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1. Zusammenfassung

Das Komplementsystem ist ein integraler Teil des Immunsystems und hilft bei der
Erkennung und Beseitigung von Krankheitserregern. Neben seiner Rolle als Protein-
Netzwerk im Blut ist das Komplementsystem auch an der Regulation der adaptiven
Immunitat beteiligt. Zusatzlich zu diesen Funktionen im extrazellularen Raum hat das
Komplementsystem ebenfalls eine neue Rolle in der intrazellularen Umgebung.
Aktuelle Forschungsarbeiten haben gezeigt, dass das Komplementsystem ebenfalls
intrazellulare Prozesse wie Metabolismus, Autophagie oder Genexpression reguliert.
Die Gesamtheit dieser extra- und intrazellularen Komplement-Aktivitat wird als
,Lcomplosom* bezeichnet, und seine Storung ist mit einer Vielzahl von Erkrankungen

verbunden.

Diese Arbeit untersucht die Rolle des Komplementsystems bei neuromuskularen
Erkrankungen, wobei sowohl die traditionellen extrazellularen Funktionen als auch die
neueren intrazellularen Rollen im Fokus stehen. Im Kontext neuromuskularer
Erkrankungen wird die extrazellulare Komplementaktivierung durch Myasthenia gravis
veranschaulicht. Bei dieser antikorpervermittelten Autoimmunerkrankung tragt die
Komplementaktivierung zur Zerstorung der postsynaptischen Membran bei, was die
Anzahl der Rezeptoren und Natriumkanale reduziert. Ein besseres Verstandnis dieses
Signalweges konnte die therapeutische Landschaft der MG erweitern und neue

Signaturen bei Patienten und Patientinnen mit Myasthenia gravis aufzeigen.

Auf der anderen Seite beleuchtet diese Arbeit die Bedeutung des intrazellularen
Komplementsystems am Beispiel der idiopathischen entzindlichen Myopathien. Bei
diesen Erkrankungen ist die Hemmung des extrazellularen Komplements weniger
wirksam. Gleichzeitig deuten aktuelle Daten darauf hin, dass intrazellulare
Komplementkomponenten in bei der Einschlusskdrper Myositis, einer Unterform dieser
Erkrankungen, beteiligt  sind. Die Dysregulation  von intrazellularen
Komplementproteinen, insbesondere C3, konnte die Immunantwort und das Verhalten
von Fibroblasten regulieren. Dies weist auf die Notwendigkeit weiterer Forschung hin,
um die Rolle des intrazellularen Komplements bei neuromuskularen Erkrankungen

besser zu verstehen.

In Summe diskutiert diese Arbeit die Bedeutung des extra- und intrazellularen



Komplementsystems bei neuromuskularen Erkrankungen und zeigt auf wie Diagnostik
und Therapie durch ein besseres Verstandnis dieses Systems verbessert werden

konnen.

2. Introduction
Discovered over a century ago by Jules Bordet ', the complement system has been
viewed as a serum-effective arm of innate immunity that ‘complemented’ the action of

antibodies during the detection and elimination of bloodborne pathogens.

As our understanding of the individual components within the complement system
deepened, it became evident that this system plays a crucial role as a mediator in acute
inflammatory reactions guiding migration and activation of innate immune cells 2.
Surprisingly, ongoing research initiated in the 1980s demonstrated that complement
receptor signalling on B and T cells also constitutes an integral component of both the

humoral and adaptive immune responses 3.

The serum-effective activity of extracellular complement has been in the scientific
spotlight for decades. Here, complement is required for the bodies defence machinery
against invading pathogens. Indeed, from an evolutionary viewpoint, the complement
system has been conserved for more than 500 million years, as evidenced from genetic
studies of common ancestors of Eumetazoa °. The initial activation mechanism of the
ancient complement system is thought to closely resemble the mammalian lectin and
alternative activation pathways, primarily focused on opsonization and induction of
inflammatory pathways. This ancient complement system remained largely unchanged
across most deuterostomes until the emergence of jawed vertebrates. During this
evolutionary stage, the genetic landscape underlying the complement system shifted
introducing the classical and lytic pathways to the pre-existing complement system 5.
This transformation marked the evolution from the primitive complement system to the

complement system that is at the centre of our current understanding °.

Still, our understanding of the complement system and its subsequent functions
continues to expand, revealing a more intricate compartmentalization than previously
assumed 34, The activation of complement is not confined to extracellular spaces but
also extends intracellularly, spanning diverse cell populations and various tissues.
These pathways of intracellular complement have been termed as the ,,complosome*
and are subject of ongoing research, uncovering compelling evidence of their

involvement in novel and non-canonical functions. Remarkably, the complosome



actively engages in fundamental cellular processes like metabolism, autophagy, and
gene expression 348, This newly appreciated role in cell biology underscores the impact
of disruptions in complosome activities on prevalent human diseases. Conditions
ranging from recurrent infections to arthritic diseases, atherosclerosis, and cancer are

increasingly linked to perturbations in the complosome.

This work explores the evolving role of the complement system in neuromuscular
diseases. First, we will explore the ,canonical“ activation of complement in the
extracellular environment and its influence on neuromuscular disorders. A special
emphasis will be placed on the development of therapies targeting the complement
system. Second, we will highlight the ,,non-canonical* intracellular role of complement
in neuromuscular diseases and discuss its potential implications in understanding
pathophysiological mechanisms. Finally, this work aims to amalgamate contemporary
perspectives on both extracellular and intracellular complement activities, thereby

offering a comprehensive synthesis of our present comprehension in this field.

3. Extracellular complement and its impact on neuromuscular diseases

The human complement system is a complex network involving over 50 proteins 7.
These proteins can be found circulating in the blood or residing as cell membrane-
bound proteins. Among these proteins, C3 and C5 stand out as major effector
molecules, primarily produced by the liver in a pro-enzymatic form. Activation of
complement C3 and C5 occurs when various activation pathways are triggered in
response to pathogen- or damage-associated molecular patterns 7. This initial
recognition leads to the creation of C3 and C5 convertases, subsequently resulting in
the cleavage and activation of C3 into C3a and C3b, and C5 into C5a and Cb5b,
respectively. The assembled C5b unit combines with serum proteins C6 through C9 to
generate the membrane attack complex (MAC). The MAC, in turn, directly lyses
pathogens or harmful target cells. Additionally, C3b opsonizes microbes and

deleterious host cells, marking them for destruction by scavenger cells ”.

The receptors responsible for binding the anaphylatoxins C3a and C5a — the C3a
receptor (C3aR) and C5a receptors 1 and 2 (C5aR1 and C5aR2), respectively — are
expressed by a wide array of host immune and non-immune cells 8. Stimulation of these
receptors triggers diverse responses, including endothelial activation to facilitate
adhesion and the influx of immune cells into tissues, contraction of smooth muscle

cells, and the recruitment and activation of innate immune cells 7. All these processes
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are fundamental to the classic inflammatory reaction and are widely acknowledged as

canonical complement functions.

While historically recognized as a key player of innate immunity, the complement
system also plays a pivotal role in orchestrating adaptive immunity. One such example
is the significance of the iC3b/C3dg/C3d-binding complement receptor 2 (CR2) acting
as a co-stimulatory molecule for B cells °''. Its function significantly reduces the
threshold of B cell receptor (BCR) signaling, amplifying it by up to 10,000-fold. Similarly,
CD46, a complement regulator and receptor capable of binding and deactivating C3b
and C4b, offers co-stimulatory signals to human CD4+ T cells ''. These signals are
essential for the induction of T helper 1 (TH1) cell responses. The viewpoint that
complement constitutes an integral part of adaptive immunity clarifies the extensive
influence of complement dysregulation across various human disease states mediated

by both innate and adaptive immunopathology.

3.1. Myasthenia gravis as prototypical complement-mediated
autoimmune disease

A primary example of complement in autoimmunity is myasthenia gravis (MG). A rare
and heterogenous condition, MG is characterized by the disruption of signal
transmission across the neuromuscular junction (NMJ) 812, The diverse manifestations
of MG lead to its classification into distinct subtypes based on variations in
autoantibodies and the clinical presentation of symptoms. The most frequent antibody
detected in MG (80 to 85% of patients) is directed against the acetylcholine receptor
(AChR), densely distributed on the postsynpatic membrane of the NMJ %12, The
mechanisms through which these AChR autoantibodies operate to disrupt synaptic

transmission at the NMJ encompass the following mechanisms 3

Inhibition of acetylcholine binding: By obstructing the binding sites for

acetylcholine on AChRs.

Accelerated degradation of AChRs: Prompting the internalization and breakdown

of AChRs cross-linked by these autoantibodies.

Complement activation: This process triggers damage to the postsynaptic
membrane at the NMJ, resulting in a decrease in membrane surface area, along with
a reduction in both the number of AChRs and voltage-gated sodium ion (Na+)

channels.

MG patients without AChR antibodies may, instead, demonstrate antibodies
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3.2.

recognizing the muscle-specific kinase (MuSK) or low-density lipoprotein receptor—
related protein 4 (LRP4). These antibodies are rare and only detected in approximately
5% or less than 1% of patients, respectively 3. Intriguingly, the anti-MuSK-antibody is
mostly composed by IgG4 and, therefore, unlikely to induce complement activation as
effector mechanism. Instead, these anti-MuSK-antibodies disrupt the signalling
pathway of MuSK by obstructing the interaction between agrin, LRP4, and MuSK,
resulting in reduced AChR density 3.

In the following sections, we will focus on the activation of complement by AChR-

antibodies and its implications within the context of MG.

of MG
Multiple lines of evidence suggest complement in the pathogenesis of MG including
human and animal studies '3. First, immunization against the AChR was employed to
generate models of experimental autoimmune myasthenia gravis (EAMG) 4. Here,
active or passive EAMG models showcased the deposition of complement revealing
the co-localization of IgG, C3, and MAC deposits specifically at the NMJ. These
deposits correlate with the deterioration of the postsynaptic membrane, debris
accumulation within the synaptic space, AChR loss from the endplate region, and a
noticeable decrease in miniature endplate potential amplitude 4. Studies using
knockout mice lacking either C3 or C4 have a notably decreased occurrence of active
EAMG compared to their wild-type counterparts. Despite observing IgG deposits at the
NMJ in both C3- and C4-deficient animals, MAC formation is largely absent in these
knockout mice. Similar outcomes are observed in animals lacking C5 or C6. In C5-

deficient mice, immunofluorescence detects IgG and C3 at the NMJ, but not the MAC
14,15

In humans, alterations in the concentrations of different complement proteins within the
serum of MG patients indicated the active involvement of complement components in
the disease's pathogenesis. Further studies employing electron microscopy and
immunohistochemistry to study the NMJ in MG patients, as pioneered by the late
Andrew Engels, demonstrated the localization of IgG antibodies alongside complement
components C3 and C9 specifically on the postsynaptic membrane 1617, Furthermore,
these elements were identified on fragments of deteriorating junctional folds found

within the synaptic space. This localization underlines the role of complement activation

Evidence for complement activation as pathophysiological driver
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in the structural and functional alterations observed at the NMJ in individuals with MG.

3.3. The need for novel therapeutics in MG

Owing to advancements in treatment strategies and diagnostic tools, the therapeutic
outcomes for the majority of MG patients have improved 218, However, there exists a
distinct subgroup within the population of MG patients, often labeled as refractory, who
continue to experience symptoms despite therapy. These patients commonly face
disease exacerbations and myasthenic crisis (MC), which substantially contribute to
the overall disease burden. Despite progress in diagnosing and treating MG, individuals
experiencing MC still confront a considerable mortality rate, estimated at around 5—
12%. The necessity for hospitalization, coupled with the burden of managing the
disease and the expenses associated with available rescue therapies, underscores the

critical importance of both preventing and effectively managing MC.

Indeed, we observed that in a retrospective, observational cohort study of MG patients
between 2000 and 2021 from eight tertiary hospitals in Germany the risk for MC
remained high with 26.3% of patients experiencing MC during their individual course of
disease '2. This study underscores the high disease burden in the time before the
advent of targeted complement therapies. In this cohort, mean age at disease onset
was 52.7 years (standard deviation (20) 20.0) and at diagnosis 53.5 years (SD 19.8).
Early disease onset before the age of 50 years occurred in 300 patients (36.8%), while
510 patients (62.6%) were late-onset MG (LOMG) '2. The follow-up time was 62.6
months (SD 73.3) after diagnosis. Out of 815 patients, 217 patients (26.3%)
experienced a MC during their disease course while 225 patients (27.6%) experienced
a disease exacerbation. Potential risk factors for the occurrence of a MC or disease
exacerbation were interrogating using a model of multivariate Cox regression. In this
cohort, the Myasthenia Gravis Foundation of America (MGFA) class, as surrogate
marker for clinical severity, correlates inversely with the risk for MC (Figure 1A, B).
Further, patients with anti-MuSK-antibodies have a higher risk for experiencing MC or

disease exacerbation (Figure 1C, D) '2.

Intriguingly, the efficacy of therapeutic management of MG is associated with the
occurrence of MC and disease exacerbations 2. Minimal manifestation status (MMS)
is defined in accordance with the MGFA as no symptoms of functional limitation from
MG but weakness on examination only detectable by examination. To exclude bias due

to patients presenting with MC or exacerbation as first manifestation, patients with a
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clinical event up to 6 months after diagnosis were excluded from the analysis of
treatment response. The risk was reduced for achieving MMS for MC (OR 0.32 95%
Cl 0.17-0.61, p=0.002) and for exacerbation (OR 0.50 95% CI 0.34-0.70, p <0.001)
12 In line, patients without MMS are at an increased for MC and disease exacerbations
as compared to patients achieving MMS (Figure 1E, F). The analysis of cortisone, as
binary variable, and dosage, as continuous variable, as predictors for MC or
exacerbation did not influence the risk for MC (OR 1.12 95% CI 1.05-1.33, p=0.16)
and exacerbation (OR 1.09 95% CI 1.01-1.45, p = 0.42) when compared with patients
who did not receive cortisone. In the group of cortisone-treated patients, assessment
of cortisone dose did not reveal an association with the risk for MC (OR 1.27 95% Cl
1.16-1.65, p = 0.23) or exacerbation (OR 1.52 95% Cl 1.34-1.72, p=0.18) '2.

14



A = MGFA1 -+ MGFA2 —+ MGFA3 —+ MGFA 4 B —+MGFA1 -+ MGFAZ —+ MGFA 3 —+ MGFA 4
p < 0.0001 10— p <0.0001
N
§075. | \ﬁ
& | .y
.} ~
2 L %
5 - g 05 o
] 1 hd
% 0.25. —
AP I S S ‘= .}
=i
0 0.
¥ 0 50 100 150 200 250 x 0 50 100 150 200 250
T —iig &1 31 22 12 ] -1 50 18 15 & a'
T —181 83 51 30 15 10 = -198 75 a5 18 7 3
5 -122 47 28 16 6 4 T 136 40 18 8 1 1
£ -4 8 4 4 4 3 T -3 ] 4 4 3 1
E time [months] 2 time [months]
C =+ anti-MuSK-ab neg. =+ anti-MuSK-ab pos. D =+ anti-MuSK-ab neg. —+ anti-MuSK-ab pos.
1.0 p <0.0001 1.0 p = 0.0005
£ 075
o 2
= 8
3 g 05 \51
af [
[7:] .
I £ !
i‘cq 0.25. \_I_L L‘—|

- &
[7:] [ M ¥ e y 1
(= =
= = =475 164 73 44 20 10
B _a 6 4 1 0 0 |- 13 8 3 1 0
E E
z time: [months) H time [months]
E <+ nomms + MMS F = nomms -~ MMS
1.0 " p=0.0016 1.0. p=0.00079
0.75- 5 0.75.
g 05 8 05
= 5
w 5
0.25. 3 025
0 0
% 0 50 100 150 200 250 % 0 50 100 150 200 250
= -3 43 21 5 0 0 = =15 4 18 8 4 0
2 - T4 ag 14 8 4 4 z ~ 96 43 28 10 5 3
E £
2 tirme [months] F=S time [months]

Figure 1: Survival analysis of MC and disease exacerbation. Survival curves displaying the time (in
months) between diagnosis and the first MC (myasthenic crisis) or exacerbation. (A) Survival graph
displaying the time to MC according to MGFA class. (B) Survival graph displaying the time to
exacerbation according to MGFA class. (C) Survival graph displaying the time to MC according to anti-
Musk-ab status. (D) Survival graph displaying the time to exacerbation according to anti-Musk-ab status.
(E) Survival graph displaying the time to MC according to minimal manifestation status (MMS) at
12 months after diagnosis. (F) Survival graph displaying the time to exacerbation according to MMS at
12 months after diagnosis. Significance between survival curves was assessed by logrank testing.
****p < 0.0001 ***p<0.001, **p<0.01, *p <0.05. Mit freundlicher Genehmigung des Verlags aus Nelke
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et al. 2022.

This data suggests that a subgroup of patients continue to experience severe disease
despite treatment and that patients are at an increased risk for life-threatening MC if

symptoms are left unchecked.

3.4. Novel therapeutics in the management of MG

The existing standard of treatment for MG includes broad immunosuppressive
treatments (IST) such as corticosteroids, azathioprine, methotrexate or mycophenolate
mofetil as well as immunomodulatory treatments such as plasma exchange (PLEX)

and intravenous immunoglobulins (IVIG) 3.

This spectrum was expanded in 2017 with the admission of eculizumab. This
recombinant humanized monoclonal antibody binds to C5
inhibiting its breakdown into C5a and C5b, thereby preventing the formation of the MAC
9. Eculizumab pioneered targeted complement therapies and was initially recognized
by the Food and Drug Administration (FDA) in 2007 for treating paroxysmal nocturnal
hemoglobinuria. In the phase 3 trial REGAIN, eculizumab demonstrated a convincing
benefit in patients with refractory generalized MG, despite not achieving a 100%
response rate. The maijority of patients still required continuous, long-term therapy with
other ISTs. Based on these findings, eculizumab became the first complement-targeted
therapy for MG °.

However, there remains a lack of evidence comparing different treatment approaches
in MG 2. In a retrospective, observational study, we assessed rituximab and
eculizumab as treatments for generalized, therapy-resistant anti-AChR-antibody
positive MG. The primary outcome parameter utilized was the change from the baseline
quantitative myasthenia gravis (QMG) score, assessed over a 24-month follow-up
period. Specific study outcomes were predetermined before data analysis commenced
20_ A total of 77 patients were included and matched by propensity score matching using
an optimal full matching approach as to avoid a selection of patients to remain
unmatched. The balance between the two groups was assessed by comparing the
standardised mean differences of the covariates before and after propensity score
adjustment. Using a model of optimal full matching, we achieved standardised mean
differences for the selected covariates below 0.1 indicating adequate balancing of the

two groups 2.
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Table 1: Baseline characteristics of patients

Rituximab-treated Eculizumab-treated P
patients patients value

Patients, n 57 20
Age at baseline, years, mean (SD) 46.5 (17.1) 45.4 (15.2) 0.791
Age at diagnosis, years, mean (SD) 40.8 (18.2) 36.5 (12.2) 0.351
Early onset MG, n (%) 36 (63.1) 16 (80.0) 0.266
Late onset MG, n (%) 21 (36.9) 4 (20.0) 0.266
Female patients, n (%) 35 (62.5) 12 (54.6) 0.610
Disease duration, years, mean (SD) 6.3 (4.5) 8.8 (6.3) 0.068
QMG score at baseline, mean (SD) 10.7 (5.1) 13.2 (5.2) 0.056
MGFA status at maximum severity, n (%)

I 0 (0.0) 0(0.0) 0.335

Il 16 (28.1) 10 (50.0)

1] 20 (35.1) 5 (25.0)

v 16 (28.1) 3 (15.0)

Vv 7(12.2) 2 (10.0)
History of thymectomy, n (%) 29 (50.8) 13 (65) 0.308
Confirmed thymoma, n (%) 8 (14.0) 4 (20.0) 0.487
Total number of previous ISTs, median 2 (2-3) 2 (2-3) 0.285
(minimum—maximum)
Previous disease modifying therapy, n (%)

Azathioprine 49 (85.9) 18 (90.0) 0.729

Mycophenolate 26 (45.6) 14 (70.0) 0.072

Methotrexate 24 (42.1) 7 (35.0) 0.608

Cyclosporine 7 (12.2) 5(25.0) 0.279
Cortisone at baseline, mg, mean (SD) 6.0 (10.3) 10.4 (12.6) 0.121
Number of previous MC, median (minimum— 1 (0-3) 1 (0-3) 0.971
maximum)

Table 1: Baseline refers to the first infusion of rituximab or eculizumab. Disease duration was
defined as the time between symptom onset and baseline. Patients with rituximab were
compared with patients receiving eculizumab by two-sided Student’s t-test (*) or Fisher’s exact
test (#). P values are given; significance cut-off was p<0.05. Abbreviations: IST,
immunosuppressive therapy; MC, myasthenic crisis; MG, myasthenia gravis; MGFA,
Myasthenia Gravis Foundation of America; QMG, quantitative myasthenia gravis. Mit
freundlicher Genehmigung des Verlafs aus Nelke, Schroeter et al. 2022.

Patients treated with eculizumab experienced a stronger benefit from the treatment
compared to those on rituximab (QMG at 12 months: rituximab 11.2 (SD 7.3) vs.
eculizumab 8.4 (SD 6.1); p=0.021, Figure 2) 2°. Furthermore, we assessed the change
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QMG score (mean, 95% CI)

to the QMG score from baseline and at 24 months between the rituximab (n=54) and
eculizumab (n=19) cohorts. Eculizumab-treated patients displayed a stronger reduction
in the QMG score compared to rituximab-treated patients at 24 months (QMG at 24
months: rituximab 11.2 (SD 6.4) vs. eculizumab 9.6 (SD 8.5); p<0.001). Notably, the
presence of a thymoma did not affect the QMG score changes at 12 or 24 months

(p=0.123 and p=0.848, respectively).
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Figure 2: Changes to baseline QMG score. QMG scores were assessed at 6, 12 and 24 months.

Baseline is defined as start of rituximab or eculizumab therapy. Differences between groups were
assessed in a model of optimal full propensity score matching. Patients were matched for QMG score at
baseline, sex, age at diagnosis, age at baseline and thymoma. Error bars display mean (95% ClI).
***p<0.001, **p<0.01, *p<0.05, p=20.05, not significant. Mit freundlicher Genehmigung des Verlags aus
Nelke, Schroeter et al. 2022.

In respect to the occurrence of MC during the 24 month observation period, there were
nine patients in the rituximab group who experienced a MC, whereas two patients
showed deterioration in the eculizumab group. However, this discrepancy did not
achieve statistical significance (MC, n (%), rituximab 15 (15.8%) vs. eculizumab 2
(10.0%), p=0.510). Interestingly, the time to MC did not display variance between
rituximab- and eculizumab-treated patients (Figure 3A). At 12 month follow-up, there

was a difference in the rate of patients achieving MMS between the two groups. Six
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patients achieved MMS in the rituximab group (n=56, 10.7%), while seven patients
achieved MMS in the eculizumab treatment group (n=19, 36.8%; p=0.031, Figure 3B).
This effect persisted at the 24 month assessment, with seven patients reaching MMS
after rituximab (n=54, 12.9%) and seven patients after eculizumab treatment (n=19,
36.8%; p=0.015). However, one eculizumab patient and three rituximab patients were
excluded from the analysis due to insufficient information regarding their rescue

therapies 2.
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The utilization of rescue therapies did not significantly differ between the rituximab and
eculizumab groups, as indicated by the number of rescue therapies required per patient
during the 24-month observation period (number of rescue therapies per patient (SD):

rituximab 2.20 (1.83), eculizumab 1.42 (1.81); p=0.073) (Figure 3C). Additionally, both
20



groups were able to reduce their prednisolone dose after initiating treatment (Figure
3D). Notably, no significant difference was detected between the groups concerning
the change in baseline prednisone dose at 12 months (prednisone dose at 12 months,
mg (SD): rituximab 4.01 (4.90), eculizumab 5.30 (5.63); p=0.721) or at 24 months of
treatment (prednisone dose at 24 months, mg (SD): rituximab 2.75 (3.67), eculizumab
3.17 (2.88); p=0.871).

Taken together, these data underline the value of targeted complement therapies for
the management of MG. Still, there remains a substantial risk for MC independent of

treatment strategies underscoring the need for intensified monitoring for patients at risk.

3.5. ,Off-target” effects of complement-inhibition with eculizumab
While eculizumab has exhibited remarkable effectiveness, even in instances of
autoimmune diseases resistant to treatment, further studies into the long-term safety
implications and treatment outcomes are needed. This need is underscored by a recent
surge of novel complement inhibitors approved for the treatment of MG, such as
ravulizumab'® (monoclonal antibody targeting C5 with longer efficacy than eculizumab)
or zilucoplan?' (small molecule targeting C5 with subcutaneous application). As
introduced above, complement is likely to impact not only aspects of innate and
adaptive immunity, but also to regulate metabolic functions . Consequently, the
therapeutic suppression of the terminal complement cascade is likely to exert broader
influences on human biology beyond solely inhibiting the formation of the MAC.

To address this viewpoint, we employed a combined proteomic and metabolomic
approach to study the serological profile of anti-AChR-antibody MG patients treated
with eculizumab ©. Investigating the impact of eculizumab on both the serum proteome
and metabolome, we enrolled three cohorts of patients with MG, each matched in terms
of age and sex. These cohorts comprised individuals treated with either eculizumab or
azathioprine (the most common first-line therapy), as well as treatment-naive patients
serving as the control group. At the time of sampling, patients across all groups were
around 55 years old, with an equal distribution of 2 women and 8 men in each cohort.
Among the eculizumab-treated patients, there was an average of 2.8 (with a standard
deviation of 1.6) prior ISTs, while those receiving azathioprine had an average of 1.5
(with a standard deviation of 2.5) previous ISTs 6. Notably, thymectomy had been

performed in three individuals from the eculizumab-treated group, one from the
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treatment-naive group, and 5 from the azathioprine-treated group. All thymectomies
took place at least 6 months prior to the patients' inclusion in the study. Importantly,
there were no discernible differences in steroid dosage between patients treated with

eculizumab and those treated with azathioprine (p = 0.68) ©.
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(cellular component), KEGG (Kyoto Encyclopedia of Genes and Genomes), and HPA (Human Protein
Atlas) databases, respectively. The analysis was performed using the R package gprofiler2 with g:SCS
multiple-testing correction method applying significance threshold of 0.05. The —log10 P value is
indicated on the y axis. IDs next to circles are annotated in D. Related GO terms and functional pathways
were clustered together. (D) Table displaying GO terms and functional pathways of interest shown in A—
C. N = 10 per group. GO, gene ontology. Mit freundlicher Genehmigung des Verlags aus aus Nelke,
Schroeter et al. 2022.

We performed Gene Set Enrichment Analysis (GSEA) to study the serum proteome of
each cohort. Here, biological processes (BPs) displayed distinct alterations in the
eculizumab cohort, particularly in respect to complement activation and the regulation
of complement activation, likely attributed to the accumulation of terminal complement
factors. Intriguingly, serum samples from patients treated with eculizumab also
displayed significant alterations in high-density lipoprotein particle remodelling,
regulation of wound healing, and cellular detoxification processes when compared to
both azathioprine-treated and treatment-naive patients (Figure 4A). Concerning
cellular components (CCs), the eculizumab group exhibited enrichments in GO terms
associated with immunoglobulin complexes and blood microparticles, among others
(Figure 4B, C, D). Analysis of the KEGG pathway highlighted an upregulation in
complement and coagulation cascades within the eculizumab-treated cohort. However,

analysis of the HPA database did not reveal any significant functional enrichments ©.

Next, we integrated the metaobolimc data. Here, we observed an alteration in the
arachidonic acid metabolism due to eculizumab treatment. After data pre-processing
and metabolite identification, we selected 289 unique metabolites for downstream
analysis. Leveraging sparse partial least squares discriminant analysis (sPLS-DA),
known for handling noisy data with high collinearity, we tailored a model to suit our
metabolomics data and reduced the dataset dimensionality (Figure 5A). Each of the
three groups exhibited distinct metabolome signatures. In order to identify altered
pathways, we conducted functional enrichment analysis specific to the eculizumab-
treated cohort using the KEGG database (Figure 5B). Notably, the linoleic acid
metabolism pathway emerged as the most enriched functional pathway within the
eculizumab-treated cohort. Building upon our earlier observation of reduced ALOX5
levels in the proteomic data, we hypothesized that the blockade of complement by
eculizumab in patients leads to an alteration in arachidonic acid (AA) metabolism 6.

This might be relevant as linoleic acid serves as a precursor lipid metabolized to AA.
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We observed a positive correlation between 5-HPETE and ALOX5. Hence, we
suspected that the decreased ALOXS levels result in a disruption of AA metabolism
and inhibition of downstream production of leukotrienes given that ALOXS5 metabolizes
AA to leukotrienes. Specifically, ALOX5 metabolizes AA to generate 5-HPETE, which
undergoes further processing to leukotriene A4 (LTA4). Our comparison between
groups revealed a reduction in 5-HPETE levels in the serum of eculizumab-treated
patients (Figure 5C). Importantly, 5-HPETE is a precursor metabolite to LTA4, an
initiator of downstream leukotriene synthesis. However, our metabolomics approach
could not definitively detect LTA4. Apart from its involvement in the leukotriene
pathway, AA also serves as a precursor in prostaglandin metabolism. To investigate
potential disturbances in prostaglandin metabolism, we assessed levels of PGH2
resulting from PGH2 synthase enzymatic activity (Figure 5D). Surprisingly, PGH2
levels remained unchanged across all groups. To validate our earlier findings using a
different methodological approach, we conducted a targeted analysis of PGH2 and
LTA4 via ELISA. These metabolites are pivotal precursors in both prostaglandin and
leukotriene metabolism. LTA4 levels were diminished in eculizumab-treated patients,
while PGH2 levels remained consistent across groups (5E and F). To confirm these
observations, we obtained longitudinal samples from patients undergoing eculizumab
treatment. Specifically, we collected serum samples from 5 patients who had
transitioned from azathioprine to eculizumab (Figure 5G). These patients, with an
average age of 52.5 years (ranging from 31 to 73), comprised 3 men and 2 women.
Following the switch, azathioprine was discontinued, and patients received eculizumab
treatment for 3 months before serum sample collection. Throughout this period,
glucocorticoid dosages remained stable across all patients, averaging 5 mg (with a
standard deviation of 2.5). We assessed LTA4 and PGH2 levels via ELISA, comparing
their statuses during eculizumab treatment and prior. Consistently, LTA4 exhibited
decreased levels in eculizumab-treated patients, while PGH2 levels remained
unchanged (Figure 5H and I) .
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Finally, we aimed to understand the mechanistic connection between inhibiting the

terminal complement pathway and the resultant alterations in the ALOX5 metabolism.

Previous studies have highlighted that the binding of the C5aR instigates the synthesis
and discharge of leukotrien B4 (LTB4). LTB4, a downstream product of AA and LTA4,
demonstrates pro-inflammatory properties. Consequently, the activity of ALOXS is
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crucial for the generation of LTB4. We hypothesized that reduced engagement of the
Cb5aR leads to the downregulation of ALOX5 activity in response to C5 inhibition,
subsequently reducing both LTA4 and LTB4 levels. To validate this hypothesis, we
employed an in vitro model utilizing polymorphonuclear leukocytes (PMNSs), the
immune cells primarily involved in ALOX5 metabolism. To confirm ALOXS's ability to
produce LTB4 in PMNs, we exposed these cells to escalating concentrations of
recombinant C5a (Figure 6A) and quantified LTB4 using an ELISA. Consistent with
earlier findings, C5a prompted the release of LTB4 in a dose-dependent manner.
Based on these findings, we opted to proceed with 500 ng/mL of C5a for subsequent
experiments. Subsequently, our aim was to establish the necessity of C5aR for LTB4
release in PMNs. For this purpose, PMNs were incubated with both C5a and PBS as a
control (Figure 6B). We utilized the C5aR inhibitor PMX53 to investigate whether the
interaction between C5a and C5aR is required for LTB4 generation. Notably, co-
incubation with PMX53 (10 nM) resulted in diminished LTB4 release. Additionally, when
PMNs were incubated with C5a and the ALOXS5 inhibitor zileuton (100 uM), it similarly
led to reduced LTB4 levels. These collective findings imply that the interaction between

Cba and C5aR triggers the synthesis of leukotrienes by ALOXS.
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Figure 6: In vitro analysis of eculizumab. (A) PMNs were incubated with indicated concentrations of
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recombinant C5a for 6 hours. (B) PMNs were incubated with indicated substances (C5a 500 ng/mL, C5a
+ PMX53 10 nM, C5a + zileuton 100 uM, or PBS) for 6 hours (n = 10 per group). (C) PMNs were
incubated with indicated serum from treatment-naive patients with MG or eculizumab-treated patients
with MG for 6 hours. PMNs were also incubated with treatment-naive serum and a final concentration of
PMX53 of 10 nM or PBS for 6 hours (n = 10 per group). Groups were compared by 2-sided Student’s t
test. ***P < 0.001, **P < 0.01. ALOXS5, arachidonate 5-lipoxygenase; LTB4, leukotriene B4; PMNs,
polymorphonuclear leukocytes. Mit freundlicher Genehmigung des Verlags aus Nelke, Schroeter et al.
2022.

Subsequently, considering that the C5 inhibitor eculizumab obstructs the cleavage of
C5 and the release of C5a, we hypothesize that this mechanism was accountable for
the observed effects. To investigate this hypothesis, we exposed PMNs to the serum
obtained from the 10 treatment-naive patients involved in this study, alongside serum
from patients treated with eculizumab (Figure 6C). Upon exposure to the serum from
treatment-naive patients, we observed higher levels of LTB4 compared to incubation
with eculizumab-treated serum or PBS. Additionally, we treated PMNs with the serum
from treatment-naive patients in combination with the C5aR inhibitor PMX53.
Interestingly, this combination led to reduced LTB4 levels, indicating that the interaction
between C5a and C5aR is pivotal for the impact of eculizumab on downstream
products resulting from ALOX5 metabolism.

In summary, it appears that eculizumab prevents the engagement of C5aR on PMNs
by impeding the generation of C5a. Activation of C5aR is crucial for initiating ALOX5
processing AA; hence, eculizumab might attenuate the production of subsequent

leukotrienes resulting from this pathway.

3.6. Outlook on complement-targeting therapies for MG

The advent of complement-targeting therapies has introduced a groundbreaking shift
to the landscape of MG treatments. These therapies constitute a new class of drugs
that offer high efficacy while circumventing the drawbacks associated with broad
immunosuppression. However, it's crucial to acknowledge specific adverse effects,
such as increased susceptibility to encapsulated bacteria, and also to investigate
potential "off-target" effects like modulation of AA metabolism that require further
exploration.

Going forward, the development of additional options for complement inhibition is likely.
These upcoming agents will vary in their administration methods (oral, intravenous, or

subcutaneous) and treatment duration '3. Such advancements are expected to provide
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clear advantages for both physicians and patients, facilitating tailored treatment options
that align with individual patient needs. Yet, several lingering questions within the field
require answers: Are the efficacy profiles of different treatment agents comparable?
How do co-existing health conditions impact treatment outcomes? What are the
potential long-term consequences of prolonged complement inhibition? Furthermore,
understanding the factors and mechanisms contributing to treatment non-
responsiveness remains an important area of inquiry. Addressing these unresolved
aspects will be crucial in advancing the field and refining the management of MG
through complement-targeting therapies.

Finally, we discuss MG and its therapeutic landscape as example of extracellular
complement activity as we assume that the prevention of MAC formation is the primary
driver of treatment efficacy. However, the extent to which inhibiting the formation of
Cb5a contributes to the effect of complement inhibition remains unclear. C5a, known for
its interaction with a myriad of receptors, undergoes rapid degradation by
carboxypeptidases, transforming into C5aDesArg, which exhibits a half-life of less than
5 minutes in vivo %. As a result, studying C5a is notoriously challenging, and its
implications for intracellular signalling are likely underestimated, despite its

significance.

4. Intracellular complement and its impact on neuromuscular diseases

In the previous section, we discussed extracellular complement activation in the context
of MG as prototypical disease mediated by pathogenic antibodies. While inhibition of
extracellular complement provided a substantial treatment benefit in MG, this efficacy
is not readily replicated across complement-related conditions. Here, we will explore
how intracellular complement might impact neuromuscular diseases, such as idiopathic
inflammatory myopathies (IIM), and how its compartmentalization might hinder
contemporary treatment approaches.

Over the last decade, numerous studies have provided evidence for a novel aspect of
complement function: intracellular complement activation. Coined as the ,complosome*
3.4 this intricate protein complex operates intracellularly, distinct from the extracellular
complement system. Notably, complosome constituents not only interact internally but
also engage with other intracellular defence mechanisms like the inflammasome,
autophagosomes, and the ribosomal machinery 3*. The proteins constituting the

complosome are encoded by the same genes responsible for the circulating
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complement system, such as C3 or C5. Placed in an intracellular context, specific
proteases and convertases cleave internal C3 and C5 beneath the cell membrane or
within subcellular compartments. While most complosome components originate from
within cells, intracellular C3 can also originate externally or from the cell surface,
integrating into the functionally active intracellular complosome 3#23,

The essential components of the complosome - C3, C5, their activation products,
receptors, and some regulators - have been identified within various intracellular
compartments, including the mitochondria, cytoplasm, or endoplasmic reticulum, and
even the nucleus 3423, These diverse intracellular locations allow for distinct functional
roles, diverging from those attributed to classical complement pathways. Specifically,
the complosome contributes to fundamental cellular processes such as cell
metabolism, gene expression regulation1, and autophagy. Intracellular receptors like
mitochondrial, lysosomal, and/or endosomal C3aR and C5aR1 mediate their functions
by initiating signalling cascades akin to those triggered by their ,classical complement®
counterparts present on the cell surface. This interaction occurs in spatial separation
from extracellular complement components. Moreover, comeplement components also
contribute to immune cell signalling, secreted either in an autocrine or paracrine fashion
or expressed on the cell surface, challenging the separation between extra- and
intracellular complement.

While the prospect of intracellular complement activity is novel, its implications for
neuromuscular health and disease is intriguing. To exemplify this new prospect, we will
examine inclusion body myositis (IBM) as unique neuromuscular entity that presents

an ongoing therapeutic challenge 2.

4.1. On the pathophysiology of inclusion body myositis

IBM falls within the spectrum of IIMs, a category encompassing dermatomyositis (DM),
immune-mediated necrotizing myopathy (IMNM), myositis in antisynthetase syndrome,
and a group of non-specific IIM 2*. However, these classifications likely do not
encompass the full range of IIM types. Among IIM, IBM is unique as it does not occur
in children, has a relatively ‘pure’ muscle phenotype, and shows only subtle therapeutic
response to contemporary treatments, if at all, making IBM difficult to contextualize
immunologically 2°.

Initial observations by the late Kichii Arahata regarding cytotoxic CD8+ T cell infiltration
in the endomysium were later reinforced by studies indicating the clonal expansion of

CD8+ T cells and their T cell receptor (TCR) repertoire in IBM. Recent advancements
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in this line of argument have emerged through the discovery of effector memory T cells
re-expressing CD45RA (TEMRA) and CD8+ T cells exhibiting an exhausted
phenotype, characterized by the presence of CD57 and KLRG1 expressions, among
other markers. The existence of degenerative aspects like rimmed vacuoles and
protein accumulations has sparked an ongoing debate about IBM's underlying
pathophysiology (Figure 7A - F). Taken together, the pathophysiology remains
enigmatic: Convincing arguments for an autoimmune origin of the disease are

contrasted by a resistance to immunosuppresive or immunoregulatory therapies 24.

4.2. A case study of cell-autonomous mechanisms in IBM

One potential explanation for IBM's resistance to treatment could lie in the initiation of
cell-autonomous mechanisms that drive disease progression independent of ongoing
inflammatory activity 2. Skeletal muscle comprises both myogenic and non-myogenic
cells whose intricate interplay is crucial for maintaining muscle health and resolving
inflammation. However, IBM introduces a persistent state of inflammation within this
compartment, potentially disrupting the balance of these cells and leading to a harmful
muscle state. In response to chronic stress or damage, cells can enter a state of stable
cell cycle arrest known as cellular senescence. These senescent cells maintain their
influence on the surrounding environment by adopting a specific senescence-
associated secretory phenotype (SASP), characterized by the release of
immunomodulatory cytokines, growth factors, and proteases. Building upon this
perspective, the accumulation of senescent cells in skeletal muscle might represent a
cell-autonomous mechanism through which resident cells in the muscle perpetuate

localized inflammation and foster fibrotic remodelling in IBM 24,
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Figure 7: Characteristic pathomorphology of IB
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infiltrates and rimmed vacuoles. Gomo&ri trichrome staining (x 200). (b) Pronounced fiber size variation
with hypotrophic and hypertrophic fibers as well as internalized nuclei, myofiber necrosis, endomysial
lymphocytic infiltrates and rimmed vacuoles. H&E staining (x 200). (¢) Presence of COX-negative,
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COX cytochrome oxidase immunohistochemistry; H&E hematoxylin and eosin; IBM inclusion body
myositis; MHC major histocompatibility complex; SDH succinate dehydrogenase. Mit freundlicher

Genehmigung aus Nelke et al. 2023.

To understand whether IBM instigates cell-autonomous mechanisms, we studied
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cellular senescence in the skeletal muscles of IBM patients and compared them with
those of non-diseased controls (NDC) and IMNM as diseased control. First, we sought
to determine whether the number of senescent cells is altered in IBM compared to
NDC and IMNM patients. For this purpose, we recruited a multicentric cohort of 48
patients (16 per group). Given that age is likely to have a major impact on the
development of cellular senescence, NDC and IMNM patients were matched to IBM
by age to account for this confounder. Our initial focus was on examining p21, a well-
established marker indicative of cellular senescence. We evaluated the presence of
p21+ cells using immunofluorescence (IF), requiring clear co-localization of p21 and
DAPI within the cell nuclei to classify cells as p21+ (Figure 8A). The quantity of p21+
cells was higher in IBM patients compared to both NDC and IMNM patients (Figure
8B). To further substantiate these findings, we conducted gene-level analysis via
PCR, observing a higher expression of CDKN1A (which codes for p21) in IBM patients
compared to NDC or IMNM (Figure 8C). Intriguingly, a significant proportion of p21+
cells were located in the perimysial area in IBM. To discern the source of these cells,
we also tallied the number of p21+ myonuclei (Figure 8D), defined as nuclei situated
within the boundaries of the respective myofiber (Figure 8E) 5. Interestingly, both
IBM and IMNM patients exhibited similar quantities of p21+ myonuclei, suggesting
that non-myogenic cells within the skeletal muscle might predominantly adopt a
senescent phenotype in IBM. Building on this observation, our goal was to investigate
senescence at the individual cell (or nucleus) level within the landscape of both
myogenic and non-myogenic cells present in IBM-afflicted muscles.

To this purpose, we conducted single nuclei RNA-seq (snRNA) on samples from three
IBM patients and three NDCs 2. Post quality control, approximately 30,000 nuclei
were processed, with around 13,000 from IBM muscle samples and about 17,000
from NDC samples, integrated into a batch-corrected expression matrix for
subsequent analysis. Using graph-based clustering via uniform manifold
approximation and projection (UMAP), we identified nine primary cell types or
subtypes based on distinct marker gene expressions (Figure 9A, B). These cell types
were classified based on the expression of recognized markers, drawing from earlier

transcriptomic investigations of skeletal muscle 272,
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Figure 8: p21+ senescent cells are abundant in muscle of IBM. (a) Immunofluorescence staining of
p21 (red), laminin-B1 (green), and DAPI (blue) in muscle specimens of NDCs (n =16), IBM (n=16), and
IMNM (n = 16) patients. Arrows indicate single p21+ cells or clusters of p21+ cells. (b) p21 + cells were
counted in randomly distributed 10 HPF (2 0.16 mm2). (¢) RT-gPCR analysis of CDKN1A coding for
p21 in muscle specimen (n =16 per group). (d) Quantification of p21+ myonuclei in muscle in muscle
specimen (n=16 per group). (e) Exemplary image of a p21+nucleus located inside a myofiber.
Differences between groups were analysed by Kruskal-Wallis test followed by post hoc testing.
*p <0.05, **p<0.01, ***p < 0.001. NDC non-diseased control; HPF high-power field; IBM inclusion body
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myositis; IMNM immune-mediated necrotizing myopathy; r2 coefficient of determination; RT-gPCR real-

time quantitative polymerase chain reaction. Mit freundlicher Genehmigung aus Nelke et al. 2023.

To understand the distribution of senescence in myogenic and non-myogenic cells, we
determined the expression of CDKN1A across the dataset (Figure 9C). To compare
the cluster-specific frequencies, we calculated the number of CDKN1A expressing cells
as percentage of all cells in a cluster for IBM and NDC (Figure 9D). As described in
the previous section, the relative frequencies of CDKN1A+ nuclei were comparable
between IBM and NDC for myonuclei. Intriguingly, the frequencies of CDKN1A
expressing fibro-adipogenic progenitors (FAPs) were strongly increased in IBM
compared to NDC. However, it should be noted that the expression of a single gene is
unlikely to capture the heterogeneity of cellular senescence across tissues. To address
this caveat and to further corroborate the engagement of senescence pathways, we
determined the differentially expressed genes (DEGs) between IBM and NDC for all
cell clusters. Next, we employed the SenMayo gene set for enrichment analysis. Briefly,
the SenMayo gene set is a panel composed of 125 key genes associated with
senescence signalling pathways. We chose SenMayo as this gene set has been
benchmarked against existing senescence or SASP gene sets and outperformed the
latter in the detection of senescent cells. DEG lists of all clusters were entered into
GSEA for the SenMayo gene set (Figure 9E) 2°. Only the FAPs cell cluster was
enriched for SenMayo in IBM compared to NDC. Taken together, snRNA-seq
demonstrates the capability of discerning distinct cellular subtypes and suggests that

non-myogenic cells assume a senescent phenotype in IBM 25,
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Figure 9: Single-nuclei RNA sequencing of IBM and NDC muscle. (a) UMAP embedding
demonstrating distinct clusters of cell types and subtypes. (b) Clustered dot plot visualization of top-
regulated marker genes. The mean expression for each cluster is indicated by colour code. (c)
Expression of CKDN1A (coding for p21) across the UMAP embedding. (d) Frequency of CDKN1A+ cells
for each cell cluster as indicated for IBM patients and NDC. (e) Gene set enrichment analysis (GSEA)
for the SenMayo dataset. **p <0.01. ACTAZ2 actin alpha 2; CDKN1A cyclin dependent kinase inhibitor
1A; CDH5 cadherin 5; COL collagen; EMCN endomucin; FBN1 fibrillin-1; ITGAL integrin subunit alpha
L; LILRBS leukocyte immunoglobulin like receptor BS; MRC1 mannose receptor C-type 1; MYBPC2
myosin binding protein C2; MYL9 myosin light chain 9; NDC non-diseased control; IBM inclusion body
myositis; SIGLEC1 sialic acid binding Ig like lectin 1; TPM3 tropomyosin 3; PECAM1 platelet and
endothelial cell adhesion molecule 1; PAX7 paired box 7; PTPRC protein tyrosine phosphatase type C
(CD45); UMAP uniform manifold approximation and projection. Mit freundlicher Genehmigung aus Nelke
et al. 2023.
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Subsequently, our focus shifted towards the FAP population, and we isolated this
particular cell cluster for in-depth examination (Figure 10A). FAPs represent lineage
precursors of specialized non-myogenic cells, including activated fibroblasts,
adipocytes, and osteogenic cells. We performed subclustering on these cells,
identifying four distinct subpopulations of FAPs (Figure 10B, C). We identified marker
genes for each FAP subtype, cross-referencing these findings with prior studies,
including two FAP clusters unique to IBM patients. The first cluster was distinguished
by the expression of lumican (LUM) and fibrillin-1 (FBN1). LUM+/FBN1+ FAPs were
previously reported, resembling neprilysin (MME) expressing FAPs associated with
fatty infiltration in skeletal muscle. Notably, we investigated the expression of CDKN1A
across FAP subtypes and found it predominantly in the LUM+/FBN1+ FAP population.
Consequently, we labelled these FAPs as CDKN1A+ to emphasize their senescent
phenotype and connection to the p21 pathway. This specific FAP phenotype was
exclusive to IBM patients and absent in NDCs (Figure 10D, E).

Given the scope of our study, we focused on the CDKN1A+ FAP population. Our goal
was to ascertain if these FAPs displayed senescent characteristics. We identified
marker genes for this cell cluster and conducted GSEA utilizing the Biological
Processes (BP) database (Figure 10F). Notably, the most enriched term for the
CDKN1A+ FAP population was the humoral immune response. This finding aligns with
existing knowledge of the senescent phenotype, wherein these cells typically activate
a pro-inflammatory secretome, such as SASP. To further substantiate the senescent
profile of these FAPs, we performed GSEA for the SenMayo gene set. This analysis
indicated that marker genes of CDKN1A+ FAPs were enriched for SenMayo,
reinforcing the engagement of senescence pathways in these cells (Figure 10G).
Moreover, CDKN1A+ FAPs appeared to activate the Jun/JunB signalling pathway,
known to regulate fibroblast senescence by inhibiting insulin growth factor-1 (IGF-1) 2°.
Surprisingly, these FAPs also exhibited upregulation of complement factors like
complement factor 3 (C3), complement factor H (CFH), and complement factor D
(CFED). In summary, CDKN1A + FAPs exhibit distinct hallmarks of cellular senescence,
showcasing senescence markers, pro-inflammatory secretory features, pro-fibrotic
surface molecules, a transcriptomic signature associated with senescence and

expression of complement-related factors 26.
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embedding displaying the origin for each nucleus. (d) Clustered dot plot visualization of top-regulated
marker genes. (e) Expression of CKDN1A (coding for p21) across the UMAP embedding split into the
IBM (left) and NDC (right) datasets. (f) Gene set enrichment analysis (GSEA) for the GO-BP dataset for
the CDKN1A+ FAP cluster. (g) GSEA analysis for the SenMayo dataset for the DEGs obtained from the
CDKN1A+ FAP cluster. The running-sum statistic is in red, with the position in the ranked DEG list in
black. Genes were sorted by fold change. (h) Violin plots displaying the normalized gene expression of
the indicated genes for each FAP cluster. CDKN1A cyclin dependent kinase inhibitor 1A; DNM1
dynamin-1; FBN1 fibrillin-1; GO-BP gene ontology biological processes; LUM lumican; NDC non-
diseased control; IBM inclusion body myositis; RYR1 ryanodine receptor 1; TRDN triadin; UMAP uniform
manifold approximation and projection; XAF1 XIAP-associated factor 1. Mit freundlicher Genehmigung
aus Nelke et al. 2023.

in IBM
Next, we focused on subpopulations of myonulcei with an inflammatory phenotype 26.
These myonuclei displayed distinct phenotypes based on their origin (Figure 11A). In
IBM, these myonuclei exhibited elevated expression of marker genes such as C3 or
HLA-A, distinguishing them from their counterparts in NDC. Moreover, these
inflammatory myonuclei notably served as the primary source of transforming growth
factor beta (TGFB1). To validate the presence of these myonuclei in muscle tissue, we
conducted intracellular C3 IF staining. Remarkably, expression of C3 was solely
detected in inflammatory myonuclei from IBM patients, not in other myonuclei subtypes
in either NDC or IBM. This specificity suggests its potential as a distinctive marker
(Figure 11B). Furthermore, myofibers exhibiting intracellular C3 staining were notably
more abundant in IBM muscle compared to both NDC and IMNM muscle (Figure 11C,
D). To further characterize these myofibers, we performed differential gene expression
analysis comparing inflammatory myonuclei between IBM and NDC. GSEA focusing
on these DEGs using the GO-BP database revealed the activation of various pro-
inflammatory pathways. These included pathways related to the immunoglobulin-
mediated immune response, adaptive immune response, innate immune response,
and notably, the B cell-mediated immune response (Figure 11E). Collectively, these
findings demonstrate the presence of an altered myofiber phenotype characterized by

intracellular complement 26.

Inflammatory reprogramming linked to intracellular complement

38



£3 s [JiBM

cl:? | [l

an
o

Expression

UMAPZ

URAR &

o

Laminin-f1 C3

50
Tk
w
o 40
= ok
@
(=5 30—
[
[
& 20
g
E
o 10
&
[ i ﬁ
FS&S
s

Imunglobulin mediated immune response
B cell mediated immune response

e __ BTN3A1 Adaptive immune response
HLA-F Frej & Innate immuna response
FHFERS ! @, Positive regulation of immune response
ARRE2 | "f -
CoE '5 IGHA
HEPS0AAT | N o B2Mm
TRIMZ2 et [GHGA .
1 p Count size
CCL2 br L HLA=-DRA @10
IFI27 i cors @
i oy @30
IFITM3
HLA-DRE1 Fold change
CYBA 3.0
CiR
PSTRIPT
PTPRC
MLRP1 15
PARP14 c1s8
STATE
Coog
GBEFZ TRBCZ2
IGHG3
GAPOH
HLA=E
i TRBC
STATY s i
GBP1Y GSDMD Jak3 .
ANXA1
MLRCS HL.‘\tC ' o
ARIDSA HLA=A

Figure 11: Skeletal muscle cells assume an inflammatory reprogramming in IBM. (a)
UMAP embedding of the myonuclei split into IBM (left) and NDC (right). (b) Violin plot displaying
the expression of complement factor 3 (C3) for each myonuclei subset for IBM and NDC. (c)
Exemplary staining for C3 (red) laminin-B1 (green) and DAPI (blue) for NDC, IBM, and IMNM
patients. (d) C3+ myofibers were counted in randomly distributed 10 HPF (2 0.16 mm2). (e)
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Visualization of the gene set enrichment analysis (GSEA) for the GO-BP dataset as a gene
concept network. CHRNA1 cholinergic receptor nicotinic alpha 1 subunit; HLA human leukocyte
antigen; HPF high-power field; MYH myosin heavy chain; NDC non-diseased control; IBM
inclusion body myositis; TGFB1 transforming growth factor beta 1; UMAP uniform manifold

approximation and projection. Mit freundlicher Genehmigung aus Nelke et al. 2023.

The dysregulation of intracellular complement components was a consistent finding
throughout our analysis of IBM. In our investigation, we observed a concurrent
elevation of complement proteins, particularly C3, indicative of inflammatory states in
both myogenic and non-myogenic cells. Intriguingly, the same set of genes responsible
for generating the circulating complement system also encodes intracellular
complement proteins. This observation emphasizes the crucial role of intracellular
complement in governing tissue inflammation and influencing the transcriptomic
programming of fibroblasts. A previous study highlighted that upon encountering
recurring inflammatory stimuli, fibroblasts undergo a 'primed' state in both human and
murine systems, rendering the tissue vulnerable to persistent inflammation 0.
Importantly, this transcriptomic shift is under the control of C3, its associated receptor
C3a, and the mammalian target of rapamycin (mTOR) 0.

Building on this premise, our observations hint at the involvement of altered intracellular
complement signalling, potentially contributing to the pathophysiology of IBM. This
finding strongly suggests the need for further in-depth research to better comprehend
the role and impact of intracellular complement factors in the context of inflammatory
muscle diseases.

This need is further underpinned by a recent trial of zilucoplan in IMNM 3'. In contrast
to IBM, IMNM is considered to harbour pathogenic autoantibodies targeting either the
3-hydroxy-3-methylglutaryl-CoA reductase (HMGCR) or the signal recognition particle
(SRP) 3'. Despite attempts with off-label treatments such as intravenous
immunoglobulin, glucocorticoids, and immunosuppressants, there are no approved
therapies for IMNM, leaving many patients with sustained disease activity. Recent
observations of complement-activating ant-HMGCR and anti-SRP autoantibodies,
along with the identification of complement deposition on non-necrotic myofibers'
sarcolemma, have given rise to the theory that complement activation might contribute
to the pathology of IMNM. As a result, zilucoplan, an inhibitor of complement

component 5 (C5), has been discussed as a potential therapeutic option.

Outlook on intracellular complement in neuromuscular diseases
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Consequently, in a recent phase 2 multicenter, randomised, double-blind, placebo-
controlled study of IMNM, zilucoplan was tested for efficacy. The primary efficacy
endpoint was the percent change from baseline in serum CK levels 3'. Surprisingly,
there was no statistically meaningful difference between zilucoplan and placebo in the
percent change of CK levels. There also was no clinically relevant improvement over
time within the treatment arm. The authors conclude: ,,C5 inhibition does not appear to
be an effective treatment modality for IMNM. Rather than driving myofiber necrosis,
complement activation may be secondary to muscle injury.” 3'. This study outcome is
surprising as it contrasts current viewpoints on complement. Despite the presence of
pathogenic autoantibodies and the clear engagement of MAC on target structures,
complement inhibition appeared to not be effective for controlling IMNM.

Collectively, these, and the findings presented before, question our current view on
complement as pathogenic driver in inflammatory diseases affecting the
neuromuscular system. Further research is required to understand the
compartmentalized and context-specific role of complement. This effort could provide
the groundwork for treatment approaches that are tailored to the specific profile of

molecular patterns of complement signalling underlying neuromuscular diseases.
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Key21 (TREK1), a two-pore domain potassium channel, has emerged as regulator of leukocyte ransmigration

into the central nervous system. In the context of skeletal muscle, immune cell infiliration coastitutes the

Eeywords: pathogenic hallmark of idiopathic inflammatory myopathies (IIMs). However, the underlying mechanisms
] remain to be clucidated. In this study, we investigated the role of Kup2.1 in the sutoimmune response of [IMs. We.

TREKL
Myovaseutar unit

Iiopsthic inflammatory myopsthies
Barer

detocted Kar2.1 expression in primary skeletal muscle and endathelial cells of murine and human origin, We
observed an inereased pro-inflammatory eell response, adhesion and transmigration by pharmacological

strong pro-inflammatory respanse. Conversely, these features were abrogated by activation of Kz21 and
Improved the disease course of a myositis mouse model. In humans, K;2.1 expression was diminished in 1M

patients compared to non-diseased contrals arguing for the translatal

lity of our findings. In summary, Kzp2.1

may regulate the inflammatory response of skeletal muscle. Further research is vequired to understand whether
Kas2.1 could serve os navel therapeutic target,

1. Introduction

Idiopathic inflammatory myopathies (IIMs) are & spectrum of
immune-mediated muscle diseases with helerogeneous elinical pheno-
types. IIMs encompass different subtypes including dermatomyositis
(DM), immune-mediated necrotizing myopathy (IMNM), anti-

h drome (ASyS), i inclusion body myositis
(IBM) [1,2]. These entities share common clinical symptoms of

progressive muscle weakness, muscle pain and muscle fatigue but the
malecular mechanisms leading to muscle weakness are unknown and
likely to be diverse in different subsets of IIM. Same patients have in-
filirates of i the muscle have signs of
fiber necrosis and yet & third group have minar detectable pathological
features in the muscle biopsies. Although disease outcomes have sub-
stantially improved, current treatment options consist mainly of
non-specific immunosuppression associated with limited efficacy [3,4],
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status, was recorded (Table 1). For comparison, we also recruited a

[5). A hallmark of M
and sometimes Invading muscle fibers or surrounding blood vessels, As
such, autoreactive T cells and effector T cells are likely ta contribute to
the pathogenesis of IMs and can be found in affected tissue of many
patients [6- 5], Still, our knowledge on the role of other tissue-resident
cells in 1IMs, like fibroblasts, pericytes or endothelial cells remains
incomplete.

Analogous to th pt of the i izing the
ehoss strustinl and Fawtions] assoeition of besin cels md tcrovs
culature 9], muscle cells presumably form an interface with their sur-
rounding vessel a functional unit cell
trafficking [10,11]. The endothelial cell barrier influences immune cell
extravasation. Upregulation of adhesion molecules (ICAM-1 and
VCAM-1) and pro-inflammatory cytokine secretion (IL-lw, IL-1f)

jed by increased (reduced VE-cadherin) are
associated with immune cell infiltration and muscle damage in 11Ms
[12-17). Treatment with glucocorticoid reduced expression of
pro-inflammatory molecules (IL-1a, ICAM-1 and VCAM-1) on endothe-
lial cells potentially correlated with muscle function [15]. Intriguingly,
adhesion molecule and barrier function regulation are influenced by
Kzp2.1 (TREK1), a mechano-gated potassium channel. In previous
studies, we demonstrated that Kos 1 acts as a regulator of leukocyte
through the blood-brain-barrier (BBB) into the central

nervous system (CNS) [19]. Furthermare, inhibition of Kzp2.1 on pri-
mary mouse muscle cells resulted in impaired myoblast function and
disruption of K'/Ca®" currents across the cell membrane [20]. Gmr:llc

cohort of nondiseased controls (n = 6, NDC). These were patients that
underwent muscle biopsy for diagnostic purposes, but without any
indication of inflammatory muscle discase. As such, they had suffered
from myalgia, but objective muscle weakness and morphological ab-
normalities on skeletal muscle biopsy were absent. CK levels were
normal and of systemic i nd 1o

antibodies (MSA) or myositis-associated antibodies (MAA) were
detectable. Musle specimens had been eryopreserved at ~80 °C prior to
analysis. Besides, we collected primary human muscle cells (PHMC)
from patients with an anterior cruciate ligament (ACL) reconstruction
after obtaining written consent at the University Hospital Miinster. After
harvesting the semitendinosus tendon, the ACL graft was prepared on a
grakt preparation tabl. The remaining muscle on the proximal part of
the tendon was d taken s
below. We included 10 samples of PHMC from ACL donors. These pa-
tients were on average 37 years old (standard deviation (SD) 15). 7
patients were male, 3 were female. Non of these patients had systemic
diseases or known muscle disorders.

2.3 Isolation, purification and eultivation of primary murine eells

For primary murine muscle cell (PMMC) isolation, 1-7 days old mice
pups and for primary murine muscle microvascular endothelial cell
(PMMEC), 8-12 weeks old mice were sacrificed and musele tissue from
fore- and hindlimbs were separated from bones. Muscle tissue was
dissociated as described before [11]. In brief, 2 mm® muscle cubes were

depletion or inhibition induced secretion of pr

and disturbed epithelial /endothelial barrier integrity in the lul\g in-
testine or CNS [21-23]. Given the functional expression of Kz2.1 in
skeletal muscle and its eritical role as regulator of barrier functions in
endothelial cells, K221 might be involved in the mechanisms under-
lying immune cell infiltration in 1IMs. Consequently, we aimed to un-
derstand the role of Kyp2.1 in the pathophysiology of IIM.

2. Material and methads
2.1, Mice

All animal experiments of this study were approved by local au-
thorities and the institutional Animal Care Committee (AZ: 84-
02.04.2013.A264, 81-02.04.2021.A246). All animal procedures were
performed in accordance with the European Union narmative for care
and use of experimental animals and the German Animal Protection
Law. Mice were raised in an in-house animal facility or purchased from
Charles River laboratories and kept in individually ventilated cages
under Specific-Pathogen-Free conditions and fed ad libitum. All mice
were on a C57BL/6J For
myositis EAM induction or isolation of muscle and endothelial cells we
used Kenk2 /~ [24] or C57BL/6J wildtype mice.

2.2, Human specimens

Muscle specimen were collected in the Clinic for Neurology, Uni-
versity Hospital Miinster, and the Clinic for Neuropathology, Charité -
University Medicine Berlin. Bath ethical boards approved the study
(Miinster: 2017-671-£5, 2017-023-£5, Berlin: EA2/163/17). Informed
oral and written consent was acquired from all patients prior study i
clusion. Patients received muxl: biopsies for routinediagnostic
workup. Muscle bi astus medialis
musele or the gastrocnemicus muscle, For M patients, a definitive
histopathological diagnosis was required according to the current Eu-
ropean League Against Rheumatism/American College of Rheuma-
tology (EULAR/ACR) classification criteria [4]. We included 31 IIM
patients in this study, including ASYS (n = 9), DM (n = 6), IMNM (n = 8)
and IBM (n — 8). Clinical and epidemiological data, including antibody

dissoclated by an insulin syringe and enzymatically
digested with Collagenase/Dispase and DNase for 1.5 h at 37 °C.

For PMMC purification, we used the satellite cell isolation kit, mouse
from Miltenyi Biotec (Germany). PMMC were cultured on laminin-
coared 6-well plates in growth medium (40 % Ham's F10 nutrient, 9
% FCS, 1 % penicillin and streptomycin, 0.0025 % BEGF in DMEM),
Differentiation of PMMC was initiated when cells reached over 90 %
confluence by changing growth medium with a differentiation medium
(2% horse serum (PAA), 1 % penicillin and streptomycin in DMEM) and
cultivation for 8 days.

For PMMEC purification, we depleted CD45' and accumulated
CD31" cells by using magnetic Mierobeads as described in Ref. [11]. For
cultivation, we used a microvascular endothelial cell growth medium
(PELO Biotech) on collagen-based coated 6-well plates until cells
reached a confluent monolayer.

Murine T cells were isolated from spleens. After homogenization
through a cell strainer (40 um pore size) by an insulin syringe, Pan T cell
isolation kit and a CD8a’ T cell isolation kit from Miltenyi Biotech
(Germany) were used to lsolate T cells or CDBa ' T cells of T cell receptor
(TCR) transgenic mice (OT-1), respectively. Isolated T cells were stim-
ulated by 2 ug/ml platebound purified antl-mouse CD3 antibody (clone
145-2C11, Biolegend) and 1 pg/ml soluble purified anti-mouse €28
antibody (clone 37.51, Blolegend) in splenoeyte complete medium (5 %
FCS, 0.1 % 2-mercaptoethanol, 25 yg/ml gentamicin, 1 % NEAA, 10 mM
HEPES in DMEM) for 48 h in & humidified incubator with 5 % CO; at
e

2.4, Isolation, purification and cultivation of primary human cells

Muscle tissue was dissociated by using a muscle dissociation kit from
Miltenyi Biotech (Germany) and the program SMDKZ by a gentleMACS
Dissociator with heaters.

For primary human skeletal muscle cell (PHMC) purification, we
used a CDS56 PE (clone N9D1, Beckman Coulter) antibody combined with
PE Microbead magnetic separation. For cultivation, we used Biolaminin
521 LN coated 6-well plates and skeletal muscle cell growth medinm
from PELO Biatech, For all experiments, we used differentiated PHMCs
by growing cells over 90 % confluence and changing growth to differ-
entiation medium (basal media with 2 % horse serum and antibiotic,

2
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Table 1
Clinieal eharaeteristics of the cohort
ASYS(n-9)  DMin-8) TMNM (5 — 8) 18M (5 — 8) WD (0 = 6)
mean age al years £ 5D 5414 46112 spiz 65120 510
biogsy
bialegical e 55 84/56 % 5044/50% 5040/50 % 7840284 509/50 %
ender
anibody status HiB%ae TMmun  WOCRBRG-H NIASOM-4)  100%

3

PL7 33 %0 = NWZ]B!G[n

3

PL12 33% (0 s.\a 16% (=

=3

L
n

creating kinase  normal n% 16%

SRP38% (n = 3)seronegative 254 seranegative 50 % (n  semonegative
= —4

an s0% 100
10fld 2% 3% 8% 0% -
10 fold 24 % 25
> a0-old unknown 4% 1% % - -
0% o 2% - N
et of <1 year s % 0% e 0%
symproms 1 year 3% B 5% 5% 50%
-5 years unknown s - 2% 0% N
s % - - -
symptoms mscle symproms 55% a5 5% o 3%
i (% of patients) % % % 7% '
weakness (% of patients)
therapy Comscomeraids Rum-2  BRE-D B4 13501 0501
S of patients with 250255 1sam a2 s@ 1
conticosteraids (n)
Mean dase, mg (50)
S of patients with DMDx % % 2% o 0%
- nitve 0% 0% 250% 0% o%
~ azahioprine 19 e 0% 0% 0%
v 18% mw 0% on 0%
- 1% 16 % 250% 0% 0%
- eyclaphosphamide 0% 6% 25% 12% 0%
- unkaown
ASyS, anti-synthetnse syndrome; DM, itis; DMD, drugs; TBM, inclusion body myositis; IMNM, immune mediated
necotsing myosts NDC, noniscaed contr; SO, sandard devinion
found, K levels were normal and mo MSA or

MAA were detected
" Antibiody status were determined by radio-immunoassay (RIA)

without growth factors, FCS or cortisol).

For primary human skeletal microvascular endothelial cell (PHMEC)
purification, we depleted CD45” and enriched CD31" cells by using

from Miltenyi Bit For cultivation,

we used a microvascular endothelial cell growth medium (PELO
Biotech) with supplements (except hyrdrocortison) on collagen-based
coated 6-well plates until cells reached a confluent monolayer.

Peripheral blood mononuclear cells (PBMC) were isolated via a
density gradient and afterwards stimulated with 4 pg/ml platebound
purified anti-human CD3 antibody (clone OKT3, Biolegend) and 2 pg/ml
soluble purified anti-human CD28 antibody {clone CD38.2, Biolegend)
in X-Vivol5 medium (Lonza) for 24 hin a humidified incubator with 5%
€Oy 8t 37 °C.

2.5, Gene expression analysis

Mouse and human primary cells were stimulated for 24 h with 500
U/ml TNFa or d afterwards RNA by a RNA
isolation Miniprep kit (Direct-Zol RNA Kit, Zymo Rescarch). For <DNA
synthesis, we used a standard protocol with random hexamer primers
(Applied Biosystems). Quantitative real-time PCR (qRT-PCR) was per-
formed using FAM-labelled Kcnk2 Tagman primer [Applied Biosystems)
for mouse (Mm01323942.m1) and human (Hs01005159 ml). VIC-
labelled 188 rRNA Tagman primer was used for internal control. We
performed a qRT-PCR and measured samples as duplicates. We caleu-
lated eycle threshold differences per sample (ACT), per group AACT and
relative quantification (2-AACT).

2.6 Histlogical staining

Immunofluorescence stining was performed with adherent cells
(PMMC; PMMEC; PHNC; PHNEC) on coversips or 10 pm tisue cry-
EAM). were fixed with 4 %
room (RT) for 10 min.
with blocking solution (PBS with 1 % goat serum, 1 % donkey serum, 5
% BSA and 0.2 % Triton-X) at BT for 1 h. Samples were stained with
primary antibodies ((rabbit anti TREK (Sigma-Aldrich #T6448), rat
anti MHC1 (abcam ab15681), rat anti €04 (Biolegend 100506), rat anti
D& (Serotec MCAL766T), rat anti CD11b (Serotec MCA711), Phalloidin
CruzFluor™ 594 conjugate (Santa Cruz sc-363795), rat anti Pecam-1
(Santa Cruz $¢-52713) in PBS, 5 % BSA, 1 % goat serum and 1 %
dankey serum overnight at 4 °C. After three times of washing with PBS
we performed a secondary antibody staining (Cy2 goar anti-rabbic
(Dianova #111-225-144), Cy3 donkey antirat (Dianova #712-166-
153)) in PBS, 5 % BSA at KT for 1 h. Samples were mounted with a
mountant containing DAPL. Images were acquired with a fluorescence
microscape (Keyence BZ-X). NDC, as described above, were employed as
control for histological staining.

Histological swining of 1M patients was performed on 8 pm ery-
omicrotome sections as previously deseribed [25]. The following anti-
bodies were used for staining procedures: Kz2.1 (Sigma, T6448), CD31
(DAKO, MO0823), MHCn (Novocastra, NCL-MHCn), CD68 (DAKD,
MO718), CD20 (DAKO, MO755), CD3 (Novacastra, NCL-CD3-PS1), CD4
(Zytomed, 503-3351), CD8 (DAKO, M7103), CD138 (DAKO, M7228),
with secondary antibodies: Goat anti-rabbit horseradish peroxidase or
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Goat anti-mouse Cy3 (Dianova, 115-165-062), Goat anti-rabbit Cy3
(Dianova, 111-166-003), Goat anti-rabbit AF488 (Invitrogen, A11008).
Images were acquired with a fluorescence microscope (Olympus Bx53).
The biopsies were blinded for quantification with the diagnosis not
possible to identify from the label. The scoring was performed in
randomly distributed 10 high power fields (HPF, based on the micro-
scope used and the respective oculars £ 0,16 mm®) as previously
deseril [26].

We used irrelevant antibody stains (cither mouse/rabbit mono-
clanal/polyclonal isotype controls) as negative controls, as well as
emission of the primary antibody.

2.7 Western blot

Primary cells were sonicated in lysis buffer (50 mM TRIS pH7 5, 165
mM NaCl, 1 % SDS, 1x Protease Inhibitor cocktail tablets in ddH,0) and
incubated on ice for 30 min. After centrifugation, the supernatant was
mixed in 5x reducing sample buffer (0.1 M Tris, 50 % glycerol, 5 %
sodium dodecyl sulfate, 0.25 % bromaphenolblue and 10 % f-mercap-
toethanal) and heated for 5 min ar 99 °C. Using a denarurating and
redueing 10 % polyacrylamide gel we separated the proteinlysat. AT
terwards, we transferred the proteins to a nitracellulose membrane. For
Kar2.1 detection we blocked the membrane with 5 % milk,/TBS and used
afterwards a rabbit anti Kzp2.1 antibody (polyclonal, T6448, Sigma
Aldrich, 45 kDa). Peroxidase-conjugated secondary antibody to rabbit
was added and was visualized by a chemiluminescence reaction (ECL,
Amersham Bioscience). Hereafter, the membrane was eleared with 2 b
sodium azide and beta-actin a5 loading control was detected

2.8, Flow cytometry analysis

Muscle, endothelial cells as well as immune cells were identified and
characterized by flow cytometry. Cultured primary muscle and endo-
thelial cells were resuspended in phosphate buffered saline (PBS, Sigma-
Aldrich) supplemented with 2 % heat-inactivated foctal bovine scrum
(FBS, GE Healthcare, Chicago, 1L, USA)} and 2 mM ethyl-
enediaminetetrascetic acid (EDTA, Sigma-Aldrich). Approximately 1
10° cells were counted and used per sample and staining for all exper-
iments, Cells were washed and additionally stained with the Aqua
Fixable Viability Kit (Biolegend, San Diego, CA, USA) according to the
manufacturer's manual to distinguish between dead and live cells. Cells
were washed and resuspended in PRS/FBS/EDTA and analyzed by flow
cytometry using a CytoFlex Flow Cytometer (Beckman Coulter, Brea,
€A, USAJ. This flow cytometer is a 12-channel flow cytometer, Down-
stream analysis was performed using Kaluza (Beckman Coulter, Brea,
€A, USA) v2.2. The gating strategy is demonstrated in Suppl. Fig. 1. An
isotype control was included for each flow cytometric analysis and
measured parallel to the experiment. Additionally, primary muscle and
endothelial cells were treated with TNFa (500 U/ml) for 24 b. To mimic
adecline of stimulation, medium of stimulated cells was refreshed every
24 h after stimulation (72-96 h). Additionally, muscle cells or endo-
thelial cells were treated with or without Kz2.1 modulators (BL-1249
10 M, Spadin 1 uM, A2 6 uM, B3 4 uM, E1 7 yM). Corresponding iso-
types were used as controls. For antibody staining, cells were incubated
with fluarochrome-conjugated antibodies at 4 “C for 30 min in the dark.
‘The following antibodies were used: PMMC/PMMEC: H-2kb (FITC, AF6-
88.5), CD54 (APC, YN1/17.4), FA/L-E (APC Cy7, M5/114.15.2); CD31
(PerCP-Cy5.5., MEC 13.3), CD106 (E460, 429). Immune cells: CD11c
(FITC, N418), CD45R/B220 (PE, RA3-6B2), CD11b (PerCP/Cy5.5, M1/
70), NK 1.1 (APC, PK136), CDBa (AF700, 53-6.7), CD45 [APC/Cy7, 30-
F11), CD4 (PB, RM4-5), CD3 (BV 510, 17A2), CD49d (FITC, R1-2),
€D11a (PE, 121/7), CD3 (PerCP/Cy5 5, 145-2C11), CD62L (PE Cy7,
MEL-14), CD6A (APC, H1.2F3), CDBa (AF70D, 53-6.7), CD25 (APC Cy7,
3C7), CD44 (BV510, IM7). PHMC and PHMEC: HLA A,B.C (FITC, W6/
32), HLA-DR (APC, L243), CD54 (PB, HASS), CD31 (AF700, WMS9)
CD106 (APC, STA). PBMC: CD11b (FITC, ICRF44), CD56 (PerCP/Cy5.5,
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212 Cytotaxicity assay

To test the influence of skeletal muscle cells on the cytotoxicity of
€D&* T cells we performed a flow-cytometry based co-culture cytotoxic
assay. PMMC were stimulated and treated with Kzp2.1 modulators as
deseribed before, Afterwards, muscle cells were loaded with or without
an ovalbumin peptide (0VAzs7 364 SIINFEKL, EMC microcollections) for
1 h. Hereafter, medium was refreshed and stimulated CD8a* T cells
(anti-CD3 coated 2 pg/ml, anti-CD28 soluble 1 yg/ml) were co-cultured
with these PMMC for 24 h. Via flow cytometry CDSa” T cells were
characterized (CD45 (APC/Cy7, 30-F11), CD3 (PerCP/Cy5.5, 145
2C11), CD8a (AF700, 536.7)) and the viability of PMMC was
measured by Annexin V (FITC) and Fixable Viability Dye (FVD) eFlour™
780 staining.

a : .

‘myositis (EAM)

We induced an experimental autoimmune myositis (EAM) in 8-12
week old female WT or KENKZ *~ mice with C-peptide fragment P13 in
complete Freund's adjuvant (CFA) as described before [29]. Here, 200
pg/mouse of P13 peptide was subcutaneously injected in each Nank
(100 pl) of deeply anesthetized mice. On the day of immunization and
two days later, a dose of 400 ng pertussis toxin (Alexis) was injected
intraperitoneally (i.p.). In a subset of experiments, the Kyp2.1 activator
BL-1249 was injected daily i.p. (1 mg/kg bodyweight). To evaluate the
clinical disease course we performed Rotarod (RR) analysis over 2 min
with an acceleration of 440 rounds per minute and five independent
rounds. Two weeks before immunization, we started with a training
phase and determined a median time on the Rotarod of each individual
mouse. After immunization, we evaluated the mean time of five Rotarod
rounds of each mouse daily. Ta calculate a Rotarod quotient, we divided
the derermined mean time per day after immunization by the individual
median time of the training phase. For statistical analysis, we also
calculated the mean Rotarod quotient for each animal from d
immunization until day 30. For histological evaluation of EAM mice, we
removed the quadriceps femoris and cryoconserved the tissue. Muscle
tissues were seetioned (10 jm) and stained with hematoxylin and eosin
(H&E) or with immunofluorescence antibodies (MHC-1, CD4, CDS,
€D11b, as mentioned above). Muscle inflammarion score (MIS) was
determined as described before [29] of randomly chosen 8 areas. The
evaluation was blinded and done by one person. Immune cells from
spleen and inguinal lymph nodes were counted by a Casy Model TT cell
counter (Innovatis AG). Immune cell characterization was performed by
flow eytometry, and specific antibodies were used as mentioned above.

3.1, Electron microscopy

For ultrastructural analysis of skeletal muscle, we performed elec-

tron microscopy of a healthy human contral and also two mice (CS7BL/
6). The healthy human control sample of a M. biceps brachii was part of
an angoing diagnostic analysis to exclude a myositis or myopathy, an

routine light and clectron microscopical analysis did not reveal ultra-
structural abnormalities, beside a slightly thickened capillary basement

membrane. All native samples were directly fixed in 2.5 % glutaralde-
hyde in 0.1 M sodium cacodylate buffer and further processed and
embedded in resin according to a routine protocol as previously
described for diagnostic samples (34266508). Semithin sections (500
nm) were prepared with an ultramicrotome (Ultracut E, Reichert-Jung)
10 select blocks for ultrastructural analysis. Ultrathin sections (60 nm)
with virtual absence of limiting artifacts were prepared using pioloform-
coated slot grids as described {large-scale digitization samples; LDS
(34266508)), analyzed with a transmission electron microscope (Zeiss
902) and photographed using a 2 k side-mounted OCD camera (TRS). In
sum, approximately 100 capillary profiles were recorded at 3000x,
7000x, 12,000x and 20,000x magnification to visualize ca ry endo-
thelial cells, pericytes, and also fibroblasts in their relation to
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B159), CD3 (PE Cy7, SP34-2), CD11e (APC, SHCL3), CD20 (AF700,
2HF), CD4 (APC/Cy?, SK3), CDSa (PR, HITSa),

29, Adhesion assay

PMMEC (4 = 10" cells) or PHMEC (6 = 10 cells per chamber) w
seeded in ibidin yslides IV 0.4. which were previously coated with
speed coating solution (PELO Biotech). Cells were cultivated for at least
48 h in microvascular endothelial cell growth media (PELO Biotech)
until the cells reached confluence. Different time points of inflammation
micked on EC. Cells were left untreated for 24 h (untreated),
cells were treated with TNFa 500U/ml for another 24 h (inflam.
mation). After wash out, cells were left untreated for additional 24 h
(post inflammation). In a set of experiments, cells were treated with
Kar2.1 modulators as described in flow eytometry analysis. Stimulated
murine T cells or PBMC were added to PMMEC or PHMEC, respectively,
Adhesion of immune cells was imaged with a Zeiss Axiovert A1 mi
croscope detecting bright-field images in a time series (1 image per 105
for 30 min) under flow conditions (a flow rate of 0.25 dyn/em’). Im-
mune cells were perfused by using a pump system. After 30 min the
nt of adhered | eells were analyzed by cell counting plugin
from IniageJ

210, Transmigration assay

o test the transmigratory capacity of immune cells, we performed a
with minor modificati described in Ref. [ 19

PMMEC (4 x 10" cells) or PHMEC (6 x 10" cells) were seeded ina coated
(Speed coating solution, PELO Biotech) insert of a transwell and culti-
vated for 48 h with microvascular endothelial cell growth medium
(PELO Biotech). Under inflammatory conditions (as described in adhe-
sion assay) or treatment with or without K21 modulators (as
described in flow cytometry analysis) we changed media and transferred

respectively. After & h, we added Flow-Count Fluorosphere Beads
(Beckman Coulter) to the migrated cells from the lower compartment.
Cells were labelled with antibodies (see flow cytometry analysis) and
absolute cell numbers were determined by flow cytometry.

2.11. Inravital microscopy of the cremaster muscle microcirculation

Intravital microscopy was performed in anesthetized mice as
described before with modifications [27]. The cremaster muscle was
inflamed by intrascratal injection of 500 ng TNFa in 0.3 ml saline 2 h
before cremaster muscle exteriorization. During intravital microscopy
the exposed cremaster muscle was superfused with 1,25 mg/ml re-
combinant murine Exodus 2 (CCL21, Peprotech). CCL21 interacts with
the CCR? receptor to enable T cell migration and adhesion, but is not
known to be chemotactic for monocytes [25]. As such, we chose CCLZ1
to enable T cell adhesion. T cells were stimulated as described above.
Hereafter, viable T cells were collected by using a dead cell removal kit
(Miltenyi Biotech) and labelled with a CellTracker™ Green CMFDA dye
(Thermo Fisher). These cells were injected as short bolus via an artery
femoralis catheter (2.5 = 107 cells/bolus). Intravital microscopy was
conducted using fluorescence microscopy to determine leukoeyte
adhesion in the postcapillary venules of the inflamed cremaster muscle
with a 40 x 0.75 NA water immersion objective [Axio Scope upright;
Zeiss, Goewingen, Germany). In some experiments, Spadin (1 mM in
100 pl) or a monaclonal blocking VCAM antibody (200 pg in 100 ul;
M/K-2.7, BioXCell) was injected 10 min prior the T-cell bolus. Recorded
images were analyzed by ImagelJ and As sion (Carl Zeiss) software.
In posteapillary venules with a diameter of 20-40 ym numbers of
adherent T cells were determined and calculated per mm®. The micro-
circulation was recorded using digital cameras (Sensicam QE, Cooke,
Romulus, M1 or Axiocam, Zeiss, Oberkochen, Germany).
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surrotinding skeletal muscle fibers.
3.2 Cytokine detection

We eollected the supernatant of PMMC and PMMEC before (24 h),
during (48 h) and after stimulation (72 h) with TNFa (500 U/ml). We
quantified the secretion of IL-6, IL-1p, IL-10 and GM.CSF by ELISA ac-
cording to the s protocol (ebi ). All

were performed in duplicates and luminescence was measured on a
BetaPlate Reader (Tecan).

3.3, Statistical analysis

All results are presented as the me M. D Agostino-Pearson or
Shapiro-Wilk test was used to evaluate a normal distribution. For anal
ysis of two groups, we used a two-tailed t-test (unpaired/paired) or the
Mann-Whitney U test or Wilcoxon rank sum test where as appropri
Iysis of more than two groups were performed by using one-way
ANOVA including post-test, For EAM Rotarod analysis, we used a
way ANOVA. A p value = 0.05 was classified as not significant, p -
0.05 () as significant, p < 0.01 (**) and p < 0.001 (***) as highly
significant,

4. Results
4.1, Kap. 1 expression is diminished in different 1M entities

The function and expression of Kzp2.1 channels in [IMs are currently
unknown. To better understand the distribution of Kgp2.1 in muscle, we
analyzed muscle specimen from IIM patients and NDCs using immuno-
fluorescence (F a). The clinical characteristics of this cohort,
including the therapeutic agents administered at the time of biopsy, are
given in Table 1. In line with previous reports (20,21
aur analysis of skeletal muscle fibers detecting Kzp
membrane throughout the specimen (Fig. 1a). Although we detected
2.1 across experimental groups, we observed differences in respect to
the distribution of this ion channel. To interrogate this observation, we
quanitifed the number of Kzp2.1” myofibers (Fig. 1b). Comparing NDCs
(n = 6) and M patients (n = 31), we observed that the number of
Kqp2.1* myofibers was reduced under inflammatory conditions. Of note,
wealso stratified IIM patients by steraid treatment as 9 out of 31 patients
(29 %) received steroids at the time of biopsy with 9.8 mg (standard
deviation (SD) 12 mg) per day. Comparing these treatment groups, pa-
tients treated with steroid as anti-inflammatory \;m had higher
mumbers of K217 myofibers as those patients without steroid treat-
ment (Fig. 1c). Taken together, these observations mmmr that muscle
inflammation affects the distribution of Kzp2.1.

Kzp2.1 is downregulated in primary cells of murine muscle under
inflammatory conditions.
the functional relevance of the diminished Kgp2.1
expression in human 1IMs, we investigated the role of K321 for the
function of muscle resident cells. Electron microscopy identified close
spatial relations between EC, scattered pericytes (not shown here],fi-
broblasts (FB), and myofibers (MF) (Fiz. 2a). The close interaction of EC
and skeletal muscle cells might therefore be particularly relevant for the
immune ¢ell infiltration and for Kyp2.1-related regulatory processes in
TIMs. We found Kenk2 (gene for K2.1) expression in differentiated
primary murine muscle cells (PMMC) as well as primary murine muscle
microvascular endothelial cells (PMMEC) both on gene ( b) and
protein level (Fig. 2¢), whereas expression was higher in PMMC
compared to PMMEC. Lung tissue was chosen as pasitive control given
the strong expression of K21 in this tissue as previously described
[21]. To reciptulate inflammatory conditions, we employed TNFa as this
cytokine is implicated in IIM pathophysiology in humasn [26,32]. Here,
both PMMC and PMMEC demonstrated downregulation of Kenk2
(Fiz. 2d) and correspondingly on protein level (Fig. 2e). Of note, gene
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Fig. 1. K21 expression in idiapathic inflammatory myopathy entities. (a) Immunafluorescence images of K
d idiepathic inflammatory myopathies (M), Kor2.1 was detected dis
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), dermaromyositis (DM, n = &), immune-mediated neceotizing myopathy (IMNM, n = 8) and inclusion body myositis (IBM, n = 8). (i) Kz2.1° myofibers were
counted in randomly distributed 10 high-power fields (HPF, £ 0,16 mm2). The biopsies were blinded for quantificatian, with the diagnasis impossible to identify

from the label. K21 cells were defined as cells with a clear expression of Ka

patients treated with steroids (n = 9) and without steroids (n = 22, Groups were compared by one-way ANOVA testing follawed by post-hoe ana

<001, ***p < Q.001.
and protein expression showed fast dynamics in presence or absence of
stimuli. ion of Kenk2 under
was restored to baseline after wash out (. 2f and g). Thus, muscle and
endothelial cells respond to inflammatory conditions with down-

regulation of Kxp2 1

rel Kenk2 expression
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.1 at the cell membrane, (c) Mumber of K2.1' myofibers compared between [IM

s. *p < .05, *p

4.2, Modulation of Ke2.1 function alters inflammarary response of
endothelial and muscle cells

Next, we investigated the consequences of Kx2.1 function on im-
mune properties of PMMC and PMMEC. Therefore, we used different
Kap2.1 modulators including spadin (K 52.1 inhibition) and BL-124¢
(Kz#2.1 activation) in wildtype (WT) as well as genetic knockout
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we. The lumen of the
Sbroblast (FB) and muscle s (M), () miNA expression levels of Kus.1
cells (PMMEC) and lung

musrine skel

= 4). (d) MANA expression levels of Kenk2 with or without TNFi
(0= 5}. (€] K21 protein expression and p-Act

‘of PMMIC or PMMEC. Th values were
and T i

() mANA and (g) protein expression of

bar, 24) and every 24 h (48, 72) after washour of the stimulation. The expression levels were normalized to untreared cells (0) (n = 5, Stati:
ics of Western blot analysis were calculared v-srh FO! measurements analyzed by Image J. Groups were compared by
0.05, **p < 0.01, ***p

levels were calculated with ACy values. Statis
two-sided Students T test, All datm are shown as mean-+SEM, ¢

(Kenk2 ') cells. On PMMC, higher levels of MHC-1, MHC-2 and ICAM-
1 were observed in response to inflammatory conditions (F3. 14, b, €).
Pharmacologieal Kz2.1 blockade or genetic Kzi2.1 deficiency induced
increased MHC-1 levels during and after inflammation with TNFu, while
MHC-2 and ICAM-1 levels were unchanged in response (o Kzr2.1 mod

lated PMME or PMMtL.mn\)ztd by Western blot (n = 4). K21

IMC (black) and PMMEC, (corn yellow). Expressions were measured every 24 h without (0) or with TNFa stimulation (grey

MRNA expression

4.3 Ka1 Is a regulator of immune cell migration and cytotoxicity in the
context of muscle inflammation

Given the influence of Kz:2.1 modulation on expression of adhesion
molecules and pro-inflammatory responses of PMMC and PMMEC, we

ulation on PMMC. Treatment with BL-1249 blunted the
response in respect 1o MHC-1 expression on PMMC. Conversely, on
Kyl deficlency or treatment with spadin amplified the
expression of MHC-1 as well as of the adhesion molecules ICAM-1 and
VCAN-1 (Fis. 5, &, ). The Kap2.1 agonist BL-1249 had no statstically
icant  effect, Additionally, we fnvestigated soluble pro-
inflammatory cytokines secreted by muscle and endothelial cells

next investi the functional consequences for immune cell migra
tion and cytotoxieity in the context of muscle inflammation. First, we
performed a functional low physiological flow (.25 dyn/cm?) assay to
characterize adhesion (Fiz 4a) and a boyden chamber assay to assess
transmigration of T cells on/through a confluent PMMEC monolayer
(i 4e), For Kenk2 '~ PMMEC, we detected enhanced numbers of
adherent (1. 4b) and transmigrated T cells (115, 4d) before, during and

under inflammatory conditions. 1L and the I
colony-stimulating factor (GM-CSF) were measured in supernatants of
these cells. Interestingly, Kenk2 *~ and spadin-treated PMMC (i3 3g)
and PMMEC (1'15. 1h) secreted significantly higher levels of IL-6 and GM
¢ before, during and after inflammation compared ta WT control
PMMC and PMMEC. BL-1249 reduced secretion of IL-6 and GM-CSF by
PMMC at all time points. For PMMEC, we detected reduced IL-6 levels
anly aiter washout of inflammation, We found no ant changes in
IL-1aand IL-10 production under modulation of Kz»2.1 function (Supp
¥ ). Taken together, Kar21 blockide or deficiency leads to
reased levels of p y eytokines and I in

vitra,

compared to WT controls. Treatment of WT u\wwrr.‘
with spadin led t0.an increase, whereas Kap2.1 activation with BL-1249
induced a decrease of T cell adhesion and transmigration. To transfer
these findings to an in vive situation, we ed the capability of T
cell adhesion in the context of K21 modulation using intravital mi
croscopy of the eremaster muscle microcireulation (5. 4€). We detec
ted increased numbers of T cell adhesion in Kenk2 * compared to W
1), Inflamma
ister muscle further increased the adhesion of T n Kenk2
nd WT animals. Spadin treatment enhanced T cell adhesion in WT, but
not in Kenk2™'~ mice indicating a K21 speeific effect on immune cell
adhesion. VCAM-1 blockade by a monoclonal antibody significantly
diminished the number of adherent T eells, both in WT and Kenk2

on of the cre.

ells bo
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Fig. 3. Regulatory effect of Kx.2.1 on the inflammatory response of skeletal muscle and endothelial cells,

Untreated wildiype (WT), Kenk2 * cells or WT cells treated with Spadin (Kz2.1 blocker) or BL-1249 (K 2.1 activator) were analyzed every 24 h without (0} ar
with stimulation of TNFu (24; geey bar) and each 24 h after washout (48, 72, 96) of the stimulation. Mean luorescence intensities (MFT) of (a) MHC-1, (b} MHC-2,
and fc) ICAMIT on PMMC were m by flone cylonetey. MFL of () MIHC-1, (e) ICAML s ) VCANCL are b below. ML levls s sorlized 10
untreated and W cells, respect for eaeh experiment besides the corresponding bar plot for the 72 h time
point. n = 10 for each () PMMC m 116 and GM-CSF at diffesent time points of inflammsation measured by ELISA (n
= 5). Groups were compared by anc-way ANOVA testing followed by post-hoe analysis. *p < 0.05, *'p < D.01, **p < 0.001
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Fig 4. i 2.1 on adhes endathelial cells, A monolayer of untreated PMMEC from
wildtype (WT; black) or Kenk2 * (grey) cells, mcmdwr cells with Spadin (Kz2.1 blocker; groen) or BL-1249 (Kzr2 1 activater; blue) were used for this experi-
i timulation were: ), stimulated (24 h of TNFa stimulation, grey bar) or 24 h after washout of stimulation

v

(48). (a) ion of the experi setup for the flow 0.25 dyn/crv® adhsion aseay. () Analysis of abeolut mrane clls sounts adhered on
fluent ? y menolayer within 30 in by 20x High-power fiekd (HFP) wsing Image J software, Stat

between WT and @) i setup hamber. (d} Absalut numbers of

mimune cells after 6 h through Iayer with and modulatory conditioas, (e) Expeeimental setup for

miernsenpy of muscle “TNFn was Infected ly and the exposed superfused with CCL21

Fluorescence labefled T eells were injected intsaarterially (La.) by a femoral eatheter. Adhercnt T cells were observed via intravital mieroscopy using a Zeiss Axio
Seope upright micrascope, equipped with a 40x NA .75 water immersion objective. Seale bar represents 10 ym. (f) Intravital microscopy analysis of adherent T eells
per mm in cremaster musele microvessels, Scrotum was stimulated with TNFu or without (basal), superfused with CCL21 and treated by i.a. injection with or
without Spadin or a VCAM blocking antibody in wildtype (WT; black) or Kenk2 /~ (grey) animals (n = 12, n = 16). Treatment was done in parallel, PMMC were (g)
untreated or (h) treated with Ovigss seq. Stimulated OT-1 CI8” T cells were co-cultured with PMMC and the viability was analyzed by flow cytometry (1 = 5). Live
cells were identified by Annexin-V/FVD siaining. The percentage of live cells of the total PMMC is reported. 50,000 cells were analyzed per sample. Representative
histogeams are displayed beside each experiment. Data is shown a5 mean + SEM. For (a.b) “p < 0.05, **p < 0.01, **p < 0.001, determined by two-way ANOVA test
and for (f) “p < .05, determined by Student’s ttest
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‘mice. Thus, Kyp2.1 regulates adhesion molecule level on PMMEC in vitro
and in viva,

In 1IMs, infiltrating immune cells may exert cytotosic effects towards
skeletal muscle cells leading to their progressive destruction [1]. To
understand the interaction between muscle fibers and cytotoxic T eells.
We performed a flow eytometry-based cytotoxicity co-culture assay
(Fiz. 4g and h. Hence, we inflamed muscle cells in a time-dependent
manner as described before and loaded these cells with or without an
ovalbumin peptide (OVAyszaed). CD8' T cells isolated from
OVA-specific TCR transgenic mice (OT-1) recognize OVAzsy 254 in the
context of MHC-1. These OT-1 CD8" T cells were stimulated a.nd
co-cultured with or without OVA-loaded muscle cells. We d

Joumal of Ausimmsnity 142 (2024) 103136

CD&" T cell-mediated cytotoxicity was amplified in Kenk2 ™'~ muscle
cells and in muscle cells treated with spadin with and without OVA
loading (i, 4gand h). In contrast, BL-1249 blunted the cyotoxic effect
of D8 T cells on OVA loaded muscle cells, Taken together, these data.
suggest that Kx2.1 may affect both immune cell migration and T
cell-mediated eytotoxicity in skeletal muscle.

44 K221 influences disease progression and inflammatory response in
a small-pepride antigen-induced 1M animal madel

the number of ive cells after incubation with CD8 T cells. Interestingly,
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Rotarod quaient (mean Rotaod tme of the especive day/mesian Rotarod tim of previous 2 weck raining phse). Dashed i (day 19)indicatesthe day of
from

analysis (n ~ 10 animals per group from 1 103

the Rotarod qmucnx as mesured in Ellw shown for cach

:sspmmenm froup. (c) HAE staining of
Histalo

1 Geidi o, mcbac of acrace Abers displayid 2 ks inficucra

higher ular (1, i )
1 sccre (MIS) i dilferent expertmental EAMS geowpe. (€) Represeatative

.mmn.smmm- taining of muscle tssus from each experimental group. Sectians wére stalied for MHC-L (0 — 5). Arrovws ndicate MHC-1 positive cels. ()

Ex naive and duced WT and Kenk2™ . () Spleen weights and
(L8) of naive and EAM animals, All dataare shown as the mean  SEM. A two-way ANOVA test s sed t0 compare groups, °p < 0,05,

€. Nelke et ol

autoimmune myositis (EAM) mouse model [29]. We induced the disease
in'WT and Kzp2.1 deficient animals with or without BL-1249 wreatment.
Disease severity was measured by muscle strength, which we longitu-
dinally detected by rotarod performance test. We defined a muscle
strength basal level of each animal as median time on the Rotarod within
a two weeks rnining period. P13 immunized WT mice (WT P13)
worsened motor

WT controls E\h‘l‘vch::ll:)u ig. Sa and b). Of note, the disease course in
Kenk2 ™/~ P13 mice was significantly worse than in WT P13 mice.
BL-1249 treatment ameliorated EAM discase course in WT P13 mice
almost reaching motor performance of W wehicle controls, As we did

in motor inKenk2 ™/~ P13 mice
with or without BL-1249 treatment, this effect seems to be specific to
Kzp2.1 modulation. Day 15 (dashed line) was defined as day of maximal
muscle inflammation. H&E staining demonstrated immune cell infil-
tration in all EAM mice but not in WT vehicle animals, which were
mainly observed in fascicular (1), epimysial (1) and perimysial (111,
Fig. 5¢) regions. To further assess whether Kzp2.1 affects muscle
inflammation in EAM, we calculated the muscle scare

10

it of cells isolated fr been and inguinal lymph nod

Jourmal of Auswimmnity 7432 (2024) 103136

well as seattered pericytes and fibroblasts in close contact to the EC and
myofibers (Fig. Ga). Kzl was expressed in PHMC and PHMEC on
mRNA (Fig. 6band c) and pmrnnlml (Fig. d). Slmllarluuur findings in
mice, of Kzp2.1
expression by TNFa treatment in differentiated PHMC and PHMEC
(Fig. 6, d, €). Next, we investigated whether pharmacological Kzr2.1
modulation has comparable functional consequences as observed in
mice. For this purpose, we used the same experimental setups for human
primary cells emplaying a time-dependent inflammation with TNFa.
Kzp2.1 blockade by spadin led to an enhanced immune response with
inereased MHC-1, -2 and ICAM-1 expression on PHMC (mainly during
and after inflammation) (Fig. o) and MHC-1, ICAM-1 and VCAM-1
expression on PHMEC (before, during and after inflammation}
mg 6g). In contrast, Kzp2.1 activation by BL-1249 treatment induced
e effects. Activation of Kzp2.1 by BL-1249 led to an overall
rotuction of MEIC- and both adhesion moleeules (ICAM-1 and VCAM-
1) before, during and after inflammation of PHMEC (i 6f and g). Next,
weinvestigated whether Kys2.1 modulation also influences immunc cell

th h PHMEC. of PHMEC led to increased

(MIS) as previously deseribed 133,341, Briefly, the MIS quantifies his-
tomorphological abnormalities including immune cell infiltration,
muscle atrophy and the number of necrotic fibers. Eight randomly
chosen. for each specimen by a Here,
Kenk2 ™'~ P13 mice demonstrated an enhanced MIS compared to WT
P13,

In Kenk2 ™~ P13 mice treated with or without BL-129t, we observed
significant less necrosis compared to WT P13 animals, whereas we did
not detect any relevant effects in BL-1249 P13 WT mice (Fiz. 5d). We did
not detect MHC1* cells in WT vehicle treated animals, while we
abserved a higher number of MHC-1" cells in WT P13 animals, in
Kenk2 ~ P13 animals and in BL-1249 treated Kenk2 7~ P13 animals
(Fig. 5e). In comparison, the number of MEC-1” cells was diminished in
BL-1249 treated WT P13 animals. Infiltrating immune cells comprised
€D4*, CD8* and CD11b" cells in all EAM (WT P13 and Kenk2 ™/~ P13)
animals (Suppl. iz %), Investigating the peripheral immune response,
we observed enlarged spleens in Kenk2™/~ P13 mice (Fig. 5f) accom-
panied by increased cell numbers in spleen and lymph nodes (LN)
compared to WT P13 animals (Fig. 5g). BL-1249 did not induce a sig-
nificant change to cell numbers of inguinal LN and spleen as compared
to WT P13, Naive Kenk2 7~ and WT animals did not show any signifi-
cant differences.

In depth analysis of immune cells of the spleen and inguinal LN
showed a slight shift to reduced T cell numbers (CD4” and CD8") and
expanded B cells in Kank2 7 naive compared to naive WT animals

(Suppl. Fig. 3b). In all spleens of EAM P13 and vehicle animals, we
detected a shift towards monocytes and macrophages (MM), dendritic
cell (DC) populations and B cells. Further, in EAM Kenk2 ™/~ mice

aTeell
reduction in inguinal LNcampmd to all other groups. In addition, we
observed a pronounced shift from naive to T central (TCM) and T
effector memory (TEM) cells of Kenk2 ™'~ P13 mice (Suppl. Fig. 3¢) as
well as enhanced T cell (CD4” and CD8") activation status in spleen and
inguinal LN (Suppl. Figs. 3d and e) of Kenk2 ™~ P13 mice. BL-1249
treatment significantly reduced those peripheral immune responses
enly in WT P13 mice. In summary, Kz2.1 deficiency leads to a worsened
EAM disease course associated with enhanced peripheral immune
response and muscular immune cell infiltration, whereas Kyp2.1 acti-
vation specifically reverses thase effects

4.5. Kzp2.1 modulation influences the immune response of human
muscle-derived cells

in vitroand in
15 of the human unit.
Similar to the murine ultrastrucutre, electron microscapy

numbers of adherent and transmigrated PBMC. Those effects were
further enhanced by spadin treatment, whereas BL-1249 treatment
demonstrated opposite outcomes before, during and after inflammation
(Fig. bhand ). Thus, Kz2.1 is functionally expressed in human skeletal
muscle and muscle endotherlial cells. Its pharmacological modulation
can be used ta modulate immune responses and immune cell migration
in the context of muscle inflammation

5. Discussion

‘The mechanosensitive outward rectifying potassium channel Kgp2.1
i expressed in several organs and tissues including brain, lung, kidney,
heart and, notably, in the vascular system as well as smooth and skeletal
muscle [35]. Kap2.1 i one of the most snudied chaniels of the Kqp family
and involved in physiological and [351.
Nevertheless, the role of Kz2.1 in skeletal muscle and endothelial cells
in the context of IIM remains poorly understood. Therefore, the present
study aimed at understanding the mechanistic consequences of Kzp2.1
for immune function at the interface of skeletal muscle and vasculature,
Here, we report a novel function for Kop2.1 signaling as regulator of
immune cell trafficking in skeletal muscle. Kzp2.1 modulation influ-
enced disease severity in EAM and argues for Kap2.1 as polential new
therapeutic target for IIMs.

As previously reported for the central nervous system and the neu-
rovascular unit [21], endothelial cells, but also pericytes and fibroblasts,
presumably interact and regulate immune cell migeation. i line, pre-

orted a ‘murine and human.
muscle tisue characterized by the proxinity of capillaries, satellte cells
and other pert cells [36-251. This obs it be of value
to translate mechanisms of Kz52.1 function from mice to human.

Kas2.1 is expressed in muscle and muscle endothelial cells, but only
infrequently in immune cells both of human and mouse origin. Inflam-
matory stimulation with TNFa leads to Kzp2.1 downregulation in typical
Ka.1-cxpressing cell types with fast recovery after the inflammatory
conditions have resolved. Similar effects have been reported for bra
endothelial cells i vitro and in vivo 9], and in epithelial as well as
endothelial cells in the intestine or nasal mucosa [22,23) during
inflammation. Those s indicate that Kzs2.1 is a regulator of
cellular immune responses in different tissucs of ectodermal and meso-
dermal origin. Consistent with this, increasing numbers of studies
addressed Kzp2.1 modulation as potential therapeutic approach in the
context of autoimmunity (21-23]. For this study, we employed
Kenk2™ as well as established pharmacological modulators
(spadin as inhibitor and BL-1249 as activator of Kzp2.1) [40]. Genetic
deletion or treatment with spadin has been previously shawn to induce
secretion of pr cytokines and inflammation in the

an EC layer connected by tight junctions (T.J) surrounding capillaries as

context of spinal cord or lung injury, intracerebral hemarrhage or
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Fig. 6. K21 expression pattern in cells of the human myovaseular unit and its functional effect on the inflammatory response, adhesion and transmigration (a)

microscopy mage of

unit. A red blood cell (RBC) inside the capillary, surrounded by endothelial cells connected 1o

each other by tight junctions (T.1). Fibeoblasts (FB) are localized between EC and myofibers (MF) of the human muscle and can be differentiated from pericytes (not
shown here) by absence of a basement membrane. (b) mRNA expression levels of KCNKZ in peripheral blood mononuclear cells (PBMC), human embryanic kidney

cells (HEK) as negative and HEK-KCNKZ which constitutively expresses Kzr2.1 as positive control, respectively, as well as different

ted primary human skeletal

muscle cells (PHMC), primary human skeletal microvascular endothelial cells (PHMEC; n ~ 5). (¢) Relative (rel) mRNA KCNK2 or (d) K2.1 protein expression
determined of PHMC (black} or PHMEC (corn yellow) ot different time points of stimulation by qu and flow cytometry, respectively. Cells were measured

anstimulated (24), TNFa stimulatcd (48) or 24 b after (72) washaut of

A cells (24 (n = 6). ()

TNFa stimulated PHMC or PHMEC Eur)c,,.z 1 (red). DAPT (blue) and phalloidin (green). Cells were
not permeabilized for this experiment. (f + g} Mean fsorescence intensities (MFT) of immune regulatory molecules (MHC

2) adhesion (ICAM-1 and VCAM-1)

expressed by PHMC and PHMEC were mmmmd hy flow eytometry and normalized w0 not stimulated, untreated cells (n = 6). Representative seatter plots are
shown poled within 30 min under o o (0 25 dyn/em?) to unstimulated (24),simlated (48, TN for 24,

grey bar) or 24 h after washout (72) of pumac Mrumm.m Spadin or BL-

field (HPF). (i) Analysis of

transmigrated PBMC towards a PHMEC monolayer treated with or without Kz2.1 modulators dnm\; a stimulation interval, Dashed line displays the baseline of
wnireated and unstimulated FHMEC (n = 10). Statistics of mRNA expression levels were calculated with ACy values. Data is shown as mean-+SEM. Groups were

compared by two-way ANOVA test, *p < D.05, **p < 0.01, ***p < 0.001.

allergic reactions [22,23,41]. In line with these observations, we repart
that Kz:2.1 modulation promotes a pro-inflammatory cellular response
of muscle and endothelial cells as evidenced by Kap2.1 inhibition or
deletion under basal and inflammatory conditions in both mouse and
human tissue, respectively.

Here, we extend the knowledge of Kzp2.1 signaling to skeletal muscle
and corroborate Kzp2.1 as driver of inflammation at the endothelial
interface. Moreover, we demonstrate that Kzs2.1 is a central regulator of
inflammatory cell respanses not only for endothelial and epithelial
barriers, but also for in
M. Indeed, Kzp2.1 exerts a functional role in the context of IM as
disease severity of EAM is amplified in Kz2.1 knockout mice. Functional
deletion of Kcnk2 enhances immune cell infiltration resulting in a wor-
sended disease course. Following this line of argumentation, we hy-
pothesized that Ky2.1 activation might be of interest to dampen
autoimmunity in the context of IIMs. Indeed, a recent study reported
that Kyp2.1 activation results in reduced pro-inflammatory cytokine
secretion of epithelial and alveolar cells following lung injury [51]
However, functional readouts of Kzy2.1 modul
ing in vivo. Thus, it is interesting to note that expression of
pro-inflammatory molecules are diminished
muscle and muscle endothelial cells. On a functional level, BL-1249
treatment improved muscle function in a model of EAM providing first
in vive evidence for a therapeutic effect of Kyp2.1 stimulation. On a
cellular level, this effect was corroborated by reduced expression of
costimulatory and adhesion molecules as well as cytokine production in
response to Kzp2.1 activation,

Kap2.1 likely exerts its immune regulatory effects via a number of

Among these, trafficking across
barriers is of particular importance. Indeed, we were able to demon-
strate that Kz2.1 modulates immune cell extravasation both in vitro and
in vivo. Genetic depletion or pharmacological blockade promoted im-
mune cell trafficking. Conversely, activation of Kz2.1 had an opposite
effect before and after inflammation in mouse and human cells,
respectively. These findings can be attributed to adhesion molecule al-
terations on EC caused by Kyp2.1 modulation. Former studies are
consistent with these findings, demanstating that Kz2.1 inhibition is
associated with upregulation of adhesion malecules combined with
downregulation of tight junction molecules in endothelial and epithelial
cells in context of inflammatory processes [19,35]. These findings
indicate K21 as regulator of barrier funetion and integrity aross tis-
sues. Previously, we discussed porential mechanisms by which Kzy2.1
might y in the context of
unit [19]. Broadly, ion flux-dependent (e.g. alterations of Ca** homeo-

eraction with the
actin cytoskeleton [42]) are potentally implicated. Further in-
vestigations are needed to dissect the underlying pathways both in the
context of the neurovascular unit and skeletal muscle.

A potential limitation of this study is introduced by the Kenk2

odel i

between
diffesent cell types contributing to immune cell migration into skeletal
muscle. Further studies might benefit from employing cell-specific
knockouts to further dissect potential mechanisms. The absence of an
effect for BL-1249 in Kenk2 ™/~ EAM argues for a specific Kzp2.1 mech-
anism in mice, an influence of BL-1249 on other potassium channels
such as Kzp10.1 (TREK-2) cannot be excluded in human cell lines [47],
Specific Kzp2.1 modulators are needed to overcome this potential
caveat. A further limitation to this work is potentially introduced by
clinical and therapeutic heterogeneity among patients and subgroups.
As such, immunomodulatory treatments might introduce a potential
confounder in our analysis. To address this bias, we compared patients
treated with glucocorticoids 1o those without. Here, we observed no
meaningful differences between the two groups.

Succinctly, the present study provides evidence for Kz2.1 as regu-
lator of immune function in skeletal muscle exceed an exclusive
regulation of the endothelial barrier. Kz2.1 inhibition or deplerion
leads to an increased pro-inflammatory response of muscle- and muscle
endothelial cells, facilitates adhesion and transmigration of immune
cells and aggravated EAM severity. Concurrently, Kap2.1 activation
ameliorates autoimmunity and results in a more beneficial course of
EAM. Therefore, pharmacological modulation of K21 might be of
interest as a novel therapeutic strategy for TIM.
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Abstract

Inclusion body myositis (IBM) is unique across the spectrum of i

opathic inflammatory myapathies (IIM) due ta its

distinet elinical presentation and reffsetoriness to current reaiment approaches. One explanation for this resistance may

be the of

that sustain or promote disease progression of IBM independent of

inflammatory activity. In this study, we focused on senescence of lissue-resident cells as potential driver of disease. For this

purpose, we compared [BM patients to non-d

pathological analysi

d controls and i diated necrotizing myopathy patients. Histo-
suggested that cellular senescence is a prominent feature of TBM, primarily affecting non-myogenic

cells. In-depth analysis by single nuclei RNA sequencing allowed for the deconvelution and study of muscle-resident cell
populations. Among these, we identified a specific cluster of fibro-ad (FAPs) that

hallmarks of s

cluding a p

of p21. increased [i-galactosidase activity,

¥
and engagement of senescence pathways. FAP function is required for muscle cell health with changes to their phenotype
potentially proving detrimental. In this respect, the transcripiomic landscape of IBM was also characterized by changes to
the myogenic compartment demonstrating a pronounced loss of type 2A myofibers and a rarefication of acetylcholine recep-
tor expressing myofibers. IBM muscle cells also engaged a specific pro-inflammatory phenotype defined by intracellular

activity and the of

surface molecules. Skeletal muscle cell dysfunction may be linked

10 FAP senescence by a change in the collagen composition of the latter. Senescent FAPs lose collagen type XV expression,
which is required to support myofibers’ structural integrity and neuromuscular junction formation in vitro. Taken together,
this study demonstrates an altered phenotypical landscape of muscle-resident cells and that FAPs, and not myofibers, are

the primary senescent cell type in 1BM
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Introduction Methods
The spectrum of idiopathic (M) Ethi

is characterized by muscle inflammation as a pathogenic
hallmark [1, 36]. Among TIM, inclusion body myositis
(IBM) is a unique entity due to its characteristic cal
presentation, advanced age at onset, and notable refracto-
riness 1o contemporary treatment strategies [17). As such,
IBM leads 1o progressive muscle damage and weakness
resulting in an unmet need for novel treatment approaches.

One explanation for ihe ireatment refracioriness of IBM
might be the instigation of cell-autonom h
that promote disease progression independent of ongoing
inflammatory activity. Skeletal muscle is constil
myogenic and non-myogenic cells. The comple:
of these cells is required to maintain muscle health and for
the resolution of inflammation [39, 43]. However, IBM
imposes a burden of chronic inflammation on the compart-
ment, potentially shifting the cellular homeostasis to a det-
rimental muscle phenotype [7, 17, 40]. Indeed, in response
to chronic stress or damage, cells may assume a state of sta-
ble cell cycle arrest termed cellular senescence [44]. These
cells continue to influence their environment by engaging a
specific ct ciated secretory (SASP)
characterized by Jmmnnnmmiu]nmry cytokines, growth fac-
tors, and proteases, Following this line of argumentation,
accumulation of senescent cells in skeletal muscle may
constitute a cell-autonomous mechanism by which muscle-
resident cells promote compartmentalized inflammation and
fibrotic remodelling in IBM.

Succeeding the identification and characterization of
highly cytotoxic, terminally differentiated CD8 T cells [16,
18], renewed attention has been focused on the development
of immunomodulatory strategies for IBM, e.g. the depletion
of KLRG1* CD8 T cells [14]. However, addressing the dete-
rioration of the skeletal muscle compartment might improve
efficacy of those treatment strategies

To understand whether IBM instigates cell-autonomous
mechanisms, we studied cellular senescence in the skel-
etal muscles of IBM patients and compared them with
those of non-diseased controls (NDC) and immune-medi-
ated necrotizing myopathies (IMNM) as diseased control
Employing a single-nuclei transcriptomic approach, we
describe a novel population of senescent fibs
progenitors (FAP») that may induce distinet alterations of
the myogenic compartment. Given the growing interest and
availability of senotherapeutics [21, 44], targeting these cells
may provide an innovative siraiegy io amelioraie the muscle
phenotype of IBM.

&) Springer

The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the ethics committee of
the Heinrich Heine University Duesseldorf (2016-053-1-8
and 2021-1417) and the Charité Berlin (EA2/163/17). This
study analysed skeletal muscle biopsies acquired from 1TM
patients and non-diseased controls (NDCs). All patients
signed written informed consent before acquisition of the
biopsy and clinical metadata.

Patient recruitment and clinical data

Patients were recruited from three tertiary centres special-
ized in the management of [IM (University Hospital Due:
seldorf, Charité-University Medicine Berlin, and Univel
Medical Center Gittingen). Patients treated in the outpatient
clinic and patients admitted to the hospital were asked for
study inclusion as well as writien consent. Patients were
recruited from January 2014 to January 2022. As disease
control, we chose immune-mediated necrotizing myopathy
(IMNM) as these patients rarely demonstrate extra-muscular
manifestations, similar to IBM. IBM and IMNM patients
were required to meet the European Neuromuscular Cen-
tre (ENMC) eriteria for diagnosis [1, 2, 54]. NDCs served
as an additional control cohort. As previously proposed by
our group [53], these patients underwent muscle biopsy
for diagnostic purposes, e.g. for myalgia. These patients
were required not 1o have any objective muscle weakness
or abnormal creatine kinase levels. On muscle histology,
the patient’s specimens were required to demonstrate no
signs of inflammation or any other siruciural abnorma
ties. These patients had no myositis-specific or myositi
associated antibodies. Given the impact of age on the study
readout of cellular senescence, NDC and IMNM patients
were hed 1o IBM patients difference in
age of 3 years). This study included 16 IBM, 16 NDC and 16
IMNM patients. The individual number of patients is given
for each experiment as cated. The disease duration was
defined as the time between the first symptoms as reported
by the patients to the time of muscle biopsy.

Biomaterial

All skeletal muscle specimens had been cryopreserved
= 80 °C before analysis according 10 the predefined stand-

ard operating procedure at the local biobank of the Heinrich

Heine Unives Duesseldorf and the Charité Berlin,
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Immunofluorescence

Immunofluorescence (IF} was performed as previously
described [53]. Briefly, all stains were performed on 8 pm
cryostat sections. We used irrelevant antibody stains (either
mause/rabbit monaclanal/polyclanal isotype controls) as
negative controls, as well as o ion of the primary anti-
body. The following antibodies were used for staining pro-
cedures: Laminin-p1 (Rabbit, 1:100, Novus Biolog
p21 (Mouse. 1:50, Novus Biologicals), C3 (Rat,

Santa Cruz). PDGFRa (Mouse, 1:50, Novus Biologicals),
a-bungarotoxin (Snake, 1:50, Invitrogen). The secondary
antibodies for immunofluorescence were anti-rabbit (Alpaca,
1:200, Jackson ImmunoResearch), anti-rat (Alpaca, 1:200,
Jackson ImmunoRescarch) and anti-mouse (Alpaca, Jack-
son ImmunoResearch). Specimen were analysed using Zei
Axio (for 10 and 20-fold magnification) or LSM 880, Zeiss
(for 40 and 63-fold magnification) in cooperation with the
Core Facility for Advanced Light Microscopy, Heinrich
Heine University Diisseldorf. The biopsies were blinded
for quantification with the diagnosis not possible to identify
from the label. The scoring was performed in randomly di

according to the manufaciurer's instructions. For all experi-
ments, we used differentiated PHMCs by allowing cells to
grow to 100% confluence, These PHMC cultures contain
different degrees of myoblast differentiation as well a
myotubes.

Flow cytometry

PHMC were analysed by flow cytametry. Cells were treated
and cultivated as indicated in the corresponding section.
Cells were then washed with ice-cold PBS and scraped. The
cells were centrifuged, and the pellet was washed before
staining, PHMC were stained with the a-bungarotosin anti-
body (CF555, Invitrogen). 13¢ 106 PHMC per well was co-
cultivated with the indicated concentrations of collagen for
24 h. Recombinant COL1A1 and COLISAT were purchased
from Abbexa, Cambridge, England.

Live/dead assay
For the assessment of viability. we used the LIVE/DEAD

Viability/Cytotoxicity Kit for mammalian cells (Invitrogen,
Waltham, M. according to the manufacturer's

tributed 10 high-power fields (HPE, based on the mi p
used and the respective oculars £ 0.16 mm?) as previous!
described [53]

Quantitative reverse transcription PCR (qRT-PCR)

Total RNA was extracted from muscle specimens as pre-
viously described [53]. cDNA was synthesized using the
High-Capacity cDNA Archive Kit (Applied Biosystems,
Foster City, CA). For reactions. 10 ng of cDNA were used
on the 7900HT Fast Real-Time PCR System (Applied Bio-
systems, Foster City, CA} with the following running condi-
tions: 95 “C 0:20, 95 °C 0:01, 60 °C 0:20, 45 cycles (value:
above 40 cycles were defined as “not expressed”). Al tar-
geted transcripls were run as triplicates. For each of these
runs, the reference gene PGK ! has been included as internal
control to normalize the relative expression of the targeted
transcripts. The 27347 method was used to quantify gene
expression of IBM and IMNM patients compared 10 NDCs,

Isolation, purification, and cultivation of primary
human muscle cells

Muscle tissue was dissociated using a muscle dissociation
kit (Milienyi Biotec, Bergisch Gladhach, Germany) accord-
ing to the manufaciurer’s instructions. For primary human
skeletal muscle cell (PHMC) purification, we used a CD36
(clone N901, Beckman Coulter) antibody combined with
microbead magnetic separation. For cultivation, we used
Biolaminin 521 LN coated 6-well plates and skeletal mus-
cle cell growth medium (PELOBiotech, Planegg, Germany)
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instructions, Briefly, 1 % 10° PHMC per well were co-culli-
wvated with the indicated concentrations of collagen for 24 h.
Cell viability was assessed by fluorescence microscopy. Live
cells were identified by green-fluorescent calcein-AM indi-
cating intracellular esterase activity. Dead cells were iden-
tified by red-fluorescent ethidium homodimer-1 indicating
4 loss of membrane integrity. For cach sample. 100 cells
were counted and the frequencies of live or dead cells were
recorded,

ATPase staining

ATPase enzyme histochemical preparations at pH 4.3, 4.6,
and 9.4 were performed according to standard protocols to
highlight type | and type 2A and 2X fibers [10].

Isolation of single nuclei from muscle biopsies

Single nuclei were isolated from frozen muscle biopsy speci-
mens, Approximately 60 mg of muscle was used for each
sample. All biopsies were taken from the quadriceps muscle
(vastus medialis) approximately 3 em proximal to the knee
joint.

The single nuclei suspension was obtained using
GEXSCOPE® Single Nucleus RNA Library Kit V2 (Sin-
gleron Biotechnologies) as previously described [34].
Briefly, on ice, the tissue was immersed in a cold nucleus
separation solution and cut into small pieces. Further
homogenization was achieved by performing 5 strokes
with pestle A and 5 strokes with pestle B of the Kimble

&) Springer
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douncer (KIMBLE® KONTES® Dounce Tissue Grinder).
The sample was then incubated on ice for 15 min, where
the state of dissociation was monitored every 5 min under a
light microscope. Following homogenization and digestion,
the suspension was filiered using a 40 pm sterile strainer.
The nuclei suspension was centrifuged a1 200 for 2 min
a4 °C, and the was at 500xg for

Seurat workspace [57]. The FindIntegrationAnchors func-
tion was used to assemble all snRNA-seq datasets into an
integrated and unbatched dataset. Next, to reduce dimen-
sionality of the datasets, the RunPCA function was con-
ducted with defauli parameters on linear-transformation
scaled data generated by the ScaleData function. After
i ion, we performed a modularity-optimized Lou-

5 min at 4 “C. The resulting pellet containing nuclei was
resuspended in 0.25 ml cold nuclei suspension bulfer. The
quality of the nuclei was assessed by Trypan Blue staining
(0.4% wiv, Gibeo) under a light microscope. The nuclei were
counted using propidium iodine with a Luna FX7 automated
cell counter (Logos Biosystems, Villeneuve d’Ascy, France),

Library generation and sequencing

A total of 30 000 nuclei were loaded onto a

vain clustering with a resolution of 0.8,
Cluster annotations

‘The FindAllMarkers function was used to identify cluster-
specific markers with a fold-change threshold of 0.25 and
min.pet set to 0.25. Clusters were then classified and anno-
tated based on expressions of canonical markers of particular
cell types. The complete list of markers for all clusters is

chip (Singleron GEXSCOPE® Single Nucleus RNA Library
Kit V2) for a minimal capture of 6000 nuclei for each sam-
ple. Barcoded beads containing a unique cell barcode were
loaded into the chip, and nuclei were lysed. After nuclei
Iysis, polyadenylated RNA was captured onto the Barcode
Beads by the paly (dT) sequence. Barcode Beads with cap-
tured mRNA molecules were collected and subjected 1o
reverse transcription reaction. The cDNA was then amplified
and QC. NGS libraries generated were sequenced on an Tllu-
mina NovaSeq 6000 instrument using a paired-end 150 bp
approach. The reads were demultiplexed on Hlumina's Base-
Cloud, and fastq files were used to initiate data analysis.

Bioinformatics workflow

Iumina reads (fasig files) were processed (o gene expres-
sion matrices using CeleScope™ (v1.14.1., www.github.
com/singleron-RD/CeleScope; Singleron Biotechnolo-
gies). Briefly, fastq files were demultiplexed accord-
ing o their respective cell barcodes and UMIs. Adapter
sequences and poly-A tails were trimmed (cutadapt:
https://cutadapt.readthedocs.iofen/stablefinstallation.
html) and the trimmed Read2 reads were aligned to the
GRCh38 version of the human genome with Ensembl ver-
sion 92 gene annotations (STAR v2.6.1a_08-27 [hiips://
github.com/alexdobin/STAR] and featureCounts 2.0.1).
We excluded cells with a unique feature count over 2500
or below 200 or cells with a mitochondrial ratio of more
than 5%. A combined digital expression matrix was
constructed, containing all sequenced experiments, for
downstream analysis. Analysis was performed in Seurat
(v4.3.0). Data were normalized using the NormalizeData
function and 2000 features with high cell-to-cell varia-
tion were calculated using the FindVariableFeatures func-
v. For data integration of IBM and NDC samples, we
employed the integration workflow as proposed for the

4 Springer

available as § File 1.

Subclustering

As indicated, clusters of interest were extracted from the
integrated dataset for in-depth analysis and subclustering.
Principal component analysis and clustering were repeated

testing and
enrichment analysis

Differential gene expression testing was performed using
the FindMarkers function using Wilcox testing and a fold-
change threshold of 0.25. The Bonferroni correction was
used based on the total number of genes in the dataset. Dif-
ferentially expressed genes (DEGs) were selected based on
the adjusted p value.

DEGs were used for gene set enrichment analysis (GSEA)
using the ClusterProfiler package (v4.3.1) and the Gene
Oniwlogy (GO) “Bielogical Process” and the “Reactome”
databases.

For targeted GSEA analysis, we used Genetrail (hups://
‘genetrail bivinf.uni-sb.de/start html) with the SenMayo gene
set (v2023.1.Hs, available from hitps:/www.gsca-msigdb.
orgfgseafindex.jsp as “SAUL_SEN_MAYO").

Cellcell communication was analysed using the Cell-
Chat package (v1.5.0) as proposed by the developers

Statistical analysis

Statistical analysis was performed using R 3.5.3. Data were
presented as median with IQR, mean + standard devia-
tion (SD), as absolute (m) or relative frequencies (%). Dif-
ferences between the two groups were analysed using the
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Mann-Whitney U test. The Kruskal-Wallis test was used
for multiple groups,

p>0.05 was classified as not significant, p <005 as sig-
nificant (), p<0.01 (**), p<0.001 (*+%)

Results

p21* senescent cells are abundant in the muscle
of IBM

First, we sought to determine whether the number of senes-
cent cells is altered in IBM compared to NDC and IMNM
patients. For this purpose. we recruited a multicentric cohort
of 48 patients (16 per group) in three tertiary centres spe-
cialized in managing 1IMs. The clinical and epidemiologi-
cal characteristics are given in Table 1. Given that age is
likely to have a major impact on the development of cellu-
ence, NDC and IMNM patients were matched to
e 1o account for this confounder. For diagnosis of

lar seny
1BM by

IBM and IMNM, patients were required to meet the current
ENMC eriteria for diagnosis, respectively [2, 35 i
IBM patients were 73 (45-87)
females. 5 out of 16 patients received intravenous immuno-
globulin treatment at the time of biopsy
suppressants were recorded for the [BM cohort,

As the first readout, we focused on the study of p21, an
established marker for cellular senescence [15]. This choice
was motivated by several recent studies in murine and
human tissues demonstrating that p21 governs a senescent
program in skeletal muscle and serves as a marker for mus-
cle cell senescence [12, 50, 64]. We assessed the number
of p21* cells by IF (Fig. car expres:
of p21. only cells that demonstrated clear co-localization
of p21 and DAPI were considered to be p21*. Ind the
number of p21* cells was higher in 1BM as compared to
NDC and IMNM patients (Fig. [b). To further corrobo-
rate this data, we also analysed p21 at the gene level by
PCR observing an increased expression of CDKNIA (cod-
ing for p21) in IBM compared 1o NDC or IMNM patients

No other immuno-

Table 1 Clinical and

Characteristics 1BM NDC IMNM
demographic charucteristics (=16} nsia N 1=16)
Median age at diagnosis (years, range) 73 (45-87) 72 (44-86) 74 (46-85)
Median disease duration® (months, range) T10-32) 3{0-18) 2{1-6)
Gender, n (%)
Female 9(56%) 7 (#4%)
Male 7 (4%) 9 (56%)
Creatine kinase 209 (43) 104 (98} 1509 (540)
(Uil mean, SD)
Antibady siaius, n (%)
9(56%) 0(0%)
0(0%) 0(0%)
0(0%)
16 (100% 1{6%)
Symptoms, n (%)
Muscle weakness and atrophy 16.(100%) 0(0%) 15 (%)
2013% 11 (69%) 11 (69%)
Dysphi 12(76%) 2013%) 7 (44%)
Lung involvement 00%) 0(0%)
Treatment, # (%1
Treatment naive 11 (69%) 15 (9455
IVIG 5031%) 0y
Stemwids 203%) L%
Steroid dose per day (mean, SD) 1 (10 510
Amthioprine 0(0%) 00y
Ritmxi 0(0%) 0105y

HMGCR HMG-CoA reductase; 1M inclusion body myositis; IMNM i
 ¥DC non-diseased control; S0 standard deviation; SKF signal recognition

psy

mune-medi

e duration was defined between the time of first symptoms as reposted by the patient and the time

“0ne NDC received steroids for the treament of psoriasis
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m

1ls are abundant in muscle of IBM. a Immu-
of p21 (red), laminin-pl (green). and DAPI
(blue) in muscle specimens of NDCs (n=16), IBM (n=16), and
IMNM (n = 16) patients. Patients were matched by age. Arrows indi-
cate single p21° cells o clusiers of p21* cells, b p21 +eells were
counted in randomly distributed 10 HPF :

4Fig.1 p217 senescent
nofluorescence staini

a clear expression of p21 in the nucleus. € RT-qPCR analysis of
A ending for p21 in muscle specimen (1= 16 per group). The
272457 method wa for normalization. COKNIA s s

over-expressed to NDC for both IBM and IMNM. d Quaniification
of p21* myonuclei in muscle in musele specim 16 per group).
P21* myonuct e defined as nuclei loeated inside a muscle fil

mplary image of @ p21+ nucleus located inside a myofiber. Dif-
ferences between groups were analysed by Kruskal-Wallis test fol-
lowed by post o test ssion of the number of
p21+celis and the disease duration of each IBM patient. The discase

dur een the first symp.
toms us reported by the paticnt and the time of biopsy. The .me
line indicates the 95% nificance was 1

by the likelihood test. *p <0.05, “*p <0.01, ***p <0.001. NDC non-
wed control; HPF high-power field; /BM inclusion body myosi-
ted necrotizing myopathy: r2 coeffich
tive polymerase chain

of determination; RTgPCR real-time quant

(Fig. . a substantial number of p21* cells
were dcmtcd in the pcnm\u | area in IBM. To clarify
the @ of those p21* cells, we also counted the number

of p21* myanuclei (he 1d). Myonuclei were defined as
nuclei localized inside the boundaries of the corresponding
myofiber (Fig. le). IBM and IMNM patients demansirated
similar numbers of p21* myonuclei leading us 1o hypoth-
esize that non-myogenic cells resident in skeletal muscle
might primarily assume a senescent phenotype in IBM,
OF note, longer disease durations were associated with an
increased number of p21* cells (Fig. 11). Following this line
of argumentation, we aimed 1o study senescence at the level
of single cells (or nuclei) in the landscape of myogenic and

non-myogenic cells in the IBM muscle.
Singls lei RNA | distinct
cell ions and allocates inIBM

muscle mainly to fibro-adipogenic progenitors

For this purpose, we performed snRNA-seq of three IBM
patients and three NDCs. We chose snRNA-seq as an
alternative to single-cell RNA-seq due to the large size of
myofibers that restricts the latter's use for studying skeletal
muscle [30, 50]. For snRNA-seq, all muscle specimens were
obtained from the quadriceps muscle, specifically the vastus
medialis, approximately 3 ¢m proximal to the knee joint.
IBM patients were 63, 68, and 71 years old with two male
and one female subject, NDCs were age- and sex-matched.
nts and all NDCs were treatment naive.

732

Afer quality control, ~ 30,000 nuclei of which~ 13,000
were obtained from IBM muscle and ~ 17,000 from NDC
ated into a batch-corrected expression matrix
for downstream analysis. Using graph-based clustering of
uniform manifold approximation and projection (UMAP),
we observed nine major cell types or subtypes based on
differential marker expression (Fig. 2a, b). Cell types were
assigned accarding o the expression of canonical markers (a
full list of all marker genes is given in Supplemental File 1)
based on previous transcriptomic studies of skeletal muscle
[9. 30, 50, 521, While non-myogenic cells were seps
based on their transcriptomic profiles, the classification of
myogenic cells was more challenging. Bricfly, human skel-
etal muscle may be classified into slow-twitch (type 1) and
fast-twitch (type 2A and type 2X) myofibers based on the
presence or absence of specific myosin heavy chains (MYH)
[42]. For this study, we annotated the myogenic compart-
ment based on this classification, although it should be noted
that some myofibers are considered hybrids falling between
canonical subtypes [38]. Firsi, we annotated type | myonu-
clei based on the expression of canonical markers such as
MYH7 or MYH7B (Fig. 2a, b) [50, 58]. Second, a subgroup
of fast-twitch (type 2X) myonuclei were identified based
on the expression of MYH! and the absence of MYH7 [S0,
58]. As previously described by Murgia et al., specific mark-
ers, except MYH2, for the type 2A subgroup of fast-twitch
myofibers are currently lacking [42]. Following this line of
argumentation, we annotated the final myonuclei cluster as
type 2A given the absence of MYH7 and MYHI expression
for type 1 and type 2X fibers, respectivi

To understand the distribution of senescence in myo-
genic and non-myogenic cells, we determined ©
sion of COKNIA across the dataset (Fig. 2¢). To com
the cl specific frequencies, we calculated the number
of CDENIA expressing cells as percentage of all cells in a
cluster for IBM and NDC (Fig. 2d). As described in the pre-
vious section, the relative frequencies of COKNJA® nuclei
le between IBM and NDC for myonuclei.
Intriguingly. the frequencies of CDKNIA expressing FAPs
and monocytes/macrophages were strongly increased in
IBM compared to NDC. However, it should be noted that the
expression of a single gene is unlikely 1o capture the hetero-
geneity of cellular senescence across tissues. To address this
caveat and to further corroborate the engagement of senes-
cence pathways, we determined the differentially expressed
genes (DEGs) between IBM and NDC for all cell clusiers.
Nexl. we employed the SenMayo gene set for enrichment
analysis [56]. Briefly, the SenMayo gene set is a panel com-
posed of 125 key genes associated with senescence signal-
ling pathways. We chase SenMayo as this genc sct hus been
b d against existing senescence or SASP gene sets
and outperformed the latter in the detection of senescent
cells [56]. DEG lists of all clusters were entered into GSEA
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ter was enriched for SenMayo in IBM compared to NDC,
SRRNA-seq demonstrates the capability of discerning dis-
tinet cellular subtypes and suggests that non-myogenic cells
assume a senescent phenotype in IBM.
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Single-nuclei RNA sequencing identifies a novel
population of senescent FAPs that resides in IBM
muscle

Net, we focused on the FAP population and extracted this
cell cluster for in-depth analy 00
FAP nuclei were analysed. FAPs are the lineage precur-
sors of specialized non-myogenic cells, including activated
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4Fig.2 Single-nuckei RNA sequencing of 1BM and NDC muscl
A total of 6 frozen muscle specimens were processed for single
nuclei-RNAseq (3 samples per group). A total of ~ 30,000 nuclei
were included for downstream processing and clustering after qual-
ity control. @ UMAP embedding demonsirating distinct clusters of
cell types and subtypes. b Clustered dot plot visualization of top-
regulated marker genes. The mean expression for each cluster is indi-
cated by colour code. The dot size indicates the percent of expressing
cells. Clusters were annotated hased v marker genes. ¢ Expression
of CKDNIA (coding for p21) across the UMAP embedding. The
mean expeession for cach cell is indicated by the colour code. d
Frequency of CDKNIA+cells for each cell cluster as indicated for
IBM patients and | NDC. Differences between groups were analysed
by the Kruskal s test followed by post hoo testing. e Gene set
enrichment analysis (GSEA) for the SenMayo datuser. Differemtially
expressed genes were determined by the FindMarkers function using
Wikkos testing and a fold-change threshold of 0.2, The Bonferroni
correction was used for correction for multiple testing. DEGs specific
1o the 1BM dataset were entered into the GSEA. The Kolmogorav-
Smirnov test, followed by post hoe correction. was used to determine
the significance. *4p<0.01. ACTAZ actin alpha 2; CDKNIA cyclin
dependent kinase inhibitor 1 5
EMCN endomucin: FEN fibrillin-1:
L LILRRS leukocyte immunoglobulin like :eue-pmr . MRCY
nose receplor C-type 1; MYBPC2 myosin binding protein C2; MYLY
myosin light chain 9 NDEC pon-diseased control; /BM inelusion body
is: SIGLECI sialic acid binding lg like lectin 1; TPM3 tropo-
myosin 3 PECAMI platclet and endothelial cell adhesion molecule
1; PAX7 pairesd box 7; PTPRC protein tyrosine phosphatase type €
(CDA5), UMAP uniform manifold spproximation and projection

and ic cells [8]. We per-
formed \ubclu\:enng on these cells and observed 4 subpopu-
lations of FAPs (Fig. 3b. ¢). We determined marker genes
for all FAP subtypes and compared these with previous stud-
ies 9, 55]. Although there currently exists no consensus
regarding canonical marker genes of human FAPs, Perez
et al. previously reported subtypes of FAPs associated with
ageing based on the expression of the ryanodine receptor |
(RYRI) and wiadin (TRDN} [50]. In our dataset, the clusters
FAPs2 and FAPs3 were also characterized by RYR! and
TRDN expression. Given the advanced age of IBM patients
and NDCs in our cohort, we suspect that these FAPs are
reminiscent of these previously reported FAP phenatypes.
In contrast, we also determined two clusters of FAPs only

XIAP-associated factor 1 (XAF/) and dynamin-1 (DNMI).
These markers were previously described in FAPs [19], how-
i role is currently unknown.

Given the scope of this study, we focused our analysis
on the CDKNIA™" FAP population. To understand whether
these FAPs exhibit senescence features, we determined the
marker genes for this cell cluster and performed GSEA for
the biological processes (BP) database (Fig. 3f). Here, the
humoral immune response was the most enriched term for
the CDKNIA™ FAP population. This observation is con-
sistent with current knowledge on the senescent phenotype,
as these cells are known to engage a pro-inflammatory
secretome (e.2, SASP). To further corroborate a senescent
phenotype for these FAPs, we performed GSEA for the
SenMayo gene set. Here, marker genes of CDKNIA™ FAPs
were enriched for SenMayo indicating the engagement of
senescence pathways in these cells (Fig. 3g), We manually
screened the marker genes of CDKN1A* FAPs and observed
that these cells express endosialin (CD248), a glycoprotein
and key regulator of tissue fibrosis [48, 51, 39]. CD248
expression was only detected in CDKNIA™ FAPs but not in
other FAP subtypes (Fig. 3h). Besides CD248, CDKNIA®
FAPs also engage the Jun/JunB signalling pathway [37, 56].
This pathway has been reported to govern fibroblast senes-
cence by inhibition of insulin growth factor- 1 (IGF-1) [37].
Surprisingly, CDKNIA* FAPs also demonstrate upregula-
tion of complement factors such as complement factor 3
(€3), complement factor H (CFH) or complement factor D
{(CFD). In respect io signalling, CDKNIA* FAPs express
CD44, a pro-inflammatory eell-to-cell signalling receptor,
as well as receptors for transforming growth factor beta
(TGF-p, TGFBR2, and TGFBR3). To corraborate that the
p2i4cells in the perimysium/endomysium are indeed the
FAP phenotype detected in the transcriptomic dataset, we
performed IF staining of IBM biopsy specimens (Suppl.
Figure 1). Here, p217 cells located in the perimysium were
identified by the canonical FAP marker platelet-derived
growth factor receptor @ (PDGRA).

found in TBM patients, but not in NDCs. The

To further cross-validate the of
in these cells, we addmnnally investigated the activity of
the idase (SA-fi-Gal) [38,

was.
defined by the expression of lumican (LUM) and fibrillin-1
(FBNT). LUMYFBNI* FAPs were previously described [55]
and are thought to resemble neprilysin (MME) expressing
FAFs associated with fatty infiltration of skeletal muscle.
ingly, we also investi ihe ion of COKNIA
across FAP subtypes and found that the expression of this
senescence marker is largely restricted to the LUM*/FBN*
FAP population. Consequently, we termed these FAPs
CDKNIA" 10 underline their senescent phenotype and asso-

60]. To enable m(mce]lulnr staining in tissue sections, we
employed SPiDER-f-Gal which exerts higher cell per-
meability than waditional SA-f-Gal [29]. Indeed, p21
(CDKNTA)* FAPs were detected in the perimysium of IBM
patients and stained positive for SA-p-Gal as an additional
biomarker for cellular senescence (Suppl. Fig. 2a).
Succinetly, CDKNIA +FAPs demnm:mte key features

ciation with the p21 pathway. This FAP pl
in IBM but not in NDCs (Fig. 3e). The identity of the fourth
FAP subtype (FAPs3) is characterized by the expression of

of cellular including exp of
markers, engagement of a pro-inflammatory secretory
ype is found and pro-fibrotic surface molecules, the activity

of SA- fi-gal and a senescence-associoted transcriptomic
signature.
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4Fig.3 A novel population of senescent FAPS resides in 1BM mus-
cle. 8 UMAP embedding of the full dataset. FAPs are highlighed
in green. All FAPs were extracted for downstream analysis and sub-
clustering. b Subeluster analysis of the FAP population. Four FAP
pepulations ure identificd based on their marker genes. ¢ UMAP
embedding displaying the erigin for each nucleus. d Clustered dot
plot visual of top-regulated marker genes, The mean expres-
siom for cach cluster is indicated by colour code. The dot size indi-
cates the percent of expressing cells. Cluster were annotated hased on
marker genes. € Expression of CKDNLA (coding for p21) across the
UMAP embedding split imo the IBM (icft) and NDC

NMJ proteins, these nuclei are likely to belong to myonu-
clei constituting the neuromuscular synapse (NMJ). Second,
a cluster of myonuclei emerged that expressed high levels
of pro-inflammatory molecules, such as HLA-A, HLA-B or
HELA-C constituting the major hi ibility complex
(MHC) class 1. Further, these myonuclei displayed TNF
alpha-induced protein 2 (TNFAIP2) and complement protein
3 (C3) as marker genes. Given their unique expression pro-

The mean expression for each cell is indicated by the mm code. T
Gene sel enrichment analysis (GSEA) for the GO-BP dataset for the
CDKNIA® FAP cluster. Differentially expressed genes were deter-
mined by the FindMarkers function using Wilcox testing and a fold-
change threshold of 0,25, The Bonferroni correction was used for cor-
rection for multiple testing. DEGs specific 1o the IBM dataset were
entered into the GSEA. The Kolmogorov-Smimov lest, followed
by 4 post hoe correction, was used to determine the significance. g
GSEA analysis for the SenMayo dataset for the DEGs obtaincd
from the CDKNIA® FAP claster. The running-sum statistic is in
red, with the position in the ranked DEG list in black. Genes were
sorted by fold change, The Kolmogarov-Smimov test, followed by &
past hoe carrection, was used to determine the significance. h Vio-
fin plots displaying the normalized gene expression of the indicated
genes for each FAP cluster. CDENIA cyclin dependent kinase inhibi-
tor 1Az DNM! dynamin-1; FBN! fibrillin-1: GO-BP gene ontology
biological processes; LUM lumican; NDC non-diseased control; JAM
inclusion body myositis; R¥R1 ryanodine receptor 1: TRDN trindin;
UMAP uniform manifold approimation and projection; XAF7 XIAP-
associated factor |

IBM demonstrates a pronounced loss of type 2A
muscle fibers

file of pro-i genes, we termed these myonuclei
asi pically, these lei express
MYH7 and MYH?B suggesting that they resemble type 1
myofibers. Comparing IBM and NDC, there was a strang
reduction in the number of type 2A myonuclei (Fig. 41).
Concurrently, CHRNAI myonuclei were also strongly
reduced, while type 1 and type 2X myonuclei appeared
largely unaltered

For cross-validation of the specific loss of type 2A
myofibers, we determined the frequency of myofiber types
based on their ATPase staining after incubation at pH 4.6
[58]. We chose this approach i demonsirate the reduction in
type 2A myofibers on the protein level and in a method inde-
pendent of the MYH classification. Here, type 2A myofib-
ers were markedly reduced in IBM compared to NDCs or
IMNM paticnts (Fig, 4g, Suppl. Fig. 2b). In line, the relative
frequency of type | myofibers was higher in IBM compared
1o the other groups, As such, a selective loss of type 2A
myofibers appears to characterize the pathomorphology of
IBM.

Skeletal muscle cells assume an inflammatory

Next, we analysed the it of IBM and
compared it to NDCs (Fig. 4a). Consistent with the current
knowledge on IBM histopathology [17], the immune cell
clusters of monocytes/macrophages and T, B, and NK cells
were expanded in IBM compared (0 NDC (Fig. 4a, b). Fur-
ther, we also observed that the number of type 2A and to a
Tesser extent type 2X myofibers were strongly reduced in
IBM compared to NDC.

To gain further insight into the phenotype of myogenic
cells in IBM, we extracted the myonuclei from the full
dataset (Fig. 4¢) and performed subclustering on these
nuclei (Fig. 4d).~ 20,000 myonuclei were analysed by this
approach. revealed five distinet of
myonuclei. Briefly, we detected type | myonuclei defined by
MYH? and MYH7RB expression as well as type 2X myonu-
clei expressing MYH1 (Fig. 4e). Type 2A myonuclei were
defined, as above, by the lack of MYH] and MYH7 while
expressing MYHZ. This subclustering revealed two addi-
tional clusters of myonuclei. First, we detected a pvpula'
tion of myonuclei that were defined by the of

Next, we Imuwd on the subpopulation of inflammatory
iguingly, while this populati
inIBM atul NDC, their phenotype was altered depending on
their origin (Fig. 5a). These myonuclei demonstrated high
expression of marker genes such as C3 or HLA-A only in
IBM, but not in NDC. Notably, these inflammatory myonu-
clei were also the primary source of transforming growth
factor beta (TGFBI). Further. we sought to cross-validate
the presence of these myonuclei in muscle, For this purpose,
we performed IF staining for intracellular C3 as expressian
for this gene was only detected in inflammatory myonuclei
from IBM patients, but not in other subtypes of myonuclei
in cither NDC or IBM suggesting sufficient specificity to
serve as a marker (Fig. 5b). Indeed, myofibers wiih intra-
cellular C3 staining were abundant in IBM compared to
NDC or IMNM muscle (Fig. 5¢, d). To further characterize
the phenatype of these myofibers, we computed the DEGs
myonuclei between IBM and NDC.

the acetylcholine receptor (CHRNAT), the acetylcholine
esterase (ACHE) and the muscle associated receplor tyros-
ine kinase (MUSK). Given their unique expression profile of
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GSEA analysis of these DEGs for the GO-BP database indi-
cated engagement of pro-inflammatory pathways, including
the immunoglobulin mediated immune response, adaptive
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Fig.4 1BM demonsirate d Toss of type 2A musc
a UMAP embedding of the full dataset split into TBM (lefi)
(right). Cell poy are indicated by their colour code. b Re
tive frequency of each cell type or subtype in the IBM and the NDC
i ked bar plot. ¢ UMAP embedding of the full dataset
Myonuclei are ted in dark red. These nuclei were ex
for downstream analysis d UMAP embedding of the myonucl
clusters. A total of five populations were oblained from subcluster-
ing. e Clustered dot plot visualization of top-regulated marker genes.
The mean expr 1 cluster is indicated by colour code. The

dot size indicates m percent of expressing cells, Clusters weee anno-

tated based on marker genes. £ UMAP embedding for the myonuclei

e ~|‘\|\ intar the 1BM (lefl) and NDC (right) datusets. Sub-

lour coded. g Exemplary ATPase si

specimens obtained from NDC, 1BM, und IMNM paticnts. 8 patients
were analysed by ATF ning for cach group. Muscle slices were
incubated a1 a pH of 4.6, inactivating the myosin-ATPase of specific
musele fiber types. Type 1 muscle fibers are dark brown, iype
and type 2X are of an intermed;
and intensity vary between muscle specimens. A total of 10 high-
power fields were counted. The cormesponding statistical analy

displayed in Suppl. Fig. 1B, ACHE wetylcholine esterase:
receptor nicotinic alpha 1 subunit; FAP fibro-adip
nitor; HLA human leukocyle antigen; IMAM immune-mediated

y MuSC muscle

11; NC non-diseased conirol; 7BM inclusion body myosifis;

TNF Alpha Induced Protein 2; UMAP uniform manifold
approximation and projeetion

ssion for e

clusters are aining for musele

e colour. The contrast

immune response, innate immune response and, interest:

FAPs demonstrate a shifted collagen homeostasis
with potential consequences for muscle health
inIBM

i
may be linked to changes to the myogenic
d their fibroblast lineage are the primary sources
of extracellular matrix proteins required for skeletal muscle
homeostasis [6], Manual sereening of the top dysregulated
genes in CDKNIA* FAPs revealed a shift in the expression
ns, specifically of COLISAL an isoform coding
for collagen type XV. as well as COLIAI and COLIA2
coding for collagen type 1. Express all three collagen
coding genes is allocated 1o the FAP cluster in both NDC
and IBM (Fig. 7a). However, further analysis of the FAP
subcluster indicates a shift of collagen expression between
IBM and NDCs with CDKNIA* FAPs d«.mun\tmhm a
sharp downregulation of COLISAL (p=5x10"7), while
engaging COLIAL (p=1x10"") as well as COL1A2
(p=1x%10"") expression (Fig. 7, L’ Bath types of colla-
gens are required to stabilize skeletal muscle cells and their
differentiation. However, they vary in their biological func-
tions (6, 2:

Following this line of argumentation, we suspected that
differences in collagen might affect skeletal muscle cell
stasis. To understand the communication between
FAPs and myofibers better, we analyzed cell—cell com-

ingly, the B cell mediated immun hom
IBM lose their
formation

To further characterize the changes to the myogenic com-
partment in IBM, we aimed to validate the reduction in
AChR (CHRNAT) expressing muscle fibers (Fig. 6a). On
the transcriptomic level, cells concurrently expressing the
AChR as well as the acetylcholine esterase (ACHE) were
reduced in 1BM (Fig. 6b). Similarly, the expression of
CHRNAI in myonuclei was detected in NDC, but not in
IBM (Fig. 6c). Formation of the NMJ is required for nerve-
muscle communication. To visualize the neuromuscular
endplate, we performed IF for a-bungarotoxin binding the
AChR and counied the number of NMJs, Here, the number
of NMIs was strongly reduced in IBM compared to NDCs
or IMNM patients (Fig. 6d, e). NMJs were defined by the
concurrent binding of @-bungarotoxin and their characteris-
tic topography. These d: st that endplate formation is
impuired in IBM musele polentially affecting nerve
communication,

Conclusively, single nuclei analysis suggests that the
myogenic compartment of IBM is characterized by the loss
of type 2A myonuclei and of myonuclei that constitute the
NMJ. Conversely, C3 expression identifies a distinct pro-
inflammatory subpopulation of myonuclei residing in IBM

nuscle

across the transcriptomic dataset, We used the
CellChat package to calculate the inferred intercellular com-
munication based on an established receptonligand database
[27]. We extracied all nuclei acquired from [BM patients and
NDCs for individual analysis. Here. quantification of sig-
nificantly over-expressed ligand/receptor pair
at cell-cell communication is amplified across cell types
and subtypes in IBM compared to NDCs (Fig. 7d). Intrigu-
FAPs appear to be a major communication hub intes
ac e cells and MuSCs. Indeed
the callagen and laminin signalling pathways constituted
mosi outgoing ligands in IBM FAPs. Both signalling
ways belong to the KEGG pathway of extracellular matrix

receptor interaction (hsa04512), We suspect that a shift of
the extracellular matrix composition might have functional
implications for myofiber health in TBM,

To test this assumption in vitro, we cultivated primary
human muscle cells (PHMC) and analysed them by flow
cytometry. After reaching full confluence, PHMCs were
treated with either “I'lpy’ml of COLISAI or COLIAL [26,
33]. As specific collagen compositions are required for the
successful maturation of the NMJ [33, 47]. we analysed
the amount of NMJ for myofibers by quantification
of a-bungarotoxin (Fig. 7e). In this setup, treatment with
recombinant COL15SAL or with vehicle improved NMJ

ngs revealed

ingl

ng with myonuclei, imi

muscle. n as compared to COLIAL Next, we also aimed
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ells assumic an inflammatory reprogramming
mbedding of the myonuclei split into IBM (left)
and NDC (right). The expression of each gene indicated on the right
is colour caded. b Violin plot displa

e

he expression of comple-

nt factor 3 (C3) for each myonuclei subset for IBM and NDC.

Only inflammatory myonuclei obtained from [BM patients express
C3. ¢ Exemplary staining for €3 (red) laminin-f1 (green) and DAPI
(blue) for NDC, IBM, and IMNM paticnis. 16 patients were ana-
Iysed for cach group by immunofluorescence. d C3* myofibers were
counted in randomly distributcd 10 HPF (2 0.16 mm’). The biopsics
blinded for quantification, making the diagnosis impossible 1o
identify from the label. e Visualization of the g "
il (OEAYfi the OO it o g ommpt ek,
GSEA was performed from the DEGs o

nuclei from IBM patients and NDC.
followed by post hoe correction was used to determine the signifi-
cance. The top five GO terms for U

wel

: set enrichmen

e for each gene e
and NDC is indicated in red. The number of genes for each GO term
is indicated as a dot size. CHRNA/ cholinergic receptor micotinic
apha | subunit, ALA human leukocytc anigen: HPF high ook
tfield: MYA myosin heavy ch non-diseased control; JAM
lusion body myositis; TGFBI forming growth factor beta 1;
'MAF uniform manifold approximation and projection

to understand if differences in collagen composition might
affect PHMC survival. For this purpose, differentiaied
PHMCs were treated with 20 pg/ml of COL15A1 or 20 pg/
ml COLIAL. To reflect inflammatory conditions in IBM,

PHMCs were additionally treated with 10 ng/ml interferon-y
(INF-y). After 48 h of incubation, we determined the number

of dead PHMCs by live/dead staining (Fig. 7g, h). Interest-
ingly. COLISAT improved PHMC survival in response 1o
INF-y compared to COL1A1 or vehicle. These data suggest
that senescent FAPs demonstrate sin altered collagen homeo-
stasis shifted towards collagen type |

Discussion

FAPs are o mesenchymal cell population with high pheno
typical plasticity that is crucially involved in skel
cle homeostasis and regeneration [5, 23]. Here, we report
that tissue-resident FAPs, not myofibers, are the main cell
type assuming a senescent phenotype in IBM. Depending
on environmental cues, FAPs may differentiate into fibro-
blasts or adipocytes. In response to muscle damage, FAPs
proliferate, expand and accumulate, constituting the main
source of extracellular matrix proteins [23, 41]. Depletion
of FAPs hinders muscle repair umh rscoring their functional
importance [23, 41]. Conversely, in conditions of chronic
muscle damage, FAPs may prove detrimental to muscle
health. Their persistent activity cumulates in progressive

al mus-

tissue fibrosis and loss of normal tissue architecture
23], In line, we describe a novel population of senescent
FAPs that reside in IBM muscle. These FAPs exhibit key
hallmarks of cellular senescence including a pro-inflamma-
tory secretome, engagement of the Jun/JunB-pathway and
expression of senescence biomarkers (p21 and SA-p-Gal),
Besides their inflammatory properties, these FAPs also
exhibit a shift in their collagen balance losing collagen type
XV and increasing collagen type I expression. Interestingly.
Col15al knockout mice lacking collagen type XV demon-
strate a myopathy vulnerable to exercise-induced muscle
injury, suggesting that this collagen type is required for mus-
e homeostasis [11]. Histopathologically, this myopathy is
characterized by areas of degeneration and regeneration as
well as variations in myofiber size [11]. Unlike other col-
lagen types, collagen type XV is only encoded by a sin-
gle gene (COL15A1) [25). As such, a loss of COL15A1
expression, as seen in CDKNIA* FAPs, will likely result
in impaired collagen type XV production. Collagen inter-
acts with skeletal muscle via a number of receptors, such
as integrins, mediating a plethora of downstream effects
[631, Besides differentiation and r

generation, collagen-
muscle cell interaction is also required for the maturation
and formation of the NMJ. Animal studies demonstrated that
collagen type X11I and type XIX are needed for successful
NMJ genesis [33, 47]. While the exact molecular pathways
remain 1o be studied, we hypothesize that collagen dysregu
Jation and persistent pro-inflammatory activity could link
FAP senescence and the loss of structural integrity of the
muscle compartment in IBM. Current immunosuppressive
approaches are unlikely to inhibit or even affect the persis-
tent activity of FAPs. Following this line of argumentation,
senescent FAPs may represent a cell-autonomous mecha-
at sustains inflammation and fibrotic remodelling in
IBM despite therape
gy warranting further research

Expanding on previous proteomics that demaon-
strated a loss of type 2 myofibers linked to impaired glyco
lysis in IBM [49], snRNA-seq provides further insight into
changes to the myogenic compartment in IBM at a high
resolution. Here, the loss of type 2 fibers allocates spe-
cifically to the subiype of type 2A myofibers. Furiher, the
transcriptomic landscape of IBM displays a rarefication of
neuromuscular endplates and the engagement of an inflam-
matory muscle phenotype. Differences in composition and
metabolic demands render individual myofibers vulnerable
to distinct conditions. As such, type 2A myofibers rely pri-
marily on oxidative phosphorylation for their ATP supply,
while type 2X myofibers have an effective glycolytic ATP
production [38]. Mitochondrial dysfunction is a primary

ally addressing immune cell pathol-
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feature of IBM [46], thus providing a potential explanation
for the pattern of myofiber loss observed. We hypothesize
that type 2A myofibers are unable to meet their metabolic
demand due to mitochondrial dysfunction in IBM, while

&) Springer

type 2X myofibers may rely on glycolytic ATP. Further
research on muscle metabolism and immunogenicity might
prove valuable to better understand this understudied aspect
of IBM pathophysiology. The importance of the myogenic
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E2

4Fig.6 1BM myofibers lose their potential for endplate formation. a
UMAP embedding of the myonuclei split into IBM (left) and NDC
(right). The myonuclei cluster expressing the acetylcholine receptor
(CHRNAL) is marked in orange. b Density plot gencrated with the
Nebulosa package of cells expressing acetyleholine receptor and ace
tylcholin esterase (ACHE). Areas of high cellular density are indi
cated in orange. ¢ Violin plot for the CHRNAI expression across
the dataset. CHRNA Lexpressing nuclei are largely absent in [BM
musele. d Exemplary staining of a NMJ in NDC, IBM, and IMNM
patients, respecrively. a-bungarotonin was used to label the acetyl-
choline receptors of the NMJ in green. 12 patients were analysed for
each group, € While NMJ was detected in all muscle samples, their
frequency was strongly reduced in IBM. NMJ was defined by its
characteristie topography and expression of the acetylcholine rece

The biopsics were blinded for quaniification, with the diagnosis
impossible ta ideatify from the label, 12 patients were analysed by
for each group. [ Freq of NMJ in NDC,
1BM, and IMNM patients. Differetces betwoen groups were analysed
by Kruskal-Wall llowed by oot
ACHE scerylcholin esterase; CHRNA ! cholinergic receptor nicotinic
alpha 1 subunit: HPF high- Id:; NDC non-diseased control;
1BM inclusion body myasitis; IMNM immune-mediated necrotizing
ayopathy; UMAP uniform imanifold approximation and projection

compartment is further stressed by the possibility of den-
ervation contributing to pathology. Clinical, histomorpho-
logical and electrophysiological data suggest a neurogenic
component and a failure of NMJ transmission in IBM [17,
45]. Here, we provide molecular evidence in favour of this
hypothesis as myofibers constituting the NMJ appear to
decline in IBM. Further research is warranted to understand
this aspect of pathomorphology and whether treatment sirat-
egies addressing the NMJ, such as pyridostigmine, could
prove valuable for the clinical management of IBM

A recurrent sbservation across the ranscriptomic data-
sel was the d ation of
components. Historically, complement has been vncwcd as
a serum-effective system that mediates the detection and
removal of invading pathogens [62]. Intriguingly, recent
studies challenged this classical view by demonsirating that
complement activation not only occurs on the cell surface,
but also in intracellular compartments, thereby regulating
cell physiology of immune and i cells (3, 31,
62]. In this study, we observed that inflammatory states of
both myogenic and non-myogenic cells were accompanied
by the upregulation of complement proteins, particularly
of C3. Indeed, intracellular complement proteins are coded
by the same set of genes that give rise to the circulatory
complement system [62]. Moreover, intracellular comple-
ment regulates tissue inflammation and the ranseriptomic
programming of fibroblasts [13]. In response to repeated
inflammatory challenges, fibroblasts in humans and mice

10 sustained inflammation. This anscriplomic program is
controlled by C3 and the C3a-receptor as well as the mam-
malian target of rapamycin (mTOR). Following this line of
argumentation, we suspect that the engagement of comple-
ment factors in this transeriptomic dataset suggests altered
intracellular complement signalling as a potential contribu-
tor to IBM pathophysiology warranting further research

‘Concurrently, an interesting argument for cellular senes-
cence might arise from the effect of sirolimus in IBM. In
a recent randomized, placebo-controlled trial for IBM, the
mTOR inhibitor sirolimus did not meet the primary outcome
of maximal voluntary isometric knee extension strength:
however, secondary outcome measures such as 6-min walk-
ing distance, forced vital capacity and thigh fat fraction
were ameliorated [4]. Aside from immunoregulatory effects,
mTOR signalling has been linked to cellular senescence
In vivo and in vitro evidence demonstrated that the mTOR
pathway suppresses the SASP, e.g. via Mitogen-activated
protein kinase 2 (MAPK) signalling, of senescent cells [20,
32]. Hence, sirolimus is likely 1o it pro-inflammatory
fibroblasts requiring mTOR signalling, as described above
[13]. Thus, tempting 1o speculate that the therapeutic
effect of sirolimus is—at least in pant—mediated by modula-
tion of the senescent fibroblasts

This study employs snRNA-seq as opposed to scRNA-
seq. Both methodological approaches offer specific advan-
tages and disadvantages, In respect to myofibers, the large
size of individual cells limits the use of scRNA-seq render-
ing snRNA-seq a p ial choice [9. 50]. C
snRNA-seq also allows for the analysis of frozen tissues,
therehy enabling the collection and analysis in a single run
reducing the risk for batch effects [30]. A limitation of this
approach is the complexity of multinucleated cells, as we
cannot determine if certain nuclei originated from the same
myofiber. Further, depending on the chosen method [59],
specific cell populations might be underrepresented. In the
study of liver tissue, snRNA-seq detected a lower number of
immune cells than scRNA-seq [61]. Combining snRNA-seq
with scRNA-seq might provide a more comprehensive pic-
ture of the muscle compartment than an individual method
alone. Finally, a potential limitation to this study is intro-
duced by the focus on the distal segment of the quadriceps
muscle. The highest concentration of NMJs is located within
the equatorial region of the muscle [28]. This topographic
disparity should be considered when interpreting these find-
ings as further research is warranied o undersiand whether
the reduction of NMIs in IBM patients is also present in the
high-density equatorial segment of the muscle.

Taken together, this study highlights the contribution of

assume a “primed” phenotype that renders tissue

sident cells (o IBM
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4Fig.7 FAPs demonsirate u shifted collagen homeostasis with poten-
tial consequences for muscle health in 1BM. a UMAP cmbedding
of the full dataser with the corresponding gene expression indicated
by the colour code. The FAP cluster is in the upper lefi. b UMAP of
the FAP subelusers split into their origin of IBM patients or NDC.
The annotation of the corresponding subeluster is given beside the
plot. CDKNIA® FAPs are in the lower lefi. ¢ UMAPs demonstrat-
ing COLIAL, COLIAZ and COLISAI expression across the

CDKNIA® FAP subeluster. d Analysis of the cell-cell communica-
tion across the IBM and NDC datasets using the CellChat package.
The number of the inferred ligandireceptor interactions is indicated
by the size of an arow connecting two cell populations. The larger
the arrow, the higher the number of interactions between the cell
populations. The ligand/receptor pairings were tested against the
CellChat library for significance. e Representative flow cytometry
scater plots displaying SSC vs a-bungarotoxin for primary human
musele cells (PHMC) treated with COL15SA1 or COLIAL f Percent-
age of abungarowoxin + PHMC treated with COLISA] or COLIAL
or vehicle. N=§ per group. g Representative live/dead staining for
PHMCs incubated with COLISAT or COLIAI in addition 1o 10 ng/
ml interferon-y (INF-y). Live cells were identified by green-fluores-
cent calcein-AM, indicating intracellul Dead cells
were identified by red-fluorescent ethidium homodimer-1, indicating
a loss of membrane integrity. h 100 cells were counted for each sam-
ple, and the frequencies of live or dead cells were recorded. N=8 per
group. Differences between groups were analysed by Kruskal-Wallis
test followed by post hoe testing. “p<0.05, ***p<0.001. CDKNIA
in dependent kinase inhibitor 1A; COL collagen; FAP fibro-adi-
pogenic progenitor, NDC non-diseased control, [BM inclusion body
myositis; IMNM immune-mediated necrotizing myopathy: UMAP
uniform manifold spproximation and projection

Treatment strategics for IBM may benefit from exploring
an integrative approach that targets invading immune cells
while also addressing detrimental tissue-resident cells such
as FAPs and their senescent phenotype.
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have lang been used to treat autoimmunity, With the advent of targeted immunathera-
pies, a new generation of treatment options emerged for autoimmune diseases. These agents may provide
sustained immune witha ial 1t profile than traditional immunosuppres-
sants (1), One of these agents is the antibody (Ab) ecul used o treat

diated diseases (2, 3). Eculizumab specifically binds to complement protein C5, preventing its cleavage into
©5a and C5b, thereby precluding the formation of the terminal complement cascade (4). While eculizumab
has demonstrated high efficacy even in cases of treatment-refractory autoimmune disease (2, 5, 6), stud-
ies investigating the long-term safety and mechanistic consequences are needed (7). Even more recently,
number of CS inhibitors were developed, including ravulizumab, a monoclonal Ab with enhanced effect
duration (8), and zilucoplan, a small molecule inhibitor of C5 (%), among others, which have revolutionized
the treatment of several autoimmune disorders, This trend underlines the need for a deeper understanding
of terminal complement inhibition. Following this line of thought, novel functions for complement have
emerged besides its critical role in innate immunity, including regulation of effector T cell differentiation and

RESEARCH ARTICLE

of metabalic pathways (10, 11). Consequently, therapeutic ablation of the terminal complement cascade is
likely to influence human biology beyond innate immune response inhibition

Thus, we emplayed an in-depth proteamics and metabolomics approach to dissect the serological pro-
file of anti-acetylcholine receptor antibody-puositive (antt AChR Ab) myasthenia gravis (MG) patients
ueated with eculizumab. Insight into the and of treatment
‘may prove valuable for patient selection and development of risk mitigation strategies

Results
Feulizumab affects the terminal complement cascade. Aiming to explore the influence of eculizumab on the
serum proteome and metabolome, we included 3 age- and sex-matched cohorts of patients with MG,
ureated with eculizumab or azathioprine (as most common fisst-line therapy) and treatment-naive patients
(as control group). Patients were approximately 55 years old ar basline, with 2 women and § men in
cach group (Table 1). Eculizumab-treated patients received 2.8 (SD 1.6) previous 15Ts, while azathio-
prine-treated patients received 1.5 (SD 2.5). Thymectomy had been performed in 3 eculizumab-treated, 1
L and 5 d patients. Tl y was performed at least 6 months before
study inclusion for all patients. No differences in steroid dosage were observed between eculizumab- and
azathioprine-treated patients (P = 0.68). We performed in-depth proteomic analysis of patient serum sam-
ples using shotgun mass spectrometry (Figure 14). To underline the feasibility of a proteomics approach,
we first analyzed the common complement cascade of patients treated with eculizumab compared with
all other patients. Complement proteins were readily detected (Figure 1B). Eculizumab forms a complex

with C5 precluding the latter from cleavage, thus reducing the levels of free C5 in serum (12). Following
Iysis for proteomic analysis, the eculizumab-C5 complex was broken down and the individual peptides
were recorded. Consequently, C5 levels were unchanged when measured by proteomics as compared 1o
ELISA (Supplemental Figure 4A; supplemental material available online with this article; hrps://doi
org/10.1172/jciinsight. 169135D51) {12). In line with the inhibitory effect of cculizumab on C5 cleavage,
proteomics detected increased levels of C6 and C7. To validate these results, we performed ELISA studies
of C6 and C7 levels and verified that these proteins were increased in eculizumab-treated patients (Figure
1B} ingly, while factors €6 and C7 accumulated in eculizumab-treated
patients, levels of C8 and CY remained unchanged.

Taken logcthcn analysss of the serum proteome corroborates eculizumab’s mechanism of action.

Eculi P d complement inhibition. Next, changes ta the serum

’
proteame eculizumab treatment induced, To this end, we reduced data set complexity by principal com-
ponent analysis (PCA) (Figure 2A). Here, azathioprine-treated and treatment-naive patients were indistin-
guishable, while eculizumab-treated patients displayed altered clustering. Consistent with this, superim-
posing hierarchical clustering on the heatmap visualization separated eculizumab patients from all athers
(Figure 2B), Aside from shared protein patterns, we analyzed unique proteins for each cohort, As displayed
in Figure 2C, the and cohorts were cf by 7 unique prateins. In

contrast, the eculizumab cobort demonstrated no unique prateins,

To further dissect the proteome patterns resulting from eculizumab treatment, we performed function-
al enrichment analyses of differentially expressed proreins, Here, eculizumab treatment showed marked
alterations of Gene Ontology (GO) terms and functional pathways when compared with azathioprine or
treatment-naive patients (Figure 3, A and D). For MFs, the eculizumab cohort was enriched for antioxi-
dant activity and cholesteral transfer activity, amang others. In contrast, antigen binding was significantly
enriched in treatment-naive and azathioprine-treated patients” serum samples but not in eculizumab-treated
patients (Figure 3, B and C). For BFs, we found functional alterations for complement activation and reg-
ulation of complement activation in the eculizumab cohort, likely due to accumulation of terminal com-
plement factors. I y, serum from d patients also revealed significantly altered
high-density lipoprotein particle remodeling, regulation of wound healing, and cellular detoxification pro-

cesses compared with azathioprine or treatment-naive patients. For CCs, we observed GO term enrichment
for immunoglobulin complexes and blood micraparticls in the eculizumab group, among athers. Func-
tional analysis of the KEGG pathway showed of and ion cascades in
the eculizumab cohort. Analysis of the HPA database revealed no significant functional enrichment.

Together, these findings point toward highly complex consequences af eculizumab treatment, with
alterations in multiple biological pathways that go beyond complement inhibition.

JC insight 2023:8(13) 168135 https: /doi.org /10172 jckinsight 169135 2
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Table 1. Clinical baseline data of d patients
Baseline characteristic
Age at baseline, years, mean (SD) 55.4 (12.8) 55.2(1.8) 56.0 (13.0)
Age at diagnosis, years, mean (5D} 475 (12.3) 51.2(26.9) 511(16.9)
Early onset, n (%) 6(60%) 6 (60%) 5 (50%)
Female, 1 (%) 2(20%) 2(20%) 2(20%)
Number of previous 1STs, mean (S0} 28(16) ] 15(25)
Thymectamy, n (%) 3 (30%) 1(10%) 5 (50%)
Anti-AChR Ab pasitive, n (%) 10 (100%) 10 (100%) 10 (100%)
Mean steroid dosage, mg, mean (S0) 55(62) [ 65(74)
ine Groups age and sex. Ab, antibody. ACHR, 1 8T,

Distinet inmmusrometabolic pathways are altered in ecudizumub-treated patients, Aiming to dissect proteome
patterns induced by terminal complement ablation, we compared individual proteins between groups (Fig-
ure 4, A and B, and Figure SA). Here, we observed a marked increase of C4BP in serum of eculizum-
ab-treated patients as compared with the other groups (Figure 4C). Besides, TF was increased in eculizum-
ab-treated patients (Figure 4D). To validate these findings with a different method, C4BP and TF levels
were measured by ELISA, corroborating the observations of proteomic analysis (Supplemental Figure 4,
A and B). Consistent with the patterns observed for the GO term analysis, ALOXS and APOC3/4 were
altered in eculizumab-treated patients, pointing toward changes of the lipid metabolism in response o ter-
‘minal complement ablation (Figure 4E). ALOXS levels were verified by ELISA measurement (Supplemen-
tal Figure 4C). A further pattern emerged for the oxidative stress response with the MPO being reduced in
the eculizumab group, while the antioxidant enzymes PRDX2/6 were increased (PRDX2 was significantly
increased only when compared with treatment-naive patients) (Figure 4F). MAPKs are a ubiquitous group
of enzymes that orchestrate cellular responses to a wide range of stimuli, including pro-inflammatory eyto-
Kines or osmotic stress (13)

Interestingly, various members of this group were altered in serum of eculizumab-treated patients: levels
of MAPKS were decreased compared with the azathioprine cohort, while MAPIKS levels were significantly
increased (Figure 5B). MAP3KS is of interest as it represents a promater for production of TNF-a and IL-2

in T lymphocytes. SKAP2 is required for ation and actin (14). We detected
reduced SKAP? levels in eculizumab-treated patients compared with azathioprine patients or treatment-na-
(Figure 5B). C the CCL22 was reduced in eculizumab-treated patients as

compared with controls, The change of CCL22 was validaied by ELISA (Supplemental Figure 4D).
Integration of mertboilites indicates alterations of arackidonic acid metabolism by eculizumab, Next, we ana-
Iyzed our metabolome data sct, aiming to elaborate observed patterns following complement treatment.
After data pre-p 2 and metabolite identi a total of 289 unique metabolites were permitted
for downstream analysis, Given the ability of sparse partial least squares discriminant analysis (sPLS-
DA) 0 analyze noisy daia with high collinearity (15), we tuned a model to fit our metabolomics data
and reduce data set ¥ (Figure 6A and Figure 1). Here, all 3 groups demon-
strated individual metabolome signatures. To identify altered pathways, we performed functional enrich-

ment analysis of the eculizumab cohort using the KEGG database (Figure 6B). Interestingly, linoleic acid
metabolism was the most enriched functional pathway in the eculizumab cohort. Given our previous
observation of reduced ALOXS levels, we suspected that arachidonic acid (AA) metabolism is altered due
0 blockade in d patients. Linoleic acid is a precursor lipid metabolized to
AA. Thus, we investigated metabolites correlating with ALOXS by constructing 4 circos plot using the
mixOmicsR package as adapted from Gonzilez et al. (16) (Figure 5C). 5-HPETE was positively corrclat-
ed with ALOXS. As such, we hypothesized that reduced ALOXS levels result in altered AA metabolism
and inhibition of of (17). AA is by ALOXS, resulting
in S-HPETE, which is further processed to LTA, (17). Indeed, comparison between groups revealed that
5-HPETE was reduced in the serum of eculizumab patients (Figure 6C). S-HPETE is metabolized to
LTA,, a precursor of downstream leukatriene synthesis (18). However, LTA, could not be unambiguously
detected in our metabolomics approach. In addition to its role in the leukotriene pathway, AA is also a

JElinsight 2023;8(13):€169135 https://dok.org/10.1172jclinsight 169135 3
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key precursor of prostaglandins. To investigate whether prostaglandin metabolism is also disturbed, we
investigated levels of PGH, resulting from enzymatic activity of the PGH, synthase (Figure 6D). PGH,
levels were unchanged across groups. Finally, we aimed to corroborate our previous data in a different
methodical readout, To this end, we performed targeted analysis of PGH, and LTA, by ELISA. We ana-
Iyzed these metabolites as they constitute important precursor metabolites for bath prostaglandin and
leukotriene metabolism. Here, LTA, levels were diminished in eculizumab-treated patients, while PGH,

JC insight 2023:8(13) 168135 https:/ /doi.org /101172 jcLinsight 169135 a
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was unaltered across groups (Figure 6, E and F). To validate these observations, we acquired longitudi-
nal samples from eculizumab-treated patients. We collected serum samples from 5 patients treated with
azathioprine who were switched to eculizumab (Figure 6G). These patients were on average 52.5 years
old (range 31 to 73) with 3 men and 2 women (Table 2). After the switch, azathioprine was discontinued,
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significantly regulated serum proteins of interest In A displayed as raincloud plots. Whiskers are 1.5 10R. To account for multiple comparisons, statistical
significance was corrected by the false discovery rate (FOR) approach. A threshold of g = m,was used for FOR. One-way ANOVA testing was used for
comparison of multiple groups. N = 10 pei graup. ALOXS, arachid FOC3/ CIljIv; C488, Cab CRR,
c MPO, ) : TF, transferin, ---p:uum **P<00), "P<0.05.

patients were kept on eculizumab for 3 months, and serum samples were collected. Glucocorticoid dosag-
eswere kept siable for all patients with an average of 5 mg (SD 2.5). We measured LTA, and PGH, levels
by ELISA comparing the status under treatment with eculizumab and before. Here, LTA, was decreased
in eculizumab-treated patients, while PGH, levels remained unchanged (Figure 6, H and T),

Our data suggest that terminal complement blockade induces distinct alterations of AA homeostasis
with inhibition of lekotriene production via ALOXS metabalism (Figure 61)

Iuteraction of €5a wich the C3a receptor is needed for AA processing by ALOXS. Last, we aimed to under-
stand the mechanistic link between terminal complement inhibition and altered ALOXS metabolism.
Two previous studics demonstrated that ligation of the C5a receptor (C5aR) induces synthesis and
release of leukotwiene B, (LTB,) (19, 20). LTE, is a downstream product of AA and LTA, exhibiting
pro-inflammatory properties. As such, ALOXS processing is required for LTB, generation (19, 20).
We suspected that reduced engagement of the C5aR downregulates ALOXS activity in response to
C5 inhibition, thereby decreasing LTA, and LTB, levels, To test this hypothesis, we investigated an in
vitro model employing palymorphonuclear leukocytes (PMNs), the immune cells primarily involved
in ALOXS metabolism (21, 22). To validate the ability of ALOXS5 to produce LTB, in PMNs, we incu-
bated these cells with increasing concentrations of recombinant C5a (Figure 7A). LTB, was quantified
using an ELISA. In line with previaus reports (19, 20), C5a induced LTB, release in a dose-dependent
manner, Based on these observations, we chose 500 ng/mL of CSa for further experiments. Next, we
wanted 1o demonstrare that C5aR is required for LTB, release on PMNs. For this purpose, PMNs were
incubated with C5a as well as PBS as control (Figure 7H). We used the C5aR inhibitor PMX53 (23)
to test if the interaction of C5a and C5aR is needed for LTB, generation. Indeed, co-incubation with
PMX53 (10 nM) diminished LTB, release. Second, PMNs were incubated with C5a and the ALOXS
inhibitor zileuton (24) (100 pM), also resuliing in reduced LTB, levels. Taken together, these data sug-
gest that interaction of C5a and C3aR triggers leukotriene synthesis by ALOXS.

Next, as the C5 inhibitor eculizumab prevents cleavage of C5 and release of CSa, we suspect that
this mechanism is responsible for the observed effects. To test this hypothesis, we incubated PMNs with
the serum of the 10 treatment-naive patients employed in this study as well as serum from the eculizum-
ab-treated patients (Figure 7C). In response to the serum of treatment-naive patients, we recorded higher
Tevels of LTR, as compared with incubation with eculizumab-treated serum or PBS. We also treated PMNs
with the serum of reatment.naive patients as well as the C5aR inhibitor PMX53. In this setup, LTB, levels
were also reduced, ion of C3a and C5aR is required for the effect of cculizumab
on downstream prudun!. of AL.DXS metabolism

Taken together, eculizumab is likely to prevent ligation of C5aR on PMN by inhibiting the generation
of CSa. C3aR activation is needed to induce ALOXS processing of AA; thus, eculizumab may decrease the
generation of downstream leukotrienes.

Discussion

Eculizumab-mediated ablation of terminal complement activation has proved effective for treatment of
anti-AChR Ab’ MG patients (3). In order to improve treatment outcomes, knowledge of the consequences
of complement modulation in the human system might be of value.

To this end, we analyzed the in a coliort of patients, observing distinct
ptterns of 5|gnahr|g phways induced by terminal complement sbltion. Fir, we were intrsscd i dis-
secting of action using a ics approach. diated

complement hhx'hdg is not without contestation, as previous immunoassays failed to detect reduced CSa
Tevels in response to eculizumab treatment (25). This might be due to eculizumab inducing a C5a neopeptide
falsely detected by immunoassays (26). Analysis of our proteomics data revealed an accumulation of C6
and C7 in serum of eculizumab-treated patients. These findings corroborate the mechanisms of action of

cleavage of C5. ingly, levels of C8 and C9 remained unchanged
using a proteomics approach. In this context, the influence of eculizumab on the peripheral level of terminal
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One-way ANOVA testing was used multiple groups. N = 10 per group. LCL22, CC motif igand 22; MAPKS, mitog
tivated pratein kinzse B: MAP3KB. mitagen-activated protein kinase kinase kinase B: PR, progesternne receptor; SKAP, Sre kinase-associated
phosphoprotein 2, ***F < 0.001, **P < 0.01, *P < 0.05.

remains In patients with atypical hemolytic uremic syndrome (27) or
after stem cell ion (28), reduced sCSb-9
concentrations, while other studies did not observe a change in response 0 treatment (29), Indeed, eculi-

zumab mediated complement inhibition is dependent on pretreatment complement levels as well as on the

terminal patterns due i treatment are likely
subject to variation between diseases and individual patients.

We analyzed the serum proteome in order to elucidate the intricate relationship between comple-
ment modulation and cellular processes, observing alterations in the lipid metabolism; factors of innate
immunity, e.., TF; the oxidative stress response; and the heterogenous group of MAPK signaling path-
ways. Indeed, complement has been shown to induce MAPK signaling (31). As such, C5a-C5aR inter-
action contributes to renal injury by MAPK activation and release of pro-inflammatory cytokines in
a trichloroethylene-sensitized mouse model (31, 32). Consistent with this, we observed alterations of
proteins associated with MAPKS, e.g.. upregulation of MAP3IKS and downregulation of SKAP2 or
MAPKS. Interestingly, we also detected proteins with antioxidani function, e.g., PRDX2 and PRDXS,
to be abundant in serum of eculizumab-treated patients. Complement activity contributes to tissue injury
in response to oxidative stress with the classical and the lectin — but not the alternative — pathways
mediating complement activation (33, 34). In contrast, little is known about the retrograde influence of
complement inhibition on the oxidative siress response. Our data point ta a potentially beneficial influ-
ence of eculizumab on the oxidative stress response.

Intriguingly, we also observed metabalic alterations in eculi d patients. AA
is localized at the i ion point of cardi and y biology (35, 36). Three distinct
enzyme systems metabolize AA, resulting in a plethora of biological effects. First, cyclooxygenases gen-
from AA. Second, the cytochrome P430
system metabolizes AA, generating ic acid ible of mediating pro
ry signals (37), Last, the lipoxygenase pathway results in the formation of leukoirienes (38). ALOXS, per-
haps the most studied lipoxygenase, inserts oxygen at the C-5 position of AA to promote the formation
of 5-HPETE and finally LTA,, the precursor of downstream leukotrienes (17). The biological relevance
of this pathway is i hy the efficacy of and ALOXS inhibitors are used
to treat bronchial asthma and seasonal allergies (38, 39). OF note, C5a has been demonstrated to recruit
ALOXS to process AA and stimulate leukotriene metabolism (40). Concurrently, liberation of thrombax-
ane B2 and other metabalic products of AA degradation increases in the presence of camplement pro-
teins (41, 42). Fallowing this line of argument, proteomic and metabolomic analyses corroborated that
AA metabolism was blunted in response to eculizumab as 5-HPETE and LTA, — downstream products
of AA processing by ALOXS — were reduced compared with treatment-naive or azathioprine treated
patients. As an immunometabolic regulator, ALOXS is primarily expressed by immune cells, such as
granulocytes, macrophages/monocytes, and dendritic cells (43). Leukotrienes resulting from AA metab-
olism exert chemotactic properties and regulate immune cell activity and bronchaconstriction (43, 44).
On a mechanistic level, C3a is required for ALOXS-mediated generation by with
CSaR. Al of ALOXS and indicate the of AA by terminal
complement ablation as a potential off-target effect of eculizumab. Further studies are needed to under-
stand whether modulation of leukotriene metabolism is indeed beneficial and to whal extent this effect

to the clinical efficacy of

Given the rarity of MG and further ion by the limited ion of eculi in clinical
settings, this study is confined to a sample size of 10 patients for the eculizumab group. However, this
study is designed as an explorative approach to better understand complement-modulating therapies
Consistent with this, the scope of an omics approach in a human model is not suited to deduce causality,
but rather to highlight understudied or unknown mechanisms and stimulate further research. Further,
assessment of metabolite levels is influenced by a plethora of confounders, including nutritional or envi-
ronmental factors. Accordingly, additional studies are needed to account for potential external factors
influencing metabolite readouts.

erate ids, such as Aor
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these findi that the ecult induced is a valuable
model for ing the i terminal ablation on human biology and for explor-
ing potential mechanisms shaping treatment outcomes beyond inhibition of the complement cascade.

Methods

Ethics and human participanss. All patients were required to meet the national guidelines for the diagnosis of
MG (45). We included 3 age- and sex-matched cohorts with a total of 30 patients for cross-sectional com-
parison {n = 10 per group). Clinical and demographic baseline data are given in Table 1. We compared ecu-
lizumab patients with azathioprine {as a prominent first-line therapy) and treatment-naive patients. Patients
were required fo be treated with eculizumab for at least 3 months prior to blood sampling. To adjust for
disease severity as a potential confounder, patients treated with eculizumab and patients treated with aza-
thioprine were required to meet the following criteria defining a therapy-refractory course of disease in
accordance with national guidelines (45): (a) Clinical severity: Myasthenia Gravis Foundation of America
status of =TTL. (b) Previous i iies: 2 previous i with a treatment period of at
least 12 months for i ine A, , Or steroids at maximum
tolerable dose without sufficient symptom control. (c) Adverse effects: discontinuation of at least 2 previ-
ous immunotherapies due to intolerable adverse cffects. (d) Myasthenic crisis: myasthenic crises requiring
intensive care treatment.

For this study, patients treated with eculizumab and azathioprine were required to fulfil criterion (a)
and at least | other criterion. Azathioprine-treated patients were required to be eligible for eculizumab
treatment. Treatment-naive patients were required not to meet any of criteria (b) o (d). Both eculizumab-

d patients not 1o b treated with d IST. Low-dose
steroids (<10 mg/d) were permitted

Biomaterial and patient cohort. Serum samples were acquired after obtaining written informed consent.
At the time of sampling, patients were required to have no evidence of infection. Serum samples from
patients were stored according to the predefined standard aperating procedure at the local bicbanks of the
Heinrich Heine University Dissseldorf and the Charité Berlin at —80°C. Later, they were transferred for
‘measurement on dry ice to the Core Unit Protcomics facility of the University of Minster.

Lysare, eemoation nnn’pmzn..mg for proteomic deep mapping. Serum samples (200 L) were depleted accond-
ing to the using the P iner kit (Bio-Rad 1 ies Tnc ). This
subproteame was piaml in Pau Ranosep 10K Omega filter units (10 kDa cutoff) and centrifuged (12,500g,
room remperarure, 30 minutes). The analyre was washed by adding 100 uL of urea buffer (8 M urea,
100 mM Tris base) to the filter unit and was centrifuged (room temperature, 200g, and 30 minutes; same
centrifuge setrings used thraughout), For reduction (45 minutes), 100 uL of 50 mM dithiothreitol in urea
buffer was added to the filter unit. Subsequently, the unit was again centrifuged, and the sample was rinsed
with 100 uL urea buffer. For alkylation, 50 mM iodoacetamide in urea buffer was placed into the filter
unit. Incubation proceeded in the dark for 30 minutes at room temperature. Following centrifugation and
rinsing twice with 300 uL 50 mM NH,HCO, containing 10% acetonitrile in urea buffer and 200 pL of 0.01
pg/pL trypsin in 50 mM NH,HCO, containing 10% acetonitrile were added to the filter unit. Incubation
proceeded at 37°C overnight. Peptides were collected by rinsing the filter thrice with 5% acetonitrile/0.1%
formic acid followed by centrifugation. Samples were dried using a Speedvac (Thermo Fisher Scientific)
and redissolved in 10 L 5% acetonitrile/0. 1% formic acid.

Peptide 5 L) were analyzed by reversed-phase chroma-
tography coupled to ion mobility mass spectrometry with SYNAPT G2-81/M-Class nano-UPLC (Waters
Corporation) using PharmaFluidics C18 yPAC columns (trapping and 50 cm analytical). Data were ana-
Iyzed using Progenesis for Proteomics (Waters Corporation) and the UniProt human database. One missed
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Table 2. Clinical and d patients from
azathioprine
Number of patients 5
Age at baseline, years, mean (5D} 525(24.2)
Age at diagnosis, years, mean (SD) 45,5 (14 5)
Early onset, n (%) 2140%)
Female, n (%) 2 (40%)
Mumber of previous ISTs, mean (SO) 10
Thymectomy, n (%) 2 (40%)
Anti-AChR Ab positive, n (%) 5 (100%)
Mean steroid dosage, me, mean (S0) 5(2.5)
Patient 1: elevated liver enzymes.
Patient 2: elevated liver enzymes
Clinical indication far switch {for each patient) Patient 3 insufficient treatment response
Patient 4: elevated liver enzymes

Patient 5 insufficient treatment respanse
Patient 1: 3 months
Patient 2: 4.5 months
Individual washout periad {for each patient} Patient 3: 6 months
Patient 4: 3.5 months
Patient 5: 12 manths

pling. The is defined as the tir theend af the azathioprine
therapy and the start of eculi b, antibiody; ACHR, receptor; 15T, therapy.

cleavage was allowed, carbamidomethylation was set as fixed, and methionine oxidation was set as a vari-
able modification. A short list of the protein output was created by demanding protein assignment by at
least 2 peptides. Histograms of the acquired proteome (Supplemental Figure 1) illustrate normal distibu-
tion of included patient samples.

Lysae generation and processing for metabolonsic profifing. Serum (10 L) was filered using Pall Nanosep
10K Omega units (3.5 kDa cutoff), washed thrice with 5% acetonitrile/0.1% formic acid, dried, and redis-
salved in 10 uL. 5% acetonitrile/0.1% formic acid.

Mass ry-based Mass v was performed using above instrumentation
in MSe mode. For data analysis we used Progenesis with Metascope, LipidBlast, ChemSpider, and Metlin
databases. Hits with multiple substance assignments were not used. Metabolites were identified based
on their mass, retention time, and mass spectra. A total of 8,893 hits were recorded. After metabolite
extraction and exclusion of missing values, 289 unique metabolites were Fcn‘mtttd for downstream analy-
ses. Distribution of patient samples is illustrated as b Figure 2).

ELISAs. The patients’ serum samples were tested protein levels via ELISA kits according to the
manufacturer’s instructions. These included ALOXS (Abbexa, catalog abx250809), C4BP (MyBio-
Source, catalog MBS9303010), C6 (Abcam, catalog ab230934), C7 (Abcam, catalog abl25964),
CCL22 (Bio-Techne, catalog DMDO0), LTA, (Abbexa, catalog abx150355), LTB, (Abbexa, catalog
abx257172}, and TF (Abcam, catalog ab220653). We performed dilution series and used dilutions of
1:50 for the final assays. Samples were measured in technical duplicates with the Tecan plate reader
Tnfinite M200 Pro.

Cell culture experiments. PMNs were isolated from peripheral blood from healthy donors as previous-
Iy described based on density gradients (22). PMNs were resuspended in DMEM in 6-well dishes with
10° cells per sample. PMNs were incubated ar 37°C and 5% CO,. PMNs were treated with substances
at indicated concentrations or with serum samples for 6 hours. Afterward, supernatants were harvested
and stored at —80°C. Concentration of LTE, was determined by ELISA according to the manufacturer's

For with CSa, we used inant CSa (R&D Systems). PMX53 and zileuton
were purchased from R&D Systems. For co-incubation with human serum, 500 mL of serum was added to
each well containing 1 mL of DMEM.

Visualization. Figures were created using Adobe Illustrator (version 2020) and Servier Medical Art
(https://smart servier.com)
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., and minimum and maximum (whiskers). Groups were compared by

{bax]
2-sided Student's ¢ test. ***P < 0.001, **P < 0.01. ALOXS, arachidonate 5-lipoxygenase; LTB,, leukotriene B,; PMNs, polymorphonuclear leukorytes.

Statistics. Statistical analysis was performed using R 3.5.3. Data were presented as median (IQR),
mean (SD), or n (%). Differences between groups were analyzed using unpaired Student’s ¢ test or
Mann-Whitney U test as appropriate. One-way ANOVA test o Kruskal-Wallis test was used for multi-
ple groups as apprapriate.

Prior ta multivariate analysis, data were centered, and unit variance scaling was urilized. For PCA,
cach patient was treated as | data point. For heatmaps, rows and columns were clustered using correla-
tion distance and average linkage. Raincloud plots were constructed as previously described (46). Volca-
10 plots were created by plotting log, values of the relative difference berween the mean protein expres-
sion values against the -log,, Pvalues. For simple regression analysis, we included the Quantiative MG
score, MG Activities of Daily Living score and the MG Quality of Life score as dependent variables
sPLS-DA was performed on normalized metabolomics data using mixOmics package version 6.16 as
previously described (47, 48) (Supplemental Figure 3A). The model was tuned using a 3-fold internal
cross validation repeated 50 times to minimize the balanced error rate (Supplemental Figure 3B).

For enrichment analysis, differentially expressed proteins were defined as having an adjusted 2 value of <
0.05. We employed the following databases to identify the enriched MFs and associated biological pathways
GO (49), KEGG (50), and the HPA (51). The functional enrichment analysis for proteomics was performed
using the R package gProfiler (version 0.70) with gSCS multiple-testing correction method applying signifi-
cance threshold of 0.05 (52). Functional enrichment of metabolite data was performed with the MetaboAna-
Iyst R package version 3.0 set to GSEA as previously described (53). Differences were considered statistically
significant with the following P values: *P < 0,05, **P < 0.01, ***P < 0.001, and **+*P < 0.0001

Study approval. All work performed in this study was in accordance with the Declaration of Hel-
sinki. For this study, patients were recruited from the University Hospital Diisseldorf (Ethikkomission
der HHU, Diisseldorf, Germany; ethics approval: 2016-053-£5 and 2021-1417) and the Charité Berlin
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(Ethikkomission der Charité Berlin, Berlin, Germany; ethics approval: EA1/281/10). Patients provided
oral and written informed consent before inclusion

Data availabilitv. The full data set is available via ProteomeXchange with identifier PXD040786. The
analytical code for the manuscript is available from the corresponding author on reasonable request
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Abstract

tors for MC and disease exacerbation.

with plasma exchange.

Background: Myasthenic crisis {MC) and disease exacerbation in myasthenia gravis (MG} are assoclated with signifi-
cant lethality and continue to impose a high disease burden on affected patients. Therefore, we sought to determine
potential predictors for MC and exacerbation as well as to identify factors affecting outcome

Methods: We examined a retrospective, observational cohort study of patients diagnosed with MG between 2000
and 2021 with a mean follow-up of 62.6 months after diagnosis from eight tertiary hospitals in Germany. A multivari-
ate Cox regression model with follow-up duration as the time variable was used to determine independent risk fac-

Results: 815 patients diagrosed with MG according to national quidelines were included. Disease severity at diagno-
sis [quantitative MG score or Myasthenia Gravis Foundation of America class), the presence of thymoma and anti-
muscle specific tyrosine kinase-antibodies were independent predictors of MC or disease exacerbation. Patients with
minimal manifestation status 12 months after diagnosis had a lower risk of MC and disease exacerbation than those
without. The timespan between diagnosis and the start of immunosuppressive therapy did not affect risk. Patients
with a worse outcome of MC were older, had higher MGFA class before MC and at admission, and had lower vital
capacity before and at admission. The number of comarbidities, requirement for intubation, prolonged mechanical
wventilation, and MC triggered by infection were associated with worse outcome, No differences between outcomes
were observed comparing treatments with IVIG (intravenous immunoglobulin vs. plasma exchange vs. WIG together

Conclusions: MC and disease exacerbations inflict a substantial burden of disease on MG patients, Disease severity
at diagnosis and antibody status predicted the occurrence of MC and disease exacerbation. Intensified monitoring
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patients.

Graphical Abstract

independent risk factors for
myasthenic crisis

with emphasis on the prevention of infectious complications could be of value to prevent uncontrolled disease in MG

Keywords: Myasthenic crisis, Myasthenia gravis, Disease exacerbation, Risk factars, Predictors
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Background
Myasthenia gravis (MG) is an acquired autoimmune dis-
order of the neuromuscular junction characterized by
ion of the p ptic [1]. Owing to
improved treatment strategies and diagnostic tools, ther-
apeutic outcomes have improved for the majority of MG
patients [2]. However, a clinically distinct subgroup of
patients, often referred to as refractory, remains sympto-
matic despite therapy [2, 3]. Exacerbation of disease and
myasthenic crisis (MC) are frequent in these patients and
substantially contribute to disease burden [4]. Despite

diagnostic and therapeutic advances for the management
of MG, patients experiencing MC continue to face a sub-
stantial mortality rate of approximately 5-12% [5, 6]. The
requirement for hospitalisation, the associated burden of
disease and the cost of available rescue therapies, under-
line the importance of the prevention and management
of MC [7, 8.

Hindered by the rarity of MG, our understanding of
the underlying pathophysiclogical mect related
to insufficient disease control remains fragmented. A
range of potential triggers for the manifestation of MC
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or disease exacerbations have been observed including
infections, surgery, adverse effects of medication, co-
morbidity, pregnancy or tapering of immunosuppres-
sive medication [9, 10]. Prognostic factors identifying
patients at risk for MC or disease exacerbations remain
incompletely understood and have only been character-
ized for MG patients presenting with a thymoma [11,
12]. However, factors predicting the occurrence of MC
especially in patients without thymoma remain largely
elusive. Finally, factors defining the outcome of MC are
incompletely identified, but urgently needed to guide the
clinical management of these patients. Our analysis aims
at und ding factors predicting clinical det

tions. We therefore analysed a cohort of 815 MG patients
to identify potential risk factors for MC and disease
exacerbations.

Methods

Study design and participants

Our cohort study is a retrospective analysis of 815
patients from eight university hospitals in Germany
{Charité—Universititsmedizin Berlin and University
Hospitals Cologne, Duesseldorf, Essen, Freiburg, Magde-
burg, Muenster and Regensburg). Patients requiring
intensive care were treated on specialized neuralogi-
cal intensive care units (NICU). Patients were identified
by searching the on-site database for the correspanding
ICD-10 code (ICD-10-GM-2019 G70.-). Overall, 1645
patients were screened, of whom 815 were included in
the analysis (Fig. 1). Diagnosis of MG was established by
charact i ical presentation in accordance with
national guidelines [13], independent of disease dura-
tion or severity. All centres are certified as integrated
myasthenia centre (iMC) by the German Myasthenia
Gravis Society applying standardised clinical path-
ways for patient management. Diagnosis was supported
by antibody findings and repetitive nerve stimulation.
Antibody testing was performed by enzyme-linked- or
radio-immunoassay (Euroline). Suspected cases without
established diagnosis, with a change to their diagnosis
(n=609) or with insufficient case documentation were
excluded (<6 months of longitudi d i
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patient’ charts. The follow-up strategy was standardized
across centres. According to iMC standards, patients
with a stahle course were seen every 6 months and insta-
ble patients more frequently. MG-specific scoring was
performed by the treating neurologist at the time of
presentation,

Definitions
For this cohort analysis, we differentiated between MC
and disease exacerbation as distinct clinical events.

A MC was defined as a rapid clinical decline requiring

i ventilation, ib or p I nutri-

tion [14]. Dysphagia severe enough to require a nasogas-
tric tube was also included as criterion for MC.

A disease exacerbation was defined as fulfilment all of
the following criteria as adapted from national guidelines
[15]:

~ Objective: QMG (quantitative myasthenia gravis)
score [16] of =8 points and a minimum increase
of =5 points from the previous visit, Ocular find-
ings must not account for more than 5 points on the
QMG score,

— Subjective: progressive clinical deterioration due to
weakness of bulbo-pharyngeal or limb muscles or
reduced respiratory function impacting activities of
daily living.

~ Period of time: progress of symptoms no longer than
30 days.

A clinical event matching both the definition of MC
and disease exacerbation was classified as MC. The out-
come of MC was defined according to the MGEA (Myas-
thenia Gravis Foundation of America) post-intervention
status (MGEA-PIS) [17, 18]: Specifically, improved sig-
nifies that QMG score at hospital discharge was reduced
by =3 points compared to pre-admission, worse signifies
that QMG score haspital discharge was increased by =3
points compared to before the admission and unchanged
signifies that neither the criteria for improved nor worse
were met. Patients with worse outcome were discharged
for further rehabilitation. The threshold was defined to

(1=127) (Fig. 1). The final cohort consisted of patients
diagnosed between January 2000 and July 2021 Patients
with an estal ed diagnosis and sufficient longitudi-
nal documentation of>6 months were included during
this time period. Sacio-demographics (age, sex, disease
duration), antibody (ab) status (acetylcholine-receptor
(AChR), muscle specific receptor tyrosine kinase (MuSK),
lipoprotein-related protein 4 (LRP4), seronegative), MG
specific medication (cholinesterase-inhibitors, glucacor-
ticoids, and long-term immunosuppressant’s), history of
thymoma-status, and comaorbidities were collected from
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be that a score of 3 points in a single item of the QMG
score reflects severe impairment [18). The cutoff between
early-(EOMG) and late-onset (LOMG) MG was set at
50 years as previously defined [19]. Minimal manifesta-
tion status (MMS) was defined in accordance with the
MGFA-PIS as no symptoms of functional limitation
from MG but weakness on examination only detectable
by examination [17, 20, 21]. For MMS, immunosuppres-
sive therapy and symptomatic therapy, e.g., cholinester-
ase inhibitors, were permitted {analogous to MMS-3 as
proposed by the MGFA=PIS) (17, 20, 21).
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Fig. 1 PRISWIA oy chart detailing screening and inc

sion of patient record:

Standard protocol appravals, registrations, and patient
consents

The study was approved by the local ethics commit-
tee and institutional review boards (no. AZ 2020-
010-£-5, no. AZ 07/2017, 19-8973-BO, AZ 21-1265,
AZ 21-1331). Data were anonymized and collected

retrospectively according to the standardized require-
ments of the German register for myasthenia

Statistical analysis
Statistical Analysis was performed using GraphPad
Prism 9.3 (GraphPad Software, Inc., San Diego, CA) and
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R (R Core Team, 2020). Data were presented as median
(IQR=interquartile range), mean (standard devia-
tion=5D), or n (%). For ate logistic i
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Table 1 Clinical and demographic baseline characteristics of
patients

goodness of fit was assessed by Cox-Snell’s generalized R
squared or Tjur’s Pseudo R squared as appropriate. Signif-
icance was assessed by the likelihood ratio test. The odds
ratio (OR) was assessed using a multivariate Cox regres-
sion model with follow-up as the time variable. Experi-
encing at least one MC or disease exacerbation compared
tono event was used as the status variable. For analysis of
time between diagnosis and MC or disease exacerbation

cance between survival curves was determined by a pair-
wise log rank test. Analysis of variance (ANOVA) testing
was performed for the analysis of groups for continuous
variables and Fisher's exact test for categorial variables.
To account for multiple comparisons, statistical signifi-
cance was corrected by the false discovery rate (FDR).
Anonymized data will be shared by request from any
qualified investigator. For regression analysis of MGFA
class IT to IV, MGFA classes A and B were combined to
allow for statistical analysis. Therefore, analysis is limited
to MGFA classes without distinguishing the distribution
of muscle weakness.

Results

Baseline characteristics and clinical features

Clinical and demographic data are presented in Table 1.
Mean age at disease onset was 527 years (SD 20.0) and at
diagnosis 53.5 years (SD 19.8). Early disease onset before
the age of 50 years occurred in 300 patients (36.8%),
while 510 cases (62.6%) were LOMG. The follow-up time
was 62.6 months (SD 73.3) after diagnosis.

MGFA class at diagnosis was available for 782 patients
(96.3%). 236 (28.9%) patients presented with ocular weak-
ness (Class 1); 309 (37.9%) with mild symptoms (Class
11); 169 (20.8%) with moderate symptoms (Class 111); 43
patients (5.3%) with severe muscle weakness (Class V)
and for 25 patients a history of intubation (3.0%) (Class
V) was documented. Disease severity at diagnosis was
classified by assessment of QMG score and was available
for 687 patients (84.4%) [22]. Median QMG score at diag-
nosis was 4 points (IQR 2.0-8.0).

With respect to ab status, 714 (87.6%) patients were
seropositive, whereas 86 (10.5%) were seronegative.
The ab-status included anti-AChR-ab (1=641), anti-
MuSK-ab (#=71), and anti-LRP4-ab (»=2). 436 patients
(53.5%) received corticosteraids following diagnosis
with a mean dosage of 15 mg (SD 10). The average time
between diagnosis and the start of the first immunosup-
pressive therapy (IST) was 1.3 years (SD 3.7). 451 patients
(54.6%) received their first IST less than 1 year after diag-
nosis and were cansidered as early IST, while 111 patients
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Table 1 icantinued)

Characteristic n %
Other m 136
Pulmanary 133 163
Chranic obstructive pulmonary disease 74 al
Asthma 28 E
Smoking 8 08
Other 21 28
Metabolic ias 27
Diabetes melltus [type 1 or 2) 186 204
Hyperchalesterclemia i55 180
Other 2 25
Gastraintastinl is? 205
Celiac disease 1 22
Gastroesaphageal reflux disease. 9 "
Liver failure (ary cause) 15 184
Inflammatory bowel disease 8 08
Other 12 a7
Makignancy other than thymorma 9 nz
Lung cancer 2 27
Prostate cancer 33 40
reast cancer 12 14
Other 15 8
Autgimmune disease 152 187
Hashimoto's disease 44 53
Rheumatoid arthiitis 2 EL]
Pariasts £ 42
Multiple sclerosis 3 03
Cther 2 27
Manths of follow-up 6265733
Baseline chara ith myasthenic syndr

antibisdy, onti-ACKR-ab anti-acetyleholine-receptor-ab, anti-MuSH-ab an

n %
Tatal 815 100
sex
MalesFemale 361454 a4asss6
Age.y
Mean age at first manifestation, years 5274200
Mean age at diagnosis years 5352198
Early-onset Wi (< 50 years) 300 369
Decremental rasponse
Positive 368 452
Negative 446 548
Increment
Positive 6 oz
Generalized WG at diagnosis
Ocular MG 28 263
Generalzed MG 569 727
MGFA class at diagnosis
Hocutar) 36 289
I 309 3re
1 169 208
W 3 53
v S 50
ing 30 37
e at diagnosis, median £ IR 40120-60)
Antlbady siatus
B6 05
74 876
641 899
7 a9
2 LE]
156 na
Missing 15 8
Trymectomy 24 361
MRIor CT
Thymoma-suspect % 120
Histology
Thymoma 156 194
First IST
Azathiaprine 475 582
A 6 56
Methatrexate 4 50
Cyclosporine 0

Mean corticosterold dosage following disgnosis, 15410

Concomitant diseasss

Cardiovascular 379 466

Anterial Fypertension 09 354

Heart failure (any cause) 59 73

AOTIC STenasis 64 8

Cardiag arrythmia 45 55
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Table2 Risk factors for MC and exacerbation—Multivariste
analysis
Oddsatio 95%CI  pvalue

MC
Age at diagnesis i 087-125 032
Sex 096 081143 086
QWG score at diagnesis 123 114-166 <0.0001
MGFA status at diagnosis 183 165157 <0.0001
AntiMusK-ab 218 176-259 002
Thymama a7 301441 <0.0001
Cardiowascular disease 129 072-166 035

Heart failure {any cause) " 071-178 048

Pulmonary disease 136 088144 025

Chronic obstructive pulmonary 141 091-148 011

disease

Exacerbation
Sex 082 066-117 024

Age 3t diagnasis 103 0.76-151 045

Generalized disease at diagnosls 183 123239 0.03

QMG score at diagnasis 2 108-1.44 <0.0001

MGFA status at diagnasss. 103 0.75-148 011

Anti-MUSK-ab 107 101-128 0,003

Thymoma 154 1.29-207 002

Pulmonary dease 122 071-147 032

Chronic obstructive pulmenary 132 092-141 012
ease

sk factors for M and exacerbation in multivariate Cas reqression analysts.

50 standaed deviation,
guavis scare: Variables with a pvalue < 005 in the unnariate analysis and
clinieally relevant variables (sex, age) were inchided in the multivariate analysis
for

A poalve

- C myastheic

5T J0F interquartile
range, SD standard deviation. Unless otherwise reported, values are mean = 50
(range), [ myasthenia
gravis-score

(13.5%) received IST after 1 year or more and were con-
sidered late IST. The remaining patients did not receive
IST during the observation period.

Predictive factors for MC and disease

are bokt 95% C1 = 95% confidenca interval

reaching statistical significance (p<0.05) in univariate
analysis in a model of multivariate Cox regression. In
addition, we included clinical parameters (sex and age) as
they were related to clinical outcomes in previous studies
[5]. To aveid overfitting, factors facing high collinearity
were excluded (age at manifestation, thymectomy, imag-
ing suggestive of thymoma). Accordingly, multivariate
analysis revealed that QMG score at diagnosis [OR 1.23

Overall, 217 patients (26.3%) experienced a MC during
their disease course while 225 patients (27.6%) experi-
enced a disease exacerbation. To assess potential risk
factors for the oceurrence of MC or disease exacerba-
tion, we employed a model of univariate logistic regres-
sion (Additional file 1: Table S1). We assessed the risk
for experiencing at least one MC or disease exacerbation
compared to patients experiencing no event. Aiming to
identify independent risk factors, we entered risk factors

95% interval (95%CI) 1.14-1.66, p<0.0001],
MGFA class at diagnosis (OR 1.83 95% Cl 1.65-1.97,
p<0.001), anti-MuSK-ab (OR 2.18 95% CI 1.76-2.59,
p<0.05) and the presence of a thymoma (OR 3.71 95%
CI 3.01-4.41, p<0.0001) predicted the occurrence of
MC as independent risk factors (Table 2). Multivariate
analysis of risk factors for disease exacerbation identified
generalized disease (OR 1.83 95% CI 1.23-2.39, p<0.05),
QMG score at diagnosis (OR 1.12 95% CI 1.09 to 1.44,
p<0.001), anti-MuSK-ab (OR 1.07 95% CI 1.01-1.28,
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p<0.01) and the presence of a thymoma (OR 1.56 95% CI
1.29-2.07, p< 0.05) as independent risk factors. Next, we
applied the Kaplan-Meier method to our data set. Here,
we observed an inverse relation between MGFA class
and the occurrence of MC (Fig. 2A, B). In addition, we
observed that anti-MuSK-ab status correlates with the
risk for experiencing MC (Fig. 2C) or disease exacerba-
tion (Fig. 2D} (Table 2).

Finally, we investigated whether therapeutic manage-
ment of MG influences the occurrence of MC and exac-
erbation during the disease course. To assess the time
between diagnosis and treatment as a potential risk fac-
tor, we separated the patient cohort by the time between
diagnosis and the start of the first standard IST. Standard
IST comprised of azathioprine, MMF, methotrexate and
cyclosporine. Here, the risk for MC and disease exacerba-
tion was not different for patients with early vs. late IST,
respectively (MC: OR 0.38 95% CI 0.22-0.87, p=0.79,
exacerbation: OR 0.86 95% CI 0.65-0.99, p=0.38). In
addition to the time to treatment, we investigated the
effect of treatment response on the occurrence of MC
or exacerbation. We analysed the risk for MC and exac-
erbation for patients achieving MMS at 12 months
after diagnosis and those who did not. To exclude bias
due to patients presenting with MC or exacerbation as
first manifestation, patients with a clinical event up to
6 months after diagnosis were excluded from the analy-
sis of treatment response. Indeed, the risk was reduced
for achieving MMS for MC (OR 0.32 95% C1 0.17-0.61,
p=0.002) and for exacerbation (OR 0.50 95% CI 0,34~
0.70, p<0.001). Next, using the Kaplan-Meier methad
we observed treatment non-responders as at risk to
experience MC and exacerbations early in their disease
as compared to treatment responders (Fig. 2E, F). To fur-
ther dissect the i of i
we analyzed both cortisone treatment, as binary vari-
able, and dosage, as i variable, as predi for
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Factors determining the outcome of MC

Given the substantial mortality and lasting functional
impairment associated with MC [5, 23], we further
investigated paotential factors affecting the outcome of
MC., As detailed above, patients experiencing MC were
grouped inta three cohorts (improved, unchanged and
worse). Clinical, demographic, diagnostic and therapeu-
tic data were assessed for each cohort (Additional file 2:
Table 52). Overall, 235 MC were recorded. In-hospital
mortality was recorded for 6 patients (0.25%). To pre-
wvent bias (ie, shorter ventilation time despite worse
outcome), patients had died to MC were not included.
Comparison of groups was petformed on the remaining
229 MC. Recorded trigger factors are presented in Addi-
tianal file 3: Table S3. Outcomes after MC were defined
as improved for 143 MC (62.4%), unchanged for 33 MC
(14.4%) and worse for 53 MC (23.2%) (Table 3).

Patients experiencing a worse outcome of follow-
ing MC were older at the time of MC as compared to
improved patients, while sex displayed no association
with the outcome. MGFA class at admission as well as
the last most recent measurement of MGFA class before
prior to admission were lower in patients improving who
improved. Interestingly, MC triggered by infections were
‘was associated with a worse outcome. Consistent with
previous reports, patients with a high number of comor-
bidities at admission had a worse outcome. Of nate, vital
capacity (VC) at admission, as well as the last recorded
VC befare MC, were was lower in patients worseningwho
worsened. In addition, patients who were intubated, who
had a longer time of mechanical ventilation or total hos-
pital stay, and wha developed preumonia or sepsis had a
poor outcome.

Finally, we analysed the impact of the available rescue
therapies on the outcome of MC. Here, we compared
the effect of IVIG (43 patients) vs. plasma exchange

MC or exacerbation. Here, the risk for MC [OR 1.12 95%
Cl 1.05-1.33, p=0.16) and exacerbation (OR 1.09 95%
Cl L01-145, p=0.42) were similar for patients receiv-
ing cortisone following diagnosis compared with those
who did not. In the graup of cortisone-treated patients,
assessment of cortisone dose did not reveal an associa-
tion with the risk for MC (OR 1.27 95% CI 1.16-1.65,
p=0.23) or exacerbation (OR 152 95% CI 1.34-1.72,
p=0.18}.

(see Paue on next page)

[PLEX (plasmapheresis) or IA ( dsorption]] (90
patients) vs. IVIG combined with plasma exchange (47
patients) vs. no rescue therapy (49 patients) (Table 3).
Out of 49 patients with no rescue therapy, 31 were una-
ble to receive therapy due to comorbidities (e.g. sepsis,
renal failure), while 18 patient charts contained insuffi-
cient data on rescue treatments. Assessing the outcome
of different rescue therapies revealed no differences
between IVIG, plasma exchange, and the combination of
both. However, patients receiving no rescue therapy had

Fig. 2 Survival analysis of MC and disease exacerbation. Survival curves displaying the time (in months) between iagnosis and the first MC
(myasthenic crisi) or exacerbation. (A) Survival graph displaying the time to MC according 1o MGFA class. (8) Survival geaph displaying the time to

exacertation accoeding to MGFA class. (C) Survival graph displaying the time to MC according to anti-Musk-ab status |
/al graph desplaying the time ta MC according to minimal manifestation
status (MMS) at 12 months after diagnosis. (F) Sunvval graph displaying the tim

the time to exacerbation according to anti-Musk-ab status. (E) Sur,

urvival graph displaying

worths after diagnosis

Significance berween survival curves was assessed by logrank testing. ***% < 00001 **p<0001, **p <001, "p< 005
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Table 3 Factors affecting outcome of MC

value value Worse

wiorse)
Female (% of patients) 515% (089" 405% (062" 481%
Age at MC [ear, mean (SO)] 575(218(0.01%) 807 (178) (0.14%) B75(150)
Time between dizgnosis and MC [Wonths, mean (SDJ] 301 5071077 2756100779 364 (525)
MGFA before MC [MGFA, median 0GRI] 211) 10.006%) 20038+ 3
MGFA 3t admission [MGF, median 1QR) 30 i<0.001%) 301) 10.008%) 40
Treated with IT at start of MD (% of patients) 63.1% (013" E0.0% (049") 509%
MC triggerad by infiection (% of MC triggered by infections) 33.5%(0.005%) 424%(0.26") 56.6%
VC before MC [VC in mi, mean (SD)] 2192822 (0.14%) 19381739 1<0.001%) 1533 (561)
VIt addmission [V in i, mean (SO 1292 1800) 10.04*) 1263 (5561 10.006*) 71 (348)
Comosbiities [Number of comorbidities at admission, median (KIR1) 2(2}1<0.001%) 212)1<0.001%) 42
Time of hospitalisation [days, mean (50]] 202(161)(<0.001%) 247 (258 1) 347324
Intubated {% of patients} 2694 <0.0017 26.7%(0.002") 64.2%
Time of invasive ventilation (days, mean) 751136 10.002°) 41189 (0.0017) 226(392)
Preumania (3 of patients) 2619 (<0.001% 200% (<0.001% 5715
Sepsis [ of patients) 667 (0.002") 33%0.013" 250%
Treated with PLEX of I (% of patients) S7E% (0119 45.5% (0.59) 347%
Treatect with MG and PLEX or IA (% of patients) 243%1024" 12250769 153%
Treated with no VIG, PLEX or IA (% of patients) 180 (<0.001%) 15.7% (< 0.001%) 603%
F e i i range, MC myasthenic crisis, MGFA Myasthenia Gravis Foundation of America, 15T

PLE al capacity.

) Fishers.

by *). o ac
ificant

worse outcome compared to patients that received res-
cue therapy.

‘The six patients not surviving MC were on average 70
(SD 11.6) years. All 6 patients were intubated at admis-
sion, and the treating physician recorded an infection
as the trigger for MC (pneumonia in all 6 cases). The
average time of ventilation was 36.3 (SD32.5) days. Four
patients died due to sepsis. One patient was treated with
PLEX, one patient received both PLEX and IVIGs, while
4 patients did not receive rescue therapies.

Discussion

Despite therapeutic advances, 10-20% of MG patients
experience MC during their disease course [3, 6, 24].
To ameliorate the burden of disease incurred by uncon-
trolled disease, identification of patients at risk for these
events as well as factors and strategies promoting MC
remission are of high importance for dlinical practice.
To guide identification and—by extension—manage-
ment of patients at risk, we analysed a large cohort of
MG patients, which reflected previously reported demo-
graphic and clinical characteristics [6]. In essence, our
data implicate disease severity at diagnosis as a read-
ily accessible and reliable predictor for MC, Treatment
strategies should be tailored to the severity of initial

Nelke et al_fournal of Neuroinflammation  (2022) 19:89

Guidance for Management of MG as treatment tar-
get [17, 20]. We analyzed this parameter to understand
if achieving the proposed treatment target is associated
with a reduced risk for MC [17]. Treatment strategies
were previously suggested to affect the course of disease
in MG, As such, a recent meta-analysis suggested that
cortisone treatment reduces the risk for secondary gener-
alization for MG patients with ocular manifestation [28].
Thymectomy is also evidenced to improve clinical read-
outs aver a 3-year time span as demonstrated in a recent,
randomized, controlled trial [19, 20]. Taken together,
successful treatment approaches appear to influence
long-term outcomes.

Knowledge of factors affecting the outcome of MC are
of high clinical importance to promote remission and
functional independence [6], with most studies reporting
factors associated with prolonged ventilation as a surro-
gate marker for clinical outcome of MC [6, 23, 29]. Fol-
lowing analysis of patients experiencing MC according
o the MGFA post-interventian-status [17], we observed
an iation between time and
a worse outcome, suggesting that ventilation time cor-
relates with functional status at discharge. However, our
cohort also revealed that VC might be a valuable bio-
marker for risk stratification of MC as VC predicted the
outcome if assessed at admission. Interestingly, a previ-
ous retrospective cohort analysing 5 patients with MC
found no link between VC and the need for hanical

Unless fied, valu

dlian = 1GR (range

symptoms, potentially reducing the likelihaod for MC
or exacerbation. In addition, our data underlines that the
prevention and resolution of infections are pivotal factors
defining MC outcome.

Previous observational studies regarding possible risk
factors are mostly availible for the subgroup of MG
patients that received thymectomy [11, 12]. Investigating
patients with and without thymoma, our study corrabo-
rates the presence of thymoma as a factor. Cor-
roborating previous studies [25, 26], we also identified
anti-MuSK-ab positivity as an independent risk factor
for disease deterioration, Anti-MuSK-ab positive has also
been associated with poor outcome of MC [27]. Interest-

gly, disease severity as assessed by clinical scoring was
a robust predictor for patients at risk for MC or exacer-
bation, underlining the importance of standardized
cal evaluation of MG patients. Patients presenting with
severe disease should receive intensified disease monitor-
ing to recognize and, if possible, prevent the occurrence
of MC.

Analysing the impact of disease management, we
observed that treatment response influenced the risk for
MC. Here, patients achieving MMS were at an reduced
risk for MC and exacerbation than those who did not.
MMS was proposed by the International Consensus
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introduce a bias towards severe cases. However, given
the rarity of the disorder, most MG patients are treated
specialized centres [32]. Thus, our cohort is likely to
be representative of the general MG population. Regard-
ing the analysis of predictors, a potential limitation is
that patients lly presenting with MC or exacerba-
tion could not be included. These patients potentially
constitute a distinct clinical subtype as they are expected
to have fewer co-morbidities and are hkely to be treated
more aggressively [6]. Fur for MG
exacerbation are heterogenous and diverging interpreta-
tions have been previously proposed, e.g., de Meel et al.
included an increase in immunosuppressive therapy
in their | definition for bation [33]. A
caveat to the analysis of rescue therapies is that the sub-
group of patients receiving no treatment for MC is biased
to severe cases as these patients were often unable to be
treated due to comorbidities (e.g., sepsis or renal failure).

Conclusions

Our study highlights that disease severity at diagnosi
a valuable clinical marker to identify patients at risk for
MC or disease exacerbation, Intensified monitoring with
emphasis on the prevention of infectious complications is
pivotal for management of patients at risk.

ventilation [30]. Corroborating VC as a predictive hm—

b ACHR-aby
Tow densnty lipopiotein receptor related

marker in other neuromuscular diseases such as Guil
Barré syndrome [31], our study contrasts the findings
from the previous cohort with the difference p

yanti-
VELC-3b: Anti-voliage- gam calcium channes-abx EOMG: Early-onset MG;
FOR:Fee ctcovery e Imoncadiorpton; WG tsgrsed Miosthenis

attributed to the substantial variance in u)hort size
implicating that monitoring and i of ven-

Centre; I5T;
venous .mmunumnnulm LOMG: Late-orset MG MC: Myasthenic criss MG
 gravis, MGFA. Myasthenia G nlArv'enci‘ MGFA-

tilation might allow clinicians to avert severe courses of
MC. Intriguingly, an infectious trigger of MC was both
Irequent and associated with an unfavourable outcome
compared to other triggers. Hence, prevention and early
management of infection in MG patients, notably in MG
patients with impaired ventilatory capacities, constitutes
a cornerstone in the management of MC. We suggest that
treatment of comorbidities making patients vulnerable to
infection and resolute adhesion to vaccination protocols
should be employed to reduce the risk of infection for
MG patients.

‘The retrospective design of this study might be vulner-
able to confounding factors as data were collected during
routine clinical practice rather than a formal study set-
ting making data sensitive to variation both in quantity
and quality between individual patients and time points.
Nonetheless, data quality was improved by collection
according to standardised requirements of the German
Mpyasthenia register. A focus on tertiary centers might

P
Mcophanciatemofe MEL Newolocea et Coe Uit O Gk
ratior PLEX: Plasmapheresi; S0 Standard deviotion,
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Eculizumab versus rituximab in generalised

myasthenia gravis
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ABSTRACT

Objective Myasthenia gravis (MG} is the most common
autoimmune disorder affecting the neuromuscular
junction. However, evidence shaping treatment decisions,
particularty for treatment-refractory cases, is sparse,

Both rituximab and eculizumab may be considered as.
therapeutic aptions for refractory MG after insufficient
symptom control by standard immunosuppressive
therapies.

Methods In this retiospective observational study,

we included 57 rituximab-treated and 20 eculizumab-
treated patients with MG to compare the efficacy of
treatment agents in generalisad, therapy-refractory anti-

"% Stefan Vielhaber,"" Hans-Peter Hartung,'
Heinz Wiendl,” Sven G Meuth,' Tobias Ruck'

In the majority of paricnts with MG, discase is suffi-
ciently controlled by immunosuppressive treatment,
while a clinically distinet subgroup of patients, often
referred toas refractory, continues to experience severe
disease despite therapy.* Nonetheless, a consensus for
the defiinition of refractory MG is currently lacking,
with various smdics employing hercrogencous defi-
nitions.” Treatment strategics are cvalving with navel
biological agents complementing existing standards
of therapy. Rituximab, a B cell-depleting monoclonal
antibody (ab), has been discussed as potential therapy
for patients with MG whose discase is refractory o
* This viewpoint i

acetylcholine receptor antibody (anti-AChR-ab)mediated
MG with an observation period of 24 months. Change
in the quantitative myasthenia gravis (QMG) score was.
defined as the primary outcome parameter. Differences
between groups were determined in an optimal full
prapensity score matching model
Results Both groups were comparable in tems of
dinical and demographic characteristics. Eculizumab
was associated with a better outcome compared with
rituximab, as measured by the change of the QMG
score at 12 and 24 months of treatment. Minimal
manifestation of disease as mare fequenly achieved
4 patients than rituximab-tr
pauems at 12 and 24 months after baseline. However,
the risk of myasthenic crisis (MC) was not ameliorated in
either group.

This retrospective, ional study

supported by findings from a meta-analysis of smaller
case serics as well as observational studies investigating
situximab for new-onser MG in parienss who are
anti-acetylcholine receptor (AChR)-ab positive’ and
for anti-musclespecific tyrosine kinase (MuSK)-ab
positive.” Concurrently, identification of complement
as major driver of discase activity in anti-AChR-ab
MG led 1o the development of complement-targeted
therapies. As such, eculizumab is a humanised, mono-
clonal ab that specifically recognises and  inhibits
cleavage of complement C5.* Ablation of terminal
complement activation by eculizumab has proven
efficacious for trearing parients with and-AChR-ab
positive treatment-refractory (TR) MG in the phase 3,
randomised, placebo-controlled REGAIN rial.”

Both biologicals, that i, rituximab and cculizumab,
may be considered as treatment options for refrac-

pravides the first real-world evidence supporting the use  tory MG after fail
of eculizumab for the treatment of refractory, anti-AChR-  therapies (IST8)."
ab positive MG. Nonetheless, the risk of MC remained

high and prampts the need for intensified monitaring
and further research effort aimed at this vulnerable

patient cohort
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INTRODUCTION

¢ of immunosuppressive standard
Hawever, evidence guiding treat-
ment strategies is sparse. Thus, we compared ritux-
imab and eculizumab for the reamment of generalised,
therapy-refractory anti-AChR-ab positive MG in a
retrospective, observational study. The change ta base-
line quantitative myasthenia gravis (QMG) score was
employed as the primary puicome parameter with a
follow-up period of 24 months. Study urcomes were
specified prior to daca analysis.

Myasthenia gravis (MG) is the most common autoim-

mune disorder affecting the neuromuscular junction, MATERIAL AND METHODS
diated

by antibody (ab
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mortality.”

Study cohort

of the postsynaptic mernbrane.’ The hallmark of MG Our cohort is a retrospective, observational muli-
is flucruaring weakness of ocular, bulbar, limb and  centric analysis of patients from six university hospi-
respiratory muscles, with corresponding morbidity and  tals (University Medicine Charieé Berlin, University

Hospital Cologne, University Hospital Duesseldorf,
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142 patients soreened
for xiusian criteria

~2age <18
|- 1 other concanitan bislogic agent |

77 patients inchuged

Figure 1  Flow chart detailing patient recrultment. Seventy-seven
patients were included in the final study for rituimab (n=57) and
ecullzumab trestment (n=20). ab, antibody; ACKR, acetylcholine receptor;
MuSK, musde-specific tyrosine kinase.

University Hospital Freiburg, University Hospital Magdeburg and
University Hospital Regenshurg). A toral of 815 patients with MG
were recruited with a focus on TR cases. Diagnosis of MG was
established by characteristic clinical presentation and supported by
characteristic anbody (ab) findings in accordance with national
guidelines."! Participating centres are established as the integrated
Myasthenia Centre (IMC) by the German Myasthenia Gravis
Saciety, employing standardised workflows for patient manage-
ment. According to the IMC prococal, parients with a stable caurse
were scen every 6 months and unstable patients more frequently.
Data were collected according 1o the standards of the German
Myasthenia registry and included sociodemographic data (age, sex
and discase duration), ab-satus (ACHR, MuSK, lipoprotei

inhibitors, glwcn.wm».m\iﬁ and immunosuppressants), history of
thymectony, and comorbidities. The scoring of MG-specific param-
eters was performed by the treating neurologist. No clinical scoring
was applied retrospectively:

Patient cohort and selection
We identified 142 patients rreared with rituximab or ecolizumab
between 2010 and 2021 {figure 1)

The following inclusion criteria were applied:

required to be at 3 maximum tolerable dose. Thymectomy
was performed if indicated.

» Sufficient clinical follow-up data with at least three out of
four QMG scares assessed by a rrained neurologist at basc-
line, that is, star of rituximab or cculizumab ereatment, as
well as at 6 months, 12 months and 24 months after therapy
initiation.

Additionally, the foliowing exchision criterla wds applied
during patient selection:

> Presence of ab other than anti-AChR-ab (anti-titin-ab were
permitted as these are considered complementary markers
10 anti-AChR-ab.

> Presence of IST or a biological agent other than rituximab

ar eculizumab (rescue treatments including plasmapheresis
(PLEX), intravenous immunoglobulins (IVIG) and immune
adsarprion {IA) were permirted).

Previous treament with rituximab for eculizumab paticnts
or eculizumab for rinndmab patients.

Pregnancy during the treatment period.

Following selection using the inclusion and exclusion criteria, 57

patients treated with rituximab and 20 patients treated with eculi-

zumab were included in the analysis (figure 1). The first patient of
this cohore was treated with rituximab in 2010. Uniil 2017, a saral
of 39 patienss received rituximab, The remaining 18 rinmab-
reated patients were included between 2017 and 2021. Afier formal
approval for MG, the first patient received eculizumah in 2017, All

eculizumalrtreated patients were recruited between 2017 and 2021.

During this period, eculizumab was preferentially offered due w

its on-label starus. If patients declined cculizumab, rinrimab was

offered instead.

v

Dosing regime

Rituximab and eculizumab treamment regimens were performed
in accardance with local standard operating procedure. Far ritux-
imab, 2 dose of 1000mg was given 14 days apart. The treatment
interval for maintenance therapy with 1000mg was 6-9 months,
depending on clinical response.’! For eculizumab, treatment started
with 900mg weekly for 4 weeks followed by maintenance therapy
atweek § with 1200mg in a biweekly application scheme.

Definitions

Myasthenic crisis {MC) was defined as a rapid clinical deteriora-
fion requiring non-invasive or invasive ventilation.” An age of 50
years at disease onset was used as a cut-off point between carly (<50
years) and late-onser (50 years) MG." IVIG, PLEX and 1A were
considered as rescue therapics if given for an exacerbation of MG
concurrently with IST ar biological agents. Recurrent IVIG infusions

» Confirmed diagnosis of MG in accordance with national
gidelinen were defined a5 IST if given without orher 5T or biologicl g,
; . i Jefined

> Confirmed serological detcetion of anti-AChR-ab. p"'""“‘r' litats ‘(MM? based on the M ey

> Agez18 ar start of ricuximab ot eculizumab treatment. vk Foundation of America post listveatton s Fod

v Treatment refractory MG according to the following defi-  S6tus, the patient was required to have no functional limitations due
nition’: persistent impairment due to MG despite adequate 10 MG except for minimal weakness on examination. In our study,
standard therapy for more than 12 months or persistene  Tesidual weakness was required 1o be 3 QMG score of <3 points.
intolerable side effects. In this stdy, we employed gener-  For MM, sympromatic reatment with cholinesterase inhibitors was
alised discase with a QMG score of =6 as aperational | Permitted MM required that no rescue therapy was nceded in the
definition for persistent impairment, Standard therapy 125t & months at the time of assessment.
was defined as having received two previous first-line ISTs
or one first-line 1ST and prednisolane at maximum wler-  Standard protacol approvals, registrations and patient
able dose for a minimum treatment duration of 6 months consents
each without achieving disease control or unril trearment This study was conducted in accordance with the Declaration
has to be stopped due ro intolerable side effects. Standard of Helsinki. Dara were anonymised and collected retrospec-
ISTs included azathioprine, mycophenolate mofetil, metho-  tively according to the standards of the German Register for
trexate or cyclosporine, Acetylcholinesterase inhibitors were  Myasthenia,
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Study outcomes

The change from bascline QMG score after 12 months of therapy
was the primary study outcome. The QMG is a 13-item scale with
each item scored from 0 (no impairment) to 3 (severe impair-
ment), for a total score ranging from 0 10 39 poines,” The change
from baseline QMG score after 24 months of therapy, the time to
MC and the number of patients reaching minimal manifestation
ar 12 and 24 months of therapy were secondary study ourcomes.
Patients presenting with MC that overlapped with specified time
points were o be considered as missing data for the analysis of
the QMG score. During this study, no averlap berween MC and
specified time paints of 12 and 24 months were detected.
nsient worsening (that did not qualify as MC) and acute rescue
therapies overlapping with the specified time poins was permitted
and the corresponding QMG score was recorded. Study outcomes
were specified prior to data analysis.

Data availability
All analysed data are presented in the manuscript and available
on reasonable request from qualified investigators.

Statistical analysis
Statistical analysis was performed using RStudio V14.1103
(R-Tools Technology). Data are presented as the mean (SD) or
n (%), To account for pretreatment disease severity and reduce
selccrion bias, we employed a model of propensity score matching.
The propensity scores were calculated for each patients using a
logistic regression model with a priori sclected covariates {sex,
age at diagnosis, age at bascline, thymoma and QMG ai hase-
line}. The obtained prapensity scores were subsequently entered
in an Average Treatment effect on the Treated weighting model
to provide a halanced sample of patients excepr for their respec-
tive treatment. Due to differences in sample sizes, we preferred
an optimal full matching approach as to avoid a selection :Jl
patients to remain unmatched.' As previonsly described,
the balance hetween the two groups was assessed by comparing
the standardised mean differences of the covariates before and
after propensity score adjustment. Using a model of oprimal full
matching, we achieved standardised mean differences for the
selected covariates below 0.1 indicaring adequate balance of the
two groups {online supplemental figure 1). Differences between
roups were analysed usinga two-tailed, unpaired T tese for quan-
titarive variables and rwo-tailed Fisher's exact rest for categorical
variables, pdi for time o MC wer
Kaplan-eier curves and the logrank test for comparison of MC
Di were lly significant
with the following p values: *p<0.05, * 'p(ﬂ,ﬂl‘ "'p<ﬂ 001

Missing data

A total of three rituximab-treated (5.39%) and ene eculizumab-
weared (5%) patients were lost to follow-up, Clinical and
demographic baseline data were indistinguishable from patients
completing the full observation period (data not shown). All
parients lost to follow-up were missing, that is, patients who did
not complete follaw-up visits and did not state a specific reason.
As we detected no systematic differences between patients with
missing data and those with complete data, we assumed that these
data points were missing completely at random,” Consequently,
listwise deletion was applied to handle missing data points.

RESULTS
Out of 142 patients receiving ritwdmab or eculizumab, we
included 77 patients in the final analysis {figure 1), Distribution of

baseline characreristics were comparable hetween the two groups
frable 1), The majority of patiens in both groups were women
{rituximab 35 (62.5%) vs eculizumab 12 (54.6%), p=0.61), with
an early onset of disease (rituximab 36 (63,106) vs cculizumah
16 (72.7%), p=0.59). The average age at the start of ritaximab
and eculizumab treatment was 46.5 (SD 17.1) and 45,4 (SD 15.2)
years, respectively (p=0.791). Discase scveriry in both groups was
high with QMG scores at baseline of 10.7 (5.1) for rituximab and
13.25 (5.2) or eculizumab (p=0.056). Previous numbers of ISTs
were comparable with rinximab-treated and eculizumab-treated
patients receiving a median of two previous ISTs (IQR 2
Azathioprine was the most common previous IST in the ritux-
imab and cculizumab group with 49 (63.4%0) and 18 (90.0%)
.126). Prednisone dose at baseline was
similat, with rituximab-treated patients receiving 6.0mg (SD 10.3)
and cculizumab-rearcd patients 10.4mg (SD 12.6) prednisone
=0.121). Thymectomy was performed before baseline for all
included patients. Eight rituximab-treated and four eculizumab-
treated patienes had o confirmed thymoma (p=0.487). No deaths
or meningococeal infections were recorded during the observa-
tion period. Adverse events were in line with the known specteum
of both agents e, headache, nausea, diarrhoea, fever, joint pain
and upper airway infect

We compared the change to QMG baseline after 12 months of
treatment with rituximab (n=56) and eculizumab (n=20) vsing a
model of full optimal prapensity scare marching, After matching,
the standardised mean differences of all included covariates
were below 0.1 indicating adequare balance (online supple-
mental figure 1). Ecul d patients da
significantly greater benefit from trearment as compared with
rituximab patients (QMG at 12 months for ricuximab 11.2 (SD
7.3) and eculizumab 8.4 (SD 6.1); p=0.021, figure 2). In addi-
tion, we compared rituximab (n=354) and cculizumab (n=19)
cohorts for changes of their QMG score to baseline at 24 months
(figure 2). Here, we observed a significantly greater benefit from
eculizumab treatment compared with rituximab (QMG at 24
months for rituximab 11.2 (SD 6.4) and eculizumab 9.6 (SD
£.5); p<0.001). Thymoma status did not impact the change o
the QMG scare at 12 or 24 months (p=0.123and p=0.848,
respectively). For two rituximabetreated and one eculizumab-
treared patient, the prespecificd time point of 12 months
coincided with application of IVIGs. Excluding these patiems
from the analysis did not affect study outcomes (QMG ar 12
maonths for rituximab 10.8 (SD 7.6) and eculizumab 8.1 (SD
6.9), p=0.038). To account for selection bias, we analysed the
rituximab cohort included before 2017 (n=39) and afrer 2017
{n=18) (table 2). Both groups of rinuximab-treated patients were
similar in terms of demographic and dlinical data. The change to
baseline QMG at 12 months (QMG before 2017: 10.5 (SD 7.1),
afrer 2017: 11,1 (SD 6.8), p=0.633) was comparable for both
groups of rituximab-treated patients.

Next, we analysed the time to MC in both groups. During the
24-month abservation period, nine patients experienced a MC in
the rituximab group, while two patients deteriorated in the eculi-
zumab group, which did not reach statistical significance (MC, n
(96), riruximab 15 (15.8%) vs cculizomab 2 (10.0%6), p=0.510},
The time to MC did not differ between rituximab and eculizumah
patients (figure 3A). For both groups, infection was the mast
commeon trigger for MC as recorded by the weating physician
with 7 out of 9 MC for rimximab and 2 out of 2 MC for cculi-
zumab, For the remaining MC, the trigger remained unknown.

Ar 12 monrhs, the rare of MM differed between the two groups
with six patients achieving MM in the rituximab (n=56, 10.7%)
and seven patients in the eculizumaly treatment group (n=19,
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Table 1 i of patients, total n=77
Rituximab-treated patients Eculizumalr-treated patients P value

Patients,n 51 0
‘Age at baselne, yeaes, mean (50 265171} 454 (15.2) 0
Age at diagnosis,years, mean (S5} 208182} 365(122) 0351
Early onset MG, n %) 361631) 16180.0) 0266
Late caset MG, n (%) 21369) 400 026
Femmale patients 0 (%) 35(62.5) 12i548) 610
Disease duration, years, mean (SD) 63045 2863 0058
QMG score at baseline, mean (5D} 107 61) 13252 0055
MGFA status at maximum severiy, n (%)

i 000 0lo0) 0335

" 16081} 10150.0)

" 2005 5500

v 16281 30500

v 7022 201000
Histary of thymectomy, a (%) 29(50.8) 131651 0308
Conlirmed thymoma, n (%) B0140) 4p00) w487
Total rumiber of previous ISTs, median (minimum-maximum} 2@-3 223 0285
Preyious disease modihing therapy, 1 (%)

Azathiogrine A9185.9) 18190.0) g

Mycophenclate 6145.6) 140700 [177]

Methotrexate: 24042) 1650) 608

Cyclasporing 7022) 52500 0273
Contsane at baseline, mg, mezn (SD) 601103) 104126) [XF
Wurber af grevious MC, median {minimam-masinum) 10-3) 1(0-3) os71
Baseline refers 0 the fust indusion of fumal or eculizumab Discase Guration was defe as the e Detween i baseline

s two- test [ ct st (8], P vahues are given, significance cut-off was p<0.05

ST, immumosuppressive therapy, MIC, myasthenic crisis; MG, MGEA, Myasth America; OMG, qua

36.8%; p=0.031, figure 3B). At 24 months, the cffect persisted
with seven patients reaching MM after rituximab (n=54, 12.9%)
and seven parients after eculizumab wreatment (3

3 penaa
H peoom
i -
£ t
§ot 1 1
2 + )
3
s
1 —
& I * = = %
-

Figure 2 Changes to baseline OMG score. QMG scores were assessed
at 6, 12 and 24 months, Baseline is defined as start of rituximab ot
eculizumab therapy. (A} Change to baseline QMG score after 12 manths
of treatment. (B) Change to QMG score at baseline after 24 months.
Differences between groups were assessed in 2 model of optimal full
propensity score matching. The propensity scares were caltulated for each
patients using a logistic regression model. Patients were matched for OMG
scora ai baseline, sex, age at diagnosis, age at baseline and thymoma
Error bars display mean (95% CI}. QMG quantitative myasthenia gravis.
***p<0.001, **p<0.01, *p<0.05, p20.05, net significant

were excluded from the analysis due to insufficient information
regarding rescue therapies, The use of rescue therapies did not
differ significanty berween the rituximab and eculizumab groups
as measured by the number of rescue therapics required for cach
patient during the 24 months observation period (number of rescue
therapies per patient (SD) rituximab 2.20 (1.83), eculizumab 1.42
(1.81) p=0.073) (figure 3C). Lastly, both groups were able ro
reduce prednisone dose after treatment initiation (figure 3D). We
detected no significant difference between the groups regarding
the change to baseline prednisone dose ar 12 months (prednisone
dose ar 12 months, mg (SD) ricuximab 4.01 (4.90), eculizumab
5.30 (3.63), p=0.721) or at 24 months of treatment (prednisone
dose ar 24 months, mg (SD) riniximab 2.75 (3.67), eculizumab
317 (2.88), p=0.871).

DISCUSSION
Clinical evidence is sparse in the therapeuric landscape of MG,
but necessary to shape informed treatment decisions. To this end,
we compared rituximab and eculizumab for treatment of refrac-
tory, generalised anti-AChR-ab pasitive MG, Eculizumab was
mare effective at ameliorating disease severity than rituximab as
measured by QMG score after 12 and 24 months of treatment.
Eculizumab-treated patients also achieved MM more frequently
than riruximab-treated paticnts ar 12 and at 24 months of treat-
ment, while the risk for MC was comparable berween both
groups. Both groups were able o reduce average prednisone
doses; however, na statistically significant difference was observed
between the groups.

The role of eculiznmab in the therapeuric landscape of
MG is evolving as new cvidence emerges. The REGAIN trial
supports the use of ceulizumab for refractory, anti-AChR-ab
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Table2 istics of rituxi d patients before and after 2017
Rituximab-treated patients before 2017 Rituximab-treated patients after 2017 P value

Fatients, n 39 AL
‘Age at basoline, years, mean (50) 4030163) 4490067) 2l
‘Age at diagnosls, years, mean (S0) 381 074) 21 (199) 0442
Early onset MG, n (%) 26 (66.7) 13(722) 0695
Late onset M, n (%) 3@ 5(27.8) D695
Femae patients, n (%) B4 14778 0136
Disaase duration, years, mean (SD) 21(56) 9407 o008
QMG score at baseline, mean (5D} N5 @4 103 6.4) [
MGFA status at maximum severity, n (%)

i 0{08) () i

" 12301 6(3.3)

" 15 (38.4) 70389

¥ 263 5078

v Afia) 241
Histary of thymectory, n (%) 18 (461} 10(55.5) 026
Confimed thymoma, n (%) 5128 3(16.7) 0698
Total mumbes of previous 5T, median {minmum- 203 26-3) 0331
maximun)
Preyious disease modifing therapy, (%)

Azathiogrine 36 (92.3) 13022 0083

Mycophenolate 20513 6(333) 0174

Methatrexate 13(333) 11 (61.00 o082

Cyclasporine 50128 2 099
Cortisone at baseline, mg, mean (SD) 28112 106121 o841
Mamber of prvious M, mecan (inam-sasinon) 1 (031 1i0-2) [

Disease duration was onsel and baseline. Al

inclutied befare 2017 were compared wilh itiaimab-treated

‘patients mcluded after 2017 by twosided Student's ttest (*) or Fisher's exact test {#). P alues are given; significance cut-aff was p<0.05.

IST, immunosuppressive therapy; MC, myasthenic crisis; MG,

mediared MG.” "* Despite not reaching the prespecified prima
endpoint of change from baseline in the MG activities of daily
living (ADL) score, post-hoe sensitivity analysis and secondary
outcome measures demonstrated the efficacy of eculizumab in
chis patient collective.” Analysis of the open-label extension

for 6-8 wecks after infusion, and some patients require repeared
cycles t achieve clinical benefits.”” * Surprisingly, differences
in treatment cfficacy between the therapies persisted at 12 and
24 months after therapy ini on. Bath treatment options carry
a risk of severe infection, especiall in combination with other

reported that eculiumabs effect was
the 3 years of treament.'” However, given its navelry and high
cost, ceulizumaly remains reserved for cases with severe disease
in current guidelines and direct comparisons to other therapies
are lacking”! Pathophysiological considerations might further
strengthen the use of eculizumab as herrant complement acti-
vation has been evidenced in humans and in animal models.*
Selective targering of the complement cascade might therefore
improve cli
adverse effects.'” Consistent with this, data from our observa-
tional study underlines the efficacy of cculizumab as potential
treatment option for refractory MG. It should be noted, that
eculizumal is currently limited to anti-AChR-ab positive MG,
which is mediated by IgG1 (and IgG3) subtype autoantibodics
capable to activate the complement cascade. In contrast, MG
mediated by pathogenic [gG4 subtype, for example, anti-
MuSK MG, is unlikely to_benefit from treatment due the lack
of complement activation.” By contrast, rituximab is efficacious
in MG with anti-MuSK-ab as evidenced in a nationwide retro-
spective study.™ A shorter time to response might be expecred
for cculizumab in comparison o rituximab. Following infusion,
complement is rapidly inhibited and therapeutic effects are
seen as carly as 3days after trearment.” Maximum efficacy is
cexpected after 12 weeks of treatment as demonstrated in the
REGAIN trial.* As a general rule, rinimab effects are delayed

Specifically, eculi
by an increased risk for meningocaccal infections with approxi-
mately 0.1 events per 100 paticnt years. ™ leading to obligarory
anti-meningococeal vaceination before starting therapy.

Comparison beeween the two groups revealed no meaningful
differences in the time to MC. With 10% and 16% of patients
experiencing a MC during the 24 months observation period,
the risk for MC remained high, underlining the need for intensi-
ficd care and monitaring for patients with MG during a refrac-
tory course of discase.’ A potential explanation for the high
rate for MC abserved in both groups might be the frequency
of infectious complications accounting for the majority of MC
triggers. Treatment might dampen autoimmunity and improve
symptoms, but not protect parients from infectious agents,
resulting in discase flarc-ups. However, the current sample size
of ceulizumab-ereated paticnts might not be powered to derect
effects on MC and prospective trials are required to better
understand the long-term efficacy of cculizumab compared with
established treatment strategies. In the open-label extension of
the REGAIN trial, MG warsening occurred in ~13%and MC
in 3% of paticnrs in a time period of 22 months,"” indicating
potential differences between study settings and real-world data.
The current coronavirus discase 2018 (COVID-19) pandemic is
a further factor shaping treamment decisions, as reatment agents
such as rituximab increase the risk of hospitalisation due 1o
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Figure 3 Time to myasthenic criss after baseline. () Kaplan-Meier
curve displaying time to myasthenic crisis after baseline. Baseline is defined
as start of rituimab or eculizumab therapy, Differences between groups
were assessed by logrank test, (B) Number of patients achieving minimal
manifestation after 12 and 24 menths of treatment according to treatment.
{Ch Number of rescue therapies per patient in the 24 months observation
period. Differences between groups were assessed by two-sided Student’s
t-test. (D) Change to cortisone dose at baseline at 12 and 24 months of
trestment, Eror bars display mean (95% CI). **p<0.01, *p<0.05, p=0.05,
not significant.

n

immunosuppression.' ** In contrast, data on the safety profile of
ongoing ceulizumab-treatment for COVID-19 is mostly lacking.
i study is the retrospective, observarional
design, potentially introducing a selection bias for treatment

decisions. In addition, limitations include data collection during
toutine clinical practice rather than a defined study sering. This
might result in variances in data quality and quantity berween
patients. For example, the MG-ADL score was not routincly
assessod during elinical practice and could nor serve as an addi-
tional putcome parameter, Further, a conclusive definition for a
treatment refractory status is currently lacking. For this study, we
adapred a previously published definition of treatment refrac-
tary starus as operarional definition.” However, we appreciate
that the definition of treatment refractory discase at bascline, as

employed for this study, is provisional uniil a cansensus has been
achieved for treatment refractoriness in the field of MG. The
scape of our study is limited to the comparison of ritaximab and
eculizumab. Further studies investigating the efficacy of either
agents against untreated patients in a real-world setting might be
of scientific interest. Duc to the clinical hererogeneiry and rarity
of the discase, MG has been hiscorically difficult ro study in the
context of clinical trials.” Thus, a strength of this study is the
use of a well-defined MG cohort with high diagnostic cerrainty,
providing novel data for treatment decisions for refractory
MG. Moreover, data collection was standardised across partic-
ipating centres in accordance with the German Myasthenia
Gravis Register. Collectively, the results of this retrospective,
observational study support the trearment of refractory, anti-
AChR-ab MG with eculizumab and indicares cerrain advantages
compared with rituximab in this subgroup. Based on our data,
a randomised, prospective trial comparing rituximab and eculi-
cumab in the setting of severe, generalised MG is required to
establish the most effective treatment strategy for this discase
course.
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Cellular senescence in neuroinflammatory
disease: new therapies for old cells?

Christopher Nelke, ' Ghristina B. Schroeter, ' Marc Pawiitzki,” Sven G. Meuth, ' and Tobias Ruck @ '

Neuroinl\ammatcry diseases remain a therapeutic challenge, notably when
p g towards r In th text, multiple sclerosis repre-
sents a cantral nervous system (CNS) disorder that combines pathogenic inflam-
matory and pr Immu is effective for
managing inflammatory activity, but neurodegenerative pru:asses secondary

Highlights

Thers i an urmet nesd for novel thers-
pautc strategie that can hakt neuro-
intamemstory disorders progressog
towarts a degensrativa phencype.

to chronic inflammation ars often refractory to af . Recent
evidence indicates that pathways involved in chronic neummllammauon dem-

of cellular These features could provide a frame-
work that could serve as a target for senotherapeutics. In this revisw, we
discuss the unmet need for strategies capable of overcoming the treatment re-
sistance of neuroinflammatory diseases, and we discuss the potential of cellular
senescence towards developing these strategies.

celuiar
senescance to a plethor of human
diseases.

It ciens rcicale the presenca of ook
il sengscence n

discrriers, suggesting it a5 8 potetal
ciner o paliogenesis.

Are senotkh the key to refractoriness in neuroinflammatory
disorders?

Tha calluiar state of senescence is characterized by the inability of a cell to profferate di suf-
ficient resources and stimuli[1,2]. This concept ibedin 1961 and !

considerable scientific: interest, particularly over the past & years (3], Indeed, senotherapeutic
research has advanced IKDGDGT“IEJN and demonstrated thal Iargerlng cellular senescence

1t strategy f atlsast in animal
modeis [4,5]. For example, pharmacological depietion of senescent cells improved functional out-
comes in a murine model of Alzheimer's disease (AD) [£]. Folowing these resills, senotherapies
(P 1) are cumently bing tested in clinical tials for neurodegenerative dissasss such as AD |7
‘well as for other pathologies (e.g.. cardiometabolic or age-assocated conditions) [5]. By contrast,
research and literature focusing on celluler senescence in the context of neurainfiammatian
is sparsa. Neurainfiammatory c of autoimmunity 15t com-
ponents of the nenous system. Contemporary treatment options are often able 1o halt neuro-
inflammation to a considerable extent [8]. However, neurainflammatory disorders that have a
dsgenarative component often raspand poorly 1o therapy and constitute an urmet need for
novel [0, This concept is pert multiple sclerosis
(MS). Immuncsuppression may dampen inflammation in relapsing-remitting MS (RAMS), effec-
tively reducing disability progression [, 10]. By contrast, oncs RAMS acvances to the secondary
progressive course of the disease (SPMS), r icn and disease arg
often insidieus and unresponsive 1o therapeutic madulation [11].

toar condary processes following chronic inflamma-
tion are yet to be successfully translated into clinical practioe. Senotherapies may be a promising
appraach to improve therapeutic outcomes of neurcinflammatory diseases that have an unsatis-
factory response to immunosuppressive treatment alone. In this review, we provide a current
overview of the current knowledge on cellular senescence and its role in neuroinflammatory
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Bos 1. Senothempetios
Serireacocn o Lo doar = i e cellla senesoence
mmm-ty and

First,
i cosbular

=
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Glossary

Autophagy: iscelus deqradation
‘sysiom which remaves coll o dobrs.

g2t  rotens, HEPR0, or Akt

Iyebose enzyrmes assoceted wih cel-
senuscence

terget coluiar patiways actor kB (NF-4B), mTOR. JAK 1/2 inhib-
Rars, ihorkinasa 1 FOCKT), or p3 MAFK,

& ctane of e~
‘versivie stable cell cycke amest.

rg. Ris worn D mcharisms that qusity
or o o more subgroups of senctherapy: for sxarple, senolics misht sls0 act s senomOrDS and vios varsa, An
verview of cantermparary senosheraeulics s g in Tokie | n main texd

disorders. For the latter, we focus on MS as a neurcinflammatory disease exhibiting neure-
degenerative components. Hawever, we aiso discuss infammalory pathologies of the perpheral
nervous system (PNS) and skeletal muscle, as these areas of research have progressed recently
and share common pathogenic traits with CNS disorders. We further demonstrate how
senoiherapeutics may be used as new treaiment strategies o overcome freatment refractoriness
in thass diseases. Overal, this review intends o stimulate further research n the emerging fisid of
senotherapeutics.

Cellular senescence: current concepts in the field

Cellular senescence is the consequence of endogenous and exogencus stress, Among athar
things, these stressors include DNA damage, telamere dysfunction, oncogene activation, and
chronic inflammation [1,2], Pattways of cellular senescence and apoplosis are intimately inked
and mediated, in part, by p53 signaing [12]. However, the factors shaping a cell's trajectory
towards apoplosis or senescence reman 1o be establshed 2 13]. Iniguingy, senescence i not

neuropathy [CIPM): G fo
peicheralnives inchuced by chisn-
e,

demyelinating

polyradiculoneuropathy (CIOP): 5
mwmmmmuuw
mmm«m
‘gemersien by outwerd busding from the.
plasma marmbrane.
‘Endaneurak o (e s,
ey O CONMIECIH 1S58 SLATOUNGNG
e mysin sheath of nenves,

Exosome: an exmoslda vesidde
relenad on Eiocytsk of mutiesioulr
s,

Idiopathic inflammatory myopathies
WMs & group of suicieTune dior-
s et siesetel uscle.
Immunosenescence: oe e
hangos to1he Immune system.
(BM):

canfined to the cell experiencing stress, but exhibits the ability to spread.
of senescent flbrcblasts into skelotal muscle of young mioe induces expression of a senescent
phenotype in bystander cells [14]. These bystander cells included fibroblasts and myafibers. One
mechanism that may explain the dissemination of sanescence is the secretory phenotype of
senesoent cells establisning a microanvironmeent permenating cellular senescence. Athough subject

‘acauired i praferencally afecting cidar
et vt cstinct cirical feepures.
‘Mammalian targel of rapamycin
(mTORY: @ kaso eccadoc by the
MTOR Qane reguisling & Mumber of o
udar processas.

1o variation across tissues, ding
[SASP) Is cheracterized by a sel of proinflammatory cylokines, growth tactors, and prolsases
(Figura 1) [15,16]. The compasition of the SASP is , with unique quantitative and
qualitative features depending on the comesponding trigger. cel type, and tissue [17]. Even within
the CNS, SASP profiles diverge betwsen cell types (the phenotypes ars discussed In detail by
Papadopoulos et al. [17]. The senescent secretome includes a range of proinflammatory and
immunomoduiatory cytokines fe.g., IL-6, IL-7), chemckines [e.., GC-chemakine figand 2 (CCL2),
CCLB, growth facters [e.g., epidermal grovith factor (EGF) and vascular endothelial growth factor
(VEGR)], and proteases (e.g., MMP-1/3) [18,19], Senescent cells akso interact by specific receptors
[e.0.. interoellier adhesion molecule-1 IGAM-1), Urokinase receptor (UPAR), tumor necrosis factor

rocpent,
‘chvons autcimmune diease affsctng
he cortal s sy,
Ofigodendrocyte

precursor cells
{OPCal:  sutryp of gl n the cenwrel
erveass systeem acing as precursces (o

(TNF) receptors], non-protein molecules (e.9., p PGE2Y], I 4., fioro-
nectin, collagans), exosomes. and ectosomes 2. Thus, both sollble and insolubio intaraction

mbwlesaremvbwdbymcﬂshnllumwmebwmmu 1t The effect of
) )

the SASP s highly cynamic. Intialy, f wr
presenving or restoring tissue homeostasis [21], However, wit fation t calls dlur-

ing flammation and aging, its proinfiammatory and potentially detrimental characteristios dominate
and resl ininflamimation, tissue damage, and delrmental grow respanses in bystander cals
[22-24]. Thus, the SASP i increasingly recognized as a key driver of age-reiated pathclog

suich as chronic inflammation [25), Of note, SASP components ars sffecti netory cyto-
kines capable of atractng and activating immune cells, thereby promoting an inflammatory tissue
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environmant [22-24]. Following this line of argument, calis with a senesoent phenctype resistant to
‘epoptosis might provide a pi microervronment sustaining the progression of neu-
roinfiammatory diseases, which we discuss in the following subsections.

The challenge of treatmg progressive MS

MS s '8 dsease of he O in demyeinzati a
tion [26]. Around &1 i
unpredictable relapses of inflammatory activity, often linked ta persisting disabilty. A substaniial pro-
portion of RAMS patients, ranging from 25% to 60% as demeonstrated by natural history studies
[27 261, advance 1o a progressive phase of the dissasa termad SPMS. The remaining 10-20% of
MS patients have a pimary progressive MS course (PPMS) from disease ansel. Both progressive
forms of MS by sustail Jiation, with only a minar fluctuation
of symptome [27]. Indesd, a cument study on the natural history of MS demonstrated that 75~
100% of PPMS patients experience substantial disease worsening as compared to ~55% of
ARMS patients [5], While clsar clinical or pathological criterla defining transition from BRMS to
SPMS remain to be defined, the distinction between RAMS and progressive MS is crucial as their
pathophysiological mechanisms and therapeutic responses differ [27]. The current viewpoint on
progressive MS recognizes chronic inflammation compartmentalized behind a closed blood-brain
barier as a pathogenic hallmark [27]. Persistent activation of immune cells and microglia, as
well as mitochondrial damage, leads to neurodegeneration with progredient neuroaxonal cell
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death. Altered ion-channd function and imbalkance of reactve oxygen speuastmmamfy

inflammatary conditions [29-311, Onty dirugs have shown i

in the treatment of progressive MS 2], Consequantly, treatment approaches for progressive MS

rer porary I s are unable to effectively halt newro-
The challenga of managing MS is highlighted by the {un)avallabilty of

treatment agsnts. While over 15 drugs have bean approved for RRMS, only two (siponimad and
dadribing) have demonstrated fimited efficacy in SPMS and only ane focrekzumab) in PPMS [10].
Hawever, the efficacy of approved agents for progressive MS is inked manly to treating fealures
of acute inflammatory activity [12]. However, progression independent of relapse activity
(PIRA) recently emerged as a major driver of disability accumulation [23], Indeed, over a period
of 98 weeks, confirmed disabillty sccumulation occured in 80-90% of RAMS patients as PIRA.
By contrast, only ~17% of disabilty was attributed to cinical relapses 133, This obsarvation chal-
lenges the dichotamy of RRMS and progressive MS and highlights the need for treatment strategies
capable of e 1t of nflammatary actvity. Interestingly,
asicie from the transition to a progressive form, age at baseline was more frequently associated with
negathve results for treatment trials of drugs proven to be effective in RRMS [5]. Consequently,
evidence for therapeutic eficacy fs not avalable for the majerity of establshed drugs when ireaiing
patients over the age of 55 years [3].

Taken together, are needed manage pro Senotherapeutics
@ & prormising potential soltion to this issus. In the following sections, we wil discuss the curment
(abelt preliminary) data on oelllar senescence in MS.

MS and cellular senescence: a bidirectional link

Chronic inflammation and oxidative stress are pathogenic halimarks of M3 [34-56], Accumulating
evidence supports senescent cells as a source of chrenic nflammation (20]. Vice versa, data an
chronic irflammation promoting cellular senescance are less robust, warranting further research in
the bidirectional interplay of senescence and inflammation. Senescent cels promote an inflammatary
miliew by secretion of proinflammatory cylckines, chemokines, and ROS [37]. Consequently,
DNA bystunction lead 1o cell cyck in adut progenitor cels exoseding
the regenerative capacity of the CNS and resulting in dysfunction of resident cell types such as
oligodendrocyte precursor cells (OPCs) (Figure 2) [25-40). Consistent with ihis, senescent glal
calls were detected in the white and gray matter of demysiinating lesions in a murine cuprizone-
induced demyelination madel of M3 [41,42],. Thesa cells wera identified by B-galactosidase and
lipofuscin histochemistry. Senescence of OPGs and other neural progenitar cels is thought to play
arlen i feilure n MS, therety i ition from to

M [40,47]. Indleed, in aged rodents, OPCs exhibit a senescent phenotype rvesponsive to cifferen-
tiation signals and impaired metabolc homeostasis (44]. Premature immunosenescence of T cels
hias bean described i MS, as well as in thaumatold arthrits [45], Specificall, our group previoushy
demonstrated that premature immune aging, especially in the CD8" T cell compantment, 0ocurs
in young MS patients and may impact disease severity |46]. Moreover, expression of immuna-
inhibitery molecules was decreased whils a premature immune aging signature consisting of
KLRG1, LAGS, CTLA-4, and CD226 was identifiad [46]. Interestingly, the loss of age-dependent
reguiation was more prominent in PPMS than in RRMS patients and corelated with disease sever-
ity [45]. Likewise, there is ek pramature of B oslls promiotes i mation
and disease progression in MS [47]. Induced pluripotent stem-call ines isolatad from perigheral-
blood menenuclear cells displayed increased markers of cellular senescence as evidenced
by f-galactosidase activity in patients with PPMS and RRMS compared with controls [48]
Differentiation f this cel line into neural progenitor cells also demanstrated increased expres-
sion of senescence markers [46],
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Further insight into cellular senescence in the GNS might be gained from studying a model of AD
(B 2). In bath humans and mice, OPCs surrounding aggregates of amyloid-§ exhibit a senescent
phenctype characterized by activation of the p 16 pathway and f-galactosidase activity [6]. The
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local plague environment demonstrates an activated senescent and proinflammatory genetic
signalure. Ablation of senescent OPCs by ihe senciytic cockiall dasatinib and quercetin (DQ)
raduced microglial activation and levels of proinflammatory cytokines while also improving
hippocampus-dependent learming and mermary deficits (5], It is interesting to note that the same
cell type, OPC, engages a senescent programming upen stress both in MS (40] and when
challenged by amyloid-[} aggregates (6], Consequently, senctherapies dirscted at OPC repro-
gramming might be of transkational interest for targeting MS.

The concept of cellular senescence might be of particular interest in progressive MS as this
subtype responds poory, If at all, to immd 5. Ac dation of ROS ©
progressiva MS [54]. Concurrently, oxidative stress induces celllar senescence as evidenced by
invivo and in vitro studies 55,56, In a murine model, deletion of the nuclear constitutive photomor-
phogenesis 8 (COPS) signalosome component CSNS (JAB1) in oligodendrocytes results in DINA
damage and celllar progression into a senescent phenolype [57]. The authors used phosphary-
late H2A Histone tamily member X (p-H2AX) and p-galactosidase actiy to defect senescent
calls, Thesa mice atior and neu

reminiscent of progressive MS. Targeting microglial inflammation did not influence ssvsmy
whersas inhibition of the p53 pathway via p21°" (but not p16inkds) amalorated disease severtty
[57). These results suggest a peomnent role for cellar senescence in perpetuating degeneration
in the cantext of neurainflammation. These findings are of particular interest fram a translational
perspactve. Newrodegenaration is a major driver of disabiity in progressive MS and remains refrac-
tory 10 y treatment [11]. While i ion appeared fute in
JAB1-knockout mice, deletion of senescence-associated pathways dampened disease progres-
sion. It remains to be established whether this conceptual framework can be replicated in other
madels of CNS inflammation, and whether it can be translated to humans. It is interesting to
note that even in RIRMS, B0-90% of disabilty accumulated as PIRA [33], This observation is sup-
ported by imaging data reporting a similar koss of brain vohame scrass MS subtypes [56], Thess
data challenge the dichotomy of relapsing and progressive MS and point to shared mechansms
underlying disease progression. As outlined above, recent evidence supports a role for cellular
senescence in MS, particuarly in progressive MS, Thersfors, targeting senescent cells might
alleviate the proinflammatory microenvironment exerted by these cells and help avercome treat-
ment resistance. Specifically, DQ might be a viable approach to treat progressive MS, as this
drug has been shown to be effective at clearing sensscent cells in humans (58] and is already
being tested in a clinical trial for AD [7], Importantty, DQ has been shown to cross the blood-
brain barmer [5], while data on CNS permeabiity of other senotherapies are cumently laciing. An
actvantage of DO might bs the route af administration. A dose of 100 mg D and 1000 mg Q can
be administerad oraly for 2 consacutive days every 2 weeks [7]. Senolytic treatment by DQ coud
be of interest as a novel approach to managing progressive MS and warmants further research,

Callular senescence may contribute to disease progression in polyneuropathies
Autaimmunity in the fiekd of newroinfiammation is not restricted to the CNS but may lso affect
structures of the PNS. Indeed, immune:
ties affecting the peripheral narves [60]. Among these, chronic inflammatory demyelinating

polyradiculoneuropathy (CIDP) s characterized by immune-mediated demyslinaton of
peripheral disaase 1], Clinical
Ralimarks ara a progressivloss of motor function and sensory cisturbances 62],Intypical GIDP,
this pattern is often symmetric, While the exact pathophysiological mechanisms remain
unkncwn, CIDP is thought to be mediated by autoimmunity directed against components of
the PNS [62]. In a subset of patients (5-15%), autaantibodies against structures of the PNS,
such as the node of Ranvier, could be detected [53,54]. CIDP patients are mostly treated with

Trenchs in Wolocuda Medicke, Oslober 2022, Vol. 28, No, 10 B55

@ CelPress Trends in Molecular Medicine

conicostertids or immunoglobuling [655]. In response 1o these therapies, around 40% of patients
require sustained treatment, while 13% accumulale severe disabiity [55). Interestingly, patients
with a chronic dissase coursa did not experience remission at 5 years, whils remission oocurred
in 43% of GIDP patients with subacute disease onset [55). Moreover, chronic progression was
mare frequent in elderly patients affected by CIDP, and functional recavery was less frequent
in this group when compared with younger patients [56]. Therapeutic management of CIDP is
chalienging, particularly when facing the progressive course of disease. Following this line of
argument, advanced age is potentially assocated with an imbalance of reguiatory T cels (Tregs)
and Th17 cells, infiitration of natural killer T cells, and alterations to the GDB* T cel repertore in
CIDP [66]. Likewise, the number and proinflammatory activity of macrophages is increased in
older CIDP patients [57,66]. Yuan et al. demonstrated that age related degenarative changes in
peripheral nerves progressing to neuropathy can be attributed to endoneural macrophage
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infitration in mice [59]. Interestingly, upen depletion of macrophages with the selective colony-  Clinician's comer
stimulaing factor 1 receptor (CSF1A) nhibitor PLX5622, alterations in the peripheral
nerves were raduced and neurcpathy was amefiorated [69). The SASP axerted by senescent  deomers have swived substarmialy,
ceds can recrutt mmune oells, inchuding macrophages, usng the chemaattractant GCL2 [70]. In the ;‘:_“;::':_;’ lﬂ"’:’““’“’"“f‘a‘l';:
context of sustained enck it i tempting to specuiate that senescent cells secral- A e
ing CEL2 might mediate immune osll recrutment of macrophages and promots nerve damage.  consmoerary tesment.
Studies of the endoneLral misrostructure might be valuable to better understand the impact of senes- :
in Dol animal models and humans,

cencain GIDP paihophysiobgy. Fthar, alevaled evls of SASP factors L6 and L @ wers dtected 0 S0 SRS ]

nb [71]. 16300 IL-B S6Creion S pean cetectea in neurontammatory
et restricted to the SASP, and other sources are plausivle. Nonetheless, the SASP is a potential  disorders. However, it remaing fo
origin of preinflammatory cylokines in the local microenvironment of small-fioer neuropathy, and  be esteblished bow the sencscent
further studies on the importance of senascant pathways in fis pathophysiclogy are of interest, FRXER(T Bencs okt e,

I et lanchark ral, the sencyti:
A further ik between celllar senescence and nerve damega is demcnstrated by chemotherapy-  imstment DO eliminaind sancscent
induced peripheral neuropathy (CIPN), In the context of CIPN, dorsal root gangiia ssnsory 9 1 D:'“mmm :;;:
nelrons may Lndergo a senescence-like response instead of apoptosis [72]. Indeed, inresponse (0 LT e e niag
to cisplatin, mouse dorsal oot ganglia dlisplay markers of celluler senescence such as increased as longtem effects arn curantly
[-galactosidase activity and accumulation of eytosolic pi6inkda [73). Senolysis using the p16-  unknown, and celular senescance s
3MR transgens or application of the broad-spectrum senolytic agent ABT263 [74] improved 2 Imeorant mechanism protectng
symptams of CIPN as measured by the respense to mechanical or thermal stimui in 8 murine

[73]. The question arises whether the observed effect could be replicated in Immune-  Furiber seniherapeutic sieiegies ar
mediated neuropathies such as CIDP, cumoilly in dhrvelopment or are diready

Effective traatment strategiss for immune-mediated neurcpathiss remain an unmet need, FUrther  paceiereretory dssses reistart 16
studies shoutd address whether senotherapeutics are effective agents for abrogating tissue  Immuncsuspression might potentialy
damage mediated by the SASP and reducing immune cell - particularly macrophage - invasion  DEneft flom senctherspies

in agad CIOP patients. Based on the current data in mice, we suspect that a senolytic strategy

might be feasible for targeting senescence in CIDP, Currently, the senolytic cocktall DG is

supported by the most evidence as this approach has already been proven in humans [59].

Old cells in skeletal muscle: implications for inclusion-body myosi
Finally, we will discuss autommunity in the context of skeletal muscle with a focus on inclusion-
body myasitis| IBM). Ths spectum of idiopathic inflammatory myopathies (IIMs} is charac-
terized by muscle inflammation as a pathophysiobgical halmark [75. 1BM is unique among lIVs
due ta its characteristic clinical presentation, advanced age at onset. and notable reffacioniness
to Dontempcrary treatment approsches 3. Indeed, IBM primariy affects ekderly patients and is

: finger flaxors and knee extensars. Clonal expan-
sion uflenmdydﬂeranbated cytotoxic GDB' T cells emerged as the pathogenic halmark, medi-
ating damags to skelstal muscle (a current view on the pathaphysiclogy of IBM is discussed in
datail by Greenberg [76]). The identification of circulating autoantibodies (anti-cN14) [77] and the
detection of a cytatoxic T cel signature in gene expression studies 72, 79] underfing autormmunity
as the driver of disease in IBM. Despite its autcimmune eticlogy and numerous clinical trials, con-
temporary immunosuppressive strategies are ineffective in treating IBM [76]. Progressive disability
resits in & loss of ambulation for most patients by 10 years after diagnasis |50, Immunosuppres-
sants such as prednisans [11], methotrexate |82, natalizumab [29), or alemiuzuma [64) are unabie
0 hait diseass progression. Given its treatment refractorness, and that it primariy affcts eldery pa-
tients, & contrioution from senescent pathways is plausible. Indeed, protein aggregations associated
with tissue degeneration were described in IBM muscle. Detection of TAR DMA-binding protein 43
(TDP-43) aggregates in IBM mycfioers ranges between 12% and 23% of cases [35,25], whi
other markers, including B-amyloid, are excesdingly rare [76). Howsver, autoimmunity likedy
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ent ar not specific for [BM but detected in othar i suchas A Toai e
o HiV-associated myostis [76 7], Whie protein aggregation is ikely unspecific, muaymm on reuroinlammatory diseases is
blasts from IBM patients in vivo 1 i UERECANINS 1l FORAS K 0VGDL

mere shariening, suggestive of a senescent phenotype [55]. Primary muscle cultures from IBM
patiets also ouerexpress [i-catenin [55). Together with Wrt, (3-catenin signaling is thought to in-
duce cellular senescenoe in vitro [58,90], Followsng this line of argument, acoumulation of senes-
cent muscle cells might influence the microenvironment by excretion of the SASP, and provide
proinflammatory stimul sustaining T cell pathology. An nteresting argument for senescence
might srise from the effect of sirolimus (rapamyein) in IBM. In the tatest randomized, placebo-
controlled trial for IBM, the mammalian target of rapamycin (mTOR] innibitor siralimus was
tested in 44 1BM patients [91], Sroimus did not meet the primary outcome of maximal voluntary
Isometric knee extension strength; however, uch &s B-min wak

ing distance, foroed vital capacity, and thigh fat fraction ~ were improved [31). The trend observed
for secondary outcomesis noteworthy and warmanted further investigation in a multicenter Phase 3

study [91]. Aside from effects, mTOl ked to celular senes-
canca (Figure ). in vivo and in vt evidenos demonstrated that the mTOR pathway reguiates the
SASP, for example, via mitogen: P kinase 2 signal-

ing [92,97. Consequently. the mTOR inhibitor sirolimus smanasssmmw of senescent cels
[82,94]. Thus, it Is tempting to specuiate that the therapautic effect of siolimus is, at least in part,
medited by moduiation of the SASP. Studes investigating mTOR nhibition for treatment of IBM
might be improved by integrating analyses that are able to detect changes to celular senescenc
in skeletal muscle. Based on curment evidence, skeletal musdle cells might engags a senescent
phenotype in 1BM and consequently respond 1o senotherapeutics (28], Consequently, f-galacto-
sidase staining of skelelal muscle before and after Ireatment could serve as a potential readout.
Currently, a Phase 3 trial is planned to Investigate sirolimus in IBM [31]. Siroimus is taken orally
at adose of 2 g per day. The resuls of thes trial are of particular interest as they wil provide ad-
ditional data on the efficacy of sirolimus, a drug with senomorphic properties [914].

Itis worthy of disoussion that the function of skeletal muscle is nat only impaired in pathological
conditions such as IBM, but alsc in response to pr iging [15]. Howener, c m-
prising 40-50% of the fotal body mass, studias investigating cellular sanescence in the context of
skeletal muscle aresparse, Tworecmlstuclies inmice provided novel evidence for senescence in
aging muscle. As d p21 imr mistry, muscle of cld
mice dlsplayed ncreased nurmbers of senescent cels folkowing a bout of exercise when com-
pared with young rmice Similar to humans, muscle hypertrophy is impaired n aged mice. In-
terestingly, treatment of old mice with the senalytic DQ resuited in enhanced muscle and muscle
fiver sizs as well as improvements in funcional testing (55,96, In response to chemical muscle in-
Jury induced by berium chiorde, musck regensration was improved by DQ treatment, as com-
pared 1o vehicie, in oid mice [3€]. Muscle regeneration was measured by fiber cross-sectional
arca. Interestingly, DQ did not improve muscle regenaration in yoUng mice, suggesting that the
framework in which senclytics are effective is affected by age in skeletal muscle (95]. Although
limited to mice, thess findings underine the importance of understanding how muscle tissus
responds 1o celluar stress, and how senescence is implcated in this process, Particularly in old
age, senctherapeutics could provide a promising tool 1o improve muscle function in health and
diseass, warranting further research in this fieid.

Concluding remarks
Calls with a senescent phenotype promote disease chronicity in neuroinfiammation and potantially
diminish treatment responses to immunosuppression (Faure 4). Gurent senotherapeutics include
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senolytics [e.g., fisetin [97), DQ [59], or heat shock protein 90 (HSPOO) inhibitors [2&]] and
senomorphics [e.g., rapamyen [24), novel small-molecule therapeutics [95], or Janus Kinase
(JAK) 1/2 inhibitors [100]] (Table 1). For a current ovenview of senctherapeutics, see [101].
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Senomorphics suppress the SASP withoutinducing cell death, whike senolytios promote oell death
in senescent cells, Gonsistent with this, a recent landmark frial provided the first evidence that DQ
reducss senesoent cells In humans as measured by p16™4* and p21="' expression [59). Conse-
quently, plasma levels of SASP factors IL-1a, -2, -6, and -9 were significantly reduced [53]. How-
ever, caution is warranted when translating thesa findings, as studies investigating the adverss
effects profile (especially in the lorg term) of senalytic drugs are sparse in humans, By employing
a hit and run’ strategy 8., pi 1 with DQ over 2 ive days with 100 mg D
and 1000 mg QJ, toxicity might be reduced [4]. However, at least in a healthy state, cellular
senescence is a powerful tumor-suppressive mechanism, protecting tissue from malignancy
in response to chronic stress. Long-term outcomes are thersfore of particular importance to
assess the riskcbenefit ratio of senotherapeutics (see Cutstanding questions). In this context, the
individual and socioeconomic bu of disease for treatment-refractory neurcinflammatory
disorders such as progressive MS or IBM is immense [11]. Thus, the risk for adverse effscts may
wel be outweighed by potential benefits. By targeting specific oells and pathways, as evidenced
for OFG in CNS inflammation, adverse efiects might be further reduced,

The fied of senotf further complicated by

to define a senescent state. A plethora of markers is associated with cellular senesoence, including,
among others, B-galactosicase activity, p16INK4a, or p21, However, none of these is a specific
biomarker for celluiar senescance. Extemal conditions, such as pH in the case of -galactosidase
activity [101], also affsct senescenca markers, potentially imparing readcuts, Consaquently, the
discovery of novel and more specific biomarkers is needed 1o advance the field, Combining
senotherapeutics with immunomadulatory approaches could be valuable for neuronllammalow
diseases that do not respond to. Slinician's cormen),

foeus on idertifying the senescent disordersto

potential bensfits and drawbacks of senctherapedtics in neuroinflammation.
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