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Abstract

Maintenance of tissue integrity in skeletal muscle requires the immunomodulatory and 

regenerative functions of muscle-resident regulatory T cells (Tregs). Chronic skeletal muscle 

infections, such as with Toxoplasma gondii disrupt normal immuno-regulatory networks and lead 

to pathogenic changes in Treg function. Specifically, Tregs during chronic T. gondii infection 

reinforce an inflammatory macrophage bias that exacerbates injury in skeletal muscle. In this 

study, we investigated whether the aberrations in skeletal muscle Treg function during chronic 

infection could be overcome by treatment with Treg-related factors associated with enhanced 

muscle regeneration during sterile injury. We show treatment of chronically infected mice with the 

Treg promoting therapies, interleukin-2 complexed with anti-IL-2 antibody or interleukin-33 

(IL-33), did not restore macrophage dynamics or muscle function, respectively, in vivo. However 

supplementation of known Treg-derived factors, interleukin-10 (IL-10) and amphiregulin (Areg) 

improved muscle function and skewed macrophages toward a restorative phenotype in the 

presence of chronic infection. These shifts in macrophage phenotype are coupled with enhanced 

physiologic parameters of regeneration. Together, these data suggest that while Treg-mediated 

immuno-regulation is compromised during chronic skeletal muscle infection, supplementation of 

canonical Treg-derived factors such as IL-10 and Areg can restore immunologic balance and 

enhance muscle repair.
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INTRODUCTION

Skeletal muscle disease and pathology can result in a wide range of functional consequences 

for patients from focal muscle weakness to severely debilitating complications (1–4). 

Infection represents a major source of acquired myopathies in large part due to the plethora 

of pathogens capable of causing secondary myopathy, including bacteria, viruses, parasites, 

and fungi (1). Treatment of underlying bacterial or fungal infections can often lead to acute 
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recovery (1). However, for many viruses and parasites, poor druggability and effective 

immune evasion results in chronic infection and long-term myopathy (1, 5–7). Furthermore, 

while some pathogens can directly cause skeletal muscle damage, previous studies, in other 

sites of infection, have shown that infection can lead to immunologic scarring and 

reprogramming that potentiates aberrant immune-mediated pathology (8). For these reasons, 

a greater understanding of the interplay between infection, skeletal muscle, and tissue-

specific immunity is necessary to treat myopathies refractory to antimicrobial therapies.

A full complement of skeletal muscle immunity is necessary to maintain tissue health and 

integrity over a lifetime. At homeostasis, intramuscular leukocytes are present up to 500–

2,000 cells/mm2 histologically in adult murine muscles of which the majority are quiescent 

myeloid cells and the minority are CD4+ T cells, CD8+ T cells, regulatory T cells (Tregs), 

eosinophils, and neutrophils (9). In response to injury, these cells rapidly activate to promote 

regeneration. Notably, macrophages are critical to regulating distinct steps in the 

regenerative process (10–12). Inflammatory macrophages facilitate an early phase of repair 

characterized by IFNγ-mediated inflammation, clearance of dead and necrotic debris and 

early activation of muscle progenitor cells (satellite cells) (13). The subsequent emergence 

of restorative macrophages is important for immuno-regulation, extracellular matrix 

deposition, and driving differentiation and growth during myogenesis (13). Recently, Tregs 

have emerged as a key player in skeletal muscle regeneration (14–17). Specifically, Tregs 

accumulate with the same kinetics as restorative macrophages (16). Ablation of Tregs 

reduces the transition of inflammatory macrophages to restorative macrophages during 

repair, leading to prolonged damage (16). Additionally, diminished Treg responsiveness was 

characterized in age-related muscle pathology (17). This pathology was due to a 

diminishment of ST2 expressing Tregs and corrected by IL-33 supplementation as increased 

IL-33:ST2 signaling promoted Treg accumulation, a regenerative transcriptional program, 

and tissue regeneration (17). Furthermore, skeletal muscle Tregs produce both the 

immunosuppressive cytokine, IL-10, and the epidermal growth factor-like ligand, 

amphiregulin (Areg), following sterile injury (16). Both IL-10 and Areg have been 

independently shown to be critical for driving efficacious repair (10, 16).

Chronic infections of the skeletal muscle have previously been shown to severely alter the 

tissue immune landscape and compromise immune-regulatory networks (7, 18–20). 

Toxoplasma gondii is an obligate intracellular parasite capable of establishing a chronic 

infection in the CNS and striated muscle tissues (21). A robust interferon-gamma (IFNγ)-

mediated immune response is necessary to control infection (21). Recently, we showed 

chronic skeletal muscle infection with Toxoplasma gondii drastically alters skeletal muscle 

immunity and leads to long-term muscle damage and myositis (18). Tregs decrease in 

frequency and also highly express the Th1-lineage specific transcription factor Tbet in 

infected skeletal muscle (18). Furthermore, in this setting, Tregs pathogenically promote 

long-term muscle damage and accumulation of inflammatory macrophages in the skeletal 

muscle (18).

In this present study, we addressed whether pathogenic Treg function can be compensated 

for by therapeutic treatment of Treg-promoting or Treg-derived factors. To accomplish this, 

we administered Treg-related factors previously shown to enhance muscle regeneration, IL-2 
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complexed with anti-IL-2 antibody, IL-33, IL-10, and Areg. Interestingly, IL-2 treatment 

preferentially expanded a Tbet expressing Treg population and was associated with a 

injurious increase in inflammatory macrophages, in support of our previous findings (18). 

Mice treated with IL-33 did not exhibit changes in the constitution of macrophage subsets in 

the muscle, while IL-10 and Areg treated mice exhibited an increase in restorative 

macrophages. However, only Areg treatment led to a reduction in Tbet expression in Tregs. 

Further, in Areg-treated mice, these changes were coupled with significantly improved 

physiological parameters of skeletal muscle health. Our findings implicate a role for IL-10 

and Areg as potential therapeutic targets in chronically inflamed settings of skeletal muscle.

MATERIALS AND METHODS

Mice.

8–10 week old female C57BL/6 mice were obtained from Taconic Farms (Germantown, 

NY). All procedures involving mice were reviewed and approved by the Institutional Animal 

Care and Use Committee at the University at Buffalo.

Oral infection with Toxoplasma gondii.

Tissue cysts for oral infection were prepared from the brain homogenates of mice 

chronically infected (≥30 days post-infection) with RFP-expressing ME49 cysts (graciously 

provided by Michael Grigg). Cyst counts were enumerated using a fluorescence microscope. 

8–10 week old female mice were orally gavaged with five ME49 cysts.

Muscle Injections.

For IL-33 treatment, anesthetized mice were injected intramuscular (i.m.) with 300ng/tibialis 
anterior (TA) (3μl) of recombinant murine IL-33 (Biolegend) followed by 2μg/mouse 

intraperitoneal (i.p.) (200μl) every other day thereafter until time of analysis. For IL-10 

treatment, anesthetized mice were injected i.m. with 500ng/TA (3μl) of recombinant murine 

IL-10 (Peprotech) and 1μg/mouse i.p. (200μl) every other day thereafter until time of 

analysis. For amphiregulin treatment, anesthetized mice were injected i.m. with 1μg/TA 

(3μl) of recombinant murine amphiregulin (R&D Systems) and 7μg/mouse i.p. (200μl) every 

other day thereafter until time of analysis. Control mice were injected with PBS.

IL-2 Complex treatment.

Recombinant murine IL-2 (1.5μg, Peprotech) was incubated with anti-IL-2 (15μg, JES6–

1A12, eBioscience) for 5 minutes at room temperature. IL-2 complex (IL-2c) was 

administered i.p. for 5 consecutive days. Control mice were injected with PBS.

Isolation of tissue lymphocytes from organ tissues.

Skeletal muscle was harvested from PBS-perfused mice and minced in digestion media 

(RPMI, 1% penicillin-streptomycin, 1mM sodium pyruvate, 0.1% β-mercaptoethaol, 25mM 

HEPES, 150μg/ml DNase I [Sigma-Aldrich], 1mg/ml Collagenase II [Invitrogen], and 

1U/ml Dispase [Invitrogen]). Tissues were digested at 37˚C for 55 minutes. Mononuclear 

cells were enriched by passing digested tissue through a 70μΜ filter, and performing a 
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percoll gradient purification (37.5% Percoll [GE healthcare]/62.5% Hank’s buffered saline 

solution [HBSS]). Single-cell suspensions were resuspended in 10% media (RPMI with 10% 

FBS, 1% penicillin-streptomycin, 1mM sodium pyruvate, 0.1% β-mercaptoethaol, 25mM 

HEPES).

Spleens were harvested and passed through a 70μM filter. Red blood cells were lysed in 

ACK lysing buffer (Lonza) and resuspended in 10% media.

Extracellular and Intracellular flow cytometric analysis of tissue lymphocytes.

Single-cell suspensions were stained with Live/Dead Fixable Aqua dead cell stain (Life 

Technologies) and an extracellular antibody cocktail in HBSS. Cells were subsequently 

fixed and permeabilized (Intracellular Fixation and Permeabilization Buffer Set, 

eBioscience). Afterwards, samples were stained with eBioscience Permeabilization Buffer 

containing intracellular antibody stains. Final resuspension was performed in FACS Buffer 

(PBS, 1% bovine serum albumin [Sigma-Aldrich], 2mM EDTA [Life Technologies]) for 

acquisition. For stains containing biotinylated antibodies, streptavidin staining was 

performed separately immediately following primary antibody staining. Absolute numbers 

were calculated using CountBright absolute counting beads (Life Technologies).

Antibodies.

Antibodies used were: anti-TCRβ-APC-Cy7 (BD Pharmigen, clone H57–597), anti-CD44-

BV605 (BD Horizon, clone IM7), anti-CD4-PE-Cy7 (BD Pharmigen, clone RM4–5), anti-

CD8α-PE (BD Pharmigen, clone H35–17.2), anti-CD8β-PerCP-Cy5.5 (BioLegend, clone 

YTS156.7.7), anti-T1/ST2-biotin (MD Bioproducts, clone DJ8), Streptavidin-PE 

(ebioscience), anti-Foxp3-FITC (eBioscience, clone FJK-16s), anti-Tbet-ef660 (eBioscience, 

clone eBio4B10), anti-Ki67-AF700 (BD Pharmigen, clone B56), anti-Ly6C-PerCp-Cy5.5 

(eBioscience, clone HK1.4), anti-CD11b-BV605 (BD Horizon, clone M1/70), anti-Ly6G-

PECF94 (BD Horizon, clone 1A8), anti-ICOS-PE-Cy5 (eBiosicence, clone 7E.17G9), anti-

CD25-PerCP-Cy5.5 (BD Pharmigen, clone, PC61), anti-IFNγ-BV650 (BD Horizon, clone 

XMG1.2), anti-CD45-V450 (BD Horizon, clone 30-F11), anti-Nos2-AF488 (eBioscience, 

clone CXNFT), anti-CD68-PE-Cy7 (eBioscience, clone FA-11), and anti-CD206-APC 

(BioLegend, clone C068C2). Flow cytometry data was acquired using a BD LSRFortessa 

Cell Analyzer and analyzed using FlowJo version 10.4.2 (Tree Star, Ashland, OR).

Muscle functional strength testing.

Mice were placed on a 1 × 1 cm wire screen. The screen was slowly inverted and held above 

a padded container. Muscle strength was scored based on time-elapsed between full 

inversion and falling with a maximum of 60 seconds.

Quantification of parasite burden.

Tissues were isolated and preserved in RNAlater (Qiagen) for RNA isolation with Trizol 

(Life Technologies) or DNA extraction with the Qiagen DNeasy Blood and Tissue kit. Total 

parasite burden was quantified by qPCR-amplification of a T. gondii specific gene, B1 from 

genomic DNA isolated from tissues (Forward: 5’-TCCCCTCTGCTGGCGAAAAGT-3’, 

Reverse: 5’-AGCGTTCGTGGTCAACTATCGATTG - 3’). Ct values were compared to a 
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standard curve constructed from B1 amplification of known T. gondii genomic DNA 

concentrations. Tachyzoite and bradyzoite parasite burden was quantified by qRT-PCR of 

Sag1 (Forward:5’- ATCGCCTGAGAAGCATCACTG-3’, Reverse: 5’-

CGAAAATGGAAACGTGACTGG-3’), Eno1 (Forward: 5’-

GGTATTGATATGCTTATGGTGGAG-3’, Reverse: 5’-

GCGATGTATTTGTATAGTGGTAGG-3’), and Bag1 (Forward: 5’-

GGGATGTACCAAGCATCCTG-3’, Reverse: AGGGTAGTACGCCAGAGCAA-3’), 

respectively. TgActin (Forward: 5’-ATGTATGTCGCTATCCAGGCCGTT - 3’, Reverse: 5’ - 

TGATCTTCATGGTGGAAGGAGCCA −3’) was used as a housekeeping gene.

qRT-PCR of muscle differentiation factors.

Tissues from experimental mice were isolated and preserved in RNAlater (Qiagen) for RNA 

isolation by Trizol extraction. Isolated RNA was converted to cDNA (iScript, BD 

Biosciences) assayed for muscle differentiation factors Pax7 (5’-

GACTCGGCTTCCTCCATCTC-3’, Reverse: 5’-AGTAGGCTTGTCCCGTTTCC-3’), Pax3 
(Forward: 5’-ACTACCCAGACAATTTACACCAGG-3’, Reverse: 5’-

AATGAGATGGTTGAAAGCCATCAG-3’), Igf1 (Forward: 5’-

GTGTGGACGAGGGGCTTTTACTTC-3’, Reverse: 5’-

GCTTCAGTGGGGCACAGTACATCTC-3’), Myf5 (Forward: 5’-

GAACAGGTGGAGAACTATTA-3’, Reverse: 5’-GCACATGCATTTGATACATCAG-3’), 
Myod (Forward: 5’-GAGCGCATCTCCACAGACAG-3’, Reverse: 5’-

AAATCGCATTGGGGTTTGAG-3’), and Myog (Forward: 5’-

CCAGTACATTGAGCGCCTAC-3’, Reverse: 5’-ACCGAACTCCAGTGCATTGC-3’) by 

real-time PCR (iTaq Universal SYBR Green supermix, BD Biosciences). Ct values were 

normalized the housekeeping gene Gapdh (Forward: 5’-

CCCACTCTTCCACCTTCGATG-3’, Reverse: 5’-GTCCACCACCCTGTTGCTGTAG-3’).

Muscle histopathology.

Skeletal muscle TA muscles were perfusion fixed in 4% paraformaldehyde (Sigma-Aldrich) 

and then isolated. Fixed tissue samples were cryopreserved in 30% sucrose, frozen in OCT 

(Sakura) and cryosectioned at 20μm. Sections were stained with Wheat Germ Agglutinin 

(WGA) AF488 (1:100, Thermo Scientific) and DAPI (Sigma). Images were acquired with a 

Zeiss AxioImager.Z1 microscope. Image analysis was performed on FIJI. Cross-sectional 

area was quantified by segmentation analysis and subsequent measurement. Percent 

damaged area was determined by binarization of WGA stained area as a percentage of total 

muscle area. For binarization analysis, only the tibialis anterior tissue was analyzed 

(peripheral tissue/connective tissue debris was excluded from analysis). Centralized nuclei 

were enumerated and normalized to total muscle area.

Statistics.

All statistics were generated using Graphpad Prism v6.0c.
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RESULTS

IL-2c treatment fails to expand a population of suppressive Tregs and results in increased 
inflammation

Previously, we demonstrated that Tregs during chronic T. gondii infection promote tissue 

pathology and an accumulation of inflammatory macrophages within skeletal muscle (18). 

However the factors that contribute to the acquisition of pathogenic functions during chronic 

infection remains unclear. Interestingly, expansion of Tregs through the administration of 

recombinant IL-2 complexed to an anti-IL-2 antibody (clone JES6–1A12) (IL-2c) alleviates 

immune-mediated pathology during acute T. gondii infection and in murine models of 

muscular dystrophy and experimental myasthenia gravis (14, 22–24). We therefore asked if 

treatment with IL-2c could reconstitute a population of suppressive Tregs to reduce 

inflammatory macrophages and enhance restorative macrophages during chronic infection. 

As expected, administration of IL-2c in chronically infected mice significantly increased 

both the frequency and absolute number of Tregs in the skeletal muscle (Figure 1A, B). This 

is associated with increased proliferation of Tregs, as indicated by the proliferation marker 

Ki67 (Figure 1B). A distinguishing trait of the majority (~60%) of Tregs during chronic 

infection is the expression of the Th1-lineage specific transcription factor, Tbet (18). Recent 

molecular studies demonstrated IL-2c preferentially expand Tregs due to the ability of 

JES6–1A12 to block IL-2Rβ while enhancing IL-2Rα (CD25) signaling, which is highly 

expressed on Tregs (25). During chronic infection, the majority of CD25+ Tregs co-express 

Tbet (Figure 1C). Further, double positive Tbet+CD25+ Tregs express the highest levels of 

ICOS which has also been shown to enhance IL-2 signaling (Figure 1C) (26, 27). As such, 

we find treatment led to a preferential expansion of Tbet+ Tregs versus Tbet- Tregs, 

increasing from 60% to 75% (Figure 1D). Given that Foxp3-CD4+ conventional T cells 

(Tconv) also express CD25 upon activation, we assessed the level of off-target effects of 

treatment on this subset. Unsurprisingly, we also observed an expansion of the total number 

of Tconv with IL-2c (Supplemental Figure 1A) however the proportion of IFNγ directly ex 
vivo remained similar (Supplemental Figure 1B). The treatment resulted in a reduced 

frequency of Tconv to Tregs due to the preference for Treg expansion (Figure 1A, 

Supplemental Figure 1A).

We next assessed the effect of IL-2c-mediated preferential expansion of Tbet+ Tregs on 

macrophage phenotype in the skeletal muscle. IL-2c treatment is accompanied by an 

increase in the proportion of inflammatory (CD206loLy6chi) macrophages and a concomitant 

decrease in restorative (CD206hiLy6clo) macrophages (Figure 1E). While the absolute 

number of both inflammatory and restorative macrophages increased, the extent to which 

inflammatory macrophages increased surpasses that of restorative macrophages (Figure 1F). 

Thus, the shift in macrophage bias toward inflammatory macrophages is largely driven by 

increases in the absolute number of inflammatory macrophages (Figure 1E, F). A functional 

readout for the inflammatory phenotype of macrophages is the production of inducible nitric 

oxide synthase (iNOS), which catalyzes the production of nitric oxide radicals. Following 

IL-2c treatment, the proportion of iNOS expressing macrophages remained similar between 

treatment groups (Figure 1G). Together, these findings show that IL-2c treatment does not 

resolve skeletal muscle inflammation. Further, these results suggest that IL-2c treatment, 
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which is successful during acute T. gondii infection and other models, does not enhance 

Treg function to sufficiently overcome the inflammation found in infected skeletal muscle.

IL-33 supplementation increases restorative macrophages but does not improve skeletal 
muscle function

Previously, IL-33:ST2 signaling in Tregs has been shown to reinforce a regenerative 

transcriptional program in muscle, heighten Treg-mediated immunosuppression, and 

enhance adaptation to inflammatory environments (17, 28, 29). In aged skeletal muscle with 

weak regenerative capacity and an absence of ST2 expressing Tregs, IL-33 supplementation 

promoted tissue repair associated with increases in ST2+ Treg accumulation and functional 

signatures (17). Thus, we tested whether reinforcing regenerative Treg function during 

chronic infection indirectly leads to restoration of muscle function and restorative 

macrophage bias by an intramuscular injection of IL-33 followed by subsequent 

intraperitoneal injections to increase the tissue specificity of treatment, as in ((16), Figure 

2A). Unlike in aged muscle, IL-33 administration during chronic infection did not lead to a 

significant increase in Treg accumulation either by absolute number or frequency (Figure 

2B). Treatment also did not increase Treg proliferation (Figure 2B). Similar to Tregs from 

uninfected CTX-injured muscle, Tregs in infected muscle expressed comparable levels of 

ST2, the receptor for IL-33, indicating Tregs were capable of IL-33-signaling in this setting 

(Figure 2C). In support of this, IL-33 treatment showed a trend in increasing ST2 expression 

in Tregs in chronically infected muscle (Figure 2C). Further, a greater frequency of Tregs 

expressed RORγt following IL-33 administration during chronic infection (Figure 2D). 

Previously, RORγt+ Tregs have been found in association with the reparative phase of tissue 

repair following toxin-induced muscle injury (30). These changes did not coincide with 

alterations to local Tconv or CD8+ T cells immunity in the skeletal muscle (Figure 2E). 

However, administration of IL-33 did lead to a systemic increase in Tconv and CD8+ T cells 

as indicated by splenic numbers (Supplemental Figure 2).

We next addressed whether enhancing Treg regulatory and reparative functions via 

IL-33:ST2 signaling during chronic infection lead to a reduction in inflammatory 

macrophages and tissue damage. Interestingly, the distribution of inflammatory and 

restorative macrophages shifted dramatically in favor of restorative macrophages in both 

frequency and absolute number (Figure 2G, I). iNOS expression from total macrophages 

remained constant (Figure 2H). However, despite the acquisition of a more regenerative 

phenotype in both Tregs and macrophages, this was insufficient to drive significant 

improvement in skeletal muscle function assessed through an inverted screen test (Figure 

2J). Together, this data suggests IL-33-mediated changes to skeletal muscle immunity alone 

does not improve skeletal muscle fitness during chronic infection.

IL-10 treatment improves inflammation and muscle function in the skeletal muscle

We next asked whether supplementation of Treg-derived factors decrease underlying 

inflammation and improve muscle function. The cytokine IL-10 is critical to facilitate 

efficacious skeletal muscle repair (10). Among its many immunosuppressive functions, 

IL-10 is able to directly alternatively activate macrophages, which potentiates repair (31–

33). Skeletal muscle Tregs were previously shown to produce more IL-10 during injury than 
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splenic Tregs, however, the extent to which Treg-derived IL-10 contributes to wound repair 

is unknown (16). To determine whether supplementation of IL-10 alleviates skeletal muscle 

damage during chronic infection, we used the therapeutic approach in (16) to increase the 

tissue specificity of treatment by first administering IL-10 directly by intramuscular 

injection followed by subsequent intraperitoneal injections (Figure 3A). Given the 

immunosuppressive effects of IL-10, we began by assessing whether treatment affected local 

and systemic T cell compartments. IL-10 administration resulted in a reduction in splenic 

Tconv but not Treg and CD8+ T cell numbers (Supplemental Figure 3A). In contrast, within 

the skeletal muscle, Treg, Tconv, and CD8+ T cell numbers remained unaltered by treatment 

(Figure 3B). Phenotypically, IL-10 supplementation did not result in a reduction in Tbet+ 

Tregs and Tconv or IFNγ+ Tconv in spleen and muscle (Figure 3C, Supplemental Figure 

3B, C). However, the proportion of macrophages skewed toward restorative macrophages 

(Figure 3D). This significant shift in macrophage bias is accounted for by the cumulative 

effect of non-significant changes in the absolute numbers of both inflammatory and 

restorative macrophages (Figure 3E). iNOS expression in total macrophages is not altered 

due to IL-10 treatment (Figure 3F). As active immune surveillance is crucial to limit T. 
gondii reactivation, we assessed whether a reduced inflammatory response due to IL-10 

treatment resulted in parasitic reactivation. Importantly, the anti-inflammatory effects of 

IL-10 treatment did not lead to increases in skeletal muscle parasite burden during the 7 days 

of treatment (Figure 3G). Next, we ascertained whether the immunologic shift towards 

restorative macrophages resulted in improved tissue function. Interestingly, IL-10 treatment 

improved muscle function on hang test (Figure 3H). Together, these results suggest that 

IL-10 treatment can improve both inflammation and skeletal muscle function during chronic 

infection without having a detrimental impact on parasite burden.

Amphiregulin alleviates immunologic and physiologic parameters of skeletal muscle 
fitness

Given that IL-10 improved muscle function and mitigated inflammation, we asked whether 

this was restricted to IL-10 or if other Treg-derived factors could also impact muscle health 

during chronic infection. Previously, skeletal muscle Tregs have been shown to express high 

amounts of amphiregulin (Areg) in response to sterile injury (16). Further, Areg plays an 

important role in skeletal muscle regeneration, as its absence hampers wound repair (16). 

Functionally, Areg can directly stimulate satellite cells as well as enhance the suppressive 

capacity of Tregs (16, 34, 35). We asked whether treatment with Areg to chronically infected 

mice improved measures of function and inflammation. As with the IL-10 treatment, we 

used the therapeutic approach in (16) to increase the tissue specificity of treatment by first 

administering Areg directly by intramuscular injection followed by subsequent 

intraperitoneal injections (Figure 4A). We first sought to determine whether Areg treatment 

led to changes in skeletal muscle immunity that facilitates tissue repair. Interestingly, while 

the frequency and number of Tregs remained the same in muscle, muscle that had been 

treated with Areg exhibit decreased Treg Tbet expression that is not associated a concurrent 

decrease in Tbet expression in conventional CD4+ T cells (Figure 4 B-D). This change is 

associated with a shift in the distribution of macrophage subsets in favor of restorative 

CD206hiLy6clo macrophages (Figure 4E). This is due to an increased absolute number of 

restorative macrophages as the number of pro-inflammatory macrophages remained 
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unchanged (Figure 4F). Administration of Areg in chronically infected mice improved hang 

test scores compared to PBS treated controls (Figure 4G). Importantly, these changes in 

immunity did not affect total parasite burden, which remained unchanged (Figure 4H). 

Analysis of T. gondii stage-specific transcripts suggest Areg treatment promotes an 

environment that skews toward parasite encystation (bradyzoites- eno1, bag1) rather than 

reactivation (tachyzoites- sag1) (Figure 4I). These results show that Areg treatment can 

foster immunological changes adherent to a reparative program that leads to improved 

function without compromising control of parasitic infection.

Due to the ability of Areg to directly affect the myogenicity of muscle progenitors (satellite 

cells), we next asked whether the improvements we observed in function and inflammation 

were associated with quantitative differences in physiological parameters of myogenesis 

following Areg treatment. We first examined the expression of myogenic regulatory factors 

that direct the molecular progression of myogenesis. Areg treatment led to increased 

expression of pax7, suggestive of an increase in satellite cells (Figure 5A). Further, Areg 

treatment induced the expression of positive regulators of myotube activation and 

differentiation, myf5 and myog respectively (Figure 5A). Pax3, a paralogue of pax7 is 

decreased with Areg treatment. However, Pax3+ stem cells represent a minor fraction of the 

overall myogenic precursor pool. To examine morphologic features, we compared the 

number of regenerating fibers, fiber size distribution, and percent total damaged area 

between PBS- and Areg-treated mice. Muscle fiber size analysis showed the distribution of 

the muscle fibers skews significantly toward larger fibers with Areg treatment (Figure 5C). 

These changes are reflective of an improved progression of regeneration as fibers begin to 

differentiate and hypertrophy. They are also in agreement with the overexpression of myf5, 
myod, and myog observed transcriptionally (Figure 5A). Finally, Areg-treated muscles 

exhibited a decreased total area of damage/inflammation than their PBS-treated counterparts 

(Figure 5B, D). Collectively, these data suggest that Areg treatment results in a meaningful 

improvement in both physiologic and immunologic indices of muscle function during 

chronic infection.

DISCUSSION

Skeletal muscle immunity is important for maintaining tissue health both at homeostasis and 

in response to injury and infection. Chronic infections pose a major challenge for many 

tissues as it leads to long-term alterations of the local immune landscape, which can have 

detrimental implications for tissue fitness and overall function (7, 18–20). Previously, we 

showed chronic T. gondii infection leads to long-term skeletal muscle damage associated 

with disruption of both Treg and macrophage compartments (18). Specifically, Tregs 

promote a pathogenic accumulation of inflammatory macrophage accumulation within 

skeletal muscle (18). This is in sharp contrast to the previously reported role of Tregs to 

promote restorative macrophages during sterile injury and in the mdx mouse model of 

muscular dystrophy (14, 16). In this study, we demonstrate that therapeutic administration of 

Treg repair-associated factors, IL-10 and Areg, can overcome the tissue damage and 

macrophage bias reinforced by pathogenic Tregs during chronic skeletal muscle infection 

while maintaining disease latency. Our results imply an important role for these factors in 
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supporting the muscle repair program in chronically infected and inflamed settings where 

Treg function may be aberrant.

Given that Tregs promote skeletal muscle pathology during chronic infection, we asked if 

we could enhance tissue fitness by supplementing Treg-enhancing (IL-2 and IL-33) or Treg-

derived (IL-10 and Areg) agents known to participate in tissue repair. Preferential expansion 

of Tregs via administration of IL-2c (JES6–1A12) has previously been shown to be 

efficacious in delaying onset or reducing disease severity in diabetes, allergy, and 

experimental autoimmune encephalitis (36–38). In skeletal muscle, IL-2c treatment 

alleviates damage in muscular dystrophy (mdx) and experimental myasthenia mouse models 

(14, 22). IL-2c-induced Treg expansion in these settings suppresses immune-mediated 

pathology (14, 22, 37–39). Previously, restoration of Tregs by IL-2c treatment showed 

enhanced susceptibility to acute T. gondii, Listeria monocytogenes, and vaccinia virus 

infections due to diminished Th1-mediated host resistance (23, 24). In contrast, our results 

showed a failure to expand a population of suppressive Tregs. Differences in the type, 

strength, and duration of inflammation within the skeletal muscle are likely the major factors 

that underlie the antithetical roles of Tregs observed between sterile injury-repair, acute 

infection, and chronic infection. The ability of Tregs to adapt to local inflammatory 

environments is well documented (40, 41). In the setting of Th1 inflammation, such as that 

established by T. gondii infection, Tregs can express the Th1-lineage specific marker Tbet, 

which enables enhanced trafficking and survival (24, 42–44). Interestingly, the ability of 

Tregs to adapt to local inflammation is essential to control overwhelming Th1 inflammation 

during acute T. gondii infection (43). However, the consequences of Tbet expression in 

Tregs during T. gondii infection is unknown. We show that IL-2c treatment not only 

increases the overall frequency of skeletal muscle Tregs during chronic infection, but 

preferentially expands the Tbet+ subset within these Tregs. The expansion of Tbet+ Tregs is 

associated with the enhanced predominance of inflammatory macrophages in skeletal 

muscle and greater tissue pathology. These findings build upon our previous findings that 

skeletal muscle Tregs are injurious during chronic infection (18).

It is also possible that elevated numbers of IFNγ producing cells due to IL-2c treatment 

could lead to the increased polarization toward an inflammatory macrophage phenotype 

observed in the muscle. Under instances of normal Treg function, these effects could be 

compensated for by the preferentially expanded Treg compartment (~11-fold expansion of 

Tregs versus ~9-fold expansion of Tconv) with IL-2c treatment. However, the inability of the 

expanded Tregs to prevent further increases in Tconv would further reinforce the notion that 

Treg function is defective within this inflamed environment. Our findings suggest long-term 

acquisition of previously adaptive inflammatory traits in Tregs may lead to detrimental 

outcomes within the tissue during chronic inflammation.

The alarmin, IL-33, plays a critical role in tissue protection at many sites including the 

intestine, lung, CNS, and adipose tissue in response to injury (45). Notably, a large 

proportion of non-lymphoid organ Tregs are enriched for ST2 expression, the receptor for 

IL-33 (45). IL33:ST2 signaling has been shown to enhance proliferation of ST2+Treg (17, 

28, 46, 47). Further, supplementation of IL-33 improves the tissue-repair response in aged 

muscle, in part though promoting accumulation of Tregs at sites of injury and promoting a 
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reparative transcriptional program within Tregs (17). We show that IL-33 treatment to 

chronically infected muscle did not result in Treg accumulation, however, did increase 

RORγt expression with a trend in increased ST2 expression. Increases in the expression of 

either of these factors has independently been associated with tissue repair (17, 30). Further, 

macrophages shifted towards a more restorative phenotype following IL-33 administration. 

Despite these changes, function remained unaltered. This is in contrast to IL-10 and Areg 

treatments which lead to improvements in both restorative immunity and tissue function. 

Notably, whereas IL-10 treatment lead to a reduction in systemic T cell numbers, IL-33 lead 

to an increase. It is possible that the lack of improvement assessed by functional testing 

could be secondary to increased immunopathology. Additionally, our data suggests the tissue 

specific response to IL-33 during T. gondii infection may be distinct and requires further 

investigation. Together, our data suggests IL-33 mediated effects alone are inadequate to 

improve the overall fitness of muscle during chronic infection.

In the muscle, a major mode by which Tregs may affect macrophage polarization during 

regeneration is through the production of IL-10 (10, 16). IL-10 null mice have increased Th1 

inflammation and transition poorly to restorative macrophages in disuse injury (10). 

Previous reports show Tregs from naïve regenerating muscle produce IL-10, and thus 

potentially represent an important source of IL-10 during repair (16). We previously showed 

that skeletal muscle Tregs from chronic T. gondii infection also produce IL-10, likely in 

response to increased inflammation at these sites (18). However, given the ongoing damage 

and excessive inflammation, these results imply Treg-derived IL-10 may not be sufficient to 

confer protective effects of IL-10 in infected skeletal muscle. Instead, either increased 

production of IL-10 by Tregs or production by other sources may be necessary. In support of 

this, our findings show IL-10 treatment improves both muscle function and increases 

restorative macrophages. Interestingly, while IL-10 treatment did not change Tconv numbers 

in skeletal muscle, it lead to a systemic decrease in Tconv while not significantly altering 

CD8+ T cells. The simultaneous availability of both CD4+ and CD8+ T cells is key to 

restricting parasite reactivation during chronic infection due to their combined ability to 

produce IFNγ (51). While, long-term decreases in CD4+ T cells is correlated with parasite 

reactivation in HIV patients, CD4+ or CD8+ T cell depletion alone does not result in parasite 

reactivation, increased brain pathology or mortality in mouse models (51). In agreement 

with this, the parasite burden in the skeletal muscle remains unaltered by IL-10 treatment 

despite systemic reduction of Tconv. Thus, at the dose of IL-10 given to elicit therapeutic 

relief of the skeletal muscle, inhibition of systemic and local T-cell immunity are not 

sufficient to lead to reactivation of infection.

Amphiregulin directly participates in skeletal muscle wound repair mainly through 

promoting satellite cell myogenicity (16). However, in other systems Areg signaling 

enhances the suppressive capacity of Tregs as well as resolves injury and inflammation 

during infection (16, 34, 35). Consistent with its ability to act on satellite cells, we show that 

therapeutic administration of Areg leads to an enhanced myogenic molecular profile as 

evidenced by increased whole-tissue expression of the satellite cell specific marker Pax7, as 

well as markers of myotube activation and differentiation, Myf5 and Myog, respectively. 

These molecular changes are reflected in augmented morphological indicators of tissue 

fitness. The efficacy of regeneration is largely driven by skeletal muscle immunity. 
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Accordingly, improved physiologic parameters correlate with an increased number of 

restorative macrophages. Lending further support to the notion that long-term Tbet 

expression in Tregs is deleterious, we show tissue improvements following Areg treatment 

are associated with a decrease in Tbet+ Tregs, but not Tbet+ Tconv. Collectively, Areg 

treatment alleviates infection-induced damage and inflammation in the skeletal muscle 

during chronic T. gondii infection. Previously, insulin-like growth factor 1 was shown to 

enhance epidermal growth factor receptor signaling in the presence of epidermal growth 

factor family members such as Areg (52). Infected mice responding to injury have decreased 

transcript levels of insulin-like growth factor 1 on the whole tissue level compared to 

uninfected injured muscle (data not shown). We previously showed that skeletal muscle 

Tregs during chronic infection produce more Areg than their naïve counterparts (18). 

However, it is possible that the therapeutic benefit of Areg supplementation acts in part by 

overcoming a defect in Areg sensitivity that underlies the inability to fully resolve new and 

ongoing damage during chronic infection. Additionally, Areg production is not limited to 

Tregs, but can been produced by multiple sources, among which include epithelial cells, 

mast cells, type 2 innate lymphoid cells, eosinophils, and activated CD4+ T cells (53). The 

contribution of Areg from these sources has yet to be characterized in skeletal muscle.

Chronic inflammation is a hallmark feature of many myopathies, not limited to infectious 

myositis, with the potential to dysregulate homeostatic immune-mediated processes. Treg 

function and fitness is critical to maintaining immunologic balance, however these functions 

may be corrupted in the cases severe or long-lasting inflammation (8, 18, 24, 54–56). Thus, 

therapeutic modulation or mimicry of Treg function during chronic injuries and infections 

are attractive targets to improve skeletal muscle health. Our current findings demonstrate 

chronic infection-induced disruptions to immune-regulatory networks governing skeletal 

muscle tissue integrity can be therapeutically overcome by supplementation of Treg repair-

associated products, IL-10 and Areg but not Treg-modulating, IL-2c or IL-33. In fact, 

treatment with IL-2c during chronic infection leads to increased disrepair, in opposition to 

other injury models. Notably, IL-10 and Areg treatment does not impact the latency of 

chronic infection in our model. Together with our previous findings, we show the efficacy of 

individual Treg-targeted therapies is highly context-dependent. However, leveraging the 

effects of downstream products such as IL-10 and Areg may serve as therapeutic avenues 

during chronic skeletal muscle infection, potentially in conjunction with antimicrobial 

therapy when necessary. Continued insight into how chronic infection and inflammation 

reshapes local immunity and interacts with the tissue niche will embolden efforts toward the 

development of future efficacious therapies.
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Figure 1. IL-2c treatment preferentially expands injurious Tbet+Tregs and inflammatory 
macrophages in skeletal muscle during chronic T. gondii infection.
T. gondii infected mice were administered IL-2-anti-IL-2 complex (IL-2c) treatment 24 days 

post-infection for 5 consecutive days. Mice were used for analysis one-day following the 

final treatment (30 dpi) (A) Representative flow plots (left) and graphical summary (right) of 

skeletal muscle Treg (TCRβ+CD4+Foxp3+) expansion versus Tconv (TCRβ+CD4+Foxp3-) 

(B) Absolute number of skeletal muscle Tregs (left) and Ki67 expression in Tregs (C) 
Representative flow plot of Tbet, CD25, and ICOS (color scale, MFI) expression in skeletal 
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muscle Tregs 30 days post-infection (dpi) with T. gondii (ME49). (D) Representative flow 

plot overlay (left) and graphical summary (right) of Tbet expression in skeletal muscle Tregs 

from PBS (black line) and IL2-treated (blue line) mice versus. Tbet-antibody isotype control 

is displayed in gray. (E) Representative flow plot (left) and graphical summary (right) of 

skeletal muscle macrophage (CD45+CD11b+Ly6g-CD68+) subsets by CD206 and Ly6c 

expression (F) Absolute number of total macrophages (MΦ), inflammatory (inflamm.) MΦ 
(CD206loLy6chi), and restorative MΦ (CD206hiLy6clo) (G) Quantification of iNOS 

expression by flow cytometric analysis in inflammatory and restorative MΦ. Results are 

cumulative of n ≥ 2 independent experiments of n ≥ 4/group/experiment; error bars represent 

SD. *p < 0.5, **p < 0.01, ***p < 0.001, ****p < 0.0001, Mann-Whitney U test (A, B, D, 

G), Student t test (F), Kruskal-Wallis H test (E).
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Figure 2. IL-33 treatment improves restorative macrophages but not function.
Mice were infected with 5 ME49 T. gondii cysts. 30-days post infection, IL-33 (or PBS 

control) treatment was administered by intramuscular administration Followed by 

subsequent intraperitoneal boosters every other day for three treatments. Muscle was 

analyzed 7 days post-treatment. (A) IL-33 treatment regimen during chronic infection. (B) 
Graphical summaries of absolute number of Tregs, frequency of Tregs of total CD4+ T cells, 

and Ki67 expression in Tregs by flow cytometric analysis (C) Representative flow plot of 

T1/ST2 expression on Tregs from no primary (T1/ST2-biotin) staining control, uninfected 
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CTX-injured, PBS-treated chronically infected, and IL-33-treated chronically infected 

muscle samples (left) and graphical summary (right), results are representative of single 

experiment of 3–4 mice/group (D) Graphical summary of RORγt expression in skeletal 

muscle Tregs by flow cytometric analysis (E) Absolute numbers of Tconv and CD8+ T cells 

in treated skeletal muscle (F) IFNγ expression in CD44+CD8+ T cells (G) Representative 

flow plots (left) and graphical summary (right) of MΦ subsets and (H) iNOS expression in 

total MΦ by flow cytometric analysis. (I) Absolute number of total, inflammatory, and 

restorative MΦ per gram muscle (J) Inverted screen test of PBS- and IL-33-treated mice pre 

and post treatment (max: 60s). Results are cumulative of n = 2 independent experiments of n 

≥ 3–4/group/experiment (B, E-J); error bars represent SD. *p < 0.5, **p < 0.01, ***p < 

0.001, Mann-Whitney U test (B-D, F, H), Student t test (B, E, I, J), Kruskal-Wallis H test 

(G).
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Figure 3. IL-10 treatment increases restorative macrophage bias and function in chronically 
infected skeletal muscle.
Mice were infected with 5 ME49 T. gondii cysts. 24-days post infection, IL-10 (or PBS 

control) treatment was administered by intramuscular administration followed by subsequent 

intraperitoneal boosters every other day for three treatments. Muscle was analyzed 7 days 

post-treatment. (A) IL-10 treatment regimen during chronic infection. (B) Graphical 

summaries of absolute number of skeletal muscle Treg and Tconv (C) Graphical summary of 

Tbet expression in skeletal muscle Tregs and Tconv by flow cytometric analysis (D) 
Representative flow plots (left) and graphical summary (right) of skeletal muscle MΦ 
subsets (E) Absolute number of total, inflammatory, and restorative MΦ per gram muscle 

Jin et al. Page 21

Immunohorizons. Author manuscript; available in PMC 2018 November 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(F) iNOS expression in total MΦ by flow cytometric analysis (G) Skeletal muscle parasite 

burden assessed by qPCR quantification of T. gondii specific B1 gene (H) Inverted screen 

test of PBS- and IL-10-treated mice pre and post treatment (max: 60s). Results are 

cumulative of n = 3 independent experiments of n = 2–5/group/experiment; error bars 

represent SD. *p < 0.5, **p < 0.01, Mann-Whitney U test (C, F), Student t test (B, E, G), 

Kruskal-Wallis H test (D), ANCOVA (H).
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Figure 4. Therapeutic administration of amphiregulin increases restorative MΦ and reduces 
Tbet expression in Tregs during infection.
Mice were infected with 5 ME49 T. gondii cysts. 24-days post infection, Areg (or PBS 

control) treatment was administered by intramuscular administration followed by subsequent 

intraperitoneal boosters every other day for three treatments. Muscle was analyzed 7 days 

post-treatment. (A) Areg treatment regimen during chronic infection. (B) Graphical 

summaries of frequency (left) and absolute number (right) of skeletal muscle Treg (C) 
Representative flow plot and (D) graphical summary of Tbet expression in skeletal muscle 
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Tregs and Tconv by flow cytometric analysis (E) Representative flow plots (top) and 

graphical summary (bottom) of skeletal muscle MΦ subsets (F) Absolute number of total, 

inflammatory, and restorative MΦ per gram muscle (G) Inverted screen test of PBS- and 

Areg-treated mice pre and post treatment (max: 60s). (H) Skeletal muscle total parasite 

burden assessed by qPCR quantification of T. gondii specific B1 gene (left) and stage 

specific transcripts sag1 (tachyzoite), eno1 (bradyzoite), and bag1 (bradyzoite) (right). For 

sag1, eno1, and bag1, statistics were performed on log-transformed values. Results are 

cumulative of n = 3 independent experiments of n ≥ 4 group/experiment; error bars represent 

SD. *p < 0.5, **p < 0.01, Mann-Whitney U test (B, D), Student t test (B, F, H), Kruskal-

Wallis H test (E), ANCOVA (G).
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Figure 5. Therapeutic administration of amphiregulin myogenesis during infection.
(A) Whole muscle mRNA expression of muscle-repair associated genes, pax7, pax3, igf1, 
myf5, myod, and myog normalized to gapdh relative to PBS-treated skeletal muscle. (B) 
WGA (green) and DAPI (blue) staining of skeletal muscle sections. Scale Bars: 500um (C) 
Average (top) and frequency distribution (bottom) of myofiber cross-sectional area. Error 

bars represent maximum and minimum (D) Percent damaged area relative to total tissue area 

determined by percent occupied space of binarized WGA staining. Only the tibialis anterior 
tissue was analyzed. Peripheral tissue/connective tissue debris were excluded from analysis 
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(asterisk). Results are representative of three experiments of n ≥ 4/group/experiment; error 

bars represent SD. *p < 0.5, **p < 0.01, ***p < 0.001, ****p < 0.0001, Student t test (C), 

Mann-Whitney U test (D), Kolmogorov-Smirnov test (C).
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