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Introduction. Previous priming with avian influenza vaccines results in more rapid and more robust neutraliz-
ing antibody responses upon revaccination, but the role CD4+ T cells play in this process is not currently known.

Methods. Human subjects previously enrolled in trials of inactivated influenza A(H5N1) vaccines and naive
subjects were immunized with an inactivated subunit influenza A/Indonesia/5/05(H5N1) vaccine. Neutralizing an-
tibody responses were measured by a microneutralization assay, and hemagglutinin (HA)-specific and nucleoprotein
(NP)-specific CD4+ T-cell responses were quantified using interferon γ enzyme-linked immunosorbent spot assays.

Results. While vaccination induced barely detectable CD4+ T-cell responses specific for HA in the previously
unprimed group, primed subjects had readily detectable HA-specific memory CD4+ T cells at baseline and mounted
a more robust response to HA-specific epitopes after vaccination. There were no differences between groups when
conserved NP-specific CD4+ T-cell responses were examined. Interestingly, neutralizing antibody responses follow-
ing revaccination were significantly higher in individuals who mounted a CD4+ T-cell response to the H5 HA pro-
tein, a correlation not observed for NP-specific responses.

Conclusions. These findings suggest that prepandemic vaccination results in an enriched population of HA-
specific CD4+ T cells that are recruited on rechallenge with a drifted vaccine variant and contribute to more robust
and more rapid neutralizing antibody responses.
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There have been continued ongoing infections of hu-
mans with influenza A(H5N1) since 1997, with 650 re-
ported cases of infection and 386 deaths in 15 countries
as of January 2014 [1]. Although these viruses have not
yet attained the ability to sustain human-to-human
transmission, sporadic cases of human transmission
have been reported [2–4]. Further, recent studies have
suggested that transmission in ferrets could be attained
with as few as 5 mutations [5] or with 4 mutations and a
reassortment event [6]. As several of these mutations

are already present in circulating influenza A(H5N1) vi-
ruses [7], these viruses pose an ongoing pandemic risk.

Influenza A(H5N1) vaccines tested to date have been
poorly immunogenic, requiring 2 doses and either high
antigen content or the use of an adjuvant to attain neu-
tralizing antibody levels potentially associated with pro-
tection [8–14]. This, combined with the time currently
required for vaccine manufacture and distribution,
makes it unlikely that present vaccination strategies
will be able to significantly limit a pandemic’s spread
[15, 16]. However, a number of studies have now demon-
strated that sequential influenza A(H5N1) vaccination re-
sults in a more rapid and more robust neutralizing
antibody response than is elicited in the first vaccine
encounter, even when boosting occurs years after the ini-
tial vaccination [17–21]. Preexisting primed influenza
A(H5N1)-specific memory B cells have been suggested
to play a role in this accelerated antibody production
[22, 23]. However, no studies have yet explored the im-
portance of CD4+ T cells in this augmented antibody
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production, despite the known importance of CD4+ T cells in
promoting neutralizing antibody responses [24–27].

Previous work in our laboratory and by others has indicated
that CD4+ T-cell help may be a limiting factor in development
of neutralizing antibody upon challenge with influenza vaccines
[28–32]. Additionally, when we addressed whether the specific-
ity of CD4+ T cells influences their ability to help B cells during
infection or vaccination, we found evidence that CD4+ T-cell
responses directed against epitopes within the hemagglutinin
(HA) protein may be best able to help facilitate neutralizing
antibody production [28, 33, 34]. As seasonal and avian HA
proteins have only a limited degree of sequence conservation,
we hypothesized that in unprimed individuals there may be a
paucity of H5 HA-specific CD4+ T cells. In this situation, the
initial influenza A(H5N1) vaccination would prime a popula-
tion of HA-specific memory CD4+ T cells that, on revaccination
years later, could be rapidly recalled to help promote neutraliz-
ing antibody production.

To further evaluate the repertoire of influenza virus–specific
CD4+ T-cell responses following avian influenza immunization,
we compared prevaccination and postvaccination CD4+ T-cell
reactivity in subjects previously enrolled in trials of inactivated
influenza A(H5N1) vaccines to a cohort with no past exposure
to avian viruses. Using cytokine enzyme-linked immunosor-
bent spot assays with pools of overlapping synthetic peptides
as recall antigen, we found that previously primed individuals
had increased HA-specific CD4+ T-cell responses that correlat-
ed with increased neutralizing antibody production. These find-
ings indicate that specific boosting of memory H5 HA-specific
CD4+ T cells established during the initial vaccination may be
a mechanism contributing to the robust neutralizing antibody re-
sponses seen on revaccination with a heterologous avian vaccine.
Further, these studies suggest that efforts to boost memory CD4+

T cells specific for potentially cross-reactive HA epitopes may im-
prove the immunogenicity of avian influenza vaccines.

MATERIALS AND METHODS

Study Design
This study assessed the immune response to unadjuvanted, in-
activated, subvirion influenza A/Indonesia/5/05 vaccine (clade
2.1.3) in 64 previously primed subjects and 30 unprimed
healthy adults with no history of H5 vaccination who were
not at risk for H5 exposure (Figure 1). The previously primed
group received egg-derived, inactivated, subvirion influenza rg
A/Vietnam/1203/2004 vaccine (clade 1) with HA doses of 3.75–
90 µg in 2005–2006; while the majority of these subjects
received unadjuvanted vaccine, 11 subjects had alum in their
initial vaccination regimen. Sixteen subjects received 2 doses
of baculovirus-expressed recombinant influenza A/Hong
Kong/156/1997 (clade 0) H5 protein in 1997–1998 [9], followed
by a single dose of unadjuvanted inactivated subvirion influenza
A/Vietnam/1203/04 in 2006 [17].

Previously primed subjects received a single dose of influenza
A/Indonesia/5/05 vaccine; unprimed subjects received a prime-
boost regimen consisting of 2 identical vaccinations separated
by 28 days. Vaccine was produced by Sanofi Pasteur (Swiftwater,
PA) in eggs, using the seed influenza strain A/Indonesia/05/
2005 PR8-IBCDC-RG2, and was inactivated, partially purified,
and provided in unit-dose vials containing 0.5 mL of either
30 μg/mL or 180 μg/mL influenza A/(H5N1) HA protein,
as determined by single radial immunodiffusion. Vaccine was
administered intramuscularly in the deltoid muscle. Subjects
were randomly assigned to 15-µg and 90-µg dose arms. Blood
specimens were collected for serum and peripheral blood
mononuclear cell (PBMC) analyses before vaccination and on

Figure 1. Schematic of study design. Previously primed (A) or unprimed (B) subjects were subdivided into groups that received either 15 µg or 90 µg of
vaccine. All of the previously primed subjects received the inactivated subvirion influenza A/Vietnam/1203/04 vaccine in 2005–2006. Of these subjects, 16
had received baculovirus-expressed recombinant influenza A/Hong Kong/156/97 vaccine in 1997–1998.
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days 7, 14, 28, and 56 after vaccination. Unprimed subjects also
had blood specimens obtained 7 and 14 days following the sec-
ond immunization.

Microneutralization (MN) and Hemagglutination Inhibition
(HAI) Assays
Serum neutralizing and Hemagglutination Inhibition (HAI)
antibody responses to the homologous A/Indonesia/05/2005
PR8-IBCDC-RG2 virus were measured at Southern Research
Institute as previously described [9]. The neutralizing antibody
response was measured by microtiter neutralization in Madin–
Darby canine kidney cells, and HAI assays were performed with
horse erythrocytes as indicator cells. All serum samples were test-
ed at a starting dilution of 1:10, with negative results assigned a
titer of 5 for calculation purposes. The replicate geometric mean
was calculated to determine the antibody titer for each sample.

Peptides
The influenza A/Thailand/4(SP-528)/04(H5N1) HA (NR-2607)
and influenza A/New York/348/2003(H1N1) nucleoprotein
(NP; NR-2611) and M1 protein (M1; NR-2613) peptide sets
were obtained through the National Institutes of Health
(NIH) Biodefense and Emerging Infections Research Resources
Repository (National Institutes of Allergy and Infectious Diseases,
NIH; Bethesda, Maryland). Sequences of the influenza A/
Thailand/4(SP-528)/04 and influenza A/Indonesia/5/05 H5 HA
proteins were aligned, and 5 additional influenza A/Indonesia/
5/05 peptides were synthesized in our facility using an Apex
396 system (AAPPTec; Louisville, Kentucky) as described previ-
ously [35] and were included in the appropriate HA pool to
cover regions of sequence divergence between the 2 HA proteins.

In general, H5 HA peptides containing <6 contiguous con-
served amino acids, compared with recently circulating H1N1
strains, were put into a pool termed “HA unique” (59 peptides;
Supplementary Table 1). Peptides containing ≥8 continuous
conserved amino acids were placed in a pool referred to as “HA
conserved” (40 peptides; Supplementary Table 2). The alignments
of the remaining HA peptides were individually analyzed and
grouped with the appropriate pool, based on the location and de-
gree of conservation of the substitutions present. The total H5
HA-specific response was calculated by summing the response to
the H5 HA–unique and HA-conserved pools. As the influenza
A/Indonesia/5/05 vaccine was on an influenza A/Puerto Rico/
8/34 backbone that was conserved, compared with influenza A/
New York/348/2003, all NP andM1 peptides were combined into
pools termed “NP” (82 peptides) and “M1” (41 peptides),
respectively.

Quantification of CD4+ T-Cell Responses
Cryopreserved PBMCs were thawed and rested overnight at 37°
C and 5% CO2 in Roswell Park Memorial Institute 1640 medi-
um containing 10% fetal bovine serum and gentamicin (Life
Technologies, Carlsbad, California), with a typical yield of

>70% viable cells after thawing. After resting, PBMCs were de-
pleted of CD8+ and CD56+ cells by magnetic-activated cell sort-
ing with positive selection using LD separation columns, as per
the manufacturer’s instructions (Miltenyi Biotec, Auburn, Cali-
fornia). Enzyme-linked immunosorbent spot (ELISPOT) assays
were performed as previously described [28, 36], with 250 000–
350 000 CD8-depleted and CD56-depleted PBMCs cocultured
with either peptide pool or tetanus toxoid (Calbiochem, Billerica,
Massachusetts). Plates were analyzed using an Immunospot
reader series 2A using Immunospot software, version 3.2 (Cellu-
lar Technology, Shaker Heights, Ohio). Results were normalized
to peptide-specific spots per 106 cells after averaging duplicate
wells and subtracting background. The change in response was
calculated by subtracting the CD4+ T-cell response at day 14
from baseline, with negative changes normalized to 0.

Statistical Analysis
CD4+ T-cell responses against vaccine were compared between
prevaccination and postvaccination time points, using the Wil-
coxon signed rank test. The Mann–Whitney U test was used to
compare unpaired groups. Correlations between groups were
examined using Spearman rank correlation. Statistical analyses
were performed using SAS, version 9.3, or GraphPad Prism
5. All P values of < .05 were considered statistically significant.

Ethical Statement
The University of Rochester Research Subjects Review Board
approved this study protocol, and human experimentation
guidelines of the Department of Health and Human Services
and the University of Rochester were followed. Study proce-
dures were in accordance with the ethical standards of the Dec-
laration of Helsinki. All subjects provided written informed
consent before study participation.

RESULTS

Study Subjects
Ninety-five healthy adult subjects were enrolled into the study
and received the influenza A/Indonesia/5/05 vaccine between
October 2010 and July 2011; 64 subjects were in the primed
group, and 31 were in the unprimed group. One subject in
the unprimed group was excluded because of a serious adverse
event not related to the study vaccine, leaving 30 subjects for
analysis in this group (Figure 1). The median age in both groups
was 48 years, with no significant differences in age between the
groups. Eleven subjects (35%) in the unprimed group and 25
subjects (39%) in the primed group were male.

Humoral Immune Responses
HAI and Microneutralization (MN) titers were determined at
all visits, with a strong correlation observed between results of
these 2 assays (r = 0.91, P < .0001 at day 28). However, as the
MN titer is a more sensitive assay [37], these data are reported
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here. Antibody titers against the influenza A/Indonesia/5/05
virus were low at study initiation, with a geometric mean titer
(GMT) of 6 in the unprimed group and 8.2 in the previously
primed group (P = .01). Unprimed individuals had overall
weak responses to a single dose of vaccine, achieving a GMT
of only 13.8 (range, 5–1280) at 28 days following the initial vac-
cine dose (Figure 2A). Consistent with previous publications
[17–20], revaccination of primed subjects with an antigenically
distinct H5 vaccine resulted in a markedly more robust neutral-
izing antibody response (Figure 2B), with a GMT of 181.2
(range, 10–1280) at day 28 after vaccination. Also noted was
that the kinetics of the antibody response in previously primed
subjects were accelerated relative to those for the unprimed
group, with 73% of subjects achieving a neutralizing antibody
titer of ≥40 and 75% of subjects exhibiting at least a 4-fold
rise in antibody titers by 7 days after vaccination.

Next, the effect of vaccine dose on the neutralizing antibody
response was examined. As demonstrated in Figure 2C, a higher
vaccine dose was needed to elicit a potentially protective

neutralizing antibody response in unprimed subjects, with a
greater titer achieved in the cohort given 90 µg of vaccine. Vac-
cine dose did not have as marked an impact in the primed group,
with no significant differences between the antibody response at
day 28 in the 15-µg and 90-µg dose cohorts (Figure 2D). Overall,
these data demonstrate that a history of previous influenza A
(H5N1) vaccination primes subjects for a more robust and
more accelerated neutralizing antibody response on revaccina-
tion, even when a lower dose of antigenically drifted vaccine is
administered.

CD4+ T-Cell Response Following H5 Vaccination
Although the effect of prepriming on the B-cell response has
been previously evaluated [22, 23], the impact on the CD4+

T-cell repertoire has not yet been characterized. Consequently,
we sought to gain insight into the status of the CD4+ T-cell rep-
ertoire in subjects before and after vaccination. IFN-γ ELISPOT
assays were used to quantify CD4+ T-cell responses following
restimulation with large, overlapping peptide pools to allow

Figure 2. Previous influenza A(H5N1) vaccination primes subjects for a robust and accelerated neutralizing antibody response upon subsequent revac-
cination. Microneutralization assays were performed using the influenza A/Indonesia/5/2005 vaccine strain. A and B, The microneutralization titer at various
time points after vaccination in previously unprimed subjects (A) and subjects with a history of prior vaccination (B). C and D, Microneutralization titers, by
vaccine dose administered in unprimed (C) and previously primed (D) subjects. Bars represent the geometric mean of the antibody titer, with error bars
showing the 95% confidence interval. P values were calculated using the Mann–Whitney U test.
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determination of anti–influenza virus CD4+ T-cell specificity at
various time points after vaccination. Figure 3 shows the results
of this analysis, in which the number of influenza virus–reactive
cells per million CD8- and CD56-depleted PBMCs is displayed.
When responses were directly compared between the previously
unprimed cohort and subjects with a history of prior vaccina-
tion, striking and selective changes in the CD4+ T-cell reper-
toire were seen. First, previously primed individuals had
a higher baseline number of HA-specific CD4+ T cells
(Figure 3A), indicating that the original encounter with avian
vaccine led to population of the long-term memory compart-
ment with CD4+ T cells specific for H5 HA epitopes. The
difference between groups became greater and reached
statistical significance at day 14 after vaccination (Figure 3A).
Previous priming was also associated with a trend toward
greater expansion of HA-specific CD4+ T cells between days

0 and 14 (Figure 3B), a parameter that was correlated with
improved neutralizing antibody responses in our previous work
[28]. Importantly, subjects with a history of prior vaccination did
not demonstrate enhanced reactivity to the repeatedly encoun-
tered NP (Figure 3C) or M1 (Supplementary Figure 1) proteins
present within the vaccine, and greater expansion of NP-specific
CD4+ T cells was not observed (Figure 3D). This suggests that
priming with avian vaccines leads to selective enhancement of
avian HA-specific cells in the CD4+ T-cell repertoire.

When responses were examined over time, our studies revealed
that previously unprimed subjects had little gain in H5 HA reac-
tivity between baseline and day 14 (P = .07; Figure 3A). In con-
trast, the subjects primed years earlier displayed a significant
increase in H5 HA–specific responses between days 0 and 14
(P = .0005; Figure 3A). Interestingly, only previously primed
individuals were able to mount a response to peptides expected

Figure 3. Previous vaccination poises subjects for an improved CD4+ T-cell response to the hemagglutinin (HA) protein. Peripheral blood mononuclear
cells (PBMCs) were depleted of CD8+ T cells and natural killer cells and then restimulated with HA and nucleoprotein (NP) peptide pools in an interferon γ
enzyme-linked immunosorbent spot assay. H5 HA–specific (A and B) and NP-specific (C and D) CD4+ T-cell responses were compared between unprimed (U)
and previously primed (P) groups. A and C, Responses to H5 HA (A) and NP (C) peptide pools are demonstrated at day 0 (left) and day 14 (right) after
vaccination. B and D, Change in the HA-specific (B) or NP-specific (D) CD4+ T-cell responses between day 14 and baseline, with negative changes nor-
malized to 0. Lines represent the mean CD4+ T-cell responses, with error bars depicting the standard error of the mean. Subjects who received a baculovirus-
derived recombinant HA protein vaccine in 1997–1998 are shown as open circles. Unpaired P values were calculated using the Mann–Whitney U test;
P values for paired data were calculated using the Wilcoxon rank sum test.
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to be unique to H5 HA, while both groups displayed increased
reactivity to peptides likely to be conserved compared with
recently circulating seasonal HA proteins (Supplementary
Figure 2). Both groups exhibited statistically significant increases
in the CD4+ T-cell response to conserved NP peptide-epitopes to
which they had been repeatedly exposed (Figure 3C), demon-
strating that the vaccine elicited comparable expansion of NP-
specific CD4+ T cells (Figure 3D). Of note, when the subjects
that received a baculovirus-expressed recombinant HA vaccine
in 1997–1998 were examined separately, there was even greater
H5 HA–specific CD4+ T-cell reactivity (Figure 3A and 3B), sug-
gesting a possible advantage for repeated, intentional priming
with different clades of H5 vaccine or perhaps a benefit to
using recombinant HA protein for initial priming.

Relationship Between HA-Specific CD4+ T Cells and
Neutralizing Antibody Production
CD4+ T-cell help is critical for the production of high-affinity
class-switched neutralizing antibody, and we and others have
demonstrated that the specificities of responding CD4+ T cells

and B cells may be linked [33, 34, 38]. Thus, we next wanted to
determine whether increases in the CD4+ T-cell response di-
rected against H5 HA peptide epitopes were associated with
an enhanced neutralizing antibody response to vaccination.
As our previous studies have shown that expansion of CD4+

T cells (as measured by the change in response between day
14 and baseline) predicts the development of a neutralizing an-
tibody response following influenza vaccination [28], we exam-
ined that parameter here. In previously vaccinated subjects,
there was a correlation between expansion of HA-specific
CD4+ T cells between days 0 and 14 and the maximum neutral-
izing antibody titer attained (Figure 4A) that was not present
when expansion of NP-specific (Figure 4B) or M1-specific
(r = 0.09, P = .49; data not shown) CD4+ T cells was examined.
To further explore this finding, we subgrouped individuals into
those who had a detectable response to epitopes within the
H5 HA protein and those who did not, using a difference of
≥20 spots between the day 14 and prevaccination time points
as a breakpoint. This cutoff was chosen because it represented a
change of at least 5 spots per well and divided the subjects into

Figure 4. Increases in CD4+ T-cell reactivity to hemagglutinin (HA) correlate with higher microneutralization (MN) titers. A and B, Correlation between the
change in HA-specific (A) or nucleoprotein (NP)-specific (B) CD4+ T cells and the maximum neutralizing antibody titer measured. CD4+ T-cell responses with
a negative change between day 14 and baseline were normalized to 0. r and P values were calculated using the Spearman rank correlation test. C and D,
Subjects were subgrouped based on their CD4+ T-cell response to the HA (C) or NP (D) peptide pools, with a positive response defined as an increase of >20
spots in CD4+ T-cell reactivity. Bars represent the geometric mean MN titer, with error bars showing 95% confidence intervals. P values were calculated
using the Mann–Whitney U test. Abbreviation: PBMC, peripheral blood mononuclear cell.
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approximately equal groups. Interestingly, subjects who had a re-
sponse to epitopes within the H5 HA protein achieved a neutral-
izing antibody GMTof 426, while those whose CD4+ T cells failed
to respond had a geometric mean titer of 180 (P = .008; Fig-
ure 4C). This pattern was not seen when subjects were sub-
grouped on the basis of the magnitude of their response to NP
epitopes (P = .3; Figure 4D). Overall, these results suggest that
HA-specific B cells may preferentially recruit cognate help from
HA-specific CD4+ T cells owing to selective uptake of HA protein
through the B-cell receptor.

Effect of a Booster Vaccine Dose in Previously Unprimed
Subjects
One factor complicating this study was that only unprimed sub-
jects received a booster dose of vaccine. To determine whether a
single booster dose 28 days after primary vaccination allowed
unprimed subjects to achieve responses similar to those in the
primed cohort, we compared antibody and HA-specific CD4+

T-cell responses at 28 and 14 days after booster administration,
respectively, to responses in the primed cohort after a single vac-
cine dose. Both the neutralizing antibody response (Figure 5A)

and the HA-specific CD4+ T-cell response (Figure 5B) were
greater in subjects with previous vaccination, even after the un-
primed cohort was given a second vaccine dose, with the differ-
ence in neutralizing antibody titer achieving statistical
significance. This suggests that the advantages conferred by
prepandemic vaccination are not replicated by a simple
prime-boost vaccination regimen.

DISCUSSION

The experiments presented here demonstrate that subjects
previously vaccinated years earlier with an influenza A(H5N1)
vaccine have a selective increase in their H5 HA-specific CD4+

T-cell reactivity at day 0 and after challenge with a drifted influ-
enza A(H5N1) vaccine variant. This greater H5 HA-specific
CD4+ T-cell response is associated with an improved neutraliz-
ing antibody response, with a positive correlation between the
ability to respond to epitopes within the H5 HA protein on re-
vaccination and gains in the neutralizing antibody titer. Togeth-
er, these findings suggest that, on reimmunization with even a
drifted influenza A(H5N1) vaccine, an enriched population of

Figure 5. The advantage of prior influenza A(H5N1) vaccination persists despite boosting of unprimed subjects. Neutralizing antibody and HA-specific CD4+

T-cell responses were examined after previously unprimed subjects were administered a second dose of influenza A/Indonesia/5/05 vaccine. Neutralizing
antibody titers (A) and hemagglutinin (HA)-specific CD4+ T-cell responses (B) remained higher in the primed subjects even after unprimed subjects received
a booster immunization. Lines show either the geometric mean titer (A) or the mean number of spots per 106 CD8-depleted and CD56-depleted peripheral blood
mononuclear cells (PBMCs) (B), with error bars showing the 95% confidence interval. P values were calculated using the Mann–Whitney U test.
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HA-specific CD4+ T cells is available that, on recruitment, can
contribute to more robust neutralizing antibody production.

This study argues for HA-specific CD4+ T cells having an im-
portant role in facilitating antibody responses on revaccination
with an unadjuvanted avian influenza vaccine. It is possible that
the previous vaccination primed a population of HA-specific
CD4+ T cells that persisted in circulating memory and could
be recruited into the evolving germinal center, facilitating
HA-specific B-cell activation and the formation of memory B
cells and long-lived plasma cells [25, 26, 39, 40]. This possibility
is supported by previous studies that have reported a correlation
between CD4+ T-cell responses and neutralizing antibody titers
following adjuvanted avian influenza vaccination [29, 30], al-
though these studies did not address the specificity of the
CD4+ T-cell repertoire or how it is altered upon heterologous
influenza A(H5N1) revaccination.

In addition to enhancing the HA-specific memory compart-
ment, it is clear that previous influenza A(H5N1) vaccination
could also prime cross-reactive long-lasting memory B cells
that are rapidly recalled on subsequent H5 immunization [22,
23]. The slight increase in prevaccination neutralizing antibody
seen in our study does support concurrent priming of the B-cell
memory compartment. Although we did not evaluate the rep-
ertoire of H5 HA-specific B cells in this study, our results in-
dicate that HA-specific CD4+ T cells may independently
contribute to increases in neutralizing antibody titer following
avian influenza vaccination. Further study is needed to under-
stand the relative importance of B-cell and CD4+ T-cell priming
in the improved vaccine responses that develop on rechallenge
with a drifted influenza A(H5N1) vaccine variant.

While previous work has reported that healthy adults have
CD4+ T cells that cross-react with avian HA proteins, including
H5 [41–45], the number of HA-specific CD4+ T cells available
to be recruited into the immune response on exposure to an
avian HA protein is less than that on exposure to a seasonal
virus [36] or to a pandemic virus more closely related to season-
al viruses, such as the 2009 pandemic influenza A(H1N1) strain
[28]. This could help to explain the overall poor immunogenic-
ity of avian influenza vaccines [8, 9, 13, 46, 47] and provides ev-
idence to support improved vaccination strategies that optimize
the avian HA-specific CD4+ T-cell response. The finding that
HA-specific and not NP-specific CD4+ T-cell expansion corre-
lates with the magnitude of the neutralizing antibody response
could be consistent with a lack of physical association between
the vaccine proteins and thus the lack of display of peptides de-
rived from the internal virion proteins on the surface of HA-
specific B cells. CD4+ T cells of broader specificity, including
specificity to NP, polymerase, and M1, that are typically highly
represented in the human CD4+ memory compartment may be
able to contribute to other effector functions, such as recruit-
ment of innate effectors to the lung or direct cytotoxicity. In-
deed, Wilkinson et al have shown that preexisting NP-specific

and M1-specific cells correlate with protection from infec-
tion in human subjects [48]. Future experiments by our group
and others will lead to more complete characterization of the
functional potential of responding CD4+ T cells, potentially en-
abling future vaccines to optimize priming of the cellular sub-
sets best able to promote neutralizing antibody and protect
against heterosubtypic infection.

Overall, this study provides strong support in favor of pre-
pandemic vaccination for avian viruses. Although the strain
of virus that will cause the next pandemic is uncertain, ongoing
human infections with influenza A(H5N1) strains, sporadic
cases of human-to-human transmission [2–4], and the need
for only a small number of mutations to achieve sustained
respiratory droplet transmission in a mammalian host [5–7]
demonstrate the pandemic potential of influenza A(H5N1) in-
fection. While rapid vaccination is the most potent way to con-
tain an incipient pandemic [49, 50], stockpiled vaccines are
unlikely to be an exact match for an emerging pandemic
virus. By priming cross-reactive HA-specific CD4+ T-cell–
mediated immunity, prepandemic immunization with an avian
vaccine will allow for neutralizing antibodies to be generated
more rapidly upon immunization with a single lower dose of
matched vaccine and may also potentiate the antibody response
in the setting of an active infection. Such a strategy may possibly
mitigate both the extent of viral spread and morbidity and mor-
tality during a pandemic due to a highly pathogenic virus such
as influenza A(H5N1).
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