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Abstract
Background: Ageing has been shown to reduce CD8 T cell repertoire diversity and immune responses against
influenza virus infection in mice. In contrast, less is known about the impact of ageing on CD4 T cell repertoire
diversity and immune response to influenza virus infection.
Results: The CD4 T cell response was followed after infection of young and aged C57BL/6 mice with influenza virus
using a tetramer specific for an immunodominant MHC class II epitope of the influenza virus nucleoprotein. The
appearance of virus-specific CD4 T cells in the lung airways of aged mice was delayed compared to young mice,
but the overall peak number and cytokine secretion profile of responding CD4 T cells was not greatly perturbed. In
addition, the T cell repertoire of responding cells, determined using T cell receptor Vβ analysis, failed to show the
profound effect of age we previously described for CD8 T cells. The reduced impact of age on influenza-specific
CD4 T cells was consistent with a reduced effect of age on the overall CD4 compared with the CD8 T cell repertoire
in specific pathogen free mice. Aged mice that were thymectomized as young adults showed an enhanced loss
of the epitope-specific CD4 T cell response after influenza virus infection compared with age-matched
sham-thymectomized mice, suggesting that a reduced repertoire can contribute to impaired responsiveness.
Conclusions: The diversity of the CD4 T cell repertoire and response to influenza virus is not as profoundly
impaired by ageing in C57BL/6 mice as previously shown for CD8 T cells. However, adult thymectomy enhanced
the impact of ageing on the response. Understanding the impact of ageing on CD4 T cell responses to influenza
virus infection is an important prerequisite for developing better vaccines for the elderly.
Keywords: T cell receptor repertoire, Influenza virus, CD4 T cells, Thymectomy, Epitope, Cytokine, Ageing,
Mouse model

Background
It is well-established that ageing is associated with a decline in immune function [1,2]. For example, the elderly
are highly susceptible to influenza virus infection and respond poorly to influenza vaccines [3]. Although most
influenza vaccines elicit protective antibodies, this is of
limited long-term protection as the virus changes its coat
proteins to avoid neutralizing antibodies. Thus, there is an
ongoing effort to develop vaccines that elicit cellular
immunity in response to internal, conserved proteins,
making them more universal and cross protective. An
additional impetus for developing vaccines that elicit cellmediated immunity is the finding that T cells are a better
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immune correlate of protection for the elderly against influenza virus than antibody [4].
A major contributing factor to impaired cellular immunity in the elderly is a decline in T cell repertoire diversity. Thymic involution with age results in the export
of fewer naïve T cells to the periphery. This reduction in
the influx of naïve T cells, coupled with an increase in
memory cells due to accumulating antigen experience,
enhanced homeostatic proliferation to compensate for
reduced naïve T cell production, peripheral selection,
and the development of T cell clonal expansions (TCEs)
leads to the progressive dominance of numbers of memory compared to naïve T cells in aged individuals [5-9].
A consequence is reduced repertoire diversity among
both naïve and memory T cells [10-13]. Decline in CD8
T cell repertoire diversity has been clearly associated
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The epitope-specific CD4 T cell response to influenza
virus infection is delayed in aged mice

The impact of ageing on epitope-specific CD4 T cells
responding to influenza virus infection in C57BL/6 mice
has not previously been determined. To address this issue,
we took advantage of a tetramer that recognizes a dominant MHC class II IAb epitope in the influenza virus nucleoprotein NP311–325 [22-24]. Young (8–10 weeks old)
and aged (18–22 months old) mice were infected with
influenza virus, and total and NP311–325/IAb-specific CD4
T cells elicited in the lung airways at 6, 8, 10, 12 and
14 days following infection were enumerated. Representative staining with the tetramer is shown in Figure 1A.
Kinetic analysis of the response of CD4 T cells after infection are presented as percent of total and epitopespecific CD4 T cells in the lung airways (Figure 1B) and
as absolute numbers of total and epitope-specific CD4
T cells in the lung airways (Figure 1C). The results show
the antigen-specific CD4 T cell response is delayed in
reaching its peak in aged mice relative to young adults.
Although the percent and number of NP311–325/IAbspecific CD4 T cells in aged mice are significantly lower
at day 8 (p < 0.05, t test), they are not statistically different at day 10. Furthermore, the number of cells in aged
mice is statistically higher at day 12, as the number of
cells in young mice declines (Figure 1C). Thus, rather
than an absolute defect in the epitope-specific response
in aged mice, the response is kinetically delayed. Such
kinetics are consistent with delayed viral clearance,
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with impaired responses to new infections, including influenza virus [11,14-17].
We previously examined the CD8 T cell response to
influenza virus infection in aged mice [11]. Consistent
with other studies [18-21], the aged mice had delayed
viral clearance. In addition, the results showed striking
perturbation in the repertoire of responding CD8 T cells
in aged mice, with profound shifts in epitope immunodominance and restricted T cell receptor repertoire
diversity, in some cases resulting in a “hole” in the repertoire of T cells specific for an immunodominant MHC
class I-restricted epitope to influenza nucleoprotein
(NP366–374/Db) [11]. The absence of a primary response
to NP translated into a poor response against viral
challenge.
Here we have examined the CD4 T cell response to
de novo infection with influenza virus in young and
aged C57BL/6 mice, using a tetramer specific for an
immunodominant CD4 T cell epitope, NP311–324/IAb.
The results show that the response is delayed, but
eventually attains numbers and cytokine responses
comparable to young mice. Consistent with this, there
was little repertoire perturbation of NP-specific CD4 T
cells compared to that previously described for NP-specific
CD8 T cells. However, the response in thymectomized
mice was severely reduced compared to age-matched
sham thymectomized mice. These studies are the first to
examine the impact of ageing on the CD4 T cell response to a defined influenza virus epitope in a mouse
model.
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days after infection

Figure 1 The appearance of antigen-specific CD4 T cells in the lung airways after primary infection with influenza virus is delayed in
aged mice. Young and aged mice were infected with 3,000 EID50 ×-31 influenza virus and the bronchoalveolar lavage (BAL) was assessed at 6, 8,
10, 12 and 14 days post infection for CD4 T cells and Flu NP-specific CD4 T cells. Panel A shows representative NP311–325/IAb tetramer staining.
All data are gated on CD4 T cells. The number in the upper right of each plot indicates the per cent of tetramer+ cells among the activated
(CD44high) CD4 T cells. Panel B shows the percent of CD4 T cells and the percent of NP311–325/IAb-specific cells in the BAL at the indicated
timepoints after infection. Panel C shows the absolute number of CD4 T cells and NP311–325/IAb-specific cells in the BAL at the indicated
timepoints after infection. The mean ± SD are shown and the data are representative of 2 independent experiments with 5–8 mice per time point.
Data were analyzed by unpaired t-test (**p < 0.005).
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which has been shown to occur in aged mice [19,25,26]
and data not shown.
CD4 T cells play multiple roles in responding to influenza virus infection, including helper function for B cells
and CD8 T cells as well as direct effector functions involving IFNγ and/or cytotoxicity (reviewed in [27]. To
assess the impact of ageing on the function of NPspecific CD4 T cells, we examined the cytokine secretion
profile, including IFNγ, TNFα and IL-2, of lung airway
CD4 T cells at 8, 10, 12 and 14 days after infection. CD4
T cells that secrete multiple cytokines are termed polyfunctional and are associated with improved protection
after vaccination or secondary viral challenge [28,29]. In
Figure 2A, the pie charts show the relative contribution
of each cytokine population to the response, in terms of

single cytokine producers (IFNγ, TNFα or IL-2 alone),
dual cytokine producers (IFNγ + IL-2, IFNγ + TNFα, or
TNFα + IL-2), or triple cytokine producers (IFNγ, TNFα
and IL-2) (Figure 2A). The bar graphs in Figure 2B show
the frequency of each cytokine subset out of the total
NP tetramer CD4 T cell population. It can be seen that
at days 8 and 10, although aged mice have a higher frequency of IFNγ single positive producers, they have a
lower frequency of triple-cytokine producers (IFNγ + IL2 + TNFα) compared with young mice. By day 12 however, the frequency of triple-cytokine producers in aged
mice has reached comparable levels in young mice, and
continues to stay high at day 14, at which time the response of the young mice has started to decline. The frequencies of the double IFNγ + TNFα cytokine-producing
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Figure 2 The cytokine response of influenza NP-specific CD4 T cells is delayed in aged compared with young mice. Lung airway cells
obtained by bronchoalveolar lavage from young and aged mice were analyzed at days 8, 10, 12 and 14 following i.n. infection with 3,000
EID50 ×-31 for production of cytokines following in vitro stimulation with the NP311–325 peptide. Cytokine-producing cells (IFN-γ, TNF-α and/or
IL-2) within the CD4+CD44high population were divided into seven subpopulations based on their production of these cytokines in combination
(refer to color code at the bottom of Panel B). The relative contribution of each of these subpopulations to the responding T cell population was
determined as depicted in the pie charts in panel A. The bar charts in panel B show the frequency of each cytokine subpopulation out of the
total responding CD4 T cell population. Data are representative of 2 independent experiments with 5–8 mice per time point.
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What is the impact of ageing on the T cell repertoire of
NP-specific CD4 T cells?

We next addressed whether the delayed appearance of
epitope-specific CD4 T cells after influenza virus infection of aged mice was associated with perturbations in
the T cell receptor repertoire, as we have described for
CD8 T cells [11]. We first characterized the NP-specific
CD4 T cell receptor Vβ repertoire in detail among individual young mice using the entire panel of T cell receptor Vβ antibodies (Figure 3A). We then selected 5 of the
antibodies to use for characterization of the response of
individual young and aged mice, focusing on Vβ2, Vβ4
and pan Vβ8 (Vβ8.1, 8.2 and 8.3) as highly represented
Vβs, and Vβ8.3 and Vβ14 as under-represented Vβs in
the repertoire of young mice. The analysis showed that
the Vβ usage of NP-specific CD4 T cells was more variable among individual aged compared with young mice,
but except for Vβ8.3 the difference was not statistically
significant (Figure 3B). Taken together, the data show
little impact of age on the NP-specific CD4 T cell repertoire, in contrast to that previously observed for the
NP-specific CD8 T cell repertoire [11,20,21]. This difference prompted us to examine the impact of ageing on
total (non-antigen-specific) peripheral CD4 and CD8 T
cell pools.
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cells are relatively comparable between young and aged
mice at days 10, 12 and 14. Together the data suggest that
the CD4 T cells are kinetically delayed in their response.
The observation that the response of CD4 T cells in
aged mice is not absolutely defective but is delayed is consistent with findings in elderly humans, in which relatively
normal CD4 T cell responses to influenza are observed.
However, it has also been found that the responding CD4
T cells were poorly maintained in humans and the development of a memory response was impaired [30,31]. In our
studies, CD4 memory T cells established after influenza infection of aged mice maintained function at least for one
month (data not shown). More extensive analysis of longterm maintenance of memory is ongoing in our lab.
A major age-associated defect for CD4 T cells has
been shown to be reduced IL-2 production [32,33].
However, the NP-specific CD4 T cells examined here in
young mice were not strong IL-2 producers (Figure 2).
In addition, whereas cytolytic CD4 T cell effectors have
been shown to be generated in vivo at the site of influenza virus infection [34], the NP-specific cells examined
in this study in young mice did not have cytotoxic activity (data not shown). Rather, they were strong polyfunctional cytokine secretors. IFNγ has been shown to play
an important role in expansion and trafficking of CD4
and CD8 T cells to the lung [35], and trafficking has
been shown to be delayed in aged mice [20], consistent
with our data.
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Figure 3 The T cell receptor Vβ repertoire of influenza NPspecific young and aged CD4 T cells. Ten days after i.n. infection
with 3,000 EID50 ×-31 influenza virus, the repertoire of NP311–325/IAbspecific CD4 T cells in the lungs of mice was assessed by T cell
receptor Vβ staining of tetramer-positive CD4 T cells. Panel A shows
repertoire analysis of NP311–325/IAb-specific CD4 T cells from the
lungs of individual influenza virus-infected young mice (n = 5) using
the full panel of anti-Vβ antibodies. Pan 8 signifies Vβ8.1, 8.2 and 8.3.
Values for each Vβ are represented by a different symbol. Panel B
shows selected T cell receptor Vβ repertoire analysis of NP311–325/
IAb-specific CD4 T cells from the lungs of individual young (closed
circles, n = 5) and aged (open circles, n = 10) mice 12 days post
infection. Variances were compared by F test (***p < 0.0005). Group
means are indicated by bars.

Is there a differential impact of ageing on the CD4 and
CD8 T cell pools?

The absence of dramatic age-associated T cell receptor
repertoire perturbations in the CD4 T cell response of
aged mice to NP311–324/IAb, in contrast to previous studies showing a strong impact of aging on the T cell receptor
repertoire of influenza-specific CD8 T cells [11], prompted
us to examine the effect of age on the general distribution
of CD4 and CD8 T cell pools by analyzing peripheral
blood T cells in specific pathogen free mice. It has been
shown in some, but not all, studies that the ratio of CD4:
CD8 T cells declines progressively with age [8,36-40].
Our data show a distinct shift in the CD4:CD8 ratio
from greater than 1 in young mice to less than 1 in aged
(18 to >22 months of age) mice (Figure 4A).
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Figure 4 Age-associated changes in distribution of peripheral CD4 and CD8 T cells. Peripheral blood T cells from individual young (2–3
months of age, n = 10) and aged (18–22 months of age, n = 66 and >22 months of age, n = 36) mice were analyzed for distribution of CD4, CD8
and CD44. The median values of each population are shown with red bars. Panel A shows the CD4:CD8 ratio in young and aged mice. Data were
analyzed by Mann–Whitney test (*p < 0.05, ***p < 0.0005). Panel B shows the age-related differences in the proportion of CD44high cells among
CD8 T cells. Panel C shows the age-related differences in the proportion of CD44high cells among CD4 T cells. Data in panels B and C were
analyzed by Mann–Whitney test (***p < 0.0005).

We also examined the proportions of naïve and memory cells in the peripheral blood among CD4 and CD8 T
cells to determine if there was a general difference of the
effect of ageing on CD4 and CD8 T cells. CD44 is a cell
surface marker used to distinguish naïve (CD44low) from
activated/memory (CD44high) T cells [41]. The data show
that the proportion of CD44high cells dramatically increased comparably with age among both CD4 and CD8
T cells (Figure 4B, C), confirming no preferential generalized effect of age on CD8 T cells.
Finally, to assess overall perturbations in the aged T
cell repertoire among CD4 and CD8 T cells, we analyzed
T cell receptor Vβ usage among activated/memory
(CD44high) and naïve (CD44low) CD4 and CD8 T cells in
young and aged specific pathogen free mice (Figure 5),
using a panel of fourteen well-characterized T cell receptor Vβ antibodies. The percentages of each Vβ from individual young (left set of 5 bars) and aged (right set of
10 bars) mice are represented by different colors presented in the same order as the color key in the right of
the Figure. Using the data in Figure 5 we asked whether
there were significant differences with regard to the
usage of different Vβs in various comparisons: i.e., young
vs aged, CD4 vs. CD8 T cells, and activated/memory
(CD44high) vs naïve (CD44low) T cells. To make those
comparisons we calculated statistics (mean and variance)
for each Vβ represented by a different colored bar in the
rainbow plots within each of the eight groups (young or
aged) shown in the four panels A-D in Figure 5. For
every Vβ, we quantified its variability in usage within
each of the eight groups by its variance. This allowed us
to determine whether a given Vβ exhibited significantly
more variable usage (measured by its variance) within
one group than within another. Thus, we conducted a

group of F tests to determine whether corresponding
pairs of variances for the same Vβ differed significantly.
Those F tests revealed that among CD44high CD8 T
cells, almost all (13 of 14) variances in Vβ usage in aged
T cells differed significantly from the variance for the
corresponding Vβ in young mice (Panel A), whereas
among CD44high CD4 T cells (Panel B), only 2 (Vβ5 and
Vβ7) of 14 such variance comparisons were statistically
significant by F test. Thus, using Fisher’s exact test on the
number of significant differences (2 of 14 vs. 13 of 14) we
conclude that aged CD44high CD8 T cells exhibit many
more instances of perturbation of their Vβ usage, i.e., significant differences in variance when gauged against Vβ
usage in CD44high cells from young mice as a reference,
than do aged CD44high CD4 T cells gauged against Vβ
usage in CD44high cells from young mice (p < 0.0001).
That difference is evident visually by inspection of the
rightmost rainbow plots (aged mice) in panel A (CD8 T
cells) and panel B (CD4 T cells) compared with the
corresponding leftmost rainbow plots (young mice) in
each case.
To assess variability in Vβ usage directly among CD44high
CD8 and CD4 T cells from aged mice only, we compared
variances for each of the 14 Vβs in the two T cell subsets
(rightmost plots in panels A and B) by F tests. When compared directly with each other, the variance for every Vβ except Vβ3 and Vβ5 in CD44high CD8 T cells differed
significantly from the same Vβ in CD44high CD4 T cells.
Thus, in all but two of 14 Vβ, usage was more perturbed in
CD44high CD8 T cells than in CD44high CD4 T cells.
An analogous analysis was performed on naïve (CD44low)
CD8 and CD4 T cells from aged mice (panels C and D).
Here, in contrast to the analysis with CD44high T cells,
there were only three instances of significant differences in
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Figure 5 Age-associated changes in T cell receptor Vβ distribution in CD4 and CD8 naïve and activated/memory T cells in specific
pathogen free mice. T cell receptor Vβ usage was assessed among distinct populations of CD44high (activated/memory) or CD44low (naïve) CD4
and CD8 T cells in individual young and aged mice. The proportion of cells from 5 young or 10 aged mice bearing individual T cell receptor Vβ
elements was determined by staining with a panel of anti-Vβ antibodies, and is represented by different colors, which are the same order in the key
and individual samples. Panel A shows the Vβ distribution among CD44high CD8 T cells. Panel B shows the Vβ distribution among CD44high CD4 T cells.
Panel C shows the Vβ distribution among CD44low CD8 T cells. Panel D shows the Vβ distribution among CD44low CD4 T cells. Statistical analysis is
described in the text.

variance between CD8 and CD4 T cells from aged mice,
Vβ3, Vβ5, and Vβ7.
Together, these analyses show that there is significantly more variability in the usage of Vβs in CD44high
CD8 T cells from aged mice than in the CD44high CD4
T cell population in aged mice. Thus, despite ageassociated perturbations in both CD4 and CD8 T cells in
terms of an increase in the proportion of activated/
memory CD44high cells (Figure 4), there is less ageassociated perturbation in Vβ usage in aged CD44high
CD4 compared to CD8 T cells. This is in agreement with
most reports regarding the impact of ageing on the

overall CD4 T cell repertoire. For example, several studies in both mouse and human show that the CD4 T cell
repertoire is less profoundly perturbed with age compared to the CD8 repertoire [42-47]. In contrast, other
studies reported repertoire perturbations and the development of TCE in the human CD4 T cell repertoire as
well as the CD8 T cell repertoire, although TCEs were
smaller within the CD4 T cell subset [48,49].
The conflicting results in separate studies may be a
consequence of the age of individuals analyzed. It has
been shown that repertoire diversity in CD4 T cells is
well-maintained between the ages of 25 and 60 years.
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However, after age 70, there is a sharp decline in CD4
repertoire diversity, with a greater than 100-fold constriction [12,50]. Thus, the studies which included individuals over 70 years of age showed perturbations in the
CD4 repertoire. As the 18–22 month old mice studied
here are roughly equivalent to 56–69 years of human
age [51], it is possible that CD4 repertoire perturbations
would be more profound in older mice.
Thymectomy enhances age-associated perturbation of
peripheral T cells and deficiency in the CD4 T cell
response to NP

The lesser impact of age on the repertoire of CD4 compared with CD8 T cells prompted us to examine CD4 T
cells after influenza infection of thymectomized mice.
Thymus involution with age results in reduced seeding
of naïve T cells to the periphery and thus makes a major
contribution to age-associated loss of repertoire diversity
in the peripheral T cell repertoire. This aspect of ageing
can be accelerated with adult thymectomy [52], which has
been used as an experimental model in mice [53]. Thus,
adult mice were thymectomized or sham-thymectomized
at four weeks and allowed to age for 9–14 months, at
which time peripheral blood was analyzed to determine
the impact of thymectomy on the CD4:CD8 ratio and the
ratio of CD44high and CD44low cells within the CD8 and
CD4 peripheral T cell pools (Figure 6). The data show that
the thymectomized mice had a dramatically lower CD4:
CD8 ratio (Figure 6A) compared with young mice and
age-matched sham-thymectomized mice, and that the ratio was decreased and more homogeneous compared to
the aged euthymic mice. Thymectomy also enhanced the
transition to a CD44high memory phenotype of both CD8
(Figure 6B) and CD4 (Figure 6C) T cells, compared to
young mice and age-matched sham-thymectomized mice.
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Thus, thymectomy enhanced the impact of ageing on both
peripheral CD4 and CD8 T cell pools. Particularly important for this study, the thymectomized mice had a greater
conversion of CD4 T cells to a memory phenotype than
the 19–20 month old euthymic mice (Figure 6C).
To determine whether the accelerated perturbation of
the peripheral CD4 T cell pool in thymectomized mice
translated into greater disruption of the CD4 T cell response to influenza virus infection, we followed the response kinetically in thymectomized, sham-thymectomized,
young and aged mice, using the NP311–325/IAb class II tetramer. The response in terms of numbers of epitope-specific
CD4 T cells was generally reduced in thymectomized mice
compared to aged mice, but due to variability among individual aged mice, the differences were not statistically significant (Figure 7). A more relevant comparison is between
thymectomized and sham-thymectomized mice of the same
age. As seen in Figure 7, the response of individual mice at
10 and 12 days post infection show that the number of NPspecific CD4 T cells elicited in the bronchoalveolar lavage
was greatly impaired in thymectomized mice relative to
age-matched sham-thymectomized mice. This re-enforces
the conclusion that thymectomy enhances the effects of
ageing on CD4 T cell responses. Whether this is a direct
consequence of reduced production of naïve T cells is unclear, as reduced thymic export has also been associated
with accelerated decay of naïve CD4 T cells in the periphery
and/or peripheral selection [54,55]. The decline in CD4 T
cell response to influenza infection in thymectomized mice
is also consistent with the observation that mice retain residual thymic function throughout their lifespan [56]. We
were unable to directly examine the T cell Vβ usage of the
NP-specific cells, due to the paucity of responding cells.
The limited effect of age on the CD4 T cell repertoire
to influenza contrasts with previous data showing a

Figure 6 Thymectomy enhances age-associated changes in the CD4:CD8 ratio and distribution of naïve and memory T cells. The
peripheral blood from young mice, thymectomized and sham thymectomized 15 month old mice, and aged (19–20 month old) euthymic mice
was analyzed with antibodies for CD4, CD8 and CD44. The median values of each population are shown with red bars. Panel A shows the CD4:
CD8 ratio. Data were analyzed by Mann–Whitney Test (***p < 0.0005). Panel B shows the percent CD44high among CD8 T cells. Panel C shows the
percent of CD44high among CD4 T cells. Data in panels B and C were analyzed by Mann–Whitney test (***p < 0.0005).
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Figure 7 Thymectomy reduces the response of NP-specific CD4 T cells in the lung airways of influenza virus-infected mice. Young mice,
aged mice (19–20 months old) and thymectomized and sham thymectomized 10 month old mice (9 months after thymectomy) were infected
with 3,000 EID50 ×-31 influenza virus and the bronchoalveolar lavage (BAL) was assessed at 10 and 12 days post infection for total CD4 T cells
and Flu NP-specific CD4 T cells. The absolute number of NP311–325/IAb-specific CD4 T cells in the BAL of individual mice from a representative
experiment of two is shown. Data were analyzed by unpaired t-test with Welch correction (**, p < 0.005; NS, not significant).

profound impact of ageing on the influenza-specific
CD8 T cell repertoire, in some cases leading to the development of “holes” in the repertoire. This difference
could be a consequence of differences in thymic output
or differences in homeostatic maintenance of CD4 and
CD8 T cells with age. For example, it has been shown
that T cell receptor excision circles (TRECs), which are a
measure of thymic output, are retained longer in the
CD4 compared with the CD8 pool of T cells [57]. Alternatively, the difference in age effects on the CD4 and
CD8 T cell influenza-specific repertoire may be epitope
dependent, rather than a general difference between
CD4 and CD8 T cells, as we were only able to examine
CD4 T cells specific for a single epitope.

cell repertoire than we had previously shown for the CD8
T cell repertoire [11]. Whether this was due to an overall
greater effect of ageing on the CD8 T cell repertoire, or
merely an epitope-specific difference as a consequence of
the few influenza virus-specific epitopes analyzed, cannot
be determined from these data.
In summary, these data are, to our knowledge, the first
to examine the impact of ageing on the CD4 T cell response to a defined influenza virus epitope in mice using
an MHC class II tetramer. Understanding the impact of
ageing on CD4 T cells is important for vaccine design
because it has recently been shown that pre-existing
influenza-specific CD4 T cells correlate with disease protection against influenza challenge in humans [59].

Conclusions
In the current studies, we have analyzed the impact of
ageing on the response and T cell repertoire of CD4 T
cells specific for an immunodominant influenza virus nucleoprotein epitope, NP311–325, in C57BL/6 mice. First, the
data show that the response in the lung airways following
influenza virus infection is delayed but eventually attains
comparable numbers and cytokine secretion patterns as
young mice. In striking contrast, the response of NPspecific CD4 T cells in mice that were thymectomized at
four weeks of age and analyzed 9–14 months later was virtually ablated. This result supports the concept that there
is residual thymic export of naïve CD4 T cells in aged mice
[58]. Second, consistent with the findings of others, the
impact of ageing on the overall T cell repertoire of CD4 T
cells was less profound than that on CD8 T cells [42-47].
Specifically, the current data show that the repertoire of
influenza NP-specific CD4 T cells, assessed by Vβ usage,
was only mildly perturbed in aged mice. Thus, there was
less of an effect of ageing on the influenza-specific CD4 T

Materials and methods
Mice, viruses, and infections

C57BL/6 mice were obtained from the Trudeau Institute
animal facility and maintained under specific pathogen-free
conditions. Often, but not always, impaired immune function has been attributed to the presence of large TCEs in
the CD8 population [11,45]. To avoid this complicating factor, peripheral blood lymphocytes of all aged mice were
prescreened for major CD8 T cell Vβ expansions, and those
that exhibited TCR Vβ8, Vβ7 or Vβ8.3 staining ± 4 SD over
that observed with young C57BL/6 mice were omitted
from the study. Mice were thymectomized or shamthymectomized at 4 weeks of age and maintained until 10–
15 months of age. Influenza virus A/HK-×31 (×31, H3N2)
was grown, stored, and titered as previously described
[60]. Young (8–10 weeks old) and aged (18–22 months
old) mice were anesthetized with 2,2,2-tribromoethanol
(200 mg/kg) and infected with 3,000 EID50 ×-31. All animal
procedures were approved by the Institutional Animal Care
and Use Committee at Trudeau Institute.
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Tissue harvest and flow cytometry

Blood samples were obtained by mandibular bleed, and
the bronchoalveolar lavage was obtained and cells were
processed as described previously [61]. Single cell suspensions were incubated with Fc-block (anti-CD16/32)
for 15 minutes on ice followed by staining with MHC
class I and II peptide tetramers specific for influenza
virus (NP366–374/Db and NP311–324/IAb) for 1 hour at
room temperature. Tetramers were generated by the
Trudeau Institute Molecular Biology Core (NP366–374/Db
and NP311–324/IAb) or obtained from the NIH Tetramer
Core Facility (NP311–324/IAb). Tetramer-labeled cells were
incubated with antibodies to surface proteins (CD4, CD8,
CD44, or T cell receptor anti-Vβ antibodies that included
Vβ2, Vβ3, Vβ4, Vβ5.1/5.2, Vβ6, Vβ7, Vβ8, Vβ8.1/8.2,
Vβ8.3, Vβ9, Vβ10, Vβ11, Vβ12, Vβ13 and Vβ14) for 30 minutes on ice. Antibodies were purchased from BD Biosciences, eBioscience and BioLegend. Samples were run on a
FACS Canto II flow cytometer (BD Biosciences) and data
were analyzed with Flow Jo software (TreeStar).
Intracellular cytokine staining

For measurement of cytokine production, single cell suspensions were incubated with NP311–324/IAb or control
peptides as previously described [62]. Cells were stained
for surface markers, fixed and permeabilized (CytoFix/
CytoPerm kit, BD Biosciences), and stained for intracellular cytokines with antibodies to IFN-γ, TNFα and IL-2
for 30 minutes on ice. Samples were run on a FACS
Canto II flow cytometer (BD Biosciences) and data were
analyzed with Flow Jo software (TreeStar).
Statistical analysis

Methods for statistical analysis, performed with Prism 5
(Graphpad software) or Microsoft Excel (F tests), are
detailed in the text or Figure legends.
Abbreviations
TCE: T cell clonal expansions; TCR: T cell receptor; Vβ: The variable region of
the T cell receptor beta chain; NP: Nucleoprotein.
Competing interests
The authors’ declare that they have no competing interests.
Authors’ contributions
KL, DW and MB designed the study; KL generated and analyzed the data; KL,
LJ, DW and MB interpreted the data and wrote the manuscript; LJ and KL
did the statistical analysis. All authors read and approved the final manuscript.
Acknowledgements
We thank Dr. Laura Haynes for comments and discussion. We thank Tres
Cookenham, Alan Roberts and Gail Huston for technical assistance. We thank
the NIH tetramer Core, Scottie Adams, and the Molecular Biology Core at
Trudeau Institute for developing and providing the MHC class II tetramer.
This work was supported by the National Institutes of Health grants
P01AG021600, project 4 (M.A.B.), R01AG039485 (M.A.B) and funds from the
Trudeau Institute.

Page 9 of 10

Author details
Trudeau Institute, 154 Algonquin Ave, Saranac Lake, NY 12983, USA.
Keystone Symposia, 160 US Highway 6, Suite 200, Silverthorne, CO 80498, USA.

1
2

Received: 22 January 2014 Accepted: 4 May 2014
Published: 13 May 2014
References
1. Grubeck-Loebenstein B, Wick G: The aging of the immune system.
Adv Immunol 2002, 80:243–284.
2. Miller RA: The aging immune system: primer and prospectus. Science
1996, 273:70–74.
3. Webster RG: Immunity to influenza in the elderly. Vaccine 2000, 18:1686–1689.
4. McElhaney JE, Xie D, Hager WD, Barry MB, Wang Y, Kleppinger A, Ewen C,
Kane KP, Bleackley RC: T cell responses are better correlates of vaccine
protection in the elderly. J Immunol 2006, 176:6333–6339.
5. Ge Q, Hu H, Eisen HN, Chen J: Different contributions of thymopoiesis and
homeostasis-driven proliferation to the reconstitution of naive and memory T
cell compartments. Proc Natl Acad Sci U S A 2002, 99:2989–2994.
6. Berzins SP, Boyd RL, Miller JF: The role of the thymus and recent thymic
migrants in the maintenance of the adult peripheral lymphocyte pool.
J Exp Med 1998, 187:1839–1848.
7. Lerner A, Yamada T, Miller RA: Pgp-1hi T lymphocytes accumulate with
age in mice and respond poorly to concanavalin A. Eur J Immunol 1989,
19:977–982.
8. Callahan JE, Kappler JW, Marrack P: Unexpected expansions of
CD8-bearing cells in old mice. J Immunol 1993, 151:6657–6669.
9. Posnett DN, Sinha R, Kabak S, Russo C: Clonal populations of T cells in
normal elderly humans: the T cell equivalent to “benign monoclonal
gammapathy”. J Exp Med 1994, 179:609–618.
10. Ahmed M, Lanzer KG, Yager EJ, Adams PS, Johnson LL, Blackman MA:
Clonal expansions and loss of receptor diversity in the naive CD8 T cell
repertoire of aged mice. J Immunol 2009, 182:784–792.
11. Yager EJ, Ahmed M, Lanzer K, Randall TD, Woodland DL, Blackman MA:
Age-associated decline in T cell repertoire diversity leads to holes in the
repertoire and impaired immunity to influenza virus. J Exp Med 2008,
205:711–723.
12. Goronzy JJ, Lee WW, Weyand CM: Aging and T-cell diversity. Exp Gerontol
2007, 42:400–406.
13. Cicin-Sain L, Messaoudi I, Park B, Currier N, Planer S, Fischer M, Tackitt S,
Nikolich-Zugich D, Legasse A, Axthelm MK, Picker LJ, Mori M, NikolichZugich J: Dramatic increase in naive T cell turnover is linked to loss of
naive T cells from old primates. Proc Natl Acad Sci U S A 2007,
104:19960–19965.
14. Cicin-Sain L, Smyk-Pearson S, Currier N, Byrd L, Koudelka C, Robinson T,
Swarbrick G, Tackitt S, Legasse A, Fischer M, Nikolich-Zugich D, Park B,
Hobbs T, Doane CJ, Mori M, Axthelm MK, Lewinsohn DA, Nikolich-Zugich J:
Loss of naive T cells and repertoire constriction predict poor response to
vaccination in old primates. J Immunol 2010, 184:6739–6745.
15. Rudd BD, Venturi V, Davenport MP, Nikolich-Zugich J: Evolution of the
antigen-specific CD8+ TCR repertoire across the life span: evidence for
clonal homogenization of the old TCR repertoire. J Immunol 2011,
186:2056–2064.
16. Smithey MJ, Li G, Venturi V, Davenport MP, Nikolich-Zugich J: Lifelong
persistent viral infection alters the naive T cell pool, impairing CD8 T cell
immunity in late life. J Immunol 2012, 189:5356–5366.
17. Decman V, Laidlaw BJ, Doering TA, Leng J, Ertl HC, Goldstein DR, Wherry EJ:
Defective CD8 T cell responses in aged mice are due to quantitative and
qualitative changes in virus-specific precursors. J Immunol 2012,
188:1933–1941.
18. Murasko DM, Jiang J: Response of aged mice to primary virus infections.
Immunol Rev 2005, 205:285–296.
19. Po JL, Gardner EM, Anaraki F, Katsikis PD, Murasko DM: Age-associated
decrease in virus-specific CD8+ T lymphocytes during primary influenza
infection. Mech Ageing Dev 2002, 123:1167–1181.
20. Toapanta FR, Ross TM: Impaired immune responses in the lungs of aged
mice following influenza infection. Respir Res 2009, 10:112.
21. Valkenburg SA, Venturi V, Dang TH, Bird NL, Doherty PC, Turner SJ,
Davenport MP, Kedzierska K: Early priming minimizes the age-related
immune compromise of CD8(+) T cell diversity and function. PLoS Pathog
2012, 8:e1002544.

Lanzer et al. Immunity & Ageing 2014, 11:9
http://www.immunityageing.com/content/11/1/9

22. Crowe SR, Miller SC, Brown DM, Adams PS, Dutton RW, Harmsen AG, Lund
FE, Randall TD, Swain SL, Woodland DL: Uneven distribution of MHC class
II epitopes within the influenza virus. Vaccine 2006, 24:457–467.
23. Crowe SR, Miller SC, Woodland DL: Identification of protective and
non-protective T cell epitopes in influenza. Vaccine 2006, 24:452–456.
24. NIH tetramer core. http://tetramer.yerkes.emory.edu.
25. Effros RB, Walford RL: Diminished T-cell response to influenza virus in
aged mice. Immunology 1983, 49:387–392.
26. Bender BS, Johnson MP, Small PA: Influenza in senescent mice: impaired
cytotoxic T-lymphocyte activity is correlated with prolonged infection.
Immunology 1991, 72:514–519.
27. Sun J, Braciale TJ: Role of T cell immunity in recovery from influenza virus
infection. Current Opin Virol 2013, 3:425–429.
28. Brooks DG, Teyton L, Oldstone MB, McGavern DB: Intrinsic functional
dysregulation of CD4 T cells occurs rapidly following persistent viral
infection. J Virol 2005, 79:10514–10527.
29. Darrah PA, Patel DT, De Luca PM, Lindsay RW, Davey DF, Flynn BJ, Hoff ST,
Andersen P, Reed SG, Morris SL, Roederer M, Seder RA: Multifunctional TH1
cells define a correlate of vaccine-mediated protection against
Leishmania major. Nat Med 2007, 13:843–850.
30. Kang I, Hong MS, Nolasco H, Park SH, Dan JM, Choi JY, Craft J: Age-associated
change in the frequency of memory CD4+ T cells impairs long term CD4+
T cell responses to influenza vaccine. J Immunol 2004, 173:673–681.
31. Mahnke YD, Saqr A, Hazenfeld S, Brady RC, Roederer M, Subbramanian RA:
Age-related changes in durability and function of vaccine-elicited
influenza-specific CD4(+) T-cell responses. Vaccine 2011, 29:8606–8614.
32. Haynes L, Linton PJ, Eaton SM, Tonkonogy SL, Swain SL: Interleukin 2, but
not other common gamma chain-binding cytokines, can reverse the
defect in generation of CD4 effector T cells from naive T cells of aged
mice. J Exp Med 1999, 190:1013–1024.
33. Haynes L, Lefebvre JS: Age-related Deficiencies in Antigen-Specific CD4 T cell
Responses: Lessons from Mouse Models. Aging and dis 2011, 2:374–381.
34. Brown DM, Lee S, Garcia-Hernandez Mde L, Swain SL: Multifunctional CD4
cells expressing gamma interferon and perforin mediate protection
against lethal influenza virus infection. J Virol 2012, 86:6792–6803.
35. Turner SJ, Olivas E, Gutierrez A, Diaz G, Doherty PC: Disregulated influenza
A virus-specific CD8+ T cell homeostasis in the absence of IFN-gamma
signaling. J Immunol 2007, 178:7616–7622.
36. Sidman CL, Luther EA, Marshall JD, Nguyen KA, Roopenian DC, Worthen SM:
Increased expression of major histocompatibility complex antigens on
lymphocytes from aged mice. Proc Natl Acad Sci U S A 1987, 84:7624–7628.
37. Utsuyama M, Hirokawa K: Hypertrophy of the thymus and restoration of
immune functions in mice and rats by gonadectomy. Mech Ageing Dev
1989, 47:175–185.
38. De Paoli P, Battistin S, Santini GF: Age-related changes in human lymphocyte
subsets: progressive reduction of the CD4 CD45R (suppressor inducer)
population. Clin Immunol Immunopathol 1988, 48:290–296.
39. Linton PJ, Dorshkind K: Age-related changes in lymphocyte development
and function. Nat Immunol 2004, 5:133–139.
40. Chakravarti B, Abraham GN: Aging and T-cell-mediated immunity.
Mech Age Dev 1999, 108:183–206.
41. Budd RC, Cerottini JC, Horvath C, Bron C, Pedrazzini T, Howe RC, MacDonald
HR: Distinction of virgin and memory T lymphocytes. Stable acquisition
of the Pgp-1 glycoprotein concomitant with antigenic stimulation.
J Immunol 1987, 138:3120–3129.
42. Kovaiou RD, Grubeck-Loebenstein B: Age-associated changes within
CD4+ T cells. Immunol Ltrs 2006, 107:8–14.
43. McElhaney JE, Effros RB: Immunosenescence: what does it mean to health
outcomes in older adults? Curr Opin Immunol 2009, 21:418–424.
44. Messaoudi I, Warner J, Nikolich-Zugich D, Fischer M, Nikolich-Zugich J:
Molecular, cellular, and antigen requirements for development of
age-associated T cell clonal expansions in vivo. J Immunol 2006,
176:301–308.
45. Messaoudi I, Lemaoult J, Guevara-Patino JA, Metzner BM, Nikolich-Zugich J:
Age-related CD8 T cell clonal expansions constrict CD8 T cell repertoire
and have the potential to impair immune defense. J Exp Med 2004,
200:1347–1358.
46. Fagnoni FF, Vescovini R, Passeri G, Bologna G, Pedrazzoni M, Lavagetto G,
Casti A, Franceschi C, Passeri M, Sansoni P: Shortage of circulating naive
CD8(+) T cells provides new insights on immunodeficiency in aging.
Blood 2000, 95:2860–2868.

Page 10 of 10

47. Kilpatrick RD, Rickabaugh T, Hultin LE, Hultin P, Hausner MA, Detels R,
Phair J, Jamieson BD: Homeostasis of the naive CD4+ T cell compartment
during aging. J Immunol 2008, 180:1499–1507.
48. Schwab R, Szabo P, Manavalan JS, Weksler ME, Posnett DN, Pannetier C,
Kourilsky P, Even J: Expanded CD4+ and CD8+ T cell clones in elderly
humans. J Immunol 1997, 158:4493–4499.
49. Wack A, Cossarizza A, Heltai S, Barbieri D, D’Addato S, Fransceschi C,
Dellabona P, Casorati G: Age-related modifications of the human
alphabeta T cell repertoire due to different clonal expansions in the
CD4+ and CD8+ subsets. Int Immunol 1998, 10:1281–1288.
50. Naylor K, Li G, Vallejo AN, Lee WW, Koetz K, Bryl E, Witkowski J, Fulbright J,
Weyand CM, Goronzy JJ: The influence of age on T cell generation and
TCR diversity. J Immunol 2005, 174:7446–7452.
51. Comparison of life history phases of mice with humans. http://research.
jax.org/faculty/harrison/ger1vLifespan1.html#VD, refer to figure V.3.
52. Appay V, Sauce D, Prelog M: The role of the thymus in
immunosenescence: lessons from the study of thymectomized
individuals. Aging 2010, 2:78–81.
53. Dutartre P, Pascal M: Thymectomy at weaning. An accelerated aging
model for the mouse immune system. Mech Ag Dev 1991, 59:275–289.
54. Johnson PL, Yates AJ, Goronzy JJ, Antia R: Peripheral selection rather than
thymic involution explains sudden contraction in naive CD4 T-cell
diversity with age. Proc Nat Acad Sci USA 2012, 109:21432–21437.
55. Bourgeois C, Hao Z, Rajewsky K, Potocnik AJ, Stockinger B: Ablation of
thymic export causes accelerated decay of naive CD4 T cells in the
periphery because of activation by environmental antigen. Proc Nat Acad
Sci USA 2008, 105:8691–8696.
56. den Braber I, Mugwagwa T, Vrisekoop N, Westera L, Mogling R, de Boer AB,
Willems N, Schrijver EH, Spierenburg G, Gaiser K, Mul E, Otto SA, Ruiter AF,
Ackermans MT, Miedema F, Borghans JA, de Boer RJ, Tesselaar K:
Maintenance of peripheral naive T cells is sustained by thymus output in
mice but not humans. Immunity 2012, 36:288–297.
57. Sempowski GD, Gooding ME, Liao HX, Le PT, Haynes BF: T cell receptor
excision circle assessment of thymopoiesis in aging mice. Mol Immunol
2002, 38:841–848.
58. Hale JS, Boursalian TE, Turk GL, Fink PJ: Thymic output in aged mice.
Proc Natl Acad Sci U S A 2006, 103:8447–8452.
59. Wilkinson TM, Li CK, Chui CS, Huang AK, Perkins M, Liebner JC, LambkinWilliams R, Gilbert A, Oxford J, Nicholas B, Staples KJ, Dong T, Douek DC,
McMichael AJ, Xu XN: Preexisting influenza-specific CD4+ T cells correlate
with disease protection against influenza challenge in humans. Nat Med
2012, 18:274–280.
60. Hou S, Doherty PC, Zijlstra M, Jaenisch R, Katz JM: Delayed clearance of
Sendai virus in mice lacking class I MHC- restricted CD8+ T cells.
J Immunol 1992, 149:1319–1325.
61. Hikono H, Kohlmeier JE, Takamura S, Wittmer ST, Roberts AD, Woodland DL:
Activation phenotype, rather than central- or effector-memory
phenotype, predicts the recall efficacy of memory CD8+ T cells. J Exp
Med 2007, 204:1625–1636.
62. Ely KH, Roberts AD, Kohlmeier JE, Blackman MA, Woodland DL: Aging and
CD8+ T cell immunity to respiratory virus infections. Exp Gerontol 2007,
42:427–431.
doi:10.1186/1742-4933-11-9
Cite this article as: Lanzer et al.: Impact of ageing on the response and
repertoire of influenza virus-specific CD4 T cells. Immunity & Ageing
2014 11:9.

