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Aims Macrophages have a critical and dual role in post-ischaemic cardiac repair, as they can foster both tissue healing and dam-
age. Multiple subsets of tissue resident and monocyte-derived macrophages coexist in the infarcted heart, but their pre-
cise identity, temporal dynamics, and the mechanisms regulating their acquisition of discrete states are not fully
understood. To address this, we used multi-modal single-cell immune profiling, combined with targeted cell depletion
and macrophage fate mapping, to precisely map monocyte/macrophage transitions after experimental myocardial

infarction.
Methods We performed single-cell transcriptomic and cell-surface marker profiling of circulating and cardiac immune cells in mice
and results challenged with acute myocardial infarction, and integrated single-cell transcriptomes obtained before and at 1, 3, 5, 7, and

11 days after infarction. Using complementary strategies of CCR2" monocyte depletion and fate mapping of tissue resi-
dent macrophages, we determined the origin of cardiac macrophage populations. The macrophage landscape of the in-
farcted heart was dominated by monocyte-derived cells comprising two pro-inflammatory populations defined as Isg15"
and MHCII*lI1b*, alongside non-inflammatory Trem2™ cells. Trem2™ macrophages were observed in the ischaemic area,
but not in the remote viable myocardium, and comprised two subpopulations sequentially populating the heart defined as
Trem2"Spp 1" monocyte-to-macrophage intermediates, and fully differentiated Trem2"Gdf15" macrophages. Cardiac
Trem2" macrophages showed similarities to ‘lipid-associated macrophages’ found in mouse models of metabolic diseases
and were observed in the human heart, indicating conserved features of this macrophage state across diseases and spe-
cies. Ischaemic injury induced a shift of circulating Ly6C"™ monocytes towards a Chil3" state with granulocyte-like features,
but the acquisition of the Trem2" macrophage signature occurred in the ischaemic tissue. In vitro, macrophages acquired
features of the Trem2" signature following apoptotic-cell efferocytosis.

Conclusion Our work provides a comprehensive map of monocyte/macrophage transitions in the ischaemic heart, constituting a
valuable resource for further investigating how these cells may be harnessed and modulated to promote post-ischaemic
heart repair.

* Corresponding author. Tel: +49 931 201-48335; Fax: +49 931 201-648341, E-mail: cochain_c@ukw.de

© The Author(s) 2022. Published by Oxford University Press on behalf of the European Society of Cardiology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https:/creativecommons.org/licenses/by-nc/4.0/), which permits non-
commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact journals.permissions@oup.com.

$20Z aunp 20 uo 1sanb Aq $080999/2.2/S/61 |/8191118/S8I10SEACIpIE/Ww0od dno dIwapeoe//:sdiy Wol) papEojuMo(]


https://orcid.org/0000-0001-7925-8984
https://orcid.org/0000-0002-0349-1955
https://orcid.org/0000-0003-3962-2205
https://orcid.org/0000-0001-8539-2784
https://orcid.org/0000-0002-0340-1745
mailto:cochain_c@ukw.de
https://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1093/cvr/cvac113

Monocyte-derived macrophages in myocardial infarction

773

Graphical Abstract

Myocardial
infarction

CITE-seq

%‘% Steady state . Acute MI

iy
* Monocyte depletion k
» Macrophage fate-mapping i
« Time-course data integration
Monocyte-derived macrophages
/ Steady State \ Acute MI o wad \
Trem2""
SPPT"‘ Lipid-associated
macrophage (LAM)
: signature
Tremz’"
o1 Gdf15""'
Tissue resident macrophages "
po— g
‘,\}J Y \_ f \ Lqe
W & TIMD4* 1 ) MHCII*
L 4 Infiltrating SR It <
{ Ly6Chi £ Pro-inflammatory
{’J f#\ CCR2* Monocytes \ signature
Q_\\: MHCII MHC!) K 4 ng15m /

Monocyte ® Macrophage ® Inflammation ® Myocardial infarction ® Single-cell RNA-seq

Keywords

1. Introduction

Macrophages are critically involved in cardiac repair after myocardial infarc-
tion (M), where they have a dual role as they can either promote tissue repair
or precipitate myocardial damage.1 In the infarcted heart, cardiac macro-
phages form a large group of cells with different on‘cogenies,2 temporal dy-
namics and states, and delineating the contribution of each macrophage
subtype to post-MI| cardiac repair remains a major challenge.3 On one
hand, resident tissue macrophages (RTMs) that self-renew independently
of circulating monocyte input have cardioprotective functions.*> On the
other hand, recruited monocyte-derived macrophages that numerically pre-
dominate during the acute post-MI phase adopt more heterogeneous phe-
notypes, and can either drive tissue repair or da\mage.3 Fundamental work
investigating the kinetics of monocyte/macrophage transitions in the in-
farcted heart based on flow cytometry or bulk transcriptomics has estab-
lished the notion that functionally distinct subsets of monocytes and
monocyte-derived cells are present in the heart with specific temporal dy-
namics.® More recent advances based on single-cell transcriptomic profil-
ing have highlighted a substantial heterogeneity of monocyte-derived
macrophages in various disease contexts.” Although single-cell analysis has
provided new insights into cardiac resident macrophage diversity* or the
Type | interferon (IFN) response in macrophages after ischaemic injury,m'11
a detailed analysis of the monocyte-to-macrophage transition after acute Ml
has not been performed previously, and the identity of monocyte-derived
macrophage subsets, their dynamics, and the mechanisms regulating their ac-
quisition of discrete states associated with specific functional capacities

remain to be precisely characterized. The recent introduction of multi-modal
single-cell analysis, and in particular, the simultaneous measurement of tran-
script expression and cell-surface markers in single cells via cellular indexing
of transcriptomes and epitopes by sequencing (CITE-seq),? offers a unique
opportunity to refine our understanding of monocyte-derived macrophage
heterogeneity in the infarcted myocardium.

Here, we used CITE-seq, " combined with targeted depletion of circulating
CCR2" monocytes and fate-mapping analysis of tissue resident macrophages,
to precisely characterize circulating and cardiac monocyte-derived cell states
after experimental MI. We identified monocyte-derived macrophage subsets
with discrete gene expression signatures and analysed their dynamics in the in-
farcted heart. Notably, we identified macrophages presenting a Trem2™
lipid-associated gene expression signature acquired in the ischaemic heart,
and reminiscent of a lipid-associated macrophage (LAM) signature found in
other tissues in metabolic disease contexts. Altogether, our work presents a
refined time-resolved map of monocyte/macrophage transitions after experi-
mental M, providing a valuable resource for further understanding the multi-
faceted roles of monocytes and macrophages in ischaemic heart repair.

2. Methods

Detailed experimental methods are available with Supplementary
material online. Single-cell RNA-seq and CITE-seq data shown in this re-
port can be browsed in a web-accessible interface: https://infection-atlas.
org/Rizz02022/.
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All animal studies and numbers of animals used conform to the
Directive 2010/63/EU of the European Parliament and have been ap-
proved by the appropriate local authorities (Regierung von
Unterfranken, Wirzburg, Germany, Akt-Z. 55.2-DMS-2532-2-743
and 2-865). lllustrations were created using Servier Medical Art (smart.-
servier.com). In all experiments, animals were killed by cervical disloca-
tion under isoflurane anaesthesia (induced by isoflurane inhalation
4.0%).

3. Results

3.1 Single-cell CITE-seq analysis of
macrophages in the healthy and infarcted

heart

Myocardial infarction is characterized by rapid and massive infiltration of
inflammatory monocytes and a shift in the cardiac monocyte/macro-
phage Iandscape.s'7 To obtain a high-dimensional characterization of
monocyte/macrophage shifts in the ischaemic heart based on transcrip-
tomic profiling and analysis of cell-surface marker expression, we per-
formed CITE-seq analysis of cardiac CD45" cells encompassing
45 epitopes defining all the main immune lineages and discrete subsets of
innate and adaptive immune cells (see Section 2). We analysed CD45"
cells extracted from the heart of male wild-type C57BL6/] mice in the
steady state (n=5) and at 5 days after Ml (n=9), comprising a total
of 13805 cells (Figure 1A and B). We performed our main analysis at
Day 5 after MI, as it represents a time point where differentiated macro-
phages are abundant, but active Ly6C" monocyte recruitment is still on-
going,” which allows capturing unsynchronized cells at various stages of
the monocyte-to-macrophage transition in a single data set. Immune cell
lineages were identified using canonical surface markers of T cells (CD3),
NK cells (NK1.1), 8T cells (ySTCR), B cells (CD19), dendritic cells
(DCs: MHCII, CD11c¢) including XCR1* ¢DC1, plasmacytoid DCs
(SiglecH), neutrophils (Ly6G), F4/80"CD64*CX3CR1*Ly6C" macro-
phages comprising steady-state RTMs and macrophages appearing after
Ml (MI Mac), and monocytes (Ly6C"; Figure 1C, see Supplementary
material online, Figure STA). Cellular identities, including small clusters
of contaminating endothelial cells and fibroblasts, were confirmed by
examination of enriched transcripts (see Supplementary material
online, Figure S1B). Monocytes/macrophages (n= 10 365 cells) were ex-
tracted and reclustered in silico to precisely delineate subpopulations and
their distribution in the healthy and infarcted heart (Figure 1D and E).
Based on differentially expressed cell-surface markers and transcripts
(Figure 1F=H, see Supplementary material online, Figure S1C and D), we
annotated 13 populations of monocytes/macrophages and their relative
abundance in the steady-state and ischaemic heart (Figure 1D and E, see
Supplementary material online, Figure STE and F).

At the steady state, we found two RTM populations, the first one re-
presented 23.40 + 2.28% of all steady-state macrophages and was de-
fined as TIMD4*LYVE1"MHCII'*Folr2", corresponding to previously
described cardiac RTM defined as Lyve1*,"® TIMD4",* or more recently
“TLF (TIMD4'LYVE1*Folr2")."* Here, we termed this population
RTM-TIMD4 (Figure 1D-F). The second RTM population was MHCII
with low expression of RTM-TIMD4 surface markers and transcripts,
called RTM-MHCII (60.33 +1.52% of all steady-state macrophages)
(Figure 1D-H and see Supplementary material online, Figure S1C, E and F).
We identified surface markers differentially expressed by RTM subsets:
compared with Ml-associated macrophages, RTM-TIMD4 and
RTM-MHCII expressed higher surface MGL2 (Figure 1H). RTM-TIMD4

additionally expressed high CD163, and part of this cluster expressed
VSIG4 (Figure 1H). While RTM-TIMD4 and RTM-MHCII were mostly
negative for Ccr2 expression (Figure 1/ and J), previous reports have iden-
tified a third cardiac RTM subset defined as CCRZJ'MHCIIJ',4 and it was
recently proposed that three RTM subsets populate mouse tissues,
namely TLF, MHCII", and CCR2" macrophages, each presenting a spe-
cific core gene expression signature conserved across organs."* To bet-
ter resolve steady-state populations of cardiac monocyte/macrophages,
we reclustered cells from the steady state alone, which recovered similar
populations (see Supplementary material online, Figure S2A-C). Ccr2 ex-
pression was observed in Ly6C™ monocytes (which represent mono-
cytes within the tissue, as ensured by exclusion of intravenous
leucocytes during sorting, see Supplementary Methods). Ccr2 was also
detected within the RTM-MHCII™ cluster, which is in line with the exist-
ence of resident CCR2*MHCII" macrophages in the heart.*'* However,
in our hands, CCR2*MHCII* RTM did not form a separate cluster as

14" We manually gated Ccr2" cells within the

proposed in Dick et a
RTM-MHCII*

Figure S2D and E) and analysed expression of ‘core signature genes’ of

population (see Supplementary material online,
the three RTMs conserved across organs (including the heart) as defined
in Dick et al."* Within these three bona fide RTM alone, relative expres-
sion of the core signature genes appeared mostly consistent with the
distribution recently proposed in Dick et al.'* When considering all
steady-state cardiac populations, relative expression of the genes of
the ‘CCR2" RTM’ signature was highest in monocytes, excepted for
MHCII encoding transcripts (see Supplementary material online,
Figure S2F and G).

At Day 5 post-MI, the monocyte/macrophage compartment was
dominated by Ly6C" monocytes (17.56 + 6.58% of monocytes/macro-
phages at Day 5 post-Ml), pro-inflammatory macrophages expressing
MHCII and enriched in ll1b, Tnip3, TIr2, or Tnfsf9 (I"IHCII+II1b+;
14.51 +3.70% of monocytes/macrophages), and Type | IFN signature
cells enriched for Isg15 (previously termed IFNIC: IFN-inducible cells';
Isg15™, 6.25 +1.91%; Figure 1D-G). We also delineated three clusters
sharing enrichment for Trem2 (Trem2"; Figure 1D and G). A first
Trem2" population had high expression of Spp1 encoding osteopontin
(Trem2"'Spp1™, 21.20 +4.63% of monocytes/macrophages), a second
cluster was enriched for Gdf15 (TremZhiGdf1 5M 20.74 + 5.01% of mono-
cytes/macrophages), while a third cluster was characterized by enrich-
Prdx1  (Trem2"Prdx1™; 2.51+1.24% of monocytes/
macrophages; Figure 1D and G). Low levels of Ly6C'®" monocytes and

ment for

a population defined as Fn1"Ltc4s" were observed. Finally, we recovered
a minor population characterized by mixed expression of tissue resident
and Ml-associated macrophage markers, found at similar levels in both
experimental conditions, showing low transcript variety and a low
RNA content (‘low RNA'’ cluster, see Supplementary material online,
Figure S1C and D). We interpret these cells as low-quality cells damaged
during sample preparation, and did not consider them further in subse-
quent analyses.

As the data presented in Figure 1, results from computational integra-
tion of two independent CITE-seq experiments where samples were
pooled using cell hashing> (see Section 2), we ensured reproducibility
of our observations by analysing both experiments independently with
similar analysis parameters as those used initially in Figure 1. The result
of the analysis is presented in Supplementary material online,
Figure S3. In each separate experiment, similar populations of mono-
cytes/macrophages were recovered, although some small populations
(Trem2"Prdx1" and Ly6C'® monocytes enriched in, e.g. Ace or Ear2)
were not resolved at the resolution

clustering used (see
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Figure 1 CITE-seq analysis of the monocyte/macrophage landscape in the steady-state and infarcted heart. For all graphs in this figure, cells were obtained
from n=>5 mice without MI, and n=9 mice with M, pooled from two independent experiments (see Section 2). (A) Experimental design summary;
(B) UMAP representation of transcriptome-based clustering of n = 13 805 total cardiac CD45™ cells; (C) CITE-seq signal for the indicated monocyte/macro-
phage surface markers projected onto the total CD45" cells UMAP plot; (D) n = 10 365 cells corresponding to monocytes and macrophages (including pro-
liferating macrophages) were extracted for clustering and UMAP dimensional reduction analysis with annotated cell clusters (left) and sample of origin
colour coded on the UMAP plot (right); (E) average proportions of each cluster according to experimental condition; (F) surface markers and (G) transcript
expression projected onto the UMAP plot for selected markers used to identify and annotate clusters; (H) expression of the indicated surface markers in
each monocyte/macrophage cluster; (I and ) expression of Ccr2 projected on the UMAP plot of monocyte/macrophages (/) and shown across clusters
(). RTM, resident tissue macrophages; Ml Mac, Ml-associated macrophages; (p)DC, (plasmacytoid) dendritic cell; Endo, endothelial cells; Fibro, fibroblasts.
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Supplementary material online, Figure S3A—). We also observed variabil-
ity in distribution of RTM to the RTM-TIMD4" or RTM-MHCII” clusters,
which we attribute to ‘intermediate’ TIMD4™MHCII™ cells, also ob-
served by flow cytometry (see Supplementary material online,
Figure S3L), distributing preferentially to the RTM-MHCII"
(Experiment 1) or RTM-TIMD4" (Experiment 2) clusters in different ex-
periments (see Supplementary material online, Figure S3B, G and K).
Clustering analysis of each biological replicate independently also pro-
vided consistent results, although the analysis of much lower cell num-
bers in each single replicate overall yielded a lower clustering
granularity (see Supplementary Analysis R Notebook).

3.2 Trem2™ macrophage subsets have a
LAM transcriptional sighature conserved in

humans

Trem2 expression is characteristic of a LAM (lipid-associated macro-
phage) signature previously defined by single-cell RNA-seq in metabolic
disease contexts, such as in the obese adipose tissue,16 in atherosclerotic

1718 and in the liver in experimental models of NAFLD'® and

lesions,
NASH.?® At first glance, cardiac Trem2" macrophage populations ap-
peared enriched for some characteristic LAM transcripts (e.g. Gbnmb,
Spp1, Ctsd, Cdé3, Psap; see Supplementary material online, Figure S1C).
To further explore gene expression similarities across tissues, we first
extracted a list of 66 commonly enriched transcripts (see Section 2)
in Foamy/Trem2" macrophages in atherosclerotic lesions,'® and LAMs
in the NASH liver,%® two lipid driven pathologies, and used these to cal-
culate a ‘LAM gene signature’ score in cardiac macrophages. The LAM
signature was highest in Trem2"Spp1™ and Trem2"Prdx1™ macrophages,
followed by the Trem2"Gdf15™ cluster (Figure 2A). Gene ontology ana-
lysis revealed putatively enriched biological processes relevant to a LAM
state, for example, ‘positive regulation of macrophage foam cell forma-
tion’ in TremZhiSppThi, and ‘positive regulation of cholesterol efflux’ in
Trem2"Gdf15" macrophages (Figure 2B). LAM-signature transcripts
(e.g. Gpnmb, PId3, Nceh1, Psap) showed a clear and specific enrichment
in Trem2" macrophage populations (Figure 2C). When directly integrat-
ing scRNA-seq data obtained from the infarcted heart, NASH liver, and
atherosclerotic aortas, Trem2" Ml-associated cardiac macrophage popu-
lations clustered together with Foamy/TremZhi macrophages from ath-
and LAMs from NASH liver® (see

Supplementary material online, Figure S4A-C). Gpnmb has previously
19-21

erosclerotic  vessels'®

been associated with the LAM signature and appeared specifically
enriched in Trem2™ Ml-associated cardiac macrophages with a LAM sig-
nature (Figure 2C). At Day 5 after MI, GPNMB expressing CD68" macro-
phages were observed specifically in the infarcted area of the
myocardium (Figure 2D, see Supplementary material online, Figure S5),
indicating that LAM-signature macrophages accumulate in the infarcted
area. TREM2 protein levels were increased in the heart of infarcted mice
compared with sham controls at Day 5 (Figure 2E), further confirming
cardiac accumulation of TREM2 expressing cells after ML.

The macrophage LAM signature is conserved across species in various
disease contexts.'®'®*? To evaluate whether the LAM signature was
also found in the diseased human heart, we analysed recently published
data from human ischaemic cardiomyopathy patients (n =3 samples is-
chaemic left ventricle, 1 sample remote non-ischaemic left ventricle, and
1 sample control myocardium).2® A population of macrophages en-
riched for characteristic genes of the LAM signature (e.g. TREM2,
SPP1, CTSD, FABP5) was readily observed (see Supplementary material
online, Figure $4D and E).

We further analysed the gene expression signature of the major
Trem2"Spp1™ and Trem2"Gdf15™ populations, relative to other abun-
dant Ml-associated macrophages, that is MHCII*lI1b* and Isg15™ clus-
ters, with a focus on experimentally validated effectors (Figure 2F).
MHCII"II1b* macrophages were enriched in transcripts associated
with a pro-inflammatory and pathogenic profile (e.g. Ax,>* Nirp3%),
while Isg15" highly expressed 11187 in addition to their typical Type |
IFN  response signature (Isg15, Irf7, Cxcd10).'"®"" In contrast,
Trem2-enriched populations highly expressed genes involved in immune
modulation, tissue repair and efferocytosis (Trem2"Spp1™: Hmox1,%’
Arg128 Anxa1®; Trem2"Gdf15™: Igf1,>° Gdf15>" Mertk* Timp2,*
Apoe*). Both Trem2™ populations were enriched for expression of
the profibrotic, LAM-signature transcript'® Spp1 (with highest levels ob-
served in TremZhiSppThi). Trem2"Spp1™ were additionally enriched for
profibrotic Mmp14 (encoding MT1-MMP)* (Figure 2F). Altogether,
our data show the accumulation of two populations of Trem2" macro-
phages in the ischaemic heart harbouring a LAM signature also identified
in other organs and disease contexts and in the diseased human heart.

3.3 Dynamics of monocyte/macrophage

populations in the infarcted heart

To resolve the kinetics of Ml-associated macrophage accumulation, we
integrated our data with existing sScRNA-seq data sets of cardiac macro-
phages from the steady state and at 1, 3, 5, 7, and 11 days after MI*3¢37
(Figure 3A and see Supplementary material online, Figure S6A and B), re-
presenting a total of 24 637 cells. Similar Ml-associated populations were
recovered, although the minute Trem2"Prdx 1™ population grouped with
Trem2"Spp1™  macrophages at this clustering resolution (see
Supplementary material online, Figure S6C). We observed dynamic tran-
sitions within the monocyte/macrophage compartment (Figure 3A and B).
Trem2"Spp1" cells peaked at Days 3-5 post-MI, while Trem2"Gdf15"
cells peaked at Days 5-7 (Figure 3A and B). Infiltration of MHCII"lIb1*
and Isg15" macrophages also peaked at Days 3—7. At Days 7 and 11, par-
tial recovery of RTM subsets was observed (Figure 3A and B). To better
resituate our observations relative to previous analyses of monocyte/
macrophage dynamics in the infarcted heart performed using flow cyto-
metry, we analysed the expression of Ly6C, a monocyte surface marker,
vs. expression of macrophage differentiation markers (CD64, CX3CR1,
and F4/80) on monocytes and the major Ml-associated macrophage po-
pulations (Figure 3C and D, see Supplementary material online,
Figure S6D). Ly6C" monocytes where Ly6C"CD64'°*CX3CR1'*“F4/
80" and Trem2"Gdf15" cells appeared as fully differentiated
macrophages (Ly6C'*"CD64"CX3CR1"F4/80™), while Trem2"'Spp1"
had a Ly6C™CD&4™CX3CR1™F4/80™ profile suggestive of a
monocyte-to-macrophage intermediate state (Figure 3C and D,
see Supplementary material online, Figure S6D). Altogether, these
data suggest that the Trem2"'Spp 1" population represents a
monocyte-to-macrophage intermediate state while Trem2"Gdf15" cells
are differentiated macrophages, and that these populations sequentially
peak in the infarcted heart.

3.4 Trem2™ macrophage populations

originate from recruited monocytes

Macrophage origin (i.e. self-renewing tissue resident macrophage vs.
monocyte-derived macrophage) has been proposed as a major driver
of cardiac macrophage function.> We thus investigated the origin of
the major Ml-associated macrophage populations. High Ccr2 expression
in MHCII*lIb1" and Isg15™ clusters (Figure 11 and J), clearly indicates a
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Figure 2 Identification of Trem2" macrophages with a LAM signature in the ischaemic myocardium. (A) Sixty-six LAM-signature genes were extracted
from the indicated data sets and a gene expression score was applied to cardiac macrophages (LAM-signature expression score), represented here as a
violin plot. The atherosclerosis data set consists of a pool of n=12 scRNA-seq data sets (see Zernecke et al.'®); the NASH data set of one scRNA-seq
library (Daemen et al.?°); the LAM-signature expression score was applied to cardiac macrophages (n= 10365 cells; cells were obtained from n=5
mice without MI, and n=9 mice with M, pooled from two independent experiments, see Figure 1, see Section 2). (B) Fold enrichment for the top 10
enriched Gene Ontology (GO) Biological Processes in the indicated cardiac macrophage cluster (all with adjusted P-value <0.05); macrophage clusters
were determined in analysis shown in Figure 1D from n= 10365 cells; cells were obtained from n=>5 mice without MI, and n=9 mice with MI, pooled
from two independent experiments. (C) Expression of selected LAM-signature transcripts projected on the UMAP plot of monocytes/macrophages as
detailed in Figure 1D (n =10 365 cells; cells were obtained from n =5 mice without MI, and n =9 mice with MI, pooled from two independent experiments).
(D) Immunofluorescence labelling of CD68 and GPNMB in Day 5 infarcts with overview of a full myocardial section and high magnification images of the
infarcted area and remote non-ischaemic myocardium (representative pictures shown for n=1 heart). (E) Total levels of TREM2 detected by ELISA in
extracts from the hearts of mice after sham operation (n =5 mice) or permanent MI (Day 5; n =6 mice). (F) Dot plot showing expression of the selected
transcripts in the indicated cardiac macrophage clusters (all the transcripts shown significantly enriched in the relevant clusters with adjusted P-value <0.05);
macrophage clusters were determined in analysis shown in Figure 1D from n= 10 365 cells; cells were obtained from n =5 mice without MI, and n =9 mice
with M, pooled from two independent experiments. NASH, non-alcoholic steatohepatitis.

monocytic origin. Trem2"Spp1™ and Trem2"Gdf15™ macrophages ex- To test this hypothesis, we first depleted circulating Ly6C"™ mono-
pressed intermediate and low levels of Ccr2, respectively (Figure 1/), * cytes in mice using the anti-CCR2 monoclonal antibody MC-21.3®
and lacked expression of surface markers associated with RTM subsets - Twenty-four hours after a single injection, Ly6C" monocytes were effi-
(CD163, TIMD4, LYVE1, VSIG4, MHCI; Figure 1), suggestinga monocy- - ciently depleted from the bloodstream as previously described® (see

tic origin. We hypothesized that Trem2" macrophages originate from

Ly6C"Cer2" monocytes that lose Ccr2 expression upon differentiation Monocyte depletion was maintained by daily i.p. injections of
in the heart. . anti-CCR2 until Day 5 after Ml (see Supplementary material online,

Supplementary material online, Figure S7A), and Ml was induced.
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Figure 3 Monocyte/macrophage dynamics in the infarcted heart. (A) The indicated Ml data sets were integrated using Harmony and monocyte/macro-
phage population identified; the resulting clustering analysis and UMAP plot are shown split according to time point after M| with monocyte/macrophage
clusters colour coded; n =24 637 total cells from n = 6 independent scRNA-seq data sets. (B) Proportion of the indicated clusters within total monocyte/
macrophage over the post-Ml time continuum, calculated from the integrated data set. Each data point represents proportion of the indicated cluster at the
indicated time point in independent scRNA-seq libraries (see also Supplementary material online, Figure S5). (C) CITE-seq signal for Ly6C vs. CDé4 and
(D) Ly6C vs. CX3CRT1 in the indicated cell populations (analysis in C and D performed on monocyte/macrophage clusters determined in analysis shown in
Figure 1D from n=10365 cells; cells were obtained from n=>5 mice without Ml, and n=9 mice with MI, pooled from two independent experiments).

Figure S7B), where cardiac CD45" cells were sampled for CITE-seq ana-
lysis (Figure 4A—C). Analysis of CITE-seq data identified the main CD45"
cell populations and monocyte/macrophage subsets (Figure 4C) similar
to those described above (Figure 7). While levels of RTM subsets
were not affected by CCR2" cell depletion, known circulating
monocyte-derived populations (Ly6C™ monocytes, MHCII*II1b* macro-
phages, Isg15™) were strongly reduced in the infarcted heart at Day
5. The Fn1"Ltc4s™ population was not affected, indicating that it is inde-
pendent of CCR2" monocyte recruitment. We furthermore noted a
drastic reduction of Trem2"Spp1™ and Trem2"Gdf15" macrophages
counts, indicating that accumulation of these cells is dependent on circu-
lating monocyte infiltration (Figure 4D). Additionally, cDC1 3% and cDC2,
proposed to be Ccr2 dependent in inflammatory contexts*® were re-
duced (see Supplementary material online, Figure S7D). Cardiac neutro-
phils, T cells, NK cells, and pDC numbers were not affected by
anti-CCR2 (see Supplementary material online, Figure S7C).

To further confirm that Trem2™ macrophage populations derive from
monocytes, we then analysed the expression of TdTomato transcripts
that mark RTM in pulse-labelled Cx3cr1<"f""2 mice in Dick et al.*

from our integrated analysis (Figure 4E and F). TdTomato transcripts
mapped preferentially to tissue resident and proliferating macrophages,
while only scattered cells were observed in Trem2" subsets and
MHCII"II1b" cells (Figure 4E and F). We additionally performed fate-
mapping analysis of RTM and Ml-associated macrophages by flow cyto-

1 after a

metry in tamoxifen-pulsed Cx3cr1°ER™2.Rosa265™ mice
4-week washout period (Figure 4G), when circulating Ly6C" monocytes
had lost YFP expression while microglia were >90% YFP™ (Figure 4H).
Only partial recombination was observed in long living macrophages
such as TIMD4"MHCII~ RTM (40.35 + 4.45%) in the steady state, which
remained stable after Ml (41.63 +7.65% YFP+ in TIMD4"MHCII~ RTM:;
Figure 41 and J). At 7 days after MI TIMD4"MHCII™ macrophages,
most Ml-associated macrophage populations including Trem2" subsets,
as defined by CITE-seq (Figure 1), were overwhelmingly YFP"®
(93.47 +2.25%; Figure 41 and J). Although partial tamoxifen-induced re-
combination in RTM represents a limitation of our analysis, these data
nevertheless suggest that pre-existing RTM do not represent a major
source of Ml-associated TIMD4™MHCII™ macrophages (Figure 4/ and ).
Altogether, our complementary approaches of circulating CCR2"
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Figure 4 Ml-associated macrophage populations originate from recruited CCR2" monocytes. (A) Schematic representation of the experimental design;
(B and C) UMAP representation of scRNA-seq analysis (n = 10 831 cells) with (B) sample of origin and (C) biological identity of cell clusters colour coded on
the UMAP plot; (D) absolute counts of the indicated cell clusters (per mg of cardiac tissue); data shown in A-D were obtained from one experiment with
n =3 mice without Ml, n =4 mice at Day 5 after Ml treated with isotype control; n =5 mice at Day 5 after Ml treated with anti-CCR2; (E) annotated UMAP
plot of cells from Dick et al.* (n = 5802 cells from n = 1 scRNA-seq data set from mice without Ml and n = 1 scRNA-seq data sets from mice at 11 days after
MI) extracted from integrated data analysis shown in Figure 3 and (F) identification of TdTomato " fate mapped RTMs, cells ordered according to transcript
detection, that is, cells with detectable transcripts moved to front of the plot; (G) experimental setup for CX3CR1-based fate mapping of tissue resident
macrophages; (H) recombination controls in Ly6C" monocytes and microglia after the 4 weeks washout period; (I and |) fate mapping of cardiac macro-
phages before and at 7 days post-Ml, pre-gated on live CD45"CD11b*F4/80"Ly6C'°". Data shown in G| were obtained in one experiment with n = 2 mice

without Ml and n=3 mice at Day 7 after MI.
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Figure 5 Monocytes/macrophages acquire the Trem2" LAM signature in the ischaemic heart. (A) Experimental design overview; (B) Ccr2 transcript ex-
pression and CITE-seq signal for the indicated surface markers in blood and heart CD19"NK1.1"Ter119~CD11b" cells projected on the UMAP plot (n =
9848 cells); (C) tissue of origin of single cells corresponding to monocytes/macrophages/cDC2 (n = 3378 cells) projected on the UMAP plot; (D) clustering
analysis and annotation of cell clusters; (E) pseudotime analysis of monocytes/macrophages in Monocle, cell identity colour-code identical to D (n= 3378
cells); (F) pseudotime analysis split according to tissue origin; (G) heatmap of pseudotime gene expression variation for selected genes on branches of the
pseudotime tree (as indicated on E; n = 3378 cells; all indicated genes show statistically significant variation). All data shown in Figure 5 were obtained from n
=1 pooled cell preparation per experimental condition, grouped in a single (n=1) multiplexed scRNA-seq data set.

monocyte depletion, fate mapping of RTM in previously published
scRNA-seq data, and fate mapping of RTM by flow cytometry indicate
that Trem2-enriched, Ml-associated macrophage subsets originate
from recruited monocytes.

3.5 The macrophage Trem2"/LAM

signature is acquired in the ischaemic heart
We next investigated whether Ml-associated cardiac monocyte/macro-
phage states could be acquired remotely, notably via the production of
ischaemic injury-associated atypical monocytes arising from emergency
myelopoiesis,*” that would transit in the bloodstream before
infiltrating the myocardium. We performed CITE-seq analysis of
CD197™NK1.1"Ter119"CD11b" cells from the blood of control mice,

sham-operated animals at 1 and 3 days post-surgery, and mice with
Ml at 1 and 3 days. Cardiac cells from the ischaemic heart at 1 and
3 days post-Ml were also included®” (Figure 5A).

We first investigated remote priming of blood monocytes by MI by
separately reclustering cells obtained from the peripheral blood. This re-
vealed expansion of injury-associated Ly6C™ monocytes enriched for
Chil3 (encoding Chitinase-like protein 3 also known as Ym1) and gran-
ulocyte marker genes (Lcn2, Prtn3) induced by M, and also sham surgery
at 1 day after Ml (Chil3" monocytes, see Supplementary material online,
Figure S8A-E). Bulk-sorted bone marrow Ly6C" monocytes also
showed increased levels of Chil3, Lcn2, and Prtn3 at 3 days after Ml
(see Supplementary material online, Figure S8F). These results are con-
sistent with the emergence of Ym1™ monocytes enriched in granulocyte
marker transcripts induced by tissue injury*® or during emergency
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Figure 6 Monocyte transition to Trem2™ macrophages and potential inducers of the LAM signature. (A) Pseudotime trajectory analysis of Ly6C" mono-
cytes, Trem2"Spp 1" and Trem2"Gdf15" macrophages. (B) Expression of the indicated transcripts according to pseudotime and colour coded by cell popu-
lation of origin. In A and B, cells belonging to the indicated clusters (n = 4633 total cells) were extracted from the analysis shown in Figure 1D (n =10 365 cells
obtained from n=>5 mice without MI, and n =9 mice with MI, pooled from two independent experiments). (C) Expression of the indicated transcripts in
mouse bone marrow—derived macrophages (BMDM) in control condition or after overnight exposure to apoptotic cells (Apo = apoptotic thymocyte at a
5:1 apoptotic cell:macrophage ratio). Each data point represents macrophages from one mouse assayed in technical duplicates, total n =7 per condition,
pooled from two independent experiments (*P < 0.05; #¥P < 0.01; ***P < 0.001). (D) Reanalysis of data from Murthy et al.*® with UMAP of in vitro human
monocyte-derived macrophages differentiated in the presence of calcium, GM-CSF or M-CSF. (E) LAM-signature score projected on the UMAP plot.
(F) Expression of the indicated LAM-signature transcripts induced by calcium (top) or GM-CSF (bottom).

myelopoiesis.**  Although we noted a slight increase of the
LAM-signature expression score in Chil3" monocytes compared with
baseline Ly6C" monocytes, most LAM-signature transcripts were ex-
pressed at low levels and only two genes (Gapdh, Lpl) were significantly

enriched in Chil3" monocytes compared with baseline Ly6C™ mono-
cytes (see Supplementary material online, Figure S8G).

To analyse the acquisition of the LAM signature by monocytes infil-
trating the ischaemic heart, we analysed blood and cardiac
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CD115"Ly6G™ cells together (3378 cells; Figure 5). One cell cluster con-
tained almost only cells extracted from the ischaemic heart and ex-
pressed Ccr2 indicating an infiltrating monocyte origin (Heart Mo/Mac,
Figure 5A-D). Pseudotime ordering of monocytes/macrophages in
Monocle® delineated two major trajectories (Figure S5E and F), with
blood cells expectedly following a Ly6C™ to Ly6C'™™ trajectory with
the acquisition of Ly6C'® monocyte marker genes (Ace, Treml4,
Nr4a1, Itgal; Figure 5G), while cells infiltrated in the heart acquired ex-
pression of Trem2 and transcripts associated with the LAM signature
(Figure 5G). These data indicate that Ml induces a peripheral shift of
Ly6C" monocytes towards a Chil3" granulocyte-like state in the blood,
while in the ischaemic heart monocyte-derived macrophages acquire the
full Trem2" LAM signature.

3.6 Monocyte-to-Trem2™ macrophage
transition in the heart and potential

inducers of the macrophage LAM signature
Based on our observations that (i) Trem2"Spp1™ and Trem2"Gdf15"
macrophages sequentially peak in the heart, (i) Trem2"'Spp1"™ likely re-
presents monocyte-to-macrophage differentiation intermediates, while
Trem2"Gdf15" is differentiated macrophages, (iii) Trem2"Spp1™ and
Trem2"Gdf15" macrophages share features of a LAM gene expression
signature, (iv) cells corresponding to Trem2"Spp1™ and Trem2"Gdf15"
macrophages are not observed in the bloodstream (i.e. they acquire
their gene expression signature in the injured tissue), and (v)
TremZhiSpp1hi and Trem2"'Gdf15" macrophages are lost upon depletion
of circulating monocytes, we performed pseudotime analysis in

* following the assumption that TremthSpp1hf and

Monocle,
Trem2"Gdf15" macrophages originate from Ly6C™ monocytes, and
might represent different states along a monocyte-to-macrophage dif-
ferentiation trajectory (Figure 6A). This analysis yielded a putative trajec-
tory with LyéChi monocytes at its beginning, and Trem2"Gdf1 5"
macrophages at its end, with progressive loss of monocyte marker genes
(Cer2, Chil3, Lyéc2) and acquisition of macrophage differentiation mar-
kers (Adgre1, Mertk, Apoe), while Spp1 and genes involved in the differ-
entiation of monocytes to alternatively activated macrophages (e.g.
Hmox1, Arg1) were transiently increased (Figure 6B). These results sug-
gest that Trem2"Spp1™ cells are monocyte/macrophage intermediates
that may represent a transitional state towards fully differentiated
Trem2"Gdf15" macrophages.

We next investigated potential inducers of the LAM signature. Based
on the gene expression profile of cardiac Trem2" macrophages enriched
for phagocytic genes and with low expression of pro-inflammatory cy-
tokines, we hypothesized that efferocytosis, a major regulator of macro-
phage anti-inflammatory gene expression in the ischaemic heart,*® might
be involved in acquisition of the LAM signature. Expression of Spp1,
Trem2, Gdf15, and Fabp5 was increased in mouse bone marrow—derived
macrophages after exposure to apoptotic cells, alongside previously
documented efferocytosis-induced genes such as Mertk, Abcal, or
1110%%7 (Figure 6C). A recent report™ showed that exposing human
monocyte to calcium, which is released from necrotic cells to activate
macrophages,* leads to their differentiation into macrophages produ-
cing high levels of SPP1, a marker of Trem2" macrophages. Reanalysing
data from Murthy et al.*® we observed that exposure to calcium was
associated with high expression of not only SPP1, but also many charac-
teristic genes of the LAM signature such as TREM2, CTSD, and FABPS,
while monocyte-derived macrophages exposed to GM-CSF also ac-
quired some markers of the LAM signature (Figure 6D—F). Altogether,

these data suggest that phagocytosis of dead cells, and exposure to dam-
age associated molecular patterns released by dead cells, might be in-
volved in macrophage acquisition of the Trem2™ LAM signature.

4. Discussion

Using single-cell CITE-seq analysis of circulating and cardiac monocytes/
macrophages, combined with fate mapping and CCR2" monocyte de-
pletion, we mapped monocyte/macrophage dynamics and characterized
monocyte-derived macrophage heterogeneity in experimental MI. This
allowed us to precisely delineate Ml-associated monocyte-derived
macrophage populations in the ischaemic heart, including Trem2"
macrophage subsets with a tissue-acquired LAM gene expression
signature.

We identified previously described populations of TIMD4", MHCII",
and CCR2" RTMS,4'14 and could confirm CD163*° or identify novel sur-
face markers (MGL2, VSIG4) of these populations, that may be useful for
cardiac macrophage characterization by flow cytometry or targeting of
specific resident macrophage subsets. Consistent with previous reports,
these populations almost entirely vanished from the infarcted heart im-
mediately after M|.**"

Rapid shifts in monocyte/macrophage populations after acute Ml had
previously been characterized by flow cytometric analyses (e.g.
Nahrendorf et al® or Weinberger et al.>%). Our CITE-seq and time-
dependent scRNA-seq characterization of cardiac monocytes/macro-
phages provide a refined and accurate picture of these shifts and identify
previously unrecognized Ml-associated macrophage states. Notably, we
confirm that bona fide Ly6C'®* monocytes only infiltrate the heart in low
numbers,* and identified a population of Fn1"Ltc4s™ macrophages with
a discrete gene expression signature and surface expression of some
RTM markers (TIMD4 and VSIG4). The origin, localization, and function
of these macrophages remain to be determined. The major populations
of Ml-associated macrophages comprised two pro-inflammatory popu-
lations (Isg15" and MHCII*lI1b"), and three Trem2" macrophage popula-
tions with low inflammatory gene expression. All the major
Ml-associated macrophage populations originate from infiltrating mono-
cytes as determined by CCR2" cell depletion and fate-mapping analysis.

Trem2" macrophages comprised three subpopulations (two large po-
pulations termed Trem2"'Spp1™ and Trem2"Gdf15™, and a smaller
Trem2"Prdx1™ subset), and showed gene expression features reminis-
cent of a LAM signature previously observed in obese adipose tissue,'®
atherosclerotic Iesions,”'18 and the liver in models of NAFLD' and
NASH.?® Cardiac Trem2" LAM-signature macrophages were derived

19,20

from monocytes, similar to previous observations in the liver, and

adipose tissue."® However, the LAM signature is also shared by
TREM2-dependent disease-associated microglia,>* indicating that its ac-
quisition does not depend on macrophage origin and is mostly driven by
the local tissue environment. Features of the LAM transcriptional signa-
ture may not only be induced by pathological lipid loading but rather
more generally induced in contexts of tissue damage. In line, our data in-
dicate that Trem2" LAM-signature macrophage populations likely differ-
entiate from monocytes in injured areas of the myocardium, as GPNMB,
a highly specific marker of the LAM signature, was exclusively seen on
CD68" macrophages within the infarcted area of the heart, but not in
the infarct border zone or remote non-affected tissue. Major transcrip-
tional hubs involved in the regulation of lipid homeostasis are activated
also in response to efferocytosis of dead cells, such as the
liver-X-receptor pathway*’ which was recently implicated in microglial
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acquisition of the LAM gene expression in response to chronic phago-
cytic challenge.>® This raises the possibility that macrophages with high
efferocytosis activity, and lipid loading from dead cell engulfment, ac-
quire a LAM signature. In line, exposure of bone marrow—derived
macrophages to apoptotic cells in vitro induced expression of several
characteristic LAM transcripts. More recently, the LAM signature was
also observed in steady-state bile-duct macrophages, and LAM genes
were induced by lipids during in vitro monocyte-to-macrophage differen-
tiation,” indicating that also homeostatic exposure to high lipid loads
may drive acquisition of a LAM signature. Acquisition of the LAM signa-
ture might not only depend on lipid-related pathways, but also be driven
by other microenvironmental cues. Exposure to calcium, a damage asso-
ciated molecular pattern released by necrotic cells,*® strongly induced
expression of characteristic LAM markers in human monocyte-derived
macrophages. Specific inflammatory cytokines might dictate the
monocyte-to-macrophage transition in the heart, as recently shown
for IFN-y and GM-CSF in the context of neuro-inflammation.’® In vitro,
our data indicate that some features of the LAM signature can be driven
by GM-CSF. Importantly, macrophages with a LAM signature were ob-
served in human ischaemic cardiomyopathy samples. While this repre-
sents a different pathological context compared with acute cardiac
ischaemia in our mouse model, this provides proof-of-concept that
the TREM2" LAM signature can be observed in the disease human heart,
consistent with the LAM signature also being observed in humans in ath-
erosclerosis,18 adipose tissue,16 and in the steatotic human Iiver,21 indi-
cating conservation of this macrophage state across species and disease
contexts.

In the ischaemic mouse heart, features of the Trem2" LAM sighature
were shared by three macrophage subpopulations. A small population
was highly enriched for Prdx1 and genes involved in iron handling (Ft!1,
Fth1, Slc40a1, Slc48a1). Two other Trem2™ populations represented
the most abundant Ml-associated macrophages and were characterized
as Trem2""Spp 1™ and Trem2"Gdf15". Their sequential presence in the is-
chaemic heart, as well as expression patterns of Ccr2 and monocyte/
macrophage differentiation markers, suggest that Trem2"Spp1™ cells
are a monocyte/macrophage intermediate giving rise to fully differen-
tiated Trem2"Gdf15™ macrophages. However, our data do not exclude
that pro-inflammatory macrophage populations (Isg15™ and MHCIIIi1b")
could also shift towards a non-inflammatory Trem2"Gdf15" state
overtime after ML.

Our analysis of circulating monocytes indicates that ischaemic injury
induces a shift towards monocytes enriched for the expression of
Chil3 (encoding Ym1) and several granulocyte-associated genes (e.g.
Prtn3, Lcn2). Recent reports proposed that mature monocytes arise
from two distinct pathways in the steady state, with monocyte-dendritic
progenitors and granulocyte-monocyte progenitors differentiating to
monocytes with a ‘DC-like’ state or a ‘neutrophil-like’ state, respective-
ly.>” Our results are thus consistent with an Ml-induced shift towards
the production of ‘granulocyte-like’ monocytes, which appear similar
to Ym1*Ly6C" monocytes that emerge after tissue injury.*> Bulk tran-
scriptome analysis of human monocytes sampled 48 h after acute Ml
showed upregulation of LCN2, a prototypical marker of the granulocyte-
like signature, as well as other granulocyte-associated transcripts (IL1RN,
CXCR1),%8 indicating that a similar shift in circulating monocyte transcrip-
tome might occur in patients with MI. While our data indicate that the
macrophage LAM signature is acquired in the ischaemic heart, and not
directly induced in blood monocytes by M|, it remains to be determined
whether injury-associated Chil3" monocytes are primed towards ac-
quiring the LAM signature once infiltrated in the infarcted myocardium.

5. Conclusion

In conclusion, our work provides a novel high-resolution view of the het-
erogeneity and dynamics of monocyte/macrophage transitions during
the acute post-MI inflammation phase and constitutes a valuable re-
source for further investigating how these cells may be harnessed and
modulated to promote post-ischaemic heart repair.
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