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Trimolecular interactions between the T cell antigen receptor and
MHC/peptide complexes, together with costimulatory molecules
and cytokines, control the initial activation of naive T cells and
determine whether the helper precursor cell differentiates into
either T helper (TH)1 or TH2 effector cells. We now present
evidence that regulatory CD8* T cells provide another level of
control of TH phenotype during further evolution of immune
responses. These regulatory CD8* T cells are induced by antigen-
triggered CD4* TH1 cells during T cell vaccination and, in vitro,
distinguish mature TH1 from TH2 cells in a T cell antigen receptor
VB-specific and Qa-1-restricted manner. In vivo, protection from
experimental autoimmune encephalomyelitis (EAE) induced by T
cell vaccination depends on CD8™ T cells, and myelin basic protein-
reactive TH1 VB8+ clones, but not TH2 VB8 clones, used as vaccine
T cells, protect animals from subsequent induction of EAE. More-
over, in vivo depletion of CD8* T cells during the first episode of
EAE results in skewing of the TH phenotype toward TH1 upon
secondary myelin basic protein stimulation. These data provide
evidence that CD8* T cells control autoimmune responses, in part,
by regulating the TH phenotype of self-reactive CD4* T cells.

o regulate the immune response and dampen the potential
for autoimmunity, the immune system has evolved several
mechanisms to down-regulate and control the outgrowth and
differentiation of activated CD4* T cells. One level of control,
mediated during the initial interaction of the CD4™" T cell with
MHC/peptide complexes on the surface of antigen-presenting
cells, determines whether T cell activation, anergy, or apoptosis
will ensue (1-3). A second level of control, mediated by cyto-
kines, regulates the growth and differentiation of activated
CD4* T cells. Different cytokines secreted by CD4* or CD8* T
cells either stimulate or inhibit CD4" T cell proliferation and
determine whether a naive T helper (TH) precursor cell differ-
entiates as an IFN-y-producing TH1 cell or as an IL-4- and
IL-10-producing TH2 cell (4-6). A third level of control resides
in the regulatory T cells including both CD4* (7) and CD8™ (8)
T cell populations. For example, ample data demonstrate the
ability of CD8™ T cells to regulate CD4" T cell responses (9-13).
These effects of CD8" T cells have been mostly attributed, in
recent years, to the CD8" T cells’ secretion of cytokines (14).
In addition to identifying cytokines as potential effectors of
immune regulation by CD8* T cells, other studies have identified
specific cognate interactions between regulatory CD8" T cells and
activated CD4™" T cells. For example, during antigen- or superan-
tigen-driven CD4" T cell responses in vivo, CD8* T cells emerge
that specifically regulate CD4* T cells in a T cell antigen receptor
(TCR) VB-specific manner (15, 16). These CD8* T cells prefer-
entially recognize antigen-activated CD4" T cell clones expressing
certain TCR V3 molecules and are restricted by the class I-b MHC
molecule Qa-1. Unlike conventional MHC class I-a molecules,
Qa-1 molecules are expressed only at low levels on resting T cells
but are increased after antigen activation (17). These data are
consistent with a model of specific immunoregulation in which after
antigen activation CD4" T cells express membrane Qa-1/TCRVf3
motifs that are recognized by the o8 TCR expressed by precursor
regulatory CD8* T cells. These CD8* T cells are induced to
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differentiate and down-regulate CD4" T cells expressing the par-
ticular Qa-1/TCRV B motifs.

A prediction of this model is that Qa-1-restricted, VB-specific
regulatory CD8 T cells will be induced by “vaccination” of animals
with antigen-activated CD4" T cells, using T cell vaccination (TCV)
protocols known to prevent autoimmune disease in animal models
(18, 19). In this regard, we have shown that Qa-1-restricted,
VB-specific CD8" cytotoxic T cell lines are induced by TCV (16).
Moreover, we isolated a CD8* T hybridoma clone from a T
cell-vaccinated mouse that preferentially recognizes CD4"VB8*
but not CD4*VB6™ myelin basic protein (MBP)-reactive clones in
a Qa-1-restricted fashion (16). In this current study, we further
confirmed this prediction by investigating an experimental auto-
immune encephalomyelitis (EAE) model system in which a MBP-
specific encephalogenic CD4* VB8* THI clone, termed 1AEI0,
was used to induce EAE. EAE is induced in virtually all mice within
10 days, and TCV using irradiated 1AE10 cells gives complete
protection from EAE. More importantly, depletion of CD8* T cells
in vivo abolished the protection.

We also demonstrate that these CD8" T cell hybridoma cells
preferentially recognize CD4* MBP-reactive VB8 TH1 but not
CD4* MBP-reactive VB8* TH2 clones. The possible in vivo
consequences of this differential recognition of CD4* TH
subsets is suggested by experiments showing that protection of
EAE by TCV is CD8" T cell dependent, and only MBP-reactive
TH1 VB8* clones, but not MBP-reactive TH2 VB8* clones,
protect animals from subsequent induction of EAE. We further
show that CD8" T cells control the TH phenotype of 1-9Nac
MBP-reactive CD4* T cells during the evolution of EAE in vivo.
Thus, in mice depleted of CD8* T cells during the induction of
EAE, the 1-9Nac MBP-reactive TH1 CD4* T cells are dramat-
ically increased upon secondary antigen stimulation in vivo. In
contrast, intact EAE recovered mice (possessing regulatory
CD8* T cells) showed significantly decreased TH1 cells.

Materials and Methods

Animals. Female B10PL mice were purchased from The Jackson
Laboratory and kept in our germ-free animal facilities.

Antibodies and Flow Cytometry. Anti-Qa-1? and anti-Qa-1° anti-
sera were kindly provided by Lorraine Flaherty (Wadsworth
Center, New York State Department of Health, Albany). An-
tibodies to CD4 (GK1.5), CD8 (53-6.72), VB8.1-3 (F23.1),
VB8.2 (F23.2), and VB8.1,2 (KJ16) were purified from cultured
supernatants and conjugated to either fluorescein or biotin.
Biotinylated antibodies were revealed by using FITC or phyco-
erythrin-conjugated streptavidin (Calbiochem). Antibody to
VB6 (RR4-8) was purchased from PharMingen. Analysis of
stained cells was performed by using a FACScan flow cytometer
and CELLQUEST software (Becton Dickinson) as described (16).

Abbreviations: TCR, T cell antigen receptor; TH, T helper; TCV, T cell vaccination; EAE,
experimental autoimmune encephalomyelitis; MBP, myelin basic protein.
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Generation and Analysis of CD4+ T Cell Clones. CD4" V8" or V6™
MBP-reactive B10.PL clones were derived by limiting dilution
cloning of purified CD4* T cells obtained from the spleens or
lymph nodes from EAE-recovered or MBP-immunized mice in
the presence of 5 ug/ml 1-9NacMBP peptide, 2,500-R irradiated
syngeneic splenocytes (16). T cells were maintained by biweekly
stimulation with antigen and 2,500-R irradiated syngeneic
splenocytes and expanded in recombinant human IL-2 (Proleu-
kin, Chiron) at a concentration of 10 units of IL-2 activity/ml.
Cytokine content of supernatants was assayed by capture ELISA
(Pharmingen).

Generation and Assay of CD8+ T Cell Hybridomas. The generation of
the lacZ-positive CD8" T cell hybridomas has been described
(16). Briefly, BIOPL mice were injected i.v. with 2.5-5 X 106,
antigen-activated, 3,000-R irradiated 1AE10 cells (CD4" VB8~
TH1). Seven days later, a CD8" T cell-enriched splenic popu-
lation was incubated with irradiated antigen-activated 1AE10
cells and irradiated syngeneic spleen cells and IL-2. Cells were
fused on the fourth day of culture with the CD8", lacZ-inducible
fusion partner BWZ.36 (20). In the standard assay of hybridoma
responses, 5 X 10* CD4" T cells and 5 X 10* hybridomas were
cocultured for 18 hin triplicate and then assayed colorimetrically
for lacZ expression. In the preculture experiments, 3.5 X 10°
CD4" T cells were incubated for 24 h in the indicated cytokines
plus 10 units/ml IL-2 or, in mixing experiments, 3.5 X 10° of each
of the clones were incubated together for 24 h in IL-2. At the end
of the preculture, 5 X 10* hybridoma cells were added to each
well and assayed 18 h later as above. In all assays of CD8" T cell
function, CD4* T cells were used on days 4-7 after activation.

TCR Cloning and Sequencing. RNA was prepared either by the LiCl
method (21) or by using a MicroFastTrack kit (Invitrogen). The
mRNAs were reverse-transcribed to cDNA by using Superscript
RT (Life Technologies, Gaithersburg, MD) and oligo(dT) primers.
TCRB cDNAs were amplified by PCR using the TCRBVS-specific
oligodeoxynucleotide 5'-CATGGAGGCTGCAGTCACCC-3’
and the TCRBC-specific oligo 5'-ACCCTCAGGCGGCCGCT-
CAG-3'. The PCR products were either T/A-cloned into PCR2.1-
TOPO (Invitrogen) and sequenced or were purified by using
QIAquick (Qiagen, Chatsworth, CA) columns and sequenced.
Sequences were obtained by using an internal TCRBC oligo 5'-
GATGGCTCAAACAAGGAGAC-3'.

The EAE Model and the TCV Procedure. To establish an EAE model
induced by encephalitogenic clones, different groups of mice were
sublethally irradiated (350 R), and after 24 h were injected i.v. with
8-10 X 10° cells of three different 1-9Nac MBP-specific,
CD4*VpB8*, THI1 clones: 1AE10, 3AC3, and 5B2. These
CD4*VB8* T clones were activated by 1-9Nac MBP for 4 days
before injection. Pertussis toxin also was injected at 0.1 pg/mouse
i.v. 24 and 72 h later. Animals were monitored daily, and EAE was
evaluated as described (10). Both 1EA10 and 3AC3, but not 5B2,
effectively induced the clinical syndrome of EAE in B10PL mice
with 100% efficiency. Because 1AE10 was also the most rapidly
growing clone, it was chosen to be the EAE-inducing clone for the
remainder of the experiments. TCV was performed by injecting
mice with 2-2.5 X 10 irradiated cloned CD4" T cells i.v. 1 week
before EAE was induced. Animals were monitored daily, and EAE
was evaluated as described (10). Vaccine T cells were used on days
7-10 after activation by 1-9Nac MBP. The T cell clones used as
vaccine T cells were: VB8.27, TH1 clones, 1AE10, 2-1D9, 2-5F6
and 3-3D11; VB8.27,TH2 clones, 3AD2 and 3BG3; and
VB6+,THI clones, 3AF9 and 3AB3.

In Vivo Assessment of TH Phenotype of 1-9Nac MBP-Specific CD4+ T

Cells in the Periphery of EAE Mice. EAE was induced by immunizing
B10PL mice with 1-9Nac MBP as described (10). Some mice were

6302 | www.pnas.org/cgi/doi/10.1073/pnas.101123098

Response of cps* Hybridoma 21-5A9
vps* TH1 vps* TH2 vps* TH1

L}
0.8 W Expt 1
7] e ® Expt2
% m v A Expt3
5
12 05 v *
g A S Expt 4
e 1 ¥V v * Expts
<o3] X gy S
?.4}%? v ¥ Expt 6
02 a &
o] ¥§ ] =
4 Vs

1AE10
1AC3
3AC3
3AF9
3AG2 (WD
3BB8

4+ T cell clones

Fig. 1. Qa-1-restricted VB8-specific CD8* T cell hybridoma 21-5A9 differen-
tially recognizes TH1 VB8"CD4" T cells but not TH2 VB8TCD4™ T cells. The
CD8* T cell hybridoma was cultured with each of the MBP-specific CD4" clones
for 18 h and then assayed for the induction of B-galactosidase activity as
described in Materials and Methods. Each data point represents the means of
triplicate values minus background.

depleted of CD8* T cells in vivo by using anti-CD8 mAb 53-6.72
3 days before induction of EAE with 1-9Nac MBP (10). All mice
were allowed to recover from EAE for 8—12 weeks. The two groups
of animals then were immunized with 1-9Nac MBP in complete
Freund’s adjuvant at 100 pwg/mouse s.c. and 7 days later, CD4" T
cells were purified from draining lymph nodes, using MACS beads
(Miltenyi Biotec, Auburn, CA). Briefly, the lymph node cells were
incubated with antimurine CD4-conjugated beads at 10 X 10°
cells/10 pl beads, and the CD4* and CD4- population were isolated
by using a separation column exposed to a magnetic field according
to the manufacturer’s protocol. The purity of the CD4* T cells
was >95%. CD4" T cells were restimulated in vitro with 1-9Nac
MBP and antigen-presenting cells. At different time points after
activation, the CD4" T cells were assayed for TH phenotype by
cytoplasmic cytokine staining. Briefly, the cultured cells were
stimulated in vifro by phorbol ester (0.02 pg/ml) and ionomycin (0.4
uM/ml) for 1 h, and Brefeldin A was added for an additional 4 h
to block the secretion of cytokines. The cells were permealized,
stained for intracellular INF-y and IL-5 using a kit (PharMingen),
and analyzed by FACS.

Results

The CD8* T Cell Hybridoma 21-5A9 Preferentially Recognizes MBP-
Reactive VB8+TH1 Clones. The CD8* T cell hybridoma, 21-5A9,
was derived from a B10PL mouse that had been vaccinated with
the irradiated syngeneic, MBP-reactive, encephalitogenic
CD4"VB8*THI clone, 1AE10. In a previous report, this hy-
bridoma was shown to respond to 1AE10 and other
CD4*VB8*THI clones but not to any CD4*VB6"THI1 clones.
Moreover, its response was inhibited by anti-Qa-1* antisera but
not by either anti-Qa-1® antisera or by monoclonal anti-MHC
class I-a molecules (16). To investigate the CD4* TH subset
specificity of this hybridoma, we assayed the hybridomas’ re-
sponse to eight MBP-specific VB8*CD4+*THI1 clones, seven
MBP-specific VB8*CD4"TH2 clones, and four MBP-specific
VB6"CD4*THI clones. As shown in Fig. 1, the 21-5A9 hybrid-
oma is preferentially stimulated by the MBP specific
VB8*CD4"THI1 clones. In contrast, the MBP-specific
VB8*TH2 clones and VB6"TH1 clones did not induce signifi-
cant responses. We would emphasize that the CD4" clones were
at a comparable level of activation and proliferation and ex-
pressed comparable levels of surface Qa-1 before assay. Al-
though there was some experiment-to-experiment variability in
the response of the 21-5A9 hybridoma to the CD4" clones the
preferential response of the 21-5A9 hybridoma to MBP-specific
CD4*THI1 compared with TH2 clones was highly statistically
significant with a P value of <0.0000000002.

Jiang et al.
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Anti-Qa-1a antiserum, antimurine CD8 mAb, and antimurine TCR mAb block the specific recognition of TH1 V38" CD4* T cell clone 1AE10 by the CD8*

T cell hybridoma 21-5A9. In these experiments, varying amount of either (a) murine anti-Qa-1a or control anti-Qa-1b sera; (b) rat anti-mouse CD8 mAb (53-6.72)
or control rat Ig; and (c) hamster anti-mouse TCR mAb (H57) or control hamster Ig were added to the coculture of 1AE10 and 21-5A9. Reactivity of 21-5A9 was
assayed as described in Fig. 1. Inhibition of 21-5A9 reactivity was assessed as a decrease in the percent response compared with the response of the 21-5A9

hybridoma without antibody or control Ig.

The Specific Recognition of CD4* T Cells by the CD8+ T Hybridoma Is
Mediated by the «f TCR in a CD8- and Qa-1-Dependent Manner. To
directly establish that the a8 TCR is involved in target recognition,
the antimurine pan o8 TCR antibody (H57) and an antimurine
CD8 antibody (53-6.72) were used to block the specific recognition
of the CD4*VB8*THI cells by the CD8* 21-5A9 hybridoma (Fig.
2 b and ¢). Hamster and murine Ig served as the negative controls.
As shown, the triggering of the 21-5A-9 hybridoma by
CD4*VB8*THI target 1AE10 was specifically blocked by both the
anti-TCR and the anti-CD8 antibodies but not control Ig. More-
over, the specific blocking of the hybridoma reactivity by the
anti-Qa-1a sera was confirmed (Fig. 2a). Furthermore, to investi-
gate whether the preferential response of the 21-5A9 CD8™" T cell
hybridoma clone to TH1 compared with the TH2 CD4"* T cells was
due to differential Qa-1 expression, we stained and assayed by
FACS the VB8*CD4* TH1 and TH2 cell clones described above
with anti-Qa-1* antisera. We assayed Qa-1 expression daily after
MBP activation. The Qa-1 surface expression peaks between days
4 and 7 after activation, and we observed no significant difference
of Qa-1 expression between TH1 and TH2 clones at any time point.
Representative FACS data on 6 days after activation is shown by
Fig. 3.

The CD8* T Cell Hybridoma Can Distinguish Between TH1 and TH2
CD4™* T Cells Expressing Identical TCRs. We next investigated whether
the TH1 and TH2 cells differed in their expression of TCR
molecules. There was no difference in the level of TH1 and TH2
cell TCR expression as determined by staining with anti-TCRV 38
antibodies or anti-CD3 antibodies. To determine whether there was
astructural difference in TCR expression, we cloned and sequenced
TCRB cDNAs from the original series of CD4" T cell clones by
PCR. Alignment of the nucleotide and deduced polypeptide se-
quences demonstrated that the TH1 and TH2 cells express similar
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Fig.3. TH1VB8*CD4" clonesand TH2VB8*CD4" clones express similar levels
of Qa-1ontheir surface. TH1 (Upper) and TH2 (Lower). CD4" T cell clones were
stained with antisera to Qa-12 (bold solid lines), Qa-1P (thin solid lines), or with
normal B10.PL serum (dotted lines) as described in Materials and Methods.
CD4" T cell lines were stained on day 6 after activation.
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TCR}B chains (data not shown). In fact, there are two pairs of TH1
and TH2 cells (1AE10 and 3AD2, 1AC3 and 3BG3) that express
TCRp chains with identical amino acid sequence. In the case of
1AC3 and 3BG3, there were three silent nucleotide differences
between the cDNAs. Interestingly, clones 1AE10 and 3AD2 were
shown to have identical TCRB nucleotide sequences, which was
confirmed by repeated cloning of all of the TCR ¢cDNAs in parallel
using new aliquots of cells and new reagents. Additional sequence
analysis demonstrated the presence of identical TCRA mRNAs in
the 1AE10 and 3AD2 clones, indicating that, on both chromosomes,
these cells contain identically rearranged TCRA genes. Thus, the
1AE10 and 3AD2 cells express identical TCRaf3 chains and are
derived from the same progenitor Th precursor cell. Nonetheless,
the 21-5A9 CD8™" T cell hybridoma responds to the TH1 clone
1AE10 but not to the TH2 clone 3AD2. These data do not rule out
the possibility that the TH1 and TH2 cells may present distinct Qa-1
bound TCR peptides that are distinguished by the CD8* regulatory
cells.

Cytokines Produced by TH Cells Do Not Account for Their Different
Abilities to Stimulate the CD8* Hybridomas. Because the phenotypic
hallmark that distinguishes the TH subsets is the production of
distinct cytokines, we considered the possibility that particular
cytokines are required to activate the CD8* T cell hybridoma
response or that TH2 cytokines might be inhibitory. To address this
issue, we first sought to determine whether CD8* T hybridoma
activation required actual contact with the VB8TTHI cells or
whether soluble products from THI1 cells could activate the hy-
bridoma. In a series of two-chamber experiments in which the
CD8* hybridoma cells and CD4" cells were cultured either to-
gether or separated by a 0.4 uM membrane (Costar) we demon-
strated that CD8* T hybridoma cell activation required actual
cell-cell contact because 1AE10 cells lost the capacity to stimulate
21-5A9 when separated from 21-5A9 by the membrane.

We next investigated whether this contact-dependent CD8* T
cell activation could be modulated by soluble TH cell products.
We first asked whether the coculture of CD4*VB8* THI1 and
TH2 cells in various cytokines either induced, augmented, or
inhibited their ability to activate the CD8" hybridoma. CD4* T
cells were preincubated for 24 h in the presence of: (i) IFN-y at
two different concentrations, (if) IL-4 at two different concen-
tration, (iii) 25% (vol/vol) supernatants from 1AE10 cells
harvested at 48 or 96 h after antigen activation, or (iv) 25%
(vol/vol) supernatants from 3AD2 cells harvested at 96 h after
activation. In addition, we precultured mixtures of the various
cells in different combinations for 24 h to further investigate the
abilities of TH1 or TH2 cytokines to induce or inhibit the CD8
anti-V B response. IL-2 was included in all of the preculture wells
to maintain viability of the CD4* T cell clones. At the end of the
preincubation, 21-5A9 hybridoma cells were added to each well
for an additional 18 h culture. As a further set of controls, fresh
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Table 1. Cytokines or other soluble TH products do not influence
the TH specificity of the 21-5A9 CD8+ T cell hybridoma

Stimulator cells

1AE10
VB8 TH1

3AF9
V6 TH1

3AD2
V8 TH2

Response of 21-5A9 (As70—Agso)

Experiment A*

IL-2 starved 0.157 0.073 0.064

IL-2 10 units/ml 0.602 0.099 0.067

IL-2 + IFN-y 200 units/ml 0.650 0.108 0.075

IL-2 + IFN-vy 20 units/ml 0.590 0.107 0.074

IL-2 + IL-4 200 units/ml 0.602 0.091 0.079

IL-2 + IL-4 20 units/ml 0.596 0.106 0.081

IL-2 + 48 h TH1 sups 0.740 0.104 0.033

IL-2 + 96 h TH1 sups 0.523 0.086 0.058

Fresh cells (control) 0.460 0.049 0.039
Experiment B*

IL-2 alone 0.314 0.028 0.026

IL-2 + 96 h TH1 sups 0.373 0.071 0.076

IL-2 4+ 96 h TH2 sups 0.352 0.054 0.065

Fresh cells (control) 0.357 0.044 0.033
Cell mixing experiments®

1AE10 + 3AF9 0.297

1AE10 + 3AD2 0.374

3AD2 + 3AF9 0.062

*Representative of three separate experiments.
TRepresentative of two separate experiments.

stimulator cells were incubated with 21-5A9 hybridoma cells for
18 h as we had done for the previous experiments. As shown in
Table 1, none of these cytokine modulations altered the ability
of the CD4" T cell clones to stimulate the 21-5A9 CD8*
hybridoma. For example, after preculture of the 3AD2
(VB8*TH2) clone in IL-2 plus IFN-v, IL-2 plus IL-4, or IL-2 plus
supernatants from 1AE10, the 3AD2 cells were no more stim-
ulatory for the hybridoma than were fresh 3AD2 cells from the
same culture. Similarly, 3AD2 cultured for 24 h with the
VB67THI clone, 3AF9, remained nonstimulatory for the V8-
specific CD8* hybridoma. As a control, it was noted that the
coculture of 3AF9 with the 1AE10 cell did not inhibit the ability
of 1AE10 to stimulate the CD8* hybridoma. Moreover, the
culture of 1AE10 with the various cytokines or with the 3AD2
cell line did not inhibit its ability to stimulate the 21-5A9
hybridoma. These results indicate that cytokines or other soluble
mediators produced by the CD4™ T cells do not serve either to
stimulate or inhibit the hybridoma cells.

In Vivo Evidence that Regulatory CD8+ T Cells Are Specifically Induced
by TH1 But Not TH2 MBP-Reactive CD4* T Cells to Protect Mice from
EAE. In the next series of experiments we asked whether the
capacity of CD8* T cells to distinguish TH1 versus TH2 CD4*
T cells in vitro has biological consequences in vivo. Because the
VB8-specific and Qa-1-restricted CD8" T cell hybridoma, 21—
5A9, which preferentially recognizes TH1 cells, originally was
generated from mice vaccinated with the MBP-reactive
CD4*VB8*THI1 clone, 1AE10, we first asked whether the
process of TCV, using 1AE10, induces regulatory CD8" T cells
in vivo, which protect animals from EAE. We then asked whether
the TH2 clone, 3AD2, which expresses the identical TCR VA
and VB chains as 1AE10, is also capable of inducing CD8" T
cell-dependent protection from EAE.

EAE was induced by the TH1 VB8* encephalitogenic clone
1AE10, which induces EAE in virtually all BIOPL mice with clinical
symptoms emerging within 7-14 days. In this model, we first showed
that TCV using 2-2.5 X 10° irradiated 1AE10 T cells administered
7 days before disease induction effectively protected animals from
subsequently induced EAE by 1AE10 (Fig. 4). We then asked
whether the protection induced by TCV depended on CD8" T cells
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Fig.4. TCV-induced protection in EAE is CD8" T cell dependent and TCR V3
and TH type specific. EAE was induced by the encephalitogenic clone 1AE10 as
described. TCV was performed 1 week before EAE induction with different T
cell clones: One group of mice were treated with either rat Ig (m) or anti-CD8
(®) 3 days before TCV with TAE101 (VB8.2%, TH1); other groups received TCV
with3AD2 (VB8.2%, TH2) (A) or 3AF9(VB6™, TH1) (A). Mice in the control group
did not receive TCV (®). Results are representative of four separate experi-
ments with four mice per group per experiment.

in vivo. Thus, one group of mice were depleted of CD8" T cells
before TCV using the antimurine CD8 mAb 53-6.72 as described
(10). Control mice either received rat Ig before TCV or received no
TCV before the induction of EAE. The effectiveness of the
antimurine CD8 mAb in depleting CD8* T cells was assayed by
FACS analysis of peripheral T cells at days 3, 7, 10, and 14. The
CD8" T cells were markedly reduced (<1%) from days 3 to 10 and
gradually reappeared after day 10. The TCV was performed on day
3, and the EAE induction was performed on day 10 of the CD8*
T cell depletion. This time window is sufficient to reveal the effect
of CD8* T cells on the protection of EAE induced by TCV. The
results from multiple experiments show that depletion of CD8* T
cells before TCV completely abolished the protection from EAE
induced by TCV (Fig. 4).

To further define the specificity of the TCV-induced protec-
tion from EAE, we next compared the protection induced by
1AE10 with three additional 1-9Nac MBP-specific TCR V8*
THI1 clones (data not shown) as well as two 1-9Nac MBP-
specific TCR VB6* THI clones. The three 1-9Nac MBP-specific
VB8* THI clones protected animals from EAE induced by
1AE10 to some degree but not as efficiently as 1AE10. In
contrast, vaccination with the two VB6™ THI1 clones did not
protect animals. These results show that the protective effect of
CD8" T cells in vivo by TCV in this model is induced prefer-
entially by several CD4*VB8* clones in a TCR Vp-specific
manner and does not depend on clonal identity between the
vaccine T cells and the EAE-inducing clone.

In addition, we asked whether TH phenotype of the vaccine T
cells played an in vivo role in CD8* T cell-dependent protection
from EAE. Thus, we directly compared the CD4*VB8* T cell clone
1AE10 (TH1) with the 3AD2 (TH2) for their capacity to induce
protection from EAE. As noted above, both of these T cell clones
are specific for the 1-9Nac MBP and express identical TCR «f3
chains. Thus, different groups of mice were vaccinated with either
1AE10 or 3AD2 (2-2.5 X 10° cells/mouse) 7 days before induction
of EAE with 1AE10 cells. The TH1 clone 1AE10 completely
protected mice from subsequent induction of EAE. In marked
contrast, the TH2 clone 3AD2 did not protect at all (Fig. 4). In
addition, another VB8* TH2 clone 3BG3 was used as vaccine T
cells in TCV experiments. This clone, like 3AD2, failed to protect
animals from EAE (data not shown). Because the protection
afforded by VB8* THI clones is CD8* T cell-dependent, these data
are consistent with the model that VB8* THI cells, but not VB8~
TH2 cells, are able to induce the regulatory CD8* T cells, which
specifically down-regulate TH1 cell-induced disease in vivo.
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Fig.5. CD8" T cells control the TH phenotype of 1-9Nac MBP-reactive CD4"
T cells in EAE mice. The TH phenotype of 1-9Nac MBP-reactive CD4* T cells in
EAE recovered mice (EAE) and CD8" T cell-depleted EAE recovered mice
(CD8-/EAE) were assayed and compared. The CD4" T cells from the EAE mice
and CD8-/EAE mice were isolated and assayed for TH phenotype by intracel-
lular staining by FACS analysis for the expression of intracellular IFN-yand IL-5
as described. Results are representative of four separate experiments.

CD8* T Cells Control the TH Phenotype of 1-9Nac MBP-Specific CD4+
T Cells in the Periphery of EAE Mice. We previously showed that
B10PL mice immunized with an encephalitogenic peptide of MBP
develop acute EAE and recover from the first episode of disease
and do not develop relapsing EAE. Importantly, the first episode
of EAE renders the animals resistant to the reinitiation of EAE by
secondary immunization with MBP. In contrast, animals depleted
of CD8* T cells in vivo, using anti-CD8 mAb-mediated clearance
are no longer resistant to a second induction of disease with MBP
(10). These data demonstrate that CD8* T cells play a major role
in the resistance to a second induction of EAE. Moreover, if CD8*
T cell depletion is instituted during the primary induction of EAE,
animals recover from EAE but are not rendered resistant to
reinduction of EAE. Taken together these data suggest that the
regulatory CD8" T cells need to be primed during the first episode
of EAE to down-regulate encephalitogenic CD4 T cells during the
second induction of EAE. These observations together with our
data described above that CD8* T cell hybridoma cells differen-
tially recognize TH1 versus TH2 cells suggest the possibility that
CD8* T cells may control the TH phenotype of 1-9Nac MBP-
reactive CD4* T cells that emerge in the periphery during the
evolution of EAE. To directly test this hypothesis, the TH pheno-
type of MBP-reactive CD4* T cells in EAE recovered mice (EAE)
and CD8* T cell-depleted EAE recovered mice (CD8-/EAE) were
assayed and compared. The latter group of mice were depleted of
CD8* T cells by using antimurine CD8 mAb 3 days before
induction of EAE with 1-9Nac MBP. Both the CD8* T cell-
depleted and CD8™ T cell-nondepleted, EAE recovered mice were
immunized with 1-9Nac MBP s.c., and 7 days later CD4* T cells
were purified from draining lymph nodes and restimulated in vitro
with 1-9Nac MBP. The TH type of the MBP-specific CD4* T cells
was assayed on days 4-7 by intracellular staining of IFN-y and IL-5
and analyzed by FACS. The experiment depicted in Fig. 5 is
representative of four separate experiments. As shown, in CD8-/
EAE mice, the IFN-y-positive CD4* T cells increased, whereas the
IL-5-positive CD4" T cells decreased upon secondary MBP stim-
ulation, compared with the EAE recovered mice that possess the
regulatory CD8" T cells. We also assayed the TH phenotype of
CD4* T cells from draining lymph nodes at the different time
points after in vitro retriggering with MBP. We consistently found
an increase in the fraction of MBP-reactive CD4* THI1 cells and a
decrease in the fraction of MBP-reactive CD4* TH2 cells at all time
points in cultures derived from CD8-/EAE mice. These results
show that CD8* T cells preferentially down-regulate TH1 1-9Nac
MBP-reactive CD4" T cells in the periphery of EAE recovered
mice in vivo. These data are consistent with the idea that regulatory
CD8™* T cells control the function of antigen-specific CD4* T cells
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in the periphery, in part, by controlling the TH phenotype of
antigen-activated CD4" T cells.

Discussion

In this report, we provide in vitro and in vivo evidence that CD8*
T cells regulate immune responses to the 1-9Nac MBP self-peptide,
by differentially recognizing TH1 from TH2 MBP-reactive CD4*
T cells. We first further investigated the specificity of the Qa-1-
restricted VB-specific CD8* T hybridoma clone, 21-5A9, which
previously had been shown to distinguish between VB8* and VB6™
MBP-specific CD4* THI clones in a Qa-1 restricted manner (16).
This hybridoma is shown here to preferentially recognize MBP-
reactive CD4*VB8* THI1 but not CD4*VB8* TH2 clones, even for
pairs of TH1 and TH2 clones expressing identical TCR Va and V3
chains and identical Qa-1 molecules. The potential in vivo signifi-
cance of these studies is suggested by experiments showing that
TCV using TH1 but not TH2 CD4* MBP-specific T cells as vaccine
cells protect mice from EAE. Moreover, protection from EAE is
CD8™ T cell-dependent, because CD8" T cell depletion completely
abrogates the protection induced by TH1 clones. Taken together,
these data are consistent with the model that VB8 THI cells but
not VB8* TH2 cells are able to induce regulatory CD8" T cells,
which specifically down-regulate TH1 cell-mediated disease in vivo.
Moreover, additional evidence to support this model was provided
in experiments showing that CD8" T cell depletion in vivo results
in a skewing of the TH phenotype in EAE mice. Thus, there are a
greater percentage of TH1 cells responding to MBP stimulation
during the evolution of MBP-induced EAE in CD8* T cell-
depleted mice as compared with CD8" T cell intact mice.

In the current studies, we considered several general mechanisms
for the differential recognition of TH1 and TH2 clones by the
regulatory CD8* T cells. First, although cytokines or other soluble
TH products secreted by TH1 or TH2 cells may influence the
specificity of the CD8* T cells, in a series of cytokine, supernatant,
and cell mixing experiments, a direct role for cytokines in this
response was not observed. Instead, activation of the 21-5A9 CD8*
T cell hybridoma required CD4*/CD8" T cell contact. These
observations let us to consider the second possibility that TH1 and
TH2 cells might differ in the expression of cell surface molecule(s)
important in this CD8* T cell response. We first showed that the
recognition molecule used by the regulatory CD8* T cells is a
classical ap TCR structure and that the triggering of this af TCR
depends on Qa-1 structures expressed on the CD4* T cells. These
conclusions were firmly supported by our data that the activation of
the 21-5A9 hybridoma is blocked by both anti-TCR and anti-CDS§
antibodies (reactive with the CD8" hybridoma) as well as by
anti-Qa-1 antibodies (reactive with the CD4* T cells). The possi-
bility that TH1 and TH2 cells may differ in quantitative Qa-1
surface expression was excluded by staining and FACS analysis with
the anti-Qa-1 antiserum. Furthermore, pairs of TH1 and TH2 cells
were identified that expressed identical TCRp chains but differed
in their abilities to activate the CD8" hybridomas. Moreover, in one
case a pair of TH1 and TH2 clones derived from the same clone
with identical TCRB and TCRa chains were identified. Here, too,
only the TH1 cells triggered the hybridoma. Together these data
suggested that the differential expression of the a8 TCR or Qa-1
by the CD4* T cells does not account for the capacity of CD8* T
cells to distinguish TH1 from TH2 cells. It remains possible that
other differentially expressed cell surface molecules involved in
cell-cell contact between CD8* T cells and targets may account for
the differential recognition of TH1 but not TH2 cells.

Because Qa-1, like other class Ib MHC molecules, is known to
present peptides to T cells (22-24), a third possibility for the
differential recognition of TH1 but not TH2 clones is that TH1 and
TH2 cells might differ in their processing and presentation of
relevant self-peptides to regulatory CD8" T cells. In principle, this
distinction could be either at the level of the presenting molecules
used or the self-peptide presented. In this regard, it is known that
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the predominant self-peptide presented by Qa-1 is termed Qdm
(for Qa-1 determinant modifier), derived from the signal leader
sequence of certain murine class Ia molecules (22, 25, 26). This
peptide (AMAPRTLLL) binds with high affinity and accounts for
the majority of the peptides associated with this molecule (26).
However, Qa-1 also can bind other self-peptides including those
derived from heat shock proteins (23) and preproinsulin leader
sequences (24) as well as exogenous peptides including bacterial-
derived peptides (27, 28). In addition, our data suggest that CD8"
T cells recognize TCR VB motifs restricted by Qa-1. For example,
it is possible that although TH2 cells express Qa-1, they may use
other MHC class Ib molecules as presenting molecules or they may
present different self-TCR peptides or other non-Qdm self-
peptides to regulatory CD8* T cells. In either case, the MHC class
Ib/TCR peptide complex generated and presented to the CD8* T
cells could differ between TH1 and TH2 cells.

Regardless of the mechanisms used by the Qa-1-restricted TCR
VB-specific CD8* T hybridoma cells to differentially recognize
TH1 versus TH2 cells in vitro, the in vivo studies reported here
provide a way of thinking about the control of TH phenotype
during an immune response. It is known that the TH phenotype of
an immune response is regulated at several stages during its
evolution. Cognate trimolecular interactions between the TCR and
MHC/peptide complexes, together with costimulatory molecules
and cytokines, control the initial activation of a naive T cell and
determine whether the helper precursor cell differentiates as a TH1
or TH2 effector (6, 29-31). Many cytokine-producing cells have
been shown to influence this process, including natural killer cells
(32), vy T cells (33), and the TH1 and TH2 cells themselves (4).
Mechanisms for the differential regulation of mature TH1 and TH2
clones are less well understood. Some cytokines such as IL-4 and
IL-12 contribute to the differential growth of the subsets. For
example, IL-4 preferentially promotes the activation and growth of
TH2 cells (34, 35); IL-12 stimulates TH1 cells (36). The local
production of cytokines by regulatory cells at sites of inflammation
may serve to effect antigen-specific immunoregulation. The data
presented in this report suggest that, in addition to the control of
TH phenotype during the initial antigen triggering, regulatory
CD8* T cells that distinguish TH1 from TH2 CD4 " T cells provide
another level of control of TH phenotype during the further
evolution of an immune response. There are two possible pathways
by which CD8* T cells could control the TH phenotype of an
ongoing immune response in vivo. The CD8 T cells might directly
alter the existing TH type of antigen-activated CD4* T cells. At the
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present time, there is no data to support this possibility. Alterna-
tively, CD8* T cells might selectively recognize and down-regulate
THI1 antigen-activated CD4" T cells in vivo. In this case, the
differentiation of CD4" T cells upon secondary antigen stimulation
will be skewed toward the outgrowth of antigen-specific TH2 cells
simply because of the decreased competition from down-regulated
antigen reactive TH1 cells. Our experimental data support the
latter possibility.

In this regard, of interest are studies documenting changes of the
TH phenotype of CD4* T cell subsets during various vaccination
procedures used to ameliorate or prevent autoimmune disease. For
example, Waisman et al. (37) demonstrated that vaccination of
naive PL/J mice with TCR VB8 cDNA protected animals from
subsequent induction of EAE with pAc1-20 peptide of MBP. It is
significant that accompanying this protection was a skewing of the
MBP-reactive CD4" T cells from TH1 to TH2 phenotype. Al-
though the mechanism for this shift is unknown, the protection was
shown to be TCR Vg specific. Moreover, in the NOD autoimmune
murine model, Elias et al. (38) demonstrated that immunizing NOD
mice with a peptide (C9) derived from the TCR CDR3 region of
a T cell clone specific to a self-peptide p277 induced down-
regulation of IFN-+y secreted by the anti-p277 T cells. Furthermore,
analogous to the 1-9Nac MBP-induced resistance in EAE mice,
immunizing NOD mice with p277 peptide clinically arrested the
autoimmune diabetic process. Interestingly, the effectiveness of this
peptide treatment was associated with the transient activation of
anti-p277 splenic TH2 cells (39). A similar observation was also
made by Chaturvedi et al. (40), when immunizing NOD mice with
a different self-peptide I-AB8754-76. The precise mechanisms for
the shift in the self-reactive T cells from TH1 to TH2 after
immunization are complex and currently unknown. Nevertheless, a
common feature of these models is the induction of protection
accompanied by a skewing of the immune response to self-antigen
from TH1 to TH2. We thus would propose that the common
mechanism may involve the regulatory CD8" T cells described
here, which selectively down-regulate potentially pathogenic self-
reactive TH1 cells in vivo. As a consequence of this differential
down-regulation, self-reactive TH2 cells are indirectly promoted by
the same self-antigen.
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