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RESEARCH PAPER

Effect of aging on immunogenicity and efficacy of inactivated influenza vaccines in
cotton rats Sigmodon hispidus
Marina S. Boukhvalova, Emma Mortensen, Aissatou Mbaye, Jamall McKay, and Jorge C.G. Blanco

Sigmovir Biosystems, Inc., Rockville, MD, USA

ABSTRACT
Inactivated influenza vaccines are known to be less immunogenic in human elderly in regards to
serologic antibody response induced by vaccination. Accumulating evidence, however, points to
a comparable effectiveness of influenza vaccines in the young and the elderly individuals. In the current
study, we assessed immunogenicity and effectiveness of trivalent inactivated vaccine FluLaval in young
and aged cotton rats Sigmodon hispidus and found that while serologic response to immunization was
indeed reduced in older animals, comparable protection against influenza infection was afforded by
prime-boost vaccination in both young and aged cotton rats. Both hemagglutination inhibition (HAI)
titers and seroconversion rates were lower in the aged animals compared to the young ones. Reduction
of viral load in the lung and nose, however, was comparable between young and aged animals
vaccinated twice. One-time immunization with FluLaval was less efficacious at protecting the nose of
aged animals, indicating that boosting of preexisting immunity can be particularly important for nasal
protection in the elderly. Coincidentally, a one-time immunization with FluLaval had a detrimental effect
on pulmonary pathology in the young animals, suggesting that boosting of immunity is essential for the
young as well. Overall, these results suggest that reduced antibody response to and sufficient efficacy of
influenza vaccines in the elderly are not two irreconcilable phenomena and that incomplete immunity to
influenza can be detrimental at any age.
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Introduction

Influenza infection is associated with increased morbidity and
hospitalizations in the elderly.1–3 Four to five times greater
rates of influenza-associated hospitalizations have been
reported for individuals ≥65 years of age compared to the
general population in the U.S. alone.4 Annual vaccination
against influenza is the primary method of prevention and
has been recommended for the elderly since the 1960s.5,6

Influenza vaccines have been in use since the early 1940s.
Today, the most commonly distributed influenza vaccines
include inactivated split-virion (detergent-disrupted) and pur-
ified subunit vaccines that come in trivalent or quadrivalent
forms. Trivalent inactivated influenza vaccines (TIV) were first
licensed in the U.S. in 19787 and remained the only type of
licensed influenza vaccine in the U.S. for 25 years until the first
live attenuated vaccine (FluMist) was approved in 2003. The
period between 2003 and 2015 signifies the time when an
increasing number of new types of influenza vaccines have
been licensed. The list includes high-dose TIV for individuals
over the age of 65 (2009), quadrivalent inactivated and live-
attenuated vaccines (2012–2013), cell-based influenza vaccines
(2012–2013), and trivalent MF59-adjuvanted vaccine for use in
individuals over the age of 65 (2015).7 A number of considera-
tions drove a rapid increase in new influenza vaccine technol-
ogies, fueled in large part by a concern over effectiveness of
influenza vaccination, particularly the ability of vaccines to
induce sufficient immune response in the elderly population.

Older people were shown to have reduced antibody
response to influenza vaccination. Fold-rise of hemagglutina-
tion inhibition (HAI) antibody titer and geometric mean titers
(GMTs) in human elderly are reduced compared to younger
adults in response to the same vaccine formulation.8,9

Increasing the antigen dose of TIV fourfold significantly
improved antibody response in adults 65 years of age and
older10,11 and resulted in the approval of the high-dose TIV
FluZone (Sanofi Pasteur) for the elderly. The use of adjuvants
was also shown to be beneficial for improving immunogeni-
city of TIV in the elderly.12,13 MF59-adjuvanted TIV Fluad
(Seqirus) has been licensed and together with the high-dose
TIV FluZone (Sanofi Pasteur) represents the two currently
recommended influenza vaccines for adults ≥65 years of age.6

While reduced antibody response to influenza vaccines in
the elderly is a generally accepted phenomenon, the extent of
vaccine effectiveness in older vs. younger individuals is
a subject of considerable debate (see14 for review). Data
from the U.S. Flu Vaccine Effectiveness (VE) network estab-
lished by the CDC indicate that VE in the elderly vs. younger
adults may vary by season, with some seasons showing
reduced VE in adults over 65 years of age15,16 and other
seasons showing no reduction.17,18 A recently published
pooled analysis of VE data collected over 5 seasons (from
2012–2013 to 2015–2016) determined that the overall levels
of protection afforded by influenza vaccination are compar-
able between adults age 18–49 years and adults ≥65 years old.19
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That study concluded that between 2012 and 2016 VE against
A(H1N1)pdm09 was 49% and 48% for adults ≥65 and
18–49 years, respectively. The same report provided estimates
of VE against influenza B viruses as 62% and 55%, and VE
against A(H3N2) viruses as 14% and 21% for older and
younger adults, respectively. A conclusion was drawn that
the levels of protection were not influenced by advanced
age, but that protection was lower in both age categories
against influenza A(H3N2) virus.19 Similarly, the European
I-MOVE (Influenza Monitoring Vaccine Effectiveness) net-
work, established to monitor seasonal and pandemic influenza
VE in the European Union and European Economic Area,
reported that in the 2008–2009 season VE of TIV against
laboratory-confirmed influenza in community-dwelling
elderly was 65.4% in subjects 65–74 year-old,20 supporting
the notion that advanced age does not significantly affect VE.

Most commonly used animal models of influenza infec-
tion, ferrets and mice, have not been able so far to help
reconcile the differences between reduced antibody
response to influenza vaccines in human elderly and com-
parable VE in the elderly and younger individuals. Mice
have been used rather extensively to study the effect of
aging on influenza pathogenesis.21–25 However, in influenza
vaccine studies, both HAI responses and protection against
influenza disease in aged mice are reduced compared to
young animals,21–24 which contradicts findings in humans
summarized above. Influenza infection studies in mice are
usually carried out as lethal challenge with mouse-adapted
influenza strains, precluding assessment of antiviral efficacy
against naturally-circulating influenza viruses. The use of
adapted strains is necessitated by the lack of human-like
repertoire of sialic acid receptors in common laboratory
strains of mice.26,27 In contrast, ferrets have sialic acid
receptor repertoire similar to that of humans and are sus-
ceptible to infection with unadapted influenza viruses.28

Young ferrets are invaluable for influenza pathogenesis
and transmission studies.29,30 These animals are widely
used for serological assessment of a match between influ-
enza vaccines and circulating viral strains.31–33 However,
the use of these animals for vaccine efficacy studies is
complicated, as ferrets are outbred, and a significant varia-
bility exists in regards to influenza disease severity, parti-
cularly in the aged animals.34 Inbred cotton rats Sigmodon
hispidus are susceptible to infection with unadapted human
influenza viruses and carry a human-like repertoire of sialic
acid receptors.35–37 Efficacy of human influenza vaccines
and therapeutics has been confirmed in the cotton rat
model.38,39 Cotton rats accurately reproduce differences
between mild disease caused by seasonal influenza and
morbid disease caused by highly pathogenic influenza
viruses or influenza-bacterial coinfections.37,40 These ani-
mals reproduce the effect of advanced age and immunose-
nescence on respiratory viral infections.41–44 In this study,
we compared antibody response to and efficacy of inacti-
vated split-virion influenza vaccine FluLaval in young and
aged cotton rats Sigmodon hispidus. Cotton rats over
9 months of age were used to model human elderly,
based on the earlier demonstration of immunosenescent
antiviral responses in animals of that age.41–44 Results of

this work allow us to reconcile some of the seemingly
contradictory findings of reduced immunogenicity and
comparable efficacy of influenza vaccines in the elderly.

Materials and methods

Animals

Inbred cotton rats Sigmodon hispidus were obtained from
a colony maintained at Sigmovir Biosystems, Inc. Animals
were housed in large polycarbonate cages and were fed
a standard diet of rodent chow and water. The colony was
monitored for antibodies to adventitious respiratory viruses
and other common rodent pathogens, and no such antibodies
were found. All studies were conducted under applicable laws
and guidelines and after approval from the Sigmovir
Biosystems, Inc. Institutional Animal Care and Use
Committee (IACUC).

Viruses

The seed of influenza A/California/07/2009(H1N1) (A/
California) was obtained from the CDC and grown in eggs
in house. The stocks of virus containing 2 × 108 TCID50/ml
and 2 × 106 TCID50/ml on MDCK cells were used for the
studies on FluLaval 2016–2017 and FluLaval 2012–2013,
respectively. The egg-grown stock of influenza A/Victoria/
361/2011 (H3N2) (A/Victoria) used in preliminary studies
on FluLaval dose-range assessment was kindly provided by
the laboratory of Dr. Perez at the University of Maryland
(currently at Georgia State University) and had a titer of 104

TCID50/ml on MDCK cells.

Vaccines

FluLaval 2012–2013 and 2016–2017 (GSK) and FluMist
2012–2013 (MedImmune) were obtained from commercial
sources at the time of their distribution to public (2012 and
2016, respectively) and used in animal studies within the
period prior to the indicated expiration date. FluLaval is
a split-virion, inactivated influenza virus vaccine prepared
from influenza viruses propagated in the allantoic cavity of
embryonated eggs. Each virus is grown individually and inac-
tivated by UV light, followed by formaldehyde treatment,
purified by centrifugation, and disrupted with sodium deox-
ycholate. FluLaval 2012–2013 was a trivalent vaccine that
contained the following 3 strains (in the amount correspond-
ing to 15 μg of hemagglutinin (HA) of each strain, or 45 μg
total HA, in each 0.5 ml vaccine dose): A/California/7/2009
NYMC X-179A (H1N1), A/Victoria/361/2011 IVR-165
(H3N2), and B/Hubei-Wujiagang/158/2009 NYMC BX-39 (a
B/Wisconsin/1/2010-like virus). FluLaval 2016–2017 was
a quadrivalent vaccine that contained the following 4 strains
(in the amount corresponding to 15 μg of HA of each strain,
or 60 μg total HA, in each 0.5 ml vaccine dose): A/California/
7/2009 NYMC X-179A (H1N1), A/Hong Kong/4801/2014
(H3N2) NYMC X-263B, B/Phuket/3073/2013, and B/
Brisbane/60/2008. Both FluLaval 2012–2013 and 2016–2017
formulations included thimerosal as a preservative. FluMist

2 M. S. BOUKHVALOVA ET AL.



2012–2013 contained live attenuated influenza virus reassor-
tants of each of the following 3 strains: A/California/7/2009
(H1N1), A/Victoria/361/2011 (H3N2), and B/Wisconsin/1/
2010. Each 0.2 mL FluMist vaccine dose contained 106.5−7.5

FFU (fluorescent focus units) of each influenza strain.

Animal studies

For studies on FluLaval dose-range optimization, young
(6–8 weeks old) cotton rats were immunized intramuscu-
larly (i.m.) with FluLaval 2012–2013 at 0.005–0.3 μg HA
(each strain) per 100 μl/100 g animal and boosted with the
same formulation three weeks later. Three weeks after the
boost, serum was collected from all animals for HAI and IgG
ELISA assay. An additional group of animals was infected
intranasally (i.n.) with influenza A/Victoria (103 TCID50 per
animal), and blood was collected 6 weeks later. Unimmunized
and uninfected animals were used as negative controls.

For comparative immunogenicity studies of influenza vac-
cines in cotton rats, young (6–8 weeks old) and aged
(≥9 months old) animals were immunized i.m. with
FluLaval 2012–13 (during 2012–2013 season) or 2016–2017
(during 2016–2017 season) at 0.02 or 0.3 μg HA per 100 μl/
100 g animal and boosted 3 weeks later. Blood samples were
collected prior to boost and 3 weeks after the boost for
analysis of serum HAI titers against influenza A/California,
a strain whose antigens were included in both 2012–2013 and
2016–2017 FluLaval, or the corresponding FluLaval formula-
tion itself. Three weeks after the boost, animals were infected
with influenza A/California at 105 TCID50 (for FluLaval 2012–
2013 studies) or 105 TCID50 (for FluLaval 2015–2016 studies)
per 100 μl/100 g animal and sacrificed 1 and 4 days later for
analysis of influenza load in the lungs and nose and histo-
pathology in the lungs. The upper lobe of the left lung and
nose were collected for viral titration and homogenized in
EMEM with 10% sucrose stabilizing media. A lingular lobe of
the left lung was used for RNA extraction and qPCR analysis.
The right lung was inflated with 10% buffered formalin for
histopathology analysis. Control animals were infected with
A/California twice with an interval of 3 weeks, or mock-
immunized with PBS i.n., infected with A/California once,
and sacrificed on the corresponding day(s) after infection.
An additional group of animals in the 2012–2013 studies
was inoculated i.n. with 1:5 dilution of FluMist 2012–2013
in 100 μl/100 g animal, boosted three weeks later, and infected
with A/California in another 3 weeks. Samples were collected
for analysis as described above. Studies on one-time immuni-
zation included animals vaccinated with FluLaval 2016–2017
once, infected with A/California 3 weeks later, and sacrificed
on days 1 and 4 post-infection. Secondary infection control
animals for these studies were infected with A/California
twice with an interval of 3 weeks and sacrificed on days 1
and 4 after the second infection.

A/California and FluLaval HAI assays

Cotton rat serum samples were diluted 3:1 in receptor destroy-
ing enzyme (RDE) II (Seiken, Hardy Diagnostics) and incu-
bated at 37°C for 20 hours. Samples were heat inactivated at 56°

C for 30 minutes, further diluted with 6 volumes of PBS, and
frozen at −20°C until the day of the assay. Chicken red blood
cells (RBCs) in Alsever’s solution (Lampire Biological
Laboratories) were washed with PBS, diluted to 10% in PBS
and stored at 4°C. Serum samples were thawed and serially
diluted twofold for 10 dilutions, starting with an original dilu-
tion of 1:40. Twenty-five μl aliquots of each sera dilution were
mixed in duplicates with 25 μl of solution containing 4 HAU A/
California or FluLaval and incubated at room temperature for
30 minutes. Fifty μl of 0.5% dilution of chicken RBCs was added
to the wells, gently mixed, and incubated 30–60 min at room
temperature. Results were read and recorded. The HAI titer of
each sample was expressed as the inverse of the last dilution
where agglutination was not observed. HAI geometric mean
titer ± standard error for all samples in a group per time point
was calculated. Limit of assay detection (HAI = 40) was used as
a baseline for evaluating seroconversion which was defined as
a fourfold increase in HAI titer.

FluLaval ELISA for binding IgG

Ninety-six well microtiter plates were coated with FluLaval, 1:250
dilution in Coating Solution (KPL) overnight at 4°C. After block-
ing with a blocking solution (KPL) for one hour at room tem-
perature, serum samples diluted 1:1,500 in diluent solution (KPL)
were loaded in triplicates, and incubated for one hour at room
temperature. After removal of samples and washing, rabbit anti-
cotton rat IgG (1:4,000) was added to all the wells and incubated
for one hour at room temperature. Goat anti-rabbit IgG-HRP
(Chemicon International, 1:6,000) was used as the secondary
antibody, with the incubation for one hour at room temperature,
followed by the addition of TMB substrate (KPL) for 15 minutes
at room temperature. TMB-Stop solution (KPL) was added and
OD450 was immediately measured. Geometric mean of the opti-
cal density was calculated for the triplicate sera samples ± stan-
dard error for all samples in a group per time point.

High mobility group box 1 (HMGB1) ELISA

HMGB1 levels were measured in the serum of animals using
a commercially available ELISA kit according to the manu-
facturer’s instructions (IBL International, Canada), as pre-
viously described.45

Histopathology

Lungs were prepared for histopathology analysis as previously
described.46 Each lung section was analyzed for one of the
four parameters of pulmonary inflammatory changes: peri-
bronchiolitis (inflammatory cells surrounding a bronchiole),
perivasculitis (inflammatory cells surrounding a small blood
vessel), alveolitis (inflammatory cells within alveolar spaces),
and interstitial pneumonitis (increased thickness of alveolar
walls associated with inflammatory cells).46

qRT-PCR

Total RNA was extracted from homogenized lung tissue using
the RNeasy purification kit (QIAGEN). One μg of total RNAwas
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used to prepare cDNA using oligo dT primers and Super Script
II RT (Invitrogen). qPCR for influenzaM gene was run using the
following primers: forward 5ʹ GCAGAGACTTGAAGATGT
CTTTGC 3ʹ, reverse 5ʹ GGGCATTTTGGACAAAGCG
TCTAC 3ʹ, under conditions previously described.47 Influenza
M expression level was normalized by the level of β-actin
(“housekeeping gene”) expressed in the corresponding organ
and presented as the geometric mean ± the standard error
(SEM) for all animals in a group at a given time.

Statistical analysis

Data were analyzed using 2-way ANOVA followed by the Tukey
post hoc test. A value of p < .05 was considered to be significant.

Results

Dose-range optimization and efficacy of FluLaval in the
cotton rat model

To determine optimum conditions for comparing effectiveness
of parenteral influenza vaccines in animals of different ages,

dose-range studies were carried out using FluLaval from the
2012–2013 season (Figure 1). Young (6–8 weeks old) cotton
rats were immunized with FluLaval in doses from 0.005 to
0.3 μg FluLaval per 100 g animal (Figure 1a,b). This range
included a FluLaval dose of 0.02 μg HA that would correspond
to a standard human dose of 15 μg HA per immunization (based
on the weight difference between an average 100 g cotton rat and
an average 70 kg person). A fourfold lower dose of HA
(0.005 μg), and two fourfold higher doses of HA (0.08 and
0.3 μg) were tested as well. Cotton rats were boosted with the
same vaccine dose on day 21, and blood was collected three
weeks later for analysis of HAI or binding IgG against the
vaccine formulation. Control naïve animals were infected with
influenza A/Victoria (H3N2 influenza strain whose antigens
were included in the 2012–2013 vaccine formulation) and
blood was collected for analysis 6 weeks later. Infection with
H3N2 influenza A/Victoria was used as a control for these earlier
studies because the choice of the influenza challenge strain for
subsequent studies (H1N1 influenza A/California) had not been
finalized at that time. Additional control animals were left unin-
fected and unvaccinated.

Figure 1. Dose-optimization and efficacy studies using the 2012–2013 influenza vaccine formulations in cotton rats. (a,b) Dose–range study of immunogenicity of
FluLaval 2012–2013 during the corresponding vaccine season (VSeason: 2012–2013). Young animals were immunized intramuscularly (i.m.) twice (with 3 weeks in
between) with the indicated doses of FluLaval or infected intranasally (i.n.) once with influenza A/Victoria (H3N2) (Vict) and blood was collected for analysis of serum
HAI titers (a) or binding IgG (b) against FluLaval 2012–2013 three weeks after the last immunization or 6 weeks after A/Victoria infection. Results represent GMT±SE
for 8–10 animals per group. Negative control animals (Ctr) were unimmunized and uninfected. (c) Efficacy of FluLaval 2012–2013 and FluMist 2012–2013 in the
young and aged cotton rats. Animals immunized once with FluLaval or FluMist were infected i.n. with A/California (A/Cal) three weeks later and sacrificed 1 day later
for analysis of influenza load in the lung by qPCR. Control animals were infected with A/Cal and re-infected 3 weeks later (secondary infection, °2) or mock
immunized and infected with A/Cal (primary infection, °1). Results represent GMT±SE for 5 animals per group. *p < .05 when compared to influenza M mRNA level in
the same age animals with primary infection. No significant differences were found between influenza M mRNA levels in animals of different ages treated the same
way.
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FluLaval immunization was accompanied by a strong
induction of binding IgG and HAI against the vaccine for-
mulation (Figure 1a,b). Vaccine antigens can be used as
hemagglutinating antigens for the HAI test.48 Split vaccines
represent a good source of functional HA for HAI assay and
allow for assessment of HAI response to several vaccine
strains simultaneously.49 The response to FluLaval was dose-
dependent, with 0.3 μg and 0.02 μg of FluLaval inducing the
strongest and intermediate HAI titer, respectively. Serum of
animals infected intranasally with A/Victoria demonstrated
the presence of IgG reactive with FluLaval 2012–2013
(Figure 1b), but no HAI response against FluLaval
2012–2013 was found (Figure 1a). The latter may reflect
diversity of binding and HAI antibody response generated
by natural influenza infection and/or stricter requirement
for preservation of antigens for HAI vs. binding IgG assays.48

To determine whether there are any age-related differences
in antiviral efficacy, young and aged cotton rats were immu-
nized with FluLaval 2012–2013 at 0.3 μg or 0.02 μg once and
challenged with influenza A/California (H1N1 influenza
strain whose antigens were included in the 2012–2013 vaccine
formulation) three weeks later (Figure 1c). Controls included
animals infected and then challenged with A/California three
weeks after the original infection (secondary infection con-
trol), and mock-immunized animals that were challenged
with A/California once (primary infection controls). Animals
immunized intranasally with FluMist 2012–2013 once and
challenged with A/California three weeks later were also

included in the study. Viral presence in the lung was evalu-
ated by RT-PCR analysis of influenza M mRNA expression.
FluMist significantly reduced influenza gene expression in the
lungs of both young and aged animals (Figure 1c). The higher
FluLaval dose also significantly inhibited influenza mRNA
load in the lungs of both young and aged animals. The
lower vaccine dose reduced influenza mRNA level, but the
inhibition was less and the difference was significant only for
the young animals. Overall, these studies demonstrated that
the FluLaval doses of 0.3 and 0.02 μg per 100 g animal were
appropriate for the comparative immunogenicity and efficacy
studies in the young and aged cotton rats.

Efficacy of FluLaval from another influenza season (2016–-
2017) was evaluated next with regard to protection of both the
lower and upper respiratory tracts against influenza challenge
(Figure 2). The same influenza A H1N1 strain (A/California)
was included in both 2012–2013 and 2016–2017 formulations
that allowed for a more direct comparison between the two
FluLaval vaccines in the cotton rat model. Animals were
immunized with FluLaval 2016–2017 once or twice as
described above, challenged with influenza A/California
3 weeks after the last immunization and sacrificed for analysis
of viral load in the lungs and nose on day 1 post-infection.

The two-times immunization with FluLaval 2016–2017 was
highly efficacious in the lungs of both young and aged animals
as determined by viral titration (Figure 2a). Both high and low
doses of vaccine inhibited influenza replication in both age
groups, with protection being stronger for the higher vaccine

Figure 2. Antiviral efficacy of FluLaval 2016–2017 in the young and aged cotton rats when given as a two-times (a) vs. one-time (b) immunization. (a) Two-times
vaccination. Young and aged cotton rats were immunized with the indicated doses of FluLaval (FluL) 2016–2017 and boosted 3 weeks later. After another 3 weeks
animals were infected i.n. with influenza A/California (A/Cal) at 107 TCID50 per 100 g animal and sacrificed one day later for analysis of viral load in the lung and nose.
Results of viral titration by TCID50 assay (VT) are shown. Control animals were infected i.n. with A/Cal and re-infected 6 weeks later (°2) or mock immunized and
infected with A/Cal (°1). (b) One-time vaccination. Young and aged cotton rats were immunized with FluLaval once, infected i.n. with A/Cal 3 weeks later, and
sacrificed 1 day after infection. Control animals were mock-immunized with PBS and infected i.n. with A/Cal once (°1) or twice with an interval of 3 weeks (°2) and
sacrificed one day after challenge. Unimmunized and uninfected animals were included as additional controls (“-“). Results represent GMT±SE for 5–6 animals per
group. *p < .05 when compared to primary infection of the same age animals, #p < .05 when compared to the same treatment, opposite age.

HUMAN VACCINES & IMMUNOTHERAPEUTICS 5



dose. In the nose, the higher dose of FluLaval reduced viral
load to undetectable levels in both young and aged animals.
The lower vaccine dose was less protective, but viral replica-
tion was reduced in both the aged and young animals to
a comparable extent.

The one-time immunization with FluLaval was less effica-
cious than the two-times immunization (compare Figure 2a–
2b). The degree of lung protection afforded by the one-time
immunization, however, was comparable between the young
and aged animals, with the lower vaccine dose providing no
protection, and the higher vaccine dose inducing moderate
protection of the lungs in animals of both age categories
(Figure 2b). Age-related differences became visible with
regards to nasal protection. A moderate, but significant reduc-
tion of nasal viral load was seen in young animals vaccinated
once with a high vaccine dose, but not in the aged cotton rats.
The lower vaccine dose did not protect the noses of either
young or aged cotton rats.

Overall, the two doses of FluLaval tested had significant
antiviral efficacy in both young and aged cotton rats when
administered as a two-times immunization, with the higher
vaccine dose reducing viral load to undetectable in both lungs
and noses of infected animals. The one-time immunization
was less efficacious in both young and aged cotton rats, with
some age-related differences apparent with regards to nasal
protection.

Antibody response to FluLaval in the young and aged
cotton rats

Side-by-side comparison of antibody response to FluLaval
2012–2013 and 2016–2017 formulations in the cotton rat
model was conducted using 0.3 μg and 0.02 μg vaccine
doses (Figure 3). Young and aged cotton rats were immunized
with FluLaval 2012–2013 (Figure 3a) or 2016–2017 (Figure 3b,
c) twice and blood was collected for serum antibody analysis
three weeks after the first and the second immunization.
Control animals were infected with influenza A/California
or left uninfected/unvaccinated. Additional animals in the
2012–2013 vaccine study were also inoculated twice intrana-
sally with FluMist 2012–2013. FluMist induced a minimal, but
significant increase in HAI titer in the young cotton rats after
the first immunization and in the aged animals after
the second immunization (Figure 3a).

Immunization with the higher dose of FluLaval induced
a significant increase in HAI titers against A/California in
both young and aged animals after the first vaccine dose,
with the response further increasing after the boosting
(Figure 3a,b). Higher HAI titers were induced in the animals
by the higher vs. lower vaccine dose after either the initial or
the booster immunization. The HAI titers induced by
FluLaval immunization in the aged animals were significantly
lower than those in the young cotton rats. Infection with A/
California significantly increased HAI levels three weeks after
challenge in both age groups, although titers decreased by
week 6. The magnitude of A/California HAI response to
FluLaval 2016–2017 vaccination was slightly lower than to
FluLaval 2012–2013 for both age categories (compare
Figure 3a–b).

Immunogenicity of FluLaval 2016–2017 in young and aged
cotton rats was also evaluated in regards to HAI titers against
the vaccine formulation (Figure 3c). Both young and aged
animals showed significant rise in FluLaval HAI titers three
weeks after the first immunization (Figure 3c). The level of
FluLaval HAI response in the aged animals was lower for the
higher vaccine dose compared to the young animals.
Administration of a second vaccine dose significantly boosted
FluLaval HAI titers in the young, but not in the aged cotton
rats. Day 42 FluLaval HAI titers were lower for both vaccine
doses in the aged compared to the young animals. I.n. A/
California infection caused a significant increase in serum
FluLaval HAI titers three weeks after immunization which
declined by week 6. HAI titers remained significantly elevated
in the young, but not aged animals at 6 weeks post-infection.
Overall, these results demonstrate that immunogenicity of
both FluLaval 2012–2013 and 2016–2017 formulations in
regards to antibody induction was significantly lower in the
aged cotton rats compared to the young animals.

Seroconversion among young and aged cotton rats

The percentage of animals that showed fourfold or higher
increase in HAI titer against FluLaval 2016–2017 or A/
California was calculated and the data are presented in
Table 1 as seroconversion. Seroconversion was defined as
fourfold rise in HAI titers. As all animals were naïve at the
beginning of the study, seroconversion was evaluated against
seronegative baseline, similar to the methodology used for
assessment of seroconversion induced by influenza vaccines
in seronegative children.50 In the FluLaval HAI assay, 100% of
young animals seroconverted after the first dose of 0.3 μg
FluLaval, and the number remained at 100% after
the second dose (Table 1). For the lower vaccine dose
(0.02 μg FluLaval), 50% of young animals seroconverted
after the first vaccine dose and the number rose to 100%
after the second dose. The number of seroconverted animals
was lower in the aged group. Sixty-seven (67) percent of aged
animals seroconverted after the first dose of 0.3 μg FluLaval,
and almost all animals (92%, or 11/12) seroconverted after
the second dose. The percentage of seroconverted aged ani-
mals in the group immunized with 0.02 μg FluLaval were 42%
and 75%, respectively. No animals seroconverted in the
FluLaval HAI assay after A/California infection in either age
category.

In the A/California HAI assay, 70% and 100% of young
animals seroconverted after the first and the second dose of
0.3 μg FluLaval, respectively, and 10% and 100% young ani-
mals seroconverted after the first and the second dose of
0.02 μg FluLaval, respectively (Table 1). Among the aged
animals, 42% and 100% of animals seroconverted after the
first and second dose of 0.3 μg FluLaval, respectively, and 0%
and 92% of aged animals seroconverted after the first
and second dose of 0.02 μg FluLaval, respectively. Eighty to
90% of young animals and 91–100% of aged animals showed
seroconversion 3 and 6 weeks after A/California infection,
respectively. Overall, these results showed that in the aged
animals seroconversion rates were lower than in the young
rats for any vaccine dose tested. The effect of age was more
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pronounced for the FluLaval HAI compared to A/California
HAI assay. There was no age dependent difference in sero-
conversion in response to A/California infection.

Effect of FluLaval immunization on pulmonary pathology
in young and aged cotton rats

Influenza infection in cotton rats induces a strong pulmonary
inflammatory response characterized by increased peri-
bronchiolitis, perivasculitis, interstitial inflammation, and
alveolitis. In naïve animals, lung pathology is stronger
on day 4 post-infection compared to day 1, while in animals
pre-exposed to influenza lung pathology is already strong
after one day of infection and remains elevated on day 4
(Figure 4).

Pulmonary histopathology was evaluated in young and
aged animals immunized with FluLaval 2016–2017 twice or
once and infected i.n. with A/California (Figure 4). In the
two-times immunization study (Figure 4a), 0.3 μg FluLaval
reduced multiple parameters of pulmonary inflammation
compared to either primary or secondary influenza infection
for both young and aged cotton rats. The lower vaccine dose
also reduced some parameters of inflammation, but the effect
was less than what was seen for the higher vaccine dose.
Alveolitis in the aged animals immunized with 0.02 μg
FluLaval was increased on day 1 post-infection (alveolitis
score of 55) compared to animals with primary influenza
infection (alveolitis score of 30).

The effect of the one-time immunization with FluLaval on
pulmonary pathology (Figure 4b) was different from the effect of
the two-time immunization. No parameters of inflammation
were decreased in comparison to primary infection. In fact, multi-
ple parameters of inflammation were increased in the vaccinated
animals that received only one vaccine dose. The increases were

Figure 3. Immunogenicity of seasonal influenza vaccines in the young and
aged cotton rats. (a) Immunogenicity of FluLaval 2012–2013 and FluMist
2012–2013 in the young and aged cotton rats. Animals were immunized
with the indicated doses of FluLaval 2012–2013 i.m. or with FluMist
2012–2013 i.n. during the corresponding vaccine season and boosted
3 weeks later. Control animals were infected i.n. with influenza A/California
(Cal). Serum samples were collected prior to boost and three weeks after the
boost for analysis of HAI titers against A/Cal. Results represent GMT±SE for
11–15 animals per group. Negative control animals (Ctr) were unimmunized
and uninfected. (b,c) Immunogenicity of FluLaval (FluL) 2016–2017 in the
young and aged cotton rats. Animals were immunized as described above
but using the FluLaval 2016–2017 formulation during the corresponding
vaccine season. Control animals were infected with influenza A/California or
left unimmunized and uninfected (Ctr). Blood samples were collected for
analysis of serum HAI titers against A/Cal (b) or FluLaval 2016–2017 (c).
Results represent GMT±SE for 9–12 animals per group (except for Ctr
group, where 5 samples were included). *p < .05 when compared to titers
in the same age animals with primary infection, same day; & p < .05 when
compared to d21 samples collected after the same dose vaccination for the
same age animals; # p < .05 when compared to young animals, same
vaccine, dose, and day of collection; ⊓ (connector) p < .05 when compared
to the lower vaccine dose in the same age animals, same day of blood
collection.

Table 1. Seroconversion of young and aged animals by FluLaval 2016–2017.
Seroconversion was defined as an increase in HAI GMT of fourfold or higher over
the lower limit of assay (HAI = 40). Percentage of seroconverted animals (if
greater than 0) is given in parenthesis.

FluLaval 16/17 HAI Seroconversion

Group Seroconv. d21 Seroconv. d42

Young FluL 16/17 0.3 μg 10/10 (100%) 10/10 (100%)
FluL 16/17 0.02 μg 5/10 (50%) 10/10 (100%)
Cal/Cal 0/10 0/10
PBS/Cal 0/9 0/9
PBS 0/5 0/5

Aged FluL 16/17 0.3 μg 8/12 (67%) 11/12 (92%)
FluL 16/17 0.02 μg 5/12 (42%) 9/12 (75%)
Cal/Cal 0/11 0/11
PBS/Cal 0/12 0/12
PBS 0/4 0/4

Cal HAI Seroconversion
Young FluL 16/17 0.3 μg 7/10 (70%) 10/10 (100%)

FluL 16/17 0.02 μg 1/10 (10%) 10/10 (100%)
Cal/Cal 8/10 (80%) 9/10 (90%)
PBS/Cal 0/9 0/9
PBS 0/5 0/5

Aged FluL 16/17 0.3 μg 5/12 (42%) 12/12 (100%)
FluL 16/17 0.02 μg 0/12 (0%) 11/12 (92%)
Cal/Cal 10/11 (91%) 11/11 (100%)
PBS/Cal 0/12 0/12
PBS 0/4 0/4
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evident in comparison to both primary and secondary infection
and were present primarily among young animals. Overall, these
results suggest that one-time immunization of naïve cotton rats
with TIV may result in an increased pulmonary inflammation
upon virus encounter, with the effect being more pronounced in
the younger compared to older animals.

HMGB as the serum marker of immunization efficacy

In our previous work we showed that influenza infection in
cotton rats is accompanied by an increase in serum
HMGB1,45 a protein previously shown to be a marker of
systemic inflammation. To evaluate whether the circulating
HMGB1 can serve as a marker of influenza vaccine efficacy,
HMGB1 ELISA was run on serum samples of aged and young
animals immunized twice with FluLaval 2016–2017 at two
different doses and challenged with A/California (Figure 5).
Serum samples from young animals immunized twice with
FluLaval 2012–2013 and infected with A/California were
included in the same analysis.

HMGB1 level was significantly reduced in both young and
aged animals with secondary influenza infection (Figure 5).
HMGB1 was also reduced in both young and aged animals
vaccinated with the higher dose of FluLaval 2016–2017, albeit
the difference did not reach statistical significance for either
age. Immunization with FluLaval 2012–2013 in the same dose,
however, caused significant reduction in serum HMGB1 level
in young cotton rats.

Discussion

The goal of this work was to evaluate the effect of advanced
age on immune responses to influenza vaccination and vac-
cine effectiveness, while expanding on our earlier observation
that cotton rats can be used for human influenza vaccines
evaluation and that trivalent inactivated vaccines are effica-
cious in the model.51,52 Another important goal was to recon-
cile seemingly contradictory findings of reduced antibody
response to and potent effectiveness of TIVs in human elderly
over 65 years of age. Included in this was the evaluation of

Figure 4. Lung histopathology in the young and aged animals immunized with FluLaval 2016–2017 twice (a) or once (b). Animals were immunized or infected as
described in the legend to Figure 3 and sacrificed 1 or 4 days after infection for analysis of pulmonary histopathology. (a) Pulmonary histopathology in influenza-
infected animals after two-times immunization with FluLaval or 6 weeks after the initial infection with A/Cal. (b) Pulmonary histopathology in influenza-infected
animals after one-time immunization with FluLaval or 3 weeks after the initial infection with A/Cal. Results represent GMT±SE for 5–6 animals per group. PB:
peribronchiolitis, PV: perivasculitis, IP: interstitial pneumonitis, A: alveolitis. * p < .05: a decrease compared to primary infection of the same age animals; x p < .05:
a decrease compared to primary infection of the same age animals; Δ p < .05: an increase compared to primary infection of the same age animals; @ p < .05: an
increase compared to primary infection of the same age animals.
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cotton rat responses to different doses of TIV, as increasing
vaccine dose was shown to improve immunogenicity of TIV
in human elderly10,11 and reduce incidence of respiratory ill-
ness-related hospital admissions.53 In this work, it was possi-
ble to test influenza vaccine efficacy against challenge with an
unadapted seasonal influenza virus (H1N1 A/California)
whose antigens were included in both 2012–2013 and
2016–2017 vaccine preparations, as no adaptation of influenza
viruses to cotton rats is required for infection of these animals
and replication of viruses in the respiratory tract.36,37,39

Vaccines were purchased from a commercial distributor,
while virus was obtained from the CDC and propagated in-
house. The expedience of the process allowed for testing of
current seasonal influenza vaccine against challenge with
a predicted circulating influenza strain. Results of this work
demonstrated that while antibody response to vaccination was
reduced in old cotton rats, TIV given in a prime-boost regime
exhibited comparable ability to protect the respiratory tract
against influenza replication in both age categories.

Observational studies run by the U.S. Flu VE and
European I-MOVE networks compare odds of influenza vac-
cination in outpatients with acute respiratory infections (ARI)
who test positive for laboratory-confirmed influenza to the
odds of influenza vaccination in outpatients with ARI who
test negative for influenza. While highly informative, these
studies assess vaccine efficacy only in people who already
display signs of ARI and seek outpatient help. The rando-
mized placebo-controlled clinical trials (RCTs) may provide
a better estimate of vaccine efficacy with the proper selection
of endpoints. RCTs of influenza vaccines in the elderly, how-
ever, are scarce due to the ethical considerations of the
recommendation to vaccinate all elderly against influenza.
Nevertheless, the meta-analysis of combined results of avail-
able RCTs and observational studies in the elderly also deter-
mined comparable efficacy of parenteral inactivated vaccines
against laboratory-confirmed cases in healthy adults (60%)

and the elderly (58%).53 The effectiveness of vaccines at pre-
venting clinically confirmed cases was lower for both age
categories, with 24% reported for the elderly and 19–22%
for adults.53 The only large RCT of purified split virion
influenza vaccine conducted exclusively in the elderly took
place during the winter of 1991–1992 in the Netherlands and
involved 1,838 individuals ≥60 years old.54 That study showed
58% risk reduction against clinical serologically confirmed
influenza in the elderly, in line with the 60% estimate for
younger adults.53 Overall, it appears that influenza vaccines
may show comparable effectiveness among adults and elderly,
but these results have been difficult to reconcile until now
with multiple reports of reduced antibody response to influ-
enza vaccines in individuals ≥65 years old.

Our results, obtained in the cotton rat model, show that
the antibody response to FluLaval (as indicated by HAI titers)
is significantly reduced in the aged animals compared to the
young ones. The effect was seen for FluLaval formulations
from two different seasons: 2012–2013 and 2016–2017 and
therefore must represent a general phenomenon. Both the
GMTs and seroconversion rates were reduced in the aged
rats. The GMTs of HAI against A/California were significantly
lower in the aged animals vaccinated with either vaccine dose.
In the HAI assay against FluLaval 2016–2017, aged animals
mounted significantly lower HAI GMTs in response to the
0.3 μg dose, and were not able to boost antibody response as
efficiently as young animals after the second immunization.
Seroconversion rates of aged rats in the FluL 2016–2017 HAI
assay were lower than that in young animals. The effect of age
was less evident in A/California HAI assay, suggesting that the
choice of assay may influence the results of seroconversion
analysis. Since all animals were naïve at the beginning of the
study, seroconversion was evaluated against a negative base-
line level (assay limit of detection), so results should be inter-
preted with caution. Nevertheless, significant increase in
antibody response to vaccination was seen for the higher
compared to the lower vaccine dose after the first immuniza-
tion, present in both aged and young animals. Even though
the difference between the higher and lower vaccine doses
tested here (16-fold) exceeds the fourfold difference between
the high-dose and standard TIV vaccine, these results experi-
mentally confirm the observation that immunogenicity of TIV
in the aged population can be boosted with the use of a higher
vaccine dose.10,11

Interestingly, we have detected differences in reactivity of
sera induced by inactivated influenza vaccines and seasonal
strains of influenza included in vaccine formulations. Thus,
serum of animals infected with influenza H3N2 A/Victoria
did not show HAI response against FluLaval 2012–2013
(Figure 1a) and A/California HAI response to FluLaval
2016–2017 formulation was lower than the response to
FluLaval 2012–2013 formulation (Figure 3a,b). These differ-
ences could be due to the changes in vaccine viruses acquired
during virus propagation in eggs. Large-scale propagation of
viruses in embryonated eggs were shown to lead occasionally
to influenza mutations that cause antigenic mismatch.55,56

Both 2012–2013 and 2016–2017 vaccines included viruses
that had egg-adapted mutations56,57 and could explain some
of the differences observed in regards to HAI assays

Figure 5. Serum HMGB1 levels in cotton rats immunized with FluLaval and
challenged with A/California. Young and aged animals were immunized with
the indicated doses of FluLaval 2016–2017 (FluL) twice with an interval of
3 weeks and infected with influenza A/Cal 3 weeks after the second immuniza-
tion. Control animals were infected with A/Cal and re-infected 6 weeks later
(secondary infection, °2) or mock immunized and infected with A/Cal (primary
infection, °1). Serum from a group of young animals immunized in a similar
manner with FluLaval 2012–2013 (FluL 12/13) and challenged with A/Cal was
included in the analysis. Serum was obtained on day 4 post-challenge. Results
represent GMT±SE for 5–6 animals per group. *p < .05 when compared to
HMGB1 levels in serum of the same-age animals with primary infection.
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performed using A/California and FluLaval as antigens. It also
shows that the cotton rat model could be valuable for asses-
sing antigenic match between seasonal influenza vaccines and
circulating strains of virus, similar to the way ferrets are used
for the task.31–33 Recent studies, however, show that ferrets
that have been influenza-primed may be better suited for
serological assessment of human influenza vaccine efficacy
than naïve ferrets.32,33 Similarly, influenza-primed cotton
rats may provide a better model for serologic assessment of
vaccine match than naïve animals, but further studies on the
subject are needed.

Efficacy of vaccination against influenza replication in the
lungs and noses of aged and young cotton rats was evaluated
as a part of this work. Our data showed that FluMist
2012–2013 significantly reduced influenza load in the lungs
of both young and aged animals, potentially reflecting com-
parable antiviral efficacy reported for FluMist in the young
and elderly humans.53,58 While FluMist studies in aged ani-
mals could not be continued as the vaccine became unavail-
able at the time, the studies with FluLaval could be carried
over two different seasons (2012–2013 and 2016–2017). These
studies compared two vaccine doses, one causing high and the
other intermediate levels of antibody response in cotton rats.
Administered twice, both FluLaval vaccine doses significantly
inhibited influenza replication in the lungs of young and aged
animals, without differences between the ages. The effect was
vaccine dose-dependent. Inhibition to undetectable level was
induced in the lungs of young animals vaccinated with 0.3 μg
FluLaval, consistent with our previous report for FluLaval
2006–2007.39 Both doses of FluLaval 2016–2017 tested here
(0.3 and 0.02 μg per 100 g weight) suppressed influenza
replication in the nose when vaccine was given two times.
One-time immunization with FluLaval showed lower efficacy
for either vaccine dose in both age groups. The dose-
dependent effect was still seen for the lung protection, with
the higher vaccine dose being more efficacious. The biggest
difference in regards to age was noted in nasal protection in
infected animals vaccinated with FluLaval once. The higher
vaccine dose was still capable of moderately, yet significantly,
reducing nasal viral load in the nose of young, but not aged
animals. Immunity of the upper respiratory tract of aged
animals with respect to influenza vaccination needs to be
explored in more detail in the future. Boosting of immune
responses can be more important for the aged in order to
achieve sufficient nasal protection against influenza infection.
Although the situation of one-time immunization of naïve
aged animals may not be a realistic scenario for human elderly
with multiple influenza exposures, this effect can have impor-
tant implications for protection of the upper respiratory tract
of the elderly during the seasons of poor match between the
vaccine and circulating strains.

The effect of vaccination on pulmonary pathology was
different from the effect on viral replication. While the two-
time immunization with 0.3 μg FluLaval conferred strong
immunity in the lung of young and aged animals, pulmonary
pathology was not completely eliminated. There was
a significant reduction in multiple parameters of inflamma-
tion compared to primary and secondary infection, although
the effect was less obvious for the lower vaccine dose. One-

time immunization with FluLaval had a smaller pathology-
reducing ability. In fact, several parameters of inflammation
were increased in vaccinated animals, particularly in the
young cotton rats. Increases in lung pathology were seen in
vaccinated animals in comparison to both primary and sec-
ondary influenza infection, suggesting that pathology may be
increased when intermediate level of immunity against influ-
enza is induced by a vaccine in naïve individuals, mostly
children. This finding can be particularly important in light
of existing concern over the potential harm of seasonal influ-
enza vaccines in otherwise healthy children.53 The interesting
parallel with our model could be the relative difference in
potential harm of seasonal influenza vaccines in children
versus older adults, and the fact that children may be influ-
enza-naïve at the time of the first seasonal influenza vaccine
administration, like young animals in the one-time immuni-
zation studies.

The question still remains as to what should be used as the
marker(s) of influenza vaccine effectiveness in animal models
that can translate to a successful outcome in humans.
Relevance of serologic correlates of protection obtained from
naïve animal models has been questioned by recent studies in
naïve vs influenza-primed ferrets.32,33 The matter is further
complicated by the fact that antigenic changes acquired by
vaccine strains during manufacturing discussed above may
influence HAI readouts. The age of vaccinated animals may
present another complication. While it may appear that a titer
of ~1,000 or higher correlates with a certain degree of nasal
protection in young and aged cotton rats (Figures 2b and 3b),
the aged animals vaccinated twice with the low dose of
FluLaval do not achieve that level of HAI response even
after boosting, yet significant nasal and lung protection is
evident. Some alternative markers of disease (e.g., HMGB1)
may be better reflective of disease severity in the influenza
model. Immunization of cotton rats with FluLaval 2012–2013
appeared to be more effective at inducing HAI titers and
reducing serum HMGB1 levels than immunization with
FluLaval 2016–2017. Interestingly, effectiveness of FluLaval
2012–2013 formulation against influenza A or B viruses in
humans surpassed that of FluLaval 2016–2017 formulation,
according to the CDC 2016–2017 report.3 The stronger inhi-
bition of HMGB1 level and increased serum HAI response
induced by 2012–2013 compared to 2016–2017 FluLaval
immunization in cotton rats may be reflective of that differ-
ence in VE and may suggest that HMGB1 could become
a relevant marker of influenza vaccine immunogenicity and
effectiveness. The correlation between serum HMGB1 with
protection from viral replication might indicate a reduction in
the general symptoms of flu infection, as well as highlight
a difference between lung damage in influenza-infected
humans and lung inflammation as measured by cellular infil-
tration in the animal models. Further studies on the subject
are needed.

The choice of the VE markers in animal models is further
complicated by the fact that it is still not clear to what extent
well-matched influenza vaccines protect humans against
respiratory illness. The clinical overlap between ARI and
influenza-like illness (ILI) has been reported.59 The consensus
at the moment is that parenteral influenza vaccines are only
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moderately effective against laboratory confirmed influenza,
and that individuals vaccinated against influenza still present
with symptoms of ARI (the premise that forms the basis of
observational studies conducted by U.S. Flu VE and European
I-MOVE networks). This is true for both elderly and younger
individuals. If this is the case, and if an animal model is to
accurately reproduce moderate effectiveness of influenza vac-
cines in humans, one should not expect a complete inhibition
of viral replication or eradication of disease by a standard
vaccine dose in either young or aged model animals. In fact,
this was exactly what we saw in this work when the prime-
boost immunization model was used. The “standard” dose of
FluLaval (corresponding to the 0.02 μg dose) given twice to
naïve animals reduced influenza load in the respiratory tract,
but did not eliminate it, reflecting moderate antiviral efficacy.
The ability of the “standard” dose to reduce pulmonary
pathology or serum HMGB1 in cotton rats was limited, and
a 16-fold higher vaccine dose was required to reduce these
markers. In general, it is believed that efficacy of human
seasonal influenza vaccines should be further improved. For
pre-pandemic H5N1 vaccines, the current approach is to
include vaccine adjuvants (e.g., oil-in-water emulsion) to
improve vaccine performance,60,61 in spite of the reports of
increased adverse effects. The trade-off between improved
protection and relative increase in adverse effects may be
justified for pre-pandemic vaccines,60 but is still debatable
for seasonal influenza vaccines. Altogether, this indicates
that further work is needed to improve seasonal influenza
vaccines for different age groups and to define appropriate
correlates of immunity and protection. It appears that inhibi-
tion of viral replication in the respiratory tract and reduction
in pulmonary pathology/systemic markers of inflammation
(including serum HMGB1) could be relevant markers of
influenza vaccine efficacy in cotton rats S.hispidus.

Several limitations have to be taken into account when
interpreting results of this work. First, cotton rats were influ-
enza naïve at the time of the first immunization, which
complicates evaluation of both susceptibility and seroconver-
sion. As mentioned above, this situation could be appropriate
for influenza-naïve children, but not for adults and elderly
who have been infected multiple times. Prime-boost immuni-
zation of naïve animals would, to some extent, reflect boosting
of preexistent immunity, although vaccination of previously
infected animals would represent a better experimental model.
Second, only female animals were used for these studies.
Choice of females was guided by the fact that all aged animals
were retired female breeders and young female animals had to
be used as appropriate controls. Additionally, delayed
dynamics of respiratory infection and disease in immunose-
nescent animals needs to be taken into account,34,41-44,62-64

and more numerous time points may need to be included for
a more comprehensive analysis of responses with regards to
aging. Finally, the estimation of antiviral efficacy in cotton
rats was based on quantification of viral load/gene expression
in the lung and nose homogenates, not in swabs or washes
collected from nasopharyngeal and throat surfaces, as in
humans. The latter technique was not used in cotton rats
because it is more prone to variation. Nevertheless, potential
differences with human samples collected by standard

methods need to be considered. In spite of these factors,
however, this work is important, as it was able to reproduce
some of the seemingly contradictory findings of reduced anti-
body response induction and yet effective antiviral defense in
human elderly. Results presented here may suggest the exis-
tence of compensatory mechanisms of defense (e.g., more
efficient cellular immune response) that develop with
advanced age. These results also suggest that altered and/or
incomplete immunity to influenza may be detrimental at any
age, resulting in insufficient protection of the respiratory tract
in both young and aged, and, perhaps, enhanced pathology in
the young.
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