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Background. Infection with pandemic H1N1 influenza A viruses (IAVs) containing hemagglutinin (HA) pro-
teins with globular heads that differ substantially from seasonal strains results in a boost in broadly cross-reactive
antibodies that bind to the HA stalk. Boosting these antibodies has become an attractive strategy for creating a
universal IAV vaccine. Therefore, it was essential to determine whether vaccines containing H1N1 viruses whose
head domains differ substantially compared to seasonal strains could also achieve this boost.

Methods. Prospective samples of subjects who had received the A/New Jersey/1976 (NJ/76) vaccine and
healthy, age-matched controls were assessed for the presence of anti-HA stalk antibodies before and after receiving
the A/California/04/2009 (Cal/09) vaccine between October 2009 and January 2010.

Results. Individuals who received either the NJ/76 vaccine or the Cal/09 vaccine experienced a robust boost in
HA stalk-reactive, neutralizing antibodies similar to what has been observed in individuals infected with Cal/09.

Conclusions. These results demonstrate that vaccines containing viruses whose HA head domains that differ
substantially from seasonal strains are capable of boosting titers of HA stalk antibodies. Furthermore, anti-HA
stalk antibodies elicited by vaccination appear to be long-lived and therefore could be targeted for the generation
of a universal IAV vaccine.
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Rapid antigenic shift and drift of influenza A viruses
(IAVs) result in annual epidemics and periodic pan-
demics that place a major strain on global healthcare
systems and pose a significant threat to the global
economy [1]. Recent work has focused on characteriz-
ing a new class of IAV antibodies that bind to the
hemagglutinin (HA) stalk domain [2–11]. These anti-
bodies typically exhibit much broader reactivity and
neutralizing activity than antibodies that bind to con-
ventional antigenic sites on the HA head. HA stalk

antibodies are thought to be boosted most efficiently
in the context of infection when individuals are
exposed to HAs whose head domains differ substan-
tially from previous exposures, but whose stalk
domains remain conserved [12]. We have recently pos-
tulated that the elicitation of such antibodies may have
contributed to the extinction of seasonal IAV strains
[12]. Indeed, we have demonstrated that individuals
infected with pandemic 2009 (p2009) IAV experienced
a boost in virus-neutralizing antibodies specific to the
HA stalk [13]. This phenomenon has also been recent-
ly confirmed in a mouse model of sequential infection
[14]. Importantly, other groups have observed natural-
ly occurring HA stem antibodies in individuals who
received a seasonal vaccine containing H1 and H3
viruses [15] or an H5N1 vaccine. Likewise, recent
studies have shown that monoclonal antibodies and
antibody-producing cells specific to the HA stem
could be isolated from individuals who received the
p2009 IAV vaccine [16, 17].
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The HA segment of A/California/04/09 (Cal/09) virus de-
scends from a separate lineage than that of previously circulat-
ing seasonal H1N1 strains. However, it is closely related to the
HA segments of the A/New Jersey/1976 (NJ/76) virus and to
the 1918 “Spanish Flu” [18, 19]. We therefore reasoned that
individuals who received the NJ/76 vaccine or the Cal/09
vaccine may have also experienced a boost in cross-neutraliz-
ing antibodies specific to the HA stalk.

To investigate this possibility, we examined 2 cohorts of
subjects for the presence of HA stalk antibodies. One cohort
consisted of individuals who received the NJ/76 vaccine as
well as the Cal/09 vaccine. The second cohort of age-matched
controls received the Cal/09 vaccine only. We demonstrate
that individuals who received the NJ/76 vaccine had elevated
levels of anti-HA stalk antibodies prior to receiving the Cal/09
vaccine. Vaccination with Cal/09 boosted titers of anti-HA
stalk antibodies only in subjects who had not been vaccinated
with NJ/76. Importantly, receipt of the NJ/76 vaccine or the
Cal/09 vaccine led to an enhanced neutralization response
against a virus containing a homologous HA stalk and a het-
erosubtypic HA head. These findings confirm that anti-HA
stalk antibodies were elicited by the NJ/76 and Cal/09 vaccines
and enhance our understanding of the mechanisms through
which these antibodies are generated naturally. This raises the
exciting possibility that generation of vaccine constructs de-
signed to specifically boost titers of HA stalk antibodies may
lead to a universal influenza virus vaccine, capable of broad
and long-lasting protection against diverse IAV strains.

METHODS

Human Serum Samples
Serum samples were collected in October 2009 from subjects
who had received the NJ/76 vaccine (n = 20, average age, 62
years) and from age-matched controls (n = 15, average age, 57
years) with the assistance of the Mount Sinai General Clinical
Research Center (GCRC). Subjects who had experienced influ-
enza-like illness within the 4 months prior to the beginning of
the study were excluded. Both groups of subjects had similar
recent vaccination histories: 18 of 20 NJ/76 vaccinees and 14
of 15 control subjects had received at least one influenza vacci-
nation in the previous 5 years. All subjects were administered
the monovalent Cal/09-like vaccine between October 2009
and January 2010. Six to eight months after receiving the Cal/
09 vaccine, subjects returned to have blood drawn (5 of 20 NJ/
76 vaccinees; 7 of 15 control subjects). Due to the limited
amounts of serum available, equal volumes of pre- and post-
Cal/09 vaccination serum samples were pooled from individu-
als for whom both samples were available (NJ/76 vaccinees = 5;
control subjects = 7). These pools were then tested in multiple
assays after validating that the pools accurately reflected the
data gathered from the individual subjects within each pool. A

pool of pre-Cal/09 vaccination serum from all available sub-
jects from each cohort was also used to test seroconversion to
NJ/76. Samples were collected in accordance with institutional
review board of Mount Sinai School of Medicine and the
Mount Sinai School of Medicine Grants and Contracts Office
(study number 09-0554 0001 01 MI). All subjects provided in-
formed consent.

Cells and Viruses
Madin-Darby Canine Kidney (MDCK) cells were obtained from
the ATCC and were maintained in Dulbecco Modified Eagle
Medium (DMEM, Gibco) supplemented with 10% fetal calf
serum (FCS, Hyclone) and 100 U/mL penicillin and streptomy-
cin (Gibco). Cal/09 was propagated on MDCK cells in DMEM
containing 1 µg/mL l-1-tosylamide-2-phenylethyl chloromethyl
ketone-treated (TPCK)-trypsin (Sigma-Aldrich). A/duck/
France/MB42/1976 (France/76) virus was propagated in 10-
day-old embryonated chicken eggs. The cH5/1 N3 virus was
generated using a reverse genetics system described elsewhere
[20–22]. The reverse genetics plasmids that encode viral RNA
and messenger RNA include the 6 wild-type viral segments
from A/Puerto Rico/8/34 (PR8) as well as plasmids encoding
cH5/1 HA [22] and N3 NA from A/Swine/Missouri/4296424/
06 virus (Miss/06), kindly supplied by Randy A. Albrecht). The
sequence of the cH5/1 and N3 RNA was confirmed by sequenc-
ing of reverse-transcription polymerase chain reaction products.
All infections were performed using DMEM supplemented
with 1 µg/mL TPCK-trypsin (infection media).

Expression and Purification of Recombinant Influenza Virus
Proteins
Coding sequences for the N-terminal ectodomain of HAs
from PR8, A/New Caledonia/20/99 (NC/99) virus and cH6/1
[13, 22]. HAs were cloned into a modified pFastBac vector (In-
vitrogen) with a C-terminal hexahistidine-tag and T4 trimeri-
zation domain. Recombinant baculovirus (rBV) was generated
according to the manufacturer’s recommendations. BTI-
TN5B1-4 (High Five) [23] cells grown in HyClone SFX insect
cell media (Thermo Fisher Scientific) were infected with rBV
expressing HAs at a multiplicity of infection (MOI) of 10 and
a cell density of 1 × 106 cells/mL in 500 mL shaker flasks. Cells
were harvested 72–96 hours postinfection. Supernatant (250
mL) was collected and incubated with Ni-NTA resin (Qiagen)
for 2 hours at 4°C. The slurry was loaded on to columns and
washed 3 times with washing buffer (50 mM Na2HCO3, 300
mM NaCl, 20 mM imidazole, pH 8). Protein was eluted with
elution buffer (50 mM Na2HCO3, 300 mM NaCl, 300 mM im-
idazole, pH 8). Fractions containing protein were pooled and
concentrated using Amicon Ultracell (Millipore) centrifuga-
tion units with a cutoff of 30 kDa, and buffer was exchanged
to phosphate-buffered saline (PBS) of pH 7.4. Protein purity
and identity was tested by SDS-PAGE, Coomassie staining,

H1N1 Vaccines Induce Stalk Antibodies • JID 2013:207 (1 January) • 99



and western blot. Protein concentration was determined with
Bradford reagent.

Immunoglobulin G (IgG) Endpoint Titer Determination
IgG endpoint titers were determined by enzyme-linked immu-
nosorbent assay (ELISA). The 96-well plates (Immulon 2;
Nunc) were coated with 2 µg/mL of purified recombinant HA
or with bovine serum albumin (BSA) in carbonate/bicarbonate
buffer, pH 9, overnight at 4°C. Plates were blocked with 5%
nonfat milk and were washed with PBS/0.025% Tween-20
(PBS-T). Serum was diluted serially in 5% nonfat milk. Plates
were incubated for 1 hour at RT and then were washed with
PBS-T. Goat antihuman IgG-horseradish peroxidase (HRP; Me-
ridian Life Science Inc) was diluted 1:5000 in 5% nonfat milk
before adding to wells and incubating for 1 hour at RT. Plates
were again washed with PBS-T prior to the addition of peroxi-
dase substrate (SigmaFAST OPD, Sigma-Aldrich). Reactions
were stopped by the addition of 3 M HCl. Optical density mea-
surements were taken at 490 nm. Optical densities gathered
against HAs were subtracted from those measured against BSA
to normalize against nonspecific signal. Background signal was
calculated for each specific antigen based on the reactivity of
secondary antibody alone. Endpoint titers were defined as
having an optical density at least 3 standard deviations above
background after subtraction of nonspecific (BSA) signal.

Hemagglutination Inhibition (HAI) Assays
Serum samples were treated with 0.5 volumes 8 mg/mL TPCK-
trypsin (Sigma-Aldrich) at 56°C for 30 minutes. Samples were
cooled to RT prior to the addition of three volumes of 11 mM
potassium periodate solution (Sigma-Aldrich). After incubation
for 15 minutes at RT, 3 volumes of 1% glycerol saline solution
was added to samples that were again incubated for 15 minutes
at RT. Finally, 1.5 volumes of 0.85% saline were added to
samples prior to use. All volumes are in relation to the starting
volume of serum. Virus and antibodies were mixed and incu-
bated for 30 minutes at RT. Chicken red blood cells were then
added to wells, and plates were incubated on ice for approxi-
mately 30 minutes prior to reading.

Microneutralization Assays
In total, 200 TCID50/100 µL of virus was added to wells of
serially diluted serum, which had been pretreated with TPCK-
trypsin as described earlier. Serum and viruses were incubated
for 1 hour at 37°C. Serum/virus mixtures were transferred
onto 96-well plates of confluent MDCK cells, which were in-
cubated for 1 hour at 37°C, 5% CO2. Plates were washed with
PBS and were reincubated for 20 hours with infection media
containing equivalent concentrations of diluted serum. Cells
were fixed with 80% acetone and were blocked with 3% hydro-
gen peroxide and 5% nonfat milk. Cells were probed with a
1:2000 dilution of biotin-conjugated mouse anti-NP (Milli-
pore) followed by a 1:5000 dilution of secondary HRP-conju-
gated streptavidin (Millipore). Peroxidase substrate
(SigmaFAST, Sigma-Aldrich) was added to wells, and reac-
tions were stopped with 3M HCl. Neutralization titers were
defined as the dilution of serum that resulted in at least 50%
inhibition of infectivity.

RESULTS

NJ/76 Vaccinees Had Elevated Titers of HA Stalk Antibodies
Prior to Cal/09 Vaccination
An amino acid sequence comparison of HA0 from A/Fort
Warren/1/50 (FW/50, seasonal), NJ/76 (swine-origin), NC/99
(seasonal) and Cal/09 (swine-origin) was performed to
examine the degree of amino acid sequence identity in the
head and stalk domains of each HA (Table 1). Cal/09 and NJ/
76 HAs share overall 79.9% and 82.5% amino acid sequence
identity, respectively, when compared to the HA of seasonal
strain NC/99. Similarly, the degree of identity between NJ/76
and the precirculating seasonal strain FW/50 was 83.0%. The
greatest degree of identity among these proteins is found in
the HA stalk domains, while the head domains of the swine-
origin H1s differ substantially from that of the seasonal H1s.
Therefore, it was possible that in a manner analogous to Cal/
09 infection [13], recipients of the NJ/76 vaccine may have
experienced a boost in HA stalk antibodies prior to Cal/09 ex-
posure due to the substantial antigenic differences between the
NJ/76 HA and that of the previously circulating seasonal
strains.

Therefore, serum samples from individuals who received
the 1976 vaccine (n = 20) were compared to serum samples
from age-matched individuals who did not receive the vaccine
(n = 15). Endpoint IgG titers against cH6/1 and NC/99 were
determined by ELISA. The cH6/1 HA protein contains an H1
(PR8) stalk, but an H6 head. The PR8 stalk exhibits approxi-
mately 90% amino acid sequence identity to the H1 viruses
used in this study, similar to the natural variability between
H1 stalk sequences shown in Table 1 (Table 2). This protein
serves as a useful tool for the detection of group 1 HA stalk-
binding antibodies, as we have recently shown [13]. Strikingly,

Table 1. Hemagglutinin (HA) Amino Acid Sequence Compari-
son of Strains Cal/09, NJ/76, NC/99, and FW/50

Comparison

Whole
Protein
(HA0)

(% Identity)

Globular
Head Residues
52–277 H3
Numbering
(% Identity)

Stalk
(% Identity)

Cal/09 vs NJ/76 91.0 85.9 94.6

Cal/09 vs NC/99 79.9 67.1 88.9
NJ/76 vs NC/99 82.5 69.7 91.6

NJ/76 vs FW/50 83.0 69.8 90.9
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NJ/76 vaccinees had significantly elevated IgG endpoint titers
compared to control subjects against cH6/1 HA (Figure 1A).
No significant difference existed between the 2 groups in IgG
endpoint titers against the seasonal NC/99 HA, demonstrating
that this phenomenon was specific for HA stalk antibodies
(Figure 1B). Due to the scarcity of samples available, pre- and

post-Cal/09 vaccination serum pools were then generated
from all patients in both groups for whom both of the
samples were available (NJ/76 vaccinees = 5/20; control
subjects = 7/15). IgG endpoint titers from the pre-Cal/09 vac-
cination pools from each group were then determined against
cH6/1 and NC/99 HAs, to ensure that they accurately reflected
the data collected from individual patients (Figure 1A and
1B). Indeed, the NJ/76 vaccinee pool displayed a substantially
elevated endpoint titer against cH6/1 HA compared to the
control pool (Figure 1C). However, no differences existed in
IgG endpoint titers against NC/99 HA between the 2 groups
(Figure 1D). These data demonstrate that NJ/76 vaccinees had
elevated titers of anti-HA stalk antibodies prior to receiving
the Cal/09 vaccine.

Table 2. PR8 Hemagglutinin (HA) Stalk Amino Acid Comparison
With Cal/09, NJ/76, and NC/99

Comparison Stalk (% Identity)

PR8 vs Cal/09 87.8

PR8 vs NJ/76 90.7
PR8 vs NC/99 93.6

Figure 1. NJ/76 vaccine recipients had elevated anti-hemagglutinin (HA) stalk antibodies prior to Cal/09 vaccination. Serial dilutions of serum from
NJ/76 vaccinees (n = 20) or age-matched control subjects (n = 15) were tested for their reactivity to (A) cH6/1 HA or (B) NC/99 HA by ELISA and
immunoglobulin G (IgG) endpoint titers where calculated. Due to limited quantities of available serum, pre-Cal/09 vaccination IgG endpoint titers were
also determined for pooled NJ/76 vaccinees (N = 5) and control subjects (n = 7) against (C) cH6/1 and (D) NC/99. Each pool consisted of all individuals
from each group for whom both pre- and post-Cal/09 vaccination samples were available. Horizontal lines indicate the geometic mean titer. Endpoint
titer limit of detection = 100. Unpaired Student t-tests were performed and 2-tailed P values < .05 were considered statistically significant. Abbreviations:
ND, not detected; NS, not significant. *statistically significant.
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NJ/76 Vaccinees Had Protective HAI Titers Against Cal/09
Prior to Cal/09 Vaccination
Prospective studies [24], retrospective studies [25–27], and
studies in animal models [28–31] have suggested that individ-
uals vaccinated or infected with NJ/76 virus had protective
levels of cross-neutralizing antibodies to the 1918 pandemic
influenza virus and to the pandemic Cal/09 strain due to con-
served antigenic sites present in the HA head. Likewise, vacci-
nation with trivalent vaccine containing Cal/09 could protect
ferrets from challenge with 1918 IAV [32]. Only NJ/76 vaccine
recipients had protective HAI titers against Cal/09, whereas
unvaccinated subjects did not (Figure 2A). To again ensure
the reliability of the pooled HAI results, HAI assays were per-
formed against Cal/09 with serum from each individual in-
cluded in the pools. Results were consistent and significant,
demonstrating that the pooled serum gave an accurate repre-
sentation of the population (Figure 2B). As expected, NJ/76
vaccinees were seropositive for NJ/76 virus prior to receiving

the Cal/09 vaccine, whereas control subjects were not
(Figure 2C). No HAI activity was observed against France/76
virus (H6N4) in either sample, confirming that none of the
subjects had previous exposure to H6 viruses and that there
was no substantial cross-reactivity between the H6 head
domain and that of the H1s tested in this study (Figure 2A).
Taken together, these results confirm that NJ/76 vaccinees ex-
perienced a boost in HAI antibodies, which bind to the globu-
lar head of Cal/09 HA prior to Cal/09 vaccination.

Anti-HA Stalk Antibody Titers Were Boosted in Control
Subjects Subsequent to Cal/09 Vaccination
The observation that individuals infected with p2009 IAV [13]
or immunized with the NJ/76 vaccine had elevated titers of
anti-HA stalk antibodies led us to investigate whether vaccina-
tion with Cal/09 would also boost anti-HA stalk antibody
titers. Therefore, both control subjects and NJ/76 vaccinees
were administered the monovalent Cal/09 vaccine between

Figure 2. NJ/76 vaccine recipients had elevated hemagglutination inhibition (HAI) titers against Cal/09 prior to Cal/09 vaccination. (A) HAI titers
were determined for pre-Cal/09 vaccination pooled serum samples from NJ/76 vaccinees (n = 5) and control subjects (n = 7) against Cal/09 and France/
76 using chicken red blood cells. (B ) HAI assays against Cal/09 were also performed using serum samples corresponding to the individual subjects
from within each pool in order to ensure that the pooled results were representative of the group as a whole. (C ) Pre-Cal/09 vaccination serum was
pooled from all control subjects and NJ/76 vaccines and was used to perform an HAI assay against NJ/76. Horizontal lines indicate the geometic mean
titer. HAI limit of detection = 20. Unpaired Student t-tests were performed, and 2-tailed P values < .05 were considered statistically significant. Abbrevi-
ation: ND, not detected. *statistically significant.
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October 2009 and January 2010. Subjects returned to have
blood drawn 6–8 months later. Endpoint IgG titers against
NC/99 HA and cH6/1 HA were determined for pooled post-
vaccination serum from both groups by ELISA. These were
compared to the prevaccination values determined in Figure 1B
and 1D in order to calculate the fold-change in IgG titers
against each HA protein post-Cal/09 vaccination (Table 3).
Endpoint IgG titers of control subjects rose greater than 2-fold
against cH6/1, whereas IgG endpoint titers of NJ/76 vaccinees
did not increase. No boost was observed against NC/99 HA in
either group, as would be expected. In fact, a decrease in NC/
99 reactivity was observed in the serum samples of NJ/76 vac-
cinees post-Cal/09 vaccination. Although we do not fully un-
derstand the reason for this decrease, it may be due to
displacement of NC/99 antibody-producing cells with those
reactive against Cal/09. These data indicate that Cal/09 vacci-
nation is also capable of boosting titers of anti-HA stalk anti-
bodies but only in individuals who had not been previously
exposed to NJ/76.

Vaccination With NJ/76 or Cal/09 Boosted Neutralizing
Antibodies Against Virus Containing Homologous HA Stalk
and a Heterologous HA Head
It was important to determine whether the boost in anti-HA
stalk antibodies experienced after NJ/76 or Cal/09 vaccination
corresponded to enhanced neutralization titers against virus
containing a heterosubtypic HA head domain. To test this, we
performed a microneutralization assay against a cH5/1 N3
virus using our pooled serum samples. The cH5/1 N3 virus
was used to detect the presence of HA stalk neutralizing anti-
bodies, as it contains an H5 HA head domain, a PR8 HA
stalk, and an N3 from Miss/06. A cH6/1N3 virus would also
have been interchangeable for the purposes of this assay but
was not available. In agreement with the IgG endpoint titer
data against cH6/1, serum samples from NJ/76 vaccinees ex-
hibited markedly more potent neutralization titers against
cH5/1 N3 than did control subjects prior to vaccination with
Cal/09 (2430 vs 90). However, only control subjects experi-
enced a boost in neutralizing antibodies subsequent to vacci-
nation (810, up from 90; Figure 3A). As expected, NJ/76
vaccinees had neutralization titers against Cal/09 that were 3-
fold more potent than control subjects prior to Cal/09

vaccination (90 vs 30). Both groups experienced a boost in
neutralizing antibody titers against Cal/09 subsequent to Cal/
09 vaccination (Figure 3B). Taken together, these data demon-
strate that the anti-HA stalk antibodies boosted by vaccination

Table 3. Post-Cal/09 Vaccination IgG Endpoint Titer Changes Against NC/99 HA and cH6/1 HA

HAProtein
Control 1976 Vaccinees

Pre-Cal/09 Vaccination Post-Cal/09 Vaccination Fold Change Pre-Cal/09 Vaccination Post-Cal/09 Vaccination Fold Change

cH6/1 ND 200 >2 800 800 1
NC/99 1600 1600 1 1600 800 0.5

Abbreviations: HA, hemagglutinin; IgG, immunoglobulin G; ND, not detected.

Figure 3. NJ/76 and Cal/09 vaccines boosted broadly neutralizing an-
tibodies. Microneutralization assays were performed on MDCK against
(A) cH5/1 N3 and (B) Cal/09 virus using TPCK-trypsin-treated, pooled
serum samples collected from NJ/76 vaccinees (n = 5) and control sub-
jects (n = 7) before and after Cal/09 vaccination. Following infection,
cells were stained with an anti-NP antibody and an HRP-conjugated sec-
ondary antibody. Neutralization titers were defined as the lowest serum
dilution that resulted in at least 50% reduction in specific signal. Micro-
neutralization assay limit of detection = 30.
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with 1976 and 2009 H1N1 viruses correspond to an enhanced
capacity to neutralize virus harboring a homologous HA stalk
and a heterosubtypic HA head domain.

DISCUSSION

The most recent IAV pandemic began in 2009 and was caused
by a swine-origin H1N1 virus [18, 33]. The HA lineage of this
virus was shared by the 1976 swine-origin H1N1 virus that
caused an outbreak in Fort Dix, New Jersey [24]. Vaccination
of mice with NJ/76-based vaccines was able to protect against
lethal challenge with p2009 virus or 1918 IAV [28, 30]. In
these studies, the authors demonstrate that the NJ/76 vaccine
is able to elicit antibodies that have HAI activity against p2009
IAV. Therefore, virus neutralization and protection was attrib-
uted to cross-reactive antibodies directed against antigenic
sites present in the HA head domain. Interestingly, recent
work has shown that a mutation in HA2, proximal to the
globular head, may also influence cross-reactivity of these an-
tibodies [26].

An increasing number of studies have focused on a new
class of antibodies that bind to the HA stalk domain. Murine
antibodies, including C179 [3] and 6F12 [9], and prototypical
human antibodies, including CR6261 [5], F10 [2], and FI6 [8],
seem to bind particularly well-conserved epitopes composed
of membrane proximal regions of HA1 and HA2. These anti-
bodies are able to neutralize virus but do not exhibit HAI ac-
tivity typical of neutralizing antibodies that bind to the HA
head.

Recent work from our lab has shown that individuals in-
fected with p2009 IAV experienced a boost in HA stalk-reac-
tive antibodies [13]. We postulated that due to their broadly
neutralizing characteristics, these antibodies may be responsi-
ble for the extinction of the previous seasonal H1N1 virus.
This led us to question whether this phenomenon would also
occur upon exposure to vaccines containing viruses whose HA
head domain differed substantially from seasonal strains. The
elevated HA stalk antibody titers observed in NJ/76 vaccinees
not only suggested that the NJ/76 vaccine was indeed capable
of inducing HA stalk-reactive antibodies but demonstrated for
the first time to our knowledge that these antibodies are long
lived, similar to neutralizing antibodies that bind to the HA
head domain. Critically, this in turn indicates that develop-
ment of novel broadly protective IAV vaccines may also
provide long-lasting protection. Of course, it remains uncer-
tain to which degree subsequent vaccinations or infections
may have contributed to maintaining or enhancing antibodies
boosted by the NJ/76 vaccine.

Like the NJ/76 vaccination and Cal/09 infection [13], the
Cal/09 vaccine was capable of boosting titers of HA stalk-reac-
tive antibodies but only in control subjects who had not re-
ceived the NJ/76 vaccine. This supports the notion that

efficient boosting of stalk antibodies requires exposure to an
antigenically dissimilar HA head and would explain why mul-
tiple exposures to seasonal IAV variants does not appear to
result in robust levels of stalk antibodies [12]. The lack of pro-
tective preexisting HAI titers against Cal/09 in control sub-
jects, the absence of reported illness in both groups in the
months prior to the study, strongly suggest that these individ-
uals had not been infected with Cal/09 prior to vaccination.

Finally, the data demonstrate that individuals who have re-
ceived swine-origin H1 vaccines developed elevated levels of
antibodies capable of neutralizing virus containing a hetero-
subtypic HA head domain. Together, these findings advance
our understanding of the natural scenarios in which anti-stalk
antibodies are elicited and may enhance our understanding of
why influenza virus strains die out. The fact that not only in-
fection, but also vaccination, is capable of boosting titers of
anti-HA stalk antibodies, and that these antibodies appear to
be long-lived, raises the prospect that a successful universal
IAV vaccine strategy that elicits high levels of neutralizing HA
stalk antibodies will be successful. The boost in stalk antibod-
ies elicited by NJ/76 or Cal/09 vaccination was amazingly
robust relative to the impressive boost observed in patients
who were infected with p2009 IAV [13]. Enhancing the mag-
nitude of anti-HA stalk antibody boost elicited by immuniza-
tion should therefore be a central consideration in vaccine
design. Such a vaccine would substantially reduce the annual
global burden associated with IAV infections and reduce the
risk of a new IAV pandemic arising in the future.
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