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Roles of Cardiac Resident Macrophages in Heart Development

and Homeostasis

ZHENG Peiyao, LI Jiayi, KE Yuehai, CHENG Hongqgiang*
(Department of Pathology and Physiopathology, School of Basic Medical Sciences, Zhejiang University, Hangzhou 310058, China)

Abstract Recent advances in lineage tracing, single-cell sequencing, and spatial omics technologies
have greatly deepened the understanding of the origin and functional heterogeneity of cardiac resident macro-
phages. Accumulating evidence indicates that cardiac macrophages don’t represent a uniform population but
instead comprise a heterogeneous pool with multiple embryonic origins and distinct functional specializations,
which are biologically different from circulating monocyte-derived macrophages. Cardiac resident macrophages
are primarily generated during embryonic development and are maintained throughout adulthood via self-renew-
al, thereby serving as essential permanent immune residents and sentinels of the heart. This review systematically
summarizes the complex origin and functional specialization of cardiac resident macrophages, with a particular
focus on their critical roles in cardiomyocyte proliferation and maturation, the formation of cardiac valves and
the conduction system, as well as the maintenance of adult cardiac homeostasis. Finally, this article discusses
future research directions, emphasizing the importance of translating these mechanistic insights into therapeutic
strategies targeting specific macrophage subpopulations for cardiovascular diseases.
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Developmental origin and temporal establishment of CRM (cardiac resident macrophage) subsets. During embryogenesis, two self-renewing macro-

| Bone marrow | | Monocyte replenishment

phage populations are established in the heart: TLF* CRMs (purple macrophages in the schematic), which originate from the Yolk sac and fetal liver,
and a second population derived from fetal monocytes, characterized by a MHCII-associated transcriptional program (green macrophages). In the early
postnatal period, hematopoietic-derived monocyte-derived macrophages (red macrophages) progressively seed the heart, exhibiting a CCR2" transcrip-
tional profile and the capacity for self-renewal. In adulthood, the bone marrow continuously supplies and maintains CCR2* CRMs originating from
monocyte progenitors.

1 OBESE B BN RAR A SRIE K 53 BU (5 i BioRender i 1 T25 1)

Fig.1 Origins and subtypes of cardiac resident macrophages (created with BioRender)
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Table 1 Comparison of CRMs (cardiac resident macrophages) subsets

o : UG A EE I
VR RFRIR RECRES PrEY Tissue localization Main functions
Subsets  oveior o Modeof s Tren A R A
mental origin  proliferation
Developmental stage Adult stage Developmental stage Adult stage
TLF* Yolk sac/ In situ pro- TIMD4,  Subepicardial space, Myocardial Promotes cardiomyo- Clears damaged
MHCII"® fetal liver liferation LYVEIL,  perivascular and peri- wall, around cyte proliferation/matu-  mitochondria
FOLR2 lymphatic regions coronary ration
arteries and Promotes vascular/lym- ~ Maintains
lymphatics phatic formation metabolic
Regulates valve devel-  and immune
opment homeostasis
TLF Yolk sac/ In situ pro- — Myocardial intersti- Myocardial Maintains tissue ho- Maintains tissue
MHCII® fetal liver liferation tium wall, near coro- meostasis homeostasis
nary arteries
MHCII™ Fetal liver, In situ pro- MHCII Distal regions of car- Myocar- Participates in cardiac Maintains elec-
supplement-  liferation, diac valves dial wall, immune surveillance trical conduc-
ed by monocyte- nerve bundles, tion homeosta-
circulating derived atrioventricular sis
monocytes replenish- node Distal valve tissue Participates in
ment remodeling cardiac immune
surveillance

AW FCEE T AN Z TG CRMsHET fiy 44 U SEAURFAE R4 M TLFY/TLF- CRMsWERE, 5 LR TE 4> 725 R4 (MMHCIT/MHCIM R, #9543
RUTE Dy e AR b0 5 v B BL( AN TLF % S MHCIT R AY), (85 25 I 3F 1 55 [, 7 LUBOAS R FE I T2 11X 4 s S5 k4

Existing studies have named CRMs (cardiac resident macrophages) based on different criteria: transcriptional features define TLF*/TLF~ CRMs sub-
sets, whereas surface marker expression defines MHCII"/MHCII" subsets. These two classification schemes generally correspond closely in terms of
function and origin (e.g., TLF* cells often exhibit an MHCII® phenotype), but they are not strictly equivalent. Therefore, caution should be taken when

comparing definitions and criteria across different studies.

Angiogenesis and
lymphangiogenesis

Cardiomyocytes
proliferation

Valve morphogenesis
and maturation

TE/NBIEIE B B R rhr, CRMsIE I 734 A DR A P20 it i, 5o 0 42 o JU LT L R 009 0 5 it RTINS, e VT i R s 2 81, 4R
BETRLR B0k s A g IR L A B, e ok T R o I R ) I TR S R A

During mouse embryonic development and maturation, CRMs precisely regulate cardiomyocyte proliferation and maturation through the secretion of
growth factors and direct cell-cell contacts. At the same time, they promote coronary artery maturation and lymphangiogenesis via cytokine release, and
ensure proper cardiac valve morphogenesis by clearing apoptotic cells.

E2 OBELE B E N YRR ERS & B X R BY1E R (£ I BioRender T4 )
Fig.2 Roles of CRMs during embryonic development and maturation
(created with BioRender)
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In the adult heart, CRMs maintain cardiac homeostasis through multiple mechanisms. In electrical conduction, they form electrical coupling with car-

diomyocytes via Cx43 (connexin 43)-mediated gap junctions, ensuring normal heart rhythm. In metabolic regulation, CRMs maintain metabolic balance

by clearing extracellular vesicles containing damaged mitochondria released from cardiomyocytes through the MerTK (Mer tyrosine kinase) receptor.

In immune regulation, they effectively control cardiac inflammation by suppressing infiltration of inflammatory cells and promoting polarization of re-

parative macrophages.

E3  pRAOBELE EE B 4H B R T RE (1 F BioRender.comi# 1 T42 1))

Fig.3 Functions of adult CRMs (cardiac resident macrophages) (created with BioRender.com)
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33 HFHOREEMIMETE

CRMsilid 2 240, 28 B% I 2 A L],
FEAERR O S AR A Th RO OAE R, 2R IAE
X 9% A IR S A R R A Ak DL e g2
WA T W RS IR 4% o 1 2 VA 9 JORE 4 LR
T 0 B JORE SR CRMSTE i) 78 9ikt 40 i 52 5
ST B A EEN R EER . SEIR AR
W], CRMsiil 2k 23 B4 3 B i — - v 405 Ja A
o7 210 R B AZ 4 B I DR VR I 5 T (R b S A
FERE B | B 44000 JIE CRMs T 5| K 5l 35 38 5
HIHE R SR, $78 CRMSTE 1] S RE 4 ik B B 45
Y e 0 S T 52 U7 TR AT BRI R FH BV it
b, TEB A AR B e, CRMIstR AR 1T 75 5
AR 2 L ) B R PR A2 6 R AR AL, E— P O IR
RS NI OO WU H BB JL R R A
BAZ/E R Y, HERR % P4 CRMs) /B
W40 R S R R GRS Al . (E BRI — P 4 1
RAFTERR CRMs, 2115 S CCR2 2 KRIEE
Wik 2P0 i T BT 5 PR {2 9% R AU AR A, [R] A G 5 LA S 8
(RIH4GERE /T, IITTBOR 28 RE IBLB7 . A, #£ CRMSs
DhRe e B s OL S, Fon] i 2 b 2 P G 5 U 4 [
T, $i CCR2E 7 B! B4R M ()4 38, FEIEit )
B M2R AL AL, WA R T RRETHIR S 25
08, thAh, CRMsIEfg 53 il Sy 1 1 K7, Mt
RIS 720 FHLHIE T, CRMsIE L 733 2 Fi 56
BIMRA TS5 0BRSS R K4, a4
Jfi /2 -10(interleukin-10, 1L-10)%& 3% X E AR 7E H -
— 7 @IS A H miR-375_EHPDK 1/AK T/ 518 B4 3%
P, AR 8 AR B S A7 5 59—y e # ) v]
T (e 28 A7 mRNA [ HuR & [ (IR IE , 0o %
SN UM T S A ARG, AL, CRMs A1)
TGF-BIES 518 5 Ja #id@ i H Az fm A, i —
20 K AR 45 90 s L IR MR AR A, R b 0 T 4 21
BE SEEREREN, 2 F CRMsIE ] 4 5 40 i
VR RS ANV A/ e AT R AR A DA R 43 ik
ZRRE PR R T, LR E D2 EHR M
P2, T LSRR O T S T SR R D A5 P, B 1k
PORE RAE AL RO 5 A P .

4 REERE
O JIFE B B I 4 i (CRMEs) 5 706 34 Sk s 5 I 4
A4 5 JURE PR S I A PR R AR, SRR O i PR RS
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HZ MBI R A SRR, (HRRAE R M)
e EPIRF E AR R A RE I . O IELE B
SN O IR B AR R R E R, T
SRS 1 W 248 B DO A 9 DG He 2 JOE S B o A 4% 2 3
YER

45T CRMAE /O JIE A2 21 5 0 B (1) 4% 0 AT
1A CRMSFRIVR YT ST F2 LR T il B0l R A I 552
H A RS ALHE: M CRMs DAZERE AR, i,
W FEAIE 5 5 HUER A4 PAMB-G R #4101 i) MAPK
B (P38 INK)IJE AR Cx43 1K 1, ATk
S5 o UL 1) 308 TR 22 A s B Y, 48 58 CRMs HA i
FEAEH (efferocytosis), BIJEFRIFT- 40 E 7, DA
T i Ca JULARE B8 45 5200 J5 980 1R Vi B I D5 3 0 I B
IR0 DL KR RN 22 e 48 SR U 110 O JUE — L IR 4
403 A (human pluripotent stem cell-derived heart-
macrophage assembloid, hRHMA)%E# R | fEAR 4k
W UE S 2 G Je— O BLAE, WL g AT A2 P i ik 42
P G, SR, TX eSS T 1 2 Phik, B2
SO JIFE 15 W8 0 0 A7 o 52 5 o M A P 28 o] S 30
XA € CRM s ME )RS YHE A i 717 AN 38 B At B 922 4
AT R Ar TREB (R B ARSI . H X o0 JUE B B R
AL (CRMs) R TH AR Y O AA T HZIRAKIA
PR B S B R K (R T I 2L 22 R, B
SIS CRMsIEAE I SERG AN E , It — A &gk
AR U BRI, SCBIRTT 259 /FE K AE O I CRMs
R R IR, AT HES)HE [ CRMSs YT %

NFERHAIT T3 17 i A S FH o
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