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Treq cells limit IFN-y production to control macrophage
accrual and phenotype during skeletal
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Skeletal muscle regeneration is a highly orchestrated process that
depends on multiple immune-system cell types, notably macro-
phages (MFs) and Foxp3*CD4™" regulatory T (T,eg) cells. This study
addressed how T4 cells rein in MFs during regeneration of murine
muscle after acute injury with cardiotoxin. We first delineated and
characterized two subsets of MFs according to their expression of
major histocompatibility complex class Il (MHCII) molecules, i.e.,
their ability to present antigens. Then, we assessed the impact
of T,eg cells on these MF subsets by punctually depleting Foxp3*
cells during the regenerative process. T,.q cells controlled both the
accumulation and phenotype of the two types of MFs. Their ab-
sence after injury promoted IFN-y production, primarily by NK and
effector T cells, which ultimately resulted in MF dysregulation and
increased inflammation and fibrosis, pointing to compromised
muscle repair. Thus, we uncovered an IFN-y—centered regulatory
layer by which T4 cells keep MFs in check and dampen inflamma-
tion during regeneration of skeletal muscle.
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keletal muscle undergoes regeneration at steady state, in

muscular dystrophies, and subsequent to acute injury, such as
after cardiotoxin (CTX) treatment (1). Muscle damage initiates a
highly orchestrated process, in which a pool of generally quiescent
muscle progenitor cells, termed satellite cells, are activated (2, 3).
Satellite cells undergo asymmetric division, proliferation, and dif-
ferentiation into postmitotic precursors, which subsequently fuse into
multinucleated myotubes. Myotubes then form new, or fuse to
existing, myofibers and proceed through a stage of terminal differ-
entiation and growth. While myogenic precursor cells are essential
for muscle regeneration, they are not sufficient on their own. Several
types of immunocytes also play key roles (4).

Macrophages (MFs) are important players in skeletal muscle
repair. Ablation of the myeloid compartment, in particular MFs, by
multiple approaches results in defective repair, prolonged necrosis,
and increased adipogenesis and fibrosis in the injured muscle (5-7).
MFs can sense injury, phagocytose debris, mount an inflammatory
response, and promote muscle regeneration via secretion of insulin-
like growth factor 1 (IGF1), growth differentiation factor 3 (GDF3)
and, likely, other factors (8, 9). The function of muscle MFs
changes with their phenotype over the course of regeneration.
Proinflammatory MFs accumulate early upon injury and express
abundant tumor necrosis factor (TNF)-a (6), which induces ex-
pression of myogenic transcription factors (10) and promotes ap-
optosis of profibrotic fibro/adipogenic progenitors (FAPs) (11).
Switching of muscle MFs to a proregenerative phenotype results in
higher production of transforming growth factor (TGF)-p (6),
which stimulates survival of FAPs, with concomitant deposition of
cell matrix in the regenerating muscle (11). While the phenotypic
switch is necessary for efficient muscle repair (12-14), the mecha-
nisms governing it are largely unknown.

Treg cells accumulate in murine skeletal muscle after acute injury,
within the dystrophic muscles of mdx mutant mice, and in the
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muscle of patients with dystrophinopathies (15-17). Punctual de-
pletion of muscle T, cells results in impaired regeneration, pro-
longed inflammation, and fibrosis (15, 16). Inefficient accumulation
of Tyeg cells upon injury also correlates with sarcopenia in aged
mice, which can be improved by boosting muscle Ty, cells via in-
jection of the cytokine, interleukin (IL)-33 (18). Loss of Ty, cells
reduces the effectiveness of muscle progenitor cells, likely reflecting
an impact of the growth factor, amphiregulin (15, 17). Ty, cells also
regulate the inflammatory milieu surrounding the regenerating
myofibers, notably the phenotype of muscle MFs (15, 16).

Here, we address the impact of muscle T, cells on MF ac-
cumulation and phenotype during murine skeletal muscle repair
after acute injury. Our findings highlight a critical role for T,
cells in reigning in a local IFN-y response and, thereby, damp-
ening proinflammatory MFs.

Results

Delineation of Distinct Subsets of Skeletal Muscle MFs According to
MHCII Molecule Expression. Muscle MFs have often been parsed
on the basis of Ly6c and/or CX3CR1 expression; however, nei-
ther of these markers has shown a strong association with phe-
notype after acute injury nor relevant in vivo functionality (6,
19). On the basis of potential functional divergence and our
preliminary findings (i.e., differential sensitivity to T, loss; see
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Fig. 1. Two subsets of MFs in skeletal muscle. (A) Gating strategy for cytofluorimetric delineation of skeletal muscle MF subsets at steady state. Numbers
refer to fraction of cells within the designated gate. (B) Summaries of cell numbers (Left) and fractions (Right) of the MHCII* and MHCII™ subsets from 6- to
10-wk-old male C57BL/6J mice. Three independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 by the unpaired t test. (C) Volcano plot of transcriptomic
differences between the MHCII* and MHCII™ MF subsets isolated from skeletal muscle at steady state. Averages of duplicate samples. (D) Pathway enrichment
analysis (KEGG) of transcripts from >twofold differentially expressed genes. P values represent maximum EASE score determined according a modified Fisher
Exact test (DAVID). Representative genes in these pathways are labeled in C. Cytofluorimetric dot plots (E) and quantification of cell number (F, Left) and
frequency (Right) for MHCII* vs. MHCII~ MF subsets during regeneration after acute injury with CTX. Results are from three individual experiments.

A Role for T, Cells in Regulating the Accumulation and Pheno-
type of Muscle MFs), we chose the gating strategy depicted in Fig.
14, which culminates in a distinction based on MHCII expres-
sion by F4/80" cells. At steady state, the MHCII* subset was
more abundant than its MHCII™ counterpart (Fig. 1B). The
MHCII™ subset showed more frequent and/or higher expression
of CD64, Tim4, CX3CR1, CD206, and MerTK (Fig. S14), all
markers of tissue-resident MFs (20). However, the MHCIT"
subset expressed more of the markers associated with migratory
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MFs: CD11b, CCR2. Lack of substantial Ly6c expression by ei-
ther subset (Fig. S1C) argues that our gating strategy identified
bona fide MFs and excluded monocytes. MHCII™ MFs expressed
higher levels of Ki67, a marker of cells in cycle (Fig. S1D), sug-
gesting that this subset might have greater self-replenishing capac-
ity, a property of tissue-resident MFs (21).

For a broader view, we compared the transcriptomes of
MHCII" and MHCII™ MFs via microarray (Fig. 1 C and D).
According to pathway enrichment analysis of genes differentially

Panduro et al.
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Fig. 2. Changes in MF representation and phenotype in the absence of T4 cells. (A, Left) Inmunofluorescence imaging of MFs and Foxp3* T,q cells in a
cross-section of TA muscle at day 7 after injury with CTX. Original magnification 400x and 4x zoom. White arrows: T4 cells and MFs within touching
proximity. (A, Right) Quantification of the distances between T4 cells and the nearest MF on day 7 after injury. Measured manually from 20 separate field
views from three mice. (B) Continuous T,y cell depletion regimen. (C-F) Analysis of diverse parameters following the regimen depicted in B: fraction of
Foxp3* Tyeq cells (C); number of CD45™ cells per gram tissue (D); representative dot plots (E, Left) and quantification of MHCII™ to MHCII™ MF subset ratio
(Right); representative dot plots and summary quantification of fraction of EQU*MHCII* MF cells after a 4-h pulse just before tissue collection (F). DTRY,
Foxp3°™* mice; DTR™, Foxp3°™~ littermates. Numbers on dot plots refer to fraction of cells within the designated gates. Results are from three independent
experiments. Statistics as per Fig. 1B. (G) Volcano plot comparing transcriptomes from MHCII* MFs of T,.g-depleted (as per B) vs. nondepleted mice. (H) List of
top pathways (KEGG) enriched in the sets of genes >twofold differentially expressed (P < 0.05). Representative genes in these pathways are indicated in G.

Statistics are as per Fig. 1D. ***P < 0.001.

expressed >twofold, the MHCII* subset up-regulated transcripts
encoding molecules involved in antigen processing and pre-
sentation (H2-Abl, Ciita), costimulation (Icosl), phagosomes
(CD209a), and cytokine—cytokine receptor interactions (116, Il1r1,
Ilifl) (Fig. 1 C and D). However, the MHCII™ subset up-
regulated transcripts associated with lysosomes (CD63, Hexb,
Ctsl), glycosaminoglycan degradation (Hyal, Hexb), metabolic
pathways (Hyall, Hexb, Arg2, Aldh2), phagosomes (Ctsl, Msrl),
and complement and coagulation cascades (Vsig4) (Fig. 1 C and
D). While both MF types showed enrichment in transcripts in-
volved in the phagosome pathway, different genes were involved
in the two subsets. The MHCII™ subset also turned up transcripts

Panduro et al.

encoding the growth factor, GDF3 (Fig. 1C), a PPARy-dependent
factor that potentiates muscle regeneration in vivo and promotes
myofiber fusion in vitro (further discussed in Discussion) (9).
There was little partitioning of the classical M1- and M2-type gene
signatures (derived from Jablonski et al.; ref. 22) between the two
subsets (Fig. SIE). There was more evident partitioning of certain
gene signatures distilled by Xue et al. (23) for a set of polarization
states of in vitro differentiated MFs: The MHCII™ subset showed
greater expression of the signature in response to ultrapure LPS +
immune complexes and to glucocorticoids (Fig. S1F).

Both the MHCIT" and MHCII™ MF subsets could be identified
in normal skeletal muscle (Fig. S24). They often accumulated
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Fig. 3. An enhanced IFN-y response in muscle MHCII* MFs in the absence of T, cells. (A) Volcano plot as in Fig. 2H, except the IFN-y response up-signature,
detailed description in Materials and Methods, is highlighted in red. (B) DT injection regimens for short-term (24-h) depletion of T.q4 cells at early or late
phases of regeneration after injury with CTX, followed by analysis at the indicated time-points. Fraction of Foxp3*CD4* T,q cells (C); number of CD45" cells
per gram of muscle (D); representative dot plots and summary quantification of MF subset ratios (E). Numbers on dot plots refer to fraction of cells within the
designated gates. Data are from at least two independent experiments. Statistics are as in Fig. 1B. (F) Volcano plots of transcriptomes from MHCII* MFs of
DTR* vs. DTR™ mice upon short-term depletion of Teq cells beginning at day 1 or 7. Highlighted in red is the IFN-y response up-signature, as in A. Averages of
two to three replicates per group. P values according to the y? test. ***P < 0.001.

near autofluorescent myofibers, previously reported to be atro-
phic (24) (Fig. S2B).

We then asked how the two MF subsets evolved after acute
injury of skeletal muscle with CTX. There was a rapid accumu-
lation of MHCII™ MFs, peaking in number at day 2 and declining
to preinjury levels by day 7, while MHCIT* MFs peaked in number
at day 4 (Fig. 1E). Proportions of the two subsets reversed in
dominance on days 1 and 2 but were restored to steady-state levels
by day 7 (Fig. 1F). Transcriptome analyses revealed that the two
MF subsets maintained their phenotypic distinction throughout
the regeneration process, as signaled by enrichment of their re-
spective steady-state signatures at all time-points (Fig. S34).

Thus, we have delineated two phenotypically distinct subsets
of MFs within steady-state skeletal muscle. While the MHCII™
subset seemed to be involved in homeostatic functions such as
metabolism and degradation, the MHCII* subset had the po-
tential to be more engaged with other immunocytes via its ca-
pacity to present antigens and express chemokines. The latter
MF type predominated in the later phases of acute muscle injury.

A Role for T4 Cells in Regulating the Accumulation and Phenotype of

Muscle MFs. MFs and T, cells colocalized in the regenerating
areas of injured muscle, as illustrated for the tibialis anterior
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(TA) on day 7 after CTX treatment (Fig. 24). Most T, cells
occurred within 10 pm of a MF; in many cases, the two cell types
were within touching distance.

To evaluate their impact on muscle MFs during the repair
process, we punctually ablated T, cells in mice expressing the
diphtheria toxin receptor (DTR) under the dictates of Foxp3
regulatory elements [Foxp3-IRES-GFP-hDTR (Foxp3P™)] (25).
Every-other-day i.p. administration of diphtheria toxin (DT)
during the week after CTX-induced injury (schematized in Fig.
2B) effectively reduced T, cells (Fig. 2C), resulting in a con-
comitant increase in CD45™ cells (Fig. 2D). The MHCII™ MF
subset was strongly diminished during this same time period (Fig.
2E). An increased MHCIIT* to MHCII™ MF ratio was not evident
until day 7 (Fig. S44). To assess how proliferation might con-
tribute to this effect, we administered a 4-h pulse of 5-ethynyl-
2’deoxyuridine (EdU}Don day 7 after injury to Foxp3P™* (Tee-
depleted) vs. Foxp3°™®~ (T,.replete) mice. MHCII* MFs
proliferated more actively in the absence of Ty, cells (Fig. 2F).
There were too few MHCII™ MFs in the DTR* mice to permit a
parallel analysis of this subset.

Cytofluorimetric analysis of muscle MFs using canonical markers of
tissue-resident MFs (20) revealed a decrease in expression of CD206,
CX3CR1, and Tim4 in the MHCII* subset in Foxp3P™* compared

Panduro et al.
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Fig. 4. Sources of muscle IFN-y during muscle repair. (A-C) In T,g-replete
mice, quantification of the frequency (A), cell number per gram of muscle
(B), and mean fluorescence intensity (MFI) (C) of IFN-y synthesis by the
designated cell types during regeneration after CTX-induced injury. Results
are from two independent experiments. *P < 0.05; **P < 0.01; ***P < 0.001.

with Foxp3DTR’ mice; in contrast, inflammation-associated

markers like CD11c and Ly6c were more highly expressed
(Fig. S4 B and C). We expanded the analysis of MF phenotype
by profiling transcriptomic changes in the MHCII* subset from
Foxp3PTR* vs. Foxp3®™®~ mice on day 7 of regeneration (Fig.
2G). Transcripts up-regulated >twofold included a number as-
sociated with the response to IFN-y (Statl, Socsl, Jak2, Iifl,
Cd274), the inflammatory response (Nos2, Illa), cytokine-
mediated signaling pathways (Jak2, Statl, Illa, Socsl), or che-
motaxis (Cxcl9, Ccl5, Ccl24) (Fig. 2 G and H). We also observed
down-regulation of genes potentially involved in homeostatic
functions such as the glycoprotein pathway (CDI163), extracel-
lular exosome pathway, glycosylation, glutathione metabolism,
and extracellular matrix (Mmp9), among others (Fig. 2H).
Therefore, Ty cells were essential during muscle regeneration
for the MF subsets to rebound to steady-state proportions. They

Panduro et al.

also stabilized the MF phenotype during the successive in-
flammatory and reparative phases of muscle regeneration.

During Muscle Regeneration, T,.4 Cells Limited the Response of Local
MFs to IFN-y. We then turned to identifying the mechanisms by
which T, cells regulated MF subset proportions and properties
during muscle regeneration. Pathway analysis of transcripts
overrepresented in MHCIT* MFs in the absence of Tie, cells
pointed to an elevated response to IFN-y (Fig. 2H). This notion
was confirmed by overlaying an IFN-y response up-signature
onto a volcano plot of MHCIH* MF transcripts from DT-
treated Foxp3P™™* vs. Foxp3P™~ mice (Fig. 34). Analysis of
the trajectory of the IFN-y response signature revealed clusters
of genes up-regulated in both MHCIT" and MHCII™ MFs at days
0, 1, 4, and 7 after injury (Fig. S54). However, a large portion of
the IFN-y—induced signature genes was coregulated and highly
overrepresented essentially only in MFs from Foxp3°™®* mice.

Next, we asked whether the IFN-y response of MHCIT* MFs in
Treg-depleted mice reflected an accumulated effect throughout
the 7 d of DT treatment, or whether shorter windows of Ty, in-
sufficiency had a similar effect, as schematized in Fig. 3B. Short-
term (24-h) DT treatment on either day 1 or 7 after injury de-
pleted Ty cells, although seemingly more effectively at the earlier
time-point (Fig. 3C). However, neither the accumulation of
CD45* cells (Fig. 3D) nor the proportions of the two MF subsets
(Fig. 3E) were significantly affected by these shorter Tp,-
depletion regimens. Nonetheless, there was substantial up-regulation
of the IFN-y response up-signature by the MHCII* MFs upon
short-term Ty, cell depletion on day 7, i.e., the late phase of re-
pair. Notably, Cd274 transcripts, encoding PD-L1, a diagnostic
IFN-y-inducible gene, were clearly enriched. These data indicated
that Ty, cells were required throughout the process of re-
generation to limit an overexuberant MHCII* MF response to
IFN-y produced in the context of regeneration.

Sources of Muscle IFN-y and Their Regulation by T, Cells. To in-
vestigate which muscle lymphocytes produced IFN-y during re-
generation, we analyzed the dynamics of NK and effector T cell
accumulation in the muscle and assessed their IFN-y production
potential upon ex vivo stimulation. About 40% of NK and CD8*
T cells were poised to produce IFN-y at steady state, while half as
many CD4* T conventional (Te,ny) cells exhibited this capacity (Fig.
44). Upon injury, the fraction of IFN-y™ NK cells remained essen-
tially constant, but that of the two effector T cell subsets increased
subsequent to day 4 (Fig. 44). NK cells were the most frequent IFN-
y producers (Fig. 4B), but their MFI was lowest (Fig. 4C).

To determine which IFN-y—producing cells were under the
control of Ty, cells, and to address when during regeneration
Treg cells were required to rein in IFN-y production, we depleted
them during either an early or late window of regeneration,
compared with a continuous 1-wk depletion (regimens schema-
tized in Fig. 54). Despite a partial recovery of T, cells by day 7
(Fig. 5B), early ablation resulted in immunological effects similar
to those of weeklong ablation: an increase in numbers of CD45*
cells (Fig. 5C), and an augmentation in IFN-y—producing NK,
CD4" Teony, and CD8" T cells (Fig. 5D). In contrast, late abla-
tion of T cells had no significant impact on these parameters
(Fig. 5 C and D) although the T, cell compartment rebounded
less than after early depletion (Fig. 5B).

In brief, muscle T, cells were important in restraining NK
and T cells and their potential to produce IFN-y during re-
generation. The Ty, cell effect on IFN-y production required
their presence early but not late after injury.

MHCII* MFs Contributed to Type 1 Inflammation During Muscle
Repair. Since T, cells controlled the proportion and pheno-
type of MFs during muscle regeneration, we asked whether
antigen-presenting MFs played a role in the type 1 inflammation
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fraction of Foxp3*CD4* T4 cells (B); number of CD45™ cells (C); and quantification of IFN-y* NK cells, CD4* Tcony, and CD8* T cells per gram of muscle (D). Data
are from at least two independent experiments. Statistics are as per Fig. 1B. Cont., continuous. **P < 0.01; ***P < 0.001.

induced by acute injury. To address this question, we used mice
with Lyz2-promoter/enhancer-driven ablation of H2-AbIl gene
expression (MF-MHCII™") (Fig. 64). These mice and their wild-
type littermates (MF-MHCII™*) showed comparable accumu-
lation of CD4* Foxp3* Tye, and Foxp3™ Teony cells (Fig. 6B).
However, there was a detectable decrease in the fraction of IFN-
Yy CD4" Tioyy cells and in total numbers of IFN-y™ NK and
CD4" Teony cells in the mutant mice (Fig. 6C). Since IFN-y is
known to induce MHCII expression in diverse cell types, these
results suggest the existence of a positive feedback loop between
accumulation of MHCII* MFs and IFN-y* leukocytes.

Effects of IFN-y on Repair of Skeletal Muscle. Increased production of
and response to IFN-y in the absence of T, cells led us to directly
investigate the role of IFN-y during muscle regeneration. We
i.v.-injected recombinant (r)IFN-y into mice on days 4 and 6 after
CTX-induced injury, and asked to what extent IFN-y, alone, could
mimic the effects of Ty,-cell ablation (Fig. 7.4 and B). Expression
of PD-L1, an IFN-y—inducible gene, was augmented in muscle MFs
of rIFN-y—treated mice (Fig. 7C). There was also an increase in the
CD45" population (Fig. 7D) and elevated numbers of IFN-y* NK
and CD4* T,y cells (Fig. 7). Histological analysis of inflammation
and fibrosis revealed that rIFN-y—treated (at 10 pg per injection)
mice had a significantly worse inflammation score (Fig. 7F) and a
trend toward a higher fibrosis score (Fig. 7G) on day 7 of re-
generation, which are indicators of ineffective muscle repair (26).

These data showed that injection of IFN-y alone could at least
partially mimic the proinflammatory, antiregenerative effects of
Ty cell ablation. Moreover, IFN-y injection increased local
production of IFN-y.

Discussion

Acute injury of skeletal muscle provokes rapid accumulation of
T,eq cells, which prevent excessive buildup of inflammatory my-
eloid cells and fibrosis in the regenerating muscle (15). This
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study has refined our view of skeletal muscle MF subsets based
on expression of F4/80 and MHCII. Most importantly, it estab-
lished that T, cells keep inflammation in check by limiting IFN-
y production in regenerating muscle. This finding raises a num-
ber of issues worthy of discussion.

First, skeletal muscle MFs have thus far been characterized as a
bulk CD11b* population that expresses either the Ly6c or
CX3CR1 surface markers (6, 19). This delineation not only failed to
identify bona fide MFs but did not uncover functionality associated
with expression of either marker through muscle regeneration, for
example (like us) no clear E_artitioning into M1 and M2 populations
(19). By gating on F4/80™ MFs and parsing them according to
MHCII expression, an indicator of antigen presentation, we iden-
tified two subsets of MFs that exhibited different transcriptional
programs and, therefore, potential functions at steady state. Non-
uniformity in expression of CD64, Tim4, CX3CR1, and CDll1c
within the MHCII" subset did suggest additional distinctions, but
profiling at the single-cell level would be needed to fully resolve this
heterogeneity. Cytofluorimetric and transcriptional analyses of the
two MF subsets indicated that MHCIT* MFs were primarily proin-
flammatory, in particular, by promoting inflammation during muscle
repair. In contrast, MHCII™ MFs showed enrichment in expression
programs associated with tissue maintenance and proregenerative
factors, such as GDF3. Thus, parsing MF subsets according to
markers with a direct functional readout (i.e., antigen presentation)
was an effective initial step toward understanding their heterogeneity
and function.

Second, Ty, cells were found in close proximity to MFs and
were required to preserve MF subset proportions and properties.
The disproportion in MF subsets in the absence of Ty cells
could potentially reflect increased proliferation of the MHCIT*
subset, greater conversion of the MHCII™ to MHCII* cells, and/or
death of the MHCII™ cells. Indeed, the MHCII* subset had
an elevated proliferation rate in the absence of Ty cells. In
addition, T, cells were essential for reining in NK and effector
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Fig. 6. Contribution of MHCII* MFs to type 1 inflammation during muscle
repair. (A) Representative dot-plot (Left) and summary data for fraction of
MHCII* MFs (Right) for MF-MHCII™~ mice and wild-type littermate controls.
Numbers refer to fraction of cells within the gate. (B) Fraction and number of
CD4" Teony and Treg cells in injured muscle of wild-type and mutant littermates.
(C) Fraction and number of IFN-y* NK, CD4* T, and CD8" T cells at day
14 after injury in WT and mutant littermates. Data are from two independent
experiments. Statistics are as per Fig. 1B. *P < 0.05; **P < 0.01; ***P < 0.001.

T cells poised to produce IFN-y, which is known to activate the
transcription factor, CIITA, resulting in up-regulation of MHCII
expression in MFs (27). Thus, by limiting local IFN-y production,
Tieg cells could prevent conversion of MHCII™ to MHCII* MFs.
Gain-of-function experiments showed that systemic injection of
rIFN-y partially recapitulated the effects on MF subset accu-
mulation and phenotype observed in T,..-depleted mice.

Third, while the presence of NK cells in regenerating skeletal
muscle has been noted by a few groups (17, 28), their functional
importance remains a question. We discovered that muscle NK
cells were poised to produce IFN-y already at steady state and
that their numbers significantly increased after injury. While it is
not clear precisely how T, cells controlled NK cells in the
muscle, their quick mobilization argues in support of a direct
impact. The relative importance of T, control of NK vs. ef-
fector T cell production of IFN-y in this context is also not clear,
but Ty control of tissue-NK cells has been noted in several
contexts in recent years. For instance, NK and T, cell numbers
showed a reverse correlation in various tumors, in a TGF-
p—-dependent manner (29, 30). In addition, T, cells inhibited
NK cell activation and cytotoxic function by acting as a sink for
IL-2 in the contexts of type 1 diabetes and an in vivo model of
recognition of missing-self (31, 32).

Last, we found that muscle Ti..-cell function had a critical
time window of efficacy. Punctual Ti.g-ablation protocols dem-
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onstrated that accumulation of T, cells was required early
(initial few days after injury) to keep late-stage inflammation in
check, in particular excessive local IFN-y production by NK and
effector T cells. It has been reported that IFN-y is required for
muscle regeneration after acute injury: It accumulates in the late
phase of muscle repair, and its blockade or genetic deficiency
inhibits regeneration (28). Furthermore, supplementation of
IFN-y in a laceration model reduced fibrosis and improved
muscle function (33). However, it has also been demonstrated
that IFN-y can be detrimental in models of chronic muscle in-
jury, wherein inflammation and fibrosis persist (34). It directly
inhibited expression of the Myog gene, which encodes a crucial
muscle differentiation factor up-regulated in the late stages of
muscle regeneration, thereby dampening myogenesis (35, 36).
We hypothesize that IFN-y, while required for effective re-
generation, must be tightly controlled temporally and quantita-
tively to prevent overt inflammation and persistent damage.

Acute skeletal muscle injury is common in sports and other
traumatic accidents. A role for the immune system in potentia-
tion of muscle repair is by now quite apparent (7, 15, 16). Im-
munotherapies are increasingly espoused in a broad range of
clinical contexts. The Ty.;:NK cell loop orchestrated through
IFN-y might provide a path to muscle immunotherapy.

Materials and Methods

Mice. C57BL/6J mice were purchased from Jackson Laboratory. B6.129P2-
Lyz2tmerefor) (| ysMe) and B6.129 x 1-H2-Ab1t™Keni/) (MHCIIFY) mice
were purchased from Jackson Laboratory and bred in our colony to generate
MF-MHCII** and MF-MHCII™'~ littermates. Foxp3-IRES-GFP (Foxp3°F) mice
were obtained from V. Kuchroo, Brigham and Women'’s Hospital, Boston.
Foxp3-IRES-GFP-hDTR (Foxp3°™) mice were obtained from A. Rudensky,
Memorial Sloan—Kettering Cancer Center, New York. Six- to 10-wk-old male
and female mice were used for all experiments, unless otherwise indicated. All
mice were housed in our specific pathogen-free facility at Harvard Medical
School. All experiments were conducted under protocols approved by Harvard
Medical School’s Institutional Animal Care and Use Committee.

Foxp3°™* and Foxp3®™" littermates were i.p-injected with DT (Sigma-
Aldrich, D0564) in phosphate-buffered solution (PBS) at 25 ng/g or 50 ng/g of
body weight for continuous or short-term T, cell-depletion regimens, re-
spectively. Protocols of DT administration for the different experiments are
schematized in the corresponding figures. Male littermates were used in
these experiments unless otherwise indicated. For in vivo rIFN-y adminis-
tration, 5-10 pg of IFN-y (Biolegend) were i.v.-injected into mice in sterile
PBS, according to the protocols detailed in the corresponding figures.

For acute injury, mice were anesthetized with avertin (0.4 mg/g body
weight) and injected with 0.03 mL per muscle of Naja mossambica
CTX (0.03 mg/mL; Sigma-Aldrich) in one or more hindlimb muscles (TA,
gastrocnemius, quadriceps), as previously described (15).

Isolation and Analysis of Muscle Leukocytes. Hindlimb muscles were excised,
minced, and digested at 37 °C for 30 min in a solution containing collagenase
Il (2 mg/mL; Thermo Fisher Scientific), DNase | (150 pg/mL; Sigma-Aldrich),
and Dulbecco’s modified Eagle media (DMEM) without phenol red (Thermo
Fisher Scientific). Digested muscle was passed through a 70 uM filter and
washed in DMEM without phenol red/2% FBS/2 mM EDTA. To separate the
leukocyte fraction, we resuspended the digested muscle in 40% Percoll
(Sigma-Aldrich), underlain with 80% Percoll, and spun for 25 min at 1,126 x g
(without breaks). The interphase containing leukocytes was recovered, washed,
and stained for analysis or sorting by flow cytometry.

Samples were stained with the following antibodies: anti-CD3 (145-2C11),
CD4 (GK1.5), CD8b (53-5.8), CD11b (M1/70), CD11c (N418), CD45 (30-F11),
CD206 (C068C2), CX3CR1 (SA011F11), F4/80 (BM8), H2-A/E (M5/114.15.2), IFN-
y (XMG1.2), Ly6c (HK1.4), Ly6g (1A8), NK1.1 (PK136), PD-L1 (10F.9G2), TCRp
(H57-597), and Tim4 (F31-5G3), all from Biolegend; Foxp3 (FJK-16s) from
eBioscience; Siglec F (E50-2440) and Ki67 (B56) from BD Pharmingen; and
MerTK (Polyclonal goat IgG) from R&D. Fixable viability dye Yellow (Thermo
Fisher Scientific) was used to exclude dead cells in all experiments. Cyto-
fluorimetric data were acquired with a 4-laser LSR Il or 4-laser Fortessa (BD
Biosciences) and were analyzed using FlowJo software (Tree Star).

For in vivo proliferation experiments, 1 mg of EAU (Thermo Fisher Sci-
entific) was administered i.p. 4 h before analysis. After the tissue was col-
lected, EdU detection was done after fixation and permeabilization using the
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Fig. 7. Partial complementation of Teq cell loss by IFN-y injection. (A) Strategy for evaluating the ability of IFN-y to compensate for T4 cell loss (DTR*) during
muscle regeneration. rIFN-y was i.v.-injected into DTR™ mice twice as indicated. (B) Representative dot plots (Left) and summary quantification of MF subset
ratios (Right). Numbers indicate fraction of cells in the designated gate. (C) Representative histogram (Left) and quantification (Right) of PD-L1 expression in
PD-L1* total muscle MFs. (D) Quantification of CD45" cells per gram of muscle. (E) Quantification of IFN-y" NK, CD4* Tony, and CD8" T cells per gram of
muscle. Results are from three independent experiments. (F) H&E histology: representative images (Left) and inflammation score (Right). Black arrows point
to sites of inflammation. (Original magnification: 50x.) (Scale bars: 200 pum.) Scoring was assessed by two-independent, blinded scorers. (G) Gomori Trichrome
histology. As per F except fibrosis was assessed. All statistics as per Fig. 1B. *P < 0.05; **P < 0.01.

Foxp3 Fix/Perm buffer set (eBioscience). The Click-iT EAU (Thermo Fisher
Scientific) reaction was performed according to the manufacturer’s instruc-
tions. Ki67 was stained intracellularly using the Foxp3 Fix/Perm buffer set.

For ex vivo intracellular IFN-y staining, muscle infiltrates were collected at the
indicated time-points after injury, and single-cell suspensions were stimu-
lated for 3.5 h at 37 °C with 50 ng/mL phorbol 12-myristate 13-acetate, 1 pM
ionomycin (both Sigma-Aldrich), and 1x GolgiPlug (BD Biosciences) in complete
RPMI-1640 media, containing 10% FBS (Thermo Fisher Scientific), 1x penicillin/
streptomycin (Gemini Bio Products), 10 mM sodium pyruvate (Thermo Fisher
Scientific), 55 pM p-mercaptoethanol (Sigma-Aldrich), 2 mM L-glutamine
(Thermo Fisher Scientific). Cells were stained with fixable viability dye Yellow
as above.

Transcriptome Analyses. Twenty thousand cells were double-sorted into
TRIzol (Thermo Fisher Scientific). All samples were generated in duplicate or
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triplicate. Sample processing and data analysis were performed as previously
described (37). Extracted and amplified RNAs were hybridized to GeneChip
Mouse Genome M1.0 ST chip arrays V2 (Affimetrix) according to the man-
ufacturer’s protocol. Microarray data are available from the National Center
for Biotechnology Information (NCBI)/GEO repository under accession no.
GSE110308. Data analysis was performed using GenePattern (Broad In-
stitute) function Multiplot Studio. Heatmaps were generated using Gene-e
(Broad Institute). Gene lists of interest were analyzed for pathway enrich-
ment (KEGG) using DAVID Bioinformatics Resources 6.8 (38, 39).

IFN-y response up-regulated signature was derived from transcriptomes
of peritoneal cavity MFs of C57BL/6J male mice injected s.c. with either 8,000 U
of rIFN-y (Biolegend), 10,000 U IFN-a (PBL Assay Science) or PBS (control) 2 h
prior-analysis, as per protocol described in Mostafavi et al. (40). Cells were
sorted and processed according to Immgen protocol for microarray anal-
ysis (41). Raw data can be retrieved from NCBI repository (superseries
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GSE75306, subseries GSE110549 titled “Peritoneal cavity macrophage response
to IFNg and IFNa”). Criteria used to define said signature is as follows: CV <
0.08; mean > 100 in at least one sample; Fold-change (FC): IFN-y/PBS > 2; P <
0.05; FC: IFN-y/IFN-a > 1. Signature was derived using averages from at least
duplicate samples.

Immunofluorescence. TA muscles were fixed in 4% paraformaldehyde over-
night, following a three-step dehydration process in 10%-20%-30% sucrose
and snap-frozen in OCT in liquid nitrogen-chilled 2-methyl-butane. Frozen
tissues were sectioned using a Microm HM550 cryostat (Thermo Fisher Sci-
entific) and stored at —80 °C. Slides were then soaked in PBS for 5 min and
blocked for 1 h in 0.5% Triton X-100, 2% BSA, 0.5% donkey serum. Sections
were stained with rat anti-F4/80 (CI:A3-1, 1:50; Biolegend), rat anti-MHCII (M5/
114.15.2, 1:50; Biolegend), mouse anti-dystrophin (MANDRA1, 1:300; Sigma).
Rabbit polyclonal anti-GFP (1:200; Abcam) was used for detection of Teq cells
from Foxp3®F mice. Secondary stains were done using fluorescently conju-
gated donkey antibodies. Slides were mounted using Vectashield Mounting
Media with DAPI (Vector Laboratories). Images were acquired using an
Olympus Fluoview laser scanning microscope FV3000; objectives: UPLSAPO
20x, N.A.: 0.75x; UPLFLN 40XO, N.A.: 1.3%; Olympus FV31S-SW Fluoview
software; and were analyzed using ImageJ (Fiji). T,eq cell to nearest MF dis-
tance calculation was quantified manually by tracing a segment between
nuclei of Foxp3™ and F4/80* cells using ImageJ (Fiji) software.
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Histology. Injured TA muscles were collected and fixed in 10% formalin. Tissues
were processed at the Rodent Histopathology Core at Harvard Medical School for
H&E (for inflammation) and Gomori’s trichrome (for fibrosis) staining. Two sec-
tions, 200 um apart, were recovered and stained for analysis. Images were ac-
quired with a Zeiss Axio Imager.M1 microscope. Inflammation and fibrosis
scorings were done blindly by two independent investigators. Averaged scores
from the dual assessments were reported. Scoring scales: 0, none; 1, mild; 2, mild-
moderate; 3, moderate; 4, severe.

Statistical Analyses. Data were routinely presented as mean + SD. *P < 0.05;
**P < 0.01, ***P < 0.001 from the unpaired t test using GraphPad Prism soft-
ware. Volcano plot enrichment P values were determined via the y2 test using
Microsoft Excel. Only significant P values are indicated on the various plots.
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