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In adult mice, myocardial infarction (MI) activates the cardiac lymphatics,
which undergo sprouting angiogenesis (lymphangiogenesis), drain
interstitial fluid and traffic macrophages to mediastinal lymph nodes
(MLNSs). This prevents edema and reduces inflammatory/fibroticimmune
cell content toimprove cardiac function. Here we investigated the role of
cardiac lymphatics and macrophage clearance across the neonatal mouse
regenerative window. The response to injury revealed limited lymphangi-

ogenesis and clearance of macrophages from postnatal day 1 compared

to postnatal day 7 infarcted hearts. This coincides with the maturation

of lymphatic endothelial cell junctions from impermeable to permeable
and with altered signaling between lymphatic endothelial cells and
macrophages. Mice lacking the lymphatic endothelial receptor-1(LYVE-1),
where macrophage lymphatic trafficking is impaired in adults, experienced
worse long-term outcomes after Mlinduced at postnatal day 1, suggesting
analternative role for LYVE-1in macrophages. Macrophage-specific deletion
of Lyvel during neonatal heartinjury impaired heart regeneration. This
study demonstrates thatimmature cardiac lymphatics are impermeable
toclearancein early neonates, ensuring retention of pro-regenerative
LYVE-1-dependent macrophages.

Duringadult homeostasis, the cardiac lymphatics function to modulate
tissue fluid and immune surveillance, analogous to the systemic lym-
phaticsthat pervade thebody. Afterinjury, such as myocardial infarc-
tion (MI), they undergo lymphangiogenesis by growing and expanding
into theinfarcted area'*. The epicardium and pro-inflammatory mac-
rophages secrete vascular endothelial growth factor C (VEGFC), which
drives lymphangiogenesis and extensive remodeling of the cardiac lym-
phatic network?>*. Ml triggers animmune response, whereby infiltrating
phagocyticcells, such as neutrophils and macrophages, remove dead

tissue and debris, assisting with the subsequent remodeling and repair
oftheinfarcted heart. Highnumbers and persistence of immune cells,
however, contribute to further fibrosis and pathological remodeling
and, ultimately, progression to heart failure (reviewed in ref. 5). The
endogenous response to Ml of increased lymphatic growth attempts
to reduce tissue edema and immune cell load, targeting clearance of
neutrophils, macrophages, dendritic cells and T cells, whichis neces-
sary for effective tissue repair®*. However, the response is insufficient
to clear the elevated fluid and excessive immune cell infiltrate, which
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cumulatively results in chronic inflammation, fibrosis and impaired
heart function (reviewed in ref. 6). This has prompted attempts to
increase lymphangiogenesis and lymphatic functionin the injured
heart. Augmentation of the lymphangiogenic response with admin-
istration of recombinant VEGFC-C156S, which specifically interacts
with VEGFR3, improves cardiac function after Mlin animal models, as
assessed by echocardiography and cine magnetic resonance imaging
(MRI)*?. Intraperitoneal injection of recombinant VEGFC-C156S after
Mlin mice increased macrophage clearance via a LYVE-1-dependent
mechanism®. LYVE-1is highly expressed at the surface of initial lymphat-
ics and interacts specifically with the ubiquitous glycosaminoglycan
polymer hyaluronan that coats the surface of phagocytic immune
cells, where it facilitates vessel entry’”'°. Engagement of LYVE-1 with
the long chains of hyaluronan involves an unusual sliding interaction
that mediates the docking and transmigration of dendritic cells and
macrophages to dermal lymphatic vessels®**"'? and has a similar role
in the injured adult mouse heart’.

In contrast to adult mammals, which are incapable of functional
recovery after heart injury, the neonatal mammalian heart has an
evolutionarily conserved regenerative capacity (reviewed inref.13).In
mice, the heart fully regenerates after Ml at postnatal day1(P1), whereas
the same injury at postnatal day 7 (P7) leads to fibrotic scarring'*".
Anecdotalevidence from clinical case reports has described analogous
cardiacregenerationin humaninfants after Mlin utero caused by con-
genital heart disease'®”. In neonatal mice, the macrophages found in
theintact heart at early postnatal stages are primarily tissue-resident
CCR2™ macrophages that originate from embryonic sources and are
maintained through local proliferation'®°, By contrast, circulating
CCR2"monocytes and monocyte-derived CCR2* macrophages preva-
lentinadulthood contribute minimally to the cardiac monocyte-mac-
rophage population at these stages'®*. In response to cardiac injury
in neonates, tissue-resident CCR2™ macrophages expand in number,
withoutadditionalinfiltration of CCR2" monocytes'®. General depletion
of macrophages following clodronate liposome treatment after Ml at P1
inhibited cardiac regeneration, resultingin fibrotic scar formation with
significantly depressed cardiac function®. This lack of regeneration was
attributed to impaired coronary angiogenesis®, which is consistent
with the growing evidence supporting direct and indirect macrophage
contributions to blood vessel growth and vascular plexus formation®.

The essential function of tissue-resident macrophages in heart
regeneration in neonatal mice” together with the immunomodula-
tory role of lymphatic vessels in the adult mouse heart® prompted
our present investigation into how the cardiac lymphatics respond
in the regenerative setting and to what extent the cardiac lymphatics
interact with macrophages in injured neonatal mouse hearts across
the P1-P7 window. The stage-dependent response of lymphatics and
their trafficking of immune cells, specifically macrophages, during
neonatal heart regeneration and the transition to fibrotic repair have
notbeenstudied to date. Inthe present study, we quantified the expan-
sionof'thelymphatic vascular network after birth toreveal growth and
sprouting until postnatal day 16 (P16). We further investigated the lym-
phangiogenicresponse and macrophage trafficking efficiency of neo-
natal cardiac lymphatics after Ml, using combined three-dimensional
light-sheet and confocal imaging alongside adoptive transfer of splenic
hCD68-eGFP-labeled monocytes. The injury response revealed a lack
of lymphangiogenesis and less efficient clearance of GFP-labeled cells
to MLNs 7 days post-injury (dpi) in P1 compared to P7 hearts. This was
consistent with the need to retain pro-regenerative macrophages at
P1relative to invoking clearance of pro-fibrotic macrophages at P7, as
recapitulates the adult injury and lymphatic response. The impaired
clearance may be explained, in part, by the maturation status of lym-
phatic endothelial celljunctions and the developmental transition from
‘zippered’ (impermeable) to ‘buttoned’ (permeable) junctions during
thefirst2 weeks of life. To gain insight into the molecular underpinnings
of lymphatic endothelium-macrophage interactions in P1 versus P7,

we generated unbiased single-cell RNA sequencing (scRNA-seq) data-
sets from neonatal hearts collected at different timepoints after Mland
observed altered lymphatic endothelial cell (LEC)-macrophage signal-
ing. Notably, thisincluded reduced expression of the lymphangiocrine
factor reelin (RELN)? in P7 versus P1 hearts, consistent with impaired
regenerative potential. Finally, we explored the possible involvement
of the lymphatic entry receptor LYVE-1in early neonatal heart regen-
eration. Here, we anticipated that LYVE-1 would not play arole given
that trafficking of pro-regenerative macrophagesis redundant at early
stages; however, we observed that global Lyvel deletion resulted in
impaired regeneration, persistent scarring and loss of cardiac func-
tion, suggesting afunctioninadistinct lineage to that of the lymphatic
endothelium. Conditional macrophage-specific targeting of Lyvel
revealed that this dependence was due to a previously unappreciated
rolein tissue-resident macrophages, maintaining this populationinsitu
to inhibit infiltrating pro-inflammatory/fibrotic monocytes and pro-
mote coronary angiogenesis to facilitate heart regeneration.

Results

Postnatal development of the cardiac lymphatics

The heart grows substantially during postnatal development, from
an average area of 2.5 mm? at P1 to 10 mm? at P16 (Extended Data
Fig.1). Tovisualize the lymphatic network, we used 5-bromo-4-chloro-3-
indolyl-B-D-galactosidase (X-Gal) staining of the knock-in mouse line
Vegfr3"-%“ (ref. 24), which revealed a concordant expansion of the
network across postnatal stages P1-P28 (Extended Data Fig. 2a). At P1,
lymphatics were located near the base of the heart on the ventral side,
whereas, onthe dorsal side, they extended toward the apex, proximal
to the major coronary veins. During the first week of postnatal devel-
opment (from P1to P9), no sprouting of new lymphatic vessels was
observed on either the ventral or the dorsal side of the heart, as quanti-
fied by three-dimensional rendering of confocal and light-sheetimages
and use of ImageJ and AngioTool software (Extended DataFig. 3). During
this period, cardiac lymphatic length increased with organ growth to
establish full coverage from base to apex on the dorsal side and incom-
plete coverage on the ventral side of the heart. The reduced length
and coverage of vessels on the ventral versus dorsal side is consist-
ent with delayed lymphatic development during embryonic stages'.
Also, a small number of isolated VEGFR3' cells were noticeable on
the dorsal side of the heart, which were not connected to the already
established lymphatic vasculature at P1and P3. These resembled the
isolated LECs that have been described to contribute to the cardiac
lymphatic networkin zebrafish and mammals through a process termed
lymphvasculogenesis®. From P11, the first sprouts of vessels were vis-
ibleonboththe sides of the heart. These sprouts continued expanding
until they formed a complex network of vessels that appeared fully
developed by P28. This pattern of lymphatic growth was consistent
across samples, becoming established via a dense network of vessels
on the dorsal side near the apex at P14 and fully shaped by P28. A fur-
ther constant feature was the presence of areas that were depleted of
lymphatics, suchasthe apex onthe ventral side and the right ventricle
onthe dorsalsside.

Immunostaining for VEGFR3 in CD1 wild-type (WT) hearts was
carried out to validate the results from the X-Gal staining of Vegfr3":4*
mice at different postnatal stages (Fig. 1a-d). VEGFR3" lymphatics
fully covered the heart by P14, indicating that sprouting occurred at
an earlier timepoint and with greater efficiency. Moreover, lymphat-
ics on the dorsal side of CD1 hearts continued expanding concur-
rently with cardiac growth at least until P21. Further quantification
of VEGFR3-immunostained lymphatics from the dorsal side hearts
revealed anincrease inthetotal vessellength from 15 mmatP1to175 mm
atP21(Fig.1e), inline with continuous growth, and the total number of
endpointsincreased from 50 vessels at P1to 500 vessels at P14, indicat-
ingincreased complexity of the network (Fig. 1f).iDISCO optical clearing
was used to assess lymphatic structure at depthinuninjured WT hearts
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Fig.1| Growth of the lymphatic network from P1to P21. Whole-mount antibody
staining for VEGFR3 confirmed that cardiac lymphatics grow and sprout
extensively during postnatal development. Although little growth or sprouting
was observed in the first week of postnatallife (a,b), by P14 a dense network of
lymphatic vessels had formed covering the entire dorsal side of the heart (c).
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This network continued growing in proportion to overall heart expansion (d).
Quantification of cardiac lymphatics on the dorsal side confirmed that thereis a
significantincrease in total vessel length and total number of endpoints during
the second week of life (e f). Data are presented as mean + s.e.m.; n =5 for each
timepoint. Scale bar, 500 pum.

atP1,P7 and P14 (Extended Data Fig. 2b-j). This analysis confirmed that
lymphatics are present mostly inthe outer cardiac surface throughout
theregenerative period and supported the examination of lymphangi-
ogenesis by whole-mount staining (Fig. 1a-d).

Comparingthe expanding networks on the dorsal and ventralsides
of the heart revealed different growth dynamics across the postnatal
period (Extended Data Fig. 3g,h). The mean length and number of
individual vessels increased marginally from P1 (dorsal: 21 mm and
83 vessels; ventral 13 mm and 52 vessels) to P11 (dorsal: 33 mm and 98
vessels; ventral 25 mm and 98 vessels), suggesting limited growth and
sprouting. Consistent with the visualization of lymphatic sprouting
after P11, there was a significant increase in total vessel length on the
dorsal side from 33 mm at P11 to 66 mm at P14 (P< 0.001) and from
66 mm at P14 to 91 mm at P16 (P < 0.01). On the ventral side, vessel
length increased from 25 mm at P11 to 52 mm at P14 (P < 0.011) and
from 66 mm at P16 to 96 mm at P21 (P < 0.005). Also, the total num-
ber of endpoints increased significantly on the dorsal side, from 98
vessels at P11 to 273 vessels at P14 (P < 0.001). A trend toward smaller
total vessel length on the ventral side was observed throughout early
postnatal development, which was statistically significant at P16 with
91-mm vessel length on the dorsal compared to 66-mm vessel length
onthe ventral side (P=0.009).

To uncover potential molecular changes in the lymphatics dur-
ing postnatal development, quantitative polymerase chain reaction
(qPCR) was conducted using primers specific for a panel of known
lymphatic markers and whole-heart samples (Extended DataFig.4). The
gene expression levels for the majority of lymphangiogenic markers
revealed two peaks during postnatal development, one at P2-P3 and
oneatP7-P9 (Extended Data Fig. 4a-e). At P2-P3, the expression levels
of Prox1and Nrp2 and the ligands Vegfc and Vegfd doubled compared

to PO. Subsequently, expression levels dropped for Prox1, Vegfc and
Vegfd and remained stable for Nrp2 until P6. Thereafter, expression
levels of Vegfc (P=0.007) and Nrp2 (P= 0.036) increased significantly
from P6 to P7, and Vegfr3, Vegfd and Prox1 doubled at P8-P9 com-
pared to PO. After P11, the expression levels of all genes decreased,
except for Nrp2, which remained elevated. Specifically, expression
of Vegfc (P=0.014) and Vegfd (P = 0.04) declined significantly from
P11 to P14, and expression of Vegfr3 and ProxI returned to nearly PO
levels. Expression of Pdpn remained relatively stable during postnatal
stages (Extended Data Fig. 4f), with asignificantincrease (P < 0.001) at
P9 compared to P8 and a subsequent significant decrease (P=0.016)
to baseline levels at P14 compared to P11. The increased expression
of lymphatic markers at P2-P3 correlates with the expansion of car-
diac lymphatics observed with neonatal heart growth, whereas the
increased expression levels at P8-P11 correlated with the lymphangi-
ogenic sprouting observed after P11.

Analysis of genes involved in lymphatic function, rather than
development, revealed a different pattern (Extended DataFig. 4g,h).
For example, the expression levels of Ccl21 (Extended Data Fig. 4g),
the gene coding for the LEC-secreted chemokine CCL21 (chemokine
(C-C motif) ligand 21), responsible for recruitment and lymphatic
endothelial transmigration of leukocytes into the lymph®2%%,
increased two-fold at P2 compared to PO and returned to baseline
levels by P6. At P7, there was a further significantincrease (P < 0.001),
which remained stable until P14, after which there was another sig-
nificant increase (P < 0.001) at P21. From P21 until adulthood, the
expression levels of Ccl21 remained stable, with an eight-foldincrease
compared to the baseline. Similarly, expression of Lyvel increased
significantly (P < 0.001) at P21 compared to P14 and remained
stable into adulthood, with a two-fold increase compared to PO
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Fig. 2| P1versus P7 cardiac lymphatic responses immediately following MI
and 7 days after Ml compared to intact P8 and P14 hearts. Injured hearts

were harvested at P1and P7 immediately after Ml surgery to visualize the initial
response of the lymphatic vessels and macrophages (a,c). Macrophages were
evenly distributed across all areas of the heart, suggesting that theimmune
response to injury had not yet fully initiated (a,c). Lymphatics extended from
the base to apexinboth P1(b) and P7 (d) hearts. During ligation, the suture
captured lymphatics located in the area of injury (asterisk in second panel of b
and d). Whole-mount immunostaining of C57BL/6 hearts for VEGFR3, combined

e f
P8

Cardiac area
PIMI7dpi

0.005

Area of the heart
(mm?)

CIVCN
] {\bQ
N

Cardiac area

Area of the heart

withlight-sheetimaging (e,g). Intact P8 hearts compared to 7 days after Ml at
P1revealed alimited lymphangiogenic response after injury (e). By contrast,
comparing P14 intact with P7 hearts 7 days after Ml revealed expanded VEGFR3*
lymphatic vessels covering theinjury site (g). There was a significant increase
inthe heart size after Ml at both P1and P7 compared to the respective control
stage (fh). Asterisk indicates suture site. LA, left atria; RA, right atria. Dataare
presented as mean +s.e.m.n =2 for each timepoint (a-d); n =12 for P8, n =4 for
P1IMI7dpiinf; n=7for P14, n =4 for P7MI7dpi in h. Significant differences were
calculated using an unpaired, two-tailed Student’s ¢-test. Scale bar, 0.5 mm.

(Extended DataFig. 4h). Lyvel was the only gene to decrease two-fold
in expression levels between P3 and P7.

Taken together, these results reveal the expansion of the lymphatic
network and concomitant molecular changes during postnatal devel-
opmentand highlight different spatiotemporal behavior of lymphatic
vessels on dorsal versus ventral sides of the heart coincident with
functional maturation at later stages (P28).

The cardiac lymphatics respond differently to Ml during
regenerative (P1) versus fibrotic (P7) wound healing
To examine the response of neonatal cardiac lymphatics after MI, the
left anterior descending (LAD) coronary artery was surgically ligated
inhCd68-eGFPmacrophage reporter at either P1or P7 stages. Initially,
hearts were harvested within30-60 minutes after LAD ligation, termed
0 dpi, andimmunostained for VEGFR3 to visualize the lymphatic vascu-
lature in conjunction with hCD68-eGFP* macrophages. The lymphatic
vessels expanded from the base of the heart to the site of injury at O dpi
inboth P1and P7stages (Fig. 2a-d). The developing lymphatic network
had more vessels and was morphologically more complex at P7 than
at P1 (compare Fig. 2b to Fig. 2d). At O dpi, the macrophage response
had notyetinitiated, as there was no obvious change inhCD68-eGFP*
macrophage representation (compare Fig. 2a and Fig. 2c).

In adult mice, cardiac lymphatics respond to the site of injury by
7 dpi'>. Thus, infarcted P1and P7 hearts were sampled 7 days after
surgery and compared to equivalent intact (non-infarcted) stages
(P8 and P14; Fig. 2e-h). Whole-mount light-sheet imaging of hearts
stained for VEGFR3 revealed limited lymphangiogenic response at
the site of injury after P1 MI compared to intact age-matched control

P8 hearts (Fig. 2e,f). Higher magnification revealed a limited presence
of lymphatics proximal to the suture site ininfarcted P1hearts; alarge
vessel expanding frombelow the left atria to the injury site was consist-
ently present, but this was also evident in P8 intact hearts, suggesting
that thisdid notforminresponsetoinjury (Fig. 2e). By contrast, there
was a clear lymphatic response in P7 Ml hearts at 7 dpi, and higher
maghnification revealed an expansion of lymphatics surrounding the
suture area (Fig. 2g). The remainder of the lymphatic network onboth
dorsal and ventral sides of the heart appeared underdeveloped in P7
infarcted hearts at 7 days compared to P14 intact controls (Fig. 2g).
Theseresults suggest alocalized lymphangiogenic response at the site
of injury, whereas the normal developmental program is delayed or
compromised in remote areas, reflecting the global impact of myocar-
dialischemia. Notably, the size of hearts was significantly larger 7 days
after Mlin both P1 and P7 mice compared to the intact age-matched
control P8 and P14 mice (compare Fig. 2f and Fig. 2h). Thisis likely due
to myocardial hypertrophy and/or increased edema resulting from
the cardiac injury, as previously reported in the adult mouse heart>.
To further visualize the response to Ml at P1 versus P7 stages and
to document the macrophage response, hCD68-eGFP mice were sub-
jected to Ml surgery, and transverse serial sections of injured versus
intact hearts were stained for lymphatic markers PDPN and LYVE-1
and imaged using confocal microscopy (Fig. 3). In both P8 and P14
intact hearts, lymphatics were found widely distributed throughout
the subepicardial space of the heart, and GFP* macrophages were not
co-localized with the vessels (compare Fig. 3a-e and Fig. 3k-0). After
injury,amoderate PDPN*and LYVE-1*lymphangiogenic response was
seen at P1 (Fig. 3f-j), which was more substantial after injury at P7
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(Fig. 3p-t), consistent with the different levels of response observed
inwhole-mountimaged hearts (Fig. 2). Lymphatic vessels were found
near the suture site after Ml at both P1 and P7; however, they were
denser and more expanded in terms of lumen size in the infarcted P7
hearts (Fig. 3u; also compare Fig. 3f-j to Fig. 3p-t). Ml at both P1and
P7 resulted in an increased concentration of GFP* macrophages at
7 days, which were extensively localized proximal to the site of injury as
compared to P8 or P14 controls (compare Fig. 3h to Fig. 3cand Fig. 3p-t
to Fig. 3k-o; Fig. 3v).

Collectively, these results revealed modest lymphangiogenesis
after Ml at P1, whereas, at P7, the expansion of the lymphatic vessels
proximal to the infarct was significant, mimicking the adult heart
response'”. Injury at both stages resulted in an accumulation of CD68"
macrophages, co-localized with the lymphatic vessels at the injury site.

The cardiac lymphatics at P1do not function to clear
macrophages after injury

To assess whether the neonatal cardiac lymphatics function to clear
macrophages fromtheinjured heart to draining lymph nodes, we car-
ried out adoptive cell transfer of hCD68-eGFP monocytes into injured
WT donors. Splenic hCD68-eGFPmonocytes were isolated from adult
mice, to ensure that they were competent to be trafficked, and approxi-
mately 3 x 10* cells were injected into the myocardium of CD1 P1and
P7 recipient mice at the time of Ml surgery (Fig. 4a). The hearts and
MLNs were harvested at 7 dpi and imaged to identify both engrafted
and cleared GFP* macrophages (Fig. 4a). GFP* macrophages were pre-
sent in all hearts and were located predominately at the site of injury
in both P1and P7 mice, confirming successful adoptive transfer and
engraftment (Extended Data Fig. 5a-d).

PDPN staining was used to confirm the identification of the MLNs
in early postnatal mice and was localized to both the periphery and
central areas of the isolated lymph nodes (Fig. 4b,c). MLNs were also
stained with an antibody against the pan-monocyte/macrophage
marker CD68, which revealed that only a small number of GFP* mac-
rophages were identified in the MLNs of mice that underwent Ml at P1
(Fig.4b’), whereas large clusters of GFP" macrophages were evidentin
the MLNs of mice that underwent Ml at P7 (Fig. 4c’).

To further validate the adoptive transfer data, and to extend the
analysis more specifically to tissue-resident macrophages, MLNs were
isolated from hCD68-eGFPand CX3CR1-eGFPinjured and control mice.
CX3CRI-eGFP was previously shown to mark tissue-resident mac-
rophages (reviewed in ref. 28). The MLNs were sectioned, and images
were acquired for quantification of the CD68* or CX3CR1" macrophage
numbers inrelation to the lymph node size (Fig. 4d-k). The presence
of bothCD68" and CX3CR1" macrophagesin MLNs 7 days after Ml at P1
was not significantly different compared to intact P8 hearts (compare
Fig.4d’toFig.4e’ and Fig. 4h’ toFig. 4i’; Fig. 4l,m), whereas CD68"and
CX3CR1" macrophage numbers were significantly elevated after Ml
atP7(20.1% and 10.6%) compared to P14 intact hearts (6.4% and 2.8%)
(P<0.05) (compareFig. 4f"toFig. 4g’ and Fig. 4j’ to Fig. 4k’; Fig. 41, m).
Staining for F4/80 facilitated delineation of macrophages from den-
dritic cells and confirmed the increased presence of macrophages
withinthe afferentlymphatics, draining to the MLNs, at 7 days after MI
atP7butnotatP1(Fig.4n). Furthermore, MLNs were also examined in

Lyvel knockout (KO) mice 7 days after Ml at P7, when macrophages are
observed toaccumulateinthe WT setting (Fig. 4n), revealing disrupted
lymphatic trafficking and an absence of macrophages within the affer-
ent lymphatic lumen compared to WT controls.

To exclude the possibility that the increased CD68" and CX3CR1*
macrophage numbers found in the MLNs after Ml at P7 was due to a
proliferative response of lymph-node-resident macrophages, MLNs
were stained with the proliferation marker phospho-histone H3 (PH3;
Extended Data Fig. 6a-0). Macrophages were found to proliferate in
the subcapsular sinus of MLNs from bothintact (P14) and P7 infarcted
mice after 7 days (Extended Data Fig. 6c,f). However, most CD68"
and CX3CR1" macrophages were localized to the medullary sinus and
were negative for PH3 (Extended Data Fig. 6b,e,g-0). The absence of
PH3" macrophages from the medullary sinus of MLNs in mice after
Ml confirms that the elevated number of GFP* macrophages from the
adoptive transfer experiments arose from lymphatic-based clearance
fromthe heart to the lymph nodes.

Takentogether, these datareveal that cardiac lymphatics signifi-
cantly clear CD68*, CX3CR1"and F4/80" macrophages via the afferent
lymphatics to the draining MLNs after MI at P7 but do not clear mac-
rophages frominfarcted P1 hearts.

Morphological changes in cardiac lymphatic endothelial
cell-celljunctions at P1versus P7

A potential explanation underlying the differential ability of the car-
diac lymphatics to traffic macrophages at P1 versus P7 after injury
may arise from continued developmental changes to the lymphatic
vasculature during the immediate neonatal period after birth. LECs
have specialized intercellular junctions with different degrees of cell
permeability, termed buttoned and zippered junctions®. In the lungs
and trachea, the junctions of initial lymphatics undergo transforma-
tion during postnatal development, replacing tightly zippered with
discontinuous, more cell-permeable button-like junctions, compris-
ing mostly the same junctional proteins®. To study the junctions in
initial lymphatics of the neonatal heart, we performed comparative
immunostaining for VE-cadherin, whose expression is maintained in
zippers, and LYVE-1using high-resolution confocalimaging (Fig. 5). At
P1, the initial lymphatics contained predominantly zipper-like junc-
tions with continuous VE-cadherin expression and no gaps between
neighboring LECs (Fig. 5a-c). By P7, button junctions were evident,
defined as discontinuous approximately 3-pum gaps in VE-cadherin
expression®>*, albeit still with a proportion of zippers (Fig. 5d-f);
however, by P14, the junctions were predominantly button like, with
discontinuous VE-cadherinand gaps between adjacent LECs (Fig. 5g-i),
with the percent incidence of each junction type in Fig. 5j quantified
as previously reported®. Thus, there is a transformation from zipper
throughintermediate to buttonjunctions occurring between P1and P7,
whichisstill ongoing by P14, representing adynamic changeinjunction
morphology, which continues during later stages of postnatal heart
development. The majority zipper junction phenotype at P1 would
effectively exclude immune cell clearance after injury at this stage,
whereas the appearance of button junctions by P14 corresponds to
7 days after Ml at P7 and supports clearance at this stage, consistent
with our adoptive transfer experiments (Fig. 4).

Fig. 3 | Lymphatic vessel expansion and macrophage accumulation at the site
of injury. Serial sections and immunostaining for PDPN and LYVE-1inintact P8
(a-e) versusinjured hearts at P1 (day 7 after MI; f-j) and in intact P14 (k-0) versus
injured hearts at P7 (day 7 after MI; p-t) confirmed the limited lymphangiogenic
response relative tointact P8 and P14 controls (compare a-eto f-jand k-o to
p-t) after Ml at P1compared to P7 (compare g-jto q-t). There was anincreased
number of [ymphatic vessels with dilated lumen in P7 Ml samples compared to
the P14 intact controls (compare btogand1to q). hCD68-eGFP* macrophages
were enriched at the site of injury after Mlat P1and P7 (handr). Suture is visible
through autofluorescence in f-h andj. Quantification of cardiac lymphatic

lumen (u). Quantification of macrophage density (v). b-e, magnified view of a
box; g-j, magnified view of fbox; -0, magnified view of k box; q-t, magnified
view of pbox. Data are presented as mean + s.e.m. n = 2 hearts for P8, PIMI7dpi
and P7MI7dpi and n =3 hearts for P14 inu. The mean lumen size per timepoint
was calculated from pooled results across hearts as technical replicates. n =8, 27,
24 and 53 for P8, P1IMI7dpi, P14 and P7MI17dpi, respectively, and n = 3 for PIMI7dpi
invand n =4 for P7MI7dpiinv. Significant differences were calculated using one-
way ANOVA followed by Tukey’s multiple comparisons test. Scale bar, 0.5 mm for
a,f, kand p; 0.2 mm for magnified views.
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Fig. 4| Adoptive transfer of splenic hCD68-GFP* monocytes and imaging of
CX3CRI' tissue-resident macrophages reveals different levels of clearance

to MLNs after Ml at P1 versus P7. Schematic of the adoptive cell transfer
approachusing adult hCD68-eGFP transgenic mice as splenic GFP* monocyte
donors, forintramyocardial delivery into recipient neonatal CD1 mice at the
time of Ml surgery to assess immune cell trafficking (a). Immunostaining for
CD68 and endogenous GFP fluorescence in tissue sections derived from MLNs
of P1and P7 mice that underwent MI, determining the presence of cleared
CD68*GFP* macrophages (b’ white arrows and ¢’ white arrowheads). CD68*GFP*
macrophages were substantially reduced in MLNs after Ml at P1compared to
after Ml at P7 (compare b and c). Visualization of endogenous GFP* macrophages
in MLNs from hCD68-eGFP mice confirmed minimal clearance at P1 after MI,
whichappeared increased at P7, compared to the respective intact controls

that contained resident MLN GFP* macrophages (compare d and e and compare

P8 intact P1MI7dpi
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fand g). Similar visualization in CX3CRI-eGFP mice also confirmed minimal
clearance at P1after MI, whichincreased at P7 (compare handiand compare
kandj). Quantification of macrophage numbers in the MLNs validated these
observations and indicated that the difference in clearance at P1 versus P7 was
significant (I,m). F4/80" macrophages visualized within afferent lymphatic
lumens of MLNs after Ml at P7 but not at P1and evidence of macrophage
drainage disruption after P7 Mlin the LyveI”” mutant setting (n). b’-K’ indicate
magnified view of panel boxes. Data are presented as mean £ s.e.m.Inl,n=4
for P8, n =8 for PIMI7dpi, n =5 for P14 and n =7 for P7MI17dpi.Inm, n=7 for P8,
n=_8forPIMI7dpi, n =9 for P14 and n =10 for P7MI7dpi. Magnification boxes
areillustrative. Quantification was conducted across the entire MLN area within
10-um sections. Significant differences were calculated using one-way ANOVA
followed by Tukey’s multiple comparisons test. Scale bars, 50 pm forband c;
0.5 mm for d-k; 20 um for d’-k’; and 250 um for n.
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Fig. 5| Cell-cell junctions of cardiac LECs undergo transformation during
postnatal development. High-magnification confocal imaging of LECs within
vessels stained for VE-cadherin and LYVE-1 enabled visualization of cell-cell
junctions at different postnatal stages (a-i). The morphology of the junctions at
Plappeared to be continuous, resembling that of zippers (arrows in c). Zippered
junctions were also observed at P7 (arrows in f), but there was also the emergence
of discontinuous buttoned junctions (arrowheads in f) as well as those that were
intermediate between zipper and button, indicative of a more cell-permeable
endothelium. The more complete transformation to buttoned junctions was

further evident by P14 (arrowheads ini), although some intermediate and
zippered junctions were still evident at this stage (arrows in i). Quantification of
the percentincidence of the three junction types (zippered, intermediate and
buttoned) across the P1-P7-P14 timecourse (j) reveals the trend in transition
from zippered (impermeable) to buttoned (permeable) during postnatal
development. Macrophage morphology also transformed during this 2-week
period. n=5for Pland P14, n = 2 for P7; lymphatic vessel tips within the visual
field were analyzed, 2-4 per heart. Significant differences were calculated using
unpaired Student’s ¢-tests. Mean percent was plotted. Scale bars, 20 pm.

Distinct molecular signatures and altered signaling between
LECs and macrophages

Tounderstand whether differences observed in the lymphangiogenic
response and immune clearance function of cardiac lymphatics after
Mlat P1and P7 might alsoinvolve an altered LEC molecular phenotype
and/or distinct signaling between LECs and macrophages, we carried
out scRNA-seq at different timepoints using the 10x Genomics Chro-
mium platform (Fig. 6a). Accordingly, the hearts from P1and P7 CD1
mice were harvested 1 day and 7 days after MI, along with their corre-
sponding non-infarcted controls, and the six individual cDNA libraries
were constructed for scRNA-seq. Theresulting datawere analyzedinR
using published Seurat pipelines with automated cluster annotation
and manual consolidation of published gene markers*** for individual
celltypes.

The scRNA-seq datawere analyzed to determine macrophage and
monocyte heterogeneity in the macrophage populations as well as
potentially altered signaling with LECs after Ml at P1 versus P7 stages.
Altogether, 23 clusters of cells with defined gene expression signatures
were identified and visualized across two dimensions using uniform
manifold approximation and projection (UMAP; Extended DataFig. 7a).
This revealed four major clusters: endothelial cells (which included
a smaller subset of LECs), fibroblasts, immune cells as well as mural
pericytes and smooth muscle cells as determined by canonical marker
gene expression analyses (Extended Data Fig. 7b)

Weinitially sought to assess macrophage and monocyte hetero-
geneity in the designated macrophage population as well as poten-
tially altered signaling with LECs after Ml at P1 versus P7 stages. Using
automated cluster annotation and manual consolidation of published

gene markers for monocyte and macrophage subpopulations™, eight
clusters with defined gene expression signatures were identified
(Extended Data Fig. 7c). These included five macrophage clusters
designated Mf1-Mf4, a proliferating macrophage cluster designated
Prol Mf and two monocyte clusters designated Mono and Mono/Mf
(Extended Data Fig. 7c-f). Next, we determined the representation
of the various macrophage subpopulations in the postnatal heart
(Extended Data Fig. 7g,h). In intact P1 and P7 hearts, macrophages
and monocytes made up acombined 3-4% of non-myocyte cell types.
There was a rapid expansion of Mf2 macrophages from 0.65% in the
P1 control to 5.69% 1 day after P1 MI. Similarly, Mf2 macrophages
increased from 0.22% in the P14 control to 5.27% 1 day after P7 Ml,
illustrating the immediate effect of injury on Mf2 expansion at both
stages. A more gradual increase was observed in the percentage
of Mfl macrophages after MI: in the P1 control, 0.91% increased to
1.51% at 1 day after MI, finally reaching 2.26% at 7 dpi and 0.77% in
the P7 control, rising to 1.24% at 1 day after Ml and 2.59% at 7 days
after MI. The percentage of Mf3 and Mf4 macrophages remained
stable at 0.5% across all conditions and timepoints. The percentage
of monocytes was low and similarinintact versus injured hearts at P1
(1.04% inintact controls versus 1.90% 7 days after MI), whereas they
increased significantly with injury at P7 (from 0.7% in intact controls
versus 3.39% at 7 days after MI). This suggests a limited contribution
of monocytes after Ml at P1, in contrast to increased infiltration after
Ml at P7.Finally, there was anincrease in the percentage of Mono/Mf
macrophages from 1.24% in the P1 control to 2.05% at 1 day after MI
beforeit decreased to 0.99% at 7 days after MI. The increase observed
inthe percentage of Mono/Mf macrophages in P7 hearts after Ml was
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Fig. 6 | Expression of gene markers for macrophage and lymphatic endothelial
cell populations. Schematic of the generation of scRNA-seq datasets of control
andinjured P1versus P7 CD1 mice. Hearts were harvested at 1 day after Ml
(P1MI1dpiand P7MI1dpi) or 7 days after MI (P1MI7dpi and P7MI7dpi). For the
intact conditions, the samples were collected at either P1or P7 (Intact P1and
Intact P7). The samples were FACS sorted using 7-AAD to isolate live cells, and
libraries were prepared for sequencing using the 10x Genomics platform (a). For
each timepoint, one library was generated using pooled tissues dissected from
three individual animals to control for differences among individual animals,
surgery and tissue dissociation variations. UMAP plot showing the different
major clusters, ‘heartsClu2’, in two dimensions (b). To validate the clustering,
known lymphatic-associated and macrophage-associated genes were examined

7

-7
7

using the integrated scRNA-seq dataset (c). Unbiased Gene Ontology analysis
identified pathways upregulated in macrophages after injury at P7 compared to
P1(d) and genes potentially driving these pathways (e). Significant differences
between Gene Ontology term enrichment were calculated using Fisher’s exact
test. f, Heatmap of changes in lymphatic endothelial cell gene expression across
conditions. Panel a created with BioRender.com. Clusters: 0-EC1 (endothelial
cells1),1-FB1 (fibroblasts 1), 2-Mac, 3-FB2 (fibroblasts 2), 4-EC2 (endothelial
cells 2), 5-EC3 (endothelial cells 3), 6-FB3 (fibroblasts 3), 7-Granulocytes, 8-SMC
(smooth muscle cells), 9-Pericytes, 10-FB4 (fibroblasts 4), 11-EC4 (endothelial
cells4),12-TC (T cells), 13-FB5 (fibroblasts 5), 14-ECS (endothelial cells 5), 15-EC6,
16-BC (B cells), 17-CM (cardiomyocytes), 18-unassigned, 19-Epi (epicardium),
20-FBé6 (fibroblasts 6), 21-Glial (glial cells), 22-unassigned, 23-Mo (monocytes).
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more gradual, rising from 0.41% in the P7 control to 1.93% 7 days after
MI (Extended Data Fig. 7h).

To distinguish whether the increase in the percentage of Mfl and
Mf2 macrophages observed after Ml across early postnatal stages was
due to proliferation or to monocyte recruitment and differentiation,
the gene expression levels of the top five markers for Mfl, Mf2, Mono/Mf
and Mono clusters were investigated in Prol Mf (Extended Data Fig. 7i).
Prol Mfmacrophages expressed high levels of Mfl markers in all condi-
tions and timepoints, whereas they expressed Mf2 markers mainly 1 day
after Mlatboth P1and P7. By contrast, there was little to no expression
of Mono and Mono/Mf markers by Prol Mf macrophages. Absolute
numbers of cells and differentially expressed genes are included in
Supplementary Table1.

Overall, theseresultsindicate that postnatal hearts are populated
predominantly by two tissue-resident macrophage populations: the
Mf1 population thatis Lyvel;Ccr2 ;Argl” and the Mf2 population that
is Lyvel ;Ccr2";ArgI’. These macrophage populations have a different
temporal response to neonatal MI. Mfl macrophages proliferate during
postnatal development and expand gradually during the first 7 days
after MlatPland P7, whereas Mf2 macrophages expand rapidly through
proliferation1day after Ml at P1and P7 and subsequently decrease.

Macrophages have been described to interact with several cell
populations in intact hearts and after injury®>*, In the present study,
the macrophage interactome was analyzed using the scTalk pipe-
line in R* to determine the expression of known ligands and recep-
tors in all clusters of the postnatal heart. We subsequently focused
on potential signaling between macrophages and LECs that might
promote lymphangiogenesis and/or macrophage clearance in the
postnatal heart. LECs showed substantially more inbound connec-
tions than outbound (Extended Data Fig. 7j,k). By contrast, mac-
rophages were found to have significantly more outbound connections
(Extended Data Fig. 7j,k), communicating with endothelial cells,
platelets, pericytes and all immune cells by paracrine signaling, with
evidence of additional autocrine signaling (Extended Data Fig. 7k).
LECs appeared to communicate primarily with fibroblasts, granulo-
cytes and platelet cells (Extended Data Fig. 7k). Further analysis of
ligands secreted by LECs and macrophages (Extended Data Fig. 71,m)
revealed that Reln was the most prevalent secreted ligand from LECs,
with Angpt2 (angiopoietin-2) and Efnb2 (ephrin-B2) as well as Sema3a
(semaphorin-3A), Tnc (tenascin C) and NtnlI (netrin-1) also among the
top outbound ligands (Extended DataFig. 71). RELN hasbeen described
as cardioprotective after MI>** and more recently as alymphangiocrine
signal important for cardiomyocyte homeostasis and efficient heart
repair and function after neonatal mouse MI*, whereas ANGPT2 and
EFNB2 have angiogenic and lymphangiogenic functions***. As antici-
pated, ligands found to be expressed by macrophages were categorized
based onimmune response-related functions; for example, Ccl7 (C-C
motif chemokine ligand 7) has anti-inflammatory functions, and Ccl2
(chemokine C-C motif ligand 2) is involved in the migration of mono-
cytes and macrophages (Extended Data Fig. 7m).

To conduct pathway enrichment analysis, we reclustered our
scRNA-seq datato obtain pooled macrophage and LEC groups for each
condition (Fig. 6b). To validate our reclustering, we investigated genes
of interest (Fig. 6¢). The expression of Vegfc and Vegfd was negligible in
macrophages and LECs, which likely accounts for the lack of lymphangi-
ogenesis at P1 (Fig. 2e) despite high macrophage accumulation after
MI. Of note, Vegfc/d is not expressed by embryonic macrophages but
is expressed by adult macrophages’. We found the expression of Lyvel
mainly in macrophages and LECs, as expected. The expression of Flt4
(encoding VEGFR3) was elevated in LECs with low-level expression in
some vascular endothelial cells, likely indicating a common venous
origin. Finally, we investigated the expression of the dendritic cell
marker Ccr7 and its ligand Ccl21. We found that our macrophage clus-
ter expressed negligible levels of both, whereas LECs express Ccl21 at
high levels, consistent with our qPCR analysis (Extended Data Fig. 4g).

This, inturn, suggested that dendritic-cell-like populations were essen-
tially undetectable in the injured hearts across conditions, such that
any inference drawn from our trafficking experiments with CD68" cells
canbe exclusively applied to macrophages at the observed timepoints,
as we previously validated by F4/80 staining of the CD68" trafficked
population (Fig. 4n). Subsequently, pathway enrichment analysis of
macrophages was conducted and revealed upregulation of leukocyte
adhesion, activation and proliferation after injury at P7 compared to
P1(Fig.6d,e).

Reclustering our LECs (Extended Data Fig. 7n) facilitated in-depth
unbiased differential gene expression analysis for LECs (Fig. 6f), which
revealed distinct molecular signatures between LECs at P1 versus P7,
with no enriched pathways in the uninjured state, but enrichment of
several pathways and associated genes at P7 relative to P1after injury
(Extended DataFig.70,p).

Finally, potential interactions between ligands and receptors
expressed by LECs and macrophages were examined (Extended
Data Fig. 8a,b). The scTalk analysis revealed only a single potential
interactionbetween the LEC ligand RELN and the macrophage receptor
integrin 1 (ITGB1), which has not previously been described in these
cell populations. Subsequent qPCR analyses suggested that Reln was
downregulated at P7 compared to P1, whereas /tgb1 expression was
unchanged (Extended Data Fig. 8c). We confirmed the gPCR dataat the
level of protein expression by immunostaining for REELIN combined
with LYVE-1, ITGB1 and IBA1L. Here, we examined LECs at 5 days after
Ml following surgery at P2, to be consistent with the stages examined
in the prior study®, compared to 5 days after Ml at P7 and uninjured
controls. Thisrevealed positive staining of ITGB1in IBA1* macrophages
(Extended Data Fig. 8d) and elevated expression of REELIN in LECs at
P2 comparedto P7 at5 days after Ml (compare Extended Data Fig. 8e,f
to Extended DataFig. 8g,h), consistent with arolein the early postnatal
regenerative response and validating the scRNA-seq pathway analyses
(Extended DataFig. 8a).

LYVE-1playsarole in the regenerative response to injury at P1

In addition to an unbiased analysis of putative regulators of LEC-
macrophage interactions, we also took a candidate approach focused
onthe lymphatic endothelial receptor LYVE-1, given its expression by
bothcardiaclymphatics and macrophages during early and later post-
natal stages, as shownin Fig. 5. As we previously reported, global KO of
Lyvel leads to disruption of cardiac macrophage clearance after Mlin
adult mice, attributable to an LEC-autonomous defect that results in
augmented pathological remodeling, increased fibrosis and impaired
cardiac function®. Macrophages are essential for cardiac regeneration
after Mlat P1(ref. 21), and, asshown here, macrophages are cleared less
efficiently after Ml at P1 compared to P7. Consequently, we hypoth-
esized that deletion of Lyvel would not affect resident macrophage
clearancein Plinjured hearts during regeneration but would negatively
impact on the clearance of inflammatory/pro-fibrotic macrophages
during repair at P7 (as in adults®). To test this hypothesis, initially we
studied global Lyvel KO mice comparing Lyvel”” and Lyvel”" animals
after Ml to include functional longitudinal imaging by MRI on day 28
after Ml at P1 or P7 (P1MI28dpi and P7MI28dpi, respectively). Intact
Lyvel”" and Lyvel”” mice were also scanned at day 29 or day 35 as con-
trols for PIMI28dpi and P7MI28dpi, respectively. Left ventricular func-
tion was assessed by measuring the cardiac output, stroke volume (StV),
ejection fraction, end diastolic lumen (EDL) and end systolic lumen
(ESL) (Fig. 7a,b). Other cardiac parameters were also calculated: end
systolic mass (ESM), end diastolic mass (EDM), heart weight (hwt),
heartrate andrelative infarct size (Extended Data Fig.9). Surprisingly,
we observed impaired cardiac function in LyveI” and Lyvel” mice
after Ml at P1 compared to their respective intact controls (Fig. 7a).
Specifically, ejection fraction was significantly decreased 28 days after
Ml at P1in Lyvel”~ mice compared to intact Lyvel”” P29 (P=0.026;
Fig. 7a). Cardiac output was significantly reduced 28 days after Ml at

Nature Cardiovascular Research | Volume 4 | October 2025 | 1258-1276

1267


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-025-00711-4

a Cardiac output StV Ejection fraction EDL ESL
0.0039 0.0058
25 0.0199 50 0.0134 % 0.7493 80 30
0.7291 0.0343 0.8742 0.0759 0.0263 0.0853 0.2003 0.4109 0.0091 0.9905
20 40 ’—\ 80 60
T . . = EX . 20 % . P29 (sha(;n)
£ * PIMI 28 dpi
E 15 I . =0 _I_{, 'I' 8701 J -I- = 40 _I.f} 1 = : P
= jo}
€ {‘ -{- " o : eI' o2 10 _I_ 'I' o
10 20 AR 60 Lo 20 .
ole . .
5 T T 10 T T 50 T ] T T
> N > N 3 N 3™ N
O 4 O 4 O 4 o) 4
& e & & & & & e
o @ o *4 o *4 S *4
@) \ @) v O v O %
b 0.9847 0.1524 0.9376 0.0981 0.3416
% 90 0.9995  0.9547
07828  0.5959 50 7 0.4047  0.9796 0.8291 0.9999 80 1 0.8060  0.9409 30 5 O .
b P35 (sham)
[ 1< 20 f
' S _I. P7MI 28 dpi
= [0
€ o 10
0
A N
S p
<& <
Q 4
o &

ml min™

Percent

Fig. 7| Functional MRI parameters of P1 versus P7 Lyvel KO and macrophage-
specific Lyvel KO hearts 28 days after MI. Plots from longitudinal cine MRI
performed on Lyvel* and Lyvel”” mice 28 days after Ml at P1and P7 as well asin
intact control littermates at comparable P29 and P35 stages (a,b). MRI revealed
significantly reduced cardiac output in P1Lyvel” mice at 28 days after Ml
compared to P29 intact Lyvel”" controls (a). The reduced cardiac output was
even more significant than reductions observed for Lyvel”” mice injured at P7
at 28 days after Ml compared to P35 intact Lyvel”” controls (b). Plots from MRI

¢ P1(tamoxifen)
P2MI 28 dpi

performed on hCD68-CreERT2; Lyvel™ " mice 28 days after Ml at P2 reveal
impaired functional recovery across cardiac output, StV, ejection fraction and
end diastolic volume consistent with a, differing only in end systolic volume

(c). Data are presented as mean + s.d. n = 6 for P29 control, n = 7 for PIMI28dpi
control, n=8for P29 Lyvel”", n =7 for PIMI28dpi Lyvel”", n = 8 for P35 control,
n=7for P7MI28dpi control, n = 8 for P35 Lyvel”", n =10 for P7MI28dpi Lyvel ",
n=7for P2MI28dpi, n =13 for P2MI28dpi. Significant differences were calculated
using two-way ANOVA for aand b and unpaired two-tailed Student’s ¢-test for c.

Plin Lyvel” mice compared to intact Lyvel”” P29 (P=0.034; Fig. 7a).
Also, StV was significantly lower 28 days after Ml at P1Lin Lyvel” mice
compared to the same condition in LyveI” (P=0.0134; Fig. 7a). By
contrast, due to inherent variation in size and response to injury, no
statistically significant differences were observed in ejection fraction,
cardiac output, ESL, EDL or StV between the different conditions and
timepoints afterinjury at P7 (Fig. 7b). The values of ESM, EDM and hwt
were found to be statistically significant after Ml at P1in LyveI” mice
compared to the other P1conditions as well as after Ml at P7 in Lyvel
mice compared to Lyvel”” mice (Extended DataFig. 9). The heart rate
was similarin all conditions examined (Extended DataFig. 9). Interest-
ingly, atrend for larger relative infarct size was detected 28 days after
Ml at P7 in Lyvel”” mice compared to the other conditions; however,
this was not statistically significant (Extended Data Fig. 9).

Taken together, these studies revealed an unexpected associa-
tion between Lyvel and functional outcome after Ml at P1, atimepoint
normally associated with complete regeneration and preserved
function™. This confounded our initial hypothesis that, given that
pro-regenerative macrophage clearance is not occurring at P1, loss
of LYVE-1would have no effect on recovery from early postnatal MI.

LYVE-1 maintains the pro-regenerative phenotype of
tissue-resident macrophages

The Lyvel global KO phenotype suggested an additional, unanticipated
role for LYVE-1outside of the lymphatic endothelium and immune cell
clearance and especially given its known expressionin tissue-resident
macrophages, which are essential for regeneration® and are retained
rather than cleared from injured P1 hearts. Accordingly, we hypoth-
esized that LYVE-linresident cardiac macrophages (Fig. 6) may play an
active role in maintaining their pro-regenerative phenotype. Toaddress
this possibility, we conditionally deleted Lyvel in macrophages by cross-
inganewly derived Lyvel-floxedline (Jackson, D. G., unpublished) with
the recently described hCD68-CreERT2 mouse line that effectively
targets resident macrophages across tissues®. We initially tested for
appropriate Cre-driver activity by crossing h(CD68-CreERT2 mice with
aR26R-tdTomato reporter line, which revealed tdTomato reporter
expressionin CD68'LYVE-1" resident macrophages up to 7 days after
tamoxifenadministration at Pland Ml at P2 (Extended DataFig.10a,b).
Of note, tamoxifen and surgery cannot be carried out on the same day
as the tamoxifen induces respiratory failure, thereby necessitating
pretreatment (at P1) followed by surgery 1 day later (at P2).

Nature Cardiovascular Research | Volume 4 | October 2025 | 1258-1276

1268


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-025-00711-4

a f , h Cell neighborhoods
WGA PECAMI €D45" cells g Lyvel KO vs WT
n=34 n=20
10 10
A3 M te € 6
%, = Macrophage S os —~
= 3 B 8 3
& o N ¢ 5 Mot 6Bl 2 06 g
E S g I 3
= s K| CD8 T oell o] %
5 > T M Gamma-delta Toell & Q2
S & i Froliferating 02
o -0 L1
5 o
£ i : : N e
gz wT Lyvel”” 432101234
2|8 T T T m Fold change (log,)
UMAP_1
“ . COR2 macroWT { «
1 Wildtype l Lyver”™
10 o 10 -
CCR2 macroLyvel KO { + o
b Percent expressed
Picrosirius rec PECAM1 ~ ~ - cr o5
g o g o & CCR2" macro WT - . o7
K ES Average expression
3 3 o
= CCR2" macro Lyvel KO - . . 95
=|3 10 4 0 %
£ o
K . . . : . : . . Monocytes WT . ole
oy 4 o 4 8 -4 0 4 8 lonocytes
8 UMAP_1 UMAP_1
g Monocytes Lyvel KO 4 . ole
i = k Wildtype | LyveT” — T T T
2 P P PE®EC S
2
o & Ig Pro-angiogenic Pro-inflammatory Pro-fibrotic
< < 1
H H o
3 3
umAP_1
C d e n o DAPI LYVET HABP P CDA44 HABP
Apoptosis score T Y
07392 P=0006 P=1 p-0032
06 700 00237 — = T Ew
T £ o 03 =
< £ w0 c
£ ot E 2 0
£ 3 2 5 02
© 8 500 b 3 & _
3 < 3 . 2 s
5 02 s . © 2 < 2
5 % 00 = g o s £
g g + & £ § H
2 g =
[ S a0 L g o g
> & > &
> ¢ > ¢
& & & &8 o1
O & O &
S & o |
O O
& & e o &
«° «° & g
s s IO A
* N &

Fig. 8 | Impaired vascular response in hCD68-CreERT2;Lyvel™*** infarcted
hearts and a population shift toward inflammatory monocytes in Lyvel KO
CD45' cells at day 7 after MI. Identification of scar area at 7 dpi using wheat germ
agglutinin (WGA) and Picrosirius red fibrosis stain. Visualization of vasculature
and macrophages with CD31 (PECAMI1) and IBA1, respectively. Representative
images of littermate control (a) and hCD68-CreERT2;Lyvel"™ " (b) sections
illustrating reduced neovascular response in Cre* sections. Quantification of scar
arearevealed no significant difference between conditions (c). Quantification of
discrete PECAM1 signal within the infarct zone relative to area as an indicator of
vascular response revealed significantly reduced PECAM1-stained vasculature

in Cre* hearts (d). Quantification of macrophages by IBA1 stain revealed no
significant difference between conditions (e). scRNA-seq was conducted,
comparing CD45" enriched cells from neonatal Lyvel KO versus WT hearts at
P2MI7dpi. The samples were FACS sorted using 7-AAD and CD45 to isolate live
CD45" cells, and libraries were prepared for sequencing using the 10x Genomics
platform. UMAP plot of grouped WT and Lyvel KO CD45" cells (f). Comparison

of CD45" cell subset proportions between WT and Lyvel KO conditions (g),
including statistical analyses of quantified differences between subsets after
deconvolution of individual heart samples by VireoS5 (ref. 37) (h). Macrophage

subset clustering in WT (i) and LyveI KO (j). Lyvel gene expression within
subclustersin WT (k) and LyveI KO (I). Dot plotillustrating relative expression

of key pro-angiogenic, pro-inflammatory and pro-fibrotic genesin each
macrophage subset and between WT and Lyvel KO (m). Cumulative apoptotic
marker expression scores between conditions and macrophage subsets (n).
Representative LYVEL* macrophage possessing an HA glycocalyx (o). Differential
HA glycocalyx staining between WT and Lyvel”- macrophages (p). n = 4 control
hearts, n =3 hCD68-CreERT2;Lyvel™/ " hearts; four sections per heart for a-e,
pooled samples fromn = 5; five hearts for f-m. The box center in violin plotsin
nindicates the median; the lower and upper hinges correspond to the first and
third quartiles; and the whiskers extend to values with a distance from the hinges
thatis at most the interquartile range multiplied by 1.5. Box plot parameters,
including cell counts, are available in the Source Data. Unpaired Student’s ¢-tests
were used to determine significance in c-e. Bonferroni-corrected pairwise
Wilcoxon rank-sum test was used to determine significance in n. Qualitative
observationsin o and p were repeated across the scar and in a second infarcted
heart. Scale bars, 200 pm for a, band p; 50 um for o. FDR, false discovery rate;
HA, hyaluronicacid; macro, macrophage; NS, not significant; T, regulatory T cell.

We next assessed functional parameters by MRI of macrophage-
specific Lyvel KO animals compared to littermate controls 28 days
after MI (Fig. 7cand Extended Data Fig.10c-e). Thisrevealed impaired
function with significantly reduced cardiac output (P=0.0046) in
the hCD68-CreERT2;Lyvel™x P2 infarcted hearts at day 28 (Fig. 7¢).
StV and end diastolic volume (Fig. 7c) were also decreased signifi-
cantly (P=0.0052 and P=0.0352, respectively), consistent with what
we observed in the global Lyvel KO animals P1IMI (Fig. 7a). To gain
insight into the cellular mechanism(s) underpinning the change
in cardiac function after neonatal MI, we carried out Picrosirius
red staining, which suggested a reduced fibrotic area between
hCD68-CreERT2;Lyvel™ " P2 infarcted hearts compared to their lit-
termate controls; however, this was not significant at 7 dpi or 28 dpi

(Fig.8a-cand Extended DataFig.10e). Given the acknowledged role of
macrophages ininfarct neovascularization, we conducted further his-
tological analyses with CD31/PECAM immunostaining, in line with pre-
vious work?. Intriguingly, this revealed an impaired vascular response
atday 7 after Mlin the macrophage-specific mutants after MI (Fig. 8d).
Nossignificant differences were observed in macrophage concentration
attheinfarctsite (Fig. 8e).

To interrogate the molecular role of LYVE-1 in macrophages,
scRNA-seq analysis of pooled CD45" enriched cells from neonatal
Lyvel KO versus WT hearts (n=5 per group) at P2MI7dpi was con-
ducted, thus capturing all immune cells including macrophages at a
timepoint consistent with the observed impaired neovascularizationin
hCD68-CreFRT2;Lyvel™* animals (Fig. 8f-m). To facilitate statistical
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analysis of pooled samples, deconvolution of individuals by unique
single-nucleotide polymorphisms per heart was carried out using
Vireo5 (ref. 37) (Extended Data Fig. 7q). Initial clustering identified
macrophage subsets, grouped broadly as monocytes, CCR2* mac-
rophages and CCR2™macrophages (Fig. 8f). We observed statistically
significant reductionsinthe CCR2" subpopulation cell neighborhoods
(P=0.012-4.51x10"%) and corresponding statistically significant eleva-
tion of the CCR2* subpopulation in the LyveI” samples compared to
WT (P=0.014-0.00067) (Fig. 8g,h and Supplementary Table 2). This
representsaloss of the CCR2" tissue-resident macrophage population,
which is replaced by CCR2" monocyte-derived populations in the KO
background. Notably, the Lyvel macrophage clusters identified in
WT hearts were still present in the KO setting, albeit in significantly
smaller numbers and without expressing Lyvel, confirming that loss of
Lyvel does notresultin complete loss of this subpopulation (Fig. 8i-1).
Furthermore, unbiased differential gene expression analysis demon-
strated alignment of our three identified populations (monocytes,
CCR2"and CCR2") with previously reported signatures in terms of
effects on angiogenesis, fibrosis and inflammation (Fig. 8m). These
gene expression profiles were unchanged between WT and KO condi-
tions (Fig. 8m), strengthening the likelihood that the observed phe-
notype in the Lyvel KO background is due to an effect on the reduced
CCR2 macrophage population, leading to increased inflammatory
monocyte recruitment.

Thereductionin CCR2” macrophages was accompanied by astatis-
tically significantincreasein apoptotic marker gene expression (Fig. 8n)
and decreased proliferative marker gene expression within this subset
(Extended DataFig. 7r). In CCR2" macrophage and monocyte popula-
tions, there was no change in apoptotic or proliferative score (Fig. 8n
and Extended Data Fig. 7r). Increased tissue-resident macrophage
apoptosis was validated in vivo via staining WT and LyveI KO hearts
for F4/80 and the apoptosis marker cleaved caspase 3 (CC3) at 7 days
after Mlat P2, matching the timepoint of the single-cell dataset. Stain-
ingrevealed asignificantincreasein the number of cells co-expressing
CC3and F4/80in KO hearts after MI (Extended Data Fig. 7s).

To investigate the mechanism by which loss of Lyvel predisposes
CCR2™ macrophages to apoptosis, we considered the known role of
the closely related LYVE1 homologue CD44 in dendritic cells and mac-
rophage populations, where it anchors the hyaluronic acid glycocalyx.
It is known that loss of Cd44 disrupts the dendritic cell glycocalyx and
predisposesthe cell to apoptosis by revealing pro-apoptotic elements
onitssurface”®, Our scRNA-seq analysis revealed that Cd44 expression
was significantly lower in the CCR2” macrophage population compared
to CCR2" macrophages and monocytes, suggesting that LYVE-1 may
substitute for CD44 in this subpopulation (Extended Data Fig. 7t). We,
therefore, carried outimmunostaining for hyaluronicacid binding pro-
tein (HABP) to determine the presence of a hyaluronic acid glycocalyxin
LYVE-1" macrophages in WT mice 7 days after Ml at P2 (Fig. 8p). Subse-
quently, we examined representative images of macrophages between
WT and Lyvel” hearts at 7 days after Mlat P2 and identified an apparent
loss and/or notable reduction of glycocalyx in a proportion of Lyvel”
macrophages (Fig. 8p). This suggests that tissue-resident macrophages
may be predisposed to apoptosisin the absence of LYVE-1, as previously
described for dendritic cells in the context of CD44 (refs. 9,38).

Collectively, these datareveal arole for LYVE-linthe survival and
maintenance of tissue-resident macrophages during the regenerative
response to heartinjury.

Discussion

Although the cardiac lymphatics have received considerable attention
to date, studies have largely focused on their developmental origins
and the adultlymphangiogenic response to heartinjury across model
organisms'>%, There has been no prior investigation of the function
ofthe cardiac lymphatics during neonatal heart regeneration and the
transition to fibrotic repair within the first week of life.

We observed that the cardiac lymphatics continue to grow sig-
nificantly during the initial 2 weeks after birth in mice—first across
the dorsalsurface and then by ventral surface expansion, reaching full
length and density by P16 and P28 on the dorsal and ventral surfaces,
respectively. Itis possible that this temporal discrepancy arises from
the heterogeneous origins of cardiac LECs. The lymphatics of the heart
have been described to emerge and grow not only through sprouting
of preexisting vessels (lymphangiogenesis) but also fromisolated LECs
(lymphvasculogenesis), as reported for zebrafish and mice, and from
avariety of sources including hemogenic endothelium, second heart
field progenitors and paraxial mesoderm (reviewed in ref. 39). Here,
our observation of short, isolated lymphatic vessels present mainly
onthedorsal surface during early postnatal stages suggests a further
undefined non-venous source”***,

In adult mammals, the lymphatic vasculature is compromised
near thesite ofinjury (infarctregion), resultinginincreased edemaand
reduced ability to clear immune cells. Although lymphatics grow and
sprout through lymphangiogenesis after Mlin adult mice, this endog-
enous response is insufficient to optimize repair and preserve cardiac
function'?. Several gain-of-function studies have used the ligand VEGFC
toenhance lymphangiogenesis after Mlin adult mice and have reported
improved clearance of interstitial fluids and immune cells, most notably
macrophages, consequently improving pathological remodeling of
the heartand function'*. Interestingly, a previous study reported that
blocking endogenous lymphangiogenesis, through VEGFR3 or VEGFC/D
loss of function, does not lead to increased edema or impaired car-
diac function after MI*2. However, this loss-of-function study targeted
endogenous lymphangiogenesis, which, in itself, is suboptimal, and
did notinvestigate the effects of gain of function to promote enhanced
lymphangiogenesis, as previously demonstrated' . Collectively, these
studies supportthe hypothesis that the endogenous response of cardiac
lymphatics is insufficient to influence outcome after MI, whereas an
augmented lymphatic response, through the administration of exog-
enous growth factors, improves repair and function.

Incontrast to adult mammals (including humans), it is well estab-
lished that zebrafish****, the surface-dwelling Mexican cavefish®,
neonatal mice and human infants can regenerate their hearts after
injury'®”*¢_In zebrafish, cryoinjury stimulates cardiac lymphatic
growthat thesite of injury®*, and disruption of vegfc-vegfr3 signaling
impairs the lymphatic response and associated clearance of infiltrating
immune cells, leading to prolonged inflammation, persistent scarring
and reduced regeneration*. In the presence of an intact lymphatic
network, scarring in the adult zebrafish heart is transient, whereas it
ismore permanent in the adult mouse heart.

Functional cardiac lymphatics are required to maintain an opti-
mal immune cell load after adult heart injury, by providing conduits
for efficient clearance of immune cells (neutrophils, macrophages,
dendritic cells and T cells) to draining MLNs®. Macrophages domi-
nate theacute response to Mlin terms of sheer numbers derived from
infiltrating monocytes, which are recruited from bone marrow and
splenic reservoirs, with an initial pro-inflammatory (CCR2'Ly-6C"e")
phenotype, which then gives rise to pro-reparative (Ly-6C"") mac-
rophagesinsitu®. Theinfiltrating monocyte-derived macrophages are
thought toreplace atissue-resident macrophage population (defined
as CCR2'Ly-6C") during theinitial acute response toinjury. The timing
of lymphatic clearance in adult infarcted hearts appears to coincide
with the initial pro-inflammatory phase but impacts on downstream
repair, suggesting a continuum of monocyte-macrophage function
across the acute stages of heart injury®. By contrast, in neonatal mice
after MI, tissue-resident macrophages increase innumber without infil-
tration of monocytes from remote sources'®?°, and general depletion of
resident macrophages by clodronate liposome treatmentinhibits car-
diacregeneration and leads toreduced cardiac function after Ml at P1
(ref. 21). Thus, we reasoned that pro-regenerative macrophages
would not need to be cleared by the cardiac lymphatics after injury
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atP1, whereas, at P7, when macrophages contribute to fibrotic repair,
there would need to be trafficking, analogous to that in the injured
adult heart’. This was suggested by a significantly reduced lymphatic
response 7 days after Ml at P1 compared to P7—an observation that
was background dependent. The difference was most pronounced in
C57BL/6) mice, whereas, in CD1 mice, there was agreater lymphangio-
genicresponseat Plinresponse toinjury, albeit still reduced compared
to P7. We confirmed impaired trafficking at P1 by adoptive transfer of
adultsplenichCD68-eGFP* macrophages into WT infarcted neonatal
recipient hearts followed by analysis of the recipient MLNs. Here,
the adult donor-sourced labeled macrophages were competent for
trafficking and clearance, as we previously demonstrated®. Viable
GFP* macrophages were detected in recipient hearts, confirming
appropriate transfer, but were observed only in the draining MLNs
of mice at P7 and not at P1. We validated the capacity of macrophages
for trafficking at P7 via MLN imaging in hCD68-eGFP mice after MI
and demonstrated that this was absent after injury at P1. Given that
the macrophage response to neonatal Ml comprises alarge number of
tissue-resident macrophages, we imaged CX3CR1-eGFPmouse MLNs to
confirmthat CX3CR1" tissue-resident macrophages are also trafficked
afterinjury at P7 but not at P1.

Impaired lymphatic clearance at P1 may be the result of several
emergent factors during the postnatal period, including maturation
ofthelymphatic vessels to a state permissive for macrophage ingress
and clearance, differencesin signaling between LECs and macrophages
and/or temporal functional requirements for essential candidate
facilitators of lymphatic trafficking, such as LYVE-1. The LECs that form
lymphatic vessels are interconnected by specialized cell-cell junc-
tions, with previous studies describing a transition fromimpermeable
zipper-like to cell-permeable buttoned junctions during embryonic
development, as evidenced in the mouse trachea, diaphragm and
lungs*~%!, This transition starts at approximately embyonic day
17.5 and is completed by P14 (ref. 30). We observed a similar process
in the early postnatal heart with zippered junctions predominating
in the initial lymphatic vessels during the first days after birth and
buttoned junctions appearing during the second week of life. This
maturation of theinitial lymphatics likely affects their ability to clear
immune cells from the heart to lymph nodes at early neonatal (P1)
stages. At P7, when clearance was evident from our adoptive transfer
experiments, there was still an incidence of zippered junctions, sug-
gesting an ongoing developmental process through to adulthood
when all junctions are button like and the lymphatic endothelium is
relatively cell permeable’. To investigate whether temporal alterations
insignaling between the LECs and macrophages mightinfluence clear-
ance of the latter, we carried out sScRNA-seq on P1versus P7 infarcted
hearts at days 1 and 7 after injury. Whereas multiple signals from
macrophages to LECs were identified, the reciprocal signaling was
remarkably restricted to only asingle pathway that was elevated at P1
versus P7 after injury. We observed that the extracellular matrix glyco-
protein RELN was expressed in LECs at high levels at P1compared to P7,
and pathway analyses identified a potential interaction with ITGB1 on
macrophages. Inarecent study, RELN was identified as alymphangi-
ocrinesignalimportant for cardiomyocyte homeostasis and efficient
heartrepair and function after neonatal mouse MI?*>. Moreover, RELN
has been identified in LECs in human fetal hearts, adding potential
relevance to human physiology and disease™. Neither the target cell
type(s) nor relevant receptor(s) were previously identified, and it will
beofinterestinfuture studies to functionally assess the RELN-ITGB1
pathway in LECs and macrophages correlated with heart regeneration.
Finally, weinvestigated arole for LYVE-1acting across the P1-P7 regen-
erative window, givenits pivotal role in the hyaluronic-acid-mediated
adhesion and entry ofimmune cells to initial lymphatics®. We hypoth-
esized that global Lyvel gene deletion would have no effect on P1
heart regeneration given that macrophage trafficking is negligible
at this stage, consistent with the need to retain the pro-regenerative

tissue-resident population in situ®. Unexpectedly, MRI of Lyvel KO
hearts 28 days after Ml at P1, a timepoint when regeneration would
be anticipated to be complete®, revealed aberrant functional param-
eters. This prompted a reevaluation of the role of LYVE-1beyond the
lymphatic endothelium, drawing on its known expression patternin
tissue-resident macrophages®. Intriguingly, macrophage-specific
deletion of Lyvel provoked an impaired regenerative response after
MI, characterized by reduced neovascularization and functional
deficits. Mechanistic insight into how Lyvel loss of function affects
macrophages was provided by scRNA-seq, comparing WT and Lyvel
KO CD45" cells at P2MI7dpi, which revealed significant reductionina
CCR2 tissue-resident macrophage subpopulation and corresponding
elevationina CCR2" monocyte population, with the loss of CCR2™ cells
associated with a significantly increased apoptotic score against a
panel of established marker genes for programmed cell death. This
would be predicted to impair regeneration through exacerbating
inflammation and subsequent fibrosis, as per the P7 or adult response.
It was previously shown that tissue-resident CCR2™ macrophages
inhibit inflammatory and pro-fibrotic monocyte recruitment®; con-
sequently, the decreased presence of the CCR2" tissue-resident mac-
rophages explains the increased monocyte infiltration, leading to
aworse outcome in the KO background. Unbiased differential gene
expression analysis confirmed that ouridentified CCR2"~ macrophage
and monocyte clusters aligned with previously reported signatures
in terms of effects on angiogenesis, fibrosis and inflammation. These
gene expression profiles remained unchanged between WT and KO
conditions, strengthening the likelihood that the phenotype observed
inthe Lyvel KOis duetoloss of functionin CCR2™macrophages, lead-
ing to increased inflammatory monocyte recruitment rather than
intrinsic changes in molecular phenotype. Notably, the Lyvel” mac-
rophage clusters identified in the WT setting were still present in the
KO background, albeit without expressing Lyvel. This suggests that our
observationsinthetissue-resident macrophages are Lyvel dependent
rather thanviaother mechanisms mediated by macrophages thatare
lost in the KO background. A putative mechanism as to how LYVE-1
may maintain the CCR2” macrophage population was attributed to
establishment and/or maintenance of a hyuralonic-acid-rich glyo-
caclyx, which is known to protect cells from the exposure of apop-
totic membrane cues that trigger phagocytosis®*®. This warrants
further investigation.

Promoting angiogenesis has been attributed to tissue-resident
macrophages previously in the setting of neonatal heart regeneration?,
and our findings are consistent with this earlier study but also identify
animportantrole for LYVE-linorchestrating this response. Elsewhere,
bone-marrow-derived LYVE-1" macrophages have a pro-angiogenicrole
in adipose tissue*, but, mechanistically, whether LYVE-1 may directly
upregulate angiogenic signaling in tissue-resident macrophages
remains unknown. It was reported that LYVE-1 has signaling activity
and canfunctionto sequester pro-angiogenic growth factors, including
FGF2and, toalesser extent, PDGF and VEGF, to induce their internaliza-
tionand transduce downstreamtyrosine kinase receptors and promote
endothelial cell proliferation®®.

Additional insight into roles for LYVE-1, beyond mediating
hyuralonic acid adhesion and immune cell trafficking®, constitutes an
interesting area of follow-up. Further studies to uncover the molecular
mechanisms that lead to the differential response across the neo-
natal regenerative window may provide therapeutic insights into
lymphatic-based immunomodulation of the adultinfarcted heart.

Methods

Mouse strains

The following mouse strains were used for these studies: Lyvel”
(ref. 57), hCd68-eGFP*, CX3CR1-eGFP***°, hCd68-CreERT2 (ref. 36),
ProxI-tdTomato®, Vegfr3-““" (ref.25), Gt(ROSA)26Sor'm?(CAC-tdTomatotize
and Lyvel™* (Jackson, D. G.; unpublished). Breeding was carried out
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usingonly Cre" males for all Cre strains. Mice were cared for and housed
by Oxford University Biomedical Services. Mice were maintained in
individually ventilated cages and ventilated racks at 22 °C and 55%
humidity. For experiments where WT mice were required, C57BL/6 or
CD1 (Charles River Laboratories), when indicated, strains were used.
Allanimal experiments were carried out according to UK Home Office
projectlicenses PPLPC013B246, PDDE89C84 and PP3194787 and were
compliant with the UK Animals (Scientific Procedures) Act 1986.

Timed matings

To generate embryos, female mice were paired with male studs and
were checked for vaginal plugs each morning. The day the vaginal plug
was observed was designated as embryonic day 0.5.

Neonatal heart dissection

Neonatal mice were euthanized by cervical dislocation, and the heart
was removed. Hearts collected for immunostaining were washed in
ice-cold PBS prior to fixation. Hearts for flow cytometry were washed
inice-cold HBSS (Life Technologies) prior to tissue digestion. Hearts for
RNA extraction wereimmediately placed ina cryotube (Nunc; Thermo
Fisher Scientific) before submergingin liquid nitrogen.

Neonatal Ml surgery

Ml surgery was performed as previously described®. At P1, P2 or P7, the
litters were removed from the mother and placed in an incubator at
35°C.General anaesthesiawasinduced with4%isoflurane inhalationin
oxygen (11 min™) for15 seconds. Once unconscious, cardiorespiratory
arrest was induced by immersion inice for 1-2 minutes. The incision
site was cleaned with Hibiscrub and a sterile field constructed with
drapes. The skin was cut using surgical scissors in a horizontal inci-
sion across the left midthorax. Sharp dissecting forceps were used
for thoracotomy, and this space was widened using blunt forceps.
The heart was manipulated out of the thoracic cavity,and LAD artery
ligation wasinduced by passing and tying a 7.0 prolene suture through
the anterior wall of the left ventricle. The sham control procedure
involved thoracotomy surgery, heart visualization and suture place-
mentbutnoligature. The ribs and skin were then closed inlayers witha
7.0 prolene suture. The pup was then warmed under aninfrared lamp,
whichled togradual returnof circulation and breathing. When respira-
tion returned, oxygen was administered via nose cone until regular.
The pup was returned to the chamber with other littermates. After
surgery was completed on all pups, and before returning the group
to the mother, the animals were covered with feces from their cage
homogenized in warmed water to mask surgical smells and reduce
cannibalization.

Tamoxifen dosing and administration

Tamoxifen (Sigma-Aldrich) was dissolved in peanut oil containing 10%
ethanol by shaking overnightat 37 °C ata concentration of13.6 mg ml™
before administering to pups at P1via intraperitoneal injection at a
dose of 0.17 mg g, in line with previous work.

DNA extraction

Ear biopsies from adult mice and tissue from embryos/neonates were
collected for genotyping. The genomic DNA was extracted and ampli-
fied usingthe REDExtract-N-Amp Tissue PCRKit Protocol (Merck). The
tissue was incubated in amix of 100 pl of Extraction Solutionand 25 pl
of Tissue Preparation Solution for 10 minutes at room temperature,
followed by a 5-minute incubation at 95 °C. Immediately, 100 pl of
Neutralization Solution was added, and the mix was vortexed.

PCR

Extracted DNA was used for genotyping using PCR. The sequence
of the primers used is displayed in Supplementary Table 3. The
following reagents were used to set up the PCR reactions: 10 pl of

REDExtraction-N-Amp PCR Reaction Mix, 0.5 pM of each primer, 4 pl
of tissue extract and Milli-Q water until total reaction volume of 20 pl.
Thermal cycling was carried out in a Veriti 96-well thermal cycler
(Applied Biosystems). A positive control sample of known genotype
wasincluded for each genotype being tested.

Agarose gel electrophoresis

After PCR amplification, the DNA was separated on 1.5% agarose gel.
Then, 1.5 g of agarose (Sigma-Aldrich) was dissolved in 100 ml of TBE
buffer by heating the mix in amicrowave. For ultraviolet visualization
of DNA, 5 pl of GelRed (VWR) was added to the agarose gel before it
set in moulds. An electric potential of 160 V was passed through the
gelfor 35 minutes to allow separation of bands to distinguish between
genotypes. Gels were visualized in an ultraviolet box.

RNA extraction from tissue

RNA was isolated from snap-frozen tissue samples using TRIzol rea-
gent (Thermo Fisher Scientific). Tissue was homogenized in 750 pl of
TRIzol solution using a manual homogenizer and a 21-gauge sterile
needle (Becton Dickinson). After being incubated for 5 minutes at
room temperature, 200 pl of chloroform was added to the samples.
Samples were then mixed and incubated for 15 minutes at room tem-
perature. After incubation, samples were centrifuged at 11,000g for
15 minutes at 4 °C. The top aqueous layer was transferred into a1.5-ml
tube, and the organiclayer was discarded. Next, 500 pl of isopropanol
was added to precipitate RNA and incubated at 4 °C overnight. The
samples were then centrifuged at 11,000g for 10 minutes to produce
an RNA-containing pellet. The pellet was washed with1 ml of 75% etha-
nol before spinning at 9,000g for 5 minutes at 4 °C. The pellet was
air dried for 10 minutes and resuspended in diethyl pyrocarbonate
(DEPC)-treated water. A NanoDrop 2000 (Thermo Fisher Scientific)
was used to measure RNA quality and concentration.

cDNA synthesis

cDNAwas synthesized from extracted RNA for use inreal-time quanti-
tative PCR (QRT-PCR). Reactions were prepared in RNase-free 0.6-ml
tubes (Thermo Fisher Scientific) using the following reagents: 1 ug of
RNA made up to a volume of 8.5 pl with DEPC water, 0.5 pl of random
primers (20 pg ml™; Promega), 1 ul of dNTPs (from 10 mM; GE Health-
care), 2 pl of MgCl, (25 mM; Thermo Fisher Scientific), 2 pl of dithi-
othreitol (0.1 M; Life Technologies), 1 pl of RNasin plus RNase inhibitor
(Promega), 4 ul of 5x FS Buffer (Life Technologies) and 1 ul of Super-
Script Il Reverse Transcriptase (Life Technologies). A Veriti 96-well
thermal cycler (Applied Biosystems) was used to run the reaction at
25°C for 10 minutes, 42 °C for 50 minutes and 70 °C for 15 minutes,
before cooling to 4 °C. After cDNA synthesis, samples were diluted to
4 ng ul™in DEPC-treated water and stored at 4 °C prior (short-term) to
use in qRT-PCR experiments.

qRT-PCR
Relative mRNA expression levels from genes of interest were
quantified using qRT-PCR. Primer sequences are displayed in
Supplementary Table 4. MicroAmp Fast Optical 96-well 0.1-ml reac-
tion plates (Thermo Fisher Scientific) were used to set up reactions,
which were composed of the following reagents: 8 ng of cDNA, 13 pl
of Fast SYBR Green Master Mix (Thermo Fisher Scientific), 6.5 pl of
DEPC-treated water and 0.5 pM of each primer. Allsamples were runin
triplicate, and ano-cDNA negative control well was included for each
gene analyzed. Reactions were run on a ViiA7 Real-Time PCR System
(Thermo Fisher Scientific) with thermal cycles of 95 °C for 15 minutes,
40 cycles of 95 °C for 15 seconds and 60 °C for 1 minute. Melt curves
were included to confirm that no unspecific amplification products,
such as primer dimers, were produced with each primer set used.
Cycle threshold values were obtained and exported to Microsoft
Excel for analysis.
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Histological analyses and staining

Whole-mount X-Gal staining. After extraction, hearts were washed
in ice-cold PBS and then fixed in X-Gal fixation solution (Supple-
mentary Table 5) for 6 hours at room temperature. Then, hearts
were washed in X-Gal buffer and incubated in X-Gal staining solution
(Supplementary Table 5) overnight at 37 °C. The next day, fresh X-Gal
staining solution was added and left overnight at 37 °C. Once staining
had developed, hearts were washed in X-Gal buffer and post-fixed in 4%
paraformaldehyde (PFA) for 30 minutes. Finally, hearts were washed
in PBS andimaged using a Zeiss stereomicroscope. Analysis of vessels
and branching calculations were performed using AngioTool software.

Whole-mount tissue clearing. Whole hearts were cleared using an
iDISCO (immunolabeling-enabled three-dimensional imaging of
solvent-cleared organs) protocol adapted from previous work®?., Hearts
were dehydrated by methanol/water series (20%,40%, 60%, 80%,100%,
each1hour) and pretreated with 66% dichloromethane, 33% methanol
at room temperature overnight. Samples were washed in methanol
twice before bleaching in chilled fresh 5% H,0, in methanol, shaking
overnight. Hearts were then rehydrated by methanol/water series (80%,
60%,40%,20%, PBS,1hour each). Pretreated samples were washed in
0.2% Triton X-100 PBS before incubation in permeabilization solution
(0.2% Triton X-100, 0.3 M glycine, 20% DMSO, PBS) for 2 days, shaking
at 37 °C. Hearts were then moved to blocking solution (0.2% Triton
X-100, 6% donkey serum,10% DMSO, PBS) for 2 days, shaking at 37 °C.
Hearts were then incubated in primary antibody solution (1:300 in
0.2% Tween 20,10 mg ml™ heparin, 3% donkey serum, 5% DMSO, PBS)
for 7 days, shaking at 37 °C. Samples were then washed 5 x 1 hour in
0.2% Tween 20,10 mg ml™ heparin PBS, shaking at room temperature.
Hearts were subsequently incubated in secondary antibody (1:300 in
0.2% Tween 20,10 mg ml™ heparin, 3% donkey serum, PBS) for 7 days,
shaking at 37 °C, before being washed 5 x 1 hour in 0.2% Tween 20,
10 mg mI™ heparin PBS. Hearts were then dehydrated in methanol/
water series and incubated in 66% dichloromethane, 33% methanol
for 3 hours. Samples were then moved to 100% dichloromethane for
2 x 15 minutes before incubation in dibenzyl ether for 2 days to clear
thetissue. Samples wererefractive index matched by moving to ethyl
cinnamate overnight. Whole-mount samples wereimaged in ethyl cin-
namate using an LaVision UltraMicroscope Il light-sheet microscope.

Picrosirius red staining. Staining was carried out using Picrosirius
staining kits (Abcam) according to the manufacturer’s protocol. Sec-
tionswere hydrated indistilled water and immersed in Picrosirius red
solution for 1 hour before being rinsed in two changes of 1% acetic
acid followed by two changes of absolute ethanol. Sections were then
cleared in Histo-Clear Il (National Diagnostics) and mounted with
DPX (Sigma-Aldrich). Images of sections were obtained using a Nikon
Eclipse light microscope.

Paraffin embedding. Hearts for histological and immunofluorescent
staining were embedded in paraffin and mounted using standard
methods. In brief, fixed hearts were dehydrated through an ethanol
gradient (50% 1 hour, 70% 1 hour, 90% 1 hour, 100% overnight) and
cleared with Histo-Clear Il for 1 hour. Samples were then embedded
firstinal:1 mixture of Histo-Clear Il and Paraplast Plus (Sigma-Aldrich)
at 60 °C overnight and then in 100% Paraplast Plus at 60 °C overnight
before returning to room temperature and setting. Then, 10-um sec-
tions were cut and mounted onto Superfrost slides. Prior to staining,
sections were deparaffinized in Histo-Clear Il and a reversed ethanol
gradient (100% 3 minutes, 90% 3 min, 70% 3 minutes, 50% 3 minutes)
before transfer to PBS.

Cryosectioning. Whole neonatal hearts were fixed in 4% PFA overnight
at 4 °C. After fixation, samples were washed three times for 10 min-
utes in PBS and then transferred to 30% sucrose and PBS overnight at

4 °C.Then, the samples were equilibrated in a 1:1 solution of Optimal
Cutting Temperature (OCT) and 30% sucrose for 1 hour in 4 °C. After
equilibration, the hearts were embedded in 100% OCT and frozen at
-80 °C.Next,20-25-pumslices were cut using a cryostat and transferred
onto Superfrost Plus slides (VMR). Slides were dried onaslide dryer for
15 minutes before being rinsed with PBS.

Immunostaining. Sections underwent permeabilization with 0.5% Tri-
ton X-100 (Sigma-Aldrich) for 10 minutes, followed by two rinsesin PBS
for 5 minutes. Then, sections were blocked in blocking solution, com-
posed of 10% serum, 4% BSA and 0.2% Triton X-100, for 1 hour. Blocking
was followed by a4 °C overnightincubationin primary antibody, which
was diluted in blocking solution. A list of primary antibodies and the
dilutions used is included in Supplementary Table 6. After primary
antibody incubation, sections were washed several times with 0.1%
Triton X-100 and incubated with Alexa Fluor-conjugated secondary
antibodies for 1 hour at room temperature in the dark. All secondary
antibodies were diluted in PBS; alist of the secondary antibodies used
isincluded in Supplementary Table 7. After incubation in secondary
antibody, the slides were washed several times in 0.1% Triton X-100,
with DAPlincluded in the final 15-minute wash. A small amount of 50:50
glycerol:PBSwas then addedto theslides, and a22 x 50-mm coverslip
(Fisherbrand) was placed on top and sealed with nail varnish. Whole
hearts were stained using the same protocol but were permeabilized
for 1 hour, blocked overnight, stained with primary antibodies for
48 hours and stained for secondary antibodies overnight. Immuno-
fluorescent staining was imaged using aZeiss LSM780, a Zeiss LSM880,
aZeissLSM980 or a Leicaconfocal microscope. A Zeiss Z.1light-sheet
microscope was used to obtain whole-mount images. z-stack and til-
ing functions were used when required. Images were processed using
Imaris, Arivis Vision4D and Image) software®.

Flow cytometry: neonatal cardiac cell isolation. Hearts were iso-
lated, the atria were removed and the ventricles were bisected. Blood
was removed from the ventricles, which were minced using a sterile
scalpel (Swann-Morton) before being added to a 15-ml tube contain-
ing 5 ml of HBSS (Life Technologies) and 500 U ml™ Collagenase 11
(Worthington). The tubes were placed inan orbitalincubatorat37 °C,
moving at190 r.p.m. Plastic transfer pipettes were used to disrupt the
suspension every 10 minutes during the 30-minute digestion within
the orbital incubator. Once digested, the tissue suspension was passed
through a40-umcell strainer attached to a 50-mltube. The tubes were
then centrifuged at 350g for 10 minutes at 4 °C, and the supernatant
was discarded, leaving a pellet. The pellet was resuspended in 5 ml of
1x red blood cell (RBC) lysis buffer (BioLegend) and was left at room
temperature for 10 minutes. The tubes were then centrifuged again at
350gfor 5 minutes at4 °C, and the supernatant was discarded, leaving
a pellet. The cell pellet was resuspended in 5 ml of 2% FBS/PBS. The
tubes were centrifuged again at 350g for 5 minutes at 4 °C, and the
supernatant was discarded, leaving a pellet. The pellet containing the
cardiac cells was resuspended in 200 pl of 2% FBS/PBS.

For scRNA-seq, the pellet was resuspended in 200 pl of 2% FBS/
PBS and transferred to a Falcon 5-ml round-bottom polystyrene
test tube, with a 35-pum nylon mesh Cell Strainer Snap Cap prior to
fluorescence-activated cell sorting (FACS) of live cells using 7-AAD.

Adoptive transfer studies. Monocytes wereisolated from the spleen
of hCd68-eGFP" adult mice. After cervical dislocation, the spleen was
dissected and disrupted with the blunt end of a sterile syringe. The
disrupted spleen was washed through a 70-pum cell filter into RBC
lysis buffer and incubated at room temperature for 10 minutes. Cells
were then spun down (400g for 5 minutes), and RBC lysis buffer was
removed by aspiration. Monocytes were purified from the cell pel-
let using an EasySep Mouse Monocyte Enrichment Kit according to
the manufacturer’s instructions. Prior to surgery, cells were counted
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and resuspended in PBS to give a final concentration of 50 x 10° per
5 ul for injection. Each recipient received 1 x5-pl injection of cells by
intracardiac injection (using a 30-gauge insulin syringe) at the time
of Mlsurgery.

MRI. Neonatal cardiac cine MRI was performed after Ml at day 28 as
previously described" usinga 7T preclinical MR system (Varian) using
a'Hfour-channel phased array surface receive coil (RAPID Biomedical).
Inbrief, mice were anesthetized with 2% isofluranein O,and positioned
proneinacustomanimal handling system with homeothermic control.
Prospectively gated proton cardiacimages were acquired with a partial
Fourieraccelerated spoiled gradientecho cine sequence (TR 5.9 ms, TE
2.2 ms, 30 kHzbandwidth, 30° flip angle, approximately 20-30 frames;
3-4 averages) in order to acquire two-chamber and four-chamber
long-axis views and a stack of contiguous 1-mm-thick true short-axis
images to cover the entire left ventricle (128 x 128 matrix; 25.6 mm?
field of view; 0.2-mmresolutionin-plane).

MRI data analysis. MRl data were processed manually by image analy-
sis with ImageJ. All analysis was performed blinded so as the intact/
surgery and WT/mutant groups were unknown at the time of image
processing. Measurements were calculated as previously described™.
Enddiastolicand end systolic volumes were measured for eachsliceand
summed over the whole heart. StV was calculated by subtracting the
end systolic volume from the end diastolic volume. Ejection fraction
was calculated by dividing the end diastolic volume by the StV.EDM was
calculated astheleft ventricular end diastolic volume multiplied by the
myocardial specificgravity (1.05 g cm™); ESMwas also calculated in this
way using the left ventricular end systolic volume. Cardiac output was
calculated as StV multiplied by heart rate. The relative infarct size was
calculated fromthe average of the endocardial and epicardial circum-
ferential lengths of the thinned, akinetic region of all slices, measured at
diastole and expressed as a percentage of the total myocardial surface.

scRNA-seq and analysis

10x sequencing. Allthe 10x scRNA library preparation and sequencing
was carried out at the Oxford Genomics Centre, part of the Wellcome
Trust Centre for Human Genetics.

Bioinformatics analysis. The raw scRNA-seq data were demultiplexed
by Adam Braithwaite (Radcliffe Department of Medicine) using cell-
ranger mkfastq fromthe Cell Ranger software suite to generate FASTQ
files. Demultiplexed FASTQ files were aligned to the mouse mm10/
GRCm38 reference transcriptome, and the gene expression matrix
was counted using the cellranger ‘count’ program. Downstream bio-
informatics analysis was performed in R using the Seurat package
(version4)®*. A cutoffwas applied to filter out low-quality cells based on
the number of genes detected (<500), the number of unique molecular
identifiers detected (<250) and the mitochondrial gene content (>30%)
per each cell. Datafromall samples were combined, scaled by regress-
ingoutSand G2 cell cycle phases and integrated using the Seurat pack-
age.Dimensional reduction of the datawas performed by the RunUMAP
function implemented in the Seurat package. Unsupervised cluster
identification was performed using the FindClusters function, and cell
clusterswere further annotated based on expression of known marker
genes™. Identification of enriched genes in cell clusters and single-cell
differential expression analysis were performed using the Seurat func-
tions FindMarkers and FindAlIMarkers, using gene expression detected
inmore than 25% of cells for at least one of the populations being com-
pared, with an absolute log,(fold change) > 0.25 as cutoff threshold.
To genetically demultiplex pooled scRNA-seq samples (n=5
hearts), we remapped 10x scRNA-seq reads using minimap®, called
variants using freebayes and counted alleles in each cell using VarTrix,
all as part of the souporcell pipeline®. Based on the VarTrix output,
cells were assigned to donors using VireoS5 (ref. 37). We excluded

doublet and unassigned cells from further analysis and performed
differential abundance testing of cell neighborhoods between WT and
Lyvel KO conditions using miloR¥, building the k-nearest neighbor
(KNN) graphwith k=30. This tool represents scRNA-seq dataasaKNN
graph consisting of partially overlapping cell neighborhoods that
contain an index cell and its nearest neighbor cells. Neighborhoods
are annotated to the cell type that they contain most frequently, and
arepresentative sample of neighborhoods was tested for differential
abundance across conditions.

Apoptosis markers were retrieved from the Molecular Signatures
Database (HALLMARK APOPTOSIS), and a cumulative expression
score was calculated using Seurat’s AddModuleScore() function.
Markers used to analyze G1/S and G2/M cell cycle phase transitions®®
are included in the Seurat R package. The CellCycleScoring() func-
tion was used to calculate cumulative expression scores of cell cycle
markers. Statistical differences in the distribution of single-cell gene
expression between conditions were evaluated using the Wilcoxon
rank-sum test, and Pvalues were Bonferroni corrected to account for
multiple comparisons.

Statistical analysis. All statistical analyses were performed using
GraphPad Prism 8 software. Statistical tests are described in the figure
legends. In all cases, P values less than or equal to 0.05 were deemed
significant.

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

Data availability
The scRNA-seq datasets generated in this study are deposited in the
Gene Expression Omnibus with accession number GSE301633.
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Extended Data Fig. 1| Heart growth during postnatal development. Hearts ofthe heart had increased four-fold on the ventral side. Data are presented as
were harvested to quantify the length and width size across the ventral surface mean + SEM. n =5for P1; n =3 for P3, P5, P9; n = 4 for P8, P11, P16, P21,P28; n =10
atdifferent postnatal stages (A). The heart was found to grow from base to apex for P14. Significant differences were calculated using 1-way ANOVA followed by
in proportion to increasing width and area (B-D). Four weeks after birth, the area Tukey’s multiple comparisons test. Scale bar:1 mm.

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-025-00711-4

Ventral
P1

Ventral
P3

=)

R

Extended Data Fig. 2| The cardiac lymphatic network undergoes expansion
until late postnatal development. Whole-mount imaging of Vegfr3:“Z hearts
showed extensive growth and sprouting of the cardiac lymphatic vasculature
onboth the dorsal and ventral surfaces of the heart during postnatal stages (A).
Isolated LECs were present on the dorsal side of the heart during early postnatal
stages (grey arrows at P1, P3) and by P11 and P14 sprouts were detected arising
fromalarge dorsal lymphatic vessel (white arrows). These sprouts produced
adense plexus of vessels near the apex at P16 (black arrow at P16 - P28). Areas
depleted of lymphatics were present in stereotypical locations of the heart,

Midpoint

VEGFR3

Midpoint

such as the apex on the ventral side (black arrowheads at P28) and the right
ventricle on the dorsal side (black arrowheads at P28). Whole mount hearts

were cleared using iDISCO at P1, P7, and P14 and stained for VEGFR3 before
imaging with Lightsheet microscopy (B-J). Initial lymphatics were identified
morphologically (C,C,F,F, L, I'). Representative sections (D, G,J) from the
3-dimensionalimages (B, E, H) illustrate lymphatics are largely absent at depth.
n=3-5foreachtime pointinA. Scale bars: 0.5 mm for A, B, E, H; 200pum for C,F, I;
50pm for magnified views.
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Extended Data Fig. 3| Imaging-based assessment and quantification of the
post-natal cardiac lymphatic plexus. Light-sheet and wholemount confocal
imaging of ProxI-tdTomato (A-C) and Vegfr3"“ (D) intact hearts, at post-natal
days 7 and 14 respectively, enable visualisation of the cardiac lymphatic plexus
which can be segmented using Image ] (E) and quantified in terms of parameters

such as vessel length, calibre, junctions, branch points etc using AngioTool™ (F).

The total vessel length and number of end points remained stable until P14 and

AngioTooL™
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thensignificantly increased on both sides of the heart vialymphangiogenesis (G).
By P16 the lymphatics were fully formed on the dorsal side, while the ventral
lymphatics were delayed, reaching full expansion by P21 (H). Data are presented
asmean + SEM. n =5 for P1, P16, P21; n = 3 for P3, P5, P9; n =4 for P8, P11, P28.
Significant differences were calculated using 2-way ANOVA. Scale bars 0.5 mm,
Aand1mm,D.
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Extended Data Fig. 4| Expression of lymphatic markers across the post-natal
period. Whole-heart samples across post-natal stages PO-P28 were analysed

by qPCR for lymphatic markers. Expression levels of genes implicated in
lymphangiogenesis, such as Vegfr3 (A), Vegfc (B), Vegfd (C), ProxI (D) and Nrp2 (E)
revealed biphasicincreases, with the first between P2 and P3 and a second around
P9. Pdpnincreased only between P9 and P11 (F). Genes implicated in lymphatic

function, such as Ccl21 (G) and Lyvel (H) displayed an expression pattern where
levels fluctuated during the first week, before becoming increasing significantly
at P21and thereafter remained stable. Data are presented as mean + SEM; n=3
for each time point. Significant differences were calculated using 1-way ANOVA
followed by Tukey’s multiple comparisons test.
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Extended DataFig. 5| Successful engraftment of CD68 + GFP+monocytesin within the injury area of the heart 7 days after adoptive transfer concurrent with
the heart after adoptive cell transfer. GFP and CD68 immunostaining of cardiac Ml at P1and P7 (white arrows) (A-D). Two representative hearts for each condition
tissue sections revealed appropriate engraftment of CD68*GFP* monocytes shown. n =4 hearts analysed across each stage. Scale bar: 50 pm.
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Extended Data Fig. 6 | Proliferation of macrophages in the MLNs s restricted control and injured mice. Visualisation of endogenous CX3CR1-eGFP and
to the subcapsular sinus in both injured and intact post-natal mice. PH3 in MLNs from uninjured mice at P8 and P14 compared to those from
Visualisation of endogenous hCD68-eGFP and phospho-histone H3 (PH3) in injured P1and P7 mice 7 days post-MI (D-N). CD68+ and CX3CR1+ macrophages
MLNs from control (intact) P14 MLNs compared to MLNs from injured P7 mice at were similarly distributed and there was no significant difference in PH3+
day 7 post-MI, revealed similar macrophage proliferation levels and distribution macrophages between conditions (0). Data are presented as mean + SEM;n=7
inboth conditions (compare A to D). Macrophages were mostly negative for for P8, n =8 for PIMI7dpi, n =9 for P14, 10 for P7MI7dpi. Significant differences
PH3in the medullary sinus (B and E). Increased levels of PH3+ positive mitotic were calculated using 1-way ANOVA followed by Tukey’s multiple comparisons
macrophages were found in the subcapsular sinus (C-F) in MLNs from both test. Scale bars: 50 um.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| P1 versus P7 macrophage and monocyte populations
have distinct proliferation profiles and differentially interact with lymphatic
endothelial cells. Pooled UMAP plot showing the different major clusters

(A). Stacked violin plots showing expression of marker genes for each cluster
(B). UMAP of the macrophage and monocyte clusters separated based on
timepoint and condition (P1lintact, PIMI1dpi, PIMI7dpi, P7 intact, P7MI1dpi

and P7MI7dpi) (C). The percentage of cell cycle genes for each macrophage

and monocyte cluster confirmed the existence of a proliferating population,
with approximately half of the Mf2 cluster at phase S of cell division (D). The
percentage of mitochondrial RNA (E) and the number of molecules (F) detected
within cells confirmed the existence of an apoptotic population. Stacked violin
plots showing expression of marker genes for each cluster suggests at least two
tissue-resident macrophage populations, designated macrophage 1 (Mf1;
Lyvel';Ccr2;ArgI") and macrophage 2 (Mf2; Lyvel ;Ccr2';ArgI’) (G). The relative
percentage of each cell population at different timepoints and conditions as
represented ina proportional bar chart (H). The unbiased differential expression
analysis identified genes that were enriched in each cluster by comparing across
all the other clusters (I). Comparison of total incoming path weights and total
outgoing path weights across populations (J). Hierarchical network diagram of
significant cell-cell interaction pathways, with arrows and edge colour indicating
signalling direction ligand:receptor (K). Summed ligand weights across ligand
and receptor target paths for top ligands in LECs (L) and macrophages (Mf)

(M). Subclustering of endothelial cells to identify LECs (N). Unbiased GO term

analysis showed pathways enriched at P7MI17dpi, vs PIMI7dpi but not between
P1land P7 (0). Genes implicated in enriched pathways (P). Relative abundance of
macrophage subsets grouped by individual hearts following de-multiplexing of
pooled samples (Q). Cumulative expression scores of cell cycle markers showed a
decrease in Lyvel”~ CCR2- macrophage proliferation, but no change in CCR2+ or
monocytes (R). /nvivo validation of increased apoptosis; CC3 co-expression with
F4/80 within the infarct zone 7 days following Ml at P2 was significantly increased
inthe Lyvel” context (S). Violin plot indicating expression levels of CD44 were
significantly reduced in the CCR2- macrophage cluster, but using vireo5* were
unchanged following loss of Lyvel (T). CM = cardiomyocytes, Art EC = arterial
endothelial cells, VEC = venous endothelial cells, Endo = endocardium, Prol VEC =
proliferating VEC, LEC = lymphatic endothelial cells, Fb = fibroblasts, Prol Fb =
proliferating Fb, Epic = epicardium, SMC = smooth muscle cells, Peri = pericytes,
Mf =macrophages, DC-like = dendritic cell-like, Gran =granulocytes. Data are
presented as mean + SD. Significant differences between Enriched Pathways in

O and P were calculated using Fisher’s exact test. The box centre in violin plots
inRand Tindicates the median, the lower and upper hinges correspond to the
firstand third quartiles, and the whiskers extend to values with a distance from
the hinges that is at most the inter-quartile range (IQR) multiplied by 1.5. Box

plot parameters, including cell counts are available in Source Data. Bonferroni-
corrected pairwise Wilcoxon Rank Sum test was used to determine significance in
Rand T. Unpaired Student’s t tests were used to determine significanceinS.n=4,
4 forS.Scalebar200pm.
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Extended Data Fig. 8 | Network analysis showing LEC-macrophage signalling. while /tgb1 expression was unchanged (C). Immunostaining for ITGFB1

Tree plot showing outgoing connections from the LECs to Mf (A) and from combined with IBA1 (D) and REELIN combined with LYVE-1(E-H) in resident
Mfto LECs (B). The single outgoing LEC signal was identified as Reelin (Reln), macrophages and LECs, respectively, revealed elevated expression of Reelin
apreviously described lymphangiocrine factor, interacting with ITGBO on Mf (A). at P2MI5dpi compared to P7MI5dpi and sham controls across equivalent

Top node refers to source population, second layer to ligands, third layer to timepoints (Figure E-H). Data are presented as mean + SD. Qualitative observa-
receptors and bottom node representing the target population (A, B). Reln tions in D-H were seen across tissue sections and in1additional heart. Scale bar:
expression was shown by qPCR to decrease betweenP1(n=6) and P7 (n=5), 25 um for D; 150 pm for E-H.

Nature Cardiovascular Research


http://www.nature.com/natcardiovascres

Article

https://doi.org/10.1038/s44161-025-00711-4

A
End Diastolic Mass End Systolic Mass Heart Rate Heart Weight Infarct Size
0.0008 <0.0001 0.0001 °\°
X <0.
120 - 120 700 >0.9999 120 ﬁ 8 0.9668 P29 (Sham)
1 N
100- 0.0031 0.9290 100 0.0002 0.5400 0.9092 0.6220 1004 0.0007 0.7704 [ e P1MI 28dpi
a00d © ! 2 .
o ®e
eoi[% ] goil2 S S PE I
60 . 60 : 60 £ -
* '} % & + -}‘ * -} i‘ o, : :
40 40 40 2
s
i
20 T ¥ T 20 T \ T 20 T \ T & T R T
N o N N N » N N
&‘o A 5\-‘0 A ,\'\«.‘o A ééo e
o 3 ) 3 o 3 &
B [$) Vv (9 v ($) v (9 v
0.0004 0.0112 °\° 0.3570
120 1 120 o 10 1
0.9981 0.0244 100 0.9452 0.2814 N
100 (]
2 8 P35 (Sham)
o = o6 - P7MI 28dpi
£ 8 T = P
£ 4 N
[
22
S
©
o °
14 N N
& e
& 3§
< \2

Extended Data Fig. 9| Additional functional MRI parameters of Lyvel KO
hearts 28-days after Ml at P1and P7. Plots from longitudinal cine MRI performed
on Lyvel” and Lyvel”” mice 28 days after Ml at P1and P7, as well as inintact
control littermates at comparable P29 and P35 stages (A,B). MRI revealed
significantly reduced end diastolic mass (EDM), end systolic mass (ESM), and
heart weight (hwt) in P1Lyvel”” mice at 28 days post-MI compared to Lyve”” MI
controls at the equivalent timepoint (A). Conversely, EDM, ESM, and hwt were all

significantly increased in LyveI”” mice injured at P7 at 28-days post-MI compared
to Lyvel”~ 28dpi controls (B). Data are presented as mean = SD; n = 6 for P29
control, n =7 for PIMI28dpi control, n = 8 for P29 Lyvel” n =7 for PIMI28dpi
Lyvel”".n=8for P35 control, n = 7 for P7MI28dpi control, n = 8 for P35 Lyvel "

n =10 for P7MI28dpi Lyvel™". Significant differences were calculated using 2-way
ANOVA.
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Extended DataFig.10| hCD68-CreERT2;R26R-TdTomato reports LYVE-1 sections matched to the corresponding level and illustrated by schematic (C, D).
positive macrophages in P2 hearts 7 days post-Ml and MRI cine images of Picrosirius red staining revealed no significant difference in relative scar area
hCD68-CreERT2;Lyvel"*""°* hearts 28-days post-MI with corresponding between control and hCD68-CreERT2+ animals at 28 days post-MI (E). Asterisk
picrosirius red staining. Macrophages expressing TdTomato in P2 infarcted marks suture site. RA=right atrium, LA =left atrium, RV =right ventricle,
hearts at 7dpi. LYVE-1+/TdTomato+ macrophages confirmed by co-staining LV =left ventricle. n =7 for control, n = 13 for h(CD68Cret*";Lyve}"" hearts.
with CD68 and LYVE-1(A). Quantification of co-staining in sections (n = 3) (B). Panel C created in BioRender; Chapman, B. (2025) https://BioRender.com/z1nstjj.
Tamoxifen injected at P1, Ml surgery at P2 to avoid inducing respiratory failure. Unpaired Student’s t test was used to determine significance. Data are presented
Longitudinal and transverse cine MRI representative images from control and asmean +SD.In A, scale bar 350pum; zoomed 150pum. In D, scale bar 5 mmin MRI;
hCD68-CreERT2+ animals at P2MI28dpi accompanied by transverse picrosirius 1 mmin picrosirius sections.
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reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

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

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

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

The single-cell RNA sequencing datasets generated in this study are deposited in the Gene Expression Omnibus (GEO) with accession number GSE301633. All other
data supporting the findings of this study are available from the corresponding authors upon reasonable request.

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender N/A

Reporting on race, ethnicity, or N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

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

Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|Z Life sciences

|:| Behavioural & social sciences |:| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size

Data exclusions

Replication

Randomization

Blinding

Sample sizes were based on prior experience with similar in vivo and imaging-based studies, balancing statistical sensitivity with ethical
considerations of animal use. For key outcome measures (e.g. MR, histology, scRNA-seq), biological replicates per group typically ranged from
3 to 8. This was sufficient to detect meaningful phenotypic differences in lymphatic growth, macrophage trafficking, and cardiac function, with
statistical significance confirmed using appropriate tests (ANOVA, t-test, etc.).

Data were excluded only when tissue quality was inadequate for analysis (e.g., poor sectioning, autofluorescence interference, failed
immunostaining, or imaging artefacts). All exclusion decisions were made before analysis and without reference to group allocation or
outcome. No animals were excluded based on phenotype or experimental outcome.

All key experiments were replicated in independent biological samples. For example, lymphatic growth was assessed across multiple litters at
defined postnatal timepoints; adoptive transfer and imaging studies were repeated in at least two independent cohorts; and MRI and scRNA-
seq analyses were replicated across multiple animals per genotype. All results presented are representative of findings reproduced in at least
two independent experiments

Animals were allocated to experimental groups based on genotype. Given the constraints of timed matings, litter availability, and the
requirement for specific genotypes, formal randomisation was not applicable.

Investigators were not blinded to group allocation during surgery or animal handling due to the technical nature of procedures (e.g., Ml
surgery at P1/P7). However, all image acquisition (e.g., confocal, light-sheet, MRI) and subsequent quantitative analyses (e.g., vessel metrics,
immune cell counts, MRI readouts) were conducted in a blinded fashion.
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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
|Z Antibodies & |:| ChlP-seq
|:| Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|Z Animals and other organisms
|:| Clinical data

D Dual use research of concern

D Plants
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Antibodies

Antibodies used VEGFR3 R&D systems #AF743 Lymphatic endothelium 1:50 Goat (https://www.rndsystems.com/products/mouse-vegfr3-flt-4-
antibody_af743)
LYVE-1 Angiobio #11-034 Lymphatic endothelium, tissue-resident macrophages, and endocardium 1:400 Rabbit (https://
insightbio.com/productinfo/11-034/AngioBio)

PODOPLANIN Fitzgerald #10R-P155A Lymphatic endothelium and epicardium 1:200 Hamster (https://www.citeab.com/
antibodies/10401-10r-p155a-podoplanin-antibody)

PHOSPHO-HISTONE H3 (PH3) Abcam #AB1791 Proliferation marker 1:200 Rabbit (https://www.abcam.com/en-us/products/primary-
antibodies/histone-h3-antibody-nuclear-marker-and-chip-grade-ab1791?srsltid=AfmBOop 1j-ysyQcC-
ZEJQ7HCOQb_RIgVQb48NywTWQwzvWOOa_xMbadz)

VE-CADHERIN R&D systems #AF1002 Adherens junctions 1:400 Goat (https://www.rndsystems.com/products/mouse-ve-cadherin-
antibody_af1002)

PECAM1 BD Pharmingen #553370 Endothelium 1:200 Rat (https://www.bdbiosciences.com/en-us/products/reagents/flow-
cytometry-reagents/research-reagents/single-color-antibodies-ruo/purified-rat-anti-mouse-cd31.553370?tab=product_details)

CD68 Bio-Rad #MCA1957 Macrophages 1:400 Rat (https://www.bio-rad-antibodies.com/monoclonal/mouse-cd68-antibody-fa-11-
mcal957.html?f=purified)

IBA1 Abcam #ab5076 Macrophages 1:200 Goat (https://www.abcam.com/en-us/products/primary-antibodies/ibal-antibody-
ab50767srsltid=AfmBOookplLspaFFA61e3172luX2dsuXfdWy4WGIWUA8ajnwguMasSgZv)

REELIN RndSystems #AF3820 Lymphatics 1:200 Goat (https://www.rndsystems.com/products/mouse-reelin-antibody_af3820)
ITGB1 Proteintech #12594-1-AP Endothelium, Macrophages 1:200 Rabbit (ITGB1 Proteintech #12594-1-AP )

CC3 Invitrogen #PA5-114687 Apoptotic Cells 1:200 Rabbit (https://www.thermofisher.com/antibody/product/Caspase-3-Cleaved-
Asp175-Antibody-Polyclonal/PA5-114687)

CD44 eBioscience #14-0441-82 Leukocytes, Endothelium 1:200 Rat (https://www.thermofisher.com/antibody/product/CD44-
Antibody-clone-IM7-Monoclonal/14-0441-82)

Hyaluronic Acid Binding Protein (HABP) Amsbio #AMS.HKD-BC41 Hyaluronic acid 1:300 Biotin conj. (https://www.amsbio.com/
hyaluronan-binding-protein-habp-biotin-conj-ams-hkd-bc41)

AlexaFluor goat a-rabbit 405 Invitrogen 1 in 500
AlexaFluor donkey a-rabbit 405 Abcam 1 in 500

AlexaFluor donkey a-rat 488 Invitrogen 1 in 500
AlexaFluor donkey a-goat 488 Invitrogen 1 in 500
AlexaFluor donkey a-goat 555 Abcam 1 in 500

AlexaFluor goat a-rat 594 Invitrogen 1 in 500

AlexaFluor donkey a-goat 647 Invitrogen 1 in 500
AlexaFluor goat a-hamster 647 Invitrogen 1 in 500
AlexaFluor donkey a-rabbit 647 Invitrogen 1 in 500
Streptavidin, Alexa Fluor 488 Conjugate Invitrogen 1 in 200

Validation All primary antibodies used in this study were commercially sourced and validated by the manufacturers for immunofluorescence in
mouse tissue. Validation information, including species reactivity and application suitability, is available on the respective supplier
websites and includes data from knockout controls or known positive/negative tissue staining (websites listed above). Where
relevant, antibody specificity was supported by staining patterns consistent with published literature or prior in-lab use (e.g., LYVE-1
for lymphatic endothelium and tissue-resident macrophages; CD68 and IBA1 for macrophages; VE-Cadherin for endothelial
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junctions). For all primary antibodies, secondary-only controls were used during protocol optimisation to exclude non-specific signal
from secondary antibodies. No unexpected off-target staining was observed under the conditions used.

Animals and other research organisms

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

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

For experiments where wild type mice were required C57BL/6 or CD1 (Charles River Laboratories) strains were used when indicated .
Neonatal mice between P1 and P30 were used for experiments.

N/A

Both male and female neonatal mice were used in all experiments. Sex was not determined at the time of surgery or tissue collection
due to the technical limitations of reliably sexing mice at early postnatal stages (P1-P7). Given the focus on early developmental
windows and the absence of known sex-specific differences in lymphatic or macrophage responses during this period, data were
pooled across sexes. Sex-based analysis was therefore not performed.

N/A

All animal experiments were carried out according to UK Home Office project licences PPL PCO13B246 and PDDE89C84 and were
compliant with the UK Animals (Scientific Procedures) Act 1986.

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

Plants

Seed stocks

Novel plant genotypes

Authentication

N/A

N/A

N/A
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