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Abstract

Objectives. Myasthenia gravis (MG) is a classic autoantibody-
mediated disease in which pathogenic antibodies target
postsynaptic membrane components, causing fluctuating skeletal
muscle weakness and fatigue. Natural killer (NK) cells are
heterogeneous lymphocytes that have gained increasing attention
owing to their potential roles in autoimmune disorders. This study
will investigate the relationship between the distinct NK cell subsets
and MG pathogenesis. Methods. A total of 33 MG patients and 19
healthy controls were enrolled in the present study. Circulating NK
cells, their subtypes and follicular helper T cells were analysed by
flow cytometry. Serum acetylcholine receptor (AChR) antibody
levels were determined by ELISA. The role of NK cells in the
regulation of B cells was verified using a co-culture assay. Results.
Myasthenia gravis patients with acute exacerbations had a reduced
number of total NK cells, CD56dim NK cells and IFN-γ-secreting NK
cells in the peripheral blood, while CXCR5+ NK cells were
significantly elevated. CXCR5+ NK cells expressed a higher level of
ICOS and PD-1 and a lower level of IFN-γ than those in CXCR5- NK
cells and were positively correlated with Tfh cell and AChR antibody
levels. In vitro experiments demonstrated that NK cells suppressed
plasmablast differentiation while promoting CD80 and PD-L1
expression on B cells in an IFN-γ-dependent manner. Furthermore,
CXCR5- NK cells inhibited plasmablast differentiation, while CXCR5+

NK cells could more efficiently promote B cell proliferation.
Conclusion. These results reveal that CXCR5+ NK cells exhibit distinct
phenotypes and functions compared with CXCR5- NK cells and
might participate in the pathogenesis of MG.
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INTRODUCTION

Myasthenia gravis (MG) is a classic autoantibody-
mediated disease in which pathogenic antibodies
target postsynaptic membrane components,
causing fluctuating skeletal muscle weakness and
fatigue.1 MG has an annual incidence of 8–10 cases
per 1 million individuals and a prevalence of
150–250 cases per 1 million individuals.1,2 The
incidence and prevalence of MG have been on the
rise in recent years, which might be attributed to
the growth of the ageing population in conjunction
with increased longevity, changes in lifestyle and
advances in diagnostics and treatments.

Natural killer (NK) cells are known to be
lymphocytes of the innate immune system that
function as cytotoxic effector cells in the defence
against malignant or virally infected cells.3 In recent
years, however, with the progress in the field of NK
cell biology and understanding of NK cell function,
NK cells are now recognised to play critical roles in
immune regulation.3 The modulatory effects of NK
cells on immune reactions are complex. In
experimental autoimmune encephalomyelitis (EAE)
models, diminishing recruitment of NK cells to the
central nervous system exacerbates pathology and
neurological dysfunction, suggesting a protective
role of NK cells in neuroinflammation.4 Regarding
experimental autoimmune myasthenia gravis
(EAMG), NK cells have been shown to promote or
restrain disease progression.5,6 Understanding of the
NK cell function in the immune response has been
further prompted by recent data describing their
capacity to modulate different immune cells. Cook
et al.7 recently reported that NK cells inhibited B cell
responses by suppressing the activities of follicular
helper T (Tfh) cells, thereby preventing humoral
immunity in lymphocytic choriomeningitis virus
infections. NK cells also exhibit direct cytolytic effects
on Tfh cells6,8 and can suppress the proliferation and
antibody (Ab) affinity maturation of B cells.9,10

The human NK cell repertoire is remarkably diverse
and comprises many disparate lineages.11,12 CD56, an
isoform of the human neural cell adhesion molecule
used as a general marker for human NK cells, divides
these lymphocytes into two populations. Most human
circulating NK cells (90%) with low CD56 expression
are known as CD56dim NK cells. These cells are mostly
CD16 positive, showing high cell-killing ability.13 In
contrast, the minority population of circulating
CD56bright NK cells (10%) is generally considered
cytokine-producing regulatory cells.13 Moreover, NK
cells are known to produce a variety of cytokines

depending on the inflammatory microenvironment,
such as IFN-γ, IL-4 and IL-10, and exert profound
effects on the immune response.3,14,15 Our previous
results revealed a specific subpopulation of NK cells
expressing CXCR5 and highlighted the different roles
of CXCR5+ NK cells and CXCR5- NK cells in EAMG.6

However, whether and how these different NK cell
subtypes are relevant to the pathogenesis of MG
remains unclear.

RESULTS

Demographical data and clinical
characteristics of study subjects

A total of 52 patients (19 controls and 33 patients
with MG) were included in the study. Based on the
quantitative myasthenia gravis (QMG) score, 20
patients were classified into the aggravated MG
group and 13 were classified into the remitted MG
group. Sex and age were not different among the
three groups. The control group contained 12 (63%)
male individuals with a mean age of 45.79� 12.82
years (range, 31–73 years). The mean age of patients
in the aggravated MG group was 53.20� 14.88 years
(range, 18–74 years), with 11 (55%) males. Of the
subjects analysed in the remitted MG group, 7 (54%)
were male, with a mean age of 52.85� 13.99 years
(range, 33–74 years).

Furthermore, we differentiated patients with
myasthenia according to their clinical features
(muscle involvement and disease progression), age
of onset (early or late onset), antibodies to the
acetylcholine receptor (AChR; seropositive or
seronegative) and thymic pathology (normal
thymic, thymic hyperplasia or thymoma). Among
the aggravated patients, 7 (35%) had early-onset
MG, 19 (95%) had AChR antibodies and 7 (35%)
had thymic hyperplasia or thymoma. In the
remitted group, 6 (46%) patients had early-onset
MG, 12 (92%) had AChR antibodies and 7 (54%)
had thymic hyperplasia or thymoma. According to
the Osserman classification, the fractures were
type I in 7 (35%), type IIa in 1 (5%) and type IIb in
12 (60%) patients with aggravated MG, and type I
in 1 (8%), type IIA in 2 (15%) and type IIB in 10
(77%) patients with remitted MG. The QMG score
was significantly higher (worse) in the aggravated
MG group (mean� SD, 12.70� 6.47) than in
the remitted MG group (mean� SD, 5.15� 2.38;
P< 0.001). All patients on immunosuppressive
medication at the time of venesection are
summarised in Table 1. Of note, the MG patients

2023 | Vol. 12 | e1450

Page 2

ª 2023 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.

CXCR5+ NK cells are expanded in myasthenia gravis M-R Ge et al.



receiving immunosuppressants mainly belong to
the remitted group, which may be a confounding
factor when immunophenotyping patients.

NK cell percentage and IFN-γ production
were decreased in the peripheral blood of
patients with aggravated MG

Many studies have reported that several
autoimmune diseases are associated with impaired
NK cell proportion or function.3,13 However, the
changes in NK cells in MG remain controversial. Since
multiple subsets of NK cells have been clearly
identified and the complexity of NK cells is
increasingly recognised, we analysed diverse NK cell
subsets in the blood of controls and patients with
MG. The gating strategy for the total NK cells
(defined as CD3-CD19-CD56+) is shown in Figure 1a.
The percentage of total NK cells in the peripheral
blood of the aggravated MG group was significantly
lower than that of the remitted and control groups
(Figure 1a). The percentage of CD56bright NK cells in
patients in the aggravated group showed an
increasing trend compared to that in the control
group. In the remitted group, the percentage of
CD56bright NK cells was significantly lower than that
in the aggravated MG group (Figure 1b). The
percentage of CD56dim NK cells showed opposite
changes across the different groups (Figure 1b). The
percentage of IFN-γ-positive NK cells in the
peripheral blood of patients with aggravated MG

was significantly lower than that in the control
group, whereas no significant difference was
observed between the control and remission groups
(Figure 1c and d). Meanwhile, no significant
differences were observed in the percentages of
IL-10- or IL-17-producing NK cells among the three
groups (Figure 1c, e and f).

Considerable research has shown that aberrantly
expressed costimulatory molecules are closely
related to the occurrence of autoimmune diseases.
Imbalances in the expression of related molecules in
immune cells may also be involved in the initiation
and progression of MG. To this end, we examined
the expression of costimulatory molecules, such as
ICOS and PD-1, on the surface of NK cells.
Specifically, no significant differences were observed
in the expression of ICOS on human circulating NK
cells among the different groups (Figure 1c and g).
PD-1 expression on NK cells was higher in patients
with aggravated MG than in controls, whereas in
the remitted group, a decreasing trend in PD-1
expression on NK cells was observed compared to
the aggravated group although this was not
statistically significant (Figure 1h).

CXCR5+ NK cells exhibited different
phenotypes compared to CXCR5- NK cells

Our previous study demonstrated the presence of
CXCR5+ NK cells in the spleen, peripheral blood
and lymph nodes of rats and the different roles of

Table 1. Demographic and clinical characteristics of MG patients and healthy controls

Control Aggravated MG Remitted MG P-value

Number 19 20 13 –
Age, years, Mean� SD 45.79� 12.82 53.20� 14.88 52.85� 13.99 0.204

Sex, male, n (%) 12 (63) 11 (55) 7 (54) 0.824

Early-onset (< 50 years), n (%) – 7 (35) 6 (46) 0.717

Thymoma or hyperplasia, n (%) – 7 (35) 7 (54) 0.472

Anti-AChR Ab (+), n (%) – 19 (95) 12 (92) 1.000

QMG score, Mean� SD – 12.70� 6.47 5.15� 2.38 < 0.001

Modified Osserman classification – 0.144

Type I, n (%) – 7 (35) 1 (8) –
Type IIa, n (%) – 1 (5) 2 (15) –
Type IIb, n (%) – 12 (60) 10 (77) –
Type III, IV or V, n (%) – 0 (0) 0 (0) –
Medication

Pyridostigmine bromide – 11 (55) 6 (46) 0.619

�Glucocorticoids – 2 (10) 6 (46) 0.002

� Immunosuppressants – 0 (0) 6 (46) < 0.001

Notes: P> 0.05, no statistically significant difference between groups. Immunosuppressants include azathioprine, tacrolimus or cyclophosphamide.

AChR, acetylcholine receptor; MG, myasthenia gravis; QMG score, quantitative MG score; –, not applicable.
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Figure 1. NK cell percentage and IFN-γ production were decreased in the peripheral blood of patients with aggravated MG. (a) Gating strategy,

representative dot plots and percentages of NK cells (CD3-CD19-CD56+) from the peripheral blood of control (n= 18), aggravated MG (n= 20)

and remitted MG groups (n= 13). (b) Representative dot plots and percentages of CD56bright (CD3-CD19-CD56bright) and CD56dim

(CD3-CD19-CD56dim) NK cell subsets among NK cells in controls (n= 19), aggravated MG (n= 20) and remitted MG (n= 12). (c) Representative

dot plots showing the expression of IFN-γ, IL-10, IL-17, ICOS and PD-1 in NK cells. (d–f) Percentages of IFN-γ-, IL-10- or IL-17-positive cells

among NK cells in the control (n= 17, 16 and 17, respectively), aggravated MG (n= 19, 17 and 17, respectively) and remitted MG (n= 10, 9 and

9, respectively). (g, h) Percentages of ICOS+ and PD-1+ NK cells among NK cells in controls (n= 17 and 19, respectively), aggravated MG (n= 20

and 19, respectively) and remitted MG (n= 13 and 12, respectively). Data are presented as the mean� SEM. The Kruskal–Wallis test followed by

Dunn’s multiple comparisons was used. *P< 0.05, **P< 0.01, ***P< 0.001 and ****P< 0.0001, ns, not significant.
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CXCR5-/+ NK cells in regulating EAMG.6 However,
whether these specialised subtypes of NK cells are
present in human peripheral blood is unknown.
We validated the existence of CXCR5+ NK cells in
human circulation, which confirmed and expanded
our previous findings (Figure 2a). To clarify the
functional heterogeneity among CXCR5-/+ NK cell
subgroups, we analysed the surface and
intracellular molecules expressed by CXCR5- and
CXCR5+ NK cells. As shown in Figure 2b and c, there
was no difference in CD56 expression between the
two groups of cells. CXCR5+ NK cells had higher
expression levels of ICOS, PD-1 and FasL but a lower
expression level of NKG2D than those in CXCR5- NK
cells (Figure 2c). To analyse the cytotoxicity of
CXCR5-/+ NK cell subsets, we measured intracellular
granzyme B and perforin contents via flow
cytometry. The results revealed that CXCR5+ NK
cells had decreased expression of granzyme B and
perforin compared with the negative population
(Figure 2c). In addition, compared with CXCR5- NK
cells, the expression level of IFN-γ in CXCR5+ NK
cells significantly decreased, while IL-10 and IL-17
expression did not differ (Figure 2c).

CXCR5+ NK cells were expanded in the
peripheral blood of patients with
aggravated MG

These data prompted us to explore the potential
relationship between CXCR5+ NK cells and MG
disease activity. Representative flow cytometry plots
of CXCR5+ NK cells in different patient groups are
shown in Figure 3a. We found that the CXCR5+ NK
cells in peripheral blood were nearly absent in the
controls. Patients with aggravated MG had a
significantly higher percentage of CXCR5+ NK cells
than that in patients in the remission and control
groups (Figure 3b). Similarly, an increased number of
CD56brightCXCR5+, CD56dimCXCR5+, ICOS+CXCR5+

and PD-1+CXCR5+ NK cells in patients with
aggravated MGwas also observed (Figure 3c–f).

Patients with aggravated MG had increased
Tfh cell proportion and decreased Tfr cell
proportion in peripheral blood

Recent studies have highlighted the pivotal
function of Tfh cells in promoting and
maintaining germinal centre reactions in
autoimmune pathogenesis, whereas T follicular
regulatory (Tfr) cells are thought to block the
function of Tfh cells, reduce GC reaction and

inhibit Ab responses.16,17 We, therefore, examined
the proportion of Tfh and Tfr cells via flow
cytometry. The Tfh cells were gated as
CD4+CXCR5+ and Tfr cells as CD4+CXCR5+Foxp3+.
Our data suggest that the percentage of Tfh cells
increased significantly in the peripheral blood of
patients with aggravated MG compared with the
controls (Figure 4a). This cell type showed
decreasing trends in the remitted group versus
the aggravated group (Figure 4a). Patients with
aggravated MG showed significantly higher
percentages of ICOS+ Tfh cells among CD4+ T cells
or lymphocytes than that in patients in the
remitted and control groups (Figure 4b). We did
not observe a significant difference in the
proportion of PD-1+ Tfh cells among CD4+ T cells
among the three groups (Figure 4c). However, the
percentage of PD-1+ Tfh cells in lymphocytes was
higher in the aggravated MG group than that in
the control group (Figure 4c). The percentage of
Tfr cells in the aggravated MG group was lower
than that in the control group, whereas the
reduced Tfr cell proportion was restored in the
remitted MG group (Figure 4d). Finally, the ratio
of Tfh to Tfr increased in the aggravated group
compared to both the control and remitted
groups (Figure 4d). We also checked the
frequency of CD19+ cells in each group and found
that there was no difference between the control
group and the aggravated MG group, while the
frequency of CD19+ cells was decreased in
remitted MG group (Supplementary figure 1a).

Circulating CXCR5+ NK cells were positively
correlated with Tfh cells and serum AChRAb
concentrations in patients with MG

To further investigate the potential function of
CXCR5+ NK cells in MG pathogenesis, we
performed correlation analysis between NK cells or
CXCR5+ NK cells and Tfh cells, ICOS+ Tfh cells,
Tfh/Tfr ratios or AChRAb levels. We observed a
negative correlation between the proportions of
NK cells and Tfh cells (Figure 5a). Similarly, a
slightly negative correlation was observed between
the proportions of ICOS+ Tfh cells and NK cells
(Figure 5b). In contrast, positive correlations
between Tfh cell proportions, ICOS+ Tfh cell
proportions or Tfh/Tfr ratios and CXCR5+ NK cells
were observed in the peripheral blood of MG
patients (Figure 5c–e). In addition, AChRAb
concentrations positively correlated with the
proportion of CXCR5+ NK cells (Figure 5f).
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Figure 2. Phenotypic differences between CXCR5- and CXCR5+ NK cells in human peripheral blood. (a) Gating strategy of CXCR5- and CXCR5+

NK cells from human peripheral blood. (b) Representative dot plots showing the different expressions of CD56, ICOS, PD-1, FasL, NKG2D, IFN-γ+,
IL-10+, IL-17+, Granzyme B and Perforin in CXCR5- and CXCR5+ NK cells. (c) Percentages of CD56bright, ICOS+, PD-1+, FasL+, NKG2D+, IFN-γ+,
IL-10+, IL-17+, Granzyme B+ and Perforin+ in cells with CXCR5- and CXCR5+ NK cells (n= 28 for CD56, ICOS and PD-1; n= 12 for FasL; n= 8 for

NKG2D and granzyme B; n= 9 for perforin; n= 31 for IFN-γ and n= 26 for IL-10 and IL-17, respectively). Data are presented as the mean� SEM.

The Wilcoxon matched-pairs signed rank test or the paired t-test was used when applicable. **P< 0.01, ***P< 0.001 and ****P< 0.0001, ns,

not significant.
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However, we did not observe a positive correlation
between the Tfh cells and AChR antibodies
(Figure 5g). We observed that the ratios of Tfh to
Tfr cells were positively correlated with AChR
antibody concentrations (Figure 5h), although the
correlation is weak (P= 0.025). These results
indicate CXCR5+ NK cells might act as a positive
regulator in the MG humoral response.

CXCR5+ and CXCR5- NK cells exert distinct
effects on B cell differentiation

Our previous study illustrated the
immunomodulatory effects of NK cells on Tfh
cells.6,18 However, the regulation of B cell function
by NK cells remains elusive. To address this issue,
mouse splenic B cells (CD3-CD19+) were purified

and co-cultured with NK cells (CD3-CD19-NK1.1+)
in the presence of lipopolysaccharide (LPS),
anti-CD40 Ab, IL-4 and IL-15 for 4 days. According
to our previous studies, these NK cells mainly
contained CXCR5- NK cells (approximately 90%).
As shown in Figure 6a, the surface levels of CD80
and PD-L1 on B cells significantly increased after
co-culture with NK cells. NK cells dramatically
inhibited plasmablast (CD19+CD138+)
differentiation (Figure 6b). Consistently, IgG levels
decreased in the supernatants of B cells co-
cultured with NK cells (Figure 6b). Interestingly,
blocking IFN-γ with monoclonal Ab reversed these
effects (Figure 6a and b).

According to CXCR5 expression, human
peripheral NK cells can be divided into CXCR5+

and CXCR5- NK cells, which exhibit distinct

Figure 3. CXCR5+ NK cells were expanded in the peripheral blood of patients with aggravated MG. (a) Representative flow cytometric dot plots

of CXCR5+ NK cells from the peripheral blood of control, aggravated MG patients and remitted MG patients. (b) Percentages of CXCR5+ NK

cells among circulating total NK cells in controls (n= 19), aggravated MG (n= 20) and remitted MG (n= 13). (c–f) Percentages of

CD56brightCXCR5+, CD56dimCXCR5+, ICOS+CXCR5+ and PD-1+CXCR5+ NK cells among circulating total NK cells in controls (n= 18 or 19),

patients with aggravated MG (n= 20) and patients with remitted MG (n= 12 or 13). Data are presented as the mean� SEM. The Kruskal–Wallis

test followed by Dunn’s multiple comparisons was used. *P< 0.05 and ****P< 0.0001.
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Figure 4. Patients with aggravated MG had increased Tfh cell proportion and decreased Tfr cell proportion in peripheral blood. (a) Percentages

of Tfh cells (CD4+CXCR5+) among human peripheral blood lymphocytes in controls (n= 19), aggravated MG (n= 24) and remitted MG (n= 13).

(b) Percentages of ICOS+ Tfh (CD4+CXCR5+ICOS+) cells among human peripheral blood CD4+ T cells or total lymphocytes in controls (n= 19),

aggravated MG (n= 25) and remitted MG (n= 13). (c) Percentages of PD-1+ Tfh cells (CD4+CXCR5+PD-1+) among human peripheral blood CD4+

T cells or total lymphocytes in controls (n= 19), aggravated MG (n= 24) and remitted MG (n= 12). (d) Percentages of Tfr cells

(CD4+CXCR5+Foxp3+) among CD4+ T cells and ratios of Tfh cells to Tfr cells in controls (n= 19), aggravated MG (n= 21) and remitted MG (n=
12). Data are presented as the mean� SEM. The Kruskal–Wallis test followed by Dunn’s multiple comparisons was used. *P< 0.05, **P< 0.01

and ****P< 0.0001, ns, not significant.
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phenotypes. Compared with that in CXCR5- NK
cells, the expression level of IFN-γ in CXCR5+ NK
cells significantly decreased (Figure 2c), suggesting
the possibility that CXCR5+ and CXCR5- NK cells

might exert distinct effects on B cell
differentiation. To address this issue, mouse
splenic B cells were purified and co-cultured with
CXCR5+ and CXCR5- NK cells in the presence of

Figure 5. Circulating CXCR5+ NK cells were positively correlated with Tfh cells and serum AChRAb concentrations in patients with MG. (a, b)

Correlation analysis of the percentages of NK cells and Tfh or ICOS+ Tfh cell among lymphocytes (n= 36). (c, d) Correlation analysis of the

percentages of CXCR5+ NK cells among NK cells and the percentages of Tfh or ICOS+ Tfh cells among lymphocytes (n= 32). (e) Correlation

analysis of the percentages of CXCR5+ NK cells among NK cells and Tfh/Tfr ratios (n= 29). (f) Correlation analysis of the percentages of CXCR5+

NK cells among NK cells and serum AChRAb concentrations (n= 32). (g) Correlation analysis of the percentages of Tfh cells with serum AChRAb

concentrations (n= 31). (h) Correlation analysis of the Tfh-to-Tfr ratios with serum AChRAb concentrations (n= 25). The Spearman correlation

test was used. A P-value of < 0.05 was considered statistically significant.

ª 2023 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.
2023 | Vol. 12 | e1450

Page 9

M-R Ge et al. CXCR5+ NK cells are expanded in myasthenia gravis



LPS, anti-CD40 Ab, IL-4 and IL-15 for 4 days.
Interestingly, CXCR5- NK cells but not CXCR5+ NK
cells stimulated the expression of CD80 and PD-L1

on B cells (Figure 6c). Additionally, CXCR5- NK cells
could more efficiently inhibit plasmablast cell
differentiation compared with CXCR5+ NK cells, as

Figure 6. CXCR5+ NK promoted B cell proliferation more vigorously compared to CXCR5- NK cells. (a,b) Murine splenic B cells were cultured

alone or with NK cells (B: NK= 5: 1) for 4 days in the presence or absence of IL-4 (5 ngmL-1), anti-CD40 Ab (1 μgmL-1), LPS (1 μgmL-1) and IL-15

(20 ngmL-1) plus anti-IFN-γ Ab (4 μgmL-1). (a) Expression of CD80 and PDL-1 was determined by flow cytometry. (b) Percentages of plasmablasts

(CD19+CD138+) among B cells determined by flow cytometry, and supernatant IgG levels determined by ELISA. (c–h) Murine splenic B cells

were cultured alone or with CXCR5- or CXCR5+ NK cells (B: NK = 5: 1) for 4 days in the presence of IL-4 (5 ngmL-1), anti-CD40 Ab (1 μgmL-1),

LPS (1 μgmL-1) and IL-15 (20 ngmL-1). (c) Expression of CD80 and PD-L1 on B cells determined by flow cytometry. (d) Representative plots of

activated B cells (CD19+GL7+CD138-) and plasmablasts (CD19+GL7-CD138+) among CD19+ B cells. (e) Percentages and cell number of

plasmablasts (CD19+ GL7-CD138+) and the supernatant IgG levels (OD450) in different groups. (f) Percentages and cell number of activated

B cells (CD19+GL7+CD138-) in different groups. (g) Supernatant IFN-γ levels (OD450) in different groups. (h) Murine splenic B cells were stained

with CFSE before co-culturing with CXCR5- or CXCR5+ NK cells. Shown are the representative histograms and percentages of proliferative B cells

(CFSElow). Data are shown from three independent experiments. MFI, mean fluorescent intensity; #, cell number; shown are the mean� SEM

values. One-way analysis of variance was applied. *P< 0.05, **P< 0.01 and ***P< 0.001, ns, not significant.
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lower percentage and number of plasmablasts
were observed in CXCR5- NK cell groups (Figure 6d
and e). Consistently, CXCR5- NK cells but not
CXCR5+ NK cells suppressed Ab production of B
cells (Figure 6e). Although both CXCR5+ and
CXCR5- NK cells upregulated the percentage of
CD19+CD138-GL-7+ B cells, only CXCR5+ NK cells
increased the absolute number of CD19+CD138-GL-7+

B cells (Figure 6f). Indeed, the concentration of
IFN-γ was higher in CXCR5- NK cell culture
supernatants than in CXCR5+ NK cell culture
supernatants (Figure 6g). To determine why
there were more CD19+CD138-GL-7+ B cells when
co-cultured with CXCR5+ NK cells, we performed
cell proliferating assays. Interestingly, B cells
proliferated more vigorously when co-cultured
with CXCR5+ NK cells than with CXCR5- NK cells
(Figure 6h). All of these results indicate that
CXCR5- and CXCR5+ exert distinct effects on B cell
function. CXCR5- NK cells could more efficiently
inhibit plasmablast cell differentiation, while
CXCR5+ NK cells are more likely to promote
activated B cell expansion.

Discussion

Myasthenia gravis is an organ-specific autoimmune
disease mediated by Abs targeting AChR or related
molecules at the neuromuscular junction.1

Abnormal ectopic germinal centre formation in
the thymus is traditionally considered to be
involved in the pathogenesis of MG.19,20

Dysregulation in immune tolerance, autoreactive B
cell survival and activation and pathogenic
autoantibody production have been proposed as
the critical nodes in the onset of MG.20 However,
the mechanisms that drive and regulate ectopic
germinal centre responses in the thymus that can
lead to the development of autoreactive
B cells and autoantibody production are not fully
understood. NK cells are important innate immune
lymphocytes equipped with potent cytolytic and
immunoregulatory activities, accounting for
5–20% of peripheral blood lymphocytes in
humans.3,13 Although many efforts have been
made, their roles in MG remain unclear. In this
study, the percentages of NK cells and their
subtypes in the peripheral blood of patients with
MG were dysregulated compared to those of
healthy volunteers. In addition, dysregulated NK
cells returned to near-normal levels when disease
symptoms were controlled after medication. These
results indicate that dysregulated NK cells and

their subtypes may contribute to the pathogenesis
of MG.

NK cells have been shown to either augment
or inhibit humoral response.5–7 Shi et al.5

demonstrated that NK cells promoted humoral
response by augmenting Th1 responses and
suppressing TGF-β production in mice with EAMG.
In an LCMV infection model, NK cells inhibited
Tfh cell differentiation and subsequent Ab
production.7 The inhibitory effects of NK cells on
humoral response were replicated in alum-
adjuvanted hapten–protein conjugate
vaccination9 and rat EAMG model.6 In these
experimental settings, NK cells were thought
to modulate the humoral response in a
T cell-dependent manner, through either Th1 or
Tfh cells.5–7,9 In this study, we assessed the direct
modulation of NK cells on B cell activation and
differentiation. When mouse B cells were isolated
and co-cultured with NK cells, plasmablast
differentiation was significantly inhibited.
However, some studies revealed augmented
effects of NK cells on B lymphocyte differentiation
and Ab production, whereas others showed the
opposite results.10 These discrepancies might be
attributed to differences in the experimental
methodology, which may affect both B cell and
NK cell functions. Interestingly, when co-cultured
with NK cells, B cells exhibited more activated
phenotypes, characterised by higher expression
levels of CD80 and PD-L1. These results indicate
that NK cells may skew activated B cells from
committing to plasmablasts to inflammatory
effector B cells, a phenomenon mimicked by IFN-γ
under certain circumstances.21

IFN-γ is a multifaceted cytokine produced by
diverse cells, including T, NK and dendritic cells. It
can either augment or suppress autoimmunity,
which is dependent on the specific disease and
the timing, location and intensity of IFN-γ.22 IFN-γ
was initially reported as an inhibitor of B cell
responses caused by inhibition of IgM
production.23 However, it can also induce B cell
proliferation when stimulated with anti-CD40
Ab.23 IFN-γ plays an indispensable role in TLR7-
accelerated SLE autoimmunity by promoting
germinal centre response and autoantibody
production, which involves signalling by the
transcription factors STAT1 and T-bet in B cells.24

Indeed, IFN-γ may exert different effects on B cell
fate in different microenvironments. Stone et al.21

demonstrated that IFN-γ signalling not only
induced Blimp1 expression in B cells but also
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initiated an inflammatory gene programme that,
if not restrained, prevented the formation of
Ab-secreting cells. This reveals a finely tuned
adaptation of the B cell response to IFN-γ. NK cells
are one of the major IFN-γ-producing cell
subtypes, especially during the initial phase of the
immune response. NK cell-derived IFN-γ has been
proven to affect dendritic cell activation and T cell
polarisation.25–28 Interestingly, the percentage of
IFN-γ-positive NK cells in MG blood samples was
lower than that in control samples. When
co-cultured with B cells, IFN-γ derived from NK
cells suppressed plasmablast differentiation. These
results indicate that a reduced number of IFN-γ-
positive NK cells might contribute to the
pathogenesis of MG.

IFN-γ derived from NK cells also promotes CD80
and PD-L1 expression in B cells. Current notions
indicate that PD-L1 negatively regulates Tfh cell
differentiation and thus humoral immunity.29–32

PD-L1 expressed on follicular B cells suppresses the
migration of Tfh cells to B cell follicles.29

Furthermore, PD-L1hi B cells were proposed as a
new subtype of regulatory B cells apart from the
traditional Breg cells characterised by IL-10
production.31 Adoptive transferring of these
PD-L1hi B cells reduced disease severity in EAE.31

Based on these observations, it can be postulated
that NK cells could also inhibit humoral response
by driving B cells to express PD-L1 in an IFN-γ-
dependent manner. Whether PD-L1 exerts
negative feedback on B cell activation,
proliferation or differentiation should also be
determined.

NK cells are a heterogeneous cell subtype.
Conventionally, human peripheral blood NK cells
are divided into CD56bright and CD56dim NK cells
based on the cell surface expression of CD56.3,13

The CD56dim NK population is further divided into
CD56dimCD57- and CD56dimCD57+ subsets
according to differences in CD57 expression.12

However, recent works by Horowitz et al.
uncovered more heterogeneity in NK cell
phenotypes than previously described.11 With the
discovery of new NK cell subsets, more questions
are raised regarding the accurate function of each
subset. Herein, we defined a novel subtype of NK
cells in humans and mice characterised by the
expression of CXCR5 and thus named CXCR5+ NK
cells. CXCR5+ NK cells exhibit distinct phenotypes
compared with CXCR5- NK cells, as they express
higher levels of ICOS, PD-1 and FASL and lower
levels of ING-γ, NKG2D, granzyme B and perforin.

Patients with MG showed abnormal accumulation
of CXCR5+ NK cells in the peripheral blood.

CXCR5 is a chemokine receptor initially identified
to be expressed by B cells. Guided by the
chemokine CXCL13, which is enriched in B cell
follicles and the germinal centre, B cells are
recruited to these territories. Along with the
expanding research, an increasing number of cell
subtypes have been found to express CXCR5,
including but not limited to Tfh cells,33 follicular
helper natural killer T (NKT) cells,34,35 Tfr cells36 and
follicular cytotoxic CD8+ T cells.37,38 These CXCR5-
positive cell subtypes are equipped with the
capacity to migrate to B cell follicles and germinal
centres and modulate humoral response through
sophisticated mechanisms. In germinal centres,
activated B cells must integrate the complex array
of microenvironmental cues provided by these
CXCR5-positive cell subtypes during the processes
of class-switch recombination, proliferation and
differentiation.21 For example, Tfh cells express
high levels of ICOS and PD-1 in addition to
CXCR5.33 Interaction of ICOS and ICOSL expressed
by B cells promotes Ab affinity maturation and
plasma cell differentiation.39 Meanwhile, PD-1 has
been shown to regulate the survival and selection
of B cells in the germinal centre and long-lived
plasma cell generation.40

Similar to Tfh cells and follicular helper NKT
cells, CXCR5+ NK cells also express high levels of
ICOS and PD-1, suggesting that this new NK cell
subtype may also play critical roles in regulating
humoral reactions. Interestingly, positive
correlations between CXCR5+ NK cells and Tfh
cells were observed in both patients with MG and
EAMG rats,6 which indicates that CXCR5+ NK cells
may act as a positive modulator in humoral
reactions. Essentially, CXCR5+ NK cells boost Tfh
cell differentiation in vitro in our previous study.6

Here, we found that CXCR5+ NK cells promoted B
cell proliferation more vigorously than CXCR5- NK
cells. Based on the similarity between CXCR5+ NK
cells and other well-characterised Tfh cell subsets
with respect to both phenotype and function, we
propose that CXCR5+ NK cells may be a new
follicular helper subset that specialises in
providing help to B cells or other immune cells
localised in lymphoid follicles.

In conclusion, NK cells and their subtypes were
disrupted in the peripheral blood of patients with
MG. Different NK cell subtypes exhibit distinct
effects on B cell differentiation, that is, CXCR5- NK
cells suppress plasmablast differentiation while
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CXCR5+ NK cells could more efficiently promote
B cell proliferation. CXCR5+ NK cells might be a
new follicular helper subset specialised in providing
help to B cells or other immune cells localised in
lymphoid follicles. The identification of CXCR5+ NK
cells as the modulator of B cell homeostasis might
be of significance to research exploring potential
intervening targets for humoral response in both
vaccination and autoimmune diseases.

METHODS

Patients

Patients with MG were recruited from either the outpatient
or inpatient departments of the Department of Neurology,
First Affiliated Hospital of Shandong First Medical University,
between July 2018 and August 2020. Age- and sex-matched
volunteers from the physical examination centre were
selected as controls. MG diagnosis was based on
internationally recognised criteria. Exclusion criteria for
patients were as follows: (1) history of other autoimmune
disorders, except for the present MG; (2) chronic infections
including hepatitis, HIV or tuberculosis; (3) severe systematic
disease, such as tumors (hepatic or renal) or cardiac
dysfunction and haematopoietic system diseases; (4) pregnant
and lactating; (5) received blood purification therapy or
intravenous immunoglobulin treatment within 3months
before the enrolment; and (6) age< 18 years or> 75 years.

Patients were divided into the following groups:
aggravated MG, remitted MG and control. The inclusion
criterion for the aggravated MG group was patients who
complained of apparent aggravation or relapse of
myasthenia symptoms, and the QMG scores of patients with
generalised MG (GMG) and ocular MG (OMG) were greater
than 10 and 3, respectively. In the remitted MG group,
patients reported significant relief in symptoms and
simultaneously achieved a QMG score of < 8 for patients
with GMG and 1 for patients with OMG. The inclusion
criteria for the control group were subjects with no history
of autoimmune disease, no long-term use of immune
suppressors/regulators or glucocorticoid hormones and no
acute events such as acute myocardial infarction or acute
cerebral infarction within the past 6months.

The sample sizes were determined as described in our
previous study. In brief, the formula used was as follows:

n ¼ ψ2 ∑κ
i S

2
i =k

∑k
i Xi�Xð Þ2= k�1ð Þ

, where n is the minimum sample size

required, Xi, Si, respectively, represent the mean and
standard deviation of the i-th group; X ¼ ∑k

i Xi=k, k is the
number of groups; α ¼ 0:05, β ¼ 0:10 and ψ-values are
available from the ψ-value table for the sample size
estimates of multi-sample comparison. The sample size was
calculated only for the primary outcome, and 8 was
calculated to obtain the minimal sample size.

This study was approved by the Ethics Committee of the
First Affiliated Hospital of Shandong First Medical
University. All enrolled patients were informed of the study
protocol.

Demographic and clinical information
collection

Demographic and clinical data were collected from medical
records and self-reports. A total of 52 subjects were
included in this study. Of these, 20 patients were included
in the aggravated MG group (11 males and 9 females,
mean age 53.20� 14.88 years), 13 in the remitted MG group
(7 males and 6 females, mean age 52.85� 13.99 years) and
19 in the control group (12 males and 7 females, mean age
45.79� 12.82 years). No significant differences in age or sex
were observed among the three groups (P> 0.05). MG
subtyping was based on the clinical data of age of onset,
pattern of muscle involvement, thymic pathology and the
modified Osserman classification. Detailed demographic
and clinical information are shown in Table 1.

Clinical evaluation of patients with MG

The severity of illness was assessed using the QMG scores
issued by the MG Foundation of America in 2000.

Sample processing

Venous blood samples were collected in
ethylenediaminetetraacetic acid anticoagulant tubes (BD
Biosciences, CA, USA) and coagulation-promoting tubes (BD
Biosciences). Peripheral blood mononuclear cells (PBMCs)
were isolated from anticoagulated blood via Ficoll density
gradient centrifugation (Dakewe, Shenzhen, China) and
washed twice with phosphate-buffered saline (PBS) within
3 h. The blood in the coagulation-promoting tube was
allowed to stand for 1 h at room temperature and then
centrifuged to extract serum.

Immunostaining and flow cytometry
analysis

For cell surface marker staining, fresh isolated human PBMCs
were incubated with 0.5% bovine serum albumin (Sigma-
Aldrich, MO, USA) in PBS for 5min and stained in the dark at
4°C for 30min with different combinations of the following
antibodies: BV421-anti-CD3 (UCHT1; BD Biosciences),
peridinin chlorophyll protein (PerCP)/Cyanine5.5-anti-CD4
(RPA-T4; eBioscience, CA, USA), allophycocyanin (APC)-anti-
CXCR5 (MU5UBEE; eBioscience), fluorescein-5-isothiocyanate
(FITC)-anti-CD4 (RPA-T4; BioLegend, CA, USA), phycoerythrin
(PE)/Cy7-anti-CXCR5 (J252D4; BioLegend), PE/Cy7-anti-ICOS
(C398.4A; BioLegend), PE-anti-PD-1 (EH12.2H7; BioLegend),
PerCP/Cyanine5.5-anti-CD19 (HIB19; BioLegend), FITC-anti-
CD56 (MEM-188; BioLegend, CA, USA), PE-anti-FasL (NOK-1;
BioLegend) and APC-anti-NKG2D (1D11; BioLegend).
Appropriate isotype controls were used as negative controls
to ensure the accuracy of the results.

For intracellular cytokine staining, PBMCs were stimulated
with a cell stimulation cocktail plus protein transport
inhibitors (eBioscience), which contains phorbol 12-myristate
13-acetate, ionomycin, Brefeldin A and monensin, in cell
culture medium for 4 h at 37°C. The stimulated cells were
then collected and washed, and surface markers were stained

ª 2023 The Authors. Clinical & Translational Immunology published by John Wiley & Sons Australia, Ltd on behalf of

Australian and New Zealand Society for Immunology, Inc.
2023 | Vol. 12 | e1450

Page 13

M-R Ge et al. CXCR5+ NK cells are expanded in myasthenia gravis



as described above. Paraformaldehyde (2%) and a
permeabilisation wash buffer (eBioscience) were used for cell
fixation and permeabilisation, respectively, according to the
manufacturer’s instructions. Thereafter, PE-anti-IFN-γ (4S.B3;
eBioscience), PE-anti-IL-17 (eBio64CAP17; eBioscience), PE-
anti-IL-10 (JES3-9D7; BioLegend), PE-anti-granzyme B (GB11;
BD Biosciences) and APC-anti-perforin (dG9; BioLegend) were
added and incubated for 30min at 4°C to detect the
respective antigen.

For intracellular Foxp3 staining, the cells were stained with
CD4 and CXCR5 antibodies, fixed and permeabilised
with Foxp3-staining buffer set (eBioscience) and incubated
with PE-anti-Foxp3 (150D; BioLegend) for 40min at room
temperature. Data were acquired via flow cytometry using
FACSAria II/III (BD Biosciences) and analysed using FlowJo v10
(FlowJo, LLC).

Cell sorting and co-culture

C57BL/6J mice were purchased from the Vital River
Corporation (Beijing, China) and maintained under specific
pathogen-free conditions. All procedures were approved by
the Ethics Committee of First Affiliated Hospital of
Shandong First Medical University. To isolate NK and B cells,
mouse spleen was minced through a 70- μm cell strainer
and lysed with red blood cell lysis buffer to obtain a
mononuclear cell suspension. Staining was then performed
with the following monoclonal antibodies: PerCP anti-
mouse CD19 (BioLegend), APC anti-mouse CD3 (BioLegend),
FITC anti-mouse NK1.1 (BioLegend) and PE/Cy7 anti-mouse
CXCR5 (eBioscience). NK, CXCR5- NK, CXCR5+ NK and B cells
were purified via fluorescence-activated cell sorting (FACS).
The purity of each subset was routinely greater than 90%,
as confirmed by flow cytometry.

For co-culture assay, purified B cells (2× 105) were co-
cultured with NK, CXCR5- NK or CXCR5+ NK cells (4× 104) in 96-
well plates containing RPMI1640 supplemented with 10% heat-
inactivated foetal bovine serum (Gibco, Invitrogen, CA, USA)
and 1% penicillin–streptomycin (Gibco) and incubated in a 5%
CO2 humidified incubator at 37 °C. LPS (1 μgmL-1; Sigma-
Aldrich), anti-mouse CD40 Ab (1 μgmL-1; 1C10; Invitrogen),
mouse IL-4 (5 ngmL-1; PeproTech, NJ, USA) and mouse IL-15 (20
ngmL-1; PeproTech) were added to the culture medium to
activate B or NK cells. To block IFN-γ, 4 μgmL-1 neutralising anti-
IFN-γ Ab (XMG1.2; BioLegend) was added to the culture
medium. After culturing for the indicated times, the cells were
harvested and stained with the following antibodies: PerCP-
anti-mouse CD19 (6D5; BioLegend), PE-anti-mouse CD80 (16-
10A1; BioLegend), APC-anti-mouse PDL-1 (10F.9G2; BioLegend),
AF488-anti-mouse GL7 (GL7; BioLegend) and APC-anti-mouse
(281–2; BioLegend). Data were acquired by flow cytometry
using a FACSAria III (BD Biosciences) and analysed using FlowJo
v10 (FlowJo).

Enzyme-linked immunosorbent assay
(ELISA)

Serum AChRAb concentrations were quantified by ELISA
using a commercial AChR Autoantibody ELISA Kit (RSR Ltd.,
Cardiff, UK). Briefly, AChRAbs in patient serum bind to

similar sites on the AChR (coated on ELISA plate wells) as
various reconstituted AChR monoclonal antibodies (rAChR
MAb, labelled with biotin). A competitive inhibition
reaction occurred between AChRAb and rAChR mAb-biotin
with the pre-coated AChR. Biotin-specific conjugates and
streptavidin peroxidase were then added to each well.
Tetramethylbenzidine was added after incubation and
extensive washing. The reaction was terminated using a
stop solution, and the absorbance at 450 nm was measured
using an ELISA plate reader. The higher the concentration
of AChRAb in the test serum, the greater the inhibition of
rMAb-biotin binding, resulting in a reduced final
absorbance at 450 nm. The AChR Ab levels of patient
samples were obtained after setting the negative control
value to 0.2 nmol L-1 and constructing a standard curve.

Statistical analysis

Statistical analyses were performed using SPSS (version
25.0; SPSS Inc., IBM, USA), and figures were drawn using
GraphPad Prism 7.0 (GraphPad Software Inc., USA). The
independent samples t-test and the Mann–Whitney U-test
were applied to normally and non-normally distributed
data respectively. For paired samples, a parametric paired
t-test or a nonparametric Wilcoxon test was used
according to the data distribution. Categorical variables
were analysed using the chi-square (χ2) test. Pearson’s or
Spearman’s correlation tests were used to determine
correlations. All results are expressed as the mean�
standard error of the mean (SEM), and statistical
significance was set at P< 0.05.
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	 Abstract
	 Introduction
	 Introduction
	 Results
	 Demographical data and clinical characteristics of study subjects
	 NK cell percentage and IFN-&ggr; production were decreased in the peripheral blood of patients with aggravated MG
	 CXCR5+ NK cells exhibited different phenotypes compared to CXCR5- NK cells
	cti21450-fig-0001
	 CXCR5+ NK cells were expanded in the peripheral blood of patients with aggravated MG
	 Patients with aggravated MG had increased Tfh cell proportion and decreased Tfr cell proportion in peripheral blood
	 Circulating CXCR5+ NK cells were positively correlated with Tfh cells and serum AChRAb concentrations in patients with MG
	cti21450-fig-0002
	 CXCR5+ and CXCR5- NK cells exert distinct effects on B cell differentiation
	cti21450-fig-0003
	cti21450-fig-0004
	cti21450-fig-0005
	cti21450-fig-0006
	 Discussion

	 Methods
	 Patients
	 Demographic and clinical information collection
	 Clinical evaluation of patients with MG
	 Sample processing
	 Immunostaining and flow cytometry analysis
	 Cell sorting and co-culture
	 Enzyme-linked immunosorbent assay (ELISA)
	 Statistical analysis

	 Funding
	 Conflict of interest
	 Author contributions
	 Data availability statement

	 References
	cti21450-bib-0001
	cti21450-bib-0002
	cti21450-bib-0003
	cti21450-bib-0004
	cti21450-bib-0005
	cti21450-bib-0006
	cti21450-bib-0007
	cti21450-bib-0008
	cti21450-bib-0009
	cti21450-bib-0010
	cti21450-bib-0011
	cti21450-bib-0012
	cti21450-bib-0013
	cti21450-bib-0014
	cti21450-bib-0015
	cti21450-bib-0016
	cti21450-bib-0017
	cti21450-bib-0018
	cti21450-bib-0019
	cti21450-bib-0020
	cti21450-bib-0021
	cti21450-bib-0022
	cti21450-bib-0023
	cti21450-bib-0024
	cti21450-bib-0025
	cti21450-bib-0026
	cti21450-bib-0027
	cti21450-bib-0028
	cti21450-bib-0029
	cti21450-bib-0030
	cti21450-bib-0031
	cti21450-bib-0032
	cti21450-bib-0033
	cti21450-bib-0034
	cti21450-bib-0035
	cti21450-bib-0036
	cti21450-bib-0037
	cti21450-bib-0038
	cti21450-bib-0039
	cti21450-bib-0040


