
Eur. J. Immunol. 2024;54:2451268 Merve Çebi et al.DOI: 10.1002/eji.202451268 1 of 11
B
asic

Immunodeficiencies and autoimmunity

Research Article

In vitro modulation of T cells in myasthenia gravis by
low-dose IL-2

Merve Çebi1,2, Arman Çakar3, Hacer Durmuş3, Onur Akan4, Fikret Aysal5,
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Follicular helper (Tfh), peripheral helper (Tph), and regulatory (Treg) T cells are involved
in myasthenia gravis (MG) pathogenesis, an autoimmune disorder arising from autoan-
tibodies targeting neuromuscular junction proteins. This study explores the impact of
low-dose IL-2 on Tfh, Tph, and Treg cells in vitro in MG. Acetylcholine-receptor antibody-
positiveMG (AChR-MG),muscle-specific kinase antibody-positiveMG (MuSK-MG) patients,
and healthy controls (HC) were studied. Blood cells were cultured with/without IL-2 and
compared by the ratios of IL-2 stimulated/unstimulated cultures. In both AChR-MG and
MuSK-MG patients, CD25+FoxP3+Tregs were lower, while CXCR5+PD-1+ or ICOS+Tfh and
CXCR5−PD-1+ or ICOS+Tph cells were higher compared with HC. Among the MG group,
the FoxP3+ Treg cells in AChR-MG patients were even lower compared with MuSK-MG
patients. In vitro IL-2 stimulation increased Tregs in all groups while decreasing PD-
1+/ICOS+Tfh and PD-1+/ICOS+Tph populations. The fold-increase ratio of Tregs and the
fold-decrease ratio of PD-1+ or ICOS+Tfh and ICOS+Tph cells in AChR-MG and MuSK-MG
patients were greater than in HCs. Low-dose IL-2 treatment may balance Tfh, Tph, and
Treg cells in MG patients, offering a potential opportunity for disease modulation.
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� Additional supporting information may be found online in the Supporting Information section
at the end of the article.

Introduction

Myasthenia gravis (MG) is an autoimmune disease that causes
muscle weakness due to auto-antibodies formed as a result of
an autoimmune process at the neuromuscular junction [1, 2]. In
the majority of patients, autoantibodies against the acetylcholine
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receptor (AChR) are detected, and these patients are classified
as AChR-MG. In a small portion of MG patients, autoantibodies
against muscle-specific kinase (MuSK) protein develop, and this
patient group is referred to as MuSK-MG [2, 3].

In MG, B cells as the producers of pathogenic autoantibod-
ies are mainly dependent on T helper (Th) cells [2]. T follic-
ular helper (Tfh) cells, expressing the CXC chemokine receptor
type 5 (CXCR5), programmed cell death protein 1 (PD-1), and/or
inducible T-cell costimulator (ICOS) secrete IL-21 and IL-4 and
exhibit high expression of the Bcl-6 transcription factor. These
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cells migrate to the follicles in the lymph node to induce the ger-
minal center development and play a role in the activation, differ-
entiation, and antibody production of B cells. In the pathogenesis
of MG, circulating Tfh cells, described as CD4+CXCR5+ICOS+ or
CD4+CXCR5+PD-1+ T cells are found at high frequencies in the
blood of AChR-MG patients, showing a positive correlation with
serum AChR antibody levels [4, 5]. The coexistence of Tfh and B
cells in ectopic germinal centers observed in the thymus of MG
patients also suggested the intrathymic Tfh/B-cell interactions in
this disease [6]. In a previous study, we also demonstrated the ele-
vated levels of CD4+CXCR5+PD-1+ and CD4+CXCR5+ICOS+ Tfh
cells in the blood of AChR-MG patients. Additionally, higher pro-
duction of IL-21, IL-4, and IL-17 in CD4+ T cells from AChR-MG
patients was associated with these cells [7]. A subsequent study
further strengthened these findings by revealing higher levels of
IL-21, IL-4, and IL-17 secretion in CD4+CXCR5+ICOS+ cells in MG
patients [8].

Although CXCR5 positive Tfh cells are involved in interact-
ing with B cells to promote B-cell response, recent studies have
shown that CXCR5 negative PD-1 carrying T-helper cells also
exhibit characteristics similar to Tfh cells, referred to as T periph-
eral helper (Tph) cells. Tph cells also secrete high levels of IL-
21, express high ICOS molecules, and play an active role in anti-
body production [9–11]. Although Tph cells are described to be
localized in the inflammatory tissues interacting with B cells in
those areas, these cells are also shown to be increased in the
blood of patients with rheumatoid arthritis (RA) [9], systemic
lupus erythematosus (SLE) [10], and type 1 diabetes [11]. In the
previous study, CD4+CXCR5−PD-1+ and CD4+CXCR5−ICOS+ T
cells were also found to be elevated in the blood of AChR-MG
patients [7].

On the other side, regulatory T (Treg) cells are crucial in reg-
ulating the immune response and autoimmune processes. Dys-
function of Treg cells has also been implicated in the patho-
genesis of MG. No significant differences [12, 13] as well as
decreased CD4+CD25+FoxP3+ Treg cells were reported in AChR-
MG patients [14, 15]. Although there is no consensus on numer-
ical changes of Treg cells in MG, impaired functions of Treg cells
have consistently been demonstrated by in vitro functional anal-
yses [16, 17]. IL-2 is crucial for the development of Treg cells in
the thymus as well as for the regulation, proliferation, and sur-
vival of these cells in the periphery to maintain the required tran-
scriptional program [18]. Dysfunction in IL-2 signaling impairs
Treg cells, rendering existing Treg cells ineffective in control-
ling autoimmunity [19]. Recently, low-dose IL-2 therapy has been
proposed in autoimmune diseases [20, 21]. IL-2 administration
increased the lower Treg cell population, decreased the high Tfh
and Th17 cell populations, and reduced disease severity in SLE
patients [22]. Lower IL-2 impairing the Treg function by reducing
CD25 expression in SLE patients could be restored by in vitro stim-
ulation of patients’ peripheral blood mononuclear cells (PBMCs)
with IL-2 [23]. Similar to the observations in SLE, reduced IL-2
production of PBMCs was also observed in AChR-MG in cell cul-
ture [24]. Low-dose IL-2 therapy has increased Treg cell numbers
and reduced the high Th17/Treg ratio in Sjögren’s syndrome [25].

With this background, in this study, we investigated the in vitro
effects of IL-2 on Tfh-related and Treg cells from MG patients and
controls for the potential therapeutic value of IL-2 treatment in
MG.

Material and methods

Study group

The study included AChR antibody-positive, generalized, and
non-thymoma AChR-MG patients (n = 31), MuSK antibody-
positive MuSK-MG patients (n = 12), and healthy controls (HC,
n = 28). Among the AChR-MG patients, 57% (n = 17), and
among the MuSK-MG patients, 50% (n = 6) were receiving
immunosuppressive (IS) treatment (Table 1). Twenty of the
AChR-MG patients had early-onset MG (EOMG) at the age of
less than 50, while the remaining eleven had late-onset MG
(LOMG).

The study has been reviewed by the Istanbul Faculty of
Medicine Ethics Committee and received ethical approval. The
informed consent of all participating subjects was obtained.

In vitro IL-2 stimulation

PBMCs of the donors were obtained using a ficoll density gra-
dient centrifugation. The cells were cultured in 24-well plates
with 1 million cells per well in RPMI medium containing 1%
L-glutamine, 1% penicillin/streptomycin, and 10% fetal bovine
serum. After optimizations of the experiments for the dose and
culture period, a 5-day culture with 10 IU/mL IL-2 stimulation
was adopted as the optimal Treg-inducing set-up (Supporting
Information Fig. S1–S3). The cultures were incubated at 37°C
with 5% CO2 either with or without IL-2 stimulation.

Phenotypic analyses of Treg, Tfh, and Tph cell
populations

PBMCs of MG patients and HC were cultured in a medium with or
without IL-2 (10 IU/mL) for 5 days and then the cells were stained
with CD25 (FITC, Sony, Clone: BC96) and CD4 (APC, BioLegend,
Clone: RPA-T4) antibodies. Following surface staining, the cells
were permeabilized using the Foxp3/transcription factor stain-
ing buffer set (ThermoFisher). Subsequently, intracellular stain-
ing was performed using the FoxP3 antibody (PE, Miltenyi Biotec,
clone: REA1253). The CD25+FoxP3+population in CD4+ cells was
evaluated as Treg cells using flow cytometry (Fig. 1).

For the analysis of Tfh and Tph cell populations, cells were
stained with CD4 (FITC, Sony, clone: RPA-T4), CXCR5 (PE, R&D,
clone: 51505), ICOS (PE-Cy7, ThermoFisher, clone: ISA-3), and
PD-1 (APC, Sony, clone: EH12.2H7). The CD4+CXCR5+ICOS+ or
CD4+CXCR5+PD-1+populations of Tfh cells, and the populations
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Table 1. The demographic characteristics of the study group: patients with autoantibodies against the acetylcholine receptor (AChR-MG), patients
with autoantibodies against muscle-specific kinase (MuSK-MG), early-onset myasthenia gravis (EOMG), late-onset myasthenia gravis (LOMG).

AChR-MG
(n = 31)

MuSK-MG
(n = 12)

Healthy control
(n = 28)

Median age (range) 54 (19–74) 46 (36–65) 47 (21–67)
Women (%) 19 (61) 10 (83) 16 (58)
Immunosuppressive therapy (%) 17 (57) 6 (50) –
Generalized (%) 31 (100) 12 (100) –
Thymectomy (%) 18 (58) – –
Thymoma 0 (0) – –
EOMG/LOMG 20/11 – –

of Tph cells, such as CD4+CXCR5−ICOS+ or CD4+CXCR5−PD-1+

cells, were examined. The gating strategy for Treg, Tfh, and Tph
cell populations is shown in Fig. 1 and 2.

Cytokine measurement in the culture supernatants

The concentrations of IL-21, IL-4, IL-17, and IL-10 were measured
in the supernatants of 5-day cultures with and without IL-2 stim-
ulation using ELISA kits (BT-LAB). The sensitivity limits were 2.5
ng/L for IL-21 and IL-4, 1.1 ng/L for IL-17, and 2.6 pg/mL for
IL-10.

Statistical analysis

Nonparametric tests are applied for the comparisons of disease
groups and controls (one-way ANOVA). Based on the differences
in selected parameters, the Mann–Whitney U test was used to
evaluate the statistical differences between groups. The effect of
IL-2 stimulation was analyzed using a paired t-test. Correlation
analyses were conducted using the Pearson correlation test. Sta-
tistical significance was defined as p < 0.05. The statistical analy-
sis of the data was performed using GraphPad Prism 9. Graphs of
the data were also generated using GraphPad Prism 10 software
and presented with median values and interquartile ranges.

Results

Decreased Treg cells in MG

To assess the effect of IL-2, we set up a culture for PMBCs and
determined the relevant T-cell groups in the patient and control
groups. When the Treg cell population (CD25+FoxP3+) within
the CD4+ T cells was evaluated after 5 days in culture with-
out IL-2 stimulation, both AChR-MG patients (p < 0.0001) and
MuSK-MG patients (p = 0.0002), had lower Treg cells compared
with HC (Fig. 3). Additionally, the Treg population was signifi-
cantly decreased in AChR-MG patients compared with MuSK-MG
patients (p = 0.023, Fig. 3). A considerable proportion of AChR-
MG (57%) and MuSK-MG (50%) patients were receiving IS treat-
ment. However, no significant difference was observed in the Treg
cells between patients with (ISP) or without (ISN) IS treatment
(Fig. 3). Treg cell population was decreased in both EOMG and
LOMG patient groups without significant difference (Supporting
Information Fig. S4).

Elevated Tfh and Tph cell populations in MG

The increase of B-cell-helper T-cell groups was also demonstrated
in the blood and the thymus of MG patients [26]. The increased
cell groups defined as PD-1+ (Tfh-PD-1+) or ICOS+ (Tfh-ICOS+)

Figure 1. Gating strategy for the Treg population: CD25+FoxP3+ cells within CD4+ T cells have been defined as Treg cells. Peripheral bloodmononu-
clear cells (PBMCs) were surface-stained with CD4 and CD25 antibodies and with FoxP3 antibody intracellularly, and gated as shown in the figure.
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Figure 2. Gating strategy of the Tfh and Tph cell populations: CXCR5+PD-1+ cells within CD4+ T population were identified as Tfh-PD-1+, while
CXCR5+ICOS+ cells were referred to as Tfh-ICOS+. Similarly, CXCR5 negative CD4+ T cells expressing PD-1+ were identified as Tph-PD-1+, while
CXCR5−ICOS+ cells were classified as Tph-ICOS+.

populations in Tfh (CXCR5+), and PD-1+ (Tph-PD-1+) or ICOS+

(Tph-ICOS+) in Tph (CXCR5−) cells among CD4+ T cells were

Figure 3. Treg population in MG patients: The isolated peripheral blood
mononuclear cells (PBMCs) from the donors were cultured for 5 days
without IL-2 stimulation, and then CD25+FoxP3+ populations in the
CD4+ T cells (Treg) were evaluated in the study groups [AChR-MG (n
= 31), MuSK-MG (n = 12), HC (n = 28)]. Among the patient groups,
nontreated patients (ISN) and patients receiving immunosuppressive
treatment (ISP) are also shown separately for AChR-MG and MuSK-MG
groups. The results are compared with nonparametric tests (one-way
ANOVA and Mann–Whitney U).

also measured after a 5-day culture of MG patients and HC. In
both AChR-MG and MuSK-MG patient groups, the Tfh-PD-1+-
and Tfh-ICOS+ cell populations were elevated compared with HC
(all p < 0.0001, Fig. 4A and B). Additionally, the Tfh-ICOS+ cell
population had a higher frequency in AChR-MG patients (p =
0.016) compared with MuSK-MG patients (Fig. 4B). Tph-PD-1+-
and Tph-ICOS+ cell populations were also significantly increased
in both AChR-MG and MuSK-MG patients compared with HC (all
p < 0.0001, Fig. 4C and D). IS treatment as well as EOMG and
LOMG patient groups did not reveal an effect on Tfh- and Tph cell
populations (Supporting Information Fig. 5A and B).

Increased IL-21, IL-4, and IL-17 Secretions in MG

In a previous study, IL-21, IL-4, and IL-17 production tended to
be elevated in both AChR-MG and MuSK-MG patients compared
with healthy individuals, but statistically significant differences
were only demonstrated in MuSK-MG [26]. In the present study,
the supernatants of 5-day cultures were assessed for the secretions
of cytokines related to Tfh, Tph, and Treg cells. Concentrations of
IL-21, IL-4, and IL-17 were increased in the cultures of both AChR-
MG (p < 0.0001, p < 0.0001, p = 0.0004) and MuSK-MG (all p
< 0.0001) patients compared with HC (Fig. 5A–C). Additionally,
IL-21, IL-4, and IL-17 levels in MuSK-MG patients (p = 0.029,
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Figure 4. Tfh and Tph cell populations in MG patients: The Tfh cell populations, including CXCR5+PD-1+ (A) and CXCR5+ICOS+ (B), as well as the
Tph cell populations, including CXCR5−PD-1+ (C) and CXCR5−ICOS+ (D) within CD4+ T cells, were analyzed after a 5-day culture of PBMCs without
IL-2 stimulation in AChR-MG (n = 31), MuSK-MG (n = 12) patients and HC (n = 26). The results are compared with nonparametric tests (one-way
ANOVA and Mann–Whitney U).

p = 0.013, p = 0.01) were even higher than those in AChR-MG
patients (Fig. 5A–C). No significant difference was observed in the
production of IL-10 between MG patient groups and HC (Fig. 5D).
Additionally, IL-21, IL-4, and IL-17 Secretions exhibited a positive
correlation with the frequency of both Tfh and Tph cells (Support-
ing Information Fig. S6).

Cytokine concentrations did not reveal any differences related
to IS treatment, with the exception of elevated IL-17 levels only in
patients receiving IS treatment compared with those not receiving
it (p = 0.024; Supporting Information Fig. S7A). No difference
was observed in cytokine levels between the EOMG and LOMG
patient groups (Supporting Information Fig. S7B).

IL-2 induced expansion of Treg cell population

IL-2 regulates the immune homeostasis of Treg cells by influencing
their development, maintenance, and function [27, 28]. To eval-
uate a possible restoring effect on the Treg population in patients,
the presence of Treg cells in the CD4+ population was quantified
in IL-2 stimulated cultures at 5-day cultures. In vitro IL-2 in low-
dose increased the FoxP3+CD25+ population among CD4+ T cells

in AChR-MG, MuSK-MG patients and HC (all p < 0.0001, Sup-
porting Information Fig. S8 and S9). IL-2 also normalized the low
frequency of CD4+CD25+ and CD4+FoxP3+ Treg-like cell popula-
tions in MG patients (Supporting Information Fig. S10).

To compare the effectiveness of IL-2 among groups, the
increased ratio of the Treg population in IL-2-stimulated to
unstimulated cultures (10:0 IU/ml IL-2) was calculated. The
increase of Treg population by IL-2 was significantly stronger in
both AChR-MG (p < 0.0001) and MuSK-MG (p = 0.002) patients
compared with HC (Fig. 6).

Low dose IL-2 modulated Tfh and Tph cell populations

In T cells, IL-2-induced STAT5 phosphorylation inhibits Tfh dif-
ferentiation [29, 30]. Accordingly, low-dose IL-2 therapy modu-
lated SLE by reducing the Tfh-cell population [22], whereas high
doses of IL-2 are reported to increase effector T cells [31] mak-
ing the determination of the optimal IL-2 dose crucial for main-
taining immune balance. Optimization experiments have revealed
that a low dose of IL-2 (10 IU/mL) has a modulatory effect on
Tfh and Tph cells while higher doses could enhance these cells

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.

www.eji-journal.eu

 15214141, 2024, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eji.202451268 by C

ochrane R
ussian Federation, W

iley O
nline L

ibrary on [29/11/2024]. 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



6 of 11 Merve Çebi et al. Eur. J. Immunol. 2024;54:2451268

Figure 5. Cytokine production in cultures: The PBMCs of the donors were cultured for 5 days without IL-2 stimulation. IL-21 (A), IL-4 (B), IL-17 (C),
and IL-10 (D) levels in culture supernatants were measured in samples of AChR-MG (n = 20), MuSK-MG (n = 12) patients and HC (n = 13) by ELISA.
The results are compared with nonparametric tests (one-way ANOVA and Mann–Whitney U).

(Supporting Information Fig. S3) so that only low-dose IL-2 stim-
ulation was examined on the cell populations in MG patients.
Thus, in vitro IL-2 stimulation significantly reduced the Tfh popu-
lations with PD-1 (Tfh-PD-1+, Supporting Information Fig. S11A)
and with ICOS (Tfh-ICOS+, Supporting Information Fig. S11B)

Figure 6. Increase ratio of Treg population by IL-2: The ratios of
FoxP3+CD25+ cells in CD4+ T-cell population in IL-2 stimulated (10
IU/mL) to unstimulated cultures (IL-2 0 IU/mL) were calculated in AChR-
MG (n = 31), MuSK-MG (n = 12) patients and HC (n = 28). The results
are compared with nonparametric tests (one-way ANOVA and Mann–
Whitney U).

in all AChR-MG patients (all p < 0.0001), MuSK-MG patients (p
= 0.0002, p = 0.028), and HC (p < 0.0001, p = 0.0002). IL-2
also significantly decreased the Tph populations with PD-1 (Tph-
PD-1+, Supporting Information Fig. S11C) and ICOS (Tph-ICOS+,
Supporting Information Fig. S11D) cells in AChR-MG patients (all
p < 0.0001), MuSK-MG patients (p = 0.0021, p = 0.0001) and
HC (p < 0.0001, p < 0.0001). An example of the measurement is
shown in the Supporting Information Fig. S12.

To compare the IL-2 effect on T cells in study groups, the ratio
of Tfh and Tph cell proportions after IL-2 stimulation to unstimu-
lated conditions (10 IU/mL:0 IU/mL) was calculated, and the fold
reduction of these cell types by IL-2 was evaluated. IL-2 reduced
Tfh-PD-1+ and Tfh-ICOS+ and Tph-ICOS+ Tph cell populations
significantly more in AChR-MG (p = 0.025, p < 0.0001, p =
0.0004) and MuSK-MG (p = 0.008, p < 0.0001, p = 0.0047)
patients compared with HC (Fig. 7A, B and D). No significant dif-
ference was observed between groups for Tph-PD-1+ Tph cells
(Fig. 7C).

Restoring equilibrium: IL-2 stimulation balanced Treg
to Tfh and Tph ratios in MG patients

To access the composite effect of IL-2 on the imbalance of Treg,
Tfh, and Tph cells, the ratios of Treg to Tfh, and Treg to Tph cells

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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Figure 7. IL-2 effect ratio in Tfh and Tph cell populations: The ratio of CXCR5+PD-1+ (A), CXCR5+ICOS+ (B), CXCR5-PD-1+ (C), and CXCR5-ICOS+

(D) cells within CD4+ T cells in IL-2 stimulated and unstimulated cultures (10 IU/mL: 0 IU/mL IL-2) was analyzed in AChR-MG (n = 31), MuSK-MG (n
= 12), and HC (n = 26) groups. The results are compared with nonparametric tests (one-way ANOVA and Mann–Whitney U).

were evaluated in cultures with and without IL-2 stimulation.
In cultures without stimulation, all Treg/Tfh-PD-1+, Treg/Tfh-
ICOS+, Treg/Tph-PD-1+, and Treg/Tph-ICOS+ ratios in AChR-
MG (all p < 0.0001) and MuSK-MG (all p < 0.0001) patients
were lower than HC (Fig. 8A–D). Low-dose IL-2 stimulation sig-
nificantly increased the reduced Treg/Tfh-PD-1, Treg/Tfh-ICOS,
Treg/Tph-PD-1, and Treg/Tph-ICOS ratios in AChR-MG (all p <

0.0001) and MuSK-MG (p = 0.0006, p = 0.002, p = 0.0004, p <

0.0001) patients, bringing them to levels comparable to healthy
individuals (Fig. 8A–D).

IL-2 regulated IL-21, IL-4, and IL-17 productions in MG
patients

The regulatory role of IL-2 on helper T-cell cytokines was also
evaluated in the supernatants of cultures with IL-2 stimulation.
IL-2 stimulation reduced the secretion of IL-21, IL-4, and IL-17 in
AChR-MG (p < 0.0001, p = 0.002, p < 0.0001) and MuSK-MG (p
< 0.0001, p = 0.02, p < 0.0001) patients (Supporting Information
Fig. S13A–C), whereas only IL-21 and IL-17 production decreased
in HC by IL-2 (p < 0.0001, p = 0.005, Supporting Information Fig.
S13A and C).

In addition, IL-2 induced IL-10 production in cultures of both
AChR-MG and MuSK-MG patients (all p < 0.0001, Supporting

Information Fig. S13D). Although IL-2 showed a trend toward
increasing IL-10 production in HC as well, the difference was not
statistically significant (Supporting Information Fig. S13D).

When the effect ratio was evaluated between groups, IL-2 stim-
ulation decreased IL-21, IL-4, and IL-17 productions significantly
more in AChR-MG (p = 0.048, p = 0.034, p = 0.0002) and MuSK-
MG (p = 0.046, p = 0.0006, p < 0.0001) patients compared with
HC (Fig. 9A–C). On the other hand, IL-2 significantly increased IL-
10 production in AChR-MG and MuSK-MG patients (all p = 0.01)
compared to HC (Fig. 9D).

Discussion

A modulating effect of IL-2 on Tfh and Tph cell populations, nor-
malizing their frequencies and restoring dysregulated Treg/Tfh
and Treg/Tph ratios has been demonstrated in MG patients in
vitro in this study. Notably, low-dose IL-2 also exhibited a favor-
able outcome by normalizing elevated IL-21, IL-4, and IL-17 lev-
els in MG patients, pointing to its immunomodulatory potential.
Overall, the findings suggest that low-dose IL-2 holds promise as
a therapeutic intervention for AChR-MG and MuSK-MG by restor-
ing immune balance and modulating cytokine profiles.

In MG patients, elevated levels of Tfh and Tph cell popula-
tions compared with HC have been reported, and IS treatment

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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Figure 8. IL-2 normalized dysregulated Treg, Tfh, and Tph populations in MG patients: Treg/Tfh-PD-1 (A), Treg/Tfh-ICOS (B), Treg/Tph-PD-1 (C) and
Treg/Tph-ICOS (D) ratios were shown in cultures with and without IL-2 stimulation in AChR-MG (n = 31), MuSK-MG (n = 12) patients and HC (n =
26). The results are compared with nonparametric tests (one-way ANOVA and Mann–Whitney U).

could not reduce these cell populations to the levels observed in
HC [7]. The modulation of these cell populations with a possi-
ble role in pathology may provide new targets in MG treatment.
IL-2, being a key cytokine in T-cell homeostasis, has recently
been explored at low doses in the treatment of various autoim-
mune diseases [22, 23, 25]. In this study, low-dose IL-2 stimu-
lation is shown to increase Treg cells in both MG patients and
HC. When the ratios of IL-2 stimulated to unstimulated condi-
tions were assessed, the “IL-2 effect ratio” was higher in AChR-
MG and MuSK-MG patients compared with HC. IL-2 is capable
of elevating the low-frequency Treg cell populations observed
in AChR-MG and MuSK-MG patients to a level similar to HC.
The functional impairment of Treg cells in MG patients has been
demonstrated by a decrease in suppressive capacity [12, 17] and
reduced STAT5 phosphorylation, which has also been associated
with FoxP3 expression [17]. Although the effect of low-dose IL-2
on FoxP3 expression has not been assessed in the present study,
the increase in Treg cells induced by IL-2 stimulation may be
an applicable option for preventing this functional impairment of
these cells. Further investigation into the functional effects of low-
dose IL-2 stimulation on the suppressive capacity of Treg cells is
necessary to assess the potential of this treatment.

Another objective of low-dose in vitro IL-2 stimulation is
the modulation of high-frequency Tfh and Tph cell populations,

which are helping in autoantibody production in MG. It has been
reported that IL-2 reduces the Tfh cell population [32]. Consistent
with the published data, IL-2 stimulation reduced the CXCR5+PD-
1+ and CXCR5+ICOS+ Tfh cell populations within CD4+ T cells in
AChR-MG, MuSK-MG, and HC. When the impact of IL-2 on these
cells was evaluated with the “IL-2 effect ratio”, again the effect
was higher in AChR-MG and MuSK-MG patients compared with
HC. According to these findings, IL-2 stimulation downregulates
Tfh cells in MG patients to a frequency similar to HC by reducing
them at a higher rate.

Previously observed higher frequency of Tph (CXCR5−PD-1+

and CXCR5−ICOS+) cells in AChR-MG patients [7], was also evi-
dent in cell cultures. In this study, low-dose IL-2 reduced the
CXCR5−PD-1+ and CXCR5−ICOS+ Tph cell populations within
CD4+ T cells in all study groups. However, while IL-2 reduces
CXCR5−ICOS+ Tph cells significantly more than HC, no signifi-
cant difference was observed between groups for CXCR5−PD-1+

Tph cells. The modulating effect of IL-2 is more pronounced for
Tfh cells.

The demonstration of the impact of IL-2 on Tph cells, a
recently explored cell group, is a novel observation. In recent
years, the development of Tph cells has been shown to be induced
by type I interferons [33]. In vitro stimulation of helper T cells
by type I interferons (IFN-α and IFN-β) significantly reduced IL-

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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Figure 9. IL-2 effect ratio on cytokine production in groups: The ratios of IL-21 (A), IL-4 (B), IL-17 (C), and IL-10 (D) in the supernatants of cultures
with to without IL-2 stimulation among the groups of AChR-MG (n = 20), MuSK-MG (n = 12) patients and HC (n = 13). The results are compared with
nonparametric tests (one-way ANOVA and Mann–Whitney U).

2 secretion [34, 35]. Elevated expression of type I IFN-associated
genes has been observed in the thymus of MG patients, suggesting
a potential association with type I interferons at the onset of the
disease [36]. Studying the relationship between type I interferons
and IL-2 in MG may contribute to understanding the development
of the high-frequency Tph cell populations observed in patients.

In a recent study, Treg/Tfh ratios in SLE patients were normal-
ized with low-dose IL-2 treatment, leading to clinical improve-
ment [22]. The disturbed Treg/Tfh and Treg/Tph ratios in MG
groups reached similar levels to HC with low-dose IL-2 stim-
ulation in vitro in this study, also by normalizing the balance
of Treg, Tfh, and Tph populations. More recently, the impact
of low-dose IL-2 treatment was investigated across 13 differ-
ent autoimmune diseases, demonstrating posttreatment clinical
improvement, an increase in Treg cells, and the reliability of the
treatment [21]. These findings also suggest that IL-2 may poten-
tially be effective and reliable in MG treatment based on these
observations.

Low-dose IL-2 stimulation exhibited another favorable out-
come by normalizing IL-21, IL-4, and IL-17, which were elevated
in MG patients. The levels of these cytokines in the supernatants
of cultures positively correlated with the frequencies of Tfh and
Tph cells. Although these cytokines could not be modulated by IS
treatment in MG [7], low-dose IL-2 treatment reduced the pro-
duction of IL-21 in CD4+ T cells of patients with type 1 diabetes

[37]. Moreover, an increase in STAT5 expression and a subse-
quent reduction in IL-17 production due to IL-2 was also reported
[38]. These findings, together with the observed modulation of
cytokines by CD4+ T cells in MG, provide new insights into the
immunomodulatory effects of IL-2.

Additionally, although there was no significant difference in
the level of IL-10 in cultures without IL-2 stimulation, IL-10 levels
were significantly increased with IL-2 stimulation in MG patients.
Nevertheless, no correlation was observed between Treg cells and
IL-10 production (data not shown). In a recent study, low-dose
IL-2 stimulation increased the production of IL-10 by B cells [39].
Although the source of the increased IL-10 secretion with IL-2
stimulation in MG patients cannot be precisely predicted, it may
originate not only from helper T cells but also from other lympho-
cytes.

In conclusion, the presented results provide evidence of the
potential therapeutic implications of low-dose IL-2 treatment in
MG. IL-2 stimulation in vitro effectively increased the Treg cell
population in both AChR-MG and MuSK-MG patients, bringing
them to a level comparable to HC. Furthermore, the findings indi-
cated a notable modulating effect of IL-2 on Tfh cells, reducing
their frequency in MG patients. Although the impact of IL-2 on
the functional aspects of Treg cells was not assessed, the observed
increase in FoxP3 expression suggests a potential opportunity for
preventing functional impairments of these cells.

© 2024 The Author(s). European Journal of Immunology published by
Wiley-VCH GmbH.
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(222S650).

Conflict of interest: The authors declare no financial or commer-
cial conflict of interest.

Author contributions: Merve Çebi and Güher Saruhan-
Direskeneli contributed to the design of the study and to per-
form data analysis. Merve Çebi and Güher Saruhan-Direskeneli
wrote the manuscript. Arman Çakar, Hacer Durmuş Tekçe, Onur
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