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Background. The generation of heterovariant immunity is a highly desirable feature of influenza vaccines.
The goal of this study was to compare the heterovariant B-cell response induced by the monovalent inactivated
2009 pandemic influenza A virus subtype HIN1 (A[H1N1]pdm09) vaccine with that induced by the 2009 season-
al trivalent influenza vaccine (sTIV) containing a seasonal influenza A virus subtype HIN1 (A[HIN1]) compo-
nent in young and elderly adults.

Methods. Plasmablast-derived polyclonal antibodies (PPAb) from young and elderly recipients of A(HIN1)
pdm09 vaccine or sTIV were tested for binding activity to various influenza antigens.

Results. In A(HIN1)pdmO09 recipients, the PPAb titers against homotypic A(HIN1)pdm09 vaccine were
similar to those against the heterovariant seasonal A(HIN1) vaccine and were similar between young and elderly
subjects. The PPAb avidity was higher among elderly individuals, compared with young individuals. In contrast,
the young sTIV recipients had 10-fold lower heterovariant PPAD titers against the A(HIN1)pdmO09 vaccine than
against the homotypic seasonal A(HIN1) vaccine. In binding assays with recombinant head and stalk domains of
hemagglutinin, PPAb from the A(HIN1)pdm09 recipients but not PPAb from the sTIV recipients bound to the
conserved stalk domain.

Conclusion. The A(HIN1)pdmO09 vaccine induced production of PPAb with heterovariant reactivity, includ-
ing antibodies targeting the conserved hemagglutinin stalk domain.
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The 2009 pandemic influenza A virus subtype HIN1 (A
[HIN1]pdm09) is antigenically distinct from seasonal
influenza A virus subtype HINI (A[HINI]) strains
that have circulated in recent years [1, 2]. Therefore, a

Received 25 May 2012; accepted 31 July 2012; electronically published 29
October 2012.

Presented in part: 30th Annual Meeting of the American Society for Virology,
Minneapolis, Minnesota, July 2011. Abstract P-10.

Correspondence: Xiao-Song He, PhD, VA Medical Center 154C, 3801 Miranda
Ave, Palo Alto, CA 94304 (xiaosong@stanford.edu).

The Journal of Infectious Diseases 2013;207:288-96

© The Author 2012. Published by Oxford University Press on behalf of the Infectious
Diseases Society of America. All rights reserved. For Permissions, please e-mail:
journals.permissions@oup.com.

DOI: 10.1093/infdis/jis664

large fraction of the population was immunologically
naive to A(HIN1)pdm09 when it emerged in 2009 [3],
and the pandemic disproportionally affected the
younger population because of their lack of prior expo-
sure to related strains [4].

The antibody response to influenza vaccination, es-
pecially inactivated influenza vaccines, is believed to
be a critical mediator of the protective immunity [5].
Conventional evaluation of this response measures
influenza virus-specific antibody reactivity of serum
from the vaccine recipients in a hemagglutination in-
hibition or a neutralization assay. One limitation of
serum-based assays is the intrinsic difficulty of differen-
tiating antibodies induced by recent vaccination from
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preexisting cross-reactive antibodies resulting from prior expo-
sure. An alternate approach focuses on B cells activated by in-
fluenza vaccines, which in adults and older children is largely a
memory B-cell response and takes advantage of transiently cir-
culating plasmablasts in the peripheral blood at around day 7
after immunization. These plasmablasts are antibody-secreting
cells that are highly enriched with vaccine-activated influenza
virus-specific B cells [6]. We and others have generated individ-
ual plasmablast-derived recombinant monoclonal antibodies [6]
or plasmablast-derived polyclonal antibodies (PPAb) that repre-
sent the overall antibody response [7] to examine quantitative
and qualitative characteristics of the antibody response to influ-
enza vaccination or influenza virus infection in different age
groups [6, 8-11].

Because of the rapid emergence of A(HIN1)pdm09, 2 inac-
tivated influenza vaccines were distributed in 2009, a seasonal
trivalent influenza vaccine (sTIV) containing a seasonal A
(HIN1) component and a monovalent A(HIN1)pdm09
vaccine. We took advantage of the rare opportunity provided
by this dual distribution to directly compare the PPADb
responses to the seasonal A(HIN1) and A(HINI1)pdm09
vaccines. In particular, we evaluated the vaccine-specific and
heterovariant reactivity of antibodies induced by these 2
HI1N1 vaccine strains in young and elderly adults.

MATERIALS AND METHODS

Human Participants, Vaccination Protocols, and Blood
Samples

Recipients of A(HIN1)pdm09 vaccine (monovalent inactivat-
ed subvirion influenza A/California/2009 without adjuvant;
Novartis) were recruited at the University of Rochester during
December 2009 and January 2010. Subjects were recruited in
2 age cohorts: 19 young adults aged 18-32 years (mean + SD,
25.6+4.1 years) and 18 elderly adults aged 70-81 years
(mean + SD, 75.7 £ 3.3 years). None of these subjects received
2009 sTIV within 2 weeks before enrollment. Recipients of the
sTIV (Fluzone; Sanofi Pasteur) were enrolled at Stanford Uni-
versity during the 2009-2010 season and included 21 young
adults (mean age + SD, 25.3 + 3.8 years) and 19 elderly adults
(mean age +SD, 76.7 £5.4 years) [9] who had not previous-
ly received the A(HIN1)pdm09 vaccine. The 2009 sTIV
contained an A/Brisbane/59/2007(HIN1)-like virus, an A/
Brisbane/10/2007(H3N2)-like virus, and a B/Brisbane/60/
2008-like virus. There was no significant difference in age
between the recipients of the A(HIN1)pdm09 vaccine and re-
cipients of the sTIV (P=.749 for young adults and P =.497
for elderly adults, using unpaired ¢ tests). Study protocols were
approved by the institutional review boards at the University
of Rochester and Stanford University. Informed consent was
obtained from all participants. Participants were immunized
with 1 dose of either A(HIN1)pdmO09 vaccine or sTIV. Blood

samples were collected on day 7 or 8 after vaccination. B cells
were isolated by negative selection with the RosetteSep
Human B Cell Enrichment Cocktail (Stemcell Technologies),
following the manufacturer’s instructions.

Generation of PPAb

Freshly isolated B cells were cultured in complete medium at a
density of 0.5-3 million cells/mL for 7 days to collect PPAb [7].
The concentration of immunoglobulin G (IgG) in PPAb was de-
termined with the Immuno-Tek Quantitative Human IgG
enzyme-linked immunosorbent assay (ELISA) kit (Zeptometrix).

ELISA for Influenza Virus Antigen—Specific lgG Binding

Activity of PPAb

ELISAs were performed as previously described [9]. ELISA
plates were coated with inactivated monovalent seasonal
A(HIN1) (A/Brisbane/59/2007) vaccine or A(HIN1)pdm09
(A/California/7/2009) vaccine antigen (kindly provided by Dr
P. Dormitzer of Novartis) at 0.9 ug/mL in phosphate-buffered
saline. Alternatively, plates were coated with recombinant full-
length hemagglutinin (HA) proteins derived from A/Brisbane/
59/2007(H1N1), A/California/7/2009(HIN1), or A/Vietnam/
1203/2004(H5N1) (Immune Technology) or with full-length
or headless recombinant HA of A/South Dakota/6/2007 (an
A/Brisbane/59/2007-like seasonal A[HIN1] strain) at 5 pg/mL.
The full-length and headless HA of A/South Dakota/6/2007
contained the ectodomain of the HA sequence, followed by
a thrombin cleavage site, the foldon sequence, and a His-
tag [12], and were expressed in 293T cells and purified over a
His Talon column (Invitrogen). The HA1 head domain se-
quence was removed from the headless HA as described else-
where [13]. HA domain-specific binding activity and avidity
were evaluated with and without 7 M urea as previously de-
scribed [14] using recombinant HA1 or HA2 domains from
different influenza strains as the detecting antigen [15, 16].

Statistical Analysis

All data were logarithm transformed for comparison of
geometric means. An unpaired 2-tailed ¢ test was used to
compare young with elderly individuals and A(HIN1)pdm09
vaccine with sTIV groups.

RESULTS

Homotypic Binding Activity of PPAb Induced by A(H1N1)

pdm09 and Seasonal A(H1N1) Vaccines

Since the PPAb response to inactivated influenza vaccines is pre-
dominantly an IgG response [7, 9], we focused our analysis on
the PPAb IgG following immunization of young (age, 18-32
years) and elderly (age, >70 years) subjects with either the inac-
tivated A(HIN1)pdm09 monovalent vaccine or the 2009 sTIV
containing a seasonal A(HIN1) strain. In the sTIV recipients, as
reported previously [9], the seasonal A(HIN1)-specific IgG titer
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was significantly higher among young individuals; among the A
(HIN1)pdmO09 recipients, significant differences were not de-
tected between the 2 age groups (Figure 14).

To normalize the PPAD IgG titer to the antibody concentra-
tion, we divided the total IgG concentration in each PPAb
sample by its homotypic vaccine-specific titer to obtain the
minimum binding concentration (Figure 1B), which indicates
the lowest IgG concentration of each PPAb sample at which a
vaccine-specific binding is detectable by ELISA. A lower
minimum binding concentration indicates a higher reactivity.
The titers and minimum binding concentrations both reflect
the overall antibody response, which is a function of specific
antibody quantity and antibody avidity. In both cases, the
results indicate that A(HIN1)pdm09 induced similar homo-
typic vaccine-specific PPADb IgG responses in the 2 age groups,
whereas seasonal A(HIN1) vaccine induced a significantly
higher homotypic PPAD response in young recipients, com-
pared with elderly recipients (Figure 1A and 1B).

Homotypic Avidity of PPAb Induced by A(H1N1)pdm09 Vaccine

To compare the quality, or avidity, of A(HIN1)pdmO09-specific
PPAD between young and elderly subjects, we calculated the
ratio of the frequency of homotypic vaccine-specific antibody-
secreting cells, as determined by ELISPOT assay (Supplemen-
tary Materials) over the A(HIN1)pdm09-specific IgG PPAb
titers (Figure 1A). This ratio is a measure of the antigen-
specific avidity (Supplementary Materials). A lower ratio indi-
cates a higher avidity. The same ratio was also calculated for
STIV recipients. As shown in Figure 1C, the avidity of A
(HIN1)pdmO9 vaccine-induced PPAb was
higher among the elderly recipients, compared with the young

significantly

recipients; the difference between the age groups was not sig-
nificant for sTIV recipients.

Heterovariant Reactivity of PPAb Induced by A(H1IN1)pdm09
Vaccine

We first determined the heterovariant titer of PPAb from A
(HIN1)pdmO09 vaccinees, using the seasonal A(HIN1) vaccine
as the detecting antigen in ELISA, and then calculated the
ratio TaiNtpdmos/Tacing (shown as Topini/Teming in
Figure 2), where Tamini)pamoo and Taginiy are the titers
against the homotypic A(HIN1)pdm09 antigen and the heter-
ovariant seasonal A(HIN1) antigen, respectively (Figure 2).
This ratio is indicative of the heterovariant versus homotypic
avidity of A(HIN1)pdm09 vaccine-induced PPAb [9]. A
lower value indicates higher PPAb avidity for the heterovar-
iant (ie, seasonal A[HINI]) strain. The relative avidity of
sTIV-induced PPAb against A(HIN1)pdmO09 antigen [9] was
also shown (Figure 2). sTIV-induced PPAb from elderly recip-
ients had significantly higher heterovariant avidity for A
(HIN1)pdm09 antigens than did PPAb from young sTIV re-
cipients; the difference between the age groups was not
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Figure 1. Homotypic vaccine-specific plasmablast responses to 2009
pandemic influenza A virus subtype HIN1 (A[H1N1]pdmQ9) vaccine and
2009 seasonal trivalent influenza vaccine (sTIV; containing seasonal influ-
enza A virus subtype HTN1) in young and elderly recipients. The P values
in each panel were determined by an unpaired f test for comparison
between the young and elderly groups. A, A(H1N1)pdm09-specific and
seasonal A(HTN1)-specific plasmablast-derived polyclonal —antibody
(PPAb) immunoglobulin G (IgG) binding activity in the A(HTN1)pdm09
vaccine and sTIV recipients, respectively. Enzyme-linked immunosorbent
assay titers of individual PPAb samples were normalized to a B-cell
density of 3x 10° B cells/mL in PPAb culture. B, Minimum binding con-
centrations of each PPAb sample were calculated as the IgG concentra-
tion (in ng/mL) divided by titer. C, Homotypic vaccine-specific IgG avidity
of PPAb. Avidity is defined as the ratio of specific antibody-secreting cell
frequency to the normalized PPADb titer (4) (Supplementary Materials). A
smaller value indicates higher avidity.

significant for A(HIN1)pdm09 vaccine recipients. In both
young and elderly A(HIN1)pdm09 vaccine recipients, the
mean relative avidity was approximately 1, indicating that on
average the A(HIN1)pdmO09-induced PPAb have similar
avidity for A(HIN1)pdm09 and seasonal A(HIN1) antigens.
The heterovariant avidity of PPAb from young A(HIN1)pdm09
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Figure 2. Relative heterovariant avidity of PPAb IgG induced by 2009 pandemic inuenza A virus subtype HIN1(A[HTN1]pdm09, or pH1N1) vaccine and
2009 seasonal trivalent inuenza vaccine (sTIV, containing seasonal inuenza A virus subtype H1N1, or sH1N1) vaccine. Relative heterovariant avidity is
defined as the ratio of avidity for the heterovariant strain to avidity for the homotypic immunizing strain, which is equal to the ratio of titer, T, against
the vaccine strain to the titer against the heterovariant strain. A smaller value indicates higher heterovariant avidity. The P values were determined by

an unpaired t test.

vaccine recipients was significantly higher than that of PPAb
from young sTIV recipients. These results suggest that in young
adults the A(HIN1)pdmO09 vaccine induced a significant cross-
reactive PPAb response to the heterovariant seasonal A(HIN1)
strain, which was similar to the level of homotypic reactivity to
the A(HIN1)pdm09 strain. In contrast, the seasonal A(HINI)
vaccine did not induce a significant cross-reactive PPAb re-
sponse to the heterovariant A(HIN1)pdm09 strain.

A(H1N1)pdm09 Vaccine and sTIV-Induced PPAb Binding
Activity to Homotypic and Heterovariant HA

The influenza virus HA is the primary target of neutralizing
antibodies following infection or vaccination and is the major
component of inactivated influenza vaccines. To characterize
the reactivity of vaccine-induced PPAD against the HA of the
homotypic vaccine strain versus those of the heterovariant
strains, we assembled pools of PPAb by combining equal

quantities of IgG from individual PPAb samples for each
vaccine and age group. These PPAb pools were designated as
P18 (young A[HIN1]pdm09 vaccine recipients), P70 (elderly
A[HIN1]pdmO09 vaccine recipients), S18 (young sTIV recipi-
ents), and S70 (elderly sTIV recipients).

We first measured the binding activity of the PPAb pools to
full-length recombinant HA of A(HIN1)pdm09 (pH1) and
seasonal A(HIN1) (sH1) by ELISA. Figure 3 shows the titra-
tion curves of each PPAD pool and the ratio of the area under
the curve (AUC) of the heterovariant HA to that of the homo-
typic vaccine HA; the latter reflects the relative cross-reactivity
of the PPAb pool against the heterovariant HA. Among the 4
PPAD pools, this ratio was greatest for P18 and lowest for S18,
supporting our conclusion that the A(HIN1)pdm09 vaccine
induced a much greater cross-reactive PPAb response to the
heterovariant antigen than the seasonal A(HIN1) vaccine did
in the young vaccinees. In the elderly group, the seasonal A

young elderly
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Figure 3. Homotypic and heterovariant hinding activity of indicated PPAb pools to recombinant hemagglutinin (HA) protein of seasonal influenza A
virus subtype HIN1 (sH1) and 2009 pandemic influenza A virus subtype H1INT (A[H1N1]pdm09; pH1). A plasmablast-derived polyclonal antibody (PPAb)
pool was assembled for each vaccine/age group by combining an equal quantity of immunoglobulin G from individual PPAb samples. All subjects with
a sufficient amount of available PPAb samples were included in the pools, without selection on the basis of their response to the vaccination. The
pools and the number of subjects included in each pool were P18, young A(H1N1)pdm09 vaccine recipients, n=15; P70, elderly A(H1N1)pdm09 vaccine
recipients, n=16; S18, young 2009 seasonal trivalent influenza vaccine (sTIV) recipients, n=20; S70, elderly sTIV recipients, n="19. The number in each
panel indicates the ratio of the area under the curve (AUC) for heterovariant HA to AUC for homotypic vaccine HA. Abbreviation: OD, optical density.
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(HIN1) vaccine induced greater average cross-reactivity
against the heterovariant HA than did the A(HINI1)pdm09
vaccine; however, the overall reactivity to both sH1 and pH1
was lower in the S70 pool (STIV recipients) than in the P70
pool (A[HIN1]pdm09 vaccine recipients).

HA Domain-Specific Binding Activity of A(H1N1)pdm09
Vaccine- and sTIV-Induced PPAb

To map the PPADb binding specificity to different domains of
HA, we examined binding of the PPADb pools to recombinant
head (HA1) and stalk (HA2) domains of A(HIN1)pdmO09.
HAZ2 is conserved across group 1 influenza A virus strains, in-
cluding A/HINI strains (seasonal and pandemic) and subtype
A/H5N1 strains [17]. The binding titration curves of each
PPAb pool for HAI and for HA2, as well as the ratios of
AUC:s for the A(HIN1)pdmO09 vaccine versus sTIV recipients
and the HAI versus HA2 domains are shown in Figure 4.
Strong binding to both HA1 and HA2 was detected in young
and elderly A(HIN1)pdm09 vaccine recipients, with the reac-
tivity against HA1 dominant. Cross-reactive binding of the
pools from young and elderly sTIV recipients was only detect-
ed at the highest IgG concentration tested and was greater for
HA?2 than for HA1. The difference in the HA1 AUCs between
the 2 vaccine groups was >45-fold, whereas the difference in
the HA2 AUCs was <3-fold. Together, these results suggest
that sTIV induced greater cross-reactivity to pH1-HA2 than
to pH1-HA1, although both reactivities were at low levels.

We next examined the binding of P18 and S18 pools to a
full-length and a headless recombinant HA of seasonal A
(HIN1) (Figure 5). The AUCs for the full-length sH1 were
almost identical, whereas the AUC of P18 to the headless sH1
was 22-fold greater than that of S18, indicating that PPAb
from young A(HINI1)pdmo09 vaccine recipients but not those
from young sTIV recipients had substantial binding activity to
the conserved stalk domain.

Finally we examined the binding of P18 and S18 pools to
the full-length HA of an avian A(H5N1) strain (Figure 6). The
AUC of P18 was 4.9-fold greater than that of S18, suggesting
that PPAb from the young A(HIN1)pdmO9 vaccine recipients
but not those from young sTIV recipients recognized the
conserved stalk domain of the avian HA (H5). This was
confirmed by binding of P18 and S18 to the recombinant H5-
HA1 and H5-HA2 domains (Figure 6), which shows substan-
tial binding of P18 to HA2 but not to HAl. Binding of the
S18 pool to these H5 domains was only barely detectable at
the highest concentration tested.

Taken together, these results (Figures 3-6) indicate that the
A(HIN1)pdmO09 vaccine induced a substantial PPAb response
to the conserved stalk (HA2) domain of HA in addition to the
variable head (HA1) domain. In contrast, the seasonal A
(HIN1) component of sTIV induced minimal levels of PPAb
activity against the stalk domain.
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Figure 4. Binding activity of plasmablast-derived polyclonal antibody
(PPAb) pools to recombinant HA1 and HA2 domains of the hemagglutinin
(HA) protein of 2009 pandemic influenza A virus subtype HIN1 (pH1).
The table lists the areas under the curve (AUCs) for each titration curve
and the ratios of AUCs between different PPAb pools (P18/S18 and P70/
S70) and between different domains (HA1/HA2) for each pool.

HA Domain-Specific Avidity of A(H1N1)pdm09-Induced PPAb
Vaccine-specific avidity of A(HIN1)pdm09-induced PPAb was
greater in elderly recipients, compared with young recipients
(Figure 1C). We investigated this finding further by comparing
avidity for the recombinant HA of A(HIN1)pdm09 and its
HA1 and HA2 domains between the 2 age groups, using an
ELISA with and an ELISA without 7 M urea treatment to deter-
mine the fraction of high-avidity antibodies in the total
antigen-specific binding activity. The avidity of the P70 pool for
the full-length HA was higher than that of the P18 pool
(Figure 7), in agreement with the avidity for whole A(HIN1)
pdm09 vaccine (Figure 1C). Although both PPAb pools had
higher avidity for HA2 than for HA1, the difference between
the 2 age groups was greater for HA1 (26% vs 57%) than for
HA2 (77% vs 83%). These findings suggest that the age diffe-
rence in A(HIN1)pdmo09-induced PPAb avidity is primarily
caused by the different avidities to the head domain of HA.

DISCUSSION

In this study, we showed that the inactivated A(HIN1)pdm09
vaccine induced a similar PPAb response in young and elderly
recipients (Figure 1A and 1B). This is in marked contrast to
the 2009 sTIV, which induced a significantly higher PPAb
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Figure 5.

Binding activity of plasmablast-derived polyclonal antibody pools P18 and S18 to the full-length and headless HA proteins of seasonal

influenza A virus subtype HIN1 (sH1). The ratios of areas under the curve (to the right of the dotted lines) are shown in each graph.

response in the young based on binding to sTIV [9], or to the
monovalent seasonal A(HIN1) vaccine antigen (Figure 1A
and 1B). In the sTIV recipients, the frequency of vaccine-
specific antibody-secreting cells was significantly lower in the
elderly subjects, compared with the young subjects [9]. A
similar difference between the age groups was found in the
recipients of A(HIN1)pdm09 vaccine (Supplementary Materi-
als). After immunization with sTIV, the homotypic PPAb
avidity was similar in young and elderly recipients ([9] and
Figure 1C). In contrast, after immunization with A(HINI1)
pdm09 vaccine, the homotypic PPAb avidity was significantly
higher in elderly individuals, compared with young individu-
als (Figure 1C). In other words, the higher avidity of PPAD in
the elderly A(HIN1)pdmO09 vaccine recipients compensated
for the lower frequency of vaccine-specific antibody-secreting
cells, resulting in comparable overall PPAb binding activities,
or titers, in the 2 age groups. An ELISA that used recombinant
HA domains revealed that the difference in avidity for HA
between the 2 age groups was primarily due to differences in
avidity for the head domain (Figure 7), which is the dominant
immunogenic domain of HA and is highly variable between
heterovariant influenza virus strains. This result is in agree-
ment with the recent findings of Khurana et al, who demon-
strated that after immunization with A(HIN1)pdm09 vaccine
the serum antibody avidity for HA1 was significantly higher

in older individuals (age, >65 years), compared with younger
individuals (age < 65 years) [14].

The antibody response after influenza vaccination in virtu-
ally all adults is largely an antigen recall response of memory
B cells [6]. Generation of high-affinity antibodies against the
vaccine antigen depends on the process of affinity maturation,
during which somatic hypermutation diversifies the immuno-
globulin variable regions of proliferating B cells. This process
is mediated by activation-induced cytidine deaminase [18].
The activity of activation-induced cytidine deaminase declines
with age [19, 20] and is associated with a reduced serum anti-
body response to seasonal influenza vaccination in elderly in-
dividuals [21]. Despite the potential negative effect of lower
activation-induced cytidine deaminase activity on the affinity
and avidity of the antibody response, the finding of high-
avidity PPAb in the elderly A(HIN1)pdmO09 vaccine recipients
suggests a role for certain memory B cells present in elderly
but not younger adults in the response to this vaccine. Pre-
sumably, such B cells were primed by A(HIN1) strains circu-
lating before 1950 that were similar to the A(HIN1)pdmO09
strain. This assumption is supported by the more frequent de-
tection of A(HIN1)pdm09-specific antibodies in the prevacci-
nation sera from elderly adults, compared with younger adults
[3]. Taken together, these findings suggest that influenza expo-
sure, including natural infection and vaccination, in the
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Figure 6.

Binding activity of plasmablast-derived polyclonal antibody pools P18 and S18 to the full-length hemagglutinin (HA) protein of an avian

influenza A virus subtype H5N1 strain (H5) and to the HA1 and HA2 domains of H5.
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Figure 7. Domain-specific avidity of plasmablast-derived polyclonal
antibody pools P18 and P70 for the full-length hemagglutinin (HA; HAQ)
or HA1 and HAZ domains. The avidity was assessed by enzyme-linked
immunosorbent assay, with or without 7 M urea. The bar graph shows
the percentage of 7 M urea-resistant high-avidity binding activity.

distant past can enhance the efficacy of influenza vaccination
decades later, even though the overall function of immune
cells have declined with age.

A unique challenge in influenza vaccine development is the
fact that the population is repeatedly exposed to influenza
viruses with new mutations that allow escape from preexisting
protective immunity. The primary site of these escape muta-
tions is in the highly variable head domain of the HA that
carries the receptor-binding site of the virus, whereas the stalk
domain that is involved in virus-host membrane fusion is con-
served among group 1 influenza A virus strains, including sub-
types HIN1, H2N2, and H5N1 [17]. The current approach for
coping with newly emerged influenza virus strains is vaccina-
tion with antigenically matched new viral antigens. It is be-
lieved that such vaccines induce antibodies that primarily
target the variable head domain of the new strain to block its
receptor binding, with little or no cross-reactivity to the HA of
heterovariant strains. In agreement with this notion, vaccina-
tion with recent seasonal influenza vaccines prior to 2010
induced little or no cross-reactive serum antibody response to
the novel A(HIN1)pdm09 strain [3]. In fact, vaccination with
sTIV has even been associated with increased risk of medically
attended A(HIN1)pdmo09-associated illness in some epidemi-
ologic studies [22]. In contrast, antibodies specific for the con-
served stalk domain had broad cross-reactive neutralizing
activity against different group 1 influenza A virus strains and
have been proposed as the basis for a universal influenza
vaccine [13, 23]. Such antibodies are only detected at very low
levels after affinity purification from serum samples of healthy
volunteers [24], despite the highly conserved nature of the
stalk domain. They have been detected, however, in convales-
cent-phase sera [25] and in plasmablast-derived recombinant
monoclonal antibodies [8, 10] from patients with acute
influenza virus infection. Of special interest, it was recently
reported that recombinant mAbs targeting the HA stalk
domain were isolated frequently from 2 out of the 3 tested

recipients of an adjuvanted A(HIN1)pdm09 vaccine [10], or
infrequently from recipients of unadjuvanted A(HIN1)pdm09
vaccine [11].

In this study, we observed that immunization with unadju-
vanted inactivated A(HIN1)pdm09 vaccine resulted in plas-
mablasts that secreted IgG with similar activity to A(HIN1)
pdmo09 and seasonal A(HIN1) in both young and elderly re-
cipients (Figure 2). In contrast, such cross-reactive heterovar-
iant reactivity was not seen in young recipients of sTIV ([9]
and Figure 2). Of note, PPAb from elderly sTIV recipients
also had similar activity for A(HIN1)pdm09 and seasonal A
(HIN1), although at significantly lower levels than the homo-
typic binding activity of PPAb from the young adults [9]. By
using recombinant HA proteins to test for domain-specific
binding, we found that in addition to the head-specific reactiv-
ity, the A(HIN1)pdmo09 vaccine induced stalk-specific anti-
bodies more efficiently than the seasonal A(HIN1) vaccine.
This raises the question of why the highly conserved HA2
peptide is more immunogenic in the context of pH1 than in
sH1. We postulate that in truly immune-naive individuals,
such as very young children, both HA1 and HA2 are immu-
nogenic, with HA1 being dominant. Thus primary exposure
to influenza virus results in memory B cells specific for both
HA1 and HA2, with the former in the majority. Subsequent
exposure to new seasonal influenza virus strains with relatively
small changes in HA1 sequence (antigenic drift) will activate
both HA1- and HA2-specific memory B cells. The diversity of
HA1-specific B cells will be increased through somatic hyper-
mutation, resulting in a further expanded memory B-cell pool
that is primed by the variant HA1 epitopes; there will be fewer
HA2-specific memory B cells. Repeated exposure to seasonal
influenza virus strains, altered through antigenic drift, will
enhance the immunodominance of HA1 over time, to the
extent that eventually the antibody response to a new seasonal
influenza virus vaccine will be almost entirely targeted at the
head domain. Only when the immune system is challenged
with an antigenically shifted strain, such as A(HIN1)pdmo09,
to which the younger population has not been exposed, will
the B-cell response consist of a primary response of naive B
cells to the new HA1 and a memory response to HA2. In this
case, the immunodominance of HA1 will no longer play the
major role, and antibodies specific for both HA1 and HA2
will be generated. This hypothetical scenario is in agreement
with the following observations: (1) HA2-specific memory B
cells were detected from peripheral blood, albeit at very low
frequency, in those vaccinated with sTIV [26]; (2) broadly
cross-reactive monoclonal antibodies from individuals infected
or vaccinated with A(HIN1)pdmO09 had high frequency of im-
munoglobulin-variable gene mutations, whereas highly A
(HIN1)pdm09-specific monoclonal antibodies had the lowest
number of somatic mutations [8, 11]; (3) after A(HIN1)
pdm09 vaccination, the PPAb avidity for HA2 was higher
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than that for HA1 (Figure 7), suggesting that HA2-specific
memory B cells have undergone more extensive affinity matu-
ration during repeated past exposure; (4) sequential immuni-
zation of mice with influenza virus HA that carries highly
diverse HA1 peptides resulted in antibody response to the
conserved HA2 [27, 28]; and (5) from a recipient of A(HIN1)
pdmo09 vaccine who was >60 years old and hence was likely to
have been exposed to an A(HINI1)pdmoO9-related strain in
the distant past, recombinant monoclonal antibodies domi-
nantly targeted the HA head domain without any stalk-specific
ones [10].

Our results suggest that prior exposure to influenza virus
infection and/or vaccination has profound effects on the
vaccine-specific and heterovariant reactivity of PPAb. Studies
should be performed to determine whether the observed het-
erovariant PPAb reactivity induced by the A(HIN1)pdm09
vaccine is associated with broad protective efficacy.
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