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Abstract
Aging is associated with altered immune responses, particularly with a diminished CD8 T cell
response. Although both intrinsic and extrinsic factors are hypothesized to impact this decreased T
cell response, the direct evidence of an intrinsic deficiency in virus-specific CD8 T cells is limited.
In this study, a TCR transgenic (Tg) P14 mouse model was utilized to compare the activation and
proliferation of the Tg CD8 T cells of young and aged P14 mice upon stimulation with antigen or
infection with virus. The proliferation of purified Tg CD8 T cells of aged mice was significantly
lower than that of young mice when cultured in vitro with both the LCMV specific peptide and
antigen presenting cells from young wild type mice. In addition, expression of the activation
markers, CD69, CD25, and CD44, was delayed on Tg T cells of aged mice after stimulation.
Importantly, while adoptive transfer of purified Tg CD8 T cells of young or aged mice into young
wild type mice resulted in expansion of the Tg CD8 T cells of both ages after LCMV infection, the
expansion of the Tg T cells from aged mice was significantly decreased compared with that of the
Tg T cells from young mice. However, while the number of IFN-γ secreting Tg CD8 T cells from
aged mice was significantly decreased compared to that of young mice, the percentages of Tg
CD8 T cells producing IFN-γ was similar in young and aged mice, demonstrating that
proliferation, but not function, of the Tg CD8 T cells of aged mice was impaired. Importantly,
chronological age alone was not sufficient to predict an altered proliferative response; rather,
expression of high levels of CD44 on CD8 T cells of aged mice reflected a decreased proliferative
response. These results reveal that alterations intrinsic to CD8 T cells can contribute to the age-
associated defects in the primary CD8 T cell response during viral infection.
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1. Introduction
Aging is associated with decreased immune responses to virus infections, especially in the T
cell response (Brien et al., 2009; Gardner and Murasko, 2002; Jiang et al., 2009; Kapasi et
al., 2002; Po et al., 2002). CD8 T cells play a critical role in eliminating virus infections by
killing infected cells (Lin and Askonas, 1981; Lukacher et al., 1984). Significantly impaired
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CD8 T cell responses are observed with aging in both humans and animals (Brien et al.,
2009; Douziech et al., 2002; Smithey et al., 2011). Although recent studies demonstrate that
both intrinsic and environmental factors can influence the decreased CD8 T cell response
with aging (Decman et al., 2010; Decman et al., 2012; Jiang et al., 2009; Jiang et al., 2010;
Yager et al., 2008), the exact mechanisms of these alterations are still not fully understood.

While several possible environmental factors have been reported to influence the altered
CD8 T cell response to virus infection with aging, including dendritic cells (Gigley and
Khan, 2011; Jiang et al., 2010; Wong et al., 2010) and Treg cells (Jiang et al., 2011; Lages et
al., 2008; Nishioka et al., 2006), it has been demonstrated that intrinsic factors can also play
an important role in the decreased T cell response with aging (Hertogh-Huijbregts et al.,
1990; Linton et al., 2005; Sadighi Akha and Miller, 2005). For example, stimulation of
purified CD8 T cells from young or aged mice with anti-CD3 antibody in the presence of
young syngeneic splenocytes resulted in decreased proliferation of the CD8 T cells from
aged mice (Hertogh-Huijbregts et al., 1990). The decreased response in the in vitro
experimental settings may be due to an alteration of early activation with aging (Jiang et al.,
2007). A recent study (Decman et al., 2010) has demonstrated that cell-intrinsic defects with
aging can also affect the memory CD8 T cell function. These investigators found that when
equal numbers of flu NP366-374-specific memory CD8 T cells from either young or aged
mice were transferred into congenic young mice, the specific memory CD8 T cells from
aged mice did not expand as well as those from young mice after infection with vaccinia
virus- NP366-374, demonstrating that intrinsic defects in memory CD8 T cells of aged mice
may impair their ability to mount vigorous recall responses during secondary flu infection
(Decman et al., 2010). They further demonstrated that qualitative changes in virus specific
precursors can lead to a defective CD8 T cell response with aging (Decman et al., 2012).

Since the frequency of specific CD8 T cells is very low in both young and aged wild type
(wt) naïve mice, it has been difficult to directly examine whether there is an intrinsic defect
in the primary CD8 T cell response. Recently, investigation of specific T cell immune
responses has been made easier by the generation of CD8 TCR transgenic (Tg) mice in
which the majority of CD8 T cells have receptors that recognize one specific epitope.
However since aged Tg mice are not commercially available, it is difficult to perform
studies to directly examine intrinsic defects in naïve Tg CD8 T cells with aging. In one
study, Li et al (Li et al., 2002) found that after stimulation with specific antigen in vitro, the
naive CD8+ cells from aged TCR Tg mice (2C mice, 17 month old) expressed activation
markers, proliferated, produced IL-2, and differentiated into cytotoxic T cells as effectively
as those from the young Tg mice, indicating no intrinsic defect in specific CD8 T cells with
aging. It is unknown, however, if the difference between this study and that of Decman et al
(2010) reflects differences due to a wild-type vs a transgenic model, to the assessment
method: in vivo vs in vitro, or to the use of memory vs naïve CD8 T cells.

In this study, we addressed the discrepancy in these reports by utilizing aged TCR Tg P14
mice to investigate whether cell-intrinsic defects are involved in the decreased primary CD8
T cell response in vitro and in vivo. After stimulation in vitro with the specific CD8 T cell
epitope of LCMV in the presence of APCs of young wt mice, both the activation and
proliferation of the purified Tg CD8 T cells from aged P14 mice were significantly impaired
compared with those of CD8 T cells from young P14 mice. Importantly, while LCMV
infection led to expansion of adoptively transferred Tg CD8 T cells from young and aged
P14 mice in young recipient mice, the expansion was significantly less in the T cells from
aged mice compared to those from young mice. These results clearly demonstrate that cell-
intrinsic alterations can contribute to the age-associated defects in primary CD8 T cell
response to antigens or viral infection.
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2. Materials and Methods
2.1. Mice and lymphocytic choriomeningitis virus (LCMV)

Six to eight week old wt Thy1.1+ C57BL/6 (B6, H-2b) mice were purchased from The
Jackson laboratory (Bar Harbor, ME). Six to eight week old P14 (LCMV GP33-41 TCR-Tg,
Thy1.2+) mice (Brandle et al., 1991) were obtained from Taconic Farms (Hudson, NY), with
some being aged to 21–22 months in the animal facilities at Drexel University (Philadelphia,
PA). All experiments were conducted with the approval of the Institutional Animal Care and
Use Committee (IACUC) at Drexel University. All mice were maintained in AAALAC-
approved barrier facilities. Mice were allowed to acclimate for at least one week in the
animal facilities prior to use, and mice exhibiting enlarged spleens or tumors were
eliminated from this study. LCMV Armstrong was propagated in vitro and the titers were
determined by plaque assay as described previously (Ahmed et al., 1984).

2.2. Cell isolation and purification
Mice were sacrificed by CO2 asphyxiation followed by cervical dislocation, and spleens
were aseptically removed. Lymphocytes were isolated using 0.83% ammonium chloride.
Mononuclear cells were resuspended in RPMI-1640 containing 10% FBS, L-glutamine, 2-β-
mercaptoethanol (Sigma-Aldrich), and gentamicin (EL4-media), and aliquots were
evaluated by surface and intracellular cytokine staining. Purification of Tg CD8 T cells of
young or aged P14 mice was performed by MACS using CD8a microbeads (Miltenyi
Biotec, Bergisch Gladbach, Germany). The phenotype of the cells was determined by flow
cytometry before and after purification.

2.3. Priming of specific CD8 T cells in vitro
Splenocytes were isolated from young or aged P14 mice and labeled with 5 μM CFSE
(Molecular Probes, Eugene, OR) in PBS, and quenched with 100% FBS. Cells were then
washed with RPMI 1640/10% FBS and resuspended in PBS. 1×105 purified CFSE labeled-
TCR-Tg CD8 T cells (Thy1.2+) were cultured with 1μM GP33-41 peptide and 5×105

splenocytes of young B6 mice (Thy1.1+) in RPMI-1640 media (containing 10% FBS, L-
glutamine, 2-β-mercaptoethanol, and gentamycin) in U-bottom 96-well plates. Four to 72 h
after incubation with or without GP33-41 peptide at 37°C, the cells were harvested and
stained with antibodies to examine the activation and proliferation of the Tg CD8 T cells by
flow cytometry.

2.4. Adoptive transfer of Tg CD8 T cells of P14 mice and LCMV infection
1×105 purified TCR-Tg CD8 T cells of young or aged P14 mice (Thy1.2+) were adoptively
transferred intravenously (i.v.) into young wt B6 mice (Thy1.1+) via tail vein. Six hours
after transfer, the recipients were infected i.v. with 5×104 PFU of LCMV Armstrong strain
(Jiang et al., 2003) in 200 μl of sterile saline. The infected mice were sacrificed at Day 7
after infection, and the specific CD8 T cell response to LCMV was examined.

2.5. Flow cytometry
Cells of in vitro experiments and splenocytes isolated from infected mice were stained for
surface markers with GP33-41 (KAVYNFATC) tetramer and fluorochrome-conjugated
mAbs: Anti-CD8, CD44, CD25, CD69, Thy1.1, and Thy1.2 Abs purchased from BD
PharMingen (San Diego, CA). Intracellular IFN-γ staining was performed using anti-IFN-γ
mAb (BD PharMingen) with the Cytofix/Cytoperm kit (BD Pharmingen). In this procedure,
splenocytes were cultured with GP33-41 peptide (SynPep, Dublin, CA) for 4 h in the
presence of GolgiStop. The cells were stained for surface markers, including CD8 and
activation markers, then fixed, permeabilized, and stained for intracellular IFN-γ. Flow
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cytometry was performed with a FACS CanTo (Becton Dickinson, San Jose, CA), and data
was analyzed with FlowJo software (Tree Star, Inc., San Carlos, CA).

2.6. Statistical analysis
Statistical analyses were performed using Student’s t-test. Significant differences were
determined at the level of p < 0.05. Results are expressed as mean ± SD.

3. Results
3.1. Characterization of phenotypic changes of CD8 T cells of aged P14 mice

To examine the cell-intrinsic defects of specific CD8 T cells with aging, P14 mice were
aged to 21–22 month old in our animal facilities. Before examination of the response of the
Tg CD8 T cells to antigen in vitro and viral infection in vivo, the phenotype of the splenic
Tg CD8 T cells of young and aged P14 mice was characterized. As shown in Fig. 1A, while
the percentage of CD8 T cells (GP33-41 tetramer+/CD8+) in the lymphocyte population was
significantly decreased in aged compared to young P14 mice (Young vs aged: 21.7% ± 4.8
vs 13.3% ± 6.1, p = 0.04), after purification with MACS, the purity of Tg CD8 T cells was
similar between young and aged P14 mice (Young vs aged: 89.6% ± 2.1 vs 84.7% ± 1.7, p =
0.08). Interestingly, the CD8 T cells of all of the aged mice exhibited substantially increased
expression of CD44, as has been reported for wild type mice (Kapasi et al., 2002; Linton et
al., 2005): more CD8 T cells from aged P14 mice expressed CD44 (Fig. 1B & C, Young vs
aged: 10.5% ± 1.3 vs 59.1% ± 8.1, p = 0.0001), and at higher levels as indicated as mean
fluorescence intensity (MFI) (Fig. 1D, Young vs aged: MFI: 108 ± 31 vs 472 ± 171, p =
0.038). The level of CD44 on Tg CD8 T cells did not change after purification of CD8 T
cells with MACS (Fig. 1B). Similar levels of CD25 and CD69 on CD8 T cells of both age
groups were observed (data not shown). These results clearly demonstrate that the
phenotype of CD8 T cells from aged Tg P14 mice is different than that of young Tg P14
mice.

Intrinsic defects in Tg CD8 T cells of aged P14 mice lead to decreased
proliferation in vitro—Since Li et al (2002) did not observe a decreased response of CD8
T cells from aged 2C TCR Tg mice in vitro, we first wanted to establish whether or not CD8
T cells of aged P14 TCR Tg mice demonstrated a decreased in vitro response to their
specific epitope. In order to investigate if a diminished response can be attributed directly to
the CD8 T cells of the aged mice, CD8 T cells were isolated from the aged and young Tg
TCR P14 mice and co-cultured with splenocytes from young wild type mice which would
supply antigen presentation and other environmental assistance. Tg CD8 T cells were
purified from spleens of young or aged P14 mice, labeled with CFSE, and then stimulated in
vitro with GP33-41 peptide in the presence of splenocytes of wt young mice. Cells
proliferating in response to the specific antigen would lose 50% of their CFSE fluorescent
intensity following each round of division as the cell divides into two daughter cells. Fig. 2A
shows the proliferation data from a representative experiment; combination of the data
obtained from separate experiments of 5 aged P14 mice indicated no difference of
proliferation between young and aged Tg CD8 T cells on Day 1 after stimulation (Young vs
aged: 16% ± 0.13 vs 13% ± 0.07, p = 0.44), however, significant differences were found on
Days 2 and 3 (Young vs aged: Day 2: 72% ± 0.10 vs 41% ± 0.08, p = 0.03; Day 3: 83% ±
0.06 vs 50% ± 0.10, p = 0.008) (Fig. 2B). It is important to note that CD8 T cells of all five
aged P14 mice demonstrated a significant decrease in proliferation in response to
stimulation in vitro with peptide. These in vitro results demonstrate that intrinsic defects in
specific CD8 T cells occur with aging and result in impaired proliferation of the Tg CD8 T
cells of aged P14 mice.
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3.2. Alteration of early activation of the Tg CD8 T cells of aged P14 mice after in vitro
stimulation with specific peptide

To determine if differences in activation of specific CD8 T cells are observable between
young and aged Tg mice after stimulation with GP33-41 peptide in the presence of APCs
from young mice, three activation markers, CD69, CD25, and CD44, were examined at 4 h,
and Days 1, 2, and 3 after in vitro stimulation with GP33-41 peptide (Fig. 3A). CD69 and
CD25 showed similar trends in activation: Basal levels were comparable between young and
aged, and increased similarly at 4 h. A difference was observed on Day 1, with a greater
increase in both CD69 and CD25 expression by CD8 T cells of young compared to aged
mice. At Day 2, CD25 expression on CD8 T cells from young mice remained higher than on
CD8 T cells of aged mice, but CD69 expression was similar between ages. By Day 3, no
age-related differences were seen for either activation marker. The third activation marker,
CD44, showed a different pattern: While CD8 T cells of the aged mice demonstrated higher
basal levels of CD44, stimulation did not cause an increase in expression at 4 hr on CD8 T
cells of either young or aged mice. By Day 1 expression levels were similar in young and
aged. However, since basal levels of CD44 were much higher on cells from aged mice, the
actual change in the expression level due to stimulation was higher on the cells from young
mice. CD44 expression on CD8 T cells of both young and aged mice increased further on
Day 2, and decreased on Day 3. The increase in CD44 expression as determined by both
mean fluorescence intensity (MFI) and percent increase were significantly higher on CD8 T
cells from young compared to aged mice (Fig. 3B). These results demonstrate that activation
of Tg CD8 T cells of aged mice is altered upon antigen stimulation in vitro, which may
contribute to the decreased proliferation of CD8 T cells with aging.

3.3. Limited expansion of the transferred Tg CD8 T cells of aged P14 mice in young
recipient mice after LCMV infection

The next question was whether or not the CD8 T cells of aged TCR Tg P14 mice
demonstrated a decreased expansion in vivo. An equal number (1×105) of purified Tg CD8
T cells from naïve young or aged P14 mice (Thy1.2+) were adoptively transferred into three
to five young B6 mice (Thy1.1+). Recipient mice were infected i.v. with LCMV 6 h post
transfer. On Day 7 after LCMV infection, the expansion of the Tg CD8 T cells of aged P14
mice was significantly decreased in the spleens of the young recipient mice compared to that
of the Tg CD8 T cells of young P14 mice. As shown in Fig. 4A, 3.2% of the splenocytes of
the recipient mice were Tg TCR CD8 T cells when young P14 cells were transferred, while
1.3% were TCR Tg CD8 T cells when aged P14 cells were transferred (p = 0.007). The
absolute number of the Tg CD8 T cells in spleens was also significantly lower when Tg T
cells from aged P14 mice were transferred (young vs aged: 21.4× 105 ± 3.8 × 105 vs 6.6 ×
105 ± 0.6× 105, p = 0.03). Tg CD8 T cells of neither young nor aged mice could be detected
by flow cytometry in spleens of uninfected recipients (data not shown). The pooled data
obtained from 4 experiments with 4 aged P14 mice (Fig. 4B & C) further demonstrated that
both the percentage and absolute number of expanded Tg CD8 T cells from aged P14 mice
were significantly decreased (Young vs aged: percentage of splenocytes: 3.35% ± 1.1 vs
1.66% ± 0.8, p = 0.011; absolute number: 3.2×106 ± 1.4 vs ± 1.2×106 ± 0.7, p = 0.03) on
Day 7 post LCMV infection.

The IFN-γ producing function of Tg CD8 T cells from aged P14 mice was examined on
Day 7 after LCMV infection. As shown in Fig. 5A, 4 h after ex vivo stimulation with
GP33-41 peptide, IFN-γ secreting Tg CD8 T cells (Thy1.2+) from aged mice were
significantly decreased in spleens (young vs aged: 2.6% ± 0.3% vs 1.1% ± 0.0%, p = 0.01).
The pooled data obtained from the 4 experiments with 4 aged P14 mice (Fig. 5B & C)
demonstrated that similar to the expansion of Tg CD8 T cells in the young recipients, the
percentage and absolute number of IFN-γ secreting Tg CD8 T cells from aged P14 mice
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were significantly decreased (Young vs aged: percentage of splenocytes: 2.8% ± 0.69 vs
1.4% ± 0.38, p = 0.006; absolute number: 2.1×106 ± 0.76 vs 0.9×106 ± 0.39, p = 0.016).
Interestingly, as shown in Fig. 5D, similar percentages of Tg T cells generating IFN-γ were
observed in young and aged P14 mice (Young vs aged: 73.8% ± 3.2 vs 77.5% ± 3.0, p =
0.09), indicating that the IFN-γ-producing function of the expanded Tg T cells of aged mice
is intact. Thus, these in vivo studies demonstrate that cell-intrinsic defects with aging can
contribute to the impaired expansion of specific CD8 T cells in response to virus infection.

3.4. Assessment of Tg CD8 T cells with low CD44 expression of “aged” P14 mice
Since Li et al (2002) reported that the proliferation of CD8 T cells of 17 month old Tg 2C
mice with similar level of CD44 expression of young 2C mice (2 month) was not impaired
with aging, we further examined this issue using 16–18 month old P14 mice. As shown in
Table 1, naïve P14 mice of the 4 young (6–8 month) and 16–18 month age groups exhibited
similar levels of CD44 expression on Tg CD8 T cells as determined by both percentages of
CD44hi CD8 T cells and MFI of CD44. This was in contrast to the remarkably increased
expression of CD44 on Tg CD8 T cells of 21–22 month old P14 mice. When purified Tg
CD8 T cells from spleens of the 16–18 month old mice were stimulated with GP33-41 in the
presence of splenocytes of young wt mice, similar proliferation of the Tg CD8 T cells based
on CFSE intensity was observed in the young and 16–18 month old groups on Day 2 post-
stimulation. Further, when equal numbers of purified Tg CD8 T cells were adoptively
transferred into young wt mice, expansion was comparable between the 6–8 month and 16–
18 month old donor Tg cells in the spleens of young recipient mice 7 days after LCMV
infection. These results suggest that the CD44 molecule may be a key marker to identify
aged CD8 T cells in mice.

4. Discussion
Intrinsic factors have been demonstrated to play an important role in the decreased T cell
response with aging (Decman et al., 2010; Linton et al., 2005; Sadighi Akha and Miller,
2005). After treatment with a non-specific stimulator, anti-CD3 antibody (Hertogh-
Huijbregts et al., 1990), the proliferation is significantly decreased in CD8 T cells from aged
wt mice compared to those of young mice. In a previous study (Jiang et al., 2007), we
utilized ConA to examine whether the decreased proliferation was due to fewer numbers of
T cells from aged mice initiating proliferation or whether similar numbers of T cells of aged
mice begin proliferation, but undergo fewer rounds of division. We also compared the
expression of activation markers (CD25, CD69, CD44, and CD62L) on T cells between
young and aged mice at each round of proliferation. It was demonstrated that a larger
percentage of CD8 T cells of aged mice do not proliferate at all upon stimulation, and of the
CD8 T cells of aged mice that do proliferate, a larger percentage start proliferation later and
stop sooner. The kinetics of the expression of these activation markers differed significantly
between CD8 T cells of young and aged mice both as reflected in the entire CD8 population
and on the CD8 T cells in each round of replication. Recently, Decman et al (2010) have
further demonstrated that cell intrinsic defects can affect the memory CD8 T cell function.
They found that when equal numbers of NP366-374-specific memory CD8 T cells from both
young and aged mice were transferred into congenic young mice prior to vaccinia virus
(VV)-NP366-374 infection, the specific memory CD8 T cells from aged mice did not expand
as much as those from young mice upon infection, demonstrating that intrinsic defects in
memory CD8 T cells of aged mice may, at least partially, impair their ability to generate
vigorous recall responses during secondary virus infection.

Since the frequency of specific CD8 T cells is very low in both young and aged wt naïve
mice, it is difficult to directly examine the intrinsic defect in the specific CD8 T cell
response. Recently, investigation of specific T cell immune responses has been made easier
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by the development of CD8 TCR Tg mice in which the majority of CD8 T cells have
receptors that recognize one specific epitope. However, since aged mice with TCR Tg CD8
T cells are not readily available, the number of studies that directly address the intrinsic
defects in naïve specific CD8 T cells with aging is limited. Li et al (2002) utilized naive
CD8+ cells from 17 month old 2C TCR Tg mice and found the TCR Tg T cells of these mice
expressed activation markers, proliferated, produced IL-2, and differentiated into cytotoxic
T cells as effectively as young 2C mice upon stimulation in vitro, in contrast to the results of
Decman et al (2010). No adoptive transfer experiment was performed to examine the ability
of the specific T cells of the aged Tg mice to expand in response to virus infection. We
questioned whether the apparent discrepancy between these two studies was due to the fact
that Decman et al (2010) used naturally exposed wt CD8 T cells and Li et al used Tg CD8 T
cells (2002). Since the CD8 T cells of the Tg animal do not encounter their specific antigen
during their life, it is possible that the Tg TCR T cells do not age. However, data from
pristinely maintained mice indicate that without any apparent exposure to antigens,
expression of CD44 does increase on T cells (Haluszczak et al., 2009; Huang et al., 2005),
suggesting that increased expression of CD44 on T cells could occur due to the process of
aging. The question became: is the “young” response of the 2C transgenic mice the only
possible response of aged TCR Tg mice?

We, therefore, aged TCR Tg P14 mice to 21–22 month old and investigated in vitro and in
vivo whether cell-intrinsic defects are involved in the decreased CD8 T cell response to
antigen and to viral infection. We found that using isolated aged Tg T cells with young
splenocytes in vitro or adoptively transferred to young mice prior to infection resulted in
significantly reduced expansion of the aged Tg T cells and delayed activation, indicating Tg
T cells can “age”. While the specific epitope recognized by the Tg TCR CD8 T cells of the
two studies was different and could be responsible for the contrasting results, a possible
explanation for the difference is the expression of CD44. The memory phenotype of the Tg
CD8 T cells of the 17 month old 2C mice was similar to that of young adult mice, i.e., no
difference in CD44 expression on CD8 T cells between 2 and 17 month old mice was
observed (Li et al., 2002), while the expression of CD44 by the naïve CD8 T cells from 21–
22 month old P14 mice is significantly higher than that of young P14 mice (Fig. 1). This
difference between the two studies could be due to the difference in age of the Tg mice used
(17 months vs 21 months). Since T cells of wt aged mice have been repeatedly reported to
express high levels of CD44 (Kapasi et al., 2002; Lerner et al., 1989; Linton et al., 2005;
Rottinghaus et al., 2009; Rudd et al., 2011), one could question the “age” of the transgenic
2C CD8 T cells of 17 month old mice. To address this question in the P14 system, we
examined the responses of P14 mice at 16 and 18 months of age. Mice of this younger age
demonstrated proliferation comparable to young (4 month old) mice (Table 1). Importantly,
they also expressed CD44 at levels similar to young mice.

CD44 is a cell adhesion receptor that is upregulated on the surface of CD8 or CD4 T cells
during their responses to antigens. It is also an indicator of the memory phenotype of T cells
in mice (Judge et al., 2002), and has become the most commonly used marker for
distinguishing effector and memory T cells from their naïve counterparts (Mitchell and
Williams, 2010). The percentage of CD8 T cells with the memory phenotype is increased
with age (Clambey et al., 2008; Kapasi et al., 2002; Linton et al., 2005; Naylor et al., 2005;
Woodland and Blackman, 2006; Yager et al., 2008) starting as early as 8–12 month of age
(Decman et al., 2012), presumably reflecting the exposure to antigen over time. CD44-
deficient CD8 T cells exhibit defects in intestinal migration, while all other properties, e.g.,
homing, cytotoxicity, and cytokine production remain fully functional (Mrass et al., 2008).
Recently, Baaten et al found that CD44 can prevent Fas-mediated apoptosis of T cells by
sustaining the immune response. However, this effect was only observed in Th1 CD4 T
cells, but not in CD8 T cells or other subsets of CD4 T cells (Baaten et al., 2010). Since
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more CD8 T cells of aged mice express high levels of CD44 and a decreased response to
antigen stimulation both in vitro and in vivo, CD44 may be a negative factor for T cell
activation.

Recently, Decman et al (Decman et al., 2012) reported that defective CD8 T cell responses
in aged mice result from quantitative and qualitative alterations in virus-specific precursors.
They purified CD44hi and CD44low CD8 T cells from young and aged P14 Tg mice, and
adoptively transferred the cells into young recipient mice. After infection with LCMV, they
found that the expansion of CD44hi CD8 T cells is more limited than expansion of CD44low

CD8 T cells in each age group. Interestingly, while the CD44low of aged mice incorporated
BrdU similarly to CD44low of young, their expansion as determined by number was
significantly less than CD44low of young. This suggested that while CD44 expression is a
marker of the ability of CD8 T cells to respond to antigenic challenge, it is not the only
factor since expansion of CD44low CD8 T cells differs between the age groups.

Our study adds an important component to this discussion: CD8 T cells exist as a composite
within the body with subpopulations having the potential to impact each other. Our
assessment of unseparated CD8 T cells demonstrates that the proportion of CD44hi cells is a
good indicator of expansion of CD8 T cells in aged mice who exhibit considerable variation
(Table 1). Since many investigators use chronological age as the criteria for selection of
mice, our study illustrates that due to the individual variation of mice, CD44hi may be useful
in identifying physiologically aged mice. In addition, many investigators use in vitro rather
than in vivo assessments to examine mechanisms of aging. In this study, we demonstrate
that antigen presentation by APC of young mice cannot correct the deficit in proliferation of
CD8 T cells of aged mice either in vitro or in vivo. The inclusion of both in vivo and in vitro
data from the same mice allows application of our findings to a wider range of studies.

Although we cannot determine what caused the phenotypic transition from low to high
expression of CD44 on the TCR Tg CD8 T cells that had not been exposed to their cognate
epitope, increased expression of CD44 appears to be a key marker of “aged” CD8 T cells.
Such analysis with memory markers, e.g. CD45, in human studies may help to classify
individuals as physiologically vs chronologically old, which may decrease the variability
seen in studies based on chronological age and allow more precise identification of
mechanisms of decreased immune responses that occur with age in humans.

In this study, we did not examine the CD8 T cell response at different time points because of
the shortage of aged Tg mice available. However, Decman et al (Decman et al., 2012)
recently found that this difference in expansion of the P14 Tg CD8 T cells in blood is an
absolute rather than a delayed response, based on the kinetics of Tg T cell expansion after
LCMV infection. Interestingly, our previous study (Po et al., 2002) reported that the aged-
related CD8 T cell response is both decreased and delayed in wild type mice. One can
question, therefore, if in a transgenic model the decrease is absolute, but in a natural model
of response to multiple epitopes a delay is also possible.

The diminished expansion of adoptively transferred Tg CD8 T cells from aged mice that we
found is unlikely to be due to increased apoptosis. We previously have shown that when
adoptively transferred into young recipients, purified wt CD8 T cells from young and aged
mice show similar survival rates. Further, the CD8 T cells from aged mice are more resistant
to depletion by apoptosis seen early after virus infection (Jiang et al., 2003). Similarly, Hsu
et al (2001) observed that CD8 T cells from aged mice demonstrate decreased activation-
induced cell death compared to CD8 T cells from young mice. Since neither of these studies
directly assessed sensitivity to apoptosis of specific T cells of young and aged mice after
virus infection, further studies need to be conducted to examine whether epitope specific
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CD8 T cells demonstrate differences in apoptosis upon interaction with their cognate
epitope.

In summary, we utilized aged TCR Tg P14 mice to examine both in vitro and in vivo
whether or not intrinsic defects in specific CD8 T cells influence the altered CD8 T cell
immune response that occur with aging. Our studies clearly demonstrate that after
stimulation with the specific CD8 T cell epitope of LCMV, proliferation of the purified Tg
CD8 T cells from aged P14 mice was significantly impaired when cultured with the APCs
from young wt mice, and that there was an alteration in the expression of activation markers.
Further, when purified Tg CD8 T cells of young or aged mice were adoptively transferred
into young wt mice, clonal expansion of Tg CD8 T cells of aged mice after LCMV infection
was substantially decreased compared to expansion of CD8 T cells from young Tg mice,
however the function of the expanded CD8 T cells was comparable to young mice.
Importantly, this altered immune response was only observed with Tg TCR CD8 T cells
from aged mice that demonstrated an increased expression of CD44. These results of both in
vitro and in vivo studies indicate that intrinsic changes can contribute to the age-associated
defects in the primary CD8 T cell response to antigens or viral infection and suggest that
CD44 expression may be an important marker of “aged” T cells. Our study will not only
help to understand the mechanisms of immune defects with aging, but also have important
implications for developing new strategies to improve T cell response to virus infection in
the elderly.
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Highlights

• The proliferation of purified Tg CD8 T cells of aged P14 mice is decreased both
in vitro and in vivo.

• Expression of activation markers is delayed on Tg T cells of aged mice after
stimulation.

• High levels of CD44 on CD8 T cells of aged mice reflects a decreased
proliferative response.
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Fig. 1.
Altered phenotypes of splenic Tg CD8 T cells of aged P14 mice. Splenocytes and purified
CD8 T cells of P14 mice were stained with GP33-41 tetramer, anti-CD8, and CD44
antibodies. (A). Percentage of Tg CD8 T cells from two age groups (2–3 and 21–22 month
old, five P14 mice/group) before and after purification with MACS. Dot plots are gated on
live cells. (B). Expression of activation marker CD44 on the CD8 T cells of young or aged
P14 mice before and after purification. Dot plots are gated on CD8+ cells. Each panel is a
representative experiment. (C). Percentages of CD44hiCD8+ of total CD8 T cells. (D). uy
MFI of CD44 on the purified Tg CD8 T cells of pooled experimental data of five individual
aged and young P14 mice in five experiments
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Fig. 2.
Decreased ability of Tg CD8 T cells of aged P14 mice to proliferate when cultured with
specific antigen in the presence of splenocytes of young mice as APCs. 1 × 105 CFSE-
labeled purified P14 CD8 T cells (Thy1.2+) were cultured with or without GP33-41, and 5 ×
105 splenocytes from Thy1.1+ young B6 mice. (A). A representative experiment of
proliferation of the TCR-Tg CD8 T cells (gated on Thy1.2+CD8+) was examined 4h through
72h after stimulation based on the profile of CFSE intensity. The experiment was performed
with splenocytes of five individual aged and young P14 mice with similar results. (B). After
stimulation with GP33-41, the in vitro proliferation data pooled from 5 independent
experiments.
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Fig. 3.
Alteration of early activation of the Tg CD8 T cells of aged P14 mice after in vitro
stimulation with specific peptide and APCs. (A). Similar to Fig. 2, 1 × 105 CFSE-labeled
purified P14 CD8 T cells (Thy1.2+) were cultured with or without GP33-41, and 5 × 105
splenocytes from Thy1.1+ young B6 mice. At 4h to Day 3 post stimulation with GP33-41
peptide, cells were stained with anti-CD69, CD25, and CD44 antibodies, and were gated on
Thy1.2+CD8+. (B). The fold increases in the percentage of CD8 T cells expressing CD44
and the MFI of CD44 on Tg CD8 T cells was examined in young and aged P14 mice. Data
are representative of 4 independent experiments with similar results.
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Fig. 4.
Diminished expansion of transferred Tg CD8 T cells of aged P14 mice in young recipient
mice after LCMV infection. 1 × 105 purified CD8 T cells from aged or young P14 mice
(Thy1.2+Thy1.1−) were adoptively transferred into 3 to 5 young B6 mice (Thy1.2−Thy1.1+).
Recipient mice were infected i.v. with LCMV 6 h post-transfer. On Day 7 after infection,
splenocytes were harvested and the expansion of Tg CD8 T cells was examined by surface
staining with anti-Thy1.1, -Thy1.2, -CD44, and -CD8 antibodies. (A). A representative
experiment shows the percentages of specific Tg CD8 T cells of splenocytes. Similar results
were obtained in four independent experiments. (B). Percentages of CD44hiThy1.2+ of
splenocytes, and (C) absolute numbers of CD44hiThy1.2+ cells in spleens of 15 mice pooled
from 4 separate experiments. * p < 0.05.
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Fig. 5.
Decreased clonal expansion, but not producing IFN-γ function, of Tg CD8 T cells of aged
P14 mice transferred to young recipient mice challenged with LCMV. Similar to Fig. 4, on
Day 7 after infection, splenocytes were harvested and stimulated ex vivo with GP33-41
peptide for 4 h. IFN-γ production of transferred P14 cells was examined by surface and
intracellular IFN-γ staining, respectively. (A). A representative experiment shows the
percentages specific Tg CD8 T cells of splenocytes secreting IFN-γ. (B). Percentages, (C)
absolute numbers of IFN-γ secreting Tg CD8 T cells in spleens, and (D) percentages of Tg
CD8 T cells that secrete IFN-γ of transferred Tg CD8 T cells of 15 mice pooled from 4
independent experiments. * p < 0.05.
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