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A
�

bstract. In mice of the Igha	  immunoglobulin allotypic haplotype we found, the presence of T lymphocytes with
a
 n inherent inhibitory activity against the expression of the IgG2

�
a

b
�
 allotype (IgG2a of the Ighb

�
 immunoglobulin

a
 llotypic haplotype). This constitutive anti-IgG2a
b

�
 T lymphocyte activity can be enhanced in vivo by what we

c
 alled “sensitization” , which usually consists of one or two intravenous injections of B sple� nocytes from Ighb
�

c
 ongenic mice. When injected at birth, the resulting anti-IgG2a
b

�
 T splenocytes induce, with 100% success, total,

specific and chronic (but experimentally reversible) suppression of IgG2
�
a

b
�
 in Igha	 /b F1 hybrid mice prepared by

m� ating Igh congenic mice. Even if restricted to IgG2a
b

�
 expression, this experimental model, which deals with an

u� nambiguous case of T cell-mediated down-regulation of immunoglobulin production, provid
�
es a clear and

p� owerful tool to dissect finely the behavior of the partners (T and B lymphocytes) intervening in regulation within
t

�
he immune system. For example, we observed that CD4 T lymphocytes were necessary to obtain fu� ll recruitment
o� f anti-IgG2a

b
�
 CD8 T lymphocytes during the sensitization, that suppression induction in anti-IgG2a

b
�
 T spleno-

c
 ytes of newborn recipients required cooperation between CD4 and CD8 T lymphocytes, and that
�
 CD8 T lym-

p� hocytes were essential for suppression maintenance. We showed that this suppression was not
�
 characterized by

a
 n accumulation of B lymphocytes containing the allotype they could not secrete or Cγ� 2
�

a
b

�
 mRNA they could not

t
�
ranslate. The recipient’s immune system was not involved in the suppession maintenance; this was done by donor

T lymphocytes, which ensured the chronicity of IgG2a
b

�
 suppression throughout the recipient’s life. We demon-

strated that the mechanism of this suppression implied an MHC-restricted presentation by tar� get B lymphocytes
o� f Cγ� 2a

b
�
 peptides to the T cell receptor (TCR) of anti-IgG2a

b
�
 T lymphocytes. Notwithstanding the requirement

o� f a CD4-CD8 T lymphocyte cooperation during the induction phase, we functionally determine� d that the sup-
p� ression induction implicated an MHC class I-, but not class II-restricted interaction. We a
 lso demonstrated the
e� xistence in vivo of alternative or concomitant use of perforine- and Fas-mediated cytotoxicity pathways in this
T cell-induced IgG2a

b
�
 suppression. Thus this suppression did not imply silencing IgG2a

b
�
 production, but B lym-

p� hocyte destruction by CD8 T lymphocytes. Always using our suppression model, we demonstrat
�
ed that an

a
 gonistic anti-CD40 treatment helps in recruiting CD8 cytotoxic T lymphocytes, involved in immune regulatory
f

�
unctions and that CD40 expression on Ighb

�
 B lymphocytes confronted with CD8 T lymphocyte effectors only

o� perating via the Fas pathway was involved in the total suppression of IgG2a
b

�
 expression. The selection and

maintenance of such normal T cell activity against the IgG2a
b

�
 allotype in mice of different genetic backgrounds

remain somewhat enigmatic. Indeed, we did not observe any similar activity against other immu� noglobulin
a
 llotypes  or  isotypes. The intestinal flora had no influence on the emergence of this anti-IgG2a

b
�
  T lymphocyte
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 activity, as it was untouched in germ-free Igha	  mice when compared with normal Igha	  mice. More recently, this
model offered an opportunity to study problems pertaining to immune tolerance. For instance, we showed that
t

�
he genetic elements involved in the building of anti-IgG2a

b
�
 TCR were available in Igha	  and Ighb

�
 mice of different

g� enetic backgrounds, but that somatic constraints, namely the perinatal presence of IgG2a
b

�
, effectively prevented

t
�
heir acquisition, while its absence led to their spontaneous emergence. Consequently, we we� re able to induce

a
 nti-IgG2a
b

�
 T lymphocytes into a tolerance state by injecting Igha	  mice with soluble IgG2a

b
�
 during the perinatal

p� eriod. However, the full T lymphocyte tolerance obtained in this manner was not definitivel
�
y acquired, as it had

reversed spontaneously when investigated 3 to 6 months after the end of tolerogen treatment, even when this
t

�
reatment had been prolonged from the perinatal period to 9 months of age. The mechanisms (ind

�
uction and

r� eversion) of this tolerance involves the physical elimination or the irreversible inactiva
 tion of the natural anti-
-IgG2a

b
�
 T lymphocyte clones and their resurgence, from bone-marrow precursors, as long as the thymus remains

o� perational, but not the establishment of a reversible, functional unresponsiveness (anerg� y) or an active, cell-
-mediated inhibition of anti-IgG2a

b
�
 T clones. We attempted to elucidate, in Ighb

�
 mice, whether the natural T lym-

p� hocyte unresponsiveness to IgG2a
b

�
 involved a central tolerance mechanism and to identify the type of tolerogen

i
�
mplicated in this tolerogenesis. The experiments principally showed that this natural T lym� phocyte tolerance to
I

�
gG2a

b
�
 was mediated by a thymic mechanism; that the capacity to induce it was gradually acquired by�  Ighb

�

t
�
hymuses and was most probably due to potentially IgG2a

b
�
-producing/presenting cells, progressively colonizing

t
�
he developing thymus; and that a significantly decreased postnatal Cγ� 2a

b
�
 gene transcription correlated with the

e� mergence of anti-IgG2a
b

�
 T lymphocytes in Igha	 /b F1 (postnatally deprived of their B lymphocyte compartment),

w hich subjected them to autoimmune IgG2a
b

�
-allotype suppression.

K
!

ey words: T lymphocytes; IgG2a
b

�
 allotype; suppression; tolerance; cytotoxicity; down-regulation of Ig produc-

t
�
ion.

I
"
ntroduction

A
#

 few years after OU
$

DIN3
%
2–35 discovered, using rab-

b
&
it Ig, what he termed the allotypy of proteins (allotypy

reflecting, at the immunogenic level, the allelism of
p� rotein structural genes), DR

'
AY11, also using rabbit Ig,

made the first observation of “allotype suppression” .
The perinatal exposure of heterozygous rabbits to antibodies
d

�
irected against paternally inherited Ig allotypes could lead

t
�
o a chronic abrogation of their expression. These early ex-
p� eriments paved the way for all the subsequent manipulations
o� f the immune system with antibodies.

In mice, the only known allotype suppression was
d

�
irected against the IgG2

(
a o

� f the Ighb
�
 allotypic haplo-

t
�
ype (IgG2a

b
�
)

)
. HE

*
RZENBERG et al. 14 obtained it by inject-

ing anti-IgG2
(

a
b

�
 antibodies into newborn Igha	 /b (BALB/c

× SJL) hybrids, whereas BOSMA’S team8 injected
splenocytes from Igha	 /a (BALB/c) mice immunized
a
 gainst IgG2

(
a
b

�
 into sublethally irradiated Ighb

�
/b congenic

(CB17) homozygotes. HE
*

RZENBERG’S group12, 13 showed
t

�
hat the chronicity of the antibody-induced allotype

suppression was exerted by T cells and advanced the
idea that its mechanism was an inhibition of the helper
a
 ction of T lymphocytes. This scheme, however, op-
p� osed the fact that this suppression was transferable to
syngenic nude mice where thymus-independent IgG2a

b
�

p� roduction was inhibited15. Except for an allotypic vari-
a
 nt of the λ

+
1 light chain, all mouse Ig allotypic speci-

f
�
icities are located on the heavy-chain constant domains

o� f the different Ig classes and subclasses.
Starting from the work of NISONOFF’S group10, 39,

w ho successfully obtained idiotype suppression in mice
w ith T cells “educated”  against the given idiotype, we
t

�
ried to establish a system leading to allotype suppres-
sion by means of T cells with a deliberately induced
a
 nti-allotype activity. Using pairs of Igh congenic mice
(BALB/c (Igha	 , H-2d

,
)

)
/CB20 (Ighb

�
, H-2d

,
)

)
) and (BC8

(Igha	 , H-2b
�
)

)
/C57BL/6 (Ighb

�
, H-2b

�
)

)
) and their Igha	 /b hete-

rozygous offspring, we studied, in the latter, the effects
o� f the transfer of T splenocytes from a parental strain
o� n the expression of the different Ig allotypes inherited
from the other parental strain. Therefore, we attempted,
in histocompatible hybrids, to specifically train T lym-
p� hocytes from an Igha	  or Ighb

�
 parental strain to react

a
 gainst Ig allotypic determinants genetically trans-
m� itted by the Ighb

�
 or Igha	  strain, respectively. In the

a
 bsence of any preliminary stimulation or immuniza-
t

�
ion, we observed that T splenocytes from normal Igha	

mice (referred to as Tnor) with different genetic back-
g� rounds, i. e. BALB/c (H-2d

,
)

)
, BC8 (H-2b

�
)

)
, possessed

a
 n inherent inhibitory activity against the expression
o� f the IgG2a

b
�
 allotype1. This constitutive anti-IgG2a

b
�
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T
-

 lymphocyte activity of normal Igha	  mice can be en-
hanced in vivo by one or two intravenous injections of
B splenocytes from an Ighb

�
 congenic strain, IgG2

(
a
b

�
-pro-

d
�
ucing histocompatible plasmocytoma or hybridoma

c
 ells, or autologous splenocytes covalently coated with
IgG2a

b
�
. Such an operation is termed “sensitization”  and

t
�
he resulting mice and T lymphocytes will be referred
t

�
o as sensitized mice, and Tsens or T2sens, according

t
�
o the number of sensitizations. Four times fewer Tsens

t
�
han Tnor (1 ×.  107

/
 versus 4 ×.  107

/
)

)
 are sufficient to

induce total, specific and chronic (but experimentally
reversible) suppression of IgG2a

b
�
 expression in 100% of

t
�
he Igha	 /b recipients as early as 6 weeks of age versus

a
 round 70% of Igha	 /b recipients subjected to suppres-
sion at 6 months of age with Tnor2. The suppression
c
 an be transferred into histocompatible Igha	 /b newborns
b

&
y injection of T splenocytes from mice subjected to

suppression. Unlike Tnor, T2sens are also able to in-
d

�
uce IgG2a

b
�
 suppression in Ighb

�
/b congenic mice. Be-

c
 ause the suppression is strictly restricted to the IgG2
(

a
b

�

a
 llotype, it can be thought that its mechanism operates
d

�
ownstream from the allelic exclusion and isotypic

switch leading to IgG2
(

a
b

�
-producing plasmocytes. It

must be emphasized that anti-allotype antibodies were
n0 ever detected in either Igha	 /a-sensitized mice or in
Igha	 /b or Ighb

�
/b Tsens recipients.

O
1

ne of the advantages of our model is that it deals
w ith an unambiguous case of T cell-mediated down-
-regulation of Ig production. With this in vivo ex-
p� erimental system, we are thus able to interrupt or pro-
v2 oke, at will, the production of large amounts of Ig.
C

3
onsequently, it has enabled us to dissect finely the

b
&
ehavior of T and B lymphocyte partners intervening

in a negative regulation of the immune system.
More recently it has offered an opportunity to study

p� roblems pertaining to immune tolerance. We de-
v2 eloped two models to try to explore this new aspect
o� f allotype suppression more thoroughly. As mentioned
a
 bove, the first makes use of postnatal transfer of sen-
sitized Igha	 /a T splenocytes into histocompatible Igha	 /b

o� r Ighb
�
/b newborns in which serum allotype production

w as sequentially monitored. The second consists of the
c
 otransfer of histocompatible Ighb

�
/b B and/or Igha	 /a

T cells of wild-type or diverse “knocked-out”  origins
i

�
nto immunodeficient mice “knocked-out”  for the rec-

o� mbination activation gene 2 (
4
RAG-2 gene) in which

c
 irculating allotypes were also studied. This latter
model has the advantage that the implantation of trans-
f

�
erred wild-type or different mutant B or T cells can be

d
�
irectly verified by FACS analysis of peripheral blood

l
�
ymphocytes from RAG-2–/– hosts, which are totally

d
�
evoid of endogenous mature B and T cells.

I
"
gG2a

b
5
 Suppression

Main characteristics at the T cell level

Three phases can be distinguished during this sup-
p� ression of IgG2a

b
�
 expression: 1) the amplification of

t
�
he intrinsic anti-IgG2a

b
�
 activity of T lymphocytes in

Igha	  mice, 2) the induction of suppression with these
T cells, and 3) the suppression chronicity in Igha	 /b or
I

�
ghb

�
/b recipients. When Igha	  mice were deprived, before

a
 nd after amplification of their constitutive anti-IgG2
(

a
b

�

T lymphocyte activity, of either CD4 or CD8 T lym-
p� hocytes, the resulting T splenocyte population did not
have all the anti-IgG2

(
a
b

�
 capacities of the T lymphocytes

e� licited in the presence of both T subpopulations. Par-
t

�
icularly, CD4 T lymphocytes were essential to obtain

full recruitment of anti-IgG2
(
a
b

�
 CD8 T lymphocytes dur-

ing sensitization25. We also established that suppression
i

�
nduction in the Tsens newborn recipients required co-

o� peration between CD4 and CD8 T lymphocytes. The
suppression-induction capacity was drastically dim-
i

�
nished when the Tsens preparation was subjected to in

v6 itro cytotoxic anti-CD4 or anti-CD8 treatment and was
fully restored with a mixture of these two Tsens popu-
l

�
ations obtained by such in vitro treatments3

%
.

W
7

ondering whether only one or both of these
T

-
 subpopulations were specific to IgG2a

b
�
, we examined

w hether a functional complementarity could exist in the
mixture of Tsens CD4 + Tnor CD8 or Tnor CD4
+ Tsens CD8. The transfer of these preparations into
I

�
gha	 /b newborns showed that the suppression induction

c
 apacities of these cell mixtures were equal to that of
T

-
nor. Consequently, cooperation between the T popu-

lations during the suppression induction phase required
b

&
oth CD4 and CD8 T lymphocytes, which had to pos-

sess the anti-IgG2a
b

�
 specificity25.

W
7

e then succeeded in attempting to abrogate the
c
 hronicity of this suppression. Injections of a cytotoxic
a
 nti-CD8 monoclonal antibody (mAb) into IgG2a

b
�
-sup-

p� ressed Ighb
�
/b homozygotes quickly but transiently

reversed the suppression, while injections of equivalent
a
 mounts of cytotoxic anti-CD4 mAb remained without
e� ffect5

8
. The corollaries of this observation are that:

1) CD8 T lymphocytes are essential for suppression
m� aintenance, and 2) this suppression does not reflect
a
  clonal deletion of the B lymphocytes able to produce
IgG2a

b
�
; consequently, it does not involve the definitive

e� limination of the B precursors of IgG2a-producing
l

�
ymphocytes which, in contrast, might exhibit a perma-

nent tendency to reappear. This latter situation would
f

�
avor the continuous stimulation of the suppression

maintaining CD8 T lymphocytes, which then would
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b
&
ypass the helper factors provided by CD4 T lympho-

c
 ytes that are indispensable during the suppression in-
d

�
uction phase5

8
.

T
-

his suppression could also be transiently abolished
in vivo not only by CD8 T lymphocyte depletion but by
t

�
he reinforcement of CD4 T lymphocytes, which help
I

�
g production, as well. Indeed, IgG2a

b
�
-suppressed Ighb

�
/b

homozygotes presented a temporary abrogation of their
suppression when the hosts were infected with Plasmo-
d

9
ium chabaudi or Trypanosoma cruzi parasites, which

induce CD4-dependent polyclonal T lymphocyte acti-
v2 ation. When the IgG2a

b
�
-suppressed mice were con-

c
 omitantly subjected to anti-CD4 treatment and parasite
infection, the polyclonal activity was drastically lower
a
 nd the suppression remained complete4.

Main characteristics at the B cell level

T
-

he use of an RNAse protection assay, in which
a
  specific antisense probe was hybridized to the Cγ� 2

:
a

b
�

a
 llele, enabled us to show that the Cγ� 2a
b

�
-mRNA level

w as markedly lower (150 to 400 times) in IgG2a
b

�
-sup-

p� ressed Ighb
�

/b mice than in age-matched Ighb
�

/b controls.
Therefore, the suppression did not represent a complete
i

�
nhibition of Cγ� 2a

b
�
-gene transcription. We also showed

t
�
hat it is not characterized by an accumulation of
B

;
 lymphocytes containing the allotype they could not

secrete or, as we saw before, Cγ� 2
:

a
b

�
 mRNA they could

not translate6
<
.

Origin of the CD8 T lymphocytes responsible for this
s= uppression

To investigate the origin, either donor or host, of the
T lymphocytes responsible for maintaining suppres-
sion, we used, on the C57BL/6 background, mice
d

�
oubly congenic, at the I

>
gh and Thy-1 loci. The donor

c
 ells were Igha	 , H-2b
�
, Thy-1.2 while the recipients were

I
�
ghb

�
, H-2b

�
, Thy-1.1. FACS analysis indicated that, at

a
 dulthood, the donor-Thy-1.2 T lymphocytes repre-
sented 3 to 5% and 5 to 10%, respectively, of total
splenocytes and lymph node cells in the Thy-1.1 hosts,
w hose T lymphocyte compartment was therefore
a
  “Thy-1.1 + Thy-1.2 chimera”. Splenocytes from
t

�
hese 6- or 12-month-old chimeras were subjected to in

v6 itro anti-Thy-1.1 or anti-Thy-1.2 cytotoxic treatment
b

&
efore being transferred into histocompatible Igha	 /b

newborns for suppression induction assays. We ob-
served that only the donor-Thy-1.2 T lymphocytes
w ere able to transfer the IgG2

(
a
b

�
 suppression and that the

h
?
ost-Thy-1.1 T lymphocytes were totally devoid of

such capacity. This observation proved that the reci-

p� ient’s immune system was not involved in suppression
maintenance and that the donor-Thy-1.2 T lympho-
c
 ytes, by their effective and permanent engraftment into
h

?
istocompatible hosts, ensured the chronicity of IgG2a

b
�

suppression throughout the recipient’s life2
(

4.

Cellular mechanism of this suppression

C
3

ombining the algorithm of the peptidic self-mo-
d

�
el9

@
, 17, 18 with the comparison of the protein sequences

o� f the Cγ� 2
(

a
a	  and Cγ� 2

(
a
b

�
 regions, where allotopes are lo-

c
 ated, we selected four “ rare”  peptides (10 to 20 amino
a
 cids long) from the Cγ� 2a

b
�
 chain, suspected to be im-

munogenic for Igha	 , H-2d
,
 or H-2b

�
 T lymphocytes. We

c
 ompared the abilities of these peptides to amplify the
a
 nti-IgG2a

b
�
 T lymphocyte activity of Igha	  mice with that

o� f the entire IgG2
(

a
b

�
 allotype. These experiments showed

t
�
hat, in Igha	 , H-2d

,
 (BALB/c) mice, one peptide from the

C
3

H3 domain was as effective as the intact IgG2a
b

�
 allo-

t
�
ype at sensitizing the anti-IgG2

(
a
b

�
 T lymphocytes, while

t
�
he other Cγ� 2a

b
�
 peptides had no amplifier effect. In Igha	 ,

H
A

-2b
�
 (BC8) mice, another peptide, this time from the

hinge region, was the only one able to obtain 100%
sensitization efficacy, while the other Cγ� 2a

b
�
 peptides

w ere totally inactive. These data demonstrated that the
mechanism of this suppression involved a major histo-
c
 ompatibility complex (MHC)-restricted presentation
o� f Cγ� 2

(
a
b

�
 peptides by the target B lymphocytes to the

T cell receptor (TCR) of anti-IgG2
(

a
b

�
 T lymphocytes. In

a
 ddition, despite the same macroscopic characteristics
o� f this suppression in H-2d

,
 and H-2b

�
 mice, namely the

T cell-mediated complete inhibition of IgG2
(
a
b

�
 produc-

t
�
ion, the fine specificity of the anti-IgG2a

b
�
 TCR varied

a
 s a function of the MHC haplotype of the target
B lymphocytes2

(
7.

MHC restriction of anti-IgG2
:

a
b

�
 T cells

T
-

o address this problem, we chose to use Ighb
�

C
3

57BL/6 mice “knocked-out”  for MHC class I (β2
( -mi-

c
 roglobulin: β2
(

m
–/–)

)
 or class II (I-Aβ–/–)

)
 molecules.

These mice can adoptively receive Tsens from the Igha	 ,
H

A
-2b

�
 BC8 congenic strain for investigations of sup-

p� ression induction. Since we have shown that the T cell
c
 ompartment of Ighb

�
 hosts does not play any active role

in the suppression mechanism, the absence of CD4 or
C

3
D8 T lymphocytes, respectively, in I-Aβ–/– or β2m

–/–

recipients does not influence the suppression exerted on
t

�
heir IgG2a

b
�

+ B lymphocytes. We demonstrated that the
Igha	 , H-2b

�
 anti-IgG2

(
a
b

�
 T lymphocytes transferred into

I
�
ghb

�
, H-2b

�
 I-Aβ–/– mice carried out the suppression pro-

c
 ess normally, while in Ighb
�
, H-2b

�
 β2

(
m

–/– recipients, their

410 L. Majlessi and G. Bordenave: Mouse T Lymphocyte-Induced Suppression



suppression induction capacity was significantly in-
hibited (around 70% of IgG2

(
a
b

�
-expressing mice, while

implantation, approximately 12% of both CD4 and
C

3
D8 donor T lymphocytes, was identical in IgG2a

b
�
-sup-

p� ressed and -unsuppressed recipients) 20. Consequently,
w e showed, based on function evaluation, that the sup-
p� ression induction implicated an MHC class I-, but not
c
 lass II-restricted interaction, despite the requirement of
a
  CD4-CD8 T lymphocyte cooperation during the in-
d

�
uction phase. This MHC class I-restriction was in good

a
 greement with our previous designation of CD8 T lym-
p� hocytes as essential for suppression maintenance20.

I
�
n addition to class I and class II molecules, the

mouse MHC codes for other structures, named class Ib,
w hich present striking conformational and sequential
h

?
omologies with classical MHC class I molecules and

a
 ssociate with β2
(

m. Among them, the Qa-1b molecule
p� ossesses a functional pocket for peptide presentation.
T

-
he potential role of Qa-1b was suggested in two ne-

g� ative immunoregulation models involving, like ours,
C

3
D8 T lymphocytes. The fact that most β2m

–/– mice
r� ecipients of Tsens are unsuppressed led us to examine
t

�
he possible role of the Qa-1b molecule in the MHC

restriction of the T-B interaction implied in the IgG2a
b

�

suppression. Reconstitution of RAG-2–/– mice with Igha	

T lymphocytes and Ighb
�
 Qa-1a B lymphocytes (while

w ild-type mice are Qa-1b) induced total suppression,
t

�
hereby showing that Qa-1b was not involved in this

regulation (our unpublished results).

Does the inhibition of IgG2
:

a
b

�
 expression depend on

s= uppression or cytotoxicity?

W
7

e sought to establish whether the IgG2
(

a
b

�
-suppres-

sion effectors, namely MHC class I-restricted CD8
T lymphocytes, cytolysed their IgG2a

b
�
+ targets or only

silenced IgG2a
b

�
 production. To do so, we looked at the

t
�
wo principal mechanisms of cell death for T cell-me-
d

�
iated cytotoxicity, i.e., the pore-forming protein (Pfp)-

a
 nd Fas-dependent pathways. Because wild-type Igha	

Tsens failed to engraft in Ighb
�
 Fas–/– congenic reci-

p� ients, we used, for this investigation, the system of
R

B
AG-2–/– mice reconstituted with histocompatible

T lymphocytes from Igha	  wild-type mice (Pfp+/+)
)
 or from

P
C

fp-gene “knocked-out”  mice (Pfp–/– mice) and B lym-
p� hocytes from wild-type mice (Fas+D /+)

)
 or from Lpr/Lpr

(Lpr for lymphoproliferation mutation or Fas–/–)
)
 mice.

W
7

e first showed that B lymphocytes from Fas+/+ or
F

E
as–/– Ighb

�
 mice were subjected to the full and specific

IgG2
(
a
b

�
 suppression in the presence of wild-type Pfp+/+

I
�
gha	  Tsens. Thus, under the conditions of blockage of

o� nly the Fas-dependent cytotoxicity pathway, it was

qF uite possible to induce full suppression against IgG2a
b

�
+

B lymphocytes. Second, we observed that T lympho-
c
 ytes from Pfp+/+ or Pfp–/– Igha	  mice were able to induce
t

�
otal and specific IgG2a

b
�
 suppression in the presence of

B lymphocytes from wild-type Fas+D /+ Ighb
�
 mice. Perti-

nently, we demonstrated that, under simultaneous
b

&
lockage of Pfp- and Fas-dependent cytotoxicity path-

w ays, namely when Pfp–/– Igha	  T lymphocytes were
c
 onfronted with Fas–/– Ighb

�
 B lymphocytes, the IgG2

(
a
b

�
-

-suppression induction was totally inhibited.
Taken together, our results show the existence in

v6 ivo of alternative or concomitant use of Pfp- and Fas-
-mediated cytotoxicity pathways in this T cell-induced
IgG2

(
a
b

�
 suppression21, namely, in T cell-mediated down-

-regulation of Ig production. The involvement of both
P

G
fp- and Fas cell-death factors in this model strongly

suggests that apoptosis constitutes the mechanism of
t

�
his T lymphocyte-mediated IgG2a

b
�
 suppression. As

e� ach of these pathways is sufficient to ensure full sup-
p� ression, this duplication could represent a kind of
safety valve to prevent hypothetical disorders possibly
a
 rising in the absence of such T cell function. Another
o� bvious consequence is that this IgG2

(
a
b

�
 suppression

d
�
oes not imply silencing IgG2a

b
�
 production, but B lym-

p� hocyte destruction by CD8 T lymphocytes via Pfp-
a
 nd/or Fas-dependent cytotoxicity.

T
-

he oncoprotein BCL-2 possesses an intracellular
a
 nti-apoptosis regulatory property. In our system we
investigated the possible impact of constitutive BCL-2
o� verexpression on Fas-mediated B cell death. In RAG-
-2–/– mice reconstituted with Ighb

�
 B lymphocytes trans-

g� enic for human BCL-2 (there is no species barrier for
B

;
CL-2) and Pfp–/– Igha	  T lymphocytes (which can

u� se only the Fas-mediated death pathway), the BCL-2-
-transgenic B lymphocytes were subjected to total
IgG2a

b
�
 suppression. Despite high intracellular expres-

sion of functional transgenic BCL-2 and no up-regula-
t

�
ion of the main BCL-2 inhibitors (BCL-xs, BAX),

I
�
gG2a

b
�
 suppression continued to be observed under con-

d
�
itions in which the Fas-dependent cytotoxicity path-

w ay was exclusively exerted. Consequently, in these
mature B lymphocytes, the negative regulation of
I

�
gG2a

b
�
 production implies a pathway in which the BCL-2

o� ncoprotein has no protective effect against Fas-medi-
a
 ted cytotoxicity22.

The role of CD40 in the suppression of IgG2a
b

�

eH xpression

A
#

ccording to the model of “sequential cellular in-
t

�
eractions”  7, 36, 37, designed to try to explain the CD4-
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-dependent generation of CD8 cytotoxic T lymphocytes
(CTL), the CD4 T lymphocyte help for CD8 T lympho-
c
 yte responses is essentially mediated by the interme-
d

�
iary of antigen-presenting cells (notably dendritic

c
 ells: DC) carrying both MHC class I and class II com-
p� onents able to present antigen-derived peptides to CD8
a
 nd CD4 T lymphocytes, respectively. The engagement
o� f CD40 on DC with its ligand (CD40L) on activated
C

3
D4 T lymphocytes activate the DC, which, in turn,

a
 cquire the capacity to stimulate CD8 CTL directed
a
 gainst the same antigenic determinant. For example,
in the absence of CD4 T lymphocytes, their help can
b

&
e restored by the action of agonistic anti-CD40 Ab.

Since the suppression of IgG2
(

a
b

�
 expression provides

a
  good example of CD4 T lymphocyte-dependent
g� eneration of CD8 CTL, we wondered whether CD4
T lymphocyte-depleted Igha	  mice, subjected to in vivo
a
 gonistic anti-CD40 treatment and, of course, sensitized
a
 gainst Ighb

�
 congenic B lymphocytes, would be able to

recruit regulatory CD8 T lymphocytes with the poten-
t

�
ial to inhibit IgG2a

b
�
 production in Igha	 /b recipients. We

o� bserved that this was indeed the case but, despite their
marked ability to negatively regulate IgG2

(
a
b

�
 production,

t
�
he anti-IgG2a

b
�
 T lymphocytes recruited by CD40

stimulation in CD4 T lymphocyte-depleted Igha	  mice
failed to induce full suppression in all the Igha	 /b reci-
p� ients, as if they were less effective than anti-IgG2a

b
�

C
3

D8 T lymphocytes normally obtained in the presence
o� f CD4 T lymphocytes. This incomplete replacement
o� f CD4 T lymphocyte help by in vivo CD40 triggering
c
 ould reflect the need for a parallel CD40-independent
DC stimulation or direct CD4-CD8 T lymphocyte com-
m� unication for the priming of CD8 CTL23. Neverthe-
less, our data provide evidence that agonistic anti-CD40
t

�
reatment helps recruit CD8 CTL implicated in immune

regulatory functions.
A

#
lternatively, we also investigated the possible role

o� f CD40 on the suppression induction phase. Because
F

E
as is not expressed on the surface of mature B lym-

p� hocytes, its up-regulation, particularly via CD40
stimulation, would constitute a prerequisite for induc-
t

�
ion and maintenance of IgG2a

b
�
 suppression by means

o� f the Fas-mediated pathway. Thus, our model also pro-
v2 ides the opportunity to investigate the possible invol-
v2 ement of CD40 expression on Ighb

�
 B lymphocytes

w hen the Igha	  CD8 T lymphocyte effectors operate ex-
c
 lusively via the Fas pathway. By implanting appropri-
a
 te Igha	  T and Ighb

�
 B lymphocytes into histocompatible

R
B

AG-2–/– recipients, we were able to demonstrate that
Pfp–/– Igha	  T lymphocytes (exclusively operating
t

�
hrough the Fas-mediated cytotoxicity pathway) failed

t
�
o establish full suppression against CD40–/– Ighb

�

B
;

 lymphocytes, while they were able to totally induce
it against CD40+/+ Ighb

�
 B lymphocytes. We can easily

imagine the existence of two kinds of IgG2
(

a
b

�
-producing

B
;

 lymphocytes: 1) a highly represented population,
readily susceptible to Fas-induced suppression, which
u� p-regulates Fas through a CD40-independent mechan-
i

�
sm, and 2) a weakly represented population, chroni-
c
 ally escaping Fas-induced suppression in the absence
o� f CD40-mediated Fas up-regulation. Alternatively,
w hen CD40-dependent Fas up-regulation is impossible,
Fas-mediated cytolysis of B cells recently committed to
IgG2a

b
�
 production would be somewhat delayed before

t
�
hey become vulnerable to CD40-independent Fas-me-
d

�
iated death. During this latent period, minute amounts

o� f IgG2a
b

�
 could be secreted per cell and would lead to

t
�
he presence of weak, but detectable, serum IgG2a

b
�
 23.

W
7

e also observed that transfer of CD40+D /+ or, even
more so, CD40–/– mature peripheral B lymphocytes into
a
 n RAG-2–/– environment led to enhanced switch rec-
o� mbination to IgG2

(
a
b

�
. For CD40–/– B lymphocytes, the

o� rder of magnitude of frequency and absolute number
o� f IgG2a

b
�
-producing cells were increased around 500

t
�
imes when transferred into the RAG-2–/– environ-

ment23.

T
I

he Restriction of this Suppression 
t

J
o the IgG2

K
a
b

5
 Allotype

T
-

he reasons for the suppression-induction restric-
t

�
ion to the IgG2

(
a
b

�
 allotype, and the selection and the

m� aintenance of such T lymphocyte function during
mouse evolution, have not been elucidated. We formu-
lated two hypotheses. A possible explanation could be
a
  regulation remnant existing in Igha	  mice from a time
w hen the two genes, Cγ� 2a

aL  and Cγ� 2a
b

�
, were tandemly

o� rganized, as is still observed in feral mice16, 19, 31, 38.
T

-
his means that if the products of these two genes have

a
  “present”  of allotypes in laboratory mice, they have
a
  “past”  of isotypes in feral mice. Another possibility
c
 ould be a fortuitous cross-reactivity between a still un-
k

M
nown T lymphocyte function and an Ig allotype, i.e.

IgG2
(

a
b

�
.

So far, our investigations in these directions have
b

&
een unsuccessful. For instance, using the technique of

a
 ppropriate allotype, covalently coated autologous
splenocytes or Igha	  mice “knocked-out”  for cell-surface
I

�
gM (which are totally agammaglobulinemic and,

t
�
hereby, possess a T cell compartment not rendered
t

�
olerant to Ig), we were unable to detect, in Igha	  and

Ighb
�
 mice, a T lymphocyte activity other than the one
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d
�
irected against IgG2a

b
�
. We did not succeed in ampli-

fying the anti-IgG2
(
a
b

�
 T lymphocyte activity of Igha	  mice

e� ither with the immunodominant peptides of influenza
v2 irus M protein or HBs protein, respectively showing
5

N
/8 and 4/8 amino acid-sequence homologies with the

a
 ctive core of Cγ� 2a
b

�
-derived peptides, which are effec-

t
�
ive sensitizers in Igha	 , H-2d

,
 and H-2b

�
 mice, respective-

ly. Moreover, despite a 6/8 amino acid-sequence homo-
logy between the core of the Cγ� 2

(
a
b

�
-derived peptide

a
 ctive in Igha	 , H-2d
,
 mice and a peptide from the IA

heavy-chain variable region subgroup (Igh V-IA), we
d

�
id not find any difference in the expression (measured

a
 t the mRNA level) of this Igh V-IA in normal or
sensitized Igha	  H-2d

,
 mice, in normal or IgG2

(
a
b

�
-sup-

p� ressed Ighb
�
 or Igha	 /b, H-2d

,
 mice, or in normal Igha	  or

I
�
ghb

�
, H-2d

,
 mice. Thus, the absence, the presence or the

a
 mplification of anti-IgG2
(

a
b

�
 T lymphocytes has no

repercussion on the expression of this Igh V subgroup.
F

E
inally, this anti-IgG2a

b
�
 T lymphocyte activity was un-

t
�
ouched in germ-free Igha	  mice compared with normal

I
�
gha	  mice, showing that the intestinal flora had no in-

f
�
luence on the emergence of this anti-IgG2a

b
�
 T lympho-

c
 yte activity (our unpublished results).

T
I

olerance

The basis for emergence or tolerization of natural
T lymphocytes specific to IgG2a

b
�
 during the perinatal

pO eriod

T
-

he Igha	  and Ighb
�
 congenic mice we used possess

t
�
he same genetic background and, thus, the same poten-

t
�
ial TCR repertoire. Ighb

�
 mice produce substantial le-

v2 els of IgG2a
b

�
, while their Igha	  congenic counterparts

e� xhibit a constitutive T lymphocyte activity against this
Ig allotype. In Igha	  strains, an IghaL  gene-encoded pep-
t

�
ide-mediated positive selection of lymphocytes en-

d
�
owed with this TCR could occur. Alternatively, in Ighb

�

a
 nd Igha	 /b mice, these lymphocytes could be negatively
selected in order to prevent autoimmunity, by clonal
d

�
eletion or anergy, using elements encoded by Ighb

�

g� enes. To explore these hypotheses, our experimental
strategy was to deprive Igha	 , Igha	 /b and Ighb

�
 mice of

t
�
heir B lymphocyte compartment during the perinatal
p� eriod, when immune competence is thought to be es-
t

�
ablished. At adulthood, after the complete reconstitu-

t
�
ion of their B lymphocyte compartment, the anti-IgG2a

b
�

T lymphocyte activity was investigated. We observed
t

�
hat Tsens from such treated Igha	  mice totally preserved

t
�
heir anti-IgG2

(
a
b

�
 T lymphocyte activity, which excluded

t
�
he hypothesis of an Igha	 -dependent positive selection

o� f T lymphocytes bearing anti-IgG2
(

a
b

�
 TCR. In contrast,

w e found that B lymphocyte-deprived Ighb
�
 and Igha	 /b

m� ice could be progressively and “spontaneously”  sub-
j

P
ected to a total, chronic (but experimentally reversible)

a
 nd transferable T lymphocyte-mediated IgG2a
b

�
 sup-

p� ression2
(

6.
As a corollary, we showed that the presence of

IgG2
(

a
b

�
 during the perinatal period was responsible for

t
�
he induction of anti-IgG2a

b
�
 T cell tolerization. Indeed,

p� erinatal exposure of Igha	  mice to soluble IgG2
(

a
b

�
 re-

sulted in the loss of the capacity of their T splenocytes
t

�
o induce the suppression in Igha	 /b recipients. However,

t
�
his full T lymphocyte tolerance was not definitively

a
 cquired, as it had reversed spontaneously when inves-
t

�
igated 3 to 6 months after the end of tolerogen treat-

ment, even when this treatment had been prolonged
from the perinatal period to 9 months of age.

O
1

ur data demonstrated that the genetic elements in-
v2 olved in the construction of anti-IgG2

(
a
b

�
 TCR were

a
 vailable in Igha	  and Ighb
�
 mice of different genetic

b
&
ackgrounds (and probably in all mouse strains), but

t
�
hat somatic constraints, namely the perinatal presence

o� f IgG2a
b

�
, effectively prevented their acquisition. Con-

v2 ersely, the absence of IgG2a
b

�
 during the perinatal peri-

o� d led to the spontaneous emergence of anti-IgG2
(

a
b

�

T
-

 lymphocytes. This scheme now reflects our general
u� nderstanding of this IgG2

(
a
b

�
 suppression2

(
9.

W
7

e established that tolerance was not reversed in
p� eripheral mature Igha	  T lymphocytes, parked in vivo
f

�
or up to 20 weeks in histocompatible Igha	  IgG2a

b
�
-free

nQ u/nu mice. In addition, the spontaneous breakdown of
t

�
his tolerance was effectively prevented when d

9
e novo

T lymphocyte maturation was impeded by thymectomy
a
 t the end of tolerogen administration. Therefore, the
mechanisms (induction and reversion) of this tolerance
i

�
nvolve the physical elimination or the irreversible in-

a
 ctivation of the natural anti-IgG2
(
a
b

�
 T lymphocyte

c
 lones and their resurgence, from bone-marrow precur-
sors, as long as the thymus remains functional, but not
t

�
he establishment of a reversible functional unrespon-

siveness (anergy) or the active cell-mediated inhibition
o� f anti-IgG2a

b
�
 T clones2

(
8. The high frequency of anti-

-IgG2
(

a
b

�
 T cell resurgence as well as the expression of

t
�
he basic anti-IgG2a

b
�
 T lymphocyte activity in normal

Igha	  mice could suggest the existence of a high rate of
V

R
αJ

S
α/

T
VβDJβ-TCR gene rearrangement for this speci-

ficity. We also observed that it was not easier to lead
a
 nti-IgG2a

b
�
 T lymphocytes to a tolerance state in adult

Igha	  mice thymectomized before tolerogen administra-
t

�
ion than in naive adult Igha	  mice. It seems that, once

in the periphery, anti-IgG2
(
a
b

�
 T lymphocytes become re-
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sistant to tolerance establishment (our unpublished re-
sults).

The thymic molecular bases of the anti-IgG2a
b

�

nQ atural T lymphocyte tolerance

W
7

e attempted to elucidate, in Ighb
�
 mice, whether the

natural T lymphocyte unresponsiveness to IgG2
(
a
b

�
 in-

v2 olved a central tolerance mechanism, and to identify
t

�
he type of tolerogen implicated in this tolerogenesis.

W
7

e first observed that Cγ� 2
:

a
b

�
 gene transcription began

in Ighb
�
 thymuses by 3 to 4 days after birth and re-

m� ained easily detectable thereafter. To examine the
functional capacity of Ighb

�
 thymuses to induce T lym-

p� hocyte tolerance to IgG2a
b

�
, based on the kinetics of

t
�
hymic Cγ� 2a

b
�
-mRNA expression, we transplanted thy-

muses from Ighb
�
 or Igha	  control donors of diverse ages

into T lymphocyte-deficient, Igha	  Cγ� 2a
b

�
-free nQ u/nu re-

c
 ipients. After reconstitution of their T lymphocyte
c
 ompartment, their splenocytes were transferred into
h

?
istocompatible Igha	 /b newborns in which donor T lym-

p� hocyte tolerance was reflected by the incapacity to
induce full, chronic and specific IgG2

(
a
b

�
 suppression.

In this experimental context, thymuses still not ex-
p� ressing IgG2a

b
�
 or already expressing IgG2a

b
�
 from, re-

spectively, <1-day or 1-week-old Ighb
�
 newborns were

u� nable to induce tolerance to IgG2a
b

�
, but allowed the

e� mergence of nQ u/nu-derived anti-IgG2
(
a
b

�
 T lymphocytes.

However, thymuses from 16-week-old Ighb
�
 adults ex-

hibited marked capacity to induce full and long-lasting
T

-
 lymphocyte tolerance to IgG2a

b
�
.

Taken together, these experiments3
%
0 demonstrated

t
�
hat: 1) the natural T lymphocyte tolerance to IgG2a

b
�

w as mediated by a thymic mechanism; 2) the presence
o� f circulating IgG2

(
a
b

�
 was not essential for the natural

t
�
olerance induction of IgG2a

b
�
-specific T lymphocytes;

3) the capacity to induce T lymphocyte tolerance to
IgG2

(
a
b

�
 was gradually acquired by Ighb

�
 thymuses and

t
�
hereby did not constitute a property of the genetically
Ighb

�
 thymic epithelium; and 4) the establishment of this

c
 entral T lymphocyte tolerance was most probably due
t

�
o potentially IgG2a

b
�
-producing/presenting cells, pro-

g� ressively colonizing the developing thymus (the fre-
qF uency and self-renewal potential of these produc-
i

�
ng/presenting cells in adult Ighb

�
 thymuses were

sufficiently high to support their survival until trans-
p� lant vascularization, which was probably not the case
for newborn Ighb

�
 thymuses). We further showed that:

5
N
) in the Igha	  nQ u/nu recipients of adult Ighb

�
 thymuses,

33 to 65% of T splenocytes were of Igha	  nQ u/nu-reci-
p� ient origin, but these peripheral Igha	  T lymphocytes
w ere obviously rendered tolerant to IgG2

(
a
b

�
 during their

d
�
ifferentiation through the adult Ighb

�
 thymuses (it is

relevant to note that we were unable to detect, in Igha	

nQ u/nu recipients of adult Ighb
�
 thymuses, peripheral ex-

p� ression of Cγ� 2a
b

�
-mRNA or IgG2a

b
�
; this observation ar-

g� ues against the existence, in these hosts, of a periphe-
ral mechanism of tolerance induction to IgG2a

b
�
)

)
;

6
U
) finally, significantly decreased postnatal Cγ� 2a

b
�
-gene

t
�
ranscription correlated with the emergence of anti-IgG2

(
a
b

�

T lymphocytes in Igha	 /b F1 (treated during the postnatal
p� eriod with anti-mouse IgM Ab and transitorily de-
p� rived of their B lymphocyte compartment), which
subjected these mice to autoimmune IgG2a

b
�
-allotype

suppression.
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