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Inhibition of IL-11 signalling extends
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For healthspan and lifespan, ERK, AMPK and mTORCl represent critical pathways and

inflammationis a centrally important hallmark'”’. Here we examined whether IL-11, a
pro-inflammatory cytokine of the IL-6 family, has a negative effect on age-associated
disease and lifespan. As mice age, IL-11is upregulated across cell types and tissues to
regulate an ERK-AMPK-mTORCI axis to modulate cellular, tissue- and organismal-level
ageing pathologies. Deletion of //11 or l[1Iral protects against metabolic decline, multi-
morbidity and frailty in old age. Administration of anti-IL-11 to 75-week-old mice for
25 weeksimproves metabolism and muscle function, and reduces ageing biomarkers
and frailty across sexes. In lifespan studies, genetic deletion of /[11 extended the lives
of mice of both sexes, by 24.9% on average. Treatment with anti-IL-11 from 75 weeks

of age until death extends the median lifespan of male mice by 22.5% and of female
mice by 25%. Together, these results demonstrate a role for the pro-inflammatory
factor IL-11in mammalian healthspan and lifespan. We suggest that anti-IL-11 therapy,
whichis currently in early-stage clinical trials for fibrotic lung disease, may provide
atranslational opportunity to determine the effects of IL-11 inhibition on ageing
pathologiesin older people.

The major signalling mechanisms that regulate lifespan across spe-
ciesinclude ERK, STK11 (also known as LKB1), AMPK, mTORC1 and
IGF1-insulinmodules' . These pathways are collectively perturbed in
old age to activate hallmarks of ageing, which include mitochondrial
dysfunction, inflammationand cellular senescence’. In aged organisms,
the AMPK-mTORCI axis is uniquely important for metabolic health,
with notable effects in adipose tissue®’, and therapeutic inhibition of
mTOR extends lifespan in mice'®".

Ageing studies to date have focused largely on lifespan extension,
particularly in yeast, worms and fruit flies, but lifespan extension
does not necessarily reflect longer healthspan'> ™, There is a need for
integrated studies to determine the effects of interventions on both
healthspan and lifespan. Laboratory mice are particularly suited for
such experiments, as ageing pathologies that areimportant for human
wellbeing and function are apparent and lifespan studies are well estab-
lished in mice'®.

The importance of chronic sterile inflammation for ageing pathol-
ogies is increasingly recognized and inflammation itself is a central
hallmark of ageing™®". In simplified terms, ageing is associated with a

dysfunctional adaptive immune system thatis characterized by immu-
nosenescence and thymicinvolutionalong with inappropriate activa-
tion of innate immune genes such as IL-67%'3%°, The pro-inflammatory
signalling factors NF-kB and JAK-STAT3 are specifically implicated in
ageing and JAK inhibitors can alleviate age-related dysfunction®?*%,

We proposed that IL-11, a pro-inflammatory and pro-fibrotic mem-
ber of the IL-6 family??, may promote age-associated pathologies and
reducelifespan. This premise was founded on studies showing that IL-11
canactivate ERK-mTORC1and/or JAK-STAT3* % (Fig.1a), the observa-
tion that IL-11is upregulated in older people® and the fact that IL-11is
increasingly recognized to have arolein senescence, a hallmark of age-
ing”. Here, using a range of genetic and pharmacological approaches,
we tested the hypothesis that IL-11 signalling has a negative effect on
healthspan and lifespanin mice.

IL-11is upregulated with age

We determined IL-11 expression in the liver, visceral gonadal white
adipose tissue (VWAT) and skeletal muscle (gastrocnemius) in
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Fig.1| TheIL-11-ERK-mTORC1signalling moduleis upregulated inageing
and associated with senescence and metabolic decline. a, Signalling pathway
by whichIL-11induces canonical STAT3 activation and non-canonical ERK
activation, LKB1-AMPK inactivation and mTOR activation. b, Western blots of
theindicated liver phosphoproteins from male mice aged 12-110 weeks (n =5
per group); total (phosphorylated plus unphosphorylated) proteins are shown
inExtended DataFig.1a. ¢, Heat map showing densitometry of IL-11 protein
expression normalized to GAPDH (immunoblots are shownin Extended Data
Fig.1c) ingastrocnemius (gastroc) and vVWAT from 12- to 110-week-old male
mice (n=>5pergroup).d, Representativeimmunofluorescenceimages (scale
bars,100 pm) of liver EGFP and SLC10A1expression from 10 and 110-week-old
Il11-EGFPmice and age-matched wild-type (WT) controls (n =3 per group).
Scalebars, 100 um. e, Western blot of liver extracts from 10- and 110-week-old

mice over a time course of ageing, which revealed progressive up-
regulation of IL-11in all tissues (Fig. 1b,c and Extended Data Fig.1a,b).
With age, there was progressive activation of ERK-p90RSK, inactiva-
tion of LKB1I-AMPK and mTOR-p70S6K activation, which comprise
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male wild-typeand /l1Iral”” mice (n =5 per group); total proteins are shownin
Extended DataFig.2a.f,g, Body weight (f) and percentages of fatand lean mass
(male wild-type, n=12; male/ll1Iral”", n=16;female wild-type, n =15; female
ll1Iral”",n=13).h,i, Telomere length (h) and mtDNA copy number (i) in liver
fromyoung (10-week-old) and old (110-week-old) male and female wild-type
and/l1Iral” mice (young male wild-type, n =8; young male /l1Iral”",n=7;0ld
malewild-type, n=11; old male /l[11ral”", n=17; young female wild-type, n=7;
young female /l1Iral”", n = 8; old female wild-type, n =15; old female /l{11ral”",
n=13).FC, fold change.j, IL-11and GAPDH immunoblots from the indicated
organs of 12-and 105-week-old male wild-type and /117" mice (liver and soleus,
n=4pergroup; VWAT and gastrocnemius, n = 6 per group). f-i, Dataare

mean +s.d.; thetable below each panel shows summary statistics from two-way
ANOVA with Sidak’s correction. For gel source data, see Supplementary Fig. 1.

an IL-11 signalling module, in liver and muscle (Fig. 1b and Extended
Data Fig. 1c). IL-11 up-regulation was confirmed in livers, vVWAT and
skeletal muscle of two-year-old male and female mice (Extended Data
Fig.1d).



Toidentify the cell types that express //11in old mice, we queried the
Tabula Muris Senis?®, which was uninformative, likely as /{11 is expressed
atlow levels and IL-11 is largely translationally regulated®. To better
identify IL-11-expressing cells in tissues from old mice, we performed
immunohistochemistry in tissues from aged /[11-EGFPreporter mice®.
Intwo-year-old /[1I-EGFPmice, IL-11 was apparent in parenchymal cells
(hepatocytes in liver, adipocytes in VWAT and myocytes in skeletal
muscle) and also seeninstromal, epithelial and endothelial cells across
tissues and in nerves in skeletal muscle (Fig. 1d and Extended Data
Fig.1le-g). Thus, IL-11is expressed in diverse cell types in different tis-
sues with ageing.

IL-11is associated with senescence

To explore further the relationship between IL-11 up-regulation and
ERK-mTOR activation in tissues of old mice, we studied ten-week-old
and two-year-old /lIIral” mice and wild-type littermate controls***., On
immunoblots of liver, YWAT and gastrocnemius extracts, old wild-type
mice exhibited increased phosphorylated (p)-ERK and p-p90RSK,
increased p-LKB1leading to reduced p-AMPK, and increased levels of
p-mTOR, p-p70S6K and p-S6RP (Fig. 1e and Extended Data Fig. 2a-c).
Levels of the canonical senescence markers p16™# and p21"a/c! were
increased in tissues of old wild-type mice. By contrast, the phospho-
rylationstatus of these various kinases and S6RP, and levels of p16 and
p21weresimilar between old /l1Iral”” mice and young wild-type mice
(Fig.1le and Extended Data Fig. 2a-c).

Deletion of ll11ralimproves metabolism

Compared with wild-type littermate controls, two-year-old /[11ral™”
mice had lower body weights (Fig. 1f), and female /l1Iral”” mice had
decreased fat mass and increased lean mass (Fig. 1g). /[11ral”" mice of
bothsexes hadslightly higher core body temperatures than wild-type
controls (Extended Data Fig. 2d). Old /l11ral” mice of both sexes had
lower indexed vVWAT mass (VWAT weight normalized to body weight)
and increased indexed gastrocnemius mass (Extended Data Fig. 2e).
Liverindices were similar between genotypes, whereas liver triglyceride
levels were lower in /l11ral” mice (Extended Data Fig. 2e,f).

Serum cholesterol and triglyceride levels were higher in old wild-type
mice than in /[1Iral”" littermates (Extended Data Fig. 2g,h). Livers
of old /ll11ral”~ mice of both sexes exhibited reduced expression of
pro-inflammatory (Ccl2, Ccl5, Tnf and I[1b) and fatty acid synthesis
(Acc, Fasn and SrebpIc) genes (Extended Data Fig. 2i,j). Serum alanine
transaminase (ALT) and aspartate aminotransferase (AST) levels, mark-
ersof hepatocyte damage, wereincreased in old wild-type mice but not
inold /lIIral” mice (Extended Data Fig. 2k,1).

We assessed telomere lengths and mitochondria DNA (mtDNA) copy
numbers—biomarkers associated with biological age"*?—in liver and
gastrocnemius and found significant preservation of these phenotypes
in tissues of old /lIIral” mice (Fig. 1h,i and Extended Data Fig. 2m,n).

IL-11induces senescence in human cells

IL-11 is linked with senescence—we therefore explored the direct
effects of IL-11 on senescence in human cell types corresponding to
those found to express IL-11in aged mice (Fig. 1d and Extended Data
Fig.1le-g). Stimulation of human fibroblasts or hepatocytes with IL-11
activated ERK-mTOR, increased levels of p16 and p21, and reduced
expression of PCNA and cyclin D1, which was prevented by U0126 or
rapamycin (Extended DataFig. 3a,b). Supernatants of IL-11-stimulated
fibroblasts had increased amounts of senescence-associated secretory
phenotype factors, and thisincrease was inhibited by U0126 or rapamy-
cin (Extended DataFig.3c,d). Deeper profiling of mTORC1-dependent
senescence-associated secretory phenotype factors (IL-6, IL-8, LIF,
VEGFA, HGF, CCL2, CXCL1, CXCL5,CXCL6 and CCL20%*) in supernatants

of hepatocytes revealed significant IL-11-stimulated ERK- and
mTORCI-dependent regulation of the majority of these proteins
(Extended Data Fig. 3e-g).

Accumulation of senescent cells contributes to ageing pathologies.
We modelledreplicative senescence by serially passaging human fibro-
blasts in the presence of a neutralizing IL11RA antibody (X209) or an
IgG control®**. We observed passage-dependent phosphorylation
of ERK-mTORCI, NF-kB and STAT3 along with increased amounts of
senescence markers—these effects were IL-11-dependent with evidence
of both autocrine and paracrine effects (Extended Data Fig. 4a-d).
Telomere lengths and mtDNA copy numbers were similar between
early passage (passage 4 (P4)) cells and X209-treated late passage (P14)
cells, whereas these phenotypes were reduced inIgG-treated P14 cells
(Extended Data Fig. 4e,f). Basal metabolic respiration wasimpairedin
IgG-treated P14 fibroblasts, whereas X209-treated P14 cells were similar
to P4 fibroblasts (Extended Data Fig. 4g,i).

Deletion of Il11in female mice

To support the data generated in /l11ral-deleted mice on a mixed
C57BL6/129 genetic background® and to more deeply dissect
age-related effects, we studied young (3-month-old) and aged
(2-year-old) female mice with deletion of /[11 (II117") on a C57BL6/)
background?.

Immunoblots confirmed IL-11up-regulation across tissuesin old age
in this additional strain (Fig. Im). Old female /{117 mice had lower body
weights and fat mass and preserved lean mass (Fig. 2a-c). The frailty
score® of old female /{117~ mice was lower than that of old wild-type
mice and their body temperatures were mildly increased (Fig. 2d and
Extended Data Fig. 5a). Lower frailty scores were largely driven by
improvements in tremor, loss of fur colour, gait disorders and vestibular
disturbance (Supplementary Table 1). Muscle strength was higher in
both young and old /{117 mice (a phenomenon that was observed for
some other phenotypes) compared with age-matched controls (Fig. 2e
and Extended Data Fig. 5b).

Chronic inhibition of mMTORC1 with rapamycin can cause glucose
intolerance owing to indirect inhibition of mMTORC2%. It was therefore
important to more fully assess the effects of IL-11 inhibition on liver
function, metabolism and glucose utilization in old mice. As wild-type
miceaged, there wereincreasesinserum AST, ALT, cholesterol and tri-
glycerides, which were collectively mitigated in old /{117~ mice (Fig. 2f
and Extended DataFig. 5¢,d). Glucose tolerance test (GTT) and insulin
tolerance test (ITT) profiles of old /117~ mice were similar to those of
young wild-type mice, whereas GTTs and ITTs of old wild-type mice
showed impairment (Fig. 2g and Extended Data Fig. 5e,f). Indexed
skeletal muscle mass was greater in both young and old /{117 mice
compared with the equivalent wild-type mice (Extended Data Fig. 5g).

Compared with old wild-type controls, old /[1I”7" mice had reduced
liver mass indices and liver triglyceride content (Extended Data
Fig. 5h,i). Indexed vWAT and inguinal subcutaneous white adipose
tissue (sSCWAT) masses were reduced in old /117" mice, whereas brown
adipose tissue (BAT) mass was unchanged (Fig. 2h and Extended Data
Fig. 5j). Toexamine the potential role of de novo lipogenesisin aged tis-
sue, we profiled the expression of fatty acid synthesis genes in VWAT and
found their expression to be increased with age in old wild-type mice
but not in old /{117~ mice (Fig. 2i). Similar to /{1Iral”” mice (Extended
DataFig.2b,c), activation of the ERK-mTORCI1 axis and up-regulation
of senescence markers were mitigated in VWAT and gastrocnemius of
old /l117" mice (Fig. 2j and Extended Data Fig. 5k,I). Pro-inflammatory
gene expression was increased in VWAT of old wild-type mice but not
in that of old /[117- mice (Extended Data Fig. 5m).

Telomere lengths and mtDNA content in liver, skeletal muscle and
VWAT were reduced in old wild-type mice and these effects were attenu-
ated by /l11 deletion (Fig. 2k,I). Serum IL-6 levels were increased in old
wild-type mice but not in old /11”7~ mice (Extended Data Fig. 2n).
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Fig.2|FemaleIl11-deleted mice are protected from age-associated obesity,
frailty, and metabolic decline. a, Representative photograph of 105-week-old
female wild-type and /[117 mice. b-g, Body weight (b), percentage of fatand
lean mass (normalized to body weight), frailty score (d), full body grip strength
(e), serum cholesterol and triglycerides (f),and GTT and ITT (g) of young
(12-week-old) and old (105-week-old) female wild-type and /117" mice.

h-j, Indexed vVWAT and scWAT weight (h), relative VWAT mRNA expression level
of Accl, Fasn and SrebpIc (i), and western blot showing activation status of
ERK1/2, p90RSK, LKB1, AMPK, mTOR, p70S6K and S6RP and protein expression

Deletion of I[11in male mice

Detrimental changes inbody habitus, body weight, fat mass, lean mass
and frailty scores (driven by tremor, coat condition and fur loss) were
mitigated and body temperatures were mildly increased in old male
1117 mice (Extended Data Fig. 6a—e and Supplementary Table 2). Mus-
clestrength was higher inboth young and old /[11”" mice compared with
age-matched wild-type controls, as seen for female mice (Extended Data
Fig. 6f). GTT and ITT profiles of old /{117~ mice were similar to those of
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levels of p16, p21and GAPDH (j). n = 6 per group. Westernblots for the respective
total proteins are shown in Extended Data Fig. 5k. k.1, Telomere length and
mtDNA copy number (I) in vVWAT from young and old female wild-type and /{117~
mice.b-i k-1, Dataare mean + s.d. (young wild-type, n = 8; young l[1I"",n=9;
oldwild-type, n=16;0ld Il117", n=18; except for h (st WAT): young wild-type,
n=>5;young/l11”",n=7;oldwild-typeand ll117", n = 16). Two-way ANOVA with
Sidak’s correction (b-f,h,i,k,I); two-way repeated measures ANOVA with Sidak’s
correction (h). For gel source data, see Supplementary Fig. 1.

young mice, whereas those of old wild-type controls were impaired
(Extended Data Fig. 6g).

Metabolic cage analysis revealed that the respiratory exchange ratio
(RER) was overall higher in old /117~ mice compared with old wild-type
mice (Extended Data Fig. 6h). After a period of starvation, refeeding
resulted in a greater increase of RER in old /I1I7~ mice, consistent with
better metabolic flexibility*® (Extended Data Fig. 6h). Whereas old
117" mice were leaner and weighed less than wild-type controls, they
consumed more food and had similar levels of locomotor activity



(Extended DataFig. 6h). Calorie-losing enteropathy of /[117- mice was
excluded by bomb calorimetry (Extended Data Fig. 6i).

Sarcopenia was apparent in the muscle of old wild-type mice, and
this effect was less pronounced in old /[11”~ mice, which exhibited
greater indexed muscle mass even when young, as seen for female mice
(Extended Data Fig. 6j,k). Indexed liver weights were similar between
mice of both genotypes (Extended Data Fig. 6l). As for female mice,
perhaps the most notable beneficial difference associated with loss
of Il11function in old male mice was seen for VWAT mass, whereas BAT
mass was similar across genotypes and ages (Extended Data Fig. 6m).
Anincidental finding of enlarged seminal vesicles, an idiosyncratic
age-specific phenomenon in old male mice®, was more commonin
old wild-type mice compared with old /{117~ mice (wild-type: 11 out of
15, /l117":1out of 14; P= 0.0003) (Supplementary Table 2).

Anti-IL-11 therapy in old male mice

Studies of germline genetic loss of function on healthspan and/or
lifespan should be complemented by interventions in late life only to
identify phenotypes that are carried through from younger animals
and for translational relevance. This is pertinent to the current study, in
which some beneficial effects of /{11 1oss of function (such asincreased
muscle mass and strength) are apparent eveninyoung //11-deleted mice
(Fig.2and Extended Data Fig. 6). To achieve this goal, we administered
aneutralizing IL-11 antibody (X203) or IgG control to aged mice and
studied healthspan indices?® (Fig. 3a).

Compared with controls, mice receiving X203 from 75 to 100 weeks
of age progressively lost body weight that was defined by areductionin
indexed fat mass (Fig.3b,c). Impaired glucose metabolism was appar-
ent across experimental groups at study start that was improved in
micereceiving X203, whereas IgG had no effect (Fig. 3d). Frailty scores
were mildly increased across experimental groups at study initiation
(Fig. 3e). Over the study period, mice receiving no treatment or IgG
exhibited frailty progression (for example, tremor and gait disorder),
whereas those on X203 did not (Fig. 3e and Supplementary Table 3).
Muscle strengths 0f100-week-old mice receiving anti-IL-11 were higher
than aged-matched controls receiving IgG or untreated, and also higher
than those of 75-week-old mice at the start of the experiment (Fig. 3f
and Extended Data Fig. 7a).

After six weeks of antibody administration, mice were studied in
metabolic cages. The RER of mice receiving X203 was higher than that of
IgG-treated mice but lower than that of acohort of young mice (Fig. 3g
and Extended DataFig. 7b), suggesting that X203 slows age-associated
metabolic inflexibility. Administration of X203 was associated with
higher core temperatures and increased food intake, whereas locomo-
tor activity levels and faecal caloric densities were similar between
study groups (Fig. 3h and Extended Data Fig. 7b,c).

Mice left untreated or given IgG had increased serum cholesterol,
triglycerides and IL-6 by study end, which were collectively lowered
by X203 therapy to below the levels at 75 weeks of age (Extended Data
Fig. 7d,e). Over the course of the experiment, markers of liver dam-
age, hepatic triglyceride content and indexed liver mass increased in
untreated and IgG control mice, whereas these phenotypes were either
improved or reduced in mice receiving X203 (Fig. 3i-k and Extended
DataFig. 7f).

Therewasareductioninindexed vVWAT and liver mass and anincrease
inindexed muscle mass in 100-week-old mice receiving X203, compared
with both age-matched controls and 75-week-old mice (Fig. 3k and
Extended Data Fig. 7g). Mice receiving X203 had diminished scWAT
and anincrease in BAT (Extended Data Fig. 7h). The age-specific pheno-
type of enlarged seminal vesicles in male mice* was again diminished
by IL-11 loss of function (IgG: 8 out of 13, X203: 2 out of 12; P= 0.022)
(Supplementary Table 3).

Fibrosis is a canonical feature of ageing and a hallmark of senescence,
and IL-11is known to be pro-fibrotic in human cells and in young adult

mice”*, We quantified fibrosis in aged vVWAT, skeletal muscle and liv-
ers of old mice across experimental groups, which showed reversal of
tissue fibrosis across organs of mice receiving X203 (Fig. 31).

Compared with 75-week-old mice, VWAT from mice receiving IgG for
25weekshadincreased activation of the IL-11-mTORCl1 axis and higher
expression of senescence markers (Fig. 3m and Extended DataFig. 7i).
By contrast, mice receiving X203 had reduced ERK-mTOR activity and
decreased expression of p21and p16 (Fig. 3m and Extended Data Fig. 7i).
One-hundred-week-old untreated and IgG-treated mice had telomere
attrition and areductionin mtDNA copy number, which were not seen
in X203-treated mice (Extended Data Fig. 7j,k).

Anti-IL-11 therapy in old female mice

We also examined the effects of anti-IL-11 therapy on ageing pathologies
in old female mice (Extended Data Fig. 8a). Old female mice receiving
X203 lost body weight, whereas those administered with IgG gained
weight (Extended Data Fig. 8b). At the end of the study period, mice
on X203 had lower fat mass, higher lean mass and better GTTsand ITTs
than at the outset, whereas the opposite effect was observed in mice
onIgG (Extended Data Fig. 8c,d). Frailty scores were similar between
study groups at the start of the experiment and these scores progressed
in mice receiving IgG but not in mice receiving X203 (Extended Data
Fig. 8e and Supplementary Table 4). Muscle strengths were greater
thanstarting levels in female mice receiving X203 and core body tem-
peratures were mildly increased (Extended Data Fig. 8f-h).

Anti-IL-11restores white adipose beiging

To further dissect molecular mechanisms, we performed bulk
RNA sequencing (RNA-seq) of VWAT, gastrocnemius and liver from
IgG-treated or anti-IL-11-treated 100-week-old mice (Supplementary
Table 5). Across tissues, mice receiving anti-IL-11 had the most signifi-
cant gene set enrichment scores for hallmarks of oxidative phospho-
rylationand metabolism, whereas scores for markers of inflammation,
EMT and JAK-STAT3 signalling were reduced (Fig. 4a).

In aged vVWAT, genes associated with senescence (Cdkn2a, Tnf, Il10,
Il1b, Bstl,Irgl, Parp14, ltgax and Itgam) as identified by The Tabula Muris
Senis®® were upregulated, an effect that was mitigated by anti-IL-11
therapy (Fig. 4b and Extended Data Fig. 9a). A similar, although less
pronounced inhibition of senescence markers was seen in muscles
and livers of mice receiving anti-IL-11.

More detailed study of the VWAT transcriptome revealed that the gene
that was most upregulated by anti-IL-11genome-wide was Ucpl, which
isimportant for the development of thermogenic ‘beige’ adipocytes
in white adipose tissue (WAT) deposits***! (Fig. 4cand Supplementary
Table 5). On closer inspection, we found up-regulation of alarger beig-
ing programme (Acot2, Cidea, Cox4il, Cox8b, Dio2, Elov(3, Evala, Fabp3,
Ppargcla, Ppargclb, Ppara and Prdm16) in vWAT of mice receiving
anti-IL-11 (Fig. 4d). Age-dependent up-regulation of UCP1and PGClain
male micereceiving anti-IL-11was validated at the protein level (Fig. 4e)

Tosupportour findings, we showed age-related suppression of UCP1
expression in VWAT of female control mice, which was mitigated in
female mice lacking /[11 and in mice of both sexes lacking /[11ral (Fig. 4f
and Extended Data Fig. 9b). A targeted assessment of mitochondrial
gene expressionin VWAT revealed significantincreasesin terms asso-
ciated with mitochondrial biogenesis and function in mice receiving
anti-IL-11 (Extended Data Fig. 9¢,d).

Inmicereceiving X203, there was strong up-regulation of Clstn3b, a
newly identified mammal-specific product of the 3’ end of the Cistn3
locus that promotes WAT triglyceride metabolismin partnership with
S100b****, which was also upregulated (Fig. 4g and Extended Data
Fig. 9e). There was limited down-regulation of Ucpl in BAT with age
inwild-type mice, and UcpI expression was mildly increased in BAT of
117" mice but not in mice receiving anti-IL-11 (Extended DataFig. 9f.g).
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Fig.3| Therapeuticinhibition of IL-11reduces age-associated metabolic
dysfunction, pathogenicsignalling and sarcopenia in male mice.

a, Schematic of anti-IL-11 (X203) therapeutic dosing experiment in old male
mice for experiments showninb-m. Mice were either aged naturally
(untreated) or given either X203 or an IgG control antibody (40 mgkg™,
every 3 weeks) starting from 75 weeks of age for a duration of 25 weeks. Created
with BioRender.com. b, Body weights acrosstime. c,d, Changes (A) in fatand
lean mass percentage (c) and area under the curve (AUC) of GTTand ITT (d)
(values atendpoint (100-week-old) — values at starting point (75-week-old)).
a.u.,arbitrary units. e, Frailty scores at start and endpoint. Data are shown as
valuesrecorded atstarting and endpoint. f, Fullbody grip strength. g, RER in
young (14-week-old) and IgG or X203-treated old (81-week-old) mice, 6 weeks

Pro-inflammatory gene expression was higher in vWAT of mice
receiving IgG compared with those receiving X203 (Fig. 4b), mir-
roring findings seen in livers of /[11ral”” mice and VWAT of ll117"
mice (Extended Data Figs. 2i and 5m). Further analysis of young
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after1gG or X203 administration was started (n =10 per group). h-j, Body
temperatures (h), serum ALT (i) and liver triglycerides (j). k,I, Indexed
weights of (k) and total collagen content (by hydroxyproline assay) in (I) liver,
gastrocnemius and VWAT. m, Western blot showing activation status of ERK1/2,
P90RSK, LKB1, AMPK, mTOR, p70S6K, S6RP and protein expression levels of IL-
11, p16, p21and GAPDH in vVWAT (n = 6 per group). Western blots of total protein
arepresented in Extended DataFig.7i.b-d,f h-1, Dataare mean +s.d. 75-week-old
control: n=10 (f), n =14 (i-1); untreated 100-week-old: n = 6 (except for k (liver),
n=>5);IgG-treated 100-week-old: n =13; X203-treated 100-week-old: n =12.
Two-way repeated measures ANOVA with Sidak’s correction (b); one-way ANOVA
with Tukey’s correction (c,d (GTT), e,f,h-1); one-way ANOVA with Kruskal-Wallis
correction (d (ITT)). For gel source data, see Supplementary Fig. 1.

and old /l1Iral” and wild-type mice confirmed age-dependent
pro-inflammatory gene expression in the VWAT of wild-type mice that
was decreased in mice of /l11ral” genotype across sexes (Extended
Data Fig. 9h).
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Fig.4|Anti-IL-11reduces vVWAT inflammation and reactivates an
age-repressed thermogenic programme. a-e,g-j, Data for therapeutic
experimentsin old male mice as shownin Fig.3a. a, Bubble map showing
hallmark gene set enrichment analysis for differentially expressed genes
inthe vVWAT, liver and gastrocnemius of mice receiving anti-IL-11 therapy
compared withIgG. Colour represents normalized enrichment score (NES);
black represents negative NES, indicating down-regulation of the gene set;
yellowrepresents positive NES, suggesting up-regulation. Dot size indicates
significance (the larger the dot, the smaller the adjusted Pvalue). EMT, epithelial-
mesenchymal transition. b, Heat map of row-wise scaled transcripts per million
(TPM) values of senescence genes in VWAT, liver, gastrocnemius. ¢, Abundance
of UcpIreadsinvWAT. d, log,-transformed fold change heat map of beiging
genesin VWAT from IgG- or anti-IL-11-treated 100-week-old mice, based on
RNA-seq. e, Westernblot of UCP1, PGCla.and GAPDH expression in vVWAT (n=6

Stromal inflammation is associated with immune cell infiltration,
and we found that the immune cell surface marker genes Cd68, Cd4,
Ly6Cand Cd19were downregulated inthe vVWAT of mice receiving X203

per group). f, Relative expression levels of UcpI mRNA (young wild-type, n=8;
young /ll117",n=9; old wild-type, n=16; old /{117, n=18) as well as UCP1 and
PGCla protein expression (n =6 per group) in vVWAT isolated from young and
old female wild-type and /l117" mice. g,h, Abundance of Clstn3b and S100b
reads (g) and log,-transformed fold change heat map of pro-inflammatory
markers (from RNA-seq) (h) in vWAT. i, Haematoxylin and eosin-stained VWAT
(scalebars, 100 pm) and quantification of lipid droplet size (mean of lipid droplet
area,n=25(5fields per mouse from 5Smice per group)).j, Immunohistochemistry
staining of CD68in VWAT (scale bars, 50 pm). a-d,f-h, Liver and gastrocnemius
(n=8pergroup), VWWAT IgG, n =7, vVWAT anti-IL-11,n= 6. c,f,g,i, Dataare

mean +s.d. Two-tailed Student’s t-test (c,g,i); two-way ANOVA with Sidak’s
correction (f). For gel source data, see Supplementary Fig. 1. Scale bars: 100 um
(),50 pm (j).

(Fig. 4h). Histology studies revealed that vVWAT of X203-treated mice
exhibited anaverage 2.5-fold reductioninlipid droplet area, increased
beige adipocyte fociand fewer resident CD68" macrophages (Fig. 4i,j).
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Fig.5|Genetic or pharmacologicinhibition of IL-11 extends life expectancy
of male and female mice. a-c, Kaplan-Meier survival curves (shading represents
95% confidence interval) showing the cumulative survival probabilities for male
(a), female (b) and sex-pooled (c) wild-type and /117" mice. d-f, Kaplan-Meier
survival curves showing the cumulative survival probabilities for male (d),

Inhibition of IL-11 extends lifespan

Inparallel to the healthspan experiments, we carried out lifespan stud-
ies in male and female /{117 mice and wild-type littermate controls,
which we observed until they were found dead or euthanized when
moribund (Fig. 5a-c). Pooled analysis showed that /[117" mice had
significantly longer lifespans than wild-type controls (median lifes-
pan: wild-type, 120.9 weeks; /[117",151 weeks). Sex-specific analyses
revealed significant lifespan extension in female /{117~ (median lifespan:
wild-type,118.9 weeks; /[117",148.3 weeks) as well as male /(117" (median
lifespan: wild-type, 128.7 weeks; /l117", to be determined) mice.

To progress our studies toamore translationally relevant approach,
we examined the effects on lifespan following IL-11inhibitionin late life
using 75-week-old male and female mice assigned to receive monthly
injections of either anti-IL-11 or IgG until death (Fig. 5d-fand Extended
DataFig.10).Pooled analysis showed that mice receiving anti-IL-11 have
significantly longer lifespans (median lifespan: 1gG, 120.9 weeks; X203,
155.6 weeks). Sex-specific analyses showed a significant extension
of lifespan in females (median lifespan: IgG, 117.1 weeks; X203, 146.4
weeks), which was also apparent for males (median lifespan: wild-type,
130.3 weeks; X203, 159.6 weeks).

Cancersare acommon cause of deathin old mice**, and gross autopsy
datarevealed fewer macroscopic tumours in mice with /[11 deletion
(pooled sexes: wild-type, 49 out of 84 mice had tumours; /[117", 3 out
of 25 mice had tumours; P < 0.0001) or on anti-IL-11 therapy (pooled
sexes: IgG, 22 out of 36 mice had tumours; X203, 3 out of 19 mice had
tumours; P=0.0013) (Supplementary Tables 6 and 7).

Discussion

IL-11is progressively upregulated across tissues with age, probably as an
alarmin-type response to age-related pathogenic factors thatinclude
cytokines, proteotoxic stress, oxidative species and DNA damage,
among others?., We propose that the pleiotropic benefits seen with inhi-
bition of IL-11 reflect its modulation of multiple ageing pathways (such
as ERK, AMPK, mTOR and JAK-STAT3), as seen using polypharmacy in
flies>®. IL-11 has not been extensively studied and was not previously
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female (e) and sex-pooled (f) mice, comparing those receiving monthly

administration of IgG or X203 (40 mg kg™, intraperitoneal injection), starting

from 75 weeks of age (red dotted line). Statistical significance (two-tailed

Pvalue) was assessed by means of the log-rank (Mantel-Cox) and Wilcoxon

testforsurvival curve comparisons.

thought tobeimportant for ageing, however SNPsat the/L1Ilocusare
associated with osteoarthritis* and menopause*¢, and IL-11 is linked
with senescence and diseases that are commonin older people??,
The metabolic effects seen with inhibition of IL-11 in old mice phe-
nocopy those of young mice with WAT-specific deletion of Raptor*.
Although we did not study mice at thermoneutrality, we surmise
that inhibition of IL-11 prevents mTORC1 activation in fat, afford-
ing age-repressed WAT beiging that can be particularly prominent
in mice*®*., We highlight that although we excluded food intake and
enteric or locomotor-related energy expenditure and showed WAT
beiging across genetic and therapeutic models, we did not pinpoint
the specific physiology leading to weight loss with IL-11 inhibition.
Beyond metabolism, inhibition of IL-11improved deterministic fea-
tures of ageing that are common among vertebrates (such as frailty and
sarcopenia), showing generic anti-ageing benefits at the organismal
level. Intriguingly, some of the beneficial effects of germline /l11ral or
111 deletion, notably in muscle and fat, were apparent even in young
mice, perhaps suggesting primacy of metabolic benefits. We did not
discern cell-type specificity but infer that tissue-localized IL-11 activ-
ity isimportant, given its known autocrine and paracrine activities®.
Inhibition of IL-11increased lifespan in both male and female mice.
The magnitude of lifespan extension remains to be fully determined but
current data suggest that anti-IL-11 therapy given in late life increases
median lifespan by more than20%in both sexes. Inthese experiments,
anti-IL-11wasinjected inmice from 75 weeks of age (human equivalent to
approximately 55 years of age) and it remains to be seen whether admin-
istration to older mice has similar effects and/or if short term anti-IL-11
therapy is effective for lifespan extension, as seen for rapamycin. Mouse
mortality inold age is often cancer-related* and our end-of-life autopsy
data support the notion that inhibition of IL-11 significantly reduces
age-related cancers. Of note, IL-11is important for tumorigenesis and
tumour immune evasion and clinical trials of anti-IL-11in combination
withimmunotherapy to treat cancer are planned®.
Chronicsterileinflammationis animportant hallmark of ageing that
isintimately linked with senescence and implicated in the pathogenesis
of age-related frailty, metabolic dysfunction and multi-morbidity™*%,
Studies of invertebrates have shown that innate immune signalling,



notably Jak-Stat signalling in fly adipose tissue, can adversely affect
metabolism and lifespan*’*8, We show here that a pro-inflammatory
cytokine can affect affect age-related decline and lifespaninamammal.
Therelative contributions of canonical (JAK-STAT3) and non-canonical
(MEK-ERK) IL-11 signalling, alone or in combination, for ageing phe-
notypes remain to be determined.

Inhibition of ERK or mTOR or activation of AMPK by trametinib, rapa-
mycinor metformin, respectively, increase lifespanin model organisms
and such drugs are advocated by some for use in humans. However,
these agents have on- and off-target toxicities along with variable, and
sometimes detrimental, effects on healthspan and inflammation'>35%,
Our data suggest that anti-IL-11therapy, which has areassuring safety
profile and is currently in early-stage clinical trials for fibroinflam-
matory diseases, is a potentially translatable approach for extending
human healthspan and lifespan®.
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Methods

Antibodies

Commercial antibodies. Adiponectin (AdipoQ, 21613-1-AP, Protein-
tech), p-AMPK Thr172 (2535, clone 40H9, CST), AMPK (5832, clone
D63G4, CST), CD31 (ab222783, clone EPR17260-263, abcam), CD68
(ab125212, abcam), cyclin D1 (55506, clone E3P5S, CST), p-ERK1/2
Thr202/Tyr204 (4370, clone D13.14.4E, CST), ERK1/2 (4695, clone
137F5, CST), GAPDH (2118, clone 14C10, CST), FHL1 (10991-1-AP, Pro-
teintech), GFP (ab290 and ab6673, abcam), p-LKB1Ser428 (3482, clone
C67A3,CST),LKB1 (3047, clone D60CS5, CST), p-mTOR Ser2448 (2971,
CST), mTOR (2972,CST), p-NF-kB p65 Ser536 (3033, clone 93H1, CST),
NF-kB p65 (8242, clone D14E12, CST), p16 (human, ab108349, clone
EPR1473,abcam), p16 (mouse, ab232402, clone EPR20418, abcam), p21
(human, ab109520, clone EPR362, abcam), p21 (mouse, ab188224, clone
EPR18021, abcam), p-p70S6K Thr389 (9234, clone 108D2, CST), p70S6K
(2708, clone 49D7, CST), p-p90RSK Ser380 (11989, clone D3H11, CST),
P9ORSK (9355, clone 32D7, CST), PDGFRa (AF1062, R&D systems), p-S6
ribosomal protein Ser235/236 (4858, clone D57.2.2E, CST), S6 ribosomal
protein (2217, clone 5G10, CST), PCNA (13110, clone D3H8P, CST), PGCla
(ab191838, abcam), SLC10A1 (MBS177905, MyBioSource), SM22«a
(ab14106, abcam), p-STAT3 Tyr705 (4113, clone M9C6, CST), STAT3
(4904, clone 79D7, CST), UCP1 (72298, clone E9Z2V, CST), anti-rabbit
horseradish peroxidase (HRP) (7074, CST), anti-mouse HRP (7076,
CST), anti-rabbit Alexa Fluor 488 (ab150077, abcam), anti-goat Alexa
Fluor 488 (ab150129, abcam) and anti-rabbit Alexa Fluor 555 (ab150074,
abcam). All commercially available antibodies have been validated
by their manufacturer asindicated in their respective datasheet and/
or website.

Custom-made antibodies. IgG (clone 11E10), anti-IL-11 (clone X203
for western blot and neutralizing studies), anti-IL1I1RA (clone X209
for neutralizing study) were manufactured by Genovac. The suitability
of IgG (11E10) as a control antibody was validated previously”. X203
was validated for neutralization of human and mouse IL-11?**® and for
western blot®®%°, X209 was validated previously for neutralization of
human and mouse ILIIRA* and for western blot®,

Recombinant proteins
Recombinant human IL-11 (hIL11, Z03108, Genscript).

Chemicals

Bovine serumalbumin (BSA, A7906, Sigma), 16% formaldehyde (w/v),
methanol-free (28908, Thermo Fisher Scientific), DAPI (D1306, Thermo
Fisher Scientific), DMSO (D2650, Sigma), rapamycin, (9904, CST),
Triton X-100 (T8787, Sigma), Tween-20 (170-6531, Bio-Rad) and U0126
(9903, CST),

Ethics statements

All experimental protocols involving human subjects (commercial
primary human cell lines) were performed inaccordance with the ICH
Guidelines for Good Clinical Practice. All participants provided written
informed consent and ethical approvals have been obtained by the
relevant parties as written in the datasheets provided by ScienCell
from which primary human cardiac fibroblasts and primary human
hepatocytes were commercially sourced.

Animal studies were carried outin compliance with the recommen-
dationsin the Guidelines on the Care and Use of Animals for Scientific
Purposes of the National Advisory Committee for Laboratory Animal
Research (NACLAR). All experimental procedures were approved
(SHS/2019/1481 and SHS/2019/1483) and conducted in accordance
with the SingHealth Institutional Animal Care and Use Committee
(IACUC). Certified veterinarians were responsible for all animal experi-
ment procedures according to the laws governing animal researchin
Singapore.

Cell culture

Cells were grown and maintained at 37 °C and 5% CO,.The growth
medium was renewed every 2-3 days and cells were passaged at 80%
confluence, using standard trypsinization techniques. All experi-
ments were carried out at P3, unless otherwise specified. Cells were
serum-starved overnight in basal media prior to stimulation with dif-
ferent treatment conditions (in the absence or presence of antibod-
ies or inhibitors) and durations, as outlined in the main text or figure
legends. Allcommercial cell lines were characterized by the company
based on their morphology and by using immunofluorescence for
cell-specific markers, as detailed in the respective product datasheet
and certificate of analysis. Potential biological contaminants for
HIV-1, HBV,HCV, mycoplasma, bacteria, yeast and fungi were confirmed
negative as outlined in the certificate of analysis.

Primary human cardiac fibroblasts. Primary human cardiac fibro-
blasts (HCFs) (52-year-old male, 6330, 1ot 9580, ScienCell) were authen-
ticated by their fibroblast morphology and phenotype, characterized
by immunofluorescence staining for fibronectin and vimentin. Cell
were grown and maintained in complete fibroblasts medium-2 (2331,
ScienCell) supplemented with 5% foetal bovine serum (FBS, 0500,
ScienCell), 1% fibroblasts growth supplement-2 (FGS-2,2382, ScienCell)
and 1% penicillin-streptomycin (P/S, 0513, ScienCell). For replicative
senescence study, primary HCFs were serially passaged (from P4 to P14)
inthe absence or presence of aneutralizing ILIIRA antibody (X209) or
anlgGisotype control (11E10).

Primary human hepatocytes. Primary human hepatocytes were iso-
lated from a22-week-old foetus (5200, lot 34967, ScienCell) and authen-
ticated by their hepatocyte morphology and phenotype, characterized
by positive immunofluorescence for cytokeratin-18 and western blot
foralbumin. Following recovery fromtheinitial thaw cycle, hepatocytes
were seeded ata density 4 x 10° cells per well of a collagen-coated 6-well
plate and maintained in hepatocyte medium (5201, ScienCell) which
contains 2% FBS and 1% penicillin-streptomycin. Hepatocytes were
thenused directly for downstream experiments within 48 h of seeding.

Olink proximity extension assay

Human hepatocytes were seeded at a density of 2.5 x 10° cells per well
into 6-well plates. The culture supernatants were collected following
stimulation with IL-11(0, 6 and 24 h) and were sent to Olink Proteomics
for proximity extension assays using the 92-proteininflammation panel.
Zero-hour time points refer to time-matched, unstimulated controls
that were cultured and collected in parallel with the other stated time
points. Inthisexperiment, IL-11was added at different times to stimulate
cells; forinstance, at15:00 on day 1for the 24-h time pointand at 09:00
on day 2 for the 6-h time point. Supernatants from the unstimulated
control, 6 and 24-h time points were collected at the same time. The
protein concentrations were expressed as normalized protein expres-
sion (NPX; log, scale) and those proteins with concentrations below
the limit of detection were excluded from analysis.

Operetta high throughput phenotyping assay

HCFs (P4, P7, P10 and P14) were seeded in 96-well black CellCarrier
plates (PerkinElmer) at a density of 6 x 10°cells per well either untreated
orinthe presence of IgG or X209. After reaching ~80% confluence, cells
were fixed in 4% formaldehyde, and permeabilized with 0.1% Triton
X-100. Non-specific sites were blocked with blocking solutions (0.5%
BSA and 0.1% Tween-20 in PBS). Cells were incubated overnight (4 °C)
withprimary antibodies (p16 and p21) atadilution of 1:500, followed by
incubation with the appropriate Alexa Fluor 488 secondary antibodies
(1:1,000,1 h, room temperature). Cells were then counterstained with
1pg mI™ DAPIinblocking solution. Antibodies and DAPI were diluted in
blocking solutions. Each condition was imaged from duplicated wells



and a minimum of seven fields per well using Operetta high-content
imaging system 1483 (PerkinElmer). The measurement of p16 and p21
fluorescence intensity per area (normalized to the number of cells)
was performed with Columbus 2.9 (PerkinElmer).

Seahorse assay

Primary HCFs were seeded into the Seahorse XF 96-well Cell Culture
Microplate (40 x 10° cells per well) and serum-starved overnight prior
to stimulations. Seahorse measurements were performed on Seahorse
XFe96 Extracellular Flux Analyzer (Agilent). XF Cell Mito Stress Test kit
(103015-100, Agilent) and Seahorse XF Mito Fuel Flex Test kit (103260-
100, Agilent) were used according to the manufacturer’s protocol to
measure the mitochondrial oxygen consumption rate and the percent-
age of fatty acid oxidation, respectively as described previously*. Sea-
horse Wave Desktop software (Ver 2.6.3) was used for report generation
and data analysis.

Animal models

Allmice were housed at 21-24 °C with40-70% humidity ona12-hlight/
darkcycle and provided food and water ad libitum. Our mouse colonies
hold specific pathogen free (SPF) status and undergo quarterly and
annual tests for common pathogens. The room housing our animals
ispositive for murine norovirus and Helicobacter, and these particular
pathogens are deemed acceptable within our SPF facility. Sample sizes
were determined based on the authors’ experience with the prelimi-
nary studies and by referencing a healthspan/lifespan study in mice®
to detect a20% change in phenotype between treatment groups or
genotypes with 80% power (a = 0.05). Sample sizes for experiments
involving /l11ral”" and l{11”" mice (and their respective wild-type mice)
varied depending on animal availability. Mice were randomly allocated
to experimental groups on the day of the treatment except for l{11ral”
and /117" in which randomization was not applicable. Treatments or
genotypes were not disclosed to investigators generating quantitative
readouts during data collection but were revealed during the analysis.
The mouse strains used in our study are described below.

I1ral-deleted mice. Male and female /l11ral** (wild-type) and l1Iral™”
mice® (B6.129S1-1l11ra™"e"/], The Jackson Laboratory) were euthanized
at110 weeks of age for blood and tissue collection; 10-12 weeks old male
and female mice of the respective genotypes were used as controls.

Il11-deleted mice. Male and female mice lacking functional alleles for
11 (11177), which were generated and characterized previously®**°,and
their wild-type counterparts were euthanized at 10-12 weeks of age
(young controls) and 104-108 weeks of age (old mice).

1111-EGFP reporter mice. Young (10-week-old) and old (100-week-old)
transgenic mice (C57BL/6 ) background) with EGFP knocked into the
1l11 gene (l[11-EGFP mice, Cyagen Biosciences)® were euthanized for
immunofluorescence staining studies of liver, gastrocnemius and
VWAT. Old wild-type littermates were used as aged negative controls.

In vivo administration of anti-IL-11. Male and female C57BL/6 ) mice
(Jackson Laboratory) were randomized prior to receiving either no
treatment, anti-IL-11 (X203) or IgG (11E10). X203 or 11E10 (40 mg kg,
every 3 weeks) were administered by intraperitoneal injection, start-
ing from 75 weeks of age for a duration of 25 weeks; mice were then
euthanized at 100 weeks of age.

Lifespan studies

Lifespanstudiesinvolved two distinct experimental groups (male and
female) (1) C57BL/6 ) mice (Jackson Laboratory) aged 75 weeks that
received monthly injections of either anti-IL-11 (X203) or IgG (11E10)
atadosage of 40 mg kg™; and (2) wild-type and /[1I”" mice. Mice were
inspected daily and medicated for non-life-threatening conditions by

an experienced veterinarian, as needed. The principal experimental
endpoint was age of death, which was recorded when mice were found
dead or at the time of euthanasia if they were deemed severely mori-
bund (orunlikely tosurvive longerthan 48 h) at the time of inspection,
accordingto previously described criteria’. Mice with gross tumours,
when present, were monitored for tumour progression and euthanized
whentumours developed >1.5 cminsize (at largest dimension) or when
tumours become ulcerated, infected or interfered with mobility as per-
mitted by the local SingHealth IACUC. These limits were not exceeded
inany of the experiments. Gross examination was conducted at autopsy
following natural death or euthanasia of mice to observe and document
the presence of visible tumoursin the larger body organs and torecord
any noticeable gross appearances.

GTTandITT

Mice were fasted for 6 h prior to baseline blood glucose measurement.
For GTT, mice were injected intraperitoneally with 20% glucose at2 mg
per g lean mass. For ITT, mice were injected intraperitoneally with
recombinant humaninsulinat1.2 mU per gbody weight. Both glucose
andinsulinwere diluted in sterile DPBS. Blood glucose concentrations
were thenmeasured at15,30, 60, 75 and 90 min after glucose or insulin
administration for GTT or ITT, respectively. Blood was collected via
tail snip and Accu-Chek blood glucometer was used for blood glucose
measurements.

Echo MRI

Mouse body composition (total body fat and lean mass measure-
ments) was performed 1 day prior to GTT/ITT or euthanasia by Echo
MRI analysis using 4in1 Composition Analyzer for live small animals
(Echo Medical Systems).

Frailty scoring

Frailty scoring was performed, with observers blinded to treatment,
at the start of the experiment or 1-2 days prior to euthanasia using a
27-point frailty scoring system®. Body temperatures were recorded by
rectalthermometry using Kimo Thermocouple Thermometer (TK110,
Kimo).

Grip strength assessment

Adigital grip strength meter (BIO-GS3, BIOSEB) was used to measure
full body (4 limbs) and forelimb (both forepaws) grip strengths, as
per the manufacturer’s instruction. Mice were allowed to rest for at
least 1 h between the two tests. The average of 3 readings of maximal
average force exerted by each mouse on the grip strength meter was
used for analysis.

Measurement of whole-body metabolic parameters

Whole-body metabolic parameters for IgG and X203-treated (anti-
bodycohort), and wild-type and IL-11-knockout (KO cohort) mice
were assessed by open-circuit indirect calorimetry. Animals were
single-housed in the PhenoMaster automated home-cage system
(TSE Systems) at atemperature of 22°C and in a humidity-controlled
environmentwithal2-hlight/dark cycle. Parametersincluding oxygen
consumption (VO,), carbon dioxide production (VCO,), food intake,
and locomotor activity were measured simultaneously at 1-min time
intervals. RER was calculated using the VCO,/VO, ratio. Locomotor
activity was divided into horizontal plane locomotor activities, defined
asthetotalnumber of infrared beambreaks in the x and y axis (counts).
Mice were monitored for 5 consecutive overnight periods including
an acclimatization period during the first light/dark cycle (day 0-1),
which was not used for analysis. For both antibody and KO cohorts,
the control (IgG or wild-type) group (n =10) and intervention (X203 or
IL-11-knockout) group (n =10) were divided equally into two consecu-
tive monitoring sessions. Baseline RER comparison was made using
measurements fromthe second light/dark cycle (day1-2). Animals were
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given ad libitum access to food and water except during test phases
introduced after day 2 where food access was restricted to assess the
resting metabolic rate (measured at thermoneutrality (28°C)) and
adaptation to fasting (12 h).

Bomb calorimetry

To measure energy content in mouse stool, bomb calorimetry was
performed by the core service at Department of Food Science and
Technology, National University of Singapore. All faecal samples were
collected and stored at —80 °C prior to measurement. Approximately
0.9 g of faecal samples were placed into a combustion bagin which a
cotton thread and benzoic acid tablets were used as combustion aid.
The gross calorie content was then determined using the IKA C5003
Controlbomb calorimeter on theisoperibolic mode, with C5001 cool-
ing system and oxygen gas supplied. Data was derived as asingle point
reading (n =1). The average relative error ranges from 0.07%-0.59%.

Colorimetric and enzyme-linked immunosorbent assays (ELISA)
Thelevels of ALT, AST, cholesterol and IL-6 in mouse serum were meas-
ured using Alanine Transaminase Activity Assay Kit (ab105134, abcam),
Aspartate Aminotransferase Activity Assay Kit (ab105135, abcam), Cho-
lesterol Assay Kit (ab65390, Abcam), and Mouse IL-6 Quantikine ELISA
Kit (M6000B, R&D Systems), respectively. The levels of triglyceridein
mouse livers and serum were measured using Triglyceride Assay Kit
(ab65336, Abcam). Total collagen content in mouse livers, gastroc-
nemius, and VWAT were measured using Quickzyme Total Collagen
assay kit (QZBtotcol5, Quickzyme Biosciences). The levels of IL-6, IL-8
andIL-11inequal volumes of cell culture media collected from experi-
ments with primary human cells were quantified using Human IL-8/
CXCL8 Quantikine ELISA Kit (D8000C, R&D Systems), Human IL-6
Quantikine ELISA Kit (D6050, R&D Systems), Human IL-11 Quantikine
ELISA kit (D1100, R&D Systems). AIlELISA and colorimetric assays were
performed according to the manufacturer’s protocol. Triglyceride
Assay Kit (ab65336, Abcam),

Immunoblotting

Western blots were carried out on total protein extracts from liver,
gastrocnemius, and vVWAT tissues, which were homogenized in RIPA
Lysis and Extraction Buffer (89901, Thermo Fisher Scientific) contain-
ing protease and phosphatase inhibitors (A32965 and A32957, Thermo
Fisher Scientific). Protein lysates were separated by SDS-PAGE, trans-
ferred to PVDF membranes, blocked for 1 hwith 3% BSA, and incubated
overnight with primary antibodies (1:1,000 in TBST). This study was
conducted over six years, and western blots were performed on many
tissues, the smallest of which provided limited protein for blotting. To
conserve antibody usage and maximize dataoutput, membranes were
often cut at the appropriate molecular weight markers and probed
with different antibodies. In all instances, equal loading of protein
lysates per membrane was ensured. Protein bands were visualized
using SuperSignal West Femto Maximum Sensitivity Substrate detec-
tion system (34096, Thermo Fisher Scientific) with the appropriate
HRP secondary antibodies (1:1,000in TBST). Raw uncropped blots are
providedinSupplementary Fig.1and semi-quantitative densitometry
analyses are provided in Supplementary Fig. 2.

Quantitative PCR with reverse transcription

Total RNA was extracted from cells or snap-frozen tissues using TRIzol
Reagent (15596026, Thermo Fisher Scientific) and RNeasy Mini Kit
(74104, Qiagen). PCR amplifications were performed using iScript
c¢DNA Synthesis Kit (1708891, Bio-Rad). Gene expression analysis was
performed with QuantiNova SYBR Green PCR Kit (208056, Qiagen)
technology using StepOnePlus (Applied Biosystem). Expression data
were normalized to GAPDH mRNA expression and fold change was
calculated using 272 method. The primer sequences are provided
inthe Supplementary Table 8.

Telomere length and mitochondrial copy number quantification
DNA from HCFs (P4 and P14) and snap-frozen liver, gastrocnemius,
and vVWAT was extracted with the E.Z.N.A. Tissue DNA Kit (D3396-02,
Omega Bio-tek) according to the manufacturer’s protocol. Telomere
length and mitochondrial copy number for HCFs were evaluated by
quantitative PCR with reverse transcription (RT-qPCR) with the Rela-
tive Human Telomere Length Quantification qPCR Assay Kit (8908,
ScienCell) and Relative Human Mitochondrial DNA copy number Length
Quantification qPCR Assay Kit (8938, ScienCell), respectively. Similarly,
the telomere length and mitochondrial copy number for mouse tissues
were evaluated by RT-qPCR with the Relative Mouse Telomere Length
Quantification qPCR Assay Kit (M8908, ScienCell) and Relative Human
Mitochondrial DNA copy number Length Quantification qPCR Assay
Kit (M8938, ScienCell), respectively.

Histology
Investigators performing histology and analysis were blinded to the
genotype and treatment group.

Haematoxylin and eosin staining. Mouse VWAT were fixed in 10%
neutral-buffered formalin (NBF) for 48 h,embedded in paraffin, cut
into 4-um sections followed by haematoxylin and eosin staining
accordingtothestandard protocol. Lipid droplet areas were quantified
byImage]J (version1.53t, NIH) with the adipocytes tools plugin (https://
github.com/MontpellierRessourcesimagerie/imagej_macros_and_
scripts/wiki/Adipocytes-Tools) from 5 randomly selected fields at 200x
magnification in VWAT images per mouse, and 5 mice per group were
assessed. The mean value of lipid droplet areas per field was plotted
for the final data presentation.

Immunohistochemistry. Four-micrometre mouse vVWAT sections
were dewaxed with histoclear and agradient ethanol wash, followed
by permeabilization using 1% Triton X-100 for 10 min and antigen
retrieval process with Reveal Decloaker (RVI0O00M, Biocare Medi-
cal) using a double boiler method at 110 °C for 20 min. Slides were
allowed to cool in the container together with the Reveal Decloaker
solution for 10 min under running water. Double blocking was
achieved with (1) H,0, for 10 min and (2) 2.5% normal horse serum
for1h(S-2012, Vector Labs). VWAT sections were incubated overnight
at 4 °C with primary antibody (CD68, 1:100 in PBST) and visualized
by probing with Horse Anti-Rabbit IgG Polymer Kit (MP-7401, Vec-
tor Labs) for 1 h at 37 °C and ImmPACT DAB Peroxidase Substrate
Kit (SK-4105, Vector Labs). Haematoxylin (H-3401, Vector Labs) was
used to counterstain the nuclei prior to imaging by light microscopy
(Olympus IX73).

Immunofluorescence. Young (10-week) and aged (100-week) JI11E*/*
and aged wild-type /I11"* mice underwent perfusion-fixation with
PBS and 4% paraformaldehyde for multi-organ collection at terminal
euthanasia. Mouse liver, VWAT and gastrocnemius were further fixed
in4% paraformaldehyde at 4 °C and serial 15-30% sucrose dehydration
over 48 hbefore they were cryo-embedded in OCT medium. 5 pm sec-
tions were heat antigen retrieved using Reveal Decloaker (RV1I000M,
Biocare), permeabilized with 0.5% Triton X-100, and blocked with 5%
normal horse serum before probing with primary antibodies diluted
in 2.5% normal horse serum at 4 °C overnight. The antibody dilutions
used forimmunofluorescence studies are as follows: adiponectin, GFP,
PDGFRa and SLC10A1 (1:100); CD31, FHL1 and SM22a (1:200). Alexa
Fluor-conjugated secondary antibodies (1:300 in 2.5% normal horse
serum) were incubated for 2 h at room temperature for visualization.
Autofluorescence was quenched with 0.1% Sudan Black B for 20 min.
DAPIwas included for nuclear staining before mounting and sealed.
Photomicrographs were randomly captured by researchers blinded
to the strain and age groups.
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RNA-seqlibraries

Total RNA was isolated from liver, fat and skeletal muscle of mice
receivingeitherIgG or X203 using RNeasy MiniKit (74104, Qiagen) and
quantified using Qubit RNA Broad Range Assay Kit (Q10210, Thermo
Fisher Scientific). RNA quality scores (RQS) were assessed using the
RNA Assay (CLS960010, PerkinElmer) and DNA 5 K/RNA/CZEHT Chip
(760435, PerkinElmer) on aLabChip GX Touch HT Nucleic Acid Analyzer
(CLS137031, PerkinElmer). TruSeq Stranded mRNA Library Prep kit
(20020594, lllumina) was used to assess transcript abundance fol-
lowing the manufacturer’s instructions. In brief, poly(A) + RNA was
purified from 1 pg of total RNA with RQS > 6, fragmented, and used
for cDNA conversion, followed by 3’ adenylation, adapter ligation, and
PCR amplification. The finallibraries were quantified using Qubit DNA
Broad Range Assay Kit (Q32853, Thermo Fisher Scientific) according
to the manufacturer’s guide. The average fragment size of the final
libraries was determined using DNA 1K/12 K/Hi Sensitivity Assay
LabChip (760517, PerkinElmer) and DNA High Sensitivity Reagent Kit
(CLS760672, PerkinElmer). Libraries with unique dual indexes were
pooled and sequenced on partial lanes targeting ~-50 M reads per sam-
ple onaHiSeq or aNovaSeq 6000 sequencer (Illumina) using 150-bp
paired-end sequencing chemistry.

Data processing and analysis for RNA-seq

Fastq files were generated by demultiplexing raw sequencing files
(.bcl) withIllumina’s bel2fastq v2.20.0.422 with the --no-lane-splitting
option. Low quality read removal and adapter trimming was car-
ried out using Trimmomatic V0.36 with the options ILLUMINACLIP:
<keepBothReads > =TRUE MAXINFO:35:0.5 MINLEN:35. Reads
were mapped to the Mus musculus GRCm39 using STAR v.2.7.9a
with the options --outFilterType BySJout --outFilterMultimap-
Nmax 20 --alignSJoverhangMin 8 --alignSJDBoverhangMin 1
--outFilterMismatchNmax 999 --alignintronMin 20 --alignIintronMax
1000000 --alignMatesGapMax 1000000 in paired-end, single pass
mode. Read counting at the gene-level was carried out using subread
v.2.0.3:-texon -g gene_id-O -s 2 -J -p -R -G. The Ensembl release 104
M. musculus GRCm39 GTF was used as annotation to prepare STAR
indexes and for FeatureCounts. Principal component analysis clus-
tered samples into tissue-types and conditions. Outlier samples that
did not cluster with the expected group were removed. Differentially
expressed genes were identified using R v4.2.0 using the Bioconduc-
tor package DESeq2 v1.36.0 using the Wald test for comparisons. IgG
samples were used as thereference level for comparison with anti-I1L-11
(X203) samples for vWAT, liver, and gastrocnemius. Mitocartav3.0 gene
list was downloaded and TPM values in Fat IgG and anti-IL-11 samples
were plotted using pheatmap R package for genes whichhad TPM > 5
in at least one condition. Gene set enrichment analysis was carried
out using the fgseav.1.22.0 R package for MSigDB Hallmark (msigdbr
v.7.5.1) and MitoCartav3.0 gene sets with 100,000 iterations. The ‘stat’
value quantified by DESeq2 was used to rank the genes, as aninput for
the enrichment analysis.

Statistical analysis

Statistical analyses were performed using GraphPad Prism software
(version10). Datasets were tested for normality with Shapiro-Wilk tests.
For normally distributed data, two-tailed Student’s t-tests or one-way
ANOVA were used for analysing experimental setups requiring testing
of two conditions or more than two conditions, respectively. Pvalues
were corrected for multiple testing according to Dunnett (when several
experimental groups were compared to asingle control group) or Tukey
(when several conditions were compared to each other within one
experiment) tests. Non-parametric tests (Kruskal-Wallis with Dunn’s
correction in place of ANOVA and Mann-Whitney U test in place of
two-tailed Student’s ¢-tests) were conducted for non-normally distrib-
uted data. Comparison analysis for two parameters from two different

groups were performed by two-way ANOVA and corrected with Sidak’s
multiple comparisons. Two-way repeated measures ANOVA (Geisser-
Greenhouse correction) with Sidak’s multiple comparisons was applied
totemporal samplingin paired subjects for GTT, ITT and body weight.
Individual endpoint frailty indices were ranked and compared using
two-tailed Mann-Whitney test to compare (1) old /117" versus wild-type
females; (2) old /117" versus wild-type males; or (3) IgG versus X203
groups in females, and the Kruskal-Wallis test with Dunn’s multiple
comparisons of untreated, IgG and X203 treatment groups in males.
The two-population proportions analysis (two-tailed) was used for
comparing the difference in the proportion of cancer occurrence and
seminal vesicle dilatation betweentwo groups. The criterion for statisti-
calsignificance was setat P < 0.05. For the lifespan studies, differences
in survival between the experimental groups (/{117 versus wild-type
or X203 versus IgG) were compared using the Kaplan-Meier method
implemented in IBM SPSS (release 29.0.1.0), and statistical significance
(Pvalue) was assessed by means of the log-rank (Mantel-Cox) test. In
additiontothelog-rank test (that gives equal weight to alltime points),
we used the Wilcoxon test (that gives more weight to deaths at early
time points), which provided significant results in all comparisons,
therefore yielding a similar conclusion to reject the null hypothesis.
Bothsurvival comparison methods are non-parametric testsbased on
the chi-square statistic and provide two-tailed Pvalues. The complete
list of exact p-values and terms for supporting statistical information
isprovided in Supplementary Table 9.

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

Data availability

Alldataareavailable withinthe Article or Supplementary Information.
The RNA-seq datareportedin this paper are available on the Short Read
Archive with Bioproject ID: PRINA939262. Datasets used for analysis
inthis study are as follows: Ensembl release 104 M. musculus GRCm39
gene annotations (GRCm39, https://asia.ensembl.org/info/data/ftp/
index.html), MSigDB Hallmark (v.7.5.1, https://www.gsea-msigdb.org/
gsea/msigdb/human/collections.jsp) and MitoCarta (v3.0, https://
www.broadinstitute.org/mitocarta/mitocarta30-inventory-mammal
ian-mitochondrial-proteins-and-pathways). Source data are provided
with this paper.
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Extended DataFig.1|Age-dependentexpressionofiL1linvaried celltypes
acrosstissues.aWesternblots (WB) of total ERK1/2, p90RSK, LKB1, AMPK,
mTOR, p70S6K, and S6RPinlivers from12,25, 50,75, and 110-week-old male
mice for therespective phosphoproteins showninFig.1b.bWBof IL11and
GAPDH invisceral gonadal white adipose tissue (VWAT) and gastrocnemius
from12,25,50,75,and 110-week-old male mice (n = 5/group).c WB of p-ERK1/2,
p-p90RSK, p-LKBI, p-AMPK, p-mTOR, p-p70S6K, p-S6RP, and their respective
total proteinsin gastrocnemius from12, 25,50, 75, and 110-week-old male mice

(n=5/group). d WBofIL11and GAPDH in the liver, VWAT and gastrocnemius
from12-week-old and 110-week-old male and female mice (n = 3/group).

e-g Representative immunofluorescence images (scale bars, 100 pm) of EGFP
expressioninthelivers, vVWAT, and gastrocnemius, colocalized with parenchymal
cellmarkers Adiponectin (AdipoQ) in vVWAT and Four and a halfLIM domains
(FHL1) in gastrocnemius, endothelial cells (CD31), smooth muscle transgelin
(SM220a), and pan-fibroblast marker (PDGFRa) of 10 and 110-week old /[11-EGFP
mice (representative dataset fromn =3/group).
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Extended DataFig.2|See next page for caption.



Extended DataFig. 2| Beneficial signalling, metabolic, inflammationand
ageing biomarker effects associated with Il11ral deletion.a WB of total
proteinsinlivers for Fig.1le. WB showing the activation status of ERK1/2, p9ORSK,
LKB1, AMPK, mTOR, p70S6K, S6RP, and protein expression levels of p16, p21
and GAPDHinb vWAT and c gastrocnemius from 10 and 110-week-old male WT
and/l11ral”” mice (n=5/group). dbody temperatures, eindexed weights of liver,
VWAT and gastrocnemius, and fthe levels of liver triglycerides (TG), g serum
cholesterol,and hserumtriglycerides of 110-week-old male and female WT and
Il11ral”" mice. Relative gene expression levels of i Ccl2, CclS, Tnfa, I11B, 116, § Acc,
Fasnand SrebplIcinlivers,and serumlevels of KALT and1AST inyoung and old
male and female WT and /l11ral”” mice. Gastrocnemius m telomere length and

nmitochondria DNA (mtDNA) copy number from young and old male and
female WT and /l11ral”” mice.d-1 Data are shown as mean = SD. d-nyoung male
WT, n=8(i-n, except fori(Accand Fasn),n=7); young male /[1Iral”",n=7

(i-n, except fori(Accand Fasn), n = 8); old male WT,n =11 (e (liver), f-n), n=12
(d, e (VWAT and gastrocnemius); old male /l1Iral”",n =15 (e (liver)),n=16 (d, f-1),
n=17 (e (VWAT and gastrocnemius), i (Ccl5), m-n); young female WT, n = 7; young
female/l1Iral”",n=8;o0ld female WT,n =14 (e (liver and VWAT)),n =15

(d, e (gastrocnemius), f-n); old female /[1Iral”",n =12 (m-n), n =13 (d-1); two-way
ANOVA with Sidak’s correction. For gel source data, see Supplementary Fig. 1.
BW:body weight; FC: fold change.
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Extended DataFig.3|IL11 causes ERKand mTORCI1-dependent senescence
andsenescence-associated secretory phenotypes. a-d, f,g Datafor IL11
(24 h)-stimulated primary human cellsin the presence of either DMSO, U0126,
or rapamycin (n = 6/group). a-b WB showing the activation status of ERK1/2,
mTOR, p16, p21, Cyclin D1, and PCNA protein expression by WB from IL11-
stimulated a primary human cardiac fibroblasts (HCFs) and b hepatocytes.
Levelsof secreted cIL6 and d IL8 by ELISA from HCF supernatant. e Relative
levels of IL6, IL8, LIF, VEGFA, HGF, CCL2, CXCL1, CXCLS5, CXCL6,and CCL20in

the supernatant of IL11-stimulated primary human hepatocytes (6 and 24 h)

as measured by Olink proximity extension assay (n =4/group). Concentrations
of fIL6 and g IL8 in the hepatocyte supernatant (as measured by ELISA).

a-d, f-gIL11 (5 ng/ml for HCF, 10 ng/ml for hepatocytes), U0126 (10 uM),
rapamycin (10 nM). c-g Dataare shownasmean +SD.c, d, f,g One-way ANOVA
with Tukey’s correction; e one-way ANOVA with Dunnett’s correction. For gel
source data, see Supplementary Fig. 1.



Extended DataFig. 4 |See next page for caption.
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Extended DataFig. 4 |Inhibition of IL11signalling reducesreplicative
senescence, inflammation, ageing biomarkers, and metabolicdeclinein
human cardiacfibroblasts. a-c Data for HCF at passage 4 (P4), 7,10, and 14 that
had been passagedinthe presence of either IgG or anti-IL1I1RA (X209; 2 pg/ml)
fromP2.aWB of total and p-ERK1/2, p-p90RSK, p-LKB1, p-AMPK, p-mTOR,
p-p70S6K, p-S6RP, p-NFkB, p-STAT3, p16, p21, PCNA, Cyclin D, and GAPDH
(n=6/group).bImmunofluorescenceimages (scale bars,100 pm; representative
datasets from n =7/group) and quantification of intensity/area (n = 14/group)
for p16 and p21staining. cIL11,IL6 and IL8 levelsin the supernatantbased on
ELISA (n = 6/group).d WB showing the expression levels of p16, p21,and GAPDH

from HCFs P4 that were stimulated for 8,24, 48, and 72 h with media collected
from HCFs P14 that had been grown and passaged in the presence of either IgG
oranti-IL11RA (X209; 2 pg/ml) from P2 (n = 4/group). e Telomere length (n = 6/
group) and fmtDNA copy number (n = 6/group) and seahorse assay (n = 8/group)
showing g mitochondrial oxygen consumption rate (OCR), hchangesin OCR
duringbasal respirationand ATP production states, and i oxidative and glycolytic
energy phenotypes at baseline in HCFs P4 and P14 either untreated or in the
presence of either IgG or anti-IL11IRA (X209; 2 pg/ml).b, ¢, e-i Data are shown as
mean +SD. b, ¢ Two-way ANOVA with Sidak’s correction, e, f, hone-way ANOVA
with Tukey’s correction. For gel source data, see Supplementary Fig. 1.



Extended DataFig. 5| Female Il117 mice are protected from age-associated
frailty and inflammation and have advantageous metabolic profiles.aBody
temperatures, b front paw grip strength, serumlevels of c ALT, d AST, area under
the curves (AUC) of eglucosetolerancetests (GTT) and finsulin tolerance tests
(ITT), weights of g skeletal muscle (gastrocnemius and soleus) and hliver
(normalised/indexed to BW), iliver triglyceride (TG) levels, jindexed brown
adipose tissues (BAT) weight, k WB of total proteins for the respective phospho
proteinsin VWAT as shown in Fig. 2j,l WB showing ERK1/2, mTOR, p70S6K, and

S6RP activation and p16, p21,and GAPDH protein expression levels (n = 6/group)
ingastrocnemius, mrelative pro-inflammatory gene expression (Ccl2, Ccl5,
Tnfa, Il1Band /16) levels in vVWAT, and n serum IL6 levels from young (12-week-old)
and old (105-week-old) female WT and //11”7" mice. a-j, m-n Data are shown as
mean + SD, two-way ANOVA with Sidak’s correction (youngWT,n=5(j),n=8
(a, c-i, m-n),n=10 (b); young Il117",n =7 (j),n=9 (a-i, m-n); old WT, n = 16; old
1117, n =16 (j),n =18 (a-i, m-n). For gel source data, see Supplementary Fig. 1.
AU:arbitrary units; BW: body weight; FC: fold change.
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Extended DataFig. 6 |See next page for caption.



Extended DataFig. 6| Old male /[I1 mice are protected from age-associated
metabolicdecline. aRepresentative image of 108-week-old WT and /{117 male
mice.bBody weights, c percentages of fat and lean mass (normalised to BW),
dfrailty scores, e body temperatures, ffullbody and forepaw grip strength
measurements, g glucoseand insulintolerance tests (GTTand ITT) fromyoung
(12-week-old) and old (105-week-old) male WT and /{117 mice. hRespiratory
exchangeratio (RER) measurement at day 2 (top; 24 h) and assessment of RER
(second panel), cumulative food intake, and locomotive activities using the
phenomaster system over a 5-day period in 68-70-week-old male WT and /{117~

mice (n=10/group).iFaecal caloric density as measured by bomb calorimetry
in 95-105-week-old male WT and /{117~ mice (n =10/group). Indexed weight of
jgastrocnemiusk, soleus, Iliver, m vVWAT, subcutaneous WAT (scWAT), and BAT.
b-g,i-mDataareshownas mean = SD. b-g, j-m Two-way ANOVA with Sidak’s
correction (young WT and /117", n = 6 (m (scWAT and BAT)), n =9 (b-g, jI,

m (VWAT)); old WT, n =12 (m (scWAT and BAT)), n =15 (b-g, j-1, m (VWAT)); old
11177, n =12 (f-g, m (scWAT and BAT)), n =14 (b-e,j-1, m (VWAT)); i two-tailed
Mann Whitney test. AU: arbitrary units; BW: body weight; FC: fold change.
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Extended DataFig.7|Anti-IL11therapy improves muscle strengthand
metabolic healthin old male mice. a-k Data for anti-IL11therapeutic dosing
experimentasshowninSchematic Fig.3ainwhich1gG or X203 were administered
tomale mice starting fromthe age of 75weeks. aForepaw grip strength, bRER
measurements, cumulative food intake, and locomotive activities as measured
by phenomaster for 5 days on1gG/X203-treated old (81-week-old) male mice - 6
weeks after IgG/X203 administration was started (n =10/group). c Faecal caloric
density as measured by bomb calorimetryinIgGand X203-treated 115-week-old
male mice (IgG, n=8; X203, n=10). Serum levels of d cholesterol, TG, e IL6, and

fAST, indexed weight of g soleus, h scWAT and BAT, and i WB of total proteins
fortherespective phospho-proteinsin vVWAT shownin Fig.3m (n = 6/group).
jtelomerelengthand kmtDNA copy number. a, c-h, j-k Data are shown as
mean +SD. a, d-h, j-k One-way ANOVA with Tukey’s correction (75-week-old
control,n=6(h),n=10 (a), n=14 (d-g,j-k); untreated 100-week-old, n = 6;1gG
100-week-old, n =13; X203100-week-old, n =12); c two-tailed Mann Whitney
test;jtwo-tailed Student’s t-test. For gel source data, see Supplementary Fig. 1.
BW:body weight; FC:fold change.



Extended DataFig. 8| Therapeuticinhibition of IL11reduces age-associated
metabolic dysfunction, frailty and sarcopeniainfemale mice. aSchematic
of anti-1L11(X203) therapeutic dosing experiment in old female mice for
experiments shownin (b-h;1gG, n=10 (g), n=11(b-f, h); X203, n =13). Mice
weregiveneither X203 or anlgG control antibody (40 mg/kg, every 3 weeks)
starting from 75 weeks of age for a duration of 25 weeks. Created with
BioRender.com.bBody weights across time. c-d Changes (A; values at
end-point (100-week-old) - values at starting point (75-week-old)) in c fatand

lean mass percentage, and d area under the curve (AUC) of GTTand ITT.
eFrailty scores atstarting (75-week-old) and end-point (100-week-old). f-g Full
body and front paw grip strength at end-point (100-week-old) and changesin
fullbody and front paw grip strength over 25 weeks of treatment (values at
end-point (100-week-old) - values at starting point (75-week-old)). h Body
temperatures. b-d, f-h Dataare shown as mean + SD. b Two-way ANOVA,
c-htwo-tailed Student’s t-test except ford A AUC GTT, which was analysed by
two-tailed Mann Whitney test. AU: arbitrary units; BW: body weight.
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Extended DataFig. 9|See next page for caption.



Extended DataFig. 9 |Beneficial effects of anti-IL11in aged white adipose
tissue. a. Violin plot of Transcripts per million (TPM) values of senescence
genes (based on Tabula Muris Senis consortium) in VWAT, liver, gastrocnemius
samples from micereceiving either 1gG or anti-IL11as shownin schematic
Fig.3a.b.Relative UcpI mRNA from 10-week-old and 110-week-old male and
female WT and /{11ral”” mice (vWAT). c. Heatmap showing row-wise scaled TPM
values for the gene-listin Mitocarta3.0. (no. of genes=1,019 with TPM > =5in at
least one condition).d. Alollipop plot for top 50 significant Mitocarta3.0
pathways (p-adj<0.05) in enrichment analysis using fgsea R package. No
negative NES was found to be significant. e. Distribution of RNA-seq reads at
the Clstn3locus from IgG or anti-IL11-treated vVWAT. Relative Ucpl mRNA
expression levelsin BAT from ftherapeutic dosing group (75-week-old, n = 6;

untreated 100-week-old, n = 6; IgG-treated 100-week-old n =13; X203-treated
100-week-old, n=12) and g female WT and /117" mice (young WT, n = 5; young
117" ,n=7;0ld WT and /l11”",n =16/group). h Relative YWAT mRNA expression
of pro-inflammatory markers (Ccl2, Ccl5, Tnfa, 1113, 1l6) in young (10-week-old)
and old (110-week-old) male and female WT and /{1Iral” mice.a, c,d, e Liver
and gastrocnemius (n = 8/group), VWAT IgG, n =7, vVWAT anti-IL11,n = 6;

b, hyoung male WT, n=8; young male /[1Iral”",n=7; old male WT,n=11; old
male/llIral”", n=14;youngfemale WT,n=7; young female /l[1Iral”",n = 8; old
female WT, n=15; old female/lI1Iral”",n=12.aDataare shownasviolin plots
with median + min-max; b, f-h data are shown as mean + SD. b, g, h Two-way
ANOVA with Sidak’s correction; e one-way ANOVA with Tukey’s correction.
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Extended DataFig.10|Gross appearance of mice receiving anti-IL11 versus
IgGinlifespanstudies. Representative images of 130-week-old male (top) and
female (bottom) mice from thelifespan therapeutic dosing study where mice
received either1gG (mice on the left) or anti-IL11(X203; mice on the right) from
75weeks of age until death.
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  The study does not involve software and code for data collection.
Data analysis GraphPad Prism (version 10), ImageJ (version 1.53f51), bcl2fastq (v2.20.0.422), Trimmomatic (V0.36), STAR (V2.7.9), DESeq2 (V1.36.0), fgsea R
package (v.1.22.0)

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

All data are available within the Article or Supplementary Information. The RNAseq data reported in this paper are available on the Short Read Archive with
Bioproject ID: PRINA939262 (https://www.ncbi.nIm.nih.gov/bioproject/PRINA939262). Datasets used for analysis in this study are as follows: Ensembl release 104
Mus musculus GRCm39 gene annotations (GRCm39, https://asia.ensembl.org/info/data/ftp/index.html), MSigDB Hallmark (v.7.5.1, https://www.gsea-msigdb.org/
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gsea/msigdb/human/collections.jsp), MitoCarta (v3.0, https://www.broadinstitute.org/mitocarta/mitocarta30-inventory-mammalian-mitochondrial-proteins-and-
pathways). Source data are provided with this paper

Human research participants

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

Reporting on sex and gender The study did not involve human research participants

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

>
Q
]
(e
(D
1®)
O
=
S
c
-
(D
©
O
a
>
(@)
wv
[
3
=
Q
<

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.

El 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 Sample sizes were determined based on the authors’ experience with the preliminary in vitro, in vivo, and molecular studies and by
referencing a healthspan/lifespan study in mice by Ackert-Bicknell et al (PMID: 26069080) to detect a 20% change in phenotype between
treatment groups or genotypes with 80% power (a=0.05).

Sample sizes for experiments involving I111ral-/- and 1111-/- mice (and their respective WT mice) varied depending on animal availability.
Sample size for cell based assays were determined based on sample availability.

Data exclusions | Outlier tests were conducted using the ROUT method in GraphPad Prism, with the maximum false discovery rate (FDR) set to 1%.

Replication All experiments were repeated with reproducibility. The replication number for each experiment is indicated in the legend of the
corresponding figure.

Randomization  For in vitro studies, equal number of cells were seeded and allocated randomly into experimental groups. For in vivo studies, mice were
randomly allocated to experimental groups on the day of the treatment except for ll11ral-/- and I111-/- in which randomization was not
applicable.

Blinding For in vitro experiments, investigators were not blinded to group allocation during data collection and analysis as they were performed by a

single individual. For in vivo experiments, treatments/genotypes were not disclosed to investigators generating quantitative readouts during
data collection but were revealed during the analysis. Histological analysis were performed blinded to treatments and genotypes.

Reporting for specific materials, systems and methods

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

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
|Z Antibodies |Z |:| ChiIP-seq
|Z Eukaryotic cell lines |Z |:| Flow cytometry
|:| Palaeontology and archaeology |Z |:| MRI-based neuroimaging

|Z Animals and other organisms

|:| Clinical data

XXOXOOs

|:| Dual use research of concern




Antibodies

Antibodies used

Validation

For all the commercially available antibodies used in this study, the recommended dilutions from the manufacturer’s instructions
have been followed

The following commercially available primary antibodies were used for Western Blot. They are listed as antigen followed by catalog
number, clone name (for monoclonal antibody), supplier name, and dilution ratio:
. p-AMPK, 2535, clone 40H9, CST, 1:1000.

. AMPK, 5832, clone D63G4, CST, 1:1000.

. Cyclin D1, 55506, clone E3P5S, CST, 1:1000.

. p-ERK1/2, 4370, clone D13.14.4E, CST, 1:1000.

. ERK1/2, 4695, clone 137F5, CST, 1:1000.

. GAPDH 2118, clone 14C10, CST, 1:1000.

.IL11, NA, clone X203, Aldevron, 1:1000.

. p-LKB1, 3482, clone C67A3, CST, 1:1000.

. LKB1, 3047, clone D60C5, CST, 1:1000.

. p-mTOR, 2971, NA, CST, 1:1000.

.mTOR, 2972, NA, CST, 1:1000.

. p-NFkB, 3033, clone 93H1, CST, 1:1000.

. NFKB, 8242, clone D14E12, CST, 1:1000.

. Human p16, ab108349, clone EPR1473, abcam, 1:1000.

. Mouse p16, ab232402, clone EPR20418, abcam, 1:1000.

. Human p21, ab109520, clone EPR362 abcam, 1:1000.

. Mouse p21, ab188224, clone EPR18021, abcam, 1:1000.

. p-p70S6K, 9234, clone 108D2, CST, 1:1000.

. p70S6K, 2708, clone 49D7, CST, 1:1000.

. p-p90RSK, 11989, clone D3H11, CST, 1:1000.

. P9ORSK, 9355, clone 32D7, CST, 1:1000.

. PCNA, 13110, clone D3H8P, CST, 1:1000.

. PGCla, ab191838, NA, abcam, 1:1000.

. p-S6RP, 4858, clone D57.2.2E, CST, 1:1000.

.S6RP, 2217, clone 5G10, CST, 1:1000.

. pSTAT3, 4113, clone M9C6, CST, 1:1000.

. STAT3, 4904, clone 79D7, CST, 1:1000.

. UCP1, 72298, clone E9Z2V, CST, 1:1000.

. HRP conjugated anti-mouse IgG (H+L)/anti-mouse HRP, 7076, NA, CST, 1:1000.
. HRP conjugated anti-rabbit IgG (H+L)/anti-rabbit HRP, 7074, NA, CST, 1:1000.
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The following custom-made primary antibodies were used for neutralization study (in vitro/in vivo treatment). They are listed as
antigen followed by catalog number, clone name (for monoclonal antibody), supplier name, and dilution ratio:

1. 1gG, NA, clone 11E10, Aldevron, in vitro: 2 ug/ml, in vivo: 40 mg/kg

2.1L11, NA, clone X203, Aldevron, in vitro: 2 ug/ml, in vivo: 40 mg/kg

3. IL11RA, NA, clone X209, Aldevron, in vitro: 2 pg/ml.

The following commercially available primary antibodies were used for Operetta phenotyping assay. They are listed as antigen
followed by catalog number, clone name (for monoclonal antibody), supplier name, and dilution ratio:

1. Human p16, ab108349, clone EPR1473, abcam, 1:1000.

2. Human p21, ab109520, clone EPR362 abcam, 1:1000.

3. Anti-rabbit Alexa Fluor 488, ab150077, NA, abcam, 1:1000.

The following commercially available primary antibodies were used for immunofluoresence. They are listed as antigen followed by
catalog number, clone name (for monoclonal antibody), supplier name, and dilution ratio:
. Adiponectin, 21613-1-AP, NA, Proteintech, 1:100

. CD31, ab222783, clone EPR17260-263, abcam, 1:200

_FHL1, 10991-1-AP, NA, Proteintech, 1:200

. GFP, ab290, NA, abcam, 1:100

. GFP, ab6673, NA, abcam, 1:100

. PDGFRa, AF1062, NA, R&D systems, 1:100

. SLC10A1, MBS177905, NA, MyBioSource, 1:100

. SM22a, ab14106, NA, abcam, 1:200

. Anti-rabbit Alexa Fluor 488, ab150077, NA, abcam, 1:300

10. Anti-goat Alexa Fluor 488, ab150129, NA, abcam, 1:300

11. Anti-rabbit Alexa Fluor 555, ab150074, NA, abcam, 1:300

WO NV WN

The following commercially available primary antibody was used for immunohistochemistry. It is listed as antigen followed by catalog
number, clone name (for monoclonal antibody), supplier name, and dilution ratio:
1. CD68, ab125212, NA, abcam, 1:100.

All commercially available antibodies have been validated by the manufacturers for the applications used in this study as indicated on
the respective manufacturer’s website. The custom-made antibodies i.e: IgG (11E10), anti-IL11 (X203), and anti-IL11RA (X209) were
validated by citations. Manufacturer's website containing validation data (also listed here) for the commercially available antibodies
and citations for the custom-made antibodies are listed below:
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1. Adiponectin (https://www.ptglab.com/products/ADIPOQ-Antibody-21613-1-AP.htm); species reactivity: mouse; validated
application: IF (in NIH/3T3 cells).

2. p-AMPK (https://www.cellsignal.com/products/primary-antibodies/phospho-ampka-thr172-40h9-rabbit-mab/2535); species
reactivity: human, mouse; validated application: WB (using 293T (human) and C2C12 (mouse) cell lysates).

3. AMPK (https://www.cellsignal.com/products/primary-antibodies/ampka-d63g4-rabbit-mab/5832); species reactivity: human,
mouse; validated application: WB (using Hela, K-562 (human) and Neuro-2a (mouse) cell lysates).

4. CD31 (https://www.abcam.com/products/primary-antibodies/cd31-antibody-epr17260-263-ab222783.html); species reactivity:
mouse; validated application: IF (on bEND.3 and NIH/3T3 cells).

5. CD68 (https://www.abcam.com/products/primary-antibodies/cd68-antibody-ab125212.html); species reactivity: mouse; validated
application: IHC (on paraformaldehyde-fixed, paraffin-embedded mouse brain, skin, spleen, and liver).

6. Cyclin D1 (https://www.cellsignal.com/products/primary-antibodies/cyclin-d1-e3p5s-xp-rabbit-mab/55506); species reactivity:
human, mouse; validated application: WB (using SH-SY5Y cell (human) and mouse liver and kidney lysates).

7. p-ERK1/2 (https://www.cellsignal.com/products/primary-antibodies/phospho-p44-42-mapk-erk1-2-thr202-tyr204-d13-14-4e-xp-
rabbit-mab/4370); species reactivity: human, mouse; validated application: WB (using 293 (human) and NIH/3T3 (mouse) cell
lysates).

8. ERK1/2 (https://www.cellsignal.com/products/primary-antibodies/p44-42-mapk-erk1-2-137f5-rabbit-mab/4695); species
reactivity: human, mouse; validated application: WB (using Hela (human) and NIH/3T3 (mouse) cell lysates).

9. FHL1 (https://www.ptglab.com/products/FHL1-Antibody-10991-1-AP.htm); species reactivity: mouse; this antibody is not validated
for IF but it’s listed as the suitable application - validated application: WB (using mouse skeletal muscle lysates).

10. GAPDH (https://www.cellsignal.com/products/primary-antibodies/gapdh-14c10-rabbit-mab/2118); species reactivity: human,
mouse; validated application: WB (using HelLa (human) and NIH/3T3 (mouse) cell lysates).

11. GFP (ab290) (https://www.abcam.com/products/primary-antibodies/gfp-antibody-ab290.html); species reactivity: mouse;
validated application: IF (using GFP-transfected NIH/3T3 cells).

12. GFP (ab6673) (https://www.abcam.com/products/primary-antibodies/gfp-antibody-ab6673.html); species reactivity: mouse;
validated application: IF (in Hex-GFP transgenic mouse embryo se).

13. 1gG (11E10) was validated for its non-ability to have any effect on human/mouse cells in PMID: 34108253.

14. 1L11 (X203) was validated for neutralization of human and mouse IL11 in PMID: 31554736 and for WB (mouse liver lysates) in
PMID: 31078624; species reactivity: human and mouse.

15. IL11RA (X209) was validated for neutralization of human IL11RA in PMID: 31078624, 34108253, 36470928; species reactivity:
human.

16. p-LKB1 (https://www.cellsignal.com/products/primary-antibodies/phospho-lkb1-ser428-c67a3-rabbit-mab/3482); species
reactivity: human, mouse; validated application: WB (using Caki (human) and L929 (mouse) cell lysates).

17. LKB1 (https://www.cellsignal.com/products/primary-antibodies/lkb1-d60c5-rabbit-mab/3047); species reactivity: human, mouse;
validated application: WB (using Caki (human) and L929 (mouse) cell lysates).

18. p-mTOR (https://www.cellsignal.com/products/primary-antibodies/phospho-mtor-ser2448-antibody/2971); species reactivity:
human, mouse; validated application: WB (using 293, MCF-7 cell (human) and mouse liver, heart, skeletal muscle lysates).

19. mTOR (https://www.cellsignal.com/products/primary-antibodies/mtor-antibody/2972); species reactivity: human, mouse;
validated application: WB (using 293, Hela (human) and C2C12 (mouse) cell lysates).

20. p-NFkB (https://www.cellsignal.com/products/primary-antibodies/phospho-nf-kb-p65-ser536-93h1-rabbit-mab/3033); species
reactivity: human; validated application: WB (using Hela cell lysates).

21. NFkB (https://www.cellsignal.com/products/primary-antibodies/nf-kb-p65-d14e12-xp-rabbit-mab/8242); species reactivity:
human; validated application: WB (using HelLa, MCF-7 cell lysates).

22. p16 (https://www.abcam.com/products/primary-antibodies/cdkn2ap16ink4a-antibody-epr1473-c-terminal-ab108349.html);
species reactivity: human; validated application: WB (using Hela cell lysates), this antibody is not validated for IF but it’s listed as one
of the possible applications.

23. p16 (https://www.abcam.com/products/primary-antibodies/cdkn2ap16ink4a-antibody-epr20418-bsa-and-azide-free-
ab232402.html); species reactivity: mouse; validated application: WB (using MEF cell lysates).

24. p21 (https://www.abcam.com/products/primary-antibodies/p21-antibody-epr362-ab109520.html); species reactivity: human;
validated application: WB (using Hela cell lysates), IF (in MCF-7 cells).

25. p21 (https://www.abcam.com/products/primary-antibodies/p21-antibody-epr18021-ab188224.html); species reactivity: mouse;
validated application: WB (using NIH/3TC cell lysates).

26. p-p70S6K (https://www.cellsignal.com/products/primary-antibodies/phospho-p70-s6-kinase-thr389-108d2-rabbit-mab/9234);
species reactivity: human, mouse; validated application: WB (using 293T (human) and NIH/3T3 (mouse) cell lysates).

27.p70S6K (https://www.cellsignal.com/products/primary-antibodies/p70-s6-kinase-49d7-rabbit-mab/2708); species reactivity:
human, mouse; validated application: WB (using HelLa, MCF-7 cell (human) and mouse kidney, liver, skeletal muscle, heart, adipocyte
lysates).

28. p-p90RSK (https://www.cellsignal.com/products/primary-antibodies/phospho-p90rsk-ser380-d3h11-rabbit-mab/11989); species
reactivity: human, mouse; validated application: WB (using Hela (human) and NIH/3T3 (mouse) cell lysates).

29. p90RSK (https://www.cellsignal.com/products/primary-antibodies/rsk1-rsk2-rsk3-32d7-rabbit-mab/9355); species reactivity:
human, mouse; validated application: WB (using HelLa (human) and L929 (mouse) cell lysates).

30. PCNA (https://www.cellsignal.com/products/primary-antibodies/pcna-d3h8p-xp-rabbit-mab/13110); species reactivity: human;
validated application: WB (using HelLa, MCF-7 cell lysates).

31. PDGFRa (https://www.rndsystems.com/products/mouse-pdgf-ralpha-antibody_af1062); species reactivity: mouse; validated
application: IF (on mouse intestinal villus tip telocytes).

32. PGCla (https://www.abcam.com/products/primary-antibodies/pgcl-alpha-antibody-n-terminal-ab191838.html); species
reactivity: mouse; validated application: WB (using mouse skin lysates).

33. p-S6RP (https://www.cellsignal.com/products/primary-antibodies/phospho-s6-ribosomal-protein-ser235-236-d57-2-2e-xp-rabbit-
mab/4858); species reactivity: human, mouse; validated application: WB (using MCF-7 cell (human) and mouse liver, skeletal muscle,
heart lysates).

34. S6RP (https://www.cellsignal.com/products/primary-antibodies/s6-ribosomal-protein-5g10-rabbit-mab/2217); species reactivity:
human, mouse; validated application: WB (using Hela (human) and NIH/3T3 (mouse) cell lysates).

35. SLC10A1 (https://www.mybiosource.com/polyclonal-mouse-rat-antibody/slc10a1/177905); species reactivity: mouse; validated
application: IF (on paraffin-embedded section of mouse liver tissues).

36. SM22a (https://www.abcam.com/products/primary-antibodies/taglntransgelin-antibody-ab14106.html); species reactivity:
mouse; validated application: IF (on mouse muscle cells).

37. p-STAT3 (https://www.cellsignal.com/products/primary-antibodies/phospho-stat3-tyr705-m9c6-mouse-mab/4113); species
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reactivity: human; validated application: WB (using Hela cell lysates).

38. STAT3 (https://www.cellsignal.com/products/primary-antibodies/stat3-79d7-rabbit-mab/4904); species reactivity: human;
validated application: WB (using Hela cell lysates).

39. UCP1 (https://www.cellsignal.com/products/primary-antibodies/ucp1-e9z2v-xp-rabbit-mab/72298); species reactivity: mouse;
validated application: WB (using mouse brown adipose tissues)

40. Anti-rabbit HRP (https://www.cellsignal.com/products/secondary-antibodies/anti-rabbit-igg-hrp-linked-antibody/7074); designed
for use with rabbit polyclonal and monoclonal antibodies, this affinity purified goat anti-rabbit 1gG (heavy and light chain) antibody is
conjugated to horseradish peroxidase (HRP) for chemiluminescent detection; validated application: WB (This product is thoroughly
validated with CST primary antibodies).

41. Anti-mouse HRP (https://www.cellsignal.com/products/secondary-antibodies/anti-mouse-igg-hrp-linked-antibody/7076); affinity
purified horse anti-mouse 1gG (heavy and light chain) antibody is conjugated to HRP for chemiluminescent detection; validated
application: WB (This product is thoroughly validated with CST primary antibodies).

42. Goat anti-rabbit Alexa Fluor 488 (https://www.abcam.com/goat-rabbit-igg-hl-alexa-fluor-488-ab150077.html); validated
application: IF.

43. Donkey anti-goat Alexa Fluor 488 (https://www.abcam.com/donkey-goat-igg-hl-alexa-fluor-488-ab150129.html); validated
application: IF.

44. Donkey anti-goat Alexa Fluor 555(https://www.abcam.com/products/secondary-antibodies/donkey-rabbit-igg-hl-alexa-fluor-555-
ab150074.html); validated application: IF.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Primary human cardiac fibroblasts (HCFs, 52-year-old male, 6330, lot #9580, ScienCell).
Primary human hepatocytes were isolated from a 22-week-old foetus (5200, lot #34967, ScienCell).

Primary human cardiac fibroblasts (HCFs) and primary human hepatocytes were authenticated by ScienCell based on their
morphology and by using immunofluorescence (IF) for cell-specific markers, as detailed in the respective product datasheet
and certificate of analysis (COA).

Primary HCFs were authenticated by their fibroblast morphology and phenotype, characterised by IF staining for fibronectin
and vimentin.

Primary human hepatocytes were authenticated by their hepatocyte morphology and phenotype, characterised by positive IF
for cytokeratin-18 and WB for albumin.

Mycoplasma contamination All cell lines were tested to be free of mycoplasma contamination.

Commonly misidentified lines No commonly misidentified cell lines were used in the study.

(See ICLAC register)

Animals and other research organisms

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

Research

Laboratory animals

Wild animals

All mice were housed at 21-247? with 40-70% humidity on a 12-hour light/dark cycle and provided food and water ad libitum. Our
mouse colonies hold specific pathogen free (SPF) status and undergo quarterly and annual tests for common pathogens. The room
housing our animals is Murine Norovirus and Helicobacter positive, and these particular pathogens are deemed acceptable within
our SPF facility. The mouse strains used in our study are as follow:

1. ll11ral-deleted mice (ll11ral-/- or ll11ral KO)

Male and female ll11ral+/+ (wild-type) and Il11ral-/- mice25 (B6.129S1-ll11ratm1Wehi/J, The Jackson Laboratory) were sacrificed at
110 weeks of age for blood and tissue collection; 10-12 weeks old male and female mice of the respective genotypes were used as
controls.

2. l111-deleted mice (I111-/-)

Male and female mice lacking functional alleles for 1111 (1111-/-), which were generated and characterised previously31,51, and their
wild-type counterparts were sacrificed at 10-12 weeks of age (young controls) and 104-108 weeks of age (old mice).

3. II11-EGFP reporter mice

Young (10-week-old) and old {100-week-old) transgenic mice (C57BL/6J background) with EGFP knocked-into the 1111 gene (1111-
EGFP mice, Cyagen Biosciences Inc)29 were sacrificed for IF staining studies of liver, gastrocnemius, and visceral gonadal white
adipose tissue (referred in the text as VWAT). Old wild-type littermates were used as aged negative controls.

4. In vivo administration of anti-IL11

Male and female C57BL/6J mice (Jackson Laboratory) were randomised prior to receiving either no treatment, anti-IL11 (X203) or IgG
(11E10). X203 or 11E10 (40 mg/kg, every 3 weeks) were administered by intraperitoneal injection, starting from 75 weeks of age for
a duration of 25 weeks; mice were then sacrificed at 100 weeks of age.

The study does not involve wild animals.
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Reporting on sex This study use both male and female mice.
Field-collected samples  The study does not involve field collected animals.

Ethics oversight Animal studies were carried out in compliance with the recommendations in the Guidelines on the Care and Use of Animals for
Scientific Purposes of the National Advisory Committee for Laboratory Animal Research (NACLAR). All experimental procedures were
approved (SHS/2019/1481 and SHS/2019/1483) and conducted in accordance with the SingHealth Institutional Animal Care and Use
Committee (IACUC). Certified veterinarians were responsible for all animal experiment procedures according to the laws governing
animal research in Singapore.

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