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Abstract
Polarized Th1 and Th2 cells expressing the same TCR produce distinct biochemical responses to
ligand engagement. Compared to Th1 cells, Th2 cells show altered substrate tyrosine phosphorylation
and a diminished or transient Ca2+ response. Here we demonstrate that agonist stimulation of Th1
cells leads to the predominant appearance of fully phosphorylated (p23) TCR ζ, substantial
phosphorylation of zeta-associated protein 70 (ZAP-70), and strong elevation of intracellular Ca2+,
whereas agonist stimulation of Th2 cells expressing an identical TCR results in an elevated p21:p23
TCR ζ ratio, little or no detectable ZAP-70 phosphorylation, and a more limited elevation in
intracellular Ca2+. Th2 cells consistently had twofold lower surface CD4 expression as compared to
Th1 cells with the same TCR. When CD4 levels in Th2 cells were raised to Th1 levels using retroviral
gene transfer, the transduced cells showed greater generation of p23 phospho-ζ, measurable
phosphorylation of ZAP-70, and increased Ca2+ responses. These findings suggest that the apparent
qualitative differences in TCR signaling characterizing Th1 versus Th2 cells are largely the result of
modest quantitative variation in CD4 expression, with decreased CD4 expression playing a
significant role in attenuating the proximal signaling responsiveness of Th2 cells to TCR ligands.

Keywords
Th1/Th2 cells; T cell receptors; Signal transduction; Cytokines; Protein kinases/phosphatases

Introduction
While it is an oversimplification of in vivo physiology, the Th1–Th2 model is a convenient
and generally applicable paradigm for naive CD4+ T cell differentiation [1,2]. The set of
effector cytokines produced by an antigen-activated CD4+ T cell is largely determined by the
particular combination of T cell receptor (TCR), cytokine, and costimulatory signals received
by the naive T cell. In particular, T cells expressing the same transgenic TCR can be induced
to develop along the Th1 (IFN-γ-producing) or the Th2 (IL-4-producing) pathways by varying
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the strength (intensity/duration) of the TCR signal received by the T cell, provided that the
other factors able to influence this fate determination are held constant [3,4]. Both in vivo and
in vitro, low-intensity and/or short-duration TCR signals favor Th2 development from
unpolarized precursors [5].

Differential TCR signaling not only characterizes the initial choice of effector lineage by naive
cells, it is also a feature of fully differentiated Th1 and Th2 cells. Studies with mouse T cell
clones [6,7] and with cells from TCR-transgenic animals [8] revealed that in comparison to
Th1 cells, Th2 cells exhibit lower and/or more transient elevation of intracellular Ca2+

following antigen stimulation. In contrast to Th1 clones, other analyses using mouse T cell
clones demonstrated that Th2 cells were poor at phosphorylation of zeta-associated protein 70
(ZAP-70) following TCR ligation [9]. Human Th2 clones were also reported to show less
tyrosine phosphorylation of substrate proteins than Th1 clones following anti-CD3 stimulation
[10]. A possible molecular explanation for these differences between Th1 and Th2 cells is the
reported exclusion of the CD4 coreceptor from the immunological synapse and from lipid rafts
upon antigen stimulation [11]. However, whether this completely accounts for the distinct
TCR-associated signaling of Th1 vs. Th2 cells is not known [12], as other defects in Th2 cells
have been reported [13].

The altered downstream phosphorylation seen in Th2 cells resembles that reported by this
laboratory for Th1 cells in which CD4-MHC class II interactions are disrupted [14]. Therefore,
we undertook a re-examination of the status of the CD4 molecule in polarized Th2 cells. Here
we report that such cells consistently show a lower surface level of CD4 expression than Th1
cells derived from the same precursor pool. This lower CD4 expression could be linked to the
altered signaling pattern of the Th2 cells through experiments showing a switch to a more Th1-
like pattern of tyrosine phosphorylation and Ca2+ signaling following enhancement of CD4
expression using a retroviral vector. These data provide evidence that a modest quantitative
change in expression of a surface receptor can have qualitative effects on signaling in
differentiated T cells and that decreased CD4 expression plays a significant role in controlling
the antigen responsiveness of polarized Th2 cells.

Results
Differential TCR down-modulation in response to agonist by Th1 vs. Th2 cells expressing
identical TCR

To examine in a controlled fashion the origin of the differences previously described as
characteristic of the TCR-dependent signaling events in Th1 vs. Th2 cells, we generated
polarized effector cells using TCR-transgenic RAG−/− CD4+ T cells. This ensured that all cells
being studied expressed the same receptor subunits and differed only in the cytokine
environment to which they were exposed as naive cells in vitro. As expected [2], cells
experiencing TCR signals in the presence of IL-12 and absence of IL-4 developed uniformly
into Th1 cells secreting IFN-γ, whereas those stimulated in the presence of IL-4 and anti-IL-12
became Th2 cells that produced IL-4 (Fig. 1A).

These differentiated effector cells were then re-exposed to antigen-presenting cells bearing the
strong agonist MCC/I-Ek combination and TCR down-modulation was examined after a 5-h
incubation period. We have previously shown that the extent of receptor loss from the cell
surface closely tracks the quality as well as intensity of TCR signaling as assessed by the nature
of TCR ζ chain and ZAP-70 tyrosine phosphorylation [15,16], and based on previous reports
of defects in the latter event in Th2 cells, we anticipated that there would be less TCR lost from
the surface of Th2 as compared to the Th1 cells. Fig. 1B shows that indeed, the 5C.C7 Th2
cells have a smaller antigen-induced decrease in surface TCR than Th1 cells under these assay
conditions. Thus, even using the MCC88–103 peptide, which induces more vigorous responses
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by 5C.C7 T cells than the immunogen PCC, TCR down-modulation was limited in Th2 cells
as compared to Th1 cells.

Differential TCR-associated tyrosine phosphorylation events in Th1 and Th2 cells
These phenotypic data were consistent with past reports of distinct proximal TCR-induced
phosphorylation events in Th1 vs. Th2 effector T cells. To examine this issue directly, polarized
5C.C7 cell lines were incubated with antigen-expressing cells expressing I-Ek plus PCC88–
104 for 5 min. ZAP-70 and associated proteins were then precipitated, separated by SDS-
PAGE, and analyzed by blotting with anti-phosphotyrosine antibody (Fig. 2). The Th1 cells
showed phosphorylation of ZAP-70 and a nearly equal generation of the two main forms of
phospho-ζ (p21 and p23), corresponding to the full activation pattern induced by agonist
ligands as reported in previous studies of naive or Th1-polarized T cells [17,18]. In contrast,
the Th2 cells showed less overall TCR-associated protein tyrosine phosphorylation and
predominant generation of partially phosphorylated (p21) TCR ζ chain in combination with
nearly undetectable phosphorylation of ZAP-70. This latter pattern corresponds to that
observed using partial agonists or antagonists to stimulate naive or Th1-polarized CD4+ or
CD8+ T cells [17,18]. It also resembles the signaling pattern seen with Th1 cells stimulated
under conditions in which CD4-MHC class II interactions are disrupted [14], suggesting a
possible role for reduced CD4 function in the signaling behavior of Th2 cells.

To determine whether the Th1-polarized 5C.C7 cells studied here showed the same influence
of CD4 function on proximal TCR signaling, we repeated the phosphorylation studies in the
presence of anti-CD4 blocking antibody (Fig. 3). Control 5C.C7 Th1 cells showed substantial
levels of the p23 phosphorylated form of TCR ζ chain, whereas those exposed to antigen in
the presence of anti-CD4 showed little p23 TCR ζ generation and predominant p21 production,
consistent with our earlier study. Our previous studies have shown that in addition to CD4-
associated Lck, there is a separate pool of Lck associated with the TCR [19], providing a source
of kinase for generation of the antigen-induced p21ζ seen in this experiment even when CD4-
Lck is not involved.

Diminished CD4 expression on Th2 cells and its role in altered signaling
Given the similarity of signaling in Th2 cells and in Th1 cells deprived of full CD4 function,
as well as a prior report of defective CD4 localization to the synapse and rafts in Th2 cells
[11], we examined surface expression of CD4 and other potentially relevant proteins on Th1
vs. Th2 effectors. CD3, CD28, and an isoform of CD45 (T200) were expressed almost
equivalently on both Th1 and Th2 cell surfaces (Fig. 4). However, a striking difference between
Th1 and Th2 cells was seen in the expression of CD4. Th1 cells consistently expressed twofold
more CD4 than Th2 cells (Th1/Th2 ratio = 2.25±0.62 in ten independent experiments). Similar
results were obtained with polarized Th1 and Th2 cells generated from other TCR-transgenic
cells, including DO11.10 (Th1/Th2 ratio = 2.04±0.64 in three independent experiments) and
HA110–120 specific T cells (Th1/Th2 ratio = 1.57±0.20 in five independent experiments).
These results establish that the difference in CD4 expression between the two types of effector
T cells was not a peculiar feature of 5C.C7 cells.

To study whether the quantitative difference in CD4 expression between Th1 and Th2 cells
might account for what appeared to be qualitative differences in TCR signaling, we restored
CD4 expression in Th2 cells using retroviral gene transfer (Fig. 5A). Retrovirus-infected Th2
cells whose CD4 expression had been restored to the level characteristic of naive or Th1 T
cells were isolated by electronic cell sorting based on co-expression of enhanced green
fluorescent protein (EGFP). The TCR signaling response of these transduced Th2 cells and of
control-infected cells expressing only EGFP to agonist ligands (PCC or MCC peptides) was
then examined (Fig. 5B).
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The overall extent of TCR-associated protein tyrosine phosphorylation and the p23/p21 TCR
ζ ratio in activated, infected, CD4-restored Th2 cells was close to that seen with antigen-
stimulated Th1 cells (Fig. 3), indicating that the quantitative difference in CD4 expression
between polarized Th1 and Th2 cells was by itself able to account in large measure for the
striking differences in proximal TCR phosphorylation seen in the two differentiated cell
populations. Expression of the CD4-EGFP protein in polarized Th1 cells did not change their
proximal signaling pattern (Fig. 5C). The p23/p21 ζ chain phosphorylation data from all
experiments are summarized in the supplementary information, Table 1. No differences were
seen between Th1 and Th2 cells in the expression of the key signaling molecules ZAP-70 (Fig.
5), Lck, or ζ (see supplementary information Fig. 1), consistent with CD4 expression being the
key determinant of the distinct proximal signaling in Th2 as compared to Th1 cells.

Cytokine gene expression, especially of IL-4, has been associated with elevation of intracellular
Ca2+ that affects the nuclear translocation of NFAT transcription factors via activation of the
phosphatase calcineurin [20]. The previously reported differences in Ca2+ signaling by Th1
and Th2 cells were reproduced here with polarized 5C.C7 cells (Fig. 6A). Restoration of CD4
levels in Th2 cells to those characteristic of naive or Th1 cells corrected the Ca2+ response
deficiency (Fig. 6B), just as this manipulation corrected the proximal phosphorylation defect.
Expression of CD4-EGFP in Th1 cells using retroviral infection did not change the Ca2+

response of these cells (see supplementary information Fig. 2).

Discussion
In comparison to naive T cells or Th1 cells, Th2 cells show a distinct pattern of TCR-dependent
signaling, with lower and less complete ζ chain tyrosine phosphorylation, little or no ZAP-70
phosphorylation, and diminished or transient elevation of intracellular Ca2+ [6-11,13]. These
three aspects of TCR signal transduction all play important roles in downstream signaling for
gene activation [21], which makes it surprising that they appear to be actively down-modulated
in differentiated effector Th2 cells as compared to their naive counterparts or Th1 cells. At
present there is no satisfying physiological rationale for this feature of Th2 biology nor for the
capacity of these effector cells to respond (at least in vitro) with cytokine secretion when
stimulated at ligand densities similar to those able to activate Th1 cells showing more
prototypic TCR signaling capacity.

Given its paradoxical nature, it is surprising that only a few studies have sought to define the
molecular basis of this altered signaling in Th2 effector cells as one step towards gaining a
better understanding of this aspect of T cell biology. One report suggested that diminished
signaling in Th2 cells arose from a change in the behavior of CD4, with its exclusion from
membrane rafts and the immunological synapse following TCR ligation [11]. These findings
implied a qualitative change in the molecular properties of the TCR-coreceptor axis in Th2
cells as compared to naive or Th1 cells.

Here we show that a modest quantitative change in CD4 levels is sufficient to account for much
of what appears to be qualitatively altered signaling in Th2 cells. Polarized Th2 cells were
found to have approximately 50% of the surface level of CD4 present on Th1 cells derived
from the same TCR-transgenic, RAG−/− T cell population, with no differences in TCR, CD3,
or CD45 expression. Retroviral transduction to increase CD4 expression to that seen on naive
or Th1 cells allowed the polarized Th2 cells to respond to TCR ligation with a ratio of
phosphorylated ζ chains (p21/p23) similar to that seen in Th1 cells, together with detectable
tyrosine-phosphorylated ZAP-70, and with elevated Ca2+ responses. Pre-sorting of naive cells
into CD4hi and CD4lo subpopulations did not influence the generation of Th1 or Th2 cells
under standard polarizing culture conditions (Y.I., unpublished observations), indicating that
the low level of CD4 expression among Th2 cells is a consequence of differentiation, not a
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reflection of preexisting microheterogeneity among precursors that can be discerned based on
CD4 expression.

These findings agree with a model of CD4 function we have proposed previously [14], in which
the surface density of CD4 plays a major role in dictating the ligand discrimination properties
of the TCR. Low CD4 density on a cell would demand exposure to very avid TCR ligands for
full agonist signaling to occur. For a given ligand-TCR pair, this means that T cells with low
CD4 levels would be expected to show only a partial agonisttype signaling response to a
peptide-MHC molecule combination that could act as a full agonist for cells with high CD4
expression, precisely as reported here. Whether the previously reported loss of lipid domain
association of CD4 in Th2 cells might thus represent a secondary effect of this quantitative
change and the alteration in signaling leads to this, will require additional investigation. Our
description of very early acting SHP-1-dependent negative feedback in controlling the TCR
signal quality and duration [19], along with the evidence from this and other laboratories that
the early phosphorylation of TCR-associated components precedes synapse formation [22], is
consistent with the view that these previously reported aspects of CD4 behavior may be a
downstream consequence rather than a primary cause of the Th2 pattern of signaling.

The present data do not by themselves provide a physiological rationale for why Th2 cells
decrease CD4 expression and limit the robustness of their signaling response, nor do they
explain the molecular basis of the reduction in CD4 levels (less transcription, limited
translation, more degradation, differential distribution between surface membrane and
intracellular compartments). This latter issue also bears on the failure of gene array studies
comparing Th1 and Th2 cells to note a difference in CD4 mRNA levels in these two cell types
that would account for the data reported here. The surface difference we see is only twofold,
which many array analyses use as a cut-off [23,24]. Some have suggested that IL-4 is a
“dangerous” cytokine and that the pseudo-monoallelic nature of IL-4 gene expression is a
mechanism evolved to limit production of this potentially harmful molecule [25]. The
attenuation of TCR signaling in Th2 effectors can be seen as reinforcing the same behavior.
The paradox is that weak stimulation favors Th2 differentiation among naive cells before the
development of this differentiated phenotype, so it is not obvious why cells that already are at
the limit of signal input during their initial triggering would need further attenuation of signal
transduction to constrain later responses [26].

The low expression of CD4 and the resulting diminished TCR-induced signaling in Th2 cells
could make a contribution to preventing responses to low-avidity ligands like self-antigens
[27]. A possible role for CD4 in regulating autoimmune T cell function is suggested by a report
that pathogenic T cells express a higher level of CD4 than non-pathogenic T cells in NOD mice
[28]. It is intriguing that Th1 cells have been reported to regulate their response to low-affinity
ligands with partial activation followed by clonal anergy that can affect both proliferation and
IFN-γ responses [29,30], while in contrast, IL-4 production is not impaired in anergic Th2 cells
[31,32]. Therefore, mechanisms other than anergy may be required to prevent a Th2 effector
response to low-avidity ligands. Down-regulation of CD4 may be one of these mechanisms,
suggesting that a better understanding of the molecular basis for the change in CD4 expression
in Th2 cells may help to provide a better understanding of autoimmune susceptibility.

Materials and methods
Preparation of Th1/Th2 cell lines

Th1 and Th2 cell lines were established from TCR-transgenic 5C.C7 mice [33] lacking RAG-2
expression [34] (Taconic Farms, Germantown, NY). Freshly isolated spleen and lymph node
cells (2×106/well) were cultured with irradiated B10.A spleen cells (2×106/well) and the
agonist peptide PCC88–104 (KERADLIAYLKQATAK; 1 μM) in 24-well plates. IL-12 (10
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ng/mL) plus anti-IL-4 (clone 11B11; 10 μg/mL) were added to cultures to prepare Th1 cells,
and IL-4 (30 ng/mL) plus anti-IL-12 (polyclonal goat antibody, 10 μg/mL; R&D Systems,
Minneapolis, MN) were added to cultures to prepare Th2 cells. Cells were maintained in RPMI
1640 supplemented with 10% FCS, 50 μM 2-ME, 2 mM L-glutamine, 10 mM Hepes, and 1%
nonessential amino acids. Two days after initial stimulation, recombinant IL-2 was added to
maintain cell division and promote differentiation (1 ng/mL; Takeda Chemical Industries, Ltd.,
Osaka, Japan). Five to seven days after IL-2 addition, the cells were re-stimulated using similar
culture conditions. All cells studied here for signaling or functional responses were used not
earlier than 6 days after this single re-stimulation.

Measurement of TCR down-modulation and cytokine production by flow cytometry
One million P13.9 L-cell transfectants expressing I-Ek, CD54, and CD80 [35] were pre-
incubated with PCC88–104 or in some cases the more potent MCC88–103
(ANRADLIAYLKQATK) peptide overnight as indicated in the Fig. legends, then washed with
PBS before adding T cells. Polarized 5C.C7 T cells (5×105) were mixed with P13.9, spun for
5 min in 5-mL polypropylene tubes, and cultured at 37°C for 5 h. Monensin was added in the
beginning of the re-stimulation culture for analysis of cytokine production. Cells were washed
with PBS containing 0.5 mM EDTA before staining. Surface TCR was stained with anti-Vβ3
[15]. For intracellular cytokine analysis, cells were fixed with 4% paraformaldehyde in PBS
and stained with PE-conjugated anti-IL-4 and/or FITC-conjugated anti-IFN-γ (BD
PharMingen, San Diego, CA) in the presence of saponin [36].

Protein phosphorylation and immunoblotting analyses
Polarized 5C.C7 cells (3×106) were incubated with P13.9 (3×106) previously pulsed with
peptide as specified in the Fig. legends. In some experiments, anti-CD4 (clone H129.19) was
added to the cell mixture. After incubation, cells were lysed with 1% Nonidet-P40, 140 mM
NaCl, 10 mM Tris-HCl (pH 7.2), 2 mM EDTA, 5 mM iodoacetamide, 1 mM Na3VO4, and
proteinase inhibitor mixture (Boehringer Mannheim, Indianapolis, IN) on ice for 30 min. After
centrifugation, the supernatant was incubated with anti-TCR (clone H57-597), biotinylated
anti-CD3ε (clone 145-2C11), or antiserum to ZAP-70 ([17], kindly provided by Dr. J. B. Bolen)
for 4 h and precipitated with protein A-Sepharose (Amersham Pharmacia Biotech, Sweden) or
ImmunoPure immobilized streptavidin (Pierce, Rockford, IL) for biotinylated antibody.
Precipitated proteins were separated using SDS-PAGE and transferred to Hybond-P membrane
(Amersham Pharmacia Biotech, Little Chalfont, UK).

Tyrosine-phosphorylated proteins were detected with 4G10 (Upstate Biotechnology, Lake
Placid, NY) and horseradish peroxidase-conjugated goat anti-mouse IgG (Bio-Rad
Laboratories, Richmond, CA). Horseradish peroxidase activity was detected with ECL
(Amersham Pharmacia Biotech). Previous studies have shown that these solubilization and
precipitation conditions are appropriate for the detection of phosphoproteins associated with
the proximal events in TCR-dependent signaling [14,15,17-19]. Controls for sample loading
consisted of re-probing of blots for total ZAP-70. For quantitative analysis of protein
expression, antiserum to ZAP-70 and anti-Lck mAb (clone 3A5; Upstate Biotechnology) were
used for blotting followed by staining with horseradish peroxidase-conjugated goat anti-rabbit
Ig and anti-mouse IgG (Bio-Rad Laboratories), respectively.

Retroviral gene transduction
For retroviral enhancement of CD4 expression on Th2 cells, the pIB-CD4-EGFP(C4) vector
(a kind gift of M. Davis, HHMI Stanford University School of Medicine [37]) was transfected
into Phoenix-Eco packaging cells. Viral supernatant collected from these transduced cells was
added to previously generated 5C.C7 Th2 cells that were re-stimulated with splenic antigen-
presenting cells and anti-CD3ε (clone 145-2C11; 1 μg/mL) in 24-well plates for 24 h. Cells
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were spun down at 2200 rpm for 90 min at 32°C in the presence of polybrene (8 μg/mL).
Infection was repeated three times at 12-h intervals and the resulting cell population
electronically sorted on the basis of EGFP expression. EGFP-negative cells from the same
cultures were used as a control for signaling and functional experiments. Surface CD4
expression was measured by staining with PE-conjugated anti-CD4 (BD PharMingen)
followed by flow cytometric analysis. Cells transduced with virus encoding only EGFP were
used as controls.

Ca2+ measurements
Method 1—Resting Th1 and Th2 cell lines were prepared as described above. T cells
(2×107) were suspended in 1 mL Hank's balanced salt solution (HBSS) containing 10 mM
Hepes, 1 % FCS, 0.03% pleuronic, and 5 μM Indo-1 (Molecular Probes, Inc., Eugene, OR).
After gently shaking for 45 min at 30°C, cells were washed twice in HBSS. MHC class I
molecules on T cells were stained with FITC-conjugated anti-Dd for 15 min at room
temperature. Cells were washed twice more before data acquisition. Indo-1-labeled T cells
were spun down to produce conjugates with P13.9 previously pulsed with MCC88–103 (10
μM). After gating based on high FSC (P13.9) and expression of Dd (5C.C7 T cells) to identify
conjugates, calcium ratios (bound/unbound) were measured using a FACSVantage (BD
Biosciences; NIAID Flow Cytometry Unit).

Method 2—EGFP-negative and EGFP-positive cells Th2 cells were sorted from Th1- or Th2-
polarized 5C.C7 T cell populations exposed to the CD4-GFP-encoding retrovirus, washed
twice in PBS, and 2×106 cells for each sample were suspended in 500 μl of PBS containing 1
μM Fluo-4 (Molecular Probes, Inc.). After 20 min incubation at 37°C, cells were washed twice
in warm RPMI medium and incubated at 37°C for 1 h before analysis. Fluo-4-labeled T cells
were co-centrifuged with P13.9 cells previously pulsed with PCC88–104 (10 μM) and stained
with SNARF (Molecular Probes, Inc.). After gating based on low red fluorescence and high
green fluorescence to distinguish Fluo-4-labeled T cells from SNARF-labeled P13.9 cells and
unlabeled T cells, calcium flux was analyzed using a FACSCaliber flow cytometer (BD
Biosciences). The response to 5 μM ionomycin exposure was used as a control.
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Figure 1.
Differential TCR down-modulation among Th1 and Th2 cells expressing the same TCR chains.
5C.C7 TCR-transgenic T cells were polarized in vitro to produce Th1 and Th2 effector cells.
Rested Th1 and Th2 cells were stimulated with P13.9 and PCC88–104 (1 μM) for 5 h and then
analyzed for cytokine production (A). These Th1 and Th2 cells were then exposed to antigen-
presenting cells pulsed with either 1 or 100 nM MCC88-103 peptide and the surface expression
of Vβ3-containing TCR was assessed 5 h later by flow cytometry (B). The mean fluorescent
intensities for untreated cells, cells exposed to 1 nM pulsed presenting cells, or cells exposed
to 100 nM pulsed presenting cells, respectively, were 215, 135, and 47 for Th1 cells and 246,
173, and 120 for Th2 cells. Results are representative of eight experiments.

Itoh et al. Page 10

Eur J Immunol. Author manuscript; available in PMC 2006 May 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Differential TCR-associated protein tyrosine phosphorylation in Th1 vs. Th2 effector cells.
Polarized Th1 and Th2 effector 5C.C7 T cells were exposed to antigen-presenting cells pre-
pulsed with 100 μM PCC88–104 peptide. After 5 min of cell contact, the cells were lysed, and
equal amounts of protein extract from each sample were subjected to immunoprecipitation (IP)
with an anti-ZAP-70 antibody followed by SDS-PAGE analysis and immunoblotting (IB) with
monoclonal anti-phosphotyrosine antibody. The same blot was stripped, then immunoblotted
with anti-ZAP-70 antibody to demonstrate equal loading in all lanes. Results are representative
of three experiments.
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Figure 3.
Alteration of ζ chain phosphorylation pattern in Th1 cells with disrupted CD4 function.
Polarized 5C.C7 Th1 cells were exposed to antigen-presenting cells pre-pulsed with 30 μM
PCC88–104 peptide in the absence or the presence of the indicated amount of anti-CD4 mAb.
After 5 min of cell contact, the extent of tyrosine phosphorylation involving the TCR-associated
ζ chains was evaluated by immunoblotting after cell lysis and immunoprecipitation with anti-
CD3ε antibody. Results are representative of two experiments.
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Figure 4.
Selective decrease in CD4 surface membrane expression on polarized Th2 cells as compared
to Th1 cells. Polarized 5C.C7 T cells were stained for CD3ε, CD4, CD28, and CD45 (T200)
expression and analyzed by flow cytometry. The numbers below each panel represent the mean
fluorescent intensity. Results for CD4 are representative of ten experiments.
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Figure 5.
Th1-like pattern of proximal TCR-induced protein tyrosine phosphorylation in Th2 cells with
restored CD4 expression. (A) Polarized Th1 and Th2 5C.C7 T cells were infected with
recombinant retrovirus encoding either EGFP or a mouse CD4-EGFP fusion protein. The
infected cells were then subjected to cell sorting for EGFP-positive cells. Infected cells
expressing CD4-EGFP showed restoration of CD4 expression to a level typical of polarized
Th1 cells, which is ∼2.5-fold greater than that of the uninfected EGFP-negative Th2 cells from
the same culture. (B) Th1 cells, EGFP-negative Th2 cells, and Th2 cells expressing either
EGFP or CD4-EGFP were stimulated with antigen-presenting cells pulsed with 100 μM
PCC88–104 peptide. Five minutes later, the cells were lysed, and the lysates were subjected
to immunoprecipitation and immunoblotting analysis as described in Fig. 2. Results are
representative of three experiments. (C) Polarized Th1 cells were either left uninfected or
infected with retrovirus encoding CD4-EGFP and sorted for EGFP expression. These cells
were then stimulated with antigen-presenting cells pulsed with 100 μM PCC88–104 peptide,
lysed, and the lysates subjected to immunoprecipitation with anti-ZAP-70 antibody followed
by SDS-PAGE analysis and immunoblotting with either anti-phosphotyrosine or anti-ZAP-70
antibody.
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Figure 6.
Th1-like pattern of TCR-induced intracellular Ca2+ elevation in Th2 cells with restored CD4
expression. (A) Polarized Th1 and Th2 5C.C7 T cells were loaded with the indicator dye Indo-1
and analyzed for changes in intracellular Ca2+ by FACS following stimulation with antigen-
presenting cells pulsed with 10 μM MCC peptide (arrows). (B) Polarized Th1, Th2, and CD4-
EGFP-positive Th2 5C.C7 T cells were loaded with the calcium indicator Fluo-4, and
intracellular Ca2+ levels were analyzed by FACS. A 50-s baseline was recorded before addition
of antigen-presenting cells pulsed with 100 μM PCC88–104 peptide. After 90 s of cell contact,
the intracellular Ca2+ levels were measured again (first arrow) followed by exposure to
ionomycin (5 μM; second arrow). Results are representative of five experiments.
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