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Summary
With increasing age, the ability to produce protective antibodies in response to immunization
declines, resulting in reduced efficacy of vaccination. We have examined how reductions in CD4+

T-cell function contribute to reduced humoral responses, using a model that allows us to compare
identical numbers of antigen-specific naive T cells from young and aged T-cell receptor transgenic
mice. Naive cells from aged mice exhibit reduced responses, both in vitro and in vivo. In vitro,
responses of aged T cells can be enhanced by addition of interleukin (IL)-2. In vivo, using an adoptive
transfer model with young hosts, naive cells from aged mice exhibit significant reductions in cognate
helper function, leading to reduced B-cell expansion and differentiation. These age-related defects
could be overcome by prior in vitro T helper 2 effector generation with aged T cells. This
improvement in cognate function of the aged effectors may be related to the enhancement of CD154
expression, which occurs on aged T cells in the presence of exogenous IL-2. We also found no
difference in B-cell expansion and differentiation when young cells were transferred to young or
aged hosts. Our results indicate that age-related reductions in humoral responses are mainly due to
defects in the cognate helper function of naive CD4+ T cells from aged individuals.

Introduction
Increased morbidity and mortality seen in elderly populations following infection are thought
to be the result of age-associated changes in the immune system. One of the most prominent
and dramatic changes is the reduced efficacy of vaccinations in the elderly. In humans, studies
have focused on antibody production in response to vaccination and have shown that the
efficacy of vaccinations for Streptococcus pneumoniae, influenza, hepatitis, and tetanus are all
greatly decreased with age (1–4). These studies also found that the amount and the function of
antibodies produced in the elderly are decreased. Moreover, age-related defects in the immune
system have been shown to lead to reduced germinal center (GC) formation, decreased levels
of somatic mutation, and the production of antibodies that are less protective (5–9). This is
especially problematic, because the elderly are oftentimes targeted for vaccinations. Studies
in mice have also correlated reduced GC formation with declining humoral responses. Both
the number as well as the volume of GCs have been shown to decline slowly with increasing
age, resulting in reduced affinity maturation of antibodies (9). This phenomenon is also likely
to account for the observed reductions in the establishment of long-lived antibody-producing
cells in the bone marrow (10) and the generation of memory B-cell populations (11), both of
which are necessary for adequate continuing protection from infection.

Because the cognate helper activity of CD4+ T cells is critical for GC formation as well as
proper antibody production and function, it has been proposed that declines in CD4+ T-cell
function are somehow involved in these observed age-related changes (9). GC formation
requires antigen-specific CD4+ T cells, antigen-specific B cells, and follicular dendritic cells
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(FDCs). GCs consist of rapidly proliferating B cells and are the site of antibody isotype
switching, antibody V gene hypermutation, and memory B-cell development (11). While GC
formation has been extensively studied, it is not yet fully understood (11–13). At the initiation
of an antigen-specific response, CD4+ T cells respond to antigen presented to them in the T-
cell zone and, at the same time, responding B cells undergo initial cognate interactions with
these T cells. A select proportion of these responding B cells are then signaled to migrate back
to the B-cell follicle, where they interact with FDCs presenting the specific antigen. The
mechanisms governing which B cells are selected to do this are still unclear. In the B-cell
follicle, the responding B cells interact with FDCs, undergo many rounds of proliferation, and
then differentiate to a prototypical GC phenotype. During this process, most of the responding
B cells undergo apoptosis, and only those expressing appropriate high-affinity receptors are
selected to continue on in the response (14). Following this initial phase, antibody V gene
hypermutation occurs (15,16), resulting in the generation of a diverse antibody repertoire,
which is necessary for optimal responses to invading pathogens.

While it is obvious that age-related defects can influence one or several of the steps in the
formation of the GC, published studies have suggested that a main defect lies within the
CD4+ T-helper population. Adoptive transfer studies of bulk populations of aged CD4+ T cells
and young B cells into severe combined immunodeficiency hosts have shown that the aged
CD4+ T cells do not provide adequate help (17,18). This lack results in reduced clonal
competition between responding B cells, leading to the production of lower affinity antibodies.
Additionally, significant changes in antibody V gene usage have been observed in aged mice,
which also contribute to repertoire changes (17). Based on these results, our work has focused
on how age influences the cognate helper function of naive antigen-specific CD4+ T cells.
Importantly, as discussed below, our model is novel as it allows us to examine the function of
equal numbers of antigen-specific CD4+ T cells from young and aged mice, thus eliminating
other variables present in the previous studies.

Effect of age on the in vitro function of naive CD4+ T cells
Aging has a dramatic impact on the in vitro function of T cells. Some of the responses that
have been examined were found to decline with age include proliferation in response to T-cell
receptor (TCR) stimulation and T-cell mitogens, interleukin (IL)-2 production, and cytotoxic
T-lymphocyte generation (19). These defects are likely due to reductions in TCR signaling
pathways in aged T cells. Reductions have been observed in a multitude of signaling pathways
including calcium mobilization and tyrosine phosphorylation (20–22) as well as nuclear factor
κB (NFκB) and nuclear factor of activated T cells translocation (23,24). Another of the most
prominent changes is that as an individual age, the percentage of naive T cells in the periphery
declines and the percentage of memory T cells increases (25–27). This outcome is due to both
a dramatic decline in new T-cell production with age and a lifetime of exposure to antigens.
One of the consequences is that the repertoire of naive T cells available to respond to newly
encountered antigen declines with increasing age. This point is critical, as differences in
proportions of naive and memory cells also complicate the interpretation of experimental
results, and is especially evident, as memory cells exhibit differences in response to TCR
signaling as well as differences in cytokine production, when compared with naive T cells
(28). Thus, it is clear that purified populations of naive CD4+ T cells from young and aged
individuals need to be used for functional studies both in vitro and in vivo.

Those naive cells that do remain in aged animals exhibit reduced in vitro function in response
to stimulus. Elegant studies from Garcia and Miller (23,29) have shown that naive CD4+ T
cells from aged TCR transgenic (TCR Tg) mice do not form immunological synapses with
antigen-presenting cells (APCs) as efficiently as cells from young mice. Their data also
demonstrate that aging leads to decreased translocation of TCR-associated proteins to the
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immunological synapse. This reduction in recruitment of signaling molecules in aged naive
CD4+ T cells is reduced by approximately 50% compared with young. Furthermore, these
authors have also have shown that naive CD4+ T cells from aged mice have significant changes
in cytoskeletal rearrangement and cell-surface glycosylation that also contribute to reduced
function (30,31). These age-related changes, which seem to originate at the cell membrane,
result in the quality of the initial TCR signal being reduced in the naive CD4+ T cells from
aged animals, which then results in many downstream reductions in the response.

Our hypothesis is that defects in function are due to the fact that naive CD4+ T cells in aged
mice are chronologically older than those in young mice, and we have proposed a model to
explain why the function of naive CD4+ T cells declines with increasing age (Fig. 1). Young
mice exhibit robust production of new T cells, and as the size of the peripheral T-cell pool
remains constant, there must be a great deal of turnover in the periphery. New cells come in
and older cells are cleared from the circulation. As mice age, thymic involution occurs, which
results in a dramatic decline in the production of new T cells (32,33). Consequently, the amount
of time each cell spends in the periphery must be increased, as the number of peripheral T cells
remains constant. Thus, the naive T cells in the circulation of older animals are mostly older
than those in younger animals. We hypothesize that the longer these naive T cells spend in the
periphery, the greater the decline in function. This idea would account for the age-related
changes that have been observed in immunological synapse formation in naive cells (23,29).
These defects may be due to a number of factors and probably occur because of age-related
changes in the cell membrane. For example, it has been reported that exposure of naive T cells
to oxidative damage can affect lipid membranes, and it has been shown to cause decreases in
IL-2 production by naive T cells (34). Thus, it is quite probable that naive CD4+ T-cell function
declines as a consequence of the increasing age of the T cells themselves.

In order to specifically examine the effect of age on naive CD4+ T-cell function, we have
employed a model using TCR Tg mice. AND TCR Tg mice express a Vβ3/Vα11 TCR that
responds to pigeon cytochrome c (PCC) presented by I-Ek (35). In this model, the TCR Tg-
expressing CD4+ T cells express a naive cell-surface (CD44lo CD62Lhi CD25neg) and
functional phenotype, even in very old animals (36). This model is quite useful and allows us
to directly examine and compare the responses of naive antigen-specific CD4+ T cells from
young and aged animals. For these studies, naive TCR Tg CD4+ T cells were generally prepared
by fluorescence-assisted cell sorting for Tg (Vβ3)-positive CD4+ T cells from young (2 to 4
months) and aged (14–19 months) mice. The APCs used for these studies were DCEK—
intercellular adhesion molecule (ICAM) fibroblasts which express I-Ek, B7-1, and ICAM-1
(37). Results from in vitro studies show that naive TCR Tg CD4+ T cells from aged mice exhibit
reduced expansion over a 4-day culture period when stimulated with peptide antigen and APC
(Ag/APC) (Fig. 2A) or anti-CD3/anti-CD28 (36). In these studies, the fold expansion was
determined by dividing the number of T cells recovered on day 4 by the input number of T
cells. Naive CD4+ T cells from young mice expanded 12-fold, while those from aged mice
only expanded fivefold. Fig. 2A also shows that the expansion of the aged effector population
could be significantly enhanced by the addition of exogenous IL-2. When IL-2 was added, the
young and the aged populations expanded 12–15-fold.

The ability of 4-day effectors to produce IL-2 was also examined by restimulating equal
numbers of effectors with Ag/APC and assaying for IL-2 production in supernatants. In effector
populations generated with Ag/APC alone, young effectors produced significantly higher
levels of IL-2 compared with young effectors (Fig. 2B). Young effectors produced about 3000
U/ml of IL-2, while aged effectors only produced 1000 U/ml. In contrast, aged effector
populations generated with Ag/APC plus exogenous IL-2 produced levels of IL-2 similar to
young effectors upon restimulation. Because the starting populations were truly naive CD4+

T cells, none of these effector populations produced detectable levels of interferon γ (IFNγ) or
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IL-4 (36). The cell-surface phenotype of these young and aged effector populations was also
examined by flow cytometry. Aged effector cells generated with Ag/APC alone showed
reduced differentiation compared with young effectors (Fig. 2C, top panel). The aged cells did
not downregulate CD62L or upregulate CD25 to the same extent as young cells. This defect
in the aged effectors could be overcome by the addition of exogenous IL-2 (Fig. 2C, bottom
panel). Aged effectors generated with IL-2 downregulated CD62L and upregulated CD25
similar to young effectors.

Polarized Th1 and Th2 effector populations were also generated with naive CD4+ T cells from
young and aged Tg mice. Th1 effectors were generated by culturing with Ag/APC, IL-12, IL-2,
and anti-IL4, while Th2 effectors were cultured with Ag/APC, IL-4, IL-2, and anti-IFNγ.
Because exogenous IL-2 was provided in both polarizing conditions, the resulting young and
aged effectors were quite similar. The cytokine production profiles of 4-day effectors
restimulated with Ag/APC are shown in Fig. 2D,E. Young and aged Th1 effectors produced
high levels of IL-2 and IFNγ, while Th2 effectors produced high levels of IL-4 and IL-5. Thus,
no age-related differences were seen in either cytokine production, expansion, or cell-surface
phenotype (38). As we have shown previously, significant reductions in all of these parameters
were seen if exogenous IL-2 was not added to the original aged T-cell cultures during Th1 and
Th2 effector generation (38).

The results presented in Fig. 2 show that the in vitro proliferation and effector differentiation
of naive CD4+ T cells from aged mice can be enhanced by the addition of exogenous IL-2 to
the cultures. Interestingly, IL-2 is the only cytokine that we have examined that enhances the
in vitro differentiation of aged CD4+ T cells. Other cytokines that have been assayed (IL-4,
IL-7, and IL-15) do not have this effect (38). Our theory is that addition of IL-2 to the cultures
of aged naive CD4+ T cells enhances function by bypassing defects that occur in these cells
due to decreased synapse formation. This then allows for normal (young-like) differentiation
to occur in the aged effector population.

Effect of age on the in vivo function of naive CD4+ T cells
To examine the effects of age specifically on the in vivo function of naive CD4+ T cells, an
adoptive transfer model was employed. This adoptive transfer system allows a direct
comparison of the responses of equal numbers of antigen-specific CD4+ T cells from young
and aged mice. Naive CD4+ T cells from young or aged Tg mice were transferred into young
syngeneic CD4KO hosts. By using young hosts for these studies, age-related changes in other
cell types, such as B cells, FDCs, and APCs, would not complicate the interpretation of the
experimental results. In addition, CD4KO hosts were ideal for these studies as they exhibit no
endogenous CD4+ T cells and, thus, no cognate helper activity (39). After transfer of the donor
T-cell populations, the hosts were immunized with 200 μg of 4-hydroxy-3-nitrophenyl acetyl
conjugated to PCC (NP-PCC) in alum. The initial expansion of the young donor T-cell
population was about four times that of the aged donor population by day 6 after immunization
(Fig. 3A). Furthermore, the IL-2 production by these in vivo-generated effector populations
was determined by a brief restimulation with phorbol myristate acetate and ionomycin,
followed by intracellular staining for IL-2 (24). Fig. 3B shows that IL-2 staining of the aged
effectors was about half that seen in the young population. Therefore, much like the in vitro
results, naive CD4+ T cells from aged donors exhibited reduced expansion and IL-2 production
in vivo, even in a young host environment.

Our studies have shown that immunization of aged non-Tg B10.BR mice results in reduced
NP+ B-cell expansion and differentiation when compared with young mice (39). As it is
difficult to dissect the impact of age on individual cell types in intact animals, we also used the
adoptive transfer model to examine cognate helper function of young and aged TCR Tg
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CD4+ T cells. The ability of the young and aged donor CD4+ T-cell populations to provide
cognate help to B cells was assessed by examining the B-cell response to the hapten NP.
Adequate T-cell cognate helper activity is necessary for B-cell expansion and differentiation
as well as antibody class switching and affinity maturation, all of which have been shown to
decline with age (9,17).

To examine the B-cell responses in these experiments, NP-specific B cells were identified by
flow cytometry, and their expansion and differentiation to GC phenotype was determined.
Results of the adoptive transfer studies show that on day 14 after immunization, the expansion
of the NP+ B-cell population was fourfold higher in the hosts receiving young donor T cells
when compared with those receiving aged T cells (Fig. 3C). In addition, the differentiation of
the NP+ B cells to a GC phenotype (CD38lo PNAhi) was minimal in the hosts receiving aged
donor T cells. Fig. 3D shows that there were also significantly higher immunoglobulin G1
(IgG1) titers in the serum of hosts receiving young donor cells. Interestingly, by day 14 after
immunization, the numbers of young and aged donor CD4+ T cells recovered were equivalent;
hence, differences in the numbers of helper T cells at this time point could not account for these
results (39). This set of experiments indicate that the in vivo defects of aged naive CD4+ T
cells, even in the young host environment, extend to reduced cognate helper activity, leading
to reduced B-cell expansion and differentiation and antibody production.

Enhancement of cognate helper function
The results presented in Fig. 3 show that naive CD4+ T cells from aged mice exhibit poor
cognate helper function. This poor function could potentially contribute to reduced vaccine
efficacy in the elderly, especially in response to new vaccinations. Therefore, we have been
examining ways to enhance the cognate function of aged T cells. As in vitro stimulation of
aged T cells in the presence of IL-2 restored both expansion and differentiation, the in vivo
function of these effector populations was examined. Young and aged Th2 effector populations
were generated in vitro as shown in Fig. 2 and transferred into young CD4KO hosts, which
were then immunized with NPPCC. Both young and aged Th2 effector populations exhibited
good cognate function that led to good expansion and GC differentiation of NP+ B-cell
populations by day 14 (Fig. 4A). In addition, similar levels of NP-specific IgG1 were generated
(Fig. 4B) in the hosts receiving young and aged Th2 effector populations. The results of this
experiment indicate that by generating highly activated Th2 effectors from aged naive cells,
age-related defects could be overcome and the cognate helper function could be enhanced.

Currently, the characteristics of CD4+ T-cell effectors that are required for potent cognate
function remain quite unclear. As shown in Fig. 2E, young and aged Th2 effectors produce
similar high levels of IL-4 and IL-5, which may play some role in cognate activity. In addition,
appropriate expression of cell-surface molecules is likely to be necessary for optimal helper
function and migration. Our recent work has shown that in a primary response to NP-PCC,
young and aged naive CD4+ T cells migrate similarly to sites of GC formation and express
similar levels of CD28, CD134 (OX40), and CXCR5 during antigen-specific responses (39).
Therefore, the age-related defect in cognate function is not due to the inability to migrate to
the correct location, but resides in the lack of ability to provide help once the cells have arrived.
One of the most evident phenotypic differences that have been found in our model is that the
aged CD4+ T cells exhibit significantly reduced CD154 (CD40L) expression compared with
young T cells. This reduction is likely to have a significant impact on the function of these
aged CD4+ T cells, as CD154 expression is essential for appropriate cognate function. CD154-
deficient mice and humans exhibit impaired humoral immune responses, with defects in B-cell
proliferation, isotype switching, GC formation, and antibody secretion (40). Thus, the ability
of T cells to appropriately express CD154 is of utmost importance for B-cell responses.

Haynes and Eaton Page 5

Immunol Rev. Author manuscript; available in PMC 2008 November 3.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Of interest to our studies, Skov and colleagues (41) have shown that expression of CD154 on
CD4+ T cells was increased when IL-2 was present and was decreased when IL-2 binding was
blocked. As the naive aged CD4+ T cells used in our studies produce greatly reduced levels of
IL-2 upon antigenic stimulation, it is possible that this reduction is responsible for their
observed reduction in CD154 expression and subsequent reduced cognate activity. In order to
determine, if the addition of exogenous IL-2 to cultures of aged CD4+ T cells could enhance
CD154 expression, the experiment presented in Fig. 5 was performed. Young and aged naive
TCR Tg CD4+ T cells were stimulated in vitro with Ag/APC with or without the addition of
IL-2. Over a period of 4 days, the expression of CD154 was examined by flow cytometry.
Based on the similarities observed in the in vitro (Fig. 2) and in vivo (Fig. 3) responses to
antigen in our studies, the expression of CD154 on in vitro-generated effectors was used to
address this issue, as it is difficult to examine CD154 expression ex vivo. CD154 expression
occurs in two phases following TCR stimulation, one very early (4 to 6 h) and one later (2 to
3 days) (42). Fig. 5A shows that the early expression of CD154 was similar in young and aged
effector populations, regardless of the addition of IL-2. This finding was in contrast to CD154
expression at the later time point, which was reduced approximately 50% in the aged effector
population. Importantly, addition of exogenous IL-2 to the aged cultures significantly enhanced
the later phase of CD154 expression.

Because CD154 expression on CD4+ T cells is dependent upon NFκB activation (43–45), we
examined this transcription factor in young and aged Tg CD4+ T-cell populations. Effectors
were generated with or without exogenous IL-2 for 4 days, washed, and then equal numbers
were restimulated with platebound anti-Vβ3/anti-CD28 for 4 h. Electrophoretic mobility shift
assays were then performed to examine the levels of NFκB binding in each population (24).
As shown in Fig. 5B, young effectors generated with Ag/APC alone exhibited greater NFκB
binding compared with aged effectors. Importantly, the NFκB binding in the aged effectors
was enhanced greatly, if the effectors were generated in the presence of exogenous IL-2. We
hypothesize that enhancement of aged effector cognate function, which occurs during
generation with IL-2, is likely due in part to increased NFκB activation, resulting in increased
CD154 expression.

Effect of age on host components
The results presented in Fig. 3 show that naive CD4+ T cells from aged mice exhibit
significantly reduced helper function in young hosts. To determine if age-related defects
existed in other components of the response, including B cells and FDCs, naive TCR Tg
CD4+ T cells from young donors were transferred into young or aged CD4KO hosts. In these
studies, young hosts were 2–4 months old and aged hosts were 20–24 months old. Fig. 6A
shows that on day 14 postimmunization, there were no differences in the number of NP+ B
cells or in the number of differentiated GC+ B cells recovered in the young and aged hosts. In
both groups, substantial expansion and GC differentiation of the NP+ B cells was observed. In
addition, there were no differences in the serum titers of NPspecific IgG1 antibodies in the
young and aged hosts (Fig. 6B). These results indicate that aging of the host components has
little to no effect on their function and on the humoral response to the hapten NP. Consequently,
we propose that age-related reductions in CD4+ T-cell function are likely to account for all of
the reductions in antibody production observed in this model. These results also indicate that
in order to enhance the efficacy of vaccinations in the elderly, enhancement of the CD4+ T-
cell response needs to be the primary goal.

Summary
Using a TCR Tg model, we have shown that significant defects in naive CD4+ T-cell function
occur with aging. These defects are apparent during in vitro responses to Ag/APC and can be
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overcome by the addition of exogenous IL-2. These defects are also evident in vivo and lead
to reduced expansion, cytokine production, and cognate helper activity. This outcome leads to
reduced antigen-specific B-cell expansion and differentiation as well as reduced IgG
production. Interestingly, the defect in the cognate activity of aged CD4+ T cells could be
overcome by prior in vitro effector generation in the presence of IL-2. Addition of IL-2 to
cultures of aged cells enhanced NFκB binding and, subsequently, enhanced the expression of
CD154, which is necessary for appropriate cognate function. Furthermore, we have shown that
the function of other components of the immune system involved in humoral responses remains
intact with aging and that the decline in humoral immunity with age is most likely due to
reduction in CD4+ T-cell function.
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Fig. 1. Model for how defects in naive CD4+ T-cell function occur with increasing age
In young animals, thymic output is high, leading to a rapid turnover of T cells in the periphery.
As animals age and thymic involution turnover of T cells in the periphery of aged animals must
decline. This model would result in T cells in the periphery of aged animals being
chronologically older than those in younger animals.
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Fig. 2. In vitro responses of naive CD4+ T cells from aged mice can be enhanced by the addition of
exogenous interleukin (IL)-2
Purified populations of transgenic (Tg) CD4+ T cells from young (black) and aged (red) mice
were stimulated with peptide antigen and antigen-presenting cell (APC) (DCEK—ICAM
fibroblasts) with or without exogenous IL-2 (80 U/ml) for 4 days. (A) Fold expansion of each
effector population was calculated after 4 days of culture. (B) Equal numbers of day 4 effectors
were restimulated with Ag/APC alone. Supernatants were recovered after 24 h and assayed for
the presence of IL-2. (C) Young (open) and aged (shaded) day 4 effectors were stained for
CD4, Vβ3, and the indicated cell-surface markers. Flow cytometry histograms are gated on
CD4+Vβ3+ cells. Dotted lines represent isotype-control staining. (D) Young and aged naive
Tg CD4+ T cells were cultured under Th1 polarizing conditions for 4 days. Equal numbers of
effectors were restimulated with Ag/APC alone. Supernatants were recovered after 24 h and
assayed for the presence of IL-2 and interferon γ. (E) Young and aged naive Tg CD4+ T cells
were cultured under Th2 polarizing conditions for 4 days. Equal numbers of effectors were
restimulated with Ag/APC alone. Supernatants were recovered after 24 h and assayed for the
presence of IL-4 and IL-5. For all graphs *P < 0.05 by Student’s t-test.
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Fig. 3. Naive CD4+ T cells from aged mice exhibit reduced in vivo expansion and cognate helper
function
Purified populations of transgenic (Tg) CD4+ T cells from young (black) and aged (red) mice
were transferred i.v. to CD4KO hosts (106 per host). Hosts were immunized with 200 μg of 4-
hydroxy-3-nitrophenyl acetyl conjugated to PCC (NP-PCC)/alum i.p. on the same day. (A) On
day 6, the recovery of donor T cells was determined by flow cytometry. Donor T cells were
identified by CD4 Vβ3 staining. (B) On day 6, cells (spleen and lymph node) from the hosts
were stimulated ex vivo with phorbol myristate acetate and ionomycin for 4 h and intracellular
staining for interleukin (IL)-2 was performed. The percent of each donor CD4+ Vβ3 population
staining positive for IL-2 was determined by flow cytometry. (C) On day 14, the number of
NP-specific host B cells was determined by staining with NP conjugated to the fluorochrome
allophycocyanin (NP-APC). The number of NP+ germinal center (GC) phenotype B cells
(CD38lo PNAhi) was also determined by flow cytometry. (D) On day 14, serum was collected
from each host and assayed for the presence of NP-specific immunoglobulin G1 (IgG1)
antibodies. For all graphs *P < 0.05 by Student’s t-test.
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Fig. 4. In vitro-generated Th2 effectors generated from aged naive cells exhibit good cognate helper
function
Th2 effectors were generated from young (black) and aged (red) CD4+ T cells and then
transferred i.v. into CD4KO hosts(107 per host). Hosts were immunized with 200 μg of 4-
hydroxy-3-nitrophenyl acetyl conjugated to PCC (NPPCC)/alum i.p. on the same day. (A) On
day 14, the number of NP-specific host B cells was determined by staining with NP-AC. The
number of NP+ germinal center (GC) phenotype B cells (CD38lo PNAhi) was also determined
by flow cytometry. (B) On day 14, serum was collected from each host and assayed for the
presence of NP-specific immunoglobulin G1 (IgG1) antibodies.
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Fig. 5. CD154 expression and NFκB binding of aged CD4+ T cells can be enhanced by culturing
with exogenous interleukin (IL)-2
Purified populations of transgenic (Tg) CD4+ T cells from young (black) and aged (red) mice
were stimulated with peptide antigen and antigen-presenting cell (DCEK—intercellular
adhesion molecule fibroblasts) with or without exogenous IL-2 (80 U/ml). (A) At the indicated
time points, the expression of CD154 was determined on the CD4+Vβ3+ populations by flow
cytometry. (B) After 4 days of culture, equal numbers of each effector population were
stimulated with anti-Vβ3/anti-CD28 for 4 h and nuclear extracts were then prepared.
Electrophoretic mobility shift assays were performed using [32P]dCTP-labeled probe for
NFκB.
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Fig. 6. Young donor CD4+ T cells exhibit good cognate function in young and aged hosts
Purified populations of transgenic (Tg) CD4+ T cells from young mice were transferred i.v. to
young (black) or aged (red) CD4KO hosts (106 per host). Hosts were immunized with 200 μg
of 4-hydroxy-3-nitrophenyl acetyl conjugated to PCC (NP-PCC)/alum i.p. on the same day.
(A) On day 14, the number of NP-specific host B cells was determined by staining with NP-
APC. The number of NP+ germinal center (GC) phenotype B cells (CD38lo PNAhi) was also
determined by flow cytometry. (B) On day 14, serum was collected from each host and assayed
for the presence of NP-specific immunoglobulin G1 (IgG1) antibodies.
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