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Abstract

Supplemental vitamin E alleviates age-related defects in interleukin (IL)-2 production, T cell proliferation, and immune

synapse formation. Here, we evaluated the effect of in vitro supplementation with 46 mmol/L of vitamin E on T cell receptor-

proximal signaling events of CD41 T cells from young (4–6 mo) and old (22–26 mo) C57BL mice. Aged murine CD41 T cells

stimulated via CD3 and CD28, tyrosine 191 of the adaptor protein Linker for Activation of T cells (LAT), was hypo-

phosphorylated. Supplementation with vitamin E eliminated this difference in the tyrosine phosphorylation of LAT. By using

a flow cytometric assay, the age-related differences in the activation-induced phosphorylation of LAT were observed in

both naı̈ve and memory T cell subsets. In addition, supplementation with vitamin E eliminates the age-related differences in

LAT phosphorylation in both T cell subsets. Neither age nor vitamin E supplementation altered the fraction of LAT entering

the membrane compartment. Furthermore, neither age nor vitamin E influenced the phosphorylation of Lck and Zap70,

indicating that associated changes in LAT phosphorylation were not caused by alterations in activation states of the

upstream kinases Lck and Zap70. J. Nutr. 139: 1192–1197, 2009.

Introduction

Aging is associated with reduced T cell function as exhibited by a
decline in interleukin (IL)6-2 production and proliferative
capacity. Age-associated defects in T cell receptor (TCR)-
initiated signaling pathways reduce TCR-induced tyrosine
phosphorylation (1–4), limit the elevation of intracellular
calcium (5,6), and hinder the activation of mitogen-activated
protein kinase pathways (7,8). Although recent findings have
demonstrated that the redistribution of key signaling proteins
into the immune synapse is disrupted with increased age (9,10),
the underlying biochemical alterations responsible for these
signaling defects remain controversial.

TCR engagement activates a cascade of intracellular
signals, including protein kinases, protein phosphatases, and

adaptor proteins (11,12). TCR activation is initiated when
the tyrosine kinase Lck phosphorylates TCR-associated intra-
cellular tyrosine-based activation motifs. Intracellular tyro-
sine-based activation motifs phosphorylation enables the
recruitment and activation of the tyrosine kinase Zap70,
which is responsible for the phosphorylation of downstream
adaptor proteins, including Linker for Activation of T cells
(LAT) and SLP76 (13). The phosphorylation of LAT, a
membrane-anchored protein, is required for the recruitment
of adaptor and effector proteins, including Grb2, Gads, SLP76,
Vav1, phospholipase C-g1, and phosphoinositide 3-kinase
(14,15). Ultimately, these complexes drive the changes in cell
morphology and gene expression that are associated with
efficient T cell activation.

Current models of T cell activation emphasize the role of
signaling microclusters in the initiation of antigen receptor-
dependent signals (16). These structures exclude the tyrosine
phosphatase CD45 and are highly enriched in tyrosine kinases
and critical adaptor proteins. LAT plays a pivotal role in the
assembly of these structures through its interactions with
distinct membrane microdomains, known as lipid rafts, and
through its ability to nucleate protein-protein scaffolds (17–19).
Because mutations precluding LAT tyrosine phosphorylation
impair both microcluster assembly and T cell activation (14,20–
22), we postulated that defects in LAT phosphorylation could
contribute to age-related defects in T cell function.
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We previously showed that supplementation with vitamin E,
either in vitro or in vivo, restores age-associated declines in T
cell function both in elderly humans and in aged mice (23–27).
We demonstrated that vitamin E improves the ability of T cells
to produce IL-2 and advance through the cell cycle (28). In
addition, we showed that vitamin E supplementation, either in
vivo or ex vivo, enhances the redistribution of Zap70, LAT, and
Vav to immune synapses (29). The objective of the present study
was to clarify the biochemical defects associated with aging and
the mechanisms by which vitamin E enhances immune synapse
formation, IL-2 production, and T cell proliferation in the aged.

Materials and Methods

Mice. Young (4–6 mo) and old (22–26 mo) pathogen-free C57BL/6 mice

obtained from the National Institute on Aging colonies at Harlan

Sprague Dawley were fed autoclaved commercial nonpurified (Harlan
Teklad 7012) mouse diet containing the nutrient composition and

balance necessary to support efficient growth and maintenance, in

addition to 114.36 IU/kg (77mg/kg) of DL-a-tocopheryl acetate and
water, ad libitum (30). Mice were housed in filtered cages and

maintained at a constant temperature (23�C) with a 12-h-light/-dark

cycle. Mice were killed via CO2 asphyxiation and exsanguination. All

handling and animal conditions were approved by the Animal Care and
Use Committee of the Jean Mayer USDA Human Nutrition Research

Center on Aging at Tufts University. Mice exhibiting tumors, spleno-

megaly, grossly visible skin lesions, or considerable pathology were

excluded from the study. All rodents were obtained and maintained as
viral-antibody free for up to 19 viruses.

Purification of CD41 spleen cells. Spleens were aseptically removed

and placed in sterile, endotoxin-free RPMI 1640 (BioWhittaker) medium
supplemented with 25 mmol/L HEPES, 2 mmol/L glutamine, 100 kU/L

penicillin, and 100 mg/L streptomycin (all from Life Technologies;

complete RPMI). Single-cell suspensions were acquired by gently
disrupting spleens between 2 sterile frosted glass slides. RBC were lysed

using a hemolytic ammonium chloride-based Gey’s reagent. Untouched

lymphocyte subpopulations were isolated from RBC-depleted spleno-

cytes using depletion columns (Miltenyi Biotec). To assess purity,
negatively selected cells were stained for PE-conjugated anti-CD4,

anti-CD8, and anti-CD19 (BD PharMingen) and analyzed on a FACS

Calibur flow cytometer (BD Biosciences). The results showed that the

cell preparations were at least 93–98% CD41 (data not shown).

Supplementation with a-tocopherol. A 37-mg/L stock solution of

natural vitamin E was made by dissolving RRR-a-tocopherol (Henkel) in
ethanol. To enhance cellular uptake, the vitamin E stock solution was

mixed in fetal bovine serum (FBS) at a final concentration of 1 mg/L and

incubated for 1 h in a 37�C water bath protected from the light with

periodic vortexing. Purified CD41 T cells from young and old mice were
adjusted to a final concentration of either 1 3 109 cells/L (for whole-cell

protein extractions) or 3 3 109 cells/L (for membrane fractions). These

cells were cultured with vitamin E [0.02 mg/L (46 mmol/L)] or 0.06%

ethanol (vehicle control) as previously described (28). Under these
conditions, comparable and significant increases were observed in the

vitamin E content of both young and old T cells [data not shown; (29)].

This dose of vitamin E is equivalent to the average level of a-tocopherol
measured in the plasma of humans taking a daily vitamin E supplement

of 200 IU (134 mg). This dose is safe in humans and optimally enhances

the immune responses of the elderly (25,31). Furthermore, this treatment

mimics the effects of in vivo feeding with vitamin E (either 30 or 500 mg
dl-a-tocopheryl acetate/(kg diet � d) with respect to antigen receptor-

induced synapse formation (29), IL-2 production, and T cell prolifer-

ation (23,24,28).

Stimulation conditions and total whole-cell protein lysate prep-

aration. For each stimulation, 1 3 106 freshly isolated CD41 T cells

were treated with vitamin E and stimulated in RPMI using doses of anti-

CD3 and anti-CD28 calibrated to reproduce the age-specific defects

previously observed using plate-bound anti-CD3 [data not shown; (28)].

Briefly, T cells were preincubated with biotin-conjugated anti-CD3e for

30 min at 4�C (0.001 mg/L; clone 145–2C11; BD PharMingen). Sub-
sequently, the T cells were resuspended in fresh media containing anti-

CD28 (0.002 mg/L; clone 37.51; Pharmingen). Stimulations were

initiated by adding 0.01 mg/L streptavidin and placing the samples in

a 37�C water bath. The reactions were stopped with ice-cold PBS
containing 1 mmol/L sodium orthovanadate and 10 mmol/L sodium

fluoride. Cells were washed and resuspended in lysis buffer containing

1% Triton X-100, 50 mmol/L Tris-HCl, pH 8.0, 150 mmol/L sodium

chloride, 10 mmol/L sodium fluoride, 1 mmol/L EDTA, 1 mmol/L
sodium orthovanadate, 0.1 g/L 4-(2-Aminoethyl) benzenesulfonyl fluo-

ride hydrochloride (AEBSF), and a protease inhibitor cocktail tablet

(Roche Diagnostics). After 30 min on ice, cellular debris was removed by
centrifugation at 1000 3 g; 1 min at 4�C. Protein lysates were stored at

280�C for Western blot analysis.

Plasma membrane isolation. Freshly isolated CD41 T cells from the
spleen (3 3 106) were incubated with or without vitamin E and stimulated

as above. However, cells were resuspended in a hypotonic lysis buffer

containing 20 mmol/L HEPES, pH 7.6, 5 mmol/L EGTA, 1 mmol/L

magnesium chloride, 10 mmol/L sodium fluoride, 5 mmol/L sodium
pyrophosphate, 1 mmol/L sodium orthovanadate, 0.1 mg/L AEBSF, and a

protease inhibitor cocktail tablet. After 30 min at 4�C, cells were

disrupted using 2 15-s bursts from a Branson Sonifier 450 set to power
level 2. Nuclei were removed by centrifuging at 1000 3 g; 10 min at 4�C.

Supernatants were transferred to Beckman polycarbonate centrifuge

tubes and centrifuged at 200,000 3 g; 1 h at 4�C in a Beckman Optima

TLX tabletop ultracentrifuge. After the removal of the cytoplasmic
fraction, the membrane-containing pellet was resuspended in solubiliza-

tion buffer containing 20 mmol/L HEPES, pH 7.4, 150 mmol/L sodium

chloride, 1 mmol/L magnesium chloride, 10 mmol/L sodium fluoride, 1%

Triton X-100, 1 mmol/L sodium orthovanadate, 0.1 g/L AEBSF, and a
protease inhibitor cocktail tablet (Roche Diagnostics). After 30 min at

4�C, solubilized membrane fractions were cleared by a second round of

high-speed centrifugation.

Immunoblot analysis. Total lysates and cellular fractions were

separated by SDS-PAGE and Western blotted as described previously

(32). All phosphorylation site-specific sera (Lck tyrosines 394 and 505,

Zap70 tyrosine 319, and LAT tyrosine 191) were obtained from Cell
Signaling Technology. Antibodies specific for total Lck and Zap70 were

also from Cell Signaling. The LAT-specific antibody was from Upstate.

The b-actin antibody was from Sigma. Densitometry was performed
using the ChemiImager software package (Alpha Innotech).

Flow cytometry staining. To analyze the phosphorylation of LAT by

FACS, T cells were stimulated and fixed for 10 min in ice-cold PBS

containing 1 mmol/L sodium orthovanadate, 10 mmol/L sodium

fluoride, and 3.7% paraformaldehyde. T cells were surface-stained by
incubating for 30 min at room temperature using PE-conjugated anti-

CD44 and antigen presenting cells-conjugated anti-CD4 (BD Pharmin-

gen) diluted in PBS and 2% FBS. For intracellular staining, the

permeabilization and blocking steps were performed in permeabilization
buffer (BD Pharmingen) containing 2% FBS and 2% goat serum. After

15 min at room temperature, the cells were stained with the LAT-specific

primary antibody and then with a FITC-labeled goat anti-rabbit

secondary antibody (Molecular Probes, Invitrogen).

Statistical analysis. The effect of vitamin E for Western blot data were
assessed by calculating the difference in response obtained when each

animal’s cells were treated with and without vitamin E (vitamin E-control).

These differences were not normally distributed, so the differences for
young and old animals were compared using the Kruskal-Wallace test.

When the Kruskal-Wallace test showed significance, i.e. when the vitamin

E effect was judged different for young and old animals, the vitamin E

effect was assessed in young and old animals separately using the
Wilcoxon’s Signed Rank test. Flow cytometry data were analyzed using

Student’s paired t test. Systat 10 statistical software was used and results

are presented as means 6 SEM. Significance was set at P , 0.05.
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Results

LAT phosphorylation is reversed by vitamin E. Previously,
we demonstrated that aged T cells display vitamin E-reversible
defects in the recruitment of signaling proteins to the immune
synapse. To determine whether the age-related defect in LAT
redistribution to the immune synapse was associated with
defects in the tyrosine phosphorylation of LAT, we isolated
CD41 T cells from the spleens of young and old mice (28). The
phosphorylation of LAT on tyrosine 191 occurred within 1 min
of stimulation, remained high for 5 min, and declined within 15
min (data not shown). At 1 min, activated CD41 T cells from
young mice generated approximately twice the LAT pY191 in
the aged cells (P¼ 0.04; Fig. 1A,B). At this time point, vitamin E
supplementation increased the level of LAT pY191 in old CD41

T cells (P ¼ 0.05; Fig. 1A,B). This treatment eliminated the
difference in LAT pY191 levels between old and young T cells
without altering LAT phosphorylation in young T cells (Fig.
1B). Neither age nor vitamin E affected the expression of LAT
(Fig. 1C), indicating that the age-associated and vitamin E-
responsive defect must affect the efficiency of either LAT
phosphorylation or dephosphorylation.

LAT phosphorylation in old naı̈ve and memory subsets is

reversed by vitamin E. Before examining the mechanism of the
age-related and vitamin E-responsive defect in LAT phospho-
rylation, we determined whether the observed defects in LAT
phosphorylation were confined to specific subsets of T cells. By
performing intracellular stains for LAT pY191, we were able to
determine the efficiency of LAT phosphorylation in naı̈ve and
memory cells derived from young and old mice. As expected, we
observed an age-related defect in the frequency of LAT phos-
phorylation (Fig. 2A–C). Notably, a defect was present in both
the naı̈ve (Fig. 2D; P ¼ 0.003) and memory (Fig. 2E; P ¼ 0.01)
subpopulations of CD41 T cells. These observations were
consistent with the fact that LAT is less frequently recruited to
the immune synapses formed by aged T cells (29). Although
vitamin E supplementation did not alter the frequency of LAT
pY191-positive young T cells following stimulation, vitamin E
did increase the frequency of LAT pY191-positive T cells in both
the naı̈ve (Fig. 2D; P ¼ 0.009) and memory (Fig. 2E; P ¼ 0.018)
subpopulations from old mice. These effects precisely parallel
our observations of the recruitment of LAT into the immune
synapses formed by vitamin E-treated cells from young and old
mice (29).

Age and vitamin E do not influence Lck or Zap70

phosphorylation. To determine the mechanism responsible
for the age-specific defect in LAT phosphorylation, we assessed
the phosphorylation of upstream signaling intermediates, Lck
and Zap70, activated by CD3 and CD28. We demonstrated that
neither age nor vitamin E significantly influenced the phospho-
rylation of either site in Lck (Supplemental Fig. 1A,B).
Similarly, we evaluated the phosphorylation of Zap70 at
Tyrosine 319, a site whose phosphorylation is associated with
the activation of this kinase. As observed with Lck, neither age
nor vitamin E significantly affected the phosphorylation of
Zap70 (Supplemental Fig. 1C). In addition, the levels of Lck
and Zap70 are not affected by either age or vitamin E (data not
shown). Thus, the age-related and vitamin E-responsive
changes in LAT phosphorylation are not caused by gross
defects in the expression or activation of TCR-proximal
tyrosine kinases.

LAT phosphorylation in membrane fractions is reversed

by vitamin E. Vitamin E is a regulator of redox balance and is
capable of acting as a membrane free radical scavenger. In
addition, changes in the intracellular redox balance have been
reported to alter the subcellular localization of LAT, resulting in
its displacement from the plasma membran and in the pertur-
bation of TCR signaling pathways (33). Therefore, vitamin E
could, in principle, influence LAT phosphorylation by control-
ling the efficiency with which LAT partitions into the membrane.
To determine whether this is the case, we generated membrane
and cytosolic fractions from activated CD41 T cells. However,
the fraction of LAT retained in cellular membranes was
comparable in the T cells of both young and old mice and was
unaffected by vitamin E (Fig. 3A,C), disproving this hypothesis.
In addition, the phosphorylation of membrane-associated LAT
on Tyrosine 191 was reduced in T cells from old mice (Fig.
3A,B). Supplemental vitamin E selectively reversed this hypo-
phosphorylation in aged T cells, eliminating the difference
between vehicle-treated aged and young T cells. Thus, the
association of LAT with the plasma membrane is unaffected by
either age or vitamin E, and the biochemical properties of
membrane-associated LAT are indistinguishable from those of
total LAT.

FIGURE 1 An age-related defect in LAT phosphorylation is reversed

by vitamin E in CD41 T cells isolated from the spleens of young and

aged mice. (A) Lysates were serially Western blotted for LAT pY191,

total LAT, and b-actin. One of 5 representative experiments is shown.

(B) Densitometry was performed and the phosphorylated LAT signal

was normalized to the total LAT signal. (C) Densitometry was

performed and the total LAT signal was normalized to the b-actin

signal. Ratios are the mean 6 SEM, n ¼ 5. *Different from young, P ,

0.05 (Kruskal-Wallis nonparametric test); #different from vehicle

control, P , 0.05 (Wilcoxon’s Signed Rank t test).
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Discussion

Our goal in this study was to determine how TCR-proximal
signals are affected by aging and by supplementation with
vitamin E. Our previous work indicated that vitamin E can
reverse age-related defects in the redistribution of LAT to the
immune synapse (29) and that the phosphorylation of LAT plays
a critical role in its recruitment into signaling complexes (22).
Therefore, we evaluated how aging and vitamin E influence the
phosphorylation of LAT. Here, we confirm that the phosphory-
lation of LAT is significantly lower in CD41 T cells from aged
mice, even though the expression of LAT is unaltered with age (9).
Using a phospho-LAT–specific antibody, we established that the
age-associated defect in LAT phosphorylation extends to Tyro-
sine 191, which is required for T cell activation and is essential
for the recruitment of the downstream adaptors Gads and SLP76
(14,34). In addition, the age-related decrease in LAT phosphory-
lation is observed in both naı̈ve and memory cells, although the
impact of aging on LAT phosphorylation is somewhat more
pronounced in the naı̈ve subset. In addition, we have identified a
novel and beneficial function for vitamin E supplementation in
aged immune cells: in vitro supplementation with vitamin E
selectively reverses the age-associated defect in the phosphory-
lation of LATon Tyrosine 191 in both naı̈ve and memory CD41 T
cells. We hypothesize that the age-dependent defect in LAT
phosphorylation causes the age-associated decline in effector
function and immune synapse formation (28,29). By extension,
the ability of vitamin E to reconstitute LAT phosphorylation in
aged T cells may be directly related to the beneficial effects of
vitamin E in vitro and in vivo indicators of the T cell function.

Because the total amount of LATwas unchanged with either age
or vitamin E treatment, the changes in the overall phosphorylation
of LAT must stem from reductions in the rate of LAT phospho-
rylation or increases in the rate of LAT dephosphorylation. Here,
we were unable to detect age-related changes in the phosphoryl-
ation of Lck or Zap70, in accordance with previous reports
(35,36). In addition, vitamin E selectively restored the phosphor-

ylation of LAT in aged T cells without altering the phosphory-
lation of Lck or Zap70. Therefore, any changes in the rate of LAT

phosphorylation are likely to stem from changes in the duration

and thus the rate of encounter between LAT and its upstream

kinases, rather than from changes in activities of these kinases.
Although the study of signaling in aged T cells has primarily

focused on the activities of kinases, phosphatases profoundly
influence the signals initiated by the TCR (37,38). Crucially,
many TCR-initiated signaling cascades are antagonized by
tyrosine phosphatases (39,40). In particular, SHP-1, a protein
tyrosine phosphate with 2 SH2 domains, is a potent negative
regulator of TCR-mediated signaling [reviewed in (41,42)].
Thus, the age- and vitamin E-induced changes in LAT phospho-
rylation could be due to changes in the expression, activation, or
localization of SHP-1. Further studies are needed to explore the
possible contribution of SHP-1 to the age- and vitamin E-
induced changes in LAT phosphorylation.

Whether the age-related defect in LAT phosphorylation is

caused by changes in the rates of phosphorylation or dephos-

phorylation, the ultimate cause of this defect remains unknown.

One hypothesis is that aging alters the properties of substruc-

tures within the plasma membrane (e.g. lipid rafts), influencing

the stability of LAT-containing signaling complexes and the

exclusion of antagonistic phosphatases, such as SHP-1. This

hypothesis is consistent with the observation that anergic T cells

display a defect in the recruitment of LAT into lipid rafts. This

defect is associated with impaired LAT phosphorylation and

altered recruitment of LAT into the immune synapse (43).

However, we confirmed that aging does not affect the associa-

tion of LAT with the plasma membrane and Tamir et al. (9)

showed that there is no age-related change in LAT association

with lipid rafts. Therefore, aging is unlikely to grossly inhibit the

recruitment of LAT into lipid rafts but instead may influence the

biochemical properties of the lipid rafts themselves.
It is also interesting to note that vitamin E may regulate the

properties of lipid rafts. Although vitamin E has been considered

FIGURE 2 An age-related defect in

LAT phosphorylation in naı̈ve and mem-

ory CD41 T cells isolated from the

spleens of young and aged mice is

reversed by vitamin E. Fixed spleno-

cytes were surface stained for CD4 and

CD44, stained intracellular antigens, and

analyzed by flow cytometry. (A–C) The

percentages of pY191-LAT positive cells

within populations gated for (A) naı̈ve T

cells (CD44lo, CD41) or (B) memory T

cells (CD44hi, CD41) are shown. (C)

Control intracellular stains were per-

formed with normal rabbit serum or

without primary antibody. All panels are

representative of 7 independent exper-

iments. (D,E) The frequencies of pY191-

LAT positive cells within the naı̈ve (D)

and memory (E) CD41 T cell subpopu-

lations were determined in 7 replicate

experiments examining the effects of

age, vitamin E supplementation, and

stimulation. The mean percentages 6

SEM are shown, n¼ 7. *Different from

young, P , 0.05 (Student’s paired t

test); #different from vehicle control,P #

0.05 (Student’s paired t test).
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a regulator of phosphorylation [reviewed in (44)] and a
regulator of gene expression [(45) and reviewed in (46)], vitamin
E is also a modulator of membrane fluidity [reviewed in (47)]. In
addition, vitamin E acts as a radical scavenger [reviewed in (48)]
and may reverse specific age-dependent changes in the mem-
brane redox environment (17,49,50). In this manner, vitamin E
may influence the composition of lipid rafts by controlling the
palmitoylation of critical raft components (51,52).

In future studies, we will explore how aging and vitamin E
supplementation influence the phosphorylation of LAT by
directly identifying the protein and lipid constituents of TCR-
and LAT-containing signaling microclusters.
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