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Rapid production of influenza vaccine antigen is an important challenge when a new pandemic occurs. Production of
recombinant antigens in plants is a quick, cost effective and up scalable new strategy for influenza vaccine production. In
this study, we have characterized a recombinant influenza haemagglutinin antigen (HAC1) that was derived from the
2009 pandemic H1N1 (pdmH1N1) virus and expressed in tobacco plants. Volunteers vaccinated with the 2009 pdmH1N1
oil-in-water adjuvanted vaccine provided serum and lymphocyte samples that were used to study the immunogenic
properties of the HAC1 antigen in vitro. By 7 d post vaccination, the vaccine fulfilled the licensing criteria for antibody
responses to the HA detected by haemagglutination inhibition and single radial hemolysis. By ELISA and ELISPOT analysis
we showed that HAC1 was recognized by specific serum antibodies and antibody secreting cells, respectively. We
conducted a kinetic analysis and found a peak of serum HAC1 specific antibody response between day 14 and 21 post
vaccination by ELISA. We also detected elevated production of IL-2 and IFNc and low frequencies of CD4+ T cells
producing single or multiple Th1 cytokines after stimulating PBMCs (peripheral blood mononuclear cells) with the HAC1
antigen in vitro. This indicates that the antigen can interact with T cells, although confirming that an effective adjuvant
would be required to improve the T-cell stimulation of plant based vaccines. We conclude that the tobacco derived
recombinant HAC1 antigen is a promising vaccine candidate recognized by both B and T cells.

Introduction

The recent 2009 influenza pandemic clearly highlighted the
limitations of the currently used egg-based influenza vaccine
production system, in terms of producing enough vaccine antigen
for the global market in a limited time window. Future strategies
for pandemic vaccine manufacturing should therefore focus on
increasing capacity and reducing cost and time required for
antigen production. Several new technologies are under investiga-
tion and recombinant expression systems for vaccine antigen
production are promising. Expression of antigen in tobacco plants
is a rapid and up scalable system resulting in high concentration
of antigen with a eukaryotic glycosylation pattern.1-3

Most pandemic influenza vaccine trials have concentrated on
the highly pathogenic avian H5N1 viruses as these are continuing
to cause zoonosis in humans. The 2009 pandemic was therefore
an important reminder that pandemic viruses might well originate
from other subtypes and zoonotic origins. Most H5 antigens

elicit a poor immune response in man and need a strong
immunological adjuvant and at least one booster dose to reach
protective antibody titers equivalent to those required against
seasonal influenza strains.4-7 The 2009 pandemic H1N1
(pdmH1N1) vaccine antigen was highly immunogenic, egg-based
vaccines providing protection after a single dose in adults and
children over ten years of age,8-13 hence providing a better
opportunity to study the immunogenicity of next generation
pandemic vaccines in man.

Antigens produced in tobacco plants have previously been
shown to be immunogenic in animal models when combined
with a suitable adjuvant.3,14-17 The ability of these proteins to be
recognized by the human immune system has however been
poorly explored.

In 2009 we conducted a clinical trial vaccinating frontline
healthcare workers with oil-in-water, (AS03) adjuvanted, low dose
pdmH1N1 vaccine.13 In the present study we have evaluated a
recombinant haemagglutinin (HA) antigen (HAC1) derived from
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the 2009 pdmH1N1 virus (A/California/4/2009), produced in
tobacco plants. We used serum and lymphocytes from the 2009
study to investigate the recognition of the HAC1 antigen by
human pdmH1N1 specific antibodies and to investigate the
ability of HAC1 to be recognized by B and T lymphocytes in
vitro. As such this study is a first step in taking these new
generation vaccines into human clinical trials.

Results

We have utilized in vitro immunological assays for evaluating a
recombinant influenza HA protein (HAC1) as a potential human
vaccine candidate. The HAC1 antigen contained amino acids
18–530 of the influenza surface glycoprotein, HA, derived from
the pdmH1N1 virus A/California/4/2009 (H1N1). The antigen
was expressed recombinantly in tobacco plants using plant virus
vectors. Serum and lymphocytes from 23 individuals was used
for the immunological assays. The individuals were healthcare
workers participating in a clinical study evaluating the safety and
immunogenicity of the oil-in-water adjuvanted low-dose split
virus vaccine against the pdmH1N1 virus.13

Study group demographics. The study group consisted of
20 women and three men, reflecting the female dominance
among Norwegian healthcare workers (Table 1). The volunteers
were between 25 and 64 y of age (mean age 50.2 y) when
vaccinated between October 22nd and 27th 2009, two to three
weeks prior to the peak in pdmH1N1 activity. Eight volunteers
were concurrently immunized with the 2009 seasonal vaccine and
18 subjects had a history of previous seasonal influenza vaccina-
tion. Four volunteers had experienced influenza symptoms during
the past 12 mo prior to vaccination, but none of the subjects had
experienced clinical symptoms of pdmH1N1. Two volunteers
reported taking an anti-influenza drug (Tamiflu) prophylactically
during the 20 d post vaccination period. Two volunteers reported
that they had underlying respiratory disease (Table 1) and were
thus in the high-risk group for influenza vaccination.

Vaccine-induced solicited adverse events. Vaccinees completed
a diary card, registering any adverse events occurring during a 20 d
post vaccination period and grading them in terms of severity. No
serious adverse events were reported although the frequency of
adverse events was high (Fig. 1). Twenty-two of the 23 vaccinees

(95.6%) reported experiencing an adverse event of mild to
moderate severity and no one reported any side reactions later
than seven days after vaccination. Local side reactions were
reported by 21 (91.3%) of the vaccinees, the most common being
pain at the injection site experienced by 20 individuals (87.0%).
Fourteen individuals (63.6%) experienced both systemic and
local reactions after vaccination and only one individual (4.3%)
reported only systemic reactions. The most common systemic
reactions were headache and fatigue reported by 10 (43.5%) and
9 (39.1%) individuals, respectively. In summary the vaccine was
well tolerated by the vaccinees, it had a good safety profile and no
severe adverse reactions were observed.

Vaccine immunogenicity. The Committee for Medicinal
Products for Human Use (CHMP) has defined a set of criteria
for evaluating seasonal and pandemic influenza vaccine efficacy,
defining single radial hemolysis (SRH) areas of $ 25 mm2 and
haemagglutination inhibition (HI) titers $ 40 as protective in
humans. We investigated the level of surrogate protective
antibodies to the vaccine antigen in the serum of our vaccinees
according to these criteria. Three and two individuals in the study
had pre-existing immunity to the vaccine antigen prior to vac-
cination, as measured by SRH and HI assays, respectively. This
probably reflects that the volunteers were all frontline healthcare
workers in the hospital. Already seven days post vaccination,
protective antibody titers were observed in 14 and 12 of the 17
available serum samples by SRH and HI assays, respectively, and
by 14 d post vaccination this had increased to 16 and 15, out of
16 subjects (Fig. 2A and B). At seven days post vaccination the
geometric mean area (GMA) for SRH was 35 mm2 and the
geometric mean HI titer (GMT) was 86. At 14 d post vaccination
GMA had increased to 57 mm2 and continued to increase to
66 mm2 on day 21. For HI, the GMT increased to 272 at 14 d
and remained stable at 21 d (GMT 277). A Spearman correlation
test showed a good correlation between the HI and SRH data
for each volunteer (r = 0.7313 and p , 0.0001) at day 21 post
vaccination.

Table 1. Demographics of the enrolled volunteers

Number of males / females (total) 3/20 (23)

Age range 25–64 y

Mean age 50.2 y

Received seasonal influenza vaccine in 2009* 8 (34.8%)

Received previous seasonal influenza vaccine* 18 (78.3%)

Experienced influenza symptoms past year* 4 (17.4%)

Received anti influenza drugs during trial* 2 (8.7%)1

Underlying disease* 2 (8.7%)2

*Data presented as number of subjects reporting each variable. 1Both
reported taking prophylactic Tamiflu. 2Both reported underlying respiratory
disease.

Figure 1. Solicited adverse events after vaccination in the enrolled
volunteers. The frequency of local and systemic adverse events
for volunteers included in the study. Data are based on diary cards
completed by the 23 subjects in the study. “Any” refers to the report
of an adverse event on one or more days after vaccination.
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The longevity of the antibody response was measured by the
HI assay. HI titers had fallen slightly at 3 mo post pdmH1N1
vaccination (GMT 164) and, for three individuals, titers were
below the protective levels at three months. The HI titers
continued to decrease by 6 mo (GMT = 109) and further by
12 mo (GMT = 25) and at these two last time points 68.4% and
38.0% of subjects still had protective HI titers (Fig. 2B and C).

Of the three subjects who were below protective HI antibody
levels at three months, two were not sampled at 6 mo while one
had a low but detectable HI titer (13) at 6 mo.

One subject did not reach a protective HI antibody titer after
the first vaccination and was therefore given a booster dose of
vaccine after the three-month blood sample. This person did,
however, reach a protective SRH antibody titer both at 14 and
21 d post vaccination. This could reflect an increased sensitivity
of the SRH assay in measuring low antibody responses.

Overall, the study group responded well to the vaccine as
evaluated by the CHMP criteria.

The HAC1 protein was recognized by circulating IgG
and IgA secreting B cells. The enzyme linked immunospot
(ELISPOT) assay was used to investigate HAC1 recognition by
specific antibody secreting B cells (ASCs) from 15 volunteers 7 d
post vaccination and compared with the recognition of the
vaccine antigen as a positive control. The number of ASCs
producing each Ig class was enumerated per 100,000 peripheral
blood mononuclear cells (PBMCs). We found that IgG (mean =
64.6) and IgA (mean = 52.7) but not IgM (mean = 1.2) secreting
ASCs detected the HAC1 protein in vitro as shown in Figure 3.
In agreement with previous findings,18 experiments on cells
isolated from non-vaccinated individuals and on days 14 and 21
post vaccination showed very low numbers of HAC1 reactive
ASCs per sample (mean numbers between 0 and 1, and no single
measurement above 6 in 100,000 PBMCs) this was also similar to
the results observed for the vaccine antigen (results not shown).

A non-parametric correlation test (Spearman’s test) also showed
significant correlation between numbers of IgA secreting ASCs
detecting HAC1 and the positive control (r = 0.6869, p = 0.0047)
while the correlation for IgG secreting ASCs was not significant
(r = 0.4844, p = 0.0673).

The HAC1 protein was detected by serum antibodies. The
kinetics of the serum antibodies recognizing HAC1 after vaccina-
tion was investigated by Enzyme linked immunosorbent assay
(ELISA) (Fig. 4). The level of serum IgG antibodies interacting
with HAC1 was investigated prior to vaccination and 7, 14 and

Figure 2. Immunogenicity of the pdmH1N1 vaccine. (A) serum SRH titers
for the enrolled volunteers pre-vaccination, and 7, 14, 21 d (d) post
vaccination. (B) serum HI titers for the enrolled volunteers pre-
vaccination, and 7, 14, 21 d (d) and 3, 6 and 12 mo (m) post vaccination.
Each symbol in A and B represents one individual serum sample and
lines indicate geometric mean area (GMA) or geometric mean titer
(GMT) ± 95% confidence interval. The number of sera (n) included
at each time point is indicated. (C) The reverse cumulative distribution
curves for the HI antibody response. The HI data was standardized
according to a conversion factor based on the GMT of the Candidate
International Standard (09/194) in a collaborative study, as the Candidate
International Standard has not been assigned International Units.
Dotted lines indicate protective levels as defined by the Committee
for Medicinal Products for Human Use (CHMP).

Figure 3. Human B-cells detecting HAC1. Human peripheral blood
mononuclear cells (PBMCs) isolated 7 d post vaccination were analyzed
by ELISPOT to identify antibody secreting cells (ASCs) recognizing
the HAC1 antigen or the vaccine antigen. For each sample the number of
B-cells secreting specific antibodies of the IgG, IgA and IgM classes were
quantified in 100,000 PBMCs. Each symbol represents one individual
volunteer. Lines indicate the mean ± standard error of the mean (SEM).
n = 15
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21 d and 3, 6 and 12 mo post vaccination. Prior to vaccination
the antibody level was low (mean = 12.6 mg/ml), it increased on
day 7 post vaccination (mean = 70.8 mg/ml) and reached its

peak between 14 d (mean = 157.1 mg/ml) and 21 d (mean =
158.5 mg/ml) post vaccination. The mean response then gradually
declined throughout the rest of the sampling period (3 mo =
70.9 mg/ml, 6 mo = 62.0 mg/ml, 12 mo = 44.8 mg/ml).

The increase in HAC1 detecting antibodies was statistically
significant at all time points compared with pre vaccination con-
centrations. The peak response between day 14 and 21 reflected
the rapid response as measured by HI and SRH (Fig. 2A and B)
and clearly showed that the HAC1 protein was well recognized
by human influenza specific serum antibodies. The ELISA results
further appeared to follow the same trend as the HI results
although there was no statistical significant correlation of the
HI and ELISA results for each volunteer according to the
Spearman’t test.

The HAC1 protein induced low levels of cytokine secretion
from PBMCs isolated 21 days post vaccination. The ability of
HAC1 to induce cytokine secretion in pdmH1N1 specific
human PBMCs in vitro was measured by multiplex cytokine
assay of 10 different cytokines. PBMCs from 19 volunteers
isolated 21 d post vaccination were stimulated in vitro with the
HAC1 protein or vaccine antigen (positive control) or medium
alone (negative control). The time post vaccination was chosen
based on previous time studies of in vitro stimulation.19 From

Figure 5 it is evident that, although some of
the human PBMC samples secreted high levels
of cytokines after in vitro stimulation with the
HAC1 protein, a number of samples did not
respond to the HAC1 stimulation. By statist-
ical analysis only IL-2 (p = 0.0243) and IFNc
(p = 0.0025) were significantly higher than
the negative controls (Fig. 5). This indicates
that although the protein seems to be well
recognized by B-cells and their secreted
antibodies, there are limitations as to the
ability of the HAC1 protein alone to induce
cytokine stimulation in human PBMCs
in vitro. In comparison, the positive control
elicited significantly higher cytokine secretion
for the cytokines IL-2, IFNc, IL-5, IL-10, IL-
17, IL-13, GM-CSF and TNFa (p , 0.05)
but not for IL-4 and IL-12. Even though
HAC1 did not significantly stimulate the
secretion of all these cytokines for the study
group as a whole, for each cytokine there were
nearly always a few individuals with elevated
secretion indicating that HAC1 has the
potential to also induce these cytokines but
that further immunostimulatory agents might
be needed when used as a vaccine. There was
no significant correlation between the results
obtained with HAC1 and the vaccine antigen
for IL-2 and IFNc, this could also be due to
the poor stimulation by HAC1.

We examined if the same individuals were
high expressers of each cytokine after stimu-
lation. For HAC1 stimulation there did not

Figure 4. Human serum antibodies detecting HAC1. HAC1 detecting IgG
antibodies were measured by ELISA on serum collected pre vaccination
and at 7, 14 and 21 d (d) and 3, 6 and 12 mo (m) post vaccination.
Each symbol represents one individual serum sample. Lines represent
the mean ± standard error of the mean (SEM). ** and *** indicate
concentrations significantly different from day 0 with p , 0.005 and
p , 0.0005, respectively. The number of sera (n) included at each time
point is indicated.

Figure 5. In vitro induction of cytokine secretion from human PBMCs by HAC1. Human PBMCs
isolated 21 d post vaccination were stimulated in vitro with HAC1 or the vaccine antigen or left
non-stimulated (Neg) for 3 d and the level of 10 different cytokines was measured in the cell
supernatant by multiplex cytokine assay. Each symbol represents one individual volunteer.
Bars represent the mean ± standard error of the mean (SEM). * and ** indicate significant
difference with p , 0.05 and p , 0.005, respectively. n = 19.
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seem to be any clear correlation as samples expressing high levels
of one cytokine could express no or very low levels of another
cytokine. On the other hand, samples expressing low levels of
IFNc generally also expressed very low or undetectable levels of
the other cytokines investigated. For stimulation with the vaccine
antigen, on the other hand, there seemed to be a good correlation,
according to the spearman test, between the level of IFNc
expression and IL-10 (r = 0.7456, p = 0.0002), TNFa (r =
0.9140, p , 0.0001) and GM-CSF (r = 0.8416, p , 0.0001).
The correlations after HAC1 stimulation may of course be less
obvious due to no or low cytokine stimulation in many of the
samples.

Multifunctional CD4+ T cells were stimulated by the HAC1
protein in vitro. We also investigated the ability of the HAC1
protein to stimulate intracellular cytokine production in CD4+

and CD8+ T cells in vitro. We used PBMCs isolated from 19
vaccinees at 21 d post vaccination. The time point post
vaccination was chosen to allow for comparison with reports in
the literature in which CD4+ T cells responses have also been
measured at day 21.20,21 The samples were stimulated with
HAC1, the vaccine antigen or medium alone and subsequently
analyzed for CD4+ and CD8+ T cells expressing the cytokines

IFNc, IL-2 and TNFa by multiparameter flow cytometry. The
number of CD4+ lymphocytes expressing each of these cytokines
was significantly elevated after HAC1 stimulation compared
with medium alone (IFNc, p = 0.0012; IL-2, p , 0.0001;
TNFa, p , 0.0001) (Fig. 6A). We also found a significant
correlation between the samples expressing elevated levels of each
cytokine in response to HAC1 and the vaccine antigen, indicating
that high responders recognized HAC1 (IFNc, r = 0.7193, p =
0.0005; IL-2, r = 0.8811, p , 0.0001; TNFa, r = 0.6702, p =
0.0017). In contrast to CD4+ T cells, we did not see activation
of CD8+ T cells in response to HAC1 or the vaccine antigen at
this time point (data not shown). Previously published studies
have shown that AS03 adjuvanted H5N120 and H1N121 vaccines
induce an increase in the frequencies of influenza-specific CD4+

Th1 cells but not CD8+ T-cell responses.
By this method we were also able to investigate the quality

of the T-cell response as indicated by the frequency of multi-
functional CD4+ Th1 cells, producing more than one cytokine
simultaneously. This parameter has been associated with vaccine
protection22-24 and is shown to be an integral part of the response
to influenza vaccination in murine models and in man.25-27 We
measured the frequency of CD4+ cells producing one, any two or
all three of the cytokines TNFa, IL-2 and IFNc simultaneously.
We found a significant increase both in single producing (p =
0.0136, mean increased from 0.061 to 0.079%), double pro-
ducing (p , 0.0001, mean increased from 0.013 to 0.036%) and
triple producing (p = 0.0004, mean increased from 0.002 to
0.018%) T cells after stimulation with the HAC1 protein
(Fig. 6B). There was also a good correlation in multifunctional
cells stimulated by HAC1 and the vaccine antigen (single
producers, r = 0.7368, p = 0.0003; double producers, r =
0.9298, p , 0.0001; triple producers, r = 0.7474, p = 0.0002).

Discussion

Expressing recombinant HA antigens in tobacco plants is a highly
promising next generation vaccine production system, shown to
be rapid, cost effective and up scalable.1-3

The HAC1 protein as well as haemagglutinin plant antigens
derived from seasonal strains (H3N2) and three different H5N1
viruses have previously been tested as vaccine candidates in animal
models showing good immune responses in mice and ferrets.3,14-16

Medicago, Canada, have shown that plant produced influenza
virus-like particles (VLPs) can induce protective immunity in
mice and ferrets and show promising results in a phase one clinical
trial.28,29 Together these studies demonstrate the potential for
plants as biofactories for influenza antigens. The present study is
the first to investigate the ability of human B and T cells to
recognize recombinant influenza antigens produced in tobacco
plants.

During the 2009 influenza pandemic we had access to a unique
set of serum and lymphocyte samples, taken at sequential time
points post vaccination, from vaccinees who elicited rapid and
high protective antibody titers in response to the AS03 adjuvanted
pdmH1N1 vaccine.13 These samples provided a unique oppor-
tunity to test the interaction between the plant-produced

Figure 6. HAC1 activation of multifunctional T cells. Human PBMCs
isolated 21 d post vaccination were stimulated in vitro with HAC1
or the vaccine antigen or left non-stimulated (Neg) overnight. Cells were
then fixed and analyzed for the presence of multifunctional T cells
producing one or more of the cytokines TNFa, IL-2 and IFNc by
multi-parametric flow cytometry. (A) Total frequency of CD4+ cells
producing each of the cytokines investigated. (B) Frequency of CD4+ cells
producing only one, any two or all three of the cytokines investigated.
*, ** and *** indicate significant difference with p , 0.05, p , 0.005 and
p , 0.0005, respectively. Bars represent the mean ± standard error of
the mean (SEM). n = 19.
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pdmH1N1 specific HA antigen and specific human immune
responses.

The HI and SRH titers of the individuals in the study-group
reflected the high antibody titers and rapid protection reported for
the larger study13 and were comparable to reports from other
pdmH1N1 vaccines and other clinical trials using the AS03
adjuvant.8-12,30,31 The frequency and severity of the solicited
adverse effects were also similar to other influenza vaccine trials
using the AS03 adjuvant,13,30,31 with transient, local pain at the
injection site most commonly observed and no severe adverse
events reported.

We found that the HAC1 antigen was well recognized by
serum antibodies and antibody secreting cells from individuals
in the study-group and that it stimulated cytokine secretion in
lymphocytes from the same individuals, although at lower levels
than the vaccine antigen. We also showed that HAC1 was able
to induce secretion of IL-2 and IFNc to statistically significant
levels by in vitro stimulation of PBMCs from the vaccinated
individuals. The in vitro stimulation of multifunctional Th1-cells
from pdmH1N1 vaccinated individuals showed that the HAC1
protein was recognized and induced cytokine production. An
important question for future studies is if plant produced antigens
can induce the maturation of such polyfunctional T cells in man,
as recent experiments conducted in mice point to this.26

Importantly we saw a good correlation between the results
obtained using the HAC1 antigen and those obtained using the
vaccine antigen both in the ELISPOT assay and by intracellular
cytokine staining, yet the results obtained for the vaccine antigen
were always higher than those of HAC1. The X179a vaccine
antigen was used as a homologous positive control commonly
used for standard evaluation of the immune response after
vaccination. It is important to note that the vaccine antigen is
expected to induce a better response in our assays than the
purified HA monomers of HAC1. In the ELISA and ELISPOT
assays antibodies against the surface protein, neuraminidase (NA),
will make a substantial contribution to the recognition of the
whole virus vaccine antigen. In the T cell assays, trace viral RNA
in the split virus vaccine antigen could induce innate mechanisms
through activation of toll-like receptor 7 (TLR7)32,33 and together
with recognition of NA and additional internal proteins such as
the nucleoprotein (NP) and matrix 1 (M1), this could result in an
increased T cell response. However, using the vaccine antigen as
a positive control gives an indication of the immunological
difference between the two antigens in a vaccination scenario,
pointing to the need for an effective adjuvant for plant-based
vaccines, especially for inducing a robust T-cell response. Oil-in-
water formulated, squalene based compounds such as MF59,
AF02 and AS03 are promising new proprietary adjuvants for
intramuscular influenza vaccines. Triggering a local damage
response from the muscle cells at the injection site, MF59 has
been shown to activate macrophages and attract monocytes,
resulting in the stimulation of dendrittic cell maturation.34-36

Other oil-in-water formulated adjuvants are likely to function in a
similar manner and both AS03 and MF59 have been shown to
induce CD4+ T cells after vaccination in humans.37,38 Both these
adjuvants have shown good potential for enhancing systemic

immune responses in clinical trials both for H539-42 and
pdmH1N1 vaccines.12,13 Another attractive adjuvant is the 3rd
generation immunostimulating complex, Matrix M, that recently
showed promising results in a phase one clinical trial directed
against an avian influenza H5N1 virus performed by our lab.43

The challenge in choosing a good adjuvant for a candidate vaccine
today is, however, that all clinically approved adjuvants are
proprietary, and hence not necessarily available for testing with a
given antigen.

The field of developing targeted adjuvant technologies is still
in its infancy, and a number of novel experimental adjuvants
are under pre-clinical testing, some favoring alternative routes of
administration. The bacterial second messenger, c-di-GMP, has
shown a good immunostimulatory potential in particular as a
mucosal adjuvant.44,45 We have previously found that intra-
nasal administration of a plant produced H5 antigen together
with c-di-GMP in a mouse model resulted in high antibody
titers and good cytokine and T-cell responses,26 further demon-
strating the ability of plant-produced antigens to induce a
robust response in combination with an adjuvant. The c-di-
GMP adjuvant is not yet suitable for clinical studies as it has
yet to be approved for use in humans but preclinical studies of
this and other new generation adjuvants indicate the potential
strength of new adjuvant technologies. In addition to the use
of adjuvants, the vaccine response could also possibly be
enhanced by combining the HAC1 protein with additional plant
produced viral antigens such as antigens against NA and perhaps
internal proteins such as nucleoprotein (NP) and matrix1 (M1)
protein.

We conclude that the HAC1 protein has shown good vaccine
potential as it was recognized by both human B- and T cells in
vitro and should be combined with a safe and effective adjuvant
for testing in clinical trials. Our results imply that the production
of antigen in plants is a good strategy for future pandemic
influenza vaccine production.

Materials and Methods

Study design. Inclusion of health care workers in the main study,
which was a clinical study of pandemic H1N1 (pdmH1N1) split
virus, AS03 adjuvanted, vaccine at Haukeland University
Hospital, was performed as described in.13 The study was
approved by the Regional Committee for Medical Research
Ethics, Western Norway (REKVest) and the Norwegian
Medicines Agency and is registered in the European Clinical
Trials Database (2009-016456-43), and National Institute for
Health database Clinical trials.gov (NCT01003288). The
exclusion criteria (a history of anaphylaxis or hypersensitivity to
vaccines, an oral temperature . 38°C in the preceding 72 h, an
acute respiratory infection up to 7 d prior to immunization or
virologically confirmed pdmH1N1) were reviewed for each
subject before administration of the vaccine and written informed
consents were provided from all subjects prior to inclusion in the
study. All volunteers were asked to fill in a diary card reporting
any adverse effects, their seasonal influenza vaccination status and
suspected or confirmed pdmH1N1 infection.
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Serum and lymphocytes from 23 healthcare workers were
included in the present study. Volunteers were included randomly
based on time of vaccination and arrival of lymphocytes in the lab.

Vaccination was performed by mixing one vial of split virus
vaccine antigen suspension (strain X179a) with one vial of AS03
emulsion according to the manufacturers instruction. The vaccine
was administered intramuscularly (IM) by injecting 0.5 ml of
vaccine into the deltoid muscle. Blood samples were collected
prior to vaccination, 7, 14, 21 d and 3, 6 and 12 mo post
vaccination.

All volunteers were sampled on days 0 and 21, but due to
unavailability of some volunteers on certain sampling days and
a variation in sampling based on differences in vaccination days,
not all volunteers were included in all assays.

Samples were collected on the indicated days except for the day
seven samples (one sample collected on day six) and the day 21
samples (one sample collected on day 20 and one on day 25).
Three month samples were collected three to four months post
vaccination, six month samples were collected six to seven months
post vaccination (one sample at six months minus eight days) and
12 mo samples were collected at 12 mo +/2 six weeks.

Sample preparation. Lymphocytes were isolated by centrifu-
gation of blood collected in cell preparation tubes (CPT)
according to manufacturer’s instructions. Plasma was removed
and lymphocytes were washed twice in 15 ml PBS containing 5%
fetal bovine serum (FBS). Cells were reconstituted in 1 ml/CPT
of lymphocyte medium [RPMI 1640 containing 10% FBS and
1% penicillin, streptomycin and Amphotericin B (PSA)] and
used directly in further assays.

Serum samples were prepared by centrifuging clotted blood at
1,500 � g for 10 min. All serum samples were aliquoted and
stored at -80°C for subsequent use in the HI, SRH or ELISA
assays.

Haemagglutination inhibition (HI) assay. The HI assay was
performed as described in.13 In brief, serial 2-fold dilutions of
serum treated with four volumes of receptor destroying enzyme
(RDE) were prepared from a 1/10 dilution in PBS and incubated
with 8 haemagglutinating units of inactivated whole virus X179a
[National Institute for Biological Standards and Control (NIBSC),
UK] for one hour. Dilutions were further incubated with 0.7%
(v/v) turkey erythrocytes for 30 min, and the individual HI
titers were read as the reciprocal of the highest dilution at which
50% haemagglutination was inhibited. The geometric mean HI
titer (GMT) was calculated for each subject and titers , 10
were assigned a value of 5 for calculation purposes.

Pre and post vaccination serum samples from each individual
were tested simultaneously on up to three separate occasions.
Positive control sera were included in all assays and consisted of
a post infection ferret serum against X179a and a human post
pdmH1N1 2009 infection plasma (09/194) prepared at NIBSC
as a candidate International Standard for serological assays. The
HI titers were standardised according to a conversion factor to
allow comparison with other studies, as the Candidate Interna-
tional Standard has not been assigned International Units. This
was calculated by dividing the Collaborative Study GMT by the
laboratory GMT.

Single radial hemolysis (SRH). SRH was based on a modified
reference method standardized by Schild and colleagues.46 Two
different sets of SRH plates were prepared using turkey
erythrocytes at final concentration 10%, to which were added
2,000 HAU/ml (Haemagglutinin Units/ml) inactivated whole
virus X179a, provided by NIBSC/HPA UK. All samples were
heat inactivated at 56°C for 30 min before the test, and 6 ml
volumes were added to each well. Antibody titration was made in
duplicate in two different assay sets. Diameters of hemolysis area
for each sera tested were measured using a Transidyne Calibrating
Viewer (Transidyne General Corporation). Both pre and post-
vaccination sera were titrated simultaneously. A hemolysis area
less than 4 mm2 was considered as seronegative, between 4 and
25 mm2 was considered positive but not protective, sera with areas
of hemolysis equal to or higher than 25 mm2 were considered
seroprotected, as defined in the CHMP guidelines. Undetectable
SRH areas were assigned an area of 4 mm2. In each test a negative
control sample and a positive control serum (sheep hyperimmune
sera provided from NIBSC) were included.

Expression and preparation of recombinant antigen. HAC1
was expressed recombinantly in tobacco plants using plant
virus vectors as described previously.3,14,16 In brief amino acids
18–530 of the HA protein of the A/California/4/09 (H1N1)
virus were cloned into a plant virus expression vector and
transformed into Agrobacterium tumefaciens together with a
helper plasmid. The transformed bacteria were introduced into
6-week-old Nicotiana benthamiana plants by vacuum infiltration.
After seven days leaves were homogenized and extracts clarified
by centrifugation, the protein was purified by immobilized
metal affinity chromatography and anion exchange chromato-
graphy. The purity of the HAC1 protein was measured to
. 90% by reverse-phase ultra-performance liquid chromato-
graphy (RP-UPLC).3

Enzyme linked immunospot (ELISPOT) assay. The
ELISPOT assay was conducted as previously described18 with
the following modifications. Ninety-six well ELISPOT plates
were coated with inactivated whole virus X179a (2 mg HA/ml) or
recombinant HAC1 antigen (2 mg/ml) diluted in PBS overnight
at 4°C. After blocking 100,000 PBMCs were added to duplicate
wells and incubated at 37°C and 5% CO2 overnight. Secreted
antibodies were detected with biotinylated goat anti-human class
specific antibody [IgG (Sigma), IgA and IgM (both Southern
Biotech)] for two hours at room temperature, followed by
detection with extravidin peroxidase. Following development, the
number of spots was counted using the ELISPOT reader
(ImmunoscanTM) and the ImmunoSpot software (both from
Cellular Technology, Ltd.).

Enzyme linked immunosorbent assay (ELISA). The ELISA
assay was performed as previously described.47 In brief wells were
coated with 100 ml (0.2 mg/well) recombinant HAC1 protein (or
0.1 mg goat anti-human IgG for the standard) at 4°C overnight.
Wells were blocked with 150 ml PBS with 20% NCS at room
temperature for one hour. Serum samples and human IgG
standard were prepared in two-fold dilutions series and 100 ml
was added to each well and incubated for two hours at
room temperature. IgG was detected with a biotinylated goat
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anti-human IgG antibody (Sigma) for 1.5 h at room temperature
and detected by extravidin-peroxydase.

Multiplex cytokine detection. We quantified the concentra-
tion of cytokines secreted in the supernatants from stimulated
peripheral blood mononuclear cells (PBMCs) using Bio-plex
cytokine assay (Biorad) according to the manufacturers instruc-
tions. In brief cells isolated on day 21 post vaccination were
stimulated with 100 ml/well, 10 mg HA/ml of split virus X179a
antigen or plant protein (HAC1) for 72 h before supernatants
were harvested. A 10-plex kit (Biorad) was used to detect the
cytokines IL-2, INF-c, IL-4, IL-5, IL-10, IL-12, IL-13, GM-CSF,
TNFa and IL-17 and plates were read with the Bio-Plex 200
reader using Bio-Plex manager 5.0 software (Biorad).

Intracellular cytokine staining and multiparameter flow
cytometry. Fresh lymphocytes were incubated at 37°C and 5%
CO2 overnight with 100 ml/well of HAC1 or split virus X179a
antigen (10 mg HA/ml), 2 mg/ml anti-CD28 and CD49d anti-
bodies (PharMingen) and GolgiStop (monensin) and GolgiPlug
(10 mg/ml Brefeldin A) (BD Biosciences, USA) in lymphocyte
medium before intracellular cytokine staining. Negative controls
were incubated in lymphocyte medium alone (no antigen) and
lymphocytes from pre vaccination samples incubated in medium
with or without influenza antigen. Subsequently, cells were
stained for CD3, CD4, CD8, IFN-c, IL-2 and TNF-a (BD
Biosciences) using the BD Cytofix/Cytoperm kit according to
the manufacturer’s instructions and as described in reference.23

Finally, cells were re-suspended in PBS containing 5% FCS
and live lymphocytes (ethidium monoazide negative) were
acquired (300,000 cells per sample) using a BD FACSCanto

flow cytometer. Data were analyzed by using FlowJo v8.8.6
software (Tree Star, USA), Pestle v1.6.2 and Spice 5.0 (Mario
Roederer, Vaccine Research Centre, NIH) and polyfunctional
T cells were identified as described in references.23,48 T cells
were classified based on cytokine secretion as single producers
(1 cytokine), double producers (2 cytokines) and polyfunctional
triple producers (simultaneously secreting IFN-c, IL-2 and
TNF-a).

Statistics. Statistical analysis were performed using the
GraphPad Prism 5.0c for Mac OS X. Significant changes were
determined with a paired student t test (two-sided with 95% CI)
except for the ELISA results where a non-paired t test was used
(two-sided with 95% CI). All correlations were determined using
the Spearman test (two-sided with 95% CI).
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