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Inflammation drives age-induced loss of tissue resident macrophages
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Summary: The pool of embryo-derived resident macrophages dwindles with age in most tissues,
without compensation from Hematopoietic Stem Cell (HSC)-derived cells. This loss is not due to
impaired self-renewal in old tissues but rather to increased cell death, which is driven by sustained
inflammation. Attenuating inflammation sensing during ageing prevents age-induce macrophage
loss and improves hallmarks of liver ageing.

Abstract: Low-grade chronic systemic inflammation, or inflammageing, is a hallmark of ageing
and a risk factor for both morbidity and mortality in elderly people. Resident macrophages are
tissue homeostasis sentinels that are embedded in their tissue of residence since embryonic
development, thus been exposed to cumulative tissue insults throughout life. Therefore, resident
macrophages, among other immune cells, emerge as potential key contributors to age-associated
tissue dysfunction. Contrary to what is currently postulated, we demonstrate here that the pool
of embryo-derived resident macrophages exhibits an age-dependent depletion in liver, and other
solid organs and that they are not replaced by Hematopoietic Stem Cell (HSCs)-derived monocytes
throughout life. Further, we demonstrate that gradual, cumulative inflammation during ageing
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induces this specific loss of tissue resident macrophages. Preserving a “youthful” density of

resident macrophages attenuates classical hallmarks of liver age-associated dysfunction.
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Introduction

Ageing is associated with excessive innate immune cell production, defective adaptive
immune responses, and systemic low grade chronic inflammation2. While the frequency of
circulating innate immune cells is increased in aged animals, there are conflicting results regarding
tissue-specific myeloid cells*>®°. Among them, two lineages of macrophages coexist in most adult
tissues: embryo-derived Hematopoietic Stem Cell (HSC)-independent “resident” macrophages
and HSC-derived monocytes/macrophages®. Pathological situations have shed light on the impact
of ontogeny on tissue macrophage functions’™°. However, the homeostatic maintenance and
functions of resident macrophages are still poorly understood, in particular in the context of
ageing. Whether HSC-derived macrophages can compensate for resident macrophage loss is a
subject of intense investigation!'!2, Given that the progressive replacement of heart resident
macrophages with HSC-derived cells over time!34 has been linked to transcriptomic changes that
may augment age-associated cardiac fibrosis and deleterious outcomes following cardiac
injury®>6 3 shift in ontogeny among tissue resident macrophages could contribute to age-related
changes, such as impaired tissue repair.

The liver comprises the largest population of resident macrophages in the body. These
Kupffer cells (KCs) sit in the liver fenestrated sinusoidal endothelial cells, where they are in close
contact with bloodstream circulation. In the aged rodent liver, alteration of the
microvasculature!’ activation of stromal cells and decline in hepatocyte function have been
observed, along with general inflammation. Moreover, a higher prevalence of inflammation
related chronic liver diseases (cirrhosis, non-alcoholic steatohepatitis) has been observed in aged
individuals'®. Recently, the Covid-19 pandemic, which disproportionately affect elderlies and
people with chronic metabolic pathologies, has highlighted the need to disentangle the interplay
between inflammation, ageing and tissue repair. Since KCs are established key players of the
inflammation and tissue repair processes, a better understanding of their maintenance and
functions in physiological ageing will thus prove critical for the treatment of age-related
pathologies.

Because embryo-derived macrophages are usually thought to be replaced by HSC-derived
cells that can adopt a similar phenotype, in particular after acute macrophage depletion 111219,
we expected to observe an increased contribution of HSC-derived cells to tissue resident
macrophages with age without changes in their overall tissue density. Here we show that resident
macrophage density decreases 2-fold during ageing in the liver and other solid organs, and this
resident macrophage loss is associated with liver tissue dysfunction. The net contribution of HSC-
derived cells to resident macrophage populations is constant over time and no compensatory
recruitment of monocyte-derived cells was observed. This loss was specific to KCs, when
compared to other innate immune cells present in the liver and was not due to proliferative
exhaustion. Furthermore, sustained inflammation is sufficient to drive resident macrophage loss
while impaired inflammation sensing rescues the age-associated phenotype. Our study
demonstrates that increased niche availability, defined here as available space due to a decrease
in macrophage density in combination with available CSF1 growth factor presentation by Hepatic
Stellate cells, is not sufficient to elicit the recruitment and local differentiation of HSC-derived
cells. These data support a model where inflammation triggers the net loss of resident
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macrophages by modifying the homeostatic proliferation/death balance, thereby leading to a
cumulative loss of resident macrophages over time without compensation from HSC-derived cells.
Moreover, preventing liver resident macrophage sparseness improved age-associated tissue
dysfunction. Thus, further understanding the factors regulating resident macrophage
homeostasis and the signals mediating cell recruitment in the context of ageing will lead to new
strategies to improve aged tissue homeostasis and repair.

Results

Kupffer cell numbers are reduced with Age

We scored phenotypic resident macrophages in the liver, named Kupffer cells (KCs), defined here
by the expression of the cell-surface markers F4/80, CD11b and Tim4 (Figure S1A). Four age
groups were studied: Young mice (2-4 months-old, mO) were compared with three groups of aged
mice (16-18mO, 20-25mO0O and 29-30m0O). Interestingly, phenotypic resident macrophage density
started to decrease at 16-18 months, with an average 2-fold-reduction at 20-25 months (Figure
1A). These results were confirmed by counting F4/80+ macrophages in situ in liver sections (Figure
S1B). The reduction in density of macrophages with age was specific to resident macrophages, as
the density of other liver innate immune populations, such as neutrophils and MHC-II* CD11bMeh
F4/807'°" cells, were increased at 20-25 months and 29-30mO, respectively (Figure 1B and Figure

S1C). Given the increased proportion of neutrophils among circulating cells in peripheral blood at
20-25 months of age (Figure 1C), the increase in liver neutrophil density could be the reflection
of increased circulating cells and represent an increase of neutrophils within the liver sinusoids.
To better assess neutrophil location (circulation vs intra-tissue), we performed an intravenous
injection of anti-CD45 antibody. We evaluated the proportion of liver monocytes and neutrophils
that were labelled by this antibody and normalised them to the labelling observed on their
circulating counterparts. We found that in young and aged animals, Ly-6C" monocytes were
equally labelled in the blood and in the liver. In contrast, neutrophil labelling was decreased with
age in the liver when compared to circulating cells. This suggests a transmigration of neutrophils
from the liver circulation to the liver parenchyma (Figure S1D). Histological examination
confirmed the increase in tissue MPO* neutrophils (Figure S1E) and demonstrated that the
proportion of neutrophils that were intra-tissular (not located within CD31* blood sinusoid
vessels) was increased in aged livers (Figure S1F). Collectively, these results suggest that the
density of neutrophils within the liver could be a used as read-out of the low-grade sustained
inflammation that is postulated to occur in aged tissues.

Kupffer cells are not replaced by HSC-derived cells during Ageing

Recent literature suggested that the contribution of HSC-derived cells would increase over
time, and the reduction in the total number of macrophages does not preclude this possibility.
We thus sought to investigate the contribution of HSC-derived cells to phenotypic resident
macrophages during ageing by using the FIt3® Rosa"* fate mapping model?%?!, HSC-derived cells
are efficiently labelled in FIt3¢ Rosa"" mice, with 80% of circulating monocytes been YFP*. The
proportion of HSC-derived (FIt3¢)-YFP* cells among resident macrophages increased with time
in the liver (Figure 1D). However, because the population size changed over time as demonstrated
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in Figure 1A, we examined the density of (F/t3°¢)-YFP* and -YFP"é resident macrophages. While
there was no change in HSC-derived (F/t3)-YFP* cells, we observed a specific loss of (F/t3¢)-
YFP"e8 cells (2-fold reduction at 20-25mO when compared to Young) (Figure 1E). Thus, the
observed reduction of resident macrophage density was specific to HSC-independent
macrophages and was not compensated by increased recruitment and/or differentiation of HSC-
derived cells. This result was confirmed using a complementary CsflrMericreMer pggqgtdTomato
approach, where macrophages expressing the inducible Cre recombinase (MeriCreMer) under
the control of the macrophage growth factor receptor (Colony stimulating factor receptor 1,
Csf1r) promoter were pulse-labelled in Young and Old mice. Pulse-labelling of macrophages in
Young and Old Csf1rVericreMer pgggtdTomato mice |ed to efficient recombination (evidenced by a
Tomato labelling efficiency of 60%) in liver resident macrophages three days after a single dose
of tamoxifen (Figure 1F). Contribution of (non-labelled) HSC-derived cells to the resident
macrophage population would lead to a decline in Tomato labelling over time. There was no
significant difference in macrophage Tomato labelling between day 3 and day 111 post tamoxifen
injection between Old and Young, suggesting that macrophage self-maintenance or half-life in
aged livers was not affected when compared to young livers (Figure 1F). Collectively, this indicates
that there was no switch in the ontogeny of liver resident macrophages with ageing. In contrast
to listeria infection, whole body-irradiation or DT-mediated ablation of KCs 13121922 HSC-derived
cells were either not recruited or failed to differentiate into tissue macrophages when liver
macrophage density was reduced with age.

Kupffer cells display minor changes with Age

We next investigated whether liver resident macrophages (KCs) were functionally affected
with ageing. A functional feature of liver KCs is their ability to phagocyte large particles directly
from the bloodstream, due to their localization within the liver sinusoids. KC phagocytosis of 2um
PE-latex beads was unaffected in Old animals when compared to Young controls (Figure 2A).
However, we observed morphological changes in old liver resident macrophages, with Old KCs
larger in size and they had increased granularity (Figure S2A and B). Old KCs also had increased

cell-surface expression of the macrophage marker F4/80 and the myeloid integrin CD11b, as
measured by the median fluorescent intensity. To take into account the increased cell size, F4/80
and CD11b expression were normalized to cell size (FSC-A). While normalized F4/80 expression
was not changed between Young and Old, the increase in CD11b expression could not be
explained alone by the increased cell size (Figure S2C). An exploration of the Tabula Muris Senis
Consortium RNA sequencing repository 22 showed an increase in the number of reads in KCs, a
feature traditionally associated with increased cell size. This increase in reads and expressed
genes with age was specific to KCs, as hepatocytes were unaffected (Figure S2D).

Whole transcriptomic analysis of Old (22-23 mO) versus Young (2-4 mO) KCs showed only
37 up-regulated genes and 47 down-regulated genes (Figure 2B). Gene set enrichment analysis
revealed an up regulation for pathways related to inflammatory response, leukocyte migration
and LPS-stimulated macrophages in old KCs, while pathways for peroxisome, fatty acid and bile
acid metabolism were significantly up regulated in young KCs (Figure 2B). We further compared
KCs in young and old FIt3¢ Rosa"® mice; and focused on (F/t3¢¢)-YFP"®& and (F/t3°"¢)-YFP* Kupffer
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Cells. Here too, we found only minimal differences (Figure 2C), in line with the importance of
tissue environment in instructing resident macrophage phenotype and transcriptome 24.

Thus, age minimally changed the liver resident macrophage transcriptome (as recently show for
aged neural stem cells?®) and old KCs appeared to retain their self-maintenance and phagocytic
abilities.

Kupffer Cell proliferation is not altered with Age

Resident macrophages are maintained in adult tissues by local proliferation?®-3! and we
could not detect any changes in the proliferation of liver macrophages between Young and Old
animals (Figure 3A). When distinguishing in FIt3‘® Rosa' KCs between different ontogenies,
proliferation of HSC-independent (F/t3¢¢)-YFP"®€ KCs was unaffected in Old , as measured by Ki67
immunostaining in situ (Figure 3A) or by flow cytometry after EdU incorporation (three
consecutive injections) (Figure 3B). Further, EdU incorporation in HSC-derived (F/t3¢¢)-YFP*
macrophages was also comparable between young and Old. This suggested that proliferative
exhaustion was not responsible for the reduction in resident macrophage density. Although basal
levels of proliferation were unaffected, old KCs may fail to mount a proliferative burst in response
to injury or challenge. A classical model to induce a proliferative burst in macrophages is
withdrawal of CSF1R inhibition. CSF1 is the main growth factor supporting the maintenance and
proliferation of most adult macrophages, including Kupffer Cells. We targeted the CSF1 receptor
(CSF1R) with the blocking compound Plexikkon 5622 (PLX)3? and inhibited CSF1R signalling for
three days, which led to KC depletion in both young and aged livers (Figure 3C). After CSF1R
inhibition withdrawal, mice were allowed to recover for 9 days and KC proliferation was
measured by a single EdU pulse two hours before analysis. Young and old KCs had similar
proliferation levels at all timepoints (Figure 3C). Importantly, Old KCs displayed a two-fold
increase in their proliferation rate in the recovery phase when compared to control,
demonstrating that age did not affect KC proliferative potential nor the ability of KC to respond
to CSF1 stimulation (Figure 3C). Further, KC proliferative potential was highlighted by the
replenishment of the KC compartment after depletion at a similar rate between young and Old
(Figure 3B), suggesting similar proliferative potential. Finally, analysis of YFP labelling efficiency in
FIt3“¢ Rosa"™ after PLX recovery demonstrated no significant increase in the input from bone
marrow progenitors or circulating cells to the repopulated KC pool (Figure 3D).

Most tissue resident macrophages are not replaced by HSC-derived cells

The age-associated reduction of resident macrophage numbers was observed in other
major solid organs, with the exception of the kidney (Figure S3A). This reduction was also specific
to resident macrophages, as other resident immune populations (dendritic epidermal T cells,
DETCs) and other myeloid populations were stable until at least 20-25mO (e.g. F4/80°8" CD64*
CD11b* interstitial lung macrophages, Siglec-F* F4/80'°Y CD11b* lung eosinophils and spleen Ly-
6C* CD11b"e" F4/807'°% cells) (not shown). There was also no age-associated switch in the
ontogeny of resident macrophages in the epidermis (Langerhans cells), lung (alveolar
macrophages), spleen (red pulp macrophages), and brain (microglia) with ageing that would allow
the compensation of resident macrophage loss (Figure S3B). In contrast, the number of (F/t3¢®)-
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YFP* macrophages seemed increased at 20-25mO in the kidney (Figure S3B). It thus appeared that
kidney resident macrophage density was in part maintained during ageing by an increased
recruitment and differentiation of HSC-derived cells. Altogether, the density of most resident
macrophages, with the exception of kidney macrophages, declined with age without
compensation from HSC-derived cells.

Poly I:C-induced repeated inflammation induces KC cell death, mimicking the ageing phenotype

Since proliferative capacity was not impaired in aged KC, we next investigated whether
increased cell death could be responsible for the observed KC loss in ageing. In aged livers, we
observed a 5-fold increase in the proportion of Tunel positive Kupffer Cells compared to young,
suggesting that gradual and cumulative KC cell death could be driving the aged phenotype (Figure
4A). Age is associated with low-grade sustained inflammation (reviewed in 34) and we found an
up-regulation of pro-inflammatory pathways in Old KCs (Figure 2B), as recently reported also in
aged microglia cells?. Since inflammation has been shown to drive macrophage cell death33, we
thus investigated whether sustained inflammation with a viral mimic, Poly(l:C), could drive
resident macrophage loss. First, acute Poly(l:C) challenge did not affect resident macrophage
density in the liver, nor any other organ studied (Figure S4). Sustained stimulation was performed
by injecting every other day Poly(l:C) (5mg/kg) or saline for a month (Figure 4B). Two weeks after
the end of the Poly(l:C) treatment, resident macrophage density was decreased 2-fold in the liver
(Figure 4C). This loss of KC was not transient, as it was still observed one month later (6 weeks
post last injection, pli). In order to investigate whether sustained inflammation was driving the
specific loss of HSC-independent resident macrophages as shown during ageing, we next
examined F/t3¢¢ Rosa"” mice subjected to sustained Poly(l:C) and analysed 2 weeks and 6 weeks
pli. As observed during ageing, there was a specific loss of HSC-independent (F/t3¢)-YFP"€ cells
in liver while HSC-derived (F/t3)-YFP* cells remained at comparable levels (Figure 4D). Sustained
Poly(I:C) only elicited a transient neutrophil density increase 48h pli in the liver that resolved by
2 weeks pli (Figure 4C). Thus, sustained inflammation with Poly(l:C) did not fully recapitulate the
ageing phenotype in regard to neutrophils. Further, these results evidenced that inflammation
stimuli was not sufficient to induce monocyte recruitment and differentiation into macrophages,
in contrast to what is observed after ‘total’ depletion of KC 1112, All tissues examined showed a
similar decrease of resident macrophage density after sustained Poly (I:C) (1.2-fold decrease in
epidermis, 1.7-fold in spleen, 2.3-fold in lung and 2.6-fold in kidney), except in the brain (Figure
S5A). Further, Tunel staining on liver sections showed an increase in the proportion of Tunel+
positive Kupffer cells two weeks post Poly (I:C) treatment, a phenotype that was maintained 6
weeks post treatment (Figure 4E). As in aged mice, sustained inflammation induced KC cell death
that led to a decreased KC density, without compensation (by either monocyte recruitment or
local proliferation).

KC age-related phenotype is attenuated in immune sensing Ticam 752 deficient mice

To investigate whether systemic gradual, cumulative inflammation could be responsible
for the resident macrophage loss observed during ageing, we next analysed mutant mice where
inflammation sensing is defective, but not abolished. We took advantage of Ticam'*? mutant mice
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that have a point mutation in the signalling protein TICAM/TRIF that is downstream of TLR
signalling®®. Ticam'P2 mutant mice lack cytokine responses to Poly(l:C) and have severely impaired
responses to LPS. 21-month-old Ticam'**? mutant mice had increased blood and liver neutrophils
when compared to young mutant mice (Figure 4 F and H), as observed in wild-type (WT) ageing.

However, Ticam'*? mutation rescued the ageing phenotype observed in KCs (Figure 4G). The
same was observed in all tissues, as there were no differences in resident macrophage density
between Young and Old Ticam*”*? mutant mice (Figure S6). Moreover, the 5-fold increase in dying
(Tunel+) KC in old WT animals was attenuated in old Ticam*?*? KCs (Figure 4l).

Therefore, impaired inflammation signalling specifically rescued the age-associated resident
macrophage loss in all tissues examined. In combination with the sustained inflammation
challenge, our data shows that cumulative inflammation drives resident macrophage cell death,
which in turn leads to the age-associated reduction in resident macrophage density. Further, our
results indicate that the decrease in macrophage density is not required to induce the
accumulation of tissue neutrophils and conversely, that the neutrophil infiltration is not sufficient
to induce macrophage loss.

Age-induced KC loss is not associated with changes in trophic factors availability

The loss of resident macrophages, combined with the inability of HSC-derived cells to
infiltrate the liver tissue and replace them, may reflect a change in the liver environment that
renders it less supportive of macrophage survival, proliferation and/or differentiation. Stellate
cells, hepatocytes and endothelial cells have been proposed as the key actors responsible for
Kupffer cell identity and maintenance®?. In particular, Hepatic Stellate Cells have been shown to
support survival and proliferation of KCs by producing Interleukin 34 (IL34) and Colony Stimulating
Factor 1 (CSF-1), the two ligands of CSF1R. We thus investigated whether changes in hepatic
stellate cells with age could contribute to the KC phenotype. First, we quantified the number of
Desmin+ hepatic stellate cells and found no significant change that could correlate with the loss
of KCs with age (Figure 5A and B). We then investigated whether aged stellate cells had impaired
CSF1 and/or IL34 presentation at their cell surface (Figure 5A). In WT mice, the proportion of CSF1-
expressing stellate cells was increased (Figure 5B), which could reflect an increased production of
CSF1 to help sustain a dwindling pool of macrophages. Ageing did not differentially affect
Ticam'Ps2 stellate cells compared to WT, suggesting that this increase in CSF1 production may not

be solely due to KC decreased density (Figure 5B). In young mice that received repeated injections
of Poly(l:C), the number of Desmin+ cells remained stable up to 6 weeks post last injection, but
the proportion of CSF1 and IL34 producing cells was reduced at 2weeks (Figure 5C) before
returning to steady-state levels at 6 weeks post last injection. This suggests a specific effect of
Poly (I:C) on stellate cells. Altogether, diminished availability of CSF1 and of hepatic stellate cells
is not responsible for the lack of monocyte-derived macrophage engraftment in old livers.

Hallmarks of liver aging are attenuated when inflammation sensing is impaired
Finally, to characterize the functional relevance of resident macrophage density during
ageing, we investigated key features of liver age-associated dysfunction: increased lipid content
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and senescent cell accumulation, in both WT and Ticam'?$? mutants. As reported previously3®, we
observed a massive increase in senescent cell and lipid contents accumulation in the aged liver
(Figure 6). Importantly, when macrophage density is maintained in old Ticam'P2 mice, senescent
cell (Figure 6A-B) and lipid droplet accumulation with age was attenuated (Figure 6C). Thus,
maintaining a youthful resident macrophage density seems to be critical to prevent key features
of liver dysfunction with age.

Discussion

Collectively, our findings demonstrate that there is a specific loss of HSC-independent
tissue resident macrophages during ageing in the liver and most other tissues examined. Loss of
HSC-independent resident macrophages was not explained by proliferative exhaustion and was
not compensated by increased local recruitment and/or differentiation of HSC-derived cells.
Instead, we found that sustained inflammation is sufficient to induce the age-associate
macrophage phenotype in the liver, while reduced inflammation sensing during ageing abolished
specifically the resident macrophage loss.

These data support a model where inflammation specifically impacts HSC-independent
resident macrophages by triggering an imbalance in their proliferation/death homeostasis,
thereby leading to their cumulative loss over time without compensation from HSC-derived cells.
While HSC-derived cells can compensate for the loss of HSC-independent resident macrophages
in very specific experimental paradigms, as recently illustrated for the liver9?2, we did not
observe this phenomenon during physiological ageing or sustained inflammation in the liver,
which raises the question of why HSC-derived cells fail to infiltrate and differentiate into tissue
macrophages in aged tissues. Among the different liver cells that provide supportive signals to
KCs, liver sinusoid cells undergo profound changes and remodelling during ageing, in a process
called pseudo-capillarisation, and could play a significant but yet under-recognized role in this
process. Thus, further work is needed to identify the factors regulating resident macrophage
homeostasis and the signals mediating cell recruitment and survival in different physio-
pathological conditions.

It has been theorized that accumulation of gradual sub-clinical tissue damage (in response
to sterile inflammation or infection) increases the burden of tissue repair with ageing, thereby
leading to the increased inflammation observed in the elderly34. In accordance, increased
longevity has been reported in germ free mice®’. Here we report both a decreased resident
macrophage density and an increased neutrophil density with age. These changes during ageing
in innate immune populations could be a contributing factor that may negatively affect tissue
repair outcome in old mice, as evidenced by the attenuation of ageing hallmarks in liver that
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presented “youthful” resident macrophage density. Indeed, in patients that experienced a
myocardial infarction or stroke, increased inflammatory parameters like II-6 or TNF-RI were
associated with older age®. Since resident macrophages have critical functions during tissue
homeostasis and repair, in part through the swift removal of apoptotic cells and the secretion of
cytokines and growth factors®?, the reduction in resident macrophage numbers associated with

an increased neutrophil infiltration could contribute to increased neutrophil activation within
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tissues, thereby leading to deleterious effects on tissue integrity?® and exacerbating age-induced
tissue dysfunction.

Methods

Animals

CsflrMericreMer (ref 41)  F[t3C (ref 42), Ticam'?s? (ref 3°), Rosa26" (ref 3) and Rosa267°ma% reporter
(ref 4%) mice have been previously described. CsfirMericreMer and Csf1r'“e mice were on FVB
background, other mice were on C57BL/6 (CD45.2) background. Csf1rVericreMer mice were
generated by J. W. Pollard. F/t3® mice were generated by C. Bleul and provided by T. Boehm and
S. E. Jacobsen. Rosa26t™mato (B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze) and Rosa26'™
(B6.129X1-Gt(ROSA)26Sortm1(EYFP)Cos/)J) were provided by S. Tajbakhsh and G. Eberl,
respectively. Aged and Young C57BL/6JRj were purchased from Janvier labs.

No randomization method was used and the investigators were blinded to the genotype of the
animals during the experimental procedure. Results are displayed as mean = s.e.m. All
experiments included littermate controls and the minimum sample size used was 3. No statistical
method was used to predetermine sample size.

Animal procedures were performed in accordance with the Care and Use Committee of the
Institut Pasteur (CETEA) guidelines and with their approval.

Genotyping
PCR genotyping of Ticam'?s? (ref 3°), CsfirVericreMer and Flt3¢ (ref 2°) mice was performed
according to protocols described previously.

Fate-mapping of FIt3* haematopoietic progenitors

For fate-mapping analysis of FIt3* precursors, FIt3‘® males (the transgene is located on the Y

YFP males

chromosome) were crossed to homozygous Rosa26" reporter females. FIt3¢ Rosa
were blood phenotyped. Animals with YFP labelling efficiency above 60% in the lymphocytes,
monocytes and granulocytes were used for experiments and female littermates were used as Cre-

negative controls.

Pulse labelling of adult macrophages

For pulse labelling experiment of Csfir* macrophages in Young and Old mice, Csf1rMericreMer
Rosa26™™m mice and Cre-negative littermates were injected intraperitoneally with 70 mg/kg of
body weight tamoxifen (20mg/ml in corn oil, Sigma-Aldrich).

Poly (1:C) acute and sustained inflammation experiments

For sustained inflammation experiments, mice were injected intraperitoneally with 5 mg/kg of
saline or Poly (I:C) (Novus biologicals) every other day for one month. Mice were then sacrificed
48 hours, 2 weeks or 6 weeks after the last injection. For acute inflammation experiments, mice
were injected intraperitoneally with 5 mg/kg of saline or Poly (I:C) received a total of 4 injections,
twoinjections on alternate days, one week rest and two more injections on alternate days. Organs
were harvested for flow cytometry and histology analyses 48 hours and 2 weeks after the last
injection.
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Macrophage depletion using CSF1R inhibition

To deplete macrophages, mice were fed with the selective CSF1R inhibitor, PLX5622 (Plexxikon
Inc.), for 3 days. Control and PLX5622 (300 ppm formulated in AIN-76A standard chow, Research
Diets, Inc.) were purchased from Brogaarden APS.

Processing of tissues for flow cytometry

Mice were killed by cervical dislocation and perfused by gentle intracardiac injection of 10 ml
prewarmed (37°C) PBS 1X. Organs were weighted after harvesting. After being cut in small pieces,
they were digested for 30 minutes at 37°C in PBS 1X containing 1mg/mL Collagenase D (Roche),
100 U/mL DNAse | (Sigma), 2.4 mg/mL Dispase (Invitrogen) and 3% FBS (Invitrogen). Epidermal
sheets were separated from the dermis after incubation for 45 min at 37°Cin 2.4 mg/ml of Dispase
and 3% FBS and the epidermis was further digested for 30 min in PBS containing 1 mg/ml
collagenase D, 100 U/ml DNase |, 2.4 mg/ml of Dispase and 3% FBS at 37°C. Tissues were then
mechanically disrupted with a 2mL-syringe piston on top of 100 um strainer to obtain a single cell
suspension. For liver, hepatocyte depletion was performed by centrifugation of the whole liver
cell suspension at 50g for 3 minutes. The supernatant was then collected for further staining of
non-parenchymal liver cells. For liver, spleen and lung, red blood cell lysis was performed as
previously described®.

Flow cytometric analysis of adult tissues

Cells were centrifuged at 320g for 7 min, resuspended in 4°C FACS Buffer (PBS 1X, 2mM EDTA,
0.5% BSA), plated in multi-well round-bottom plates and immunolabelled for FACS analysis. After
15 min incubation with purified anti-CD16/32 (FcyRIII/Il) diluted 1/50, antibody mixes were added
and incubated for 30 min. When appropriate, cells were further incubated with streptavidin
conjugates for 20 min. Samples were acquired using a Beckman Coulter Cytoflex S or a BD Fortessa
cell analyser. All data was analysed using FlowJo 10.5.3 (BD). Cell density was calculated using the

)/Weight, with Vacq:

(count Vresuspension

X Vtube X
Vacq Vplated

volume acquired; Vresuspension: volume added to the cell pellet after first centrifugation;

following formula: Cells/g of tissue =

Vplated: volume of cells plated; Vtube: total final volume; Weight: weight of the piece of tissue
used for single-cell suspension preparation.

EdU incorporation

EdU incorporation analysis was performed following the manufacturer’s instructions (BD EdU
flow Kit). For steady state proliferation analysis in FIt3“¢ Rosa""* mice, 1 mg of EdU was injected
intraperitoneally three times, every other day. In CSF1R inhibition (PLX) experiments, 1 mg of EdU
was injected intraperitoneally 2 hours before sacrifice.

Liver single-cell suspensions were prepared as described above and stained with antibodies
directed against CD45, CD11b, F4/80 and Tim4. Cells were then fixed, permeabilised and treated
with DNAse according to manufacturer’s instructions and stained with the APC-EdU antibody and
an anti-GFP antibody (Fischer Life).
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Tablel: Antibodies used for flow cytometry

Antibody Clone Conjugates
CD45.2 104 APC-CY7
CD11b M1/70 PE-Cy7

F4-80 BM8 Bv421
TIM-4 RMT4-54 AF6470or PE-Cy7
CD64 X54-5/7.1 FC AF647 or PE-Cy7
Ly-6C HK1.4/AL-21 APC, BV605 or FITC
Ly-6G 1A8 PE, or BV711
Gr-1 RB6-8C5 PE or PerCP Cy5.5

MHC-II (IA/IE) M5/114.15.2 AF647

CD115 (Csf1lr) AF598 AF647 or PE
CD3e 145.2C11 FITC or PE
CD19 1D3 eF450

RNA sequencing of Young and Old KCs

For RNA sequencing of Young (4 months) and Old (22-23 months) KCs, livers were processed as
described before and KCs were then sorted with a BD FACS Aria Ill based on F4/80 and Tim4
expression. Labelling of cells was performed as described above using the following antibodies:
CD45-APC-Cy7, CD11b-PE-Cy7, F4/80-BV421 and Tim4-APC. Gates were defined using unstained,
single stained and fluorescence minus one (FMO) stained cells. 10 000 cells were directly sorted
in 350 uL of RLT buffer (Qiagen), vigorously vortexed for disruption and spin down. RNA was
subsequently extracted using the Qiagen RNeasy micro kit. Purified RNA was quantified and the
RNA quality assessed using an Agilent Bioanalyzer (Agilent). Selected samples had an RNA
Integrity Number > 6.2. Library preparation was performed using the ClonTech SMARTer Stranded
RNA-SEq Kit V2 for mammalian pico RNA input (Takara) and RNA sequencing was performed using
HiSeq 2500 sequencer with 50bp read lengths (lllumina).

Differential expression analysis. DESeq2 (v_1.22.2)% Wald test was used to assess differential
expression between groups. The input data consists of the raw count matrix where each row
indicates the transcript, each column indicates the sample and each cell indicates the number of
reads mapped to the transcript in the sample. After independent DESeq_2 filtering?®®, P-values for
selected genes were adjusted for multiple comparisons correction using Benjamini—Hochberg
correction for FDR at threshold of P<0.05 and no minimum LFC threshold was applied.
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Gene set enrichment analyses. Gene set enrichment analysis (GSEA) (functional scoring method
(FSC)*) was conducted using the runGSA() function in piano R package*® was performed on the
ranked list of genes. For this, the result table from DESeq2 was ordered by the —log10(adjusted p-
value) from the Wald statistic test. Mouse Gene Symbol and Entrez IDs were added using the
org.Mm.eg.db (v_3.7.0) and AnnotationDbi (v_1.44.0) Bioconductor Packages, using the Ensembl
genes as keys, and duplicated entries identifiers were then collapsed by keeping the one with the
lowest adjusted p-value. Gene set collections from the mouse version of the Molecular Signatures
Database MSigDB v6 were downloaded from http://bioinf.wehi.edu.au/software/MSigDB/

Visual representation. Heatmap were made using R package pheatmap (v_1.0.12) and other
visual representations (barplot and PCA biplot) were made using R package ggplot2 (v_2_3.1.0)*°.

R Session info. All the analyses have been performed using R>° version 3.5.1 (2018-07-02), running
under: OS X macOS Sierra 10.12.6 on x86_64-apple-darwin15.6.0 (64-bit) platform.

Bead phagocytosis assay

Young (2-4 months) and Old (19 months) mice were injected intravenously twice with 2um red
fluorescent polymer microspheres (100ul of 0.2% solid beads in NaCl 0.9%) (FluoroMax,
Molecular Probes). Livers were then analysed 24 hours after the last injection.

Histology

Quantification of neutrophils and resident macrophages was performed in cryo-sections from
Young (2-4m0) and Old (20-25m0) FIt3¢ Rosa"™ mice. Half of the organs were fixed overnight in
4% paraformaldehyde (Sigma) under agitation. After fixation, organs were washed in PBS 1X and
incubated overnight in 30% sucrose, then embedded in OCT compound (Sakura Finetek).
Cryoblocks were cut at a thickness of 12-14 um and then blocked with PBS 1X containing 5%
normal goat or donkey serum (Invitrogen); 0.2% BSA(w/v), 0.3% Triton X 100 for 1 hour at room
temperature. Samples were incubated overnight at 4°C with primary antibodies (goat anti mouse
MPO (1:100, Abcam); Armenian Hamster anti mouse CD31 (1:200, Abcam); rat anti Siglec-F
(1:100, BD Pharmingen); rat anti mouse F4-80 (1:200, Bio-Rad); rabbit anti Ki67 (1:200, Abcam);
rabbit anti GFP (1:300, Fischer Scientific); chicken anti GFP (1:300, Abcam) and rat anti PU.1
(1:200, R&D), rabbit polyclonal anti Desmin (1:100, abcam), goat polyclonal anti MCSF (1:50, bio-
techne), sheep polyclonal anti IL-34 (1:20, bio-techne)) in PBS 1X; 1% serum; 0.2% BSA and 0.3%
Triton X 100. After washing with PBS 1X- 0.3% Triton X 100, slides were incubated for 2h at room
temperature with DAPI (1:1000, Invitrogen) and appropriate secondary antibodies (goat anti
Armenian Hamster AF647 and AF555 (1:500, Jackson Immuno); goat anti Rat AF555 and AF647,
goat anti Rabbit AF488, goat anti Rabbit AF555, goat anti Chicken AF488 and goat anti Chicken
AF555 (1:500, Invitrogen); chicken anti Goat AF647 (1:500, Thermo Fischer)) in PBS 1X; 0.2% BSA
and 0.3% Triton X 100. Samples were then mounted with Prolong Gold antifade medium and
imaged using an inverted Leica SP8 confocal microscope with 20 x/1.3 and 40x/1.3 (oil) objectives
or a slide scanner (Olympus VS120) with 20x and 40x objectives.
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Liver and lung neutrophils were identified as MPO positive cells and were quantified in nine fields
of view (FoV, 0.3mm?) per animal (n=3 per age group), acquired with the 20X objective from a
confocal microscope. The intra-tissular fraction was defined as MPO positive cells not colocalising
within CD31+ sinusoids or large vessels. Liver macrophages were identified as F4-80+ cells and
were quantified in six FoV (1mm?) per animal (n=3 per age group), acquired with the 20X objective
from a slide scanner (Olympus VS120). Proliferating macrophages were identified by nuclear
Ki67+ staining and YFP positivity of macrophages was also scored after staining with anti GFP
antibody. Quantifications were performed blindly to age by two independent observers. For the
niche component analysis, Stellate cells were identified as Desmin positive cells in liver sections
from WT, FIt3¢ Rosa"™ and Ticam'Ps2. Tunel staining was performed with the In Situ Cell Death
detection kit (Sigma) as per the manufacturer’s instructions.

SA B-Gal staining on liver cryo-sections was performed as previously published®!. Briefly, 12-20
um liver sections from WT and TRIF Lps2 mice were stained as follows : sections were fixed 10
min in PBS 2% v/v PFA, 0,2% v/v Glutaraldehyde, washed three times in PBS and incubated 16
hours in a staining solution (40 mM Citric Acid at pH 6, 150 mM NaCl , 5 mM K3Fe(CN)6, 5 mM
K4Fe(CN)6, 2 mM MgClI2 and 1mg/mL X-Gal in H20). Sections were then washed 3x5 min in PBS
and fixed in 4% formaldehyde. After washing 3x5 min in PBS, they were counterstained with fast-
red for 10-15 seconds, before being rinsed under tap water. Sections where then incubated with
Ethanol 95% for 5 min, Ethanol 100% for 2x5 min, and mounted in Eukitt mounting medium.
Brightfield Images were then acquired with an Olympus VS120 Slide Scanner at a 20X
magnification. Quantifications were done using the Fiji open-source software. Images were
thresholded using a global thresholding algorithm (MaxEntropy) and the fraction of stained area
was quantified. Eight to ten 0,34mm? FOV were quantified per animal, in 5 animals per group.
For the evaluation of lipid deposition, 12 um liver sections from WT and TRIF Lps2 mice were
stained with QOil Red O (Sigma) as per the manufacturer’s instructions. Brightfield Images were
acquired with an Olympus VS120 Slide Scanner at a 40X magnification, within 24 hours after the
staining. Quantifications were done using the Fiji open-source software. Images were thresholded
using a local thresholding algorithm (Phansalkar with a 50 pixel radius) and the fraction of stained
area was quantified. Eight to ten 0,34mm? FOV were quantified per animal in 5 animals per group
minimum.

Statistical Analyses:

Statistical analyses were performed using GraphPad Prism 7.0a (GraphPad software). Non-
parametric t-test (Mann-Whitney) and non-parametric ANOVA (Kruskall Wallis) tests were
performed, followed by a post-hoc Dunn comparison tests when significant differences were
found.

Data availability:

All data generated or analysed during this study are included in this article (and its supplementary
information files). Sequencing data sets described in this work will be submitted to the Gene
Expression Omnibus (GEO) repository before final publication.

13


https://doi.org/10.1101/2022.10.02.510513
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.02.510513; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

Acknowledgments

We thank Ana Cumano, Frangois Schweisguth, Genevieve Millon and Molly Ingersoll for reading
the manuscript, Frédérique Vernel-Pauillac for the Trif mutant animals and the ageing and
longevity Pasteur transversal program for scientific support. We thank the Plateforme de
Cytometrie (Sophie Novault) for advice and help with cell sorting, and the Transcriptome and
EpiGenome, BioMics, Center for Innovation and Technological Research of the Institut Pasteur for
NGS. This work was supported by recurrent funding from the Institut Pasteur, the CNRS, and
Revive (Investissement d'Avenir; ANR-10-LABX-73) and by an ERC investigator award (2016-StG-
715320) from the European Research Council to E.G.P. E.G.P. also acknowledges financial support
from the Fondation Schlumberger (FRM FSER 2017) and the Emergence(s) program from Ville de
Paris (2016 DAE 190). K.A. was supported by a fellowship from the Complexité du Vivant doctoral
school. LK and S.M. are supported by Revive.

Author contributions

EGP proposed the concept, designed the experiments. EGP and KA wrote the paper. JSC and KA
performed and analysed most experiments. DO, CK, PD and YL performed experiments. SM
performed RNA sequencing analysis. CC and HL performed SA B-Gal experiments. LK provided
aged cohorts and CW provided Ticam's2 young and aged mice. All authors read and agreed on
the manuscript.

Author information
The authors declare no competing interests. Correspondence and requests for materials
should be addressed to elisa.gomez-perdiguero@ pasteur.fr.

References

1. Kline, K. A. & Bowdish, D. M. E. Infection in an aging population. Curr. Opin. Microbiol. 29,
63—-67 (2016).

2. Lépez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M. & Kroemer, G. The hallmarks of
aging. Cell 153, 1194-1217 (2013).

3. Linehan, E. & Fitzgerald, D. C. Ageing and the immune system: focus on macrophages. Eur J
Microbiol Immunol (Bp) 5, 14-24 (2015).

4. Aprahamian, T., Takemura, Y., Goukassian, D. & Walsh, K. Ageing is associated with
diminished apoptotic cell clearance in vivo. Clin. Exp. Immunol. 152, 448-455 (2008).

5. Lloberas, J. & Celada, A. Effect of aging on macrophage function. Exp. Gerontol. 37, 1325-
1331 (2002).

6. Perdiguero, E. G. & Geissmann, F. The development and maintenance of resident
macrophages. Nat. Immunol. 17, 2—-8 (2016).

7. Bowman, R. L. et al. Macrophage Ontogeny Underlies Differences in Tumor-Specific
Education in Brain Malignancies. Cell Rep 17, 2445-2459 (2016).

8. Loyher, P.-L. et al. Macrophages of distinct origins contribute to tumor development in the
lung. J. Exp. Med. 215, 2536—-2553 (2018).

9. Zhu,Y. et al. Tissue-Resident Macrophages in Pancreatic Ductal Adenocarcinoma Originate
from Embryonic Hematopoiesis and Promote Tumor Progression. Immunity 47, 597 (2017).

14


https://doi.org/10.1101/2022.10.02.510513
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.02.510513; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

made available under aCC-BY-NC-ND 4.0 International license.

Zigmond, E. et al. Infiltrating Monocyte-Derived Macrophages and Resident Kupffer Cells
Display Different Ontogeny and Functions in Acute Liver Injury. The Journal of Immunology
193, 344-353 (2014).

Sakai, M. et al. Liver-Derived Signals Sequentially Reprogram Myeloid Enhancers to Initiate
and Maintain Kupffer Cell Identity. Immunity 51, 655-670.e8 (2019).

Bonnardel, J. et al. Stellate Cells, Hepatocytes, and Endothelial Cells Imprint the Kupffer Cell
Identity on Monocytes Colonizing the Liver Macrophage Niche. Immunity 51, 638-654.e9
(2019).

Molawi, K. et al. Progressive replacement of embryo-derived cardiac macrophages with age.
J. Exp. Med. 211, 2151-2158 (2014).

Epelman, S. et al. Embryonic and adult-derived resident cardiac macrophages are
maintained through distinct mechanisms at steady state and during inflammation. Immunity
40, 91-104 (2014).

Pinto, A. R. et al. Age-related changes in tissue macrophages precede cardiac functional
impairment. Aging 6, 399-413 (2014).

Lavine, K. J. et al. Distinct macrophage lineages contribute to disparate patterns of cardiac
recovery and remodeling in the neonatal and adult heart. Proceedings of the National
Academy of Sciences 111, 16029-16034 (2014).

Maeso-Diaz, R. et al. Effects of aging on liver microcirculatory function and sinusoidal
phenotype. Aging Cell 17, €12829 (2018).

Stahl, E. C., Haschak, M. J., Popovic, B. & Brown, B. N. Macrophages in the Aging Liver and
Age-Related Liver Disease. Frontiers in Immunology 9, 2795 (2018).

Scott, C. L. et al. Bone marrow-derived monocytes give rise to self-renewing and fully
differentiated Kupffer cells. Nat Commun 7, 10321 (2016).

Schulz, C. et al. A lineage of myeloid cells independent of Myb and hematopoietic stem cells.
Science 336, 86—90 (2012).

Gomez Perdiguero, E. et al. Tissue-resident macrophages originate from yolk-sac-derived
erythro-myeloid progenitors. Nature 518, 547-551 (2015).

Blériot, C. et al. Liver-resident macrophage necroptosis orchestrates type 1 microbicidal
inflammation and type-2-mediated tissue repair during bacterial infection. Immunity 42,
145-158 (2015).

Schaum, N. et al. Ageing hallmarks exhibit organ-specific temporal signatures. Nature 583,
596-602 (2020).

Lavin, Y. et al. Tissue-Resident Macrophage Enhancer Landscapes Are Shaped by the Local
Microenvironment. Cell 159, 1312—-1326 (2014).

Kalamakis, G. et al. Quiescence Modulates Stem Cell Maintenance and Regenerative
Capacity in the Aging Brain. Cell 176, 1407-1419.e14 (2019).

Klein, I. et al. Kupffer cell heterogeneity: functional properties of bone marrow derived and
sessile hepatic macrophages. Blood 110, 4077-4085 (2007).

Jenkins, S. J. et al. Local macrophage proliferation, rather than recruitment from the blood,
is a signature of TH2 inflammation. Science 332, 1284-1288 (2011).

Hashimoto, D. et al. Tissue-resident macrophages self-maintain locally throughout adult life
with minimal contribution from circulating monocytes. Immunity 38, 792—804 (2013).
Merad, M. et al. Langerhans cells renew in the skin throughout life under steady-state
conditions. Nat. Immunol. 3, 1135-1141 (2002).

Yona, S. et al. Fate mapping reveals origins and dynamics of monocytes and tissue
macrophages under homeostasis. Immunity 38, 79-91 (2013).

15


https://doi.org/10.1101/2022.10.02.510513
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.10.02.510513; this version posted October 5, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

31. Guilliams, M. et al. Alveolar macrophages develop from fetal monocytes that differentiate
into long-lived cells in the first week of life via GM-CSF. J. Exp. Med. 210, 1977-1992 (2013).

32. Spangenberg, E. et al. Sustained microglial depletion with CSF1R inhibitor impairs
parenchymal plaque development in an Alzheimer’s disease model. Nat Commun 10, 3758
(2019).

33. Frank, D. & Vince, J. E. Pyroptosis versus necroptosis: similarities, differences, and crosstalk.
Cell Death Differ 26, 99-114 (2019).

34. Franceschi, C. et al. Inflammaging and anti-inflammaging: A systemic perspective on aging
and longevity emerged from studies in humans. Mechanisms of Ageing and Development
128, 92—-105 (2007).

35. Hoebe, K. et al. Identification of Lps2 as a key transducer of MyD88-independent TIR
signalling. Nature 424, 743-748 (2003).

36. Hunt, N. J., Kang, S. W. (Sophie), Lockwood, G. P., Le Couteur, D. G. & Cogger, V. C.
Hallmarks of Aging in the Liver. Computational and Structural Biotechnology Journal 17,
1151-1161 (2019).

37. Thevaranjan, N. et al. Age-Associated Microbial Dysbiosis Promotes Intestinal Permeability,
Systemic Inflammation, and Macrophage Dysfunction. Cell Host Microbe 21, 455-466.e4
(2017).

38. Bochaton, T. et al. Impact of Age on Systemic Inflammatory Profile of Patients With ST-
Segment—Elevation Myocardial Infarction and Acute Ischemic Stroke. Stroke 53, 2249-2259
(2022).

39. Gordon, S. & Pliddemann, A. Macrophage Clearance of Apoptotic Cells: A Critical
Assessment. Front Immunol 9, 127 (2018).

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

41. Qian, B.-Z. et al. CCL2 recruits inflammatory monocytes to facilitate breast-tumour
metastasis. Nature 475, 222-225 (2011).

42. Benz, C., Martins, V. C., Radtke, F. & Bleul, C. C. The stream of precursors that colonizes the
thymus proceeds selectively through the early T lineage precursor stage of T cell
development. J. Exp. Med. 205, 1187-1199 (2008).

43. Srinivas, S. et al. Cre reporter strains produced by targeted insertion of EYFP and ECFP into
the ROSA26 locus. BMC Dev. Biol. 1, 4 (2001).

44. Madisen, L. et al. A robust and high-throughput Cre reporting and characterization system
for the whole mouse brain. Nat. Neurosci. 13, 133-140 (2010).

45. Auffray, C. et al. CX3CR1+ CD115+ CD135+ common macrophage/DC precursors and the role
of CX3CR1 in their response to inflammation. J. Exp. Med. 206, 595—606 (2009).

46. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014).

47. Khatri, P., Sirota, M. & Butte, A. J. Ten years of pathway analysis: current approaches and
outstanding challenges. PLoS Comput. Biol. 8, 1002375 (2012).

48. Varemo, L., Nielsen, J. & Nookaew, I. Enriching the gene set analysis of genome-wide data
by incorporating directionality of gene expression and combining statistical hypotheses and
methods. Nucleic Acids Res. 41, 4378-4391 (2013).

49. Wickham, H. Ggplot2: elegant graphics for data analysis. (Springer, 2009).

50. R Core Team (2013). R: A Language and Environment for Statistical Computing. Preprint at
http://www.R-project.org.

51. Chiche, A. et al. Injury-Induced Senescence Enables In Vivo Reprogramming in Skeletal
Muscle. Cell Stem Cell 20, 407-414.e4 (2017).

16


https://doi.org/10.1101/2022.10.02.510513
http://creativecommons.org/licenses/by-nc-nd/4.0/

*kkk

, p<0.0001 B | p<0.0001 C
o 2x1057 . 1x10% q #
S § 5 S *
T . o 8x10°% T
S 2 2 1 2-4mO 3] - _
cQ D __6x10°- o =1 Neutrophils
Sl S 1 16-18mO S
S O 1x105 -1 . 2 I Gr1me9 Mo
% o = Bax105{ | [ 20-25mO0 ° B o o
GC) % 8— . : 29-30mO = _ [ Lymphocytes
B o = 2x10°1 O 5
3 ] °
o o z o &
1 O 0 00
Kupffer Neutrophils Q}X‘(\\%‘Qcﬁ(\@(\
cells NS
D E F TAM ip‘ Csf1MeriCreMer RosgtdTomato
X Yo
= @ T T T T
g 10072 D o 15x1057 O DOD3 D40 D72 D111
3 52 \ A
b= 80+ ° Kk e 0 100 -
[} p<0.0001 o 1.0x105 3
2 601 S o 2
= oy 3 804
2 40 t 9 1 5
© S 8 5.0x10¢1 > 601
k=3 25
201 - ) DS
o B = S 40
o ool — —— o
- - © 4
Blood Liver 23 20 (2)5 g 209 -e- Young
monocytes  KCs m m = 0 —=- O
i 3 40 72 1M
D Young YFP* HSC-derived macrophages fime after TAM puise (days)
B o1 (20-25m0) YFPres resident macrophages

Figure 1 : Loss of Kupffer cells with age is not compensated by HSC-derived cells

A, Number of liver resident macrophages (Kupffer cells) per gram (g) of tissue and B, Number of
neutrophils per g of liver from Young 2-4 month-old (mO) (n=40), and Old 16-18mO (n=23), 20-25m0
(n=24) and 29-30mO (n=9) animals. Mean * s.e.m; one-way ANOVA (Kruskal Wallis) and post-test Dunn
multiple comparison test against Young group: #, p<0.0001; 9], p<0.001; §, p<0.01. C, Frequency of
neutrophils, Grl- and Grl* monocytes (Mo) and lymphocytes in blood from 2-4 mO (n=36), 16-18m0O
(n=17), 20-25mO (n=29) and 29-30mO (n=12) animals. D, YFP labelling efficiency in blood monocytes
and liver resident macrophages (Kupffer cells, KC) in Young (2-4 mO, n=10) and Old (20-25 mO, n=8)
FIt3¢¢ Rosa"™ mice. Mean * s.e.m; Mann-Whitney test. E, Number of (FIt3“¢)-YFP* and (F/t3¢)-YFP"8
resident macrophages per g of liver. Dashed line represents the mean density of (FIt3¢)-YFP* resident
macrophages, mean  s.e.m; Young (2-4mO, n=10) and Old (20-25m0O, n=8). Mean % s.e.m; Dunn
multiple comparison test between Young and Old (F/t3¢)-YFP"®¢ resident macrophages: %, p<0.05. F,
Pulse labelling of Csfir-expressing cells in Young (2-4 mO) and Old (24-31 mOQ) Csf1rVericreMer pgggtdTomato
mice by a single injection of tamoxifen (TAM) and analysis 3 days (D3), 40 days (D40), 72 days (D72)
and 111 days (D111) after. Tomato labelling efficiency in liver KCs, Mean % s.e.m; two-way ANOVA
analysis; n=3 per age group and per timepoint.
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Figure 2 : Kupffer cells show few intrinsic changes with age

A, Analysis of in vivo phagocytosis of 2um beads injected intravenously (iv.,, red arrows).
Frequency of Kupffer cells containing beads 24h after the last injection from Young (3 mO; n=6)
and Old (19 mO; n=4) animals. B. RNA-sequencing analysis of Young (4mOQ) and Old (22-23m0O)
liver KCs. Right panel : Heat map of the up- or down-regulated genes between old and young KCs
(log-transformed normalized values scaled by rows). Dendrogram shows the hierarchical
clustering using the Euclidean distance between samples. Left panel : binary matrix showing the
genes affiliation to the gene collections found enriched either in the young KCs (lower panel) or
in the old KCs (upper panel). Top panel : Barplot displaying the adjusted p-value (-logl0-
transformed) of the gene set enrichment analysis (GSEA). Blue, and orange bars for gene
collections upregulated in young or old KCs, respectively. C, RNA sequencing analysis of sorted
Young and Old KCs from Flt3¢¢ Rosa"” mice, sorted based on YFP expression: YFP* (yellow) and
YFP"¢& (grey) cells. Heat map shows up- (red) and down- (blue) regulated genes between young
and old KCs.
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Figure 3 : Kupffer cell proliferation is not altered with age

A, Frequencies of proliferating Ki67* F4/80* Kupffer cells (KCs), Ki67* F4/80* FIt3" YFP"& (HSC-
independent), and Ki67* F4/80* Flt3¢¢ YFPP°s (HSC-derived) KCs in liver cryo-sections from Young
(2-4 mO) and Old (20-25 mO) Flt3¢¢ Rosa"” mice. Mean * s.e.m; Mann-Whitney test; n=3 per
age group. B, Frequencies of proliferating EdU+ KCs in Young (2-4 mO) and OIld (20-25 mO)
FIt3¢¢ Rosa"™ mice. Mean = s.e.m; Mann-Whitney test; n= 8 and 5 for young and old,
respectively. C, Number of liver resident macrophages (Kupffer cells) per gram of liver (Left) and
Frequencies of proliferating EdU+ KCs (right) in Young and Old mice in control (CTL), after PLX
treatment and after PLX treatment with 9-day recovery. Left: Two-Way ANOVA: significant effect
of the treatment factor (p= 0.0037); no significant effect of the age factor (p=0.1633). Right:
Two-Way ANOVA: significant effect of PLX treatment (p<0.0001); no significant effect of age
(p=0.7360). D, YFP labelling efficiency in Young (2-4 mO) and OIld (20-25 mO) F/t3® Rosa"**
mice, in CTL or after PLX treatment and recovery (PLX recovery).
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Figure 4 : Sustained inflammation mimics the age-related KC phenotype while KC cell death
and loss is attenuated in inflammation sensing deficient Ticam'*52 mice.

A, Frequencies of apoptotic Tunel+ F4/80* CLEC4F+ Kupffer cells (KCs), in liver cryo-sections from
Young (2-4 mO) and Old (20-25 mO) FIt3¢¢ Rosa"*” mice. Mean + s.e.m; Mann-Whitney test; n=5
per age group. B, Experimental protocol for sustained poly I:C injections and C, Number of liver
resident macrophages (Kupffer cells) per gram of liver from saline (CTL), 2w and 6w after
sustained Poly(l:C) injections in Young adult mice. Mean % s.e.m; Dunn multiple comparison test
against saline control group: ¥, p<0.05; saline controls, n=9-11; Poly(l:C) 2w, n=8 and Poly(l:C) 6w,
n=4. D, Number of Number of liver resident macrophages (Kupffer cells) per gram of liver from
saline (CTL), 2w and 6w after sustained Poly(l:C) injections in Young adult F/t3¢¢ Rosa"™ mice.
Mean t s.e.m; Dunn multiple comparison test against saline control group. E, Representative
liver cryo-sections of saline (CTL) or 2w after sustained Poly (I:C) injection in young adult mice,
stained with CLEC4F (green), Coll IV (grey), DAPI (blue) and Tunel (red) and quantification of the
frequencies of apoptotic Tunel+ F4/80+ CLECAF+ Kupffer cells (arrowhead). Scale bar represents
50um. F, Frequency of neutrophils (orange), Grl and Grl* monocytes (green and red,
respectively) and lymphocytes (purple) in blood from Young (5 mO, n=5) and Old (21mO, n=8)
Ticam'*? mutant animals. G, Number of neutrophils and H, Number of KCs per g of liver from
Young (5 mO, n=5) and Old (21mO, n=8) Ticam'?*?> mutant animals. Mean * s.e.m; Mann-Whitney
test. I, Ratio of the proportion of Old Tunel+ KCs compared to the proportion of Young Tunel+ KCs
in WT and Ticam'*52 mice. Mann Whitney test; ****: p<0,0001.
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Figure 5 : Changes in trophic factors availability do not explain KC loss with age

A, Representative liver cryo-sections from Young (2-4 Mo) and Old (21-24 Mo) mice stained with
Desmin (grey), CSF1 (green), IL34 (red) and Dapi (blue). Scale bar represents 50um; white and yellow
arrows point to CSF1+ Desmin+ and IL34+ Desmin+ hepatic stellate cells, respectively. B, Proportion of
Desmin positive (left panel), CSF1+ Desmin+ (middle panel) and IL34+ Desmin+ (right panel) in liver
sections from Young and Old WT and Ticam'?? mice. n=5 per age. C, Proportion of Desmin positive
(left panel), CSF1+ Desmin+ (middle panel) and IL34+ Desmin+ (right panel) in liver sections from
saline (PBS), 2w and 6w after sustained Poly(l:C) injections in Young adult mice. Mean * sem . One-

way ANOVA (Kruskal Walis): #, p<0.0001; ¥, p<0.001; §, p<0.01.
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Figure 6 : Old KC density correlates with hallmarks of liver aging: increased lipid and senescent cell
accumulation.

A, Representative images of SA B-Gal and Qil-Red-O stained liver sections from Young and Old F/t3¢®
Rosa" mice and Ticam'*? mice. Bar: 50 um B, Fold change (old /young) in tissue senescent cell
burden as measured by the SA B-Gal positive area in liver sections from Young and Old F/t3® Rosa"?
mice and Ticam'**? mice. Mean * s.e.m. C, Fold change (old/young) or lipid accumulation measured
by the Qil-Red-O positive area in liver sections from Young and Old Flt3“¢ Rosa"” mice and Ticam'?s?
mice. Mean * s.e.m *: t-test, *:p<0,05; **:p<0,01 compared to young of the same genetic
background.


https://doi.org/10.1101/2022.10.02.510513
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Article File
	Article File

