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Allmammalian organs depend on resident macrophage populations to coordinate
repair and facilitate tissue-specific functions' . Functionally distinct macrophage
populations reside in discrete tissue niches and are replenished through a combination
oflocal proliferation and monocyte recruitment*’. Declines in macrophage

abundance and function have been linked to age-associated pathologies, including
atherosclerosis, cancer and neurodegeneration® 8, However, the mechanisms that
coordinate macrophage organization and replenishment within ageing tissues
remain largely unclear. Here we show that capillary-associated macrophages (CAMs)
are selectively lost over time, contributing to impaired vascular repair and reduced
tissue perfusion in older mice. To investigate resident macrophage behaviour in vivo,
we used intravital two-photon microscopy in live mice to non-invasively image

the skin capillary plexus, a spatially well-defined vascular niche that undergoes
rarefication and functional decline with age. We find that CAMs are lost at arate
exceeding capillary loss, resulting in macrophage-deficient vascular niches in both
mice and humans. CAM phagocytic activity was locally required to repair obstructed
capillary blood flow, leaving macrophage-deficient niches selectively vulnerable
under homeostatic and injury conditions. Our study demonstrates that homeostatic
renewal of resident macrophages is less precisely regulated than previously
suggested’ ™. Specifically, neighbouring macrophages do not proliferate or
reorganize to compensate for macrophage loss without injury or increased growth
factors, such as colony-stimulating factor 1 (CSF1). These limitations in macrophage
renewal may represent early and targetable contributors to tissue ageing.

Tissue homeostasis is dependent on multiple macrophage populations
thatresideindistinct sub-tissue compartments or niches, such as epithe-
lia,blood vessels or nerves, and are thought to support specialized tissue
functions*'>". Recent research has suggested that functional decline and
rarefication of vascular niches may contribute to various age-associated
tissue pathologies (including sarcopenia, chronic wounds and Alzhei-
mer’sdisease)™* . Itis unclear how tissue-resident macrophages resist
or potentiate such niche-specific ageing processes®".

Skin capillary macrophages are lost with age

To model mammalian tissue ageing, we adapted an intravital micros-
copy technique to visualize skin-resident macrophage populations
non-invasively inlive mice throughout the lifetime of the organism's"
(Fig.1a and Supplementary Videos 1 and 2). Unexpectedly, longitu-
dinal imaging of skin macrophages (marked by Csf1r‘“") revealed a
niche-specific declinein macrophage populations. Subdividing the skin
into three anatomical layers—the epidermis, and upper (papillary) and
lower (reticular) dermis—we observed that macrophages of the upper

dermis were lost with age at agreater rate than macrophages fromboth
the epidermis and lower dermis (Fig. 1b,c). Further characterization of
this upper-dermal CSF1R* population revealed expression of additional
macrophage markers?* %, including the chemokine receptor CX;CR1,
lysozyme M (LysM) and the mannose receptor CD206 (Extended Data
Fig.1a,b,f~h). A major component of the upper dermal niche is the
superficial capillary plexus, which supplies nutrient exchange for the
overlying epidermis. To visualize this structure, we used third har-
monicgeneration fromourimagingtotrack red blood cell (RBC) flow
through capillary vessels**, which was comparable to conventional
rhodamine dextranlabelling (Extended DataFig. 2 and Supplementary
Video 3) and was not significantly altered when using a coverslip dur-
ing our imaging sessions (Extended Data Fig. 3a,b). With this in vivo
marker of RBC flow, we found that these macrophages were closely
associated with blood capillaries of the superficial plexus, suggesting
that they may provide support for this capillary niche (Extended Data
Fig.1c-e and Supplementary Video 4). To investigate whether these
macrophages have aroleincapillary function, we assessed whether RBC
blood flow was altered in the presence of CAMs. Performing time-lapse
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Fig.1|Niche-specific macrophageloss with age correlates withimpaired
skin capillary blood flow. a, Intravital imaging schematic of resident
macrophage populations in mouse skin using the macrophage reporter
CsfI1r®"?in combination with the universal cellmembrane reporter R26™™°.
The diagram was created using BioRender. b, Representative optical sections
showingdistinct epidermal and dermal macrophage populationsinyoung
(aged 2 months) and old (aged 18 months) mice. ¢, Quantification of the
macrophage density indistinct skin nichesacrossages (1,2, 4,10 and 18 months).
n=4miceperage; two 500 um?regions per mouse. Statistical analysis was
performed using two-way repeated-measures analysis of variance (RM-ANOVA)
with Tukey’s test. Dataare mean +s.d.d, Skin resident macrophage labelling
using Cx3crI“**?R26™™C mice was performed after asingle high-dose
intraperitonealinjection of tamoxifen (2 mg) in 1-month-old mice. Single
optical sections at successive timepoints 5 min apart showing RBC flow (white)
incapillaries (red) with or without nearby CAMs (green). The yellow arrowheads

recordings of fluorescently labelled CAMs in 2-month-old mice witha
Cre-dependent dual reporter system (Cx3cr1“**?R26™™¢), we found
that capillaries lacking an associated macrophage had a higher rate of
obstructed RBC flow (Fig. 1d,e and Supplementary Video 5). We next
performed longitudinal analysis across multiple ages (1-18 months)
to assess CAM coverage and capillary function during physiological
ageing. We found across all ages tested a significant lossin RBC blood
flow in capillaries lacking associated macrophages (Extended Data
Fig. 3c). Furthermore, we found that the fraction of capillaries with
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indicate obstructed RBC capillary flow. e, Quantification of capillaries with
blood flow as measured by stalled RBCs (described in Extended Data Fig. 2).
n=226 (CAM*)and n=27 (CAM") capillary segments; n =4 mice. Capillary blood
flow (CAM* versus CAM") was compared using paired Student’s t-tests. Data are
mean +s.d.f, The percentage of capillary segments with at least one associated
macrophage across age groups. n =4 mice per group; two 500 pm?regions per
mouse. Statistical analysis was performed using one-way ANOVA with Tukey’s
test. Dataaremean = s.d. g, Representative images showing macrophage
depletion afterintradermal clodronate-liposomeinjections every 3 days.
Repeated imaging visualized macrophages (Csf1r*°?), capillaries (R26™™C) and
RBC flow (third harmonic). h, The percentage of capillaries with blood flow
after macrophage depletion. n =194 (clodronate) and n =199 (PBS) capillary
segments; n =3 mice per group. Statistical analysis was performed using
two-way RM-ANOVA with Tukey’s test. Data are mean + s.d. Scale bars, 50 pm.

an associated macrophage significantly decreased with age (Fig. 1f).
This decrease in CAMs and coverage outpaced the loss of capillaries
(Extended Data Fig. 3e,f), which was previously shown to be an early
hallmark of mouse and human ageing in multiple tissues, including the
central nervous system, lung, kidney and skin**>%-*!, Thus, to assess
whether this phenomenon also occurs in humans, we examined skin
samples of bothyoung (<40 years old) and older (>75years old) patients.
Consistent with our observationsin mice, human capillary-associated
macrophages also displayed a decline with age. Moreover, CAM decline
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Fig.2|CAMs arerequired to clear vascular damage and preserve skin
capillaries during ageing. a, Schematic of laser-induced capillary clotting
(top). Bottom, time-lapse imaging of Csf1r*®**R26™™° mice after clot formation
(yellow lightningbolt, 940 nm, 1s). b, Laser-induced clot formationin
10-month-old mice. The yellow arrowheads indicate extraluminal vascular
debris. The dotted white box highlights third harmonic optical z-series,
pseudocoloured to visualize RBC movementin recovering capillaries. c, Clot
recovery in10-month-old mice. Quantification of reperfusionatdaysland7
after clotting in regions with CAMs (<75 pm) versus without CAMs (>75 pm) is
shown.n=16clots per group; 3 mice. Statistical analysis was performed using
two-way RM-ANOVA with Fisher’s test. Dataare mean + s.d. d, Imaging of clot
repair after simultaneous laser ablation of CAMs (red lightning bolt) and
capillary clotting in Csf1r*°" mice (940 nm, 1 s). e, Quantification of reperfusion
in CAM-ablated versus control regions at days1and 7.n =19 (CAM ablated) and

also outpaced capillary loss with age, suggesting a similar lossin mac-
rophage coverage of the capillary niche (Extended DataFig.3g-j). These
observations therefore suggest thatlocal macrophage loss inboth mice
and human may contribute to impaired capillary function with age. To
assess any functional role of CAMs in maintaining capillary blood flow,
we performed chemical and genetic ablation of CAMs through clo-
dronate liposomes and Cx3crI°™ depletion, respectively, and observed
both acute CAM loss as well as a loss in capillary flow (Fig. 1g,h and
Extended Data Fig. 4). Collectively, this highlights an evolutionarily
conserved loss in skin-capillary-associated macrophages with age,
which correlates with impaired homeostatic capillary perfusion.

CAMs required for capillary repair and preservation

Giventhelink between CAMs and capillary blood flow, we next assessed
the long-term fate of vessels that lack an associated macrophage.
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16 (control) clots; 3 mice total. Statistical analysis was performed using two-way
RM-ANOVA with Fisher’s test. Dataare mean + s.d. f, Repeated imaging of
capillary clotrecovery in Cx3crI““®Rac and Cx3cr1*** Rac’* mice. CAMs
(green), capillaries (red) and RBCs (white) are visualized. g, Quantification of
perivascular RBC debris at day 3. n = 52 (RacF"*) and 48 (RacF) clots; 3 mice
per group. Statistical analysis was performed using unpaired t-tests. Dataare
mean+s.d. h, Capillary reperfusionat days1,3and 7. n = 67 (Racl*) and 82
(Rac™") clots; 3 mice per group. Statistical analysis was performed using
two-way RM-ANOVA with Tukey’s test. i, Sequential revisits over 3 months show
pruning ofindividual capillaries (yellow arrowheads). j, k, Quantification of
homeostatic capillary loss 3 months after tamoxifen administration.n=4
(RacP*)and n =5 (Rac"y mice; two 500 pm?regions per mouse. Statistical
analysis was performed using unpaired t-tests (j) and two-way RM-ANOVA with
Fisher’s test (k). Dataare mean +s.d.Scalebars, 50 um.

To this end, we performed a 6-month time-course analysis in Cx3cr1°®
R26™™¢ mice from1to 7 months of age (Extended Data Fig. 5a) and
found that capillaries fated for pruningin the 6 month time course had
decreased CAM coverage compared with capillaries that were main-
tained (Extended Data Fig. 5b,c). This finding suggests that CAMs might
belocally required to maintain proper capillary functionand preserva-
tionwith age. Thus, to assess the cellular mechanism(s) by which CAMs
support capillary function, we used a laser-induced blood-clotting
model to precisely target and stop blood flow in individual capillary
segments (Fig. 2a, Extended Data Fig. 6 and Supplementary Video 6).
To assess macrophage involvement, we tracked the daily displacement
of surrounding CAMs to laser-induced clots. These data showed that
CAMrecruitmentto sites of capillary damage as well as RBC engulfment
arelocally restricted to within approximately 80 pm and largely occur

within the first 2 days after injury (Extended Data Fig. 5d-f). This is
consistent with previous work describing macrophage cloaking as an
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acute behavioural response to laser-induced tissue damage®**, Mul-
tiple signalling pathways are involved in sensing tissue damage®>**%,
including the chemokine receptor CX3CR1, which is homeostatically
expressed by CAMs (Extended Data Fig. 1a-f). We therefore examined
the role of CX3CR1 signalling in recruiting nearby CAMs to capillary
damage. We performed laser-induced clotting and found significant
impairment in CAM recruitment in Cx3crI®”“"" mice compared with
inthe Cx3crI®™* control mice (Extended DataFig. 5g,h). We also found
that CX3CR1deficiencyledto asignificant delay and overall reduction
in capillary reperfusion by day 7 after clot induction (Extended Data
Fig. 5i). We next assessed capillary RBC flow during physiological age-
ing and found a significant loss in flowing capillaries in Cx3cr1°*/c*
mice compared with in the Cx3cr1®™* controls by 6 months of age
(Extended DataFig. 5j). Together, our results support amodelin which
local CAM recruitment, in part through CX3CR1 signalling, is critical
forboth capillary repair and the long-term preservation of the vascular
network during physiological ageing.

To determine whether diminished capillary function with age
is directly related to macrophage loss, we took advantage of the
inherent variability in CAM density in older mice. Specifically, we
performed laser-induced clotting of aged skin capillaries with or
without local CAMs (within 75 pm from the clot) (Fig. 2b). Notably,
capillaries that retained local CAMs in aged mice were significantly
better at re-establishing blood flow compared with capillaries with-
outlocal CAMs in the same mice (Fig. 2c). This result suggests that
local macrophage loss may drive age-associated capillary dysfunc-
tion. To directly test the role of macrophages in capillary repair, we
performed laser-induced ablation of local CAMs immediately before
capillary clotinduction.Indeed, inregions where CAMs were ablated,
repair was significantly impaired, and the blood flow was not properly
re-established (Fig.2d,e). We targeted other perivascular cells with the
same laser-ablation conditions and found no impairment to capillary
repair, nor did we detect neutrophil swarming as has been described
forlarger areas of laser-induced damage®***** (Extended Data Figs. 7
and 8a-c).

From our serial imaging of capillary repair, we found nearby CAMs
often surrounded by and containing RBC debris. To mechanistically
understand whether CAM uptake and clearance of this vascular debris
isfunctionally important for capillary repair, we acutely impaired CAM
phagocytosis through inducible Cre-dependent knockout of Racl,
a critical component of the phagocytic machinery*°, 1 week before
laser-induced clot formation. Although there was no significant
changein CAM density (Extended DataFig. 8d,e), there was significant
impairmentin the clearance of RBC debris and capillary reperfusionin
Cx3crI**Racl™ mice compared with in the Cx3cr1“*®* Rac?* litter-
mate controls (Fig. 2f-h), suggesting that RACI-dependent phagocytic
clearanceis critical for proper capillary repair and tissue reperfusion.

To test the long-term vascular effects of RAC1-deficiency in CAMs,
we assessed the capillary density 3 months after tamoxifen administra-
tion in Cx3crI“** RacF” mice. We found an acceleration in the rate of
capillary pruning after 3 months of physiological ageingin the skin of
Cx3crI“RRact™ mice compared with in the Cx3crI“*Racl littermate
controls (Fig.2i-k). Itis therefore likely that the loss of RAC1-dependent
behaviours, such as phagocytosis of vascular debris, directly contrib-
utes to impaired recovery and preservation of the skin microvascular
network.

Together, our results support a model in which local CAM recruit-
mentand phagocytic clearance of vascular debris is critical to maintain
capillary function. Thus, as CAM density declines with age, so does
capillary perfusion of the tissue.

Niche-specific dermal macrophage renewal

Maintenance of tissue-resident macrophage populationsin the skinis
thought to be mediated through a combination of local proliferation

176 | Nature | Vol 648 | 4 December 2025

and systemic replacement by bone marrow (BM)-derived blood mono-
cytes™**2, To understand how CAMs are replenished under physi-
ological conditions, we generated BM chimeras with Csf1r*°"CAG**e?
BM transferredinto lethally irradiated CsfIr*“® mice.Importantly, the
hind paws of these mice were lead-shielded to preventloss of resident
macrophage populations from our imaging area (Fig. 3a). Tracking
macrophage populations from all anatomical layers of the skin for
10 weeks after transplantation showed that, while most lower der-
mal macrophages are replaced by monocytes, <5% of upper dermal
macrophages were BM derived (Fig. 3b,c). Despite limited monocyte
renewal, the few capillaries with BM-derived (GFP*dsRed") CAMs
showed no obvious differencesin RBC blood flow compared with capil-
laries with host-derived (GFP*dsRed™) CAMs (Extended Data Fig. 3d),
suggesting that CAM ontogeny may not have a major role in homeo-
static capillary function.

Given that nearly all CAMs remained host derived, we next performed
single-macrophage lineage tracing to monitor the local proliferation of
dermal macrophages. Specifically, we induced sparse Cre recombina-
tionin1-month-old Cx3cr1®*R26™™° mice to label and track individual
macrophages fromboth the upper and lower dermis over weekly revis-
its (Fig. 3d,e). From these serial revisits, we observed marked positional
stability of macrophages on the vascular network as well as local cell
division (Fig. 3f). Analysis of the monthly rates of macrophage loss and
divisionrevealed that lower-dermal macrophages have a significantly
lower division rate as well as a significantly higher loss rate compared
with to CAMs (upper-dermal macrophages) (Fig. 3g).

Focusing on CAM turnover, we also found a significant skew toward
cellloss rather than proliferative balance during the 4-month time
course (Fig. 3h). Consistent with these data, there was a significant
decline in the fraction of fate-mapped CAMs over the 20-week time
course (Fig. 3i). These results demonstrate that CX3CR1" dermal mac-
rophage self-renewal strategies are niche-specific, where blood mono-
cyte recruitment is used in the lower dermis and local cell division is
used in the upper dermis. Importantly, we find that CAMs from the
upperdermisareinsufficiently replenished by local proliferation, which
contributes to their progressive decline in this tissue niche (Fig. 3j).

CAM ossis insufficient to promote renewal

The ability of resident macrophages to locally self-renew has largely
beenstudied through methods of near-total macrophage depletion that
have limited niche specificity and often generate tissue-wide inflamma-
tion® ™. To directly interrogate the steps of macrophage self-renewal
over time, we tracked both the replacement of individual macrophages
after loss and the redistribution of sister macrophages after division.
First, to track local macrophage replacement after CAM loss, we per-
formed laser-induced ablation of all CAMs within a defined 500 pm?
region. Serial revisits after ablation revealed limited repopulation from
adjacent capillary regions that retained intact CAM populations at
2- and 8-weeks after ablation (Fig. 4a,d) as well as areduction in local
capillary blood flow by 8-weeks after ablation (Extended Data Fig. 9a).
We found asimilarlackinrepopulation after partial CAM depletionin
Cx3cr1®™ mice following administration of low-dose diphtheria toxin
(Fig.4b,d). Toavoid any non-physiological effects from these cell deple-
tion models, we developed a dual-fluorescent macrophage reporter
mouse, Cx3crI“**"?Rosa26%*Csf1r°°", allowing for Cre-dependent
recombination to differentially label a small fraction of macrophages
and track their homeostatic replacement. Examination on serial weekly
revisitsindicated that, as we observed in depletion models, most capil-
lary niches did not recruit anew macrophage for at least 2 weeks after
CAM loss (Fig. 4c,d). By contrast, when we used large laser-induced
damage (500 pm?region) in either the upper dermis or overlaying
epidermis (Fig. 4e and Extended Data Fig. 9b), we found CAMs were
readily replenished (Fig.4e-g) ina CCR2-dependent manner, suggest-
ing atleast partial monocyte repopulation of CAMs after tissue damage.
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lower-dermisimages from Cx3cr1“*"2R26™™¢ mice after intraperitoneal
injection of low-dose tamoxifen (50 pg), showing single labelled macrophages

We also found that local CAM proliferation was significantly increased
1weekafter large laser-induced damage in either the upper dermis or
epidermis (Fig. 4h,i and Extended Data Fig. 9b-d). Taken together,
these results suggest that CAM loss alone is not a sufficient trigger to
promote macrophage replenishment and requires additional signals
elicited by tissue damage.

Second, to precisely track whether proliferating CAMs readily redis-
tribute across the capillary network after cell division, we used mice
withadual-fluorescent nuclear reporter, Cx3cr1“***™R26"™¢, and admin-
istered alow or high dose of tamoxifen to label either a sparse subset
or all CAMs, respectively (Extended Data Fig. 9e). Compared with the
average distance between all nearest neighbouring macrophages,
sister CAMs remained significantly closer (<15 um) to each other for
at least 2 weeks after division (Extended Data Fig. 9f,g). These find-
ings further support the notion that CAM division and loss are not
spatiotemporally coupled, which we predict would progressively lead
to disorganized patterning and the accumulation of both empty and
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8 mice) versus lower (n =42 cells, 4 mice) dermis. Statistical analysis was
performed using two-way RM-ANOVA with Fisher’s test. Dataare mean +s.d.

h, Monthly CAM-specific turnover rates (n =262 CAMs, 8 mice) were compared
using paired Student’s t-tests. Data are mean with paired lines.1, Lineage-tracing
analysis of labelled CAMs over 20 weeks. n =59 CAMs; 3 mice. Statistical
analysis was performed using one-way RM-ANOVA with Tukey’s test. Dataare
mean +s.d.j, Model: CAMs in the upper dermis rely on local proliferation for
maintenance, in contrast to lower-dermal macrophages, which are replenished
by monocytes. With age, CAM division becomes insufficient, leading to
progressive CAMloss. Scalebars, 50 pm.

crowded capillary regions. We tested this prediction by looking at the
distribution of neighbouring CAMs in both young (2-month-old) and
old (10-month-old) mice. In young mice, the majority of macrophages
was within 50 pm of each other. By contrast, old mice had a biphasic
distribution of macrophage patterning, with most CAMs either within
25 umor further than 75 um apart (Extended Data Fig. 9h). These results
highlight two distinct cellular features that contribute to reduced CAM
coverage withage: (1) insufficient macrophage repopulation after CAM
loss; and (2) insufficient redistribution of these cells along the capillary
niche, which may promote progressive erosion of the vascular network
(Extended Data Fig. 9i).

CAMrenewal boosts aged capillary repair

While homeostatic CAM proliferation was insufficient to maintain
a stable population density, we examined whether extrinsic cues
such as large tissue damage could increase CAM density long term to

Nature | Vol 648 | 4 December 2025 | 177



Article

Before ablation

Laser—ih‘éhced
CAM ablation

140
120
100
80
60
40
20
0

0.0994

0.9993
0.6140

Frequency of CAM
replacement (%)

« .. Third harmonic

Laser-induced
capillary niche damage

Laser-induced
capillary niche damage

CchRFP/RFP

#! =+ = damage
. A

Third harmonic

|

I LN

: Laser—induceﬁ.\
|

|

Fig.4|Macrophageloss withoutlocal tissue damage is not sufficient
topromote CAMrenewal. a, Representative time-lapse imaging of CAM
replacement after targeted laser ablation (yellow asterisk) in Csf1r*°"" R26™™¢
mice. Ablation was performed withina 500 um?region (yellow dashed square).

b, CAMreplacementafter systemic depletion throughintraperitoneal injection
of diphtheria toxin (DT) (25 ng per gbody weight) in Cx3cr1°® mice. ¢, Serial
imaging of single lineage-traced macrophages in Cx3cr1“*?R26%*Csf1r*°"* mice
under homeostasis. Micereceived asingle low-dose tamoxifenintraperitoneal
injection (50 pg), and wereimaged weekly for 2weeks. d, Quantification of CAM
nichereplenishmentunder different conditions: 2-week laser-induced loss (n =44
CAMs, 4 mice), 8-week laser-induced loss (n=261CAMs, 4 mice), DT-induced loss
(n=53 CAMs, 3 mice), homeostatic loss (n =29 CAMs, 3 mice) or laser-induced
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improve capillary function in older mice. To this end, we found that
large laser-induced epidermal damage (500 pm? region) resulted
inalasting increase in CAMs below the damaged regions compared
with in the neighbouring control regions (Extended Data Fig. 9j-1).
Furthermore, we found a significant improvement in capillary repair
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regions; 4 mice. Statistical analysis was performed using paired Student’s
t-testsatday 7 (D7). Dataare mean with paired lines. Scale bars, 50 pm.

in these same regions after laser-induced clotting (Extended Data
Fig.9m).

Our results suggest that CAMs in old mice can be stably expanded
after environmental changes, such as tissue damage. We therefore
next assessed whether directly increasing CAM density, without local
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damage, would also be sufficient to improve future capillary repair
and reperfusion. To this end, we used a fusion protein of the canoni-
cal macrophage growth factor CSF1 with the Fc region of porcine IgG
(CSF1-Fc), as it has been reported to robustly increase macrophage
density in multiple tissues, including skin**"*. We performed daily
intradermalinjections of either CSF1-Fc or PBSin the left or right hind
paws, respectively, of the same mice (Fig. 5a). There was a significant
increasein CAMsinthe CSF1-treated paws compared with the contralat-
eral PBS controls, which showed no significant change from before
treatment (Fig. 5b,c).

Toassess whether CSF1treatment modulated local CAM survivaland
proliferation or simply recruited new BM-derived macrophages from
blood monocytes, we performed CSF1treatmentin chimeric BM mice
in which we could track the relative expansion of local and recruited
populations (Extended Data Fig.10a,b). Consistent with our previous
experiments, we found that PBS-injected paws showed no significant
increase in host- or BM-derived macrophages in our imaging areas
(Extended Data Fig. 10c,d). Importantly we found that CSF1-induced
CAM expansiondid not alter the ratio of resident (GFP*) and recruited
(GFP*dsRed") CAMs (Extended Data Fig. 10e), as a relative increase in
GFP*dsRed” CAMs over GFP* CAMs would have suggested BM-derived
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monocyte recruitment. Thus, this strongly suggests that CSF1drives
local proliferation of the existing CAM population.

Notably, we found that CSF1 treatment was sufficient to improve
homeostatic capillary blood flow in old mice in comparison to the
PBS-treated control mice, which had significantly more obstructed
capillary segments (Fig. 5d,e). Using the same aged mice, we next tested
whether this increase in CAM density would be sufficient to improve
capillary repair rates. After laser-induced clotting, there was a signifi-
cantimprovementin capillary repair and reperfusion in CSF1-treated
mice compared with in the PBS-treated control mice (Fig. 5f,g), dem-
onstrating that restoring dermal macrophage density in old mice can
improve age-associated vascular dysfunction.

Discussion

Macrophage renewal has largely been studied in non-physiological
settings, such asthroughinvitro cell culture or severe depletionmodels
that often are accompanied by acute inflammation®*¢*8, Qur work
clearly demonstrates that the homeostatic renewal strategies of resi-
dent macrophages are niche specific and not as finely tuned as hasbeen
previously suggested. Specifically, we found that macrophages of the
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upper dermis do not proliferate or redistribute sufficiently to main-
tainan optimal coverage across the skin capillary network unless they
receive additional cues from acute tissue damage or increased growth
factor abundance (Fig. 5h). Notably, we confirmed previous findings
that show the epidermal Langerhans cell density also decreases with
age, which has been associated withimpaired epidermal function*°.
This raises the possibility that age-associated loss in macrophage den-
sity is amore general phenomenon in populations that rely on local
self-renewal.

In addition to self-renewal, we also found that CAM recruitment
to repair tissue damage was spatially restricted. To our knowledge,
the long-term size and stability of resident macrophage territories
or nichesinvivo has not been reported. Moreover, our work provides
strong evidence thatinjury-induced dermal macrophage recruitment
isrestricted to approximately 80 pm, as has been demonstrated in
other tissues®?*, Inyoung mice, CAM density is high enough to provide
substantial niche/territory overlap between neighbours. However, with
declining CAM density with age, we show that asignificant fraction of
the skin capillary network is no longer within a CAM’s territory range
andis susceptible to vascular damage. We find no evidence for neutro-
phil swarming after capillary injury in the skin, as has been described
in other tissues with similar levels of acute tissue damage>®**'. This
highlights a potential limitation to our study and may suggest that
atissue’s relative sensitivity to immune cell swarming may exist on a
spectrum. It will therefore beimportant to understand whether other
barrier or mucosal tissues, which are regularly exposed to environ-
mental insults, also require higher levels of tissue damage to trigger
neutrophil swarming.

We also found that dermal macrophage self-renewal and vascular
support could be acutely enhanced in aged mice through local CSF1
therapeutic treatment. Multiple previous studies have demonstrated
that fibroblast populations represent a major functional source of CSF1
in the skin®?*>and are progressively lost with age>* . It will therefore be
important for future studies to directly assess the interplay between
age-associated fibroblast and macrophage loss across different tissue
microenvironments. Lastly, it will be important to understand how
these properties of resident macrophages are influenced by other
aspects of regional heterogeneity, such as innate immune imprinting®,
to shape localimmune responses in tissues.

Collectively, this work demonstrates that loss in CAMs: (1) begins
within the first few months of life; (2) is progressive throughout life;
and (3) is functionally detrimental to vascular function and preserva-
tion, which has been shown to be a primary driver of age-associated
tissue impairments™*¢, Furthermore, this work provides a platform
to investigate age-associated deviations in tissue homeostasis at the
single-cell level in a living mammal.

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-025-09639-y.

1. Nobs, S. P. & Kopf, M. Tissue-resident macrophages: guardians of organ homeostasis.
Trends Immunol. 42, 495-507 (2021).

2. Minutti, C. M., Knipper, J. A., Allen, J. E. & Zaiss, D. Tissue-specific contribution of
macrophages to wound healing. Semin. Cell Dev. Biol. 61, 3-11(2017).

3. Vannella, K. M. & Wynn, T. A. Mechanisms of organ injury and repair by macrophages.
Ann. Rev. Physiol. 79, 593-617 (2016).

4.  Chakaroy, S. et al. Two distinct interstitial macrophage populations coexist across tissues
in specific subtissular niches. Science 363, eaau0964 (2019).

5. Wu, Y. &Hirschi, K. K. Tissue-resident macrophage development and function. Front. Cell
Dev. Biol. 8, 617879 (2021).

6. vanBeek, A. A., van den Bossche, J., Mastroberardino, P. G., de Winther, M. P. J. & Leenen,
P. J. M. Metabolic alterations in aging macrophages: ingredients for inflammaging?
Trends Immunol. 40, 113-127 (2019).

180 | Nature | Vol 648 | 4 December 2025

20.

21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Franceschi, C., Garagnani, P., Vitale, G., Capri, M. & Salvioli, S. Inflammaging and
‘garb-aging’. Trends Endocrinol. Metab. 28, 199-212 (2017).

Mass, E., Nimmerjahn, F., Kierdorf, K. & Schlitzer, A. Tissue-specific macrophages: how
they develop and choreograph tissue biology. Nat. Rev. Immunol. 23, 563-579 (2023).
Bruttger, J. et al. Genetic cell ablation reveals clusters of local self-renewing microglia in
the mammalian central nervous system. Immunity 43, 92-106 (2015).

Sakai, M. et al. Liver-derived signals sequentially reprogram myeloid enhancers to initiate
and maintain Kupffer cell identity. Immunity 51, 655-670 (2019).

Hashimoto, D. et al. Tissue-resident macrophages self-maintain locally throughout adult
life with minimal contribution from circulating monocytes. Immunity 38, 792-804 (2013).
Okabe, Y. & Medzhitov, R. Tissue biology perspective on macrophages. Nat. Immunol. 17,
9-17 (2016).

Guilliams, M., Thierry, G. R., Bonnardel, J. & Bajenoff, M. Establishment and maintenance
of the macrophage niche. Immunity 52, 434-451(2020).

Fukada, K. & Kajiya, K. Age-related structural alterations of skeletal muscles and
associated capillaries. Angiogenesis 23, 79-82 (2020).

Grunewald, M. et al. Counteracting age-related VEGF signaling insufficiency promotes
healthy aging and extends life span. Science 373, eabc8479 (2021).

Pluvinage, J. V. & Wyss-Coray, T. Systemic factors as mediators of brain homeostasis,
ageing and neurodegeneration. Nat. Rev. Neurosci. 21, 93-102 (2020).

Shaw, A. C., Goldstein, D. R. & Montgomery, R. R. Age-dependent dysregulation of innate
immunity. Nat. Rev. Immunol. 13, 875-887 (2013).

Pineda, C. M. et al. Intravital imaging of hair follicle regeneration in the mouse. Nat. Protoc.
10, 1116-1130 (2015).

Mesa, K. R. et al. Homeostatic epidermal stem cell self-renewal is driven by local
differentiation. Cell Stem Cell 23, 677-686 (2018).

Dick, S. A. et al. Three tissue resident macrophage subsets coexist across organs with
conserved origins and life cycles. Sci. Immunol. 7, eabf7777 (2022).

Siret, C. et al. Deciphering the heterogeneity of the Lyvel* perivascular macrophages in
the mouse brain. Nat. Commun. 13, 7366 (2022).

A-Gonzalez, N. et al. Phagocytosis imprints heterogeneity in tissue-resident macrophages.
J. Exp. Med. 214, 1281-1296 (2017).

Dietzel, S. et al. Label-free determination of hemodynamic parameters in the
microcirculaton with third harmonic generation microscopy. PLoS ONE 9, 99615 (2014).
Saytashey, |. et al. Multiphoton excited hemoglobin fluorescence and third harmonic
generation for non-invasive microscopy of stored blood. Biomed. Opt. Express 7, 3449
(2016).

Bentov, I. & Reed, M. J. The effect of aging on the cutaneous microvasculature. Microvasc.
Res. 100, 25-31(2015).

Smith, L. Histopathologic characteristics and ultrastructure of aging skin. Cutis 43,
414-424 (1989).

Li, L. et al. Age-related changes of the cutaneous microcirculation in vivo. Gerontology
52,142-153 (2006).

Reeson, P., Choi, K. & Brown, C. E. VEGF signaling regulates the fate of obstructed
capillaries in mouse cortex. eLife 7, €33670 (2018).

Das, A. et al. Impairment of an endothelial NAD'-H,S signaling network is a reversible
cause of vascular aging. Cell 173, 74-89 (2018).

Tsuchida, Y. The effect of aging and arteriosclerosis on human skin blood flow. J. Dermatol.
Sci. 5,175-181(1993).

Abdellatif, M., Rainer, P. P., Sedej, S. & Kroemer, G. Hallmarks of cardiovascular ageing.
Nat. Rev. Cardiol. 20, 754-777 (2023).

Uderhardt, S., Martins, A. J., Tsang, J. S., Limmermann, T. & Germain, R. N. Resident
macrophages cloak tissue microlesions to prevent neutrophil-driven inflammatory
damage. Cell 177, 541-555 (2019).

Freeman, S. A. et al. Lipid-gated monovalent ion fluxes regulate endocytic traffic and
support immune surveillance. Science 367, 301-305 (2020).

Arandjelovic, S. & Ravichandran, K. S. Phagocytosis of apoptotic cells in homeostasis.
Nat. Immunol. 16, 907-917 (2015).

Westman, J., Grinstein, S. & Marques, P. E. Phagocytosis of necrotic debris at sites of
injury and inflammation. Front. Immunol. 10, 3030 (2020).

Lammermann, T. et al. Neutrophil swarms require LTB4 and integrins at sites of cell death
in vivo. Nature 498, 371-375 (2013).

Sasmono, R. T. et al. Mouse neutrophilic granulocytes express mRNA encoding the
macrophage colony-stimulating factor receptor (CSF-1R) as well as many other
macrophage-specific transcripts and can transdifferentiate into macrophages in vitro in
response to CSF-1. J. Leucoc. Biol. 82,111-123 (2007).

Lim, K. et al. In situ neutrophil efferocytosis shapes T cell immunity to influenza infection.
Nat. Immunol. 21,1046-1057 (2020).

Egen, J. G. et al. Macrophage and T cell dynamics during the development and
disintegration of Mycobacterial Granulomas. Immunity 28, 271-284 (2008).

Cox, D. et al. Requirements for both Rac1and Cdc42 in membrane ruffling and
phagocytosis in leukocytes. J. Exp. Med. 186, 1487-1494 (1997).

Perdiguero, E. & Geissmann, F. The development and maintenance of resident
macrophages. Nat. Immunol. 17, 2-8 (2015).

Blériot, C., Chakarov, S. & Ginhoux, F. Determinants of resident tissue macrophage
identity and function. Immunity 52, 957-970 (2020).

Alfituri, O. A., Mararo, E. M., Steketee, P. C., Morrison, L. J. & Mabbott, N. A. Dermal
bacterial LPS-stimulation reduces susceptibility to intradermal Trypanosoma brucei
infection. Sci. Rep. 11, 9856 (2021).

Gow, D. J. et al. Characterisation of a novel Fc conjugate of macrophage colony-
stimulating factor. Mol. Ther. 22, 1580-1592 (2014).

Keshvari, S. et al. Therapeutic potential of macrophage colony-stimulating factor in
chronic liver disease. Dis. Model. Mech. 16, dmm049387 (2022).

Zhou, X. et al. Circuit design features of a stable two-cell system. Cell 172, 744-757
(2018).

Nicolas-Avila, J. A. et al. A network of macrophages supports mitochondrial homeostasis
in the heart. Cell 183, 94-109 (2020).


https://doi.org/10.1038/s41586-025-09639-y

48.

49.

50.

51

52.

53.

54.

55.

Ferrer, I. R. et al. A wave of monocytes is recruited to replenish the long-term Langerhans
cell network after immune injury. Sci. Inmunol. 4, eaax8704 (2019).

Hasegawa, T. et al. Reduction in human epidermal Langerhans cells with age is
associated with decline in CXCL14-mediated recruitment of CD14* monocytes.

J. Invest. Dermatol. 140, 1327-1334 (2019).

Fenske, N. A. & Lober, C. W. Structural and functional changes of normal aging skin.

J. Am. Acad. Dermatol. 15, 571-585 (1986).

Chtanova, T. et al. Dynamics of neutrophil migration in lymph nodes during infection.
Immunity 29, 487-496 (2008).

Voisin, B. et al. Macrophage-mediated extracellular matrix remodeling controls host
Staphylococcus aureus susceptibility in the skin. Immunity 56, 1561-1577 (2023).
Vollmers, A. C. et al. Dermatopontin-expressing fibroblasts mediate an essential skin
macrophage niche. Preprint at bioRxiv https://doi.org/10.1101/2024.11.21.624708 (2024).
Marsh, E., Gonzalez, D. G., Lathrop, E. A., Boucher, J. & Greco, V. Positional stability and
membrane occupancy define skin fibroblast homeostasis in vivo. Cell 175, 1620-1633
(2018).

Varani, J. et al. Vitamin A antagonizes decreased cell growth and elevated collagen-
degrading matrix metalloproteinases and stimulates collagen accumulation in naturally
aged human skin. J. Invest. Dermatol. 114, 480-486 (2000).

56. Cai, C. et al. Impaired dynamics of precapillary sphincters and pericytes at first-order
capillaries predict reduced neurovascular function in the aging mouse brain. Nat. Aging
3,173-184 (2023).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution

By 4.0 International License, which permits use, sharing, adaptation, distribution

and reproduction in any medium or format, as long as you give appropriate

credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence,
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Nature | Vol 648 | 4 December 2025 | 181


https://doi.org/10.1101/2024.11.21.624708
http://creativecommons.org/licenses/by/4.0/

Article

Methods

Mice

Mice were bred and maintained in the Alexandria Center for the Life
Sciences animal facility of the New York University School of Medicine
under specific-pathogen-free conditions. Albino B6 (B6(Cg)-Tyr*?/J,Jax,
000058), Csf1r*°" (B6.Cg-Tg(Csf1r-eGFP)1Hume/J,)ax, 018549), Ccr2®*
(B6.129(Cg)-Ccr2tm2.1lfc/J,Jax, 017586), R26™™° (B6.129(Cg)-Gt(ROSA)2
6Sortm4(ACTB-tdTomato,-eGFP)Luo/J,Jax, 007676), R26"™ (B6N.12956-
Gt(ROSA)26Sortm1(CAG-tdTomato*,-eGFP*)Ees/], Jax, 023537), LysM"®
(B6.129P2-Lyz2tmI(cre)lfo/J, Jax, 004781), RacP"? (RacltmIDjk/J,)ax,
005550) and CAG®*¢ (B6.Cg-Tg(CAG-DsRed*MST)INagy/J,Jax, 006051)
mice were purchased from Jackson Laboratories. R26** mice were
described previously® and were obtained from the laboratory of
G.Fishell. Cx3cr1“*®, Cx3cr1®" and Cx3crI®™ mice were generated in our
laboratory and have been described previously*® . All experimental
mice for this study were albino (homozygous for Tyr*?) as is required
forintravitalimagingin the skin. Mice from experimental and control
groups wererandomly selected from either sex for liveimaging experi-
ments. Data collection and analysis were not performed blind to the
conditions of the experiments, unless otherwise stated. Cre induction
forthelineage tracing or total CAM labelling experiments wasinduced
with a single intraperitoneal injection of tamoxifen (Sigma-Aldrich,
T5648) (100 pg or 4 mg in corn oil, respectively) in 1-month-old
mice. RacP"? recombination was induced with two intraperitoneal
injections of tamoxifen (2 mgin corn oil) 48 h apartin 1-month-old
mice. All imaging and experimental manipulations were performed
on non-hairy mouse plantar (hind paw) skin. Preparation of skin for
intravital imaging was performed as described below. In brief, mice
were anaesthetized with intraperitoneal injection of ketamine-xyla-
zine (15 mg ml™and 1 mg ml™, respectively in PBS). Afterimaging, the
mice were returned to their housing facility. For subsequent revis-
its, the same mice were processed again with injectable anaesthesia.
The plantar epidermal regions were briefly cleaned with PBS pH 7.2,
mounted onto a custom-made stage and a glass coverslip was placed
directly against the skin. Anaesthesia was maintained throughout the
course of the experiment with vaporizedisoflurane delivered by anose
cone. Mice from the experimental and control groups were randomly
selected for liveimaging experiments. All lineage-tracing and ablation
experiments were repeated in at least three different mice. All animal
procedures were performed in accordance with protocols approved
by the Institutional Animal Care and Usage Committee of New York
University School of Medicine.

Intravital microscopy and laser ablation

Image stacks were acquired using the Olympus multiphoton FVM-
PE-RS system equipped with both InSight X3 and Mai Tai Deepsee
(Spectra-Physics) tunable Ti:Sapphire lasers, using Fluoview software.
For collection of serial optical sections, alaser beam (860 nm for Hoe-
chst 33342; 940 nm for GFP, tdTomato, dsRed, RFP, rhodamine, second
harmonic generation; 1,200 nm for Alexa Fluor 647; and 1,300 nm for
third harmonic generation) was focused through a water-immersion
lens (NA, 1.05; Olympus) and scanned with a field of view of 0.5 mm? at
600 Hz. zstacks were acquired in1-2-pm steps fora~50-100 pmrange,
covering the epidermis and dermis. For allanimalimaging, 1 mm x 2 mm
imagingfields (regions of interest) were acquired with only the second
harmonic signal (collagen) as a reference guide to the same anatomi-
cal position (1 mm proximal of the most proximal walking pad on the
mouse paw plantar skin). The capillary blood flow was visualized in
some experiments through intravenous injection with 18 mg per kg of
dextran-rhodamine 70 kDa (Sigma-Aldrich,R9379). Cell tracking analy-
siswas performed by revisiting the same area of the dermis inseparate
imaging experiments through using inherent landmarks of the skin to
navigate back to the original region, including the distinct organization
ofthe superficial vasculature networks. Cells that were unambiguously

separated (by atleast 250 pm) from another were sampled to ensure the
identity ofindividual lineages. For time-lapse recordings, serial optical
sections were obtained between 5-10-minintervals, depending onthe
experimental setup. Laser-induced cell ablation, capillary clot or tissue
damage was carried out with the same optics as used for acquisition.
An 940 nm laser beam was used to scan the target area (1-500 pm?)
and ablation was achieved using 50-70% laser power for around 1s.
The ablation parameters were adjusted according to the depth of the
target (10-50 um). Mice from experimental and control groups were
randomly selected for live imaging experiments. All lineage-tracing
and ablation experiments were repeated in at least three different mice.

Insitu staining of neutrophils for intravital microscopy
Anaesthetized mice were given fluorescently labelled antibodies
throughintravenousretroorbitalinjectionimmediately beforeimag-
ing. Neutrophils were identified with 4 pg of anti-Gr1-AF647 (BioLeg-
end, RB6-8C5,108418) antibodies.

Drug treatments

Toinduce macrophage depletion, mice received intradermalinjections
of either clodronate-liposomes or PBS-liposomes (stock concentra-
tion, 5 mg ml™; Liposoma, CP-005-005) (5 pl per paw) every 3 days.
Depending on the experimental details, Cx3crI°® mice received either
intraperitoneal injection of diphtheria toxin (Sigma-Aldrich; D0564)
every other day or asingle low dose at 25 ng per g body weight in PBS.
To induce macrophage expansion, mice received daily intradermal
injections of CSF1-FC (Bio-Rad, PPP031) or PBS in contralateral hind
paws (5 pl per paw) for 4 days.

Generation of BM chimeric reconstituted mice

BM mononuclear cells were isolated from Csf1r®*CAG*** mice by
flushing the long bones. RBCs were lysed with ACK lysing buffer and
the remaining cells were resuspended in PBS for retroorbital injec-
tion. 4 x 10° cells were then injected intravenously into 6-8-week-old
CsfIr°"" mice that were irradiated 4 h before reconstitution using
1,000 rads per mouse (500 rads twice, at aninterval of 2 h, at X-RAD
320 X-Ray Irradiator). During irradiation, the hind paws of recipient
mice were lead-shielded to prevent any irradiation-induced loss of
resident macrophage populations from our imaging area. At1and
10 months afterirradiation, peripheral blood samples were collected
from the submandibular (facial) vein in tubes containing EDTA (BD
Biosciences, Dipotassium EDTA Microtainer, 365972). RBCs were
lysed with ACK lysing buffer and the remaining cells were analysed
using flow cytometry on the LSR Il system with FACSDiva and Flow)o
v.10.10.1 software (BD Biosciences) to check for reconstitution
(Extended Data Fig.10b).

Skin whole-mount staining

Whole skinwas collected from the hind paw and fixed in 4% paraform-
aldehyde in PBS overnight at 4 °C, washed in PBS, permeabilized and
blocked for1h (2% Triton X-100, 5% normal donkey serum and 1% BSA
in PBS). For CD206 staining, blocked tissue was incubated in Alexa
Fluor 647 rat anti-CD206 (1:500, BioLegend, CO68C2) overnight at
4 °C, washed in PBS with 2% Triton X-100, washed with PBS and then
mounted onto a slide with ProLong Gold antifade mounting medium
(Invitrogen) with a#1.5 coverslip. Nuclear counterstaining was achieved
by performingasingleintravenousinjection of Hoechst 33342 (15 mg
per kg) 30 min before mouse euthanasia. Whole-mount skin samples
were imaged with the same imaging conditions and setup that was
used for intravital microscopy.

Human skin samples

Written informed consent was obtained for post-mortem examina-
tion from next of kin for all patients. Clinical information and labora-
tory data were obtained from the electronic medical record. Sex and



gender information was not used. The patients in the young group
were below 40 years of age (19-37 years old). The patients in the older
group were aged above 75 years (79-97 years old). Patients with skin
or vascular pathologies were excluded. Skin samples were obtained
from the anterolateral chest and fixed in10% formalin for atleast 24 h
before processing. The slides were stained with haematoxylin and
eosin, CD68 (514H12) and ERG (EPR3864). Macrophages and capillar-
ieswereidentified using acombination of morphology, CD68 and ERG
staining. The researcher was blinded to the age group of the samples,
and counting was performed on at least eight high-power fields (x40)
within 100 pm of the epidermis.

Image analysis

Raw image stacks were imported into Fiji (NIH) or Imaris (Bitplane/
Perkin Elmer) for further analysis. Provided images and Supplemen-
tary Videos are typically presented as amaximal projection of 4-8 pum
optical sections. For visualizing individual labelled cells expressing
the dsRed or tdTomato Cre reporters, the brightness and contrast
were adjusted accordingly for the green (GFP) and red (dsRed/
tdTomato) channels and composite serial image sequences were
assembled as previously described. Images were obtained as large,
tiled image stacks at roughly the same positions and then manually
aligned over the experimental time course in Imaris (Bitplane/Perkin
Elmer) by using data from all channels. Random regions of interest
were selected forimage analysis. Quantification of CAM coverage and
capillary blood flow was performed blinded to minimize researcher
bias.

Statistical analysis

Data are expressed as mean + s.d. or mean with paired lines (for
paired Student’s ¢-tests). Student’s ¢-tests were used to analyse data-
sets with two groups. One-way or two-way ANOVA with either Tukey’s
or Fisher’s post hoc multiple-comparison test was used to analyse
datasets with three or more groups. P < 0.05 was considered to be
significant. Statistical calculations were performed using Prism
(GraphPad).

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

Data availability

All data supporting the findings of this study are available from the
corresponding authors on reasonable request. Source data are pro-
vided with this paper.
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compared by one-way ANOVA and Tukey multiple comparison tests; mean + SD).
¢, Visualization of CX3CR1-expressing cellsin all skin layers: epidermis, upper
dermis, and lower dermis (Cx3crI-GFP;R26-mTmG) was performed during
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paired Student’s t test; mean + SD). f, Quantifications of cells expressing
Cx3crl-GFPinthe upper dermis (n =3 miceineachgroup; two 500 um?regions
per mouse; CAM density (1vs 7-month-old) was compared by unpaired
Student’s t test; mean + SD). g, Representative optical sections of CAMs
inyoung (1I-month-old) and old (6-month-old) LysM-Cre;R26-mTmG mice.
Quantifications of membrane-GFP+ cells in the upper dermis (n =4 miceineach
group; two 500 um?regions per mouse; CAM density (1vs 6-month-old) was
compared by unpaired Student’s t test; mean + SD). h, Representative upper
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and old (18-month-old) Csf1r-EGFP mice stained with AF647 anti-mouse CD206
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During three-dimensionalimage acquisition, flowing red blood cells are
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RBCs asamulticolour patchwork or rainbow-effect and leaves obstructed/non-
flowing RBCs as white (full overlap of all colours). e, Representative image of RBC
visualizationin the upper dermisin CsfIr-EGFP; R26-mTmG mice. f, Representative
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flow (Host-derived vs Donor-derived) was compared by paired Student’s t test;
mean with paired lines). e,f Quantification of capillary niche age-associated
changes, (e) Capillary density and (f) CAM/ Capillary segment ratio (n =4 mice
ineach age group; two 500 pm?regions per mouse; comparison across age
groups was by one-way ANOVA and Tukey multiple comparison tests; mean + SD).
g, Representativeimmunohistochemistry of CD68+ macrophage and Erg+
capillary density (magentaarrows) in the upper dermis (within 100 pm from
epidermal boundary) of bothyoung (<40 y) and old (> 75 y) human samples.
Epidermal boundary marked by yellow dashed line. h-j, Quantification of
capillary niche age-associated changes: (h) CD68+ macrophage density,
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mouse; obstructed capillary flow (WT vs Cx3cr1-DTR) was compared for Day O
and Day Stime points by two-way RM ANOVA and Fisher multiple comparison
tests; mean £ SD). f, Representative images demonstrate macrophage
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Extended DataFig.5|Local recruitment of CAMsisrequired torestore
capillary blood flow. a, Scheme of long-term serialimaging of capillary niche
in Cx3cr1-GFP;R26-mTmG mice. b, Sequential revisits reveal progressive
pruning of capillary niche over a 6-month period. Yellow arrowheads indicate
capillaries that willundergo pruning. ¢, Quantification of capillary-associated
macrophage coverage at 1and 7 months of age (n = 3 mice; three 500 pm?
regions per mouse; Frequency of macrophage association with capillary
segments was compared between capillaries fated for pruning and all capillaries
at1-and 7-month-old time-points by two-way RM ANOVA and Fisher multiple
comparison tests; mean + SD).d, Scheme of laser-induced capillary clot
experiment. e, Sequential revisits of damaged capillary segment (red dashed
lines) after laser-induced clot formation in Cx3crl-CreERT2;R26-mTmG mice.
Yellow lightning boltindicates site of laser-induced capillary clot. Yellow
arrowheads indicate extra-luminal vascular debris. f, Quantification of capillary-
associated macrophage extension toward damaged niche at Day 1,2 and 7 after
laser-induced clotting (n =50 CAMs, in 3 mice; CAM extension toward capillary
damage was compared by two-way RM ANOVA and Tukey multiple comparison
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induced clot formation (yellow lightning bolt) in Cx3cr¥?* and Cx3cré &% mice.
CAMs (green), capillaries (red), RBC (white). Yellow arrowheads indicate extra-
luminal vascular debris. h, Quantification of capillary-associated macrophage
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group; CAM extension (Cx3cré”* vs Cx3cré™) was compared by two-way RM
ANOVA and Tukey multiple comparison tests; mean + SD). i, Quantification of
capillaryreperfusionat Day 1,2 and 7 after laser-induced clotting (n = 20 clots
in Cx3cr#”* group; n =21 clots in Cx3cré™& group; n = 3 mice in each group;
capillary reperfusion (Cx3cré™’* vs Cx3cré&) was compared by two-way RM
ANOVA and Tukey multiple comparison tests; mean + SD). j, Quantification of
capillary blood flow (n =4 mice ineach group; two 500 pm?regions per mouse;
capillary blood flow (Cx3cré* vs Cx3cré4”) was compared at1and 6 months
of age by two-way ANOVA and Fisher multiple comparison tests; mean + SD).
Scalebar, 50 pm.



Laser-induced
capillary clot

Track capillary
repair and flow

Luminal
expansion

Complete loss
in RBC flow

Extended DataFig. 6 | Laser-induced model ofacute capillary clot formation
andrepair. a, Scheme of laser-induced capillary clot experiment. b, Sequential
revisits of damaged capillary niche after laser-induced clot formation in
Csflr-EGFPmice.Simultaneous visualization of blood flow before and after clot
formation via third harmonic generation (white) fromred blood cells (RBC) and
intravenous rhodamine dextran (RhDex) (red). Yellow lightning boltindicates
site of laser-induced capillary clot. Yellow arrowheads indicate extra-luminal

d Capillary luminal size

=10

0.0196

Luminal diameter (um
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(yellow lightning bolt) was performed at 940 nm for 1sin 4-month-old mice.

d, Quantification of capillary lumen diameter before and immediately after
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and monocyte populations at 0, 6,and 24 h post laser-induced capillary clotting
inCAMablated regions (n =16 capillary clotsin CAM ablated regions, 3 micein
total; Gr-1+ cell recruitment was compared by two-way RM ANOVA and Tukey
multiple comparison tests; mean + SD). f, Scheme of tracking neutrophil
recruitment and swarming after laser-induced capillary clot experiment.

g, Sequential revisits of damaged capillary niche after laser-induced CAM
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wereboth performed at 940 nmfor1s. h, Quantification of neutrophil swarming
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total; mean + SD). Scale bar, 50 pm.
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capillary segments in control neighbouring regions (white bar graph); n=4
miceintotal; capillary blood flow was compared by two-way RM ANOVA and
Fisher multiple comparison tests; mean + SD). b, Scheme of tracking of CAM
proliferation following laser-induced damage to nearby capillary or epidermal
niches. ¢, Representative revisits of single macrophage lineage tracing in
Cx3crI-CreERT2; R26-nTnG mice following epidermal damage. d, Quantification
of CAM proliferation based on proximity to epidermal damage (n =25CAMs
tracked in capillary damage regions, n =56 CAMs tracked in epidermal damage
regions; 4 miceineach group; CAM proliferation (based on damage proximity)
was compared atday 7 by one-way RM ANOVA and Tukey multiple comparison
tests; mean + SD). e, Scheme of long-term tracking of CAM migration following
cell division. f,Representative revisits of single macrophage lineage tracing

in Cx3crl-CreERT2; R26-nTnG mice. Weekly revisits were performed during
homeostatic conditions for 5 weeks following a single low-dose intraperitoneal
injection of tamoxifen (50 pg). g, Quantification of neighbouring CAM distance
of recently divided sister CAMs was compared to total CAM neighbouring
distance from Cx3crI-CreERT2; R26-nTnG mice given a single high-dose
intraperitonealinjection of tamoxifen (4 mg) (n =26 sister CAM pairs, from

[ Epidermal damage regions

Smiceinlow-dose group; n =188 CAMs, from 4 micein high-dose group; Average
nearest neighbour distance (2 vs 10 month old) was compared at 0-25,
26-50,51-75,and >75 um intervals by unpaired Student’s t test mean + SD).

h, Quantification of distance between nearest CAM neighboursin 2-and
10-month-old Csf1r-EGFPmice (n =90 CAMsin 2-month-old mice, n =101 CAMs
in10-month-old mice; 3 mice in each age group; Frequency of CAM distribution
(2vs10 month old) was compared at 0-25,26-50, 51-75, and >75 pumintervals
by two-way RM ANOVA and Tukey multiple comparison tests; mean + SD).

i, Working model of macrophage renewal and organizationin the skin ageing
capillary niche.j, Scheme of local damage-induced expansion of CAMsin the
aged capillary niche.k, Representative images of CAM density in CsfIr-EGFP;
R26-mTmG mice 28 days following overlaying epidermal laser damage.

1, Quantification of CAM density following overlaying epidermal damage
(n=4miceintotal; two 500 pm?regions for both epidermal damage and control
conditions per mouse; CAM density was compared by two-way RMANOVA and
Fisher multiple comparison tests; mean + SD). m, Quantification of capillary
reperfusionatdayland 7 afterlaser-induced clotting (n =17 capillary clotsin
epidermal damage regions, n =17 capillary clots in neighbouring control
regions; 4 mice in total; capillary reperfusion (with epidermal damage vs
control) was compared at day 1and day 7 by two-way RM ANOVA and Fisher
multiple comparison tests; mean + SD). following laser-induced damage to
overlaying epidermal niche. Scale bar, 50 pm.



a Track resident and monocyte-derived b CAG-dsRed/CSF1R-EGFP donor BM Blood Chimerism
macrophage expansion after CSF1-treatment CAG-dsRed/CSF1R-EGFP mice into CSF1R-EGFP recipient mice

Irradiate & Intradermal injection 1052 461 10840100 318 geoo 02399 0814 OIVQEW” 02086
BM transfer (PBS or CSF1-FC) E| E|
| 1] ] & &
> 103 1073
2m 12m 2wks g 3 .
old old post o o
=== Epidermis i ©° b 10°
3 [&]
M ¥¥1¥ © o3 0
H Dermis E E|
| | | Lower
Lead-shielding Dermis "S :03 ' 0 !
of hindpaws ¥ - -
P %‘;’Jﬁ;%ﬁfﬂ@iﬁ( g;;‘] " S,EFF,’)) CAG-dsRed CAG-dsRed [] CAG-dsRed/CSFR1-EGFP mice
L CAG-dsRed/CSFR1-EGFP donor BM
c Day 14 post-treatment initiation into CSFR1-EGFP recipient mice

Control (PBS) CSF1-FC

d Total CAMs e
0.0316

>0.9999 Donor CAMs
1

Bone Marrow Derived

0.0170  0.4987 §100

2\3200 Y (] Day 0 % 80 0.9183 [Dayo

5150 [l Day 14 Jé 60 0.9405 W Day 14

@ 5 0.4406 0.2266

8100 S 40 o

> S 20

S 50 g

CaF1 PES CSF1 PBS

Extended DataFig.10|Intradermal CSF1treatmentlocally expands density 14 days following daily intradermal injections (4 days) of CSF1-Fc
CAM populationsinold mice.a, Scheme of serial imaging of skin resident (porcine CSF1andIgGlaFcregion fusion protein) and PBS in contralateral hind
macrophage repopulationinbone marrow chimeras with CsfIr-GFP;CAG-dsRed ~ paws of 12-month-old mice. d, Quantification of capillary-associated macrophage
bone marrow transferredinto lethally irradiated CsfIr-GFP mice following density following CSF1-Fc or PBS treatment (n = 3 mice in total; two 500 pm?
CSF1-treatment. Note hind paws of these mice were lead-shielded to prevent regions of each treatment condition per mouse; Percentage of CAM density
irradiation-induced loss of resident macrophage populations fromourimaging  change (Day O vs 14) was compared for CSF1-Fc and PBS regions by two-way RM
area.Created in BioRender. Mesa, K. (2025) https://BioRender.com/3y6g97c. ANOVA and Fisher multiple comparison tests; mean + SD). e, Quantification of
b, Quantification of blood chimerism 10 months after CsfIr-GFP;CAG-dsRed donor bone marrow-derived (GFP + /dsRed +) CAM density following CSF1-Fc
bone marrow transfer into lethally irradiated CsfIr-GFP mice (n=3 miceineach or PBS treatment (n =3 micein total; two 500 pm?regions of each treatment
group; Percentage of cells from blood (Csf1r-GFP;CAG-dsRed mice vs bone condition per mouse; Percentage of donor bone marrow-derived CAM density
marrow transferred mice) was compared for dsRed-/GFP +, dsRed + /GFP +, change (Day 0 vs 14) was compared for CSF1-Fcand PBS regions by two-way RM
dsRed + /GFP-, dsRed-/GFP- populations by two-way RM ANOVA and Tukey ANOVA and Fisher multiple comparison tests; mean + SD). Scale bar, 50 um.

multiple comparison tests; mean + SD). ¢, Representative images of CAM
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

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

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

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

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

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

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Fluoview FV32S-SW (Olympus v2.3.1.163), Aperio ImageScope (Leica, v12.4.6), FACSDiva (BD Biosciences)

Data analysis Fiji (NIH v2.14.0), Prism (GraphPad, v10.0.2), FlowJo (BD Biosciences, 10.10.1)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data

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

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

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

Source data will be provided with this paper. All other data supporting the findings of this study are available from the corresponding authors on 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 Clinical information and laboratory data were obtained from the electronic medical record. Sex and gender information was
not used.

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

groupings

Population characteristics Patients in young group were below 40 years of age (19 - 37 years old). Patients in old group were above 40 years of age (79 -
97 years old). Patients with skin or vascular pathologies were excluded.

Recruitment Written informed consent was obtained for postmortem examination from next of kin for all patients.

Ethics oversight Study protocol was approved by Weill Cornell Department of Pathology

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.
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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 Three or more mice per group were used in each experiment. The precise number of animals used are given in the figure legend. The sample
size was determined from our previous experience and from what is accepted in the field.

Data exclusions  No samples were excluded from the analysis.
Replication Experiments were replicated at least three times unless otherwise specified. All attempts were successful.

Randomization  Allocation into sample groups was random. In addition, experimental and control mice were used from the same litter whenever possible.
Both males and females were used.

Blinding For human skin samples, the age group of samples were blinded to the researcher. For mouse imaging experiments, random ROl were
selected for image analysis. Quantification of CAM coverage and capillary blood flow was performed blinded to minimize researcher bias.

Reporting for specific materials, systems and methods

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

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|Z| Antibodies |Z| |:| ChlP-seq
|:| Eukaryotic cell lines |:| Flow cytometry
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Antibodies

Antibodies used CD68 HRP (Clone 514H12, Leica PA0273), ERG HRP (Clone EPR3864, Abcam ab92513), CD206 AF647 (Clone CO68C2, BioLegend
141712), Grl AF647 (Clone RB6-8C5, BioLegend 108418).

Validation Antibodies were used according to recommendations of the manufacturer.

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 Mice were bred and maintained in the Alexandria Center for the Life Sciences animal facility of the New York University School of
Medicine, in specific pathogen-free conditions. Albino B6 (B6(Cg)-Tyrc-2J/J, Jax 000058), Csf1rEGFP (B6.Cg-Tg(Csf1r-EGFP)1Hume/J,
Jax 018549), Ccr2RFP (B6.129(Cg)-Cer2tm2.11fc/J, Jax 017586), R26mTmG (B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-
EGFP)Luo/J, Jax 007676), R26nTnG (B6N.12956-Gt(ROSA)26Sortm1(CAG-tdTomato*,-EGFP*)Ees/J, Jax 023537), LysMCre (B6.129P2-
Lyz2tm1(cre)lfo/J, Jax 004781), Rac1f/f (Rac1tm1Djk/J, Jax 005550), and CAG-dsRed (B6.Cg-Tg(CAG-DsRed*MST)1Nagy/J, JAX
006051) mice were purchased from Jackson Laboratories. R26dsRed mice were described previously (Luche et al., 2007) and were
obtained from the laboratory of Dr. Gordon Fishell. Cx3cr1CreER, Cx3cr1GFP, and Cx3cr1DTR were generated in our laboratory and
have been described (Parkhurst, et al., 2013; Jung, et al., 2000; Diehl, et al., 2013). All experimental mice for this study were albino
(homozygous for Tyrc-2J) as is required for intravital imaging in the skin. Mice 1-24 months old were used for experiments.
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Wild animals This study did not involve wild animals.
Reporting on sex Mice from experimental and control groups were randomly selected from either sex for live imaging experiments.
Field-collected samples  This study did not involve samples collected from the field.

Ethics oversight All animal procedures were performed in accordance with protocols approved by the Institutional Animal Care and Usage Committee
of New York University School of Medicine.

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

Flow Cytometry

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

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

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

Methodology

Sample preparation Peripheral blood samples were collected from the submandibular (facial) vein in tubes containing EDTA (BD Biosciences;
Dipotassium EDTA Microtainer; Cat# 365972). Red blood cells were lysed with ACK lysing buffer and the remaining cells were
subjected flow cytometric analysis.

Instrument LSR I Flow Cytometer (BD Biosciences)

Software Samples were ran on the LSR Il with FACSDiva and FlowJo 10.10.1 software (BD Biosciences)

Cell population abundance Cell population abundance was displayed as percentage of total cells from blood sample.

Gating strategy Gates were defined from blood samples of WT and single fluorescent reporter (CAG-dsRed and CSF1R-EGFP) mouse strains.

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