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Chapter 1. General Introduction

1.1 Definition of aging

Aging is a complex process ruled by stimuli of different nature and
belonging to several field of life. Stochastic events contribute to this
process by producing casual damages to essential molecules, the
external environment interfere through the life style (diet and/or
caloric restriction), while the genetic asset provides a background of
intrinsic alterations that are protective or detrimental for the onset of
aging related pathologies. The attention on this latter point increased
in the last years, promoting the search for genetic variations connected
with protective features against typical age-related disease like
hypertension, diabetes and cancer.

Therefore, longevity is defined as that phenotype of long-living
subjects that approach old age under the effects of these several

factors.

1.2 The longevity phenotype

The Birth Cohort Study found that in the United State at the beginning
of twentieth century life expectancy was 51.5 years for males and 58.3
years for females; currently 1 person each 10,000 reach 100 years of
age, and this prevalence is quickly changing and will probably soon
approach 1 person each 5,000.") It was estimated that the increased
ability to reach 100 years old in industrialized countries over the last

160 years reflects a rise in life expectancy — quantified as 3 months



per year for females — subsequent to improvements in diet and a
reduced exposure to infection and inflammation."”! The improvement
of healthy care and the attention to a balanced and quality food intake
speedup the process towards a diffused longevity. In favor of diet as a
modulator of longevity, the Elderly Prospective Cohort Study (EPIC)
identified a reduced overall mortality among the elderly consuming a
modified Mediterranean diet in which saturated fatty acids were
substituted for monounsaturated ones."!

Centenarians, despite being exposed to the same environmental
conditions as members of the average population, manage to live
much longer. Long-living individuals (LLIs), i.e. those that approach
100 years of age, are a model of successful aging: most of them have
a compression of disability and morbidity towards the end of their life
and tend not to show changes normally observed during aging, such
as a decrease in insulin sensitivity and in heart rate variability
(HRV)." The exceptional longevity of LLIs is to some extent
genetically driven, as underlined by the familial clustering effect for
extreme longevity and the reduced mortality of centenarians’ siblings
compared to those of non-centenarians. Under a genetic point of
view, the compression in morbidity and mortality is correlated with
the enrichment of protective alleles and the depletion of detrimental
ones. It has been estimated that genetic variants account for at least
25% of human life-span, and for even a larger proportion in
individuals living to extreme age./”"*!

Ultimately, aging is an independent risk factor associated with

endothelial dysfunction, impaired angiogenesis and loss of protein

homeostasis, or proteostasis, the decline of which is contrasted by



adaptive cellular responses.””) The mechanisms that help cells adapt
and survive under stressful conditions include the activation of heat
shock factor protein 1 (HSF1)-controlled heat shock proteins (HSPs),
ribosomal biogenesis and protein synthesis, and are at least in part
orchestrated by growth factors, as observed in Caenorhabditis
elegans, in which HSF-1 is under the control of insulin/IGF-1-like
signaling (11S).[""

1.3 Genome-Wide Association Studies

In our studies on longevity phenotype, we follow the genetic trait by
trying to characterize the functional aspects of the genetic background
that make a person a centenarian. Genome Wide Association Studies
(GWAS:s), that analyze the differences in the frequencies of presence
of common genetic variants in two population - cases and controls -
generate findings that need to be replicated in independent
populations. In the case of exceptional longevity, success in
replicating initial findings is negatively influenced by the differences
in participant ages, gender and disease status distribution across the
analyzed populations. Furthermore, the GWAS approach suffers from
the multiple-testing statistical penalty that forces the adoption of very
low p-values of significance, hence favouring the phenomenon of the
winning course, i.e. the enrichment of false-positive associations
among the dozens of top findings."") Other potential problems that
generate false positive and false negative results include the low
power of studies using small sample sizes, and a lack of a suitable
control for the genetic admixture. On the first point, an extremely

instructive review has been written by Altshuler, Daly and Lender,



Sample size

who calculate the power of a study based on the number of
individuals genotyped, the number of tested hypotheses, and the
frequency of the allele tested for a specific OR."* From the graph
given in their review (Figure 1.1), it is clear that for the OR expected
in human exceptional longevity (between 1.2 and 2), the power of a

study is highly dependent upon the number of hypotheses tested.
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Figure 1.1 Sample sizes required for genetic association studies.

The graph shows the total number N of samples (consisting of N/2
cases and N/2 controls) required to map a genetic variant as a
function of the increased risk due to the disease-causing allele (x axis)
and the frequency of the disease-causing allele (various curves). The
required sample size is shown in the table on the right for various
different kinds of association studies.""” Reproduced with permission
from The American Association for the Advancement of Science.
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For these reasons, recent GWASs have failed to find variants that
cross-validate across populations — with the exception of few cases
— pointing to the need of much larger studies or alternative study
designs in order to discover common polymorphisms with smaller
genetic effects and rare variants with high penetrance that influence
exceptional longevity.!"* ' Thus, a GWAS on exceptional longevity
can be considered only a hypothesis-generating effort to be used in

conjunction with other studies.

To date, the most remarkable genetic findings for exceptional
longevity observed in the genome of centenarians are the decreased
frequency of detrimental alleles of apolipoprotein E (4POE) and the
increase of protective alleles of forkhead box O3A (FOX034).'>*"
Recently, we found associated with longevity three more variants in
CAMKIV, ATXNI and DCAMKLI (Table 1.1).*"

APOE is involved in lipid transport to the lymph system and was the
first gene to be successfully replicated as a gene important in
exceptional longevity.”?! FOXO3A mediates a pro-survival activity
by regulating the cellular response to stimuli ranging from radical
stress to growth factors [Insulin growth factor 1 (IGF1)], and by
acting on the transcription of genes involved in radical stress
response, cell cycle arrest, proliferation, and apoptosis.”> Y Protein
Kinase B (AKT)-dependent phosphorylation and sirtuin 1 (SIRT1)-
dependent deacetylation of FOXO3A induce pro-survival activity by
activating genes linked to the stress response and cell cycle arrest and
by inhibiting pro-apoptotic genes.*” In humans, genetic alterations of

the IGF1 receptor that alter the IGF signaling pathway confer an



(261’ 4KT polymorphisms have

[20]

increase in propensity for longevity.

also been associated with human longevity.

Table 1.1 Genes and variants found correlated with longevity in
humans

Gene Variant Occurrence in | Previous Potential role
centenarians disease in longevity
correlations
APOE e4 reduced Alzheimer's and | Maintenance of
cardiovascular vascular
diseases integrity
FOXO3A rs2802292* more present none Control of cell
homeostasis
CAMK4 rs10491334" | more present hypertension Modulation of
CREB, SIRT
and FOXO3A
ATXN1 rs697739 more present amyotrophic Modulation of

lateral sclerosis CREB
(age of onset)

DCAMKL1 rs9315385 more present heart rate Modulation of
variability CREB

* result obtained by a candidate gene approach and replicated in
other studies; T, result obtained from a GWAS and confirmed in a
replication cohort.

For the above reasons, in our recently published GWAS on
individuals enrolled in the Southern Italian Centenarian Study (SICS),
we identified CAMK4 rs10491334, a variant that had been already
established among the top 5 SNPs in the Framingham Heart Study on
diastolic high blood pressure.””) The fact that CAMK4 rs10491334
associates also with hypertension is reassuring in that hypertension
and longevity are regulated by common pathways. In fact, mice with
genetic ablation of the angiotensin II typel receptor — the key
regulator of blood pressure — had increased expression of the

longevity gene Sirt3 and improved survival.**!




Interestingly, 1rs10491334 correlated with CAMK4 protein
expression, and functional studies revealed the ability of CAMK4
protein to modulate SIRT1 and FOXO3A (Figure 1.2).
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Figure 1.2 Western blot analysis of calcium/calmodulin-dependent
protein kinase IV (CAMKIYV).

(A) Western blot analysis of CAMKIV revealing higher CAMKIV
levels in mononuclear cells of subjects expressing wild-type CAMKIV
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(CAMKIV WT) compared to subjects homozygous for the CAMKIV
minor allele (CAMKIV rs10491334). CAMKIV levels were
normalized to actin (corrected densitometry units, CDU; n=10). (B
and C) Western blot analyses of HT29 cells expressing CAMKIV
revealing a significant increase of phosphorylated FOX0O3A4, AKT,
and SIRTI compared with cells infected with empty vector (MOCK).
Data from immunoblots were quantified by densitometric analysis.
Statistics were performed with analysis of variance (ANOVA). (*)
p<0.05; (**) p<0.005; (***) p<0.0005.

The ataxin-1 (ATXN1) rs697739 allele was another variant found
among the top findings of our GWAS on SICS individuals. This
polymorphism had been previously associated with the age of onset
of sporadic amyotrophic lateral sclerosis, a disease of unknown cause
characterized by slowly progressive degeneration of motor neurons
and that usually occurs in patients aged 40—60 years.”” ATXNI is
the gene responsible for spinocerebellar ataxia type 1 andantagonizes
the neuronal survival function of myocyte enhancer factor-2
(MEF2).”"” MEF2 transcription repression by cabinl-HDAC4 is
removed by CAMKIV activation, and this suggests that MEF2 is a
common downstream target of CAMKIV and ATXN1.B!3%

In addition to CAMKIV rs10491334 and ATXNI1 rs697739, the
rs9315385 allele of doublecortin and Ca”/calmodulin-dependent
kinase-like-1 (DCAMKLI1) was a third top finding of our study.
DCAMKLI has structural similarity with CAMKIV, but despite this,
it represses CAMKIV-induced activation of cAMP response element-
binding (CREB) protein via phosphorylation of transducer of
regulated CREB activity 2 (TORC2) at Ser171.”¥ DCAMKLI
rs9315385 was previously associated with total power of HRV[34]. A

l-11



reduced HRV is a marker of autonomic dysfunction and is associated
with an increased risk of cardiovascular morbidity and mortality."*”!
HRV-parasympathetic function decreases up to the eighth decade of
life, followed by an increase to higher levels — similar to those found
in a younger population — in nonagenarians and centenarians[6].
Similarly to CAMKIV, DCAMKL1 and ATXNI1 are expressed
mainly in brain. These data support the importance of the
CAMKIV/CREB pathway in regulating the aging process.

A brief mention needs to be made here on the cutting edge, genetic
signature paper by Sebastiani et al. that very elegantly proved that a
complex analysis on 281 SNPs allowed to define clusters of
individuals that aged differently based on their genetic signature.”®
The identification and the study of genetic variants that influence
exceptional longevity in humans are important, since novel targets for
prevention and therapy of a large spectrum of age-related diseases

could be discovered.’” Genome-wide association studies (GWAS)

are hypothesis-generating studies that can be used to this end.

1.4 Aging process theories

1.4.1 Free radicals theory

One of the theory that tempts to explain the aging process is the free
radicals theory. Responsible for oxidative stress, free radicals are
defined as atoms or molecules that contain one or more unpaired
electrons. Biological systems depend on these kind of molecules: the
most important are the reactive oxygen species (ROS) superoxide
anion radical (Oy’), hydrogen peroxide (H,0O,), alkoxyl (RO"), peroxyl
(ROO) and hydroxyl (OH) radicals, and hypochlorous acid

l-12



(HOC1).’¥ In 1956 Denham Harman proposed the “free-radical
theory of aging” (FRTA)®"! that postulated that accumulation of free
radicals was the prime cause of the sequential alterations
characterizing advancing age and the progressive increase in disease
and death rates.!*”’ This hypothesis was based on the “rate of living”
theory formulated by Raymond Pearl explaining longevity variation
within species in terms of combined mass-specific resting metabolic
rate and the “lifetime energy potential”: it held that the pace of life is
inversely related to the length of life.[*"

In the oxygen managing system of the cell, mitochondria play an
important role and physiological or pathological dysfunctions of them
are associated with aging or age-related diseases.*” The aging
process, indeed, is associated with the improvement of the
mitochondrial production of ROS, specially in heart and in the
vasculature system. In the heart, the last evidences are cardiac
hypertrophy, fibrosis and apoptosis. In the vasculature system the
mitochondrial oxidative stress and the presence of ROS contribute to
the development of chronic low-grade vascular inflammation in
aging!®! by activating redox signaling pathways. In addition, the ROS
activation of Akt pathway increases the development of the senescent
phenotype in endothelial cells characterized by an impairment in the
ability of regeneration and angiogenesis, and a general reduction in
vascular reactivity and increasing in atherosclerosis events due to less
cytokines vessel production.[*¥

A proved way to overcome to the rapid aging of mitochondria and

consequently of cardiovascular system, is exercise. It’s clear that the

physical activity brings to a stress—induced NO production able to

-13



restore vascular activity and endothelial cells protein homeostasis.!*”!

A similar effect is achieved by a caloric restriction lifestyle or by the
administration of caloric restriction mimetics, in which the energy

sensor AMPK upregulates SIRT activity restoring the vessels activity.

1.4.2 Lipid metabolism and aging

In apparent contrast with the FRTA is the finding that the cell
membranes of offspring of nonagenarians have an accumulated
amount of endogenous frans fatty acids.*® The peroxidation index of
erythrocyte membrane lipids was significantly lower in
nonagenarians’ offspring than in a group of matched controls."*® It is
of particular interest that we found significantly increased levels of
palmitoleic acid (C16:1n-7) in the nonagenarians’ offspring, similarly
to what was later observed in genetically modified long-living

WOI‘IIIS.[

1 Because these worms were genetically modified in
homologue genes of the insulin-like growth factor 1 (IGF1)/forkhead
box O3 (FOXO3A) axis, a possible explanation for this finding is that
IGF-1 signalling modulates, or is modulated by, the membrane fatty-
acid composition.*® Moreover, it was reported that after chronic
thermal or saline stress of yeast, the induced increase in the level of
membrane palmitoleic acid was responsible for a reset of heat shock
protein (Hsp) release to higher levels.*) Thus, the high C16:1n-7
detected in the offspring of nonagenarians could be correlated to the
low serum level of Hsp70 detected in centenarians’ offspring.””
Endogenous trans fatty acids are an index of endogenous free-radical
cellular stress and are produced by endothelial nitric oxide synthase

(eNOS)-generated nitrates (NO;-), as shown by the lack of trans-

l-14



arachidonic acids in the retinas of eNOS™ mice.!! Moreover, calorie
restriction, which is known to increase longevity, induces the
expression of eNOS, the activation of telomerase and the biogenesis
of mitochondria. Thus, the increase in ROS observed with calorie
restriction suggest a role for free-radical stress: the induction of
endogenous defense mechanisms, maybe through frans fatty acids
participation, that culminate in increased resistance to stress and
longevity. This adaptive response was named hormesis."* From this
point of view, the FRTA formulated by Harman doesn’t appear
consistent and these findings, taken together, suggest that ROS can act
as essential signaling molecules for the promotion of metabolic health
and longevity.

The degree of oxidative stress could possibly explain this apparent
paradox: a low stress situation results protective for organism, while
massive stress becomes deleterious. In support of this hypothesis,
deletion in worms of mitochondrial proteins, such as ISP-1 and NUO-
6, induces the oxidative stress necessary and sufficient for promoting
longevity: in fact, this effect is abolished by antioxidants and is

induced by mild treatment with oxidants (Figure 1.3).""
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Figure 1.3 Schematic of vascular physiological function

1.5 Nitric Oxide and its prevalent role in the vascular system

The beneficial effects of calorie restriction are multiple: it reduces the
incidence of tumors and diabetes and the age-related decline in T-
lymphocyte proliferation.”* The effects of calorie restriction can be
explained by increased IGF1-insulin signal (IIS) efficiency: in fact,
findings on patients with growth hormone receptor deficiency suggest
that their high insulin sensitivity could account for the absence of

diabetes and very low incidence of cancer seen in these individuals.!*”!
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Furthermore, calorie restriction can be mimicked by genetic
manipulation aimed at blocking IIS (i.e., the
IGF1/PI3K/AKT/FOXO3A axis): for example, the FIRKO mouse — a
carrier of a fat-specific insulin receptor knockout — and C. elegans
models carrying null mutations of daf-2 — an IGF1 homologue — and
age-1 — a homologue of the catalytic subunit of mammalian PI3K— all

637 To be noted, the beneficial

live longer than wild-type animals.!
effects of daf-2 and age-1 null mutations are antagonized by null
mutation of daf-16, which encoder three members of the FOXO
family of transcription factors."” Thus, via AKT the IIS is important
for controlling eNOS and, hence, human longevity.™

Exercise is inversely correlated with total mortality.”” An elegant
report on athletes undergoing marathon training identified a
combination of metabolites (i.e., glycerol, niacinamide, glucose-6-
phosphate, pantothenate and succinate) that increased in the plasma in
response to exercise; in vitro, these metabolites were able to up-
regulate the expression of NUR77, a transcriptional regulator of
glucose utilization and lipid metabolism genes.!®” NUR?77 is under the
control of Ca®’/calmodulin-dependent protein kinase (CAMKIV),
which is activated by AMPK and has been associated with human
exceptional longevity.”"" *¥ Furthermore, AMPK controls eNOS
phosphorylation, which explains the potentiation of eNOS activity by
both calorie restriction and physical exercise.’”® AMPK is activated
acutely at exercise intensities above = 60% of maximal aerobic

(611 Calorie restriction and exercise both activate

capacity.
mitochondrial biogenesis through activation of AMPK with an eNOS-

dependent mechanism, as shown by experiments on eNOS knockout
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mice.[” Thus, the beneficial effects on longevity of calorie restriction,
genetic makeup and exercise can be explained, at least in part, through
eNOS-dependent activation of mitochondrial biogenesis.

During the aging process, oxidative stress increases in the arterial
system either of humans and experimental models. This
phenomenon has been linked directly to the development of
atherosclerotic vascular diseases (Figure 1.4).

We think that the state of the vascular system is the most important
factor in determining health during aging. In fact, vascular system is
responsible for the transport of oxygen and nutrients throughout the
body and, therefore, is responsible of when and how the organs and
systems could encounter suffering and ultimately fail. In the end,
oxidative-stress-induced endothelial dysfunction is probably the key
mechanism linking older age to increased risk of clinical
cardiovascular disease and death.!*"!

Free radicals play a physiological role in the vessel wall as well: they
participate as second messengers in endothelium-dependent functions,
in smooth muscle cell and endothelial cell growth and survival, and in
remodeling of the vessel wall.l®) When these processes are out of
control, they contribute to vascular alterations characterized by
mitochondrial dysfunction and increased ROS production,®® and lead,
ultimately, to the development of cardiovascular pathologies, such as

hypertension, stroke and coronary artery disease.[*” **
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Figure 1.4 a) Representative nitric oxide pathway. b) Effects of
aging on nitric oxide pathway.

BH4 = tetrahydrobiopterin; c¢GMP = cyclic guanosine
monophosphate; GTP = guanosine triphosphate;, NADPH =
nicotinamide  adenine  dinucleotide  phosphate; ONOO- =
Peroxynitrite;, ADMA = Dimethylarginine.
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One of the most important mediators in the cardiovascular system is
nitric oxide (NO). During aging, increased oxidative stress leads to a
progressive decrease in NO production. In particular, this is caused by
eNOS uncoupling — a phenomenon that promotes the formation of
superoxide rather than NO — and decreased expression of the essential
eNOS cofactor tetrahydrobiopterin (BH4).1” In fact, superoxide
produced mainly by NADPH oxidase may react with NO to produce
peroxynitrite that, promoting eNOS uncoupling, contribute to the
increase of superoxide and to the reduction of NO that may cause an
acceleration of the atherosclerotic process.’” Thus, abnormalities in
eNOS signalling underlie endothelial dysfunction, a common finding
in aging.

Several studies emphasize the importance of mitochondrial oxidative
stress, which represents a typical characteristic of endothelial
dysfunction that develops during aging and it is associated with the
over-activation of an important enzyme, which is localized both in the
cytoplasm that in membrane, namely NADPH oxidase.[’" "
Deshpande et al. demonstrated that Racl — a regulatory component of
plasma membrane NAD(P)H oxidases — plays an important role in
premature aging of the endothelium and in the development of

- M In addition, other molecular

associated vascular pathologies.!
mechanisms responsible for age-related mitochondrial oxidative stress
in the vasculature involve dysregulation of antioxidant defences, such
as peroxynitrite-mediated Nrf2/ARE (antioxidant response elements)
dysfunction , nitration and inhibition of manganese superoxide
dismutase (MnSOD), declines in glutathione (GSH) content and a

dysfunctional electron transport chain.!®*!
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Nrf2 is a redox-sensitive transcription factor that upregulates the
expression of numerous ARE genes that encode proteins that detoxify
ROS and mediate the anti-aging effects of calorie restriction.!””
Recent findings demonstrate that Nrf2 dysfunction in the vasculature
is associated with aging and contributes to the age-related
dysregulation of GSH synthesis in various tissues.

Van der Loo et al. provided evidence for association between the
formation of peroxynitrite and age-associated vascular dysfunction by
demonstrating selective nitration of MnSOD — the major antioxidant
enzyme in the mitochondria of all mammals — with increased age.!’®!
This finding was supported by a recent report showing that genetic
inactivation of MnSOD in mutant mice resulted in premature death

and that treatment with a SOD mimic dramatically prolonged survival

Moreover, the activities of various electron transport chain oxido-
reductases are deleteriously affected during aging. The mitochondria
generate ATP from nutrients, and its synthesis via the mitochondrial
respiratory chain is the result of a proton potential generated by the
electron transport chain. Damage to this latter can cause breakdown of
the proton potential, apoptosis and the generation of free radicals in a
vicious cycle.[””

According to the FRTA, ROS are the major candidates responsible for
senescence and age-related diseases in which the redox balance is
disturbed and generates oxidative stress. Indeed, senescence of

endothelial cells has been proposed to be responsible for endothelial

dysfunction and atherogenesis during aging. In fact, vascular cells
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exhibiting the morphological features of cellular senescence have

been found in atherosclerotic lesions.”®!

Relatively recent studies have demonstrated that inhibition of Sirtl
induces premature senescence and that Sirtl overexpression reverts
premature senescence induced by hydrogen peroxide . In macrophages
in vitro and in rats in vivo, Sirtl inhibits NF-kB and so hinders pro-
inflammatory mediator release, protecting from the development of
oxidative stress.””’

Finally, there are several findings that relate telomere shortening to
aging in vivo. Telomeres are regions of DNA, characterized by G-
rich sequences located at the ends of linear chromosomes that can
form four-stranded structures: they are considered a biological clock
that measures mitotic time and determines the senescence of cell
replication. There appears to be a correlation between telomere
length, age and oxidative stress in human arteries at sites of elevated
hemodynamic stress and, presumably, with a high cell turnover. Data
suggest that G-rich strands are more vulnerable to oxidative damage
and that faster telomere shortening rates are observed in cell strains
that also have higher peroxide levels. Thus, telomere loss is clearly
implicated in oxidative damage, accumulation of senescent cells in

elderly individuals and reduction in lifespan®™” (Figure 1.5).
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1.6 Longevity populations

We recruited and genotyped 582 LLIs (age range 90-109 years) and
784 young control individuals (age range 18-45 years) as part of the
Southern Italian Centenarian study (SICS). SICS LLIs were
thoroughly investigated for demographic characteristics, medical
history (past and present diseases), level of independence (Barthel
Score),™ and cognitive status (Cognitive Score) (Table 1.2).

Table 1.2 Characteristics of SICS screening-set (N=410) and
SICS replication-set LLIs (N=116)

SICS LLIs - Screening (N=410) SICS LLIs - Replication (N=116)
Variable/Disease N % Mean SD Min Max | N % Mean SD Min Max
Demographics
Gender (Males) 240 58.82 54 46.96
Age 96.62 3.64 90 109 96.14 352 90 109

Patient’s History

Deceased, Age at Death 313 76.72 9695 3.59 90 109 |87 75.65 96.08 332 90

Smoking History 97 23.77 30 26.09

Diabetes Mellitus 36 882 7974 11.69 54 94 |19 1652 73.18 1212 50
Overweight (BMI>25)" 74 25.00 23 2473

Osteoporosis 34 833 7492 1296 50 91 | 8 696 7725 1539 55
Heart Attack 32 7.84 83.07 1139 50 97 |11 957 8173 10.55 60
Cardiac Arrythmia 81 19.85 86.09 951 50 102 |21 1826 8035 168 20
Angina 7 172 764 1203 60 92 | 1 0.87 80 NA 80
Congestive Heart 17 417 81.77 1025 70 97 | 6 522 86 721 77

High Blood Pressure 124 3039 7947 1127 38 104 |57 49.57 7431 1458 20

Stroke 38 931 8735 732 70 98 |13 113 8569 749 69
Kidney Disease 18 441 81.06 1642 27 93 | 3 261 9333 416 90
PVD Circulatory

Problems 34 833 8597 7.07 70 100 | 12 1043 80.75 14.85 40
Cataracts 148 36.27 84.01 936 40 100 |46 40 843 803 65
Glaucoma 13 319 8611 833 66 93 | 6 522 94 NA 94

Macular Degeneration 10 245 85 7.78 77 93 | 9 7.83 7833 351 75

Thyroid Condition 5 123 556 1544 31 68 | 3 261 755 2051 61

| -24
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SICS LLIs - Screening (N=410) SICS LLIs - Replication (N=116)

Variable/Disease N % Mean SD Min Max | N % Mean SD Min Max

Emphysema/Bronchitis 89 21.81 7492 1581 35 102 [26 22.61 76.21 1481 50 94

Other Illnesses 34 833 755 2554 10 103 |10 87 6729 2949 15 90
Cancer 27  6.62 8088 1325 48 95 |5 435 802 421 73 83
Parkinson’s Disease 13 319 8508 824 65 95 | 4 348 79.67 153 78 81
Dementia 15 3.68 86 566 78 94 |2 174 90 NA 90 90
Depression 15 3.68 8523 335 8 90 | 1 0.87 94 NA 94 94
Anxiety 13 319 8582 1192 60 98 | 3 261 8133 1401 70 97

Independence and

Cognitive Score

Barthel Score ° 6593 37.66 0 100 69.52 37.14 0 100
Cognitive Score ° 28.85 1033 0 34 27.65 11.79 0 34

Abbreviations: Variable/Disease, analyzed variable/disease; N =
number of LLIs affected/carrying the disease/trait; %, percentage of
LLIs carrying the disease/trait; Mean, SD, Min, Max: mean, standard
deviation, minimum, maximum of the age at onset for each disease.

“ Overweight condition: Body Mass Index (BMI) > 25. BMI has been
calculated as Weight (kg) / (height (m) x height (m))

b Peripheral Vascular Disease Circulatory Problems

¢ Mean, standard deviation, minimum, maximum of the Barthel and
Cognitive Scores distribution are reported instead of mean, standard
deviation, minimum, maximum of the age at onset.

The control populations were constituted by a German and a US
cohort. The German sample comprised 1,628 LLIs (age range, 95-110
years; mean age, 98.8 years) and 1,104 younger controls (age range,
60—75 years old; mean age, 66.8 years), and was first described by
Nebel et all'¥ The study protocol was approved by the Ethics
Committee of University Hospital Schleswig—Holstein (Campus Kiel),
Germany, and local data protection authorities. The US-American
study sample consisted of 1,461 LLIs with an age range of 91-119
years (mean age, 100.8 years) and 526 controls with an age range of

0-35 years (mean age, 28.2 years); these individuals were recruited by
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Elixir Pharmaceuticals, either directly or through the New England

82. 831 The study protocol was approved by the

Centenarian Study.!
Boston Medical Center’s Institutional Review Board and by the

Western Institutional Review Board.

1.7 Genotype determination and statistical data interpretation

Genotyping was carried out using the Illumina BeadChip 317K. All
genotypes were evaluated using a quantitative quality score called
GenCall, that assigns a score values from 0 to 1 and reflects the
proximity within a cluster plot of the intensities of that genotype to
the centroid of the nearest cluster. Samples and SNPs showing Call
Rate lower than respectively 93% and 95 % as well as SNPs
deviating from Hardy Weinberg Equilibrium (HWE) (p < 1.72x107)
or with Minor Allele Frequency (MAF) lower than 0.05 were
removed. Principal Component Analysis (PCA) has been applied on a
reduced set of autosomal markers showing r* estimates < 0.2, using
the default outliers removal threshold (sigma=6) as implemented in

Eigenstrat.*¥

We looked for evidence of genetic population
stratification on a subset of 454 LLIs and 591 young controls by
applying PCA: a graphical inspection of the first two principal
components revealed genetic homogeneity between LLIs and controls

(Figure 1.3).
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Figure 1.3 Population structure

Population structure of long-living individuals (LLIs) (+) and control
subjects (A). Each scatter plot shows the first two principal
components that were estimated using genotype data for Southern
Italian Centenarian Study (SICS) LLIs and control subjects using the
EigenSoft program. The two populations are ethnically identical, as
shown in the right scatter plot.
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1.8 Scope of the thesis

The scope of this work is the disclosure of molecular mechanisms that
regulate aging process. In particular, the mechanisms involved in
BPIFB4 pathway that we found mutated in three centenarians
populations.

The introduction chapter speaks about the centenarian situation in the
world and the evolution of this phenotype. It explains the players
involved in the aging mechanisms, with a particular focus on the
genetic background and its importance on the molecular pathways of
free radicals and lipid metabolism. Finally, the chapter shows an
overview on the study design adopted for this kind of research and the
results obtained in this field.

The results chapter is constituted by the main publication of my
doctoral project: “Genetic Analysis Reveals a Longevity-Associated
Protein Modulating Endothelial Function and Angiogenesis”
published on Circulation Research.

Finally, the discussion chapter shows the possibilities for antiaging
treatments with the intent of delay or escape by the age associated

diseases and achieve a healthier aging.
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Genetic Analysis Reveals a Longevity-Associated Protein
Modulating Endothelial Function and Angiogenesis

Francesco Villa,* Albino Carrizzo,* Chiara C. Spinelli,* Anna Ferrario,* Alberto Malovini,
Anna Maciag, Antonio Damato, Alberto Auricchio, Gaia Spinetti, Elena Sangalli, Zexu Dang,
Michele Madonna, Mariateresa Ambrosio, Leopoldo Sitia, Paolo Bigini, Gaetano Cali,
Stefan Schreiber, Thomas Perls, Sergio Fucile, Francesca Mulas, Almut Nebel, Riccardo Bellazzi,
Paolo Madeddu, Carmine Vecchione, Annibale A. Puca

Rationale: Long living individuals show delay of aging, which is characterized by the progressive loss of
cardiovascular homeostasis, along with reduced endothelial nitric oxide synthase activity, endothelial dysfunction,
and impairment of tissue repair after ischemic injury.

Objective: Exploit genetic analysis of long living individuals to reveal master molecular regulators of physiological
aging and new targets for treatment of cardiovascular disease.

Methods and Results: We show that the polymorphic variant rs2070325 (Ile229Val) in bactericidal/permeability-
increasing fold-containing-family-B-member-4 (BPIFB4) associates with exceptional longevity, under a recessive
genetic model, in 3 independent populations. Moreover, the expression of BPIFB4 is instrumental to maintenance
of cellular and vascular homeostasis through regulation of protein synthesis. BPIFB4 phosphorylation/activation
by protein-kinase-R-like endoplasmic reticulum kinase induces its complexing with 14-3-3 and heat shock
protein 90, which is facilitated by the longevity-associated variant. In isolated vessels, BPIFB4 is upregulated by
mechanical stress, and its knock-down inhibits endothelium-dependent vasorelaxation. In hypertensive rats and
old mice, gene transfer of longevity-associated variant-BPIFB4 restores endothelial nitric oxide synthase signaling,
rescues endothelial dysfunction, and reduces blood pressure levels. Furthermore, BPIFB4 is implicated in vascular
repair. BPIFB4 is abundantly expressed in circulating CD34* cells of long living individuals, and its knock-down
in endothelial progenitor cells precludes their capacity to migrate toward the chemoattractant SDF-1. In a murine
model of peripheral ischemia, systemic gene therapy with longevity-associated variant-BPIFB4 promotes the
recruitment of hematopoietic stem cells, reparative vascularization, and reperfusion of the ischemic muscle.

Conclusions: Longevity-associated variant-BPIFB4 may represent a novel therapeutic tool to fight endothelial dysfunction
and promote vascular reparative processes. (Circ Res.2015;117:333-345. DOI: 10.1161/CIRCRESAHA.117.305875.)

Key Words: aging m endothelial progenitor cell m endothelial function m endothelial nitric oxide synthase
m longevity m vascular reactivity

ging is an independent risk factor associated with endo- include the activation of heat shock factor protein 1—controlled
thelial dysfunction, impaired angiogenesis, and loss of heat shock proteins (HSPs), ribosomal biogenesis, and protein
protein homeostasis, or proteostasis, the decline of which is
contrasted by adaptive cellular responses.! The mechanisms
that help cells adapt and survive under stressful conditions
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Nonstandard Abbreviations and Acronyms

BPIFB4 bactericidal/permeability-increasing fold-containing-
family-B-member-4

EPC endothelial progenitor cells

HSP90 heat shock protein 90

LAV longevity-associated variant

LLIs long living individuals

MNC mononuclear cells

PERK protein kinase R-like endoplasmic reticulum kinase
SHR spontaneously hypertensive rats

synthesis and are at least in part orchestrated by growth factors,
as observed in Caenorhabditis elegans, in which heat shock
factor protein 1 is under the control of insulin/IGF-1-like sig-
naling.? Importantly, IGF-1-like signaling modulation of heat
shock factor protein 1 is necessary for controlling longevity?
and through modulation of FOXO (forkhead box O) transcrip-
tion factors, also for stem cell maintenance.*> Therefore, a spec-
trum of shared mechanisms modulate development, response to
stress, and aging.® Furthermore, IGF-1-like signaling regulates
activation of endothelial nitric oxide synthase (eNOS), a funda-
mental step for the beneficial effects of calorie restriction and
exercise—environmental components that influence health and
life-span—as underlined by the abolishment of the positive ef-
fects of caloric restriction in eNOS-knockout mice.” eNOS has
a key role in maintaining vascular function and integrity by gen-
erating nitric oxide (NO), a potent vasorelaxant and an inducer
of angiogenesis and vasculogenesis.'*'? Dysfunction of eNOS
signaling is observed in several pathological conditions, such as
cardiovascular, immunologic, metabolic, and neural diseases.
Exceptional longevity is an inheritable trait; long-lived in-
dividuals (LLIs), when compared with younger populations,
have a reduced incidence of cardiovascular disease!*!* and a
delayed ageing, a phenomenon that is in part genetically driv-
en.'® Thus, nonhypothesis-based genetic approaches could un-
cover novel proteins that control aging and disease resistance.
Here, we report genetic findings that have allowed us to un-
equivocally identify BPI fold—containing family B member 4/
palate lung and nasal epithelium clone 4 (BPIFB4/LPLUNC4)—
a member of a family of proteins involved in innate immunity,
but whose function remains elusive!’—as a gene associated with
exceptional longevity. Translating these findings into therapeutic
outcomes, we found that BPIFB4 is downregulated in old mice
and that forced expression of the longevity-associated variant
(LAV) of BPIFB4 rescues age-related endothelial dysfunction.
Additionally, LAV-BPIFB4 restores endothelial function and
blood pressure levels in a hypertensive model and old mice and
promotes reparative angiogenesis and recruitment of stem cells
to the ischemic limb muscle of mice subjected to unilateral fem-
oral artery ligation. Thus, LAV-BPIFB4 may constitute a novel
treatment for vascular diseases, hypertension, and ischemia.

Methods

A supplemental section for more detailed methods is available online
at http://circres.ahajournals.org.

LLI Populations

The LLI populations are described extensively elsewhere.'s?!

Transcriptome Analysis

Transcriptome analysis was performed on total RNA of transfected
HEK293T (human embryonic kidney 293T) cells using BeadChip
Ilumina. Complete data sets are available in Gene Expression
Omnibus database (www.ncbi.nlm.nih.gov/geo) in GSE63912.

Endothelial Progenitor Cell Migration Assay

To perform migration assay, mononuclear cells (MNCs) were iso-
lated and endothelial progenitor cells (EPC) enriched as described
previously.?>* Antigenic profile was assessed using a FACS Canto
flow cytometer and FACS Diva software (Becton, Dickinson and
Company). Migration was performed as described elsewhere.?>?*>

Evaluation of Vascular Reactivity
To evaluate the vascular reactivity in ex vivo transfected mouse ves-
sels, second-order branches of the mesenteric arterial tree were re-
moved from C57BL6 mice and transfected as described previously.*
Vasoconstriction was assessed with KCI or phenylephrine in control
conditions and after NS-nitro-L-arginine methyl ester (L-NAME) expo-
sure. Responses were tested before and after transfection. Endothelium-
dependent and -independent relaxations were assessed by measuring the
dilatory responses of mesenteric arteries to cumulative concentrations of
acetylcholine or nitroglycerine, respectively, in vessels precontracted with
U46619.%7 Caution was taken to avoid endothelial damage; functional in-
tegrity was reflected by the response to acetylcholine (107 mol/L).*

Infection of Hypertensive Rats

Femoral arteries of AAV-infected spontaneously hypertensive rats (SHR)
were analyzed in this study. The experimental protocol for this project
was approved by the Istituto Neurologico Mediterraneo Neuromed, Italy,
and complies with National Institute Health guidelines for care and use
of laboratory animals. Femoral arteries were excised and placed on a
wire system? to perform vascular reactivity studies. Blood pressure was
evaluated in another experimental series of SHRs (11-week-old) by tail-
cuff plethysmography for 1 week as previously described.”

Infection of Hindlimb Ischemia Mice Models

Infection with AAV and measurement of superficial blood flow and
neovascularization were performed in accordance with the Guide for
the Care and Use of Laboratory Animals (The Institute of Laboratory
Animal Resources, 1996) and with approval of the British Home
Office and the University of Bristol.

Foot blood flow was measured immediately after ischemia and
then at 7, 14, and 21 days (n=10 mice/group). Muscle cryosections
with thickness of 5 um were used for immunohistochemical analyses.

Evaluation of the modulation in recruitment of total and short-term
and long-term reconstituting Lin~ Sca-1*cKit* cells in the ischemic mus-
cles of AAV-injected mice was assessed using a multicolor flow cytometry.

Analysis of gene expression was performed on ischemic muscles
and femoral arteries collected 1 week from induction of ischemia and
gene therapy.

Statistical Analyses

The reader may refer to Malovini et al*! for details about the statistical
methods and procedures applied to the analysis of data deriving from
the genome-wide scan. For all statistical detailed information, refer
the statistical method sections in the Online Data Supplement.

Results

rs2070325 in BPIFB4 Associates With Exceptional
Longevity in Three Independent Populations

To follow up our previous hypothesis-generating genome-
wide association study (Online Text 1), we designed a
2-stage replication effort on 4 variations reported among the
top findings (P<1x107*) of that study. To this end, 2 nonsyn-
onymous SNPs—that is, rs2070325 and rs571391—and 2
intronic markers—that is, rs7583529 and rs285097, which
tagged the functional variants rs7917 and rs16955011 (*>0.8
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in the HapMap CEU panel), respectively—were tested for as-
sociation in 2 independent cohorts, the first of which was re-
cruited for the German Longevity Study? and the second for a
US-based effort'®! (Online Text II).

Of the 4 variations tested with TagMan assays, only
rs2070325—which induces the amino acid change I1e229Val in
BPIFB4 (identifier: P59827-2)—replicated the association ob-
served in the screening cohort under the recessive genetic mod-
el (OR=2.42; 95% Cl=1.56-3.77; P=5.8x107; power >0.85) in
the German Longevity Study (OR=1.43; 95% CI=1.12-1.80;
P=0.0036). This variant was found associated with the longev-
ity phenotype also in the US replication set (OR=1.60; 95%
CI=1.14-2.24; P=0.0063; Online Table I). Meta-analysis of
the 2 populations confirmed this finding (3060 LLIs and 1609
controls: OR=1.49; 95% CI=1.22-1.81; P=7.59x107; pow-
er>0.90) and that of the screening and replication sets combined
(3464 LLIs and 2160 controls; Bonferroni-adjusted signifi-
cance threshold: P<3.22x107; OR=1.61; 95% Cl=1.34-1.92;
P=2.4x107; power >0.80; Online Figure I and Online Text III).

rs2070325 Is Associated With a Quadruple-SNP
Haplotype

Haplotype analysis revealed patterns of strong linkage disequi-
librium (LD: r»>0.8, D">0.9) within the BPIFB4 genomic locus,
delimiting a region highly enriched in nonsynonymous SNPs: the
1rs2070325 variation of BPIFB4 tagged 1s2889732 (Asn281Thr),
rs11699009 (Leu488Phe), and rs11696307 (11e494Thr), codity-
ing, respectively, for wild-type (WT; allele frequency, 66%) and
LAV (allele frequency, 29.5%) isoforms (Online Text IV).

CD34* Cells From LLIs Donors Abundantly
Express BPIFB4

BPIFB4 has been found expressed in olfactory epithelium,
MNCs, and Bowman’s gland.” We found BPIFB4 also ex-
pressed in germline, stem, progenitor, and fetal cells (Online
Figures II and IITA and Online Text V). Moreover, circulat-
ing CD34* cells, which are enriched with proangiogenic pro-
genitors, had higher BPIFB4 RNA levels in LLIs as compared
with ethnically matched young controls, suggesting a possible
implication of BPIFB4 in cellular mechanisms of vascular
repair (Online Figure IIIB). To further evaluate the involve-
ment of BPIFB4 in proangiogenic cell function, we studied
the impact of BPIFB4 knock-out on in vitro migration activ-
ity of culture-selected EPCs from healthy human donors. We
observed a lack of migration toward the classical chemoat-
tractant SDF-1a in EPCs lacking BPIFB4 (Online Figure IV).

BPIFB4 Overexpression Induces an Adaptive Stress
Response and Proteostasis

To gain information on the role of BPIFB4 and its LAV in gene
expression regulation, we performed genome-wide transcrip-
tional profiling of HEK293T cells transfected with an empty-,
WT- or LAV-BPIFB4-encoding vector. BPIFB4 isoforms acti-
vated adaptive stress responses and proteostasis, 2 key aspects
for improved organism survival® and stem cell maintenance,*
and potentiated small noncoding RNAs supportive of the spli-
ceosome, genomic integrity machinery, and telomere mainte-
nance (Online Figures V and VIA, Online Text VI and Online
Tables III-VII). Altogether these data are indicative of a role
of BPIFB4 in organism homeostasis.
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PERK Modulates the Complexing of LAV-BPIFB4
With 14-3-3

To further dissect the molecular determinants underlying the
mechanism of action of BPIFB4, we analyzed the structure of
the protein motifs in its sequence. We identified a protein ki-
nase R-like endoplasmic reticulum kinase (PERK) substrate
motif (amino acids 73-80: EXSXRXXR/EGSIRDLR).?!32
PERK is a known transducer of the unfolded protein response,
reducing endoplasmic reticulum protein loading through the
inhibition of protein synthesis mediated by phosphorylation
of eukaryotic translation initiation factor 2-alpha.** Thus, a
PERK substrate motif on BPIFB4 would indicate a role of
BPIFB4 as a downstream effector. Specifically, we observed
a reduction of eukaryotic translation initiation factor 2-alpha
phosphorylation on transfection with BPIFB4 (Online Figure
VIB). These findings suggest that BPIFB4 is part of a cascade
of events orchestrated by PERK aimed at reducing endoplas-
mic reticulum stress. Further sequence analysis revealed the
presence of an atypical 14-3-3 binding motif (amino acids
80-86: RXSXXXS/RNSGYRS).!” 14-3-3 modulates cell sig-
naling by binding and retaining proteins within the cytoplasm
depending on their phosphorylation status.**

We next compared LAV-BPIFB4 and WT-BPIFB4 for po-
tential interaction with 14-3-3 in vitro. Immunoprecipitation and
confocal analyses revealed that LAV-BPIFB4 was mainly local-
ized in the cytoplasm and efficiently formed a complex with 14-
3-3, whereas WT-BPIFB4 was mostly nuclear (Online Figures
VII-IX and Online Text VII). Cells transfected with LAV-
BPIFB4 mutated either at serine 75 (LAV-BPIFB4™PERK) or at
serine 82 (LAV-BPIFB4™!1433) ‘which is part of the 14-3-3 bind-
ing motif, failed to immunoprecipitate 14-3-3, thus indicating
arole of these sites in 14-3-3 recruitment (Online Figure VII).

Further characterization of LAV-BPIFB4 interactions revealed
that it forms a complex with heat shock protein 90 (HSP90), a
phenomenon that does not take place in cells transfected with
LAV-BPIFB4™®ERK or T AV-BPIFB4™!!“33 (Online Figure VII).
Pharmacological inhibition of PERK with GSK2606414 after
transfection with LAV-BPIFB4 impeded the immunoprecipitation
of 14-3-3 and HSP90 (Online Figure VII). These findings link
PERK-mediated phosphorylation of LAV-BPIFB4 to its 14-3-3
binding activity, which is central for the recruitment of HSP90,
a known eNOS activator.* Of note, WT-BPIFB4 coimmunopre-
cipitated with HSP90, but not with 14-3-3, as detected by Western
blotting. However, WT-BPIFB4™!!%33 fajled to immunoprecipi-
tate with HSP90 (Online Figure VII). This indicates that WT-
BPIFB4 has a reduced, rather than no ability to recruit 14-3-3,
which is a step needed for forming a complex with HSP90.

eNOS Is Phosphorylated in Homozygotic

rs2070325 MNCs

Aging is generally associated with a significant reduction
in NO bioavailability, which leads to endothelial dysfunc-
tion.*® Based on the above observations of HSP90 recruit-
ment by BPIFB4 and the latter being expressed in MNCs, we
assessed the effect of the A/A (homozygotic major allele),
Al/a (heterozygotic allele), and a/a (homozygotic minor al-
lele) genotypes of 152070325 on the activity status of eNOS
in MNCs from healthy blood donors. We found increased
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eNOS phosphorylation at serine 1177—an activation site of
the enzyme—in a/a carriers (Figure 1).

BPIFB4 Is Present in the Vessel Wall and Modulates
Vascular Tone

Based on the evidence of enhanced eNOS phosphorylation in
MNCs with an rs2070325 genotype, we explored the role of
BPIFB4 in the modulation of vascular tone, a process in which
NO plays a prominent role.*® In mouse mesenteric arteries—a

A A/A Ala

typical resistance vessel involved in blood pressure homeosta-
sis—expression of the protein was upregulated on application
of a biomechanical stress (ie, increased intraluminal pressure
for 1 hour; Figure 2A). Inhibition of BPIFB4 expression had
a detrimental effect on vascular function: in fact, SiRNA-me-
diated knockdown of BPIFB4 induced marked reductions in
phenylephrine- and potassium-evoked vasoconstrictions and
acetylcholine-evoked endothelial vasorelaxation (Figure 2B).
These effects were associated with the inhibition of eNOS
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Figure 1 . Evaluation of endothelial nitric oxide synthase (eNOS) phosphorylation in subjects carrying variations on BPIFB4. A,
Phosphorylation status of eNOS on serine 1177 in ex vivo mononuclear cells (MNCs) of subjects A/A (N=12), A/a (N=12), or a/a (N=12)
for rs2070325. Right plots give the optical density ratio between the phosphorylated and total forms of eNOS. B, Plot of average values.
Values are means+SEM. Statistical analysis was performed with Student’s t test; ***P<0.001. BPIFB4 indicates bactericidal/permeability-

increasing fold-containing-family-B-member-4.
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Figure 2 . Expression of BPIFB4 in perfused vessels and effects of its variants on vascular reactivity and on phosphorylation of
endothelial nitric oxide synthase (eNOS) in mesenteric arteries. A, BPIFB4 protein expression in ex vivo mouse mesenteric arteries
perfused with increasing pressure levels. The right graph gives quantification of BPIFB4 protein. B, Graphs show, from left to right,
the ex vivo response of mouse mesenteric arteries to potassium (80 mmol/L KCI) and the dose responses to phenylephrine (PE), the
thromboxane agonist U46619, endothelium-dependent vasorelaxant acetylcholine (ACh), and endothelium-independent vasorelaxant
nitroglycerin (NG). In the first row, vascular responses are measured before (---) and after (-m-+) transfection with short interfering (si)

RNA for BPIFB4, and before (s e+—) and after (-m-+) transfection with scrambled siRNA. In the consecutive rows, before (

—) and after (-m-+)

transfection with an empty (E) plasmid or with wild-type (WT) or the longevity-associated variant (LAV) BPIFB4-encoding plasmids.
Values are means+SEM. N=7. C, Western blot of 7 pooled experiments on ex vivo mouse mesenteric arteries. Graphs show quantification
of eNOS phosphorylation and BPIFB4. Values are means+SEM, N=3 pools of experiments. Statistics was performed using ANOVA;
**P<0.01; ***P<0.001. BPIFB4 indicates bactericidal/permeability-increasing fold-containing-family-B-member-4.

phosphorylation at serine 1177 (Figure 2C). In contrast, silenc-
ing of BPIFB4 expression did not affect the endothelium-inde-
pendent vasorelaxation response evoked by nitroglycerin (NG).

Transfection of Arteries With LAV-BPIFB4 Enhances
eNOS Phosphorylation and eNOS-Dependent
Vasomotion Through PERK and 14-3-3 Binding

We transfected mesenteric arteries ex vivo with plasmids
encoding a variant tagged with green fluorescent pro-
tein. Overexpression of WT-BPIFB4 did not interfere with

vascular reactivity (Figure 2B), whereas the expression of
LAV-BPIFB4 significantly enhanced acetylcholine-evoked
vasorelaxation (Figure 2B) and promoted phosphorylation
of eNOS at serine 1177 (Figure 2C). Of note, acetylcholine-
evoked vasorelaxation was more efficiently inhibited with
NC-nitro-L-arginine methyl ester (L-NAME) in LAV-BPIFB4—
expressing resistance vessels than in vessels exposed to an
empty vector, indicating a higher dependency on eNOS in the
former. In contrast, forced BPIFB4 expression did not affect
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the endothelium-independent vasorelaxation response evoked
by NO (Online Figure X and Online Text VIII).

We then assessed the role of PERK and 14-3-3 binding in
the activation of eNOS-dependent vascular responses by LAV-
BPIFB4. To this aim, we transfected mouse mesenteric arter-
ies ex vivo with LAV-BPIFB4™ERK o [ AV-BPIFB4mut!4-3-3
and observed these mutants are devoid of the features mani-
fested by LAV-BPIFB4 (Figure 3A and 3B). Likewise, phar-
macological inhibition of PERK with GSK2606414 negated
the effect of LAV-BPIFB4 on eNOS phosphorylation and vas-
cular reactivity (Figure 3A-3C).

Phosphorylation of BPIFB4 at serine 75 was higher in
mesenteric vessels transfected with LAV-BPIFB4 than in
those transfected with WT-BPIFB4 (Figure 3D). Treatment
with GSK2606414 reduced the level of phosphorylation at
serine 75 on LAV-BPIFB4, as well as at serine 1177 on eNOS,
supporting the role of PERK in potentiating the phosphoryla-
tion status of LAV-BPIFB4 and eNOS (Figure 3C). Because
mesenteric vessels transfected with WT-BPIFB4™!433 also
displayed endothelial dysfunction, it is plausible that WT-
BPIFB4, similarly to LAV-BPIFB4, requires binding to 14-
3-3 for activation of eNOS (Online Figure XI). Additionally,
HSP90 seems to be implicated in LAV-BPIFB4—induced po-
tentiation of eNOS, as documented by results showing LAV-
BPIFB4’s failure to modulate eNOS/vascular responses on
inhibition of HSP90 with SNX5422 (Online Figure XII). As
a result, we hypothesize a model in which BPIFB4 needs to
be phosphorylated by PERK to recruit 14-3-3, thus allowing
the formation of a complex with HSP9O0 for final activation of
eNOS. This cascade of events is potentiated in the presence of
LAV-BPIFB4 (Online Figure XIII).

We also observed apparently paradoxical reductions in
potassium- and phenylephrine-evoked vasoconstrictions by
LAV-BPIFB4 compared with WT-BPIFB4 (Figure 2B). This
effect was partially rescued by the eNOS inhibitor L-NAME,
suggesting that LAV-BPIFB4-mediated enhancement of NO
production modulated adrenergic and potassium vascular re-
sponses (Figure 3B). Additionally, as shown in Online Figure
XIV, L.-NAME enhanced phenylephrine and KCI vascular
responses without affecting U46619 vasoconstriction. These
results indicate that the NO signaling is not involved in the
vascular response evoked by U46619.

Forced Expression of LAV-BPIFB4 In Vivo
Enhances eNOS Function and Reduces Blood
Pressure

To evaluate the in vivo relevance of the findings obtained
through plasmid transfection, we generated WT-BPIFB4-,
LAV-BPIFB4-, and green fluorescent protein—encoding ade-
no-associated viral vectors (AAV serotype 9 with a TBG pro-
moter) and used them to transduce normotensive mice through
the femoral artery.” We found that AAV-LAV-BPIFB4 en-
hances NO-mediated vasorelaxation in femoral arteries and
also in mesenteric arteries, a vascular district different from
the one used for gene delivery (Online Figure XVA). Both
vessels represent the prototype of resistance vessels involved
in blood pressure homeostasis.?**¥#! As expected, enhanced
vasorelaxation by AAV-LAV-BPIFB4 was associated with po-
tentiation of eNOS phosphorylation (Online Figure XVB) and

interestingly with a reduction of both systolic and diastolic
blood pressure (Online Figure XVI). In contrast, transduction
with AAV-WT-BPIFB4 did not exert molecular and vasorelax-
ant effects in this model (Online Figure XV). It should again
acknowledge that the observed effects were endothelium-de-
pendent as no potentiation of NG-induced vasorelaxation was
observed.

Investigation of the association between duration of trans-
gene expression and functional/molecular outcomes indicates
persistence of LAV-BPIFB4 expression <3 weeks after sys-
temic delivery of the AVV vector, along with enhancement of
endothelial vasorelaxation (Online Figure XVIIA) and eNOS
phosphorylation (Online Figure XVIIB). On the other hand,
the effect of LAV-BPIFB4 infection on blood pressure reduc-
tion was counteracted by compensatory mechanisms after 1
week (Online Figure XVIIC).

Analyses of different tissues from AAV-LAV-BPIFB4-
infected mice showed overexpression of BPIFB4 in femoral
bone marrow, brain, adipose tissue, and endothelium, but not
in liver, blood serum, and MNCs (see details in Online Figures
XVIII and XIX and Online Text IX). In addition, we quan-
tified the abundance of CD31* endothelial cells expressing
BPIFB4 and found a significant increase of CD31*/BPIFB4*
endothelial cells AAV-LAV-BPIFB4—infected mice in com-
parison with AAV-green fluorescent protein—infected mice
(Online Text IX).

Next, to strengthen the involvement of eNOS/NO sig-
naling in the in vivo vascular effects of AAV-LAV-BPIFB4,
we injected the vector in eNOS-knock-out and control mice.
Results show that AAV-LAV-BPIFB4 fails to exert hemo-
dynamic effects in conditions of eNOS deficiency (Online
Figure XXA), despite an efficient LAV-BPIFB4 overexpres-
sion was confirmed in these animals by Western blot analysis
(Online Figure XXB).

In Vivo Gene Therapy With LAV-BPIFB4 Rescues a
Genetic Hypertensive Trait

We next studied the antihypertensive effect of LAV-BPIFB4
gene therapy in SHR, a model of essential hypertension char-
acterized by endothelial dysfunction.*? Systemic delivery of
LAV-BPIFB4 improved endothelial vasorelaxation and en-
hanced eNOS phosphorylation in vessels, along with normal-
ized blood pressure (Figure 4).

We next explored if forced LAV-BPIFB4 expression has
an impact on hypertensive vascular remodeling. As expected,
and in agreement with previous reports, SHRs show an in-
crease in media:lumen ratio and media thickness as compared
with normotensive WKY rats,** indicating hypertrophic
remodeling. Intriguingly, although capable of normalizing
blood pressure levels in SHRs, LAV-BPIFB4 failed to rescue
vascular remodeling. These data indicate that the hypertrophi-
cally remodeled vasculature of chronically hypertensive rats
remains functionally sensitive to the vasodilatory action of
LAV-BPIFB4 (Online Figure XXI).

In Vivo Gene Therapy With LAV-BPIFB4 Reverts
Vascular Ageing

Aging is an independent cardiovascular risk factor associ-
ated with an impairment of endothelial function because of
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Figure 3 . Effect of the nitric oxide (NO) inhibitor L-NAME, LAV-BPIFB4™PERK | AV-BPIFB4™43-3, and the PERK inhibitor GSK2606414
on LAV-BPIFB4-mediated vascular reactivity and on phosphorylation of eNOS in mesenteric arteries. A, Graphs show, from left to
right, the vascular response of ex vivo mouse mesenteric arteries to potassium (80 mmol/L KCI) and the dose responses to phenylephrine
(PE), the thromboxane agonist U46619, acetylcholine (ACh), to nitroglycerin (NG) before (-9-) and after transfection with LAV-BPIFB4 (=),
or after transfection with LAV-BPIFB4 plus L-NAME (300 pM) in the first row, LAV-BPIFB4m™PERK in the second row, LAV-BPIFB4mutt4-3-3

in the third row, and LAV-BPIFB4 plus GSK2606414 (0.5 uM; ) in the last row. Values are means+SEM. N=7 experiments per group.
Statistics was performed using ANOVA,; *P<0.05; **P<0.01; ***P<0.001 before vs after transfection or treatment. B, Western blot of 7 pooled
experiments on ex vivo mouse mesenteric arteries transfected with LAV-BPIFB4, LAV-BPIFB4 ™PERK | AV-BPIFB4™ 1433 or LAV-BPIFB4
plus GSK2606414. Graphs show quantification of eNOS phosphorylation and BPIFB4. Values are means+SEM, N=2 pools of experiments.
C, Western blot of 4 pooled experiments on ex vivo mouse mesenteric arteries with LAV-BPIFB4 or LAV-BPIFB4 plus GSK2606414. Graphs
show quantification of eNOS and BPIFB4 phosphorylation. N=3 pool of experiments. D, Western blot of 4 pooled experiments on ex vivo
mouse mesenteric arteries with WT-BPIFB4, LAV-BPIFB4 alone LAV-BPIFB4 plus GSK2606414. Graphs show quantification of eNOS and
BPIFB4 phosphorylation. N=3 pool of experiments. For B, C, and D, statistics was performed using ANOVA; **P<0.01. BPIFB4 indicates
bactericidal/permeability-increasing fold-containing-family-B-member-4; and LAV, longevity-associated variant.
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Figure 4 . Treatment of hypertensive rats with AAV-LAV-BPIFB4 results in pressure normalization. A, Graph of the vascular response
to acetylcholine (ACh) and nitroglycerin (NG) of ex vivo femoral and mesenteric arteries from spontaneously hypertensive rats (SHRs)
injected with AAV-GFP (-9-; n=5) or AAV-LAV-BPIFB4 (-B-; n=5). Values are means+SEM. B, Representative Western blot for endothelial
nitric oxide synthase (eNOS) phosphorylation and BPIFB4 in femoral arteries from SHRs injected with AAV-GFP or AAV-LAV-BPIFB4.

The right graph gives the quantification of eNOS phosphorylation and BPIFB4 of 3 pooled experiments. C, Systolic blood pressure (SBP)
of SHR treated with AAV-GFP (-e-; n=5) or AAV-LAV-BPIFB4 (-=; n=5). Values are means+SEM. Statistics was performed using ANOVA;
*P<0.05; **P<0.001. BPIFB4 indicates bactericidal/permeability-increasing fold-containing-family-B-member-4; GFP, green fluorescent

protein; and LAV, longevity-associated variant.

an imbalance between vasodilator and vasoconstriction sub-
stances and a progressive reduction in NO bioavailability.*64346
We confirm these typical features in old mice and provide new
evidence of their association with downregulation of BPIFB4
(Figure 5B), thus strengthening the rationale for LAV-BPIFB4
gene therapy. Importantly, systemic delivery of AAV-LAV-
BPIFB4 upregulates BPIFB4 and restores endothelial va-
sorelaxation and eNOS phosphorylation to the levels found
in young animals (Figure SA and 5B). The vasoactive effect
was endothelium-dependent as denoted in experiments using
NG (Figure 5A). Additionally, administration of AAV-LAV-
BPIFB4 reduces blood pressure levels in both young and old
mice (Figure 5C).

In Vivo Gene Therapy With LAV-BPIFB4 Enhances
Postischemic Reparative Neovascularization and
Reperfusion

We then evaluated the therapeutic effect of AAV-LAV-BPIFB4
on revascularization, a process reduced during aging and
1 dependent on efficient homing of circulating proangio-
genic cells.”” We investigated whether circulating progeni-
tor cell homing to the ischemic muscles was enhanced by

AAV-LAV-BPIFBA4. To this end, lineage negative cKit*Sca-1*
cells and subpopulations of CD34~ and CD34* Lin~ Sca-
I*cKit* cells—which in the mouse represent long-term and
short-term reconstituting hematopoietic stem cells, respec-
tively—were counted in enzymatically digested ischemic
muscles 3 days after induction of ischemia (Online Figure
XXIIA). The gating strategy for identification of these pro-
genitor cell populations is shown in Online Figures XXIIA
and XXIII. AAV-LAV-BPIFB4 increased the recruitment of
total and both short- and long-term reconstituting Lin~ Sca-
1*cKit* cells to ischemic muscle (Online Figure XXIIB). This
finding suggests a therapeutic effect of LAV-BPIFB4 in isch-
emic vascular disease. Accordingly, in the mouse hindlimb
ischemia model, AAV-LAV-BPIFB4 induced a significant re-
covery of superficial blood flow, as assessed by laser Doppler
scanning at the level of the foot and whole limb 3 weeks after
unilateral ligature of the femoral artery (Figure 6A; Online
Figure XXIV). A tendency of blood flow to improve was also
observed in mice given AAV-WT-BPIFB4, but the effect did
not reach statistical significance. The hemodynamic benefit
exerted by AAV-LAV-BPIFB4 corresponded with an increase
in capillary and arteriole density (Online Figure XXV and
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Figure 5 . Effect of AAV-LAV-BPIFB4 on blood pressure, vascular reactivity, and endothelial nitric oxide synthase (eNOS)
phosphorylation in old and young mice. A, Graphs show vascular responses to acetylcholine (ACh) and nitroglycerin (NG) of mesenteric
and femoral arteries from old and young mice injected with AAV-GFP (-&-n=>5; -@-n=5) or AAV-LAV-BPIFB4 (-B-n=5; -B-n=5). Values are
means+SEM. B, Western blot of 5 pooled experiments on mesenteric arteries injected from mice given AAV-GFP or AAV-LAV-BPIFB4.
Graphs show quantification of eNOS phosphorylation and BPIFB4. Values are means+SEM, N=3 pools of experiments. C, Systolic

blood pressure (SBP) in old and young mice treated with AAV-GFP (-e-n=5; -n=5) or AAV-LAV-BPIFB4 (-&-n=5; -=n=5). Values are
means+SEM. Statistics was performed using ANOVA,; *P<0.05; **P<0.01. BPIFB4 indicates bactericidal/permeability-increasing fold-
containing-family-B-member-4; GFP, green fluorescent protein; and LAV, longevity-associated variant.

Online Tables VIII and IX). In this model, AAV-LAV-BPIFB4
was injected systemically through the tail vein. To confirm
transgene expression, we performed additional immunohis-
tochemistry studies that confirm the transgene expression in
limb muscles, at the level of capillaries and arterioles (Online
Figure XXVI and Online Text IX). Additionally, we inves-
tigated the impact of AAV-LAV-BPIFB4 on the expression
of proangiogenic and oxidative stress scavenging factors.
Results show the upregulation of vascular endothelial growth
factor (VEGF) and SOD-3 in ischemic muscles of AAV-LAV-
BPIFB4-injected mice. Furthermore, similar inductive phe-
nomena were observed in femoral arteries (Figure 6B).

To be noted, we observed a transient reduction in blood
pressure after the intravenous administration of AAV-LAV-
BPIFB4 similarly to what observed with intra-arterial proce-
dure, as shown in Online Figure XXVII. This is in keeping
with improved native angiogenic response induced by vaso-
dilator peptides, proteins, and drugs impacting on NO forma-
tion, like kinins, kallikrein, and converting enzyme inhibitors,
which also favor blood pressure reduction.*-°

Discussion
Recent landmark studies have significantly improved our un-
derstanding of the genetic determinants of slow aging.’'->
Unfortunately, only apolipoprotein E (APOE) €4 has reached

the penalizing genome-wide threshold of significance to date.?
Therefore, to identify genes and genetic variants that influence
human health through interaction with environmental factors,
alternative approaches are needed, such as multistage study
designs aimed at reducing the statistical penalty.'$203*5 In line
with this, the present study adopted a combination of a multi-
stage genetic and functional approach to investigate whether a
candidate gene, that is, BPIFB4, is associated with exception-
al longevity. Our findings strongly indicate the pivotal role of
BPIFB4 in preserving the ability to activate an adaptive stress
response and proteostasis, 2 physiological processes negative-
ly affected by aging.¢

BPIFB4 belongs to the superfamily of bactericidal BPI/
PLUNC proteins, which are central to the host innate immune
response against bacteria in regions of significant bacterial ex-
posure, like the mouth, nose, and lungs. The expression of the
activity-enhanced polymorphic variant LAV-BPIFB4 might
initially produce privileged survival through better resistance
to infectious diseases. The variant may offer additional ad-
vantages because of its ability to activate the NO-releasing
enzyme eNOS. NO and peroxynitrite, which is generated by
the interaction of NO with O2~ during the respiratory burst,
are mediators of the bactericidal effects of macrophages
through inactivation of heme-containing enzymes, including
cytochrome oxidases and cytochrome P450. Interestingly,
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Figure 6 . Effect of longevity-associated variant (LAV)-BPFIB4 on postischemic recovery of superficial blood flow in mice. A, Bar
graph and representative images of blood flow recovery at the level of limb and foot, as assessed by laser Doppler flowmetry; arrows
indicate the ischemic side 3 weeks postprocedure. Values are mean+SE of N=10 per group. B, Bar graphs show expression of vascular
endothelial growth factor (VEGF) and SOD-3 in muscles and femoral arteries 1 week postischemia (N=4 per group). BPIFB4 indicates
bactericidal/permeability-increasing fold-containing-family-B-member-4.
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development and refining of this prosurvival mechanism has
facilitated exceptional longevity by ensuring better adaptation
to stress conditions through improved function of ribosomal
biogenesis, protein synthesis, and cardiovascular homeostasis.

Data from gene arrays of HEK293T cells indicate that
BPIFB4 activates adaptive stress responses and proteostasis,
2 key aspects for improved organism survival,’ as well as stem
cell maintenance.*® Analysis of BPIFB4’s sequence revealed a
phosphorylation site for PERK, which is a further link between
BPIFB4 and the stress response. A key element that makes
LAV-BPIFB4 uniquely suited to confer physiological advan-
tages is its peculiar ability to be superiorly phosphorylated by
PERK and, thereby recruit the eNOS-activating factor HSP90.
Although both LAV-BPIFB4 and WT-BPIFB4 can form an ac-
tivated complex with HSP90, only LAV-BPIFB4 is capable
of making this complex more productive for eNOS activation
through post-transcriptional modulation by 14-3-3. In this re-
gard, BPIFB4 sequence analysis revealed an atypical 14-3-3
binding site. Thus, 14-3-3 may modulate BPIFB4-mediated
cell signaling by binding and retaining the latter within the cy-
toplasm on the basis of its phosphorylation status at serine 75.
In fact, immunoprecipitation and confocal microscopy studies
showed the LAV-BPIFB4 complexes efficiently with 14-3-3, a
phenomenon that apparently did not occur with WT-BPIFB4.
In support of the importance of PERK-mediated phosphoryla-
tion at serine 75 and of serine 82 for LAV-BPIFB4’s binding
to 14-3-3, LAV-BPIFB4™!1433 T_AV-BPIFB4™PERK " or LAV-
BPIFB4 with GSK2606414 (PERK inhibitor) failed to immu-
noprecipitate 14-3-3.

A landmark finding of this study is the recognition that
BPIFB4 plays a crucial role in maintenance of vascular ho-
meostasis and that LAV-BPIFB4 exerts extraprotection. We
show that biomechanical stress caused by increased arterial
pressure upregulates BPIFB4 expression and that BPIFB4 si-
lencing induces eNOS/endothelial dysfunction. Moreover, we
found that LAV-BPIFB4 potentiated eNOS signaling in mouse
vessels. In line with cellular data, studies in isolated vessels
showed that the LAV-BPIFB4/HSP90 complex was depen-
dent on PERK phosphorylation and 14-3-3 binding, with en-
dothelial dysfunction ensuing on transfection of vessels with
LAV-BPIFB4™1433 " T AV-BPIFB4™ERK - or T AV-BPIFB4
with GSK2606414. Similarly, WT-BPIFB4 binds to HSP90
and modulates endothelial function through a 14-3-3-medi-
ated mechanism, as shown by mutagenesis of serine 82 (WT-
BPIFB4™!433) However, LAV-BPIFB4 may have a more
potent vasculoprotective effect because of its increased ability
to bind 14-3-3.

Endothelial dysfunction is a systemic pathological state
characterized by a reduction in the bioavailability of and re-
sponsiveness to vasodilators, and altered vascular wall me-
tabolism. Because of its major causal role in cardiovascular
diseases, such as hypertension and ischemia, therapeutic
agents that restore endothelial function are of clinical interest.
In this context, a body of evidence pinpoints eNOS as a major
player in blood pressure homeostasis and eNOS downregu-
lation as a hallmark of cardiovascular disease.’® Hence, we
evaluated the effect of LAV-BPIFB4 in a rat model of essential
hypertension characterized by impaired endothelial function.
The in vivo administration of LAV-BPIFB4 normalized blood
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pressure levels and endothelial function in genetically hyper-
tensive rats, without influencing vascular remodeling.

It is well known that cardiovascular risk is markedly in-
creased in aged individuals. Our results show the association
of dysfunctional endothelial-dependent vasorelaxation, re-
duced eNOS phosphorylation, and BPIFB4 downregulation in
old mice. Importantly, we also newly demonstrate that forced
BPIFB4 expression by AAV-LAV-BPIFB4 restores endothe-
lium-dependent vasorelaxation, eNOS phosphorylation, and
reduces blood pressure levels in old mice.

These results strongly candidate LAV-BPIFB4 as new
therapeutic agent able to enhance endothelial NO release
and reduce high blood pressure levels. We also recorded
the higher expression of BPIFB4 in the CD34* cells of LLIs
and the absence of migration ability in EPCs after SDF-1
stimulation in the absence of BPIFB4. Thus, high levels of
BPIFB4 could protect LLIs by improving revascularization,
a process dependent on the migration ability of EPCs.*’ In
line, in a mouse model of hindlimb ischemia, LAV-BPIFB4
exerted a beneficial effect, significantly increasing homing
of progenitor cells, enhancing blood flow, and spontaneous
revascularization in the affected limb. Of note, only the LAV
isoform confers substantial protection from acute ischemia
through potentiation of vascular repair, which is associated
with activation of VEGF and SOD3 in ischemic skeletal
muscles, suggesting a role of proangiogenic and ROS scav-
enging mechanisms. More studies are needed to clarify the
role of the effect of blood pressure lowering on this vascular
phenotype. In conclusion, BPIFB4 is a multitasking protein
involved in processes that are important for cellular and or-
ganism homeostasis and whose role in modulating eNOS is
potentiated by the variations harbored by the LAV isoform.
We have unraveled the molecular determinants linking func-
tional vasculature responses, endothelial function, and a spe-
cific genetic trait and have identified BPIFB4 as a potential
tool for innovative therapeutic strategies for aging, vascular
repair, and endothelial dysfunction. Finally, we have found
that genetic traits enriched in centenarians might be exploit-
ed to combat and attenuate cardiovascular disease at earlier
stages of life. Thus, investigating exceptional longevity could
bestow us with new knowledge instrumental to extending a
clinical benefit to the population at large.
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Novelty and Significance

What Is Known?

The impaired production and release of nitric oxide (NO) from endo-
thelial cells and the decline of vascular function are hallmarks of aging
and predispose the development of cardiovascular diseases.
Exceptionally long-living individuals share common genetic features
associated with protection against the onset of cardiovascular illness.
Thus, a study of their genetic code could shed light on new mecha-
nisms that control aging and disease resistance.

What New Information Does This Article Contribute?

Through the study of multiple populations of long-living individu-
als, we have identified the longevity-associated variant (LAV) of the
gene BPIFB4 (bactericidal/permeability-increasing fold-containing
family-B-member-4).

The forced expression of LAV-BPIFB4 both in old mice and in animal
model of hypertension reduced blood pressure and rescued age-relat-
ed endothelial dysfunction stimulating endothelial nitric oxide synthase
activation.

In a mouse model of hindlimb ischemia, LAV-BPIFB4 facilitated repara-
tive angiogenesis.

Identification and characterization of molecular regulators as-
sociated with longevity are important to develop new thera-
pies aimed at reducing cardiovascular diseases. Based on a
hypothesis-free genetic approach, we identified a novel excep-
tional longevity-associated variant of the gene BPIFB4, which
was replicated in 3 independent populations. Moreover, we
found that forced expression of LAV-BPIFB4 in cells activates
stress response and proteostasis, 2 hallmarks of improved
cellular homeostasis. Furthermore, in comparison with young
controls, LAV-BPIFB4 expression was increased in cells from
centenarian subjects, indicating its protective role. On phos-
phorylation by the stress kinase protein-kinase-R-like endo-
plasmic reticulum kinase, LAV-BPIFB4 modulates endothelial
nitric oxide synthase activity through 14-3-3/heat shock pro-
tein 90 complex. Finally, in the hindlimb ischemia, LAV-BPIFB4
overexpression promotes the angiogenic reparative process
and the recruitment of hematopoietic stem cells. These find-
ings identify a new therapeutic target for preventing vascular
aging and related cardiovascular diseases.
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DETAILED ONLINE METHODS

1. LLI populations

The Italian population (comprising 410 LLIs and 553 controls) is described extensively elsewhere.' The
German sample comprised 1,628 LLIs (age range, 95—110 years; mean age, 98.8 years) and 1,104 younger
controls (age range, 60—75 years old; mean age, 66.8 years), and was first described by Nebel et al.? The US-
American study sample consisted of 1,461 LLIs with an age range of 91—-119 years (mean age, 100.8 years)
and 526 controls with an age range of 0—35 years (mean age, 28.2 years); these individuals were recruited by
Elixir Pharmaceuticals, either directly or through the New England Centenarian Study.”*

2. Expression of BPIFB4 in different tissues

Expression PCR analysis was performed on a multiple tissue cDNA panel (Clontech) using the following
primers for the amplification BPIFB4: fw:CCCAGTATATACCAACGGCAA;
rev:ATTTCTCCAGGCTGCAGCT. Amplification results were visualized on an agarose gel with ethidium
bromide staining.

3. BPIFB4 RT-PCR analysis in isolated endothelial mature and progenitor cells.

HUVECs were purchased from LONZA and cultured in endothelial basal medium (EBM) supplemented
with growth factors (bullet kit) and 2% foetal bovine serum. Endothelial progenitor cells (EPCs) were culture
selected from circulating mononuclear cells (MNCs) isolated from peripheral blood (PB) by centrifugation
on Histopaque-1077 density medium (Sigma, St. Louis, USA) as we previously described.” CD34" cells
were separated from PB-MNCs by magnetic bead-assisted cell sorting (MACS, Miltenyi Biotec, Germany)
as we have previously described.’

RNA extraction for BPIFB4 gene expression was performed using miRNeasy mini kit (Qiagen) and cDNA
synthesis with TagMan Reverse Transcription Reagent (Applied Biosystems). The quality and concentration
of total RNA was determined using the Nanodrop ND1000 Spectrophotometer (Thermo Scientific). PCR
primers for gene expression were designed with Primer3 software (fw:GGATATCACCAATGGCATGTT;
rev:ATCAGGGCTCCCAGTGTG).

4. Constructs

BPIFB4 cDNA codifies a 575 amino acid protein (identifier: P59827.2) erroneously referred to as an
11e229/Asn281/Phe488/Thr494-BPIFB4 isoform, which retains only the third and fourth amino acid
substitutions of the M isoform.” The WT- and LAV-BPIFB4 in pRKS5 were generated by direct mutagenesis
following the manufacturer’s instructions (Quik Change Site-Directed Mutagenesis Kit, Agilent
Technologies). To obtain the WT isoform, a double nucleotide change was performed to gain Phe488Leu
(fw: GACGTGGACACAGAACTCTTGGCCTCATTTTC,
rev:GAAAATGAGGCCAAGAGTTCTGTGTCCACGTC) and Thr494lle
(fw:CTTGGCCTCATTTTCCATAGAAGGAGATAAGCTC,
rev:GAGCTTATCTCCTTCTATGGAAAATGAGGCCAAG) amino acid shifts; to obtain the LAV-BPIFB4
isoform, a double nucleotide change was performed to achieve amino acid shifts 11e229Val
(fw:AGTCTTATTGGCTTCCTGGACGTCGCAGTAGAAGTGAACATCA,
rev:TGATGTTCACTTCTACTGCGACGTCCAGGAAGCCAATAAGACT) and Asn281Thr
(fw:ATCTCGTGGACAATTTAGTGACCCGAGTCCTGGCCGACGTCCT,
rev:AGGACGTCGGCCAGGACTCGGGTCACTAAATTGTCCACGAGAT). To introduce Ser75Ala in the
PERK phosphorylation site on BPIFB4, two-step mutagenesis was carried out
(fwl:GATCCTTGAGTCCGAGGGAGGCATCAGGGACCTCCGAAAC,

rev] :GTTTCGGAGGTCCCTGATGCCTCCCTCGGACTCAAGGATC;
fw2:ATCCTTGAGTCCGAGGGAGCCATCAGGGACCTCCGAAA,

rev2: TTTCGGAGGTCCCTGATGGCTCCCTCGGACTCAAGGAT). Ser82Asn was introduced to destroy
the atypical binding site of the 14-3-3 complex on BPIFB4
(fw:AGGGACCTCCGAAACAATGGCTATCGCAGTGCCG,
rev:CGGCACTGCGATAGCCATTGTTTCGGAGGTCCCT). All constructs were sequenced for the
BPIFB4 gene.

To obtain BPIFB4 constructs in pAAV2.1 TBG e¢GFP3 vector, BPIFB4 cDNA was PCR amplified on pRKS5
vector® with the following primers: AAGCGGCCGCATGCTGCAGCAAAGTGATG for the insertion of

3



#CIRCRES/2014/305875R2

Notl site at 5’end; GCAAGCTTTCATGCGCTCAGCACCAAAAG for the insertion of HindIII site at 3’end.
PCR products were purified with Wizard SV Gel and PCR Clean Up System (Promega), digested with Notl
and HindlIII, and cloned in pAAV2.1 TBG vector replacing the eGFP. All constructs were sequenced for the
BPIFB4 gene.

5. Transcriptome analysis

HEK?293T cells were grown in culture medium (DMEM, 10% fetal bovine serum, 2 mM L-glutamine, 100 U
penicillin/0.1 mg/ml streptomycin) and transfected with pRKS5 vector encoding WT-, LAV-, or RV-BPIFB4,
or with an empty plasmid, using Lipofectamine 2000 (Life Technologies) according to the manufacturer’s
protocol, in triplicates. 24 hrs after transfection, cells were serum-starved for 18 hrs and then RNA extracted
using the small RNA miRNeasy Mini Kit (Qiagen). The quantity of RNA was determined using a Nanodrop
Spectrophotometer, and the quality of RNA, was evaluated by capillary electrophoresis on an Agilent
Bioanalyzer 2100 using an RNA nano assay. 1000mg of RNA for each sample were retro-transcript to
c¢DNA and then to cRNA and finally amplified using the Illumina Total Prep RNA amplification Kit (Life
Technologies). 750 ng of cRNA of each sample were hybridized with BeadChiplllumina according to the
manufacturer’s protocol. The fluorescence signals were detected with Illumina iScan. Raw gene expression
data were background-subtracted, normalized using the “Rank Invariant” algorithm provided by the Illumina
software, and filtered on the basis of negative control beads. Probes were considered detected with p-values
< 0.05 in at least one of the samples collected for each cell population. An average expression value for each
gene in each population was obtained by merging the values of probes corresponding to the same gene
symbol. Complete transcriptome analysis datasets are available in Gene Expression Omnibus (GEO)
database (www.ncbi.nlm.nih.gov/geo) in GSE63912.

6. Expression analysis by qPCR

RNA was extracted from cells using the small RNA miRNeasy Mini Kit (Qiagen) and quantified by
Nanodrop Spectrophotometer. Genomic DNA was removed by DNase I treatment. Reverse transcription was
performed on 1pig of total RNA. Real-time PCR was performed by using the following primers for HSPA6
(fw:GGGGGACAAATGTGAGAAAG; rev:AGAGACAGGGGAGCCACAT), HSPA7
(fw:GGTAAGGCTAACAAGATCACCAA; rev: GGCTTCATGAACCATCCTCT), HSP40
(fw:GGCCTACGACGTGCTCAG; rev: GTGTAGCTGAAAGAGGTACCATTG), HSPATA
(fw:GAAGAAGGTGCTGGACAAGTG; rev:GATGGGGTTACACACCTGCT), mVEGF
(fw:TCTCCCAGATCGGTGACAGT; rev:GGGCAGAGCTGAGTGTTAGC), mSOD3
(fw:CCTTCTTGTTCTACGGCTTGC; rev: TCGCCTATCTTCTCAACCAGG), BPIFB4 (fw:
GTGGGTGTCTACCTGAGCTTGTA; rev: ACAAGACCCAGCACCACATC), 18S
(fw:GTAACCCGTTGAACCCCATT; rev:CCATCCAATCGGTAGTAGCG), with GoTaq PCR Master Mix
(Promega), and the results determined with 7900 real-time detection system (Applied Biosystems). Reaction
mixtures (15ul) included 10 ng of cDNA and 300 nM concentrations of primers in the reaction buffer and
enzyme supplied by the manufacturer. All reactions were performed in triplicate, including negative control
samples, which never showed significant threshold cycles (Cr). The relative amounts of the transcripts were
determined with 18S rRNA as the reference gene ([ Crgene of interesty “Cri16s)] = ACT).

7. Western blotting

Western blotting was performed on transfected HEK293T, pooled protein extracts from transfected perfused
vessels, or from MNCs. Protein extracts were separated on 10% SDS-PAGE at 100V for 1 hr or on 4—12%
SDS-PAGE at 100V for 2 hrs and then transferred to a nitrocellulose or PVDF membrane. The membranes
were incubated overnight with the following primary antibodies: anti-phospho-EIF2S1 Ser51 (Abcam, rabbit
mAb, 1:1000), antiEIF2-alpha (Santa Cruz Biotechnology, mouse mAb, 1:1000), anti-phospho-eNOS
Ser1177 (Cell Signaling Technology, rabbit mAb, 1:1000), anti-eNOS (Cell Signaling Technology, mouse
mADb, 1:800), anti-BPIFB4 (Abcam, rabbit pAb, 1:200), anti-beta-actin (Cell Signaling Technology, mouse
mAb, 1:3000), anti-PKC-alpha phospho-T497 (Abcam, rabbit mAb, 1:10000), anti-PKC-alpha (Abcam,
rabbit mAb, 1:1000), anti-SIRT1 phospho-S47 (ImmunoWay Biotechnology, rabbit pAb, 1:500), and anti-
SIRT1 (Biorbyt, rabbit pAb, 1:200). After a triple wash, membranes were incubated for 1 or 2 hrs with the
secondary antibody (Amersham Life Science, horseradish peroxidase-linked anti-rabbit IgG or anti-mouse
IgG, 1:3000). The membranes were then washed four times and specific protein bands were detected with
ECL Prime chemiluminescent agents (Amersham Life Science). Western-blot data were analyzed using
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Imagel software (developed by Wayne Rasband, National Institutes of Health, USA) to determine optical
density (OD) of the bands. The OD readings of phosphorylated proteins were expressed as a ratio relative to
total protein or to beta-actin. All other protein expressions were normalized to beta-actin to account for
variations in loading.

A specific antibody for the phosphorylated form of BPIFB4 at serine 75 was generated in collaboration with
Areta International (http://www.aretaint.com/), as follows: BalbC mice were immunized with the antigen
peptide EGSIRDLRNC (phosphorylated on serine) from the protein BPIFB4 administered intraperitoneally
together with Freund’s adjuvant (Complete FA at first dose, Incomplete FA at second and third doses, pre-
fusion dose without adjuvant). Three days after the pre-fusion dose, spleen cells were fused with myeloma
cells (NSO cells). After a 2-week incubation in hypoxanthine-aminopterin-thymidine selective medium, the
hybridoma supernatants were screened for antibody binding activity by ELISA. 4G3 clone was identified as
specific for the specific phosphorylated peptide. The 4G3 supernatant was used for our experiments to detect
phospho-Ser75 BPIFB4.

8. Co-immunoprecipitation

Forty-eight hours post-transfection, HEK293T cells were harvested and solubilized in lysis buffer (20
mMTris-HCI, pH7.5, 650 mM sodium chloride, 500 mM EDTA, 250 mM EGTA, and Triton X-100).
Treatment with GSK2606414 (0.6 uM), was performed for 2h before the harvesting. The cell lysates were
cleared at 13,000 rpm for 20 min at 4°C and the protein concentration of the supernatant was determined
with the Bradford Protein Assay (Bio-Rad). 700 pg protein were incubated overnight with 2 g of anti-GFP
(Invitrogen, mouse mAb), anti-14-3-3 (Abcam, mouse mAb), anti-HSP90 (Abcam, mouse mAb), and anti-
IgG (Millipore, mouse pAb) for control. The antibody—antigen complexes were precipitated with protein G-
linked Sepharose (GE Healthcare) for 4 hr at 4°C and the beads were washed three times with lysis buffer.
The denatured co-immunoprecipitation products were resolved with SDS-PAGE, electro-blotted onto PVDF
membranes, and hybridized with anti-BPIFB4 (Abcam, rabbit pAb, 1:500).

9. Immunofluorescence and confocal microscopy

HeLa cells were grown in culture medium (DMEM supplemented with 10% fetal bovine serum, 2 mM L-
glutamine, 100 U penicillin/0.1 mg/ml streptomycin) in multi-chamber slides and transfected with pRKS5
vector encoding WT-, or LAV-BPIFB4, or with an empty plasmid, using Lipofectamine 2000 (Life
Technologies) according to the manufacturer’s protocol. 24 hr post-transfection, cells were serum-starved for
2 hr, fixed in 4% paraformaldehyde in PBS for 20 min, washed twice in PBS, and permeabilized for 5 min in
0.2% Triton X-100 in PBS. Fixed cells were treated as described.’ Fixed cells were incubated with anti-14-3-
3 (Cell Signaling Technology, rabbit pAb, 1:400) overnight and then with Alexa Fluor 546 secondary
antibody (1:1000). Control staining was performed with 2 pg/mL of the vital dye Hoechst 33258 (Sigma
Aldrich).

The A of the two HeNe lasers was set at 543 and at 633 nm. Fluorescence emission was revealed by 560—615
band pass filter for Alexa Fluor 546. Double-staining immunofluorescence images were acquired separately
in the red and infrared channels at a resolution of 1024 x 1024 pixels, with the confocal pinhole set to one
Airy unit and then saved in TIFF format. Immunofluorescence analysis of 14-3-3 and BPIFB4 was executed
under an Olympus BX51 epifluorescence microscope or a Fluoview BX 61 confocal microscope with
confocal system FV50 with inserted filter wavelength filters for DAPI (Aexe 405 nm), FITC (Aex. 488 nm),
and TRITC (Aex. 546 nm). The fluorescence for the nuclear dye (DAPI channel) and that for the transfected
protein (FITC channel) was measured at a single-cell level by a patented cell-segmentation software (Tissue
Quest, Wien, Austria).

10. Isolation and characterization of mononuclear cells

DNA was extracted from peripheral blood of healthy subjects (QIAamp DNA blood midi kit, Qiagen) and
was genotyped using Tagman probe rs2070325. MNCs were isolated from the peripheral blood of
appropriate donors using a density gradient media (Histopaque-1077, Sigma-Aldrich), disrupted in lysis
buffer charged with phosphatase inhibitor cocktails (Sigma-Aldrich), and the protein extracts analyzed by
Western blotting.

11. EPC migration assay

MNCs were isolated and EPCs enriched as described previously.'”'" Antigenic profile was assessed using a
FACS Canto flow cytometer and FACS Diva software (Becton, Dickinson and Company). Migration was
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performed as described elsewhere.'” "> * Briefly, cells (7.5x10") were seeded in the upper chamber of 5 um
pore-size filter-equipped transwell chambers (Corning) coated with fibronectin and allowed to migrate
toward SDF-1{ (R&D) (100 ng/mL) or vehicle control (bovine serum albumin 1%) for 12 hours at 37°C.
Cells migrated to the lower side of filter were counted after nuclear staining with DAPI in 5 random fields at
20X magnification.

12. Ex vivo transfection of mouse vessels and evaluation of vascular reactivity

Second-order branches of the mesenteric arterial tree were removed from C57BL6 mice and transfected as
described previously.14 Briefly, vessels were placed in a Mulvany pressure system filled with Krebs solution
supplemented with 20 pg of the pRKS vector encoding either WT-BPIFB4, LAV-BPIFB4, LAV-
BPIFB4™"ERE or LAV-BPIFB4™"*?7  or with an empty plasmid as a negative control. Some vessels were
transfected with a BPIFB4-siRNA or a scrambled control siRNA. All vessels were perfused at 100 mmHg
for 1 hr and then at 60 mmHg for 5 hrs.

The mix of four siRNA (ON-TARGET plus SMART pool 1-009125-02-0005, Human C200RF186) was
used in gene silencing. All these fragments are highly specific for human BPIFB4 and three of them map the
region from 101 to 242 on BPIFB4 mRNA. There are no related genes in humans with high homology to
BPIFB4 so the gene silencing was highly specific.

Vasoconstriction was assessed with 80 mM KCI or with increasing doses of phenylephrine (from 10 ° M to
10 ®M) in control conditions and after L-NAME exposure (300 uM), and the corresponding values are
reported as the percentage of lumen diameter change after drug administration. Responses were tested before
and after transfection. Endothelium-dependent and -independent relaxations were assessed by measuring the
dilatory responses of mesenteric arteries to cumulative concentrations of acetylcholine (from 10 °M to 10 °
M) or nitroglycerine (from 10 °M to 10 > M), respectively, in vessels pre-contracted with U46619 at a dose
necessary to obtain a similar level of pre-contraction in each ring (80% of initial KCI-evoked contraction).15
The maximal contraction evoked by U46619 was considered as the baseline for subsequent evoked
vasorelaxations. Acetylcholine vasorelaxation was also tested in the presence of GSK2606414 (0.5 uM), a
PERK inhibitor, and SNX5422 (400nM) (Selleckchem, USA), a HSP90 inhibitor. Caution was taken to
avoid endothelial damage; functional integrity was reflected by the response to acetylcholine (10 ° M).16

13. Vector production and purification

Adeno-associated viral vectors were produced at the AAV vector facility of TIGEM, Italy. In brief, 10-layer
cell stacks containing 2.2x10° of low passage 293 cells were triple-transfected by calcium phosphate with
1000 pg of pAd helper, that contains the adenovirus E2A, E4, and VA RNA helper genes,17 520 pg of
PAAV2/9 packaging plasmid with AAV rep and cap genes,18 and 520 pg of pAAVCis. Medium was
changed the following day and cells were harvested 3 days after transfection. ¥ Cell lysates were purified by
two rounds of cesium chloride centrifugation.20 For each viral preparation, physical titers (GCml-1) were
determined by averaging the titer achieved by dot-blot analysis21 and by PCR quantification using TaqMan20
(Applied Biosystems, Carlsbad, CA, USA).

14. Infection of hypertensive rats with AAV and measurements of vascular function and blood
pressure

Femoral arteries of male spontaneously hypertensive rats (SHR) weighing ~250g were analyzed in this
study. The experimental protocol for this project was approved by the Istituto Neurologico Mediterraneo
Neuromed, Italy, and complies with NIH guidelines for care and use of laboratory animals. The animals were
placed individually in an induction chamber and anesthesia was induced with 5% isoflurane in 100% oxygen
with a delivery rate of 5 L/min until loss of righting reflex. After induction, the animals were moved to a
homeothermic blanket (N-HB101-S-402) and placed in dorsal recumbence. Anesthesia then was maintained
with 1% isoflurane in 100% oxygen with a flow of 1.5 L/min administered by means of a facemask
connected to a coaxial circuit (Fluovac anesthetic mask). The procedures replicated typical clinical practice
when laboratory mice are anesthetized for surgical procedures. Body temperature was maintained at 37°C
with a homeothermic blanket. Animals remained anesthetized for 1 h, after which all animals received 100%
oxygen until recovery of righting reflex. Vascular surgery was performed with the aid of a microscope at 2—
10X magnification. Femoral arteries were exposed and isolated circumferentially from the inguinal ligament
to the knee; all side branches were ligated. To obtain an isolated arterial segment, the superficial femoral
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artery was first controlled proximally with two microvascular clips. After temporary clamping of the
proximal and distal femoral artery, either 100 pl of saline alone or saline plus AAV-GFP or AAV-LAV-
BPIFB4 was infused into the femoral artery and incubated for 15 minutes. Viral titer was 1x10"* GC/kg for
each experimental condition. After incubation, the distal femoral artery was permanently ligated, and clamps
on the proximal femoral artery were removed to restore femoral blood flow. Animals were sacrificed at
seven days after surgery and infection. Femoral arteries were excised and were placed on wire system16 to
perform vascular reactivity studies. Blood pressure was evaluated in another experimental series of
spontaneously hypertensive rats (11-week-old) by tail-cuff plethysmography for one week as previously
described.'®

15. ELISA quantification of BPIFB4

Quantitative determination of BPIFB4 in serum of animals treated with AAV-LAV BPIFB4 and AAV-GFP
was performed with ELISA (code: CSB-EL003694HU, CUSABIO).

16. Immunofluorescence analyses of mesenteric artery

Segments of the mesenteric artery were dissected free of fat and connective tissue from C57BL6 mice
injected with AAV-LAV-BPIFB4 and frozen in OCT embedding medium. Frozen sections (10um) were
treated with blocking solution (2% donkey serum, 1.5% BSA, 0.5% fish gelatin) for 45 min and
immunostained overnight at 4 °C in blocking solution with antibodies anti-BPIFB4 (1:100; Abcam), anti-
aSMA-eFluor570 (1:400; eBioscience), sheep anti-Von Willebrand (1:100; Abcam) and revealed with
appropriate secondary antibodies (Rhodamine-Red anti-mouse IgG; Jackson ImmunoResearch; Alexa Fluor
488 anti-mouse and anti-sheep IgG; Molecular Probes, Invitrogen). Nuclei were counterstained with DAPI.
The images were acquired using a fluorescence (Zeiss Axio Observer A1) microscope with 40X objective.
17. Immunohistochemical analysis from infected mice tissues

Brain, adipose tissue, liver and femur from C57BL6 mice infected with AAV-LAV-BPIFB4 were fixed with
4% PF A solution and routinely processed to paraffin blocks. Tissue slices (2,5 pum) were deparaffinized in
xylene and rehydrated in solutions with decreasing alcohol content. Antigen retrieval was conducted by
boiling the samples in citrate buffer (sodium citrate 10 mM, 0.05% Tween-20, pH 6) and the endogenous
peroxidase activity was blocked with 3% H,0, in methanol for 5 min. The sections were treated with
blocking solution (2% donkey serum, 1.5% BSA, and 0.5% fish gelatin) for 45 min and immunostained 1hr
at room temperature in blocking solution with primary antibodies anti-BPIFB4 (1:100; Abcam).
Immunohistochemistry signals were revealed by incubating the sections with Dako REAL™
EnVision™/HRP, Rabbit/Mouse (ENV) for 25min at room temperature followed by a color reaction using
Dako REAL™ DAB+ Chromogen for 5 minutes. The slides were counterstained with Mayer’s hematoxylin
for 1 min, dehydrated, cleared and mounted.

18. FACS analyses of mice infected vessels

Endohelial cells obtained from C57BL6 mice injected with AAV-GFP and AAV-LAV-BPIFB4 were stained
with antibody anti-CD31-FITC (1:100, BD, Biosciences-Pharmigen) at 4°C for 20 min and then
permeabilized with cytofix/cytoperm (BD, Biosciences-Pharmigen) at 4°C for 20 min. Subsequently, cells
were incubated with primary antibody anti-BPIFB4 (1:100; Abcam) at 4°C for 1 hr and an APC-conjugated
anti-mouse secondary antibody (1:200; BioLegend). Analyses of cell populations were performed using a
FACS Canto II equipped with FACS Diva software (BD Biosciences).

19. Infection of hindlimb ischemia mice models with AAV and measurement of superficial blood flow
and neovascularization

Experiments of this section involving live animals were performed in accordance with the Guide for the Care
and Use of Laboratory Animals (The Institute of Laboratory Animal Resources, 1996) and with approval of
the British Home Office and the University of Bristol.

Mice were separate to 3 groups and 10 pl 1x10"" Viral vectors (AAV219-EGFP1966, AAV-LAV- BPIFB4
and AAV-WT-BPIFB4) were injected through the tail vein 16 hours before limb ischemia (n=10 per group).
Following anesthesia (2,2,2tribromo ethanol, 0.3mg/kg, i.p.), unilateral limb ischemia was induced in 7-8
weeks old male CD-1 mice (Harlan, UK), using a refined procedure which consists of ligation (with a 7-0
silk suture) in 2 points and electrocoagulation of the upper part of the femoral artery. Mice were then allowed
to regain consciousness.
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Foot blood flow was measured immediately after ischemia and then at 7, 14 and 21 days (n=10 mice/group)
by using a laser Doppler perfusion imaging system (Moor Instrument, UK).

The occurrence of necrotic toes was assessed by daily inspection and recorded. Animals with necrosis
extending to the whole foot were sacrificed with an excess of anesthesia.

At 21 days after ischemia, terminally anesthetized mice (n=7 at each time point) were perfused with 10ml
PBS and then 10ml 4% paraformaldehyde. Muscle cryosections with thickness of Sum were used for
immunohistochemical analysis unless specified. The capillary and arteriole densities of ischemic adductor
muscles were assessed using isolectin-B4 and a-smooth muscle actin (Sigma-Aldrich, UK) staining
respectively. Counts of 10 random microscopic fields were averaged and expressed as the number of
capillaries and arterioles per mm?®.

20. Evaluation of the modulation in recruitment of total, and short-term and long-term reconstituting
LSK cells in the ischemic muscles of AAV injected mice.

In pilot experiments we found that day 3 corresponds to the peak homing time for LSK cells to home into
ischemic muscle of mice subjected to femoral artery ligation. Three groups mice (n=5 per group) were
injected with 10ul 1x10"" Viral vectors (AAV219-EGFP1966, AAV-WT-BPIFB4 and AAV-LAV-BPIFB4)
through the tail vein, 16 hours before induction limb ischemia The relative abundance of LSK and
CD34'LSK cells in PB and ischemic adductor muscles was assessed by multicolor flow cytometry. The
following preparatory protocols were applied:

Isolation: LSK cells were also enriched from adductor muscles of mice undergoing limb ischemia. Muscles
were harvested, minced with fine scissors and placed into a digest solution of Collagenase A 100 pg/ul
(Roche), Dispase II (1X) 2.4 U/ml (Roche), DNase I 10 mg/ml (Roche), CaCl, 50 mM, MgCl, 1 M in PBS at
37°C for 1 h, triturated through 40pm diameter nylon mesh, washed with 0.2% BSA + 0.1% DNAse I in
PBS.

Analyses: mouse cells were fixed with 2% PFA 10 minutes and washed with ice-cold Hank balanced salt
solution containing 0.5% bovine serum albumin and 0.02% sodium azide and blocked with Fc block (Fc,
eBioscience anti mouse CD16/32) and stained with antibodies against the following markers: Lineage
Mixture Alexa 488 1:100 (mouse CD3e, CD11b, CD45R, Ly-6C/G, TER119, Caltag), Ly6-A/E perCP cy5.5
1:300 (Sca-1, eBioscience), CD117 Alexa780 1:300 (c-Kit, eBioscience), and CD34 Alexa 647 1:100
(eBioscience). Analyses of antigenically defined cell populations were performed using a FACS Canto 11
equipped with FACS Diva software (BD Biosciences).

21. Statistical analyses

Genetics The reader may refer to Malovini A et al.! for details about the statistical methods and procedures
applied to the analysis of data deriving from the genome-wide scan. Association tests within the replication
cohorts were performed by logistic regression, assuming the genetic model hypothesized by the genome-
wide scan. Logistic regression was implemented in the “base” package of the R statistical software”
(http://www.R-project.org). Meta-analysis was performed by the metabin function implemented in the R
package called “meta” (http://www.R-project.org, http://cran.rproject.org/web/packages/meta/index.html).
Statistical power calculations were performed by the QUANTO software tool
(http://biostats.usc.edu/Quanto.html), setting the prevalence of longevity trait in the general population as ~
1/10,000, as reported by Ferrario et al.”?

Haplotype analysis SNPs showing pairwise correlation r°<0.80 in the Italian cohort were identified by the
PLINK software tool** (command: --indep-pairwise 1500 150 0.8). Positional and functional annotations of
the identified SNPs were performed by the SNPNexus on-line tool (http://www.snp-nexus.org/).

BPIFB4 RT-PCR analysis in isolated endothelial mature and progenitor cells Each Real time PCR
—AACt

reaction was performed in triplicate, and relative expression of mRNAs was calculated by the 2
method® using 18S ribosomal RNA as endogenous control. Statistical analysis was performed using Mann
Whitney test. Data presented as mean+SEM.

EPC migration To assess migration to the chemoattractant (SDF—1<), number of migrated cells with or
without SDF—1< were compared using Student’s t-test via GraphPad Prism Software, version 5.0. Values are
expressed as mean = SE.
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Expression analyses Expression data are indicatedas mean £ SEM. One-way ANOVA statistics were
calculated (GraphPad Prism Software, version 5.0).

Transcriptome and GO analysis Differential expression P-values for the detected transcripts were
computed with a permutation-based test that builds a null distribution of the fold-change values by randomly
shuffling the samples’ labels.?® Modulated genes were selected using a P-value cut off of 0.01. Enrichment
of a priori-defined gene sets was performed with the hypergeometric test and enriched GO categories with
FDR corrected P-values < 0.01 were selected with statistical and bioinformatics functions implemented in
the Orange Data Mining Suite (http://orange.biolab.si/).

Western Blotting analysis Densitometry data were analyzed with Student’s t-test or two-way ANOVA, as
appropriate, using a dedicated software (GraphPad Prism Software, version 5.0).

Colocalization data Unpaired Student’s t-test was used to compare the percentage of co-localization among
the three BPIFB4 variants and nuclear area stained by Hoechst 33258 and to compare the number of co-
localizing pixels of the 14-3-3 protein and WT-, and LAV-BPIFB4 signals.

MNC data Unpaired Student’s t-test was used to compare the mean (+ SEM) of the OD data about the wild-
type, homozygous and the heterozygous carriers of the rs2070325 variation.

Ex vivo data Vessel reactivity results are given as mean + standard error of mean (SEM). Data were
analyzed with Student’s t-test or two-way ANOVA followed by Bonferroni post-hoc analysis, as appropriate,
using a dedicated software (GraphPad Prism Software, version 5.0).

In vivo data Measurements of mice and rat blood pressure are given as mean = SEM. Data were analyzed
with ANOVA, using a dedicated software.

Unpaired Student’s t-test was used to compare the amount of cell fractions in the ischemic muscles of AAV
injected mice. Values are mean + SE.

Values of blood flow recovery were compared using unpaired Student’s t-test. Values are mean + SE.
Capillary and arteriole density data were analysed using unpaired Student’s t-test. Values are mean + SE.
(GraphPad Prism Software, version 5.0).

ELISA data Unpaired Student’s t-test was used to compare the colorimetric values of enzymatic reaction of
ELISA kit from controls and centenarians groups.

22. Declaration of ethical approval

The study protocol for the German population was approved by the Ethics Committee of University Hospital
Schleswig—Holstein (Campus Kiel), Germany, and local data protection authorities. The US-American study
samples were recruited by Elixir Pharmaceuticals, either directly or through the New England Centenarian
Study. The study protocol was approved by the Boston Medical Center’s Institutional Review Board and by
the Western Institutional Review Board.
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ONLINE TEXT

Online Text I. The Southern Italian Centenarian study

We tested nearly 298,714 SNPs in 410 LLIs (age range, 90-109 years; mean age, 96.6 years) and 553 young
controls (age range, 18—48 years; mean age, 33.0 years), and found 67 potential longevity-associated variants
(genomic control adjusted P <1x10™ under allelic, dominant, or recessive genetic models).! One SNP
(CAMKIV-rs10491334), already known to be associated with diastolic blood pressure, was chosen for further
study and was found to be associated with longevity also in an independent replication cohort. The other
variants remained to be validated.

Online Text II. German and US study populations

The German sample comprised 1,628 LLIs (age range, 95-110 years; mean age, 98.8 years) and 1,104
younger controls (age range, 60—75 years old; mean age, 66.8 years), and was first described by Nebel et al.?
The study protocol was approved by the Ethics Committee of University Hospital Schleswig—Holstein
(Campus Kiel), Germany, and local data protection authorities. The US-American study sample consisted of
1,461 LLIs with an age range of 91-119 years (mean age, 100.8 years) and 526 controls with an age range of
0-35 years (mean age, 28.2 years); these individuals were recruited by Elixir Pharmaceuticals, either directly
or through the New England Centenarian Study.” * The study protocol was approved by the Boston Medical
Center’s Institutional Review Board and by the Western Institutional Review Board.

Online Text III. Meta-analysis of rs2070325 and statistical power calculations

rs2070325 did not deviate significantly from the Hardy—Weinberg equilibrium in the control populations (P
>0.001). Genotype counts of rs2070325 stratified by case/control condition are reported in Online Table II.
No statistically significant heterogeneity between the ORs estimated for the two populations was detected
(Q-statistic, P>0.05; heterogeneity index, I” = 0%). Effect sizes were then combined assuming a fixed effects
model (3,060 LLIs and 1,609 controls: OR = 1.49; 95% CI=1.22-1.81; P=7.59 x 10'5).

Finally, fixed effects meta-analysis of the screening and replication sets (Q-statistic, P = 0.12; heterogeneity
index, I” = 52.6%) showed a significant association even after correction for multiple testing, based on the
Bonferroni correction on 155,456 SNPs showing pairwise r°<0.8 in the SICS cohort (3,464 LLIs and 2,160
controls; OR =1.61; 95% CI =1.34-1.92; P=2.4x 1077).

The significance threshold for identifying statistically significant associations when combining the effect
sizes observed in the screening and replication cohorts was identified based on the Bonferroni correction on
155,456 SNPs showing pairwise r°<0.8 in the SICS cohort (a = 0.05 / 155,456; P <3.22x 107).

Power calculations were performed according to the following settings and scenarios.

o Screening cohort. Results from statistical power calculations showed that the screening analysis was

sufficiently powered (>0.85) to detect the effect observed for rs2070325 in the SICS cohort (OR =
2.42), according to: i) the sample size defining the screening cohort (410 LLIs vs. 553 controls); ii) the
significance threshold adopted (P<0.0001); iii) the genetic model tested (recessive); and iv) the MAF
observed (MAF = 0.35). Results are graphically represented in Online Figure 1.

o Combined replication cohorts. Similarly, our analysis had sufficient statistical power to detect the
effects observed for rs2070325 when combining the effect sizes corresponding to the two replication
cohorts (power >0.90 in detecting OR = 1.49; P = 7.59 x 10, according to: i) the sample size reached
by the replication cohorts combined [3,060 LLIs vs. 1,609 controls]; ii) the significance threshold
adopted [P< 0.05]; iii) the genetic model tested [recessive]; and iv) the MAF observed [MAF = 0.35]).

o Combined screening and replication cohorts. Finally, the statistical power reached when combining
the screening and the two replication cohorts (3,464 LLIs vs. 2,160 controls) was >0.80 in detecting OR
= 1.6 observed for rs2070325, according to: i) the sample size defining the screening cohort (3,464 LLIs
vs. 2,160 controls); ii) the significance threshold adopted (P < 3.22 x 107); iii) the genetic model tested
(recessive); and iv) the MAF observed (MAF = 0.35).
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Online Text IV. Haplotype analyses of the BPIFB4 locus

Analysis of the haplotype distribution in 960 Caucasian individuals revealed the presence of a major allele
(allele frequency, 66%) carrying the combination AACT and codifying for the wild-type (WT)
11e229/Asn281/Leud88/11e494-BPIFB4 isoform, and a minor allele (allele frequency, 29.5%) carrying the
combination = GCTC  and  codifying for the longevity  associated  variant (LAV)
Val229/Thr281/Phe488/Thr494-BPIFB4 isoform. A rare variant (RV), found in <2% of chromosomes,
harbored only the latter two substitutions.

Online Text V. Expression of BPIFB4 in different tissues

Further analysis of BPIFB4 gene expression was assessed with RT-PCR using a commercial panel of human
cDNAs (Clontech) from different tissues. We found clear expression in testis and spleen. We also
interrogated different tissues and cell lines, detecting BPIFB4 expression in endothelial progenitor cells
(EPCs) cultured from MNCs on fibronectin, embryonic stem (ES) cells, induced pluripotent stem (iPS) cells
(but not in their originating fibroblasts), and human hypertrophic heart (in which fetal genes are re-activated)
and fetal (but not in adult) heart (Online Figure II).

We next analyzed human umbilical vein cells (HUVECs), EPCs, circulating CD34" cells, and total MNCs in
LLIs. Of note, we found that EPCs and CD34" cells had enriched expression of BPIFB4 RNA (Online
Figure II1A).

Online Text VI. BPIFB4 isoforms activate adaptive stress responses and proteostasis

Genome-wide transcriptional profiling indicates that BPIFB4 induces the activation of heat shock factor
(HSF)1-inducible heat-shock proteins (HSPs), such as HSPA6, HSPA7, HSP40, HSPA1A, HSPBI, and
HSPA9, with an increment from 4 to 50 times (Online Figure V and Online Tables III-VI). We also
observed significant up-regulation of the protein translation machinery and of ribosomal biogenesis (Online
Figure VIA and Online Tables VI, VII). Among the many transcripts up-regulated by BPIFB4 isoform
overexpression, there was a highly significant enrichment in H/ACA RNAs essential for ribosomal RNA
pseudouridylation (snoRNAs) and of spliceosomal small nuclear RNAs (scaRNAs) (Online Tables III-VI).
The most interesting among the up-regulated scaRNAs is scaRNA19, or TERC, the malfunctioning of which
brings to telomere shortening and premature aging in congenital dyskeratosis.”” Importantly, genes
transcribing exosomal mRNAs released by stressed endothelial cells were significantly up-regulated by the
different BPIFB4 isoforms™ (Online Figure VIA and Online Tables III-VI). Thus, transcriptome analysis
strengthens the notion of a role for BPIFB4 in stress adaptation via the exosomal machinery.

Online Text VII. LAV-BPIFB4 is more cytoplasmic and forms a complex with 14-3-3 more efficiently
than WT-BPIFB4

HeLa cells, characterized by an abundant cytoplasm, were selected for colocalization experiments of the
different BPIFB4 isoforms with subcellular compartments/organelles. A different pattern of
nuclear/cytoplasmic distribution between WT- and LAV-BPIFB4 was the first, and most evident, difference.
In cells expressing WT-BPIFB4, a high percentage of protein overlapped with the nuclear marker Hoechst
33258 (left panel, white arrows), LAV-BPIFB4 had a prevalent cytoplasmic distribution (right panel, red
arrows), (Online Figure VIIIA). Images were supported by statistical analysis on % of GFP (i.e., BPIFB4)
colocalizing with the nuclear stain Hoechst 33258 (Online Figure VIIIB).

The peculiar distribution of the BPIFB4 isoforms was also reflected in different profiles of colocalization
with protein 14-3-3, whose expression is predominantly cytoplasmic. As clearly observable in highly
magnified images (Online Figure IXA), BPIFB4 and 14-3-3 colocalized especially when HeLa cells were
transfected with LAV-BPIFB4 (right panel). In agreement, co-immunoprecipitation experiments indicate the
presence of a BPIFB4-14-3-3 complex when cells were transfected with LAV-BPIFB4, while no detectable
co-immunoprecipitation was observed when cells were transfected with WT-BPIFB4 (Online Figure IX).
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Online Text VIII. Effect of eNOS inhibition on the action of LAV-BPIFB4

Acetylcholine-evoked vasorelaxation in resistance vessels depends on the action of various mediators, such
as eNOS, prostanoids and endothelium-derived-hyperpolarizing factor (EDHF); the effect of each of these
factors can be restricted by higher amounts of another.”” Based on this premise and on the above
observations, we inhibited eNOS with N%-nitro-L-arginine methyl ester (L-NAME) in order to clarify
whether increased vasorelaxation was effectively due to eNOS-dependent NO production in LAV-BPIFB4-
expressing vessels. We found that eNOS inhibition produced more pronounced reduction of acetylcholine-
evoked vasorelaxation when LAV-BPIFB4 was expressed (Online Figure X). This effect could be explained
by higher concentrations of NO reducing the availability of the other acetylcholine vasorelaxation mediators
(Online Figure X).

Online Text IX. Characterization of AAYV injection effects on LAV-BPIFB4 expression

Data from immunohistochemistry studies show localization of BPIFB4 in vascular endothelial and smooth
muscle cells of mice injected with AAV-LAV-BPIFB4 (Online Figure XVIII). Additionally, we report new
results on quantification of BPIFB4-positive vascular cells, indicating increased level of expression in
CD31"/endothelial cells of mice intra-arterially injected with AAV-LAV-BPIFB4 as compared to mice
injected with AAV-GFP (12.7£3.8 vs. 3.7£0.5%; P=0.01). Furthermore, AAV-LAV-BPIFB4 infection
induced BPIFB4 overexpression in femoral bone marrow, brain, adipose tissue, and endothelium, but not in
liver as assessed by immunohistochemistry (Online Figure XIXA). No differences were detected in AAV-
LAV-BPIFB4 versus AAV-GFP infected rat serum (507 92 vs 551+56 pg/mL P=0.339) and MNCs
(Online Figure XIXB) — as measured by ELISA and western blot, respectively. Thus, infection with AAV-
LAV-BPIFB4 induced overexpression of the transgenic protein in endothelial cells of two and half-folds, as
calculated by western blot densitometry analysis (Figure 4 and 5) as well as in different organs of the body.
Similar to what observed with intra-arterial injection, intra-venous delivery of AAV-LAV-BPIFB4 increased
the abundance of CD31"/BPIFB4" endothelial cells as compared to AAV-GFP (11.0+£3.1 vs. 5.3+2.9 %;
P=0.08). We also measured the expression of the transgene in the limb ischemia model, where the vector
was delivered through the tail vein. We found that the transgenic protein is localized in capillaries and small
arterioles, but not in skeletal myocytes, suggesting that accelerated healing is driven by vascular expression
of the transgene (Online Figure XXVI).
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Online Figure 1. Statistical power calculations for the screening set.

Each plot reports the results from statistical power calculations according to the additive, dominant and
recessive models respectively. The x-axis of each plot reports the minor allele frequency, while the y-axis
reports the corresponding statistical power defined according to different ORs (ranging from 1.2 to 2.8), and
highlighted with different colors. The horizontal dashed line corresponds to statistical power = 0.8.
Statistical power analyses were based on: i) the sample size defining the screening cohort (410 LLIs vs. 553
controls); ii) prevalence of longevity in the general population (~ 1/10,000)*; and iii) significance threshold
(P<0.0001).
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Online Figure II. Expression of BPIFB4 in different tissues.

The image shows the expression of BPIFB4 and housekeeping genes (GAPDH or HGPRT) in different
tissues (under physiological or pathological conditions) and cell lines by PCR amplification and visualization
by agarose gel with ethidium bromide staining. Graphs show optical density values of BPIFB4 expression
after normalization vs the housekeeping genes.
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Online Figure I11. BPIFB4 is expressed by mature endothelial and progenitor cells

Graphs of average RT-PCR data showing BPIFB4 mRNA relative expression in A, human umbilical vein
cells (HUVECs:), culture-selected endothelial progenitor cells (EPCs), total peripheral blood mononuclear
cells (Total MNCs), and magnetic bead-assisted sorted CD34" MNCs (N=3), and B, CD34" MNCs from
young control volunteers (N=11, age=35+6 years) and LLIs (N=16, age=97+2 years). *, P=0.028 vs. CTRs
(Mann Whitney test). Data presented as mean+SEM.
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Online Figure IV. Silencing BPIFB4 inhibits in vitro migration of endothelial progenitor cells (EPCs).
Human EPCs were enriched by selective culture on fibronectin from peripheral blood MNCs. Cells were
transfected with siBPIFB4 or scramble (SCR) negative control (both from Dharmacon). A) a, BPIFB4 Real
Time PCR PC after 48 hours siRNA transfection showing significant inhibition of RNA levels. Data are
from one donor assayed in duplicate. * P<0.05 vs. SCR. b, Representative Western blot showing effective
BPIFBA4 protein silencing. B) EPCs treated for 48 hours with siBPIFB4 were tested in vitro for their ability to
migrate along a gradient of the chemoattractant SDF-1 or vehicle. SCR-treated EPCs show significant
migration that is blocked when BPIFB4 is silenced. Bar graph shows average migrated cells from 4
independent healthy donors assayed in duplicate wells +SE. * P<0.05 vs. vehicle.
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Online Figure V. Enhanced expression of heat shock proteins following forced expression of BPIFB4
isoforms.

Histograms of the relative expression of HSPs in HEK293T cells transfected with empty plasmid (E) or with
plasmids carrying WT- or LAV-BPIFB4. Means+tSEM; HSPA6 N=4; HSPA7 N=6; HSP40 N=6; HSPA1A
N=3.**P<0.01; ***P<0.001 (ANOVA).
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Online Figure VI. Transcriptional profiling and elF2alpha analysis of cells transfected with BPIFB4
isoforms.

A, Graphs of Gene Ontology categories with the amount of differentially up-regulated (red bars) and down-
regulated (green bars) genes in the indicated comparisons of expression profiles of HEK293T cells
transfected with the different plasmids. Empty, empty vector; WT, wild-type BPIFB4; LAV, longevity-
associated variant of BPIFB4. See Online Table V for statistics. B, Representative Western blot of the
reduced phosphorylation of elF2alpha at Ser51 after transfection with BPIFB4 isoforms. Right panel shows
densitometry and statistical analyses (N=3, ANOVA; **, P<0.01).
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Online Figure VII. Co-immunoprecipitation of BPIFB4, 14-3-3 and HSP90 in HEK293T cells.
Co-immunoprecipitation of BPIFB4 with 14-3-3 and HSP90 in extracts of HEK293T cells transfected with
plasmids carrying WT-BPIFB4, WT-BPIFB4 with a Ser82Asn (WT-BPIFB4™"**?) variation, LAV-
BPIFB4, or LAV-BPIFB4 with a Ser75Ala (LAV-BPIFB4™" ") or a Ser82Asn (LAV-BPIFB4™""%37)
variation, or LAV-BPIFB4 treated with PERK inhibitor GSK2606414. Co-immunoprecipitation with anti-
GFP indicates the presence of BPIFB4 because the plasmids encoded for fusion proteins. IgG and total lysate
lanes were used as controls.
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Online Figure VIII. Subcellular localization of BPIFB4 and its isoforms in transfected HeLa cells.

A, Representative panels showing: in light green the profile of expression of WT-BPIFB4 (left) and LAV-
BPIFB4 (right); in blue the nuclear marker Hoechst 33258. White arrows indicate nuclear distribution of
BPIFB4 protein, while red arrows indicate cytoplasmic distribution. B, Histogram of percentage co-
localization between the nuclear marker Hoechst 33258 and WT- and LAV-BPIFB4. Data are expressed as
mean = SEM; N=18. **P<0.01; ***P<(0.001 (Student’s t-test). Overall, these images point to a shift in the
localization of BPIFB4 from mainly nuclear (WT isoform) to cytoplasmic (LAV isoform).
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Online Figure IX. Co-localization of BPIFB4 and its mutated form with 14-3-3.

A, Representative merged immunostaining images of the signal from the BPIFB4 isoforms (green) and that
from 14-3-3 protein (red). The LAV-BPIFB4 signal co-localizes with that of 14-3-3 (yellow signal). B,
Histogram of number of co-localizing pixels of the 14-3-3 protein signal and WT- and LAV-BPIFB4 signals.
Data are expressed as mean = SEM; N=12. ***P<(0.001 (Student’s t-test).
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Online Figure X. L-NAME inhibits acetylcholine-induced vasorelaxation of LAV-BPIFB4-transfected
vessels.

Dose—response curve to acetylcholine in ex vivo C57BL/6 mouse mesenteric arteries untreated (Ctrl) or
treated with N%-nitro-L-arginine methyl ester (L-NAME, 300uM), an eNOS inhibitor, and transfected with
empty vector (E, on the left) or with LAV-BPIFB4 plasmid (on the right). The blockade of NO production
by L-NAME in LAV-BPIFB4-expressing vessels evoked a more pronounced inhibition of acetylcholine-
mediated vasorelaxation compared with that of vessels transfected with an empty plasmid, indicating the
presence of a higher NO concentration in the former. Values given as mean + SEM. N=7; *P <0.05; ***pP
<0.001 (Student’s t-test).
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Online Figure XI. Mutation at serine 82 of wild type BPIFB4 (WT-BPIFB4™"**?) inhibits
acetylcholine-mediated vasorelaxation.
The vascular response of ex vivo mouse mesenteric arteries to acetylcholine (ACh), before ( —*-) and after (

-m) transfection with WT-BPIFB4™"*?7_ Values given as means + SEM. N=4 experiments per group. ***
P<0.001 (ANOVA).
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Online Figure XII. The HSP90 inhibitor SNX5422 blunts LAV-BPIFB4-mediated enhancement of
vasorelaxation and eNOS activation in mesenteric arteries.
A, The vascular response of ex vivo mouse mesenteric arteries to acetylcholine (ACh), before transfection (
—*-), after treatment with SNX5422 (400nM) ( -m), after transfection with LAV-BPIFB4 (-e+) and after
transfection with LAV-BPIFB4 plus SNX5422 ( -M). Values are given as mean £ SEM. N=4 experiments
per group. *P<0.05; ***P<0.001 (ANOVA). B, Western blot of four pooled experiments on mesenteric
arteries of ex vivo mouse transfected with LAV-BPIFB4 or LAV-BPIFB4 plus SNX5422. Right graphs show
quantification of eNOS phosphorylation and BPIFB4. Values are meanstSEM, N=2 pools of experiments.
Statistic was performed using ANOVA; **P <0.01.
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Online Figure XIII. Schematic representation of the hypothetical mechanism of action of LAV-
BPIFB4 (on the left) and of WT-BPIFB4 (on the right).

Cellular stress, such as mechanical stress, induces protein kinase RNA-like endoplasmic reticulum kinase
(PERK) phosphorylation of both LAV- and WT-BPIFB4, with more efficiency for the LAV-isoform (1).
LAV-BPIFB4 binds to 14-3-3 more efficiently than WT-BPIFB4 (2). Endothelial nitric oxide synthase
(eNOS) is activated by BPIFB4/14-3-3/heat shock protein (HSP)90-mediated mechanisms to increase the
production of nitric oxide (NO) from L-arginine (Arg) (3). Increased NO production enhances endothelial
function, which is lost during aging. WT-BPIFB4, which is less phosphorylated, show less 14-3-3 affinity,
is more nuclear (4), and is therefore less efficient in activating eNOS as compared with LAV-BPIFB4.
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Online Figure XIV. Effect of L-NAME on potassium, phenylephrine and U46619 vasoconstriction in

mice mesenteric arteries.

Graphs show, from left to right, the vascular response of ex vivo mouse mesenteric arteries to potassium
(80mM KCI), and the dose-responses to phenylephrine (PE), and thromboxane agonist U46619. The
vascular responses are measured before (49-) and after L-NAME (300uM) exposure ( ™). Values are
means=SEM. N=5 experiments per group. Statistics was performed using ANOVA; *P<0.05; ***P<0.001,

before vs. after L-NAME.
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Online Figure XV. Expressional and vascular responses of vessels from mice infected with AAV-LAV-
BPIFB4.

A, The graphs show, from the left to the right, the vascular response of femoral (first row) and mesenteric
(second row) arteries to potassium (80mM KCl), and the dose—response to phenylephrine (PE), acetylcholine
(ACh) and nitroglycerine. For these ex vivo studies, vessels were harvested from mice injected with AAV-
GFP (4), AAV-WT-BPIFB4 (<O=) or AAV-LAV-BPIFB4 (=). Values are meanstSEM. N=4
experiments per group.*, P<0.05; **P<0.01; ***P <0.001 (ANOVA). B, Western blot of four pooled
experiments on ex vivo femoral (first row) and mesenteric (second row) arteries from mice injected with
AAV-GFP, AAV-WT-BPIFB4 or AAV-LAV-BPIFB4. Right graphs show quantification of eNOS
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phosphorylation and BPIFB4. Values are means=SEM, N=2 pools of experiments. Statistic was performed
using ANOVA; *P<0.05.
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Online Figure XVI. Effect of AAV-LAV-BPIFB4 on blood pressure levels in normotensive mice.

Systolic (SBP, on the left) and diastolic blood pressure (DBP, on the right) in C57BL/6 mice treated with
AAV-GFP ( ) or AAV-LAV-BPIFB4 ( -#-) (N=5/group). Measurements conducted before injection
(reported on the x axis) were considered as basal values. Data are given as mean=SEM. *P<0.05 vs. AAV-

GFP (unpaired t-test).

29



#CIRCRES/2014/305875R2

¥831d8-AVTAVY PEIdEAYTAYY o) M
4
% & F
HONVY MY M o
P2 o w
™ ¥831d8-AVTAYY PRIIdEAYTAYY L
L { 2 935
W_ W. AV &Y m W W m;
=2 :
g M 0 . YRIIGAYFAYY YaIIdEAYTEAYY + % H m
n n k H
T _ ] { . g
dIOAVY Q4O AYY g
©o 4
ht h ' W o w o R M i
E - v ¢« © o roe
e r I M SON3/SONa-d g0 undy/vedidd o W L6y
p a4 ré;
0 0 0 Q <L
t b4 % < b F9;
o o z 3 e £ 4 Loy
d ' 9 4 @ z o 9 L s
v%«\ Q O] =) < it (3
. 5 5 & & & o o o o0 9 9 h v Q%%w T &
°8%838 79838 EEREE : ~ . i
) 2 1 Fig
@ - 9 L G2 o
3 | ré
o] " @ : © : £ M
] 1 m M
* * — -
4 m 4 - ¥ B * 3 K Le
0 ¥ 9 4 L Phu ~ Fe
UL ; < g . Le
2 4 D9 @ 2 Fe
) ; - . — 0
°88%888 °8% %888 °%8%8%8s8 H
) © °© °
(96) uoneXe|2I0SeA (%) UoIEXR|2I0SEA (96) UoIEXR[2I0SEA © © o M 2 S S @
g 2 g2 @2
YOOM L SYOIM T S EEIES 8 8 © 9 (BHwWwW) dgs

3 weeks
30

2 weeks

1 week




#CIRCRES/2014/305875R2

Online Figure XVII. Durability of transgene expression and vascular responses following AAV-LAV-
BPIFB4 delivery in normotensive mice.

A, Graphs show the dose-response curves of ex vivo mesenteric arteries, from mice injected with AAV-GFP(
9) or AAV-LAV-BPIFB4( ®), to acetylcholine (ACh) and nitroglycerin (NG). Experiments were
performed at 1 (first row), 2 (second row) and 3 weeks (third row) after gene delivery. Values are
means=SEM. N=5 experiments per group. Statistics was performed using ANOVA; *P<0.05; **P<0.01;
**%P<0.001. B, Representative Western blot for eNOS phosphorylation and BPIFB4 levels in mesenteric
arteries of mice injected with AAV-GFP or AAV-LAV-BPIFB4. The right graph gives the quantification of
eNOS phosphorylation and BPIFB4 level of three independent experiments. C, Systolic blood pressure
(SBP) in mice treated with AAV-GFP ( @ ; n=5) or AAV-LAV-BPIFB4 ( ; n=5). Values are
means=SEM. Statistics was performed using ANOVA; *P<0.05; **P<0.01; ***P<0.001.
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Von Willebrand BPIFB4

Online Figure XVIII. Immunostaining analysis of BPIFB4 in mesenteric artery of mice infected with
AAV-LAV-BPIFB4.

The BPIFB4 signal co-localizes (yellow signal) with Von Willebrand signal in endothelial cells (A) and with
a-SMA signal in smooth muscle vessel wall (B). Bar= 100um.
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Online Figure XIX. BPIFB4 expression in tissues of infected mice and MNCs from infected rats.

A, Immunohistochemical analysis of BPIFB4 in different tissues of mice infected with AAV-GFP or
AAV-LAV-BPIFB4. BPIFB4 overexpression (brown signals indicated by arrows) was detected in brain,
femoral bone marrow and adipose tissue, but not in the liver of mice injected with AAV-LAV-BPIFB4.
Bar = 40um. B, Representative Western blot of BPIFB4 expression in MNCs of rats injected with AAV-
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GFP (N=2) or AAV-LAV-BPIFB4 (N=3) on the left. The right graph gives the average quantification of
BPIFB4 vs. B-actin. No significant difference between two groups was detected (unpaired t-test). Values are
means=SEM.
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Online Figure XX. Effects of AAV-LAV-BPIFB4 in eNOS knockout mice.

A, Systolic blood pressure (SBP)in eNOS knockout mice treated with AAV-GFP ( @ ; n=5) or AAV-LAV-
BPIFB4 ( -8~ ; n=5).Values are means+SEM. B, Representative Western blot for eNOS phosphorylation and
BPIFB4 levels in mesenteric arteries of eNOS knockout mice injected with AAV-GFP or AAV-LAV-
BPIFB4. The right graph gives the quantification of eNOS phosphorylation and BPIFB4 levels of three
experiments. Statistics was performed using ANOVA; *P<0.05; **P<0.01; ***P<0.001.
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Online Figure XXI. Vascular remodeling in SHR and Wistar rats injected with AAV-LAV-BPIFB4.
Bar graphs demonstrate morphological characteristics of small mesenteric arteries in SHRs (N=5) and their
normotensive controls (WKY rats; N=5) injected with AAV-GFP or AAV-LAV-BPIFB4. Statistics was
performed using ANOVA; *P<0.05, **P<0.01.
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Online Figure XXII. Homing of stem cells to ischemic muscles.
Mice were infected systemically with AAV-WT-BPIFB4, AAV-LAV-BPIFB4 or received vehicle (AAV-
GFP) through the tail vein before induction of femoral artery occlusion. Samples were collected 3 days post-
ischemia. A, representative gating strategy for LSK and CD34/ LSK fractions. B, bar graphs showing
average values in ischemic muscles. Data are mean (SE). **P<0.01 vs vehicle, " P<0.01 vs WT.
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Online Figure XXIII. Gating strategy of LSK cells.
A, Gating of control samples in which the antibody was omitted. B, gating of samples showing initial
identification of cells followed by definition of lineage negative elements and then definition of Sca-1 and

cKit populations. Among the LSK cells, the two sub-fractions of CD34 positive and negative progenitor cells
were finally distinguished.
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Online Figure XXIV. Effect of LAV-BPIFB4 on post-ischemic recovery of superficial blood flow.

Images of laser Doppler flowmetry captured at 0 and 21 days after induction of limb ischemia. Values

represent arbitrary blood flow units taken at the level of the foot (black font) and whole limb (red font). The
ratio of ischemic to contralateral side is also shown between each side values. N=10 in each group.
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Online Figure XXV. Revascularization effect of LAV-BPIFB4 in mouse model of hindlimb ischemia.
A, capillary density and B, arteriole density, as assessed 3 weeks post-ischemia. Values are mean+SEM of
N=7-10 in each group. Bar = 50 pm.
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negative control

negative control

Online Figure XXVI. Immunofluorescence microscopy images showing transgene expression at 3
weeks after AAV-LAV-BPIFB4 intravenous injection and induction of limb ischemia. Ischemic
adductor muscle sections were stained with anti-BPIFB4, 1B4/a-SMA and DAPI. A, IB4 positive capillary
endothelial cells and B, alpha-SMA positive arterioles from muscles of mice injected with AAV-LAV-
BPIFB4 express abundantly the transgene. Yellow arrows indicate co-localization between BPIFB4 and 1B4
signals. Bar=50um.
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Online Figure XXVII. Effect of AAV-LAV-BPIFB4 on mice systolic blood pressure after vein
injection. Systolic blood pressure (SBP) in mice treated with AAV-GFP ( @ ; n=5) or AAV-LAV-BPIFB4

( ; n=5). Values are means + SEM. Statistics was performed using ANOVA; *, p<0.05; **, p<0.01.
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ONLINE TABLES

Online Table I. Association Tests Results in the Screening Set and Replication Cohorts.

No. (%) of
Alleles/Genotypes
SNP ASSOC.  covort a/A MAF  Aleleor g Controls  P-value OR (95%CT)
Model Genotype
157583529 RM SICS-ser  A/G 021 AA 37 (9) 17 (3) 6.45x10°  3.15(1.75-5.68)
GLS-rep  A/G 022  AA 83(5)  53(5) 0.69 1.07 (0.75-1.53)

USA-rep  -- Not tested --
rs571391 DM SICS-ser  G/A 043  GG/GA 241 (59) 399 (72) 1.39x107 0.55 (0.42-0.72)

GLS-rep G/A 034 GG/GA 903 (57) 623 (57) 0.93 0.99 (0.85-1.16)
USA-rep  -- Not tested --

rs285097 AM SICS-ser  G/T 008 G 43 (5) 116 (10) 3.79x107 0.47 (0.33-0.68)
GLS-rep G/T 007 G 195 (6) 150 (7) 0.26 0.88 (0.71-1.10)
USA-rep  -- Not tested --

rs2070325 RM SICS-ser  G/A 030 GG 57 (14) 35 (6) 5.98x107 2.42 (1.56-3.77)
GLS-rep G/A 036 GG 225(14) 112 (10) 0.0036 1.43 (1.12-1.80)
USA-rep G/A 035 GG 196 (13) 46 (9) 0.0063 1.60 (1.14-2.24)

SNP, dbSNP ID; Assoc. Model, associated genetic model (AM = allelic model, DM = dominant model, RM
= recessive model); Cohort, analysed cohort (SICS-scr = Southern Italian Centenarian Study screening
cohort, GLS-rep = German Longevity Study replication cohort, USA-rep = United States-American
replication cohort); a/A, minor allele/major allele based on whole sample; MAF, minor allele frequency; No.
(%) Alleles/Genotypes, number and percentage of reference alleles/genotypes in long-living individuals

(LLIs) and control individuals (controls); OR, odds ratio; 95% CI, 95% confidence interval.
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Online Table I1. Genotype counts.
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Cohort CHR SNP m M LLIs CTRLs
SICS-scr 20 rs2070325 G A 57/146/201 35/250/266
GLS-rep 20 rs2070325 G A 225/715/659 112/545/432
USA-rep 20 rs2070325 G A 196/648/617 46/242/232

Cohort, analysed cohort; Chr, Chromosome; m, minor allele; M, major allele; LLIs, number of mm/mM/MM
genotypes in cases; CTRLs, number of mm/mM/MM genotypes in controls SICS-scr, Italian screening set;
GLS-rep, German replication set; USA-rep, American replication set.
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Online Table III. Comparison of HEK293T cell transcriptional profiles after transfection with WT-

BPIFB4 or empty vector
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Gene WT.AVG_Signal Empty.AVG_Signal FC P-value Regulation  Exosome
HSPAG6 11384.717 625.217 4.187 <0.001 Up no
HSPA7 3907.633 288.367 3.76  <0.001 Up no
LOC652750 1699 144.433 3.556 <0.001 Up no
TCEAL7 962.833 129.1 2.899 <0.001 Up no
HSPAIA 559.4 136.1 2.039 <0.001 Up no
DNAIJBI1 5896.7 1485.233 1.989 <0.001 Up no
HS.543887 1011.633 333.2 1.602 <0.001 Up no
RNU1-3 970 353.033 1.458 <0.001 Up yes
ZFAND2A 1495.133 570.9 1.389 <0.001 Up no
RNUI1-5 1162.2 452.267 1.362 <0.001 Up yes
PPIL2 378.7 148.967 1.346 <0.001 Up no
RNU1G2 824.4 338.467 1.284 <0.001 Up yes
HS.579631 20786.367 8670.467 1.261 <0.001 Up no
MIR1974 589.2 248.567 1.245 <0.001 Up yes
SCARNAS 1005.6 424.967 1.243  <0.001 Up no
RNS5S9 1421.2 610.4 1.219 <0.001 Up yes
BAG3 3604.067 1551.067 1.216 <0.001 Up no
MUM1 512.2 226.133 1.18 <0.001 Up no
HSPAIB 22851.5 10136.333 1.173  <0.001 Up no
SNORD&3B 798.133 356.433 1.163 <0.001 Up no
RNU4ATAC 382.867 172.033 1.154 <0.001 Up no
PPPIRISA 1626.667 732.833 1.15 <0.001 Up no
SNORAT79 1026.833 468.367 1.132  <0.001 Up no
SNORD15B 404.033 185.933 1.12 <0.001 Up no
RNUIF1 631 291.533 1.114 <0.001 Up yes
RNUIA3 1156.467 541.533 1.095 <0.001 Up yes
HSPB1 3392.8 1656 1.035 <0.001 Up yes
SCARNA14 466.6 231.567 1.011 <0.001 Up no
BCYRNI1 3007.433 1501.1 1.003 <0.001 Up yes
LOC388796 2132.833 1071.933 0.993 <0.001 Up no
NBPF20 1448.6 2974.55 -1.038 <0.001 Down yes
LOC440092 144.1 308.9 -1.1  <0.001 Down no
SNORAT7IC 681.2 1534.4 -1.172  <0.001 Down no

WT.AVG Signal: average of fluorescence signals of HEK293T transfected with vector encoding for WT-
BPIFB4 (n=3); Empty. AVG_Signal: average of fluorescence signals of HEK293T transfected with empty
vector (n=3); FC: fold change; Exosome: RNA detected by de Jong et al.” in exosomes produced by
endothelial cells under stress conditions. Only genes with P-value < 0.001 are indicated.
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Online Table I'V. Comparison of HEK293T cell transcriptional profiles after transfection with LAV-
BPIFB4 or empty vector

Gene LAV.AVG Signal Empty.AVG _Signal FC P-value Regulation  Exosome
HSPA7 5512.1 288.367 4257 <0.001 Up no
HSPAG6 10394 625.217 4.055 <0.001 Up no
LOC652750 1522.833 144.433 3.398 <0.001 Up no
TCEAL7 892.933 129.1 2.79 <0.001 Up no
HSPAIA 835.167 136.1 2.617 <0.001 Up no
HS.543887 1532.6 333.2 2.202 <0.001 Up no
MIR1974 1029.433 248.567 2.05 <0.001 Up yes
DNAIJBI1 6058.167 1485.233 2.028 <0.001 Up no
RNS5S9 2194.433 610.4 1.846 <0.001 Up yes
SCARNAS 1439.133 424.967 1.76  <0.001 Up no
SNORD15B 606.1 185.933 1.705 <0.001 Up no
RNU1G2 1070 338.467 1.661 <0.001 Up yes
RNU1-3 1113.7 353.033 1.657 <0.001 Up yes
ZFAND2A 1769.933 570.9 1.632 <0.001 Up no
RNUI1-5 1373.3 452.267 1.602 <0.001 Up yes
PPIL2 443.183 148.967 1.573 <0.001 Up no
SCARNA14 685.433 231.567 1.566 <0.001 Up no
SNORAT79 1362.733 468.367 1.541 <0.001 Up no
RNU4ATAC 493.167 172.033 1.519 <0.001 Up no
SNORD&3B 995.333 356.433 1.482 <0.001 Up no
LOC100130516 10136.8 3635.233 1.479 <0.001 Up yes
SCARNA23 551.133 199.267 1.468 <0.001 Up no
BCYRNI1 4118.2 1501.1 1.456 <0.001 Up yes
RNY1 607.7 236.333 1.363 <0.001 Up yes
FLI36131 5761.433 2291.833 1.33  <0.001 Up yes
SNORA12 1746.067 700.133 1.318 <0.001 Up no
CATSPER2 8787.5 3526.733 1.317 <0.001 Up yes
RNUIA3 1348.133 541.533 1.316 <0.001 Up yes
LOC648852 1625.567 654.567 1.312  <0.001 Up yes
BAG3 3808.633 1551.067 1.296 <0.001 Up no
SCARNAI1S8 572.833 234.867 1.286 <0.001 Up no
SNORD13 642.833 265.5 1.276 <0.001 Up yes
RNUIF1 693.633 291.533 1.251 <0.001 Up yes
TRK1 503.633 218.433 1.205 <0.001 Up no
SNORA42 409.9 182.067 1.171 <0.001 Up no
PPPIRISA 1604.067 732.833 1.13  <0.001 Up no
HS.579631 18840.5 8670.467 1.12  <0.001 Up no
HS.129244 320.5 147.6 1.119 <0.001 Up no
TRQI1 347.333 160.167 1.117 <0.001 Up no
MIR1978 6763.4 3140 1.107 <0.001 Up yes
HS.25892 4475.233 2083.5 1.103  <0.001 Up no
LOC100132585 2751.167 1280.533 1.103  <0.001 Up yes
SNORA27 386.5 180.8 1.096 <0.001 Up no
LOC388796 2274.2 1071.933 1.085 <0.001 Up no
RNUS86 643.767 303.767 1.084 <0.001 Up no
SCARNAI3 2019.2 957.4 1.077 <0.001 Up no
SCARNAL16 661.833 313.933 1.076 <0.001 Up no
E2F2 1587.733 757.467 1.068 <0.001 Up no
SNORD4A 812.967 390.567 1.058 <0.001 Up no
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HS.163752
SNORD3D
SNORD38A
DYNLT3
TULP4
NBPF20
SNORAT7IC
LOC440092

1896.833
801.6
474.133
352.9
152.733
1442.15
700.167
136.8

932.633
399.067
237.1
709.067
308.883
2974.55
1534.4
308.9

1.024
1.006
1
-1.007
-1.016
-1.044
-1.132
-1.175

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

#CIRCRES/2014/305875R2

Up
Up
Up
Down
Down
Down
Down
Down

no
yes
no
no
no
yes
no
no

LAV.AVG Signal: average of fluorescence signals of HEK293T transfected with vector encoding for LAV-
BPIFB4 (n=3); Empty. AVG Signal: average of fluorescence signals of HEK293T transfected with empty
vector (n=3); FC: fold change; Exosome: RNA detected by de Jong et al.*® in exosomes produced by
endothelial cells under stress conditions. Only genes with P-value < 0.001 are indicated in the table.
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Online Table V. Comparison of HEK293T cell transcriptional profiles after transfection with LAV-

BPIFB4 or WT-BPIFB4

Gene LAV.AVG Signal WT.AVG Signal FC P-value Regulation = Exosome
LOC648852 1625.567 793.333 1.035 <0.001 Up yes
MIR1974 1029.433 589.2 0.805 <0.001 Up yes
LOC100132673 8167.1 4837.867 0.755 <0.001 Up yes
HS.163752 1896.833 1141.267 0.733  <0.001 Up no
LOC100131713 6172.983 10548.7 -0.773  <0.001 Down yes

LAV.AVG Signal: average of fluorescence signals of HEK293T transfected with vector encoding for LAV-
BPIFB4 (n=3); WTAVG Signal: average of fluorescence signals of HEK293T transfected with vector
encoding for WT-BPIFB4 (n=3); FC: fold change; Exosome: RNA detected by de Jong et al.*® in exosomes
produced by endothelial cells under stress conditions. Only genes with P-value < 0.001 are indicated in the

table.
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Online Table VI. P-values generated by the comparison of the transcriptional profiles for ribosomal,
translational, and exosomal categories.

Comparison  Total # genes Ribosome Translation Exosome

# genes P-value # genes P-value # genes P-value
WT_Empty 1558 72 2.00E-14 77 4.83E-07 462 <1.00E-11
LAV_Empty 2291 85 2.87E-09 78 0.02 621 <1.00E-11
LAV WT 816 32 7.50E-05 37 0.001 300 <1.00E-11

Total # genes: total number of modulated genes for the respective comparison; # genes: number of
modulated genes for the respective comparison in the indicated category.
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Online Table VII. GO categories for ribosome and translation

#CIRCRES/2014/305875R2

ribosome

ribosomal small subunit biogenesis
organellar large ribosomal subunit
organellar ribosome

cytosolic ribosome

large ribosomal subunit

structural constituent of ribosome
mature ribosome assembly
ribosome biogenesis

mitochondrial ribosome

ribosome

cytosolic small ribosomal subunit
small ribosomal subunit

cytosolic large ribosomal subunit
mitochondrial large ribosomal subunit
ribosomal subunit

organellar small ribosomal subunit

mitochondrial small ribosomal subunit

biological process
cellular_component
cellular_component
cellular_component
cellular_component
molecular_function
biological process
biological process
cellular_component
cellular_component
cellular_component
cellular_component
cellular_component
cellular_component
cellular_component
cellular_component

cellular_component

ribosomal large subunit biogenesis biological process
translation

translational elongation biological process
translation biological process
translational initiation biological process
cotranslational protein targeting to membrane biological process
translational termination biological process
SRP-dependent cotranslational protein targeting to membrane biological process
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Online Table VIII. Capillary density values
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Vehicle
section cage number (sequence mouse number)

E1(1) E2 (2) E3 (3) E4 (4) E5 (5) 13 (8) 15 (10)
1 933.927 417.526 629.501 940.498 1253.421 784.378 1189.772
2 53476  492.348 725.97 491.27  990.123  904.101 893.83
3 847.806 492.248 424717 1014.139 1284.985 297.734 356.245
4 858.771 745385 467.191 432308 1178.67 976.358  895.904
5 733.411 674779 785.207 131.423 1015.569 1061.318 1422.481
6 589.335 374.643 699.76  533.982 855.53 1516.8  979.191
7 252.7 735.34  600.003 918.48 1061.758 829.71 1092.182
8 263.139 394.141 751.368 409.022 908.463 1197.117 1782.812
9 204.725 457735 827.846 840393  853.476 1429.76 1543.926
10 272293  703.798 639.359 1526.879  721.679 979.313  933.409 Mean
Means 549.087 548.794 655.092 723.839 1012.367 997.659 1108.975 799.402
WT
section cage number (sequence mouse number)

G1(1) G2 (2) G3(3) G4 4) G5 (5) K1 (6) K2 (7) K38 K409 K5@10)
1 1075.372 778.469  633.559 1350.421 353.931 1277.027 920.691 368.298 399.242 645.129
2 720.259  780.805 1177.509 711.703  722.327 552915 753.504 749.555 515.065 666.64
3 537.545 1227.233 506.912 782.636  606.483 560.957 642.205 350.027 220.406 80.861
4 1286.197 1166.881 537.01 902349 868.445 443.815 165.807 249.114 217.04 229.63
5 1066.642 1156.438 1018.822 784.955  752.892 486.189  744.027 267.334 522417 243.26
6 1397.316 7573 924569 1212.149  559.027 556.119 976.956 290.216 565.096 420.109
7 1095.653  770.232 1090.49 780.961  541.665 323.417 745.826 721.242 547.289 500.105
8 905.076  675.261 845.47 697.009 933395 760.706 479.028 404.003 595.461 546.625
9 088.7 585.762 587.485 664.291 1082.285 1074.752 1001.76 1033.55 610.825 671.359
10 772944 775836 951.611 706367 741.237 1066.436 989.688 858.085 505.245 527.463 Mean
Means 984.570 867.422 827.344 859.284  716.169 710.233 741.95 529.143 469.809 453.118 715.904
LAV
section cage number (sequence mouse number)

F1(1) F2 (2) F5 (5) J1(6) J2 (7) J3(8) J5(10)
1 417.329 1496.725 812.613 927.834  926.475 1048.525 904.747
2 518.349  1023.32 957.99 474512 813301 1051.325 988.506
3 589.384 1428.239 995.801 771.618 564.556 854.102 1271.395
4 443.706 1150.827 780.886 1062.171  882.959 1046.717  959.946
5 806.646 1268.649 715.626 1105.729  737.713  826.769  865.552
6 1227.058 1132.843 826.744 775.295 803.885 591.252 1132.997
7 1206.071 901.684 1015.68 1018.394 1251.181 758.848 1186.716
8 867.688 932.133 1085.473 968.39 1044.566 423.642 1026.097
9 699.105 1138.702 823.984 1279.175  718.023 956.728 1055.469
10 970.825 1356.429 675.182 1228.665  650.524 1253.381 1038.567 Mean
Means 774.616 1182.955 868.998 961.178  839.318 881.129 1042.999 935.885
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Online Table IX. Arteriole density values

Vehicle
section cage number (sequence mouse number)

E1(1) E2(@2) E3(3) E4(4) E5(5) 138 15710
1 9.019 445 11.66 4.071 1.95 4.765 15.19
2 2962 6.047 1.667 4.476 4237 8.408 4.488
3 0 0 3.136 5.161 6.258 5.607 1.427
4 0 8.021 1.795 8.307 0 3.57 0
5 3.732 1.46 0 8735 4396 3.387 4.185
6 3.363 4.15 1.401 0 0 0 0
7 1.762  8.027 2.789 0 0 1.594 5.609
8 1.598 9,516 2978 3.144 4.025 3.607 4.145
9 1.482 6.014 6.406 0 0 6.567 0
10 9.861 7984 1.745 1904 5364 5.269 4.837 Mean

Means 3378 5.567 3.358 3.58 2,623 4.277 3.988 3.824

WT
section cage number (sequence mouse number)

Gl1(1) G2(22) G3(3) G440 G505 K1(6) K2(7) K38 K49 K510
1 3.045 0 4709 2734 5924 4624 4523 5335 1474 17.356
2 8.943 0 5.59 0 6327 3.253 0 15343 6.466 7.215
3 8.932 1.65 9.28 0 2.687 2934 0 14382 2964 16.612
4 1.693 4708 3.428 4.144 0 0 3903 10.826 9.908  15.262
5 0 0 5379 5.039 4573 8.175 6.609 13.606 0 13.998
6 0 0 6354 0 2924 0 1.426 7.805 1.662 16.325
7 3438 1.747 2.933 0 4.567 0 0 6.625 7.691 13.454
8 3,514 5373 6305 4.038 4.625 14.507 0 16.188 8.738  18.848
9 1.79 7.879 5.186 8.568 7.72  7.427 1.886 7.345 8.584 2.974
10 1.842 0 6.04 3.8 5877 4.858 1.775 2762  9.061 1.182 Mean
Means 332 2136 5521 2.832 4522 4.578 2.012 10.022 5.655 12.321 5.292
LAV
section cage number (sequence mouse number)

F1(1) F2Q@2) F5(¢5) J1@6) J2(7) J3@8) J5(010)
1 0 16.222 8408 3.926 13.774 18.986 8.379
2 4.8 10908 3.608 3.372 13.798 17.836 5.772
3 0 11916 7325 1.651 14563 6918 3.069
4 0 27964 4.693 0 13.041 20.533 3.144
5 2.284 25598 9.725 6.883 6.615 21.306 1.369
6 0 16.696 8.896 11.526 17.138 19.01 3.005
7 3.521 11.54 7.019 3.519 5566 23.049 3.99
8 4.497 19.325 17.641 0 11.134 20.743 1.475
9 6.751 21.024 8254 6.691 13.355 6.056 6.76
10 0 21.127 13.043 7.628 13.612 7.565 6.563 Mean

Means 2.185 18.232  7.861 4.519 12.26 16.2 4.353 9373
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Chapter 3. Discussion

3.1 Summary

In this thesis, I show that the polymorphic variant rs2070325
(Ile229Val) in bactericidal/permeability-increasing fold-containing-
family-B-member-4 (BPIFB4) associates with exceptional longevity,
under a recessive genetic model, in three independent populations.
Moreover, the expression of BPIFB4 is instrumental to maintenance
of cellular and vascular homeostasis through regulation of protein
synthesis. In isolated vessels, BPIFB4 is up-regulated by mechanical
stress, and its knock-down inhibits endothelium-dependent
vasorelaxation. In hypertensive rats and as well as old mice, gene
transfer of longevity associated variant (LAV) of BPIFB4 restores
eNOS signaling, rescues endothelial dysfunction, and reduces blood
pressure levels. Furthermore, BPIFB4 is implicated in vascular repair:
in a murine model of peripheral ischemia, systemic gene therapy with
LAV-BPIFB4 promotes the recruitment of hematopoietic stem cells,
reparative vascularization, and reperfusion of the ischemic muscle.
Ultimately, LAV-BPIFB4 may represent a novel therapeutic tool to
fight endothelial dysfunction and promote vascular reparative

Processes.

3.2 Conclusions
Recent landmark studies have significantly improved our
understanding of the genetic determinants of slow aging.!'”!

Unfortunately, only apolipoprotein E (APOE) &4 has reached the
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penalizing genome-wide threshold of significance to date."
Therefore, in order to identify genes and genetic variants that
influence human health through interaction with environmental
factors, alternative approaches are needed, such as multistage study
designs aimed at reducing the statistical penalty.””! In line with this,
the present study adopted a combination of a multistage genetic and
functional approach to investigate if a candidate gene, i.e., BPIFB4, is
associated with exceptional longevity. Our findings strongly indicate
the pivotal role of BPIFB4 in preserving the ability to activate an
adaptive stress response and proteostasis, two physiological processes
negatively affected by aging.®!

BPIFB4 belongs to the superfamily of bactericidal BPI/PLUNC
proteins, which are central to the host innate immune response against
bacteria in regions of significant bacterial exposure, like the mouth,
nose and lungs. The expression of the activity-enhanced polymorphic
variant LAV-BPIFB4 might initially produce privileged survival
through better resistance to infectious diseases. The variant may offer
additional advantages because of its ability to activate the NO-
releasing enzyme eNOS. NO and peroxynitrite, which is generated by
the interaction of NO with O2 during the respiratory burst, are
mediators of the bactericidal effects of macrophages through
inactivation of heme-containing enzymes, including cytochrome
oxidases and cytochrome P450. Interestingly, development and
refining of this prosurvival mechanism has facilitated exceptional
longevity by ensuring better adaptation to stress conditions through
improved function of ribosomal biogenesis, protein synthesis and

cardiovascular homeostasis.
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Data from gene arrays of HEK293T cells indicate that BPIFB4
activates adaptive stress responses and proteostasis, two key aspects
for improved organism survival®”) as well as stem cell

maintenance.!'"!

Analysis of BPIFB4’s sequence revealed a
phosphorylation site for PERK, which is a further link between
BPIFB4 and the stress response. A key element that makes LAV-
BPIFB4 uniquely suited to confer physiological advantages is its
peculiar ability to be superiorly phosphorylated by PERK and, thereby
recruit the eNOS-activating factor HSP90. Although both LAV-
BPIFB4 and WT-BPIFB4 can form an activated complex with
HSP90, only LAV-BPIFB4 is capable of making this complex more
productive for eNOS activation through post-transcriptional
modulation by 14-3-3. In this regard, BPIFB4 sequence analysis
revealed an atypical 14-3-3 binding site. Thus, 14-3-3 may modulate
BPIFB4-mediated cell signaling by binding and retaining the latter
within the cytoplasm on the basis of its phosphorylation status at
serine 75. In fact, immunoprecipitation and confocal microscopy
studies showed the LAV-BPIFB4 complexes efficiently with 14-3-3, a
phenomenon that apparently did not occur with WT-BPIFB4. In
support of the importance of PERK-mediated phosphorylation at
serine 75, and of serine 82 for LAV-BPIFB4’s binding to 14-3-3,
LAV-BPIFB4™"*7  LAV-BPIFB4™"*** or LAV-BPIFB4 with
GSK2606414 (PERK inhibitor) failed to immunoprecipitate 14-3-3.

A landmark finding of this study is the recognition that BPIFB4 plays
a crucial role in maintenance of vascular homeostasis and that LAV-
BPIFB4 exerts extra-protection. We show that biomechanical stress

due to increased arterial pressure upregulates BPIFB4 expression, and
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that BPIFB4 silencing induces eNOS/endothelial dysfunction.
Moreover, we found that LAV-BPIFB4 potentiated eNOS signaling in
mouse vessels. In line with cellular data, studies in isolated vessels
showed that the LAV-BPIFB4/HSP90 complex was dependent on
PERK phosphorylation and 14-3-3 binding, with endothelial
dysfunction ensuing upon transfection of vessels with LAV-
BPIFB4™"**3 LAV-BPIFB4™"™ or LAV-BPIFB4 with
GSK2606414. Similarly, WT-BPIFB4 binds to HSP90 and modulates
endothelial function through a 14-3-3-mediated mechanism, as shown
by mutagenesis of serine 82 (WT-BPIFB4™"**). However, LAV-
BPIFB4 may have a more potent vasculoprotective effect because of

its increased ability to bind 14-3-3.

Endothelial dysfunction is a systemic pathological state characterized
by a reduction in the bioavailability of and/or responsiveness to
vasodilators, and altered vascular wall metabolism. Because of its
major causal role in cardiovascular diseases, such as hypertension and
ischemia, therapeutic agents that restore endothelial function are of
clinical interest. In this context, a body of evidence pinpoints eNOS as
a major player in blood pressure homeostasis and eNOS
downregulation as a hallmark of cardiovascular disease.'"! Hence, we
evaluated the effect of LAV-BPIFB4 in a rat model of essential
hypertension characterized by impaired endothelial function. The in
vivo administration of LAV-BPIFB4 normalized blood pressure levels
and endothelial function in genetically hypertensive rats, without

influencing vascular remodeling.
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It is well known that cardiovascular risk is markedly increased in aged
individuals. Our results show the association of dysfunctional
endothelial-dependent vasorelaxation, reduced eNOS phosphorylation
and BPIFB4 downregulation in old mice. Importantly, we also newly
demonstrate that forced BPIFB4 expression by AAV-LAV-BPIFB4
restores endothelium-dependent vasorelaxation, eNOS
phosphorylation and reduces blood pressure levels in old mice.

These results strongly candidate LAV-BPIFB4 as new therapeutic
agent able to enhance endothelial NO release and reduce high blood
pressure levels. We also recorded the higher expression of BPIFB4 in
the CD34" cells of LLIs and the absence of migration ability in EPCs
after SDF-1 stimulation in the absence of BPIFB4. Thus, high levels
of BPIFB4 could protect LLIs by improving revascularization, a
process dependent on the migration ability of EPCs."?) In line, in a
mouse model of hindlimb ischemia, LAV-BPIFB4 exerted a
beneficial effect, significantly increasing homing of progenitor cells,
enhancing blood flow and spontaneous revascularization in the
affected limb. Of note, only the LAV isoform confers substantial
protection from acute ischemia through potentiation of vascular repair,
which is associated with activation of VEGF and SOD3 in ischemic
skeletal muscles, suggesting a role of pro-angiogenic and ROS
scavenging mechanisms. More studies are needed to clarify the role of

the effect of blood pressure lowering on this vascular phenotype.
In conclusion, BPIFB4 is a multitasking protein involved in processes

that are important for cellular and organism homeostasis, and whose

role in modulating eNOS is potentiated by the variations harbored by

-5



the LAV isoform. We have unraveled the molecular determinants
linking functional vasculature responses, endothelial function and a
specific genetic trait, and have identified BPIFB4 as a potential tool
for innovative therapeutic strategies for aging, vascular repair and
endothelial dysfunction.

Finally, we have found that genetic traits enriched in centenarians
might be exploited to combat and attenuate cardiovascular disease at
earlier stages of life. Thus, investigating exceptional longevity could
bestow us with new knowledge instrumental to extending a clinical

benefit to the population at large.

3.3 Future perspectives

The way toward a pharmacology of aging still follows the perception
of the discovery of a drug mimetic of dietary restriction (DR). Many
populations have healthy food behaviors with a correct intake of
nutritional elements. Where this concept of nutrition is unknown, it
could be important to develop a substance able to perturb metabolism
and cellular homeostasis and induce effects similar to the ones we
encountered in our study. The final goal could be the extension of life
span, but this could be considered a side effect. The real goal, instead,
is the achievement of the old age through an healthy ageing process.
In 2009 a report of Harrison et al.l"*! it’s been showed that rapamycin
was able to extend the life span of mice and this result was achieved
in study with different animal models and different rapamycin
protocols or similar drugs, called rapalogs. Rapamycin has a specific

pharmacological target: the inhibition of mTORC1.'"* ™) mTORC]1
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controls protein translation and autophagy and rapamycin is able to
reduce the first and increase the second, in cells or multicellular
organisms.!'®!

The improvement of lifespan in vivo, studied in experiment with
Drosophila and mice, is linked to the inhibition of the downstream
effector p70-S6K.['7- 13

Another important molecule with an effect on life span is Metformin.
This is an antidiabetic drug that has been shown to extend life span in

18] The increment in life

C. elegans and mice, but not in Drosophila.
span is associated with a reduction of cholesterol levels (total
cholesterol and LDL), an improvement of glucose tolerance an
increment of antioxidant defense, and a reduction of markers of
inflammation. The molecular studies on metformin effects showed
that this drugs perturb AMPK pathway, with an activation profile
similar to that observed in animals under DR.["”]

The healthy aging could be achieved also through antioxidant
treatments. It has been shown that molecules that promotes stress
resistance, and in particular oxidative stress resistance, could also
increase life span, for example in C. elegans where sod-2

20,21

modulation! I'are been measured.

In the last years, the studies about the research of a DR mimetic
converged on a plant derived molecule: resveratrol. It’s a stress-
response lipophilic polyphenol obtainable from grapevine plants and
its derivates, such as wine, and it’s responsible for a wide-range of

22-24

health-promoting benefits.”>?" The resveratrol molecular pathway

involved Sirtuins, a group of histone deacetylases responsible for the

[23, 25

control of gene expression I that is activated by resveratrol with a
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life-span increasing effect in C. elegans and in mice treated with a
high caloric diet.”® Recently studies suggest that resveratrol might
have some beneficial effects on healthy ageing.!* "]

Until today, none of the known antiaging therapy is been tested in
human, except for caloric restriction. Also in our case, we are
interested in healthspan more than lifespan. Indeed, speaking about a
therapy against the age-related diseases, it’s important to understand
when it’s better to start a treatment that could reduce or delay the
effects of ageing on a particular body district. For this point, the
anamnestic analysis of subject and his family is fundamental, but
these data should be crossed with the knowledge on the statistic of age
of onset of age-related disturbs. On the basis of these data (risk factor)
the subject could begin a particular treatment or more than one.
Indeed, in these last years, a group of scientists have projected a
“polypill” composed by different drugs able to fight against aging or
maybe only against the symptoms generated by age-related disorders.
They proposed the combination of a cholesterol lowering drug (a
statin), three drugs for the treatment of blood pressure (each at half-
standard dose), folic acid and aspirin.**"

The incredible results obtained through the administration of Adeno-
Associated Viral vectors carrying the LAV isoform of BPIFB4 in
mouse and rat models encourage and force us to walk the very
important and very expensive step toward the clinical trials. Viral
mediated gene therapy could represent a realistic and nearby
achievement and maybe it’s suitable for a longer and more performing

solution of age-related diseases. The road to the administration and the

perfecting of the recombinant protein is better for a pharmacological
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and industrial aspect but it requires an enormous technical and

economic support.
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