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Abstract

Idiopathic inflammatory myopathies (IIM) are rare autoimmune
systemic diseases characterized by muscle weakness and the pres-
ence of muscle-infiltrating T cells. IIM represent a clinical challenge
due to heterogeneity of symptoms and variability of response to
immunosuppressive treatment. Here, we performed in-depth
single-cell sequencing on muscle-infiltrating T cells and peripheral
blood memory T cells in six patients with recently diagnosed IIM.
We identified tissue resident memory T-cell (Tgy) signatures
including the expression of HOBIT, XCL1 and CXCR6 in the muscle
biopsies of all patients with IIM. Clonally expanded T-cell clones
were mainly found among cytotoxic and Tgy, implying their role in
the disease pathogenesis. Finally, identical expanded T-cell clones
persisting at follow-up in the muscle tissue of two patients suggest
their involvement in disease chronicity. Our study reveals a muscle
tissue resident memory T-cell signature in patients with IIM and a
transcriptomic map to identify novel therapeutic targets in IIM.
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Introduction

Idiopathic inflammatory myopathies (IIM) or myositis are rare,
chronic, systemic autoimmune diseases characterized by skeletal
muscle inflammation and varying degrees of immune infiltrates in
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the skeletal muscle (Furst et al, 2012; Svensson et al, 2017; Dobloug
et al, 2018; Lundberg et al, 2018). IIM are divided into the major
subgroups dermatomyositis (DM), juvenile dermatomyositis (JDM),
clinical amyopathic dermatomyositis (CADM), inclusion body myo-
sitis (IBM), immune-mediated necrotizing myopathy (IMNM), anti-
synthetase syndrome (ASyS) and polymyositis (PM) (Medsger
et al, 1970; Bohan & Peter, 1975; Love et al, 1991; Troyanov et al,
2005). Most patients with IIM experience muscle weakness
suggesting a common pathogenic mechanism affecting skeletal mus-
cle tissue. Immunosuppressive agents in combination with physical
exercise are used to treat patients with IIM, however, often with dis-
appointing results and complete recovery of muscle performance is
rarely achieved. In particular, patients with IBM rarely respond to
immunosuppressive treatment and develop progressive muscle atro-
phy and disability (Barsotti & Lundberg, 2018).

Although the causes of myositis are still unknown, genome-wide
association studies (GWAS) have identified HLA-DR (Miller et al,
2015; Rothwell et al, 2016, 2019) as the strongest locus associated
with the disease implicating that antigen presentation and subse-
quent T-cell activation are implicated in pathogenesis. This hypothe-
sis is supported by the identification of T-cell infiltrates in muscle
biopsies of patients with IIM which have been described for decades
(Arahata & Engel, 1984, 1986; Malmstrom et al, 2012) and is impor-
tant for the diagnosis and classification of IIM (Dorph et al, 2001).
In the subset DM, mainly CD4" T cells were identified in the
muscle tissue whereas in patients with PM or IBM, CD8" T cells are
suggested to be the main pathogenic T-cell subset (Arahata &
Engel, 1984; Dalakas & Sivakumar, 1996). However, the mecha-
nisms involved in T-cell persistence in the skeletal muscle of
patients with IIM during disease development and chronicity are
currently unknown.

Here, we performed an unbiased single-cell profiling of muscle-
infiltrating T cells and peripheral blood memory T cells in six
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recently diagnosed patients with IIM and in a patient with an unde-
fined myopathy as a comparator. We identified T cells expressing a
tissue resident memory (Tgpy) signature including the transcription
factor HOBIT in the muscle of all patients with IIM. Clonally
expanded muscle T cells displayed cytotoxic or Tgy features. The
same expanded T-cell clones were identified at early diagnosis and
after treatment in two patients. Altogether, our study provides an
immune profiling map of T cells in patients with IIM which contrib-
utes to the understanding of the pathogenic mechanisms and may
help to identify potential new therapies.

Results

CD8" and CD4" T-cell populations in the muscle of patients
with myositis

First, we evaluated the presence of T-cell infiltrates in fresh muscle
biopsies by flow cytometry (Fig 1A) and immunohistochemistry
from patients with suspicion of myositis (Dataset EV1). T cells could
be sorted by flow cytometry in seven out of 15 patients corre-
sponding to the identification of T-cell infiltrates in the muscle by
histopathology (Fig 1B, Appendix Fig S1). We then performed
Smart-seq2 single-cell RNA sequencing on T cells isolated from
fresh muscle biopsies (hereafter named “muscle T cells”) and
matched peripheral blood (PB) of six patients with a confirmed
[IM diagnosis and one patient with an undefined myopathy
(Fig 1A and Dataset EV1). Muscle T cells were sorted based on the
co-expression of CD45 and CD3 whereas PB memory T cells were
sorted based on the exclusion of naive CD45RA"CCR7'CD3™ T cells
(gating strategy in Appendix Fig S2). After quality control, filtering,
and normalization of the gene expression matrix (Appendix Fig S3,
Fig EV1A), 1,402 muscle T cells were recovered from the analysis.
We then performed unsupervised clustering of muscle T cells
which revealed 10 clusters annotated based on known genes and
visualized by UMAP (Figs 1C-F and EV1B, Dataset EV2). Cluster 1
(CM) contained central memory T cells expressing MAL, CCR7
(Fig EV1B) and LEFI (Szabo et al, 2019) and was enriched in
CD4" T cells. Several clusters with effector memory features were
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detected. Cluster 2 (GZMB" EM) identified effector memory T cells,
expressed high levels of GZMB, PRFI and NKG7 and consisted of
both CD4" and CD8" T cells. Cluster 6 (KLRB1" EM) and cluster 7
(CD69" EM) represented two clusters of effector memory T cells
expressing low levels of CCR7, KLRBI (encoding CD161) and
CD69, mainly composed of CD4" T cells. Four clusters of T cells
enriched in tissue resident memory (Tgy) signatures (XCLI, XCL2,
CXCR6 (Wein et al, 2019) and CRTAM (Cortez et al, 2014)) were
identified: cluster 3 (HOBIT® Try) expressing ZNFG683 (Mackay
et al, 2016; Parga-Vidal et al, 2021; encoding HOBIT) and enriched
in CD8" T cells; cluster 4 (EGR1" Tgy) expressing EGRI, IFNG and
enriched in CD8" T cells; cluster 5 (HLA-DR" Tgy) expressing
CD74, HLA-DRBI and GZMB and enriched in CD8" T cells; cluster
8 (CXCL13" Trwm) expressing CXCL13, HLA-DRB1, TNFRSF9 and
containing both CD8" and CD4" T cells. Cluster 9 (Tregs) was com-
posed of regulatory CD4" T cells expressing FOXP3 (Zemmour
et al, 2018), TNFRSF9 and TIGIT. Cluster 10 (Proliferating)
consisted of proliferating T cells expressing MKI67 (Uxa
et al, 2021) and was enriched in CD8" T cells. All T-cell clusters
were detected in all patients at different frequencies (Fig 1F and
G). While the CXCL13" Ty cluster was more prominent in patient
with DM, the HOBIT™ Tgy cluster was larger in patient 6 with
IBM. Patient 7 with the undefined myopathy presented with simi-
lar clusters as the patients with IIM although fewer Try cells were
detected (Fig 1F and G). We further evaluated key T-cell receptors
and transcription factors associated with T-cell effector functions
within the clusters (Figs 1H and EV1B). GZMB* EM T cells (cluster
2) expressed genes associated with cytotoxic functions such as the
receptors (FGPBP2, ADGRGI1, CX3CRI, KLRDI1, KLRF1, KLRGI),
effector molecules (GZMB, GZMA, GZMH, PRF1, NKG7) and the
TBX21 transcription factor (Fig 1H). GZMK was expressed in Try
clusters (clusters 4, 5, 8) but also in proliferating cells (cluster 10;
Figs 1H and EV1B). EGR1" Tgy cells expressed EGR1, IFNG, TNF
and the chemokines CCL3, CCL4, CCL5 (Fig 1H). CXCL13 was
mainly detected in the CXCL13" Try (cluster 8) and to a lesser
extent in the HLA-DR" Tgy subset (cluster 5). Together, our data
show that in IIM, muscle infiltrating T cells are predominantly
composed of cytotoxic, effector memory, tissue-resident, proliferat-
ing and regulatory T cells.

Figure 1. T-cell clusters identified in the muscle of patients with idiopathic inflammatory myopathies.

A Methodological workflow including isolation of memory T cells from peripheral blood (PB, in green) and muscle T cells (in blue) from muscle biopsies, followed by
Smart-seq2 single-cell sequencing in six patients with idiopathic inflammatory myopathies (IIM) and one with an undefined myopathy.
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UMAP displaying 10 muscle T-cell clusters split by patient.

o m

Representative CD3 immunohistochemistry staining of a muscle biopsy from a patient with inclusion body myositis (6-1BM).

UMAP displaying 10 T-cell clusters in the muscle of patients with [IM (n = 1,402 cells).

UMAP feature plots displaying the normalized expression of CD4, CD8A, and CD8B genes.

Heatmap showing the normalized and scaled expression of the top seven differentially expressed genes per cluster (Wilcoxon Ranked Sum test, P value < 0.006;
05 < log, fold change < 4.5) as well as CD4, CD8B and CD8A gene expression.?

Stacked bar plots of the muscle T-cell cluster composition in each patient with IIM. Color corresponds to muscle T-cell clusters depicted in (C).

H Dot plot showing the expression level of selected T-cell effector function related genes per cluster (n = 6 [IM, n = 1 undefined myopathy). Circle size indicates

percentage of cells expressing, color intensity indicates average expression.

Data information: (C, D, F) Each dot represents one cell. (C, F) n indicates the number of cells. CM: central memory; EM: effector memory; TRM: tissue resident memory.
IMNM: Immune-Mediated Necrotizing Myopathy; DM: DermatoMyositis; ASyS: AntiSYnthetase Syndrome; IBM: Inclusion Body Myositis, [IM: Idiopathic Inflammatory

Myopathies.
Source data are available online for this figure.

SCorrection added on 31 August 2023, after first online publication: Panel E has been corrected.
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CD8" and CD4" T-cell populations in peripheral blood of patients
with myositis

After quality control, filtering, and normalization of the gene expres-
sion matrix (Appendix Fig S3, Fig EV2A), 1,417 PB memory T cells
were recovered from the analysis. Unsupervised clustering of PB T
cells revealed seven clusters annotated based on known genes and
visualized by UMAP (Fig 2A-D, Dataset EV3). Three central
memory clusters expressing MAL and CCR7 were detected: cluster 2
(CM-1), cluster 3 (CM-2), and cluster 4 (CM-3) and were mainly
composed of CD4" T cells (Figs 2B and EV2B). Two subsets of effec-
tor memory T cells were identified. Cluster 1 (GZMB" EM) expres-
sing high levels of GZMB, CX3CRI1 (Bottcher et al, 2015), ADGRGI
(Peng et al, 2011; Argyriou et al, 2022; encoding GPR56) and PRF1I
contained both CD4" and CD8" T cells. Cluster 5 (GZMK" EM)
expressing high levels of GZMK was composed of both CD4" and
CD8" T cells. We also detected CD8" T cells expressing NK-cell
receptors (KLRCI, KLRC2, FCGR3A, and KIRs (encoding Killer Ig-
Like receptors)), the transcription factor IKZF2 (encoding HELIOS)
in cluster 6 (NK-like CD8; Li et al, 2022; Fig EV2B and C). Of note,
the invariant TRAV1-2 (encoding Va7.2) and TRAV-10 (encoding
Va24) genes, expressed on MAIT (Treiner et al, 2003) and invariant
NKT (Dellabona et al, 1994) cells respectively, were not enriched in
a specific cluster (Fig EV2D). This NK-like CD8" T-cell cluster
expressing KLRCI, KLRC2, IKZF2 was not identified in Smart-seq3
single-cell data of memory T cells from PB of healthy donors
(Fig EV3A-E, Dataset EV4). All populations were detected in all
seven patients although memory PB T cells mainly consisted of
GZMB" EM T cells in patient 4 with antisynthetase syndrome (ASyS;
Fig 2D and E). Patient 3 with dermatomyositis (DM) had lower fre-
quencies of CD8" T cells in PB compared to the other patients (clus-
ters 1 and 6; Fig 2D and E) as confirmed by flow cytometry
(Fig EV2E and F). Of note, in peripheral blood of patients with IIM,
FOXP3" Tregs did not separate into a distinct cluster but were
detected in several clusters (clusters 2, 3, 4, 5) including central and
effector memory CD4" T cells (Figs 2F and EV2B). Our data show
that, in patients with I[IM, PB memory T cells are mainly composed
of central and effector memory T cells and NK-like CD8" T cells.

Tissue resident memory T-cell signatures are detected in the
muscle of patients with IIM

To further identify gene signatures in muscle T cells, we compared
muscle and PB T-cell gene expression. We first evaluated gene expres-
sion in PB memory T cells from healthy donors treated with
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collagenase (Fig EV3F, Dataset EVS) and identified CREM, FOSL2 and
CXCR4 among others as genes upregulated after collagenase treatment.
We then compared differentially expressed genes between muscle T
cells and PB memory T cells from patients with IIM, after removal of
all the genes affected by enzymatic digestion (Fig EV3G). In the top 50
upregulated genes after the filtering, XCL1, XCL2 (Mackay et al, 2016),
CXCR6 (Wein et al, 2019), CRTAM (Cortez et al, 2014) and HOBIT
(Mackay et al, 2016; Parga-Vidal et al, 2021) associated with Try for-
mation in different tissues, were upregulated in muscle T cells
(Fig EV3G and Dataset EV6). Indeed, clusters 3, 4, 5, 8 showed a posi-
tive enrichment for a Tgry signature (Kumar et al, 2017) when com-
pared to the other clusters (Fig 3A). ITGA4 (encoding CD49D), ITGAE
(encoding CD103), CXCR6, CD69, CRTAM, ZNF683, XCL1 and XCL2
were detected at different levels in HOBIT™ Tgy (cluster 3), EGR-1"
Tru (cluster 4), HLA-DR" Tgy (cluster 5) and CXCL13" Tgry (cluster 8)
cells (Fig 3B-D). The other classically associated tissue resident recep-
tor ITGAI (encoding CD49a) had low expression in these cell popula-
tions (Fig EV1C). Downregulation of SIPR1 is implicated in resident
memory CD8" T-cell formation (Skon et al, 2013). Likewise, a
lower expression of SIPR genes was detected in these four Trm
populations (clusters 3, 4, 5, 8) as compared to central or effector
memory populations (Fig 3B and C). Moreover, FOXP3" Treg
expressing TIGIT and TNFRSF9 also displayed CXCR6, TOX,
PRDM1 (encoding BLIMP1) and low expression of SIPR genes
suggesting a tissue resident memory signature (Fig 3B). ZNF683
expression was higher in patients with IBM compared to the other
patients (patients 5 and 6; Fig 3D). At the protein level, we con-
firmed the presence of HOBIT-positive T cells among muscle infil-
trating T cells using confocal microscopy in patient 6 (IBM) and to
a lesser extent in patient 3 (DM) and 4 (ASyS; Fig 3E-G). Interest-
ingly, HOBIT was also detected in muscle fibers in biopsies
(Fig EV4A and B). Thus, our results identify four T-cell subsets
expressing tissue resident memory features, including the tran-
scription factor HOBIT, in the muscle biopsies of patients with IIM.

Clonally expanded T cells are identified in the muscle

Local inflammation might induce recruitment of bystander T cells
which can potentially participate in the pathogenesis of the disease
(Whiteside et al, 2018). Investigation of T-cell clones might there-
fore be a more accurate mirror of ongoing autoimmune reactions. T-
cell receptor sequences were assembled using TraCeR (Stubbington
et al, 2016; Dataset EV7). As a clone, we defined two or more cells
that shared the same CDR3 amino acid sequence of the T-cell recep-
tor alpha (TCRa) and beta (TCRP) chains. Expanded T-cell clones

Figure 2. T-cell clusters identified in peripheral blood of patients with idiopathic inflammatory myopathies.

A UMAP displaying seven T-cell clusters identified in peripheral blood (PB) of patients with [IM (n = 1,417 cells).
B UMAP feature plots displaying the normalized expression of CD4, CD8A, and CD8B genes.
C Heatmap showing the normalized and scaled expression of the top 10 differentially expressed genes per cluster (Wilcoxon Rank Sum test, P value < 0.005;

0.57 < log, fold change < 3.38) as well as CD4, CD8B and CD8A gene expression.
D UMAP displaying seven PB T-cell clusters split by patient.

E Stacked bar plots of the PB T-cell cluster composition in each patient with IIM. Color corresponds to the PB T-cell clusters depicted in (A).
F Dot plot showing the expression level of selected T-cell effector function related genes per cluster (n = 6 1IM, n = 1 undefined myopathy). Circle size indicates

percentage of cells expressing, color intensity indicates average expression.

Data information: (A, B, D) Each dot represents one cell. (A, D) n indicates the number of cells. CM: central memory; EM: effector memory; IMNM: Immune-Mediated
Necrotizing Myopathy; DM: DermatoMyositis; ASyS: AntiSYnthetase Syndrome; IBM: Inclusion Body Myositis, IIM: Idiopathic Inflammatory Myopathies.

Source data are available online for this figure.
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were observed in the muscle tissue of all patients ranging between
20 to 50% of all CDR3 sequences (Fig 4A, left panel). In PB,
expanded T-cell clones were mainly identified in patients 2 (IMNM),
4 (ASyS), and 6 (IBM; Fig 4A, right panel). In the two patients with
IMNM, most expanded clones were identified among GZMB" EM
CD8" T cells and were shared between PB and muscle (Fig 4B,

© 2023 The Authors

Dataset EV8). Fewer clones were detected in the patient with DM
and consisted of 2-3 cells. Patient 4 with ASyS presented expanded
muscle GZMB" EM CD4" and CD8" T-cell clones with cytotoxic fea-
tures (Fig 4B) sharing CDR3 sequences with PB GZMB™ EM T cells.
Most muscle expanded T-cell clones from the patients with IBM
(patients 5 and 6) were among central memory, Tgy and KLRB1*
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Figure 3. Tissue resident memory and regulatory T-cell signatures in the muscle tissue of patients with idiopathic inflammatory myopathies.

A Gene Set Enrichment Analysis (GSEA) plot comparing muscle T-cell clusters 3, 4, 5, 8 versus clusters 1, 2, 6, 7,9, 10 for the Ty signature described in Kumar

etal, 2017.

B Dot plot showing the normalized expression of selected genes coding for Tr\ and regulatory (Tregs) signatures per cluster (n = 6 IIM, n = 1 undefined myopathy).
Circle size indicates percentage of cells expressing, color intensity indicates average expression.

C Violin plots displaying the normalized expression level of selected genes per cluster in muscle T cells (n = 6 IIM, n = 1 undefined myopathy).

D Violin plots displaying the normalized expression level of selected genes per patient in the four Tgy clusters (n = 6 I1IM, n = 1 undefined myopathy).

E Representative immunofluorescence stainings of HOBIT (red), CD3 (green), dystrophin (purple) and Hoechst 33342 (blue) performed on muscle tissue for patient 6
(IBM), patient 3 (DM) and 4 (ASyS). Images were acquired using a LSM 880 confocal without Airyscan microscope (63x oil objective). Scale bar = 20 um. The white

arrows show HOBIT" T cells.
F Isotype mouse and rabbit IgG1 immunofluorescence stainings.

Quantification of HOBIT' T cells in muscle biopsies of patient 6 (IBM), patient 16 (IBM), patient 3 (DM) and 4 (ASyS). The number of counted CD3-positive T cells is

indicated under each bar as n.

Data information: CM: central memory; EM: effector memory; TRM: tissue resident memory; Tregs: regulatory T cells. IMNM: Immune-Mediated Necrotizing Myopathy;
DM: DermatoMyositis; ASyS: AntiSYnthetase Syndrome; IBM: Inclusion Body Myositis; IIM: Idiopathic Inflammatory Myopathies.

Source data are available online for this figure.

EM T cells. The patient with undefined myopathy mainly presented
clones within GZMB™ EM CD4" T cells which were shared with PB
GZMB" EM T cells. However, there were very few expanded Tgy in
this patient (Fig 4B). Sharing of T-cell clonality might reveal a differ-
entiation link between different clusters. In muscle, we observed
shared CDR3 sequences between central memory T cells (CM),
KLRB1" EM T cells and the four Tgy clusters (HOBIT™ Tgym, EGR-17
Trm, HLA-DR" Tgy, CXCL13" Tgry) in patients 5 and 6. Of note, we
did not detect any T-cell clones shared between patients. Altogether,
these results show that most expanded clones were found among
effector memory T cells with cytotoxic features and tissue resident
memory T cells in the muscle of patients with IIM.

Expanded T-cell clones persist after treatment

To investigate T-cell clone persistence, a second muscle biopsy was
performed in patient 4 (ASyS) and patient 2 (IMNM) after 9 months of
immunosuppressive treatment. In both cases, after treatment, labora-
tory markers (C-reactive protein (CRP), erythrocyte sedimentation rate
(ESR) and creatine-kinase (CK)) had normalized (Dataset EV1). Muscle
strength had improved for patient 2 (IMNM) and remained unchanged
for patient 4 (ASyS). Even though no immune infiltrates were detected
in muscle biopsies by histopathology after treatment, T cells could be
single-cell sorted (Dataset EV1, Appendix Fig S1). Unsupervised analy-
sis of all seven samples taken at early diagnosis, combined with the
two patient samples taken after treatment revealed nine clusters in
muscle and eight clusters in blood (Fig EVSA and B) very similar to the
previous clustering (Figs 1C and 2A) apart from HLADR" Tgy and
HOBIT" Tgrm clusters which were fused into one cluster (cluster 5,
HLA-DR/HOBIT' Tgy) in muscle and the GZMB" EM cluster in PB that
was split into two clusters (cluster 1A-GZMB" EM and cluster 1B-

GZMB" EM). In both patients, the frequency of HLA-DR/HOBIT" Try
cells in the muscle (cluster 5) was lower after treatment (Fig EVSC-F).
In parallel, the frequency of muscle GZMB® EM (cluster 2) T cells
increased after treatment. In blood, NK-like CD8" T cells (cluster 6)
were not detected after treatment and the frequency of PB GZMB" EM
(clusters 1A, 1B) T cells increased (Fig EVS5G-J). T-cell clone frequen-
cies in muscle and blood after treatment were very similar as before
treatment (Fig SA-D). Expanded T-cell clones represented around 55%
of all CDR3 sequences in muscle and 25% in PB in the re-biopsy of
patient 2 (IMNM; Fig SA), whereas it ranged around 30% in the muscle
and around 65% in PB in patient 4 (ASyS; Fig 5C). Analysis of these
CDR3 sequences showed that the most expanded clones in muscle or
PB at the time of diagnosis persisted after treatment (Fig 5B and D). In
patient 2 (IMNM), most of the muscle expanded T-cell clones at diag-
nosis and after treatment originated from GZMB™ EM CD8" T cells
(cluster 2) and EGR1" Tgy (cluster 4; Fig SE, left panel, Datasets EV9
and EV10). In patient 4 (ASyS), the expanded cytotoxic CD4" T-cell
clone observed in the muscle (cluster 2) remained cytotoxic at re-
biopsy but fewer HLA-DR/HOBIT" Ty (cluster 5) were detected after
treatment (Fig SF left panel, Dataset EV10). In both patients, most
expanded T cells in PB were identified within GZMB* EM CD8" or
CD4" T cells before and after treatment (clusters 1A, 1B; Fig SE and F,
right panels, Datasets EV9 and EV10). These data indicate that
expanded T-cell clones remain in the muscle after conventional immu-
nosuppressive treatment.

Differentially expressed genes including a type 1 interferon (IFN)
signature are revealed in distinct IIM subgroups

We then investigated differential gene expression in muscle T cells
among the IIM subgroups. We identified type 1 IFN related genes

Figure 4. Expanded T-cell clones are identified in the muscle and corresponding memory peripheral blood T cells in patients with idiopathic inflam-

matory myopathies.

A Stacked bar plots showing the frequency of T-cell clones per patient in the muscle (left) and peripheral blood (PB) (right), including non-expanded (unique, lightest
shade) and expanded clones (colored from light to dark shades, from less expanded to more expanded clones).

B Network plots displaying T-cell expanded clones per patient, in both muscle (circle) and PB (square). The color of the shape corresponds to the T-cell cluster as indi-
cated. Dark brown indicates CD4" T cells, light brown indicates CD8" T cells, grey indicates CD8 CD4™ T cells. The connecting line between at least two cells indicates
sharing of CDR3 sequences. n indicates the number of expanded T cell-clones per patient.

Data information: CM: central memory; EM: effector memory; TRM: tissue resident memory. IMNM: Immune-Mediated Necrotizing Myopathy; DM: DermatoMyositis;
ASyS: AntiSYnthetase Syndrome; IBM: Inclusion Body Myositis; [IM: Idiopathic Inflammatory Myopathies.

Source data are available online for this figure.

© 2023 The Authors
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Figure 5. T-cell clones persist after treatment in two patients with idiopathic inflammatory myopathies.

A Stacked bar plots displaying the frequency of T-cell clones in patient 2 IMNM) at early diagnosis and after treatment in muscle and peripheral blood (PB).

B Pie charts showing the shared CDR3 sequences (expanded or unique) between early diagnosis (left panel) and after treatment (right panel) in muscle (upper panel) or
PB (lower panel) in patient 2 (IMNM). The same color shows identical CDR3 sequences. Numbers indicate number of cells per CDR3 sequence.

C Stacked bar plots displaying the frequency of T-cell clones in patient 4 (ASyS) at early diagnosis and after treatment in muscle and PB.

D Pie charts showing shared CDR3 sequences (expanded or unique) between early diagnosis (left panel) and after treatment (right panel) in muscle (upper panel) or PB
(lower panel) in patient 4 (ASyS). The same color shows identical CDR3 sequence. Numbers indicate number of cells per clone.

E Network plots displaying shared and/or expanded CDR3 sequences in patient 2 (IMNM), in muscle (left) and PB (right) at early diagnosis (circle) and after
immunosuppressive treatment (square).

F  Network plots displaying shared and/or expanded CDR3 sequences in patient 4 (ASyS), in muscle (left) and PB (right) at early diagnosis (circle) and after
immunosuppressive treatment (square).

Data information: (A, C) Stacked bar plots where lightest color shows unique sequences; the expanded clones are colored from light to dark shades, from less expanded
to more expanded clones. (E-F) The color of the shape corresponds to the T-cell cluster as indicated.

Dark brown indicates CD4" T cells, light brown indicates CD8" T cells.

The connecting line between at least two cells indicates sharing of CDR3 sequences. CM: central memory; EM: effector memory; TRM: tissue resident memory. IMNM:
Immune-Mediated Necrotizing Myopathy; DM: DermatoMyositis; ASyS: AntiSYnthetase Syndrome; IBM: Inclusion Body Myositis; [IM: Idiopathic Inflammatory
Myopathies.

Source data are available online for this figure.

(IFI44L, IFI6) in muscle T cells in the patient with ASyS and to some undefined myopathy patient 7. In addition, muscle T cells from
extent in the patient with DM but not in the other IIM patients the patient 7 with undefined myopathy expressed increased levels of
(Fig 6A, Dataset EV11). Cytotoxicity-related genes (FGFBP2, FCGR3A SELL, TNFRSF25 and LEFI suggestive of an enrichment for recircu-
encoding CD16) were identified in IMNM patients 1 and 2 and the lating central memory T cells as seen in Fig 1F. Muscle T cells from

© 2023 The Authors EMBO Molecular Medicine 15:e17240(2023 9 of 17
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IBM patients differentiated from the others by a stronger expression
of genes related with T-cell tissue residency (ITGAE, XCL1, CXCRé,
ZNF683), whereas in the patient with DM, muscle T cells presented

Alexandra Argyriou et al

an increased expression of CXCL13, HLA-DRBS and HLA-DRBI pos-
sibly reflecting the presence of peripheral helper T cells (Kobayashi
et al, 2013; Rao et al, 2017; Argyriou et al, 2022). The expression of
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Figure 6. Differentially expressed genes in distinct idiopathic inflammatory myopathies subgroups.

A Dot plot displaying genes selected from the top 10 differentially expressed genes per subgroup of disease in muscle T cells. Circle size indicates the percentage of cells

expressing, color intensity indicates average expression.

B Feature plots of IFI44L expression levels in each patient at early diagnosis in muscle T cells (upper panel) and peripheral blood memory T cells (lower panel).
Left panel: Heatmap showing the normalized and scaled expression of the 10 most upregulated genes and the 10 most downregulated genes (based on average
log2FC) in T cells when comparing gene expression at early diagnosis versus gene expression after treatment in the muscle of patient 4 (ASyS) (0.26 < log, fold
change < 2.15, P value < 0.005). Right panel: UMAP feature plot displaying IFI44L gene expression at early diagnosis (upper) and after treatment (lower) in muscle

T cells.

D Left panel: Heatmap showing the normalized and scaled expression of the 10 most upregulated genes and the 10 most downregulated genes (based on average
log2FC) in T cells when comparing gene expression at early diagnosis versus gene expression after treatment in the muscle of patient 2 IMNM) (0.27 < log, fold
change < 1.41, P value < 0.009). Right panel: UMAP feature plot displaying IFI44L gene expression at early diagnosis (upper) and after treatment (lower) in muscle

T cells.

Data information: IMNM: Immune-Mediated Necrotizing Myopathy; DM: DermatoMyositis; ASyS: AntiSYnthetase Syndrome; IBM: Inclusion Body Myositis; [IM: Idiopathic

Inflammatory Myopathies.

killer cell lectin-like receptor G1 (KLRG1) has previously been iden-
tified on cytotoxic T cells in IBM (Greenberg et al, 2019). Indeed,
KLRGI was detected on GZMB" effector T cells presenting cytotoxic
features (GZMB, PRF1, ADGRGI) but also to a lesser extent on Trym
cells (Fig EV1B). The expression of KLRGI was not restricted to IBM
but was also detected in T cells in the muscle of the other IIM sub-
groups (Fig EV1D). We observed that only PB and muscle T cells
from patient 3 (DM) and patient 4 (ASyS) had an increased type 1
interferon profile at early stages of the disease in comparison with
the other IIM subgroups (Fig 6B) or to memory T cells from PB of
healthy donors (Fig EV3H and I). Interestingly, muscle T cells from
patient 4 (ASyS) presented a downregulation of type 1 interferon
related genes (IFI44L, IF6, IFI44) after treatment (Fig 6C,
Dataset EV12) which was not observed in patient 2 (IMNM; Fig 6D,
Dataset EV13). These results point to some distinct signatures in
muscle T cells from IIM subgroups.

Discussion

By performing single-cell sequencing of infiltrating T cells in muscle
from patients with IIM, we identified effector, tissue resident, Tregs
and proliferating T cells. Our study unraveled the presence of four
T-cell clusters expressing genes associated with tissue resident
memory. Most of the clonally expanded muscle T cells were identi-
fied within the GZMB" effector and Ty cells. Identical clones were
detected in PB and muscle T cells in repeated biopsies from two
patients after 9 months of treatment suggesting resistance to immu-
nosuppressive treatment. Our study provides a unique unbiased
transcriptomic and TCR landscape of muscle T cells in I[IM which
might be used to design new treatment strategies and possible prog-
nostic markers.

The presence of immune cell infiltrates is one of the important
signs to support the diagnosis and classification of IIM (Dorph
et al, 2001) and T cells are proposed to play an active role in muscle
fiber damage (Goebels et al, 1996; Sugiura et al, 1999; Pandya
et al, 2010; Greenberg et al, 2019). Single-cell sequencing offers the
possibility to deeply investigate T-cell effector functions in the context
of their clonality. We observed that, despite clinical heterogeneity,
most expanded muscle T-cell clones were present among CD8" T
cells. Indeed, even though CD4" T cells were detected in all biopsies,
only the patient with ASyS presented with clonally expanded muscle
cytotoxic CD4" T cells, which indicates differences in molecular

© 2023 The Authors

pathways between IIM subgroups. Infiltrates of highly cytotoxic CD8"
T cells have been described in muscle biopsies of IBM patient for
decades (Arahata & Engel, 1984, 1986; Pandya et al, 2010; Greenberg
et al, 2019) and their resistance to treatment may explain the lack of
therapeutic response in these patients. In line with these data, we
identified a cluster of GZMB" effector T cells in the muscle of all
patients. We confirmed KLRGI expression on GZMB" effector T cells
as previously described (Greenberg et al, 2019) but this expression
was not restricted to the IBM subset. Nevertheless, in the two IBM
patients included in this study, clonally expanded CD8" T cells
displayed a tissue resident memory phenotype including the expres-
sion of HOBIT, CXCR6, XCLI, and XCL2. We also detected GZMK in
three Try subsets confirming a previous report describing GZMK in
Trum CD8" cells in the synovium of RA patients (Jonsson et al, 2022).
In blood, NK-like CD8" T cells with high cytotoxic features were
detected in all patients at different frequencies. These cells shared
TCR sequences with GZMB" effector T cells suggesting that they
represent different states of differentiation. NK-like CD8" T cells have
been described in PB in autoimmune diseases such as lupus (Basu
et al, 2009) and celiac disease (Meresse et al, 2006) but also in severe
acute respiratory syndrome coronavirus 2 (Li et al, 2022) where they
are proposed to be the human equivalent of the immunoregulatory
Ly49°CD8" T cells (Li et al, 2022). Sharing of TCR sequences between
effector/cytotoxic T cells and Ty, cells suggests that these cell types
might also be developmentally connected. The persistence of clones
despite conventional immunosuppressive treatment could be inter-
preted as a failure to achieve remission and could explain the
development of flares after treatment tapering or suspension.
These tissue resident features might explain chronicity and difficul-
ties in treating patients with IBM.

Biopsies from patients with IMNM are usually characterized by
more limited presence or even complete absence of T-cell infiltrates
(Merlonghi et al, 2022). However, CD3" T cells densities in muscle
biopsies from anti-SRP* and anti-HMGCR" patients were shown to
be the same as in anti-Jol* patients (Allenbach et al, 2018),
highlighting the possibility to further study these cells from muscle
biopsies. Here, we could detect clonally expanded effector GZMB"
CD8" T cells in the muscle of the two IMNM patients. These clones
were shared with GZMB" effector T cells in PB suggesting circula-
tion between PB and muscle. After treatment, no immune cell infil-
trates were identified in the muscle biopsies of patients with IMNM
and ASyS by histopathology, but muscle T cells could still be single-
cell sorted and sequenced. Single-cell sorting and sequencing is
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therefore a sensitive method to detect phenotypical changes in mus-
cle immune cell infiltrates. T-cell clonality analysis in two patients
after 9 months with conventional immunosuppressive treatment
revealed the persistence of T-cell clones which were also detected in
PB, despite clinical improvement. We detected a decrease in the
expression of type 1 IFN-related genes in the ASyS patient after
treatment, which was associated with clinical response, indicating a
possible role of type I IFN pathway in this subset of IIM. In
a patient with DM, a CXCL13 signature was detected which might
indicate the presence of peripheral helper T cells as described
in RA (Kobayashi et al, 2013; Rao et al, 2017; Argyriou
et al, 2022). We identified shared and patient-specific signatures
that suggest the involvement of different molecular mechanisms in
IIM subgroups.

Regulatory T cells were identified in the skeletal muscle of mice
following acute injury (Burzyn et al, 2013) and in a model of mus-
cular dystrophy (Villalta et al, 2014). In these models, Tregs are pro-
posed to promote muscle repair through the growth factor
amphiregulin (Burzyn et al, 2013). FOXP3" Tregs have also been
found in muscle biopsies of patients with IIM where they potentially
could neutralize CD8" cytolytic effector functions (Waschbisch
et al, 2010). Here, we identified FOXP3" Treg cells expressing TIGIT,
TNFRSF9 and ICOS but also a tissue resident memory signature
suggesting their maintenance within the tissue. FOXP3" Tregs were
detected in all patients and did not present signs of clonal expansion
possibly due to the small number of cells detected. Our data show
that in the muscle of patients with IIM, FOXP3" Tregs are outnum-
bered by effector T cells probably making Tregs unable to control
local inflammation.

One limitation of this study is the sample size due to the rarity of
[IM. Hence, the transcriptomic signature observed in the different
IIM subgroups needs to be confirmed in further studies. Single-cell
sorting and sequencing of muscle infiltrating T cells could be
performed in seven out of the 15 patients with suspicion of myositis.
However, the sometimes patchy distribution of inflammatory infil-
trates in the muscle tissue, the lack of immune infiltrates, or a pre-
dominance of other immune cells such as macrophages might
account for the fact that we did not detect T cells by flow cytometry
in muscle biopsies from all patients with IIM. Here, we have chosen
the Smart-seq2 sequencing technology because it has a good tran-
scriptome coverage (30-40%) and allows the recovery of TCRaf
sequences from the same dataset (Nguyen et al, 2018). A disadvan-
tage of this method is the limited number of cells which can be
single-cell sequenced. Another limitation of this study is the lack of
comparison with muscle-infiltrating T cells from healthy donor’s
biopsies. Such experiments, although technically challenging given
the low numbers of T cells infiltrating the healthy muscle tissues
(Rubenstein et al, 2020) will inform about possible differences in
the profile of Try cells at the steady state compared to IIM.

In conclusion, our data demonstrate the feasibility and sensitivity
of using single-cell sequencing to explore the T-cell infiltrate diver-
sity in muscle tissue from patients with IIM, even in cases where
few immune cell infiltrates are detected by histopathology. We iden-
tified receptors associated with homing and tissue-residency.
Expanded T-cell clones were found within effector and tissue resi-
dent T-cell clusters and persisted after conventional immunosup-
pressive treatment. The comparison with memory T cells in PB
revealed distinct T-cell phenotypes in the muscle tissue,
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emphasizing the importance of investigating the muscle tissue in
these diseases. Our study provides an immunoprofiling T-cell map
to understand the pathogenesis and to facilitate the development of
novel therapies in myositis.

Materials and Methods

Patients and healthy controls

Muscle biopsies and PB from 15 patients with clinical signs of mus-
cle weakness were collected at time of diagnosis at the Karolinska
Hospital Rheumatology Clinic (Dataset EV1). Classification of IIM
was done according to the 2017 European League Against Rheuma-
tism/American College of Rheumatology classification criteria
(Lundberg et al, 2017). Out of 15 patients, one turned out to have
an undefined myopathy, and another patient was diagnosed with
Becker muscular dystrophy based on whole exome sequencing. No
sample size calculation was made. In six patients with IIM and one
patient with undefined myopathy (median age = 62, 43% female),
clear immune cell infiltrates in muscle tissue were confirmed by
flow cytometry and histopathology. T cells were subsequently
single-cell sorted from the fresh muscle biopsy and from corre-
sponding PB of these seven patients (Dataset EV1 and Appendix
Fig S1). In three healthy donors (median age = 59, 100% female),
memory T cells were single-cell sorted from PB (Fig EV3A-E). The
local research ethics committee at Karolinska University Hospital
(Dnr 2020-06900) and Stockholm region (Dnr 2010/935-31/1)
approved the study. All participants signed an informed consent and
the experiments were conducted according to the principles set out
in the World Medical Association Declaration of Helsinki and the
Department of Health and Human Services Belmont Report.

Muscle biopsy

Muscle biopsies were obtained with a “semi-open” muscle
biopsy technique (Henriksson, 1979). After local anesthesia, an alli-
gator forceps (Weil-Blakesley’s conchotome) was used to collect
muscle biopsies by an experienced rheumatologist from either
vastus lateral or tibialis anterior muscle (Dataset EV1). Muscle biop-
sies underwent routine histochemical and immunohistochemical
stains for inflammatory cells and were distinguished from non-
autoimmune myopathies by an experienced muscle pathologist.

Autoantibody testing

Autoantibodies against Jol, PL12, PL7, OJ, EJ, Mi2, MDAS, NXP2,
TIF1y, SAE1, SRP, HMGCR, PMScl, Ro52, and UIRNP were ana-
lyzed using one or more of the following: (i) immunoprecipitation,
(ii) Euroline myositis panel 4 by Euroimmun, Liibeck, Germany,
and/or (iii) enzyme-linked immunosorbent assays (ELISA;
Dataset EV1).

Single-cell processing
Fresh muscle biopsies were digested with liberase (Roche, 0.25 mg/

ml) or collagenase A (Sigma Aldrich, 4 mg/ml) and DNAse I (Sigma
Aldrich, 0.5 mg/ml) during 60 min at 37°C and stained with near
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infra-red viability dye (Invitrogen, Catalog #L10119) and
fluorescently coupled antibodies (gating strategy in Appendix
Fig S2). Anti-CD45 and anti-CD3 antibodies (Appendix
Table S1) were used to enrich for T cells within the muscle tissue
and to minimize sorting of cells/debris which could bind not specifi-
cally to anti-CD3 antibodies. Of note, the anti-CD45 monoclonal
antibody (clone HI30, BD biosciences) binds to the 180 (CD45RO),
190, 205, 220 (CD45RA) kDa protein isoforms of CD45. One hun-
dred and ninety-two CD45°CD3" cells were single-cell sorted using
an influx sorter (BD Biosciences). One hundred and ninety corre-
sponding CD3" memory T cells (by excluding naive CCR7"CD45RA”™
T cells) from PB were sorted in the same plate to minimize batch
effects. We sorted memory T cells from PB to maximize the possibil-
ity to identify expanded T cell clones and to reduce sequencing
costs. For patient 6, we could sort 382 CD45°CD3" T cells from the
muscle and 382 CD3" memory T cells from PB. To evaluate
the effect of collagenase on gene expression (Fig EV3F), 1.10° PBMC
were incubated with collagenase A (Sigma Aldrich, 4 mg/ml) and
DNAse I (Sigma Aldrich, 0.5 mg/ml) during 60 min at 37°C using
the same protocol as for muscle biopsies. Single T cells from I[IM
(muscle and PB) were submitted to Smart-seq2 sequencing. Single T
cells from healthy donors were run at a different time point and sub-
mitted to Smart-seq3 sequencing (Fig EV3A-E).

Smart-seq2/3 single-cell RNA library preparation and sequencing

For IIM patients, single-cell RNA-sequencing libraries were gener-
ated with the Smart-seq2 protocol based on the original publication
(Picelli et al, 2013) at the Eukaryotic Single-cell Genomics facility
at Science for Life Laboratory in Stockholm, Sweden. T cells were
single sorted in individual wells of 384 well-plates containing 2.3 pl
lysis buffer, which were provided by the Eukaryotic Single-Cell
Genomics (ESCG) Facility at SciLifeLab, Stockholm. Index cell
sorting was done with a BD Biosciences Influx cell sorter within a
20-min range time at the Flow cytometry Core, Center for Molecular
Medicine (CMM, Karolinska Institutet (KI), Stockholm). The plate
was spun down and kept on dry ice until its temporary storage at
—80°C. Each well contained 2.3 pl of lysis buffer (1.15 pl of 0.4%
Triton X-100 (Sigma-Aldrich), 0.4 pl of ANTPs mix (25 mM, Thermo
Fischer Scientific), 0.05 pl of Smart-dT3,VN (100 uM, IDT DNA
Technology), 0.05 ul of RNAse inhibitor (40 U/ul, Takara),
0.0025 pl of ERCC (1:40,000 dil, Ambion), 0.6475 pl of water,
Thermo Fischer Scientific). The plates were then transferred to the
ESCG Facility for library preparation and sequencing, following
the next steps. The plates were incubated at 95°C for 3 min to lyse
the cells. cDNA synthesis and preamplification steps were then
performed. The plates were spun down, and 2.7 pl of reverse tran-
scription (RT) mix 1 ul of SSRT II buffer (5%, Thermo Fischer Scien-
tific), 0.25 pl of DTT (100 mM, Thermo Fischer Scientific), 1 pl of
Betaine (5 M, Sigma), 0.04 pl of MgCl, (1 M, Ambion), 0.125 pl
of RNAse inhibitor (40 U/ul, Takara), 0.25 pl of SSRT II (200 U/pl,
Thermo Fischer Scientific), 0.05 pl of LNA-TSO (100 uM, Qiagen /
Exiqon) were added to each well. The plates were spun down and
submitted to the RT program in a thermocycler (90 min at 42°C,
15 min at 70°C and 4°C). Then, 7.5 pl of KAPA PCR mix (6.25 pl of
KAPA HiFi HS RM (2%, Roche), 0.1 pl of IS PCR primers (10 uM,
IDT DNA Technology), 1.15 pl of water, Thermo Fischer Scientific)
were added to each well and incubated for PCR amplification
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(3 min at 98°C; 23 cycles: 30 s at 98°C, 20 s at 67°C; 6 min at 72°C;
5 min at 72°C; 4°C). The next steps included cDNA purification,
quality control, and normalization. First, the bead-mix was pre-
pared: 1ml of Seramag Speedbeads (GE Healthcare
#45152105050250) was washed in 1 ml of TE (Tris & EDTA) pHS,
three times, and resuspended in 1 ml TE. Then, the beads were
mixed with 49 ml of freshly prepared bead buffer (NaCl 1 M, Tris—
HCl pH8.0 0.01 M, EDTA 0.001 M, PEG 8000 17%, Tween 20
0.01%, NaAz 0.05%). The cDNA was purified by adding 9 pl of
beads suspension per well (0.7:1 ratio), mixed well, and incubated
for 5 min. The plates were transferred to a magnet during 4 min to
allow the beads to settle, and then the supernatant was removed
and discarded. The plates were removed from the magnet, and the
beads were resuspended in 14 ul of nuclease-free water and incu-
bated for 2 min. The plates were transferred to a magnet for 2 min
before transferring the supernatant to a new plate. Eleven random
wells per plate were analyzed using the large fragment High Sensi-
tivity DNA kit (Agilent) to evaluate the amounts of cDNA or traces
of RNA degradation. This information was used to calculate the
average DNA concentration of each plate. Nuclease-free water was
added to reach a DNA concentration of 200 pg/ul per well. Then,
the library was performed. 0.5 pl of DNA from each well was trans-
ferred to a new plate. 1.5 pl of tagmentation mix (1 pl of Tagment
DNA buffer “TD” 2x, 0.5 pl of tagmentation enzyme-Amplicon
Tagment mix -lllumina Nextera XT Kkit-) were added to each well.
The oligos used in this step were identical to the Smart-seq2
protocol®. Smart-dT30VN: 5-AAGCAGTGGTATCAACGCAGAGTAC
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-3’; LNA-TSO: 5-AAG
CAGTGGTATCAACGCAGAGTACIrGrG+G-3’; IS PCR primers: 5'-AA
GCAGTGGTATCAACGCAGAGT-3'. The plates were spun down and
incubated for 8 min at 55°C. Then, 0.5 ul of neutralization buffer
from the Nextera XT Kit was added to each well to stop the tagmen-
tation and the plates were incubated at room temperature for 5 min.
One microliter of indexes (N5xx + N7xx, Nextera XT Kit.
[llumina index primers i5 standard: 3'-CTGCGACGGCTGCTxxxxxxxxC
ACATCTAGAGCCACCAGCGGCATAGTAA-5'; i7 standard: 5'-CAAGC
AGAAGACGGCATACGAGATxxxxxxxXGTCTCGTGGGCTCGG-3', where
x = barcode for each sample) and 1.5 pl of Nextera XT PCR
Mastermix were added to each well to run the enrichment PCR pro-
gram on a thermocycler (3 min at 72°C; 30 s at 95°C; 15 cycles:
10 s at 95°C, 30 s at 55°C, 30 s at 72°C; 5 min at 72°C;10°C). Then,
library purification and quality control were performed. The content
of each well was pooled in a tube. The bead-mix was prepared
as previously: 1 ml of Seramag Speedbeads (GE healthcare
#45152105050250) was washed in 1 ml of TE (Tris & EDTA) pHS,
three times, and resuspended in 1 ml TE. The beads were mixed
with 49 ml of freshly prepared bead buffer (NaCl 1 M, Tris-HCl
pH8.0 0.01 M, EDTA 0.001 M, PEG 8000 17%, Tween 20 0.01%,
NaAz 0.05%). Part of the pooled library was purified using a 1:1
ratio of beads, performing two ethanol (80% w/v ethanol) washes
and eluting in nuclease-free water. Finally, the library pool was
quantified using a qubit HS DNA kit, and a sample ran on a Bioana-
lyzer to check size distribution. Libraries were sequenced on an Illu-
mina Nova seq 6000 (2*100 bp) at NGI Stockholm sequencing core
facilities, Science for Life Laboratory in Stockholm, Sweden. For
peripheral memory T cells from healthy donors, single-cell RNA-
sequencing libraries were generated with the Smart-seq3 protocol,
based on the original publication (Hagemann-Jensen et al, 2020;
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and available online: https://www.protocols.io/view/smart-seq3-
protocol-36wgq5rjxgk5/v32step=17) at the Eukaryotic Single-cell
Genomics facility at Science for Life Laboratory in Stockholm, Swe-
den. As for the Smart-seq2 protocol, memory T cells were single
sorted in individual wells of 384 well-plates containing 3 pl lysis
buffer (see details in the link), provided by the ESCG Facility at
SciLifeLab, Stockholm. Index cell sorting was done with a BD Bio-
sciences Influx cell sorter within a 20-min range time at the Flow
cytometry Core, CMM, KI. The plate was spun down and kept on
dry ice until its temporary storage at —80°C. The plates were then
transferred to the ESCG Facility for library preparation and sequenc-
ing following the steps described in https://www.protocols.io/
view/smart-seq3-protocol-36wgq5rjxgk5/v3?step=2,  with  the
exception that in step 6 (cDNA amplification), the elongation time
was 6 min instead of 4 min. The number of amplification cycles
was 21. The library quantification was performed in a plate reader
with picogreen. Libraries were sequenced on an Illumina Nova seq
6000 (2*100 bp) at NGI Stockholm sequencing core facilities, Sci-
ence for Life Laboratory in Stockholm, Sweden (Appendix Fig S3
and Fig EV3A).

Data processing and quality control steps

Appendix Fig S3 summarizes the data analysis workflow. After
Smart-seq2 sequencing, binary base-call files (BCL) were converted
to fastq files and demultiplexed (to obtain pairs of fastq files from
the pair-sequencing per cell) using the bcl2fastq v2.20 software
from Illumina at the Eukaryotic Single-Cell Genomics (ESCG) facil-
ity. The indexes of the Smart-seq2 reads were trimmed using Trim-
Galore v0.4.4. Reads were mapped to the human genome assembly
hg38 plus exon-exon junctions from gencode v21 (--sjdbGTFfile)
using STAR v2.5.4b. The gene expression was then calculated in
Reads Per Kilobase of transcript, per Million mapped reads (RPKM)
based on the RefSeq gene annotation (from the UCSC genome
browser 10 Sep 2017) using the rpkmforgenes.py script (13 Mar
2015 version; https://gist.github.com/radaniba/4170501) with set-
tings -minqual 255 -rmnameoverlap -fulltranscript. A size factor was
calculated using the R package scran (Lun et al, 2016) v1.8.2, with a
clustering size of 30 cells: cells expressing very few genes (with a
negative size factor) were excluded. For Smart-seq3 sequencing, the
gene expression matrix in raw counts was then generated using the
zUMIs (Parekh et al, 2018) by the ESCG facility (Fig EV3A). The
quality control and the biological interpretation analyses were
performed in R (v4.2.1) with the Seurat package v4.3.0 (Satija
et al, 2015). Cells expressing (i) less than 1,000 genes, (ii) more than
12,000 genes, (iii) <600,000 RNA molecules, or (iv) more than
8,000,000 RNA molecules were filtered out. Cells with mitochon-
drial genes representing more than 35% of the whole cell genome
were excluded. To remove non-T cells, cells expressing low levels of
CD3E, CD3D, or CD3G (< SRPKM) were excluded. Cells expressing
CD14, CDI19, CD22 or CD300E (> 5 RPKM) and HBAI & HBA2
(> 2,500) were filtered out. Alpha, beta, gamma, and delta T-cell
receptor genes were filtered out to not introduce a bias in the clus-
tering. After all filtering steps, the quality of the transcriptomics data
per donor was visualized by plotting (i) the total number of genes,
(ii) the number of transcripts (ii), the percentage of mitochondrial
genes (iii) per donor and per compartment (Figs EV1A and EV2A).
To reduce the technical noise while improving the detection of
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immune-related genes, we excluded ribosomal genes from the anal-
ysis. Feature counts for each cell were divided by the total counts
for that cell and multiplied by a scale factor of 10,000, then normal-
ized with a natural logarithm (NormalizeData function from Seurat
with default parameters). Principal component analysis was
performed for both PB and muscle separately, and the elbow plots
were used to select the number of principal components included in
the subsequent cluster analysis. Using these principal components,
we integrated the data by correcting for sequencing batch effects
using harmony package (Korsunsky et al, 2019; version 0.1.0). The
data was analyzed by groups based on tissue and treatment status

Cluster analyses

Clusters were identified using the first 8 (muscle) and 7 (peripheral
blood) principal components with the Louvain algorithm, imple-
mented in the FindClusters function from Seurat Packages. Cluster-
ing was visualized using uniform manifold (UMAP) method. The
differential gene expression was calculated between a given cluster
and the rest of the cells using a Wilcoxon Rank Sum test imple-
mented in the FindAllMarkers function from Seurat package, to
explore genes that contribute to the cluster formation. Clusters were
named manually based on known differentially expressed genes.
For the heatmaps and dot plots, the top 5-10 differentially expressed
genes based on average log2FC values were displayed. Gene set
enrichment analysis (GSEA) was done using fgsea package
(v1.24.0) from Bioconductor. Tissue resident CD8" T-cell signature
and non-tissue resident CD8" T-cell signature gene sets for GSEA
analysis were obtained from available datasets in the Gene Expres-
sion Omnibus (GEO) with the identifier GSE94964 (Kumar
etal, 2017).

T-cell receptor analysis

T-cell receptor sequences were assembled using TraCeR vO0.5.1
(Stubbington et al, 2016). A clone was defined by at least two cells
sharing the same productive CDR3 amino acid sequence from both
TCRa and TCRP chains. Cells expressing two alpha and two beta
chains were considered doublets and removed from the analysis.
TCR V(D)J sequences were added into the single-cell Seurat object
as metadata. The network analysis (Figs 4 and 5) was performed
using Python 3.9 and the visualization using the pyNetworkPlot
package (https://github.com/BioinfoVisualization/pyNetworkPlot).

Immunofluorescence and immunohistochemistry stainings

Muscle biopsies were sectioned and embedded on slides at the histo-
core facility, Karolinska Institutet (KI). Stainings were performed on
muscle tissue from patients 3 (DM), 4 (ASyS), 6 (IBM; Dataset EV1)
and 16 (IBM; Appendix Table S2) using monoclonal mouse anti-
human CD3 (clone SK7, BD Biosciences, 10 ng/ml), polyclonal rab-
bit anti-human HOBIT (ThermoFischer, Catalog # PA5-54902, 6 ng/
ml), mouse IgG1 isotype control (DAKO, Catalog # X0931, 10 ng/
ml) and rabbit IgG1 isotype control (Invitrogen, Catalog # 02-6102,
6 ng/ml; Appendix Table S1). After overnight incubation at room
temperature, slides were incubated with Alexa Fluor 488-conjugated
goat anti-mouse (Invitrogen, Catalog # A-11029, 1:400), Alexa Fluor
647-conjugated goat anti-rabbit (Cell signaling, Catalog #4414,
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The paper explained

Problem

Idiopathic inflammatory myopathies (IIM) are rare autoimmune sys-
temic diseases that primarily affect the skeletal muscle. Importantly,
T-cell infiltrates are often detected in the muscle of patients with IIM
where they are suspected to contribute to tissue damage. However,
the mechanisms involved in T-cell infiltration and persistence in the
muscle during disease pathogenesis are still unclear. Current treat-
ment approaches are limited, and patients often relapse. A deeper
understanding of the pathogenic mechanisms leading to T-cell accu-
mulation in the muscle is needed to envision the development of
novel treatment approaches for patients with 1IM.

Results

This study aims to map the immune profile of muscle-infiltrating T
cells in patients with IIM using single-cell RNA sequencing. We identi-
fied effector, tissue resident, regulatory and proliferating T cells in the
muscle of IIM patients. Moreover, T-cell receptor sequencing revealed
expanded muscle T cells in the effector memory and tissue resident
memory compartments, suggesting their maintenance in the tissue.
Importantly, after conventional treatments, T-cell clones persisted in
the muscle of patients where they might contribute to relapses.

Impact

This study shows that T cells in skeletal muscle of patients with [IM
display tissue resident memory features suggesting their maintenance
within the tissue and their probable contribution to relapses. The
immunoprofiling map of muscle-infiltrating T cells can be used to
understand the mechanisms leading to tissue damage and to identify
novel therapeutic targets.

1:400) and Cy3-conjugated donkey anti-rabbit (Jackson Immunore-
search, Catalog # 711-165-152, 1:400) secondary antibodies and
Hoechst 33342 DNA dye (ThermoFischer, Catalog #3570, 1:40,000).
The muscle sarcolemma was stained using an Alexa Fluor 647-
conjugated rabbit anti-human dystrophin antibody (Abcam, Catalog
# ab282171, 1:100) during 1 h at room temperature. Images were
acquired using LSM 880 confocal microscope without Airyscan.
Images were processed and analyzed with the Fiji software. For the
quantification of HOBIT" T cells (Fig 3G), sections were prepared
and analyzed by two different persons in a blinded manner. During
image acquisition, microscope fields were selected based on the
presence of CD3" infiltrates. Cells were considered positive when a
nuclear HOBIT staining overlapping with a Hoechst staining and
surrounded by a CD3 staining was detected. Immunohistochemistry
stainings were performed on 2% formaldehyde fixed muscle tissue
using a standard avidin-biotin-peroxidase complex technique with a
protocol adapted from (Tang et al, 2020). Briefly, fixed sections
were washed with 0.1% saponin in 1x PBS (PBS-Sap) for 10 min,
and then, a blocking step was performed with 1% H,0, for 1 h at
room temperature. After a washing step with PBS-Sap, endogenous
biotin was blocked using an avidin-biotin blocking kit (Vector Labo-
ratories, catalog # SP-2001). Sections were incubated overnight at
room temperature with a polyclonal rabbit anti-human HOBIT anti-
body (ThermoFischer, Catalog # PA5-54902, 6 ng/ml) or rabbit IgG1
isotype control (Invitrogen, Catalog # 02-6102, 6 ng/ml) diluted in
3% normal human serum PBS-Sap. Next day, the sections were
washed with PBS-Sap and blocked with 3% normal goat serum for
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15 min. After blocking, biotinylated rabbit anti-goat IgG secondary
antibody (H + L; Vector Laboratories, catalog # BA-5000-1.5)
diluted in 1% normal goat serum, 3 % normal human serum in PBS-
Sap was incubated for 30 min. Sections were then washed with
PBS-Sap and incubated with ABC Elite ABC-HRP kit (Vector Labora-
tories, catalog #PK-6102). Reactions were developed using a Peroxi-
dase Substrate Kit (Vector Laboratories catalog #SK-4100)
containing 3,3’-diaminobenzidine, with Mayer’s hematoxylin coun-
terstaining. Slides were mounted using PERTEX (Histolab, catalog#
00840-05). Images were acquired using a Leica Reichert Polyvar 2
light microscope (10x objective).

Data availability

Single-cell data access requests may be submitted to the Science for
Life Laboratory Data Centre (datacentre@scilifelab.se) at https://
doi.org/10.17044/scilifelab.21361029. All scripts used for data anal-
ysis are available on GitHub: https://github.com/scReumaKl/
Myositis_scPipeline_2022.

Expanded View for this article is available online.
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