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Abstract
A comparative analysis of antibody and cell-mediated immune responses was performed in
ambulatory medically stable elderly and young adults who received the standard-dose of trivalent
inactivated influenza vaccine, containing 15 μg of hemagglutinin (HA) per virus strain, or a high-
dose vaccine containing 60 μg HA per virus strain. Among the elderly, the high dose vaccine
induced greater HAI (hemagglutination inhibition) and virus neutralization antibody titers than the
standard dose vaccine. These responses, however, did not achieve the magnitude of those induced
by the standard dose vaccine in young adults. Vaccine-specific circulating T cells producing IFN-γ
were detected in the elderly and young adults following immunization. However, there were no
significant differences in the IFN-γ responses among groups. On the other hand, the standard dose
vaccine in the elderly resulted in the highest proportion of complete non-responders who failed to
elicit either an HAI or an IFN-γ response. This study provides further evidence that a higher dose
vaccine for the elderly may result in enhanced immune responses which are predicted to improve
protection although still of lower magnitude than those induced in younger healthier individuals.
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1. INTRODUCTION
Influenza virus infections represent one of the leading causes of morbidity and mortality in
the elderly; >90% of annual influenza-associated mortality occurs among those 65 years of
age and older [1]. Although annual vaccination is the primary method of preventing
influenza infection, the effectiveness of the currently approved influenza vaccines in the
elderly is lower than in healthy young adults [2–6]. One explanation for the poor responses
to the vaccine among the elderly is a phenomenon termed immunesenescence, which is
described as a progressive, slow and steady decline in the function of the immune system
during aging [7].

Virus-specific antibodies measured by hemagglutination inhibition (HAI) have been
traditionally associated with protective immunity against influenza [8]. Although
assessments of antibody responses to influenza vaccines in the elderly has yielded
conflicting results [9], aging has been associated with reduced hemagglutinin (HA) antibody
[10] as well as reduced cell-mediated immune (CMI) responses to influenza vaccines [11].

One promising approach to improve the protection afforded by influenza vaccines in older
adults is to increase the amount of antigen contained in each vaccine dose. Until recently,
influenza vaccines approved for use in the elderly contained 15 μg of HA from each of three
annually selected virus strains. However, a high dose influenza vaccine (60 μg of HA/virus
strain) was approved for use in adults age ≥ 65 years on December 23, 2009. Several studies
have shown that vaccine formulations containing higher dosage levels of HA can be
administered safely and induced greater HAI antibody responses in the elderly [12–19].

A recent multi-site influenza Phase 2 clinical trial in elderly adults, in which our group
participated, showed significantly higher HAI and virus neutralization (VN) antibodies for
all three vaccine virus strains among recipients of the high dose influenza vaccine in
comparison to those that received the standard dose [20]. An important aspect that was not
addressed in that study, however, was the how the responses induced by the influenza
vaccine in the elderly compare in both quality and magnitude with those of young healthy
adults, particularly whether the high dose vaccine is able to achieve the levels of responses
elicited by young adults.

We report here the immunogenicity of a trivalent, inactivated influenza vaccine
administered to healthy ambulatory elderly adults using the standard dose (15 μg HA of each
virus strain) or a high-dose (60 μg HA per virus strain) formulation, in comparison to young
adults who received the standard-dose vaccine. The immunological outcome measures were
HAI, VN, and HA-specific serum IgG and IgA levels. We also investigated the induction of
CMI by measuring the frequency of IFN-γ-secreting T cells in peripheral blood.

2. MATERIALS AND METHODS
2.1. Participants and study design

Forty-nine healthy, independently living elderly (≥65 years) volunteers participating in a
multi-center influenza vaccine trial [21] during April 11–22, 2005 agreed to participate in a
substudy (described herein) to further characterize the immune responses induced by the
trivalent inactivated split-virus influenza vaccine (TIV) administered in the standard or an
experimental high-dose formulation. For comparison, 15 young adults (18–40 years) were
enrolled and vaccinated, under an independent complimentary protocol, with the standard-
dose TIV during June 22–29, 2005. Prior to vaccination, each subject was screened for
medical stability and excluded if the following applied: presence or history of malignancy,
immunosuppression or use of a potentially immunosuppressive medication, receipt of blood
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product within the past 3 months, autoimmunity, acute or chronic medical condition that
might adversely affect immune responses (such as chronic liver disease, significant renal
disease or heart failure, diabetes mellitus, organ transplant recipients), or pregnancy. The
day of vaccination, vital signs were recorded and a negative pregnancy urine test was
requested from females of child-bearing potential.

2.2. Vaccines
The vaccines administered were 1) the licensed Sanofi Pasteur (Fluzone®) 2004–2005 TIV
containing 15 μg of HA of A/New Caledonia/20/99 (H1N1), A/Wyoming/03/2003 (H3N2),
and B/Jiangsu/10/2003 and 2) an experimental high-dose vaccine prepared in a similar
manner but containing 60 μg of HA for each of the same viral strains; the dose volume for
both vaccines was 0.5 ml [22]. The elderly cohort was randomly allocated to receive either
the standard or the experimental high-dose vaccine in a double-blinded fashion. The young
adult cohort received the standard-dose vaccine (Fluzone®). All subjects provided their
informed consent to participate in the study. The protocol was approved by the Institutional
Review Board of the University of Maryland, Baltimore and registered in clinicaltrials.gov
as NCT00115531 and NCT00170508.

2.3. Clinical Samples
Blood was obtained prior to vaccination (Day 0) and 4 weeks later (Day 28). Cell blood
counts with differentials were performed the day of vaccination. Serum and peripheral blood
mononuclear cells (PBMC) were obtained at both time points for serological and CMI
assays, as previously described [23].

2.4. Antibodies
Seed viruses matching the vaccine strains were kindly provided by Dr. Jacqueline Katz,
CDC Influenza Branch, and virus stocks were produced in embryonated chicken eggs, as
previously described [24]. HAI antibody levels to the 3 vaccine components were measured
by incubating serially diluted serum samples (starting at 1:4) with 4 HA Units of each
antigen and chicken erythrocytes, following standard techniques [25]. Sera were pre-treated
with receptor destroying enzyme (Denka Seiken Co. Tokyo, Japan) to inactivate nonspecific
inhibitors of viral hemagglutination [26]. HAI titers were calculated as the inverse of the
highest dilution that inhibited hemagglutination. Viral neutralization titers were measured as
previously described [24]. Briefly, heat-inactivated 2-fold diluted serum samples were
mixed with each virus (100 TCID50) and added to MDCK cell monolayers in 48-well flat
bottom plates (Nunclon, Rochester, NY). The cytopathogenic effect (CPE) was recorded
over the next three days and the end point titer for each sample was calculated as the inverse
of the highest dilution that completely abrogated virus CPE. Virus-specific IgA, IgG and
IgG subclasses were measured by ELISA. Briefly, 96-well microtiter plates were coated
with each influenza antigen (prepared in embryonated eggs) for 3 h at 37°C and blocked
overnight with 10% non-fat dry milk (Carnation) in PBS. Serially diluted serum samples
(starting at 1:50) were added and incubated for 1 h at 37°C. Plates were then washed with
PBS-Tween 0.05% and incubated with HRP-labeled goat anti-human IgG (Jackson
ImmunoResearch Labs, West Grove, PA); anti-IgA (MP Biomedicals, Solon, OH); or sheep
anti-human IgG1, IgG2, IgG3, or IgG4 (The Binding Site, San Diego, CA). Incubation with
the substrate 3, 3′, 5, 5′ tetramethyl benzidine (TMB; KPL labs, Gaithersburg, MD) was 15
min before stopping the reaction with the addition of 100 μl of H3PO4. End point titers were
calculated from linear regression curves as the inverse of the dilution that produces an
Absorbance450 of 0.2 above the blank. Samples were tested in duplicate in conjunction with
calibrated controls. IgG avidity was measured by ELISA, as described above, with an
additional chaotrope elution step [27]. After incubation with the samples, plates were
washed once with PBS-Tween 0.05% and incubated with 200 μl of 6M urea for 10 min,

Chen et al. Page 3

Vaccine. Author manuscript; available in PMC 2012 April 5.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



followed by four additional washes. The strength of antibody binding was reported as
Avidity Index (AI) and calculated as the ratio between IgG titers in the presence and absence
of Urea × 100.

2.5. IFN-γ ELISpot
The frequency of IFN-γ-secreting cells was measured by ELISpot, as previously described
[28]. Briefly, cells thawed and rested overnight in complete medium (RPMI 1640
supplemented with 100 μg/ml penicillin and streptomycin, 2 mM L-glutamine, 2.5 mM
sodium pyruvate, 10 mM HEPES buffer, and 10% heat-inactivated FCS) were added to
nitrocellulose plates previously coated with anti-human IFN-γ mAb (5 μg/ml, clone 2G1;
Endogen, Woburn, MA) and incubated with the dialyzed influenza vaccine at 0.5 μg/ml, 1
μg/ml, and 2 μg/ml for 16 h at 37°C, 5% CO2. Samples were tested in triplicate in 2-fold
dilutions (100,000–12,500 cells/well). Negative control wells contained cells alone or
keyhole limpet hemocyanin (KLH 1 μg/ml, Pierce). Positive control wells contained CD3/
CD28 beads (0.6 μl/ml, Dynal). Plates were then washed and incubated with biotin-labeled
anti-human IFN-γ mAb (2 μg/ml, clone B133.5, Endogen) followed by avidin-peroxidase
(Kirkegaard & Perry Labs). TrueBlue was used as the detection substrate (Kirkegaard &
Perry Labs). Spots were counted in an automated ELISpot reader (Bioreader 3000 PRO,
Bio-Sys, Karben, Germany). Net frequencies of IFN-γ spot forming cells (SFC) were
calculated as SFC in experimental wells –SFC in negative control wells. The cut-off for a
positive response was 53 SFC per 106 PBMC, and it was established as the mean frequency
of IFN-γ SFC from all patients and time points cultured with KLH + 3 S.E. [29]

2.6. Statistical Analysis
Antibody geometric mean titers (GMT) were calculated using log-transformed data.
Seroconversion was defined as a 4-fold increase in antibody titer at day 28 over the pre-
vaccination value. For IFN-γ SFC, a response was defined as a 2-fold increase at day 28
over the baseline, with a pre-vaccination IFN-γ SFC value of 0 set to 1. Proportions of IFN-γ
responders were compared by chi-square test. The absolute increase in IFN-γ SFC was
considered to be 0 if the post-vaccination value was less than the pre-vaccination value. The
logarithm of fold-increase in antibody, absolute increase in IFN-γ SFC response after
vaccination, and absolute increase in IgG subclass response were analyzed by two-sided
Wilcoxon signed-rank test (exact test or, in case of ties, normal approximation test with
continuity adjustment). For post-vaccination antibody responses, logarithms of titers in
different vaccine groups were compared overall by one-way analysis of variance (ANOVA)
and pairwise using the Tukey-Kramer multiple comparisons procedure. For fold increase,
since residuals often were not fit well by a normal distribution, data were compared using
Kruskal-Wallis ANOVA with adjustment for ties (overall) and the Dunn multiple
comparisons procedure for ranks. A p-value < 0.05 (two-sided, when comparing two groups)
was considered statistically significant. In order to maintain the overall significance level at
0.05 in the Dunn procedure, each of the three individual comparisons was required to have p
< 1 – 0.951/3 = 0.01695 to be considered significant.

Differences in HAI and VN antibody titers between groups were also assessed separately
using linear regression models for log-transformed titers that included variables for prior
vaccination and interactions between vaccine groups and vaccination during the previous
season. Analyses were performed using NCSS 2007 (Kaysville, UT) and GraphPad Prism
4.0 (La Jolla, CA).
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3. RESULTS
3.1. Demographics

The demographic characteristics of the vaccine recipients are summarized in Table 1. Forty-
nine medically stable elderly volunteers (65–85 years, mean age 74 years) were enrolled in
the study (no subjects were terminated early); 25 were male and all elderly subjects were
white, non-Hispanic. Twenty-six elderly subjects received the standard-dose vaccine (ES
cohort) and 23 received the high-dose vaccine (EH cohort) (Figure 1). Fifteen medically
stable young adult volunteers (20–40 years, mean age 24 years) were enrolled; 9 were male,
10 White, 1 Black, 4 Asian, and none were Hispanic. However, one young adult participant
was excluded from the study based on a low total lymphocyte and high eosinophil count on
the pre-vaccination blood draw. It was subsequently discovered that this person had a recent
history of systemic steroids treatment for an asthmatic flare (an exclusion criterion denied by
the volunteer during medical history screening). All young adults received the standard-dose
vaccine (YS cohort) (Figure 1). The majority of elderly (21 in the ES and 18 in the EH
cohort) and a minority of young participants (4 in the YS cohort) received influenza
vaccination the previous influenza season; nearly all these vaccines were administered
October–November of 2004 and none were received after December 2004.

3.2. Antibody responses
Serum HAI titers are traditionally used as a surrogate measurement of influenza vaccine
efficacy. An HAI titer of 1:32 is commonly accepted as the threshold of protection, termed
“seroprotection,” and higher titers correlate with reduced likelihood of infection. The HAI
antibody responses against the 3 virus strains contained in the vaccines were measured in all
participants before and after vaccination. The YS group demonstrated the highest proportion
of subjects that achieved seroprotection (titer ≥1:32) or seroconversion (≥ 4-fold increase in
titer over baseline) to each of the three strains (Table 2). The mean fold-increase in antibody
titers after vaccination as well as the p-values comparing pre- and post-vaccine responses in
the elderly vs. young adults are shown in Figure 2. The YS group consistently produced the
most robust HAI responses against each of the three viruses, by both fold-increase in titers
and GMT. In contrast, the ES group had the lowest HAI responses of all groups for all three
viruses, failing to show more than a 2-fold rise in post-vaccination GMT. Even though the
HAI titers in the EH cohort were higher than those of the ES group, they did not reach levels
achieved by the YS cohort. While the median fold-increases in HAI titers were not
statistically significantly different between the EH and YS groups, the post-vaccination
GMT for H1N1 and H3N2 were significantly higher in the YS cohort compared to either of
the other groups. There was no significant difference in the HAI responses to the B virus
between EH and YS groups, either by fold increase or by GMT. Linear regression analyses
of log-transformed HAI post-vaccination antibody titers to H1N1, H3N2, and B virus
showed that when there was no prior year vaccination, titers were on the average higher in
the YS group compared with the ES (p<0.0001, p=0.003, and p=0.018, respectively), and in
the EH group compared with ES (p=0.008, 0.041, and 0.020, respectively). Titers were
significantly higher in the YS group than in EH for H1N1 (p=0.046) but not for H3N2
(p=0.51) or B (p=0.75). In subjects who received influenza vaccine the previous season,
titers in the YS group were significantly higher than in ES for H1N1 (p=0.025) but not for
H3N2 (p=0.53) or B (p=0.47). There was a trend toward higher titers in the YS group than
in EH for H1N1 (p=0.058) but not for H3N2 (p=0.34) or B (0.82); there were no significant
differences between titers in the EH and ES groups (p≥0.10 for all antigens).

To further assess the effect of age and vaccine dose on the functional capacity of the
antibodies produced, we measured influenza VN titers in all participants before and after
vaccination. Figure 3 shows the VN antibody responses against the 3 viral strains as well as
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the mean fold-increases in antibody titers and p values comparing pre- and post-vaccine
responses. As observed for the HAI antibodies, the YS group exhibited the highest VN titers
for each of the three influenza strains. The ES group had the lowest responses of all three
groups, without achieving a greater than 2-fold rise above baseline for any of the strains.
Responses in the EH group were slightly above those of the ES cohort but did not exceed
those of the YS cohort. The VN titers for the H1N1 and B viruses were not significantly
different between YS and EH by either fold-increase or post-vaccination GMT.
Interestingly, for the B virus, higher pre-vaccination GMT were seen in both elderly groups
compared with the YS group, probably due to exposure to natural infection or previous
vaccinations. Results from regression analyses of log-transformed post-vaccination VN
titers for subjects with no influenza vaccination the previous season showed significantly
higher titers to H1N1 and H3N2 in the YS group compared with the ES (p = 0.0007 and
0.0001, respectively) but not to B (p=0.29). Titers against H1N1 and H3N2 were also higher
in the YS group compared to the EH, but not significantly (p=0.11 and p=0.13,
respectively). In contrast, the EH group had higher responses to B compared to the YS
(p=0.065). The EH group had higher average titers than the ES for all three strains (H1N1,
H3N2, and B, p=0.10, 0.028, 0.013, respectively). There were no significant differences
between groups for any antigen in subjects who received influenza vaccine the previous
season, (p≥0.16 for all comparisons).

To further examine how age and vaccine dosage might influence the antibody response, the
strain-specific serum IgG responses were measured by ELISA in all vaccinated subjects
(Figure 4). As with the HAI and VN antibody responses, the YS group demonstrated the
highest responses in strain-specific IgG, whereas the ES group had the lowest. None of the
subjects in the ES group responded by a four-fold rise in ELISA IgG to any of the three
virus strains. The IgG responses in the EH group slightly surpassed those of the ES cohort,
but remained lower than those of the YS group.

We hypothesized that analysis of IgG subclass distribution and avidity might provide
insights into the quality of the antibody responses to influenza vaccination in the elderly vs.
young adults. Hence, we next examined the IgG subclasses and IgG avidity in subjects that
showed a positive response to the vaccine (i.e. had a 4-fold increase in serum IgG over
baseline). Among the YS and EH IgG responders, the IgG1 subclass was the most prevalent,
with elevated titers for all 3 virus strains (Figure 5). Only the YS group demonstrated IgG1
subclass responses with statistically significant absolute increases due to vaccination; there
were too few responders in the EH group to show significant IgG1 subclass increases. IgG2
was also detected in the YS and EH cohorts, albeit at much lower levels; no significant
increases were seen after vaccination. The levels of IgG3 and IgG4 were almost negligible.

We did not observe an increase in IgG avidity following vaccination, most likely due to the
limited timing of sample collection (1 month after vaccination). Overall, the mean avidity
index was lower for the YS group compared with the EH group for the two strains (H3N2
and B) with available data (data not shown).

To examine whether the differences in antibody responses also extended to other
immunoglobulins, we measured influenza-specific IgA titers following vaccination. The
highest responses (by GMT and fold-increase) were detected in the YS group, whereas
modest responses were seen in the ES and EH cohorts (less than a 2-fold increase in titers).
Among the YS subjects, 50% (7 of 14) demonstrated seroconversion (four-fold increase) to
H1N1, and 14% (2 of 14) seroconverted for the H3N2 and B strains. None of the ES
subjects demonstrated seroconversion to any of the 3 strains. There were, however, a few
individuals among the young and one EH subject (to the B strain) who exhibited extremely
high virus-specific IgA responses (data not shown).
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3.3. Th1-type cell-mediated immunity
Given the likely contribution of CMI to protection from influenza, we also examined the
effect of aging and vaccine dose on influenza-specific T cell responses. To this end, we
measured the frequency of IFN-γ secreting cells by ELISpot in peripheral blood following
ex vivo antigen stimulation among 15 randomly selected ES subjects, 15 EH subjects and 14
YS. Figure 6 shows the IFN-γ SFC responses before and after vaccination; data represent
peak responses from 3 different antigen concentrations tested. An average 2-fold increase in
the frequency of IFN-γ SFC was seen in all 3 groups following vaccination. We also
observed statistically significant absolute increases in IFN-γ production elicited by
immunization in all three cohorts. When defining IFN-γ responders as those individuals who
had at least a two-fold increase in SFC above the threshold, we observed 57% responders in
YS (8 of 14), 47% EH responders (7 of 15), and 47% ES responders (7 of 15). These
response rates were not significantly different (p = 0.81).

3.4. Analysis of combined antibody and CMI responses
The ability to elicit both a humoral and CMI response following vaccination is likely critical
for optimal protection against infection, We defined an antibody response as a ≥ 4-fold rise
plus a titer ≥ 1:32 post-vaccination for at least one virus strain by HAI. A positive CMI
response was defined as a positive IFN-γ SFC response (> cut off) and ≥ 2-fold increase
post-vaccination. The number of subjects with “any response” (either antibody or CMI) was
14 in the YS cohort, 8 in the ES cohort, and 12 in the EH cohort. When examining the
proportion of subjects with a “combined response” (both antibody and CMI), there were 7 in
the YS cohort, 1 in the ES, and 4 in the EH cohort; only a significant difference between the
YS and ES groups (p=0.014 by two-tailed Fisher’s Exact Test). In pairwise comparisons by
two-sided Fisher exact test, none of the differences in proportion of combined responders
was significant.

We defined “complete non-responders” as those who failed to elicit either an antibody or
CMI response. There were no complete non-responders in the YS cohort, 7 in the ES cohort,
3 in the EH cohort; the difference in proportions of complete non-responders was significant
between the YS and ES groups (p=0.006) but not between the YS and EH or ES and EH
groups, by two-sided Fisher exact test.

4. DISCUSSION
The public health importance of the effects of aging on influenza vaccine responses has
become increasingly more evident as the global elderly population continues to dramatically
rise. Development of effective influenza vaccines targeted specifically to this high-risk
group remains a high priority. The protection elicited by a successful influenza vaccine for
the elderly will likely need both humoral and cellular-mediated immunity, requiring full
engagement of the host immune system. However, during aging the coordination and
regulation of immunological functions are impaired as a result of immunesenescence
[30;31].

In this study, we identified significant differences in the immune response to an inactivated
subunit influenza vaccine between seniors and young adults. We also determined the extent
to which a four-fold higher dosage vaccine might enhance the immune response despite
these age-related immunological defects. Our results showed that there was a clear age-
related impairment in the HAI and VN antibody responses to the standard-dose influenza
vaccine for each of the three vaccine virus strains. Although the high-dosage vaccine
improved antibody responses measured by GMT, fold-increase in titers over baseline, and
seroconversion and seroprotection rates in elderly subjects, this group was unable to attain
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the magnitude of responses elicited by the young adults who received the standard-dose
vaccine. The relatively small sample sizes of the groups, might have underpowered the
study, limiting our capacity to detect statistically significant differences for some of the
immunological outcomes. Because elderly patients are usually under medication or have
underlying health conditions, recruitment of participants that met the study requirements
was difficult. Nonetheless, the HAI results from the parent Phase 2 trial [32], which was a
multi-site study that included a much larger number of elderly subjects, were similar to those
of the elderly group reported here, and yet still failed to exceed the HAI responses of the YS,
by both GMT and fold-rise in serum levels. Because we studied a healthy and active elderly
population as opposed to senior community subjects in the parent study, our data support the
notion of a general decline in the immune capacity of medically stable, active elderly people
and challenges the concept that the poor immune responses of the elderly are due to reduced
health status [33]. In previous studies of multivalent higher dosage influenza vaccines,
increases in antibody levels were not observed for all the components [34–36].

A limitation when interpreting our data is the vaccination history of the subjects enrolled,
since prior exposure to influenza vaccine can influence responses to a subsequent
immunization [37–39]. It is also possible that some of the discrepancy between our data and
the immune responses reported previously by others, result from differences in priming
background. The enrollment criteria of the parent study that recruited the elderly subjects
did not exclude participants based on prior vaccination history; in fact it sought a broader
inclusion to obtain data representative of the general population. In that study, the responses
of elderly subjects with a recent prior influenza vaccination were found to be lower than
those of elderly without recent vaccination [40]. The majority of the elderly subjects we
examined received influenza vaccination 5–6 months prior to our immunization, during
which the same 3 virus strains were administered (Table 2B). Conversely, a minority of the
young individuals received influenza vaccination during the same time period. When we
examined our data adjusting for prior immunization through multiple linear regression
analysis we found superior antibody responses in the YS group compared with the elderly
for most of the virus strains. However, due to the low numbers of subjects in some of the
groups, we failed to demonstrate statistiscally significant differences in all comparisons. The
small number of subjects also precluded us from further dissecting the influence of priming
history on the immune responses in relation to age.

Several studies have examined the effect of higher dosage levels of influenza vaccine on the
elderly [16;41–44]. Only one of these studies attempted to compare these responses to those
of healthy young adults [16], whereas none of them examined CMI responses.

Because a previous report had suggested that ELISA might be superior to HAI in
distinguishing differences to influenza vaccination [45], we further explored the humoral
immune responses by examining influenza-specific IgG, IgA, IgG subclasses and avidity by
ELISA. The serum IgG and IgA antibody responses of the elderly were lower than those of
the young; the high-dose vaccine resulted in some improvement of those immune responses
but still fell short of those induced by the standard dose in young adults. In contrast, none of
the elderly subjects that received the standard-dose vaccine achieved a four-fold rise in IgG
antibodies, stressing again the need for a higher dose of antigen to trigger a stronger
response during immunesenesence.

Aging has been shown to be associated with a significant impairment of IgG1, but not of
IgG3 [46]. We did not find significant differences in the IgG subclasses between the young
and elderly subjects in response to influenza vaccination. IgG1 was the main subclass
produced, followed by IgG2, in both groups and for all strains. This increase in IgG1 levels
following immunization, particularly in the EH group, may reflect a predominant Th2-type
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response. A major limitation of our study was the low number of subjects that could be
included in this analysis. Nevertheless, the trends were consistent and clear. In addition, we
were unable to provide evidence for or against a defect in avidity maturation as another
feature of age-related effect on vaccination [47]. It is possible that IgG subclass distribution
and avidity are more dependent on priming and boosting by natural infection or vaccination
rather than on age [48;49].

Interferon-γ production and other CMI responses may represent complementary and relevant
effector mechanisms involved in protection against influenza, especially in the elderly.
Although we were unable to demonstrate significant differences in IFN-γ production among
the age and dose groups, there was a trend for the young to have higher post-vaccination
IFN-γ peak SFC. We did not observe improved SFC in the higher dose vaccine group
among the elderly. These findings seem to support the view that there are significant age-
related defects in lymphocyte function and/or Th2-biased responses [50–52]. The absence of
an IFN-γ response may reflect a Th2-type response to this vaccine, although an association
was not examined. Notably, we observed significant or almost significant increases in
vaccine-induced IFN-γ production in all groups of volunteers following immunization,
suggesting that the elderly still maintain the ability to respond to TIV vaccination with CMI
responses of moderate magnitude. The IFN-γ production described in our study most likely
results from vaccine-primed CD4+ Th1 cells, with limited contribution of CD8+ T cells. We
are further exploring the potential for T cell responses in these subjects, including the
involvement of specific CD4+ and CD8+ subsets and the activation of vaccine-specific
effector and memory T cells. The highest risk of influenza disease was previously
demonstrated to be among individuals that had neither a humoral (HAI) or CMI response to
vaccination [53]. We showed that immunization of the elderly with the standard-dose
vaccine was associated with high numbers of complete non-responders (i.e., individuals
lacking both antibodies and CMI) compared with immunization with the high-dose vaccine.
In contrast, none of the young adults receiving the standard-dose were complete non-
responders.

In conclusion, there is an urgent need to develop newer generation influenza vaccines to
specifically address the limitations of the current vaccines in protecting elderly people. Our
study shows a clear age-associated impairment in host immunity against influenza
vaccination and an improvement of humoral responses with the use of a higher dose vaccine.
The superior antibody levels induced by the higher dose vaccine should lead to increased
sterilizing immunity, yet this might still be lower than that expected in healthy young adults
receiving the standard dose vaccine. Recently, a high-dose influenza vaccine (Fluzone®
High-dose) was approved for use in elderly adults. Currently, the ACIP does not favor
vaccination with the high-dose over the standard dose vaccine [54] and the level of
protection of the high dose in comparison to the standard dose vaccine has yet to be
determined. Adjuvanted inactivated influenza vaccines, some of which have been licensed in
Europe since 1997, may provide superior protection. Annual vaccination with either the
standard dose or high dose vaccine, with or without adjuvant, remains of utmost importance
for individuals who may indeed benefit from vaccination; it maintains herd immunity and
reduces the chances of infection of susceptible (perhaps unprotected) groups.
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Figure 1.
Flowchart outlining the study. YS, young standard-dose vaccine; ES, elderly standard-dose
vaccine; EH, elderly high-dose vaccine; CMI, cell-mediated immunity.
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Figure 2.
Antibody responses to influenza vaccine antigens measured by hemagglutination inhibition
(HAI) in elderly and young adults. Data shown are the median HAI titers and 25–75
percentile (boxes), 10–90 percentile (whiskers), geometric mean titers (GMT,+), and outliers
(dots) for the 3 strains contained in the vaccine, measured for each cohort on days 0 and 28;
shaded boxes represent post-vaccination data. Median fold increase in post-vaccination titer
and p value for comparing the median log-transformed fold-increase to 0 by two-sided
Wilcoxon signed-rank test are indicated. Horizontal lines indicate groups with a significant
difference in post-vaccination GMT (brackets on top) or median log-transformed fold-
increase (brackets on bottom). In ANOVA for log-transformed day 28 titer, p < 0.0001 for
H1N1, 0.004 for H3N2, 0.008 for B. In Kruskal-Wallis ANOVA for log-transformed fold-
increase, p = 0.003 for H1N1, 0.026 for H3N2, 0.0004 for B. * denotes p<0.05 for pairwise
comparison between groups, based on the Tukey-Kramer multiple comparisons procedure
(log of day 28 titer) or the Dunn multiple comparisons procedure for ranks (log of fold-
increase).
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Figure 3.
Antibody responses to influenza vaccine antigens measured by virus neutralization (VN).
Data shown are the median VN titers and 25–75 percentile (boxes), 10–90 percentile
(whiskers), geometric mean titers (GMT,+), and outliers (dots) for the 3 strains contained in
the vaccine, measured for each cohort on days 0 and 28; shaded boxes represent post-
vaccination data. Median fold-increase in post-vaccination titer and p value for comparing
the median log-transformed fold-increase to 0 by two-sided Wilcoxon signed-rank test are
indicated. Horizontal lines indicate groups with a significant difference in post-vaccination
GMT (brackets on top) or median log-transformed fold-increase (brackets on bottom). In
ANOVA for log-transformed day 28 titer, p = 0.004 for H1N1, 0.004 for H3N2, 0.058 for
B). In Kruskal-Wallis ANOVA for log-transformed fold-increase, p = 0.007 for H1N1,
0.003 for H3N2, 0.002 for B. * denotes p<0.05 for pairwise comparison between groups,
based on the Tukey-Kramer multiple comparisons procedure (log of day 28 titer) or the
Dunn multiple comparisons procedure for ranks (log of fold increase).
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Figure 4.
IgG antibody responses to influenza vaccine antigens measured by ELISA. Data shown are
the median virus-specific serum IgG titers and 25–75 percentile (boxes), 10–90 percentile
(whiskers), geometric mean titers (GMT,+), and outliers (dots) for the 3 strains contained in
the vaccine, measured for each cohort on days 0 and 28; shaded boxes represent post-
vaccination data. Median fold-increase in post-vaccination titer and p value for comparing
the median log-transformed fold-increase to 0 by two-sided Wilcoxon signed-rank test are
indicated. Horizontal lines indicate groups with a significant difference in post-vaccination
GMT (brackets on top) or median log-transformed fold-increase (brackets on bottom). In
ANOVA for log-transformed day 28 titer, p<0.0001 for H1N1, p=0.003 for H3N2, p<0.0001
for B. In Kruskal-Wallis ANOVA for log-transformed fold-increase, p=0.002 for H1N1,
p=0.006 for H3N2, p=0.0004 for B. * denotes p<0.05 for pairwise comparison between
groups, based on the Tukey-Kramer multiple comparisons procedure (log of day 28 titer) or
the Dunn multiple comparisons procedure for ranks (log of fold-increase).
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Figure 5.
Virus-specific IgG subclasses in vaccine responders. Scatter plots show individual IgG1,
IgG2, IgG3 and IgG4 titers before and after vaccination and median responses (line) for the
YS and EH cohorts. There were no ELISA IgG responders in the ES cohort for any of the
three virus strains or for the EH cohort with H1N1 (not shown). * denotes p<0.05 for
comparing titers before and after vaccination by two-sided Wilcoxon signed-rank test.
(p=0.036 for H1N1, 0.022 for H3N2, 0.022 for B)
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Figure 6.
IFN-γ responses to influenza vaccination in elderly and young adults. Data show the median
net frequency of IFN-γ spot forming cells (SFC) per 106 PBMC and 25–75 percentile
(boxes), 10–90 percentile (whiskers), mean (+), and outliers (dots). Median fold-increase in
IFN-γ SFC after vaccination is indicated; p values were calculated comparing pre- vs. post-
vaccination SFC responses by two-sided Wilcoxon signed-rank test.
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Table 1

Demographic characteristics of the vaccine recipients

Subjects/Influenza Vaccine Dose

Young/Standard Elderly/Standard Elderly/High-Dose

N 14 26 23

Age (mean±SD) 28±6 74±6 74±5

Sex (% male) 64% 50% 52%

Race (% white) 71% 100% 100%

Flu vaccine previous year 29% 81% 78%
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Table 2

Antibody responses to influenza vaccine antigens measured by hemagglutination inhibition (HAI) in elderly
and young adults. (A) Percent of subjects that demonstrated “seroprotection” (≥1:32) or “seroconversion” (4-
fold rise) in strain-specific responses. (B) Percent of all subjects or only subjects that received influenza
vaccination the prior season that demonstrated a “seroprotective” (≥1:32) response to 1, 2, or all 3 of the
vaccine-strains.

A.

N HAI titers ≥1:32 4-fold rise

H1N1 YS 14 100 64

ES 26 62 15

EH 23 83 52

H3N2 YS 14 100 43

ES 26 85 11

EH 23 87 39

B YS 14 79 79

ES 26 46 19

EH 23 74 61

B.

Subjects with HAI titers ≥1:32

N 1 2 3

All participants YS 14 100 100 79

ES 26 100 65 27

EH 23 91 87 65

Prior Flu Immunization YS 4 100 100 50

ES 21 100 71 33

EH 18 89 83 61
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