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Abstract
Respiratory syncytial virus (RSV) causes significant morbidity and mortality in children and the
elderly. There are no vaccines for RSV in use. Due to immunosenescence, the immunologic
requirements for a successful RSV vaccine in the elderly might differ from a RSV vaccine for
young children. Using an aged mouse model of RSV pathogenesis, we found that aged mice had
impaired antigen-specific CD8+ T cell responses and delayed RSV clearance compared to young
mice. In order to study vaccine-elicited RSV-specific CD8+ T cells in aged mice, we used a
peptide vaccine approach. TriVax is a co-mixture of a peptide representing immunodominant RSV
CD8+ T cell epitope M282–90, a Toll-like receptor agonist (polyI:C), and a costimulatory anti-
CD40 antibody. TriVax vaccination generated robust, polyfunctional, and protective CD8+ T cell
responses in young BALB/c mice but not in 18 month old (aged) BALB/c mice. We hypothesized
that treatment of aged mice with agonistic anti (α)-CD137 (41BB) monoclonal antibody will
partially restore T cell responses and TriVax efficacy in aged mice. We immunized 18-month old
BALB/c mice twice with TriVax + α-41BB mAb or TriVax + isotype control Ab. Co-
administration of α-41BB mAb with TriVax enhanced RSV-specific CD8+ T cell responses and
TriVax efficacy in challenge experiments. Triggering the 41BB costimulatory pathway may be a
strategy for enhancing T cell responses to vaccines in the elderly.

Introduction
Respiratory syncytial virus (RSV) is a major cause of morbidity and mortality in the elderly
(1, 2). In elderly patients, RSV caused 11% of hospitalizations for pneumonia (1, 3).
Immunosenescence, the deterioration of the immune system caused by aging, contributes to
vaccine failure, susceptibility to infectious diseases, and cancer in the elderly (4). As human
life expectancy increases, it is important to understand what potential factors contribute to
immunosenescence and how it can be overcome in order to improve the health of this
population. Immune mechanisms leading to RSV susceptibility in the elderly are unclear and
likely involve multiple innate, humoral, and cellular immune pathways (5, 6). T cells play an
important role in the control of RSV infection (7, 8). T cell responses correlate with
protection and clearance in RSV-infected children (9). T cell immunodeficiencies lead to
lethal RSV infections in adults (7). Immunosenescence has been associated with the decline
in cell-mediated immunity (CMI) (10, 11). Improved vaccination strategies that target the
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aged immune system may overcome the limits of immunosenescence and provide better
protection to the elderly population.

Optimal activation of T cells for clonal expansion requires TCR-MHC interaction and a
costimulatory pathway (12, 13). The costimulatory molecules are largely divided into two
groups, the B7 superfamily and the tumor necrosis factor (TNF) superfamily (12, 13). 41BB
is an inducible receptor of the TNF superfamily found on activated T cells, NK cells, and
dendritic cells (14). Signaling via 41BB leads to cytokine production, increased T cell
proliferation, prolonged CD8+ T cell survival, and memory CD8+ T cells in vitro (12, 15).
41BB costimulation is crucial for the reversal of established T cell tolerance and anergy in
vivo (16). Also, it has been shown that agonistic α-41BB mAb can participate to induce
optimal T cell immune responses during virus infection and tumor progression in animal
models (16–18).

We previously demonstrated that CD8+ T cells generated by the TriVax vaccination strategy
provide complete protection to RSV A2-line19F challenge in young BALB/c mice (19).
TriVax is a co-mixture of a peptide representing immunodominant RSV CD8+ T cell epitope
M282–90, a Toll-like receptor agonist (polyI:C), and a costimulatory anti-CD40 antibody.
Administration of peptide in combination with a Toll-like receptor 3 (TLR3) ligand
(polyI:C) and agonistic α-CD40 antibody (previously termed TriVax by other groups)
results in the generation of robust CD8+ T cell responses compared to other peptide
vaccination strategies (20, 21).

In this study, we found that TriVax vaccination had no effect in aged BALB/c mice. Prior to
this study, Bansal-Pakala et al demonstrated that α-4-1BB mAb rescued defective CD4+ T
cell responses in aged mice (22). We then hypothesized that the 41BB co-stimulatory
pathway is critical in immunosenecence. TriVax vaccination with addition of agonistic
α-41BB monoclonal Ab (mAb) resulted in enhanced CD8+ T cell responses and protection
against challenge with the A2-line19F RSV strain previously shown to be relatively
pathogenic in BALB/c mice (23). Our results suggest that stimulation of the 41BB pathway
in RSV vaccination for the elderly may partially restore T cell defects associated with aging.

Materials and Methods
Mice and Virus

Pathogen-free, 6–8-week and 18–24 month-old, female BALB/c mice were purchased from
the National Institute of Aging (NIA, Bethesda, MD) (4). All animal procedures were
conducted according to the guidelines of the Emory University Institutional Animal Care
and Use Committee. RSV A2-line19F virus stocks were generated as described previously
(23).

Peptide, antibody, and tetramers
The synthetic peptide SYIGSINNI from RSV M2 (M282–90) defined as an immunodominant
H-2Kd-restricted CD8+ T cell epitope was purchased as > 95 % pure from EZBiolab Inc
(Carmel, IN) or NeoBioLab Inc (Cambridge, MA), and 20 mg/ml stock solutions were made
in DMSO. α-41BB (clone;3H3) was purified using BD CELLine Disposable Bioreactor (BD
Biosciences, Bedford, MA) following manufacturer’s protocol. Control rat IgG and α-CD40
mAb (clone FGK4.5) were purchased from Bio X cell (West Lebanon, NH) (19, 21).
Biotinylated H-2Kd-M282–90 monomer was provided by the National Institute of Allergy
and Infectious Diseases Tetramer Facility (Emory University, Atlanta, GA). M282–90
tetramers were prepared as described previously (19).
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Vaccination and infection
Mice were injected intravenously (i.v) with a mixture of 200 μg peptide, 50 μg α-CD40
mAb, and 50 μg poly (I:C) (Invivogen, San Diego, CA). Mice were given a second identical
TriVax treatment (boost) two weeks following the primary treatment (19). Either 100 μg of
α-41BB or control IgG was administered intraperitoneally (i.p.) on days 0, 2, 14, and 16. A
detailed schedule of α-41BB injection and challenge was illustrated in Fig. 4. Mice were
anesthetized by intramuscular injection of a ketamine-xylazine solution and infected
intranasally with 3 × 105 PFU RSV A2-line19F in 100 μl at day 6 following the last TriVax
treatment, as described (19).

Preparation of lung lymphocytes
Lung lymphocytes were purified as described previously (19). Briefly, right lungs were
removed into complete RPMI supplemented with 10% FBS. The lung tissues were minced
and ground through a sterile mesh to obtain a single-cell suspension. Cells were layered onto
Fico/Lite-LM (mouse) (Atlanta Biologicals, Lawrenceville, GA), and lung mononuclear
cells were isolated by centrifugation at 2,700 rpm.

Tetramer staining and intracellular cytokine staining (ICS)
Tetramer staining and intracellular cytokine staining (ICS) were performed as described
previously (19). Briefly, peripheral blood lymphocytes (PBLs) or lung lymphocytes were
counted and stained. For tetramer analysis, PBLs or lung lymphocytes in FACS buffer (10
ml FBS and 0.5 g sodium azide / 500 ml PBS) were incubated with H-2Kd M282–90 tetramer
for 30 min at 4°C followed by surface staining for PerCP-Cy5.5-anti-CD3, PE-Cy7-anti-
CD4, and APC-Cy7-anti-CD8. To enumerate cytokine producing cells, lung lymphocytes (5
× 105) were left untreated or stimulated with individual peptides (1 μg/sample) for 6 h at
37°C in 5% CO2 in the presence of Golgi-plug (BD Pharmingen, San Diego, CA). As a
positive control, lung lymphocytes were stimulated in vitro with 50 ng/ml PMA (Sigma-
Aldrich, St. Louis, MO), 500 ng/ml ionomycin (Sigma Aldrich), and 0.5 μl Golgi Plug (BD
Biosciences). Cell surface staining was performed and followed by ICS using Cytofix/
Cytoperm (BD Pharmingen, San Diego, CA) as described previously (19). FITC-anti-IFN-γ
(XMG1.2) was used. All antibodies listed were purchased from BD Biosciences (Franklin
Lakes, NJ) or eBioscience (San Diego, CA). Fluorescence was measured using an LSRII
cytometer (BD Immunocytometry Systems) and analyzed using FlowJo software (Tree Star,
Ashlan, OR). Singlet discrimination was performed by using plots for forward scatter height
[FSC-H] versus forward scatter width [FSC-W]) and side scatter (SSC) (SSC-W versus
SSC-H), and dead cells were excluded by scatter characteristics.

Plaque assay
Mice were euthanized days 1, 2, 4, 6, 8, 10, 12, 16 and 20 post-infection (p.i). We used a
Beadbeater (Biospec Products, Bartlesville, OK) to homogenize the lungs as described (19,
24). Lung homogenates were serially diluted and inoculated subconfluent HEp-2 cells in 24-
well plates. After 1 hr adsorption at room temperature on a rocking platform, the cells were
overlayed with complete EMEM/10% FBS/penicillin G/streptomycin sulfate/amphotericin B
solution/0.75% methylcellulose. After six days, the overlay media was removed and the
cells fixed with methanol. Plaques were visualized by immunodetection as previously
described (19, 24).

In vivo cytotoxic-T-lymphocyte (CTL) assay
In vivo CTL assays were performed as described previously (19). Naïve splenocytes were
unpulsed or pulsed with 1μg M282–90 peptide for 3 h at 37°C. Splenocytes were labeled with
low (0.5 μM, unpulsed) or high (5 μM, pulsed with peptide) concentrations of
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carboxyfluorescein succinimidyl ester (CFSE) (Molecular Probes, Carlsbad, CA). Labeled
splenocytes were co-injected by the i.v. route in a 1:1 ratio (1 × 107 total cells in 100 μl of
PBS) into naïve and TriVax + α-41BB treated aged mice. CFSEHi and CFSELo cells in
splenocytes were quantified 18hr later by flow cytometry.

Statistical analyses
P values were determined by either a two-tailed t test or one-way ANOVA and Tukey
multiple comparison test, using GraphPad Prism software (La Jolla, CA). Data values below
limits of detection were assigned a value of half the limit of detection. Data are
representative of at least three replicate experiments having consistent results.

Results
Delayed RSV clearance and impaired RSV-specific CD8+ T cells in aged mice

To determine the ability of the aged mice to control RSV infection compared to young mice,
we measured viral load in lungs at varying time points after A2-line19F RSV challenge.
Similar virus titers were observed on days 1, 4 and 6 p.i in the lungs of young and aged mice
(Fig. 1A). However, viral load at days 2, 8, and 10 p.i. in aged mice was significantly higher
than in young mice (Fig. 1A). Clearance of RSV to levels below the limit of detection of the
plaque assay occurred at day 8 p.i. in young mice. In contrast, 105 PFU/g lung were still
present at days 8 and 10 p.i. in aged mice. We observed RSV clearance in aged mice at day
12 p.i. Thus, in line with previous observation, there was delayed RSV clearance in aged
mice (25). Next, we investigated RSV-specific CD8+ T cells in the lungs of young and aged
mice. RSV-specific CD8+ T cells increased from 21% at day 6 p.i. to 47% at day 12 p.i. in
young mice (Fig. 1B). In aged mice, RSV specific CD8+ T cells increased from 8% at day 6
p.i. to 25% at day 12 p.i., levels below those observed in young mice at both time points
(Fig. 1B). The peak of RSV-specific CD8+ T cell responses in both young and aged mice
was day 12 p.i. We found that CD8+ T cell responses in both young and aged mice were
decreased at day 16 p.i. Interestingly, there was no difference between young and aged mice
at day 16 and 20 p.i. (Fig. 1B). Taken together, impaired RSV-specific CD8+ T cells
correlated with prolonged RSV infection in aged mice.

TriVax vaccination protects young mice but not aged mice against RSV infection
We recently showed that TriVax vaccine-elicited CD8+ T cells can protect against RSV A2-
line19F challenge (19). As infection of BALB/c mice with A2-line19F results in greater
viral load than laboratory A2 RSV strain, A2-line19F strain provides robust RSV challenge
model (23). To assess RSV TriVax efficacy in aged mice, young and aged mice vaccinated
twice with TriVax were challenged with 3 × 105 RSV A2-line19F strain. As previously
reported, TriVax vaccination completely protected young mice from RSV infection (Fig. 2)
(19). However, TriVax had no effect in aged mice (Fig. 2). We first hypothesized that the
defect would be in the generation of vaccine-elicited RSV-specific CD8+ T cells in aged
mice because we previously demonstrated dramatic induction of RSV-specific CD8+ T cells
by TriVax vaccination in young mice (19). We measured M282–90-specific CD8+ T cell
responses in young and aged mice after TriVax vaccination. There were 3-fold more
tetramer positive CD8+ T cells in young mice than aged mice following TriVax vaccination
(Fig. 3A and B). TriVax vaccination was less immunogenic in aged mice.

Agonistic α-41BB increases RSV-specific CD8+ T cell responses in aged mice
One of many aspects of defective T cell responses associated with aging is the lack of
sufficient costimulation (26). Since agonistic α-41BB mAb augments T cell responses in
viral and tumor models, we tested whether 4-1BB costimulation could be also useful for
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augmenting defective T cell responses in aged mice (22). Aged mice were vaccinated with
TriVax + agonistic α-41BB mAb or TriVax + isotype control Ab following the schedule as
depicted in Fig. 4. We compared percent of CD3+, CD3+CD4+, CD3+CD8+ T cells as well
as Tet+CD8+ T cells in PBLs of aged mice following TriVax + α-41BB mAb or TriVax +
isotype vaccination. Dot plots presented in Fig. 5 are representative of the percentage of
CD3+, CD3+CD4+, CD3+CD8+, and CD8+Tet+ T cells. The percentage of CD3+ cells was
10.9 ± 7.2 % in TriVax + isotype treated group and 44 ± 27 % in TriVax + α-41BB treated
group. In addition, we found that the % of CD3+CD8+ T cells was 41 ± 12 % in TriVax +
isotype treated group and 60 ± 15.3 % in TriVax + α-41BB treated group. Similarly, we
found that the % Tet+CD8+ was 24 ± 10.2 % in TriVax + isotype treated mice and 60 ± 12
% in TriVax + α-41BB treated group. Notably, treatment of α-41BB mAb increased the
percentage of CD3+, CD3+CD8+, and Tet+ CD8+ T cells in aged mice compared to TriVax
+ isotype control group (Fig. 5). However, there was no significant difference in the
percentage of CD8+Tet+ T cells between young mice with or without α-41BB treatment
since TriVax alone enhanced high level of RSV-specific CD8+ T cell responses at effector
phase (data not shown). These data demonstrate that co-administration of α-41BB in
conjunction with TriVax significantly enhanced RSV-specific CD8+ T cells in aged mice.

Co-administration of α-41BB enhances TriVax vaccine protection against RSV challenge
We sought to investigate whether co-administration of α-41BB along with TriVax
vaccination would enhance TriVax vaccine efficacy in aged mice in a RSV challenge model.
Young and aged mice were challenged with RSV A2-line19F following TriVax + isotype or
TriVax + α-41BB mAb treatment. No difference was observed between isotype treated
group and α-41BB treated group in young mice because both groups of young mice were
protected completely against RSV challenge. However, we observed that aged mice co-
administered with α-41BB mAb exhibited reduced viral load at day 4 p.i compared to
TriVax + iso treated group (Fig. 6). The protection was partial in aged mice that received
TriVax + α-41BB mAb treatment. Collectively, we demonstrated that α-41BB treatment
enhanced protection against RSV challenge more than 1 log (Fig. 6).

α-41BB treatment promotes RSV-specific CD8+ T cells in lung
Next, we sought to determine whether increased vaccine efficacy in α-41BB treated aged
mice depends on the frequency of CD8+ T cells initially induced in the lungs. Recently,
Salek-Ardakani et al demonstrated that α-OX40 induced vaccinia virus specific CD8+ T cell
in lungs before virus challenge, and the protection level correlated with the T cell frequency
initially induced (27). To determine if the frequency of T cells initially induced in our model
is different between the isotype treated group and α-41BB mAb treated group, we measured
% Tet+CD8+ T cells and % IFNγ+CD8+ T cells in the lungs of aged mice that received
either iso or α-41BB mAb treatment. When we compared the RSV-specific CD8+ T cell
frequency in the lungs before RSV challenge, we found that % Tet+CD8+ T cells and %
IFNγ+CD8+ T cells were different between iso treated and α-41BB treated aged mice (Fig.
7). While the % Tet+CD8+ T cells was 17.4 ± 2.4 and the % IFN+CD8+ T cells was in 6.7 ±
1 in iso treated group, the % Tet+CD8+ T cells was 36.4 ± 6.5 and the % IFN+CD8+ T cells
was in 29.9 ± 5.9 in α-41BB treated group. The ratio of % IFNγ+ T cells to % Tet+ T cells
was 26 vs. 84 (Fig. 7A). The total number of Tet+CD8+ T cells in α-41BB treated group was
13 fold higher than the iso treated group (Fig. 7B). Notably, the total number of IFN+CD8+

T cells was 29 fold higher than iso treated group (Fig. 7C). Lastly, an in vivo CTL assay was
performed to quantify cytotoxic function mediated by TriVax + α-41BB treatment. While
M282–90 pulsed CFSEHI target cells (Fig. 8A, arrow) were present in unvaccinated naïve
mice, CFSEHI target cells were undetectable 18h after injection into aged mice received
TriVax + α-41BB treatment. In order to determine RSV-specific CD8+ T cell frequency
after RSV infection, we performed identical experiments following RSV challenge (Fig. 9).
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While the % Tet+CD8+ T cells were 2 fold higher after RSV challenge compared to before
RSV challenge in iso treated group, no difference of % Tet+CD8+ T cells in aged mice
treated with α-41BB was observed between before and after challenge (Figs. 7 and 9).
Collectively, the results suggest that TriVax vaccine efficacy with α-41BB treatment is
dependent upon the frequency of RSV-specific CD8+ T cells initially in the lungs before
RSV challenge.

Correlation of the degree of protection and IFN-γ production after RSV challenge
As there was a discrepancy between induced CD8+ T cell responses in the lungs and
suppression of RSV replication in aged mice that received α-41BB (Figs. 6 and 7), we tried
to address why the effect on RSV replication was partial with different degrees of protection
in aged mice co-administered with α-41BB although % Tet+CD8+ T cells and %
IFNγ+CD8+ T cells are similar compared to those elicited in young mice. We further
analyzed RSV-specific CD8+ T cell responses after RSV challenge. To determine if %
IFNγ+CD8+ T cells and the degree of protection is truly correlated, nonlinear regression
analysis was used. As shown in Fig. 10, % IFNγ+CD8+ T cells were clearly correlated with
the degree of protection (R2 = 0.9574).

Discussion
In this study, we examined the role of 41BB costimulation in RSV-specific CD8+ T cell
immunity in aged mice. Compared to young mice, aged mice had impaired RSV-specific
CD8+ T cell responses and delayed RSV clearance in primary infection. While TriVax
vaccination showed complete protection against RSV challenge at the effector phase in
young mice, there was no TriVax-induced protection against RSV challenge in aged mice.
We demonstrate that co-administraion of α-41BB mAb in conjunction with TriVax
enhanced RSV-specific CD8+ T cells expressing IFN-γ. The % IFN-γ+CD8+ T cells in the
lung after RSV challenge correlated with the degree of protection against RSV challenge.
Our results suggest that targeting costimulatory signals including 41BB pathway may be a
promising strategy as an adjuvant for the elderly in order to restore the function of CD8+ T
cell.

RSV is a major cause of morbidity and mortality in the elderly, but the role of RSV-specific
CD8+ T cell immunity in the elderly is largely unexplored. However, some studies have
investigated the correlation between RSV severity and CD8+ T cell immunity. First, aging is
associated with a defect in the T cell responses to RSV since older subjects produced
significantly lower IFN-γ levels than younger subject (28). Second, the numbers of RSV-
specific memory CD8+ T cells were found to be lower in the elderly (29). Third, diminished
RSV-specific CTL activity in the spleen was reported in a RSV aged mouse model (30). In
line with previous observations, impaired RSV-specific CD8+ T cells during RSV infection
and the reduction of cytokine production by CD8+ T cells were observed in our aged mouse
model system. It is likely that anti-RSV CD8+ T cell immunity is a key mechanism in
immunosenescence to explain RSV susceptibility in the elderly.

Costimulation is critical for generating robust antigen-specific CD8+ T cell responses (31).
Thus, we hypothesized that triggering a costimulatory signal might improve the generation
of optimal RSV-specific CD8+ T cell immunity to protect aged mice from RSV infection. In
this study, we chose the TNF superfamily over the B7 family because CD8+ T cells in the
elderly lack expression of CD28, a B7 family member (32). Lustgarten et al. showed that
aged mice successfully induced protective antitumor immune responses with proper
costimulation, using agonist α-OX40 mAb, a TNF superfamily member (26). 41BB, also a
member of the TNF superfamily, is a costimulatory molecule for CD8+ T cells and is known
to enhance cytokine production and cytolytic activity (33, 34). 41BB also increases CD8+ T
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cell survival by inhibition of apoptosis (35). As only activated T cells, not resting or naïve T
cells, express 41BB on their surface, 41BB triggering depends on prior up-regulation of the
41BB receptor by antigen recognition (33). Based on this observation, we administered
agonist α-41BB on the day of TriVax vaccination, and again 2 days later to trigger 41BB
expressed on activated CD8+ T cells, as described previously (16).

For optimal T-cell response, signal 1 (T cell receptor and antigen) is not sufficient. Signal 2
provided by costimatory molecules is required for optimal T-cell activation. Besides CD28-
B7 interaction, TNF superfamily can promote T cell survival or induce effector functions of
T cells (14). Signaling via 41BB increased T cell proliferation, prolonged CD8+ T cell
survival, and memory CD8+ T cells in vitro (12, 15). When 41BB ligand is absent, fewer
Ag-reactive CD8+ T cells and memory T cells develop (31). Thus, previous studies indicated
that 41BB signal also play an important role for the generation and persistence of memory
CD8+ T cells.

As TriVax platform was a potent tool for the induction of robust RSV-specific CD8+ T cell
immune responses at the effector phase, as shown previously, we were unable to detect an
additional effect by targeting 41BB at the effector phase in young mice (19). Although we
were unable to detect an additional effect by α-41BB in young BALB/c mouse since TriVax
vaccination was sufficient to protect against RSV infection by enhancing functional RSV-
specific CD8+ T cell responses, several studies suggest that α-41BB plays a key role in the
survival of memory CD8+ T cells as well (12, 36). We are currently investigating this
possibility in a young BALB/c mouse model.

The role of costimulation by triggering 41BB has been studied previously in viral models.
Tan et al demonstrated that CD8+ T cells were diminished in 4-1BBL−

/
−mice after LCMV

infection (31). However, no effect was observed in CD4+ T cell immunity and B cell
immune responses in the LCMV model system (31). The addition of α-41BB mAb
treatment increased CD8+ T cell immune responses during influenza secondary responses
(37). Recently, mice treated with α-41BB mAb enhanced poxvirus-specific effector CD8+ T
cells during infection with attenuated vaccinia virus vectors or with an immunization
strategy with vaccinia virus peptides (38). Although the requirement and stage of response
for 41BB activity was variable across these studies, the data provided a good rational for
targeting 41BB in vaccination strategies for viruses as they demonstrate that 41BB
stimulation can act as an adjuvant. To our knowledge, the present work represents the first
attempt to evaluate the role of 41BB triggering on CD8+ T cell immunity in viral infection
in an aged setting.

Although we demonstrated that TriVax + α-41BB vaccination increased vaccine efficacy in
aged mice, it is still unclear why individual mice responded differently to α-41BB treatment.
We can speculate several possibilities. First, initially induced IFN-γ+CD8+ T cells in the
lung after the boost are a factor that determines the level of protection. Indeed, we observed
different levels of IFN-γ+CD8+ T cells in lungs of aged mice that received TriVax +
α-41BB treatment. Second, it could be the result of inefficient IFN-γ secretion by RSV-
specific CD8+ T cells. Previous studies have shown that RSV infection altered function of
CD8+ T cell in the lungs (19, 39). Notably, we observed a similar pattern of IFN-γ secretion
in α-41BB treated aged mice before and after challenge (Figs. 7 and 9). Lastly, there is a
possibility that a high dose of α-41BB mAb used in this study was detrimental to T cell
responses. We administered 100 μg α-41BB mAb for prime and boost. The effect of a lower
dose of α-41BB (25 μg) was superior to a higher dose of α-41BB (100 μg or 150 μg) in the
study of attenuated vaccinia virus vector (38). As other cell types such as CD4+ T cells, NK
cells, NKT cells, and dendritic cells also express 41BB on their surface besides activated
CD8+ T cells, we could not rule out the possibility that excessive amounts of α-41BB would
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be harmful by triggering other cell types (38, 40). An alternative and likely reason that
coadministraion of α-41BB failed to completely rescue TriVax efficacy in aged mice is that
other immune mechanisms such as innate and humoral responses would be involved in RSV
susceptibility in the aged mouse model.

Although using aged mice is one model for RSV studies in the setting of
immunosenescence, there are important caveats. Here, we used RSV naïve aged mice. There
are several studies clearly demonstrating the existence of RSV-specific memory B cells and
T cells in the elderly (41–43). It is largely unknown why the elderly are more susceptible to
RSV infection although they have pre-existing memory B cells and T cells. It might be that
both B and T memory cells induced by natural RSV infection in the elderly would be not
enough to prevent RSV reinfection. It is currently unknown whether targeting the 41BB
pathway will enhance in the context of repeat exposure and memory.

Taken together, we demonstrated that CD8+ T cell immune function in aged mice was
improved by using a TriVax vaccination approach combined with α-41BB mAb. This study
provides information on how costimulation can contribute to improve CD8+ T cell function
in the setting of immunusenescence. Our results also suggest that the induction of robust
RSV-specific CD8+ T cells would be an approach to overcome some barriers to RSV
vaccine development in the elderly.
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Figure 1.
Delayed RSV clearance and impaired M282–90 epitope-specific CD8+ T cell responses in
aged mice. Young (n=5) and aged (n=5) BALB/c mice were infected with 3 × 105 PFU of
A2-line19F virus. (A) RSV titers in lungs of infected young and aged BALB/c mice at days
1, 2, 4, 6, 8, 10, 12, 16, and 20. The lungs were harvested at indicated time points, and
infectious RSV was titrated by plaque assay. Significant differences were observed between
young and aged mice marked by an asterisk at day 2, 8 and 10 p.i. The solid line represents
the limit of detection (* = P × 0.05, ANOVA). (B) The lung lymphocytes were harvested at
indicated time points from right lungs of the same mice. M282–90-specific tetramer positive
cells were quantified as a percentage of CD3+CD8+ T cells by flow cytometry. Data show
an average of three separate experiments with equivalent results.
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Figure 2.
Efficacy of TriVax in young and aged mice. Young (n=3) and aged (n=3) BALB/c mice
were vaccinated with TriVax at d 0 and d 14. Mice were challenged with 3 × 105 PFU of
A2-line19F virus at day 20. The lungs were harvested at day 24 (day 4 p.i), and infectious
RSV was titrated by plaque assay. Significant difference was observed between young mice
as marked by an asterisk. Each symbol represents one mouse. The horizontal line depicts the
limit of detection. Data shown represent one of three experiments with similar results.
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Figure 3.
Comparison of M282–90 epitope-specific CD8+ T cells in young and aged mice after TriVax
vaccination. Young BALB/c mice (n=5) and aged BALB/c mice (n=5) were used. Groups of
mice were vaccinated once with TriVax via i.v route. PBLs were isolated at day 6 post
prime. (A) Representative dot plots are shown where the numbers in upper right quadrant
gate represent the % of CD3+CD8+ cells that were tetramer positive. (B) The % tetramer
positive CD3+CD8+ T cells in PBLs ± SEM (right) (* = P < 0.05, t-test). Data shown
represent one of three experiments with similar results.
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Figure 4.
Schedule for vaccination, α-41BB treatment, and RSV challenge. For the priming, young
and aged mice were vaccinated with TriVax on day 0 and treated with 100 μg α-41BB mAb
or 100 μg control isotype mAb on day 0 and day 2. For the boost, mice were vaccinated and
treated with identical materials on day 14 and day 16. Mice were challenged with RSV A2-
line19F on day 20, and viral load and T cell assay were quantified on day 24.
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Figure 5.
Enumeration of CD3+, CD3+CD4+, CD3+CD8+ , Tet+CD8+ T lymphocytes in blood.
Groups of aged BALB/c mice (n=5) were vaccinated with TriVax + isotype control (iso,
upper plots) or TriVax + α-41BB mAb (α-41BB, bottom plots) as illustrated in Fig. 4. PBLs
were isolated at day 20. Polygon gates showed the % CD3+ T cells in blood. % CD3+CD4+

or % CD3+CD8+ T cells was shown in a rectangular gate in the middle plot. Upper right
quadrant gates represented the % of CD3+CD8+ T cells that were M282–90 tetramer positive.
Dot plots presented in Fig. 5 are representative of the percentage of CD3+, CD3+CD4+,
CD3+CD8+, and CD8+Tet+ T cells.
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Figure 6.
Co-administration of α-41BB partially enhanced TriVax efficacy against RSV challenge in
aged mice. Young and aged BALB/c mice were vaccinated with either TriVax + isotype
control (iso) or TriVax + α-41BB mAb (α-41BB) following the schedule depicted in Fig 4.
At day 20, mice were challenged with 3 × 105 PFU of RSV A2-line19F. Lungs were
harvested at d 4 p.i. and infectious RSV was titrated by plaque assay. Each symbol
represents one mouse. The horizontal solid line depicts the limit of detection. Data are from
four independent experiments. (Brackets, P < 0.05, ANOVA)
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Figure 7.
Significant induction of RSV-specific CD8+ T cell responses in α-41BB mAb treated aged
mice. Groups of aged BALB/c mice (n=5) were vaccinated with TriVax + isotype control or
TriVax + α-41BB mAb as illustrated in Fig. 4. Lung lymphocytes were isolated at day 20
(day 6 post boost without RSV challenge) and incubated in the presence of M282–90 peptide
(1 μg/sample) for ICS assay. (A) Ratio of % IFN-γ producing CD8+ T cells to % Tet+ CD8+

T cells. (B) Frequency of tetramer positive CD8+ T cells in lungs isolated from TriVax +
isotype control (iso) or TriVax + α-41BB (α-41BB). The number of tetramer positive CD8+

T cells in lung lymphocytes ± SEM was presented. (* P < 0.05, t-test) (C) Frequency of
IFN-γ producing CD8+ T cells in lungs isolated from TriVax + isotype control (iso) or
TriVax + α-41BB (α-41BB) following re-stimulation with M282–90 peptide. The number of
IFN-γ producing CD8+ T cells in lung lymphocytes ± SEM was presented. (* P < 0.05, t-
test) Data are means and SEM for each group from two separate experiments.
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Figure 8.
RSV-specific CD8+ T cells from the spleen are highly cytolytic in aged mice treated with
TriVax + α-41BB. (A) In vivo CTL assays were performed to investigate the cytotoxic
functionality of RSV-specific CD8+ T cells after TriVax + α-41BB vaccination in aged
mice. Representative data comparing specific killing in a naïve mouse to that in an
immunized mouse are shown. (B) Quantification of the results from all TriVax + α-41BB
treated mice (n=3 per group) is shown in a graphical format. All depicted data are
representative of two independent in vivo CTL assays.
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Figure 9.
Tetramer responses and cytokine production following RSV challenge in aged mice that
were treated with TriVax and α-41BB. Aged BALB/c mice (n=5 per group) were vaccinated
with either TriVax + isotype control (iso) or TriVax + α-41BB mAb (α-41BB) and
challenged with 3 × 105 PFU of A2-line19F. Lung lymphocytes were isolated on day 4 p.i.
(A) Ratio of % IFN-γ producing CD8+ T cells to % Tet+ CD8+ T cells. (B) Frequency of
tetramer positive CD8+ T cells in lungs isolated from RSV challenged aged mice treated
with either TriVax + isotype control (iso) or TriVax + α-41BB (α-41BB). The number of
tetramer positive CD8+ T cells in lung lymphocytes ± SEM was presented. (C) Frequency of
IFN-γ producing CD8+ T cells in lungs isolated from RSV challenged aged mice treated
with either TriVax + isotype control (iso) or TriVax + α-41BB (α-41BB). Lung
lymphocytes were re-stimulated with M282–90 peptide. The number of IFN-γ producing
CD8+ T cells in lung lymphocytes ± SEM is presented. (* P < 0.05, t-test) Data are an
average of three separate experiments with similar results.
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Figure 10.
Correlation of IFN-γ+CD8+ T cells and protection against RSV challenge in aged mice
treated with TriVax + α-41BB. Aged BALB/c mice (n=5 per group) were vaccinated with
TriVax + α-41BB mAb (α-41BB) and challenged with 3 × 105 PFU of A2-line19F. % IFN-γ
producing CD8+ T cells in lungs isolated from RSV challenged aged mice treated with
TriVax + α-41BB (α-41BB). Confidence intervals (CI) of 95% are shown with the dotted
line. Data show combined results of four independent experiments.
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