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1.1 The feature of aging

In modern society, the increase of life expectarafy global
population, as a consequence of improving lifedaads, health care
progresses and vaccinations, will contribute toitiseease of the number
of older persons (aged 60 years or over) by 20%fkdd it is estimated
that approximately the most part of 2 billion peoph Earth will be made
up by elderly (Gui J, 2012). For these reasonkread strategies will be
adopted by national health systems to improve tiadity of life for older
adults by alleviating or mitigating the most frequadverse effects of
aging and age-related diseases (Dewan SK et 412)20

Aging is a complex process that involves anatontitictures,
physiological and social processes and cellularjeoubar, tissues
changes (Goldberg AL et al., 2002; Singh T and NewrAB, 2011).
Although variable for each individual, it is a guad and progressive
phenomenon, under genetic and environmental coltoth a diminished
ability to maintain homeostasis of the organism @nedreduced capacity
to respond to environmental stimuli are correlatath the increased
predisposition of elderly people to illness andtdgd@roen BR, 2003;
Rattan Sl, 2008). Clinical observations indicatat ttome infections are
more prevalent and have poorer outcomes in thelgltt&n in younger
adults and are the fourth most common cause ohdaablder people
(Heron MP and Smith BL, 2007). Indeed, the eldpdypulation is more
susceptible to influenza, pneumococci, (Nicholso& Kt al., 1997)
respiratory syncytial virus (RSV) and group B stogeccus (GBS) but
also from opportunistic infections and re-emergemtonic infections
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such as herpes zoster (Ginaldi L et al., 2001;tBMaet al., 2011; Dewan
et al., 2012; Oviedo-Orta E et al., 2013). The magason for the
increased susceptibility to infections in the eliglés the impairment of
the immune system, called immunosenescér@nceschi C et al., 1995;
Pawelec G et al., 2005), which consists in progvesand cumulative
modificationsthat affect both innate and instructive immune reactions
(Franceschi C et al., 1995; Pawelec G et al., 2000%)s, clonotypic and
innate immunity have a key role in the control bé tsurvival of the
elderly, since the susceptibility to these diseakgsends, in part, on a
good and functional immune system (Licastro F gt2405; Candore G
et al., 2006a). In particular, Franceschi (Franice<t et al., 1995)
according to the “remodeling theory of aging”, pospd that
immunosenescence is not a decline of immune fumgtibut is its
reorganization. Indeed, adaptive immunity detetegawhile innate
immunity is largely conserved or even up-regulateih the age
(Cossarizza et al., 1991). Moreover, it was denratesd that even though
elderly people are able to do anamnestic respotis®gare not capable
to establish a good primary type response agaawtamtigens (Fagnoni
FF et al., 2000), hence, for them, it is difficavercome infections
(Globerson A and Effros RB, 2000). In addition, treecine efficacy is
decreased in old population because of the dimacdisbf antibody
responses to primary immunization with proteingenis such as hepatitis
B vaccine, tetanus toxoid, rabies vaccines anaftioers factors, such as
alimentation, pulmonary disease, diabetes mellitaacer, autoimmune
and heart disease (Roman BE et al., 2013; Krawinklet al., 2012;
Moore SE et al, 2012; Oviedo-Orta E et al., 2013).
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In addition to the remodeling of immune system,nggis also
characterized by chronic low-grade inflammationiestaamed “inflamm-
aging” (Franceschi C et al., 2000a). Indeed, agegpie show the increase
in the production of inflammatory mediators, sustcgtokines and acute
phase proteins, which act as predictors of moytatilependent on pre-
existing morbidity. Many factors, including augnhexh amount of fat
tissue, decreased production of sex steroid, srgad chronic disorders
as atherosclerosis, seem to contribute to thiss({&trabbe K et al., 2004),
although the most important cause of inflamm-agnmay be the chronic
antigenic load encountered during life and whicfe@é the immune
system. It is believed that pro-inflammatory statugh the genetic
background are linked to the majority of age-asded diseases as
atherosclerosis, Alzheimer’'s disease, cancer, t¢paliabetes and
sarcopenia because prolonged activation causesichirdlammation
that damages organs (Franceschi C et al., 2000 bylartinis et al.,
2005; Licastro F et al., 2005; Vasto S et al., 3007

One of the most aspect of inflamm-aging is the gmes of elevate
circulating levels of pro-inflammatory factors (ll# IL-6, TNFa, and
prostaglandin E2) and anti-inflammatory mediatofd,-1 receptor
antagonist, soluble TNF receptor, IL-10, transfargngrowth factor beta
(TGF), acute phase proteins, C-reactive protein, anchsamyloid A)
and contributes to the decreased ability of theergfdto mount an
appropriate immune response following an infectickigllenge (Gomez
CR et al., 2010Bruunsgaard H et al., 2010; Ginaldi L et al., 2001;
Trzonkowski P et al., 2004).
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It was demonstrated that TNFinduces the production of Amyloid
beta peptide in Alzheimer disease patients bus ialso involved in
atherosclerosis development because of the incdabe proliferation
in smooth muscle cells (Wick G et al., 2000; SaoAMeissl M et al.,
2000).

Another change that occurs with aging is the deered the serum
levels of EGFR and EGF that regulates cell growtiojiferation and
differentiation (Shurin GV et al., 2007).

Therefore, inflamm-aging, in a global perspectemld be seen as
the common biological factor responsible for thelie and the onset of
disease in old people, but at the present, thisghenon has become
more complicated than what was surmised in the pasteed, inflamm-
ageing acts at different levels of complexity, framlecule to cell, from
organ to organ system and also to organism. Thadlifficult to predict
exactly the changes related to age in differenammsgand cell types in
body. Moreover, to this regard, it has been progdbkat the inflamm-
aging is the result of overlapping between thelle¥@ro-inflammatory
molecules in the bloodstream and their productiodifferent cells and
tissues (Salvioli S et al., 2013; Cevenini E et2013). As a consequence,
the balance between inflammatory and anti-inflanomyat stimuli
modifies cells microenvironment that affects organd tissues, leading
to the ‘mosaic of ageing’ (Cevenini E et al., 20G8at causes a
remodeling in epigenetic and gene expression vgthga(Cevenini E et
al., 2013). Concerning this, it is known that ILe6¢ytokine involved in
the growth of cancer cells, such as breast caiagpone P et al., 2007,
Studebaker AW et al.,2008), also has detrimentattf when produced
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in excess in skeletal muscle (e.g. sarcopenia)adsds normally released
during exercise (Beyer | et al., 2012) and has f@ak in muscle
metabolism (Pedersen BK et., 2008).

In addition, senescent cells, over the time, cqadicipate to this
process with opposing effects: adopting a statpesmanent cell cycle
arrest, as response to damaging agents (e.g. oxsgemadicals), with
beneficial effects (tumor suppression and tissymirg or promoting
cancer progression and ageing with deleterious&sffen health of the
organism (Rodier F et al., 2011; Cevenini E et203). Recent findings
suggest that the number of cells that express senemarkers increases
with age and that their clearance is performedioyuine system but it is
not known about whether this process changes wihoa in age-related
disease, or if these cells escape to this mecha@ampisi J et al., 2007).
In conclusion, it is fundamental to clarify the colex process of
inflamm-aging to improve targeted therapeutic wmeations.

A number of experimental evidences suggested tiwhar cause of
immunosenescence is the persistent viral infecésnit has been
demonstrated for Citomegalovirus (CMV) (VescovinieR al., 2007;
Vescovini R et al.,, 2010; Derhovanessian E et24l11) that appears
accelerate immune aging (Pawelec G et al., 2006aARN and Fletcher
JM, 2005). The relation between CMV infection ambiphealth status
was assessed in OCTO/NONA longitudinal studies py/ik et al., 1994
Wikby A et al., 2002) in Swedish population. It Hasen reported that
CMV infection is part of a group of features callaimune Risk Profile
(IRP) that are useful to predict mortality (Pawezet al., 2005). Other

parameters that contribute to IRP are high levelslate stage
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differentiated CD8 T cells, low levels of CDZell count, poor T cells
proliferative response to mitogens, inversion ofACCD8 ratio, low IL-
2 production and decreased B cells count. Intexhdiit has been
reported the CMV seropositivity and high leveldlo®6 are predictor of
frailty and mortality (Schmaltz HN et al., 2005; WpGC et al., 2010).
Moreover, it has also been demonstrated a comeldietween CMV
infection and the progression of AIDS (Griffiths lebal., 2006). Besides,
it has been suggested that in elderly people th&nmm-aging could be
independent from CMV serostatus as demonstrated abyecent
longitudinal study (Bartlett DB et al., 2012).

1.2The effects of aging on the immune system

1.2.1 T lymphocytes

- Structural and environmental changes in thymus

The thymus is the lymphoid organ responsible ferdbvelopment of
self-restricted, self-tolerant, immunocompetent @llsc that mature
through a series of proliferation and differentatstages dependent upon
receiving instructions from the specialized thynmnicroenvironment
(Anderson G, et al., 2001; Ma D et al., 2013).

With advancing age, there is an involution of thgntus (Taub DD
and Longo DL, 2005; George AJ et al., 1996; Lynéhéd al., 2009) and
both intrinsic and extrinsic factors are thoughttmtribute toward this

process. Indeed, structural, phenotypical, andit@athral changes of
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thymic microenvironment have been observed (Chikiret al., 2012).
These processes include down regulation of vatiograic epithelial cell
(TEC) markers such keratin, MHC class Il togethé&hvalterations of
cortical and medullary markers (Li L et al., 208&rtho JM, et al., 1997;
Palmer DB et al., 2013). Furthermore, the strutturgegrity of the
thymic niche is disrupted with age, including dggmization of the
cortical and medullary junction; together with arcrease of fibrosis,
adipose tissue, and the accumulation of senesebsiircthe aged thymus
(Gui J, et al., 2007; Dixit VD, 2010). The thymioblution occurs in two
phases: the first is associated with the physicklggrowth and the
second is linked to the age-related changes (Awt @l.e 2012). In
particular, the kinetic of this process is not onifi throughout life.
Indeed, it is characterized by a rapid early deglafter which it seems to
proceed at a steady rate (Palmer DB et al., 2028r@& AJ et al., 1996)
and then perhaps may end in later life (Nasi M.e@06; Mitchell WA
et al., 2010).

- Age —related modifications in T cell subsets

These age—related modifications result in a prayreslecrease of the
percentage and absolute number of circulating CTDB/mphocytes and
CD4" and CD8 T cells subsets (Pawelec G et al., 2002; CossaAzet
al.,1996). Moreover, it is also observed the decim output of newly
developed T cells. As a consequence, there isuctied of number of
circulating naive T cells that do not permit toleepsh the naive T cells
lost in the periphery and also to maintain the sizd cell repertoire
(Kohler S et al., 2005; Naylor K et al., 2005; Rulb et al., 2013). In this

way, aged subjects become less responsive to imstimelation and

14



vaccination, and likely prone to develop cancetpiaumune disorders
and chronic inflammatory diseases (Fulop T et2dl1,3).

In addition, aging of acquired immunity is assaeihtwith
accumulation of memory and effector T cells aslteglifelong exposure
to new and persistent infections (Fulop T et &112 Saule P et al., 2006).
Particularly, several studies have suggested tirease of the number of
highly differentiated CD28T cells, especially within the CD&-cell
subset in the elderly. This subset, that lacks DR& expression, is
considered a biomarker for immunosenescence (ERB®t al., 1994
Pawelec G et al., 2008). In addition, CIED28 T cells exhibit reduced
antigen receptor diversity, defective antigen-irethproliferation and a
shorter replicative lifespan while showing enhancegotoxicity
regulatory functions (Oviedo-Orta E et al., 2013a™y NP, et al., 2009)
and resistence to apoptosis (Pawelec G et al.,)2008

There are several surface markers which can be taselassify T
cells. The most utilized are CD28, CD27, CD45, CCRD62L, CD95,
CD95L (Gupta S et al., 2005). For long time, memamg naive human
T cells were discriminated on the basis of CD45RWigen, expressed
primarily on naive T lymphocytes and CD45R0O expedssn memory T
cells. But it is noted that a population of latéfetentiated memory T
cells re-express CD45RA, so this marker is notrelyti useful to
discriminate naive and memory T cells (Hamman Dalet 1997).
Actually, the most widely accepted phenotyping eiddr CD8 T and
CD4" T includes Naive T lymphocytes (N: CCRT D27, CD28™",
CD45RA), that are also characterized by the absence &5CGInd the
expression of CD62L ; Central Memory cells (CM: CCRCD27,
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CD28™, CD45RA), principally located in the lymph nodes, they
represent the lesser differentiated memory pomrgtiociari MM, et al.,
1999); Effector Memory cells (EM: CCR7CD27, CD28, CD45RA),
the highly mature T cell population found in exiwdal tissues and
mucous membranes. Furthermore, this last subdgtngihocytes seems
to be the responsible for the tissue damages ioimatune disorders
because EM T cells are found in inflamed non-lymg@hssues where
secrete high amounts of effector cytokines (INFand TNFe),
chemokines (RANTES) and acquire cytotoxic activityia
granzyme/perforin granule exocytosis pathway (Kasbhet al., 2002;
Wherry EJ et al., 2003). Another interesting mgmbcell population is
named TEMRA: these are terminally differentiatedmoey lymphocytes
re-expressing CD45RA (TEMRA: CCRTCD27, CD28, CD45RA). It
has been demonstrated a strong correlation betele@mological age
and the frequency and absolute number of this pdipualin most humans.
It has been suggested that many of these TEMRA egdl not able to
produce cytokines, to mediate cytotoxic activitygsioles they show
senescence-related proliferative defects (EffroBs 2011; Fulop T et
al.,2013). However, it has been recently demoresdrahat, in some
circumstances, TEMRA might secrete cytokines artess high levels
of granzyme B and perforin (Libri VR et al., 20180, they may be
important for protection against certain infectiomsivo (Bruns H et al.,
2009; Di Mitri D et al., 2011).

Another classification of naive/memory T cells iased on the
expression of CD57 and KLRG1, two inhibitory rea@ptpresent on late-

stage differentiated cells and considered as msrkérsenescence.
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Indeed, KLRGL1 is expressed by Cladad CD8 T lymphocytes and NK
cells; differently CD57 is mainly expressed on Ca&x&l NK cells, and
at lower levels, is express by CD@uyang Q et al., 2003; Larbi A et al.,
2009; Pellicand M et al., 2011).

Many evidences have shown that CMV, which establigtersistent,
usually asymptomatic, life-long infection, has aomenous impact on the
distribution of T cell subsets in most old peopddich show a clonal
expansion of CMV-specific CD4 and CD8 T lymphocytesoney RJ et
al., 1999; Chidrawar S et al., 2009; Almanzar @let2005, Pawelec G
et al., 2005). CMV-specific T cells typically digg an effector memory
phenotype of late-stage differentiation. CMV alsmdulates innate
immunity and induces the production of cytokined anemokines which
affect T cell immmunity. Therefore, the typical cegsience of aging is the
progressive filling of the “immunological space” bwctivated
lymphocytes in response to chronic/continuous stregher from
pathological or physiological antigenic stimuli (@avl, 2008).

In the aged, itis also observed a high frequehaggulatory T (Treg)
cells and an imbalance in Treg response and inugtaoh of IL-17. Treg
cells from elderly play an immunosuppressive laleitro and express
high levels of IL-10 and TGB-(Simone R et al., 2008; Oviedo-Orta E et
al., 2013). On the contrary, Th17 cells that actiagf bacteria, activating
and recruiting neutrophils, are also reduced inelderly (Lee JS et al.,
2011; Oviedo-Orta E et al., 2013).
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1.2.2 B lymphocytes
- Age-related modifications in B cell compartment

The most of the literature on immunosenescencédcased on T cell
impairment, but it has been also demonstratedrtpairment of the B
cell branch in aging. Indeed, B cell compartmenaffected in elderly
people, thus, humoral immune response is modifiealged both in the
quality and quantity of the antibodies produced amdthe size of
developing B cells subsets (Cancro et al., 2008s¢a D and Blomberg
2011; Buffa S et al., 2011). Indeed, it has beamdhntly demonstrated
that the percentage and absolute number of totdldCB Cells decrease
in aged (Colonna-Romano et al., 2003; Frasca I,2G08; Veneri D et
al., 2009), although the B lymphopoiesis persistsng) adult life (Rossi
Ml et al., 2003). It seems that defects in hematdmostem cells (HSC)
in bone marrow, is partly responsible for the B sapairment (Kogut |
et al., 2012; Bulati M et al., 2011). Indeed, lingered output of naive B
cells from aged might be caused by the shift towtaed production of
myeloid progenitors at expense of lymphoid progesit This
phenomenon seems to be connected to the up-regulafi genes
involved in myeloid differentiation (Rossi DJ et,&005; Chambers SM
et al., 2007) and in the alteration of cytokineieuilin the bone marrow
(e.g TGFB), other than to the impaired of V-DJ rearrangem@®hallen
GA et al., 2010; Gibson KL et al., 2009). Moreovtehas been suggested
that the shrinkage of the B cell repertoire (GuezéM et al., 2008) and
the shortening of telomeres might be implicated if@&faLA et al., 2009;
Weng NP et al., 2008). In humans, several studige heported changes
in B cells or in the antibody repertoire (Dunn-Véad#t DK et al., 2010),
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particularly in the heavy chain of BCR. Indeed, mpncountering of
antigen, mature naive B cells migrate to secondnphoid organs
where they organize germinal centres and undergoumoglobulin
affinity maturation (Carsetti R et al., 2004). by this stage, class
switch recombination (CSR) takes place, this leadgproduction of
different isotypes (IgG, IgA, IgE) with diverse eftor functions, and
somatic hypermutation (SHM), in which the V domains
immunoglobulin may increase their affinity by acauation of
mutations. These processes, are both dependeheaxpression of the
enzyme activation-induced cytidine deaminase (AlIDPan-
Hammarstrom Q, et al., 2007; Cagigi A et al., 2088) are fundamental
for the quality of the immune response and for degelopment of an
efficient serologic memory to prevent re-infectiohedeed, Frasca D et
al., (2008) have shown that the expression of EBéeded transcription
factor E47 (E47) and AID in B cells progressivebctease with age. As
a consequence, elderly people show a significatibps®e both in
repertoire diversity and clonal expansion. Indeed) increased
oligoclonality and a reduced frequency of somagipdimutation in the
elderly response to pneumococcal vaccination hes teported (Kolibab
et al., 2005). This is linked with a poor healthtss, frailty and a reduced
protective humoral immune responses (Cancro MA. e2@09; Dunn-
Walters DK et al., 2010; Gibson KL 2009; Scholtzeilal., 2013). These
data indicate a relative deficit in the ability eiderly people to mount
primary responses to newly encountered antigenitomgs, and also
suggest that, a decline in T cell help or innatenuime functions could

also contribute to this change (Thompson WW e2803; Kogut | et al.,
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2012). Beside, with aging, the levels of total asmkcific serum Ig
isotypes are modified. Indeed, although the numbértotal B
lymphocytes is reduced, the amount of I1gG, IgA aonda lesser extent
IgE, is augmented. In a different way, the levdl$gd decrease or not
change, while those of IgD decline (Listi F et 2D06; Frasca D et al.,
2010).

The study of B cell subsets is complicated by angiféerences
between individuals, as well as the variety of gigphing approaches
employed (Ademokun A, et al 2010). In particulaing CD19, IgD and
CD27 (core markers) the following major circulatiBgcell subsets can
be distinguished (Kaminski et al.,2013; Wei C et2011): naive B cells
(IgD*CD27); unswitched memory (IgCD27") B cells also referred to
as natural effector B cells that express IgM tolxssical switched
memory B cells (IgBCD27") that express IgGor IgA™ and Double
Negative (DN) memory B lymphocytes (IgCD27) (Colonna-Romano
G et al., 2009; Shi Y et al., 2003) Indeed, nd@Bveells are IgD, while
classical memory B lymphocytes express switched ummglobulins
(IgG, IgA, IgE) (Klein U et al, 1998) and CD27, gpical marker of
memory B cells correlated with the presence of smnfeypermutations
in Ig genes (Agematzu K et al., 2000).

It has been demonstrated that naive B cells arefisantly reduced
in elderly subjects (Gupta s et al., 2005; ColoRwanano G et al., 2008),
although other authors have observed the increflageroentage but not
in the absolute number with age of these cells {Séi al., 2005; Frasca
et al., 2008). Concerning memory B cells, that thees responsible for

driving the rapid secondary antibody response,daras al., (2012) have
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shown a decrease of switched memory B lymphocyidsih percentage
and in absolute number suggesting a defect to gondelass switch.
Unlike the above-mentioned data, Colonna-Romanodb,€2003, 2009)
have reported no significant changes of memory I ddentified as
CD19°CD27" in the elderly, moreover Macallan DC et al., (20B&ve
shown an increased proliferative ability of switdhememory B cells.
Moreover, DN B cells are memory B cells which hakevn-regulated
the CD27 marker (Anolik JH et al., 2004; Fecteawetl&l., 2006; Wei C
et a., 2007; Colonna-Romano G et al., 2009; Cajigt al., 2009). In
fact, for the most part of them, DN B cells haveatshed the heavy chain
of immunoglobulin molecule in IgG others (more than 20%) in IGA
whereas less than 10% are [gNBeside, these cells have low levels of
ABCB1 transporter (Colonna-Romano G et al.,, 2008),protein
responsible for the transport of molecules acrefiseembranes (Efferth
T et al., 2003) and very low levels of Bcl2 thabsld preserve cells from
apoptosis. It has been also verified that DN nbtaantigen presenting
cells (APC) because express reduced levels of HERACDS80 and CD40
that are useful for antigen presentation and T-8oeacation. It has also
been described that shown that DN B cells of tHerg} donors have very
short telomeres compared to the same subpopulafigoung donors.
Moreover, these cells are not responder to CpGusaiton although can
be activated with F(alzYanti-BCR) (Colonna-Romano G et al., 2009). In
addition, keeping in mind that DN B cells from algesubjects show an
intrinsic in vitro activation, there is not a link between their cjyato
proliferate and the ability to produce cytokinesTad—-o and IL-10 also
when stimulated with strong stimuli (CpG/PMA/lonoaity) (Buffa S et
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al., 2011). However, others reported that DN Bsce#in be stimulateid
vitro to secrete immunoglobulins against tetanus toand influenza
virus (Wirths and Lanzavecchia et al., 2005).

Furthermore, it has been demonstrated that DN Bohouoytes are
enlarged significantly in percentage but not inchls® number in healthy
elderly (Colonna-Romano et al., 2009). The incrdadethese cells has
also been demonstrated in healthy subjects chatemgth respiratory
syncityal virus (RSV) (Sanz | et al., 2008); iniaetLupus patients (Wei
C et al.,, 2007) and in HIV patients (Cagigi A et 2009) and it might be
the result of persistent stimulation of immune sgstin elderly people,
DN B cells show a reduced rate of the mutationsuesed in the V region
of IgG genes when compared with young (Buffa S.e2811). Thus, the
increase of the double negative memory B cellhendlderly together
with the reduced rate of mutation might be due he tlisconnected
generation of these cells from germinal centers, itahias been
demonstrated that ageing negatively affects theged center formation
in secondary lymphoid tissues (William J et al.020Frasca D et al.,
2005) or might represent the first wave of memorgdis (Blink EJ et
al., 2005; Inamine A et al., 2005) or terminallffelientiated memory B
cells. Alternatively, it has been hypothesized tet increase of these
memory B cells subset might be also the manifestaif an age-related
physiologic modification (elderly) or a pathologieregulation (SLE
patients) of the immune system (Bulati et al., 2011

Among IgM memory B cells, it is also possible testuhguish
IgM*IgD*CD27" and IgMIgD"CD27" called “IgM only”. It is reported
that IgM memory B cell subsets, that is the predani B subset, is
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reduced with age and might be involved in defectmenune response
against infections by encapsulated bacteria (Séii 2., 2005; Buffa S et
al., 2011) so, increasing the predisposition toupmacoccal infection
(Frasca D and Blomberg ., 2011; Buffa et al., 2011)

Using additional markers, as CD24 and CD38 it ssfae to identify
a recently produced population (Transitional B )e{Fecteau JF et al.,
2006; Palanichamy A et al., 2009; Blair PA et 2010; Berkowska MA
et al.,, 2011). They express high levels of both €léhd CD38
(CD38"CD24" Transitional B cells).

It has been demonstrated that the human immaamsitional CD19
CD24hiCD38hi B cells have regulatory function. lede these
lymphocytes, also called Breg, are the main intile-10-producing
subset, that suppress the differentiation of T érelpcells (Blair et al.,
2010). It has been observed that they expand imrgatsuffering of
lymphoma and autoimmune diseases, such as rheuhaatbritis (RA)
and SLE (Palanichamy A et al., 2009; Blair PA et2010). In particular,
Blair et al (2010) has also reported that in SLEepas, these cells loss
their suppressive capacity, producing less IL-I0.absociation with
previous evidence showing defects in Treg cellvdgtiin SLE, the
authors have suggested the impairment of regulaghyunctions in this
and other autoimmune diseases.

B lymphocytes and cytokine/chemokine production

Interestingly, B cells have effector and regulationyctions other than
antibody production such as T cell and dendritit pegulation and
cytokine and chemokine production (Sanz | et @072 Martin F and
Chan AC, 2006; Harris DP et al., 2011). Indeedjteérature, naive and
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memory B cells have been distinguished also byymriogy different pro-
and anti-inflammatory cytokines. Particularly, re® cells produce anti-
inflammatory cytokines, whereas memory B cells dh® main
responsible for pro-inflammatory cytokines prodant{Duddy ME et al.,
2004, 2007; Sanz |l et al., 2007, 2008; Lund FEB20(Buffa et al., (2011)
has demonstrated that CD2ahd CD27- B cells from young and elderly
subjects produce different kind of cytokines. Irmilda both age-groups,
the physiological -CD40/IL-4) stimulation induces a good IL-10 and
TNF-a production by unswitched memory B cells. Fascimgi, in older
people, naive B cells are also highly activatedrtmuce cytokine under
these conditions. On the other hand, it has besmd#monstrated that a
strong stimulation (CpG/PMA/lonomycin) (Bouaziz M2 al., 2010)
activates the production of IL-10 by both [JCD27 (classical naive) and
IgD*CD27" (memory unswitched) B cells in young and eldedbjscts.
Thus, it has been suggested that naive B cells yimumg donors need a
sufficiently strong stimulus to be activatedvitro, while naive B cells
from elderly subjects are able to produce highldesals IL-10 and TNF-
a as they might be basically activated by bacterigiruses (such CMV).
As a consequence, Buffa S et al.,(2011) have sepptst cytokines
production in young subject might control the sifemmune response
while in the elderly, the higher production of dyitee by naive B cells
may be related to overstimulation of the immundesys In this regard,
Rieger A and Bar-Or A (2008) have proposed thatlith£0 production
by naive B cells might be a control mechanism évent the exacerbation
of inflammation in an autoimmune context, wherdag® production by

memory B cells might be participate in the resolutf the disease.
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Due to the above reported data, the different idigion of B cell
subpopulations in the elderly and their abilitypiaduce pro- or anti-
inflammatory cytokines might play a central rolelwe generation of the
inflammatory environment typical of age (Agrawall ad Gupta SK,
2010; Licastro F et al., 2005).

Moreover, another link between inflamm-aging andm@ive immune
responses might be identified in the expressiahefnokines’ receptors.
Indeed, certain combination of chemokines and tlesieptors guide all
the immune cells and also B lymphocytes to spetisgues (Kunkel EJ
and Butcher EC, 2003). Accordingly, CXCR4, CXCRE&RS and CCR7
have been identified as receptor that drive B dellymph node attract
by a combination of CXCL12, CXCL13, CCL20 and CCL#&8pectively
while CXCR3 leads B cells to sites of inflammati@omeford | et al.,
2010; Welsh-Bacic et al., 2011).

Recently, several lines of evidences have suggesiadl the
combination of interleukin-21 (IL-21) and BCR stilation, in absence
of CD40 ligation, enables B cells to produce anctete active form of
cytotoxic serine protease granzyme B (GrB) thauaes apoptosis of
target cells independently from perforin, but usignnose-6-phosphate
or fluid phase endocytosis (Hagn M et al., 2009;d€hus FC et al., 2005;
Gross C et al., 2003). It has been proposed thBtsBcreting B cells
might exert cytotoxic functions and partecipateeerly cell-mediated
immune response during inflammatory and neoplgsticess. Indeed, it
has been demonstrated that GrB secretion by B roaht play a

significant role in early antiviral immune respossim the regulation of
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autoimmune diseases and in cancer immunosorvetliiagn M et al.,
2009).

1.3 Centenarian offspring: a model of successful am

As previously discussed, healthy aging and lifelbag been also
related with genetics (Roush W, 1996; Troen BR,32®danceschi C et
al., 2005; Candore G et al., 2006a; Salvioli S.e2806; De Benedictis
and Franceschi C, 2007).

Centenarians represent the best example of exttengevity in
humans that have escaped neonatal mortality, désesn the pre-
antibiotic era (Candore G et al., 2010), and thprege-related diseases,
such as cancer (Akushevich | et al.,, 2012; PaviMit al., 2012),
cardiovascular diseases, diabetes and dementiacgsehi C and Bonafe
M, 2003; Terry DF et al., 2003, 2004), so reaglttme extreme limit of
human life in healthy and good clinic conditionsr Ehis reasons, they
represent the best prototypes of successful adgingn¢eschi C et al.,
1995) and are considered a good model for the shedythy aging.
Studies on centenarians might allow the identiitcatof key factors
associated with exceptional longevity in humansrédeer, centenarians
are equipped with well-preserved and efficient immlogical defense
mechanisms, and optimal combinations of an appatgplifestyle and
genetic background (Franceschi C et al., 1995).elder, it has been
demonstrated that they have a genetic predispositioproduce high
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amounts of anti-inflammatory cytokine or lower levef pro-
inflammatory ones (Salvioli S et al., 2006; Frante< et al., 2007:
Salvioli S et al., 2013). However, it has beenorggd that they also
produce high levels of IL-6 and other inflammatargrkers (Gerly R et
al., 2000; Gangemi S et al., 2005; Salvioli S et 2013). In order to
explain this paradox, it has been suggested thahese individuals, the
balance between pro- and anti-inflammatory cytokioelld be have
positive role toward the development of those aated diseases having
a strong inflammatory pathogenetic component amghhiompensate the
concomitant development of strong and effectivei-iafiammatory
responses (Candore G et al. 2006; Franceschi IC281Q¥; Vasto S et al.
2008, 2009; Baggio G et al., 1998). Furthermoreytergarians are
equipped with well-preserved and efficient immumgidal defense
mechanism, and optimal combination of lifestyle gadetic background.
Looking the immune system, some parameters, sudtKasell number
and activity, are conserved in centenarians andasito those found in
young subjects. Nevertheless, centenarians sh@eraase of B cells and
naive T lymphocytes, accumulation of expanded ctifmeemory T cells,
a progressive increase of CD28-cytotoxicT cellg #rcumulation of
expanded clones of memory T cells and a shrink&ddecaell repertoire
as aged people. In addition, it is observed a cermpdshaping of the
cytokine network and an age-relate increase insidhenolecules on the
lymphocytes surface (Cossarizza A et al., 1996).

According to epidemiological data in different ptgtions, there is a
familial component of longevity. Indeed, these sadlemonstrate that

parents, siblings and offspring of long-lived suitgehave a significant
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survival advantage, a high probability to have beeto became long-
living persons and to have a lower risk to undehgomost important age-
related diseases compared with the age-matchedotrmiopulation
(Terry DF et al., 2004a, 2004b). Especially, ceatem offspring (CO),
have genetic and functional advantages that presésghem to healthy
ageing and longer survival (Terry DF et al.,, 2002804b) and are
considered the best example of successful agirmg¢Eeschi C et al 1995;
Franceschi C et al., 2008). These findings supgperhypothesis that CO
are a suitable target of ageing studies becausg haive an appropriate
control group, i.e. age-matched healthy elderlyjettb, who haven't a
familial history of longevity (Derhovanessian Eat, 2010). It is also
observed that CO as their controls share the saméents of cancer,
dementia, osteoporosis, Parkinson’'s disease buterlowsk of
cardiovascular disease, myocardial infarction darake (Terry DF et al.,
2004a, 2004b).

Data in literature on B cell branch demonstraté @@ do not show
the typical naive/memory shift observed in eldé@plonna-Romano G
et al., 2010). Indeed, although a decreased Eoatit was observed both
in CO and in their age-matched controls, in thepihg of centenarians,
naive B cells (IgDCD27-) were more abundant whereas DN B cells
(IgD-CD27-) were significantly decreased, lookingnigar to the young
(Colonna-Romano et al., 2010). It is well knowntttiee quality and the
size of the humoral immune response decline with (&gasca D et al.,
2005; Miller JP and Cancro MP, 2007; Gibson KL let 2009; Dunn-
Walters DK et al., 2010; Bulati M et al., 2011) ahdt these changes are

correlated by lower antibody responses and dealgaséuction of high-
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affinity antibodies. The evaluation of IgM secreiadhe serum by CO
shows that the values are within the range ofdékiels observed in young
subjects (Colonna-Romano et al., 2010).

Taken together these data support the idea th&trcanman offspring
have an advantage both to fight the main age-kldiseases and to
properly respond against new infections, prolongitteeir life.

Alternatively, immunogenetic profile may give thesult.

1.3 Alzheimer’s Disease (AD):

a model of unsuccessful aging

Alzheimer’s disease (AD) is the most common cadsgementia in
elderly people. It is a progressive and irreveesibburodegenerative
disease characterized by functional impairment, esian and other
cognitive dysfunctions (Martin Prince RB, 2011)cé#in be considered as
one of the most example of unsuccessful aging. édtlyr, AD is
diagnosed by the presence of memory and cognithgirment, early
brain atrophy in several brain regions detectedstryctural MRI, a
characteristic pattern of decreased glucose mesatoin parietal-
temporal association cortices shown by FDG-PETyamalFox NC et
al., 2001; Sultana R et al., 2013) but, a firmneésgnosis can be made
only post-mortem analysis upon brain autopsy. \hik analysis it has
revealed that the two main neuropathologycal haksaf AD include

extracellular deposit of senile plaques and nebntifiry tangles (NFTS).
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The former is characterized by the association roflaid -peptide,
dystrophic neuritis, activated microglia and reaztstrocytes; while, the
latter consist of iperphosphorylated tau-proteiva tause the collapse of
microtubules (Nussbaum RL and Ellis CE, 2003). preduction of 4
plaques is the result of the cleavage of amylogtprsor protein (APP),
a transmembrane glycoprotein expressed in an ubicgiway, that is
synthesized in the endoplasmatic reticulum ands itnvolved in the
neuronal and dendritic growth and synapse formatiniler C et al.,
2006). APP is processed by two different pathwalys: physiological
pathway and the pathogenic or amyloid pathway.fireeinvolves thes-
secretase enzyme which cuts within the APP dongengrating two
fragments, P3 and AICD, tweg-secretase substrates while the second
pathway is due to the consecutive actiofi ahdy secretases, catalyzing
the release of P40 and A42 fragments that will settle, joining into
plaques (Selkoe, 2001; Bird TD, 2005. Alzheimerisedse occurs
predominantly after the age of sixty, although ¢here rare cases of onset
between thirty-fifty years. Most cases of Alzheitaelisease are sporadic
even though there is a small subset of cases that &n earlier age of
onset and have a strong genetic basis. It is aeddpat there are many
factors that increase the incidence of this diselgkeed, a number of
studies have found that mutations on APP, Presehil(PS1) and
Presenilin-2 (PS2), enzymes/cofactors are invoingdde APP digestion,
lead to a preferential production ofi#2, the toxic fragment, compared
to the not toxic fragment 40 (Bird TD, 2005). It is also known that
Apoliproprotein E (ApoE) can bind amyloid beta pdptand localize in
senile plaques, supporting the theory that thisgamlays a key role in
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the clereance of P42 (Nussbaum and Ellis, 2003). Moreover, some
researchers have shown that cholesterol may miei&PP degradation
pathway inhibitinga-secretase activity but enhancipigandy-secretase
functions (Crestini A et al., 2006; Grimm MO et,&011). The most
important risk factor seems to be the age (Leunatlél., 2012). Indeed,
the aging brain is exposed to a lifetime of changed insults such as
oxidative stress, trauma, damaged molecules, imflation which may
support the beginning of neurodegeneration. Furibeg, it has been
observed that in very old women (over eighty yeathg risk to
developing this disease is greater than in maleis sgems that gender
may be considered another AD risk factor ( Nussb&lnand Ellis CE,
2003).

Brain inflammation is a typical hallmark of Alzheams disease.
Microglia, astrocytes and neurons are responsibte iriflammatory
reactions. Indeed, inflammatory mediators couldatly promote AD by
interference in the APP-metabolism (Fassbenderd g2000).

It has been shown thatBApeptide is able to stimulate the synthesis
and secretion of IL-1, IL-6 and IL-8 by microglietlls, activating the
inflammatory response. In the nervous tissue, thgskines induce APP
and, as consequencep Aynthesis that, in turn, will increase cytokines
production by glial cells and neurons. If the aation of cells persists and
becomes chronic, these cytokines contribute to aumgeneration
(Akiyama H et al., 2000). Moreover, the combineticacof TNF-a and
IFN-y not only stimulates 42 synthesis, but leads to reduced secretion
of soluble APP protein, generally considered as ratep with

neuroprotective attitudes. Inflammation inducedhry accumulation of
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AP peptide is not a local phenomenon that concerhstba brain of AD
patients, but a systemic process that affectsrttieeeorganism (Britschgi
M et al., 2007). Therefore, a reciprocal relattipshetween f42 and
inflammatory mediators might exist (Griffin WS dt,2002). Different
studies have shown an increase in chemokines piodutke MIP-1a,
RANTES and MCP-1 by PBMC of AD patients and theregpion of
CCRS5 on brain endothelial cells (Li M et al., 208%ale M et al., 2008).
The expression of CCR2 and CCR5 on T cells and C&RB cells on
AD patients are increased aftier vitro stimulation with r-A8 peptide
(Pellicano M et al., 2010).

It has been recently suggested that blood derivadld ceem to
accumulate in the AD brain and that immunologiterges characterizes
this pathology. Indeed it has been reported a réiffiedistribution and
reactivity of immune cells and the presence oflantties direct to CNS-
specific amyloid beta peptides (Rogers J et ab818iala M et al., 2005;
Monsonego A et al., 2003). According to this evicks) several studies
have described a communication between centrabgstgmic immune
response. It has been suggested that neuroinflaommatght induce the
afflux of central nervous system proteins, disp&ptide, or inflammatory
mediators across the blood-brain-barrel (BBB). Hnmess might cause
immune response and recruitment of myeloid or lyoggtic cell into the
brain (Britchgi M and Wyss-Coray, 2007). Moreovér,has been
demonstrated that peripheral blood cells (PBMG®nfiAD patients are
able to produce high levels of cytokines, suchLal,and IL-6 compared
to PBMCs of controls subjects (Speciale L et adQ7). Other studies
have shown B-peptide stimulates MIPelexpression on peripheral T
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cells and expression of its receptors CCR5 on lmadothelial cells. This
modification promotes T cells crossing of BBB andyration towards
brain (Man SM et al., 2006).

Sign of a systemic involvement have been describegeripheral
blood lymphocytes. Indeed, it has been reportddrafieant decrease in
B and T cells numbers while the number of NK celies not change
(Ritchartz-Saltzburger E et al., 2007). Concerningompartment, the
most change is seen in CD@mphocytes because, AD patients show a
significant decline of naive (CD45RBCR7+) and a simultaneous
increase of effector memory (CD45RXCR7) and TEMRA: (terminal
effector memory RA) (CD45RACCR7) T cells, when compared to age
matched controls (Larbi A et al., 2009). Furthereyoecently it has been
described an higher frequency of activated T d&ll34'CD25FoxP3)
in AD patients compared to old controls (PellicAh@t al., 2011).
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2. OUTLINE OF THE THESIS

The progressive increase of lifespan and the caresggrowth of the
elderly population have focused the attention adregdic community on
aging. Particularly, researchers have concenttag efforts trying to
understand the mechanisms that could lead to latygev

Aging is a natural process that occurs in cellssugs and organs
(Cevenini E et al., 2008; 2013). One of the mogtartant characteristics
of aging is the progressive deregulation of immsponses, resulting in
an increased susceptibility to infectious diseasesl pathological
conditions relating to the inflammation and the einef autoimmune
diseases (Troen BR, 2003). The age related motidita in immune
competence are called “immunosenescence” (Franc€sehal., 1995;
Pawelec G et al., 2005). This phenomenon is a aamptocess that
involves both the innate and adaptive immune cotnpant (Franceschi
C et al., 1995; Licastro F et al., 2005; Paweleet@l., 2005). Lifelong
and chronic antigenic load are the major drivingrcéo of
immunosenescence. The consequences of this occerrare the
progressive filling of the immunological space layivated lymphocytes
in response to chronic/continuous stressor agdrgssonstant decline in
the number of naive T cells, the reduction of newel precursors, the
extended survival of memory B and T cells, thea@ase in homeostatic
proliferation and clonal expansion. All those fast@ontribute to the
limited repertoire and the collapse of cell divirghat are frequently
correlated with poor health status (Cancro MP gt28109; Gibson KL,
2009; Dunn-Walters DK et al., 2010; Scholtz JLletz013)..
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Nevertheless, some people can reach the extrenteofifife-span in
good clinical conditions, escaping major age-relatdiseases, as
centenarians do. Indeed, they may represent thetppes of successful
aging Franceschi C et al., 2005; Terry DF et @03 2004). This event
seems to be the result of balance between envinoiainand genetic
factors (Franceschi C et al.,, 1995). Studies oftaz@rian pose the
challenge of whom to use as control. Differentlgnfr their parents,
Centenarian offspring (CO) have an appropriaterobgtoup, i.e. healthy
elderly, who haven't a familiar history of longevifDerhovanessian E et
al., 2010). Moreover, offspring of centenarianséhagenetic background
that could predispose them to healthy aging anddomsurvival rather
their age-matched controls whose parents died atawerage life
expectancy (Terry DF et al., 2004).

The aim of this thesis is to study the immunolobprafile of elderly
people and a group of people “genetically advarttader longevity
(CO), to evaluate if exist a correlation betweenifal longevity and the
immune system, focusing our attention on the B dehnch and
particularly on double negative (DN) B cells.

As a model of unsuccessful aging, we focused otentbn on
immune system patients suffering by Alzheimer'sdse (AD).

In chapter 3 (“A novel B cell population revealed by a CD38/CD24
gating strategy: CD38(-)CD24(-) B cells in centeiaar offspring and
elderly people”, 201Bwe show a different distribution of naive/memory
B cell subsets in the elderly and in centenariaispoing. We also

characterize a novel population of late memory Bscand perform
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functional analysis to evaluate cytokines produtimduced byn vitro
activation with CpG/PMA/lonomycin.

In chapter 4 (“Evidence for Less Marked Potential Signs of T-Cell
Immunosenescence in Centenarian Offspring ThahdnGeneral Age-
Matched Populatiofy 2013) we show a phenotypic analysis of the T-cel
arm of adaptive immunity in a group of centenapéspring comparing
them with equally elderly people without a familfastory of longevity.

In particular, we have analyzed the expressionR2 G CD28, CD45RA,
CD45R0 and CD57 on CD4nd CD8 to evaluate the different stage of
differentiation of CD4 and CD8 subsets between young, elderly,
centenarian offspring and age-matched controls.alimeof this study is
to evaluate some possible differences that canetmted with the
increased lifespan expectancy of centenarian offgpr

In chapter 5 (“Trafficking phenotype and production of Granzyme B
by Double Negative B cells (gD CD27-) in the elderly; 2014) we
investigate the expression of CCR7, CCR6,CXCR4, RE@nd CD62L
on naive/memory B subpopulations in young and Bideubjects to
evaluate if the pro-inflammatory status, typical agfed people, could
influence the trafficking phenotype of these celsurthermore, in order
to evaluate whether DN memory B cells are ablectcaa Granzyme B
(GrB) producing cells, we study their ability tospsnd to the
simultaneousn vitro stimulation with IL-21 and the triggering of BCR
with anti-human IgG, in young and elderly subjects.

In chapter 6 (“Double Negative (CD19gD CD27) B lymphocytes:
a new insight from telomerase activity in healtldedy, in centenarian

offspring and in Alzheimer's disease patients”, msgript in
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preparation)we analyze cell surface expression of two BCRhitbry
receptors, CD307d and CD22 to evaluate whethetotheproliferative
ability of Double Negative (DN) B cells might belated to over-
expression of these receptors. Furthermore, inrdocdevaluate whether
DN B lymphocytes might play any role in the immuresponse we
assessed the proliferative response of theseaftdisstimulationn vitro
with different kind of stimuli. Because of DN B tedre capably to
vigorously proliferate after Cp@/IgG/CD40 in vitro, we analyzed
whether this stimulus might modifies telomerasavégtin young and
elderly subjects. In addition, to verify if relaghactivity of telomerase
(RTA) might be a useful test to evaluate the efficty of immune system
we also performed the test using B cells obtaineanfgenetically
advantage people, centenarian offspring, and uesstdly aged people,
as patient affected by severe Alzheimer’s disease.

In chapter 7 (“Immunophenotype and trafficking profile in
Alzheimer’s disease patients”, manuscript in pregiemm) we evaluate
the different distribution of the circulating B tkubpopulation in the
two different groups of AD patients object of thiedy (Severe and Mild)
comparing them one each other and with their agelmed healthy
controls. Moreover, we analyze the expression dRCGCR6, CXCR3,
CXCR4 and CXCR5 chemokines receptors on healthgriglidlonors,
severe AD and mild AD patients, in order to evauathether in AD
patients, IgDCD27 DN B cells show the pro-inflammatory trafficking
profile.

In chapter 8 (“Immunosenescence, inflammation and Alzheimer’s

disease”, 2012)we present a review about the modifications of the
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immune system with aging (immunosenescence), sSlgpwin
immunological changes on cellular and humoral bdneecMoreover, we
focus on changes of some immunoinflammatory pararsetbserved in
patients affected by AD.

In chapter 9 (“Genetics of longevity. data from the studies oini&ic
centenarians”, 201Pwe report current literature data on centenarians.
We discuss about genetic background and immuneeraysif these
subjects that reach the extreme limits of human lif particular, we also
report our data gathered for 10 years in Sicilientenarians, concerning
the relationship between gender and longevityythe of some immune
and inflammatory genes or epigenetic age-relatedlifimations and
ageing and longevity.

In chapter 10 (“Centenarian Offspring: a model for Understanding
Longevity”,2013 we summarize several aspects that permit to densi
centenarian offspring a suitable model to undedssarccessful aging. We
discuss their genetic background, cardiovasculal iammunological
profile and cognitive status.

Finally, in chapter 11, a summary and general discussion of the

results are presented.
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Abstract The B cell arm of adaptive immunity under-
goes significant modifications with age. Elderly people
are characterized by impaired B cell responses reflected
in a reduced ability to cffectively respond against
vituses and bacteria. Alterations of Immunity with ad-
vancing age (immunosenescence) have been widely
studicd in centenarians who are considered a good
example of successful aging. In recent years, attention
has shified o centenarian offspring (C0) as a model of
people genetically advantaged for healthy aging and
longevity. 1ere, we deseribe the preliminary character-
izaton of a proposed new population of memory B
cells, detined as CDH9'CD38 CD24 |, which we find
at higher frequencies in the elderly bul less so in CO
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than healthy age-matched random controls. In addition,
we found a decreased expression of RPLOS (CDI180), a
toll-like receptor-associated molecule, on these cells.
CD180 downregulation may potentially be a marker of
immunosenescence. Moreover, we show that these
CD19'CD38 CD24 B eells produce TNF and hypoth-
esize that their observed expansion in the clderly might
contribute to the increased inflammatory status some-
timesy designated “inflamm-aging.”

Keywords Beell - CD38-CD24 - CDI1KO -
Immunosenescence - Centenarian offspring

Introduction

B cells are key mediators of immunity. The humoral
immune response includes production of antibodics
against pathogens and cytokines interacting with other
compenents of the immune system, Farly stages of B
cell development occur in the bone marrow from
hematopoictic stem eells. The carly progenitors of B
lymphocytes develop into pro-, pre-, and immature B
cells (LeBien and Tedder 2008) that, after they are
controlled for autorcactivity (Carserti et al. 1995;
Palanichamy et al. 2009), leave the bone marrow and
enter the blood as transitional B cells (Allman ct al,
1993; Chung et al. 2003; Mauri and Ehrestein 2008).
In humans, peripheral blood naive and memory B cells
have been described on the basis of the differential
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expression of gD and CD27 (Anelik et al. 2004; Shi ct
al. 2005; Wel et al. 2007; Frasca et al. 2008). as follows:
1gD'CD27 cells arc naive; 1gD CD27" eclls are
memory cells including the unswilched memeory cells
also known as marginal zone-like B cells (Weller et al.
2004y and the 1gM™ memory B cell population identified
as IgM'TeD'CD27 ; IgD CD27" cells are classical
switched memory B cells also including the “IgM-only™
memory B cells identified as TeM*IgD™CD27", and
finally, IgD CD27 . doublc-ncgative memory B cclls
{Fecteau et al. 2006; Colonma-Romano et al. 2000).
More recently, a difterent flow cytometric approach
has been used (o distinguish naive rom memory B cells
(Allman et al. 2001, 2004; Carsetti et al. 2004;
Palanichamy ct al. 2009; Blair ¢t al. 2010). The use of’
two developmentally regulated markers, CD24 and
D38, in association with the B-lincage marker CD19,
allowed the identification of three difTerent B cell pop-
ulations: CD19 CD38""CD24"" the previously
mentioned transitional B cells that also include imma-
ture B eclls: CD19'CD38™CD24™ defined as maturc B
cells; and the final step of maturation in the periphery.
CD19 CD38 CD24"" so-called “primarily memory B
cells.”™ In a recent paper (Chaplin et al. 2011), differen-
tiation from transitional to marare B cells was induced
by stimulation with CD180 (RP105). a toll-like recepror
{TLR)-4 homologue expressed by monocyles, macro-
phages, dendritie cells, and B lymphocytes which regu-
lates TLR-4 signaling and induces B cell proliferation.
Many papers have focused on moditications of the
mmume system in the ¢
1y to contribute to their increased morbidity and mortal-
ity. It has boen widely reported that elderly people show
changes in B cell number, low levels of antibody pro-
duetion, and poor responses to roeall antigens. and a
collapse in B cell receplor reperloire diversity correlaled
with poor health status and the impairment of antibody
response {Miller and Cancro 2007; Kumar and Bumng
2008; Cancro et al. 2009; Gibson ¢t al. 2009; Dunno-
Walters and Ademokun 2010; Frasca etal. 20105 Frasca
and Blomberg 2011; McElhaney et al. 2012). Lower
numbers and percentages of B cells also form part of
the cluster of immune parameters collectively known as
the “Imnune Risk Profile™ associated with 2-, 4-, and 6-
year morlality ol the very elderly in the Swedish QCTCY
NONA longitudinal studies (Pawelec et al. 2003). We
and others have previously demonstrated that in clderly
people, IgD'CD27 naive B cells are significantly re-
duced (Gupta ct al. 2003; Colonna-Romano ctal, 2008).

ferly (immunosenescenee) like-
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In contrast, Chong ct al. (2003) demonstrated that the
percenlage of circulating najve B cells, identified as
CD27 , were significantly higher in the aged subjects
than young subjects. This topic is still a somewhat
controversial finding, as previously reviewed by us
(Bulati et al. 2011). Morcover, double-negative (DN)
B cells (IeD CD27 ) are significantly increased i the
clderly (Colonna-Romano ct al. 2009; Bulati ¢t al,
2011), as well as under certain pathological conditions,
such as systemic lupus crythematosus (SLE) (Anolik et
al. 2004; Wed etal. 2007), chronic TV infection (Cagig
ct al. 2069), and in healthy subjects challenged with
respitatory syneytial virus (Sanz et al. 2008).

We have recently focused on some characteristics of
the naive/memory B cell compartment of centenarian
offspring (CO). This is a special population of elderly
puople that, like their centenartan pareni(s), could have
genetic and funectional advantages thal predispose them
o healthy aging and longer survival (Terry ot al. 2003,
2004). We have shown that CO fail 0 show the age-
associated increase of DN (IgD CD27 ) B cells scen in
the general elderly population. Consistent with this. the
level of senun IgM in CO is within the range of the
levels observed in young subjects (Colonna-Romano et
al. 2610).

As outlined above, several distinet memory B ecll
populations have been identified in humans, but asso-
clations between their specific phenotype and their
functions remain to be clarificd. Tere, we report the
characterization of a proposcd new population of
memory B cells identified as CD197CD38 CD24
Moreover, we show that these cells are expanded in
the general clderly but not in CO who show similar
levels to those observed in young donors, suggesting a
more “youthful” B cell constellation. A more detailed
examination ol ('O B cells was then perlformed o
evaluate the expression of CD27, TgM, and IgD. Tt is
known that 1gM memory B cells are reduced in the
clderly, thus predisposing them to pneumococcal in-
feetion (Shi et al, 2005; Buffa et al, 201 1), lere again,
we show that CO have a “younger™ B cell profile.
Indeed, the pereentage of these cells are not as reduced
in CO as in their age-maiched controls and is more
similar to the pereentage obscrved in young people.
Moreover, we have examined the expression of
CDI180 on total B cells and found that elderly people
have a significant increase of the CD19 CDIRO B
cell subset. Finally, we have evaluated the expression
of CHRG on B cell populations, identified by the
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differential expression of IgD/CD27 and CD38/CD24,
in order 0 determine the age-reluted modulation ol
this marker on these cells.

Material and methods
Subjects

A twtal of 35 healthy Sicilians were inchuded in the
study. Twelve subjects aged 70.1 8.3 years, who were
the offspring of at least onc centenarian parent, were
compared with seven age-maiched controls without a
centenatian parent (aged 69.1+9 vears), eight young
{28.5£1.9 vears). and cight old (86.4=3.8 ycars). All
subjects were in good health according to thelr clinical
history, and nene of them had neoplastic. infectious, or
auteimmune diseases or recelved any medications inllu-
encing immune function at the time of the study. The
study received approval from the local ethics committee,
and all participants gave their informed conscnt.
Whole blood was collected by vencpuncture in
vacutalner tubes containing ethylenediaminetetraace-
tic acid (EDTA). Peripheral blood mononuclear cells
(PBMC) were isolated by densiry gradient centrifnga-
tion on Ficoll-Lympholyte (Cedarlanc Laboratorics
Limited, Omario, Canada) and stored frozen.

Flow cytometrie immunophenotyping of B cell subsets
from human peripheral blood of young, clderly,
centenarian offspring, and age-matched controls

To characterize the phenotype of B lymphocyte subscts,
extracellular labeling was performed with anti-CD19-
PE, CD24-Pe-Cy7, CD5-V450, 1gD-FITC, 1gM-ParCP-
Cy5.5 (BD Biosciences), CD27-Qdol605 (Invirogen).
and CD38-cFluor630 (eBioscience). Cell viability was
determined with RedVid (Invitrogen), All staining steps
were performed in PBS, 2 % FCS, 2 mM EDTA, and
0,01 % Na azide (PFEA) buffer, Blocking ofnonspecific
binding sites was accomplished using human immuno-
globulin Gamunex (Bayer, Leverkusen, Germany) or
mouse serum (Caltag/Invitrogen, Karlsruhe, Germany).
For cach experiment, cells or mousc/rat k-chain Comp
Beads (Becton Dickinson) were siained with the
corresponding fluorochrome-labeled antibodies and in-
cubated for 20 min at4 °C in the dark. | Tuman-unstained
cells were used as negative controls. After washing with
PFEA, the cells or beads were resuspended and
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measured on a LSR-11 tlow cytometer using the acquisi-
tion software FACSDiva (Becton Dickinson). Data were
analyzed using Flowlo sottware (Tree Star, Portland,
OR). For data analysis, dead cells (RedVid-posilive)
were excluded. CD19" living cells were gated within
the sidefforward scatter (SSC/FSC) lvmphocyie gate.

Stimulation of PBMC with ¢ytosine guanine/phorbol
myristate acetate/ionomycin for B cell IL-10, TL-6.
and TNT production

PBMC (IG“ cells/ml) were suspended in X-vivo 15
(Lomza, Walkersville. MD, LSA) with or withoul cytosine
guanine (CpG)-B 2006 (3 pe/ml, Tib Molbiol), phorbol
myristate acetate (PMA) (50 ng/ml), ionomycin (1 mg/
ml), and monensin sodium salt (2 mM, Sigma Aldrich) in
24-well flat-bottom plates for 5 h, at 37 °C (CO» 5 ).
Cells wete harvested. washed, and directly stained with
anti-CD19-PerCP-Cy5.5, CD24-Pe-Cy7. IgD-TFITC,
CDI18O-PE (BD Biosciences), CD27-Qdot60s
(Invitrogen), and CD38-cFluore50 (cBioscicnee). For in-
direct immunofluorescence, antthuman CD3 (clone
UCHT2) culture supernatant hybridoma cell line
(Zentrum fir Medizinische Forschung, Tibingen,
Germany) was used as primary antibody. The secondary
antibody was rat anti-mouse PO (Invimogen). Cells were
petmeabilized with Cliofix/Ciloperm (BD Biosclences).
Finally, cells were stalned with anti-IL-10-APC (Miltenyl
Biotee), TNF-AlexaFluor700, and 1L-6-V450 (BD
Bioscicnees), washed, and analyzed,

Statistical analyses

All statistical analyses were performed with Graph Pad
Prism 4.0 using the Mann Whitney nonparametric £
lesi to compare (wo independent groups. Stalistical sig-
nificance was expressed as P<0.05, P<0.01, and P<
0.001 as shown in the figures. All values arc expressed
as mean-+standard error of the mean (SEM).

Results

Characterization of CD38/CD24' B cell subscts

To better characterize the memory/naive phenotype of
CD38 ‘/(1[)24_ B ccll subsets. we have gated
CD19 CD38"'CD24" “classical transitional,”

CR19'CN38MCD24™™ “mature naive.” and
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CD19 CD38 CD24' “primarily memory™ B cells and
further evaluated them on the basis of the expression
of IgD and CD27, widcly used to identfy naive and
memory B cells (Fig. 1). Moreover, as a lourth popu-
larion that lacks both CD24 and CD38 is clearly pres-
ent, we also extended the 1gD/CD27 characterization
to this population. In the fignre, CD19'CD38" 'CD24
plasma cells are also shown. Most of the
CDI9YCD3SMCD24™ cells (plot 1) are IgD™CD27
{85.4 %), thus showing that classical transitional B
cells have a naive phenotype, although about 12 %
of them arc IgD . Again, CD19'CD38™'CD24™ cells
(plot 11y are principally 1gD'CD277, although about
15 % of them express CD27. Moreover, the
CNI9'CN38 CD24 B lymphocytes (plot 1), here
referred to as primarily memory B cells, show a variety

On
CD19'CD38CD24"

I11

of different phenotypes. Indeed. some of them {26.6 %)
are 1gDCD27" (unswitched memory); others (44 %)
arc [gD CD27 (switched memory); 25 % of them arc
naive as they express 1gD bul are negalive lor CD27
expression, and those that have a very low percentage
(4.3 Yayarc [gD™CD27 (DN). Our analysis of the fourth
population (CD19 CD38 CD24 ) (plot IV) indicated
that these cells were predominantly 1gD | including
the IgD " CD27" (switched memory) and the
IgDy CD27 {double negative) B ccll subscts, although
8.3 % ol them are naive (IgD"CD27 ). Therefore. dur-
ing maturatiol, it scems that B cclls progressively mod-
ulate both CD3RACD24 and gl CD27 expressions,
although not synchronously. In order to characterize
these populations in mere detail, we have cvaluated the
expression of additional immunological matkers (Fig. 2);

On
CD19"CD38MCD24Y

258%

CampOoMEISA COTT

L
T3%

ompPE CyT-A" CD24

N\

Lm

Cono FITCA- 60
On
CD19*CD38i*CD24=*

1251% 273%
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Comp ot WA COIT

| 3644%
L
. e
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Fig. 1 Phenotypic characterization of CIR/CD24 13 cell sub-
sets. CDI97CD3R"CL24" (), CLI97CDISCL24™ (1),
CDI9'CD3% CD24' (1), und CD19'CD38 CD24 (/7] were
evalualed on the basis of the expression of IgD and CD27.
Morcover, il is also depicled the gate of CDI9'CD3g' CD24

plasmacells, In figure, the phenotypic characterization of an §2-
year-old sample is shown. For data analysis, dead cells (RedVid
positive) were excluded, CDIY™ living cells were sated within
the SSC/FSC lymphoeyte gate. “The evaluation of CD38 and
€124 within CD19' B cells leads 1o the identification of four
maive/memory B ecll subsews. This kind of characlorization
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confirmed that the majoriry of CNI1'CNAEMCR24" have a
naive (15" C277) phenotype, although about 12 % of them
are TgD . The CDIS'CD38™CD24™ B cells are principally
naive, whereas aboul 15 % ol them express CD27. The unalysis
ol CD19'CD38 CD24' B cells reveals a vartely of different
phenotypes: some of them are 1gD'CN27" (unswitched memo-
ry): others are Igl’)’CD2Tr (memory switched): about 23 % of
them are naive as they express 10, bur lack €127 expr n,
and those that have a very low percentage (4 %) are 1g1) CD27°
(DN). Moreover, CD19'CD3S CD24 B cells, principally 1gl> |
are [uD CD27'/1gD CD27
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as no differences have been obscrved among the groups
of age studied, the fgure shows representative histograms
of IgM, CDS5, and CD80 expression. As shown, the
largest propertion of CD19TCDISMCD24™ cells (280 %
I1gD'CD27 ) was IgM'CD3", whereas of
CTHICD3E™MeD2a™ cells (280 % 1gD™CD277),
IgM CD5 , and of CDI19 CD38 CD24 cells
(1gD'CD27"), 1gM'CDS | as previously demonstrated
(Carserti et al. 2004; Palanichamy et al. 2009; Blair et
al. 2010). Finally, the CD1% CD38 CD24  population
(1gly €D27%) not thus far described was found 10 be
IeM CD35 . Morcover, the analysis of CD 180 expression
revealed that almost all CDIR0-negative B cells are guied
within the CD19"CD38 CD24™ population, whereas
classical transitional, mature natve, and primarily memo-
1y cells were positive for this matker. Results depicted in
Fig. 2 arc representative of all subjects (young, old,
centenarian offspring, and age matched) analyzed.

Cpli | PMAAonomyein stimulates intracellular
cytokine production by human blood B cells in vitro

A typical feature of aging is a chronic, low-grade inflam-
mation characterized by a general mcrease n the produc-
tion of pro-inflammatory cytokines and inflammarory
markers (Cevenini ct al. 2010). Memory and naive B
cells can produce difTerent eylokines and chemokines;

in particular, memory B cclls produce high levels of the
pro-inflammatory cytokines IL-Tet, IL-1[3, IL-6, and
TNF-ex, suggesting that B cells might take part i the
generation or in the maintenance of the inflammatory
enviromment of the elderly (Agrawal and Gupta 2011).
To study the functional properties of peripheral blood B
Ivmphocytes, we tested their ability to produce cytokines
“in vitro™ on gimulation with a combination of CpG,
PMA, and lonomycin. We evaluated the production of
IL-10, an anti-intlammatory cytokine, and IL-6 and TNI-
&, two pro-inflammatory cytokines, by CDR38/CD24 B
cell subscts. These cvtokines hive been extensively stud-
ied in aging, as they are involved in the control (IL-10) or
maintenance {IL-6 and TNF-x} of inflammation, one of
main characteristics of aged people (inflamm-aging)
(Franceschi et al. 2000a; Lio er al. 2003; Sanjabl et al.
2009). Our analysis rovealed that in all the subjects
studied. 5 h after stimulation, the main 1L-10-producing
cells were of the CD19'CD38"CD24" phenotype
(Table 1). In contrast, CR19'CN38 CD24" und
CDI19 CD38 CD24 cells are the more responsive B cell
populations mvolved in TNF-o production {Table 2). As
no differences were detected {not shown) regarding the
age classes, the tables show the mean fluorescent inten-
sity (MFI) values (mean+SEM) of all the subjects smd-
icd. On the other hand, this kind of stimulation was not
able to induce IL-6 production. Indeed, we did not detect

Fig. 2 Lvaluation of Igh, CDS, and CT180 on CD3RCH24 13
cells. A typical experiment showing the expression of the immu-
nological matkers on €D19'CD3RMCD24Y, D19 CD3RMC-
D24™, CDIY CD3% CD24 , and CD19'CD38 CD24 B cell
subsets, Histograms arc a representative ol all subjects (young,
old, CO, and age matched) analyzed. As shown, CD5 is well
expressed on CP197CN3LTCN24Y and CHIYCN3ECN24”
{MFI 789 and 704, respectively); a lower level is expressed on
CUIFCOIFTTL2A™ (ME1 570), whereus CD197CD38CD24™
cells show (he lowest level of expression o CDS (MFT 278)
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. i Population Name
===iCD13+CD38-CON-
e () 1940 38-C024
\ e (D) 19+CO 381 CO24int
W e 019+ COIBHICO24H

Conceming lgM, CRIYCDIN™CN24" and CD1YTCNINCN24
cells are Ig_l\“l+ (MEI 1,601 and 1,489, respectively);
CDR19'CD3S™CD24™ cells are IgM' (MFI 682), whereas
CDI19 CD3§ CD24 cells show he lowesl level of expression
ol IgM (MFI 391). The evaluation of CDI&Y on CD3S/CD24 B
cell subsets has revealed thar CR19'CDASNCD24M (MT1 1,578),
CNIYTCNIS™CN2A™ (MFT 14133 and CDIYTCNIETCH24T
(MFLT 507y cells are CO1807, whereas COTFCLAECH24™ cells
show the lowest level of expression of CD180 (MEL 484), result-
g o CD1RY
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a significant increase in production of 1L-6 compared to
unstimulated PBMC (not shown).

Age-related changes resull in altered distribution
of naive/memory subsets

We have determined whether the disuibution of B cell
phenotypes including the newly defined subser is different
in the elderly compared 1o the young, and whether tiis is
different in centenarian offspring compared to age-
matched and elderly controls (Table 3). We did not observe
any significant differences in the CD19'CD38"CD24"
(Fig. 3a) or CD19'CD3R™CD24™ (Fig. 3b) populations
berween any groups of subjects tested. However, we ob-
served a trend towards higher proportions of
CD19'CD38 CD24 cells in the elderly. Literestingly,
the pereentage of these cells in centenarian offspring arc
more similar o what is observed in young donors than the
age-marched (AM) contols (Fig. 3c). Most suikingly, the
CDI9'CD3R CD24 ™ population was highly significantly
cnriched in the older subjects. Again, their distribution in
CO fell between the young and the elderly in the general
population (Fig. 3d).

CD180-negative B cells and CD180 expression
on CD38/CN24 and [gD/CD27 B cell subscts
in different age groups

It is known that immune system of elderly people shows
some characteristics tvpical of chronically stimwlated
subjects (CMVepositive clderly subjects and 11V and
SLE patients). Moreover, circulating B cells have been
reported to lack the TLR-4 homologue CDI18G (RP10S)
in chronically stimulated SLE patients (Koarada and
Tada 2012). We therefore analyzed the percentage of

CD19'CDI80 B lymphocytes in PBMC of young. ¢l-
derly, €O, and their AM controls. Figure 4a shows a
significant incrcase of this population in the clderly rela-
tive lo the young. However, no diflerences were seen
berween CO and AM contrels, although the percentage
of CDI180” B eells in CO and AM controls are higher
than in the young but lower than in the old donors. Next,
wie have evaluated the Tevel of expression of CDI18Y in
the four subsets identified on the basis of the markers
CD38 and CD24 in the four age groups (Fig. 4b). The
phenotypic characterization of CD3R/CD24 B cells has
shown that most CD1S CD38 CD24 B eclls are CD180
negative (data shown in Fig. 2). Our comparative analysis
berween young, CO, AM, and old {O) subjects did nor
reveal age-associated changes in the Tevel of CR180
expression. Moreover, as we have observed thatr
CD19'CP38 CD24 B cells mainly include both
switched memory (IgD"CD277) and DN (lgD CD277}
B cells, we have also cvaluated the expression of CD180
on B cell subsets identified on the basis of the expression
of [eD and CD27 (Fig. 4¢). Interestingly, in all the sub-
jects, this analysis revealed a progressive decrease of
CD180 expression through the different stages of mam-
ration. from natve (IgD'CD27 ) to memory-switched
(IgD"CD27") and DN (IgD CD27 ) B cells and from
CD19'CP38"CN24™ 1o CDIY'CD38 €M24 B eclls,
although the comparative study did not show any
changes between age classes.

Agerelated differcnces in the disuibution of IgM CD27
(maive mature), (gD TeM CD2T" (natural effector),
and IgD TgMCD27" (IgM only) B cell phenotypes

The complexity of the memory B cell pool is further
documented by the evidence of different IgM' B cell

Table 3 Distribution of CDI&CD24 B coll phonolypes in young, contonarian offspring, age-matchod controls, and old subjcels

CD3R/CD24 B eell subsels  Auc groups P value

Y co AM o} pl p2 P pd ps 6
CRI9'CN3gh 24t 40113 28407 39113 RIS 09 0.3 0.9 0.7 08 07
CD19'CD38™cD24™ 66.843,1 5432115 548443 545496 04 1 0.1 1 1 1
cpIv'Cn3s Cp24! 41408 42209 57411 66£06 006 02 04 | 02 07
CRITTCDISCD24” 09£03 3114 154231 94£47 003 002 001 006 03 05

Sratisrically significant differences are marked in bold

Pereemtage valucs arc expressed as mcan£SEN. Dillerences betwoen age groups were analyzed with the Mann Whitney test, pl=Y vs.

Oy p2=CO vs AM: p3=Y vs AM; pd=Y vs CO; ps
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Fig, 3 IMstribution of 3 cell
phenotypes in young, old,
centenarian offypring, and
age-matelied controls. Per-
cemage of
CPIYCD3s" e (a)
and CD17CN38™MCN24"™
{) B cell populations do not
change when analyzed in
different age groups. ¢ Trend
lowards an increase in the
age-related
CRIYTEN3ETCN24" 13 cell
subset. d Significant in-
crease of the

CDI19'CD38 CD24" B cell
subset in clderly people (old
and AM) when compared 1o
young. CO, like young,
show a lower percentage of
this population when com-
pared Lo their age-malehed
controls. Dillerences be-
1WCCH ARC SEOUPS WIS ANA-
Lyeed with the Maiut
Whitney test, #/*=0.03

]
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R N ERE]

@
s

Percentage
»
&

phenotypes presumably representing different stages of
B cell differentiation. We and others have demonstrated
that lgM B lymphocyles are reduced in the elderly (Shi
et al. 2005; Buffa ctal. 2011). As the previous pheno-
typic characterization has not revealed differences inthe
TgM expression, we chose to analyze IgM' B cell phe-
notypes on our samples according to the Berkowska
galing strategy (Berkowska et al. 2011), based on the
major subset of CD3ZMCD24"™, exeluding transition-
al B cells (Fig, 5). So, CD38™CD24"" B cells can be
separated into three 1gM populations: [gM'CD27
{naive mature), lgD+lgM‘('D27+ (natural effector),
and TgD TgM 'CD27' (TeM only) (Fig. 5a). A compar-
ison between our subjects confirmed (Shi ot al, 2005;
Bufta ct al. 2011) a difterent distribution of B cells
identified on the basis of these markers between young
and old denors and revealed that CO possess a more
“youthfully” distributed immune profile compared with
age-maiched controls. Indeed, the percentage of
TgM'CD27  (naive mature) eclls (Fig. 5b) arc signifi-
cantly greater in €€, a group of people presumably
advantaged for longevity. The analysis of the other
two 1gM'CD27" memory B cell phenotypes revealed
significantly fewer of these memory cells in the CO
{Fig. 3¢, d).
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Discussion

During aging, the inunune system progressively loses its
ability to fight off infections and to respond as quickly or
as efficiently to different stimuli. Moreover, the inability
of old individuals o effectively respond to vaccines
results in less offective immunizations against viruses
and bacteria, thus increasing the risk of infections and
discascs (Miller and Cancro 2007; Cancro ot al, 2609;
Gibson et al. 2009; Dunn-Walters and Ademokun 2010;
Irasca and Blomborg 2011). Indeed. it is well docu-
mented that the immune response lo vaccinalion
declines with age, although the reasons for this are
poorly understood (Kumar and Bums 2008; Frasca et
al. 2010; McElhancy et al. 2012). It is also known that in
the elderly, there is an impairment of both innate and
adaptive immune responses. As we age, the numbers of
critical cells in the immune system change. and many
may become less functional. However, innate immunity
scems to be better preserved, while more scvere age-
dependent changes oceur 1n the adaptive immune sys-
tem (Franceschi etal. 2000b). There are clear changes in
B cell generation and repertoire, and as o conscguence
of this and changes in the T cells, elderly people show
detictive humoral immunity (Canero ct al. 2009; Bulati
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Fig. 4 CD180-negative B cells and CDI180 expression on
CD3RCD24 and 1gD/CD27 B cell subsels. a Evaluation of
CDI9'CDIS0 (RP105) B cell population smong the dilltrent
age groups analyzed. Old people show a signilicant increase in
the pereentage of the B cell subset lacking CD180 expression.
when compared with voung, b Ilistograms show CDI1X0-
negative B cells among CD33"CD24Y, CO38MC D24,
CD3RTCH24", and CD3RCD247 B cell compartments in voung
{¥), contenanun offsprmg (C0), age-matched (AM), and old ()
subjects. A progressive inerease in percentage of CD180-

et al. 2011; Frasca and Blomberg 2011). There is a
decreasc both in pereentage and absolute number of
total B lymphocytes (Pawelec el al. 2005; Shi et al.
2003; Frasca ot al. 2008; Venerl et al. 2009; Bulat ot
al. 2011, and in previous papers, we (Colonna-Romano
et al. 2009) and others (Gupta et al. 2005) have demon-
strated that the pereentage of naive B cells are signifi-
cantly reduced in aged individuals. However. this is still
a somewhat controversial finding as some authors
reported an increase, a decrease, or no changes in the
naive/memory B ecll compartuneins, as we have reviewed
(Bulati et al. 2011). The CD27" memory B cells and, in
particular, the TgM memery CD19 TeM' gD CD27"
cells, which are comsidered to be the recireulating equiv-
alent of murine marginal zone cells, have been shown to
degling in both proportion and numbers with age {Shi et
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negative cells from CD38"CD24M 1o CD3IZTCD24™ cells has
been demonstrated without age-related changes belween groups
studicd. e Expression of CDIS0 on naive memory B cells
idemilicd on the basis ol the expression of IgD and CD27. A
progressive down-modulation of CDLRO from naive
(1gDTCND27 o DN (1817CN277) 13 cells has shown but, again,
no change hebween age classes. Differences between age groups
were analyzed with the Mann-Whimey test. *P=0.05. Bar
graphs indicalc meun=SEM

al. 2005; Buffa et al. 2011). In a previous study, we
documented the expansion of CDI1% IgD CD27  cells,
a DN memory B cell population, in the elderly (Coloma-
Romane ¢t al. 2009). This population is also expanded in
subjects chronically stimulated {Anolik et al. 2004; Wei et
al. 2007; Sanz et al. 2008; Cagigl et al. 2009) and might
be considered the result of long-enduring stimulation.
However., not all subjects or population groups are equal-
Iv suseeptible to the ctfcets of long-term chronic stimu-
lation of the immune system. Indeed, recent evidence hag
shown a well-preserved immune profile of a group of
healthy elderly centenarian offpring who seem to have
genetic and functional advantages associated with the
reduced risk of disability with age (Tary et al. 2003,
2004). We have demonstrated that the naive B cells
subset is well preserved in CO compared with the age-
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Fig. 5 Divensity in the human 1gM™ B cell compartment and

digtribution in young and old, centenarian offspring (C0)), and their

age-matched (AM) controls. & Within the CDI9 B ecll compart-
ment, B lymphoeyics are characlerized on (the basis of CD38 and
xpression, According Lo the Betkowska clal, (2011) gating

] 249 13 ymphocytes were subdivided on the
basis of 1gM and C1327 expressions, defining 1sM™CI2 T naive
matwe. Subsequently, on the basi IeMCD27”

of lgl} expressio

s

higher percentage of nuive mature cells compared to the elderly. 4
direct compurison berween CO and aged people (AM and old
subjeels) emphiasizey st the (bmer shows a sigmilicanily higher

P ige ol this IgM pop Leh and signilicanl
age-related deercase was observed in the natural ellcetor subsel, d
Age-related decrease of the 1g¥-only 13 cell subset observed in old
and age-matched contruls compared with youny and centenarian

nffsning subiests_ Differences hetween ape eronns were, avahvzed

1 oot sl weeeenated dgio g LA OV waimroafFeater o with the Mann—Whitney test, *£0.05; #5<0,01; #**p< 0001

oD IgM CD27' IgM only. b Young donors have a significant

matched controls. The mirror image of this is a morc
restricled memory pool, which includes, in addition, a
Icss expanded DN compartment (Colenna-Romano ct al.
20100, Collectively, our data sugyest age-related changes.
but they are of course cross-sectional in the present smdy
and therefore can only formally demonsware differences
between groups. Other investipations. such as a longitu-
dinal follow-up studics, will be neccssary to affinm a real
age-related change.

Reeently, several new B eell populations have been
described, although their phenotype has not been always
associated with cstablished biclogical function. In the
present work, we gamed insight into the nafvehmemory
B cell compartment focusing, in particular, on the different
age groups analyzed, According to the gating stratogy

proposed by Carsett et al. (2004), our study has focuscd
om four distinel B cell populations: CD1Y CDARMCD24M
(classical wansitional), CD19'CD3§"CD24™" (mature
naive), CD19TCD38TCD247 (primarily memory), and in
addition, a not previously described CD19'CD38 CD24~
population. A previous study reported that the frequency
ol transitional B cells is rapidly reduced during the [rst
years of 1ite, stabilizing after 5 years of age (Morbach ctal.
2010). Here, we found that there are no differences in the
perecitage of wansitional and mamre naive B cells, com-
paring young and the three different groups of old donors
CO, AM, and elderly, but we did observe a higher pro-
portion of CD19'CD38 €024' primarily memory cells
in young and CO compared to AM, although the differ-
enee did not achicve stanstical significance, Howeyer, the
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CD19 CD38 CD24 putative new population was signif-
icantly increased in the elderly, and the percentage ol this
population in CO is more similar to that obscrved in
young than in elderly or age-matched donors. This may
therefore conrribute to their immunological “youthfil-
ness.” Apart from this, the other B ecll populations iden-
tified on the basis of the expression of CD38/CD24 show
the same distribution in the difftrent groups studicd. The
evaluation of both TgD and CD27 on CD38/CD24 B cells
also supports the developmental dynamic from tran-
sitional B cells that are mainly 1gD'CD27" (naive).
through mature naive B cclls, in which we obscrve
the progressive appearance of CD27. which is, final-
ly, most strongly expressed on the primarily memory
CD19'CN38 CN24'. together with the progressive
loss of IgD. CD19'CD38 CD24" B lymphocytes,
also known ag primarily memory B cells, show a
variety of different phenotypes. Although more than
70 % arc CD27', the simultancous cvaluation ot IgD
and 1127 has revealed that some of them (27 %) are
1gD'CD27' (unswitched memory); others (44 %) arc
15D CD27" (switched memory): 25 % of them are
naive, as they express IgD, and are negative for
D27 expression, and those that have a very low
percentage (4.3 %) are [gD CD27 (DN). Some
authors have shown that this population should in-
clude only memory B cells. although their analyses
have revealed a percentage of CD27-negative B cclls
wated inside the aforementioned subset (Carsetti et al.
2004; Blair ctal. 2010). Unformunately, those authors did
not report the percentage of CD27 7, so we cannot nu-
merically compare our data with the data reported in thelr
papers. Further analyses are necessary to clucidate this
point. Focusing on CD197CD387CD24™ B lympho-
eytey, we did not observe any changes in digtribution
of 1gD/CD27 phenotypes in the different age proups.
Morcover, here, we show that about halt of these cells
are 1gD CD27' -switched memory, not different in the
elderly (Colonna-Remano ctal. 2009; Buffa ct al. 2011),
whereas almost 30 % of them are Igh CD27 DN B
cells that are increased in the elderly but not in CO
{Colonna-Romano ct al. 2009, 2010). It is of note that
a fraction of the IgD™CD27" subset also includes
TgD TgM'CD27" memory B cells that we and others
have described as being decreased 1n the elderly (Shi el
al. 2005; Buffa er al. 2011). Probably, their low percent-
age does not influence the percentage of
CD19'CD38 CD24 B cells in the different age groups.
The evaluation of [gM has revealed that this marker is
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strongly cxpressed on CD19'CD38"CD24" and on
1D'CD27 cells (Colonna-Romano et al. 2009) and
tends to disappear from both CD19'CD38 CD24 and
IgD D27 cells. We have also evaluated D5 expres-
sion on CD38/CD24 B cell phenotypes. Our analysis
revealed that all different subpopulations had different
levels of CD3. Our characterization of CD38/CD24 B
cells has confirmed thatr CD19' CD38MCN24" cells were
positive for CD5. Interestingly, CD197CD387°CD24
cells were also positive for the same marker. This mol-
ecule is present in adulthood on all B cell subsets, butata
low and variable frcquency. CDS expression is associat-
ed with the presence ol the B cell receptor {BCR), and it
appears in the bone marrow; it has been shown to be a
negative regulator of BCR signaling, and its exprossion
may be a marker of antigen exposure (Gary-Gouy et al.
2000, 2002; Carscti ct al. 2004). Additional characier-
ization of these CD19'CD387CD24™ B lymphocytes has
demonstrated here that almest all are CD180 negative.
This marker, also known as RP103, i a toll-like
reeeptor-associated molecule, originally identified as a
B cell surface molecule mediating activation and prolif-
eration in mice. Data from the literarure indicate that
RP1G5-deficient mice are hypo-responsive to TLR-4
and TLR-2 stumulation (Ogata et al. 2000; Nagai et al.
2005). Reeently. increasing interest in this molecule has
led several investigators o evaluate CDI180 in humans
and, in particular, in subjects sutfering trom autolmmune
discases. [t has been demonstrated that the percentage of
CD180-ncgative B cells arc significantly increased in
systemic lupus erythematosus and, o a lesser extent, n
rheumatoid arthritis patients, compared to healthy con-
trols. Its expression declines during the imactive stages of
disease, suggesting that the expansion of this population
is correlated with discase activity (Koarnda and Tada
2012). The phenolypic characterization of the above-
described subset has defined a profile of activated B cells
producing immunoglobuling and anti-dsDNA antibod-
ies. Morcover, approximately 50 % of these CD180-
negative B cells had intracellular 1gG (Koarada ot al,
1999), suggesting that they could be induced to differ-
entiate into IgG-secreting B cells by certain stimuli. As
autoimmune phenomena are a common feature in the
clderly, we have evaluated the expression of this marker
on total B lymphocytes in difTerent age groups, obseryv-
ing a reduced expression with age. Indeed, CD180-
negative B cells are significantly increased in the very
elderly donors {age range 86.4+3 .8) when compared to
the young {age range 28.5 1 1.9), but not im CO and AM
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{agc range 70.1=8.3 and 69.149, respectively).
Furthermore, we assessed the level ol expression ol
CDI80 in the four subscts identificd on the basis of
the markers CD38 and CD24 in the four age groups.
In any event, our comparative analysis between young,
CO. AM, and O subjects did not reveal age-associated
differences in the level of CD180 expression.
Interestingly, the cvaluation of CD38 D24 CDIR0
B cells galed inside CD19™ B cell population has shown
a trend (not significant) towards higher proportions in
elderly donors and age-matched controls when com-
parcd with young donors and centenarian oftspring (da-
ta not shown). Moreover, as we have observed that
€D19'CD38 CD24™ B cells, which are increased in
clderly people when compared to young donors and in
age-martched controls more than in centenarian off-
spring, mainly include both switched memory
(IgD™CD27") and DN (IaD™CD277) B cells, we have
also cvahiated the cxpression of CD180 on IgDYCD27 B
cell subpopulations. As expected. we saw a lower ex-
pression ot this marker from naive to memory-switched
and DN B cells. although the comparative analysis did
not show any changes between age classes. Data
obtained from CD180 evaluation on CD38/CD24 and
IgD/CD27 phenotypes cannot be considered similat,
although, in both gating systems, CD18G-ncgative B
cells are mmereaged [rom naive lo memory B cells.
Thus, reduced cxpression of the TLR-assoclated mole-
cule CD180 on total B cells is observed in the elderly.
and an age-related incrcasc of DN and of
CDI9CD38 CD24™ B cells, at least defective for
D180, could be related to the ncreased susceptibility
to Gram-negative bacterial discases of elderly people.
Tndeed, it is known that elderly people are more suscep-
tible than the veung o pneumococcal infection. The
decline of the IgM memory B cell pool in the elderly
could also be involved in defective immune responses
againgt infections by encapsulated bacteria,

On the basis of IgM, CD27, and IgD cxpression, IgM
B lymphocytes can be subdivided into 1gM'CD27
“paive mature,” TgD"TgM™CD27" TgM-only, and
1gD'1gM ' €027 “nutural effector™ B cells. As the pre-
vious phenotypic characterization of CD38&/(CD24 B
cells has not revealed difterences in the Igh expression,
we chose 10 analyze 1gM* B cell phenotypes on our
samples according to the Berkowska gating strategy
(Berkowska ct al. 2011), based on the major subset of
CD38"™CD24%™", We analyzed IgM B cell subsets,
comparing data between subjeets included in this study.
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We have confirmed data trom the literature demonstrat-
ing tmpairment decrease of 1gM B lymphocytes in the
clderly (Shi ct al. 2005; Butfa ¢t al. 2011). On the
contrary, a further evaluation of CO B cell populations
revealed that the percentage of these cells are not re-
duced to the same extent as their age-matched controls
and remain more similar to that observed in young
people, These data reinforce our previous hypothesis
aceording to which CO have a younger B cell profile.
This hypothesis is corroborated by the reduced number
of CDI9TCD3R™CD24™ B cells and a higher level of
IgM B cell subsets in CO, comparcd to AM donors. This
immunological advantage, likely due o a good bone
marrow reservolt, could help €O both to fight the main
age-related discases and to maintain healthy aging.
Hete, we have also performed a preliminary func-
tonal study on the CN38/CN24 B cclls 1o better under-
stand their biological role and function. We tested their
ability to procduce pro- and anti-inflammatory cytokines
on strong stimulation with CpG/PMA/ionomyein in
vitro. We know that cytokines are considered key play-
ers in maintaining lymphoceyte homeostasis. Their fune-
tlon is to induce and modulate the nature of the response
afler an immune insult, or in contrast, they may cause
non-responsiveness and active immune suppression
(Sanjabi ct al. 2009). Morcover, it is known that clderly
neople show a pro-inflammatory microenvironment that
has been related to the increased risk of morbidity and
mortality (Licastro et al. 2005; Vasto et al. 2007)
Concerning the anti-inflammatory cytokine IL-10, also
our stimulation system provides data consistent with a
biological role of CD197CD38"CD24"™ cells as regula-
tory cells, e a B cell population mvolved in 1L-10
production. Our comparative analysis did not reveal any
differences between the four age groups analyzed. We
have previously demonsirated that under the same con-
ditions, IgD CD27 (maive) B cells produce high levels
of 1L-1¢) in the elderly (Buffa ct al. 2011), Although we
have confirmed that CD19'CD38"'CD24" cells are
mainly 1gD'CD27 , our analysis of CD38/CN24 pop-
ulations revealed a certain percentage of naive TgDY
D27 in all four populations analyzed, extending the
potential role of IL-10-producing cells. Finally, regard-
ing the pro-inflammatery cytokine TNT-x, the
CDI9CD3RCD24™ and CDI9CD3RCD24™ B cell
subsets, which seem fo be sensitive to biological and not
chronological aging, arc the main B cells mvolved in the
in vitro production of this pro-inflammarory cyvtokine,
with no differences between the groups studied, At the
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present time, we cannot state which population is more
respongible [or the impaired cylokine production.
Nonetheless, as TNT-o¢ Is a pro-inflammatory cytoking
recently reported to be increased in a mouse model made
of aged B cells (Frasca et al. 2012), we hypothesize that
switched memory (1gD™CD277) and/or DN
(IeD CD27 ) B cells could be responsible for this cyto-
kine production. We suggest that the expansion of these
B cell subsets in the elderly might contribute w the
increased intlammatory status designated “inflamm-
aging.”

Taken together, our data document the phenotypic
and biological characteristics ol'a CD19TCD38 CD24™
B cell population and suggest that these cells might act
as memory B eells involved in inflammation. Analysis
with additional markers, such as IgG, IgA, HLA,
CDI138, CD43, and CN70, may be useful for a deeper
characterization of this subsel, as well ag investigating
them under pathological conditions. We also nced to
evaluate 1f they might act as antibody (Ab)-producing
cclls or develop into Ab-scereting cells, and in particu-
lar, whether these
tibody production. Moreover, our data emphasize that
modifications to B cell immunity could play a pivoul
role dwing processes associated with aging. A better
understanding of B cell immunosenescence 1s crucial for
the improvement of the quality of life of the growing
clderly population worldwide. Hence, B cell immune
profiling must be included in any attempts to develop
uscthl biomarkers of human immunosencscence. The
study of B cell phenotypes in the peripheral blood of
centenarian offspring revealed that many parameters are
well preserved and more closely resemble that of the
voung than of either their age-matched controls or old
subjects. In any cvent, other immune parameters, such
as C D180 expression and cylokine production, seem not
suggest a complete preservation of the B cell branch in
the offspring of Tong-lived subjects, Further analyses are
neeessary te correlate the environmental and genetic
background with a well-preserved immune system of
centenarian offspring that could support the hypothesis
of a “farnilial youth™ of the immune system.

Is could be responsible for autoan-
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People may reach the upper limits of the human life span at least partly hecause they have maintained more appropriate
immune function. avoiding changes to immunity termed Exceptionally long-lived people may be
enriched for genes that contribute to their longevity, some of which may bear on imnnune function. Centenarian offspring
would be expected Lo inherit some of these, which mighl be reflected in [heir resistance o immunosenescence, and con-
tribule Lo their polential longevily, We have lested this hypolhesis by comparing centenarian offspring wilh apze-matched
contrals. W report dillerences in the numbers and proporions of both CD4* and CD8- carly- and Lue-dillerentialed T
cells, ay well us poentially senescent CD8- 1 cells, suggesting thal the adaptive I=cell arm of the immune sysien is more
“youthiul” in centenuriin oMspring thin controls, This might refeet u superior ubility 1 mount ¢Mective respanses uguins!
newly encountered antigens and thus contribute ro hetter protection against infeetion and o grearer longevity.
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I CREASING age is accompanied by a decreased ability
of the immune system to protect against new antigenic
challenges or to control chronic infections, and increased
immune dysregulation also reflected in chronically elevated
signs of systemic inflammation. These age-associated
changes over the lifc span, loosely termed immunosenes-
cence and fnflamm-aging, are associated with a decline in
the normal functioning of the different components of the
immune system. Hence, there is a reduction in responsive-
ness as well as a functional deregulation of immune effec-
tor cells and an alteration of the cytokme and chemokme
environment in the elderly population (1). T cells play a
major role in defense against infection and in the scerction
of pro- and anti-inflammalory factors, but in the elderly
people. the balance of T-cell phenotypes in the peripheral
blood is markedly dilferent [rom thal seen in most young
people, in a manner mosL commonly interpreted as indicat-
ing impaired functionality in the former. This is thought
to contribute to poorer vaceing responses, increasing inci-
dence ol infection, and reactivation of latenl viruses in old
people (2). Cross-sectional studies indicate that the most
noticeable differences in young und old people lic In the
Irequencies and absolule numbers of naive and different
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dilTerentiation stages of memory T cells. These data are
generally interpreted as a dynamic process of decreasing
frequency of naive T cells and increasing frequency of
memory T cells with age, due 10 conversion ol naive cells 1o
memory cells after antigen contact, although in the absence
of longitudinal studics, this assumption cannot be formally
proven. However, limited longitudinal studies in the very
elderly people have shown that an accumulation of late-
stage differentiated CD8™ T cells resulting in an inverted
CD4:CDY ratio and poor T-cell proliferative responses (o
mitogens formed the central plank of the “immune sk pro-
file’” (IRP), which did indeed predict mortality at 2-, 4-, and
6-year follow-up (3). It is of note that the number of naive
CD8 T cells was not part of the IRP. Intriguingly, cyto-
megalovirus (CMV) infection, however. was part of the IRP
and has been postulated Lo be the main driver of the accu-
mulation of laie-stage differentiated CD&' T cells m the at-
risk group. It is now clear that CMV itself influences T-cell
phenotype distribution. independently of age, but becoming
more marked in elderly populations with a higher percent-
age of CMV-infected individuals (4-6). In some studies,
CMV infeetion is closely related to both a reduction of
CDE naive T celly and increase of CD8 - Jale-difllerentiated
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effector memory (6}, whereas in other studies, the loss of
naive cells was reported to be age dependent but not CMV
dependent (7).

Because essenbially no older individuals can escape from
all age-related diseases, such as atherosclerosis, osteopo-
rosis. sarcopenia. or insulin resistance, defining the clderly
individuals as healihy is challenging. For this reason, (he
term “delayed aging™ may beller describe a group of peo-
ple, such as centenarians, who have presumed genctic and
sk ol devel-
oping major age-related diseases and. as a consequence,
survive longer in a geod condition (8). Studies of familics
wilth exceplionally long-lived participants have suggested
that genetic background may contibule a very signifi-
cant advantage in terms of longevity compared with the
general populatien (9). Older individuals in such families
also exhibil more “youthlul” immume profiles in that their
immune signamres are more similar to those of younger
individuals than to age-matched (AM) controls. When
infected with CMY, they appear resistant (o the allerations
in T-cell phenotype distribution caused by this virus in the
general population (10). Centenarian oftspring (CO) may
be a special population of older individuals that, like their
centenarian pareni(s). could also have genetic and func-
tional advantages that predispose them 1o healthy aging and
longer survival (11-13). Data on B cclls have shown that
CO appear more similar 1o young donors than AM sporadic
controls (14) and do not show the typical naive—memory
shill observed in the elderly people (15). Recenlly, we also
demonstrated that the [gM memory B-cell pool presenl in
CO is not reduced to the same extent as in their AM con-
trols and remains more similar to that observed in voung
people (16). Here, we asked whether the T-cell compari-
ment of CO is also resistant to the imputed age-associ-
ated changes observed in AM controls having no history
ol familial longevily. We report higher numbers and per-
centages of CD28*CD27 CD45RATCD4SRO™ naive cells
within the CD4* as well as CD8* subsets in CO compared
with the general elderly population, whereas there were

lunctional advanlages resulling in a lesser

PELLICANQ ET AL

fewer CD28& CD27 CD4SRA 'CD43RO) late-dilTerentiated
CD38 T cells in CO. Moreover, CO had lower numbers and
percentages of CD8*CDS7- putatively senescent T cells
compared with the general population ol elderly people.
These data on CO T-cell distribution imply that cellular
immune capacity is likely to be better preserved in CO than
AM random cantrols and could provide a survival advan-
lage under certain conditions of environmental exposures
to pathogens.

METHODS

Participants

A total of 21 Sicilian CO have been identified and inves-
tigated (uge range: 7001 £8.3; 10 men and 11 women}, with
al least one centenarian parent (>99 years). Filleen AM
controls (age range: 09.1%9.7; 7 men and 8 women), 10
old (O) participants (age range: 80.4=3.8; 5 men and 5§
women), and 12 young participants (age range: 28.5+1.9;
7 men and 5 women) from Sicily were also included in the
study. All participants were in good health at the moment of
the recruitment, as revealed by blood Llests (complete blood
cell count, erythrocyles, C-reactive protein, liver lunction
tests, iron, proteins). The controls were collected from the
same population as the patient cohort. Characteristics of
these individuals and their clinical history are summarized
inTable I.

The Universily Hospital Ethics Commilice approved Lhe
study, and written informed consent was obtaned [rom all
participants according to Italian law.

All participants were tested for CMY serostatus by
ELISA using CMV-1gG-ELISA PKS assays (Genesis
Diagnostics. United Kingdom). All the elderly participants
were positive for CMV antibody (CO, AM, and O). whercas
none of the young participants were infected.

Whole blood was collected by venepuncture in vacu-
tainer tubes containing ethylenediaminetetraacctic acid, at
the same lime of day lor all participants. Peripheral blood

Table 1. Characteristics and Clinical History of Individuals Studied

Young People

Centenartan Offspring

Ape Matched Old Peaple

Purticipants 12 21 15 10
Gender 7 men, 5 women 0 men, 11 wormen 7 men, ¥ women 3 men. S women
Age, meun (S0 385019 1 (83) 59.149.7) 864 (35
Prevalence of disease, n (%)
Myocardial infaretion 4000 0. A13.3) 200
Steoke 0000 L{18) 2(13.3 1(10}
Uyperteasion (0.0 30143 S5 30200
Caacer B(0.0) 14481 20133 20200
Rheuniatoid arthrits 0000 DM 16T 1(10)
Level of education. u (%)
Only printiry sducation 20133 10 (100
Secondary education 19 (90.5) )
Tigher education 12100 2095
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IMMUNQSIENESCENCE IN CENTENARIAN OFFSPRING

mononuclear cells were separated using a Ficoll/Hypaque
gradient (Cedarlane Laboratories Limited, Ontario, Canada)
and viably eryopreserved according to standard protocols.

Flow Cytomeiry

To analyze T-lymphocyte subscts, peripheral blood
mononuclear cells were adjusted (o 1 x 10%mL and stained
with antibodies. Direcl immunofluorescence was per-
formed with anti-CD3-AlexaFluor700. CDS-PercP, CD28-
PereP-Cy5.5 (Beeton Dickinson. Heidelberg, Germany),
CD4-Qdot705 (Invitrogen, Karlsruhe, Germany), CD27-
Qdoto05  (Invitrogen), CD45RO-eFluor6350  (eBiosci-
ence, San Dicgo, CA). CD45RA-PucificBlue (BioLegend,
Biozol, Echimg, Germany), and CD57-FITC (Immunotools,
Friesoythe, Germany).

Cell viability was determined with RedVid (Invitrogen).
All staining steps were performed in PFEA buifer (phos-
phaie-buffered saline, 2% fetal calf serum. 2mM ethylen-
ediaminetetraacetic acid, and 0.01% Na azide). Blocking
of nonspecific binding sites was accomplished using
human immunoglobulin GAMUNEX (Bayer, Leverkusen,
Germany) or mouse scrum (Caltag/Invitrogen, Karlsruhe,
Germany). For each experiment, cells or mouse/ral k-chain
Comp Beads (Becton Dickinson) were stained with the
corresponding fluorochrome-labeled antibodies and incu-
bated for 20 minutes at 4°C in the dark. Human unstained
celly were used as negalive controls. Afler washing with
PFEA. the cells or beads wete resuspended and measured
using an LSR-II flow cytometer and the acquisition soft-
ware FACSDiva (Becton Dickimson). Dala were analyzed
using FlowJo software (Tree Star, Ashland, OR). For data
analysis, dead cells (RedVid-positive) were excluded. CD3-
living cells were gated within the side scatler/forward scal-
ter {$SC/HSC) lymphocyte gate. Further analysis was per-
formed using CD3*CD4* and CD3*CD8* gated populations.

Statistics

All statistical analyses were performed with Graph-I'ad
Prism 4.0 using the Mann—-Whitncy nonparametric U7 test
Lo compare two independent yroups, Dilferences were con-
sidered significant with a p value < .03. Significant differ-
ences are indicated by *p £ 035, #¥p < 01, #*¥p < 001 .
Significant differences helween young (Y) versus old (0)
participants are not indicated because the purpose of this
study is to compare CO with sporadic AM controls, not
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with the young participants, where differences are clearly
sighificant.

REsULTS

1-Cell Phenotype Distribution in CO, AM Controls, and
Old and Young Participants

To determine the T-cell immune profile of CQ compared
with the general population, we first investigated the distri-
bution of CD3~, CD4*, and CD8 T cclls. Characteristics of
individuals studied and their ¢linical history are summarized
inTable 1. Young people iended to have a higher percentage
of CD4* and fewer CD8* T lymphocytes than the elderly
people and, as a consequence, their average CD4:CDE ratio
was greater {(Table 2). There was a slight bul nonsignificant
increase in the mean percentage of CD4* T cells within the
CI¥3~ T-cell population i CO as a group compared with the
AM controls. A similar slight wrend is also visible for CD8!
T cells. but in this case. CO had a lower percentage com-
pared with AM controls. These slight shifis also affected the
CD4:CD8 ratio. As a consequence. CO show a higher ratio
compared with their AM controls (Table 2). The CD4:CDS
ratio cutoff for inclusion in the IRP is less than or equal to 13
the data presented here indicate that, as expecled, no young
controls fell into this group, whereas 3/10 old people (30%)
had a CD4:CDS ratio of less than or cqual to 1 (Figure 1).
In this respect, CO and AM controls differed litle (p > 05).
with 3/21 CO (23.8%) and 4/15 AM (26.6%) falling into the
IRP group by this criterion (Figure 1).

Costimulatory Molecules on CD4' and CD8' T Cells
Next, the expression of the costimulatory molecules
CD27 and CD28 on CD4 and CD8* cells was analyzed.
These two markers are uselul to identily the stage of differ-
entiation of T cells because they are expressed in the carly
stage and not in the latest stage of differentiation with CD28
downregulaled belore CD27 om CD8* T cells and vice versa
in CD4 cells (17,18). We therefore compared T-cell dif-
ferentiation swatus between the four groups analyzed.
The percentage of early dillerentiated CD4'CD27  cells
(Figure 2A) in young people is significantly higher than in
any of the clderly groups (CO, AM, O). Nonetheless, within
the elderly population, CO have on average a significantly
grealer percentage of CDA'CD27' cells than their AM
controls (or the old group). The same result was observed

“Table 2, 1 ymphocyte Subpopulations in Young People. Centenarian Offspring (CO), Age-Matched (AM) Controls, aned OTd People

Young Penple

CO (age T0.1 + 8.3),

AM fuge 69,1 £ 0.7), O1d Peaple

Lymphocyle Suhpopulitions (e 265 = 190 muan £ 50 mean £ 51 mcam + $03 Fage 864+ .80, mean = §1
[RipEls T34+ 167 LS5+ 87 T22432 7394481

[pEis M2111.2 5554 189 470 + 143 48.8 + 15.6

Dy 66 242498 303116 36+ 84
CD4:CDS ratio 2609 2418 1916 LB=1
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CD4:CD8

% within CD3+

Fizure 1. CI4.CO8 rali ¥y controls. centenarian offspring (€O}
whud (AMY comtrols. sndold () people, Peripheral blood memenuelear
sells were stined with CR3. CDA, imd CDY infibodies. The CD:CDE ralio
was calenluted within €D3 cells. Bars represent medians. Significimt difler-
ences valuated hy Mam: Whilney nonparimetric £ testing are indicaled by *p
£ 05,55 < DL ¥4 < HH. The horizontal dotierd Tine indicites 3 CDH=CRR
ritio af <1

analyzing the absolute cell number (data not shown), For
CD4 CD28' cells, we observed a similar patlern, with a
higher expression of CD28 in young people compared with
the older group; CO again had more CD4*CD28~ cells than
their AM controls, although in this case, the difference did
not reach significance (p = .00, data not shown).

Within the CD§ subset, again. significantly higher
percentages of CD27 and CD28' cells were observed 1n
young people compared with any of the elderly groups
(CO. AM, O}. Also here, there was a significant difference
between CO and AM controls for the expression of CD27
as percentages (Figure 2B) and absolute numbers (data not
shown). A trend toward a higher percentage of CD28* cells
was observed (p = .1, dala not shown).
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Nawve and Memory T Cells Within the CD4' and the
CD8* Populations

Narve and memory T cells can be identificd by analyzing
the expression of lwa isoforms ol the protein phosphatise
CD45 (CD45RA and CD45R0O). with naive cells more likely
to express CD45RA and memory cells CD45R0O. Although
assessing the expression of CD4SRA and CD45RO provides
some nformation on T-cell differentiation status {Figures
3B and 4B), they are not by themselves sufficient to distin-
guish between naive and memory cells as CD45RA is also
reexpressed by late-differentiated memory cells (19). For
this reason. we have analyzed the expression of CIM5RA
and CD45RO together with CD27 and CD28 1o identily
T-cell phenolypes in detail. As previously reported, we con-
sidered the phenotype CD27°CD28*CD45RA"CD45RO™ as
the naive T cells and CD27-CD2E-CDASRA'CDASRO as
the late-diflerentiated cells (20).

We confirmed here that naive CD4- (CD27°CD28*CD4
SRACD45RO") cells are more frequent in young people
than In any of the groups of elderly people (Figure 3A).
The percentage of naive cells in AM controls {and old
participants) is again significantly lower than in CO
(p = .005. Figure 3A and B). The same resull was observed
analyzing the absolute cell counts of naive CD4* (2 = 002,
Figure 3C). Differences were more noticeable when we
analyzed naive and late memory CD8* T cells in detail.
There were lewer natve CDB' T cells in all elderly groups
(Figure 4A and B), but CO again had a significantly higher
proportion ol ngive CD8-CD27CD28 CDASRA*CDA5RO-
cells than their AM controls {p = .005). Also in this case,
the absolute cell number of natve CD8* cells is significant

higher in CO compared with AM (p = 002, Figure 4C).
Reciprocally, a higher percentage of late-dilTerentiated

CD4* cells (CD27-CD28 CD45RACD45RO") in the older
aroups is less evident in CO although this difference did not
reach significance, neilher as percentage (p=.1, Figure 5A)
or absolute number of cells (p= .1, Figure 5B).

+
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Figure 2. Costimulatory molecule CI27 expression in young {Y) controls, contenarian ofTspring (CO), age-matched (AMeconteols, and okl {O) peaple. Peripheral

bloed mononuelear cells of 12 young contrals (age rang

S+1.9: 7 inen and 5 wornen), 21 CO (age rang

2 e and 11 wormznk, 15 AM controls

(age range: 69,1 £%: 7 men and 8 women), and 10eld (O participants tage range: $6.4=3.8; 5 meo and 5 woinen) were stainesd for CD3, CD4. CDR, and CDT. The

percentages of CD27

acly differentia

cd) Iymphocyles are shown for CD4- (A) and CDS*'I'cells (13, Bats represent medians, Significant differences evaluated by

Mano-Whitney nonparametric ¢ testing are indicated by %5 £ 03, % £ 01, #2001
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Figure 3. CD4! naifve cells. Peripheral blood menoauclear cells from young (Y) conwols, centenarian offspeing {CO), age-matched (AM) comrols, and old (O]

people as in ligure 2 were

stained with CD3, CD4. CD2B, CO2T. CD4SRA, and CDASRO 1o identily naiv
CD2RCDAT'CDASRACDASRO naive cells of 12 young controls, 21 CO, 15 AM contrels, and 190 old part;

s, Perceotages (A) and absolwte cell counts (C) of
s, Bars represent medians. (B) Represeatative dot

plots of naitve €D T-cell distribution in a young control (upper left), in'a €O fupper right), in an AM {lower left), and in an old pacticipant {lower right). Sigaificant

differences are indicated by *p = 05, *¥#p < 01, ¥*%p = 001

Along the same lines, the pereentage of late-differcnti-
ated (CDY'CD27CD28 CD45RA CD45R0O) cells was
significantly lower in CO compared with both AM controls
and old people both as percentage (p=.003. Figure 5C) and
absolute number of cells (p= 002, Figure 573)

Poientially Sencscent CO4* and COEY T Cells

Previous studies have suggested that lifclong antigenic
exposure may lead o mereased requencies of end stage—
differentiated CD8" T cells that have often been designated
“scneseent” in the literature. These cells are characterized
inter afie hy (he expression ol the inhibitory receplor CDS7
{21). Therefore, we analyred the percentage of CDA7* cells,
finding that the older groups had a significantly higher per-
centage of CDI7* cells than young people. Although for
CD4' cells, there were no differences between CO and AM
controls or older people (pr > .03, data not shown}, percent-
ages of CDE*CDS7 cells were significantly lower in CO
than in AM controls and older people {p = .0005. Figure 6),
suggesting that fewer “senescent” T cells are accumulating

64

inCG. The same trend was present when we analyzed abso-
lute cell numbers,

DiscussioN

Compromised and dysregulaled immunity is commenly
assumed o be a cause of the increased susceptibility and sen-
sitivity to infectious disease and poor response to vaccina-
tion in old people. The immune system, which is constantly
challenged by external and internal agents, undergoes dra-
matic changes with age. These cumulative changes include
those resulting from decreused thymic output following
puberly. alterations in lymphocyle population dynamics in
late life, and reduced intracellular signaling within those
cells (22.23). Alterations in T-cell immunity imputed ro
oceur dynamically with aging are reflected in altered num-
bers anl proportions of T-cell phenotypes. One of the conse-
quences of the developmentally programed invelution of the
thymus in humans is the rapidly deelining output of naive T
lymphocytes alter puberty. In aged humans, aller the age ol
70. natve CD4* T cells have declined to such an extent that
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Figme 4. CDR aaive cells. Perpheral blood mononuelear cells from young (Y) controls, centenarian olspring (GO, age-natehed {AM) cantraols, and old {©)

prople as in Firure 2 wers stined with CD3. CDR, CO2R, CD27, CD45RA, and CDASRO Lo identily nadive cells. Pereentag

2R 27

their capacity to help B cells to provide cfficient humoral

responsesy muy be compromized (24-26). As a result of

thymic involution. the peripheral T-cell repertoire is not
replenished, correlating with the impaired immune responsc
that Characlerizes old individuals (27), Thuy, the elderly peo-
ple have low percentages of naive T cells that display numer-
ous functional defects and are associated with mortality,
primarily from infectious diseases. The mirror image of this
siluation is an increased representation ol late-difTerentiated
memory T cells that oceurs as a consequence of a lifetime’s
cxposurc to microbial and other agents.

Similarchangesin the CDR' subpopulation take place even
earlier in life than in CD4* T cells (28.29). In particular. in
the CD8 compartment. late-differentiated CD45RACD28-
T cells aceumulale with age and their increased [requencies
inversely comrelate with vaceine responses (30-32). Thus, it
is clear that T cells become significantly less able to engage
in eflfective immune responses and o become functional
memory cells as we age, as also seen in mice (33). Many
of these CD8 T cells with a late-differcntiated phenotype
are likely o be CMV specific and their accumulation is

(A} and absolute cell count (C) of

RACIMSRE- natve cells of 12 young controls, 21 €0, 15 AM eotrobs, anet 10 old partieipants. Bars represent medians. {(8) Representative dot
11 distribution in u young eontrol (upper left), in a CO (upper rght), in an AM (lower 1of0, and in an old participant {Jower right]. Sigmilicant

much less marked in older CMV-scroncgative individuals
(6,810} Indeed, it was demonstrated Lthal repeated expo-
sure to antigens directly affects the T-cell arm and patho-
gens and thus dircetly contribute to immunoscnescence
(29.34), Chronic CMV inlection has an enormous impagct
on all the changes observed in elderly people. 1t seems that
not only chronological age alone but also persistent CMV
infection “accelerates™ what is commenly interpreted as
immune aging, materially inlluencing the distribution ol
T-cell phenotypes in the peripheral blood of old individuals
(1,10,35-37). In general, CD4- as well as CD8 T cells are
alfected by chronic CMV response, although the magnitude
of the effect is greater for CD8" T cells (38.39). and other
herpes viruses probably contribute little (40).

Recenlly, we have demonstrated that CMV-seropositive
individuals [rom [amilies enriched for longevily have
higher percentages of naive T cells and lower percentages
of CD45RA-reexpressing and late-diflerentialed elTector
memory T cells than the general AM population. These peo-
ple also have lower levels of the proinflammatory marker
C-reaclive protein compared with AM CMV-seroposilive

65
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conirols, suggesting a lower proinflammatory status despite
CMV infection (less “inflamm-aging”}. The analysis of
immunc signatures of offspring genctically enriched for
lomgevily has revealed marked differences compared with
the general elderly population that might bertter result in
protection not only from infections discase but also from
cardiovascular morbidity and other inflammatory diseases

66

CD8+CD57+

Absolute number

Y co AM Q

from younye (Y} eomtrols, eentenintam offspring (CO). age-matched {AM) contrils.
smd old (0 people i in Figure 2 were stained with CD3, CDY, and C1S7, Percenta

es (AY il ubsobule number (R of CDERCDST cells in 12 voung confrols, 21

e represent, medians. Differences between the faur groups analyzed evaluated hy Mann Whitney nonparame-

such as diabetes (10). Such [amily studies lacilitate the
identification of genes that are also expected to affect on
immune function in old age.

In the present study, we performed a phenotypic analysis
of the T-cell arm of adaptive immunity in a group of Sicilian
CO, a special population of elderly people presumed to be
genetically advantaged for longevity, and who may share
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some of the same characleristics as members of long-lived
families. Here, we have analyzed very rare people with at
least one centenarian parent (100-107 vears of age) and
compared (hese results with those of a previous article on
familial longevity (10) in which the individuals studied
ranged from 40 to 70 years of age with at least one parent
having al least one sibling that lived to be more than 90, Thus,
the present study specilically sought phenotypic similarities
in cohorts derived in a very different manner (offspring of
sporadic vs Tamilial longevity). To emphasize the likely
genetic contribution, rather than the environmental, we
sclceted the present cohort from a southern European
population, which will have experienced very diflerent
exposures ([oad, weather conditions, culture, pathogens,
ete.). Also given the fact that these populations are likely
to be genetically different, we sought to identify prevalent-
shared 1mmume  signatures despite all these possible
confounding differences in the population. The results
indicate some striking similarities between the two different
cohortls, emphasiving the polential biological relevance Lo
longevity of these findings under quite different conditions.

We have recently demonstrated that offspring of a cen-
temarian parent also have a “younger”™ B-cell as well as
T-cell profile that could help them resist infection (14,16).
Here, we have analyzed the T-cell immune profile of CO
(age range: F0.1=8.3) compared with cqually elderly
people without a familial history of longevily (age range:
69.1+9.7), and also with vnrelated very clderly individuals
(age range: 86.4x3.8). All were evalualed for CMV stalus
and found to be uniformly positive. Thus, any differences
seen between C'O and other elderly people cannot be solely
due to CMY infection, whereas differences between any
ol the elderly groups and the young groups, who were all
CMV-negative, are mostly likely caused by CMV.

The distribution of the CD4* and CD8~ subscts within
CD3' T cells way analyzed in lerms of the CD4:CDE ratio
because this is one of the immunological parameters included
in the IRP in the Swedish OCTO/NONA longitudinal
studies (41-43). As there are few studies of the IRP in
difTerent populations, it remains ol inlerest o explore s
presence and relevance in non-Swedish cohorts. We found
that CO had a higher CD4:CD8 ratio compared with their
AM conlrols, again appearing more similar Lo the CMV-
negative young people in this respect, despite being CMV-
positive. As previously demonstruted for the B-cell arm of
the immune system (14, 13). the T-cell arm is probably better
preserved in CO than in sporadic AM controls. This could be
a consequence of an increased thymic output, due to slower
involution or, allematively, Lo less primarily CMV-driven
peripheral post thymic expansion that causes a significant
contraction of the peripheral T-cell receptor repertoire in
mosl elderly people (443, This remains o be investigated.
for example, by assessing T cell receptor (TREC) levels.

Analysis of CD27 and CD28 expression, which defines
an early stage of T-cell dilTerentigtion, confirmed higher

PELLICANQ ET AL

percentages in young people compared with the elderly
people. Comparison of the four groups revealed that the
pereentages of CD4CD27- cell subsets were significantly
higher in the presumed genetically advantaged CO group
compared with their AM conirols, with CO again looking
more similar to the young groups. For CD28 expression
on CD4* and CD& cells, the differences between CO and
controls remained trends but did not reach statistical sig-
nificance. Next, we evaluated naive T cells within the CD4+
and CD8* populations. Our recent detailed classilicalion
defined them as CD27'CD28'CD45RA'CD45RO (20). As
expected, CD8* naive T cclls were more frequent in young
domors than in the general elderly population. bul here we
also saw fewer CD4' naive cells, not always seen in every
published study or in our own previous studies on other
populations. This may be due to population effects and the
relatively small numbers of donors tested here, or 1o rue
population differences in Sicilians. Using these phenotyp-
ing panels. we had previously observed fower CD4- naive
cells in Western populations only under pathological con-
ditions {nolably. Alzheimer’s disease) (20.45). However,
we have observed a more pronounced effect on CD4*
najve cells in @ non-European population where people are
considered old at a much earlier chronological age than
in the West and might well be expected to have a higher
pathogen load (46). The patterns observed in the Sicilian
elderly population seem Lo fall midway between those of
the commonly studied northern European and U.S. popula-
tions, and the rural Pakistam population studied by Alam
and colleagues.

The presence of fewer naive cells is commonly mir-
rored by accumulations of memory cells, which have
a more restricted reperloite  [or recognizing  patho-
gens to which the individual was previously exposed.
Consistent with the higher level of naive T cells in CO,
percenlages ol lale-dilferentisted CD8' memory T cells
(CD27-CD28 CD45RA'CD45ROY)  were  significantly
lower in CO than in the general elderly population and
were in facl similar Lo those in the young group. Although
the differences between young (CMV-) and elderly
(CMVY+) groups can mostly be attributed to the expansion
of CMV-specific clones. the lowest pereentage of memory
T cells observed in CO (who were also all CMV+) may be
due to more efficient maintenance of immune surveillance
against this potentially dangerous pathogen. Consistent
wilh this, (he analysis ol putatively senescent CD57-
expressing cells within CD&* T [ymphocytes, that previous
studies have reported as increased in elderly people when
compared with young people (21), also indicated that CO
showed a phenotype more similar to the CMV-negative
young pcople than the CMV-positive AM controls and
very old people. In this respect, CO do appear very simi-
lar to the offspring of long-lived pavents in lamilial lon-
gevity stodies (10). Secking shared genetic parameters in
these lwa disparale populations might therefore assist in
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identifying the nature ol the genes possibly contributing
to extended human longevity.

Taken together, data reported here suggest that CO do
nol show the typical naive/memory trend observed in the
random elderly people, despite all being CMV-positive. The
adaptive immune system (both B- and T-cell arms) appears
“helter conserved™ i the olTspring of cenlenarians {ie, more
like that seen in younger CMV-negative people), and less
sosceptible to the major cffcets that CMV infeetion has on
the general population. This may contribute o thenr abil-
ity to resist typical age-related diseases and imbue them
cd probability to reach the cxtreme limits of
human life ax (heir centenarian parent did. The similarily
between these results and those [rom the Leiden Longevity
Study of familial longevity suggests the presence of longev-
ity-promoting genes shared between quite different popula-
Hons conveying resislance to the effects of CMV infection
on inmune signatures commonly believed to be mark del-
cterious immune function.
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The impalrment of humoral fnamune response in elderly humans has been extensively demonstrated. We have re-
ported Lhe increase of memory B cells {15G ' 1gD CD27 , double negalive, DN) population in the elderly, in which
there is also a Lypical inflammatory micro-environment. [n order Lo evaluate whether this pro-inflanunalery status
could influence the trafficking phenotype of naive/memory B cells, we have assessed the expression of CCR7, CCRE,
CXCR3, CXCRA, CXCRS and CDR2T on nafve/memary B cell subpopulations in young and elderly subjects. Moreover,
the combination of pro-inflammatory interleukin-21 {1L-21) and B cell receptor {BCR) stimulation enables B cells to
produce and secrete granzyme B (GrB), which plays a critical role in early anti-viral immune responses, in the
regulation of autoimmune mechanisms and in cancer immunosurveillance,

Our data demanstrate that in the elderly, naive/memory B eell populations present a different expression of the
studied receptors that could be discussed in terms of “inflamm-aging”. 1n particular IgC 1D ~CD27 ™~ DN B cells
show a tissuc trafficking phenotype and they can be stimulated fo produce GrE.
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1. Iniroduction

B lymphocytes represent the humoral arm of adaptive immune
response, The defects in B cell production/development cause a variety
of disorders that are the basis of immune deficiencies and/for autoim-
mune diseases {Blair et al., 2010: Mauri, 2010; Vitale et al., 2010). For
this reason the deep knowledge of B cell subsets and functions provides
crucial information on immune assessiment. Moreover B lymphocytes,
due to their ability to present antigen to T Jymphocytes, produce
cytokines and synthesize granzymes, are now recognized as eclectic and
essential cells for an exhauvstive immune response (Blair et al., 2010;
Bouaziz et al., 2010; Buffa et al, 2011; Hagn and Jalirsdorfer, 2012;
Hagn et al,, 2000, 201 2; Mauri, 2010; Vitale et al, 2010), The different B
cell subsets have been identified using many cellular markers by which
many functional subsets, as transitional, naive, memory and plasmablasts
may be recognized. In particular 1gD, CD27, CD24 and CD38, other than
other molecules, may be used to study peripheral B cells in humans,
Nevertheless “core” subsets may be identified by using Iz and (D27 ex-
pression on CD19 B cells and this kind of classification has been suggested
to be useful as potential biomarkers in some autcimmune diseases
(Karninski et al, 2012).

Covresponding author at: Department of Pathabiclogy and Medical and Forensic
echnologies, University of Palermo, Corso Tukory 211, Palermo 90134, Taly.
+ 39 09163559086: fax: +39 0916555933,
L-mail eddress: gi

olonnar

A (G Col R

0531-5565/5 - see front matter & 2013 Elsevier Inc. Al rights rescrved.
hetp:/dxdol org/10.1016/jexger 201312011

© 2013 Elsevier Inc. All rights teserved.

It is well lknown that the impairment of the immune system in the
elderly (immunosenescence) has been related to the increased suscepti-
bility to infectious diseases, cancer and autoimmunity; moreover,
immunasenescence also involves the B cell branch (Bulati et al., 2011;
Cancro et al, 2009; Frasca and Blomberg, 2011; Frasca et al, 2004, 2010,
2011; Schenkein et al., 2008}, although most of the studies consider the
T lymphocytes (Ouyang ct al, 2003; Pawelec and Larbi, 2008; Pawelec
etal, 2005). In particular, in the elderly, we have demonstrated the reduc-
tion, in percentage but nat in absolute number, of naive B lymphocytes
(1gD*CD277) and the increase in percentage of a "Double Negative”
(DN, 1gD~CD27 " 1gC™) memory B cell population {Colonna-Romano
etal. 2009). DN B cells have also been reported to be expanded in patients
atfected by STE, HIV and challenged with RSV (Cagigi et al., 2009; Fecteau
et al., 2066; Sanz et al., 2008; Wel et al., 2007).

The increase in percentage of the DN B cell population in the elderly
might be related to the typical inflammatory micro-environment, charac-
terized by a general increase in plasma levels of pro-inflamunatory cyto-
leines and other inflammatory mediatars (inflamm-aging) (Franceschi
et al., 2007; Licastro et al., 2005; Singh and Newman, 2011; Vasto et al,
2007). As it is known that the absolute number of B cells is significantly
reduced in the elderly, the proportional increase of the DN B cell popula-
tion might be due to the exhaustion of memary B lymphacytes chronical-
ly stimulated in the elderly {Colonna-Romano et al., 2009), On the ather
hand, it has also been reported that these cells can be stimulated
“in vitro™ to secrete immunoglobulins against tetanus toxoid and influen-
za virus (Wirths and Lanzavecchia, 2003), although their ability to be
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activated by different stimuli is very low (Bufta et al, 2011; Colonna-
Romano et al., 2009: Hao et al., 2011).

In the present paper in order to evaluate whether the inflammatory
milieu influences the B cell trafficking, we have assessed the expression
of some chemokine receptors on the four subsets of B cells. lndeed
certain combination of chemokines and their receptors guides all the im-
mune cells to specific tissues (Kunkel and Butcher, 2003). Concerning B
cells it has been demonstrated that CXCR4, CXCR5, CCRG and CER7 drive
them to lymph node, while CXCR3 leads B cells to sites of inflammation
(Kunkel and Butcher, 200%). More recently {Kaminski et al,, 2012), the
chemekine receptor CXCR3 has been found to be expressed on DN B
cells as additional marker, and the expression of CXCR3 might be consis-
tent with migration of cells to chronically inflamed tissues (Moir et al.,
2008}. We have also evaluated the expression of the homing molecule
CDR2L that is involved in the homing of naive lymphocytes to peripheral
lymph nodes and Peyer's patches. CD62L mediates the tethering and
rolling of leukocytes on endothelial surfaces, contributing to the recruit-
ment of leukocytes from the blood to areas of inflammation.

1t has been recently shown that interleukin-21 (1L-21), produced by
various subsets of activated CD4~ T cells, NKT and Th17 cells {Spolski
and Leonard, 2008), other than regulating multiple innate and adaptive
immune responses can stimulate immune cells to synthesize various
inflammartory molecules. Moreover, excessive production of [L-21
has been described in many human chrenic inflammatory disorders
and there is evidence supporting the pathogenic role of 1L-21 in
imimune-inflammatory pathologies (Sarra et al, 2013). It has also been
reported that IL-21 levels are increased in healthy elderly (Agrawal
etal, 2012).

Tn the present paper, we show a different expression of chemokine
receptors on DN B cells from the elderly and we also show that the abil-
ity to produce granzyme B under the control of 1L-21 {Hagn and
Jahrsdocfer, 2012; Hagn et al., 2009; Hagn et al,, 2012} is not impaired
in B cells obtained from old subjects: moreover, DN B cells seem to be
sensitive to the action of 1L-21 that, as mentioned (Agrawal et al.,
2012}, is increased in the elderly.

2. Materials and methods
2.1. Subjects

Forty healthy Sicilian subjects were studied, 20 young (age range
25-40 years) and 20 elderly {age range 78-90 years). None of the
selected subjects had neoplastic, infectious, autoimmune diseases, or re-
ceived any medications influencing immune function at the time of the
study. All subjects gave informed consent according te the Italian law.

2.2, Ceftf preparation and B celt envichment

Peripheral blood mononuclear cells (PBMCs) were isolated from ve-
nous blood by density gradient centrifugation on Ficoll-Lympholyte
(Cedarlane Laboratories Limited, Ontario, Canada). PEMCs were adjusted
to 1 = 10%ml in RPMI 1640 medium (Euroclene, Devon, UK) supple-
mented with 10% heat-inactivated fatal bovine serumn (FBS) (Euraclone),
1% penicillin/streptomicin, 10 mM HEPES, and 1 mM L-glutamin. B
lymphocytes were separated from PBMCs by immunomagnetic sorting,
as described by Miltenyi et al. (1990) using anti-CD19 magnetic
microbeads (MACS CD19 Multisort Microbeads, Miltenyi Biotec, Aubum,
CA, USA). Cells obtained from immunomagnetic sorting were »98%
(019" lymphocytes, as determined by flow cytometry analysis.

2.3 Anrihodies and flow cytometry panels

Purified B cells were stained with different combinations of the fol-
lowing monoclonal antibedies: anti-IgDrre or anti-IgDapc, anti-CD27p;
or anti-CD27ape. anti-CD196g; (CCRG), anti-CD197y; (CCR7), anti-
CDG2Lpg. anti-CD1834pe (CXCR3), anti-CD184pp (CXCR4, Fusin), anti-

GrBryre, anti-CD18%pp.c7 (CXCRS) (BD, Pharmingen). Cells were washed
twice and analyzed. All measurements were made with a FACSCalibur
flowe cytometer {Becton Dickinsor, San Jose, CA, USA) with the same in-
strument setting. At least 107 cells were analyzed using CellQuestPro
{Becton Dickinson, San Jose, CA, USA} or Flowjo (Tree Star) software.

2.4 Reagents for functional assays

For flow cytometric intracellular GrB detection, magnetically sorted
B cells were cultured in AIM-V medium (lnvitrogen) at 1 = 108/l for
16 h and incubated at 37 “C and 5% CO, atmaosphere in the presence/
absence of bath recombinant human IL-21 {Gibeo®, Life Technolegies),
used at a final coneentration of 50 ng/ml, and, for Ag-independent BCR
stimulation (anti-BCR), affiniPure Flab'}, fragment goar anti-human
T2G, F(ab’); fragment specific (Jackson TmmuncResearch Laberatories)
at 6.5 pg/ml. Brefeldin A (Biolegend) was added to a final concentration
of 1 pg/ml, and cells were cultured for four more hours (Hagn et al.,
2009). At the indicated time point, cells were harvested, washed and
stained with anti-CD27,,: and anfi-IgD . Intracellular staining was per-
tormed using a fixation and permeghilization buffer (Fix & Perm cell
permeabilization kit, Invitrogen). Briefly, cells were washed and resus-
pended in fixation buffer, incubated for 15 min at room temperature,
and washed with PBS/FCS 5%. Cells were then resuspended in perme-
abilization buffer and anti-GrBeye was added. After another 20 min of
incubation at room temperature, cells were washed with PBS/FCS 5%
Flow cytometric analyses were performed on a FACSCalibur flow
cytometer (Becton Dickinson, San Jose, €A, USA) and data were
analyzed using Flow]o software [Tree Star).

25 Statistical anatysis

Values ace given as median and range of mean fluorescence intensities
(MFI) and are compared using Mann-Whitney nenparametric U test.
Differences ave considered significant when a p value = 0.05 was obtained
by comparison between the different aroups.

3. Results
3.1. Profile of trafficking receptars in B cell subpopulations

In order to evaluate the trafficking phenotype of naive/memory B
cells in the different age groups, we have assessed the expression of
CCR7, CCRG, CXCR3, CXCR4, CXCR5, and CDG2L an B cell populations
identified on the basis of the different expression of CD27 and IgD in
young (Y) and elderly (0) subjects (Table 1).

Concerning the expression of CCR7 on DN cells, we report that DN B
cells obtained from elderly donors show significant increase of this
chemokine receptors when compared with the expression evaluated in
the same cells obtained from the young group. Besides CCR7 expression
is differently modulated in young and in elderly donors as shown by the
different median values in the four populations in hoth age groups.

As reparted by others (Kunkel and Butcher, 2003}, CCR6 is mainly
expressed on naive B cells from healthy adult subjects. We confirm
these results in our young donors, moreover we demonstrate a high ex-
pression of this receptor on memory unswitched cells too, whereas mem-
ary switched and DN B cells express very low levels of CCRG. In the elderly
group, CCRE is differently modulated and, as a median value, it is
expressed at significantly hizher levels on memory switched and DN B
cells.

Concerning CXCR3, in young donars this is expressed at higher
significant levels on memory unswitched and on DN B cells comparing
to the other populations of the same group. Differently, in the elderly
higher levels of CXCR3 are observed only on memory unswitched and
notin DN B cells.

As reported (Kunkel and Butcher, 2003), CXCR4 is mainly expressed
on naive B cells. Here we show that it is also expressed on memaory
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Table 1

Expression of trafficking receptors on B ccll subpopulation, identificd by the “core” markers [0 and CD27, of young and elderly donors. Values are expressed as median and tange (F25—

P75) of mean fluoresconce intensities { MFI). NS

not significant In bold are expressed the significant p values.

Subjects MNaive (gD CD27 ) Memory unswitched {IgD ' (D27} Memory switched (gD CD27') Double negative (gD €027 1

Young 98,1 (H2.8-126.7} 69,1 {48.5-78.2) 9588-115) 103 (8-145) CCRT
old 455 (30-71.3) 79 (33.9-104} 14 (13.1-18.4] 38 [247-55.3)

b Young vs Old NS NS NS 0005

Young 1634 (51.1-278.3) 113.8 /60.6-167.2) 24 (204-26) 227 (154-337) CCRG
Ol G0.2151.9 76.5) 51.1{50.7 64.3) 433 (20 67.4) 86.1121.7 1768)

P Young vs Old 0.02 003 001 002

Young B2.2 (50.2-688) 1416 {1352-147.2) B7.8 (44.7-86.7, 1362 [78.9-241; LRCRS
Old 504{441-528] 2459{1126-2783] B18(562-672) 676 (60.2-713]

1 Young vs Oid NS 002 NS ool

Young, 399(314 468; 49 (329 932) 201 (139 271; 169151 189] CXCR4
oid 734(49.5-1028} T8 (313-1404) 265 (23.2-295) 136 (24.3-36.5)

P Young vs Old 0.03 NS NS NS

Young 349 (20.2-732; 2303 {1194-2411" 49 (47.8-51.5] 26,1 (19-37.7) CXCRS
Old 26.6123.5 556) 220.5{78.9-231.1} 46.2 (40.5-60.3) 24227 33

P Young v Old NS NS NS NS

Young 69,3 (52.5-90,1 934 {765-1174) 1157 (912-145.1) 775 (B94-82.6) LDE2L
old 145 {82-201.7) 278 (127.3-343) 3805 [1336-417.8) 1336 {75.2-149}

P Young vs Old 0.05 005 005 005

unswitched cells, whereas it is expressed at significantly low levels
on memory switched and DN B cells. No significant differences are
observed between young and old subjects except for the naive cells
(0=Y)

CXCRS5 is mainly expressed on memaory unswitched B cells, whereas
we ahserve a significant reduction of CXCR5 expression on memory
switched and a very low expression on naive and DN B pepulations ob-
tained from both age class donors. Moir et al. {2008), show the higher
level of CXCRS expression on naive B cells, but they identify this
population using ditferent phenotypical markers (CD21'¥hCD277).

Concerning the expression of CDG2L on the four different B cell pop-
ulations (from young donors) we observe the higher expression on
switched memory. The same feature is observed on B cells from elderly
doners, although the median value of MFI is significantly higher on cells
from the elderly compared to that from young subjects.

Table 2 shows, on the whole, the trafficking receptor phenotype of the
four B cell pupulations in young and elderly donors. As expected, naive
and mermory unswitched B eells have a *lymph node phenotype”, where-
as memory switched express molecules useful ro leave the lymphoid or-
gans. Memory unswitched and DN B cells from young subjects show also
high levels of CXCR3, a chemokine receptor that leads cells to site of in-
flammation (Henneken et al, 2005; Kunkel and Butcher, 2003; Stein
and Nombela-Arrieta, 2005). In B cells from elderly donors this receptor
is well expressed only on memory unswitched subpopulation. Notably,
mermory switched and DN B cells of elderly donors express CCR6 which
is also involved for the recruitment of cells in the site of inflammation
(Comerford et al., 2010; Othani et al,, 2011; Welsh-Bacic et al,, 2011;
Williams, 2006). DN B cells from elderly doners also express CCR7.

3.2. DN B cells pradtice GiB after IL-2 |-stimmdation and BCR engogement in
the absence of CD40 Ligation

Invrder to evaluate whether total B cells and DN memory B lympho-

cytes are able to act as GrB producing cells, we have investigated their
ability to respond to the simultaneous in vitro stimulation with 1L-21

Table 2

and the triggering of BCR with anti-human 1zG, in young and elderly
subjects. As shown in Fig. 1, after stimulation, both in young and elderly
people, total B cells (Fig. 1A} produce GrB when compared to the not
stimulated cells without differences between the two groups. Next
(Fig. 1B), we focused on DN B cells, observing that also this particular
memory papulation, under the same condition, shows GrB production
ability without differences between the two age groups studied. In
Fig. 1C and D we report a typical experiment in which we show the ca-
acity of toral B cells and 1gD CD27 (DN} B lymphocytes, obtained
froman elderly donor, to produce GtB after [1-21 and a-12G stimulation.

4. Discussion

Itis well known that with aging, the levels of inflammatory media-
tors increase even in the absence of acute infection or other stressors
(Singh and Newman, 2017T}. This situation, characterized by a general
increase in plasma levels of pro-inflammatory cytokines, leads to a
chronic, low-grade, pro-inflammatory status known as “Inflammni-aging”™
(Franceschi et al. 2007; Salvioli et al, 2013}. There is a common con-
sensus in the scientific community that ascribes the cause and/or the
cansequence of many aspects of senescence te the increased haseline
inflammatory status in elderly people. It is also known that the impair-
ment of the adaptive imniune system in the elderly involves not only
the widely studied T cell branch (Cuyang et al,, 2003; Pawelec and
Larbi, 2008; Pawelec et al., 2005), but also the humoral arm {Bulati
et al,, 2011; Cancro et al,, 2009; Frasca and Blemberg, 2011; Frasca
et al,, 2004; Schenkein et al., 2008). These changes include shifts in
the magnitude of all B cell compartments, specificity repertoire changes,
modified peripheral B cell dynamics, and weakened humoral responses
(Aberle et al., 2013; Bulati et al,, 2011; Faria ef al., 2008; Frasca et al.,
2008). Using the “core markers” gD and CD27 (Kaminski et al,, 2012},
we have also demonstrated the increase of a DN {1gD~ (D27 1gC™)
B cell population (Colenna-Romanoe et al. 2009) that has also been
shown to be increased in patients affected by SLE, HIV or in healthy
subjects challenged with RSV {Cagigi ef al,, 2009; Fecteau et al., 2006;

Homingftrafficking receptor phenotype of the four B cell subpopulation in young and elderly donors.

B cell subpopulation

Phenotype of trafficking reccptors

Voung

Elderly

Naive {[gD*CD27-] CCRT*CCRG™CHCRA

Memaory unswitched {1s=CH27+) CORTHCCRE™CRORSTOXCRATCRORGHCDAZLY

CXCRS™CDE2L!
CXCR3 !

Mermory switched {lgl} CD7 '}
Double negative (Igh €D27 )

CCRT+CCRG*CXCR4™
CCRTHCORA™CXORS "CROR T CRORA TR+
CORG ! CRORS ™ CI62L

CCRT'CCRE'
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Fig. 1.1L-21 and BCR engagement induce G18 i toral human €19 Beellsand in fgD €027 (DN} B lymphoeytes. Magnetically sorted Becllsor [gB CD27 (DN} B lymphocyees were
cultured in ATV medium for 16 I and incubaled in (he presenceiabsence of buth recombinant human 1621 (50 ngamly and alliniPure Flab' )z fragment goal anti-human kG, Fal
fragment specific (6.5 pg/mlY. Brefeldin A (1 1g/ml} was added and cells cultnred for four more haurs. (A] Production of Gris hefore (medium; and after stimulation (1L-21/-12G)
CD1Y™ Reells in young and elderly donors. No significant differences were observed between the two age-groups studied. {15} Froduction of Grl before (medium) and after stimulation
(IL-21/e-1gG) by 1D CD27 (DN B lymphocyres inyoung and elderly donors. Na significant differences sere abserved between the two age-groups studied. (C) The figure ilustrates an
example of Zebra plot that shows the percentage of GrB' total B eells in ald subjects before {Jeft panel] and after stimulation {right panel . {D) The figuee illustrates an example of Zebra

phal that shuws he percenlage of G 13D~ CD27~ {DN) B lymphocyles in okl subjects before (el panel} and aller stimulation {right pane]). W have perlurmed [hese analyses on 10

young, and 10 elderly subjects,

Sanz et al., 2008; Wei et al., 2007). This DN population seems to e an
“exhausted” memory population (Buffa et al., 2011; Bulati et al.. 2011;
Colonna-Romano et al,, 2009), although it has also been demonstrated
that these cells may be stimulated to secrete immunoglobuling (Wirths
and Lanzavecchia, 2005). A similar population has recently been identi-
fied by Hao et al. (2011} in elderly mice.

A link between “Inflamm-aging” and adaptive immune responses
may be identified in the expression of chemakine receptars. The rele-
vance of chemokine receptors is doubtless suggested by the knowledge
rhat, although there is much promiscuity within the chemokine net-
waork, certain combinations of chemokines and their receptars guide
all the immune cells, and also B cells, to specific tissues {Kunkel and
Butcher, 2003). Accordingly, CXCR4, CXCRS, CCRG and CCR7 have been
identified as receptors that drive B cells to lymph node attracted by a
combination of CXCL12, CXCL13, CCI20 and CCL19 respectively, while
CXCR3 leads B cells to sites of inflammation (Kunkel and Butcher,
2003). Indeed, as known, the CXCR3 ligands, monokine-induced by
Interferon-y (CXCLY) and IP10 (CXCL10), are widely expressed by the
endothelivimn and ather cells in inflamed tissues (Farber, 1997), indicat-
ing that B cells thar express CXCR3 can directly enter these inflamed
sites. Expression of CXCR4, CXCRS, CCR6 and CCR7 has been reported
on circulating naive and memory B cells (Caraux et al., 2010), although
many authors report the involvement of CCR6 in the recruitment in sites
of inflammation {Comerford et al., 2010; Schutyser et al., 2003; Welsh-
Bacicet al, 2011).

Our data show a different expression of these chemokine receptors
on peripheral naive and memory B cells from young and old donors. In-
deed, as expected, in young donors naive B cells express CCR7, CCRG and
CXCR4 allowing B cells to circulate, Thereafter they (both memary
unswitched and memery switched) modulate the expression of CDG2L
and CXCR5 necessary to cooperate with T cells in lymphoid organs.
Memory unswitched cells alse express CXCR3, the chemokine receptor
rhat consents cells to reach the inflammatory sites. This chemokine re-
ceptor is the sole expressed in the DN B population in young people,
So, it seems that both memeory unswitched and DN B cells are able to

migrate into the inflamed sites in a common flogistic reaction. With
aging, naive/memory B cell pepulations show some maodifications on
the expression of the studied receptors. Indeed, due to their expression
of CXCR3, memory unswitched B cells retain the capacity to migrate to
the sites of inflammation, while double negative B cells lose the expres-
sion of this molecule, but express CCRE and CCR7, i.e, chemokine recep-
tors, which are also implicated in the migration to the inflammatory
sites (Comerford et al, 2010; McNarmee et al,, 2013; Welsh-Bacic et al.,
2011}, as described below.

These data are interesting and can be discussed in terms of
“inflamm-aging”. Our hypothesis is that the inflammatory environment,
typical of aging, in some way changes the trafficking ability of B cells and
renders them more sensitive both to the cytokines and the pro-
inflammatory molecules which are over-produced in the elderly
{Salviali et al., 2013; Singh and Newman, 2011}. Concerning CCRS, this
chemokine receptor enly binds CCL20, which is produced by a variety of
apithelial cell types, as keratinocytes, pulmonary and intestinal epithelial
cells (wasaki and Kelsall, 2000; Nakayama et al, 2001; Reibman et al,,
2002) and can be strongly induced by pro-inflammatery signals such as
cytokine [TNF-a} and Toll-like receptor ligands (Schutyser et al., 2003).
The ligand/receptor pair CCL20/CCR6 is responsible for the chemo-
attraction of immature dendritic cells {DC), effector/memory T and B
cells and plays a role in various human pathologies, including cancer,
rheumatoid arthritis {Schutyser ef al., 2003) and other autoimmune dis-
eases (Comerford et al., 2010). Given that CCL20 is expressed in different
tissues in resting condition and that it mediates the migration of a variety
of leukocyte subsets in vitro [Casamayor-Pallejd et al, 2002; Liao et al,
2002; Vanbervliet et al., 2002), it is now clear that CCRG and CCL20 only
play alimited role in homeostatic lymphagyte trafficking in the periphery,
but contribute mare to homing of leukocytes to the intestinal epithelium,
a tissue that displays characteristics of chronic inflammation {Comerford
et al, 2010} New evidences suggest that the CCRG/CCL20 axis provides
key homing signals for adaptive immune system cells, such as Th17
and Treg cells. Inflammatory T and B cells, neutrophils and monocytes
may alse be recruited by virtue of CCRG expression, leading to the
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development of inflammatory responses (Comerford et al., 2610). Fur-
thermore, CCR6 is also involved in the recruitment of CCRG-expressing
B cells to the follicle-assaciated epithelium, Peyer’s Patches and isolated
Iymphoid follicles {Williams, 2006). Moreover, other authors (Welsh-
Bacic et al., 2011) show that CCR6 and the corresponding ligand
CCL20 might be involved in the recruitment of T and B cells to form or-
ganized nodular infiltrates in chronic renal inflammation.

DN B cells from old donors also express CCR7 that is involved in the
cognate interaction between B and T cells (Reif et al., 2002). At now, we
might only speculate on this result as a role of the CCR7/CCL1G/CCL21
chemokine axis in the development of tertiary lymphoid tissue {TLT}),
has been recently demonstrated in the chronically inflamed intestine
of 2 mouse mode! of Crohn's-like ileitis (McNamee et al., 2013). More-
over the involvement of CCR7 and its ligands has been also shown in
other autoimmune and infectious diseases, such as rheumatoid arthritis,
Helicobacter pylori-induced gastritis, and Sjdgren's syndrome {Miiller
and Lipp, 2003}.

These data suggest that that DN B cells, which are increased in old
subjects, are in spme way involved in the inflamm-aging and that they
might be either a by-product of systemic inflammation or might be
directly involved in the immune respense against pathogens. In this
perspective, we have searched for a functional role of these cells in the
inflammatory processes. Recently, it has been demonstrated that the
combination of the pro-inflammatory interleukin-21 (IL-21} and B cell
receptor (BCR) stimulation enables B cells to produce and secrete the
active form of the cytotoxic serine protease granzyme B (GrB), that,
even if it is not accompanied by the production of perforin, as in Natural
Killer (NK) and Cytotoxic T lymphocytes, plays a critical role in early
anti-viral immune responses, in the regulation of autoimmune mecha-
nisms and in cancer immunosurveillance (Hagn and Jahrsdérfer,
2012}. Moreover, recent studies have revealed an increase of IL-21
levels in the elderly {Agrawal et al., 2012} and in SLE patients (Dolff
et al., 2011} in which we and other groups {Colonna-Romano et al.,
2009; Sanz et al., 2008; Wei et al,, 2007) have shown the increase of
DN B cell population. In order to evaluate whether DN B cells are also in-
volved in IL-21-mediated immune response, we tested the capacity of
these cells to praduce GrB. In our experiments, we show no differences
of total B cells to produce GrB between young and elderly subjects, after

w

stimulation with human recombinant IL-21 and anti-human IgG. Inter-
estingly, we also observed that this kind of stimulation renders DN B
lymphocytes able to produce GrB, although, again, without any differ-
ence between the two age groups. These are intiiguing data especially
if we consider what we have previously discussed about the chemokine
receptor profile of DN cells that suggest their ability to migrate into the
inflamed tissues in diffevent ways in young {by CXCR3 expression) and
inelderly donors {expression of CCR6 and CCR7). Although GrB produc-
tion and secretion are not prerogative of only a specific B cell popula-
tion, and naive/memory B cells participate in all the phases of the
inflammatory responses, in this work our attention was caught by
CD1971gG gD~ CD27~ memory population. Indeed, DN B lympho-
cytes, that show different pro-inflammatory trafficking profiles, in
voung and eldedly suljects, are able, if properly stimulated, to migrate
into inflammatery sites, and, cooperating with other immune cells
(e.g. memory unswitched B cells), to produce GrB. With aging, there
is, other than an increase in percentage of DN B cells, also a remoedeling
of these cells, probably due to the typical pro-inflammatory milieu of
the aged people. Indeed, in the elderly, DN B lymphocytes express a
different chemokine receptor profile that, however, renders them able
to reach chronic inflamed tissues or tertiary lymph node. Moreover, as
their capacity to produce GrB is not impaired, they behave as in the
young (Fig. 2) exerting a biological function. Finally, DN B cells, in the
same or in different behavior conditions, could produce other kinds of
pro- or anti-inflammatory molecules, as eytokines. So, it {s important
to improve the study on DN B cells to better understand their active
role in immunosenescence and in the age-related diseases.
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Abstract

Immunosenescence is characterized by the impairménboth
cellular and humoral immunity, so elderly peoplewha reduced ability to
respond against new infections and vaccines. M@&e@geing is associated
with decrease of B lymphocyte percentage and atesolumber. We and
others have previously demonstrated a significantreiase of Double
Negative (DN) (CD19gG'IgD'CD27) B cells in elderly people and in
chronic stimulated subjects (HIV, SLE, RSV).In goais works, we have
demonstrated that DN B cells of elderly donors hesey short telomeres
compared to the same subpopulation of young dosbosy a low frequency
of somatic mutation and are not responder to CpGugttion, although they
can be weakly activated with F(ab’janti-BCR). In order to understand
whether the low attitude to proliferate after thevitro stimulation of DN B
cells depends on the expression of inhibitory reamspwe have assessed the
expression of CD307d and CD22 on naive/memory Bstdisets focusing
our attention on DN B cells. Then, we have evallatee proliferative
response of DN B cells after different kinds ofrsili in young and elderly
donors. We have demonstrated that the refractariteeproliferate of DN B
cells does not depend on the expression of inlpiteceptors, but it is
limited to certain stimulators. Indeed, when DN Bli€ are stimulated
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engaging contemporarily BCR and TLR9, they becobhe @ proliferate and

reactivate the relative telomerase activities (RTIA)the present study we
also compared the telomerase reactivation activitya group of people
genetically advantaged for longevity as Centenaofispring are and in a
group of severe Alzheimer’s disease patients wipoesent an example of
unsuccessful ageing model. In conclusion, we sudggasthe monitoring of

DN B cells might be a useful parameter to evaluhee quality of aging

process.

Introduction

Advancing age yields numerous immune system changss
evidenced by blunted primary and recall resporesglé vaccine efficacy and
increased prevalence of inflammatory pathologiecaqdéa et al. 2004;
Schenkein et al. 2008; Cancro et al. 2009; Shaal.e2010; Frasca et al.
2011). Accordingly, the knowledge of how age impatte production and
the behaviour of B cells, as well as the modulabbithe humoral immune
response, are fundamental to understanding theedged phenomenon
known as immunosenescence. B cells are key mesgiatémmunity having
effector and regulatory functions, other than asdibproduction (Harris et
al., 2000; Martin and Chan, 2006; Sanz et al., 20B7ough the secretion of
different cytokines. These in turn play an impottate in the regulation of
normal immune responses, but also contributing dumdn autoimmune
diseases (Youinou et al., 2005; Harris et al., 2006

Nowadays B cell branch has been extensively stuaheddifferent B
cells subsets, such as transitional, naive, mearuahplasmablasts have been
identified by using of different cellular markef®r instance IgD, CD27,
CD24, CD38 although do not exist a general consetsiclassify B cell
subpopulation in humans (Kaminski et al., 2012)weweer, it has been
suggested a kind of classification to identify “€bsubsets on peripheral
CD19" B cells which could represents an useful biomarkersome
autoimmune disease (Kaminski et al., 2012). To plesspective,naive and
different memory B cells subsets have been destr{&hi et al., 2003;
Tangye and Hodgkin 2004; Fecteau et al., 2006,aVal., 2007; Bulati et al.
2011). In particular, in humans, peripheral bloaive and memory B cells
can be divided, on the basis of differential exgpias of IgD and CD27, into
different functional cell subsets: naive [ID27 cells; memory unswitched
IgD*CD27" cells, (some of which are the so called “IgM meytor
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IgM*IgD*CD27"), classical switched memory B cells [§IID27" that also
include the IgMIgD"CD27" (IgM only) and finally - Double Negative (DN)
memory B lymphocytes IgD27 (Shi et al., 2003; Colonna-Romano et al.,
2009).

Advanced age igper sea condition characterized by lack of B
clonotypic immune response to new extracellulahpgéns. It is to note that
aging affects the humoral branch of the immuneesydvecause the B cell
number is reduced in the elderly (Faria et al. 2F0asca et al., 2008; Veneri
et al., 2009). Indeed, it is known that the projorbf different subsets is also
altered (as reviewed by Bulati et al., 2011).We aifetrs (Colonna-Romano
et al., 2003; Gupta et al., 2005) have shown thahe elderly there is a
significant decrease in naive (IgDD27) B cells and no significant
reciprocal increase of CD2Mnemory B lymphocytes (Klein et al., 1998;
Agematsu et al.,, 2000). Moreover, our and otherugso have also
demonstrated the increase in percentage but na@bsolute number of
CD19°1gG*IlgD'CD27 (DN) B cells in different cohort of subjects. Itk
this B cell population is expanded both in the didéColonna-Romano et
al., 2009; Bulati et al., 2011) and in patientsfexutig of chronic immune
inflammation, such as chronic HIV infections (Cagggal., 2009), systemic
lupus erythematosus (SLE) (Anolik et al., 2004; Weial., 2007) and in
healthy subjects challenged with respiratory syiatytrus (RSV) (Sanz et
al., 2008). (Fecteau et al., 2006; Wei et al., 2@ahz et al., 2008; Cagigi et
al., 2009; Colonna-Romano et al., 2009; Bulatile®11).

However, not all subjects or population groupseapeally susceptible
to the effects of long-term chronic stimulation thfe immune system.
Recently, we have reported that in a geneticallyaathged cohort of
centenarian offspring (CO), distribution of naivefmory B cells subsets is
more similar to that observed in young subjecttesns of their age-matched
(AM) controls (70-80 years old) that have not akggiound of longevity.
Indeed, CO do not show the typical naive/memoryt sibserved in the
elderly and DN B cells are not increased, whileved cell subset is well
preserved. These data on centenarian offspringosufipe hypothesis of a
“familiar youth” of the immune system, due to théavorable genetic
background, that can be a big advantage both ka file main age-related
diseases and to properly respond to vaccinatites saggesting a good bone
marrow cell reservoir. Recently, we have evaluatieel distribution of
naive/memory B cell subset in a Sicilian cohorftzheimer’s disease (AD)
patients. Our preliminary results corroborate d&tam literature that
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indicates a reduction both in percentage than atesalumber of total B cells
(Speciale L et al., 2007; Xue et al., 2009; Peticceet al., 2010) but
interestingly, DN B cells are significantly increasin severe AD patients,
when compared to age-matched healthy elderly dpsoggiesting the effect
of chronic stimulation on the humoral B cell bran@manuscript in
preparatior).

In our previously paper, we have estimate thetgtofi DN B cells to
go toward cycle of replication evaluating the tetwmlength. As “classical
memory” IgDCD27" B cells, also DN B cells show features of memory
lymphocytes with short telomeres. We have also dhestnated that DN B
cells of elderly donors have very short telomeremgared to the same
subpopulation of young donors (Colonna-Romano .et28l09). Moreover,
these cells are not responder to CpG stimulatitmagh they can be weakly
activated with F(ab)) (anti-BCR)(Colonna-Romano et al. 2009). In additio
keeping in mind that DN B cells from elderly sulifeshow an intrinsic “in
vitro” activation, there is not a link between theapacity to proliferate and
the ability to produce cytokines as TNFand IL-10 also when stimulated
with strong stimuli (CpG/PMA/lonomycin) (Buffa S at, 2011).

Recently, a new memory B lymphocyte population diasovered by
Moir et al. (2008) in HIV-viremic individuals. Thisubset (CD20CD27
CD21), called tissue-like memory B cells, lacks theresgion of CD27 and
shows a typical profile of pro-inflammatory traing receptors that is in
agreement with migration to chronically inflamedsties and away from
lymphoid tissues that favour the cooperation betwiand T cells. Similarly
to DN B lymphocytes, these cells express signifiganigh levels of some
chemokine receptors that drive cells to the infldnissues (Bulati et al.,
2014). Furthermore, tissue-like memory cells argratterized by high levels
expression of inhibitory receptors, compared wignmry and naive B cells,
such as CD307d, CD22 and CD72 that, probably, dalfmv high levels of
proliferation ability of these B cells in resporieeB cell stimuli (Moir et al.,
2008).

In the present study, we have evaluated in younlgetaterly donors,
the proliferative response of DN B cells after eliéint kinds of stimuli. In
order to understand whether the low attitude tdiferate after then vitro
stimulation of DN B cells depends on the expressibimhibitory receptors,
such as exhausted tissue-like memory B lymphocyte#llV-viraemic
individuals (Day et al., 2006; Trautmann et al.0&@0) we have decided to
investigate cell surface expression of CD307d amRZ in naive and
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memory B cells in young and elderly donors. Ouultssdemonstrate that,
although DN cells of elderly donors are per se fyomsponders, we show
that the refractivity to proliferate of DN B celidoes not depend on the
expression of inhibitory receptors, but it is liedtto certain stimulators.
Indeed, in the present paper we observed that emgagntemporary both

the innate (to which they are not sensitive) amdatiaptive receptors, DN B
cells are able to proliferate. As consequence, arapared the potential

relationship between proliferation and relativ@teérase activities (RTA) in

DN B cells in young and elderly subjects in ordeuhderstand the biology
of these cells and the age-related modulationsgoese.

In conclusion, an adequate stimulation might rend®¥ B
lymphocytes active players in the immune respohsgeworthy, here we
also report data obtained from CO and severe ARmstthat suggest us that
the evaluation of the reactivity of DN cells midhg a useful parameter to
evaluate the quality of ageing process.

Materials and methods

Subjects

A total of 63 Sicilian subjects were included iretstudy: 20 young (age
range 25-40 years) and 20 elderly (age range 7%e@@s), 8 Centenarian
Offspring (CO) (age range 60-70), 7 age-matchedrolsn(AM) (age range
63-74) and 8 Alzheimer’s disease patients (AD) (e&yge 69-76). Among
this group we have performed phenotype analysigviduate the BCR-
inhibitory receptors (CD307d and CD22) expressioB cell subpopulations
(20 young and 20 elderly) and we have also perfdrimectional analysis (B
cell proliferation and relative telomerase actiyitRTA, after in vitro
stimulation on total B cells and DN subset) (10 ngu 10 elderly, 8
Centenarian Offspring (CO), 7 age-matched con{ii$) and 8 Alzheimer’s
disease patients (AD).

AD subjects included in the study were assesseld avimultidimensional
protocol including: demographic characteristics, dioal history,

pharmacological treatments, clinical, neuropsycticll and neurological
examination, standard laboratory blood tests anotaagnaging study with
CT and/or MRI scan. The exclusion criteria werediagnosis of severe
systemic disorder, the presence of psychosis, tarfiisf significant head
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injury or substance abuse. Diagnosis of probable w&¥ according to
standard clinical procedures and followed the DSAVetiteria [American
Psychiatric Association: Diagnostic and Statistiddhnual of Mental
Disorders: DSM-IV (Text Revision). Washington, Anoan Psychiatric
Association, 2000] and the diagnosis of AD was dasethe criteria of the
National Institute for Neurological and Communigati Disorders and
Stroke-Alzheimer Disease and Related Disorders édason (NINCDS-
ADRDA) (McKhann et al.,1984). Cognitive perfor manand alterations
were measured according to the Mini Mental Sta@niiration (MMSE) and
the Global Deterioration Scale.

Healthy controls (HC), randomly selected from thene population as the
patient cohort, had complete neurological examomatiand were judged to
be in good health based on their clinical histangd &lood tests (complete
blood cell count, erythrocyte sedimentation ratleicgse, urea nitrogen,
creatinine, electrolytes, liver function tests, niroproteins, cholesterol,
triglycerides). The University Hospital Ethics Coitiere approved the study,
and informed consent was obtained from all guasi@dipatients and controls
according to Italian law. Whole blood was collecteygl venopuncture in

vacutainer tubes containing ethylenediamine teéta@@cid. The samples
were kept at room temperature and used within 2ot te various

experiments.

B lymphocytes immunomagnetic separation

Peripheral blood mononuclear cells (PBMCs) werkatsd by use of density-
gradient Ficoll-Lympholyte (Cedarlane Laboratoriésmited, Ontario,
Canada) centrifugation. PBMCs were adjusted to 4mlin RPMI 1640
medium (Euroclone, Devon, UK) supplemented with 108at-inactivated
Fetal Bovin Serum (Euroclone), 1% penicillin/stapicin, 10 mM HEPES,
and 1 mM L-Glutamin. B lymphocytes were separatesnf PBMCs by
immunomagnetic sorting, as described by Miltenyalet(1990) using anti-
CD19 magnetic microbeads (MACS CD19 Multisort Mizeads; Miltenyi
Biotec, Aubum, CA, USA). Cells obtained from immumagnetic sorting
were >98% CD19lymphocytes, as determined by flow cytometry analys

Antibodies and Flow Cytometry for phenotypic analyss

Purified B cells were stained with different comdtions of the following

monoclonal antibodies: anti-Igidc, anti-CD2%e or anti-CD2%pc, anti-

CD22e.cydBD, Pharmingen) and anti-CD30x¢d (FcRL4) (BioLegend).
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Cells were washed twice and analyzed. All measunésngere made with a
FACSCalibur flow cytometer (Becton Dickinson, Sase, CA, USA) with
the same instrument setting. At least* 1ells were analyzed using
CellQuestPro (Becton Dickinson, San Jose, CA, US&)ware.

Stimulation of B cells in vitro

Purified B cells (1x19200ul) were cultured in 96-well round-bottom plates,
in complete RPMI medium with 10% Fetal Bovin Serimimmabsence or
presence of 2ug/ml of anti-BCR [F(ab3)] (Jackson ImmunoResearch
Laboratories, Inc, Philadelphia) 3pg/ml  of CpG-B 080
oligodeoxynucleotide (TIB Molbiol, Genova, Italyand 500ng/ml of anti-
human CD40 purified (BD, Pharmingen) for 72h, at@h 5% CO2.

Proliferation assay

Cell proliferation assay was performed by Ki67 emwsion. Cultured cells,
stimulated or not, were washed and stained witlhlgDipeor anti anti-lgGe,
anti-CD1%ecys and anti-CD24pc for 30 minutes at 4°C. Then cells were
washed twice and re-suspended with 250 ul of Btéix/Permeabilization
solution for 20 minutes at 4°C. After two wash iD BPerm/Wash solution
buffer, cells were stained in the dark for 30 m&subn ice with 20l of anti-
Ki67rirc (Becton Dickinson). Subsequently, cells were wastheck and the
Ki67 positive cells were analyzed. All measurementye made with a
FACSCalibur flow cytometer (Becton Dickinson, SaselaCA, USA) with
the same instrument setting. At least* 10ells were analyzed using
CellQuestPro (Becton Dickinson, San Jose, CA, US&)ware.

DN B (CD191gG*CD27) lymphocytes sorting with FACSCalibur flow
cytometer (Becton Dickinson, San Jose, CA, USA)

After 72hrs of culture, B cells, stimulated andt stimulated as above
mentioned, were stained with 20ul of anti-kgfs, anti-CD2%e and anti-
CD1%pc (Pharmingen, BD Bioscience, Mountain View, CA, USar 30
min at 4°C. Next, cells were washed and 1 ml of B33 (4%) was added.
After defining the sorting region gate of CDI®G*CD27 (Double Negative,
DN B cells) population, we optimized the samplecaniration, verifying the
event rate and the sort rate to maximize the efiicy of cell separation.
Finally, DN B lymphocytes were collected in cytomyetubes and used for
telomerase activity measurements.
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Detection of telomerase activity by TRAP assay
For quantitative analysis of telomerase activity, Talomeric Repeat
Amplification Protocol (TRAP) (Kim et al., 1997) dm photometric enzyme
immunoassay were performed using TéAGGGTelomearse PCR EIi8Ss
kit (Roche Diagnostics, Indianapolis, USA), accogdio the manufacture’s
protocol. This precisely involved elongation andpdification of telomerase
reaction products to allow highly sensitive detattf telomerase activity by
a photometric enzyme immunoassay. In addition,utall extracts from
human CD19 or DN B lymphocyte cultures under baseline coondki or
activated, incubated for 72hrs and sorted (asealegcribed) were utilized.
Briefly, we firstly obtained pellets of sorted CD1§G"'CD27 cells at
3,000g for 5 min at 2-8°C. They were lysed direatlysterile reaction tubes
using the lysis buffer provided in the kit. Protéysate was kept on ice for
30 min and centrifuged at 16,0009 for 20 min af€-8rotein concentration
was measured by standard methods. Subsequentiypleenatants obtained
were utilized in quantity of 0.5-1(0g total protein for the TRAP reaction,
having the assurance to prepare for each sampdgatine control by heat
inactivation of its aliquot at 85°C for 20 min. erforming the TRAP
reaction, high control template (concentrationdhiolil; quantity used for
each reaction ), a reaction mixture (2nl for each sample), an Internal
standard (IS;nl for each sample) provided in the kit were alsbzatd. Thus,
sterile tubes (each containing a total oful36f the master mix-25l of
reaction mixture and bl of I1S- and a suitable volume of each negative or
positive sample or I of control template) were transferred to thermyaller
(MyCycler, Biorad). A combined primer elongationfalification reaction
was performed by the following protocol: primeorgation 10-30 min at 25
°C 1 cycle; telomerase inactivation 5 min at 94°@ytle; amplification
(denaturation 30s at 94°C; annealing 30s at S5@dG/merization 90s 72°C
) for 30 cycles; 10 min at 72 °C for 1 cycle; hditC. During the reaction,
telomerase add telomeric repeats (TTAGGG) to3fkad of the biotin-
labeled primer. The elongation products, as wetadsS included in the same
reaction tube, are then amplified. The PCR prodwetse split into two
aliquots, denatured, bound to a streptavidin-coa@éewell plate and
hybridized to a digoxigenin (DIG)-labeled telomergpeat-specific probes,
specific for the telomeric repeats and IS. The Itiegu products were
immobilized via the biotin label to streptavidinated 96-well microplate.
Immobilized amplicons were then detected with artibady against
digoxigen that is conjugated to horseradish pemseadanti-DIG-HRP) and
the sensitive peroxidase substrate TMB. . Sampderahnce was measured
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at 450 nm (reference wavelength 690 nm) using d&&lplate reader within
30 min after the addition of the stop reagent. Abance values were then
utilized to calculate the relative telomerase aigtiof each sample using an
appropriate formula provided in the kit ‘s protacol

Statistical analysis

All statistical analyses were performed with Grdgad Prism 4.0 using the
Mann-Whitney nonparametric U test to compare twaependent groups.
Statistical significance was expressed as P<0.05 R«0.01 (**), and
P<0.001 (***) as shown in the figures. All valuesea&xpressed as meanzt
standard error of the mean (SEM).

RESULTS

Expression of BCR- inhibitory receptors (CD307d andCD22) in B cell
subpopulations

To evaluate if any analogy exists between tisskee-lnemory B cells
described in the blood of HIV-viraemic individuasd DN B cells observed
in our models of aging, we have evaluated the esgwa of two BCR-
inhibitory receptors,CD307d (FcRL4) and CD22. Imfleét has been
suggested that the low proliferative capacity e$uie-like memory B cells
and their reduced replication history in vivo midig related to the over-
expression of inhibitory receptors (Moir et al. 08).As we have previously
demonstrated, DN B cells, that are increased iretterly, proliferate less
than naive B cells when stimulated in vitro witlfelient stimulators. The
evaluation of these inhibitor receptors on naivehoey B cells identified on
the basis of IgD/CD27 expression revealed a diffesituation from data
described in literature. As shown in table 1, botyoung and elderly donors,
CD307d is mainly expressed on memory unswitchedels cand it is
significantly reduced on naive B cells and lostrogmory switched and
double negative B cells. Intriguingly, memory unshed B cells from old
donors show significantly higher levels of this emile compared to memory
unswitched B cells from young donors.

Concerning CD22 analysis, its expression is nateel to the different ability
of the four B cell subpopulations to proliferdtedeed, our analysis revealed
a higher degree of expression in all B cell subjatpans independently from
the age of donors and so, no significant differewes observed between
young and elderly subjects (Table 1).
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Taken together these data suggest that there & mretationship between the
expression of the two inhibitory receptors andah#ity to proliferate of DN
B cells.

Total CD19'B cells and DN B cells are strongly activated by #h
simultaneous triggering of adaptive (BCR) and inna¢ (TLR9) immune
receptors

The attitude of total CDI9B cells to proliferate, after stimulation with a
combination of different stimuli, was evaluatedangroup of young and
elderly donors to assess whether any differenclldmurelated to the age of
the subjects or, differently due to the kind ofratlation. As known, during
aging the B cell branch of the immune system isaimgal resulting in a loss
of function and a less protective effect agains@ety of pathogens. So, the
correlation stimulus-activation might be helpfuluederstand the biology of
these cells and the effector mechanisms. We téstaldCD19 B cells to the
proliferative effects of TLR9 ligand CpG alone,with a-1gG/a-CD40 that
engages the adaptive receptor BCR. Moreover, we Ao engaged both
the innate and the adaptive receptors culturing dbks with both the
stimulators. Our data confirm the reluctance of GDB cells of elderly
subjects to properly respond against innate angtagastimulation. On the
contrary, in young donors the same stimuli induckeeble but growing
response. Interestingly, when contemporary engdgednnate and adaptive
receptors of total B cells cause a strong proliferaboth in young than
elderly subjects (Figure 1). As we are interesteddl B cells and to assess
whether these cells of the elderly might play aolg n the immune response,
we have evaluated their ability to be activateddifierent kinds of stimuli.
As total B lymphocytes, also DN B cells of eldedgnors are able to
proliferate by the contemporary engagement of theate and adaptive
receptors (Figure 1).

Relative Telomerase Activity (RTA) in CD19B lymphocytes upon
“different” in vitro stimulation

As known, chronic stimulation of immune cells angiag are characterized

by telomere erosion: this phenomenon causes theeddgroliferative ability

of immune cells together with the reduction of @baxpansion after antigen

stimulation. To verify whether the ability to resmbto the stimulation with

CpG,a-lgG anda-CD40 modifies telomerase expression in total Bscahd
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in naive/memory B cells subsets, we cultured Bsceflour different groups

of study with different stimuli. Our preliminaryselts demonstrate that RTA
evaluation seem to be a very sensitive method tuate the size of
activation of B cells: indeed as shown in figurea@tivation of total B cells
with 2 different concentration of CpG alone, ortwitIgG anda-CD40 or,
finally with CpG, a-1gG anda-CD40, causes a telomerase activation that is
dependent on the quality and on the quantity othreulation (Figure 2).

Relative Telomerase Activity (RTA) in DN B cell sulset upon “triple” in
vitro stimulation

To verify if RTA might be a useful test to evaluéite efficiency of immune
system in the elderly, we also performed the testguB cells obtained from
genetically advantaged people, as CentenarianroffspCO) are (Colonna-
Romano et al., 2010) and unsuccessfully aged pespjmtient affected by
severe Alzheimer’s disease (AD).

As depicted in Figure 3, the evaluation of RTADN obtained from young,
old, CO and severe AD patients shows that theaobiv of telomerase in DN
cells by the combined stimulation of innate andptigta stimuli mirrors the
“immunological” age of the donors. In fact old dosshow a reduce RTA
when compared with young donors, CO, as describedhier models are in
the middle between Y and O and finally severe Allgods show very low
levels of RTA.

90



68.6 15.7
(66.2-71) | (168.6- (16.9- (14.6- 4 1 S
YOUNG 242.5) 21.8) 16.7) @)
)
85.8 577.4 30.7 21.2 0.00 | 0.05 | 0.04| 0.002| 0.00 N 8
ELDERL (64.8- (526.6- (29.9- (20-27.8) 5 1 S 8‘
Y 118) 877) 35.4)
p Young NS 0.03 NS NS
vs Elderly

Table 1.Evaluation of BCR-inhibitory receptors (CD8 and CD22) expression on B cell
subpopulations obtained from 20 Young (age rangé®%nd 20 Elderly donors (age range
78-90). Purified B lymphocytes were stained withi-#gD and anti-CD27to identify the four
IgD/CD27 B cell subsets. Subsequently, naive/merBarglls were evaluated for CD22 and
CD307 (FcRL4) expression. Both in young and eldddyors, CD307d (FcRL4) is mainly
expressed on memory unswitched B cells and igisifstantly reduced on naive B cells and
lost by memory switched and double negative B c&llemory unswitched B cells from
elderly subjects show significantly higher levelstbis molecule compared to memory
unswitched B cells from young donors. CD22 is weelpressed at in all B lymphocytes
subpopulations both in young and elderly donordu&aare expressed as median and range
of mean fluorescence intensities (MFI) £ SEM. plaiw Vs Memory Unswitched; p2=
Naive Vs Memory Switched; p3= Naive Vs DN; p4= Memntnswitched Vs Memory
Switched; p5= Memory Unswitched Vs DN; p6= Memorwitshed Vs DN. NS=Not
Significant. Statistical analysis were evaluatedMgnn-Whitney nonparametric U testing
are indicated by p (GraphPad Prism 4).
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Figure 1. Intracitoplasmatic expression of Ki67 @1@'B cells and Double Negative (DN)
B cells cultured in RPMI, CpG;IgG/CD40 and CpGilgG/CD40 for 72hr in 10 young
(age-range 25-40) and 10 elderly (age-range 7890jects. Purified B lymphocytes were
cultured with different stimuli and then were stdnwith Ki-67, anti-IgD, anti-CD19 and
anti-CD27 to assess proliferative ability aftewitro stimulation. (A) Total CD19B cells
from young donors (left side of the figure) slighplroliferate to different stimuli but at higher
levels with combination of adaptive and innate station;total CD19 B cells from elderly
people (right side of the figure) are less resportdethe stimulation with CpG and
IgG/CD40 but are well activate by the “triple” stilhCpGlu-IgG/CD40. (B) DN cell from
young subjects (left side of the figure) maintdie same trend of proliferation of the total
CD19' B cells, indeed these cells show a significantlet Ki6 7 expression when stimulated
with CpGhi-lgG/CD40; DN B lymphocytes from elderly donorsgfrt side of the figure)
proliferate significantly with CpG£lgG/CD40, even though these cells have higheitio v
basal level of activation. Values are expressethedian and range of mean fluorescence
intensities (MFI) + SEM. Significant differences earevaluated by Mann-Whitney
nonparametric U testing and are indicated by *p5, *p< .01, **p < .001. Moreover, we
reported significant differences between the peddifive ability of DN B cells in young vs
elderly subjects in not stimulated culture (p<0®)04nd after stimulation with-lgG/CD40
(p<0.03), whereas we did not observed significaffences between the proliferative
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ability of DN B cells in young vs elderly subjecfter stimulation with CpG an@pGhu-
IgG/CDA40.

RTA on CD19* B cells
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Figure 2. Relative Telomerase activity (RTA) (meaand SEM) evaluatedin
CD191lymphocytes from (5) young subjects (age-range @bpdrrified by immunomagnetic
sorting and activate withdifferent stimuli: CpG (dGml), CpG (3ul/ml), a-IgG/CD40 and
CpGhi-lgG/CD40). Telomerase activity was measured by PR#ssay as described in
Materials and Methodvalues are shown in legscale. Significant differences are evaluated
by Mann-Whitney nonparametric U testing (GraphPesn®4).

93



RTA on DN (IgD-CD27) B cells

.J1ll

"y | E |co|am| ap Y | E |co|am|ap

Baseline culture CpG/u IgG/CD40
stimulation
=SEM | 25 [ 04 | 07| 04 | 05 31|12 [25] 14| 04
BMEAN| 45 [ 16 | 26 | 1,8 | 1,7 40 | 88 | 144 | 88 | 46

100 .
nFold of increase

(Stimulated Vs Not Stimulated)

Y=18.3
E=42
COo=7
AM=4.4
AD=28

10

Log Scale

Figure 3. The Relative Telomerase Activity (RTA)Double Negative (DN) B lymphocytes
(IgG*IgD'CD27) was measured in not stimulated and stimulatedulwith CpGd-
IgG/CD40 for 72h in 7 young controls(Y) (age-rar@je40), 8 elderly subjects (E) (age-
range 78-90), 8 Centenarian Offspring (CO) (agegeaf0-70),7 age-matched controls
(AM)(age range 63-74) and 8 Alzheimer’s diseaséeptd (AD) (age range 63-74). DN B
cells were separated from other subsets by somtithgF ACSCalibur flow cytometer.Values
are expressed as mean of MFIxSEM.Significant déffieesvaluated by Mann-Whitney
nonparametric U testing (GraphPad Prism 4). Irrigfet side of the figure are represented
the fold of increase between stimulated and unséited culture. The p values are: p<0,0003
(young), P<0,0002 (elderly), P<0,0003 (Centenafifapoing), <0,0006 (Age-Matched) and
<0,0006 (Alzheimer's disease).

Discussion

It is well established that both innate and ad&ptivmunity in the elderly are
impaired and related to the increased suscepyibiitinfectious disease,
autoimmunity and cancer. T and B cell branch areolied in
immunosenescence (Ouyang et al. 2003; Pawelec, &085; Pawelec and
Larbi., 2008; Frasca et al., 2004, 2010, 2011; Skéia et al., 2008; Cancro
et al., 2009; Bulati et al., 2011; Frasca and Blergl2011). In the elderly we
have demonstrated the increase in percentagejobut absolute number, of
a “Double negative” (Ig@gD"CD27) memory B cells population (Colonna-
Romano et al., 2009) and the contemporary redudiaraive (IgDCD27)

B lymphocytes (Colonna-Romano et al., 2009; Guptal.e 2005), that is
crucial for the response to new antigens. Howetlare are controversial
findings about the increase, decrease or no chenges naive/memory B
cells, as we have reviewed (Bulati et al., 2011He Tncrease of DN B
lymphocytes in the old subjects might be associatéti their typical
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inflammatory micro-environment (Licastro et al.,08) Vasto et al., 2007;
Singh and Newman, 2011), characterized by a gemecedase in plasma
levels of pro-inflammatory cytokines and other amfimatory mediators.
Moreover, this B cell subset has also been destiib@atients affected by
HIV, SLE and challenged with RSV (Fecteau et 200& Wei et al., 2007,
Sanz et al., 2008; Cagigi et al., 2009). Accordingith this evidence, their
increase could be the consequence of pathologg-émauring stimulation
or, alternatively, it might be related to the ex$taan of memory B cells
chronically stimulated in the elderly (Colonna-Raoroat al., 2009).

A link between “Inflamm-aging” and adaptive immuresponses may be
identified in the expression of chemokine receptBecently, we have shown
that naive and memory B cells from young and ejdddnors express
different chemokine receptors. Focusing on DN Bsceve have described
the higher expression of CCR6 and CCRY7 in eldeolyods, while the same
subset obtained by young subjects have revealedsdlee expression of
CXCRS3 (Bulati et al., 2014). The meaning of thergyiag in the chemokine
receptors profile might be related to the inflamongatenvironment, typical
of ageing, rendering these cells more sensitipedanflammatory molecules
and cytokines (Singh and Newman, 2011; Salvioklet2013) and in this
way DN B cells become able to migrate in inflamiess(Bulati et al., 2014).
Moreover, we have hypothesized that DN might beexmausted pool of
memory B cells (Colonna-Romano et al., 2009) bseaaf their low
replicative ability aftein vitro stimulation with physiologicaltCD40/I1L-4;
CpG ) or not-physiological strong stimulus (CpG/PNoRomycin).
Recently, we have shown as these cells are not@pleduce cytokines such
as TNFe and IL-10 (Buffa et al., 2011), even if othersodgpd that DN B
cells can be stimulateid vitro to secrete immunoglobulins against tetanus
toxoid and influenza virus (Wirths and Lanzaveectt al., 2005).

Two different groups (Moir et al., 2008; Hao et 2D11) have described other
two exhausted B cell populations. The first grogvéh observed, in HIV-
viraemic patients, the increase of a populatiomeimory, tissue-like memory
B cells (CD20CD27CD21I), that express significantly high levels of
CXCR3 and CXCR6, and low levels of CCR7, CD62L &WCRS5 than
classical memory or naive B cells. Furthermoresuslike cells are
characterized by the expression at high levels niiibitory receptors,
compared with memory and naive B cells, such a30ZD, CD22 and CD72
that, probably, prevent the proliferation capacityhese B cells in response
to B cell stimuli (Moir et al., 2008). Hao’s gro@011) has described a
mature B cell subset that accumulates with agddmace. They lack the
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expression of CD21/35, CD23, CD43 and AA4.1, aradadso IgD negative.
Moreover, these cells express low levels of CD68AH &XCR5 and high
levels of CXCR4. This population is not activatedcause of low levels of
MHC-II and CD86 expression and they seem to bacédry to activation by
adaptive immune receptors. Indeed this cells pomspond to BCR and
CD40 triggering, but they yet respond to TLR9 orRIL ligation and
proliferate most actively to combined TLR and BCinsli (Hao et al.,
2011). In the present study, to better understametiver the low proliferative
capacity of DN B cells aftem vitro stimulation may be related to the
expression of inhibitory receptors, such as extalgssue-like memory B
lymphocytes in HIV-viraemic individuals (Day et,&006; Trautmann et al.,
2006), we have decided to analyze cell surfaceessjon of CD307d and
CD22 in naive and memory B cells in young and é&jddwnors. In particular,
CD307d (FcRL4), is a protein that has the capaoiiyhibit BCR signaling
by binding to SHP-1 and SHP-2 (Ehrhardt et al.,5330€hat is exclusively
presents on B cells, although it is not found ia #darliest stages of bone
marrow B cell development. Low level of CD307d bagn found on mature
and germinal centre B cells, but higher expressiainis molecule has been
observed in a subpopulation of memory B cells (Mate-Isabel et al., 2011).
It has been suggested that CD30Rdcells could represent a specialized
tissue subpopulation of memory B cells (Ehrhar@i ¢2005). Thus, it would
be interesting to determine whether CD307d is algoarker for identifying
different memory B-cell subsets. In this regardoiint al. (2008) report that
a population of memory B cells (CD20D27CD21) positive for FcCRL4
(CD307d) have an increased frequencies in the periphépaldbof human
HIV-viraemic patients and have an “exhausted” plygme But, in healthy
individuals FcRL4 B cells are largely restricted to mucosal tissaad
mesenteric lymph nodes, and are very rare in perghtblood, lymph nodes
and the spleen (Ehrhardt et al., 2005). These delisot express the typical
memory B cells marker, CD27, almost all of them énamdergone class
switching, mainly to IgG, whereas a smaller projorexpress IgA and they
lack the expression of markers that identify geahicentre B cells and
plasma cells (Ehrhardt et al., 2005; Falini et2003). The CD307dB cells
detected by Moir et al. (2008) share many phenotigatures with the tissue-
based FcRLZ memory B cells, indicating that, in the diseadeation of
viraemic HIV-positive patients, FCRE4B cells might exit from mucosal
tissues and circulate through the blood. Anothéigaing feature is that
reported by Cagigi et al. (2009). Indeed they &smd a significant increase
in percentage of a not classical IgtD27 or IgA'CD27 memory B cell
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population in HIV-infected patients, that could e same population,
identified with different phenotypic markers by Mei al. (2008).

Concerning CD22, is a type | membrane protein ithaixpressed at
low levels on pre- and immature B cells and maxiynah mature B cells
(Nitschke et al., 1997). Furthermore, it is an loitwry coreceptor of the BCR
(Sieger et al., 2013) and, like other co-receptisrsgquired to modulate the
antigen receptor signal in response to the stiroaiing from the local
microenvironment (Cyster and Goodnow, 1997). Thislecule was
originally identified as a B-cell-associated adbasprotein that appeared to
function in the regulation of B-cell activation, tbilne ability of CD22 to
inhibit antigen-induced signaling depends uponpitsximity to the BCR
(Walker and Smith, 2008). Indeed, while CD22 appéainhibit signals that
derive from the BCR, it might also initiate poséisignals when react to itself,
or perhaps with other surface receptors (Walker&mdh, 2008).

The evaluation of the expression of BCR inhibitageptors CD307d
and CD22 in all B subpopulations in young and dydéonors revealed that
there are not differences between the two age gratpdied, with the
exception of for CD307d on memory unswitched froisedy subjects. In
this way, the reduced ability of B lymphocytes froid donors to respond to
immune challenge cannot be fully attributed to aclna@ism lying on the
expression of these molecules. It is interestingndte that, differently to
tissue-like B cells identified by Moir et al.,(200®N B cells do not express
CD307d. This result might suggest that tissueikeells and DN B cells are
differently controlled in their ability to prolifate after BCR engagement.

As DN B lymphocytes do not express inhibitors reécep to
understand whether these cells might be a by-ptaafu8 cell activation or
whether they might play any role in the immune cese, we have decided
to stimulated B cellén vitro by CpG alone, then-IgG/CD40 and also the
contemporary engagement of adaptive and innate memeceptors (BCR
and TLR9). Our results show that in young subjéatial CD19 cells and all
B subsets respond after stimulation in vitro allaeidlifferent levels. Indeed,
they proliferate at higher levels with triggerinfBCR/TLR9, respectively
less with adaptive or innate stimuli. In old dondfse situation is different
because CDI9lymphocytes and naive, memory unswitched and d@oubl
negative B cells do not proliferate after physiatady stimuli (CpG alone,
then a-lgGCD40) but proliferate with the double stimudati although al
lower levels observed in young donors. This coeltect that simultaneous
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BCR and TLR stimulation might activate some pathweaywlved in immune
function.

Telomerase is a ribonucleoprotein enzyme that pdaysssential role in cell
proliferation by compensating for the loss of tedven (Greider et al, 1998)
and protecting chromosomes (Epel et al., 2010).aftsvity is highly
regulated, indeed it is constitutively expressedemm line cells (Atzmon G
et al., 2010; Martens et al., 2002; Weng et aB7)@nd in tumor cells while
is absent in most of human somatic cells (Atzmoet @l., 2010Kim et al.,
1994), exceptlymphocytes that are the unique @llupopulation
characterized by high telomerase expression evengladvanced phases of
differentiation.Moreover, during resting phases BdJal subpopulations
express h-TERT at low levels, but upon activatiosigmificant increase is
observed (Lobetti-Bodoni et al., 2010; Son et 2003;Weng et al., 1997;
Donaldson et al., 1999). Additionally, it is knowmrat the chronic life stress
(Damjanovic et al., 2007; Epel et al., 2004) isssaof shortening of telomeres
and both raised (Damjanovic et al., 2007) and dseref telomerase activity
(Epel et al., 2004). Nowadays, the meaning of fhasadox is unclear.
Generally, telomerase activity is under dynamictemn For example, the
acute stress, e.g. cortisol (Choi et al., 2008) cwempromise its activity while
mitogenic stimulation, e.g. antigen stimulation Btymphocytes (lgarashi
and Sakaguki, 1997), may induce itself (Epel et2010). In fact, telomerase
activation occurs in conjunction with cell activatiafter the encounter with
a cognate antigen (Dolcetti and De Rossi, 2012).

It is also known that B lymphocytes have longeort@tres and higher
telomerase activity than T cells (Dolcetti and DesH, 2012; Martens et al.,
2002; Weng et al., 1997). In particular, with rejéw B subtype, germinal
centre B cells, a subpopulation with extensive al@axpansion and antigen-
driven selection, show longer telomeres than thafseaive and memory
lymphocytes and also that CD2memory B cells have longer telomeres than
CD27 population (Dolcetti and De Rossi, 2012; Martehalg 2002; Weng
et al., 1997).

In agreement with these evidence, our group haweodstrated that DN B
cells and memory B cells have shorter telomerastiasve B cells. Especially
in elderly people, classical memory (I§IlD27") and double-negative B cells
(IgD"CD27), that have a very similar telomere length, hawarter telomere
compared to young subjects (Colonna-Romano €2@09). An open debate
about the role of shortened telomeres and dectebsrerase activity in the
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aging of immune system is the main aim of invesioges in
immunosenescence (Lobetti-Bodoni et al., 2010; &oal., 2000). For this
reason, and because of it is believed that theegphkation of telomerase
might play a role in maintaining lymphocytes regtige potential and
function (Son et al., 2003) we have examined whetbkative telomerase
activity was induced after stimulation with CpEdgG/CD40 in CD19+ cells
in young donors and in DN B lymphocytes in youmgl &lderly subjects.
We have seen that in stimulated B cells from yopegple the relative
telomerase activity approximately increased ab®® ld and also that in
double negative B cells the levels of induced tedame activity was higher
in young than elderly. Further, we have expandéslstudy to centenarian
offspring and subject affected by a severe formlaheimer’s disease. It is
known that the CO are a good model to study sutidesging inasmuch have
favourable background, escaping the main age-telditease. Indeed, they
have a good reservoir of naive B cells that allbem to keep fighting off
new infections. As we have previously demonstrateé®, also have less
double negative B lymphocytes than their age-rdlateinterpart that are not
genetically advantaged for longevity (Colonna-Romanal., 2010). On the
other hand, Alzheimer’s disease is the most comeaose of dementia in the
elderly subjects and it is estimated that the nurobaffected individuals is
predicted to triplicate by 2050 (Wimo et al., 208&jbio-Perez et al., 2012;
Hebert et al.,, 2000; Martorana et al.,, 2012). Muegp it has been
demonstrated that AD patients show many modificatiof immune and
inflammatory systems (Pellicano et al., 2012; Lal@t al., 2009; Richartz-
Salzburger E et al., 2007). Particularly, our grang others (Martorana A et
al., 2012; Pellicano et al., 2010; Speciale L gt24l07; Xue et al., 2009) have
reported a decrease both in percentage and absnioteer of total B cells
from AD patients when compared to their age-matchedithy controls.
Recently, we have also observed the increase oBOf¢lls in severe AD
subjects (manuscript in preparation). Furthermiore known that telomerase
seems to be protect neurons from amylopdidduced apoptosis (Zhu et al.,
2000; Panossian et al.,, 2003) and that there asgyraficant telomeres
shortening in PBMC from AD than age-matched costf@lanossian et al.,
2003). Here, we have observed that, after stimarlatelomerase activity of
double negative B cells in centenarian offsprings viigher than healthy
elderly and lower than young subjects so we cortiivat they behave halfway
between young and elderly people. Differently, \@e@ehseen that stimulation
induced telomerase reactivation of double neg&icells of AD patients but
at lower level than other groups studied.
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Taken together, our data suggest that if propeitpwutated, DN B cells
acquire the ability to begin new cellular cyclesdesnonstrated by RTA
values. Age is noper sea limiting factor for the telomerase function,
although it has influence on the level of expressod this enzyme. The
monitoring level of the enzymatic function suchodiser functional analysis
(cytokine and chemokine expression, production @b- pand anti-
inflammatory mediators, cytotoxic activity, etc)ght represent a rapid and
immediate additional tool for monitoring the physmgic and pathological
ageing process.
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Abstract

Alzheimer’s Disease (AD) is the most common causgementia. It is
known that, other than age, the systemic inflamomatepresent one of
the risk factor for this pathology. Recent evidensaggest that it is not
only the central nervous system (CNS) that can bemdéd for
inflammatory response in AD, but also cells fromiieery. The chronic
stimulus given by the accumulation of Amyldid that characterize the
Alzheimer’s disease, may trigger the immune reastinducing a chronic
inflammation. In the brain tissue, there is an\etion of adaptive
immunity, that try to eliminate the initially inguboth from brain and
periphery. This inflammatory scenario could leagidads a recruitment
of myeloid and lymphocytic cells into the CNS. A& immune status in
the periphery is strictly linked with the brain @mmnment, the study of
the different peripheral lymphocyte subpopulation®\D, results to be
important. In our previously study, it has been destrated a decrease of
total CD19 B cells in AD patients when compared with theialtiey age-
matched controls, suggesting the involvement of @lscin AD.
Moreover, we have demonstrated a different distidiouwof B lymphocyte
subpopulations in elderly subjects, in which the-fflammatory milieu
seems to influence the profile of trafficking retepin the increased
Double Negative (DN, IgECD27) B cell population. Thus, in this study
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we have assessed the distribution of specific haieaory B lymphocyte
subpopulations in severe and mild AD patients camgahem with their
age-matched controls. Furthermore, we have evaluateN B cells, the
expression of some chemokine receptors involvectalh migration
toward inflamed tissue in AD patients and in hea#lderly age-matched
controls. Here, we show that there is a significdetrease of naive
(IgD*CD27) B cells and a significant increase of DN B céfissevere
AD subject compared with healthy age-matched cgntrioile mild AD
subjects behave as their age-matched healthy ¢enBesides, we also
show that DN B cells in AD patients have an enhdrpre-inflammatory
trafficking profile. Indeed, the increased expressof the chemokine
receptor CCR6 seems to depend on the severityegbathology, while
CCRY7, increase only in severe AD patients, suppgttie hypothesis that
the increase of DN B cells is correlated with clicanflammation. Thus,
we conclude that AD status might affects the distion of specific naive
and DN memory B cells and that might also influertbe pro-
inflammatory profile of trafficking receptor in DB cells, driving these
lymphocytes to inflamed brain tissue.

Introduction

Alzheimer’s disease is the most common cause okedé&ainvolving about

13 million people worldwide. This pathology, thaatls a loss, usually
progressive and severe, of brain function, doegemtesent only a medical
but also a social problem. The economic impacteshentia is enormous.
Globally, costs for people with dementia is oveartti% of gross domestic
product (GDP) (Wimo et al., 2010; de Vugt and Ver013).

The single greatest risk factor for Alzheimer'sedse is age. While the
disease can occur in younger people, even in 3@siand 40s, the risk grows
considerably after age 65, and it is estimated30%& of those who pass their
eightieth birthday will be stricken. Indeed, duriaging, brain is massively
exposed to a great variety of stressors, suclaasa, oxidative stress, tissues
damages, inflammation, which may be correlated withbeginning of the
neuro-degeneration (Fulop et al., 2013a, 2013lhdRagical changes in the
AD brain include neuronal and synapse loss, semlaques and
neurofibrillary tangles, that are normally presemormal brain aging, but in
AD they are more severe and, at the beginning, ddgeneration involves
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specific regions of the cerebral cortex, as hippgmas, entorhinal and
temporoparietal cortex (Sardi et al., 2011). Thesgeas are important not
only for memory, but also for other cognitive fuincis. The crucial step in
AD pathogenesis is the production of amyloid bétg)( that is the result of
cleavage of a larger peptide, named amyloid precymotein (APP), which
is overexpressed in AD (Griffin, 2006). The higimgoluble and proteolysis-
resistant fibrillar 42-aminoacid form @gtamyloid (AB42 peptide), leads to a
formation of senile plaques that accumulate andsien the parenchyma
brain of the AD patients. Even if the elderly dre most involved population,
aging alone cannot be considered as the only azubes disease. There are
other risk factors besides age: family history ddh&imer's, stress, serious
illness or injury, inadequate physical and soctivity and poor diet (Fulop
et al., 2013a, 2013b). A number of additional pgdrmc mechanisms that
overlap with A8 plaques and neurofibrillary tangles include inflaation
(Strous and Shoenfeld, 2006), oxidative damaged@wset al., 2001), iron
deregulation (Combarros et al, 2005), mitochaldrdysfunction
(Arshavsky, 2006). Inflammation clearly occurs athmlogically vulnerable
regions of the AD brain, indeed senile plaquesltdsam the accumulation
of several other proteins and a chronic inflammateaction around deposits
of amyloid. Microglia, astrocytes, and neurons aesponsible for the
inflammatory reaction. Activated cells strongly @uooe inflammatory
mediators such as pro-inflammatory cytokines, chHenes, macrophage
inflammatory proteins, monocyte chemo-attractaotgins, prostaglandins,
leukotrienes, thromboxanes, coagulation factoractree oxygen species,
nitric oxide, complement factors, proteases, pssaahibitors, pentraxins,
and C-reactive protein (Veneri et al., 2009; Appawl., 2011; Bulati et al.,
2011; Frasca et al., 2012; Pawelec et al., 20TBg microglia activation can
be due to local or systemic inflammation. In facstrong local inflammatory
stimulus, such as a previous head trauma, is dactr for AD and several
epidemiological studies clearly show that bloodvat®ns of acute phase
proteins, markers of systemic inflammatory stimaigay be risk factors for
cognitive decline and dementia. For a long time gimocytes were not
considered as major players in brain immunity armhsequently in
neurodegenerative diseases. Recent evidences stgges is not only the
central nervous system (CNS) that can be blamenhfiammatory response
in AD, but also cells from periphery (Bonotis et &008; Ciccocioppo et al.,
2008; Miscia et al., 2009; Liu et al., 2010; Pdho et al., 2010, 2012;
Martorana et al., 2012). It is also known that iD,Ahe integrity of blood
brain barrier (BBB), which normally act protectiagd isolating the brain
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from organism’s immune reactions, is compromised byltiple
microtrauma, microvascular pathologies and inflaroma This results in an
increased permeability of BBB that leads to the lidtbn of the
immunological privilege of CNS. It is now well agted that adaptive
immunity plays a role in normal brain physiology agell as in
neurodegenerative diseases (Kipnis et al.,, 20048;2(6chwartz and
Schechter, 2010). The chronic stimulus given byatt@imulation of 8, or
other insults that characterize the Alzheimer'seds®e, may trigger the
immune reactions inducing a chronic inflammatioot only in the brain
tissue but also in periphery. Herein, the immursteay seeks to eliminate the
overproduced A by mounting an acute inflammatory response (Ferdy a
Sun, 2011). This results in an activation of adegptmmunity, production of
specific antibodies and T cells activation to ehiate the initially insult both
from brain and periphery. This inflammatory sceoamuld lead towards a
recruitment of myeloid and lymphocytic cells inteetCNS (Britschgi and
Wyss-Coray, 2007). So, in this context it has bdsmmonstrated the presence
of both CD4 and CD8 T lymphocytes in brain parenchyma of AD patients
(Town et al., 2005; Li et al., 2009; Fulop et @013a, 2013b). The overall
immune response and the persistent microglial aitim could result in a
chronic inflammation process contributing to AD dmpment and
progression (Fulop 2013a, 2013b).

The “peripheral lymphocytes” topic, as a differeyal for early diagnosis of
AD, has been examined by different groups, evemitli conflicting results
(Britschgi and Wyss-Coray, 2007; Speciale et &Q72 Larbi et al., 2009;
Pellicano et al., 2010). A reduction of total CD3cells were demonstrated
(Xue et al., 2009). Specific lymphocyte subpopolasi have also been
investigated, although there are many discordauofte(Britschgi and Wyss-
Coray, 2007; Speciale et al., 2007; Larbi et a0 Xue et al., 2009;
Pellicano et al., 2010 ). The involvement of B sefi the complex cellular
interactions active in AD patients is suggestedh@ymodification of their B
cell compartment when compared with healthy agesheat controls. We
have previously demonstrate a decrease, both oeptge and in absolute
number, of total CD19B cells in AD patients when compared with their
healthy age-matched controls (Pellicano et al, 20h@his paper we focused
on the naive/memory B cell subsets identified Wit combination of the
“core” IgD and CD27 surface markers (Kaminski et aD12), trying to
assess whether the involvement of the B cell brancAD patients also
affects the distribution of specific lymphocyte pobulations. This is also
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based on our previous paper (Colonna-Romano &0dl9; Buffa et al., 2011;
Bulati et al., 2011) in which we showed a differahstribution of B
lymphocyte subpopulations in elderly subjects, artipular a significant
decrease of naive (IgBD27) B cells and a significant increase of Double
Negative (DN, IgDCD27) memory B cells. Moreover, as we have
demonstrate in healthy elderly subjects a pro-imftatory profile of
trafficking receptor in DN B cells (Bulati et aR014), we evaluated the
expression of some chemokine receptors involvecelhmigration in AD
patients and in healthy elderly age-matched comtriblis known that the
combinations of chemokines and their receptorsegthid immune cells, and
also B cells, to specific tissues. In particular @4, CXCR5, CCR6 and
CCRY7 have been identified as receptors that dricelB to lymph node and
allow B cells to recirculate, while CXCR3 leads Rlls to sites of
inflammation (Kunkel and Butcher, 2003). Moreoverany authors report
the involvement of CCRG6 in the recruitment of imrawgystem cells in sites
of inflammation (Schutyser et al., 2003; Comerfetdl., 2010Welsh-Bacic
et al., 2011). Concerning the role of CCR7 as pflammatory receptor, its
involvement has been shown in autoimmune and infesdiseases, such as
rheumatoid arthritis, Helicobacter pylori-inducedsgitis, and Sjogren's
syndrome (Mdller and Lipp, 2003). Besides, the CLRA19/CCL21
chemokine axis involvement in the developmenedidry lymphoid tissue
(TLT), has been recently demonstrated in the cleadlyi inflamed intestine
of a mouse model of Crohn's-like ileitis (McNameeale 2013).

Surprisingly, both in mild and in severe AD patgnie found a trafficking
phenotype of DN B cells consistent with the migratof these cells into the
inflamed tissues.

Materials and methods

1. Subjects studied

Fifty Sicilian subjects were studied, 20 severe(amnge 65-85 years) and 15

mild (age range 65-91 years) Alzheimer’'s DiseasB)(patients and 15

healthy age-matched controls (age range 65-81 ya&dose of the selected

subjects had neoplastic, infectious, autoimmuneasiss, or received any
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medications influencing immune function at the tirok the study. All
subjects, or their care-givers, gave informed eahaccording to the Italian
law.

Healthy controls (HC), randomly selected from thens population as the
patient cohort, had complete neurological examamagtiand were judged to
be in good health based on their clinical histangd &#lood tests (complete
blood cell count, erythrocyte sedimentation ratleicgse, urea nitrogen,
creatinine, electrolytes, liver function tests, niroproteins, cholesterol,
triglycerides). The University Hospital Ethics Corttiee approved the study,
and informed consent was obtained from all guasdadipatients and controls
according to Italian law. Whole blood was collecteygl venopuncture in

vacutainer tubes containing ethylenediamine teétaa@cid. The samples
were kept at room temperature and used within 2ot the various

experiments.

AD subjects were assessed with a multidimensiomatopol including:
demographic characteristics, medical history, pla@otogical treatments,
clinical, neuropsychological and neurological ekaation, standard
laboratory blood tests and neuro-imaging study Wiih and/or MRI scan.
The exclusion criteria were: a diagnosis of sewrgtemic disorder, the
presence of psychosis, a history of significantheapury or substance abuse.
Dementia was diagnosed according to DSM-IV criteflamerican
Psychiatric Association: Diagnostic and Statistiddanual of Mental
Disorders: DSM-IV (Text Revision). Washington, Anoan Psychiatric
Association, 2000] and the diagnosis of AD was Basethe criteria of the
National Institute for Neurological and Communigati Disorders and
Stroke-Alzheimer Disease and Related Disorders é@ason (NINCDS-
ADRDA) (McKhann G et al.,1984). According to Mini-énital State
Examination [MMSE] (Folstein et al., 1975), 20 patis were affected by
severe dementia (scorel?7), whereas 15 were affected by mild-to-moderate
grade of dementia (scorel 7< 24). Patients with vascular dementia were not
included in the study. Since treatment with acehdlinesterase inhibitors
may modulate cytokine expression (Reale et al 4pQ@&tients were included
before starting that therapy. The clinical protoouailuded the following:
cognitive assessment, functional and behavioursgsssnent, evaluation of
vascular risk factors (VRF) and somatic co-morlyidit
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2. Cell preparation

Peripheral blood mononuclear cells (PBMCs) werdated from venous
blood by density gradient centrifugation on Fidojimpholyte (Cedarlane
Laboratories Limited, Ontario, Canada). PBMCs wamtpsted to 1x10ml
in RPMI 1640 medium (Euroclone, Devon, UK) suppleted with 10%
heat-inactivated fetal bovine serum (FBS) (Euroejon 1%
penicillin/streptomicin, 10 mM HEPES, and 1 mM Lu@min.

3. Antibodies and Flow Cytometry panels

PBMCs were stained with different combinationstloé following
monoclonal antibodies: anti-lgi?c, anti-CD196e (CCR6), anti-CD19%&
(CCRY7), anti-CD18&c (CXCR3), anti-CD184: (CXCR4, Fusin), anti-
CD18%k-cy7(CXCR5) (BD, Pharmingen), anti-CDag& anti-CD2 AlexaFiuor7s0
or anti-CD2 #e-cy7 (Beckman Coulter, Miami, FL, USA). Cells were wadh
twice and analyzed. All measurements were made avityAN ADP flow
cytometer (Beckman Coulter, Miami, FL, USA) withetlsame instrument
setting. At least 10cells were analyzed using FlowJo (Tree Star) saréw

4. Statistical analysis

Values are given as median and range of mean #uenee intensities
(MFI) and are compared using Mann-Whitney nonpataméJ test.
Differences are considered significant when a pe/&l0.05 was obtained
by comparison between the different groups.

Results

Naive(lgD'CD27) B cells are decreased and Double Negative {@GI27)
B cells are increased in Severe Alzheimer’s Dis€agents.

We have evaluated the different distribution of fttieculating B cells
subpopulation in the two different groups of ADipats studied (Severe and
116



Mild) comparing them one each other and with tlagje-matched healthy
controls. First, as shown in Figure 1, we confiffel(icano et al., 2010) a
significant decrease, both in percentage and iolatssnumber, in total B
cell population in severe AD subjects compareddalthy elderly, but no
significant difference between these last onesnaifdi AD patients.

CD19" Total B cells CD19* Total B cells
10.04 250+
0.01 0.03
751 ] E 200 ]
o ™ T T
g — E 150 ——]
S 5.04 P T
b 5 1004
T °©
& 25 H
- < 504
od ;
QO QO Q0 Y]
a G k2 v
< Q
Q/& \s\\& \\@ev &

Figure 1. Evaluation of percentage and absolutebeurof CD19 B lymphocytes in
peripheral blood of healthy elderly, severe AD ariltl AD patients. Data are expressed
as mean = SD. Statistically significant differeneess evaluated with Mann-Whitney
test and is indicated on the top of the histogramty when it occurs.

Concerning the four B cells subpopulations, idésdifwith the “core”
markers IgD and CD27, we have found, in severe Abjexts, a further
significant decrease in (Ig@D27) naive B cells (Figure 2, panel A), both in
percentage and absolute number, and a connecté&ddracrease in Double
Negative (IgDCD27) memory B cells (Figure 2, panel B), in percenthge
not in absolute number, compared to age-matchelthigedonors,. We did
not find any significant differences on Unswitch@dgure 2, panel C) and
Switched (Figure 2, panel D) memory B lymphocytesevere AD patients,
while Mild AD patients behave as healthy elderlpjsats.
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Figure 2. Percentage and absolute number of theBfaell subpopulation, identified by
using the “core” markers IgD and CD27, in healtldedy donors, severe AD patients
and mild AD patients. Data are expressed as me&Dx Statistically significant
differences was evaluated with Mann-Whitney test mnindicated on the top of the
histogram, only when it occurs. (A) 1gOD27 Naive B cells. (B) IgBCD27 Double
Negative (DN) B cells. (C) IgiCD27" Unswitched Memory B cells. (D) IgoD27*
Switched Memory B cells.

Profile of trafficking receptors in DN B cell suljpdation.

In order to evaluate whether also in AD patieng® CD27 DN B cells
show the typical pro-inflammatory trafficking prigfi(Bulati et al., 2014),
we have assessed, on these population of lympradyie expression of
CCR7, CCR6, CXCR3, CXCR4 and CXCR5 chemokines itecgmn
healthy elderly donors, severe and mild AD patieGtscerning CXCR4
and CXCR5, we have found, in both groups of AD gra8 (severe and
mild), exactly similar results to those of theireagatched controls,
indeed these two chemokines receptors are notrrieseN B cells (data
not shown). The pro-inflammatory CXCR3 chemokineepor of all
groups studied shows no significant differencesvben them (data not
shown). Surprisingly, we found intriguing results the other two pro-
inflammatory chemokines receptors CCR6 and CCRdnc€rning
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CCR6 we show (Figure 3) a significantly increasegression (p= 0.008
healthy elderly vs mild AD; p= 0.006, healthy elgers severe AD) of
this chemokine receptor related to the severitplaheimer’'s disease.
CCRY7 expression is significantly increased (Figdjein severe AD
patients, but not in mild AD subjects (p= 0.02, sevAD vs healthy
elderly; p= 0.009, severe AD vs mild AD). A simillaehaviour is
mirrored in total B cells (Figure 5), suggestingttthe expression of these
chemokines receptors could be influenced by thendffammatory milieu
of AD patients, and that, CCR6 and, probably, CCRuld drive B cells
to inflamed brain tissue.

CCR§ on IgD;CD27- (DN)
200+ [ l

0.006 . 0.008
150+
L 1004
50+
0 : =
o o
& \Vow-
& < N
~ cé”
&
o
&

Figure 3. Evaluation of CCR6 expression on'IgD27 DN B cells of healthy elderly,
severe AD patients and mild AD patients. Data aq@essed as mean + SD of Mean
Fluorescence Intensity (MFI). Statistically sigo#nt differences was evaluated with
Mann-Whitney test and is indicated on the top eflilstogram, only when it occurs.
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Figure 4. Evaluation of CCR7 expression onIgD27 DN B cells of healthy elderly,
severe AD patients and mild AD patients. Data aq@essed as mean + SD of Mean
Fluorescence Intensity (MFI). Statistically sigo#nt differences was evaluated with
Mann-Whitney test and is indicated on the top efttlkstogram, only when it occurs.
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Figure 5. Evaluation of CCR6 and CCR7 expressio@bta9 B cells of healthy elderly,
severe AD patients and mild AD patients. Data a@essed as mean + SD of Mean
Fluorescence Intensity (MFI). Statistically sigo#nt differences was evaluated with
Mann-Whitney test and is indicated on the top efttlkstogram, only when it occurs.

121



Discussion

Although Alzheimer’s disease is a neurodegenergtataology, it has been
widely demonstrated the involvement of a dysregutabf the immune
response in AD pathogenesis. Even if it is stillclear whether the
inflammatory processes are a primary or a subségaant, it has been
suggested that flogistic process has an importdatim disease development
(Sardi et al., 2011). It is also known that in #iderly there is a low-grade
chronic and systemic inflammation (inflamm-agingyhich is always
controlled and asymptomatic, and it can constitut@ajor determinant of
frailty and age-associated diseases (Gupta andaRaB603; Sardi et al.,
2011; Salvioli et al., 2013). A growing body of dences demonstrates that
AB-plaques induce an inflammatory reaction in therb(#om Berg et al.,
2012; Heneka et al., 2013; Monsonego et al., 204B¢reas the oligomeric
forms of AB42 exert synaptotoxicity (Haass and Selkoe, 200&lsWand
Selkoe, 2007). It has also been shown the patlualogffects of 4 on brain
vasculature, that lead to the “cerebral amyloigigpathy”, a phenomenon
that causes vascular inflammation, brain haemoe$fiagompromised
perivascular drainage and altered blood flow (Tétahl., 2008). Moreover,
the loss of integrity of BBB, may lead to a passaf proteins in cerebro
spinal fluid (CSF), causing a compromised role &BBin preserving the
brain as an “immune sanctuary” (Sardi et al., 20ldffammatory processes
such as microgliosis, astrocytosis, dystrophic agta, complement
activation, cytokine elevation and acute-phasegmathanges are thought to
represent a response to the accumulation pfirA the vasculature and
parenchyma of the brain (Monsonego et al., 2013)e Tompromised
immune system associated with aging may substhnirapact on these
processes and lead to compromised brain functiah reguronal repair
processes, which enhance the progression of AD gbloego et al., 2013).
In AD patients there is an evident systemic inflaation, indeed they present
higher than normal levels of pro-inflammatory cytws and chemokines
both in the periphery as well as in the brain (Restlal., 2008; Lee et al.,
2009). So immune system cells can be stimulatettidse pro-inflammatory
mediators, including alsofAand various other agents, and the result may be
an enhanced immune cell differentiation (Pellicagtoal., 2010, 2012;
Goldeck et al., 2013). So, it is clear that thera link between immune status
in the periphery and the brain. Indeed, in AD pggeimmune cells migrate
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along a chemokine gradient from the periphery thhothe BBB into the
brain (Fiala et al., 1998), or they are recruitedthe CNS by other pro-
inflammatory mediators, such a$ Aproduced in the inflamed brain of AD
(Britschgi and Wyss-Coray, 2007). For these regsaimaccurate study of the
phenotype of the different peripheral lymphocytedmopulation in AD,
results to be important for monitoring the stagel &ne severity of the
pathology. To this day, the only way to confirmiagmosis of Alzheimer's is
by autopsy of brain tissue. However, physical, psyaegical, and
neurological examination can lead to a relativelgusate diagnosis, partly
by eliminating other possible causes of dementihpamtly by identifying the
key signs or manifestations of Alzheimerladeed severe and mild-to-
moderate AD subjects were included in the study by using nitege,
functional and behavioural assessment and the a&V@huof vascular risk
factors and somatic co-morbidity. In our previousktudies on
immunosenescence of the B cell branch, we have dsinabed a significantly
decrease in total CD1®B lymphocytes, both in percentage and in absolute
number, and a remodeling of the B cell subpoputatvith ageing (Colonna
Romano et al.,, 2009; Bulati et al., 2011). Indee®, have reported a
significantly decrease, in percentage, of the'[gD27 naive B cells and a
simultaneous increase, in percentage, of theGgR7 double negative (DN)
memory B lymphocytes. We characterized these DNIB @s a population
of switched (IgG/IgA™) memory B cells with short telomeres and they are
poorly responder to conventional stimuli, indicgtitmem as senescent cells
(Colonna Romano et al., 2009; Buffa et al.,, 2011)has been also
demonstrated that the increase of these cells nelated to the chronic
stimulation of the immune system, as in SystemipusuErythematosus or
HIV patients and healthy subjects challenged wittsfiratory Syncytial
Virus (Wei et al., 2007; Sanz et al., 2008; Cagigal., 2009). DN B cells
have also a pro-inflammatory phenotype of traffickireceptors, as they
express elevated levels of CCR6 and CCR7, indigdhat the typical age-
associated chronic-inflamed milieu influence theiklecytes migration
(Bulati et al., 2014). Moreover, if adequately silated, these cells are able
to proliferate and reactivate telomerase (Martorahal., manuscript in
preparatior), and, in the presence of IL-21, they produce @yare B (Bulati

et al., 2014). In the present paper we investigatehe B cell arm of the
adaptive immune system of a cohort of AD patientisvio different stages of
the pathology, severe and mild AD patients, conghénem each other and
with their age-matched healthy controls. We shodeerease of CD19B
cells, both in percentage and in absolute numbesgvere AD patients when
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compared with their age-matched healthy controsna@rning the B cell
subpopulation identified by using the “core” maklgD and CD27, we show
a significantly decrease, both in percentage arabgolute number, of naive
(IgD*CD27) B cells in severe AD subject compared with healége-
matched controls. Besides, there is a significacrieiase, only in percentage,
of DN (IgD'CD27) B cells in severe AD subject compared with hea#the-
matched controls. Mild AD subjects behave as thge-matched healthy
controls. This data is very interesting because,tduhe inflammatory nature
of AD, it supports the hypothesis that the increzfdeN B cells is correlated
with chronic inflammation. Another intriguing datathat obtained from the
trafficking phenotype. Indeed, concerning the prtaimmatory chemokine
receptor CCR6, its increase depends on the sevefitthe pathology.
Recently it has been observed an increase of li@shokine receptor also in
T cells obtained from AD patients (Goldeck et2013). Other authors report
that, together with adhesion molecules, like selsecand integrins, CCR6
influences T cell migration through the choroidxuie into the CSF (Sallusto
et al., 2012). Moreover, in a mouse model of Aleliflisease, it has been
shown a higher CCR6 expression both in brain aperiphery of these mice,
which the authors suggested was due to the systaffaenmation in AD
(Subramanian et al., 2010). Besides, CCR7 expmessosignificantly
increased only in severe AD patients, but not ildAD subjects. These data
suggest that the expression of these two pro-imflatory chemokines
receptors could be influenced by the pro-inflammaioilieu of AD patients,
and that, CCR6 and, probably, CCR7 could drive Bsd¢e inflamed brain
tissue.

Conclusions

Alzheimer’'s Disease is a progressive, irreversdoe debilitating disease
and, currently, there is no effective preventivaelimease modifying therapy
or treatments available. Immunotherapy representstantially disease
modifying strategy aimed at reducing the patholalglesions of AD and
facilitating cognitive improvement. Many clinicalridls are currently
underway (Madeo and Frieri, 2013). The main goahete therapies is to
reduce the production of and/or enhance the clearaicerebral A plaques.
Although mouse models of AD have shown promisirsgiits for both passive
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and active immunotherapy, more investigations asedad before this
approach can be applied in practice in humanstBl,&010). Clinical trials
have not yet shown a significant effect on cogeitidecline for A-beta
immunotherapy despite a reduction is plagque bufden Bernhardi, 2010;
Aisen and Vellas, 2013). Another issue is how tonitws therapeutic
progress. For this reasons, the use of differerhbrkers could be important
to detect pre-clinical disease, select individuagh mild cognitive
impairment (MCI) and predict which patients may &#most from therapy.
So, biomarkers could be useful for the determimatibdisease risk but are
also invaluable in establishing a diagnosis. Feangple, complement
proteins show promise as possible biomarkers aech $e be linked to AD
pathology (Thambisetty et al., 2011). Nowadaysrelere several types of
peripheral biomarkers under investigation, but nwoek is required before
they can be considered clinically useful (Mayeud &chupf 2011). Thus,
also the phenotypic studies of the peripheral lyoggte subpopulations
might be useful as biomarkers of AD for monitoritige effectiveness of
therapeutic interventions. In this view, the resudiscussed in this paper
could be used as additional empirical support aiatedeveloping standard
operating procedures for AD biomarkers in the desgic routine and clinical
trial.
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Abstract

Ageing Impacts negatively on the development of the immune system and its ability to fight pathogens.
Progressive changes in the T-cell anc B-cell systems aver the lfespan of individuals have a major impact on the
capacity 1o respond to immune challenges. The cumulative age-associated changes In immune competence arc
Lermied immunosenescence Lhal is characlerized by changes where adaptive immunity delerorates, while innate
immunity s largely conserved of even upregulated with age. On the other hand, ageing is also characterized by
“inflamm-ageing”, a term coined to explain the inflarmmation commonly present In many age-associated diseazes

ILis believed thal immune inflammato

ry processes aie relevant in Alzheimer's disease, the most common cause of
dementia in older people. In the present paper we review data focusing on changes of some immunoinflammmatary
parameters ohserved T patients affected by Alzheimer's disease.

Keywords: Invmunosenescence, Alzheimer’s disease, Inflammation, Cytokine, Chemokine, Lymphocyte, Ageing

Review

Ageing and the immune system

During the past century, humans have gained more years
of average life expectancy than in the last 10,000 years.
Currently, people are living much longer than they used
to; and the longer they live, the longer their bodies are
exposed to envirommental factors that increase the risk
of age-associated discases. The reduction of the response
to environmental stimuli is associated with an increased
inclination towards illness and death. In western coun-
trics, the mortality rate increascs in people over 65 years
old, if compared with younger individuals, by 100-fold
for stroke or chronic lung disease, by 92-fold for heart
discase, by 89-fold for influenza and correlated pneurno-
nia infections, and by 43-fold for cancer [1]. Ageing
is the consequence of the collapse of self-organizing sys-
tems and reduced ability to adapt to the environment,
and it has been suggested that normal human ageing
is associated with a loss of complexity in a variety of
anatomic structures and physiological processes [2].
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These losses lead to physical inability, impaired mental
functional capacity and organ and apparatus deregula-
tion [3], with the consequence of increased susceptibility
to diseases and death. On the contrary, healthy ageing
scems directly correlated with a good functioning of the
immune system, suggesting that it is related to both en-
vironmental factors and genetic background. Indeed,
many studies have focused on genetic determinants of
longevity in genes regulating the immune-inflammatory
response [4-7].

Ageing impacts negatively on the development of the
immune system and its ability to function. Progressive
changes in the T-cell and B-cell systems over the lifespan
of individuals have a major impact on the capacity o
respond to immune challenges, These cumulative age-
associated changes in immune competence are termed
immunesenescence. According to the remodeling theory
of ageing proposed several years ago [8], the current
data on human immunosenescence describe a complex
scenario where adaptive immunity deteriorates, while in-
natc immunity is largely conserved or cven up-regulated
with age. Under an evolutionary perspective, antigens are
the cause of a persistent lifelong antigenic stress, respon-
sible for the accumulation of effector CD8"/CD28™ T cells,
the decrease of naive T lymphocytes (CD45RA'CD62L")

134



Martorana ez al. Longevity & Healthspan 2012, 1:8
httpifAwsnarlongevityandhealthspan.com/content/1/1/8

and the marked shrinkage of the T-cell repertoire with
age [9-14]. The humoral compartment is also affected in
the aged [15-20]; indeed, B-cell numbers are decreased
and the B-cell repertoire is influenced by ageing through
the quality of antibody response [21-25], and this
decreased B-cell diversity is associated with poor health
status [26-28]. Immunocsenescence is thus not a random
deteriorative phenomenon, as was hypothesized in 1989
in “the network theory of aging”, but could be envisaged
as the result of the continuous challenge of the unavoid-
able exposure to a variety of potential antigens such as
viruses and bacteria, but also food and self-molecules
among others [12,13,29-31].

Immunosenescence therefore materially contributes to
the decreased ability of the older person to control infee-
tious diseases, which is also reflected in the ohserved
puor response to vaccination [25,32-34]. In recent years,
the idea of the immunological risk phenotype (IRP) that
includes some immunological parameter changes that
predict survival has been suggested [35-37]. A good im-
mune system in the older person is tightly correlated to
health status, and, as aforementioned, some immuno-
logical parameters are often markedly reduced in these
subjects (Table 1). On the contrary, infectious diseases,
cancer, autolmumune discases and inflammatory chronic
diseases such as atherosclerosis, heart diseases and
Alzheimer's disease (AD) are frequent in this phase of
life [38]. Indeed, much experimental and clinical evi-
dence has suggested that the immune system is impli-
cated, with a variable degree of impertance, in almost all
age-related or associated discases.

Ageing is accompanied by a chronic low-grade inflam-
matory state demonstrated by the increased serum levels
of inflammatory mediators such as cytokines and acute
phase proteins in the aged [3%,40]. The most important
role in this basal pro-inflammatory status in the
older person seems to be played by chronic antigenic
stress, which, intcracting with the genetic background,
potentially triggers the onset of age-related inflammatory
diseases [6,7,41]. The inflaimmatory process is a physio-
logical phenomenon that is necessary for the elimination
of pathogenic viruses or hacteria, but the prolonged
period to which aged people are exposed may lead to
chronic inflammation that incvitably damages several
organs. Chronic inflammation appears to be involved in
the pathogenesis of all age-related diseases such as AD,
atherosclerosis, diabetes, sarcopenia and cancer [4,42-47].

Inflammation, Alzheimer’s disease and immune response

AD is the moest common cause of dementia in older
people and it is estimated that 27 millien people are
affected worldwide [48,49]. As the life expectancy of the
population increases, the number of affected individuals
is predicted to triple by 2050 [49,50]. Age is therefore

Page 2 of 10

the main risk factor in AD, although early-onset disease
can occur before age 60. AD may not be an inevitable
occurrence of the aging process, but it is a disease with
s:igniﬁcant genetic Toots. Indeed, genetics is important
not only in predicting susceptibility but also the age of
discasc onset in the older person [51]. Other important
risk factors ave environmental events in early life as well
as childhood IQ [52] and gender. In most studies,
women were found to be at greater risk for AD. How-
ever, it is not clear whether this effect is due to genetic
or hormonal differences between males and females or
whether it is a surrogate marker of other still unmeas-
ured socioeconomic factors [53].

AD is a progressive brain disorder affecting regions of
the brain that control memory and cognitive functions.
The two major neuropatholegic hallmarks of AD are
extracellular amyloid-beta (Af3) plagques and intracellular
neurofibrillary tangles. The production of AP, a decisive
event in AD, is the result of the cleavage of amyloid
precursor protein (APP), whose levels are high in AD.

APP has important developmental functions in cell
differentiation and in the organization of synapses [54].
According to the AP hypothesis, AD begins with the ab-
normal processing of APP. Proteolysis of extracellular
domaing by sequential B-secretases and y-secretascs
results in a family of peptides that form the B-amyloids
(AB). Among these AP peptides, the more insoluble
(AByy) has a propensity for self-aggregation into [ibrils
that form the senile plaques characteristic of AD path-
ology. Neurofibrillary tangles are composed of the tau-
protein and in healthy neurons are integral components
of microtubules, while in AD tau-protein becomes
hyperphosphorylated and this phenomenon leads to the
tangles binding to each other and forming tangled
threads [55].

Brain inflammation is a pathological hallmark of AT,
and we know that inflammation is a response to elimin-
ate both the initial cause of cell injury as well as the nee-
rotic cells and tissues resulting from the original insult.
If tissue health is not restored, inflammation becomes
a chrenic condition that continuously crodes the sur-
rounding tissues [55]. Inflammation clearly occurs in
pathologically susceptible regions in brain AD, with
increased expression of acute-phase proteins and pro-
inflammatory cytokines [6,7,49,56-58). The cells re-
sponsible for the inflaimmatory reaction are microglia,
astrocytes, and ncurons. These activated cells produce
high levels of inflammatory mediators such as pro-
inflammatory cytokines and chemokines, prostaglandins,
leukotrienes, thromboxanes, coagulation factors, (ree
radicals as reactive oxygen species and nitric oxide,
complement factors, proteases and protease inhibitors,
and C-reactive protein [49,58]. The hypothesis is that
AB plagues and tangles stimulate a chronic inflammatory
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Table 1 Modifications of T-cell and B-cell systems in older humans
Lymphocyte subpopulations Change Reference
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reaction [59]. Inflammatory mediators, in turn, enhance
APP production and the amyloidegenic processing of
APP to induce APy peptide production. These circum-
stances also inhibit the generation of a soluble APP frac-
tion that has a neuroprotective effect [60,61]. On the
contrary, Af induces the expressien of pro-inflaimmatory
cytokines in glial cells in a vicious cycle [62,63].

To date, the timing with which neuroinflammation is
believed to influence AD is unknown. In particular, clin-
ical and experimental evidence from different transgenic
models has suggested that a pro-inflaimmatory process
might precede plaque deposition [64]. A recent paper
correlates the increased levels of C-reactive protein with
the formation of senile plaques [65]. C-reactive protein
has been shown to exist in two forms: the monomeric
form, which has pro-inflammatory properties [66,67];

and the circulating pentamer form [68]. Authors have
recently shown that the aggregated forms of Ap plagues
lead to the formation of the pro-inflammatery mono-
meric form of C-reactive protein, which exacerbates
local inflammation [65].

There is currently much evidence suggesting the
involvement of a systemic immune response in AD.
Indeed, numerous investigations suggest that in addition
to the central nervous system (CNS) cells, blood-derived
cells can also be blamed for the inflammatory response
and seem to accumulate in the AD brain [69-71]. Other
studies have shown changes in the distribution and
ivity of immune cells in the blood [63,72-75]. Brit-
schgi and Wyss-Coray have shown that there is comnu-
nication between CNS and cells and factors involved
in the systemic immune response [74]. In particular

res
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neuroinflammation induces the efflux of proteins, such
as A, or inflammatory mediators from CNS$ across the
blood-brain-barrier (BBB); this may cause systemic
immune reaction and recruitment of myeloid or lympho-
cytic cells into the CNS.

Indeed, it is known that BBB has a “monitoring rolc”
between the immune system and AD to protect the
brain from the entry of macromolecules, like immuno-
globulins, and cells, including immunocompetent cells.
A recent assumption supposes that microvascular dis-
eases, often associated with AD, microtraumas and in-
flammation could cause the abnormal permeability of
the BBB. The consequence of this impairment is the
anomalous presence of serum proteins in the cerebro-
spinal fluid and in the brain, including Ap. In the brain
AR can bind astrocytes, starting a degenerative and
inflammatory process. Finally, auteantibodies bound to
neurons can induce A, internalization and deposition,
increasing brain damage [74,76].

Under physiological conditions T lymphocytes are few
in the brain, although they are able to cross the BBB. The
T-lymphocyte number increases in AD patients, cspecially
in the hippocampus and temporal cortex. Herein, acti-
vated microglia increase the expression of MHC I and 11,
which allows the migration of T cells [76].

Communication between the CN§ and the immune
system in AD could thus influence both the lymphocyte
distribution in the blood and the production of immune
mediators [74]. Therefore, despite T cells being able to
enter the brain tissue, it is also possible that T cells exert
their cffeets without entering the CNS. Indeed, periph-
eral blood mononuclear cells (PBMCs) from AD patients
produce higher levels of pro-inflammatory cytokines,
such as IL-1B and IL-6, compared with PBMCs from
control subjects [6,7,77]. Other stucies have shown that
A stimulates macrophage inflaimmatory protein (MIP})-
L overexpression by peripheral T' cells and its receptor
CCR5 cxpression on brain endothelial cells necessary
for T cells crossing the BBB [78]. Moreover, other altered
immune parameters were documented, such as decreased
percentages of naive T cells and an increase of memory
T cells, an increased number of CD4' T lymphocytes that
lack the co-stimulatory molecule CD28, and a reduction
of CD4*CD25"* pegulatory T cells [79].

Figure 1 shows the hypothesis that supports the
involvement of the immune system in the pathogenesis
of AD.

Systemic immune profile in Alzheimer’s disease

At present a correct diagnosis of AD, characterized by
pathelogical changes in the AD brain (that include
neurological loss, extracellular amyloid plaques and
intracellular neurofibrillar tangles), can be only evaluated
by post-mortem autopsy, although a recent study [61]
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emphasized the role of soluble AR oligomers as a Ley
factor responsible for the carly pre-plaque formation.
Activation of microglia occurs in the early stages of the
disease, even before plaque formation, and is correlated
with early cognitive deficits. As a consequence of the
microglial activation and the deregulation of nerve grow
factor metabolism, these authors have indicated matrix
metalleproteinase-9 as a possible biomarker for signal-
ing the early stages of ongoing CNS inflammation [61].
Another study has put in evidence the use of imaging
techniques for early detection of glial activation prior to
plaque deposition [80].

The evaluation of some modified parameters obtain-
able from the blood of patients could therefore be a goal
for the rescarch on AD.

The knowledge of the aforementioned systemic inflam-
mation in AD patients has suggested a new research area
that focuses on leukocyte maodifications, as it would be
desirable to have methods available that allow the use of
peripheral blood from patients to identify “prognostic” or
disease markers.

In this scenario, many authors have identificd changes
in lymphocyte distribution and in cytokine levels in the
plasma of AD patients [75,79,81] that support the
involvement of the immune system in AD. Many studics
have reported alterations of both the innate and
acquired immune system [74], although there are many
discordant results (Table 2). Indeed, our group and
others [63,82,83] have reported a decrease both in the
percentage and the absolute number of total B cells from
AD patients when compared with age-matched healthy
controls. We did not observe any changes for the
other main lymphocyte subpopulations [63]. On the
contrary, Xue and colleagues have shown a significant
reduction of CD3" T cells, but no changes in CD4" and
CD8" T-cell subsets [83]. Richartz-Salzburger and collea-
gues confirm the decrease of C123" and CD8" T cells,
but showed a slight increase of CD4" cells [81]. Larbi
and colleagues emphasized the dramatic changes within
the CD4' T-cell compartment, with a reduction of naive
CD4"CD45RA'CCR7" and a simultancous increase of
effector memory CD4'CDA5RA'CCR7 T cells and of
terminal effector memory RA CD4'CDISRA'CCR7
T cells [79]. Again, the authors have demenstrated a re-
duction of CD4"CD25"" cells, potentially considered
regulatory T cells [79].

More recently, the use of larger numbers of surface
markers confirmed the significant reduction of naive
CD4' T cells, identified as CD4'CD28' CD27' CD45RA'
CD45RO™ in AD patients, compated with age-matched
controls and a contemporary increase of CD4"CD28™
(D27 CD45RA'CD45R0O" late differentiated memory T
cells [75]. The further evaluation of CD57 and KLRG-1,
commonly considered senescence markers on these eclls,
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has demonstrated a significant increase of late differentiated
KLRG-1'CD4" T cells in AD patients compared with
age-matched healthy controls. No ditferences have been
reported concerning CDS57 expression on CD4™ T cells
when comparing AD patients and their controls [75].
Moreover, the deep characterization of regulatory T cells
as CD4"CD25'FoxP3'CD127" has demonstrated no
differences hetween the two groups studied, thereby
revealing that the previously reported data [79] are
referred to activated T cells (CD4*CD25%) instead of
regulatery cells. Table 2 describes the reported data.
Regarding CD8" T cells, no modifications are reported
in AD patients when compared with their age-matched
controls. Indeed, this might be due to the well-known

role of CD8' T cells in age-related changes strictly corre-
lated with chronic cytomegalovirus infection, which is a
feature common to almost all older people {as well as
AD patients) [35-37].

APB4» and in vitro peripheral blood mononuclear
cell activation
A recent hypothesis suggests that persistent stimulation
of the immune system by AP peptides leads to B-cell
and T-cell responscs, as well as to the release of inflam-
matory mediators.

Although the AP aggregates are mainly found in the
brain amyloid plaques, the soluble forms, monomers
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Table 2 Main modifications of lymphocytes subpopulations between Alzl ’s disease patients and age-matched
controls
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and oligomers, predominate in the plasma where they
may interact with the cells of the immune system [84].
Activation markers and chemokine receplors are over-
expressed in unstimulated AD cells when compared with
controls. This is evidence for the pro-influnmatory sta-
tus of AD [6,7,85.86]. In this scenaria, we have reported
an in vitro response of T cells to recombinant APy
(rAfy;). Indeed the CDGY activation marker is overex-
pressed in rAPg.-stimulated AD cells when compared
with their controls [63]. Moreover, we have also reported
an increased expression of the chemokine receptors
CCR2 and CCRS5 only on T cells of AD patients alter
in vitre stimulation by rAf,,. whereas B cells overex-
press CCR5 after the same ir vitro treatment. The
modulated expression of these receptors might enhance
the migration of lymphocytes acress the Dbrain

1

microvascular endothelial cells [87,88]. Strictly related to
the expression of chemokine receptors is the observation
that peripheral T lymphocytes of AD patients produce
higher MIP-1a levels than age-matched controls [78].
'This observation, together with the expression of the
MIP-1a receptor CCRS on the human brain microvascu-
lar endothelial cells, might explain the migration of T
cells and B cells across the BBB. Microglial cells also
produce MIP-Le. It has been demonstrated that MCP-1
via CCR2, expressed on brain endothelial cells, contri-
butes to increased brain endothelial permeability [74,78].
In contrast to these data, we did not ebserve any signifi-
cant overpraoduction of MIB-1a in PBMCs in vifre sti-
mulated by rAfs;. This discrepancy might be due to the
different experimental systems used since the produc-
tion/binding of MIP-1a in vive or in vitre was assessed

39



Martorana ez al. Longevity & Healthspan 2012, 1:8
httpifAwsnarlongevityandhealthspan.com/content/1/1/8

using human brain microvascular endothelial cells [78].
Moreover, in AD patients we and others [63,89] have
demonstrated an increased production of RANTES,
which is one of CCR5ss ligands (Table 3).

The role of APy, in the generation of an “inflanunatory
milicu” is alse suggested by the observation that in vifro
stimulation of PBMCs by rABy; induces the production
of different chemokines and cytokines, rendering these
cells active players in the inflammatory response in AD
patients [63]. In fact, after an in vitro stimulation of
PBMUCs, AD patients have shown a significantly high
production of the inflammatory cytokines IL-1f, IL-6,
TNF- and IFN-y. We have also reported an increase of
the anti-inflammatory cytokines 1L-10 and [L-1 receptor
antagonist, so we hypothesized that this situation might
balance the overproduction of the above-described pro-
inflammatory cytokines. As previously stated, however,
there is an efflux of amyloid from CNS that can prime
lymphocytes. Some authors have demonstrated a reduc-
tion of both pro-inflammatory and anti-inflammatory
cytokines, hence assuming a general impairment of im-
mune functions in AD patients, wherecas others have
demonstrated a decrease of 1L-10, an increase of MIP1-
@ and an increase of IFN-y, respectively [74,78,82,88]
Methodological differences (mitogen or Af stimulation)
among the different studies, including inclusion criteria
for both AD patients and healthy controls, might explain
the great variability of data (Table 3).

Table 3 Cytokines, growth factors, chemokines and
chemokine receptors on Alzheimer’s disease patients
after in vitro stimulation

Stimulated vs. unstimulated Reference

AD patients
Cylokines
L-1BIL-5TNF-¢ -1 641
by 153
[54]
19 Decioase 1771
nerease 54
Crowth faciors
GM CSMG C5T ACTEnse 163
Chemokines
FotadnMIF 1% Incrasse [
nerEase 541
My change 1531
CORZ andd CCRS on Tedls Increase 153
CRSon B cells ncrease [&31

AD, Alzheimer's disease; G-CSF, granulacyte calony-stimulating factor; GIA-CSF,
granulocyte-macrophage colany-stimulating factor; IL-1ra, IL-1 receptar
antagenist MIP, macrophage inflammatory protein,
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Since monocytes are the main source of I[L-6 and
TNF-a and they possibly efficiently bind A, via CD36,
the pattern of cytokine production ohserved by us is
the one to be expected. Besides, we have previously
demonstrated an increased expression of the scavenger
receptor CD36 on monocytes from AD subjects in un-
stimulated and stimulated cultures that could be related
to their efficient role to bind plasmatic A which in turn
causes the production of cytokines, chemokines, and
reactive oxyvgen species, hence activating the signaling
cascade necessary for cellular migration, adhesion, and
phagocytosis [63].

In addition, the engagement of monocytes might ren-
der these cells more efficient in T-cell activation [20].
Some studies have suggested receptors for advanced
glveosylation end products as possible candidates for the
role of soluble AP receptors. These receptors have been
found on CD4" T-cell surfaces and are known to bind
various molecules including AB; ligation of receptors for
advanced glycosylation end products results in cell acti-
vation and inflammatory response [91]. Another possible
recepter might be Toll-like receptor-4 [92,93], expressed
on CD4' T cells, for which the potentially modulatory
effect upon ligation by A may even be direct.

Conclusions

Many modifications of immune and inflammatory sys-
tems have been reported in patients affected by AD.
These changes might be the consequence of the overpro-
duction of AB that can activate the blood cells, rendering
them active producers of inflammatory mediators. On
the contrary, the role of the genetic background namely
the polymorphisms of genes involved in the immune-
inflamination must be considered to fully clucidate the
complex mechanisms that play a role in the generation
of AD. Moreover, as a high proportion of women are
alfected by AD, especially at a very advanced age, it is
important to consider the role played both by hormones
and levels of education regarding the different propensity
of males and females to develop discase. Fascinatingly,
other important risk factors that could be related to the
typical pro-inflammatory status of older people are envi-
ronmental events in carly life as well as childhood 1Q.
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Abstract
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changes in ageing and longevily.

The demographic and social changes of the past decades have determined improvernents in public health and

lengevity. So, the number of centenarians 's increasing as a worldwide phencmenon. Scientists have focused their
attention on centenarians as optimal medel to address
ageing

the biclogical mechanisms of "successful and unsuccessful
I'hey are equipped to reach the extreme limits of human life span and, most importantly, 1o show

ir routine daily IMTe and 1o escape falal age-related diseases, such
ascular diseases and cancer, Thus, particular sttention has been centered on their genetic background
and immune system. In this review, we report our data gathered for over 10 years in Sicilian centenarians. Based
on results oblained, we suggest longevity as the result of an optimal performance of immune system and an over-
expression of anti-inflammatory sequence variants of immune/inflammatory genes, However, as well kno
genetic, epigenetic, stachastic and enviranmental factors seem to have a ciucial role in ageing and langey
ciated with ageing, as demonstrated Tn many studies. In particular, ageing Is associated with a
global loss of methylation state. Thus, the aim of future studies will be to analyze the

Keywords: [mimune system, Genelics, Profanti-inllammatory polymerphisms, Cpigenormics

N,
ty.

=ight of epigenstic

Introduction

Data from centenarian offspring

As well known, life expectancy is a familial trait and
longevity is determined by different factors. In particu-
lar, the environmental milieu and genetic background
play a central role. As demonstrated by many epidemio-
logical studies, family members of long-lived subjects
have a significant survival advantage compared to gen-
eral population. In this context, the study of centenarian
offspring {CO), a group of healthy elderly people with a
familiar history of longevity, might help gerontologists
to better identify the correlation between genetic profile
and hope of a healthy ageing. Previous studies have
reported that CO, like their centenarian parents, have
genetic and immune system advantages, which reflect a
minor risk to develop major age-related diseases, such

znc Foremsic Setechroloias,
21, Falerrio 50137, Itay
he 2nd of the aricle

v af Falerme,
Full list of aLzase Mforrmatior is o

() Biomed Centra

as cardiovascular diseases, hypertension or dizbetes mel-
litus as well as cancer [1,2]. The lower cardiovascular
disease risk in CO suggests the probability that CO have
some protective factors against atherosclerosis, such as a
good lipid profile. Male CO have higher plasma HDL-C
levels and lower plasma LDL-C levels. Since lipid profile
is directly correlated to atherosclerotic cardiovascular
diseases, this metabolic feature could preserve CO both
to develop these diseases and, as consequence, to reach
a healthy ageing and longer survival [3]. Furthermore,
Rose ct al. [4] reported that centenarians and CO show
significantly higher levels of heteroplasmy in mtDNA
control region than controls, a favorable condition for
longevity.

In these last years, some vesearchers have speculated
about the distinctive immunological profile of olfspring
enriched for longevity respect to the immunological fea-
tures of coeval elderly. The cytomegalovirus (CMY) is
one of the most comunen viruses that affect elderly peo-
ple. Many evidences have shown that CMV infection

146



Balistreri et al. immunity & Ageing 2012, 9:8

http:/prmeimmy J com/content/9/1/8

may influence the T cell subset distribution, having an
essential role in immunosenescence [5-7]. CMYV infec-
tion is strongly related to both a reduction of CD8
*CD45"CCR77CD27"CD28" naive T cells and to a con-
temporarily increase of CD8"CD45RACCR7 CD27"
CD28" late differentiated effector memory and CD45RA-
re-expressing T cells. These parameters are considered
typical of immunosenescence in elderly. Recently, it has
been demeonstrated that CMV-seropositive offspring of
long-lived people don't show the age-associated decrease
of naive T cells. On the other hand, memory T cell sub-
sets above described do not increase in offspring of
long-lived families, differently from that observed in
age-malched controls [8]. It has been also demonstrated
that CMV-seropositive offspring of long-lived people
have reduced levels of CD8+ 'I' cells expressing CD57
and KLRG1, sometimes referred as “marker of senes

cence”, when compared to their CMV-infected age-
matched controls. The reduction of effector memory T
cells lacking the expression of CD27 and CD28 and
expressing CD57 and KLRG1, observed in CMV-
infected offspring could explain their high proliferative
response against CMV. The CMV-seropositive offspring
have also shown significantly lower CRP levels com-
pared to their CMV-seropositive age-matched controls
that could be related to a lower pro-inflammatory status
[8].

During ageing, B cell compartment also shows signifi-
cant modifications in numbers and functions [9-12]. In
fact, advanced age is per se a condition characterized by
lack of B clonotypic immune response to new extracellu-
lar pathogens. In any event, data are suggesting that the
loss of naive B cells could represent a hallmark of immu-
nosenescence [13). On the other hand, a B cell popula-
tion lacking of both IgD and (D27 resulted increased in
healthy elderly [14]. We have suggested that this gD
CD27" B cell subset is a population of memory B cells
lacking C227, a typical memory marker, likely consid-
ered a late memory exhausted B cell subset (Table 1)
[14-16]. This population resulted also increased in active

Table 1 Main modifications of B cells and B cells
products in elderly human observed in our laboratory

B cells or B cells products Changes References
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Lupus patients [17], in healthy subjects challenged with
respiratory syncitial virus [18], and in HIV patients [19].
CO don’t show the typical naive/memory B cell shift
observed in elderly. Although a decreased B cell count
was observed in CO and their age-matched controls, it
has been demonstrated that naive B cells (IgD"CD277)
were more abundant and DN B cells (gD CD277) were
significantly decreased, as looked similarly in young peo-
ple [20]. This B cells distribution in CO could suggest
that antigenic load or inflammatory environment play a
central role in exhaustion of the B cell branch. It is well
documented that the quality and the size of the humoral
immune response declines with age [15,21-26]. This
change is characlerized by lower antibody responscs and
decreased production of high affinity antibodies. The eva-
luation of IgM secreted in CO serum shows that the
values are within the range of the levels ohserved in
young subjects [20]. In this way, CO could have a bigger
advantage to fight against new inlections and appropri-
ately respond to vaccinations, giving them a selective
advantage for longevity in healthiness

In conclusion, individuals genetically enriched for
longevity possess immune different signatures respect to
those of the general population (Table 2). This suggests
the idea of the “familiar youth” of the immune system,
In addition, the lower pro-inllammatory status in CMY-
infected offspring of long-lived people might represent
an optimal advantage for healthy longevity and against
mortality associated to major age-related diseases.

Gender and longevity

A characteristic enigma of longevity is the gender and
the social phenomenon of “feminization of old age”. The
demographic and social changes of the past decades,
responsible for longevity and the improvements in puh-
lic health, have created new and often very dissimilar
realtics for women and men. People are all aware that
they differ in their anatomy and physiology, but also in
more complex traits, such as lilespan (in ltaly, 78.8
years for men and 84.1 years for women, respectively)
and mortality [27-29]. No cenclusive explanation for
these new differences is actually demonstrated. An intrl-
cate interaction between environmental, social struc-
tural, behavioural (i.e. the complex pattern of roles and
values that define what is thought as masculine and fem-
inine) and genetic factors have been suggested as the
more probable reason [30-32].

From a genetic prospective, our suggestion based on
the studies in Sicilian population supports a female-spe-
cific gene-longevity association, by emphasizing the
paradoxical role of socio-cultural habits in female long-
evity [33]. This concerns the HFE gene, the most telo-
meric HLA class I gene, codifying for a class I a chain,
the HEE protein, which seemingly no longer participates
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Table 2 Cellular and humoral immune modification in offspring from longevity families compared to their AM controls
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T and B cell Phenotypes and Products
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in immunity. [t has lost its ability to bind peptides due
to a definitive closure of the antigen hinding cleft that
prevents peptide binding and presentation. The HFE
protein, expressed on crypt enterocytes of the duode-
num, regulates the iron uptake by intestinal cells, having
acquired the ability to ferm complex with the receptor
for iron-binding transferring. Mutations in HFE gene
are associated with hereditary hemochromatosis, a disor-
der caused by excessive iron uptale [34,35]. Three com-
mon mutations, <282Y, H63D and S65C, have been
identified in HFE gene. In particular, the C282Y muta-
tion (a cysteine-to-tyrosine mutation at amino acid 282)
destroys its ability to make up a heterodimer with f2-
microglobulin, The defective TIFE protein fails to associ-
ate to the transferring receptor, and the complex cannot
be transported to the surface of the duodenal crypt
cells. As a consequence, in homozygous people, two to
three times the normal amount of iron is absorbed from
food by the intestine, resulting in end-organ damage
and reducing lifespan. Two other mutations, H63D (a
histidine to aspartate at amino acid 63) and S65C (a ser-
ine to cysteine at amino acid 63), are associated with
milder forms of this disease [34,35].

An association between C282Y mutation and lengevity
characterizes the Sicilian pepulation studied [33]. In par-
ticular, women cartiers of C282Y mutation had a higher
frequency among the oldest old compared to control
women (Table 3). Thus, the C282Y mutation may confer
a sclective advantage in terms of longevity in Sicilian
women. Considering the historvical and social context in
which the generation of women under study lived, our
data seem to propose that the possession of iron-sparing
alleles significantly increases the possibility for women to
reach longevity, For instance, in Sicily, many pregnancies
and an iron-poor diet, consisting mainly in grains, vege-
tables, and fruits, were still the rule for women born at
the beginning of last century. In fact, meat was available
fer men but not for women; this clearly explains how
genetic background also interacts with culture habits
[20,31,33].

Our data, showing the relevance of C282Y for women
survival to late age, allow adding another piece of evi-
dence to the complex puzzle of genetic and environmen-
tal factors involved in control of lifespan in humans. The

complex interaction of environmental, historical and
genetic factors, differently characterizing the various
parts of a country, i.c. Italy, likely plays an important role
in determining the gender-specific probability of atrain-
ing longevity [30,31,33,36].

Role of innate immunity genes in longevity: the
paradigmatic case of TLR4, CCR5, COX-2 and 5-LO genes
According to evolutionary ageing theories, most of the
parameters influencing immunosenescence appear to be
under genetic control [32,37,38]. An example is given by
the innate immune system, involved in neutralizing infec-
tious agents [39]. It plays a beneficial role until the time
of reproduction and parental care. In old age, a period
largely not foreseen by evolution, it can determine an
apposile and detrimental effect through chronic inflam-
matory responses (“antagonistic pleiotropy”) [38,40].
Genetic pro-/anti-inflammatory variations in innate
immune response are, indeed, thought to influence the
susceptibility of age-related human diseases, by altering
host response to environmental and endogenous stress
[41]. Thus, they are able to determine a negative or posi-
tive contrel of inflammation, by affecting both interac-
tions between host and microbes and survival of the
individual and attainment of longevity. Furthermore, they
appear both to be responsible, at least in large part, for
different men and women strategics to achieve longevity,
and to centribute to the preferential sex dimorphism of
the age-related diseases [30,31,33].

From our investigations in Sicilian population, TLR4,
CCR5, Cox2, 5-Lo genes can be considered good exam-
ples. They provide an ideal model to understand the dif-
ferent implications of their genetic variants in the risk of
age-related diseases, Le. atherosclerosis and prostate
cancer (PC), and reciprocally in increased chance to
attain longevity,

TLR4 gene (number accession of GenBank: NM-
138554.1) codifies the best understood TLR member
involved in recognition of LPS, the prototypic TLR4
ligand, and other exogenous and endogenous (i.e. HSPs,
hyaluronic acid, f-defensin-2, ox-LDL, fibronectin and
amvloid peptide) ligands. TLR4 activation implies a down-
stream signaling mediated by several intracellular adaptor
molecules and the consequent activation of transcription
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Table 3 Data from our investigations in Sicilian population
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factors, such as NF-kB. This determines the production of
different pro/anti-inflammatory mediators. These lasts,
such as IL-10, are produced by the parallel activation of
anti-inflammatory pathways to limit the potential tissue
damage from excessive activation of the innate immune
system [42]. SNPs seem to modulate both TLR4 activity
and function. Tn human, only two SNPs, +896A/G
(Asp299Gly; rs4986790) and +1196 C/T {Thr3991le;
54986791}, have a [requency > 5%. They induce a blunted
response to LDS, as first suggested by Arbour et al., and
are phenotypically associated to changes in the production
of cytokines, principally those carrying the Asp299Gly
mutation [43-45]. Accordingly, recent literature data sug-
gest the ability of this SNP to modulate the risk of major
age-related diseases [42].

The CCR5 gene (number accession of GenBank: NM-
00579) codifies for a G protein-coupled chemokine
receptor, which regulates trafficking and effector func-
tions of memory/effector Thi cells, macrophages, NK
cells and immature dendritic cells. CCR5 and its ligands
are lmportant molecules in viral pathogenesis. Recent
evidence has alse demonstrated the role of CCRS in a
variety of human diseases, ranging from infectious and
inflammatory age-related discases to cancer. A notable
5 gene is a 32 bp (A32) deletion, which
causes a [rame shift mutation in exon 4 ({CCR5A32;
rs333} and determines stop protein maturation and loss
of expression of functional CCR5 receptor [46]. Accord-
ingly, it seems to have a protective role against CVD
and other age-related diseases, such as PC. Tt, indeed,

variant of
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determines a slower progression ef atherogenesis or
cancerogenesis as a consequence of an attenuated
inflammatory response.

COX-2 gene maps in the 1¢25 chromosome and codifics
for the Cox-2 enzyme involved in the conversion of ara-
chidonic acid to prostaglandins. Polymorphisms regulate
its expression and hence prostanoid biosynthesis. In parti-
cular, it has been identified a guanine to cytosine substitu-
tion at position -765 G/C, located within a putative
binding site for the transcription factor Spl, associated to
a reduction in the risk of clinical cardiovascular events.
COX-2 is expressed at low levels in most tissues, but its
expression enhances under inflammatory stimuli and in
inflammatory age-related processes, ic. atherosclerosis,
rheumatoid diseases and cancer [47].

The 5-LO gene maps in the chromosome 10g11.2 and
codifies the 5-T.o enzyme involyved in the synthesis of ITs,
The 5-LO pathway has been associated to atherosclerosis
in mouse and human histological studies. Several SNPs
have been described. In particular, the - 1708 G/A, -1761
G/A and 21 C/T SNPs in promoter region and exon-1 of
5-1.0 gene modify the gene transcription or the putative
protein [47],

An over-cxpression of anti-inflammatory CCR5A32
variant, +896 G (299Gly) TLR4 allele, -765 C Cox-2
allele, -1708 G and 21 C 5-Lo alleles characterizes male
Sicilian centenarians (Table 3) [47-49]. So, male cente-
narians are people who seem genetically equipped for
defeating major age-related discases. They present SNPs
in the immune system genome (i.e. SNPs or other genetic
variations, located within the promoter reglons of pro-
inflammatory cytokines) which, regulating the immune-
inflammatory responses, seem to be associated to longev-
ity [30-32]. Furthermore, centenarians are characterized
by marked delay or escape from age-associated diseases,
responsible for the high mortality in earlier ages. In parti-
cular, it has been demonstrated that centenarian off-
spring have an increased likelihood of surviving to 100
years and show a reduced prevalence of age associated
diseases, such as CVD, and lower prevalence of CVD risk
factors [1,30-32,50] Thus, genes involved in CVD may
play an opposite role in human male longevity. Our data
in male Sicilian population confirm this suggestion and
emphasize the role of antagonistic pleiotropy in ageing
and longevity [51,52]. A high frequency of proinflamma-
tory CCRAwt variant, +896A TLR4 allele, -765 G Cox-2
allele, 1708A and 21 T 5-Lo alleles characterizes male
Sicilian patients affected by MI (Table 3) [47-49]. In a
recent study, we also found a similar overexpression of
these proinflammatory SNPs in male Sicilian patients
alfected by PC (Table 3). Opposite data were obtained in
male centenarians [53,54].

In contrast, female Sicilian centenarians have a differ-
ent frequency of the alleles of +896A/G TLR4 SNP than
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that observed in male Sicilian centenarians, In particu-
lar, female Sicilian centenarians show an over-expression
of the pro-inflammatory +896A TLR4 allele respect to
female patients affected by Boutonneuse fever and age-
matched controls (Table 3) [55].

On the other hand, pro-inflammatory responses are
evolutionary programmed to resist fatal infections. Thus,
it is not surprising that the genetic background of peo-
ple that survive to an advanced age may be protective
against infections [55].

Based on our data, we suggest that Sicilian men and
women may follow different trajectories to veach longey-
ity. For men it might be more important to centrel
atherogenesis and cancerogenesis, whereas for women it
might be more important to control infectious diseases
[30,31].

In order to confirm our suggestions on the biological
elfects of +896A/G TLR4 SND and its role in the patho-
physiology of age-related diseases studied (i.e. MI and
PC) and longevity, we recently assessed the levels of IL-6,
TNF-a, [L-10 and cicosanoids in LPS-stimulated whele
blood samples from 50 young healthy Sicilians, screened
for the presence of this SNP, Both pro-inflammatory
cytokines and eicosanoids were significantly lower in car-
riers bearing the +896 G TLR4 allele, whereas the anti-
inflammatory IL-10 values were higher [56]. This sug-
gests the ability of the +896 G TLR4 allele to mediate a
better control of inflammatory responses induced by
chronic stimuli, so likely decreasing the effects of athero-
genetic damage and prostate carcinogens.

On the basis of data reported herein, some suggestions
can be drawn. First, pathogen load, by interacting with the
host genotype, determines the type and intensity of inflam-
matory responses, according to the pro-inflammatory
status and tissue injury, implicated in the patho-physiclogy
of major age-related diseascs. Second, adequate contrel of
inflaimmatory response might reduce the visk of these
diseases, and, reciprocally, might increase the chance of
extended survival in an environment with reduced patho-
gen load. Accordingly, a higher frequency of the anti-
inflammatory +896 G TLR4 allcle has been observed in
centenarians [49].

Cytokine profile: a biomarker for successful ageing

Cytokines are considered key players in maintaining lym-
phocyte homeostasis [57,58]. Their function is not lim-
ited to induce response after an immune insult, but they
can modulate the nature of response {cytotoxic, humoral,
cell mediated, inflammatory or allergic) or, in contrast,
they may cause non-responsiveness and active immune
suppression [58]. Furthermore, sequence variations in
several eytokine genes, such as [EN-y and IL-10 genes,
have been demonstrated to be associated with successful
ageing and longevity [58]. On the other hand, individual
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changes in type and intensity of immune response affect-
ing life span expectancy and health ageing seem to have a
genetic component. A well-preserved immune function
characterizing the successful ageing has been found in
centenarians [38]. Recent evidence suggests that cente-
narians seem to be genetically equipped gene polymorph-
ism for overcame the major age-related diseases and
polymerphisms in immune system genes involved in reg-
ulation of immunc responses have been found associated
to longevity. In particular, associations between both
cytokine gene polymorphisms and longevity, and differ-
ential gender longevity in males and females, and recipro-
cally to age-related diseases have been demonstrated
138,58,59].

QOur data in Sicilian population confirm these associa-
tions and suggest that differences in the genetic regula-
tion of immune inflammatory processes might explain
the reason why some people but not others develop
age-related diseascs and why some develop a greater
inflammatory response than others. In particular, this
suggestion seems to be suitable for some SNPs in [FN-y
and T1.-10 genes (Table 4) [60-63].

IEN-v gene codifies for a cytokine involved in defense
against viruses and intraccllular pathogens, and in
induction of immune mediated inflammatory responses.
Its production is genetically regulated. A variable length
CA repeat sequence in the first intron of TFN-y gene has
been described to be associated with high [FN-y produc-
tion. Furthermore, a SNP, T to A (+874 T/A), at 59 end
of the CA repeat region has been described and T pre
sence has been related to high-producing microsatellite
allele 2. This SNP coincides with a putative NF-xB
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binding site, which might have functional conscquences
for transcription of IFN-y gene. Thus, this SN might
directly influence 1EN-y production levels associated to
CA microsatellite marker [60].

IL-10 gene codifies for IL-10 cytokine. IL-10 is pro-
duced by macrophages, T and B cells. It is one of the
major immune-regulatory cytokines, usually considered
to mediate potent down-regulation of inflammatory
responses. 11-10 production, independently on interac-
tion with other cytokine gene products, is generally con-
trolled by several polymorphic elements in the 5* flanking
region of T1-10 gene. Multiple SNPs have been identified
in human [L-10 5" flanking region and some of these (i.e.
-592, -819, -1082) combine with microsatellite alleles to
form haplotype associated with differential IL-10 produc-
tion. These three SNPs in the IL-10 proximal gene region
{considered potential targets for transcription regulating
factors) might be involved in genetic control of IL-10
praduction, even if contrasting literature data have been
reported. In particular, the homozygous -1082GG geno-
type seems to be associated with higher IL-10 production
respect to G/A heterozygous and AA homozygous geno-
types. Furthermore, this SNP seems to be functionally
relevant. Tt has been demonstrated that -1082 A carriers
{low producers) seem likely develop a major number of
chronic inflammatory diseases [61-63].

Qur results demonstrated an increase of subjects carry-
ing the -1082 G 1L-10 allele in centenarian men [61-63].
This allele is associated to significantly increased IL-1¢
production. Conversely, we observed that the frequency
of -1082A allele, associated to low IL-10 production, was
significantly higher in MI patients (Table 4) [63]. Thus,

Table 4 Cytokine data from our studies in Sicilian population

Gene Genotypes Centenarians P
e 032G6
-1 [HER
Young contrals (< 55 years} M patients (< 55 years) P
k52 males NoT10 males N8 males
-1 ’ 17 018,50
S108200 a{11.2%;
Genes Alleles of SNP Centenarians P
N =142 famales
. 002 166]
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high IL-10 production scems to be protective vs. MI and
a possible biomarker for longevity. Peaple with excep-
tional longevity have genetic factors (i.e. protective fac-
tors for CVD) that modulate ageing processes [63]. This
supports the opinion that a genetic background protec-
tive against CVD is a component of longevity. On the
other hand, our immune system has evolved to control
pathogens and pro-inflammatory responses are likely
programmed by evolution to resist fatal infections. From
this prospective, low IL-10 production is correlated with
increased resistance to pathogens. In older ages not evo-
lutionally programmed, increased IL-10 levels might bet-
ter control inflammatory responses induced by chronic
vessel damage and reduce the risk for atherogenetic com-
plications. These conditions might permit to achieve
exceptional ages in an envirenmental with a reduced
pathogen load [63].

In contrast, female Sicilian centenarians are character-
ized by an over-expression of +874 INF-y allele (Table 4)
[60]. The INF-y production is also influenced by hormo-
nal control fundamentally mediated by 17 extradiol.
Hormeonal regulation of this cytokine has been suggested
to modulate, in part, the ability of estrogens to potentiate
many types of immunec responses and to influence the
disproportionate susceptibility of women for immune-
inflammatory discases. Thus, gene variants representing
genetic advantage for one gender might not be recipro-
cally relevant for the other gender in terms of successful
or unsuccessful ageing [60].

The data from Sicilian investigation add another piece
to complex puzcle of genetic and environmental factors
involved in the control of life span expectancy in humans.
Studies on cytokine gene SNPs may promise to individu-
ate a complex network of trans-inactive genes able to
influence the type and strength of immune responses to
environmental stressors, and as final result, conditioning
individual life expectancy [60-63]. On the other hand, we
recently suggested the possibility to use cytokine profile
as biomarker of successful ageing, by evaluating through
Lumines technology cytokine serum levels in 44 Sicilian
nonagenarians and 79 control subjects (aged between 30
and 50 vears old) [64]. IFN-y and T1.-2 levels are unmodi-
fied, suggesting a substantial maintenance of relevant T
functions. In addition, a significant increasc of IL-12
serum levels was observed. This condition might be asso-
ciated with the increase of NK cell function with ageing
Furthermore, an increase of 11.-13 and a reduction of TL-
4 were found. Thus, the maintenance of some effector’s
mechanisms of immune-response characterizes advanced
ages. From a general point of view, our data firstly con
firm the age-related remodeling of cytokine network,
Furthermore, they underline the presence of unchanged
levels of some crucial cytokines useful in preserving key
immune function in long-living persons [64].
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Future perspectives

The ageing process and longevity are multi-factorial
events, Genetic, epigenctic, stochastic and environmental
factors seem to have a erucial role in ageing and longevity.
Epigenetic is associated to ageing, as shown in the major
number of studies. In particular, ageing is associated to a
global loss of methylation state [65]. In addition, tissue-
dependent age-related hypermetylation ol specilic DNA
regions have been observed. Thus, it can be concluded
that epigenetic age-related modification are stochastic and
no linked to specific DNA region, while epigenetic
changes linked to specific envirommental stimuli are lim-
ited in specific DNA region [66,67]. These observations
have led to address the research on epigenomics and its
implication in ageing and longevity.

Epigenomics is the systematic study of the global gene
expression changes due to epigenetic processes, but not to
DNA base sequence changes, Epigenctic processes consist
in heritable modification that vesult in a selective gene
expression or repression and consequently in phenotype
changes [68]. These changes include nucleosome position-
ing, post-translation histone modifications, action of small
RNAs, DNA replication timing, heterochromatinization
and DNA methylation [69]. This last one consists in the
addition of a methyl group {-CH3) in the carbon 5 of cyto-
sines, particularly in the CpG dinucleotide. This condition
particularly concerns the CpG islands (CpGls), located at
the regulatory site of gene promoter regions. Methylation
rate is associated to transcriptional regulation. In particular,
gene silencing is associated to increase of -CH3 groups on
DNA, conversely hypometylation of CGls is associated to
an open chromatin state resulting in gene expression [70].

Although the association between ageing and epige-
netic is a real evidence, processes involved are not clear.
Certainly, the nutrition affects epigenctic modilications.
Nutrients can be active on specific sites. For example,
vitamin B12, vitamin B6, riboflavin, methionine, choline
and betaine, well known as folates, regulate levels of
S-adenosylmethionine and S-adenosylhomocysteine,
donor of -CH3 group and methyltransferase inhibitor
respectively [71]. Curcumin, resveratrol, polyphenols and
flavonoids, phytoestrogen, and lycopene are also consid-
cred key nutritional factors both for regulation of enzyvme
involved in acetylation and deacetylation mechanism and
for one-carbon metabolism [71,72]. A diet rich in vegeta-
bles and fruit, such as Mediterranean diet, may contain
these nutrients. Sicilian centenarians are characterized to
observe this kind of diet, as we reported [73]. Since
genetic and environmental factors contribute to longev-
ity, it may suggest that epigenetic events associated to the
modifications diet-induced are very important for suc-
cessful ageing processes. Furthermore, several literature
data reported a possible link between epigenetic and sev-
eral age-related diseases, such as cancer, metabolic
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syndrome, diabetes and neurodegenerative disorders.
Stable propagation of gene expression from cell to cell
during disease pathogenesis is regulated by epigenetic
mechanisms. For example, during the diabetes onset cpi-
genetic changes act on insulin and insulin metabolism
regulating the gene coding |74]. In particular, a recent
study has demonstrated that human insulin gene and
mouse insulin 2 gene expression are under control of epi-
genetic changes in CpGls. Insulin non cxpressing cells
are, indeed, methylated in the promoter region of insulin
coding gene, while insulin expressing cells are completely
demethylated in the same site resulting in insulin gene
expression [75]. Another study on monozygotic twin has
demonstrated that insulin resistance is also under control
of DNA methylation [76]. Alterations in insulin pathway
are known to be involved in metabolic disease, such as
metabolic syndrome, insulin resistance and type 2 dia

betes. Recent data also support the existence of a correla-
tion between these alterations and Alzheimer’s discase.

In the light of these observations, the purpose of our
future studies will be to evaluate the weight of epigenetic
changes in ageing and longevity, using centenarians as
super-controls,
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Abstract

A main objective of current medical research is the improving of life quality of elderly people as
priority of the continuous increase of ageing population. This phenomenon implies several medical,
economic and social problems because of dramatic increase in number of not autonomous
individuals affccted by various pathologics. Accordingly, the rescarch intercst is focused on
understanding the biological mechanisms involved in determining the posilive ageing phenotype.
Le. the centengrian phenotvpe. In achieving this goal the choice ol an appropriate study models is
fundamental. Centenarians have been used as an optimal model for successful ageing. However. it
is characterized by several limitations, i.e. the selection of appropriate controls for centenarians and
the use itselt of the centenarians as a suitable model for healthy ageing, Thus, the interest has been
centered on centenarian offspring, healthy clderly people. They may represent a model for
understanding exceptional longevity for the following reasons: 1o exhibil a protective genelic
background. cardiovascular and immunological profile as well as a reduced rate of cognitive decline
than age-matched people without centenarian relatives, Several of these aspects are summarized in

this review bascd on the literature and the results of our studies.

Keywords: Ageing, genetic background, centenarians, centenarian offspring, memory decline,

cardiovascular profile, immunosencscence.
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INTRODUCTION

Medical research currently is influenced by the massive ageing in the developed countries. This
trend implies a set of medical, economic and social problems. The cause is principally the increase
in number of not autonomous elderly individuals affected by several pathologies. So, an
improvement of human elderly health is required. Thus, the rescarch interest should be focused on
the so-called posiiive biology. It diflers fom well-known current biology that has as central [ocus
the causes of chronic diseases, alllicting millions of people living today, such as cardiovascular
diseases (CVD), cancer and Alzheimer disease (AD). In contrast, positive biology has as principal
goal the identitication of biological mechanisms of the positive phenotypes. Tn this context, the
positive phenotype is represented by some individuals living long, showing relatively good health,
able to perform their daily life tasks and to escape fatal age-related discases [1,2]. Observation of
exceplional longevity can represent an interesting study model of health and well-being. This new
study approach might provide useful data. Their translation might consent to obtain beneficial
biological effects, i.e. modulation of ageing rate, development of drugs or new litestyle habits (i.e. a
healthy dict, caloric uptake reduction, use of antioxidants, prebiotics and probiotics and incrcased
physical exercise) able to enhance health and well-being, 1o retard ageing, and to prevent or reduce
[railty and disability especially in individuals genetically predisposed. LFurthermore, it might
provide evidence, which would further strengthen the concepts of ageing theories [1.2].

From this point of view, centenarian offspring (CO), healthy elderly people with a family
history of longevity, may represent a model for understanding exceptional longevity. Their selection
is cssentially bascd on currcnt opinion of longevity as a familial trait, influenced principally by
genetic [actors and environmental conditions. Apart from differences in their genomes, development
and life expectaney, a major difference between humans and laboratory animals is the quantity and
quality of antigenic exposure. Typical laboratory organisms are usually housed in arfificially clean

environments. Thus, they are underexposed to pathogens, or even completely protected from them,
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except for limited period ol time required flor experimental reasons. These animals are quile
different from those living in the wild exposed to a plethora of different microorganisims, such as
bacteria, viruses and parasites. Human beings have an environment, although controlled, not sterile,
but rather full of microbes [3]. Some of them are normally hosted on skin and mucosal tissues,
having a proteetive rolc against pathogenic microbes. In centrast, others arc or can become frankly
pathogenic and trigger inlectious diseases that constituted a major life-threatening event throughout
the natural higlory of animal species. l'urthermore, lifelong antigenic load and the consequent
inflammation are assumed as the major determinants of human ageing rate and unsuccessful ageing.
Other interesting characteristics, such as a protective genetic background, immunological
profile and clinical history scem to be exhibited by CO when compared with age-matched people
without centenarian relatives. Many ol these aspeets are summarized in this review based on the
literature data and results of our studies.
FOCUS ON CENTENARIANS OFFSPRING: FAVORABLE CARDIOVASCULAR RISK
PROFILE
Scveral and comparable epidemiological studics in different populations (Ashkenazi Jews,
Americans [rom New Lngland, Japanese [rom Okinawa, leelanders, Mormons, Netherlanders from
Leiden) have established a role for genetic component in atlaining longevily [4-9]. Siblings and CO,
but not their spouses. show an increased odd ratio (OR) between 4- and 17-fold for longevity
compared with appropriate controls [4.5]. This supports the existence of strong genetic
determinants for longevity. Furthermore, it also suggests that the favorable modulation not only of
ageing proecsscs, but also of discase susceptibility, is strongly inherited in families with cxceptional
longevity. Thus, il supposes a possible transmission from centenarians lo their descendants of the
capacity to escape and/or postpone the major age-related diseases. In order to assess this, the
interest has been centered on CO. On the other hand, their evaluation bypasses some problems, such

as to find appropriate controls for centenarians, to eliminate the doubts to consider the centenarians
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a uselul model for healthy ageing, since only l[ew studies reported centenarians as healthier or well
functioning during most of their lives compared with average populations [10-13].

The first effort based on CO was made by the group of Perls and Terry in a cross-sectional
study [14]. It reported the prevalence of several age-related diseases in 177 CO and 166 age-
matched controls without centenarian parents cnrolled in the nationwide New England Centenarian
Study. Like centenarians, their descendants had a markedly reduced risk for CVD (56%; OR 0.44.
95% C1 0.24-0.80), hypertension (66%; OR 0.34, 95% CI 0.21-0.55) and diabetes (59%: OR 0.41.
95% C10.15-1.12) compared with age-matched controls without centenarian parents. Furthermore,
the same researchers reported a significant 62% reduction in all mortality causes and an 85% lower
risk ofcoronary heart discase-specitic mortality in CO [15]. In addition, median ages ot onset for
coronary heart discase, hypertension, diabetes and stroke are significantly delayed in this cohort by
5.0,2.0, and 8.5 and 8.5 years, respectively, compared with age-matched controls [16].

Subsequently, same authors [ 15] also observed that CO had a 71% lower risk of dying from
cancer when compared with age-marched controls, Tt is possible that, at vounger ages (e.g. <70
years), CO have a lower risk of cancer than controls, but that this ditfercnee disappears as the birth
cohorl ages. Lell behind are the survivors of the two groups, with similar susceptibility o cancer.
The possible proteetive [actors are not clear. However, it supposes that CO may have likely
inherited genetic variations from their long-lived parents able to protect them from multiple
mutations, thus resulting in lower cancer-specific mortality [15].

To further confirm these findings, a recent longitudinal study has been executed in a group
of 440 CO, considered to be predisposcd to healthy [4, 14-18] ageing, and 192 control subjects
enrolled and [ollowed for over 10 years by the New Lngland Centenarian Study. The specilic goal
of this longitudinal analysis was to discern whether the differences in the presence of age-related
diseases between COQ and control subjects persist over time, or whether the differences disappear as

the two groups get older. During the follow-up period, CO had a 78% lower risk of myocardial
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infarction, 83% lower risk of stroke, and 86% lower risk ol developing diabeles mellitus than the
control cohort. There were no significant differences in new onset of other age-related diseases.
Additionally, CO were 81% less likely to die than the controls during follow-up. These results
suggest that CO retain some important cardiovascular advantages over time similarly to their
parcnts. These findings reinforce the concept of longevity family history likely determined by
physiological causes. CO indeed have a betler cardiovascular health and a lower mortality than their
peers [17].

Concordant results were obtained by Barzilai’s group. In this study, the offspring of long
lived parents from Ashkenazi Jewish population had significantly lower prevalence of hypertension
(by 23%), diabetes mellitus (by 50%), heart attacks (by 60%), and strokes (no events reported) than
several age-matched control groups [4].

In this context, it is also noteworthy o mention that centenarians and ofTspring of the Long
Life Family Study (LLFS) cohort | 18] were less likely to have diabetes mellitus, chronic pulmonary
disease and peripheral artery disease than the Cardiovascular Health Study and Framingham Heart
Study cohort members [16]. Measures of physical function and cardiovascular risk factors were
more oplimal in LLI'S compared with the other groups [18].

This dala concordance led to indentilying ol the possible genetic and melecular pathways
able to confer the protective cardiovascular profile in CO. Barzilai and colleagues |19,20|studied
the lipid profiles amongAshkenazi Jewish centenarians, their children and thechildren’s spouses
(the controls in the study). Bothmale and female children had significantly higher high density
lipoprotein-cholesterol {(1IDL-C) levels comparcdwith controls and the males also had significantly
lower low density lipoprotein-cholesterol (LDL-C) levels. In order to focus candidale genes ol
lipoprotein metabolism, they also identified a markedly higher frequency of a functional variant
(homozygosity for the 403 valine) of the gene codifying the cholesteryl ester transfer protein

(CETP) in centenarians and their offspring. This genetic variant increases the particle size of both
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HDL and LDL [21]. Consistent with this, Li and colleagues[22] also reported a larger HDL and
LDL protein size in centenarians and their descendants compared with controls. Newman et al [18]
found that the HDI.-C levels were higher and triglycerides were lower in LLFS centenarians and
CO. These features retlect the protective lipid and cardiovascular profile of the people studied.
Furthermore, it has been recently cvidenced a significant corrclation between the genetic CETP
varianl and a lower prevalence ol hypertension, a reduced systolic blood pressure. and a trend
toward lower diastolic blood pressure [23].

In a more recent study. Barzilai group genotyped Ashkenazi Jewisheentenarians (n = 213).
their offspring (n = 216} and an age-matched Ashkenazi control group (n = 238) for 66
polvmorphisms in 36 genes related to CVD, They identified a higher prevalence of homozygosity
for the -641C (rs2342052) allele inthe APOC3S promoter in centenarians (23%) and their offspring
(20%) than controls (10%). This genotype is associated with significantly lower serum levels of
APOC3 and afavorable pattern of lipoprotein levels and size. A lower prevalence of hypertension
and greater insulinsensitivity in the -641C homozygotes was found, suggesting a protective effect
against CVD and metabolic syndrome. [Tomozygosis for the APOC3 -641C allele is agsociated with
a [avorable lipoprotein prolile, cardiovascular health, insulin sensitivity and longevily. These data
show thal genetic modulation of lipoproteins may be considered a pathway nfluencing lifespan
124].

Of interest are the concordant data on lower levels of 70-kd heat shock protein (Hsp70)
observed by three research groups in centenarians and their offspring. Hsp70 is a highly conserved
protein having protective and delcterious cffeets [25-27]. It is involved in the pathophysiology of
major age-relaled diseases. particularly in atherosclerosis and its complications. Usually, its
expression and release in vascular smooth muscle cells increases under oxidative stress induced by
risk factors, such as smoking, hypetlipidemia, diabetes and hypertension. Thus, circulating Hsp70

levels predict the development of CVD. In contrast, in those individuals that reach an advanced age,
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Hsp70 shows lower serum levels, conlerring a beneficial and protective ellect. Searching to explain
the differences in serum Hsp70 levels between centenarians and their offspring and age-matched
controls from the New England Centenarian Study and the Longevity Genes Project on Ashkenazi
Jewish population, their genotvping for two functional tag polymorphisms, rs1043618 in TISP70-
AlA and rs6457452 in 1ISP70-A1B gencs, demonstrated no associations. [lowever, scrum 1lsp70
levels may be considered as biomarkers ol exceptional longevily [28].

Another possible and key pathway 13 that ol insulin/lGI'L. In 2007, Cohen and colleagues
studied the level of IGFI in Ashkenazi Jewish descendants. They showed higher levels of this factor
related to the control population without a family history of longevity. In particular, they found 35%
higher serum levels in female CO respect to age and gender-matched controls. In contrast, male
offspring showed the same levels as controls [29].

These resulls suggest that phenotypic and genotypiccharacteristics associated with
exceptional longevity aretransmitted in long lived families. In addition, it emphasizes the
importance of cardiovascular health in achieving exceptional old age as well as the familial nature

of longevity.

REDUCED RISK FOR ALZHEIMER'S DISEASE AND MEMORY DECLINE IN
CENTENARIAN OFFSPRING

With advancing age. individuals can experience cognitive decline and develop several forms of
dementia. Among these, AD represents one of the major health problems, afflicting millions of
people today [30]. Centenarians are escaping and/or postponing this pathology [4, 21, 31]. No
consistent data exist on the eventual advantage transmitted from centenarians to their offspring to
maintain a high physical and cognitive function and sustained engagement in social and productive

activities, and to outlive this disease. Longitudinal studies of CO and offspring of parents with the
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average ol lile expectancy at birth for specilic cohorls,using rigorous neuropsychological
assessments are needed to clarify the influence of parental longevity on cognitive decline.

Recently, the Bronx Aging Study [32] provided the opportunity to apply this approach. The
study enrolled community residing subjects (aged 75-835 years) from 1980 to 1983 and followed
them for 23 ycars. The study included information on parcntal age at death and cxtensive annual
clinical, neuropsychological and neurological evaluations o determine memory decline and the
mcidence of dementia during follow-up. Using the data [rom the Bronx Aging Study, the Barzilai
group tested the hypothesis that parental longevity protects against memory decline and the onset of
dementia. Indeed, the CO had a reduced incidence for AD {hazard ratio0.57; 95% CI: 0.35 — 0.93)
than the control group. In particular,they were 36% less likely than thecontrol group to develop
dementia. They also had a significantly reduced rate of memory decline on the Selective Reminding
Test in comparison with the control group [32].

On the other hand, Barraland colleagues |33] observed in offspring generation from LLFS
family members, a better performance on multiple tasks requiring attention, working memory and
semantic processing when compared with individuals without a family history of cxceptional
survival. This suggests thal cognitive performance may serve as an importanl endophenotype [or
longevity [33]. Hagberg and Sarnuelsson [34] also evidenced that heredilary factors, social
relationships. marital status and personality did not contribute to survival prediction in this
exceptional age group. In consequence, in very old age, stochastic determinants may dominate over
programmed factors (for example family longevity) in the determining of survival. Yates and
collcagucs [35] found that thosc who survived to 90 yecars old had better late-lifc physical function
(mean + SD score [maximum 100], 73 + 23 vy 62 + 30, p <0.001) and mental well-being (mean
score. 84 + 14 vy 81 + 17, p= 0.03). More than 68% (vs 45%) rated their late-lite health as excellent

or very good and less than 8% (vs 22%) reported fair or poor health.
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Based on these observations, CO develops dementia and AD al a significantly lower rate
than controls. This result is not explained by demographic or medical confounders. Factors

associated with longevity may protect against dementia and AD.

IMMUNOLOGICAL HALLMARKS IN CENTENARIAN OFFSPRING
The age-related decline of the immune system which accompanies the ageing with several
modifications is called immunesenescence[36- 38]. A reduced amount of 1, B and NK cells 1s
observed in healthy elderly people |39-43]. Furthermore. the T cell compartment shows shrinkage
in elderly people of a cellular repertoire caused by the filling of the immunological space
characterized by memory-late ditferentiated (CD3+CDSHCDASRA-CD27-CD28-) CDE+ T cells
[44]. Concerning the B cellular compartment, studies did not Icad to a common conscnsus. Scveral
confrasting data have been suggested on changes occurring in the naove/memory subsels. However,
a serum increase of switched immunoglobuling and a reciprocal decrease of both serum IgM and
TgD have been demonstrated in elderly people [45-47]. This last evidence seems to be in agreement
with the reduced number of naive B cells and the increase of a Double negative, DN (IgD-CD277)
1gG' B cell population obscrved in healthy clderly, as reported by our recent studics [43, 49, 50].
The intercst in cstablishing the relevance of the immunological featurcs in the centenarian
phenotype led also to detect several immune parameters [47, 50-34]. Therefore. it has been
suggested that centenarians share some typical immunological parameters of young people and
others characteristic of the elderly. Among these, the number of NK c¢ells and their activity in
centenarians are well conserved and comparable to those observed in young people, when compared
with clderly people. In contrast, a decrcase in B lymphoceytes and naive T cells, a progressive
increase of CD28-cylotoxic T cells, the expansion of clones of memory T cells. a shrinkage of the T
cell repertoire characterise the centenarians, are typical changes of immunosenescence.

Furthermore, they have ne orpgan-specific auto-antibodies, often observed in healthy elderly
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individuals, and present some signs ol inflammation, including high plasma levels ol pro-
inflammatory eytokines, i.e. IL-6 and a lipoprotein, Lp(a), considered a CVD risk factor and
genetically controlled, as well as coagulation factors [36, 37, 52, 53-537].

Siblings and offspring of long lived subjects may become a good medel to analyse the
immunc profile and conscquently to understand the advantages of centenarian phenotype [25, 38-
60]. Until now, the literature has reported only on some aspects ol the CO immune prolile, i.e. dala
about the B cell branch. In this context, our recent data are ol interest. Comparing the B cells [rom
individuals of different age groups {young. elderly and CO), we noted that B cells from CO are
more comparable to those from young people compared with those from healthy old subjects. Like
young individuals, CO is characterised, indeed, by an increase of naive (IaD)'CD27) B cells [61].
This 13 a remarkablc observation, since the bone marrow ability to generate BB cells is impaired with
age [61]. Furthermore. our comparative analysis revealed that CO also has a decrease in percentage
of DN B cells |43]. The analysis of serum IgM concentration in CO. also revealed the presence of
higher levels in CO than their controls. Our supposition is that CO behaves as the young
individuals. This might allow them to preserve themselves from new infections and to respond to
vaccinations. All together, these data might be related to their healthier ageing [62].

ROLE OF VARIATIONS IN HUMAN TELOMERASE GENE AND MITOCONDRIAL
DNA

A close relation between telomere length and life span in humans, including long lived humans, has
been reported [63].However, interpretations of results are often confounded because of a lack of
adequate controls [64.65]. Recently, the group of Barzilai emploved a unique study design to
overcome this inadequacy in a cohort of Ashkenazi Jewish individuals with exceptional longevity
(centenarians), their offspring (approximate age of 70 years). and age- and gender-matched controls
without a family history of longevity. Using this study’s approach, the potential associations

between telomere length and longevity, and age-related diseases were investipated. Furthermore,
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the potential role of genelic variations in the human telomerase reverse transcriptase (WI'LRT) and
human telomerase RNA component (nTERC} genes in the better maintenance of telomere length in
the centenarians and their CO was also assessed[66].

Significantly longer telomeres were detected in centenarians and their offspring than
controls [66]. In addition, CO did not show an appreciable age-related decline in telomere length as
observed using unrelated controls or in cross-sectional studies|66].

Because shorter telomere length is associated with age-related disease, mecluding
hypertension, metabolic syndrome and dementia, the authors analyzed the association between
telomere length, major age-related diseases and lipid profiles in centenarians, their offspring and
controls [64.65,67]. They observed that longer telomeres are indeed associated with lower
prevalence of hypertension, the metabolic syndrome, type 2 diabetes mellitus, and better cognitive
function as well as with healthier lipid profiles. In addition, it was revealed that two synonymous
(973 G > A (Ala-305 Ala) and 3097 C > T (His-1013 His)) and two intronic variants (IVS1-187 T
= C andTVS16+99 C > T) and their haplotypes in hTERT gene are enriched in centenarians
comparcd with controls. These variants are known to play a funetional role in the regulation of gene
expression through modulation of mRNA stability, mRNA secondary structure, alternative splicing
or iranslational efficiency [66]. Thus, the telomerase genes may lunclion as impotianl genelic
determinants of both human longevity and telomere length. Additionally, these data suggest that
both telomere length and variants of telomerase genes may have a cumulative influence on lower
disease prevalence and a favorable lipid profile in centenarians and their offspring [66, 67].

Mitochondrial DNA (mtDNA) is another important tool to vnderstand longevity [68]. It
encodes for 2rRNA, 22 (RNA and 13 polypeplides that take part to oxidative phosphorylation
process [69]. It produces reactive oxygen species potentially dangerous for the mitochondrion itself
[69]. Tt does not present non coding region except one, the D-loop, containing binding sites for the

replication and  transcription[69]. Twata and colleagues [69] published a paper about
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mtDNAmutations in Askhenazi Jews. In particular, blood leukoeyle samples of mixed gender
offspring and non-maternally related controls were analyzed to confirm the role of the C150T
transition in longevity. This variant occurs in one of heavy chain replication origins shifting this
origin from position 131 to 149. It was previously observed that this genetic variant is more
frequently expressed in [talian centenarians [69]. The association with longevity was not confirmed
in the Askhenazi population[69]. Thus, these dala suggest that this mulation is population-
dependent. such as shown in some studies in I'innish and Japanese populations [69]. In contrast. an
ageing-related raise of the heteroplasmic T132C transition frequency was observed. However, other

studies will be useful to confirm the role of these mutations in longevity [69].

CONCLUSIONS

1n these last years, the gerontologists have [ocused their eflorts in identilying a correct study model
to understand the characteristics of successful ageing. CO seems to represent the appropriate model
to analyze successtul ageing. They show a favorable lipid. immunological and cardiovascular
profile, a decreased cognitive decline and a protective genetic background (Tablel).

Lower serum levels of APOC3, Hsp70 and LDL-C, and higher amount of HDL-C
characterize their lipid and cardiovascular profile [18-22,24-28]. Cardiovascular health consents
them to cseape morbidity and meortality for adverse cardiac events, including atherothrombosis,
myocardial inlarction, stroke and heart [ailure. The CVD represents the [rst cause ol death in
Western countries. This condition implies serious social, medical and economic problems. as
hospitalization and assistance of not autonomous and invalid individuals, and the existence of no
appropriate therapies.

TFurthermore, CO scem to show an optimal immunc control. They like their parents present
an immunological profile comparable in several aspects. i.e. number and activity of NK cells and B

compariment, to that of young individuals [4344]. Thus, CO behaves as the young people,
13
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counteracting new infections and responding to vaccinations. Al the same (ime, this condition
determines an adequate control of inflammatory response and as consequence a concomitant
reduction of the risk for major age-related diseases.

In addition, CO maintain a high physical and cognitive function and sustained engagement
in social and productive activitics, and they outlive several dementia forms like AD [4, 21, 32-35].

Another [eature of CO is to have an advanlageous genetic background characterized by
homozygosity for the -641C (132542052) allele inthe APOC3 promoter, homozygosily [or the 405
valine of CEPT, reduced telomere attrition associated with the presence of synonymous andintronic
variants in h-TERT gene, and heteroplasmic T152C variant in mt-DNA [19-21, 23, 24, 66, 69],

The concomitant action of all factors described suggests that the positive ageing phenotype
might be the result of an cfficient physical performance, rather than an avoidance of death. This
allows them 1o have a major chance o extend survival in health and well-being.

However, other studies are needed to confirm and extend these current data. For example,
genomic, transcriptomic and epigenetic investigations may eventually lead to better understanding
the molecular and ecllular mechanisms associated with successtul ageing. On the other hand, the
first epigenetic data obtained by the group of Gentilini seem to be promising [70]. They recently
demonstrated that a  better preservation of DNA  methylation  status, a  slower cell
growing/metabolism. and a better control in signal transmission through epigenetic mechanisms
may be involved in the process of human longevity [70].

In this future and perspective way of research, it could also be interesting to evaluate the
proteetive role of TERT on mitochondria, It has been recently evidenced that mitochondrial TERT
binds to and protects mitochondrial DNA and [unction [rom damage [71,72]. This relatively new
research area could be crucial to better understand the cross talk between nucleus and mitochondria

and its age-related changes, including the possible impact on successtul ageing.
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Turthermore. these investigations might also consent likely to understand the biologic
gender effect on longevity. A characteristic enigma of longevity is, indeed. the gender and the social
phenomenon of “feminization of oid age”. The demographic and social changes of the past decades,
responsible for longevity and the improvements in public health, have created new and often very
dissimilar realtics for women and men. They differ not only in their anatomy and physiology, but
also in more complex (raits, such as lifespan (in llaly, 78.8 years [or men and 84.1 years [or women,
respectively) and mortality [73]. No conclusive explanation [or these new dillerences is actually
demonstrated. However. the group of Gentilini has recently investigated the role of age-related X
chromosome inactivation (XCI) skewing in the lifespan of women. The data obtained showed that
age-dependent skewing of XCI appears delayed in centenarians’ offspring [74].

These study approach might permit the identifieation of targets to usc as possible suceessful
ageing biomarkers. Furthermore. it might consent o develop anti-ageing therapies. modulating
ageing rate, developing drugs (i.e. antioxidants) or new lifestyle habits (i.e. a healthy diet, caloric

uptake reduction, use of prebiotics and probiotics and increased physical exercise),
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Tahle 1. Molecular and phenotypical features of CO

Lipid and Cardiovascular Profile Changes References
Serum level of APOC3 Decrease 124
Serum level HSPTO Decrease [25-28]
Level and larger size LDL-C Decrease [18-22]
|.evel and larger sive HDI-C Increased [18-22]
Risk for hypertension Decreasc [4, 14-18]
Risk [or type [ diabeles Decrease |4, 14-18]
Risk of stroke Decrease |4, 14-18]
Risk myocardial infarction Decrease 4, 14-18]
(Coronary heart disease TDecrease [4, 14-18]
[Cognitive Profile Changes References
IDevelopment of dementia Reduced [21.32-35]
Development of Alzheimer’s disease Reduced 14.21]
Favorable Immunological Profile Changes References
Naive T cells (CD3'CTH8 CDASRA'CCR7'CD2T CD28 ) Tnerease [43]
Latc differentiated cffector memory 1 cclls (CD3 CD8'CD45RACCRT CD27°CD2Y) Decerease [43]
ILMRA (CD3'CD8 CD45RA'CCRT-CDT-CD28Y) Decrease [43]
INatve B cells ([gD'CD27T) Inereasc [44]
Double Negative B cells (1gG*1gA 1eDCD2T) Decreasc [44]
Serum Igh Increase [44]
IGenctic Profile Changes Refercnees
TTomozygosis for the -641C (rs2542052) allele inthe APOC3 promoter Tnerease [24]
Homorygosis lor the 403 valine ot CEPT Terease [19-21,23]
Iclomerc attrition Decreasc [66]
IPresence of synonymous andintronic variants in h-TERT gene Incrense [66]
Heteroplasmic T152C variant in mi-DNA Tnerease |68]
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ABBREVIATIONS

Alzheimer disease =AD

Apolipoprotein C-111= APOC3
Cardiovascular diseases = CVD
Centenarian ofTspring = CO

Cholesteryl ester transter protein= CETP
Double negative=DN

Heat shock protein= Hsp70

ITigh density Lipoprotein-cholesterol= ITDL.-C
Insulin-like growth factor 1=TFG1

Lipoprotein=Lp(a)

Long Life Family Study= LLFS

Low density lipoprotein-cholesterol= LDL-C
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11. Summary and general discussion

The aging of the immune system is a gradual andmymprocess that
modifies some immunological functions. These change known as
“immunosenescence” (Franceschi C et al., 1995; awe et al., 2005)
that have a great impact on immune performancat@élife, contributing
to the decreased ability of the elderly people éspond to emerging
pathogens and to the decreased responsivenessctnataons (Grubeck-
Loebenstein B et al., 2009; Thompson WW et al.,.32@ulop T et al.,
2013). Both the innate and the adaptive immunetions are affected in
the aged. In particular, with aging, the acquiresnpartment of the
immune system shows significant modifications irthb® and B cell
branches. Lifelong and chronic antigenic load heemhajor driving forces
of this process, resulting in the reduction ofrinenber of virgin antigen-
non experienced T cells (Franceschi C et al., 2@0d) contemporarily,
in the filling of the immunological space with exjuged clones of memory
and effector, experienced cells (Franceschi C.e2@00; Miller JP, and
Cancro MP, 2007).

It is known that the adaptive immune response déryy people is
gualitatively and quantitatively reduced when conegawith the immune
response of young people. Many studies have focaset cells but B
cell compartment is also affected with age. It h@sn demonstrated that,
although the number of B cells is diminished, teeels of serum IgG,
IgA and, to a lesser extent IgE increase while M IgD are decreased
(Listi F et al., 2006). Thus, it is suggested tbhsgible shift from naive
toward memory compartment (Gupta S et al., 2008ti & et al., 2006;
Colonna-Romano G et al., 2008).
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A typical feature of aging is a chronic low gradeo-inflammatory
status, named “Inflamm-aging”, observed in the @edople. This
phenomenon, under genetic controls, is associatbcvgeneral increase
in the production of pro-inflammatory cytokines aimtflammatory
markers (Cevenini E et al., 2010; Cevenini E 203Hpp T et al 2004,
2013) that render elderly people prone to fraltgl(streri CR et al., 2008;
Franceschi C et al., 2005).

It has been suggested that chronic antigenic stirsuch as herpes
virus infections (e.g.CMV), play a relevant role exhaustion of the
immune system, accelerating immune aging (Pawelest @l., 2005;
Akbar AN and Fletcher JM, 2005). Furthermore, tbetmuous attrition
caused by chronic antigenic load results in theeggion of inflammatory
responses involved in age-related diseases (Pa@edt@l., 2005; Vasto
S etal., 2007).

A typical pathology, correlated to aging, is Alzineir's disease (AD).
It is considered the most common form of age-rdla@@gnitive failure.
Extracellular deposits of amyloid beta peptide geig inflammatory
reaction in the brain (Weiner et al., 2006). Momgvchanges in
lymphocytes distribution and in cytokine levelsthe plasma of AD
patients have been reported (Richartz-Salzburgarek, 2007; Speciale
L et al., 2007; Larbi A et al., 2009; Pellicano Va¢, 2011).

On the other hand, centenarians represent an egashguccessful
aging because they have delayed diseases that lhooaase mortality
in the general population (Franceschi C, Bonafe2®03). In addition,
centenarian offspring (CO) have a genetic advantdge could

predispose them for longevity as they are preseinoed age-associated
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diseases, in particular cardiovascular disease®mkest myocardial
infarction, and diabetes mellitus (Terry DF et 2004 a,b).

The aim of this thesis is to study changes in imensystem with age,
also focusing on people genetically advantaged healthy ageing
(Centenarian Offspring) or unsuccessfully agedepési (Alzheimer’s
Disease) affected paying attention principally lo@naive/memory B cell
compartments.

In chapter 3, we have shown our recent work about the naivemgm
B cells characterization based on two developmimiedulated markers,
CD38 and CD24. We discussed about a new populafitate memory
B cells, CD19+CD38-CD24-, that is increased in didgeople compared
to young and contemporarily reduced in centenaatispring when
compared to age-matched controls. We evaluategdrtituction of pro-
and anti-inflammatory cytokines by CD38/CD24 B calubsets,
confirming data in literature which affirm that C®D38"CD24"
(Breg) is the main IL-10-producing B cell populatiolWe have also
observed a high production levels of TNF by Cb@B38-CD24 and
CD19'CD38CD24 B cells. Despite the increase of the number of
markers using for characterization, we confirmedat ticentenarian
offspring (CO) have the B cell branch similar tougyg people but
different to their healthy age-matched controls.e Timmunological
profile of centenarian offspring could guarantesntha protection against
the risk of infection and the inflammatory proceseéageing.

In chapter 4 we show our data obtained in a recent study othe
cell immune profile of centenarian offspring (C@)eir age-matched

(AM) controls, healthy elderly and young subjett&e have studied the
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distribution of CD4 and CD8 T cells within CD3 T cell population.
Here, we observed that CO have a slight increaperoentage CD4and

a lower percentage of CD8I cells, compared to AM controls, so the
CD4:CD8 results higher than AM subjects. Then, disvwperformed the
analysis of costimulatory molecules, CD27 and Cb2&D4 and CD8

T cells, to identify the stage of differentiatioh©cell branch. We have
shown that, young subjects have the higher pergentand absolute
number of early differentiated CD&D27" lymphocytes when compared
to any of older groups (CO, AM and elderly donok)wever, CO have
the higher but not significant percentage and altsahumber of these
two cell subsets within elderly population. A siamipattern was observed
within CD8" T cells. Indeed, in young donors there were thghdst
percentage of CD27and CD28 cells compared the other donors
analyzed; differently, the mean of percentage BRT T cells and the
percentage and absolute number of CD2@re higher in CO than AM
controls. Moreover, we have also identified the veahemory
distribution within CD4 and CD8 populations. Our results show the
most frequent percentage and absolute number of
CD27"'CD28'CD45RA'CD45R0O naive cells within the CD4 and
CD8" subsets in centenarian offspring, compared witir tige-matched
controls. Moreover, we have reported the reducténCD28CD27
CD45RA'CD45R0O late differentiated memory T cells in CO when
compared with age-matched controls and old pedj#&t, we have also
demonstrated that CO have a lower levels of palytisenescent
CD8'CD57" cells when compared with AM and elderly peopleislt

possible conclude that CO seems to have a sinhkamgtype to the young
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subjects than that of AM controls. Thus, T cell appears resistant to
major infections and might contribute to reachekeme limits of life.
In chapter 5 we have studied the expression of some chemokine

receptors in peripheral naive/memory B cell, fromryg and elderly, to
evaluate whether the inflammatory milieu could wefhce B cell subsets
trafficking. We have observed that naive and memoswitched B cells
have a “lymph node phenotype”, while memory swittBecells express
molecules useful to leave the lymphoid organs. éddeur data show a
different expression of these chemokine receptogsanipheral naive and
memory B cells between the two groups studied.atigular, in young
donors, naive B cells express CCR7, CCR6 and Cx&llewing B cells
to circulate. Thereafter, both memory unswitched mremory switched
modulate the expression of CD62L and CXCR5 necgdsacooperate
with cells in lymphoid organs. Memory unswitchedidN B cells from
young subjects show also high levels of CXCR3, enubkine receptor
that consent to reach the inflammatory sites. Thtuseems that both
memory unswitched and DN B cells are able to mgnatio the inflamed
sites in a common flogistic reaction. With agingjuve/memory B cell
populations show some modifications on the expoessi the studied
receptors. Indeed, due to the expression of CX@R3nory unswitched
B cells retain the capacity to migrate to the sgesflammation, while
DN B cells lose the expression of this moleculd, éxpress CCR6 and
CCRY7, that are also implicated in the migratioth®inflammatory sites.
Further, we investigated also whether total B catid DN memory B
lymphocytes are able to act as granzyme B (GrBilyrimg cells. We
have shown that, after stimulation, both in yound alderly people, total
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B cells produce GrB when compared to the not stuewl cells without
differences between the two groups. Next, we foduse DN B cells,
observing that also this particular memory popakatiunder the same
conditions, shows a GrB producing ability withouffetences between
the two age groups studied. We hypothesize thatitflammatory
environment, typical of aging, in some ways chantyes trafficking
ability of B cells and renders them more sensibeéh to the cytokines
and to the pro-inflammatory molecules which arergweduced in the
elderly. Moreover, these data suggest that DN B,oghich are increased
in old subjects and show a different pro-inflamnmatoafficking profiles,
in young and elderly subjects are able, if propstignulated, to migrate
into inflammatory sites, to cooperate with othemmune cells(i.e.
memory unswitched B cells), to produce GrB.

In chapter 6 we show our data (manuscript in preparation) aboeit
expression of two inhibitory receptors (CD307d a@iD22) on
naive/memory B cell subsets from young and eldédgors. We have
observed that, both in young and elderly subje€C3307d is mainly
expressed on memory unswitched B cells and itgsifstantly reduced
on naive B cells and lost by memory switched and BNcells.
Interestingly, memory unswitched B cells from ol@ndrs, show
significantly high levels of this molecule compardd memory
unswitched B cells from young donors. Differen@D?22 is expressed at
high level in all B cell subsets, independentlynirthe age of donors and
no significant differences were observed betweeanngoand elderly
subjects. Thus, we conclude that DN B cells do exqiress a unique

pattern of inhibitory receptors. Moreover, we hatenulated B cellsn
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vitro with the TLR9 ligand CpG alone, or withigG/CD40, that engages
the adaptive receptor BCR or with the contempommgagement of
adaptive and innate immune receptors (BCR and TLR® have
reported that, in young subjects, total CD&8lls and DN B lymphocytes
respond to all stimuli used, albeit at differentvdis. Indeed, they
proliferate at high levels with the triggering o€R/TLR9, and at lower
levels engaging BCR alone or TLR9. In old donole situation is
different, because CD19ymphocytes and DN B cells do not proliferate
after physiological stimuli (CpG alone, neflgGCD40) but proliferate
with the double stimulation (CpfslgGCD40), although al lower levels
than those observed in young donors. This couldeaefthat, the
simultaneous BCR and TLR stimulation might activatene pathway
involved in immune function. Furthermore, we hasealuated the
relative telomerase activity (RTA) in young anddifferent groups of
elderly subjects (CO, AM and elderly donors) tafyawhether the ability
to respond to the stimulation with Cp&JgG and CD40 could modify
telomerase expression in DN B cells. We have repothat, the
contemporary innate and adaptive stimulation indube activation of
telomerase in DN B cells from old and young. Mompwe have also
evaluated the induction of telomerase activity iaups of CO and AD
subjects. Here, again, the contemporary engagemgnhnate and
adaptive immune receptors activate telomerase withcat different
levels in the different groups. Indeed, old sulgestiow a reduced RTA
when compared with young donors and CO subjectsv8aonfirm that
CO behave halfway between young and elderly subjdaifferently,
severe AD patients show very low levels of RTA. sTHindings
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demonstrated that, DN B cells can proliferate \ajpropriate stimulation
and also that healthy aging does not annul thé&atmlinduce telomerase
activity in DN B cells but influences the level ekpression of this
enzyme.

In chapter 7weillustratedata from a manuscript in preparation, about
the evaluation of naive/memory B cell distributiotentified with the
combination of the “core” IgD and CD27 surface nemsk(Kaminski et
al., 2012), in the two different groups of AD paiie object of the study
(Severe and Mild), comparing them each other atidtheir age-matched
healthy controls. We have confirmed (Pellicanole2809) a significant
decrease, both in percentage and absolute numbetptal B cell
population in severe AD subjects, compared to hgadlderly, but no
significant difference between elderly and mild ABtients. Moreover,
we have found a significant decrease both in péagenand absolute
number of (IgDCD27) naive B cells, and a marked increase in
percentage of Double Negative (IgID27) B cells, compared to age-
matched healthy donors. Differently, Mild AD patierseem behave as
healthy elderly subjects. Further, we have asset#sedxpression of
CXCR3, CXCR4, CXCR5, CCR6, and CCR7, chemokineptxus, on
DN B lymphocytes in healthy elderly donors, sevared mild AD
patients. We have demonstrated that DN B cells fdhpatients do not
express CXCR4 and CXCR5. Concerning CXCR3, we labserved
high expression of this receptor in DN B cell ihgioups studied, with
no significant differences between them. On thewottand, CCR6 is a
significantly increased both in mild and severe pddients, while CCR7

expression is significantly increased in severep&ibents, but not in mild
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AD subjects. Thus, we conclude that severe AD statight affects the
distribution of specific naive and DN B cells ahdttmight also influence
the pro-inflammatory profile of trafficking receptim DN B cells, driving
these lymphocytes to inflamed brain tissue.

In chapter 8 we have discussed about the literature and pus\data
from our group, regarding the involvement of immiagical
modifications in Alzheimer’s disease (AD). We cara# that changes in
innate and acquired immune system, genetic backdrand other risk
factors contribute to the AD pathogenesis. Inddes suggested thatfA
peptides induce a persistent stimulation of the imensystem that causes
chronic T and B cells inflammatory responses and tblease of
inflammatory mediators. These events seem to dungi to
neurodegeneration. On the other hand, genetic bagkd, such as
polymorphisms of genes involved in the immune-imftaation, might
play a role in the generation of AD. Beside, othisk factors, such as
hormones, levels of education and environmentahtsveould be related
to this age-related disease. In conclusion, itasswered relevant to
identify a new method that allows the use of pexrphblood from AD
patients to identify prognostic or disease markenstil now, different
factors, that might be useful at this purpose,bdeen identified although
there are many discordant results.

In chapter 9 we have reviewed our and literature data on &itili
centenarians. We conclude that both a well predgeivenune function
and genetic background have a crucial role in agimblongevity and that

centenarians represent the optimal model to uratedssuccessful and
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unsuccessful aging. Indeed, it has been demorstrdtat people
genetically enriched for longevity possess immuifier@nt signatures
respect to those general population. This sugdbstsdea of “familiar
youth”. At this regard, centenarian offspring (Cd®) not show a typical
T naive/memory shift observed in their age-matclihlll) controls.
Moreover, also the B cell compartment of CO ressittslar to that young
subjects than elderly donors. Indeed, althoughcaedse in B cell count
was observed in centenarian offspring and theirmagtehed controls, it
has been verified that naive B cells (I§IlD27) were more abundant and
double negative (DN) B cells (IgDD27) were significantly decreased
when compared with in young people. In this reviewe, suggest that
there are other factors that contribute to longevduch as, gender,
environmental conditions, the low pro-inflammatastatus, diet and
genetics variants in TLR4, CCR5 Cox2 genes and aisoytokine
(e.g.INF«, IL-10) genes that, regulating the immune resppossem to
increase the chances to attain longevity.

In chapter 10we review literature data and the results of dudies
about centenarian offspring (CO). We discussed taboei biological
mechanisms involved in determining the long-livéteipotype and the
role that these investigations might have in devielp of anti-aging
therapies, drugs and modulating aging rate. Weladachat, CO may
represent a model for understanding exceptionadeity. Indeed, they
have a protective genetic background and may halverited genetic
variations, from their long-lived parents that gaitthem from ageing
processes and hypertension, cancer, diabetes,ocasdular disease
(CVD). Moreover, CO show favorable lipid (i.e. higgvels of HDL-C,
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low levels of LDL-C), cardiovascular and an optirmamune profile (i.e.
high levels of naive B cells, decrease of DN Bscalhd high levels of
serum IgM.). Furthermore, centenarians and théapohg, also, escape
and/or postpone cognitive decline, dementia ané haeduced incidence
for AD when compared to their AM controls. Theséadauggest that, the
exceptional longevity might be the result of a aongant action of
phenotypic and genotypic characteristics, transwhitin long-lived

families.

11.1 Conclusions

It is known that the lifelong exposure to new aedspstent infections
(Fulop T et al., 2013; Saule P et al., 2006), tgpaf aging, affects the
adaptive immune reactions. Thus, modifications athbT and B cell
compartments has been demonstrated (Pawelec 20@2; 2008; 2013,
Miller and Cancro, 2007; Colonna-Romano G et 409. Regarding T
cell branch, these age-related changes resultogrgssive decrease of
circulating CD3, CD4 and CD8 T Ilymphocytes and in the
accumulation of late stage differentiated CDB cell subset in elderly
people (Pawelec G et al., 2002). Particularly, sdvetudies suggested
the increase of the number of highly differentiat€®28 T cells,
especially within the CD8T-cell subset in aged subjects (Effros BB
al., 1994 Pawelec G et al., 2008). These (CD28-CDB8 cells exhibit
reduced antigen receptor diversity, defective amignduced
proliferation and a shorter replicative lifespanilelshowing enhanced
cytotoxicity regulatory functions (Oviedo-Orta ¢t 2013; Weng NP, et
al., 2009) and resistance to apoptosis (Pawelet dk,e008). Another
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interesting memory T cell population increased vathng is TEMRA
(CCRT7, CD27, CD28, CD45RA). It has been suggested that many of
these TEMRA cells are not able to produce cytokines mediate
cytotoxic activity and also they show senescentaeé proliferative
defects (Effross RB, 2011; Fulop T et al.,2013)wideer, it has been
recently demonstrated that, in some circumstanitese cells might
secrete cytokines and express high levels of graazB and perforin
(Libri VR et al., 2011). So, they may be importémt protection against
certain infectionsn vivo (Bruns H et al., 2009; Di Mitri D et al., 2011).
As previously described, it has been also repdttedmpairment of
the B cell branch with aging (Colonna-Romano Glet2803; Miller JP
and CancroMP, 2007; Frasca D et al., 2008). Indéed{ime-enduring
stimulation seems induce in elderly people, theabse of naive B cells
(Gupta s et al., 2005; Colonna-Romano G et al.8p0dlthough other
authors have observed the increase of percentageobin the absolute
number with age of these last cells (Shi Y et2ilQ5; Frasca et al., 2008).
Concerning memory B cell population, Frasca et(aD12) have shown
a decrease of both percentage and absolute nurhbeitohed memory
B lymphocytes, suggesting a defect to undergoasscswitch. Unlike the
above-mentioned data, our group (Colonna-Romanioals, 2003, 2009)
has reported no significant changes of memory Bs adentified as
CD19°CD27" in the elderly whereas a population of DN
(CD19'1gG"IgD'CD27) B cells is increased in the elderly (Colonna-
Romano G et al., 2009). Beside, the levels of taal specific serum Ig
isotypes are modified. Indeed, although the numbértotal B

lymphocytes is reduced the amount of IgG, IgA anda lesser extent
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IgE, is augmented. In a different way, the levedl$gd! decrease or not
change, while those of IgD decline (Listi F et 2D06; Frasca D et al.,
2010).

Most of scientific research on immunosenescencddrased on the
mechanisms that could lead to longevity. Thus, iinportant to study the
complex process of aging of the immune system m e¢kderly, in
successful and unsuccessful models aging, to fgehtomarkers of
human healthy aging that could be potentially udefuthe evaluation of
anti-aging treatments or to improve the qualitylité of the growing
elderly population. Generally, centenarian offsgri(CO), that are
genetically advantaged for longevity, represenbdehfor understanding
longevity, while Alzheimer’'s disease patients arseful to study
unsuccessful aging (Terry et al., 2004a, 2004bhbenessian et al.,
2010). Our studies show that CO have a T cell branare similar to that
of young people than in their age-matched (AM) oalst Accordingly,
in these subjects, also the naive/memory B cellpastment is more
similar to that of young people than elderly dondmgleed, naive B cells
are increased and DN B cells are reduced when catiga their AM
controls. Thus, these interesting data indicaté na#ve B lymphocytes
and DN B cells could represent two hallmarks ofnggprocess. The
relevant role of DN B cells, as biomarker of huniifa) also results from
studies conducted on immune system of Alzheimeisgate patients.
Indeed, we have demonstrated the decline of naina8and an increase
of percentage of Double Negative B cells in sevAI2 subjects,
compared to age-matched healthy donors; wheredd, A patients

seem behave as healthy elderly subjects. Thereitois, possible to
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suppose that the evaluation of the percentage dBBBlls could indicate
both the chronological age and the biological agenmune system and
also the performance of immune response againsbgeans. Indeed, it
has been reported that DN B pool is enlarged iorgbally stimulated
individuals, such as healthy subjects challengel kespiratory syncityal
virus (RSV) (Sanz | et al., 2008), active Lupusigras (Wei C et al.,
2007) and in HIV patients (Cagigi A et al., 200Bhus, the increased of
these cells could be the result of persistent détimn of immune system.
Furthermore, we have evaluated whether DN B celgasent only a
marker of aging or whether they are related toesyst inflammation
because it is known that both elderly and AD pasiexte characterized
by an inflammatory milieu that is not typical of GQerry DF et al., 2006;
Salvioli S et al., 2013). For this purpose, wednatudied the expression
of some chemokine receptors that drive the celisftamed tissues, in
peripheral naive/memory B cell from young and diderThese
experiments have suggested that the inflammatadigurgould influence
B cell subsets trafficking. Indeed, naive and memBrcell subsets
express different pattern of chemokine receptotsge most important
difference is represented by DN B lymphocytes. éujéON B cells from
young subjects show high levels of CXCR3, a chemmkeceptor that
consent to reach the inflammatory sites. Differgntl aged people, DN
B cells lose the expression of this molecule, hoishigh levels of CCR6
and CCRY7, that are also implicated in the migratethe inflammatory
sites. In addition, the same analysis has beeizeéaih severe and mild
AD and it has demonstrated that in patients withese status of

Alzheimer’s disease, DN B cells show significangthiexpression of
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CCR6 when compared with mild AD subjects, wherdas €CR7
expression is significantly increased in severep&ibents, but not in mild
AD subjects. Thus, it seems that the increase pfession of CCR6
depends on the severity of the pathology. Recéntigs been observed
an increase of CCR6 also on T cells obtained franpatients (Goldeck
et al., 2013). A similar behaviour is mirrored atal B cells, suggesting
that the expression of these chemokines recepboitd be influenced by
the pro-inflammatory milieu of AD patients, and th&LCR6 and,
probably, CCR7 could drive B cells to inflamed bréssue. Until now,
it is known that DN B cells might migrate into tigs with inflammation,
although their role in these sites is unidentifiddvertheless, it has been
demonstrated that, with adequate stimulation, DNcdls secrete
immunoglobulins against tetanus toxoid and infleewzus (Wirths and
Lanzavecchia et al., 2005). Moreover, it has besnahstrated that both
total B cells and DN B lymphocytes, might exertatgkic functions.
Indeed, these cells, when stimulated withgG and IL-21, that is
increased in aged people, become GrB producing tedk might play a
significant role in early antiviral immune respossim the regulation of
autoimmune diseases and in cancer immunosorvedligidagn M et al.,
2009; Kurschus FC et al., 2004; Gross C et al.320additionally, we
have demonstrated that both total B cells and Dé€Bbecome able to
produce granzyme B, after adequate stimulatiohowit no differences
between young and elderly people. Thus, we condli@eDN B cells,
that show a pro-inflammatory trafficking profilen iyoung and old

subjects, if properly stimulated, might migrateoinbflammatory sites

196



and, cooperating with other immune cells (e.g. mgmmswitched)
might produce GrB (Bulati M et al., 2014).

Furthermore, it is known that DN B cells of theezlg donors have
very short telomeres compared to the same subpapulaf young
donors and that are not responder to CpG stimulaatihough can be
activated with F(ab)(anti-BCR) (Colonna-Romano et al., 2009). We
have demonstrated that the engagement of BCR ahdR® induces the
proliferation of DN B cells and also the reactieatiof telomerase in DN
B cells from young and, progressively lesser, in, 6@ people and AD
subjects. This process permits the maintenancengtt of telomeres or
induces replications.

In conclusion, in the present thesis | show datainbd studying some
aspects of immune system in young and elderly dorammparing the
data obtained from these subjects with the dataimméd studying a cohort
of “genetically advantaged” for long-life subje¢®0) and elderly people
affected by AD. The presented data suggest that stely of
naive/memory B and T cell compartments may be aglevun the
evaluation of biological ageing of the immune sygste
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12. Sommario e discussione generale

| cambiamenti progressivi e cumulativi del sisteimanunitario con
I'eta, conosciuti con il termine di “Immunosenesza&h(Franceschi C et
al.,, 1995; Pawelec G et al., 2005), hanno un grangsatto sulle
performance del sistema immune nella tarda etaribaendo alla ridotta
abilita degli anziani di rispondere in maniera adsg nei confronti di
nuovi patogeni e vaccini (Grubeck-Loebenstein Bl.e2009; Thompson
WW et al., 2003; Fulop T et al., 2013). Durantee tptocesso, sia le
risposte innate che quelle adattative subisconte aebdificazioni. In
particolar modo, con l'invecchiamento, il compastimo acquisito del
sistema immunitario presenta evidenti variaziosieenella branca B che
in quella T. La stimolazione antigenica cronicapr@senta la causa
principale di tale processo, che comporta la riolizi del numero di
cellule T vergini che non hanno mai incontrato tigene (Franceschi C
et al., 2007) e, contemporaneamente, il riempimesétio spazio
immunologico con cloni espansi di cellule memoreh effettrici che
hanno gia incontrato I'antigene (Franceschi C et 2000; Miller JP,
Cancro MP, 2007).

La risposta umorale delle persone anziane e dtiaditaente e
guantitativamente ridotta rispetto a quella preserdi giovani. Molti
studi si sono concentrati sulle disfunzioni defdgiti T e B, che risultano
essere compromessi con l'invecchiamento. E’ statoostrato che,
sebbene il numero di cellule B si riduca, i liveierici di IgG, IgA e, in
misura minore di IgE aumentano, invece quelli dMIge IgD

diminuiscono (Listi F et al., 2006). Pertanto,a®suggerito un possibile
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passaggio dalle cellule vergini verso quelle meen@&upta S et al., 2005;
Listi F et al., 2006; Colonna-Romano G et al., 2008

Un elemento caratteristico dell’'invecchiamento gprasentato dallo
stato di inflammazione cronica basale, definito fldmm-aging”,
osservato negli anziani. Tale processo, che € sotttrollo genico, &
correlato con un aumento generale della produzanatochine pro-
inflammatorie e marcatori infammatori (Cevenini & al., 2010;
Cevenini E 2013, Fulop T et al 2004, 2013) chalispone gli anziani
alla fragilita (Balistreri CR et al., 2008; FranchsC et al., 2005).

E’ stato ipotizzato che stimoli antigenici cronicgme l'infezione da
parte di virus erpetici (es. CMV), svolgono un walevante nel rendere
il sistema immunitario “esausto”, accelerando I&oghiamento
immunologico (Pawelec G et al., 2005; Akbar AN dfldtcher JM,
2005). Inoltre, il logoramento continuo del sisteimanunitario, causato
dalla stimolazione antigenica cronica, genera s8&podi tipo
inflammatorio che sono implicate nelle malattie &érelate (Pawelec G
et al., 2005; Vasto S et al., 2007).

Una tipica patologia, correlata all'eta, € la migdadi Alzheimer (AD),
che e considerata la causa piu comune dei probbegitivi negli
anziani. Depositi extracellulari di beta amiloidméscano una reazione
inflammatoria nel cervello (Weiner et al., 2006joltre, nei pazienti con
AD sono stati osservati dei cambiamenti nella disizione linfocitaria e
nei livelli di citochine plasmatiche (Richartz-Salzger E et al., 2007;
Speciale L et al., 2007; Larbi A et al., 2009; alho M et al., 2011).

Diversamente, 1 centenari rappresentano un esemgio

invecchiamento con successo, poiché sono soprativigie malattie che
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normalmente causano mortalita nella popolazionemgds (Franceschi C,
Bonafe M, 2003). Inoltre, i figli di centenari (C@anno un background
genetico che potrebbe predisporli alla longevitacipe sembrano essere
protetti contro le principali malattie associatkesh, come per esempio
patologie cardiovascolari, infarto, infarto del wanodio e diabete mellito
(Terry DF et al.,2004 a,b).

L'obiettivo di questa tesi € di studiare i cambiatnedel sistema
immunitario durante I'invecchiamento, focalizzandlattenzione su
quegli individui che sono “geneticamente avvantagli per
I'invecchiamento in buono stato di salute (Centema®©ffspring) oppure
nei confronti di soggetti che mostrano un invecetgato senza successo
(Alzheimer’s disease patients), prestando attemezijormncipalmente ai
linfociti B naive e memoria.

Nel capitolo 3 abbiamo presentato un nostro lavoro recente sulla
caratterizzazione dei linfociti B vergini/memoriadata sull’'espressione
di due marcatori di sviluppo, CD38 e CD24. Abbiatiscusso di una
nuova popolazione di linfociti B della memoria taid CD19'CD38
CD24, che é incrementata negli anziani rispetto ai @ved e,
contemporaneamente, ridotta nei figli dei centergarando confrontati
con i controlli della stessa eta. Abbiamo valutédoproduzione di
citochine pro- e anti-infiammatorie da parte delopolazioni
CD38/CD24, confermando i dati presenti in letteratuquali affermano
che, la popolazione CD1€@D38'CD24" (Breg) & la principale
popolazione B responsabile della produzione diOL-Abbiamo anche
osservato che le popolazioni CDTD38CD24" e CD19CD38CD24
sono le principali cellule responsabili della prodme di TNF.
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Nonostante, l'incremento del numero di marcatoiiizzati per la
caratterizzazione, confermiamo che i figli di cerae (CO) hanno una
branca B linfocitaria simile a quella dei giovanamifferente da quella
dei loro controlli sani della stessa eta. Quirgrofilo immunologico dei
figli dei centenari potrebbe garantire loro una giage protezione contro
il rischio di infezioni e dai processi infammatdipici dei soggetti
anziani.

Nel capitolo 4 abbiamo mostrato i nostri dati ottenuti studianido i
profilo immunologico dei linfociti T dei figl di entenari (CO), dei loro
controlli coetanei (AM), dei soggetti anziani sandei soggetti giovani.
Abbiamo studiato la distribuzione dei linfociti TD@" e CD8 dentro la
popolazione dei linfociti CD3 In tale studio, abbiamo osservato che i
CO hanno un debole incremento della percentudldi” ed una ridotta
percentuale di cellule T CD8per cui il rapporto CD4CD8" risulta
essere maggiore di quello osservato nei contrdilpari eta. Inoltre,
stata effettuata I'analisi delle molecole costinmiee CD27 e CD28 sui
linfociti CD4" e CD8, per identificare lo stadio di differenziamenta de
linfociti T. Abbiamo dimostrato che, i soggetti gami mostrano una
percentuale ed un numero assoluto di cellule TMR7" precocemente
differenziate maggiore rispetto a quella osservaggli altri gruppi
studiati (CO, AM e anziani). Tuttavia, i CO esprmoo una percentuale,
anche se non significativa, e un numero assolutoqukste due
sottopopolazioni cellulari piu elevati rispetto ia§M e anziani sani.

Un pattern simile & stato osservato nella popofezidei linfociti T
CD8'. Infatti, i donatori giovani mostravano una peitcele di CD27 e
CD28" maggiore rispetto a tutti gli altri soggetti staiiti diversamente, la
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percentuale media di linfociti T CD2% sia la percentuale che numero
assoluto di CD28 erano maggiori nei CO rispetto gli AM. Inoltre,
abbiamo anche identificato la distribuzione di well naive/memoria
allinterno delle popolazioni di CD4e CDS. | nostri risultati mostrano
che i figli di centenari hanno, sia nelllambito d&b4" che dei CD8, i
valori percentuali e numero assoluto delle cellule naive
CD27'CD28'CD45RA ' CD45R0O maggiore rispetto agli AM. Per di piu,
i CO presentano una riduzione delle cellule T COER7
CD45RA'CD45R0 (late differentiated memory) rispetto sia i cofliro
di pari eta che gli anziani sani. Oltre a cio, alnid dimostrato che i figli
dei centenari hanno un livello basso di celluleepatalmente senescenti
CD8'CD57, rispetto a quello osservato negli AM e nelle pees
anziane. Quindi, & possibile concludere che i C&gmtano un fenotipo
piu simile a quello dei soggetti giovani rispeti@antrolli coetanei. Cosi,
il compartimento cellulare T sembra essere pitsteste alle principali
infezioni e potrebbe contribuire al raggiungimexgli estremi limiti
della vita.

Nel chapter 5 abbiamo studiato I'espressione di alcuni recettori
chemochinici in cellule B naive/memoria di sangesgfprico, di soggetti
giovani ed anziani, per valutare se I'ambienteaimimatorio influenza il
traffico cellulare. Abbiamo osservato che i linto® naive e memoria
unswitched hanno un fenotipo linfonodale, mentreddule memoria
switched esprimono molecole utili per lasciare aigani linfonodali.
Infatti, i nostri dati dimostrano una espressioiveida di questi recettori
chemochinici sulle cellule B naive e memoria tdue gruppi studiati. In

particolar modo, nei donatori giovani, le cellulenBive esprimono il
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CCR7, CCR6 e CXCR4 che consentono ai linfociti Bridircolare.
Inoltre, sia le cellule memoria unswitched che tusWitched modulano
'espressione del CD62L e CXCRS5, necessari a canpearon le cellule
negli organi linfoidi. Le cellule B memoria unswhited e le cellule doppio
negative (DN) dei soggetti giovani mostrano andhelli elevati di
espressione del CXCR3, un recettore chemochinie adnsente di
raggiungere i siti inflammatori. Quindi, sembra cieele cellule memoria
che le DN siano in grado di migrare nei siti infifaati in una reazione
flogistica comune. Con l'invecchiamento, le cellBenaive/memoria
mostrano alcune modificazioni nell’espressione dmettori studiati.
Infatti, a causa dell’espressione di CXCR3, le wellmemoria B
unswitched conservano la capacita di migrare tiedisinfiammazione,
mentre le cellule B DN perdono I'espressione disgaeanolecola, ma
esprimono CCR6 e CCR7, che a loro volta sono anohe/olti nella
migrazione ai siti con infammazione. Successivamesbbiamo cercato
di capire se le cellule B totali e le cellule B Dd$sero in grado di agire
come cellule produttrici di granzima B. A questoose, abbiamo
stimolatoin vitro le cellule di soggetti giovani ed anziani, con2L; che
e incrementata nelle persone anziane, e con a@atiAgbiamo dimostrato
che, dopo la stimolazione, le cellule B totali drgone giovani e anziane,
producono GrB, senza notare alcuna differenza tae gruppi. In
seguito, abbiamo focalizzato la nostra attenziamée sellule B DN,
osservando che anche questa popolazione particblaefiule memoria,
nelle stesse condizioni, produce granzima B, satena differenza tra i
due gruppi studiati. Abbiamo ipotizzato che I'amtiée inflammatorio,

tipico dellinvecchiamento, in qualche modo cambé abilita di
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ricircolare (trafficking) delle cellule, rendendofgu sensibili sia alle
citochine e alle molecole pro-infiammatorie che caover-prodotte
nell'anziano. Inoltre, questi dati suggeriscono theellule B DN, che
sSono aumentate nei soggetti anziani e mostranaafitgpdi trafficking
pro-infiammatorio, in soggetti giovani ed anziaheaconsente loro, con
la stimolazione adeguata, di migrare nei siti imfiraati, per cooperare con
le altre cellule del sistema immunitario (es. ldluble memoria B
unswitched), per produrre il GrB.

Nel capitolo 6 abbiamo studiato I'espressione di due recettditori
(CD307d and CD22) sulle cellule B naive/memoryoggetti giovani e
anziani. Abbiamo osservato che, sia nei giovani cegli anziani, il
CD307d e principalmente espresso dalle cellule Bhar&a unswitched,
ridotto in modo significativo nelle cellule B nait.ee non espresso dalle
cellule B memoria switched e anche dalle DN. U dablto interessante
e rappresentato dalle cellule B memoria unswitateidoggetti anziani,
le quali mostrano livelli elevati e significativi uesta molecola rispetto
alle cellule B memoria unswitched nei soggetti giov Diversamente, il
CD22 ¢é espresso a livelli elevati da tutte le gmipmlazioni cellulari B,
in modo indipendente dall’eta dei donatori e safiffarenze significative
tra soggetti giovani ed anziani. Quindi, possiamctudere che le cellule
B DN non esprimono un unico pattern di recettoringbizione. Inoltre,
abbiamo stimolato le cellule B vitro con il CpG, ligando del TLR9, o
con a-lgG/CD40, per stimolare il recettore BCR oppurebiamo
stimolato contemporaneamente i recettori dell’imiteuracquisita e
innata (BCR e TLR9). Abbiamo riportato che, nei gettj giovani, le

cellule CD19 totali e i linfociti B DN rispondono a tutti glitisnoli
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utilizzati, sebbene a differenti livelli. Infattjueste cellule proliferano a
livelli elevati stimolando sia il BCR che il TLR% a bassi livelli
stimolando solamente il BCR oppure il TLR9. Nei dtwri anziani, la
situazione e differente, perche i linfociti CD1%t e quelli DN non
proliferano dopo stimolazione fisiologica (CpG wlgGCD40) ma
proliferano con la doppia stimolazione (CGp@GCD40), sebbene a
livelli inferiori rispetto a quelli osservati neiodatori giovani. Questo
potrebbe indicare che, stimolando contemporaneanileBCR e il TLR,
potrebbe essere attivato qualche pathway coinvakte funzioni
immunologiche. Inoltre, abbiamo anche saggiattiViga relativa della
telomerasi (RTA) in giovani e anche in diversi gou@i soggetti anziani
(CO, AM e anziani sani) per verificare se la caf@adi rispondere alla
stimolazione con CpGg-IgG e CD40, potesse essere in grado di
modificare I'espressione della telomerasi nelldubelB DN. Abbiamo
dimostrato che, utilizzando simultaneamente unoab innato ed uno
specifico si induce I'attivazione delle telomerasile cellule B DN di
soggetti giovani e anziani. Per di piu, abbiamohansaggiato I'attivita
della telomerasi nei figli di centenari e nei sdgigeon malattia di
Alzheimer. Anche in questi altri due gruppi di imdiui, la stimolazione
di recettori dellimmunita innata ed acquisitaatio la telomerasi anche
se a differenti livelli nei diversi gruppi. Infattisoggetti anziani mostrano
una RTA ridotta quando paragonati con i giovaniigli di centenari. Di
conseguenza, confermiamo che i CO hanno un conmpents
immunologico intermedio tra quello dei giovani gli@anziani. Invece, i
soggetti con AD in forma grave mostrano bassi livdil RTA. Questi

risultati dimostrano che, le cellule B DN possonoliferare con una
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stimolazione appropriata e anche che il processovdcchiamento non
annulla I'abilita di indurre I'attivita della teloemasi nelle cellule B DN
ma influenza i livelli di espressione di questoiera

Nel capitolo 7 abbiamo riportato i dati, inseriti in un lavoro in
preparazione, in merito alla valutazione dellardisizione delle cellule B
naive e memoria, identificate con una combinazindgue marcatori di
superficie, IgD e CD27 (Kaminski et al., 2012) dine diversi gruppi di
pazienti con malattia di Alzheimer (gravi e lievparagonandoli 'un
laltro e con i soggetti sani di controllo loro ¢aerei. Abbiamo
confermato (Pellicano et al., 2009) una riduzioigmificativa, sia della
percentuale che del numero assoluto delle cellutgdi nei soggetti con
AD in forma grave, rispetto agli anziani sani, sertrovare alcuna
differenza tra gli anziani e i pazienti con AD iarma lieve. Inoltre,
abbiamo trovato una riduzione significativa sidaleercentuale che del
numero assoluto delle cellule B naive (IgID27), ed un significativo
incremento della percentuale delle cellule B DNX(IQD27) rispetto i
controlli sani di pari etd. Diversamente, i pazieonh AD lieve sembrano
comportarsi in modo simile agli anziani sani. In@ltabbiamo saggiato
'espressione di alcuni recettori chemochinici, lQ@XCR3, CXCRA4,
CXCR5, CCR6, e CCR7 da parte delle cellule B DNaggetti anziani
sani e pazienti con AD grave o lieve. Abbiamo dtmato che le cellule
B DN dei soggetti con AD in forma grave non espmmcaCXCR4 e
CXCR5. Per quanto riguarda il CXCR3, abbiamo dimatet
un’espressione elevata di questo recettore nelleled3 DN di tutti i
gruppi studiati, senza osservare alcuna differesigaificativa tra loro.

Sorprendentemente, il CCR6 & aumentato in moddfisigivo sia nei
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pazienti con AD in forma grave che in quelli comnfa live, invece il
CCRY7 é aumentato in modo significativo nei pazieoti AD in forma
grave, ma non in quelli con forma lieve. Quindincludiamo che la
gravita della malattia di Alzheimer potrebbe infiaare la distribuzione
delle cellule naive e delle cellule B DN, ed anttipeofilo dei recettori di
trafficking pro-inflammatorio nelle cellule B DN, uglando questi
linfociti nel tessuto cerebrale inflammato.

Nel capitolo 8 abbiamo discusso alcuni dati nostri ed altri néisin
letteratura riguardanti il coinvolgimento delle nifathe del sistema
immunitario nella malattia di Alzheimer (AD). Dasame di questi,
abbiamo dedotto che i cambiamenti nel sistema iniiawum innato e
acquisito, il background genetico ed altri fattdirrischio, contribuiscono
alla patogenesi di questa patologia. Infatti, &ostaggerito che il peptide
AP induce una stimolazione persistente del sistemaunitario che causa
risposte inflammatorie croniche da parte delleutelll e B ed anche il
rilascio di mediatori inflammatori. Questi evengnsbrano contribuire
alla neurodegenerazione. Per quanto riguarda Kdsaand genetico, e
stato dimostrato che i polimorfismi dei geni coitlivmel processo di
inflammazione del sistema immunitario, potrebberera un ruolo nella
generazione dell’AD. Inoltre, altri fattori di rism, come ormoni, il
livello di istruzione e fattori ambientali potrebbeessere associati a
guesta malattia eta-correlata. In conclusione, aostonsiderato di
importanza rilevante, identificare un metodo nuokre consenta I'uso del
sangue periferico di pazienti con AD per identifecamarcatori

prognostici 0 associati alla malattia. Sino ad pggho stati identificati
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diversi fattori che possono essere utili a talgpecsebbene ci siano molti
risultati discordanti.

Nel capitolo 9 abbiamo commentato nostri dati e alcuni di letteea
riguardanti i centenari siciliani. Dalla rifless®su questi dati, € possibile
concludere che, sia una funzione immunitaria bessgmvata che il
background genetico svolgono un ruolo cruciale’ingiécchiamento e
nella longevita ed anche che, i centenari rapptasenl modello migliore
per comprendere I'invecchiamento con e senza ssecé¥atti, € stato
dimostrato che le persone avvantaggiate genetidenpan la longevita
possiedono delle caratteristiche immunologichesdgffiti rispetto quelle
della popolazione generale. Questo suggeriscetégiaella “giovinezza
familiare”. A tal proposito, i figli dei centenafCO) non possiedono il
tipico profilo delle cellule T naive e memoria ossdo nei controlli di
pari eta (AM). Inoltre, anche il compartimento aédre dei linfociti B dei
CO risulta essere piu simile a quello osservatsoggetti giovani rispetto
a quello degli anziani. Infatti, sebbene nei fiddi centenari e nei loro
controlli di pari eta sia stato osservata una figg nel numero delle
cellule B, & stato dimostrato che le cellule B pai\(lgD'CD27)
aumentano e che le cellule B DN (IgID27) si riducono in modo
significativo quando paragonate con le personeagioJn questo lavoro,
noi ipotizziamo che esistono altri fattori che e¢dmiiscono alla longevita,
come il genere, condizioni ambientali, lo stato-gprfiammatorio, la dieta
e le mutazioni nei geni per il TLR4, CCR5 Cox2 edlz in quelli per le
citochine (es. INFy IL-10) che regolano la risposta immunitaria. Tali

fattori aumentare le possibilita per il raggiungintedella longevita.
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Nel capitolo 10 abbiamo esaminato i dati presenti in letteratura
insieme ai risultati dei nostri studi riguardantigli dei centenari (CO).
Abbiamo discusso dei meccanismi biologici che dbatscono al
raggiungimento di un fenotipo longevo ed ancheudlo che queste
ricerche potrebbero avere nello sviluppo di teragpg-invecchiamento,
farmaci e nel controllo della velocita del procesdnvecchiamento.
Concludiamo che, i figli dei centenari (CO) potreldrappresentare un
modello di invecchiamento per comprendere la lorigevwnfatti, essi
hanno un background genetico protettivo e potreblaeere ereditato
delle varianti geniche, dai loro genitori longeghe li proteggono dal
processo di invecchiamento e dall’ipertensionecaardiabete, patologie
cardiovascolari (CVD). Inoltre, i CO mostrano uefio cardiovascolare
e lipidico favorevoli (es. alti livelli di HDL-C, &ssi livelli di LDL-C) ed
un profilo immunologico ottimale (es. alti liveltli cellule B naive,
diminuzione di cellule B DN ed alti livelli di IgMsieriche). Inoltre, i
centenari ed i loro figli, sfuggono o posticipahaeéclino cognitivo, la
demenza ed hanno una ridotta incidenza per I'Apeti® ai loro controlli
di pari eta (AM). Questi dati suggeriscono che¢cdezionale longevita
potrebbe essere il risultato di un’azione concomtéali caratteristiche

fenotipiche e genotipiche, trasmesse nelle famighgeve.

12.1 Conclusioni

E’ noto che I'esposizione duratura alle infezionowe e persistenti
(Fulop T et al.,, 2013; Saule P et al., 2006), hipicdegli anziani,
influenzano le reazioni immunitarie acquisite. ttifasono state

dimostrate modifiche nel compartimento cellulare dei linfociti T che
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in quello dei B (Pawelec et al., 2002; 2008; 20M8jer and Cancro,
2007; Colonna-Romano G et al., 2009). Per quantzceroe la branca
cellulare dei linfociti T, i cambiamenti correlatll’eta risultano in una
riduzione progressiva dei linfociti T CD3CD4" e CD8 T circolanti e
nell'incremento delle cellule T CD8terminalmente differenziate (late
stage differentiated) nelle persone anziane (Pawélet al., 2002). In
particolar modo, diversi studi hanno suggeritodf@mento del numero
di cellule T CD28 altamente differenziate (highly differentiated),
specialmente nell’ambito dei linfociti T CD®&ei soggetti anziani (Effros
RB et al., 1994 Pawelec G et al., 2008). Queste cellule T (COEB")
mostrano una ridotta diversita recettoriale, pevéizione difettiva indotta
dall'antigene, breve vita replicativa e un’aumeattnzione citotossica
(Oviedo-Orta et al., 2013; Weng NP, et al., 200@ststenza all’apoptosi
(Pawelec G et al., 2008). Un’altra popolazioneidtokiti T memoria
interessante, che incrementa con l'eta, e rappi@sedalle cellule T
memoria effettrici terminalmente differenziate, TRM(CCR7, CD27,
CD28, CD45RA). E' stato suggerito che molte di queste cellule
TEMRA non siano in grado di produrre citochine,ndédiare attivita
citotossiche, e sembrano mostrare difetti proltferaassociati alla
senescenza (Effross RB, 2011; Fulop T et al.,20lB&}avia, di recente,
e stato dimostrato che in alcune circostanze quesiiele possono
secernere citochine ed esprimere alti livelli grav&B e perforina (Libri
VR et al., 2011). Quindi, queste cellule potrebbessere importanti per
la protezione contro alcune infeziani vivo (Bruns H et al., 2009; Di
Mitri D et al., 2011). Come discusso precedentemerdl compartimento

cellulare dei linfociti B sono stati dimostrati demmbiamenti correlati
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all'eta (Colonna-Romano et al., 2003; Miller JP &ahcro MP, 2007;
Frasca D et al., 2008). Infatti, la stimolazionespsente sembra indurre
nelle persone anziane, la diminuzione delle cellBleCD19 totali
(Colonna-Romano et al., 2003; Frasca D et al., 20@®eri D et al.,
2009) e delle cellule naive (Gupta s et al., 2@D&lonna-Romano G et
al., 2008), sebbene altri gruppi di ricerca abbiasservato I'incremento
della percentuale ma non del numero assoluto ditquédtime con l'eta
(ShiY etal., 2005; Frasca et al., 2008). Per tjuaguarda la popolazione
di cellule B memoria, il gruppo di ricerca dellaabca (Frasca et al.,,
2012) ha dimostrato una diminuzione sia della pet@de che del numero
assoluto dei linfociti B memoria switched, suggei@mun difetto delle
cellule nel compiere lo switch di classe. Diversataala quanto riportato
prima, il nostro gruppo (Colonna-Romano G et 803 2009) non ha
riportato nessun cambiamento significativo nelldutee B memoria,
identificate come CDITD27" nellanziano, ma un incremento
significativo della popolazione di linfociti B DN{@19"1gG"IgD"CD27)
in tali soggetti (Colonna-Romano G et al., 2008nltre, i livelli sierici
di immunoglobuline totali e degli isotipi specifisubiscono modifiche
con l'eta. Infatti, sebbene il numero dei linfodBitotali si reduca con
etd, i livelli di 1gG, IgA , e in misura minoreidgE, sono aumentati.
Diversamente, i livelli di IgM diminuiscono oppunm@on cambiano,
mentre quelli di IgD si riducono (Listi F et alQ@6; Frasca D et al., 2010).
La maggior parte delle ricerche scientifiche smilinunosenescenza
hanno focalizzato I'attenzione sui meccanismi abtegiobero portare alla
longevita. Per cui, si ritiene importante studidreomplesso processo

dell'invecchiamento del sistema immunitario neglziani ed anche in
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modelli di studio dellinvecchiamento con e senzaccesso, per
identificare biomarcatori di invecchiamento in baorsalute, che
potrebbero essere utili per valutare i trattamdnanti-invecchiamento
oppure migliorare la qualita della vita della pag@bne anziana che € in
aumento. In generale, i figli dei centenari (CQ)e sono avvantaggiati
geneticamente per la longevita, rappresentano urdetloo per
comprendere la longevita, invece i pazienti conattial di Alzheimer
sono utili per studiare l'invecchiamento senza saso (Terry et al.,
20044, 2004b; Derhovanessian et al., 2010). | ingtsitli dimostrano che
i CO hanno un compartimento cellulare dei linfogitmolto piu simile a
guello dei soggetti giovani che ai loro controllipdri eta (AM). Inoltre,
in questi soggetti, anche il compartimento celleldei linfociti B naive e
memoria € piu simile quello delle persone giovaspetto a quello delle
persone anziane. Infatti, le cellule B naive sommentate e i linfociti B
DN sono ridotti rispetto ai loro controlli AM. Diomseguenza, questi dati
interessanti indicano che i linfociti B naive ecldlule B DN potrebbero
rappresentare due marcatori del processo di inveoemnto. Il ruolo
rilevante delle cellule B DN, come biomarcatorivita umana, risulta
anche da studi condotti sul sistema immunitariopdeienti con malattia
di Alzheimer. Difatti, abbiamo dimostrato il dedinlelle cellule B naive
e un incremento della percentuale di cellule B DNs@ggetti con AD
grave, rispetto ai donatori coetanei in buone coadi di salute; invece,
i pazienti con AD lieve sembrano comportarsi corlieagziani sani.
Quindi, e possibile supporre che la valutaziondadeércentuale delle
cellule B DN potrebbe indicare sia I'eta cronol@ahe quella biologica

del sistema immunitario ed anche le prestazioiedesiposte immunitarie
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contro i patogeni. Infatti, € stato riportato ch@aol di cellule B DN é
espanso in individui stimolati cronicamente, coraggetti sani infettati
con virus respiratorio sinciziale (RSV) (Sanz ket 2008), pazienti con
Lupus (Wei C et al., 2007) ed in soggetti con HBAQigi A et al., 2009).
Di conseguenza, I'incremento di queste cellulegidie essere il risultato
di una stimolazione persistente del sistema immunit Inoltre, abbiamo
anche cercato di comprendere se le cellule B DNs@us essere
considerate un marcatore di invecchiamento oppgeisste cellule sono
correlate all'inflammazione sistemica, poiché éonclhe sia gli anziani
che i pazienti con AD sono caratterizzati da uminfmazione sistemica
che non e tipica dei CO (Terry DF et al., 2006 yvBdlS et al., 2013). A
tale scopo, abbiamo studiato [I'espressione di alcuecettori
chemochinici che guidano le cellule verso i tessofiammati, nelle
cellule B naive e memoria di sangue periferico afjgetti giovani e
anziani. Questi esperimenti hanno suggerito chembiante
inflammatorio potrebbe influenzare il traffico deltellule B. Infatti, le
sottopopolazioni B naive e memoria esprimono différ pattern di
recettori chemochinici. La differenza piu importamt rappresentata dai
linfociti B DN. In particolar modo, le cellule B DNei soggetti giovani
esprimono livelli elevati di CXCR3, un recettoreeamochinico che
consente di raggiungere i siti infiammati. Diffet@mente, nelle persone
anziane, le cellule B DN perdono I'espressione usia molecola, ma
mostrano livelli elevati di CCR6 e di CCR7, che s@nche implicati
nella migrazione ai siti inflammati. Inoltre, laesta analisi ha e stata
realizzata in soggetti con AD grave o lievi. E'tst@imostrato che nei

pazienti con la forma grave di Alzheimer, le cal® DN esprimono
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elevati e significativi livelli di CCR6 rispetto soggetti con AD lieve,
mentre I'espressione del CCR7 & aumentata in mayglofisativo nei
pazienti con AD in forma grave, ma non in quelinda forma lieve della
malattia. Quindi, sembra che l'incremento dell’'essione del CCR6
dipenda dalla gravita della patologia. Di recemtestato osservato un
incremento di espressione del CCR6 anche da paite dellule T
ottenute da pazienti con AD (Goldeck et al., 2018).comportamento
simile é effettuato anche da parte delle cellul®tali, suggerendo che
I'espressione di questi recettori chemochinici olre essere influenzato
dall'ambiente pro-infiammatorio dei pazienti con A®che, il CCR6 e,
probabilmente, il CCR7 potrebbero giudare le cellBlverso il tessuto
cerebrale inflammato. Ad oggi, € noto che le cellBl DN potrebbero
migrare nei tessuti con inflammazione, sebberwd tuolo in questi siti
non si conosca. Tuttavia, & stato dimostrato cloe gn’adeguata
stimolazione, le cellule B DN secernono immunoglotai contro la
tossina tetanica ed il virus influenzale (Wirthgldranzavecchia et al.,
2005). Per di piu, e stato dimostrato che siallaleeB totali che i linfociti

B DN, possono esercitare funzioni citotossicheattnf queste cellule,
guando stimolate con-IgG e IL-21, che e aumentata nelle persone
anziane, producono il granzima B (GrB) che puo g un ruolo
significativo nelle fasi precoci della risposta imnitaria antivirale, nella
regolazione delle patologie autoimmuni e nellimrosorveglianza nel
cancro (Hagn M et al., 2009; Kurschus FC et alQ42@ross C et al.,
2003). Inoltre, abbiamo dimostrato che sia le ¢elRitot che le B DN,
dopo adeguata stimolazione, diventano abili a predyranzima B, senza

nessuna differenza tra soggetti giovani e anzi@uoindi, concludiamo
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che le cellule B DN, che mostrano un profilo dificking di tipo pro-
inflammatorio, in soggetti giovani e anziani, seguatamente stimolate,
potrebbero migrare verso i siti infiammatori, co@elo con altre cellule
del sistema immunitario (es.le cellule memoria utdved), potrebbero
produrre il GrB (Bulati M et al., 2014).

Inoltre, &€ noto che le cellule B DN degli anziaahho i telomeri corti
rispetto la stessa sottopopolazione dei soggetivagi e che non
rispondono alla stimolazione con CpG, sebbene possasere attivate
con il F(ab’) (anti-BCR) (Colonna-Romano et al., 2009). Abbiamo
dimostrato che la stimolazione del BCR e del TLRfluce la
proliferazione delle cellule B DN ed anche la nattione delle
telomerasi nelle cellule B DN B di soggetti giovaamziani, CO e soggetti
con AD. Questo processo permette di manteneratshkrza dei telomeri
o di indurre la replicazione.

In conclusione, nella presente tesi ho mostrasiiattenuti studiando
alcuni aspetti del sistema immunitario in sogggibvani e anziani,
paragonando i dati ottenuti da questi soggettioqraeili ottenuti studiando
una coorte di soggetti “geneticamente avvantaggpsr la longevita
(CO) e persone anziane affette da AD. | dati rgbguggeriscono che lo
studio dei compartimenti cellulari dei linfociti & B naive/memoria
potrebbero essere rilevanti nella valutazione ide#cchiamento

biologico del sistema immunitario.

217



218



References

219



13. REFERENCES
Agematsu K, Hokibara S, Nagumo H, Komiyama A. CD2ifiemory
B-cell marker.Immunol Today. 2000 May;21(5):204-6.
Agrawal N, Gupta SK. Birth weight, early weight gaand risk of
type 1 diabetes. Natl Med J India. 2010 Sep-OcER389-90.

Akbar AN, HensonSM. Are senescence and exhaustien-iwined

or unrelated processes that compromise immunityR&almmunol
(2011) 11:289-95.

Akbar AN, Fletcher JM. Memory T cell homeostasidl @@enescence
during aging. Curr Opin Immunol. 17(5):480-485 (2p0

Akiyama H, Arai T, Kondo H, Tanno E, Haga C, lkela Cell
mediators of inflammation in the Alzheimer disebsa&in. Alzheimer
Dis Assoc Disord. Suppl 1:S47-53. (2000) Review.

Akushevich I, Veremeyeva G, Kravchenko J, Ukravéss, Arbeev
K, Akleyev AV, Yashin Al. New stochastic carcinogesms model
with covariates: an approach involving intraceltuldarrier
mechanisms. Math Biosci. 2012 Mar;236(1):16-30.

Almanzar G, Schwaiger S, Jenewein B, Keller M, Hdén
Brandstetter D, Wirzner R, Schonitzer D, Grubeckdenstein B.
Long-term cytomegalovirus infection leads to sigraiht changes in
the composition of the CD8T-cell repertoire, which may be the basis
for an imbalance in the cytokine production proiiiieslderly persons.
J Virol. 79:3675-3683 (2005)

Anderson G, Jenkinson EJ. Lymphostromal interastiomthymic

development and function. Nat Rev Immunol (20038)1340.

220



Anolik JH, Barnard J, Cappione A, Pugh-Bernard A€|gar RE,
Looney RJ, Sanz |. Rituximab improves peripheral c8ll
abnormalities in human systemic lupus erythematoguthritis
Rheumat. 40:3538-3590 (2004)

Aw D, Palmer DB. It's not all equal: a multi phasieeory of thymic
involution. Biogerontology (2012) 13:77-81.

Baggio G, Donazzan S, Monti D, Mari D, Martini Salélli C, Dalla
Vestra M, Previato L, Guido M, Pigozzo S, CortellaCrepaldi
G, Franceschi C. Lipoprotein(a) and lipoproteinfieoin healthy
centenarians: a reappraisal of vascular risk factdFASEB
J. 1998 Apr;12(6):433-7.

Balistreri CR, Candore G, Caruso M, IncalcaterreFEanceschi C,
Caruso C. Role of polymorphisms of CC-chemokinepsar-5 gene
in acute myocardial infarction and biological ingaliions for
longevity.Haematologica93:637-638 (2008)

Bartlett DB, Firth CM, Phillips AC, Moss P, Bayll3, Syddall H,
Sayer AA, Cooper C, Lord JM.The age-related ina@eadow-grade
systemic inflammation (Inflammaging) is not driverby
cytomegalovirus infection.Aging Cell. 2012 Oct; 1t 2-5.
Berkowska MA, Driessen GJ, Bikos V, Grosserichteagéher C,
Stamatopoulos K, Cerutti A, He B, Biermann K, Large van der
Burg M, van Dongen JJ, van Zelm MC. Human memorgedis
originate from three distinct germinal center-defent and -
independent maturation pathways. Blood. 118(8):2Z2888 (2011)
Bertho JM, Demarquay C, Moulain N, Van Der MeerenB&rrih-
Aknin S, Gourmelon P. Phenotypic and immunohistiaiaiganalyses

221



of the human adult thymus: evidence for an activenus during adult
life. Cell Immunol (1997) 179:30-40.

Beyer |, Mets T, Bautmans |. Chronic low-grade anfimation and
age-related sarcopenia. Curr Opin Clin Nutr MetadwreC 2012
Jan;15(1):12-22.

Bird TD. Genetic factors in Alzheimer's disease.NgEJ Med.
352(9):862-4 (2005).

Blair PA, Norefia LY, Flores-Borja F, Rawlings D3ehberg DA,
Ehrenstein MR, Mauri C. CD19(CD24(hi)CD38(hi) B cells exhibit
regulatory capacity in healthy individuals but afenctionally

impaired in systemic Lupus Erythematosus patieftsnunity.

32(1):129-40 (2010)

Blink EJ, Light A, Kallies A, Nutt SL, Hodgkin PDrarlinton DM.

Early appearance of germinal center-derived menirgells and
plasma cells in blood after primary immunizatiorexp Med. 2005
Feb 21;201(4):545-54.

Bouaziz JD, Calbo S, Maho-Vaillant M, Saussine Agg8t M,

Bensussan A, Musette P. IL-10 produced by activatedan B cells
regulates CD4( T-cell activation in vitro. Eur J

Immunol. 2010 Oct;40(10):2686-91.

Britschgi M and Wyss-Coray T Systemic and acquineanune

responses in Alzheimer's disease. Int Rev Neuro®il 205-33
(2007).

Bruns H, Meinken C, Schauenberg P, Harter G, Kemd&dlin RL,

Antoni C, Stenger S. Anti-TNF immunotherapy reduc&s" T cell-

222



mediated antimicrobial activity against Mycobaateri tuberculosis
in humans. J Clin Invest. 2009 May;119(5):1167-77.

Bruunsgaard H., “A high plasma concentration ofdné associated
with dementia in centenarians,” Journals of Gerlogi Series A,
vol. 54, no. 7, pp. M357-M364, 1999.

Buffa S, Bulati M, Pellicano M, Dunn-Walters DK, WHC, Candore
G, Vitello S, Caruso C, Colonna-Romano G. B cell
immunosenescence: different features of naive amaony B cells in
elderly. Biogerontology. 2011 Oct;12(5):473-83.

Bulati M, Buffa S, Candore G, Caruso C, Dunn-WaltddK,
Pellicano M, Wu YC, Colonna Romano G. B cells and
immunosenescence: a focus on 1ggp CD27 (DN) B cells in aged
humans. Ageing Res Rev. 2011 Apr;10(2):274-84.

Cagigi A, Du L, Dang LV, Grutzmeir S, Atlas A, ChioF, Pan-
Hammarstrom Q, Nilsson A. CD27(-) B-cells produtass switched
and somatically hyper-mutated antibodies duringowcizr HIV-1
infection. PLos One. 4(5):e5427 (2009)

Campisi J. Aging and cancer cell biology, 2007. rpi
Cell. 2007 Jun;6(3):261-3. Review.

Cancro MP, Hao Y, Scholz JL, Riley RL, Frasca DnbiWalters
DK, Blomberg BB. B cells and ageing: molecules amechanisms.
Trends Immunol. 30:313-318 (2009)

Candore G, Caruso C, Colonna-Romano G. Inflammatjemetic
background and longevity. Biogerontology. 2010 Obf5):565-73.
Candore G, Balistreri CR, Listi F, Grimaldi MP, ¥asS, Colonna-
Romano G, Franceschi C, Lio D, Caseli G, Caruso C.

223



Immunogenetics, gender, and longevity. Ann N Y Ac&di.
1089:516-37. (2006) Review b.

Candore G, Balistreri CR, Grimaldi MP, Vasto S,tLI5 Chiappelli
M, Licastro F, Lio D, Caruso C. Age-related inflamtory diseases:
role of genetics and gender in the pathophysiolofyplzheimer's
disease. Ann N Y Acad Sci. 1089:472-86. (2006) Be\a.

Carsetti R. Characterization of B-cell maturationthe peripheral
immunesystem. Methods Mol Biol. 2004;271:25-35.

Cevenini E, Monti D, Franceschi C. Inflamm-agei@gur Opin Clin
Nutr Metab Care. 2013 Jan;16(1):14-20. Review.

Cevenini E, Caruso C, Candore G, Capri M, Nuzz®rp G, Rizzo
C, Colonna-Romano G, Lio D, Di Carlo D, Palmas Mgsurti M,
Pini E, Franceschi C, Vasto S. Age-related inflarmoma the
contribution of different organs, tissues and systeHow to face it
for therapeutic approaches. Curr Pharm Des. 1668@92010)
Cevenini E, Invidia L, Lescai F, Salvioli S, Tid#, Castellani G,
Franceschi C. Human models of aging and longe#ipert Opin
Biol Ther. 2008 Sep;8(9):1393-405.

Challen GA, Boles NC, Chambers SM, Goodell MA. Dist
hematopoietic stem cell subtypes are differentiabulated by TGF-
betal. Cell Stem Cell. 2010 Mar 5;6(3):265-78.

Chambers SM, Shaw CA, Gatza C, Fisk CJ, Donehowe@oodell
MA. Aging hematopoietic stem cells decline in fuontand exhibit
epigenetic dysregulation. PLoS Biol. 2007 Aug;=2D1.
Chidrawar S, Khan N, Wei W, McLarnon A, Smith N, y&& L, Moss
P. Cytomegalovirus-seropositivity has a profounfiuence on the

224



magnitude of major lymphoid subsets within healtidividuals.Clin
Exp Immunol155:423-432 (2009)

Chinn IK, Blackburn CC, Manley NR, Sempowski GD.&dges in
primary lymphoid organs with aging. Semin Immur12) 24:309—
20.

Colonna-Romano G, Bulati M, Aquino A, Pellicano Witello S, Lio
D, Candore G, Caruso C. A double-negative (IgD-CpXH cell
population is increased in the peripheral bloodeloferly people.
Mech Ageing Develop. 130(10):681-690 (2009)
Colonna-Romano G, Malavolta M, Lio D, Nuzzo D, Mbegiani E,
Di Bona D, Caruso C. Inflammation, genes and zmélzheimer’s
disease. Brain Res Rev. 58:96-105 (2008)

Colonna-Romano G, Bulati M, Aquino A, Scialabba@andore G,
Lio D, Motta M, Malaguarnera M, Caruso C. B celtsthe aged:
CD27, CD5 and CD40 expression. Mech Ageing Dev..323393
(2003)

Comerford, I., Bunting, M., Fenix, K., Haylock-J&s) S., Litchfield,
W., Harata-Lee, Y., Turvey, M., Brazzatti, J., GyedC., Nguyen, P.,
Kara, E., McColl, S.R., 2010. An immune paradoxwloan the same
chemokine axis regulate both immune tolerance arttvadion?:
CCR6/CCL20: a chemokine axis balancing immunolddigi@rance
and inflammation in autoimmune disease. Bioess&y$23, 1067-
1076.

Cossarizza A, Ortolani C, Paganelli R, BarbieriMmnti D, Sansoni
P et al. CD45 isoforms expression on CDdnd CD8 T cell

225



throughout life, from newborns to centenarians:liogbions for T cell
memory. Mech Ageing Dev. 86:173-195 (1996)

Crestini A, Napolitano M, Piscopo P, Confaloni AaBo E. Changes
in cholesterol metabolism are associated with P&l RS2 gene
regulation in SK-N-BE. J Mol Neurosci. 30(3):31123R2006)

De Benedictis G, Franceschi C. The unusual genetickuman
longevity. Sci  Aging Knowledge Environ. 2006 Jun
28;2006(10):pe20.

De Martinis M., Franceschi C., Monti D., Ginaldt Inflamm-ageing
and lifelong antigenic load as major determinaritageing rate and
longevity. FEBS Lett 579,2035-2039 (2005)

Derhovanessian E, Maier AB, Beck R, Jahn G, HaKn&lagboom
PE, de Craen AJ, Westendorp RG, Pawelec G. Hallfeatikires of
immunosenescence are absent in familial longevdtyymmunol.
185:4618-4624 (2010)

Derhovanessian E, Maier AB, Hahnel K, Beck R, dae@rAJ,
Slagboom EP, Westendorp RG, Pawelec G. Infectioth wi
cytomegalovirus but not herpes simplex virus inducthe
accumulation of late-differentiated CD4and CD8 T-cells in
humans. J Gen Virol. 2011 Dec;92(Pt 12):2746-56.

Dewan SK, Zheng SB, Xia SJ, Bill K. Senescent resliad of the
immune system and its contribution to the predigjoosof the elderly
to infections. Chin Med J (Engl). 2012 Sep;125(3825-31.

Di Mitri D, Azevedo RI, Henson SM, Libri V, RiddeNE, Macaulay
R, Kipling D, Soares MV, Battistini L, Akbar AN. Rersible

226



senescence in human CORZD45RA'CD27- memory T cells. J
Immunol. 2011 Sep 1;187(5):2093-100.

Dixit VD. Thymic fatness and approaches to enhahgenopoietic
fitness in aging. Curr Opin Immunol (2010) 22:521-8

Duddy ME, Niino M, Adatia F, Hebert S, Freedman Mkins H,
Kim HJ, Bar-Or A. Distinct effector cytokine prodé$ of memory and
naive human B cell subsets and implication in midtisclerosis. J
Immunol. 178:6092-6099 (2007)

Duddy ME, Alter A, Bar-Or A. Distinct profiles ofuman B cell
effector cytokines: a role in immune regulation? Idmunol.
172(6):3422-3427 (2004)

Dunn-Walters DK, Ademokun AA. B cell repertoire aagking. Curr
Opin Immunol. Curr Opin Immunol. 2010 Aug;22(4):524.

Efferth T.Adenosine triphosphate-binding cassetiedporter genes
in ageing and age-related diseases. Ageing Res
Rev. 2003 Jan;2(1):11-24.

Effross RB. Telomere/Telomerase dynamics within th@éman
immune system: effect of chronic infection and sdreExp Gerontol
2011. 46:135-40.

Effros RB, Boucher N, Porter V, Zhu X, Spaulding\Walford RL,
Kronenberg M, Cohen D, Schachter F: Decline in CD2&sells in
centenarians and in long-term T cell cultures: ssme cause for both
in vivo andin vitro immunosenescence. Exp Gerontol 1994, 29:601-
9.

Fagnoni FF, Vescovini R, Passeri G, Bologna G, &aumi M,
Lavagetto G, Casti A, Franceschi C, Passeri M aadsé&ni P.

227



Shortage of circulating naive CDd cells provide new insights of
immunodeficiency in aging. Blood. 95:2860-2868 (@00
Fassbender K, Masters C, Beyreuther K Alzheimeisgase: an
inflammatory disease?Neurobiol Aging. 21(3):4332600)

Fecteau JF, C6té G, Néron S. A new memory CD27-1§Ccell
population in peripheral blood expressing VH geneth low
frequency of somatic mutation. J Immunol. 177:33286 (2006)
Fiala M, Lin J, Ringman J, Kermani-Arab V, Tsao Batel A,
Lossinsky AS, Graves MC, Gustavson A, Sayre J,0dpofE, Suarez
T, Chiappelli F, Bernard G.Ineffective phagocytasisamyloid-beta
by macrophages of Alzheimer's disease patientdzldeAners Dis.
7(3):221-32 (2005)

Fox NC, Crum WR, Scahill RI, Stevens JM, JansserRiiSsor MN.
Imaging of onset and progression of Alzheimer'sake with voxel-
compression mapping of serial magnetic resonaneges Lancet.
2001 Jul 21;358(9277):201-5.

Franceschi C, Motta L, Motta M, Malaguarnera M, €£af Vasto S,
Candore G, Caruso C; IMUSCE. The extreme longethty:state of
the art in Italy. Exp Gerontol. 2008 Feb;43(2):45-5

Franceschi C, Capri M, Monti D, Giunta S, Oliviéfj Sevini F,
Panourgia MP, Invidia L, Celani L, Scurti M, Ceveinkt, Castellani
GC, Salvioli S. Inflammaging and anti-inflammaging: systemic
perspective on aging and longevity emerged frordistuin humans.
Mech Ageing Dev. 2007 Jan;128(1):92-105.

Franceschi C, Olivieri F, Marchegiani F, Cardelli Kavallone L,
Capri M, Salvioli S, Valensin S, De Benedictis G,l&io A, Caruso

228



C, Paolisso G, Monti D. Genes involved in immune
response/inflammation, IGF1l/insulin pathway andpoese to
oxidative stress play a major role in the genaiidsuman longevity:
the lesson of centenariadech Ageing Dev126:351-361 (2005)
Franceschi C, Bonafe M. Centenarians as a moddiefalthy aging.
Biochem Soc Tran81:457-461 (2003)

Franceschi C, Valensin S, Bonafé M, Paolisso Ghivasl, Monti
D, De Benedictis G. The network and the remodetimgpries of
aging: historical background and new perspectiteg Gerontol.
35(6-7):879-96. Review (2000) b

Franceschi C, Bonafé M, Valensin S, Olivieri F,IDea M, Ottaviani
E, De Benedictis G. Inflamm-aging. An evolutiong@sgrspective on
immunosenescence. Ann N Y Acad Sci. Jun;908:244-Béview
2000a

Franceschi C, Monti D, Barbieri D, Grassilli E, Tano L, Salvioli S,
Negro P, Capri M, Guido M, Azzi R et al. Immunosstence in
humans: deterioration or remodelling? Int Rev Imoluh2(1):57-74
(1995)

Frasca D, Diaz A, Romero M, Phillips M, Mendez N\4ndin AM,
Blomberg BB. Unique biomarkers for B-cell functigmmedict the
serum response to pandemic H1N1 influenza vaccihm.
Immunol. 2012 Mar;24(3):175-82.

Frasca D, Blomberg BB. Aging affects human B aedlponses. J Clin
Immunol. 31(3):430-435 (2011)

Frasca D, Diaz A, Romero M, Landin AM, Phillips Mechner SC,
Ryan JG, Blomberg BB. Intrinsic defects in B cedisponse to

229



seasonal influenza vaccination in elderly humarazcihe. 2010 Nov
29;28(51):8077-84.

Frasca D, Landi AM, Lechner SC, Ryan JG, SchwartRiRy RL,
Blomberg BB. Ageing down-regulates the transcriptiactor E2A,
activation-induced cytidine deaminase, and Ig ctagsch in human
B cells. J Immunol. 180:5283-5290 (2008)

Frasca D, Riley RL, Blomberg BB. Humoral immunep@sse and B-
cell functions including immunoglobulin class swvitc are
downregulated in aged mice and humans. Sem ImmuA@78-384
(2005)

Fulop T, Larbi A, Pawelec G. Human T Cell Aging ahd Impact of
Persistent Viral Infections. Front Immunol. 2013pS#3;4:271.
Review.

Gangemi S, Basile G, Monti D, Merendino RA, Di Rzse G,
Bisignano U, Nicita-Mauro V, Franceschi C. Age-teth
modifications in circulating IL-15 levels in human#ediators
Inflamm. 2005 Aug 31;2005(4):245-7.

George AJ, Ritter MA. Thymic involution with ageingbsolescence
or good housekeeping? Immunol Today (1996) 17:2B7—7

Gerli R, Monti D, Bistoni O, Mazzone AM, Peri G, §sarizza A, Di
Gioacchino M, Cesarotti ME, Doni A, Mantovani A,dfrceschi C,
Paganelli R.Chemokines, sTNF-Rs and sCD30 serurelslein
healthy aged people and centenarians. Mech Ageawy 2000 Dec
20;121(1-3):37-46.

Gibson KL, Wu YC, Barnett Y, Duggan O, Vaughan Rnideatis E,
Nilsson BO, Wikby A, Kipling D, Dunn-Walters DK. Bell diversity

230



decreases in old age and is correlated with poalthstatus. Ageing
cell. 8:18-25 (2009)
Ginaldi L., Loreto M. F.,. Corsi M. P, Modesti Mand De Martinis
M., “Immunosenescence and infectious diseases,d¥es and
Infection, vol. 3, no. 10, pp. 851-857, 2001.
Globerson A, Effros RB. Ageing of lymphocytes agpchphocytes in
the aged. Immunol Today. 2000 Oct;21(10):515-21.
Goldberger A.L., Peng C.K., Lipsitz L.A. What is y#ologic
complexity and how does it change with aging aiseéase? Neurobiol
Aging. 23, 23-6. (2002)
Goldeck D, Larbi A, Pellicané M, Alam 1, Zerr |, Bmidt C, Fulop
T, Pawelec G. Enhanced Chemokine Receptor Expressio
Leukocytes of Patients with Alzheimer's Diseasd.32®LoS One, 8
(6).
Gomez CR, Karavitis J, Palmer JL, Faunce DE, Raniy&lomellini
V, Kovacs EJ. Interleukin-6 contributes to age-tetlaalteration of
cytokine production by macrophages.Mediators
Inflamm. 2010;2010:475139
Goto M. Inflammaging (inflammation + aging): A diig force for
human aging based on an evolutionarily antagonigt&otropy
theory? BioScience Trends. 2(6):218-230 (2008)
Griffin WS, Mrak RE. Interleukin-1 in the genesisdgprogression of
and risk for development of neuronal degeneratiodlizheimer's
disease. J Leukoc Biol. 72(2):233-8. (2002) Review.
Griffiths PD. CMV as a cofactor enhancing progressof AIDS. J
Clin Virol. 35:489-492 (2006)

231



Grimm MO, Rothhaar TL, Hartmann T. The role of Ap¥®teolytic
processing in lipid metabolism. Exp Brain Res. DIN:1007/s00221-
011-2975-6 (2011)
Gross C, Koelch W, DeMaio A, Arispe N, Multhoff Gell surface-
bound heat shock protein 70 (Hsp70) mediates periiodependent
apoptosis by specific binding and uptake of grare¥nJ Biol Chem.
2003 Oct 17;278(42):41173-81.
Grubeck-Loebenstein B, Della Bella S, lorio AM, et JP, Pawelec
G, Solana R. Immunosenescence and vaccine faitutieei elderly.
Aging Clin Exp Res. 2009
Jun;21(3):201-9.
Guerrettaz LM, Johnson SA, Cambier JC. Acquired dtepoietic
stem cell defects determine B-cell repertoire clearagsociated with
aging. Proc Natl Acad Sci USA. 105:11898-11902 800
Gui J, Zhu X, Dohkan J, Cheng L, Barnes PF, Su DiNe aged
thymus shows normal recruitment of lymphohematdppie
progenitors but has defects in thymic epithelidlscdnt Immunol
(2007) 19:1201-11.
Gupta S, Su H, Bi R, Agrawal S, Gollapudi S. Lifedadeath of
lymphocytes: a role of immunosenescence. Immun mige23:2-12
(2005)
Hagn M, Schwesinger E, Ebel V, Sontheimer K, MalemBeyer
T, Syrovets T, Laumonnier Y, Fabricius D, Simmetlahrsddrfer B.
Human B cells secrete granzyme B when recognizirad antigens
in the context of the acute phase cytokine IL-Aindunol. 2009 Aug
1;183(3):1838-45.

232



Hamann D, Baars PA, Rep MH, Hooibrink B, Kerkhofr@a SR,
Klein MR, van Lier RA. Phenotipic and functionalpseation of
memory and effector human CD8+ T cells. J Exp ME&b:1407-
1418 (1997)

Harris DP, Ortiz F, Adler FM, Yu K, Maines ML, BalD, Viggiani
SI, Wolf SM, Fitten LJ, Chodosh J, Vickrey BG. Oealbes to
screening and evaluation of memory impairment amdigpanic
elders in a primary care safety net facility. InGériatr Psychiatry.
2011 Mar;26(3):268-76.

Heron MP, Smith BL. Deaths: leading causes for 20G8I Vital Stat
Rep. 55:1-92 (2007).

Inamine A, Takahashi Y, Baba N, Miyake K, Tokuhisalakemori
T, Abe R. Two waves of memory B-cell generatiorthe primary
immune response. Int Immunol. 2005 May;17(5):581-9.

Kaech SM, Wherry EJ, Ahmed R: Effector and memorgell
differentiation: implications for vaccine developmte Nat Rev
Immunol, 2:251-262 (2002)

Kaminski D.A., Wei C., Qian Y., Rosenberg A.F., 34 2012.
Advances in human B cell phenotypic profiling. Rrdmmunol. 3,
302-316.

Klein, U., Rajewsky, K., Kuppers, R. Human immuraigilin
(Ig)M*IgD™ peripheral blood B cells expressing the CD27 sgfface
antigen carry somatically mutated variable regienas: CD27 as a
general marker for somatically mutated (memory)dsc J. Exp.
Med. 188, 1679-89 (1998)

233



Kogut I, Scholz JL, Cancro MP, Cambier JC. B caimenance and
function in aging. Semin Immunol. 2012 Oct;24(52 31
Kohler S, Wagner U, Pierer M, Kimmig S, OppmannMgjwes B,
Julke K, Romagnani C, Thiel A. Post thyniicvivo proliferation of
naive CD4+ T cells constrains the TCR repertoirbealthy human
adults. Eur J Immunol 35: 1987 (2005)
Kolibab K, Smithson SL, Rabquer B, Khuder S, WasleMA.
Immune response to pneumococcal polysaccharidead414 in
elderly and young adults: analysis of the variabkavy chain
repertoire. Infect Immun. 2005 Nov;73(11):7465-76.
Krabbe K., Pedersen M., Bruunsgaard H.: Inflammatoediators in
the elderly. Exp Gerontol 39, 687-699 (2004)
Krawinkel MB: Interaction of nutrition and infectis globally:an
overview. Ann Nutr Metab 2012, 61(Suppl 1):39-45.
Kunkel, E.J., Butcher, E.C., 2003. Plasma-cell mgniNat. Reuv.
Immunol. 3, 822-829.
Kurschus FC, Bruno R, Fellows E, Falk CS, Jenne M&mbrane
receptors are not required to deliver granzyme Bndukiller cell
attack. Blood. 2005 Mar 1;105(5):2049-58.
Larbi A, Pawelec G, Witkowski JM, Schipper HM, Deuanessian
E, Goldeck D, Fulop T. Dramatic shifts in circutegiCD4 but not
CD8 T cell subsets in mild Alzheimer's disease.lzh@éimers Dis.
17(1):91-103 (2009)
Lee JS, Lee WW, Kim SH et al.: Age-associated afiten in naive
and memory Th17 cell response in humans. Clin Inoh2®11,
140:84-91.

234



Leuner K, Muller WE and Reichert AS (2012). Frontaeuhondrial
dysfunction to amyloid beta formation: novel ingghinto the
pathogenesis of Alzheimer's disease. Mol Neurodi®1,186-193

Li L, Hsu HC, Grizzle WE, Stockard CR, Ho KJ, LBttet al. Cellular
mechanism of thymic involution. Scand J ImmunolQ2057:410—-
42.

Li M, Shang DS, Zhao WD, Tian L, Li B, Fang WG, ZhuMan SM,
Chen YH. Amyloid beta interaction with receptor fadvanced
glycation end products up-regulates brain endahelCCR5
expression and promotes T cells crossing the bhvaoh barrier. J
Immunol. 2009 May 1;182(9):5778-88.

Libri V, Azevedo RI, Jackson SE, Di Mitri D, LachmaR, Fuhrmann
S, Vukmanovic-Stejic M, Yong K, Battistini L, Kelf, Soares MV,
Akbar AN. Cytomegalovirus infection induces the @woeailation of
short-lived, multifunctional CD4+CD45RA+CD27+ T t=l the
potential involvement of interleukin-7 in this pess. Immunology.
2011 Mar;132(3):326-39.

Licastro F, Candore G, Lio D, Porcellini E, ColoiRamano G,
Franceschi C, Caruso C. Innate immunity and inflatom in ageing:
a key for understanding age-related diseases. Imrgaing.
18;2:8(2005)

Listi F, Candore G, Modica MA, Russo MA, Di Loren@o Esposito-
Pellitteri M, Colonna-Romano G, Aquino A, Bulati M,io D,
Franceschi C, Caruso C. A study of serum immunadiobevels in
elderly persons that provides new insights into Rl c
immonosenescence. Ann N Y Acad Sci. 1089:487-408@2

235



Looney RJ, Falsey A, Campbell D, Torres A, Kola3s&rower C,
McCann R, Menegus M, McCormick K, Frampton M, H¥,
Abraham GN. Role of cytomegalovirus in the T célhoges seen in
elderly individuals. Clin Immunol. 1999 Feb;90(2)329.

Lund FE. Cytokine-producing B lymphocytes-key regats of
immunity. Curr Opin Immunol. 20:332-338 (2008)

Lynch HE, Goldberg GL, Chidgey A, Van den Brink MBoyd R,
Sempowski GD. Thymic involution and immune
reconstitution. Trends Immunol (2009)30:366—73.

Ma D, Wei Y, Liu F. Regulatory mechanisms of thynamsl T cell
development. Dev Comp Immunol (2013) 39:91-102.

Macallan DC, Wallace DL, Zhang Y, Ghattas H, Ashus de Lara
C, Worth A, Panayiotakopoulos G, Griffin GE, TougFk, Beverley
PC. B-cell kinetics in humans: rapid turnover ofipleeral blood
memory cells. Blood. 2005 May 1;105(9):3633-40.

Man SM, Ma YR, Shang DS, Zhao WD, Li B, Guo DW, §an'G,
Zhu L, Chen YH Peripheral T cells overexpress M#pha to
enhance its transendothelial migration in Alzheimedisease.
Neurobiol Aging. 28(4):485-96. (2007)

Martin F, Chan AC. B cell immunobiology in diseasa:olving
concepts from the clinic. Annu Rev Immunol. 200648¥-96.
Martin Prince RB, Cleusa Ferri (2011) World AlzheiniReport 2011.
Vol. 2013, Alzheimer’s Disease International, Londo

Miller JP, Cancro MP. B cells and aging: balanding homeostatic
equation. Exp Gerontol. 2007 May;42(5):396-9. ERQB7 Feb 4.

236



Mitchell WA, Lang PO, Aspinall R. Tracing thymic tpwt in older
individuals. Clin Explmmunol (2010) 161:497-503.

Monsonego A, Zota V, Karni A, Krieger Jl, Bar-Or Bjtan G,
Budson AE, Sperling R, Selkoe DJ, Weiner HL InceshS cell
reactivity to amyloid beta protein in older humamal patients with
Alzheimers disease. J Clin Invest 112, 415-22 8200

Moore SE, Fulford AJ, Darboe MK, Jobarteh ML, Jaridv,Prentice
AM: A randomized trial to investigate the effectspre-natal and
infant nutritional supplementation on infant immushevelopment in
rural Gambia: the ENID trial: Early Nutrition andmimune
Development. BMC Pregnancy Childbirth 2012, 12:107.

Nasi M, Troiano L, Lugli E, Pinti M, Ferraresi R,dviterastelli E, et
al. Thymic output and functionality of the IL-7/[Lreceptor systemin
centenarians: implications for the neo lympho- genat the limit of
human life. AgingCell (2006) 5:167-75.

Naylor K, Li G, Vallejo AN, Lee WW, Koetz K, Bryl EWitkowsky
J, Fulbright J, Weyand CM, Goronzy JJ. The infleen€ age on T
cell generation and TCR diversity. J Immunol. (200B4:7446-7452
Nicholson KG, Kent J, Hammersley V, Cancio E. Acuwieal
infections of upper respiratory tract in elderlyopk living in the
community: comparative, prospective, populationedastudy of
disease burden. BMJ. 315:1060-1064 (1997)

Nociari MM, Telford W, Russo C. Postthymic develaamof CD28-
CD8+ T cell subset: age-associated expansion aftdrem memory
to naive phenotype. J Immunol. 162(6):3327-3339¢)9

237



Nussbaum RL, Ellis CE.Alzheimer's disease and Radki's disease.
N Engl J Med. 348(14):1356-64 (2003)

Ouyang Q, Wagner WM, Voehringer D, Wikby A, KlattWalter S,
Miller CA, Pircher H, Pawelec G. Age-associateduandlation of
CMV-specific CD8+ T cells expressing the inhibitokyller cell
lectin-like receptor G1 (KLRGL1). Exp Gerontol. 889011-20 (2003)
Oviedo-Orta E, Li CK, Rappuoli R.Perspectives oncouae
development for the elderly. Curr Opin
Immunol. 2013 Aug;25(4):529-34

Palanichamy A, Barnard J, Zheng B, Owen T, QuacWgj C,
Looney RJ, Sanz |, and Anolik H. Novel human Traosal B cell
Populations Revealed by B cell Depletion Theraphymmunol.
182:5982-5993 (2009)

Palmer DB.The effect of age on thymic function. ffrdmmunol.,
2013 Oct 7;4:316.

Pan-Hammarstrom Q, Zhao Y, Hammarstrom L. Classtchwi
recombination: a comparison between mouse and hurAdm
Immunol. 2007;93:1-61.

Pavlidis N, Stanta G, Audisio RA. Cancer prevalesog mortality in
centenarians: a systematic review. Crit Rev Onceinbtol. 2012
Jul;83(1):145-52

Pawelec G. Immunosenescence: Role of cytomegakviExp
Gerontol. 2013 Nov 28. doi :10.1016/j.exger.201310.

Pawelec G and Larbi A. Immunity and ageing in mfamual Review
2006/2007. Exp Gerontol. 43:34-38 (2008)

238



Pawelec G, Akbar A, Caruso C, Solana R, Grubecksknstein B,
Wikby A. Human immunosenescence: is it infectiousfunol Rev.
205:257-268 (2005)

Pawelec G, Barnett Y, Forsey R, Frasca D, GlobefsaxicLeod J
et al. T cell and ageing. Front Biosci. 7:d1056-83.{2002)
Pedersen BK, Febbraio MA. Muscles, exercise angitbeskeletal
muscle as a secretory organ. Nat Rev Endocrinoll2 28pr
3;8(8):457-65.

Pellicand M, Bulati M, Buffa S, Barbagallo M, DiiRra A, Misiano
G, Picone P, Di Carlo M, Nuzzo D, Candore G, VaStoLio D,
Caruso C, Colonna-Romano G. Systemic immune reggois
Alzheimer's diseas@ vitro mononuclear cell activation and cytokine
production. J Alzheimers Dis. 21(1):181-192 (2010)

Pellicano M, Larbi A, Goldeck D, Colonna-Romano Buyffa S,
Bulati M, Rubino G, lemolo F, Candore G, Carus®€rhovanessian
E, Pawelec G. Immune profiling of Alzheimer patgntJ
Neuroimmunol. in press (2011)

Priller C, Bauer T, Mitteregger G, Krebs B, Kretasar HA, Herms
J. Synapse formation and function is modulated hy amyloid
precursor protein.J Neurosci. 26(27):7212-21(2006)

Rattan Sl. Increased molecular damage and hetezitg@s the basis
of aging. Biol Chem. 2008 Mar;389(3):267-72.

Reale M, larlori C, Feliciani C, Gambi D.Periphe@emokine
receptors, their ligands, cytokines and Alzheimatisease. J
Alzheimers Dis. 14(2):147-59 (2008)

239



Reiley WW, Wittmer ST, Ryan LM, Eaton SM, HaynesW/inslow
GM, et al. Maintenance of peripheral T cell resmsns
during Mycobacterium tuberculosisinfection. J
Immunol (2012) 189:4451-8.
Richartz-Salzburger E, Batra A, Stransky E, LaskeKGhler N,
Bartels M, Buchkremer G, Schott K. Altered lymphtecgistribution
in Alzheimer's disease. J Psychiatr Res. 41(1-2}872007)
Rieger A, Bar-Or A. B-cell-derived interleukin-1@ autoimmune
disease: regulating the regulators. Nat Rev
Immunol. 2008 Jun;8(6):486-7.
Rodier F, Campisi J. Four faces of cellular seneseeJ Cell Biol.
2011 Feb 21:192(4):547-56.
Rogers J, Luber-Narod J, Styren SD, Civin WH Exgim@s of
immune system associated antigens by cells of theah central
nervous system: Relationship to the pathology @ah&lmer’s disease.
Neurobiol Aging 9, 339-349(1998)
Roman BE, Beli E, Duriancik DM, Gardner EM: Shaeth
supplementation with active hexose correlated camgamproves
the antibody response to influenza B vaccine. [Ras 2013, 33:12-
17.
Rossi DJ, Bryder D, Zahn JM, Ahlenius H, Sonu R,géfa AJ,
Weissman IL. Cell intrinsic alterations underlienfegopoietic stem
cell aging. Proc Natl Acad Sci U S A. 2005 Jun P2(26):9194-9.
Epub 2005 Jun 20.
Rossi MI, Yokota T, Medina KL, Garrett KP, Comp P&:hipul Jr
AH, Kincade PW. B lymphopoiesis is active throughbuman life,
240



but there are developmental age-related chancesedBlL01(2):576-
584 (2003)

Roush W. Live long and prosper? Science 273(52215:41996)
Salvioli S, Monti D, Lanzarini C, Conte M, Pirazi{®, Bacalini MG,
Garagnani P, Giuliani C, Fontanesi E, Ostan R, Buc&evini F,
Yani SL, Barbieri A, Lomartire L, Borelli V, Viankl D, Bellavista
E, Martucci M, Cevenini E, Pini E, Scurti M, BionHi Santoro A,
Capri M, Franceschi C. Immune system, cell senesgeaging and
longevity--inflamm-aging  reappraised. @ Curr Pharm sDe
2013;19(9):1675-9.

Salvioli S, Olivieri F, Marchegiani F, Cardelli MSantoro A,
Bellavista E, Mishto M, Invidia L, Capri M, ValemsiS, Sevini F,
Cevenini E, Celani L, Lescai F, Gonos E, Carus®&nlisso G, De
Benedictis G, Monti D, Franceschi C. Genes, agaimgjlongevity in
humans: problems, advantages and perspectives. Hade Res.
2006 Dec;40(12):1303-23.

Sansone P, Storci G, Tavolari S, Guarnieri T, Gnowmai C, Taffurelli
M,Ceccarelli C, Santini D, Paterini P, Marcu KB, i€to P, Bonafe
M. IL-6 triggers malignant features in mammosphdresn human
ductal breast carcinoma and normal mammary glar@inJinvest.
2007 Dec;117(12):3988-4002. PubMed PMID: 18060036;

Sanz |, Anolik JH, Looney RJ. B cell depletion tygy in autoimmune
diseases. Front Biosci. 12:2546-2567 (2007)

Sanz I, Wei C, Lee FE, Anolik J. Phenotypic and cfional
heterogeneity of human memory B cells. Semin Imrhu2@(1):67-
82 (2008)

241



Sauce D, Appay V. Altered thymic activity in ealifig: how does it
affect the immune system in young adults? Curr Opin
Immunol (2011) 23:543-8.

Saule P, Trauet J, Dutriez V, Lekeux V, DessaintLHbalette M.
Accumulation of memory T cells from childhood tal@ge: central
and effector memory cells in CD4(+) versus effestegmory and
terminally differentiated memory cells in CD8(+)apartment. Mech
Ageing Dev. 2006 Mar;127(3):274-81.

Saurwein-Teissl M, Blasko |, Zisterer K, Neuman Bang B,
Grubeck-Loebenstein B. An imbalance between prod anti-
inflammatory cytokines, a characteristic featurelafage. Cytokine.
2000 Jul;12(7):1160-1.

Schmaltz HN, Fried LP, Xue QL, Walston J, Leng S¢mba RD.
Chronic cytomegalovirus infection and inflammatiare associated
with prevalent frailty in community-dwelling oldewomen. J Am
Geriatr Soc. 53:747-754 (2005)

Scholz JL, Diaz A, Riley RL, Cancro MP, Frasca Dcdmparative
review of aging and B cell function in mice and kams. Curr Opin
Immunol. 2013 Aug;25(4):504-10.

Schutyser, E., Struyf, S., Van Damme, J., 2003. C@echemokine
CCL20 and its receptor CCR6. Cytokine Growth Fadrav. 14(5),
409-426.

Selkoe DJ.Alzheimer's disease results from thebcar@accumulation
and cytotoxicity of amyloid beta-protein.J Alzheimeis. 3(1):75-
80 (2001)

242



Shi Y, Yamazaki T, Okubo Y, Uehara Y, Sugane K, mgé&u K.
Regulation of aged humoral immune defense agamstipococcal
bacteria by IgM memory B cell. J Immunol. 175:328267 (2005)
Shi Y., Wei C., Lee F., Anolik J.: Functional argl/ of human
memory B-cell subpopulations: IgD+CD27+ B cells aracial in
secondary immune response by producing high afflgivl. Clinical
Immunol 108, 128-137 (2003)

Shurin GV, Yurkovetsky ZR, Chatta GS, Tourkova 8hurin MR,
Lokshin AE. Dynamic alteration of soluble serum rharkers in
healthy aging. Cytokine. 39(2):123-9 (2007)

Simone R, Zicca A, Saverino D: The frequency ofutatpry
CD3+CD8+CD28SCD25+ T lymphocytes in human periphgeod
increases with age. J Leuk Biol 2008, 84:1454-1461.

Singh T, Newman AB. Inflammatory markers in popuatstudies of
aging. Ageing Res Rev. 2011

Speciale L, Calabrese E, Saresella M, Tinelli Cyidfa C, Sanvito
L, Longhi R, Ferrante P Lymphocyte subset pattemd cytokine
production in Alzheimer's disease patients. Neuroliging 28,
1163-1169 (2007)

Studebaker AW, Storci G, Werbeck JL, Sansone PseBasK,
Tavolari S, Huang T, Chan MW, Marini FC, Rosol Bhnafé M,
Hall BM. Fibroblasts isolated from common sitesboéast cancer
metastasis enhance cancer cell growth rates argiv@ness in an
interleukin-6-dependent manner. Cancer Res. 2008v No
1;68(21):9087-95. beyer

243



Sultana R, Baglioni M, Cecchetti R, Cai J, Klein, JBastiani
P, Ruggiero C, Mecocci P, Butterfield DA. Lymphaoeyt
mitochondria: toward identification of peripherabimarkers in the
progression of Alzheimer disease. Free Radic Bia@dM2013
Dec;65:595-606.

Taub DD, Longo DL. Insights into thymic aging and
regeneration. Immunol Rev(2005) 205:72-93.

Terry DF, Wyszynski DF, Nolan VG, et al. Serum h&abck protein
70 level as a biomarker of exceptional longevityeddd Ageing Dev
2006; 127:862 8.

Terry DF, Wilcox MA, McCormix MA, Pennington JY, 8oenhofen
EA, Andersen SL et al. Cardiovascular advantagesngmthe
offspring of centenarians. J Am Geriatr Soc. 52220076 (2004b)
Terry DF, Wilcox MA, McCormix MA, Perls TT. Cardi@ascular
disease delay in centenarian offspring. J Gerghiibl Sci Med Sci.
59:385-389 (2004a)

Terry DF, Wilcox M, McCormick MA, Lawler E, Perls
TT.Cardiovascular advantages among the offspringeatenarians.J
Gerontol A Biol Sci Med Sci. 2003 May;58(5):M425-31
Thompson WW, Shay DK, Weintraub E, Brammer L, Cox N
Anderson LJ, Fukuda K. Mortality associated witliluanza and
respiratory syncytial virus in the United StateABMA. 2003 Jan
8;289(2):179-86.

Trans. 2003 Apr;31(2):457-61. Review. PubMed PMIR653662.
Troen B.R. The biology of aging Mt Sinai J Med. 708-22 (2003)

244



Trzonkowski P., My'sliwska J., Godlewska B.et dilmmune
consequences of the spontaneous pro-inflammatoayusstin
depressed elderly patients,” Brain, Behavior, anthunity, vol. 18,
no. 2, pp. 135-148, 2004.

Vasto S, Candore G, Listi F, Balistreri CR, Colof@mano G,
Malavolta M, Lio D, Nuzzo D, Mocchegiani E, Di Bobg Caruso C.
Inflammation, genes and zinc in Alzheimer’s dise&sain Res Rev.
58:96-105 (2008)

Vasto S., Candore G., Balistreri CR, Caruso M.p8onh-Romano G.,
Grimaldi MP: Inflammatory networks in ageing, agéated diseases
and longevity. Mech Aging Dev 128, 83-91 (2007)

Veneri D, Ortolani R, Franchini M, Tridente G, Rikz G, Vella A.
Expression of CD27 and CD23 on peripheral blooghtiphocytes in
humans of different ages. Blood Transfus. 7:292809)

Vescovini R, Biasini C, Telera AR, Basaglia M, &\, Magalini F,
Bucci L, Monti D, Lazzarotto T, Dal Monte P, Pedrani M, Medici
MC, Chezzi C, Franceschi C, Fagnoni FF, Sansoninknse
antiextracellular adaptive immune response to huyt@megalovirus
in very old subjects with impaired health and ctigaiand functional
status. J Immunol. 2010 Mar 15;184(6):3242-9.

Wang GC, Kao WH, Murakami P, Xue QL, Chiou RB, kB,
McDyer JF, Semba RD, Casolaro V, Walston JD, Fridel
Cytomegalovirus infection and the risk of mortabtyd frailty in older
women: a prospective observational cohort study. AEpidemiol.
171:1144-1152 (2010)

245



Warren LA, Rossi DJ. Stem cells and aging in thendiepoietic
system. Mech Ageing Dev. 130(1-2):46-53 (2009)
Wei C, Anolik J, Cappione A, Zheng B, Pugh-BernArdBrooks J,
Lee EH, Milner EC, Sanz |. A new population of selhcking
expression of CD27 represents a notable comporfetiteoB cell
memory compartment in systemic lupus erythematosuisimunol.
178:6624-6633 (2007)
Wei C, Jung J, Sanz I. OMIP-003: phenotypic analysdi human
memory B cells. Cytometry A. 2011 Nov;79(11):894-6.
Weiner HL, Frenkel D. Immunology and immunotherapy
Alzheimer's disease. NatRev Immunol. 2006 May;@8(#):16.
Review. Erratum in: Nat Rev Immunol. 2006 Jun;6{8).
Welsh-Bacic, D., Lindenmeyer, M., Cohen, C.D., BGrnagvici, D.,
Mandelbaum, J., Edenhofer, I., Ziegler, U., Regéle, Wthrich,
R.P., Segerer, S., 2011. Expression of the cheraakiceptor CCR6
in human renal inflammation. Nephrol. Dial. Trarasyl 26(4), 1211-
1220.
Weng NP, Akbar AN, Goronzy J: CD28(S) T cells: theile in the
age-associated decline of immune function. Tremasiunol 2009,
30:306-312.
Weng NP. Telomere and adaptive immunity. Mech AgeDev.
129(1-2):60-6 (2008)
Wherry EJ, Teichgraber V, Becker TC, Masopust De¢faSM, Antia
R, von Andrian UH, Ahmed R. Lineage relationshipl gomotective
immunity of memory CD8 T cell subsets. Nat ImmuAd25-234
(2003)

246



Wick G, Jansen-Durr P, Berger P, Blasko |, Grublegkbenstein B.
Diseases of aging. Vaccine. 18:1567-1583 (2000)

Wikby A, Johansson B, Ferguson F, Olsson J. Agatedichanges in
immune parameters in a very old population of Sslegeople: a
longitudinal study. Exp Gerontol. 1994 Sep-Oct;2%351-41.

Wikby A, Johansson B, Olsson J, Léfgren S, NilsB@ Ferguson
F. Expansions of peripheral blood CD8 T-lymphosabpopulations
and an association with Cytomegalovirus seropasitin the elderly:
the Swedish NONA immune study. Exp Gerontol. 20Gh-J
Mar;37(2-3):445-53.

William J, Euler C, Christensen S, Shlomchik MJ.okwion of
autoantibody responses via somatic hypermutatiotsidri of
germinal centers. Science. 297:2066-2070 (2002)

Wirths, S., Lanzavecchia, A., 2005. ABCBL1 transpodiscriminates
human resting naive B cells from cycling transiitband memory B
cells. Eur. J. Immunol. 35 (12), 3433-3441.

247



248



Curriculum Vitae

249



CURRICULUM VITAE
Adriana Martorana was born on 8th June 1982 inrRalgltaly.

In 2000 she got a socio-psycho-pedagogy Diploma.

In 2009 she graduated in Biotechnology for indastind scientific
research at the University of Palermo.

In 2009 she qualified also as a professional bistog

In January 2011, she started her doctorate undesupervision of
Prof. G. Colonna Romano purchasing advanced spemiadtudies

in Immunology with particular attention on mechanssof aging.

250



