





T cells by the same stimulus within a short time lapse. These results
unravel a regulatory mechanism used by the adaptive immune
system to tightly control immediate reactivation of T cells.

Materials and Methods
Mice

Six-week-old male C57BL/6 (H-2°, Qa-1°) mice and the first generation of
a cross between C57BL/6 (H-2°, Qa-1") and CBA/J (H-2*, Qa-1°) mice
(B6CBA/F1, H2YX, Qa-lh/ ®) were purchased from Janvier Laboratories (Le
Genest-St-Ile, France). SCC7 TCR transgenic RAG knockout VB3 TCR
transgenic mice (H-2%, Qa-1°) were a gift from Dr. Corinne Tanchot
(INSERM Hopital Necker, Paris, France). Generation of Qa-1-deficient
mice has been previously described (16). During the course of the ex-
periments, all mice were maintained in pathogen-free conditions and all
experiments were approved by the institutional ethical committee.

Cell lines

CDA4™ T cell hybridomas 96-6 (VR6*, H-2"%, Qa-1°) and D7 (VB7*, H-2"¥,
Qa-1°) were produced by fusion of primary T cells with the BW5147
thymoma cell line. The NKT cell hybridomas, NKT1-2 (VB8*, H-2"*, Qa-
1°) and NKT1-4 (VB10*, H-2"¥, Qa-1°) were a kind gift from Dr. Mitchell
Kronenberg (La Jolla Institute of Allergy and Immunology, San Diego, CA)
and have been described previously (17). The melanoma cell line B16.F1 (H-
2°, Qa-1°) has been described previously (18).

T cell vaccination

T cell hybridomas, BW5147 cells, and primary CD4* T cells from the
spleen were stimulated in vitro using 5 pg/ml of Con A (C2010; Sigma
Aldrich, Lyon, France) for 40 h in RPMI 1640 (Life Technologies,
Rockville, MD) medium containing 10% FCS at 37°C. The B16.F1 cells
were activated with IFN-y (200 IU/ml) for 40 h in DMEM (Life
Technologies) medium containing 10% FCS at 37°C. All cells were
washed thoroughly with RPMI 1640 or DMEM without FCS. T cell
hybridomas and primary T cells were irradiated at 3000 rad, and
BW5147 and B16.F1 cells were irradiated at 20,000 rad. Preliminary
experiments confirmed that cell proliferation was blunted at these doses
(data not shown). Two and a half million activated and irradiated cells
resuspended in RPMI 1640 without FCS were injected retro-orbitally into
mice. Control mice were injected with 200 wl RPMI 1640 alone.

Isolation of lymphoid cells and flow cytometry

Single cell suspensions of the spleen, lymph nodes, and liver were prepared
by meshing the organs through a 100-wm nylon filter. Liver mononuclear
cells were obtained by performing a Percoll 37.5% (P1644; Sigma
Aldrich) gradient centrifugation of the cell suspension. RBCs were lysed
in the liver and spleen cell suspensions using ACK lysis buffer.

Abs and reagents

Monoclonal Abs specific for CD4 (clone RM4-5) and CD8 (clone 53-6.7) at
a concentration of 2 pwg/ml were used in this study. NKT cells were identi-
fied using a-galactosylceramide—loaded CD1d tetramers (1/200 dilution)
incubated for 1 h at 4°C. Flow cytometric acquisition was performed using
a BD LSRII (BD Biosciences, Le Pont de Claix, France) and the data were
analyzed using BD Diva software (BD Biosciences).

Adoptive transfer of purified CD8" T cells

Purification of CD8" T cells from splenocytes was performed using the BD
CD8" T cell enrichment kit (BD Biosciences, San Jose, CA; 558471).
CD8* T cell purity was analyzed by flow cytometry to be =90%. Before
transfer, CD8* T cells were labeled with CFSE (Molecular Probes,
Eugene, OR; C1157) at a concentration of 25 uM, and 6 to 8 million cells
were injected retro-orbitally into naive 6-wk-old male C57BL/6J or
B6CBA/F1 mice.

Induction of hepatitis

Hepatitis was induced by injecting Con A (C2010; Sigma Aldrich) in PBS
1X, retro-orbitally at a dose of 10 mg/kg of body weight. Blood was
collected from the periorbital sinus or from the left ventricle in sodium
heparin anticoagulant (Venoject, Laboratoires Terumo, Guyancourt,
France) at 5, 8, 16, or 24 h after Con A injection.

Plasma enzyme analysis

Plasma was separated by centrifugation. The activity of hepatic enzymes
alanine aminotransferase and aspartate aminotransferase in the plasma was
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measured using an Olympus AU400 bioanalyzer (Beckman Coulter, Vil-
lepinte, France).

Statistics

Data are presented as mean = SEM. Differences between the means were
evaluated using the nonparametric Mann-Whitney U test or ANOVA Fish-
ers protected least significant difference (PLSD) test where applicable and
were considered significant at p < 0.05.

Results
NKT cell vaccination protects mice against Con A-induced
hepatitis

To test whether we can target NKT cells using the TCV approach,
we adopted the experimental model of murine hepatitis induced
upon i.v. injection of ConA. The subsequent NKT cell-dependent
Fas-FasL interaction-mediated destruction of hepatocytes leads to
fulminant hepatitis (19-21). We vaccinated mice with activated
and irradiated NKT cell hybridomas expressing two different
VB-chains, VB8 (NKTI1-2 cells) or V10 (NKT1-4 cells). We
found that the use of T cell hybridomas facilitates the TCV pro-
cedure that requires the injection of a large number (2.5 million)
of monoclonal vaccinating cells. Given their mixed H-2%
haplotypes, hybridomas require to be administered in H-2°k
hosts such as the B6CBA/F1 (C57BL6/J X CBA/J) mice used
in this study. After 3 wk, hepatitis was induced in NKT cell-
vaccinated mice and the activity of hepatic enzymes alanine
aminotransferase and aspartate aminotransferase in the plasma
were used to score the disease. As expected, the nonvaccinated
control mice developed acute fulminant hepatitis (Fig. 1). On the
contrary, all mice vaccinated with either VB10* NKT or VB8*
NKT cell hybridomas were significantly protected from hepatitis
(Fig. 1), demonstrating the possibility of controlling an NKT cell-
mediated disorder using a procedure that we named NKTCV.

Protection conferred by NKTCV is not VB-chain—restricted

To test whether NKTCV-induced protection was specific for the
VB-chain of NKT cells, we vaccinated mice with primary V3"
CD4" T cells from TCR transgenic mice or VB6* or VB7* con-
ventional CD4" T cell hybridomas (established from conventional
primary T cell clones fused with the same cell partner used for the
NKT cell hybridomas, the T cell lymphoma BW5147). It is to be
noted that invariant NKT cells do not express VB3 or V36 chains
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FIGURE 1. Vaccination with NKT cells protects mice from hepatitis.
B6CBA/F1 mice were injected i.v. with PBS (Ctrl, n = 6) or Con A-
activated and irradiated VB8 (VB8 NKT, n = 7) or VB10" (VB10* NKT,
n =6) NKT cell hybridomas. Three weeks later, hepatitis was induced by i.
v. injection of Con A (10 mg/kg). The figure depicts the percentage of
plasma alanine aminotransferase (Alat, black bars) and asparte aminotrans-
ferase (Asat, white bars) activity measured 8 h after Con A injection, as
compared to the controls. *Statistical significance between interconnected
groups evaluated with p < 0.05 calculated using the nonparametric Mann-
Whitney U test (mean = SEM). Ctrl, control.
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FIGURE 2. Protection from hepatitis is conferred by T cells in-
dependent of the expression of particular TCR Vf-chains. A, B6CBA/F1
mice were vaccinated with PBS (Ctrl, n = 5) or Con A-activated and
irradiated VB10* NKT cell hybridomas (NKT VB10*, n = 4), VB6*
(VB6" T, n=4) or VB7" (VB7" T, n = 4) T cell hybridomas, or primary
VB3* CD4* T cells from TCR transgenic mice (VB3* Tg, n = 3) followed
by the induction of hepatitis 3 wk later. The figure depicts the plasma Alat
activity in IU/ml measured 8 h after Con A injection. B, Plasma Alat
enzyme activity in mice vaccinated with PBS or activated and irradiated
VB10™ NKT cells (n = 5) or BW5147 cells (n = 5) measured 8 h after Con
A (10 mg/kg) injection. C, Plasma Alat enzyme activity in mice vaccinated
with PBS (Ctrl, n = 5) or activated and irradiated B16.F1 cells (B16.F1,
n = 5) measured 8 h after ConA (10 mg/kg) injection. Concordant results
were obtained with Asat levels (data not shown). *Statistical significance
of each group compared with the Ctrl group with p < 0.05, calculated
using the nonparametric Mann-Whitney U test (mean * SEM).

in their TCR (14). As before, the disease was induced by an i.v.
injection of ConA, 3 wk after vaccination. Surprisingly, we found
that all vaccinated mice, irrespective of the V-chain expressed by
the vaccinating cells, were protected against hepatitis (Fig. 2).
This finding indicates that in this model, protective responses in-
duced by both NKTCV and TCV does not rely on the type of V{3
chain expressed by the vaccinating cells. Concordantly, the fusion
partner BW5147 T cell lymphoma that lacks the expression of
a TCR was able to confer equal protection against Con A-
induced hepatitis (Fig. 2B). The equally potent protection con-
ferred by primary T cells (VB3™) ruled out the possibility that
NKTCV- or TCV-induced protection relies on features specific
to hybridomas and indicates that T cell hybridomas are able to
induce efficient vaccination effects. Furthermore, activated mela-
noma cells, B16.F1, failed to confer protection (Fig. 2C), in-
dicating that the target epitopes that induced protection were
specific for the T cells.

Protection conferred by NKTCV is performed by CD8* T cells

Whereas our experiments indicated that NKTCV induced efficient
protection independently of the V[3-chain expressed by the vacci-
nating cells, we aimed at determining whether it was dependent on
CDS8* T cells, akin to TCV. To investigate, we adoptively trans-
ferred CD8" T cells from either NKT or T cell-vaccinated mice to
naive mice. Mice that received CD8" T cells from control non-
vaccinated mice developed fulminant hepatitis. Interestingly, the
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FIGURE 3. CD8" T cells induced upon NKTCV and TCV confer pro-
tection against hepatitis. A, Representation of the experimental design; 7.8
million CD8" T cells purified from the spleen of nonvaccinated B6CBA/F1
mice (Ctrl, triangles, n = 5) or mice vaccinated with V310" NKT (VB10*
NKT, squares, n="5) or VB6* T (VB6" T, circles, n=5) cell hybridomas were
adoptively transferred to naive mice. Hepatitis (ConA 10 mg/kg) was in-
duced in the recipient mice 16 h later. B, Plasma Alat activity measured 5, 8,
14, and 24 h after Con A injection. *Statistical significance with p < 0.05,
calculated using the ANOVA Fishers PLSD test (mean = SEM).

recipients of CD8" T cells from both groups of vaccinated mice
were protected from Con A-induced hepatitis (Fig. 3). Protection
conferred against NKT cell-mediated pathology by CD8* T cells
from mice vaccinated with VB6™ T cell hybridomas confirms that
these cells recognize V-independent targets.

Previous studies have shown that the population of liver NKT cells
undergoes massive activation-induced cell death upon Con A injec-
tion (19). Accordingly, upon hepatitis induction in nonvaccinated
mice, we observed a reduction of the number of NKT cells in the
liver detected by a-galactosylceramide (a-galcer)-loaded CD1d
tetramers (1.1 £ 0.3% of NKT cells among total liver mono-
nuclear cells, compared with 6.2 = 0.2% in normal untreated
B6CBA/F1 mice). In comparison, vaccinated mice protected from
hepatitis retained relatively higher numbers of NKT cells in the liver
(3.6 £0.2%in VB6 T cell-vaccinated mice and 2.9 = 0.7% in V310
NKT cell-vaccinated mice). The preservation of liver NKT cells
suggests that regulatory CD8" T cells induced by vaccination are
capable of controlling the activation of NKT cells.

Regulatory CD8" T cells home toward and proliferate in the
liver and the spleen

In concert with the demonstration of the important role of
vaccination-induced CD8* T cells, the tracking of fluorescent
(CFSE") adoptively transferred CD8" T cells administered i.v.
revealed greater survival and proliferation of regulatory CD8*
T cells from vaccinated mice, compared with CD8* T cells from
control (PBS-treated) mice (Fig. 4A, 4B). As shown above, the
relative preservation of liver NKT cells in vaccinated mice upon
Con A-injection suggests that regulatory CD8* T cell control
might be exerted at the site of inflammation—the liver. Accord-
ingly, we found that CD8* T cells homed toward and proliferated
to a large extent in the liver of the protected mice. Interestingly,
analysis of the secondary lymphoid organs revealed the presence
and survival of CD8* T cells to a larger extent in the spleen and
lymph nodes of vaccinated mice compared with control mice (Fig.
4C). Regulatory CD8" T cells that homed to the spleen prolifer-
ated to a similar extent as those in the liver, indicating that these
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FIGURE 4. Greater extent of survival and site-specific proliferation of protective CD8" T cells. CFSE-labeled CD8" T cells were adoptively transferred
from mice vaccinated with VB10* NKT (VB10" NKT, n = 5) or VB6™* T cell hybridomas (VB6* T, n = 5) or injected with PBS (Ctrl, n = 5), and hepatitis
(10 mg/kg ConA) was induced in recipient mice 16 h later. A, Representative dot plots gated on total CD8" T cells in the lymph nodes, spleen, and liver of
recipient mice 24 h after Con A injection. The figure depicts the side-scatter area on the y-axis and CFSE intensity on the x-axis. B, Representative flow
cytometric analysis of CFSE* CD8" T cells in the lymph nodes, spleen, and liver of differentially treated recipient mice, 24 h after Con A injection. Figures
represent the total cell count (y-axis) as a function of CFSE fluorescence intensity (x-axis). The vertical bars divide CFSE fluorescence intensity into
corresponding cell cycles (C1, cells least divided to C4, cells the most divided). C, The percentage of CFSE+ T cells belonging to the C1, C2, C3, and C4
cycles, among total CD8" T cells in the different organs is represented as mean = SEM. *Statistical significance with p < 0.05, calculated using the
ANOVA Fishers PLSD test (mean = SEM).
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cells are probably able to control T cell responses in the spleen as
well (Fig. 4B). Surprisingly, no damage of splenic tissue was
observed upon Con A injection (data not shown). This finding
uncovers a strong relationship between the two sites during liver
pathology and during vaccination-induced protection. Adoptively
transferred regulatory CD8" T cells might thus be capable of
exerting control over T cell activation in both the secondary lym-
phoid organs and the liver, where the pathogenic immune response
takes place.

Vaccination-induced regulatory CD8" T cells are restricted to
the Qa-1 molecule

The VB-dependent protective responses triggered by TCV proce-
dures have been shown to be Qa-1-dependent—that is, the
presentation of V-derived sequences in the peptide binding groove
of the Qa-1 seems to be central in the induction of regulatory CD8"*
T cells. The fact that the protection we observed was V 3-independent
raised the question of the Qa-1 dependence in our model. To address
this issue, CD8" T cells from wild type C57BL/6J and Qa-1-
deficient mice vaccinated with NKT or T cell hybridomas were
adoptively transferred to naive wild type recipients, followed by
hepatitis induction. Qa-1-deficient mice lack Qa-l-restricted
CD8" T cells provoked during TCV (16). As before (Fig. 3), the
transfer of CD8" T cells from wild type vaccinated mice protected
the recipients from hepatitis (Fig. 5B, left panel). Interestingly, mice
that received CD8" T cells from both NKT and T cell-vaccinated
Qa-1—deficient mice failed to confer protection to recipients (Fig.
5B, right panel), indicating that, in our model, the V-independent
protection observed is dependent on the presentation of distinct
peptides by the Qa-1 molecule that induce Qa-1-restricted CD8*
T cells capable of controlling NKT cell-mediated pathology.

Regulatory CD8" T cells are spontaneously induced upon
pathologic T cell activation

T cellsused as vaccinating cells during TCV need to be activated to be
effective (10, 22), suggesting that pathologic activation of endoge-
nous T cells might similarly induce Qa-l-restricted regulatory
CD8* T cells. To investigate the spontaneous induction of such
a control during pathophysiology, disease was triggered in wild
type C57BL/6J mice or Qa-1-deficient mice by the injection of
a low dose of Con A. We postulated that Qa-1 on activated T cells
in wild type mice, would present peptides similar to those presented
by the Qa-1 of vaccinating cells. Three weeks after disease induc-
tion, CD8" T cells were purified from the mice and transferred to
naive wild type C57BL/6] recipients followed by the induction of
hepatitis 16 h later (Fig. 5C). Mice that received CD8" T cells from
wild type mice, not subjected to prior ConA treatment, developed
fulminant hepatitis (Fig. 5D, left panel). Strikingly, CD8" T cells
from mice that had previously developed hepatitis completely pro-
tected the recipients from the development of the disease (Fig. 5D,
left panel) as efficiently as CD8" T cells induced upon NKTCV (Fig.
5B, left panel). Importantly, CD8* T cells from Con A-injected
Qa-1-deficient mice did not confer protection to recipient mice
(Fig. 5D, right panel). These mice developed hepatitis to a similar
extent as those that received CD8" T cells from naive Qa-1—deficient
mice (Fig. 5D, right panel). Thus, similar to TCV, the regulatory
CD8* T cells induced by the activation of T cells during
pathophysiology are also restricted to Qa-1.

Discussion

The principle characteristic of the TCVapproachisits ability toinduce
regulatory Qa-1—-restricted CD8" T cells that are specific for peptides
derived from the nonhypervariable region of the TCR (8, 9).

Induction of such regulatory T cells inhibits the activation of CD4"
T cells that express similar V-chains irrespective of their Ag spec-
ificity. We tapped into this unique characteristic of TCV to target
NKT cells that possess a limited V3 repertoire. In an NKT cell-
mediated murine disease model, we demonstrate that Qa-1-
restricted CD8" T cells induced upon TCV can control NKT cell
activation, thereby indicating that TCV could be used as
a therapeutic tool in disorders characterized by pathologic NKT
cell activation.

The experimental disease model adopted in this study is the
induction of NKT cell-mediated hepatitis by the i.v. injection of
Con A. Although this disease is dependent on NKT cell activation
(19), the systemic administration of Con A entails the polyclonal
activation of T cells. In this model, TCV induced regulatory Qa-1-
restricted CD8" T cells with specificities independent of peptides
derived from V{-chains. Indeed, pioneer studies performed in the
1980s demonstrated that TCV induces regulatory (suppressive)
T cells that are either specific for clonotypic molecules (Vf3 epit-
opes) or for molecules associated with T cell activation but in-
dependent of their TCR (23). We propose that TCV performed in
models characterized by the oligoclonal activation of T cells as
seen in experimental autoimmune encephalomyelitis (24) might
favor an anticlonotypic CD8" T cell response, because of the
expression of high numbers of identical surface Qa-1-V3
complexes. Alternatively, the polyclonal activation of T cells
observed in the Con A-induced hepatitis model likely increases
the relative numbers of peptides derived from activation-
associated molecules bound to Qa-1, thus favoring a regulatory
CDS8* T cell response capable of controlling a larger population of
T cells regardless of their VB expression. The Con A-induced
hepatitis model is therefore ideally suited to study this population
of regulatory CD8" T cells.

The identical protection observed upon NKTCV and TCV
indicates the similarity between NKT cells and conventional T cells
in their ability to present peptides in the Qa-1 molecule to specific
CD8" T cells, and probably in their repertoire of peptides pre-
sented in the Qa-1 molecule. Despite the VB-independence of the
protection observed in our model, in NKT cell pathologies that do
not involve polyclonal T cell activation, TCV might nevertheless
allow us to tap into the unusual characteristic of NKT cells of
expressing a limited repertoire of VB-chains, to target NKT cells.

The possibility of mobilizing Qa-1-restricted CD8" T cells upon
TCV indicates that these cells are a part of the naive T cell repertoire.
Indeed, we demonstrate that the pathophysiologic primary acti-
vation of polyclonal T cells by a primary T cell response induces
the mobilization and the expansion of this regulatory CD8" T cell
population. Such a spontaneous induction of Qa-1-restricted CD8*
T cells is an important step in understanding the control of immune
responses. As demonstrated in earlier studies, the Qa-1-restricted
CD8* T cells do not seem to be implicated in the control of
primary immune responses, because these responses are normal in
Qa-1-deficient and CD8" T cell-deficient mice (16). However, sec-
ondary immune responses involving oligoclonal CD4* T cell activa-
tion are exaggerated in these mice (16). These findings are in league
with our results, in that the disease incidence during the initial in-
duction of hepatitis in Qa-1—deficient mice is similar to wild type
counterparts (data not shown). However, Qa-l-restricted CD8"
T cells alone are able to control similar secondary immune re-
sponses in distinct hosts. Therefore, this study describes the induc-
tion of a regulatory system that might be induced upon each T cell
response and that ensures that similar responses are not reactivated
immediately despite Ag persistence. Several mechanisms of CD4"
T cell control by Qa-1-restricted CD8" T cells can be envisaged. Qa-
1-restricted CD8 T cells could directly lyse target T cells as has been
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proposed in pioneering studies on TCV (25), and/or render APCs
incompetent to efficiently activate CD4™ T cells as recently reported
(26, 27). The detailed description of the molecular mechanisms of
regulation will require the isolation of these CD8* T cells, which is
something that we are unable to achieve to date.

The key molecule in this regulation, Qa-1, can be thus considered
as a tag for the state of activation of the T cells. Qa-1-Qdm
complexes are a tag for the functional competence of the cell
under nonactivated conditions, protecting it from Kkiller cell-
mediated death. However, upon activation, Qdm is replaced by
a number of peptides derived from activation-associated mole-
cules that induce specific Qa-1-restricted CD8* T cell activation
and expansion. Intriguingly, most peptides presented in the
Qa-1 molecule under nonactivated (Qdm peptide) and activated

Wildtype donors Qa-1 KO donors

conditions are derived from the leader sequences of proteins.
Leader peptides derived from currently processed proteins might
be markers by which the cell is tagged during the immune re-
sponse. By this mechanism, Qa-1-peptide complexes might leave
an imprint of the recent immune response in the form of reg-
ulatory CD8" T cells. Therefore, an immediate reactivation of
similar T cell clones might be detected by the CD8* T cells and
controlled, thus restraining the amplitude of a second reactivation.
The persistence of such a system of regulation, however, would be
puzzling because it might prevent all future T cell activation. It is
thus improbable that such regulatory CD8" T cell responses gen-
erate differentiated memory cells.

The ability of suppressor (regulatory) T cells to recognize the
activation state of T cells was termed by Cohen et al. in 1989 (23) as
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anti-ergotypic response mediated by the recognition of ergotopes
(activation-associated molecules). However, the nature of the anti-
ergotypic response is still debated. Studies on DNA and peptide
vaccinations with potential ergotopes such as the IL-2R (3-chain
CD25 (28) and the stress-inducible heat shock protein 60 (29)
show varied anti-ergotypic responses that are mediated by af3 or
v TCR* T cells that are restricted to the MHC class I or I molecules
(30). The subset of Qa-1-restricted CD8* T cells revealed in our
study might therefore be part of a larger anti-ergotypic regulatory
system that tightly regulates T cell immune responses. In our model,
Con A-induced polyclonal activation of T cells may lead to the
presentation of peptides derived from more than one ergotope by
Qa-1. The definition of these ergotopes is, however, beyond the
scope of this study.

The illustration of the existence of such regulatory T cells ca-
pable of controlling polyclonal T cell activation opens a new field
of research in T cell regulation. The in-depth study of these cells
will enable better comprehension of T cell reactivation and the ther-
apeutic potential of these regulatory T cells in the suppression of
diseases characterized by polyclonal T cell activation. Finally, pre-
venting their induction might be a way to potentiate vaccines.
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