
1  

Poor repair of skeletal muscle in aging mice reflects a defect in local,  
interleukin-33-dependent, accumulation of regulatory T cells 

 

 

Wilson Kuswanto,1,+ Dalia Burzyn,1,†,+ Marisella Panduro,1 Kathy K. Wang,1 Young Charles 

Jang,3,# Amy J. Wagers,2-4 Christophe Benoist,1,5 and Diane Mathis1,5,* 

 

 

 

 
1Microbiology and Immunobiology, Harvard Medical School, Boston MA 02115, USA. 
2Joslin Diabetes Center, Boston, MA 02215, USA 
3Stem Cell and Regenerative Biology, Harvard University, Cambridge, MA 02138, USA and 

Howard Hughes Medical Institute, Chevy Chase, MD 20815, USA 
4Paul F Glenn Center for the Biology of Aging, Harvard Medical School, Boston, MA 02115, 

USA 
5Evergrande Center for Immunologic Diseases, Harvard Medical School and Brigham and 

Women’s Hospital, Boston MA 02115, USA. 

 
 

†Present address: Jounce Therapeutics, Inc., Cambridge, MA 02138, USA 
# Present address: Georgia Institute of Technology, Atlanta, GA 30332, USA 
 
 
+Co-first authors  

 

 
*Address correspondence to:  Diane Mathis, 

    M icrobiology and Immunobiology, 
    Harv ard Medical School, 
    77 Avenue Louis Pasteur, Boston, MA 02115, USA                                    
    E-mai l: cbdm@hms.harvard.edu 
    Phone:  (617) 432-7741 

                                              
 
 
 
 

   



2  

SUMMARY 

 

 Normal repair of skeletal muscle requires local expansion of a special population 

of Foxp3+CD4+ regulatory T (Treg) cells. Such cells failed to accumulate in acutely 

injured muscle of o ld mice, known to undergo ineffectual repair. This defect reflected 

reduced recruitment of Treg cells to inju red muscle, as well as less proliferation and 

retention therein. Interleukin (IL)-33 regulated muscle Treg cell homeostasis in young 

mice, and its administration to old  mice ameliorated their deficits in Treg cell 

accumulation and muscle regeneration. The major IL -33-expressing cells in skeletal 

muscle displayed a c onstellation of markers diagnostic of fibro/adipogenic progenitor 

cells, and were often associated with neural structures, including nerve fibers, nerve 

bundles and muscle spindles, which are stretch-sensitive mechanoreceptors important 

for proprioception. IL-33+ cells were more frequent after muscle injury, and were 

reduced in old  mice. IL-33 is w ell situated to relay signals between the nervous and 

immune systems within the muscle context. 
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INTRODUCTION 

 

Foxp3+CD4+ regulatory T (Treg) cells play  a ke y role in imm une-system 

homeostasis. Classically, they have been associated with various types of imm une 

responses, but more recently, they were found to operate in diverse non-immunological 

contexts as well. For example, visceral-adipose-tissue (VAT) Treg cells regulate  local 

and systemic inflammation and metabolism (Feuerer et al., 2009), and a distinct 

population of Treg cells in skeletal muscle potentiates regeneration in acute and chronic 

injury models (Burzyn et al., 2013). At both of these sites, Treg cells can exert a direct 

influence on local p arenchymal cells or t heir progenitors, in addition to regulating 

macrophage activities. 

Skeletal muscle is a  highly specialized tissue composed largely of post-mitotic, 

multinucleate cells (myofibers) that rarely turn over in the absence of damage. Upon 

injury, muscle mounts a robust regenerative response that supports repair or 

replacement of almost all of the neighboring myofibers. Muscle regeneration is 

dependent on a pool of quiescent, committed, self-renewable precursors, called satellite 

cells, found beneath the basal lamina in juxtaposition to muscle fibers (Jang et al., 

2011). Injury induces satellite cells t o become activated, proliferate, differentiate and 

either form new  myofibers or fuse to ex isting ones. Leukocytes such as neutrophils, 
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eosinophils, monocytes and macrophages are critical to the reg enerative response, 

arriving within hours of injury; CD4+ and CD8+ T cells join in over time and are generally 

thought to impede tissue repair (Tidball and Villalta, 2010; Heredia et al., 2013). In 

contrast, Treg cells enhance repair, accumulating in both ac ute and chronically injured 

muscle to constitute 40-50% of CD4+ T cells (Burzyn et al., 2013), well above the typical 

circulating frequency of 10-15%. The increase in Treg cell representation correlates with 

a switch in myeloid-lineage populations from a pro- to an anti-inflammatory phenotype, 

and punctual depletion of Tregs inhibits this phenotypic switch (Burzyn et al.,  2013). 

Muscle Treg cells display a distinct, clonally expanded, T cell receptor (TCR) repertoire 

that shows signs of antigenic selection. The muscle Treg cell transcriptome, while 

enriched for signature transcripts, differs substantially from those of Treg cells found in 

lymphoid tissues.  

Aging of skeletal muscle, like that of most mammalian tissues, is associated with 

a steady decline in b oth function and regenerative capacity (Jang et al., 20 11). The 

defect in regeneration is due at least in part to an age-associated decrease in satellite 

cell frequency and function. The molecular mechanisms underlying reduction of the 

satellite pool are the focus of ongoing investigation, with studies on heterochronic 

parabiotic mice suggesting an i mportant contribution of circulating factors and/or 

migratory immune-system cells (Conboy et al., 2005; Brack et al., 2007; Sinha et al., 
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2014). Treg cell representation within lymphoid tissues has repeatedly been shown to 

increase with age (Nikolich-Zugich, 2014); yet little is known about concomitant effects 

on their trafficking to and function within nonlymphoid tissues in response to various 

challenges.  

Here we address whether numerical or phenotypic alterations in local Treg cells 

subtend the poor muscle regeneration of old mice. We report a severe age-dependent 

decline in Treg cell accumulation in injured skeletal muscle, and go on to explore the 

population dynamics underlying this reducti on. We uncover the importance of the 

interleukin (IL)-33:ST2 axis in muscle Treg cell accumulation and function, exploit this 

axis to enha nce muscle repair in old mice, and uncover an u nexpected physical 

association between IL-33-producing stromal cells and nerve cells in muscle. 
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RESULTS 

  

Treg cell accumulation is diminished in acutely injured skeletal muscle of aged 

mice. 

Treg cells represent about 10% of the CD4+ T cell compartment in uninjur ed 

skeletal muscle of C57BL/6 (B6) mice, a frequency that does not change with age (Fig. 

1A, B). In young mice (~2 months of age), acute muscle injury, generated either by 

injection of cardiotoxin (CTX) or v ia milder cryoinjury, results in t he accumulation of a 

distinct population of Treg cells within days (Burzyn et al., 2013) (Fig. 1A, B). However, 

such an increase was not observed in old mice (~24 months of age), a difference that 

was apparent already at 6 months (Fig. 1A, B). In contrast, irrespective of muscle injury, 

the two older groups showed an elevated frequency of splenic Treg cells, as previously 

reported (Nikolich-Zugich, 2014). The reduced accumulation of Tregs in muscle of aged 

mice was observed throughout the time-course of recovery from CTX-induced injury 

(Fig. 1C).  

The Treg cells that were found in the injured muscle of older mice were bona fide 

“muscle Treg cells” as they displayed typical  amounts of diagnostic cell-surface 

markers, such as ST2 (the IL-33 receptor) and amphiregulin (Areg) (Burzyn et al., 2013) 

(Fig. 1D). T hey also expressed the characteristic muscle Treg cell “up” and “down” 



7  

signatures (Burzyn et al., 2013), according to RNAseq analysis of cells harvested four 

days after injury (Fig. 1E).  

Given their reported roles in skeletal muscle regeneration (Arnold et al. , 2007), 

and their sensitivity to Treg cell numbers and activities (Burzyn et al., 2013), we also 

compared the myeloid-lineage populations that arose after CTX injury of young and 

aged mice. There was a sig nificant decrease in representation of the major 

histocompatibility complex class II (MHCII)-negative compartment of monocytes plus 

macrophages in aged mice (Fig. S1A, B) , a ch ange parallel to that provoked by 

punctual ablation of Treg cells in young mice (MP, CB and DM, unpublished results).   

 

Reduced Treg cell accumulation in injured muscle of aged mice reflects defects 

in their recruitment, proliferation and retention. 

Next we sought to identify the feature(s) of muscle Treg population dynamics that 

were compromised in older mice.  As a prelude, we determined whether muscle Treg 

cell accumulation in young mice was dependent on recruitment from the pool of 

circulating T cells.  Two-month-old mice were treated with the S1P1 receptor agonist, 

FTY720, at the same time as CTX injury, and muscle infiltrates were analyzed by flow 

cytometry over a seven-day time-course. Agonism of the S1P1 receptor provokes its 

down-regulation, thereby trapping T and B cells within lymphoid tissues and cle aring 



8  

them from the circulation (Kunkel et al., 2 013). Although FTY720 treatment had no 

significant effect on the overall size of th e cellular i nfiltrate in injured muscle,  it 

profoundly reduced the accumulation of Treg cells (Fig . 2A). Thus, the accrual of 

muscle Treg cells in  response to injury seemed to depend on recruitment from the 

circulating T cell pool. 

These results raised the possibility that the reduced accumulation of Treg cells in 

injured muscle of older mice reflected a defect in their recruitment  to the muscle, their 

proliferation, and/or their retention therein. As FTY720 can affect processes other than 

egress from lymphoid tissues, we turned to the Kaede transgenic (Tg) mouse system 

(Tomura et al., 2008) both to confirm the conclusions from the FTY720 experiments and 

to evaluate the three possible mech anisms. Kaede/B6 mice ubiquitously express a 

photoconvertible fluorescent reporter (Kaede) under the control of Actb transcriptional 

control elements. Upon exposure to v iolet light, reporter f luorescence irreversibly 

converts from green to red, innocuously and stably for at least 2 weeks. One day after 

CTX-induced muscle injury, we non-invasively photoconverted cells in t he cervical 

lymph nodes (CLNs) of 2-month-old or >6-month-old mice by exposure to violet light; 

Kaede-red+ cells were then tracked from the CLNs (representing the general circulation) 

to the axillary LNs (ALNs, general circulation), the inguinal LNs (ILNs, muscle-draining) 

and the muscle (Fig. 2B). Twenty-four hours after photoconversion, about half of the 
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Kaede-red+ Treg cells had emigrated from the CLNs in y oung mice, while significantly 

fewer (only a q uarter) had done so in aged individuals (Fig. 2C, D). A  similar age-

dependent difference in em igration from the CLNs was observed for Kaede-red+ 

conventional CD4+ T (Tconv ) cells (Fig. 2D). Accordingly, a l ower frequency of 

photoconverted cells was found in the CD4+ T cell compartments of injured muscles, the 

draining ILNs and t he non-draining ALNs o f aged mice (F ig. S2A). When the muscle 

and ILN fractions were normalized to the ALN values in order to corr ect for general 

circulation patterns, it became clear that the major migration-related difference between 

young and aged mice concerned migration of Treg cells to the injured muscle (Fig. 2E): 

vigorous in young mice, actually double that of the general circulation (ie the migation 

ratio was ~2), but barely detectable in their aged counterparts. This difference was not 

found for Tconv cells.  

To uncover any age-related effects on Treg cell prolif eration, we injected mice 

with 5-ethynyl-2’-deoxyuridine (EdU) at the time of CTX-induced injury, and quantified 

its incorporation by CD4+ T cell subsets at relevant sites. Proliferation of Treg cells from 

injured muscle, but not the spleen, of aged mice was clearly reduced v is-à-vis young 

individuals (Figs. S2B and 2F). No such difference was seen for Tconv cells. 

For evaluation of the age dependence of Treg cell retention in injured muscle, we 

again turned to the K aede Tg system, but this time photoconverted the injured tibi alis 
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anterior (TA) muscle (Fig. 2G). The decay curve of the photoconverted Treg population 

in injured muscle revealed an increased turnover in aged relative to young mice (F ig. 

2H). Enhanced turnover of muscle Treg cells in aged mice was due, at least in p art, to 

increased migration from the injured muscle to the ILNs and ALNs (Fig. 2I). (Note that  

the high values in ILNs at later times, a few even ≥100%, likely reflect proliferation.) 

 

The IL-33:ST2 axis impacts muscle Treg cell accumulation and regenerative 

activities. 

 An obvious question was what factor(s) might promote the accumulation of Treg 

cells in injured skeletal muscle of young mice. Our attention was rapidly drawn to IL-33 

because Il1rl1, which encodes this cytokine’s receptor, ST2, was one of the loci most 

strongly up-regulated in muscle v ersus lymphoid-tissue Treg cells (F ig. 3A), an d 

because recent w ork has link ed IL-33 to the con trol of Treg cell homeostasis in  

parenchymal tissues (Schiering et al., 2014; Vasanthakumar et al., 2015; Kolodin et al., 

2015). ST2 protein was also up-regulated at the surface of muscle Treg cells, measured 

as either the fraction of ST2+ cells or the ST2 MFI (Fig. 3B). An  elevated fraction of 

ST2+ Treg cells was evident in muscle as e arly as 12 hours pos t-injury, peaked on day 

2, then dipped from day 4 onward, but to a value (~30%) still substantially higher than 

that of lymphoid-tissue Treg cells (<5%) (Fig. 3C). Such frequent expression of ST2 was 
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not a general feature of cells infiltrating injured skeletal muscle as it was not observed 

for either neutrophils, monocytes ormacrophages (Fig. 3C). 

 To test the p ossible involvement of the IL-33:ST2 axis in m uscle Treg cell 

accumulation and function, we generated mice lacking ST2 specifically on Tregs (Treg-

Il1rl1mut), always comparing their per formance with that o f wild-type (WT) littermates 

(Il1rl1WT). Cytofluorimetrically, the representation of muscle Treg cells in 2 -month-old 

mutant and WT mice was similar o ne day after CTX-induced injury; however, ST2-

denuded Treg cells showed impaired accumulation over time (Fig. 3D). In contr ast, 

there was no significant difference in the splenic Treg populations of mutant and WT 

mice (Fig. 3D). Flow cytometry confirmed that Treg cells in  the mutant mice were all 

devoid of ST2 (data not shown). 

 Several assays were employed to assess the importance of Treg-cell expression 

of ST2 for muscle regeneration. In order to facilitate cross-mouse quantification and 

comparison, we cryoinjured TA muscles, a method that provokes milder, more uniform 

injury and permits better visualization than CTX-induced injury does. There was also a 

significant reduction in the accumulation of Treg cells in muscle of Treg-Il1rl1mut mice 

four days after cryoinjury, in p articular those with a bona fide muscle Treg cell 

phenotype signaled by Klrg1 expression (Burzyn et al., 20 13) (data n ot show). 

Regeneration was initially evaluated via whole-tissue transcriptomics, making use o f 
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signatures developed and v alidated in our  previously published kinetic analy sis of 

skeletal muscle regeneration (Burzyn et al., 2013) (Table S1). Expression of a set of 

“muscle homeostasis/function” genes is routinely high at steady-state, decreases for 

several days after acute injury (d4), a nd returns to steady-state values once 

regeneration has been completed (d8). Ex amples include g enes whose products are  

implicated in metabolism (Pfkfb1, Adh1, Fbp2, and Vldlr) or muscle differentiation and 

function (Mstn and Mb). This signature was strongly under-represented in mutant, vis-à-

vis WT, muscle Tregs eight days post-injury (Fig. 3E, left panel). In contrast, expression 

of a set of “muscle repair/regeneration” genes is routinely very low at steady-state, 

increases over the first days after injury (4d), and eventually, and obligatorily, returns to 

the low baseline values (8d). The pro ducts of these genes promote efficient tissue 

repair, e.g. Myog (which encodes a m uscle transcription factor), Mmp2 and Adam8 

(encoding proteins involved in co nstruction of the extracellular matrix). This signature 

was substantially over-represented in the muscle Treg cells of mutant mice eight days 

after injury (Fig. 3E, right panel). These transcriptional aberrations were accompanied 

by histological abnormalities, e.g. less e ffective clearing of the muscle infiltrate in t he 

absence of ST2 (Fig. 3F). Furthermore, the distribution and mean cross-sectional area 

of regenerating (centrally nucleated) myofibers was significantly decreased in mice 

lacking ST2 specifically on Treg cells (Fig. 3G), indicating delayed or impaired recovery 
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from injury. Thus, the IL-33:ST2 axis plays a clear role in the accumulation and pro -

regenerative activities of the Treg cells associated with acutely injured muscle of young 

mice.  

 

Muscle IL-33 expression spikes shortly after acute injury, reflecting synthesis by 

nerve-associated cells resembling fibro/adipogenic progenitors.  

 IL-33 is a member of the IL-1 family of cytokines (Cayrol and Girard, 20 14). It 

resides constitutively in the nucleus, primarily of non-hematopoietic cells -- including 

epithelial cells, endothelial cells and fibroblasts. In response to stimuli such as infectious 

agents, allergens, or mechanical perturbation, IL-33 is releas ed from the cell by  a 

mechanism that re mains obscure, but entails, at least  in part , passive release from 

necrotic or stressed cells. Demonstration of a role for IL-33 in injury-induced expansion 

of the muscle Treg population and in optimal muscle regeneration after injury raised the 

issue of this cytokine’s synthesis in skeletal muscle. How does IL-33 expression change 

in response to acute injury? What cells produce it? How does IL -33 expression evolve 

with aging? 

 Both Il33 transcript quantification by PCR titering (Fig. 4A) and  IL-33 protein 

estimation by immunoblotting (Fig. 4B) revealed a spike of expression 6-12 hours after 

acute muscle i njury. As a first step towards pinpointing the cells producing IL-33, we 
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sorted the CD45+ and CD45- fractions of the myofiber-associated (MFA) and interstitial 

muscle compartments 12 hours post-injury, and quantified transcripts via PCR analysis. 

For both compartments, the major IL-33 expressers were CD45- cells (Fig . 4C). T his 

finding was confirmed by both immunohistology (Fig. S3B) a nd flow cytometry (see 

below), which also failed t o evidence many IL-33+ endothelial (CD31+) cells (Fig. S3C 

and see below). 

 Given their f ibroblastic nature and documented role in skel etal muscle 

regeneration (Joe e t al., 2010; Uezumi et al., 2010; Murphy et al., 2011), 

fibro/adipogenic progenitor (FAP) cells emerged as a promising candidate. These cells 

are characterized by surface display of Sca1 and the alpha ch ain of the recep tor for 

platelet-derived growth factor (PDGFRα) in the absence of CD45, CD31 and other 

hematopoietic lineage markers (lin-). Indeed, cytofluorometric studies revealed that the 

major IL-33+ cell population in both uninjured and injured muscle of young mice 

displayed this constellation of markers, in addition to expressing podoplanin (Gp38, 

PDPN) (Fig. 4D, E). Injury increased the representation of IL-33+ FAPs (Fig. 4E).  

 Immunohistological analyses confirmed the overlap between IL-33 synthesis and 

PDGFRα display, as well as providing information on this cytokine’s cellular and 

intracellular geography in m uscle. Low-magnification scanning revealed IL-33-

expressing cells to be most abundant in regions immediately surrounding muscle fibers 
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(Fig. S3A). Many of them (~20%), were intimately associated with nerve structures. IL-

33 was readily detected within PDGFRα+ cells of the perineurium (Glut1+) encasing the 

myelin sheath (S100+) of nerve fibers (Fig. 5A), within nerve bundles (Fig. 5B), and 

within cells parenthesizing muscle spindles (Fig. 5C). Muscle spindles are collections of 

nerves and s pecialized muscle fibers (intra- and extra-fusal) surrounded by a fibrous 

capsule, and are critical in stretch -sensitive mechanoreception, and thereby 

proprioception (Maier, 1997). Only in cell s associated with muscle spin dles could we 

detect IL-33 in the cytoplasm (Fig. 5C). Within 12 hrs of CTX-induced injury, there was a 

global increase in IL-33+ cells, not obviously confined to a particular region or cell-type – 

both “by eye” and according to the fraction of DAPI+ structures (nuclei) co-expressing 

IL-33 (Fig. 5D). 

We were also able to detect IL-33-expressing cells in biopsies of uninjured 

gluteus maximus from healthy humans. Again, many of them could b e found in 

association with nerve structures, notably nerve fibers meandering through the muscle 

(Fig. 5e, le ft panel). In c ontrast to m ice, humans also expressed IL-33 in cells 

associated with vascular structures (Fig. 5E, right panel). 

Lastly, we compared IL-33 expression in injured muscle of young and aged mice, 

employing a variety of assays. Il33 transcript values six hours after CTX-induced injury 

were significantly higher in young individuals (Fig. 6A). This trend held, although less 
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strikingly, at 12 hours. We also observed fewer IL-33+ FAPs when quantified 

cytofluorometrically (Fig. 6B). Inexplicably, we did not see a parallel difference in I L-33 

protein expression by immunoblotting (data not shown). 

 

Exogenous addition of IL-33 restores the Treg population in injured muscle of 

aged mice, enhancing regeneration. 

 Injection of IL-33 can augment the fraction and number of Treg cells in  

parenchymal tissues within just a f ew days (Schiering et al., 20 14; Vasanthakumar et 

al., 2015; Kolodin et al., 2015), and values can remain elevated for at least a month 

afterwards (Kolodin et al., 2015). To determine whether IL-33 could boost the Treg 

population in injured muscle, we injected different-aged mice with recombinant IL-33 or 

just vehicle [phosphate-buffered saline (PBS)] on the day of injury, and analyzed them 

by flow cytometry six days later. IL-33 did indeed expand the muscle Treg population -- 

in IL-33-treated 6-month-old mice, the numbers attained were even greater than those 

typical of IL-33-untreated 2-month-old individuals (Fig. 7A, left panels). In contrast, there 

was no sig nificant increase in the size of the splenic Treg populations under these 

conditions (Fig. 7A, right panels). Neither was there an augmentation of the muscle or 

spleen Tconv cell compartments (Fig. S4A). 
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As a f irst step in ad dressing the mechanisms involved, we determined whether 

IL-33 boosted the recruitment of Treg cells from the circulation via the Kaede Tg mouse 

experiment depicted in Fig. S4B. Young mice were treated with IL-33 or vehicle alone at 

the time of injury; a day later, the CLNs  were photoconverted; and again a day later, 

total, ST2+ and Kaede-red+ Treg cells w ere quantified from the muscle and control 

ALNs. While IL-33 increased the representation of Treg cells i n the CD4 + T cell 

compartment (Fig. S4C, left) and the fraction of Treg cells expressing ST2 (Fig. S4C, 

right), as anticipated, i t did not enhance the recruitment of circulating Treg cells to the  

muscle (Fig. S4D, E). IL -33 did, h owever, have a strong  impact on Treg cell 

proliferation, as evidenced by the experiment schematized in Fig. S5A. Two and a half 

days after CTX -induced muscle injury , old mice were injected w ith EdU; and 12 hrs 

later, total, S T2+, EdU+ and Ki67+ T cells from muscle and s pleen were 

cytofluourometrically quantified. As expected, IL-33 increased Treg cell representation, 

in particular cells display ing ST2 (Fig. S5B). According to both EdU incorporation and 

Ki67 staining, IL-33 induced Treg cell proliferation in both the muscle and spleen (Fig. 

S5C, D). In co ntrast, Tconv cells did not proliferate or accumulate in either the muscle 

or spleen (Figs. S5E-G). Similar results (i.e. increased EdU incorporation) came from 

analogous experiments on young mice (not s hown). The Treg cells within muscle that 

were expanded by IL-33 treatment were typical “muscle Treg cells” according to 
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microarray analysis four days after CTX-induced injury (plus IL-33 treatment) of young 

mice (Fig S5H). In con firmation of the EdU-incorporation and Klrg1-staining 

experiments, IL-33 induced several pathways related to cell replication, cycling, or 

proliferation: “cell cycle mitotic” (p<8X10-8), “G2M checkpoint” (p<8X10-8), “cell cycle” 

(p<2.5X10-7), “mitotic spindle” (p<1X10-5), according to Gene-Set Enrichment Analysis.  

 To assess the impact of IL-33 supplementation on muscle regeneration in old 

mice, we again used the milder, more homogeneous cryoinjury model. Injection of IL-33 

into 22-month-old mice at the time of cryoinjury also expanded muscle Treg cells (Fig. 

7B). Results from multiple assays indicated a statistically significant impact on muscle 

regeneration. First, t he representation of satellite cells [defined as Beta1+CXCR4+Lin-

Sca1- ( Cerletti et al., 2008)] increased in response to IL-33 supplementation (Fig. 7C), 

and they were more effective at forming myogenic colonies in vitro (Fig. 7D). Second, 

whole-muscle transcriptomics showed a strong enrichment for the “muscle 

homeostasis/function” signature in IL-33-, but not PBS-, treated old mice, and less 

apparent skewing of the “muscle repair/regeneration” signature (Fig. 7E). In addition, IL-

33-treated old mice showed a striking enrichment and impoverishment of the signatures 

that were previously determined (Burzyn et al., 2013) to be up- or down-regulated, 

respectively, in m ice injected with Areg (Fig . 7F). This muscle Treg cell product is a 

member of the epidermal growth factor family and enh ances regeneration through a 
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direct impact on muscle progenitor cells (Burzyn et al., 2013). Third, histologic analysis 

illustrated superior muscle regeneration in old mice supplemented with IL-33 (Fig. 7G). 

There was an elevated number of regenerating, centrally nucleated, myofibers; an 

evident skewing in their size distribution to higher values; and a higher average myofibril 

cross-sectional area (Fig. 7H).   
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DISCUSSION 

 

 Acute injury of skeletal muscle in young mice provokes the local accumulation of 

a special population of Foxp3+CD4+ Treg cells within days (Burzyn et al., 2013). These 

cells have a transcriptom e and TCR repertoire distinct from those of other Treg 

populations, adapted for optimally surviving and operating in the muscle, and thereby 

promoting effective repair. We now report that the accumulation of Treg cells in injured 

skeletal muscle profoundly declines with age, paralleling a degradation of repair and 

regeneration processes. Our results raise several points that merit further discussion. 

 First, the reduced accumulation of Treg cells in muscle of old mice reflected 

defects in multiple aspects of their population dynamics: recruitment, proliferation, and 

retention. That the muscle Treg population was so dep endent on speedy recruitment 

from the circulation makes an interesting contrast with the behavior of its counterpart 

VAT Treg population, which is seeded in the first few weeks of life and is self-contained 

thereafter, with little detectable migration into or out of it (Kolodin et al., 2015). RNAseq 

analysis revealed that circulating (i.e. splenic) Treg cells of young and aged mice 

differentially expressed genes encoding several chemokine receptors, e.g. CXCR6 and 

CCR7 (lower in ag ed mice) and CCR5 and CCR3 (hig her in ag ed mice). Several of 

these differences have been noted previously (Mo et al., 2003). In addition, the gene 
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encoding the S1P1 receptor was down-regulated in splenocytes of old mice. One or 

more of these differences could underlie the reduced egress of Treg cells from the LNs 

of aged mice and/or their diminished recruitment to injure d muscle. The low er S1P1 

expression is a g ood candidate for the former as sig naling through this receptor is  

known to control egress of most lymphocyte populations from lymphoid organs (Schwab 

and Cyster, 2007), and S1P1 receptor antagonism at the time of injury blocked Treg 

recruitment to the muscle. Less CCR7 could also promote retention of Treg cells in LNs, 

as has been reported in another system (Ishimaru et al., 2010). The down-regulation of 

Itgae expression in Treg cells in m uscle of aged mice could at l east partially explain 

their reduced retention therein as the adhesion molecule it encodes, CD103, has been 

shown to drive tissue retention of Treg cells (Suffia et al., 2005).  

Second, we found IL-33 to be an important regulator of muscle Treg cell 

homeostasis. While initial studies had emphasized the role of this cytokine in driving T 

helper (Th)-2 cell responses, primarily through an i mpact on type-2 innate lymphoid 

cells (ILCs) and anti -inflammatory macrophages (Garlanda et al., 2013; Molofsky et al., 

2013), more recent work highlighted its ability to expand Treg populations (Turnquist et 

al., 2011;  2014; Schiering et al., 2014). Results from our loss- and gain-of-function 

experiments indicated a substantially more potent effect of IL-33 on muscle Treg than 

on lymphoid-tissue Treg cells, parallel to what we previously documented for VAT Treg 
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cells (Kolodin et al. , 2015). This difference in potency is also ref lected in expression of 

the IL-33 receptor, ST2: Treg cells in  muscle and adipose tissue display substantially 

more than do their lymphoid-tissue counterparts. Thus, IL-33 may be most relevant for 

homeostasis of parenchymal-tissue-Treg populations, likely a manifestation of this 

cytokine’s alarmin function, evident in the rapid spike of IL-33 expression in skeletal 

muscle in response to injury. The IL-33 effect in muscle seemed to be primarily a local 

one because the representation of Treg cells in Treg-Il1rl1mutmice was normal the day 

after injury – they just failed to accumulate thereafter; and because IL-33 

supplementation did not enhance recruitment of circulating Treg cells to the muscle. 

Third, the identity of the major IL -33-producing cell-type in skeleta l muscle was 

not anticipated. The phenotype of these cells is rem iniscent of that of LN fibroblastic 

reticular cells (FRCs) – CD45-CD31-PDGFR�+PDPN(Gp38)+ – which have indeed been 

reported to express abundant Il33 transcripts (Malhotra et al., 2012). Muscle IL-33 

expressers also displayed a constellation of cell-surface markers typical of FAPs: CD45-

CD31-Sca1+PDGFRα+. FAPs, which can engender both  fibroblasts and adi pocytes, 

have been attributed a substantial role in t he regeneration of myofibers and in fat 

deposition within aged skeletal muscle (Joe et al., 2010; Uezumi et al., 2 010). It was 

recently suggested that eosinophil-produced IL-4 and/or 13 signals serve as a sw itch 

between the two FAP fates, promoting their proliferation to support myogenesis while 
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inhibiting their differentiation into adipocytes (Heredia et al., 2013). FAP-produced IL-33 

should be able to sustain ST2+ type-2 ILCs in m uscle in addition to Treg cells, which 

would have the potential to feed back positively on eosinophils and anti-inflammatory 

macrophages via ILC-produced IL-5 and IL-13, as has been reported in VAT (Molofsky 

et al., 2013). Thus, there is likely to be a complex interplay between innate and adaptive 

immunocytes, supporting stromal cell s, and myocytes in regenerating muscle, as was 

recently argued for adipose tissue (Molofsky et al., 2015). Nonetheless, the diminished 

Treg cell accumulation in injured muscle of Treg-Il1rl1mut mice argues for a direct link 

between FAPs and Treg cells via IL-33, as does the fact that IL-33 can induce 

proliferation of and transcriptional changes within isolated Treg cells in culture  

(Vasanthakumar et al., 2015; Schiering et al., 2014). 

Lastly. the association between a fraction of the IL-33-producing cells and neural 

structures within skeletal muscle was quite striking. Muscle sp indles, which were 

parenthesized by IL-33-producing cells, are stretch-sensitive mechanoreceptors, and 

thereby proprioreceptors, that lie parallel to myofibers, and transmit signals back and  

forth to the spinal cord (Maier, 1997). They host both sensory and motor neurons. Most 

recently, muscle-spindle feedback was shown to play an essential role in facilitating 

neural circuit reorganization and directing locomotor recovery after spinal-cord injury 

(Takeoka et al., 2014). Our finding, together with reports that the IL-33:ST2 axis has a 
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mechanically activated cardioprotective role reflective of heart fibroblast:myocyte cross-

talk (Sanada et al., 2007), raises the possibility that IL-33 might operate generally as a 

mechano-sensitive signal. Indeed, application of mechanical stress to fibroblasts in vitro 

or in vivo induced IL-33 secretion in the absence of cell necrosis (Kakkar et al., 2012). It 

may also be w orth noting that as many as 1/3 o f dispersed brain cells, especially  

oligodendrocytes and gray-matter astrocytes, were reported to express IL-33, which is 

released from injured central nervous system (CNS) tissue and promotes recovery after 

CNS injury (Gadani et al., 2015). Thus, IL-33 is well placed to relay homeostatic signals 

between the nervous and immune systems in the muscle context.  

Age-related sarcopenia and associated defects in muscle repair subsequent to 

injury or atrophy represent a major health problem with our aging population structure, 

exerting a strong  impact on mobility, independence and quality of life. The IL-33:ST2 

axis seems to be a promising avenue to explore in attempts to address this important 

problem. 
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EXPERIMENTAL PROCEDURES 

 

Mice 

Most B6 m ice were purchased from the Jackson Laboratory. Foxp3-IRES-GFP 

(Bettelli et al., 2006), Kaede/B6 (Tomura et al., 2008), Foxp3-creYFP (Rubtsov et al., 

2008), and Il1rl1-flox (Chen et al., 2015) mice were obtained from V. Kuchroo, O. 

Kanagawa, A. R udensky, and R. L ee, respectively. Mice lacking  ST2 sp ecifically on 

Tregs (Treg-Il1rl1mut) were generated by crossing the ST2 -flox and Fox p3-creYFP 

lines. B6 mice ≥20 months of age (and control 2-month-old mice) were obtained from 

the National Institute of Aging colony at Charles River Laboratories. All mice were 

housed in our specific-pathogen-free facilities at Harvard Medical School. Experiments 

were conducted under protocols approved by Harvard Medical School’s Institutional 

Animal Care and Use Committee. Male mice of the specified ages were used. 

 

Muscle injury 

Routinely, mice were anesthetized with avertin (0.4mg/g body weight), and 

injected with 0.03 ml/muscle of Naja mossambica cardiotoxin (0.03 mg/ml, Calbiochem 

or Sigma) in one or more hindlimb muscles. For regeneration studies, TA muscles were 

exposed to a liquid-nitrogen-chilled metal probe for 8 seconds. 
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Isolation and characterization of muscle leukocytes, myofiber-associated cells 

and fibro/adipocyte progenitors 

Detailed procedures appear in the supplementary materials. 

  

Transcript analyses 

RNAseq on ultra-low cell numbers (1-5x103) and PCR analyses were performed, 

and the resulting data analyzed as detailed in the supplementary materials.  

For microarray analysis of whole muscle, t he tissue was flash-frozen in li quid 

nitrogen and homogenized in TRIzol (Invitrogen) before RNA extraction (Painter et al., 

2011). Microarray analysis of T cell po pulations was always done on double-sorted 

cells. All samples were generated in duplicate or (usually) triplicate. Sample processing 

and data analysis were performed as previously described (Cipolletta et al., 2012). The 

“muscle homeostasis/function” and “muscle repair/regeneration” signatures were 

developed and validated in (Burzyn et al., 2013), as were the Areg “up” and “down” 

signatures. 

Microarray/RNAseq data are available from the National Center for 

Biotechnology Information/Gene Expression Omnibus repository under accession 

numbers GSE76722, GSE76733, GSE76695 and GSE76697. 
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Assessment of population dynamics 

To block exit of lymphocytes from peripheral lymphoid organs, mice were treated 

with an S1P1 receptor agonist. 25 mg/kg FTY720 (Cayman Chemical) was ip-injected 

prior to injury and daily thereafter. The Kaede Tg mouse system was used to monitor  

cell migration from the CLNs to hindlimb muscles, draining LNs (ILNs), and non-draining 

LNs (ALNs); or from TA muscle to the I LNs and ALNs. Details are presented in the 

supplementary materials. For quantification of T cell proliferation in vivo, 1 mg EdU was 

intraperitonally (ip) injected, and 12 or 24 hours later, cells were processed for detection 

by the Click-iT EdU kit following the manufacturer’s protocol (Molecular Probes).  

 

Histological analyses 

Details of the div erse histologic procedures can be  found in t he supplemental 

materials. 

 

Clonal myogenesis assay  

Satellite cells (CD45 -Sca-1-CD11b-CXCR4+�1-integrin+) were first sorted in bulk 

and then individually into 96-well plates coated with collagen (1 mg/ml, Sigma) and 

laminin (10 mg/ml, Invitrogen). Cells w ere cultured i n F10 medium with 20% horse 

serum and 5 ng/ml bFGF (Sigma) for 7 d ays, with fresh bFGF added daily. Wells 
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containing myogenic colonies were scored by brightfield microscopy on day 7. 

 

IL-33 treatments 

Recombinant mouse IL-33 (Biolegend) was administered via intramuscular (im) 

(0.3 ug/muscle) or ip (2 ug) injection. Mice treated with IL-33 im, received it only at the 

time of injury. ip-treated mice were given IL-33 the day prior to and the day following 

injury.  
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FIGURE LEGENDS 

 

Figure 1: Diminished Treg cell accumulation in skeletal muscle of aged mice.  

 Different-aged B6 mice were im-injected with CTX into the hindlimb muscles. A. 

Cytofluorometric dot-plots of lymphocytes taken 6 days after injury. Representative of 

n=3-6 mice. Numbers depict the fraction of CD4+ T cells within the designated gate. B. 

Summary data for the experiments depicted in panel A. C. Summary data on Treg cell 

fraction (top) and number (bottom) various days after injury. n=4-9. D. Summary data on 

muscle Treg cell diagnostic m arker expression over time. n=4 mice. E. RNAseq 

analysis. Normalized expression values for muscle (left) and splenic (right) Treg cells 

isolated 4 days after CTX injury. Muscle Treg cell “up” (red) and “down” (blue) signature 

transcripts (Burzyn et al., 2013) are overlain in t he left panel, with some key muscle 

Treg cell “up” genes highlighted. Some differentially expressed genes encoding 

trafficking or relate d molecules are highlighted on the spleen plot in t he right panel. 

Averaged from two experiments. For all relevant panels: mean ± SD. *, p ≤ .05; **, p≤ 

.01; ***, p≤ .001; ****, p≤.0001 from the unpaired t-test corrected for multiple 

experiments. Post-test comparisons of ranked p-values (generated from Fisher's Least 

Significant Difference test) using the Holm -Sidlac method. Significance level set at 5%.   

All other p-values were not significant. (See also Fig. S1.)  
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Figure 2: Defects in Treg cell recruitment, proliferation, and retention in muscle of 

aged mice.  

 A. Muscle Treg cell dependence on the circulating pool. Two-month-old mice were 

treated with FTY720 or PBS a day prior to CTX-induced injury and daily thereafter, and 

muscle lymphocytes were analyzed cytofluorometrically various days later. n=3-8 mice. 

B-E. Treg cell m igration from the CLNs t o the muscle. B. Schematic diagram of the 

protocol. Two-month-- or >6-month-old Kaede/B6 Tg mice were injected with CTX, and 

24 hours later, the CLNs (cervical LNs) were exposed to violet light non-invasively. 

Lymphocytes from the indicated tissues were examined cytofluorometrically for Kaede-

red+ photoconverted (PhC) cells, either immediately or 24 hours later (ALNs= axial LNs, 

ILNs= inguinal LNs). C) Dot -plot representative of n=7-9 mice from three experiments. 

D) Exodus from the PhC CLN po ol. Normalized to th e day 0 PhC po pulation. E) 

Immigration to various tissues. The “migration ratio” is the fraction of Kaede-red+ cells in 

a designated organ normalized to the fraction in the non-draining LN, which provides a 

measure of the systemic circulation. Raw fractional data appear in Fig. S2A. F) Muscle 

Treg cell proliferation. EdU was co-injected at the time of CTX injury, and LNs from the 

indicated tissues w ere examined cytofluorometrically a day  later. n=7 m ice from two 

experiments. Representative dot-plots can be found in Fig. S2B. G-I. Treg cell migration 

out of the muscle. G) Schematic diagram of the protocol. As per panels B-D, except that 
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the tibialis anterior muscle was exposed to violet light two days after CTX injection, and 

tissues were examined 1-5 days later. H)  Emigration of the initial PhC pool from the 

muscle. n=2-9 mice from three experiments. Normalized to the day 0 PhC population. I) 

Immigration of the initial PhC pool to draining and non-draining LNs. Normalized to the 

day 0 PhC value. Values ≥100% likely reflect proliferation. Statistics for this figure as 

per Fig. 1. (See also Fig. S2.)  

 

Figure 3: Involvement of the IL-33:ST2 axis in muscle Treg cell accumulation and 

regenerative activities.  

 A. Microarray analysis. Normalized expression values for Treg cells from 2-month-

old mice isolated 14 days after CTX injury. Data f rom (Burzyn et al., 2013). B. 

Cytofluorometric analysis. Hindlimb muscles from 2-month-old mice were prepared a 

day after CTX injury. Left, dot plots representative of n=4 mice from two experiments. 

Numbers depict fraction of CD4+ T cells. Right, summary data for fraction of ST2+ Treg 

cells (top) and Treg cell ST2 mean fluorescence intensity (MFI) (bottom). C. Summary 

data for ST2 fraction within various leukocyte populations at various times after CTX 

injury of 2-month-old mice. n=3-8 mice from two experiments. D. Impact of Treg-cell-

expressed ST2 on Treg cell accu mulation. Two-month-old mice with a T reg-specific 

ablation of ST2 expression (Il1rl1mut) or their homozygous wild-type littermates 
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(Il1rl1WT) were injected with CTX, and Treg cells were examined cytofluorometrically 

various times later. Top, fractional representation; bottom, numbers. Summary data for 

n=4-7 mice from two experiments. E-G. Impact of Treg-cell-expressed ST2 on muscle 

repair 4 days after cryoinjury. E) Ex pression of diagnostic transcript signatures. 

Microarray analysis was performed on RNA isolated from whole muscle of 2-month-old 

mice taken 8 days after cryoinjury. Overlain are signatures developed and validated in 

(Burzyn et al., 2013); transcript id entities are listed in  Table S1 for convenience. F) 

Histologic appearance. Representative H&E stains of tibialis anterior muscle from 2-

month-old mice taken 8 days after cryoinjury (representative of two experiments). 

Arrows highlight necrotic areas, w hile asterisks indicate cellular  infiltration. Original 

magnification=100x. Scale bar=100µm. G) Quantification of regenerating fibers. For the 

mice illustrated in p anel F, the cross -sectional area of regenerating myofibers is 

represented as a frequency distribution of myofiber size (left) or as the mean area 

(right). n=5-6 mice from two experiments. p-values in this figure as per Fig . 1, except 

that those of panel E come from the Chi-square test and from the left graph of panel G 

from the t-test of weighted sum. (See also Table S1.)  
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Figure 4: Quantification of IL-33 expression and identification of IL-33 expressers 

as cells resembling FAPs.  

 A and B. An early spike o f IL-33 expression. Two-month-old mice were injected 

with CTX, and v arious times later, Il33 transcripts in tibi alis anterior muscle were 

quantified by PCR (A) or IL-33 protein was estimated by immunoblotting (B). Plotted in 

panel A is the fold-change in expression value relative to that o f uninjured muscle. For 

PCR, n=2 mice. For immunoblotting, n=1 (24 and 96 hrs) to 3 (uninjured, 6 and 12 hrs) 

mice. C. Localization of IL-33 expression within muscle. Il33 transcripts in the myofiber 

associated (MFA) and interstitial muscle compartments were quantified by PCR 12 hrs 

after CTX injury of 2mth-old mice. Data are represented as fold-change relative to the 

corresponding population from uninjured muscle. n=3-4 mice from two experiments. D. 

Gating strategy to localize IL-33 expression by flow cytometry. Single-cell suspensions 

were prepared from uninjured hindlimb muscles of Il33-/- mice and WT controls, and 

were analyzed by flow cytometry for th e indicated markers. Top row  of plots: gating 

strategy to delinea te hematopoetic cells (CD45+), endothelial cells (CD31+) and FAPs 

(CD45-CD31-PDGFRa+PDPN+). Lower set of plots: typical staining for IL-33, including 

isotype and IL-33-deficient negative controls. Numbers indicate the fraction of cells in 

the gated population. E. Summary data o n uninjured (top) and 12 hours post-CTX 

injured (botton) muscle. n=6 mice from two experiments. Statistical analysis of this 
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figure’s data as per Fig. 1. (See also Fig. S3.) 

 

Figure 5: Immunohistologic localization of IL-33-expressing cells in mice and 

humans.  

 A-C. Co-localization of IL-33+ cells within nerve structures: in PDGFRα+ cells of the 

perineurium (Glut1+) encasing myelin sheaths (S100+) of nerve fibers (A); in n erve 

bundles (B) or in muscle spindles (C). I mmunofluorescence microscopy of muscle 

sections 6 hours post-CTX-injury. Left panels in B and C are brightfield views. Original 

magnifications are: A  (right panel), B an d C=200x; A (l eft panel)=100x; A (center  

panel)=600x. Scale bar for panel A=100µm (left), 10µm (middle), 50µm (right); for panel 

B=10µm; for panel C=10µm.  D. Increase in IL -33+ cells up on muscle injury. The 

fraction of IL-33+ nuclei (DAPI+ structures) was measured automatically as described in 

the Experimental Procedures. p≤.0001 by an unpaired t-test. Each dot represents a 

single field of view. Data from 4-10 fields from 2-3 individual mice. E. IL-33-expressing 

cells in human muscle. Uninjured gluteus maximus from healthy individuals 

(representative of three examined). Left, IL-33+ cells surr ounding nerve fibers; right, 

vascular IL-33+ cells. Original magnification=200x. For all panels, arrows point to IL-33+ 

cells. Scale bar=50µm. 
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Figure 6: Reduced IL-33 expression in skeletal muscle of aged mice.  

 Mice of the designated ages were injected with CTX, and expression of IL-33 in 

tibialis anterior muscle was examined 6-12 hours later. A. PCR titration of Il33 

transcripts(fold change vs. uninjured). Indu ction vis-à-vis uninjured muscle is plott ed. 

n=4 mice from two experiments. B. Cytofluorometric analysis of FAPs 12  hours post-

injury. Gating was performed as in Fig . 4D. Summary data from 6-7 mice from two 

experiments. The 2-month values correspond to those o f Fig. 4E. Statistics for this 

figure as per Fig. 1. 

 

Figure 7: Restoration of the Treg population in injured muscle of old mice 

through IL-33 supplementation, promoting regeneration.  

 A. Expansion of Treg populations in IL-33-treated mice. Two-month- versus six-

month-old mice were im-injected with 0.3 µg/muscle rIL-33 in PBS or just PBS in 

addition to CTX, and the indicated tissues were examined cytofluorometrically 6 days 

later. Summary data for 8 mice from two experiments. B-H. Improvement in muscle 

regeneration by IL-33 treatment. Twenty-two-month-old mice were ip-injected with rIL-

33 (2 ug) or PBS the day prior to and the day following cryoinjury, and were examined 4 

days later. Two-month-old regeneration controls (Burzyn et al. , 2013) were not IL-33 

treated. B) Muscle Treg population expansion. Summary data for n=5 mice from two 
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experiments. C) Augmentation of muscle satellite cells in I L-33-treated injured mice. 

Representative dot-plots (left) and summary data (right). Numbers refer to the fraction of 

Lin-Sca1- cells. n=9-11 mice from three experiments. D) Improved clonal efficiency in IL-

33-treated injured mice. Muscle satellite cells were sequentially double-sorted according 

to the panel C gates, plating individual cells into single wells. Clones were scored after 7 

days of culture. Each dot represents a single mouse. Data from three experiments. E 

and F. Microarray assessment of muscle regeneration. Whole-muscle RNA was 

isolated from 22-month-old mice 8 days after cryoinjury, and the differential expression 

of diagnostic transcript signatures in the presence and absence of IL-33 treatment were 

depicted on volcano plots. E) The validated regeneration signatures described in the 

legend to Fig. 3E. F) The sets of genes previously determined (Burzyn et al., 201 3) to 

be induced (red) or repressed (blue) u pon recombinant Areg in jection, which was 

documented to improve muscle regeneration. Values at the top refer to the numbers of 

genes over- (right) or under - (left) represented after IL-33 (vs PBS) injectio n. G. 

Histologic presentation. Representative H&E-stained sections of tibialis anterior muscle. 

Representative of two experiments. Asterisks designate immunocyte infiltration. Original 

magnification=100x. H. Number (left) and cross-sectional area represented either as the 

frequency distribution (middle) or mean area (right) of regenerating myofibers per 

mouse from day 8 cryoinjured TA muscle. Summary data for 6-7 mice from two 
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experiments. Two-month-old regeneration controls, the same as Fig 3G, were not IL-33 

treated. Statistics as per Fig. 1, except p-values for panels E and F come from the Chi-

square test and for the middle plot of panel H from the t-test of weighted sum. (See also 

Figs S4 and S5.) 
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Figure S1 (associated with Fig. 1): Response of skeletal muscle myeloid-lineage cells to CTX injury. 
As per Fig. 1A, except myeloid lineage cells were examined 4 days post-injury. A. Gating strategy, resulting in 
populations R1 (mostly MFs, some MOs), R2 (MFs), R3 (mostly DCs), and R4 (mostly MOs), and eosinophils. 
B. Summary data for the above-delineated populations. n=4-8 mice from two experiments.
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Figure S2 (associated with Fig. 2): Different Treg population dynamics in young and aged mice.  
A. Recruitment from circulating T cell pools. Summary data for % Kaede-red+ T cells 24 hours after exposure of CLNs to violet light. These 
data were used to calculate the migration ratios of Fig. 2D. B. Proliferation. Representative dot plots of dividing Treg cells one day after 
co-administration of CTX and EdU. Numbers depict fraction of CD4+ T cells within the designated gate. Representative of two experi-
ments. Summary data appear in Fig. 2F.
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Figure S3 (associated with Fig. 4): Histologic examination of IL-33-expressing cells in muscle.
A. Low-magnification immunofluorescence microscopy of muscle sections 6 hours post-CTX-induced injury. Original 
magnification=100x. Scale bar=50�m. B. Lack of IL-33-expressing CD45+ cells in skeletal muscle 6 hours after CTX 
injury. Original magnification=400x. Scale bar=10�m. C. Lack of IL-33-expressing CD31+ cells in skeletal muscle 6 hours 
after CTX injury. Original magnification= 400x. Scale bar=10�m. Arrows point to some IL-33+ cells. Note their lack of 
co-staining for CD45 (B) or CD31 (C). 
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Figure S4 (associated with Fig. 7): Minimal IL-33 effects on Tconv cell accumulation or Treg cell recruitment from the 
circulation.
A. Data from the same experiment as that depicted in Fig. 7A except that Tconv cells were examined. B-D. Analysis of Treg 
recruitment from the CLNs of 2-3 month-old Kaede tg mice using the protocol depicted in panel B. n=7 from two experiments. C. 
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Figure S5 (associated with Fig. 7): IL-33 effects on Treg cell proliferation and gene expression.
A. >18-month-old B6 mice were treated according to the protocol depicted in panel A. n=8 from two experiments. B-D. Prolifera-
tion of Treg cells. Cytofluorometric determination of the fraction Foxp3+ of CD4+ T cells (B, left), fraction ST2+ of Foxp3+T 
cells (B, right), fraction (left) and number (right) of EdU+ Foxp3+ cells (C), and fraction (left) and number (right) of Ki67+-
Foxp3+CD4+ T cells (D). E-G. Same as B-D except Foxp3-CD4+ T cells were examined. H. RNAseq comparison of gene 
expression by Tregs isolated from 4d CTX-injured muscle of 2-month-old mice treated with IL-33 vs vehicle (PBS) alone at the 
time of injury. Muscle over- and under-represented transcript signatures came from (Burzyn et al., 2013).
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A. Muscle Homeostsis/Function Gene List B. Muscle Repair/Regeneration Gene List
Gene Probe ID Gene Probe ID Gene Probe ID Gene Probe ID

1 1110003O08Rik 10582229 63 Kcnc4 10501098 1 A630001G21Rik 10356293 63 Rmrp 10512487
2 1110067D22Rik 10384572 64 Kif1c 10377982 2 Adam8 10568873 64 Rnase4 10414537
3 2410127L17Rik 10405727 65 Klhl38 10428809 3 Arhgap15 10471929 65 Rps12 10368270
4 2410127L17Rik 10461921 66 Ldhd 10581865 4 Arhgap4 10605143 66 Rps12 10420657
5 2410127L17Rik 10595205 67 Lrrc14b 10410641 5 Arhgef12 10582862 67 Rps12 10464388
6 2700089E24Rik 10542264 68 Lrrc20 10363486 6 Atp6v0d2 10511779 68 Rps12 10475435
7 2810416G20Rik 10497481 69 Lrrc39 10495562 7 Bcl2a1a 10587683 69 Rps12 10561956
8 2810453I06Rik 10527229 70 Man2a2 10564909 8 Bcl2a1b 10587690 70 Rps12 10571342
9 Abcb4 10519578 71 Mb 10430140 9 Bcl2a1d 10595633 71 Rps12 10576246

10 Acacb 10524460 72 Me1 10405753 10 Bin2 10432640 72 Rps12 10606581
11 Acyp2 10384936 73 Me1 10595480 11 Btk 10606694 73 Rps28 10516479
12 Adck3 10360631 74 Me3 10554819 12 C1qa 10517517 74 Rpsa 10437934
13 Adh1 10496438 75 Mfn2 10518385 13 Cd300lf 10392845 75 Sash3 10599487
14 Adhfe1 10344725 76 Mlf1 10492469 14 Cd69 10548333 76 Sema4a 10499378
15 Adssl1 10398859 77 Mn1 10524327 15 Cd86 10439312 77 Slamf8 10360306
16 AI317395 10368713 78 Mstn 10346250 16 Coro2a 10512774 78 Slfn10-ps 10389151
17 AI452195 10407124 79 Mybpc2 10562784 17 Cotl1 10582162 79 Slfn2 10379630
18 Aldh6a1 10401473 80 Mylk2 10477206 18 Crip1 10399005 80 Snora34 10432176
19 Aqp1 10538459 81 Ndrg2 10419578 19 Cyp1b1 10453057 81 Snord35b 10563099
20 Ar 10600901 82 Nos1 10524909 20 Cyp4f18 10579636 82 Sp140 10347933
21 Art1 10555662 83 Optn 10479833 21 Cysltr1 10606355 83 Srgn 10369615
22 Asb10 10528622 84 P2ry2 10565962 22 Cytip 10482802 84 Tbxas1 10537410
23 Asb14 10413381 85 Pdk2 10390103 23 Dpep1 10576235 85 Tceal8 10606858
24 Asb18 10356489 86 Pdpr 10575578 24 Dpep2 10581434 86 Tcfec 10543239
25 Atp6v0e2 10538082 87 Pfkfb1 10602385 25 Dram1 10371607 87 Tnfrsf1b 10518300
26 C1qtnf9 10415737 88 Phkb 10573637 26 Efhd2 10518069 88 Tnnt1 10559547
27 C2cd2 10441313 89 Phyh 10469046 27 Epsti1 10416566 89 Trf 10596148
28 Camta1 10518837 90 Pink1 10517600 28 Fam111a 10461723 90 Vcam1 10501608
29 Ccdc85a 10384797 91 Plekhb1 10565910 29 Gm10521 10351689 91 Zdbf2 10346878
30 Cd59a 10474229 92 Ppip5k1 10486754 30 Gm2a 10376208
31 Cdc14a 10501629 93 Prkaa2 10514779 31 Gm5167 10601593
32 Cib2 10593713 94 Prkcq 10469255 32 Gm5167 10601601
33 Clip4 10446739 95 Ptpn3 10513160 33 H2-DMb2 10444236
34 Cltb 10409345 96 Pvalb 10430297 34 Hist1h4f 10408200
35 Coq10a 10373367 97 Rilp 10378627 35 Hk3 10409376
36 Cpt1b 10431564 98 Rnf123 10596815 36 Hmgb2 10510172
37 Ddo 10362701 99 Rorc 10494023 37 Hmgb2 10571870
38 Dgat2 10565775 100 Rpl3l 10442584 38 Hmha1 10364650
39 Dhdh 10563314 101 Sar1b 10375893 39 Ikzf1 10374333
40 Dusp23 10360321 102 Scn4a 10392152 40 Il1rl1 10345791
41 Egln1 10582712 103 Scrn3 10472933 41 Il21r 10557342
42 Epas1 10447317 104 Sdr39u1 10420216 42 Il7r 10427628
43 Epm2a 10361754 105 Sgk1 10362073 43 Impdh2 10574427
44 Extl1 10517250 106 Slc16a3 10383502 44 Iqgap2 10411235
45 Fam160a1 10499095 107 Slc25a12 10483604 45 Itgal 10557591
46 Fbp2 10409999 108 Slc2a4 10387743 46 Kcnn4 10550877
47 Fbxo40 10439357 109 Slc41a1 10349711 47 Lair1 10559486
48 Fdft1 10420730 110 Smtnl2 10388185 48 Ly9 10360158
49 Fhl3 10507908 111 Spnb1 10401068 49 Mmp12 10583056
50 Gbe1 10436500 112 St3gal3 10515574 50 Myo1g 10384154
51 Gm14492 10569331 113 Stat5b 10391286 51 Myog 10349993
52 Gm4980 10565815 114 Tmem143 10553140 52 Naaa 10531370
53 Gmpr 10404885 115 Tmem56 10501802 53 Nlrp1c-ps 10388086
54 Gpcpd1 10487945 116 Tmtc1 10549420 54 Npc2 10401519
55 Gpd2 10472162 117 Trim16 10376899 55 Olfr111 10445141
56 Gpr116 10445268 118 Tspan7 10598626 56 Phf11 10420483
57 Gpt2 10573626 119 Tuba8 10541301 57 Pilrb1 10534935
58 Gstk1 10537712 120 Txlnb 10361834 58 Plbd1 10548817
59 Hint3 10368527 121 Ubxn2a 10404700 59 Prkcd 10418410
60 Hoxc10 10427280 122 Usp13 10491414 60 Rab8b 10594645
61 Ide 10467230 123 Vldlr 10462281 61 Rgs1 10358408
62 Ipo13 10515536 124 Wnk2 10409118 62 Ripply1 10606941

Table S1 (associated with Fig. 3): Muscle "homeostasis/function" and "repair/regeneration" gene lists.
A and B. Muscle gene lists. Curated from microarray analysis of normalized expression values of day 4 vs day 8 ctx-injured muscle from  2 mth-old mice. Data are from (Burzyn et al., 2013).
(A) Muscle homeostasis/function. Genes up-regulated in day 8 vs day 4 injured muscle. (B) Muscle regneration/repair. Genes down-regulated in day 8 vs day 4 injured muscle.



SUPPLEMENTAL EXPERIMENTAL PROCEDURES 
 
Muscle leukocytes, myofiber-associated cells and fibro/adipogenic progenitors 

Following PBS perfusion, hindlimb (quadriceps, gastrocnemius and TA) muscles were excised, minced, 
and digested for 30 min in collagenase II (2 mg/ml, Invitrogen) and DNase I (150 mg/ml, Sigma). Digested muscle 
was filtered through a 70 uM filter and washed. To separate the leukocyte fraction, the cells were resuspended in 
40% Percoll, underlain with 80% Percoll, and spun for 25 min at 2200 rpm. The interphase containing leukocytes 
was recovered, washed and stained for analysis or sorting by flow cytometry.  

The myofiber-associated and interstitial muscle components were prepared as described (Cerletti el al., 
2008). Briefly, muscles were digested in 0.2% collagenase II for 1.5 hours at 37 C followed by trituration to separate 
myofibers. Samples were washed with PBS by gravity sedimentation and supernatant collected for the interstitial 
compartment. Separated myofibers were subsequently digested in 0.0125% Collagenase II/0.05% dispase in Ham’s 
F-10 media for 30 minutes at 37 C. Samples were then filtered through a 70 uM filter, washed and resuspended in 
staining media. These cells comprise the myofiber-associated compartment. 

For isolation of FAPs, hindlimb muscles were excised, minced and digested for 30 min in collagenase II (2 
mg/ml, Invitrogen), DNase I (150 mg/ml, Sigma) and 0.05% dispase (Invitrogen) at 37°C. Digested muscle was 
filtered through a 100 uM filter, washed, and stained for analysis by flow cytometry. 
 
Flow Cytometry  

Samples were stained with the following antibodies: anti-TCRb (H57-597), -CD4 (GK1.5), -CD25 (PC61), 
-CD11b (M1/70), -CD45 (30-F11), -Ly6c (HK1.4), -Ly6G (1A8), -CD11c (N418), -
PDPN(Gp38) (8.1.1), -CD31 (390) –MHCII (M5/114.15.2), -F4/80 (BM8) (all from Biolegend); polyclonal anti-
Areg and -IL-33 (both from R&D); anti-Foxp3 (FJK-16s) and -ST2 (RMST2-2) (both from eBioscience); anti-
Siglec F (E50-2440, BD Biosciences). Intracellular labeling of Foxp3 was done using the Intracellular Fixation & 
Permeabilization buffer set from eBioscience according to the manufacturer’s protocol. EdU detection was done 
after the last wash with permeabilization buffer following the Click-iT EdU kit (Molecular Probes) instructions. 
Intracellular IL-33 labeling was performed using the True-Nuclear Transcription Factor buffer set from Biolegend 
according to the manufacturer’s protocol. Viability was determined using the LIVE/DEAD system (Invitrogen) prior 
to fixation. Cytofluorometric data were acquired with a 4-laser LSR II (BD Bioscience), and were analyzed using 
FlowJo (Tree Star). 
 
Transcript analyses  
           For RNAseq analyses:1,500 cells from d4 CTX-injured muscle and spleen of Foxp3-IRES-GFP mice were 
double-sorted into Trizol (Invitrogen), RNA was extracted and reverse-transcribed using ArrayScript (Ambion) with 
a specific primer containing the T7 promoter, the 5’ TruSeq Illumina adapter, at 8 positions with random nucleotide 
assignment as a unique molecular identifier (UMI), and an oligodT sequence. Second-strand synthesis was 
performed using the mRNA Second Strand Synthesis Module (NEBNext). After cDNA size selection using AMPure 
XP beads (0.8x and 1x, BeckmanCoulter), the product was amplified via in vitro transcription (MEGAshortscript, 
Invitrogen) for 9 hours and then fragmented (Magnesium RNA Fragmentation Module, New England Biolabs). A 3’ 
indexing adaptor was ligated (truncated T4 RNA ligase 2, Enzymatics), reverse-transcribed (Superscript II, 
Invitrogen), and amplified by PCR for 15 cycles (HiFi hotstart PCR kit, Kapa). cDNA cleanup and size selection 
were performed on AMPure XP beads. Libraries were quantified using a BioAnalyzer using the Agilent High 
Sensitivity DNA Kit (Agilent) and qPCR using Kapa library quantification kits. Sequencing was done on MiSeq 
(nano kit) and HiSeq 2500 (rapid mode) instruments. 
            Raw sequencing reads were processed using custom scripts. Read 1 contains the transcript sequence, Read 2 
the UMIs. Raw reads were first trimmed using the FASTX-Tollkit v0.0.13 (fastx_trimmer –Q 33). Read 2 was 
trimmed in order to extract the UMI (5-12bp), and Read 1 was trimmed to 30bp in order to eliminate a potential 
oligo-dT sequence. Reads were filtered for quality (more than 80% of the sequences having a Sanger Phred+33 
quality score > 33) using fastq_quality_filter -v -Q 33 -q 20 -p 80. Mapping was performed with Tophat2 to the 
mm10 mouse transcriptome (Kim et al., 2013) keeping the strand information with the following options: tophat -p 2 
--library-type fr-firststrand --read- mismatches 5 --read-gap-length 5 --read-edit-dist 5 --no-coverage-search --
segment- length 15 --transcriptome-index. Duplicated mapping reads were filtered out using the UMIs as follows. 
First, duplicated mapped reads were marked using picard-tools- 1.79/MarkDuplicates.jar. Then the genomic 
positions of the duplicated reads were extracted and for each of these positions, only reads having different UMIs 
were kept. Reads that mapped to multiple positions were filtered out using samtools 0.1.19 flag 256 (Li et al., 2009). 
Finally, reads were assigned to genes using a modified version of htseq-count with the mm10 gene annotation from 



UCSC Transcript database. Samples were normalized with DESeq using the estimateSizeFactors function (Anders 
and Huber, 2010; Dillies et al., 2013). 

For PCR analyses: RNA was isolated as per microarray analysis, and reverse-transcribed using SuperScript 
Polymerase 2 (Invitrogen) according to the manufacturer’s instructions. Real-time quantitative PCR was performed 
using gene-specific fluorogenic assays (TaqMan; Applied Biosystems). Transcript values were normalized to those 
from the mouse Gapdh gene.  
 
Migration studies using Kaede/B6 Tg mice 

Mice were anesthetized with ketamine/xylazine in combination (10 mg/kg/2 mg/kg ip). The fur attached to 
the skin covering the CLNs (recruitment experiments) or CTX-injured TA muscle (retention experiments) was 
removed using depilatory cream, applied for 2 mins. Mice were placed on their backs (recruitment experiments) or 
in a lateral recumbent position (retention experiments), with an aluminum foil blanket covering all but the depilated 
area. Violet light (Electra Pro Series 405 nm Violet Handheld Laser, Laserglow Technologies) was shone on the 
exposed area for a period of 3.5 mins, the pre-established time for effective but innocuous photoconversion at this 
anatomical site. In order to manipulate the size of the light field (beam diameter: 3.5 mm) so that both CLNs could 
be exposed, we attached a lens to the laser to de-focus the beam, and the source of the de-focused light beam was 
positioned 28 cm above the mouse (Magnuson et al., 2015; Morton et al., 2014).  
 
Histological analyses 

 Muscles were harvested, snap-frozen in liquid-nitrogen-chilled isopentane, sectioned using a 
Microm HM550 cryostat (Thermo Scientific), and stored at -80° C. Human samples, procured from the National 
Disease Research Interchange, have no identifiers. Samples were recovered 3hrs-3days postmortem. 

For hematoxylin and eosin (H&E) staining, slides were fixed in 4% paraformaldehyde, stained with 
hematoxylin (VWR), followed by an acid wash (1% acetic), and dipped in bluing reagent (VWR), before staining in 
eosin (VWR). For quantification of muscle regeneration, four representative sections spanning the cryoinjured 
muscle per mouse were stained with H&E. The total injured area was acquired using a Zeiss Axio Imager. Centrally 
nucleated myofiber area and number were quantified using ImageJ.  

For immunofluorescence staining of mouse and human samples, slides were fixed with 4% 
paraformaldehyde and permeabilized with 0.5% Triton X-100 for 5 minutes. They were then blocked and stained 
with donkey polyclonal anti-human IL-33 (1:50, R&D), donkey polyclonal anti-mouse IL-33 (1:50, R&D), rabbit 
polyclonal anti-neurofilament 200 (1:100, Abcam), rabbit polyclonal anti-S100 (1:100, Abcam), rat anti-mouse 
PDGFR� (APA5, 1:50, Biolegend), rat anti-mouse CD45 (30-F11, 1:50, Biolegend), rat anti-mouse CD31 (390, 
1:50, Biolegend), mouse anti-Glut1 (SPM498, 1:100, Abcam), polyclonal rabbit anti-dystrophin (1:400. Abcam), or 
mouse anti-dystrophin (MANDRA1, 1:400, Sigma). Primary mouse Abs were detected using the Mouse on Mouse 
Fluorescein Kit (MOM, Vector Labs) to reduce the background. Images were acquired with a Zeiss Axio Imager.M1 
or Olympus Fluoview confocal microscope. 

IL-33-positive nuclei were quantified automatically as the fraction of DAPI+ structures exhibiting IL-33 
staining, using ImageJ. The following settings were used: split channels, subtract background, threshold (50,255), 
convert to mask, watershed, and analyze particles (size=20-Infinity circularity=0.1-1.00). 
 
Statistical analyses  

Data were routinely presented as means ± S.D. Significance was assessed by the methods specified in the 
individual figure legends. 
  



SUPPLEMENTAL REFERENCES 

 

Anders, S. and Huber, W. (2010). Differential expression analysis for sequence count data. Genome Biol. 11, R106. 

Dillies, M.A., Rau, A., Aubert, J., Hennequet-Antier, C., Jeanmougin, M., Servant, N., Keime, C., Marot, G., Castel, 
D., Estelle, J. et al. (2013). A comprehensive evaluation of normalization methods for Illumina high-throughput 
RNA sequencing data analysis. Brief. Bioinform. 14, 671-683. 

Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S.L. (2013). TopHat2: accurate alignment 
of transcriptomes in the presence of insertions, deletions and gene fusions. Genome Biol. 14, R36. 

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis, G., and Durbin, R. 
(2009). The Sequence Alignment/Map format and SAMtools. Bioinformatics. 25, 2078-2079. 

Magnuson, A.M., Thurber, G.M., Kohler, R.H., Weissleder, R., Mathis, D., and Benoist, C. (2015). Population 
dynamics of islet-infiltrating cells in autoimmune diabetes. Proc Natl Acad Sci U S A. 

Morton, A.M., Sefik, E., Upadhyay, R., Weissleder, R., Benoist, C., and Mathis, D. (2014). Endoscopic 
photoconversion reveals unexpectedly broad leukocyte trafficking to and from the gut. Proc Natl Acad Sci U S A. 
111, 6696-6701. 
 
 




