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Sepsis-induced cardiomyopathy (SICM) iscommon in septic patients with

ahigh mortality and is characterized by an abnormal immune response.
Owing to cellular heterogeneity, understanding the roles of immune
cell subsets in SICM has been challenging. Here we identify a unique

subpopulation of cardiac-resident macrophages termed CD163'RETNLA"
(Macl), which undergoes self-renewal during sepsis and can be targeted to
prevent SICM. By combining single-cell RNA sequencing with fate mapping
inamouse model of sepsis, we demonstrate that the Macl subpopulation
has distinct transcriptomic signatures enriched in endocytosis and
displays high expression of TREM2 (TREM2"). TREM2" Macl cells actively
scavenge cardiomyocyte-ejected dysfunctional mitochondria. Trem2
deficiency in macrophages impairs the self-renewal capability of the
Maclsubpopulation and consequently results in defective elimination

of damaged mitochondria, excessive inflammatory response in cardiac
tissue, exacerbated cardiac dysfunction and decreased survival. Notably,
intrapericardial administration of TREM2" Macl cells prevents SICM. Our
findings suggest that the modulation of TREM2" Mac1 cells could serve as a

therapeutic strategy for SICM.

Sepsis affects approximately 49 million individuals and causes over
11 million fatalities worldwide annually?. The majority of patients
with sepsis display aberrant cardiac function, usually termed SICM®.
As animportant contributor to organ dysfunction, SICM is charac-
terized by a reduced ejection fraction (EF) and is associated with
high mortality in patients. Of note, transiently reversible myocar-
dial dysfunction is also observed in SICM, suggesting that cardiac
homeostasis can be restored after the septic stress*®; however, the

mechanismsfacilitatingheartrehabilitationduringsepsishavenotbeen
fully elucidated.

Immune cells play vital roles in regulating tissue homeostasis
following cardiac injury’. In heart tissue, macrophages are dominant
immune cells, which are highly heterogeneous and diversified in line-
age® . During the past decade, bone-marrow-derived macrophages
(circulating) have beenregarded as the only primary phagocytes, which
areinvolvedin, for example, cardiac tissue healing and homeostasis'’;
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however, emerging evidence indicates that cardiac-resident mac-
rophages (CRMs) play fundamental roles in the clearance of necrotic
cellsand debris, promotion of angiogenesis, restriction of inflamma-
tionand tissue remodeling during the cardiacinjury process, which are
independent of circulating macrophages'®'>. Very recently, a study
showed that CRMs removed the decaying mitochondria ejected by
cardiomyocytes to maintain heart health™.

Asepticheart hasahigh energy requirement under stress, includ-
ing elevated body temperature, hypoxia, tachycardia and systemic
cytokine storm. Inline with this pathological change, cardiac mitochon-
drial dysfunction has been demonstrated in many animal studies™.
Clinically, mitochondrial dysfunction correlates directly with poor
sepsis outcomes®, Therefore, the maintenance of cardiac mitochon-
drial homeostasis is essential for the recovery of SICM; however, how
immune cells serve as amanipulator of mitochondrial quality control
inthe septic heart remains completely unknown.

In the present study, by combining single-cell RNA sequencing
(scRNA-seq) with fate-mapping techniques, we profiled dynamic
changes of cardiac immune cells, especially cardiac macrophages,
inthe murine septic heart. We identified a CD163'RETNLA" Macl sub-
population with self-renewal ability that was critical for supporting the
cardiacfunction under septic stress. Deep-phenotypic and functional
analysis revealed that the Macl subpopulation was characterized by
endocytic transcriptomic signatures and by high TREM2 expression.
In addition, we observed that the TREM2" macrophage subpopula-
tion actively scavenged cardiomyocyte-ejected mitochondria and
therefore promoted cardiac homeostasis in sepsis. Trem2 ablation
in macrophages impaired the ability of Macl cell self-renewal, which
resulted in the accumulation of dysfunctional mitochondria in the
extracellular space of myocardium and exacerbated cardiac function
following sepsis. Finally, intrapericardial administration of TREM2"
Macl cells improved cardiac function and prevented SICM. These
findings provide a perspective for the development of TREM2-targeted
immunotherapies of SICM.

Results
Single-cell characterization ofimmune cellsin septic heart
To explore the mechanisms of reversible myocardial dysfunction dur-
ing septic stress, we established the septic murine model (cecal ligation
and puncture (CLP) model) and profiled the septic heart by echocardi-
ography and cardiac injury biomarkers. As expected, cardiac function
deteriorated steadily uponsepsis progression and became significantly
worse 3 d after CLP. Subsequently, cardiac function recovered gradually
(Extended DataFig.1a-d). Congruently, cardiacinjury parameters (lactate
dehydrogenase (LDH), troponin |, Anp and Bnp) also showed comparable
dynamic changes (Extended DataFig.1e-h). Owing to the crucial role of
inflammation in the pathology of SICM, cardiac inflammatory markers
were measured by a multiplex protein array. The levels of granulocyte
colony-stimulating factor, granulocyte-macrophage colony-stimulating
factor, interleukin (IL)-4, IL-1c, IL-9, interferon (IFN)-y, IL-13, IL-21 and
IL-10inthe heartreached a peak 3 d after CLP and then decreased slowly
as time progressed (Extended Data Fig. 1i). These results indicate that
the dynamic changes of cardiac function during sepsis progression are
consistent with the inflammatory environment of cardiac tissue.

Next, we characterized the types and states of immune cells
involved in SICM using scRNA-seq. Metabolically active nucle-
ated CD45" cells were separated by fluorescence-activated cell

sorting (FACS) from 14 mice at different time points. A total 0f 29,537
quality-control-positive cells were selected for further analysis, which
generated on average about 9,362 mapped reads and 2,718 genes per
cell (Fig.1aand Extended DataFig.2a). As expected, unbiased clustering
analysis revealed multiple clusters of cardiac immune cells (Fig. 1b),
whichincluded macrophages (Adgrel and Fcgrt), monocytes (Plac8and
Chil3), neutrophils (§5100a8/a9), naturalkiller (NK)/T cells (Cd3e, Kirk1
and /[7r), B cells (Igkc and Cd79a) and cycling cells (Mki67 and Stmn1)
(Fig.1c,d and Extended DataFig. 2b,c). Among them, macrophages were
the most abundant cells with arich set of subclusters in the heart. By
comparing changes of the immune cells at each time point, we found
that the percentages of macrophages slightly decreased, whereas the
heterogeneity of macrophage subclusters was more substantial after
CLP. Meanwhile, large numbers of neutrophils and monocytes were
recruited into the myocardium after sepsis (Fig. 1e,f). In addition to
the findings from scRNA-seq, flow cytometry analysis confirmed the
parallel changes in cardiac immune cells during sepsis progression
(Extended DataFig. 2d,e).

Maclis associated with restoration of cardiac function

Given that the monocyte-macrophage compartment represents
the largest and most significantly altered population of cardiac
immune cells during sepsis, we performed an unsupervised clus-
ter analysis to investigate the heterogeneity and role of cardiac
monocyte-macrophages. Five macrophage subclusters (Macl-5),
two monocyte subclusters (Monland Mon2) and a dendritic cell (DC)
subcluster were identified (Fig. 2a). Macl was characterized by the
expression of Retnla, Lyvel, Cd163 and Folr2, which resembled the
signatures of cardiac tissue-resident macrophages”. Mac2 expressed
relatively high levels of antigen-presentation genes, the character-
istics of which were consistent with the previously reported major
histocompatibility complex (MHC)-1I cluster'®?°. Mac3 was enriched
in Cxcl13, Ccl8, Saa3 and a few IFN-stimulated genes (/fit3 and Irf7).
This cluster might be pro-inflammatory and contained IFN-inducible
cells”. Mac4 was identified by the expression of Cd72 and AcpS, which
were confirmed as markers of pathologically pro-inflammatory cells?.
Mac5 corresponded to CCR2" macrophages'>'>*, which also expressed
high levels of antigen-presentation genes (H2-Aa and H2-Eb1). Monl was
the classical monocyte cluster with high expression of Ly6c2, whereas
Mon2 was the nonclassical monocyte cluster with low expression of
Lyéc2 (refs.24,25). The DC cluster was characterized by high levels of
Xcrl, Naaa and Irf8, which were reported as markers of classical DCs*
(Fig. 2b and Extended Data Fig. 3a). We next compared the dynamic
differences in relative proportions of the eight subclusters among
different stages of SICM. Notably, the Macland Mac2 subclusters were
predominantly presented in hearts at steady state, whereas the levels of
the Macl subset were dramatically reduced 3 d after CLP. The levels of
Mac3 and Mac4, meanwhile, remarkably increased 3 d after CLP; how-
ever, as cardiac function gradually recovered 7 and 21 d after CLP, the
Maclsubcluster was restored (Fig. 2c,d). We also used flow cytometry
and immunofluorescence to confirm scRNA-seq results by selecting
CD163 and RETNLA as markers for Macl. Consistently, the relative fre-
quency and absolute numbers of Macl decreased 3 d after CLP and were
restored 7 and 21 d after CLP (Fig. 2e,f and Extended Data Fig. 3b-d).
Subsequently, correlation analysis found that the absolute numbers
of Maclwere positively correlated with EF of the heart and negatively
correlated with serum cardiac troponin I (cTnl) levels during sepsis

Fig.1|Single-cell atlas of cardiacimmune cells during sepsis progression.
a, Schematic diagram showing scRNA-seq pipeline of murine cardiacimmune
cells during sepsis progression. SS, steady state. b, Uniform Manifold
Approximation and Projection (UMAP) plots of 29,537 cardiacimmune cells
allocatedinto 15 clusters from the hearts of 14 WT mice at SS, 3,7 and 21 d after
CLP. Cardiac cells from 3-4 mice were mixed as one sample. ¢, UMAP plots of
cardiacimmune cells colored by cell type. d, Heat map showing selected cluster

marker genes (top, color-coded by cluster and condition) with exemplar genes
and cell-type annotation labeled. e, UMAP plots of cardiacimmune cells from WT
mice in different time points of sepsis, annotated by cell type asin c. Each time
pointis contributed by either three (SS or 21 d) or four mice (3 or 7 d). f, Bar plots
showing the distribution ofimmune cell types from WT mice at different time
points of sepsis (Extended Data Figs.1and 2).
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Fig.2| A distinct cardiac macrophage subset is associated with the recovery
of SICM. a, UMAP plots of 24,058 monocyte-macrophages allocated to the

eight clusters from Fig. 1c. b, Heat map showing top 20 cluster marker genes
(top, color-coded by cluster and condition) with exemplar genes and cluster
annotations labeled. ¢, UMAP plots of the monocyte-macrophage compartment
from WT mice atSS, 3, 7and 21 d after CLP, annotated by clusterasin a.

d, Bar plots showing cluster distribution within the monocyte-macrophage
compartment from WT mice after CLP. e, Representative contour plots showing
flow cytometric analysis of cardiac CD45'CD11b*F4/80"CD163"'RETNLA"

macrophages from WT mice after CLP. f, Quantification of CD163'RETNLA"
macrophages per mg of cardiac tissue. Bars show mean + s.e.m. Two-sided
Pvalues were determined by one-way analysis of variance (ANOVA) with
Tukey’s multiple comparison test. g,h, Correlation of cardiac CD163*'RETNLA*
macrophage numbers with EF and cTnl levels. Data are presented as two-tailed
Spearman’s rank correlation. Dashed lines represent 95% confidence intervals.
Each symbol represents one animal (SS, n =8 mice; CLP3 d, n =8 mice; CLP
7d,n=9mice; CLP21d, n=10 mice) (f,g). Results represent four independent
experiments in this figure (Extended Data Fig. 3).

progression (Fig. 2g,h). Taken together, these data reveal a distinct
CD45'CD11b*F4/80"CD163'RETNLA Macl subcluster thatis associated
with the restoration of cardiac dysfunction after septic stress.

Developmental trajectory and lineage tracing of Macl subset
To determine the potential relationship between monocytes and
the Macl subcluster, we examined the dynamic immune states and
cell transitions of the monocyte-macrophage compartment by the
Monocle algorithm?. In pseudotime analysis, we downsampled
monocyte-macrophagesto1,500 cells to provide a clear cell develop-
mental trajectory. We observed that Macl cells localized at the begin-
ning of the pseudotime trajectory, whereas Monl, Mon2 and DC cells
were at the end of the trajectory. In addition, the majority of Mac2
cellswere at the terminus of the pseudotime trajectory, whereas Mac3
cells, similarly to the Macl cells, were localized at the initiating branch
(Fig.3a,b and Extended Data Fig. 4a). Tracking the alterations of gene
expression across monocyte-macrophage compartments revealed
developmental patterns defining the phenotype and function of macro-
phage subsets. Inshort, the Macl cluster was characterized by upregu-
lated expression levels of Cd163, Lyvel, Retnla, Mrcl, Gasé and Folr2
and by downregulated expression levels of monocyte genes (Plac8 and
Chil3). The Monl, Mon2, Mac5 and DC clusters were characterized by
upregulated expression of Ccr2, ll1b, Chil3and Plac8, whereas the Mac2
cluster was characterized by high expression of antigen-presenting
genes (H2-Aa and H2-AbI). These cell clusters displayed the reduced
expression of the Macl gene profile (Fig. 3c and Extended Data Fig. 4b).
To confirm the above pseudotime analysis results, we further
used a tamoxifen-inducible Cx3cr1c T REYFP mgoyse line crossed
with Rosa26-stop-tdTomato reporter mice (termed Cx3cr1“**fRosa
26" Extended Data Fig. 4¢) to track Macl cells in SICM. tdTomato
fluorescence signals of these reporter mice reliably distinguished
CRMs fromrecruited monocyte-derived macrophages®. Around 95% of
circulatingmonocytes (CD115'CD11b*) and ~-89% cardiac macrophages
(F4/80"CD11b") were tdTomato*1week after the first administration of
tamoxifen. Three weeks after the administration of tamoxifen, circu-
lating monocytes were gradually replaced by tdTomato” monocytes,
whereas their contribution to cardiac macrophages was negligible.
At the time point of 5 weeks, almost 85% macrophages and ~98%
CD163'RETNLA" Macl cells in the heart retained tdTomato’, which
was then maintained at similar levels (Extended Data Fig. 4d). Six weeks
after administration of tamoxifen, Cx3crI®®*"%:Rosa26"“™™ mice had
CLPsurgery. We observed that more than 95% of the CD163"'RETNLA"

Maclcells remained as tdTomato* 3 and 7 d after CLP (Fig. 3d). Accord-
ingly, the proportion and the absolute numbers of tdTomato*Macl cells
in the septic heart were remarkably reduced 3 d after CLP and partly
recovered 7 d after CLP (Fig. 3e). To determine the proliferation of
Maclcellsin vivo, Ki67 expression was assessed. tdTomato* Macl cells
exhibited high expression of Ki67 3 d after CLP compared to those at
steady state, indicating that Macl cells presented an actively prolifera-
tive state under septic stress (Fig. 3f and Extended Data Fig. 4e). These
datasuggest that CD163'RETNLA* Macl cells are self-renewing CRMs,
independent of replenishment from circulating monocytes and display
proliferative bursts during sepsis.

TREM2is essential for Mac1 cells remodeling during SICM

We next sought to explore the functional characteristics of the Macl
subsetin SICM. Gene Ontology (GO) enrichment analysis revealed that
156 differentially expressed genes (DEGs) upregulated in Macl were
related to phagocytosis and endocytosis in biological terms (Fig. 4a).
Of note, phagocytosis-related gene Trem2was upregulated in Macl cells
relative to other macrophages. (Extended DataFig. 5a). We then exam-
ined the expression of Trem2inall cell clusters and observed that Trem2
was particularly abundant in the Macl subset (Fig. 4b and Extended
DataFig.5b). Immunofluorescence staining showed the expression of
TREM2 onMacl cells as well as colocalization with CD163 (Fig. 4¢). Flow
cytometry analysis showed that CD163'RETNLA" Macl cells expressed
higher levels of TREM2 compared to other macrophages (Fig. 4d and
Extended DataFig. 5¢c).Inaddition, to determine the role of TREM2 for
the remodeling of the macrophage subset in SICM, we performed CLPin
Trem2-deficient (Trem2”") mice and wild-type (WT) littermate controls
and analyzed their cardiac monocyte-macrophage compartments by
scRNA-seq. Unsupervised cluster analysis of monocyte-macrophage
compartmentsin Trem2” and WT mice showed similar types and pro-
portions of subclusters at steady state and 3 d after CLP, respectively
(Extended Data Fig. 5d). Notably, we observed that the proportion of
Macl cells both significantly decreased in WT and Trem2”~ mice 3d
after CLP (Extended Data Fig. 5e). At day 7 after CLP, Macl cells recov-
ered tonormal countsin WT mice, but the proportion of Macl cellsin
Trem2”~mice could not be restored (Fig. 4¢,f). Flow cytometry analysis
confirmed that the percentage and absolute number of CD163'RETNLA"
Macl cellsin Trem2”~ mice did not recover at day 7 after CLP compared
to WT controls (Fig. 4g). In contrast, the proportions of other cardiac
immune cell compartments were not affected by Trem2 deficiency,
with the exception of reduction in the proportion of macrophages in

Fig.3|Developmental trajectory and lineage tracing track the fate of Macl
subset in SICM. a, The Monocle prediction of the monocyte-macrophage
developmental trajectory with Seurat’s cluster information in Fig. 2a

mapped alongside. b, The Monocle prediction of monocyte-macrophage
developmental trajectory with each Seurat-based cluster shown separately.

¢, Heat map of top 50 DEGs along with the pseudotime. The relative position
ofindividual subsets across pseudotimeisillustrated below. d, Representative
contour plots showing the expression of tdTomato (CX3CR1) on gated
CD45'CD11b'F4/80'CD163'RETNLA" macrophages, CD45'CD11b‘F4/80*
(non-CD163"RETNLA") macrophages and CD45°CD11b'F4/80°LY6C" monocytes.
Graph showing the percentage of tdTomato" cells isolated from hearts

of WT mice at each time point along sepsis. NS, not significant. e, Representative

contour plots showing the expression of tdTomato (CX3CR1) and CD163
ongated CD45°CD11b'F4/80*RETNLA" macrophages and graph showing
absolute numbers of CD45'CD11b'F4/80°CD163'RETNLA tdTomato*
macrophages isolated from hearts of WT mice at each time point following
sepsis. f, Representative histograms showing the expression of Ki67 in
CD45'CD11b*F4/80*CD163'RETNLA" macrophages and graph showing
quantification of mean fluorescence intensity (MFI) of Ki67 at SS, 3 and 7 d after
CLP.Dotsrepresent individual subjects (d-f); SS, n =5 mice; CLP3 d, n= 6 mice;
CLP7d,n=7mice. Dataare shown as mean + s.e.m.; two-sided P values were
determined by one-way ANOVA, followed by Games-Howell’s (d) or Sidak’s (d-f)
multiple comparison test; results represent three independent experiments
(Extended DataFig. 4).
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Fig.4 | TREM2 is highly expressed on Macl subset and essential for Mac1 cells
self-renewal in SICM. a, Dot plots showing the top 20 biological processes for
the upregulated DEGs of Macl analyzed by GO. Red arrows indicate endocytosis-
related pathways. b, UMAP plots and violin plots showing the expression

of Trem2in the monocyte-macrophage compartment. ¢, Representative
immunofluorescence images of CD163 (green), TREM2 (red) and nuclei (blue) in
cardiactissue from WT mice atSS (n =5) and 7 d after CLP (n=5). The dotted lines
indicate CD163"TREM2" macrophages. Scale bars, 20 pm. d, Representative
histograms of flow cytometric analysis of TREM2 expression in cardiac
CD45'CD11b'F4/80*CD163'RETNLA" and CD45'CD11b‘F4/80"(non-
CD163'RETNLA") macrophages from WT mice at SSand 7 d after CLP. e, UMAP
plots showing cell clustering results corresponding to Fig. 2a for a total of 13,405

monocytes-macrophages in WT and Trem2 knockout (KO) hearts at 7 d after
CLP.f, Cluster distribution within the monocyte-macrophage subsetsin WT

and Trem2-KO hearts at 7 d after CLP. g, Percentages and absolute numbers of
CD163'RETNLA" macrophages analyzed by flow cytometry from hearts of WT
(n=6)and Trem2-KO (n= 6) mice at 7 d after CLP. h, Representative contour plots
showing the expression of Ki67 on gated CD45'CD11b"F4/80"CD163"'RETNLA*
macrophages and graph showing percentages of Ki67-expressing cellsin WT
(n=5-6) and Trem2-KO (n = 6-7) hearts at SS and 3 d after CLP. Every symbol
represents amouse (g, h). Data are presented as mean + s.e.m.; two-sided
Pvalues were determined by unpaired ¢-test (g) and one-way ANOVA with Sidak’s
multiple comparisons test (h). Results represent three independent experiments
(c,d,g h).See also Extended Data Fig. 5.

Trem2”~ mice 3 and 7 d after CLP and amodest increase in the propor-
tion of neutrophils 7 d after CLP (Extended Data Fig. 5f). Moreover, we
revealed that the proliferative capability of CD163'RETNLA" CRMs was
significantly decreasedin Trem2” mice compared to WT controls 3 d
after CLP indicated by Ki67 expression (Fig. 4h). These results collec-
tively suggest that TREM2is a marker for the Macl subset and essential
for the remodeling of Macl cells in septic hearts.

Sepsis induces extracellular exopher accumulation in heart
Cardiomyocytes ejected dysfunctional mitochondria in dedicated
vesiclesreferred to as ‘exophers’, which are characterized as 3.5+ 0.1 um
in mean diameter and 31.0 + 2.5 pum? in mean volume", similar to
structures described in Caenorhabditis elegans neurons®. Cardiac
macrophages are indispensable in maintaining heart homeostasis
by cleaning these subcellular particles and defective mitochondria™.
Our datasuggested that homeostasis of macrophages in septic hearts
was disrupted. We speculated that disrupted homeostasis of mac-
rophages could impair the removal of cardiomyocyte-derived dam-
aged mitochondria during sepsis. First, aMHC®™ mice were crossed
with Rosa26™™™ mice and only the cardiomyocytes of generated mice
(referred as Card™* mice) expressed red fluorescence. We observed
that the accumulation of some subcellular particles, defined as exo-
phers, colocalized with mitochondrial protein Tom20 in the extracel-
lular space of septic Card®t® mice hearts (Fig. 5a,b and Supplementary
Video1). Transmission electron microscopy (TEM) analysis revealed a
significantaccumulation of free mitochondriain the periphery of car-
diomyocytes 3 d after CLP (Extended DataFig. 6a,b). In addition, these
exopherswere purified with flow cytometry™. We observed that cardiac
exophers were positive for mitochondrial probes MitoTracker Green
and MitoNIR (Extended Data Fig. 6¢,d), also displayed the reduced
membrane potential and lost responsiveness to hyperpolarizing agents
(Extended Data Fig. 6e). These results suggest that sepsis causes the
accumulation of dysfunctional mitochondria ejected by cardiomyo-
cytesinthe extracellular space of the heart.

TREM2" Macl cells eliminate cardiac exophers during sepsis
Given that free mitochondria and mitochondrial DNA (mtDNA)
can elicit cardiac damage, elimination of exophers containing
cardiomyocyte-derived mitochondriaisimportant to maintain cardiac
homeostasis and restore optimal cardiac function®*°, We next explored
the mechanism for the clearance of dysfunctional mitochondriainthe
septic heart. TEM images showed that some cells adjacent to cardio-
myocytes displayed a similar size and morphology to macrophages.
These macrophages stretched out pseudopods, which surrounded the
mitochondria-containing vesicles in the periphery of septic cardio-
myocytes (Fig. 5c and Extended Data Fig. 6f). Consistently, confocal
and three-dimensional (3D) images showed that TREM2" cell-engulfed
exophers (red) contained mitochondria in septic hearts of Card®®
mouse (Fig. 5d and Supplementary Video 2).

To quantify the phagocyticactivity of TREM2" Macl (CD45'CD11b*
F4/80'CD163") cells, flow cytometry analysis with the hearts of Card®®"
mice revealed the higher incorporation of cardiomyocyte-derived
tdTomato proteinin Macl cells compared to non-Macl cells (Extended
DataFig. 6g). Further, cardiomyocyte-specific mitochondriareporter
mice (MitoCard) were generated by crossing mtD2M¥F* with aMHCC™/*
mice® and confocal images showed that cardiomyocyte-derived mito-
chondrialocalizedin TREM2" macrophages (Fig. 5e and Supplementary
Video 3). Flow cytometry analysis also showed that TREM2" Mac1 cells
incorporated more cardiomyocyte-derived mitochondria during SICM
(Extended DataFig. 6h).Inaddition, we performed TUNEL staining with
hearts of septic WT mice and found that the percentage of TUNEL cTnl"
cellsintotal cells (TUNELcTnl*/4,6-diamidino-2-phenylindole (DAPI))
was very low (around 1%) on day 3 after sepsis (Extended Data Fig. 6i).
These results excluded the possibility that TREM2" cells incorporate
apoptotic material derived from the septic heart.

To elucidate the fate of cardiomyocyte-derived mitochondria in
Macl cells, we performed immunostaining of TREM2 with lysosome
marker Lamp1 with the heart sections of septic MitoCard mice and
observed that mt-Dendra2 signalsin TREM2 cells partially localized in

Fig. 5| TREM2 promotes the uptake of cardiomyocyte-derived mitochondria
by Maclinseptic heart. a,Immunofluorescence images and 3D reconstruction
showing presence of Tom20* material in cardiomyocyte-derived exophers from
hearts of septic Card®*® mice. b, Presence of Tom20* material in cardiomyocyte-
derived exophers from hearts of Card®® mice at SS and 3 d after CLP. Graph
showing exopher numbers per field of view (FOV); n = 6 per group. ¢, TEM image
of amononuclear cell taking up mitochondria by extended pseudopods in
septic hearts (CLP 7 d). d, Images showing cardiomyocyte-derived exophers
(red) containing mitochondria (Tom20, white) presentin TREM2* macrophages
(green) from hearts of Card®*® mice (n =4). e, Cardiomyocyte-derived
mitochondria (mt-Dendra2, green) present in TREM2* macrophages (red) from
hearts of MitoCard mice (n = 4). f, Cardiomyocyte-derived mitochondria (mt-
Dendra2, green) localized in lysosomes (LAMP1, white) of TREM2" macrophages
(red) in hearts of MitoCard mice (n = 3).g, TREM2" macrophages (green) took
up cardiomyocyte-derived mitochondria (mt-Keima-458, cyan) and some
mitochondriain anacidic environment (mt-Keima-561, red) from hearts of
AAV9-Tnnt2-mt-Keimainfected mice. h, CD163" macrophages (green) engulfed

cardiomyocyte-derived mitochondriain hearts of WT and Trem2”" mice infected
with AAV9-Tnnt2-mt-Keima, respectively. Graph showing percentages of mt-
Keima*mitochondriain CD163" macrophages (n =5 per group). For each animal,
werandomly selected five visualization areas and five Macl cells were analyzed.
Theratio of the area of mt-Keima mitochondria in a single Macl cell to the area

of the same Macl cell was calculated. The ratio in the KO group was normalized
to theratio of the control group. i, The incorporation of cardiomyocyte-derived
tdTomato proteinin CD45°CD11b'F4/80°CD163'RETNLA" macrophages and
CD45'CD11b*F4/80°LY6C* monocytes from WT - Card®® or KO -» Card®*®
chimeras 7 d after CLP. Graph showing quantification of MFI of tdTomato (n = 6-7
per group). j, Presence of Tom20" material (cyan) in cardiomyocyte-derived
exophers (red) from hearts of WT > Card®®® and KO > Card®*° chimeras 7 d after
CLP. Graph showing the exopher numbers per FOV (n = 6 per group). Scale bars
areindicated in the images. Bars show as mean *s.e.m. (b,h,j) and median with
interquartile range (i). Two-sided P values were determined by unpaired ¢-test
(b,h,j) and Mann-Whitney U-test (i). Results represent four (b), three (d-f) and
two (g-j) independent experiments (Extended Data Figs. 6 and 7).
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Fig. 6 | Trem2 deficiency exacerbates the cardiac dysfunction following
sepsis. a, Survival analysis of WT (n=18) and Trem2”~ (n =30) mice after CLP
performance was monitored for 7 d. b,c, WT and Trem2” mice were subjected
to CLP and cardiac function was examined at SS and 3, 7 and 21 d after CLP.
Graph showing EF % (b) measured by echocardiography (n = 7-8 mice for each
group) and the levels of cTnl (c) in the serum (n = 5-8 mice for each group).

d, Representative M-mode echocardiography images and EF % of WT > WT
chimeras (Trem2"**") and Trem2”~>WT chimeras (Trem2”") 7 d after CLP.

e, Representative continuous-wave Doppler echocardiography images and E/A
ratio of Trem2"*“"and Trem2™-“" chimeras 7 d after CLP. f, Graph showing CO
measured by echocardiography. g,h, Graphs showing the levels of cTnl (g) and
LDH (h) in the serum of Trem2"*® and Trem2”~" chimeras 7 d after CLP (d-h,
n=11mice for each group).i, Graphs showing protein levels of ANP and BNP in
the serum of Trem2"*“"and Trem2™-“" chimeras 7 d after CLP. j, Graphs showing

protein levels of tumor necrosis factor (TNF)-a, IL-1B, IL-6 and CCL2 in the heart
tissues of Trem2"*® and Trem2”" chimeras 7 d after CLP (i,j, n =10 mice for
eachgroup). k, Representative TEM images (left) and mitochondria injury score
(right) of Trem2"*" and Trem2™-“" chimeras 7 d after CLP. Scale bars, 5 um. Bar
graph showing mitochondriainjury score per FOV. Each symbol represents a FOV
of TEM images. Each group has four mice and five FOVs were randomly selected
for assay from each animal. I,m, Graphs showing the levels of ATP (I) in heart
tissue lysates and the levels of serum lactate (m) of Trem2”*“" and Trem27/~"
chimeras 7 da after CLP (I, m, n =11 mice for each group). Each symbol represents
one animal (b-j,1,m). Bars show as mean + s.e.m. (b-f,h-1) and median with
interquartile range (g,m). Two-sided P values were determined by Kaplan-Meier
log-rank test (a), two-way ANOVA with Sidak’s multiple comparisons test (b,c),
unpaired ¢-test (d-f,h-k) and Mann-Whitney U-test (g,m). Results represent at
least four (b,c) and three (d-m) independent experiments (Extended Data Fig. 8).
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LAMP1" lysosomes (Fig. 5fand Supplementary Video 4). Next, we pack-
aged adeno-associated virus serotype 9 (AAV9)-Tnnt2-mt-Keima virus
and intramyocardial injection of AAV9 virus was performed to ensure
the specific expression of Keimaproteinin the mitochondria (mt-Keima)
of cardiomyocytes (Extended Data Fig. 7a)*’>. Immunofluorescence
staining revealed that abundant mt-Keima* particles concentrated in
TREM2" macrophages (Fig. 5g). Keima is pH-sensitive and its peak of
the excitation spectrum canshift fromthe shorter (green, inthe neutral
environment) to longer (red, in the acidic environment) wavelength®.
Video and 3D images showed that mt-Keima in TREM2* macrophages
exhibitedboth greenandred fluorescence signalsinthe hearts of septic
WT miceinjected with AAV9-Tnnt2-mt-Keima virus (Fig. 5g and Supple-
mentary Video 5), suggesting that mitochondria taken up by Macl cells
may be delivered to theacidic lysosomal environment. Together, these
dataindicate that TREM2" Macl cells have robust activity in eliminating
of cardiomyocyte-derived dysfunctional mitochondria.

Trem?2 deficiency impairs defective mitochondria removal
scRNA-seq data analysis revealed that the majority of the endocytic
gene signatures such as Wwpl, CcrS, Cd36, Epsl15, Cltc, Mrcl, Ccl24,
Dab2 and Folr2 in the whole macrophage population decreased in
Trem2” mice compared to WT cells (Extended DataFig. 7b,c). We then
examined the effect of TREM2 on the uptake of cardiomyocyte-derived
mitochondria by macrophages. The intramyocardial injection of
AAV9-Tnnt2-mt-Keima virus was carried out with WT and Trem2”" mice,
respectively. Trem2” septic mice displayed the reduced uptake of
cardiomyocytic mitochondria and Keima by CD163" macrophages
(Fig.5hand Supplementary Video 5). Next, we transplanted bone mar-
row cells from WT or Trem2”~ mice into irradiated Card®*® recipient
mice and 8 weeks later, CLP surgery was performed (Extended Data
Fig.7d). We found that WT > Card®*" CD163"RETNLA" Macl cells scav-
enged more cardiomyocyte-derived material than Trem27 >CardRtP
CD163'RETNLA"Macl cells 7 d after CLP (Fig. 5i). Consistently,immuno-
fluorescence showed that more cardiomyocyte-derived mitochondria
accumulated in the heart of Trem2”~>Card®® chimeras (Fig. 5j). In
addition, Trem2-deficient mice exhibited severe accumulation of free
mitochondriain the extracellular space of cardiomyocytes 7 d after
CLP (Extended DataFig. 7e), but this was not found in Trem2-deficient
mice at steady state (Extended Data Fig. 7f). These data suggest that
TREM2 facilitates the scavenging of damaged mitochondria by Macl
cellsinseptic hearts.

Trem?2 deficiency exacerbates cardiac dysfunctionin sepsis

To determine the physiological importance of TREM2" Macl cells in
SICM, we compared survival rate, cardiac systolic function, cardiac
injury markers and inflammation between WT and Trem2™" mice
after CLP. As shown in Fig. 6a, the mortality of Trem2”" septic mice
was notably increased. Moreover, echocardiography assay revealed
that Trem2”~ mice had worse cardiac function indicated by lower
EF, fractional shortening (FS) and cardiac output (CO), especially 7
and 21 d after CLP, compared to WT littermate controls (Fig. 6b and
Extended Data Fig. 8a,b). The concentrations of cTnl and LDH in the

serum as well as messenger RNA levels of Anp and Bnp in heart tissues
were allincreased in Trem2” septic mice (Fig. 6¢ and Extended Data
Fig. 8c-e). Also, Trem2 deficiency significantly elevated mRNA levels
of pro-inflammatory mediators after CLP (Extended Data Fig. 8f-i).

Bone-marrow-derived macrophages contribute to the resident
microglia poolin chimeric mice***. Irradiated recipients (CD45.1back-
ground) were transplanted with bone marrow cells fromWT or Trem2™”~
mice (CD45.2 background), respectively (Extended Data Fig. 8j). Flow
cytometry assay showed that the efficiency of Macl cells reconstitu-
tion was over 90% in irradiated chimeras 8 weeks after bone marrow
transplantation (BMT) (Extended Data Fig. 8k, ). Flow cytometry and
real-time-PCR results revealed that Trem2”/->WT chimeras (Trem27/-")
displayed lower TREM2 protein level in cardiac macrophages and
Trem2mRNA levelin heart tissues than WT > WT chimeras (Trem2"*"),
respectively (Extended DataFig.8m). Eight weeks after BMT, chimeric
mice were subjected to CLP. We found that Trem2-specific deficiency
in macrophages exacerbated cardiac dysfunction, myocardial injury
and cardiacinflammation following sepsis (Fig. 6d-j and Extended Data
Fig.8n,0).Inaddition, Trem2”/-“" chimeras exhibited aggravated mito-
chondrial damage (Fig. 6k), reduced ATP levels (Fig. 61) and increased
lactate levels (Fig. 6m). These results suggest that TREM2 is essential
for Maclto protect the cardiac function after sepsis.

Transplantation of TREM2" Macl cells protects SICM
Finally, we sought to examine whether treatment with Macl cells could
protect cardiac function after sepsis. The sorted TREM2" Macl and
non-Macl cells from the hearts of CD45.1 mice were respectively trans-
planted into the pericardial space of CD45.2 mice immediately after
CLP.The control animals were intrapericardially injected with the same
volume of Matrigel (MG) (Fig. 7a). Flow cytometry analysis showed that
the transplanted Macl and non-Macl cells can survive and persist in
recipient hearts for at least 7 d after CLP (Extended Data Fig. 9a). The
proportionof Macl cellsin total CD45" cells was significantly increased
in the hearts of Macl cell-injected mice at the examined time points
compared to MG-injected mice (Extended Data Fig. 9b,c). Similarly,
the proportion of non-Macl cells intotal CD45" cells was also increased
in the hearts of non-Macl-injected mice at the examined time points
compared to MG-injected mice (Extended Data Fig. 9d,e). Further-
more, Macl and non-Macl cells were labeled with CellTracker Orange
(CMTMR) and then transferred into the pericardial cavity immediately
after CLP. After 3 d, histological assay indicated that the transplanted
cellswere widely distributed inthe myocardium (Extended Data Fig. 9f).
Inaddition, weintrapericardially transferred the CMTMR-labeled Macl
cells into MitoCard mice. Three days later, confocal and 3D images
showed that injected cells engulfed cardiomyocyte-derived mito-
chondria (Extended Data Fig. 9g and Supplementary Video 6). These
data collectively show that the transplanted Macl cells can enter the
myocardium, survive in the heart of recipient mice for atleast 7d and
engulf cardiomyocyte-derived mitochondria.
Comparedtointrapericardial transplanted non-Macl cells or MG
groups, hearts of septic mice that were transplanted with TREM2"
Macl cells showed significantly enhanced cardiac function (Fig. 7b-e).

Fig. 7| Intrapericardial administration of TREM2" Macl cells protects

SICM. a, Schematic illustration of TREM2" Macl cells transplantation in WT
mice. TREM2" Macl (CD45*CD11b*F4/80*CD163'RETNLA") and non-Macl
(CD45°CD11b* F4/80" and non-CD163"RETNLA") cellsisolated from WT mice were
mixed with MG and transplanted into the pericardial cavity of WT mice (2 x 10°
cells per animal) immediately after CLP. Control mice were injected with MG only.
Mice were killed and analyzed 3 d after the transplantation. b-e, Representative
M-mode echocardiography images (b) and graphs showing EF % (c), FS % (d)

and CO (e) measured by echocardiography (b-e, +MG, n =5 mice; +non-Macl,
n=9mice;+Macl, n=10 mice).f,g, Graphs showing levels of cTnland LDH in

the serum. h, Graphs showing mRNA levels of Anp and Bnp in the heart tissues.

i, Graphs showing protein levels of ANP and BNP in the serum. j, Graphs showing

mRNA levels of Tnfa, Il13, Ccl2 and ll6 in heart tissues. k, Graphs showing protein
levels of TNF-a, IL-1B, IL-6 and CCL2 in heart tissues. I, Representative TEM images
(left) and mitochondriainjury score (right). Scale bars, 5 pm. Each symbol
represents a FOV. Each group has four mice and five FOV were randomly selected
for assay from each animal. m, Graph showing the levels of ATP in heart tissue
lysates. n, Graph showing the levels of serum lactate. (f-k,m,n, +MG, n =5 mice;
+non-Macl, n =9 mice; +Macl, n = 9 mice). Each symbol represents one animal
inc-k, n, m. Bars show as mean +s.e.m. Two-sided Pvalues were determined by
one-way ANOVA followed by Games-Howell’s (c-h,j,n,m) or Tukey’s (i,k) multiple
comparisons test. Results represent four independent experiments (b-n). See
also Extended Data Figs. 9 and 10.
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Consistently, the transplantation with TREM2" Macl cellsimproved
cardiac injury (Fig. 7f-i), inflammation (Fig. 7j,k), mitochondrial
damage (Fig. 71), increased ATP levels (Fig. 7m) and reduced lactate

levels (Fig. 7n).

EF (%)
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Next, WT Macl cells and Trem2”~ Macl cells were isolated from
the hearts of WT or Trem2”~ mice and intrapericardially trans-
planted (2 x 10° cells per mouse) into the hearts of Trem2”" mice

immediately after CLP (Extended Data Fig. 10a). Three and 7 d later,

b
 Macl
/ s
B LP 3d
.~ Non-Mac1 .
WT Single-cell \ /
heart  suspension 3 i e
R Echocardiography/
FACS L‘P S sample analysis
\ Intrapericardial
wT injection
d e f m +MG
P =0.0005 P=0.0021 P=0.0079 P=0.0002
002 +Non-
100 = P=0.0476 80 P=0.0404 30 P=0.0145 1.0 P=0.0088 m +Non-Macl
w ] " H +Macl
|}
i " L] _. 084
80 - -I. 60 - 2 2 TC a2
» E c
60 m a1 o £ wg® E 061 =t (4
= 9 S = s =’ n n
i 5 S 404 = i = LR
H sl £ 5 = »
10 w :I: s s l® = x ul" £ 0.4 - -
. S W= Q 10 s Nl =
20 - (@) a® (¢} 4=
20 4 L] 0.2
-
0 0 0 O—7—7 71—
P=0.0016 h i
=0.001 P=0.0091 P=0.0108 P <0.0001 P=0.0149
77 P=0.0278 8 3,000 4 P<0.0001 P=0.0123
L™ -
o " s . 2,000 | .
N S 6 . H
= B . -
g I dn 25 H 1,000 T
[ oS e T o [ &
D 5 L xc 4| - c ol
) " o o o 150
o 05
< al® 23 ; . a . .
= 4 TE = B - 100 |
4 e n © 29 L] = B : :_i' :%E
(4 A R | ] 50 1 N -
' K i
I E R
0 T — o T T
Anp Bnp ANP BNP
k
P=0.0051 P=0.0019 P=0.0159 P=0.0414 P=0.0062 P=0.0001 P=0.0031 P=0.0008 P=0.002
20 - P=0.0204 P=0.0306 P=0.0116 4,000 - P=0.0002 P=0.0003 P=0.001 P<0.0001 2.5 P=0.045
- L]
. 3,000 -z . -
—~ 154 . 2,000 - :I-i': % 204 = g
[} ]
=) - ~ 1,000 . ° 2;- .
S a '® £ 154 .Il .
< 104 € © ag”
o ] o 100 Q
3 . i - : & g4 . ® ¢ o 10 a
£ - I 60 " £ i
~ 5 - - . 1 o= Fl - @
.E-,. 3z I-ll s i,. 407:%{ 9? ki £ 054
- DRI 3 20 . = B k
0 T Q ‘\ ] T " T £ 0o T s T ; T - L ot
Tnfa 1B Ccl2 e TNF-a IL-1B8 CCL2 IL-6
m -
P <0.0001 P-gﬁ7
> 2519 P <0.0001 257 =
o
= " my 4
g 2.0 _'= .== —~ 2.0 .
S LLH .I. >
S 154 -;‘;. 1] 3 15 =
3 = = £
H L c .
- ] £ [
5 104 *® = » Py 1.0 " agaa
£ H < ot li:
i E "
8 0.5 057 m
=
o - T T 1 0-

Nature Metabolism | Volume 5 | January 2023 | 129-146

140


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-022-00715-5

echocardiography revealed that transplantation with WT Macl cells
significantly enhanced cardiac function of septic mice compared to
Trem2”~ miceinjected with Trem2”~Macl cells or MG groups (Extended
DataFig.10b-d). Consistently, the transplantation with WT Macl cells
improved cardiac injury, inflammation (Extended Data Fig. 10e-j),
enhanced ATP levels (Extended Data Fig.10k) and reduced lactate levels
(Extended Data Fig. 101). Taken together, these results suggest that
administration of TREM2" Macl cells may be a potential therapeutic
approach for prevention and rescue of cardiac dysfunction in sepsis.

Discussion

Patients with SICM have a high mortality rate****” and their septic hearts
are associated with a high energetic metabolism and catastrophic mito-
chondrial damage®**. Macrophages are involved in cardiac inflamma-
tion, efferocytosis, tissue remodeling and homeostasis™**’; however,
the roles of distinct macrophage subsets in the septic heart have not
been fully elucidated. In the present study, we investigated a cardiac
macrophage subset in septic and steady-state hearts, which was fea-
tured by high expression of TREM2 and the ability of self-renewal,
defined as TREM2" Macl cells. The high expression of TREM2 is essential
for the function of Macl cells in scavenging defective mitochondria
and protecting the septic heart (Extended DataFig.10m). In addition,
intrapericardial injection of CD163"RETNLA'TREM2" Macl cells could
prevent the cardiac dysfunction of septic mice.

Accumulating studies highlighted the heterogenous composition
and tissue-specific changes of macrophages at steady state and dif-
ferent pathological settings such as myocardial infarction®"'*?2, Qur
scRNA-seq datarevealed the presence of five macrophage populations,
Macl-5, in the steady-state heart of mice, which were indicated by a
previous study”. Macl and Mac2 subsets were the dominant cardiac
macrophage subsets, which were featured by the expression of phago-
cytosis (Trem2) and antigen-presenting (H2-Aa)-related genes, respec-
tively. The Mac3-5subsets had low proportions and highly expressed
genes related to IFN stimulation (/rf7), pathological inflammation
(CD72) and chemokines (Ccr2), respectively. We found that the Macl
subset exhibited a dynamic change, decreased at 3 d and recovered
at 7 d after CLP, which was well correlated with the deterioration and
recovery of cardiac function in sepsis. Both Mac3 and Mac4 subsets
were significantly increased along with exacerbated systemic inflam-
matory responses and bone marrow mobilization. A recent study
showed thatinatransverse aortic constriction model, CD72 was akey
marker of a pro-inflammatory macrophage subset, in which many genes
overlapped with Mac4 identified in our study®’, suggesting that the
CD72-expressed Mac4 subset is closely associated with inflammation
and cardiacinjury in SICM.

Regarding the origin, cardiac macrophages can be subdi-
vided into embryo-derived resident CCR2" subsets (resident) and
hematopoietic-derived recruited CCR2" subsets (circulating)" >, CCR2"
subsets arereplenished through local proliferation, mediate metabolic
stability and promote cardiac recovery after injury’***. In contrast,
recruited CCR2" subsets enhance inflammation and oxidative stress*.
Dick et al. found that a TIMD4*LYVE1*'MHC-II'®CCR2" resident cardiac
macrophage subset, which was maintained by self-renewal, inhibits
adverse remodeling and promotes the recovery of cardiac function
after myocardial infarction™. In line with this study, we identified a
subset of CD163'RETNLA" CRMs (Macl cells), which was remarkably
decreased upon septic stress. Upon SICM progression, resident Macl
cellsdisplayed a self-renewal capability and presented a protective role
in septic heart. A recent manuscript also showed that the number of
cardiac macrophages was decreased 1d after CLP and then increased
to supra-normal levels by 28 d*.. The recovery of cardiac macrophage
numbers was dominated by local proliferation, whereas peripheral
recruitmentaccounted for only 6.2%*. These findings suggest an essen-
tial role of self-renewing resident Macl cells in protecting cardiac
functionin sepsis.

Asatransmembrane receptor of theimmunoglobulin superfamily,
the activation of TREM2 leads to DAP12 phosphorylation and conse-
quently promotes cell proliferation and survival, modulates phago-
cytosis and counteracts inflammation*>**, We observed that the Macl
subset features TREM2" and its proliferation was enhanced during sepsis.
Furthermore, Trem2 deficiency did not affect the number of Macl cells
in the healthy heart but significantly impaired the restoration of these
macrophagesintheseptic heart. Our previous study showed that TREM2
was barely detectablein theliver, lung and spleen of steady-state mice,
whereas TREM2 expression was significantly increased in these tissues
after CLP and blockage of TREM2 exacerbated polymicrobial sepsis**,
suggesting its protective effect against sepsis. The specific function of
TREM2"macrophagesinother organsrequires furtherinvestigation. Pre-
vious studies demonstrated that Trem2deficiency resultedinadecrease
of macrophage proliferationin pathological conditions****and induced
cellcyclearrest”. Similarly, we noticed that Trem2 deficiency remarkably
decreased the proliferation of Macl cells in SICM. Our findings suggest
that TREM2 play essential roles in the recovery of SICM through the
reconstitution of CD163*RETNLA* Macl subpopulation.

Extracellular mitochondriaand mtDNA can trigger inflammation
and cause cardiac damage®*°. Arecent study showed that CRMs cleared
extruded mitochondrial debris to preserve the homeostasis of the
long-lived cardiomyocytes and played protective function™. Our present
findings indicated that dysfunctional mitochondria were remarkably
increased in the extracellular space of myocardium, paralleled by car-
diacdysfunction under septic stress. Consistent with previous results®,
sepsis showed a very slight effect on the survival of cardiac cells. Macl
cellsexhibited a potent ability to remove cardiomyocyte-derived abnor-
mal mitochondria in SICM. Moreover, Trem2 ablation downregulated
the endocytic genes in CRMs and exacerbated the accumulation of
defective mitochondria in the heart and cardiac dysfunction. In addi-
tion, intrapericardial administration of CD163'RETNLA*TREM2" mac-
rophages could survive and engulf cardiomyocyte-derived defective
mitochondria, which consequently protect against septic myocardial
dysfunction. Our findings suggest that TREM2" Macl cells had a power-
ful endocytosis function and preserved cardiac homeostasis by elimi-
nating defective mitochondria during sepsis.

Insummary, our study has revealed a CD163'RETNLA" macrophage
subset (Macl), which features high expression of TREM2. TREM2 is
essential for self-renewal and remodeling of Macl cells in the septic
heart. TREM2" Macl cells scavenge defective mitochondria and the
transplantation of Macl cells contribute to the recovery of cardiac func-
tion during SICM. Our study highlights that maintaining the function
of this subset by harnessing TREM2 could be a potential therapeutic
strategy for cardiac diseasesin clinic.

Methods

Mice

C57BL/6 WT mice were obtained from Shanghai SLAC Laboratory
Animal Center. M. Colonna kindly provided Trem2” mice from
Washington University in St. Louis. M. Shang from Zhejiang University
kindly provided aMHC®™ mice. The following mice were purchased
fromJackson Laboratory: Rosa26-stop-tdTomato, Cx3cr]creERT2 IRES-YFP)
mtszloxH (B6;129S_Gt(ROSA)z6S0rtml(CAGfCOXSA/DendraZ)Dcc/J) and
B6;CD45.1 mice (B6.SJL-Ptprca Pepcb/BoyJ). kMHC®™ mice were
crossed with Rosa26-stop-tdTomato or mtD2%"°x to generate
cardiomyocyte fluorescent reporter mice (referred to as Card®®
mice) or cardiomyocyte-specific mitochondria fluorescent
reporter mice (referred to as MitoCard mice). Mice were housed in a
specific-pathogen-free environment, with a12 h light-dark cycle and
the ambient temperature was maintained at 22 °C. Mice were fed irradi-
ated chow (SZS9126, XIETONG BIO-ENGINEERING) and sterile water.
Cages were autoclaved and changed once aweek. Only male mice were
used in the experiments. The animal experiments were approved by
the Animal Care and Use Committee of Zhejiang University School of
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Medicine and performed according to institutional guidelines (refer-
ence nos. 2017442 and 2021858).

Cecalligation and puncture model

Anesthesia was administered to 8-week-old male mice with ketamine
(50 mg kg™ and xylazine (5 mg kg™) intraperitoneally injected before
abdominal depilation. Then mice were exposed to a 1.5-cm longitu-
dinal cut in the lower quadrant of the abdomen and then the cecum
was isolated. The distal three-quarters of the cecum was ligated with
4-0 silk sutures and two punctures were made in the ligated cecum
with a22-gauge needle, inducing sublethal CLP-induced sepsis. Then
the cecum was placed back into the abdominal cavity after feces was
extruded and the wound was sutured with a4-0 silk suture. Eachmouse
was given 1 ml sterile saline after operation*. The survival rate was
evaluated every 2 hfor 7 d.

Fate mapping

To fate-label cardiac macrophage, Cx3cr1¢ERT IRESYFP mijce were
crossed to Rosa26-stop-tdTomato mice. At the age of 6 weeks,
Cx3cr1“*®%Rosa26'™™ mice were administrated with 4 mg tamoxifen
(Meilunbio) per mouse in corn oil and again 48 h later. After 5 weeks,
mice werekilled for assays.

Bone marrow chimeric mouse model

Bone marrow cells were obtained from femurs and tibias of 8-week-old
donor male mice. First, bone marrow was flushed out with precooled
PBS. After red blood cell lysis, a single-cell suspension was obtained
through a 70-um filter. A total of 1 x 10’ bone marrow cells were trans-
ferredintolethallyirradiated (8 Gy) recipient male mice intravenously.
The chimeric mice were given antibiotics through drinking water for
1week. After 8 weeks, the model construction was completed.

Generation and delivery of adeno-associated virus
Recombinant adeno-associated virus serotype 2/9 (AAV 2/9) vec-
tors carrying mt-Keima with the cardiac-specific promoter cTnT
were designed as previously described" and manufactured by OBiO
Technology. Each mouse was administered with a titer of 3 x 10"
AAV9-Tnnt2-mt-Keima virus viaintra-cardiacinjection. After 6 weeks,
mice were used for CLP experiments.

RNA extraction and RT-qPCR

Total RNA was obtained from mouse tissues and cells using TRIzol
(Ambion). Complementary DNA samples were synthesized with Prime-
Script RT reagent kit (Takara) and gene expression was analyzed with
qPCR using SYBR premix Ex Taq (Takara) on Lightcycler 480 system
(Roche). Primer sequences used are listed in Supplementary Table 1.

Echocardiography

Echocardiography was administrated in mice under isoflurane anes-
thesia using a Vevo 2100 system (VisualSonics). Normal body tem-
perature was maintained by a heating platform. Parasternal standard
two-dimensional (2D) and M-mode short-axis view was used to meas-
ure the left ventricular (LV) internal dimensions at diastole (LVIDd)
and systole (LVIDs), the LV internal volume at diastole (LVEDV) and
systole (LVESV) and the heart rate (HR). The LV EF was acquired as
((LVEDV - LVESV) / LVEDV) x 100, the LV FS was acquired as ((LVIDd-
LVIDs) / LVIDd) x 100 and COwas acquired as (LVEDV - LVESV) x HR. For
diastolicdysfunction analysis, a2D apical view was used by pulsed-wave
Doppler. Early and late diastolic velocity peak waves (E and A, respec-
tively) were detected and the E/A ratio was acquired. Image analysis was
performed offline using Vevo LAB v.3.1.0 (VisualSonics).

Immunofluorescence
Fresh hearts were embedded with optimal cutting temperature
compound and cut into 10-pum sections. After drying in air for 1 h,

slides were fixed in 4% paraformaldehyde for 20 min, permeabilized
with 0.1% Triton X-100 in 0.1% sodium citrate for 15 min and blocked
with blocking buffer (3% BSA + 5% FBS + 0.1% Tween 20) for 30 min at
room temperature. Then tissue sections were incubated at 4 °C over-
night with primary antibodies against rat anti-CD68 (1:250 dilution;
Abcam), mouse anti-CD163 (1:100 dilution; Santa Cruz), rat anti-TREM2
(1:100 dilution; R&D), rabbit anti-Tom20 (1:200 dilution; Abcam), rat
anti-LAMP1 (1:50 dilution, DSHB) and cTnl (1:250 dilution; Abcam).
After being washed three times with PBST for 5 min each, slides were
incubated with conjugated secondary antibodies at room temperature
for 2 h, followed by washing three times with DPBS and sealing with
DAPI-containing blocking agent. To analyze cardiomyocyte apopto-
sis, TUNEL staining was performed with a TUNEL kit according to the
manufacturer’sinstructions. Images were acquired with Olympus OSR
confocal microscope (OLYMPUS IX83-FV 3000-OSR) or Zeiss LSM
880 (with fast AiryScan) and processed with by ImageJ Pro Plus v.6.0
software (Media Cybernetics).

To analyze the cardiomyocyte-derived vesicles containing
mitochondria, samples from Card®*® mice were stained with rabbit
anti-Tom20 primary antibody (1:250 dilution, Abcam) and Alexa fluor
488-conjugated donkey anti-rabbit secondary antibody (1:500 dilution,
Invitrogen).Images were acquired using Zeiss LSM 880 (with AiryScan)
ataninterval of 0.38 pm per z-step (z=7-8 um) for 3D reconstructions.
A 3D reconstruction analysis of above experiments was processed
using Imaris software v.9.7 (Bitplane). After reconstructing cardio-
myocytes, vesicles and mitochondria using a surface tool based on
0.2-mmdetail and absolute intensity, we analyzed the distance between
Tom20*tdTomato* vesicles and cardiomyocytes to show that vesicles
were outside of cardiomyocytes. Then we quantified Tom20*tdTomato*
vesicles on five random FOVs per sample.

Mt-Keima fluorescence wasimaged in two channels by two sequen-
tial excitations (488 nm, green; 561 nm, red) using a Zeiss LSM 880
(Zeiss LSM 880 with fast AiryScan). Identical imaging settings were
maintained to compare under different experimental conditions.
All images were analyzed with ImageJ Pro Plus v.6.0 software (Media
Cybernetics) to calculate the ratio of red fluorescent protein to green
fluorescent protein area.

Allantibodies applied are listed in Supplementary Table 2.

Transmission electron microscopy

Collected heart samples were obtained from the anterior ventricular
walland cutinto2-mm?cubes (2 x 1 x 1 mm). These samples were fixed
in2.5% glutaraldehyde (pH 7.2) for 2 d at room temperature. Then the
cubes were embedded with epoxypropane resin following standard
methods. The slices were observed and scanned using a Tecnai G2
Spirit120 kVTEM (Thermo FEI) with acharge-coupled device camera.

Semi-quantitative analysis of electron microscopic specimens
Myocardial mitochondria were observed using TEM and analyzed
semi-quantitatively as described previously*. Five FOVs were randomly
selected for photography at the same magnification and approximately
20 mitochondriaineachfield were randomly chosen for analysis. Each
sample was analyzed for 100 mitochondria. Each mitochondrion was
graded onascale of 0-4 according to the degree of injury (higher scores
indicated more severe injury).

Detection of molecular markersin serum or heart

According to the manufacturer’s instructions, serumlactate levels were
detected using a Lactic Acid Assay kit (NanjingJiancheng), serum LDH
levels were tested using a Lactate Dehydrogenase Assay kit (Nanjing
Jiancheng) and serum cTnllevels were determined using amouse cTnl
ELISA kit (Cloud-Clone). ATP contentin the heart was measured using
an ATP Assay kit (Beyotime) and serum ANP and NT-proBNP levels were
determined using mouse ELISA kits (USCN Life Science). IL-1B, IL-6,
TNF-aand CCL2 proteinlevelsin heart tissue lysates were determined
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using mouse ELISA kits (NOVUS (IL-1f and IL-6) and MULTI SCIENCES
(TNF-aand CCL2)).

Isolation of cells from mouse heart tissue

Mice were anesthetized by isoflurane inhalation. Afterward, the hearts
were perfused with 20 mlperfusionbuffer (1x DPBS with 0.8 mM CaCl,)
toremove peripheralblood from the chambers. Subsequently, atriaand
valves of theisolated heart were removed and ventricles were minced
to-1-mm cubes. The hearts were digested with 0.25 mg ml™” of Liberase
TL (Sigma-Aldrich), 20 png mi™ DNase I (Sinopharm Chemical Reagent)
and 10 mM HEPES (Sigma-Aldrich) in serum-free DMEM (Gibco) at 37 °C
for 15 min. Then, the tissue suspension was triturated using 1,000-pl
micropipettes. The resulting cell suspension was obtained through
a 70-pm filter to remove undigested tissue mass, washed with PBS
containing 2% FBS and diluted in 1 mI HBSS. Then the cell suspension
was spread on a15% and 60% Percoll (Yeason) top layer and subjected
to density gradient centrifugation at 400g for 20 min. The cell layer
between theliquid surfaces was collected and washed with10 mI DPBS
to obtain single-cell suspensions for further experiments.

Flow cytometry and fluorescence-activated cell sorting

For flow cytometric analysis, the single-cell suspensions were stained
with relative antibodies at 4 °C for 30 min in a final volume of 200 pl.
Cells were washed with DPBS, resuspended ina final volume of 400 pl
and filtered through a 40-pm filter. Samples were collected on a BD
Fortessa (BD Biosciences) by BD FACSDiva softwarev.8.0.1and analyzed
with FlowJov.10.6.2 software (TreeStar). Details of the immunostaining
and gating strategy ofimmune cells and cardiac macrophage subpopu-
lations in the septic heart are shown in Extended Data Figs. 2d and 3b.

For measurement of mitochondrial function, L-929 fibroblasts
were used as a control to evaluate treatment responsiveness com-
pared to isolated vesicles. Oligomycin (Cell Signaling Technology,
5 uM) was employed to promote mitochondrial membrane hyperpo-
larization. Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone
(Sigma-Aldrich, 2 uM) was applied to uncouple oxidative phosphoryla-
tioninmitochondriaand depolarize mitochondrial membranes. Both
isolated vesicles and L-929 cells were administrated at 37 °C for 1.5 h.
Then, cells or vesicles were stained in culture medium supplemented
with 1x MitoNIR (Abcam), whichis a fluorescent probe measuring mito-
chondrial membrane potential, for 20 min at 37 °C. Cells or vesicles
were acquired by a BD Fortessa (BD Biosciences). MFI was analyzed
using FlowJo software (TreeStar).

We assessed Ki67 expression by fixing and permeabilizing cells
with aFoxp3 Transcription Factor Staining Buffer Set (Thermo Fisher
Scientific) according to the manufacturer’sinstructions and then stain-
ing cells with anti-Ki67 antibody as mentioned above.

For FACS sorting, the single-cell suspensions were stained with
relative antibodies for 30 minat4 °C and then were washed with DPBS.
Pellets were resuspended with 200 pl DPBS. For scRNA-seq experi-
ments, Calcein Blue AM (Thermo Fisher Scientific, 4 pg ml™) and
Vybrant DyeCycle Ruby (Thermo Fisher Scientific, 10 pM) were added
in 200 pl solutions and were incubated for 10 min at 4 °C. After incu-
bation, live nucleated CD45" cells were obtained on a Beckman MoFlo
Astrios EQwitha100-pm nozzle (Beckman). For Macl transplantation
experiments, TREM2" Macl (CD45* CD11b*F4/80*CD163"'RETNLA")
and non-Macl (CD45'CD11b*F4/80* and non-CD163"'RETNLA") cardiac
macrophages were sorted and collected separately for further
experiments.

Single-cell RNA-seq

Single cells were collected into RPMI1640 containing 5% FBS. Trypan
blue exclusion confirmed the cell viability. Sorted cells were counted
and concentration adjusted to 700-1,200 cells pl™. Then single-cell
suspensions were loaded to a 10x Chromium to capture no more
than 10,000 single cells by Chromium Single Cell 3’ Reagent kits v.3

(10x Genomics). The cells were partitioned into Gel Beads in the
Chromium instrument, where cell lysis and barcoded reverse transcrip-
tionof RNA occurred. DNA amplification and library construction were
conducted. Libraries were sequenced onaNovaseq 6000 (Illumina) by
LC-Bio Technology. The data were aligned to the GRCm38 reference
genome using CellRanger v.4.0 (10x Genomics).

Dimension reduction, clustering and differentially expressed
gene analysis

The CellRanger output was loaded into Seurat (v.3.1.1) for unsuper-
vised clustering. All genes expressed in fewer than one cell were
removed. Cells expressing fewer than 200 and more than 6,000
genes, unique molecular identifier counts more than 40,000 and
the percent of mitochondrial DNA (mtDNA) gene expression more
than 20% were excluded. Mitochondrial genes were excluded from
the expression matrix.

To visualize the data, we used the Seurat package for further
analysis. First, we used the LogNormalize method of the Normaliza-
tion function of the Seurat package to assess the expression value of
genes. Second, we performed principal-component analysis on the
normalized expression matrix with highly variable genes identified
by FindVariableGenes function. Based on the top ten principal com-
ponents, we obtained the unsupervised cell cluster result by weighted
shared nearest neighbor graph-based clustering method. To detect
cluster-specific genes, we identified the marker genes by the bimod
(Likelihood-ratio test) of the FindAlIMarkers functionin Seurat. Com-
paredto other clusters, the genes whose expression was more than 25%
of the cells and average log (fold change) >0.26 in the target cluster,
were defined as marker genes. Cell types were defined based on known
markers. Cells expressing non-immune cell markers were excluded.

Cell re-clustering, marker gene visualization, DEG analysis, GO
enrichmentanalysis and other bioinformatics analyses were performed
with the OmicStudio tools (https://www.omicstudio.cn/tool). DEGs
were identified by the bimod with default parameters through the
FindAllMarkers function under the following criteria: (1) log (fold
change) >0.26; (2) Pvalue <0.01; and (3) min.pct > 0.1.

Monocytes and macrophages fromthe four WT samples are shown
inFig.2a-d.Fig. 4e,fshows Trem2” samples and WT littermate control
samples 7 d after CLP, aggregated and analyzed as described above
to compare the impact of Trem2”~ on the monocyte-macrophage
compartment.

Single-cell trajectory analysis

For single-cell trajectory analysis, we used Monocle v.2.4.0 to inves-
tigate developmental trajectories between macrophage/monocyte
subsets'*”. scRNA-seq data were scaled, normalized and clustered by
the Seurat tool, then downsampled to 1,500 cells and loaded into a
Monocle object. The DifferentialGeneTest function was used to infer
DEGs from each cluster and we used the top 800 genes with the lowest
g value to sequence the cells in pseudotime analysis. The develop-
mental trajectory was plotted by plot_cell_trajectory command. The
‘root_state’ (the starting point) of the trajectory was defined as the
terminal with lower expression of monocyte genes. After the cell trajec-
tories were constructed, DEGs along the pseudotime were detected by
the DifferentialGeneTest function. Changesin the top 50 genes through
pseudotime with the lowest g values were visualized by aheat map using
the plot_pseudotime_heatmap function. Plot_genes_in_pseudotime
function was used to show the dynamic trend of the selected significant
geneexpression levels.

Preparation of cardiac vesicles for flow cytometry and sorting

Card®™® mice hearts were cut into small pieces and digested in DPBS
with 0.25 mg ml™ of Liberase TL (Sigma-Aldrich), 20 pg ml™ DNase |
(Sinopharm Chemical Reagent) and 10 mM HEPES (Sigma-Aldrich)
for 15 min at 37 °C. Then, tissue suspensions were acquired by gentle
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pipetting. We serially centrifuged these suspensions at 50gand 300g
and discarded the pellet. The supernatant was then centrifuged at
1,000g and washed with DPBS. Pellets were resuspended with 200 pl
DPBS. We used the endogenous expression of tdTomato, CD31 and
Vybrant DyeCycle Ruby (Thermo Fisher Scientific, 10 pM) to define
cardiac vesicles. The gating strategy for cardiac vesicles is shown in
Extended Data Fig. 6¢. The material was sorted in a Beckman MoFlo
Astrios EQ (Beckman) with a100-pum nozzle.

Intrapericardial injection of sorted cardiac macrophages
FACS-sorted cells were washed with DPBS and quantified. Cardiac mac-
rophages (2 x 10° cells) were resuspended in 25 pl MG (Corning). After
anesthetizing and intubating the recipient mice, the mouse chest was
opened and MG containing cardiac macrophages wasinjected into the
pericardial cavity using a 30-gauge needle. The control animals were
only intrapericardially injected with 25 pI MG.

For cell survival and distribution experiments, the sorted Macl
and non-Macl cells were stained with CMTMR (50 nM) at 37 °C for
20 min and then washed with DPBS. Labeled macrophages (2 x 10°
cells) were resuspended in 25 pl MG and then transplanted into the
pericardial cavity immediately after CLP. Three days later the mice
were killed. Heart samples were collected and cryosections were
made. Images were acquired using a Zeiss LSM 880 (with fast AiryScan)
accordingto standard procedures and analyzed with ImageJ Pro Plus
v.6.0 software.

Protein array assay

Total protein wasisolated from the mouse heart using RIPA (Applygen)
and the supernatant was analyzed by a glass-based and sandwich-based
antibody microarray to measure 20 cytokines quantitatively (RayBio-
tech). Each cytokine was analyzed in quadruplicate per array. Then,
100 pl supernatant were loaded to each well, incubated overnight at
4 °C and then extensively washed. A biotin-labeled detection anti-
body wasincubated for 2 hfollowed by the application of AlexaFluor
555-conjugated streptavidin at room temperature for 1 h. The slides
were analyzed by an InnoScan 300 Scanner (Innopsys) with 532 nm
excitation and 635 nm emission. We obtained raw data (images)
from the scanner and integrated spot intensities (tab-delimited .txt
file) using Mapix v.7.3.1software. Data visualization was obtained by
Q-Analyzer Software (RayBiotech). All raw data were log,-converted
for statistical analysis.

Statistical analysis

All statistical analyses were performed using SPSS v.21.0 (IBM) or
Prismv.8.0 (GraphPad Software). For comparison between two groups,
normally distributed data were evaluated by the unpaired two-tailed
Student’s t-test and data without a normal distribution were evaluated
by the Mann-Whitney U-test. For more than two groups, normally dis-
tributed data were evaluated by one-way or two-way ANOVA, followed
by Games-Howell’s, Sidak’s or Tukey’s multiple comparisons test and
data without a normal distribution were evaluated by the Kruskal-
Wallis with Dunn’s multiple comparison test. Correlations were
analyzed by Pearson’s correlation coefficient. The survival rate was
analyzed by Kaplan-Meier analysis and log-rank test. Data are
presented as mean + s.e.m. or median with interquartile range

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

Data availability

scRNA-seqdatafor thisstudy have been deposited at the Gene Expres-
sion Omnibus under accession code GSE190856. All data and materials
areavailableinthe paperand the supplementary information. Source
dataare provided with this paper.
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Extended Data Fig. 1| See next page for caption.

Nature Metabolism


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-022-00715-5

Extended Data Fig. 1| The dynamic changes of cardiac function, injury
biomarkers and inflammatory cytokines in SICM, related to Fig. 1. a-d,
Representative echocardiography images (a) and EF% (b), FS% (c), and CO (d)
measured by echocardiography in Wild-type (WT) mice at steady state (SS), 1,3, 7,
and21days after CLP (SS, n = 6 mice; CLP3d, n=6 mice; CLP7d, n=5mice; CLP 21
d, n=6mice). e,f, Graphs showing the levels of cTnl (e) and LDH (f) in the serum.
g,h, Graphs showing mRNA levels of Anp (g), Bnp (h) in the heart tissues; n =5-6

(e,f,g,h) mice for each treatment. i, Heat map showing the scaled expression of 14
selected cytokines (row) across 22 heart tissue lysate samples (column), colored
by different conditions. In b-h, each symbol represents one animal and data

are presented as mean = SEM. Two-sided P values were determined by one-way
ANOVA followed by Games-Howell’s (b-d,f) or Tukey’s (g) multiple comparisons
test, Kruskal-Wallis with Dunn’s multiple comparison test (e,h). Exact P values are
shown. Results represent four independent experiments (b-h).
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Extended Data Fig. 2| Single-cell characterization and flow cytometric
analysis of the cardiacimmune cells during sepsis progression, related to
Fig. 1. a, Violin plots of average unique molecular identifier (UMI) (left) and gene
(right) numbers of scRNA-seq at different stages of sepsis. Each dot represents
acell. b, UMAP plots showing the expression of selected marker genes for the
defined cell typesin Fig. 1c. ¢, Violin plots showing the expression of selected
marker genes in all defined cell types corresponding to Fig. 1c. d, Gating strategy

of10-color flow cytometry for identifying various types ofimmune cellsin
murine hearts. e, Graph showing percentages of cardiacimmune cells during
sepsis progression (n =4 -5 mice for each treatment). Each symbol represents
oneanimaline.Dataare presented as mean + SEM. Two-sided P values were
determined by one-way ANOVA followed by Tukey’s multiple comparisons test,
n.s., not significant. In e, experiments were performed four times.
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Extended Data Fig. 3| Identification of Macl subset in the septic heart,
related to Fig. 2. a, UMAP plots showing the expression of selected marker
genes for the monocyte-macrophage subpopulations. b, Gating strategy to
identified Macl cells (CD45'CD11b'F4/80*CD163'RETNLA’). ¢, Graph showing
percentages of CD163'RETNLA" cardiac macrophages during sepsis progression
(SS,n=8mice; CLP3d, n=8mice; CLP7d, n=9 mice; CLP 21d, n =10 mice). Each

symbol represents one animal. Bars show mean + SEM. Two-sided P values were
determined by one-way ANOVA with Games-Howell’s multiple comparisons
test. d, Representative immunofluorescence images showing the presence of
CD163 (green), CD68 (red), and nuclei (blue) in cardiac tissues during sepsis
progression. n = 6 mice per group. Scale bars, 20 pm. Exact P values are shown.
Results represent four independent experiments (c,d). SS, steady state.
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Extended Data Fig. 4 | Developmental trajectory and lineage tracing track 1week, n=5mice; 3weeks, n=5mice; 5 weeks, n=2 mice; 6 weeks, n=3 mice).
the fate of Macl subset in SICM, related to Fig. 3. a, Monocle prediction Bars are mean + SEM. e, Representative contour plots showing the expression

of monocyte-macrophage compartment developmental trajectory with ofKi67 on gated CD45'CD11b'F4/80*CD163'RETNLA" macrophages and graph
pseudotime mapped along. b, Cluster-defining gene expression plotted showing percentages of Ki67 expressing in CD45'CD11b"F4/80*CD163"'RETNLA*
along the pseudotime, with Seurat’s cluster mapped along. ¢, Schematic macrophages at steady state (SS), 3 days and 7 days after CLP. Each symbol
illustration of lineage tracking Macl cells in Cx3cr1“*®™%:Rosa26"™™ mice. d, represents one animal. Data are presented as mean + SEM. Two-sided P values
Representative contour plots showing the expression of tdTomato (CX3CR1) were determined by one-way ANOVA with Games-Howell’s multiple comparisons
ongated CD115°CD11b* blood monocytes, CD45'CD11b‘F4/80" cardiac test. Exact P values are shown. Results represent five (d) and two (e) independent
macrophages, CD45'CD11b*F4/80'CD163'RETNLA" macrophages and graph experiments.

showing percentages of tdTomato-labeled cells in those cells (O week, n=4 mice;
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Extended DataFig. 5| TREM2 is highly expressed on Macl subset and
essential for Macl remodeling during SICM, related to Fig. 4. a, Volcano

plots showing the gene expression fold change (x-axis, log2 scale) and p-value
significance (y-axis, -logl0 scale) in Macl subset of steady state (SS) versus Mac2
subset (left), Mac3 subset (middle) or Mac4 subset (right) of 3 days after CLP.
Selected significant genes were labeled. Two-sided P values were determined

by the Mann-Whitney U test. b, Violin plots showing the expression of Trem2
inall defined immune cell types corresponding to Fig. 1c. ¢, Graph showing

the quantification of mean fluorescence intensity (MFI) of TREM2 expression
inCD45'CD11b*F4/80*CD163'RETNLA" and CD45*CD11b*F4/80"(non-
CD163'RETNLA") cardiac macrophages at steady state and 7 days post-CLP (n=8
mice for each group). Each symbol represents one animal. Data are presented as
mean + SEM. Two-sided P values were determined by Kruskal-Wallis with Dunn’s

multiple comparison test. d, UMAP plots showing cell clustering results of the
monocyte-macrophage compartment from hearts of WT littermate controls
and Trem2-KO mice at steady state and 3 days after CLP. Monocyte-macrophages
under each condition are downsampled to 1000 cells. The subpopulations
obtained by Seurat were identical to those previously identified in Fig. 2a
according to their marker genes. e, Bar plots showing cluster distribution of
the monocyte-macrophage subsets in WT littermate controls and Trem2-KO
mice at steady state and 3 days after CLP. f, Graph showing percentages of
cardiacimmune cellsin WT controls and Trem2-KO mice at 0, 3 and 7 days
post-CLP (n=4-5mice for each treatment). Every symbol represents amouse.
Dataare presented as mean + SEM, Two-sided P values were determined by
Mann-Whitney U test, n.s., not significant. Results represent three independent
experiments (c,f).
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Sepsis induces extracellular damaged mitochondria
accumulation and TREM2" Macl cells eliminate cardiomyocyte-derived
mitochondria during sepsis, related to Fig. 5. a, TEM images showing vesicles
in hearts of WT mice 3 days post-CLP. b, TEM images showing cardiac interstitial
mitochondria vesicles (red arrowheads) of WT mice at steady state (SS) or

3 days post-CLP. Bar graph showing free mitochondria numbers per field of
view (FOV). Each symbol represents a FOV. Five fields of view are randomly
selected for assay from each animal (n = 3). ¢, Schematicillustration of the
gating strategy for collecting vesicles from hearts of mice. d, Flow cytometric
analysis of purified vesicles stained with the mitochondria-selective probes
MitoTracker Green and MitoNIR (n =3 per group). e, Mitochondrial membrane
potential in cardiac vesicles and cultured fibroblasts as assessed by MFl levels
of MitoNIR in basal conditions and in the presence of depolarizing (FCCP) or
hyperpolarizing (Oligomycin) agents (n=3-4 per group). f, Pseudo-colored
representative TEM images of two mononuclear cells (grey) taking up vesicles
containing mitochondria (brown) from cardiomyocytes (green) of WT mice

7 days post-CLP. g, The incorporation of cardiomyocyte-derived tdTomato protein
inCD45'CD11b'F4/80°CD163'RETNLA" macrophages, CD45'CD11b*F4/80"
(non-CD163'RETNLA") macrophages and CD45'CD11b*F4/80'LY6C* monocytes
from aMHC®"®* (control) and xMHC®¢*:Rosa26 ™™™ (Card®) mice at SS

and 7 days post-CLP (control mice, n=4; Card®*®" SS, n=5; Card®*® CLP 7d,

n=_8).h, Theincorporation of cardiomyocyte-derived mt-Dendra2 proteinin
CD45'CD11b*F4/80*CD163*RETNLA" macrophages, CD45'CD11b‘F4/80"(non-
CD163'RETNLA") macrophages and CD45'CD11b*F4/80°LY6C" monocytes from
aMHC* (control) and aMHC¢*:mtD2"°¥F* (MitoCard) mice at SS and 7 days
post-CLP (control mice, n=4; MitoCard SS, n=6; MitoCard CLP 7d, n=6).

i, Proportions of TUNEL" and TUNEL'cTnl" cellsin hearts of WT mice at SS

and 3 days post-CLP (n=6 mice per group). All scale bars areindicated in the
images. Data are presented as mean + SEM (b,e,g,h,i). Two-sided P values were
determined by Mann-Whitney U test (b), or by Kruskal-Wallis with Dunn’s
multiple comparison test (e,g,h,i). Results represent three (a,b,d,g-i) and two (e,f)
independent experiments.
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Extended Data Fig. 7 | Trem2 deficiency impairs the uptake of cardiomyocyte-

derived mitochondria by Maclsubset in septic heart, related to Fig. 5.
a,Schematicillustration of the cardiomyocyte mitochondria labeled with
AAV9-Tnnt2-mt-Keima virus. Right panel showing the mt-Keima fluorescence
signalsin hearts of WT mice at weeks 0, 3 and 6 after virus infection respectively.
Keima-tagged mitochondria were indicated by different fluorescence in neutral
(Keima 458 nm; green) and acidic (Keima 561 nm; red) environments. Scale bars,
20 pm. b, Scatter plots showing the average expression levels (logl0(FPKM+1)
scale) of total macrophage populations from WT littermate controls (y-axis)
and Trem2” mice (x-axis). ¢, Violin plots showing the selected endocytic gene

expression in total macrophage from WT littermate controls and Trem2’ mice.
d, Study protocol of bone marrow transplantation from WT or Trem2” donors
into Card®® recipient mice. e,f, Representative TEM images showing cardiac
interstitial mitochondria vesicles from WT and Trem2” mice at steady state (f)
and 7 days post-CLP (e), Scale bars, 5 pm. Bar graph showing the quantification
of free mitochondria numbers per field of view (FOV). Each symbol represents
aFOV (n =3 mice for each treatment). Five fields of view are randomly selected
for assay from each animal. Data are presented as mean + SEM (e, f). Two-sided
P values were determined by Mann-Whitney U test (e,f). Results represent two
independent experiments (e,f).
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Extended Data Fig. 8 | Trem2 deficiency exacerbates cardiac dysfunction
insepsis, related to Fig. 6. a-i, WT and Trem2’ mice were subjected to CLP
and cardiac function was examined at steady state (SS) and 3, 7 and 21 days
post-CLP. Graph showing FS% (a); CO (b) measured by echocardiography;
Graph showing the levels of LDH in the serum (c); Graphs showing mRNA
levels of Anp (d), Bnp (e), Tnfa (f), Il-1B(g), Ccl2 (h) and /[-6 (i) in the heart tissue
lysates (a-b, n=7-8 mice; ¢, n=6-8 mice; d-i, n=6-7 mice for each treatment).
j, Study protocol of bone marrow transplantation (BMT) from WT and Trem2”
donors (CD45.2 background) into WT recipients (CD45.1 background).

k, Representative contour plots of CD45.1and CD45.2 expressions on gated
CD45'CD11b'F4/80*CD163'RETNLA" Maclsubset in recipient micel,3,5

and 8 weeks after BMT. |, Graph showing percentages of CD45.2" cellsin

CD11b*F4/80"CD163'RETNLA" Macl subset after BMT (n=4-7 mice for each
group).m, Representative contour plots of TREM2 expression on gated
CD45'CD11b*'F4/80*CD163* macrophages in hearts of both WT>WT chimeras
(Trem2"*") and Trem2”>WT chimeras (Trem2”") 8 weeks after BMT. Graph
showing Trem2 mRNA levels in heart tissue lysates (n = 6 mice for each group).
n, Graphs showing mRNA levels of Anp and Bnp in the heart tissue lysates 7 days
post-CLP (n=11mice for each group). o, Graphs showing mRNA levels of Tnfa,
Il1B, Ccl2and ll6 in the heart tissue lysates 7 days post-CLP (n =11 mice for each
group). Each symbol represents one animal. All data are presented as mean + SEM.
Two-sided P values were determined by Mann-Whitney U test (a-i,m-0) or by
Kruskal-Wallis with Dunn’s multiple comparison test (I). Results represent at
least four (a-i,I) and three (m-o0) independent experiments.
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Extended DataFig. 9| Transplanted cardiac macrophages are detected by
flow cytometry and immunofluorescence, related to Fig. 7. a, TREM2" Macl
cells (CD45'CD11b*F4/80*CD163'RETNLA") and non-Macl (CD45'CD11b*F4/80*
and non-CD163"RETNLA") cells were isolated from CD45.1 mice. Macl or
non-Macl cells (2 x 10° cells per mouse) were mixed with Matrigel (MG), and
transplanted into the hearts of CD45.2 mice, respectively. Seven days after the
transplantation, macrophages from hearts of recipients (CD45.2) were analyzed
with flow cytometry assay. b,c, Graphs showing percentages of total Macl (b)

and CD45.1" Macl (c) cells within the CD45" populations from hearts of recipients
(CD45.2) at1, 3, and 7 day(s) post the cell transplantation, respectively (n=6 mice
foreach treatment). d,e, Graphs showing percentages of total non-Macl (d) and
CD45.1' non-Macl (e) cells within the CD45" populations from hearts of recipients
(CD45.2) at1,3,and 7 day(s) post the cell transplantation, respectively (n=5-6
mice for each treatment). f,g, TREM2" Macl cells (CD45*CD11b*F4/80*CD163*
RETNLA") and non-Macl (CD45'CD11b‘F4/80"* and non-CD163'RETNLA’) cells

were obtained from the hearts of WT mice by FACS and stained by CMTMR. Then,
both types of cells (2 x 10° cells/mouse mixed with Matrigel) were respectively
injected into the pericardial cavity of recipient mice immediately after CLP.f,
Representative immunofluorescence images showing the transplanted cells
inthe epicardium (Epi), intermyocardium (Inter), and endocardium (Endo)

of recipient mice at 3 days post the cell transplantation. CMTMR (red) signals
indicating Macl or non-Macl cells; epicardial layer (E.L.); myocardium (Myo);
inner layer (I.L.). Scale bar, 20 pm. g, Representative immunofluorescence
images showing the transplanted CMTMR labeled Macl cells in MitoCard mice
at3 days post CLP. 3D reconstruction images of the dashed box area, illustrating
that cardiomyocyte-derived mitochondria (mtDendra2’, green) presented in
the transplanted cells (CMTMR?, red). Nuclei were shown in blue (DAPI). Scale
bar, 10 pm. n = 6 mice per group (f,g). Bars show mean + SEM, Two-sided P values
were determined by one-way ANOVA with multiple comparisons (b-e). Results
represent four (b-e) and two (f,g) independent experiments.
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Extended Data Fig. 10 | Intrapericardial administration of WT Macl cells
protects SICMin Trem2”~ mice, related to Fig. 7. a, Schematicillustration of
Macl cells transplantation in Trem2” mice. Macl (CD45'CD11b*F4/80*CD163'RE
TNLA") cellsisolated from WT and Trem2” mice were mixed with Matrigel (MG),
respectively, and then transplanted into the pericardial cavity of Trem2” mice
(2x10° cells/animal) immediately after CLP. Control mice were injected MG only.
Mice were analyzed 3 or 7 days after the transplantation. b-d, Graphs showing
EF% (b), FS% (c) and CO (d) measured by echocardiography. e,f, Graphs showing
thelevels of cTnl (e) and LDH (f) in the serum. g,h, Graphs showing mRNA levels

of Anp (g) and Bnp (h) in the heart tissue lysates. i,j, Graphs showing mRNA levels

of Tnfa, Il1B, Ccl2and /l6in the heart tissue lysates at 3 (i) and 7 (j) days after

CLP.k, Graph showing ATP content in heart tissue lysates. |, Graphs showing
the levels of serum lactate. b-1, each symbol represents one animal (n = 6 mice
for each treatment). All data are presented as mean + SEM. Two-sided P values
by Kruskal-Wallis with Dunn’s multiple comparison test, n.s., not significant.
m, Schematic diagram showing TREM2" Macl phagocytoses cardiomyocyte-
derived mitochondria protect the septic heart. scRNA-seq uncovers a cardiac
macrophage subset that was highly expressing TREM2 and CD163; Sepsis
stimulates the release of massively cardiomyocyte-derived mitochondria;
TREM2" Macl cells scavenge defective mitochondria and protect the septic
heart. Results represent two (b-1) independent experiments.
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Sample size Sample size for RNA-seq experiments were based on published studies in the field ( e.g. Sarah A et al, Nature Immunology, 2019; Dawn M et
al, Nature Medicine, 2019). Other sample size was based on the type of measurements made and experience. In vivo experiment, n=3-30
mice in each group, and the specific number is indicated in the figure legends; For ex vivo and in vitro experiments,, n=3-4 biologically
independent. The sample size is not predicted by statistical method.

Data exclusions We removed single cells with low quality in the scRNA-seq and mice with failed cecum ligation and puncture. We did not exclude any other
data from the dataset.

Replication Single-cell RNA sequencing (scRNA-seq) was performed on pooled 3-4 samples at each time point. Other experiments were independently
performed at least three times, all experiments at replication were successful.

Randomization All mice were randomly assigned into control and experimental groups. For ex vivo and in vitro experiments, the sample is randomized

Blinding Technicians were blinded to genotype through random numbering of groups during experiments. Data analysis was blinding for all technicians
and performed by a second technician.

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.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
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Animals and other organisms
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Antibodies

Antibodies used Primary antibodies:
Rat anti-Mouse CD45 (30-F11), BD Biosciences, Cat# 560510, 1:200
Rat anti-Mouse CD45R/B220 (RA3-6B2), BD Biosciences, Cat# 553091, 1:200
Hamster anti-Mouse CD3e (145-2C11), BD Biosciences, Cat# 563024, 1:200
Mouse anti-Mouse NK-1.1 (PK136), BD Biosciences, Cat#t 740853, 1:200
Rat anti-Mouse CD11b(M1/70), BD Biosciences, Cat# 563168, 1:200
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Validation

Rat anti-Mouse Ly-6G Antibody(1A8-Ly6g), Thermo Fisher Scientific, Cat# 11-9668-82, 1:200
Rat anti-mouse F4/80 Antibody(BMS8), BioLegend, Cat# 123110, 1:200

Rat anti-Mouse |-A/I-E(M5/114.15.2), BD Biosciences, Cat# 563415, 1:200

Hamster anti-Mouse CD11c¢(N418), BD Biosciences, Cat# 744179, 1:200

Rat anti-mouse Ly-6C Antibody(HK1.4), BioLegend, Cat# 128031, 1:200

Rat anti-mouse/human CD11b antibody(M1/70), BioLegend, Cat# 101228, 1:200

Rat anti-mouse F4/80 Antibody(BM8),Thermo Fisher Scientific, Cat# 25-4801-82, 1:200

Rat anti-mouse CD163 Antibody(TNKUPJ), Thermo Fisher Scientific, Cat# 63-1631-82, 1:200
Rabbit anti-Murine RELMa Antibody(polyclonal), PeproTech, Cat# 500-P214bt-50ug, 100ng/mL
Mouse anti-Ki-67 Antibody(B56), BD Biosciences, Cat# 565929, 1:50

Rat anti mouse CD68 Antibody(FA-11), Abcam, Cat# ab53444, 1:250

Rat anti Human/Mouse TREM2 Antibody(237920), R and D Systems, Cat# MAB17291, 1:100
Goat anti mouse TREM2 Antibody(polyclonal), Abcam, Cat#t ab95470, 1:100

Mouse anti-mouse CD45.1(A20), BD Biosciences, Cat# 560580, 1:200

Mouse anti-mouse CD45.2(104), BD Biosciences, Cat# 563051, 1:200

BV421 Mouse 1gG1, k Isotype Control (X40), BD Biosciences, Cat# 562438, 1:200

Mouse anti-Mouse CD163 (ED2), Santa Cruz Biotechnology, Cat# sc-58965, 1:100

Rabbit anti-Mouse TOMM20 (ERP15581-54), Abcam, Cat# ab186735, 1:200/1:250

Rabbit anti-Cardiac Troponin | (polyclonal), Abcam, Cat# ab47003, 1:250

Rat anti-Mouse LAMP1, DSHB, Cat# P11438, 1:50

Secondary antibodies

Alexa Fluor 594 Donkey anti-Rat IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Thermo Fisher Scientific, Cat# A21209, 1:500
Alexa Fluor 488 Donkey anti-Mouse IgG (H+L) ReadyProbes™ Secondary Antibody, Thermo Fisher Scientific Cat# A21202, 1:500
Alexa Fluor 594 Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary Antibody, Thermo Fisher Scientific Cat# A11005, 1:500

Alexa Fluor 488 Donkey anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed Secondary Antibody, Thermo Fisher Scientific Cat# A21206,
1:500

Alexa Fluor 647 Donkey anti-Rat IgG (H+L) Highly Cross-Adsorbed Secondary Antibody, Thermo Fisher Scientific Cat# A48272, 1:500

All antibodies were commercially available and validated for the species and application by the company, as well as other
researchers.

Rat anti-Mouse CD45 (30-F11) for flow cytometry, https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/alexa-fluor-700-rat-anti-mouse-cd45.560510

Rat anti-Mouse CD45R/B220 (RA3-6B2) for flow cytometry, https://www.bdbiosciences.com/zh-cn/products/reagents/flow-
cytometry-reagents/research-reagents/single-color-antibodies-ruo/pe-cy-5-rat-anti-mouse-cd45r-b220.553091

Hamster anti-Mouse CD3e (145-2C11) for flow cytometry, https://www.bdbiosciences.com/zh-cn/products/reagents/flow-
cytometry-reagents/research-reagents/single-color-antibodies-ruo/bv510-hamster-anti-mouse-cd3e.563024

Mouse anti-Mouse NK-1.1 (PK136) for flow cytometry, https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/bv786-mouse-anti-mouse-nk-1-1.740853

Rat anti-Mouse CD11b(M1/70) for flow cytometry, https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/bv711-rat-anti-cd11b.563168

Rat anti-Mouse Ly-6G Antibody(1A8-Ly6g) for flow cytometry, https://www.thermofisher.cn/cn/zh/antibody/product/Ly-6G-
Antibody-clone-1A8-Ly6g-Monoclonal/11-9668-82

Rat anti-mouse F4/80 Antibody(BMS8) for flow cytometry, https://www.biolegend.com/en-us/products/pe-anti-mouse-f4-80-
antibody-4068

Rat anti-Mouse I-A/I-E(M5/114.15.2) for flow cytometry, https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/bv650-rat-anti-mouse-i-a-i-e.563415

Hamster anti-Mouse CD11c(N418) for flow cytometry, https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/bv605-hamster-anti-mouse-cd11c.744179

Rat anti-mouse Ly-6C Antibody(HK1.4) for flow cytometry, https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-
mouse-ly-6¢c-antibody-8586

Rat anti-mouse/human CD11b antibody(M1/70) for flow cytometry, https://www.biolegend.com/en-us/products/percp-cyanine5-5-
anti-mouse-human-cd11b-antibody-4257

Rat anti-mouse F4/80 Antibody(BMS8) for flow cytometry, https://www.thermofisher.cn/cn/zh/antibody/product/F4-80-Antibody-
clone-BM8-Monoclonal/25-4801-82

Rat anti-mouse CD163 Antibody(TNKUPJ) for flow cytometry, https://www.thermofisher.cn/cn/zh/antibody/product/CD163-
Antibody-clone-TNKUPJ-Monoclonal/63-1631-82

Rabbit anti-Murine RELMa Antibody(polyclonal) for flow cytometry, PMID: 28495875, https://www.peprotech.com/zh/biotinylated-
anti-murine-relm-2

Mouse anti-Ki-67 Antibody(B56) for flow cytometry, https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/bv421-mouse-anti-ki-67.565929

Rat anti mouse CD68 Antibody(FA-11) for IF, https://www.abcam.cn/cd68-antibody-fa-11-ab53444.html

Rat anti Human/Mouse TREM2 Antibody(237920) for flow cytometry and IF, https://www.rndsystems.com/cn/products/human-
mouse-trem2-antibody-237920_mab17291

Goat anti mouse TREM2 Antibody(polyclonal) for IF, https://www.abcam.cn/trem2-antibody-ab95470.html

Mouse anti-mouse CD45.1(A20) for flow cytometry, https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/percp-cy-5-5-mouse-anti-mouse-cd45-1.560580

Mouse anti-mouse CD45.2(104) for flow cytometry, https://www.bdbiosciences.com/zh-cn/products/reagents/flow-cytometry-
reagents/research-reagents/single-color-antibodies-ruo/bv605-mouse-anti-mouse-cd45-2.563051

BV421 Mouse IgG1, k Isotype Control (X40) for flow cytometry, https://www.bdbiosciences.com/zh-cn/products/reagents/flow-
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cytometry-reagents/research-reagents/flow-cytometry-controls-and-lysates/bv421-mouse-igg1-k-isotype-control.562438
Mouse anti-Mouse CD163 (ED2) for IF, https://www.scbt.com/zh/p/cd163-antibody-ed2

Rabbit anti-Mouse TOMM20 (ERP15581-54) for IF, https://www.abcam.cn/tomm20-antibody-epr15581-54-mitochondrial-marker-
ab186735.html

Rabbit anti-Cardiac Troponin | (polyclonal) for IF, https://www.abcam.cn/cardiac-troponin-i-antibody-ab47003.html
Rat anti-Mouse LAMP1 for IF, https://dshb.biology.uiowa.edu/1D4B

Alexa Fluor 594 Donkey anti-Rat antibody for IF, https://www.thermofisher.cn/cn/zh/antibody/product/Donkey-anti-Rat-1gG-H-L-
Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21209

Alexa Fluor 488 Donkey anti-Mouse antibody for IF, https://www.thermofisher.cn/cn/zh/antibody/product/Donkey-anti-Mouse-1gG-
H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21202

Alexa Fluor 594 Goat anti-Mouse antibody for IF, https://www.thermofisher.cn/cn/zh/antibody/product/Goat-anti-Mouse-1gG-H-L-
Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-11005

Alexa Fluor 488 Donkey anti-Rabbit antibody for IF and flow cytometry, https://www.thermofisher.cn/cn/zh/antibody/product/
Donkey-anti-Rabbit-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A-21206

Alexa Fluor 647 Donkey anti-Rat antibody for IF and flow cytometry, https://www.thermofisher.cn/cn/zh/antibody/product/Donkey-
anti-Rat-1gG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/A48272

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) The L929(CCL-1) cell line was obtained from the American Type Culture Collection(ATCC,Rockville.MD,USA).
Authentication The L1929 cell line was authenticated by STR profiling.
Mycoplasma contamination All cell lines have no mycoplasma contamination.

Commonly misidentified lines  No commonly misidentified lines were used.
(See ICLAC register)

Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals 4-20 weeks old male mice were used. C57BL/6 wild-type (WT) mice were purchased from Shanghai SLAC Laboratory Animal Center.
Mice were housed under controlled conditions, namely 22°C, 45-65% relative humidity, and 12:12 light-dark cycle. Professor Marco
Colonna (Washington University, St. Louis, USA) kindly provided Trem2-/- mice. Professor Min Shang (Zhejiang University, Hangzhou,
China )kindly provided aMHC-Cre mice. The following mice were purchased from the Jackson Laboratory: Rosa26-stop-tdTomato,
Cx3cr1-CreERT2—IRES-YFP, and C57BL/6 CD45.1 mice (B6.SJL-Ptprca Pepchb/Boyl).

Wild animals Wild animals were not used.
Field-collected samples No field-collected samples were involved.
Ethics oversight The animal experiments were approved by the Animal Care and Use Committee of Zhejiang University School of Medicine and

performed according to institutional guidelines.

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

Flow Cytometry

Plots
Confirm that:
E] 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).
E] All plots are contour plots with outliers or pseudocolor plots.

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

Methodology

Sample preparation Mice were anesthetized by isoflurane inhalation. Afterward, the hearts were perfused with perfusion buffer (1x DPBS with
0.8 mM CaCl2) until complete blanching of the liver (~5 minutes) to remove peripheral blood from the chambers.
Subsequently, the hearts were isolated, atria and valves were removed, and ventricles were minced to ~1 mm cubes. The
hearts were digested with 0.25 mg/ml of Liberase TL (Sigma-Aldrich), 20 pg/ml Dnase | (Sinopharm Chemical Reagent Co.),
and 10 mM HEPES (Sigma-Aldrich) in serum-free DMEM (Gibco) medium at 37°C for 15 minutes. After that, the tissue
suspension was triturated using 1000 ulL micropipettes. The resulting cell suspension was filtered through a 70 um filter to
remove residual undigested tissue pieces, washed with PBS containing 2% FBS.
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Instrument BD LSRFortessa, Beckman moflo Astrios EQ
Software BD FACSDiva 8.0.1, FlowJo 10.6.2 (Tree Star Inc, OR, USA)

Cell population abundance The abundance of immune cells in total heart tissue digest is ~1-2%. Purity was determined by flow cytometry and confirmed
in our data analysis.

Gating strategy Gating strategy is displayed in extended data fig. 2d and extended data fig. 3b.

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