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Background. Antibody to influenza virus hemagglutinin has been traditionally associated with protection.
Questions have been raised about its use as a surrogate for vaccine efficacy, particularly with regard to an absolute
titer indicating seroprotection.

Methods. We examined hemagglutination-inhibition (HAI) antibody titers in subjects from a placebo-
controlled trial of inactivated and live attenuated vaccines and compared titers in subjects with symptomatic
influenza (cases) to those without influenza infection (noncases).

Results. Prevaccination and postvaccination geometric mean titers were both significantly lower for cases
compared with noncases in all intervention groups. Frequency of postvaccination seroconversion did not
significantly differ for cases and noncases in either vaccine group. Among live attenuated vaccine and placebo
recipients, cases were less likely than noncases to have postvaccination HAI titers =32 or 64. Nearly all recipients of
inactivated vaccine had postvaccination titers of at least 64, and the small number of vaccine failures were scattered
across titers ranging from 64 to 2048.

Conclusions. While HAI antibody is the major correlate of protection, postvaccination titers alone should not
be used as a surrogate for vaccine efficacy. Vaccine failures from clinical trials need to be examined to determine why

seemingly protective HAI titers may not protect.
Clinical Trials Registration. NCT00538512.

Two types of vaccines for the prevention of seasonal in-
fluenza are currently licensed, 1 containing inactivated
viruses and the other containing live attenuated viruses.
Both vaccines are trivalent with influenza A (H3N2),
A (HINI1), and B components. Recent studies suggest that
the inactivated vaccine is approximately 70% effective in
preventing symptomatic influenza in young adults [1, 2].
The live attenuated vaccine appears less effective than the
inactivated vaccine in adults but more effective in young
children [3]. Both vaccines are updated annually as nec-
essary based on surveillance-informed recommendations.
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In Europe, the annual update is accompanied by an
evaluation of vaccine immunogenicity [4, 5].

A variety of novel approaches to influenza vaccine
development are currently under consideration [6].
Some are designed to produce better protection among
individuals, such as the elderly, who respond poorly to
existing vaccines; others are designed to use novel de-
livery systems or production platforms other than eggs.
These developments have focused attention on labora-
tory markers that predict or are correlated with pro-
tection against disease [7, 8]. The traditional correlate,
antibody to the influenza virus hemagglutinin (HA)
surface glycoprotein, was identified in 1943 as a pre-
dictor in the first study to examine efficacy of the cur-
rent type of egg-grown inactivated vaccine [9]. The HA
glycoprotein binds to target cell receptors and is critical
to virus infectivity; antibodies to HA inhibit binding
and neutralize infectivity [10]. Studies, some conducted
40 or more years ago, indicated that few influenza
infections could be identified in persons who had pre-
exposure hemagglutination-inhibition (HAI) antibody
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titers >32 or 40 [11]. Of particular importance is the study by
Hobson et al [12], which considered antibody derived from
natural infection to determine the HAI titer associated with
protection. Currently, demonstration of postvaccination HAI
titers, which meet certain criteria in fixed proportions of vaccine
recipients, is used in Europe as the basis for approval of the
annual updated vaccine and in large part for licensing new
hemagglutinin-based vaccines [4, 5, 13]. Vaccine immunoge-
nicity data are also considered in the United States; however,
criteria for licensure are more complex and may also involve
demonstration of efficacy in an actual trial [4, 14].

Although preexposure HAI antibody titers are clearly im-
portant to protection, review of studies cited as the scientific
basis for using a specific titer as a correlate indicates some
problems with defining correlates based on these observations
[9, 12, 15]. With an efficacious vaccine, the number of vaccine
failures is low, and these small numbers make analysis of
the distribution of postvaccination titers difficult. Therefore,
studies to identify antibody levels that correlate with pro-
tection have generally focused on data from unvaccinated in-
dividuals or recipients of placebo and may not apply to
vaccine-induced antibody [9, 15]. Questions about the degree
of misclassification of influenza outcomes have also been
raised, because some studies determined subsequent infections
only by testing for rise in antibody titer. It was recently con-
firmed that such a method misses infections in persons who
received the inactivated vaccine in the absence of virus iden-
tification [16]. In addition, the role of HAI antibody levels in
protecting recipients of the live attenuated vaccine has not
usually been examined in parallel with those who received the
inactivated vaccine [17].

Our randomized, placebo-controlled efficacy trial of in-
activated and live attenuated vaccines, which was carried out
during the 2007-2008 influenza season [2], provided an op-
portunity to reexamine the role of antibody measured by
HALI in predicting protection from laboratory-confirmed in-
fluenza. This season was characterized by high influenza-
related morbidity and circulation of predominately influenza
type A (H3N2) viruses that were considered antigenically
similar to the vaccine strain. Influenza illnesses were con-
firmed by virus isolation in cell culture and virus identifica-
tion by real-time polymerase chain reaction (PCR). Vaccine
efficacy against symptomatic laboratory-confirmed influenza
was 68% (95% confidence interval [CI], 46%—-81%) for the
inactivated vaccine and 36% (95% CI, 0%—59%) for the live
attenuated vaccine [2]. Antibody titers were measured in
HAI assays, and titers in those subjects with symptomatic
laboratory-confirmed influenza were compared with those
without laboratory-confirmed influenza. We report here re-
sults of this analysis, with particular reference to past studies
establishing the criteria currently used in evaluations of
vaccine immunogenicity.

METHODS

Study Design

This trial enrolled healthy men and women aged 18—49. Persons
with any health condition for which the inactivated vaccine was
specifically recommended and for whom either vaccine was
contraindicated were excluded [18]. During October—November
2007, eligible subjects were recruited from the community and
randomly assigned to receive 1 intervention: the inactivated vac-
cine (Fluzone, Sanofi Pasteur) or matching placebo (physiologic
saline) administered by intramuscular injection or the live at-
tenuated vaccine (FluMist, MedImmune) or matching placebo
(physiologic saline) administered by intranasal spray, in ratios of
5:1:5:1, respectively. Both the inactivated and live attenuated
vaccines were licensed and approved for the 2007-2008 influenza
season. From November 2007 through April 2008, subjects re-
ported influenza-like illnesses meeting a symptomatic case def-
inition (illness characterized by presence of cough or nasal
congestion plus fever/feverishness, chills, or body aches), and
throat-swab specimens were collected for influenza virus iso-
lation in cell culture and virus identification by real-time PCR.
Blood specimens for serologic studies were collected 3 times:
immediately before receipt of assigned intervention, approxi-
mately 30 days later, and at the end of the influenza season
(April-May 2008). All 30-day postvaccination blood specimens
were collected at least 14 days before local surveillance—defined
influenza circulation.

Sera from a subset of all enrolled subjects were selected to be
tested in the HAI assay. This subset included all subjects with
laboratory-confirmed influenza (isolation in cell culture and/or
identification by real-time PCR), subjects who were also par-
ticipating in a pilot substudy of the cell-mediated immune re-
sponse to vaccination, and a randomly selected sample of the
remaining participants who provided all 3 blood specimens. Sera
were tested from 728 of 1952 subjects (37%) enrolled during the
2007-2008 influenza season. Results from 658 of the 728 subjects
(90%) were included in this analysis including 105 subjects with
symptomatic influenza A (H3N2) (cases) and 553 subjects
without laboratory-confirmed influenza (noncases). Excluded
subjects included those with laboratory-confirmed influenza
A (HINI) or type B, those without postseason blood specimens,
and those with serologic evidence of influenza infection (=4-fold
increase in HAI titer between postvaccination and postseason
sera) that was not confirmed by virus isolation or identification
by real-time PCR.

Laboratory Assay

The HAI assay takes advantage of the influenza viruses ability to
agglutinate red blood cells from certain birds (eg, turkeys) and
mammals (eg, guinea pigs) via HA binding to sialic acid residues
on red blood cells [10, 19, 20]. Antibody directed to strain-specific
HA antigen is produced in response to influenza infection or
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vaccination and can inhibit this hemagglutination [10, 19, 20].
The HAI assay allows quantification of these antibodies and has
also been used to determine the antigenic relatedness of influenza
virus strains [10, 19, 20].

Prior to HAI testing, all sera were treated overnight with
receptor-destroying enzyme (Denka Seiken Co) to prevent
nonspecific inhibition; sera were also adsorbed with red blood
cells to remove nonspecific agglutinins [10, 19, 20]. Serial 2-fold
dilutions (with an initial dilution of 1:8) were prepared for each
set of 3 sera (prevaccination, postvaccination, and postseason)
in 96-well plates, followed by incubation with standardized
concentrations of monovalent inactivated influenza vaccine
subunit materials (Sanofi Pasteur) representing the 2007-2008 A
(H3N2) vaccine virus strain (A/Wisconsin/67/05) and the an-
tigenically similar A (H3N2) virus strain that circulated
(A/Uruguay/716/07) during that season. Turkey red blood cells
(Lampire Biologics) were added to wells and allowed to settle.
The strain-specific HAI antibody titers at each time point for
each individual were calculated as the reciprocal (eg,128) of the
highest dilution of sera (eg, 1:128) that inhibited hemaggluti-
nation. HAI titers below the limits of detection (ie, <8) were
denoted as half of the threshold detection value (ie, 4); titers
greater than the upper test value (ie, 4096) were denoted as twice
that value (ie, 8192).

Study Objectives and Statistical Analyses

Our objectives were to examine the serologic immune response to
vaccination by determining the proportion of subjects demon-
strating seroconversion (a postvaccination HAI titer of at least

Table 1.

32 given a prevaccination titer <8 or, alternatively, a =4-fold
increase in HAI titer between prevaccination and postvaccination
sera if the prevaccination titer was =8) and the proportion of
subjects with postvaccination HAI antibody titers at =2 cutpoints
(32 and 64, termed “seroprotection”) for cases and noncases by
intervention group [10, 21]. Both cutpoints (32 and 64) were
utilized because of variation in initial dilutions used by different
laboratories, and known variability in absolute HAI titer levels
that occurs between laboratories [10, 21, 22]. We also calculated
and compared geometric mean HAI antibody titers (GMTs) for
sera collected at prevaccination, postvaccination, and postseason
visits between cases and noncases by intervention group. In-
dividual HAT antibody titers at each time point were transformed
to binary logarithms, and original values were divided by 4 (un-
detectable titer) to set the starting point of the log scale to zero
prior to transformation. Average log, titers at each of the 3 time
points (prevaccination, postvaccination, and postseason) were
calculated to obtain the GMTs by intervention across time.
Categorical data (eg, seroconversion) were analyzed with an
appropriate > test or, when necessary, Fisher exact test; contin-
uous values (eg, GMT) were analyzed using Wilcoxon rank-sum
tests. Statistical analyses were conducted using SAS (release 9.2,
SAS Institute) software. A P value <.05 was considered to in-
dicate statistical significance. No correction for multiple testing
was considered. Because the overall ratio of cases to noncases was
set by the strategy used to select subjects for HAI testing, the
proportion of influenza cases within each HAI titer level was
higher than they would have been if the entire study population
were tested and included. However, because the selection of

Prevaccination and Postvaccination Geometric Mean Hemagglutination-Inhibition Antibody Titers and the Number/Proportion

of Subjects Demonstrating Postvaccination Seroconversion and Postvaccination Titers =32 and >64 to Vaccine and Circulating Influenza

A (H3N2) Strains by Intervention Group

Prevaccination

Postvaccination

Seroconversion, Postvaccination HAI Postvaccination

Intervention and strain HAI GMT, HAI GMT, no. titer =32, HAI titer =64,
mean (SD) mean (SD) (%)? no. (%) no. (%)
Inactivated vaccine®
A (H3N2) vaccine strain® 3.49 (2.78) 7.61(2.23) 198 (76.4) 259 (100.0) 252 (97.3)
A (H3N2) circulating strain® 2.13(2.47) 5.69 (2.47) 196 (75.7) 233 (90.0) 216 (83.4)
Live attenuated vaccine®
A (H3N2) vaccine strain® 4.03 (2.80) 4.87 (2.38) 61 (21.1) 245 (84.8) 204 (70.6)
A (H3N2) circulating strain® 2.46 (2.34) 2.92 (2.30) 29 (10.0) 147 (50.9) 116 (40.1)
Placebo’
A (H3N2) vaccine strain® 3.75 (2.92) 3.85 (2.98) 3(2.7) 69 (62.7) 56 (50.9)
A (H3N2) circulating strain® 2.07 (2.29) 2.16 (2.33) 4 (3.6) 41 (37.3) 30 (27.3)

Abbreviations: GMT, geometric mean titer; HAI, hemagglutination inhibition.

@ Seroconversion: either prevaccination titer of <8 and postvaccination titer of =32 or prevaccination titer of =8 and =4-fold rise in strain-specific HAl antibody titer

between prevaccination and postvaccination sera.

b Inactivated influenza vaccine administered as an intramuscular injection (n = 259; 22 cases and 237 noncases).

¢ Influenza A (H3N2) vaccine strain (A/Wisconsin/67/05).
4 Influenza A (H3NZ2) circulating strain (A/Uruguay/716/07).

¢ Live attenuated influenza vaccine administered as a nasal spray (n = 289; 53 cases and 236 noncases).

f Placebo: physiologic saline administered as a nasal spray or an intramuscular injection (n = 110; 30 cases and 80 noncases).
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noncases for testing was essentially random, it was assumed that
the proportion of influenza cases would have decreased evenly
across HAI titer levels if the entire study population were tested.

RESULTS

Table 1 shows prevaccination and postvaccination GMTs to both
vaccine and circulating influenza A (H3N2) strains and the pro-
portion of subjects demonstrating postvaccination seroconver-
sion and HAI titers =32 and =64 cutpoints by intervention
group. Although initial GMTs were similar across interventions,
postvaccination GMTs to both vaccine and circulating strains
were significantly (P < .001) higher in sera from inactivated
vaccine recipients compared with those who received the live
attenuated vaccine. Approximately 76% of inactivated vaccine
recipients demonstrated seroconversion to both vaccine and cir-
culating strains, but significantly (P < .001) fewer (approximately
21% to the vaccine strain and 10% to the circulating strain) live
attenuated vaccine recipients had similar titer increases, as ex-
pected from past studies [1, 17]. All recipients of the inactivated
vaccine had postvaccination HATI titers of at least 32 to the vaccine
strain, as did 85% of live attenuated vaccine recipients and 63% of
placebo recipients. These percentages were reduced for HAI titers
of at least 64 and for titers to the circulating strain. Differences
noted for vaccine compared with circulating strains could have
been due to the slight antigenic variation between the 2 strains or,
alternatively, as a result of differing red blood cell avidities, which
is always an issue when interpreting HAI results [23]. Because of
the similarity of the patterns of titers within intervention groups,
additional presentations are limited to results using the vaccine
strain.

Among the 105 cases of influenza A (H3N2), 53 cases were
detected in live attenuated vaccine recipients and 22 cases in
inactivated vaccine recipients. Thirty cases were detected in the
smaller placebo group. Figure 1A-C compares the GMTs for
influenza A (H3N2) cases and noncases at prevaccination,
postvaccination, and postseason time points by intervention.
Prevaccination GMTs to the vaccine strain were significantly
lower for cases compared with noncases, and these differences
were present regardless of intervention received. Postvaccination
GMTs were slightly increased from prevaccination levels for
cases and noncases that received the live attenuated vaccine and,
more dramatically, for cases and noncases that received the in-
activated vaccine. As expected, recipients of placebo did not
show a similar increase. Despite the increases in GMTs from
prevaccination to postvaccination in both vaccine groups,
postvaccination GMTs were significantly lower for cases
compared with noncases in all intervention groups. Postseason
GMTs increased from postvaccination levels for all cases
regardless of intervention, although the magnitude of the in-
crease was lower for cases that received the inactivated vaccine.
Postseason GMTs decreased from postvaccination levels for all
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Figure 1. Geometric mean hemagglutination-inhibition (HAI) titers
(GMT) to the A (H3N2) vaccine strain among influenza A (H3N2) cases and
noncases at prevaccination, postvaccination, and postseason time points
by intervention group.

noncases regardless of intervention, with the greatest decrease
being among those who received the inactivated vaccine.

Table 2 presents the numbers and proportions of cases and
noncases that demonstrated postvaccination seroconversion and
postvaccination HAI titers =32 and =64 cutpoints by in-
tervention group. Surprisingly, since seroconversion is used as
a major indicator of the activity of a vaccine [5, 14, 21], the
proportion of subjects demonstrating this outcome did not
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Table 2. Number and Proportion of Cases® and Noncases” Demonstrating Postvaccination Seroconversion® and Postvaccination
Hemagglutination-Inhibition Titers 232 and >64 to the Influenza A (H3N2) Vaccine Strain by Intervention Group

Intervention and Outcomes P value
Inactivated vaccine Cases (n = 22) Noncases (n = 237)
Seroconversion 20 (90.9) 178 (75.1) .095
Postvaccination HAI titer =32 22 (100) 237 (100)
Postvaccination HAI titer =64 22 (100) 230 (97.0) 1.00
Live attenuated vaccine Cases (n = 53) Noncases (n = 236)
Seroconversion 13 (24.5) 48 (20.3) 499
Postvaccination HAI titer =32 37 (69.8) 208 (88.1) <.001
Postvaccination HAI titer =64 31 (58.5) 173 (73.3) .032
Placebo Cases (n = 30) Noncases (n = 80)
Seroconversion 0(0.0) 3(3.8) .561
Postvaccination HAI titer =32 9 (30.0) 60 (75.0) <.001
Postvaccination HAI titer =64 6 (20.0) 50 (62.5) <.001

All data are presented as no. (%).

Abbreviations: HAI, hemagglutination inhibition; PCR, polymerase chain reaction.

@ Cases: subjects with symptomatic influenza A (H3N2) laboratory-confirmed by isolation in cell culture or identification in real-time PCR assay.

® Noncases: subjects without cell culture, real-time PCR, or serologic evidence of influenza infection.

¢ Seroconversion: either prevaccination titer of <8 and postvaccination titer of =32 or prevaccination titer of =8 and =4-fold rise in strain-specific HAl antibody titer

between prevaccination and postvaccination sera.

significantly differ for cases and noncases in either vaccine
group. In contrast, the proportion of subjects with post-
vaccination titers consistent with seroprotection significantly
differed for recipients of the live attenuated vaccine and the
placebo, with cases less likely than noncases to have HAI titers
=32 or =64. All recipients of the inactivated vaccine had
postvaccination HAI titers =32, and most had titers =64 with
no differences by case status.

Figure 2a—c presents the distributions of postvaccination HAI
titers and the proportion of subjects within each titer who were
influenza-positive cases. The distributions of postvaccination HAI
titers varied across interventions. Among placebo recipients, the
distribution was low and relatively flat with few titers >512.
Among live attenuated vaccine recipients, titers appeared nor-
mally distributed with approximately 72% of postvaccination
titers in the 32-512 midrange and approximately equal numbers
in the lower and upper tails. In contrast, among inactivated vac-
cine recipients, titers were relatively normally distributed but
shifted up with no titers <32. In addition, approximately 20% of
titers were greater than the upper test value of 4096 (denoted as
a titer of 8192). A pattern of reductions in the proportion of cases
as HAI titers increased was apparent for recipients of the live
attenuated vaccine and the placebo with the largest proportions of
cases among those with titers <64; however, influenza cases were
identified even among those with high HAI titers. This was par-
ticularly true among recipients of the inactivated vaccine, where
no individuals had low HALI titers, and the small number of
vaccine failures were scattered across titers ranging from 64 to
2048. The percentage of influenza-positive cases at titers >32 was
relatively similar across interventions.

DISCUSSION

In 1943, the first efficacy trial of an inactivated influenza vaccine
demonstrated that higher HAI titers were associated with pro-
tection in both vaccinated and unvaccinated subjects [9]. In the
latter group, 50% of the estimated infections occurred in subjects
with titers <64; few subjects in the vaccinated group had
titers <128, and the small number of infections occurred in
subjects with titers =1024. Another study conducted in the US
military shortly thereafter also demonstrated that HAI antibody
was a major determinant of protection; however, the titers found
to be associated with protection were lower than those described
in the previous study [15]. No infections were observed in persons
who had received placebo or an irrelevant vaccine if their pre-
exposure HAI titer was at least 32. Among the 8 individuals
vaccinated with the relevant vaccine who were subsequently in-
fected, only 1 had a preexposure titer of 64; all others had titers
=32. Similarly low titers were found to afford protection in the
large influential study of Hobson et al [12], in which volunteers
were challenged with a laboratory-passaged virus. As a result of
these and smaller, more recent studies, a postvaccination HAI
titer =40 (seroprotection) has been established as 1 of 3 related
values used by regulatory authorities to evaluate influenza vaccine
immunogenicity. The other 2 values used are postvaccination
seroconversion and increase in GMT [4, 5, 14].

Questions have been raised concerning the use of an absolute
titer and calling that value seroprotection, which implies close
correlation with efficacy. This is particularly a problem in
view of recognized methodological concerns with the test
itself; whereas there is good within-laboratory consistency in
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Figure 2. The distributions of postvaccination hemagglutination-
inhibition (HAI) antibody titers to the influenza A (H3N2) vaccine strain
and the percent of subjects with each titer who were influenza A (H3N2)
positive (cases) by intervention group.

measured titers, there is great variability between laboratories
[22]. Hobson et al were concerned about the low antibody titers
they found to be consistent with protection and speculated that
results from challenge studies with potentially attenuated viruses
may not be generalizable to the protective effect of HAI anti-
bodies against natural infection [12]. A limitation of other
studies was reliance on serologically identified influenza out-
comes [15]. Using increase in antibody titer between post-
vaccination and postseason to confirm influenza infection is
a particular problem for evaluating inactivated vaccines, because
postvaccination titers are already high, making additional
increases associated with infection difficult to detect [16].

This does not mean that the level of HAI antibody should not
be considered a correlate of protection, but rather that an ab-
solute titer may not correlate directly with protection and

should only be viewed as a guide. In the current study, subjects
who eventually became influenza cases had significantly lower
prevaccination and postvaccination GMTs compared with non-
cases in all 3 intervention groups. When examined by post-
vaccination titer cutpoints at or above levels thought to be
protective, only subjects in the placebo group and, to a lesser
extent, the live attenuated vaccine group were significantly less
likely to become cases. In the inactivated vaccine group, all re-
cipients had postvaccination titers =32, and the small numbers of
failures that did occur were in subjects with high titers. This
observation is similar to that reported in the first trial of in-
activated egg-based vaccine in 1943 [9]. These cases that fail at
high HAI titer should be considered for study of other determi-
nants of protection, which could be related to antineuraminidase
antibody or cell-mediated immunity [24-26].

Increase in antibody titer between 2 time points has been used
both to identify infection and to evaluate response to vaccina-
tion. An advantage of this measure, which examines relative
change, is that variation in absolute titer should not be a con-
cern, because the test on the 2 sera is run at the same time in the
same laboratory. It was a surprise to find that seroconversion did
not predict protection for either the inactivated or the live at-
tenuated vaccine. In fact, nearly all subjects with inactivated
vaccine failure had seroconverted, suggesting that vaccination
might not have corrected preexisting susceptibility. This appears
to be confirmed by the fact that cases had significantly lower
GMTs in prevaccination sera in all intervention groups. This is
another reason for vaccine failures to be further studied: to
determine why seemingly protective levels of HAI antibodies do
not protect.

The situation with the live attenuated vaccine was somewhat
different in that seroconversion was less common and may not
have occurred because infection with the vaccine virus had not
taken place [2, 27]. However, that cannot be the whole expla-
nation, because live attenuated vaccine failures had higher
postvaccination titers than cases in the placebo group. Although
seroconversion did not predict protection, correlation of abso-
lute postvaccination antibody level with protection was dem-
onstrated in both the live attenuated vaccine and placebo groups
against the antigenically similar vaccine and circulating strains.
Data from our study of vaccine efficacy conducted in 2004-2005
are also of interest in this regard [1]. In that year, there was
moderate drift between the circulating A (H3N2) strain and that
in the vaccine. Among influenza cases that received the live
attenuated vaccine or the placebo, most had postvaccination
titers =32 to the vaccine strain but <32 to the circulating strain.
It is unfortunate that there have been only limited studies of
correlation of protection with the live attenuated vaccine in
young children, where infection with the vaccine virus should be
common and the vaccine appears more efficacious [27].

Although the 2007-2008 season had the highest influenza
attack rates in our 4-year study, there were still a limited number
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of vaccine failures for this evaluation. Study of vaccine failures is
critical to understanding how to improve influenza vaccines
going forward [26]. Larger trials of vaccines are being conducted
for licensure and other purposes by public and private groups,
and it is important to evaluate influenza cases identified in these
trials and learn why the vaccine did not protect these recipients.
While HAI antibody is the major correlate of protection, it will
only be through more intensive study of these cases that ex-
planations for failure may be found. This in turn may help
design more effective vaccines.

Notes

Financial support.
from Sanofi Pasteur.

Potential conflicts of interest. A.S. M. reports receiving consulting fees
from GlaxoSmithKline, Novartis, and Baxter and Roche, and grant support
from Sanofi Pasteur. S. E. O.,]. G. P.,, R. T. C,, and E. J. report grant support
from Sanofi Pasteur.

All authors have submitted the ICMJE Form for Disclosure of Potential
Conlflicts of Interest. Conflicts that the editors consider relevant to the
content of the manuscript have been disclosed.

This work was supported by an unrestricted grant

References

1. Ohmit SE, Victor JC, Rotthoff JR, et al. Prevention of antigenically
drifted influenza by inactivated and live attenuated vaccines. N Engl
] Med 2006; 355:2513-22.

2. Monto AS, Ohmit SE, Petrie JG, et al. Comparative efficacy of in-
activated and live attenuated influenza vaccines. N Engl ] Med 2009;
361:1260-7.

3. Belshe RB, Edwards KM, Vesikari T, et al. Live attenuated versus in-
activated influenza vaccines in infants and young children. N Engl
] Med 2007; 356:685-96.

4. Wood JM, Levandowski RA. The influenza vaccine licensing process.
Vaccine 2003; 21:1786-8.

5. The European Agency for the Evaluation of Medicinal Products,
Committee for Proprietary Medicinal Products. Note for guidance on
harmonization of requirements for influenza vaccines. CPMP/BWP/
214/96 1997. European Medicines Agency. http://www.ema.europa.
eu/docs/en_GB/document_library/Scientific_guideline/2009/09/
WC500003945.pdf. Accessed 30 September 2011.

6. Monto AS, Ohmit SE. Seasonal influenza vaccines: evolutions and
future trends. Expert Rev Vaccines 2009; 8:383-9.

7. Qin L, Gilbert PB, Corey L, McElrath MJ, Self SG. A framework for
assessing immunological correlates of protection in vaccine trials.
] Infect Dis 2007; 196:1304—12.

8. Eichelberger M, Golding H, Hess M, et al. FDA/NIH/WHO public
workshop on immune correlates of protection against influenza A viruses
in support of pandemic vaccine development, Bethesda, Maryland, 10-11
December 2007. Vaccine 2008; 26:4299—-303.

9. Salk JE, Menke WJ Jr, Francis T Jr. A clinical, epidemiological and
immunological evaluation of vaccination against epidemic influenza.
Am ] Hyg 1945; 42:57-93,

10. de Jong JC, Palache AM, Beyer WEP, Rimmelzwaan GF, Boon ACM,
Osterhaus ADME. Haemagglutination-inhibiting antibody to influenza
virus. In Brown F, Haaheim LR, Schild GC eds. Laboratory Correlates

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

of Immunity to Influenza- A Reassessment. Basel, Switzerland: Karger,
2003; 63-73.

Hannoun C, Megas F, Piercy J. Immunogenicity and protective efficacy
of influenza vaccination. Virus Res 2004; 103:133-8.

Hobson D, Curry RL, Beare AS, Ward-Gardner A. The role of serum
haemagglutination-inhibiting antibody in protection against challenge
infection with influenza A2 and B viruses. ] Hyg Camb 1972; 70:
767-77.

The European Agency for the Evaluation of Medicinal Products,
Committee for Proprietary Medicinal Products. Cell culture in-
activated influenza vaccines; annex to note for guidance on harmoni-
zation of requirements for influenza vaccines (CPMP/BWP/214/96)
2002. European Medicines Agency. http://www.ema.europa.eu/docs/
en_GB/document_library/Scientific_guideline/2009/09/WC500003877.
pdf. Accessed 30 September 2011.

U.S. Department of Health and Human Services, Food and Drug
Administration, Center for Biologics Evaluation and Research. Guid-
ance for Industry: Clinical data needed to support the licensure of
seasonal inactivated influenza vaccines 2007. http://www.fda.gov/
BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/
Guidances/Vaccines/ucm074794.htm. Accessed 30 September 2011.
Meiklejohn G, Kempe CH, Thalman WG, Lennette EH. Evaluation of
monovalent influenza vaccines. II. Observations during an influenza
A-prime epidemic. Am J Hyg 1952; 55:12-21.

Petrie JG, Ohmit SE, Johnson E, Cross RT, Monto AS. Efficacy studies
of influenza vaccines: effect of end points used and characteristics of
vaccine failures. J Infect Dis 2011; 203:1309-15.

Edwards KM, Dupont WD, Westrich MK, Plummer WD Jr, Palmer PS,
Wright PF. A randomized controlled trial of cold-adapted and inactivated
vaccines for the prevention of influenza A disease. ] Infect Dis 1994;
169:68-76.

Fiore AE, Shay DK, Broder K, et al. Prevention and control of
influenza: recommendations of the Advisory Committee on Immu-
nization Practices (ACIP) 2008. http://www.cdc.gov/mmwr/preview/
mmwrhtml/rr57e717al.htm. Accessed 30 September 2011.

WHO Manual on Animal Influenza Diagnosis and Surveillance. World
Health Organization, Department of Communicable Disease Surveil-
lance and Response, WHO/CDS/CSR/NCS/2002.5 Rev1:28-39. http://
www.who.int/csr/resources/publications/influenza/whocdscsrncs20025-
rev.pdf. Accessed 30 September 2011.

Zambon, M. Laboratory diagnosis of influenza. In: In Nicholson KG,
Webster RG, Hay AJ, eds. Textbook of influenza. Malden, MA:
Blackwell Science, Inc. 1998; 305-6.

Beyer WE, Palache AM, Luchters G, Nauta J, Osterhaus AD. Seropro-
tection rate, mean fold increase, seroconversion rate: which parameter
adequately expresses seroresponse to influenza vaccination? Virus Res
2004; 103:125-32.

Stephenson I, Heath A, Major D, et al. Reproducibility of serologic
assays for influenza virus A (H5N1). Emerg Infect Dis 2009; 15:1252-9.
Kumari K, Gulati S, Smith DF, Gulati U, Cummings RD, Air GM.
Receptor binding specificity of recent human H3N2 influenza viruses.
Virol ] 2007; 4:42.

Potter CW, Oxford JS. Determinants of immunity to influenza infection
in man. Br Med Bull 1979; 35:69-75.

McElhaney JE, Ewen C, Zhou X, et al. Granzyme B: correlates with
protection and enhanced CTL response to influenza vaccination in
older adults. Vaccine 2009; 27:2418-25.

Rimmelzwaan GF, McElhaney JE. Correlates of protection: novel
generations of influenza vaccines. Vaccine 2008; 26(Suppl 4):D41—4.
Belshe RB, Gruber WC, Mendelman PM, et al. Correlates of immune
protection induced by live, attenuated, cold-adapted, trivalent, intranasal
influenza virus vaccine. J Infect Dis 2000; 181:1133—7.

Immune Correlate of Vaccine Protection ® JID 2011:204 (15 December) o 1885

Zz0z 1snbny 9| uo1senb Aq 26.2201/6.8L/2L/70Z/e1o11e/pil/woo dno-olwepede//:sdiy woly pepeojumoq


http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003945.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003945.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003945.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003877.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003877.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003877.pdf
http://www.fda.gov/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/ucm074794.htm
http://www.fda.gov/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/ucm074794.htm
http://www.fda.gov/BiologicsBloodVaccines/GuidanceComplianceRegulatoryInformation/Guidances/Vaccines/ucm074794.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/rr57e717a1.htm
http://www.cdc.gov/mmwr/preview/mmwrhtml/rr57e717a1.htm
http://www.who.int/csr/resources/publications/influenza/whocdscsrncs20025rev.pdf
http://www.who.int/csr/resources/publications/influenza/whocdscsrncs20025rev.pdf
http://www.who.int/csr/resources/publications/influenza/whocdscsrncs20025rev.pdf

