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To determine whether altered peptide ligands (APL) affect calcium signaling events, we
investigated changes in intracellular calcium concentration ([Ca®']) in human T cell clone
stimulated with either the fully agonistic peptide M12p54-68, the partially agonistic ana-
logue EB3V or the simple antagonistic analogue E58M. Both E63V and E58M stimulated a
Ca* response in ~40 % of T cells, whereas M12p54-68 did so in ~70% of T cells. The
most predominant pattern of a Ca?* increase induced by M12p54-68 was a small sinusoidal
peak followed by a sustained high response. The most frequent pattern of calcium response
induced by E63V was a continuous high response without a preceding sinusoidal peak,
whereas that induced by E58M was large with frequent oscillations. Genistein, an inhibitor of
the protein tyrosine kinases (PTK), markedly inhibited the wild-type peptide-induced
increase in [Ca®"],, whereas it marginally inhibited the response induced by E63V or E58M. In
contrast, GF109203X, a protein kinase C (PKC)-specific inhibitor, markedly inhibited the
E63V- or E58M-induced Ca®* response, whereas it marginally affected the wild peptide-
induced Ca?* response. Furthermore, in nominal Ca**-free medium, the E58M-induced Ca**
response was almost completely blocked, while the M12p54-68- or E63V-induced
responses were only partially inhibited. Our results suggest that the Ca®* response induced
by the fully agonistic peptide depends on activation of the genistein-sensitive signaling path-
way, including PTK, whereas the Ca*" response to a simple antagonistic APL completely
depends on extracellular Ca®* and activation of the GF109203X-sensitive signaling pathway,
including PKC. These differences in the CA?*; response in recognition of different APL may
parallel the unique T cell activation patterns induced by APL in human T cells.
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An increase in concentration of intracellular free calcium
ions ([Ca?"]) regulates and controls many cellular pro-
cesses and functions, including adhesion, motility, gene
expression and proliferation in various cell types [1-6].
With direct observation of changes in [Ca®']; at the single
cell level, using ratiometric fluorescence dyes, calcium
signaling proved to be an important step and a specific
consequence of T cell activation [7-13]. The elevated
calcium level activates the calcium/calmodulin-
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Abbreviations: [Ca*];: Intracellular free calcium concentra-
tions APL: Altered peptide ligand Fura-2/AM: Fura-2/
acetoxy-methyl-ester IP;: Inositol 1,4,5-triphosphate PTK:
Protein tyrosine kinase
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dependent phosphatase calcineurin and leads to trans-
location of the cytoplasmic component of the T cell-
specific transcription factor, nuclear factor of activated T
cell (NF-AT), to the nucleus and to the initiation of tran-
scription in several genes, including the IL-2 gene [14].

Studies of calcium signaling activity in mouse T cells
stimulated with altered peptide ligands (APL) indicated
that the Ca®* response induced by antagonistic ligands
was smaller in amplitude and shorter in duration than
that induced by fully agonistic ligands [15-17]. A recent
study on a mouse T cell clone also showed that the APL-
stimulated Ca®* response is initiated and sustained at
lower levels than that stimulated by a strong agonistic
signal, but it resembles that stimulated by a weaker ago-
nistic stimulus [15]. Increases in [Ca®*"]; can occur as a
single transient, as repetitive oscillations or as a sus-
tained plateau; amplitude and duration would reflect
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specificity of the transcription factors activated [6, 16]. In
B lymphocytes of mice, for example, different Ca®*
responses induce activation of different transcription
factors: NF-AT c/p is significantly more Ca*" sensitive
than NF-xB and JNK1/ATF-2, and this enhanced Ca?
sensitivity enables NF-AT to be selectively activated by
the low Ca®* increase [6]. However, it is not clear whether
TCR antagonism, and TCR partial agonism (in this
report, partial agonism means TCR antagonism with par-
tial activation, not weak agonism; see Sect. 4.1) can
stimulate the intracellular Ca?* response as does a fully
agonistic peptide and whether different types of APL
induce different calcium signaling in human T cells.

In previous work, we characterized peptide-binding
motifs for HLA-DR4 molecules [18] and analyzed the
effects of APL on IL-12 production by APC [19] and T cell
survival [20]. We also analyzed responses of a human T
cell clone to a large panel of analogue peptides deri-
ved from an antigenic peptide presented by DR4
(DRB1*0406), the objective being to investigate frequen-
cies and characteristics of TCR agonism, TCR partial
agonism and TCR antagonism [21]. Our results showed
that these APL frequently stimulated a human T cell
clone to exhibit either agonism or antagonism. The minor
proportion of antagonistic APL exhibited partial activa-
tion which induced increases in cell size and expression
levels of several CD markers, without cell proliferation.
Utilizing the well characterized T cell clone and APL, we
measured [Ca®'], using fura-2-acetoxy-methyl-ester
(fura-2/AM) video imaging methods and we compared
Ca* responses of a T cell clone to different APL exhibit-
ing full agonism, partial agonism or antagonism. The dif-
ferent APL induced different patterns of Ca** response in
T cells together with differences in sensitivities to the
protein tyrosine kinase (PTK) inhibitor genistein, the PKC
inhibitor GF109203X or an extracellular calcium ion-free
condition.

2 Results

2.1 Non-agonistic APL induced an increase in
[Ca?] in the T cell clone

A direct measurement of [Ca?*], was made using a ratio-
imaging system with fura-2/AM in individual T cells. The
different Ca** responses to various stimuli, including the
immunogenic ligand and APL, were examined. To
observe differences among various peptide-induced
Ca®* responses, we compared the distribution of the
Ca®* imaging ratio in 100 T cells stimulated with each
TCR ligand. One hundred T cells contacting APC, as
determined by microscopic images, were selected for
analysis. Almost all cells stimulated with an irrelevant

Eur. J. Immunol. 1998. 28: 3929-3939

peptide, A60D (95/100 cells, ABOD stands for an ana-
logue peptide of M12p54-68 carrying a replacement of
Ala 60 to Asp) or with medium only (97/100 cells)
showed no detectable increase in [Ca?']; throughout the
30-min observation period. In contrast, 68 % (68/100),
43 % (43/100), or 42 % (42/100) of the T cells stimulated
with fully agonistic M12p54-68, partially agonistic E63V
or simple antagonistic E58M, respectively, showed an
increase in [Ca®"] (A ratio = 0.2, Fig. 1). The percentage
of cells strongly responding with A ratio = 1.0 (half of the
maximum A ratio value) among the responding cells (A
ratio =0.2) was 23 % (15/64 cells) for stimulation with
the wild-type peptide at 7 min after start of measure-
ments. However, the percentage of strongly responding
cells was 65 % (26/40 cells) for E63V and 55 % (21/38
cells) for E58M. These results indicate that more cells
stimulated by E63V or E58M showed strong Ca**
responses during the early period of measurement, as
compared with stimulation by the wild-type peptide,
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Figure 1. Distribution at three different time points of the
Ca®* response in the YN5-32 T cell clone after stimulation
with three different peptide ligands. Fura-2/AM-loaded T
cells were immobilized on poly-L-lysine-coated surfaces and
stimulated with L-cell transfectants expressing DR4
(DRA + DRB1*0406) pulsed with 100 uM peptide. The
images were obtained 15 min after start of measurements,
using an image processor system (ARGUS-50/CA). Distribu-
tion of 340-nm/380-mm ratio levels in 100 T cells contacting
APC for each group was analyzed 7, 15 and 30 min after
start of measurements. Note the numbers in the figure indi-
cating the percentage and the ratio of cells showing a strong
Ca** response (A ratio =1.0) to cells showing a positive
response (A ratio = 0.2).
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even though the total numbers of responding cells were
fewer for E63V or E58M stimuli than for the wild-type
peptide stimulus. The wild-type peptide continued stim-
ulating a strong Ca** response in 88 % (60/68) and 79 %
(54/68) of the cells, respectively at 15 and 30 min after
starting the measurements. EG3V still elicited strong
responses in 77 % (33/43) and 48 % (21/43) of the cells
after 15 and 30 min, respectively. The corresponding
measurements for E58M showed 45 % (19/42) and 36 %
(15/42). These data indicate differences in kinetics and
frequencies of Ca?* response in T cells for stimulation
with M12p54-68, E63V or E58M peptides. Unexpect-
edly, a small fraction of cells stimulated with E63V or
E58M reached a high [Ca?; level earlier than did cells
stimulated with the wild-type peptide.

2.2 Patterns of Ca* response in T cells
stimulated with various TCR ligands

As shown in Fig. 2 and Table 1, various tracing patterns
of Ca** responses were observed in T cells stimulated
with M12p54-68, E63V or E58M. We divided the pat-
terns of Ca®* responses of YN 5-32 into the following five
types: 1) a transient and small sinusoidal peak (A ratio
=0.3, duration 2-3 min) followed by a high sustained
Ca** response (A ratio =1.0, duration >10 min) as
shown in the top panel of Fig. 2A; 2) a continuous high
response (A ratio = 1.0 and duration > 10 min) without a
preceding sinusoidal peak as shown in the top panel of
Fig. 2B; 3) large and frequent oscillations (A ratio =1.0;
frequency, three to five times/min, total number of oscil-
lations = 60), as shown in the top panel of Fig. 2C; 4) a
small and sustained response (0.2 < A ratio < 1.0, dura-
tion > 10 min) as shown in the left top panel of Fig. 4A,; 5)
no response (A ratio =0.2). As shown in Table 1, the
wild-type peptide predominantly induced the type 1
response in 56 % (38/68) of responding cells; the par-
tially agonistic E6G3V mainly induced the type 2 response
in 51 % (22/43) of responding cells. The simple antago-
nistic E58M, mainly induced the type 3 response in 55 %
(28/42) of responding cells. To determine whether the
E58M-induced change in [Ca*]; is a specific effect of this
peptide, we also investigated effects of other simple
antagonistic peptides (E63R and E58I) on the Ca**
response. Both APL stimulated a strong and frequent
oscillatory Ca®* response like that of E58M (data not
shown).

2.3 Onset time and peak response of an increase
in [Ca®];

Fig. 3A shows differences in the onset time of the Ca?*
response, that is from start of measurements to initiation
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Figure 2. Predominant patterns of changes in [Ca*]; in the
YN5-32 T cell clone after stimulation with three different
peptide ligands. The five representative records of ratio
image analysis for each stimulus are shown. (A) A fully ago-
nistic wild-type peptide, M12p54-68, (B) a partially agonis-
tic peptide, E63V, (C) a simple TCR antagonistic peptide,
E58M.

of [Ca?; increase, as stimulated by the three peptides. In
68 cells stimulated with the fully agonistic peptide, there
was a positive increase in [Ca®'];, within 7.7 + 0.8 min
(mean = S.E.). However, the onset time of Ca®* response
in those cells stimulated with the partial agonist (5.7 +
0.6 min, n = 43) was earlier than that stimulated with the
wild-type peptide. This shortening of the onset time was
marked in cells stimulated with the simple antagonistic
peptide (4.0 £ 0.3 min, n = 42, p <0.05, as compared
with the wild-type peptide). Fig. 3B shows mean values
of peak amplitudes in increase in [Ca?*]; observed during
the 30-min observation period in response to the wild-
type peptide and its analogues in T cells showing a posi-
tive Ca®* response. Unexpectedly, we found no signifi-
cant differences in these values between the three differ-
ent peptide ligands.
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Table 1. Patterns of Ca* response in a T cell clone stimulated with various peptide ligands?

Number of cells showing different patterns of [Ca?+]; increase

Numbeé' of
Peptide J / "‘ﬂ "esggi"smg
T
Fuli2p5d-68 19% 12% 13% | 32% 68%
(Full agonist/WT) “Ggiay (13/68) (8/68) (9/68) (32/100) (68/100)
(PartiaEngonist) 16% 12% 21% 57% 43%
9 (7/43) (22/43) (5/43) (9/43) (57/100) (43/100)
E58M

(Simple gﬁtagonist) 12% 12% 21% 58% 42%
(5/42) (6/42) (23/42) (9/42) (58/100) (42/100)
~ A60D 5%
(irrelevant) 0 Y 2 3 % (51100)
Medium 0 0 0 3 3%
(97/100) (3/100)

a) Ca* response patterns of 100 cells for each peptide ligand were divided into five types and are summarized as indicated. Per-
centages of cells and in parentheses the real number of cells per number of cells investigated are given for each pattern of
response. Percentages indicated in the left four columns indicate the number of T cells showing each pattern of response in
proportion to that of total responding T cells. For detailed descriptions see Sects. 2.1 and 2.2.

2.4 The dose dependence of the wild-type
peptide-induced [Ca*]; elevation

We asked whether lower doses of the wild-type peptide
would stimulate similar patterns of Ca?* response as
induced by E63V or E58M. APC were prepared by puls-
ing an L cell transfectant with the wild-type peptide, in
three concentrations (0.2, 2, 20 uM) lower than the
100 uM used in the former experiment. As shown in
Fig. 4A, although the amplitude of the Ca®*" response
showed dependence on the peptide concentration, the
pattern of Ca®* response induced by the wild-type pep-
tide did not change to match those observed for E63V
and E58M. Furthermore, even by stimulation with a low
concentration of peptide (0.2 uM), the small sinusoidal
peak in the Ca?* response was observed. As shown in
Fig. 4B, the patterns of [Ca®"]; increases observed in T
cells were divided into the following three groups,
according to the definition described in Sect. 2.2: (1) a
transient and small sinusoidal peak followed by a high
sustained Ca* response; (2) a transient and small sinu-
soidal peak alone and (3) a small and sustained Ca**
response. Percentages of total responding T cells show-
ing one of these three Ca®* response patterns were
53.3% (32/60) for 0.2 uM peptide, 56.7 % (34/60) for
2 uM peptide and 63.3% (38/60) for 20 uM peptide.
Along with the decrease in peptide concentration, the
number of T cells showing pattern (1) decreased,
whereas those showing pattern (3) increased. The con-
tinuous high response without a preceding sinusoidal
peak, typical for a partially agonistic APL, and the oscil-

latory Ca** response, typical for simple antagonistic APL,
were observed only in a small number (<5 %) of T cells
stimulated with 20 uM peptide-pulsed APC but not 2 uM
or 0.2 uM peptide-pulsed APC. Thus, Ca** responses
induced by a lower concentration of the wild-type pep-
tide did not mimic those induced by E63V or E58M.

2.5 Effects of extracellular calcium on the Ca?
response

To determine whether [Ca**]; oscillations are related to
Ca*" influx through the plasma membrane, a calcium-
free solution was applied to test the Ca®* response of T
cells. When stimulated by the simple antagonistic pep-
tide E58M, T cells exhibited almost no Ca** response,
whereas in cells exposed to the wild-type peptide, a
small and fluctuating response was evident though it had
a lower plateau level or no plateau. Under these condi-
tions, the response of T cells to E63V was also markedly
suppressed (Fig. 5A). As shown in Fig. 5B, the distribu-
tion of 340 nm/380 nm fluorescence in 60 independent T
cells stimulated with each peptide was analyzed at three
different time points. In response to the wild-type pep-
tide, 23 % (14/60 cells), 42 % (25/60 cells) or 38 % (23/
60 cells) were positive (A ratio =0.2) at 7, 15 and 30 min,
respectively. E63V induced a similar response but with
less fluctuation. These data indicate that the response to
E58M strongly depends on extracellular Ca?*, whereas
responses induced by the wild-type peptide or by E63V
are only partially dependent.
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Figure 3. (A) Differences in onset time of calcium response
to M12p54-68 and its analogues. The mean values + S. E. of
time required for onset of respone are indicated. (B) No dif-
ferences in amplitude of peak Ca®* response stimulated by
the three peptide ligands. The peak amplitude of Ca?*
response observed during the recording period from 0 to
30 min was estimated for each individual T cell and the
mean value + S.E. of peak amplitudes for each peptide is
indicated.

2.6 Effects of genistein on the Ca* response

Genistein, a inhibitor of PTK inhibits activation of PLCy
mediated by Fyn and Lck [22, 23]. In this assay, T cells
were pretreated with 3 uM genistein for 3 h, as described
before [22] and the Ca®* response was measured in the
presence of 3 uM genistein throughout the experimental
period. As shown in Fig. 6A, the Ca®* response induced
by APC prepulsed with the wild-type peptide (100 uM)
was completely blocked by treatment with genistein.
Furthermore, genistein also inhibited the Ca** response
induced by APC prepulsed with a lower concentration
(10 uM) of the wild-type peptide (data not shown). How-
ever, genistein showed only marginal inhibition of the
Ca®* response induced by the partially agonistic peptide
E6G3V or the simple antagonistic peptide E58M. As
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Figure 4. Dose dependence of the wild-type peptide-
induced Ca®* response. (A) Sample recordings of change in
[Ca*]; in the three representative T cells are shown. L-cell
transfectants were prepulsed with the three concentrations
of wild-type peptide for 5 h. (B) Summary of distribution of T
cells showing three different patterns of Ca®* response stim-
ulated by L-cell transfectants prepulsed with three different
concentrations of M12p54-68 peptide. The closed bar indi-
cates the number of T cells showing a transient and small
sinusoidal peak followed by a high sustained Ca®* response.
Hatched and open bars indicate those showing a transient
and small sinusoidal Ca®* response alone and a small sus-
tained Ca?* response, respectively. The definition of three
patterns of Ca®* response is according to that described in
Sect. 2.2. Few T cells (<5%) stimulated with 20 uM
peptide-pulsed APC showed a continuous high response
without a preceding sinusoidal peak or an oscillatory
response.

shown in Table 2, the Ca*" response was divided into
high and low response; A ratio =1 was taken as a high
response whereas 0.2 < A ratio <1 was taken as a low
response. There were no cells showing high response to
the wild-type peptide by treatment with genistein,
whereas 26 % (26/100) and 28 % (28/100) of the cells
responding to the partially agaonistic peptide and the
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Figure 5. Effects of extracellular Ca**-free solution on [Ca*'];

increases induced by M12p54-68 and its analogues in the
YN5-32 T cell clone. (A) Sample recordings of changes in
[Ca*] in four representative T cells after stimulation with
APC prepulsed with 100 uM different peptide ligands for 5 h.
(B) Distribution of [Ca®*]; increase in 60 cells stimulated with
each peptide at 7, 15 and 30 min after start of measure-
ments. All cells (T cells and APC) were washed twice with
the nominal Ca?*-free solution before measurement, and
measurement of [Ca*], was also done in the absence of
extracellular Ca?* ions. Numerals in the figure indicate per-
centages and numbers of cells showing a positive response
(A ratio =0.2) in proportion to 60 cells investigated.

simple antagonistic peptide, respectively, showed a high
response. This means that the wild-type peptide-
induced Ca** response is absolutely dependent on acti-
vation of the genistein-sensitive signaling pathway,
including PTK. In contrast, the Ca®* response induced by
antagonistic peptide or partially agonistic peptide
involves signaling pathways resistant to genistein.
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Figure 6. Effects of genistein (A) and GF109203X (B) on the
Ca®* response induced by M12p54-68 and APL. Sample
records of changes in [Ca®*] in two representative T cells
after stimulation with APC prepulsed with 100 uM different
peptide ligands for 5 h. T cells were pretreated with 3 uM
genistein or 100 nM GF109203X for 3 h and measurement of
[Ca**]; was done under the same conditions throughout the
experimental period.

2.7 Effects of GF109203X on the Ca** response

GF109203X, a PKC inhibitor with a high selectivity for
PKC, as compared to five other protein kinases [24], was
used. T cells were pretreated with 100 nM GF109203X
as reported [24] for 3 h before measurement. Treatment
of T cells with GF109203X abrogated the Ca** response
induced by either the partially agonistic E63V or the sim-
ple antagonistic E58M, but it did not inhibit the wild-type
peptide-induced Ca?* response even when APC pre-
pulsed with a lower concentration (10 uM) of the peptide
were applied (data not shown). Forty-six percent (46/
100) cells still showed a high Ca®* response by stimula-
tion with the wild-type peptide, whereas no cell showed
a high response to partially agonistic or antagonistic
peptides in the presence of GF109203X. We conclude
that the Ca** response triggered by simple antagonistic
or by partially agonistic peptides depends on activation
of GF109203X-sensitive signaling pathways, including
PKC.

3 Discussion

In the present study, we characterized the response of a
human T cell clone to the M12p54-68 peptide or its ana-
logues which exhibited characteristics of full agonism,
partial agonism or antagonism for TCR. The results
clearly demonstrated that although these peptides
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Table 2. Differences in effects of genistein and GF109203X on calcium responses induced by three peptide ligands

Inhibitor Number of responding cells in 100 T cells
M12p54-68 E63V E58M
(Full agonist/WT) (Partial agonist) (Simple antagonist)
High response® Low response®  High response Low response High response Low response
Genistein 0 4 10 28 9
(PTK inhibitor)
GF109203X 46 15 3 0 4

(PKC inhibitor)

a) High response means Ca* response A ratio = 1.
b) Low response means Ca?* response, 0.2 < A ratio <1.

exhibited different effects on activation of T cells, all
induced an increase in [Ca®']. The amplitudes of peak
responses of the [Ca®*]; to E63V or E58M were much the
same as those induced by M12p54-68 (Fig. 3B). How-
ever, the proportion of responding cells and the patterns
of Ca®* responses to these different stimuli showed con-
siderable variation. These observations suggested that
the different Ca®* responses induced by the immuno-
genic ligand and its analogues may directly couple with
different types of T cell activation.

Stimulation with a strong antagonistic peptide, E58M,
resulted in the more rapid onset of the Ca®* response in
a small fraction of T cells than seen with the wild-type
peptide. Furthermore, during the early period of mea-
surements, the number of T cells strongly responding to
an antagonistic peptide exceeded that responding to the
wild type. These phenomena differ from findings in
mouse T cells [16]. In these studies, the onset delay
increased when using a weaker agonist and this increase
was marked in response to an antagonistic peptide.
Studies on physicochemical interactions between puri-
fied TCR and its ligand demonstrated that, in most
cases, partially agonistic and antagonistic ligands disso-
ciate more rapidly from a given TCR than do agonistic
ligands [25-27]. Because oligomerization of the MHC-
peptide-TCR trimolecular complexes and induction of
accumulation of intracellular signaling molecules are
thought to be delayed in recognition of partial agonists or
antagonists, we expected that both may cause in an
increase in onset time of intracellular signaling by antag-
onistic APL [28]; it is possible, that the duration of TCR
ligation is shorter in recognition of partially agonistic or
antagonistic APL than is that of the full agonistic peptide
[29]. This rapid but incomplete engagement of TCR with
APL may cause the rapid but altered Ca** response we
observed. According to this model, the kinetic advan-

tage of antagonists would interfere with the rate of pro-
ductive TCR engagements by agonists and result in sup-
pression of signaling processes needed for cell prolifera-
tion.

The release of Ca?* from IP,-sensitive intracellular stores
is followed by a sustained influx of Ca®* into the cyto-
plasm from the extracellular space via a mechanism des-
ignated as IPs-induced calcium release [1, 30, 31]. This
mechanism induces a biphasic increase in [Ca®'];, a sin-
gle small peak followed by a sustained high level, as
observed at the single cell level in mouse T cells stimu-
lated with peptide-MHC complexes [16] and in Chinese
hamster ovary cells stimulated by platelet-derived
growth factor [32]. However, as shown in Fig. 2, the sinu-
soidal peak only appeared in recognition of the wild-type
peptide and not in recognition of the antagonistic APL.
As these small peaks observed in response to the wild-
type peptide remained in the absence of extracellular
Ca*", the sinusoidal peak may correspond to the IP,-
induced calcium release from intracellular stores.

Oscillatory signals in numerous biological systems have
long been recognized. Some of the most striking exam-
ples are oscillations in membrane potentials are seen in
neuronal and cardiac cells [33]. To our knowledge, Ca®*
oscillation is a response of a cell to various continuous
stimulations; it plays an important role in mitogenic acti-
vation of T cell and natural killer cells [34]. The elevated
levels of IP; perhaps act with inositol-(1,3,4,5)-tetrakis-
phosphate (InsP,) to maintain a constant influx of cal-
cium or constant oscillation [1, 35-37]. However, in the
present study, the E58M-induced Ca** oscillation was
blocked by elimination of extracellular Ca* ions in al-
most all cells used. This finding suggests that the E58M-
induced oscillation would mainly be dependent on the
influx of extracellular Ca?*. Oscillatory Ca®* responses
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responses induced by anti-CD3 mAb in human T cells
were seen to be dependent on extracellular Ca®* and
these responses were reduced by membrane depolar-
ization [38].

On the other hand, E63V induced the pattern of a high
sustained Ca®* response without a preceding sinusoidal
peak. It may be that a single peak appeared at the same
time as the high response. However, this peptide cannot
induce proliferation of T cells. It was reported that artifi-
cial cytosolic Ca?* elevation, for example by addition of
ionomycin together with the partially agonistic APL, did
not stimulate proliferation or IL-2 production by T cells
[15]. Thus, not all high sustained Ca*" responses can
induce proliferation of T cells. The results also indicate
that the peptide-induced activation of T cells does not
merely depend on amplitude and duration of increase in
[Ca*'];, but rather upon the pattern of [Ca®']; increase and
signals mediated by substances other than Ca?".

It is possible that differences in density of TCR ligands
on the surface of APC may induce different patterns of
Ca?* response in T cells. Thus, the Ca?* response to fully
agonistic peptide expressed in low density may mimic
that induced by partially agonistic or simple antagonistic
APL. But this was not the case, and a difference in qual-
ity but not in quantity of MHC-peptide ligand seems to
determine different patterns of Ca®* response induced by
each peptide ligand in T cells. This was also confirmed
by the observation that Ca®* responses stimulated by a
lower concentration of wild-type peptide were still sensi-
tive to genistein but not to GF109203X, a characteristic
of Ca®* response to fully agonistic peptide.

The effect of genistein on the APL-induced change in
[Ca®']; suggests that the fully agonistic peptide-induced
calcium mobilization involves the phospholipase Cy1-1P;
pathway; previous reports showed that genistein pre-
vented TCR-CD3-mediated activation of phospholipase
C through inhibition of activities of PTK, Fyn and Lck [22,
23, 39]. However, the partially agonistic and antagonistic
peptide-induced increase in [Ca®*]; may be bypassed by
an alternative second messenger which may be depen-
dent on the activation of PKC since the elevation of
[Ca*']jinduced by these APL was completely inhibited by
treatment of T cells with GF109203X. As noted in other
studies, there are two domains in PKC molecules, one is
the catalytic domain contacting ATP and the other is a
regulatory domain which interacts with calcium, diacyl-
glycerol (DAG) and phosphatidylserine [24]. GF109203X
specifically interacts with the catalytic domain to inhibit
the activation of PKC. It may be that PKC-dependent
Ca* responses induced by E58M or EG3V are stimulated
by substances other than DAG, such as phosphatidyl-
serine, because genistein, a potent inhibitor of PTK and
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the subsequent production of DAG, showed marginal
inhibitory effects on Ca** responses induced by the two
APL.

Our observations correspond to findings in previous
reports in which the antagonistic peptide did not induce
full phosphorylation of the CD3 C-chain and Zap70 [40,
41] and another report in which partially agonistic APL
did not stimulate any detectable inositol phosphate turn-
over in mouse T cells [42]. One possible explanation for
the non-agonistic APL-induced increase in [Ca®*] in
mouse T cells [15, 16] or in our human T cell clone is that
APL may stimulate IPs-independent signaling pathway(s)
to induce a Ca?* response in T cells. It is known that Ca*
mobilization occurs independently of the PLC-IP; path-
way in many cellular systems. Examples include
sphingosine-stimulated Ca** increase in Jurkat human T
cells [43], o,-adrenoceptor-induced Ca** signaling in
human erythroleukemia cells [44], thrombin-activated
Ca*" increase in neonatal rat ventricular myocytes [45]
and cyclopiazonic acid-mediated Ca** response in cul-
tured bovine pulmonary arterial endothelial cells [46].
Furthermore, it was recently reported that the PKC acti-
vator TPA stimulated calcium influx in ciliary cells and
that the calcium response was sensitive to PKC inhibi-
tors including GF109203X but resistant to the PLC inhibi-
tor [47]. However, we cannot be conclusive on our obser-
vations obtained from only one T cell clone and peptide
combination. Further investigations utilizing other human
T cell clones and peptides are needed. To better under-
stand mechanisms underlying the increase in [Ca®*]; trig-
gered by partially agonistic and antagonistic peptide,
signaling molecules activated by APL and membrane-
associated channel(s) involved in transport of Ca?* need
to be identified, as was done for mouse T cells [40-42].

In conclusion, stimulation of a human T cell clone with
various APL induced a Ca** response with different pat-
terns of increases in [Ca?*].. Our findings suggest that the
full agonist-induced calcium mobilization fully depends
on genistein-sensitive signaling pathways, including
PTK, phospholipase Cy1 and IP; pathways, whereas that
induced by a simple antagonist depends on extracellular
Ca?* ions and GF109203X-sensitive pathways, including
PKC. The partially agonistic peptide-induced increase in
[Ca*]; may involve several more complex mechanisms.
Our characterization of the Ca®** response in individual
human T cells provides important information which will
contribute to studies on mechanisms of activation and
proliferation of human T cells.
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4 Materials and methods

4.1 Peptides and T cell clone

Peptides and the T cell clone (YN5-32) were prepared as
described elsewhere [21, 48, 49]. In brief, the CD4* a.f T cell
clone YN5-32 restricted by HLA-DRB1*0406 was estab-
lished by stimulating PBMC with soluble M12p54-68 pep-
tide, as described elsewhere [21]. The peptide M12p54-68
(NRDLEQAYNELSGEA), which corresponds to amino acid
residues 54 to 68 of the streptococcal M protein derived
from group A § hemolytic streptococcal strain 12 [50], was
used as a fully agonistic wild-type peptide. M12p54-68 and
its analogues carrying single residue substitutions, E63V,
E63R, E58M, E58I and AG0OD, used in this study were syn-
thesized using a solid-phase simultaneous multiple peptide
synthesizer PSSM-8 (Shimadzu), based on the Fmoc strat-
egy. All peptides were purified by reversed-phase high per-
formance liquid chromatography (Millipore). Among APL
derived from M12p54-68, E63V was found to be the stron-
gest TCR partial agonist; it induced increases in cell size and
expression levels of several cell surface molecules without
cell proliferation, while E58M is the strongest simple TCR
antagonist. TCR antagonism is an Ag-specific phenomenon
in which T cells are inhibited by interactions involving TCR
residues required for the recognition of conventional Ag and
altered residues in peptide analogues (see review [28]). In
the presence of 100 uM soluble E58M peptide, the prolifera-
tive response of the T cell clone YN5-32 to irradiated PBMC
prepulsed for 2 h with 3 uM wild-type peptide was almost
completely inhibited. This inhibition was not associated with
induction of T cell anergy or increase in cell size and expres-
sion levels of several CD markers, which were observed for
the partially agonistic APL, E63V. The evidence that single
residue substituted APL-mediated inhibition of the prolifera-
tive response of YN5-32 to wild-type peptide is not due to
competitive inhibition of peptide binding to HLA-DR mole-
cules, but rather to TCR antagonism was reported in our
previous publication [21]. ABOD is an irrelevant analogue
which exhibits neither agonism nor antagonism.

4.2 Measurements of [Ca®'];

For video imaging experiments [51], T cells (5 x 10° cells/ml)
were incubated with 3.5 uM fura-2/AM (Dojindo Laborato-
ries, Kumamoto) for 45 min at 37 °C, then the cells were
washed four times with the medium. To prevent movement
of T cells during the assay, the fura-2/AM-loaded T cells
(1 x10°/100 ul) were placed on a poly-L-lysine-coated
mounted coverslip dish (35 mm diameter, MatTek Corp.
Ashland, MA) and incubated for 30 min followed by addition
of peptide-pulsed APC. The APC was prepared by incubat-
ing L-cells expressing DRA and DRB1*0406 genes [52, 53]
with 100 uM peptide in a water bath at 37 °C for 5 h followed
by three washings with medium. Then, the cells (2 x 10°/
100 ul) were added to the mount dish for another 30 min to
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obtain optimum contact between APC and T cells. Micro-
fluorometric measurements were made in saline solution
containing: 140 mM NaCl, 5 mM KClI, 1.5 mM CaCl,, 1 mM
MgCl,, 10 mM Hepes, 10 mM glucose, and 1 mg/ml BSA at
pH 7.4 (adjusted with NaOH) at room temperatures
(24-26 °C). The cells were exposed to UV light produced by
a 100 W xenon arc lamp at alternating excitation wave-
lengths of 340 and 380 nm on an inverted microscope
(Nikon, TMD-EFQ, Tokyo) equipped with 20x and 40x objec-
tives. The emitted light was collected through a 510 nm
emission filter with an intensifying CCD video camera linked
to an image processor system (ARGUS-50/CA, Hamamatsu
Photonics Corp, Hamamatsu). The background at each
wavelength was acquired from a region free of cells on the
glass coverslip and was subtracted, on line, from the 340
and the 380 nm images. The ratio of 340 nm/380 nm images
was collected and stored on an MO disk every 4 s until anal-
ysis. In some experiments, Ca®* response was investigated
in the presence of genistein or GF109203X, or in the
absence of extracellular Ca* ions. Details of the treatments
are described in legends for Figs. 5 and 6.

4.3 Reagents and statistics

All salts for preparing solutions and poly-L-lysine, genistein,
GF109203X and other pharmacological agents were pur-
chased from Sigma (St. Louis, MO). Data were analyzed by
basic statistical methods, including analysis of the two-
tailed Student’s t-test (unpaired), and expressed as the arith-
metic means + S.E. A p <0.05 value was considered to be
statistically significant.
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