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Background. The emergence and global spread of the pandemic H1N1 2009 influenza virus have raised
questions regarding the protective effect of available seasonal vaccines and the efficacy of a newly produced matched
vaccine.

Methods. Ferrets were immunized with the 2008–2009 formulations of commercially available live attenuated
(FluMist; MedImmune) or split-inactivated (Fluviral; GlaxoSmithKline) vaccines, a commercial swine vaccine
(FluSure; Pfizer), or a laboratory-produced matched inactivated whole-virus vaccine (A/Mexico/InDRE4487/2009).
Adaptive immune responses were monitored, and the animals were challenged with A/Mexico/InDRE4487/2009
after 5 weeks.

Results. Only animals that received the swine or matched vaccines developed detectable hemagglutination-
inhibiting antibodies against the challenge virus, whereas a T cell response was exclusively detected in animals
vaccinated with FluMist. After challenge, all animals had high levels of virus replication in the upper respiratory
tract. However, preexisting anti–pandemic H1N1 2009 antibodies resulted in reduced clinical signs and improved
survival. Surprisingly, FluMist was associated with a slight increase in mortality and greater lung damage, which
correlated with early up-regulation of interleukin-10.

Conclusions. The present study demonstrates that a single dose of matched inactivated vaccine confers partial
protection against a pandemic H1N1 2009 virus, and it suggests that a higher dose or prime-boost regimen may
be required. The consequences of mismatched immunity to influenza merit further investigation.

Since its emergence in Mexico early in 2009, the pan-

demic H1N1 2009 influenza virus has resulted in

1414,000 confirmed cases and ∼5000 deaths world-

wide, and the real numbers are likely to be consid-

erably higher, because countries are now only required

to confirm severe cases by laboratory diagnosis [1].
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Even though most patients experience a disease similar

to seasonal influenza, reports of severe cases are in-

creasing [2–4]. Studies in different animal models reveal

more efficient spread of the pandemic H1N1 2009 vi-

ruses to the lower respiratory tract and demonstrate

increased virulence of some field isolates, suggesting

that the genetic makeup of the respective strain may

significantly contribute toward disease outcome [5, 6].

This observation, in combination with reports of more

frequent incidents of severe disease in the Southern

Hemisphere [7], also increases concerns about the fall,

which is typically the period of the most severe influ-

enza activity in the Northern Hemisphere [8, 9].

The rapid spread of the virus in countries with high

seasonal influenza vaccine coverage suggests that there

is little to no cross-protection conferred by these vac-

cines [10]. At the same time, the presence of neutral-

izing antibodies and the generally milder course of dis-
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ease observed in individuals 160 years of age are indicative of

a protective effect of prior infection with antigenetically related

viruses [6].

As this pandemic unfolds, and especially in light of the

emerging resistance to available antivirals [11], assessment of

the safety and efficacy of available seasonal vaccines as well as

matched candidate vaccines is becoming increasingly urgent.

The current study evaluates in ferrets—the preferred preclinical

animal model for influenza vaccine testing—3 commercially

available influenza vaccines from the 2008–2009 season and 1

fully matched laboratory-produced inactivated whole pandemic

H1N1 2009 virus vaccine. Immune responses were monitored,

and the animals were challenged 5 weeks after vaccination with

a pandemic H1N1 2009 influenza isolate that exhibits moderate

to high virulence in ferrets. Viral loads, morbidity, mortality,

and postchallenge immune responses were documented for 2

weeks.

MATERIALS AND METHODS

Immunization and challenge. Groups of five 16- to 20-week-

old ferrets without antibodies against circulating influen-

za strains were immunized with one of the 2008 seasonal

inactivated split vaccines (Fluviral; GlaxoSmithKline) or the

cold-adapted live attenuated vaccine (FluMist; MedImmune),

a swine influenza vaccine (FluSure; Pfizer), or a matched

laboratory-produced inactivated vaccine (pH1N1inact). The

latter vaccine consisted of a Madin-Darby canine kidney

(MDCK) cell–produced whole-virus preparation of A/Mexico/

InDRE4487/2009 (MX10; H1N1) that was isolated during the

ongoing H1N1 influenza outbreak, purified by ultracentrifu-

gation, subsequently inactivated by addition of formalin to a

final concentration of 0.1%, and incubated for 3 days at 4�C

(Fisher Scientific). The animals received the recommended dose

of the respective commercial vaccines or a dose containing 15

mg of hemagglutinin (HA) of the experimental vaccine. With

the exception of FluMist, which was inoculated intranasally, all

vaccines were injected in the gluteal muscle at the recom-

mended dose for humans or pigs, respectively. Five weeks later,

the animals were challenged intranasally with 50% tissue510

culture infectious doses (TCID50) of MX10. Clinical signs, body

temperature, and weight were assessed daily, and animals were

euthanized based on clinical evaluation or at the end of the

study on day 16.

Virus quantification and pathology. Nasal washes were col-

lected on days 1, 3, 6, 9, and 16 after challenge, and virus titers

were quantified by limiting dilution. In brief, 10-fold serial di-

lutions were incubated on MDCK cells with 6 replicates per

dilution. At 72–96 h after infection, the plates were scored for

cytopathic effect, and the TCID50 virus titers were calculated using

the method of Reed and Muench [12]. RNA was isolated, and

viral copy numbers were quantified using real-time reverse-tran-

scription polymerase chain reaction (RT-PCR). Tissues preserved

in RNAlater were homogenized using a bead mill homogenizer

for extraction of total RNA. RNA was isolated from nasal washes

and swabs, by use of the QIAamp Viral RNA Mini Kit (Qiagen),

and from tissues, by use of the RNeasy Mini Kit (Qiagen). The

H1N1 virus was detected by quantitative real-time RT-PCR per-

formed using the LightCycler 480 RNA Master Hydrolysis Probes

(Roche) assay targeting the HA gene (nucleotide position 714–

815; GenBank accession number GQ160606). Reaction condi-

tions were as follows: at 63�C for 3 min; at 95�C for 30 s; and

45 cycles at 95�C for 15 s and at 60�C for 30 s with the use of

a Lightcycler 480 (Roche). The low detection limit for this H1N1

assay is 0.1 pfu/mL. The primer sequences are as follows: HAF,

GGATCAAGAAGGGAGAATGAACTATT; HAR, AATGCATA-

TCTCGGTACCACTAGATTT; and HAP, CCGGGAGACAAA-

ATAACATTCGAAGCAAC.

After euthanasia, necropsy was performed for all animals,

and photographs of their lungs were taken before the lungs

were harvested for histopathologic analysis. Lungs were inflated

by slow injection of ∼5 mL of phosphate-buffered saline (PBS;

Invitrogen) in the trachea, and formalin-fixed and paraffin-

embedded tissue sections were stained with hematoxylin-eosin.

Immune response assessment. Serum samples were col-

lected on days 3, 7, 10, 14, and 21 after vaccination and were

analyzed for the presence of hemagglutination-inhibiting (HAI)

antibodies against MX10 and the seasonal H1N1 strain A/Bris-

bane/59/2007. HAI antibody titers are expressed as the recip-

rocal of the highest serum dilution that inhibits hemaggluti-

nation of turkey red blood cells. On day 10 after vaccination,

heparinized blood was collected for proliferation assays. In

brief, peripheral blood mononuclear cells were isolated by fi-

coll-hypaque (GE Healthcare) gradient purification and culti-

vated in the presence of overlapping peptide pools covering the

nucleocapsid (NP), neuraminidase (NA), and HA proteins of

the related H1N1 strain A/Brevig Mission/1918. The prolifer-

ation response was measured by adding 5-bromo-2-deoxyur-

idine (BrdU) to the peptide-exposed peripheral blood mono-

nuclear cells after 72 h. The next day, cells were fixed, and BrdU

incorporation was quantified by immunostaining performed

using a chemoluminescent substrate (Roche). The proliferation

index is expressed as the ratio of BrdU incorporation measured

for the respective influenza peptide pool and for an Ebola virus

peptide as negative control. Messenger RNA profiles of cyto-

kines, including interferon (IFN)–a, IFN-g, interleukin (IL)–

6, and IL-10, were generated from nasal wash RNAs isolated

on days 1, 3, 6, and 9 after infection and from RNA isolated

from the right and left lung, respectively, of animals euthanized

on day 9. The assays were performed using the primers and

method outlined elsewhere [13].
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Figure 1. Humoral and cellular immune responses elicited by the dif-
ferent vaccines. Quantification of hemagglutination-inhibiting antibody ti-
ters against H1N1 A/Mexico/InDRE4487/2009 (MX10) (A) and H1N1 A/
Brisbane/59/07 (B) over the first 21 days after immunization. Data points
denote the mean of all values obtained for the respective groups, and
error bars denote the standard error. C, Proliferation activity of peripheral
blood mononuclear cells (PBMCs) isolated on day 10 after immunization,
upon stimulation with 3 pools of overlapping peptides covering the nu-
cleocapsid (NP), neuraminidase (NA), and hemagglutinin (HA) proteins of
the H1N1 strain Brevig Mission/1/1918. The proliferation index denotes
the ratio of influenza peptide pool–stimulated and Ebola control peptide–
stimulated values. The average proliferation observed in each group for
a respective pool is shown, and the individual pools are denoted by black,
gray, or white bars. Ctl, nonimmunized control group; HAI, hemaggluti-
nation-inhibiting antibodies.

RESULTS

Failure of seasonal vaccines to elicit HAI antibodies recog-

nizing the pandemic H1N1 2009 virus. HAI antibody titer

kinetics were monitored for 21 days after immunization, be-

cause titers of 140 reciprocal dilutions remain the reference

standard that is predictive of protective immunity elicited by

influenza vaccine candidates [14]. HAI antibody titers against

the pandemic H1N1 2009 MX10 isolate were detected at day

7 in ferrets receiving the laboratory-produced matched vaccine

pH1N1inact or the swine influenza vaccine FluSure, reaching

titers 140 on day 7 or 10, respectively. FluSure or pH1N1inact

did not generate detectable HAI antibody titers against the

seasonal H1N1 strain A/Brisbane/59/2007 included in conven-

tional seasonal influenza vaccines, such as Fluviral or FluMist.

In contrast, between day 7 and day 10, both seasonal vaccines

elicited HAI antibody titers against A/Brisbane/59/2007 that

were 140, whereas no cross-reactive response to MX10 was

detected before challenge (Figure 1B). None of the vaccines

elicited an IFN-g enzyme-linked immunospot response upon

stimulation with overlapping peptides covering the NP, NA,

and HA proteins of H1N1 strain A/Brevig Mission/1918. These

proteins share 94%, 87%, and 86% amino acid identity with

the respective MX10 proteins, which may have contributed to

the weak response observed. However, increased proliferation

activity in response to NP peptide pools was detected in animals

immunized with FluMist, indicating a cross-reactive T cell re-

sponse (Figure 1C).

Correlation of presence of HAI antibodies with milder dis-

ease and improved survival. Upon intranasal challenge with

MX10, all vaccinated animals displayed a 1-day delay in the

onset of fever, and they then followed a course comparable to

that of nonvaccinated controls (Figure 2A). Clinically, animals

immunized with the swine vaccine FluSure demonstrated more

complete protection with mild and transient signs of disease,

less weight loss in the first week than in the other groups, and

100% survival. The matched pH1N1inact vaccine also resulted

in reduced weight loss, clinical signs of disease, and improve-

ment of the survival rate from 50% to 80%, compared with

observations in naive controls (Figure 2B–D). In contrast, there

were no statistically significant differences in recorded clinical

signs of disease, weight loss, or survival rate between the animals

given Fluviral and the control groups, over the course of the

experiment after challenge ( ). The group of ferrets vac-P 1 .05

cinated with FluMist showed a slight improvement in average

body weight at days 5 and 6 after challenge. However, weight

loss increased from day 6 to day 9, at which point clinical signs

of disease, including nasal seromucous exudates, shallow and

labored breathing, and reduced activity forced euthanasia for

4 of the 5 animals given FluMist, resulting in a small increase

in the mortality rate, compared with that noted for the un-
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Figure 2. Clinical assessment after challenge with MX10. Five weeks after immunization, the animals were challenged with 50% tissue culture510
infectious doses of MX10. Temperature (A) and weight (B) were determined daily, and clinical signs (C) were scored at least every third day over the
course of the disease. Data points denote the mean of all values obtained for the respective groups, and error bars denote the standard error. D,
Survival curve of animals in the different groups. Ctl, nonimmunized control group.

vaccinated control group. This increase in the mortality rate

associated with mismatched FluMist immunization was also

observed in a second experiment with 4 animals, although the

increase was not statistically significant (data not shown).

At the respective times of euthanasia, gross pathological

evaluation of lungs demonstrated minimal lesions in all 5

animals vaccinated with FluSure, including 1 animal euthan-

ized on day 9, without reaching experimental end points to

obtain, on a timely basis, tissue samples matched to those

obtained from the other groups (Figure 3). Animals vacci-

nated with pH1N1inact showed a slight improvement, with

smaller lesions noted in 3 of the 5 ferrets. Three of 4 control

animals had severe lesions with hepatization, hemorrhages,

and widespread alveolitis and bronchiolitis, which were com-

parable to lesions observed in 4/5 or 5/5 ferrets vaccinated

with Fluviral or FluMist, respectively.

Association between protection and lower infectious viral

loads early after infection. All groups reached nasal infectious

titers of ∼ TCID50 at day 1 after challenge, with the exception610

of the animals immunized with the swine vaccine FluSure,

which had a 10-fold lower titer (Figure 4A). The group vac-

cinated with FluMist maintained relatively high levels of virus

replication through day 3, whereas the other groups experi-

enced titer decreases of �20-fold. With the exception of one

animal in the control group, no infectious viral particles were

detectable by titration in the nasal washes of animals on day

6 or later, although viral RNA could be detected by real-time

RT-PCR until the end of the experiment (Figure 4B).

Correlation between moderate levels of IL-6 in nasal wash

cells at day 9 after infection and partial protection. Animals

immunized with pH1N1inact or FluSure experienced the lowest

IFN-a levels and up-regulation of IFN-g during the early stage

of the infection. Moderately elevated levels of IL-6 were detected

later in the course of disease—at day 9 exclusively in these 2

groups, which showed evidence of protection (Figure 5). In

contrast, the group vaccinated with FluMist exhibited the high-

est average of mRNA transcripts for IFN-a, up to day 6, and

for IFN-g, at day 3, possibly reflecting a better cellular response.

Of interest, at day 3, levels of IL-10 transcripts were significantly

higher in the upper airway of animals vaccinated with FluMist,

and at day 9 after infection, they were slightly increased in the

lower airway, compared with observations in control animals

and animals vaccinated with pH1N1inact or FluSure (Figure

5). No differences in tumor necrosis factor–a and IL-8 levels

were observed between the groups (data not shown).
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Figure 3. Gross pathological changes in the lungs. On day 9 after
infection, the lungs shown were collected from animals in the FluMist
(MedImmune), pH1N1inact, Fluviral (GlaxoSmithKline), and control groups
that had reached experimental end points and from an animal randomly
selected from the FluSure (Pfizer) group.

Figure 4. Nasal wash titers and viral load. Nasal wash titers (A) and the viral copy numbers in nasal wash (B) were quantified on days 1, 3, 6,
9, and 16 after challenge. Data points denote the mean of all values obtained for the respective groups, and error bars denote the standard error.

DISCUSSION

The availability of an efficient vaccine is essential to alleviate

the effect of the ongoing influenza pandemic. A possible in-

tervention strategy to mitigate the 2009 fall influenza season

in the Northern Hemisphere was to initially perform mass im-

munization with the seasonal vaccine, followed by mass im-

munization with the fully matched pandemic H1N1 2009 vac-

cine as soon as would become available. To direct a concerted

public health response to control the spread of the virus, the

efficacy of a newly produced matched inactivated vaccine, as

well as that of already available inactivated and live attenuated

vaccines, has to be assessed. Toward this end, we compared the

antibody and cellular responses elicited by 2 seasonal vaccines

(Fluviral and FluMist), the commercial swine vaccine FluSure,

and a laboratory-produced matched inactivated whole-virus

preparation. We found that only the swine and matched vac-

cines resulted in production of HAI antibodies against the pan-

demic H1N1 2009 virus, whereas only FluMist triggered a cross-

reactive cellular response. Intranasal challenge with the virulent

Mexican isolate MX10, similar to MX/4482, which also leads

to a 50% mortality rate among naive animals [6], revealed that

none of the vaccines was able to confer complete protection

after only one immunization. However, FluSure was associated

with the best reduction in morbidity and complete protection

from mortality, whereas the matched inactivated vaccine re-

sulted in moderate clinical improvement and reduced mortality.

As was expected from undetectable HAI antibody titers, animals

vaccinated with Fluviral or FluMist did not experience a ben-

eficial effect, compared with unvaccinated control animals.

The partial protection observed in animals vaccinated with

one dose of the matched inactivated vaccine, despite the de-

tection of an HAI antibody response within the protective

range, indicates that protection from aggressive isolates may

require more than a single immunization, which would put an

additional strain on vaccine availability. The use of a more

virulent challenge strain enables assessment of vaccine efficacy

in a worst-case scenario. However, the disease severity associ-

ated with currently circulating pandemic H1N1 2009 strains in

most patients is more similar to that associated with seasonal

influenza [3]. It is thus possible that a single 15-mg dose of a

matched inactivated vaccine will be sufficient to confer pro-

tection against most pandemic H1N1 2009 strains, especially

in individuals with some levels of cross-protection due to pre-

vious influenza infection. The efficiency of a commercially

available swine vaccine indicates that this product would be

adequate to protect animals, including pig herds, which could

minimize interspecies transmission and maybe limit evolution

of the virus. The FluSure vaccine consists of an inactivated

H1N1 and H3N2 type A field isolate formulated with Amphigen

(Pfizer) as an adjuvant [15], indicating that the use of this and

other adjuvants merits a more in-depth evaluation in the con-

text of the development of improved human influenza vaccines.

A curious observation is the more severe cases of disease and

the higher mortality rate noted for animals vaccinated with

FluMist, which correlated with slightly more infectious virus

in the nasal washes of this group at day 3. This correlation
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Figure 5. Relative quantification of cytokine messenger RNA (mRNA) induction. Changes in cytokine mRNA levels were determined by semiquantitative
real-time reverse-transcription polymerase chain reaction in nasal wash RNA or RNA isolated from lung tissue harvested on day 9. Ten nanograms
of RNA were used for each reaction, and the fold change was calculated using the comparative cycle threshold (DDCt) method. Columns denote the
mean of all values obtained for the respective group, and error bars denote the standard error. Ctl, nonimmunized control group; dpi, days post
infection; IFN, interferon; IL, interleukin.

between the infectious viral load in the upper respiratory tract

and the clinical outcome was in fact observed for all groups in

the present study, confirming previous reports that the infec-

tious viral load in the airway is predictive of levels of protection

in vaccinated ferrets after challenge with respiratory viruses,

including severe acute respiratory syndrome–associated coro-

navirus and influenza [16, 17]. On the other hand, data from

this study also indicate that weight loss was, on average, more

severe for the unvaccinated control animals than for any other

vaccinated group of animals. The present study was designed

to evaluate protective efficacy after vaccination and not the

possible subtle negative effects caused by immunization with

mismatched influenza antigens. Larger study group sizes will

be necessary to conclusively address this question with an ap-

propriate degree of statistical confidence. Antibody-mediated

enhancement of influenza infection, including subtype–cross-

reactive, nonneutralizing antibodies, has been previously de-

scribed in cultured cells [18–20]. This mechanism has never

been directly associated with a worsened clinical condition in

animal models of influenza infection, although a recent study

reported that maternally derived antibodies possibly enhanced

swine influenza virus–induced pneumonia in pigs [21]. These

observations further support the need for a more detailed eval-

uation of the efficacy of influenza vaccine in controlled exper-

imental conditions where various levels of preexisting immu-

nity to mismatched influenza antigens could be studied.

All animals demonstrated a strong induction of the proin-

flammatory cytokine IL-6 at day 6; this level remained elevated

at day 9 only in the 2 groups of ferrets showing noticeable

protection. Animals vaccinated with FluMist, the only group

that mounted a strong cross-reactive cellular response, had the

highest IFN-g response. However, this response was not suf-

ficient to control the disease. In fact, the strong expression of

IL-10, an anti-inflammatory cytokine, detected in that group

on day 3 may have suppressed an appropriate inflammatory

response, including IL-6 expression, and temporarily favored

virus replication, as previously demonstrated in pigs infected

with foot-and-mouth disease [22]. There are reports showing

the negative effect of IL-10 on influenza virus–infected mice

and pigs [23, 24], and increased IL-10 production correlated

with a low antibody response in elderly individuals after influ-

enza vaccination [25]. Evaluating the response of cytokines,

including IL-6 and IL-10, at early time points in patients may

help predict unfavorable outcome and allow for better allo-

cation of resources to individuals requiring more intensive clin-

ical intervention.

The present study reports the immune responses and pro-

tective efficacy of commercially available vaccines and one lab-



1006 • JID 2010:201 (1 April) • Kobinger et al

oratory-produced matched vaccine with regard to prevention

of pandemic H1N1 2009 infection in ferrets. The findings of

this study may help to guide ongoing preparations for the

influenza season in the Northern Hemisphere.
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