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Patients with myasthenia gravis (MG) may produce autoantibodies neutralizing
type  interferons (AAN-I-IFN), which underlie severe viral diseases, including crit-
ical COVID-19 pneumonia, in patients without MG. We studied an international
cohort of 85 unvaccinated SARS-CoV-2-infected MG patients not given antiviral
treatment. Hypoxemic pneumonia occurred in 48 of these patients, including 22
(45.8%) with AAN-I-IFN, which neutralized both IFN-a2 and IFN- in 14 (29.2%)
patients. Six (16.2%) of the remaining 37 patients had AAN-I-IFN, neutralizing
both IFN-a2 and IFN- in three patients. The risk of hypoxemic pneumonia was
greater in MG patients with AAN-I-IFN neutralizing 10 ng/mL of both IFN-a2 and
IFN-® (odds ratio and 95% confidence interval (OR [95% CI]): 12.7 [2.1 to 78.9],
P =0.0010) or IFN-a2 at any dose (OR [95% CIJ: 4.7 [1.5 to 15.0], P = 0.0054)
than in those without such autoantibodies. The risk of producing AAN-I-IFN
was much higher in MG patients than in the general population (OR [95% CI]J:
28.9 [10.8 to 77.7], P = 4.9 x 107%). Thymoma was found in 14 patients and
increased the risk of AAN-I-IFN (64% versus 27%, (OR [95% CI]: 5.6 [1.6 to 19.4],
P =0.0050) and hypoxemic pneumonia (9.2 [1.9 to 44.2]; P = 0.0019). Thymoma
is, thus, associated with a higher risk of producing AAN-I-IFN, which are, in turn,
associated with a higher risk of developing life-threatening COVID-19 pneumonia
in patients with MG.

autoantibodies | interferons | myasthenia gravis | COVID-19

Myasthenia gravis (MG) is an autoimmune disease characterized by muscle weakness,
primarily affecting the extrinsic ocular muscles, but also the limb and axial muscles in
cases of generalized MG (1). The clinical manifestations of MG result from the produc-
tion of autoantibodies (auto-Abs) targeting acetylcholine receptors (AChR) in about
85%, muscle-specific kinase (MuSK) receptors in about 6%, and/or low-density lipo-
protein receptor-related protein 4 (LRP4) in about 2% of MG patients (2). MG has a
prevalence of 1 to 2/10,000 individuals (3) with a bimodal age distribution: an early-onset
peak at about 30 years of age (early-onset MG, EOMG) and a later-onset peak after the
age of 50 y (late-onset MG, LOMG) (3). Patients with very late-onset MG (after the
age of 65 y) appear to be more likely to die from infection than those diagnosed before
the age of 65 y (4). Treatments include acetylcholinesterase inhibitors, and immuno-
modulating or immunosuppressive therapies. Thymectomy can also improve the course
of MG (5). Indeed, thymic abnormalities are common in MG, with about 65% of
patients displaying thymic hyperplasia [characterized by an inflamed thymus due to the
overproliferation of thymic epithelial cells or hyperplastic lymph follicles (6, 7)], and
about 15% of MG patients are also diagnosed with thymoma (8-10). The pathogenesis
of MG remains unclear. MG is thought to have a genetic origin, based on reports of
multiplex families (11). Genome-wide association studies (GWAS) and HLA association
studies have revealed modest effects of common variants (12, 13), including signals in
the genes encoding AChR subunits (14).
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Auto-Abs neutralizing type I interferons (AAN-I-IFN) have
been reported in about 30% of MG patients, up to 70% of
patients with MG associated with thymoma, and about 40% of
patients with thymoma only (15, 16). AAN-I-IFN can be due
to monogenic inborn errors of immunity, in patients with inborn
errors of central tolerance, for example (17-24). Since 2020,
AAN-I-IEN have been shown to be strong determinants of severe
COVID-19 detected in about 15% of cases of life-threatening
COVID-19 pneumonia (25), including cases in children (26),
20% of all fatal COVID-19 cases tested (27, 28), and about
20% of individuals suffering from “breakthrough” hypoxemic
COVID-19 pneumonia despite a normal Ab response to mRNA
vaccination (29, 30). These auto-Abs are thought to persist
throughout the individual’s lifetime (31) and have also been
detected in 5% of cases of critical seasonal influenza pneumonia
(32), a fatal case of H5N1 avian influenza (33), 38% of cases of
herpetic fulminant hepatitis (34), 25% of cases of critical Middle
East respiratory syndrome (MERS) pneumonia (35), 40% of
cases of West Nile virus encephalitis (36, 37), 10% of severe
tick-borne encephalitis cases (38), in cases of the rarer, severe
Powassan virus encephalitis, Usutu virus encephalitis, and severe
Ross River virus disease (39), and one third and 60%, respec-
tively, of severe adverse reactions to yellow fever YFV-17D and
chikungunya VLA1553 live-attenuated viral vaccines (40, 41).
Importantly, it has been established that germinal center-derived
memory B-cell responses directed against type I IFNs are present
before severe viral infection (42). In a French cohort of 3,558
MG patients, 0.96% suffered SARS-CoV-2 infection before
vaccination, with about 30% of these patients developing
life-threatening COVID-19 pneumonia (43). In a Canadian
cohort of 4,411 MG patients, 3.7% contracted COVID-19,
including 30.5% who were hospitalized (44). We, thus, hypoth-
esized that AAN-I-IFN may undetlie life-threatening COVID-19
in patients with MG.

Results

AAN-I-IFN in an Independent Pre-COVID-19 Cohort of 86 MG
Patients. We analyzed a cohort of MG patients from whom blood
samples had been collected before the emergence of COVID-19.
The mean age of these patients was 63 y (range: 14 to 88 y) and
41 (48%) were men. No information about comorbid conditions,
thymoma, thymectomy, or treatments was available for this cohort
(Table 1). We used an automated, sensitive, ELISA-like technique
(Gyros) to measure the levels of circulating auto-Abs against
IFN-a2 or IEN-® in the plasma or serum of all MG patients,
as previously described (27). In total, 29 (34%) of the 86 MG

patients had intermediate [between 30 and 100 arbitrary units

Table 1. Baseline characteristics of the 86 MG patients
sampled before the COVID-19 pandemic

63 (range: 14 to 88)

Mean age (years)

Men (%) 41 (48%)
Nature of MG-associated AAB (%)
Anti-AchR 71.0
Anti-MuSK 5.8
SN 23.2
Onset (%)
EOMG 23.3
LOMG 76.7

SN: seronegative

https://doi.org/10.1073/pnas.2518581123

(AU)] or high (>100 AU) levels of auto-Abs against IFN-o2 and/
or IFN-m, consistent with previous reports (16) (Fig. 1A4). The
auto-Abs recognized IFN-a2 only (76%), IFN-w only (7%),
or both (17%). Three patients (3%) also had auto-Abs against
IFN-B, as detected by ELISA (Fig. 1B). We then investigated the
ability of these antibodies to neutralize type I IFNs in a luciferase
reporter assay, as previously described (27). Remarkably, 37
(43%) patients had AAN-I-IFN at a concentration of 100 pg/mL:
neutralizing IFN-02 only in 7 of 86 (8%), IFN-o only in 4 (5%),
and both IFN-a2 and IFN-o in 26 (30%) (Fig. 1 C and D).
AAN-I-IEN neutralizing type I IFNs at a concentration of 10
ng/mL were found in 24 (28%) patients: In 7 (8%) patients,
they neutralized IFN-a2 only, in 3 (3%), IFN-o only, and in
14 (16%), both IFN-a2 and IFN-w, this last group including
one patient whose auto-Abs also neutralized IFN-p (87 Appendix,
Fig. S14). Neutralization was mediated by immunoglobulins (Ig)
G (Fig. 1E). Age, sex, and MG serotype were not correlated with
AAN-I-IEN production (8] Appendix, Fig. S1 B—F). AAN-I-IFN
were strongly associated with MG, even after Bonferroni correction
for eight combinations tested (p-value from 4.5 x 107 for auto-
Abs neutralizing 100 pg/mL of IFN-a2 only, to 3.6 x 107 for
auto-Abs neutralizing both IFN-a2 and IFN-@ at 10 ng/mL). The
OR [95% CI] for the presence of AAN-I-IEN in MG patients
relative to the general population ranged from 32.1 [12.3 to 84.1]
for auto-Abs neutralizing 100 pg/mL IFN-a2 or IFN-w, to 89.1
[28.0 to 282.8] for auto-Abs neutralizing both IFN-a2 and IFN-o
at 10 ng/mL (Fig. 1F). Neutralizing IgG AAN-I-IFN were found
in pre-COVID-19 blood samples from 43% of the MG patients
in this cohort, consistent with previous reports based on other
detection methods. We tested the hypothesis that AAN-I-IFN
affected the severity of SARS-CoV-2 infection in MG patients.

A Cohort of 85 Patients with Myasthenia Gravis and COVID-19.
Between 2020 and 2022, we recruited an international cohort of
85 unvaccinated MG patients who suffered from SARS-CoV-2
infection and who received no antiviral treatment for COVID-19
(Table 2). Mean age was 54 y (23 to 90 y) and 48% of the patients
were men (Table 2). The patients originated from France (7 = 56),
Spain (7 = 2), Switzerland (7 = 2), Canada (7 = 1), Brazil (n = 17),
and Tunisia (7 = 7). MG was generalized in 96.4% of patients:
70.6% with AChR auto-Abs, 3.5% with MuSK auto-Abs,
21.2% negative for both these auto-Abs, and 4.7% of unknown
status (Table 2). No testing was performed for LRP4 auto-Abs.
The most frequent comorbid conditions observed were arterial
hypertension (21%) and obesity (13%), often in association.
Thymectomy had been performed on 34 (40%) individuals, 14
(16%) of whom had thymoma-associated MG and 20 (24%) of
whom had no detectable thymoma. Thymoma was diagnosed by
imaging, with postthymectomy histopathological confirmation,
but no further details were available. At the time of SARS-CoV-2
infection, the patients were on the following treatments for MG:
acetylcholinesterase inhibitors alone (10%), corticosteroids alone
(23.5%), another immunosuppressive therapy alone (10%),
or a combination of treatments (56.5%) (Table 2). Overall,
75% of the patients were on at least one immunomodulatory
treatment (corticosteroids and/or immunosuppressant) at the
time of SARS-CoV-2 infection, and 56% were on at least one
B cell-immunosuppressive treatment (azathioprine and/or
mycophenolate mofetil and/or rituximab).

Higher Risk of Hypoxemic COVID-19 in MG Patients with AAN-

I-IFN. Patients were classified into two groups—with ( = 48)
and without (#z = 37) hypoxemic COVID-19 pneumonia

pnas.org
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Fig. 1. Auto-Abs against type | IFN before COVID-19 in the 86 MG patients. (A) Detection of auto-Abs against IFN-a2 and IFN-e by Gyros. Signals between 30
and 100 AU were considered intermediate, and signals >100 were considered high. RAG1: plasma from a patient with an autosomal recessive (AR) partial
recombination activating gene 1 (RAG1) deficiency. (B) Detection of auto-Abs against IFN-B by ELISA. Signals >0.5 are considered positive. (C) Neutralization of
IFN-a2 and IFN-o at a concentration of 100 pg/mL by auto-Abs in the plasma of MG patients. (D) Neutralization of IFN-p at a concentration of 10 ng/mL by auto-
Abs in the plasma of MG patients. RAG1: plasma from a patient with AR complete RAG1 deficiency. In panels C and D, RLA fold induction is the stimulated firefly/
Renilla luminescence ratio normalized against the nonstimulated firefly/Renilla luminescence ratio for each individual. (E) AAN-IFN-I neutralizing 100 pg/mL
IFN-a2 in IgG-enriched and IgG-depleted fractions of plasma. (F) Risk of carrying AAN-IFN-I in MG patients relative to that in the general population, with

adjustment for age.

(Table 3)—and tested for the presence of AAN-I-IFN.

found that 18 of 48 (38%) patients in the hypoxemic group

had auto-Ab levels >30 arbitrary units (AU), whereas this

the case for nine (24%) of the patients in the nonhypoxemic

PNAS 2026 Vol.123 No.31 2518581123

We group (P = 0.21) (Fig. 2A). High titers of auto-Abs against

was
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IFN-a2 were almost always neutralizing, whereas this was not
the case for auto-Abs against IFN-o (S] Appendix, Fig. S2 A and
B). AAN-I-IFN were detected in 22 (46%) of the hypoxemic
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Table 2. Baseline clinical characteristics of the 85 MG
patients infected with SARS-CoV-2

Mean age (years)

54 (range: 23 to 90)

Men (%) 41 (48%)
Nature of MG-associated AAB (%)

Anti-AchR 60 (70.6%)

Anti-MuSK 3(3.5%)

SN 18 (21.2%)

Unknown 4(4.7%)

Type of MG (%)
Generalized 82 (96.5%)
Ocular 3 (3.5%)
Onset (%)

EOMG 43 (51%)

LOMG 28 (33%)

Unknown 14 (16%)

Treatment (%)

Immunomodulatory treatment 64 (75%)
Corticosteroids 56 (66%)
Azathioprine (AZA) 30 (35%)
Mycophenolate mofetil (MFM) 9 (11%)
Rituximab 9 (11%)

Acetylcholinesterase inhibitors 32 (38%)

Intravenous immunoglobulin 10 (12%)

None 8 (9.4%)

Patients with thymoma (%) 14 (16%)
Patients with thymectomy, without 20 (24%)

thymoma (%)

SN: seronegative

cases, including one patient (2.1%) with antibodies neutralizing
all circulating type I IFNs (i.e., IFN-B, IFN-a2, and IFN-),
whereas only six (16%) of the nonhypoxemic cases had AAN-I-
IFN (P =0.005, Fisher’s exact test) (Fig. 2 Band Cand Table 4).
No major differences were observed between men and women
or between age groups (Table 5). AAN-I-IFN neutralized high
concentrations (10 ng/mL) of type I IFNs in about two thirds
of the patients, and lower concentrations (100 pg/mL) in the
remaining third (87 Appendix, Fig. S2 C and D). The risk of
hypoxemic pneumonia in MG patients was significantly higher
in patients with auto-Abs neutralizing IFN-a2 and/or IFN-o
at a concentration of 10 ng/mL (OR [95% CIJ: 12.7 [2.1 to
78.9], P = 0.0010), or 100 pg/mL (OR [95% CI]: 3.5 [1.2 to
10.7], P = 0.0206), and in those with auto-Abs neutralizing
IFN-02 at any dose (OR [95% CIJ: 4.7 [1.5 to 15.0], P =
0.0054). Strikingly, 14 of 17 (82%) patients with auto-Abs
neutralizing at least 100 pg/mL of both IFN-a2 and IFN-® had
hypoxemic COVID-19 pneumonia (Fig. 2D). Overall, AAN-I-
IFN neutralizing any concentration of both IFN-a2 and IFN-,
or IFN-a2 only, were significantly associated with a higher risk
of hypoxemic COVID-19 pneumonia in MG patients, even after
correction for multiple testing. Adjustment for sex, obesity, and
hypertension did not modify this finding.

Higher Risk of Hypoxemic COVID-19 Pneumonia and AAN-I-IFN
in MG Patients with Thymoma. The OR for harboring auto-Abs
capable of neutralizing type I IFNs at a concentration of 100 pg/mL
in MG patients was 28.9 (95% CI: [10.8 t0 77.7], P= 4.9 x 10™)
relative to the age-adjusted general population. No significant

https://doi.org/10.1073/pnas.2518581123

differences in the prevalence of AAN-I-IFN (2= 0.6) or hypoxemic
COVID-19 (P = 0.054) were observed between EOMG and
LOMG. By contrast, thymoma was strongly associated with the
presence of AAN-I-IFN (Fig. 34), consistent with previous reports
(16). Indeed, AAN-I-IEN were detected in 9 of the 14 MG patients
(64%) with thymoma but in only 19 of the 71 (27%) without
thymoma (P = 0.011, Fisher’s exact test). The OR for harboring
auto-Abs neutralizing IFN-a2 and/or IFN-o at a concentration
of 100 pg/mL was 5.6 (OR [95% CI]J: 1.6 to 19.4, P = 0.0050,
Firth regression) in MG patients with thymoma relative to those
without. Strikingly, 12/14 (86%) patients with thymoma had
hypoxemic pneumonia, including seven with auto-Abs neutralizing
the higher concentration (10 ng/mL) and one neutralizing the
lower concentration (100 pg/mL) of type I IENs. Seven of these
12 patients (58%) had auto-Abs neutralizing both IFN-a2 and
IFN-®. The OR of hypoxemic pneumonia in MG patients with
thymoma relative to those without thymoma, adjusted for age and
regardless of the presence or absence of AAN-I-IFN, was 9.2 (OR
[95% Cl]: 1.9 to 44.2, P=0.0019, Firth regression) (Fig. 3B). The
observed trend toward a protective effect of thymectomy against
hypoxemic COVID-19 in patients without thymoma was not
significant (OR [95% CIJ: 0.37 [0.1 to 1.4], P = 0.13), perhaps
due to the small number of patients (Table 6). In patients without
detectable AAN-I-IFN, thymoma was associated with hypoxemic
COVID-19, suggesting that other forms of autoimmunity,
or different pathogenic mechanisms, might contribute to the
pathogenesis of severe COVID-19 in these patients. Despite the
small number of cases included in this cohort, thymoma was found
to be significantly associated with a higher prevalence of AAN-I-
IFN and a higher risk of severe COVID-19 in MG patients.

Neutralization of Different Type | IFN Subtypes and of
Glycosylated Type I IFNs. The 12 IFN-a subtypes display
a high degree of sequence identity (70 to 80%) (45, 46). We
nevertheless assessed the neutralization of each IFN-a subtype at
a concentration of 1 ng/mL (47). All plasma samples neutralizing
IFN-02 at 10 ng/mL neutralized all IFN-a subtypes (Fig. 44).
Conversely, none of the nine plasma samples from MG patients
without detectable auto-Abs neutralizing IFN-a2 or IFN-o tested
were found to neutralize any of the other IFN-as. The single

Table 3. Clinical manifestations of COVID-19 in the 85

MG patients infected with SARS-CoV-2

Men (%), mean age (years) 41 (48%), mean age: 54

Patients with hypoxemic COVID-19  48/85 (56%), men: 27
(%), men (%), mean age (years) (56%), mean age: 57

Hospitalized (%) 47 (98%)

ICU (%) 31 (65%)

Oxygen dependent 48 (100%)

<6 L O,/min 17 (35%)

>6 L O,/min 28 (58%)
Unknown volume 3 (6%)
Mortality (%) 8 (17%)

Thymoma (%) 12 (25%)

Patients with nonhypoxemic
COVID-19 (%), men (%), mean
age (years)

37/85 (44%), men: 14
(38%), mean age: 50

Hospitalized (%) 9 (24%)
ICU (for surveillance) (%) 2 (5%)
Mortality (%) 0 (0%)
Thymoma (%) 2 (5%)
pnas.org
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Fig. 2. Auto-Abs against type | IFNs in the 85 MG patients infected with SARS-CoV-2. (A) Detection of auto-Abs against IFN-a2 and IFN-o by Gyros, by COVID-19
severity class. (B) Neutralization of IFN-a2 and IFN-o at a concentration of 100 pg/mL by auto-Abs in the plasma of MG patients, by COVID-19 severity class.
(C) Neutralization of IFN-p at a concentration of 10 ng/mL by auto-Abs in the plasma of MG patients, by COVID-19 severity class. (D) Correlation between the
neutralization of nonglycosylated IFN-a2 and IFN-w at a concentration of 100 pg/mL in the hypoxemic and nonhypoxemic groups.

plasma sample neutralizing IFN-a2 only at 100 pg/mL tested
was able to neutralize only about half the other IFN-a subtypes
at a concentration of 1 ng/mL. The single patient tested with
auto-Abs neutralizing both IFN-a2 and IFN-® at 100 pg/mL
had a very similar neutralization pattern, with the neutralization
of only certain subtypes of IFN-a, at a concentration of 1
ng/mL. These observations may reflect slight differences in
concentrations or activity between the IFN-a subtypes tested
rather than specificity. Four human type I IFNs (IFN-a2a/b,
IFN-a14, IFN-, and IFN-f) are normally produced and secreted

Table 4. Summary of type I IFN neutralization data for
85 MG patients infected with SARS-CoV-2

Hypoxemic  Nonhypoxemic
IFN(s) cases n =48 casesn=37
neutralized (56%) (44%) Total n =85
IFN-a2 alone 8 (17%) 2 (5.4%) 10 (12%)
IFN-w alone 0 (0%) 1(2.7%) 1(1.2%)
IFN-B alone 0 (0%) 0 (0%) 0 (0%)
IFN-a2 and 14 (29%) 3(8.1%) 17 (20%)
IFN-o (£IFN-B)
IFN-a2 and 1(2.1%) 0 (0%) 1(1.2%)
IFN-w and
IFN-B
IFN-a2 and/or 22 (46%) 6 (16.2%) 28 (33%)
IFN-w and/or
IFN-B
PNAS 2026 Vol.123 No.31 2518581123

as glycosylated proteins. We therefore tested the ability of serum
samples from all patients to neutralize glycosylated IFN-a2 and
IFN-® at a concentration of 100 pg/mL (we had already tested
glycosylated IFN-P in the initial experiment). In a previous
study, we found no difference in neutralization capacity between
glycosylated and unglycosylated forms (26). All patient samples
neutralizing nonglycosylated IFN-a or IFN-w also neutralized
their glycosylated forms. Interestingly, the samples of one patient
neutralized glycosylated but not nonglycosylated IFN-a2,
whereas those of four others neutralized glycosylated but not
nonglycosylated IFN-o (Fig. 4 B and (), including those of one
patient in the hypoxemic group that did not neutralize any other
type I IFNs. This observation may reflect a biochemical reality or
result from an artifact caused by slight differences in concentration
or activity between glycosylated and nonglycosylated IFN-I. Auto-
Abs against IFN-a2 generally neutralize all IFN-a subtypes, and
they may have a higher affinity or avidity for the glycosylated,
physiological form of type I IFNs.

Longitudinal Samples and Impact of Immunosuppression,
Plasmapheresis, or Early COVID-19 Treatment. For six individuals,
we obtained samples collected before and after SARS-CoV-2
infection (Fig. 5A). Three of these patients, all with mild disease,
had no detectable AAN-I-TEN before or after COVID-19. Another
two patients, also with mild disease, had auto-Abs neutralizing
IFN- at 100 pg/mL before the pandemic, which were no longer
detectable after COVID-19 in one of these patients, perhaps
secondary to immune suppression. Finally, another patient with
hypoxemic disease had auto-Abs neutralizing both IFN-a2 and

https://doi.org/10.1073/pnas.2518581123 5 of 12
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Table 5. Summary of type I IFN neutralization data for 85 MG patients infected with SARS-CoV-2 (100 pg/mL for

IFN-02 and IFN-w, 10 ng/mL for IFN-p)

IFN(s) neutralized MenN=41 WomenN=44 <30y.0.N=10 30to70y.0.N=57 >70y.0.N=18 Total N=85

IFN-a2 alone 5(12%) 5(11%) 0 8 (14%) 2(11%) 10 (12%)

IFN-» alone 0 1(2.3%) 0 1(1.8%) 0 1(1.2%)

IFN-B alone 0 0 0 0 0 0

IFN-a2 and IFN-o 11 (27%) 6 (14%) 2 (20%) 14 (25%) 1 (5.6%) 17 (20%)
(£IFN-B)

IFN-a2 and IFN-» and 1(2.4%) 0 0 1(1.8%) 0 1(1.2%)
IFN-B

IFN-o2 and/or IFN- 16 (39%) 12 (27%) 2 (20%) 23 (40%) 3(17%) 28 (33%)
and/or IFN-p

IFN-® at 100 pg/mL before the pandemic, with detectable
neutralization of IFN-a2 after COVID-19. These findings suggest
that AAN-I-IFN may also have been present before infection in
the other hypoxemic cases. However, prospective studies based
on longitudinal analyses of MG patients are required before any
firm conclusions can be drawn. The prevalence of hypoxemic
COVID-19 did not differ significantly between MG patients with
(N =47, 62%) and without (/V = 38, 50%) immunosuppressive
therapy (azathioprine+rituximab+MFM) (2 = 0.38). Interestingly,
the OR for hypoxemic COVID-19, after adjustment for age, was
6.5 (OR [95% CI]: 0.98 to 42.6, P = 0.032, Firth regression) in
patients with MG treated with rituximab. This trend, although not
significant after correction for multiple testing, is consistent with
the results of other studies (48). Nevertheless, these findings will
require confirmation in larger cohorts. Corticosteroid treatment
was not associated with a significantly higher prevalence of auto-
Abs or with a poorer COVID-19 outcome (OR 1.6 [0.6 to
4.3]; P = 0.33). One patient with hypoxemic pneumonia was
treated by plasmapheresis. Despite a relative decrease in IgG anti-
IFN-02 levels during successive plasmapheresis sessions, anti-
IFN-a2 IgG concentrations remained >913 ng/mL, consistent
with sustained serum neutralizing activity against IFN-a2 at
10 ng/mL across all time points (Fig. 5B). Finally, another two
individuals with AAN-I-IFN (both with auto-Abs neutralizing
IFN-02 at 10 ng/mL, and one with auto-Abs also neutralizing
IFN-@ at 100 pg/mL) were treated for COVID-19 early in the
course of the disease and were, therefore, analyzed separately from
the 85 untreated patients. One received monoclonal Abs (mAbs)
against SARS-CoV-2 (bamlanivimab/etesivimab), whereas the
other received intravenous dexamethasone. Both had a favorable
outcome (nonhypoxemic disease), potentially suggesting that, in

A Effect of thymoma on AAN-I-IFNs
(adjusted on age)
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patients with MG and AAN-I-IFN, early antiviral and/or anti-
inflammatory treatment may mitigate the risk of severe disease,
whereas plasmapheresis may not be sufficient to eliminate all the
AAN-I-IFN and protect against a poor outcome.

No Detectable Impact of Other Auto-Abs on COVID-19 Severity.
Given the autoimmune nature of MG, we investigated the possibility
of broader autoimmunity in these patients. We first performed
Luminex® screening for auto-Abs against other cytokines. Some
patients had detectable auto-Abs against IFN-y, IL-27, or TNF-a,
but the prevalence of these auto-Abs did not differ significantly
between the hypoxemic and nonhypoxemic groups, suggesting that
these auto-Abs had no significant impact on COVID-19 severity
(81 Appendix, Fig. S3). The detection of auto-Abs against [FN-a,
IFN-o, and IFN-f in Luminex” assays was well correlated with their
detection by Gyros and with the neutralization data (S7 Appendix,
Fig. $4). We also used a broader, complementary, unbiased approach
to detect additional auto-Abs: proteome-wide auto-antigen
microarray (HuProt™) (49) for extensive auto-Ab screening. We
tested a subset of MG patients with (7 = 11) and without (7 =
2) AAN-I-IFN, including seven patients with thymoma, and 22
healthy controls. In the HuProt™ microarray, a strong signal for auto-
Abs against IFN-a subtypes and IFN-w was observed in the patients
testing positive by other means (Fig. 64), whereas the signal was very
weak for AAN-I-IFN-negative patients (Fig. 6B). Surprisingly, no
auto-Abs against AChR or MuSK were detected, even though most
of the patients tested are known to carry them. This discrepancy is
likely explained by the multimeric or transmembrane nature of these
proteins, which makes them prone to misfolding when expressed
in this screening assay. The lung-specific autoantigens (BPIFB1 and
KCNRG) reported in APS-1 and thymoma patients (50) were not

B Effect of thymoma on
hypoxemic COVID-19
(adjusted on age)

hypoxemicCOVID-19<| e

1 10 100

Fig. 3. Effects of the presence of thymoma on AAN-I-IFN and hypoxemic COVID-19. (A) OR of thymoma for the presence of different combinations of AAN-I-
IFN relative to MG patients without thymoma. (B) Effect of thymoma on the severity of COVID-19 (hypoxemic disease) relative to that in MG patients without

thymoma.
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Table 6. AAN-I-IFN and COVID-19 severity according to
the presence/absence of thymoma/thymectomy

Thymoma (N) Yes: 14 No: 71
Thymectomy (N) Yes: 14 Yes: 20 No: 51
Hypoxemic (N, %) 12 (86%) 6 (30%) 30 (59%)
Nonhypoxemic (N, %) 2 (14%) 14 (70%) 1(41%)
AAB™ (N, %) 9 (64%) 4 (20%) 5 (29%)
AAB™ (N, %) 5 (36%) 16 (80%) 36 (71%)
Hypoxemic AAB* (N) 8 2 12
Hypoxemic AAB™ (N) 4 4 18
Nonhypoxemic AAB* (N) 1 2 3
Nonhypoxemic AAB™ (N) 1 12 18

detected in our cohort. However, strong signals were obtained for
several other auto-Abs in several patients (Fig. 6C). Five patients
(including four with thymoma) had very consistent screening results
highly suggestive of auto-Abs against KLHL (Kelch-like family)
proteins associated with various forms of congenital myopathy

(51, 52). Overall, the presence of AAN-I-IFN increases the risk of
hypoxemic COVID-19 pneumonia, which was not the case for the
other auto-Abs detected here.

Discussion

We describe a cohort of 85 MG patients infected with SARS-
CoV-2 before vaccination. Consistent with prior findings, many
of these patients (33%) were found to harbor AAN-I-IEN (15,
16). We found that these AAN-I-IFN increased the risk of hypox-
emic COVID-19 pneumonia. These auto-Abs were detected before
SARS-CoV-2 infection in the cases tested, demonstrating their
presence before infection in all MG patients with AAN-I-IFN, as
reported in other cohorts (15, 16). In some cases, such auto-Abs
may be transient and appear during acute viral infection or in other
contexts (53), but several recent studies suggest that these auto-Abs
typically persist, diversify, and increase in potency/concentration
(42, 54, 55). Studies of larger numbers of pre- and postinfection
samples would improve characterization of the temporal dynamics
and persistence of AAN-I-IFN specifically in MG patients.
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Fig. 4. Characterization of auto-Ab-mediated type | IFN neutralization. (A) Neutralization of all 12 IFN-a subtypes at a concentration of 1 ng/mL (luciferase) by the
auto-Abs of a subset of MG patients. (B) Correlation between the neutralization of 100 pg/mL IFN-a2 and that of the same concentration of glycosylated IFN-a2
by the auto-Abs of MG-COVID-19 patients. (C) Correlation between the neutralization of 100 pg/mL IFN-o and that of the same concentration of glycosylated

IFN-o by the auto-Abs of MG-COVID-19 patients.
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Fig. 5. Longitudinal analysis of AAN-I-IFN in six patients sampled before and
after the COVID-19 episode and in a patient treated by plasmapheresis. (A)
Neutralization of IFN-a2 (Left), IFN-o (Middle), and IFN-B (Right) in longitudinal
samples from six MG patients for whom plasma samples obtained before
and after COVID-19 episode were available. (B) Anti-IFN-a2 IgG titers in
eight plasma samples from a patient with hypoxemic COVID-19 pneumonia,
before and after four plasmapheresis (PLEX) sessions. Anti-IFN-a2 IgG titers
were measured in the VIDAS anti-IFN-a2 IgG prototype assay (bioMérieux,
Marcy L'Etoile, France). The titers of all eight samples were above the upper
limit of quantification, so relative fluorescence values (RFV) are provided
instead of concentrations. (C) Anti-IFN-a2 IgG titers (y-axis) and neutralization
(x-axis) in eight plasma samples from a patient with hypoxemic COVID-19
pneumonia, before and after four PLEX sessions. Anti-IFN-a2 IgG titers
were measured in the VIDAS anti-IFN-a2 1gG prototype assay (bioMérieux,
Marcy L'Etoile, France). Neutralization was assessed with the luciferase assay
described above.

Thymoma probably makes a significant contribution to the devel-
opment of AAN-I-IFN and independently increases the risk of
hypoxemic COVID-19. This is consistent with previous reports
of patients with thymoma and adverse reactions to the live atten-
uated vaccine against yellow fever and other severe viral illnesses,
although AAN-I-IFN were not identified as the disease-causing
agent at the time (56, 57). An increase in the expression of type I
IFNs has been reported in the thymus of EOMG and MG-
thymoma patients (47, 58), but with no increase in the type [ IFN
signature in blood (59). It would be interesting to test the corre-
lation of this signature with the presence of AAN-I-IFN. Thymoma
patients may also have other, currently undetected, auto-Abs or
autoreactive T cells.

Some MG patients with AAN-I-IEN suffered from mild
COVID-19, indicating incomplete penetrance, as previously
observed in other patients with AAN-I-IFN, including those with
APS-1 (27, 28, 60). The penetrance of AAN-I-IEN is driven by
the number and concentration of IFNs neutralized (28).
Incomplete penetrance may be attributable to several factors: i)
differential avidity of auto-Abs for their target antigen, such that
they are detected in our assay despite having limited physiological
activity (61), ii) host or viral genetic factors, iii) age-related decline
in immune function, and iv) overall immune competence, which

https://doi.org/10.1073/pnas.2518581123

may be further influenced by immunosuppressive therapies. In
MG patients without detectable circulating AAN-I-IFN, the risk
of severe COVID-19 pneumonia remains higher than in the gen-
eral population, especially in MG patients with thymoma. This
may be due to AAN-I-IFN not detectable in the blood but present
in tissues [e.g., IgA or IgM auto-Abs (62)], AAN-I-IFN not
detected by the assays available but nevertheless present and capa-
ble of neutralizing lower concentrations, immunosuppressive
treatments, or the presence of other auto-Abs. Muscle weakness
may also affect symptoms and disease severity. Overall, MG
patients have a higher risk of hypoxemic COVID-19, especially
if they have thymoma, and the risk may be further increased by
the presence of AAN-I-IFN. We suspect that thymoma is directly
involved in the production of AAN-I-IFN, which underlie hypox-
emic COVID-19 pneumonia in these patients. Further studies
are required to confirm this hypothesis and shed light on its mech-
anistic basis. Moreover, prospective cohort studies with baseline
assessments of AAN-I-IFN levels are warranted to improve assess-
ments of the risk of severe COVID-19 and other viral diseases
conferred by AAN-I-IFN.

Our findings have several clinical implications. First, all MG
patients should be screened for AAN-I-IEN, regardless of thy-
moma status, to identify those at higher risk of hypoxemic
COVID-19 and potentially other severe viral infections that could
be prevented, as MG is itself a risk factor for the development of
such auto-Abs. Rapid blood assays could facilitate this screening
(63). Second, these patients should be vaccinated against
COVID-19 with mRNA vaccines and should receive booster
doses, to reduce the risk of life-threatening COVID-19 (44), and
they should also be vaccinated against influenza (32). Third,
live-attenuated viral vaccines, such as YFV-17D, should be avoided
(40). Fourth, these patients should avoid exposure to mosquitoes
and ticks, given the very high risk of arboviral diseases in patients
with AAN-I-IFN (38, 39). Fifth, unvaccinated MG patients of
unknown auto-Ab status infected with SARS-CoV-2 should be
monitored closely. The use of antiviral drugs and monoclonal anti-
bodies against the virus is recommended (64-66). In the absence
of auto-Abs neutralizing IFN-p, treatment with IFN-$ (67) may
also be considered, although caution is required given the context
of autoimmunity and the risk of immunization. It might be pos-
sible to use IFN-A as an alternative (68). Other therapeutic strat-
egies could be based on signaling-inert mutant IFN-I forms used
as decoys to prevent IFN-I neutralization by auto-Abs (61), or on
the use of chimeric autoantibody receptor T-cells (CAAR-T) spe-
cifically targeting AAN-I-IFN-producing B cells (69).

Several pathogenic aspects remain to be studied. Patients with
APS-1 due to biallelic deleterious variants of A/RE develop mul-
tiple organ-specific autoimmune T-cell diseases and harbor
AAN-I-IEN (70, 71), but they do not suffer from MG or have
auto-Abs targeting the neuromuscular junction (72). By con-
trast, MG has been reported in a few patients with hypomorphic
RAG1 or RAG2 variants, who typically present with AAN-I-IFN,
and at least one patient with incontinentia pigmenti, a condition
in which patients are known to harbor AAN-I-IFN (73-77). In
patients with thymoma-associated MG, AAN-I-IFN may arise
through a similar mechanism, in which an abnormal thymic
architecture impairs the negative selection of IFN-I-specific
autoreactive T cells. The resulting auto-Abs then neutralize the
early IFN-I response to SARS-CoV-2 infection, thereby predis-
posing patients to life-threatening diseases. However, the molec-
ular mechanisms and genetic causes driving the development of
both MG and AAN-I-IEN in these patients have yet to be
deciphered.
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AAN-I-IFN in patients with MG.

Materials and Methods

Patient Recruitment. We recruited 171 patients with MG from several countries
(France, Brazil, Tunisia, Spain, Canada, Switzerland) from whom samples were
collected before the COVID-19 pandemic (n = 86), during/after SARS-CoV-2
infection (confirmed by PCR and/or serology, n = 85 hypoxemic or nonhypox-
emic patients) including six patients from whom samples were collected both
before and during/after infection, and two patients infected with SARS-CoV-2 and

PNAS 2026 Vol.123 No.31 2518581123

treated early. All analyses were performed in accordance with the relevant guide-
lines and regulations from the competent committees, and informed consent
was obtained from all participants and/or their legal guardians. We collected the
serum or plasma samples obtained from these patients to test for the presence
and activity of auto-Abs against type | IFNs. COVID-19 was classified as hypoxemic
(severe or critical, requiring oxygen supplementation, n = 48), or nonhypoxemic
(mild/asymptomatic or moderate disease, not requiring oxygen supplementation,
n=37).

https://doi.org/10.1073/pnas.2518581123 9 of 12
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Immunoassays (ELISA, Gyros, and VIDAS). ELISA was performed for IFN-o2a
and IFN-w, as previously described (45). IgG levels were determined by Gyros,
as previously described (27). Anti-IFN-o2 IgG antibodies were quantified with
the VIDAS anti-IFN-a2 IgG prototype assay (bioMérieux, Marcy L'Etoile, France),
as previously described (78). This prototype had not been submitted to any reg-
ulatory agency for review at the time of writing. Concentrations are reported in
ng/mL, and relative fluorescence values (RFV) are reported to obtain a numerical
value for samples with a concentration of auto-Abs >5,000 ng/mL.

Luciferase Reporter Assay. The ability of auto-Abs to neutralize IFN-a subtypes,
IFN-B, or IFN-w was determined with a luciferase reporter assay, as previously
described (19). Briefly, HEK293T cells were transfected with a firefly luciferase
reporter plasmid containing five ISRE repeats, and with a Renilla luciferase plas-
mid. We stimulated the cells with IFNs (IFN-a2 or IFN-w or IFN-, at doses of
10 ng/mLand 100 pg/mL), diluted 1:10 in plasma from patients or controls, or
the cells were left unstimulated in the presence of plasma. We measured the
firefly luciferase signal, normalized against the Renilla luciferase signal. Finally,
this ratio was normalized against the signal obtained in unstimulated conditions
to calculate relative luciferase activity fold induction (RLA fold induction).

IgG Purification. IgG was purified on NAb Protein G Spin Columns (#89953,
Thermo Fisher Scientific). Briefly, 100 ul plasma or serum was incubated with
400 L Pierce Protein G IgG Binding Buffer (#21011, Thermo Fisher Scientific)
and applied on the column. The columns were washed four times with 400 ul
phosphate-buffered saline, and IgG was eluted with 400 uL 0.1 M glycine pH=2.7.
The eluate wasimmediately neutralized with 40 uLTris 1.5 M pH = 8. Purified IgG
samples were concentrated with Pierce Protein Concentrators PES, 50 K MWCO
(#88504, Thermo Fisher Scientific). The protein concentrations of the lgG-enriched
and lgG-depleted fractions were determined with a Nanodrop 2000 spectropho-
tometer (Thermo Fisher Scientific).

Protein Array. Protein arrays (HuProt™ from CDI laboratories) were used as
previously described (21).

statistical Analysis. OR and Pvalues for the effect of auto-Abs neutralizing each
type | IFN in myasthenia gravis patients relative to healthy individuals from the
general population, adjusted for age in three categories (<50, 50 to 70, >70 y)
and sex, were estimated by logistic regression analysis performed with the glm
function of R software. OR and P values for the effect of auto-Abs, thymoma,
thymectomy, rituximab, or corticosteroid treatment in myasthenia gravis patients
with hypoxemic pneumonia relative to patients with nonhypoxemic pneumonia,
and OR and P values for the effect of auto-Abs in myasthenia gravis patients
with thymoma relative to patients without thymoma, were estimated by Firth’s
bias-corrected logistic regression adjusted for age, as implemented in the logistf
package of R software. Within each analysis subset, Bonferroni correction was
applied to account for multiple testing. For ease of interpretation, uncorrected
P values are reported throughout and it is indicated whether each finding
remained statistically significant after Bonferroni correction. Where relevant,
statistical test results are indicated in the corresponding figures. ns: not signifi-
cant, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

study Approval. Written informed consent for participation in this study was
obtained from all participants and/or their legal guardians in accordance with
local regulations, with approval from the institutional review board (IRB). For
samples provided by the team Sorbonne University/INSERM-UMRS974, the
investigations were approved by the local ethics committee (relevant authoriza-
tion numbers: ID RCB: 2006-A00164-47 and 2010-A00250-39). All the exper-
iments and analyses were performed in accordance with the relevant guidelines
and regulations.

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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