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Background. The human B-cell response to natural influenza virus infection has not been extensively investi-
gated at the polyclonal level.

Methods. The overall B-cell response of patients acutely infected with the 2009 pandemic influenza A(H1N1)pdm09
virus (A[H1N1]pdm09) was analyzed by determining the reactivity of plasmablast-derived polyclonal antibodies
(PPAbs) to influenza proteins. Recipients of inactivated influenza vaccine containing the same A(H1N1)pdm09 strain
were studied for comparison.

Results. During acute infection, robust plasmablast responses to the infecting virus were detected, characterized by
a greater PPAb reactivity to the conserved influenza virus nuclear protein and to heterovariant and heterosubtypic hem-
agglutinins, in comparison to responses to the inactivated A(H1N1)pdm09 vaccine. In A(H1N1)pdm09 vaccinees, the
presence of baseline serum neutralizing antibodies against A(H1N1)pdm09, suggesting previous exposure to natural A
(H1N1)pdm09 infection, did not affect the plasmablast response to vaccination, whereas repeated immunization with
inactivated A(H1N1)pdm09 vaccine resulted in significantly reduced vaccine-specific and cross-reactive PPAb respons-
es.

Conclusions. Natural A(H1N1)pdm09 infection and inactivated A(H1N1)pdm09 vaccination result in very dis-
tinct patterns of B-cell activation and priming. These differences are likely to be associated with differences in protective
immunity, especially cross-protection against heterovariant and heterosubtypic influenza virus strains.
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The 2009 pandemic due to influenza A(H1N1) virus
(A[H1N1]pdm09) and recent human cases of infection
due to highly pathogenic avian influenza A(H5N1) and
A(H7N9) viruses emphasize the urgent need to ade-
quately prepare for influenza pandemics. Vaccination
is considered the most effective means to protect against
influenza. Two types of seasonal influenza vaccines are

currently available in the United States: inactivated in-
fluenza vaccine (IIV) and live, attenuated influenza vac-
cine (LAIV). In children 6 months to 18 years of age,
LAIV has been consistently more efficacious than IIV
against both antigenically matched and drifted strains
[1–3]. LAIV was recently recommended as the preferred
vaccine for healthy children 2–8 years of age by the
Centers for Disease Control and Prevention’s Advisory
Committee on Immunization Practices [4]. In adults
<50 years of age, LAIV is either equally effective or, in
some reports, somewhat less effective than IIV [1, 5, 6].

Both wild-type infection and IIV immunization, but
not LAIV immunization, efficiently induce serum anti-
body responses against influenza virus antigens. Influen-
za hemagglutinin (HA)–specific serum antibody levels
after wild-type influenza virus infection or IIV immuni-
zation are good predictors of substantial protection
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against infection with antigenically matched strains, but not an-
tigenically drifted variant strains [7–12]. With the exception of
studies involving the generation of recombinant monoclonal
antibodies with broad neutralizing activity from patients with
acute influenza [13,14], the B-cell responses to natural influenza
virus infection have not been well characterized.

Since the 2009 influenza pandemic, A(H1N1)pdm09 has been
the annual H1N1 component of seasonal influenza vaccines, and
most vaccine recipients have received IIV. The influenza vaccine
coverage rate in the United States was 60%, and vaccine effective-
nesswas estimatedas 62% for the 2013–2014 influenza season [15].
Despite the consistent inclusion of A(H1N1)pdm09 in the vaccine
formulations since 2010, A(H1N1)pdm09 became the dominant
strain isolated from patients with influenza in the 2013–2014 in-
fluenza season for the first time since 2010. Moreover, changes in
the antigenicity of the circulating A(H1N1)pdm09 were not de-
tected in 2013–2014 [15], suggesting a lack of immunological
selective pressure on the circulating virus. In the current study,
we collected blood samples from patients with polymerase
chain reaction (PCR)–confirmed acute A(H1N1)pdm09 infec-
tion during the 2013–2014 influenza season and generated plas-
mablast-derived polyclonal antibodies (PPAbs) [16]. PPAbs are
representative of the overall antibody repertoire of infection- or
vaccination-activated B cells; analysis of these antibodies avoids
interference by preexisting cross-reactive serum antibodies, a pit-
fall difficult to avoid when using serum-based assays. Reactivities
of PPAbs from these infected patients and from recipients of IIV
to proteins from the infecting virus and from heterovariant and
heterosubtypic influenza virus strains were examined. In addi-
tion, priming of the immune system by natural infection versus
IIV immunization was evaluated by examining the PPAb re-
sponse to a subsequent immunization with IIV. To our knowl-
edge, this is the first comparison of the characteristics of B-cell
responses in natural influenza virus infection versus responses
to IIV immunization at the polyclonal level.

MATERIALS AND METHODS

Participants, Vaccines, and Blood Sample Collection
Patients with acute influenza-like illness (ILI) were enrolled at
Stanford Hospital and Clinics during the 2013–2014 influenza
season. A nasopharyngeal swab was tested by the Stanford Hos-
pital Virology Laboratory with the eSensor Respiratory Viral
Panel (GenMark) to identify infecting virus. A blood sample
was collected at the time of enrollment.

For comparison, healthy volunteers aged 18–30 years who
participated in 2 influenza vaccine studies at Stanford Universi-
ty during the 2010–2011 (n = 14) or 2011–2012 (n = 39) influ-
enza seasons were included in this study. The 2010 volunteers
received 1 dose of the 2010 IIV (Fluzone, Sanofi Pasteur) by in-
tramuscular injection. None of these subjects received monova-
lent A(H1N1)pdm09 vaccine in 2009. The 2011 volunteers were

randomized to receive intramuscular IIV or intradermal IIV
(Fluzone Intradermal, Sanofi Pasteur). None of these subjects
received seasonal influenza vaccine in 2010. A subset of the
2010 and 2011 participants who were available to participate
in the study again (n = 23) in 2012 were re-enrolled and received
1 dose of seasonal IIV by the same route as their prior immu-
nization in 2010 or 2011. The 2010 and 2011 IIV formulations
contained the same 3 influenza virus strains: A/California/7/
2009(H1N1)-like virus (A[H1N1]pdm09), A/Perth/16/2009
(H3N2)-like virus, and B/Brisbane/60/2008-like virus. The
2012 IIV contained A/California/7/2009(H1N1)-like virus, A/
Victoria/361/2011(H3N2)-like virus, and B/Wisconsin/1/
2010-like virus. Serum was collected on days 0 and 28 ± 4
after each vaccination to measure levels of neutralizing anti-
bodies against A(H1N1)pdm09 by influenza virus neutralization
assay as previously described [17]. A blood sample was collected
at day 6–8 after vaccination for PPAb studies.

All studies were approved by the Stanford Institutional Re-
view Board, and written informed consent was obtained from
all participants.

Analysis of Influenza Virus–Specific PPAbs
B cells were isolated from blood samples by using the RosetteSep
Human B-cell Enrichment Cocktail (Stemcell Technologies) and
cultured to collect PPAbs [16]. Enzyme-linked immunosorbent
assays (ELISAs) were performed as described previously [17]. In
brief, 96-well plates (Greiner) were coated with purified, cold-
adapted influenza A(H1N1)pdm09 (kindly provided by Dr
H. Jin of MedImmune Vaccines) at 106 fluorescent focus forming
units per well or with recombinant HA from 293 cells (Immune
Technology), matrix protein 1 (M1) from Escherichia coli (Im-
mune Technology), or nucleoprotein (NP) from insect cells (Im-
genex) at 5 µg/mL. Plates were blocked and then incubated with
10-fold serially diluted PPAbs starting at 100-fold dilution. Wells
incubated with complete medium without human immunoglob-
ulin were used to determine background. Plates were washed and
incubated with peroxidase-conjugated goat anti–immunoglobulin
G (IgG) γ antibody or goat anti–immunoglobulin A (IgA) α an-
tibody (KPL) and developed with TMB substrate (KPL). The
OD450nm was measured. Background was subtracted, and the
area under curve (AUC) of each serially diluted sample was cal-
culated as described elsewhere [17].

Statistical Analysis
Hypothesis testing used 2-sample and paired-sample t tests, as in-
dicated. For comparison of immune priming by influenza virus
infection versus IIV immunization, because the 2 data sets to
be compared had some participants in common, comparisons
of means used perturbation resampling [18] with bias correction
[19] to estimate P values. Sequential Bonferroni adjustment [20]
was used to adjust for multiple comparisons across all hypoth-
esis tests in each figure. Analyses were performed in SAS v. 9.4
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(SAS Institute). Code is available upon request. Hypothesis tests
were declared statistically significant for P < .05.

RESULTS

Natural A(H1N1)pdm09 Infection Induces B-Cell Responses to
Influenza Virus Proteins
During the 2013–2014 influenza season, we enrolled 12 patients
with acute ILI (Table 1), including 9 patients infected with

A(H1N1)pdm09, 1 infected with influenza B virus, 1 infected
with metapneumovirus, and 1 infected with coronavirus.
Blood samples were collected on the enrollment day, from 2
to 8 days after the onset of illness. PPAbs were derived from
samples [16] and tested by ELISA for binding reactivity to
A(H1N1)pdm09 (Figure 1A and 1B). For control, we used a
pool of PPAbs derived from blood samples collected on days
6–8 after vaccination from a group of recipients of the 2011
IIV, which contained A(H1N1)pdm09. A(H1N1)pdm09-
specific binding was detected in the PPAb pool from the IIV re-
cipients and from individual PPAb samples from 6 of the 7
A(H1N1)pdm09-infected patients who presented at day 4 or
later after symptom onset (Figure 1B). Binding was not detected
in the PPAb samples collected from A(H1N1)pdm09-infected
patients on days 2 or 3 or from patients infected with influenza
B virus, metapneumovirus, or coronavirus. In A(H1N1)pdm09-
reactive PPAb samples from A(H1N1)pdm09-infected pat-
ients, the binding activity of IgG was significantly higher than
that of IgA (P = .01, by the paired t test). These results suggest
that, in patients infected with A(H1N1)pdm09, substantial
virus-specific plasmablast responses are detectable in the
blood 4 days after symptom onset and that the IgG response
is dominant.

Next, we examined the IgG binding of PPAb to 3 individual
influenza virus proteins: HA of A(H1N1)pdm09 and NP and
M1 of influenza A(H1N1). Substantial binding to HA was de-
tected in 5 of 6 PPAb samples from A(H1N1)pdm09-infected
patients (Figure 2A). NP-specific binding was detected in all 6
patient samples, whereas M1-specific binding was detected in
only 3. In contrast, the IIV PPAb pool only bound to the HA
antigen but not to NP or M1. The PPAb from the influenza B
virus–infected patient did not bind any of the influenza A virus
proteins (Figure 2A).

Table 1. Clinical Information of Patients With Acute Influenza-
Like Illnessa

Patient Sex Age, y
Time Sample
Collection, db Infecting Virusc

1 Male 78 8 A(H1N1)pdm09
2 Female 52 7 A(H1N1)pdm09

3 Male 24 3 A(H1N1)pdm09

4 Male 56 6 A(H1N1)pdm09
5 Female 31 7 Metapneumovirus

6 Female 44 6 Coronavirus OC43

7 Female 59 4 A(H1N1)pdm09
8 Male 22 4 A(H1N1)pdm09

9 Female 32 8 A(H1N1)pdm09

10 Male 53 7 A(H1N1)pdm09
11 Female 43 6 Influenza B virus

12 Female 33 2 A(H1N1)pdm09

Abbreviation: A(H1N1)pdm09, 2009 pandemic influenza A(H1N1).
a Diagnosis of influenza-like illness was based on fever (temperature of ≥100°F)
and a cough and/or sore throat in the absence of known cause other than
influenza.
b Data are days after symptom onset.
c Determined by diagnostic polymerase chain reaction assays, using the
eSensor Respiratory Viral Panel.

Figure 1. 2009 pandemic influenza A(H1N1) virus (A[H1N1]pdm09) binding activity of plasmablast-derived polyclonal antibodies (PPAbs). PPAbs from
patients with acute influenza-like illness (ILI) were prepared from blood samples collected 2–8 days after disease onset. A pool of PPAbs from a subset
(n = 23) of 2010/2011 inactivated influenza vaccine (IIV) recipients (IIV pool) was also tested. This PPAb pool was assembled by combining equal amounts of
immunoglobulin G (IgG) from each PPAb sample prepared with blood samples collected 6–8 days after IIV receipt. A, IgG enzyme-linked immunosorbent
assay (ELISA) titration curves of 4 serially diluted PPAb samples: representative ILI patients 4 (A[H1N1]pdm09), 11 (influenza B virus [fluB]), and 6 (coro-
navirus [CoV]) and the PPAb pool from IIV recipients (IIV pool). B, IgG and immunoglobulin A (IgA) binding activity, shown as area under curve (AUC) of ELISA
titration curves of individual ILI PPAb samples and the IIV PPAb pool. Patient number, days between disease onset and blood collection, and infecting agent
are shown below the relevant bars in the graph.
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We then compared PPAb reactivity to the 3 influenza virus
proteins between the A(H1N1)pdm09-infected patients and a
group of 15 IIV recipients. Since the precise kinetics of the pe-
ripheral plasmablast response in influenza virus infection are
not known, the observed reactivity of PPAb samples collected
on different days after disease onset might not represent the
peak plasmablast response. Therefore, instead of comparing
the reactivity to each influenza virus protein directly, we nor-
malized the NP and M1 binding activity to HA reactivity,
since HA is the primary antigenic target of IIV. These normal-
ized reactivities provide information about the relative pattern
of PPAb responses to different influenza virus proteins. As
shown in Figure 2B, the normalized NP reactivity was signifi-
cantly higher in the A(H1N1)pdm09-infected patients than in
the IIV recipients. The mean of normalized binding activity for
M1 was also higher in the infected patients than in the IIV re-
cipients, but the difference was not statistically significant, per-
haps because of the small sample size and large variability
among the infected patients. Taken together, these results indi-
cate that, in addition to a B-cell response to the variable HA,
patients infected with A(H1N1)pdm09 developed B-cell re-
sponses to the conserved NP that were significantly higher
than those mounted by IIV recipients despite the fact that IIV
preparations contain large amounts of NP [21, 22].

Natural Influenza Virus Infection Induces Cross-reactive B-Cell
Responses to Heterovariant and Heterosubtypic HA
We tested the PPAb samples from A(H1N1)pdm09-infected
patients and IIV recipients for their ability to bind full-length
HA proteins of 3 influenza A virus strains: the homotypic in-
fecting A(H1N1)pdm09 strain (pH1), the heterovariant A/

Brisbane/59/2007(H1N1) strain (sH1), and the heterosubtypic
avian A/Vietnam/1203/2004(H5N1) strain (H5) and to the
HA2 peptide of H5. Each A(H1N1)pdm09-infected PPAb sam-
ple with detectable pH1 binding also bound to sH1 and H5
(Figure 3A). In addition, these PPAbs bound to the HA2 por-
tion of H5, which contains the conserved major antigenic site of
the stalk domain. In agreement with our previous reports [17,
23], the IIV PPAb pool also bound the heterovariant sH1. These
results indicate that a cross-reactive PPAb response to hetero-
variant and heterosubtypic HAs was induced in patients with
acute A(H1N1)pdm09 infection and that cross-reactivity was
in part mediated by the binding to the conserved HA stalk
domain.

Next we normalized the sH1 and H5 reactivity to the homo-
typic pH1 reactivity and compared these normalized cross-
reactivities of PPAbs from infected and IIV immunized groups.
As shown in Figure 3B, the normalized sH1 and H5 reactivities
were both significantly higher in the infected patients than in
the IIV recipients, indicating that plasmablast responses to in-
fluenza virus infection had greater relative cross-reactivity
against heterovariant and heterosubtypic HAs than those
induced by IIV.

Immune Priming by Natural Influenza Virus Infection and IIV
Immunization Differs
For this analysis, we identified a subset of 43 individuals aged
18–30 years who did not receive a monovalent A(H1N1)pdm09
vaccine in 2009 (by self-report) in our cohort of healthy IIV re-
cipients. Before the A(H1N1)pdm09 pandemic, individuals
younger than 30 years had little A(H1N1)pdm09-reactive
serum antibodies [24]. At the time of enrollment, 26 of 43

Figure 2. Immunoglobulin G (IgG) plasmablast-derived polyclonal antibody (PPAb) binding to individual influenza virus proteins. A, Six 2009 pandemic
influenza A(H1N1) virus (A[H1N1]pdm09)–infected patient PPAb samples with detectable binding to A(H1N1)pdm09 virus, PPAb sample from a patient
infected with influenza B virus (fluB), and PPAb pool from inactivated influenza vaccine (IIV) recipients (IIV pool) were tested for IgG binding activity to
the hemagglutinin (HA) protein of A(H1N1)pdm09 (pH1) and to the nucleoprotein (NP) and matrix 1 protein (M1) of influenza A(H1N1). B, IgG binding activity
for NP and M1 were normalized to that for HA by calculating the area under the curve (AUC) ratios (ie, AUCNP/AUCHA and AUCM1/AUCHA) for each PPAb
sample. Normalized data from infected patients and the IIV recipients are compared. The A(H1N1)pdm09-infected patient PPAbs with detectable binding to
HA (n = 5) and PPAbs from a group of 15 randomly selected 2010/2011 IIV recipients were used for this analysis. The selection of this group was not based
on any biological parameters. Horizontal bars indicate the geometric mean of the AUC ratio. The P values were determined by unpaired t tests and adjusted
by sequential Bonferroni adjustment for multiple comparisons. The asterisk indicates a statistically significant difference after the adjustment.
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individuals had detectable serum neutralizing antibodies
against A(H1N1)pdm09 with a geometric mean titer of 84
(range 16–1995), suggesting that they had been previously in-
fected with wild-type A(H1N1)pdm09. Seventeen subjects
were seronegative (titer lower than 10) for A(H1N1)pdm09.
All 43 individuals were immunized for the first time with
A(H1N1)pdm09-containing trivalent IIV in 2010/2011 or
2011/2012 by either intramuscular or intradermal injection.
Of note, no detectable differences in the frequency of vaccine-
specific antibody secreting cells or in vaccine-specific PPAb
reactivity were observed in samples from patients vaccinated in-
tramuscularly versus those vaccinated intradermally (data not
shown). The IIV from both years had identical strain composi-
tion and contained A(H1N1)pdm09 as their H1N1 component.

We compared the B-cell responses after IIV immunization in
baseline A(H1N1)pdm09-seronegative and A(H1N1)pdm09-
seropositive individuals by measuring the PPAb reactivity to
the homotypic pH1, heterovariant sH1, and heterosubtypic
H5 proteins. Significant differences were not detected in the
binding to pH1, sH1, or H5 between the seronegative and sero-
positive individuals (Figure 4A), suggesting that previous natu-
ral infection with A(H1N1)pdm09 did not result in detectable
differences in the plasmablast response to homotypic or heter-
ovariant HAs after IIV immunization. Of note, the mean PPAb
binding to the homotypic pH1 was higher in the seropositive
individuals than the seronegative individuals, although the dif-
ference was no longer significant after adjustment for multiple
comparisons.

In the subsequent 2012–2013 influenza season, 18 of 43 2010
or 2011 IIV recipients received the 2012 IIV, which contained
the same A(H1N1)pdm09 component. Comparison of respons-
es to the first versus the second IIV immunization as assessed by

PPAb reactivity to the 3 HA proteins reflects the priming effect
of inactivated A(H1N1)pdm09 vaccine (the first immunization)
on the B-cell response to subsequent vaccination with the same
vaccine (the second immunization). PPAb reactivities to pH1,
sH1, and H5 were all significantly lower after the second IIV im-
munization than after the first immunization (Figure 4B). In
agreement with these results, the levels of A(H1N1)pdm09-
specific serum neutralizing antibodies increased significantly
after the first and second IIV immunization, but the fold-
increase of titers after the second immunization was significantly
lower than that after the first (Supplementary 1). Therefore,
priming with inactivated A(H1N1)pdm09 vaccine reduced the
plasmablast response to a subsequent immunization with the
same vaccine.

Finally, we compared the fold difference in PPAb reactivity
between the seronegative and seropositive subjects (Figure 4A)
and the fold difference between the first and second IIV immu-
nizations (Figure 4B). These differences represent the priming
effects of A(H1N1)pdm09 infection versus inactivated
A(H1N1)pdm09 immunization, respectively. As shown in Fig-
ure 4C, the priming effects were significantly different for PPAb
reactivity to pH1 and sH1 but not to H5. Taken together, these
results show that priming with inactivated A(H1N1)pdm09, but
not with A(H1N1)pdm09 infection, results in significantly re-
duced plasmablast responses to a subsequent immunization
with the same inactivated A(H1N1)pdm09 vaccine.

DISCUSSION

We observed a vigorous B-cell response in patients acutely in-
fected with A(H1N1)pdm09, as demonstrated by broad PPAb
reactivity against select A(H1N1)pdm09 structural proteins

Figure 3. Cross-reactive plasmablast-derived polyclonal antibody (PPAb) binding activity to influenza virus hemagglutinin (HA). A, The 2009 pandemic
influenza A(H1N1) virus (A[H1N1]pdm09)–infected patient PPAb samples with detectable binding to the homologous HA of A(H1N1)pdm09 (pH1; n = 5) and
the inactivated influenza vaccine (IIV) PPAb pool were tested for immunoglobulin G (IgG) binding to the HA of the heterovariant H1N1 strain A/Brisbane/59/
2007 (sH1), the heterosubtypic avian H5N1 strain A/Vietnam/1203/2004 (H5), and the HA2 domain of H5 (H5-HA2). B, IgG binding activity for sH1 and H5
were normalized to that for pH1. The A(H1N1)pdm09-infected patient PPAbs with detectable binding to pH1 (n = 5) and PPAbs from the 15 randomly selected
individual IIV recipients were included for this analysis. Horizontal bars indicate geometric mean of the area under the curve (AUC) ratio. The P values were
determined by unpaired t tests and adjusted by sequential Bonferroni adjustment for multiple comparisons. The asterisks indicate a statistically significant
difference after the adjustment.
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and against HAs derived from a heterovariant H1N1 strain and
a heterosubtypic avian H5N1 strain. Compared with the B-cell
response in IIV recipients, influenza virus infection elicited
greater B-cell responses to the conserved NP, as well as to the
heterovariant and heterosubtypic HAs. We also identified dis-
tinct priming effects after infection versus IIV immunization:
wild-type A(H1N1)pdm09 infection did not affect the antigen
recall response to a subsequent immunization with an IIV con-
taining the same strain-specific HA, whereas IIV immunization
resulted in significantly reduced homotypic and cross-reactive
PPAb responses after a subsequent immunization with the
same IIV strain.

On day 7 after vaccination with either IIV [25–27] or LAIV
[28, 29] (and unpublished data), specific plasmablasts reach
their peak concentration in the circulation. In a recent human
challenge study with wild-type influenza virus, virus-specific
plasmablasts were detected at day 7 after infection [30]. This
study did not, however, examine the kinetics of the infection-
induced plasmablast response or the antibody specificities of
these plasmablasts. The kinetics of the B-cell response in natu-
rally infected patients is likely to be more variable than the
kinetics in volunteers who receive standardized vaccines or
who are experimentally challenged with wild-type influenza
virus preparations at a prespecified time and dose. This suppo-
sition is supported by the report that plasmablast-derived influ-
enza virus–specific monoclonal antibodies were isolated from
influenza virus–infected patients 9–31 days after the onset of
symptoms [13]. In our current study, we detected substantial
PPAb responses in infected patients for several days after the
onset of symptoms, although multiple sampling was not per-
formed to identify the peak day. Other limitations of the current
study are the lack of randomization in the comparisons of in-
fected versus vaccinated individuals and the seronegative versus
seropositive individuals, and the small number and wide age
range and underlying diseases of the infected patients exam-
ined. The only elderly patient ( patient 1) had substantial
PPAb reactivity to NP but not HA; this differed from the re-
sponse of all the younger patients. We previously reported a
weaker plasmablast response in elderly subjects than in younger
individuals after immunization with IIV, and HA is the primary
antigenic component in this vaccine [31]. It is not clear whether
the lack of a detectable HA-specific PPAb reactivity in this el-
derly patient was due to off-peak sample collection or to a gen-
erally reduced HA-specific response. Thus, we suggest that the
kinetics of the plasmablast response, including its quantitative

Figure 4. Priming effect of natural 2009 pandemic influenza A(H1N1)
virus (A[H1N1]pdm09) infection versus inactivated influenza vaccine (IIV)
immunization. Forty-three healthy individuals who did not receive a mono-
valent A(H1N1)pdm09 vaccine in 2009 and were immunized with an A
(H1N1)pdm09-containing IIV for the first time were included for this anal-
ysis. A, Plasmablast-derived polyclonal antibodies (PPAbs) were collected
after the first immunization with the A(H1N1)pdm09-containing IIV in 2010
or 2011. The PPAb reactivities were analyzed by enzyme-linked immunosor-
bent assay (ELISA) for binding to the hemagglutinin (HA) protein of homol-
ogous A(H1N1)pdm09 ( pH1), heterovariant A/Brisbane/59/2007(H1N1)
(sH1), and heterosubtypic A/Vietnam/1203/2004(H5N1) (H5). The baseline
seronegative (A[H1N1]pdm09 neutralizing titer <10, n = 17) and baseline
seropositive (A[H1N1]pdm09 neutralizing titer >10, n = 26) vaccinees
were compared. B, A subset (n = 18) of the 2010/2011 IIV vaccinees
were immunized with the A[H1N1]pdm09-containing IIV in 2012. The
PPAbs collected after each immunization were analyzed by ELISA for bind-
ing to the HAs pH1, sH1, and H5. C, Comparison of the priming effect of
natural A[H1N1]pdm09 infection versus that of IIV immunization. The prim-
ing effect of A(H1N1)pdm09 infection was defined as the ratio of the mean
area under the curve (AUC) for baseline seropositive individuals to the
mean AUC for baseline seronegative individuals. The priming effect of
IIV was defined as the ratio of the mean AUC of the second immunization
to the mean AUC of the first immunization. Horizontal bars in panels A and
B indicate geometric mean AUCs. Hypotheses were tested with unpaired

Figure 4 continued. (A) or paired (B) t tests. Because the 2 data sets (in
panels A and B) had some subjects in common, analysis used perturbation
resampling [18], which is essentially a smoothed bootstrap. The P values
were adjusted by sequential Bonferroni adjustment for multiple compari-
sons across all 9 tests in the figure. The asterisk indicates a statistically
significant difference after the adjustment.
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and qualitative characteristics over the disease course, should be
addressed in future studies of defined subject populations ex-
perimentally challenged with wild-type virus.

In addition to plasmablasts specific for the HA antigen of the
infecting virus, natural A(H1N1)pdm09 infection elicited a
greater plasmablast response to the conserved NP and to HAs
from a heterovariant H1N1 strain and an avian H5N1 strain
than IIV immunization. Recently, we reported that LAIV also
induces proportionally greater plasmablast responses to NP
and variant HA proteins than IIV [17]. Our findings suggest
that LAIV immunization recapitulates some distinct qualitative
characteristics of wild-type influenza virus infection in terms of
B-cell response, but at a much lower magnitude. Thus, wild-
type influenza virus and LAIV may induce protective immunity
through similar mechanisms that are distinct from those of IIV.
Of note, it has been proposed that antibodies targeting con-
served virus components, including the stalk domain of HA
from the group 1 influenza A viruses [32, 33] and the NP
[22], have potential as the basis of universal influenza vaccines
that would offer protection against a broad range of seasonal
and pandemic influenza viruses. This is consistent with the
data showing that LAIV is superior to IIV in inducing cross-
protection [3]. The basis for differences in B-cell responses to
influenza virus infection and IIV immunization is currently un-
known and should be addressed in future studies that include
analyses of immunoglobulin gene sequences and antibody func-
tions of the activated B-cell repertoire at the clonal level [34]
and also, of course, T-cell responses. Elucidating different as-
pects of immune responses to natural influenza virus infection
and identifying the immune correlates with protective immuni-
ty will be important for development of next-generation influ-
enza vaccines.

A recent influenza cohort study revealed high rates of asymp-
tomatic natural influenza virus infection in the community; in-
fection was only detected by strain-specific seroconversion [35].
It will be interesting to determine whether such asymptomatic
influenza virus infection differs from symptomatic cases or
from immunization with LAIV in terms of protective immune
responses and to determine the factors that affect the outcome
(symptomatic vs asymptomatic) of natural infection. This infor-
mation could lead to a new approach for influenza vaccine de-
velopment that is based on reducing influenza pathogenicity
while preserving immunogenicity.

Because of the repeated exposure to influenza virus infection
and vaccination, the B-cell response to influenza vaccination is
an antigen recall response in almost all individuals [25], except
for very young children who are naive to influenza virus infec-
tion and vaccination. Activation of antigen-specific B cells
occurs in germinal centers of lymphoid tissues with the help
of antigen-specific follicular helper T-cells and results in gener-
ation of plasmablasts and switched memory B cells that express
high-affinity antibodies [36, 37]. Exposure to a newly emerged

strain, such as A(H1N1)pdm09, primes strain-specific B cells
and T-cells to generate memory cells that in turn alter the
B-cell response to a subsequent vaccination or infection. In
the current study, we showed that priming with IIV resulted
in diminished strain-specific recall responses to a subsequent
IIV immunization, whereas such suppression was not observed
in individuals with prior natural A(H1N1)pdm09 infection.
LAIV immunization also does not result in detectable differences
in the serum antibody and plasmablast responses to IIV or LAIV
immunization in the subsequent year [29]. A recent study found
that immunization with a live, attenuated avian H5N1 influenza
vaccine, which stimulated virtually no serum antibodies, effec-
tively primed the immune system, resulting in a robust serum
antibody response to a subsequent immunization with an inacti-
vated H5N1 vaccine including broader cross-reactivity, compared
with repeated immunization with the inactivated vaccine alone
[38]. In mice primed with a T-cell–dependent antigen, a second
immunization with an epitope-matched T-cell independent anti-
gen results in induction of tolerant memory B cells rather than a
recall response [39]. A substantial CD4+ T-cell response was de-
tected in volunteers experimentally infected with wild-type influ-
enza viruses [40]. In another human study a specific subset of
ICOS+CXCR3+CXCR5+CD4+ follicular helper T-cells correlated
with the induction of antibodies to IIV in previously primed in-
dividuals but not in naive subjects [41]. Thus, deficiencies in the
magnitude or functional properties of the CD4+ T-cell repertoire
specific for IIV are likely a contributing factor to the reduced
B-cell response in repeated IIV immunization. The efficacy of
repeated IIV immunization has been an issue of debate for
some time [42–46].However, this controversy has not previously
focused specifically on the generation of humoral immunity in
recipients of repeated IIV immunization in comparison to
those previously primed by natural infection. Since annual im-
munization with IIV is common practice, the implication of
our findings to the long-term effectiveness of influenza vaccina-
tion needs to be carefully evaluated, especially in the context of
maximizing protective immunity in vulnerable populations,
such as elderly individuals.
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