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Introduction
Alterations in the microenvironments at the sites of infection and 

inflammation have been studied since the 1940s. The development 
of acidic environments is a hallmark of inflammatory processes 
and is attributed to the local increase of lactic acid production by 
anaerobic glycolysis and to the presence of short-chain, fatty acid by-
products of bacterial metabolism [1,2]. In solid tumors, the tumor 
microenvironments are also usually more acidic than normal, with 
values of extracellular pH ranging from 5.8 to 7.4, both in human and 
rodent malignant tissues [3-5]. 

Although immune cell infiltration is often observed in acidic 
inflammatory sites and tumor areas [6-9], relatively few studies have 
focused on the effect of extracellular acidic pH on the function of 
immune cells [10]. Observations made in stimulated macrophages 
indicated that extracellular acidification results in the inhibition of 
superoxide anion production, Fc-mediated phagocytosis, and TNF-α 
release [11], whereas Grabowski et al. [12] showed that environmental 
acidification increases the phagocytosis of opsonized particles by 
macrophages. Calcium ion mobilization, shape change response, up-
regulation of CD18 expression, production of H2O2, and release of 
myeloperoxidase were markedly enhanced in neutrophils stimulated 
in acidic pH medium [13]. Müller et al. [14] showed impaired cytotoxic 
activity of Natural killer (NK) as well as Lymphokine activated killer 
(LAK) cells at acidic pH. Exposure of murine Dendritic cells (DCs) 
to pH 6.5 stimulates macropinocytosis and cross-presentation of 
extracellular antigens by MHC class I molecules [15]. Moreover, 
transient exposure to acidic conditions triggers not only the phenotypic 
maturation of human DCs, but also a high level of IL-12 production 
[16]. The different signaling pathways have been investigated under 
different pH conditions in Jurkat T cells [17] and the phosphorylation 
levels of p38 and ERK were elevated at acidic pH [18]. These previous 
studies support the notion that acidic extracellular environments exert 
a great influence on immune response. However, it is still unclear how 

extracellular low pH affects TCR signaling, especially Ca2+ mobilization.

The elevation of intracellular free Ca2+ ([Ca2+]i) is an essential 
triggering signal for T cell activation by antigen and other stimuli 
that cross-link the T cell antigen receptor (TCR) [19,20]. The 
binding of antigen/MHC complexes to the TCR triggers the tyrosine 
phosphorylation of the ITAMs (Immunoreceptor Tyrosine-based 
Activation Motifs), present in the TCR-associated CD3-ξ subunits. The 
activated ITAMs function by orchestrating the sequential activation of 
the Src-related PTKs (Protein Tyrosine Kinases): Lck and Fyn, which 
initiate TCR signaling, followed by the activation of ZAP-70 (tyrosine 
kinase-associated protein of 70 kDa) or the related Syk kinase, which 
further amplifies the response [21]. The translocation of Lck and 
ZAP-70 is regulated by RhoH (A hematopoietic-specific, GTPase-
deficient Rho GTPase) [22]. The alternative TCR/CD3/FcRγ complex 
recruits and activates Syk, instead of ZAP-70 [23]. These various PTKs 
phosphorylate an adaptor protein LAT, ultimately resulting in the 
phosphorylation and activation of phospholipase C-γ (PLC-γ) [24]. 
PLC-γ cleaves phosphatidylinositol 4,5-bisphosphate (PIP2) in the 
plasma membrane to generate diacylglycerol, which activates protein 
kinase C (PKC) and Ras-dependent pathways, and 1,4,5-inositol 
trisphosphate (IP3), which causes entry of Ca2+ to cytosol from two 
sources: the Endoplasmic reticulum (ER) and the extracellular fluid 
[25]. The increase in [Ca2+]i consequently leads to the activation of 
signal proteins and transcription factors, including NFAT, NF-κB, 
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Abstract
Although the pH values of blood and tissues are usually maintained in a narrow range around 7.4, some diseased areas, such 

as cancer nests, inflammatory loci, and infarction areas, are acidified. In the present study, the effect of extracellular acidic pH on 
TCR signaling was examined with human acute leukemia T cell line Jurkat cells because T cell infiltration is often observed in acidic 
diseased areas. The phosphorylation levels of CD3-ξ ZAP-70, and PLC-γ1 induced by OKT-3, anti-CD3 antibody, were higher at pH 
6.3 than those at pH 7.6. The activation of PLC-γ1 induced by OKT-3 was further increased by the co-stimulation with CD28.6, anti-
CD28 antibody, at pH 7.6, but not at pH 6.3. The level of cytosolic free calcium ions was increased to a higher level by the addition of 
OKT-3 at pH 6.3, compared with that by the addition of OKT-3 plus CD28.6 at pH 7.6. Further addition of CD28.6 decreased the level 
of cytosolic free calcium ions induced by OKT-3 at pH 6.3. The Ca2+ mobilization was strongly inhibited by BTP2, a potent inhibitor 
of Ca2+ channels in the plasma membrane, at pH 7.6, while the inhibition was weak at pH 6.3. The Ca2+ mobilization at pH 6.3 was 
dependent on ZAP-70 and LAT, but not SLP-76. The activation of ERK and p38 increased as pH decreased. No activation of ERK2 
in the presence of OKT-3 was observed in the Jurkat mutant deficient in ZAP-70 at pH 6.3, while ERK1 was activated by the addition 
of OKT-3 in this mutant. The expression of IL-2 was not induced by OKT-3 or OKT-3 plus CD28.6 at pH 6.3. These results suggest 
that the TCR signaling initiated by CD3 stimulation is more active at acidic pH in Jurkat cells and its pathway is different in parts under 
different pH conditions. 
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and JNK1 [20,26,27]. In turn, these transcription factors regulate the 
expressions of several inducible genes that mediate diverse genetic 
programs including immune effector functions, cell proliferation, 
cell differentiation, and cell death. Recent studies have reported that 
extracellular acidification induces a transient increase in [Ca2+]i of 
neutrophils [13]. 

In this study, we investigated the effect of extracellular acidic 
environments on TCR signal transduction in Jurkat and Jurkat mutant 
cell lines. The activation of proteins in the initial complex and well-
studied signal proteins in the middle of the pathways, the cytosolic 
level of free calcium ions as second messengers, and cytokine gene 
expression as a target of the TCR signaling were examined with cells 
cultured at acidic pH. In acidic conditions, CD3-ξ and ZAP-70 were 
activated more strongly by the binding of antibodies to CD3. The 
[Ca2+]i was increased by stimulation with CD3, while further addition 
of CD28 decreased [Ca2+]i at acidic pH. These results suggested that 
Jurkat T cells have different TCR signaling pathways in parts under 
different pH conditions.

Materials and Methods

Cells and antibodies
Human acute leukemia T cell line Jurkat E6.1 cells were supplied 

by Takashi Saito (RIKEN, Japan). Jurkat P116 cells were a gift from 
Shigeo Koyasu (Keio University, Japan) with the permission of Robert 
T. Abraham (The Burnham Institute, CA). Jurkat J14 and J.CaM2.5 
cell lines were gifts from Arthur Weiss (California University, 
San Francisco). Anti-ZAP-70 monoclonal antibody (mAb), anti-
phospho-ZAP-70 (Y319) mAb, anti-Lck (Y505) mAb, anti-LAT 
(Y171) mAb, anti-ERK1 (MK12) mAb, anti-phospho-ERK1/2 (T202/
Y204) mAb, and anti-p38α (27/p38a/SAPK2a) mAb were obtained 
from BD Biosciences. Anti-phosphotyrosine mAb (4G10, Upstate 
Biotechnology), anti-phospho-CD3-ξ mAb (Y142, Epitomics), anti-
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mAb (Cell 
Signaling), anti-phopho-p38 (T180/Y182, Sigma) mAb, anti-phospho-
phospholipase C-γ1 (PLC-γ1) mAb (Y783, Cell Signaling), and anti-
Syk antibody (Cell Signaling) were purchased. Anti-human CD3 
mAb (OKT-3) and anti-human CD28 mAb (CD28.6) were purchased 
from eBioscience. Goat anti-mouse IgG conjugated with alkaline 
phosphatase (AP) and goat anti-rabbit IgG conjugated with AP were 
purchased from Sigma-Aldrich.

Cell culture

Jurkat cell lines were cultured in RPMI-1640 (Wako Co., 
Japan) containing 10 µg/ml gentamicin and 5 µg/ml fungizone 
supplemented with 10% FBS at 37°C under 5% CO2. For culture at 
different pH values, cells were transferred to RPMI-1640 containing 
10 µg/ml gentamicin, 5 µg/ml fungizone, 10% FBS, and 10 mM PIPES 
[piperazine-N,N’-bis (2-ethanesulfonic acid)] for pH 6.3 or 10 mM 
HEPES [4-(2-hydroxyethyl) 1-piperazineethanesulfonic acid] for 
pH 7.6 instead of Na2CO3, and cells were cultured without CO2 gas 
supply. Medium containing FBS was often contaminated with germs 
when medium pH was adjusted, and it was hard to sterilize medium 
containing FBS. Therefore, medium pH was first adjusted to 6.2 and 7.7 
by the addition of NaOH before the addition of FBS. After sterilization 
of the medium by filtration, FBS was added. After the addition of FBS, 
the pH values changed into 6.3 and 7.6, respectively.

Western blot analysis

Cells were cultured under various pH conditions as described 

above for 24 h. Then anti-CD3 monoclonal antibodies (OKT-3) and/or 
anti-CD28 monoclonal antibodies (CD28.6) were added to the culture 
medium. After incubated for the indicated time, cells were harvested, 
washed with ice-cold PBS (10 mM sodium phosphate, pH 7.0, 
containing 137 mM NaCl, 4 mM KCl, 10 mM NaF and 1 mM Na3VO4), 
and collected by centrifugation. The resulting pellet was resuspended 
in lysis buffer (50 mM Tris–HCl, pH 7.8, 1% NP-40, 20 mM EDTA, 10 
mM NaF, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 1 µg/
ml aprotinin and 0.2 µM leupeptin) and incubated for 20 min on ice. 
The suspension was centrifuged at 10,000 rpm for 10 min. The collected 
supernatants were mixed with 4 × sodium dodecyl sulfate (SDS)-PAGE 
sample buffer (125 mM Tris–HCl, pH 6.8, 30% glycerol, 4% SDS, 
10% β-mercaptoethanol and 0.05% bromophenol blue) and boiled 
for 90 seconds. The mixture was applied to a 10% polyacrylamide gel 
containing 0.1% SDS. Proteins separated by gel electrophoresis were 
transferred to a PVDF membrane. The membrane was blocked with 
3% bovine serum albumin in PBS and then incubated with antibodies 
against target proteins, followed by AP conjugated anti-mouse IgG or 
anti-rabbit IgG (Biosource, USA). GAPDH in the cell extracts was used 
as a loading control. 

Measurement of the concentration of cytosolic free calcium 
ions [Ca2+]i

The change in [Ca2+]i was measured using fluorescence probe Fura-
2. After Jurkat cells had been cultured in pH 7.6 and pH 6.3 media for 
24 h, cells were collected and washed with pH 7.6 and pH 6.3 culture 
media without phenol red, respectively. The cells (1.0 × 106 cells/ml) 
were then incubated with 5 μM Fura-2-acetoxymethyl ester (Dojindo 
Co., Japan) for 45 min at 37°C in the same medium as that used for 
washing. Probenecid (2.5 mM) was added to the medium to avoid Fura-
2 leakage. After Fura-2 loading, cells were washed and resuspended 
in the same medium. The fluorescence from the Fura-2-loaded cells 
was monitored with a ratiometric fluorescence spectrophotometer 
(HITACHI, F-2500). The excitation wavelengths were 340 and 380 nm, 
and emission was measured at 510 nm. Then OKT-3 (0.2 µg/ml) and/or 
CD28.6 (5 µg/ml) were added to the cell suspension. After incubation 
at 37°C for 5 min, fluorescence was monitored again under the same 
conditions. The [Ca2+]i was estimated as described by Grynkiewicz et 
al. [28] using the following formula:

[Ca2+]i =Kd[(R-Rmin)/(Rmax-R)]Fmin(380)/Fmax(380),

where R is the ratio of the fluorescence intensity at 340 nm to the 
intensity at 380 nm, and Rmax and Rmin are the fluorescence ratios at 
340 nm to that at 380 nm obtained with the addition of 2 mM CaCl2 
plus 5 µM ionomycin and further addition of 5 mM EGTA, respectively. 
Kd represents the apparent dissociation constant of Fura-2, and 224 
nM was used in the present study. Fmax(380) and Fmin(380) are the 
fluorescence intensities obtained with the addition of 2 mM CaCl2 plus 
5 µM ionomycin and further addition of 5 mM EGTA, respectively. 
BTP2 (Calbiochem) was used to inhibit Ca2+ release-activated Ca2+ 
channels in the plasma membrane. 

Measurement of intracellular pH (pHi)

The pHi was measured by the pH-sensitive fluorescent probe 
2’,7’-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF). 
Cells were loaded with 5 μM of BCECF acetoxymethyl ester (Dojindo 
Co., Japan) for 30 min at 37°C in pH 7.6 or pH 6.3 RPMI-1640 media 
(without phenol red) as described above. The resulting cells were rinsed 
and resuspended in the same medium. To obtain the pH calibration 
curve, cells were incubated with 4 μM of K+/H+ ionophore nigericin 
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in calibrating RPMI-1640 media containing 140 mM KCl at pH 6.3, 
6.6, 6.9, 7.2 or 7.5. The fluorescence of BCECF was monitored in a 
ratiometric fluorescence spectrophotometer (HITACHI, F-2500). The 
excitation wavelengths were 500 and 450 nm. The emission wavelength 
was 530 nm.

Real-time quantitative PCR

Total RNA was isolated with the use of a TRI Reagent (Sigma-
Aldrich), according to the manufacturer’s instructions. Total RNA (2 
µg) was reverse-transcribed using Reverse transcriptase (TOYOBO) in 
a total volume of 20 µl containing the random primer for 18S rRNA 
or the poly T primer for targeted genes. Real-time quantitative PCR 
amplification was performed with an ABI PRISM 7000 Sequence 
Detection System (Applied Biosystem) using the Fast Start Universal 
SYBR Green Master [Rox] (Roche Diagnostics) according to the 
manufacturer’s instructions. The PCR reaction was carried out with a 
mixture containing 12.5 µl of Real-time PCR Master Mix, 7.5 µM of 
each sense and antisense primer, 25 ng of cDNA, and nuclease-free 
water in a total volume of 25 µl. The standard thermal profile for PCR 
amplification was 50°C for 2 min, 95°C for 10 min, and 40 cycles of 
95°C for 15 seconds and 60°C for 60 seconds. 

Statistical analysis

Student’s t-test was utilized in this study.

Results 
Phosphorylation of CD3 and ZAP-70 induced by CD3 
stimulation at acidic pH 

We first measured the phosphorylations of proteins in the initial 
step of TCR signaling, CD3-ξ, Lck, Syk, ZAP-70, and LAT, at acidic pH 
without CD3 stimulation. The phosphorylations of CD3-ξ and ZAP-
70 were increased obviously at acidic pH, but the phosphorylations 
of other proteins were not. Therefore, the phosphorylations of CD3-ξ 
and ZAP-70 were further examined with the addition of OKT-3, the 
stimulator of TCR signaling. The phosphorylation levels of these two 
proteins were measured at 0,5,10,15,30 and 60 min after treatment with 
OKT-3. The phosphorylations reached a maximal level at 5 min after 
the addition of OKT-3 at both pH 7.6 and 6.3 (data not shown). 

CD3-ξ was phosphorylated upon the addition of 0.2 µg/ml OKT-

3 at pH 7.6 and the phosphorylation level was somewhat increased 
when the concentration of OKT-3 was increased to 4 µg/ml (Figure 
1A). In contrast, the phosphorylation level of CD3-ξ was maximal at 
pH 6.3 when 0.2 μg/ml of OKT-3 was added, and the level was higher 
than that at pH 7.6 (Figure 1A). This result was supported by repeated 
measurements using separate culture. It should be noted that the 
medium pH decreased from 7.6 to 7.4 after 24 h culture, while the 
change in medium pH was less than 0.1 pH units after 24 h culture in 
pH 6.3 medium. 

The phosphorylation level of ZAP-70 without CD3 stimulation was 
reported to be higher at pH 6.3 than that at pH 7.6 [18]. The activation 
of ZAP-70 induced by CD3 stimulation was again higher at pH 6.3 than 
that at pH 7.6 at any concentration of OKT-3 tested (Figure 1B). In 
this experiment, the bands of p-ZAP-70 were faint at pH 7.6. When 
higher amounts of proteins were applied to the gel, the denser bands of 
p-ZAP-70 were observed upon the addition of OKT-3 at pH 7.6, and 
the staining of the denser bands at pH 6.3 approached saturation under 
the same conditions. The similar result was also obtained by stronger 
exposure (data not shown). These results demonstrate that the TCR 
signaling induced by OKT-3 is more active at acidic pH. 

Phosphorylation of PLC-γ1 at acidic pH

ZAP-70 associated with TCR/CD3 complex phosphorylates an 
adaptor protein LAT, resulting in the phosphorylation of PLC-γ [24]. 
We next measured the phosphorylation of PLC-γ1. The phosphorylation 
level of PLC-γ1 was maximal at 5 min after the addition of OKT-3 at 
both pH 7.6 and 6.3. The phosphorylation of PLC-γ1 was induced 
more strongly by OKT-3 at pH 6.3, compared with that at pH 7.6. The 
phosphorylation level was slightly increased by the co-stimulation 
with CD28.6 at pH 7.6, while the co-stimulation did not increase the 
phosphorylation level at pH 6.3 (Figure 2). 

Increase in [Ca2+]i under acidic conditions

It has been reported that the stimulation of CD3 increases [Ca2+]i 
via the activation of PLC-γ and that the level is further increased by 
the addition of CD28.6 under slightly alkaline conditions [29,30]. 
Our present data confirmed the previous results at pH 7.6 (Figure 
3). The level of [Ca2+]i was increased by the addition of OKT-3 
at pH 6.3 to a higher level than that upon the addition of OKT-3 
plus CD28.6 at pH 7.6 (Figure 3). Interestingly, further addition of 
CD28.6 decreased the level of [Ca2+]i induced by CD3 stimulation 
at pH 6.3 (Figure 3). The [Ca2+]i was a maximum at 5 min after 
the addition of OKT-3 and/or CD28.6, and the concentration did 
not change significantly between 5 to 10 min after the addition of 
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Figure 1: Phosphorylation of CD3-ξ and ZAP-70 in Jurkat T cells stimulated 
by OKT-3. After Jurkat cells had been cultured in pH 7.6 or 6.3 media for 24 
h, OKT-3 was added to the culture media at the indicated concentrations. 
After 5 min incubation with OKT-3, the cells were harvested and whole cell 
extracts were analyzed using anti-p-CD3-ξ mAb, anti-ZAP-70 mAb, anti-p-
ZAP-70 mAb, and anti-GAPDH mAb as described in Materials and Methods. 
(A) phosphorylation of CD3-ξ. (B) phosphorylation of ZAP-70.
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Figure 2: Phosphorylation of PLC-γ1 stimulated by OKT-3 and CD28.6. After 
Jurkat cells had been cultured in pH 7.6 and 6.3 media for 24 h, they were 
stimulated with OKT-3 (0.2 µg/ml) and CD28.6 (5 μg/ml) for 5 min. Whole cell 
extracts were analyzed using anti-p-PLC-γ1 mAb and anti-GAPDH mAb as 
described in the legend of Figure 1.
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OKT-3 in both pH values (data not shown). These results suggest 
that Ca2+ mobilization is induced only by CD3 stimulation under 
acidic conditions and that the stimulation of CD28 attenuates the 
Ca2+ mobilization induced by CD3 stimulation. 

The Ca2+ mobilization was strongly inhibited by BTP2, a potent 
inhibitor of Ca2+ release-activated Ca2+ channels in the plasma 
membrane [31], at pH 7.6, while the inhibition was weak at pH 6.3 
(Figure 4). The inhibition was not strengthened after incubation with 
BTP2 for 20 min at pH 6.3 (data not shown). These results imply that 
Ca2+ can be mobilized from cytosolic organelles besides the extracellular 
fluid at acidic pH. 

The Jurkat mutants, P116 (ZAP-70-), J.CaM2.5 (LAT-) and J14 
(SLP-76-), have less ability to increase [Ca2+]i when CD3 is stimulated 
[32-34]. In agreement with these previous reports, the level of [Ca2+]i upon 
addition of OKT-3 was lower in these mutants than that in the wild type 
at pH 7.6 (Figure 5). The increments of [Ca2+]i in P116 and J.CaM2.5 
were also lower than that in the wild type at pH 6.3. In contrast, the 
increased level by the addition of OKT-3 in J14 was similar to that of 
the wild type at pH 6.3 (Figure 5). These results imply that the increase 
in [Ca2+]i is mediated through ZAP-70 and LAT, but SLP-76 has no role 
in the increase under acidic conditions. 

Cytosolic pH (pHi) at acidic pH

There are two possible explanations for the high activation of TCR 
signaling at acidic pH. One is that the activation upon the binding of 
antibodies to TCR is affected by the external pH. The second one is that 
the phosphorylation activity is dependent on the cytosolic pH. The pHi 
values were 7.31 ± 0.05 (n=6) and 6.70 ± 0.05 (n=6) in pH 7.6 and 6.3 
media, respectively. The pHi values after the addition of 0.2 µg/ml of OKT-
3 were 7.32 ± 0.06 (n=6) and 6.66 ± 0.05 (n=6) in pH 7.6 and 6.3 media, 
respectively, indicating that CD3 stimulation has no significant effect on 
the pHi regulation. Taken together with results shown in Figure 1 that the 
induction of TCR signaling was higher at acidic pH at any concentration 
of OKT-3 tested, the second explanation may be more likely.

Activation of ERK and p38 at acidic pH

MAPK p38 and ERK are phosphorylated downstream of TCR 
signaling [35,36]. The phosphorylation levels of MAPK p38 and ERK 
without CD3 stimulation were found to be higher at pH 6.3 than 
those at alkaline pH [16,18]. In the present study, the activation of 
MAPK p38 and ERK induced by CD3 stimulation was examined. The 
phosphorylation level of ERK was maximal at 5 min after the addition 
of OKT-3 at both pH 7.6 and 6.3 (data not shown). The phosphorylation 
of ERK1/2 was stimulated by the addition of OKT-3 both at pH 7.6 and 
6.3, and the activation level increased as pH decreased (Figure 6A). No 
activation of ERK2 in the presence of OKT-3 was observed in P116 cells 
at pH 6.3, whereas the phosphorylation of ERK1 was stimulated slightly 
by the addition of OKT-3 under the same conditions (Figure 6A). 

The bands of p-ERK2 were faint, especially in the presence of 
OKT-3, at pH 7.6 (Figure 6A), compared with the data reported 
previously [35,36]. When higher amounts of proteins were 
applied to the gel, the denser bands of p-ERK2 were observed at 
pH 7.6, and the staining approached saturation at pH 6.3 (data 
not shown).
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The phosphorylation level of p38 was maximal at 30 min after the 
addition of OKT-3 at both pH 7.6 and 6.3. The activation of p38 was 
observed without the addition of OKT-3 at pH 6.3, and was increased 
slightly after CD3 stimulation (Figure 6B). p38 might be activated also 

by other signal pathway(s) besides TCR signaling. No p38 activation 
was observed in the P116 cells at pH 7.6 or 6.3 regardless of the presence 
or absence of OKT-3. These results suggest that the TCR signaling 
pathway that activates ERK1/2 and p38 is also dependent on ZAP-70 
and is more active at acidic pH.

Expressions of cytokines at acidic pH

Since CD3 stimulation was reported to induce cytokine production 
[37,38], we measured the expressions of cytokines under acidic 
conditions. The level of mRNA has been generally normalized using 
the mRNA level of β-actin or GAPDH. There are no data to show that 
the mRNA levels of these control genes are not affected by pH. We 
therefore measured the levels of 18S rRNA and mRNAs of β-actin and 
GAPDH. The levels of 18S rRNA and GAPDH mRNA were affected by 
neither pH nor OKT-3, while the mRNA level of β-actin was decreased 
at acidic pH. It should be noted that the same amount of RNA prepared 
from cells was used for all experiments. It has been reported that the 
content of ribosomes per cell was approximately 4 × 106 [39], and the 
amount of GAPDH mRNA per cell can be estimated to be 8 × 105 
copies using 18S rRNA as a control RNA. 

The mRNA level of IL-10 calculated was higher than that of 
GAPDH, but the expression was dependent on neither OKT-3 nor pH 
(Figure 7A). The mRNA level of IL-10 was almost the same in the wild 
type Jurkat, J.CaM2.5, and J14 cells at both pH 7.6 and 6.3 (data not 
shown), suggesting that the expression of IL-10 is independent of TCR 
signaling. 

The expression of IL-2 was stimulated by OKT-3 and further 
increased by the co-stimulation with anti-CD28 at pH 7.6 (Figure 
7B), in agreement with previous reports [37,38]. In contrast, the 
expression of IL-2 was not increased significantly by the addition 
of OKT-3 at pH 6.3, and the co-stimulation with anti-CD28 had no 
effect on the expression (Figure 7B). These results suggested that IL-2 
expression was independent from TCR signaling in Jurkat cells under 
acidic conditions. Furthermore, the mRNA level of IL-2 was less than 
0.02% of ribosomal RNA and less than 0.1% of GAPDH mRNA. The 
similar results were obtained in cells treated with OKT-3 for 30 or 60 
min. Under these circumstances, the binding chance of IL-2 mRNA 
to ribosomes seems to be very low. Therefore, gene expression of 
IL-2 observed at pH 6.3 might be insufficient for its function. It can 
be argued that the IL-2 expression occurs at a low level without the 
activation because regulators may have low binding affinity to targets 
even if they are inactive. 

It was reported that the expressions of IL-5 and INF-γ were 
dependent on [Ca2+]i [31]. The mRNA levels of these two genes were 
less than 0.02% of the level of GAPDH mRNA and were independent 
of CD3 stimulation for 5, 30 and 60 min at pH 6.3 (data not shown). In 
addition to these genes, no significant increase in the expressions of IL-
3, IL-4, IL-6, IL-9, IL-13, IL-16, IL-18, and TNF-α by CD3 stimulation 
was observed at pH 6.3 (data not shown). It remains unclear which 
gene is induced by CD3 stimulation at acidic pH.

Discussion
Immune cells migrate into diseased areas, such as inflammatory 

areas and cancer nests, to rehabilitate damaged tissues in such areas. 
Since inflammatory areas and cancer nests are acidic, investigations of 
immune cell functions under acidic conditions should prove useful for 
understanding the immune responses in vivo. 
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Figure 6: Phosphorylation of ERK and p38 upon the addition of OKT-3. Jurkat 
and P116 (ZAP-70-) cells cultured in pH 7.6 and 6.3 media for 24 h were 
treated with or without OKT-3 (0.2 µg/ml) for 5 min (A) or 30 min (B). Whole cell 
extracts were analyzed using anti-p-ERK1/2 mAb, anti-ERK1 mAb, anti-p-p38 
mAb, and anti-p38 mAb as described in the legend of Figure 1.
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Figure 7: Expression of IL-10 and IL-2 in Jurkat cells. Jurkat cells cultured in 
pH 7.6 and 6.3 media for 24 h were treated with OKT-3 (0.2 µg/ml) or CD28.6 
(5 μg/ml) for 5 min. Whole RNA was extracted and mRNA levels of IL-10 (A) 
and IL-2 (B) were measured with real-time PCR as described in Materials and 
Methods. The means and standard deviations of six measurements obtained 
from cells of two independent cultures are represented. Statistical analysis 
of IL-2 expression: p<0.01 compared with “no addition” at pH 7.6; p>0.3 
compared with “no addition” at pH 6.3.
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In the present study, the activation of proteins in the initial complex, 
CD3-ξ , LAT, Lck, Syk, and ZAP-70, phosphorylation of signal proteins 
in the middle of the pathways, PLC-γ, ERK, and p38, mobilization of 
calcium ions as second messengers, and cytokine gene expression 
as a target of the TCR signaling were examined with cells cultured 
at acidic pH. The TCR signaling was found to be more active under 
acidic conditions. The underlying mechanism remains unclear. One 
possibility is that the density of TCR on the cell surface is high at acidic 
pH. The TCR signaling was strongly activated by OKT-3 immediately 
after cells had been transferred to acidic medium (data not shown), 
suggesting that this possibility was less likely. The phosphorylation level 
of CD3-ξ was not markedly increased by the addition of OKT-3 at the 
concentrations more than 0.2 μg/ml (Figure 1A), suggesting that the 
binding of OKT-3 to TCR was saturated at 0.2 μg/ml. Based on these 
results, it can be argued that the strong activation of TCR signaling is 
due to the rapid phosphorylation of signal proteins at the initial step 
but not the elevated complex formation of TCR with antibodies. 

The investigation of signal pathways has been carried out generally 
with cells incubated in serum free medium. Since pHi was decreased 
during serum starvation, serum starvation was not appropriate for 
the present study, and hence medium containing FBS was always 
used to avoid serum starvation. The phosphorylation levels of signal 
proteins we measured and the level of [Ca2+]i were always high at acidic 
pH without the addition of OKT-3 (Figure 1,2,6). The basal levels of 
activation varied with different lots of FBS. Therefore, the calcium ion 
mobilization may be induced partially by the contaminating antibodies 
in FBS even if OKT-3 is not added. The level of [Ca2+]i upon the addition 
of OKT-3, rather than the change in [Ca2+]i induced by the addition of 
OKT-3, may be significant physiologically because the activation of the 
downstream steps is dependent on the level of [Ca2+]i but not on its 
change.

The deficiency in SLP-76 attenuated the calcium ion mobilization 
induced by CD3 stimulation at pH 7.6 as reported previously [33]. In 
contrast, the increase in [Ca2+]i in the mutant deficient in SLP-76 was 
similar to that in the wild type at pH 6.3. Interestingly, the activation of 
PCL-γ1 and the calcium ion mobilization induced by CD3 stimulation 
were not increased by the co-stimulation with CD28 at acidic pH. Both 
were enhanced by the co-stimulation at pH 7.6 in agreement with 
previous reports [29,30]. These results imply that the TCR signaling 
pathway to mobilize calcium ions is different under acidic conditions. 

 It was reported that the co-stimulation of CD28 with TCR requires 
co-localization of TCR and CD28 at the plasma membrane [40]. 
TCR and CD28 might localize separately at acidic pH. Alternative 
explanation may be that the antibody binding to CD28 attenuates the 
binding of anti-CD3 antibody at acidic pH via the structural alteration 
of the CD3-CD28 complex. 

Co-stimulation of TCR with CD28 protected against anergy 
induction [41], and CD28 co-stimulation led to a dramatic up-regulation 
in IL-2 expression [42,43]. CD28 was shown to play a key role on the 
generation of Th2 responses [44]. Our data showed that the CD28 
stimulation further increased neither calcium ion mobilization nor the 
IL-2 expression induced by TCR stimulation at acidic pH (Figure 3,7). 
These data lead us to argue that anergy induction is not repressed and 
immune response declines under acidic conditions. However, immune 
cells have to rehabilitate damaged tissues in acidic diseased areas. 
Immune cell functions under acidic conditions may be different from 
that observed previously at alkaline pH. Further investigation under 
acidic conditions is indispensable for our understanding concerning 

immune responses, such as anergy and autoimmune, in acidic diseased 
areas. 

Since statins showed low cytotoxicity against cancer cells in 
alkaline medium used generally, these drugs were not developed as an 
anticancer medicine. Recently, clinical investigations have suggested 
that statins repress cancer progress in cancer patients. Our group 
found that statins had high cytotoxicity against cancer cells under 
acidic conditions [45]. Similarly, the screening of compounds in 
acidic medium may promote the development of new medicines for 
immunotherapy against cancer and inflammation.
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