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Abstract

Both humoral and cellular immune responses are impaired in aged individuals, leading to
decreased vaccine responses. Although T cell defects occur, defects in B cells play a significant
role in age-related humoral immune changes. The ability to undergo class switch recombination
(CSR), the enzyme for CSR, AID (activation-induced cytidine deaminase) and the transcription
factor E47 are all decreased in aged stimulated B cells. We here present an overview of age-
related changes in human B cell markers and functions, and also discuss some controversies in the
field of B cell aging.
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1. Introduction

Aging affects the humoral immune response both quantitatively and qualitatively, as
specificity and class of antibody produced are changed (Frasca and Blomberg, 2009; Linton
and Dorshkind, 2004). The changes in the humoral immune response during aging
significantly contribute to the increased susceptibility of the elderly to infectious diseases
and reduce the protective effects of vaccination (McElhaney and Effros, 2009). Not only
decreased antibody production but also reduced duration of protective immunity following
immunization has been reported (Steger et al., 1996).

High-affinity protective antibodies are produced in the germinal centers (GC) of secondary
lymphoid tissue during affinity maturation processes which are characterized by somatic
hypermutation (SHM) of immunoglobulin (Ig) genes and subsequent selection of the genes
encoding the best antibodies (Klein and Dalla-Favera, 2008; Longerich et al., 2006).

The effects of age on antibody affinity maturation are controversial and results obtained by
different groups are conflicting. Increased level of mutations in Ig genes have been reported
in elderly individuals (Dunn-Walters et al., 1997; Kolar et al., 2006), and attributed to
accumulation rather than altered rate, as SHM occurs at the same rate in young and elderly
individuals (Banerjee et al., 2002). However, the same group has also shown that B cell
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repertoire as measured by spectratyping and DNA sequencing in individuals aged 86-94 has
less Ig diversity than young especially in the more frail group (Gibson et al., 2009). Another
study has shown that young individuals have more blood lymphocytes with mutated clones,
as compared with those from elderly individuals; however, among the mutated clones, the
frequency, location, and types of substitutions were similar between the young and the old
groups (Radl et al., 1975).

The decreased ability of aged individuals to produce high affinity protective antibody
responses against infectious agents results at least partially from defects in T cells, such as
reduction in naive T cells and a concomitant increase in memory/effector T cells (Pawelec et
al., 2002), loss in CD28 expression (Vallejo, 2005), and is associated with an increase in
cytomegalovirus (CMV) positivity (Grubeck-Loebenstein et al., 2009; Pawelec et al., 2009).
Cytokine production and T-cell proliferation are also affected with age (Pawelec et al.,
2002), as a consequence of signal transduction defects due to both lipid raft formation and
intracellular effectors (Larbi et al., 2008; Sadighi Akha and Miller, 2005).

Although B cell function may suffer from lack of optimal T cell help in aging, intrinsic
changes in B cells also occur and have a significant impact on antibody production. By
intrinsic changes we mean B cell functions not requiring external cellular (such as T cell)
signals. These intrinsic changes, as already shown in murine B cells (Frasca et al., 2004),
include decreases in the E2A-encoded transcription factor E47, activation-induced cytidine
deaminase (AID), and class switch recombination (CSR) measured by IgG production in
culture supernatants and circle transcripts (CTs) in human B cells, in response to both
polyclonal (Frasca et al., 2008) and influenza-specific (Frasca et al., submitted) stimulation.
Objectives of our work are to establish biomarkers of human B cell function and associate
these with a biologically relevant immune response, such as the influenza vaccine. Our
results clearly indicate that AID can accurately track optimal immune responses and activity,
and can be a valid predictor of vaccine effectiveness in humans.

2. Age-related changes in B cell markers

The absolute numbers of human B cell precursors in the bone marrow have been shown to
decline moderately (McKenna et al., 2001) or not (Rossi et al., 2003) with age. However, the
numbers of mature human B cells significantly decrease with age, as us (Frasca et al., 2008)
and others (Chong et al., 2005; Franceschi et al., 1995; Paganelli et al., 1992; Shi et al.,
2005) have shown.

In our initial study (Frasca et al., 2008), we have analyzed the composition of the peripheral
B cell pool in individuals of different ages (18-86 years). Briefly, we determined the
percentages and the absolute numbers of total CD19+ B cells, as well as the percentages and
absolute numbers of naive (IgG—/IgA—/CD27-), IgM memory (IgG—/IgA—/CD27+), and
total switch memory (IgG+/1gA+) B cells. It has been shown (Tangye and Good, 2007) that
in the 19G+/1gA+ B cell subset, not only CD27+ cells but also CD27— cells express mutated
IgV region genes, high levels of the costimulatory molecules CD80 and CD86, and high in
vitro Ig secretion as compared with naive B cells and therefore can be considered as switch
memory B cells. We have found that both the IgG+/IgA+/CD27— as well as 1IgG+/IgA+/
CD27+ cells decrease with age (unpublished results and below). Our results showed that
both the percentages and the numbers of total CD19+ B cells decrease with age. The
percentage of naive B cells increases with age, but the number was found not significantly
different in young and elderly subjects. Similarly, in the human tonsil, naive B cells have
been shown to increase with age (Kolar et al., 2006). The percentage of IgM memory B cells
are not statistically different between young and elderly subjects, but the absolute number
was decreased (Frasca et al., 2008). The reduction in IgM cells has been suggested to cause
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reduced specific antibody titers in elderly individuals vaccinated against pneumococcal
polysaccharides and to Streptococcus pneumoniae infection (Shi et al., 2005). Total switch
memory B cells decrease in both percentage and number with age. The significant decrease
in switch memory B cells and the increase in the percentage of naive and IgM memory B
cells suggest an intrinsic defect in the ability of old B cells to undergo CSR. The results on
age-related changes in naive, IgM memory and switch memory B cells have been obtained
by staining peripheral blood-derived (Ficoll PBMC) B cells. There is one other report
(Colonna-Romano et al., 2003) and a review (Siegrist and Aspinall, 2009) showing that
memory B cell percentages increase not significantly with age, but the majority of reports
favor a decrease (Chong et al., 2005; Frasca et al., 2008; Shi et al., 2005).

More recently, we have determined the percentages and the absolute numbers of total
CD19+ B cells and B cell subsets (naive, IgM memory, switch memaory) by staining 100 pl
of blood from donors of different ages (20-90 years). The results obtained with whole blood
staining show comparable age-related effects with the results obtained with peripheral
blood-derived (Ficoll PBMC) B cell staining. However, the relative percentages of the B cell
subsets differed. Results in Fig. 1A show the age-related changes in naive and switch
memory B cells from 112 individuals (66 young and 46 elderly), as evaluated by blood
staining. We found that naive B cell numbers but not percentages, and total switch memory
(both CD27+ and CD27-) B cell percentages and numbers were significantly decreased by
age. The percentages of IgM memory B cells were unchanged by age but the absolute
numbers were significantly decreased (not shown). In the literature others have found an
increase in all memory B cells, but this was not significant (Colonna-Romano et al., 2003).
Our results below clearly indicate that not only the numbers of switch memory B cells
decrease with age but also the function of class switching B cells. This finding is significant
especially for specific responses, i.e. anti-influenza vaccine response.

We have extended our analysis to another subpopulation of B cells: late memory/exhausted
memory B cells. These memory B cells have been defined as memory B cells which have
down-regulated the CD27 marker (CD19+IgD—CD27-), most of them are IgG+, they carry
short telomeres (therefore non functional), and have been reported to be increased with age
(Colonna-Romano et al., 2009). Results in Fig. 1B show that late memory/exhausted
memory B cell percentages are increased in the elderly, but the numbers are comparable in
young and elderly subjects. Our percentages are comparable to those from Colonna-Romano
et al. (2009), but we have observed more variability in the elderly and therefore the
differences are not significant. These cells could be a subset of IgG+CD27— switch memory
which are IgD—, or they could be cells transitioning from naive or transitional to these
CD27- IgG+ memory cells. Regardless, they are likely non functional/exhausted and
therefore less/non relevant for an in vivo antibody response such as specific anti-influenza
vaccine response. The memory B cells responsible for driving the rapid secondary antibody
response after re-exposure to the antigen, which is important for the elimination of the
pathogens not cleared by pre-existing antibodies, are CD19+I1g+CD27+ (Crotty et al., 2004)
which would include the switch memory (IgG+IgA+CD27+) and the IgM memory (I1gG
—lgA—CD27+). These cells are long-lived and quiescent, they express somatically
hypermutated Ig V genes and are able to generate more rapid and robust responses
compared to the antigen-inexperienced naive B cells. Epidemiological data from the
pandemic H1N1 infection indicate that the currently circulating HIN1 strain mainly affects
people younger than 60 years of age, suggesting that cross-reactive, effector memory B cells
similar to those described by Crotty et al. are present in older individuals helping them to
control the infection (Castellino et al., 2009). Most likely the first “memory” B lineage cell
to see the previously encountered pathogen would be a long-lived plasma cell in the bone
marrow and/or its antibody. These, together with the CD27+ memory B cells would provide
the memory response, but our results (Frasca et al., 2008) indicate that a new response
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generated in the elderly as a result of stimulating naive and IgM memory is suboptimal.
These age-related changes in B cell markers are summarized in Table 1.

Data from other laboratories (Table 1) have shown that the absolute numbers of B cells
expressing the homing receptor CD62L., the adhesion molecules CD49d and CD50
(involved in leukocyte-endothelial cell interactions) were found to be decreased in elderly
compared to young subjects (De Martinis et al., 2000), indicating that the ability of B cells
from old individuals to adhere to the endothelium may be decreased. The absolute numbers
of B cells expressing CD38 (a GC B cell marker) and CD21 (marginal zone B cell marker)
in the tonsils are reduced by age (Radl et al., 1975), suggesting an impairment in the first
line of defense against bacterial antigens in the elderly.

As for costimulatory molecules, we have evaluated the levels of expression of CD80, CD86
and CD40 on B cells from the same individuals of different ages as above, by whole blood
staining. CD80, CD86 and CD40 are similarly expressed on B cells from young and elderly
individuals (data not shown). Others have also shown that there are no changes in CD40
expression by B cells (Colonna-Romano et al., 2003).

3. Age-related changes in B cell antibody production

At least one contributing factor in B cells from old individuals responsible for their inability
to respond well to vaccination is a defect in the molecular events leading to the production
of secondary isotypes, known as CSR (Frasca et al., submitted; and results herein). Specific
antibody responses in humans immunized with vaccines against tetanus toxin, encephalitis
viruses, Salmonella, or pneumococcus decrease with age (LeMaoult et al., 1997). The 1gG
response to an influenza vaccine is also decreased in the elderly (>65 years of age) (Gardner
etal., 2001; Murasko et al., 2002).

During an immune response, B cells can switch the expression of surface Ig from IgM to
IgG, IgE, or IgA. This DNA recombination takes place between two switch (S) regions, one
upstream (5") of the u C and one 5’ of one of the other Cy regions (y, € or ) to produce
IgG, IgE, or IgA, respectively. The class switch recombination (CSR) requires chromatin
opening of S regions, recognition and cleavage of the target DNA by an endonuclease, and
repair and ligation of the cleaved ends (Casellas et al., 1998; Honjo et al., 2002; Kaminski
and Stavnezer, 2004; Manis et al., 1998). CSR is extremely important for the humoral
immune response, because it generates antibodies of the same specificity but with different
effector functions. Patients who cannot switch their Ig class have been described. These
include those with hyper-IgM (HIGM), due to a genetic defect in CD40L on T cells required
to trigger CD40+ B cells. These patients (HIGM1) are not only prone to bacterial and
enteroviral infections, in a similar way to other patients with severe B-cell deficiencies, but
also to opportunistic infections mainly due to Pneumocystis carinii and Cryptosporidium as
observed in patients with T-cell defects and to neutropenic complications (Levy et al., 1997;
Lougaris et al., 2005). Other HIGM patients (HIGMZ2) have a loss in AID, critical for CSR
and somatic hypermutation (SHM). They present not only a CSR defect characterized by a
lack of 1gG, IgA and IgE production but also defective generation of SHM in the Ig variable
region genes resulting in impaired antibody affinity maturation (Durandy, 2002). These
patients show upper and lower respiratory tract infection, otitis, diarrhea, oral ulcers, and
autoimmunity and fail to respond to vaccination (Durandy, 2002; Notarangelo et al., 1992).

We have previously shown in mice that the transcription factor E47, which regulates AID
and Ig class switch, is down-regulated in aged murine B cells due to decreased mRNA
stability (Frasca et al., 2005; Frasca et al., 2004). The transcription factor E47 is necessary
for CSR because it transcriptionally regulates Aicda, the gene encoding AID (Quong et al.,
2002; Sayegh et al., 2003). E47 is a class I basic helix loop helix protein, able to bind with
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relatively high affinity to the palindromic DNA sequence CANNTG, referred to as an E-box
site (Ephrussi et al., 1985; Henthorn et al., 1990; Quong et al., 2002). E-boxes have been
found in the promoter and enhancer regions of many B lineage-specific genes and regulate a
large number of processes involved in B cell commitment and differentiation (Kee et al.,
2002; Massari and Murre, 2000; Murre et al., 1989; Schlissel et al., 1991; Sigvardsson et al.,
1997). In our experiments, we have described an intrinsic defect in B cells from old mice, as
we used purified B cells to avoid potential contribution/confusion generated from aged T
cells, also known to be defective, during Ig class switch in vitro.

4. Molecular mechanisms for the reduced antibody production by human B

cells

In humans, we have investigated whether aging also affects E47, AID and CSR in B cells
isolated from the peripheral blood of individuals of different ages (20-90 years). In our
preliminary study (Frasca et al., 2008), we have shown that anti-CD40/IL-4-stimulated
CD19+ B cells have greatly reduced (almost 4-fold) their ability to undergo in vitro class
switch with age and we have shown that there is an intrinsic defect in the expression of E47,
AID and IgG. A lower amount of 1gG in vivo should lead to reduced protection against a
new response, e.g. influenza vaccine. Although in our study we saw a clear and significant
decrease in both E47, AID with age, there is also an increase in the variability in the aged
population for these two biomarkers. In our experiments, E47 and AID were significantly
correlated (r=0.80, p<0.01). Moreover, AID levels were also correlated with CTs, the final
products of CSR (r=0.79, p<0.01).

To investigate whether the intrinsic defect we saw in class switch depends on an intrinsic
defect in the subsets of memory B cells or from the reduction in the numbers of memory B
cells, we sorted naive (CD19+CD27-) and memory (CD19+CD27+) B cells which were
then stimulated in vitro by anti-CD40/IL-4 and F(ab’), fragments of anti-human IgM, used
as surrogate antigen, because naive B cells require the activation of the BCR signal
transduction to undergo class switch, whereas memory B cells do not (Bernasconi et al.,
2002). Our results demonstrated that both memory and naive B cells showed intrinsic
defects in class switch with age (Frasca et al., 2008). The majority (90%) of the in vitro
switched response from memory cells comes from the IgM memory cells
(CD19+CD27+IgG-IgA-) (Frasca et al., 2008), whereas most switch memory cells (75%)
do not respond/express AID when restimulated. Therefore our results on reduced CSR with
age are not only due to an age-related reduction in the absolute numbers of naive (30%) and
IgM memory (50%) B cells, which are 80-85% of all B cells, (Frasca et al., 2008), but also
to an intrinsic defect in the ability of these cells to undergo CSR.

AID mRNA expression was significantly lower (about 5-fold) in stimulated B cells from
elderly as compared with young subjects, in response to anti-CD40/1L-4, (Frasca et al.,
2008) (Fig. 2, left). Similar results have been recently obtained with CpG (Frasca et al.,
submitted).

AID is transcriptionally regulated by the E2A-endoded transcription factor E47 (Sayegh et
al., 2003). Our studies on murine B cells have characterized the mechanisms for the age-
related decrease in E47 levels in old splenic B cells, which is due to mRNA instability
(Frasca et al., 2007; Frasca et al., 2005), whereas E47 protein degradation rates are
comparable in young versus aged B cells. The stability of E4A7 mRNA is regulated at least in
part by the p38 MAPK signal transduction cascade, which phosphorylates the protein,
tristetraprolin (TTP), that interacts with the adenylate/uridylate-rich elements (ARE) in the
3’ untranslated region (UTR) of many mRNAs decreasing their stability (Lai et al., 2006;
Stoecklin and Anderson, 2006). We have found that tristetraprolin (TTP), a physiological
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regulator of mRNA expression and stability, is involved in the degradation of the E47
MRNA in splenic B cells from old mice (Frasca et al., 2007).

E47 mRNA expression is also significantly lower in B cells from elderly as compared to
those from young subjects. Unstimulated B cells express barely detectable levels of E47
mMRNA but here too, levels of E47 in elderly are significantly lower than in young B cells.
Stimulation of purified B cells from young and elderly subjects with anti-CD40/IL-4
induced a marked increase in E47 mRNA expression, but the levels of mMRNA in elderly are
significantly lower than those seen in young subjects (Fig. 2, right) (Frasca et al., 2008). We
have preliminary results (data not shown) indicating that E47 mRNA levels in human
stimulated CD19+ B cells from young and old subjects are regulated, at least in part, by
mMRNA stability and TTP, as we have previously shown in mice (Frasca et al., 2005;Frasca
et al., 2007). Therefore, B cells from human elderly individuals show the same intrinsic
defects of B cells from old mice. As a consequence, they are impaired in their ability to
undergo in vitro class switch. These results are the first to identify molecular mechanisms
responsible for the reduced antibody production by B cells from elderly individuals. We are
currently also exploring other possible mechanisms for the increased E47 mMRNA
degradation in aged B cells, including miRNA analyses.

5. Age-related decrease in the response to influenza vaccination

The inability of B cells from elderly individuals to respond to vaccination is likely due to
defects both in T cell help to B cells and in the molecular pathways in B cells leading to the
production of secondary isotypes by CSR. We recently began to investigate whether AID
can be used as a biomarker for specific in vivo B cell responses. We initiated a series of
experiments to measure the antibody response to seasonal influenza vaccination by
hemagglutination inhibition assay (HI) and associated this with the B cell response (AID) to
the vaccine in vitro. Infectious pathogenic diseases are fairly common, with influenza alone
affecting up to an estimated 50 million people each year in the U.S.A. Approximately
40,000 deaths are attributed to influenza, with most of the affected being the elderly and
those patients with compromised immune systems. The serologic response to influenza virus
vaccine varies with age (de Bruijn et al., 1999; Goodwin et al., 2006; McElhaney, 2008;
McMurry et al., 2008). Successive annual vaccinations increase protection against influenza
(Ahmed et al., 1995; Keitel et al., 1988; Thompson et al., 2004), suggesting that cellular and
humoral immune mechanisms are important for protection in elderly individuals. Antibody
responses to influenza vaccination have previously been correlated with T cell function
(Goronzy et al., 2001; Saurwein-Teissl et al., 2002).

In our study, we analyzed the serum HI response in 29 young and 8 elderly, before (t0) or
one month after influenza vaccination (t28), to evaluate antibody production to the seasonal
influenza vaccine for the 2008-2009 and 2009-2010 influenza seasons (Frasca et al.,
submitted; Blomberg, Frasca, Diaz, 2010). The HI assay is based on the ability of certain
viruses or viral components to hemagglutinate the red blood cells of specific animal species
(Hsiung et al., 1994). Antibodies specific to influenza can inhibit this agglutination. The HI
test is useful for the measurement of antibody titers of sera and is the most established
correlate with vaccine protectiveness (Sambhara and McElhaney, 2009). The protective
level of specific 1gG produced in response to the influenza vaccine is an HI titer of 1:40
(Sambhara and McElhaney, 2009; Wood et al., 1977). In our studies, B cells from the same
individuals of different ages as above were stimulated in vitro with the influenza vaccine to
induce AID mRNA expression, before (t0), or after (t28) influenza vaccination, to induce
optimal AID mRNA. Our results (Fig. 3) show that aging similarly decreases the influenza-
specific serum HI response, and the in vitro AID mRNA expression. B cell function, as
measured by AID in stimulated B cells, can predict the ability to generate an optimal
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influenza vaccine response. Therefore, AlID is an effective tool to assess vaccine responses
and B cell function.

6. Conclusions

In conclusion, our results show an intrinsic defect in the ability of B cells from individuals
65 years of age and older to undergo CSR. The transcription factor E47 in activated B cells
is significantly impaired by aging, due to decreased mRNA stability. This leads to a
reduction in AID and, in turn, to less switched antibodies produced by the activated B cells.
Moreover, we have identified new biomarkers for an optimal vaccine response in humans.
AID in influenza-stimulated B cells correlates with the serum HI response. These results
offer targets for diagnostic as well as potential therapeutic treatment to improve the humoral
immune response in the elderly as well as other immune compromised individuals and
should be highly significant and impactful for the field of human vaccine response.
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Figure 1. Age-related changes in the percentages and numbers of B cell subsets

A. One hundred pl of blood from young (20-64 years) and elderly (=65 years) subjects were
stained to evaluate the percentages of naive and switch memory B cells. The percentages of
IgM memory (IgG—IgA—CD27+, not shown) were unchanged in young and old and together
with naive and total switch memory add up to 100%. Sixty-six young and forty-six elderly
subjects were evaluated. The differences between young and elderly subjects were evaluated
by the Wilcoxon test (two-tailed). p<0.05 (*), p<0.01 (**). B. Fifty young and twenty-five

elderly subjects were evaluated.
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Figure 2. Aging decreases AID and E47 mRNA expression, E47 mRNA stability and increases
TTP

B cells (10° cells/ml) were cultured with anti-CD40/1L-4, for 1 day (E47) or 7 days (AID),
or left unstimulated. At the end of these times, cells were harvested, mRNA extracted and
gPCR performed. Thirty young and thirty elderly subjects were evaluated. White columns:
young; black columns, elderly. The differences between young and elderly subjects were
evaluated by two-tailed Student’s t test. p<0.05 (*), p<0.01 (**).
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Figure 3. The response to the seasonal influenza vaccine decreases with age

Sera were collected from 37 subjects of different ages (29 young and 8 elderly) at t0 (before
vaccination) and at t28 (one month after vaccination) and analyzed by HI to evaluate
antibody production to vaccine (left). B cells were isolated from the peripheral blood of the
same subjects at t0 and t28 and cultured for 7 days with the influenza vaccine with which
they were immunized (right). Data are from the 2008-2009 and 2009-2010 influenza
seasons. Results are expressed as fold-increase after vaccination. calculated as follows:
values after vaccination/values before vaccination. White columns: young; black columns,
elderly.The differences between young and elderly subjects were significant at p<0.05, as
evaluated by the Wilcoxon test (two-tailed).
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Table 1

CELLS

CHANGES WITH AGE (265 yrs)

REFERENCES

Total B cells (CD19+)

.k
Naive

Memory (CD27+)

1IgM memory
(1gG-1gA-CD27+)

Switch memory (total)*

Late/exhausted
memory*

CD19+CD62L+
CD19+CD49d/50+
CD19+CD38+
CD19+CD21+
CD19+CD40+

Decreased % and #

Increased %, unchanged or
decreased #

Increased % (not significant)

Unchanged %, decreased #

Decreased % and #

Increased %

Decreased %
Decreased %
Decreased %
Decreased %

Unchanged

Paganelli et al., 1992
Franceschi et al., 1995
Chong et al., 2005

Shi et al., 2005

Frasca et al., 2008

Chong et al., 2005
Kolar et al., 2006
Shi et al., 2005
Frasca et al., 2008

Colonna-Romano et al., 2003

Shi et al., 2005
Frasca et al., 2008

Chong et al., 2005
Shi et al., 2005
Frasca et al., 2008

Colonna-Romano et al., 2009

De Martinis et al., 2000
De Martinis et al., 2000
Radl et al., 1975
Radl et al., 1975

Colonna-Romano et al., 2003

*
Designations from Fig. 1. All subsets are CD19+. CD markers are described in the text.
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