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Immunosenescence contributes to the decreased ability of the elderly to control infectious diseases, which
is also reflected in their generally poor response to new antigens and vaccination. It is known that the T
cell branch of the immune system is impaired in the elderly mainly due to expansion of memory/effector
cells that renders the immune system less able to respond to new antigens. B lymphocytes are also
impaired in the elderly in terms of their response to new antigens. In this paper we review recent work

on B cell immunosenescence focusing our attention on memory B cells and a subset of memory B cells
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(namely IgG*IgD-CD27-) that we have demonstrated is increased in healthy elderly.
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1. Introduction

In human ageing the ability to respond to vaccines and new
infectious agents is impaired, mainly because of changes in adap-
tive immunity mediated by T and B cells. This phenomenon called
‘immunosenescence’ is influenced by environmental and genetic
factors, but also by the antigenic load to which individuals are
exposed throughout life, and this has an impact on immune per-
formance in late life (Pawelec and Larbi, 2008; van Baarle et al.,
2005).

Immunosenescence materially contributes to the decreased
ability of the elderly to respond to new antigens and vaccinations
and to control infectious diseases (Gardner et al., 2006; Genton
et al., 2006). Indeed, ageing is associated with an increased inci-
dence of infections such as viral influenza, respiratory syncitial
virus (RSV) and pneumococcal pneumonia (Nicholson et al., 1997).
Elderly people also have an increased incidence of bacterial infec-
tions in lungs, urinary tract, skin and other tissues and a higher
incidence of tuberculosis and herpes zoster reactivation (Ginaldi
et al,, 2001). Vaccinations are powerful tools in order to prevent
morbidity and mortality from infections in people over the age of
65 years, however, because of the impairment of immune func-
tions with ageing, the currently available vaccines protect only
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a small proportion of the elderly population (Weinberger et al.,
2008).

Although most of the literature on immunosenescence have
focused on T cell impairment, B cell compartment is also
defective in the elderly: indeed humoral immune response is
modified in the elderly both in the quality and quantity of
the antibodies produced, and the number of circulating B cells
is reduced in the aged (Cancro et al, 2009; Frasca et al.,
2010b).

In addition it is known that, B cells have effector and regula-
tory functions other than antibody production (Sanz et al., 2007;
Martin and Chan, 2006; Harris et al., 2000) and memory and naive
B cells can produce different cytokines and chemokines; in partic-
ular memory B cells produce high levels of the proinflammatory
cytokines IL-1q, IL-1[3, IL-6 and TNF-a so suggesting that B cells
might take part in the generation or in the maintenance of the
inflammatory environment of the elderly (Agrawal and Gupta,
2010). Indeed a typical feature of ageing is the pro-inflammatory
status observed in the elderly, related to chronic inflammatory dis-
eases. So, ageing increases risk of disability and chronic diseases,
with many older adults experiencing multiple chronic conditions
in old age. Some evidence exists to support theories that increased
health risks in old age are the result of environmental stressors
that accumulate over time. These stressors potentially can disrupt
the regulation of biological systems, however, not all individuals
or population groups seem to be equally susceptible to the effects
of stress. Questions remain as which factors mediate biological
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responses to stress or genetic predisposition, lifestyle, or other fac-
tors. For example, it is believed that in order to achieve an advanced
age, centenarians should be equipped with well preserved and
efficient defense mechanisms, optimal combination of an appro-
priate genetic background and lifestyle (Franceschi et al., 1995). In
these subjects, a higher frequency of genetic markers (polymor-
phisms) associated with a reduced pro-inflammatory ability seems
to work against the onset of the main age-related disorders (can-
cer, dementia, diabetes and cardiovascular diseases) (Franceschi
et al., 2007). On this basis, it might be an advantage to have cen-
tenarian parents; indeed it has been demonstrated that offspring
of centenarians, who are in their 70s and 80s, have a survival
advantage when compared to age-matched controls whose par-
ents died at an average life expectancy. Centenarian offspring, like
their parents, have genetic and functional advantages associated
with lower cardiovascular disease risk (Terry et al., 2004a, 2004b).
These findings support the hypothesis that centenarian offspring
are inclined to healthy ageing and longer survival, making them
a suitable target of ageing studies. Accordingly, a recent paper
(Derhovanessian et al., 2010) has demonstrated that the typical
hallmarks of immunosenescence are not present in subjects with
familiar longevity.

Some diseases such as tumors, autoimmune phenomena,
atherosclerosis, heart disease and Alzheimer’s disease, are fre-
quent in the late phase of the life and involve the dysregulation
of immune parameters and/or chronic inflammation in their
pathology (Candore et al.,, 2008; Vasto and Caruso, 2004). In
fact, in frail elderly (i.e. Alzheimer’s disease, AD, patients), two
recent meta-analyses by our group have highlighted the role of
cytokine polymorphisms in AD susceptibility, indicating the role
of immune-inflammatory responses in AD (Di Bona et al., 2009,
2008). Furthermore, much evidences suggest the involvement of
a systemic immune response in the pathogenesis of AD (Britschgi
and Wyss-Coray, 2007; Speciale et al., 2007). Indeed, blood derived
cells seem to accumulate in the AD brain (Rogers et al., 1998), while
other studies have shown changes in the distribution and reactivity
of immune cells in the blood (Pellicano et al., 2010; Britschgi and
Wyss-Coray, 2007; Monsonego et al., 2003; Weksler et al., 2002).

On these basis in this paper we discuss the literature data on
B cell immunosenescence and B cell memory focusing our atten-
tion on a subset of memory B cells (namely IgG*IgD-CD27) that
we have demonstrated is increased in healthy elderly (Colonna
Romano et al., 2009), but not in centenarian offsprings (Colonna
Romano et al., 2010) and Alzheimer’s disease patients (preliminary
observations, see below).

2. Immune system and ageing
2.1. Inflamm-ageing and T lymphocytes

A typical feature of ageing is a chronic, low-grade inflam-
mation characterized by a general increase in the production of
pro-inflammatory cytokines and inflammatory markers (Cevenini
et al,, 2010). Indeed, elevated plasma concentrations of IL-6, IL-
1B, and TNF-a have been described in elderly populations and
were postulated as predictive markers of functional disability,
frailty and mortality (Bruunsgaard et al., 2003; Ershler and Keller,
2000; O’'Mahony et al., 1998) and it has been suggested that
chronic inflammation supports the development and progression
of age-related diseases, such as osteoporosis, neurodegeneration
and atherosclerosis (Gao and Hong, 2008; Ginaldi et al.,2005; Libby,
2002). Subclinical inflammation may be caused by chronic stimula-
tion of the innate immune system by degradation products and/or
by the partial inability of the aged immune system to eliminate
certain pathogens (Weinberger et al., 2009), this inflammatory sta-

tus may slowly damage one or several organs, especially when
unfavorable genetic polymorphisms and epigenetic alterations are
concomitant, leading to an increased risk of frailty together with
the onset of age-related chronic diseases (reviewed by Cevenini
etal.,2010and Vastoetal.,2007). The age-dependent up-regulation
of the inflammatory response has been termed “inflamm-ageing”
(Franceschi et al., 2000b, 2000c), due to both the chronic antigenic
stimulation and the genetic background that render elderly prone
to frailty (Balistreri et al., 2008, 2007; Franceschi et al., 2005; Lio
et al., 2004; Pes et al., 2004).

T cell immunosenescence has been extensively studied and
many details have been clarified (see reviews by McElhaney and
Effros, 2009 and Pawelec and Larbi, 2008): the percentage and the
absolute numbers of circulating CD3* T lymphocytes and of CD4*
and CD8* T cell subsets decreases (Pawelec et al., 2002; Cossarizza
et al,, 1996; Sansoni et al., 1993) and there is a gradual shift
from naive CD45RA* to more activated or memory CD45RO" cells
(Pawelec and Larbi, 2008; Pawelec et al., 2002) and it is believed
that the decrease in naive T cell numbers with age is the result
of thymic involution in combination with ongoing differentiation
of naive T cells into antigen-experienced memory or effector cells
(Appay et al., 2010).

One of the most remarkable qualitative changes in the mem-
ory T cell population during ageing is the appearance of clonally
expanded CD8*CD28~ T cells. Analysis of T cell receptor clono-
types, CD28 expression, telomere length and proliferative capacity
has suggested that these cytotoxic T cells have reached replicative
senescence (Pawelec and Larbi, 2008; Globerson and Effros, 2000).
The presence of high proportions of senescent CD8*CD28~ T cells
would impact homeostatic mechanisms regulating the amount of
memory and naive T-cell subsets and hence would reduce the
T cells available for an effective antiviral response (Pawelec and
Larbi, 2008; Globerson and Effros, 2000; Fagnoni et al., 1996).
These features are caused by persistent life-long antigenic stress
that leads to the marked shrinkage of T cell repertoire diversity
with age (Pawelec and Larbi, 2008; Pawelec et al., 2002; Wack
et al,, 1998). Moreover, it has been recently observed that the
evaluation of the number of CD8*CD28~ T cells is not merely an
“immunological curio” as it correlates with frailty (Semba et al.,
2005)and with an impaired response to influenza vaccination in the
elderly (Weng et al., 2009). It has been proposed that CMV infec-
tion leads to the described changes of CD8 T cells in the elderly,
causing both the shrinkage of the TCR repertoire and the accu-
mulation of CD8*CD28~ effector T cells. These cells can further
stimulate the inflammatory processes by IFNvy production as sug-
gested (Almanzar et al., 2004) although others (Ouyang et al., 2003)
have demonstrated that these cells are dysfunctional. The reduction
of the costimulatory molecule CD28 has also been reported on CD4
T cells that show a defect in CD154 (CD40L) expression too, this in
turn causes the reduced ability of CD4 T cells to provide help to B
cells for both proliferation and Ig production.

Other authors have described a significant decrease of CD8* T
cells with no significant changes in CD4* T cells with ageing, leading
to an unexpected increase in the CD4:CD8 ratio (Gruver et al., 2007;
Yan et al.,, 2010).

2.2. Blymphocytes

Although T cell alterations play a significant role in age-related
immune changes, alterations in B cells also occur both in human and
mice, indeed advanced age is accompanied by substantial changes
in all B cell compartments and, consequently, humoral immune
function. These changes include shifts in the magnitude of all B
cell compartments, specificity repertoire changes, modified periph-
eral B cell dynamics, and weakened humoral responses (Miller and
Cancro, 2007).



276 M. Bulati et al. / Ageing Research Reviews 10 (2011) 274-284

Before leaving the bone marrow, B cells pass through several
stages of development and, any change in the different steps will
result in a change in overall repertoire. In mice there is a decline
in bone marrow output and impairments in haematopoietic stem
cell (HSC) commitment to the B lineage (Guerrettaz et al., 2008;
Miller and Allman, 2003), which is manifested as a deficit in the
numbers of early B cell populations such as the pro, pre, transitional
and mature naive B cells. Others have suggested that it is not the
bone marrow output by itself that is crucially impaired but rather
the ability of naive B cells from older mice to colonise peripheral
compartments that is reduced (Johnson et al., 2002). Even though
the reduced influx of fresh naive cells into the periphery, the total
numbers of peripheral B cells in mice remain the same (Miller and
Cancro, 2007). There are several mechanisms that can explain this
anomaly. It has been demonstrated that splenic B cells in old mice
have a reduced turnover as compared to splenic B cells from young
mice, and so live longer (Kline et al., 1999), this increased longevity
may signal to the newly made B cells that the niche is full and
requires no more cells (Minges Wols et al., 2009).

In contrast to mouse model, in humans there is a decrease
both in percentage and absolute number of total CD19* B lym-
phocytes (Veneri et al., 2009; Faria et al., 2008; Frasca et al., 2008;
Shi et al., 2005; Chong et al., 2005; Colonna Romano et al., 2003,
2002; Breitbart et al., 2002; Huppert et al., 1998; Wikby et al.,
1994; Paganelli et al., 1992). Moreover, it has been demonstrated
that absolute number of B cell precursors in the bone marrow
declines with age and particularly during adolescence (McKenna
et al., 2001), however, B lymphopoiesis persists throughout adult
life (Rossi et al., 2003). In particular, in mice ratios between pre-
cursors and immature B cells within the bone marrow and mitotic
activity were found to be remarkably constant during ageing (Riley
etal., 1991).

As mentioned above, in elderly people there is a shrinkage of the
T cell repertoire due to the chronic stimulation of the immune sys-
tem by antigens and persistent infection by herpetic viruses such
as CMV (Pawelec and Larbi, 2008; Vasto et al., 2007). On the B cell
side, changes in the B cell repertoire have also been described and
in old mice it has been reported a different usage of both Vg and
V| gene families that those used by young animals (Nicoletti et al.,
1991). Old mice have also been shown to have altered repertoires in
response to challenge with the hapten phosphorylcholine (Nicoletti
et al,, 1993, 1991) and, as in humans (see below), the response in
young mice was oligoclonal, dominated by use of one particular
immunoglobulin heavy chain variable region (IGHV) gene, whereas
older mice had a more diverse response. Moreover, experiments
using young and old donors to reconstitute immune-deficit SCID
mice, suggest that these differences arise from B cell intrinsic fac-
tors, although the cytokine environment might also play a role
(Shriner et al., 2006). In murine models it has also been reported
the impaired expression of the surrogate \ chain and the increased
usage of the VhS107 family that can also have consequences in the
formation of the B cell repertoire (Alter-Wolf et al., 2009a). Some
reports on B cell repertoire indicated that older mice showed evi-
dence of non-malignant clonal expansion (LeMaoult et al., 1997),
which in view of the homeostatic mechanisms that maintain the
total numbers of B lymphocytes would lead to a decrease in diver-
sity.

In humans after pneumococcal immunization the analysis of
the Vy chain repertoire has shown differences between young and
elderly donors, a loss of oligoclonality and a reduced frequency of
somatic mutation in the elderly (Kolibab et al., 2005). The same
group also analysed the V| chain repertoire in response to the same
immunization and has demonstrated significant differences in Vi
gene usage between young and old subjects: in fact the elderly pref-
erentially use Vk4 in response to pneumococcal polysaccharide 4
and 14, while young donors use predominantly VA3 and/or VA1

genes, moreover oligoclonality of light chains was not so regular
in the elderly as it has been demonstrated in the heavy gene usage
and no detectable changes in the frequency of mutations have been
reported for the L genes studied (Smithson et al., 2005). However
the authors observe that these might be recall responses as adults
have significant levels of antibodies against pneumococcal anti-
gens before the treatment with the vaccine (Kolibab et al., 2005;
Smithson et al., 2005).

Previous studies, concentrating on IGHV gene use, have not
always shown significant age-related differences in the pre-
immune B cell repertoire (Kolar et al., 2006; Wang and Stollar,
1999), indeed Banerjee et al. (2002), have shown that the somatic
hypermutation process occurs at the same rate in young and old
humans, and so the increased levels of mutations in Ig genes found
in older people by others (Chong et al., 2003) is more likely a conse-
quence of accumulation rather than altered rate. The consequence
might be the collapse in B cell diversity in some elderly individ-
uals that, as it has been recently demonstrated using the CDR3
spectratyping, is correlated with poor health status in the elderly
(Gibson et al., 2009). A schematic illustration is shown in Fig. 1.

On the whole, it seems that the antibodies generated in old
humans are less protective compared to the antibodies gener-
ated in young ones, as shown by their reduced ability to opsonize
in vitro after vaccination with bacteria-derived polysaccharides
(Schenkein et al., 2008). Moreover the anti-influenza response is
reduced in the elderly after vaccination (Weinberger et al., 2008;
Murasko et al., 2002) and there are also diminished recirculat-
ing long-lived antibody-secreting plasma cells in the bone marrow
(Zheng et al., 1997; Manz et al., 1997). This might be related to
a poor persistence of effective antibodies after vaccination in the
elderly although care needs to be taken in interpretation here
since the current data is limited and is from different vaccine for-
mulations such as live-attenuated vaccines (e.g. against polio and
measles) or killed microorganisms or toxoids (e.g. against tetanus)
which may affect data on persistence.

In mice, some reports suggest that, with ageing, the levels of
total and specific serum IgG and IgM increase (Koga et al., 2000),
while other authors found a reduction in specific IgG and IgM in
aged animals (Faria et al., 1998). Speziali et al. (2009), have recently
shown that basal levels of total serum immunoglobulins, IgG and
IgA were increased while antigen-specific immunoglobulins, IgG
and IgA were reduced in aged mice compared to young ones. This
divergence between total and specific levels of Immunoglobulins,
IgG and IgA may reflect the biased repertoire of B cells in aged mice
(Koga et al., 2000) and their inability to mount specific immune
responses to new antigens. Moreover it has been shown that age-
ing is followed by an increased production of auto-antibodies in
parallel with a diminished production of antibodies against for-
eign antigens (Weksler and Szabo, 2000). The skewed repertoire
of B and T cells in aged animals probably result from the expan-
sion of a limited number of memory cells that compensate for the
reduction in the output of naive B and T cells from bone marrow
and thymus. The increased levels of non-specific immunoglobu-
lins in aged mice seems to result from activation of memory cells
already selected by previous encounters with antigens (Speziali
et al., 2009). On other hand, both basal levels and antigen-specific
IgM were not altered in old mice (Speziali et al., 2009) suggesting
that class-switch-independent IgM responses, being low affinity
reactions, are less affected by repertoire limitations. Concerning
the effects of ageing on the number of immunoglobulin-producing
cells in the bone marrow, Speziali et al. (2009) have shown that
IgG, IgM and IgA immunoglobulin-producing cells were increased
in aged mice and these results are coherent with the levels of
serum immunoglobulins found, except for IgM that were unaltered
in old mice. Frasca et al. (2004, 2007), have shown that in vitro
stimulated splenic B cells from senescent mice are deficient in
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MOUSE

BM ACTIVITY | N.C. Or Decreased

I

Normal number (due to reduced turnover of

B cells in elderly mice?)

HUMAN
BM ACTIVITY| Decreased

4

Reduced number of peripheral B cells

REPERTOIRE

«Different usage of V,, and V, genes families
«Impaired expression of surrogate A chain

After

No reported differences in IGVH genes usage

Immunization

Altered repertoire in response to Haptens
(PHOSPHORYLCHOLINE)

I

Decreased
CSR

Altered repertoire in response to Vaccine
(PNEUMOCOCCAL IMMUNIZATION)

4

Decreased
CSR

Fig. 1. Bone marrow activity and B cell repertoire in elderly mice and humans compared with young individuals. N.C.: no change; and CSR: class switch recombination.

the production of multiple class switch isotypes and that defi-
ciency is correlated with decreased induction of transcription factor
E47, poor activation-induced cytidine deaminase (AID) expression
and consequent down-regulation of class switch recombination. As
others (Speziali et al., 2009) have reported increased levels of post-
switch immunoglobulin isotypes as well as a rise in the number
of IgA- and IgG-producing cells in aged mice, it could be speculate
that this augment may be due to the proliferation of memory B
cells, rather than activation of naive cells. Accordingly Frasca et al.
(2004), have demonstrated that B cell proliferation seems not to be
affected by ageing. Increase in proliferation of already activated B
cells may also explain why total but not antigen-specific IgG and
IgA levels were found higher in older animals.

Also in aged humans a paradox exists in B cell biology; although
thereis areduced number of peripheral B cells, and a reduced ability
to produce antibodies “in vitro” (Frasca et al., 2008), the amount of
“switched” Ig in the serum of elderly and centenarians is increased
(Listi et al., 2006; Paganelli et al., 1992). Indeed, there is an age-
related increase of IgG and IgA serum levels, whereas IgM level
decrease or remain unchanged and IgD decrease with age (Listi
et al,, 2006; Paganelli et al., 1992). However, in vitro stimulation
of human peripheral blood B cells by anti-CD40 and IL-4 induces a
lower production of IgG from elderly donors, correlated to a reduc-
tion of the transcription factor E47 and AID in old people (Frasca
et al., 2008). Moreover the same authors have recently demon-
strated that the level of AID in response to polyclonal stimulation
by CpG can predict the size of the response to influenza vaccination
(Frasca et al., 2010a).

There are still many contradictory observations on B cells and
antibodies with age, as shown in Table 1.

3. Markers of memory B lymphocytes

Memory lymphocytes are crucial cells in the immune system:
facilitating a recall (anamnestic) response to previously encoun-
tered antigens. The “memory topic” is an interesting field for

immunologists involved in ageing studies, as it has been suggested
that the filling of the immunological space with memory T cells
renders the immune system less able to respond to new antigens
(Franceschi et al., 2000a). On the other side, the ability to produce
memory cells is essential for effective vaccination (Weinberger
et al., 2008).

Memory B cells can be discriminated from naive ones by the
presence of somatic hypermutations in the variable gene sequences
of their Ig (Klein et al., 1998). Moreover, to easily discriminate
between naive and memory B cells, phenotypic markers as surface
immunoglobulins (IgD, IgM, IgG, IgA) and CD27 are currently used.
Previously, IgD* cells were classified as naive cells and IgD~ cells
as memory B cells (Black et al., 1978), however, the description of
an IgD* subset expressing somatic hypermutations of the Ig genes
discontinued its use for the unequivocal identification of naive and
memory B cells (Klein et al., 1998).

Also CD27 was commonly used as a marker of human memory
B cells, because its expression is correlated with the presence of
somatic hypermutations in Ig genes (Agematsu et al., 2000), in spite
of this, many authors have recently demonstrated the presence
in the blood of memory B cells that lack CD27 (Colonna Romano
et al., 2009; Frasca et al.,, 2008; Wei et al., 2007; Fecteau et al.,
2006; Anolik et al., 2004). The disconnected expression of CD27
and IgG has been demonstrated by Fecteau et al. (2006), and we
found the same results in our samples evaluating the expression of
CD27 on gated IgG* magnetically sorted B cells, or the expression
of IgG on gated CD27* or CD27~ magnetically sorted B lympho-
cytes. Indeed, not all IgG* cells were CD27%, in addition the CD27~
B population also contains a small proportion of IgG-switched B
cells (unpublished observations).

So naive B cells are identified as IgG~IgA~IgD*CD27—, whereas
the memory B cell population seems to be very heteroge-
neous, comprising three types: “IgM memory” cells that are
IgD*IgM*CD27* (Klein et al., 1998), also identified as IgD*CD27*
“unswitched memory” by Shi et al. (2005), “classical” switched
memory IgG*/IgA*CD27*, and the IgG*/IgA*CD27~ B cells (Fecteau



278 M. Bulati et al. / Ageing Research Reviews 10 (2011) 274-284

Table 1
Main modifications of B cells and B cells products in elderly human.
B cells or B cells products Changes References
Total B cells (percentage) Decrease Faria et al. (2008) (dramatic decrease in over 75 years old),
Frasca et al. (2008), Colonna Romano et al. (2003), Wikby
et al. (1994), Paganelli et al. (1992)
Total B cells (absolute number) Decrease Veneri et al. (2009), Frasca et al. (2008), Shi et al. (2005),
Chong et al. (2005), Breitbart et al. (2002), Huppert et al.
(1998), Wikby et al. (1994), Paganelli et al. (1992)
CD19*CD5* B1 cells (percentage and absolute Increase Weksler (2000)
number) Decrease Colonna Romano et al. (2002)
Total Ig [after specific immunization] No change Listi et al. (2006), Chong et al. (2005), Globerson and Effros
[Decrease] (2000), Weksler (2000), Weksler and Szabo (2000)
[Weksler, 2000; Frasca et al., 2005]
IgG (/ml) [after specific immunization] No change Chong et al. (2005)
Increase Frasca et al. (2008), Listi et al. (2006), Paganelli et al. (1992)
[Decrease] [Frasca et al., 2005, 2008]
IgA No change Chong et al. (2005)
Increase Listi et al. (2006), Paganelli et al. (1992)
IgM [after specific immunization] Decrease Listi et al. (2006), Chong et al. (2005)
No change Paganelli et al. (1992)
[Decrease] [Shi et al., 2005]
IgE [after specific immunization] No change Listi et al. (2006), Chong et al. (2005)
[Decrease] [Frasca et al., 2005]
IgD Decrease Listi et al. (2006)

Autoantibodies Increase

Globerson and Effros (2000), Weksler (2000), Weksler and
Szabo (2000), Candore et al. (1997)

etal., 2006), called also double negative (DN) B cells due to the lack
of both IgD and CD27 (Colonna Romano et al., 2009).

Following antigenic challenge naive B cells can differentiate into
low-affinity Ig-secreting cells or mature within a germinal cen-
ter into high-affinity memory cells expressing different Ig isotypes
(Wolniak et al., 2004). Classically T cell help is required for mem-
ory B cell generation, germinal center formation, isotype switching
and somatic hypermutation, and helping is, mainly provided fol-
lowing the binding of CD154 (CD40L) expressed on T cells with
CD40 expressed on B cells (Wolniak et al., 2004). The importance
of CD40 stimulation in these events has been demonstrated in
X-linked hyper IgM syndrome patients, in which CD40-CD154
interaction is defective (Lougaris et al., 2005). In these patients,
germinal center formation and the memory B cell response are
strictly impaired, although a peripheral B cell fraction express-
ing CD27 persists (Weller et al., 2001), supporting the hypothesis
that this marker does not exclusively identify classical germinal
center-derived memory B cells: this CD27* (also IgM*IgD*) com-
partment was recognized as the peripheral counterpart of splenic
marginal zone (MZ) B cells (Weller et al., 2005). Although express-
ing mutated Ig genes, this subset differs from classical memory B
cells, since hypermutation can occur in absence of CD40-CD154
interactions and the two populations have a different Ig gene
repertoire (Weller et al., 2005; Wu et al., 2010). Indeed, unlike clas-
sical memory B cells, the [gM*IgD*CD27* subset is dedicated to
immune responses against T-independent antigens (Weller et al.,
2004; Kruetzmann et al., 2003; Spencer et al., 1998) during which
they act as innate effectors in the first line of defense but not
as memory cells (Pillai et al., 2005, 2004; Weller et al., 2005,
2004).

On the other hand, the requirement for CD27 expression on clas-
sical memory B cells has never been firmly established in humans
(Tangye and Hodgkin, 2004). Indeed, as reported by Fecteau and
Néron (2003), prolonged CD40 stimulation triggered naive B cells
to switch to IgG and to express CD27 even in absence of somatic
hypermutation, suggesting that these events could be independent.
The CD27 molecule in mice, rather than a memory marker, appears
to be expressed in recent B cell activation and is not absolutely
necessary for secondary responses (Xiao et al., 2004). These results
suggest that CD27 is not “the” marker of memory B cells and that

the identification of naive and memory B cells is not strictly related
to this marker.

It has been reported (Anolik et al., 2004), that patients with sys-
temic lupus erythematosus (SLE) show an increase of DN B cells
that is correlated with the disease activity index (Wei et al., 2007).
The Authors report that these B cells, that are IgG or IgA posi-
tive, show a degree of hypermutation of Vy gene comparable to
CD27* unswitched memory cells. Moreover they suggest that these
CD27- memory B cells could represent either progenitors, or the
progeny, of CD27* memory cells that fail to go through a productive
germinal center reaction. Thus the hypothesis that CD27- mem-
ory B cells might develop outside the germinal center, perhaps in
extrafollicular reactions capable of supporting hypermutation as
was demonstrated in mice (William et al., 2002). Interestingly, den-
dritic cells have been shown to activate extrafollicular B cells and
are also known to induce isotype switching in a CD40-independent
way through BLys-BAFF-R interaction (Qi et al., 2006) so this could
be also the case for CD27~ memory B cells. In our previous paper
(Colonna Romano et al., 2009), we report that DN cells show low
expression of the CD40 molecule, so these might not cooperate
with T cells. Indeed, the finding that IgG* memory B cells in mice
can be generated following T cell-independent responses corrobo-
rates the likelihood that this mechanism is also active in humans
(Obukhanych and Nussenzweig, 2006).

Alternatively, CD27~ cells might represent activated follicular
cells that initiate the germinal center reaction after receiving early
CD154-mediated T cell help, but fail to progress through this path-
way, so explaining their failure to acquire CD27 and their lower
rate of somatic hypermutation as compared with CD27* classical
memory B cells. Given that CD27 interacts with CD70 on activated T
cells, itis believable that the absence of CD27 might impair the abil-
ity of these cells to receive the complete and persistent degree of T
cell help required to complete a germinal center reaction (Toellner
et al., 2002). Interestingly, somatic hypermutation in the absence
of CD27 is present in two different B cell tumors as Waldenstrom’s
macroglobulinemia and hairy cell leukemia, for which an extra-
germinal center derivation has been proposed (Kriangkum et al.,
2004; Forconi et al., 2004).

Moreover, to investigate whether IgG*CD27- cells corre-
sponded to post-germinal center cells or not, Fecteau et al. (2006)
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evaluated their frequency of somatic hypermutation compared to
IgG*CD27* classical memory B cells. IgG*CD27~ had significantly
lower mutation levels than did IgG*CD27* cells. The low frequency
of somatic mutations in IgG*CD27~ cells may support the theory
that this population could emerge independently from T cell help
or from CD40-CD154 interaction in humans (Weller et al., 2001).

4. Naive and double negative B lymphocytes in healthy
aged, centenarian offsprings and Alzheimer’s disease
patients

Humoral memory is generally viewed as supported by two cellu-
lar compartments: the effector memory compartment, represented
by antibody-producing plasma cells and the central memory one,
represented by memory B cells that are precursors capable of gen-
erating and replenishing the plasma cell compartment. However,
B cells have effector and regulatory functions other than anti-
body production such as T cell and dendritic cell regulation and
cytokine and chemokine production (Sanz et al., 2007; Martin and
Chan, 2006; Harris et al., 2000) indeed it has been demonstrated
that memory B cells produce great amounts of proinflammatory
cytokines and so might play a role in the generation or in the main-
tenance of the inflammatory environment of the elderly (Agrawal
and Gupta, 2010). In consideration of this and also in the light
of the inflammatory environment in successful and unsuccessful
ageing, here we focus on literature data of the naive/memory com-
partment in the elderly. In previous papers we (Colonna Romano
et al,, 2009, 2003) and others (Gupta et al., 2005) have demon-
strated a reduction of naive CD27~ B cells in the elderly and no
significant reciprocal increase in CD27" memory B cells (Klein
et al., 1998; Agematsu et al., 2000). On the other hand, Shi et al.
(2005) have shown that CD27* memory B cells, particularly the
IgD*IgM*CD27* “IgM memory” B cells, decline dramatically in
elderly subjects. These data are in agreement with reduced out-
put of B cells. Besides, as it has been proposed that [gM memory
B cells are involved in the response to pneumococcal infection,
this reduction is considered responsible for the increased suscep-
tibility to bacterial infections. Furthermore, other groups (Frasca
et al,, 2008; Shi et al., 2005) have demonstrated the increase of
naive B cells in the elderly. Frasca et al. (2008), described periph-
eral blood naive B cells [CD19*CD27~1gG~IgA~ (presumably IgM™*)]
by lack of switched receptor rather than by the presence of IgD;
they report the increase of the percentage and no changes of the
absolute number of these cells in the elderly. As we have reported
(Colonna Romano et al., 2009) the decrease of naive B cells in the
elderly (identified as IgD*CD27~) and the increase of IgD~CD27-,
and in order to better characterize the DN B cells (IgD~CD27-),
we are studying the expression on these cells of IgG and IgM. Our
preliminary results show that, in our samples, the percentage of
IgG~IgM* B cells is a very small fraction (~5%) of total IgD~CD27~
DN B cells. However, further analysis (e.g. the expression of IgA)
and the specific study of these cells in the elderly are necessary
to better understand how this very small fraction changes with
ageing, and whether the change of these cells might influence the
amount of “naive” B cells identified as [gG~IgA~-CD27~.In the same
paper (Frasca et al., 2008) and in a following published review
(Frasca et al., 2010b) they report the decrease of both percentage
and absolute number of switched memory B cells (IgG*/IgA*/CD27*
or CD277). We never found this result evaluating B memory cells
as IgD~CD27* or CD27~ although, due the reduced number of total
B cells in the elderly, the absolute number of memory B cells is
reduced also in our old subjects.

Centenarian offspring (CO) can be considered people who might
be genetically advantaged for successful ageing, and Alzheimer’s
disease patients as a model of unsuccessfully aged (Terry et al.,

Table 2

Analysis of IgA, IgG and IgM serum concentrations in centenarian offspring (n=29,
age range 59-83) and age-matched controls (n =25, age range 60-85). The serum of
all subjects was stored in aliquots at —80 °C until analysis and the immunoglobulin
concentrations were determined by Integra 800 (Roche Diagnostics, Milan, Italy)
as described (Colonna Romano et al., 2010). Data are expressed as mean =+ SD. Sig-
nificance has been evaluated by ANOVA Test (values statistically significant when
p<0.05).

Serum Centenarian Age matched P
immunoglobu- offspring controls

lin (n=29) (n=25)

concentrations [mean £ SD] [mean £SD]

(mg/dl)

IgA 250 + 25 280 + 25 0.2
IgG 1080 + 120 950 + 115 04
IgM 150 + 20 80 + 20 0.0004

20043, 2004b; Derhovanessian et al., 2010; Di Bona et al., 2009,
2008).

We do not show any significant changes, neither in percentage
nor in absolute number of B cells, between centenarian offspring
and their “normal” age-matched controls (Colonna Romano et al.,
2010). However, Alzheimer’s disease patients show a significant
reductionin B cells (both in percentage and absolute number) when
compared with healthy elderly (Pellicano et al., 2010; Speciale
et al,, 2007). As mentioned looking at different B cell subsets, we
have shown a significant decrease of the percentage of [gD*CD27~
naive B cells in old compared to young donors (42.2 + 3.6 in young,
33.3+2.7inelderly, p<0.05; dataare expressed as mean + SEM), no
differences in unswitched (IgD*CD27") and switched (IgD~CD27*)
memory compartment and a significant increase of the percent-
age of [gD~CD27~ DN B cells (6 + 0.6 in young, 15.8 + 1.4 in elderly,
p<0.0001) (Colonna Romano et al., 2009). Our data in centenarian
subjects shows the same trend of elderly people of naive (47.6 + 8.4)
and IgD~CD27- (11.1 +£4.7) B lymphocytes. In order to gain insight
in the biological relevance of B cell subset age-related changes, we
have compared (Colonna Romano et al., 2010; Bulati et al., 2008)
memory/naive B cell populations in centenarian offsprings to those
in old age-matched control. In the former, we do not observe the
typical naive-memory shift observed in the elderly and in centenar-
ians. Indeed, as previous demonstrated, IgD*CD27~ naive B cells are
significantly increased (50.3 + 3.3, p=0.05) in CO when compared
to age-matched controls, while the IgD~CD27~ DN B cells are sig-
nificantly reduced (7.4 £ 0.9, p=0.003). So, B cell subsets of CO are
similar to those observed in young subjects previously described
(Colonna Romano et al., 2009). This observation is strengthened by
serum immunoglobulin measurement. In fact, the concentration of
IgM, a marker of the primary response, shows significant higher
levels in centenarian offspring when compared to age-matched
controls, whereas IgG and IgA levels are not significantly differ-
ent (Table 2) (Colonna Romano et al., 2010). Also in this case, the
values are within the range of the level observed in young subjects
(Listi et al., 2006) supporting the “youth” of B cell branch in these
subjects.

Concerning the model of unsuccessful ageing, we are studying
the distribution of B lymphocytes subsets in AD patients, compar-
ing the results to data obtained in age-matched healthy controls.
Our preliminary results show that no significant differences in the
IgD*CD27~ naive B cells compartment between the two groups,
as well as in unswitched (IgD*CD27*) and switched (IgD-CD27*)
memory pool, are observed while there is a significant decrease
of [gD~CD27~ DN B cells in AD compared to age-matched controls
(6.14+0.7 vs.15.8 1.4, p<0.0001). The finding that this population
is not increased in AD subjects, as in age matched healthy con-
trols, together with the observation that all others B cell subsets are
unmodified, although both the percentage and the absolute num-
ber of B cells are decreased (Pellicano et al., 2010), need further
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Fig. 2. Naive and memory B cell compartment in humans as reported by different authors N.C.: no change; CO: centenarian offspring; AD: Alzheimer’s disease patients; and

A-M Ctrls: age-matched controls.

investigation. Moreover, this is an interesting result, as Speciale
et al. (2007) have shown a reduction of CD8*CD28~ T cells in
patients affected by AD. These cells, as mentioned, are increased
in elderly and are considered to be exhausted late memory effector
cells (Pawelec and Larbi, 2008). So, this might support the idea that
DN B cells are also exhausted cells. The reported data are summa-
rized in Fig. 2.

5. Conclusions

It has been shown that both T cell-mediated cellular and B cell-
mediated humoral immune responses decrease in aged humans
(Cancro et al., 2009; Gibson et al., 2009; Pawelec and Larbi, 2008;
Pawelec et al., 2005, 2004; Linton and Dorshkind, 2004). This
leads to increased frequency and severity of infectious diseases
and reduces the protective effect of vaccinations. Despite inten-
sive research work, many of the basic mechanisms of age-related
immune dysfunction have not yet been clarified. However, because
the number of elderly people is increasing in the world, identifi-
cation of the causes and impact of immunosenescence may offer
the possibility to improve prevention or delay some infectious dis-
eases and improve the quality of life in our ageing population.
Although B cells may suffer from lack of adequate T cell help in age-
ing (Ademokun et al., 2010), it is now clear that intrinsic changes in
B cells also occur and have a significant impact on antibody produc-
tion. Indeed, with ageing, in the B cell lineage there are reduction
in the functional capacities of B cells and their progenitors, changes
in the sizes of different subsets and shift in the diversity and clono-
typic composition of the antigen-responsive repertoire (Cancro
et al., 2009).

A memory B cell subpopulation lacking CD27 and IgD expres-
sion and IgG* is expanded in elderly people (Colonna Romano et al.,
2009). This result, although without statistical significance has also
been reported by others (Frasca et al., 2010b). So, the question
remains: Where do these IgG*IgD—CD27~ B cells come from and
why are increased in healthy elderly? One hypothesis is that these
cells could be senescent memory B cells that have down-modulated
their expression of CD27, as demonstrated for T cells against chronic
antigenic stimuli, e.g. herpetic viruses that fill the immunological
space with exhausted antigen-specific CD8 memory T cells (Appay
et al., 2002; Pawelec et al., 2004, 2005; Akbar and Fletcher, 2005)
This could be also the case in the B cell compartment. On the other
hand, it has been demonstrated that chronic stimulation of the
immune system, as in patients with lupus (Anolik et al., 2004),
is related to the expansion of these cells and that the amount of
double negative B cells correlates positively with the clinical man-
ifestations of SLE (Wei et al., 2007). Increased IgD~CD27~ DN B
cells has been also described in healthy subjects challenged with
RSV (Sanz et al., 2008), and this feature may confirm the impor-
tant role of the chronic antigenic load. So, the expansion of these
memory B cell populations might be the manifestation of a phys-
iologic modification time-related (elderly people) or a pathologic
deregulation (SLE patients) of the immune system. Furthermore,
it is known that elderly produce increased levels of antibodies to
autologous antigens often accompanied by autoimmune phenom-
ena (Candore et al., 2007, 1997; Banerjee et al., 2002) and are less
able to make high-affinity antibodies to foreign antigens. Indeed,
increased CD5* B lymphocytes, that, as known, play a key role as
producers of autoantibodies (Dalloul, 2009; Youinou et al., 1988),
have been demonstrated in old humans (Weksler, 2000) and mice
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(Alter-Wolf et al., 2009b), in lupus mouse models (Zhong et al.,
2009) and in human rheumatoid arthritis (Nakiri et al., 2007). How-
ever in our previous paper (Colonna Romano et al., 2003) we found
an age-related decrease of CD5* B cells, The intriguing aspect is that,
in our elderly population, there is an increase of the IgD-CD27~
DN B cells, and one hypothesis might be that these cells could
be responsible for production of autoantibodies or cytokines that
lead to an imbalance of the mechanism controlling the immune
response against self antigens. Accordingly to their deregulatory
feature, IgD~CD27- B cell were found increased also in hairy cell
leukemia patients (Forconi et al., 2004).

Another hypothesis about the origin of these memory CD27~
B cells is that supported by Wei et al. (2007). They suggested that
these cells fail to go through a productive germinal center reaction.
So they might develop outside the germinal center in extrafollic-
ular reactions capable of supporting somatic hypermutation and
isotype switching in a CD40-independent manner. In agreement, it
has been demonstrated that ageing negatively affects germinal cen-
ter formation in secondary lymphoid tissues (Frasca et al., 2005).
So it could be postulated that the increase of the double negative
memory B cell population observed in the elderly, but also in suc-
cessfully aged centenarians, is due to an atypical formation of these
cells in extrafollicular reactions. In particular DN B cells obtained
from healthy elderly people, show a lower rate of somatic hypermu-
tation (manuscript in preparation), so the reduction of the rate of
mutation might be due to a total disconnected generation of these
cells, in elderly, from either germinal centers or T cell help. In view
of the lack of CD27 expression and the low rate of somatic mutation
in IgG*CD27- B cells, here shown and reported by others (Anolik
et al,, 2004; Fecteau et al.,, 2006), it has been hypothesized that
IgG*CD27~ B cells might be a first wave of memory B cells (Blink
et al., 2005; Inamine et al., 2005) or a pool of short-lived memory
B cells (Dorner and Radbruch, 2005), in contrast to the IgG*CD27*
B cells that could be more related to long-lived memory B cells.
Alternatively DN B cells might represent activated follicular cells
that initiate germinal center reaction, after receiving early CD154-
mediated T cell help, but fail to progress through this pathway. This
could explain their failure to acquire CD27 and their low rate of
somatic hypermutation as compared with classical CD27* memory
B lymphocytes (Fecteau et al., 2006; our manuscript in preparation).

Data on centenarian offspring support the hypothesis of a
“familiar youth” of the immune system, due to their favorable
genetic background, that can be a big advantage both to fight the
main age-related diseases and to properly respond to vaccinations.
In particular, the reservoir of naive B cell might be one of the
causes that make centenarian offspring able to keep fighting off
new infections, hence prolonging their life (Colonna Romano et al.,
2010). So, on the whole, naive B cells are well preserved in cen-
tenarian offspring, suggesting a good bone marrow cell reservoir.
This is an interesting observation, as it has been recently reviewed
(Cancro et al., 2009) the bone marrow ability to generate B cells is
impaired with age. This could be the reason why in these subjects
there are less IgD/CD27 double negative B cells than their age-
related counterpart that are not genetically advantaged. Becoming
centenarians, their immune system, that allowed them to reach
longevity, also proceeds versus exhaustion.

We also show that in old patients affected by Alzheimer’s dis-
ease, the DN B cells are not increased as in their age-matched
controls. The explanation of this is not obvious, but others have
reported the decrease of effector CD8*CD28~ T cells in AD patients
(Speciale et al., 2007). Together these data support the hypothe-
sis that DN B cells might be exhausted/terminally differentiated B
memory cells. In fact they behave as CD8*CD28~ T cells, i.e. are
increased in elderly and centenarians, not increased in centenarian
offspring (manuscript in preparation) and in AD patients (Speciale
etal.,2007). The reduction on total B cells and the increased expres-

sion of the chemokine receptor CCR5 after stimulation with A342
on B cells from AD patients, suggest us the participation of B cells
in the complex cellular interactions active in AD patients (Pellicano
etal.,2010). Most of studies on frailty have focused on T cells, Semba
et al. (2005) have demonstrated that the increase of CD8 T cells
that lack CD28 is related to frailty, the same has been reported
in the impaired response to vaccines (Weng et al., 2009). More-
over De Fanis et al. (2008) have related the amount of CCR5* T
cells with frailty, and suggest that this correlation might be due to
the proinflammatory properties of these cells and the well known
link between frailty and chronic inflammation. On the other side
it has been demonstrated that B cell repertoire diversity decreases
in the elderly with poor health status and this is, to the best of our
knowledge the sole report on frailty and B cells in the elderly.

As it is known that memory and naive B cells produce differ-
ent cytokines and express different Toll-like receptors, they might
have a regulatory role in the chronic infections against viruses and
bacteria also producing cytokines and chemokines. This suggests
that the immune-inflammation is also related to the B cell branch
of the immune system in aged people (Pellicano et al., 2010; Pasare
and Medzhitob, 2005; Duddy et al., 2004; Schultze et al., 1999;
Pistoia, 1997). So further studies are necessary to evaluate whether
DN B cells in elderly might have some immunomodulatory role as
cytokines production.

All together data obtained evaluating DN B cells in healthy
elderly, centenarians, centenarian offspring and AD patients might
be relevant in the field of immunosenescence and in studies of
successful and unsuccessful ageing.

Hence it is important to study the complex process of ageing of
the immune system and characterize the changes in both innate
and adaptive immunity in order to elaborate better vaccination
strategies for the prevention of infectious diseases in the elderly.
So, B cell subset changes, associated also to their different regula-
tory role, could represent a hallmark of successful or unsuccessful
ageing and could be used as a biomarker of human life span, poten-
tially useful for the evaluation of anti-ageing treatment to improve
the quality of life of the growing elderly population.
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