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Caloricrestriction (CR) extends lifespan across diverse organisms, but
the effects of CR on human aging and on healthspan are only beginning
tobeuncovered. Inthis study, we applied proteomics to plasma samples
collected longitudinally from participants achieving, on average, 14% CR
over 2 years as part of the CALERIE trial. We identified that inhibition of
the complement pathway is linked to lower inflammaging. In humans, the
C3a/C3ratio was significantly lowered by CR, thus reducing inflammation
emanating from three canonical complement pathways. Furthermore,

circulating C3ais elevated during aging in humans and in mice; we identified
anon-senescent age-associated macrophage subset that expands in visceral
fatas the predominant source. In macrophages, C3a-C3AR1 autocrine
signaling via extracellular signal-regulated kinase (ERK) regulates age-related
inflammation. Intra-adipose administration of a C3a-specific neutralizing
antibody reduced inflammaging in mice. In addition, fibroblast growth factor
21 (FGF21) overexpression and deficiency of phospholipase A2 group VII
(PLA2G7/1p-PLA2), which enhance lifespan and healthspan in mice, lowered
C3ainaging. Thus, complement C3areductionis ametabolically regulated
inflammatory checkpoint that can be harnessed to attenuate inflammaging.

Aging entails the accumulation of damage-associated molecular pat-
terns and chronic activation of the innate immune system, leading
to time-dependent functional decline at the molecular, cellular and
organismal levels, resultingin compromised health and death’. There-
fore, identification of causal mechanisms that perturb homeostasis
inaging and their successful targeting through dietary or pharmaco-
logical means are needed to promote the health of older adults and
stave off chronic diseases. CR remains the most effective approach

to extending the healthspan and lifespan of an organism”™*. Notably,
phase 2 of the Comprehensive Assessment of Long-term Effects of
Reducing Intake of Energy (CALERIE-II) clinical trial demonstrated
that moderate 14% sustained CR for 2 years boosts the thymic and
metabolic function while lowering inflammation in humans with-
out inducing growth and reproduction tradeoffs’”. However, the
precise mechanisms underlying the beneficial effects of CR warrant
further investigation.
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The protectiveinnateimmuneresponse of the hostis central to the
organism’s survival. The complement system comprises evolutionarily
conserved, ancient groups of proteins across different species, rang-
ing from invertebrates to humans, that are key components of the
protective innate immune response®. In addition to the documented
role of the complement in opsonization and cell lysis, mounting evi-
dence implicates complement proteins as important regulators of
cellular functions, including tagging pathogens for elimination, recruit-
ment of inflammatory cells and maintenance of tissue homeostasis’ ™.
Complement system activation, a cascade of more than 50 soluble or
membrane-bound glycoproteins in humans, mainly involves three
pathways: classical, lectin and alternative®. Importantly, complement
activation, irrespective of the pathwaysinvolved, converges at the cen-
tral component: complement component 3 (C3). Native C3 is thought
to bebiologically inactive, and its activation fragments exert multiple
effector functions". C3is cleaved and activated by C3 convertase, pro-
ducingbyproducts C3aand C3b, which regulateinflammation®. Chronic
inflammation, one of the major hallmarks of aging'*, drives most of the
age-associated complications, suggesting the potential contribution of
C3and C3a. Elevated C3 concentrations are negatively correlated with
longevity"”, but the mechanisms and causal role of C3-mediated comple-
mentactivationinaging-associated loss of tissue functionare unclear.

Lifespan is extended with CR while C3 concentrations increase
in serum and organs of aged mice, including hippocampus and cor-
tex, with C3 levels regulated, in part, by the NOD-, LRR- and pyrin
domain-containing protein3 (NLRP3) inflammasome''*"'*, Notably, the
elevation of C3and C3aare common signatures observed in aging’*°.
In support of a strong association between aging and innate immune
activation, recent proteomic analysis of human organ samples span-
ning approximately 50 years also identified complement and NLRP3
inflammasome activation among the top upregulated pathways?.
Althoughrecentreports have investigated theimportance of the clas-
sical pathway protein Clqinaging-related phenotypes®*, the overall
C3 derived from the lectin and the alternative pathways have been
largely overlooked. In addition to the liver as a primary synthesis site*,
C3islocally produced in the adipose tissue, including by adipocytes
and macrophages® . Macrophage activation is well documented as
adriver of age-associated inflammation or inflammaging®. However,
the contribution and mechanisms of macrophages in age-associated
C3-mediated inflammaging are still open questions.

In this study, using unbiased plasma proteomics, we discovered
that 2 years of14% CR reduced multiple complement proteins, includ-
ing C3a, and related pathways in middle-aged healthy individuals,
independent of body massindex (BMI). Consistent with its prolongev-
ity effect, we found that CR slowed the adipose tissue proteomic aging
clockinhumans. By contrast, C3aexpressionincreased withageinboth
humans and mice, and this activation is predominantly derived from
visceral adipose tissue (VAT). Specifically, age-associated macrophage
(AAM) subset in VAT was identified as the primary cellular source of
age-related C3 production, and downstream signaling through the
ERK pathway mediated the production of inflammatory cytokines in
anautocrine manner. Accordingly, inhibition of C3arestrained inflam-
maging in aged mice. Moreover, we observed that the age-associated
increase in C3a was partially blunted in long-lived FGF21 transgenic
mice and CR-mimetic PLA2G7 knockout mice compared to wild-type
controls. Together, our reverse translational approachreveals that the
inhibition of the complement systemis a promising, clinically relevant
target toreduce inflammaging and prolong healthspan.

Results

CRrewires the directionality of the human exoproteome
toward longevity pathways

To investigate the impact of 2 years of mild CR on the exoproteome
of middle-aged healthy individuals, we performed an unbiased prot-
eomics analysis using the SomaScan 7K assay on longitudinal plasma

samples from 42 CALERIE participants from the Pennington Biomedical
Research Center cohortin Baton Rouge, Louisiana, collected at baseline
and after 2 years of 14% CR (Fig. 1a). Most participants in this cohort
were in their 30s and 40s and were not obese (BMI < 30 kg m™), and
they lost approximately 10% of their body weight after 2 years of CR
(Fig. 1b and Extended Data Table 1). We detected a total of 7,029 pro-
teins (SOMAmers) that passed quality control, and 262 proteins failed
quality control (Fig. 1c and Supplementary Tables 1and 2). Principal
componentanalysis (PCA) showed that CRled to considerable changes
inthe plasma proteome of the participants (Extended Data Fig. 1a).

To explore the CR-induced proteomic shifts in detail, we per-
formed differential expression analysis. We found that insulin-like
growthfactor-binding protein 2 (IGFBP2) was one of the top increased
proteins after CR, whereas other IGFBPs remained unchanged except
for IGFBP5, whichwasreduced (Fig. 1c,d and Extended DataFig. 1b-h).
IGFBP2 and IGFBP5 may impact mechanisms of aging by lowering the
insulingrowth factor 1 (IGF-1) bioavailability and are related to reduced
mortality” and cellular senescence®, respectively. Although the cir-
culating IGF-1concentration upon CRin our cohort was not different,
these findings confirm theimportance of reduced IGF-1bioavailability,
a mechanism identified from long-lived mice®, for some beneficial
effects of CR onagingin humans. Inaddition, CRsignificantlyinduced
adiponectinlevelsbut reduced leptin, fatty acid binding protein (FABP)
3and4and growth hormonereceptor levels, all of which are indicative
of healthy aging (Fig. 1c,d and Extended Data Fig. 1i-m)**~°. Of note,
even though the participants were healthy and did not have overt
underlying inflammatory conditions, CR significantly decreased pro-
tein levels of complement components as well as other proinflamma-
tory markers, such as C-reactive protein, tumor necrosis factor (TNF)
and C-C motifligand 1(CCL1), but did not affect interleukin (IL)-1p and
IL-6 levels in the plasma (Fig. 1d and Extended Data Fig. 1n-r).

A recent study established the Aging Atlas database, encom-
passing most of the hallmark pathways of aging based on previously
published omics datasets”. We queried this database to examine the
effects of CR on each aging hallmark pathway at the proteinlevel. Inter-
estingly, we found that none of the 12 aging hallmark pathways was
increased, but more than half, including loss of proteostasis, genomic
instability, deregulated nutrient sensing, nuclear factor-kappa B
(NF-kB) signaling, stem cell exhaustion, cellular senescence and other
aging-associated features, were significantly reduced by CR (Fig. 1e
and Extended Data Fig. 1s). In particular, the prediction of upstream
regulator analysis by Ingenuity Pathway Analysis (IPA) revealed that
most of the NF-kB-regulated molecules were suppressed by CR (Fig. 1f),
suggesting that plasma proteomics canreflectintracellular signaling
hubs. These longitudinal analyses over 2 years of CR intervention in
healthy individuals suggest reversal of some key aging hallmark sig-
natures, particularly targeting bothimmune and metabolic pathways.

CRin humans slows adipose tissue proteomic aging clock
We next investigated the target organ(s) that may contribute to exo-
proteomic rewiring of aging hallmark pathways in humans after CR.
To examine this, we used a recently developed algorithm, ‘organage’,
whichenablesthe estimation of organ-specific age using human plasma
proteomics data®®. This model first maps plasma proteins to putative
organ sources based on organ-enriched expression features, defined
as being more than four times higher in the organ of interest thanin
any other organ, in the Genotype-Tissue Expression project. It then
uses these organ-enriched proteins to model organ-specific age and
measures the gap between the chronological age and predicted age
(Fig. 2a). Interestingly, based on these analyses, we found that CR sig-
nificantly reduced the age gap only in adipose tissue but did not affect
lung, kidney, artery, muscle and heart, and CR increased the age gap
inthe pancreas and intestine (Fig. 2b—i and Extended Data Fig. 2a-h).
Because this algorithm predicts organ age based on the associa-
tionof protein expression with age rather thana causal relationship, we
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Fig.1| CRrewires the directionality of the human exoproteome toward
longevity pathways. a—f, SomaScan 7K proteomics was performed in the plasma
of healthy individuals at baseline and at 2 years after 14% CR (n = 42 per group,
biological replicates). a, Schematic diagram of the overall study design. b, Age
(top) and BMI (bottom) of participants. ¢, Heatmaps for all detected proteins
(n=7,029; left) and the top 20 increased or decreased differentially expressed
proteins (DEPs) (right). d, Volcano plot for the plasma proteomics analysis.
limma was used for differential expression analysis. e, CR-associated changes
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in12 hallmarks of aging pathways were analyzed, and a scoring analysis of each
pathway was performed. Adjusted Pvalues are as follows: 0.002, 0.007,0.013,
0.015,0.021, 0.028, 0.048, 0.076, 0.107, 0.420, 0.691 and 0.923, from top to
bottom. A two-tailed paired ¢-test was performed. f, Prediction of upstream
regulator analysis for NF-kB in IPA. Most of the NF-kB signaling-related molecules
were reduced by CR. Panel a created in BioRender; Dixit, V. https://biorender.
com/uzr0jjv (2026). FC, fold change; P adj., adjusted Pvalue; yr, years.

plotted allthe organ-enriched proteins to examine the actual effects of
CRonorganaging. For adipose tissue, we confirmed that CR beneficially
modulated the adipose proteome, as shown in the differential expres-
sion analysis, with increased adiponectin and decreased leptin and
FABP4 levels (Fig. 2k). Similarly, in the lung, CR significantly reduced
CCL18 (Fig. 2I), which was implicated in pulmonary fibrosis®. Notably,

although the estimation of proteomic age showed that the age gaps in
the pancreas and intestine increased after CR, it also does not rule out
reverse causality, as the significantly increased pancreas-enriched or
intestine-enriched proteins after CR areimplicated in tissue-protective
roles, such as lipid digestion (PLA2G1B), protection from pancreatitis
(CTRB1)*, regulation of inflammatory bowel disease (REG1A)* and
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Fig. 2| Mild and sustained CR in humans slow adipose tissue proteomic aging
clock.a-n, Organ-specific aging signatures were analyzed based on the plasma
proteome. a, Schematic diagram for the analysis pipeline. b—e, Linear regression
analysis was performed to compare the predicted proteomic age before and after
CRinadipose tissue (b), lung (c), pancreas (d) and intestine (e). f-i, Organ age gap
was analyzed in adipose tissue (), lung (g), pancreas (h) and intestine (i) (n = 42

per group, biological replicates). j, Summary of the changes in the delta z-scored
organage gap by CR.*P< 0.05.k-n, Volcano plots for the organ-specific proteins
inadipose tissue (k), lung (I), pancreas (m) and intestine (n). Paired two-tailed
t-tests were performed, and exact adjusted Pvalues are presented. Panels created
inBioRender: a, Dixit, V. https://biorender.com/arhxxj3 (2026); j, Dixit, V. https://
biorender.com/8qqlssz (2026).

supportingintestinal barrier function (CDH17)* (Fig.2m,n).Inaddition,
the kidney, artery and muscle did not show any significantly regulated
proteins,and BMP10, important in cardiac development and function®,
wasincreasedintheheartafter CR (Extended DataFig. 2i-1). However, the
absence of change based ontheseinsilico analyses may not fully capture
the biology due to the lower sensitivities of detected protein features.
Collectively, these datamay suggest that CRis beneficial across various
organs, with the most notable effects observed in the adipose tissue.

CR downregulates C3alevel independently of BMI

To explore the specific mechanisms driving the benefits of CR, we
performed pathway enrichment analysis with the plasma proteomics
data using the Gene Ontology and Kyoto Encyclopedia of Genes and

Genomes (KEGG) databases***. We found that CR upregulated path-
ways related to neuronal development, cardiac function and tissue
remodeling (Fig. 3a). Inaddition, CR suppressed pathwaysinvolved in
the regulation of lipid storage, positive regulation of IL-6 production
and positive regulation of immune response (Fig. 3a). These results
confirmed the previously reported immunometabolic advantages
of CR*"*, Notably, the top downregulated pathways after CR were
the ‘complement and coagulation cascades’ (Fig.3a,b). Giventhat the
expression levels of complement components increase with age and
areimplicated in various age-associated dysfunction®>***!, we delved
deeper into CR-induced changes of each complement component.
We found that CRsignificantly reduced plasmalevels of some early
classical pathway-related components, such as C1s and Clr, but not C2,
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C4 and C4b (Fig.3c-g).Inaddition, CR also suppressed the expression
levels of alternative pathway-related components, specifically CFB
and CFD (Fig. 3h,i). A central event during complement activation is
the cleavage of C3 into C3a and C3b, which further promotes inflam-
mation and the formation of the membrane attack complex (MAC),
respectively. Although C3 and C3b levels were not affected, both C3a
and C3adesArg, amore stable form of C3a with the C-terminal arginine
cleaved, were significantly reduced by CR (Fig. 3j—m). Furthermore,
among the MAC components, C5and C9 showed significant reductions
after CR, whereas C6 and C7levels remained unchanged, and C8 was not
detected (Fig. 3n—q). Among these components, Clr, CFD and C3awere
significantly reduced by CR in both sexes (Extended Data Fig. 3a-0).
Theseresults suggest that CRin humans suppresses the overall comple-
ment cascade rather than a specific pathway (Extended Data Fig. 4).

Because BMI hasbeenreported to be associated with widespread
changesin the circulating proteome in humans™, we examined the asso-
ciation between BMI and the eight complement components (Cls, Clr,
CFB, CFD, C3a, C3adesArg, C5and C9) that were significantly reduced
after CR. Of note, although the degrees of association were not strong,
Clr, CFB, CFD and C5 showed significant positive correlations with BMI,
indicating that the reduced expression levels of these molecules could
bederived from weight loss after CR (Fig. 3r—u). By contrast, Cls, C3a,
C3adesArg and C9 exhibited BMI-independent expression patterns
(Fig.3v-y).Insex-specific analysis, all eight complement components
(C1s, C1r, CFB, CFD, C3a, C3adesArg, C5 and C9) in male participants
wereregulated by CR, independent of BMI, which could also beinferred
from the low sample number (Extended Data Fig. 5a—h). However, in
female participants, only Cls, C3aand C3adesArg were suppressed by
CRinaBMI-independent manner (Extended DataFig. 5a-h). Therefore,
among Cl1r, CFD and C3a, whose expression levels were significantly
reduced by CR in both sexes, C3a is the only component regulated
independently of BMI. To further confirm and orthogonally validate
that CR suppresses complement activation, we performed ELISA with
archived plasma samples of CALERIE participants. We found that CR
significantly reduced plasma C3a levels and the C3a/C3 ratio but not
C3levels (Fig. 3z). Thus, these dataindicate that the inhibition of C3a
mightbe aunique CR mimetic that can be harnessed to extend immune
and metabolic healthspan.

Age-associated increase in C3 cleavage is unique

to the VAT in mice

Given the data from the proteomics analysis of the CALERIE clinical
trial, which established the relevance of the complement pathway in
human metabolism, we used standard mouse models to test causality,
source and the mechanistic role of C3a on organismal aging. First, we
measured serum C3 and C3a levels in humans and mice to investigate
the conservation of aging-associated dysregulation of the comple-
ment pathway. Cross-sectional analysis of young (age 21-36 years)
and older (age >65 years) adults demonstrated a significant increase
in C3 and C3a concentrations with age, whereas the C3a/C3 ratio was
similar between the groups (Fig. 4a—d and Extended Data Fig. 6a,b).
Furthermore, analyses of C57BL/6N mice from the National Institute
on Aging (NIA) revealed that aging was associated with a significant
elevation of C3a and the C3a/C3 ratio in both sexes of mice, whereas
C3wasreduced (Fig. 4e-gand Extended DataFig. 6¢,d). These results
indicate that both humans and mice exhibit an age-associated increase
incomplement abundance.

Next, weinvestigated the principal source ofincreased serum C3a
levels observedin aged mouse through biochemical assays of various
organs, including the liver, VAT, subcutaneous adipose tissue (SAT),
brown adipose tissue (BAT), spleen and kidney from animals housed
in different facilities, at either Yale University (C57BL/6J) or the NIA
rodent colony (C57BL/6N). We were able to detect either C3 (185 kDa)
oritscleaved forms, suchas C3 a-chain (120 kDa), iC3b a-chain (68 kDa)
and C3c «’-chain fragment 2 (39 kDa), in all tissues and samples ana-
lyzed. It was previously reported that the liver is a primary organ con-
tributing to serum C3 levels®*>. However, upon aging, we observed
only amodest increase in C3 and C3 a-chain liver expression levels
in female mice, whereas male mice did not show any changes in C3
and its cleaved effectors with age (Fig. 4h—j). This suggests that the
liver may not be a major contributing source of the aging-associated
elevation of serum C3a levels. Similarly, although there were altera-
tions in the levels of C3 and/or its cleaved molecules in some tissues,
we could not find anincrease in C3 cleavage in the SAT, BAT, spleen and
kidneyin either sex during aging (Extended DataFig. 6e-1). Of note, we
found that the age-associated increase in C3 cleavage was unique to
the VAT in both sexes (Fig. 4k—-m). In addition, the relative expression
levels of C3 a-chain were the highest in the VAT among the analyzed
tissues (Fig. 4n). Moreover, by analyzing Yale colony C57BL/6J male
mice (likely possessing a different microbiome than the NIA rodent
colony), we consistently observed that the VAT, and not the liver, was
the major source of C3 cleavage during aging (Fig. 4h,k). This suggests
that aging-associated complement dysregulation in VAT is not depend-
ent on animalfacility or husbandry-associated microbiota alterations
that can impact immune-metabolic crosstalk.

Giventhat VAT is amajor source of age-associated elevation of C3
andits cleaved products and previous reports linking the NLRP3 inflam-
masome with complement proteins®**’, we asked whether the aged
VAT-specific C3 cleavage requires NLRP3 inflammasome activation.
We detected similar expressions of either C3 or its cleaved products
in VAT from 24-month-old NLRP3-deficient mice and wild-type con-
trols (Fig. 40 and Extended Data Fig. 6m), concluding that the unique
C3 cleavage in aged VAT was NLRP3 independent. Together with the
CALERIE proteomics data, whichshowed decreased proteomic age only
inadiposetissue, these results demonstrate that VAT plays aunique and
pivotal role in the age-associated immunometabolic dysregulation,
possibly by contributing to the production of C3a.

Autocrine C3asignaling in adipose tissue macrophages
regulates inflammaging

We next asked which complement pathway isinvolvedin the elevation
of C3alevelsinthe VAT of aged mice. By western blot analysis, we did not
detect anincrease in C1QA (classical pathway) or complement factor
D (alternative pathway) during aging, and C2 (lectin pathway) was not
detectedinthe VAT (Fig.5a). Nevertheless, the ERK pathway, one of the
downstreamssignaling pathways of the C3areceptor (C3AR1), was signif-
icantly activated with age in the VAT (Fig. 5a). Because previous studies
reported C3 production by both adipocytes®** and macrophages®, we
nextsought toidentify the cellular source of C3awithinthe VAT. Todo
this, weisolated mature adipocytes and the stromal-vascular-immune
fraction (SVIF), which contains various cell types, including immune
cells, from the VAT of 3-month-old and 24-month-old mice. In the
mature adipocyte floating fraction, we could only detect C3c a’-chain
fragment 2, but not C3 or C3 a-chain, and C3c «’-chain fragment was

Fig.3 | CRinhumanslowers complement C3aindependently of BMI. a, Gene set
enrichment analysis for databases GO BP and KEGG. Only significant pathways
(adjusted P < 0.05) are shown with the exact adjusted Pvalue. limma was used for
statistics. b, Enrichment plots for complement and coagulation cascades from
the KEGG database and regulation of lipid storage from GO BP. limma was applied
for statistics. c-q, ANML normalized expression values for the Cls (c), C1r (d),
C2(e), C4 (f), C4b (g), CFB (h), CFD (i), C3 (j), C3a (k), C3adesArg (I), C3b (m),

C5(n), C6 (0), C7 (p), and C9 (q) (n =42 per group, biological replicates).

r-y, Linear regression analysis was conducted to examine the correlation between
BMIand Cir (r), CFB (s), CFD (t), C5 (u), Cls (v), C3a (w), C3adesArg (x), or C9 (y).
z,Plasma C3 and C3alevels were measured by ELISA, and the C3a/C3 ratio was
calculated (n =20 per group, biological replicates). For c-q and z, paired two-tailed
t-tests were performed, and adjusted Pvalues (c—q) or Pvalues (z) are presented.
GO BP, Gene Ontology Biological Process; NES, normalized enrichment score.
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increased with age (Fig. 5b and Extended DataFig. 7a). However, a caveat
of this finding is that floating adipocyte fractions are typically contami-
nated with lipid-containing macrophages, potentially accounting for
C3 concentrations. Notably, we observed all forms of C3 and its cleaved
productsinthe SVIF, where C3 a-chainand C3c o’-chain fragment 2 were
significantly increased with age (Fig. 5c and Extended Data Fig. 7b).
Moreover, although we did not find age-associated changes in CIQA
and CFD in whole VAT, there was a tendency for an increase in both
proteins in the SVIF with age, along with ERK activation (Fig. 5c and
Extended Data Fig. 7b). These results suggest that C3 cleavage in VAT
during aging is predominantly of non-adipocyte origin.

To gain further insight into the cellular source of C3, we analyzed
our previously reported single-cell RNA sequencing (scRNA-seq) data
of VAT-residentimmune cells*. Interestingly, we found that both C3and
C3arl expressionswere enriched inadipose tissue macrophages (ATMs)
among the 15 different resident immune cell types (Fig. 5d). A com-
prehensive subtyping analysis of VAT-resident ATMs via scRNA-seq’’
revealed that, whereas C3arl expression was ubiquitously observed
across various ATM subsets, AAMs, which predominantly emerge in old
mice, primarily accounted for the age-related elevation in C3 expres-
sion (Fig. 5e,f and Extended Data Fig. 7c,d). Notably, the AAMs (CD45
“F4/80°CD11b*CD169 CD11¢"’FOLR2°CD38") did not exhibit elevated
levels of Cdknla and Cdkn2a and did not show a significant reduction
of Lmnblin aged mice, which are considered to be some of the canoni-
cal markers of cellular senescence” (Fig. 5g). This suggests that AAM
subtypes of VAT-resident macrophages, which are not senescent, are
the predominant source of elevated C3 and associated inflammatory
proteins during aging. In addition, these data underscore that the
tissue-resident dysfunctional macrophages are the likely source of
inflammaging instead of senescent cells that are hypothesized to cause
aging through senescence-associated secretory phenotype (SASP), a
set of non-specific proteins primarily produced by immune cells** .

Further analysis of age-associated changesin the expressionlevels
of these genes in ATMs through RNA-seq®, which has greater sensi-
tivity than scRNA-seq, showed that both C3 and C3arlI were signifi-
cantly increased during aging independent of NLRP3 inflammasome
(Fig. 5h), suggesting autocrine activation of C3 in ATMs during aging.
To orthogonally confirm the age-associated increase in C3 expres-
sionin ATMs at the protein level, we performed flow cytometry analy-
sis (Extended Data Fig. 7e). We observed that higher frequency of
F4/80°CD11b" ATMs in aged mice expressed C3 compared to young
mice of both sexes, whereas cellsin the F4/80°CD11b* non-macrophage
fraction did not exhibit any difference with aging (Fig. 5i,j).

After confirming that ATMs are key contributors to the VAT-specific
age-associated increase in C3a production, we sought to further
understand the signaling mechanisms and physiological functions
of observed changes. To model this, we used bone marrow-derived
macrophages (BMDMs) from young male mice and exposed them to
C3a. We found that recombinant C3a treatment induced early ERK
activationand time-dependent signal transducer and activator of tran-
scription 3 (STAT3) activationin BMDMs, suggesting that BMDMSs pos-
sessthe machinery to signal to exogenous C3a (Fig. 5k). Inaddition, we
observed that STAT3 activation by C3atreatment was ERK dependent,
aspretreatment withan ERK inhibitor also suppressed STAT3 activation

in BMDM s (Fig. 5I). By contrast, pretreatment with a STAT3 inhibitor
did not affect ERK activation (Fig. 51), suggesting that ERK activationin
response to complement C3ais an upstream signaling event. Consist-
ent with these results and the previously reported proinflammatory
function of the C3a signaling pathway in macrophages®, we found
that C3atreatmentinduced IL-1f and IL-6 production by BMDMsinan
ERK-dependent but STAT3-independent manner (Fig. 5m).

Our previous work found that ATMs actively control lipid metabo-
lismof adipocytes during aging®. To determine whether C3asignaling
in macrophages impacts adipocyte lipolysis, we performed ex vivo
experiments with VAT explants from 3-month-old and 24-month-old
mice, treating them with C3ainaddition to lipopolysaccharide (LPS) to
modelinvivoinflamed environments. We found that C3aand LPS treat-
mentdid not affect lipolysisin VAT explants from either 3-month-old or
24-month-old mice (Fig.5n). However, compared to 3-month-old mice,
we found reduced lipolysisin complement-exposed VAT explants from
24-month-old mice (Fig. 5n). Collectively, these data demonstrate that
C3ais produced by ATMs and impairs adipose function by increased
age-associated inflammation in an autocrine manner.

Inhibition of complement C3a and C3 reduces inflammaging
The above findings guided us to investigate whether inhibition of C3a
could mimic theimmunometabolic benefits of CRin vivo. For this pur-
pose, we used a C3a-specific neutralizing antibody (a-C3a), whichwas
previously used in mice® . To further validate the efficacy and speci-
ficity of anti-C3aantibody, purified F4/80" ATMs from young and aged
mice were treated with anti-C3aantibody or isotype control, followed
by recombinant C3a activation (Fig. 6a). In ATMs from young mice,
we found that anti-C3a antibody-only treatment did not regulate the
production of IL-1f at steady state (Fig. 6b). However, once activated by
recombinant C3a protein, ATMs released significantly more IL-13, which
was partially but significantly suppressed by pretreatment of anti-C3a
antibody (Fig. 6b). In addition, consistent with our data that AAMs in
VAT of aged mice produced more C3, the baseline IL-1p production was
higher in ATMs sorted from aged mice compared to young mice, which
was suppressed by C3aneutralization (Fig. 6b,c). Moreover, as seenin
ATMs from young mice, the anti-C3a antibody significantly reduced
IL-1B production of C3a-stimulated cells from aged mice (Fig. 6¢).
Based on this experimental evidence, we next performed in vivo
experiments with aged (20-month-old) mice randomly allocated toiso-
type or anti-C3aantibody groups. To neutralize the effects of elevated
C3ain VAT, where autocrine C3a-C3ARI1 signaling in ATMs instigates
inflammation, we administered antibodies throughintra-adipose route
in aged mice (Fig. 6d). Because the intra-adipose delivery of anti-C3a
antibody (or isotype control) requires abdominal surgery to extrude
visceral fat, the mice were injected once and euthanized after 3 days.
Despite short-term VAT-specific delivery, serum C3a levels showed
areduced trend by anti-C3a treatment in comparison to the isotype
controls, whereas serum C3 levels and the C3a/C3 ratio were similar
between the groups (Fig. 6e and Extended Data Fig. 8a,b). Inaddition,
we observed asignificant suppression of ERK activationin the anti-C3a
antibody group (Fig. 6f), confirming that the C3a-neutralizing anti-
body inhibited the downstream effects of C3a. Consistent with these
data, anti-C3a antibody treatment of aged mice significantly lowered

Fig.4|Agingincreases C3 cleavage with VAT as amajor source. a, Schematic
diagram for C3 cleavage. b-d, Human serum samples were analyzed for C3 (b) and
C3a(c) ELISA, and the C3a/C3 ratio (d) was calculated in both sexes

(a;n=14for 21-36 years and n =11 for >65 years, biological replicates). Box plots
indicate minimum to maximum. e-g, Mouse serum samples were analyzed

for C3 (e) and C3a (f) ELISA, and the C3a/C3 ratio (g) was calculated in both

sexes (n =12 per group, biological replicates). Box plots indicate minimum to
maximum. h-j, C3 western blot analysis of mouse liver. h, Representative blots
for C3.i, Densitometry analysis of male mice (n =9 for 3-month-oldand n=10

for 24-month-old, biological replicates).j, Densitometry analysis of female mice

(n=4for3-month-old and n = 6 for 24-month-old, biological replicates). k-m, C3
western blot analysis of mouse VAT. k, Representative blots for C3.1, Densitometry
analysis of male mice (n =9 for 3-month-old and n = 11 for 24-month-old, biological
replicates). m, Densitometry analysis of female mice (n = 4 for 3-month-old and
n=6for24-month-old, biological replicates). n, Representative blots for C3 in the
indicated tissues of 24-month-old mice. Each lane indicates a different mouse.

o, Representative blots for C3 in 24-month-old WT (n = 3, biological replicates)
and NLRP3™" (n =5, biological replicates) mice. Unpaired two-tailed t-tests were
performed, and exact Pvalues are presented. Data are presented as mean + s.e.m.
mo, months; WT, wild-type; n.d., not detected.
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IL-1B8 and monocyte chemoattractant protein 1 (MCP-1), whereas IL-6
showed a trend of reduction and TNF remained unchanged (Fig. 6g-i
and Extended Data Fig. 8c). To examine the impact of C3a neutraliza-
tion on immune cell composition of aged VAT, we performed multi-
color flow cytometry analysis (Extended Data Fig. 8d,e). We found that
intra-adipose injection of anti-C3a antibody significantly reduced the
frequencies of total ATMs, Ly6C* monocytes, regulatory T (T,.,) cells
and CD4 T cells while elevating the frequencies of M2-like antiinflam-
matory ATMs and did not affect M1-like proinflammatory ATMs, aged
adipose B cells, CD8T cells, naturalkiller cells and neutrophils (Fig. 6j—n
and Extended Data Fig. 8f-j). These results might indicate thataselec-
tiveinhibition of C3ain VAT could be an actionable target that restrains
inflammaging. Notably, AMY-101, which is a selective C3 inhibitor in
humans and has recently concluded a phase 2a clinical trial for patients
with periodontal inflammation®®*’, has low efficacy in mice®® and might
elicit off-target effects at high doses (Supplementary Fig. 1a-c and
Supplementary Note).

Given that FGF21, PLA2G7 and secreted protein acidic and
cysteine-rich (SPARC) are regulated by CR and control healthspan
by restraining inflammaging>>*°””!, we investigated the link between
the C3 cleavage and healthy aging in the VAT of aged mice overex-
pressing FGF21 and lacking PLA2G7 and SPARC. Of note, 24-month-old
FGF21 transgenic (FGF21-Tg) and PLA2G7 knockout mice exhibited
significantly reduced C3 cleavage compared to age-matched con-
trols (Fig. 60,p). However, 16-month-old SPARC knockout mice
showed similar expression of C3 and its cleaved forms to control mice
(Extended Data Fig. 9a), suggesting that the prolongevity effects of
FGF21overexpressionand PLA2G7 reductionmayinvolve areductionin
C3cleavage. By contrast, the SAT from 18-month-old adipocyte-specific
FGF21-overexpressed (ADN-iFGF21-Tg) mice did not show any reduction
in C3 levels (Extended Data Fig. 9b), highlighting that C3 activationis
specifictothe VAT. Collectively, these datasuggest that theinhibition
of C3 extends healthspan by regulation of immunometabolic mecha-
nismsinaged mice.

Discussion
CR, the most effective non-pharmacological prolongevity intervention,
has been shown to improve healthspan and extend lifespan in many
species, including rodents and primates>*°. In the present series of
studies, including unbiased proteomics analysis of ahuman CRclinical
trial, we propose that targeting C3 activation could be a CR mimetic and
should betested asanintervention strategy forimproving healthspan
and potentially lifespan. Under homeostatic conditions, inflammatory
cuesresultincomplementactivation and resolve the damage. However,
sustained elevation of C3ais detrimental to longevity, and areduction
inC3levels hasbeenshowntoimprove age-related kidney dysfunction
inmice and extend lifespan in Caenorhabditis elegans'®’>. Therefore, our
findings suggest thatincreased age-associated complementactivation
can potentially be targeted toimprove health outcomes in older adults.
Agingis associated with increased visceral adiposity, a hallmark of
aging, characterized by homeostatic perturbations, weakened stress

resilience, metabolic decline and chronic inflammation”. Among
the primary goals of translational geroscience research is to deline-
ate mechanistic insights of aging and to discover or target the path-
ways with interventions that mitigate functional decline in aging.
To achieve this goal, recent discoveries have established genetically
manipulated FGF21 and PLA2G7 mouse models that exhibit extended
healthspan®"*”, and finding the common mechanistic targets across
these established interventions could accelerate progress in gerosci-
ence. Ourstudies, based on human CRintervention data, identified that
adipose tissue complement deactivation is a common inflammaging
checkpoint shared among non-pharmacological and genetic inter-
ventions. Given that many complementinhibitors are clinically being
tested and complement activation has been implicated in multiple
aging-related diseases, including Alzheimer’s disease, age-related
macular degeneration and osteoarthritis”®, pharmacological inhibi-
tion of C3 activation by FDA-approved inhibitors could be a feasible
approach to delay systemic physiological and functional declines
during aging.

Indeed, in line with reduced complement proteins in the
CALERIE participants, we found that pharmacological inhibition of
C3aimproved age-related inflammation in aged mice. However, one
potential pitfall in the long-term clinical use of C3 inhibitors is the
existence of non-canonical intracellular C3 signaling pathways, which
regulate essential cellular processes, including energy metabolism,
lipid metabolism, cell survival and efferocytosis™. Given that a com-
plement cascadeis required for protection against infections and our
studies are performed in astandard specific pathogen-free condition,
careful clinical trials are required to determine the most efficient and
safest dose of C3a inhibitors for long-term clinical use that restores
age-related elevated complement activation to normal baseline levels.

Of note, our data implicate VAT as a major contributor to
age-associated increased complement activation-mediated inflam-
mation. Inaddition, we alsoreport that ATMs are central in displaying
age-associated complement cleavage by using ERK-dependent STAT3
activation. However, owing to the limited durability of neutralizing
antibody experiments, we could not provide a causal relationship
between C3a inhibition and CR-mediated healthspan extension, and
serum complement levels were statistically inconclusive. In addition,
how macrophage-specific C3 regulates the adipose tissue microenvi-
ronment during the aging process requires further investigation with
genetically modified mouse models. Because complement proteins
are involved in multiple physiological events and C3AR1 is present in
many cell types, whether macrophage-specific C3 effector functions
rely more on autocrine, paracrine or endocrine signaling during the
aging process requires genetically modified aged animals for further
mechanistic insights.

Althoughweincluded as many individuals as possible for exopro-
teomeanalysis, alarger cohort analysis would be helpful to detect more
subtle changes that could notbe capturedin the present study. In addi-
tion, future studies are required to delineate the tissue-specific effects
of CRthatareuncoupled from weight loss in regulating inflammaging.

Fig. 5| Autocrine C3asignaling in ATMs regulates inflammaging.

a, Representative western blot with densitometry analysis (n = 5 per group,
biological replicates). b,c, Representative western blot analysis of VAT
adipocytes (b) and VAT SVIF (c) (n =5 per group, biological replicates).d, C3and
C3arl expression in scRNA-seq of mouse VAT SVIF. e-g, scRNA-seq analysis of
VAT-resident macrophages was performed in 2-month-old and 22-month-old
mice. C3expression by age (e) and by macrophage subtypes (f). g, Cdknla,
Cdkn2a and Lmnb]I levelsin AAMs. h, C3and C3arl expression levelsin bulk
RNA-seq analyses of VAT ATMs (n = 3 per group, biological replicates).ij, C3
expressionin F4/80°CD11b* VAT ATMs and F4/80°CD11b* non-macrophage
fraction of male (i; n = 6 for 4-month-old and n = 3 for 23-month-old, biological
replicates) and female (j; n =5 for 3-month-old and n = 5 for 22-month-old,
biological replicates) mice. k, Representative western blot analysis of mouse
BMDMs treated with recombinant C3a.1,m, BMDMs were pretreated with vehicle

(DMSO0), ERK inhibitor (U0126) or STAT3 inhibitor (S31-201), followed by C3a,
and subjected to western blot analysis (I) or ELISA (m; n = 3 per group, biological
replicates). n, VAT explants were treated with either vehicle (VEH) or LPS and
C3a, and free fatty acid levels were measured in the culture supernatant (n = 6 for
young VEH, n = 6 for young LPS+C3a, n =5 for old VEH and n = 6 for old LPS+C3a,
biological replicates). Unpaired two-tailed ¢-tests (a,i,j) or one-way ANOVA with
multiple comparisons (h,m,n) were performed, and exact P values are presented.
Data are presented as mean + s.e.m. cATM, cyclic ATM; DC, dendritic cell; FSC-A,
forward scatter area; hrs, hours; IAM, interferon-associated macrophage;

KO, knockout; LAM, lipid-associated macrophage; MP, macrophage; NAM,
nerve-associated macrophage; NK, natural killer; tSNE, ¢-distributed stochastic
neighbor embedding; UMAP, uniform manifold approximation and projection;
VAM, vascular-associated macrophage; cDC, conventional dendritic cell; pDC,
plasmacytoid dendritic cell; ILC, innate lymphoid cell.
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Fig. 6 | VAT-specific inhibition of C3arestrains inflammaging. a, Schematic
diagram of in vitro validation of anti-C3a antibody. b,c, F4/80* ATMs were

pretreated with anti-C3a antibody (4 ug ml™) for 1 hour, followed by C3a

(20 ng mI™). IL-1B levels in culture supernatants were measured in young (b) or
aged (c) mice (n=3 per group, biological replicates). d—n, Aged (20-month-old)
male mice were randomly allocated, and 4 pg of either isotype (Iso) or anti-C3a

antibody (a-C3a) was directly injected into both VAT depots. Mice were

euthanized after 3 days (n = 8 per group, biological replicates). d, Schematic

a-chain a-chain chain 2

with densitometry analysis (n = 4 blots per group, biological replicates).

g-i, SerumIL-1f (g), IL-6 (h) and MCP-1(i) levels. j—n, Flow cytometry analysis of
the frequencies of VAT ATMs (j), M2-like ATMs (k), Ly6C" monocytes (I), T, cells
(m) and CD4 T cells (n). 0,p, Representative C3 western blot analysis of the VAT
of 24-month-old WT and FGF21-Tg (0) and 24-month-old WT and PLA2G7

(p) mice (n =3 per group, biological replicates). Unpaired two-tailed ¢-tests were
performed, and exact Pvalues are presented. Data are presented asmean + s.e.m.
Panelsaandd created in BioRender; Dixit, V. https://biorender.com/2jdpq2w (2026).

diagram. e, Serum C3alevels. f, Representative western blot for ERK activation

Additionally, investigations into the interaction of obesity and aging
may help tobroadenunderstanding of theimportance of complement

activationininflammaging.

Given that an FDA-approved C3 inhibitor drug (pegcetacoplan)
is currently prescribed for age-related macular degeneration and
other hematological diseases”’, future clinical trials for repurposing

C3inhibitors in aging are required for the development of pharma-
cological interventions to potentially extend healthspan and lifes-
pan. In summary, our reverse translational approach demonstrates
that deactivation or reduction of complement serves as an inflam-
maging checkpoint and highlights the pivotal role of maintaining
macrophage and adipose tissue homeostasis during aging. Our data
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supportimmune antagonistic pleiotropy theory, where complement
proteins that evolved for host defense and allow early-life survival cause
detrimental effects upon aging.

Methods

Human participants

All clinical studies were performed under approved guidelines by the
institutional review board at Pennington Biomedical Research Center
or Yale University, with writteninformed consent from participants®”".
The samples used for the plasma proteomics were from the volunteer
participants of the CALERIE-II study, a multicenter and randomized
controlled trial. Plasma samples were collected at baseline and after
2 years of 14% CR from a total of 42 middle-aged, non-obese healthy
individuals. All the detailed characteristics of the participants are
listed in Extended Data Table 1. Serum samples of a total of 17 young
adults (21-30 years) and 23 older adults (>65 years) were collected at
Yale Hospital to quantify the C3.

Mice

The Yale Institutional Animal Care and Use Committee reviewed and
approved all animal procedures. Young (3—5 months old) and aged
(20-24 months old) wild-type male and female C57BL/6) mice were
purchased from The Jackson Laboratory, and C57BL/6N mice were
provided by the NIA Aged Rodent Colony. All mice used in this study
were maintained in a ventilated cage rack in specific pathogen-free
conditions at Yale School of Medicine. Mice were group housed, fed
astandard vivarium chow diet and water ad libitum and maintained
under aregular 12-hour light/dark cycle with maintained temperature
(approximately 22 °C) and humidity (60%). C57BL/6N mice were mainly
used for the mouse experiments, otherwise stated in the figure. The
sex of the mice used is represented in each figure and legend. For C3a
neutralization experiments, 20-month-old C57BL/6N male mice were
randomly assigned to an isotype or an anti-C3a group. Four micro-
grams of antibody was injected into each depot of VAT, and mice were
euthanized after 3 days.

SomasScan 7K assay

Plasma samples of CALERIE participants (n = 42) were subjected to
the SomaScan 7K assay. The initial assay and normalization followed
Somalogic’s pipeline. In brief, SomaScan assay data are initially nor-
malized using hybridization controls to reduce variation withinthe run
caused by readout steps. Subsequently, median signal normalization
is performed across pooled calibrator replicates within the run to
address within-run technical variationsin the calibrator signals before
employing them for scaling calculations. The ratios of the reference
value to the median of replicates for each SOMAmer are calculated
and decomposed into two components: plate scale, representing the
medianratio, and calibration scale, representing the recalculated set of
scale factors specific to eachSOMAmer reagent. The plate scale adjusts
for overall signal intensity differences between runs, and calibration
adjusts for reagent-specific assay differences between runs. Median
signal normalization is conducted using adaptive normalization by
maximum likelihood (ANML) for plasma.

For proteomic expression, we used ANML normalized val-
ues provided by SomalLogic. The values were log, transformed,
and proteins that failed internal SomaScan quality control were
removed. All the SOMAmers that failed quality control are listed in
Supplementary Table 2. To identify proteins differentially expressed
under CR, we fitted linear models using the limma R package (version
3.56.2)”, including donor as a blocking factor for paired testing.

For hallmarks of aging analysis, the list of genes associated with
each aging hallmark pathway was obtained from the Human Aging
Atlas”. Heatmaps were generated using the z-scored log, fold change of
ANML normalized values. Scoring analysis was conducted by calculat-
ingthe average value of all the genesinvolved in each specific pathway.

Statistical significance was assessed using a two-tailed paired t-test,
and adjusted P values were used. The proteomic age of each organ
was estimated using the ‘organage’ package’®. Input data included
SOMAmer ID and ANML normalized values in relative fluorescence
units (RFU) provided by SomalLogic. The calculated z-scored age gaps
from the ‘organage’ package were used to predict whether the aging
of each organ was accelerated or delayed after CR.

Pathway enrichment of the resulting protein signatures was per-
formed with the fgsea R package (version 1.26.0)”°, using the limma
t-statistic as the ranking metric. Volcano plots were generated with
ggplot2 (version 3.5.1). For PCA, expression values were first normal-
ized via variance stabilizing normalization using the vsn R package (ver-
sion 3.68.0)%, after which PCA was performed with the base R prcomp
function and visualized in ggplot2 (version 3.5.1). R version 4.3.0 was
used for all analyses. The ANML normalized values for plasma proteom-
icsare providedin Supplementary Table 1and are publicly available at
Zenodo (https://doi.org/10.5281/zenodo.18805277)%.,

IPA

The fold change and P values from the SomaScan 7K assay were used
as inputs for IPA. The upstream regulator analysis for NF-kB and the
canonical pathway analysis for the ‘complement system’ were con-
ducted according to the manufacturer’s instructions.

ELISA and Luminex

The serum protein levels of C3 and C3ain humans (Hycult Biotech) and
mice (C3, Abcam; C3a, Thermo Fisher Scientific) were assessed using
ELISAin both sexes. For C3a neutralization experiments, serum IL-1p3,
IL-6, TNF and MCP-1levels were analyzed by the Mouse Quantikine
ELISA Kit from R&D Systems.

Immunoblot

Western blots were carried out on the whole-cell lysates from liver,
kidney, spleen, SAT, BAT and VAT collected from young and old mice
of both sexes, which were homogenized in RIPA buffer containing
phosphatase and protease inhibitor cocktail. Complement C3 (Abcam,
ab200999), C1QA (Abcam, ab155052), Factor-D/Adhipsin (R&D Sys-
tems, MAB5430-SP), p-STAT3 (Cell Signaling Technology, 9145), total
STAT3 (Cell Signaling Technology, 4904), p-Erk (Cell Signaling Tech-
nology, 4377S), total Erk (Cell Signaling Technology, 4695S), HSP-90
(Proteintech, 60318-1-Ig) and B-actin (Cell Signaling Technology,
4967L) as primary antibodies and HRP-conjugated goat anti-rabbit
or anti-mouse as secondary antibodies were used to detect proteins
using the ChemiDoc MP Imaging System (Bio-Rad).

Adipose tissue digestion and flow cytometry analysis

VAT was digested with the digestion buffer containing 3% BSA, 8 mg ml™
Collagenasell, 1.2 mM CacCl,, 1.0 mM MgCl, and 0.8 mM ZnCl, in HBSS
for 40 minutes in a 37 °C water bath with 200 r.p.m. agitation. After
the digestion, the samples were centrifuged for 5 minutes at 500g at
4 °C. The top adipocyte layer was discarded carefully with suction,
and the pellets were resuspended in 5 ml of complete RPMI media,
followed by filtering with a100-pum cell strainer. Cells were then centri-
fuged one more time for 5 minutes at 500gat 4 °C. After discarding the
supernatant, pellets were resuspended in 1 ml of RBC lysis buffer and
quenched with 5 mlof complete RPMI media after 2 minutes. Samples
were filtered witha 70-um cell strainer, followed by centrifugation for
5 minutes at 500g at 4 °C. Pellets containing SVIF were counted and
used for flow cytometry analysis.

SVIF cells were stained as follows. Cells were first incubated with
ViaKrome 808 Fixable Viability Dye (Beckman Coulter, C36628) or
Live/Dead Fixable Aqua Dead Cell Stain Kit for 405-nm excitation
(Thermo Fisher Scientific, L34957) and further stained with Fc recep-
tor (CD16/32) blocking (Invitrogen, 14-0161-86) for 10 minutes. After
that, cells were incubated with the surface antibodies. For analyzing
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T, cells, cells were permeabilized and fixed with eBioscience Foxp3/
Transcription Factor Staining Buffer Set (Thermo Fisher Scientific,
00-5523-00) according to the manufacturer’s instructions after sur-
face staining. Samples were acquired on a BD Biosciences LSR Il or
Symphonyinstrument, and data were analyzed using FlowJo software
(TreeStar). Allthe antibodies used are listed in the reporting summary.

Ex vivo lipolysis

Young and old VAT explants (approximately 15 mg) were collected
in a 96-well plate and cultured in lipolysis buffer with 500 ng mI™
LPS and 40 ng mlI™ recombinant C3a for 4 hours at 37 °C. Free
fatty acid assay (Sigma-Aldrich) was performed according to the
manufacturer’sinstructions.

BMDM culture

BMDMs were prepared from male mice between 8 weeks and 12 weeks
of age as previously described®. BMDMs were treated with LPS
(500 ng ml™) before recombinant C3a protein (20 ng ml™) treatment.
For blocking ERK or STAT3 activation, BMDMs were treated with ERK
inhibitor U0126 (2.5 uM) or STAT3 inhibitor S31-201 (25 pM) for 1 hour
before LPS or C3a stimulation.

F4/80" ATM isolation

VAT was dissected from young (3-month-old) or aged (24-month-old)
malemice, and SVIF was isolated. Cells were incubated with anti-mouse
F4/80-APC antibody (Thermo Fisher Scientific, 17-4801-82) for
30 minutes, followed by magnetic tagging through anti-APC beads
(Miltenyi Biotec). After that, F4/80" ATMs were sorted through
magnetic-activated cell sorting and used for the experiments.

Statistics and reproducibility

Nostatistical analyses were used to predetermine sample sizes, but our
samplesizesaresimilar to those reported in previous publications® ™,
For humans, all of the available samples were used. For mice, sample
sizes were decided based on the previous experiments. No data were
excluded fromthe analyses. The investigators were blinded to plasma
proteomics before the downstream analysis. Otherwise, data collection
and analysis were not performed blinded to the conditions of the experi-
ments. For mouse in vivo experiments, mice were allocated by simple
randomization to isotype or C3a-neutralizing antibody treatment on
the day of the intra-adipose injection. Data distribution was assumed to
be normal, but this was not formally tested. The exact numbers of par-
ticipants and animals and statistical methods used in each experiment
canbefoundinthefigurelegends. For the plasma proteomics analysis,
adjusted Pvalues were used. For the in vitro and in vivo experiments, a
two-tailed Student’s t-test (between the two groups) or one-way ANOVA
withmultiple comparisons (more thanthree groups) was performed. All
statistical tests were performed using GraphPad Prism 9 for Windows
(GraphPad Software). The exact Pvalues are presented in each figure.
Dataare presented as mean £ s.e.m.

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

Data availability

The raw data of plasma proteomics analysis can be found in
Supplementary Table 1 and are publicly available at Zenodo (https://
doi.org/10.5281/zenodo.18805277)". Previously published scRNA-seq
datahavebeen depositedinthe Gene Expression Omnibus under acces-
sion numbers GSE137076 and GSE180910. All other data supporting
the findings of this study are available within the paper or from the
corresponding author upon reasonable request. Versions of software
and packages used are stated in Methods. Source data are provided
with this paper.
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Extended Data Fig. 1| CRin healthy individuals increases IGFBP2 and
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Extended Data Fig. 2| CR does not affect the proteomic aging of the kidney,
artery, muscle, and heart. (a-1) Organ-specific aging signatures were analyzed
based on the plasma proteome. (a-d) Linear regression analysis was performed
to compare the predicted proteomic age before and after CR in the kidney
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the kidney (e), lung (f), pancreas (g), and intestine (h) (n = 42/group, biological
replicates). Paired two-tailed t-tests were performed, and exact adjusted p-values
were presented. (i-1) Volcano plots for the organ-specific proteins in the kidney
(i), artery (j), muscle (k), and heart (I).

(a), artery (b), muscle (c), and heart (d). (e-h) Organ age gap was analyzed in
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Extended Data Fig. 3| CR reduces plasma C3a expression in both sexes. (a-0) Plasma proteomics analysis of complement components by sex (n = 42/group,
biological replicates). Cls (a), C1r (b), C2 (c), C4 (d), C4b (e), CFB (f), CFD (g), C3 (h), C3a (i), C3adesArg (j), C3b (k), C5 (I), C6 (m), C7 (n), and C9 (o) were analyzed.
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Extended DataFig. 5| CR-induced reduction in C3alevels is BMI-independent in both sexes. (a-h) The association of BMI and plasma levels of complement
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Extended Data Fig. 6 | See next page for caption.
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Extended DataFig. 6 | Age-associated increase in C3a was not derived from
SAT, BAT, spleen, or kidney in mice. (a,b) Human serum samples from male

(a) or female (b) healthy volunteers were analyzed for C3 and C3a ELISA, and

the C3a/C3 ratio was calculated (n = 5/group for males, n = 9 for 21-26 years-old
females, and n = 6 for >65 years-old females, biological replicates). (c,d) Mouse
serum samples from males (c) or females (c) were analyzed for C3 and C3aELISA,
and the C3a/C3 ratio was calculated (n = 6/group, biological replicates).

(e-1) Representative C3 western blot analysis of the various mouse tissues (n =4
for 3-month-old and n = 6 for 24-month-old in both sexes, biological replicates).
(e,f) C3 western blot analysis of mouse subcutaneous adipose tissues (SAT).

(e) Representative blots for C3 in both sexes. (f) Densitometry analysis of male

(top) and female (bottom) mice. (g,h) C3 western blot analysis of mouse brown
adipose tissues (BAT). (g) Representative blots for C3 in both sexes.

(h) Densitometry analysis of male (top) and female (bottom) mice. (ij) C3
western blot analysis of mouse spleen. (i) Representative blots for C3in both
sexes. (j) Densitometry analysis of male (top) and female (bottom) mice. (k,I) C3
western blot analysis of mouse kidney. (k) Representative blots for C3inboth
sexes. (I) Densitometry analysis of male (top) and female (bottom) mice. (m)
Densitometry analysis of the VAT of 24-month-old WT and NLRP3™ mice (n=3/
group, biological replicates). Unpaired two-tailed t-tests were performed, and
exact p-values were presented. Data presented as mean + SEM.
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neutrophils (j). Unpaired two-tailed t-tests were performed, and exact p-values
were presented. Data presented as mean + SEM.
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Extended Data Fig. 9| C3 cleavage in SPARC-depleted and adipocyte-specific
FGF21 overexpressed mice during aging. (a) Representative C3 western blot
analysis of the VAT of 16-month-old SPARC" and SPARC”*A%" ¢ mice (n =3/
group, biological replicates). (b) Representative C3 western blot analysis of the
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Extended Data Table 1| Clinical characteristics of CALERIE trial participants for whom serum samples were used
for proteomics

Mean + s.e.m. or percentage
Variables
Baseline (n=42) | CR2years(n=42) P value
Male (%) 23.8 N/A
White (%) 71.4 N/A
Asian (%) 4.76 N/A
Black or African American (%) 19.0 N/A
Age (years) 38.29+1.22 40.27+1.22 <0.001
Body weight (kg) 71.55+1.40 63.81+1.38 <0.001
Body mass index 25.34+0.28 22.60+0.29 <0.001
Mean waist circumference (cm) 81.43+1.27 75.32+£1.23 <0.001
Fat mass (kg) 24.36+0.72 19.14+0.72 <0.001
Whole body fat (%) 71.55+1.40 63.81+1.38 <0.001
Mean systolic blood pressure 112.81#1.59 109.30+1.61 0.016
(mmHg)
Mean diaSt(or:;bl_'";?d pressure 73.84+1.12 70.4+1.21 <0.001
Serum IL-6 (pg/ml) 1.61+0.18 1.43+0.29 0.648
Serum TNF-a (pg/ml) 3.06%0.15 2.57+0.14 0.004
Serum CRP (mg/dl) 1.59+0.43 0.86+0.18 0.048
Serum leptin (ng/ml) 20.25+2.64 10.44+1.46 <0.001

Abbreviations: CR, caloric restriction; CRP, c-reactive protein; IL, interleukin; TNF, tumor necrosis factor.
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CD3-AF700 (clone 17A2, #100216)

TCRb-AF700 (clone H57-597, #109224)
Ly6C-AF700 (clone HK1.4, #128024)

Ly6G-FITC (clone 1A8, #127606)




Validation

CD45-PerCP-Cy5.5 (clone 30-F11, #103132)

BD Biosciences:

CD11b-BUV395 (Clone M1/70, #563553)
CD8a-BUV615 (Clone 53-6.7, #613004)
CD127-PE (clone SB/199, #552543)
CD25-PE-CF594 (clone PC61, #562694)
CD4-BUV563 (clone GK1.5, #612923)
CD3-BV480 (clone 17A2, #565642)

All antibodies are commercially available and they have been validated by the vendor and previous publications. Validation
statements for all antibodies listed above can be found through the following links to manufacturer's website.

BioXcell:

Rat IgG2a isotype control (#BE0089) https://bioxcell.com/invivomab-rat-igg2a-isotype-control-anti-trinitrophenol-be0089?
utm_source=google&utm_campaign={campaign}&utm_term=be0089&utm_medium=cpc&hsa_net=googlecpc&hsa_acc=787701017
7&gad_source=1&gad_campaignid=20977182191&gbraid=0AAAAADNFJzFaiT9oMM82NLVXVpCabreOJ&gclid=CjOKCQIAXIXJBhD_ARIs
AH_JGjicl-Q8pzToS5epRoRwdisYnpy6VinVGgEqv7-gVM-YyZkWhbceglclaAnl-EALw_wcB

Hycult biotech:
Mouse C3a (clone 3/11, #HM1072) https://www.hycultbiotech.com/product/c3a-mouse-mab-3-11/

Abcam:

Complement C3 (clone EPR19394, #ab200999) https://www.abcam.com/en-us/products/primary-antibodies/c3-antibody-epr19394-
ab200999

C1QA (polyclonal, #ab155052) https://www.abcam.com/en-us/products/primary-antibodies/c1qga-antibody-ab155052

R&D Systems:
Factor-D/Adhipsin (clone 577620, #MAB5430-SP) https://www.rndsystems.com/products/mouse-complement-factor-d-adipsin-
antibody-577620_mab5430

Cell Signaling:

p-STAT3 (Tyr705) (clone D3A7, #9145) https://www.cellsignal.com/products/primary-antibodies/phospho-stat3-tyr705-d3a7-xp-
rabbit-mab/9145

STAT3 (clone 79D7, #4904) https://www.cellsignal.com/products/primary-antibodies/stat3-79d7-rabbit-mab/4904

p-Erk (Thr202/Tyr204) (clone 197G2, #4377) https://www.cellsignal.com/products/primary-antibodies/phospho-p44-42-mapk-
erk1-2-thr202-tyr204-197g2-rabbit-mab/4377

Erk (clone 137F5, #4695) https://www.cellsignal.com/products/primary-antibodies/p44-42-mapk-erk1-2-137f5-rabbit-mab/4695
B-actin (#4967) https://www.cellsignal.com/products/primary-antibodies/b-actin-antibody/4967

Proteintech:
HSP90 (clone 3F11C1, #60318-1-lg) https://www.ptglab.com/products/HSP90-Antibody-60318-1-lg.htm?
srsltid=AfmBOopgD47CrIGv6jEgzbRGTogmIisZ-12jecluQm-ebunKMbKDHXfY]

Bio-Rad:
F4/80-StarBrightViolet570 (clone Cl:A3-1, #MCA497) https://www.bio-rad-antibodies.com/monoclonal/mouse-f4-80-antibody-cl-
a3-1-mcad497.html?f=purified

Novus Biologicals:
C3-AF700 (clone 11H9, #NB200-540) https://www.novushio.com/products/complement-c3-antibody-11h9_nb200-540?
srsltid=AfmBOog-mtUfEkn4AOExoQqCaNEsiIXWIZXEI4G3JanE4676bMNjTYw)

Thermo Fisher:

CD16/CD32 (clone 93, #14-0161-86) https://www.thermofisher.com/antibody/product/CD16-CD32-Antibody-clone-93-
Monoclonal/14-0161-86

NK1.1-PE (clone PK136, #12-5941-82) https://www.thermofisher.com/antibody/product/NK1-1-Antibody-clone-PK136-
Monoclonal/12-5941-82

CD11b-PE-Cy7 (clone M1/70, #25-0112-82) https://www.thermofisher.com/antibody/product/CD11b-Antibody-clone-M1-70-
Monoclonal/25-0112-82

CD206-APC-Cy7 (clone MR6F3, #47-2061-82) https://www.thermofisher.com/antibody/product/CD206-MMR-Antibody-clone-
MR6F3-Monoclonal/47-2061-82

ST2-APC (clone RMST2-2, #17-9335-82) https://www.thermofisher.com/antibody/product/IL-33R-ST2-Antibody-clone-RMST2-2-
Monoclonal/17-9335-82

CD45-APC (clone 30-F11, #17-0451-83) https://www.thermofisher.com/antibody/product/CD45-Antibody-clone-30-F11-
Monoclonal/17-0451-83

Foxp3-PE-Cy5.5 (clone FIK-16s, #35-5773-82) https://www.thermofisher.com/antibody/product/FOXP3-Antibody-clone-FJK-16s-
Monoclonal/35-5773-82

Biolegend:

CD11c-BV750 (clone N418, #117357) https://www.biolegend.com/en-gb/products/brilliant-violet-750-anti-mouse-cd11c-
antibody-17689

B220-BV711 (clone RA3-6B2, #103255) https://www.biolegend.com/en-gb/products/brilliant-violet-711-anti-mouse-human-cd45r-
b220-antibody-9692

TCRB-PerCP/Cyanine 5.5 (clone H57-597, #109227) https://www.biolegend.com/en-gb/products/percp-cyanine5-5-anti-mouse-tcr-
beta-chain-antibody-5603

CD45R/B220-PerCP/Cyanine 5.5 (clone RA3-6B2, #103236) https://www.biolegend.com/en-gh/products/percp-cyanine5-5-anti-
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mouse-human-cd45r-b220-antibody-4267

CD45-BV711 (clone 30-F11, #103147) https://www.biolegend.com/ja-jp/products/brilliant-violet-711-anti-mouse-cd45-
antibody-10439

F4/80-PerCP-Cy5.5 (clone BMS, #123128) https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-f480-
antibody-4303

CD11c-BV421 (clone N418, #117329) https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-mouse-cd11c-
antibody-7149

CD25-FITC (clone 3C7, #101908) https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd25-antibody-4511

CD5-AF700 (clone 53-7.3, #100636) https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-cd5-antibody-14408
TER-119-AF700 (clone TER-119, #116220) https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-ter-119-
erythroid-cells-antibody-3428

Gr1-AF700 (clone RB6-8C5, #108422) https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-ly-6g-ly-6¢-gr-1-
antibody-3390

CD4-AF700 (clone RM4-5, #100536) https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-cd4-antibody-3386
CD19-AF700 (clone 6D5, #115528) https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-cd19-antibody-3391
NK1.1-AF700 (clone PK136, #108730) https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-nk-1-1-antibody-6555
FCeRla-AF700 (clone MAR-1, #134324) https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-fcepsilonrialpha-
antibody-12817

CD3-AF700 (clone 17A2, #100216) https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-cd3-antibody-3375
TCRb-AF700 (clone H57-597, #109224) https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-tcr-beta-chain-
antibody-4537

Ly6C-AF700 (clone HK1.4, #128024) https://www.biolegend.com/en-us/products/alexa-fluor-700-anti-mouse-ly-6c-antibody-6757
Ly6G-FITC (clone 1A8, #127606) https://www.biolegend.com/en-us/products/fitc-anti-mouse-ly-6g-antibody-4775
CD45-PerCP-Cy5.5 (clone 30-F11, #103132) https://www.biolegend.com/en-us/products/percp-cyanine5-5-anti-mouse-cd45-
antibody-4264
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BD Biosciences:

CD11b-BUV395 (Clone M1/70, #563553) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/buv395-rat-anti-cd11b.563553?tab=product_details

CD8a-BUV615 (Clone 53-6.7, #613004) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/buv615-rat-anti-mouse-cd8a.613004?tab=product_details

CD127-PE (clone SB/199, #552543) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/pe-rat-anti-mouse-cd127.552543?tab=product_details

CD25-PE-CF594 (clone PC61, #562694) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/
research-reagents/single-color-antibodies-ruo/pe-cf594-rat-anti-mouse-cd25.562694 ?tab=product_details

CD4-BUV563 (clone GK1.5, #612923) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/buv563-rat-anti-mouse-cd4.612923?tab=product_details

CD3-BV480 (clone 17A2, #565642) https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-
reagents/single-color-antibodies-ruo/bv480-rat-anti-mouse-cd3-molecular-complex.565642 ?tab=product_details

Animals and other research organisms

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

Laboratory animals Mice were on the C57BL/6J or C57BL/6N background. Young (3 to 5 months old) and aged (20 to 24 months old) wild-type male and
female C57BL/6J mice were purchased from the Jackson Laboratory. All C57BL/6N mice were provided by the National Institute on
Aging (NIA) aged rodent colony. All mice were maintained in a specific pathogen-free condition on a regular 12/12 dark/light cycle.
For C3a-neutralizing antibody experiments, 20-month-old C57BL/6N male mice were used. For C3 inhibitor treatment experiments,
3-month-old or 20-month-old C57BL/6N male mice were used. Animal experiments and animal use was conducted in compliance
with the National Institute of Health Guidelines for the Care and Use of Laboratory Animals and was approved by the Institutional
Care and Use Committee at Yale University.

Wild animals This study did not involve wild animals.
Reporting on sex Both males and females were used in this study and clearly noted in the figures and figure legends.
Field-collected samples  This study did not involve field-collected samples.

Ethics oversight All animal procedures were approved by the Yale Institutional Animal Care and Use Committee.

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

Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  NCT00427193

Study protocol The full trial protocol is available: https://clinicaltrials.gov/study/NCT00427193




Data collection Participants were allocated by simple randomization to either 25% caloric restriction (CR) or ad libitum caloric intake for two years.
Participants in the CR group actually reached 14% of CR. Men were between 26 and 50 years old and women were between 22 and
48 years old at baseline. The body mass index (BMI) of participants was between 22.0 to 28.0 kg/m?2 at baseline. Plasma samples
were collected at baseline and after 2 years of CR.

Qutcomes The overall primary, secondary, and other outcomes are listed in: https://clinicaltrials.gov/study/NCT00427193
Plants
Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If

plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied.
Authentication Describe-any-atithentication-procedures foreach-seed-stock-tised-ornovel-genotype-generated—Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.

Flow Cytometry

Plots

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

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.

Methodology

Sample preparation Visceral adipose tissue (VAT) was digested in 0.8mg/mL collagenase Il (Worthington Biochemicals), 3% BSA (Sigma), 1.2mM
Calcium Chloride, 1.0mM Magnesium Chloride, 0.8mM Zinc Chloride, and 1x HBSS (Life Technologies 14185-052) for 40-45
minutes in a 37°C waterbath with vigorous shaking. The Stromal Vascular Fraction (SVF) was filtered on a 100um cell strainer.
Red blood cell lysis was performed using ACK lysis buffer, and cells were filtered a second time with a 70um cell strainer. One
million SVF cells were used for flow cytometry staining. Cells were stained with live/dead Aqua viability dye (Invitrogen) or
Viakrome 808 viability dye (Beckman Coulter) for 30 minutes, followed by Fc receptor blocking (Invitrogen) for 10 minutes
and surface staining for 30 minutes with antibodies.

Instrument Flow cytometry analysis was performed on a Becton Dickinson LSRII or Symphony instrument.

Software Data were analyzed using FlowJo software (Treestar).

Cell population abundance F4/80% macrophages represent approximately 15-20% of total hematopoietic cells in visceral adipose tissue.

Gating strategy Full gating strategy are depicted in Extended Data Fig.7 and 8.

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