








remained well below their baseline weights (15 to 18% loss) at 12 days after challenge.
Only the H1-VLP-vaccinated animals recovered a substantial amount of weight, reach-
ing statistical significance in the last days of the experiment (P � 0.0001 versus the
split-vaccine group at day 12).

Lung viral load at 3 days postinfection. Overall, vaccination had relatively little
impact on day 3 viral loads in either young or aged animals. In the young mice, the
highest viral loads were found in the split-vaccine group (mean of log values, 4.07,
versus naïve, 4.42) (Fig. 6). The greatest decrease in the day 3 viral load and the only

FIG 3 Cytokine/chemokine production by splenocytes after ex vivo stimulation in young versus old mice. Young (5- to 8-week-old) and aged (16- to
20-month-old) BALB/c mice were immunized once by intranasal instillation of H1-VLP vaccine or i.m. with H1-VLP or split-virion vaccine or were left naive.
Three weeks postvaccination, splenocytes were collected and stimulated ex vivo for 72 h with H1-VLP. Concentrations in the supernatant were measured
by multiplex ELISA for the following cytokines: IL-1�, IL-1�, IL-2, IL-4, IL-5, IL-10, IL-12, IFN-�, and TNF-�. The fold change for each group was calculated
(stimulated/unstimulated) based on the unstimulated samples from the corresponding group. For statistical analysis, two-way ANOVA was performed
on the log values of the fold change. ****, P � 0.0001; ***, P � 0.001; **, P � 0.01; *, P � 0.05. The data represent 4 to 13 mice/group combined from
2 studies.
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decrease that reached statistical significance was observed in the young H1-VLP i.m.
group (3.68; P � 0.05) (Fig. 6). The H1-VLP i.n. group had a slight decrease from the
naive and split-vaccine groups (4.02). Among the aged animals, the split-vaccine and
H1-VLP i.n. mice had the highest viral loads (4.27 versus 4.29, respectively) compared to
the naïve mice (4.50). The H1-VLP i.m. group had a small decrease in the day 3 viral
loads (4.06) (Fig. 6).

Antibody responses after infection. At 3 days postchallenge, HAI titers were
largely unchanged from the day 21 titers (Fig. 5A). All the other groups, except H1-VLP

FIG 4 Splenocyte proliferation or SI in response to H1 restimulation ex vivo. Young (5- to 8-week-old) (A)
and aged (16- to 20-month-old) (B) BALB/c mice were immunized once by i.n. instillation of H1-VLP
vaccine or i.m. with H1-VLP or split-virion vaccine. Three weeks postvaccination, splenocytes were
collected and stimulated ex vivo for 72 h with H1-VLP. At 72 h, the supernatants were removed and the
cells were pulsed with [3H]thymidine in complete medium, and incorporation of [3H]thymidine was
measured with a scintillation counter 12 h later. Cell proliferation values were expressed as follows: SI �
average antigen-stimulated counts per minute/average unstimulated counts per minute. The error bars
indicate the standard errors of the mean. For statistical analysis, one-way ANOVA was performed. ****,
P � 0.0001; **, P � 0.01. The data represent 8 mice/group from 1 study.
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i.m. young mice, had undetectable HAI titers (�10) (Fig. 7A). ELISA titers rose 2- to
3-fold in the H1-VLP i.m. groups in both the young (GMT, 2,612.63 ng/ml) and aged
(GMT, 719.13 ng/ml) mice. The GMT among the vaccine-naive aged mice was 53.25
ng/ml, suggesting that this range represents background in this assay. HA-specific IgA
antibodies were not detectable in the BALF at 3 days postinfection (data not shown).

Lung histopathology. Lung histopathology total scores were highest in the young
split-vaccine group (7.2 � 5.1) and in both young and aged mice in the H1-VLP i.m.
groups (7.0 � 3.3 and 7.0 � 4.6, respectively) from a total possible score of 20. It is
interesting that the groups with the highest scores also had the best survival after lethal

FIG 5 Weight loss and survival after A/California/07/2009 H1N1 challenge. Young (5- to 8-week-old) and aged (16- to 20-month-old) BALB/c mice were
immunized once by i.n. instillation with H1-VLP vaccine or i.m. with H1-VLP or inactivated split vaccine. Three weeks after vaccination, the mice were challenged
with an age-appropriate 5 times the mLD50 of A/California/07/09 H1N1. (A and B) Weight loss for both the young (A) and aged (B) mice was monitored daily.
(C and D) Survival of young (C) and aged (D) animals. Mice were euthanized if they lost �20% of their initial weight. The error bars indicate the standard errors
of the mean. For statistical analysis, two-way ANOVA was performed. ****, P � 0.0001; ***, P � 0.001; **, P � 0.01; *, P � 0.05 compared to naive groups. #,
P � 0.0001 compared to the split-vaccine group. The data in panels A and B represent 18 to 20 mice/group combined from 3 studies; the data in panels C and
D represent 10 to 11 mice/group combined from 2 studies.
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infection. The naive groups of both young and aged animals had lower scores (3.0 �

3.7 and 2.2 � 1.3, respectively) that were very similar to the scores in other groups that
also had lower survival (scores between 3.4 and 3.6).

DISCUSSION

The development of more effective influenza vaccines for the elderly is a high
priority, since the available split-virion formulations provide incomplete protection,
even with higher antigen doses (4) or the addition of an adjuvant (14). One of the
limiting factors in developing better vaccines for the elderly is the lack of a simple and
affordable animal model (15). Although swine (16) and ferrets (17, 18) recapitulate
many aspects of human influenza and can be infected with human isolates without
adaptation, these models are expensive to start and become prohibitively so when age
is included as a variable. Mice have many attractions because of their relatively short life
span (2 to 2.5 years), their affordability, and the range of immunologic reagents
available. Furthermore, some human isolates, including the A/California/07/2009 H1N1
strain used in these studies, can infect mice without preadaptation. Of course, none of
these models have a lifetime of accumulated experience with influenza virus antigens
when vaccinated or challenged in old age. Nonetheless, aged mice have been widely
used to study age-related changes in immune responses to influenza virus challenge
(19–21), as well as new influenza vaccination strategies for the elderly (22–26).

At the outset, we were optimistic that either i.m. or i.n. delivery of the plant-made
VLP vaccine would protect aged mice better than a split-virion formulation. This
optimism was based on the fact that VLPs can be delivered either i.m. or i.n. (27, 28) and
on the growing body of evidence that the plant-made VLPs stimulate the immune
response in a different way than split vaccines. For instance, we have recently shown
that these VLPs rapidly access draining lymph nodes (29), where they associate with

FIG 6 Lung viral loads after A/California/07/2009 H1N1 challenge. Young (5- to 8-week-old) and aged
(16- to 20-month-old) BALB/c mice were immunized once by i.n. instillation with H1-VLP vaccine or
i.m. with H1-VLP or inactivated split vaccine. Three weeks after vaccination, the mice were chal-
lenged with an age-appropriate 5 times the mLD50 of A/California/07/09 H1N1.TCID50 values were
log transformed and are shown as floating bar graphs. The means are depicted by horizontal lines
within the bars. The TCID50 was calculated using the Karber method [log TCID50/0.1 ml � �1 �
(percent total mortality/100 � 0.5) 	 log10]. For statistical analysis, two-way ANOVA was performed.
*, P � 0.05 compared to naive groups. There were 7 to 14 mice/group combined from 3 studies.
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and activate immune cells, including B cells, macrophages, and dendritic cells (30).
Furthermore, these vaccines elicit balanced humoral and cellular responses in both
preclinical (young mice and ferrets) and clinical studies in healthy young adults (10–12,
31). The current work confirmed the earlier observation of balanced humoral and
cellular responses following plant-made VLP vaccination in the young mice and ex-
tended these findings to much older animals. All of the young animals and a significant
proportion (80%) of the aged mice were protected from lethal challenge by a single i.m.
dose of the VLP vaccine despite significant weight loss and obvious lung inflammation.
Surprisingly, delivery of the VLP vaccine i.n. elicited minimal cellular or humoral
responses but still protected almost 60% of the animals. Lung viral loads were only
marginally decreased by immunization at day 3 postchallenge but were most reduced
(15 to 20% range) in animals that had received the VLP vaccine i.m. The kinetics of viral
clearance in response to the VLP vaccines will be assessed in future experiments.
Overall, there appeared to be a strong positive relationship between the presence of
pathology at day 3 postinfection and survival from lethal challenge. Among the aged

FIG 7 Serum antibody levels 3 days after challenge infection. Young (5- to 8-week-old) and aged (16- to
20-month-old) BALB/c mice were immunized once by i.n. instillation of H1-VLP vaccine or i.m. with
H1-VLP or split-virion vaccine. Three weeks postvaccination, the mice were challenged with A/California/
07/09 H1N1, and sera from individual mice were analyzed. HAI assay titers (A) and ELISA HA-specific IgG
concentrations (B) are shown. The dotted line in panel A represents 40 HAI units, which is considered the
protection level in humans. The error bars indicate the standard errors of the mean. For statistical
analysis, one-way ANOVA was used on the log values. ****, P � 0.0001; ***, P � 0.001; *, P � 0.05. The
data in panel A represent 7 or 8 mice/group combined from 2 studies. The data in panel B represent 11
or 12 mice/group combined from 3 studies.
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animals, only the VLP i.m. group had regained their baseline weight 2 weeks after
challenge.

The last observation is particularly interesting given the known impact of frailty in
elderly subjects on both influenza vaccination (lower efficacy) and influenza infection
(greater morbidity and mortality) (32, 33). The old mice used in this study (16 to 20
months of age) were still active and healthy in appearance but were obviously heavy
(weight range, 28 to 34 g); many had significant loss of lung volume due to kyphosis
(unpublished data) and were susceptible to lower doses of influenza virus at challenge
(the LD50 was 6-fold lower than for young mice). Although both the split-virion vaccine
delivered i.m. and the VLP vaccine delivered i.n. increased survival of the old mice to 50
to 60%, they were clearly “sicker” than the animals that had received the VLP vaccine
i.m. In ongoing work, we have recently observed that even very old animals (22 to 26
months) with multiple comorbidities have higher antibody titers induced by the
plant-made VLP vaccine than by a split-virion formulation (GMT, 1,212.5 ng/ml versus
396.8 ng/ml, respectively; P � 0.03) (unpublished data).

Although both the split-virion and VLP formulations induced antibodies detectable
by ELISA (Fig. 1C), only the young animals that received the VLP vaccine i.m. mounted
a detectable antibody response as measured by the standard HAI and MN assays (Fig.
1A and B). In the case of the animals vaccinated i.n. with VLPs, we found no evidence
of antibody production (IgA or IgG) in any of the assays used. Given the higher IgG titers
in the H1-VLP i.m. groups and the relatively low MN and HAI titers, the mechanism of
protection may be antibody-dependent cell-mediated cytotoxicity, and preliminary
data from human trials suggest that the plant-made VLP vaccines can indeed elicit
anti-stalk antibodies (data not shown). These data also strongly suggest that cellular
immune responses contribute to protection in the VLP-vaccinated animals, both young
and old. Certainly, H1 antigen-specific proliferation of splenocytes and cytokine/chemo-
kine production were stronger in both the young and aged VLP-vaccinated animals
than in the split-vaccine groups. Although cellular responses were generally of greater
magnitude in the young than in the older animals across all the vaccine groups (Fig. 2A
and B and 3), the patterns of antigen-specific cytokine/chemokine response were
similar in young and old mice. When standardized against unstimulated splenocyte
cultures, young animals that received the split-virion vaccine had 8- to 10-fold increases
in IFN-� and IL-5 production, while older animals had more modest responses (2- to
4-fold increases in a number of cytokines/chemokines) (Fig. 3). When cytokine/chemo-
kine production was standardized against the respective age-specific split-virion
groups, however, both young and old animals i.m. vaccinated with H1-VLP were found
to produce large amounts of IFN-�, GM-CSF, IL-2, IL-3, IL-4, IL-5, and IL-6, suggesting
broad immune activation (4- to 14-fold in the young mice and 1.5- to 3-fold in the aged
mice) (Fig. 2). Despite the complete absence of antibody in the mice that received the
H1-VLP vaccine i.n., splenocytes from the young animals produced antigen-specific
IFN-� in abundance (30-fold) and more modest (2-5-fold) amounts of IL-2, IL-5, and
TNF-� (Fig. 3). The aged mice immunized i.n. produced large amounts of antigen-
specific IL-1� (30-fold) and modest amounts of IFN-� and IL-2 (3- to 4-fold) (Fig. 3).
Given the fact that 50 to 60% of the i.n.-immunized animals were protected from
challenge, it is likely that the VLP-induced cellular responses would have been even
more obvious had we studied either lung tissue or draining mesenteric lymph nodes.
Overall, these results strongly support the idea that cellular immunity can provide
protection against influenza virus challenge and that the importance of cellular re-
sponses may increase with advancing age (33). In light of these observations, it is
interesting that Ramirez and colleagues have recently reported that CpG (a Toll-like
receptor 9 [TLR9]-targeted adjuvant that promotes cellular immunity) increases the
efficacy of a single dose of a commercial split-virion vaccine (Fluzone) against lethal
H1N1 A/California/09 virus challenge in young but not aged mice (34). Even with two
doses of the CpG-adjuvanted vaccine, only 60% of the aged mice survived challenge.

In conclusion, we have shown that a single i.m. dose of the plant-made H1-VLP
vaccine can elicit strong and balanced humoral and cellular immune responses in both
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young and old mice. Partial protection (50 to 60%) was achieved with a single dose of
the same vaccine delivered i.n., even though no IgG or IgA responses were detected
and systemic cellular responses were modest. These data suggest that the plant-made
VLP vaccine may have important advantages over split-virion formulations in the
elderly, who currently derive only limited benefit from vaccination. Given the surprising
protection provided by i.n. administration of the plant-made H1-VLP vaccine, further
work is merited to explore possible synergy between i.m. and i.n. delivery routes to
protect this vulnerable population.

MATERIALS AND METHODS
Virus, mice, and vaccines. Young adult (5- to 8-week-old) and aged (16- to 20-month-old) female

BALB/c mice (Charles River Laboratories, Montreal, QC, Canada) were divided into the following groups:
naive, detergent-inactivated split-vaccine given i.m. (A/California/07/2009 H1N1 or pdmH1N1; BEI Re-
sources, Manassas, VA), and H1-VLP vaccine given either i.m. or i.n. (Medicago Inc., Quebec, Quebec,
Canada). The H1-VLP vaccine was produced as previously described (35) using the wild-type sequence
of HA protein from pdmH1N1. The complete study consisted of 6 to 15 mice per group in 5 separate
experiments (Table 1). The mice received a single dose of vaccine (3 �g based on HA content) on day
0 or were left naive. For i.m. injections, 50 �l of vaccine was administered into the quadriceps muscle
(right leg for the VLP vaccine; bilaterally for the split vaccine) using a 28-gauge, 1/2-in. needle. Intranasal
instillation (25 �l/nare) was performed in mice anesthetized with isoflurane.

Peripheral blood was collected from the lateral saphenous vein before immunization (day 0) and 21
days postvaccination (day 21). The blood was collected in microtainer serum separator tubes (BD
Biosciences, Mississauga, ON, Canada). Cleared serum samples were obtained by following the manu-
facturer’s instructions and stored at �20°C. In each experiment, 6 mice per group were sacrificed in a CO2

chamber at day 21. Serum was collected by cardiac puncture, BALF was obtained in complete RPMI
(cRPMI) medium, and then spleens were harvested from individual mice and splenocytes were isolated
as previously described (36).

The remaining mice (10 or 11 animals/group) were challenged on day 21 with 5 times the LD50 of
wild-type A/California/07/2009 H1N1 virus (1,800 50% tissue culture infective doses [TCID50] in 50 �l:
National Microbiology Laboratory, Public Health Agency of Canada) by i.n. instillation, and weight loss
was monitored daily for 12 days. In preliminary experiments, the mLD50 was found to differ between
young and aged animals (approximately 663 and 105 TCID50, respectively). Three days postinfection, 7
to 14 mice/group were sacrificed to measure the lung viral load. For these mice, serum, BALF, and lungs
were collected. All procedures were carried out in accordance with the guidelines of the Canadian
Council on Animal Care, as approved by the Animal Care Committee of McGill University.

Antibody titer measurements. An HAI assay was performed to detect pdmH1N1-specific antibody
in the mouse sera at day 0 and day 21 postvaccination and 3 days postinfection, as previously described
(37). Briefly, mouse sera and receptor-destroying enzyme (RDE) (Cedarlane, Burlington, ON, Canada) were
mixed 1:4 and incubated for 18 h at 37°C. The RDE was inactivated at 56°C for 30 min, and the sera were
serially 2-fold diluted in phosphate-buffered saline (PBS) (pH 7.4) to a starting dilution of 1:10 in 96-well
V-bottom plates (Corning Inc. Costar, Corning, NY). The diluted sera (25 �l/well) were then incubated
with 8 HA units of pdmH1N1 for 30 min at room temperature before 0.5% turkey erythrocytes diluted
in PBS (50 �l/well; Lampire Biological Laboratories, Pipersville, PA) were added to the wells. The HAI titer

TABLE 1 Numbers of mice per group used for each assay on day 21 and 3 days
postinfection

Assay

No. of mice/groupa

Day 21 3 days postinfection

Antibody
HAI 25–27 7–8
MNs 12–15 NA
ELISA IgG 25–27 11–12

Cellular
Proliferation (thymidine) 8 NA
Cytokine/chemokine production

(Quansys)
4–13 NA

After infection
Viral titers NA 7–14
Survival NA 10–11
Weight loss NA 18–20
Histopathology NA 5

aNA, not applicable.
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was determined by visual inspection as the highest dilution that inhibited erythrocyte agglutination,
using standard criteria.

MN titers were measured as previously described (38). Briefly, confluent monolayers of Madin-Darby
canine kidney (MDCK) cells (British Colombia Center for Disease Control) were incubated in 96-well
flat-bottom plates (Falcon Corning Life Science, Corning, NY) in MegaVir (VWR, Radnor, PA) supple-
mented with 10 �g/ml gentamicin (Gibco Life Technologies, Burlington, ON, Canada), 0.25 �g/ml
amphotericin B (Gibco Life Technologies, Burlington, ON, Canada), 100,000 U/ml penicillin G (Sigma, St.
Louis, MO), and 10 �g/ml glutamine (Wisent, St. Bruno, QC, Canada). Sera were heat inactivated at 56°C
for 30 min and diluted 2-fold in MegaVir starting at 1:10 in duplicate wells (60 �l/well). Each well then
received 100 infectious units of pdmH1N1 virus diluted in MegaVir (60 �l/well), and the plates were
incubated at 37°C in 5% CO2. The cytopathic effect (CPE) was assessed at 4 days, and the titer was defined
as the reciprocal of the highest serum dilution to completely block CPE.

ELISAs were performed as previously described (36). Briefly, U-bottom, high-binding 96-well plates
(Greiner Bio-One, Frickenhausen, Germany) were coated overnight at 4°C with recombinant HA from
pdmH1N1 (Immune Technologies, New York, NY; 0.5 �g/ml) in 100 mM bicarbonate/carbonate buffer at
pH 9.5 (50 �l/well). Each plate contained a standard curve with 2-fold dilutions of purified mouse IgG
(Sigma, St. Louis, MO) starting at 2,000 ng/ml. The wells were blocked with 2% bovine serum albumin
(BSA) (Sigma) in PBS-Tween 20 (0.05%; Fisher Scientific, Ottawa, ON, Canada). The sera were heat
inactivated (as described above), diluted 1:50 in blocking buffer, and added to four wells (50 �l/well). The
plates were incubated for 1 h at 37°C; blocking buffer was added to the standard curves at this time.
Horseradish peroxidase (HRP)-conjugated anti-mouse total IgG antibodies (Jackson Immuno Research
Laboratories Inc., West Grove, PA) diluted 1:50,000 in blocking buffer were added (75 �l/well; 1 h at 37°C).
3,3=,5,5=-Tetramethyl benzidine (TMB) substrate (100 �l/well; Millipore, Billerica, MA) was used for
detection, followed by 0.5 M H2SO4 after 15 min (50 �l/well). The optical density (OD) was measured at
450 nm with an EL800 microplate reader (BioTek Instruments Inc., Winooski, VT). The concentration of
HA-specific IgG was calculated using the mouse IgG standard curve.

Splenocyte isolation and stimulation and cytokine analysis. Individual spleens were harvested 21
days before challenge in Hanks’ balanced salt solution (HBSS) without calcium or magnesium (Wisent, St.
Bruno, QC, Canada) at room temperature (RT) and processed as previously described (36).

Supernatant was collected and measured as previously described, except at 3 	 105 cells/well in 200
�l under the following conditions: cRPMI alone (unstimulated) or with H1-VLP (2.5 �g/ml HA) in cRPMI
for 72 h at 37°C in vitro. Spleens were isolated from a total of 13 mice per group from 2 experiments and
tested in duplicate on multiplex ELISA by Quansys (Logan, UT). Cytokine/chemokine data are presented
as radar graphs as previously described (39).

Splenocyte stimulation and cell proliferation assay (CPA). Splenocytes were placed in duplicate
in 96-well U-bottom plates (BD Falcon, Mississauga, ON, Canada) at 105 cells in 200 �l with cRPMI alone
(unstimulated), with H1-VLP vaccine (2.5 �g/ml HA), or with concanavalin A (ConA) (2.5 �g/ml) for a
stimulation control in cRPMI. After 72 h at 37°C plus 5% CO2, the plates were spun down (300 	 g; 10
min at RT), and the supernatant was removed. The cells were pulsed with 1 �Ci/well [3H]thymidine (MP
Biomedical, Solon, OH) for an additional 18 h. After one freeze-thaw, the cells were harvested on glass
fiber filters with a Tomtec harvester 96 (Tomtec Inc., Hamden, CT), and [3H]thymidine incorporation was
measured with a scintillation counter (Wallac Microbeta Trilux 1450 beta-counter; Wallec, Turku, Finland).
Cell proliferation values were expressed as the SI; for each mouse, the SI was equal to the average
Ag-stimulated counts per minute divided by the average unstimulated counts per minute. I.n. admin-
istration was excluded from this analysis, since in preliminary experiments, there was no evidence of a
cellular response in the spleen (data not shown).

Lung viral load. Lungs were collected 3 days postinfection and individually homogenized in an
equal amount (wt/wt) of MegaVir medium (VWR, Radnor, PA) using a tube homogenizer. The samples
were centrifuged at 14,000 	 g for 5 min at 4°C, and the supernatants were collected and stored
at �80°C. Virus titers were measured by the TCID50. MDCK cell monolayers were prepared in 96-well
flat-bottom plates. On the day of inoculation, the MegaVir was removed and the lung homogenates were
serially diluted 1:10 with MegaVir TPCK (tosylsulfonyl phenylalanyl chloromethyl ketone)-treated trypsin
(Sigma; 2 mg/ml) (Megavir-trypsin). Each dilution was added to 6 wells (100 �l/well) and incubated at
37°C with 5% CO2 for 1 hour. The lung-MegaVir mixtures were then removed, and the plates were
replenished with fresh MegaVir-trypsin (200 �l/well). The plates were followed for 4 days for CPE. The
TCID50 was calculated using the Karber method (40). Lung viral loads were assessed 3 days postinfection
(day 3) from mice infected with 5 times the LD50.

Lung histopathology. Lung samples were processed using the standard hematoxylin and eosin
(H&E) stain. Briefly, lung samples were fixed in 10% formalin (Fisher Scientific, Ottawa, ON, Canada) and
then embedded in paraffin (Leica, Concord, ON, Canada). Sections (4 �m) were applied to slides and then
heated at 50 to 60°C. Samples were washed with xylene (Chaptec, Quebec, QC, Canada) and then
immersed in ethanol (Commercial Alcohols, Boucherville, QC, Canada) for 10 min. The slides were rinsed
with distilled water and then briefly submerged in Harris hematoxylin (HHS-32; Sigma, St. Louis, MO)
one-half solution in distilled water. The slides were washed under running tap water and then washed
10 times with ethanol, followed by 1 min of eosin-phloxin B (100 ml of 1% eosin Y [Sigma, St. Louis, MO],
10 ml of 1% phloxin B [Sigma], 780 ml of ethanol, and 4 ml of glacial acetic acid [Fisher Scientific, Ottawa,
ON, Canada]). Samples were immersed in ethanol for 10 min. The slides were dried and then submerged
in xylene for 10 min. The slides were fixed with 2 drops of acrytol (Leica, Concord, ON, Canada) with a
coverslip and scored at 	10 and 	100 magnification. The slides were scored blinded, and the scoring
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system evaluated the following 5 parameters: (i) airway epithelial necrosis, attenuation, or disruption; (ii)
airway inflammation; (iii) peribronchiolar and perivascular lymphocytic cuffing; (iv) alveolar cellular
exudate/edema and interlobular edema; and (v) alveolar septal inflammatory cells and cellularity (41).
Each parameter was scored from 0 to 4 for a total possible score of 20 (Table 2).

Statistical analysis. The geometric mean ratios between groups and their 95% confidence intervals
(CI) were calculated using GraphPad Prism 6.0 software. For statistical analysis, one-way analysis of
variance (ANOVA) was performed on HAI and stimulation index values. All other statistical analysis was
by two-way ANOVA. All analyses were performed using GraphPad Prism 6.0 software.

ACKNOWLEDGMENTS
We thank Annie Beauchamp, Angela Brewer, and Louis Cyr for technical assistance.
B.J.W. has served as Medical Officer for Medicago Inc. since 2010. B.J.W. has held and

continues to hold peer-reviewed support from the Canadian Institutes of Health
Research (CIHR) and other sources for collaborative basic science work with Medicago
Inc. B.J.W. has received honoraria from several vaccine manufacturers for participation
on scientific advisory boards (including Medicago Inc.). S.P. and N.L. are current
employees of Medicago Inc.

This work was supported in part by awards to B.J.W. from the CIHR (34469), the
Ministère de l’Économie, de la Science et de l’Innovation du Québec with project
oversight by Genome Quebec, and by Medicago, Inc. B.H. is the recipient of a CIHR
studentship award.

REFERENCES
1. Lambert ND, Ovsyannikova IG, Pankratz VS, Jacobson RM, Poland GA.

2012. Understanding the immune response to seasonal influenza vacci-
nation in older adults: a systems biology approach. Expert Rev Vaccines
11:985–994. https://doi.org/10.1586/erv.12.61.

2. Haq K, McElhaney JE. 2014. Immunosenescence: influenza vaccination
and the elderly. Curr Opin Immunol 29:38 – 42. https://doi.org/10.1016/
j.coi.2014.03.008.

3. DiazGranados CA, Dunning AJ, Robertson CA, Talbot HK, Landolfi V,
Greenberg DP. 2016. Effect of previous-year vaccination on the efficacy,
immunogenicity, and safety of high-dose inactivated influenza vaccine
in older adults. Clin Infect Dis 62:1092–1099. https://doi.org/10.1093/cid/
ciw085.

4. DiazGranados CA, Dunning AJ, Robertson CA, Talbot HK, Landolfi V,
Greenberg DP. 2015. Efficacy and immunogenicity of high-dose influ-
enza vaccine in older adults by age, comorbidities, and frailty. Vaccine
33:4565– 4571. https://doi.org/10.1016/j.vaccine.2015.07.003.

5. DiazGranados CA, Dunning AJ, Kimmel M, Kirby D, Treanor J, Collins
A, Pollak R, Christoff J, Earl J, Landolfi V, Martin E, Gurunathan S,
Nathan R, Greenberg DP, Tornieporth NG, Decker MD, Talbot HK.
2014. Efficacy of high-dose versus standard-dose influenza vaccine in
older adults. N Engl J Med 371:635– 645. https://doi.org/10.1056/
NEJMoa1315727.

6. Osterholm MT, Kelley NS, Sommer A, Belongia EA. 2012. Efficacy and
effectiveness of influenza vaccines: a systematic review and meta-
analysis. Lancet Infect Dis 12:36 – 44. https://doi.org/10.1016/S1473
-3099(11)70295-X.

7. Public Health Agency of Canada. 2016. A review of the literature of high
dose seasonal influenza vaccine for adults 65 years and older. https://
www.canada.ca/en/public-health/services/immunization/national
-advisory-committee-on-immunization-naci/a-review-literature-high
-dose-seasonal-influenza-vaccine-adults-65-years-older.html.

8. Cai M, Wang C, Li Y, Gu H, Sun S, Duan Y, Lai C, Wang K, Yang X, Xing
L, Zhang P, Wang Z, Zhang S, Guo X, Liu S, Tong Y, Wang X, Yang P.
2017. Virus-like particle vaccine by intranasal vaccination elicits pro-
tective immunity against respiratory syncytial viral infection in mice.
Acta Biochim Biophys Sin (Shanghai) 49:74 – 82. https://doi.org/10
.1093/abbs/gmw118.

9. Ren Z, Ji X, Meng L, Wei Y, Wang T, Feng N, Zheng X, Wang H, Li N, Gao
X, Jin H, Zhao Y, Yang S, Qin C, Gao Y, Xia X. 2015. H5N1 influenza
virus-like particle vaccine protects mice from heterologous virus chal-
lenge better than whole inactivated virus. Virus Res 200:9 –18. https://
doi.org/10.1016/j.virusres.2015.01.007.

10. Landry N, Ward BJ, Trepanier S, Montomoli E, Dargis M, Lapini G, Vezina
LP. 2010. Preclinical and clinical development of plant-made virus-like
particle vaccine against avian H5N1 influenza. PLoS One 5:e15559.
https://doi.org/10.1371/journal.pone.0015559.

11. Pillet S, Aubin E, Trepanier S, Bussiere D, Dargis M, Poulin JF, Yassine-
Diab B, Ward BJ, Landry N. 2016. A plant-derived quadrivalent virus like
particle influenza vaccine induces cross-reactive antibody and T cell
response in healthy adults. Clin Immunol 168:72– 87. https://doi.org/10
.1016/j.clim.2016.03.008.

12. Landry N, Pillet S, Favre D, Poulin JF, Trepanier S, Yassine-Diab B, Ward

TABLE 2 Summary of total histopathology scores (20 points total) from H&E staining at 3
days postinfection

Group Total score � SD

Young
Naive 3.0 � 3.7
Split vaccine 7.2 � 5.1
H1-VLP i.m. 7.0 � 3.3
H1-VLP i.n. 3.6 � 2.4

Aged
Naive 2.2 � 1.3
Split vaccine 3.6 � 2.1
H1-VLP i.m. 7.0 � 4.6
H1-VLP i.n. 3.4 � 2.3

VLP Influenza Vaccine Protects Aged Mice Clinical and Vaccine Immunology

December 2017 Volume 24 Issue 12 e00273-17 cvi.asm.org 13

 on January 18, 2019 by guest
http://cvi.asm

.org/
D

ow
nloaded from

 

https://doi.org/10.1586/erv.12.61
https://doi.org/10.1016/j.coi.2014.03.008
https://doi.org/10.1016/j.coi.2014.03.008
https://doi.org/10.1093/cid/ciw085
https://doi.org/10.1093/cid/ciw085
https://doi.org/10.1016/j.vaccine.2015.07.003
https://doi.org/10.1056/NEJMoa1315727
https://doi.org/10.1056/NEJMoa1315727
https://doi.org/10.1016/S1473-3099(11)70295-X
https://doi.org/10.1016/S1473-3099(11)70295-X
https://www.canada.ca/en/public-health/services/immunization/national-advisory-committee-on-immunization-naci/a-review-literature-high-dose-seasonal-influenza-vaccine-adults-65-years-older.html
https://www.canada.ca/en/public-health/services/immunization/national-advisory-committee-on-immunization-naci/a-review-literature-high-dose-seasonal-influenza-vaccine-adults-65-years-older.html
https://www.canada.ca/en/public-health/services/immunization/national-advisory-committee-on-immunization-naci/a-review-literature-high-dose-seasonal-influenza-vaccine-adults-65-years-older.html
https://www.canada.ca/en/public-health/services/immunization/national-advisory-committee-on-immunization-naci/a-review-literature-high-dose-seasonal-influenza-vaccine-adults-65-years-older.html
https://doi.org/10.1093/abbs/gmw118
https://doi.org/10.1093/abbs/gmw118
https://doi.org/10.1016/j.virusres.2015.01.007
https://doi.org/10.1016/j.virusres.2015.01.007
https://doi.org/10.1371/journal.pone.0015559
https://doi.org/10.1016/j.clim.2016.03.008
https://doi.org/10.1016/j.clim.2016.03.008
http://cvi.asm.org
http://cvi.asm.org/


BJ. 2014. Influenza virus-like particle vaccines made in Nicotiana ben-
thamiana elicit durable, poly-functional and cross-reactive T cell re-
sponses to influenza HA antigens. Clin Immunol 154:164 –177. https://
doi.org/10.1016/j.clim.2014.08.003.

13. McElhaney JE. 2011. Influenza vaccine responses in older adults. Ageing
Res Rev 10:379 –388. https://doi.org/10.1016/j.arr.2010.10.008.

14. Domnich A, Arata L, Amicizia D, Puig-Barbera J, Gasparini R, Panatto D.
2017. Effectiveness of MF59-adjuvanted seasonal influenza vaccine in
the elderly: a systematic review and meta-analysis. Vaccine 35:513–520.
https://doi.org/10.1016/j.vaccine.2016.12.011.

15. Barnard DL. 2009. Animal models for the study of influenza patho-
genesis and therapy. Antiviral Res 82:A110 –A122. https://doi.org/10
.1016/j.antiviral.2008.12.014.

16. Rajao DS, Vincent AL. 2015. Swine as a model for influenza A virus
infection and immunity. Ilar J 56:44 –52. https://doi.org/10.1093/ilar/
ilv002.

17. Paquette SG, Huang SS, Banner D, Xu L, Leomicronn A, Kelvin AA, Kelvin
DJ. 2014. Impaired heterologous immunity in aged ferrets during se-
quential influenza A H1N1 infection. Virology 464-465:177–183. https://
doi.org/10.1016/j.virol.2014.07.013.

18. Oh DY, Hurt AC. 2016. Using the ferret as an animal model for investi-
gating influenza antiviral effectiveness. Front Microbiol 7:80. https://doi
.org/10.3389/fmicb.2016.00080.

19. Toapanta FR, Ross TM. 2009. Impaired immune responses in the lungs of
aged mice following influenza infection. Respir Res 10:112. https://doi
.org/10.1186/1465-9921-10-112.

20. Hernandez-Vargas EA, Wilk E, Canini L, Toapanta FR, Binder SC, Uvarovskii A,
Ross TM, Guzman CA, Perelson AS, Meyer-Hermann M. 2014. Effects of
aging on influenza virus infection dynamics. J Virol 88:4123–4131. https://
doi.org/10.1128/JVI.03644-13.

21. Lefebvre JS, Lorenzo EC, Masters AR, Hopkins JW, Eaton SM, Smiley
ST, Haynes L. 2016. Vaccine efficacy and T helper cell differentiation
change with aging. Oncotarget 7:33581–33594. https://doi.org/10
.18632/oncotarget.9254.

22. Katz JM, Plowden J, Renshaw-Hoelscher M, Lu X, Tumpey TM, Sambhara
S. 2004. Immunity to influenza: the challenges of protecting an aging
population. Immunol Res 29:113–124. https://doi.org/10.1385/IR:29:1
-3:113.

23. Vemula SV, Pandey A, Singh N, Katz JM, Donis R, Sambhara S, Mittal SK.
2013. Adenoviral vector expressing murine beta-defensin 2 enhances
immunogenicity of an adenoviral vector based H5N1 influenza vaccine
in aged mice. Virus Res 177:55– 61. https://doi.org/10.1016/j.virusres
.2013.07.008.

24. Fujihashi K, Sato S, Kiyono H. 2014. Mucosal adjuvants for vaccines to
control upper respiratory infections in the elderly. Exp Gerontol 54:
21–26. https://doi.org/10.1016/j.exger.2014.01.006.

25. Khan T, Heffron CL, High KP, Roberts PC. 2014. Tailored vaccines
targeting the elderly using whole inactivated influenza vaccines
bearing cytokine immunomodulators. J Interferon Cytokine Res 34:
129 –139. https://doi.org/10.1089/jir.2012.0119.

26. Jiang J, Fisher EM, Concannon M, Lustigman S, Shen H, Murasko DM.
2016. Enhanced humoral response to influenza vaccine in aged mice
with a novel adjuvant, rOv-ASP-1. Vaccine 34:887– 892. https://doi.org/
10.1016/j.vaccine.2016.01.003.

27. Schneider-Ohrum K, Ross TM. 2012. Virus-like particles for antigen de-
livery at mucosal surfaces. Curr Top Microbiol Immunol 354:53–73.
https://doi.org/10.1007/82_2011_135.

28. Vacher G, Kaeser MD, Moser C, Gurny R, Borchard G. 2013. Recent
advances in mucosal immunization using virus-like particles. Mol Pharm
10:1596 –1609. https://doi.org/10.1021/mp300597g.

29. Young KR, Arthus-Cartier G, Yam KK, Lavoie PO, Landry N, D’Aoust MA,

Vezina LP, Couture MM, Ward BJ. 2015. Generation and characterization
of a trackable plant-made influenza H5 virus-like particle (VLP) contain-
ing enhanced green fluorescent protein (eGFP). FASEB J 29:3817–3827.
https://doi.org/10.1096/fj.15-270421.

30. Hendin HE, Pillet S, Lara AN, Wu CY, Charland N, Landry N, Ward BJ. 2017.
Plant-made virus-like particle vaccines bearing the hemagglutinin of
either seasonal (H1) or avian (H5) influenza have distinct patterns of
interaction with human immune cells in vitro. Vaccine 35:2592–2599.
https://doi.org/10.1016/j.vaccine.2017.03.058.

31. D’Aoust MA, Lavoie PO, Couture MM, Trepanier S, Guay JM, Dargis M,
Mongrand S, Landry N, Ward BJ, Vezina LP. 2008. Influenza virus-like
particles produced by transient expression in Nicotiana benthamiana
induce a protective immune response against a lethal viral challenge in
mice. Plant Biotechnol J 6:930 –940. https://doi.org/10.1111/j.1467-7652
.2008.00384.x.

32. Yao X, Hamilton RG, Weng NP, Xue QL, Bream JH, Li H, Tian J, Yeh SH,
Resnick B, Xu X, Walston J, Fried LP, Leng SX. 2011. Frailty is associated
with impairment of vaccine-induced antibody response and increase in
post-vaccination influenza infection in community-dwelling older adults.
Vaccine 29:5015–5021. https://doi.org/10.1016/j.vaccine.2011.04.077.

33. McElhaney JE, Zhou X, Talbot HK, Soethout E, Bleackley RC, Granville DJ,
Pawelec G. 2012. The unmet need in the elderly: how immunosenes-
cence, CMV infection, co-morbidities and frailty are a challenge for the
development of more effective influenza vaccines. Vaccine 30:
2060 –2067. https://doi.org/10.1016/j.vaccine.2012.01.015.

34. Ramirez A, Co M, Mathew A. 2016. CpG improves influenza vaccine
efficacy in young adult but not aged mice. PLoS One 11:e0150425.
https://doi.org/10.1371/journal.pone.0150425.

35. D’Aoust MA, Couture MM, Charland N, Trepanier S, Landry N, Ors F,
Vezina LP. 2010. The production of hemagglutinin-based virus-like par-
ticles in plants: a rapid, efficient and safe response to pandemic influ-
enza. Plant Biotechnol J 8:607– 619. https://doi.org/10.1111/j.1467-7652
.2009.00496.x.

36. Yam KK, Gupta J, Winter K, Allen E, Brewer A, Beaulieu E, Mallett CP, Burt
DS, Ward BJ. 2015. AS03-adjuvanted, very-low-dose influenza vaccines
induce distinctive immune responses compared to unadjuvanted high-
dose vaccines in BALB/c mice. Front Immunol 6:207. https://doi.org/10
.3389/fimmu.2015.00207.

37. Cooper C, Klein M, Walmsley S, Haase D, MacKinnon-Cameron D, Marty
K, Li Y, Smith B, Halperin S, Law B, Scheifele D. 2012. High-level immu-
nogenicity is achieved vaccine with adjuvanted pandemic H1N1(2009)
and improved with booster dosing in a randomized trial of HIV-infected
adults. HIV Clin Trials 13:23–32. https://doi.org/10.1310/hct1301-23.

38. Yam KK, Gupta J, Brewer A, Scheifele DW, Halperin S, Ward BJ. 2013.
Unusual patterns of IgG avidity in some young children following two doses
of the adjuvanted pandemic H1N1 (2009) influenza virus vaccine. Clin
Vaccine Immunol 20:459–467. https://doi.org/10.1128/CVI.00619-12.

39. Yam KK, Gupta J, Allen EK, Burt KR, Beaulieu E, Mallett CP, Burt DS, Ward
BJ. 2016. Comparison of AS03 and Alum on immune responses elicited
by A/H3N2 split influenza vaccine in young, mature and aged BALB/c
mice. Vaccine 34:1444 –1451. https://doi.org/10.1016/j.vaccine.2016.02
.012.

40. Hamilton MA, Russo RC, Thurston RV. 1977. Trimmed Spearman-Karber
method for estimating median lethal concentrations in toxicity bioassays.
Environ Sci Technol 11:714–719. https://doi.org/10.1021/es60130a004.

41. Morgan SB, Hemmink JD, Porter E, Harley R, Shelton H, Aramouni M,
Everett HE, Brookes SM, Bailey M, Townsend AM, Charleston B, Tchilian
E. 2016. Aerosol delivery of a candidate universal influenza vaccine
reduces viral load in pigs challenged with pandemic H1N1 virus. J
Immunol 196:5014 –5023. https://doi.org/10.4049/jimmunol.1502632.

Hodgins et al. Clinical and Vaccine Immunology

December 2017 Volume 24 Issue 12 e00273-17 cvi.asm.org 14

 on January 18, 2019 by guest
http://cvi.asm

.org/
D

ow
nloaded from

 

https://doi.org/10.1016/j.clim.2014.08.003
https://doi.org/10.1016/j.clim.2014.08.003
https://doi.org/10.1016/j.arr.2010.10.008
https://doi.org/10.1016/j.vaccine.2016.12.011
https://doi.org/10.1016/j.antiviral.2008.12.014
https://doi.org/10.1016/j.antiviral.2008.12.014
https://doi.org/10.1093/ilar/ilv002
https://doi.org/10.1093/ilar/ilv002
https://doi.org/10.1016/j.virol.2014.07.013
https://doi.org/10.1016/j.virol.2014.07.013
https://doi.org/10.3389/fmicb.2016.00080
https://doi.org/10.3389/fmicb.2016.00080
https://doi.org/10.1186/1465-9921-10-112
https://doi.org/10.1186/1465-9921-10-112
https://doi.org/10.1128/JVI.03644-13
https://doi.org/10.1128/JVI.03644-13
https://doi.org/10.18632/oncotarget.9254
https://doi.org/10.18632/oncotarget.9254
https://doi.org/10.1385/IR:29:1-3:113
https://doi.org/10.1385/IR:29:1-3:113
https://doi.org/10.1016/j.virusres.2013.07.008
https://doi.org/10.1016/j.virusres.2013.07.008
https://doi.org/10.1016/j.exger.2014.01.006
https://doi.org/10.1089/jir.2012.0119
https://doi.org/10.1016/j.vaccine.2016.01.003
https://doi.org/10.1016/j.vaccine.2016.01.003
https://doi.org/10.1007/82_2011_135
https://doi.org/10.1021/mp300597g
https://doi.org/10.1096/fj.15-270421
https://doi.org/10.1016/j.vaccine.2017.03.058
https://doi.org/10.1111/j.1467-7652.2008.00384.x
https://doi.org/10.1111/j.1467-7652.2008.00384.x
https://doi.org/10.1016/j.vaccine.2011.04.077
https://doi.org/10.1016/j.vaccine.2012.01.015
https://doi.org/10.1371/journal.pone.0150425
https://doi.org/10.1111/j.1467-7652.2009.00496.x
https://doi.org/10.1111/j.1467-7652.2009.00496.x
https://doi.org/10.3389/fimmu.2015.00207
https://doi.org/10.3389/fimmu.2015.00207
https://doi.org/10.1310/hct1301-23
https://doi.org/10.1128/CVI.00619-12
https://doi.org/10.1016/j.vaccine.2016.02.012
https://doi.org/10.1016/j.vaccine.2016.02.012
https://doi.org/10.1021/es60130a004
https://doi.org/10.4049/jimmunol.1502632
http://cvi.asm.org
http://cvi.asm.org/

