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Abstract

This review highlights ten important advances in the neuromuscular disease field that were reported in 2021. As
with prior updates in this article series, the overarching topics include (i) advances in understanding of funda-
mental neuromuscular biology; (ii) new / emerging diseases; (iii) advances in understanding of disease etiology
and pathogenesis; (iii) diagnostic advances; and (iv) therapeutic advances. Within this general framework, the
individual disease entities that are discussed in more detail include neuromuscular complications of COVID-19
(another look at the topic first covered in the 2021 review), autosomal recessive myopathy caused by MLIP mu-
tations, autosomal recessive neuromuscular disease caused by VWA1 mutations, Leber’s hereditary optic neu-
ropathy, myopathies with autophagic defects, tRNA synthetase-associated Charcot-Marie-Tooth disease, sys-
temic sclerosis-associated myopathy, humoral immune endoneurial microvasculopathy, and late-onset Pompe
disease. In addition, the review highlights a few other advances (including new insights into mechanisms of mus-
cle and nerve regeneration and the use of gene expression profiling to better characterize different subtypes of
immune-mediated myopathies) that will be of significant interest for clinicians and researchers who specialize in
neuromuscular disease.
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ment therapy, GAA - acid a-glucosidase, GBS - Guil-
lain-Barré syndrome, HIEM - humoral immune en-
doneurial microvasculopathy, HMGCR - 3-hydroxy-
3-methylglutaryl-CoA reductase, IIM - idiopathic in-

Abbreviations

ARS - aminoacyl-tRNA synthetase, ASS - anti-
synthetase syndrome, ASSM - anti-synthetase syn-

drome-associated myositis, AVM - autophagic vacu-
olar myopathy, CASA - chaperone-assisted selective
autophagy, COVID-19 - Coronavirus disease 2019,
CK - creatine kinase, CMT - Charcot-Marie-Tooth dis-
ease, DM - dermatomyositis, ERT - enzyme replace-

flammatory myopathy, IMNM - immune-mediated
necrotizing myopathy, ISR - integrated stress re-
sponse, LHON - Leber’s hereditary optic neuropathy,
LOPD - late-onset Pompe disease, M6P - mannose-
6-phosphate, MCT1 - monocarboxylate transporter
1, MLIP - muscular A-type lamin-interacting protein,
MMCP - minimal myositis with capillary pathology,
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MSA - myositis specific antibody, MSP - multiple sys-
tem proteinopathy, MuSC - muscle stem cells, MxA
- Myxovirus (Influenza Virus) Resistance 1, Inter-
feron-Inducible Protein P78, Nampta - nicotinamide
phosphoribosyl transferase a, NMD - neuromuscular
disease, sIBM - sporadic inclusion body myositis, SSc¢
- systemic sclerosis, VWAL1 - von Willebrand factor A
containing 1 protein.

In this annual update, | will briefly describe ten
neuromuscular field advances from last year that |
consider to be most important and/or interesting; as
in the earlier updates (Margeta, 2020b, 2021), these
advances will be grouped into different “discovery
clusters” and listed in no particular order.

ADVANCES IN FUNDAMENTAL
NEUROMUSCULAR BIOLOGY WITH
IMPLICATIONS FOR NEUROMUSCU-
LAR DISEASE

1. Revisiting the role of macrophages in nerve and
muscle regeneration

In the last year’s review (Margeta, 2021), | high-
lighted the 2020 discovery of a crosstalk between
macrophages and satellite cells in skeletal muscle re-
pair. Excitingly, two studies published in 2021 ex-
tended that work by further dissecting the molecu-
lar mechanisms by which macrophages promote re-
generation not only in skeletal muscle (Ratnayake et
al., 2021) but also in peripheral nerves (Jha et al.,
2021). Together with other recent work in the field
of regenerative medicine, these two studies provide
evidence that macrophages — which are readily de-
tectable within necrotic muscle fibers (Fig. 1a-b) and
adjacent to degenerating peripheral nerve axons
(Fig. 1c-d) — play a major role in the PNS repair, ex-
tending well beyond the long-recognized phagocytic
clearance of necrotic cellular debris at injury sites.

Ratnayake and colleagues used sophisticated
genetic and pharmacologic approaches to delineate
the macrophage-stem cell interactions that are re-
quired for muscle wound repair in both zebrafish
and mice (Ratnayake et al.,, 2021). Using the
zebrafish laser-ablation injury model, they showed
that a subset of tissue-resident macrophages that
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are recruited to the wound following injury re-
mained at the injury site, creating a “dwelling” mac-
rophage population that had spherical morphology
(in contrast to transient macrophages, which had a
stellate appearance); these dwelling macrophages
formed intimate connections with muscle stem cells
(MuSC) that were reminiscent of dendritic cell-T cell
immunological synapses, forming a transient pro-
proliferative stem cell niche that persisted until
MuSC underwent cell division. Based on their gene
expression profiles, dwelling macrophages were
shown to be a heterogenous cell population; how-
ever, the authors identified a single “mature” sub-
population (defined by expression of markers asso-
ciated with the anti-inflammatory macrophage phe-
notype, such as arginase 2 and matrix metallopro-
teinase-9) that mediated muscle repair by stimulat-
ing MuSC proliferation. To promote MuSC mitogen-
esis, these mature dwelling macrophages (which
constitute ~70% of all dwelling macrophages) se-
creted nicotinamide phosphoribosyl transferase a
(Nampta), which bound to the chemokine receptor
CCR5 expressed by MuSC; interestingly, this mito-
genic effect of Nampta was independent of its enzy-
matic activity. The zebrafish findings were replicated
in mice using the volumetric muscle loss model,
which simulates irrecoverable muscle injury that oc-
curs following trauma, tumor excision, or infarction
(Quarta et al., 2017; Sicari et al., 2012): delivery of
human recombinant NAMPT (the human analogue
of zebrafish Nampta) into the excisional muscle de-
fect using a fibrin hydrogel led to a complete resto-
ration of muscle architecture, with an increase in the
number of proliferating satellite cells and centrally
nucleated, regenerating muscle fibers relative to the
control condition (fibrin hydrogel without NAMPT).
While these results are very promising from the tis-
sue engineering standpoint, it remains to be seen
whether a similar approach can be used to promote
muscle fiber regeneration in muscle dystrophies and
other muscle diseases that show a significant loss of
muscle volume.

The study by Jha and colleagues (Jha et al.,
2021) focused on the role of macrophage metabo-
lism in the peripheral nerve repair following me-
chanical injury, and their nerve regeneration find-
ings in many ways echo the muscle regeneration
findings made by Ratnayake et al. Using the murine
sciatic nerve crush model of Wallerian dege-
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Figure 1. Macrophages home on degenerating muscle and nerve fibers. A representative field from an H&E-stained muscle section (a)
shows muscle fibers in varying stages of necrosis and repair, starting with early coagulative necrosis, progressing through myophagocyto-
sis, and ending with regeneration mediated by macrophage-activated satellite cells; in this case, the fiber injury was immune-mediated,
but similar changes are seen in all necrotizing myopathies regardless of the underlying etiology. The CD68 stain of the same area (b)
highlights macrophages within necrotic muscle fiber segments (myophagocytosis). A representative field from an H&E-stained peripheral
nerve section (c) shows a marked loss of large myelinated axons and abundant digestion chambers (fragments of degenerating axons) in
a case of acute axonal neuropathy. The CD68 stain of the same microscopic field (d) highlights endoneurial macrophages associated with

degenerating axon fragments. The stains were performed on formalin-fixed, paraffin-embedded tissue; scale bar, 50 um.

neration, Jha et al. showed that the activity of mon-
ocarboxylate transporter 1 (MCT1, encoded by
SLC16A1 gene) in macrophages, but not in dorsal
root ganglion neurons, Schwann cells, or perineurial
cells, plays a key role in axon regeneration. Selective
deletion of MCT1 from macrophages did not affect
macrophage recruitment to the portion of the nerve
distal to the site of injury; instead, it impaired the
ability of recruited macrophages to phagocytose
axon and myelin debris. In addition, MCT1 deletion
led to a decrease in the expression of macrophage
transcription factor ATF3, thereby attenuating mac-
rophage reprogramming into a pro-regenerative,
anti-inflammatory phenotype characterized by high

expression of arginase 1 and chitinase-like 3. Excit-
ingly, the authors also showed that i.v. treatment
with bone marrow-derived wt macrophages fully re-
stored peripheral nerve regeneration in mice with
macrophage-selective MCT1 deletion, while macro-
phage-specific MCT1 upregulation led to improved
nerve regeneration. Taken together, these findings
suggest that adoptive transfer of patient-derived
macrophages engineered to upregulate their MCT1
activity could be used to treat severe peripheral
nerve injuries. However, this study has one very sig-
nificant caveat: while both anti-regenerative and
pro-regenerative effects of various experimental
manipulations could be demonstrated on the tissue
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level (by quantifying regenerating axon clusters, rel-
ative thickness of axon myelin sheaths, and the
number and distribution of neuromuscular junctions
in the gastrocnemius muscle), they were not accom-
panied by parallel measures of behavioral recovery.
One possible explanation for this discrepancy is that
behavioral recovery actually preceded tissue recov-
ery in this mouse model, suggesting that alternate
recovery / behavioral compensation pathways are
important, at least in rodents; nonetheless, this ani-
mal model discrepancy needs to be resolved before
exploring the efficacy of macrophage-based thera-
pies for human axonal neuropathies.

NEWLY DEFINED |/ EMERGING
NEUROMUSCULAR DISEASES

2. Neuromuscular complications of COVID-19:
What have we learned after one more year of the
pandemic?

COVID-19, the novel infectious disease caused
by SARS-CoV-2, primarily targets the respiratory sys-
tem but can also affect many other tissues and or-
gans, including the PNS. In the last year’s review
(Margeta, 2021), | summarized what was known
about the neuromuscular complications of COVID-
19 at the end of 2020; given the preliminary nature
of those investigations, | decided to revisit this topic
in the current review, providing an update on what
has been learned since then.

One area of intense interest within the neuro-
muscular field has been the possible link between
COVID-19 and Guillain-Barré syndrome (GBS), an
acute immune-mediated polyneuropathy character-
ized by ascending weakness, mild-moderate sensory
abnormalities, and pain. Most GBS cases are trig-
gered by a bacterial or viral infection that precedes
neurologic symptoms by 1-3 weeks; the strongest
association is seen with Campylobacter jejuni bacte-
rium (~100 GBS cases / 100 000 C. jejuni infections)
and with Zika virus (~50 GBS cases / 100 000 Zika vi-
rus infections). While small early studies from Italy
and Spain suggested that GBS could also be trig-
gered by a preceding SARS-CoV-2 infection (Filosto
et al., 2021; Fragiel et al., 2021), no such link was
found in a more comprehensive epidemiologic study
performed in the UK (Keddie et al., 2021) [for a more
detailed discussion of the 2020 data, see the last
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year’s review (Margeta, 2021)]. Discrepancies be-
tween these initial studies prompted animated dis-
cussion among the GBS experts, but also led to addi-
tional investigations undertaken by several different
groups; taken as a whole, this new evidence pro-
vides further support for a lack of a strong link be-
tween COVID-19 and GBS. For example, the data
originally reported by Keddie at al. reflected the first
UK COVID-19 surge (in March and April 2020); exten-
sion of the same study until the end of 2020 showed
essentially the same findings, with a large increase
in the number of COVID-19 cases in the fall of 2020
that was accompanied by a decrease, rather than an
increase, in the number of GBS cases during the
same time period [(Lunn et al., 2021) and Fig. 2].
Moreover, as reported by the same group of inves-
tigators in a very recently published medRyiv pre-
print (Keh et al., 2022), this disassociation between
COVID-19 and GBS numbers has persisted into 2021,
with a clear uptick in GBS cases observed in March
and April of 2021 (secondary to COVID-19 vaccina-
tion; further discussed below), but no similar in-
crease was seen in August and September of 2021,
during the delta variant-associated COVID-19 surge.
(No data is yet available for the most recent COVID-
19 surge caused by the omicron variant of SARS-
CoV-2.) Asimilar lack of association between COVID-
19 and GBS was observed by a team of investigators
in Singapore (Umapathi et al., 2021). In contrast, a
weak association between SARS-CoV-2 infection and
GBS (1.5 excess GBS cases per 100 000 SARS-CoV-2-
positive tests) was reported by a different group of
UK investigators (Patone et al., 2021); however, that
study was based on the hospital coding data, which
are not always entirely accurate, and included GBS
cases that were diagnosed on the same day as
COVID-19 (suggesting a coincidental rather than
causative relationship). Finally, no excess GBS cases
were observed by researchers of the International
GBS Outcome Study consortium, which includes GBS
experts from China and Japan in addition to several
European countries. While this study was not de-
signed for systematic GBS surveillance, a significant
increase in the GBS case incidence should have led
to an observable increase in the study inclusion rate;
instead, the inclusion rate in the first 5 months of
2020 was comparable to inclusion rates in 2017,
2018 and 2019 (Luijten et al., 2021). Taken together,
the preponderance of data available to date sug-
gests that a preceding SARS-CoV-2 infection is not a
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UK COVID-19 cases and UK-wide GBS rates

90000

80000
80000 N
~
o - — -
T 70000 \
- \
L™ \\
S 60000 —
-
2 =<
"
]
¥ 50000
©
o
o
< 40000
g gy
>
(@]
O 30000
=
‘©
0 20000
10000
0 il HI\“W“H ‘ i
o o o o o S
S -~ oV ¥ i S
NG 05‘; 9%" N & N
Y 07 Y o e Y

m Daily COVID-19 cases

N

Date

page 5 of 21
160
140
(7
@
120 @0
©
” (&)
o N
- o i
=5 100 (9
-~
Sy - >
- - o
e e - Lot f
..... c
.... o
............... g
osa =
‘ 3
| 3
(e i o
: | | | =
| ‘ |
1 M 1 ‘
(A I
|
PP 1111 |
o o o N D
_@m ,\9'» '»& S S
’ & & & N v
» S W Ry ;
== e=GBSCases2019 = eeeee GBS cases 2020

Figure 2. Daily UK infections with COVID-19 by PCR (blue bars) and monthly cases of GBS. 2020 = red dotted line, 2019 = green dashed
line, secondary y-axis. The graphs demonstrate no visible increase in GBS in the last quarter of 2020 with a rise in case numbers between
30% and 1000% more than in March/April. Note significant alterations in testing occurred in the UK in April 2020 resulting in the subse-
quent enhanced detection of most symptomatic cases. Hospital admissions were 30% higher on 1 January 2021 than in April 2020.
Sources: COVID cases (left axis, blue bars) https://coronavirus.data.gov.uk/details/cases; NHSE National Immunoglobulin Database cour-

tesy MDSAS, Manchester, UK. [With publisher’s permission, this figure and its legend are reproduced from (Lunn et al., 2021).]

major risk factor for development of GBS; however,
it remains possible that rare GBS cases could be trig-
gered by infection with this virus.

In contrast to a lack of definite association be-
tween GBS and COVID-19, there is a clear link be-
tween GBS and the first dose of the ChAdOx1 nCoV-
19 (AstraZeneca) adenoviral COVID-19 vaccine, with
an excess risk of ~0.4-0.6 GBS cases for each 100 000
administered vaccine doses (Keh et al., 2022; Patone
et al., 2021). Interestingly, a similar excess GBS risk
was seen in the US during the 1976-77 flu vaccina-
tion campaign, with 0.5-0.6 GBS cases observed for
each 100 000 doses of the “swine flu” vaccine given
that year; the risk attributable to later influenza vac-
cines has been significantly lower (~0.1 GBS cases
for each 100 000 vaccines), and no increase in the
GBS risk has been observed with the mRNA-based

COVID vaccines, BNT162b2/tozinameran (Pfizer)
and mRNA-1273 (Moderna). Given that all these
COVID-19 vaccines target the spike protein of
SARS-CoV-2, the differences among them suggest
that the excess GBS risk is attributable to the adeno-
viral vector rather than the SARS-CoV-2 spike pro-
tein antigen; supporting this hypothesis, a warning
about a link between the adenovirus-based
Ad26.COV2.S (J&J) COVID-19 vaccine and GBS was
announced by the US Food and Drug Administration
in July 2021 (https://fda.gov/news-events/press-
announcements/coronavirus-covid-19-update-july-
13-2021), although no formal scientific study about
this association has been published to date.

What about COVID-19-associated myopathy?
Although initial studies were extremely limited, they
suggested that weakness and high creatine kinase
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(CK) levels seen in a significant subset of COVID-19
patients were immune-mediated rather than due to
direct viral infection of skeletal muscle [reviewed in
(Margeta, 2021)]. Based on the two large autopsy
case-control studies published since then (Aschman
et al., 2021; Suh et al., 2021), this initial impression
was essentially correct. Aschman and colleagues ex-
amined deltoid and quadriceps muscles from 43 pa-
tients with COVID-19 and compared them to the
same muscles sampled from 11 severely ill patients
negative for SARS-CoV-2. They found that ~60% of
patients who died with severe COVID-19 showed ev-
idence of immune-mediated muscle pathology in-
cluding some combination of mild-severe inflamma-
tion (mostly consisting of CD8+ T cells and macro-
phages), degenerating muscle fibers, and MHC-1 and
MHC-Il upregulation in muscle fiber sarcolemma
(the latter mostly seen in chronic cases). Three sam-
ples showed perifascicular upregulation of MHC-|
and MHC-II; however, no sarcoplasmic upregulation
of dermatomyositis (DM) marker MxA [Myxovirus
(Influenza Virus) Resistance 1, Interferon-Inducible
Protein P78; also known as Mx1] was seen in any of
the specimens. (Interestingly, some COVID-19 sam-
ples showed increased MXxA expression in the endo-
mysial capillaries, possibly reflecting a nonspecific
response to systemic viral infection.) In addition, a
few COVID-19 samples showed evidence of small
and medium-vessel angiitis. Although SARS-CoV-2
RNA was detectable by PCR in some muscle homog-
enates, immunohistochemistry against SARS-CoV-2
spike protein was negative in all cases and no viral
particles were demonstrated on electron micros-
copy (Aschman et al., 2021). Very similar findings
were reported by Suh et al., who studied psoas mus-
cles from 35 patients who died following COVID-19
infection and 10 severely ill patients who were
COVID-19-negative. In addition to diffuse type 2 fi-
ber atrophy (which was present in almost all cases
and controls), these authors found evidence of im-
mune-mediated muscle pathology in ~70% of
COVID-19 cases, with necrotizing myopathy in 9 pa-
tients, T cell- and macrophage-mediated myositis in
8 patients, and isolated diffuse or multifocal MHC-I
upregulation in additional 8 patients. Like Aschman
et al., Suh et al. observed perifascicular pattern of
MHC-I upregulation without concurrent sarcolem-
mal MxA upregulation in one COVID-19 case, while
MxA expression restricted to endomysial capillaries
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was seen in 8 COVID-19 cases. Immunohistochemis-
try against SARS-CoV-2 nucleocapsid protein was
negative in all 35 COVID-19 cases. In contrast to the
findings in these autopsy studies, direct viral infec-
tion of muscle fibers was recently documented by
both immunohistochemistry and electron micros-
copy in muscle biopsies from two of three COVID-19
patients with critical illness myopathy and persistent
SARS-CoV-2 positivity on PCR testing (Dodig et al.,
2022). It is currently unclear what accounts for the
discrepancy between these three studies; one pos-
sibility is that the difference reflects the sample type
used (muscle biopsy vs. autopsy), although that does
not seem likely given (1) that SARS-CoV-2 viral infec-
tion can be demonstrated by both immunohisto-
chemistry and electron microscopy in the lungs of
autopsied COVID-19 patients and (2) that no SARS-
CoV-2 was definitively detected in other muscle bi-
opsies from COVID-19 patients reported to date.
More likely, this difference can be attributed to the
effects of a long-standing and persistent SARS-CoV-
2 infection, which was documented in the patients
described by Dodig et al. but is not a common fea-
ture of COVID-19. Importantly, and regardless of the
specific reason for the rarity of this finding, the study
by Dodig and coauthors demonstrates that direct
SARS-CoV-2 infection of skeletal muscle can occur,
and raises the possibility that such infection is pre-
sent in the early stages of COVID-19 in many pa-
tients, acting as a trigger for the subsequent im-
mune-mediated muscle pathology that develops in
some instances.

3. Autosomal recessive myopathy caused by trun-
cating mutations of MLIP (muscular A-type
lamin-interacting protein)

Unexplained persistent elevation of serum CK
levels points to a chronic myopathic process that is
likely genetic in origin, but identifying the specific
underlying etiology can be challenging if no other
symptoms and signs are present to narrow the dif-
ferential diagnosis. When chronic hyperCKemia is
associated with exercise intolerance and exercise-
induced rhabdomyolysis, the underlying problem is
usually metabolic; if, on the other hand, chronic CK
elevation is accompanied by muscle weakness and
wasting, the patient likely has a muscular dystrophy.
Two interesting papers published in 2021 (Lopes
Abath Neto et al., 2021; Salzer-Sheelo et al., 2021)
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uncovered a novel autosomal recessive myopathy
that is caused by loss-of-function mutations in MLIP
(muscular A-type lamin-interacting protein; also
known as muscular LMNA-interacting protein) and is
clinically characterized by persistent basal hy-
perCKemia. Among the twelve affected individuals
identified to date, eight developed symptoms in
childhood (with symptom onset between 8 months
and 7 years of age); their clinical findings included
exertional myalgia, episodes of rhabdomyolysis (oc-
casionally exercise-induced, but without clear trig-
ger in most cases), and/or mild progressive proximal
muscle weakness in addition to chronically elevated
CK levels. The remaining four individuals were iden-
tified based on genetic screening of the subject co-
hort enrolled in the University of Maryland study of
Old Order Amish; based on the evaluation of banked
serum specimens (available for 3 of 4 individuals),
those patients, who currently range from 24 to 67
years in age, also have chronic hyperCKemia, but no
other known neuromuscular symptoms. Muscle bi-
opsies were performed for 7 of 8 clinically affected
patients and showed a wide spectrum of histopath-
ologic findings, ranging from mild nonspecific fea-
tures to necrotizing and — less frequently — dys-
trophic changes. Thus, it is not yet entirely clear
whether to classify this new disease as a metabolic
myopathy or a muscular dystrophy; while muscular
dystrophy is more likely, the final classification will
require careful clinical follow-up and repeat muscle
biopsies of the known symptomatic individuals (who
currently range from 5-19 years of age), as well as
identification of additional patients by genetic test-
ing of individuals with otherwise unexplained
chronic hyperCKemia.

MLIP is a ubiquitously expressed, alternatively
spliced protein (23-57 kDa) that directly interacts
with lamins A/C (two intermediate filaments, both
derived from the LMNA gene, that are the main con-
stituents of the nuclear envelope); its expression is
highest in the heart, skeletal muscle, and brain, but
its function remains poorly understood (Ahmady et
al., 2011). In a murine model, MLIP deletion in the
heart led to metabolic abnormalities, abnormal ad-
aptation to stress, and accelerated progression from
compensated cardiac hypertrophy to decompen-
sated heart failure (Cattin et al., 2015; Huang et al.,
2015). In contrast, MLIP deletion in murine skeletal
muscle led to increased central nucleation but no
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obvious neuromuscular phenotype (Liu et al., 2020).
In humans, variants in the MLIP genetic locus [a sin-
gle coding missense variant (NM_138569, c.475G>A,
p.Vall59lle) and several noncoding variants] have
been shown to increase the risk of dilated cardiomy-
opathy (Esslinger et al., 2017); however, prior to
studies by Lopes Abath Neto et al. and Salzer-Sheelo
et al,, it was not known whether MLIP mutations can
directly cause human disease. Twelve affected indi-
viduals from 8 unrelated families that are described
in these two studies all carry either homozygous or
heterozygous biallelic truncating mutations of MLIP
gene, with mutation hotspots in exons 4 and exons
9; while the molecular consequences of these muta-
tions still need to be fully elucidated, initial work
suggests that they lead to nonsense-mediated
MRNA decay and presumed loss of protein expres-
sion [although the latter is likely specific for individ-
ual splice variants and has therefore been difficult to
establish (Lopes Abath Neto et al., 2021)]. Interest-
ingly, 1 of 8 affected children and all 4 affected
adults with biallelic MLIP mutations showed evi-
dence of mild cardiac involvement, raising the pos-
sibility that MLIP deficiency causes cardiac abnor-
malities in humans as well as mice; this is particularly
intriguing given the broad spectrum of human dis-
ease associated with LMNA mutations, which in-
cludes cardiomyopathy in addition to muscular dys-
trophy, peripheral neuropathy, lipodystrophy, and
premature aging (Ho and Hegele, 2019). Future
work will be required to fully define the nature and
scope of skeletal and cardiac muscle phenotypes
caused by MLIP deficiency and to elucidate whether
MLIP interaction with lamins A/C plays an important
role in the pathogenesis of this new human disease.

4. Autosomal recessive neuromuscular disease
caused by mutations in VWA1 (von Willebrand
factor A containing 1 protein)

In the past, a disease was typically defined
based on its unique clinicopathologic features, with
the underlying etiology and pathogenesis estab-
lished later. In the era of comprehensive genetic
testing, this traditional sequence is being inverted:
new genetic diseases are identified and defined
based on their etiology, and future work is required
to fully define their clinicopathologic features. As
with the MLIP-associated recessive myopathy de-
scribed in discovery #2, two different research
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groups (Deschauer et al., 2021; Pagnamenta et al.,
2021) used a genetic approach to identify a novel
autosomal recessive neuromyopathy caused by mu-
tations in VWAL (von Willebrand factor A containing
1 protein), also known as WARP (von Willebrand fac-
tor A domain-related protein). Deschauer et al.
started their study in a more “conventional” man-
ner, by performing exome sequencing of 10 individ-
uals with presumed genetic neuromuscular disease
but without genetic diagnosis; 2 of these 10 patients
turned out to carry biallelic truncating mutations in
VWA1, a gene not previously associated with human
disease but with high expression in peripheral nerve
and skeletal muscle tissues. Follow-up analyses of
the patients’ families and additional “unsolved” pa-
tient cohorts identified 13 additional individuals
with biallelic VWA1 mutations; 5 of 6 identified mu-
tations are predicted to result in protein truncation,
and all 6 are predicted to result in a loss of protein
function. Pagnamanta et al. used a slightly different
approach: they identified VWA1 as a potentially in-
teresting gene based on its high expression in the
PNS and searched the data from the 100K Genome
Project (Turnbull et al., 2018) for individuals carrying
biallelic VWAZ1 variants. This analysis ultimately
yielded 10 unrelated patients that fit the inclusion
criteria, with 7 additional individuals identified
through follow-up studies of other patient cohorts.
Interestingly, 15 of these 17 patients (from 14 of 15
separate families) carry the same truncating VWA1
mutation (10-bp insertion, NM_022834,
c.62_71dup; pGly25ArgfsTer74) in either homozy-
gous or heterozygous state; this mutation was also
identified in 3 of 6 families described by Deschauer
et al., and is estimated by Pagnamanta et al. to have
arisen in Europe ~8000 years ago. Interestingly, the
same 10-bp tandem repeat is deleted (rather than
duplicated) in other affected individuals, suggesting
that it is prone to de novo alterations.

What is the clinicopathologic phenotype of the
VWA1-associated neuromuscular disease? The af-
fected individuals typically develop slowly progres-
sive non-length dependent axonal motor neuropa-
thy that presents with distal weakness and foot de-
formities, often in early childhood; however, proxi-
mal weakness with scapular winging and mildly ele-
vated CK level is sometimes also present, and it is
not entirely clear whether this myopathic involve-

Marta Margeta
page 8 of 21

ment represents a separate phenotype of VWAL de-
ficiency, or whether myopathic changes are second-
ary to the primary neuropathic process. Muscle bi-
opsies were evaluated for a subset of cases (7 of 32
patients across both studies had biopsies that were
available for review), showing a similarly complex
picture: well-developed chronic neurogenic changes
were accompanied by some myopathic features (in-
cluding fiber size variation, internal nucleation, en-
domysial fibrosis, fiber lobulation and/or whirling,
and mitochondrial alterations) but no basement
membrane abnormalities.

VWAI1 is a 445 aa extracellular matrix protein
that contains the N-terminal von Willebrand factor
A domain followed by two fibronectin type Il re-
peats; it is expressed in the cartilage and in the base-
ment membranes of peripheral nerves (endoneu-
rium), skeletal muscle (endomysium), and the CNS
vasculature, where it interacts with collagen VI and
perlecan (two proteins that are also associated with
genetic NMD) (Allen et al., 2009). VWA1-null mice
show a delayed response to painful stimuli and im-
pairment of fine motor coordination; histologically,
their peripheral nerves show aberrant fusion of
Schwann cell basement membranes, while their
skeletal muscles and other VWA1-expressing tissues
show no obvious abnormalities (Allen et al., 2009).
Knockdown of zebrafish vwa1 gene (zebrafish VWA1
analogue) leads to dose-dependent abnormalities of
motor neuron development, with reduced axon
branching of primary motor neurons, axon trunca-
tion of secondary motor neurons, and reduced num-
ber of neuromuscular junctions, as well as some
muscle fiber disorganization (Pagnamenta et al.,,
2021). Taking together the human and animal model
data, it is clear that VWA1-deficiency affects motor
neuron axons and leads to neuropathic changes in
the affected musculature; however, it remains to be
established whether these abnormalities represent
a developmental or degenerative disease, and
whether there is a separate but concurrent myopa-
thic phenotype. In addition, it needs to be eluci-
dated how the subtle basement membrane abnor-
malities lead to these neuromuscular phenotypes.
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ADVANCES IN UNDERSTANDING OF
ETIOLOGY AND PATHOGENESIS OF
NEUROMUSCULAR DISEASES

5. Impaired repair of mitochondrial respiratory
chain complex 1 causes autosomal recessive
variant of Leber’s hereditary optic neuropathy

Leber’s hereditary optic neuropathy (LHON),
first defined as a clinical entity in 1871, is a degener-
ative disease of retinal ganglion cells and their axons
that presents with subacute bilateral painless loss of
central vision. Most LHON cases are maternally in-
herited; three point mutations in mitochondrial DNA
(mtDNA), each of which alters the coding sequence
of a different subunit of mitochondrial respiratory
chain complex |, account for ~90% of the maternally
inherited cases, with other mtDNA mutations ac-
counting for additional ~5%. However, approxi-
mately 5% of LHON patients carries no pathogenic
mtDNA mutations; in their groundbreaking work
published last year, Stenton et al. showed that many
of these previously unresolved LHON cases carry bi-
allelic missense mutations in the gene encoding
DNAJC30 chaperone (Stenton et al., 2021). Among
33 individuals with DNAJC30-mutated, autosomal
recessive form of LHON (arLHON) characterized by
Stenton and colleagues, 29 carry the same missense
mutation (NM-032317, c152A>G, pTyr51Cys; esti-
mated to have arisen in Eastern Europe ~85 genera-
tions / ~2100 years ago); 2 additional missense
DNAJC30 mutations were identified in the remaining
4 patients.

Clinically, arLHON cases are indistinguishable
from mtLHON cases, although arLHON has a signifi-
cantly earlier age of onset (19.9+/-7.9 vs. 30.7+/-
15.0 years). Like mtLHON, arLHON is characterized
by incomplete disease penetrance, with some ho-
mozygous mutation carriers not expressing the clin-
ical phenotype. Interestingly, mutation penetrance
is sex-dependent in both mitochondrial and autoso-
mal recessive forms of LHON, with disease preva-
lence 5-10 times higher in male compared to female
mutation carriers; both incomplete penetrance and
male predominance are unusual for an autosomal
recessive disease, and the mechanism(s) underlying
these phenomena are yet to be elucidated. Im-
portantly, arLHON patients have a better response
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to treatment with idebenone [a coenzyme Q10 ana-
logue that bypasses complex | and is currently ap-
proved for LHON treatment in Europe (Amore et al.,
2021)] than mtLHON patients; this difference in the
treatment response highlights the clinical signifi-
cance of early molecular diagnosis of arLHON cases.
Notably, these genetic and clinical findings were
replicated by another very recent study (Kieninger
et al., 2022), which also identified two additional
DNAJC30 pathogenic variants.

How do DNAJC30 mutations cause LHON? All
three initially identified variants are located in the J
domain, a conserved portion of DNAJC30 with ho-
mology to the heat shock family of proteins. Muscle
biopsies from arLHON patients showed a small but
significant defect in complex | activity (but no
change in complex IV and complex V activities), and
this complex I|-specific defect was recapitulated in
patient-derived fibroblast cell lines and DNAJC30-
knockout HEK293 cells. Interestingly, the functional
defect of complex | was accompanied by a small but
consistent increase (rather than decrease) in the ex-
pression level of complex | subunits, with no corre-
sponding increase in the level of mRNAs that encode
these subunits. The increase in the complex | subu-
nit expression level was accompanied by a decrease
in the turnover of subunits that comprise the N-
module, which normally have the highest turnover
rate due to a high degree of oxidative damage
(Szczepanowska et al., 2020). Taken together, these
data indicate that DNAJC30 maintains structure and
function of complex | by facilitating exchange of ox-
idatively damaged subunits comprising its N-mod-
ule; impairment of this repair mechanism leads to
accumulation of damaged type | complexes, func-
tional complex | defect, and LHON clinical pheno-
type. Interestingly, DNAJC30 was also shown to in-
teract with several subunits of complex V / ATP-syn-
thase (Tebbenkamp et al., 2018); however, clinical
significance of that finding is unclear given that mus-
cle biopsies from patients with DNAJC30 mutations
show no changes in complex V abundance and no
functional complex V deficits. It is worth noting that
complex | dysfunction is thought to play an im-
portant role in the pathogenesis of Parkinson dis-
ease, cancer, and diabetes; a long-term clinical fol-
low up of arLHON patients will be necessary to de-
termine whether they are at increased risk for these
common age-associated disorders.

freeneuropathology.org


https://doi.org/10.17879/freeneuropathology-2022-3805

Free Neuropathology 3:5 (2022)
doi: https://doi.org/10.17879/freeneuropathology-2022-3805

Marta Margeta
page 10 of 21

Induction Cargo
defect Flux defect I recognition defect I
_— araidiophiagy CASA defect
8., defect

v \

Z-disc instability

Accumulation of stress granules

: ‘ S

Accumulation of
undigested cargo

Accumulation of
damaged organelles

\ \

Fiber atrophy Reduction in force generation
Fiber apoptosis Failure of satellite cell activation

\ | \ o \ _ \

MSP-associated

Fiber degeneration

Muscular dystrophies
Centronuclear myopathies
Other myopathies?

Myofibrillar
myopathies

Autophagic vacuolar

myopathies myopathies

Inclusion body myositis?

S

Figure 3. The role of autophagic defects in the pathogenesis of skeletal myopathies. In myopathies with autophagy induction defects,
the accumulation of damaged cellular organelles activates signaling cascades that contribute to fiber atrophy and apoptosis; however,
there is no accumulation of autophagosomes. In contrast, autophagic vacuolar myopathies are caused by defects in the general au-
tophagic flux that lead to a massive accumulation of autophagosomes and undigested cargo, ultimately resulting in a reduction of the
mechanical force generated during muscle contraction (i.e., muscle weakness) and a failure of muscle regeneration. Finally, cargo recog-
nition defects lead to two different, defect-specific disease phenotypes: A granulophagy defect results in rimmed vacuole formation and
inclusion body myopathy, while a CASA defect causes myofibrillar myopathy by impairing Z-disc stability. The electron micrographs illus-
trate (a) subsarcolemmal accumulation of damaged mitochondria that show marked variation in their size and shape; (b) an autophagic
vacuole with an accumulation of undigested, electron-dense autophagic cargo; (c) a rimmed vacuole with a rim of autophagic material
and a center that consists of aggregated proteins; and (d) myofibrillar disorganization with streaming of the Z-disc material. [This figure
and its legend are reproduced from (Margeta, 2020a) with permission from the Annual Review of Pathology: Mechanisms of Disease,
Volume 15 © 2020 by Annual Reviews, http://www.annualreviews.org/.]

involves inhibition of the bulk autophagic flux, which
results in the autophagic vacuolar myopathy (AVM)
phenotype; however, defects of autophagy induc-
tion and cargo sequestration can also result in mus-
cle disease (Fig. 3). Several new diseases with au-
tophagic impairment were identified in 2021, ex-

6. Autophagy defects in skeletal myopathies: The
etiologic spectrum widens

Degradative macroautophagy (hereafter re-
ferred to as autophagy) is a conserved catabolic
pathway required for cellular adaptation to nutrient

deprivation and for degradation of damaged intra-
cellular organelles and insoluble protein aggregates.
Autophagy is a highly regulated cellular process that
involves multiple steps (starting with autophagy in-
duction and ending with degradation of sequestered
cargo by lysosomal hydrolases), disruption of each
can lead to human disease [reviewed in detail in
(Margeta, 2020a)]. From the muscle pathology per-
spective, the most recognizable autophagy defect

panding the spectrum of etiologies that cause skele-
tal myopathy through dysregulation of autophagy;
interestingly, however, all of them map on one of
the four previously identified pathogenetic path-
ways illustrated in Fig. 3.

When there is a block of autophagy induction,
autophagosomes do not normally form and there-
fore cannot significantly accumulate; however,
there is accumulation of damaged and degenerating
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intracellular organelles, which ultimately leads to fi-
ber atrophy and apoptosis. The autophagy induction
defect plays an important role in the pathogenesis
of at least some muscular dystrophies and congeni-
tal myopathies; however, the complete block of au-
tophagy induction is embryonically or perinatally le-
thal in animal models, and no human disease has
previously been attributed to mutations in one of
the core autophagy genes (Margeta, 2020a). That
changed in 2021, when Collier at al. identified five
independent families with autosomal recessive mu-
tations in ATG7 (a core autophagy-related protein
that is required for lipidation of LC3, the key step in
induction of degradative autophagy); the affected
individuals have a complex developmental disorder
that commonly includes cerebellar hypoplasia, cor-
pus callosum abnormalities, facial dysmorphism,
and mild proximal myopathy (Collier et al., 2021).
Muscle biopsies were performed on a few affected
individuals and showed mild myopathic changes
mimicking those seen in the autophagy-deficient
murine muscle, with moderate mitochondrial ab-
normalities, lipofuscin accumulation, subsarcolem-
mal accumulation of autophagic cargo receptor
p62/SQSTM1 (encoded by SQSTM1 gene), and di-
minished levels of LC3-1l (the lipidated, autophago-
some-bound form of LC3); while some autophago-
somes were present, there was no accumulation of
autophagic vacuoles. Intriguingly, another potential
myopathy with impaired autophagy induction was
reported last year by Napolitano and co-authors
(Napolitano et al., 2021): while these authors classi-
fied their patient 6 as having an AVM, his muscle bi-
opsy showed high p62 and low LC3-Il (as would be
expected with the autophagy initiation defect) ra-
ther than high levels of both p62 and LC3-Il (as
would be expected in a true AVM caused by the au-
tophagic flux defect). Interestingly, that individual
was found to carry a potentially deleterious variant
in TBC1D5 gene, which has not previously been as-
sociated with human disease but was shown to reg-
ulate autophagy initiation (Popovic and Dikic, 2014).
Specific classification of TBC1D5-associated myopa-
thy aside, Napolitano et al. showed that the AVM pa-
thology mimicking late-onset Pompe disease (LOPD)
can be associated with mutations in genes not pre-
viously associated with this clinicopathologic pheno-
type (such as titin, dysferlin, plectin, and perilipin 3,
among others); this highlights the importance of ge-
netic diagnosis for LOPD, which can be treated by
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enzyme replacement therapy (ERT; further dis-
cussed in advance #10) — a treatment that is unlikely
to be effective if the underlying molecular defect is
not acid a-glucosidase (GAA) deficiency.

Cargo recognition defects, which result in se-
lective (rather than global) autophagy dysfunction,
can also cause muscle disease: impairment of gran-
ulophagy (autophagy of stress granules, which are
ribonucleoprotein foci that form under cellular
stress and, if persistent, need to be degraded via au-
tophagy) leads to an inclusion body myopathy phe-
notype, while impairment of chaperone-assisted se-
lective autophagy (CASA), which is critical for the Z-
disc maintenance, results in myofibrillar myopathy
(Fig. 3). Each of these phenotypes has been associ-
ated with mutations in many different genes; in
2021, two new genes were added to this ever-grow-
ing list. In the first study, Leoni et al. showed that
autosomal dominant missense variants in annexin
All, a 505 aa calcium-dependent phospholipid-
binding protein, lead to hereditary inclusion body
myopathy, amyotrophic lateral sclerosis, and fronto-
temporal lobar degeneration (Leoni et al., 2021);
given that other mutations in ANXA11 (annexin A11-
encoding gene) were previously shown to cause am-
yotrophic lateral sclerosis and frontotemporal de-
generation (Zhang et al., 2018), ANXA11 is now the
sixth gene known to cause multiple system protei-
nopathy (MSP type 6). The other 5 genes associated
with the MSP phenotype encode either RNA-binding
proteins that form stress granules (HNRNPA2BI,
HNRNPA1, and MATR3 genes) or autophagy-associ-
ated regulatory proteins (VCP and SQSTM1 genes);
while the precise function of annexin 11 still needs
to be elucidated, it most likely falls in the latter cat-
egory given that other annexin A proteins play a role
in autophagy regulation (Xi et al., 2020). Interest-
ingly, rimmed vacuoles in MSP-6 patients are posi-
tive for annexin 11 in addition to TDP-43, while
rimmed vacuoles in sporadic inclusion body myositis
(sIBM) and other inclusion body myopathies are an-
nexin 11-negative (Leoni et al., 2021). In the second
study, Johari and colleagues showed that autosomal
dominant missense mutations in SMPX (small mus-
cle protein X-linked) cause distal myopathy with pro-
tein inclusions (Johari et al., 2021). SMPX is a small
(88 aa), proline-rich protein that is highly expressed
in slow muscle fibers and cardiomyocytes, where it
localizes to costameres and intermyofibrillar spaces;
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its function is currently unknown, but loss-of-func-
tion SMPX mutations cause non-syndromic hearing
loss without muscle weakness. Muscle biopsies from
patients with SMPX-related distal myopathy, who do
not have hearing loss, showed LC3-positive rimmed
vacuoles, abundant SMPX-and p62-positive sarco-
plasmic inclusions, as well as SMPX-negative inclu-
sions that were positive for aB-crystallin and my-
otilin in addition to CASA chaperones BAG3 and
HSPBS8; however, there was no significant myofibril-
lar disarray on electron microscopy. Thus, it is not
yet clear whether this new disease should be classi-
fied as a rimmed vacuolar (inclusion body) myopa-
thy or as a myofibrillar myopathy; while a lot of ad-
ditional work is needed to fully elucidate its patho-
genesis, initial experiments suggest that SMPX may
affect stress granule dynamics (Johari et al., 2021).
Thus, it will be interesting to see whether SMPX mu-
tations can also cause other diseases in the MSP
spectrum, either alone or in combination with mu-
tations in other MSP-associated genes.

7. Activation of the integrated stress response
plays a key role in the pathogenesis of tRNA
synthetase-associated subtypes of axonal Char-
cot-Marie-Tooth disease

Non-syndromic inherited sensory-motor pe-
ripheral neuropathies, also known as Charcot-Ma-
rie-Tooth (CMT) diseases, are broadly classified into
demyelinating, axonal, and intermediate subtypes,
each of which is associated with a large number of
causative genes and with more than one mode of in-
heritance (Stavrou et al., 2021; Zhang et al., 2021).
Within the axonal CMT category, an interesting and
relatively recently recognized disease subset is
caused by mutations in aminoacyl-tRNA synthetases
(ARSs), which are ubiquitously expressed enzymes
that charge amino acids onto their cognate tRNAs
during protein synthesis. Of 20 ARSs, 5 have been
associated with autosomal dominant forms of ax-
onal CMT disease [YARS (tyrosyl-RS; CMTDIC), GARS
(glycyl-RS; CMT2D), AARS (alanyl-RS; CMT2N), HARS
(histidyl-RS; CMT2W), and MARS (methionyl-RS;
CMT2U)], while two (WARS / tryptophanyl-RS and
KARS / lysyl-RS) have been associated with heredi-
tary motor neuropathy type 9 (HMN9) and autoso-
mal recessive intermediate CMT disease CMTRIB, re-
spectively. (Of note, GARS mutations can cause
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HMNS5A in addition to CMT2D, while HARS muta-
tions can cause HMN?2 in addition to CMT2W.) Not
much was known about pathogenesis of ARS-associ-
ated forms of CMT until last year, when two fasci-
nating studies were published back-to-back in Sci-
ence, together providing important mechanistic in-
sights and therapeutic promise for this subcategory
of inherited neuropathies (Spaulding et al., 2021;
Zuko et al., 2021).

Spaulding et al. used three different mouse
models of GARS-CMT (CMT2D) and one mouse
model of YARS-CMT (CMTDIC) to investigate molec-
ular pathways that are affected by mutant gene ex-
pression (Spaulding et al., 2021). In all four investi-
gated mouse models, they found that the integrated
stress response (ISR) was selectively activated in al-
pha motor neurons and a subset of sensory neurons;
the ISR activation preceded neurologic symptom on-
set, was associated with increased expression of
genes regulated by transcription factor ATF4, and re-
quired sensor kinase GCN2. [The ISR is a conserved
cellular signaling pathway that alters gene expres-
sion program in response to various cellular stress-
ors, including protein homeostasis defects, nutrient
deprivation, viral infection, and oxidative stress
(Costa-Mattioli and Walter, 2020). These stresses
are sensed by four specialized kinases (PERK, GCN2,
PKR and HRI), activation of which ultimately leads to
phosphorylation of the eukaryotic translation initia-
tion factor elF2 and general reduction in protein syn-
thesis along with an increase in translation of spe-
cific mRNAs, such as ATF4. If these adaptive re-
sponses fail to mitigate cellular stress, the ISR trig-
gers programmed cell death.] Genetic deletion of
GCN2 completely rescued the neuropathy pheno-
type in the GARS mutant mice, with beneficial ef-
fects of deletion observed behaviorally, physiologi-
cally (as improved sciatic nerve conduction velocity),
and pathologically (as ameliorated axon loss, in-
creased axon diameter, and decreased muscle de-
nervation). While only one of three GARS-CMT
mouse models was tested in these genetic studies,
similar results were observed in a different GARS-
CMT model following pharmacologic inhibition of
GCN2, with treatment that was initiated at disease
onset (2 weeks of age); interestingly, the effect of
pharmacologic GCN2 inhibition was greater in male
than female mice, but the reason for this sex differ-
ence is currently unclear.
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In a parallel study, Zuko et al. investigated
mechanisms underlying inhibition of global protein
synthesis that was previously documented in 6 dif-
ferent GARS-CMT and YARS-CMT mouse lines and
could not be rescued by overexpression of wt GARS
or YARS. While manipulation of translation initiation
and upstream regulatory pathways had no signifi-
cant effect, overexpression of tRNA®Y rescued both
the protein synthesis deficit and neuropathy pheno-
type in two Drosophila models of GARS-CMT. These
findings were replicated in two mouse models of
GARS-CMT, with tRNASY overexpression resulting in
an essentially complete behavioral, physiologic, and
pathologic rescue of peripheral neuropathy (Zuko et
al., 2021). In addition, Zuko and colleagues showed
that inhibition of global protein synthesis in this
mouse model was due to tRNA®Y sequestration by
mutant GARS, which led to ribosome stalling at Gly
codons; as a result, the neuropathy in GARS-CMT
mice was worsened by concurrent deletion of the ri-
bosome rescue factor GTPBP2, which by itself does
not lead to nerve damage. Finally, connecting the
dots between the two studies, Zuko et al. showed
that tRNA®Y overexpression abrogated activation of
the ISR in the GARS-CMT mouse model, indicating
that depletion of the normal tRNA®Y pool and con-
sequent ribosome stalling are the upstream signals
that lead to the ISR activation.

Taken together, these two studies suggest that
ARS mutations cause autosomal dominant axonal
CMT disease through a toxic gain-of-function mech-
anism: by binding more tightly to their cognate
tRNAs, they deplete the free tRNA pool, ultimately
leading to ribosome stalling, aberrant ISR activation,
and axonal degeneration. Despite the very compre-
hensive nature of this work, additional questions
need to be answered. For example, it remains to be
shown whether the same (or similar) molecular
mechanism plays a role in the pathogenesis of the
AARS-, HARS-, and MARS-associated CMT, and in ax-
onal CMT more broadly. In addition, it is not clear
which downstream effect of the ISR activation (pro-
tein synthesis inhibition or the ATF4 pathway activa-
tion) leads to axonal degeneration. Nonetheless,
and very excitingly, this work opens a new direction
for the CMT treatment development: manipulation
of the ISR is emerging as a promising therapeutic av-
enue for several age-associated diseases, including
neurodegeneration and cancer (Costa-Mattioli and
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Walter, 2020), and at least some subtypes of axonal
CMT can now be added to that list. [As an aside, ARS
enzymes also play an important role in anti-synthe-
tase syndrome (ASS), where they are targeted by
disease-causing autoantibodies (histidyl-RS is tar-
geted by anti-Jo-1 antibodies, alanyl-RS by anti-PL12
antibodies, glycyl-RS by anti-EJ antibodies, lysyl-RS
by anti-SC antibodies, and tyrosyl-RS by anti-YRS an-
tibodies; Witt et al., 2016). ASS and CMT disease
have entirely different clinical manifestations, so the
underlying pathogenetic mechanisms are likely also
different despite this common link; while there is
some evidence that protein translation is affected in
ASS — see advance #9 — it remains to be established
whether the ISR activation and/or protein synthesis
inhibition play a role in the ASS pathogenesis.]

ADVANCES IN NEUROMUSCULAR
DISEASE DIAGNOSTICS

8. Microvascular pathology in immune-mediated
neuromuscular disease

Major vascular pathology (such as vasculitis or
amyloid vasculopathy) has long been recognized as
an important cause of neuromuscular disease, and
vessel evaluation on routine stains is a standard
component of diagnostic neuromuscular pathology
workup. The role of microvascular pathology is less
well understood, but some microvascular abnormal-
ities [such as deposition of C5b9 (complement mem-
brane attack complex) in the endomysial capillaries]
are included in the diagnostic criteria for several idi-
opathic inflammatory myopathies (lIMs) including
DM, anti-synthetase syndrome-associated myositis
(ASSM), and immune-mediated necrotizing myopa-
thy (IMNM). Two studies published last year (Siegert
et al., 2021; Trikamji and Pestronk, 2021) expanded
the spectrum of microvascular abnormalities seen in
immune-mediated neuromuscular disorders, high-
lighting that careful evaluation of endomysial and
endoneurial microvessels (arterioles and capillaries)
can increase the diagnostic yield of muscle and
nerve biopsies.

Systemic sclerosis (SSc) is a systemic autoim-
mune disease characterized by fibrosis of skin and
internal organs, vasculopathy, and evidence of im-
mune system dysregulation; skeletal muscle involve-
ment is variable, with some patients developing a
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superimposed specific 1IM or less specific “overlap
myositis”, while others (~20%) have a poorly under-
stood muscle disease specific to SSc. To better de-
fine the latter disease entity, Siegert et al. per-
formed detailed retrospective evaluation of muscle
biopsies from 18 SSc patients with muscle symptoms
(derived from a larger cohort of 367 SSc patients) us-
ing routine light microscopy as well as semi-quanti-
tative large scale electron microscopy [described as
advance #9 in last year’s review (Margeta, 2021)].
Two thirds of evaluated SSc biopsies (12 of 18)
showed a novel morphologic pattern (which the au-
thors termed “minimal myositis with capillary pa-
thology”; MMCP) characterized by sparse endo-
mysial T cells, rare necrotic and regenerating muscle
fibers, diffuse MHC-I and focal MHC-Il upregulation,
and enlarged capillaries with prominent pericytes
but no capillary C5b9 deposition; ultrastructurally,
MMCP cases showed well-developed but mild capil-
lary pathology, including thickening and reduplica-
tion of basement membranes, reactive endothelial
changes, and capillary ensheathment by pericyte
processes (Fig. 4). Similar but more severe capillary
alterations were seen in other 6 SSc muscle biopsies,
which also showed additional capillary abnormali-
ties (such as tubuloreticular inclusions) and more
prominent inflammatory changes; therefore, capil-
lary pathology is a uniform feature of MMCP cases
but is not pathognomonic for this condition, and
must be interpreted in the context of other muscle
biopsy findings. Interestingly, MMCP SSc cases were
clinically less severe than non-MMCP SSc cases, with
higher frequency of localized (versus diffuse) skin
sclerosis, less prominent internal organ involve-
ment, and lower CK levels; however, these muscle
abnormalities developed early in the disease course,
with mean disease duration of 3 years at the time of
biopsy (<1 year in 6 of 12 cases).

While at least some aspects of microvascular
pathology are routinely evaluated in muscle biop-
sies, the same is not true for nerve biopsies; the
2021 study by Trikamji and Pestronk suggests that
this approach to nerve biopsy processing should
probably change. These authors have retrospec-
tively analyzed a cohort of 16 patients with a motor-
sensory axonal polyneuropathy and complement
deposition in endoneurial microvessels, detected by
C5b9 immunohistochemistry performed on nerve
cryosections. This patient cohort showed unique
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clinicopathologic features that could reflect a new /
previously unrecognized autoimmune neuropathy,
which the authors termed “humoral immune endo-
neurial microvasculopathy” (HIEM). Clinically, HIEM
patients showed progressive asymmetric distal
weakness that was more prominent in lower ex-
tremities; there was no evidence of a systemic in-
flammatory process. Pathologically, there was a
patchy / asymmetric axon loss that preferentially af-
fected myelinated axons, with rare digestion cham-
bers and rare regenerating axon clusters but no sig-
nificant inflammation; strong C5b9 staining was
seen surrounding the endothelium in all or nearly all
endoneurial microvessels, and was also detectable
in endomysial capillaries in the majority of paired
muscle biopsies (Trikamji and Pestronk, 2021). A po-
tentially confounding factor is that similar capillary
changes were previously documented in nerve and
muscle biopsies from diabetic patients (Yell et al.,
2018); 56% of the patients in the HIEM cohort also
had diabetes, and the mean age of onset was lower
in diabetic than non-diabetic patients. However, and
very compellingly, 15 of 16 HIEM patients showed a
measurable strength improvement following a short
course of corticosteroid therapy; this would not be
expected if the observed nerve pathology was
mainly due to chronic (and likely irreversible) dia-
betic neuropathy. While very intriguing, these find-
ings need to be replicated in other patient cohorts,
with corticosteroid treatment effectiveness con-
firmed by double-blind clinical trials. In addition,
both nerve and muscle biopsies from HIEM patients
should be evaluated by electron microscopy: it is
possible that ultrastructural evaluation will yield ad-
ditional useful clues, either from pathogenetic or di-
agnostic perspective. Nonetheless, Trikamji and
Pestronk’s findings suggest that a portion of each
nerve biopsy should be frozen for specialized im-
munohistochemical studies, which is currently not a
standard operating protocol in the majority of neu-
romuscular pathology laboratories: in addition to
enabling identification of potentially treatable HIEM
patients, such processing would also facilitate detec-
tion of immunoglobulin deposits that are important
for accurate classification of amyloid and vasculitic
neuropathies.
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Figure 4. Ultrastructural characterization of skeletal muscle biopsies with histological minimal myositis with capillary pathology (MMCP) phe-
notype. Entire ultrathin sections were recorded by large-scale digitization at 7.3 nm pixel size; digitally magnified regions of interests (ROI) of
patients 3 (a, d, g-1), 8 (b, m), 6 (e), 2 (f), 18 (n; severe necrotizing myositis with capillary pathology and fibrosis), 1 (o) and non-diseased control
(c). a Markedly thickened capillaries can be clearly identified at low magnification (arrows). b Capillary with pronounced thickening and redupli-
cation (arrow) of the basement membrane (BM) as well as ensheathment by pericyte processes (white asterisk), mildly activated endothelium
(black asterisk), lumen (lu), adjacent muscle fiber (mf). ¢ Healthy capillary with thin BM (arrow): note that no reduplication is apparent, endothe-
lium with no signs of activation (asterisk), lumen with erythrocyte (er). Different types of BM (bm) thickening were detected (d—f): Distinct redu-
plication (d; arrows), endothelium (asterisk), fibroblast (fi); fuzzy appearance with less pronounced reduplication (e): note that the BM (arrow)
directly underneath the endothelium (asterisk) is clearly visible, fibrous long spacing collagen (arrowhead); homogeneous thickened BM (f), capil-
lary lumen (lu), neighboring muscle fiber (mf) with basal lamina (white arrow). Different types of endothelial activation (g—i): Increased size and
number of endothelial cells (g; asterisk, lu lumen), note the granular appearance of the cytoplasm, probably mostly due to ribosomes; prominent
endothelial membrane organelles (h; black asterisk, er erythrocyte in lumen), note the prominent and mostly small pericyte processes demon-
strating mild ensheathment (white asterisks); degraded capillary (i), showing some remaining membrane structures, probably of endothelial or
pericyte origin (arrowheads), almost empty BM “sack” with mild reduplication (arrows). [This figure and its legend were adopted from Figure 3 in
(Siegert et al., 2021); this use is permitted under the Creative Commons Attribution 4.0 International License.]
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9. Gene expression profiling in idiopathic
inflammatory myopathies

Based on the current clinicoseropathologic cri-
teria, 1IMs are divided into four distinct subcatego-
ries [DM, ASSM, IMNM, and sIBM; for a brief over-
view of the diagnostic criteria and other recent ad-
vances in the IIM field, see the 2020 update in this
article series (Margeta, 2020b)]. An interesting study
published last year (Amici et al., 2021) has used a
gene expression profiling approach to take a deeper
look into these disorders; while the current data is
mainly interesting from the standpoint of disease
pathogenesis, this study also provides a glimpse into
the use of transcriptomic profiles for disease diag-
nostics.

The authors used RNA-sequencing data from
119 I[IM muscle biopsies [39 DM cases, 18 ASSM
cases, 49 IMNM cases, and 13 sIBM cases; all ASSM
cases were positive for anti-Jo-1 antibodies, while
the DM and IMNM groups were heterogenous with
respect to the patient’s serologic status, with 5-40
cases per myositis-specific antibody (MSA) sub-
group] and 20 normal muscle biopsies to generate
transcriptome maps and identify gene expression
modules that are dynamically regulated in [IMs.
Some of the results were not surprising; for exam-
ple, DM biopsies showed activation of the type 1 in-
terferon-inducible gene module, which was not sig-
nificantly upregulated in other [IM subtypes, while
sIBM cases were unique in showing consistent over-
expression of T cell genes. Other findings, however,
were novel and somewhat surprising. For example,
two gene modules —the stress response acute phase
response module and the neutrophil degranulation
module — were upregulated across all IIM subtypes
(including IMNM cases, which generally lack signifi-
cant inflammation), as was the cytoskeleton remod-
eling module, which includes TGF-B and could be re-
lated to endomysial fibrosis seen in many long-
standing IIM cases; in contrast, the large muscle
function, redox metabolism, and ubiquitination
gene module was downregulated across all 1IM sub-
types. Expression changes in some gene modules
were more specific and characteristic for individual
IIM subtypes: for example, the previously men-
tioned upregulation of the type 1 interferon-in-
duced gene module in DM cases was strongly corre-
lated with downregulation of the titin transcript,
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while the ASSM cases showed upregulation of the
RNA binding, splicing, and translation genes.

In addition to studying gene expression
changes across different [IM subtypes, the authors
of this study converted individual trascriptomic pro-
files into images suitable for computational analysis
by a convolutional neural network. Unsupervised hi-
erarchical clustering by neural network-derived fea-
tures led to an interesting hierarchy of different pa-
tient subgroups, with the severe DM cases clustering
closer to the ASSM cases and severe IMNM cases
than to the mild DM and IMNM cases; one severe
anti-Mi-2 DM case was even misclassified within the
ASSM group. This finding is congruent with the ex-
perience on a diagnostic muscle pathology service,
where one can occasionally see a significant histo-
pathologic overlap between anti-Mi-2 DM, ASSM,
and severe IMNM (Fig. 5). Interestingly, in the group
of 119 IIM cases studied by Amici at al., disease se-
verity did not correlate with a specific MSA subtype;
instead, both mild and severe cases were seen in
each MSA-defined subgroup. If validated by future
studies and found to correlate with the response to
therapy and/or patient outcomes, this finding sug-
gests that transcriptomic analysis might be able to
extract clinically useful information not captured by
serotype / disease subtype, and that gene expres-
sion profiling therefore may at some point become
a routine component of diagnostic muscle biopsy
work-up. Excitingly, the authors of this study have
shared the source code and model weights on their
website (https://github.com/mendillolab), and this
tool can be used by other researchers who perform
muscle transcriptomics to further test and improve
their algorithm.

ADVANCES IN NEUROMUSCULAR
DISEASE TREATMENT

10. Clinical trials: Late-onset Pompe disease
revisited

Pompe disease is an autosomal recessive met-
abolic disorder caused by loss-of-function mutations
in GAA, the lysosomal glycogen-catabolizing en-
zyme; depending on the level of residual GAA activ-
ity, the disease can present in infancy, childhood, or
adulthood. While early onset Pompe disease is a sys-
temic disorder that affects multiple organs systems,
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Figure 5. Histologic overlap between ASSM (a-c), anti-Mi-2 DM (d-f), and a severe case of anti-HMGCR IMNM (g-i). A typical ASSM case
shows perifascicular fiber atrophy and necrosis (a) along with marked perimysial abnormalities [edema, fragmentation, macrophage-rich
inflammation (best visualized on acid phosphatase stain; b) and a linear pattern of alkaline phosphatase positivity (c)]. Anti-Mi-2-associ-
ated DM often leads to a more severe muscle involvement than other DM subtypes and can histologically mimic ASSM; in this example
(d-f), there was a prominent perimysial involvement including macrophage-rich inflammation (e) and strong alkaline phosphatase staining
(f). Markers of type 1 interferon response (such as MxA) can help differentiate DM from ASSM, but in the UCSF experience MxA upregu-
lation is often weak in anti-Mi-2 DM cases. Typical IMNM cases show little to no inflammation and are generally easily distinguished from
other autoimmune myopathies; however, severe cases (such as the one shown in g-i) can be diagnostically challenging. This anti-HMGCR
IMNM case showed abundant macrophage-rich inflammatory infiltrate in the perimysium (h) along with well-developed perimysial alka-
line phosphatase positivity (i); the only clue to the correct diagnosis was dense punctate p62 staining of muscle fibers (inset in g), which
is not typically seen in either DM or ASSM. Representative cryosection images are shown for all three cases; scale bars, 100 um.
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LOPD primarily affects skeletal musculature and is
characterized by progressive weakness of the axial,
limb-girdle, and respiratory muscles; pathologically,
vacuolated muscle fibers show an accumulation of
membrane-bound as well as free glycogen and a
build-up of autophagic debris (Fig. 6), so this disease
is currently classified as an AVM (Fig. 6). ERT with al-
glucosidase alfa, recombinant form of human GAA,
was approved in 2006, constituting a breakthrough
in Pompe disease management; however, most
LOPD patients on this therapy experience a short-
term improvement followed by progressive decline.
The failure of ERT in LOPD is thought to primarily re-
flect inefficient delivery of alglucosidase alfa to skel-
etal muscle lysosomes: efficient lysosomal targeting
is based on binding of mannose 6-phosphate (M6P)-
glycans and bis-M6P-glycans within the recombi-
nant protein to the cation-independent M6P recep-
tor in the target tissue, and only a minor fraction of
originally developed recombinant GAA contains bis-
MG6P ligands.

To try circumventing this problem, two new
versions of recombinant GAA were developed and
tested against the current standard of care (algluco-
sidase alfa), with the results of both clinical trials
published last year in Lancet Neurology (Diaz-
Manera et al., 2021; Schoser et al., 2021). To gener-
ate the first investigational drug, avalglucosidase
alfa, synthetic bis-M6P-glycane-containing oligosac-
charides were chemically conjugated to recombi-
nant human GAA; the safety and efficacy of this drug
was evaluated by the COMET study, a phase 3, ran-
domized, double-blind clinical trial involving 55 sites
in 20 countries (Diaz-Manera et al., 2021). The sec-
ond investigational drug, cipaglucosidase alfa, is a
novel recombinant human GAA with a high bis-M6P
glycan content that is co-administered with a phar-
macologic chaperone (miglustat) to increase its bio-
availability; the safety and efficacy of this drug com-
bination was evaluated by the PROPEL study, also a
phase 3, randomized, double-blind clinical trial that
involved 62 sites in 24 countries (Schoser et al.,
2021).

Figure 6. Muscle biopsy findings in LOPD. A representative H&E-stained cryosection (a) shows largely unremarkable skeletal muscle with
a single highly vacuolated muscle fiber in this microscopic field (black arrowhead). The same microscopic field from a PAS (periodic acid-
Schiff)-stained cryosection (b) shows two vacuolated muscle fibers with mild glycogen accumulation (black arrowheads); the less vacuo-
lated fiber at the bottom of the image shows no obvious changes on the corresponding H&E-stained section (a). Electron microscopy
shows an increase in the lysosomal (membrane-bound) glycogen (white arrowheads in c) as well as accumulation of free sarcoplasmic
glycogen accompanied by electron dense autophagic debris (d). The focal nature of these pathologic findings is typical for LOPD, although
the degree of muscle fiber involvement varies from case to case. Scale bars: a and b, 60 um; cand d, 2 um.
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The COMET trial enrolled 100 ERT-naive LOPD
patients who were randomized into equally sized av-
alglucosidase alfa and alglucosidase alfa groups; the
PROPEL trial, on the other hand, had a parallel group
design (28 ERT-naive participants and 95 partici-
pants previously treated with alglucosidase alfa),
with two thirds of participants in each subgroup re-
ceiving cipaglucosidase alfa + miglustat and one
third receiving alglucosidase alfa + placebo. While
the details of the study design differed slightly be-
tween the two trials, they had similar duration (49
weeks for COMET and 52 weeks for PROPEL) and
their outcomes were quite similar: (1) the safety of
both investigational drugs was high, with no new
safety signals reported; (2) neither investigational
drug was inferior to alglucosidase alfa, the current
standard of care; and (3) while there was a trend to-
ward increased efficacy for both investigational
drugs, neither reached a statistically significant pri-
mary end-point. Given the very promising results of
prior preclinical (mouse model) studies and initial
phase 1/2 trials (Meena et al., 2020; Puertollano and
Raben, 2021), these results are somewhat disap-
pointing. Intriguingly, however, the cipaglucosidase
alfa + miglustat treatment was significantly more ef-
fective than the alglucosidase alfa + placebo treat-
ment in the ERT-experienced subgroup of the PRO-
PEL study, which is arguably most representative of
the segment of the LOPD patient population with
the greatest need for new and more effective LOPD
therapies. Both trials have now moved into their last
phase (open label extended treatment period), the
aim of which is to assess the long-term safety and
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