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The thymus is the central immune organ, but it is known to
progressively degenerate with age. As thymus degeneration is
paralleled by the wasting of aging skeletal muscle, we specu-
lated that the thymus may play a role in muscle wasting. Here,
using thymectomized mice, we show that the thymus is
necessary for skeletal muscle regeneration, a process tightly
associated with muscle aging. Compared to control mice, the
thymectomized mice displayed comparable growth of muscle
mass, but decreased muscle regeneration in response to injury,
as evidenced by small and sparse regenerative myofibers along
with inhibited expression of regeneration-associated genes
myh3, myod, and myogenin. Using paired box 7 (Pax7)-immu-
nofluorescence staining and 5-Bromo-20-deoxyuridine-incor-
poration assay, we determined that the decreased regeneration
capacity was caused by a limited satellite cell pool. Interest-
ingly, the conditioned culture medium of isolated thymocytes
had a potent capacity to directly stimulate satellite cell
expansion in vitro. These expanded cells were enriched in
subpopulations of quiescent satellite cells (Pax7highMyoDlowE-
dUpos) and activated satellite cells (Pax7highMyoDhighEdUpos),
which were efficiently incorporated into the regenerative
myofibers. We thus propose that the thymus plays an essential
role in muscle regeneration by directly promoting satellite cell
expansion and may function profoundly in the muscle aging
process.

The thymus originates from endodermal cells of the ventral
third–pharyngeal pouches and then differentiates into thymic
epithelial cells (TECs) and other types of thymus cells (1–4).
The thymus provides proper environments for immune cell
maturation, differentiation, and function; for example, med-
ullary TECs regulate central tolerance and the development of
T regulatory and natural killer T cells (2), and cortical TECs
regulate positive and negative selection (5, 6). The thymus is
thus considered the central lymphoid organ for the production
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of a diverse repertoire of immune cells. However, the thymus
involutes with age and displays progressive declines in mass
and function (7–9). It has been documented that this involu-
tion is closely associated with immunological aging processes
such as declining naïve T cell output, alterations in T cell
functions, and immunosenescence (5, 10, 11). As skeletal
muscle wasting during aging parallels thymus involution
(12, 13), we hypothesized that the thymus may play a role in
muscle aging or related processes.

Skeletal muscle is generated during embryonic develop-
ment, grows during postnatal development, and wastes dur-
ing aging (14). In a developing embryo, progenitors of
mesoderm-derived structures generate muscle fibers. Once
the muscle has matured after birth, these progenitors, such as
satellite cells, enter quiescence and reside in the sarcolemma
(15). Simultaneously, the matured muscle increases its mass
through myofiber hypertrophy (16). As age increases, the
muscle undergoes progressive age-related atrophy, as evi-
denced by the shrinkage of myofibers and imbalance of
protein degradation and biosynthesis (17, 18). The decreased
regenerative capacity has been believed to be closely associ-
ated with skeletal muscle aging. Although the regeneration
processes are regulated by multiple factors, the numerical and
functional impairments of muscle-resident satellite cells are
regarded as causative factors of regeneration decline or
muscle aging (19, 20). In resting muscle, quiescent satellite
cells (paired box 7 (Pax7+)MyoD−) are located at the sarco-
plasmic membrane (21–23). When the muscle is injured,
satellite cells within the injured site are activated (Pax7+-

MyoD+) and sequentially differentiate into proliferative
(Pax7−MyoD+) and terminal myoblasts (MyoG+) before
fusing into myotubes (24, 25). During this process, the acti-
vated satellite cells also produce quiescent satellite cells
through asymmetric division and then return to sarcoplasmic
niches (26, 27). It has been documented that the functionality
of the satellite cell pool may be regulated by cell-intrinsic and
circulatory factors (28). In particular, recent reports have
suggested that skeletal muscle regeneration or satellite cell
pool maintenance may be regulated by immune cells,
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The thymus promotes satellite cell amplification
including lymphocytes and macrophages, and by thymus-
associated immunity (29–31). We thus hypothesize that the
thymus may serve as an essential organ for regulating skeletal
muscle regeneration and aging. In this study, we used thy-
mectomized mice and found that the thymus was necessary
for satellite cell pool maintenance and muscle regeneration.
Importantly, thymocyte culture medium significantly pro-
moted satellite cell amplification, implying a remote regula-
tory mechanism of the thymus. Our results reveal a novel role
of the thymus in skeletal muscle regeneration that links
thymus involution with muscle aging.

Results

The thymus is necessary for skeletal muscle regeneration

To investigate the role of the thymus in muscle growth, we
removed the thymus from adult mice according to a previously
reported protocol (32–34). Four months after the operation,
the mice showed reduced body weights compared to those of
control mice (with sham operation), but the lean weights were
comparable (p > 0.05) (Fig. 1A). Seven and 8 months after the
operation, both the body weights and lean weights of the
thymectomized mice were restored to control levels (Fig. 1, B
and C), and the histological structures of the muscles were also
comparable among all groups (Fig. 1D). This result showed
that thymus removal did not apparently inhibit the growth of
skeletal muscle mass.

To determine whether the thymus plays a role in skeletal
muscle regeneration, we used the same animal model and
injected the tibialis anterior (TA) muscles of C56BL/6 mice
with 1.2% BaCl2 solution, a widely used chemical reagent for
experimental muscle injury that induces muscle depolarization
and myofiber death (35, 36). Without BaCl2 injection, the mice
with thymus removal had no alterations in their TA muscle
weights (Fig. 1E). However, upon injection with BaCl2, thymus
removal led to a significant increase in TA muscle weight
5 days after injury (Fig. 1E). As the muscles had reduced the
numbers of regenerated fibers (with central nuclei) and edema
alterations (Fig. 1, F–H), the muscular regeneration of thy-
mectomized mice appeared impaired. We also applied car-
diotoxin to repeat the above regeneration experiment and
observed similar results (Fig. S1).

Regeneration of skeletal muscle after injury induces hier-
archical expression of myogenic regulatory factors, including
MyoD, myogenin (MyoG), and embryonic/developmental
myosin heavy chain (eMHC) (37, 38). To further validate the
decreased regeneration after thymus removal, we measured
these myogenic markers of injured skeletal muscle. The TA
muscles of thymectomized mice without BaCl2 injury did not
express eMHC in the same manner as the control muscles
(Fig. 2A). After BaCl2 injury, however, the ratio of eMHC+

fibers within the injured muscles was significantly lower than
that within the control muscles, and the average fiber size was
also smaller (Fig. 2, A–C). In addition, we measured
regeneration-associated genes such as myh3, myod, and MyoG
and observed significantly reduced levels of both mRNA and
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protein (Fig. 2, D–H). Taken together, these findings suggest
that thymus removal leads to a reduced regeneration ability of
skeletal muscle.

The thymus regulates the satellite cell pool during skeletal
muscle regeneration

Pax7 is a specific transcription factor expressed in satellite
cells and is widely used as a specific marker of satellite cells
(39–41).We assessed the satellite cell pool in the injuredmuscle
by measuring Pax7 protein and mRNA. Without BaCl2 treat-
ment, the muscles from both control and thymectomized mice
had a few satellite cells (Pax7+), similar to the situation in the
sham-operation group (Fig. 3, A and B). After injury with BaCl2
treatment, however, the number of satellite cells within the
injured muscles of control mice significantly increased, whereas
the number of satellite cells in the muscles of thymectomized
mice increased only slightly (Fig. 3B). Measurements of pax7
mRNA in the regenerating muscle showed a consistent result
(Fig. 3C). This result indicated that the removal of the thymus
significantly reduced the satellite cell pool in response to injury.
We also labeled proliferating cells with 5-Bromo-20-deoxyur-
idine (BrdU) after BaCl2 injury and found that the number of
BrdU-positive (BrdU+) nuclei within regenerated muscle was
significantly reduced after thymectomy (Fig. 3, D and E). This
also supported the above conclusion.

Thymus cell culture directly promotes satellite cell
amplification in vitro

The reduced satellite cell pool of thymectomized mice
prompted us to speculate that active factors are released
from the thymus. As previous reports have shown that
concanavalin (ConA)-stimulated T cells are capable of pro-
moting satellite cell proliferation by releasing cytokines (IL-
2, IL-10, TNFα, and IFNγ) (42, 43), we cultured rat thymus
cells in vitro for 48 h with or without activation by ConA and
collected unactivated thymocyte-conditioned medium
(TCM) and activated TCM (TCM-ConA). When cultured
with TCM for 5 days, the satellite cells started to grow
rapidly in small spheres (cell aggregates). However, when
cultured with TCM-ConA, the cells grew relatively slow, and
several cells adhered to the plate, showing a typical
morphology of differentiated cells (Fig. 4A). This observation
showed that Con-A activation of thymic lymphocytes was
not necessary for satellite cell expansion. To quantify the
growth of satellite cells, a Cell Counting Kit-8 assay was
used. The results showed that, in contrast to basal medium,
TCM significantly accelerated cell growth (Fig. 4B). To
determine whether the TCM displayed comparable activity
in promoting the expansion of satellite cells in different types
of muscles, we isolated satellite cells from soleus (slow-
twitch) and extensor digitorum (fast-twitch) muscles and
then cultured them with TCM. The results showed that both
types of satellite cells had the same response to TCM
(Fig. S2). We next examined the amplified satellite cells by
measuring Pax7 expression and found that the satellite cells



Figure 1. The thymus is necessary for skeletal muscle regeneration but not growth. A, the body weight, lean mass, and fat mass of control and
thymectomized mice were measured at 4 months after the operation (n = 3). B, the body weight, lean mass, and fat mass of control and thymectomized
mice were measured at 7 months after the operation (n = 4). C, the body weight, lean mass, and fat mass of control and thymectomized mice were
measured at 8 months after the operation (n = 4). D, representative H&E-stained sections illustrating the histology of uninjured tibialis anterior (TA) muscles.
The scale bars represent 50 μm. E, the uninjured TA weights and injured TA weights from the control and thymectomized groups 5 days after injury. n = 9
for control groups and n = 10 for thymectomized groups. F, quantification of the average cross-sectional area (CSA) of regenerating myofibers. G, number of
myofibers containing two or more centrally located nuclei per field at day 5 postinjury. H, representative images of H&E-stained sections illustrating a severe
regeneration defect in injured TA muscles of thymectomized mice. The scale bars represent 20 μm (n = 4). The data are presented as the mean ± SEM as
determined with Student’s unpaired test. *p < 0.05. CNF, centrally nucleated fiber; Ctr, control mice with sham operation; THY, mice with thymus removal.

The thymus promotes satellite cell amplification
continuously cultured in both conditioned mediums had
remarkable increases in the percentages of Pax7-
positive(Pax7+) cells (Fig. 4, C and D). This observation
indicated that TCM was able to promote satellite cell
expansion and maintain stemness.

To measure the effects of TCM and TCM-ConA on long-
term-cultured satellite cells, we mildly digested the cell ag-
gregates and reinoculated the cells into fresh mediums.
Compared to the basal medium, both TCM and TCM-ConA
accelerated cell expansion (Fig. 4, E and F). Upon culture
with TCM for two passages, approximately 40% of the satellite
cells were Pax7highMyoDlow (expressing a high level of Pax7
and a low level of MyoD), 10% were Pax7highMyoDhigh, and
50% were Pax7lowMyoDlow or Pax7lowMyoDhigh. In contrast,
when the cells were cultured with TCM-ConA for 5 days,
almost no Pax7highMyoDlow satellite cells could be detected
J. Biol. Chem. (2022) 298(1) 101516 3



Figure 2. Thymus removal inhibits muscular regeneration and the expression of myogenic regulatory factors after injury. A, representative
expression of eMHC (green) and laminin (red) in TA muscles 5 days after injury and uninjured TA muscle sections of control and thymectomized mice
(n = 3, and each n was composed of 2–3 mice). Nuclei were identified by staining with DAPI (blue). The scale bars represent 100 plex. B, quantitation of
the eMHC+ staining area per unit area (n = 3). C, number of eMHC+ myofibers per unit area (n = 3). D, the relative mRNA levels of myh3 in TA muscles
were measured by qRT–PCR (n = 3). E, the relative mRNA levels of myod in TA muscles were measured by qRT–PCR (n = 3). F, the relative mRNA levels
of myog in TA muscles were measured by qRT–PCR (n = 3). G, protein measurements of eMHC, MyoD, myogenin, and GAPDH in uninjured muscles and
injured muscles (n = 3). H, quantitation of the protein levels (n = 3). The data are the mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.001, values
significantly different from corresponding uninjured TA muscles of control or thymectomized mice, as determined by unpaired t test. #p < 0.05,
##p < 0.01, values significantly different from the corresponding injured TA muscles of thymectomized mice, as determined by paired t test. Ctr,
control mice with sham operation; eMHC, embryonic/developmental myosin heavy chain; myog, myogenin; TA, tibialis anterior; THY, mice with
thymus removal.

The thymus promotes satellite cell amplification
(Fig. 4, G and H), indicating that TCM-ConA was unable to
maintain the stemness of satellite cells properly.

As Pax7highMyoDlow cells represent the unactivated sat-
ellite cells, we then tested their dividing ability by staining
with EdU. To our surprise, up to 15% of total cells were
Pax7highMyoDlowEdUpos (expressing a high level of Pax7 and
a low level of MyoD and EdU) (Fig. 5), indicating that
Pax7highMyoDlow cells amplified by TCM had potent
4 J. Biol. Chem. (2022) 298(1) 101516
division ability. In addition, we isolated fresh extensor dig-
itorum longus myofiber explants and cultured them for
2 days to allow satellite cells to grow on in situ fibers. The
cell number of the Pax7highMyoDhighEdUpos subpopulation
cultured in TCM was also higher than that in control me-
dium (Fig. S3).

Because splenic lymphocytes have been reported to have the
potential to regulate satellite cell proliferation (44), we also



Figure 3. Thymus removal leads to a reduction in the satellite cell pool in injured skeletal muscle. A, representative images of Pax7 (green) and
laminin (red) staining in TA muscles. TA muscles were injected with 1.2% BaCl2 or saline alone for 5 days and subjected to immunostaining and mRNA
measurement (n = 3). B, quantification of Pax7+ cells per myofiber (n = 3). C, the relative mRNA levels of pax7 were measured by q-PCR (n = 3). D, BrdU
staining for TA muscles (n = 3). E, quantitation of the BrdU+ nuclei per myofiber (n = 3 and each n was composed of 2–3 mice). The data are expressed as the
mean ± SEM. *p < 0.05, **p < 0.01, and ***p < 0.01, values significantly different from the corresponding injured TA muscles of control mice. #p < 0.05 and
##p < 0.01, values significantly different from the corresponding injured TA muscles of thymectomized mice, as determined by paired t test. All scale bars
represent 50 μm. BrdU, 5-Bromo-20-deoxyuridine; Ctr, control mice with sham operation; Pax7, paired box 7; TA, tibialis anterior; THY, mice with thymus
removal.

The thymus promotes satellite cell amplification
prepared splenocyte-conditioned medium (SCM) with or
without ConA stimulation. However, both SCM and SCM-
ConA showed weaker effects on satellite cell proliferation
than TCM (Fig. S4, A–C). This was consistent with the ob-
servations from the animals with spleen removal, which
showed no apparent difference in muscle regeneration (Fig. S4,
D–F).
Thymocytes release cocktails of substances to promote
satellite cell proliferation

To identify the active substance in TCM, we prepared
serum-free TCM and subjected it to LC–MS/MS analysis. To
our surprise, most proteins extracted were metabolite inter-
conversion enzymes, nucleic acid-binding proteins, cytoskel-
etal proteins, protein-modifying enzymes, and membrane
traffic proteins; no cytokines were detected (Fig. 6A and
Table S1). We then subjected serum-free TCM to HPLC
chromatography with a DEAE-Sepharose FF column and
eluted it with NaCl solution. We subjected all fractions to
activity measurement, but unfortunately, all the fractions had
weak activity except fraction 6, which showed modest activity
(Fig. 6B). LC–MS/MS analysis for fraction 6 showed a protein
pattern similar to that of total TCM (Fig. 6C). Interestingly,
nicotinamide phosphoribosyl transferase, the cytokine nico-
tinamide phosphoribosyl transferase (also known as visfatin or
J. Biol. Chem. (2022) 298(1) 101516 5



Figure 4. Thymocyte-conditioned medium promotes satellite stem cell amplification in vitro. A, satellite cell morphology cultured in different me-
diums for 5 days. n = 3 and each n was composed of three mice. The scale bars represent 100 μm. B, proliferation rate measured by CCK-8 assay.
C, immunostaining for Pax7 (green) expression in satellite cells. The scale bars represent 50 μm. D, quantitation of Pax7+ satellite cells at day 5.
E, morphology of satellite cells (P2) cultured in different mediums. The scale bars represent 100 μm. F, cell numbers after amplification by different mediums
over different time courses. G, immunostaining for Pax7 (green) and MyoD (red) expression in satellite cells. The scale bars represent 50 μm. H, subpop-
ulation composition of satellite cells after 5 days of culture. TCM: medium from thymus cell without conA; TCM-conA: medium from thymus cell with conA.
The data are the mean ± SEM. *p < 0.05 and ***p < 0.001. B and E, two-way ANOVA. CCK-8, cell counting kit-8; ConA, concanavalin A; Pax-7, paired box 7;
TCM, thymocyte-conditioned medium.

The thymus promotes satellite cell amplification
PBEF in humans), which can act through C-C motif chemo-
kine receptor type 5 to induce muscle–stem cell proliferation
(45), was also elevated in fraction 6. To investigate the possible
involvement of exosomes, we then prepared exosomes by ul-
tracentrifugation from serum-free TCM and measured their
activity toward satellite cell amplification. Moderate activity
was detected for the exosome fraction (Fig. 6D). Collectively,
the data indicate that the active presentation of thymocytes
6 J. Biol. Chem. (2022) 298(1) 101516
might be achieved via cocktails of components including
exosomes.
Multiple subpopulations of thymus cells have the capacity to
promote satellite cell proliferation

The thymus contains immune cells commonly expressing
the CD45 antigen and CD45− nonimmune cells. To identify



Figure 5. Effects of thymocyte subpopulations on satellite stem cell expansion in vitro. A, immunostaining of cultured satellite cells with an anti-Pax7
antibody, an anti-MyoD antibody, EdU, and DAPI. The scale bars represent 20 μm. B, the percentages of different cells among all cells were quantified. n = 3.
The data are the mean ± SEM. Student’s t test (two-sided): *p < 0.05, **p < 0.01, ***p < 0.001. ConA, concanavalin A; EdU, 5-ethynyl-29-deoxyuridine; Pax7,
paired box 7; TCM, thymocyte-conditioned medium.

The thymus promotes satellite cell amplification
which population contributes to satellite cell proliferation, we
separated thymus cells into three subgroups: CD45+CD3+ cells
(thymic lymphocytes), CD45+CD3− cells (thymic leucocytes
except lymphocytes), and CD45−CD3− cells (thymic non-
leucocytes) by fluorescence-activated cell sorting (FACS).
Among the cells, 86.8% were CD45+CD3− cells, 9.32% were
CD45+CD3+ cells, and 3.85% were CD45−CD3− cells (Fig. 7, A
and B). We adjusted lymphocytic (CD45+CD3+) and non-
lymphocytic (CD45+CD3− or CD45−CD3−) cells to the same
concentration as the original cell mixture and then prepared
lymphocytic TCM (TCM-L) and nonlymphocytic TCM. The
results showed that both TCM-L and nonlymphocytic TCM
could promote satellite cell growth, but the former promoted
cell proliferation more efficiently (Fig. 7C). Among the lym-
phocytic thymus cells, 15.8% were CD4+CD8+ cells, 20% were
CD4−CD8+ cells, 59.6% were CD4+CD8− cells, and 0.1% were
Tregs (Fig. 7, D and E). To further assess the contributions of
the lymphocytic subpopulations to satellite cell proliferation,
we applied equal volumes of TCM (TCM-LCD4+CD8+, TCM-
LCD4+, TCM-LCD8+, and TCM-Treg) for satellite cell cul-
ture. TCM-LCD4+CD8+, TCM-LCD4+, and TCM-LCD8+
showed comparable effects on cell growth, whereas TCM-Treg
showed a weak effect (Fig. 7F). This result implied that
CD4+CD8+ cells had an effect comparable to those of
CD4+CD8− and CD4−CD8+ cells, and that CD4+CD8+ thy-
mocytes might be most active in satellite cell amplification.
Satellite cells amplified by TCM efficiently incorporate the
process of muscular regeneration

To assess the in vivo function of TCM-amplified satellite
cells, we transplanted the cells into injured muscle and
measured the engraftment in myofibers. Approximately,
105 cells from C57BL/6-EGFP mice were injected into recip-
ient C57BL/6 TA muscles. TCM-cultured cells were harvested
at the third passage, and basal medium-cultured cells were
harvested at 48 h (P0) because the latter were unable to pass
into P3. One day before transplantation, the recipient muscle
was injected with BaCl2 to initiate the regeneration process.
Two months after transplantation, the incorporated enhanced
green fluorescent protein-positive myofibers were measured
(Fig. 8A). After transplantation with TCM-amplified cells, the
J. Biol. Chem. (2022) 298(1) 101516 7



Figure 6. Active substances of TCM for satellite cell amplification. A, LC–MS/MS analysis of TCM. B, all fractions of TCM as determined by HPLC with a
DEAE-Sepharose FF column and the morphology of satellite cells cultured in different fractions. The scale bars represent 200 μm. C, LC–MS/MS analysis of
fraction 6. D, satellite cells were amplified by exosomes prepared from TCM. The absorbance of satellite cells cultured in basal medium (F10) was used as the
control. The scale bars represent 200 μm. The data are the mean ± SEM; *p < 0.05, **p < 0.01. TCM, thymocyte-conditioned medium.

The thymus promotes satellite cell amplification
regenerated myofibers had many more EGFP-positive fibers
(�15%) than the cells cultured with basal medium (Fig. 8, B
and C), suggesting that the satellite cells cultured in TCM
exhibited an enhanced regeneration ability.

Given that TCM-cultured cells serve as stem cells for
skeletal muscle regeneration, partially transplanted cells
8 J. Biol. Chem. (2022) 298(1) 101516
should be able to locate to muscle niches and activate again
when the muscle is injured once more (46). To measure the
stemness of the cells, we again injured the mice that had been
transplanted with TCM-cultured cells (GFP labeled) and
measured the ratio of regenerated myofibers. As expected,
upon second-round injury, the mice had a further increase in



Figure 7. Effects of thymocyte subpopulations on satellite cell expansion in vitro. A, FACS analysis of three thymocyte subpopulations: CD45+CD3+,
CD45+CD3−, and CD45−CD3−. B, FACS analysis was performed to separate the subpopulation of thymus cells into three groups and to determine the
percentages of different cell types in the thymus. C, the growth rates of satellite cells in different mediums were assessed to determine the effects on
proliferation by CCK-8 assay. The growth rate of satellite cells in basal medium (F10) was used as the control (CTR). D, the CD45+CD3+ subpopulation was
further divided into four groups: CD4+CD8− cells, CD4−CD8+ cells, CD4+CD8+ cells, and Tregs (CD4+CD8−CD127−CD25+). E, percentages of the cell sub-
populations in the CD45+CD3+-subgroup cells. F, the growth rates of satellite cells in the different conditioned mediums prepared from four lymphocytic
subpopulations were assessed to determine the effects on proliferation by CCK-8 assay. The growth rate of satellite cells in basal medium (F10) was used as
the control (CTR). n = 4 and each n was composed of three mice. The data are the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001. B and D, two-way
ANOVA, interaction effect. CCK-8, cell counting kit-8; FACS analysis, fluorescence-activated cell sorting.

The thymus promotes satellite cell amplification
EGFP-positive fibers (�60%) (Fig. 8, D and E). This observa-
tion showed that satellite cells cultured with TCM have a
potent capacity to replenish the endogenous stem cell pool.
Discussion

It has been well documented that the thymus is the central
immune organ of the body and plays an essential role in
lymphocyte development (2, 5). In this study, we found that
the skeletal muscle of thymectomized animals showed signif-
icant inhibition of the regenerative response to injury along
with a significant reduction in the satellite cell pool. This
finding clearly suggests a novel role of the thymus in skeletal
muscle regeneration. In light of the fact that declines in skel-
etal muscle regeneration capacity and the satellite cell pool are
the major pathogenic factors of muscle aging (26, 47), the
thymus may serve as an important organ inhibiting muscle
aging. Because both lymphocytic (CD45+CD3+) and non-
lymphocytic (CD45+CD3−) thymocytes can stimulate satellite
cell proliferation by releasing factors such as exosomes, the
thymus conceivably regulates this process through a remote
mechanism. In addition, because the removal of the thymus
apparently does not affect muscle growth, the thymus does not
affect muscular hypertrophy.

Based on our observations and current knowledge, we
propose a scheme for the functional regulation of the thymus
in skeletal muscle. At embryonic and postnatal developmental
stages, the thymus, together with other developmental signals,
promotes satellite cell proliferation to meet the needs of rapid
muscle development. In adulthood, the thymus starts to
involute and limit the maintenance of the satellite cell pool
that displays adaptive responses to stresses imposed by path-
ological and aging stresses. In elderly individuals, the thymus
degenerates and produces fewer secretive factors, resulting in a
decline in the satellite cell pool. However, thymus involution
apparently does not affect muscle mass.

The link between the thymus and skeletal muscle has been
further supported by a recent report showing the involvement
of thymus-derived immune cells in muscle impairment in mdx
mice (30). According to our observation, this link is imple-
mented by soluble factors and exosomes. Indeed, we identified
some muscle-associated factors in TCM, for example,
J. Biol. Chem. (2022) 298(1) 101516 9



Figure 8. Amplified satellite cells efficiently incorporate into regenerated myofibers. A, EGFP-positive satellite cells were isolated and cultured in TCM
for 6 days. Satellite cells from EGFP-transgenic mice were amplified in conditioned medium, and 105 cells were then transplanted into C57BL/6 mice in the
injured muscles. Two months after transplantation, the muscles were injured again by BaCl2 injection. The engrafted muscle was stained with an anti-EGFP
antibody. Satellite cells cultured in basal medium (F10) were used as controls. B, representative images of regenerated myofibers with EGFP-satellite cell
engraftment. Green indicates engrafted-EGFP+ cells. Red indicates immunofluorescence staining of laminin. Blue indicates DAPI staining of nuclei. The scale
bars represent 20 μm. C, quantitation of EGFP-positive fibers in TA muscles that received one injury. n = 3 independent experiments. D, quantitation of
EGFP-positive fibers in TA muscles after two injuries. n = 5 independent experiments. The data are the mean ± SEM; *p < 0.05. TCM, thymocyte-conditioned
medium.

The thymus promotes satellite cell amplification
nicotinamide phosphoribosyl transferase, a substance known
to activate satellite cells (45). Identification of all of the active
substances in TCM will be important in the future. Although
muscle aging has a multifactorial nature, we expect that
upregulating thymus function or applying active ingredients
from thymus culture medium may be a promising strategy for
the prevention of muscle aging or recovery of injured muscle.

Owing to the low implantation efficacy of transplanted
myoblasts, transplantation of satellite cells has been regarded
as a prospective method for myopathy therapy (48–52). Un-
fortunately, fresh satellite cells isolated from the muscle usu-
ally undergo activation and differentiation within hours
in vitro, and how to expand enough undifferentiated satellite
cells is the key challenge for transplantation therapy. Similarly,
it is also a challenge for gene editing of satellite cells. Ac-
cording to our observation that thymus cell conditioned me-
dium not only dramatically amplified undifferentiated satellite
cells in vitro but also enabled the efficient incorporation of
these cells into regenerating muscle in vivo, we may prepare
10 J. Biol. Chem. (2022) 298(1) 101516
TCM and expand satellite cells isolated from adult muscles
in vitro by approximately 10,000-fold and then conduct gene
editing or cell transplantation for myopathy therapy. Our
recent work indeed suggests that TCM is able to expand sat-
ellite cells from human adult muscles. Therefore, our study
reveals a novel strategy for satellite cell expansion and
myopathy therapy.

In summary, we have revealed a mechanistic link between
the thymus and skeletal muscle regeneration or muscle aging
and explored an efficient method for expanding satellite cells
that is promising for myopathy therapy.
Experimental procedures

Animals

C57BL/6 (B6) and EGFP-transgenic mice (C57BL/6 back-
ground) were purchased from GemPharmatech. Thymectomy
was performed according to previous reports (53, 54). The
thymus lobes were removed from anesthetized mice



The thymus promotes satellite cell amplification
(8–10 weeks of age). For splenectomy, the mice were anes-
thetized with intraperitoneal injection of ketamine and xyla-
zine. Then, the spleen was removed through a left subcostal
incision. Sham operations were performed for the control
animals. The mice were allowed to recover for 7 days before
the next experiments (55). All animal procedures were per-
formed according to the animal protocol approved by the
Institutional Animal Care and Use Committee of the Model
Animal Research Center of Nanjing University.

Preparation of conditioned medium

Cells from the thymus and spleen were isolated from female
SD rats (200–250 g, Animal Core Facility of Nanjing Medical
University) or C57BL/6 mice (GemPharmatech). Briefly, iso-
lated thymus and spleen tissues were filtered through a
70-micron cell strainer, and red blood cells were lysed with
lysis buffer. The resultant cells (1 × 107 cells/ml) were incu-
bated in RPMI 1640 medium (RPMI 1640 supplemented with
10% fetal bovine serum (FBS), 1% L-glutamine, 1% penicillin
and streptomycin, and 50 μM β-mercaptoethanol) and acti-
vated with or without 2.5 μg/ml ConA (Sigma) for 2 days. The
culture medium was harvested by centrifugation, and the su-
pernatant was used as conditioned medium. Satellite cells
cultured in basal medium (F10 medium with 10% FBS and
2.5 μg/ml basic basic fibroblast growth factor) were used as the
control.

q-PCR assay

Quantitative RT–PCR was performed, as described previ-
ously (56, 57). Total RNA was extracted from the tissues using
RNAiso Plus (9109, Takara Bio) according to the manufac-
turer’s instructions. The concentration and purity of the total
RNA were measured at 260 nm and 280 nm using a spectro-
photometer. The ratios of absorption (260/280 nm) were be-
tween 1.8 and 2.0. A total of 500 ng of RNA for each sample
was reverse-transcribed with HiScript Q RT SuperMix (R123,
Vazyme). Real-time PCR was performed using an ABI Prism
Step-One system with AceQ qPCR SYBR Green Master Mix
(R141, Vazyme). The 2-ΔΔCT method was used to analyze the
relative changes in gene expression normalized against gapdh
mRNA as an internal control. All primers are listed in
Table S2.

Histological analysis

The indicated muscles were isolated and immediately frozen
in isopentane, which had been cooled in liquid nitrogen in
advance. The frozen muscle samples were cut into 10 μm sec-
tions and stained with H&E, as described previously (58, 59).
The myofiber area was calculated and analyzed with Image-Pro
Plus software. The cross-sectional area was calculated from 3 to
5 mice per group with over 200 fibers for each mouse.

Western blot analysis

Muscles were harvested at the indicated times and ho-
mogenized in ice-cold lysis buffer (2% SDS, 10 mM DTT, 10%
glycerol, and 50 mM Tris–HCl, pH 7.4), containing a protease
inhibitor cocktail (Roche). The homogenate was incubated at
85 �C for 5 min and stored at room temperature for 60 min.
Then, the cell lysates were centrifuged at 12,000 rpm for
10 min to remove the debris. Protein was quantified with a
BCA protein assay kit. The proteins were boiled at 95 �C for
5 min with sample buffer. Total protein from the skeletal
muscle was loaded in one sample well for SDS/PAGE analysis.
The separated proteins were transferred to a PVDF membrane
(Bio–Rad). Then, the membranes were incubated with the
corresponding primary antibodies overnight at 4 �C after
blocking. After washing, the membranes were incubated with
corresponding horseradish peroxidase-conjugated secondary
antibodies (Thermo Fisher, 31460 and 31430) for 2 h at room
temperature (RT). Finally, after washing in TBST, immuno-
reactivity was visualized using an ECL Western blotting
detection system. SuperBrightSubpico ECL Substrate and
Prolong ECL Substrate (Sudgen Biotechnology) were used.
The antibodies were as follows: anti-MyoG (Santa Cruz
Biotechnology, sc-576, 1:1000), anti-eMHC (Developmental
Studies Hybridoma Bank, 1:500), anti-Pax7 (Developmental
Studies Hybridoma Bank, 1:200), anti-GAPDH (Santa Cruz
Biotechnology, sc-32233, 1:2000), and anti-MyoD (Santa Cruz
Biotechnology, sc-377460, 1:500).

Immunofluorescence analysis

For immunofluorescence staining, cultured cells, myofibers,
and muscle sections were fixed in 4% paraformaldehyde for
15 min and then permeabilized with 0.25% Triton X-100 in
PBS for 15 min at RT. The nonspecific binding of primary
antibodies was blocked with 1% bovine serum albumin or 5%
nonimmune goat serum for 1 h. Then, the samples were
incubated with primary antibodies overnight at 4 �C under
humidified conditions. Pax7 staining on frozen TA muscle
sections was performed according to a method described
previously (46). Briefly, the muscle sections were fixed with 4%
paraformaldehyde for 15 min and treated with cold methanol
for permeabilization. An antigen-retrieval step was performed
before blocking with Citrate Antigen Retrieval Solution
(E673001, Sangon Biotech). After washing with PBS, the sec-
tions were blocked with 1% bovine serum albumin in PBST.
Then, the sections were incubated with anti-Pax7 (Develop-
mental Studies Hybridoma Bank) overnight at 4 �C. The sec-
tions were incubated with Alexa Fluor 488- or 594-conjugated
secondary antibodies for 1 h at RT and then washed three
times for 10 min with PBS. The nuclei were stained with DAPI
together with secondary antibodies. For other immunofluo-
rescence staining, anti-eMHC (Developmental Studies Hy-
bridoma Bank) and anti-laminin (Sigma–Aldrich, L9393,
1:1000) antibodies were used as primary antibodies. The slides
were mounted and visualized at room temperature with a Zeiss
LSM880.

Muscle regeneration

Muscle regeneration was performed following a protocol
described previously (60, 61). For muscle injury experiments,
100 μl of 1.2% BaCl2 (Sigma) dissolved in saline was injected
J. Biol. Chem. (2022) 298(1) 101516 11
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into one TA muscle. The other TA muscle was injected with
saline (100 μl) as a control. At the indicated time points after
injection, the muscles were then harvested to evaluate the
process of regeneration and repair. For one experiment, the
mice were given an intraperitoneal injection of BrdU (100 μg
per mouse) at day 3 and an intramuscular injection of 1.2%
BaCl2 (61). At the indicated time points, the TA muscles were
harvested from the mice for biochemical and histological
studies.

The mice used in the thymus removal experiment were 8 to
10 weeks of age. Afterward, these mice were allowed to rest for
1 week. Then, barium chloride was injected into the skeletal
muscle. The mice were 9 to 12 weeks old at the time of
injection.

For cardiotoxin injury, 50 μl of cardiotoxin (10 μM; Sigma–
Aldrich) was injected into the TA, and an equivalent volume of
PBS was injected into another limb (62–64).

Isolation of satellite cells

Satellite cells were prepared, as described previously (65).
Hindlimb muscles of 6�8-week-old mice were isolated and
minced to obtain a muscle suspension. The tissues were first
digested with collagenase type II (700 units, Life Technolo-
gies, Gibco, catalog number: 17101-015) in Dulbecco’s
modified Eagle’s medium (DMEM) with 5% horse serum at
37 �C on a horizontal rocking bed for 90 min. Then, the
digested muscles were incubated in a second digestion with
collagenase II (100 units/ml final concentration) and dispase
II (2 U/ml; Roche) for 30 min with more vigorous shaking
until most blocks had disappeared. The completely digested
muscles were filtered through a 40-μm nylon cell strainer
(Thermo Fisher) and washed to obtain mononuclear cell
suspensions. The isolated cells were cultured in medium
(DMEM supplemented with 10% fetal bovine serum, Gluta-
MAX Supplement, and 1% penicillin–streptomycin) for 2 h
at 37 �C to remove the fibroblasts. Then, the supernatant was
collected and centrifuged at 300g for 5 min at RT. Muscle
satellite cells were collected and cultured on collagen-coated
dishes in F10 basal medium (F10 medium containing 15%
FBS and 2.5 ng/ml basic fibroblast growth factor (Pepro-
Tech)) and TCM (F10 medium with 15% fetal bovine ser-
um:thymocyte medium = 1:1). The medium was replaced
every other day.

Cell proliferation assay

An EdU assay was performed following the manufacturer’s
instructions (C10229, Thermo Scientific). Satellite cells
growing on coverslips were incubated in growth medium with
10 μM EdU for the indicated times. The cells were then
washed with PBS and fixed with 4% paraformaldehyde for
15 min. EdU-labeled cells were visualized with an Alexa Fluor
594-conjugated azide. Cell counting assays were conducted
using a CCK-8 (20118, SUDGEN). Briefly, the cells were
seeded in a 96-well plate, cultured for the indicated times, and
then treated with the kit for 4 h (66). Proliferation was
measured at an absorbance of 450 nm with background
12 J. Biol. Chem. (2022) 298(1) 101516
subtraction at 650 nm using a microplate reader (BioTek
synergy microplate reader).

For anti-BrdU staining, the frozen muscle samples were
treated with 1 M HCl for 10 min on ice. Next, the samples
were treated with 2 M HCl for 10 min at RT and then 20 min
at 37 �C before being washed in 0.1 M Na2B4O7 buffer at pH
8.5 (67). Then, the samples were incubated with primary an-
tibodies overnight at 4 �C under humidified conditions after
blocking.

Cell transplantation

To induce muscle injury, BaCl2 (Sigma–Aldrich) was
injected into the TA muscles of C57BL/6 mice (8–10 weeks)
24 h before transplantation. Independent C57BL/6-EGFP
transgenic mouse-derived satellite cells cultured with basal
medium (F10) or conditioned medium were injected directly
into the TA muscle (68).

Isolation of thymocyte-derived exosomes

The conditioned serum-free medium from thymocytes
cultured for 48 h was pooled together for exosome isolation, as
described previously (69). For the ultracentrifugation method,
the cellular debris was removed by centrifugation at 300g for
10 min at 4 �C followed by centrifugation at 10,000g for 30 min
to remove microvesicles. Subsequently, the conditioned me-
dium was directly centrifuged at 100,000g and 4 �C for 70 min
using an Optima XPN-100 ultracentrifuge with a swinging
bucket rotor. The supernatant was discarded, and the exosome
pellet was resuspended in PBS and washed by ultracentrifu-
gation at 100,000 g at 4 �C for 70 min. After this, the exosomes
were resuspended in PBS and stored at −80 �C for further use.

Isolation of thymocytes and splenocytes

The thymus and spleen were dissected from mice and then
ground in cold PBS. The cell suspension was filtered through a
40 μm strainer. Red blood cells were lysed with red blood cell
lysis buffer (70). The rest of the cells were analyzed by FACS
for cell percentages or for cell culture. For thymocyte sub-
population assays, the cells were stained with the following
surface antibodies in flow cytometry staining buffer (486.5 ml
of 1× PBS, 12.5 ml of goat serum, and 1 ml of 0.5 M EDTA): PE
anti-mouse CD127 (BioLegend), APC anti-mouse CD25
(BioLegend), FITC anti-mouse CD4 (BioLegend), PE-Cy5.5
anti-mouse CD8 (BioLegend), PE-Cy7 anti-mouse CD3 (Bio-
Legend), and APC-Cy7 anti-mouse CD45 (BioLegend). The
cells were incubated with the antibodies above in the tubes on
ice for 45 min. The different subpopulations were counted and
collected by FACS sorting (BD FACSAria III).

Body composition measurements

The whole body composition was measured by using a
PIXImus small animal dual-energy X-ray absorptiometry sys-
tem (GE Medical System Lunar). All the mice used for
detection were first anesthetized by intraperitoneal injection
with ketamine and xylazine and then placed in the prone po-
sition on the specimen tray to scan the whole body.
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Purification of active substance

The serum-free TCM was passed through a DEAE-
Sepharose FF column using AKTA liquid chromatography
systems. The column was preequilibrated with 10 mM Tris–
HCl, pH 8.5, at a flow rate of 3.0 ml/min. The serum-free
TCM was loaded onto the column at a flow rate of
1.0 ml/min and eluted with 1 M NaCl and 10 mM Tris–
HCl, pH 8.5, at a flow rate of 1 ml/min. The column was
assessed by monitoring the absorption at 280 nm. The
eluted fractions from the DEAE column were divided into
13 groups. Finally, they were dialyzed and lyophilized for
further analysis.
LC–MS/MS analysis

The serum-free TCM and eluted fractions were analyzed by
mass spectrometry using a nanoLC.2D (Eksigent Technolo-
gies) coupled with a TripleTOF 5600+ System (AB Sciex). The
peptides were eluted with a 90 min gradient of 5 to 80% mobile
phase B (mobile phase A: 0.1% formic acid and 5% acetonitrile;
mobile phase B: 0.1% formic acid and 95% acetonitrile) with a
nanoLC column (Eksigent Technologies, 3C18-CL,
75 μm*15 cm). The data were analyzed with ProteinPilot
Software (version 4.5, AB Sciex) using the UniProt database
(April 9, 2018, containing 29,940 sequences, http://www.
uniprot.org/proteomes/UP000002494). Corresponding pro-
tein class maps were generated with online GO software
(http://geneontology.org/). The FDR threshold was specified as
1%. The mass spectrometry proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD027407
(http://proteomecentral.proteomexchange.org/cgi/GetDataset).
Statistical analysis

Biological replicates were tested with individual mice. The p
values are indicated either with numbers on the graphs or with
asterisks: *p < 0.05, **p < 0.01, and ***p < 0.001. Differences
between groups were assessed by using Student’s two-tailed t
test for independent samples with GraphPad Prism version 6.
All of the data are presented as the mean ± SEM (n ≥ 3).
Data availability

The mass spectrometry proteomics data have been depos-
ited to the ProteomeXchange Consortium via the PRIDE
partner repository with the dataset identifier PXD027407.
http://proteomecentral.proteomexchange.org/cgi/GetDataset.
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