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The subset of myoid cells is a normal component of
the thymic stroma. To characterize these cells, we
immortalized stromal cells from human thymus by
using a plasmid vector encoding the SV40 T oncogene.
Among the eight cell lines obtained, one had myoid
characteristics including desmin and troponin anti-
gens. This new line was designated MITC (myoid im-
mortalized thymic cells). These cells expressed both
the fetal and adult forms of muscle acetylcholine re-
ceptor (AChR) at the mRNA level, as well as the myo-
genic transcription factor MyoD1. a-Subunit AChR
protein expression was detected by flow cytometry
and the AChR was functional in patch-clamp studies.
In addition, AChR expression was down-modulated
by myasthenia gravis sera or by monoclonal antibody
anti-AChR on MITC line similarly to TE671 rhabdo-
myosarcoma cells, making the MITC line an interest-
ing tool for AChR antigenic modulation experiments.
Finally, the MITC line expressed LFA-3, produced sev-
eral cytokines able to act on T cells, and protected
total thymocytes from spontaneous apoptosis in
vitro. These results are compatible with a role of
thymic myoid cells in some steps of thymocyte devel-
opment. Therefore MITC line appears to be a useful
tool to investigate the physiological role of thymic
myoid cells. (Am J Pathol 1999, 155:1229—1240)

The thymus is the central organ for differentiation of bone
marrow-derived precursor T lymphocytes into function-
ally and phenotypically discrete mature T cells.’ Analyti-
cal studies of clonal and highly purified thymic stromal
components indicate that epithelial cells, including nurse
cells, provide fundamental signals for many different
steps of T cell maturation by producing hormones, hu-
moral factors, and the necessary microenvironment for
lymphocytes to learn to discriminate between self and
non-self.?~3 Thus, thymic lymphocytes depend on the

cellular and humoral environment of non lymphoid thymic
compartments for full proliferation and maturation. The
precise mechanisms underlying these events are largely
unknown. The contribution of individual thymic stromal
components to T cell development has been difficult to
study, particularly in humans. Thymic myoid cells are one
such cell type. They have been described as a regular
constituent of the thymus of embryonic and young verte-
brates,* but the role and characteristics of these cells
remain to be determined.

Myoid cells share some characteristics with thymic
epithelial cells® and it has been suggested that myoid
cells may derive from myoepithelial cells within the thy-
mus.® Other reports have suggested that myoid cells
come from pluripotent stem cells” or from endodermal
reticular cells. It has also been postulated that they are of
extrathymic origin, arising during embryogenesis from
muscle precursor cells of the surrounding mesoderm.®
Experiments with chick/quail chimeras do not support the
notion that myoid cells arise from transdifferentiation of
thymic epithelial cells but are rather of neuroectodermal
origin.® Thymic myoid cells express several muscle-spe-
cific proteins including troponin T, desmin,® and the ace-
tylcholine receptor (AChR).°~'° They have therefore the
antigenic characteristics of the skeletal muscle cells
within the thymus."" Their biological role is unclear, but
their involvement in human myasthenia gravis (MG) has
been suggested.” Van de velde and Friedman reported
that myoid cells were present in thymus and in thymoma
from both young and adult patients with MG.*

Myasthenia gravis is an autoimmune disease in which
anti-AChR autoantibodies impair neuromuscular trans-
mission. The thymus plays a pivotal role in the pathogen-
esis of MG. It frequently shows abnormalities (hyperpla-
sia in 50 to 60% of cases, thymoma in 10 to 15%) and
thymectomy is clinically beneficial.’>~'3 The hyperplastic
thymus is a site of T and B cell hyperactivation and
autoreactivity to AChR."#~'® Autosensitization to AChR
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thus appears to take place in the thymus. The presence
of AChR in the thymus has been clearly demonstrated
both on myoid cells®'® and on thymic epithelial cells,"”
indicating that these cells could be involved in the pri-
mary autosensitization step.

No immortalized human thymic myoid cell line has so
far been described. We transfected postnatal thymic
stromal cultures from a normal human thymus with a
plasmid recombined with the SV40LT oncogene and iso-
lated such a cell line. Here we describe the establish-
ment, analysis, and possible biological relevance of this
new cell line designated MITC (myoid immortalized thy-
mic cells).

Materials and Methods

Transfection of Thymic Stromal Cells

Fresh thymic fragments (discarded tissue) were obtained
from children undergoing corrective cardiovascular sur-
gery at Hopital Marie Lannelongue (Le Plessis Robinson,
France) and were used to culture primary thymic stromal
cells.™®

After 12 days of culture, the confluent monolayers were
treated with 0.25% trypsin-EDTA (Gibco BRL, Life Tech-
nologies, France) for 5 minutes at room temperature. The
cells were collected, washed in 10 mmol/L Na,HPO,/
Na,H,PO, 250 mmol/L sucrose, 1 mmol/L MgCl,, and
incubated for 10 minutes at 4°C in the same buffer (pH
7.45) in the presence of 10 pg of plasmid pMK16 ob-
tained after insertion of the origin-defective mutant of
simian virus 40 large T antigen.™

Cells were transiently permeabilized by eight square
electric pulses generated by an electropulsator (100 us,
1350 V/cm, 1 Hz, Bioblock, Paris), as previously de-
scribed.™ After 4 weeks in culture, highly proliferative
clones of cells were isolated with a cloning ring from a
series of foci and amplified.

Cultures of Cells

The human rhabdomyosarcoma cell line TE671, a gift
from Dr. Bloc (Geneva, Switzerland), was used as a
positive control for AChR expression. It was grown in
modified Dulbecco’s medium supplemented with 2
mmol/L L-glutamine, 100 U penicillin/ml, 100 ug/ml strep-
tomycin (Gibco BRL), 1 mmol/L Na pyruvate, and 10%
FCS (Eurobio, Les Ulis, France). SV40-transformed
COS-7 monkey kidney fibroblasts were maintained in
DMEM (Gibco BRL) containing 2 mmol/L L-glutamine,
100 U penicillin/ml, 100 wg/ml streptomycin (Gibco BRL),
1 mmol/L Na pyruvate, and 10% FCS (Eurobio, Les Ulis,
France). The human MITC line was maintained in RPMI
1664 (Gibco BRL) containing 100 U penicillin/ml, 100
pg/ml streptomycin (Gibco BRL), and 10% FCS (Eurobio,
Les Ulis, France). All cells were grown at 37°C in 5% CO..
To induce differentiation and fusion of MITC, cultures
were switched to a medium consisting of MEM (Gibco
BRL) containing 10% horse serum, 2 mmol/L L-glu-
tamine, 100 U penicillin/ml, 100 pg/ml streptomycin

(Gibco BRL) to which 107* mol/L cytosine arabinoside
was added after 24 hours.

Monoclonal Antibodlies and
Immunofiuorescence Studies

Anti-desmin  monoclonal antibody (MAb) (Organon
Teknika), anti-troponin T MAb (gift from Dr. L. Mesnard,
CNRS-URA 1159), anti-keratin MAb (Dako, Denmark),
and anti-SV40 large T MAb (Pharmingen) were used.
Immunofluorescence staining was performed using cells
grown on slide culture chambers (2-well Labtek cham-
bers, Nunc) precoated with 10 ug/ml laminin (Gibco BRL,
Life Technologies). After washing with PBS (Gibco BRL),
cells were immediately fixed with ice-cold acetone for 10
minutes and incubated with mAbs for 1 hour at room
temperature, then washed with PBS, and incubated with
fluorescein (FITC)-conjugated goat anti-mouse Ig for 1
hour at room temperature.

Immunofluorescence studies were also performed on
thymic sections. Briefly, 5-um frozen thymic sections
were fixed in 4% paraformaldehyde in PBS (Gibco BRL,
Life Technologies). Subsequently, the sections were
stained with anti-desmin monoclonal antibody and re-
vealed with a goat anti-mouse (GAM) coupled to tetra-
methyl rhodamine (TRITC) (Organon Teknika). After sub-
sequent saturation with uncoupled goat anti-mouse
immunoglobulins the sections were labeled with anti-
keratin monoclonal antibodies (mix of MNF116 and CK1,
DAKO Corp.), MAb anti-ICAM-1, MAb anti-LFA-3, or MAb
anti-MHC class | (Immunotech, Marseilles, France) and
revealed with GAM coupled to fluorescein (FITC) (Sile-
nus, Eurobio, France). The control sections were per-
formed by omitting either the first layer (anti-desmin an-
tibody) or the third layer (MAbs anti-keratin, anti-ICAM-1,
anti-LFA-3, anti-MHC class I), or both.

Flow Cytometry Analysis

We used an anti-HLA ABC MAb (Immunotech, France),
anti-HLA DR MAb (Immunotech, France), anti-ICAM-1
MAb (Immunotech, France), and LFA-3 MAb (Immuno-
tech, France). The cells were tested for their responsive-
ness to IFN-y (Genzyme), as follows: 72 hours after the
addition of IFN-vy, adherent cells were trypsinized and
stained with the mAbs indicated above for 30 minutes at
4°C, followed by washing and labeling with FITC-conju-
gated goat anti-mouse Ig. Flow cytometry was performed
on a FACSCalibur apparatus (Becton Dickinson Immuno-
cytometry Systems, Mountain View, CA). To assess cell
surface AChR expression, we used two mAbs. MAb 35
recognizes the main immunogenic (MIR) determinant,
and MADb 155 recognizes a cytoplasmic region of
AChR.?° The second layer was performed with anti-rat Ig
FITC-labeled (Valbiotech, France). Paraformaldehyde so-
lution (2%) was added to the cell suspension to perme-
abilize cells for cytoplasmic AChR labeling by MAb 155.



Table 1. Characteristics of the Oligonucleotides Used in This Study
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Sequence Hybridization Expected size
Oligonucleotide Name Strand 53 temperature (°C) (bp)
a-chain Al - GGCTCCGAACATGAGACCCG 57 704 and 629*
A2 + GAAGCAGTACGTCGCGGACG 57
B-chain B1 - GTGTCAGGGTCAGCGTTGGT 60 579
B2 + TGCGGCGGATGATGAGGTAG 60
5-chain D1 - GCCCTCACACTCTCCAACCT 62 468
D2 + TCTCCCACTCCCCGTTCTCT 62
y-chain G1 - GAAGCCCTCACCACCAATGT 62 513
G2 + GTAGGTGAAGGAAGGACGGT 62
e-chain EA1 - CGAGGAACTGCGTCTTTATC 56 644
E2 + CGGATGATGAGCGAGTAGAT 56
GAPDH - ATCACCATCTTCCAGGAGCG 62 574
+ CCTGCTTCACCACCTTCTTG 62

*Expected size for PBA+ and P3A— a-subunit isoforms, respectively.

Co-Culture of Thymocytes with MITC or Human
Thymic Epithelial Cell (HTEC) Line

MITC and HTEC lines were cultured to confluence in a
six-well culture. 5 X 10° of total human thymocytes were
incubated in the presence or absence of adherent cells
for 24 hours. The whole cell population was harvested by
0.25% trypsin-EDTA (Gibco BRL, Life Technologies) and
stained with FITC-annexin V according to Boehringer
Mannheim protocol.?’ Thymocytes were then analyzed in
the appropriate gate on a FACSCalibur apparatus. The
treatment with trypsin does not affect the staining with
annexin which binds to phosphatidylserine on the surface
of apoptotic cells (data not shown).

Total RNA Preparation

RNA was extracted from the TE671, COS-7, thymic epi-
thelial cells (TEC), and MITC cell lines using a slight
modification of the method described by Chomczynski,??
using 100 ul of denaturing solution (4 mol/L guanidinium
thiocyanate, 25 mmol/L sodium citrate, pH 7, 0.5 N lauryl
sarcosyl, and 0.1 mol/L 2-mercaptoethanol), 30 ul of
sodium acetate, 100 ul of phenol, and 40 wl of chloroform
per 107 cells, without the need for homogenization. After
extraction, total RNA was purified with 0.5 volumes of 7.5
mol/L ammonium acetate and 2.5 volumes of 100% eth-
anol, and then centrifuged at 15,000 rpm for 30 minutes
at 4°C. The pellet was washed twice in 75% ethanol,
dried under vacuum, and stored at —80°C after dissolu-
tion in diethylpyrocarbonate-treated water. The total RNA
concentration was determined by measuring absorbance
at 260 nm on a Gene Quant Il spectrophotometer (Phar-
macia Biotech, Uppsala, Sweden). Purity was checked
by measuring the 260 nm/280 nm absorbance ratio.

Oligonucleotides Used for Reverse Transcription
Polymerase Chain Reaction Amplification

On the basis of the published nucleotide sequences of
the a-, B-, 8-, e, and <y-subunit genes of the human
skeletal muscle AChR, oligonucleotide primers for poly-
merase chain reaction (PCR) were designed by using

Oligo software (Med Probe, Oslo, Norway), a computer
program used to optimize the annealing temperature and
sequence specificity and to limit self-complementarity.
The oligonucleotide primers were purchased from Euro-
gentec (Seraing, Belgium) and the sequences are indi-
cated in Table 1. Primers, used to amplify a 573-bp
fragment of the glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) gene, are also described in Table 1.

RT-PCR

Total RNA from normal muscle and the MITC cell line
were reverse transcribed into a total volume of 50 pul
containing 2 pg of total RNA, 5 ul of 10X RT buffer (500
mmol/L Tris-HCI, pH 8.3, 60 mmol/L MgCl,, 400 mmol/L
KCI, 40 mmol/L dithiothreitol, 1.5 mmol/L dNTPs (Eurobio,
Les Ulis, France), 40 units of RNAsin inhibitor of ribonu-
clease (Promega, Madison, WI), 50 pmol of 3" primer and
5 units of avian myeloblastosis virus reverse transcriptase
(Eurobio, Les Ulis, France). The mixture was then incu-
bated at 42°C for 60 minutes and then quickly chilled on
ice. PCR was carried out in a total volume of 100 wul
containing 10 wl of RT reaction mixture, 10 wl of PCR
buffer (50 mmol/L KCI, 10 mmol/L Tris-HCI, 1.5 mmol/L
MgCl,, 0.1% gelatin, 1% Triton X-100), 0.5 umol/L of
each primer, 200 umol/L of each dNTP, and 2.5 units of
Tag polymerase (Eurobio). The reaction mixture was over-
laid with mineral oil and then amplified in a PHC3 thermal
cycler (Techne, Cambridge, UK) as follows: denaturing
step, 94°C for 1 minute; annealing step at the indicated
hybridization temperature (Table 1) for 1 minute; extension
step, 72°C for 2 minutes. The final elongation step lasted 10
minutes at 72°C. PCR products were analyzed on 1.5%
agarose gel containing ethidium bromide.

Northern Blot Analysis

Total RNA was isolated by guanidinium isothiocyanate
extraction as described above. After denaturation, RNA
samples were electrophoresed in 1% agarose, 2.2 mol/L
formaldehyde gel and then transferred to nylon mem-
branes (Hybond N+, Amersham, Buckinghamshire, UK)
and hybridized with **P-labeled probe (see below) using
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the Rediprime kit from Amersham. The SV40 large T
probe consisted of the 5.2-kb BamHI fragment of pSV40
containing the viral sequence without the replication ori-
gin (ori—)."® The Myf3 (myoD1) probe was derived from a
human full-length cDNA clone ligated into the EcoRI site
of the pEMSV-scribe vector (a generous gift from Dr.
Hans Henning Arnold, Institute of Biochemistry and Bio-
technology, Technical University of Braunschweig, Ger-
many). To normalize the amount of RNA present on the
filters, we used a 20-mer oligonucleotide complementary
to part of the sequence of rat 18S ribosomal RNA labeled
with [y-32P]dATP by T4 polynucleotide kinase (Promega).
Blots were autoradiographed at —80°C with intensifying
screens (Appligene, lllkirch-Graffenstaden, France).

Cytokine Assays

Cytokine concentrations in HTEC and MITC (two cell lines
obtained from stroma cells transfected by SV40) super-
natants were assayed by enzyme-linked immunosorbent
assays (ELISA). Human IL-6, IL-8, RANTES, MIP-1,
MCP-1, and TNF-a ELISA kits were purchased from Gen-
zyme. Undiluted samples were assayed in duplicate and
cytokine concentrations were read from calibration
curves constructed with serial dilutions of the respective
recombinant cytokines.

Electrophysiological Analysis
Cell Culture

In brief, cells were grown to confluence in RPMI con-
taining penicillin-streptomycin  (Gibco BRL) supple-
mented with 10% (v/v) fetal calf serum (Boehringer). On
passaging, cells were treated with trypsin (1.5% ethylene
glycol) for 10 minutes at room temperature and then
gently dissociated. For electrophysiological experiments,
cells from different passages were plated at 5 X 10* per
35-mm Petri dish (Nunc) and were used between days 2
and 4 after plating.

Solutions

To record the ACh-activated current, the bath solution
contained (in mmol/L): 140 NaCl, 3 KCI, 2 MgCl,, 2
CaCl,, 10 N-(2-hydroxyethyl)piperazine-N'-(2-ethane sul-
fonic acid) (HEPES), 10 glucose; pH was adjusted to 7.3
with NaOH. The different cell superfusion media were the
bath solution with the appropriate concentration of ACh,
nicotine, atropine or a-bungarotoxin («BgT) as indicated
in the Results section. The intracellular pipette medium
contained (in mmol/L): 115 K-aspartate, 25 KCI, 5 NaCl, 4
MgATP, 2 MgCl,, 0.1 ethylene glycol-bis(B-aminoethyl-
ether)-N,N,N' N'-tetraacetic acid (EGTA), 10 HEPES; pH
was adjusted to 7.2 with KOH. Chemicals were purchased
from Sigma Chemical Co. (St, Louis, MO). All experiments
were conducted at room temperature (20 to 22°C).

Current Recording and Analysis

Currents were recorded with the classical whole-cell
voltage-clamp method with a 500 MQ feedback resistor

and a patch-clamp amplifier (Axopatch 200A, Axon In-
struments Inc., Foster City, CA) and filtered through an
eight-pole Bessel 920 LPF low-pass filter (Frequency De-
vices) set at 20 kHz (—3 dB point). Patch pipettes (0.5 to
2 MQ when filled with experimental solutions) were pulled
from Pyrex capillaries (Corning code 7740, Corning
Glass Inc., Corning, NY) and were not fire-polished be-
fore use. Resistance in series with the cell membrane was
compensated, whereas neither cell membrane capaci-
tive current nor leakage current was compensated. A flow
of solution from one of a series of five piped outlets
continuously superfused the cell from which the record-
ing was being made. The flow rate of perfusion solutions
was 50 to 100 ul/minute. Steady-state currents were elic-
ited from a holding potential of —60 mV by a voltage ramp
of 20 seconds, from —80 mV to +60 mV at a frequency of
0.04 Hz. Whole-cell currents were recorded and digitized
at 6 kHz and analyzed with a microcomputer (Tandon,
MCS 486) using a Digidata 1200 interface (Axon Instru-
ments Inc.). They were printed with an HP Laserjet 4MP
(Hewlett-Packard Co., San Diego, CA). Cell capacitance
was used as an index of cell size®® and was measured as
follows: after electronic canceling of pipette capacitance
and before compensation of series resistance, the mem-
brane was perforated and cell membrane capacitance
was measured. A sequence of 10 hyperpolarizing pulses
of 10 mV amplitude and 10 ms duration was imposed on
the cell membrane from —70 mV, at a frequency of 10 Hz.
The capacitive currents produced by these pulses were
averaged and cell membrane capacitance (C,,) was cal-
culated as the ratio of the numerical integration of the
averaged current transient (total charge) to the magni-
tude of the hyperpolarizing pulse. ACh-activated current
(Iacn) Was measured as peak inward current amplitude
with reference to the current before drug application. The
current density (/,cn/C) Was calculated by dividing cur-
rent amplitudes by membrane capacitance. When appro-
priate, data are given as means = SD of n determina-
tions. Statistical significance was determined by one-way
analysis of variance. P values lower than 0.05 were con-
sidered significant. All experiments were conducted at
room temperature (20 to 22°C).

Antigenic Modulation of AChR Expression

Serum from MG patients and control subjects were
stored at —40°C until use. Their anti-AChR antibody titer
was determined using human muscle AChR complexed
to '?®|-labeled a-bungarotoxin ('?°l-a-BgT) as antigen.?*
TE671 and MITC lines were plated in 35-mm Petri dishes
at a density of 0.2 X 10° per plate. Three days after
plating the culture medium was replaced by fresh culture
medium containing an optimal concentration of anti-a-
subunit 35 and 155 as described (usually 1:1000),%° and
MG or normal human sera (at 1:100 dilution). After over-
night incubation at 37°C with the antibodies, the medium
was replaced by fresh medium containing 10 nmol/L
1251_a-BgT and cultures were maintained for another 20
minutes at room temperature. Subsequently, the cells
were processed as described above for surface AChR
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Figure 1. SV40 large T antigen expression in MITC. Northern blot revealed a
2.5-kb mRNA band corresponding to the SV40 large T antigen in MITC and
Cos7 cells (positive control). An 18 S probe was used to check the quality of
the RNA. Indirect immunofluorescence using anti-SV40 large T antibody was
clearly positive in MITC cells. These experiments were repeated three times
at different subcultures.

evaluation. Background radioactivity was estimated by
incubating cells with a 100-fold excess of unlabeled
a-BgT for 1 hour before adding 10 nmol/L '2°l-a-BgT.

Percentage of surface AChR loss was estimated from
the equation:

% of surface nAChR loss = 100 — 100 X

ACPM in presence of antibody
ACPM in absence of antibody

Results
Establishment of the MITC Line

Adherent primary epithelial cell-enriched cultures were
obtained from a postnatal normal thymus. Cells with the
morphology of packed polygonal epithelial cells were
subcultured and subjected to electropermeabilization in
the presence of plasmid pMK16 recombined with the
origin-defective (ori—) SV40 genome. The resulting trans-
fected thymic cells led to the establishment of seven
epithelial cell lines and one thymic myoid cell line desig-
nated MITC. After 4 weeks in culture, a highly proliferative
clone of cells was isolated with a cloning ring from a
series of foci and amplified.

Northern blot and immunofluorescence analysis indi-
cated that the large T oncogene of SV40 was functionally
inserted into MITC line (Figure 1). The SV40 LT transcript
was identified as a main band of 2.5 kb in MITC cells and
in the COS-7 cell line immortalized with SV40 LT (positive
control). No hybridization was detected in the primary
epithelial cell-enriched culture. The expression of the
SV40 LT oncogene was also observed in these cells by
means of immunofluorescence with a MAb to the SV40 LT
antigen, and was detected within their nuclei (Figure 1).

Morphological Analysis of the MITC Line

Morphological features of the MITC line after 10 pas-
sages in vitro are shown in Figure 2A. The structural
appearance indicated that these cells were undifferenti-
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ated. Indeed, after treatment with cytosine arabinose,
which is known to induce differentiation and fusion of
myoblasts,?® some cells presented multiple nuclei, some
fusing cells were seen at day 6, and small myotubes at
day 12. The myoid nature of the MITC line was evidenced
by using anti-desmin (Figure 2B(a) and anti-troponin T
antibodies (Figure 2B(b) in immunofluorescence studies.
The cells were reactive to anti-desmin and anti-troponin T
antibodies, while they were unreactive to the anti-keratin
MADb (Figure 2B(c). The control antibody was negative
(Figure 2B(d). These experiments were repeated after 3,
12, and 25 passages, with similar results.

Phenotype of the MITC Line

Since most stromal cells express the major histocompat-
ibility complex (MHC) antigens, we examined the expres-
sion of MHC molecules by cell-surface staining with
mADbs reactive with monomorphic determinants on class
| or class Il antigens. The MITC line expressed low levels
of MHC class | molecules (HLA-ABC), which increased
after treatment with human IFN-y (Figure 3). In contrast,
MHC class Il molecules (HLA-DR) were not present on
the MITC line, even after treatment by IFN-vy (Figure 3). In
addition to MHC molecules, we investigated the expres-
sion of other cell-surface molecules involved in thymo-
cytes-thymic stroma interactions that lead to mature thy-
mocyte activation as ICAM-1 (CD54) and LFA-3
(CD58).2” MITC cells did not express ICAM-1(CD54)
even after treatment with IFN-y. By contrast, LFA-3
(CD58) antigen was present in MITC cells, indicating
possible interactions between thymocytes and myoid
cells, and suggesting a possible role for these cells in
thymocyte development (Figure 3). This experience was
reproduced three times with similar results.

This phenotype is similar to that observed ex vivo.
Double staining experiments using anti-desmin antibody,
and anti-CD54, or anti-CD58, or and anti-MHC class |
molecule antibodies indicate that myoid cells on thymic
section are essentially MHC class |-positive, LFA-3-pos-
itive and mainly ICAM-1 and MHC class Il-negative. Thus
the MITC line in culture has a similar phenotype as the
myoid cells ex vivo according to these markers (Figure 4).
Finally, as shown in Figure 4 at low magnification, the
myoid cells were mainly located in the medulla, and in the
corticomedullary junction.

Expression of AChR in MITC Line
mRNA Level

To examine the expression of AChR on MITC line (pas-
sage 9), we performed RT-PCR on total RNA. We used
primers specific for the «, B, , v, and € subunits. The
results are shown in Figure 5A. Primers specific for the
extracellular regions (Table 1) of the a-subunit yielded
two amplification products of 704 and 629 bp for P3A+
and P3A— isoforms, respectively. The two isoforms were
equally expressed. A muscle sample was used as a
positive control. With primers specific for the B-subunit, a
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single cDNA fragment of 579 bp was amplified in both
MITC line and human muscle sample. Using primers
specific for the &-subunit, a single cDNA fragment was
amplified in both the MITC line and muscle. The e- and -
subunits were also amplified in the MITC line, while the
y-subunit was not expressed in muscle as previously
described?® (Figure 5A). The MITC line expressed both
adult and fetal muscle AChR forms. These experiments
were repeated after passage 25 and gave similar results.

Protein Level

Cell suspensions obtained by trypsinization were
stained with MAb 35, which targets an extracellular re-
gion of the AChR a-subunit, and MAb 155, which reacts
with the cytoplasmic domain. The cells were analyzed by
flow cytometry. As shown in Figure 6B, AChRs were
present on the surface of MITC cells stained with MAb 35.
Using MAb 155, the cells were unreactive. However,
when MITC line was permeabilized and fixed with para-
formaldehyde (2%) and then labeled with MAb 155,
AChR was clearly expressed (Figure 6A). The mean val-
ues = SD for three different experiments are 91 = 1%
and 62 = 5% using MAb 35 and MADb 155, respectively.

The expression of AChR on thymic myoid cells was
previously shown on the thymic sections® and was con-

Figure 2. Morphological and immunohistological analysis of MITC cells. Phase-
contrast microscopy of MITC cells at passage 8 (A). After treatment with cytosine-
arabinose the cells presented multiple nuclei, some fusing cells were seen at day
6, and small myotubes at day 12 were observed. B: In another cell preparation
anti-desmin (&) and anti-troponin T (b) antibodies were clearly reactive with
MITC, while anti-keratin antibodies were not (¢). The control antibody was
consistently negative (d).

firmed in this study using fluorescent a-bungarotoxin
(Figure 4).

Expression of the MyoD1 Myogenic Factor in
MITC Cells

The myoblast gene (MyoD1) is important for differentia-
tion into skeletal rather than smooth or cardiac muscle
cells. In two different cultures, we analyzed the expres-
sion of the MyoD1 transcript in MITC line by Northern blot
analysis. Total RNA from MITC and TE671 lines were
hybridized with a 3?P-labeled cDNA MyoD1 (Myf3) probe
(Figure 5B). The MyoD1 transcript was clearly identified
as a main band of 1.8 kb in MITC cells and TE671 cells
(positive control) and faintly observed in TEC cells.

Evidence of ACh-Activated Current:
Electrophysiological Measurements

The response of AChRs in the MITC line was tested in
patch-clamp measurements. On application of superfu-
sion medium containing 10 wmol/L ACh to MITC line
maintained at a holding potential of —80 mV, a transient
inward current (/acn) surged rapidly to a peak value of
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Figure 3. Analysis of MHC class I, MHC class II, ICAM-1, and LFA-3 antigens
on MITC and effect of IFN-y. Representative experiment: MITC cells express
MHC class T and LFA-3 but not MHC class II antigens or ICAM-1. IFN-y had
no effect on HLA-DR expression, while it up-regulated HLA-ABC antigen
expression.

approximately 400 to 600 pA, decayed as a result of
desensitization, and stabilized after 3 to 4 minutes at
about 30% of the peak value (Figure 7A). During wash-
out, the base line value was recovered within a few tens
of seconds, but the sensitivity of the AChRs never re-
turned to 100% even after 10 minutes of washout. The
mean current density was 5.1 = 0.2 pA/pF for 12 cells
issuing from different subcultures (n = 12). Carbamyl-
choline mimicked ACh at the same concentration. As
observed by Siara et al,®® the rate of desensitization
increased with the ACh concentration, and desensitiza-
tion reached 100% with 100 umol/L ACh (data not
shown). Steady-state current/voltage relationships ob-
tained before and during ACh superfusion (Figure 7B)
showed a sensitive ACh current (/acn) with a reversal
potential (Engp,) Of @about =2 mV (—=1.6 = 2.1 mV, deter-
mined from six measurements). The activating effect of
ACh on the steady-state current was completely revers-
ible, as indicated by the current obtained during washout
(Figure 7B).

To determine the nicotinic or muscarinic nature of
AChRs responsible to the activation of /5o, we per-
formed experiments showing the following. 1) In the pres-
ence of 10 umol/L atropine (Figure 8A), 10 umol/L ACh
was still able to induce an inward current, whereas no
particular change in the time course of desensitization
was observed when application of atropine was stopped
in the presence of ACh (these observations were consis-
tently observed with 9 cells). 2) Application of 1 wmol/L
a-BgT completely abolished the ACh-induced current
(Figure 8B). 3) Whereas consecutive application of 100
wmol/L muscarine (Figure 8B) failed to activate an inward
current (n = 9), in 5 other cells to which short application
of 10 umol/L ACh alone gave rise to the usually observed
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Figure 4. Analysis of myoid cells by double immunofluorescence on thymic
sections. All microphotographs show superimposed staining of anti-desmin
antibody (red staining) and one of the other antibodies (green staining).
Double staining with anti-keratin antibody at a low magnification indicates
that myoid cells (orange staining) are essentially located in the medulla and
in the corticomedullary junction (magnification, X40). Double staining with
anti-ICAM-1 antibody indicates that myoid cells are mainly negative (magni-
fication, X200). Double staining with LFA-3 antibody shows a staining of the
thymic network and indicates that myoid cells are positive (magnification,
X200). Double staining with a-Bgt indicates that myoid cells are the only
cells that express a-Bgt binding sites (magnification, X180). Double staining
with anti-MHC class I antibody shows a strong staining of the thymic cells
and indicates that myoid cells express MHC class T antigen (magnification,
X180).

inward current, subsequent application of 10 wmol/L
muscarine was also ineffective. 4) Only partial recovery of
the inward current was observed (Figure 8C) when suc-
cessive applications of 10 wmol/L nicotine were made to
the cell after complete blockade of the nicotine-activated
current by short application of 1 umol/L a-BgT (n = 3). The
above results strongly support the notion that only the nic-
otinic AChRs are functionally expressed in MITC line.

Antigenic Modulation of AChR by MG Sera on
MITC Cells

TE671 human rhabdomyosarcoma cells, which express
an AChR apparently identical to the extrajunctional AChR
of human muscle, are appropriate for antigenic modula-
tion experiments. As MITC line expresses both adult and
fetal forms of AChR, we wondered whether MG sera
would induce antigenic modulation on MITC cells, as is
the case with TE671 cells. The effects of MG sera were
analyzed in terms of a-BgT binding (Figure 9). Incubation
with three seropositive MG sera led to clear reduction of
the '2°I-a-BgT binding sites in both cell lines (40.5% =
3.3). In contrast to seropositive MG sera, seronegative
MG sera behaved similarly to control sera with both cell
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Figure 5. Expression of AChR subunits and MyoD factor in MITC cells. A:
Amplification of the extracellular region of the a-subunit with primers A1 and
A2 (704 and 629 bp for the P3A+ and P3A— isoforms, respectively), the
B-subunit with primers D1 and D2 (579 bp), the y-subunit with primers E1
and E2 (513 bp), and the e-subunit with primers F1 and F2 (644 bp); GADPH
was used to check RNA quality (574 bp). Muscle was used as a positive
control. B: Expression of myogenic MyoD factor in MITC analyzed by
Northern blotting.

lines. In addition, MAb 155 (against a cytoplasmic
epitope) had no effect on surface AChR expression,
whereas a marked loss of AChR a-BgT binding sites was
observed with MAb 35 (against an extracellular epitope).
This effect had the same order of magnitude as that
observed with seropositive MG sera. Therefore, the MG
patient sera induce similar effects on MITC and TE671
cell lines.

Cytokine Production by MITC Cells

The spontaneous production of cytokines was measured
by ELISA in the supernatants of MITC line at the passage
9. Previous studies indicate that rat thymic myoid
871207B cells produce IL-1-a, IL-6, and IL-7.%° In MITC
line several cytokines and chemokines were detected:
TNF-a, IL-6, IL-8, IL-10, RANTES, MIP-1a, and MCP-1

(Table 2). The cytokine profile of MITC cells is different
from that of the epithelial cell lines (obtained from the
same stroma cells, as MITC, transfected by SV40), indi-
cating that the two components of the thymic stroma have
distinct roles. MITC cells produced higher levels of IL-8
and TNF-«a but lower level of IL-6 and RANTES, com-
pared to human thymic epithelial cell lines.

Evidence of a Protective Effect of MITC Line on
Thymocyte Apoptosis

To explore the possible role of the MITC line on thymo-
cyte development, thymocytes were co-cultured with
MITC or HTEC line for 24 hours, and we analyzed the
apoptosis state of the total human thymocytes. We have
first verified that trypsin treatment does not affect the
staining with annexin which binds to phosphatidylserine on
the surface of apoptotic cells (data not shown). Three crite-
ria were analyzed. First, the absolute number of living thy-
mocytes was 88 = 3% when they were co-cultured with
myoid cells, 73 * 2% when they were co-cultured with
HTEC, and 69 = 1% when thymocytes were cultured alone.
Second, FSC/SSC parameters showed two distinct gates,
gate R1 containing mainly apoptotic cells and gate R2
containing mainly living cells.®" The ratio of the numbers
of cells included in gate R1/gate R2 was clearly modified
when thymocytes were co-cultured with MITC (0.20 ver-
sus 0.32 in presence of HTEC, and 0.37 in control thy-
mocytes cultured alone), indicating that the number of
apoptotic cells was lower when thymocytes were co-
cultured in presence of MITC, but not of HTEC (Figure
10A). The third parameter analyzed was annexin V stain-
ing. Among cells included in the R2 gate (mainly living
cells), the percentage of annexin V staining was de-
creased when cells were co-cultured with MITC line
(1.6% versus 12.5% in control, and 13% in presence of
HTEC). The values of annexin V-positive cells in the gate
R2 obtained from three different experiments are shown
in Figure 10B.

Together these three parameters indicated that the
MITC line had a protective effect on thymocyte apoptosis.

Discussion

The main findings in this study are the following. 1) Hu-
man thymic myoid cells can be immortalized from thymic
explant cultures. 2) These cells express both the fetal and
adult forms of muscle AChR at the mRNA level. 3) a-Sub-
unit AChR protein expression is detectable in MITC line
by flow cytometry. 4) MITC line express a functional
AChR, as shown by patch-clamp analysis. 5) AChR ex-
pression on MITC line is down-modulated by MG sera, as
on TE671 rhabdomyosarcoma cells, making MITC line an
interesting tool for AChR antigenic modulation experi-
ments. 6) MITC line produces high levels of TNF-a and
IL-8 and protects thymocytes from apoptosis, indicating
that thymic myoid cells could play a role in thymocyte
differentiation.
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Figure 6. Detection of AChR expression on MITC cells by flow cytometry in one representative experiment. Monoclonal antibody 155 directed to a cytoplasmic
region was unreactive, unless cells were permeabilized (A), while MAb 35, which recognizes the MIR determinant in the extracellular domain, was reactive (B).

As far as we know, this is the first successful immor-
talization of human thymic myoid cells obtained by func-
tional insertion of the SV40 oncogene. After transfection,
the cell line was maintained in culture for up to 25 pas-
sages. Injection into nude mice induced palpable tumors
after 40 to 50 days. Consequently, we may properly
conclude that MITC line is engaged in the immortalization
processus to the permanent cell lines.
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Figure 7. Existence of an ACh-induced current in MITC cells. A: Represen-
tative whole-cell recording of ACh-induced inward current at a holding
potential of —80 mV. Arrow indicates zero current. This experiment was
repeated on 12 cells. B: Typical effect of ACh on the steady-state current-
voltage relationship. Current traces obtained in control conditions, during
application of external medium containing ACh to the cell, and after wash-
out. The intersection of the control trace with the x axis gives a resting
membrane potential of about —50 mV, whereas the intersection of the
control trace with the ACh trace gives a reversal potential (E,y,) of the
ACh-induced current of about —2 to —4 mV. This experiment was performed
on six cells from different subcultures.
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Figure 8. Only nAChRs are functional in MITC cells. A: Representative
whole-cell ACh-induced inward current in the presence of atropine. B:
Complete blockade of ACh-induced current by a-bungarotoxin (a-BgT) and
total absence of muscarin-induced current. C: Partial recovery of a com-
pletely blocked nicotine-activated current by a-BgT during successive short
applications of nicotine. Holding potential: —80 mV. Three different cells
were used.
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Figure 9. Comparative antigenic modulation of AChR on MITC and TE671
cells by MG sera. The effects of MG sera (three seropositive and three
seronegative), control sera and anti-AChR mAbs (MAD 35 directed to the MIR
region, and MAb 155 directed to a cytoplasmic domain) were tested on MITC
and TEG71 cells on the number of a-bungarotoxin binding sites. Very similar
data were obtained in MITC and TEG71 cells.

Myoid Nature of MITC Line

The following experimental arguments support the myoid
nature of MITC line.

1. In the postnatal thymus, thymic myoid cells express
several striated-muscle-specific proteins, including myo-
sin,2 desmin, and troponin T.° Accordingly, we found
that MITC line was troponin T-positive and desmin-posi-
tive, but keratin-negative. In addition, the MITC line has
similar phenotype characteristics as myoid cells ex vivo,
according to AChR, MHC class | and class Il, LFA-3, and
ICAM-1 antigens.

2. Our data clearly indicate the presence of MyoD
transcripts in MITC cells. MyoD is expressed only in
skeletal muscle, and activates myogenesis by directly
binding to the control regions of muscle-specific
genes.®® Pluripotential stem cells in the thymus might
express such a gene and develop into immature skeletal
muscle cells in certain conditions. This is supported by
the fact that cell types as different as osteocytes and
chondrocytes can differentiate from thymus cells in ap-
propriate conditions in vitro.®*

3. Human MITC line expressed AChR in both adult and
fetal forms. In addition, anti-AChR autoantibodies in-
duced a loss of AChR on MITC cells in vitro, similarly to

Table 2. Cytokine and Chemokine Production in Supernatants
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Figure 10. Analysis of apoptotic thymocytes. FCS/SSC parameters define two
gates: R1, which contains cells that are mainly apoptotic cells, and R2 which
contains cells that are mainly living cells. When thymocytes are co-cultured
with MITC, the ratio R1/R2 is decreased. Annexin V FITC staining in thymo-
cytes alone or co-cultured with MITC or HTEC indicates the percentage of
apoptotic thymocytes. In the presence of MITC the percentage of annexin
V-positive cells is reduced. A: One representative experiment. B: Results
obtained from three independent experiments.

TE671 cells; this mechanism was also observed using the
anti-MIR monoclonal antibody MAb 35. These results
indicate that AChR present on these cells is recognized
by antibodies found in MG sera.

Some of MG patients’ antibodies may show a marked
preference for adult or fetal AChR, and some patients (up
to 7%) are negative in diagnostic assays using only fetal
AChR. That could explain why 10 to 15% of patients with
clinical MG have very low titers of antibodies (0.2 to 2
nmol/L).%® To enhance the sensitivity of the diagnostic

Cell line IL-6 TNF-a MCP-1 IL-8 RANTES MIP-1a
HTEC-1 100 117 11923 797 6463 130
HTEC-2 522 118 14594 640 5350 196
HTEC-4 254 110 13573 nd 5975 178
MITC 16 370 14588 4793 326 79

Cytokine and chemokine concentrations (pg/ml) in the supernatants of three epithelial cell lines (HTEC-1, -2, and -4) and in the MITC line were
assayed by ELISA. Results are expressed as means of duplicate measures.



assay for low-titer sera, Beeson et al®*® used TE671 cells
transfected with the epsilon subunit of AChR (TE671-¢) as
a source of AChR antigen. Thus a mix of AChR extracts
from TE671-e and TE671 cells, in which adult and fetal
AChR are present, was as sensitive as AChR from am-
putated leg muscle in MG diagnostic assay. Our data
show that MITC line expresses constitutively the adult
and the fetal forms of the AChR, thus MITC line might be
an appropriate source of AChR for titrating anti-AChR
antibodies in MG sera, as well as for studies of their
functional effects.

MITC Cells Express Functional Nicotinic AChR
Receptors

Furuya et al found that cultured human thymic myoid cells
were excitable after electrical stimulation, like very imma-
ture skeletal muscle cells, and that some of the cultured
cells had fast overshot action potentials without slow
repolarizing calcium components, like primary cultured
skeletal muscle cells,'® but the response of AChR was
never tested. The response of AChR of MITC line was
tested here by patch-clamp measurements on applica-
tion of ACh. We observed an ACh-induced inward current
with systematic desensitization, similar to that observed
by Siara et al*® on the TE671 cell line. To determine the
nicotinic or muscarinic nature of the AChRs responsible
for the activation of /¢, we used atropine and «-BgT,
which are antagonists specific for muscarinic and nico-
tinic receptors, respectively.®” Application of atropine
during the desensitization phase of ACh-induced current,
or application of ACh to the cell already in the presence
of atropine, induced no change in the characteristics of
the ACh-induced current. Moreover, application of a-BgT
completely abolished the ACh-induced current, and no
current was observed when muscarin was applied to the
cell. These results demonstrate that nicotinic, not musca-
rinic, AChRs are functionally expressed on MITC line.

This functional receptor on myoid cells contrasts with
the nonfunctional receptors on TEC. Indeed, AChR is
expressed on TEC in mice,®*® and humans,'” but several
reports indicate that AChR expressed on TEC is non
functional.® In our experience, no ACh-induced inward
current can be detected by stimulating TEC lines (data
not shown). This is a major difference between AChR
expressed on myoid and epithelial cells.

It is tempting to speculate that thymic AChR on myoid
cells has a role in the primary autosensitization underly-
ing myasthenia gravis. Myoid cells are rare in the thymus
of MG and control patients,® and are located mainly in the
medulla. Myoid cells have a high level of mRNA for the
different AChR subunits relative to TEC (data not shown).
However, and by contrast to TEC, myoid cells are con-
sistently HLA-DR-negative. In addition, there is no major
difference in myoid-cell frequency or aspect between MG
patients and control subjects,® which argues against a
primary role of myoid cells in the autosensitization against
AChR. However, in pathological circumstances, myoid
cells might be degraded and AChR fragments might be
captured and presented by professional antigen-pre-
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senting cells, inducing the activation of thymic autoreac-
tive cells. Thus, AChR on both TEC and myoid cells might
participate in the autosensitization of thymic lymphocytes
to AChR.

Role of Myoid Cells in the Thymus

Thymic stromal cells are thought to play a critical role in
the proliferation, differentiation, and selection of precur-
sor cells in the T cell lineage, but the precise mechanisms
by which these events occur, and the particular contri-
bution of individual thymic stromal components, are
largely unknown. Most cells of the thymic stroma are of
epithelial origin. Human thymic epithelial cells have been
shown to produce numerous cytokines including IL-1,
IL-6, granulocyte colony-stimulating factor (G-CSF), and
macrophage CSF (M-CSF), that are important in various
stages of thymocyte differentiation.*®

We observed that human MITC line was capable of
producing biologically active cytokines, and chemokines
including IL-6, IL-8, IL-10, TNF-a, RANTES, MIP-1, and
MCP-1. Compared to human thymic epithelial cell line
(HTEC), we found that MITC line produced high levels of
IL-8 and TNF-a«, but low levels of RANTES and IL-6,
indicating that these two components of the thymic
stroma are likely to play distinct roles during thymocyte
development.

The role of myoid cells has been explored by co-
culturing the myoid cells with thymocytes. Interestingly,
the myoid cell line appears to protect thymic cells from
spontaneous apoptosis, while the human HTEC line has
no effect. The mechanism of the protective effect needs
further investigation. It could be mediated by soluble
factors or by direct cell contacts. The presence of the
adhesion molecule LFA-3 (CD58) on MITC makes possi-
ble interactions between myoid cells and most thymo-
cytes that constitutively express CD2. Indeed LFA-3 is
important in the interaction with thymocytes at both im-
mature and mature stages of development.?”

Expression of MHC molecules by components of the
thymic microenvironment is required for normal T cell
development*' and has been implicated in the selection
of the emerging T cell repertoire. MITC cells maintained
the expression of HLA class | antigens, which increased
after treatment with IFN-vy, indicating that MITC cells re-
main responsive to IFN-vy in vitro. In contrast, HLA class Il
antigens were not present on the cell surface, possibly
owing to the absence of the class Il transactivator (CIITA)
necessary for both constitutive and IFN-y-induced MHC
class Il expression.*?

Taken together, our data indicate that myoid cells are
an original thymic cell compartment. They may have a
role in thymic physiology, as they produce cytokines
involved in thymic development, and chemokines, as
they protect thymocytes from apoptosis and as they ex-
press LFA-3 and HLA class | antigens. They may also
have a role in myasthenia gravis, as they express a high
level of AChR, in both the mature and embryonic forms.
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