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Abstract
Influenza vaccines are less effective in older people than younger people. This impaired ability to
protect older people from influenza viral lung infection has important implications as older people
suffer a higher morbidity and mortality from influenza viral lung infection than younger people.
Therefore, the development of novel effective vaccines that induce protection from influenza viral
infections in older people are urgently needed. We had previously shown that direct linking the
TLR5 activator, flagellin, to viral peptides induces effective immunity to viral antigens in young
mice and people, respectively. In this study, we tested the efficacy of this vaccine platform with
the hemagglutinin peptide of the influenza A strain virus (vaccine denoted as STF2.HA1-2) in
protecting aged mice from subsequent influenza viral lung infection. We found that a 3.0μg dose
of the vaccine was effective in reducing mortality and increasing clinical well-being during
influenza viral lung infection in aged mice. However, this effect was inferior to the response
induced in young mice. Defects in the adaptive immune system but not the innate immune system
were associated with this reduced effectiveness of the vaccine with aging. Our results indicate that
the STF2.HA1-2 vaccine is effective in protecting aged hosts from influenza lung infection,
although defects in the adaptive immune system with aging may limit the effectiveness of this
vaccine in older people.
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Introduction
Within the next forty years the number of older people in the world will exceed the number
of young people for the first time in history. As the number of older people grows, their
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health care needs will pose an ever-increasing burden on our health system. Altered immune
responses in older people are responsible for many diseases, as well as for increased
morbidity and mortality to infections and cancer. For example, influenza viral lung
infections are a growing public health concern in the elderly because of their predisposition
for secondary bacterial pneumonia and their ability to exacerbate chronic heart and lung
diseases [1]. These infections not only induce higher morbidity and mortality in older than
younger people [2], but are also increasing in number, as demonstrated in a study reporting a
20% increase in hospitalization rates for community acquired pneumonia from 1988 to 2002
for patients aged 65 to 84 years [3].

Vaccines to protect older people from influenza viral infection have only been partially
successful. Currently, the trivalent seasonal influenza vaccine reduces hospital rates for
pneumonia by 48-57% and mortality by 36-54% in community dwelling older people [4, 5].
However, these vaccines fail to provide as high a level of immune protection for older
people as for younger people, who typically respond to influenza viral infection with greater
than 90% efficacy [5, 6]. Parallel to the increased susceptibility to microbial infection and
cancer in older people, reduced efficacy of vaccines are likely caused by age-induced
alterations in the immune system.

Most studies on aging and immune function have focused on adaptive T cell responses, with
several reports showing that aging impairs T cell IL-2, IFN-γ production, and Th1 immunity
[7-9], one of the critical immune defenses to infection from intracellular pathogens such as
viruses. Aging also impairs T-cell CD28 surface upregulation [10] and immune synapse
formation [11]. Furthermore, aging reduces T cell thymic output, leading to reduced
numbers of naïve T cells. In addition, aging leads to an accumulation of memory T cells
[12], which exhibit defective CD4+ and CD8+ memory T cell function [13, 14]. Other
components of the adaptive immune system, including antibody formation by B cells, may
also be impaired with aging [15, 16].

The innate immune system acts as the first line of defense against pathogen invasion [17].
Studies over the last ten years have determined that activation of the innate system, in
particular through the Toll like receptors (TLRs), can lead to the maturation of dendritic
cells (DCs), which subsequently stimulate T cell responses and initiate adaptive immunity
[17, 18]. Less is known about the role of aging on innate immunity. Some studies in this
area have found no alteration in the innate system with aging [9] but other studies have
documented that cytokine responses are elevated in aged human DCs [19] and there is
experimental data indicating that responses to TLR activation decline with aging [20].

We had previously reported on a novel vaccine platform in which an innate activator,
flagellin, which stimulates TLR5, is linked to nominal antigens or viral peptides [21-23]. We
have shown that this vaccine induces both an effective humoral and cellular immune
response that protects young hosts from West Nile and influenza viral infection. In these
studies, we demonstrated that flagellin must be directly linked to the immunizing peptides to
induce protective immunity [22, 23]. However, in all of these studies young mice were
employed. Importantly, we recently reported the effectiveness of this vaccine in inducing
productive anti-influenza immune responses in healthy young adults [24].

Given the increased morbidity and mortality from influenza viral infections in older people,
effective vaccine strategies to protect older people from influenza viral infection are
urgently needed. In this study, we tested the efficacy of our flagellin vaccine platform to
induce protective immunity to influenza viral infection in aged mice. Our study determined
that a 3μg dose of the vaccine was effective in increasing survival and improving clinical
outcome in response to influenza viral infection in aged mice. Yet this response was inferior
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to that induced in young mice. A lower 0.3μg dose of vaccine was effective in inducing
humoral immunity to the viral epitopes and protection from subsequent influenza viral
infection in young hosts however, aged mice exhibited an inferior humoral response and
were not protected from subsequent influenza viral infection when immunized with the
lower dose of vaccine. Defective adaptive immunity, but preserved innate immune responses
to the vaccine were associated with the reduced efficacy of the vaccine in aged mice. Our
study indicates that a 3.0μg STF2.HA1-2 vaccine is effective in aged mice to protect from
influenza viral infection, although defects in the adaptive immune system with aging may
limit the effectiveness of this vaccine in older people.

Materials and Methods
Vaccine design

STF2 (flagellin from Salmonella typhimurium type 2) was genetically fused to the globular
head domain (HA1-2) of the A/Puerto Rico/8/34 (PR8) influenza virus hemagglutinin
(denoted as STF2.HA1-2). The HA1-2 moiety of the vaccine is a 223 amino acid subunit of
the HA1 polypeptide. It spans the substrate binding domain and contains most of the HA
neutralizing antibody epitopes. The design of the HA1-2 subunit is described in detail in our
prior work [25]. For generation of the HA1-2 flagellin fusion, the codon optimized synthetic
HA1-2 subunit of the hemagglutinin (HA) globular head domain of PR8 was fused to the C-
terminus of the full-length sequence of Salmonella typhimurium fljB (flagellin phase 2),
STF2 (DNA2.0 Inc., Menlo Park, CA) to form STF2.HA1-2. STF2.HA1-2 was cloned into
the pET24a vector and protein was expressed in BLR3 (DE3) cells (Novagen, San Diego,
CA; Cat). High expressing clones were cultured overnight and used to inoculate fresh LB
medium supplemented with 25 mg/ml kanamycin, 12.5 mg/ml tetracycline and 0.5%
glucose. At an OD600 = 0.6, protein expression was induced with 1 mM IPTG for 3 h at
37°C. Cells were harvested by centrifugation (8,000g for 7 minutes) and disrupted. Inclusion
bodies were washed and dissolved in 8M urea, and the protein was recovered by cation
exchange. Protein refolding was achieved by rapid dilution and further purified by anion
exchange (Source Q, GE/Amersham). For final polishing and endotoxin removal, a
Superdex 200 gel filtration column (10/300 GL, GE/Amersham) was used. Endotoxin
contamination was assayed by using standard Chromogenic Limulus Amebocyte Lysate
assay (Cambrex, Walkersville, MD) as directed by the manufacturer.

Mice, immunization protocol and viral infection
Aged (15-18 months of aged) and young (2-4 months of aged) BALB/c mice were obtained
from the NIA rodent facility. STF2.HA1-2 was given subcutaneously at either 0.3 or 3μg in
100μl volume per mouse. Mice received this on day +0 and then a boost at day +14. On day
+21, mice were bled to obtain sera for assessment of humoral immune response to the
vaccine. Mice were challenged with influenza viral infection (PR8) via intra-nasal (i.n)
infection on day +28 after initial 1st dose of STF2.HA1-2 with an LD90 dose of the virus
(8000 egg infectious units, EID). Mice were then observed up to 21 days for survival and
clinical presentation. Clinical score were assigned as follows: 0: normal, 1: slightly ruffled
fur, 2: ruffled fur, 3: ruffled fur and inactive, 4: hunched/moribund, 5: dead, as previously
reported [26]. Use of mice in this study was approved by the Yale University IACUC.

Serum antibody measurement
Sera were harvested at day +21 post initial vaccination (i.e., 7 days after the boost dose) and
IgG levels were determined by ELISA as previously reported [23].
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MDCK whole cell ELISA
Sera were tested for reactivity with influenza A infected MDCK cells as previously reported
[23]. Briefly, MDCK cells (ATCC, Manassas, VA) were cultured with DMEM medium
until cells were confluent. Cells were then incubated with 1 ×106 EID of PR8 influenza
virus. After 60 min incubation at 37°C, 200ul DMEM media was added and the cells were
incubated over night. Then the cells were washed with PBS and fixed with 10% formalin at
RT for 10 mins. After another three washes, the cells were incubated with ADB for 1h at
RT. Serial dilutions of the sera were added to the cells for 1-2h incubation time. Cells were
subsequently washed and then cultured with HRP-coated anti-mouse IgG (Jackson
Immunochemical, West Grove, PA) for 30 mins at RT followed by TMB ultra substrate
solution (Pierce, Rockford, IL). The reaction was subsequently stopped by adding 25ul of
1NH2S04 and the optical density at 450 NM was measured. Data reflect the mean Δ O.D.
(infected-uninfected cells) of triplicate wells / sample.

Viral neutralization assay
MDCK cells were plated in 96 well plates in DMEM 10% FBS and grown to 90%
confluency. Sera, at indicated dilutions, were added to the wells in phenol red-free DMEM
+0.1% BSA. An equal volume of PR8 virus at 1:1000 dilution in the same media was added
to the wells. Wells containing medium only and virus only were included as controls. The
plates were incubated for 30 mins at 37°C after which the MDCK monolayers were washed
with PBS and then 100ul of serum: virus mixture was added to the wells at 37°C for 48h.
After this period, media was aspirated and replaced with fresh media containing vital dye
neutral red (Sigma). 2μl lysis, containing 9% Triton X, solution was then added. The MDCK
cells were incubated for another h, after which neutral red dye was aspirated and the cells
fixed in 1% formaldehyde / 1% CACL2 solution (Sigma) for 5 min at RT. The solution was
aspirated and 100 μl / well extraction medium (50% ethanol / 1% acetic acid) was added and
incubated for another 20 min at RT. The amount of dye released was measured by
absorbance at 540nm wavelength. Cell death, which is the equivalent of viral infectivity,
was measured as a decrease in the amount of dye released as compared to control. % lysis of
each serum dilution was calculated as:

where sample, max and med refer to absorbance values in wells representing experimental
samples, maximum lysis, and medium only, respectively.

ELISPOT assay
BALB/c mice were immunized with 3.0μg of the STF2.HA1-2 vaccine as described above
and spleens were harvested on day +21. Spleen cells were incubated at 1×107/ml with HA
(PR8) protein at 2μg/ml in 96 well ELISPOT plates. After 18h incubation, the plate was
washed at 37°C, and further incubated with biotin-conjugated detection antibody for 2h at
RT. The plate was then washed and incubated with strepavidin-AP for 1h. The plate was
then washed again and incubated with BCIP/NBT substrate for 5 min. All ELISPOT
reagents were purchased from BD Biosciences. Spots were read on an automated ELISPOT
reader (CTL, Cleveland, OH).

Cytokine ELISA
ELISA for IL-6 and TNF-α in the serum post STF2.HA1-2 administration or in culture
supernatants were measured using kits from eBiosciences (San Diego, CA).
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DC culture and flow cytometry
Bone marrow derived dendritic cells (BMDCs) were cultured as previously reported [27].
Splenic DCs were enriched using kits from EasySep (Vancouver, CA). DCs were stimulated
with the indicated dose of flagellin (from Salmonella typhimurium, InvivoGen, San Diego,
CA) or PBS control, or the indicated dose of STF2.HA1-2 or HA1-2 lacking flagellin for
indicated time points and supernatants were harvested for cytokine analysis, described
above. Also, DCs were stained with fluorescently tagged monoclonal antibodies
(eBiosciences) and surface upregulation of indicated costimulatory molecules was acquired
on a FACscalibur flow cytometer and analyzed via flowjo software (Treestar, Ashland, OR).

TLR PCR assay
Young BALB/c mice were injected s.c., with 1 μg of the STF2.HA1-2 vaccine, flagellin-
only positive control STF2 or the negative control HA1-2 lacking flagellin. Aged BALB/c
mice were injected s.c., with 1 μg of the STF2.HA1-2 vaccine. At 3h post immunization,
spleens were harvested from each age group and flash frozen in a dry ice ETOH bath and
transported on dry ice. Frozen spleens were stored at -70°C until use. For each group,
DNase-treated RNA was isolated from the spleens using Trizol suspension with the Purelink
RNA mini kit (Invitrogen Carlsbad, CA). RNA samples were run on a 1% agarose-
formaldehyde gel to ensure the presence of the 28s and 18s RNA bands that are indicative of
the absence of RNA degradation. Absorbance 260 of the RNA samples was used to calculate
RNA yields and 5 μg of each RNA sample were reverse-transcribed to first strand cDNA
with reagents from SABiosciences (Frederic, MD). All the resulting cDNA was mixed with
a SYBR green-containing PCR master mix (SABiosciences Corporation) and distributed to
all 96 wells of a TLR array (SABiosciences). The plate was run on an Applied Biosystems
(Carlsbad, CA) 7300 Real-Time PCR instrument using one denaturation cycle at 95°C for
10 min followed by 40 cycles of 15s / 95°C denaturation and 1 min / 60°C annealing and
extensions. Data was collected during the 60°C stage at each cycle. A default dissociation
curve cycle was run at the end of the PCR reaction to ensure a single peak for the PCR
products. Amplification curves for all groups were analyzed using the same threshold (Ct)
and background start and stop cycles to enable inter-group comparisons. Transcriptional
levels of genes in response to each vaccine type were calculated relative to unimmunized
control mice within each age group using the ΔΔCt comparative quantification method on
the SABiosciences Corporation's web portal.

Statistical analysis
Survival between groups was evaluated via the Logrank method. Repeated values were
assessed by ANOVA. All statistics were calculated on Graphpad prism software,
significance was denoted with a p<0.05.

Results
High dose STF2.HA1-2 confers protection to aged mice from subsequent influenza viral
infection although this response is inferior to the response noted in young mice

Our prior work has established that flagellin (denoted as STF2) must be directly linked to
the viral antigen to induce protection from subsequent viral infection [22, 23]. In support of
this, only the directly linked vaccine induced the production of serum anti-HA antibodies,
whereas neither STF2 nor the globular head of HA (denoted as HA1-2) of the PR8 influenza
A virus induced the generation of anti-HA specific antibodies (Supplemental Figure 1).

We next examined the efficacy of the STF2.HA1-2 vaccine platform to induce protection
from subsequent influenza viral infection in aged mice. We used two doses of the vaccine
(0.3 and 3μg) and administered it to young and aged BALB/c mice. Two weeks after the

Leng et al. Page 5

Vaccine. Author manuscript; available in PMC 2012 October 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



second administration of the vaccine (i.e., boost), the mice were challenged intranasally (i.n)
with PR8 strain influenza A virus. In the aged mice, the 3μg dose significantly improved
survival and additionally improved clinically well being after infection (Figure 1A + C).

However, the 0.3μg failed to protect aged mice from influenza viral infection and did not
improve clinical status after infection (Figure 1A + C). In young mice, both doses were
effective in protecting mice from infection and improving clinical status (Figure 1B + D).
Among mice that were immunized, young mice exhibited a superior survival at both doses
than aged mice (Figure 2A-B). Young and aged mice that were not vaccinated but received
PBS control exhibited a similar mortality rate after infection with influenza virus (Figure
2C). Thus, the 3μg dose, but not the lower dose, of the STF2.HA1-2 vaccine confers
protection to aged mice to subsequent influenza viral infection.

Aged mice exhibit impaired humoral response to STF2.HA1-2 compared to young mice
As neutralizing antibodies are critical for protection from influenza viral infection, we next
measured the humoral response of young and aged mice administered the vaccine. One
week after mice were administered the boost of STF2.HA1-2, sera were harvested and its
ability to neutralize live virus in culture was measured. The sera from young mice that were
administered the 3μg dose of the vaccine exhibited effective viral neutralization, and the
lower dose was still able to induce neutralization although to a lesser degree (Figure 3A).
Sera from aged mice administered the 0.3 or 3μg vaccine dose exhibited enhanced viral
neutralization compared to controls (Figure 3B) but the aged mice that were immunized
with the higher dose did not reach the level of neutralization obtained in young counterparts
(Figure 3 A-B).

Young vaccinated mice exhibited increased serum levels of anti-HA1-2 IgG antibodies as
compared to PBS treated controls (Figure 3C). Aged mice vaccinated with the 3μg vaccine
were able to produce high titers antibodies, but the aged mice that received the 0.3μg of the
vaccine exhibited lower titers of anti-HA1-2 antibodies than young counterparts, although
the response in aged mice were greater than the response of aged mice treated with control
(Figure 3C). Similar results were noted in the serum levels of anti-STF2 (i.e., flagellin)
antibodies in young and aged mice, indicating that aged mice generated a reduced humoral
response to both components of the vaccine than young mice. Hence, these results indicate
that aged mice were able to induce a humoral response to the vaccine although this was
inferior to the response generated in young mice.

We next determined if the antibodies induced by the vaccine recognized influenza infected
viral cells. Hence, sera from young or aged mice were added to cultures of MDCK cells that
were infected with PR8 influenza virus. Sera from young immunized mice exhibited higher
binding to influenza-infected cells at both doses than aged vaccinated mice (Figure 4). In
sum, these results demonstrate that the antibodies induced by the vaccine recognized virally
infected cells and that this response was higher in young than aged mice.

Aged mice exhibit defective cellular immune responses to STF2.HA1-2 than young mice
To assess cellular responses induced by the vaccine, spleen cells were harvested from young
and aged mice one week after the boost with 3μg dose of the STF2.HA1-2 and IFN-γ (i.e., a
Th1 cytokine) responses assessed by ELISPOT. Aged immunized mice exhibited an
elevated response compared to aged mice treated with PBS control (Figure 5). However,
this response was inferior to the IFN-γ response induced by the spleen cells harvested from
young immunized mice. Hence, aged mice exhibited impaired cellular immune responses to
the high dose of the vaccine than young mice.
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Aged mice exhibit preserved serum cytokine responses to STF2.HA1-2 vaccine
Since there are reports that certain TLR-induced inflammatory responses are reduced with
aging [28], it is possible that an impaired innate response to flagellin could underlie the
reduced effectiveness of the flagellin-based vaccine in aged mice. Upon TLR ligation a
variety of cells secrete proinflammatory cytokines for example IL-6 and TNF-α within
hours. We administered the STF2.HA1-2 vaccine subcutaneously and measured IL-6 and
TNF-α in the serum up to 6h post injection. Sera from aged mice exhibited preserved serum
cytokine responses to the vaccine compared to young mice (Figure 6).

We next injected the STF2.HA1-2 vaccine, HA1-2 vaccine lacking flagellin (as a -ve
control) and flagellin alone into young mice and harvested the mRNA from the spleens 3h
post injection. The mRNA expression panel of young mice injected with the flagellin control
showed the activation of a panel of genes specific to the TLR signal transduction pathway
(Figure 7). These genes include members of the NF-κB pathway (e.g., IL-6, IL-1α Ifnβ-1,
Ccl2, Csf3), chemokines (e.g.,C×CL10), adapters and TLR-interacting proteins such as
CD14 as well as molecules involved in the regulation of adaptive immunity such as CD80
and CD86. The level of transcription relative to the non-injected, naive controls ranged from
2.2 fold to 200-fold depending on the gene. STF2.HA1-2 vaccine activated the transcription
of these genes to a similar extent than young mice injected with flagellin alone, indicating
that the TLR binding domains within the fusion vaccine remained intact and capable of
stimulating a TLR-5 dependent innate immune response. The HA1-2 vaccine that lacked
flagellin was unable to stimulate the transcription of these genes as expected (Figure 7).
When the STF2.HA1-2 vaccine was injected into aged mice, the same panel of genes was
transcribed to comparable extent as young mice implying that TLR signaling events within
the spleen were intact with aging in this time frame (Figure 7).

As TLR activation on conventional (myeloid) DCs is a key component to initiate specific
adaptive immune responses [17], we next examined responses of conventional DCs from
young and aged mice after stimulation with flagellin. In addition, we activated young and
aged DCs with STF2.HA1-2 or HA1-2 control. We found that the production of TNFα and
IL-6 was similar in aged BMDC and splenic DCs than young DCs after flagellin activation
(Figure 8A-C). Similar results were noted in young and aged DCs stimulated with
STF2.HA1-2 (Figure 8D). We found that aged bone marrow derived DCs (BMDCs) from
aged mice were equally able to upregulate costimulatory molecules with either flagellin
activation or activation with STF2.HA1-2 as compared to young DCs (Figure 8EF). These
results demonstrate that the upregulation of costimulatory molecules and production of IL-6
and TNF-α by conventional DCs induced by either flagellin or STF2.HA1-2 is preserved
with aging.

Discussion
Older people exhibit reduced response rates to influenza viral vaccination as compared to
younger people [5, 29-31]. Increased protection to influenza viral infection in older people
will reduce the morbid consequences that occur after influenza viral infection in older
people, such as secondary bacterial pneumonia and exacerbations of chronic
cardiopulmonary conditions [32]. In this study, we evaluated a novel influenza vaccine
platform that links a TLR5 activator, flagellin, to the influenza viral peptide, HA. We had
previously shown that this vaccine was highly effective at reducing morbidity and mortality
from influenza viral infection in young mice and we have demonstrated its efficacy in
inducing an anti-influenza immune response in young people [23, 24].

The current study found that the high dose of the STF2.HA1-2 vaccine was effective in
reducing mortality and increasing clinical well being from influenza lung infection in aged
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mice. Our prior work has determined that generation of serum neutralizing antibodies in
young mice remain present at least up to eleven months after immunization [33]. Thus, it is
possible that protective effects of the high dose vaccine in the aged mice may last up to
several months after immunization, although this will requires future investigation.
However, this response was inferior to that induced in young mice. Moreover, whereas the
lower dose was effective in improving survival and clinical status in young mice, it did not
induce a positive effect in preventing influenza-induced mortality in aged mice.

We found that the vaccine induced an inferior humoral and cellular immune response in
aged mice than in young mice. Innate stimulation can activate certain components of
adaptive immunity. Thus, defective innate activation could be a potential explanation of our
observed results. However, we found preserved innate cytokine and signaling responses both
within the sera and spleens of vaccinated aged mice as compared to young mice.

DCs are key innate immune cells that activate components of adaptive immunity [34]. This
is accomplished by DCs upregulating costimulatory molecules and producing cytokines in
response to innate activation, such as ligation of TLRs [17]. We examined how aged
conventional DCs respond to flagellin or to the STF2.HA1-2 vaccine in vitro and found that
the response induced by flagellin or STF2.HA1-2 in aged DCs was similar to the response
produced by young DCs. This is in agreement with our prior work in which we examined a
spectrum of TLR activators in aged and young DCs and found that TLR activation was
preserved in conventional DCs [9]. Defects in TLR1/2 activation on monocytes have been
noted in humans [28], and TLR 7 and 9 activation in plasmacytoid DCs is impaired in both
mice and humans [28, 35]. It is not yet known how human aging impacts TLR5 activation.
Overall, we find no experimental evidence that TLR5 activation via flagellin is impaired
with aging. Thus, our study indicates that the inferior response of the STF2.HA1-2 vaccine
was not likely due to impaired innate activation via TLR5.

Aging is known to intrinsically impair components of both the T and B cell compartment,
which are critical effectors of adaptive immunity [36]. A prior experimental study has
provided evidence that a cocktail of proinflammatory cytokines could recover CD4+ T cell
responses with aging [37]. Based on such evidence, one may predict that TLR-induced
inflammatory responses could augment immunity with aging. Our study indicates that the
current vaccine platform and the doses administered were not able to completely overcome
the intrinsic defects within the adaptive immune system to restore protection in aged mice to
the same degree as induced in young mice.

We previously have studied the safety and immunogenicity of a seasonal influenza vaccine,
VAX125, in young adults aged 18 to 49 [38]. Doses of 0.5, 1 and 2 μg induced reciprocal
geometric mean HAI titers of 301, 554 and 718, respectively, with high seroconversion and
seroprotection rates in this age group [38]. More recently, we found that VAX125 was also
safe and highly immunogenic in elderly subjects age 65 and above [39]. The geometric
mean HAI titer observed after a single 5.0 μg dose (226) was similar to that achieved with a
0.5 μg dose in younger adults (301), suggesting that it requires nearly a 10-fold increase in
dose to obtain the same titer in the elderly. These higher doses of VAX125 were very well
tolerated in the elderly [39]. Thus, while the innate immune stimulus did lead to a vaccine
that was highly immunogenic in the elderly at relatively low doses of vaccine, similar to our
results in the mouse model, we find that the aged require a higher dose than the young to
achieve comparable immune responses.

A prior study has indicated that re-populating aged mice with young T cells could restore T
cell immunity with aging [40]. Along these lines, therapies that either recover aged induced
defects within adaptive immune cells or allow repopulation of “young” adaptive immune
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cells within aged hosts may offer a possible mechanism to improve vaccine responses with
aging.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• In this study, we employed a vaccine platform that directly links flagellin, a
TLR5 activator, with the influenza viral epitope, hemagglutinin, to examine if
this vaccine induces protective immunity from subsequent viral infection in
aged mice.

• Our results demonstrate that a high dose of vaccine was effective in aged mice,
although the induced protection was inferior to that found in young mice.

• Defects in adaptive immune system were associated with the reduced efficacy of
the vaccine in aged mice.
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Figure 1. Effectiveness of STF2.HA1-2 vaccine to protect aged mice from subsequent influenza
viral infection
A: BALB/c aged mice were vaccinated with the 3μg or 0.3μg dose of STF2.HA1-2 vaccine
according to protocol described in material and methods or PBS control and then i.n.
challenged with influenza virus 1 week later. Mortality was recorded. Mice that received
3μg STF2.HA1-2 vaccine exhibited a significant extension of survival vs. the other groups
(p<0.01, Logrank). N = 20 mice / group B: BALB/c young mice were vaccinated with the
3μg or 0.3μg dose of STF2.HA1-2 vaccine or PBS control and then challenged with
influenza virus via i.n., injection 1 week later. Mortality was recorded. Mice that received
either dose of STF2.HA1-2 exhibited a significant extension of survival vs. PBS control
(p<0.01, Logrank). N = 20 mice / group C-D: Clinical score was recorded for vaccinated
and control groups shown in A and B. Only the 3μg STF2.HA1-2 aged group exhibited an
improved clinical status, whereas in young mice both vaccinated groups exhibited an
improved clinical status although the 0.3μg STF2.HA1-2 group initially was sick and then
recovered. N = 20 mice / group
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Figure 2. STF2.HA1-2 vaccine is more effective in protecting from subsequent influenza viral
infection in young mice than in aged mice
A-B: At either 0.3 or 3μg dose of vaccine, young mice exhibited a significantly improved
survival vs. aged vaccinated mice. Differences in each plot were significant (p<0.01,
Logrank). N = 20 mice / group.
C: Aged and young mice were treated with PBS control in place of STF2.HA1-2 vaccine
and were then challenged with influenza virus two weeks after control boost. Survival was
recorded. There was no significant difference between the groups. N = 20 / group
The raw data from this Figure is the same as shown in Figures 1A and B.
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Figure 3. Aged vaccinated mice exhibit a reduced humoral response to the vaccine than young
vaccinated mice
A-B: Sera from young (A) or aged (B) vaccinated mice were added to viral growth cultures
along with sera from mice that received PBS or from mice that previously cleared influenza
virus (denoted as convalescent). Proportion of virally infected cells that were killed was then
measured. Results are representative of one experiment that was repeated with consistent
results. N = 10 animals / group / experiment. Error bars = SEM
C: Sera from vaccinated mice and those that received PBS control were assayed for anti-HA
IgG levels by ELISA. Differences within age groups between PBS and vaccinated groups
were significant (p<0.001, ANOVA). Differences between young and aged at 0.3μg dose
were significant (p<0.001, ANOVA).
D: Sera from vaccinated mice and those that received PBS control were assayed for anti-
STF2 (flagellin) IgG levels by ELISA. Differences within young group between PBS and
vaccinated groups were significant (p<0.001, ANOVA). In the aged group, the differences
between PBS and 3μg dose were significant (p<0.001, ANOVA). Differences between
young and aged at both doses were significant (p<0.001, ANOVA).
For C + D, results are representative of one experiment that was repeated with consistent
results. N = 10 animals / group / experiment. Error bars = SEM
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Figure 4. Recognition of influenza infected cells by the sera of young and aged vaccinated mice
Aged or young vaccinated mice were immunized with 3μg or 0.3μg dose of STF2.HA1-2
vaccine or PBS control and sera obtained 1 week after 2nd boost dose. Sera were then tested
for reactivity to influenza infected MDCK cells in vitro. N = 10 animals / group /
experiment. Young mice that previously cleared influenza virus (denoted as convalescent)
were employed as a positive control. Data is representative of 1 experiment repeated with
consistent results. There was a significant difference between the response of young and age
at both the 0.3μg dose and the 3.0μg dose (p<0.001, ANOVA). Error bars = SEM

Leng et al. Page 16

Vaccine. Author manuscript; available in PMC 2012 October 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5. Reduced cellular immune responses to STF2.HA1-2 vaccine in aged mice than young
mice
Young or aged BALB/c mice were administered the prime boost dose of 3.0μg of the
vaccine subcutaneously. 1 week later, spleen cells were harvested and IFNγ producing
spleen cell numbers were assessed by ELISPOT. N = 3 mice / group. Error bars represent
SEM.
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Figure 6. Aged mice exhibit preserved innate cytokine responses within the serum in response to
STF2.HA1-2 vaccine compared to young vaccinated mice
Young or aged BALB/c mice were administered the STF2.HA1-2 vaccine subcutaneously
and IL-6 and TNF-α was measured in the serum up to 6h post administration. Pooled data
from two independent experiments, with n = at least 4 mice / group / experiment. Error bars
represent SEM.
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Figure 7. TLR gene expression signaling pathways are similar in young and aged mice within the
spleen after subcutaneous injection of STF2.HA1-2 vaccine
Young and aged mice were injected with 1.0μg of vaccine and 3h post injection spleen cells
were obtained and mRNA purified. In addition, young mice were injected with flagellin only
or vaccine without flagellin (denoted as HA1-2). Gene expression was assessed by real time
PCR using a TLR signal PCR array as detailed in the methods. N = 3 mice / group
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Figure 8. Aged conventional DCs exhibit similar inflammatory responses to activation with
flagellin than young DCs
A: Aged BMDCs exhibit similar IL-6 and TNF-α responses to 1μg/ml of flagellin than
young BMDCs at either 6h or 18h of stimulation. One representative experiment repeated
once with similar results. There were no statistical differences found between the young and
aged groups. N = 3 mice as a source of cells / group / experiment. Error bars = SEM
B: Aged splenic DCs exhibit similar IL-6 and TNF-α responses to 1μg/ml of flagellin than
young splenic DCs at either 6h or 18h of stimulation. One representative experiment
repeated once with similar results. N = 3 mice as a source of cells / group / experiment.
There were no statistical differences found between the young and aged groups. Error bars =
SEM
C: Aged BMDCs exhibit similar IL-6 responses to a dose range of flagellin than young
BMDCs. Supernatants were taken after 6h stimulation and IL-6 measured by ELISA. N = 3
mice as a source of cells / group / experiment. Error bars = SEM
D: Aged BMDCs exhibit similar IL-6 responses to a dose range of STF2.HA1-2 than young
BMDCs. Supernatants were taken after 6h stimulation and IL-6 measured by ELISA. Note,
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30μg/ml of HA1-2 control elicited <150 pg/ml of IL-6 from either aged or young BMDCs.
N = 3 mice as a source of cells / group / experiment. Error bars = SEM
E: Aged and young BMDCs were stimulated with 3μg/ml of flagellin and the upregulation
of costimulatory molecules CD80 and CD86 were assessed by flow cytometry. Grey line =
unstimulated, black line = flagellin stimulated. Representative experiment that was repeated
with n = 3 mice as a source of cells / group / experiment. Histogram plots are gated on
CD11c+ cells.
F: Aged and young BMDCs were stimulated with 3μg/ml of STF2.HA1-2 (black line) of
HA1-2 control (grey line) and the upregulation of costimulatory molecules CD80 and CD86
were assessed by flow cytometry. N = 3 mice as a source of cells / group. Histogram plots
are gated on CD11c+ cells.
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