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RESEARCH ARTICLE

Central Role of Macrophages and Nucleic
Acid Release in Myasthenia Gravis Thymus
Cloé A. Payet, PhD,1 Axel You, MSc,1 Odessa-Maud Fayet, MSc,1 Edouard Hemery, MSc,1

Frederique Truffault, MSc,1 Vincent Bondet, PhD,2 Darragh Duffy, PhD,2

Frédérique Michel, PhD,3 Elie Fadel, MD,4 Julien Guihaire, MD,4 Sophie Demeret, MD,5

Sonia Berrih-Aknin, PhD,1 and Rozen Le Panse, PhD 1

Objective: Myasthenia gravis (MG) is a neuromuscular disease mediated by antibodies against the acetylcholine recep-
tor (AChR). The thymus plays a primary role in AChR-MG and is characterized by a type I interferon (IFN) signature
linked to IFN-β. We investigated if AChR-MG was characterized by an IFN-I signature in the blood, and further investi-
gated the chronic thymic IFN-I signature.
Methods: Serum levels of IFN-β and IFN-α subtypes, and mRNA expression for IFN-I subtypes and IFN-stimulated
genes in peripheral mononuclear blood cells (PBMCs) were analyzed. The contribution of endogenous nucleic acids in
thymic expression of IFN-I subtypes was investigated in human thymic epithelial cell cultures and the mouse thymus.
By immunohistochemistry, thymic CD68+ and CD163+ macrophages were analyzed in AChR-MG. To investigate the
impact of a decrease in thymic macrophages, mice were treated with an anti-CSF1R antibody.
Results: No IFN-I signature was observed in the periphery emphasizing that the IFN-I signature is restricted to the MG
thymus. Molecules mimicking endogenous dsDNA signalization (Poly(dA:dT) and 2030-cGAMP), or dexamethasone-
induced necrotic thymocytes increased IFN-β and α-AChR expression by thymic epithelial cells, and in the mouse
thymus. A significant decrease in thymic macrophages was demonstrated in AChR-MG. In mice, a decrease in thymic
macrophages led to an increase of necrotic thymocytes associated with IFN-β and α-AChR expression.
Interpretation: These results suggest that the decrease of thymic macrophages in AChR-MG impairs the elimination of
apoptotic thymocytes favoring the release of endogenous nucleic acids from necrotic thymocytes. In this inflammatory
context, thymic epithelial cells may overexpress IFN-β, which specifically induces α-AChR, resulting in self-sensitization
and thymic changes leading to AChR-MG.

ANN NEUROL 2023;93:643–654

Introduction
Myasthenia gravis (MG) is a neuromuscular disease char-
acterized by disabling muscle weaknesses due to autoanti-
bodies targeting the acetylcholine receptor (AChR),
mainly the α-AChR subunit.1 In early-onset AChR-MG
(EOMG), the thymus is the effector organ and its removal

alleviates the symptoms of the disease.2 The MG thymus
displays functional and morphological abnormalities char-
acterized by abnormal B-cell infiltration leading to ectopic
germinal center development (thymic follicular hyperpla-
sia). Moreover, the MG thymus includes all the compo-
nents of the anti-AChR response: the expression of AChR
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subunits by thymic epithelial cells (TECs) and myoid
cells,3 the presence of anti-AChR auto-reactive T and B
cells.4–7

In AChR-MG, a persistent interferon (IFN)-I sig-
nature is detected in the thymus. This is especially linked
to the overexpression of IFN-β8 that seems to be the
main orchestrator of thymic changes observed in patients:
(1) IFN-β favors the selective sensitization against AChR
by specifically inducing α-AChR expression in TECs,
and increasing TEC death and the uptake of TEC pro-
teins by dendritic cells.9 (2) IFN-β increases thymic
expression of CXCL13 and CCL21, two chemokines
involved in germinal center development and over-
expressed in the EOMG thymus.10 (3) IFN-β induces
the overexpression of the B-cell activating factor
(BAFF).9 (4) IFN-β stimulates the development of path-
ogenic Th17 cells in the thymus.11,12 In addition, a
causative role of IFN-I is supported by a mouse model
where injections of Poly(I:C) induce thymic changes that
lead to an anti-α-AChR response.8,9

The discovery of the etiological mechanisms
involved in AChR-MG lies in the understanding of signals
that drive this abnormal thymic IFN-I signature.13 The
thymus is a common target organ for infectious diseases14

and IFN-I subtypes are transiently produced in response
to viral infections. However, the IFN-I signature is
detected in the MG thymus, even long after disease onset.8

In 2011, Crow et al, defined a new group of Mendelian dis-
orders characterized by the chronic overexpression of IFN-I:
interferonopathies.15 Some autoimmune diseases tend to
share features with interferonopathies with an IFN-I signa-
ture in peripheral blood and target tissues, such as in sys-
temic lupus erythematosus, dermatomyositis, and Sjögren’s
syndrome.16,17

We investigated whether EOMG shared some fea-
tures with interferonopathies by analyzing the IFN-I sig-
nature in the blood and thymus of MG patients. Our
results showed no alteration of IFN-I subtypes or inter-
feron-stimulated genes (ISGs) in the blood, indicating that
the IFN-I signature is restricted to the thymus in EOMG.
Using in vitro and in vivo approaches, we demonstrated
that endogenous nucleic acids (NAs) released by necrotic
thymocytes induced IFN-β and α-AChR expression by
TECs. In patients with AChR-MG, we observed a
decreased number of thymic macrophages. This could
alter the proper efferocytosis of apoptotic thymocytes, and
necrotic thymocytes would release their intracellular con-
tent, such as NAs. Finally, endogenous NAs may activate
innate immunity pathways involved in the elevated IFN-β
expression at the basis of thymic changes leading to
the EOMG.

Methods
Human Blood and Thymic Samples
Serum (n = 43, 17–47 years old) and peripheral mononu-
clear blood cells (PBMCs; n = 23, 20–45 years old) were
collected from EOMG patients with anti-AChR anti-
bodies that were not under immunosuppressive therapies
and with only cholinesterase inhibitors (Tables S1A, S1B).
For blood samples collected after thymectomy, the delay
after thymectomy was variable ranging from 6 months to
21 years. Control serum (n = 14, 17–50 years old) and
PBMCs (n = 10, 23–45 years old) from healthy donors
were obtained from the French blood establishment.

For immunohistochemistry, thymic biopsies were
obtained from the Marie Lannelongue Surgical Center
(Le Plessis-Robinson, France), where AChR-positive MG
patients (n = 10, 7–44 years old) underwent thymectomy
(Table S2), and from age-/sex-matched non-MG controls
(n = 6, 6–44 years old) from cardiovascular surgery.
TECs were prepared from infant thymus obtained from
cardiovascular surgery.

None of the patients with MG displayed thymoma
or infectious diseases. Studies on blood and thymic sam-
ples were approved by local ethics committees (RCB
2006-A00164-47 and RCB 2010-A00250-39).

Serum Cytokine Measurement
IFN-α serum levels were measured using a Quanterix
Simoa homebrew assay developed as previously
described.16 Samples were diluted threefold, and this assay
allowed for the detection of all IFN-α subtypes with a
limit of detection (LOD) of 0.04 fg/ml. IFN-β serum
levels were assessed by an enzyme-linked immunosorbent
assay (ELISA; PBL-41415, Enzo Life Science, villeur-
banne, France) on serum samples diluted to half.

TEC Cultures
TECs were obtained from thymic explant cultures as pre-
viously described.8 After 1 week, TECs were seeded over-
night at 1.4 � 105 cells/cm2 in RPMI-5% horse serum.
TECs were treated for 24 hours with Poly(I:C) 200 μg/ml
(tlrl-pic), Poly(dA:dT) 100 μg/ml (tlrl-patn), CpG 5μg/ml
(tlrl-2216), 2030-cGAMP 100μg/ml (tlrl-nacga23), or
HSV60 100μg/ml (tlrl-hsv60n; Invivogen) in RPMI-0.5%
horse serum. Interferon-α/β receptor subunit 2 (IFNAR2)
blocking antibody 10μg/ml (PBL-21385-1, Enzo Life Sci-
ence) was added 1 hour before the other reagents.8

For co-culture experiments, TECs were prepared as
above and co-cultured with thymocytes induced into apo-
ptosis (thymocytes were obtained from infant thymus
biopsies). The induction was carried out by incubating
thymocytes for 4 hours with 50μM dexamethasone
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(D4902, Sigma-Aldrich, Saint-Quentin-Fallavier, France).
Thymocytes were washed to remove dexamethasone and
seeded with TECs for 24 hours (Thymocyte/TEC
ratio = 20:1). Before TECs were collected, the co-culture
was thoroughly washed with D-PBS to get rid of the
thymocytes.

Reverse Transcription and Quantitative
Polymerase Chain Reaction
Total RNA from human TECs or mouse thymic frag-
ments was extracted in Trizol (15596018, Life Technolo-
gies, Courtaboeuf, France). Then, 500 ng of RNA was
retro-transcribed using AMV (10109118001, Roche Life
Science, Saint-Quentin-Fallavier, France) for 1 hour at
42�C with oligo-dT (18418012, Life Technologies,
Courtaboeuf, France). Quantitative PCR reactions were
performed with the LightCycler 480 SYBR Green Master
Mix (4887352001, Roche Life Science, Saint-Quentin-
Fallavier, France) on the LightCycler 480 System. Primer
sequences are listed in Supplementary Table S3. Relative
mRNA expressions were normalized with GAPDH
or 28 S.

Immunohistochemistry
Cryosections of thymic samples (7 μm) were fixed in ice-
cold acetone for 20 minutes and unspecific binding sites
were blocked with 5% BSA for 20 minutes. Sections were
stained overnight at 4�C with antibodies against keratin 5
(905501, Biolegend) for medullary TECs, CD68
(MAB20401, R&D Systems) or CD163 (556017, BD
Pharmingen) for macrophages, CD208 (IM3448,
Beckman Coulter) for mature dendritic cells or CD123
(555642, Becton Dickinson) for plasmacytoid dendritic
cells. Next, sections were stained with fluorescent second-
ary antibodies: Donkey anti-mouse alexa-594 or chicken
anti-rabbit alexa-488 (A-21203 and A-21441, Life Tech-
nologies) for 1 hour 30�C at room temperature. Images
were acquired with a ZeissAxio Observer R1 Inverted
Microscope. The number of cells was counted by Zen
Software in 3 to 4 mosaic pictures containing 25 fields of
each thymic section. Representative sections were selected
distinguishing cortical or medullary regions based on
Keratin 5 staining.

Animals
Four to 5 weeks old C57/bl6J mice (Janvier Labs) were
treated by intraperitoneal (i.p.) injections of Poly(I:C)
200μg/injection, dexamethasone 5mg/kg/injection, Poly
(dA:dT) 100μg/injection, 2030-cGAMP 25μg/injection, or
saline solution 3 times per week. Mice were weighed and
euthanized after 1 week. To analyze the impact of a
decreased number of thymic macrophages, 4 to 5 week

old C57/bl6J mice were treated with an anti-CSF1R anti-
body 300μg/injection (NBP2-43363, BioTechne) every
3 days for 4 weeks. Thymic cells were analyzed by flow
cytometry and a piece of the thymus was stored at �80�C
for reverse transcription quantitative polymerase chain
reaction (RT-qPCR).

Flow Cytometry
Mouse thymuses were crushed and filtered through
60 μm nylon. Human or mouse thymocytes were labeled
with Annexin-V and propidium iodide (PI) (556419 and
51-66211E, Becton Dickinson, Le point de Claix, France)
in Annexin-V binding buffer for 15 minutes and moni-
tored using the Beckman Coulter Cytoflex S apparatus.

Statistical Analysis
For 2-by-2 comparisons, the non-parametric Mann–
Whitney test was applied. For multiple comparisons, a
one-way analysis of variance (ANOVA) test was applied
with Dunn’s post hoc tests. Correlation analyses were per-
formed using Spearman’s correlation coefficient for non-
Gaussian distributed variables, with p < 0.05 considered
significant.

Results
No IFN-I Signature in the Blood of MG Patients
First, we investigated the serum levels of IFN-β (Fig 1A)
and all IFN-α subtypes (Fig 1B) by ELISA and Simoa,
respectively. No differences were observed between con-
trols and patients with AChR-MG. Furthermore, among
patients with AChR-MG, no differences were observed
between thymectomized patients or not (Fig 1A, 1B).

In PBMCs from controls and patients with AChR-
MG, we also measured mRNA expression for IFN-β
(Fig 1C), IFN-α2 (Fig 1D), and their receptor subunits
IFNAR1 (Fig 1E) and IFNAR2 (Fig 1F). No significant
differences were detected for these 4 genes in MG patients
whether or not patients were thymectomized. We mea-
sured the mRNA expression of ISGs: OAS1, MX1 but
also 6 ISGs previously described for diagnosis of inter-
feronopathies.18 No significant differences were observed
(Fig 1G–N) in thymectomized or not MG patients as
compared to controls, except for RSAD2 (Fig 1N).

Overall, these results indicate no IFN-I signature in
the serum or PBMCs of AChR-MG patients.

Synthetic Molecules Mimicking Endogenous
dsDNA Induced IFN-β and α-AChR Expression in
TECs and the Thymus
We previously demonstrated that Poly(I:C), a double-
stranded(ds)RNA strongly induces the expression of IFN-
β and α-AChR, the main autoantigen in AChR-MG, in
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TEC cultures.8 To determine if this effect is specific to
dsRNA or if it could be also elicited by dsDNA, we
investigated on TECs the in vitro effect of molecules
mimicking dsDNA of bacterial (unmethylated CpG),
viral (HSV-60, a synthetic herpes simplex viral DNA), or
mammalian (Poly(dA:dT)) origin, and a molecule
involved in intracellular signalization of dsDNA (2030-

cGAMP). The expression of IFN-β (Fig 2A) and
α-AChR (Fig 2B) mRNA was observed in TECs treated
for 24 hours with Poly(dA:dT) or 2030-cGAMP but not
with molecules mimicking pathogen infections. Of note,
if Poly(dA:dT) and 2030-cGAMP induced IFN-β and
α-AChR in TECs, they were not as potent as Poly(I:C),
a dsRNA (IFN-β and α-AChR mRNA induction rate as

FIGURE 1: Search for an IFN-I signature in serum and PBMCs of AChR-MG patients. Measurement of serum levels of IFN-β by
ELISA (A) and IFN-α subtypes52 by Simoa (B) in AChR-MG patients (n = 20 for IFN-β, n = 43 for IFN-α) and healthy donors
(n = 10 for IFN-β and n = 11 for IFN-α). The mRNA expression of IFN-β (C), IFN-α2 (D), IFNAR1 (E), and IFNAR2 (F) and ISGs:
OAS1 (G), MX1 (H), ISG15 (I), IFIT1 (J), ISG12 (K), IFI44L (L), SIGLEC1 (M), and RSAD2 (N) in PBMCs of AChR-MG patients
(n = 12–23, depending on PCR) and healthy donors (n = 6–10 depending on PCR). The mRNA expression was normalized on
28 S. The p values were determined by the Mann–Whitney test for 2-by-2 comparisons for each subgroup. The p values were
indicated only when p < 0.05. ELISA = enzyme-linked immunosorbent assay; MG = myasthenia gravis; PBMCs = peripheral
mononuclear blood cells. [Color figure can be viewed at www.annalsofneurology.org]
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compared with control cells: 28.3 � 11.3 (n = 16) and
24.3 � 9.9 (n = 21), respectively). Experiments were
done using TECs deriving from infant thymuses but
using 3 to 4 adult control or MG thymuses, similar
results were obtained for TECS treated with 2030-
cGAMP or Poly(I:C) (data not shown). Nevertheless, we
confirmed at the protein level that Poly(dA:dT) and 2030-
cGAMP were able to induce α-AChR (Fig 2C). We also
analyzed the kinetic expression of IFN-β and α-AChR
mRNA upon activation of the dsDNA signaling pathway
with 2030-cGAMP. We observed that IFN-β expression
peaked at 3 hours and decreased afterward, whereas
α-AChR expression peaked at 24 hours (Fig 2D). This
shift suggests that α-AChR expression was mediated in
an autocrine manner by IFN-β. To test this hypothesis,

TECs were pretreated with an IFNAR-blocking antibody
before being stimulated with either 2030-cGAMP
(Fig 2E) or Poly(dA:dT) (Fig 2F) for 24 hours. The
results showed a strong decrease in the expression of
α-AChR mRNA when IFN-I signalization was blocked.
The induction of α-AChR expression upon stimulation
of TECs with Poly(dA:dT) or 2030-cGAMP was specific
as no inductions were observed for β-AChR or other
tissue-specific antigens (Fig 2G).

The effects of Poly(dA:dT) and 2030-cGAMP were
also tested in vivo. Mice were i.p. injected every 2 days
and the thymus was analyzed at day 7. We did not detect
any thymic involution (Fig 3A,3F). However, we observed
an increased thymic expression of IFN-β and IFN-α2
mRNA (Fig 3B,C,G,H) associated with an increase in

FIGURE 2: Effects of endogenous nucleic acids on TECs. mRNA expression of IFN-β (A) and α-AChR (B) by TECs measured
24 hours after stimulation with HSV-60 100μg/ml (n = 3), CpG 5μg/ml (n = 3), Poly(dA:dT) 100 μg/ml (n = 8), or 2030-cGAMP
100μg/ml (n = 16). Analysis by flow cytometry of the percentage of α-AChR expression by TECs after 24 hours in culture with
Poly(dA:dT) 100μg/ml (n = 3) or 2030-cGAMP 100μg/ml (n = 4) (C). Representative time course effect of 2030-cGAMP on IFN-β and
α-AChR mRNA expression by TECs (D). Effects of 2030-cGAMP (E) and Poly(dA:dT) (F) on α-AChR expression by TECs pretreated
with or without 10μg/ml of an IFNAR2 blocking antibody. mRNA expression was normalized on GAPDH, and for each
experiment, the mRNA level of untreated control cells was fixed at 100. The p values were determined by the Mann–Whitney
test for 2-by-2 comparisons for each treatment as compared with untreated control (A, B, D, G) and to treatment with the IFNAR
blocking antibody (E, F). The p values were indicated only when p < 0.05. TEC = thymic epithelial cell. [Color figure can be
viewed at www.annalsofneurology.org]
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α-AChR (Fig 3D,I) but not in β-AChR mRNA expression
(Fig 3E,J).

Altogether, these in vitro results suggest a specific
implication of synthetic molecules mimicking endogenous
dsDNA in the expression of IFN-β that further elicited
α-AChR in TECs. In addition, in mice, the injection of
these molecules induced an IFN-β and IFN-α2 thymic
expression associated with α-AChR expression.

Necrotic Thymocytes Induced IFN-β and α-AChR
Expression in TECs
Endogenous NAs are known to be released in the cellular
environment by necrotic cells. To determine whether
“natural” NAs have the same effects as Poly(I:C),
Poly(dA:dT), and 2030-cGAMP, we investigated the
impact of co-culturing necrotic thymocytes with TECs.
Thymocytes were induced in apoptosis/necrosis by a
4 hours pretreatment with dexamethasone19 that increased
the percentage of PI+ cells corresponding to late apoptotic
and necrotic cells (Fig 4A, 4B). Thymocytes were then
washed to get rid of dexamethasone and co-cultured for
24 hours with TECs. We observed that apoptotic/necrotic
thymocytes increased the expression of IFN-β and
α-AChR mRNA as compared with co-cultures with con-
trol thymocytes (Fig 4C, 4D). The effect of apoptotic/
necrotic thymocytes was specific to α-AChR and not
observed for β-AChR or ε-AChR (Fig 4E, 4F).

These data suggest that the release of the intracellu-
lar content of necrotic thymocytes containing NAs could
induce the expression of IFN-β and, subsequently, that of
α-AChR by TECs.

Necrotic Thymocytes Induced IFN-β and α-AChR
Expression in the Thymus
Dexamethasone injections can induce an acute thymic
involution due to thymocytes apoptosis.20 We investigated
the impact of thymocyte apoptosis on the thymus of mice.
Seven days after dexamethasone treatment, the thymus
weight was significantly decreased in treated mice
(Fig 5A), but not the total weight of the mice (data not
shown). Dexamethasone treatment led to a strong increase
in the percentage of late apoptotic and necrotic thymic
cells (Fig 5B) that was associated with an important
decrease in the relative number of thymocytes (data not
shown) but the thymic stroma was not affected, as no
change in keratin 5 mRNA expression was observed
(Fig 5C). Consequently, acute thymic involution was thus
due to the induction in thymocyte apoptosis/necrosis in
dexamethasone-injected mice.

In parallel, we found an increased thymic expression
of IFN-I subtypes, IFN-β (Fig 5D), and IFN-α2 (Fig 5E)
mRNA, and also of α-AChR mRNA (Fig 5F) as well as
the ISGs: IFI44, ISG12, IFIT1, and MX1 (Fig 5H). No
increased expression was measured for β-AChR mRNA
(Fig 5G). Furthermore, a strong correlation between IFN-

FIGURE 3: In vivo analyses of the effects of Poly(dA:dT) and 2030-cGAMP on the thymus of mice. Mice were ip injected every
other day with Poly(dA:dT) 100μg/kg/injection (A–E) or 2030-cGAMP 25μg/kg/injection (F–J). Mice were euthanized at day 7,
24 hours after the last i.p. injection. Thymus weight was normalized on the mouse weight (A and F) and mRNA was extracted to
analyze the expression of IFN-β (B and G), IFNα-2 (C and H), α-AChR (D and I), and β-AChR (E and J). The mRNA expression was
normalized on GAPDH. The p values were assessed by the Mann–Whitney test and indicated only for p < 0.05. [Color figure can
be viewed at www.annalsofneurology.org]
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β or IFN-α2, and α-AChR mRNA expression in the thy-
mus of mice injected with dexamethasone was observed
(Fig 5I, 5J).

These results suggest that necrotic thymocytes
induced upon dexamethasone treatment could trigger the
expression of IFN-I leading to α-AChR expression in the
thymus.

Decreased Number of Macrophages in the
Thymus of AChR-MG Patients
Macrophages play a major role in the efferocytosis of apo-
ptotic thymocytes.21,22 By immunofluorescence, we
detected a significant decrease in the number of CD68+
and CD163+ macrophages in the thymus of patients with
AChR-MG as compared to controls. This decrease was
observed in both cortical and medullary regions (Fig 6A,
6B). CD68 or CD163 are classically used as macrophage
markers, nevertheless, they can also stain other cells. To
exclude the possibility that the observed decrease was due
to other cells than macrophages, we analyzed the number
of CD208+ mature dendritic cells and CD123+ plas-
macytoid dendritic cells.23 No significant differences were
observed between control and AChR-MG thymuses for
mature or plasmacytoid dendritic cells (data not shown).

Decreased Thymic Macrophages Might Result in
Increased IFN-I and α-AChR in Mice
To determine if a decrease in thymic macrophages could
induce an IFN-I expression, mice were injected with an
anti-CSF1R antibody for 4 weeks. CSF1 is a molecule
implicated in the renewal and differentiation of tissue
macrophages, and prolonged blocking of its receptor
induces macrophage depletion.24 We observed a decrease
in the thymus weight (Fig 7A) associated with a slight
increase in the percentage of late apoptotic and necrotic
thymic cells (Fig 7B) but no change regarding the expres-
sion of keratin 5 (Fig 7C). We confirmed that the pro-
longed treatment with the anti-CSF1R antibody decreased
the proportion of macrophages as measured by CD68
mRNA expression (Fig 7D). In parallel, we observed an
increased thymic expression of IFN-β (Fig 7E), IFN-α2
(Fig 7F), and of α-AChR (Fig 7G) but not of β-AChR
mRNA (Fig 7H). These results suggest that in mice a
reduced number of thymic macrophages may induce the
expression of IFN-I subtypes and a higher expression
of α-AChR.

Discussion
The thymus of early-onset AChR-MG patients is charac-
terized by a persistent IFN-I signature, associated with a
high expression of IFN-β and ISGs.8 We wondered

FIGURE 4: Analysis of the effects of necrotic thymocytes on
TECs. Representative staining of thymocyte apoptosis/
necrosis by FACS with Annexin V and PI labeling, before
(A) and after (B) a 4 hours dexamethasone treatment
(representative labeling). The mRNA expression of IFN-β (C),
α-AChR (D), β-AChR (E), and ε-AChR (F) by TECs after a
24 hours co-culture with thymocytes induced or not in
necrosis by an initial 4 hours pretreatment with
dexamethasone. The mRNA expression was normalized on
GAPDH, and for each experiment, the mRNA level of
untreated control TECs was fixed at 100 (dotted line on
graphs). The p values were determined by the Mann–
Whitney test and p values were indicated only when
p < 0.05. FACS = fluorescent activated cell sorting;
PI = propidium iodide; TECs = thymic epithelial cells. [Color
figure can be viewed at www.annalsofneurology.org]
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whether an IFN-I signature could also be detected in
periphery in EOMG patients. However, no significant
increased serum levels of IFN-α subtypes or IFN-β were
detected, and no IFN-I signature was observed in PBMCs
of patients with EOMG. In a whole-transcriptome
sequencing study on PBMCs from EOMG patients,
Barzago et al detected enriched functional pathways
related to “infectious disease” and “inflammatory
response-associated” categories. However, from further in-

depth analysis, no obvious IFN-I signature was found.25

Both in our study and that of Barzago et al, no changes
were detected for thymectomized or non-thymectomized
patients with EOMG, indicating that the IFN-I signature
is contained in the thymus of patients. In contrast to
EOMG, chronic peripheral activation of the IFN-I path-
way seems to be linked to systemic autoimmune diseases
and characterized by the presence of anti-nuclear anti-
bodies, such as in systemic lupus erythematosus,

FIGURE 5: Analysis of the effects of acute thymic involution due to necrotic thymocytes in mice. Mice were injected with
dexamethasone 5 mg/kg/injection every 2 days. After a week, mice were euthanized. The thymuses were weighted (A) and the
percentages of late apoptotic/necrotic thymocytes were measured by FACS with Annexin V and PI labeling (B). Thymic mRNA
expression was measured and normalized on GAPDH for keratin 5 (C), IFN-β (D), IFN-α2 (E), α-AChR (F), β-AChR (G), and 4 ISG
(IFI44, ISG15, IFIT1, and MX1) (H). The p values were assessed by the Mann–Whitney test and p values were indicated only when
p < 0.05 (A–H). Correlations between IFN-β (I) or IFN-α2 mRNA (J) and α-AChR expression were performed for dexamethasone-
treated mice using Spearman’s correlation test, with a p < 0.05 considered significant. FACS = fluorescent activated cell sorting;
PI = propidium iodide. [Color figure can be viewed at www.annalsofneurology.org]

650 Volume 93, No. 4

ANNALS of Neurology
 15318249, 2023, 4, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/ana.26590 by Sorbonne U
niversité, W

iley O
nline L

ibrary on [27/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.annalsofneurology.org


dermatomyositis, and Sjögren’s syndrome.16,17,26,27 Some
patients with EOMG without autoimmune comorbidities
can have anti-nuclear antibodies and it would be interest-
ing to measure serum or thymic levels for IFN-α and
IFN-β for these patients. In EOMG, the IFN-I signature
is thus specifically detected in the thymus.8 IFN-I sub-
types are also increased in the thymus of thymoma-
associated MG28 without a peripheral increase in IFN-α
subtypes and IFN-β.29 Altogether, this leads to consider
that MG could correspond to a thymus-restricted
interferonopathy.

As the thymus is thought to initiate the anti-AChR
response associated with EOMG, a key issue is the under-
standing of signals that drive the chronic expression of
IFN-β. We previously demonstrated that Poly(I:C), a
dsRNA molecule, induces the overexpression of IFN-β by
TECs that, in turn, leads to the specific expression of
α-AChR.8 Here, we demonstrated that Poly(dA:dT) and

2030-cGAMP induced the expression of IFN-I, in particu-
lar IFN-β, and α-AChR by TECs. The expression of IFN-
β peaked at 3 hours and that of α-AChR was time-lagged.
Blocking the IFN-I receptor strongly inhibited α-AChR
expression. These results suggest that dsDNA signalization
could induce the IFN-β release by TECs and the subse-
quent specific overexpression of α-AChR. Similarly,
Poly(dA:dT) and 2030-cGAMP injections to mice led to
thymic expression of IFN-I subtypes and α-AChR expres-
sion, as observed with Poly(I:C) injections.8

We did not observe any effect of HSV-60 or CpG,
synthetic molecules mimicking dsDNA from viral or bac-
terial origin, respectively. In contrast, Poly(dA:dT) mimics
mammalian canonical B-DNA that specifically activates
cGAS.30 Poly(I:C) is usually considered as a molecule
mimicking viral infection but it can also mimic endoge-
nous dsRNA.31 This suggests that endogenous dsDNA/
dsRNA could be responsible for the IFN-β expression

FIGURE 6: Analyses of thymic macrophages in AChR-MG patients. Immunohistochemical analyses of thymic macrophages. Thymic
sections from AChR-MG patients and controls were labeled with antibodies against CD68 or CD163 for macrophages (in red)
and keratin 5 (K5) for medullary TECs (in green). Representative image of an adult control labeled with CD68 (A) and CD163
(B) and with K5 (A, B). For each donor, the number of cells was counted by Zen Software in 3 or 4 mosaic pictures containing
25 fields of each thymic section. Representative sections were selected distinguishing cortical or medullary regions based on
Keratin 5 staining and CD68+ (C) and CD163+ (D) cells were counted. The p values were determined by the Mann–Whitney test
for 2-by-2 comparisons for MG patients as compared with controls. MG = myasthenia gravis; TECs = thymic epithelial cells.
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in the AChR-MG thymus. The fact that endogenous
dsRNA and dsDNA use innate signaling pathways32

may explain the long-standing hypothesis that MG may
be linked to pathogen infection. Except for debates
regarding Epstein–Barr virus (EBV),33 no clear evidence
supports a causal link between a specific pathogen and
the onset of MG.34

Under physiological conditions, apoptotic cells are
taken over by phagocytes, such as macrophages, through a
process called efferocytosis. If apoptotic cells are not elimi-
nated, they progress to a secondary necrosis stage and
locally release their intracellular content, such as endoge-
nous NAs that lead to inappropriate activation of innate
signaling pathways.32 We demonstrated that the co-
culture of apoptotic/necrotic thymocytes with TECs
induced IFN-β and α-AChR expression, similar to what
we observed with synthetic NAs. These in vitro observa-
tions were reproduced in vivo by inducing a thymic acute
stress. Dexamethasone injections are known to lead to
thymic involution due to the huge induction of thymocyte
death.19 We showed that the increase in the number
of apoptotic/necrotic thymocytes led to the expression of

IFN-I subtypes, such as IFN-β and IFN-α2, and of
α-AChR. The implication of endogenous NAs in inflam-
matory disorders and autoimmunity is increasingly
suspected.35,36 For example, defective clearance of endoge-
nous NAs from dying cells is implicated in the initiation
of systemic lupus erythematosus.37 Endogenous NAs can
also induce IFN-I-associated responses in keratinocytes
and are involved in the pathogenesis of cutaneous lupus
erythematosus.38

The thymus is essential to shape the T cell repertoire
to optimize the immune response and avoid autoimmu-
nity.39 This is a site of intense cell death in the context of
positive and negative selection during which about 95%
of the thymocytes are eliminated.40 In addition, thymo-
cyte apoptosis is strongly induced upon acute stress.41 It is
thus clear that efferocytosis of apoptotic thymocytes is a
critical physiological process to maintain thymic homeo-
stasis. We observed a clear decreased number of macro-
phages in the thymus of patients with AChR-MG. We do
not have a clear explanation for this decrease in thymic
macrophages. Deficiencies of macrophages in human dis-
eases are relatively rare. However, changes in macrophage

FIGURE 7: Analysis of the impact of a decreased number of thymic macrophages. Mice were injected with an anti-CSF1R
antibody to decrease thymic macrophages. After 4 weeks, control and treated mice were euthanized. The thymuses were
weighted (A) and the percentages of late apoptotic/necrotic thymocytes were measured by FACS with Annexin V and PI labeling
(B). Thymic mRNA expression was measured and normalized on GAPDH for keratin 5 (C), CD68 (D), IFN-β (E), IFN-α2 (F), α-AChR
(G), and β-AChR (H). The p values were assessed by the Mann–Whitney test and p values were indicated only when p ≤ 0.05 (A–
H). FACS = fluorescent activated cell sorting; PI = propidium iodide. [Color figure can be viewed at www.annalsofneurology.org]
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number or function could contribute to disease processes
such as autoimmunity, inflammatory diseases, and can-
cer.42 We observed that a decreased number of thymic
macrophages in mice was associated with an IFN-I signa-
ture and the induction of α-AChR expression. In studies
on MG thymus, Salakou et al measured the apoptotic
body index on thymic sections from controls and MG
patients. The apoptotic body index is higher in MG
patients suggesting an increased number of apoptotic thy-
mocytes in MG.43,44 Kanatli et al also observed an
increase in the apoptotic body index in the thymus of
MG patients compared to adult controls.45 Fas and its
ligand (FasL) are 2 molecules involved in the regulation of
cell death, and Fas expression is increased in apoptotic
cells.46 A study on isolated thymocytes showed a higher
proportion of thymocytes with a strong Fas expression in
AChR-MG patients. This was specifically observed in the
thymus but not in peripheral T cells.47 Of note, the thy-
mus of AChR-MG patients also displays fewer myoid
cells48 that normally protect thymocytes from apoptosis.49

We previously showed that IFN-β plays a central
role in thymic events leading to MG by triggering the
overexpression of α-AChR in TECs but also inducing a
slight increase in TEC death, likely leading to thymic den-
dritic cell sensitization against this autoantigen, the abnor-
mal recruitment of peripheral cells and germinal center
formation, the differentiation of pathogenic Th17 cells,
and the survival of autoreactive B cells.9,11,12 Here, inves-
tigating the cause of this IFN-β signature, we suggest that
an altered efferocytosis process in the thymus due to a
decreased number of macrophages favors the accumulation
of apoptotic/necrotic thymocytes and the subsequent
release of endogenous NAs. This would lead to the activa-
tion of innate signaling pathways and the chronic IFN-β
signature in EOMG. A normal thymus is known to rap-
idly recover upon acute stress.50,51 Consequently, the per-
sistent IFN-I signature observed in the AChR-MG
thymus suggests that in addition to a decrease in the num-
ber of macrophages, an abnormal resolution of inflamma-
tion might also be implicated in EOMG pathogenesis.

Acknowledgments
The authors thank Solène Maillard for her technical assis-
tance. We thank the pediatric cardiac surgery department
of Necker Sick Children’s Hospital for infant thymic
biopsies. Darragh Duffy thanks ImmunoQure AG for
sharing the antibodies to assess IFN-α protein levels in the
Simoa assay. We thank the MYOBANK-AFM. Animals
were housed in the SPF animal care facility of the CEF
(UMS28, Sorbonne University, Pitié-Salpêtrière Hospital,
Paris, France).

This work was supported by grants from the Associ-
ation Française contre les Myopathies (AFM), the Agence
Nationale de la Recherche (ANR grant number
CE17001002), and Idex Sorbonne University (contract
no. C19/1375).

Author Contributions
C.P., F.T., and R.L.P. conception and design of the
study. C.P., A.Y., O.-M.F., F.T., V.B., D.D., S.D., E.F.,
J.G., and R.L.P. acquisition and analysis of data. C.P.,
V.B., D.D., F.M., S.B.-A., and R.L.P. drafting the text or
preparing the figures.

Potential Conflicts of Interest
The authors declare that they have no competing
interests.

References
1. Berrih-Aknin S, Le Panse R. Myasthenia gravis: a comprehensive

review of immune dysregulation and etiological mechanisms.
J Autoimmun 2014;52:90–100.

2. Wolfe GI, Kaminski HJ, Aban IB, et al. Randomized trial of thymec-
tomy in myasthenia gravis. N Engl J Med 2016;375:511–522.

3. Mesnard-Rouiller L, Bismuth J, Wakkach A, et al. Thymic myoid cells
express high levels of muscle genes. J Neuroimmunol 2004;148:
97–105.

4. Fujii Y, Monden Y, Nakahara K, et al. Antibody to acetylcholine
receptor in myasthenia gravis: production by lymphocytes from thy-
mus or thymoma. Neurology 1984;34:1182.

5. Scadding GK, Vincent A, Newsom-Davis J, Henry K. Acetylcholine
receptor antibody synthesis by thymic lymphocytes: correlation with
thymic histology. Neurology 1981;31:935–943.

6. Safar D, Berrih-Aknin S, Morel E. In vitro anti-acetylcholine receptor
antibody synthesis by myasthenia gravis patient lymphocytes: corre-
lations with thymic histology and thymic epithelial-cell interactions
[Internet]. J Clin Immunol 1987;7:225–234.

7. Melms A, Schalke BC, Kirchner T, et al. Thymus in myasthenia gravis.
Isolation of T-lymphocyte lines specific for the nicotinic acetylcholine
receptor from thymuses of myasthenic patients [Internet]. J Clin
Invest 1988;81:902–908.

8. Cufi P, Dragin N, Weiss JM, et al. Implication of double-stranded
RNA signaling in the etiology of autoimmune myasthenia gravis. Ann
Neurol 2013;73:281–293.

9. Cufi P, Dragin N, Ruhlmann N, et al. Central role of interferon-beta
in thymic events leading to myasthenia gravis. J Autoimmun 2014;
52:44–52.

10. Méraouna A, Cizeron-Clairac G, Le Panse R, et al. The chemokine
CXCL13 is a key molecule in autoimmune myasthenia gravis. Blood
2006;108:432–440.

11. Cron MA, Payet CA, Fayet O-M, et al. Decreased expression of miR-
29 family associated with autoimmune myasthenia gravis.
J Neuroinflammation 2020;17:294.

12. Villegas JA, Bayer AC, Ider K, et al. Il-23/Th17 cell pathway: a prom-
ising target to alleviate thymic inflammation maintenance in myas-
thenia gravis. J Autoimmun 2019;98:59–73.

13. Payet AC, You A, Fayet O-M, et al. Myasthenia gravis: an acquired
Interferonopathy? Cell 2022;11:1218.

April 2023 653

Payet et al: Macrophage Default Induces Thymic Inflammation

 15318249, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ana.26590 by Sorbonne U

niversité, W
iley O

nline L
ibrary on [27/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



14. Savino W. The thymus is a common target organ in infectious dis-
eases [Internet]. PLoS Pathog 2006;2:e62.

15. Crow YJ. Type I interferonopathies: a novel set of inborn errors of
immunity. Ann N Y Acad Sci 2011;1238:91–98.

16. Rodero MP, Decalf J, Bondet V, et al. Detection of interferon alpha
protein reveals differential levels and cellular sources in disease.
J Exp Med 2017;214:1547–1555.

17. Baechler EC, Bilgic H, Reed AM. Type I interferon pathway in adult
and juvenile dermatomyositis. Arthritis Res Ther 2011;13:249.

18. Crow MK, Olferiev M, Kirou KA. Type I interferons in autoimmune
disease. Annu Rev Pathol Mech Dis 2019;14:369–393.

19. van Vliet E, Melis M, van Ewijk W. The influence of dexamethasone
treatment on the lymphoid and stromal composition of the mouse
thymus: a flowcytometric and immunohistological analysis. Cell
Immunol 1986;103:229–240.

20. Wyllie AH. Glucocorticoid-induced thymocyte apoptosis is associ-
ated with endogenous endonuclease activation. Nature 1980;284:
555–556.

21. Platt N, Suzuki H, Kurihara Y, et al. Role for the class A macrophage
scavenger receptor in the phagocytosis of apoptotic thymocytes
in vitro. Proc Natl Acad Sci U S A 1996;93:12456–12460.

22. Odaka C, Mizuochi T. Macrophages are involved in DNA degrada-
tion of apoptotic cells in murine thymus after administration of
hydrocortisone. Cell Death Differ 2002;9:104–112.

23. Bendriss-Vermare N, Barthelemy C, Durand I, et al. Human thymus
contains IFN-alpha-producing CD11c(�), myeloid CD11c(+), and
mature interdigitating dendritic cells [Internet]. J Clin Invest 2001;
107:835–844.

24. Sauter KA, Pridans C, Sehgal A, et al. Pleiotropic effects of extended
blockade of CSF1R signaling in adult mice. J Leukoc Biol 2014;96:
265–274.

25. Barzago C, Lum J, Cavalcante P, et al. A novel infection- and
inflammation-associated molecular signature in peripheral blood of
myasthenia gravis patients. Immunobiology 2016;221:1227–1236.

26. Baechler EC, Batliwalla FM, Karypis G, et al. Interferon-inducible
gene expression signature in peripheral blood cells of patients with
severe lupus [Internet]. Proc Natl Acad Sci U S A 2003;100:2610–
2615.

27. Marketos N, Cinoku I, Rapti A, Mavragani CP. Type I interferon sig-
nature in Sjögren’s syndrome: pathophysiological and clinical impli-
cations. Clin Exp Rheumatol 2019;37 Suppl 118(3):185–191.

28. Cufi P, Soussan P, Truffault F, et al. Thymoma-associated myasthenia
gravis: on the search for a pathogen signature. J Autoimmun 2014;
52:29–35.

29. Lefeuvre CM, Payet CA, Fayet OM, et al. Risk factors associated with
myasthenia gravis in thymoma patients: the potential role of thymic
germinal centers. J Autoimmun 2020;106:102337.

30. Civril F, Deimling T, de Oliveira Mann CC, et al. Structural mecha-
nism of cytosolic DNA sensing by cGAS. Nature 2013;498:332–337.

31. Cavassani KA, Ishii M, Wen H, et al. TLR3 is an endogenous sensor
of tissue necrosis during acute inflammatory events. J Exp Med
2008;205:2609–2621.

32. Roers A, Hiller B, Hornung V. Recognition of endogenous nucleic
acids by the innate immune system. Immunity 2016;44:739–754.

33. Serafini B, Cavalcante P, Bernasconi P, et al. Epstein-Barr virus in
myasthenia gravis thymus: a matter of debate [Internet]. Ann Neurol
2011;70:519.

34. Leopardi V, Chang YM, Pham A, et al. A systematic review of the
potential implication of infectious agents in myasthenia gravis. Front
Neurol 2021;12:618021.

35. Bordignon V, Cavallo I, D’Agosto G, et al. Nucleic acid sensing per-
turbation: how aberrant recognition of self-nucleic acids may contrib-
ute to autoimmune and autoinflammatory diseases. Int Rev Cell Mol
Biol 2019;344:117–137.

36. Huijser E, Versnel MA. Making sense of intracellular nucleic acid
sensing in type I interferon activation in Sjögren’s syndrome. J Clin
Med 2021;10:532.

37. Soni C, Reizis B. Self-DNA at the epicenter of SLE: immunogenic
forms, regulation, and effects. Front Immunol 2019;10:1601.

38. Scholtissek B, Zahn S, Maier J, et al. Immunostimulatory endogenous
nucleic acids drive the lesional inflammation in cutaneous lupus
erythematosus. J Invest Dermatol 2017;137:1484–1492.

39. Surh CD, Sprent J. T-cell apoptosis detected in situ during positive
and negative selection in the thymus. Nature 1994;372:100–103.

40. Sarang Z, Garabuczi E, Joos G, et al. Macrophages engulfing apo-
ptotic thymocytes produce retinoids to promote selection, differenti-
ation, removal and replacement of double positive thymocytes.
Immunobiology 2013;218:1354–1360.

41. Billard MJ, Gruver AL, Sempowski GD. Acute endotoxin-induced
thymic atrophy is characterized by intrathymic inflammatory and
wound healing responses. PLoS One 2011;6:e17940.

42. Bowdish DM, Gordon S. Macrophage function disorders. In: eLS.
Chichester: John Wiley & Sons, Ltd; 2009.

43. Salakou S, Tsamandas AC, Bonikos DS, et al. The potential role of
bcl-2, bax, and Ki67 expression in thymus of patients with myasthe-
nia gravis, and their correlation with clinicopathologic parameters.
Eur J Cardio-thoracic Surg 2001;20:712–721.

44. Salakou S, Kardamakis D, Tsamandas AC, et al. Increased bax/bcl-2
ratio up-regulates caspase-3 and increases apoptosis in the thymus
of patients with myasthenia gravis. In Vivo (Brooklyn) 2007;21:
123–132.

45. Kanatli I, Akkaya B, Uysal H, et al. Analysis of TNF-related apoptosis-
inducing ligand and receptors and implications in thymus biology
and myasthenia gravis. Neuromuscul Disord 2017;27:128–135.

46. Cheng J, Liu C, Yang P, et al. Increased lymphocyte apoptosis in Fas
ligand transgenic mice. J Immunol 1997;159:674–684.

47. Moulian N, Bidault J, Truffault F, et al. Thymocyte Fas expression is
dysregulated in myasthenia gravis patients with anti-acetylcholine
receptor antibody [Internet]. Blood 1997;89:3287–3295.

48. Leite MI, Jones M, Strobel P, et al. Myasthenia gravis thymus: com-
plement vulnerability of epithelial and myoid cells, complement
attack on them, and correlations with autoantibody status [internet].
Am J Pathol 2007;171:893–905.

49. Le Panse R, Berrih-Aknin S. Thymic myoid cells protect thymocytes
from apoptosis and modulate their differentiation: implication of the
ERK and Akt signaling pathways [Internet]. Cell Death Differ 2005;
12:463–472.

50. Anz D, Thaler R, Stephan N, et al. Activation of melanoma
differentiation-associated gene 5 causes rapid involution of the thy-
mus [Internet]. J Immunol 2009;182:6044–6050.

51. Ansari AR, Liu H. Acute thymic involution and mechanisms for recov-
ery. Arch Immunol Ther Exp (Warsz) 2017;65:401–420.

52. Rodero MP, Crow YJ. Type I interferon-mediated monogenic
autoinflammation: the type I interferonopathies, a conceptual over-
view. J Exp Med 2016;213:2527–2538.

654 Volume 93, No. 4

ANNALS of Neurology
 15318249, 2023, 4, D

ow
nloaded from

 https://onlinelibrary.w
iley.com

/doi/10.1002/ana.26590 by Sorbonne U
niversité, W

iley O
nline L

ibrary on [27/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	 Central Role of Macrophages and Nucleic Acid Release in Myasthenia Gravis Thymus
	Introduction
	Methods
	Human Blood and Thymic Samples
	Serum Cytokine Measurement
	TEC Cultures
	Reverse Transcription and Quantitative Polymerase Chain Reaction
	Immunohistochemistry
	Animals
	Flow Cytometry
	Statistical Analysis

	Results
	No IFN-I Signature in the Blood of MG Patients
	Synthetic Molecules Mimicking Endogenous dsDNA Induced IFN-β and α-AChR Expression in TECs and the Thymus
	Necrotic Thymocytes Induced IFN-β and α-AChR Expression in TECs
	Necrotic Thymocytes Induced IFN-β and α-AChR Expression in the Thymus
	Decreased Number of Macrophages in the Thymus of AChR-MG Patients
	Decreased Thymic Macrophages Might Result in Increased IFN-I and α-AChR in Mice

	Discussion
	Acknowledgments
	Author Contributions
	Potential Conflicts of Interest
	References


