbAIc (continuous)). Results of the logistic regression models are
presented as the OR and 95% confidence interval (CI).

STREM2 measurements in mice

Aortas were snap frozenin liquid nitrogen, stored at -80 °C and subse-
quently homogenized in150 pl DEA buffer (0.2% diethylamine, 50 mM
NaCl, pH 10) supplemented with protease inhibitor (P8340, Sigma-
Aldrich) at 4 °C using a sample homogenizer (Precellys Evolution,
Bertin Technologies) and centrifuged for 10 min at 5,000g (4 °C). The
supernatant was ultracentrifuged (60 min,130,000g, 4 °C). Then, the
supernatant from the ultracentrifugation (soluble DEA fraction) was
collected, and the pH was adjusted by adding 1:10 volume of 0.5 M Tris/
HCI, pH 6.8. The pellet from the first centrifugation step was resus-
pendedin150 pl of RIPA buffer (20 mM Tris/HCI, pH 7.5,150 mM NacCl,
1mM EDTA, 1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM
sodium pyrophosphate) supplemented with protease inhibitor (P8340,
Sigma-Aldrich) and homogenized at 4 °C using asample homogenizer
(Precellys Evolution, Bertin Technologies). Samples were centrifuged
for 10 min at 5,000g (4 °C) to remove debris; the supernatant was
subjected to ultracentrifugation (60 min, 130,000g, 4 °C); and the
supernatant fromthe ultracentrifugation was collected (cellular RIPA
fraction). TREM2 levels in the DEA fraction (sSTREM2) and RIPA frac-
tion (cellular TREM2) of aortas and in the serum were measured using
aMeso Scale Discovery (MSD) ELISA assay. An MSD GOLD small spot
streptavidin plate (MSD, L45SA-1) was coated with blocking buffer (3%
BSA, 0.05% Tween 20 in PBS, pH 7.4) overnight at 4 °C. The plate was
then incubated for 90 min at room temperature with 0.125 pg mi™
biotinylated polyclonal goat anti-mouse TREM2 capture antibody
(R&D Systems, BAF1729) diluted in blocking buffer. The plate was then
washed twice (wash buffer: 0.05% Tween 20 in PBS, pH 7.4). Then, 50 pl
of sample containing 21.67 pg of protein of the soluble DEA fraction or
33.33 pg of protein of the cellular RIPA fraction were loaded onto the
MSD plate for each sample. Serum samples were diluted 1:40 insample
dilutionbuffer (1% BSA, 0.05% Tween 20in PBS, pH 7.4, protease inhibi-
tor (P8340, Sigma-Aldrich)), and 50 plwas loaded onto the MSD plate.
Each sample was assayedintechnical duplicate. Recombinant murine

TREM2 (Holzel Diagnostika) diluted in sample dilution buffer (serum
measurements), DEA buffer (with10% 0.5 M Tris/HCI pH 6.8 added) or
RIPA buffer (aortic TREM2 measurements) was used as standard. Plates
wereincubated for 120 minat room temperature. The plate was washed
twice withwash buffer and thenincubated with1 pug ml™ ratmonoclonal
anti-mouse TREM2 detection antibody (clone 5F4, in-house*®) diluted in
blocking buffer for 60 minat roomtemperature. The plate was washed
twice with wash buffer and then incubated with a SULFO-TAG-labeled
goatanti-rat secondary antibody (MSD, R32AH-1,1:1,000, polyclonal)
diluted in blocking buffer for 60 min at room temperature. Before
measurement, the plate was washed twice with wash buffer and twice
with PBS, pH 7.4. MSD read buffer was added to the plate, and the light
emission at 620 nm after electrochemical stimulation was measured
using an MSD Sector Imager 2400. TREM2 concentrations in aortic
samples were normalized to the total loaded protein. Inallincubation
steps at room temperature, the plate was shaken at 300 r.p.m.

Statistical analysis

Statistical analyses were performed using GraphPad Prism version10.
Results are expressed as mean + s.e.m. For two-group comparisons,
normal distribution of the data was assessed by a D’Agostino-Pearson
test followed by an unpaired t-test (normally distributed data) or anon-
parametric Mann-Witney test (non-normally distributed data). Data
with multiple comparisons were assessed by one-way ANOVA followed
by Tukey’s test for multiple comparisons. Pvalues less than 0.05 were
considered statistically significant.

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

Data availability

New sequencing data (snRNA-seq of aortic cells) have been made
available fromthe Gene Expression Omnibus (GSE243086). Previously
published scRNA-seq data from other reports and reanalyzed here are
available from the Gene Expression Omnibus (mouse scRNA-seq data
fromref. 8: GSE155513; human scRNA-seq datafromref. 9: GSE131778).
Source data are provided with this manuscript.

Code availability

The analysis code is provided as supplementary files.
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Extended Data Fig. 1| See next page for caption.
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Extended Data Fig. 1| Additional scRNA-seq analysis of mouse aortic
macrophages and vascular smooth muscle cells (related to Fig. 1). a) Percent
of cells with detectable Trem2 transcripts across aortic cell types/statesin
Fig.1a; b) UMAP plot displayed in Fig. 1c of mononuclear phagocyte clusters
splitaccording to time of high fat diet feeding; c) expression of marker genes
used to identify macrophage subsets projected onto the UMAP plot; d) dot plot
showing expression of marker genes in mononuclear phagocyte populations;
e) proportion of vascular smooth muscle cell (VSMC) clusters among total
VSMCs according to time of high fat diet feeding; f) marker gene expressionin

the VSMC clusters; g) expression of foamy macrophage markers in the VSMC
clusters. Statistical analysis performed in Seurat using ‘FindAllMarkers’ with
default parameters and statistical test (Wilcoxon Rank Sum test); n cells VSMC_1:
6,618; VSMC_2:5,143; VSCM_3:1,945; h) levels of serum soluble Trem2 (STREM2),
aortic STREM2 and aortic cellular TREM2 in Ldlr”" mice fed normal chow (n=5)
orahigh fatdiet (n=6) for 6 weeks, male mice, data presented as mean +/- SEM
together with individual data point distribution, statistical test: two-tailed Mann
Whitney test.
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Extended Data Fig. 2| Additional scRNA-seq analysis of human
atherosclerotic coronary artery mononuclear phagocytes (related to Fig. 1).
a) Expression of the indicated transcripts projected onto the UMAP plot
presented in Fig. 1i of human atherosclerotic coronary artery mononuclear
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Extended Data Fig. 3| Additional analyses of atherosclerosis (related to

Fig. 2).a) Atherosclerotic lesion formation in the aortaat 8 weeks of HFD feeding
(n=7Trem2”*BM, n=9 Trem2”"BM, all males) and b) atherosclerotic lesion
formation in the innominate artery (n=13 Trem2”* BM, n=14 Trem2”"BM, all
males) and aorta at 12 weeks of HFD (n=9 Trem2”* BM, n=11 Trem2”"BM, all
males) in Ldlr”” miceirradiated and reconstituted with Trem2”* or Trem2”"bone
marrow. Datainaand b presented as mean +/- SEM together with individual data
point distribution, statistical test: two-tailed Mann Whitney test (a, b for en face
aorta); unpaired two-tailed t test (b for innominate artery). ¢) representative

pictures of macrophage coverage (Mac2 staining), related to Fig. 2f (8 weeks
HFD;n=7 Trem2"*BM,n=9 Trem2”"BM, all males), Fig. 2g (12 weeks HFD; n =14
Trem2”*BM, n=15 Trem2”~BM, all males), Fig. 2h (16 weeks HFD; n = 6 Trem2"*
BM, n=7 Trem2”~BM, all males), and Fig. 2i (20 weeks HFD; n=11 Trem2”* BM, n
=8 Trem2”" BM, all males). d) representative pictures of macrophage coverage
(Mac2 staining) inin Ldlr” mice fed a high fat diet and treated withisotype
antibody or 4D9 for 10 weeks (5mg/kg i.p. twice weekly), related to Fig. 2p
(n=14 LdIr” mice treated with isotype control (8 males, 6 females); 17 Ldlr™”",
mice treated with4D9 (10 males, 7 females)).
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Extended Data Fig. 4 | Analysis of atherosclerosis in Ldlr”’ Trem2” mice.

a-d) Analysis of atherosclerosis in Ldlr” Trem2”" mice after 10 weeks with a)
lesion coverage in the aorta (n = 6 male mice per genotype), b) plaque size in the
aortic sinus (Ldlr” Trem2"*:11 males, 4 females; Ldlr’ Trem2” n=11males, 5
females), c) macrophage coverage in aortic sinus lesions (expressed in percent
of cellular plaque area; Ldlr” Trem2+/+:12 males, 5 females; Ldlr’ Trem2” n=12
males, 6 females) and d) necrotic core relative size (expressed in percent of total
plaque area; Ldlr” Trem2**:12 males, 5 females; Ldlr’ Trem2” n=12 males, 6
females) in aortic sinus lesions; e-g) analysis of atherosclerosis in Ldlr” Trem2”
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mice after 20 weeks of HFD feeding with e) plaque size in the aortic sinus
(Ldlr’"Trem2"*:9 males, 6 females; Ldlr” Trem2” n=9 males, 6 females),

f) macrophage coverage in aortic sinus lesions (Ldlr” Trem2**: 9 males, 7 females;
Ldlr”"Trem2” n=11males, 6 females) and g) necrotic core relative size in aortic
sinus lesions (Ldlr” Trem2”*: 9 males, 7 females; Ldlr’ Trem2” n=11males, 6
females). Open circles: female mice; filled circles: male mice. Data presented as
mean +/- SEM together with individual data point distribution. Statistical test:
two-tailed Mann Whitney test (all panels).

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Letter

https://doi.org/10.1038/s44161-024-00429-9

> a Isotype (4D5)
'8 TREM2 aqonist (4D9)
27

S Ldir* /i\
wo

-E g,

O =

ol

T c 5mg/kg

g » 2x per week
iy © 10 weeks HFD
-

Isotype (4D5)
TREM2 agonist (4D9)

Lair o

©
c
S
3
(]

S -§' Low dose: 1mg/kg 8

B 1x per week s

L= 9 weeks HFD

s

9% | C d

T

30

5%

Mac2* area %

Lesion area
(x10* um? per section)

Isotype 4D9

Isotype 4D9

Extended Data Fig. 5| Analysis of atherosclerosis in Ldlr’ mice treated with
low dose TREM2 agonist antibody 4D9. a) Lesion coverage in the enface aorta
of LdIr”" mice treated with 4D9 as in Fig. 2n-q (Smg/kg twice weekly, 10 weeks
high fat diet (HFD)); n=8 LdIr” mice treated withisotype control (3 males, 5
females); 11 Ldlr”’" mice treated with 4D9 (5 males, 6 females), squares: female
mice, circles: male mice. b-e) analysis of atherosclerosis in mice treated with low
dose 4D9 (Img/kg weekly, 9 weeks high fat diet) with b) lesion coverage in the
enfaceaorta(n=19 Ldlr”’” mice treated with isotype control, n=17 Ldlr”’" mice
treated with 4D9), ¢) lesion size in the aortic sinus (n=17 Ldlr”" mice treated with

en face lesion area
(% of aortic surface)

(% of aortic surface)

o

Necrotic core area %

en face aorta
15 —

N
<)
|

=]
a

o
|

0 pa—
Isotype 4D9

en face aorta

20

10

0

30— |_| 7

Isotype 4D9

isotype control, n=16 LdIr’" mice treated with 4D9), d) macrophage coverage
inaortic sinus lesions (n =18 Ldlr”" mice treated with isotype control, n=16
Ldlr”-mice treated with 4D9) and e) relative necrotic core size in aortic sinus
atherosclerotic lesions (n=19 Ldlr” mice treated withisotype control, n=17
Ldlr”" mice treated with 4D9); datain b-e pooled from two experiments, all
male mice. Data presented as mean +/- SEM together with individual data point
distribution. Statistical test: two-tailed unpaired t test (all panels). Picturesina
and b created with BioRender.com.

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Letter https://doi.org/10.1038/s44161-024-00429-9
a b All lineages (n=41,906 nuclei)
10 weeks HFD
Ldir*Trem2** (n=3) . . Endothelial cells 1
Ldir-Trem2* (n=3) Aorhcl < ® Endothelial cells 2
Nuclei > VSMC
3 ‘ ® Fibroblasts
MPC
: ® Adipocyte
Gl X f’ Glial colls
& ® Tcell
< B cells
> ® Red blood cells
UMAP1
C Red blood cells- e -
B cells co % -0
O e25
. T cell oo % ® 50
Glial cells o @ = @75
Adipocyte | o0 o0 3 @100
[0
MPC-+ °: -@0 o
Fibroblasts{s - - - » 0@® s
VSMCH 00 % -
Endothelial cells 21 @® §.
1
Endothelial cells 1-” o0 '-('1; .
N T A IS Y ®
ECSFSESILYSEERSESSERT o
g & SO¥SFTTR ]G~ o280 >
§U IS TR <
3
Mononuclear phagocytes e .
d phagocy . € Myelo Padi4+] e & °
Resident Mac 5 *25
Mac Cd209+ Mature DC 4 [ 5 @50
Foamy Mac cDC2+ ° o c @75
Mac Tgfbr1 cDC1A [ 8
Monocyte . i o
Cavity Mac Cavity Mac oo o
cDC1 Monocyte 1 (XY )
cDC2 Mac Tgfbr1 1 e 5
Mature DC | k)
E Myelo Padi4+ Foamy Mac e % L B
< nd Mac Cd209+  @9e . E ™.
> VTS Low Quality Resident Mac {18 o
TB3358° REgR 88 O8%SY g M
S < <
f Foamy macrophages
Pseudobulk
Lair" Lair* 2 score
Trem2**  Trem2* P
Hmox1
0.5
Cd38
-Msr1
Bcl2 i
i
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a) Experimental design; b) UMAP visualization of aortic single-nucleus
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determined); e) marker genes of mononuclear phagocyte clusters; f) expression
of selected differentially expressed genes in foamy macrophages as determined
from pseudo-bulk analysis of experimental replicates from the snRNA-seq data.
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Picturein acreated with BioRender.com.

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Letter

https://doi.org/10.1038/s44161-024-00429-9

a Abca1 Abcg1 Cd36 Gpnmb Lgals3 Trem2
0.0019
7.76x107 0.00005 0.0016
0.083 : | f \
0.0009 0.00007 |
c 4 0.0002 c 47 o048 :10 o c 10 c 8 c 8 0.038
o K] Re) K] ° o ° i)
? 34 ° ? 3 °° 28 2 8 ? 6 ° ? 6 °
o o o o ° o °0 o °
2 g 2 g ©1 TR S 1; % )
W 2 o L2 L ° Ll . L1 4 ° o L4 o °io
o ° o o 44 o 41 Yo o 3 o
> 3 °s [¥] s = = = > § 2
E 1 ° E 11 E 24 3 2 E 24 ° & 52_ 83 °°| E 2
0] ° ) C mAmmitg 2 e o2z S I‘;lgo S g i
x, o ﬁﬂ!x! 0. kd ; o019 o_
n=7 8 4 8 8 n= n= 10 11 4 11 10 n= 14 14 7 14 11 n= 10 10 7 10 7 n= 14 14 7 14 11
0 1020 50 50 0 1020 50 50 0 1020 50 50 0 1020 50 50 0 1020 50 50 0 1020 50 50
OxLDL nLDL OxLDL nLDL OxLDL nLDL OxLDL nLDL OxLDL nLDL OxLDL nLDL
(ug/ml)  (pg/mi) (ug/ml)  (pg/mi) (ug/ml)  (pg/mi) (Mg/ml)  (pg/ml) (bg/ml)  (ug/mi) (ug/ml)  (pg/mi)
b CD11b*F4/80" cells d
pHrodo labeled c
apoptotic Jurkat T |- Trem2+/+ w 25— . 0017
various ratios Trem2-/- 3 P
150k - 58 50 {900
=5 BN
2 = 15 :0.0043 :
g 100k - Ch P [ofoo ©Trem2+/+
075} %b 104 B %l o Trem2-
2 = ; :
[o %)y 5 Q.0 :
] o | 000 o
50k 8 s ' i : i
0 PO 9 E :
Thio-PM Trem2+* 0 F|0-| T 1103 '110A '1l05 0:1 1:1 2:1 4:1
H /- .
Thio-PM Trem2- pHrodo Apoptotic cell:Macrophage
e No apoptotic cells CFSE* Apop. cells 5:1 f _0.10
. : 25 0.53 2.57]
Trem2++ Trem2++ ~ 20 o x 207
efferones efferopes 8 15 ) T 1.5
f Purity: efferores g 1.0 ° § (1)2: °
250k 1 T 250k4 05 o
+ Phago Phagoe OG 0 C
% 200k{ 1 S 200k =
tg & 5— 0.01o 0.01 25 o 0.08
150k 1 150k 1 ‘e ~ 4 204
o ﬁd ' S 3 5 o S 154
= T100k- 1 100k = S 5] S : = o
o= = < . I.(§l|
50k 1 50k 1 . 0.5
S 98.7% (1) &l poqﬁ 0.0 . R |8ﬂ”8ﬁ
EHT;-W S0 Mo 100 006 00 1ot 10 A0 0 10 1or 107 = oo 001 5 . 0.02
Purity: efferos '"8 3 © 2.0
250k 1 250k Q | % g 1.5
« 200k{ e 1 200k 3 1] ﬁ g 05+ |© I‘%’I
E 150k E 150k J 0 r . f - i 0.0 Fﬁ)‘
0.03 0.009 _ 0.001
QA 100k 1 100k 4 2.0 5 254 ———
= = g 15 © 2.0+
50k 9 50k 4 g ™ 15
< 3.26% S 10 o] 04
S 0 s —= 0 S I0) o O 1.0
@ -10°°0 103|104 105  -10° 0 10° 10¢ [10° 1050 10° 104 10° 0.5 m 0.5+ qul
0.0 . 0.0 . .
FITC —>
& & & & & & & ¢
Trem2* Trem2™” O O O © S O O O
efferones efferores Q‘§0 é@z ?‘}e é{@: ‘g@ é{@; ég/ é{&
Trem2+* Trem2” Trem2+* Trem2”
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and native LDL (nLDL); pooled from 2 (Abcal, Abcgl), 3 (Cd36, Lgals3) or 4
(Gpnmb, Trem2) experiments (n for each condition indicated in the figure, each
data point representing a biological replicate, statistical test: 1 way ANOVA with
Tukey’s test for multiple comparison); b-d) in vitro efferocytosis assay with
Thio-PM with b) experimental design, ¢) representative flow cytometry plot
witha4:1apoptotic cell (AC):macrophage ratio, and d) quantitative analysis
(n=6Trem2”*,n=5 Trem2”" biological replicates; 2 pooled experiments,
statistical test: two-tailed Mann Whitney test). e) sorting strategy to assess

gene expression in efferocytic bone marrow derived macrophages (BMDM).
Cells were pregated on viable F4/80" macrophages. Effero”®: efferocytosis-
positive, Effero™®: efferocytosis-negative; f) gene expression in efferocytic
and non-efferocytic BMDM as sorted in e (gene expression normalized to Hprt
and expressed as fold of control that is Trem2** effero™;n=3 Trem2”*,n=3
Trem2”" biological replicates; 1 experiment, statistical test: 1 way ANOVA with
Tukey’s test for multiple comparison). One biological replicate: macrophages
from one mouse. All bar graphsin Extended Data Fig. 7 presented as mean +/~
SEM together with individual data point distribution. Picture in b created with
BioRender.com.
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Extended Data Fig. 8 | Cd47 expressionin aortic cells. Normalized Cd47 transcript expression in single-nucleus RNA seq datain aortic cell populations identified in
Supplementary Figure 6, splitaccording to genotype.
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Extended Data Table 1| Body weight and blood lipid measurements

. Body weight Total cholesterol Triglycerides
Experiment Genotype /Treatment value value value
P P (@) P (mgrdL) P (mgrat) P
Lalir-/--BM Trem2+/+ 26.0+/- 0.8 1336.8+/-75.9 405.3+/-37.9
8 weeks HFD n=7m n=7m n=7m
BM Chimeras 26.1+/-0.6 ns 1114.6+/-51.5 0.023 0.042
Ldir-/-:BM Trem2-/- T T 309.2+/-17.6 n=9m
n=9m n=9m
. 29.8+/-0.8 1028.6+/-95.9 556.7+/-57.8
12 weeks HFD | Lo/ :BM Trem2+/+ n=14m n=14m n=13m
) ns ns ns
BM Chimeras 28.4+/-0.5 960.8+/-70.7 554.5+/-48.8
LdIr/-:BM Trem2-/-
n=15m n=15m n=14m
) 29.7+/-1.2 1337.5+/-107.9 _
16 weeks HFD Ldir-/-:BM Trem2+/+ n=7m n=7m 707.1+/-40.3 n=7m
BM Chimeras 29.5+/-0.8 ns 1470.0+/-43.8 ns ns
Ldlr-/-:BM Trem2-/- ’ ’ ’ ’ 780.4+/-64.0 n=7m
n=7m n=7m
Ldir-/-:BM Trem2+/+ 24'j+/-0'4 1558'_8+/-59'0 data not available
20 weeks HFD n=11m n=11m
BM Chimeras 249405 | TRETE I A
Ldir-/-:BM Trem2-/- N oo data not available
n=7m n=8m
31.14/-1.7 1730.7+/-78.0 507.6+/-91.1
10 weeks HFp | LA/~ Trem2+/+ n=6m 5f n=12m 5f n=12m 5f
ns ns ns
LdlIr-/-Trem2-/- Ldir/- Trem2-/- 29.9+/-1.4 1740.0+/-79.4 532.2+/-98.1
n=6m 6f n=12m 6f n=12m 6f
33.9+/-1.5 1302.9+/-101.5 .
20 weeks HFD Ldir-/- Trem2+/+ n=11m 12f n=9m 7f data not available
ns ns N/A
Ldlr-/-Trem2-/- 32.04/-1.2 1582.8+/-105.5 .
Ldlir-/- Trem2-/- data not available
n=13m 11f n=11m 6f
Isotvpe 33.36+/-0.66 1006+/-53.76 707.2+/-47.06
Low dose 4D9 (9 P n=19m n=19m n=19m
ns ns
weeks HFD) 33.34+/-0.5 890.1+/-49.6 735.2+/-52.3
4D9 ns
n=17m n=17m n=17m
Isotvpe 28.44+/-1.43 1985+/-137.7 529.2+/-49.6
High dose 4D9 P n=8m 6f n=8m 6f n=8m 6f
ns ns ns
(10 weeks HFD) 4D9 29.61+/-1.1 1857+/-114.7 486.5+/-36.4
n=10m 7f n=10m 7f n=10m 7f

Body weight at sacrifice in grams and cholesterol and triglyceride levels in mgdl™ in mice of all experimental groups. The number and sex of animals for each measurement is indicated
directly in the table (m, male; f, female). Statistical test: two-tailed Mann-Whitney test. Data are presented as meants.e.m. N/A, not applicable; NS, not significant. Isotype/4D9 low dose:

1mgkg™ weekly; Isotype/4D9 high dose: 5mgkg™ twice weekly.
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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.

/a | Confirmed

>

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|:| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

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  FACS DIVA V.8.0.1.1, Diskus Software V.5.0.6331

Data analysis Cellranger v6.1.2; Cell Ranger v7.0.1; Seurat v3; Seurat v4 ; FlowJo v10; Graphpad Prism v10; Image J; Adobe Photoshop Elements 2020 (V18);
DoubletFinder v2.0.3; Harmony v0.1.1; IBM SPSS Statistics SPSS 28.0.1.0, DESEq2 v1.40.2

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

New sequencing data (snRNA-seq of aortic cells) have been made available from Gene Expression Omnibus (GSE243086). Previously published scRNA-seq data from
other report and reanalyzed here are available from Gene Expression Omnibus (mouse scRNA-seq data from [8]: GSE155513; human scRNA-seq data from [9]:
GSE131778). Source data are provided with this manuscript.
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groupings

Population characteristics see original ICARAS study PMID: 15851593
Recruitment see original ICARAS study PMID: 15851593
Ethics oversight see original ICARAS study PMID: 15851593

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

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

Sample size Wirzburg: for in vivo experiments, statistical power calculations were performed to determine sample size using G Power 3.1, and based on
previous experience performing similar experiments and on commonly used sample sizes in the research field. Sc/snRNA-seq or in vitro
experiments: no sample size calculations were performed; samples size were chosen based on previous experience performing similar
experiments and on commonly used sample sizes in the research field. Vienna: sample sizes were based on previous experience in similar
models and commonly used sample sizes in the research field.

Data exclusions  no data were excluded

Replication Key in vivo experiments with similar experimental design were performed independently in Wirzburg and Vienna labs. Trem2 agonist (4D9
antibody) treatments were performed in independent experiments using 2 different doses of antibody yielding consistent results; In vivo
experiments in Ldlr-/-Trem2-/- mice were performed as complementary/confirmatory experiments to bone marrow chimera experiments;
ScRNA-seq: findings were confirmed in independent datasets (Zernecke, Cardiovasc Res 2023); snRNA-seq: selected findings were validated in
gPCR analysis of in vitro macrophages; gPCR gene expression experiments in response to lipid loading were performed in Vienna and
Wodrzburg and are in part confirmatory of previously obtained data (Hendrikx, 2022); Efferocytosis: complementary experiments were
performed using different time points, sources of dead cells (apoptotic/necrotic Jurkat or thymocytes), sources of macrophages (bone
marrow derived macrophages, elicited peritoneal macrophages); gene expression in response to efferocytosis was assayed in two
experiments with different designs yielding consistent results.

Randomization  In bone marrow chimera experiments, animals were randomized to receive either Trem2+/+ or Trem2-/- bone marrow cells. In Trem2
agonism experiments, mice were randomized to receive either 4D9 (Trem2 agonist) or 4D5 (isotype control) antibodies. In in vivo experiments
comparing Ldlr-/-Trem2+/+ and LdIr-/-Trem2-/- no randomization is possible as mice were split in groups according to genotype. In in vitro
experiments using Trem2+/+ or Trem2-/- no randomization is possible as cells were split in groups according to genotype. In in vitro
experiment with Trem2 agonist antibody treatment (4D9 antibody) randomization was irrelevant as the same cell preparations in
standardized conditions receive either Trem2 agonist or control treatment.

Blinding Blinding was performed where applicable i.e. for analyses of in vivo atherosclerosis readouts. Blinding was not performed for: sc/snRNA-seq
analysis as these analyses utilized standardized analysis pipelines where cells from all groups are analyzed using the same parameters, gPCR
gene expression analyses where all samples are analyzed using the same parameter (ct values at a predefined threshold), flow cytometry
experiments where all samples were analyzed using the same gates defined using appropriate controls.

Behavioural & social sciences study design

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

Study description Briefly describe the study type including whether data are quantitative, qualitative, or mixed-methods (e.g. qualitative cross-sectional,
quantitative experimental, mixed-methods case study).




Research sample

Sampling strategy

Data collection

Timing

Data exclusions

Non-participation

Randomization

State the research sample (e.g. Harvard university undergraduates, villagers in rural India) and provide relevant demographic
information (e.g. age, sex) and indicate whether the sample is representative. Provide a rationale for the study sample chosen. For
studies involving existing datasets, please describe the dataset and source.

Describe the sampling procedure (e.g. random, snowball, stratified, convenience). Describe the statistical methods that were used to
predetermine sample size OR if no sample-size calculation was performed, describe how sample sizes were chosen and provide a
rationale for why these sample sizes are sufficient. For qualitative data, please indicate whether data saturation was considered, and
what criteria were used to decide that no further sampling was needed.

Provide details about the data collection procedure, including the instruments or devices used to record the data (e.g. pen and paper,
computer, eye tracker, video or audio equipment) whether anyone was present besides the participant(s) and the researcher, and
whether the researcher was blind to experimental condition and/or the study hypothesis during data collection.

Indicate the start and stop dates of data collection. If there is a gap between collection periods, state the dates for each sample
cohort.

If no data were excluded from the analyses, state so OR if data were excluded, provide the exact number of exclusions and the
rationale behind them, indicating whether exclusion criteria were pre-established.

State how many participants dropped out/declined participation and the reason(s) given OR provide response rate OR state that no
participants dropped out/declined participation.

If participants were not allocated into experimental groups, state so OR describe how participants were allocated to groups, and if
allocation was not random, describe how covariates were controlled.

Ecological, evolutionary & environmental sciences study design

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

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions

Reproducibility

Randomization

Blinding

Briefly describe the study. For quantitative data include treatment factors and interactions, design structure (e.g. factorial, nested,
hierarchical), nature and number of experimental units and replicates.

Describe the research sample (e.g. a group of tagged Passer domesticus, all Stenocereus thurberi within Organ Pipe Cactus National
Monument), and provide a rationale for the sample choice. When relevant, describe the organism taxa, source, sex, age range and
any manipulations. State what population the sample is meant to represent when applicable. For studies involving existing datasets,
describe the data and its source.

Note the sampling procedure. Describe the statistical methods that were used to predetermine sample size OR if no sample-size
calculation was performed, describe how sample sizes were chosen and provide a rationale for why these sample sizes are sufficient.

Describe the data collection procedure, including who recorded the data and how.
Indicate the start and stop dates of data collection, noting the frequency and periodicity of sampling and providing a rationale for
these choices. If there is a gap between collection periods, state the dates for each sample cohort. Specify the spatial scale from which

the data are taken

If no data were excluded from the analyses, state so OR if data were excluded, describe the exclusions and the rationale behind them,
indicating whether exclusion criteria were pre-established.

Describe the measures taken to verify the reproducibility of experimental findings. For each experiment, note whether any attempts to
repeat the experiment failed OR state that all attempts to repeat the experiment were successful.

Describe how samples/organisms/participants were allocated into groups. If allocation was not random, describe how covariates were
controlled. If this is not relevant to your study, explain why.

Describe the extent of blinding used during data acquisition and analysis. If blinding was not possible, describe why OR explain why
blinding was not relevant to your studly.

Did the study involve field work? [] ves [Ino

Field work, collection and transport

Field conditions

Location

Access & import/export

Describe the study conditions for field work, providing relevant parameters (e.g. temperature, rainfall).

State the location of the sampling or experiment, providing relevant parameters (e.g. latitude and longitude, elevation, water depth).

Describe the efforts you have made to access habitats and to collect and import/export your samples in a responsible manner and in
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Access & import/export [compliance with local, national and international laws, noting any permits that were obtained (give the name of the issuing authority,
the date of issue, and any identifying information).

Disturbance Describe any disturbance caused by the study and how it was minimized.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems Methods

n/a | Involved in the study n/a | Involved in the study

[ 1IX Antibodies [ ] chip-seq

|:| Eukaryotic cell lines |:| Flow cytometry

|:| Palaeontology and archaeology |:| MRI-based neuroimaging
|:| g Animals and other organisms

g |:| Clinical data

|Z |:| Dual use research of concern

|Z |:| Plants

Antibodies

Antibodies used Immunohistochemistry: anti-mouse MAC2 (Cedarlane, catalog number CL8342AP, clone M3/38, 1:600 ); goat anti-rat AlexaFluor488
(ThermoFisher, catalog number A1106, polyclonal, 1:500); anti-mouse mac2 IgG2a antibody (Biolegend, catalog number 125401,
clone M3/38, 1:1500); rat IgG2a isotype control (Thermo Fisher, catalog number 14-4321-81, clone eBR2a, 1:1500); secondary
antibody fragment biotinylated goat anti-rat IgG (H+L) (1:200 in PBS-Tween20; Vectorlabs, catalog number BA-9401,
polyclonal,Newark, CA, USA); rat IgG2a anti-mouse anti-F4/80 antibody (clone BMS; eBioscience, Thermo-Fisher
Scientific,14-4801-82, San Diego, USA) diluted 1:50; rat igG2a isotype control (clone eBR2a, eBioscience, catalog number 14-4321-81,
dilution 1:50); polyclonal Alexa Fluor 647-conjugated donkey anti-rat F(ab’)2 fragment against rat IgG (H+L) (Jackson
Immunoresearch, catalog number 712-606-153, polyclonal, West Grove, USA) dilution 1:100; Flow cytometry: Fc Block (1:50, Clone
93, Biolegend 101320); F4/80 e450 (1:100, eBioscience 48-4801-82, clone BM8); anti-CD16/32, unconjugated, eBioscience
14-0161-85, clone 93, 1:200; anti-CD11b-FITC (1:800; Biolegend 101206; clone M1/70); anti- F4/80-PerCP/Cy5.5 (1:800; clone BMS,
Biolegend 123128); F4/80 PE-Cy7 (Biolegend 123114, clone BMS, 1:300).

Validation Flow cytometry antibodies were validated against unlabeled samples (FMO control) or isotype-control stained samples.
Immunohistochemistry antibodies were validated against isotype control stained tissue sections.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Jurkat T cells, originally obtained from ATCC #TIB-152 (Vienna) and DSMZ ACC 282 (Wrzburg)
Authentication no authentication was performed
Mycoplasma contamination mycoplasma contamination was not tested

Commonly misidentified lines  n/a
(See ICLAC register)

Palaeontology and Archaeology

Specimen provenance Provide provenance information for specimens and describe permits that were obtained for the work (including the name of the
issuing authority, the date of issue, and any identifying information). Permits should encompass collection and, where applicable,

export.

Specimen deposition Indicate where the specimens have been deposited to permit free access by other researchers.

Dating methods If new dates are provided, describe how they were obtained (e.g. collection, storage, sample pretreatment and measurement), where
they were obtained (i.e. lab name), the calibration program and the protocol for quality assurance OR state that no new dates are
provided.

|:| Tick this box to confirm that the raw and calibrated dates are available in the paper or in Supplementary Information.




Ethics oversight Identify the organization(s) that approved or provided guidance on the study protocol, OR state that no ethical approval or guidance
was required and explain why not.

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

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 Wurzburg experiments: 6 to 8 week old male LdlIr-/- mice were used for bone marrow chimera experiments. LdIr-/-Trem2-/-
experiments: six to eight-week-old male or female Ldlr-/- and LdIr-/-Trem2-/- mice were used. For Trem2 agonist antibody treatment,
6 to 8 week old LdIr-/- mice were used. For in vitro experiments, macrophages were generated from 6 to 12 week old Trem2+/+ or
Trem2-/- mice. All mice were on a C57BL6/J background. Mice were bred and kept in individually-ventilated cages (IVC) with a 12-
hour dark-/light-cycle and ad libitum access to sterilized food and water under barrier-specific pathogen-free conditions (SPF).
Ambient temperature was maintained between 20°C and 24°C and humidity between 45 % and 65 %. Vienna experiments: 8 week
old LdIr-/- mice were used. Mice were bred and kept in individually ventilated cages (IVC) with a 12-hour dark-/light-cycle and ad
libitum access to sterilized food and water under barrier-specific pathogen-free conditions (SPF). Ambient temperature was
maintained around 22°C (20-24°C) and humidity around 55% (45-65%).
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Wild animals no wild animals were used

Reporting on sex Male and female mice were used in experimental atherosclerosis experiments. The n number of male and female mice is indicated in
the respective figure legends for each experiment. Male and female mice are indicated by different symbols on graphs.
Disaggregated sex data is provided in the Source Data tables.

Field-collected samples  no field-collected samples were used

Ethics oversight Waurzburg: All animal studies conform to the Directive 2010/63/EU of the European Parliament and have been approved by the
appropriate local authorities (Regierung von Unterfranken, Wuerzburg, Germany, Akt.-Z. 55.2-2531.01-24/13, 55.2-DMS-2532-2-287,
55.2-DMS-2532-2-1227). Vienna: All experimental studies were approved by the Animal Ethics Committee of the Medical University
of Vienna and the Austrian Federal Ministry of Education, Science and Research, and were performed according to Good Scientific
Practice and national and international institutional guidelines (License number BMWF 66.009/0336-V/3b/2018).

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

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Provide the trial registration number from ClinicalTrials.gov or an equivalent agency.

Study protocol Note where the full trial protocol can be accessed OR if not available, explain why.
Data collection Describe the settings and locales of data collection, noting the time periods of recruitment and data collection.
Outcomes Describe how you pre-defined primary and secondary outcome measures and how you assessed these measures.

Dual use research of concern

Policy information about dual use research of concern

Hazards

Could the accidental, deliberate or reckless misuse of agents or technologies generated in the work, or the application of information presented
in the manuscript, pose a threat to:

Yes
[] Public health

|:| National security
|:| Crops and/or livestock
|:| Ecosystems

XX XX X &

|:| Any other significant area




Experiments of concern

Does the work involve any of these experiments of concern:
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Plants

Demonstrate how to render a vaccine ineffective

Confer resistance to therapeutically useful antibiotics or antiviral agents
Enhance the virulence of a pathogen or render a nonpathogen virulent
Increase transmissibility of a pathogen

Alter the host range of a pathogen

Enable evasion of diagnostic/detection modalities

Enable the weaponization of a biological agent or toxin

Any other potentially harmful combination of experiments and agents

Seed stocks

Novel plant genotypes

Authentication

ChlP-seq

Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
was applied.

Describe any authentication procedures for each seed stock used or novel genotype generated. Describe any experiments used to
assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Data deposition

|:| Confirm that both raw and final processed data have been deposited in a public database such as GEO.

|:| Confirm that you have deposited or provided access to graph files (e.g. BED files) for the called peaks.

Data access links

For "Initial submission" or "Revised version" documents, provide reviewer access links. For your "Final submission" document,

May remain private before publication. | provide a link to the deposited data.

Files in database submission Provide a list of all files available in the database submission.

Genome browser session
(e.g. UCSC)

Methodology

Replicates

Sequencing depth

Antibodies

Peak calling parameters

Data quality

Software

Provide a link to an anonymized genome browser session for "Initial submission" and "Revised version" documents only, to
enable peer review. Write "no longer applicable" for "Final submission" documents.

Describe the experimental replicates, specifying number, type and replicate agreement.

Describe the sequencing depth for each experiment, providing the total number of reads, uniquely mapped reads, length of reads and
whether they were paired- or single-end.

Describe the antibodies used for the ChIP-seq experiments; as applicable, provide supplier name, catalog number, clone name, and
lot number.

Specify the command line program and parameters used for read mapping and peak calling, including the ChIP, control and index files
used.

Describe the methods used to ensure data quality in full detail, including how many peaks are at FDR 5% and above 5-fold enrichment.

Describe the software used to collect and analyze the ChlP-seq data. For custom code that has been deposited into a community
repository, provide accession details.
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Flow Cytometry

Plots

Confirm that:
|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
All plots are contour plots with outliers or pseudocolor plots.

A numerical value for number of cells or percentage (with statistics) is provided.
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Methodology

Sample preparation Adherent macrophages were washed once with PBS and detached with Accutase. Macrophages were then washed with PBS
supplemented with 1% FCS, and incubated in Fc Block (1:50 in PBS+1%FCS, clone 93, Biolegend 101320) for 10 minutes. After
blocking, macrophages were labeled with fluorophore conjugated antibodies for 30 minutes in the dark at 4°C. After washing
in PBS+1%FCS, macrophages were resuspended in PBS+1% FCS and read using a FACS Celesta (BD) or sorted with a FACS Aria
Il (BD) and analyzed with Flowjo v10.

Instrument BD FACS Celesta; BD Fortessa; BD FACS Aria lll

Software Acquisition: FACS DIVA; Analysis: FlowJo

Cell population abundance Sorted cells were assessed for purity by flow cytometry (FACS Aria lll ) immediately after sorting. Data were analyzed using
Flowjo v10. Sorted cells had a >95% purity.

Gating strategy A figure detailing gating strategies is provided in the Supplementary Information. Gatings were performed as follows: Figure

3¢ (DilOxLDL uptake): cells (FSC-A vs. SSC-A) > Singlets (FSC-A vs. FSC-H) > viable macrophages (Viability Dye-neg F4/80+) >
DilOxLDL+, negative staining gate set with a negative control (no Dil-OxLDL); Figure 3d (viability assay): cells (FSC-A vs. SSC-A)
> Singlets (FSC-A vs. FSC-H) > viable cells (7-AADneg); Figure 3g (MitoProbe assay): cells (FSC-A vs. SSC-A) > Singlets (FSC-A vs.
FSC-H) > viable cells (7-AADneg)> double positive red/green cells>red/green mean fluorescence intensity ratio; Figure 3h/
Extended Data Fig. 7e: cells (FSC-A vs. SSC-A) > Singlets (FSC-A vs. FSC-H) > viable cells (Viability Dye-neg ) > macrophages
(F4/80+) > CFSE+ vs CFSEneg, negative staining gate set with a negative control (no CFSE+ apoptotic cells). Figure 3j-k: cells
(FSC-A vs. SSC-A) > Singlets (FSC-A vs. FSC-H) > viable cells (Viability Dye-neg ) > macrophages (F4/80+) > CFSE+ > CellTrace
Violet+, negative gate set with with a negative control (no CFSE+ apoptotic cells), a control with only CFSE+ apoptotic cells,
and a control with only CellTrace Violet+ apoptotic cells. Extended Data Fig. 7c: F4/80+CD11b+ > phRodo-high, negative
staining gate set with a negative control (no phRodo+ apoptotic cells).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design

Design type Indicate task or resting state; event-related or block design.

Design specifications Specify the number of blocks, trials or experimental units per session and/or subject, and specify the length of each trial
or block (if trials are blocked) and interval between trials.

Behavioral performance measures State number and/or type of variables recorded (e.g. correct button press, response time) and what statistics were used
to establish that the subjects were performing the task as expected (e.g. mean, range, and/or standard deviation across

subjects).
Acquisition
Imaging type(s) Specify: functional, structural, diffusion, perfusion.
Field strength Specify in Tesla
Sequence & imaging parameters Specify the pulse sequence type (gradient echo, spin echo, etc.), imaging type (EPI, spiral, etc.), field of view, matrix size,
slice thickness, orientation and TE/TR/flip angle.
Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region was determined.

Diffusion MRI [ ] Used [ Not used




Preprocessing

Preprocessing software Provide detail on software version and revision number and on specific parameters (model/functions, brain extraction,
segmentation, smoothing kernel size, etc.).

Normalization If data were normalized/standardized, describe the approach(es): specify linear or non-linear and define image types used for
transformation OR indicate that data were not normalized and explain rationale for lack of normalization.

Normalization template Describe the template used for normalization/transformation, specifying subject space or group standardized space (e.g.
original Talairach, MNI305, ICBM152) OR indicate that the data were not normalized.

Noise and artifact removal Describe your procedure(s) for artifact and structured noise removal, specifying motion parameters, tissue signals and
physiological signals (heart rate, respiration).

Volume censoring Define your software and/or method and criteria for volume censoring, and state the extent of such censoring.

Statistical modeling & inference

Model type and settings Specify type (mass univariate, multivariate, RSA, predictive, etc.) and describe essential details of the model at the first and
second levels (e.g. fixed, random or mixed effects; drift or auto-correlation).

Effect(s) tested Define precise effect in terms of the task or stimulus conditions instead of psychological concepts and indicate whether
ANOVA or factorial designs were used.

Specify type of analysis: [ | whole brain || ROI-based | | Both

Statistic type for inference Specify voxel-wise or cluster-wise and report all relevant parameters for cluster-wise methods.

(See Eklund et al. 2016)

Correction Describe the type of correction and how it is obtained for multiple comparisons (e.g. FWE, FDR, permutation or Monte Carlo).

Models & analysis

n/a | Involved in the study
|:| |:| Functional and/or effective connectivity

|:| |:| Graph analysis

|:| |:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Report the measures of dependence used and the model details (e.g. Pearson correlation, partial correlation,
mutual information).

Graph analysis Report the dependent variable and connectivity measure, specifying weighted graph or binarized graph,
subject- or group-level, and the global and/or node summaries used (e.g. clustering coefficient, efficiency,
etc.).

Multivariate modeling and predictive analysis  Specify independent variables, features extraction and dimension reduction, model, training and evaluation
metrics.

S
Q
o
c
=
®
O
O
=
©)
=
—
@
O
O
=1
S
@
wv
c
3
3
D
=
2




	TREM2 protects from atherosclerosis by limiting necrotic core formation

	Methods

	Animal models

	Mice
	Würzburg experiments
	Vienna experiments

	Histology and immunohistochemistry

	Würzburg experiments
	Vienna experiments

	Blood cholesterol and triglyceride measurements

	Würzburg experiments
	Vienna experiments

	BMDM culture generation

	Thioglycolate-elicited peritoneal macrophages

	oxLDL uptake assay

	Würzburg experiments

	Viability assay

	Efferocytosis assays

	Vienna experiments
	Würzburg experiments: generation of apoptotic/necrotic cells
	Würzburg experiments: efferocytosis and continuous efferocytosis assays
	Würzburg experiments: gene expression in response to efferocytosis

	RNA isolation, cDNA generation and assessment of gene expression in response to efferocytosis or cholesterol loading

	Vienna experiments
	Würzburg experiments

	scRNA-seq analysis of public datasets

	Mouse scRNA-seq data
	Human scRNA-seq data

	snRNA-seq

	Library preparation and sequencing
	Analysis

	sTREM2 measurements in patients of the ICARAS

	sTREM2 measurements in mice

	Statistical analysis

	Reporting summary


	Acknowledgements

	Fig. 1 Trem2 expression patterns at the single-cell level in mouse and human atherosclerosis.
	Fig. 2 TREM2 controls necrotic core formation in early experimental atherosclerosis.
	Fig. 3 TREM2 controls macrophage survival and efferocytosis.
	Extended Data Fig. 1 Additional scRNA-seq analysis of mouse aortic macrophages and vascular smooth muscle cells (related to Fig.
	Extended Data Fig. 2 Additional scRNA-seq analysis of human atherosclerotic coronary artery mononuclear phagocytes (related to Fig.
	Extended Data Fig. 3 Additional analyses of atherosclerosis (related to Fig.
	Extended Data Fig. 4 Analysis of atherosclerosis in Ldlr−/−Trem2−/− mice.
	Extended Data Fig. 5 Analysis of atherosclerosis in Ldlr−/− mice treated with low dose TREM2 agonist antibody 4D9.
	Extended Data Fig. 6 Single-nucleus RNA-seq of Ldlr−/−Trem2−/− aortas.
	Extended Data Fig. 7 Additional in vitro assays.
	Extended Data Fig. 8 Cd47 expression in aortic cells.
	Extended Data Table 1 Body weight and blood lipid measurements.




