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Introduction: Immunogenicity studies on pandemic influenza vaccine are necessary to inform rapid
development and implementation of a vaccine during a pandemic. Thus, strategies for immunogenicity
assessment are required.
Objective: To identify essential factors to consider when evaluating the immunogenicity of pandemic
influenza vaccines using the experience in Japan with the influenza A(H1N1)pdm09 vaccine.
Methods: We conducted a search of observational studies using PubMed and IchushiWeb. Search terms
included “influenza vaccine AND (immunogenicity OR immune response) AND Japan AND (2009 OR
pdm09) NOT review,” and was limited to studies conducted in humans.
Results: A total of 33 articles were identified, of which 16 articles met the inclusion criteria.
Immunogenicity of the commercially available influenza A(H1N1)pdmO9 vaccine satisfied the interna-
tional criteria for influenza vaccine immunogenicity in all study populations. The most remarkable
immune response was observed in junior high school students, while the lowest immune response
was observed in hematological malignancy patients. Similar to immunogenicity studies on seasonal influ-
enza vaccines, factors such as patient background (e.g., age, underlying condition, pre-vaccination titer,
body mass index, etc.) and study procedure (e.g. concurrent measurement of pre- and post-
vaccination antibody titer, effects of infection during the study period) may have affected the assessment
of immunogenicity to the influenza A(H1N1)pdmO09 vaccine. In addition, prior vaccination with the sea-
sonal influenza vaccine may inhibit antibody induction by the influenza A(H1N1)pdm09 vaccine.
Conclusions: This review discusses factors and strategies that must be considered and addressed during
immunogenicity assessments of pandemic influenza vaccines, which may provide useful information for
future influenza pandemics.

© 2017 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Abbreviations: Cl, confidence interval; GMT, geometric mean titer; HI, hemag-
glutination inhibition; MFR, mean fold rise; OR, odds ratio; SCR, seroconversion
proportion; SRP, seroresponse proportion; SPP, seroprotection proportion.
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In the Northern Hemisphere, seasonal influenza viruses typi-
cally circulate from late fall through early spring. Such characteris-
tics of seasonal influenza enable us to prepare influenza vaccines in
advance to prevent influenza illnesses. In addition, we can advise
populations at high risk for severe influenza to receive influenza
vaccination early [1].

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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However, the situation is quite different for pandemic influenza.
In April 2009, swine-origin influenza A(H1N1) virus was first iden-
tified in the United States; it rapidly spread throughout the world,
resulting in the first influenza pandemic of the 21st century [2].
Since this was a new strain of influenza, no vaccine was available
at the early stage of this pandemic. In addition, there was no data
on high-risk populations of this virus. To control this influenza
pandemic, various information regarding the epidemiology of
influenza A(H1N1)pdmO09 virus was necessary, and an effective
influenza vaccine had to be produced as soon as possible.

The general procedure for an immunogenicity study of influ-
enza vaccines includes the following processes: (1) measure the
antibody titer for paired serum samples (i.e., before and several
weeks after vaccination), and (2) analyze data of antibody titers.
In these analyses, most studies calculate the following markers
as outcome indices: (1) the geometric mean titer (GMT), (2) mean
fold rise (MFR), (3) seroconversion proportion (SCR), (4) serore-
sponse proportion (SRP), and (5) seroprotection proportion (SPP)
in all study subjects. The immunogenicity of influenza vaccines
in the target population is also assessed according to the interna-
tional licensing criteria of the European Medicines Evaluation
Agency and the United States Food and Drug Administration
(Table 1) [3,4]. However, several factors can affect vaccine
immunogenicity.

Here, we present a summary of the results from immunogenic-
ity studies of influenza A(H1N1)pdmO09 vaccine conducted in
Japan. The main objective was to discuss key points to consider
when evaluating the immunogenicity of pandemic influenza
vaccines.

2. Immunogenicity studies of influenza A(H1N1)pdmO09 vaccine
in Japan

We conducted a comprehensive search using PubMed and
IchushiWeb provided by Japan Medical Abstracts Society with
the search terms “influenza vaccine AND (immunogenicity OR
immune response) AND Japan AND (2009 OR pdm09) NOT review.”
Only studies conducted in humans were included. The literature
search was conducted on June 7, 2017 and yielded a total of 33
articles, of which 17 articles were excluded. Reasons for exclusion
included investigation of immune responses after influenza A
(H1IN1)pdmO09 virus infection (n = 2), investigation of viral charac-
teristics of influenza A(H1N1)pdmO09 virus (n = 1), investigation of
immunogenicity of influenza vaccine in another season (n=6),
experimental studies conducted in mice (n=2), and clinical trials

Table 1
International criteria for influenza vaccine immunogenicity.

EMEA criteria (satisfies 1 or more of the following 3 items)

Age: 18-60 years Age: >61 years

(1) scp” >40% >30%
(2) MFR >2.5 >2.0
(3) SPP! >70% >60%
FDA criteria
Age: <64 years Age: >65 years
(1) Lower limit of 95% CI of SCP’ >40% >30%
(2) Lower limit of 95% CI of SPP' >70% >60%

Cited and reconstructed from Refs. [3,4].

Abbreviations: EMA, European Medicines Evaluation Agency; SCP, seroconversion
proportion; MFR, mean fold rise; SPP, seroprotection proportion; FDA, Food and
Drug Administration.

" SCP: the proportion of persons with pre-vaccination HI antibody titer of <1:10
and post-vaccination titer of >1:40 or >4-fold post-vaccination rise in antibody
titer.
 SPP: the proportion of persons satisfying the protective level of antibody titer (HI
antibody titer of >1:40).

for a non-commercial vaccine (n = 6). Finally, the results from 16
articles [5-20] are summarized in Table 2.

When the results of these 16 studies were evaluated against the
international criteria for influenza vaccine immunogenicity as
shown in Table 1, the immunogenicity of the commercially avail-
able influenza A(H1N1)pdmO09 vaccine satisfied to meet the criteria
in all study populations. However, GMT after 1 dose of vaccination
(S1) ranged from 13 to 162, whereas SPP at S1 ranged from 25% to
92% (Table 2). Therefore, specific factors may be involved which
affected immune responses to influenza A(H1N1)pdm09 vaccine.
We reviewed these studies, paying careful attention to the study
procedure and the effect of subject background characteristics.

3. Factors to consider in immunogenicity studies of pandemic
influenza vaccines

3.1. At the study procedure

In general, the first key point to consider in the study procedure
is existed in the measurement of pre- and post-vaccination anti-
body titers. These measurements should be performed concur-
rently. Even if test accuracy has recently improved, a 1-tube (i.e.,
2-fold) difference in an influenza hemagglutination inhibition
(HI) antibody titer could occur as a result of measurement error.
For example, if pre- and post-vaccination antibody titers are mea-
sured at separate time points, the pre-vaccination antibody titer
could be 1-tube lower than the true value, whereas the post-
vaccination antibody titer could be 1-tube higher than the true
value due to measurement error. This measurement error would
result in a 4-fold increase from pre- to post-vaccination titers
although the patient’s antibody titer did not actually increase.
Therefore, to minimize the effects of measurement errors, the test
environment must be standardized as much as possible.

According to the descriptions in the papers we reviewed,
approximately 60% of studies on influenza A(H1N1)pdmO09 vaccine
in Japan performed concurrent measurement of pre- and post-
vaccination antibody titers [5,8,10-16,18]. Thus, in these studies,
the study procedure for the measurement of antibody titer did
not seem to explain the variation in antibody response. To provide
proper interpretation of vaccine immunogenicity, concurrent mea-
surement of paired serum samples would be needed, and the
description would help readers to interpret the results
appropriately.

The second key point to consider in the study procedure con-
cerns analysis and interpretation of results. During the study per-
iod, some subjects may develop influenza. If the effects of
subjects who develop influenza (including subclinical infection)
during the study period are included, then post-vaccination anti-
body titers will be increased because of influenza infection, which
can lead to an overestimation of the immunogenicity of the influ-
enza vaccine. Thus, in immunogenicity studies of influenza vacci-
nes, we should collect information regarding the development of
influenza during the study period, and infected subjects should
be excluded from the analyses.

Among published papers from Japan, approximately 60% of
papers disclosed the inclusion/exclusion of subjects who devel-
oped influenza during the study period and the management
methods of such infected subjects [5,7,8,11-14,16,18,19]. Espe-
cially in the case of the pandemic influenza vaccine, the spread
of influenza preceded the development of the vaccine. Thus, even
in the relatively short study period of an immunogenicity study
(generally 3-4 weeks), subjects can develop pandemic influenza.
In fact, in our study of influenza A(H1IN1)pdmO09 vaccine, 9 of
111 study subjects experienced a confirmed influenza A virus
infection (as determined by the rapid test) between the first dose
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Table 2
Immunogenicity of influenza A(HIN1)pdmO9 vaccine in Japan.

Ref. Study subjects N Age No. of doses  GMT MFR SCP" (95%CI) SPP' (95%CI)
(years) S0t s1t  s2¢ siso spso S atsi
[5] Junior high school 60 12-15 2 10 162 158 15.6 154 83% (73-93%) 92% (84-106%)
High school 46 15-18 2 15 126 136 83 83 72% (58-85%) 89% (80-98%)
[6]  Health-care workers 389  20-65 1 6 2 - 35 - 35% (30-40%) 38% (33-43%)
[7] Pediatricians 16 27-49 1 10 27 - 54 - 44% (17-71%) 44% (16-71%)
[8]  Pregnant women 149  17-41 2 38 139 114 171 14.1 91% (86-96%) 89% (84-94%)
9] Pregnant women 128 348+4.1 2 Not applicable Not applicable 90% at S2
[10]  Hematological malignancy patients 50 21-83 2 6 13 22 2.3 3.9 32% (19-45%) 27% (14-40%)
[11]  Subjects with severe motor and 104 40.1+129 2 7 39 41 5.4 5.6 54% (44-64%) 56% (46-66%)
intellectual disability
[12]  Diabetes mellitus patients 48 26-75 1 6 53 - 9.0 - 73% (60-86%) 73% (60-86%)
[13]  Diabetes mellitus patients 48  28-78 2 6 33 34 53 5.6 46% (32-60%) 25% (38-66%)
[14]  Hepatitis C patients 79 645+106 1 8 82 - 103 - 72% (62-82%) 71% (61-81%)
[15]  Duchenne muscular dystrophy patients 44 17-47 1 7 75 - 10.5 - SRPS: 84% (73- 70% (57-83%)
95%)
[16]  HIV-infected patients 104 34.3-53.0 2 8 31 39 Not applicable 44% (31-58%) 52% (38-66%)
[17]  HIV-infected patients 182 466+127 1 10 35 - Not applicable 39% (32-46%) 50% (43-57%)
[18]  Children with renal diseases under 15 11.8+4.0 2 104 50 16.9 9.0 69% (39-91%) 77% (46-95%)
immunosuppressive therapy
[19]  Pediatric liver transplant recipients 13 1-18 2: 6 32 5.2 46% (19-75%) 54% (25-81%)
<13 years;
1:>13 years
[20]  Healthy adults with prior seasonal 51 22-61 2 8 45 41 6.4 5.9 59% (44-72%) 61% (46-74%)
influenza vaccination
Healthy adults without prior seasonal 59 23-62 2 8 100 107 14.6 15.6 80% (67-89%) 80% (67-89%)

influenza vaccination

Abbreviations: CI, confidence interval; GMT, geometric mean titer; MFR, mean fold rise; SCP, seroconversion proportion; SPP, seroprotection proportion, SRP, seroresponse

proportion.

" SCP: the proportion of persons with pre-vaccination HI antibody titer of <1:10 and post-vaccination titer of >1:40 or >4-fold post-vaccination rise in antibody titer.
 SPP: the proportion of persons satisfying the protective level of antibody titer (HI antibody titer of >1:40).

+ 50, before vaccination; S1, 3-4 weeks after 1st dose of vaccination; S2, 4 weeks after 2nd dose of vaccination.

§

SRP: the proportion of persons with >4-fold post-vaccination rise in antibody titer.

and serum sampling after the second dose and thus were excluded
from the analyses [5]. Therefore, to accurately determine vaccine
immunogenicity, it is essential to compile data on the presence/
absence of disease development during the study period, and
infected individuals must be rigorously excluded from the analysis.

3.2. The effect of subject background characteristics

When we reviewed immunogenicity studies on influenza A
(H1IN1)pdmO09 vaccine in Japan (Table 2), the most remarkable
immune response was observed in junior high school students
[5], while the lowest immune response was observed in hemato-
logical malignancy patients [10]. This difference is likely due to dif-
ferences in patient characteristics, as patients with underlying
illnesses and/or receiving immunosuppressive therapy are known
to demonstrate lower immune responses to vaccines [1].

Age is another important factor that can affect immune
responses to vaccines. In general, elderly subjects are likely to exhi-
bit lower immune responses to vaccines, whereas young children
require two doses of influenza vaccine to achieve a sufficient
immune response [1]. In fact, the international criteria of vaccine
immunogenicity take into consideration the effect of age (Table 1)
[3,4]. According to these criteria, most studies about influenza A
(HIN1)pdmO09 vaccine conducted in Japan also considered the
effect of age by using stratified or multivariate analyses [5-8,10-
14,16,17]. In the study of hematological malignancy patients, half
of the subjects were >60 years of age, which might explain the
observed lower immune responses to the vaccine [10]. In addition,
other studies also indicated that higher aged subjects had lower
GMT and lower SPP after vaccination among diabetes mellitus
patients [12,13] and hepatitis C patients [14]. It is therefore

considered that higher age also affects the immunogenicity of
influenza A(H1N1)pdmO09 vaccine.

As for other subject characteristics which potentially affect to
vaccine immunogenicity, some studies showed that subjects with
a lower body mass index exhibited lower immune responses to
the vaccine, regardless of the effect of age, disease condition, med-
ication and pre-vaccination titer [12,13]. Another study indicated
that a lower serum protein level was associated with a lower
immune response, after adjusting for potential confounders includ-
ing body mass index [14]. Although the precise mechanisms
remain unclear, these results suggest that malnutrition might
account for the decreased immune response, since malnutrition
is related to a lower body mass index.

3.3. The effect of pre-vaccination titer

An inverse association between the pre-vaccination titer and
MFR and SRP has been shown, referred to as the “law of initial
value” or “negative feedback,” in an immunogenicity study of sea-
sonal influenza vaccine [21]. In general, persons with high pre-
vaccination titers (i.e., an influenza HI antibody titer of >1:40)
are likely to show lower MFR or lower SRP values. Inclusion of
these immunized subjects may lead to underestimation of vaccine
immunogenicity unless the effect of these immunized subjects is
appropriately considered in the analyses and interpretation of
results. The pre-vaccination titer is a significant concern in
immunogenicity assessment of seasonal influenza vaccines
because many people have some level of antibody due to a previ-
ous infection or vaccination with a similar strain as the relevant
vaccine. On the other hand, for pandemic influenza vaccines,
clinicians may presume few subjects have antibody to pandemic
influenza before vaccination and thus consider the effect of pre-
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vaccination titer negligible. However, our review of immunogenic-
ity studies of influenza A(H1N1)pdm09 vaccine demonstrated
some subjects had pre-vaccination titers of >1:40, despite that
all studies excluded subjects with a history of confirmed or sus-
pected infection of influenza A(H1N1)pdmO09 at the study recruit-
ment. As one example, we present below the results of an
immunogenicity study of the influenza A(H1N1)pdmO09 vaccine
in adolescents [5].

We conducted a study to provide information for a national
decision regarding the recommended number of doses of influenza
A(H1N1)pdmO09 vaccine for adolescents. We recruited 106 subjects
without any history of influenza A(H1N1)pdmO09 infection. In the
analysis, however, approximately 28% of high school students
demonstrated pre-vaccination titers [5], which may have resulted
from asymptomatic infection of influenza A(H1N1)pdm09 because
the influenza A(HI1IN1)pdmO09 pandemic in Japan started among
high school students. In addition, immunogenicity markers as the
study outcome (i.e., GMT, MFR, SCR, and SPP after 1 dose of vacci-
nation) were lower in high school students than junior high school
students (Table 2) [5]. Unless we considered the effect of subjects
with pre-vaccination titer, the results could suggest that the
immune response to this influenza vaccine was lower in high
school students than junior high school students, which would
mislead the decision about the number of doses for adolescents.
To avoid such misinformation, we conducted additional analyses
using stratified or multivariate analyses.

As shown in Table 3, a lower SRP value was also observed
among high school students compared with junior high school stu-
dents, which resulted in a lower (approximately half) odds ratio for
SRP in high school students compared to junior high school stu-
dents in the univariate analysis. However, subjects with higher
pre-vaccination titers also had lower SRP values, so-called “law
of initial value.” Thus, when we considered the effect of pre-
vaccination titer in the multivariate analysis, the odds ratio of high
school students approached the null value, indicating no difference
in the antibody response to this vaccine observed between junior
high school students and high school students. It became clear that
the results obtained from Table 2 (i.e., high school students had a
lower MFR in antibody titer and a lower SCP than junior high
school students) were merely due to the effect of pre-vaccination
antibody titer. The results of this study emphasize the importance
of considering the effect of pre-vaccination titer even in the study
of pandemic influenza vaccines.

The effect of the pre-vaccination antibody titer on vaccine
immunogenicity has been recognized in immunogenicity studies
of seasonal influenza vaccines [22]. Moreover, factors suggested
from immunogenicity studies of seasonal influenza vaccines (e.g.,

age, pre-vaccination antibody titer, underlying illness, use of an
immunosuppressant) should similarly be considered in the assess-
ment of vaccine immunogenicity of pandemic influenza vaccines.
Taking these factors into consideration by adjusting for subject
characteristics and pre-vaccination titer in stratified and multivari-
ate analyses or by using strict inclusion criteria will lead to proper
assessment of vaccine immunogenicity.

3.4. Time interval between seasonal influenza vaccination and
vaccination with a relevant pandemic influenza vaccine

In the assessment of pandemic influenza vaccine immunogenic-
ity, effects resulting from the time interval between seasonal influ-
enza vaccination and pandemic influenza vaccination should be
considered. As one example, we present the results of an immuno-
genicity study of the influenza A(H1N1)pdmO9 vaccine in pregnant
women [8]. Single vaccination of influenza A(H1N1)pdmO09 vaccine
led to a sufficient antibody response in pregnant women, which
satisfied the international criteria for the immunogenicity of the
pandemic influenza vaccine (Tables 2 and 4). However, the anti-
body response to influenza A(H1N1)pdmO09 vaccination was lower
in pregnant women who had received seasonal influenza vaccina-
tion prior to the influenza A(H1IN1)pdmO09 vaccine (Table 4). The
lower antibody response was particularly remarkable in subjects
who had a vaccination interval of <20 days. Moreover, when an
additional analysis was performed by changing the cut-off value
for the vaccination interval from 20 days to 14 days, subjects
who had been vaccinated with the seasonal vaccine within 14 days
demonstrated even lower antibody responses to the influenza A
(HIN1)pdmO09 vaccine (post-vaccination GMT =49, MFR=4.9,
SCP=60%, and SPP=50%) [8]. Similar observations were also
reported in patients with hepatitis C [13] and healthy children
[23]. Lower immune responses were also observed in the study
of health-care workers, in which 85% of study subjects had
received the seasonal influenza vaccine 7-10 days before influenza
A(H1IN1)pdmO9 vaccine [6]. In addition, one randomized con-
trolled trial among healthy adults also showed that subjects with
prior vaccination with the seasonal influenza vaccine had lower
SPP and SCP to influenza A(H1N1)pdmO9 vaccine than those with-
out prior vaccination with seasonal influenza vaccine, as shown in
Table 2 [20]. These findings suggest the possibility that, when the
interval after vaccination with the seasonal vaccine is short, inter-
ference between the two vaccines can occur, and the antibody
response to the influenza A(H1N1)pdmO09 vaccine might decrease.

For pandemic influenza, two main influenza vaccines (monova-
lent influenza vaccine against the pandemic influenza strain and
seasonal influenza vaccine) would be available. However, supply

Table 3
Effects of pre-vaccination titer on seroresponse proportion.
Category N SRP (95%CI) Univariate Multivariate'
OR (95%CI) P OR (95%CI) P
School type
Junior high school 60 87% (78-96%) 1.00 1.00
High school 46 78% (66-90%) 0.55 (0.20-1.54) 0.26 0.86 (0.25-3.03) 0.82
Pre-vaccination titer
<1:10 48 93% (86-100%) 1.00 1.00
1:10-1:20 36 94% (86-102%) 1.13 (0.18-7.16) 0.89 1.14 (0.18-7.22) 0.89
>1:40 22 41% (20-62%) 0.05 (0.01-0.20) <0.01 0.05 (0.01-0.21) <0.01

Trend P <0.01

Trend P <0.01

Cited and reconstructed from Ref. [5].
Abbreviations: OR, odds ratio; CI, confidence interval; SRP, seroresponse proportio

n.

" SRP: the proportion of persons with >4-fold post-vaccination rise in antibody titer.

t Model includes school type and pre-vaccination titer.
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Table 4

Immunogenicity in pregnant women after 1 dose of vaccination with influenza A(HIN1)pdmO9 vaccine.

Category N GMT MFR SCP" (95%CI) at S1 SPP! (95%Cl) at S1
So* S1#
All subjects 149 8 139 17.1 91% (86-96%) 89% (84-94%)
Vaccination with current seasonal vaccine
Not vaccinated 114 3 159 203 95% (91-99%) 92% (87-97%)
Vaccinated 35 9 90 9.8 80% (67-93%) 77% (63-91%)
P=0.41 P=0.03 P=0.008 P=0.007 P=0.02
Vaccination interval from seasonal vaccine
Not vaccinated 114 8 159 203 95% (91-99%) 92% (87-97%)
>20 days 17 8 120 154 100% (100%) 88% (73-100%)
<20 days 17 10 68 6.8 65% (42-88%) 65% (42-88%)
P=0.69 P=0.08 P=0.02 Trend P < 0.01 Trend P < 0.01

Cited and reconstructed from Ref. [8].

Abbreviations: CI, confidence interval; GMT, geometric mean titer; MFR, mean fold rise; SCP, seroconversion proportion; SPP, seroprotection proportion.
" SCP: the proportion of persons with pre-vaccination HI antibody titer of <1:10 and post-vaccination titer of >1:40 or >4-fold post-vaccination rise in antibody titer.
t SPP: the proportion of persons satisfying the protective level of antibody titer (HI antibody titer of >1:40).

¥ 50, before vaccination; S1, 3-4 weeks after 1st dose of vaccination.

of the pandemic influenza vaccine is limited, rendering it difficult to
obtain the pandemic vaccine. In this situation, many people may
choose to receive seasonal influenza vaccination first, and there is
no clear standard concerning the duration between seasonal influ-
enza vaccination and pandemic influenza vaccination. In general, a
vaccination interval of 4 weeks after vaccination with a live vaccine
and an interval of 1 week after vaccination with an inactivated vac-
cine are recommended to avoid mutual interference between vac-
cines. Moreover, findings concerning the influenza A(H1N1)
pdm09 vaccine suggest that a vaccination interval of at least
3 weeks may be necessary. However, this vaccination interval
may only be applicable to the influenza A(H1N1)pdmO9 vaccine,
since vaccines greatly differ from each other. Therefore, for future
pandemic influenza vaccines, the effect of the vaccination interval
between seasonal influenza vaccine and the newly developed pan-
demic influenza vaccine should be considered in the immunogenic-
ity assessment of the pandemic vaccine. This can be performed
using similar methods described for other factors, such as adjusting
for the vaccination interval in stratified and multivariate analyses.

4. Conclusion

We encountered an influenza pandemic in 2009, which gave us
an opportunity to study the immunogenicity of the influenza A
(H1N1)pdmO09 vaccine. This review describes the lessons our expe-
riences have taught us, which may provide useful information for
future influenza pandemics. However, studies on pandemic influ-
enza will most certainly succeed studies on seasonal influenza.
Therefore, appropriate procedures suggested by seasonal influenza
studies and factors affecting the immunogenicity of seasonal influ-
enza vaccines may be applied to similar studies on pandemic influ-
enza vaccines. In addition, factors and strategies described herein
might be applicable to immunogenicity studies of vaccines for
other infectious diseases, as they share the basic principles of
immunogenicity assessments.
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