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SUMMARY

Muscle-residing regulatory T cells (Tregs) control local tissue integrity and function. However, the
molecular interface connecting Treg-based regulation with muscle function and regeneration remains
largely unexplored. Here, we show that exercise fosters a stable induction of highly functional muscle-
residing Tregs with increased expression of amphiregulin (Areg), EGFR, and ST2. Mechanistically, we
find that mice lacking IL6Ra on T cells (TKO) harbor significant reductions in muscle Treg functionality
and satellite and fibro-adipogenic progenitor cells, which are required for muscle regeneration. Using ex-
ercise and sarcopenia models, IL6Ra TKO mice demonstrate deficits in Tregs, their functional matura-
tion, and a more pronounced decline in muscle mass. Muscle injury models indicate that IL6Rx TKO
mice have significant disabilities in muscle regeneration. Treg gain of function restores impaired muscle
repair in IL6Rae TKO mice. Of note, pharmacological IL6R blockade in WT mice phenocopies deficits in
muscle function identified in ILBRx TKO mice, thereby highlighting the clinical implications of the
findings.

INTRODUCTION

The growing obesity pandemic is currently extending to a global
health threat. The cardinal impact of obesity on population health
is underscored by the critical contribution of obesity-related
metabolic dysfunction as arisk factor for long-term cardiovascu-
lar complications. Overnutrition and especially the lack of phys-
ical activity are essentially involved in the pathogenesis of
obesity and diabetes." Accordingly, caloric restriction and phys-
iological interventions such as exercise training have proven to
exert a variety of beneficial effects in the prevention and treat-
ment of metabolic disorders.**

1736 Cell Metabolism 35, 1736-1751, October 3, 2023 © 2023 The Author(s). Published by Elsevier Inc.

Despite these insights, our mechanistic understanding con-
cerning the beneficial effects of exercise remains very limited.
In particular, the molecular interconnections between muscle
function, regulation of local immune responses, and exercise
are currently largely undefined. This knowledge gap pertains
to the impact of local immune regulation in the muscle and
its crosstalk with muscle integrity, function, and regeneration.
Therefore, the dissection of muscle-specific immune regula-
tion together with muscle function, adaptation, and regenera-
tion will be of pivotal importance to advance interventions to-
ward niche-specific targeting of immune regulation in the
future.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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From an immunological point of view, a specific population of
tissue regulatory T cells (Tregs) was recently identified in skeletal
muscle that displayed a distinct T cell receptor (TCR) repertoire
and a specific transcriptome.” ™ Tregs are characterized by the
expression of CD4, CD25, and the transcription factor Foxp3,
which functions as the master regulator for their development
and function.” In contrast to their counterparts residing in
lymphoid tissues, Tregs in non-lymphoid tissues such as mus-
cles were shown to exert key functions in the control and main-
tenance of tissue homeostasis, integrity, and function.*® Muscle
Tregs possess high expression levels of amphiregulin (Areg), a
member of the epidermal growth factor family whose receptor
(epidermal growth factor receptor, EGFR) is expressed on im-
mune cells and satellite cells (SCs) within the muscles.* Areg
has recently been demonstrated to play a central role in orches-
trating both host resistance and tolerance mechanisms. Unlike
other EGFR ligands, Areg binds with a low affinity to its receptor,
and instead of causing receptor internalization, degradation, and
negative feedback loops, it induces a sustained signal.®"°

In the context of muscle-immune crosstalk, IL6 functions as a
critical myokine released in response to exercise.'"'? In contrast
to its pro-inflammatory role in obesity-associated metabolic dis-
ease, intramuscular IL6 signaling upon exercise has been indi-
cated to lack activation of pro-inflammatory pathways such as
TNF-o and IL-1 but rather involves anti-inflammatory cytokines
such as IL-10."® Mechanistically, IL6 can exert signaling in the
classical manner through the membrane-bound receptor IL6Ra«
followed by binding to the membrane-bound glycoprotein 130
(also known as gp130 and IL6RB). Additionally, trans-signaling
through soluble sIL6R and trans-presentation mediated by den-
dritic cells (DCs) to a T cell in an antigen-specific manner'*~'°
contribute to the pleiotropic nature of IL6.

Despite these insights, it remains currently unknown whether
exercise modulates muscle Tregs and their function as well as
whether Tregs are required for the muscle response to exer-
cise, from a metabolic perspective but also concerning muscle
function, myogenesis, and repair mechanisms. Moreover, the
molecular mechanisms of this immune regulation in muscles
are unexplored. To answer these unknowns, we used T cell-
and muscle-specific loss-of-function models including selective
ablation of Tregs to show that Tregs control muscle function
and that endurance exercise supports a stable induction of
muscle-residing Foxp3* Tregs with high functional activity.
Mechanistically, we demonstrate that IL6Ra signaling on
T cells is required for the increase of Foxp3* Tregs and their
functional adaptations following exercise and muscle injury.
Underscoring the relevance of IL6Ra signaling for muscle-
Treg cell interaction, we show that animals lacking IL6Ra on
T cells (TKO) with induced muscle mass loss (sarcopenia) pre-
sent with a significantly more pronounced decline in muscle
function when compared to control mice. In addition, T cell-
specific IL6Ra KO mice harbor significantly reduced fre-
quencies of SCs and fibro-adipogenic precursor cells (FAPs)
in the steady state and present with impairments in muscle
regeneration and function upon muscle injury in vivo. Pharma-
cological IL6R targeting in wild-type (WT) mice phenocopies
findings in IL6Ra. TKO mice and indicates that anti-IL6R anti-
bodies promote muscle weakness. These findings demonstrate
a key function of an IL6Ra signaling axis on T cells to direct
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Treg-muscle crosstalk in order to control muscle function and
regeneration.

RESULTS

Oxidative soleus muscles harbor more Foxp3* Tregs
than glycolytic muscles

To assess the relevance of muscle-residing Tregs in controlling
muscle function in response to exercise training, we first investi-
gated their frequency in the sedentary steady state in relevant
muscle fiber subtypes of male 16-week-old C57BI/6J mice. In
accordance with their metabolic characteristics, we focused
on Musculus soleus (Sol, predominantly oxidative muscle fibers),
Musculus extensor digitorum longus (EDL, predominantly glyco-
lytic muscle fibers), Musculus tibialis anterior (TA), and Musculus
gastrocnemius (GC, mixed muscle fibers). A set of exclusion
markers permitted the direct identification of a CD4* T cell sub-
set purified from these four different muscles (Figure 1A; see also
Figure S1A for full gating strategy). In combination with intracel-
lular staining for Foxp3, the master transcription factor of Tregs,
we identified the highest Treg frequencies in the oxidative Sol,
when compared to mixed and predominantly glycolytic muscles
(Figures 1B and 1C).

Voluntary wheel running induces myogenic factors and
cytokines related to muscle repair

In order to dissect the involvement of Tregs in guiding muscle
function in response to exercise training, we chose voluntary
wheel running as a physiologically relevant, stress-free approach
instead of forced treadmill running. To this end, male C57BI/6J
mice were randomized into sedentary and exercised groups. In
a pilot experiment, mice remained sedentary or had access to
wheels for 10 days to assess a more immediate impact of the ex-
ercise training. Mice were mainly active during the night phase of
the day and showed higher activity after a few days of acclima-
tization to the wheels (activity profiles for individual mice are pro-
vided in Figure S1B).

To define exercise-responsive patterns related to muscle
metabolism, myogenesis, and tissue repair, we performed
gene expression analysis in Sol muscle. This short-term exercise
training resulted in a significant induction of gene expression in
markers relevant for myogenesis (including Myf5 and Myog; Fig-
ure 1D). In addition, /I6, a classical myokine, as well as Areg (that
encodes Areg) mRNA expression were found to be significantly
increased in response to exercise (Figure 1D). Metabolic
markers including hexokinase 2 (Hk2) were not significantly
altered on the mRNA level during this short-term period of exer-
cise (Figure 1D), while previous studies using proteome analyses
of muscles from mice subjected to long-term exercise training
(20 weeks) suggested Hk2 and Sic4a2 (encoding Glut4) to be
among the relevant exercise-responsive metabolic proteins.'”

Endurance exercise alters metabolic parameters
including body weight

Next, we aimed to understand the impact of muscle-residing
Tregs in controlling muscle function with the goal to dissect mus-
cle-Treg cell crosstalk in response to exercise. Therefore, we
made use of an established exercise model using voluntary
wheel running for 4 weeks (exercised group), which was for
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Figure 1. Identification of CD4* T cells and Foxp3* Tregs in skeletal muscles and muscle response to exercise

(A and B) Representative fluorescence-activated cell sorting (FACS) plots of ex vivo muscle-residing (A) total CD4* T cells and (B) CD4*Foxp3* Tregs in musculus
soleus (Sol), gastrocnemius (GC), tibialis anterior (TA), and extensor digitorum longus (EDL).

(C) Summary graph of ex vivo muscle-residing Tregs (% of CD4* T cells) in different muscles in the steady state. For Sol and EDL, each point corresponds to two

mice (4 muscles) pooled together.

(D) Gene expression analysis of Sol of sedentary (n = 6) and exercised (n = 3) WT mice subjected to voluntary wheel running for 10 days. Gene expression was

normalized to histone H3.

Data are represented as bar graphs with all values and as mean + SEM. For Sol and EDL, muscles of two mice were pooled. For all other data, each point is a
biological replicate. Groups were compared by Student’s unpaired two-tailed t test (D) or one-way ANOVA followed by Tukey’s post hoc test for multiple

comparisons (C). *p < 0.05, **p < 0.01, **p < 0.001.
See also Figure S1.

some groups followed by a longer resting phase (previously
exercised group, “pre-ex”).'® First, we applied the identical
experimental exercise scheme: 4 weeks of running followed by
a 2-week resting phase. We evaluated succinate dehydrogenase
(SDH) activity as an estimate of oxidative capacity and to assess
a possible involvement of muscle deconditioning in this model in
experimental groups. Voluntary wheel running for 4 weeks re-
sulted in a mild but not significant increase in oxidative SDH+
muscle fibers when compared to sedentary animals as identified
by stainings of cryosections from GC muscles (Figures S1C and
S1D). After removing the wheels and a 2-week resting period, we
identified no significant changes in SDH+ muscle fiber types
(mean % SDH+ fiber, sedentary, 40.20%; exercised, 45.17%;
pre-ex, 2 weeks post-exercise, 45.37%). After 4 weeks of rest,
initial trends in SDH activity (pre-ex, 4 weeks post-exercise,
40.76%) returned to baseline again (Figure S1D).

Importantly, the immunological results of these experiments
pointed toward the emergence of a muscular immune memory
phenotype, which showed first indications after the 2-week
resting phase. Specifically, the muscular immune memory

1738 Cell Metabolism 35, 1736-1751, October 3, 2023

phenotype revealed a significant increase in Foxp3* Treg cells
in the muscle and a mild enhancement in proliferating Ki67*
Tregs in the muscle after the 2-week resting time point
(Figures S1E and S1F).

These findings (Figures S1C-S1F) prompted us to adapt the
above indicated exercise scheme to 4 weeks of running followed
by 4 weeks of resting (pre-ex; experimental study design in Fig-
ure 2A). This extended scheme allowed us to study the immuno-
logical impact as well as the muscle-immune cell crosstalk in
response to exercise training in respective detail. Therefore,
we defined the following experimental groups: male C57BI/6J
mice were randomized into sedentary, exercised, and pre-ex
groups. The pre-ex mice were given access to the voluntary
wheels for the first 4 weeks and the exercised mice had wheel
access for the last 4 weeks only. Assessment of metabolic pa-
rameters was performed regularly during the entire study period.
Specifically, body weights (BWs) were monitored and indicated
that exercise resulted in a significant reduction in the cumulative
delta BW (final delta BW; sedentary, 3.646 + 1.189 g; exercise,
2.896 + 2.075 g; pre-ex, 3.690 + 0.776 g; difference in BW
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Figure 2. Exercise increases Treg frequencies in muscles and induces phenotypic maturation toward tissue Tregs

(A) Scheme of exercise studies indicating sedentary, exercised, and pre-ex groups.

(B) Representative FACS plots showing ex vivo CD4*Foxp3* Tregs from Sol and GC in sedentary, exercised, and pre-ex WT mice. Pre-gated on live CD4* T cells.
(C) Summary graph of ex vivo CD4*Foxp3* Tregs from Sol and GC. For Sol, each point corresponds to two mice (four muscles) that were pooled.

(legend continued on next page)
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change upon exercise, sedentary versus pre-ex at time point
4 weeks, —0.59 g; sedentary versus exercise at time point
8 weeks, —0.75 g; Figure S1G). In addition, exercise resulted in
a significant decline in visceral fat pad weights as compared to
controls (Figure S1H), while no significant changes in muscle
mass of exercised mice were identified (Figures S1l and S1J).
Average running distance per day per cage was 16 km (Fig-
ure S1K), a distance that is in accordance with detailed recent
assessments of voluntary wheel running patterns and physiolog-
ical effects in C57BL/6J mice."®

Endurance exercise induces Foxp3* Tregs in muscles

To define the impact of exercise training on muscle-residing Treg
frequencies, we purified Tregs directly from the Sol and GC mus-
cles at the end of the 8-week experimental setup referring to the
conditions sedentary, exercised, and pre-ex (Figures 2A and 2B;
gating strategy for the analysis of Tregs is given in Figure S1L).

Ex vivo Treg frequencies in analyzed skeletal Sol and GC mus-
cles were significantly increased upon exercise with maximum
frequencies observed in pre-ex mice (Figures 2C, S2A, and
S2B). The fact that muscle Tregs were most prominently
increased in pre-ex animals highlights a stable induction of Tregs
in response to exercise. Moreover, these findings indicate that
Tregs are maintained upon exercise termination and therefore
support the concept of an emerging muscular immune memory
effect of exercise on muscle Tregs as indicated above
(Figures 2C and 2D).

To dissect the maintenance of Tregs post-exercise termina-
tion, we first focused on assessing their proliferative potential.
Analysis of the proliferation marker Ki67 demonstrated that
post-exercise termination, pre-ex mice presented with a signifi-
cant increase in the number of proliferating muscle-residing
Tregs (Figure 2D). These findings indicate that the local muscular
tissue environment upon exercise supports a specific expansion
of muscle Tregs.

Exercise enhances Treg induction potential from naive
CD4* T cells

Next, we aimed to understand how broad the Treg-fostering
impact of exercise is. Therefore, we asked the question of
whether exercise could also modulate the potential of naive
CD4* T cells to be differentiated into Tregs, for instance by
modulating the local microenvironment the naive T cells
reside in. To this end, we employed established in vitro Treg dif-
ferentiation protocols.”®* Specifically, highly pure naive
CD25-CD44°“CD4* T cells from muscle-draining popliteal
lymph nodes were used as a starting population. Importantly,
Treg differentiation potential with naive CD4* T cells from pre-
ex mice was significantly increased when compared to the other
experimental groups (Figure S2D). These findings suggest that
exercise confers broad muscle-related Treg-fostering properties
including Treg differentiation from naive CD4* T cells.

Cell Metabolism

The exercise-mediated induction of Foxp3* Tregs
involves Areg/EGFR/ST2 signaling

Next, we asked whether exercise training in addition to fostering
Tregs in muscles will also impinge on their phenotypic character-
istics and functional maturation to support tissue homeostasis.
Specifically, given the critical role of Areg in supporting muscle
integrity and repair, we analyzed Treg-specific Areg expression
in all experimental groups (staining examples are provided in Fig-
ure S1J). Of note, in both Sol and GC muscles, Areg*Foxp3*
Tregs were found to be significantly increased in pre-ex mice
(Figures 2E and S2C). As CD4"* T cells including Tregs become
activated, they upregulate the EGFR, in part via STAT5-mediated
signaling. It has been shown that Areg binds the EGFR with un-
usually low affinity?® and displays differential binding capacity for
the EGFR in comparison to other EGFR ligands.*® These findings
support the notion that Areg can mediate distinct biological out-
comes compared to other EGF-like molecules. We observed an
initial decline of EGFR* Tregs directly after exercise termination
in GC, while pre-ex animals revealed a significant increase in
EGFR™ Tregs in both muscles (Figure 2F).

To understand whether the exercise-mediated cellular cross-
talk involved local Tregs, we focused on ST2. ST2, the receptor
for IL-33, is a transmembrane receptor and was shown to be
strongly upregulated in tissue Tregs when compared to their
lymphoid counterparts.’’?° Pre-ex mice presented with a
distinct increase in ST2* Tregs in GC muscles compared to
sedentary and exercised mice (Figure 2G). ST2 levels were un-
changed in Sol muscle of all three experimental groups. These
findings again suggest that the muscle-specific metabolic sub-
phenotypes related to oxidative versus mixed muscle fibers
can impinge on (1) local Treg characteristics including prolifera-
tive potential as outlined above and (2) ST2 expression that is
relevant for IL-33-mediated expansion (Figure 2G). Considering
the importance of IL6 as a myokine in response to exercise,
we assessed IL6Ra expression on T cells. T cells from pre-ex
mice showed a significant increase in IL6Ra expression (Fig-
ure 2H). Taken together, we observe a strong pro-tolerogenic
environment in the pre-ex muscle that leads to a phenotypic
and functional maturation of muscle Tregs that involves Areg/
EGFR/ST2 and IL6Ra. signaling.

Treg depletion abolishes muscle-specific gene
expression required for responses to exercise

Given the strong and durable increase of muscle Tregs in
response to exercise, next we asked whether Tregs are actually
required to control muscle gene expression as a response to ex-
ercise. Therefore, we employed Foxp3 DTR mice,*° which permit
the diphtheria toxin (DT)-mediated depletion of Foxp3™ Tregs.
Male Foxp3 DTR— and Foxp3 DTR+ animals both received DT
injections (Figure S3A). As outlined in Figures 3A and 3B, DT
application results in efficient Treg depletion in muscles from
Foxp3 DTR+ mice (see Figure S3B for popliteal lymph node).

(D-H) Summary graph for the ex vivo characterization of Tregs for proliferation: Ki67*Foxp3* Tregs (D), Areg (E), EGFR (F), ST2 (G), or IL6Ra. (H) expression in Sol

or GC. For Sol, each point corresponds to two mice (four muscles) pooled.

Data are shown as bar graph with individual and mean + SEM. For Sol, muscles of two mice were pooled. For all other data, each point is a biological replicate.
Data were analyzed by one-way ANOVA followed by Tukey’s post hoc test for multiple comparisons (C-H). *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figures S1 and S2.
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Figure 3. Treg depletion critically impairs muscle function

(A) Representative FACS plots identifying muscle-residing CD4*Foxp3* Tregs from muscles of Foxp3 diphtheria toxin receptor (DTR) mice, where DT treatment
leads to specific depletion of Foxp3* Tregs due to transgene expression of the DTR specifically in Tregs. Both Foxp3 DTR— and Foxp3 DTR+ littermates were
treated with DT.

(B) Quantification of ex vivo Foxp3* Tregs (% of CD4* T cells) in muscle after DT treatment of Foxp3 DTR— versus Foxp3 DTR+ mice.

(C) Gene expression analysis of Sol muscle from DT-treated Foxp3 DTR— versus Foxp3 DTR+ mice. Gene expression was normalized to histone H3.

(D and E) Analysis of the citrate synthase activity in GC upon Treg depletion using DT in Foxp3 DTR mice.

(F and G) Cross-sectional area analysis of GC muscle upon Treg depletion using DT in Foxp3 DTR mice. Scale bar (yellow), 100 um.

(H) Maximal grip strength of Foxp3 DTR mice before Treg depletion (d0) and 7 days after Treg depletion (d7).

Data are shown as bar graphs with mean + SEM and were analyzed by Student’s unpaired two-tailed t test (B-E and H) or two-way ANOVA with Sidék post hoc
test for multiple comparisons (G). *p < 0.05, **p < 0.01, ***p < 0.001.

See also Figure S3.
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Figure 4. Pro-tolerogenic impact of exercise is abolished in the absence of IL6/IL6Rx-mediated crosstalk between muscles and T cells
(A and B) Representative FACS plots and summary graph identifying ex vivo muscle-residing CD4*Foxp3* Tregs from GC muscle of IL6BKO mice (My/1 Cre/WT X

116 fI/fl) and IL6 floxed/floxed controls in sedentary and pre-ex state.
(legend continued on next page)
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Mechanistically, selective ablation of Tregs in the muscles re-
sults in a significant reduction of muscle-specific gene expres-
sion required for metabolic (Hk2, Ckmt2, and Cpt1b) and
myogenic responses (Myf5 and Pax7) to exercise (Figure 3C).
These findings indicate that local Tregs guide muscle function
by controlling the expression and responsiveness of exercise-
relevant genes.

Treg deletion impairs muscle function

Next, we aimed to dissect the physiological relevance of Treg
ablation for muscle function. Acute Treg depletion did not induce
muscle fiber-type switching (Figures S3D-S3F). To specifically
address the question of whether Treg ablation impinges on muscle
function required for responding to exercise training, we assessed
the enzymatic activity of citrate synthase in muscles upon Treg
depletion. Citrate synthase functions as a key regulatory enzyme
and metabolic marker in assessing oxidative and respiratory ca-
pacity in muscles. Citrate synthase activity is also used as a
biochemical marker of the skeletal muscle oxidative adaptation
in response to a training intervention, and several studies sug-
gested that citrate synthase activity increases in response to exer-
cise training.®" Importantly, Treg ablation resulted in a significant
decline of citrate synthase activity in muscles (Figures 3D and
3E), indicating a reduction in muscle function in the absence of
local Tregs. In line with the observed reduction in citrate synthase
activity upon Treg depletion, muscles from Treg-ablated animals
presented with trends toward lower mitochondrial respiration ca-
pacity as indicated by protein analyses of oxidative phosphoryla-
tion (OXPHOS) complexes (Figure S3C). Furthermore, trends to-
ward a reduction in muscle cross-sectional area upon Treg
depletion were observed (Figures 3F, 3G, and S3G).

To study the importance of Treg cells for muscle function in a
more direct manner, we leveraged a murine muscle grip strength
test (four-limb grip strength using BioSeb GS3 and Bio-CIS)
before and after selective ablation of Tregs. Of note, Treg deple-
tion promoted a significant decline of maximal muscle grip
strength (Figure 3H). These findings underscore a critical role
of local Tregs in controlling muscle function and the ability to
respond to exercise.

Exercise-mediated induction of muscle Tregs is partially
dependent on the myokine IL6

In light of the key involvement of Tregs in directing muscle func-
tion in response to exercise, we next aimed to dissect the Treg-
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muscle crosstalk in response to exercise mechanistically.
Specifically, given the prominent upregulation of //l6 mRNA
expression in response to voluntary wheel running as shown in
Figure 1D, next we aimed to understand whether the exercise-
induced Treg enhancement is mediated by the myokine IL6. In
line with that concept, muscle-derived IL6 upon exercise has
been indicated to not involve activation of classical pro-inflam-
matory pathways such as TNF-o and IL-1p but to rather support
anti-inflammatory cytokines such as IL-10."® Despite these in-
sights, the role of muscle-derived IL6 in controlling local Tregs
in response to exercise remains undefined. To answer this ques-
tion, we employed a loss-of-function model with mice lacking IL6
in myofibers.®*** Specifically, muscle fiber-specific IL6BKO mice
were generated using My!1 Cre mice,® which express a Cre re-
combinase from the skeletal muscle-specific myosin light chain
promoter (MLC), and //6 fl/fl mice, thus targeting myofibers but
no other cell types in skeletal muscle. The muscle fiber-specific
deletion of IL6 was confirmed by genotyping using PCR for Myl1
Cre and 1I6 fl/fl alleles (Figure S4A). Furthermore, the muscle-
specific KO was validated by analyzing //6 expression in muscles
by qPCR, while visceral adipose tissue and liver were used as
control where no difference in /l6 expression was detected
(Figure S4B).

Physiologically, assessment of running profiles showed no
significant differences in running distance between muscle fi-
ber-specific ILBKO and respective floxed control animals (Fig-
ure S4E). In sedentary animals, we observed a significant BW dif-
ference between muscle IL6BKO mice and floxed control mice
(Figure S4C); this difference in BW disappeared upon pre-ex
(Figure S4C). Visceral adipose tissue mass was slightly reduced
in the pre-ex groups regardless of genotype compared to seden-
tary groups (Figure S4D).

Of note, in the absence of muscle fiber-derived IL6, the in-
crease of muscle-residing Tregs in the pre-ex state was similar
to IL6-competent floxed controls (Figures 4A and 4B). These
findings indicate that the presence of the myokine IL6 per se in
muscle is not essentially required in driving the increase of mus-
cle Tregs post-exercise. However, in the absence of muscle fi-
ber-derived IL6, (pre-)exercise did not induce local Treg prolifer-
ation as assessed by Ki67 staining in the muscle (Figure 4C).
These results suggest that in addition to local Treg expansion
upon exercise, other mechanisms such as Treg induction and/
or recruitment do contribute to the exercise-mediated increase
in muscle Tregs.

(C-F) Summary graph showing ex vivo Treg proliferation (C, Ki67*Foxp3* Tregs; D, ST2"Foxp3* Tregs; E, Areg*Foxp3* Tregs; and F, EGFR*Foxp3* Tregs) in GC

of ILBKO mice and IL6 floxed/floxed controls in sedentary and pre-ex state.

(G and H) Ex vivo (G) CD4*Foxp3™* Tregs and (H) ST2*Foxp3* Tregs in Sol and GC from IL6Ra TKO (Cd4 Cre/WT x ll6ra fl/fl) and floxed control mice in the

steady state.

(I) Representative FACS plots of Foxp3* Tregs in IL6Ra. TKO versus floxed control mice in sedentary and pre-ex state in GC.
(J) Summary graph showing the ex vivo Foxp3* Treg frequencies in IL6Ra. TKO and floxed control mice of sedentary and pre-ex mice in GC.
(K-N) Summary graph representing ex vivo Treg proliferation (K, Ki67*Foxp3* Tregs; L, ST2"Foxp3* Tregs; M, Areg*Foxp3* Tregs; and N, EGFR*Foxp3* Tregs) in

GC of IL6Ra TKO and floxed control mice in sedentary or pre-ex state.

(O) Four-limb max grip strength of IL6Ra. TKO and floxed control mice subjected to DSS-induced sarcopenia. ##p < 0.01 for IL6Ra floxed mice compared to day 0.
(P and Q) Ex vivo analysis of SCs and FAPs in Sol and GC muscles of IL6Ra TKO and floxed control mice in the steady state.

(R) Cross-sectional area analysis of GC muscle of pre-ex IL6Ra TKO and floxed control mice.

Data are shown as bar graphs with individual values and as mean + SEM. For analyses of Sol, the muscles of two mice were combined into one sample. For all
other samples, each point refers to a biological replicate. Data were analyzed by Student’s unpaired two-tailed t test (G, H, and R) or two-way ANOVA followed by
Tukey’s post hoc test for multiple comparisons (B-F and J-R). *p < 0.05, ##,”*p < 0.01, ***p < 0.001.

See also Figures S4 and S5.

Cell Metabolism 35, 1736-1751, October 3, 2023 1743




¢ CellPress

OPEN ACCESS

In light of the exercise-induced increase of Treg percentages
despite the lack of myofiber-derived IL6 (Figure 4B), we asked
whether IL6 is required for the enhancement of functional Treg
maturation following exercise. Importantly, the lack of the myo-
kine IL6 led to the absence of a pre-ex-specific upregulation of
Areg, EGFR, and ST2 in Foxp3* Tregs (Figures 4D-4F). There-
fore, these findings show that myofiber-derived IL6 is involved
in guiding the upregulation of muscle-tissue Treg characteristics
and their function. In addition, these results support the view of
an important layer of crosstalk between IL6 and Areg/EGFR-
ST2 signaling and their integration in guiding muscle-residing
Treg function and maturation upon exercise.

Exercise-mediated induction of muscle Tregs requires
IL6Ra signaling

We showed that the absence of muscle fiber-derived IL6 did not
abolish the Treg-fostering potential of exercise; however, IL6
from myofibers was required to boost Treg functional maturation
exerted by Areg/ST2/EGFR signaling. Therefore, next we aimed
to dissect the molecular interface that can integrate the Treg-
fostering potential upon exercise in muscle. To this end, we
focused on IL6 receptor signaling in muscle Tregs. From a tis-
sue-crosstalk perspective, exercise training has been demon-
strated to increase IL6Ra expression on skeletal muscles.'®%*
As shown in Figure 2H, assessments of IL6R signaling in muscle
Tregs revealed a significant enhancement of IL6Ra expression in
Tregs from GC muscles of pre-ex mice.

Based on the regulation of IL6Ra expression in muscle-
residing Tregs in response to exercise, we next asked the ques-
tion of whether expression of IL6Ra. on T cells is a prerequisite to
respond to the exercise-mediated Treg induction. To dissect this
mechanistically, we employed a T cell-specific loss-of-function
model. Specifically, we studied mice with a T cell-specific defi-
ciency of the high-affinity IL6 receptor « chain (Cd4 Cre x ll6ra
fI/fl).%>°% To generate mice with a T cell-specific IL6Ra. loss of
function, we crossed mice hemizygous for a transgene in which
transcription of the Cre recombinase is controlled by the Cd4
promoter (Cd4Cre)>” with mice homozygous for LoxP-flanked
li6ra alleles.®® The T cell-specific deletion of ILBRo was
confirmed by genotyping by PCR (Figure S5A) and reconfirmed
by flow cytometric staining of IL6Re. on CD4* T cells from lymph
nodes (Figure S5B).

While frequencies of Foxp3* Tregs in muscles of IL6Ra. TKO
animals were not different when compared to floxed control an-
imals in the steady state (Figure 4G), we observed a significant
reduction of Tregs with a tissue phenotype in T cells lacking
IL6Ra as assessed by ST2 and Foxp3 expression (Figure 4H).
These findings suggest an impact of IL6Ra signaling in shaping
the muscle Treg signature.

Next, we employed the pre-ex scheme to IL6Ra TKO versus
floxed control animals. Analyses of running profiles revealed no
significant differences between IL6Ra TKO and floxed control
mice in the running distances (Figure S5C). Additionally, we did
not find significant alterations in BW and fat mass between
sedentary and pre-ex IL6Ra TKO groups and also between
sedentary and pre-ex floxed control groups (Figures S5D and
S5E). Consistent with our aforementioned results, pre-ex floxed
control mice presented with a significant increase in muscle-
residing Tregs (Figures 41 and 4J). In contrast to that, the exer-

1744 Cell Metabolism 35, 1736-1751, October 3, 2023

Cell Metabolism

cise-mediated enhancement of muscle Tregs was completely
absent in mice with a T cell-specific loss of IL6Ra (Figures 4l
and 4J). In line with an absence of the exercise-induced increase
in muscle Tregs in T cells lacking IL6Ra, we did not observe any
significant changes in Ki67*Foxp3* Tregs in pre-ex IL6Ra. TKO
animals. Tregs from floxed controls of pre-ex animals revealed
trends toward upregulation in proliferating Tregs within muscles
(p = 0.08; Figure 4K). These findings indicate that proliferation of
local Tregs as assessed by Ki67 positivity is not the single
contributor to the identified significant difference between pre-
ex floxed control and IL6Ra TKO mice in Foxp3* Tregs
(Figures 4l and 4J).

More importantly, from a mechanistic and phenotypic
perspective, pre-ex IL6Ra TKO animals completely lacked the
induction of Areg*, EGFR", and ST2*Foxp3* Tregs in the pre-
ex state when compared to floxed control mice (Figures 4L-
4N). These results indicate that the presence of IL6Ra on
T cells is required for the exercise-mediated induction of muscle
Tregs and their enhancement of functional activity including
Areg, EGFR, and ST2.

Local Treg-mediated control of muscle function is
impaired in IL6Ra TKO mice

Our data so far indicate that Treg ablation critically abrogates
muscle function as assessed by analyses of gene expression,
citrate synthase activity, and protein assessment of OXPHOS
complexes and directly by defining maximal muscle grip
strength (Figures 3H and S3C). To integrate these findings with
our observation that IL6Ra signaling on T cells is required for
the exercise-mediated induction of Tregs, we next thought to
validate the functional importance of Tregs and IL6Ra signaling
in controlling muscle adaptation and function in an independent
model. Conceptually, we have chosen a model of skeletal mus-
cle mass reduction since studies with specific Treg depletion
promoted a significant impairment in muscle grip strength as
indicated above. Specifically, in the next step we selected
dextran sodium sulfate (DSS)-induced colitis as an established
model of inflammation-induced muscle atrophy/sarcopenia.*”
This mouse model reflects local, colorectal inflammation and
systemic inflammation, thereby promoting a loss of skeletal
muscle mass that was shown to resemble sarcopenia on both
morphological and molecular levels.*> We induced sarcopenia
in IL6Ra TKO versus floxed control animals (see scheme in Fig-
ure S5H for details). First, we assessed SDH activity to estimate
oxidative capacity in respective experimental animals. We did
not see any significant differences in SDH+ fibers of steady-state
CD4 IL6Ra floxed versus TKO mice (p = 0.643). Furthermore,
DSS-induced sarcopenia induced a mild trend toward reduced
SDH+ fibers in GC of IL6Ra TKO mice that did not reach statis-
tical significance (p = 0.0865 for steady-state floxed mice versus
DSS sarcopenia floxed mice; p = 0.0954 for DSS sarcopenia in
IL6Ra. TKO versus floxed mice; Figures S5J and S5K).

To link the immunological features seen in IL6Ra. TKO animals
as detailed above with muscle function, we performed grip
strength measurements in this model of muscle mass loss. Of
note, upon sarcopenia induction, IL6Ra TKO animals showed a
significantly more prominent decline in maximal muscle grip
strength when compared to floxed control animals (Figure 40).
These findings underline a critical involvement of T cell-specific
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Figure 5. Mice with T cell-specific loss of IL6R« have significantly impaired muscle regeneration upon injury
(A) Scheme of the muscle injury model. Injury was induced by intramuscular (i.m.) injection of 2 x 12.5 uL glycerol into TA muscle in IL6Ra TKO and floxed

control mice.

(B and C) FACS analysis identifying ex vivo macrophages (MPs), FAPs, endothelial cells (ECs), and SCs upon muscle injury in IL6Ra TKO and floxed control mice

4 days post-injury.

(D) Analysis of the cross-sectional area of TA muscle upon muscle injury in IL6Ro. TKO and floxed control mice 14 days post-injury. Scale bar (yellow), 100 pm.
Data are shown as bar graphs with individual values and as mean + SEM. Each point refers to a biological replicate. Data were analyzed by Student’s unpaired
two-tailed t test (B-D) or two-way ANOVA with Sidak post hoc test for multiple comparisons (D). *p < 0.05, **p < 0.01, **p < 0.001.

See also Figure S6.

IL6Ra expression in mediating the impact of local Tregs on con-
trolling muscle function as seen here in states of inflammation-
induced muscle mass loss.

Local Treg-mediated control of muscle regenerative
potential is impaired in IL6Rax TKO animals

Until now, we have established a direct impact of local Tregs on
muscle function, which is mechanistically controlled by T cell-
specific IL6Ra expression. Next, we aimed to understand whether
T cell-specific IL6Ra expression likewise impinges on cellular
components mediating muscle regeneration. Muscle regenera-
tion is comprised of a dynamic network including, among others,
SCs and FAPs. Specifically, SCs are mainly responsible for mus-
cle regenerative capacity by differentiating into myofibers and
self-renewal to preserve the SC pool. As mesenchymal stromal
cells, FAPs support SC differentiation during tissue regenera-
tion.*>*! Analyses of both SCs and FAPs were performed using
multi-color flow cytometry. SCs were identified as ltga*Scal™
(% of CD31°CD45  cells) and FAPs as ltga Scal* (% of
CD317CD45™ cells; staining examples in Figure S5L). As detailed
above, muscle Tregs harbor impairments in functional maturation
in ILBRa. TKO mice. In order to assess consequences of this defi-
ciency, we analyzed frequencies of SCs and FAPs in the steady
state in these mice. We found that IL6Ro. TKO mice presented
with significantly reduced frequencies of SCs and FAPs, espe-
cially in Sol (Figures 4P and 4Q), the muscle that has the highest
density of SCs and, thus, likely the highest susceptibility to

changes in tissue homeostasis.*? Pre-ex IL6Ra TKO animals pre-
sented with a significantly reduced cross-sectional area in muscle
(Figures 4R, S5M, and S5N). These findings demonstrate a dimin-
ished muscle regenerative potential in mice lacking IL6Ra
signaling in T cells and underscore the critical involvement of
Treg-muscle crosstalk in controlling muscle adaptation, function,
and regeneration.

Tregs require IL6Ra signaling to control muscle
regenerative capacity upon sterile injury

Having observed an impairment in functional maturation upon ex-
ercise in muscle Tregs from IL6Ra TKO mice that was accompa-
nied by reduced SC and FAP frequencies, we performed a muscle
injury model to challenge the immune-muscle crosstalk to a
greater extent. Therefore, in line with established procedures,*
glycerol was injected into the muscle of floxed control animals
or IL6Ra TKO mice (Figure 5A). Flow cytometric analyses
4 days post-injury (dpi) indicated a significant reduction in SC fre-
quencies in the injured muscles of IL6Ra TKO mice (Figures 5B,
5C, and S6A). Frequencies of infiltrating macrophages (MPs) did
not change (Figure 5B), but anti-inflammatory MPs were shown
to be involved in the later phases of skeletal muscle regeneration
and are shifting from a pro-inflammatory Ly6C* to either anti-in-
flammatory LyBC~ or CD206" MPs.***° In our model, the MP po-
larization was skewed toward fewer CD206" MPs in IL6Ro. TKO
mice (Figure S6D), but no differences were observed when gating
on Ly6C (Figure S6E), highlighting that the differences observed
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Figure 6. Treg expansion using anti-IL2/IL2 antibody complexes restores muscle regenerative capacity in IL6Rx TKO mice
(A and B) Scheme of the Treg recovery experiment using Foxp3 DTR+ mice. Max grip strength (g) was assessed once a week.
(C) Scheme of the gain-of-function model where Treg expansion is induced by three i.p. injections of anti-IL2/IL2 antibody complexes in IL6Ra TKO mice or floxed

controls.

(D) Foxp3* Treg frequencies in peripheral blood at the indicated time points upon Treg expansion.

(E-G) Representative FACS plots (E) and quantification of SCs (F) and FAPs (G) in Sol and one GC upon Treg expansion in IL6Ra TKO versus floxed mice. In
contrast to Figure 4, all isolations were done with only 1 GC muscle being used for flow cytometric analyses.

Data are shown as bar graphs with individual values and as mean + SEM. Each point refers to a biological replicate. One- (B, F, and G) or two-way ANOVA (D and

G) with Sidak post hoc test for multiple comparisons. *p < 0.05, **p < 0.01; ns, p > 0.05.

resulted from alterations in Treg function and only to a minor
extent from MP changes. In line with the observed reduction in
SC frequencies post-injury, mice with T cell-specific loss of
IL6Ra. showed significantly reduced cross-sectional area of
injured TA muscles 14 dpi (Figure 5D). These findings highlight
the importance of IL6Ra signaling on T cells to guarantee func-
tional Treg maturation and to support repair and restoration of
muscle homeostasis upon injury.

1746 Cell Metabolism 35, 1736-1751, October 3, 2023

Recovery of Tregs upon depletion reinstates muscle
function

Next, we aimed to understand whether the recovery of Tregs in
the above detailed Foxp3 DTR mouse model*° would be suffi-
cient to foster re-gain of muscle function. To this end, we first
depleted Tregs using DT application (Figure 6A). In line with the
findings detailed above, Treg depletion caused a significant
reduction in muscle function when compared to day 0 before



Cell Metabolism

A
& MMMMZM
WT C57Bl/6J
i.p. anti-IL6R or control mAb
B
250+

200
150+

100+

grip strength (g)

504

0 7 14 21 28
time (d)

Treg depletion as assessed by muscle grip strength measure-
ments (Figure 6B). Of note, endogenous repopulation with Tregs
(Treg recovery) was sufficient to foster a re-gain of muscle func-
tion to levels not statistically different from day O before Treg
depletion (Figure 6B). These results indicate an important contri-
bution of local Tregs in controlling muscle strength.

Treg expansion using anti-IL2/IL2 antibody complexes

in IL6Ra TKO mice is sufficient to restore resting state
muscle

To address the question of whether the muscle repair defects
observed in ILBRa TKO mice (Figure 4) can be rescued, we per-
formed gain-of-function experiments and Treg expansion using
anti-IL2/IL2 antibody complexes. To this end, 6 pg anti-IL2/IL2
antibody complexes were injected intraperitoneally (i.p.) every
other day into IL6Ra. TKO or floxed control mice*® (see Figure 6C
for experimental scheme). Tregs from IL6Ra TKO and floxed
control mice showed comparable Treg expansion kinetics
upon anti-IL2/IL2 antibody injections in peripheral blood (Fig-
ure 6D). Again, supporting the relevance of Treg-muscle cross-
talk, we observed that Treg expansion fully restored the reduced
SC and FAP frequencies in muscles from IL6Ra. TKO to levels
in floxed control mice after 14 days of Treg expansion
(Figures 6E-6G).

Pharmacological IL6R targeting impairs muscle

function in WT mice

In light of the above-described phenotype on impairments in
muscle function using functional models in IL6BRa. TKO mice,
next we thought to assess possible clinical implications of these
findings. Specifically, IL6R targeting antibodies such as tocilizu-
mab used in the treatment of various autoimmune diseases have
been associated with muscle weakness. To approach this
experimentally, WT mice received either an isotype-control anti-
body or a specific anti-IL6R antibody for a time course of 4 weeks
(experimental scheme detailed in Figure 7A). We employed mus-
cle grip strength tests to define possible impairments in muscle
function once per week (Figures 7B and S7A-S7F). Importantly,
during the treatment course, animals receiving anti-IL6R anti-

* grip strength
measurements

mm control mAb
mm anti-IL6R InVivo mAb
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Figure 7. Pharmacological IL6R targeting im-
pairs muscle function in WT mice

(A) Scheme for pharmacological IL6R targeting in WT
mice. Anti-IL6R or control mAb was injected twice
per week. Grip strength measurements were per-
formed once a week.

(B) Grip strength measurements of (A).

Data are shown as bar graphs with individual values
and as mean + SEM. Each point refers to a biological
replicate. Two-way ANOVA with Sidak post hoc test
for multiple comparisons (B). *p < 0.05, ##p < 0.01.
See also Figure S7.

bodies showed trends toward a reduction

of muscle strength already at day 14 and

day 21 post-treatment start. Following

a 4-week application scheme, animals

receiving anti-IL6R antibodies demon-

strated an ~25% decline of initial muscle
strength and thereby presented with a significant reduction in
muscle function when compared to mice receiving isotype-con-
trol antibodies. These results indicate the development of mus-
cle weakness upon pharmacological IL6R targeting and are in
accordance with the findings on impairments in muscle function
in IL6Ra TKO as detailed above.

DISCUSSION

The findings presented here demonstrate a critical role of mus-
cle-residing Tregs in shaping muscle function, adaptation, and
repair. Specifically, and from an immunological point of view,
we show that exercise training potently induces a stable popula-
tion of Tregs in muscles. Of note, Tregs in muscles induced by
exercise are maintained post-exercise termination as evidenced
by maximum frequencies seen in pre-ex mice. Therefore, these
data highlight a key role of local Tregs in the regulation of muscle
function in response to exercise training. Accordingly, we show
that selective ablation of Tregs in the muscles evokes a signifi-
cant reduction of muscle-specific gene expression required for
metabolic and myogenic responses to exercise. Specifically, in
the acute absence of Tregs in muscles, exercise-relevant meta-
bolic gene expression, but also factors relevant for myogenesis
and muscle repair, were significantly reduced. More importantly,
Treg depletion promoted a significant reduction in muscle func-
tion. In line with this observation, Treg repopulation can restore
muscle function. Therefore, these results underscore a critical
impact of muscle-residing Tregs in controlling muscle function
and adaptation to exercise.

A key finding of this study is the identification of IL6Ra. expres-
sion on T cells as the molecular interface that is required for the
Treg-mediated control of muscle function, adaptation, and
repair. To validate the relevance and robustness of IL6Ra
signaling in T cells for mediating these non-canonical Treg func-
tions in muscles, we have chosen three models that—from a
muscular perspective—are highly different and rely on distinct
mechanisms. Specifically, we have selected exercise as detailed
above, inflammation-induced muscle mass loss (sarcopenia),
and sterile muscle injury, which will be discussed below. We
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studied the model of sarcopenia to dissect the (patho)physiolog-
ical relevance of the impaired muscle Treg frequencies and char-
acteristics in ILBRa. TKO mice on muscle function. Critically,
IL6Ra. TKO animals presented with a significantly more promi-
nent reduction in muscle function when compared to floxed an-
imals. From a muscle physiology point of view, in the models of
exercise and sarcopenia, we did not identify significant changes
in SDH activity in pre-ex mice or in animals following sarcopenia
induction. Therefore, these data argue against a critical contribu-
tion of muscle de-conditioning in driving the biological response
in these experimental settings.

From an immunological perspective, these results indicate an
important contribution of muscle-Treg cell crosstalk in response
to exercise and sarcopenia and reveal that this crosstalk is
dependent on IL6Ra signaling in T cells. Accordingly, we show
that in IL6Ra. TKO animals, the beneficial effects of exercise on
Treg frequencies and their functional maturation based on
Areg, EGFR, and ST2 expression are fully abolished. Moreover,
these results using IL6Ra TKO mice demonstrate that the clas-
sical IL6 signaling integrates these Treg-fostering features of ex-
ercise. These data also indicate that trans-signaling, which is still
functional in T cell-specific IL6Ra KO animals and is initiated by
binding of IL6 to sIL6R, followed by the binding of the sIL6R-IL6
complex to gp130, does not substantially contribute to the exer-
cise-mediated induction of muscle Tregs. In addition, the pre-
sent findings underscore an important interconnection and
crosstalk with Foxp3, Areg, EGFR, and ST2 signaling in muscle
Tregs. In line with this concept, previous studies have highlighted
crosstalk of signals between EGFR and IL6R.*"**® Furthermore,
muscle fiber-specific IL6 KO animals maintain the muscle-Treg
enhancement following exercise; however, in this loss-of-func-
tion model the functional maturation of Tregs is significantly
reduced as assessed by the lack of ST2 and EGFR induction
on Tregs in response to exercise. IL6 production has been
observed in almost all cells present in skeletal muscle.*® In
particular, during muscle regeneration, IL6 secretion is induced
in FAPs and MPs as a key source of this cytokine to promote
SC proliferation and differentiation.**°° Since our mouse model
only ablates the /l6 gene in myofibers, we conclude that this
source is a key element in exercise-related muscle T cell pheno-
types. Therefore, these findings suggest that muscle fiber-
derived IL6 is not the only modulator of IL6Ra. downstream
signaling upon exercise but critically involved in local Treg cell
functional maturation.

In addition, it has been suggested that the binding of IL6R with
EGFR prolongs IL6R-induced signal transducer and activator of
transcription 3 (STAT3) activation.®" In accordance and in light of
our findings demonstrating a critical requirement of IL6Ra.
signaling in T cells to mediate Foxp3 induction upon exercise
in muscle Tregs, previous reports showed a direct role of
STATS in the maintenance of the Treg phenotype and their func-
tion.>? Moreover, Foxp3 can act as a co-transcription factor with
STAT3, thereby enhancing IL-10 gene transcription in tumor-
induced Tregs.”® Furthermore, several signal intermediates
were found to induce the production of Areg, which further acti-
vates the EGFR.® Here, IL-33, the ligand for the ST2 receptor,
was reported recently to be produced in skeletal muscle upon
different exercise schemes.*” In line with this concept, previous
work from Dietmar Zaiss’ group suggested an important contri-
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bution of a signaling complex between EGFR and ST2 in Th2
cells accompanied by IL-33-induced EGFR-mediated
signaling.'®

Given the observed reduced muscle regenerative potential in
IL6Ra. TKO mice in the steady state, as another independent
approach we employed a sterile muscle injury model to define
the importance of T cell-specific IL6Ra in mediating a role of local
Tregs in muscle repair. Importantly, IL6Ra TKO animals showed
significant impairments in muscle repair and regeneration when
compared to floxed control animals. In accordance with the
impaired muscle regenerative potential in IL6Ra TKO mice,
anti-inflammatory MPs were also demonstrated to impact mus-
cle regenerative capacity.***® Therefore, in addition to the iden-
tified reductions in Areg expression on Tregs from IL6Ra TKO
mice, limitations in Areg accessibility and successive production
of these MPs might further exacerbate the observed defective
muscle regeneration and repair following injury in IL6Ra TKO
mice. In keeping with this hypothesis, a recent study by Minutti
et al.>® provides a mechanism by which macrophage-derived
Areg supports tissue repair. Specifically, Areg was demon-
strated to induce TGF-B activation on pericytes following
tissue injury, thereby leading to re-vascularization and wound
healing.>®

Underscoring the importance of muscle-Treg crosstalk in con-
trolling muscle repair and regeneration, we used Treg gain of
function to show that Treg expansion fully restored the reduc-
tions in SCs and FAPs in muscles from IL6Ra TKO to levels
observed in floxed control mice.

Importantly, pharmacological IL6R targeting employing spe-
cific antibodies (e.g., tocilizumab) is used in a variety of clinical
settings including the treatment of auto-inflammatory diseases
and has been associated with side effects that comprise the
development of inflammation and weakness of the muscles. In
line with this concept, we show here that pharmacological anti-
IL6R targeting promotes muscle weakness in WT mice. There-
fore, the identification that T cell-specific IL6Ro. expression is
required for the Treg-mediated control of muscle function also
has clinical implications. Specifically, our results can provide a
possible mechanistic explanation for the development of this
side effect in response to anti-IL6R treatment regimens. It is of
interest to note that in settings of ongoing infections that are
accompanied by an inflammatory muscle phenotype such as
muscle wasting,”® as well as in necrotizing myopathies, anti-
IL6R antibodies have also shown beneficial effects directly in
the muscle.®” These findings suggest a context-dependent ef-
fect of anti-IL6R antibodies in inflammatory diseases with or
without a direct involvement of muscular inflammation.

In sum, using selective Treg ablation, Treg gain of function, ex-
ercise training, sarcopenia induction, and a muscle injury model,
we identify IL6Ra expression on T cells as the molecular inter-
face mediating Treg-based control of muscle function, adapta-
tion, and repair. The findings presented are of clinical relevance
in light of the association of anti-IL6R treatment with the develop-
ment of muscle weakness. The functional specialization of Tregs
in non-lymphoid tissues as shown here for the context of Tregs in
muscle warrants the future optimization of application strategies
that will permit a niche- and/or context-specific targeting of
these relevant immune cells. Such context-specific targeting
will help avoid side effects induced by systemic application as
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discussed for tocilizumab. Therefore, the results of this study
highlight the relevance of dissecting muscle-specific immune
regulation and will be of importance for the design of precision
medicines targeting niche-specific Tregs in the future.

Limitations of the study

One important limitation of our study is that exercise experi-
ments were only performed in male mice. Future studies will
be needed to understand whether the kinetics of muscle Treg re-
sponses to exercise, glycerol injury, and Treg maturation in fe-
male mice are comparable to the findings obtained in male
mice. For most exercise experiments, mice were double housed
to avoid stress induced by single housing since high stress and
cortisol levels can directly affect the immune system. In combi-
nation with the physiological approach of voluntary wheel
running, in this experimental setup it was not possible to individ-
ually track the activity per single mouse (but only per cage/two
mice). Experiments using anti-IL6R antibodies have the limitation
of lacking specificity to target only IL6R on muscle-residing CD4*
T cells or Tregs; however, anti-IL6R antibodies as such are given
as therapeutics in the clinic, highlighting the relevance of the
here-described findings.
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Antibodies

Amphiregulin Biotin

Anti-mouse IL2, functional grade

Anti-Total OXPHOS Rodent cocktail
B220 Pacific Blue

CD11b FITC

CD11b Pacific Blue

CD11 b PE

CD11c Brilliant Violet 421

CD126 (IL6Ra) PE

CD14 V450

CD206 (MMR) APC

CD25 PerCP-Cy5.5

CD28, purified

CD31 (PECAM-1) PE/Cy7

CD31 PE-Cy7

CD3e, purified

CD4 Alexa Fluor 700

CD44 PE

CD45 Alexa Fluor 700

CD45 APC/Cy7

CD45 PerCPCy5.5

CD62L APC

CD8a Pacific Blue

EGFR Alexa Fluor 647

F4/80 FITC

R&D Systems

Thermo Fisher Scientific

abcam
BioLegend

eBioscience

BioLegend

eBioscience

BioLegend

Miltenyi

BD Biosciences

BioLegend

BioLegend

BD Pharmingen

eBioscience

BioLegend

BD Pharmingen

eBioscience

BioLegend

BioLegend

eBioscience

Biolegend

eBioscience

BioLegend

Cell Signaling

eBioscience
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Clone: BAF989; Cat# BAF989;
RRID: AB_2060662

Clone: JES5-1A12; Cat# 16-7022-85;
RRID: AB_469207
Cat# ab110413; RRID: AB_2629281

Clone: RA3-6B2; Cat# 103227;
RRID: AB_492876

Clone: M1/70; Cat# 11-0112-85;
RRID: AB_464936

Clone: M1/70; Cat# 101224;
RRID: AB_755986

Clone: M1/70; Cat# 12-0112-81;
RRID: AB_465546

Clone: N418; Cat# 117330;
RRID: AB_11219593

Clone: REA620; Cat# 130-109-625;
RRID: AB_2654815

Clone: rmC5-3; Cat# 560639;
RRID: AB_1727429

Clone: C068C2; Cat# 141707;
RRID: AB_10896057

Clone: PC61; Cat# 102030;
RRID: AB_893288

Clone: 37.51; Cat# 553294,
RRID: AB_394763

Clone: 390; Cat# 25-0311-82;
RRID: AB_2716949

Clone: 390; Cat# 102417;
RRID: AB_830756

Clone: 145-2C11; Cat# 553057;
RRID: AB_394590

Clone: RM4-5; Cat# 56-0042-82;
RRID: AB_494000

Clone: IM7; Cat# 103008;
RRID: AB_312959

Clone: 30-F11; Cat# 103128;
RRID: AB_493715

Clone: 30-F11; Cat# 47-0451-82;
RRID: AB_1548781

Clone: 30-F11; Cat# 103131;
RRID: AB_893344

Clone: MEL-14; Cat# 17-0621-82;
RRID: AB_469410

Clone: 53-6.7; Cat# 100725;
RRID: AB_493425

Clone: D38B1; Cat# 5588,
RRID: AB_10694773

Clone: MAR-1; Cat# 134315;
RRID: AB_10640726
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F4/80 Pacific Blue BioLegend Clone: BM8; Cat# 123124,

Fc-Block

Foxp3 FITC

Integrin a7 APC

Integrin a7 PE

IRDye 680RD donkey anti-mouse
Ki67 APC

Ki67 Brilliant Violet 605

Ly6A/E (Scat) Brilliant Violet 605

Ly6C PE/Cy7

Sca-1(Ly-6A/E) APC

ST2 OptiBuild Brilliant Blue 700

BD Pharmingen

eBioscience

Miltenyi Biotec

Miltenyi Biotec

Li-cor
BioLegend

BioLegend

BioLegend

BioLegend

eBioscience

BD Biosciences

RRID: AB_893475

Clone: 2.4G2; Cat# 553142;
RRID: AB_394657

Clone: FJK-16s; Cat# 11-5773-82;
RRID: AB_465243

Clone: 3C12; Cat# 130-123-833;
RRID: AB_2889699

Clone: 3C12; Cat# 130-103-355;
RRID: AB_2652463

Cat# 925-68070; RRID: AB_2651128
Clone: 16A8; Cat# 652406;
RRID: AB_2561930

Clone: 16A8; Cat# 652413;
RRID: AB_2562664

Clone: D7; Cat# 108134;
RRID: AB_2650926

Clone: HK1.4; Cat# 128017;
RRID: AB_1732093

Clone: D7; Cat# 17-5981-82;
RRID: AB_469487

Clone: U29-93; Cat# 746115;
RRID: AB_2743483

InVivoMADb control BioXCell Clone 2A3; Cat# BE0089;

RRID: AB_1107769
InVivoMAb anti-IL6R BioXCell Clone 15A7; Cat# BE0047;

RRID: AB_1107588
TruStain FcX (anti-mouse CD16/32) BioLegend Cat# 156604; RRID: AB_2783138
Chemicals, peptides, and recombinant proteins
Acetyl coenzyme A sodium salt >93% Sigma Cat# A2056
Calcein eBioscience Cat# 65-0855-39
Collagenase A Roche Cat# 10103586001; EC# 3.4.24.3
Collagenase D Roche Cat#11088882001; EC #3.4.24.3
Collagenase type Il Sigma Aldrich Cat# C6885; EC# 3.4.24.3

Dextran sulfate sodium salt (DSS),
colitis grade (36,000-50,000)
Diphtheria toxin

Direct Red 80

Dispase I

DTNB -5,5’'-Dithiobis(2-nitrobenzoic acid)
Fixable Viability Dye eFluor450
Fluoromount-G

Glycerol

Nitrotetrazolium Blue chloride
Oxaloacetate

Phenazine methosulfate

Picric Acid

Propidium lodide (PI)
recombinant murine IL-2
Roti-Histofix 4%

streptavidin PE

Sytox Blue

MP Biomedicals Germany

Calbiochem

Sigma

Roche

Sigma

eBioscience
eBioscience

Sigma

Sigma

Sigma

Sigma

Morphisto

Sigma

PeproTech

Carl Roth

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# MPB-0216011080; LOT: S4140

Cat# 322326-1MG
Cat# 365548
Cat# 47801700
Cat# D218200
Cat# 65-0863-18
Cat# 00-4958-02
Cat# G2025
Cat# N6876
Cat# 04126
Cat# P9625
Cat# 10339

Cat# P4170
Cat# 212-12
Cat# P087.3
Cat# S21388
Cat# S34857
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REAGENT or RESOURCE SOURCE IDENTIFIER
Critical commercial assays

Foxp3 Staining Buffer Set eBioscience Cat# 00-5523-00
iScript cDNA synthesis kit Bio-Rad Cat# 1708891
miRNeasy Micro Kit Qiagen Cat# 217084
Pierce BCA protein assay kit Thermo Fisher Scientific Cat# 10741395
QuantiTect Reverse Transcription Kit Qiagen Cat# 205311
Revert 700 Total Protein Stain for Western Li-cor Cat# 926-11011

Blot Normalization
RNAdvance Tissue
RNAdvance Cell V2

SsoFast EvaGreen Supermix

Beckman Coulter
Beckman Coulter
Bio-Rad

Cat# A32649
Cat# A47943
Cat# 1725204

Deposited data

Supplemental Data S1 — Source Data: This manuscript N/A

Unprocessed data underlying the

display items in the manuscript.

Related to Figures 1, 2, 3, 4, 5, 6, 7,

and S1-S7.

Experimental models: Organisms/strains

B6.129X1-116"™""¥"°/Cnbc European Mouse Mutant Archive (EMMA) EM:05332

C57BI/6 Charles River JAX #000664

C57BL/6-Tg(Foxp3-DTR/EGFP)23.2Spar/Mmjax Jackson Laboratories JAX #011003

CD4 Cre li6ra fl/fl Jens Briining, Max Planck Institute for Nish et al.*®
metabolism research, Germany

Myl1tmitereSioy Jackson Laboratories JAX #024713

Oligonucleotides

GCTGAGGACAATGCAGGGTAA N/A Areg fwd

GTGACAACTGGGCATCTGGA N/A Areg rev

TGTGGCTGATGATCCGAATA Reinhard Obst, Ludwig-Maximilians- CD4 Cre RO289
Universitat Mlnchen, Germany

GCTTGCATGATCTCCGGTAT Reinhard Obst, Ludwig-Maximilians- CD4 Cre RO290

ACACCCAGTGGCTATACCCTG

CCGTAGGATGCTTCATCACCC

TGGGACTGGTCGATTGCAT

AGTGGCCATACCTTTCCGG

ACTGGCTACAAAAGCCG
ACTTGCCTCCTGCAAAGCAC
GTGTGCTCCGAGTAAGGGTG

CAGGCATTCGGCAATGTGG

Tagman probe HPRT
GCCTTCTTGGGACTGATGCT
TGCCATTGCACAACTCTTTTC
CCCACCAAGAACGATAGTCA
GGTATCCTCTGTGAAGTCCTC
Tagman probe IL6

Universitat Minchen, Germany

Maximilian Kleinert, Helmholtz Zentrum
Minchen, Germany

Maximilian Kleinert, Helmholtz Zentrum
Miinchen, Germany

Maximilian Kleinert, Helmholtz Zentrum
Minchen, Germany

Maximilian Kleinert, Helmholtz Zentrum
Minchen, Germany

N/A
N/A

Maximilian Kleinert, Helmholtz Zentrum
Munchen, Germany

Maximilian Kleinert, Helmholtz Zentrum
Miinchen, Germany

Thermo Fisher Scientific

N/A

N/A
Quintana et al.”®
Quintana et al.*®

Thermo Fisher Scientific
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Ckmt2 fwd

Ckmt2 rev

Cpt1b fwd

Cptib rev

Histone H3 fwd
Histone H3 rev
Hk2 fwd

Hk2 rev

HPRT-MmO01545399_m1
116 fwd

116 rev

IL6flox fwd

IL6flox rev
IL6-MmO00446190_m1
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TAGGGCCCAGTTCCTTTAT Xu et al.®® IL6Ra 3IL6A
CCGCGGGCGATCGCCTAGG Xu et al.*® IL6Ra 5GK12
CCAGAGGAGCCCAAGCTCTC Xu et al.*® IL6Ra 5IL6E3
CTCAGGAGCAGCGGGTTTAT N/A Mfn2 fwd
GAGAGGCGCCTGATCTCTTC N/A Mfn2 rev
GCAAAATTGGCTCAAACAGCC N/A Mstn fwd
AGGGATCCAGCCCATCTTCTC N/A Mstn rev
CACCTCCAACTGCTCTGACG N/A Myf5 fwd
CTCGGATGGCTCTGTAGACG N/A Myf5 rev
CTACAGGCCTTGCTCAGCTC N/A Myog fwd
AGATTGTGGGCGTCTGTAGG N/A Myog rev
GTAGGTGGAAATTCTAGCATCATCC Jackson Laboratories o0lMR0043
GCGGTCTG GCAGTAAAAACTATC Jackson Laboratories olMR1084
GTGAAACAGCATTGCTGTCACTT Jackson Laboratories oIMR1085
CTCAGTGAGTTCGATTAGCCG N/A Pax7 fwd
AGACGGTTCCCTTTGTCGC N/A Pax7 rev
GATTGACATCCTGCCTGACC N/A Pdk4 fwd
CATGGAACTCCACCAAATCC N/A Pdk4 rev
AAAAGTGCCTGAAACCAGAG Maximilian Kleinert, Helmholtz Zentrum Slc2a4 fwd
Munchen, Germany
TCACCTCCTGCTCTAAAAGG Maximilian Kleinert, Helmholtz Zentrum Slc2a4 rev

Mdinchen, Germany

Software and algorithms

ImageJ

Cellpose software

Odyssey CLx imaging system
Bio-CIS

Wheel manager software
Prism (version 6.0.1 to 9.3.1)

FlowJo software (version 7.6.1 and 10.7.1)

Fiji

N/A

Li-cor

Bioseb

Med Associates, St. Albans, USA
GraphPad

TreeStar, OR

RRID: SCR_003070
RRID: SCR_021716
https://www.licor.com/
https://www.bioseb.com/
N/A

https://www.graphpad.com/
scientific-software/prism/

https://www.flowjo.com/

FACSDiva software (version 6.1.3) Beckton Dickinson N/A

Zeiss ZEN 3.7 software Carl Zeiss Microscopy GmbH, Germany N/A

Other

Grip strength meter BIO-GS3 Bioseb N/A
Standard diet Altromin Cat# 1314

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact Carolin

Daniel (carolin.daniel@helmholtz-munich.de).

Materials availability

This study did not generate new unique items.

Data and code availability

This paper does not report original code. Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request. Unprocessed data underlying the display items in the manuscript can be found in Supplemental
Table Data S1- Source Data as also indicated in the key resources table.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All mice were maintained group-housed under specific pathogen free (SPF) conditions with a 12h/12h light dark cycle at 23°C with
free access to food and water at the animal facility of Helmholtz Zentrum Munchen, Germany, according to the Institutional Animal
Committee Guidelines. The hygiene monitoring was based on the quarterly analysis of exhaust air dust of the IVC air handling units via
real-time PCR analysis performed by an external diagnostic laboratory.®® Mice were fed ad libitum (Altromin, #1314, Lage, Germany).
All mice used for in vivo studies were drug and test naive. Whenever possible, age- and sex-matched littermates were used for the
studies. All animal care was executed according to the guidelines established by Institutional Animal Committees. Animal experi-
ments were approved by the local authorities (approval numbers ROB-55.2-2532.Vet_02-17-63, ROB-55.2-2532.Vet_02-18-173,
2347-43-2018) and health status checks were performed at least once a week or more often when required.

In general, breeding of Cre/LoxP mice was performed using heterozygous mice carrying the Cre transgene and homozygous for
the floxed allele with Cre negative mice homozygous for the floxed allele. Therefore, Cre heterozygous mice are referred to as (muscle
fiber- or T cell-specific) KO mice and compared to the corresponding floxed/floxed control littermates.

C57BI/6J mice (JAX Stock #000664, purchased via Charles River) were used as wild type (WT) mice. T cell-specific ILRa. TKO
mice are C57BI|/6-derived and were kindly provided by Jens Briining (Max Planck Institute for Metabolism Research, Cologne, Ger-
many)®® and maintained by in-house breeding. Muscle fiber-specific ILBKO mice were generated in-house using MLC Cre mice
(STOCK-Myi1tm1€re)Sib/ ) (undefined genetic background), Jackson laboratories, stock #024713) and IL6 fI/fl mice (European Mouse
Mutant Archive-EMMA, B6.129X1(129S4)-116™"-1"°/Cnbc).

For Treg depletion, 15-20-week-old male Foxp3 DTR mice (C57BL/6-Tg(Foxp3-DTR/EGFP)23.2Spar/Mmjax, Jackson labora-
tories, stock #011003) were injected i.p. with 25 ng diphtheria toxin per g bodyweight for three times every other day. Only male
mice were used since Foxp3-DTR is on the X chromosome, transgene carrying males are infertile and therefore, no homozygous
Foxp3 DTR+ female mice can be obtained by crossing heterozygous females with non-carrier males.

For Treg expansion, 6 ug anti-1L2/IL2 antibody complexes were injected i.p. in a total volume of 100 pL three times every other day
into 10-12-week-old male IL6Ra TKO mice or floxed control animals.

For pharmacological IL-6R targeting, 10-week-old male C57BI/6J mice received 400 pg anti-IL-6R InVivoMAb (BioXCell, BE0047)
or control InVivoMADb (BioXCell, BEO089) in 100 uL 0.9% NaCl i.p. twice a week. Grip strength was measured weekly.

For the muscle injury model, all procedures were approved by the ethics committee for animal welfare of the State Office of Envi-
ronment, Health, and Consumer Protection (State of Brandenburg, Germany) under approval number 2347-43-2018. Muscle injury
was induced in 10-13-week-old male CD4 IL6Ra TKO vs. floxed mice by intramuscular injections of 25 uL of 50% glycerol (v/v in PBS)
divided in two injections (12.5 pL each) into the tibialis anterior (TA) muscles in mice shortly anesthetized with isoflurane. At 4- or
14-day post injection mice were sacrificed and TA-muscles were collected for FACS and histology analysis, respectively.

For DSS-induced sarcopenia, 9-15-week-old female CD4 IL6Ra TKO vs. floxed mice received 1.5-2.0% (w/v) DSS in the drinking
water. Drinking water was changed every two days. Grip strength was measured once a week.

For voluntary wheel running experiments, 8-week-old male littermates of the corresponding mouse lines were randomly assigned
to sedentary vs. exercised groups. Mice were kept double-housed, but for some experimental setups single housing was approved
by the local authorities. Cages of resting mice were enriched with plastic houses to correct for the additional cage enrichment during
exercise experiments. Except for the wheels (exercise group) versus plastic house (resting group), cage enrichment was identical.
Wheel running activity was monitored by connecting the angled running wheels (Med associates, St. Albans, USA) to a computerized
activity monitoring system. The number of revolutions were recorded using the wheel manager software (Med Associates, St. Albans,
USA) and used to calculate the running distance per hour or per day as indicated in the figures. BWs were monitored regularly.
Running wheels of the exercised groups were locked the day prior to the study termination. For pilot studies focusing on the effect
of exercise on gene expression in Soleus muscle, adult male mice were subjected to ten days of voluntary wheel running. For the
other studies, male mice were randomly divided into sedentary, exercised and pre-exercised groups at the age of eight weeks. Exer-
cised mice remained sedentary for the first four weeks and had access to wheels for the last four weeks. The pre-exercised mice had
access to the wheels only during the first four weeks (for pilot studies, an additional pre-exercised group with two weeks rest, four
weeks exercise followed by two weeks rest was included. This is indicated in the corresponding figure legends).

Grip strength measurements were done using BIOSEB Bio-GS3 grip strength meter and Bio-CIS software. Each mouse was
measured with all four paws on the grid three times with at least 5 s recovery between measurements. Measurements of each cohort
were done at the same time of the day and by the same investigator that was blinded for genotype and treatment during the mea-
surements. The order of mice being tested was chosen randomly. The maximal grip strength was used for further analyses.

METHOD DETAILS
Genotyping

Genotyping of the KO mice were performed from proteinase K-digested ear punches by PCR (using the DreamTaq Green Polymer-
ase System, Thermo Fisher) followed by agarose gel electrophoresis. For primers (Sigma Aldrich) see key resources table.
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Body composition analysis using EchoMRI
Whole-body composition was analyzed in live mice using NMR technology (EchoMRI, Houston, TX, USA).

Cell isolation

Primary single cell suspensions from lymph nodes were prepared by gently straining the tissue through a 70um cell strainer in HBSS+
(Sigma-Aldrich, supplemented with 5% FCS and 10 mM HEPES). For T cell analyses, skeletal muscles were collected in HBSS+,
minced and digested using collagenase Il (0.5 mg/mL, Sigma Aldrich) and calcium chloride (0.18 mg/mL) in PBS with 0.5% BSA
at 37°C on a rotator for about 20-30 min. The cell suspension was passed through 70 um/100 um filter, centrifuged at 400g for
5 min at 4°C. The pelleted cells were resuspended in HBSS+ and stained for flow cytometric analysis.

For analyses of SCs and FAPs in steady state, muscles were isolated, minced and digested in HBSS™ containing 2.5 mg/mL of
Collagenase A (Roche) for 45 min at 37°C on a rotator. 2 U/mL of Dispase |l (Roche were added for additional 30 min. Muscle lysates
were passed through 100 um cell strainers, pelleted at 400g for 5 min at 4°C and further processed for flow cytometric analyses.

For analyses of the injury model, muscles were isolated, minced and digested in high-glucose DMEM medium containing 2.5 mg/mL
of Collagenase A (Roche) for 45 min at 37°C with shaking. 2 U/mL of Dispase Il (Roche were added for 30 min into the muscle lysates.
Muscles slurries were passed 10 times through a 20 G syringe and a 70 pm cell strainer and centrifuged at 1200 rpm for 5 min at 4°C.
The pellet was re-suspended in ACK (Ammonium Chloride Potassium) lysing buffer to eliminate red blood cells and centrifuged again
at 1200 rom for 5 min at 4°C. Cells were resuspended in sorting buffer consisting of 100 L Hank’s balanced salt solution (HBSS), 0.4%
bovine serum albumin and stained for 30 min at 4°C. Living cells were gated for the accumulation of calcein (1:1,000 dilution; stock of
1 mgin 215 mL DMSO) and the exclusion of propidium iodide (PI) (1:1000 diluted stock solution: 1 ug/mL in water) fluorescence.

Flow cytometry

All single cell suspensions were incubated with Fc blocking reagent (BD Pharmingen) for 10 min to prevent the unspecific binding of
antibodies and thereafter incubated with fluorochrome-labelled antibodies for surface staining on ice in the dark for 30 min. All mono-
clonal antibodies used are listed in the key resources table.

For the intracellular staining, the cells were fixed and permeabilized using the Foxp3 staining buffer kit (eBioscience) after the sur-
face staining. This was followed by staining with intracellular antibodies for Foxp3, Ki67 and Areg for 30 min. For the biotinylated anti-
body (Areg), the cells were further stained using a streptavidin-PE conjugate (S21388) from ThermoFisher Scientific. Following the
staining, cells were passed through a 40 um cell strainer (NeoLab) to remove any debris before acquisition.

Cells were sorted and acquired on BD FACS Aria lll flow cytometer using FACS Diva software (Beckton Dickinson) with optimal
compensation and gain settings determined based on unstained and single-color stained samples. Doublets were excluded based
on SSC-A vs. SSC-W and FSC-A vs. FSC-W plots. Dead cells were excluded based on forward and sideward scatter and staining
with Sytox Blue (ThermoFisher), Fixable viability dye eFlour450 (eBioscience) or propidium iodide and calcein. All the data were
analyzed using FlowdJo software version 7.6.1 or 10.8.1 (Treestar, OR).

In vitro Treg induction assay

For Treg induction, murine naive (CD4*CD44"°“CD62L" CD257) T cells from the popliteal lymph nodes were FACS sorted on BD
FACS Aria lll cell sorter and stimulated in 96 well plates. Plates were pre-coated with 5 ng/mL anti-CD3 and 5 pg/mL anti-CD28
(BD, Pharmingen) in 0.1 M sodium bicarbonate buffer (pH = 8.2). Sorted cells were cultured for 18 h in the pre-coated plates with
RPMI medium (Gibco, Life technologies) supplemented with 10% FCS, 1 mM sodium pyruvate (Sigma Aldrich), 50 mM B-mercap-
toethanol (Amimed), 1x non-essential amino acids (Merck Millipore), 100 U/ml penicillin and 100 ng/mL streptomycin (Sigma Aldrich)
in the presence of 100 U/ml recombinant human IL-2 (Peprotech). To mimic the subimmunogenic conditions in vitro, cells were trans-
ferred into new uncoated wells after 18 h of stimulation. T cells were then cultured without TCR stimulation for additional 36 h prior to
analysis.

Gene expression analysis by real time qPCR

mRNA from the snap-frozen muscle and adipose tissues were extracted using RNeasy Mini Kit (Qiagen) according to the manufac-
turer’s instructions. cDNA synthesis was done using QuantiTect Reverse Transcription Kit (Qiagen). Quantitative PCR (QPCR) was
performed with a ViiA 7 Real-time PCR system (Applied Biosystems) using tagman probe. Target gene expression was normalized
to the reference gene, Hprt (MmM01545399_m1, ThermoFisher Scientific) and calculated relative to controls. For WT and Foxp3 DTR
mice, snap-frozen Soleus was homogenized using Precellys 24, RNA was isolated with the RNAdvance Tissue Kit (Beckman Coulter)
and cDNA was reverse transcribed using iScript Advanced (BioRad) according to the manufacturers’ instructions. gPCR was per-
formed using the Ssofast Real Time Mix (BioRad), gene expression was normalized to Histone H3 as reference gene. Ct values > 45
cycles were regarded as transcripts not detectable and included as 0 for Figure S4B.

Histology and image analysis

Tibialis anterior or Gastrocnemius muscle was dissected, fixed overnight in 4% formaldehyde at 4°C over night, dehydrated, and
embedded in paraffin sections before 2 um slices were cut at midbelly and 3 sections were collected every 250 um for Sirius red
staining. Briefly, deparaffinized slides were incubated with a 0.1% Sirius red solution dissolved in aqueous saturated picric acid
for 1 h, washed in acidified water (0.5% acetic acid), dehydrated and mounted with Fluoromount-G. Collagen component was
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red-stained to delimiting muscle fibers from the extracellular matrix. Staining was visualized in a BZ900 Fluorescence Microscope
and CellPose deep-learning algorithm, was used to automatically segment individual fibers from dense red extracellular matrix.%°
Cross-sectional area fiber size from three different midbelly sections per mice were analyzed with FlJI/imageJ,®’ plugin
LaberlsToROls, as described in Waisman et al.®”

Succinate dehydrogenase staining (SDH)

Gastrocnemius muscles were embedded in gum tragacanth 6% (w/v) (Sigma) and snap frozen in isopentane, previously cooled in
liquid nitrogen. For SDH stainings of muscle injury and Treg depletion studies, serial cross-sections (10 um thick) were cut at midbelly
in a cryostat at —20°C and stained for succinate dehydrogenase (SDH) activity, complex Il of the mitochondrial respiratory chain, as
follows. Sections were first allowed to reach room temperature before they were then incubated in a working SDH solution containing
phenazine methosulfate (0.3 mg/mL), nitro blue tetrazolium (0.5 mg/mL), sodium succinate (50 mM), and phosphate buffer (0.12 M
potassium dihydrogen phosphate, 0.88 M disodium hydrogen phosphate) for 20 min at 37°C. Afterward, slides were dipped quickly in
dH20, air-dried for 10 min in the dark, and mounted with Fluoromount-G. For other studies (e.g., time course using C57BI/6J mice in
Figure S1, SDH stainings of steady state CD4 IL6Ra TKO vs. floxed mice and DSS-induced sarcopenia in CD4 IL6Ra TKO vs. floxed
mice), 16 um cryosections were processed as follows: Slides were stained for 20 min at 22°C. After quickly dipping in dH20, slides
were fixed for 10 min in 10% neutral buffered formalin, dehydrated in a graded ethanol series, cleared using Rotihistol (Carl Roth) and
mounted in Entellan. Fibers were visually categorized and counted as either oxidative (dark and medium stained) or glycolytic (lightly
blue stained) using FIJI/ImageJ software®’ and the Cell Counter Plugin.

Citrate synthase activity

Citrate Synthase (CS) activity was determined spectrometrically by monitoring the reduction of DTNB (5,5’ dithiobis-(2-nitrobenzoic
acid) at 412 nm. Briefly, GC muscle tissue was homogenized in buffer containing 50 mM Tris, 1 mM EDTA (pH = 7.4), and 0.1% Triton
X-100 and centrifuged at 13,000x g for 10 min at 4°C. An aliquot of 10 uL of 1:10 diluted supernatant of each sample was transferred
to a 96-well plate before adding 215 pL of reaction buffer (100 mM Tris, 1 mM MgCl,, 1 mM EDTA adjusted to pH = 8.2, 0.1 M DTNB)
and 25 uL of Acetyl-CoA (3.6 mM). All analyses were measured as triplicates. The reaction was initiated by adding 3 mM Oxaloacetate
and the increase in absorbance at 412 nm was measured for 10 min at 37°C. The CS activity was calculated from the slope of the
linear portion and normalized to mg tissue.

Western Blotting

Gastrocnemius muscle tissue was homogenized in Citrate Synthase (CS) buffer and protein concentrations were determined with a
BCA protein assay kit. Protein lysates were diluted in Laemmli buffer with B-mercaptoethanol (1:1000), then heated at 37°C for 5 min.
Protein samples separation were performed using 15% SDS-PAGE and subsequent protein transfer onto PVDF membranes. Pro-
teins were incubated with the anti-OXPHOS complex (1:1000) over night and normalized to total protein (reversible protein) for quan-
tification. Detection was performed using the Odyssey CLx imaging system. Quantification was performed using ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Results are presented as mean and standard error of mean (mean + SEM) or as percentages, wherever appropriate. Comparisons of
two groups were done using Student’s unpaired two-tailed t-test and for more than two groups, one or two-way ANOVA (two-tailed)
followed by Tukey’s, Sidak’s or Dunnett’s post hoc test for multiple comparisons, respectively. Given the applied n numbers, no addi-
tional methods were used to determine whether the data were normally distributed. The detailed information which statistical test
was used and the n numbers for each experiment are indicated in the corresponding figure legends or shown by plotting individual
points. A p < 0.05 was considered to be statistically significant. Statistical significance is shownas *=p <0.05, ™ or ## =p <0.01, ™ =
p < 0.001 or *** = p < 0.0001. All statistical analyses were performed using Prism v6-9.2.0 (GraphPad).
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Figure S1
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Figure S1: Physiological parameters assessed during voluntary wheel running.

(A) Muscle-residing ex vivo Tregs were analyzed based on lymphocyte gating using forward
and side scatter, followed by doublet exclusion based on FSC-A vs. FSC-W and SSC-A vs.
SSC-W. CD4*T cells were then gated using a set of exclusion markers (CD11b, CD11c, CD14,
F4/80, B220, CD8a) and dead cell stains (sytox blue or fixable viability dye eFluor450) followed
by the transcription factor Foxp3 for Tregs (see Figure 1A for Foxp3 staining example).

(B) Example of activity profiles of mice subjected to voluntary wheel running using low-profile
Wi-Fi wheels. Shown is the distance run per hour in the dark vs light phase over a period of
10 days and the corresponding cumulative distance.

(C-D) Representative image obtained by enzymatic staining of cryosectioned GC muscles for
SDH activity and the corresponding summary graph. Medium and dark blue muscle fibers are
SDH+ and are referred to as being oxidative. Light blue muscle fibers are SDH- and
considered being glycolytic. The scale bar (white) is 100 um. The groups were defined as:
sedentary (eight weeks rest), exercised (four weeks rest, four weeks exercise), pre-exercised
(two weeks rest, four weeks exercise, two weeks rest) and pre-exercised (four weeks exercise,
four weeks rest). Each symbol refers to a biological replicate.

(E-F) Pilot study analyzing E) Foxp3™ Treg and F) Ki67" proliferating Treg frequencies in
Soleus of sedentary, exercised (four weeks of voluntary wheel running), and pre-exercised
mice (analyzed two weeks after the four weeks voluntary wheel running period).

(G) Accumulative delta body weight of sedentary, exercised and pre-exercised WT mice
(n= 14 mice per group).

(H) Visceral adipose tissue mass normalized to body weight upon termination (n= 20 mice per
group).

(I-J) Weight of 1) Soleus and J) Gastrochemius normalized to body weight in sedentary,
exercised and pre-exercised mice.

(K) Voluntary wheel running of WT mice represented as average running distance per day in
km for two mice (from three independent experiments).

(L) Representative FACS plots showing the presence of Ki67, AREG, ST2, IL6Ra and EGFR
on muscle-residing Foxp3*Tregs (in Soleus and Gastrocnemius) and the corresponding
fluorescence minus one (FMO) staining controls.

Data are represented as mean+SEM. Each point refers to a biological replicate. Data were
analyzed by one-way ANOVA followed by Tukey’s or Sidak’s post hoc test for multiple
comparisons (D-F, H-J) or two-way ANOVA followed by Dunnett’s post hoc test (G). *p< 0.05,
**p< 0.01. Related to Figure 1 and 2.
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Figure S2: Impact of exercise on muscle-residing CD4'T cells.

(A-B) A) CD4" T cell and B) Foxp3* Treg counts from Soleus and Gastrocnemius (GC) muscle
per isolation.

(C) Gene expression analysis of Soleus of sedentary (n=6) and pre-exercised (n=7) WT mice.
Gene expression was normalized to Histone H3. Data of sedentary mice as shown in Figure 1.

(D) Bar graph showing induced CD4*CD25"Foxp3* Tregs (represented as % of sedentary)
from the in vitro Treg induction assays using limited TCR stimulation of naive CD4*T cells
sorted from popliteal lymph nodes of sedentary, exercised and pre-exercised mice. Shown are
biological replicates from 2-3 independent experiments.

Data are expressed as meantSEM. Data were analyzed by Student’s unpaired two-tailed t-
test (C) or one-way ANOVA followed by Tukey’s post hoc test for multiple comparison (A, B,
D) with *p< 0.05, **p< 0.01, ***p< 0.001 and ***p< 0.0001. Related to Figure 2.



Figure S3
A

i.p. diphtheria toxin

Y I

&>

Foxp3 DTRnee

Vs Treg ds
Foxp3 DTRres  depletion
DTRnes DTRees

-_— e.gr

CV-ATP5A —»
Clll-UQCRC2 —»
CIV-MTCO1 —»

Cll-SDHB —»

— — —

CI-NDUFB8 —>»

Foxp3 DTR"¢

Foxp3 DTRres

cozshi Tregs |

CD25hi Tregs

CD25 - PerCp-Cy5.5

ratio OXPHOS complex/pan-actin

Cl
E fiber type SDH
100
o
2 80
[0
Ko}
=
< 60
°
5 40 o
xX o)
20
0_
Type l/lla  Type lIb/lIx

F

# fibers analyzed

Foxp3 - FITC

OXPHOS complex

*
o
o
(¢}
o °© 9
Cll Clll ClvV
# fibers analyzed
SDH
3000
o
2000+ ©
1000
0-
DTR- DTR+

Il Foxp3 DTRree
Il Foxp3 DTRres

00

Ccv

©
9]
N
=
©
c
©
&
V]
Q
=
+H*

# fibers analyzed
cross sectional area

2500

2000- °0°
1500+ ©
1000-
500-
0
DTR- DTR+



Figure S3: Treg depletion in Foxp3 DTR mice affects muscle homeostasis.

(A) Experimental scheme to deplete Foxp3*Tregs using i.p. diphtheria toxin (DT) in Foxp3DTR
mice.

(B) Representative FACS plot showing the Treg depletion efficacy in popliteal LN of
Foxp3DTR- and Foxp3DTR+ mice on day 8.

(C) Western Blotting results showing the analysis of OXPHOS complexes in Gastrocnemius
upon Treg depletion in Foxp3DTR- and Foxp3DTR+ mice. In the western blot, two biological
replicates per experimental group are shown. In the summary plot analyzing CI-CV, each dot
represents a biological replicate.

(D-F) Representative pictures and quantification of succinate dehydrogenase (SDH) staining
of Gastrocnemius upon Treg depletion.

(G) Quantification of the cross-sectional area of Gastrocnemius fibers upon Treg depletion in
Foxp3 DTR- and Foxp3 DTR+ mice.

Data are represented as meanzSEM. Each dot refers to a biological replicate. Student’s
unpaired two-tailed t-test (C, E-G) with *p< 0.05. Related to Figure 3.
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Figure S4: Impact of exercise on muscle fiber IL6KO mice.

(A) Genotypic characterization of muscle fiber-specific ILEKO mice.

(B) Graph showing the 116 mRNA levels in muscles (Quadriceps, Tibialis anterior), liver and
visceral adipose tissue in muscle fiber ILBKO mice and floxed controls by gPCR (n= 8 mice
per group). Not detected as 0 value.

(C) Accumulative delta body weight of sedentary and pre-exercised muscle fiber IL6KO mice
and floxed control mice upon standard diet (n= 6 mice per group). # (p< 0.01), $ (p< 0.001)
comparing sedentary muscle fiber IL6KO mice to sedentary floxed control mice; B (p< 0.01),
§ (p< 0.001) comparing sedentary muscle fiber ILBKO mice to pre-exercised muscle fiber
ILBKO mice.

(D) Visceral adipose tissue mass normalized to body weight of sedentary and pre-exercised
muscle fiber ILBKO mice and floxed controls.

(E) Voluntary wheel running profile of muscle fiber IL6KO mice and floxed controls represented
as average running distance per day in km for two mice (from three independent experiments).

Data are expressed as mean+SEM. Each point represents a biological replicate. Data were
analyzed by two-way ANOVA followed by Tukey’s post hoc test for multiple comparison (C,
E, D) or Student’s unpaired two-tailed t-test (B). *p< 0.05, **p< 0.01, ***p< 0.001. Related to
Figure 4.
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Figure S5: Impact of exercise on mice with a T cell-specific IL6Ra KO.

(A) Genotypic characterization of IL6Ra TKO mice by CD4 Cre and IL6Ra floxed PCR. PCR
products were separated on a 2% agarose gel (w/v, in 1X TAE buffer) and stained using Midori
Green.

(B) FACS staining of ex vivo IL6Ra on CD4*T cells from inguinal lymph nodes in IL6Ra TKO
mice and floxed controls.

(C) Voluntary wheel running profile of IL6Ra TKO mice and floxed control mice represented
as average running distance per day in km for two mice (from three independent experiments).

(D) Visceral adipose tissue mass normalized to body weight of sedentary and pre-exercised
IL6Ra TKO mice and floxed controls (n= 6).

(E) Accumulative delta body weight of sedentary and pre-exercised IL6Ra TKO mice and
floxed controls fed the standard diet (n= 4-6 mice per group).

(F-G) Lean mass and total water measured by EchoMRI body composition analysis of IL6Ra
TKO mice and floxed control mice after pre-exercise.

(H) Scheme of the sarcopenia model using IL6Ra TKO mice and floxed control mice that
received DSS ad libitum in the drinking water. Grip strength was measured once a week.

() Normalized body weight change of (H) of IL6Ra TKO mice and floxed control mice.

(J-K) Analyses of enzymatic SDH stainings in Gastrochemius muscles of either steady state
IL6Ra fl/fl vs IL6BRa TKO mice, or mice subjected to DSS-induced sarcopenia as of (H). not
significant.

(L) Full gating scheme of the analysis of satellite cells (SCs; gated as Itga7*Scal CD45CD31"
dump’) and fibro-adipogenic progenitor cells (FAPs; gated as Scal*ltga7-CD45 CD31 dump).

(M-N) Analysis of the cross-sectional area of Gastrocnemius muscle of pre-exercised IL6Ra
TKO and floxed control mice at the end of the experiment. Scale bar (yellow) is 100 um.

Data are expressed as mean+SEM. Data were analyzed by Student’s unpaired two-tailed t-
test (F, G, N), one-way ANOVA followed by Tukey’s post hoc test for multiple comparison (J),
or two-way ANOVA followed by Tukey’s post hoc test for multiple comparison (C, E, I) with
*p< 0.05. Related to Figure 4.
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Figure S6: Muscle injury in mice with a T cell-specific IL6Ra loss.

(A) Full gating scheme for the analysis of endothelial cells (ECs; gated as CD45°CD11b"F4/80
Scal*CD31"), macrophages (MPs; gated as live CD45*CD11b*F4/80") satellite cells (SCs;
gated as Itga7*Scal CD45CD31dump’) and fibro-adipogenic progenitor cells (FAPs; gated
as Scal‘ltga7"CD45CD31dump).

(B) Full gating scheme for the analysis of pro-inflammatory Ly6C*/anti-inflammatory Ly6C
cells or CD206" macrophages.

(C) Corresponding FACS FMO staining controls for (A-B).

(D-E) Quantification for ex vivo phenotypic analysis of macrophages upon muscle injury in
IL6Ra TKO and floxed control mice 4 dpi.

Data are expressed as mean+SEM. Data were analyzed by Student’s unpaired two-tailed t-
test (D, E) with *p< 0.05. Related to Figure 5.
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Figure S7: Treg modulation affects muscle function.
(A-B) Body weight change of C57BI/6J mice treated with anti-IL6R mAb or control mAb for
four weeks twice weekly. 2way ANOVA with Sidak’s post hoc test. ns.

(C-F) Organ weights after four weeks of anti-IL6R mAb or control mAb treatment. Student’s
unpaired two-tailed t-test. Data represent mean+SEM. ns = not significant. Related to Figure 7.
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