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Mitochondrial dysfunctionis linked to age-associated inflammation or

inflammaging, but underlying mechanisms are not understood. Analyses
of 700 human blood transcriptomes revealed clear signs of age-associated
low-grade inflammation. Among changes in mitochondrial components, we
found that the expression of mitochondrial calcium uniporter (MCU) and
its regulatory subunit MICUI, genes central to mitochondrial Ca** (mCa*")
signaling, correlated inversely with age. Indeed, mCa** uptake capacity

of mouse macrophages decreased significantly with age. We show thatin
both human and mouse macrophages, reduced mCa?* uptake amplifies
cytosolic Ca** oscillations and potentiates downstream nuclear factor
kappa B activation, which is central to inflammation. Our findings pinpoint
the mitochondrial calcium uniporter complex as a keystone molecular
apparatus that links age-related changes in mitochondrial physiology to
systemic macrophage-mediated age-associated inflammation. The findings
raise the exciting possibility that restoring mCa?" uptake capacity in tissue-
resident macrophages may decrease inflammaging of specific organs

and alleviate age-associated conditions such as neurodegenerative and
cardiometabolic diseases.

Inflammation is widely recognized as a key driver of aging"*. An age-
associated low-grade, chronic inflammatory state promotes tissue
damage and hence this process is referred to as inflammaging. The
etiology of inflammagingis not understood butitis thought toinvolve
anincrease in the baseline inflammatory output by immune cells, as
evident from higher cytokine levels and other inflammatory markersin
theblood of aged humans® . Inflammatory stimuli can originate from
multiple sources: pathogens, resident microbiomes, tissue damage-
associated inflammatory signals, and even spontaneous production
of inflammatory molecules by senescent cells”’. Myeloid cells of the

immune system, such as macrophages and neutrophils, are central
playersininflammation and may contribute to inflammaging.
Macrophages reside in every organ systemand act as sentinel cells
monitoring their environment for infection or injury'®"%. The inflam-
matory gene expressionin macrophages is a highly regulated process
with multiple checkpoints. The nuclear factor kappa B (NF-kB) family
of dimeric transcription factors have an evolutionarily conserved
and central role in inflammatory gene expression'>'"*. Many studies
have pointed to the salience of NF-kB to inflammaging® %, Analysis of
age-related changes in gene expression in human and mouse tissues
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identified the NF-kB pathway as the most strongly associated tran-
scriptional pathway to aging®. The secretion of high levels of pro-
inflammatory cytokines intwo different mouse models of accelerated
aging was also found to be dependent on abnormal NF-kB activaton.
These studies suggest that a lowered threshold of NF-kB activation
underlies inflammaging, but how this transpires is not understood.
Many positive and negative signaling elements control the activation
of NF-kB". Among these regulatory checkpoints, the nuclear transloca-
tionand transcriptional activity of NF-kBis also controlled by cytosolic
Ca®* (cCa*)signaling” >

Ca”" is a ubiquitous and essential second messenger in cell biol-
ogy”. Elevations in cCa*" trigger an influx of Ca" into the mitochon-
drial matrix through the mitochondrial calcium uniporter (MCU),
a Ca*"-selective ion channel that resides in the mitochondrial inner
membrane*>°. The mitochondrial outer membraneis poroustoions,
but the inner membrane has a resting membrane potential between
-160 mV and -200 mV, relative to the cytosol***', MICUI (refs. 32,33)
and MICU2 (refs. 34), the EF-hand containing Ca**-sensitive regulatory
subunits of MCU interact directly with MCU in the intermembrane
space. Structural studies support the view that MCU-MICU1-MICU2
interactions are configured to have a switch-like sensitivity to [Ca*'],
enabling rapid mCa?" uptake when cytosolic [Ca?'] increases beyond
the resting range of -10-100 nM*~*%, Because the mitochondrial matrix
contains many metabolic enzymes that are regulated by Ca*, the mCa*'
signaling within the matrix has a profound effect on mitochondrial
physiology and metabolism****°, The cells of the vertebrate immune
system use Ca*' signaling for animmediate-early response to antigenic
and inflammatory stimuli—cCa?®" elevations regulate the activation of
both the innate and adaptive immune cells*. Recently, we revealed
that mCa?® signaling functions as an electrometabolic switch to fuel
macrophage-mediated phagosomal killing*>. The process involves a
fast two-step Ca*' relay to meet the bioenergetic demands of phagoso-
mal killing. Additionally, recent reports have supported arole for the
MCU and mCa? in macrophage polarization***, host defense**** and
tissue homeostasis**™*%, mCa®" is thus emerging as a central node for
innate immunity and inflammatory responses. Here we report a surpris-
ing discovery that mCa®" uptake capacity of macrophages decreases
progressively with age, and this is a major driver of inflammaging.

Results

Human blood transcriptomes reveal signs of age-associated
low-grade inflammation

To gain insights into inflammaging, we mined the publicly available
Genotype-Tissue Expression (GTEx) database (https://gtexportal.
org/)* for tissue-specific gene expression across five different human
age groups (Fig.1a). Because maturered blood cells are anucleated and
do not contain any appreciable amounts of mRNA, RNA sequencing
(RNA-seq) of wholebloodis areasonable surrogate of combined gene
expression in the white blood cells and platelets. Expression profile
data were obtained for different tissues, binned into age groups, and
thensubjected to differential gene expression analysis using DESeq2 R
package. Principle-component analysis (PCA) plots, from the five differ-
entagegroups, revealed clear age-associated clustering (Fig.1b). The
variance in overall gene expression was greatest when we compared the
youngest population (age 20-29 years) with the oldest population (age
60-69 years; Fig. 1c), but the variance in overall gene expression was
theleast when we compared the second-oldest population (age 50-59
years) to the oldest population (age 60-69 years; Extended Data Fig.
la). These datasubstantiate the view that gene expressionin the blood
changes significantly with age. To derive further insights and to distill
testable hypotheses for the etiology of inflammaging, we focused our
analysis on differences between the youngest (age 20-29 years) and
oldest (age 60-69 years) samples. Gene-set enrichment analysis (GSEA)
hallmark and GO pathway analyses of differentially expressed genes
showed that the genes associated with inflammatory responses were

upregulated inthe older population (Fig.1d and Extended Data Fig. 1b).
Additionally, we observed asignificant decrease in the gene expression
related to oxidative phosphorylation, amitochondrial process, inthe
older populations. Enrichment scores and gene ranks of inflammatory
genes (Fig. le-g) and oxidative phosphorylation-associated genes
(Fig. 1h) suggest a significant dysregulation in these pathways in the
aged population. As shown in the heat map (Fig. 1i), genes associated
with the NF-kB pathway were upregulated in the blood cells of older
humans. Overall, these gene expression analyses show clear signs of
age-associated chronic low-grade inflammation in the whole blood
of human samples.

Gene expression of mitochondrial Ca*" uptake machinery
correlatesinversely with age

Both inflammation and mitochondrial dysfunction are hallmarks of
aging', and we wondered if there was arelationship pertinent to inflam-
maging. For the analysis of age-related changes in mitochondrial func-
tion, we used mitoXplorer, ananalysis and visualization tool specialized
for genes associated with mitochondrial functions (mito-genes)*. In
accordance with previous observations, we observed significant age-
related changes in the expression of mito-genes (Extended Data Fig.
1c-f). We noted a decrease in the mito-genes associated with oxida-
tive phosphorylation, calcium signaling and reactive oxygen species
defense (Fig. 1j). The mito-genes associated with mitochondrial tran-
scription, mitochondrial dynamics, pyruvate metabolism and amino
acid metabolism were expressed at similar levels. The lipid metabolism,
tricarboxylic acid (TCA) cycle and glycolysis genes were expressed at
higherlevelsin the aged population. Because Ca®* signaling has adirect
impact on inflammatory signaling in immune cells, we considered
genes involved in mCa** signaling and found decreased expression of
MCU, MICU1 and MICU2 (Fig. 1k). Moreover, the decrease in MCU and
MICUI expressionwas strongly associated with age, decreasing progres-
sively ashumans age (Fig.1l,m). These observations suggested an age-
associated dysregulationin mCa® uptake in the blood-borne immune
cells. This transcriptional dysregulation was observed for MCU, MICU1
and MICU2but the gene expression of EMRE (SMDT1) and the dominant-
negative regulator MCUB showed no significant change with age (Fig.
1I,m and Extended Data Fig. 1g). We wondered if such an age-related
decrease in MCU is found in all human tissues. We checked different
tissuesin the age-stratified GTEx data we had mined and found that the
age-associated decreasein MCUgene expressionwas only seeninafew
tissues—heart, whole blood and cerebellum (Extended Data Fig. 2a).
The vast majority of tissues did not show decreased MCU expression,
and sometissues, skeletal muscle, adipose tissue and thyroid showed
the opposite trend—MCU expression in these tissues increased with
age. The participant death parameters are reported in the GTEx data-
base onafour-point Hardy Scale (Extended Data Fig. 2b). We assessed
MCU expression across the reported Hardy Scale and found that the
MCU expression was higher in the most abundant category (death 0),
compared to other death categories (Extended Data Fig. 2b). The par-
ticipants in death category O were on a ventilator before their death.
When we analyzed the whole-blood samples of participants binnedin
this category (death 0), we still observed an age-dependent decrease
in MCU (Extended Data Fig. 2c). Together, these results suggest that
mCa?* uptake capacity changes with age in some tissues, and likely
contributes to age-related changes in the physiology of these tissues.
Fromthe standpoint of age-associated inflammation, the analyses put
aspotlightonthekey finding thatin the blood, expression of MCU and
MICUI decrease progressively with age.

Reduced mitochondrial Ca*" uptake in macrophages derived
from old mice

The most abundant cell types in the human blood are myeloid cells,
which are composed mainly of neutrophils and monocytes. Both of
these cell types are short-lived in the blood but play a crucial role in
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Fig.1|Age-related changesin whole-blood gene expression are associated
withincreased inflammatory gene transcription and decreased expression
ofgenes encoding mitochondrial Ca* transport. a, GTEx database mined for
tissue-specific gene expression across five indicated age groups; note the color
coding for the age groups. b, Left, PCA of whole-blood gene expression from
every sample, color coded according to the age groups. Right, the same data
were used and color-coded clusters from each age group were overlaid. Note the
variance in gene expression from different age groups. ¢, PCA plots from b were
used to show only samples from the youngest and oldest age groups analyzed.
d, Hallmark GSEA based on differential gene expression between the oldest
(60-69 years) and youngest (20-29 years) datasets. Pathways were ranked

by Pvalue and plotted on the x axis by the normalized enrichment scores.

e, GSEA of GSEA hallmark pathway, TNF signaling via NF-kB, based on differential
gene expression of oldest (60-69 years) versus youngest (20-29 years) GTEx
samples. Enrichment scores are plotted on the y axis and genes ranked in the

ordered dataset are plotted on the x axis. f, GSEA of the IL-2-STAT5 GSEA hallmark
pathway. g, GSEA of inflammatory response GSEA hallmark pathway.

h, GSEA of the oxidative phosphorylation GSEA hallmark pathway. i, Heat map of
expression levels of genes associated with the TNF-NF-kB pathway. Expression
values were calculated as a fold change from the 20-29-year age group.

Jj, mitoXplorer Pathway analysis based on DSeq2 analysis of oldest (60-69 years)
versus youngest (20-29 years) GTEx samples. k, Individual genes in the calcium
signaling and transport pathway were identified from mitoXplorer pathway
analysis based on DSeq2 analysis of oldest (60-69 years) versus youngest
(20-29 years) GTEx samples. Fold change was determined as a relative change in
60-69-year compared to 20-29-year GTEX samples. 1, MCU gene counts for each
samplein the GTEx database sorted by age. Error bars reflect the s.e.m.; Pvalues
were calculated using ordinary one-way analysis of variance (ANOVA). m, MICUI
gene counts for each sample in GTEx database sorted by age. Error bars reflect
the s.e.m.; Pvalues were calculated using ordinary one-way ANOVA.
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Fig.2|Macrophages generated from aged mice display decreased
mitochondrial Ca** uptake. a, Mcu expression in BMDMs. N = 12 biological
replicates, from four mice. Error barsreflect the s.e.m.; P=0.0016 according

to Welch’s t-test, two-tailed. b, Representative traces of mCa?®* uptake.

¢, Quantification of b. N=28 biological replicates. Error barsreflect the s.e.m.;
Pvalues were calculated using ordinary one-way ANOVA. RuR, Ruthenium

red. d, mCa® uptake datashown in c—segregated by sex. Error bars reflect the
s.e.m.; Pvalues were calculated using Welch’s t-test, two-tailed. e, Representative
cCa* oscillations. f, Maximum cCa*". N = 88 cells, three independent
experiments. Whiskers represent the minimum to maximum values for each

dataset. The box represents the 75th and 25th percentiles. The line is the

median; P<0.0001accordingto one-way ANOVA. g, CALIMA spatiotemporal
Ca* dynamics. h, Number of oscillations inindividual cells. N = 88 cells, three
independent experiments. Whiskers represent the minimum to maximum values
for each dataset. The box represents the 75th and 25th percentiles. Line is at the
median; P<0.0001according to Welch’s t-test, two-tailed. i, Oscillation length in
individual cells. N = 88 cells, three independent experiments. Whiskers represent
the minimum to maximum values for each dataset. The box represents the 75th
and 25th percentiles. Line is at the median; P < 0.0001 according to Welch’s t-test,
two-tailed. NS, not significant.

inflammation. We reasoned that monocytes are more important for
chronic low-grade inflammation because they can differentiate into
macrophages and thereby sustain low-grade inflammation and inflam-
matory cascades over arelatively long period of time. Furthermore, all
tissues and organs contain specialized resident macrophages, which
are central tolocal inflammation and homeostasis. We also know that
mCa?" uptake plays an important role in macrophage-mediated fun-
gal killing*. Considering these aspects, we focused our investigation
on how mCa*" signaling might affect macrophage-mediated inflam-
mation. First, we confirmed that the age-associated decrease in Mcu
expression was recapitulated in mouse bone marrow-derived mac-
rophages from older mice (BMDMs-0O) when compared to those from
the young mice (BMDMs-Y; Fig. 2a). Importantly, the reduced gene
expression resulted in decreased MCU protein levels (Extended Data
Fig.3a). MICU1 protein levels were unchanged (Extended Data Fig. 3a).
Wewondered ifthis transcriptional defect was aresult of macrophage
differentiation ex vivo or intrinsic to bone marrow progenitors.

We measured the gene expression of Mcu and its regulatory subunits in
undifferentiated bone marrow cells (BMCs) and bone marrow-derived
macrophages (BMDMs) isolated from young (15-25 weeks) and old
(80-90 weeks) mice (Extended Data Fig. 3b). Inthe old BMCs, we found
asignificant decrease in the expression of Mcu, Micu2 and Emre. In
the BMDMs derived from old BMCs, we found a significant decrease
in the gene expression of Mcu, Emre and Mcub. These results indicate
that the bone marrow progenitors undergo substantial changes in
the expression of MCU complex components, and especially in the
expression of Mcu. Changes in regulatory subunit composition and
expression can affect mCa?" uptake capacity®'. We reasoned that gross
changes in the stoichiometry of the MCU complex would affect its
protein mobility when resolved on a non-reducing gel. However, the
mobility wasidenticalin BMDMs-O and BMDMs-Y (Extended Data Fig.
3c). Stripping the membrane and immunoblotting for MICU1 showed
comparablelevels of MICU1 at the same mobility at MCU, although we
found MICU1in other complexes as well (Extended Data Fig. 3c). Next,
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we tested the most obvious hypothesis that macrophages exhibit an
age-dependent decrease in their mCa?" uptake. The basic technical
design of this assay is to add Ca® to macrophages permeabilized with
digitonin, and as the mitochondria take up the added Ca*, its loss from
thebath solutionis reported by the reductionin the fluorescence of cal-
ciumgreen-5N, asmall-molecule Ca* indicator in the bath solution. We
show that BMDMs derived from the young mice exhibited robust mCa*'
uptake, but this process was significantlyimpairedin the BMDMs-O. The
representative traces are shown in Fig. 2b and a quantification of the
percentage of the added Ca** taken up by the mitochondriais shownin
Fig.2c. Theaddition of the mitochondrial uncoupler FCCP stops the Ca**
uptake and evenreverses it (Fig. 2b), indicating that the mCa®* uptake
isdrivenby the membrane potential of the mitochondrialinner mem-
brane. Similarly, Ruthenium red (10 pM), aknown blocker of MCU***,
abrogates mCa?®* uptake, showing that the process is largely dependent
on MCU. This age-associated reduction in mCa*" uptake was found in
both females and males (Fig. 2d). When we pulsed a much lower dose
of Ca*" (1 uM), the mCa?" uptake in BMDMs-O was comparable for the
firsttwo pulsesbut started tolag behind BMDMs-Y after that (Extended
Data Fig. 3d), consistent with impaired mCa? uptake. To determine
if defects in mCa?* uptake were a result of decreased mitochondrial
membrane potential, we measured mitochondrial membrane potential
inBMDMs-O and BMDMs-Y with TMRM, at baseline and after zymosan
stimulation (Extended Data Fig. 4a). Surprisingly, BMDMs-O showed
amodest hyperpolarization compared to BMDMs-Y suggesting the
defectin mCa? uptakeisindependent of resting membrane potential
(Extended Data Fig. 4a). We also measured ATP levels in BMDMs-Y and
BMDMs-0 but found no significant differencesin ATP levels (Extended
Data Fig. 4b). Besides an evaluation of mCa*" uptake, we also quanti-
fied mitochondrial numbers and morphology. We immunostained
for TOM20 and then applied an automated image processing soft-
ware to quantify mitochondrial numbers and morphology of confocal
images*’. Comparing BMDMs-Y and BMDMs-O in this manner, we found
amodest reductionin mitochondrial numbers but no significant differ-
encesinmitochondrial area, roundness and branches (Extended Data
Fig.4c-g).Overall, the results show conclusively that the macrophages
in old mice have asignificant defectin mCa?® uptake, and thisis attrib-
utable, at least in part, to a substantial decrease in MCU protein levels
and to modest changes in mitochondrial numbers. Next, we focused
on understanding the functional implications of this age-associated
defect in mCa? uptake in macrophages.

Amplified cytosolic Ca** oscillations in BMDMs-O responding
tozymosan

We hypothesized that a reduction in mCa?" uptake would disrupt
cCa® signaling, which is crucial for inflammatory signaling. We chal-
lenged BMDMSs derived from young and old mice with zymosan,
a fungal glucan wherein the glucose monomers are polymerized
through 3-1,3 glycosidic bonds. Zymosan is a potent stimulator of
both Toll-like receptor 2 (TLR2) and dectin-1(CLEC7A) receptors on
myeloid cells. The downstream activation of phospholipase C-gamma
(PLC-y) elicits a robust store-operated Ca** entry (SOCE), which
involves an initial release of endoplasmic reticulum (ER)-resident
Ca* stores, followed by more sustained entry of extracellular Ca**
through the ORAl channels. Inflammatory gene expression mediated
by multiple transcription factors, especially NF-kB, is highly sensi-
tive to cCa®" oscillations'*. In response to zymosan, the amplitudes
of the cCa?* oscillations in BMDMs-O were significantly elevated
compared to BMDMs-Y; typical and representative traces from cells
are shown (Fig. 2e and Extended Data Fig. 4h). A statistical com-
parison of the maximum Ca?* elevations achieved in each cell also
shows that the BMDMs-O achieved significantly higher amplitudes
(Fig. 2f). In these experiments, ionomycin, a Ca** ionophore, was
used as a positive control demonstrating that both cell populations
were loaded equivalently with the Ca** dye (FURA-2AM) and were thus

capable of reporting higher and equivalent levels of Ca*". The overlaid
traces of cCa? fromall cells are also shown (Extended Data Fig. 4h).
The spatial distribution of these oscillations across the imaging field
(containing many cells) is also informative but not captured by such
atraditional display of Ca* oscillations. For adeeper analysis of this
aspect of Ca®* dynamics, we used CALIMA, animage analysis software
specially designed to measure spatiotemporal aspects of Ca** oscil-
lations®. The spatial distribution of Ca* oscillations in representa-
tive image fields is shown (Fig. 2g) with the origin of each circle at
the cellular location and the diameter proportional to the number
of spikes originating from that location. The color spectrum of the
circles denotes the time at which that location first reported a spike.
For instance, in each field, the location of the reddish-brown circle
reported a Ca* spike earlier than the circles colored green and so on.
These spatial maps clearly show that BMDMs-O exhibit asignificantly
higher number of Ca** oscillations for each cell and they also start
spiking sooner than BMDMs-Y. These are quantified (Fig. 2h), and
the differencesin oscillatory lengths are also shown (Fig. 2i). These
data establish that Ca* elevations are amplified in the BMDMs-O
during inflammatory signaling. Our analysis on Ca** dynamics in
response to fungal pathogens s highly relevant to chronic low-grade
inflammation attributed to dysregulated microbiome and ‘leaky gut’
observed in older populations®. However, we were curious if this
may also pertain to other mechanisms of chronic low-grade inflam-
mation. Two additional sources of low-grade inflammation in older
populations are ATP release from dying cells and oxidative stress.
We subjected BMDMs-O to analyses of cCa*" dynamics in response to
ATP (Extended Data Fig. 4i-1) and oxidized PAPC (OXPAPC; Extended
Data Fig. 4m-p). Although the nature of Ca® response to ATP is dif-
ferent from that to zymosan, the BMDMs-O showed dysregulated
cCa®responses withanincrease in maximum amplitudes (Extended
DataFig.4j) and oscillation lengths (Extended Data Fig. 41). This was
not the case for OXPAPC-triggered Ca?* responses—we did not find
any significant differences between BMDMs-Y and BMDMs-O. This
dichotomy suggests that mCa*" uptake doesn’t play a major role in
OxPAPC-triggered Ca” elevations.

Inconsistent changes in gene expression of store-operated
Ca* entry components

Recent reports in mice have suggested ER Ca?' channels as impor-
tant drivers of cellular aging and senescence™. Since mCa?" uptake
is thought to occur in close juxtaposition to ER Ca* release’®,
we analyzed the whole-blood GTEx transcriptome for age-associated
changes in SOCE machinery. We observed inconsistent changes in
the expression of SOCE components. There was an upregula-
tion in /TPR3 but downregulation of /TPRI (Fig. 3a). Additionally,
we observed amodest decrease in STIM1 expression but no effect of
age on ORAII or STIM2 expression (Fig. 3a). These observations do
not support a clear role for changes in SOCE machinery. We also
assessed composite SOCE responses in BMDMs-O and BMDMs-Y
(Fig.3b).Inthese experiments, macrophages were loaded with Fura-
2-AM and placed ina 0 mM Ca* bath and stimulated with thapsigar-
gin, asarcoplasmic reticulum Ca* ATPase (SERCA) pump inhibitor, to
visualize ER Ca? release (first elevation in cCa*"). This is followed by
the addition of 2 mM extracellular Ca* to observe the ORAI-depend-
ent Ca® influx (second elevation; Fig. 3b). Loss of mCa?" uptake is
predicted to increase both the first cCa®" elevation caused by the
release of Ca** from the ER and the second elevation caused by the
entry of extracellular Ca®* into the cytosol. Quantification of the ER
Ca* release and ORAI Ca* entry revealed increased SOCE responses
in BMDMSs-O (Fig. 3c,d). Although reduced mCa?* uptake is a major
component of amplified SOCE, additional factors like increased
release from the ER cannot be ruled out (Fig. 3e). Regardless of the
mechanistic intricacies, amplified cCa* responses are a hallmark
of BMDMs-O.
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Mcu”~ BMDMs-Y recapitulate the amplified cytosolic Ca**

signals seenin BMDMs-O

To establish that this effect on cCa* signaling is because of reduced
mCa?" uptake, we show that the effect can be robustly recapitulatedin
BMDMs derived from young mice (age range, 15-25 weeks) by simply

deleting Mcu. As shown (Extended Data Fig. 5a), Mcu” BMDMs, derived

from Mcu®(Cx3crI-cre) mice** show a robust amplification of cCa* oscil-

lations in response to zymosan. The maximum Ca*" levels achieved
by individual cells are shown in Extended Data Fig. 5b. Appropriate
controlsforlong-term Ca® imaging is shown in Extended DataFigs. 5¢
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and 6d. The spatiotemporal analysis using CALIMA is shownin Extended
DataFig. Se-g. This analysis shows that, as seenin old BMDMs, the Mcu™"
BMDM s exhibit many more oscillations for each cell, and the length of
the oscillationsis alsoincreased. Together, these dataestablish that the
increased cCa” signalingin the old BMDMs is a direct consequence of
the reduced mCa?* uptake.

BMDMs-0 and Mcu”~ BMDMs-Y show signatures of senescence
Aging is commonly associated with the presence of senescent cells
and along-standing hallmark of senescent cells is senescence-asso-
ciated B-galactosidase (SA-B-gal) activity attributed to the lysosomal
B-galactosidase in mammals®”*®, To determine if BMDMs-O exhibited
signs of cellular senescence, we compared SA-f3-gal staining in BMDMs-
O and BMDMs-Y (Fig.4a). Inthis method, cells were stained with X-gal
andimaged for the presence of blue precipitates formed by the activity
of SA-B-gal. These precipitates can be observed under a bright-field
light microscope and appear as dark aggregates. By measuring hun-
dreds of cells, we found that BMDMs-O showed significantly increased
SA-B-galstaining (Fig. 4a). We reasoned that if the loss of mCa* uptake
contributes to this senescent signature, we would observe SA-3-gal
activity in Mcu”” macrophages from young mice. Indeed, Mcu™ mac-
rophages from young mice had robust SA-B-gal activity (Fig. 4b).
These findings bolstered the hypothesis that loss of mCa?* uptake in
macrophages renders them hyper-inflammatory and as facilitators
of inflammaging.

Hyper-inflammatory responses in both wild-type BMDMs-O
and Mcu”’~ BMDMs-Y

We hypothesized that the abnormally increased cCa* signaling in
BMDMs-0 would result in increased inflammatory output. Indeed,
inresponse to zymosan, BMDMs-O expressed higher levels of pro-
inflammatory cytokines interleukin (IL)-6 and IL-1 when compared
to BMDMs-Y (Fig. 5a). NF-kB plays a crucial role in the transcription
of these pro-inflammatory genes, and its activation is highly sensi-
tive to Ca*' signaling'>*’. We measured NF-kB translocation (p65) in
BMDMs-Y and BMDMs-O stimulated with zymosan and found that,
inaccordance with our model, the translocation of NF-kB was signifi-
cantly enhanced in the BMDMs-O (Fig. 5b and Extended Data Fig. 6a).
The quantification of the ratio of nuclear to cytoplasmic NF-kB shows
that significantly more NF-kB translocated to the nuclei of BMDMs-
O (Fig. 5¢). These data show that macrophages from the older mice
are hyper-inflammatory in response to zymosan. Consistently, we
found that Mcu” macrophages from young mice also exhibit ahyper-
inflammatory response to zymosan stimulation, establishing amodel
wherein reduction in mCa? uptake increases inflammatory output
through amplified cCa? signaling (Fig. 5d). Predictably, the Mcu™"
BMDMs-Y showed significantly increased expression of both IL-1p
and IL-6 (Fig. 5e). Note that when ionomycin was added to artificially
increase cCa*, evenwild-type (WT) BMDMs-Y increased the expression
of IL-1B, highlighting the sensitivity of the macrophage inflammatory
responseto cCa*". Asimilar effect was observed for IL-6, but there was

akey difference—while ionomycin increased the expression of IL-6 in
WT cells, it also decreased the expression of IL-6 in Mcu”~ BMDMs. A
possible reason for this is that unlike the oscillatory effects caused
by reduced mCa*" uptake, ionomycin causes a global and sustained
elevation of Ca*'. In Mcu™”~ BMDMs, this elevation is unbuffered by
mCa?® uptake, and this may inhibit other regulatory elements of IL-6
transcription. Nevertheless, the upregulation of both IL-13 and IL-6
is highly dependent on Ca? signaling. BAPTA-AM, a cell permeable,
high-affinity Ca** chelator that prevents the elevation of cCa* during
zymosan-triggered inflammatory signaling completely abrogated
the expression of IL-1B and IL-6 (Fig. 5f). NF-kB translocation was also
found to be enhanced in Mcu”~ BMDMs-Y (Fig. 5g). Quantification of
the nuclear/cytoplasmicratiorevealed anincreasein NF-kB activation
inMcu”"BMDMs-Y (Fig. 5h). Representative line intensity plots across
the nucleus and cytosol are shown (Fig. 5i). Theincreased activation of
NF-kBinMcu™”" macrophages was also seen when they were stimulated
with the fungal pathogen Candida albicans (Extended Data Fig. 6b),
but the translocation kinetics were slower in comparison to zymosan
stimulation (Extended DataFig. 6¢). Representative line intensity plots
areshown (Extended DataFig. 6d). The inflammatory output, as meas-
ured by IL1B gene expression, of Mcu”~ BMDMs was higher than that
of BMDMs-0 because mCa* uptake was almost completely abrogated
in Mcu™" BMDMs, while it was reduced in BMDMs-O (Extended Data
Fig. 6e). During the macrophage response to zymosan, the influx of
extracellular Ca*" into the cytosol depends predominantly on Orai
channels. Predictably, treating the Mcu”~ BMDMs with an inhibitor
of Orai, the main conduit of SOCE, greatly blunted the gene expres-
sion of both IL-1p and IL-6 (Extended Data Fig. 7a). BTP2 also blunted
the nuclear translocation of NF-kB (Extended Data Fig. 7b). However,
besides buffering cCa®* elevations, mCa?* uptake also regulates mito-
chondrial metabolism, primarily by regulating the activity of pyruvate
dehydrogenase (PDH) complex and the TCA cycle®. In principle, the
changesin mitochondrial metabolism in the Mcu”~ BMDMs could exert
an added effect on macrophage inflammatory output. Although this
possibility cannot be completely ruled out, the following evidence sug-
gests that changesin mitochondrial metabolism play aminimal rolein
theimmediate regulation of inflammatory outputs in Mcu™”~ BMDMs.
Theinflux of Ca*" into the mitochondrial matrix regulates the TCA cycle
through the activation of PDH complex. The PDH complexis activated
through dephosphorylation by the Ca**-activated PDH phosphatase
(PDP)®'and abrogation of mCa®" uptake prevents the dephosphoryla-
tion (and activation) of PDH. We reasoned that treating the cells with
AZD7545, an inhibitor of the PDH kinase, would counter the lack of
PDP activity and restore PDH activity in a Ca*-independent manner.
However, treating the Mcu”~ BMDMs with AZD7545 did not reduce the
gene expression of IL-6 and only modestly reduced IL-1p (Extended
DataFig.7c). These results support the model wherein amplified Ca®*
signalinginthe cytosolis the maindriver of theincreased inflammatory
output of Mcu™" cells. Although the role of mitochondrial metabo-
lismin regulating this process is not supported by the available data,
it cannot be ruled out.

Fig. 5| Mitochondrial Ca** uptake buffers cytosolic Ca* to control
inflammatory outputin macrophages. a, IL-6 and IL-1 mRNA expression
fromindicated BMDMs. Representative experiment, from two independent
experiments. Error barsrepresent thes.e.m.; P< 0.0001according to one-
way ANOVA. b, Representative images from indicated BMDMs stimulated
with zymosan for 30 and 60 min. Magenta shows immunostaining of NF-kB
p65 subunit; cyan shows DAPI staining of nuclei. ¢, Nuclear to cytoplasmic
ratios of the fluorescence intensity of NF-kB. N = 45 cells, three independent
experiments. Bars reflect means of ratios; P values were determined by one-way
ANOVA. d, Model depicting how mCa? uptake affects cCa* and inflammatory
gene expression in response to zymosan. e, Effect ofionomycin onIL-13

and IL-6 mRNA expression in WT and Mcu™~ macrophages. Representative
experiment, from two independent experiments. Error bars represent the

s.e.m.; Pvalues were determined by two-way ANOVA. f, Effect of BAPTA-AM
onlIL-1B and IL-6 expression in WT and Mcu ™~ macrophages. Representative
experiment, from two independent experiments. Error bars represent the
s.e.m.; Pvalue determined by two-way ANOVA. g, Representative images from
WT and Mcu™”~ macrophages, untreated or stimulated with zymosan for 30 min
and immunostained for NF-kB p65 subunit and nuclei (DAPI). h, Nuclear to
cytoplasmic ratios of the fluorescence intensity of NF-kB. N = 25 cells, from three
independent experiments. Whiskers represent the minimum to maximum values
for each dataset. The box represents the 75th and 25th percentiles. The line is the
median; P<0.0001according to one-way ANOVA. i, Representative analysis of
fluorescence intensity of p65 staining along a line drawn across the cytoplasm
and nucleus (DAPI staining), which is shaded blue.
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Abnormal functional polarization of Mcu™~ macrophages

Previous reports on the role of mCa?" on macrophage polarization
have shown links between mCa®" and macrophage polarization. Mcu
inhibition is linked to an impaired M2 polarization****, while dele-
tion of Mcubis linked to enhanced M1 polarization and impaired M2
polarization*’. The M1-M2 polarization is not universally accepted
as being physiologically meaningful because macrophages achieve
aspectrum of functional states in vivo. Nevertheless, we performed

M1 and M2 polarization studies in Mcu™”™ macrophages (Extended
DataFig.7d,e). M1 polarized Mcu™~ macrophages showed enhanced
expression of NF-kB target gene with unexpected expression of
Argl. Interestingly, M2 polarized Mcu™™ macrophages also showed
enhanced expression of M2 markers. However, such polarization
experiments are performed over 24 h and the outputs are an inte-
grated result of many secondary and tertiary signaling cascades
in macrophages.
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Fig. 6| Mcu”~ macrophages display increased inflammasome activation

and output. a, IL-1 enzyme-linked immunosorbent assay (ELISA) of cell
supernatants collected from WT and Mcu™~ macrophages. Cells were stimulated
with zymosan for 3 h followed by nigericin (5 pM) overnight. N = 3 biological
replicates. Error barsrepresent the s.e.m.; Pvalues were determined by one-
way ANOVA. b, LDH levels in cell supernatants were collected from WT and
Mcu™" macrophages. N = 6 biological replicates. Error bars represent the s.e.m.;
P<0.0001determined by one-way ANOVA. ¢, IL-18 ELISA of cell supernatants
collected from WT and Mcu™~ macrophages. Cells were stimulated with LPS for
3 hfollowed by nigericin (5 pM) overnight. N = 2 biological replicates. Error bars
represent the s.e.m.; Pvalues were determined by one-way ANOVA.d, LDH levels
in cell supernatants collected from WT and Mcu™~ macrophages. N = 6 biological

Number, nonspecific

replicates. Error bars represent the s.e.m.; P< 0.0001determined by one-way
ANOVA. e, Representative images of Mcu”~ and WT macrophages immunostained
for ASC and nuclei (DAPI). Cells were stimulated with zymosan for 3 h followed
by nigericin (5 M) for 1 h. f, Quantification of ASC specks, average number

of specks counted per cell, for WT and Mcu™~ macrophages. N =3 biological
replicates. Error bars represent the s.e.m.; no significance was determined by
the one-way ANOVA. g, Western blot analysis of cell lysates from WT and Mcu™~
macrophages stimulated with zymosan for 3 h followed by nigericin (5 pM) for
1h. Cell lysates were immunoblotted for caspase-1(p20), GSDMD and GAPDH.
h, Western blot analysis of supernatants corresponding to samples shown

ing. N=1representative replicate, from two independent experiments. Cell
supernatants were immunoblotted for caspase-1(p20), GSDMD and GAPDH.

Mcu™bone marrow-derived macrophages also show
increased NLRP3 inflammasome activation

Next, we evaluated if the increased inflammatory gene expression
caused by decreased mCa?" uptake also increases inflammasome acti-
vation. WT and Mcu™ macrophages from young mice were stimulated

with zymosan for 3 h before the addition of nigericin (5 uM) for1h
to activate the NLRP3 inflammasome. Mcu™™ macrophages released
significantly more IL-1B (Fig. 6a) and lactate dehydrogenase (LDH;
Fig. 6b), and this effect was also seen when the macrophages were first
stimulated with lipopolysaccharide (LPS; Fig. 6¢,d). We wondered if
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the assembly of the NLRP3 inflammasome s also accentuated in Mcu™~
macrophages. Assembly of NLRP3 inflammasome can be visualized
throughimmunofluorescence microscopy of ASC speck formation® ",
We did not see any significant difference in ASC speck formation in
Mcu™"BMDMs (Fig. 6¢,f) indicating that decreased mCa?® uptake, and
concomitantly increased cCa? signaling, does not have amajorimpact
on the assembly of NLRP3 inflammasome. Activation of the NLRP3
inflammasome results inthe proteolytic cleavage and activation of cas-
pase-1(CASP1). Activated CASP1 catalyzes the proteolytic processing
of pro-IL-1B to its secreted form IL-1B. CASP1 also cleaves monomeric
gasdermin D (GSDMD), thus catalyzing their oligomerization into a
large multimeric gasdermin poreinthe plasmamembrane. Therelease
of many potent pro-inflammatory mediators, including IL-13 and IL-18,
is mediated through this large GSDMD pore. Overall, this process
results in a highly inflammatory form of cell death called pyroptosis.
We assessed the cleavage of CASP1 and GSDMD in NLRP3 activated
macrophages. Notably, we found that the cleavage of both CASP1and
GSDMD was significantly increased in Mcu™~ macrophages—in both cell
pellets (Fig. 6g) and in supernatants (Fig. 6h). These findings indicate
that while decreased mCa* uptake does not affect NLRP3 assembly,
it does have a significant impact on the downstream processing of
CASP1 and GSDMD. Finally, we evaluated whether deletion of Mcu in
the myeloid cells would manifest a hyper-inflammatory response in
vivo. Previousreports have shown thatlong exposures to fungal beta-
glucans can activate the NLRP3 inflammasome in macrophages®.Ina
model of zymosan-induced peritonitis, mice lacking Mcu in the myeloid
cells, the Mcu(M)™~ mice, exhibited significantly worse clinical scores,
and increased levels of IL-13 and tumor necrosis factor (TNF) in the
peritoneal cavity (Extended Data Fig. 8a-d). However, we did not see
increased levels of other pro-inflammatory cytokines (IL-1«, IL-6 and
IFN-y) that we measured in this model.

Diminished mitochondrial Ca*" uptake increases
inflammatory output

To develop a systems-level picture of how mCa?* uptake affects the
inflammatory response, we performed RNA-seq analysison WT, Mcu ™"
and BAPTA-AM loaded macrophages (all derived from young mice),
before and after zymosan stimulation. In brief, the experiment was
designed toreveal the Ca**-sensitive genes that are dysregulated when
mCa?® uptake is diminished. Note that BAPTA-AM loading will affect
all Ca*'-sensitive genes by ‘clamping’ intracellular Ca®* elevations to
nearrestinglevels (<100 nM). We were especially interested in groups
of genes that are relatively upregulated in Mcu™~ macrophages and
downregulated in BAPTA-AMloaded cells. As expected, a volcano plot
revealed that many inflammatory genes were significantly upregulated
in zymosan-stimulated Mcu™ macrophages when compared to their
WT counterparts (Fig. 7a). Conversely, BAPTA-AM loading broadly
decreased the expression of inflammatory gene transcription (Fig. 7b).
GSEA pathway analysis revealed the key pathways that follow this pat-
ternofregulationin macrophages, thatis, upregulated when mCa?* is
diminished (cCa* signalingis enhanced) and downregulated whenall
Ca*' signaling is prevented by BAPTA-AM (Fig. 7c). Genes involved in
inflammatory responses and those involved in the overlapping TNF-
NF-kB pathway showed this pattern most clearly. Using normalized
counts, we showed significantly increased expression of Il1b, Il1a, Il6,
NIrp3, Cxcl9 and ClecSa when mCa* uptake was diminished during an
inflammatory response to zymosan (Fig. 7d). In total, we identified 668
genes that are regulated by mCa* uptake in zymosan-stimulated mac-
rophages (Fig. 7e). The analysis so far has focused on gene expression
changesinresponsetoapotentinflammatory stimulus (zymosan). We
checked ifabrogation of mCa?* uptake in Mcu™ macrophages upregu-
lates inflammatory genes at baseline—without any overt exposure to
aninflammatory stimulus. Surprisingly, although the expression levels
were lowin quiescent macrophages, we observed a clear upregulation
of inflammatory response genes in unstimulated Mcu™~ macrophages

(Fig. 7g,h). Similar to zymosan stimulation, GSEA pathway analysis
revealed asignificant enrichment of inflammatory pathways in Mcu ™"
macrophages at baseline when compared to WT controls (Extended
DataFig.9a,b). Within the inflammatory pathway genes, Cxcl10, /l6 and
Il12b were significantly elevated (Fig. 7i). Together, these data show that
diminished mCa®* uptake drives low-grade inflammation in the absence
of overt inflammatory stimuli and promotes a hyper-inflammatory
response whenthe macrophages are exposed to inflammatory stimuli.

Analysis of Ca**-sensitive inflammatory gene expression

We applied the binding analysis for regulation of transcription (BART)
analysis® to predict transcriptional regulators of the 668 mCa?*-sensi-
tive genes we identified (Fig. 7e). This analysis complemented the ex
vivo experiments by implicating the RelA family, whichincludes NF-kB,
as being the responsible transcription factors (Fig. 7f). However, this
analysis also suggested that transcription by interferon regulatory
transcription factor (IRF) family proteins IRF1and IRF3 is regulated
by mCa? uptake; however, unlike NF-kB, we did not find any enhance-
ment of IRF3 translocation in Mcu™" cells (Extended Data Fig. 9¢,d). It
is, however, possible that Ca®* signaling regulates an ancillary process
of IRF3-mediated gene transcription. When we compare these datasets
for similarities across species, we canidentify 22 genes associated with
inflammaging and reduced mCa*" uptake in macrophages (Extended
DataFig. 9e).

Mcu knockdown in human macrophages increases
inflammatory output

Asillustrated (Extended DataFig.10a), we differentiated human mono-
cyte-derived macrophages (HMDMs) by first enriching the human
monocytes from donor buffy coats and then culturing them for 7 din
growth medium supplemented with macrophage colony-stimulating
factor. Flow cytometry analysis confirmed proper differentiation of
the HMDMs. The HMDMs exhibited high-density staining of the mac-
rophage markers CXCL10 and CD86, which were absent on undiffer-
entiated monocytes on day O (Extended Data Fig. 10b,c). The short
interfering RNA (siRNA)-mediated knockdown of MCU successfully
reduced the mRNA levels of MCU, as measured by quantitative PCR
withreverse transcription (RT-qPCR) analysis of MCUexon 3 and exon 6
(Extended Data Fig. 10d). Comparison of the mCa®" uptake capacity
clearly showed arobust uptake in HMDMs transfected with scrambled
siRNA control (siNT-HMDMs) and a significantly diminished mCa*'
uptake in HMDMs transfected with MCU siRNA (siMCU-HMDMs;
Fig. 8a). When stimulated with zymosan, the control siNT-HMDMs
displayed Ca* oscillations throughout the 30 min of imaging. But
similar to BMDMs-0 and Mcu™~ BMDMs, the siMCU-HMDMs showed
asignificantincrease in both the frequency and amplitude of the Ca*
oscillations (Fig. 8b,c). The spatiotemporal analysis of the Ca*" oscil-
lations also revealed a similarity to mouse WT BMDMs-O and Mcu ™~
BMDMs-Y. The siMCU-HMDM s exhibited significantly more Ca* spikes
onanindividual basis (Fig. 8d-f). Then, we checked theinflammatory
response insiMCU-HMDMs and found that the expression levels of pro-
inflammatory cytokines IL-1B, IL-6 and TNF were significantly higher
when compared to siNT-HMDM s (Fig. 8g). Similar results were seen with
LPS stimulation (Extended Data Fig. 10e). These results show that the
sensitivity of theinflammatory response to mCa?* uptake is conserved
and can be demonstrated readily in human macrophages.

Discussion

In this study, we report a surprising discovery that mCa?" uptake
capacity in macrophages drops significantly with age. This ampli-
fies cCa®" signaling and promotes NF-kB activation, rendering the
macrophages prone to chronic low-grade inflammatory output at
baseline and hyper-inflammatory when stimulated. Although mito-
chondrial dysfunction haslong beenasuspected driver of aging, our
study pinpoints the MCU complex as a keystone molecular apparatus
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Fig. 7| RNA-seq analysis of Mcu”~ and BAPTA-AM-loaded BMDM s reveals
transcripts sensitive to mCa* uptake. a, Volcano plot showing increased
expression of inflammatory genes in Mcu” BMDMs, compared to WT BMDMs,
treated with zymosan for 3 h. Data normalization, dispersion estimates and
model fitting (negative binomial) were carried out with the DESeq function
(DESeq2R package). Wald statistics were used for the significance tests.

b, Volcano plot showing reduced expression of inflammatory genes in BAPTA-AM
loaded BMDMs, when compared to unloaded BMDMs, treated with zymosan

for 3 h. Data normalization, dispersion estimates and model fitting (negative
binomial) were carried out with DESeq. Wald statistics were used for the
significance tests. ¢, GSEA pathway analysis of Mcu™~, BAPTA-AM loaded (WT)
and unloaded WT BMDM s stimulated with zymosan for 3 h. M®, macrophage.

d, Normalized counts for representative genes in the GSEA hallmark inflammatory
response pathway. N = 3-5 biological replicates. Error bars represent the s.e.m.;
Pvalues were determined by one-way ANOVA. e, Schematic showing gene

transcripts used for BART analysis. f, BART analysis of 668 mCa?*-sensitive
genesidentified ina. Transcription factor (TF) rank was plotted against the
-log(Pvalue) for eachidentified transcription factor. g, Volcano plot showing
gene expression of the GSEA inflammatory response pathway in unstimulated
Mcu™" macrophages, compared to their WT counterparts. Data normalization,
dispersion estimates and model fitting (negative binomial) were carried out
with DESeq. Wald statistics were used for the significance tests. h, Volcano plot
showing expression of genes of the GSEA TNF-NF-kB pathway in unstimulated
Mcu”" macrophages, compared to their WT counterparts. Data normalization,
dispersion estimates and model fitting (negative binomial) were carried out
with DESeq. Wald statistics were used for the significance tests. i, Normalized
counts for representative genes in the GSEA hallmark inflammatory response
pathway. N = 4 biological replicates. Error bars represent the s.e.m.; Pvalue was
determined by Welch’s ¢-test, two-tailed.
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Fig. 8|siRNA-mediated depletion of MCUin human monocyte-derived
macrophagesrenders them hyper-sensitive to inflammatory stimuli.

a, Representative trace for amCa?* uptake in permeabilized siNT and siMCU-
transfected HMDMs. Right, quantification of mCa* uptake. N = 5-8 biological
replicates. Error barsrepresent thes.e.m.; P=0.0012 determined by ¢-test.

b, cCa* oscillations in siNT and siMCU-transfected HMDMs. AF/F, values for Fura-2-
AM loaded macrophages were plotted. Images were taken every 3 s. ¢, Maximum
cCa*. N=88-98 cells, three independent experiments. Whiskers represent the
minimum to maximum values for each dataset. The box represents the 75th

and 25th percentiles. The line is the median; P < 0.0001 according to Welch’s
t-test, two-tailed. d, CALIMA maps depicting spatiotemporal aspects of cCa*"

elevations. e, Oscillation frequency was determined for individual cells.
N=88-98 cells, three independent experiments. Whiskers represent the
minimum to maximum values for each dataset. The box represents the 75th

and 25th percentiles. The line is at the median; P < 0.0001 according to Welch’s
t-test, two-tailed. f, Oscillation length was determined for individual cells.
N=88-98 cells, three independent experiments. Whiskers represent the
minimum to maximum values for each dataset. The box represents the 75th and
25th percentiles. The line is the median; P < 0.0001 according to Welch’s t-test,
two-tailed. g, Gene expression of IL-1, IL-6, TNF and IL-10 mRNA. N = 3 biological
replicates. Error bars represent the s.e.m.; Pvalues were determined by one-way
ANOVA.

that links age-related changes in mitochondrial physiology to mac-
rophage-mediated inflammation.

Gene expression analyses of human blood revealed clear signs of
chronic age-associated inflammation, supporting the idea that blood
transcriptomics can be used to monitor biomarkers of age-related low-
grade inflammation. Both chronic low-grade inflammation and mito-
chondrial dysfunction are known hallmarks of aging, but mechanistic
links between these two processes have not been defined with clear links
to humanbiology’®”". For example, defective mitophagy in Prkn™" mice
may contribute to inflammaging by shedding mitochondrial DNA as
aninflammatory stimulus in senescent cells”. Although a progressive
age-associated decline in mitophagy is not evident in human myeloid
cells, if one supposes that there is a steady age-associated shedding
of inflammatory mediators from other senescent cells, our findings
predict that the decreased mCa?-uptake capacity will render the mac-
rophages hyper-responsive to such inflammatory stimuli from senes-
cent cells and thereby drive inflammaging. A recent study performed
a comprehensive analysis of mitochondrial phenotypes in purified
human cell types and mixtures but omitted mCa®" uptake as a marker
of mitochondrial fitness™. Interestingly, the authors found that their
mitochondrial health index was most impaired in monocytes isolated

fromaged human donors. Although we chose to focus on macrophage-
mediated inflammation, the broad outlines of the mechanistic model
arelikely applicable to other myeloid cells such as neutrophils and mast
cellstoo, and thatis animportant line for our future investigations.
Whether macrophages deficientin mCa** uptake are hyper-inflam-
matory to all kinds of inflammatory stimuliis an outstanding question.
For example, tissue-resident macrophages are constantly exposed
to purinergic signals’ and our model predicts that in older mice and
humans, the reduced Ca*-buffering capacity of mitochondria will
render the myeloid cells hyper-responsive to such purinergic signals.
Inaddition toincreased inflammation, areductionin mCa* uptake also
affects the ability of macrophages to phagocytose and kill pathogens,
animmunological deficitknowntobe related to age. Analysis of genes
that are especially sensitive to mCa*" uptake points to the RelA family
asthekey transcription factorsinvolved in this process. Consistently,
we show that the nuclear translocation of NF-kB, which is central to the
inflammatory response, is enhanced when mCa?" uptake is diminished.
Notably, the loss of mCa*" uptake also results in hyperactivation of
NFAT™, atranscription factor that is exquisitely sensitive to Ca®* signal-
ing. Butin contrast to NFAT regulation, where Ca* isknown to regulate
NFAT nuclear translocation through the Ca*"-activated phosphatase
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calcineurin™’¢, the precise mechanisms through which Ca® regulates
NF-kB translocation are not entirely clear.

Inalandmark study, Fieni et al. used direct patch-clamp recordings
of mitoplasts to demonstrate that MCU current density varies greatly
between tissues””. Remarkably, they found that MCU current densities
in the cardiac mitoplasts from newborn mice were nearly five times
larger than those found in the adult counterparts. In accordance with
those findings, our analysis of the human gene expression data shows
that expression of MCU in the heart reduces progressively with age.
Inaddition to age-related changesin gene expression, other ancillary
mechanisms, such as posttranslational modifications of the MCU
complex, arelikely to be very relevant to the overall regulation of mCa*'
uptake. Although we have clearly demonstrated that reduced mCa*'
uptake is an important component of this aging process, we cannot
rule out other age-associated changes in the molecular machinery of
Ca?' signaling. For instance, we have evidence that /ITPR3 expression
increases with age. Interestingly, it was proposed recently that loss of
Itpr2leads toimproved lifespanin mice®. Our future studies will focus
on determining whether the ER-mitochondria contact sites in the
macrophages are disrupted with age and on defining the regulatory
mechanisms of the age-associated reduction in MCU transcription.

Amajor paradox in the field of mCa?* signaling is that despite that
its machinery is highly conserved in invertebrates and vertebrates’®,
and expressed ubiquitously in mammaliantissues, the deletion of Mcu,
in the mixed background, yields smaller but viable mice”. These mice
display moderate defects in skeletal muscle function’, but the overall
phenotypeis surprisingly mild for aprocess that is sowell conserved and
ubiquitous. The phenotype of global Mcu™ miceis likely confounding
inthis respect because when a gene is deleted during embryogenesis,
there is often a developmental compensation (not necessarily in the
same molecular function). It is now becoming increasingly clear that
amajor role for mCa*" signaling is tied to innate immune responses,
the salience of which is largely masked in unchallenging conditions
of a mouse vivarium. Recent studies establish that far from being a
redundant Ca*"-buffering system, this molecular apparatus, centered
onMCU andits regulatory subunits, has aprofoundrolein host defense
andinflammatory processes. Ironically, asteady age-associated erosion
ofitsactivitiesnot only dampens the innateimmune responses to fungal
pathogens*, but also drives chronic low-grade inflammation. Interest-
ingly, MCU-mutant flies show reduced lifespan® but analyses of MCU-
nullhemocytes, the cells that constitute the Drosophilainnate immune
system, were not carried out. In mammals, tissue-resident macrophages
occupy specialized nichesinall organ systems. Age-associated decrease
in the mCa?**-uptake capacity in these specialized tissue-resident mac-
rophages may increase local inflammation and thereby have a major
impact onorgan physiology and homeostasis. Anintriguing possibility
isthatresident macrophages of certain organ systems may be especially
susceptible to such age-related changes. Our study sets the stage for
many suchresearch directions that may ultimately allow us to slow the
onset and progression of many age-related diseases where chronic
inflammation plays either agerminating or exacerbating role.

Methods

Mouse strains

Male and female mice aged 15 to 25 weeks (young) and 80-90 weeks
(old) were used for all experiments. C57BL/6 mice we purchased from
Jackson Laboratories (000664) within indicated age ranges. For WT
and Mcu(M)”" mouse experiments, mice aged 15-25 weeks were used.
Mcu(M)”" micearereported previously*’. The mouse experiments car-
ried outinthis study were reviewed and approved by the University of
VirginiaACUC under the active protocol 3916.

Celllines and cell culture
All cells were grown and maintained at 37 °C, 5% CO,. BMDMs were
isolated and cultured as previously described®. In brief, bone marrow

was extracted from mouse femur and tibia via centrifugation. The red
blood cells were lysed with ACK lysis buffer and the remaining cells were
counted and plated on petri dishes at a density of 2-4 x 10° cells per
plate in BMDM Media (RPM11640 +10% FBS + 20% L929-conditioned
media). Cells were differentiated for 7 d and medium was replaced
every 3 d. For experiments, BMDMs were used between days 9-14
after harvest.

GTEx and differential gene expression analysis

GTEx Analysis V8, gene counts and metadata were downloaded from
the GTEx portal (https://gtexportal.org/)* and analyzed using RStudio.
Expression profile data were obtained for different tissues, binned into
agegroupsand thensubjected to differential gene expression analysis
using DESeq2 (ref. 82) R package. PCA plots were generated using the
plotPCA function. The differentially expressed genes were ranked based
on the log, fold change and FDR-corrected P values. The ranked list
was then used to perform pathway analysis using GSEA software®. For
the analysis of genes associated with mitochondrial functions, the dif-
ferentially expressed genes were uploaded to mitoXplorerl1.0 (ref. 50)
for pathway analysis. Comparative plots were generated for specified
pathways and the log, fold change was plotted for individual genes.

Mitochondrial Ca* uptake in permeabilized macrophages

Ca® uptake assay was adapted for macrophages from Wettmarshausen
et al.®* as reported in Seegren et al.*>. In brief, cells were washed two
timesin D-PBS (without Ca? and Mg?*) and resuspended in ICM buffer
containing 120 mMKCI, 5 mM NacCl,1 mMMgCl,,2 mMKH,PO,,20 mM
HEPES, 5 mM succinate, 5 mM malate, 5 mM glutamate, 500 nM thapsi-
garginand 0.1 pM calcium green-5N. Cells wereimmediately permeabi-
lized with 35 pM digitonin for 5 min before recording on a FlexStation
plate reader. Calcium green-5N fluorescence intensity was recorded
every 2 sfortheindicated time with injections of CaCl, (concentration
indicated in figure legend) and 10 uM FCCP at indicated times.

Cytosolic Ca** imaging using ratiometric Fura-2
Ratiometricimaging of macrophages using Fura-2-AM was as described
previously by Seegren et al.*. In brief, macrophages were incubated
for 30 min with gentle agitation at room temperature (RT) with 5 pM
Fura-2-AM, 0.02% of pluronic acid and 500 pM probenecid in Ringer
solution (155 mM NacCl, 4.5 mM KCl, 2 mM CacCl,, 1 mM MgCl,, 5 mM
HEPES and10 mM glucose, pH 7.4). Fura-2 emissions were collected at
510 nmand with 340/380 nm of excitation. Excitation was performed
using a DG4 llluminator (Sutter Instruments).

CALIMA analysis

Images acquired from cCa® imaging were uploaded into the Calciu-
mlmagingAnalyser from Radstake et al.>>. Regions of interest were
drawn manually over cells and processed for recorded cell activity.
Spike detection parameters were set to the same values for each repli-
cate and Excel sheets were exported for analysis in PRISM.

Bulk RNA-seq analysis

On average we received 30 million paired-end sequences for each of
the replicates. RNA-seq libraries were checked for their quality using
the fastqc program (http://www.bioinformatics.babraham.ac.uk/
projects/fastqc/). The results from fastqc were aggregated using Mul-
tiQC software®. A program developed in-house was used for adap-
tor identification, and any contamination of adaptor sequence was
removed with cutadapt (https://cutadapt.readthedocs.io/en/stable/).
Reads were then mapped with the ‘splice aware” aligner ‘'STAR™, to the
transcriptome and genome of mm10 genome build. The HTseq soft-
ware® was used to count aligned reads that map onto each gene. The
count table wasimported to R to perform differential gene expression
analysis using the DESeq2 package®. Lowly expressed genes (genes
expressed only in a few replicates and had low counts) were excluded
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from the analysis before identifying differentially expressed genes.
Datanormalization, dispersion estimates and model fitting (negative
binomial) were carried out with the DESeq function. The differen-
tially expressed genes were ranked based on the log,fold change and
FDR-corrected Pvalues. The ranked file was used to perform pathway
analysis using GSEA software®. The enriched pathways were selected
based on enrichmentscores as well as normalized enrichment scores.

Binding analysis for regulation of transcription

A gene list of 668 Ca**-sensitive genes was uploaded into the BART
web interface developed and maintained by the C. Zang laboratory
at the University of Virginia®. The software identified the most likely
transcription factors regulating the input genes. The area under the
curve and Pvalues were exported and plotted.

Immunoblotting

For analysis of caspase-1 and GSDMD. After treatment, the plates
were centrifuged at 400g for 4 min and cell-free supernatants were
collected. Cell lysates were prepared by directly adding 1x Laemmli
sample buffer into the pellets and stored at -80 °C. At the day of elec-
trophoresis, cell lysates were transferred into al.5-ml tube, sonicated
andboiled at 95 °Cfor 5 min. Collected supernatants were cleared again
by centrifugation at400g for 5 min. Proteinsin the supernatants were
precipitated using 20% trichloroacetic acid, resuspendedin 1x Laemmli
sample buffer, and boiled at 95 °C for 5 min. Cell lysates and concen-
trated supernatants were run on a 12% homemade SDS-PAGE gel and
transferred onto a 0.45-um PVDF membrane (Millipore) using Towbin
wet transfer buffer. After transfer, Ponceau S staining was performed
to confirm equalloading of total proteins and the membrane was then
blocked by 5% non-fat milk in TBST for 1 h at RT. Primary antibodies
weredilutedin TBST and incubated at 4 °C overnight. Horseradish per-
oxidase (HRP)-conjugated secondary antibodies were diluted in TBST
at 1:10,000 and incubated for 1 h at RT. Membrane was developed by
adding Luminata Forte Western HRP substrate (Millipore, WBLUF0100)
and imaged on a Bio-Rad ChemiDoc Imager. Primary antibodies used
were mouse anti-mCaspl(p20) (AdipoGen, Casper-1,1:1,000 dilution)
andrabbitanti-mGSDMD (Abcam, ab209845;1:1,000 dilution). Second-
ary antibodies used were anti-mouse, HRP (Jackson, 115-035-003) and
anti-rabbit, HRP (Jackson, 111-035-144).

Nuclear and cytoplasmic fractions

The Thermo Scientific NE-PER Nuclear Cytoplasmic Extraction Reagent
kit was used to generate nuclear and cytosolic fractions from cells fol-
lowing zymosan stimulation. Briefly, cells underwent reagent-based
lysis using cytoplasmic extraction reagents | & Il followed by centrifu-
gationfor 5 minat16,000gto separate nuclei from cytosolic fractions.
The nuclei were then lysed using the nuclear extraction reagent and
centrifuged for 5 minat16,000g. The resulting supernatant contained
the nuclear extract and was used for subsequent western blotting.

Native gel electrophoresis of MCU complex

The mitochondrial membrane proteins were extracted by incubating
theisolated mitochondria with 1% digitonin onice for 30 min. Samples
were vortexed every few minutes. The mitochondrial extracts were then
mixed atal:1ratio with non-reducing sample loading buffer (62.5 mM
Tris-HCI, pH 6.8,40% (wt/vol) glycerol and 0.01% (wt/vol) bromophenol
blue). Samples were resolved on 4-20% Mini-Protean TGX Stain-Free
precast gels (Bio-Rad; 4568096) and runat 200 Vfor 5 honice. The gels
were transferred onto a PVDF membrane using the Bio-Rad Turbo-blot
system. Membranes were blocked with 5% milk for 30 min with gentle
agitationbefore immunoblotting with primary antibody (x-MCU, clone
D2Z3B, Cell Signaling 14997S and «-MICU]1, clone D4P8Q, Cell Signal-
ing 12524) in Signal Boost Immunoreaction Enhancer (Calbiochem,
407207-1KIT) at a 1:1,000 dilution. Staining with primary antibody
was carried out overnight at 4 °C. Secondary anti-rabbit HRP was used

in Signal Boost Immunoreaction enhancer for 2 h. The immunoblots
were developed with SuperSignal West Pico PLUS Chemiluminescent
Substrate (Thermo Fisher, 34580) 5 min before imaging.

qPCR

Forall gPCR experiments, macrophages were plated at ~-80% confluency
intotissue culture-treated plates and rested overnight. For inflamma-
tory gene expression, the following day, BMDMs were stimulated with
Zymosan A BioParticles (Thermo Fisher, Z2849) at two particles per cell.
For pharmacological pretreatments, on the day of experiment, BMDMs
were treated with inhibitors for 30 minbefore the addition of zymosan,
as described above. Inhibitor information and concentrations used
were: BAPTA-AM (Thermo Fisher, B6769;10 uM), ionomycin (Cayman
Chemicals,10004974;1 uM), BTP2 (Sigma, 203890-M; 10 uM), zegoc-
ractin (MedChemExpress, HY-101942;1 uM) and AZD7545 (MedChem-
Express, HY-16082;1 uM). For M1 versus M2 polarization, BMDMs were
treated either with IFN-y (R&D Systems, 485-MI-100/CF; 100 ng mI™)
and LPS (Invivogen, tirl-eblps; 100 ng ml™; to induce polarization
toward aM1 phenotype) or with IL-4 (R&D Systems, 404-ML-010; 20 ng
ml™; to induce polarization toward a M2 phenotype). Total RNA was
isolated from treated cells using RNeasy Plus Mini Kit. Following iso-
lation, RNA concentration was determined using a NanoDrop 2000c¢
spectrophotometer. RNA was converted to cDNA inatwo-step reverse
transcriptase process using the Promega Reverse Transcription Mas-
ter Mix. Following cDNA synthesis, a Bio-Rad CFX Connect Real-Time
system was used to perform qPCR reactions with SYBR Select Master
Mix and1to 5 ng cDNA per wellin a 96-well plate.

Immunofluorescence

Cellswere plated overnight on coverslips before experiments. BMDMs
were stimulated with Zymosan A BioParticles (Thermo Fisher, Z2849) at
two particles per cell forindicated times. Following treatments, cover-
slips were washed 3xin PBS to remove loose/non-adherent cells. Cover-
slips were fixed in 4% paraformaldehyde and 4% sucrose (30 min, RT).
Coverslips were washed 3x in wash buffer (PBS with 0.05% Tween-20),
blocked and permeabilized at RT for 1 h in B/P buffer (1% BSA, 0.1%
Triton X-100 and 0.05% Tween-20 in PBS), and then incubated with
primary antibody diluted in B/P buffer overnight at 4 °C. Coverslips
were washed 3x inwash buffer, and incubated at RT with the appropri-
ate secondary antibody in B/P buffer for 2 h, followed by 3x washes in
wash buffer. Coverslips were mounted on glass slides (ProLong Gold
Antifade; Thermo Fisher, P36930), stored in a desiccation box at 4 °C
untilimaging. Confocal microscopy was performed on a Zeiss LSM 880.
Data were acquired with Zen Black and analyzed using Image]J. Anti-
bodies used for immunofluorescence were: anti-ASC/TMS1/PYCARD
antibody (F-9):sc-271054, Santa Cruz; anti-NF-kB p65 (D14E12) XP rabbit
monoclonal antibody 8242, Cell Signaling; anti-IRF-3 (D83B9) rabbit
monoclonal antibody 4302, Cell Signaling.

Mitogenie

To analyze mitochondrial morphology and other characteristics,
images were cropped into individual cells and processed using a
mitochondrial analysis workflow developed by the Kashatus labora-
tory*. Images were first input into the MitoCatcher application on
the Mitogenie platform, generating binarized images of segmented
mitochondrial networks. The MiA application on Mitogenie was used
to analyze the images of the mitochondrial networks and produce
quantitative measurements describing mitochondrial morphology.

LDH assay

BMDMswereincubatedfor3 hwithLPS (Invivogen, tirl-eblps; 100 ngml™)
or Zymosan A BioParticles (Thermo Fisher, Z2849; two particles per
cell) at 37 °C and 5% CO,. After 3 h, cells were washed 3x with HBSS,
resuspended in Ringer solution (155 mM NacCl, 4.5 mMKCl,2 mM CacCl,,
1 mM MgCl,, 5 mM HEPES and 10 mM glucose, pH 7.4) with or without
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nigericin (Invivogen, tlrl-nig; 5 pM). After 24 h, LDH was measuredin the
supernatants using Pierce LDH Cytotoxicity Assay Kit (Thermo Fisher
Scientific) according to the manufacturer’s instructions.

IL-1B ELISA

BMDMs were incubated for 3 hwith LPS (Invivogen, tirl-eblps; 100 ng
ml™) or Zymosan A BioParticles (Thermo Fisher, Z2849; two particles
per cell) at 37 °C, 5% CO,. After 3 h, cells were washed 3x with HBSS,
resuspended in Ringer solution (155 mM NaCl, 4.5 mMKCI, 2 mM CacCl,,
1 mM MgCl,, 5 mM HEPES, 10 mM glucose, pH 7.4) with or without
nigericin (Invivogen, tlrl-nig; 5 pM). After 24 h, IL-1 was measured in
the supernatants using ELISA MAX Standard Mouse IL-1f3 (BioLegend)
according to the manufacturer’sinstructions.

Zymosan-induced peritonitis

Mcu(M)”and WT mice were subjected to amodel of zymosan-induced
peritonitis®. In brief, mice were intraperitoneally injected with 55 mg
per kg body weight Zymosan A and monitored for 24 h for clinical
scores of conjunctivitis, lethargy, changesin hair coat and grimace pain
to indicate symptoms of illness. Weight was monitored every 2 h and
scoring was performed by ablinded member of the laboratory. Follow-
ing 24 h, mice were euthanized. Blood and peritoneal lavage fluid were
collected for Luminex analysis and cytokine detection.

Differentiation of human monocyte-derived macrophages

Human monocytes were isolated from healthy donor buffy coats pro-
cured from the American Red Cross Biomedical Services (ARCBS), with
consent from the volunteer donors for whole-blood collection and its
use forresearch (Leukpacks/Whole Blood Clinical Study Protocol LP-2).
The distribution of buffy coats to the laboratory of B.N.D. at University
of Virginiawas also reviewed and approved by the ARCBS Institutional
Review Board under the active protocol 2016-030. Differentiation of
HMDMs was performed using PromocCell, Serum-free and Zeno-free
cell culture method. Inbrief, buffy coats were enriched for monocytes
using RosetteSep Human Monocyte Enrichment Cocktail. Enriched
monocytes were plated on six-well plates in monocyte attachment
mediumfor1hina5%CO,and37 °Cincubator. Cells were washed three
times with vigorous swirling in warm monocyte attachment mediumto
remove non-adherent cells. Cells were cultured for 7 din Macrophage
Generation Medium DXF with supplement mix to generate HMDMs.
The siRNA knockdown of MCU was performed two times over 48 h
using Lipofectamine 3000 with 10 nM siRNA. Antibodies used for flow
cytometry were: FITC anti-human CD14 antibody, BioLegend 325603;
PE/Cyanine7 anti-human CD86 Antibody, BioLegend 305421; and PE
anti-human CXCL10 (IP-10) antibody, BioLegend 519503. Flow cytom-
etrywas performed onan Attune NxT with Attune NXT Software (v2.0+).

Statistics and reproducibility

All datawere analyzed using Excel (Microsoft) and Prism 8 (GraphPad)
software. All datasets were subjected to ROUT outlier test and the data
points with Q <1% were considered outliers and removed. In bar graphs,
data are presented as means with error bars reflecting the s.e.m. or
as indicated in figure legends. Statistical significance (P < 0.05) was
computed using one-way ANOVA, two-way ANOVA and Welch'’s ¢t-test
(two-tailed), asindicated in figure legends. The sample size and repre-
sentation of ‘n’ (mice, experimental repeats or cells) isindicated in fig-
urelegends. Sample size was determined by using GPower3.l software.
For all other experiments (ex vivo and in vivo), no power analysis was
used for sample sizes and replicates, but they were determined based
on experimental experience. In the box plots, the whiskers represent
minimum and maximum values, the box represents the 75th and 25th
percentilesand the horizontal line is the median. For zymosan-induced
peritonitis, clinical scores were collected by laboratory personnel who
were blinded to the genotype/condition of individual mice. All other
experiments were not blinded but contained appropriate biological

replication. The order of data collection was changed between experi-
mentsto avoid collectionbias (for example, if the experiment was run
as control, WT and then knockout for one experiment, the following
experiment data was collected as knockout, WT and then control).

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

Data availability

The RNA-seqdataare deposited inthe publicly available Gene Expres-
sion Omnibus database under accession GSE228873. Source data are
available with this paper. All other data are available from the corre-
sponding author upon reasonable request.
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Extended DataFig. 4 | Analysis of mitochondria and Ca* responsesin
BMDMs. a. Mitochondrial membrane potential. N=90 cells, 3 independent
experiments. Error bars reflect SEM; p-value determined by one-way ANOVA.

b. Normalized luminescent measurements of ATP. N = 6 biological repeats.
Error bars reflect SEM; p-value determined by one-way ANOVA. c. Mitochondrial
counts. N=30-45 cells, 3independent experiments. Error bars reflect SEM;
p-valuesignificance according to Welch’s t-test, two-tailed. d. Mitochondrial
area.N=30-45 cells, 3independent experiments. Error bars reflect SEM; not
statistically significant according to Welch'’s t-test, two-tailed. e. Mitochondrial
roundness. N =30-45 cells, 3independent experiments. Error bars reflect

SEM; not statistically significant according to Welch’s t-test, two-tailed. f.
Mitochondrial branches. N=30-45 cells, 3 independent experiments. Error bars
reflect SEM; not statistically significant according to Welch’s t-test, two-tailed.

g. Representative images of BMDMSs-Y and BMDMSs-O immunostained for TOM20.

Scalebar at 10 um. h. Cytosolic Ca* Oscillations in BMDMs-Y (n =88 cells) and
BMDMs-0 (n=87 cells). i. Cytosolic Ca* Oscillations with ATP. j. Maximum
cytosolic Ca*".N=112 cells, 2 independent experiments. Whiskers represent the
min to max values for each data set. Box represents 75" and 25" percentile. Line

is at the median; p-value according to Welch’s t-test, two-tailed. k. Number of
oscillations inindividual cells. N=112 cells, 2 independent experiments. Whiskers
represent the min to max values for each data set. Box represents 75" and 25"
percentile. Line is at the median; p<value according to Welch’s t-test, two-tailed.
1. Oscillation length inindividual cells. N =112 cells, 2 independent experiments.
Whiskers represent the min to max values for each data set. Box represents 75"
and 25" percentile. Line is at the median; p<0.0001 according to Welch's t-test,
two-tailed. m. Cytosolic Ca** Oscillations with OXPAPC. n. Maximum cytosolic
Ca?".N=104 cells, 2 independent experiments Whiskers represent the min to
max values for each data set. Box represents 75" and 25" percentile. Line is at the
median; p-value according to Welch’s t-test, two-tailed. 0. Number of oscillations
inindividual cells. N =104 cells, 2independent experiments. Whiskers represent
the min to max values for each data set. Box represents 75" and 25" percentile.
Line is at the median; p<value according to Welch’s t-test, two-tailed.

p. Oscillation length inindividual cells. N =104 cells, 2 independent experiments.
Whiskers represent the min to max values for each dataset. Line is at the median;
p<0.0001 according to Welch’s t-test, two-tailed.
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Extended Data Fig. 5| cCa®* dynamics in Mcu-/- BMDMs-Y. a. Cytosolic Ca*
Oscillations in wt and Mcu-/- BMDMs. b. Maximum cytosolic Ca*. N =83 cells,
2independent experiments. Error bars represent SEM; p<0.0001 according to
Welch’s t-test, two-tailed. ¢. Maximum cytosolic Ca*. N =83 cells, 2 independent
experiments. Error bars represent SEM; p<0.0001(****), p<0.001(***), p<0.01(**),
Pp<0.05(*) determined by the Brown-Forsythe and Welch ANOVA test. d. Maximum
cytosolic Ca*. N =83 cells, 2 independent experiments. Error bars represent

SEM of two independent experiments; p<0.0001(****), p<0.001(***), p<0.01(**),

p<0.05(*) determined by the Brown-Forsythe and Welch ANOVA test. e. CALIMA
maps depicting spatiotemporal aspects of cytosolic Ca* elevations. f. Average
number of oscillations per cell, seen during zymosan stimulation. N=83 cells,
2independent experiments Error bars represent SEM; p<0.0001 according

to Welch’s t-test, two-tailed. g. Mean of oscillation lengths during zymosan
stimulation. N =83 cells, 2independent experiments Error bars represent SEM;
p<0.0001 according to Welch’s t-test, two-tailed.
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Extended DataFig. 6 | Analysis of NFkB translocationinresponse to
C.albicans. a. Representative images for data shownin Fig. 3g shown as single
channels. b. Representative images from wt and Mcu-/- BMDMs, untreated or
stimulated with C. albicans, for 30 or 60 minutes and immunostained for NFkB
p65subunitand nuclei (DAPI). The outline of cells was determined by bright field
images. c. Nuclear to cytoplasmic ratios of the fluorescent intensity of NFkB for
images shown in panel b.N=30-72cells, 2 independent experiments. Whiskers

represent the min to max values for each data set. Box represents 75" and 25"
percentile. Line is at the median; p-value according to one-way ANOVA.

d. Representative analysis of fluorescent intensity of p65 staining along aline
drawn across the cytoplasm and nucleus, as determined by DAPI staining
(shadedblue). e. Zymosan-induced IL-1b expression (QPCR) inindicated BMDMs.
N=3biological replicates. Error bars represent SEM, p-value calculated by one-
way ANOVA.
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Extended DataFig. 7 | Effects of BTP2 and AZD7545 oninflammatory gene
expression and analysis of macrophage activation. a. Fold change expression
of IL-1f and /L-6. N =3 biological replicates. Error bars represent SEM; p-value
determined by one-way ANOVA. b. Nuclear NFkB. N =36-50 cells, 3 independent
experiments. Error bars represent SEM; p-value determined by one-way ANOVA.

represent SEM; p-value determined by one-way ANOVA. d. Assessment of M1
polarization in wt and Mcu—-/~ BMDMs. N = 6 biological replicates. Error bars
represent SEM; p-value determined by one-way ANOVA. e. Assessment of M2
polarization in wt and Mcu-/- BMDMs. N = 6 biological replicates. Error bars
represent SEM; p-value determined by one-way ANOVA.

c.Fold change expression of /L-1 and /L-6. N = 3 biological replicates. Error bars
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Extended Data Fig. 9 | RNA-seq analysis of Mcu-/- macrophages and analysis
of IRF3 translocation. a. GSEA hallmark gene set enrichment analysis based

on DSeq2 analysis of Mcu-/- versus wt BMDM s at baseline (untreated). b. Gene
set enrichment analysis of GSEA pathways that are differentially expressed

in Mcu—/-versus wt BMDMs at baseline (unstimulated). Enrichment scores

(ES) are plotted on y-axis and genes ranked in ordered dataset are plotted in
x-axis. ¢. Representative images from wt and Mcu-/- macrophages, untreated
or stimulated with zymosan (30 min) and immunostained for IRF3 and nuclei
(DAPI). Outline of cells was determined by bright field image. d. Quantified

nuclear to cytoplasmic ratios of IRF3 fluorescence intensities in wt and Mcu-/-
macrophages, unstimulated and zymosan-stimulated. N=35-50 cells, 3
independent experiments. Box and whisker plot represents the min to max values
for each dataset. Line is at the median; p value calculated by one-way ANOVA test
(found insignificant). e. Heatmaps show comparison of gene expression changes
inthe TNFa signaling via NFkB pathway from human and mice. Venn-diagram
indicates similar genes upregulated in Human 60-69 compared to young Mcu-/-
atbaseline and following zymosan stimulation.
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Extended Data Fig.10 | See next page for caption.
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Extended Data Fig. 10 | Validation of HMDMs and analysis of LPS response
in HMDMs. a. Schematic for isolation and differentiation of HMDMs from
human buffy coats. b. Flow cytometry-based validation of enriched human
monocytes and differentiated HMDMs. c. Upregulation of CXCL10 and CD86 in
HMDMs after differentiation from monocytes. d. MCU mRNA levels in siNT and

SIMCU-transfected HMDMs. N = 3 biological replicates. Error bars represent
SEM; p values determined by unpaired t-test. e. Fold changes in the gene
expression of IL-1B, IL-6, TNFa, and IL-10 mRNA. N =3 biological replicates.
Error bars represent SEM; p-values determined by the one-way ANOVA.
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Data collection  GTEx Analysis - GTEx Analysis V8 was downloaded from (https://www.gtexportal.org/home/datasets).
Flow cytometry -Attune NxT Software (v2.0 +)
Ca2+ Imaging - Zeiss Axio Observer with DG4 llluminator and ORCA-Flash 4.0 V2 CMOS camera
IF - LSM880 confocal and a Chameleon multi photon light source
mCa2+ uptake assay - FlexStation 3

Data analysis GTEx - Expression profile data were obtained for different tissues, binned into age groups and then subjected to differential gene expression
analysis using DESeq2 R package. PCA plots were generated using plotPCA function. The differentially expressed genes were ranked based on
log2fold change and FDR corrected p-values. The ranked list was then used to perform pathway analysis using GSEA software. For the analysis
of genes associated with mitochondrial functions, the differentially expressed genes were uploaded to MitoXplorerl.0 for pathway analysis.
Comparative plots were generated for specified pathways and Log2fold change was plotted for individual genes.

Bulk RNAseq - On average we received 30 million paired end for each of the replicates. RNAseq libraries were checked for their quality using
the fastqc program (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The results from fastqc were aggregated using multigc
software. In house developed programs was used for adaptor identification, and any contamination of adaptor sequence was removed with
cutadapt (https://cutadapt.readthedocs.io/en/stable/). Reads were then be mapped with the "splice aware" aligner 'STAR', to the
transcriptome and genome of mml0 genome build. The HTseq software will be used to count aligned reads that map onto each gene. The
count table was imported to R to perform differential gene expression analysis using the DESeq2 package. Low expressed genes (genes
expressed only in a few replicates and had low counts) was excluded from the analysis before identifying differentially expressed genes. Data
normalization, dispersion estimates, and model fitting (negative binomial) was carried out with the DESeq function. The log-transformed,
normalized gene expression of 50 0 most variable genes will be used to perform an unsupervised principal component analysis. The
differentially expressed genes was ranked based on the log2fold change and FDR corrected p-values. The ranked file was used to perform
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pathway analysis using GSEA software. The enriched pathways were selected based on enrichment scores as well as normalized enrichment
scores.

Image Analysis - All Images were analyzed in ImageJ for nuclear translocation analysis. For Mitogenie: To analyze mitochondrial morphology
and other characteristics, images were cropped into individual cells and processed using a mitochondrial analysis workflow developed by the
Kashatus lab. Images were first input into the MitoCatcher application on the Mitogenie platform, generating binarized images of segmented
mitochondrial networks. The MiA application on Mitogenie was used to analyze the images of the mitochondrial networks and produce
quantitative measurements describing mitochondrial morphology.

Data Presentation - All data were analyzed using RStudio, Excel (Microsoft) and Graph Pad Prism 8 (Graph Pad) software. Data are presented
as means with error bars which reflect standard error of the mean (SEM) as indicated in figure legends or Box and Whiskers with min, max,
75th, 25th, and median represented as indicated in the figure legend. Statistical significance (p < 0.05) was computed using one-way ANOVA,
2-way ANOVA, and welch's t test (two-tailed) as indicated in figure legends. The sample size and representation of 'n' (mice, experimental
repeats, or cells) is indicated in figure legends.

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 made available upon request from the Lead Contact, Bimal Desai.
RNAseq data will be made available on gene expression omnibus prior to publication.
Requests for additional information about data should be directed to Lead Contact, Bimal Desai.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender N/A

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

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

Field-specific reporting

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

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

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

Life sciences study design

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

Sample size For Zymosan-Induced Peritonitis sample size was determined using GPower3.| software.
For all other experiments (Ex vivo and In vivo) sample sizes are indicated in the figure legends and/or listed within the figure panel. Statistical
analyses are described in the figure legend. No power analysis was used for sample sizes and replicates, but were determined based on
experimental experience.

Data exclusions  The ROUT Outlier Test was performed on datasets. Outliers were determine with Q = 1% for all ROUT tests performed. Outliers were removed
from datasets prior to graphing.
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Replication Replication is indicated in figure legend or figure where applicable. In general, all experiments were run in with biological replicates. When
representative data is shown, individual data points and/or means of the independent samples are shown, as described in the figure legends.

Randomization  Aged mice were randomly placed into groups when applicable. In ex vivo experiments control and test wells were randomly assigned for each
experimental repeat.

Blinding For Zymosan-Induced Peritonitis clinical scores were collected by lab personal who were blinded to the genotype/ condition of individual
mice. All other experiments were not blinded but performed in appropriate biological replication by independent personal to avoid 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.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChiIP-seq
|:| Eukaryotic cell lines |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
|:| Clinical data

|:| Dual use research of concern
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Antibodies

Antibodies used TOM?20 Polyclonal Antibody (Thermo Scientific, 11802-1-AP), NF-kB p65 (clone:D14E12, CST #8242), IRF-3 (clone:D83B9, CST, #4302),
MCU (clone:D2Z3B, CST#14997), MICU1 (clone:D4P8Q, CST#12524), FITC anti-human CD14 (Biolegend, 325603). PE anti-human
CXCL10 (IP-10) (Biolegend, 519503), PE/Cyanine7 anti-human CD86 (Biolegend, 205421), TruStain FcX anti-mouse CD16/32
(Biolegend 101320)

Validation No validation reported from manufacturers.

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 Old and Young Mice - Male and female mice aged 15-25 weeks (young) and 80-90 weeks (old) were used for all age-related
experiments.
C57BL/6 mice were purchased from Jackson Laboratories (Stock: 000664) within indicated age ranges.
Mcu(M)-/- and WT - Mcu(M)fl/fl Cx3crl cre mice were generated by crossing B6;129S-Mcutm1.1jmol/J (Jackson Laboratories;
029817) mice to B6J.B6N(Cg)-Cx3critml.1(cre)lung/J (Jackson Laboratories; 025524).

Wild animals No wild animals used
Reporting on sex No sex specific differences reported or observed
Field-collected samples  No field-collected samples

Ethics oversight Mice were housed and bred in accordance with policies and procedures of the University of Virginia Animal Care and Use Committee
(IACUC)

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).

|Z| 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).
All plots are contour plots with outliers or pseudocolor plots.

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

Sample preparation Human buffy coats were collected by the American Red Cross for isolation of human monocytes and differentiation of
macrophages. Differentiation of HMDMs was performed using PromoCell, Serum-free and Zeno-free cell culture method.

Instrument Life Technologies Attune NxT

Software Attune NxT Software (v2.0+)
FlowJo v10 for Analysis

Cell population abundance No sorting was performed

Gating strategy Gating strategy is shown in Extended Data Fig. 9b. In brief, single cells were selected by FSC-H and FSC-A followed by

Monocyte/ Macrophage identification using CD14-FITC-A. Histograms were generated off the BII-A :: CD14-FITC-A positive
cells for YII-A :: CXCLIO-PE-A and YL4-A :: CD86-PE-Cy7-A

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