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Abstract

Background: Myasthenia gravis (MG) is an autoimmune disorder affecting neuromuscular junctions. Cytokines play
important roles in facilitating the immune response and augmenting the pathogenic antibody production. The cur-
rent study aims to sensitively characterize the serum levels of cytokines with very low concentration in generalized
MG (gMG).

Methods: Using ultrasensitive single-molecule arrays (SIMOA), we measured serum IL-2, IL-4, IL-5 and IL-12p70 in 228
participants including 152 immunotherapy-naive anti-acetylcholine receptor (AChR) subtype gMG from Huashan MG
registry and 76 age-matched healthy controls. Subgroup analysis was then performed by stratifying patients accord-
ing to the onset ages, MGFA classification, disease duration at baseline.

Results: Serum IL-2, IL-4, IL-5 and IL-12p70 levels were significantly elevated in gMG compared to controls (0.179 pg/
mL versus 0.011 pg/mL, P<0.0001; 0.029 pg/mL versus 0.018 pg/mL, P=0.0259; 0.215 pg/mL versus 0.143 pg/mL,
P=10.0007;0.132 pg/mL versus 0.118 pg/mL, P=0.0401). Subgroup analysis revealed that IL-2 levels were slightly ele-
vated in gMG with MGFA Il compared to MGFA III/IV (0.195 pg/mL versus 0.160 pg/mL, P=0.022), as well as elevated
levels of IL-2 (0.220 pg/mL versus 0.159 pg/mL, P=0.0002) and IL-5 (0.251 pg/mL versus 0.181 pg/mL, P=0.004) in
late-onset gMG compared with the early-onset gMG. gMG patients with a long duration had a significant increased
serum IL-12p70 than those with a short duration (0.163 pg/mL versus 0.120 pg/mL, P=0.011).

Conclusion: Serum IL-2, IL-4, IL-5 and IL-12p70 levels were increased in AChR subtype gMG using ultrasensitive
measurement. Serum cytokines with very low concentrations may provide as potential biomarkers in stratifying gMG
patients in future prospective cohort studies.
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Background
Myasthenia gravis (MG) is characterized by fluctuating
muscle weakness caused by autoantibodies against the
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China MG patients [3, 4]. Approximately, 80% of MG patients

Full list of author information is available at the end of the article

©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativeco
mmons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12865-022-00501-8&domain=pdf

Huan et al. BMC Immunology (2022) 23:26

develop generalized weakness; 85% of which are seropos-
itive for anti-AChR antibodies [5]. From an immunologic
point of view, activated T cells, B cells, and plasma cells,
as well as cytokines, play important roles in pathogenic
autoantibodies production in MG immunopathogenesis.
With the recent advances in technologies, several stud-
ies had explored the in-depth peripheral immune profile
in generalized MG (gMG) [6, 7]. Cytokine measurement
had been greatly facilitated by multiplex assay, which
allows multiple analytes to be quantified simultaneously
in a single biological matrix sample. With this assay, we
had measured 18 inflammatory cytokines in two inde-
pendent cohorts with myasthenic crisis and non-crisis
gMG respectively [8]. However, the sample size for non-
crisis gMG was relatively small and we included a certain
proportion who have already been on immunotherapies.
Second, the detection for cytokines with trace amount
is still not satisfactory, which is in consistence with the
findings from a normative dataset for plasma cytokines
in healthy human adults [9].

Previous studies on MG-relevant inflammatory
cytokines mainly focused on Interleukin (IL)-17 (Th17
related), IL-21(Tfh related) and IL-6 (Th17, Tfh, and
B cells related) [10-12]. In contrast, some inflamma-
tory cytokines also play key roles in controlling the T
helper cell differentiation to effectors and the interplay
between T and B cells, such as type 1 cytokines (IL-2,
IL-12) and type 2 cytokines (IL-4, IL-5) [13—15]. How-
ever, they usually have very low serum concentrations.
In the era of rapid development for biologics and small
molecular drugs, precise characterization of cytokines in
MG remained as an unmet need for monitoring immune
dynamics in therapeutic response and future therapeutic
investigations. Therefore, our study aims to characterize
the serum levels of cytokines with very low concentration
in generalized AChR postive MG patients.

Ultra-sensitive single-molecule arrays (SIMOA) pro-
vides an alternative and more sensitive method for
detecting trace cytokines. [16, 17]. Here we measured
IL-2, IL-4, IL-5 and IL-12p70 in the serum from an inde-
pendent cohort of immunotherapy-naive gMG patients
with positive anti-AChR antibodies using SIMOA. We
then performed subgroup analysis within the gMG
cohort and correlated the baseline cytokine levels with
the short-term clinical outcome.

Results

Serum levels of IL-2, IL-4, IL-5 and IL-12p70 in gMG cohort
A total of 228 participants were finally enrolled. Of these,
152 gMG patients (median [IQR] age, 43 [33—60] years;
76 females [50%] and 76 males [50%]) were immuno-
therapy naive with positive anti-AChR antibodies and 76
age-matched participants were healthy controls (median
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[IQR] age, 42 [30-60] years; 38 females [50%] and 38
males [50%]). The median anti-AChR antibodies titer
for MG is 5.86 [IQR, 2.47-9.56] nmol/L and thymoma
concurrence is 9.9%. We further divided 152 AChR sub-
type gMG patients into subgroups: (1) Clinical severity
according to the Myasthenia Gravis Foundation of Amer-
ica (MGFA): mild group with MGFA II (n=100) and
moderate to severe group with MGFA III/IV (n=52); (2)
Onset ages: early-onset MG (EOMG, onset<50 years,
n=91) and late-onset MG (LOMG, onset>50 vyears,
n=61); (3) Disease duration: short disease duration
group (n="76) and long disease duration group (n=76).
Detailed information regarding each subgroup are listed
in Table 1.

The levels for serum IL-2, IL-4 and IL-5 was higher
in immunotherapy-naive gMG in comparison to HCs
(measurable in 98.7% (150/152) versus 82.9% (63/76)
for IL-2; 99.3% (151/152) versus 78.9% (60/76) for 1L-4;
99.3% (151/152) versus 85.5% (65/76) for IL-5, respec-
tively. For IL-12p70, the levels were equally matched in
gMG and HCs (measurable in 83.6% (127/152) versus
84.2% (64/76)).

Serum IL-2, IL-4, IL-5 and IL-12p70 levels in immu-
notherapy-naive gMG patients were significantly higher
than those in HCs (median [IQR], 0.179 [0.138-0.247]
pg/mL versus 0.011 [0.008-0.017] pg/mL, P<0.0001;
0.029 [0.016-0.045] pg/mL versus 0.018 [0.011-0.044]
pg/mL, P=0.0259; 0.215 [0.129-0.360] pg/mL ver-
sus 0.143 [0.077-0.243] pg/mL, P=0.0007; 0.132
[0.092-0.202] pg/mL versus 0.118 [0.073—-0.167] pg/mL,
P=0.0401) (Fig. 1).

Cytokine measurement in subgroups classified by clinical
severity, onset ages and disease duration

Subgroup analysis revealed that gMG patients with
MGFA 1I had increased serum IL-2 compared to those
with MGFA III/IV (n=98, 0.195 [0.150-0.267] pg/mL
versus n=>52, 0.160 [0.121-0.233] pg/mL, P=0.022). In
contrast, there were no differences in serum IL-4 levels
(n=99, 0.030 [0.016-0.043] pg/mL versus n=52, 0.026
[0.016-0.050] pg/mL, P=0.931), IL-5 levels (n=99,
0.226 pg/mL [0.133-0.353] pg/mL versus n=52, 0.207
[0.117-0.368] pg/mL, P=0.792), IL-12p70 levels (n=85,
0.131 [0.092-0.197] pg/mL versus n=42, 0.133 [0.092—
0.216] pg/mL, P=0.418) between these two subgroups
(Fig. 2).

Serum IL-2 was significantly elevated in patients with
late-onset gMG in comparison to that in early-onset
gMG (n=59, 0.220 [0.166—0.310] pg/mL versus n=91,
0.159 [0.123-0.228] pg/mL, P=0.0002). In parallel,
serum IL-5 was also elevated in patients with late-onset
gMG (n=61, 0.251 [0.173-0.454] pg/mL versus n=90,
0.181 [0.111-0.296] pg/mL, P=0.004). In contrast, there
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Table 1 Baseline clinical characteristics in subgroups from immunotherapy-naive AChR subtype gMG patients

Baseline clinical Subgroup 1 Subgroup 2 Subgroup 3
characteristics
MGFA Il MGFAIII/IV  Psig Early-onset Late-onset P sig Short duration Long duration Psig
(n=100) (n=52) (n=91) (n=61) (n=76) (n=76)

Age, median 48.5(35.3-63) 37 (30-49) 0.005** 35 (29-40) 62.5 (56-66) <0.001*** 44 (32.5-60.8) 42 (33-59.5) 0.675
(IQR), years
Gender, No. (%) 1 0.136 0.105

Male 50 (50) 26 (50) 41 (45.1) 35(57.4) 43 (56.6) 33(434)

Female 50 (50) 26 (50) 50 (54.9) 26 (42.6) 33(434) 43 (56.6)
Osserman Class <0.007*** 0.645 0274
at first sampling
No. (%)

lla 98 (98) 29 (55.8) 75 (82.4) 52 (85.2) 66 (86.8) 61(80.3)

Ilb 2(2) 23 (44.2) 16 (17.6) 9(14.8) 10(13.2) 15(19.7)
MGFA at first <0.007%** 0.017* 0.322
sampling No. (%)

lla 46 (46) 0(0) 22 (24.2) 24 (39.3) 28 (36.8) 18 (23.7)

Ib 54 (54) 0(0) 29(31.8) 25 (41.0) 28 (36.8) 26 (34.2)

llla 0(0) 25 (48.1) 21 (23.1) 4 (6.6) 9(11.8) 16 (21.1)

b 0(0) 21 (404) 13(14.3) 8(13.1) 9(11.8) 12(15.8)

IVa 0(0) 5(9.6) 5(5.5) 0(0) 2(2.6) 3(3.9)

Vb 0(0) 1(1.9) 1(1.1) 0(0) 0(0) 1(1.3)
AChR-ADb titer, 6.2(2.7-95) 54(1.8-105) 0645 49(1.8-94) 69(3.5-103) 0089  45(1.9-9.5) 64 (2.8-10.3) 0.262
median (IQR),
nmol/L
Thymoma, n (%) 8 (8) 7(13.5) 0.284 8(8.8) 7(11.5) 0.587 13(17.1) 2(2.6) 0.003**
Disease course, 5(2-16.3) 11(3.3-59.8) 0.008** 7 (3-20) 5(3-29) 0577  3(2-4) 27 (11-61) <0.001***
median (IQR),
months

MG Myasthenia gravis, MGFA Myasthenia Gravis Foundation of America, AchR Acetylcholine receptor

*P<0.05; **P<0.01; ***P<0.001

were no difference in serum IL-4 nor IL-12p70 levels
between these two gMG groups with different onset age
(IL-4: n=61, 0.027 [0.017-0.046] pg/mL versus n=90,
0.032 [0.016-0.043] pg/mL, P=0.756; IL-12p70: n=50,
0.133 [0.099-0.175] pg/mL versus n=77, 0.131 [0.090—
0.218]pg/mL, P=0.859) (Fig. 3).

Patients with prior long disease duration had a signifi-
cant higher elevated serum IL-12p70 level (n=58, 0.163
[0.093-0.289] pg/mL versus n=69, 0.120 [0.090-0.151]
pg/mL, P=0.011), while no significant differences in
IL-2 (n=74, 0.170 [0.128-0.247] pg/mL versus n="76,
0.186 [0.150-0.248] pg/mL, P=0.258), IL-4 (n=75,
0.026 [0.013-0.042] pg/mL versus n="76, 0.032 [0.018—
0.047] pg/mL, P=0.091) and IL-5 (n="75, 0.210 [0.132—
0.325] pg/mL versus n=76, 0.225 [0.123-0.379] pg/mL,
P=0.626) (Fig. 4).

Correlation of baseline serum cytokines with clinical
outcome

We compared the correlation between IL-2, IL-4, IL-5
and IL-12p70 respectively with baseline clinical variables

including age, disease course, MG activities of daily living
(MG-ADL) score, MGFA-quantitative MG test (MGFA-
QMG), MG quality of life 15-item (QoL-15) question-
naire, and MG manual muscle test (MMT). Serum IL-2
had a positive correlation with age (r=0.306, P=0.0001)
and a negative correlation with disease course (r=-—
0.172, P=0.036), baseline MG-ADL (r=— 0.166,
P=0.0419), QMG (r=-— 0.161, P=0.049) and MG-
QoL15 (r=— 0.232, P=0.0043). In parallel, serum IL-5
had a positive correlation with age (r=0.215, P=0.0079)
and a negative correlation with QMG (r=— 0.165,
P=0.0425). Serum IL-4 was negatively correlated with
disease course (r=— 0.164, P=0.046), while IL-12p70
was positively correlated with disease course (r=0.208,
P=0.019). Multivariate analyses indicated that IL-4 lev-
els had positive impact on QMG scores and MMT scores
(P<0.05 and P<0.0001, respectively), while cytokines
IL-2, IL-5 and IL-12p70 showed no statistically signifi-
cant difference (Table 2).

Moreover, the correlations between baseline cytokine
levels and the short-term prognosis at 12 months after
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Fig. 1 Increased IL-2 (A), IL-4 (B), IL-5 (C), and IL-12p70 (D) levels in MG patients compared to the HCs. HC, healthy control; MGFA, Myasthenia Gravis.

enrollment were assessed. Baseline IL-12p70 was posi-
tively correlated with MG-ADL score at 12 months-fol-
low up (r=0.253, P=0.025). The other cytokines showed
no statistically significant difference.

Discussion

Many previous studies have addressed the role of
cytokines in relation to the pathogenesis of MG. In par-
ticular, elevated serum IL-17, IL-6 and IL-21 levels have
been demonstrated in anti-AChR antibody-positive MG
and are correlated with anti-AChR antibody titer [10-12,
18]. However, some cytokines with very low concentra-
tions remained largely unexplored.

Through the present study, it is confirmed that serum
IL-2, IL-4, IL-5 and IL-12p70 levels were increased in
AChR subtype gMG using ultrasensitive measurement.
In traditional immunological views, IL-2 and IL-12p70
were mainly but not exclusively, produced by polarized
Thl cells. In contrast, IL-4 and IL-5 were produced by
polarized Th2 cells and hematopoietic cells [19]. Dur-
ing immune responses, augmented levels of IL-2 and
IL-12p70 determine memory potential of antigen spe-
cific effector CD8" T cells [20]. IL-4 and IL-5, as type 2

cytokines, were mainly considered to mediate host pro-
tective immunity and abundant antibody production [21,
22]. The reciprocal antagonism between Thl and Th2
cytokines suggests that the immune system needs to sup-
press inflammatory response which is not required for
host protection. Our data also highlighted MG is more
complex with prominent combined activities of both type
1 and type 2 cytokines, with multiple cytokines influenc-
ing MG progression. In particular, type 2 cytokines (IL-4
and IL-5) may aid in promotion of antibody production
from B cells and plasma cells.

Although these cytokines were elevated in current
selected cohort, IL-4 and IL-12p70 level were previously
revealed to be decreased in non-crisis MG patients com-
pared with healthy controls [8]. We have two explana-
tions for this discrepancy: (1) non-crisis gMG selected
in previous study were mainly comprised of MGFA II-IV
who had never had a crisis but 25% have already been on
immunotherapy, which may lower the peripheral inflam-
matory cytokines. However, since the measurable levels
are relatively low, these findings required more solid evi-
dence; (2) Theoretically, the values detected by SIMOA
were more convincing. We reviewed the previous studies
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employing cross-platforms for immunoassays com-
parison, the serum levels for cytokines were at different
ranges [23-26]. For instance, using healthy controls and
MS-derived samples, serum IL-2 levels were reported to
be ranged from 0.04 to 0.32 (median:0.09) pg/ml using
SIMOA, while the measurement using Milliplex assay
were ranged from 0.57 to 16.2 pg/ml (median:1.99) which
were 10- to 50-folds higher [23]. Lasseter et al. con-
ducted a comparison analysis on serum derived from
patients with post-traumatic stress disorder and Parkin-
son’s disease and found the lower- and upper-limit of
quantification for each cytokine (IL-1p, IL-6, IEN-y, and
TNEF-a) were largely varied [24]. The discrepancy can be
explained by the following reasons [23, 24, 27]: (1) These
immunoassays employed different epitopes for capturing,
binding antibodies and signal amplification procedures;
(2) Multiplex assays harbor reagent cross-reactivity or
undesirable interactions of assay reagents with matrix
components and finally measured with the unexpectedly
high levels. To be noticed, currently we have no golden
standard protocol or method for cytokine measure-
ment. The different immunoassays may yield different
results, among which SIMOA and Erenna assays had the

highest sensitivity for cytokines detection. However, what
remains still unsolved is the “true level” of the cytokines
investigated, which can not be largely vary in different
assays. More comparisons among ultrasensitive measure-
ments with different techniques are expected to pursue
the answer for this question.

The inflammatory profile may vary in clinical settings
stratified by the onset age, clinical severity and disease
duration for MG patients. The selective and predomi-
nant immune responses in different subgroups of gMG
patients remained unelucidated. Here we revealed ele-
vated IL-2 levels in mild gMG with MGFA II compared
to that with MGFA III/IV. Low-dose IL-2 restores the
homeostasis of regular T cells (Treg), which have been
demonstrated decreased and impaired in MG patients
[28, 29]. Ongoing clinical efforts that capitalize on the
early clinical success of IL-2 treatment should bring the
use of this cytokine to enhance the biological therapies in
autoimmune disorders [30, 31].

Recent clinical studies had emerged regarding the
difference in presentations and outcomes between the
EOMG and LOMG cohorts. The majority of LOMG had
ocular phenotype. The presence of neither anti-titin
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nor anti-MuSK antibodies points to an unfavorable
outcome [32]. Still the diversity in peripheral immune
profile between EOMG and LOMG remained uneluci-
dated. A recent study with a novel genomic methodol-
ogy revealed two T-cell regulators CD28 and CTLA4
which were exclusively linked to LOMG [33]. In vitro
studies revealed that inhibition of binding of CTLA-4
to its ligands using soluble anti-CTLA-4 monoclonal
antibody during antigen stimuli increased the produc-
tion not only of IL-2 by Th1 clones, but also that of IL-3
and IFN-gamma by Th1 clones and of IL-3, IL-4, IL-5,
and IL-10 by Th2 clones [34]. This is in line with our
findings that serum IL-2 and IL-5 levels were signifi-
cantly elevated in LOMG compared to EOMG, which
implicated a T-cell response predomination in the
pathogenesis.

Although the concordant elevation in type 1 and type
2 cytokines were demonstrated in gMG, the correlations
between baseline cytokines with the short-term clinical
outcome revealed some difference. IL-12p70 promotes
Thl immunity thus imposes positive effect in longitudi-
nal autoimmune response for MG. However, the correla-
tions are relatively weak to make any conclusions.

Several limitations in this study are needed to be
addressed. First, the normal datasets for all age groups
are not available for these cytokines measured by ultra-
sensitive analysis. Second, the concurrent measure-
ment of peripheral CD4" T lymphocytes and B cells are
required to better delineate the role of cytokines in the
immunological network. Third, given the current cost
and the availability, SIMOA may not be adopted for rou-
tine diagnostics in a short time. Ultrasensitive measure-
ment of serum cytokines with very low concentrations in
a large longitudinal prospective MG cohort is anticipated
in future investigations to monitor the outcome and ther-
apeutic response.

Conclusion

We confirmed the high levels of serum IL-2, IL-4, IL-5
and IL-12p70 in a cohort of AChR subtype gM@G patients.
In particular, further analysis revealed significant differ-
ence in serum levels of these cytokines in gMG subgroups
divided by clinical severity, onset ages and the prior dis-
ease duration. These inflammatory serum cytokines may
provide as disease biomarkers in stratifying gMG patients
in future prospective cohort studies.
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Table 2 Multiple regression analysis of the effect from serum cytokines on the clinical outcomes

Variables QMG (1) MMT (2) ADL (3) MG-QoL15 (4)
IL-2 (pg/ml) —1.9870 (—0.53) —6.9240 (—0.85) — 20204 (—0.84) —155232(=152)
IL-4 (pg/ml) 32.8302* (2.51) 78.1857** (2.74) 123620 (147) 160333 (0.45)

IL-5 (pg/mi) —2.5695 (—1.61) — 28166 (—081) —0.7753 (—0.76) —3.7432 (—086)
IL-12p70 (pg/ml) 0.2937 (0.07) 13330(0.15) —1.5116 (—0.58) —8.1765 (—0.74)
N 126 126 126 126

QMG Quantitative MG test, MMT Manual muscle test, ADL Activities of daily living, MG-QoL-15 Quality of life 15-item

*P<0.05, **P<0.01; T-statistics are reported in the parentheses

Patients and methods

Standard protocol approval, registrations, and patient
consents

This study was conducted in accordance with the ethi-
cal standards established in the 1964 Declaration of
Helsinki and was approved by the Medical Ethics Com-
mittee of Huashan Hospital affiliated to Fudan Uni-
versity (2019-441, NCT04535843). Written informed
consent was obtained from each participant.

Study population

There are 1662 MG patients registered in National center
for neurological disorders, huashan hospital, Shanghai
from August 8, 2012, through May 31, 2021. MG mim-
icking diseases including Lambert-Eaton myasthenic syn-
drome, peripheral neuropathy, myopathies, and motor
neuron diseases were excluded before the recruiting. The
patients who have already enrolled in previous study for
18 cytokine measurement have been excluded in current
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study [8]. The inclusion criteria from registration data-
base for cytokine analysis were defined as: (1) onset
symptoms and signs compatible with gMG; (2) immuno-
therapy naive at baseline; (3) sero-positive for anti-AChR
antibody; (4) MGFA clinical classification II to IV; (5) fol-
low-up visits at 12 4+ 6 months after baseline recruitment.
All eligible participants were aged 18 years or above and
were recruited from 17th February, 2017, through 13th
March, 2020. Healthy controls (HCs) were enrolled with
exclusion of a previous diagnosis of neuroimmune dis-
eases or systemic autoimmune disorders or any fever or
sickness at the time of blood sampling.

Study design

We retrospectively reviewed the baseline data on age,
sex, disease duration, anti-AChR antibody titers, MGFA
clinical classification, clinical scales including MG-ADL
score, MG QoL-15 questionnaire, MGFA-QMG, and
MMT. Subgroup analysis was then performed by strati-
fying patients by onset ages (early-onset MG versus
late-onset MG), MGFA classification (mild group with
MGEFA 1I versus moderate to severe group with MGFA
III/1V), disease duration at baseline (short duration with
less than 6 months versus long duration with longer than
6 months). The MG-ADL score at 12+ 6 months was also
collected as a short-term outcome measurement and cor-
related with the baseline serum cytokines.

Antibody detection

Serum antibodies were measured against AChR using
Enzyme-linked immunosorbent assays (ELISA, Euroim-
mun). The serum from participants were obtained and
firstly sent for anti-AChR antibody testing. The optical
density was read at 450 nm within 30 min after adding
the stop solution. The result was presented as antibody
titers using four Parameter-Logistics fitting method to
calculate the concentration. The cut-off threshold for
anti-AChR antibody is 0.50 nmol/L.

Storage and assessment of serum cytokines

Fresh serum was isolated by centrifugation at 3000 x rpm
for 15 min at 20 °C, subsequently followed by the preserva-
tion at — 80 °C. The selection for these four cytokines was
mainly based on: (1) inflammatory cytokines potentially
involved in the MG pathogenesis; (2) the cytokines with
trace concentrations, which are also poorly investigated
in MG cohorts. IL-2, IL-4, IL-5 and IL-12p70 concentra-
tions were finally analyzed in duplicates using SIMOA.
IL-2, IL-4, IL-5 and IL-12p70 kits were used with an HD-1
immunoassay analyzer (Quanterix, Boston, Massachusetts,
USA). Serum were diluted (IL-4 and IL-5 at 1:2 ratio; IL-2
and IL-12p70 at 1:4 ratio), as recommended by the man-
ufacturer, and the concentrations were calculated using
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the corresponding standard curve at room temperature.
The analyses were performed by a board-certified labora-
tory technician, blinded to the corresponding clinical data,
using one batch of reagents. The intra-assay) for duplicated
determinations of concentrations were within 10%, and a
CV of lower than 10% was required for an analysis to be
considered valid. Inter-assay coefficients of variations were
within 12%. More than 80% tests have detectable values for
each cytokine.

Statistical analysis

Continuous variables were presented as median [inter-
quartile range (IQR)] and group comparisons were ana-
lyzed using Mann Whitney test as the data were previously
tested for not following the normal distribution. Categori-
cal variables were presented as No. (%) and analyzed by
Chi-square test. Correlations between serum cytokines
and clinical variables of MG cohort were analyzed using
Spearman’s method. Multiple linear-regression analyses
were then further conducted. We considered a two-tailed
adjusted P<0.05 as statistically significant. Data analysis
was done using Stata 14.0, and GraphPad Prism 9.0 soft-
ware. Cytokine concentration with undetectable values
were not included in the statistical analysis.
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QMG: Quantitative MG test; ADL: Activities of daily living; Qol-15: Quality of life
questionnaire 15-item; CVs: Coefficients of variations; IQR: Interquartile range;
Tfh: T follicular helper; IL: Interleukin.

Acknowledgements

We would like to thank Won Kyung Lee, MBBS, Zhongshan hospital, Shanghai
Medical College of Fudan University, who assisted with the editing. We also
thank G-BIO (Hangzhou) for the technical support.

Author contributions

XH and RZ performed the research and wrote the manuscript; JS, CY and YW
evaluated MG patients; HZ and MS looked up relevant literatures; SC and ZZ
helped perform the analysis with constructive discussions; JL and JX recruited
patients; SL and CZ contributed to the conception of the study and revised
the manuscript. All authors read and approved the final manuscript. The
authors had full editorial control of the publication.

Funding

This work was supported by financial grants from the National Natural Science
Foundation of China (No. 81870988 and No. 82071410), and Shanghai Munici-
pal Science and Technology Major Project (No. 20185HZDZX01) and ZJLab.

Availability of data and materials
Data are available upon reasonable request to the corresponding author.

Declarations

Ethics approval and consent to participate

This study was approved by the Medical Ethics Committee of Huashan
Hospital affiliated to Fudan University (2019-441) and had been registered at
clinicaltrial website (NCT04535843). Written informed consent was obtained



Huan et al. BMC Immunology (2022) 23:26

from each participant. All study procedures were performed in accordance
with the principles of Good Practice and the Declaration of Helsinki.

Consent for publication
All authors had confirmed the agreement to publish.

Competing interests
The authors declare that they have no competing interests.

Author details

"Huashan Rare Disease Center and Department of Neurology, Huashan Hospi-
tal Fudan University, No. 12 Middle Wulumugi Road, Shanghai 200040, China.
“National Center for Neurological Disorders, Shanghai, China. *Department

of Pharmacy, Huashan Hospital Fudan University, Shanghai, China. “Depart-
ment of Neurology, Fujian Medical University Union Hospital, Fuzhou, China.
®Radiation Oncology Center, Huashan Hospital, Fudan University, Shanghai,
China.

Received: 5 January 2022 Accepted: 20 May 2022
Published online: 27 May 2022

References

1. Gilhus NE, Verschuuren JJ. Myasthenia gravis: subgroup classification and
therapeutic strategies. Lancet Neurol. 2015;14(10):1023-36.

2. Querol L, Illa I. Myasthenia gravis and the neuromuscular junction. Curr
Opin Neurol. 2013;26(5):459-65.

3. Yan M, Xing GL, Xiong WC, Mei L. Agrin and LRP4 antibodies as new
biomarkers of myasthenia gravis. Ann N'Y Acad Sci. 2018;1413(1):126-35.

4. lllal, Cortés-Vicente E, Martinez M, Gallardo E. Diagnostic utility of cortac-
tin antibodies in myasthenia gravis. Ann N'Y Acad Sci. 2018;1412(1):90-4.

5. Lindstrom JM, Seybold ME, Lennon VA, Whittingham S, Duane DD. Anti-
body to acetylcholine receptor in myasthenia gravis. Prevalence, clinical
correlates, and diagnostic value. Neurology. 1976;26(11):1054-9.

6. YilS, Guidon A, Sparks S, Osborne R, Juel VC, Massey JM, Sanders DB,
Weinhold KJ, Guptill JT. Characterization of CD4 and CD8 T cell responses
in MuSK myasthenia gravis. J Autoimmun. 2014;52:130-8.

7. Uzawa A, Kuwabara S, Suzuki S, Imai T, Murai H, Ozawa Y, Yasuda M,
Nagane Y, Utsugisawa K. Roles of cytokines and T cells in the pathogen-
esis of myasthenia gravis. Clin Exp Immunol. 2021;203(3):366-74.

8. Huan X, Luo 'S, Zhong H, Zheng X, Song J, Zhou L, Lu J, Wang Y, Xu Y, Xi
J, et al. In-depth peripheral CD4(+4) T profile correlates with myasthenic
crisis. Ann Clin Transl Neurol. 2021:8(4):749-62.

9. LiY,YiJS, Russo MA, Rosa-Bray M, Weinhold KJ, Guptill JT. Normative
dataset for plasma cytokines in healthy human adults. Data Brief. 2021;35:
106857.

10. Roche JC, Capablo JL, Larrad L, Gervas-Arruga J, Ara JR, Sdnchez A, Alarcia
R.Increased serum interleukin-17 levels in patients with myasthenia
gravis. Muscle Nerve. 2011;44(2):278-80.

11. Cebi M, Durmus H, Aysal F, Ozkan B, Guil GE, Cakar A, Hocaoglu M, Mercan
M, Yenttr SP, Tutincl M, et al. CD4(+) T cells of myasthenia gravis
patients are characterized by increased IL-21, IL-4, and IL-17A productions
and higher presence of PD-1 and ICOS. Front Immunol. 2020;11:809.

12. Uzawa A, Akamine H, Kojima Y, Ozawa Y, Yasuda M, Onishi Y, Sawai S,
Kawasaki K, Asano H, Ohyama S, et al. High levels of serum interleukin-6
are associated with disease activity in myasthenia gravis. J Neuroimmu-
nol. 2021,358: 577634.

13. Chyuan IT, Lai JH. New insights into the IL-12 and IL-23: from a molecular
basis to clinical application in immune-mediated inflammation and
cancers. Biochem Pharmacol. 2020;175: 113928.

14. Dougan M, Dranoff G, Dougan SK. GM-CSF, IL-3, and IL-5 family of
cytokines: regulators of inflammation. Immunity. 2019;50(4):796-811.

15. Wynn TA. Type 2 cytokines: mechanisms and therapeutic strategies. Nat
Rev Immunol. 2015;15(5):271-82.

16. Cohen L, Keegan A, Walt DR. Single-molecule arrays for ultrasensitive
detection of blood-based biomarkers for immunotherapy. Methods Mol
Biol. 2020,2055:399-412.

17. UpasaniV, Scagnolari C, Frasca F, Smith N, Bondet V, Vanderlinden A,

Lay S, Auerswald H, Heng S, Laurent D, et al. Decreased type | interferon

Page 9 of 9

production by plasmacytoid dendritic cells contributes to severe dengue.
Front Immunol. 2020;11: 605087.

18. Zhang X, Liu S, Chang T, Xu J, Zhang C, Tian F, Sun'Y, Song C, Yi W, Lin H,
et al. Intrathymic Tfh/B cells interaction leads to ectopic GCs formation
and anti-AChR antibody production: central role in triggering MG occur-
rence. Mol Neurobiol. 2016;53(1):120-31.

19. Zhou L, Chong MM, Littman DR. Plasticity of CD4™ T cell lineage differen-
tiation. Immunity. 2009;30(5):646-55.

20. Raeber ME, Zurbuchen'Y, Impellizzieri D, Boyman O. The role of
cytokines in T-cell memory in health and disease. Immunol Rev.
2018;283(1):176-93.

21. Finkelman FD, Urban JF Jr. The other side of the coin: the protective role
of the TH2 cytokines. J Allergy Clin Immunol. 2001;107(5):772-80.

22. Romagnani S.Th1/Th2 cells. Inflamm Bowel Dis. 1999;5(4):285-94.

23. Yeung D, Ciotti S, Purushothama S, Gharakhani E, Kuesters G, Schlain B,
Shen C, Donaldson D, Mikulskis A. Evaluation of highly sensitive immuno-
assay technologies for quantitative measurements of sub-pg/mL levels of
cytokines in human serum. J Immunol Methods. 2016;437:53-63.

24. Lasseter HC, Provost AC, Chaby LE, Daskalakis NP, Haas M, Jeromin A.
Cross-platform comparison of highly sensitive immunoassay technolo-
gies for cytokine markers: platform performance in post-traumatic stress
disorder and Parkinson'’s disease. Cytokine X. 2020;2(2): 100027.

25. Breen EC, Reynolds SM, Cox C, Jacobson LP, Magpantay L, Mulder CB,
Dibben O, Margolick JB, Bream JH, Sambrano E, et al. Multisite compari-
son of high-sensitivity multiplex cytokine assays. Clin Vaccine Immunol.
2011;18(8):1229-42.

26. Fraser S, Dysinger M, Soderstrom C, Kuhn M, Durham R. Active glucagon-
like peptide 1 quantitation in human plasma: a comparison of multiple
ligand binding assay platforms. J Immunol Methods. 2014;407:76-81.

27. de Koning L, Liptak C, Shkreta A, Bradwin G, Hu FB, Pradhan AD, Rifai
N, Kellogg MD. A multiplex immunoassay gives different results than
singleplex immunoassays which may bias epidemiologic associations.
Clin Biochem. 2012;45(10-11):848-51.

28. Thiruppathi M, Rowin J, Li Jiang Q, Sheng JR, Prabhakar BS, Meriggioli MN.
Functional defect in regulatory T cells in myasthenia gravis. Ann N'Y Acad
Sci. 2012;1274(1):68-76.

29. Danikowski KM, Jayaraman S, Prabhakar BS. Regulatory T cells in multiple
sclerosis and myasthenia gravis. J Neuroinflammation. 2017;14(1):117.

30. Kolios AGA, Tsokos GC, Klatzmann D. Interleukin-2 and regulatory T cells
in rheumatic diseases. Nat Rev Rheumatol. 2021;17:749-66.

31. LiuR, Zhou Q, La Cava A, Campagnolo DI, Van Kaer L, Shi FD. Expansion
of requlatory T cells via IL-2/anti-IL-2 mAb complexes suppresses experi-
mental myasthenia. Eur J Immunol. 2010;40(6):1577-89.

32. Yildiz Celik S, Durmus H, Yilmaz V, Saruhan Direskeneli G, Gulsen Parman
Y, Serdaroglu Oflazer P, Deymeer F. Late-onset generalized myasthenia
gravis: clinical features, treatment, and outcome. Acta Neurol Belg.
2020;120(1):133-40.

33. Handunnetthi L, Knezevic B, Kasela S, Burnham KL, Milani L, Irani SR, Fang
H, Knight JC. Genomic insights into myasthenia gravis identify distinct
immunological mechanisms in early and late onset disease. Ann Neurol.
2021;90(3):455-63.

34. Alegre ML, Shiels H, Thompson CB, Gajewski TF. Expression and function
of CTLA-4inTh1 and Th2 cells. J Immunol. 1998;161(7):3347-56.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Increased serum IL-2, IL-4, IL-5 and IL-12p70 levels in AChR subtype generalized myasthenia gravis
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Results
	Serum levels of IL-2, IL-4, IL-5 and IL-12p70 in gMG cohort
	Cytokine measurement in subgroups classified by clinical severity, onset ages and disease duration
	Correlation of baseline serum cytokines with clinical outcome

	Discussion
	Conclusion
	Patients and methods
	Standard protocol approval, registrations, and patient consents
	Study population
	Study design
	Antibody detection
	Storage and assessment of serum cytokines

	Statistical analysis

	Acknowledgements
	References


