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Th17 Cells Exhibit a Distinct Calcium Profile from Th1 and
Th2 Cells and Have Th1-Like Motility and NF-AT Nuclear
Localization1
K. Scott Weber, Mark J. Miller, and Paul M. Allen2
Helper T cell subsets have evolved to respond to different pathogens, and upon activation secrete distinct sets of cytokines.
The discovery and identification of Th17 cells, which develop via a unique lineage from Th1 and Th2 cells, have provided
new insights into aspects of immune regulation and host defense that were previously unclear. A key early signaling event
upon Ag recognition is elevation of intracellular free Ca2ⴙ, and cytokine expression can be differentially induced depending
on the duration, amplitude, and pattern of Ca2ⴙ signaling. Th1 and Th2 cells can be distinguished by their Ca2ⴙ profiles,
and we provide in this study the first report regarding Ca2ⴙ signaling in Th17 cells. Th17 cells have a distinct Ca2ⴙ signaling
profile from Th1 and Th2 cells with intermediate sustained Ca2ⴙ levels and increased oscillations compared with Th2 cells.
Elevated intracellular Ca2ⴙ has been shown to inhibit T cell motility, and we observed that Th17 cells, like Th1 cells, are less
motile than Th2 cells. Analysis of NF-AT nuclear localization revealed that Th1 and Th17 cells have significantly higher levels
at later time points compared with Th2 cells. Thus, these findings show that Th17 cells, in addition to their distinct cytokine
response from Th1 and Th2 cells, display unique patterns of intracellular Ca2ⴙ signaling and Th1-like motility behavior and
nuclear localization of NF-AT. The Journal of Immunology, 2008, 180: 1442–1450.

T

helper cells have historically been characterized into two
subsets, Th1 and Th2 cells, based upon distinct cytokine
secretion patterns in response to Ag stimulation. Th1 cells
drive cell-mediated immunity and have evolved to respond to intracellular pathogens, whereas Th2 cells promote Ab-mediated immunity and aid in the clearance of parasites (1– 6). The discovery
of an IL-17-producing subset of CD4⫹ T cells in the inflamed
joints of Lyme disease patients provided evidence for a potential
new helper subtype (7, 8). Identification of IL-6 and TGF-␤ as the
key factors for naive T cell differentiation to Th17 cells has permitted examination of their roles in immune regulation and host
defense (9, 10). Characterization of these Th17 cells, which develop via a unique lineage from Th1 and Th2 cells, has led to a
revision of the Th1-Th2 paradigm (11–15).
Th17 cells act as a distinct effector subset and secrete the signature cytokine IL-17, a proinflammatory cytokine that recruits
and activates neutrophils, enhances T cell priming, and promotes
the release of inflammatory mediators. Th17 cells provide defense
against extracellular bacteria, mediate inflammation, and are critical for many types of autoinflammatory disorders (i.e., experimental autoimmune encephalomyelitis, type II collagen-induced
arthritis, inflammatory bowel disease, and psoriasis) (15–21). The
discovery and initial characterization of these Th17 cells have pro-
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vided a potential explanation for various chronic disease pathologies that were unclear with an understanding of only the Th1 and
Th2 cell subsets (14, 22–24). Studies examining the signaling
pathways of Th17 cells have just begun, and to date no studies
have examined Th17 calcium signaling.
Calcium signaling permits the transcription of genes essential
for T cell effector functions (i.e., cytokines) and is also important
for numerous other functions, including proper thymic selection,
growth, differentiation, and death of T cells (25–30). T cell recognition of foreign Ag initiates a cascade of signaling events that
results in an increase in intracellular free calcium ([Ca2⫹]i),3 and
the amplitude, duration, and kinetics of the [Ca2⫹]i signal have
been shown to alter the efficiency and specificity of downstream
transcription factors and gene expression (29 –31). Previous work
from our laboratory and others has shown that Th1 and Th2 cells
have distinct [Ca2⫹]i patterns after stimulation by Ag (32–34). Th1
cells reach high concentrations of [Ca2⫹]i and then oscillate from
low to high [Ca2⫹]i levels numerous times. Th2 cells also initially
reach high concentrations of [Ca2⫹]i, but then return close to baseline levels with few oscillations (34). Furthermore, [Ca2⫹]i signaling has been shown to play an important role in lymphocyte motility, with studies examining cellular motility both in vitro and in
vivo revealing that elevated levels of [Ca2⫹]i correlate with inhibited T cell motility (31, 35–37). T cell movement within secondary
lymphoid tissue is important in determining the fate of T cell interactions with APCs, where T cells will traffic, the type of Agspecific help they can provide, and the cells eventually involved in
an immune response (38).
In this study, we describe the Th17 [Ca2⫹]i profile that is distinct from Th1 and Th2 cells. After Ag stimulation, Th17 cells
maintain intermediate sustained [Ca2⫹]i levels, higher than Th2
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T cell isolation and maintenance
The 2.102 TCR-transgenic mouse was generated and bred to RAG1-deficient mice, as published previously (39). Primary 2.102 T cells were isolated from the spleens of 2.102 TCR-transgenic mice, and CD4⫹ T cells
were enriched using magnetic cell sorting (Miltenyi Biotec). CBA/J mice
were purchased from The Jackson Laboratory, and spleen cells, containing
the Hbbd epitope that stimulates 2.102 cells, were isolated and irradiated
(3000 rad) for use as APCs. All mice used in this study were between 5 and
10 wk of age. The 2.102 T cells (1 ⫻ 106) and irradiated CBA/J spleen cells
(5 ⫻ 106) were added to a 12-well cell culture plate with the addition of the
T cell-specific cytokines and Abs described below. Primary T cells were
cultivated in medium containing IMDM supplemented with 2 mM
GlutaMAX (Invitrogen Life Technologies), 5 ⫻ 10–5 M 2-ME, and 50
g/ml gentamicin.

T cell polarization
T cells were polarized to Th1, Th2, or Th17 subtypes in vitro by the addition of the following: 1) 10 ng/ml IL-12 (R&D Systems) and 10 g/ml
anti-IL-4 mAb (clone 11B11) for Th1 cell polarization; 2) 10 ng/ml IL-4
(R&D Systems) and 10 g/ml anti-IL-12 mAb (clone TOSH) for Th2 cell
polarization; and 3) 20 ng/ml IL-6 (R&D Systems) and 3 ng/ml TGF-␤1
(R&D Systems), along with 10 g/ml each of anti-IFN-␥ (clone H22),
anti-IL-12, and anti-IL-4 mAbs for Th17 cell polarization. IL-2 (100 U)
was added to the medium 48 h after initial stimulation, and T cell cultures
were split 1:2. Cells were restimulated after 7 days in culture, and the same
cytokines and Abs described above were added again. The polarized T cells
were used on day 14.

Immediately before use, polarized T cells were incubated with 1 M fura
2-AM (Molecular Probes) for 30 min at 37°C in Ringers imaging solution
(150 mM NaCl, 10 mM glucose, 5 mM HEPES, 5 mM KCl, 1 mM MgCl2,
and 2 mM CaCl2), washed, and then incubated in Ringers solution for
another 30 min at 37°C. After washing, 100,000 fura 2-loaded T cells were
pipetted onto 100,000 adherent APCs (Hi7-Ek) that had been loaded with
1 M hemoglobin (Hb) (64 –76) overnight. The Hb (64 –76) peptide was
synthesized using standard Fmoc chemistry, purified by reverse-phase
HPLC, and confirmed using MALDI mass spectrometry, as has been previously described (40). The location of the APCs and T cells was monitored by visualizing the cells with transmitted light every 3 s. All imaging
was done in 8-chamber coverglass slides (Lab-Tek, Nalge Nunc
International).
Calcium imaging was performed at 37°C using a temperature-controlled
environmental chamber on a Zeiss axiovert 200M microscope equipped
with a xenon arc lamp. Fura 2-loaded cells were excited using 340 and 380
excitation filters (71000a set; Chroma Technology) and a polychroic mirror
(73100bs; Chroma Technology). Fluorescence was passed through a 510 ⫾
40 wide band emission filter (Chroma Technology) and captured by a Cascade 512B camera (Roper Scientific). Ratio measurements (340/380) were
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FIGURE 1. Intracellular cytokine staining of polarized Th1, Th2, and
Th17 cells. T cell subtypes were polarized, as described in Materials
and Methods. Histograms show intracellular staining for Th1 cells (IFN-␥
and IL-4), Th2 cells (IFN-␥ and IL-4), and Th17 cells (IL-17 and IFN-␥).
The polarized cells (day 14) were stimulated with PMA and ionomycin for
5 h, with the addition of brefeldin A the final 3 h. Cells from the lymphocyte gate were used for analysis, and numbers in quadrants indicate the
frequency of cells staining positive for the cytokines. In this representative
experiment, 77.66% of Th1 cells were IFN-␥ positive, 74.83% of Th2 cells
were IL-4 positive, and 41.27% of Th17 cells were IL-17 positive.

recorded at 3-s intervals over a 50-min time period. The [Ca2⫹]i concentration was estimated by determining the minimal (Rmin) and maximal
(Rmax) fluorescence by exposing T cells to a Ca2⫹-free solution containing
10 M ionomycin and 4 mM EGTA or a solution containing 10 mM Ca2⫹
and 10 M ionomycin. These values were then used in the Grynkiewicz
equation (41), as follows: [Ca2⫹]i ⫽ Kd ⫻ Sf [(R ⫺ Rmin)/(Rmax ⫺ R)],
where Kd was assumed to be 260 nM, and Sf was the 380 nm ratio of the
observed emission intensity of Ca2⫹-free to Ca2⫹-saturated conditions.
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Th cells were stimulated with 50 ng/ml PMA and 500 ng/ml ionomycin and
incubated for 5 h at 37°C; brefeldin A (10 g/ml) was added for the last 3 h
of the incubation. The cells were fixed in 2% paraformaldehyde for 20 min
at room temperature, and then washed and permeabilized with 0.5% saponin for 10 min. Intracellular staining was performed for 30 min at room
temperature using FITC-conjugated anti-IFN-␥ (BD Biosciences), PE-conjugated anti-IL-4 (BD Biosciences), or PE-conjugated anti-IL-17 (BD Biosciences). CellQuest software and a FACScan (BD Biosciences) were used
for data collection and analysis.
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cells and lower [Ca2⫹]i levels than Th1 cells. Additionally, Th17
cell [Ca2⫹]i oscillations are similar to Th1 cells, and both are significantly greater than Th2 cells. Elevated [Ca2⫹]i levels have been
shown to inhibit T cell motility, and we found that Th1 and Th17
cells are both significantly less motile than Th2 cells. Analysis of
NF-AT nuclear localization revealed that Th1 and Th17 cells had
significantly higher levels of localization compared with Th2 cells
at later time points. Collectively, our data provide the first characterization of the [Ca2⫹]i signaling pattern, motility, and NF-AT
localization of the recently identified Th17 cells in comparison
with Th1 and Th2 cells.
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FIGURE 2. Calcium response of Th17 cells without and with Hb
(64 –76) peptide. A, Th17 cell calcium response to DCEK/ICAM APCs
without the addition of any peptide. Histogram shows the plateau 340/
380 ratio of each T cell in the field after 10 min. The percentage of T
cells is shown at each ratio, and the total number of T cells counted was
70. B, Th17 cell calcium response to DCEK/ICAM APCs (Hi7-Ek) that
had been pulsed with 1 M Hb (64 –76) peptide overnight. Histogram
shows the plateau 340/380 ratio of each T cell in the field after 10 min.
The percentage of T cells is shown at each ratio, and the total number
of T cells counted was 165.
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FIGURE 3. Snapshots showing Th1, Th2, and Th17 cell calcium mobilization and plateau histograms. A, Snapshots of Th1, Th2, and Th17 [Ca2⫹]i
intensity profiles at 5-, 15-, 25-, 35-, and 45-min time points. APCs (Hi-7 Ek cells) were pulsed with 1 M Hb (64 –76) peptide overnight, and equal numbers
of T cells were added to each well at time 0. The snapshots show the [Ca2⫹]i ratio images obtained with fura 2 (340/380-nm excitations). Relative [Ca2⫹]i
levels (340/380 ratios) are compared using a pseudocolor scale, as indicated by the scale bar on the left (i.e., white is a ratio ⬎4.5, red is ⬃3.5, etc.). B,
Histograms showing the plateau [Ca2⫹]i levels for Th1, Th2, and Th17 cells as measured by 340/380 ratios. The histograms display the percentage of cells
and corresponding 340/380 levels 5 min after the T cells were introduced to Ag (149 Th1 cells, 90 Th2 cells, and 92 Th17 cells). Th2 cells are more common
at the lower [Ca2⫹]i levels (mean ⫾ SEM ⫽ 3.064 ⫾ 0.1146) than Th1 cells (4.268 ⫾ 0.1165), and their differences in mean values are statistically
significant (p ⬍ 0.05). Th17 cell [Ca2⫹]i levels (4.066 ⫾ 0.1363) are also significantly higher (p ⬍ 0.05) than Th2 cells and have a similar mean and
distribution as Th1 cells.

Naive T cell isolation
The 2.102 splenic CD4⫹ T cells were enriched by staining with Miltenyi
CD4 beads and separated using LS columns, according to the manufacturer’s specifications (Miltenyi Biotec). The enriched CD4⫹ T cells were
stained with anti-CD4 allophycocyanin (Biolegend), anti-CD62L FITC
(BD Biosciences), and anti-CD44 PE (Biolegend) for 1 h on ice, washed,
and sort purified by gating on the CD4⫹, CD62Lhigh, CD44low population.

1 h and probed (1:1000 in PBS-T) with primary Abs (rabbit anti-phosphophospholipase C␥1 (PLC)␥1, Cell Signaling Technology; or mouse antiPLC␥1, Upstate Biotechnology) overnight at 4°C. The membranes were
probed (1:200 in PBS-T ⫹ SDS) with secondary Abs (goat anti-rabbit 680
or goat anti-mouse 800; LI-COR) for 1 h at room temperature. Bands were
visualized and quantified with the Odyssey infared imaging system
(LI-COR).

Western blots

Nuclear localization

T cells were stimulated by Hi7 cells (1 M Hb (64 –76)) for 0, 5, 15, or 25
min and lysed in 2⫻ Laemmli sample buffer (Sigma-Aldrich). The lysates
were boiled for 5 min at 100°C, resolved on a 10% SDS-PAGE gel (⬃5 ⫻
106 cells/sample), and transferred onto a nitrocellulose membrane (BioRad). The blots were blocked with 1:1 PBS:blocking buffer (LI-COR) for

A total of 2 ⫻ 105 T cells/sample was stimulated by Hi7 cells (1 M Hb
(64 –76)) for 0, 5, 15, or 45 min at 37°C in 8-chamber coverglass slides
(Lab-Tek, Nalge Nunc International). Stimulation was stopped by the addition of 200 l of ice-cold PBS. Cells were fixed with 100 l of BD
Cytofix (BD Biosciences) for 20 min at room temperature and washed
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twice with PBS. Cells were blocked and permeabilized in a permeabilization buffer (.5% saponin and 1% BSA) for 10 min at room temperature.
Cells were stained (1:100) for 1 h at room temperature in 100 l of permeabilization buffer with the NF-ATc1 primary Ab (7A6; Santa Cruz Biotechnology), washed, and stained (1:200) in 100 l of permeabilization
buffer with the secondary Ab (goat anti-mouse Alexa Fluor 546; Molecular
Probes). Cells were washed and incubated with 1 M SYTO13 (Molecular
Probes) for 20 min at room temperature. After two washes, the cells were
resuspended in imaging buffer (1% human serum albumin, 1 mM CaCl2, 2
mM MgCl2) and viewed using an LSM 510 microscope (Zeiss Microimaging). Quantification of nuclear localization was performed using the NIH
ImageJ software package (colocalization plugin).

Data analysis
Fluorescent images were analyzed using MetaMorph (Molecular Devices),
and the 340/380 ratio is displayed on a pseudocolor scale, with calculations
done on randomly selected cells. SDs were calculated by measuring the
sy.x value, the SD of the vertical distances of the data points from the
regression line (GraphPad Prism; GraphPad). The linear regression line
was fit using the 20- to 50-min time point data. The T cell displacement
was measured using Volocity (Improvision) by tracking the movement of
the center of fura 2 fluorescence (340:380 ratio). Only cells with tracks
longer then 10 min were used in the analysis. To determine statistical
significance, data were analyzed using one-way ANOVA (GraphPad).

Results
Single-cell calcium measurements
Hemoglobin-reactive CD4⫹ T cells were isolated from the spleens
of 2.102 TCR-transgenic mice and polarized to Th1, Th2, or Th17
cells in vitro. The 2.102 T cells respond vigorously to murine
hemoglobin, are specific for Hb (64 –76)/I-Ek, and have been used
in previous studies examining altered peptide ligands, alloreactivity, and calcium signaling (34, 42– 46). Intracellular cytokine
staining confirmed proper polarization to the desired Th cell subtype by measuring their signature cytokines IFN-␥, IL-4, and
IL-17 and representative histograms for each T cell subtype are
shown (Fig. 1).
Calcium mobilization of the polarized Th1, Th2, and Th17 cells
was visualized by loading the T cells with fura 2 and adding equal
numbers of T cells to a monolayer of DCEK/ICAM APCs (Hi7Ek) pulsed with 1 M Hb (64 –76) peptide overnight. None of the
T cell subtypes showed evidence of calcium signaling when nonpeptide-pulsed APC controls were used and a representative experiment using Th17 cells is shown (Fig. 2). The histograms show
the plateau 340/380 ratio of each T cell in the field 10 min after T
cells were loaded, and the percentage of T cells is shown at each
ratio level. As shown in Fig. 2A, the majority of T cells remained
at basal levels without addition of the hemoglobin peptide. Over
84% of the T cells interacting with APCs that had not been loaded
with peptide had a 340/380 ratio below 2. In contrast, the addition
of 1 M Hb (64 –76) peptide results in a [Ca2⫹]i response, in
which the majority of T cells are above the basal levels seen without the addition of peptide (Fig. 2B). The background [Ca2⫹]i levels and necessity of a stimulatory peptide for T cell [Ca2⫹]I induction were the same for Th1 and Th2 cells (data not shown).
These data demonstrate the sensitivity and quantitative nature of
the live cell imaging assay, which allows for the characterization
of differences in T cell [Ca2⫹]i signaling.
The [Ca2⫹]i levels for all three T cell types were first visualized
on a population level, providing a broad view of each T cell subtype [Ca2⫹]i behavior. [Ca2⫹]i profiles for each Th cell type were
collected over 50 min and quantified using the 340/380 ratio. Five
snapshots of the [Ca2⫹]i intensity profiles (5, 15, 25, 35, and 45
min) are shown as each of the three Th subsets interacts with Hb
(64 –76) peptide-loaded APCs (1 M) (Fig. 3A). The single-cell
and statistical analysis are discussed below, but in these snapshots
one can observe qualitatively that Th1 cells have the highest sus-

FIGURE 4. Overlay of six representative Th1, Th2, and Th17 [Ca2⫹]i
profiles taken from five different imaging experiments (1 M Hb peptide).
A, Overlay of six representative Th1 cell [Ca2⫹]i profiles. Th1 cells have a
high initial spike, followed by sustained [Ca2⫹]i levels that oscillate numerous times. B, Overlay of six representative Th2 cell [Ca2⫹]i profiles.
Th2 cells have a high initial spike, followed by a rapid decrease with few
oscillations. C, Overlay of six representative Th1 cell [Ca2⫹]i profiles.
Th17 cells have an initial high spike, followed by sustained [Ca2⫹]i levels
that are intermediate between Th1 and Th2 levels and oscillations that are
similar to Th1 cells and more numerous than Th2 cells.

tained levels of Ca2⫹ mobilization over time, Th2 have the lowest
sustained Ca2⫹ levels, and Th17 cells have intermediate Ca2⫹ levels (Fig. 3A).
The T cell plateau [Ca2⫹]i levels from this experiment were
quantified at the 5-min time point, and the histograms show the
percentage of T cells at their corresponding 340/380 levels (Fig.
3B). Th2 cells are found more predominantly at lower levels
(mean ⫾ SEM ⫽ 3.064 ⫾ 0.1146) than Th1 cells (4.268 ⫾
0.1165), and this pattern of Th1 cells having higher plateau [Ca2⫹]i
levels than Th2 cells is consistent with studies published previously (32, 34). Th17 cell plateau [Ca2⫹]i levels (4.066 ⫾ 0.1363)
are also significantly higher than Th2 cells, and Th17 cells have a
similar mean and distribution as Th1 cells at the 5-min time point.
Th17 cells have a distinct calcium profile
Single-cell analysis of [Ca2⫹]i for each Th subtype was performed
in five separate experiments (45 T cells from each subtype were
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FIGURE 5. Average Th1, Th2, and Th17 [Ca2⫹]i profile and statistical
analysis of the peak, mean, and oscillatory values. A, Curves showing the
average [Ca2⫹]i mobilization (340/380 ratio) value at each time point over
a 50-min time span (n ⫽ 45). Error bars show the SE at the influx peak,
20-min, and 40-min time points, and are omitted elsewhere for clarity. B,
Statistical comparison of the peak [Ca2⫹]i levels (340/380 ratios) for Th1,
Th2, and Th17 cells. C, Statistical comparison of the sustained [Ca2⫹]i
levels (340/380 ratios) after the initial peak (mean from the 20- to 50-min
window). D, Statistical analysis of SD (oscillations) upon linear regression
analysis of each group (20- to 50-min window) (58).

measured) to obtain a global representation of the phenotype induced. An overlay of six representative profiles for each T cell
subtype is shown to illustrate the characteristics of their different
[Ca2⫹]i patterns (Fig. 4). These traces show the [Ca2⫹]i levels over
50 min while the T cells are interacting with the stimulatory Hb
(64 –76) peptide presented by APCs. Th1 cells have a high initial
spike of [Ca2⫹]i, followed by high sustained [Ca2⫹]i levels that

FIGURE 6. Overlay of six representative Th1, Th2, Th17, and naive T
cell [Ca2⫹]i profiles (0.1 M Hb peptide). A, Overlay of six representative
Th1 cell [Ca2⫹]i profiles. Th1 cells have a high initial spike, followed by
sustained [Ca2⫹]i levels that oscillate numerous times. B, Overlay of six
representative Th2 cell [Ca2⫹]i profiles. Th2 cells have a high initial spike,
followed by a rapid decrease with few oscillations. C, Overlay of six representative Th17 cell [Ca2⫹]i profiles. Th17 cells have an initial high spike,
followed by sustained [Ca2⫹]i levels that oscillate numerous times. D,
Overlay of six representative naive cell [Ca2⫹]i profiles. These naive T
cells (CD4⫹, CD62Lhigh, CD44low) have an initial high spike, followed by
sustained [Ca2⫹]i levels that oscillate numerous times.

oscillate numerous times (Fig. 4A). Th2 cells also have a high
initial spike of [Ca2⫹]i, followed by a more rapid decrease with
few oscillations (Fig. 4B). Th17 cells also have an initial high
spike of [Ca2⫹]i, followed by sustained [Ca2⫹]i levels that are
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FIGURE 7. In vitro motility analysis of Th1, Th2, and Th17 cells.
A–C, Flower plots showing representative Th1, Th2, and Th17 displacement tracks over 50 min. D, Histogram showing the mean velocities
(m/min) for Th1, Th2, and Th17
cells from five separate experiments
(n ⫽ 254 Th1, 130 Th2, 202 Th17). E,
Motility analysis of Th1, Th2, and
Th17 cells examining displacement
squared (m2) over a 10-min time
span from five separate experiments
(n ⫽ 254 Th1, 130 Th2, 202 Th17).
Th1 and Th17 cell displacement
(m2) values were significantly lower
than Th2 cells at all of the time points
(p ⬍ 0.001).

intermediate between Th1 and Th2 levels and oscillations that are
similar to Th1 cells and larger and more numerous than Th2 cells
(Fig. 4C).
The average [Ca2⫹]i profile, combining the 45 measurements
from five separate experiments for each Th cell subtype at every
time point, is shown to illustrate the [Ca2⫹]i similarities and differences between the Th cell subtypes (Fig. 5A). Upon stimulation
by Ag, the populations of all three of the T cell subtypes have
statistically identical [Ca2⫹]i peaks (Fig. 5B). After the initial spike
of [Ca2⫹]i, Th1 cells maintain the highest level of sustained
[Ca2⫹]i, Th17 cells are intermediate, and Th2 cells have the lowest
sustained [Ca2⫹]i levels. Error bars show the SEM at the influx
peak and at the 20- and 40-min time points; the error bars are
omitted elsewhere for clarity.
Statistical analysis of the mean of the sustained [Ca2⫹]i levels
after the initial [Ca2⫹]i peak revealed significant differences between T cell subtypes. Th1 cells have significantly higher mean
[Ca2⫹]i levels than Th17 cells during the 20- to 50-min time period
after Ag stimulation, and Th17 cells have significantly higher levels than Th2 cells during this same time (Fig. 5C). There are also
significant differences in [Ca2⫹]i oscillations between T cell subtypes during the 20- to 50-min time period. Our experiments
showed consistent [Ca2⫹]i oscillation differences between the Th1
and Th2 cell subtypes, supportive of the previously published
[Ca2⫹]i profiles (34), as well as highlighting that Th17 cells have
[Ca2⫹]i oscillation levels that are similar to Th1 cells and significantly greater than Th2 cells (Fig. 5D). Thus, these data identify
a distinct [Ca2⫹]i profile for Th17 cells compared with Th1 and
Th2 cells. Th17 cells have similar peak levels initially, but have
intermediate sustained [Ca2⫹]i levels and oscillation levels similar
to Th1 cells and significantly higher than Th2 cells.
The previous experiments (Figs. 4 and 5) were performed using
1 M Hb (64 –76) peptide, which causes maximal 2.102 T cell
proliferation. We also examined 2.102 T cells to see whether they
responded similarly to 0.1 M Hb (64 –76) peptide, a 10-fold
lower peptide concentration that causes a submaximal proliferation
response in 2.102 T cells (34). Single-cell analysis of [Ca2⫹]i for
each Th subtype was performed, and an overlay of six representative profiles for each T cell subtype is shown (Fig. 6, A–C).
Using this lower peptide concentration, as was seen with 1 M Hb
(64 –76), the Th1 cells have high sustained [Ca2⫹]i levels that os-

cillate numerous times (Fig. 6A). Th2 cells have lower sustained
[Ca2⫹]i levels and fewer oscillations (Fig. 6B), and Th17 cells
have higher sustained [Ca2⫹]i levels and more numerous oscillations (Fig. 6C). Thus, the calcium profiles are similar at two peptide concentrations that result in different levels of proliferation.
To determine the [Ca2⫹]i profile of naive T cells, we enriched
for splenic CD4⫹ T cells and then sorted for a population of
CD4⫹, CD62Lhigh, CD44low T cells. Single-cell analysis of
[Ca2⫹]i for these sorted naive T cells was performed, and an overlay of six representative profiles is shown (Fig. 6D). The naive
2.102 T cells [Ca2⫹]i profile is more similar to Th1 and Th17 cells
than Th2 with a higher sustained level of [Ca2⫹]i and more oscillations, suggesting that the Th2 cells lose the ability to engage this
pathway as they mature (34).
Th17 cells have similar in vitro motility as Th1 cells
Because we have observed significant differences in [Ca2⫹]i levels
and oscillations between T cell subsets, we examined T cell motility to see whether these differences were substantial enough to
cause functional differences. [Ca2⫹]i signaling has been shown to
play an important role in lymphocyte motility, with studies examining cellular motility showing that elevated levels of [Ca2⫹]i correlate with inhibited T cell motility (31, 35–37). Based on the
[Ca2⫹]i profiles of the T cell subtypes, [Ca2⫹]i means of
Th1⬎Th17⬎Th2, and Th1 and Th17 cells with increased oscillations compared with Th2 cells (Fig. 5), we predicted that Th1 cells
would be the least motile, Th2 the most, and Th17 cells similar to
Th1 cells. To quantify this, we measured the motility of the Th cell
populations as they interacted with APCs in vitro.
The distance traveled (displacement) for Th1, Th2, and Th17
cells was measured in five experiments, and the cell tracks were
normalized to their starting coordinates. Representative plots are
shown for Th1 (Fig. 7A), Th2 (Fig. 7B), and Th17 cells (Fig. 7C).
Cell velocities for these cells were also measured, and the mean
values for Th1 and Th17 cells were significantly lower than Th2
cells (Fig. 7D). Motility analysis, examining displacement squared
(m2) for 10 min, revealed that Th1 and Th17 cells exhibit similar
behavior and both are significantly less motile than Th2 cells ( p ⬍
0.001) (Fig. 7E). The addition of ionomycin to Th2 cells resulted
in a 2- to 3-fold decrease in Th2 cell motility (data not shown).
Thus, the higher [Ca2⫹]i levels in Th17 and Th1 cells correlated
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A.

No peptide
Th1 Th2 Th17

5 min
Th1 Th2 Th17

15 min
Th1 Th2 Th17

45 min
Th1 Th2 Th17

SYTO13
(nucleus)
NFAT1
merge

B.
P<0.001 P<0.001
P<0.001 P<0.001

FIGURE 8. Western blot analysis of Th cell PLC␥1 phosphorylation. A,
Representative PLC␥1 Western blot. Phosphorylated and nonphosphorylated bands for Th1, Th2, and Th17 cells at four time points (0, 5, 15, and
25 min). B, Quantification of PLC␥1 phosphorylation. At the 25-min time
point, there is a trend toward Th1⬎Th17⬎Th2, but there is not a statistically significant difference among Th1, Th2, and Th17 cells at any of the
time points. These data are from three separate experiments; the 15-min
time point is not included in the quantification because it was only done
once.

FIGURE 9. NF-AT nuclear localization in Th cells. A, Representative
cells (Th1, Th2, and Th17) at no peptide, 5-min, 15-min, and 45-min time
points. Top panels, The nuclei were stained with SYTO13 (green); middle
panels, NF-AT1 (red) nuclear localization was measured; and bottom panels, show the merge of the two. B, Quantification of colocalization of
NF-AT in the nucleus. Th2 cell colocalization levels are significantly lower
(p ⬍ 0.001) than Th1 and Th17 cell levels at the 15- and 45-min time
points. These data are representative of a total of 30 cells/sample taken
from three independent experiments.

with lower motility compared with the Th2 cells that have lower
[Ca2⫹]i levels.
Th cell PLC␥1 expression levels similar
To understand the mechanism of these [Ca2⫹]i differences, we
examined PLC␥1 phosphorylation levels by Western blot. PLC␥1
plays a critical role in the generation of the second messengers
1,4,5-triphosphate and diacylglycerol, which trigger calcium release from intracellular Ca2⫹ stores (47). T cells were stimulated
at time points ranging from 0 to 25 min (Fig. 8A), and the phosphorylated and nonphosphorylated levels of PLC␥1 were quantified (Fig. 8B). At the 25-min time point, there appears to be a trend
of Th1⬎Th17⬎Th2, but when examining three independent experiments there is not a statistically significant difference between
the samples at any time point. Although it is possible that this
difference is biologically meaningful, the data are not conclusive.
We also looked at overall tyrosine phosphorylation and were unable to see any dramatic differences between the samples that
might be responsible for the [Ca2⫹]i differences (data not shown).
NF-AT nuclear localization levels significantly different
To examine whether the [Ca2⫹]i differences measured have a
downstream effect, we analyzed the nuclear localization of NF-AT
for each T cell subtype over multiple time points (Fig. 9A). Nuclear localization was quantified (Fig. 9B) for each Th cell (30
cells/sample from three independent experiments) and time point
(0, 5, 15, and 45 min). At the 0- and 5-min time points, there is no
significant difference between T cell subtypes, but at the 15- and
45-min time points the Th1 and Th17 T cells have significantly
higher levels ( p ⬍ 0.001) of NF-AT nuclear localization compared
with Th2 cells. Thus, initially NF-AT levels are identical between
T cell subtypes, but by 15 min there is a significant difference. The
[Ca2⫹]i differences we have seen in these cells have a similar pattern to NF-AT nuclear localization, with initial [Ca2⫹]i levels identical and then mean and oscillatory levels different (Figs. 4 and 5),

suggesting that the NF-AT differences may be due in part to the
divergent [Ca2⫹]i patterns.

Discussion
In this study, we provide for the first time an analysis of the
[Ca2⫹]i signaling profile of the recently identified Th17 cells in
comparison with Th1 and Th2 cells. Because Th17 cells exhibit a
distinct functional response (IL-17 secretion) from Th1 and Th2
cells, we hypothesized that Th17 cells would exhibit a unique
[Ca2⫹]i signaling pattern. Our study found that Th17 cells do have
a [Ca2⫹]i signaling pattern that is distinctive from Th1 and Th2
cells (Fig. 4). Th17 cells have sustained [Ca2⫹]i levels that are
intermediate between Th1 and Th2 cells, and also have high levels
of oscillations similar to Th1 cells and significantly greater than
Th2 cells (Fig. 5).
Elevation of [Ca2⫹]i is a key T cell activation signal, and the
amplitude, duration, and kinetics of this signal help instruct lymphocyte responses to Ag stimulation (30, 48). Studies have reported a variety of T cell [Ca2⫹]i responses ranging from transients, repetitive oscillations, and sustained elevations from 200
nM to over 1 M (34, 37, 49 –51). The [Ca2⫹]i signal is not a
binary switch, but able to transmit signaling information by multiple parameters (30). Different duration and patterns of sustained
[Ca2⫹]i levels can vary transcription factor activity and the subsequent genes that are transcribed. For example, studies using B
cells have shown that the transcriptional factors NF-B, JNK, and
NF-AT are all differentially regulated by the amplitude and duration of the [Ca2⫹]i. NF-B and JNK are preferentially activated by
a large transient [Ca2⫹]i rise (low calcium sensitivity with activation resulting in sustained activity), whereas NF-AT is selectively
activated by a low sustained plateau (higher calcium sensitivity
that is rapidly reversible upon decreases in calcium levels) (30,
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52). Different [Ca2⫹]i levels may also optimize cytokine production by changing histone acetylation during polarization or induction of specific isoforms of transcription factors (53–55).
Sustained [Ca2⫹]i levels of ⬃200 –500 nM are sufficient for thymocyte immobilization, positive selection, and NF-AT translocation (27, 31). According to our estimates, a 340/380 ratio of 3 in
our experiments is equal to ⬃300 nM [Ca2⫹]i. Thus, Th1 cells in
our experiments on average maintain [Ca2⫹]i levels at or above
this level for ⬃45 min, whereas Th2 cells drop below this level on
average after ⬃10 min, and Th17 cells maintain this level for ⬃25
min. Thus, Th cell subsets have dramatically different time intervals of biologically relevant [Ca2⫹]i levels (Fig. 5A).
The [Ca2⫹]i oscillation differences, Th1 and Th17 cells significantly greater than Th2 cells, could affect T cell behavior in numerous ways ranging from development, gene transcription, and
motility. [Ca2⫹]i oscillations have also been shown to optimize T
cell sensitivity to stimuli and enhance the efficiency and specificity
of signaling, resulting in preferential expression of genes and associated cellular responses (56 –59). The physiological relevance
of [Ca2⫹]i oscillations has been examined using Jurkat T cells and
rat basophilic leukemia cells (59, 60). Of interest, both studies
found that at low levels of stimulation, [Ca2⫹]i oscillations more
efficiently activate NF-AT than a sustained [Ca2⫹]i increase.
To evaluate the possible downstream effects of the calcium differences we have seen on gene transcription, we measured NF-AT
localization of these T cells at various time points (Fig. 9). We
found that Th1 and Th17 cells have significantly higher levels of
NF-AT nuclear localization compared with Th2 cells at the 15- and
45-min time points measured. This correlates generally with our
calcium measurements where we did not see significant differences
initially, but a few minutes after the peak the calcium levels are
significantly different (Fig. 5A). The idea that the higher sustained
levels of calcium and increased oscillations measured in Th1 and
Th17 cells increase NF-AT localization compared with Th2 cells is
consistent with other studies that have examined the relationship
between NF-AT and calcium (56). The exact role of NF-AT and
NF-B in the process of IL-17 production is still uncertain. Previous studies have reported that human IL-17 has two NF-AT promotor elements and that the murine IL-17 pathway is sensitive to
cyclosporin A and MAPK inhibitors, suggesting the involvement
of calcineurin/NF-AT and MAPK signaling pathways (61– 64).
A strong correlation between increases in T cell [Ca2⫹]i levels
and decreased T cell and thymocyte motility has been observed
(35). Engagement of a stimulatory ligand results in elevation of
[Ca2⫹]i levels and generation of a long-lived stop signal, permitting (or as a result of) increased interactions between the T cell and
APCs (36). More recently, using two-photon microscopy, T cell
[Ca2⫹]i oscillations have been reported to regulate thymocyte motility and positive selection. Naive thymocytes were shown to be
highly mobile at low [Ca2⫹]i levels and immobile upon sustained
[Ca2⫹]i oscillations, permitting stationary contacts with peptide
MHC-bearing cells (31). Our motility analysis of the Th1, Th2,
and Th17 cells revealed that Th17 cells are similar to Th1 cells in
their velocity and displacement and significantly greater than Th2
cells (Fig. 7). The Th17 cells [Ca2⫹]i profile is more like Th1 cells
than Th2 cells. Th17 cells have significantly more oscillations than
Th2 cells and intermediate levels of sustained [Ca2⫹]i (Figs. 4 and
5). These data are consistent with the previous findings of higher
levels of [Ca2⫹]i signaling causing decreased motility (35, 65).
To understand the mechanism of these [Ca2⫹] differences, we
examined PLC␥1 expression levels (Fig. 8) and overall phosphotyrosine levels (data not shown). We focused on PLC␥1 phosphorylation because it plays a critical role in the pathway that leads to
activation of the calcium release-activated Ca2⫹ channel and the
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influx of extracellular Ca2⫹ (47, 66). Our analysis did not reveal
any dramatic differences in overall phosphotyrosine or PLC␥1
phosphorylation levels. There was a trend (Th1⬎Th17⬎Th2) at
the 25-min time point of PLC␥1 analysis, and it is possible that this
is biologically important, but it was not statistically significant. It
is likely that the mechanism for calcium differences we have seen
involves multiple signaling players, but to date it has not been
definitively determined.
Our study in this work has described for the first time the characterization of the Th17 [Ca2⫹]i signaling pathway, which is
unique from Th1 and Th2 cells, and the analysis of Th17 cell
motility behavior, which is similar to Th1 cells and significantly
less motile than Th2 cells. Although PLC␥1 phosphorylation levels were not significantly different, our analysis revealed that
NF-AT nuclear localization was significantly higher in Th1 and
Th17 cells at later time points compared with Th2 cells. Understanding of the Th17 [Ca2⫹]i signaling pathway and its functional
differences enhances our understanding of how Th17 cells respond
differently to pathogens and are involved in inflammatory-related
disease. Thus, the dissection of the Th17 [Ca2⫹]i pathway provides
insights into what we currently know about Th17 cells and should
prompt further investigation into the role of [Ca2⫹]i and Th cell
function.
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