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CONTEXT AND SIGNIFICANCE Mpyasthenia gravis (MG) is an autoimmune disorder in which antibodies
disrupt communication between nerves and muscles, causing weakness. This study compared patients
with refractory MG, who respond poorly to standard therapies, with treatment-responsive or treatment-naive
patients and healthy controls. Refractory patients exhibited a distinct immune signature characterized by
expanded memory B cells, elevated complement proteins, reduced regulatory T cells, and increased pro-in-
flammatory cytokines (interleukin [IL]-6 and tumor necrosis factor alpha [TNF-«a]). Individuals with very low
baseline B cell counts responded poorly to rituximab and frequently retained antibody-producing plasma-
blasts. These findings identify potential biomarkers of treatment resistance and highlight promising thera-
peutic targets involving plasma cells, complement, and immune regulation.

SUMMARY

Background: A significant proportion of patients with myasthenia gravis (MG) remain refractory to standard
immunosuppressive therapy, and biomarkers to help guide treatment decisions are lacking. We investigated
whether refractory disease is associated with a distinct circulating immune profile.

Methods: We performed comprehensive immune phenotyping of peripheral blood from patients with acetyl-
choline-receptor-antibody-positive MG with differing treatment requirements and compared them with
healthy controls. In a subset of refractory patients treated with anti-CD20 therapy, B cell reconstitution
and clinical response were evaluated.

Findings: Refractory MG patients displayed the highest frequency of memory B cells and increased pro-
duction of interleukin (IL)-6 and tumor necrosis factor alpha (TNF-a) upon Toll-like receptor/CD40 activa-
tion in vitro. These changes were accompanied by a dramatic loss of regulatory T cells (Tregs) and den-
dritic cells. Refractory MG was further characterized by elevated circulating complement proteins (C3,
C5, and clusterin) and increased expression of complement receptors on lymphocytes. Following anti-
CD20 therapy, residual plasmablasts persisted in circulation. Notably, a low baseline B cell frequency
(<3%) was associated with poor clinical response to rituximab in refractory disease, although the sample
size was limited.
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Conclusions: Our findings define a distinct immune signature in refractory MG, identify potential biomarkers
of treatment resistance, and highlight plasma cell depletion, IL-6 or complement inhibition, and Treg expan-

sion as promising therapeutic avenues.

Funding: Funding was received from the NorthCare Charity, Myaware, the Academy of Medical Sciences,

and the Neuromuscular Study Group.

INTRODUCTION

In myasthenia gravis (MG), autoantibodies target the neuromus-
cular junction, causing fatigable muscle weakness around the
eyes (ocular) and often the bulbar, respiratory, and limb muscles
(generalized). MG is a highly heterogeneous disease of variable
severity, with many refractory to standard immunosuppression,
with resultant implications upon quality of life and large health-
care resource utilization."?

Around 85% of cases are due to antibodies targeting the
acetylcholine receptor (AChR-abs).®> AChR-MG can be divided
into three main subgroups: (1) early-onset MG (EOMG), usually
in females in their 20s-30s with thymic lymphoid follicular hyper-
plasia; (2) late-onset MG (LOMG), usually in males in their 60s—
70s; and (3) thymoma-related MG. Generalized MG is initially
treated with the acetylcholinesterase inhibitor pyridostigmine,
followed by corticosteroids and, if necessary, steroid-sparing
immunosuppressants. B cell-depleting agents have historically
been reserved for refractory disease. Emerging therapies,
including complement, neonatal Fc receptor (FcRn), or inter-
leukin (IL)-6 inhibitors, show promise,” but patient selection is
unclear.

There is a lack of reliable biomarkers to individualize treat-
ment, and the pathophysiology of treatment resistance is poorly
understood. AChR-ab titers do not correlate with disease
severity, though the rate of change has been linked to
outcome.”® Clinical predictors of disease severity include thy-
moma, being overweight, and female gender.”® MG is T cell
dependent,® with functional impairments in regulatory T cells
(Tregs) previously reported.’®'" Alterations in B cell populations
have also been described, including an expansion of class-
switched memory B cells, circulating plasmablasts, and plasma
cells.”*" Immunosuppression reduces naive B cells and in-
creases naive T cells'>'®; however, biomarkers indicative of an
effective dose remain unknown. Previous immunophenotyping
studies in MG have largely compared unstratified patient cohorts
to healthy controls.

The innate immune system is increasingly recognized as
contributing to autoimmune disease pathology. Myeloid cells,
including dendritic cells (DCs) and monocytes, are recognized
to contribute to the initiation, perpetuation, and end-organ dam-
age in MG."®"'® Disruptions in DC and monocyte phenotypes
have recently been implicated in MG pathophysiology'*'%%°;
however, circulating myeloid cell frequencies remain poorly
characterized.

AChR-abs activate the complement system, leading to mem-
brane attack complex deposition at the neuromuscular junc-
tion.?" Circulating complement findings in MG are inconsistent:
some studies have reported lower circulating C3 and C4
levels,?>*® whereas others have reported unchanged or elevated
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levels of C3, C3b, and C5a.>**° Complement also modulates
lymphocyte function, with C3- or C4-deficient experimental
autoimmune MG (EAMG) mice exhibiting increased B cell
apoptosis.?® Complement receptor 2 (cluster of differentiation
[CD]21) binds to C3d and promotes B cell survival, activation,
and antibody production.?”"?® It has been found to be upregu-
lated on AChR-ab-producing B cells and correlated with AChR
immunoglobulin (Ig)G titers.>® In contrast, B cell complement re-
ceptor 1 (CD35), which binds to C3b/C4b and promotes regula-
tory B cell function, is downregulated on B cells in other autoim-
mune conditions. %"

Complement regulators CD55 (decay-accelerating factor),
CD59 (protectin), and CD46 (membrane cofactor protein) pro-
vide negative feedback to complement activation and are ex-
pressed by T cells. EAMG mice lacking CD55 and/or CD59 are
more susceptible to disease and display a profoundly severe
phenotype.®>*® CD55, CD59, and CD46 also modulate T cell
function®"*°; however, their expression on T cells in MG has
not been previously characterized.

In the era of emerging high-cost targeted therapies for MG,
identifying biomarkers that predict treatment resistance is of
increasing clinical importance. Here, we undertook an observa-
tional cohort analysis to define immune cell profiles in refractory
MG, with the aim of informing personalized therapeutic strate-
gies and uncovering novel targets for intervention.

RESULTS

Clinical cohorts

The study recruited 61 participants with AChR-MG and 21 con-
trols, without autoimmune disease or cancer (solid organ or he-
matological). Participants with AChR-MG were stratified into four
cohorts to distinguish between effects of disease severity and
treatment: stable non-immunosuppressed (SNIS; stable on
only low-dose acetylcholinesterase inhibitors [<120 mg/day]
for >2 years), stable immunosuppressed (SIS; stable for >2 years
on azathioprine or mycophenolate mofetil with <5 mg/day pred-
nisolone), refractory (eligible for rituximab under NHS England
criteria®®; on corticosteroids and other immunosuppression
with ongoing disease activity or explosive bulbar onset), and
treatment naive (TN; diagnosed within the previous 6 months,
with no immunosuppression).

All participants with MG were AChR-ab positive at diagnosis;
those with thymoma were excluded. The patient groups were
compared to age- and gender-matched controls. Four partici-
pants were excluded (due to subsequent diagnosis of chronic
myeloid leukemia [n = 1], thymoma [n = 1], high c-reactive protein
(CRP) and suspicion of concurrent infection [n = 1], or a grossly
abnormal immune phenotype of uncertain cause [n = 1]). The
final cohort comprised 58 participants with AChR-MG (n = 17
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SNIS, n=23 SIS, n =10 refractory, and n =8 TN) and 20 controls.
Table S1 and Figure 1A show the demographics and clinical fea-
tures of the included participants.

Expansion of memory B cells in refractory MG

To determine whether B cell frequency reflects effective immuno-
suppression better than total lymphocyte count, peripheral blood
mononuclear cells (PBMCs) were analyzed by flow cytometry.
The AChR titer and total lymphocyte count did not differ between
disease cohorts, and the antibody titer did not correlate with dis-
ease severity (Figures 1B and S1A). We observed a significant
reduction in CD19 count in MG compared to controls, primarily
in the SIS cohort, but this did not distinguish between those on
effective immunosuppression (SIS) and those who were refrac-
tory (Figures 1C, gating strategy, and S1B). There was no differ-
ence in PBMC count between the cohorts (Figure S1C).

Further analysis revealed that CD27* B cells were significantly
expanded in MG, with the greatest increase in the refractory
cohort when comparing disease subgroups (Figures 1D, S1D,
and S1E). Next, we evaluated the expression of CD38 and CD24
in B cells and found that memory B cells were expanded in pa-
tients, again significantly in the refractory cohort (Figures 1E and
1F). When the patient cohort was grouped by age of disease onset,
we observed an expansion of memory B cells and CD27* B cellsin
those with EOMG compared to LOMG, independent of gender or
age (Figures 1F, S1E, and S1F). Memory B cell frequency showed
a weak positive correlation with disease severity (Figure S1G).

Furthermore, we observed a reduction in mature B cell fre-
quency in patients with MG compared to controls (Figure 1G),
with no differences between MG subgroups (Figure S1H). Both
immunosuppressed groups (SIS and refractory) displayed a
reduction in transitional B cell frequency (Figure 1H), a known
consequence of azathioprine and mycophenolate,*” with no over-
all difference between patients and controls (Figure S1l). There
were no differences observed in the frequency of circulating plas-
mablasts, when measured as CD38**CD24~, CD38**CD27*", or
Blimp-1*, between cohorts (Figures S1J-S1L).

We next characterized B cells into naive, class-switched
memory, unswitched memory, and double-negative memory B

Med

cell subsets based on IgD and CD27 expression (Figure 1l). Pa-
tients with MG showed an expansion of class-switched memory
B cells, accompanied by reduced naive B cells, compared to
controls (Figures 1J, S1M, and S1N), with no significant differ-
ences in subset frequencies between EOMG and LOMG
(Figure S1N). IgG expression was increased in patients with
MG compared to controls (Figure 1K), with no differences in
IgM expression (Figure 1L). Frequencies of unswitched and dou-
ble-negative memory B cells were comparable between patients
and controls (Figures S10 and S1P).

We examined the expression of B cell activating factor-recep-
tor (BAFF-R) and programmed death-ligand 1 (PD-L1) on B cells
and did not observe any differences in relation to disease activity
or treatment (Figures 1M, 1N, S1Q, and S1R). Ki-67 expression
(indicative of proliferation) was reduced in refractory MG
compared to SNIS, but no significant differences were observed
between other cohorts (Figures 10 and S1R). This may be due to
functional exhaustion of B cells in refractory disease or may
reflect the more extensive immunosuppressive therapies used
in refractory patients.

B cells display a pro-inflammatory phenotype in
refractory MG

Next, we stimulated PBMCs from patients with MG and controls
for 48 h with CD40L, CpG-B (Toll-like receptor [TLR]9 agonist), or
R848 (TLR7 agonist) and assessed cytokine production. Inter-
estingly, patients with MG produced significantly more pro-in-
flammatory cytokine IL-6 upon activation via TLR9, TLR7, or
CD40 (compared to controls), and this was highest in those
with refractory disease upon CD40 activation (Figure 2A). Tumor
necrosis factor alpha (TNF-a) production was significantly
increased in patients with MG upon activation via TLR9 and
TLR7 but not CD40 (Figure 2B). When comparing disease sub-
groups, TNF-a production upon TLR9 activation was highest in
the refractory cohort (Figure 2B). IL-10 production was increased
in patients with MG only upon TLR9 activation, with no differ-
ences observed between patient subgroups (Figure 2C). No dif-
ferences were observed between those with EOMG and LOMG
(Figures 2A-2C).

Figure 1. B cell alterations in patients with AChR-MG

(A) Infographic showing clinical characteristics, demographics, and treatment of cohorts.

(B) AChR titer in the control (n = 19), SNIS (n = 15), SIS (n = 19), refractory (n = 8), and TN (n = 9) cohorts and total lymphocyte count in the control (n = 20) SNIS (n =
17), SIS (n = 22), refractory (n = 8), and TN (n = 8) cohorts.

(C and D) CD19 count in analysis of PBMCs (C) and CD27* frequency within CD19" B cells (D) in control (n = 20) compared to MG (n = 57) and between the control
(n =20), SNIS (n = 17), SIS (n = 22), refractory (n = 9), and TN (n = 8) subgroups.

(E) Representative fluorescence-activated cell sorting (FACS) plots for CD24 vs. CD38, gated on CD19* live lymphocytes, for control, SNIS, SIS, refractory, and
TN cohorts.

(F) Memory B cell frequency within CD19* B cells in control (n = 20) compared to MG (n = 57); between control (n = 20), SNIS (n = 17), SIS (n = 22), refractory (n = 9),
and TN (n = 8) subgroups; and between EOMG (n = 17) and LOMG (n = 40).

(G) Mature B cell frequency within CD19* B cells in control (n = 20) compared to MG (n = 57).

(H) Transitional B cell frequency within CD19" B cells in control (n = 20), SNIS (n = 17), SIS (n = 22), refractory (n = 9), and TN (n = 8) subgroups.

() Representative FACS plots displaying CD27 and IgD expression on B cells, gated on CD19* live lymphocytes, for control, SNIS, SIS, refractory, and TN cohorts.
(J) Switched and naive (IgD*CD27") B cell frequency within CD19" B cells in control (n = 20) compared to MG (n = 57).

(Kand L) IgG* (K) and IgM™* (L) B cell gating and frequency between control (n = 20) and MG (n = 57) and between control (n = 20), SNIS (n = 17), SIS (n = 22),
refractory (n = 9), and TN (n = 8) subgroups.

(M-0) BAFF-R gating strategy and mean fluorescent intensity on B cells (M) and PD-L1* (N) and Ki-67* (O) gating and B cell frequency in control (n = 20), SNIS (n =
17), SIS (n = 22), refractory (n = 9), and TN (n = 8) subgroups.

Flow cytometry was performed on PBMCs. Graphs show individual participant data, with bars representing the median values.
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Reduced frequencies of Tregs and DCs in refractory MG
To determine if these B cell changes, or the disease phenotype,
may relate to changes in the T cell compartment, the T cell profile
was analyzed. CD3 count did not differ between groups
(Figure 3A), but CD4 frequency was higher in patients with MG
compared to controls, mainly in those on immunosuppression
(Figures 3B, S2A, and S2B). CD8* T cell frequencies did not
significantly differ (Figure S2C), but the number of CD4*CD8*
double-positive T cells was lower in MG, particularly in the SIS
cohort (Figure S2D).

Analysis of CD4" T cell subsets revealed an expansion of naive
T cells in refractory MG (Figures 3C, S2E, and S2F). Effector mem-
ory T cells were reduced in both immunosuppressed groups (SIS
and refractory), whereas central memory and terminally differenti-
ated (TD) effector cell frequencies did not significantly differ be-
tween subgroups (Figures 3C, S2E, and S2F). Notably,
CD4*CD25*FoxP3" Tregs were significantly reduced in the refrac-
tory cohort compared to controls and SNIS patients (Figures 3D-
3F). Treg frequencies negatively correlated with disease severity
and disease-related quality-of-life scores (Figure 3G), suggesting
a potential role in ameliorating disease. No significant difference in
CD8 Tregs was seen (Figure S2G). As Tregs are known to sup-
press pro-inflammatory B cells, we next examined whether the
loss of Tregs was associated with the expansion of effector B cells.
Indeed, we observed a significant negative correlation between IL-
6-producing B cells and Treg frequencies (Figure 3H). No differ-
ences in Tregs were observed between EOMG and LOMG
(Figure S2H). In contrast to previous reports of expanded circu-
lating T follicular helper (Tfh) cell frequencies in MG,*®*° we
observed a trend toward reduction in patients with MG, particu-
larly in the refractory cohort (Figures 3l and S2I).

Further, we examined the expression of the immune check-
point molecules programmed cell death protein-1 (PD-1) and
cytotoxic T lymphocyte antigen 4 (CTLA-4), given that blockade
of these pathways can induce MG-like syndromes and that ge-
netic studies have linked CTLA-4 variants to MG.*>** PD-1
and CTLA-4 expression by CD4" and CD8* T cells, as well as
Tregs, did not significantly differ between MG cohorts and con-
trols (Figures 3J, S2J, and S2K).

Myeloid compartment changes seen in refractory MG

Given the interplay between the adaptive and innate immune sys-
tems, we next investigated whether alterations in myeloid cells
might contribute to reduced Treg frequencies in refractory MG
(gating strategy in Figure S3A). Although there were no differ-
ences in DC frequencies between all patients with MG and con-
trols, there was a dramatic reduction in the refractory MG cohort
when comparing disease subgroups (Figure 4A). Both plasmacy-
toid DC (pDC) and myeloid DC (mDC) frequencies were
decreased in the refractory cohort (Figures 4B and S3B); howev-
er, the pDC:mDC ratios were similar between patient groups
(Figure S3C). Treg frequency does not correlate with DC fre-

Med

quency but does show a weak correlation with pDC frequency
(Figure 4C). Of note, pDCs showed greater correlation with dis-
ease severity and quality-of-life scores than total DC frequency
(Figure 4C). Monocytes were expanded across MG cohorts (apart
from SNIS) and skewed toward the classical phenotype
(Figures 4D, 4E, and S3D). Natural killer (NK) cell frequencies
and subsets did not show any significant differences between pa-
tients with MG and controls or between patient cohorts
(Figures 4F, 4G, S3E, and S3F). The SIS group exhibited reduced
frequencies of CD86* monocytes and DCs, whereas no differ-
ences were observed in CD86 expression in NK cells and CD80
expression across all myeloid subsets (Figures S3G-S3l).

Complement receptor expression on lymphocytes and
circulating complement proteins is elevated in
refractory MG

Given that AChR-abs activate the complement system,*
we examined circulating complement proteins (proteins TCC,
Ba, C1qg, C4, C9, CR1, FH, FHR4, Fl, iC3b, properdin, and
FHR125) in MG and their association with disease and treatment.
Although there were no differences observed when comparing all
patients with MG to controls (Figure S4A) or between EOMG and
LOMG (Figure S4B), the circulating levels of C3, C5, and clusterin
were significantly elevated in refractory disease when comparing
patient subgroups (Figures 5A, 5B, and S4C). Further, C3, C5,
and clusterin levels positively correlated with disease severity
and quality-of-life scores (Figures 5B and S4D).

Complement is known to cause disruption at the neuromus-
cular junction®®; however, its interaction with lymphocytes re-
mains unclear. To explore this, we examined CD21 and CD35
expression in B cells and discovered increased mean fluores-
cence intensity of both receptors in patients with MG compared
to controls (Figure 5C). However, frequencies of CD35-express-
ing B cells, but not CD21-expressing B cells, were reduced in
patients with MG compared to controls, with no differences
between patient subgroups (Figure S4E).

We next examined the expression of complement receptors
CD55, CD46, and CD59 on T cells (Figures S4F and S4G). The in-
tensity of expression of CD55 and CD46, but not CD59, was
significantly higher in CD4 and CD8 T cells (Figure 5D). When
examined by treatment subgroups, CD55 expression was highest
in the refractory cohort in CD8 T cells and in both refractory and
SIS cohorts in CD4 T cells (Figures 5E, 5F, and S4l); however,
there was no significant difference in the intensity of CD46 expres-
sion between subgroups (Figure S4H). Frequencies of CD55*
CD4/CD8 T cells and CD46" CD4 T cells were significantly
expanded in MG, with CD55" and CD46* CD8 T cell frequencies
highest in the refractory cohort (Figures 5F and S4J), indicating
ongoing complement-mediated pathology in refractory disease.
No differences were observed in CD59-expressing T cells.

Further, we stimulated lymphocytes with R848, anti-CD3, and
anti-CD28 while inhibiting the complement receptors CD21,

Figure 2. B cell cytokine production in patients with AChR-MG

Representative FACS plot demonstrating IL-6" (A), TNF-a* (B), and IL-10" (C) B cells in control compared to MG and IL-6*, TNF-a*, and IL-10* B cell frequency
when unstimulated and following stimulation with CD40L, CpG-B, and R848 in control (n =5 CpG-B, n = 7 R848, and n = 10 CD40L) compared to MG (n = 16
CpG-B, n = 15 R848, and n = 23 CD40L) and when split into early-onset (n = 7) or late-onset (n = 15) MG. Flow cytometry was performed on peripheral blood
mononuclear cells (PBMCs). Graphs show individual participant data, with bars representing the median values.
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Figure 3. T cell alterations in patients with AChR-MG
(A) CD3 count, gated on live lymphocytes in PBMCs, in control (n = 20) compared to MG (n = 54) and between control (n = 20), SNIS (n = 15), SIS (n = 23), refractory
(n = 8), and TN (n = 8) subgroups.
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CD35, and CD55 to see if this impacted cytokine production in a
subset of samples. There was significantly reduced production
of TNF-a from CD4 T cells upon stimulation in the context of
CD55 inhibition (Figure 5G); no other significant differences
were seen in the production of IL-6, IL-10, IL-17, TNF-q, or inter-
feron (IFN)-y (Figures S5A and S5B).

Unsupervised cluster analysis reveals defining features
of refractory disease

To determine whether a distinct immune signature characterizes
refractory MG, we applied principal-component analysis (PCA)
followed by unsupervised k-means clustering to our flow cytom-
etry dataset. This approach identified six discrete immune clus-
ters (Figure 6A). Notably, cluster 1 was enriched for refractory pa-
tients with MG and was distinguished by a set of 16 immune
markers (Figure 6B). Specifically, this refractory-patient-enriched
cluster exhibited increased frequencies of CD27* B cells, mem-
ory and unswitched B cells, naive T cells, and CTLA-4* T cells,
along with elevated CD55 expression on T cells. Cluster 1 also
showed reduced frequencies of Tregs, central and effector mem-
ory T cells, CD80* DCs, and both mature and Ki-67* B cells. The
patient-level heatmap illustrates that these immune alterations
are consistently observed across most individuals in cluster 1
(Figure 6C), whereas the remaining clusters display more hetero-
geneous immune profiles. These findings support the existence
of a distinct immune phenotype associated with refractory MG.

Low baseline B cell frequency is associated with poor
response to rituximab
Eight of the 10 refractory participants were followed up at 1, 7,
and 13 months following B cell depletion with two infusions of
1 g rituximab (or biosimilar) intravenously, 2 weeks apart.
Some of these participants were given additional doses of ritux-
imab at the clinician’s discretion; the timing of these doses and
changes in participant disease severity, quality of life, and pred-
nisolone dose can be seen in Figure 7A. No changes in AChR-ab
titers were observed (Figure S6A). All participants showed suc-
cessful B cell depletion, with some participants displaying partial
repopulation by month 13 (Figures 7B and 7C). Notably, those
who did not reduce their severity score by 50% or more (defined
as non-responders; R2, R4, and R7) had baseline B cell fre-
quencies under 3%, whereas responders had baseline fre-
quencies above 3%. Non-responders also had longer disease
duration (median of 15 years) compared to responders (1 year).
Of the remaining B lineage cells in circulation during depletion,
a high proportion of these were found to be plasmablasts, along-

Med

side increased Blimp-1 expression (Figures 7D, 7E, and S6A). In
agreement with previous findings,*° the repopulating B cells (in
months 7-13) were found to be transitional (CD24**CD38*")
and mature (CD24*CD38") B cells (Figures 7D-7F). Residual B
cells following depletion expressed less BAFF-R, CD21, and
CD35 but not CD27 (Figures S6A and S6B).

Treg frequencies increased following B cell depletion in both re-
sponders and non-responders (Figures 7G and 7H). There were no
significant changes in CD4 or CD8 T cell frequencies, T cell pheno-
type, or expression of PD-1 or CD55 (Figures S6C-S6E). It is note-
worthy to mention that the rituximab clinical non-responders had
the highest expression of CD55 in CD8 T cells at all time points
(before and after rituximab treatment), suggesting that there was
ongoing complement-mediated pathology (Figure 7G). Levels of
C3, C5, and clusterin were unaltered in response to rituximab
(Figures S6F-S6G). In the myeloid compartment, there was no
change to DC or monocyte frequencies, but there was a trend to
increasing NK cell frequencies (Figure S6H).

DISCUSSION

In MG, a proportion of patients remain refractory to therapy, and
biomarkers to predict disease course and thus guide treatment
decisions are lacking. This study is the broadest immunopheno-
typing study in AChR-MG to date, exploring circulating immune
profiles in those with differing treatment requirements against
age- and gender-matched controls. The pre-specified cohorts
elucidated differences between those not requiring immunosup-
pression to obtain disease remission (SNIS), those responding to
standard immunosuppression (SIS), and those who have not re-
sponded (refractory). We have identified a number of immune al-
terations that characterize refractory disease.

Circulating B cell frequencies are known to reduce with immu-
nosuppression or long-standing autoimmune disease,’” a
finding we replicate here. We also replicate others’ findings of
class-switched memory B cell expansion in AChR-MG'*“® but
show that this is most marked in refractory disease. We also
identified that the expansion of memory B cells is in EOMG rather
than LOMG, which may translate to differences in the response
to B cell-targeted therapies.

Surprisingly, we observed no differences in circulating plasma-
blast frequencies. This may be because AChR-abs are thought to
be mainly produced by long-lived plasma cells, which reside in
the bone marrow or lymphoid tissue rather than in circulation.***”
Two other studies have reported elevated plasmablast/plasma
cell frequency in AChR-MG,'*'® though these studies used

(B and C) (B) Proportion of CD4*, CD8*, and CD4*CD8" cells, within CD3" live lymphocytes (B), and naive, central and effector memory, and TD effector T cell
frequency, gated on CD4" T cells (C), in control (n = 20), SNIS (n = 15), SIS (n = 23), refractory (n = 8), and TN (n = 8).

(D) FoxP3*CD25" Treg frequency, gated on both CD4* and CD8* T cells, in control (n = 20), SNIS (n = 15), SIS (n = 23), refractory (n = 8), and TN (n = 8).

(E) Representative FACS plots for Tregs in control, SNIS, SIS, refractory, and TN cohorts.

(F) Uniform manifold approximation and projection (UMAP) plots demonstrating main T cell subsets in a representative selection of 5,000 CD3" live lymphocytes

of control (n = 8), SNIS (n = 8), SIS (n = 8), refractory (n = 8), and TN (n = 8).

(G) Simple linear regression for CD4 Treg frequency against MG Compositive and MG QoL-15r score (n = 54).

(H) Simple linear regression for CD4 Treg frequency against IL-6" B cells when stimulated with CD40L (n = 29).

(I) FACS plot demonstrating gating of CXCR5*CD45RA~PD-1* Tfh cells, gated on CD4™ T cells, and graphs showing CXCR5*CD45RA~PD-1* Tfh cell frequency
count in control (n = 20) compared to MG (n = 54) and between SNIS (n = 15), SIS (n = 23), refractory (n = 8), and TN (n = 8) subgroups.

(J) PD-1* and CTLA-4" CD4 T cell frequencies in control (n = 20), SNIS (n = 15), SIS (n = 23), refractory (n = 8), and TN (n = 8).

Flow cytometry was performed on PBMCs. Graphs show individual participant data, with bars representing the median values.
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Figure 4. Myeloid cell alterations in patients with AChR-MG

(A) Frequencies of dendritic cells (CD3~CD19~CD66b~CD14 HLA-DR*) in control (n = 18) compared to MG (n = 48) and in SNIS (n = 17), SIS (n = 19), refractory

(n = 6), and TN (n = 6) subgroups.

(B) pDC and mDC frequency in control (n = 18), SNIS (n = 17), SIS (n = 19), refractory (n = 6), and TN (n = 6) subgroups.

(C) Simple linear regression for DCs and pDCs against Treg frequency (n = 74), quality of life (n = 53), and disease severity (n = 53).

(D) Frequencies of monocytes (CD3~CD19~CD66b~ CD14*HLA-DR*CD64") in control (n = 18) compared to MG (n = 48) and in SNIS (n = 17), SIS (n = 19), re-

fractory (n = 6), and TN (n = 6) subgroups.

(E) Frequencies of classical monocytes in control (n = 18), compared to MG (n = 48) and in SNIS (n = 17), SIS (n = 19), refractory (n = 6), and TN (n = 6) subgroups.
(legend continued on next page)
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different markers than this study to define these cell types, and
one did not include those on immunosuppression.

Although the pathogenic mechanism of MG is primarily the ef-
fects of AChR-ab at the neuromuscular junction, we found that
there is a broad circulating pro-inflammatory phenotype, with B
cells primed to produce pro-inflammatory cytokines IL-6 and
TNF-a, in both EOMG and LOMG. IL-6 promotes plasma cell differ-
entiation and autoantibody production, as well as inhibiting the
formation of Tregs.*® Conversely, Tregs are known to suppress
pro-inflammatory B cell responses and promote regulatory B cell
differentiation.*° In line with this, we found that IL-6* B cell fre-
quency correlated inversely with Treg frequency, which was signif-
icantly reduced in refractory disease (but not the SIS cohort), in
keeping with a previous study.”® Importantly, Treg frequencies
negatively correlated with disease severity and quality-of-life
scores, highlighting their potential as a biomarker for disease activ-
ity. Of interest, anti-IL-6 treatment has shown benefit for MG in a
recently published randomized, controlled trial,>' though Treg
expansion strategies are also worthy of future study. Promoting
immune tolerance confers a lower risk than widespread immuno-
suppression and can be done in a number of ways involving pro-
moting regulatory innate immune cells,”*>* possibly via vitamin
D supplementation,® or adoptive transfer of Tregs, which has
shown therapeutic benefit in the mouse model of MG.%>" Thera-
pies promoting antigen-specific tolerance in AChR-MG have also
been investigated in early studies.®®°® However, there are multiple
disease-associated AChR-Ab epitopes,®® which suggests that
these strategies would need to be tailored to the individual.

In addition, we identify a reduced frequency of DCs in refractory
MG. A previous study showed decreased frequencies of pDCs,
known to promote Treg differentiation,®® in patients with MG
compared to controls, with a reduced pDC:mDC ratio.®® While a
change in the pDC:mDC ratio was not observed within our patient
cohort, we identified a reduction in circulating pDCs and mDCs in
refractory disease. pDC frequency also correlated with Treg fre-
quencies and inversely with disease severity and quality-of-life
scores in patients with MG. This is in contrast to a recent study re-
porting higher frequencies of circulating pDCs and mDCs in pa-
tients with MG compared to controls.'® Notably, that study con-
tained an overwhelming majority of patients with mild disease
(Myasthenia Gravis Foundation of America [MGFA] class | cases),
with low numbers of those with severe disease.

In agreement with previous findings, our data show no differ-
ences in the frequency of naive, memory, or effector T cells in pa-
tients with MG compared to controls, in relation to treatment or
severity.®” However, in contrast to other studies reporting an
expansion of Tfh cells, we observe a nominal reduction in pa-
tients compared to controls.®® The prior study defined Tfh as
CD3*CD4*CXCR5™ cells, whereas we defined Tfh cells more
robustly as CD3*CD4*CXCR5*CD45RAPD-1* cells. This sub-
set comprises a small population of the circulating T cells, and
changes seen in the circulation may not correspond to those in
lymphoid organs.

Med

Expansion of monocytes was seen in patients with disease
compared to controls, particularly in those with ongoing symp-
toms. Increased circulating classical monocyte frequencies
may be promoting ongoing MHC class Il antigen presentation
but also have roles in inflammatory cytokine secretion and pro-
motion of B cell survival.®® Both monocytes and DCs displayed
reduced CD86 expression in those stable on immunosuppres-
sion; for monocytes, this distinguished these patients from those
who had not responded to immunosuppression (the refractory
group). CD86 is the ligand for CD28 and CTLA-4 on T cells,
and therefore, reduced expression may result in impaired T cell
activation and regulatory function.®®

A previous study examining NK cell frequencies in MG showed
elevated frequencies in those in remission compared to those
with disease exacerbation and controls.”® In agreement with
this study, we report a trend to higher frequencies of NK cells
in the SNIS cohort, suggesting that they may play a protective
role. Furthermore, other studies demonstrated a reduction in
CD56*CD16"* NK cells, which correlated negatively with disease
severity,’* and an expansion of CD56dimCD16dim/- NK cells in
patients with MG with a high disease burden, due to prior anti-
body-dependent cellular cytotoxicity (ADCC) activity.”' Howev-
er, we did not identify differences in NK cell subsets, perhaps
due to differences in the therapies used by participants.

Circulating levels of total C3, C5, and the inhibitory molecule
clusterin were elevated in the refractory cohort, correlating posi-
tively with disease severity and quality-of-life scores, positioning
them as additional potential biomarkers of disease activity.
Although other studies have reported varying results of comple-
ment levels, this might be attributed to a number of confounding
factors, including laboratory methodology and participant char-
acteristics.?”° Elevated serum C5a levels have previously been
found to correlate with clinical severity.”® Conversely, another
study found a negative correlation between C3 and disease
severity, proposed to be due to increased complement con-
sumption.22 We did not see a difference in complement proteins
between EOMG and LOMG, in contrast to a previous study that
reported lower C3 and C4 levels in EOMG.?® Given the known
heterogeneity of complement activation by AChR-Abs, " a pro-
spective study of these complement markers prior to comple-
ment inhibitor therapies would allow assessment of their validity
in predicting outcomes for targeted treatment.

We demonstrated a higher intensity of expression of comple-
ment receptors 1 (CD35) and 2 (CD21) on B cells, despite
reduced frequencies of CD35* B cells in disease, which may
result in lower regulatory effects.***":" Notably, the expression
of CD55 and CD46 on T cells was also increased in MG, with the
greatest difference on CD8 T cells in refractory disease. CD55
and CD46 function to inhibit the complement cascade, but liga-
tion also has functional effects on T cells.®® CD55 ligation on
T cells reduces IFN-y and IL-2 production and increases IL-10
production during antigen stimulation,”* as well as having regu-
latory effects on CD8 T cell responses.”® We found that inhibition

(F) Frequencies of NK cells in control (n = 18) compared to MG (n = 48) and in SNIS (n = 17), SIS (n = 19), refractory (n = 6), and TN (n = 6) subgroups.
(G) NK cell subtypes in control (n = 18), SNIS (n = 17), SIS (n = 19), refractory (n = 6), and TN (n = 6) subgroups.
Flow cytometry was performed on peripheral blood mononuclear cells (PBMCs). Graphs show individual participant data, with bars representing the median

values.
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of CD55 in CD4 T cells reduced TNF-a production, further sup-
porting its role in promoting pro-inflammatory cytokine release.
Whereas CD46 binding initially results in IFN-y production by
CD4 T cells,”® subsequent expansion of effector cells results in
IL-2 accumulation, which then promotes Treg development.”’
This switch to IL-10 production does not occur in CD8 T cells,
and therefore, the effects of CD46 on CD8 T cells are predomi-
nantly pro-inflammatory.”® CD46 signaling has been shown to
be dysregulated in several autoimmune conditions, with a lack
of Treg differentiation upon CD46 co-stimulation.”””® We found
a disconnect between elevated CD46 expression and Treg fre-
quencies, suggesting that similar CD46 dysregulation may also
occur in MG, warranting further mechanistic investigation.

Our interpretation of the immune changes relevant to refrac-
tory disease was corroborated by unsupervised clustering
within the PCA. The refractory-rich cluster displayed a distinct
immune signature, characterized by several alterations,
including expanded memory B cells, enhanced CD55 expression
in T cells, and a low frequency of Tregs. Of note, all three non-re-
fractory members of this cluster had EOMG, which could have, in
part, been relevant to some of the features seen.

Previous immune profiling relating to rituximab treatment for
MG focuses on B cell repopulation rather than on baseline
predictive markers. Early use of rituximab has previously been
reported as an indication of good response,®° a finding we repli-
cated here. We found that the overall B cell frequency was <3%
in all non-responders (those with a less than 50% reduction in
disease severity score) and >3% in those with a >50% improve-
ment. Although patient numbers are limited, this suggests that
those early in disease will respond better than those with low B
cell frequencies due to long-standing immunosuppression.
Additionally, rituximab non-responders displayed the highest
expression of CD55 in CD8 T cells, suggesting increased com-
plement activity in these participants who may have benefited
from complement-targeted therapy.

Following rituximab, the residual B cell population contained a
high proportion of plasmablasts, most likely because B cells lose
CD20 expression as they differentiate into plasmablasts and
plasma cells. This highlights the disadvantage of targeting
CD20 as opposed to CD19, CD38, or B cell maturation antigen
(BCMA). An anti-CD19 monoclonal antibody has recently
demonstrated efficacy,®' and trial results for plasma cell-target-
ing therapies are eagerly anticipated.®*:

The remaining non-depleted B cells were of an altered pheno-
type, with low BAFF-R, CD21, and CD35 expression. BAFF-R

Med

expression has previously been shown to be reduced in CD19
cells following rituximab.®* Importantly, Tregs are known to
expand following rituximab, a finding corroborated in this study.

Limitations of the study

The limitations of this study reflect those of many studies of MG.
The wide heterogeneity of this rare disease makes it difficult to
recruit to very specific cohorts while trying to extrapolate the
findings to a wider population. Here, we attempted to limit this
heterogeneity by only including those with AChR-ab-positive
MG, with no thymoma or other autoimmune disease; however,
other potential confounding factors such as differences in age,
sex, ethnicity, socio-economic status, and other co-morbidities
could have influenced the findings. Although power calculations
were carried out to develop the protocol, recruitment fell short of
planned numbers, and larger independent cohorts to validate
these findings are required. The small number of refractory par-
ticipants makes the interpretation of differences between the re-
sponders and non-responders challenging. Additionally, as a
cohort study, it remains unknown whether the changes seen
within the refractory cohort have evolved over time or are present
at disease onset to predict outcome. Prospective recruitment of
those with severe disease prior to initiation of immunotherapy is
challenging; nevertheless, these findings may constitute the ba-
sis for future studies to validate these findings as predictive
biomarkers.

Conclusion

In summary, significant alterations to the innate and adaptive im-
mune systems are observed in AChR-MG, particularly in refrac-
tory disease. Frequency of memory B cells or Tregs or circulating
C3, C5, or clusterin levels are potential prognostic markers that
are worth further prospective evaluation. Our work suggests
that future treatment strategies directed at plasma cells or at pro-
moting immune tolerance mechanisms are likely to be beneficial
in refractory disease.

RESOURCE AVAILABILITY
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Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Madhvi Menon (madhvi.
menon@manchester.ac.uk).

Materials availability
This study did not generate new unique reagents.

Figure 5. Elevated circulating complement proteins and expression of complement receptors on lymphocytes in refractory MG
Complement proteins were measured by ELISA, and their receptor expression on PBMCs was analyzed by flow cytometry.

(A and B) (A) Heatmap demonstrating relative concentration of each complement protein analyzed (A) and frequencies of C3, C5, and clusterin (B) in control (n =
20), SNIS (n = 18), SIS (n = 23), refractory (n = 9), and TN (n = 2) subgroups, as well as correlation between C3, C5, clusterin, and quality of life (MG Qol-15r score)
(n = 52) (B).

(C) Expression of CD21 and CD35 on B cells in control (n = 20) compared to MG (n = 56) and between control (n = 20), SNIS (n = 17), SIS (n = 22), refractory (n = 9),
and TN (n = 8) subgroups.

(D) Graphs showing expression of CD55, CD46, and CD59 on CD4 and CD8 T cells in control (n = 20) compared to MG (n = 54).

(E) CD55 expression on CD8 T cells in control (n = 20), SNIS (n = 15), SIS (n = 23), refractory (n = 8), and TN (n = 8) subgroups.

(F) Bubble plot demonstrating frequency and intensity of expression of CD46 and CD55 on CD4 and CD8 T cells in control (n = 20), SNIS (n = 15), SIS (n = 23),
refractory (n = 8), and TN (n = 8) subgroups.

(G) TNF-a* CD4 T cells in controls (n = 4) and MG (n = 8) when unstimulated, when stimulated with aCD3aCD28, and when stimulated with anti-CD55.
Graphs show individual participant data, with bars representing the median values.
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Figure 6. Distinct immune profile associated with refractory MG

(A) Two-dimensional principal-component analysis of Z scored flow markers. k-means on [PC1, PC2] identified six clusters. Points are colored by cluster and
shaped by cohort; ellipses show 95% confidence contours in the PC space. PC1 and PC2 explain 10.9% and 10.0% of the variance, respectively.
(B) Heatmap of mean Z scores for the top 16 varying markers across the six k-means clusters. Colors indicate the mean Z scores (red = higher than the study-wide

mean and blue = lower than the study-wide mean), centered at 0.

(C) Heatmap showing cluster 1 per-sample pattern across the top discriminating markers.

Data and code availability
@ Data will be made available upon a written proposal and data transfer
agreement.
@ This study did not generate any original computer code.
® Any additional information required to reanalyze the data reported in this
work paper is available from the lead contact upon request.
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Figure 7. Immune alterations following B cell depletion therapy for refractory MG

(A) Disease severity, quality of life, and prednisolone dose changes following rituximab therapy. The timing of additional doses is indicated by arrows. Flow
cytometry was performed on peripheral blood mononuclear cells (PBMCs) at baseline (n = 10) and at 1 (n = 8), 7 (n = 5), and 13 (n = 6) months post-rituximab in the

refractory group.

(B) Changes in B cell frequency.

(C) Representative FACS plots showing changes in B and T cell frequency.
(D) Plasmablast and transitional B cell frequency.

(E) Representative FACS plots showing changes in B cell subsets.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

AF488, Blimp-1, clone 646702 R&D Systems cat#/C36081G; RRID: AB_11129439
AF700, CD38, clone HIT2 Biolegend cat#303524; RRID: AB_2072781
AF700, CD4, clone SK3 Biolegend cat#344622; RRID: AB_2563150
AF700, CXCRS5, clone J252D4 Biolegend cat#356916; RRID: AB_2562290
AF700, IL-17A, clone BL168 Biolegend cat#512318; RRID: AB_2124868
AF700, Ki67, clone Ki-67 Biolegend cat#350530; RRID: AB_2564040
APC, CD123, clone 6H6 Biolegend cat#306012; RRID: AB_439779
APC, CD21, clone Bu32 Biolegend cat#354906; RRID: AB_2561454
APC, CD3, clone BW/264/56 Miltenyi cat#130-113-125; RRID: AB_2725953
APC, CD59, clone p282 Biolegend cat#304712; RRID: AB_2819930
APC, IL-10, clone JES3-19F1 Biolegend cat#506807; RRID: AB_315457
APC/Fire 750, CD24, clone ML5 Biolegend cat#311140; RRID: AB_2750463
APC/Fire 750, CD56, clone 5.1H11 Biolegend cat#362554; RRID: AB_2572105
BV650, CD19, clone HIB19 Biolegend cat#302238; RRID: AB_2562097
BV421, CCR7 (CD197), clone G043H7 Biolegend cat#353208; RRID: AB_11203894
BV421, CD66b, clone 6/40c Biolegend cat#392915; RRID: AB_2888722
BV421, IgG, clone M1310G05 Biolegend cat#410704; RRID: AB_2565626
BV510, CD279 (PD-1), clone EH12.2H7 Biolegend cat#329932; RRID: AB_2562256
BV510, CD45, clone HI30 Biolegend cat#304036; RRID: AB_2561940
BV510, IgM, clone MHM-88 Biolegend cat#314522; RRID: AB_2562916
BV605, CD16, clone 3G8 Biolegend cat#302040; RRID: AB_2562990
BV605, CD3, clone OKT3 Biolegend cat#317322; RRID: AB_2561911
BV605, CD45RA, clone HI100 Biolegend cat#304134; RRID: AB_2563814
BV605, IgD, clone IA6-2 Biolegend cat#348232; RRID: AB_2563337
BV650, CD19, clone HIB19 Biolegend cat#302238; RRID: AB_2562097
BV650, CDS3, clone UCHT1 Biolegend cat#300468; RRID:AB_2629574
BV711, CD274 (PD-L1), clone 29E.2A3 Biolegend cat#329722; RRID: AB_2565764
BV711, CD86, clone IT2.2 Biolegend cat#305440; RRID: AB_2565835
BV711, CD19, clone HIB19 Biolegend cat#302246; RRID: AB_2562065
BV711, CD25, clone BC96 Biolegend cat#302636; RRID: AB_2562910
BV711, CD274 (PD-L1), clone 29E.2A3 Biolegend cat#329722; RRID: AB_2565764
BV711, IFN-G, clone 4S:B3 Biolegend cat#502540; RRID: AB_2563506
BV785, CD11c, clone 3.9 Biolegend cat#301644; RRID: AB_2565779
BV785, CD19, clone HIB19 Biolegend cat#302240; RRID: AB_2563442
BV785, CD8, clone SK1 Biolegend cat#344740; RRID: AB_2566202
PE, IL-6, clone MQ2-13A5 Biolegend cat#501107; RRID: AB_315155
FITC, CD14, clone M5E2 Biolegend cat#301804; RRID: AB_314186
FITC, CD35, clone E11 Biolegend cat#333404; RRID: AB_2085022
FITC, FoxP3, clone 206D Biolegend cat#320106; RRID: AB_439752
PE/Cy7, TNF-a, clone MAb11 Biolegend cat#502930; RRID: AB_2204079
PE Dazzle 594, CD27, clone M-T271 Biolegend cat#356422; RRID: AB_2564101
PE Dazzle 594, CD303 (BDCA-2), clone Biolegend cat#354226; RRID: AB_2629621
201A
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REAGENT or RESOURCE SOURCE IDENTIFIER

PE Dazzle 594, CTLA-4 (CD152), clone Biolegend cat#349922; RRID: AB_2566198
L3D10

PE Dazzle 594, IL-10, clone JES3-19F1 Biolegend cat#506812; RRID: AB_2632783
PE, CD55 (DAF), clone JS11 Biolegend cat#311308; RRID: AB_314865
PE, CD64, clone 10.1 Biolegend cat#305008; RRID: AB_314492
PE, IL-6, clone MQ2-13A5 Biolegend cat#501107; RRID: AB_315155
PE, CD35, clone E11 Biolegend cat#333406; RRID: AB_2292231
PE/Cy7, BAFF-R, clone 11C1 Biolegend cat#316920; RRID: AB_2565593
PE/Cy7, CD46 (MCP), clone TRA-2-10 Biolegend cat#352408; RRID: AB_2564358
PE/Cy7, CD80, clone 2D10 Biolegend cat#305218; RRID: AB_2076148
PE/Cy7, TNF-a, clone MAb11 Biolegend cat#502930; RRID: AB_2204079
PerCP/Cy5.5, CD38, clone HIT-2 Biolegend cat#303522; RRID: AB_893314
PerCP/Cy5.5, CD4, clone OKT4 Biolegend cat#317428; RRID: AB_1186122
PerCP/Cy5.5, HLA-DR, clone L243 Biolegend cat#307630; RRID: AB_893567
UV - 450, Live/dead, clone Zombie UV Biolegend cat#423107

Fixable Viability Kit

Ba mAb D22/3 Hycult cat#HM2379

iC3b mAb clone 9 Cardiff University N/A

TCC mAb aE11 Hycult cat#HM2167; RRID: AB_533189
C1g mAb 9H10 Cardiff University N/A

C3 mAb 2898 Hycult cat#HM2075; RRID: AB_533248
C4 Rabbit anti-C4 Cardiff University N/A

C5 mAb 10B6 Cardiff University N/A

C9 mAb B7 Cardiff University N/A

Clusterin mAb 2D5 Cardiff University N/A

sCR1 Rabbit anti-sCR1 Cardiff University N/A

FH mAb OX24 Cardiff University N/A

FHR4 mAb 4E9 Cardiff University N/A

FHR125 mAb MBI125 Cardiff University N/A

FI mAb 7B5 Cardiff University N/A

Properdin mAb 9.3.4 Hycult cat#HM2283

Ba mAb P21/15 Hycult cat#HM2254; RRID: AB_1212111
iC3b mAb bH6 Hycult cat#HM2168; RRID: AB_533007
TCC mAb E2 anti-C8-biotin Cardiff University N/A

C1q Rabbit anti-C1q Cardiff University N/A

C3 mAb clone 3 Hycult cat#HM2257; RRID: AB_1953566
C4 Rabbit anti-C4 Cardiff University N/A

C5 mAb 4G2 Cardiff University N/A

C9 Rabbit anti-C9-biotin Cardiff University N/A

Clusterin mAb 4C7 Cardiff University N/A

sCR1 mAb MBI35-HRP Cardiff University N/A

FH mAb 35H9-HRP Cardiff University N/A

FHR4 mAb clone 150-HRP Cardiff University N/A

FHR125 clone 35H9-HRP Cardiff University N/A

FI Rabbit anti-Fl Cardiff University N/A

Properdin mAb clone 2.9 Hycult cat#HM2282

anti-CD3, clone OKT3
anti-CD28, clone CD28.6
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Biolegend
eBioscience

cat#317326; RRID: AB_11150592
cat#16-0288-85; RRID: AB_468925
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REAGENT or RESOURCE SOURCE IDENTIFIER

anti-CD21, clone 1048 BD Bioscience cat#552727; RRID: AB_394446
anti-CD55, rabbit polyclonal AbCam cat#ab231061

HRP-labelled anti-mouse
HRP-labelled anti-rabbit IgG
Streptavidin-HRP

Jackson ImmunoResearch
Jackson ImmunoResearch
R&D Systems

cat#111-035-166
cat#111-035-144; RRID: AB_2307391
cat#DY998

Biological samples

Human blood This paper NHS Research Ethics Committee approval
#21/NW/0188

Chemicals, peptides, and recombinant proteins

Ba Comptech cat#A113

iC3b Comptech cat#A115

TCC Cardiff University N/A

Clq Cardiff University N/A

C3 Cardiff University N/A

C4 Comptech cat#A108

C5 Cardiff University N/A

C9 Cardiff University N/A

Clusterin Cardiff University N/A

sCR1 Cardiff University N/A

FH Cardiff University N/A

FHR4 Cardiff University N/A

FHR125 Cardiff University N/A

Fl Cardiff University N/A

Properdin Comptech cat#A139

Human FcR Blocking Reagent Miltenyi cat#130-059-901; RRID: AB_2892112

FoxP3/transcription staining buffer set
CD40L

CpB-G

R848

rCD35

Brefeldin A

stimulation cocktail

OPD substrate

Thermo Fisher

R&D Systems
Cambridge Bioscience
Invivogen

Bio-Techne

Biolegend

Thermo Fisher
Sigma-Aldrich

cat#00-5523-00
cat#aa 108-261
cat#CpG ODN 10101
cat#tlrl-r848
cat#5748-CD
cat#420601

cat# 00-4970-93
cat#P9187

Software and algorithms

FlowdJo (version 10.9.0)
GraphPad Prism (version 10.0)
R (version 4.5.2)

Python (version 3.13.5)

BD Biosciences

Graphpad

The R Foundation for Statistical Computing
The Python Software Foundation

https://www.flowjo.com/
https://www.graphpad.com/features
https://www.r-project.org/
https://www.python.org/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics

This study was approved by Health Research Authority and Health Care Research Wales and NHS Research Ethics Committee
(21/NW/0188). Written informed consent was obtained for all enrolled participants.

Study design

Participants were recruited from the Northern Care Alliance NHS Foundation Trust, the Walton Center NHS Foundation Trust, New-
castle Hospitals NHS foundation Trust, Oxford, University College London NHS Foundation Trust, and Imperial NHS foundation
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Trust. Case Record Forms and clinical assessment were completed by the neurology clinical research fellow with each participant at
baseline and follow-up. All participants were able to give valid consent and were aged 18 to 80. The following inclusion criteria applied
to each cohort:

Stable Immunosuppressed participants have a diagnosis of AChR positive myasthenia gravis (can be ocular, bulbar or general-
ised), with MGFA Post-intervention Status MM or better with no clinical relapse for 2 years, on either azathioprine or MMF along
with <5mg/day of prednisolone. They had no prednisolone dose increase or decrease in past 12 months, and no increase in azathi-
oprine or MMF dose for 2 years (allowing for cessation for up to 1 month). Other medications for other indications were allowed. Sta-
ble Non-Immunosuppressed participants have a diagnosis of AChR positive myasthenia gravis (can be ocular, bulbar or generalised),
with an MGFA Post-intervention Status MM or better on only low-dose cholinesterase inhibitors (<120 mg pyridostigmine/day on
average) for over two years. Other medications for other indications were allowed. Refractory participants have a diagnosis of
AChR positive myasthenia gravis (can be ocular, bulbar or generalised), and have been deemed eligible to be refractory to standard
treatment and eligible for rituximab as per the NHS England criteria.*® Treatment Naive participants have a diagnosis of AChR pos-
itive myasthenia gravis, diagnosed in previous 6 months, and have not yet taken any form of immunosuppression. Healthy Controls
have no diagnosis of myasthenia gravis or other autoimmune condition that responds to standard immunosuppressive therapy (e.g.,
RA, inflammatory bowel disease).

Exclusion criteria for all cohorts included the presence of co-existing autoimmune conditions for which azathioprine or mycophe-
nolate mofetil are treatments (e.g., inflammatory bowel disease, RA, neuromyotonia); currently undergoing treatment for solid organ
or haematological malignancy, or previous thymoma; or a clinical frailty scale >6.

58 participants were included. Demographics and clinical features of the included participants can be seen in Table S1. Partici-
pants’ information on sex, age, and race was physician-reported. Association of results with sex, age and race was not performed
throughout due to limited sample size. Information on gender and socioeconomic status was not collected and therefore any asso-
ciations could not be analyzed.

METHOD DETAILS

Sample processing

Whole blood was collected in two EDTA tubes and processed within 12 h of collection. Plasma was isolated from one tube via centri-
fugation of whole blood at 2000g for 10 min at room temperature. PBMCs were isolated from a separate tube using SepMate tubes
(StemCell #85460), and Ficoll-Paque Plus (GE Healthcare # GE17-1440-03) via density gradient centrifugation (1200g for 10 min at
room temp). Cells were washed twice in FACS buffer (PBS w/o Ca®*/Mg®*, 2%v/v FCS, 5 mM EDTA) prior to counting, using typtan
blue and a countess Il automated cell counter (Thermo Fisher Scientific). PBMCs were stored in FCS with 10% DMSO at —80°C for up
to 2 weeks and then transferred to liquid nitrogen or —150°C storage.

Flow cytometry

Samples were thawed by warming at 37°C for 30 s then rapidly mixing with warmed complete media. Cells were washed in PBS then
stained with Zombie UV (Biolegend, London UK) 1:500 for 15 min in PBS. Non-specific binding was blocked using Human FcR Block-
ing Reagent (Miltenyi, Bisley, UK) at 1:50 for 15 min. Extracellular antibodies were added at 1:50 for 30 min. Antibody information is
provided in Table S2. Cells were then fixed and permeabilised using FOXP3/Transcription Factor Staining Buffer Set (Thermo Fisher,
Altrincham, UK), washed in perm buffer and stained with intracellular markers at 1:100 overnight. Cells were acquired on the
LSRFortessa (BD Biosciences, Swindon, UK) and data analyzed using FlowdJo (v10.0; BD Biosciences). If under 50,000 lymphocytes
were acquired, then results were excluded from analysis.

Cell stimulation
Thawed cells were stimulated with either CD40L (R&D Systems, Abbingdon, UK) 0.5 pg/mL CpG-B (Cambridge Bioscience, Cam-
bridge, UK) 1 uM, or R848 (Resiquimod, InvivoGen Toulouse, France) 1 pg/mL for 48 h followed by 2 ul/mL of stimulation cocktail
(Thermo Fisher) in the presence of Brefeldin A (Biolegend) in the last four hours, then washed and stained for flow cytometric analysis.
Thawed cells were also stimulated with R848 as above or placed into a plate which had been pre-coated for 1h at 37°C in PBS
containing 1 pg/mL of each anti-CD3/anti-CD28 (clone OKT3, Biolegend (cat#317326)/clone CD28.6, eBioscience (cat#16-0288-
85) respectively) in isolation or with anti-CD21 (clone 1048, BD Biosciences (cat#552727)) 10 pg/mL, rCD35 (Bio-Techne
(cat#5748-CD)) 20 pg/mL or anti-CD55 (Rabbit poly-clonal, AbCam (cat#ab231061)) 25 pg/mL for 48 h followed by 2 pL/mL of stim-
ulation cocktail (Thermo Fisher) in the presence of Brefeldin A (Biolegend) in the last four hours, then washed and stained for flow
cytometric analysis.

Complement immunoassays

Fifteen complement analytes were selected based on previous research showing changes in serum levels of complement biomarkers
in patients with MG and the accessibility of in house enzyme linked immunosorbent assays (ELISA),%> 8 The marker set was selected
to interrogate the classical (C1q, C3, C4), alternative (Properdin, Ba, iC3b, FH, FHR125, FHR4, FI, sCR1), and terminal (C5, C9, clus-
terin, TCC (terminal complement complex)) pathways. Details of the antibodies, protein standards, and assay conditions can be
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found in Table S3. Plasma samples stored at —80°C were thawed just before assaying, briefly vortexed, and then diluted in phos-
phate-buffered saline containing 0.1% Tween 20 (PBST, Sigma-Aldrich) and 0.2% bovine serum albumin (BSA) or non-fat milk
(NFM; properdin assay only). Capture antibodies were fixed onto 96-well immunoplates (Thermo Fisher) overnight at 4°C, with con-
centrations ranging from 2 to 20 pg/mL in 50 pL/well of carbonate-bicarbonate buffer (pH 9.6). Wells were blocked with 2% BSA or
NFM in PBST (100 pL/well) and incubated for 1 h at 37°C, washed once with PBST, and plasma samples or protein standards diluted
in buffer (0.2% BSA or NFM PBST (50 pL/well) added in duplicate at a suitable dilution (Table S3). Plates were incubated for 1h at RT
or 37°C, washed three times and detection antibodies added at appropriate concentration (1-5 pg/mL) in 50 uL/well 0.2% BSA or
NFM in PBST for 1h at RT or 37°C. In assays where the detection antibody was not directly labeled, an HRP-labelled secondary anti-
body (anti-mouse or anti-rabbit 1gG, as applicable, Jackson ImmunoResearch, West Grove, USA) or for biotinylated antibodies,
Streptavidin-HRP (R&D Systems) was used. Finally, plates were washed and developed using O-phenylenediamine dihydrochloride
(OPD) substrate (Sigma-Aldrich) for 3-15 min, followed by adding 50 pL/well 5% H,SO4 to quench the reaction. Absorbances were
read at 492 nm using Infinite F50 microplate reader (Tecan, Reading, UK). Intra- and inter-assay coefficient of variation were below
10% for all assays.

QUANTIFICATION AND STATISTICAL ANALYSIS

Sample size

Sample size was calculated on previous unpublished data comparing CD19 count between those on effective immunosuppression
and those not; for a power of 80% and a significant level of 5%, 23 participants were required in each group and we therefore at-
tempted to recruit 24 to each cohort.

Statistical analysis

Statistical analysis was undertaken using GraphPad PRISM (version 10.0). All data underwent normality testing (Shapiro-Wilk
test). Comparison between disease and control was with Student’s t test (parametric data) or Mann-Whitney (non-parametric). Com-
parison between cohorts was with one-way ANOVA with Tukey multiple comparison test (parametric) or Kruskal-Wallis with Dunn’s
multiple comparison test (non-parametric). Results are presented as individual data points with medians. For correlation Pearson’s
correlation (for parametric) or Spearman’s rank correlation coefficient test (for non-parametric data). In all cases, a p value of <0.05
was considered significant. Where no statistical difference is shown, there was no significant difference. Details of statistical tests
and definitions of n can be found in each figure legend. The bubble plot in Figure 5 was created using R (version 4.5.2).

Principal component analysis (PCA) and K-mean clustering in PCA space
Flow cytometry markers were screened for missingness at the variable level (using Python version 3.13.5); any marker with >30%
missing data was excluded (six markers removed: TNF-o* B cells with R848, 74%; TNF-a* B cells with CpG-B, 69%; IL-6" B cells
with CpG-B, 69%; IL-6* B cells with R848, 67%; TNF-a* B cells with CD40L, 64%; IL-6" B cells with CD40L, 64%). Where the re-
maining analyses required complete data, remaining missing entries were then imputed using the per-marker median across sam-
ples, and all retained markers were standardised to z-scores (mean = 0, SD = 1).

Principal component analysis (PCA) was fitted to the z-scored matrix and the first two components (PC1, PC2) were used for vis-
ualisation. Unsupervised clustering was performed in the PC1-PC2 plane using K-means with a pre-specified number of clusters k;
separation quality was summarised by the silhouette score. For each cluster, a confidence ellipse was drawn in PC space, centered
at the cluster mean, oriented by the eigenvectors of the within-cluster covariance, and scaled to approximate a 95% contour.

For marker-level inference, a single target cluster from the K-means solution was compared with all other samples. For every
marker, we computed Cohen’s d (standardised mean difference with a pooled standard deviation) contrasting the target cluster
against the remainder and additionally obtained two-sided Mann-Whitney U p-values. Markers were deemed different if they satis-
fied both criteria: p < 0.05 and|d|>0.5. To summarise multivariate patterns, we plotted a heatmap of mean z-scores for the target
cluster versus others (rows) across markers (columns); where helpful, marker columns were hierarchically ordered to group similar
response profiles.

ADDITIONAL RESOURCES

This study was registered on clinicaltrials.gov ID: NHS001843.
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