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Summary

There is a growing recognition that myogenic stem cells are influenced by their microenvironment during regeneration.
Several interstitial cell types have been described as supportive for myoblasts. In this role, both the pericyte as a possible
progenitor for mesenchymal stem cells, and interstitial cells in the endomysium have been discussed. We have applied
immunohistochemistry on normal and pathological human skeletal muscle using markers for pericytes, or progenitor cells
and found a cell type co-expressing CD 10, CD34, CD271, and platelet-derived growth factor receptor a. omnipresent in
the endomysium. The marker profile of these cells changed dynamically in response to muscle damage and atrophy, and
they proliferated in response to damage. The cytology and expression profile of the CD 10+ cells indicated a capacity to
participate in myogenesis. Both morphology and indicated function of these cells matched properties of several previously
described interstitial cell types. Our study suggests a limited number of cell types that could embrace many of these
described cell types. Our study indicate that the CD 10+, CD34+, CD271+, and platelet-derived growth factor receptor
o+ cells could have a supportive role in human muscle regeneration, and thus the mechanisms by which they exert their
influence could be implemented in stem cell therapy. (] Histochem Cytochem 67: 825-844, 2019)
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Introduction studies may not reflect in vivo conditions. Moreover,
many studies have used flow cytometry to character-
ize cells derived from skeletal muscle, but this does
not give topographical information and thus, identifi-
cation of endomysial interstitial cells in contrast to
cells from connective tissue, larger blood vessels, or
nerves resident in skeletal muscle tissue, is
hampered.

Two larger groups of interstitial cells have been
proposed to support muscle regeneration. One

The myogenic stem cell, the satellite cell has been
intensively studied since its discovery in 1961."
However, it becomes increasingly clear that the entire
microenvironment supporting the myogenic cells must
be taken into account to understand the regeneration
process. It has thus been suggested that besides the
satellite cell, several interstitial mesenchymal cell
types contribute to regeneration by supporting myofi-
ber formation and angiogenesis.>*

Skeletal muscle interstitial cells are described in
many studies, but no consistent nomenclature exists,
which challenges comparison of studies. A great .
deal of studies and reviews are based on animal  C°fresponding Author: .

. i . Eva Kildall Hejbal, Department of Pathology, Odense University
models that do not necessarily reflect conditions in Hospital, DK-5000, Odense C, Denmark.
human muscle. Likewise, observations in in vitro E-mail: eva.kildall.hejboel@rsyd.dk
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Table I. Antibodies.

Antibody Species Clone Manufacturer Dilution Epitope retrieval
aSMA Mouse BS66 Nordic BioSite ApS 1:1000 CClI, 32 min 100C
CcDIo Mouse 56Cé6 Novocastra 1:10 (1:50 IF) CCl, 32 min 100C
CDI5 Mouse MMA Ventana/Roche RTU CClI, 64 min 100C
CD34 Mouse QBENnd/10 Novocastra 1:100 CClI, 32 min 100C
CD45 Mouse 2Bl | & PD7/26 Ventana/Roche RTU CClI, 32 min 100C
CD56 Rabbit MRQ-42 Cell Marque 1:250 CCl, 32 min 100C
CD73 Mouse ID7 Abcam 1:4000 CCl, 32 min 100C
CD90 Rabbit EPR3132 Abcam 1:100 CCl, 32 min 100C
CDI105 Mouse 4Gl 1 Novocastra 1:50 CCl, 32 min 100C
CDl46 Mouse N1238 Novocastra 1:50 CCl, 32 min 100C
CD271 Mouse MRQ-21 Cell Marque 1:500 TRS-L, 30 min 97C
HLA-ABC Mouse EMRS8-5 Abcam 1:1000 CCl, 32 min 100C
Ki67 Rabbit 30-9 Ventana/Roche RTU CCl, 48 min 100C
NG2 Rabbit EPR9195 Abcam (1:50 IF)

PDGFRa Goat AF-307-NA R&D Systems 1:200 (1:100 IF) CCl, 32 min 100C
TCF7L2 Rabbit EP2033Y Abcam 1:1000 CCl, 32 min 100C
Vimentin Mouse V9 Dako/Agilent 1:1000 CClI, 32 min 100C

Abbreviations: IF, immunofluorescence; CCl, cell conditioning | buffer (Ventana/Roche); TRS-L, target retrieval solution buffer, low pH (Dako/Agilent);

RTU, ready to use.

group is the pericytes which are supposed to give
rise to mesenchymal stem cells (MSC) that are able
to support several aspects of regeneration.® The
other group is platelet-derived growth factor recep-
tor a (PDGFRa+) cells that include the mesenchy-
mal progenitor cells and fibro adipogenic progenitor
cells (FAPs) that have the potential to develop into
fibroblast and adipogenic cells.®” Also, the telocyte
cell type has been related to this group.g To which
degree these PDGFRa+ cells are different cell
types, or different cell states of a single cell type is
not clear.

In this study, we addressed which interstitial cell
types in human skeletal muscle that are activated in
vivo in the context of regeneration and degeneration.
By combining information on tissue localization and
expression profile in normal skeletal muscle and in
pathological conditions we dealt with diversity and
dynamic changes of the interstitial cell profile. For
this purpose, we applied immunohistochemistry with
markers for progenitor cells to identify interstitial cell
types in situ (Supplemental Table 1).

Materials and Methods

The use of material from the files of Department of
Pathology, Odense University Hospital, was approved
by The Regional Ethics Committee of the Region of
Southern Denmark S-20070075. The material used
can be found in Supplemental Table 2.

Immunohistochemistry

Information on antibodies is shown in Table 1.

Formalin-fixed paraffin embedded human skeletal
muscle was sectioned at 2 pm and deparaffinized fol-
lowed by blocking of endogenous peroxidase activity
with H,O, before epitope retrieval. For staining with
one antibody, the sections were stained on a
BenchMark Ultra immunostainer (Ventana Medical
Systems, Tucson, AZ) using the OptiView-DAB detec-
tion system (Ventana Medical Systems).

For cryosections, the tissue was embedded in
Tissue-Tek OCT (Sakura Finetek, Torrance, CA) and
frozen in isopentane (-80C) and 5 pm cryosections
were cut at -18C. The sections on slides were fixed in
acetone for 10 min and stained on a BenchMark Ultra
immunostainer (Ventana Medical Systems) with the
OptiView-DAB detection system (Ventana Medical
Systems). More than 50 biopsies were stained for
CD10 and additional antigens. Different strategies for
double staining were used.

Sequential Staining. For detection of two antigens with
different subcellular localizations, a sequential double
staining protocol based on OptiView-DAB (Ventana
Medical Systems) and UltraView-RED (Ventana Medi-
cal Systems) was performed on a Benchmark Ultra
immunostainer (Ventana Medical Systems). Heat-
based elution/denaturation was performed after the
first sequence. Biopsies from 15 persons were used.
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SIMPLE. For antigens with possible co-localization a
sequential immunoperoxidase labeling and erasing
method (SIMPLE) was used, modified from Glass
et al.® Briefly, sections were deparaffinized, followed
by blocking of endogenous peroxidase activity, before
epitope retrieval of the anti-CD10 antibody. CD10 was
stained on an Omnis immunostainer (Dako/Agilent,
Glostrup, Denmark) with aminoethylcarbazole (AEC)
ImMmPACT horse radish peroxidase substrate chromo-
gen solution (Vector Laboratories, Burlingame, CA,
USA) used for detection. After immunostaining, the
slides were counterstained with Mayer’s hematoxylin
and coverslipped with Aquatex mounting medium.
Slides were scanned on a NDP-scanner (Hamamatsu
Photonics, Herrsching, Germany), and subsequently,
the coverslips were removed by placing the slides in
60C Tris buffered saline for 60 min. To remove AEC,
the demounted slides were placed in 99% ethanol for
5 min and then rehydrated. Remaining CD10 antibody
was removed by denaturation in a 100 mL SDS/Tris-
HCI/(2-carboxyethyl) phosphine hydrochloride (TCEP)
buffer, pH 6.8, containing 200 pyl Bond-Breaker (Ther-
moFisher Scientific, Waltham, MA) for 10 min at 95C.
Biopsies from 20 people were used.

Controls. Parallel sections with single staining for the
second primary antibody served as controls for the
quality of the staining and to ensure that the type of
structures labeled in the SIMPLE procedure resembled
what was stained in the single stain. A control without
the second primary antibody was made to ensure that
the first primary antibody and detection system had
been completely erased.

Image Processing. To produce a merged image, NDP
view (Hamamatsu Photonics) was used to find identi-
cal regions in the scanned slides from the two steps
of SIMPLE. The images were processed and merged
using Photoshop C6 (Adobe Systems, San Jose, CA)
and Fiji.10

Simultaneous Dual Immunofluorescence. For antigens
which could not be retrieved after the SIMPLE erase
procedure or didn't work on formalin fixed paraffin
embedded sections we used immunofluorescence
double staining. Cryosections were fixed in acetone
for 10 min. The two primary antibodies CD10 and
PDGFRa, or NG2 and alpha-smooth muscle actin
(SMA), were mixed in S2022 antibody diluent (Dako/
Agilent) and incubated on the slides for 60 min at
room temperature. The secondary antibodies used
were donkey-anti-goat conjugated Alexa Fluor 594
(ThermoFisher Scientific) for detection of PDGFRa,
donkey-anti-mouse conjugated Alexa Fluor 488 for

CD10 and aSMA, and donkey-anti-rabbit conjugated
Alexa Fluor 594 for NG2, all diluted 1:200. The two
secondary antibodies were mixed and incubated on
slides for 45 min. Slides were coverslipped using
Vectashield mounting media with DAPI (Vector
Laboratories).

Transmission Electron Microscopy

Muscle specimens approximately 2 mm x 2 mm were
fixed in 2% buffered glutaraldehyde and washed in
0.1% phosphate buffer. Following postfixation in OsO,,
the specimens were dehydrated in graded alcohols
and propylene oxide and infiltrated with embedding
epoxy resin 812 (TAAB, Reading,UK) on a Leica EM
TP instrument (Leica Microsystems, Wetzlar,
Germany). The epoxy resin was polymerized at 60C.
Ultra-thin sections were cut on a Leica ultracut UCT
(Leica Microsystems) and contrasted with uranyl ace-
tate and lead citrate. The sections were analyzed with
a JEM-1400 Plus (JEOL USA Inc., MA, USA) and
images obtained with a Quemesa TEM CCD camera
(Olympus Europa, Hamburg, Germany).

Immuno-electron Microscopy

For immuno-electron microscopy approx. 3 mm x 3
mm muscle specimens were fixed in buffered formal-
dehyde for 2 hr and afterwards placed in Holt’s solution
overnight. The tissue was frozen in isopentane (-80C)
and 50 pym cryosections were cut at -18C and stored in
4% horse serum in TBS/Triton X-100 buffer. The sec-
tions were incubated in TBS for 30 min at 60C and
then transferred back to 4% horse serum in TBS/Triton
X-100 buffer at room temperature. Subsequent steps
were performed in a 96-well plate vacuum manifold on
a shaker, with TBS washes in between steps. The sec-
tions were incubated with a 1:10 dilution of anti-CD10
antibody in 2% horse serum in TBS/Triton X-100 over-
night followed by incubation with ImmPACT SG
Peroxidase (HRP) Substrate Kit (Vector Laboratories)
for 12 min. Endogenous peroxidase activity was
blocked by H,O, in a 33% methanol TBS solution before
incubation with the ImmPACT SG Peroxidase (HRP)
Substrate Kit for 60 min. The immunostained 50 pm
sections were afterwards processed according to the
standard EM procedure.

Alkaline Phosphatase Enzyme Histochemistry

Cryosections were fixed in 4% neutral buffered forma-
lin with 7.5% sucrose for 5 min, washed in water and
stained with a mixture of Fast Red TR and Naphthol
AS-TR phosphate disodium salt in 0.05 M Tris buffer.
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Morphometry

Estimation of volume fraction was performed by point
counting.” Images from quadriceps from 3 normal (56,
61, and 68 years) and 3 inclusion body myositis patients
(62, 70, and 76, years) were analyzed by applying a grid
over the images and counting cross points over endo-
thelial cells, pericytes, and mesenchymal interstitial
cells. The mesenchymal interstitial cells were defined as
cell with angular or fusiform cell bodies, the extensions
from these as cell processes with rough endoplasmic
reticulum and more over very slender processes with-
out organelles were included. Fifteen EM images at
1000x magnification were used from each patient. To
count TCF7L2 marked nuclei the QuPath' software
was used. The parameters used were background radius
0, Sigma 1.5 pm, minimum area 15 pm?2, maximum area
400 pm2, threshold 0.7, and cell expansion 2 pm. An un-
paired t-test based on equal variances was used to com-
pare the means of the volume fractions.

Results

An Endomysial Mesenchymal Cell Type
Expresses PDGFRa, CD 10, CD34 and CD271

In the interstitial space of human skeletal muscle, a
vimentin+ mesenchymal cell expressing CD10, CD34,
CD271, and PDGFRa was found (Figs. 1 and 2). CD10
was the most robust and extensive marker for this cell.
The cells had long cytoplasmic, branched processes
that created a network connecting with neighboring
CD10+ cells and surrounding the myofibers (Fig. 1A). In
cross sections, the network presented as dots or thin
processes between fibers. The cells were closely related
to the periphery of small vessels (Figs. 1B and 2, CD34).
Most fibers and capillaries were in contact with CD10+
cells implying the density and distribution of these cells.
Morphometric analyses revealed that they occupied
49% (45-52%) of the cell volume in normal endomy-
sium. In immuno-electron microscopy CD10 positivity
was detected as small electron dense granules in the
cell membranes consistent with CD10 being a mem-
brane protein. Positive cell processes could be seen
around capillaries just outside the basement membrane
(Fig. 1C). The dimensions of the processes were irregu-
lar with both thin and dilated segments (Fig. 1A and C).
Conventional electron microscopy moreover demon-
strated that the branches of these cells could be in
close apposition to a diversity of cell types including
myofibers (Fig. 1). The presence of caveolae and the
formation of coated vesicles in the plasma membrane,
as well as vesicles of exosome size in the close extra
cellular space further suggested capacity for communi-
cation (Fig. 1E, G, H, and ).

Skeletal muscles from several locations including
extremities, eyes, tongue, truncus, and diaphragm
were stained for CD10 and all presented with positive
interstitial cells. CD10 positive cells were even present
between ectopic muscle fibers (hamartoma S1).

Double staining employing the SIMPLE technique
showed that interstitial cells could co-express CD10
with CD34, CD271 and vimentin respectively (Fig. 2).
For demonstration of co-localization of PDGFRa with
CD10, immunofluorescent staining was employed (Fig.
2). CD34, CD271 and PDGFRa were expressed both
in the cell body and cytoplasmic processes while anti-
vimentin only stained the cell body. The most exten-
sive staining was obtained with CD10, and it appeared
that all CD271, PDGFRa, and CD34 expression was
co-localized with CD10 except for CD34 positivity in
endothelial cells.

Macrophages, Dendritic Cells, Satellite Cells and
Fibroblasts

Other cell types with a branched morphology that have
been described in the endomysium include macro-
phages, dendritic cells and fibroblasts; therefore, we
applied markers to determine a possible relationship
between these cells and the CD10+ cells. The marker,
CD45 is expressed in dendritic cells and macro-
phages, and CD15 is expressed in dendritic cells but
has also been found in cultured mesenchymal cells
co-expressing PDGFRa.™ In our study, CD45 did not
co-localize with CD10 in interstitial cells (S2), indicat-
ing that the interstitial CD10+ cells were not bone mar-
row derived and we did not detect any CD15+ cells
apart from granulocytes (not shown).

In normal muscle no co-localization between the sat-
ellite cell marker CD56 and CD10 was found (not shown).

The marker TCF7L2 has been used to identify fibro-
blast in skeletal muscle tissue.'® In healthy muscle tis-
sue, we found that most nuclei stained positive for
TCF7L2, and many cell types expressed this antigen
including some of the CD10+ cells and some of the
myonuclei (S2). Among cells with a high TCF7L2
expression were the endothelial cells. We reduced the
antibody concentration in order only to detect cells
with a high expression of TCF7L2. This resulted in a
smaller proportion of positive nuclei but still many cells
types were represented among the positive cells.

Pericytes in Endomysial Vessels Express aSMA,
CD 146, CD90 and NG2

Applying the markers aSMA, CD146, CD90, and NG2,
we could label cells in the wall of small interstitial
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Figure |. CDI0+ interstitial cells. (A) CD10+ interstitial cells (arrows) at the surface of a muscle fiber forming an interconnected
network of processes of varying sizes. Transected CD |0+ processes (arrow heads) are seen between other muscle fibers. (B) CD 10+
interstitial cells (arrows) surrounding capillaries. (C) Immuno transmission electron microscopy shows CD10 as small dark grains on
the surface (arrows) of an interstitial cell (i). Local widening of a process (*). CD 10+ processes are localized outside the capillary (c).
The capillary basement membrane is shown with arrow heads. (D) Interstitial cell (i) in close apposition to a mast cell (m). Muscle fibers
(mf). (E) A larger magnification of D shows the close contact between the interstitial cells and mast cell (m) (arrows). Vesicles the size
of exosomes are seen in the space between the mast cell and the interstitial cells (arrow heads). (F): Interstitial cell (i) in apposition to
both normal (mf) and atrophic (amf) muscle fiber, (c) capillary. (G): larger magnification of F shows the formation of coated vacuoles
(arrows) in the membrane of an interstitial cell facing the atrophic fiber. (H and I) Formation of coated vesicles in the slender processes
of the interstitial cells (arrows). Caveolae are mainly seen near the membrane facing the muscle fiber (arrow head). Biopsy from normal
skeletal muscle. Scale bars: A= 100 ym, B=50 ym, C= 10 ym,Dand E=5 pym, Fand G = | pm, H = 500 nm, | = 200 nm.
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Figure 2. Co-localization of CD10 with CD34, CD271, PDGFRa and vimentin. CD34 is co-expressed with CD 10 in interstitial cells
at the surface of a muscle fiber (arrow). In addition CD34 is expressed in capillaries (red on the merged image) and the close connec-
tion between capillaries and interstitial cells is seen. CD271 and PDGFRa co-localize with CD 10+ interstitial cells (arrows). CD 10+
cells express vimentin in the perinuclear cytoplasm (arrows) but not in the processes. Co-localization of CD |0 with CD34, CD271 and
vimentin was shown by SIMPLE, while co-localization of CD 10 with PDGFRa was shown by immunofluorescence. Biopsy from normal
skeletal muscle. Scale bar = 50 pm. Abbreviation: PDGFRa, platelet-derived growth factor receptor o.
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vessels abluminal to the endothelium (S3) showing
that the stained cells are bona fide pericytes. In cryo-
sections, NG2 was observable in pericytes, where it
could be shown to co-localize with aSMA. Nestin was
found in a subpopulation of pericytes (Fig. S3). None of
these pericyte markers co-localized with CD10 in inter-
stitial cells. Alkaline phosphatase has in some studies
been employed for pericyte identification.'®'7 However,
in normal muscle, we found that the majority of alkaline
phosphatase was expressed in endothelial cells (S2).

Distribution of CD 10 and CD34 Change During
Fetal Development

In 15-week-old fetuses, CD10 and CD34 positive cells
were found delineating groups of myotubes. At 32
weeks, CD34+ and CD10+ were present in the endo-
mysium surrounding individual cells. In the neonatal,
the cells were organized like in adult tissue, having
slender processes with relation to fibers and capillar-
ies (Fig. 3). Thus, a reorganization of the endomysial
cells takes place during muscle maturation

PDGFRa+, CD 10+, CD34+, CD27 |+ Cells but
Not Pericytes Respond to Pathological Conditions

In muscle lesions, the number of CD10+ interstitial cells
in the endomysium increased (Fig. 4A). Ultrastructural
analysis comparing 3 normal muscles with 3 muscles
with inclusion body myositis all from quadriceps showed
that the volume fraction of interstitial cells increased sig-
nificantly (p=0.002) from 49% of normal muscle endo-
mysial cells (range: 45-52%) to 64% in inclusion body
myositis (range: 63—66%), and the ratio between endo-
thelial cells and interstitial cells changed from 1.2 t0 2.9,
respectively (p=0.0007). Correspondingly, some CD10+
cells expressed the proliferation marker Ki67 (Fig. 4A).
CD10+/Ki67+ were not found in normal muscle. No sig-
nificant increase in cells expressing the pericyte marker
aSMA could be found in the interstitial space (Figs. 4B
and 5) and no significant changes could be seen in the
estimated volume fraction of pericytes (p=0.651). Thus,
the major responders to muscle damage were the
CD10+ cells.

The phenotype of interstitial cells changed in
response to damage. In skeletal muscle with focal single
fiber damages (Fig. 4B), CD10 was upregulated along
with CD34 and CD271, and to a lesser extent PDGFRa.
In larger focal lesions (Fig. 5), also CD73 was expressed.
No change was observed for CD90 (not shown) or
aSMA in the interstitial space. Likewise, CD105, a
marker for MSCs, was not observed in interstitial cells
but was present in endothelial cells (not shown).

In severe muscle lesions defined as lesions with wide-
spread coherent damage (Fig. 6), the CD10+ cell in the
endomysium could lose their CD34 expression but
gained a more intense PDGFRa positivity. Likewise,
CD271 could be seen co-expressed with CD10, but the
expression varied, thus some cells were strongly positive
for CD10 and weakly positive for CD271 and vice versa,
while other cells were strongly positive for both markers.
The pericyte marker CD146 (not shown) was only pres-
ent in vessel walls, but in contrast to healthy muscle,
CD73 and CD90 were found co-localizing with CD10 in
interstitial cells, though not all CD10+ cells expressed
these markers. In actively regenerating fibers, CD10+
cells could be found not only surrounding the regenerat-
ing fiber, but also inside muscle fibers together with
CD56+/CD10+ myoblasts (Fig. 7). No CD56+/CD10+ co-
expression was found outside regenerating fibers.

Severe damages with actively regenerating muscle
fibers were seen in compartment syndrome, newer
necrotic parts of ischemic amputated legs and in the
borders of an abscess.

In the endomysium, present in larger groups of neu-
rogenic atrophic muscle fibers, CD34 and CD271 were
upregulated while CD10 was downregulated (Fig. 8A),
although in the endomysium of the neighboring groups
of hypertrophic fibers, CD10 as well as CD34, PDGFRa.
and CD271 were abundantly expressed. However,
where neurogenic atrophic fibers were mixed with
hypertrophic fibers, CD10 appeared to be preserved
(Fig. 8B). Expression of aSMA and CD90 was
unchanged (Fig. 8B). In atrophy with fatty replacement,
it appeared that CD10 expression was downregulated
in the interface between fat and muscle, while CD34
and CD271 were still present (Fig. 8C). A similar ten-
dency was found at the interface between muscle and
connective tissue in ectopic muscle (S1).

TCF7L2 Is Upregulated in Damaged Muscle

Along with the increase of endomysial cells in muscle
lesions, also the number of cells with TCF7L2+ nuclei
increased. Comparing normal and lesioned muscle
(Fig. S2, TCF7L2 B and E), the number of stained nuclei
increased from 290/mmg? to 2900/mm?. A large number
of endomysial cells in damaged muscle expressed
TCF7L2 including CD10 positive, although not all CD10
positive cells had TCF7L2+ nuclei (Fig. S2).

CD I 0+ Cells Associated With Vessels and
Peripheral Nerves

In addition to the CD10+ cells found between muscle
fibers, a population of CD10+ cells was found in the
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Figure 3. CDI0 and CD34 expression during development. In |5-week-old fetuses CD10 and CD34 are expressed in fascia and
perimysium (p) and in connective tissue surrounding groups of fibers. At 32 weeks, the fascial and perimysial (p) in staining is reduced
or lost and CD 10 and CD34 are localized between the individual fibers the muscle fascicle (f). At birth, the adult pattern of CD10 and
CD34 is established. Scale bar = 250 pm.
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Figure 4. Muscle damage. (A) In response to muscle damage CD 10+ cells (red) become hyperplastic and increase in number. CD10/
Ki67: CD 10+ cells (red) express Kié7 (brown). (B): In the endomysium surrounding damaged single fibers, CD 10, CD34, and CD271 are
upregulated while only a slight increase is seen of PDGFRa.. No aSMA+ cells are seen outside capillaries. HLA-ABC marks fiber damage.
(A) Immune mediated necrotizing myopathy, (B) Inclusion body myositis. Scale bars = 50 pm. Abbreviations: PDGFRa, platelet-derived

growth factor receptor o; aSMA, alpha-smooth muscle actin.
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Figure 5. Focal damage, inflammatory infiltrate. CD 10, CD34, PDGFRa, and CD271 are upregulated in relation to inflammatory infil-
trates. aSMA is distinctly expressed in the small vessels but no increase in the number of aSMA+ cells is seen. CD56 visualizes myogenic
activity and NK cells. CD73 is found in endothelium (red, arrow) and co-expresses with CD 10+ cells (yellow on the merged image),
shown by SIMPLE technique. Biopsy from inclusion body myositis. Scale bars = 100 um. Abbreviations: PDGFRa, platelet-derived growth
factor receptor a; aSMA, alpha-smooth muscle actin; NK: natural killer.
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Figure 6. Marker expressions in severely damaged muscle. CD34 expression is down regulated in CD 10+ endomysial cells (arrow
head) but not in the endothelial cells. PDGFRo. expression is increased and co-localizes with CD10. An example is shown by arrow.
CD271 is up regulated and co-localizes with CD 10 (arrow) but the intensity of both CD 10 and CD271 varies (arrow heads).. In severely
damaged muscle, CD73 and CD90 are found in some interstitial cells co-localized with CD 0 (arrows). Biopsy from compartment syn-
drome. SIMPLE technique was used. Scale bar = 100 pym. Abbreviation: PDGFRa, platelet-derived growth factor receptor.
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Figure 7. CDI0 and CD56 within regenerating muscle fibers. In regenerating muscle fibers, CD |0+/CD56+ cells (arrow head) can be
seen. In contrast CD 10+/CD56- cells (arrows) are seen both in the fiber and at its surface. Biopsy from compartment syndrome. SIMPLE
technique was used. Scale bar = 100 pm.
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Figure 8. Atrophy. (A): In long standing denervation, CD10 is upregulated between hypertrophic fibers (h) but almost lost in groups
of atrophic fibers (¥). CD34 and CD271 are intensely upregulated in relation to both atrophic and hypertrophic fibers. Biopsy from
Kennedy’s disease. (B): In denervation atrophy where atrophic fibers(*) are mixed with hypertrophic fibers (h) CD34, PDGFRa, CD271,
and CDI0, are upregulated in the atrophic area while no increase in aSMA or CD90 is seen. (C) CDI10 is seen between muscle fibers
but is scarcely represented in the interface between adipocytes and muscle fibers, while cells positive for CD34, CD272, and PDGFRa
are present in this interface. Biopsy from inclusion body myositis. Scale bars =250 ym. Abbreviations: PDGFRa, platelet-derived growth
factor receptor a; aSMA, alpha-smooth muscle actin.
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inner adventitia of larger vessels (S4). These cells
shared antigen expression with the interstitial CD10+
cells in varying degree. Moreover, myelinating Schwann
cells and perineurial cells were CD10+ (S5).

Discussion

In the present study, we have focused on histology to
be able to identify cells and distinguish cell profiles and
reaction patterns in the endomysium. This approach
makes detection of focal changes possible in contrast
to studies on isolated or cultured cells. Moreover, cul-
tured cells may change expression profile over time,'®
changes that not necessarily are reflections of the pro-
cesses that take place in muscle tissue. More funda-
mentally, the properties of cells obtained during in vitro
culturing and differentiation may not, though interesting
in the aspect of regenerative medicine, be a recapitula-
tion of the in vivo functions of the corresponding resi-
dent cells. We have furthermore focused on human
muscle because although animal models have pro-
vided valuable information on muscle interstitial cells,
species differences are observed, hampering a direct
translation to clinical use. Examples of species differ-
ences include Sca-1 which in mice is an important dis-
criminating cell marker,® but is not present in humans.
Also CD34, required for efficient myogenic progression
in murine satellite cells? is not present in human satel-
lite cells but as here shown in interstitial cells. Finally,
we have almost exclusively studied muscle from
patients without genetic disorders.

Based on location and expression of the applied
panel of markers, we were able to demonstrate that
the endomysial mesenchymal cell had a dynamic pro-
file and responded in different ways to various patho-
logical conditions.

Pericytes

Divergent definitions of pericytes can be found in the
literature. By the histological definitions, pericytes and
pericyte-like cells are cells located abluminal to endo-
thelial cells in capillaries, venules, and arterioles.?1-23
In some studies, cells separated from the endothelium
by smooth muscle cells are also referred to as peri-
cytes, but these have different phenotypes and are
elsewhere referred to as adventitial cells.

In the context of regeneration, the pericyte itself is of
interest. In vitro, promotion of muscle fiber growth?* and
capacity for pericyte-derived cells to be structurally
included in muscle fibers?®> have been reported. The
pericyte has also been connected to the MSC, a cell
type which has been shown to have a wide range of
effects supporting regeneration.?® The idea of the

pericyte as a MSC precursor resident in all tissue types?”
has been challenged by the demonstration of tissue-
specific differences in the phenotype of pericytes,?8 but
the observation that cultured pericytes can develop
MSC properties could support that pericytes could be
MSC progenitors.?® Vice versa, MSCs have also been
reported to be able to develop into pericytes.30

CD73 and CD105 are among the markers included in
the minimal criteria for defining MSC,3' but in normal mus-
cle, we only found CD73 and CD105 in endothelial cells.
Corresponding to our findings, CD73 and CD105 have
previously been described as endothelial markers.3233

In previous immunohistochemical studies, CD146,
NG2, alkaline phosphatase, aSMA and CD9(Q16.1729,34
have been described in pericytes in human skeletal
muscle. We were likewise able to show these markers
in pericytes, except for alkaline phosphatase which in
our study predominantly was expressed in endothelial
cells as also previously shown.35 In addition, our dem-
onstration in human skeletal muscle of a nestin+ sub-
population of pericytes corresponds with previous
reports on skeletal muscle pericytes in mice.36

Studies have described an increase in the number
of pericytes in neuromuscular disorders’® and after
exercise.'”” However, equivalent to observations in
mice3” we saw no upregulation of pericytes in relation
to damaged fibers compared to normal regions.
Likewise, we found no evidence of transition of peri-
cytes into MSCs. In conclusion, there was no histologi-
cal support for the participation of pericytes or MSC in
muscle regeneration in vivo.

CD10, CD34, PDGFRw, and CD271 Positive
Endomysial Cells

The morphology of this cell and the localization in the
interstitial space outside the vascular basal lamina, in
addition to the PDGFRa and CD34 expression, sug-
gest that it is identical to the fibro adipogenic progeni-
tors,” mesenchymal progenitor cells,® and skeletal
muscle telocytes.’> Moreover, it could belong to the
family of CD34+ stromal cells/fibroblasts/fibrocytes/
telocytes® which are found in various tissues.

Telocytes are a recently identified cell type charac-
terized by distinctive prolongations named telopodes.
They are described in multiple tissue types including
skeletal muscle.312:383% CD34 is among the markers
that have been used to identify telocytes immunohisto-
chemically. Other markers include c-kit and PDGFRp.
Electron microscopy demonstrating telopodes with
caveolae and rough endoplasmic reticulum also has
been significant for the identification. The interstitial
CD10+ cells in our study share this ultrastructure and
CD34 positivity.
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Fibro adipogenic progenitors were initially identified in
situ in mice as cells positive for the stem cell antigen-1
(Sca1) and PDGFRa, and negative for the endothelial
marker CD31.7 These cells have been described as
equivalent to human skeletal muscle resident mesen-
chymal progenitor cells® both characterized by PDGFRa.
expression. Cultured human CD15+/PDGFRa+CD56—
cells have also been assigned the name fibro adipo-
genic progenitors,™ but in our study, cells with this
expression profile were not present in vivo.

Fibroblasts have been suggested to belong to a
family of interstitial cells including the telocytes.? The
definition of a fibroblast is an extracellular matrix pro-
ducing cell residing in connective tissue. Because this
broad definition includes several cell types, specific
fibroblast markers have been suggested. Recent stud-
ies have employed TCF7L2.154041 However, the use of
TCF7L2 as a marker for fibroblast in skeletal muscle
requires caution because it is based on the assump-
tion that fibroblast express the antigen at a high con-
centration, and that cells expressing lower
concentrations belongs to other cell types.™ We show
that the signal intensity is very dependent on the stain-
ing protocol used and that also endothelial cells also
often express TCF7L2 at a high intensity. Moreover, we
found that the intensity and number of positive nuclei
increased in pathological skeletal muscle tissue in
accordance with observations in a human regenera-
tion study.*® Many but not all of the nuclei seen in
CD10+ cells expressed TCF7L2 and not all TCF7L2+
cells were CD10+. This indicates that TCF7L2 in
humans is present in several cell types but also that it
does not label all cells of a specific type. Human
TCF7L2+ fibroblasts*® have in vitro been described to
support myoblast proliferation and differentiation which
could place them in the group of interstitial cells sup-
porting muscle regeneration.

The transcription factor TCF7L2 is involved in many
biological processes including regulation of the canon-
ical wnt/beta catenin signaling pathway participating in
myogenesis and fibrosis,*? and a study using geneti-
cally modified mice demonstrates that TCF7L2 itself is
important for myogenesis.'®

The Expression Profile Is Dynamic in
CD 10+ Cells

In pathological conditions, the CD10+ cells, in contrast
to pericytes, prolifrerated, and showed changes in
marker profile. During pathophysiological activation,
we found that CD34 could be lost, while CD10,
PDGFRa, and CD271 were upregulated. In addition, a
subset of CD10+ cells also expressed CD73 and

CD90. The activated cells thus obtained an immuno-
phenotype with similarities to pericytes and MSCs.

CD34 loss has previously been reported in telocytes
in granulation tissue** and isolated CD34+ stromal
cells lose CD34 in culture.® In focal damages, however,
CD34 was upregulated. These findings indicate a dif-
ferentiated response to damage and regeneration.

In contrast, CD10 could be seen downregulated
between atrophic fibers in neurogenic myopathy and
in conditions with fatty replacement at the interface
between adipocytes and muscle. Here, however,
CD34 and CD271 were upregulated. This suggests
that CD10 expression depends on the interaction with
functional muscle.

Structure and Expression Profile of CD 10+
Cells Indicate Capacity for Communication and
Support of Regeneration

Muscle-derived stromal cells broadly have been shown
to have a range of properties which can support mus-
cle regeneration.?2444-47 Many of the observations,
however, are based on studies in animal or in vitro.

Structural findings indicate that interstitial CD10+
cells have the potential to interact with a range of other
cells including other CD10+ cells, muscle fibers and
bone marrow derived cells, due to close contact, com-
munication through caveolae, exosomes, and receptor
mediated uptake.

CD10 and CD34 have previously been shown in
mid-term fetuses.*® We showed that the distribution of
CD10 changed from mid-term to term. During the third
trimester it obtained the same distribution as in mature
muscle. This re-organization could support the pre-
sumption that the cells are involved in muscle forma-
tion. Likewise this could be indicated by the presence
of CD10+ cells within regenerating fibers.

The demonstrated expression of CD10, CD34, CD73,
CD90, CD271 and PDGFRa can indicate specific func-
tions, where these markers are involved. A previous
study shows that CD10 expression was associated with
muscle fibers and was upregulated in muscle disorders
and that the expression corresponded with muscle fiber
regeneration.*® We, however, found CD10 in interstitial
cells. CD10 is a zinc-dependent metalloprotease with
several peptide hormone substrates including oxyto-
cin,%° enkephalin®' and bradykinin® all of which have
regulatory effects in skeletal muscle. The myokine IL-6
has been shown to induce CD10 activity.5® Considering
that IL-6 is upregulated during exercise® and muscle
damage® IL-6 could be part of the background for
upregulation of CD10 in damaged muscle and decreased
CD10 expression during muscle atrophy.
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The function of CD34 in skeletal muscle interstitial
cells is not known, but in other cell types, it has been
connected with cell migration%¢ and regulation of cell
adhesion.5”

The tyrosine kinase receptor PDGFRa is involved
in skeletal muscle fibrosis®®5° and tyrosine kinase
receptor inhibitors have been shown to attenuate skel-
etal muscle dystrophy in mice®%8' an effect also seen
by intronic polyadenylation of PDGFRa.82 Considering
that PDGFR can also interact with VEGF®3 opens for
an influence on the PDGFR presenting cells by the
change in VEGF signaling of the muscle fibers.54

CD271 has been demonstrated in human muscle,
both in muscle fibers and in the perimysium, and is
upregulated during myogenesis and myopathy.8566 We
could show a similar response to muscle damage and
a more exact cellular localization of CD271 in the
endomysium. A ligand for CD271, brain-derived nerve
growth factor (BNDF), is produced in muscle fibers
and is upregulated during myogenesis and muscle tis-
sue regeneration.5”68 Thus, muscle fibers can influ-
ence the interstitial cells through BNDF.

The function of CD73 and CD90 in muscle has not
yet been determined. We found an induction of CD73
and CD90 in endomysial cells in response to muscle
damage. Considering that the functions ascribed to
CD73 and CD90 in general include angiogenesis,
anti-apoptosis, and anti-inflammation,®7° the dam-
age induced expression could support muscle
regeneration.

Several lines of evidence thus indicate that these
cells expressing CD10, CD34, PDGFRa, CD271,
CD73 and CD90 could be active participants in the
creation of the micro environment supporting muscle
regeneration. Considering the suggested potentials of
the fibroadipogenic cells,** these cells could also
counteract muscle restoration.

In this study, we have presented an endomysial cell
that in normal muscle expressed CD10, CD34,
PDGFRa, CD271, and vimentin. In response to mus-
cle lesions, it increased in number and the marker pro-
file was dynamic and changed in response to both
acute damage and atrophy. The histological approach
allowed detection of focal responses. Peripheral
nerves and in the adventitia of blood vessels, more-
over, contained cells with an overlapping expression
profile, underlining the significance of combining
expression and topography.

The CD10+ cells are omnipresent in the muscle
interstitium, they respond to muscle activity and dam-
age, and have morphology and expression profile that
indicate interactivity. Thereby, they are candidates for a
supportive role in muscle regeneration.

The lack of an accepted nomenclature based on
common criteria hampers communication in the field of
skeletal muscle interstitial cells, but the cell type, which
we have dealt with by its marker expression, including
PDGFRa, and ultrastructure resembled FAPs/mesen-
chymal progenitor cells and telocytes. A relevant dis-
cussion is whether we deal with a few cell types with
dynamic profiles adapting to different conditions, or
with various cell types with specific functions. Our study
could indicate the former. Further IHC multiplexing and
flow cytometry analyses of freshly isolated muscle
derived cells in normal and pathological conditions
applying our antibody panel could help elucidate the
heterogeneity of the interstitial cell population. The spe-
cific functions that could be ascribed to the endomysial
cells include maintenance of ECM under normal condi-
tions,”” and support of regeneration in acute damage.
Moreover, they could be the source of cells participat-
ing in pathologic reactions such as fibrosis. In this con-
text, it would be of interest to know the fate of the
activated cells, whether they return to the pre-activated
state or if they retain their acquired state, and what
happens to the surplus of these cells after regenera-
tion. As we primarily have examined non-genetic disor-
ders, it would also be relevant to see if our observations
extend to diseases as dystrophies and congenital
myopathies. Since age influences muscle regenera-
tion,” it might also be worth studying the expression of
these cells at different ages.

We also examined the role of pericytes during mus-
cle damage but found no histological evidence for their
participation. Likewise, in our study, we did not find
cells in vivo that expressed CD105, CD73 and CD90
and thus matched the minimum criteria of MSCs
defined by The International Society for Cellular
Therapy.3' Although pericytes/MSCs have been con-
sidered as major supporting cells in regeneration, our
study rather points to the CD10+ cells for this role in
skeletal muscle.

Cellular therapy for regeneration of skeletal muscle
by transplantation of myoblast has had limited suc-
cess, though some positive effect on sphincter func-
tion has been reported”® and similar results have been
reported when less well defined muscle derived cell
populations have been used.” A possibility suggested
by our findings would be to test CD10+ cells together
with myogenic cells to improve cell therapy by taking
advantage of factors provided by the CD10+ cells.
Furthermore, characterization of their secreted com-
pounds also could allow construction of enriched scaf-
folds for myoblast transplantation and development of
cell-free functionalized scaffolds able to recruit resi-
dent cells involved in myogenesis.
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