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Activated mouse T cells downregulate, process and present
their surface TCR to cognate anti-idiotypic CD4* T cells

GIRDHARI LAL, MELKOTE S SHAILA and RABINDRANATH NAYAK

Department of Microbiology and Cell Biology, Indian Institute of Science, Bangalore, India

Summary The ability of activated T cells to present foreign antigens through the MHC class II pathway has been
shown in the case of human, rat and mouse T cells. In the present study, the ability of activated T cells to present their
endogenous TCR in association with MHC class II molecules to CD4+ T cells was shown. Upon activation mouse
T cells downregulate their surface TCR, which are degraded into peptides in endosomal/lysosomal compartments.
The idiopeptides (peptides derived from the variable region of the TCR) are presented to cognate anti-idiotypic
CD4* T cells, resulting in activation and proliferation of these cells. Interaction of idiotypic and anti-idiotypic
T cells brought about by presentation of TCR idiopeptide may have important implications for T-cell vaccination
and perpetuation of T-cell memory not requiring persisting antigen or long-lived memory cells.
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Introduction

T-cell immune responses are initiated by TCR recognition of
peptide-MHC (pMHC) on APC.! After specific interaction
of T cells with APC, TCR and MHC molecules are assem-
bled at the centre of a supramolecular activation cluster.>~
TCR-CD3 complexes on the T-lymphocyte surface are rap-
idly downregulated upon activation with pMHC complex,
superantigen or cross-linking with anti-TCR or anti-CD3
antibodies.57 Receptor downregulation is a common phenom-
enon shared by other membrane receptors with intrinsic or
associated tyrosine kinase activity.® This downregulation of
TCR may help in terminating cellular responses by reducing
the number of receptors at the cell surface or by uncoupling
receptors from membrane-anchored signalling molecules.’
This effect is supported by the observation that TCR-CD3
downregulation results in a loss of cellular sensitivity to sub-
sequent stimulation.!®!2 It is also believed that TCR—CD3
internalization plays an important role during T-cell activation
by allowing serial triggering of multiple TCR-CD3 com-
plexes by a few antigen—-MHC complexes.!*> The TCR and
associated signalling molecules are recycled back to the cell
surface, and TCR molecules are also partially degraded in
the endosomal compartments. This activation-driven down-
regulation and degradation of TCR molecules probably form
a part of the peptide pool for the MHC class II molecules.
Activated T cells are known to synthesize and present antigen
through MHC class II molecules.!*'7 The presentation of idio-
peptide of TCR (peptide derived from the variable region of
the TCR) by activated T cells may lead to triggering of cog-
nate anti-idiotypic T cells. Anti-idiotypic T cells have been
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proposed to control the self-reactive T-cell population in auto-
immune diseases after T-cell vaccination,'s:!° and have been
hypothesized to play a role in perpetuation of T-cell mem-
ory.20-21 The pathway for generation of anti-idiotypic T cells is
not well defined. Presentation of idiopeptides by activated T
cells may lead to T cell-T cell interaction, which is a pro-
posed mechanism for T-cell vaccination, control of autoim-
mune disease and maintenance of T-cell memory.!8-2!

In the present study, we show that activated mouse T cells
downregulate their surface TCR. The surface TCR are degraded
by lysosomal proteases and presented in the context of MHC
class II molecules. The presentation of TCR peptide through
MHC class II molecules by activated T cells (idiotypic T cells)
leads to its interaction with cognate anti-idiotypic CD4+ T cells.
The interaction of idiotypic T cells with anti-idiotypic CD4+
T cells leads to proliferation of anti-idiotypic T cells as well as
cytokine secretion in an MHC class [I-dependent manner.

Materials and methods
Animals

BALB/c mice were bred and maintained in the Central Animal Facility,
Indian Institute of Science, Bangalore, India. Six- to eight-week-old
male mice were used in all experiments. All of the experiments were
carried out following institutional animal ethical committee guidelines.

Reagents

Purified antimouse I-A/I-E (clone 2G9), antimouse CD11c (clone HL3)
and isotype control antibodies were purchased from Pharmingen
(San Diego, CA, USA). Polyclonal rabbit antimouse Ig, antimouse
TCRo/B-FITC (clone H57-597) and antirat tetramethyl rhodamine iso-
thiocynate (TRITC)-conjugated antibody were purchased from Sigma
(St Louis, MO, USA). Antirat IgG-FITC was obtained from Jackson
ImmunoResearch Laboratories (West Grove, PA, USA). Anti-lysosomal-
associated membrane protein (LAMP)-1; 1D4B antibody was
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antimouse
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TCRB-PECy5 (H57-597) and streptavidin—FITC were purchased from
e-Bioscience (San Diego, CA, USA). Rinderpest virus nucleocapsid
protein (N protein) and phosphoprotein (P protein) were expressed in
Escherichia coli and purified, as described earlier.22.23

Purification of T cells

T cells were purified as described earlier.2* Briefly, mice were killed
by cervical dislocation. Inguinal, posterior axillary, internal axillary
and popliteal lymph nodes were removed, and a single cell suspen-
sion was made. Cells were panned for 1 h on a fetal bovine serum
(FBS; Gibco Invitrogen, Carlsbad, CA, USA) coated plate (Falcon).
Unbound cells were harvested, and complement-mediated lysis was
carried out using antimouse Ig, antimouse MHC class II (clone m5/
115), antimouse CD11c and rabbit complement. Mononuclear cells
were purified by density gradient centrifugation on Histopaque-1077
(Sigma). Cells were further panned on antimouse Ig antibody coated
plate for 1 h in complete medium (RPMI-1640 supplemented with
25 mmol/L HEPES, 100 pg/mL penicillin, 100 pg/mL streptomycin,
20 pg/mL gentamicin and 10% FBS). Unbound cells were harvested,
and purity of T cells was checked by FACS and found to be 99%.

In vitro activation of T cells

Purified T cells (4 x 10°) were activated with PMA (500 ng/mL) and
ionomycin (50 ng/mL) for 12 h in complete medium in a final vol-
ume of 1.5 mL in each 24-well plate. Cells were harvested and
washed with HBSS. Activation of T cells was monitored by surface
staining for CD69 and analysed by FACS. The viability of T cells
before and after activation was detected by trypan blue dye exclusion
test and was found to be 98%.

FACS analysis

Purified T cells were stained with a saturated amount of purified anti-
mouse TCRB—PECyS or isotype control antibody. Briefly, cells were
incubated in PBS containing 10% FBS for 20 min on ice. Cells were
washed with PBS containing 0.2% BSA and 0.01% sodium azide and
then they were incubated with fluorochrome-conjugated antibody for
30 min on ice. Cells were washed with PBS. Flow cytometric analysis
was carried out on FACSscan (BD Bioscience, San Jose, CA, USA),
and the data were analysed using WinMDI 2.8 software (http:/facs.
scripps.edu).

Generation of idiotypic T cells

Mice were s.c. immunized with N protein (50 pg) in CFA, and boosted
after 3 weeks with N protein (50 pg) in IFA. One week after the booster
was administered, draining lymph node cells were harvested. T cells
from these mice were purified as described above. The antigen specifi-
city of T cells was ascertained by the ability of these cells to proliferate
in vitro in response to N protein.

Generation of anti-idiotypic T cells

Purified irradiated idiotypic T cells (20 x 109 cells) were given intra-
peritoneally to syngenic BALB/c mice. After 3 weeks, mice were
boosted with the same number of irradiated idiotypic T cells. Lymph
node T cells from immunized mice were purified as described above
and used as anti-idiotypic T cells.

Downregulation of TCR

Purified naive mouse T cells were stimulated with PMA/ionomycin
in complete medium in the presence or absence of cytochalasin D

(20 mmol/L; Sigma) for different time periods. Cells were fixed with
2% paraformaldehyde. Cells were incubated in PBS containing 10%
FBS for 20 min on ice. Cells were washed with PBS containing 0.2%
BSA and 0.01% sodium azide and stained with a saturating concentration
of anti-TCRa/B-FITC antibody for 30 min on ice. Cells were washed
and then analysed by FACS. Relative mean fluorescence intensity (MFI)
was calculated by dividing the MFI of experimental value with MFI of
isotype control antibody.

Confocal microscopy

Purified naive T cells were in vitro activated with PMA/ionomycin
for 3 h in the presence or absence of chloroquine (40 mmol/L) and
cycloheximide (40 umol/L) in complete medium. Cells were washed
with PBS, and intracellular staining was carried out for LAMP-1
and TCRa/P. Briefly, cells were blocked with PBS containing 10%
FBS for 10 min on ice followed by incubation with purified anti-
mouse TCRa/f antibody for 30 min on ice to block the surface
TCR. Cells were washed and fixed with 4% paraformaldehyde for
15 min on ice. Cells were washed and permeabilized with per-
meabilizing solution (e-Bioscience) for 10 min on ice followed by
incubation with purified anti-LAMP-1 antibody as primary antibody
in the presence of permeabilizing solution containing 0.3% BSA for
30 min on ice. Cell were washed and stained with anti-TCRo/f-
FITC (H57-597) and antirat-TRITC-conjugated antibody for 30 min
on ice. Cells were washed twice with permeabilizing solution and
once with PBS. Cells were visualized under a confocal microscope
with a x100 objective (Leica Microsystems, Wetzlar, Germany).

Purification of CD4* T cells

CD4+ T cells were purified from the T-cell population by complement-
mediated lysis of CD8* T cells as described earlier.>s Purified T cells
were incubated with antimouse CD8 antibody (clone 3.155) on ice
for 30 min. Cells were washed and then treated with rabbit comple-
ment for 20 min on ice, and dead cells were removed by Histopaque-
1077 density gradient centrifugation. Depletion of CD8* T cells
was tested by FACS using antimouse CD4-FITC (clone H129.19) and
antimouse CDS8-FITC (clone 53-6.7), and purity of CD4* T cells
was 99%.

Cell adhesion assay

Purified idiotypic T cells were treated in vitro with PMA/ionomycin
for 12 h in the presence or absence of chloroquine (40 mmol/L) in
complete medium. Cells were fixed with 0.2% paraformaldehyde.
Anti-idiotypic CD4* T cells were harvested, washed and stained
with carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecu-
lar Probes, Eugene, OR, USA) as described earlier.?® Briefly, puri-
fied anti-idiotypic CD4* T cells (5 x 10°¢ cells) were suspended in
1 mL of PBS (pH 7.4). CFSE was added to a final concentration
of 5 pmol/L and incubated for 10 min at 37°C by mixing twice in
between. Cells were washed with PBS containing 20% FBS fol-
lowed by complete medium. CFSE-labelled anti-idiotypic CD4*
T cells (1 x 10° cells) were incubated with unlabelled idiotypic
T cells (5 x 109 cells) or control T cells in a final volume of
200 pL complete medium for 30 min with intermittent shaking at
37°C. Cells were disturbed by tapping and then transferred to
a glass slide and visualized under a fluorescence microscope
(Leica). The total number of clumps present in a field with more
than three cells and the number of clumps with CFSE-labelled cells
were counted. More than eight random fields were examined.
Adhesion efficiency were calculated as

© 2005 Australasian Society for Immunology Inc.
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Surface biotinylation

Surface biotinylation was carried out as described earlier.” Briefly, cells
were washed twice in PBS and resuspended in a freshly prepared
solution of 0.5 mg/mL N-hydroxysuccinimido biotin (NHS-biotin)/
PBS (Sigma). One millilitre of NHS-biotin solution was used per
16 x 10° cells. The cells were incubated on ice for 30 min and gently
mixed every fifth minute. Subsequently, the cells were washed twice
in PBS and resuspended in RPMI medium containing 20% FBS to
a concentration of 1 x 10° cells/mL for degradation study. The bio-
tinylation was monitored by FACS and fluorescence microscopy after
staining with streptavidin—FITC (e-Bioscience).

Immunoprecipitation and western blotting

Biotinylated T cells (4 x 10° cells/sample) were stimulated with PMA/
ionomycin for different time periods (0, 2, 4, 6, 8 h) in the presence
or absence of chloroquine (40 mmol/L) and lysed in lysis buffer
(50 mmol/L Tris, pH 7.5; 150 mmol/L NaCl; 1 mmol/L MgCl,;
5 mmol/L EDTA; 1% NP-40 and protease inhibitor cocktail [Phar-
Mingen]). Lysates were precleared with protein A-agarose beads
(Bangalore Genei, Bangalore, India) and immunoprecipitated with
anti-TCRp antibody (H57.597) and protein G-sepharose bead (Sigma).
The beads were washed four times with washing buffer (50 mmol/L
Tris-HCI, pH 7.5; 150 mmol/L NaCl, 1 mmol/L MgCl, and 0.5%
NP-40) and resuspended in incubation buffer (50 mmol/L Tris-HCI,
pH 6.8, 2% SDS, 10% glycerol and 0.01% bromophenol blue)
and boiled for 5 min and electrophoresed on 12% SDS-PAGE gels.
The separated proteins were transferred to a nitrocellulose membrane
and immunostained using horseradish peroxidase (HRP)-conjugated
streptavidin (Bangalore Genei, Bangalore, India) and visualized with
ECL Plus (Amersham Pharmacia Biotech, Little Chalfont, UK).

Idiopeptide presentation by T cells

To study the presentation of idiopeptide (peptide derived from the
hypervariable region of TCR) by T cells to other cognate reactive
T cells, antigen-specific T cells (idiotypic T cells) were generated
by priming the mouse with N protein in CFA. After 5 days, draining
lymph node cells were harvested, and a single cell suspension was made.
T cells were purified and in vitro activated with PMA/ionomycin
for 10 h. After incubation, cells were washed and fixed with 0.5%
paraformaldehyde and used as APC.

Anti-idiotypic CD4+ T cells were generated by adoptive transfer of
irradiated idiotypic T cells (20 x 10° cells) intraperitoneally into syn-
genic mouse and boosted after 3 weeks with the same number of idio-
typic T cells. Lymph node cells were harvested after 1 week of booster.
This protocol efficiently generates anti-idiotypic T cells.?! CD4*+ T
cells were purified by complement-mediated lysis as described above.

To test the presentation of idiopeptides by idiotypic cells to their
cognate anti-idiotypic CD4+ T cells, anti-idiotypic CD4+ T cells
(4 x 10° cells/well) were cultured with paraformaldehyde-fixed
idiotypic cells (1 x 105 cells/well) in complete medium. Cells were
incubated for 48 h, and supernatants were harvested. Secretion of
IL-2 was measured by ELISA as per the manufacturer’s instructions
(e-Bioscience).

© 2005 Australasian Society for Immunology Inc.

In vitro proliferation assay

Purified idiotypic T cells were activated with PMA/ionomycin for 12 h.
Cells were fixed with 0.2% paraformaldehyde and used as APC. Anti-
idiotypic CD4* T cells were cultured in the presence of a fixed number
of idiotypic cells (4 x 105 cells/well) in a final volume of 200 pL com-
plete RPMI medium in U bottom 96-well plates. Plates were incubated
for 72 h at 37°C in a 5% CO, incubator. Cells were pulsed with
[*H]Jthymidine (0.037 MBg/well; 74 GBg/mmol, PerkinElmer, Boston,
MA, USA) in the last 16 h of incubation. Cells were harvested on glass
fibre filters using a semiautomated cell harvester (Nunc, Roskilde,
Denmark). Incorporated radioactivity was monitored using a Beckman
scintillation counter.

Results

Downregulation of TCR by activated T cells

To monitor the downregulation of surface TCR by activated
mouse T cells, purified T cells from naive mice were in vitro
stimulated with PMA/ionomycin, and the surface expression of
TCR was monitored. The results show that after activation, sur-
face TCR are downregulated (Fig. 1a). To detect the role of
actin molecules in the internalization of surface TCR, cells were
treated with cytochalasin D during activation. Cytochalasin D
inhibits actin polymerization, thereby inhibiting the inward
movement of surface molecules.?” The results show that cyto-
chalasin D inhibits internalization of TCR, indicating that actin
polymerization plays a role in downregulation of TCR.

To measure the kinetics of TCR internalization, T cells
were stimulated for different time points and stained with a
saturating amount of FITC-conjugated anti-TCRa/} antibody.
The result shows that internalization increases as a function of
time (Fig. 1Db).

Localization of TCR and LAMP-1

To test whether internalized TCR goes to lysosomal compart-
ment, colocalization of LAMP-1 and TCR was monitored by
confocal microscopy. LAMP-1 is a late endosomal and lyso-
somal marker.?® The result given in Figure 2 shows that intern-
alized TCR goes to endosomes/lysosomes for its degradation,
as shown by colocalization of LAMP-1 and TCR molecules.
When cells were treated with chloroquine, which inhibits
lysosomal enzyme activity, TCR accumulates in the lysosome/
endosome. To rule out the possibility of newly synthesized
TCR contributing to the lysosomal degradation, cells were
treated with cycloheximide before activation. The results
show that the colocalization is contributed by preformed TCR
molecules, that is, TCR from surface of the T cells and not the
newly synthesized TCR.

Degradation of internalized TCR

A schematic representation of detection of TCR degradation is
shown in Figure 3a. To show that internalized surface TCR is
degraded by lysosomal enzymes, the T cells were biotinylated at
the cell surface and in vitro activated with PMA/ionomycin.
The biotinylation was detected by FACS after staining with
streptavidin—FITC. The surface biotinylation is shown in
Figure 3b. The biotinylation process does not affect the viabil-
ity of T cells, as detected by trypan blue dye exclusion test.
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Figure 1 Downregulation of TCR by activated T cells. (a)
Downregulation of surface TCR. Naive purified T cells were
in vitro activated with PMA/ionomycin for 2 h in the presence or
absence of cytochalasin D (20 umol/L). Cells were stained with
anti-TCRB-PECyS5 antibody and isotype control antibody. Data
shown are representative of three independent experiments. (b)
Kinetics of TCR downregulation. T cells were in vitro activated
with PMA/ionomycin for the indicated time points and stained
with anti-TCRa/B-FITC and analysed by FACS, and mean fluor-
escence intensity (MFI) were calculated. Relative MFI were
calculated by dividing experimental sample MFI with isotype
control MFI. Data shown are representatives of two independent
experiments. @, control T cells; O, activated T cells.

After activation, cells were lysed, and TCR molecules were
immunoprecipitated using antimouse TCRP antibody and
protein G-sepharose. The immunoprecipitates were resolved
by SDS-PAGE and transferred to nitrocellulose membrane
and probed with streptavidin—-HRP. The result shows that deg-
radation of internalized TCR increases with time (Fig. 3c). This
degradation is due to lysosomal enzymes because the immuno-
precipitatable amount of the biotinylated TCR was greater in
chloroquine-treated cells (Fig. 3c).

Interaction of idiotypic and anti-idiotypic T cells

Activated T cells express MHC class I1'416.17:2% and costimulatory
molecules,?*3! and present antigen to cognate T cells.!6:17:29:32
We hypothesize that degraded TCR peptide can be processed
and presented by MHC class II molecules to cognate CD4+ T
cells. To test this hypothesis, we generated Rinderpest virus
nucleocapsid protein (N protein)-specific T cells (idiotypic T

cells) by immunization of naive BALB/c mice. Anti-idiotypic
T cells (reactive to TCR of idiotypic T cells) were generated
by immunization of syngenic mice with apoptotic idiotypic
T cells. This protocol generates anti-idiotypic T cells effi-
ciently.?! APC and cognate T cells come in close proximity,
and the duration of interaction depends on the specificity and
affinity of TCR and peptide-loaded MHC that is further
enhanced by costimulatory molecules.?

To show that activated T cells process and present their
TCR and interact with cognate T cells, cell adhesion assay of
idiotypic and anti-idiotypic T cells was carried out. The sche-
matic representation of this experiment is shown in Figure 4a.
In this experiment, anti-idiotypic CD4* T cells were labelled
with CFSE and mixed with unlabelled activated idiotypic
T cells. The adhesion of these populations was monitored
by fluorescence microscopy. The adhesion of idiotypic and
anti-idiotypic cells is shown in Figure 4b. The total number
of clumps of cells (with more than three cells per clump)
present in a microscopic field and also the number of cell
clumps with anti-idiotypic CD4+ T cells, that is, with CFSE-
labelled cells, were counted. The results show that activated
idiotypic T cells show higher adhesion efficiency than non-
specific T cells or activated anti-idiotypic T cells treated
with chloroquine (Table 1). This adhesion is specific to
TCR and MHC 1I as the adhesion of idiotypic and anti-
idiotypic T cells was abolished after treatment of idiotypic
T cells with anti-MHC class II antibody. The specificity of
adhesion was tested using irrelevant idiotypic T cells spe-
cific for P protein in conjunction with N protein-specific
anti-idiotypic T cells, which did not show any specific cell
adhesion (Table 1).

Presentation of TCR peptide to cognate T cells

To show that downregulated TCR are processed by lysosomal
enzyme and presented to other T cells, purified anti-idiotypic
CD4* T cells were cultured with fixed idiotypic T cells. The
result given in Figure 5a shows that activated idiotypic T cells
trigger anti-idiotypic CD4* T cells. This trigger is idiopeptide
specific as proliferation was not seen when cultured with acti-
vated control T cells or idiotypic T cells treated with chloro-
quine. Chloroquine inhibits processing and presentation of
antigen in the lysosome by increasing the pH inside the lyso-
somal vehicle.’* We have further reconfirmed this result by
measuring [L-2 secretion by anti-idiotypic CD4+ T cells after
in vitro stimulation with activated idiotypic T cells (Fig. 5b).
The presentation of idiotypic TCR is through MHC class II
molecules, because IL-2 secretion was abolished in cells treated
with anti-MHC class II antibody (Fig. 5a,b). These results
show that activated idiotypic CD4* T cells process and pres-
ent TCR through MHC class II molecules to cognate anti-
idiotypic CD4+ T cells.

Discussion

Anti-idiotypic T cells are implicated to be involved in the control
of autoimmune diseases.?>*¢ Immunization with idiotypic
T cells has been shown to generate anti-idiotypic T-cell
responses.>’3% The idiotypic network was postulated to be
operating in the control of autoimmune disease in animal

© 2005 Australasian Society for Immunology Inc.
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Figure 2 Colocalization of surface internalized TCR molecules with lysosomal-associated membrane protein-1 (LAMP-1). Purified
naive T cells were in vitro activated with PMA/ionomycin for 3 h in the presence or absence of chloroquine (40 mmol/L) and cyclohexi-
mide (40 umol/L). Cells were washed and incubated with a saturating concentration of anti-TCRa/f antibody (H57.597) on ice. Cells
were washed, and intracellular staining was carried out using purified rat antimouse LAMP-1/antirat-tetramethylrhodamine B iso-
thiocyanate antibody and anti-TCRo/B-FITC antibody. Cells were seen by confocal microscopy (x100 objective). The white arrow shows
the colocalization of TCR and LAMP-1 molecules.
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Figure 3 Degradation of surface TCR molecules. (a) Schematic representation of detection of degradation of surface TCR. (b) Surface
biotinylation of T cells. Purified naive T cells were surface biotinylated with N-hydroxysuccinimido biotin. Biotinylation was detected
after staining with streptavidin—FITC by FACS. Filled histogram represents unstained cells, thin line histogram represents the staining of
nonbiotinylated cells with streptavidin—FITC, and thick line histogram represents biotinylated stained cells with streptavidin—FITC.
(c) Degradation of TCR. Purified naive T cells were surface biotinylated and activated with PMA/ionomycin for indicated time points in
the presence or absence of chloroquine (40 mmol/L). Cells were washed and lysed. TCR were immunoprecipitated using anti-TCRf antibody
and protein G-sepharose. The immunoprecipitate was analysed on 12% SDS—PAGE gels and probed with streptavidin—horseradish peroxi-
dase (HRP), and the blot was developed using an enhanced chemiluminescence (ECL) kit.
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Figure 4 Interaction of idiotypic and anti-idiotypic T cells.
(a) Schematic presentation of cell adhesion assay. (b) Purified
activated anti-idiotypic T cells were mixed with carboxy-
fluorescein diacetate succinimidyl ester (CFSE)-labelled idiotypic
T cells in a 1:4 ratio in complete RPMI medium. Cells were incu-
bated for 30 min at 37°C with intermittent tapping. Cells were
placed on glass slide, and cell adhesion was observed under fluor-
escence microscope.

models and in patients.!*3¢-38:3 However, the exact mechanism
of generation of anti-idiotypic T cells, which requires pre-
sentation of TCR peptides by MHC, was not defined. For gen-
eration of anti-idiotypic T cells, we postulate two possible
mutually nonexclusive pathways. First, it is known that approxi-
mately 90% of antigen-specific T cells (idiotypic T cells) die
at the contraction phase of the immune response.**#! These
dead cells are removed by phagocytic cells (e.g. macrophages
and dendritic cells). These phagocytic cells can process TCR
and present the idiopeptide (peptide derived from the variable
region of TCR) through MHC class II or by cross-presentation
by the MHC class I pathway. Presentation of idiopeptide can
trigger anti-idiotypic T cells. It is now clear that presentation
of antigen from apoptotic cells leads to an immune response
rather than to immunosuppression.*2>45 Another possible way
for generation of anti-idiotypic T cells is through T cells func-
tioning as APC. Activated T cells are known to present anti-
gen to other T cells.'027 It is reported that approximately 30%
of newly synthesized proteins are formed as defective ribo-
somal products (DRiP) during the normal protein synthesis
process.*¢47 Thus, it is possible that TCR may also be synthe-
sized as DRIP in T cells, which could be processed and pre-
sented by MHC class I molecules to provide a trigger for anti-
idiotypic CD8* T cells.#® However, for the CD4+ T-cell
response, these peptides must be presented through MHC
class II molecules by T cells. For this presentation, the T cells
must express MHC class Il molecules and self-TCR should be
processed and presented. Activated T cells have been shown

Idiotypic T cells immune mice

Table 1 Cell adhesion of anti-idiotypic CD4* cells with idiotypic
T cells

Idiotypic-a-idiotypic T-cell interaction Adhesion
efficiency (%)

With N-specific a-idiotypic CD4+ T cells

Control T cells 103 £3.8
In vitro activated control T cells 93+£25
Idiotypic T cells 8.1+1.8
In vitro activated idiotypic T cells 31,6 £ 1.9
In vitro activated idiotypic T cells + chloroquine 8.0+£1.2
In vitro activated idiotypic T cells + a-MHC 7.1+£24

class II antibody

With P-specific a-idiotypic CD4* T cells
Idiotypic T cells 8.8+32
In vitro activated idiotypic T cells 6.8+0.8

The adhering cell clumps were counted and adhesion efficiency
was calculated as given in the Materials and methods. Data are repre-
sentative of two independent experiments.

to express MHC class II molecules in humans,!7-27-32 in rats'4
and in mice by acquisition and endogenous synthesis.!510
T cells have also been shown to express costimulatory mol-
ecules.?!37 Processing and presentation of antibody molecules
by B cells have been shown earlier*>* and have been pro-
posed to generate anti-idiotypic T-cell responses.2?>! Recently,
we have shown that booster immunization of antigen-specific
anti-idiotypic T cells leads to the generation of antigen-
specific memory response in antigen-primed animals.?! Fur-
thermore, we have shown that phagocytic cells process and
present idiopeptides from idiotypic to anti-idiotypic T cells.
In the present work, we have examined whether the surface
TCR molecules of T cells are internalized, processed in the
endosomal/lysosomal compartment and presented to CD4+
T cells in context with MHC class II molecules. We have
tested downregulation of TCR in naive T cells after activation
with PMA/ionomycin. The combination of PMA/ionomycin
treatment has been shown to positively select CD4+ T cells
in thymocyte cultures.> Using a PMA/ionomycin activation
system, we show that activated T cells downregulate their sur-
face TCR, which is similar to the downregulation observed
with cytokine-activated or other ligand-activated mouse and
human T cells.”?°3-55 These surface TCR molecules in acti-
vated T cells enter lysosomal compartments. Peptides are
generated in the highly acidic environment of lysosomes
by proteolytic cleavage of proteins.’> We show that PMA/
ionomycin-activated T cells internalize their TCR, as evi-
denced by colocalization of surfaced-labelled TCR and
LAMP-1 and degrade them in the lysosomal compartment; the
process is chloroquine sensitive.

Interaction of T cells through their TCR with cognate
peptide presenting MHC class II molecules on the antigen
presenting T cells (T-APC) leads to the formation of multi-
cellular complexes, which can be measured by cell adhesion
assay. Using cell adhesion assay, we showed that activated
idiotypic T cells efficiently adhere to specific anti-idiotypic
CD4+ T cells (31% cell adhesion efficiency as compared to
10% for non-specific adhesion). Inhibition of antigen pro-
cessing by chloroquine or treatment of T-APC (activated idio-
typic T cells) with anti-MHC class II antibody decreases cell
adhesion. The above finding indicates that antigen processing
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Figure 5 Presentation of idiopeptide by T cells. (a) Purified idiotypic T cells were activated with PMA/ionomycin for 12 h. Cells were
fixed with 0.2% paraformaldehyde and used as Antigen presenting cells (APC). Anti-idiotypic CD4+* T cells were cocultured in the pres-
ence of a fixed number of idiotypic cells (4 x 10° cells/well) in 200 pL of complete medium and incubated for 72 h at 37°C. [*H]thymi-
dine (0.037 MBgq/well) was added in the last 16 h of incubation. @, Activated control T cells; A, activated idiotypic T cells; A, activated
idiotypic T cells in presence of chloroquine; O, non-activated idiotypic T cells; and [, activated idiotypic T cells with anti-MHC class 1T
antibody (10 pg/mL). Data shown are £SEM of triplicates. (b) Presentation of idiopeptide by idiotypic T cells to the anti-idiotypic CD4+*
T cells. In vivo generated purified idiotypic T cells were activated with PMA/ionomycin and used as APC after fixing. Fixed normal T
cells or idiotypic T cells activated in presence of chloroquine (40 mmol/L) were used as control APC. Purified anti-idiotypic CD4* T
cells (responder T cells) 1 x 10° cells/well were cocultured with fixed APC (4 x 10° cells/well) for 48 h in 200 pL of complete medium.
Supernatants were collected, and IL-2 secretion was measured by ELISA. Data shown are the mean + SEM of triplicates. c.p.m., counts

per minute.

is involved and antigen presentation is through MHC class
IT molecules. Results of IL-2 secretion (Fig. 5b) show that
only activated idiotypic T cells are able to present TCR
peptide to cognate anti-idiotypic CD4+ T cells, which are
MHC class II dependent and chloroquine sensitive. The IL-
2 secretion and proliferation results show that nonactivated
anti-idiotypic T cells do not secrete IL-2. It is known that
naive T cells lack costimulatory molecules,’® and pre-
sentation of antigen in the absence of costimulatory mol-
ecules leads to the generation of tolerance and anergy in T
cells.’ Further experiments are necessary to explain the
presence of TCR variable region peptide on the MHC class
I molecule on the surface of T cells. This would help in
understanding the mechanism underlying T-cell vaccination
or treatment of T-cell lymphoma with TCR polypeptide.!?
Interaction of idiotypic and anti-idiotypic T cells also pro-
vide a mechanism for perpetuation of immunological mem-
ory as proposed earlier.2® The presentation of antigen by
MHC class II molecules by T cells may have very import-

© 2005 Australasian Society for Immunology Inc.

ant consequence in control of lymphotropic viral infection.
We have shown that activated mouse T cells express MHC
class II molecules, and that they process and present antigen
to cognate T cells.!¢ Other researchers have reported similar
results for human and rat T cells.!#30 It appears that acti-
vated T cells form a diverse species, which have the ability
to present antigen through class II MHC. T-cell activation
in the living system is a continuous process due to both
endogenous and exogenous antigen challenge. Therefore,
generation of anti-idiotypic T cells directed against specific
TCR idiopeptides would be an ongoing process. This phe-
nomenon is important for maintenance of homeostasis of
the immune system. It is tempting to speculate that anti-
idiotypic T cells would also present their TCR to cognate
T cells. If the idiopeptides of anti-idiotypic TCR generate
peptidomimic of antigenic peptide, a self-sustaining cascade
of idiotypic and anti-idiotypic T-cell responses are likely to
be generated, which can carry forward immunological mem-
ory as proposed for B-cell memory.20-3!



152

G Lal et al.

Acknowledgements

We thank Dr P. Marrack (HHMI, National Jewish Medical
and Research Center, USA) for the gift of antimouse TCRf
antibody (clone H57-597). We thank Dr D. Nandi (Department
of Biochemistry, Indian Institute of Science, Bangalore, India)
for providing antimouse CD8 antibody (clone 3.155). The
FACS and confocal microscopy facilities are supported by
the Department of Biotechnology, Government of India, under
a programme support grant. G. L. is a senior research fellow of
the Council of Scientific and Industrial Research, India. This
work is supported in part by the Indian Council of Medical
Research, Government of India.

References

1

10

11

13

14

15

Davis MM, Boniface JJ, Reich Z et al. Ligand recognition by
alpha beta T cell receptors. Annu. Rev. Immunol. 1998; 16:
523-44.

Penninger JM, Crabtree GR. The actin cytoskeleton and lympho-
cyte activation. Cell 1999; 96: 9—12.

Viola A, Schroeder S, Sakakibara Y, Lanzavecchia A. T lympho-
cyte costimulation mediated by reorganization of membrane
microdomains. Science 1999; 283: 680-82.

Monks CR, Freiberg BA, Kupfer H, Sciaky N, Kupfer A.
Three-dimensional segregation of supramolecular activation
clusters in T cells. Nature 1998; 395: 82-6.

Krangel MS. Endocytosis and recycling of the T3-T cell recep-
tor complex. The role of T3 phosphorylation. J Exp. Med.
1987; 165: 1141-59.

Minami Y, Samelson LE, Klausner RD. Internalization and
cycling of the T cell antigen receptor. Role of protein kinase C.
J. Biol. Chem. 1987; 262: 13 342-7.

von Essen M, Bonefeld CM, Siersma V et al. Constitutive
and ligand-induced TCR degradation. J. Immunol. 2004; 173:
384-93.

Seaman MN, Burd CG, Emr SD. Receptor signalling and the
regulation of endocytic membrane transport. Curr. Opin. Cell
Biol. 1996; 8: 549-56.

Cai Z, Kishimoto H, Brunmark A, Jackson MR, Peterson PA,
Sprent J. Requirements for peptide-induced T cell receptor
downregulation on naive CD8* T cells. J Exp. Med. 1997; 185:
641-51.

Ando I, Hariri G, Wallace D, Beverley P. Tumor promoter phor-
bol esters induce unresponsiveness to antigen and expression of
interleukin 2 receptor on T cells. Eur J. Immunol. 1985; 15:
196-9.

Schonrich G, Kalinke U, Momburg F et al. Down-regulation of
T cell receptors on self-reactive T cells as a novel mechanism
for extrathymic tolerance induction. Cel/ 1991; 65: 293-304.
Valitutti S, Muller S, Dessing M, Lanzavecchia A. Signal
extinction and T cell repolarization in T helper cell-antigen-
presenting cell conjugates. Eur. J Immunol. 1996; 26: 2012-16.
Valitutti S, Lanzavecchia A. Serial triggering of TCRs: a basis
for the sensitivity and specificity of antigen recognition. Immu-
nol. Today 1997; 6: 299-304.

Broeren CP, Wauben MH, Lucassen MA et al. Activated rat T
cells synthesize and express functional major histocompatibility
class II antigen. Immunology 1995; 84: 193-201.

Graf L, Koch N, Schirrmacher V. Expression of Ia antigens
in a murine T-lymphoma variants. Mol. Immunol. 1985; 22:
1371-7.

16

17

18

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Lal G, Shaila MS, Nayak R. Activated mouse T cells synthe-
size MHC class II, process and present morbillivirus nucleo-
capsid protein to primed T cell. Cell. Immunol. 2005; 234:
133-45.

Brandes M, Williman K, Moser M. Professional antigen-
presentation function by human y8 T cells. Science 2005;
309: 264-8.

Achiron A, Mandel M. T-cell vaccination in multiple sclerosis.
Autoimmun. Rev. 2004; 3: 25-32.

Zang YC, Hong J, Rivera VM, Killian J, Zhang JZ. Human
anti-idiotypic T cells induced by TCR peptides corresponding
to a common CDR-3 sequence motif in myelin basic protein-
reactive T cells. Int. Immunol. 2003; 15: 1073-80.

Nayak R, Mitra-Kaushik S, Shaila MS. Perpetuation of immuno-
logical memory: a relay hypothesis. /mmunology 2001; 102:
387-95.

Lal G, Shaila MS, Nayak R. Booster immunization of antigen-
primed mice with anti-idiotypic T cells generates antigen-
specific memory T cell response. Vaccine 2005; doi: 10.1016/
j-vaccine.2005.08.099.

Mitra-Kaushik S, Nayak R, Shaila MS. Identification of a cyto-
toxic T-cell epitope on the recombinant nucleocapsid proteins of
Rinderpest and Peste des petits ruminants viruses presented as
assembled nucleocapsids. Virology 2001; 279: 210-20.

Kaushik R, Shaila MS. Cellular casein kinase II-mediated phos-
phorylation of rinderpest virus P protein is a prerequisite for its
role in replication/transcription of the genome. J. Gen. Virol.
2004; 85: 687-91.

Cai Z, Sprent J. Resting and activated T cells display different
requirements for CD8 molecules. J Exp. Med. 1994; 179:
2005-15.

Cauley LS, Miller EE, Yen M, Swain SL. Super-antigen
induced CD4 T cell tolerance mediated by myeloid cells and
IFN-y. J. Immunol. 2000; 165: 6056—66.

Lyons AB. Analyzing the cell division in vivo and in vitro using
cytometric measurement of CFSE dye dilution. J. Immunol.
Methods 2000; 243: 147-54.

Goddette DW, Frieden C. Actin polymerization. The mech-
anism of action of cytochalasin D. J Biol. Chem. 1986; 261:
15974-80.

Chen JW, Murphy TL, Willingham MC, Pastan I, August IT.
Identification of two lysosomal membrane glycoproteins. J. Cell
Biol. 1985; 101: 85-95.

Barnaba V, Watts C, de Boer M, Lane P, Lanzavecchia A. Pro-
fessional presentation of antigen by activated human T cells.
Eur. J Immunol. 1994; 24: 71-5.

Hakamada-Taguchi R, Kato T, Ushijima H, Murakami M,
Uede T, Nariuchi H. Expression and co-stimulation function
of B7-2 on murine CD4* T cells. Eur. J Immunol. 1998; 28:
865-73.

Sun ZW, Qiu Y-H, Shi YJ ef al. Time courses of B7 family
molecules expressed on activated T-cells and their biological
significance. Cell. Immunol. 2005; doi: 10.1016/j.cellimm.2005.
08.021.

Lanzavecchia A, Roosnek E, Gregory T, Berman P, Abrignani S.
T cells can present antigens such as HIV gp120 targeted to their
own surface molecules. Nature 1988; 334: 530-32.

Boisvert J, Edmondson S, Krummel ME. Immunological syn-
apse formation licenses CD40-CD40L accumulations at T-APC
contact sites. J. Immunol. 2004; 173: 3647-52.

Stenseth K, Thyberg J. Monensin and chloroquine inhibit transfer
to lysosomes of endocytosed macromolecules in cultured mouse
peritoneal macrophages. Eur. J. Cell Biol. 1989; 49: 326-33.

© 2005 Australasian Society for Immunology Inc.



35

36

37

38

39

40

41

42

43

44

45

46

Presentation of surface TCR to cognate T cells

Zang YC, Hong J, Rivera VM, Killian J, Zhang JZ. Preferential
recognition of TCR hyper-variable regions by human alpha-
idiotypic T cells induced by T cell vaccination. J. Immunol.
2000; 164: 4011-7.

Zhang J, Vandevyver C, Stinissen P, Raus J. /n vivo clonotypic
regulation of human myelin basic protein reactive T cells by
T cell vaccination. J. Immunol. 1995; 155: 5868-77.

Zipp F, Kerschensteiner M, Dornmair K et al. Diversity of
anti-TCR immune response and its implications for T cell vacci-
nation therapy of multiple sclerosis. Brain 1998; 121: 1395-407.
Cohen IR. T cell vaccination for auto-immune disease: a pano-
rama. Vaccine 2002; 20: 706—10.

Zhang J, Medaer R, Stinissen P, Hafler D, Raus J. MHC-
restricted depletion of human myelin basic protein-reactive
T cells by T cell vaccination. Science 1993; 261: 1451-4.
Wherry EJ, Ahmed R. Memory CD8 T cell differentiation dur-
ing viral infection. J. Virol. 2004; 78: 5535-45.

Sprent J, Tough DFE. T cell death and memory. Science 2001;
293: 245-8.

Saha A, Chattarjee SK, Foon KA, Primus JF, Bhattacharya-
Chatterjee M. Murine dendritic cells pulsed with an anti-
idiotype antibody induce antigen-specific protective anti-tumor
immunity. Cancer Res. 2003; 63: 2844-54.

Albert ML, Sauter B, Bhardwaj N. Dendritic cells acquire anti-
gen from apoptotic cells and induce class I restricted CTLs.
Nature 1998; 392: 86-9.

Ronchetti A, Rovere P, lezzi G et al. Immunogenicity of apo-
ptotic cells in vivo: role of antigen load, antigen presenting cells
and cytokines. J. Immunol. 1999; 163: 130-36.

Kurosaka K, Takahashi M, Watanabe N, Kobayashi Y. Silent
cleanup of very early apoptotic cells by macrophages. J. Immunol.
2003; 171: 4672-9.

Reits EA, Vos JC, Gromme M, Neefjes J. The major substrates
for TAP in vitro are derived from newly synthesized protein.
Nature 2000; 404: 774-8.

© 2005 Australasian Society for Immunology Inc.

47

48

49

50

51

52

53

54

55

56

153

Schubert U, Anton LC, Gibbs J, Norbury CC, Yewdell JW,
Bennink JR. Rapid degradation of a large fraction of newly
synthesized proteins by proteasomes. Science 2000; 404:
770-74.

Lal G, Shaila MS, Nayak R. Idiotypic T cells specific for
morbillivirus nucleocapsid protein process and present their
TCR to cognate anti-idiotypic CD8* T cells. Immunol. Lett.
2005; doi: 10.1016/j.imlet.2005.08.007.

Mitra-Kaushik S, Shaila MS, Karande A, Nayak R. Idiotype
and antigen-specific T cell responses in mice on immunization
with antigen, antibody, and anti-idiotypic antibody. Cell.
Immunol. 2001; 209: 109-19.

Mitra-Kaushik S, Shaila MS, Karande A, Nayak R. Idiotype
and anti-idiotype specific T cell responses on transplantation
with hybridomas reactive to viral hemagglutinin and human
tumor antigen. Immunol. Lett. 2002; 80: 81-7.

Nayak R, Lal G, Shaila MS. Perpetuation of immunological
memory: role of serum antibodies and accessory cells. Microbes
Infect. 2005; 7: 1276-83.

Takahama Y, Nakauchi H. Phorbol ester and calcium ionophore
can replace TCR signals that induce positive selection of CD4
T cells. J. Immunol. 1996; 157: 1508—13.

Kambayashi T, Assarsson E, Chambers BJ, Ljunggren HG. IL-2
down regulates the expression of TCR and TCR associated sur-
face molecules on CD8* T cells. Eur. J. Immunol. 2001; 31:
3248-54.

Dietrich J, Menne C, Lauritsen JP ef al. Ligand-induced TCR
down-regulation is not dependent on constitutive TCR cycling.
J. Immunol. 2002; 168: 5434-40.

Jose ES, Alarcon B. Receptor engagement transiently diverts
the T cell receptor heterodimer from a constitutive degradation
pathway. J. Biol. Chem. 1999; 274: 33 740-46.

Sebille F, Vanhove B, Soulillou JP. Mechanisms of tolerance
induction: blockade of co-stimulation. Philos. Trans. R. Soc.
Lond. B Biol. Sci. 2001; 356: 649-57.



