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Abstract

We have evaluated the serum response to seasonal influenza vaccination in subjects of different
ages and associated this with the specific B cell response to the vaccine in vitro. Although the
serum response has previously been shown to decrease with age, this has largely been associated
to decreased T cell functions. Our results show that in response to the vaccine, the specific
response of B cells in vitro, as measured by AID (activation-induced cytidine deaminase), the in
vivo serum HI (hemagglutination inhibition) response, and the in vivo generation of switch
memory B cells are decreased with age, as evaluated in the same subjects. This is the first report to
demonstrate that intrinsic B cell defects with age contribute to reduced antibody responses to the
influenza vaccine. The level of AID in response to CpG before vaccination can also predict the
robustness of the vaccine response. These results could contribute to developing more effective
vaccines to protect the elderly as well as identifying those most at risk.
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1. Introduction

The social and economic impact of influenza represent a major issue for public health [1,2].
Vaccination against influenza has convincingly been shown to be effective in preventing
infection in healthy individuals [3]. However, evidence that it is also effective in reducing
influenza-related mortality in elderly subjects is weak. Many of the elderly individuals who
routinely receive the vaccine still contract the virus and have in fact secondary
complications leading to hospitalization, debilitating complications, and death [1,4-8].
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The influenza vaccine induces an antiviral response in both B and T cells, resulting in
humoral and cellular immunity, respectively [9]. Vaccine-activated T cells stimulate B cells
to differentiate and secrete antibodies specific for a particular vaccine strain. The antibody
response to the vaccine is the first line of defense against subsequent influenza infection.
The specific antibodies bind to the surface glycoproteins hemagglutinin (HA) and
neuraminidase (NA), to neutralize the virus particle [10,11]. Secretory IgA and IgM provide
protection against the establishment of initial infection, however, 1gG neutralizes newly
replicating virus once infection has been established [12]. Annual influenza vaccinations
help the human host to make protective levels of antibodies against the currently circulating
strains [13,14]. Although for most pathogens pre-existing neutralizing antibodies provide the
first line of defense, there is little or no pre-existing immunity to newly emerging influenza
variants in human beings [13,14].

The serologic response to influenza virus vaccine varies with age [13,15-18]. Successive
annual vaccinations increase protection against influenza [6,19,20], 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 [21,22].

Our research has focused on the characterization of B cell responses in healthy individuals
of different ages, and in particular the response against both polyclonal and influenza-
specific stimulation, as a means to evaluate general as well as antigen-specific B cell
responses, respectively. 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. We have previously shown in mice [23] and humans [24] intrinsic B cell
defects with aging in g class switch recombination (CSR), due to defects in the expression
of both activation-induced cytidine deaminase (AID) and the E47 transcription factor. Our
results from 2 influenza seasons indicate that AID can accurately track optimal immune
responses and activity, and can be a valid predictor of vaccine effectiveness in humans.

2. Materials and Methods

2.1.Subjects

Experiments were conducted using PBMC isolated from healthy volunteers of different ages
after appropriate signed consent. The study was conducted under approved IRB protocol
#20070481. The individuals participating in the study were screened for diseases known to
alter the immune response or for consumption of medications that could alter the immune
response. In particular, the following categories were excluded: established diagnosis of
diabetes; one or more of the following co-morbid conditions including malignancy (patients
without a recurrence in the last 5 yrs have been allowed), Congestive Heart Failure,
Cardiovascular Disease (unstable, <6 mo), Chronic Renal Failure, no renal or hepatic
diseases, autoimmune diseases, infectious disease, recent (<3 mo) trauma or surgery,
pregnancy, or documented current substance and/or alcohol abuse. The psychological status
of all participants was within normal limits. Each individual was asked with a series of
questions regarding the presence of symptoms associated with respiratory infections during
the study. All subjects were influenza-free at the time of enrollment and at the time points of
blood draws.

Participants were as follows. Season 2008-2009: 16 healthy subjects (age 22-83). There
were 9 females and 7 males in this sample. Two were Black, and 14 White (of which 8
identified themselves as Hispanic Whites). Season 2009-2010: 21 healthy subjects (age 22—
89). There were 11 females and 10 males in this sample. Three were Black, and 18 White
(of which 11 identified themselves as Hispanic Whites). For the purpose of this study,
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“elderly” persons refer to those =65 years of age (n=8; mean age 77+3, age range 66-84
years). Young persons are 22—64 years of age (n=29; mean age 39+3). Only 4 out of 27
young subjects have been vaccinated previously (twice). Seven (of 8) elderly subjects were
vaccinated each year in the 5 previous years. One elderly was vaccinated in the last 2 flu
Seasons.

2.2 Vaccination

For the 2008-2009 influenza season, the recommended commercially available influenza
vaccine contained 15 ug HA each of the following components: HLN1: A/Brishane/59/2007;
H3N2: A/Brisbane/10/2007; B: B/Florida/4/2006-like (FLUARIX and FLULAVAL, both
from GSK). Antigens H3N2 and B of the 2008-2009 season were already present in the
2006-2007 vaccine preparation.

For the 2009-2010 influenza season, the recommended commercially available influenza
vaccine contained 15 ng HA each of the following components: HIN1: A/Brisbane/59/2007;
H3N2: A/Brisbane/10/2007; B: B/Brisbane/60/2008 (FLUARIX from GSK and FLUVIRIN,
from Novartis). Antigens HIN1 and H3N2 of the 2009—-2010 season were already present in
the 2008-2009 vaccine preparation.

We also evaluated the response of 7 individuals (5 young and 2 elderly) in the 2007-2008
influenza season. The results were not included here because we assayed the AID response
to individual viral strains (from GSK) instead of the whole vaccine. Whole vaccine was used
subsequently because the HI response was similar/representative to that seen against the
individual viral strains, although we are aware that a conclusion based on 2 elderly subjects
may represent a limitation in comparing the response to the whole vaccine with the response
to the individual strains.

Pre-vaccination blood samples were collected immediately before vaccination (t0), while
post-vaccination samples were obtained 1,2 and 4-6 weeks after immunization (t7, t14, t28).
All subjects in the study had their blood drawn at t0 and t28. Only few of them also gave
blood at the intermediate time points.

2.3.B cell enrichment

PBMC were collected by density gradient centrifugation on LSM Lymphocyte Separation
Medium (ICN Biomedicals). Cells were then washed three times with PBS. B cells were
isolated with anti-CD19 Microbeads (Miltenyi Biotech), according to the MiniMacs protocol
(Miltenyi Biotech), briefly by incubation for 20 min at 4°C with 20 ul of beads/107 cells.
Cells were then purified using magnetic columns. Comparable numbers of CD19* cells were
obtained after negative selection. After isolation, cells were maintained in serum-free
medium for 1 h at 4°C to minimize potential effects of anti-CD19 antibodies on B cell
activation.

2.4.B cell culture

B cells were cultured in complete medium (RPMI 1640, supplemented with 10% FCS, 10
ug/ml gentamicin, and 2 x 107 M 2-ME and 2 mM L-glutamine). B cells (1x108/ml
complete medium) were stimulated for 7 days in 24-well culture plates with 5 pg/ml CpG
(ODN 2006 In Vivogen), or with 2 ul/10° cells of influenza vaccine. For each subject, the
vaccine used to stimulate B cells in vitro was the same that was given in vivo. At the end of
this time, cells were harvested, and RNA extracted for quantitative (q)PCR.
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2.5.Flow cytometry

One hundred ul of blood from each subject were stained with APC-conjugated anti-CD19
(BD Pharmingen 555415) for 20 min at 4°C. To detect naive B cells (IgG~/IgA~/CD277),
IgM memory B cells (IgG~/IgA~/CD27"), and switch memory B cells (IgG*/IgA*), blood
cells were stained with PE-conjugated anti-CD27 (BD Pharmingen 555441), biotin-SP-
conjugated AffiniPure F(ab’), fragment anti-human IgG (Jackson ImmunoResearch
Laboratories.109-066-098), and biotin-SP-conjugated AffiniPure F(ab’), fragment anti-
human IgA (Jackson ImmunoResearch Laboratories no.109-066-011). After washings,
biotin-conjugated antibodies were revealed with PerCP-conjugated streptavidin (1/40
diluted; BD Pharmingen 554067). After staining, blood red cells were lyzed using the RBC
Lysing Solution BD PharmLyse (BD 555899), according to the manufacturer’s instructions.
Samples of 10° cells were analyzed on a LSRI flow cytometer (BD Biosciences) using
logarithmic amplification. For four-color analysis, single color controls were included in
every experiment to determine background fluorescence and gate set up.

For the subjects in the 2009-2010 influenza season, we also investigated the level of
circulating antibody-secreting cells (ASC)/plasmablasts pre-vaccination and at day 7 after
influenza vaccination. To detect ASC, PBMC were stained with FITC-conjugated anti-CD3
(BD Pharmingen 555339), PacBlue-conjugated anti-CD19 (Invitrogen MHCD1928), APC-
H7-conjugated anti-CD20 (BD Pharmingen 641396), PE-conjugated anti-CD27 (BD
Pharmingen 555441) and PerCP Cy5.5-conjugated anti-CD38 (BD Pharmingen 551400).
ASC were CD37/CD19*/CD20!ow/CD27brighycD38bright. Because of the very low
frequency of ASC, samples of at least 2x10° cells were acquired on an LSRII flow
cytometer (BD Biosciences).

2.6.Hemagglutination inhibition (HI) assay

We measured the immunogenicity of the vaccine in young and elderly individuals before
(t0) and after vaccination (t7, t14 and t28) by HI assay. Sera were stored frozen at —20°C.
Paired pre- and post-immunization serum samples from the same individual were tested
simultaneously, according to Hsiung et al. [25]. Briefly, sera were pretreated with receptor
destroying enzyme (RDE, Denke Seiken Co Ltd) for 20 hours at 37°C; in order to inactivate
this enzyme, sera were then heated at 56°C for 60 minutes. Two-fold serial dilutions were
done; 25 pl of diluted sera were incubated with an equal volume of 4 HA units of whole
vaccine, for 1 hour at room temperature and then 50 pl of a 1.25% suspension of human red
blood cell, type O (HO) were added [25]. After two hours of incubation at room temperature
titers were determined. A four-fold rise in titer at two different time points, pre (t0) to post-
vaccination (t28) indicates a positive response to whole vaccine [9]. This criterion of fold-
increase was used to normalize the data in the two seasons because the absolute titers
differed (the 2008-2009 season was 3-fold higher). Human red blood cells (type O) have
been shown to be as good as chicken, duck and guinea pig red blood cells, but better than
cow, horse and pig, in viral agglutination, in particular of the human type A isolates [25,26].

2.7.RNA extraction and RT-PCR

mRNA was extracted from stimulated B cells (108/ml) using the ytMACS mRNA isolation
kit (Miltenyi Biotec), according to the manufacturer’s protocol, eluted into 75 ul of
preheated elution buffer, and stored at —80°C until use. Reverse transcriptase (RT) reactions
were performed in a Mastercycler Eppendorf machine. Ten pl of mMRNA were used as
template for cONA synthesis in the RT reaction.
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2.8.Quantitative PCR (qPCR)

Two pl of cDNA were added to 10 pl of Tagman PCR Master mix (Applied Biosystems no.
4369016), 0.5 ul of forward primer, 0.5 ul of reverse primer and probe, and deionized water
in a final volume of 20 ul. Reactions were conducted in MicroAmp 96-well plates (Applied
Biosystems, ABI n0.N8010560), and run the ABI 7300 machine. Calculations were made
with ABI software. Briefly, we determined the cycle number at which transcripts reached a
significant threshold (Ct) for AID and GAPDH as control. A value of the target gene,
relative to GAPDH, was calculated and expressed as ACt. Primers for PCR amplification of
AID and GAPDH were the following (all from ABI): Hs00221068 (AID), Hs99999905
(GAPDH).

2.9.Statistical analyses

Before conducting the main analyses, we examined the data for normality of the distribution
and outliers. Outliers were scores with >2 SDs above or below the mean. Two outliers were
observed in AID mRNA expression (one from the 2008—-2009 season and one from the
2009-2010 season): both belonged to the “young participants” group. Two outliers were
also observed in HI (one from the 2008-2009 season and one from the 2009-2010 season):
both were categorized as young. Because AID and HI data were not normally distributed
(AID skewness=4.11, kurtosis=15.76; HI skewness=4.10, kurtosis=15.71), and therefore the
assumptions for conducting parametric analyses were not met, non-parametric analyses were
performed with these two variables. Values for the Spearman’s correlations and p values are
shown in each figure legend. Geometric Mean Titers (GMT), which are the geometric mean
of the reciprocal of the titers, were calculated as follows [27]. GMT=antilog (Z log T)/n,
where T is the reciprocal of the HI titer, and n is the number of samples. In order to compare
young and elderly subjects for AID and HI, Mann-Withney U tests were conducted. For
paired samples, statistical analyses were conducted using the Wilcoxon test.

3. Results

3.1.Age-related decrease in influenza-specific serum Hl response

The HI response has previously been shown to decrease with age in both mice and humans
[9,15,17]. We analyzed the HI response in the subjects in this study in order to test whether
the in vivo response to the influenza vaccination (HI) was consistent with a decreased
functional response in intrinsic B cells (AID). For both influenza seasons, sera isolated from
subjects of different ages, before or after vaccination, were collected and analyzed by the HI
assay to evaluate antibody production to the vaccine. The HI assay is based on the ability of
certain viruses or viral components to hemagglutinate the red blood cells of specific animal
species. 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. Sera were isolated from the blood of subjects of different ages
before (t0), or after (t28) influenza vaccination and then tested in HI assay. Fig. 1A shows
the progressive and significant age-related decrease in the HI response of subjects of
different ages that were vaccinated in the last 2 influenza seasons. The dashed horizontal
line indicates the threshold of a positive response in the HI test, which corresponds to a 4-
fold increase in the serum titer. Most of the young subjects (22—64) are on or above the line,
whereas only 2 out of 8 elderly subjects are showing a 4-fold increase in their titers.

In further analyzing these HI data, three out of 8 elderly individuals had antibody titers at tO
higher than those of younger ones, with the GMT at t0 for young and elderly subjects being
307+240 and 3048+392, respectively. Two elderly had titers of 3840, 1 had 1920, 2 had 80
(all these did not respond to vaccination) and 3 had 40 (2 of these did respond to
vaccination). This result can be partially explained by the fact that 7 out of 8 elderly subjects
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were vaccinated each year in the previous 5 influenza seasons, whereas 1 out of 8 was
vaccinated only once before this season. Among the young subjects, 2 out of 27 had t0 titers
of 3840 and 1920 and also did not respond to vaccination. An additional 10 young subjects
were non-responders but had an initial titer of 1000 or less. Fifteen young subjects
responded and also had an initial titer of 1000 or less. Even so, the correlation of fold-
increase in HI and t0 HI titers was significant (p=0.031), suggesting that the initial titer
could have negatively influenced the HI fold-increase. Nevertheless, because of the limited
number of elderly samples, we would like to leave open the possible interpretation that the
reduced response of the elderly to vaccination may not be due to their higher titers at t0
which could interfere with the effective antigen concentration. Additionally, others have
previously found that the elderly, regardless of their initial HI titers, have decreased HI
serum responses to the vaccine, or even with high initial HI titers can still give a good fold-
increase to the vaccine [9].

Fig. 1B shows the kinetics of the serum response to vaccination in subjects of different ages.
Briefly, sera were isolated from the blood of 23 subjects of different ages (19 young and 4
elderly), before (t0), or 1 and 4 weeks (t7 and t28) after influenza vaccination, respectively,
and then tested in HI assay. A positive response to vaccination was observed in young
individuals at t7 and to a higher extent at t28. In our 4 elderly subjects, conversely, a
positive response was attained only at t28. Others have shown increased serum titers already
at t7 in the elderly, which persist until 12 weeks post-vaccination [28]. This response of
elderly individuals was significantly reduced as compared to that of young controls at both
t7 and t28 (p<0.05). When we compared the group of 27 young versus the group of 8 elderly
subjects in Fig. 1A, the difference between the 2 groups was significant (p=0.010, not
shown). Similar results have been previously shown by others [13,15-18], but these
measurements were necessary to study the B cell component of the response in the same
patients, as are given below.

3.2.Age-related decrease in influenza-specific AID mRNA induction

We have previously shown [24] that AID mRNA expression is induced by anti-CD40/IL-4
in human peripheral blood-derived B cells and is down-regulated with aging. AID is known
to induce CSR and Ig SHM [29-32]. In the present study, B cells from the same individuals
of different ages as above were stimulated in vitro with the influenza vaccine to induce AID
mRNA expression. Briefly, B cells were isolated from the PBMC of subjects of different
ages before (t0), or after (t28) influenza vaccination and then stimulated in vitro with the
influenza vaccine for 7 days to induce optimal AID mRNA. We found that the influenza
vaccine was able to stimulate purified B cells in the absence of antigen-presenting cells and
T cells, likely because the vaccine itself has mitogenic activity. Fig. 2A shows the
progressive and significant age-related decrease in the AID mRNA data from the 2 influenza
seasons. We drew a dashed horizontal line to indicate the threshold of a positive response in
AID mRNA expression after vaccination as compared to t0. We arbitrarily defined a 2 fold-
increase as a positive response, based on the response seen in young subjects and the
comparison with the HI curve. Results in Fig. 2A show that influenza vaccination induced
an up-regulation of AID mRNA expression in almost all young subjects. However, only 1
elderly subject responded in this test. Therefore, this up-regulation was significantly higher
in young than in elderly subjects. Only the influenza-specific AID response is down-
regulated by age, whereas the CpG response stays the same before and after vaccination, as
expected (data not shown). In correlating as above the initial titer at tO with the fold-increase
in AID, no significant correlation was found (p=0.408) and therefore the fold-increase in
AID is not due to the initial HI titer.

Kinetics of AID mRNA expression were also evaluated. Briefly, B cells were isolated from
the PBMC of 10 subjects of different ages (6 young and 4 elderly), before (t0), or 1 and 4
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weeks (t7 and t28) after influenza vaccination, respectively, and then stimulated in vitro with
the influenza vaccine for 7 days to induce optimal AID mRNA. Fig. 2B shows the kinetics
of AID mRNA expression in subjects of different ages. The stimulation of B cells with
vaccine induced AID mRNA in a time-dependent manner, with the peak of expression being
reached at t28 in all subjects. At both t7 and t28 (p<0.05), AID mRNA levels were
significantly lower in elderly individuals as compared with younger controls. We therefore
subsequently evaluated the fold-increase in AID mRNA expression at t28, and because the
serum response is also optimal at that time. When we compared the group of 27 young
versus the group of 8 elderly subjects in Fig. 2A, the difference between the 2 groups was
significant (p=0.004, not shown).

For the subjects in the 2008-2009 influenza season, we also investigated the plasmablast
response at t7 after influenza vaccination in 13 subjects (10 young and 3 elderly). We have
determined that t7 is the peak for plasmablasts (not shown) as already published by others
[14]. Although elderly subjects show lower percentages (2.77+0.39) of plasmablasts as
compared to younger controls (4.36+0.94), this difference was not statistically significant
(p=0.09) due to the limited number of subjects evaluated. In another study currently under
investigation in our lab (Frasca et al., manuscript in preparation), we have shown that elderly
subjects vaccinated against HIN1 influenza have significantly lower percentages of
plasmablasts (1.41+0.33) as compared to those of younger controls (7.53+2.19) (p=0.03).

3.3.AID predicts HI response both before and after vaccination

We have previously shown that the AID response of B cells stimulated with anti-CD40/1L-4
is decreased with age. In order to test whether AID could be used to predict the robustness
of the influenza response, we measured AID in response to CpG at t0 and correlated this
with the fold-increase in the HI response. The CpG AID response of B cells from young and
elderly individuals was different, the elderly group mean was 35% of the group mean for
young adults (data not shown). Results show that the HI response is correlated with AID
(p<0.0001) (Fig. 3A). Therefore, B cell function, as measured by AID in stimulated B cells,
can predict the ability to generate an optimal influenza vaccine response.

In order to find the best relationship between HI and AID data, we grouped the participants
in this study in the following 4 categories: HI>4/AID>2; HI<4/AID<2; HI>4/AID<2 and
HI<4/AID>2. Fig. 3B shows the number of subjects in each group and that the optimal HI
response (>4) tracts with an optimal AID response (>2) in 12 of 19 individuals and a low HI
response (<4) tracts with a low AID response (<2) in 13 of 18 cases. Kruskal-Wallis analysis
was performed to examine whether there was a discernable pattern of age between groups. It
was statistically significant: chi-square (3) = 11.39, p=0.01. Briefly, the mean age for
participants in the different categories was: 37.4 (HI1>4/AlID>2), 64.2 (HI<4/AID<2), 44.9
(HI>4/AID<2) and 39.6 (HI<4/AID>2). Post hoc analysis showed that the HI<4/AID<2
group was statistically significantly older than the other 3 groups (Mean Rank 26.88 versus
13.13, 17.50, and 14.70). This means that participants in the category HI<4/AID<2 were
significantly older than participants in each of the other 3 categories and these subjects are
the ones that did not respond to influenza vaccination. These results also show that a high
influenza-specific B cell AID response correlates with a high HI response and vice versa
(low/low).

3.4.Age-related decrease in switch memory B cell induction

We have also analyzed the composition of the peripheral B cell pool in 21 influenza study
subjects, only from the 2009-2010 season, before and after vaccination. We have evaluated
the percentages of naive (IgG~/IgA~/CD277), IgM memory (IgG~/IgA~/CD27%), or total
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switch memory (IgG*/IgA*) and CD27* switch memory (IgG*/IgA*/CD27*) B cells in
blood.

The results obtained with the blood staining show comparable age-related effects with the
results obtained with peripheral blood-derived B cell staining, i.e. increase in naive, no
change in IgM memory and a decrease in both total and CD27* switch memory B cells in
the elderly [24]. However, the relative percentages of the different B cell subsets differed.
On a larger number of subjects (n=112), we have shown by blood staining that the
percentages of naive B cells in young versus elderly are 56+2 versus 64+3 (p=0.001), those
of IgM memory in young versus elderly are 3312 versus 32+3 (p=0.6), those of total switch
memory in young versus elderly are 12+1 versus 4+1 (p=0.0001), and those of CD27*
switch memory in young versus elderly are 4+0.4 versus 1+0.2 (p=0.0001) (Frasca et al.,
Aging Res Reviews, 2010 in press). These latter numbers agree with the blood staining in
this report.

Our results show that influenza vaccination significantly increased the percentage of CD27*
switch memory B cells only in younger individuals (p=0.0045) (Fig. 4). The percentage of
CD27* switch memory B cells is also significantly decreased in the elderly, even at t0
(p=0.042). Naive and IgM memory B cell percentages did not change between t0 and t28 in
both young and elderly subjects. Percentages (t0 versus t28) were: 60+5 versus 61+5 (naive
young), 31+4 versus 30£5 (IgM memory young), 67+7 versus 64+5 (naive elderly), 28+4
versus 30+4 (IgM memory elderly). The percentages of total switch memory B cells (1gG*/
IgA™) also did not change between t0 and t28 in both young and elderly subjects.
Percentages (t0 versus t28) were: 9+2 versus 9+1 (young) and 51 versus 62 (elderly).
Again, in correlating as above the initial titer at tO here with the fold-increase in the
percentage of switch memory B cells, no significant correlation was found (p=0.114).

4. Discussion

Vaccination is an efficient way to reduce mortality and morbidity associated with influenza
infection and is universally recommended for elderly people. The challenge of influenza is
to design vaccines able to induce long-lasting humoral and cellular immunity against a
pathogen that rapidly mutates (antigenic drift) and exchanges its genetic components
(antigenic shift). There is significant evidence that the immune response to influenza
vaccination declines significantly with age [9,28,33]. Most of the studies conducted so far
have shown that the reduced response to vaccination in the elderly is correlated with the
well-known decrease in T cell functions [21,22,34], in particular a reduction in naive T cells
and a concomitant increase in memory/effector T cells [35], loss in CD28 expression [36],
and cytomegalovirus (CMV) positivity [37]. The decreased protective effect of vaccination
in elderly people has been significantly correlated with the presence of CMV latency
[34,37,38]. There are currently no studies that have evaluated possible age-related intrinsic
defects in the B cell-specific response to influenza vaccination. Our data show that the AID
response of B cells to the influenza vaccine is correlated with the serum HI response in most
(68%) of the subjects. We also show that this AID response, as well as Hl, is impaired with
aging, thus contributing to the qualitatively and quantitatively reduced production of specific
antibodies in the elderly. The control polyclonal response of both young and elderly B cells
to CpG was not modified by influenza vaccination.

Others have shown that the frequencies of CD8+CD28— T cells can be useful biological
markers of compromised immune competence, identifying individuals at risk for insufficient
antibody responses [21]. We have previously shown that B cells activated with anti-CD40/
IL-4 from elderly subjects have lower AID than younger subjects [24]. Here we have shown
that the AID response to CpG at t0, which is 3-fold less in elderly than in young subjects, is
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correlated with the fold-increase in HI seen at t28 after vaccination in the same subjects.
Thus, the function of B cells, and AID in stimulated B cells, is a predictor for an optimal
vaccine response.

Human B lymphocyte differentiation progresses from naive to IgM memory to switch
memory B cells [24,39,40]. We have previously shown [24] an age-related decline in the
percentage and numbers of switch memory B cells, no change in the percentage but a
decline in the numbers of IgM memory B cells and an increase in the percentage but no
change in the numbers of naive B cells, consistent with there being a defect both in vivo and
in vitro [24] in generating AID and switch memory B cells. Both aged human naive and IgM
memory B cells show in vitro defects in CSR [24]. Therefore, aged switch memory B cells
are deficient in number and function (for CSR), whereas naive B cells are deficient
functionally but not in numbers. We show herein that the percentage of switch memory B
cells (IgG*/IgA*/CD277) increased after influenza vaccination in young but much less in
elderly subjects.

In an antigen-specific response, memory B cells undergo massive expansion and
differentiate into short-lived plasma cells, some of which eventually become long-lived
plasma cells if rescued in available niches, such as bone marrow [41]. Memory B cells can
also proliferate and differentiate into plasma cells in response to polyclonal stimuli, such as
CpG or homeostatic mechanisms [42]. In this homeostatic response, all memory B cells
could undergo continuous proliferation and differentiation and become plasmablasts,
contributing to a serum pool of specific antibodies which could theoretically be maintained
throughout a human life-span. Although B cells can be activated by homeostatic
mechanisms, the production of antibodies seems to remain specific, as reported for tetanus
vaccination [43].

Our results showing that switch memory B cells are increased by influenza vaccination are
of great importance because memory B cells can carry the history of the individual in terms
of specific-immune responses [44]. We know that some elderly subjects have higher t0 HI
values as compared to younger controls, due to the fact that they have undergone prior
immunizations with related influenza virus antigens, but they do not show increased switch
memory B cells after vaccination as younger people do. Therefore, a target for future
generation vaccines is to potentiate this B cell subset in elderly subjects. Other potential
limitations of this study are the small numbers of elderly subjects analyzed and the use of
the whole vaccine instead of the 3 individual strains, H3N2, HIN1 and B analyzed
separately.

We here show that switch memory B cells and influenza-specific serum responses as well as
in vitro B cell responses are decreased by age. Another study performed on young/adults
[45] has shown a correlation between fold-increase after vaccination in HI values and
plasmablast B cell responses evaluated 7 days after vaccination. However, in this study no
correlation was observed between HI values and memory B cell responses evaluated 4
weeks after vaccination. The discrepancy between these results and ours herein is probably
due to different protocols used, i.e. PBMC stimulated with Pokeweed, CpG and
Staphylococcus aureus Cowan and B cells stimulated with influenza vaccine. Our results
obtained with purified B cells are important because they show that B cells from elderly
individuals have an intrinsic defect in their ability to respond to influenza vaccination, and
this defect is independent from defects exhibited by other cell types participating in the
response to influenza.

In addition to the ability to induce antibody responses, the protective effects of the vaccine
against influenza depend on the ability to stimulate T cell-mediated immune responses, in
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particular cytotoxic T cells which are responsible for the clearance of the virus once the
infection has occurred [46] through the release of Granzyme B, a key cytolytic mediator,
that induces the death of the virus-infected cells by apoptosis [47]. The levels of Granzyme
B and the ratio of interferon-y:interleukin-10 have been described to predict influenza illness
among vaccinated elderly [48].

In conclusion, in this paper we have shown that the specific AID response of B cells to the
influenza vaccine given in vitro, the in vivo serum HI response to vaccination, and the
switch memory B cells are decreased with age. We also evaluated whether B cell-specific
immunological parameters could predict poor anti-influenza virus vaccine responses and
therefore can be used as biological markers of immune senescence. Our data demonstrate
that the AID response correlates with an optimal HI serum response, at least in most (68%)
of the subjects. We have also shown that the AID response to CpG at tO can predict an
optimal vaccine response. The observations provided herein could be used to design novel
therapeutic approaches for improving B or T cells and the immune response in the elderly.
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Figure 1. Serum HI response to influenza vaccination decreases with age

A. Sera isolated from subjects of different ages, before (t0) or after vaccination (t28), were
collected and analyzed in HI assay to evaluate antibody production to vaccine. Results are
expressed as fold-increase in titer after vaccination, calculated as follows: titer values after
vaccination/titer values before vaccination. Thirty-seven subjects were evaluated, 29 young
and 8 elderly. Two young subjects were not included because they were considered outliers
(HI values >2 SDs above the mean). The dashed horizontal line indicates the threshold of a
positive response in the HI test, which corresponds to 4-fold increase in the serum titer.
Spearman’s rho =—0.449, p=0.005 (two-tailed). B. Sera isolated from the blood of 23
subjects of different ages (19 young and 4 elderly) at t0, t7 and t28 were tested in HI assay.
Results are expressed as fold-increase in titer after vaccination, calculated as in A. The
difference between young and old is significant at both t7 (p=0.040) and t28 (p=0.025), as
evaluated by the Wilcoxon test. White columns: young. Black columns: elderly.
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Figure 2. The in vitro AID response of B cells to influenza vaccination decreases with age

A. B cells (10° cells/ml), isolated from the PBMC of subjects of different ages, before (t0) or
after vaccination (t28), were cultured with the vaccine, for 7 days. At the end of this time,
cells were processed as described in Materials and Methods. Thirty-seven subjects were
evaluated, 29 young and 8 old. Two young subjects were not included because they were
considered outliers (AID mRNA values >2 SDs above the mean). The dashed horizontal line
indicates the threshold of a positive response in AID mRNA expression which was
arbitrarily defined as 2-fold increase. Spearman’s rho =—0.527, p=0.001 (two-tailed). B. B
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cells (10 cells/ml), isolated from the PBMC of 10 subjects of different ages (6 young and 4
elderly), stimulated in vitro with the influenza vaccine for 7 days to induce optimal AID
MRNA expression. At the end of this time, cells were harvested, RNA extracted and gPCR
reactions performed to evaluate AID normalized to GAPDH transcripts. Results are
expressed as fold-increase in AID mRNA expression after vaccination, calculated as
follows: AID values after vaccination/AID values before vaccination. The difference
between young and old is significant at both t7 (p=0.008) t28 (p=0.032), as evaluated by the
Wilcoxon test. White columns: young. Black columns: elderly.
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Figure 3. AID predicts HI response both before and after vaccination

A. B cells (10° cells/ml), isolated from the PBMC of subjects of different ages before
vaccination were cultured with CpG, for 7 days. At the end of this time, cells were processed
as described in Materials and Methods. Thirty-seven subjects were evaluated, 29 young and
8 old. AID values are gPCR at t0. HI was measured at t0 and t28 as in Fig. 1 and fold-
increase presented. Spearman’s rho=0.614, p=0.0001 (two-tailed). B. Same subjects as in A
were analyzed for fold-increase in HI and correlated with the fold-increase in in vitro
influenza-induced AID. Four categories were identified: HI>4/AID>2; HI<4/AID<2; HI>4/
AID<2 and HI<4/AID>2. Most of the subjects (68%) fall within the two categories, hi Hi/hi
AID and low HI/low AID and is significant (p<0.05) by 2. Kruskal-Wallis analysis was
performed to examine whether there was a discernible pattern of age between groups HI>4/
AID>2, HI>4/AID<2, HI<4/AID>2 and group HI<4/AID<2. The latter group, HI<4/AID<2,
had most of the elderly in the study. This was statistically significant F(3,36)=6.53, p<0.001.
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Figure 4. The percentages of 1IgGTIgA*CD27* switch memory B cells increase after vaccination

in young but not in elderly subjects

One hundred pul of blood from young and elderly subjects at t0 and t28 were stained as
described in Materials and Methods. A representative dot plot is shown for one young and
one elderly subject, both at t28. Twenty-one subjects were evaluated, 16 young and 5
elderly. The difference between young and elderly at t0 and t28 is significant (U=17,
p=0.048 and U=0.0001, p=0.001, respectively). The difference between t0 and t28 in young
subjects is significant (p=0.0045), but in the elderly is not significant, as evaluated by the

Wilcoxon test.
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