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Abstract

Myasthenia gravis (MG) is an autoimmune disease target-
ing the skeletal muscle acetylcholine receptor (AChR). Al-
though the autoantigen is present in the thymus, it is not
tolerated in MG patients. In addition, the nature of the cell
bearing the autoantigen is controversial. To approach these
questions, we used two lineages of transgenic mice in which
the B-galactosidase (3-gal) gene is under the control of a
842-bp (Tgl) or a 3300-bp promoter fragment (Tg2) of the
chick muscle o subunit AChR gene. In addition to expres-
sion in muscle cells, thymic expression was observed in both
mouse lines (mainly in myoid cells in Tgl and myoid cells
and epithelial cells in Tg2). After challenge with 3-gal, Tgl
mice produced Th2-dependent anti—3-gal antibodies, while
Tg2 mice were almost unresponsive. By contrast, in a prolif-
eration assay both Tg lines were unresponsive to (3-gal. Cells
from Tgl mice produce Th2-dependent cytokine whereas
cells from Tg2 mice were nonproducing in response to 3-gal.
These data indicate that the level of expression in Tgl mice
could be sufficient to induce tolerance of Th1 cells but not of
Th2 cells, while both populations are tolerated in Tg2 mice.
These findings are compatible with the hypothesis that
AChR expression is not sufficiently abundant in MG thy-
mus to induce a full tolerance. (J. Clin. Invest. 1998. 101:
2340-2350.) Key words: thymus  myoid cells « epithelial
cells « Th1/Th2 . antibody response

Introduction

Myasthenia gravis (MG)! is an human neuromuscular disorder
characterized by abnormal fatigability, which is partly reversed
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by antiacetylcholinesterase drugs. It is widely accepted that the
neuromuscular abnormalities in MG are largely due to anti-
bodies directed against the muscle acetylcholine receptor
(AChR), which are found in the blood of 85% of MG patients
(1). Most of these antibodies react with the « subunit of
AChR, in its main immunogenic region (2, 3). These autoanti-
bodies are detrimental for AChR function through several
mechanisms; in particular, they reduce the number of AChR
at the neuromuscular junction, leading to impaired neuromus-
cular transmission (4, 5).

The thymus plays a central and probably a primary role in
MG, since thymectomy is an effective therapy for many pa-
tients (6) and since histological abnormalities (hyperplasia or
thymoma) are found in 70-80% of patients (7). Several obser-
vations and experimental data point to a relationship between
the thymus and anti-AChR antibodies. First, there is a correla-
tion between the antibody titer and thymus pathology (8). Sec-
ond, B cells purified from hyperplastic thymus tissue spontane-
ously produce antibodies against AChR in vitro (9). Finally,
after thymectomy the anti-AChR antibody titer falls in most
patients (10). All these arguments point to an autoimmune re-
sponse against AChR in the thymus. The presence of the au-
toantigen in the thymus has been suggested by several studies
but its low expression has made it difficult to detect, except in
very rare myoid cells (11). Other cell types have also been re-
ported to contain antigens that cross-react with antibodies to
AChR (12) namely epithelial cells from thymomas (13). By
molecular biology approaches, murine epithelial cell lines
from the thymic cortex and medulla, as well as human thymic
epithelial cells (TEC) in culture, were shown to express the a
subunit AChR mRNA (14, 15).

To determine whether the AChR, or cross-reactive anti-
gens, are expressed in the thymus, we studied mice transgenic
for the o subunit gene promoter linked to the 3-galactosidase
(B-gal) (LacZ reporter) gene, and investigated to what extent
the o subunit gene promoter enhanced LacZ gene expression.
We used two models of transgenic mice expressing the
nlsLacZ gene (with nuclear localization sequence) under the
control of @ AChR promoter sequences. The first, Tgl, was
constructed with an 842-bp fragment and the second, Tg2, with
a 3300-bp fragment of the o« AChR promoter. In Tgl trans-
genic mice (RaNLZ2) B-gal expression is primarily observed
in developing skeletal muscle in embryonic and newborn mice
(16) and at a high level in large myoid cells of the thymus of fe-
tal and newborn mice. In the thymus of Tg2 mice, 3-gal was
observed in large myoid dispersed cells (as in Tgl mice) and
also in epithelial cells, especially in cortical areas. By analyzing
the T and B cell responses against B-gal, we found that the dif-
ferent pattern of LacZ gene expression in the thymus of the
two mouse lines conferred a distinct state of tolerance towards
the transgenic protein as a self-antigen.



Methods

Generation of transgenic mice

The construct of the «842NLZ2 transgene is described by Klarsfeld et
al. (16). For the construction of Tg2 mice, an Xbal-Sall restriction
fragment containing the « AChR3.3 subunit promoter sequence was
excised from pa ACh3.3CAT (17), and inserted into Xbal-Sall sites of
pKSnIsLACZ (16). The NotI-Kpnl restriction fragment was excised
from pa3.3nlsSLACZ, obtained and purified by using the Gene-Clean
II system (Bio 101, La Jolla, CA). The DNA suspension, diluted to
~ 3 pg/ml in TE buffer (Tris 10 mM, EDTA 0.5 mM), was injected
into the pronuclei of one-cell embryos as described previously (18). The
recipient mouse strain was C57B16 X SJL/J F1. Two B-gal-expressing
males were obtained, and two independent lines of transgenic mice
(03.3NLZ4-14 and «3.3NLZ4-7) have been established by successive
backcrosses with C57B16 animals.

Preparation of probes

LacZ DNA probes. The Aatll restriction fragment of LacZ gene
DNA was used to hybridize Southern blot filters or RNA dot-blot fil-
ters. DNA probes were labeled by the Multiprime method (Amer-
sham Corp., Arlington Heights, IL) with [**P]dCTP.

a RNA probe. The cDNA of the mouse AChR « subunit gene (a
gift from J. Merlie, St. Louis, France) was used to create antisense
riboprobes with [*2PJUTP as the incorporated radionucleotide (Promega
Corp., Madison, WI). The « riboprobe was hybridized to RNA dot-
blot filters (**P probe).

Oligonucleotide probes. 3’ tailing oligoprobes were labeled with
[?*P]dATP. A 21-mer antisense oligonucleotide of the «a subunit gene
was chosen from the 4th and 5th exons (-5'GTCTGCGTTGTT-
ATAGAGAAC). The antisense LacZ oligo was -5'GATGGG-
CGCATCGTAACCGTGC. A sense oligoprobe was chosen from
LacZ sequence (-5'GTCGTTTTACAACGTCGTGACT). The LacZ
gene oligonucleotides were also used as primers to detect transgenic
mice by PCR (not shown).

Isolation of RNA

Thymuses of embryonic and newborn mice were quickly dissected
and frozen in liquid nitrogen, then stored at —80°C or used immedi-
ately. Total RNA was prepared with the RNAZOL™ system (Bio-
probe, Bobigny, France).

RNA dot-blot experiments

RNA was analyzed by the dot-blot method using a manifold filtration
system with Hybond-N filters. After ultraviolet fixation of RNA on
the membranes for 5 min, hybridization was done with the ?P-a ribo-
probe or ¥P-lacZ probe in buffer containing 50% formamide, 4X
SSC, 1X Denhardt’s, 10% dextran sulfate, 0.5% SDS, and 20 wg/ml
salmon sperm DNA. After overnight incubation at 50°C the mem-
branes were washed in 2X SSC at 60°C for 30 min, then in 1X SSC,
0.5% SDS, and in 0.1 X SSC, 0.5% SDS for various times. Filters were
then autoradiographed with an intensifying screen at —80°C.

Preparation of thymus

Thymuses were quickly dissected from embryonic and newborn mice
and fixed in freshly prepared 4% paraformaldehyde in PBS, pH 7.5,
for 10-15 min at room temperature. Thymuses were then used imme-
diately for the detection of B-gal activity or were stored in toto or
as 10-14-pm cryosections on Superfrost* slides (Poly-Labo Block,
Strasbourg, France) at —80°C.

Detection of B-gal activity

Thymuses were incubated for 3—4 h at 37°C in a solution containing
40% X-GAL (5-bromo-4-chloro-3-indol-B-D-galactosidase), 5 mM
K Fe(CN)y, 5 mM K;3Fe(CN);, and 2 mM MgCl, in PBS; the blue
color often intensified after longer incubation (overnight at room
temperature).

Quantification of B-gal protein

The B-gal ELISA kit (Boehringer Mannheim, Mannheim, Germany)
was used to quantify B-gal protein in the organs of the transgenic
mice. Briefly, thymus, muscle, spleen, and lymph nodes were dis-
sected on postnatal days 3-6 (PN3-6) and at 8 wk. Tissue extracts
were prepared in lysing buffer. The protein concentration was deter-
mined according to Bradford (19) and adjusted to 250 pg/ml. B-gal
was then measured with an ELISA method according to the manu-
facturer’s recommendations. The detection limit was 40 pg/ml.

In situ hybridization with ¥*P oligoprobe; analysis by micro- or
radioimager high resolution (RIHR)

Thymus sections were postfixed in 4% PFA in PBS for 10 min. The
hybridization buffer was freshly prepared and contained 50% form-
amide, 1X Denhardt’s, 4X SSC, 100 mM DTT, and 10% dextran sul-
fate, with yeast tRNA, polyA, and salmon sperm DNA at 250 pg/ml.
Sections were incubated with a suspension of *P oligoprobe in hy-
bridization buffer (0.2 pmol of probe in 50 ml of buffer per section) at
40°C overnight in a humid atmosphere. Sections were then washed
twice in 1X SSC, 100 mM DTT at 55°C; twice in 0.5X SSC, 100 mM
DTT, and once in 0.1X SSC, 100 mM DTT at room temperature (re-
peated as necessary). Finally, sections were rinsed in water and dehy-
drated in 96% ethanol. Radioactivity in thymus sections was mea-
sured using a B-imaging apparatus, followed by quantification and
location with an RIHR device adapted from Dr. Charpak’s first appa-
ratus (20, 21).

Immunofluorescence

Unfixed 4-pm-thick frozen thymic sections were incubated with rabbit
polyclonal anti-B-gal antibody (Organon Teknika-Cappel, Durham,
NC) and mouse monoclonal antikeratin (DAKO Corp., Carpinteria,
CA) or antidesmin (Organon Teknika-Cappel) antibodies for 60 min,
followed by three washes in PBS. A mixture of two IgG1 antikeratin
antibodies were used (MNF116 and LP34 clones; DAKO Corp.).
MNF116 monoclonal antibody reacts with most TEC, particularly in
the cortical region, whereas LP34 reacts with epithelial cells in the
medullary region. The sections were then incubated with GAR-
TRITC (goat anti-mouse immunoglobulin bound to tetramethyl-
rhodamine isothiocyanate) (Immunotech, Marseille, France) and
RAM IgGl1 FITC (rat anti-mouse immunoglobulin bound to fluores-
cein isothiocyanate) (Serotec Ltd., Kidlington, Oxford, United King-
dom) at optimal concentrations for 30 min, followed by three washes
in PBS, then mounted under coverslips with glycerol/PBS. Control
sections were incubated with the fluorescent conjugates.

Antibody responses

Mice were immunized intraperitoneally with 50 g of B-gal (Boeh-
ringer Mannheim) or 50 pg of Torpedo AChR (a gift from Dr. J.L.
Eisele, Pater Institute) in CFA. Blood was collected from the orbital
sinus on days 0, 10, 20, 30, 36, 48, 65, 90, and 120. To obtain a dose—
response curve, mice were immunized intraperitoneally with 20, 50, or
100 pg/ml B-gal in CFA and blood was collected on days 0, 20, 36, 43,
64, and 82. Three or four transgenic and control mice were tested at
each time point. Sera were tested for anti-B-gal antibodies in a stan-
dard ELISA method. Briefly, plates were coated (5 wg/well) with
B-gal (Boehringer Mannheim) and blocked with 2% BSA. Serial di-
lutions of sera were tested. Plates were developed with goat anti—
mouse IgG-horseradish peroxidase (Jackson ImmunoResearch Labs,
Inc., West Grove, PA) or with rat anti-IgG1 (Serotec Ltd.) or anti-
IgG2a (Serotec Ltd.) monoclonal antibodies as indicated in the text,
and o-phenyl-diamine (Sigma Chemical Co., St. Louis, MO). The anti—
B-gal antibody titer was estimated from a standard curve using serial
dilutions of monoclonal anti-B-gal antibody (Boehringer Mannheim).

Anti-AChR titers in the serum of immunized mice were deter-
mined by the immunoprecipitation method using purified Torpedo
ACHR coupled to ' a-bungarotoxin (22).
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Proliferation assay

Mice were immunized subcutaneously with 50 pg of B-gal in CFA. 8 d
later lymph node cells were cultured in triplicate in 96-well flat-bot-
tomed plates in RPMI 1640 medium (GIBCO BRL, Gaithersburg,
MD) supplemented with 10% FCS, 100 IU penicillin, 100 pg/ml
streptomycin, 2 mM L-glutamine, 25 mM Hepes, and 5 X 107> M
B-mercaptoethanol. Wells containing 2 X 103 cells and serial dilutions
of B-gal or medium alone were incubated at 37°C for 5 d and pulsed
with 2 pnCi of [*H]thymidine for 20 h. Plates were harvested and
counted on a B scintillation counter. To determine whether IL-2
could reverse B-gal unresponsiveness, 5 U of rIL-2 (Boehringer
Mannheim) was added per well in the 3-gal proliferation assay.

A Tgl

E17 E18

E19

Cytokine ELISA

Cytokines (IL-4 and IFN-y) were detected at 72 h in culture superna-
tants by ELISA. Commercially available kits were used (Genzyme,
Cambridge, MA).

Results

Characterization of the transgenic mouse lineages

Several lineages of transgenic mice were obtained with DNA
constructs containing the nlsLacZ gene under the control of
the chicken a AChR subunit promoter fragments. Tgl

PN3

B Tg2

Figure 1. Thymic B-gal expres-
sion during development of Tgl
(A) and Tg2 (B) mice. (A) In
Tgl mice, B-gal expression

PN4 thick section

PN4 thin section

(blue) is found in scattered thy-
mic cells from E17 and persists
until PN2—-4. The E17, E18, and
E19 thymuses are represented in

toto (x10). The scattered blue
cells are visible on E19 in thick
sections (X60), whereas only a
few positive cells persist in thin
sections on PN4 (X100 and
X600). (B) In Tg2 mice, blue

' staining is found in cortical areas
on PN3-5 (thick sections, X10
and X80). A thin section is
shown at PN4 and shows that
staining in myoid cells is higher
than in the cortical cells (X120).

2342  Salmon et al.



(RaNLZ2) lines bearing a construct with a short promoter
(842 bp) were generated first. As described by Klarsfeld et al.
(16) and Salmon and Changeux (23), the a842 promoter
sequence confers a spatiotemporal -gal expression which
closely parallels that of the endogenous embryonic gene.
Other lines were established with a transgene containing a
longer promoter sequence of the o subunit gene (3300 bp) de-
rived from the chicken a subunit gene cloned by Klarsfeld et al.

(24). Two founder mice, selected by DNA PCR and p-gal ex-
pression in tail muscle at birth, showed stable integration of
the a3.3nlsLacZ transgene and are referred to as Tg2 mice.
The copy number of the transgene was roughly the same
(about three copies) in a842NLZ2-8 (Tgl) and a3.3NLZ4-14
(Tg2) mice. B-gal was mainly expressed in muscle and ap-
peared similar in embryonic muscles in the Tg2 and Tg1 lines.
Muscle staining intensity fell after birth, but B-gal expression,

PNI2

PN4

sens probe

Lac Z probe

Lac Z probe

sens probe

PNI12

Tgl
Tg2
PN4 o AChR probe
o AChR probe sens probe
Tgl
Tg2

O it 4 —
1 mm
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sens probe

Figure 2. Microimaging of B-gal
and o« AChR mRNA in thymic
sections from Tgl and Tg2 mice.
(A) The level of LacZ mRNA is
higher in Tg2 mice than in Tgl
mice on PN4 and 12. (B) a
AChR mRNA expression was
similar in Tgl and Tg2 mice.
Controls with sense probes were
negative.

2343



analyzed in leg muscles and diaphragm, remained positive un-
til adulthood in Tg2, but not in Tgl mice. Stronger transient
synaptic expression was noted in several fast muscles in both
Tg2 and Tgl mice (23), and was also clearly observed (not
shown) in a slow muscle (soleus) of Tg2 mice. Altogether,
these observations suggest that the distribution of B-gal ex-
pression in the muscle was closer to endogenous o expression
in Tg2 than in Tgl mice.

Kinetics of thymic B-gal expression

In Tgl mice B-gal expression was first detected in a few thymic
cells by embryonic day 17 (E17). The number of stained cells
increased on E18 and E19, then fell after birth and disap-
peared by PN3—4. These cells were large, scattered throughout
the thymus, and strongly expressed the 3-gal reporter gene
(Fig. 1 A). A faint diffuse staining was also observed through-
out the different thymus regions (Fig. 1 A). Although the LacZ
gene was strongly expressed in single thymic cells of embry-
onic and newborn mice of both transgenic lines, the transgene
was also expressed in cortical areas soon after birth in Tg2
mice (Fig. 1 B). Many cortical cells expressed -gal, but more
weakly than in single large cells, as shown in thin sections of
the thymus (Fig. 1 B). This B-gal expression persisted after
birth, sometimes until adulthood.

In parallel, the expression of the endogenous « subunit
gene was explored in thymic sections by in situ hybridization
with 3P oligonucleotide probes. The sections were analyzed
and radioactivity was quantified using a microimager. During
the first days after birth, o subunit mRNA was observed
throughout the thymus at about the same level in Tgl and Tg2
mice (Figs. 2 and 3). LacZ mRNA expression was also ana-
lyzed in the two lineages, using the same technology. As shown
in Figs. 2 and 3, LacZ mRNA levels were higher in Tg2 than in
Tgl mice. In addition, the LacZ mRNA level fell after PN4, as
did o subunit mRNA (Fig. 3). Dot-blot analysis of thymic
mRNA confirmed that from the day of birth, LacZ gene ex-
pression was much lower in Tgl than in Tg2 mice (Fig. 4). Fi-
nally, the kinetics of LacZ and o subunit AChR gene expres-
sion ran parallel in Tg2 mice until adult development,

Lac-Z probe

E18 PN1 PN4
Tgl ® »
Tg2 | » ® e .

Figure 4. Dot-blot analysis of Lac-Z mRNA. Three consecutive dilu-
tions (1, 0.5, and 0.25 pg of RNA) were used from the thymus of Tgl
and Tg2 mice at E18, PN1, and PN4. Difference of expression is not
visible at day 18, while at PN1 and PN4, a greater expression of Lac-Z
is observed in the Tg2 line compared with the Tg1 line.

suggesting that B-gal expression in the thymus was closer to
endogenous a expression in Tg2 than in Tgl mice (Fig. 3).

Characterization of B-gal-expressing cells

In Tgl mice, B-gal was expressed in a few cells scattered
throughout the thymic sections (Fig. 5). B-gal-positive cells
were labeled with an antidesmin antibody, demonstrating their
myoid nature (Fig. 5). Controls (fluorescent antibodies) were
consistently negative (Fig. 5). In Tg2 mice, in addition to my-
oid cells numerous cells were stained which were located
mainly in the cortical area. To explore the nature of these
B-gal-positive cells we used a mixture of two antikeratin anti-
bodies to identify epithelial cells (Fig. 5). At a higher magnifi-
cation, in the cortex double staining with the antikeratin anti-
bodies showed that most B-gal-positive cells displayed the
epithelial phenotype (Fig. 5). In the medulla, we could demon-
strate that some epithelial cells express the B-gal antigen (Fig.
5). Conjugate controls were consistently negative (not shown).

Thus, both the thymic cortex and medulla of Tg2 mice ex-
pressed B-gal in immunofluorescence and in situ hybridization
experiments. However, staining was more limited in the me-
dulla than in the cortex. Since the staining by the X-gal reac-
tion was not visible in the medulla (Fig. 1 B), it is possible that
the X-gal reaction had a lower sensitivity compared with the
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B Tgl
Y Tg2

Figure 3. Quantitative analysis of B-gal
and « AChR mRNA from thymic tissue.
The results are expressed as the mean of
two to six values (counts/mm?) and the bar
represents SEM. The levels of LacZ and o
AChR mRNA in Tg2 mice are maximal be-
tween days 1 and 4, and then fall in parallel.
In Tgl mice, the LacZ mRNA level is
much lower than in Tg2 mice. Radioactiv-
ity in control Lac-Z sense probe sections
was for Tgl 475, 410, and 380 counts/mm?
for days 1, 4, and 12, respectively, and for
Tg2, 468, 488, 352, and 362 counts/mm? for
days 1, 4, 12, and 21, respectively.




Tgl mouse

anti-Bgal

anti-Pgal anti-desmin

GAR -TRITC RAM -FITC

Tg2 mouse

anti-Bgal

medulla

anti-Pgal anti-Keratin

cortex

Figure 5. Characterization of B-gal-expressing cells in Tgl and Tg2 mice. In Tgl mice B-gal-expressing cells are essentially found in the medulla
(X140). B-gal-expressing cells were double-stained by antidesmin antibodies (X200). In Tg2 mice, B-gal-expressing cells are much more numer-
ous (X120). At a higher magnification, in the cortex, many epithelial cells are stained with anti-B-gal antibody, in the medulla, some B-gal-posi-
tive cells are epithelial cells (X180). Controls (fluorescent antibodies) were consistently negative (X200).

immunofluorescence staining or had a high threshold, so that
the faint cells were not visible.

Quantification of B-gal protein in the thymus of Tgl and

Tg2 mice

As thymic differentiation is a dynamic process and as selection
is probably the result of numerous cell interactions, we postu-
lated that the total amount of B-gal expression was important
for tolerance induction. To measure total 3-gal protein expres-
sion in the thymus and peripheral lymphoid organs of Tgl and
Tg2 mice we extracted total protein and applied a B-gal
ELISA method. As shown in Table I, we confirmed that only
the thymus and muscle expressed B-gal. Secondary lymphoid
organs (lymph nodes and spleen) and serum were consistently
negative. Thymic expression was about 20 times lower in Tgl
than in Tg2 mice. Expression was much higher in neonates
than in adult mice, confirming mRNA studies. At 8 wk B-gal
could not be detected in the thymus of Tgl mice, but was still
faintly detected in Tg2 mice.

Anti—f3-gal antibody response in Tg mice
KINETICS OF THE ANTIBODY RESPONSE

The anti—B-gal antibody response was investigated after im-
munizing Tgl and Tg2 mice with 3-gal, by comparison with

a Cholinergic Receptor Promoter Confers Thymic Expression in Transgenic Mice

nontransgenic control mice. Serum was collected from the day
of immunization until 120 d after immunization (nine different
time points). The ability to produce specific anti-3-gal anti-
bodies was assessed by an ELISA method (Fig. 6 A). Tgl mice
showed a significant specific response to B-gal, which was sig-
nificantly weaker than that of nontransgenic control mice (P <
0.0001, ANOVA). By contrast, the response was clearly im-
paired in Tg2 mice (P < 0.0001 compared with Tgl and non-
transgenic control mice, ANOVA). The mean maximal re-
sponses were 874, 35, and 1187 pg/ml in Tgl, Tg2, and control
mice, respectively. In Tg2 mice the mean anti-3-gal antibody
titer was therefore 34 times lower than in the control group.
Torpedo AChR was used as a control antigen, and anti-AChR
antibodies were analyzed by radioimmunoassay. The three
mouse lines responded very similarly, indicating that these
mouse lines present the same ability to produce antibodies
upon immunization (Fig. 6 B).

DOSE—RESPONSE ANALYSIS

In another experiment Tgl, Tg2, and control mice were immu-
nized with various amounts of B-gal (20-100 pg/ml) and the
specific anti-f3-gal antibody titers were measured by ELISA
on days 20, 43, 64, and 82. Similar results were obtained at the
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Table I. Concentration of B-gal in the Different Organs of Tgl
and Tg2 Mice Measured by ELISA

B-gal (pg/ml)
Tgl mice Tg2 mice

3-6d 8 wk 3-6d 8 wk

Thymus 56 <40 975 90

Spleen <40 <40 <40 <40
Lymph nodes

paraortic nd <40 nd <40

mesenteric <40 <40 <40 <40

inguinal nd <40 nd <40

Serum <40 <40 <40 <40

Muscle 1505 <40 1103 162

Only the muscle and the thymus contain B-gal at significant levels in
both Tgl and Tg2 mice at 3-6 d after birth. In 8-wk-old mice, B-gal is de-
tectable only in Tg2 mice.

different time points; and those on day 64 are shown in Fig. 7.
Whatever the immunizing dose, the anti-3-gal antibody re-
sponse was much weaker in Tg2 mice than in Tgl mice (P <
0.0001, ANOVA test) and in control mice (P < 0.0001,
ANOVA). Although the absolute anti{3-gal antibody titer
was lower in this experiment than in that shown in Fig. 6 A, the
percentage response of Tgl mice was very similar in the two
experiments (62 and 74%, respectively, for the same B-gal
dose). Whatever the immunizing dose used, the percentage re-
sponse in Tg2 mice was below 5% of control values.

ANALYSIS OF THI/TH2 RESPONSES IN TGI AND TG2 MICE

Isotypes of anti—3-gal antibodies. To determine whether the
reduced Ig response was Th1- or Th2-dependent, we analyzed
the isotypes of the B-gal antibodies by using rat anti-IgG1 or
anti-IgG2a in the development step of the ELISA. Fig. 8 A
clearly shows that the anti{3-gal response was essentially Th2-
dependent. Indeed, the level of the IgGG2a isotype was very low
in both the controls and the transgenic mice. The Th2-depen-
dent IgG1 isotype was significantly lower in Tgl and Tg2 mice
than in controls (~ 63% and < 3%, respectively).

Cytokine profile. To further explore the Th1/Th2 response
in the transgenic mice, Tgl, Tg2, and control mice were immu-
nized with B-gal. 8 d later, lymph node cells were cultured in
the presence of B-gal and supernatants were titrated for their
contents in IL-4 and IFN-y (Fig. 8 B). Compared with cells
from nontransgenic control mice, cells from Tgl mice pro-
duced comparable levels of IL-4, but much lower levels of
IFN-vy, whereas cells from Tg2 mice produced low levels of
IFN-y and undetectable levels of IL-4 (Fig. 8 B). The calcu-
lated ratio of IL-4 to IFN-y was 0.5, 2.6, and O for control, Tgl,
and Tg2 mice, respectively, underlining an imbalance in favor
of Th2 cell type in Tgl mice.

Anti—B-gal proliferation assay and effect of IL-2

The ability of T cells from immunized mice to proliferate in re-
sponse to B-gal is shown in Fig. 9 A. Cultured lymph node cells
from Tgl and Tg2 mice showed lower 3-gal-dependent prolif-
eration than controls (P < 0.0001 for both transgenic lines,
ANOVA). The results obtained in Tgl mice suggested that the
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B-gal proliferative response was much more sensitive to toler-
ance induction than was anti—3-gal antibody production, as
the antibody response was reduced by ~ 30% relative to the
mean control value, while antigen-specific proliferation fell by
~90%.

Finally, lymph node cells from Tgl and Tg2 mice were
stimulated in vitro with B-gal and exogenous rIL-2 (25 U/ml).
As shown in Fig. 9 B, IL-2 restored the proliferative response
of Tgl and Tg2 lymph node cells to 3-gal, suggesting that toler-
ance in these mice might be induced by a mechanism of an-
ergy. However, the possibility that tolerance is also induced by
clonal deletion of specific Th cells cannot be ruled out.

Discussion

The a AChR promoter confers intrathymic expression in trans-
genic mice. Contradictory data have been published on AChR
expression in the thymus. Since the discovery of a-bungaro-
toxin binding sites in the thymus (25), there has been a vigor-
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Figure 6. Kinetics of the primary antibody response in Tgl and Tg2
mice. Each point is the mean for three to four mice. The bar repre-
sents SEM. The B-gal antibody response of Tgl mice was slightly but
significantly weaker than that of control mice, while the response of
Tg2 mice was almost undetectable (A). The primary response to Tor-
pedo AChR, used as a control antigen, was similar in the two trans-
genic mice and control mice (B).
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Figure 7. Dose—effect relation of the primary anti—f3-gal response in
Tgl and Tg2 mice on day 64. Each point is the mean for four mice.
The bar represents SEM. The anti—B-gal response of Tgl mice was
slightly lower than that of control mice, while the response of Tg2
mice was almost undetectable, whatever the dose of 3-gal injected.

ous debate as to whether or not the thymus expresses an au-
thentic AChR or rather an AChR-like protein, and where
such a protein might be located. Myoid cells and epithelial
cells have been reported to express AChR-like molecules (12—
15, 25-28). For example, Marx et al. observed immunoreactiv-
ity with a monoclonal antibody directed against the cytoplas-
mic portion of the AChR both in myasthenic thymomas and
in cortical epithelial cell lines derived from them (28); it was
subsequently shown to be due to a non-AChR cross-reactive
153-kD protein (29). Expression of AChR genes in the thymus
has been investigated by means of molecular biology. Geuder
et al. did not detect AChR mRNA by Northern blot analysis
(30), but Wheatley et al., using RT-PCR, detected the AChR«
subunit mRNA in SV40-immortalized murine cortical and
medullar epithelial cell lines (14). By the same method, Ka-
minski et al. (31) demonstrated the presence of a and other
subunits of the muscle AChR in whole thymus preparations.
More recently, the different subunits of the adult AChR were
detected at the mRNA level in human TEC (15). Using trans-
genic mice expressing the LacZ gene under the control of the
o AChR promoter, we obtained strong evidence that the
AChHR is present in two types of thymic cells: myoid cells,
which are rare, dispersed throughout the thymus and show a
high level of expression; and epithelial cells, which are numer-
ous and predominantly located in the outer cortex. This ex-
pression is consistent with data from Wheatley et al. reporting
o AChR mRNA expression in a cortical epithelial cell line (14).

Our main finding in this study is that thymic expression of
the transgene differed in the two mouse lines. In the Tgl
model, the 842-bp promoter fragment conferred exclusive
transgene expression in myoid cells, while in the Tg2 model
the longer promoter fragment (3300 bp) also led to expression
in TEC. Differences in the number of gene copies or the site of
transgene insertion might explain these observations. How-
ever, the number of copies was three to four in both mouse
lines, and two distinct lines were raised for each construct and
yielded similar results, thus ruling out the difference in the in-
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Figure 8. Th1/Th2 response in Tgl and Tg2 mice. (A) Isotype analy-
sis of anti—B-gal antibodies produced by Tgl and Tg2 mice. Sera from
B-gal-immunized Tgl and Tg2 mice were collected and analyzed by
ELISA for anti—$-gal antibodies of the IgG1 and IgG2a isotypes, as
described in Methods. Titers are expressed in arbitrary units (OD X
serum dilution). The IgG1 titer is slightly reduced in Tgl and mark-
edly reduced in Tg2 relative to controls. (B) Cytokine (IL-4 and IFN-y)
titration in the supernatants. Stimulation by 3-gal induces a signifi-
cant production of IL-4 and IFN-vy in control mice. In Tgl, IL-4 is still
detectable, whereas in Tg2 the cytokine production is undetectable.

sertion site. The different thymic expression is more likely due
to the length of the promoter. In Tgl mice, 842 bp was suffi-
cient for the expression in myoid cells, in keeping with the ex-
pression of the transgene in skeletal muscle of this transgenic
line (16). The expression in other cell types (TEC) in Tg2 mice
would require DNA elements present upstream in the 3.3-kb
fragment, which are probably activated by factors present
in TEC.

Putative role of AChR in TEC. These data raise the physi-
ological relevance of AChR expression in TEC. Peptide inner-
vation has been suspected in the thymus (32). Acetylcholine,
and other neurotransmitters, regulate functions of immuno-
competent cells, mainly via enhanced proliferative responses
of peripheral T cells (33). A recent report suggested that cho-
linergic stimulation modulated apoptosis and differentiation of
murine thymocytes via a nicotinic effect on the thymic epithe-
lium (34). Acetylcholine and carbamylcholine both enhance
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TEC proliferation in preconfluent TEC lines (35). The pres-
ence of choline acetyltransferase, which is responsible for the
synthesis of acetylcholine, has been demonstrated in the thy-
mus (36). Together with our demonstration that AChR tran-
scription is activated in TEC, these reports suggest that cholin-
ergic signals to TEC may regulate thymic differentiation and
selection processes.

Why is B-gal not fully tolerated in Tgl mice? Studies of the
interaction of T cells with major histocompatibility antigens
showed that the thymus is the primary site of self-tolerance in-
duction, and that mechanisms including programmed cell
death and functional inactivation eliminate self-reactive T lym-
phocytes (37). Tolerance induction occurs in the thymus when
immature thymocytes are selected to move into the mature
thymocyte pool via interactions with self-antigens (38, 39). In-
trathymic antigen injection led to unresponsiveness to the
same antigen in several experimental models (40, 41). In this
study we examined T cell proliferation and antibody produc-
tion in response to 3-gal as a self-antigen. Both Tgl and Tg2
mice showed reduced T cell proliferation, while anti{3-gal
antibody production occurred only in Tgl mice. This raises the
question of why tolerance towards a T cell-dependent self-
antigen fails in Tgl mice, even though they express a signifi-
cant level of B-gal in their thymus. Several mutually compati-
ble explanations can be forwarded. First, myoid cells may not
be able to present the antigen to developing T cells, or costim-
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in Tg2 mice. (B) Addition of rIL-2 reversed
the B-gal unresponsiveness of Tgl and Tg2
mice.

ulatory signals may be lacking. This is unlikely, as these mice
were virtually unresponsive in the T cell proliferation assay. In
addition, it was suggested recently that the cell type is not im-
portant in inducing clonal deletion, as many cell types, includ-
ing fibroblasts, melanoma cells, and neural cells, have this abil-
ity (42). Furthermore, even if myoid cells are unable to present
the antigen, B-gal was strongly expressed in these cells, and
could be released, for example, by cell death, and captured by
other thymic cells, that could in turn induce cell tolerance. Sec-
ond, the localization of expressing cells could be important. In-
deed, in the Tgl line the expression was limited to some iso-
lated cells essentially in the medulla, while in the Tg2 line,
expressing cells were found mainly in the cortex and faintly in
the medulla. Third, the kinetics of antigen expression may be
important. Self-tolerance is achieved mainly by the deletion
and inactivation of autoreactive T cells during thymic develop-
ment (37-39). In the Tgl model, B-gal expression decreases af-
ter birth, whereas 3-gal expression increases after birth and is
still present in adulthood in Tg2 mice. Thus it is possible that
the significant decrease of B-gal-expressing cells in Tgl mice
after birth is responsible for the incomplete tolerance in these
mice. However, it is important to emphasize that the expres-
sion of B-gal during embryonic and neonatal periods in the
Tgl mouse line was sufficient for obtaining unresponsiveness
in the proliferation assay. Thus, it is possible that the presence
of antigen in adult is necessary for tolerizing Th2 cells. Finally,



the self-antigen is not sufficiently abundant in Tgl mice to in-
duce full tolerance. Differences in the frequency, duration, and
intensity of contacts between T cells and the tolerating tissue
are probably crucial. Limiting levels of expression of self-anti-
gen influence the efficiency of negative selection, enabling po-
tentially self-reactive T cells to escape tolerance induction (43,
44). In Tgl mice we found that total expression of 3-gal was
~ 20 times lower than in Tg2 mice. Thus, expression in Tgl
mice may be just sufficient for T cell proliferation unrespon-
siveness, but too low to induce tolerance in terms of antibody
production. Adelstein et al. (45) analyzed self-tolerance in
transgenic mice expressing different serum concentrations of
hen-egg lysozyme and found that T cells were tolerant irre-
spective of the antigen concentration, whereas B cell tolerance
did not occur when the concentration was < 1.5 ng/ml. In our
study, analysis of B-gal expression in the periphery indicates
that B-gal antigen levels in serum and peripheral lymphoid or-
gans were below the detection limit (< 40 pg/ml) in both
mouse lines, and that transgene expression was essentially lim-
ited to muscle. The most plausible hypothesis is that peripheral
tolerance does not contribute significantly to antibody unre-
sponsiveness in Tg2 mice, which would rather be due to toler-
ance of Th2 thymic cells. A recent study in which AChR was
injected into the thymus supports this hypothesis (46): lymph
node cells from rats receiving intrathymic injection of AChR
showed reduced proliferation to AChR and marked inhibition
of IFN-y secretion, whereas antibody production was not af-
fected, indicating that Th1 but not Th2 cells were tolerized. A
Thl > Th2 > B cell gradient of sensitivity to tolerance induc-
tion has been forwarded (47). The level of B-gal expression
could thus be sufficient for tolerance induction of Th1 cells but
not Th2 cells in Tgl mice, while both Th1 and Th2 populations
are tolerized in Tg2 mice. This is supported by our finding that
the anti—B-gal isotype was mainly Th2-dependent, and that the
IgG1 anti—B-gal antibody titer was reduced in Tgl and abro-
gated in Tg2 mice, as well as by the cytokine profile analysis.
The different sensitivity to tolerance induction between Thl
and Th2 cells could be due to the nature of the epitopes in-
volved during the challenge step (48). As B-gal is a complex
molecule, it is conceivable that the low expression of B-gal in
Tgl mice compared with Tg2 mice allows only tolerance to
self-dominant epitopes, while challenge with 3-gal induces a
response to cryptic epitopes. According to the hypothesis of
Sercarz and co-workers (49), the incomplete tolerance in Tgl
mice could be due to cryptic self-transgenic epitopes that are
not tolerized during the intrathymic selection process. Ineffi-
cient processing may partly be overcome by the presence of
large amounts of protein, and this could explain why the same
antigen is fully tolerated in Tg2 mice.

Implications for autoimmune diseases and MG. Our results
show that the tolerance of developing T cells in the thymus is
dependent on the level of expression of the self-antigen. Simi-
lar observations have been reported recently in other models
of autoimmunity. In the human insulin-dependent diabetes
mellitus that results from the autoimmune destruction of the
insulin-producing pancreatic 8 cells, the susceptibility to dia-
betes is higher in patients with lower insulin thymic expression,
indicating that high thymic expression might prevent 3 cell de-
struction by promoting the deletion in the thymus of insulin-
reactive, diabetogenic T cells (50, 51). In the experimental
model of autoimmune uveoretinitis, a correlation between
constitutive expression of ocular autoantigens in the thymus
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and resistance to autoimmunity was evidenced (52). In MG, an
antibody response to the AChR is raised, thus indicating that
thymic AChR expression levels are too low to induce toler-
ance. Several arguments support this hypothesis. First, immu-
nization of mice with affinity-purified mouse AChR induces
not only anti-AChR antibody responses but also myasthenic
symptoms in some animals, even when AChR is injected with-
out adjuvants (53). Second, AChR-reactive T and B cells have
been reported not only in MG patients but also in controls
(54). Third, the level of AChR protein has been examined in a
previous report (55) that indicates that the number of AChR
molecules is ~ 0.9 fmol/mg of tissue, that is about 8 (adult age)
and 80 (neonatal) times less than the B-gal expression detected
in the Tg2 mice. Thus, even if the distribution of B-gal in Tg2
mice looks similar to that of the endogenous gene, a major dif-
ference in the amount of the antigen expressed could explain
why an anti—B-gal response did not take place in Tg2 mice,
while an anti-AChR response was obtained. Environmental
antigens may activate T cells which cross-react with the au-
toantigen, thereby initiating autoimmunity. Thus, as in other
models, autoimmunity in MG is not necessarily due to a break-
down of self-tolerance. Indeed, in transgenic mice expressing the
glycoprotein of lymphocytic choriomeningitis virus (LCMV-
GP) under the control of the rat insulin promoter, viral glyco-
protein on islet 3 cells is ignored by the immune system. How-
ever, in appropriate priming conditions, an immune reaction
against this antigen can be mounted and can induce autoim-
munity (56).

Finally, these two transgenic mice lines are powerful tools
not only for characterizing the cells potentially expressing
AChR but also for exploring the mechanisms of tolerance to-
wards an antigen differentially expressed in the thymus. These
models are complementary to the recently described B-gal
transgenic models showing distinct thymic B-gal expression
(57). Furthermore, as the self-antigen is transiently expressed
in the thymus, these models could also contribute to our un-
derstanding of how self-tolerance is maintained during aging.
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