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Background and Objectives

Efgartigimod (EFG), a biological drug targeting the IgG recycling neonatal Fc receptor (FcRn),
leads to clinical improvements in patients affected by myasthenia gravis (MG), a prototypic
autoantibody (Ab)-mediated autoimmune disease affecting neuromuscular junction. Because
FcRn is a multifunctional protein expressed in different immune system cells, including B cells,
we investigated whether FcRn blockade by EFG may have further immunologic effects, other
than IgG reduction, in patients with MG.

Methods

Anti-acetylcholine receptor Ab-positive (AChR-MG) patients were treated with EFG
according to the GENERATIVE protocol. Clinical evaluation, IgG and autoAb quantification,
and circulating T-cell and B-cell subpopulation analyses by flow cytometry were performed at
different time points. The expression of regulatory plasma cell-related candidate genes (CD38,
lymphocyte-activation gene 3 [LAG3], IL-12a, Ebi3) was assessed by real-time PCR in pe-
ripheral blood mononuclear cells (PBMCs) from patients on treatment and in PBMCs either
untreated or in vitro treated with an EFG-mimicking anti-FcRn monoclonal Ab (mAb) or with
EFG (Vyvgart).

Results

A significantly increased percentage of CD19+/CD27+ memory B cells and CD27+/CD138+
plasma cells was observed at the end of EFG treatment cycle 1 and cycle 2 in patients with
AChR-MG. Plasma cell increase, maintained up to cycle 3, significantly correlated with
Quantitative Myasthenia Gravis score improvement. Moreover, PBMCs from EFG-treated
patients showed overexpression of CD38, LAG3, and IL-12a genes, suggesting EFG’s ability to
induce non-pathogenic regulatory plasma cells. This ability was confirmed in vitro, because
anti-FcRn mAb-treated and EFG-treated PBMCs displayed an up-regulation of CD38 and
LAG3 compared with untreated cells.

Discussion

Our findings indicate an unknown immunoregulatory action of EFG in patients with AChR-
MG, by unraveling a drug effect on B-cell differentiation, and suggest the induction of regu-
latory plasma cells as a further mechanism, beyond IgG reduction, associated with clinical
improvement. A deep understanding of the immunologic effects of EFG can help to optimize its
usage over time in individual patients and disclose biomarkers suitable for monitoring the long-
term patient-specific response.
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Glossary

Ab = autoantibody; AChR = acetylcholine receptor; autoAbs = autoantibodies; BSA = bovine serum albumin; CET = Comitato
Etico Territoriale; EAP = Expanded Early Access Program; Ebi3 = Epstein-Barr virus-induced gene 3; EFG = efgartigimod;
FBS = fetal bovine serum; Fc = fragment crystallizable; FcRn = neonatal Fc receptor; FINCB = Fondazione IRCCS Istituto
Neurologico Carlo Besta; FSC-A = forward scatter area; FSC-H = forward scatter height; GENERATIVE = GENERalized
myAsThenia graVis Efgartgimod; IS = immunosuppressive; IVIg = Intravenous immunoglobulin; LAG-3 = lymphocyte-
activation gene 3; mAb = monoclonal Ab; MG = myasthenia gravis; MG-ADL = Myasthenia Gravis Activities of Daily Living;
MHC = major histocompatibility complex; MuSK = muscle-specific kinase receptor; PBMCs = peripheral blood mononuclear
cells; QMG = Quantitative Myasthenia Gravis; SSC-A = side scatter area; T1 = first infusion of EFG cycle 1; T2 = last infusion of
EFG cycle 1; T3 = first infusion of EFG cycle 2; T4 = last infusion of EFG cycle 2; TS = first infusion of EFG cycle 3; T6 = last

infusion of EFG cycle 3.

Introduction

Myasthenia gravis (MG) is a T cell-dependent, B cell-medi-
ated autoimmune disease characterized by weakness and fa-
tigability of skeletal muscles caused by autoantibodies
(autoAbs) to neuromuscular junction proteins, most fre-
quently the acetylcholine receptor (AChR) and rarely the
muscle-specific kinase receptor (MuSK) or the low-density
lipoprotein receptor-related protein 4. Patients negative for
these autoAbs are defined as triple-seronegative.2

Pharmacologic treatment of MG is based on cholinesterase
inhibitors and chronic general immunosuppression with
corticosteroids and/or other immunosuppressive (IS) drugs,
which provide symptom control but rarely lead to complete
stable remission and cause considerable side effects.> More-
over, a proportion (~10%-15%) of patients is refractory to IS
drugs,‘"5 highlighting the need for more specific, effective, and
well-tolerated therapies.

New biological drugs are promising therapeutic tools expec-
ted to modify the disease course and limit the use of corti-
costeroids as much as possible, because they target specific
pathogenic molecules."

The neonatal fragment crystallizable (Fc) receptor (FcRn),
a major histocompatibility complex class I-like (MHC-I) re-
ceptor, is an essential component of the endolysosomal sys-
tem promoting transplacental transfer of maternal Abs to the
fetus.”® The FcRn binds IgGs in endothelial cells to prevent
their lysosomal degradation and ensure their recycling and
release in the circulation.”® Owing to the FcRn’s ability to
enhance half-life of IgGs, including autoAbs, several FcRn
blockers have been developed for treating Ab-mediated au-
toimmune diseases.”

The first FcRn inhibitor to be investigated was efgartigimod
(ARGX-113, [EEG]),">"! approved for MG treatment in the
United States in 2021, in Japan and Europe in 2022, and in
China in 2023, after demonstration of its safety and efficacy in
adults with generalized MG (gMG)."”"® EFG is an engi-
neered humanized monoclonal IgG1 Fc fragment mutated at
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S residues to increase its affinity for the FcRn at both physi-
ologic and acidic pH.17 The drug targets the FcRn, thereby
competing with endogenous IgGs that are excluded from
recycling and degraded by lysosomes; this in turn leads to
decreased IgG levels, without altering other Igs (IgA, IgD, IgE,
and IgM), the levels of which are not dependent on FcRn-
mediated recycling."®

The biological impact of EFG and other FcRn inhibitors on
immune processes beyond IgG recycling, and upstream of
autoAb production, has not been investigated yet, although
additional FcRn functions have been identified. Indeed, along
with endothelial cells, FcRn is expressed in antigen-presenting
cells, particularly dendritic cells, macrophages, and B cells, &%
where its cross-linking by IgG-containing immune complexes
initiates a cascade of events culminating in presentation/cross-
presentation of antigenic peptides by MHC-II and I to CD4"
and CD8" T cells that do not express FcRn.” In addition, FcRn
favors the production of inflammatory cytokines with evident
implications in the regulation of the immune response in both
health and disease.”**%*!

In this study, we explored whether FcRn inhibition by EFG
may exert immunologic effects other than IgG reduction in
patients with MG. The identification of other immunologic
mechanisms not linked to IgG recycling could lead to the
identification of biomarkers of efficacy suitable for further
treatment personalization.

Methods

Patients and Biological Samples

This study included 9 anti-AChR Ab-positive (AChR-MG)
patients with gMG (Table), followed up at the Fondazione
IRCCS Istituto Neurologico Carlo Besta (FINCB) of Milan.
EFG was administered according to the Expanded Early Ac-
cess Program (EAP) to EFG (GENERATIVE [GENERalized
myAsThenia graVis Efgartgimod]) (Version 1.0, 10 Sep-
tember 2021), as previously reported.”> EFG was adminis-
tered at the dose of 10 mg/kg as a 1-hour intavenous (IV)
infusion in cycles of 4 weekly infusions. The initial fixed
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Table Main Clinical Features of Patients With Generalized
MG Included in the Study

AChR-MG (n =9)

Sex (F:M) 6:3
Age at onset, y (y, mean + SD) 39.33 + 18.40
Age at blood collection (y, mean + SD) 57.11 +£12.09
Ongoing therapies
Anti-AChE, n 8
Prednisone, n 4
IS drug®, n 2
Prednisone + IS drug®, n 3
Thymectomy, n 6
Thymoma®©, n 3
QMG score (mean * SD) at
T 12.7+3.5
T2 9.0+4.0
T4 7.0+3.9
T6 7.2+45
MG-ADL score (mean + SD) at
T 8.4+33
T2 32%22
T4 1.7+21
T6 27+24
Time from cycle 2 to cycle 3 (mo, mean + sD)¢ 3127

Abbreviations: AChE = acetylcholinesterase inhibitors; AChR = acetylcholine
receptor; EFG = efgartigimod; IS = immunosuppressive; MG-ADL = Myas-
thenia Gravis Activities of Daily Living; QMG = Quantitative Myasthenia
Gravis; SN = triple seronegative; T1 = baseline, i.e., before first infusion of
EFG; T2 =lastinfusion of EFG cycle 1; T4 = last infusion of EFG cycle 2; T6 = last
infusion of EFG cycle 3.

1S drugs included azathioprine and mycophenolate.

®1S drugs included azathioprine and methotrexate.

¢ Information on thymic histology was not available for 1 patient.

4Time interval from the end of EFG cycle 2 to the beginning of cycle 3,
variable according to worsening of MG.

period included 2 cycles, each followed by a 4-week fixed
inter-treatment period. Afterward, according to the EAP
protocol, patients were eligible to enter the flexible cyclical
period during which EFG was given again as 4 weekly infu-
sions at the discretion of the treating physician in case of
worsening of Quantitative Myasthenia Gravis (QMG) and
Myasthenia Gravis Activities of Daily Living (MG-ADL)

23,24
scores.

Blood samples for serum and peripheral blood mononuclear
cell (PBMC) isolation were collected at the 1st and 4th in-
fusion of cycles 1 (T1, baseline; T2) and 2 (T3; T4), at the
follow-up visit, 30 days after cycle 2, and at the 1st and 4th
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infusion of cycle 3 (TS; T6) (Figure 1). QMG and MG-ADL

evaluation was performed at the same time points.

Ramos-Blue cells (NF-xB/AP-1 reporter B lymphocytes,
Invivogen) were used as positive control of FcRn immuno-
fluorescence staining in B cells. They were cultured in Iscove’s
Modified Dulbecco’s Medium, supplemented with 2 mM
L-glutamine, 10% v/v heat-inactivated fetal bovine serum
(FBS), 100 pg/mL of normocin, and 100 U/mL of penicillin/
streptomycin.

Standard Protocol Approvals, Registrations,
and Patient Consents

All patients signed the informed consent before enrollment in
the GENERATIVE program, after the EAP approval by
FINCB Ethical Committee, subsequently authorized by the
Italian Medicines Agency. The study was approved by the
Comitato Etico Territoriale (CET) Lombardia 4 (approval n.
CET 21/24, Biomedical Science and Technology [BST] 32/
24). All patients signed an informed consent form for using
their biological samples for research.

Total IgG, 1gG Subclass, and

Autoantibody Quantification

Total IgGs were measured in serum using the Abbot Architect
instrument. Serum samples (dilution 1:2,500) were also
subjected to quantification of IgG1, IgG2, IgG3, and IgG4
using the Human IgG Subclass ELISA Kit (Invitrogen), fol-
lowing the manufacturer’s instruction. Each sample was tested
in duplicate, and optical density at 450 nm was determined
with a microplate reader (Multiskan FC Microplate
Photometer).
Anti-AChR  Abs assessed  in
radioimmunoprecipitation.25

were serum by

PBMC Isolation

PBMC:s were isolated from fresh whole blood using the Ficoll-
Paque PLUS (Cytiva) gradient centrifugation protocol; cell
number was estimated by the Trypan blue (Sigma-Aldrich)
dye exclusion method. PBMCs were analyzed by flow
cytometry immediately after isolation; the remaining cells
were frozen in FBS plus 10% dimethyl sulfoxide (Euroclone)
and stored in liquid nitrogen for subsequent molecular
analyses.

Isolation of CD138+ Plasma Cells

CD138+ plasma cells were positively selected and isolated
from PBMCs using human CD138 MicroBeads (Miltenyi
Biotec). In brief, at least 5 x 10° PBMCs were incubated with
the CD138 MicroBeads, according to the manufacturer’s
instructions, and then passed through a Magnetic Activated
Cell Sorting (MACS) column in the magnetic field of
a MACS separator. The purified CD138+ plasma cells were
then eluted from the column and used for downstream
applications.

Neurology: Neuroimmunology & Neuroinflammation | Volume 12, Number 5 | September 2025

€200455(3)


http://neurology.org/nn

Downloaded from https://www.neurology.org by 3.129.239.96 on 19 August 2025

Figure 1 EFG Treatment Scheme and Time Line of Sample Collection

Efgartigimod
(EFG)

Follow-up

m Cycle 1 T2 T3 Cycle 2 T4 T5

| 3.1+2.7Months |

Cycle 3 T6

The protocol of the Expanded Early Access Program (EAP, GENERATIVE) (Version 1.0, September 10, 2021) to EFG consisted of 2 cycles (fixed period) of 4 IV
infusions (i.e., one infusion per week), followed by a 30-day follow-up at the end of each cycle. Cycle 3 (i.e., flexible period initiation) started at a variable time
interval from cycle 2 end (3.1 £ 2.7 months), depending on disease worsening. Blood samples for serum and peripheral blood mononuclear cell isolation were
collected from patients with MG at the following time points: baseline or T1, i.e., before the 1stinfusion of cycle 1; T2, i.e., before the 4th infusion of cycle 1; T3,
i.e., before the 1stinfusion of cycle 2; T4, i.e., before the 4th infusion of cycle 2; follow-up, i.e., at the follow-up visit after cycle 2 and performed at 30 days after
the end of the cycle; T5, i.e., before the 1stinfusion of cycle 3; and T6, i.e., before the 4th infusion of cycle 3. EFG = efgartigimod; GENERATIVE = GENERalized

myAsThenia graVis Efgartgimod; MG = myasthenia gravis.

Functional In Vitro Studies

Control and MG PBMCs were plated in a 96-well microplate
(1 x 10° cells/well) in Roswell Park Memorial Institute
(RPMI) 1640 supplemented with 10% FBS, 1% non-essential
amino acids, 1% sodium pyruvate, 1% L-glutamine, 1%
penicillin-streptomycin, 0.1% 2-mercaptoethanol, and 1 pg/
mL of concanavalin and kept at 37°C in a 5% CO, atmosphere
for 24 hours. PBMCs were then cultured in their medium
under basal conditions or treated for additional 24 hours with
(1) a mouse anti-FcRn sc-271745 monoclonal Ab (mAb) (1
pg/mL; Santa Cruz Biotechnology), or mouse IgG2a (1 ug/
mL; Dako) as isotype negative control, and (2) EFG (Vyv-
gart, EFG alfa; dose I: 1 pg/mL; dose II: 2 pg/mL) or human
IgGl (1 pg/mL and 2 pg/mL; Invitrogen), with the latter
used as a negative control because EFG is an IgG1 Fc frag-
ment. After treatment, they were harvested and centrifuged
for flow cytometry and gene expression analyses.

Flow Cytometry

After extraction from fresh blood, PBMCs (1.5 x 10° cells)
were stained with 1 yL/mL of Fixable Viability Dye eFluor
780 (Thermo Fisher Scientific) diluted in staining buffer,
containing 1% phosphate-buffered saline, 2% bovine serum
albumin (BSA), and S mM EDTA, for 30 minutes on ice in the
dark. After centrifugation at 1,400 rpm for 7 minutes at 4°C
and supernatant elimination, PBMCs were incubated on ice
for 30 minutes with combinations of the following primary
Abs (dilution 1:20): (1) mouse anti-CD19-Super Bright 702
(Invitrogen); (2) mouse anti-CD138/syndecan-1-PE (Invi-
trogen); (3) mouse anti-CD27-APC (Miltenyi); (4) mouse
anti-CD45-Alexa Fluor 700 (Invitrogen); (S) mouse anti-
CD3-FITC (BD Biosciences); (6) mouse anti-CD4-APC-
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eFluor 780 (Invitrogen), and (7) mouse anti-CD8a-PerCP-
eFluor 710 (Invitrogen). Then, cells were washed and pel-
leted to proceed with flow cytometry analysis.

Using this protocol, untreated, EFG-treated, human IgG1-
treated, anti-FcRn mAb-treated, and mouse IgG2a-treated
PBMCs were anti-CD19-Super
Bright 702.

stained with mouse

All flow cytometry analyses were performed using the Attune
NxT Flow Cytometer (Thermo Fisher Scientific). Ultra-
Comp eBeads Compensation Beads (Invitrogen) were used
for compensation.

Real-Time PCR

Total RNA was extracted from PBMCs using the TRIzol
method and from CD138+ plasma cells using the MirVana
Total RNA Isolation Kit (Thermo Fisher Scientific), and its
quality and concentration were evaluated using a NanoDrop
2000c spectrophotometer (Thermo Fisher Scientific). After
retrotranscription with the SuperScript VILO ¢cDNA Syn-
thesis Kit, cDNAs were subjected to real-time PCR on the
ViiA 7 Real-Time PCR System with predesigned functionally
tested TagMan gene expression assays specific for CD38,
lymphocyte-activation gene 3 [LAG3], IL-12a, and Ebi3
transcripts (all reagents from Thermo Fisher Scientific). Data
were expressed as relative gene expression values normalized
with the endogenous 18S using the formula 274 % 100.

Double Immunofluorescence
Ramos-Blue cells and MG PBMCs were fixed in 4% para-
formaldehyde for 15 minutes, permeabilized with 0.1% Triton
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X-100, and treated with 5% BSA for 1 hour. Next, they were
immunostained overnight at 4°C with primary Abs against
FcRn (mouse anti-FcRn sc-271745; 1:100, Santa Cruz Bio-
technology) and CD20 (rabbit anti-CD20; 1:400, Invi-
trogen). Coverslips were then incubated for 1 hour with
a mixture of Alexa Fluor 488—conjugated goat anti-mouse and
Alexa Fluor 546-conjugated goat anti-rabbit IgG secondary
Abs (Thermo Fisher Scientific). Nuclei were stained with
4/ 6-diamidino-2-phenylindole (dilution: 1:1,000; Thermo
Fisher Scientific). As negative control, primary Abs were
omitted. Images were acquired and analyzed using a laser
scanning confocal microscope (60X; Leica, Tandem Confocal
Scanner [TCS] SP8).

Statistical Analysis

Parametric or non-parametric distributed data, tested by the
Shapiro-Wilk test, were analyzed with the paired T or Wil-
coxon matched-pairs signed-rank test for comparison of 2
groups and with the Friedman or Kruskal-Wallis test with
Dunn’s multiple comparison tests for comparison among
groups. Pearson or Spearman correlation coefficients were
evaluated in correlation analyses. p Values < 0.05 were con-
sidered statistically significant. GraphPad Prism v8.0 software
was used for data elaboration and statistical analyses.

Data Availability

Anonymized data not published within this article will be
made available on reasonable request from any qualified
investigator.

Results

EFG Induces Clinical Improvement
Patients with AChR-MG (Table) were treated with EFG
according to the EAP protocol.”” Ongoing treatments in-
cluded different combinations of anticholinesterase, cortico-
steroids, and IS drugs (Table) and remained unchanged
during the study period (EFG cycles 1 to 3).

Improvement of QMG and MG-ADL scores was observed as
early as cycle 1 and reconfirmed by cycles 2 and 3, with
significant differences at T4 and T6 compared with the
baseline (T1) for both scores (Figure 2). One patient was
classified as non-responder (QMG scores: 9, 10, 9, and 8 at
T1, T2, T4, and T6, respectively; MG-ADL scores: 2, 3, 4, and
3 at T1, T2, T4, and T6, respectively). In parallel, EFG re-
duced total IgGs as follows: 50.04% =+ 33.86% and 42.77% *
48.65% at T2 and T4, respectively (Figure 2). The levels of all
the IgG isotypes were decreased by the treatment, as shown at
T4 (eFigure 1).

Anti-AChR autoAb levels were also decreased and were sig-
nificantly lower than baseline levels at T2, T4, and T6
(Figure 2). However, from the end of each cycle until the start
of the following one, IgG levels started to re-increase and
further decrease on re-treatment (Figure 2). This trend was
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similar to that observed for anti-AChR Abs, although total IgG
increase from the follow-up visit to the start of cycle 3 did not
correspond to an increase in autoAbs (Figure 2).

EFG Increases Memory B Cells and Non-
pathogenic Plasma Cells

Owing to the expression of FcRn in B cells,'®*° we explored
the impact of its inhibition by EFG on circulating B-cell
subpopulations in patients with AChR-MG (Table). Fresh
PBMCs were analyzed by multiparametric flow cytometry
during the treatment (Figure 1) to identify the following
B-lymphocyte subpopulations (eFigure 2): (1) total B cells as
CD197, (2) naive B cells as CD19+/CD27-, (3) memory
B cells as CD19+/CD27+, and (4) plasma cells as CD27+/
CD138+.2%*” We revealed a significant increase in the per-
centage of total CD19" B cells in EFG-treated patients at the
4th infusion of cycle 1 (T2) compared with the baseline (T1)
(Figure 3). These cells were proven to be CD19+/CD27+
memory, and not CD19+/CD27-naive, B cells. Of interest,
later in the treatment course, and specifically at the 4th in-
fusion of cycle 2 (T4) and cycle 3 (T6), the same patients
showed a significant increase in CD138+/CD27+ plasma cells
compared with the baseline (Figure 3, eFigure 3, A and B),
suggesting an EFG effect on B-cell activation and differenti-
ation. EFG-induced CD138+/CD27+ plasma cells were
mostly CD19™ (percentage of CD19 vs CD19" cells among
CD138+/CD27+ cells at T4: 86.0 = 11.6 vs 10.5% + 7.7%)
(eFigure 3C), indicating that they were mainly mature plasma
cells or plasmablasts in an end-differentiation stage.27 Of note,
after the follow-up visit, in the absence of EFG, memory
B cells underwent a reduction and then a re-increase after the
Ist infusion of cycle 3, whereas the percentage of plasma cells
remained higher than baseline values up to T6 (Figure 3). We
then assessed the behavior of memory B cells and plasma cells
in each patient with AChR-MG and observed a trend toward
increased levels at T2 and T4, respectively, compared with
baseline (Figure 4A). Because the observed plasma cell in-
crease did not correspond to an increase in anti-AChR Abs or
to disease deterioration (Figure 2), we postulated that these
cells were non-pathogenic/non-autoreactive plasma cells.
Indeed, we did not find a significant correlation between
plasma cell percentage and autoAb levels at T4, or at any time
point during treatment (data not shown). On the contrary,
the intra-patient plasma cell increase (T4/T1) significantly
correlated with QMG score reduction at T4 (Figure 4B). The
overall changes in clinical score values (QMG and MG-ADL
scores), IgG and autoAb levels, and B-cell and plasma cell
percentages during EFG treatment in patients with AChR-
MG are illustrated in eFigure 4. These data supported the idea
that non-autoreactive plasma cell induction by EFG could be
a further mechanism, beyond IgG reduction, associated with
AChR-MG improvement.

120

EFG Does Not Affect Helper and Cytotoxic

T Cells

According to data from the literature, FcRn is not expressed in
T cells.*® However, considering the FcRn role in antigen
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Figure 2 Clinical Improvement in Patients With AChR-MG Treated With EFG
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QMG = Quantitative Myasthenia Gravis.

presentation and cytokine production,”***" we checked for

possible variations in the frequency of CD4" helper and CD8"
cytotoxic T cells in response to EFG treatment in patients
with AChR-MG. These cells were assessed by flow cytometry
in PBMCs (eFigure SA) from the EFG-treated patients
(Table) at baseline and during the fixed period. We did not
observe significant changes in the CD4" or CD8" T-cell
percentages at T2, T4, or the first follow-up visit compared
with the baseline (eFigures SB and 6), thus suggesting that
EFG had no effect on the proportion of these cells in patients
with AChR-MG.

EFG Increases Regulatory Plasma Cells

To confirm flow cytometry analyses at molecular levels and
investigate the function of EFG-induced plasma cells in
patients with AChR-MG, we performed real-time PCR anal-
yses to assess the transcriptional levels of the following can-
didate genes in PBMCs before (T1) and after treatment (T4):
(1) CD38, encoding a marker of plasma cells®®; (2) LAG-3,
encoding an inhibitory receptor acting as a marker of regu-
latory plasma cells with IS function®*%; (3) IL-12a (also
known as p35), and (4) Ebi3 (Epstein-Barr virus—induced
gene 3), encoding the 2 subunits of IL-35, an IL-12 family
cytokine acting as IS protein associated with regulatory B and
plasma cells.>'?
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We found higher CD38 transcriptional levels at T4 compared
with T1 in PBMCs from all patients with AChR-MG except
for 2 (Figure 4C): the non-responder patient and a patient
who required to begin cycle 3 earlier than other patients (0.7
vs 3.4+ 2.7 months, Table). Of note, we observed a significant
positive correlation between CD38 mRNA levels and plasma
cell percentage in EFG-treated patients at T4 (Figure 4C), in
line with flow cytometry data, hence supporting a drug effect
in inducing B-cell differentiation.

According to the idea that EFG-induced plasma cells may
have a non-pathogenic/non-autoreactive phenotype, we
found LAG3 overexpression at T4 (compared with T1) in all
patients except for the non-responder (Figure 4D). IL-12a
and Ebi3 expressions were also increased, with significant
results for IL-124a, in all patients, but not in the patient with an
earlier disease deterioration (Figure 4D), who previously did
not show CD38 upregulation (Figure 4C). Accordingly, gene
expression levels of IL-12a at T4 positively correlated with the
time interval between the end of cycle 2 and the start of cycle 3
(Spearman r = 0.74, p < 0.05; data not shown), and hence with
persistence of EFG beneficial effects. Because both LAG3 and
IL-35 are associated with regulatory plasma cells,”* LAG3,
IL-12a, and Ebi3 upregulation by EFG in PBMCs supports
the idea that the drug is able to induce plasma cells with
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Figure 3 Increase in Memory B Cells and Plasma Cells in EFG-Treated Patients With AChR-MG

Total CD19+ B cells (%)

CD19+ CD27- naive B cells (%)

T1 T2 T3 T4 Follow-up T5 T6 T T2 T3
—_ _

Cycle 2

T4 Follow-up T5 T6
| S _

Cycle 1 Cycle 3 Cycle 2 Cycle 3

0.8+

ol : :

CD19+ CD27+ memory B cells (%)
CD138+ CD27+ plasma cells (%)

f T T T 0.0-— T T T T T T

T T2 T3 T4 Follow-upT5 T6 T T2 T3 T4Follow-upT5 T6
| S | S —_— | S —_ —_
Cycle 1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3

Results of B-cell subpopulation analysis by flow cytometry in longitudinally collected PBMCs from patients with AChR-MG during EFG therapy. For T5 and T6,
the analyses included 6 of the 9 patients. At each time point, the mean values +SEM of the percentage of the following B-cell subpopulations have been
reported: (1) total B cells as CD19" cells, (2) naive B cells as CD19+/CD27- cells, (3) memory B cells as CD19+/CD27+ cells, and (4) plasma cells as CD27+/CD138+
cells. A significant increase in the percentage of memory B cells was observed at T2 and of plasma cells at both T4 and T6 compared with the baseline. *p <
0.05, Kruskal-Wallis with uncorrected Dunn test. AChR-MG = anti-acetylcholine receptor Ab-positive; EFG = efgartigimod; PBMC = peripheral blood mono-

nuclear cell.

a regulatory phenotype. Indeed, we provided direct evidence
of LAG3 and IL-12a overexpression in CD138+ plasma cells
isolated from PBMCs at T4 compared with T1 (eFigure 7).
We therefore suggest a role, to be further investigated, of IL-
12a and LAG3 as molecular biomarkers associated with
clinical response to the drug.

Anti-FcRn Treatment Increases Expression of
B Cells and Regulatory Molecules In Vitro

By immunofluorescence studies, we evaluated FcRn expres-
sion and the ability of an anti-FcRn mAb to bind the receptor,
in Ramos-Blue cells (eFigure 8), analyzed as a B-cell model,
and in CD20" B cells from EFG-untreated patients with
AChR-MG (Figure SA, eFigure 9). Our data were in line with
published reports on FcRn expression in B cells."®*° Addi-
tional cells, negative for CD20, were FcRn-positive
(Figure SA, eFigure 9), according to FcRn expression in dif-
ferent immune system cells (e.g., monocytes).18 Control and
MG PBMCs were treated with EFG (Vyvgart) or an anti-
FcRn mADb, and separately with human IgG1 or mouse IgG2a
as negative controls, and analyzed by flow cytometry
(eFigure 10A). We observed a significant increase in the
proportion of CD19" B cells in PBMCs treated with EFG or
the anti-FcRn mAb, but not with the negative controls,

Neurology.org/NN

compared with untreated cells (Figures SB and 6A,
eFigure 10B). EFG effect was dose-dependent, with a higher
CD19" cell percentage observed in cells treated with a higher
dose of the drug (2 pg/mL vs I pg/mL) (eFigure 11). Of
interest, real-time PCR data revealed significantly higher
CD38 and LAGS3 transcriptional levels in PBMCs treated with
EFG or the anti-FcRn mAb compared with untreated cells
and cells treated with the relative negative controls
(Figure 6B), thus supporting EFG’s ability to stimulate B-cell
expansion and differentiation into plasma cells with a regula-
tory phenotype, as observed in patients’ PBMCs.

Discussion

Biological drugs blocking the FcRn have been developed to
efficiently reduce autoAbs in patients with Ab-mediated au-
toimmune conditions, including MG.” 3% Indeed, the FcRn
is responsible for recycling and enhancing the half-life of IgGs,
including autoAbs, being able to protect them from lysosomal
degradation.”®** The Phase 3 ADAPT (NCT03669588) trial
and its open-label extension study demonstrated that the
FcRn-blocker EFG generated a rapid and meaningful im-
provement without relevant side effects in patients with
gMG.!+16
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Figure 4 Changes in Memory B Cells and Plasma Cells in Individual Patients and Correlation With Clinical Improvement and
Increased Expression of Regulatory Plasma Cell Markers in EFG-Treated Patients With AChR-MG
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(A) Graphs showing the intra-patient behavior of CD19+/CD27+ memory B cells and CD138+/CD27+ plasma cells at T2 and T4, respectively, compared with the
baseline (T1). *p < 0.05, paired t test. (B) Significant negative correlation estimated by Spearman correlation analysis (r: =0.81, p < 0.05) between QMG score
changes (T4 vs T1) and the plasma cell increase (T4/T1) in patients with AChR-MG showing anincrease in these cells at T4. (Cand D) Real-time PCR analysis showing
transcriptional levels of CD38 (C) and LAGS3, IL-12a, and Ebi3 (D) genes in PBMCs of patients with AChR-MG (n = 8) before (T1) and on treatment with EFG (T4, i.e., 4th
infusion of cycle 2). An upregulation of all genes was found at T4 compared with T1. In the “before-after” graph, data are expressed as relative expression values
(272 x 100) normalized against the endogenous control 18S. The line in red indicates a non-responder patient who did not undergo improvement on EFG
therapy. Thelinein blue indicates a patient, initially a responder, but then requiring to begin cycle 3 of the drug earlier than the other patients. Differences between
the 2 time points were significant for LAG3 after excluding the non-responder patient from the analyses (not shown). *p < 0.05, Wilcoxon matched-pairs signed-
rank test. A significant positive correlation (r: 0.84; p < 0.01) was found between CD138+/CD27+ plasma cell percentage and transcriptional levels of CD38 at T4 by
the Pearson correlation test (C). AChR-MG = anti-acetylcholine receptor Ab-positive; EFG = efgartigimod; PBMC = peripheral blood mononuclear cell.

A wealth of data indicated that FcRn, in addition to endo-  innate and adaptive immune responses, antigen presentation,
thelial cells, is largely expressed in myeloid cells, such as  and cytokine production.”***!

monocytes, macrophages, and dendritic cells, and in B lym-

phocytes.'®! Moreover, this receptor has been implicated in ~ The aim of this study was to explore the possible immunologic
several immunologic processes, including potentiation of  impact of FcRn inhibition by EFG in patients with AChR-MG

Neurology: Neuroimmunology & Neuroinflammation | Volume 12, Number 5 | September 2025 Neurology.org/NN
€200455(8)


http://neurology.org/nn

Downloaded from https://www.neurology.org by 3.129.239.96 on 19 August 2025

Figure 5 FcRn Expression in B Cells and In Vitro Effect of Anti-FcRn Treatment
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(A) Double immunofluorescence staining showing the expression of FcRn (green) in CD20" (red) B cells of MG PBMCs collected at T1 (baseline). Magnification
bars: 10 pm. (B) Representative overlay histograms of flow cytometry analysis performed to assess percentage of CD19+/CD27+ B cells in PBMCs from healthy
controls (n = 2) and treatment-naive patients with MG (n = 2) after 24-hour treatments performed in triplicate with (1) EFG (Vyvgart; dose I: 1 yg/mL) or human
1gG1 as negative control and (2) an anti-FcRn mAb (sc-271745, Santa Cruz Biotechnology; 1 pg/mL) or mouse IgG2a as isotype control. Basal: untreated cells;
Neg Control: unstained cells. EFG = efgartigimod; PBMC = peripheral blood mononuclear cell.

beyond Ig reduction. Specifically, we investigated the drug by EFG could be associated with an increased B-cell expan-
effects on B lymphocytes. First, we confirmed EFG efficacyin  sion and differentiation.

inducing clinical improvement, according with QMG and

MG-ADL score reduction and IgG and autoAb level decrease ~ B-cell expansion and differentiation could represent a negative
in patients with AChR-MG from baseline to cycle 3. Then, (balancing) feedback mechanism aimed at restoring IgG
flow cytometry analysis showed a significant increase in  levels reduced by EFG and then resulting in IgG production
CD19+/CD27+ memory B cells at the last EFG infusion of  and increase, also as a consequence of drug withdrawal. This
cycle 1 (T2) and a significant increase in CD138+/CD27+  in turn might limit the recycling and half-life of anti-AChR
plasma cells later during treatment, and specifically at the time ~ Abs, potentially due to competition for the FcRn between
of the last infusion of cycle 2 (T4) and cycle 3 (T6). Of note,  non-pathogenic/non-autoreactive IgGs and autoAbs. Indeed,
plasma cell percentages were higher than those observed at  the observed increase in plasma cells at T4 was in line with
baseline throughout treatment (up to cycle 3). Because the  a trend toward an overall increase of IgG levels after T4,
induction of these cells was not accompanied by IgG or  continuing up to the start of cycle 3; this did not correspond
autoAb increase or MG relapse, we postulated that they may  to an increase in anti-AChR Ab levels but rather to a decrease,
have a nonpathogenic/non-autoreactive phenotype. In the  from the follow-up visit to the start of cycle 3.

context of an autoimmune disease, an increment of plasma

cells could represent a pathogenic event, due to possible In line with the above-mentioned hypothesis, we demon-
autoAb production. However, it is well recognized that plasma  strated an immunoregulatory phenotype of EFG-induced
cells with immunoregulatory properties may be generated  plasma cells, by showing an increased expression of CD38,
under certain stimuli and have IS functions.®® It has been  a marker of B-cell differentiation,*® and LAG3,*”* a specific
demonstrated that, in the context of IV immunoglobulin  marker of regulatory plasma cells, in circulating cells of
(IVIg) therapy, plasmacytosis correlated with a faster clinical ~ patients with AChR-MG at the end of cycle 2 (T4) compared
improvement in Guillain-Barré syndrome.* Moreover, some  with the baseline. Remarkably, CD38 and LAG3 have been
studies showed B-cell immunomodulation by IVIg, due to  demonstrated to discriminate cells with a regulatory capacity
spontaneous IVIg internalization by B cells, and the ability of  and particularly with inhibitory function.”******! Moreover,
IVIg to alter activation, proliferation, and apoptosis of these ~ LAG3 expression was reported to be induced by IL-12a*° that,
cells.3638 According to these observations, and with data  together with Ebi3, constitutes IL-35,>" the expression of
showing that IgGs can induce B-cell anergy,38 IgG reduction  which has been associated with suppressive functions of
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Figure 6 In Vitro Effects of Anti-FcRn Treatment on B-Cell Frequency and Expression of CD38 and LAG3

>

80— & 4 o CTR
e MG

N
o
|

CD19 total B cells
(% change)

o

1

QOO

-~
oe
[ ]

H o

. o

@

3

=

o

404
B
i *k ;
_ 004001 s _ 0.0015 - = N . o CTR
o 0.0300 4 o ° |L‘ * MG
@ 0.0200 a o
g o o .
S 0.0100 5 0.0010- . .
9} 1 o L
:’é 0.0006 . g T :
< 0.00044 e® T 0.0005 T hd °
= = D e 1
& 0.0002- ~ 3 e BB 3 A
' 0.8 I =] [0°9]
“ 0.0000 11— : ﬁ : 82— 0.0000 o ofailey | | BOod
> o N ) 2> > N 0 2
Q)?f’ & \‘7¢(>> 6\?\ \ng'lz QJ?’L) <& \fé’ (\@Y‘ \°¢(>9,
Q&o &
v v

(A) Percentage of CD19" B cells measured by flow cytometry in PBMCs from healthy controls (CTR, n = 2, white dots) and treatment-naive patients with MG (n =
2, black dots), after 24-hour treatments performed in triplicate with EFG (Vyvgart; dose I: 1 ug/mL) or human IgG1 as negative control and (2) an anti-FcRn mAb
(sc-271745, Santa Cruz Biotechnology; 1 pg/mL) or mouse IgG2a as an isotype control. Data are expressed as mean + SEM of percentage changes in treated
PBMCs relative to untreated cells. An outlier value (-85%) in the group of IgG1-treated cells was excluded from the analyses, according to the Grubbs test. (B)
Real-time PCR analysis of transcriptional levels of CD38 and LAG3 in PBMCs from healthy controls (CTR, n = 1, white dots) and treatment-naive patients with
MG (n = 2, black dots), after 24-hour treatments performed in triplicate with EFG or the anti-FcRn mAb and their relative controls. Data are presented as
mean + SEM of 272" x 100 relative expression values normalized with the endogenous control 18S. *p < 0.05, ***p < 0.01, **p < 0.01, ***p < 0.001, the
Friedman test with Dunn’s multiple comparison tests. MG = myasthenia gravis; PBMC = peripheral blood mononuclear cell.

plasma cells.*” Of interest, IL-12a and Ebi3, and particularly ~ accompanied by increased CD38 and LAG3 expression levels,
IL-12a, were overexpressed in PBMCs of patients at T4  in PBMCs treated with both the anti-FcRn mAb and EFG
compared with the baseline, thus strengthening the EFG  compared with cells untreated or treated with the negative
immunoregulatory effect. Notably, increased CD38 and  controls. These in vitro data, combined with those from
LAGS3 expression levels at T4 were not observed in a non-  patients with AChR-MG, suggested that FcRn stimulation or
responder patient; moreover, CD38, IL-12a, and Ebi3 tran-  blocking in B cells by EFG can lead to B-cell expansion and
scriptional levels were not increased in a patient showing induction of plasma cells with a LAG3-related regulatory
disease worsening earlier than other patients after cycle 2, thus ~ phenotype. Beyond the reduction of specific autoantibodies
suggesting a potential value, to be further explored in a wider ~ promoted by EFG, the observed cellular mechanisms may
patient cohort, of these plasma cell-related immunoregula-  likely be operative in MuSK-MG, an issue we could not ad-
tory transcripts as molecular biomarkers to monitor the re-  dress in this study.
sponse to EFG.

This study has some limitations and leaves open questions to
Because the increase in B cells and plasma cells by EFG could ~ be addressed in future research: (1) the number of EFG-
be an indirect effect of the drug related to IgG variation, but  treated patients is small, and the results should be replicated in
also a direct consequence of the drug binding FcRn in B cells,  larger patient cohorts, including patients with AChR-MG,
we treated PBMCs with an anti-FcRn mAb and separately  those with MuSK-MG, and triple-seronegative patients; (2)
with EFG to test the direct drug impact on these cells. We  the specificity and immunophenotypic profile of EFG-
observed an increment of CD19" «cell percentage, induced plasma cells need to be further characterized; (3)
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the potential contribution of these cells to the inter-patient
variability in timing and rate of IgG “rebound/resynthesis”
after EFG discontinuation also deserves further investigation
in larger patient cohorts; (4) regulatory B-cell and plasma cell
expansion as a potential mechanism implicated in EFG effi-
cacy in IgG4 neurologic diseases, along with MuSK-MG,
could be of interest to be explored; (S) whether genetic var-
iability (e.g., sequence variants in the Fc Gamma Receptor
and Transporter [FCGRT] gene)34 affects clinical and im-
munologic response to EFG is another issue to be clarified.

Our overall findings propose an immunoregulatory activity of
EFG in patients with AChR-MG beyond IgG reduction. B-cell
expansion and differentiation into plasma cells with a regula-
tory phenotype may represent an EFG-induced mechanism
associated with disease improvement, to be further in-
vestigated on a longer clinical follow-up. In this regard, LAG3
and other molecules associated with regulatory plasma cells
may have the potential as biological markers of EFG activity
and improve the transition to personalization of treatment
in MG.
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