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Mechanisms for the rapid recall response mediated by memory T cells remain unknown. In this study, we present a novel,
multiparameter analysis of TCR-coupled signaling and function in resting and activated naive and memory CD4 T cells, revealing
a biochemical basis for immunological recall. We identify a striking elevation in expression of the proximal tyrosine kinase Zap70
in resting Ag-specific and polyclonal mouse memory vs naive CD4 T cells that is stably maintained independent of protein
synthesis. Elevated Zap70 protein levels control effector function as IFN-� production occurs exclusively from the Zap70high

fraction of activated T cells in vitro and in vivo, and specific down-modulation of Zap70 expression in memory CD4 T cells by small
interfering RNA or protein inhibition significantly reduces rapid IFN-� production. Downstream of Zap70, we show quantitative
differences in distal phosphorylation associated with effector function in naive and memory subsets, with low accumulation of
phosphorylation in memory T cells producing IFN-� at early time points, contrasting extensive phosphorylation associated with
IFN-� production following sustained activation of naive T cells. Our results reveal a novel biochemical signature imparted to
memory CD4 T cells enabling efficacious responses through increased Zap70 expression and reduced accumulation of downstream
signaling events. The Journal of Immunology, 2007, 179: 3689–3698.

I mmune memory is characterized by efficacious responses to
previously encountered Ags, mediated by memory T lym-
phocytes that produce effector cytokines immediately upon

antigenic challenge. Although the enhanced activation properties
and potent functional capacities of memory CD4 and CD8 T cells
are well-documented (1–3), the mechanisms by which TCR en-
gagement is coupled intracellularly to rapid effector responses re-
main unknown. TCR-coupled intracellular signaling events have
been extensively characterized in T cell lines and unfractionated
primary T cells, revealing a progression of intracellular events
linking TCR ligation to nuclear gene transcription (4). Initial phos-
phorylation of the TCR-associated CD3� and CD3� subunits by
the proximal p56lck kinase results in the recruitment, phosphory-
lation, and activation of the 70-kDa Src homology 2(SH2)-con-
taining Zap70 tyrosine kinase (5, 6). Zap70 subsequently phos-
phorylates the linker-adapter molecules SH2-containing leukocyte
molecule of 76kDa (SLP-76) and linker for activation of T cells
(LAT) which serve as scaffolds for assembly of a signaling cluster
triggering downstream MAPK activation, calcium flux, and IL-2
gene transcription (7). The participation of these TCR-coupled sig-
naling intermediates in the distinct responses of naive vs memory
T cells and in coupling to effector cytokine production remains
undefined (8).

In this study, we hypothesized that the capacity of memory T
cells to elicit rapid recall responses is mediated by alteration(s) in
TCR-coupled signaling that are stably maintained in the resting

state, and likely associated with acquisition of effector function
during activation and differentiation of naive T cells. We had pre-
viously applied standard biochemical approaches to analyze TCR-
coupled signaling in lysates derived from polyclonal naive and
memory CD4 T cells isolated by cell surface phenotype, and had
found decreased intracellular phosphorylation and coupling to
linker adapter molecules in the memory subset (9 –11), although
how these signaling changes coupled to rapid recall remained
unknown. Thus, to investigate the signaling mechanisms for
rapid recall, we took advantage of new reagents and multipa-
rameter approaches for high resolution analysis of signal transduc-
tion molecules in the native state at the single-cell level (12, 13).
By applying a novel combination of single-cell signaling analysis
with intracellular cytokine staining, we examined signaling events
in conjunction with cytokine production in Ag-specific and poly-
clonal naive and memory CD4 T cells in the resting state and
following antigenic stimulation at different kinetic time points in
vitro and in vivo.

In this study, we report a striking and specific elevation in ex-
pression of the Zap70 protein tyrosine kinase in resting Ag-specific
and polyclonal mouse memory compared with naive CD4 T cells,
and distinct signaling pathways coupled to effector function in
these subsets. High-level Zap70 expression in memory CD4 T
cells is stably maintained independent of protein synthesis,
whereas low Zap70 expression in naive T cells increases with
sustained (24 – 48 h) antigenic stimulation requiring new pro-
tein synthesis. We establish that Zap70 protein levels control ef-
fector function, as acquisition of effector function occurs only from
activated T cells that have up-regulated Zap70 expression to high
levels, and conversely, specific down-modulation of Zap70 expres-
sion in memory CD4 T cells by (siRNA)3-mediated knockdown or
specific inhibitors reduces rapid effector function. Downstream of
Zap70, we show quantitative differences in the accumulation of
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distal phosphorylation events associated with effector function in
naive and memory subsets in vitro and in vivo. Our findings reveal
a biochemical basis for rapid recall by memory T cells, and also
identify a new mechanism for control of TCR-coupled signaling
and function via alterations in proximal kinase expression at the
protein level.

Materials and Methods
Mice

BALB/c mice (8–16 wk of age) were obtained from the National Cancer
Institute Biological Testing Branch. DO11.10 � RAG2�/� mice (Taconic
Farms), DO11.10 mice (14) bred as heterozygotes onto BALB/c backgrounds,
and RAG2�/� mice (15) on BALB/c backgrounds (Taconic Farms) were
maintained in the Animal Facility at the University of Maryland Medical Cen-
ter (Baltimore, MD) under specific pathogen-free conditions.

Reagents and Abs

The following Abs were purified from bulk culture supernatants and purchased
from BioExpress: anti-CD8 (TIB 105), anti-CD4 (GK1.5), anti-I-Ad (212.A1),
and anti-Thy-1 (TIB 238). Fluorochrome-conjugated Abs directed against
CD4 (clone GK1.5), CD25 (PC61), CD69 (H1.2F3), CD62L (MEL-14),
CD44 (IM7), CD3� (145-2C11), IFN-� (XMG1.2), phospho-Zap70 (17-P),
phospho-phospholipase C (PLC)-�1 (27/PLC), and phospho-Stat1 (clone 4a)
were all purchased from BD Pharmingen. PE- and allophycocyanin-conju-
gated KJ1-26 specific for the DO11.10 TCR clonotype, PE-, and FITC-con-
jugated Zap70 (1E7.2) were obtained from Invitrogen Life Technologies;
FITC-conjugated phosphotyrosine (PT-66) was obtained from Sigma-Aldrich;

and phospho-p38 (28B10) and phospho-erk1/2 (E10) were purchased from
Cell Signaling Technology. OVA peptide (323–339, ISQAVHAA-
HAEINEAGR) was synthesized by the Biopolymer Laboratory at the Univer-
sity of Maryland School Of Medicine.

Isolation of naive and memory CD4 T cells

OVA-specific naive CD4 T cells were isolated from spleens of DO11.10 �
RAG2�/� mice by immunomagnetic depletion (16), or by direct sorting of
Thy1� T cells using anti-CD90-conjugated magnetic beads (Miltenyi Bio-
tec) and the autoMACS for analysis by real-time PCR, Western blotting,
and by confocal microscopy. Generation of OVA-specific memory CD4 T
cells in vivo was accomplished using an adoptive transfer system exten-
sively validated in the laboratory (16–20). Briefly, in vitro-primed
DO11.10 effector cells activated for 2 days (unless specified) were trans-
ferred into RAG2�/� adoptive hosts (5 � 106/mouse) and persisting mem-
ory CD4 T cells were harvested from spleen after 2–5 mo posttransfer for
subsequent analysis (see below).

Western blotting

For Western blot analyses, T cells (2 � 106) were lysed in SDS sample
buffer with protease/phosphatase inhibitors and were probed with primary
(CD3�, Zap70) and HRP-conjugated secondary Abs as described (10, 11).
Blots were scanned using a Canon flatbed scanner (LiDE60) and densito-
metric analysis of the autoradiograms was performed with the 1Dscan
Ex3.1 Evaluation system (Scanalytics).

Quantitative real-time PCR

Primers for detection of CD4, Zap70, GAPDH, and hypoxanthine phos-
phoribosyltransferase mRNAs were designed using the Primer Express 2.0
program (Applied Biosystems). Total cDNA was isolated from CD90-
sorted naive and memory CD4 T cells using the cDNA synthesis kit from
NEB. Total cDNA (30 ng) was used as starting material for real-time PCR

FIGURE 1. Phenotypic and functional comparison of OVA-specific na-
ive and memory CD4 T cells. A, Cell surface expression of CD44, CD62L,
and CD25 on resting OVA-specific naive CD4 T cells isolated from
DO11.10 � RAG2�/� mice and memory CD4 T cells isolated from
RAG2�/� adoptive hosts �2 mo posttransfer of primed DO11.10 effector
CD4 T cells. Histograms are gated on KJ1-26�CD4� T cells. Data are rep-
resentative of �10 independent experiments. B, IFN-� production from resting
and Ag-stimulated naive and memory CD4 T cells. OVA-specific naive and
memory CD4 T cells were activated with OVA peptide and splenic APC for
6 h in the presence of monensin, and cytokine production was assessed by
intracellular staining. Plots shown are gated on KJ1-26� cells, with quadrants
drawn based on isotype controls. C, Kinetics of IFN-� production by Ag-
stimulated naive and memory CD4 T cells. OVA-specific naive and memory
CD4 T cells were activated as in B for 6–48 h and IFN-� was assessed by ICS.
The range in IFN-� production from Ag-stimulated memory CD4 T cells was
20–40% at 6 h and 40–80% at 24 h in 15 different experiments.

FIGURE 2. Expression of intracellular signaling molecules in resting
naive and memory CD4 T cells. A, OVA-specific naive and memory CD4
T cells isolated as in Fig. 1 were stained intracellularly for CD3�, total
tyrosine phosphorylation (p-Tyr), Zap70 protein, phosphorylated Zap70
(p-ZAP), phosphorylated PLC-� (p-PLC-�), and phosphorylated Stat1
(p-Stat1). Histograms shown are gated on CD4�KJ1-26� cells, with mark-
ers drawn based on isotype controls, and mean fluorescence intensity (MFI)
values are shown as inset. B, Coexpression of Zap70 and CD4 (upper
panels) or Zap70 and CD3� (lower panels) in resting naive and memory
CD4 T cells gated on CD4�KJ1-26� cells, with markers drawn based on
isotype controls. Numbers in quadrants represent the percentage of
Zap70highCD4� or Zap70highCD3��. C, Expression of Zap70 in polyclonal
naive (CD44low) and memory (CD44high) CD4 T cells. Results show CD44
expression of polyclonal CD4 T cells from BALB/c mice, with Zap70
histograms gated on CD4�CD44low (naive) and CD4�CD44high (memory)
populations. Numbers in histograms indicate MFI. Data are representative
of three independent experiments.
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quantitation with SYBR Green (Applied Biosystems) on an Applied Bio-
systems 7900HT. Cycle threshold values were compared using the �-�CT-
cycle threshold method using hypoxanthine phosphoribosyltransferase and
GAPDH as a housekeeping gene (21).

Intracellular cytokine staining (ICS)

ICS analysis of signaling intermediates and cytokines was performed as
previously described (17, 19). Briefly, naive or memory CD4 T cells were
cultured with APC and 800 ng/ml OVA peptide for time points of 0–48 h,
and monensin (Golgistop; BD Pharmingen) was added 6 h before harvest-
ing. Cells were stained with Abs for surface markers CD4, CD25, CD44,
KJ1-26, fixed (Cytofix buffer; BD Pharmingen), permeabilized, and stained
intracellularly with fluorochrome-conjugated Abs to cytokines, signaling
intermediates, and analyzed by flow cytometry.

In vivo stimulation of naive and memory CD4 T cells

Mice were administered 6 �g of anti-CD3 Ab (C363.29B) or murine IgG2a
as described (22). Spleens were removed after 4 h and splenocytes incu-
bated in complete Clicks medium in the presence of monensin (Golgistop;
BD Pharmingen) for an additional 2 h, followed by surface and intracel-
lular staining, and were analyzed by flow cytometry.

Flow cytometry

Six-color flow cytometry was performed on a LSR II flow cytometer (BD
Biosciences) using FITC, PE, PerCP, and PE-Cy7, allophycocyanin-Cy7,
and allophycocyanin as fluorochromes. CD4 T cells stained with single-
color fluorochromes were used for compensation, background values were
established with isotype controls, and data were analyzed using FACSDiva
software (BD Biosciences). For most analyses, a given marker was ana-
lyzed using several different fluorochromes to eliminate errors based on
compensation.

Confocal microscopy

Naive and memory CD4 T cells were purified by sorting with anti-CD90
beads (Miltenyi Biotec) and were adhered to slides. Cells were surface

stained for CD3�, then permeabilized and stained for Zap70 or isotype
controls. Cells were analyzed with a confocal microscope (Zeiss LSM510
META confocal microscope).

Inhibitor assays

Naive or memory CD4 T cells (1 � 106) were cultured with APC (3 � 106)
in total volume of 1 ml of Clicks medium containing 800 ng/ml OVA
peptide for time points of 0–24 h along with inhibitors cycloheximide (50
�g/ml; Sigma-Aldrich) or piceatannol (12 �M 3,4,3�,5�-tetrahydroxy-
trans-stilbene; Calbiochem). Solvent alone served as a vehicle control.

siRNA-mediated knockdown

Cy3-labeled Zap70-specific siRNA or control GAPDH siRNA obtained
from Ambion was delivered at a final concentration of 5 �M into 1.0 � 106

purified resting memory OVA-specific CD4 T cells using the mouse T cell
nucleofector kit (Amaxa) according to the manufacturer’s instructions and
similar to the approach previously used for siRNA transfections in
mouse T cells (23). Following nucleofection, cell suspensions were
cultured in medium in 24-well plates with APC (2 � 106/well) and
OVA peptide (800 ng/ml), followed by incubation at 37°C for 18 h.
After 18 h, Golgistop (0.66 �l/ml culture) was added, cells were incu-
bated for an additional 6 h, and subsequently stained for surface ex-
pression of CD4, KJ1-26 and CD25, and intracellular expression of
Zap70 and IFN-� as above.

Results
Phenotype and function of Ag-specific naive and memory
CD4 T cells

For investigating the functional coupling of signaling pathways in
Ag-specific naive and memory CD4 T cells, we used DO11.10
TCR-transgenic CD4 T cells expressing the KJ1-26 TCR clono-
type specific for an OVA peptide (OVA). Naive, OVA-specific
CD4 T cells were obtained from DO11.10 � RAG2�/� mice,

FIGURE 3. Regulation of Zap70 expression in rest-
ing CD4 T cells. A, Real-time PCR analysis of Zap70
transcript expression in OVA-specific naive and mem-
ory CD4 T cells purified to �95% by Thy1� sorting
expressed as a ratio of Zap70:CD4 transcripts. B, West-
ern blot analysis of Zap70 and CD3� protein expression
in OVA-specific naive and memory CD4 T cells, in dif-
ferent dilutions of cell lysates. The densitometric ratio
of Zap70:CD3� expression in naive and memory sub-
sets is indicated at the bottom. C, Confocal analysis of
CD3� and Zap70 expression in highly purified Thy1-
sorted OVA-specific naive and memory CD4 T cells.
Images show CD3� (green), intracellular Zap70 (red),
and merged images with yellow areas denoting coasso-
ciation of the two molecules. Results are representative
of two independent experiments. D, Confocal analysis
of Zap70 and CD3� expression in resting and activated
naive CD4 T cells. Expression of CD3�, and Zap70 on
purified OVA-specific naive CD4 T cells before and
after stimulation with OVA/APC for 24 and 48 h, were
analyzed by confocal microscopy. Images show CD3�

(green), intracellular Zap70 (red), and merged images
with yellow areas denoting coassociation of the two
molecules. Results are representative of two indepen-
dent experiments.
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exclusively expressing KJ1-26� CD4 T cells bearing a CD25low/
CD44low/CD62Lhigh naive phenotype (Fig. 1A). OVA-specific
memory CD4 T cells were generated by in vitro priming of CD4
T cells obtained from DO11.10 mice (on a BALB/c background)
with OVA peptide and splenic APC (OVA/APC) followed by in
vivo adoptive transfer into RAG2�/� hosts based on a system
extensively validated in the laboratory (17–20, 24, 25). The result-
ant memory T cells exhibit the phenotype, function, and activation
properties of memory CD4 T cells similarly generated in intact
BALB/c hosts or by in vivo priming (17–19, 25). The KJ1-26�

OVA-specific memory CD4 T cells generated here are CD25low,
CD44high, and predominantly CD62Llow (Fig. 1A) (KJ1-26� CD4
T cells in memory hosts derive from carryover and expansion of
transferred T cells with endogenous receptors). Functionally, they
exhibit rapid production of IFN-� following 6 h of antigenic stim-
ulation (Fig. 1B, right), whereas naive CD4 T cells do not produce
IFN-� at this early time point (Fig. 1B, left). Kinetic analysis of
IFN-� production from OVA-specific naive and memory CD4 T
cells shows that naive DO11.10 CD4 T cells require 48 h of sus-
tained Ag activation to produce IFN-� similar to memory CD4 T
cells activated with Ag for only 6 h, with nearly all memory CD4
T cells exhibiting effector function (80%) at 24 h post-Ag recall
(Fig. 1C). After 48 h of Ag stimulation, there is substantial attrition
of memory T cells (16) and this time point is not included in this
study.

Expression of signaling intermediates in resting naive and
memory CD4 T cells

We performed an extensive analysis of the expression and phos-
phorylation state of signaling intermediates in resting OVA-spe-
cific naive and memory CD4 T cells using multiparameter flow
cytometry (see Materials and Methods) to test our hypothesis that
qualitative and/or quantitative alterations in TCR-mediated signal-
ing in memory vs naive CD4 T cells may account for their distinct
effector capacities. Representative results show expression of each
signaling intermediate as histograms gated on the CD4�KJ1-26�

population (see Fig. 1A) and quantified based on mean fluores-
cence intensity (Fig. 2A). In general, most of the signaling param-
eters examined did not differ significantly in resting naive and
memory CD4 T cells, including expression of the TCR-coupled
signaling subunit CD3� (Fig. 2A, row 1), total intracellular ty-
rosine phosphorylation (p-Tyr; row 2), and lack of basal phosphor-
ylation on tyrosine 319 (26) of the proximal Zap70 kinase (p-
Zap70; row 4), p-PLC-� (row 5), phosphorylated distal MAPK
Erk1/2 (p42) and p38 (data not shown), and phosphorylated tran-
scription factor stat1 (p-stat1, row 6). In notable contrast, expres-
sion of total Zap70 protein was significantly elevated in memory
compared with naive CD4 T cells, manifested by a 5-fold increase

FIGURE 4. Regulation of Zap70 expression in Ag-stimulated naive and
memory CD4 T cells. A, Changes in expression of Zap70�CD3�� in OVA-
specific naive CD4 T cells in the resting state and following stimulation
with OVA/APC for 6–48 h. Plots are gated on live KJ1-26� cells, with
quadrants drawn based on isotype controls and the number in the rightmost
quadrant indicates percentage of Zap70�CD3�� cells. Results are repre-
sentative of three independent experiments. B, Elevated Zap70 expression
during activation requires protein synthesis in naive, but not in memory,
CD4 T cells. Histograms show surface CD25 expression and intracellular
Zap70 expression and total tyrosine phosphorylation (p-Tyr) in naive and
memory CD4 T cells activated for 24 h with OVA/APC in the presence of
CHX or vehicle control. Numbers indicate percentage positive, based on
isotype controls (indicated by markers) for each parameter. Viability after
24 h in CHX averaged 70%. Results are representative of three independent
experiments.

FIGURE 5. Elevated Zap70 expression correlates with the acquisition
of effector function. A, Intracellular Zap70 vs IFN-� production in resting
(0 h) and after different periods of stimulation with OVA/APC of naive (6,
24, 48 h) and memory (6, 24 h) CD4 T cells. Results are gated on
CD4�KJ1-26� cells, and number in each quadrant indicates the percentage
of the respective population. Results are representative of three indepen-
dent experiments. B, Correlation of Zap70high expression with IFN-� pro-
duction, collated from three independent experiments.
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in mean fluorescent intensity (Fig. 2A, row 3), with the augmented
expression ranging from 3- to 5-fold in multiple experiments (n �
10, data not shown). Increased Zap70 expression in memory vs
naive CD4 T cells occurs in the context of comparable surface
expression of CD4 and CD3� (Fig. 2B), with 84% of memory CD4
T cells exhibiting a CD3��/Zap70high phenotype, compared with
only 30% of naive CD4 T cells (Fig. 2B, row 2).

Similar to our findings with OVA-specific subsets, we also
found higher expression of intracellular Zap70 protein in poly-
clonal BALB/c mouse memory (CD44high) compared with naive
(CD44low) CD4 T cells and this quantitative increase in Zap70
expression ranged from 1.5- to 2.6-fold in polyclonal populations
analyzed from multiple unmanipulated mice (Fig. 2C and data not
shown). These results establish elevated Zap70 expression as a
novel feature of Ag-specific and polyclonal mouse memory CD4 T
cells, and validates the OVA-specific system for examining mech-
anisms for functional coupling and regulation of high Zap70 ex-
pression in memory CD4 T cells.

In contrast to the difference in Zap70 protein expression, we
found comparable transcript expression of Zap70 in naive and
memory CD4 T cells by real-time PCR analysis (Fig. 3A), indi-
cating that increased Zap70 protein expression in memory CD4 T
cells is controlled posttranscriptionally. We also used Western blot
analysis to analyze Zap70 protein levels in titrated quantities of
naive and memory CD4 T cell lysates, and found a relative in-
crease in total denatured Zap70 protein levels in memory CD4 T
cells (Fig. 3B), albeit of lower magnitude than that measured by
intracellular staining of the native marker by flow cytometry, con-
firming the increased sensitivity of this single-cell approach for

assessing signaling distinctions in primary cells as suggested by
Nolan and colleagues (27).

We used confocal microscopy to examine the expression, cel-
lular localization, and TCR/CD3� association of native Zap70 in
situ in resting naive and memory CD4 T cells (Fig. 3C), which
likewise reveals elevated expression of the Zap70 kinase in mem-
ory compared with naive CD4 T cells, with comparable CD3�
levels. Zap70 expression in memory CD4 T cells is concentrated
around the plasma membrane, with areas of CD3� and Zap70 co-
localization apparent in resting memory CD4 T cells (Fig. 3C,
right) and not present in resting naive T cells (Fig. 3C, left). These
results demonstrate a marked increase in Zap70 expression in situ
and constitutive association of Zap70 to CD3� in resting memory
vs naive CD4 T cells.

Regulation of Zap70 protein expression following Ag activation
of naive and memory CD4 T cells

Our results showing high Zap70 expression in previously primed
memory T cells suggested that antigenic priming of naive CD4 T
cells might also lead to increased Zap70 expression. We thus stim-
ulated OVA-specific naive CD4 T cells with OVA/APC for time
points of 6–48 h, and assessed Zap70 expression in conjunction
with activation phenotype and functional parameters. Stimulation
of naive T cells with OVA/APC for 6 h led to slight increases in
expression of CD69, an early activation marker (39–51%, data not
shown) and no significant increases in CD25 or Zap70 expression
(Fig. 4A and data not shown). By contrast, after 24–48 h of stim-
ulation with OVA/APC there was extensive up-regulation of CD25
and CD69 as previously described (18), and substantial increases

FIGURE 6. Down-modulation of Zap70 expression in memory CD4 T cells inhibits recall IFN-� production. A, Dose-response curve of piceatannol and
its effect on the level of Zap70 expression in memory CD4 T cells cultured � OVA/APC for 6 h. Memory CD4 T cells used here were isolated from
RAG2�/� adoptive hosts �2 mo posttransfer of DO11.10 CD4 T cells primed for 2 days. B, Left, Histograms show expression of CD25, p-Tyr, and Zap70
in OVA-specific memory CD4 T cells activated with OVA/APC for 6 h, all gated on CD4�KJ1-26�, and expressed as MFI of each marker. Right,
Zap70�/IFN-�� production in control (�PIC) and piceatannol-treated memory (�PIC) CD4 T cells following 6 h of activation. Quadrants were drawn
based on isotype control and the number in each quadrant represents the percentage of the respective population. Data shown in A and B are from three
independent experiments. C, siRNA-mediated knockdown of Zap70. OVA-specific memory CD4 T cells were transfected with Zap70-specific Cy3-labeled
siRNA (5 �M) or Cy3-labeled control GAPDH siRNA (see Materials and Methods). Transfected CD4 T cells were activated with APC and OVA peptide
for 24 h and intracellular Zap70 staining and IFN-� production was measured by ICS. Left, Total intracellular Zap70 expression of silenced (siRNA�; gated
on Cy3� cells) and unsilenced (siRNA�; gated on Cy3-negative cells) in Zap70 and control GAPDH siRNA-transfected cells, with MFI indicated in each
plot. Right, IFN-� production from silenced (siRNA�) and unsilenced (siRNA�) populations in Zap70- and GAPDH- siRNA transfected cells. Results are
representative of two independent experiments.
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in the level of Zap70 protein expression with all cells exhibiting a
CD3��/Zap70high phenotype (similar to memory T cells) after
48 h of activation (Fig. 4A). Confocal analysis likewise demon-
strates in situ increases in Zap70 expression on Ag-stimulated na-
ive CD4 T cells after 24–48 h (Fig. 3D, column 2) accompanied
by increased colocalization of CD3� and Zap70 similar to resting
memory CD4 T cells, and enhanced clustering of Zap70high/
CD3�� cells (Fig. 3D, column 3).

Because naive CD4 T cells require sustained activation to attain
levels of Zap70 comparable to resting memory CD4 T cells, we
hypothesized that Zap70 protein synthesis may be differentially
regulated in these two subsets. We used the protein synthesis in-
hibitor cycloheximide (CHX) to examine how Zap70 expression,
activation, and signaling are regulated in Ag-stimulated naive and
memory CD4 T cells. Treatment of naive and memory CD4 T
cells � Ag for 6 h with CHX did not affect the resting state level
of Zap70 or intracellular tyrosine phosphorylation (data not
shown) while 24 h treatment showed differential effects on the two
subsets. For naive T cells, antigenic stimulation for 24 h led to
significant up-regulation of CD25 and Zap70 expression that was
completely inhibited in the presence of CHX (Fig. 4B, compare
columns 2 and 3), indicating that de novo protein synthesis is re-
quired for Zap70 up-regulation. Ag stimulation of memory CD4 T
cells also resulted in CD25 up-regulation, and slight increases in
the already high level of Zap70 expression (Fig. 4B, column 5).
Although CHX treatment inhibited CD25 up-regulation on Ag-
stimulated memory CD4 T cells, the high level of Zap70 expres-
sion was maintained on �50% of memory CD4 T cells (Fig. 4B,
last column). In addition, CHX treatment also significantly inhib-
ited increases in total intracellular p-Tyr levels observed in acti-
vated naive CD4 T cells, but did not affect p-Tyr levels in memory
T cells (Fig. 4B, last row). These results indicate that maintenance
of elevated Zap70 expression and basal tyrosine phosphorylation
in memory CD4 T cells is only partially dependent on protein
synthesis.

Coupling of elevated Zap70 expression to effector function

We asked whether elevated Zap70 expression coupled to effector
function by simultaneous analysis of Zap70 expression and IFN-�
production in Ag-stimulated naive and memory CD4 T cells. Ac-
tivation of naive CD4 T cells with OVA/APC for 6–48 h resulted
in acquisition of IFN-� production exclusively from the Zap70high

population (Fig. 5A), with increased IFN-� production from
Zap70high compared with Zap70low cells most apparent after 24 h
of Ag stimulation. Analysis of the level of Zap70 vs IFN-� pro-
duction from resting and Ag-stimulated naive CD4 T cells reveals
a strong correlation between increased Zap70 expression and in-
creased effector function (R � 0.99, Fig. 5B). For memory CD4 T
cells, the constitutive Zap70high population produces IFN-� rap-
idly, and Zap70 expression is further increased after 24 h with
almost all memory CD4 T cells producing IFN-� (Fig. 5).

To determine a mechanistic link between Zap70 expression and
rapid effector capacity, we took two approaches to reduce Zap70
protein expression in memory T cells and examine functional out-
come. For the first approach, we used the Syk/Zap70 tyrosine ki-
nase inhibitor piceatannol (28) that we found reduced Zap70 ex-
pression in a dose-dependent fashion in Ag-stimulated memory
CD4 T cells (Fig. 6A). When memory CD4 T cells were stimulated
with OVA/APC in the presence of piceatannol for 6 h, Zap70
expression was specifically reduced without affecting the basal
level of CD25 and total p-Tyr content (Fig. 6B, left), and resulted
in a striking inhibition of rapid IFN-� production (Fig. 6B, right).
As a second approach, we used siRNA (29) to drive down expres-
sion of Zap70 in memory CD4 T cells ex vivo and determine

effects on IFN-� production. We transfected fluorescently coupled
siRNAs specific for Zap70 or GAPDH into resting memory T cells
using nucleofection (see Materials and Methods) that we previ-
ously found enabled transfection of resting memory T cells (30).
Specific silencing of Zap70 led to a reduction in Zap70 expression
indicated by a reduction in the MFI of Zap70 in silenced (siRNA�)
compared with unsilenced (siRNA�) populations, and Zap70 ex-
pression in siRNA� and siRNA� control GAPDH transfectants.
This siRNA-mediated reduction in Zap70 expression resulted in a
50% reduction in the proportion of memory T cells producing
IFN-�, compared with the higher fraction of IFN-� producers in
siRNA� and GAPDH siRNA memory T cell transfectants (Fig.
6C, right). These results demonstrate that Zap70 signaling is es-
sential for both early and late effector function from Ag-recalled
memory CD4 T cells, and that a selective reduction of Zap70 ex-
pression in memory T cells inhibits their rapid recall.

In vivo coupling of TCR-mediated signaling and function in
naive and memory CD4 T cells

Although our results establish differential coupling of function to
signaling in memory CD4 T cells stimulated ex vivo, we asked
whether similar functional coupling of signaling occurred in vivo

FIGURE 7. In vivo analysis of signaling and function from polyclonal
naive and memory CD4 T cells. A, Mice (n � 3 per group) were injected
with anti-CD3 or control IgG and spleens were harvested after 4 h. First
row, CD44 expression of CD4 T cells in anti-CD3 vs control-treated mice
showing delineation and gate for memory (CD44high) and naive (CD44low)
T cells. The proportion of CD44highCD4 T cells in control IgG vs anti-
CD3-treated mice is indicated as 32 � 1.7 and 35 � 5.1 from three mice
per group. Rows 2 and 3, CD69 expression on naive and memory CD4 T
cells in anti-CD3 vs control-treated mice, with the number in the upper
quadrant indicating percentage of CD69high cells. B, Functional coupling
of Zap70 vs IFN-� production gated on naive (CD44low) and memory
(CD44high) CD4 T cells in IgG vs anti-CD3-treated mice. Quadrants were
drawn based on isotype control and the number in each quadrant represents
the percentage of the respective population. Results are representative of
three independent experiments. C, Correlation of downstream signaling
and cytokine production in anti-CD3-stimulated memory CD4 T cells in
vivo. Expression of phospho-p38 and phospho-p42 MAPKs and phospho-
PLC-� vs IL-2 or IFN-� production in memory CD4 T cells isolated from
anti-CD3-treated mice. No IFN-� or IL-2 was observed in cells from con-
trol-treated mice and quadrants are drawn based on isotype controls.
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in polyclonal memory CD4 T cells. To establish a system for anal-
ysis of in vivo signaling and function, we administered low-dose
anti-CD3 Ab to unmanipulated BALB/c mice that is known to
promote rapid TCR/CD3-triggered in vivo responses (22, 31), and
recovered splenocytes after 4 h from anti-CD3 and control Ig-
treated mice. The percentages of memory (CD44high) and naive
(CD44low) phenotype CD4 T cells were comparable in mice in-
jected either with anti-CD3 or control IgG (Fig. 7A, top), indicat-
ing that the short-term treatment did not alter the overall propor-
tion of these subsets. Both naive and memory CD4 T cells
exhibited up-regulation of the early activation marker CD69 fol-
lowing anti-CD3 stimulation, with a higher proportion of memory
CD4 T cells being CD69high (Fig. 7A), indicating that in vivo anti-
CD3 treatment triggered TCR signaling in both subsets. Analysis
of Zap70 and IFN-� production from naive and memory CD4 T
cells in vivo revealed that CD44high memory T cells exhibiting a
high level of Zap70 expression mediated rapid IFN-� production

in response to anti-CD3 in vivo (but not control IgG), whereas
naive CD4 T cells expressing a lower level of Zap70 did not se-
crete IFN-� (Fig. 7B), similar to our ex vivo stimulation results.
These results establish that rapid effector function occurs exclu-
sively from Zap70high cells in vivo.

We hypothesized that the coordinate analysis of signaling events
and cytokine production as performed with Zap70 and IFN-�
could be informative for assessing correlations between down-
stream signaling events and function. To test this approach, we
analyzed the phosphorylation of downstream mediators including
PLC-�, p38 MAPK, and the p42 erk kinase in conjunction with
IFN-� and IL-2 production from in vivo anti-CD3-stimulated
memory CD4 T cells as above (in vivo-activated naive CD4 T cells
did not produce measurable IFN-� or IL-2 after 4 h). We found
that while a small proportion of memory CD4 T cells exhibited
phosphorylated PLC-�, -p38, and -p42 after short-term anti-CD3
stimulation (Fig. 7C), the majority of rapid IFN-� production

FIGURE 8. Early and late IFN-� production from memory CD4 T cells are associated with distinct signaling profiles. A, Analysis of intracellular
phospho-PLC� (p-PLC�) vs Zap70 (top row), in naive and memory CD4 T cells stimulated with OVA/APC for 6–48 h, gated on live CD4�KJ1-26� cells
(top row). Three populations based on expression of Zap70 and p-PLC� are represented by color-coded boxes: 1) Zap70lowpPLC�low gate (blue); 2)
Zap70high/p-PLClowgate (magenta); and 3) Zap70highpPLC�high gate (green). IFN-� production vs p-PLC-� from each of these populations is represented
by their respective colors in the contour plots (row 2). B, Graph showing the functional coupling of distal signaling parameters in naive and memory CD4
T cells following antigenic stimulation. IFN-� production from resting and Ag-stimulated naive and memory CD4 T cells was analyzed in conjunction with
intracellular phospho-p38, phospho-p42, and phospho-STAT1, with IFN-��p-p38�, IFN-��p-p42�, IFN-��p-STAT1� populations represented by ma-
genta; and IFN-��p-p38�, IFN-��p-p42�, IFN-��p-STAT1� populations represented by green. Both naive and memory CD4 T cells were gated on
CD4�KJ1-26� cells. Data are compiled from three independent experiments. C, Model for differential coupling of signaling to effector function in memory
vs naive CD4 T cells. Naive and memory CD4 T cells are depicted as a function of Zap70 expression (y-axis for both plots) vs the time of Ag stimulation
(x-axis). For naive T cells, Ag activation leads first to a “preparatory phase” characterized by increased Zap70 expression and downstream phosphorylation,
followed by a “functional phase” marked by elevated Zap70 expression, and phosphorylation. Resting memory CD4 T cells exhibit elevated Zap70
expression and rapidly progress to an early functional phase (“Early Funct.”), with sustained activation leading to a late functional phase (“Late funct.”)
with a signaling profile similar to that of naive T cells.
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occurred from memory cells that did not exhibit these downstream
phosphorylations (Fig. 7C, top row). By contrast, IL-2 production
from memory CD4 T cells was preferentially observed from the
subset that up-regulated phosphorylated PLC-�, p38, and p42 (Fig.
7C, bottom row), consistent with their known signaling require-
ment for IL-2 production in primary T cells and T cell lines (32,
33). These results suggest that simultaneous assessment of phos-
phorylation events and function, while measured at later time
points compared with conventional biochemical analyses, may be
useful for revealing important associations between signaling
events and functional output.

Quantitative differences in distal signaling mark early and late
IFN-� production

We next applied the analysis of downstream signaling and function
to determine whether increased Zap70 expression and rapid IFN-�
production in memory T cells was associated with alterations in
downstream signaling. We activated OVA-specific naive and
memory CD4 T cells with Ag over a broad kinetic window and
examined the expression of phosphorylated distal signaling inter-
mediates (p-PLC-�, phospho-p42, and -p38 MAPKs and
p-STAT1) in conjunction with Zap70 protein expression and
IFN-� production.

We found qualitative and kinetic differences in signaling profiles
linked to IFN-� production in naive and memory CD4 T cells (Fig.
8, A and B). A representative analysis of Zap70, PLC-�, and IFN-�
demonstrates an accumulation of downstream PLC-�1 phosphor-
ylation following similar kinetics in naive and memory CD4 T
cells, with 24 h of Ag stimulation resulting in a majority of p-
PLC-�� cells (Fig. 8A, first row). Importantly, Zap70 expression
and phosphorylated-PLC-� delineate three distinct signaling pro-
files in naive and memory subsets (Fig. 8A, top): 1) Zap70low/p-
PLC-�low (blue) as in resting and 6-h stimulated naive CD4 T
cells, 2) Zap70high/p-PLC-�low (magenta), as in resting and 6 h-
stimulated memory CD4 T cells, and 3) Zap70high/p-PLC-�high

(green) found naive and memory CD4 T cells stimulated for �24
h. IFN-� production associated with each of these signaling pro-
files in naive and memory CD4 T cells is shown in the colored
contour plots (Fig. 8A, bottom row). For naive T cells, the IFN-
�-producing population emerging after 24–48 h derives exclu-
sively from the Zap70high/p-PLC-�high subset (Fig. 8A, lower left).
By contrast, IFN-�-producing memory CD4 T cells bore two dis-
tinct signaling profiles at early and late times of Ag stimulation;
after 6-h stimulation, the IFN-�� population derived predomi-
nantly from the Zap70high/p-PLC-�low subset (Fig. 8A, lower row),
as also observed in vivo, whereas after 24 h of stimulation, IFN-�
producers derived from the Zap70high/p-PLC-�high subset (Fig. 8A,
lower row, last plot).

Similar to our results with p-PLC-�, we found an accumulation
of distal phosphorylated MAPKs (p38 and p42) and STAT1 at late
times after activation (�24 h for naive and memory cells), also
consistent with previous biochemical results showing increased
phosphorylation after sustained T cell activation (11, 34, 35), with
negligible accumulation after 6 h of stimulation in either naive or
memory CD4 T cells (data not shown). IFN-� production from
activated naive CD4 T cells occurred exclusively from cells with
phosphorylated distal intermediates (Fig. 8B, top row) together
with increased Zap70. By contrast, early IFN-� production from
Ag-stimulated memory CD4 T cells derived from Zap70high cells
lacking p-p38, p-p42, or pSTAT1 (Fig. 8B, lower, magenta line),
whereas late IFN-� production from memory CD4 T cells occurred
from cells that had accumulated phosphorylated intermediates,
similar to naive cells (Fig. 8B, green lines). When taken together,
these results demonstrate that rapid IFN-� by memory CD4 T cells

occurs from cells that do not exhibit sustained increases in down-
stream phosphorylation events, contrasting the extensive accumu-
lation of phosphorylation accompanying late IFN-� production
from stimulation of naive or memory CD4 T cells.

Discussion
The rapid recall response elicited by memory T cells is a hallmark
of immunological memory; however, the underlying mecha-
nism(s) for this efficacious response have been unresolved. In this
study, we present a novel analysis of TCR-coupled signaling and
function in resting and Ag-stimulated naive and memory CD4 T
cells, and reveal distinct signaling pathways linked to effector
function in these subsets. Specifically, we identify a striking ele-
vation in expression of the Zap70 protein tyrosine kinase in Ag-
specific and polyclonal memory compared with naive CD4 T cells.
High-level Zap70 expression in memory CD4 T cells was main-
tained independent of protein synthesis, and was required for their
rapid recall function. In vitro results with our Ag-specific system
(Fig. 8) together with in vivo analysis of polyclonal naive and
memory CD4 T cells (Fig. 7) indicate that rapid IFN-� from mem-
ory CD4 T cells occurs from Zap70high cells in the context of
fewer downstream signaling events compared with IFN-� produc-
tion resulting from sustained activation of naive CD4 T cells. To-
gether, our results reveal a unique biochemical signature of mem-
ory CD4 T cells suggesting that increased Zap70 and its
association with the TCR/CD3 complex may initiate more efficient
signaling from TCR ligation to enhanced effector function.

We demonstrate here elevated expression of the Zap70 protein
in both Ag-specific and polyclonal mouse memory CD4 T cells as
an inherent property of T cell memory. The greatest difference in
Zap70 expression (�5-fold) occurred between pure naive
DO11.10 TCR cells and memory CD4 T cells in the mouse. Poly-
clonal naive (CD44low) T cells in adult mice showed levels of
Zap70 slightly greater than the pure naive populations, suggesting
that levels of Zap70 may also be affected by homeostatic turnover
of these cells in the periphery (36) or during aging (37). The com-
parable transcript level of Zap70 in resting naive and memory CD4
T cells coupled with our findings that elevated Zap70 expression in
memory CD4 T cells can be maintained independent of new pro-
tein synthesis together indicate increased stability and/or reduced
turnover of the Zap70 protein in memory T cells. Zap70 protein
stability in NK cells and lymphomas has been linked to both ubiq-
uitin-mediated regulation and association to molecular chaperones
(38, 39), and these mechanisms could also be operable in T cells.
The increased stability of specific proteins in memory CD4 T cells
may reflect an overall change in cell physiology that contribute to
their enhanced functions, lifespan, and turnover.

Our results demonstrate that elevated Zap70 expression can act
as a biochemical indicator for effector capacity, as IFN-�-produc-
tion was exclusively from T cells that had up-regulated Zap70
expression in CD4 T cells. Moreover, we show that elevated
Zap70 expression is required for rapid IFN-� from memory CD4
T cells, as early IFN-� production was inhibited when Zap70 ex-
pression was selectively down-modulated using siRNA, and com-
pletely blocked when Zap70 expression and signaling were pre-
vented by the inhibitor piceatannol. Although Zap70 signaling has
been linked to downstream processes such as PLC-� activation and
calcium flux that lead to IL-2 production (40, 41), our findings
indicate that Zap70 is a critical proximal transducer for effector
function and a key regulator of recall function in memory CD4 T
cells.

The increased protein expression of Zap70 appeared to be more
central in regulation of memory T cell function, and we found only
modest up-regulation of Zap70 phosphorylation at residue Y319
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(shown to be important in TCR signaling (26) in memory T cells
at earlier time points (30 min–6 h) that did not correlate with
function. These findings are consistent with our previous results of
low phospho-Zap70 content in lysates of phenotypic memory CD4
T cells (10); however, we cannot rule out transient phosphorylation
events (42), or other regulatory phosphorylation sites playing a
role (43). Our finding of increased Zap70 associated to the TCR/
CD3 complex also suggests that signaling efficiency may likewise
be controlled via these increased proximal associations as previ-
ously suggested (44, 45).

The majority of studies of TCR-mediated signaling examine in-
tracellular events seconds to minutes following TCR ligation. By
contrast, we demonstrate that sustained activation of T cells leads
to profound changes in the expression and phosphorylation state of
TCR-coupled signaling intermediates, and these changes are dif-
ferentially associated with distinct T cell functions. We propose a
signaling threshold model in which the level of Zap70 controls
effector responses in CD4 T cells, with increased Zap70 expression
leading to more efficient cellular responses (Fig. 8C). In naive CD4
T cells, Zap70 expression is low accounting for the lack of effector
function; however, sustained antigenic stimulation (6–24 h) leads to
increased Zap70 expression requiring new transcription and transla-
tional (Fig. 4B and data not shown) and also an accumulation of
downstream phosphorylation events comprising a preparatory phase
with low functional output (Fig. 8C). When the minimum threshold
level of Zap70 expression is achieved, cells enter into a functional
phase, leading to IFN-� production. For memory CD4 T cells, the
level of Zap70 in the resting state is already at this threshold level,
hence the preparatory phase is bypassed and cells enter directly
into the early functional phase without the requirement for con-
tinual downstream phosphorylation (Fig. 8C). Sustained stimula-
tion of memory CD4 T cells results in late effector function marked
by further increases in Zap70 expression and the accumulation of
phosphorylation events similar to the functional phase of naive T
cells, and distinct from the early functional phase.

The involvement of Zap70 expression in setting up a threshold
value for signaling has been recently demonstrated in chronic lym-
phocytic leukemia (46) in which Zap70 up-regulation has been
associated with aggressive disease (47). A certain threshold level
of Zap70 expression in chronic lymphocytic leukemia cells was
shown to enhance IgM signaling, and exceeding this threshold did
not further enhance IgM signaling or downstream adaptor/signal-
ing events (46). These studies suggest that levels of Zap70 kinase
may serve as a generalized proximal signaling indicator for down-
stream functions in lymphocytes. Additional alterations associated
with memory T cell signaling previously identified such as in-
creased membrane rafts (48), more rapid immune synapse forma-
tion (49) and epigenetic changes in cytokine loci (48) may syner-
gize with the increased proximal signals to facilitate rapid recall
responses.

In conclusion, our results provide novel biochemical insights
into the rapid recall of memory T cells using a multiparameter
approach, identifying elevated expression of the proximal Zap70
kinase and quantitative differences in downstream phosphorylation
as critical elements that distinguish the memory pathway to effi-
cacious responses.
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