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Abstract We used a silicon-based biosensor, a microphysiometer, to measure real-time extracellular acid-
ification rate signals associated with T lymphocyte responses to peptide ligands interacting with the T-cell receptor
(TCR). We compared these effector responses with those of interferon-g (IFN-g) production, and T-cell prolifer-
ation. Within minutes, major histocompatibility complex (MHC)-bound peptides on antigen-presenting cells
(APCs) engaged the TCR to increase acidification rates of the extracellular media was measured by microphysi-
ometer. We exposed two myelin peptide-specific human T-cell clones, MSF132E11 (DRB1*1501 restricted) and
TOM3A6 (DRB5*0101 restricted), to truncated analogues of the parent MBP 84-102 peptide, in the presence of
MHC restricted human antigen-presenting cells, and measured the extracellular acidification rate signal changes,
IFN-g production and T-cell proliferation. The core epitopes recognized by these clones were identified by
microphysiometer and found to be MBP 88 –100 and MBP 91–100, respectively. These epitopes were identical to
those identified by the IFN-g and proliferation assays. We conclude that measurement of real-time extracellular
acidification rate signals by the microphysiometer may facilitate rapid identification of human T-cell epitopes
involved in immune disorders and the development of specific T-cell antagonists. J. Cell. Biochem. 77:409 – 417,
2000. © 2000 Wiley-Liss, Inc.
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Multiple sclerosis (MS) is a chronic inflamma-
tory autoimmune disease of the human central
nervous system (CNS) characterized by demy-
elination and local infiltration of the CNS by
macrophages, plasma cells, and T cells [Allen,
1991]. In MS and other demyelinating dis-
eases, T-cell clones specific for myelin basic
protein (MBP), a component of the myelin
sheath, lead to demyelination of nerve sheaths
in the CNS. In addition to MBP-restricted T
lymphocyte clones, demyelinating inflamma-

tory lesions can contain multiple nonrestricted
immune cells capable of mediating tissue in-
jury [Zamvil et al., 1990; Wucherpfenning et
al., 1991; Martin et al., 1992a,b]. Major histo-
compatibility complex (MHC) class II (DR) mol-
ecules are heterodimers on the surface of
antigen-processing/presenting cells (APCs),
which bind and present autoantigenic peptides
to autoreactive CD41 T cells. In demyelinating
disease, such as MS, MBP, proteolipid protein,
and myelin oligodendrocyte antigen peptides
complexed with disease-associated MHC class
II (DR2) heterodimers on APCs stimulate au-
toreactive T cells [Buss et al., 1987; Allen et al.,
1987]. These activated cells induce cellular and
humoral effector mechanisms, leading to the
destruction of the myelin sheath in MS pa-
tients [Todd et al., 1988; Spielman et al., 1982;
Olerup et al., 1989].

Studies involving the identification of major
autoantigenic peptides by proliferation or
ELISPOT assays using MS patient PBMCs
[Oat et al., 1990; McCutcheon et al., 1997] dem-
onstrated that an increased number of autore-
active T cells respond to myelin basic peptides
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contained within the sequence MBP 80–105.
Therefore, the isolation of human T-cell clones
specific to peptides contained within this se-
quence has enabled us to better understand the
autoantigen presentation and to begin to de-
velop drugs with the potential to interfere with
the autoantigen presentation and/or the effec-
tor mechanisms that arise out of this event in
multiple sclerosis.

While the markers of antigen presentation are
generally considered the release of one or more
cytokines and/or the proliferation of T cells,
many unconventional signaling events, including
calcium flux and tyrosine kinase phosphorylation
patterns, have been used as markers [Rabinow-
itz et al., 1996]. Ligand receptor interactions on
the cell surface have been shown to induce rapid
increases in extracellular acidification rates for
both T cells and B cells [Nag et al., 1992; Ren-
schler et al., 1995]. Rabinowitz et al. [1996]
clearly showed that acidification rate changes in
mouse T-cell clones are induced much earlier
than the calcium flux. We asked whether these
rate changes could be used as effective markers
of antigen presentation in antigen specific MHC
restricted human T-cell clones. To answer this
question, we had to compare the acidification
rate changes in human T-cell clones with other
standard activation markers, such as IFN-g and
T-cell proliferation. In addition, we needed to
show that any perturbation in the parent anti-
genic peptide, such as truncation or alanine sub-
stitution, affecting the antigen presentation,
would be reflected in the acidification rate
changes, in parallel with the cytokine profile and
T-cell proliferation. In our earlier studies, we
suggested a correlation of acidification rate
changes with cytokine profiles and T-cell prolif-
eration in HVS-transformed human T-cell clones
[Arimilli et al. 1998]. In the present study, we
confirmed that this correlation also exists in
antigen-specific human T-cell clones.

MATERIALS AND METHODS

Cell Lines, Antibodies, and Chemicals

Human transformed B cells, B2A and B2B,
expressing DRB5*0101 and DRB1*1501, respec-
tively, were a generous gift from Dr. Roland Mar-
tin (Neuroimmunology, NIH, Bethesda, MD).
Human myelin basic protein (MBP) was ob-
tained from Chemicon. Mouse anti-human IFN-g
MAb and rabbit anti-human IFN-g polyclonal Ab
were obtained from Endogen (Woburn, MA),

Peroxidase-conjugated goat IgG and rabbit IgG
were purchased from Jackson Immunoresearch
Laboratories (West Grove, PA). Human IFN-g
was obtained from Boehringer-Mannheim (Indi-
anapolis, IN). TMB (3,39,5,59-tetramethyl-
benzidine) was obtained from Moss (Pasadena,
MD). Endotoxin-free bovine serum albumin
(BSA) was obtained from Calbiochem-
Norabiochem (La Jolla, CA).

Synthesis of MBP Peptides

All peptides prepared for these studies were
acetylated at the N-terminus and amidated at
the C-terminus. The MBP (83–102)Y83 peptide
with the sequence, Ac-YDENPVVHFFKNI-
VTPRTPP, was synthesized by the standard
solid-phase method, using side-chain-protected
Fmoc amino acids on an Applied Biosystems
431A automated peptide synthesizer. The
deprotected crude peptides were purified by
reverse-phase high-performance liquid chro-
matography (HPLC). The homogeneity and
identity of the purified peptides were confirmed
by mass spectrometry. All terminally trun-
cated and alanine analogue MBP peptides
were synthesized by solid-phase peptide syn-
thesis, using Fmoc chemistry. All chemicals,
including the Rink amide MBHA resin and side
chain-protected Fmoc amino acids, were ob-
tained from Nova Biochem (San Diego, CA).
HBTU/HOBt or PyBOP/NMM activation chem-
istry was employed for protected amino acid
coupling on a ABI 431 A automated peptide
synthesizer or a ABIMED/GILSON AMS 422
multiple peptide synthesizer, as described ear-
lier [Luu et al., 1996]. After the peptides were
synthesized on solid phase, they were cleaved
by TFA containing 5% 4-methoxybenzenethiol
and 5% 4-methylmercaptophenol as scaven-
gers. The crude peptides were precipitated by
pentane:acetone (4:1, v:v) mixture and isolated
by centrifugation. The peptides were washed
with pentane:acetone mixture three times, fol-
lowed by pentane, and then dried under vac-
uum. They were purified by reverse-phase
HPLC, using a C18 column; the pure fractions
were pooled and lyophilized. Finally the pep-
tides were characterized by electron spray
mass spectrometry.

T-Cell Cultures

Ag-specific T-cell clones, designated E11,
were generated from MSF132 patient blood
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that was previously HLA-typed and shown to
express DRB1*1501. MSF132 T lymphocytes
were reactive to MBP (83–102)Y83 peptide and
whole MBP protein. E11 clones were generated
by plating 2 3 105/well/100 ml PBMCs from the
patient blood in Yssel’s Media, along with 30
mg/ml purified MBP protein. Cells were restim-
ulated twice with irradiated (3,300-rad) pa-
tient PBMCs before screening for MBP reactiv-
ity by proliferation. A second T-cell clone
TOM3A6, restricted to DRB5*0101, was a gen-
erous gift from Dr. Roland Martin (Bethesda,
MD). Both E11 and TOM3A6 T-cell clones were
maintained in culture by restimulating one cy-
cle with Ag-specific stimulation, followed by a
nonspecific restimulation by PHA. In the spe-
cific round of stimulation, 4 3 106 APCs
(DRB1*1501 & DRB5*0101), irradiated with
3,300 rad, were pulsed with 50 mg/ml MBP
(83–102)Y83 for 2 h, washed, and added to 1 3
106 T cells in 1 ml Yssel’s media in a 24-well
plate. For nonspecific stimulation, 2 3 105 T
cells and 1 3 105 B2A & B2B cells were irra-
diated with 5,000 rad each, 1 3 106 APCs
(DRB1*1501 & DRB5*0101) were irradiated
with 3,300 rad, and 0.5 mg/ml PHA in 1 ml
Yssel’s Media were mixed in a 24-well plate.
Recombinant human IL-2 was added at days 4
and 7, after Ag-specific and nonspecific stimu-
lation. T-cell clones were maintained at a den-
sity of 1 3 106/ml and restimulated every 10
days. At each restimulation, the clones were
tested for specificity by a standard prolifera-
tion assay.

Proliferation and Cytokine Assay

In this study, 2 3 105 APCs (DRB1*1501 &
DRB5*0101) were pulsed with different trun-
cated and alanine substituted peptides for 2 h,
washed and irradiated at 3,300 rad and mixed
with 2 3 104 T-cell clones per well in 200 ml of
Yssel’s media. After 32 h, 75 ml of the cell
supernatants was collected. and IFN-g was
measured by the method described earlier [Ari-
milli et al., 1995]. The cells were then pulsed
with 0.1 mCi of 3H-labeled-thymidine, har-
vested at 48 h and counted in a b-counter.

Measurement of T-Cell Metabolic Acidification
Rate Signals

All the reagents required for the microphysi-
ometer experiments were obtained from Molec-
ular Devices (Sunnyvale, CA). Freshly cultured

E11 clones with B2B cells and TOM3A6 clones
with B2A cells at a density of 5 3 105 T cells
mixed with 5 3 104 B cells were immobilized
into microphysiometer cell capsules as de-
scribed earlier [Nag et al., 1992]. Briefly, the
mixture of T-cell clones and B cells was sus-
pended in a serum-free loading medium (low-
buffering RPMI 1640 containing 10% fatty
acid-free endotoxin-free BSA). The T and B
cells were collected by centrifugation and re-
suspended in 7.5 ml of loading medium. Low-
melt agarose, melted and stored at 37°C, was
added to the suspended cells in a ratio of 1:4; 10
ml of the agarose/cell mixture was immediately
spotted into the center of the cell capsule cups
held in a 12-well culture plate. After 5 min, 2
ml of loading medium was placed in the cap-
sule cup over the solidified agarose, and a
membrane insert was placed over the cells. The
assembled cell capsule was loaded in the cyto-
sensor chamber at 37°C and perfused at 50 ml
per min with low-buffering RPMI 1640 me-
dium containing 10% of BSA per ml without
Hepes or bicarbonate buffers. Extracellular
acidification rate signal measurements were
made in the cytosensor microphysiometer, as
described earlier by collecting potentiometric
measurements for 45 s every 2 min [McConnell
et al., 1992]. Acidification rate data (mV/s) were
normalized to 100% before cell stimulation,
permitting comparison of the data from cells in
separate chambers.

RESULTS AND DISCUSSION

The aim of this work was to compare and
correlate the extracellular acidification rate
signal changes with proliferation and IFN-g
release during antigen presentation in hu-
man T-cell clones. In addition, we sought to
determine whether this method could be used
to identify the minimum peptide epitope rec-
ognized by the T-cell clones. In vitro antigen
presentation to T cells is a two-step event
involving MHC class II peptide binding
(MHC-P) and MHC-P-TCR complex forma-
tion, along with costimulatory events leading
to production of cytokines and T-cell prolifer-
ation. Extracellular acidification rate signals
in T cells can be detected within minutes of
their activation or TCR ligation and is a gen-
eral marker of cellular activity [Weiss et al.,
1984a,b; Nag et al., 1992; McConnell et al.,
1995]. Activation of most known signal trans-
duction pathways can trigger increases in
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acid release [McConnell et al., 1992]. Unlike
T-cell proliferation and interleukin-2 (IL-2)
production, however, the extracellular acidi-
fication rate changes are early signaling
events during antigen presentation. In fact,
in the hierarchy of signaling events in T cells,

acidification rate changes fall between par-
tial calcium flux and full calcium flux [Rabi-
nowitz et al., 1996]. Such a hierarchy can
potentially help us understand T-cell agonist
and antagonist activities of antigenic pep-
tides, the minimum epitopes of T cells and

Fig. 1. Schematic representation of terminal truncated and alanine analogue MBP (88– 102) peptides. A: Sequence
of terminal truncation of MBP (83– 102)Y83 peptide. B: Sequence of various alanine substituted MBP (88– 102)Y83

peptides used in this study.
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the contribution of individual amino acids in
antigenic epitopes to T-cell activation.

Initially, the order of this hierarchy was in-
vestigated by measuring the effect of changes
in antigen presentation and subsequent signal-

ing events due to truncation and alanine sub-
stitution of the amino acid residues of parent
antigenic peptide. In our earlier studies we
showed that any changes in the antigenic pep-
tide that led to a change in cytokine release

Fig. 2. Comparison of proliferation, interferon-g (IFN-g) response, and acidification rates of E11 cells with terminal
truncated MBP peptides. Activation of E11 T-cell clones by terminal truncated peptides was shown by increase in
cell proliferation, IFN-g secretion and acidification rates. Proliferation was measured by 3H-thymidine incorporation,
levels of IFN-g by enzyme-linked immunosorbent assay (ELISA), and acidification rates by microphysiometer, as
described under Materials and Methods. A– C: Proliferation, IFN-g levels, and acidification rates of various truncated
peptides.

Fig. 3. Comparison of proliferation, interferon-g (IFN-g) response, and acidification rates of TOM 3A6 cells with
terminal truncated MBP peptides. Activation of TOM 3A6 T-cell clones by terminal truncated peptides was shown
by increase in cell proliferation, IFN-g levels, and acidification rates. Proliferation was measured by 3H -thymidine
incorporation, levels of IFN-g by enzyme-linked immunosorbent assay (ELISA), and acidification rates by micro-
physiometer, as described under Materials and Methods. A– C: Proliferation, IFN-g levels, and acidification rates,
respectively, of various truncated peptides.
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and T-cell proliferation is also reflected in acid-
ification rate signal changes in immortalized
HVS transformed human T-cell clones [Ari-
milli et al. 1998]. In this work, we confirmed
our findings in T-cell clones and clearly show
that the acidification rate signal changes can
be used as a quick read-out in (1) perturbation
in antigen presentation, (2) identification of
minimum T-cell epitope, and (3) critical amino
acid residues involved in MHC-Peptide-TCR
interactions.

The peptides were acetylated at the
N-terminus and amidated at the C-terminus to
decrease the susceptibility of these peptides to
protease degradation. The truncated and alanine
substituted peptides used in in vitro experiments
were .95% pure, as indicated by reverse-phase
HPLC and mass spectrometry. The sequence of
the peptides used in this study are listed in Fig-
ure 1A,B. E11 and TOM 3A6 human T-cell clones
respond to the MBP (83–102)Y83 parent pep-
tide and are restricted to DRB1*1501 and
DRB5*0101, respectively. Both DR alleles have
been associated with MS [Todd et al., 1988; Spiel-
man et al., 1982; Olerup et al., 1989]. MHC re-
striction of the two human T-cell clones was
tested by using two different B cell transfectants
having either DRB1*1501 or DRB5*0101 on

their surface. These two MHC class II molecules
show high affinity for binding to the parent pep-
tide, MBP (83–102)Y83. However, DRB1*0101
transfectants activate only TOM 3A6 clones,
while DRB1* 1501 transfectants activate only
E11 cells, in the presence of MBP (83–102)Y83.
This MHC restriction is seen in acidification rate
signal changes in these T-cell clones (data not
shown). In other words, although the acidifica-
tion rate signal change is a nonspecific early
T-cell activation marker, activation through the
TCR ligation by a MHC peptide complex is cer-
tainly MHC restricted for a particular T-cell
clone.

The results obtained in proliferation assays,
IFN-g production assays, and acidification rate
signal changes in E11 cells by truncated pep-
tides are presented in Figure 2. These results
indicated that acidification rate changes match
with the late signaling events such as prolifer-
ation and IFN-g release induced by the parent
peptide. In addition, the effect of truncated
peptides MBP 88–100, 89–100 had little or no
effect on T-cell stimulation, and the shorter
peptides 90–100, 91–100, 92–100, 91–101, and
91–102 did not stimulate E11 T-cell clones, as
indicated by the absence of proliferation and
IFN-g production. This is also shown by a lack

Fig. 4. Comparison of proliferation, interferon-g (IFN-g) response, and acidification rates of E11 cells with alanine
substituted MBP peptides. Activation of E11 T-cell clones by alanine substituted peptides was shown by increase in
cell proliferation, IFN-g levels, and acidification rates. Proliferation was measured by 3H -thymidine incorporation,
levels of IFN-g by enzyme-linked immunosorbent assay (ELISA), and acidification rates by microphysiometer, as
described under Materials and Methods. A–C: Proliferation, IFN-g levels, and acidification rates, respectively, of
various truncated peptides.
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of acidification rate changes, after the trend
seen in the late signaling events.

The DRB5*0101 restricted TOM 3A6 T-cell
clones showed stimulation with all the trun-
cated peptides. As shown in Figure 3, the pro-
liferation and IFN-g response signals are well
correlated with acidification rate change sig-
nals. Truncation of parent peptide MBP (83–
102)Y83 had a positive effect on the T-cell stim-
ulation, which is clearly reflected in all three
assays. In fact, the parent peptide and MBP
92-100 showed less stimulation as compared to
other peptides. An increase in the stimulation
of T cells could be attributed to either a change
in the MHC-peptide binding frame or MHC-
peptide-TCR contact frame [Vogt et al., 1994].
In contrast to Vogt’s findings, these T-cell
clones can be stimulated by a nine amino acid
peptide (MBP 92–100) as long as the peptide
retains the MHC binding anchor residues
[Vogt et al., 1994; Arimilli et al., 1998]. Peptide
91–100 showed an increase in the stimulation
of T-cell clones as compared to 90–100 and
89–100. This finding suggests that the contri-
bution of the added residues in 90–100 and
89–100 peptides have a negative effect if phe-
nylalanine at position 92 is considered the an-
chor residue for binding to DRB5*0101. How-
ever, the added effect of the N -terminal

residues before 91 in the parent peptide nega-
tively affects T-cell stimulation.

To evaluate the role of each amino acid res-
idue in the parent peptide in T-cell stimulation
and correlate the effect seen in T-cell prolifer-
ation and cytokine production with the acidifi-
cation rate changes, we made alanine peptide
analogues of the MBP 88-102 peptide. Prolifer-
ation, IFN-g response and acidification rate
signal changes of E11 T-cell clones by alanine
substituted peptides are shown in Figure 4.
Alanine substitution at positions 89, 92, 93, 94,
95, 96 showed very little or no proliferation and
IFN-g production. Similarly, there was no ex-
tracellular acidification rate signal change for
these peptides, indicating a substantial corre-
lation between the acidification rate changes
and the proliferation and IFN-g production for
the alanine substituted peptides. Residues 94
and 96 were previously shown as critical TCR
contact residues for another DRB5*0101 and
MBP (84–102) peptide restricted T-cell clone
[Wucherpfennig et al., 1994]. In TOM3A6
clones, peptide residues at position 89, 92, 93,
95, and 96 are critical and this is reflected in all
three assays (Fig. 5A,B,C). The negative effect
of these alanine substituted peptides on T-cell
activation is due to either the lack of peptide
binding to the MHC class II on the surface of

Fig. 5. Comparison of proliferation, interferon-g (IFN-g) response, and acidification rates of TOM 3A6 cells with
alanine-substituted MBP peptides. Activation of TOM 3A6 T-cell clones by alanine substituted peptides was shown
by increase in cell proliferation, IFN-g secretion, and acidification rates. Proliferation was measured by
3H -thymidine incorporation, levels of IFN-g by enzyme-linked immunosorbent assay (ELISA), and acidification rates
by microphysiometer, as described under Materials and Methods. A–C: Proliferation, IFN-g levels, and acidification
rates, respectively, of various truncated peptides.
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the APCs or the alteration of TCR contact res-
idues on the peptide.

Studies using truncated peptides in the
three assays described above, indicated that
the core or minimum sequence recognized by
the E11 T cells is MBP 88–100 (Fig. 6A). By
contrast, data from alanine-substituted pep-
tides in E11 cells suggested that peptide amino
acid positions 89, 92, 93, 94, 95, and 96 are
important TCR contact residues in antigen pre-
sentation (Fig. 6B). Similarly, Figure 7A rep-
resents the core TCR recognition sequence as
MBP (91–101) in TOM 3A6 cells and amino
acid residues 89, 92, 93, 95, and 96 as critical
contact residues (Fig. 7B).

In conclusion, with the help of MHC peptide-
binding studies or the common peptide-binding
motifs for MHC found in the literature, coupled
with acidification rate signal change studies,
one can predict the TCR contact residues in a
given peptide ligand [Vogt et al., 1994]. In
other words, the effect of alanine-substituted
peptides on antigen presentation leading to
TCR ligation can be measured rapidly and eas-
ily by using the extracellular acidification rate
signal changes. Furthermore, core recognition
sequences can be determined using truncated
peptides. The information obtained by these
experiments can help design and screen biolog-
ically active TCR agonists or antagonists that

Fig. 6. Schematic representation of critical DR2 binding and TCR contact residues in E11 T-cell clones. A: Core
TCR recognition sequence. B: Critical TCR recognition residues (arrows).

Fig. 7. Schematic representation of critical DR2 binding and TCR contact residues in TOM 3A6 T-cell clones. A:
Core TCR recognition sequence. B: Critical TCR recognition residues (arrows).
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could potentially alter the course of T-cell acti-
vation in immune disorders.
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