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Decellularized (acellular) scaffolds, composed of natural extracel-
lular matrix, form the basis of an emerging generation of tissue-
engineered organ and tissue replacements capable of transform-
ing healthcare. Prime requirements for allogeneic, or xenogeneic,
decellularized scaffolds are biocompatibility and absence of re-
jection. The humoral immune response to decellularized scaffolds
has been well documented, but there is a lack of data on the cell-
mediated immune response toward them in vitro and in vivo.
Skeletal muscle scaffolds were decellularized, characterized in
vitro, and xenotransplanted. The cellular immune response toward
scaffolds was evaluated by immunohistochemistry and quantified
stereologically. T-cell proliferation and cytokines, as assessed by
flow cytometry using carboxy-fluorescein diacetate succinimidyl
ester dye and cytometric bead array, formed an in vitro surrogate
marker and correlate of the in vivo host immune response toward
the scaffold. Decellularized scaffolds were free of major histocom-
patibility complex class I and II antigens and were found to exert
anti-inflammatory and immunosuppressive effects, as evidenced
by delayed biodegradation time in vivo; reduced sensitized T-cell
proliferative activity in vitro; reduced IL-2, IFN-γ, and raised IL-10
levels in cell-culture supernatants; polarization of the macrophage
response in vivo toward an M2 phenotype; and improved survival
of donor-derived xenogeneic cells at 2 and 4 wk in vivo. Decellu-
larized scaffolds polarize host responses away from a classical
TH1-proinflammatory profile and appear to down-regulate T-cell
xeno responses and TH1 effector function by inducing a state of
peripheral T-cell hyporesponsiveness. These results have sub-
stantial implications for the future clinical application of
tissue-engineered therapies.

Although replacement of airways (1–6) or urogenital tissue (7)
using stem cell-based techniques has been achieved, engi-

neering of functional contractile muscle tissue has only been
partially explored (8–9). While debates have been generated
around which myogenic progenitors (satellite cells, muscle stem
cells, or myoblasts) should be used, fewer studies have focused
on exploring which matrix could offer a better platform for re-
generation (10, 11).
Autologous tissue-engineered solutions have the major ad-

vantage of not requiring immunosuppression, but clinical appli-
cations are limited to static organs and tissues, such as skin, or
those that can function through passive movement alone, such as
trachea, heart valves, blood vessels, and bladder (4, 7, 12). The
field continues to expand and tissue bioengineering has provided,
or is close to delivering, functional human organ replacements
elsewhere (6, 7, 13–17). The ability to produce innervated and
revascularized muscles would hugely extend the possible appli-
cations of regenerative medicine (18–26).
Decellularized skeletal muscle has been characterized by several

groups, but its effect on cell-mediated immunity has not been

studied (27–30). Here, we provide evidence that decellularized
muscle scaffolds promote anti-inflammatory and immunosup-
pressive responses both in vitro and in vivo, down-regulate T-cell
xeno responses and TH1 effector cytokines in vitro, and polarize
the macrophage response in vivo toward an M2 phenotype (i.e.,
promote alternative pathway activation of macrophages).

Results
Decellularization Preserves the Extracellular Matrix and Down-Regulates
MHC Classes I and II Expression. Efficient decellularization of rabbit
cricoarytenoid dorsalis (CAD) muscles with preservation of extra-
cellular matrix (ECM) structure was obtained by using a protocol
consisting of latrunculin B, potassium chloride, potassium iodide,
and DNase (27, 28). As shown, the use of a nondetergent, non-
proteolytic protocol led to the preservation of the major com-
ponents of the ECM (Fig. S1; ref. 27). Indeed, clearance of nuclei
on H&E staining undetectable levels of DNA, with clearance of
muscle-specific antigens (myosin heavy chain), were observed
(Fig. S1 A, D, and G). Moreover, Miller’s elastin staining showed
a good preservation of elastin, which is concentrated around the
vessels both in fresh and decellularized tissue (Fig. S1F). Picro-
sirius red staining showed the preservation of extracellular matrix
collagen after decellularization process (Fig. S1 B and E) although
its content ratio (collagen/wet tissue weight) decreased significantly
in respect to the fresh tissue (Fig. S1H). Similarly, sulfated glyco-
saminoglycans quantification showed a progressive decrease in
amount in the decellularized CAD (Fig. S1 C and I).
Both scanning and transmission electron microscopy of the

decellularized muscle matrix showed the preservation of the
micro and ultrastructural characteristics of the native tissue and
confirmed the absence of cells. In particular, maintenance of
a porous matrix, decellularization of existing blood vessels and
nerves, eradication of nuclei and myofilaments, and preservation
of collagen fibers were observed (Fig. S2).
Moreover, the biomechanical properties of decellularized tis-

sue (DT) were preserved compared with fresh tissue (FT) (FT
mean tensile Young’s modulus = 38.89 ± 13.38; DT mean ten-
sile Young’s modulus = 48.30 ± 27.33; P = 0.75) (Fig. S3).
Within fresh tissue, MHC class I expression was localized to the
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endothelial cells of blood vessels (Fig. S4A). Decellularization
was associated with a progressive decrease and absence of de-
tectable levels of MHC class I and II antigens on endothelial
cells and myofibers, respectively (Fig. S4 B and E).

Decellularization Slows Biodegradation Time in Vivo and Promotes an
Efficient Angiogenic Response to the Transplanted Tissue. Decellu-
larization significantly prolonged the time to complete bio-
degradation of the scaffold in vivo, whereas fresh tissue was
rapidly degraded in a classical transplant rejection response (Fig.
1 A and C). In addition, new host blood vessels were seen at the
interface between the host tissue and the decellularized scaffold
as early as 2 wk after implantation as revealed by α-smooth
muscle actin and factor VIII immunostaining (Fig. 1B). On the
contrary, fresh tissue only triggered a minor angiogenic response,
which may also have contributed to its fast degradation. As
a consequence, DT was associated with a progressive increased
volume fraction of blood vessels (Fig. 1D). Volume fractions
were used as a measure of the functionality of the angiogenic
response by the host toward the scaffold, representing the vol-
ume of implant occupied by blood vessels (31). The efficiency
of the angiogenic response toward DT was confirmed by the
chicken egg chorioallantoic membrane (CAM) assay (Fig. 1 E
and F). The CAM findings support the conclusion that the
degradation differences and vascularization effects seen in vivo
are unlikely to be due to differences in the levels of proan-
giogenic growth factors between FT and DT. Given the com-
parability of the number of vessels in FT and DT implants

within the CAM at day 6, we hypothesized that the degrada-
tion effects seen in vivo were due to the nature of the cellular
infiltrates of the FT and DT implants, respectively.

Decellularized Scaffolds Polarize the Macrophage Response Toward
an M2 Phenotype and Are Associated with a Significant Reduction in
CD3+ Cells in Vivo. We observed that implanted decellularized
scaffolds in vivo were significantly associated with a decreased
density of CD3+ (9.65 ± 0.43 vs. 14.64 ± 1.88 cells × 10−5 μm−3;
P = 0.0012), CD4+ (1.89 ± 0.04 vs. 4.98 ± 0.77 cells × 10−5 μm−3;
P = 0.0159) and CCR7+ cells (7.46 ± 0.51 vs. 14.17 ± 3.38 cells ×
10−5 μm−3; P = 0.0393) in the surrounding tissues compared with
implants of fresh tissue at 2 wk and an increase in the density
of CD163+ cells (7.35 ± 0.96 vs. 4.24 ± 0.75 cells × 10−5 μm−3;
P = 0.0435) (Figs. 2 and 3). Quantitative immunohistochemistry
using CD86 and Arginase I (Arg I) as additional M1 and M2
markers supported these findings (6.82 ± 1.38 vs. 11.65 ± 0.81;
P = 0.0235 for CD86 and 4.13 ± 0.47 vs. 1.75 ± 0.25; P = 0.0041
for Arg I). Additionally, we found a significant increase in
FoxP3+ cells at 2 wk (0.53 ± 0.03 vs. 0.28 ± 0.05; P = 0.0159)
but not at other time points (Fig. 3).

Decellularized Scaffolds Decrease the T-Cell Proliferative Response in
Vitro. In T-cell proliferation studies, when carboxyfluorescein
diacetate succinimidyl ester (CFSE)-stained rat CD3+ sensitized
rat splenocytes were cocultured in the presence of either decel-
lularized rabbit muscle scaffolds or fresh tissue acting as recall
antigen, a significant reduction in T-cell proliferation was seen in

Fig. 1. Biocompatibility and proangiogenic properties of DT in vivo. (A) Biodegradation of FT and DT at 2 and 4 wk on H&E staining. Outline of FT at 2 wk is
indicated in the figure by the dotted line. (B) α-smooth muscle actin staining at 2 wk and FVIII staining at 8 wk. α-smooth muscle actin positive blood vessels are
seen at the interface of the host tissue and decellularized scaffold (as shown by dotted line) as early as 2 wk. Skin was used as a positive control in each case. (C)
Quantification of FT and DT volume degradation by stereology (Cavalieri’s method) over the course of the experiment (8 wk). (D) Volume fraction of blood vessels
in FT and DT, respectively, representing the proportion of total tissue/scaffold volume occupied by blood vessels at 2, 4, and 8 wk, as quantified by stereology. (E)
CAM assay. (F) CAM quantification of blood vessels (n = 38). Data in F presented as mean ± SEM. n = 12 scaffolds in each FT/DT group at each time-point.
Statistical significance indicated by asterisks where ns, not significant; **P = 0.001–0.01; ***P < 0.001. (Scale bars: A, 100 μm; B, 50 μm; E, 1 mm.)
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the case of coculturing with decellularized scaffolds (proliferation
index of 10.87 ± 2.56% vs. 2.10 ± 0.60%; P = 0.0050) (Fig. 4).
The levels of T-cell proliferation seen were comparable to, and
not significantly different from, those from the unstimulated
condition (1.92 ± 0.46% vs. 2.10 ± 0.60%; P = 0.85). Stimulation
with staphylococcal enterotoxin B (SEB) and/or unstained rabbit
splenocytes (as part of a two-way mixed lymphocyte response
(MLR), with stained rat splenocytes in a 1:1 ratio), resulted in
the highest levels of T-cell proliferation seen after 72 h of cell
culture, as expected (20.40 ± 1.70% for SEB and 22.20 ± 1.98%
for MLR, respectively). Further phenotypic analysis revealed
that the majority of the effects seen were due to a decrease in
CD4+ cells (Fig. S5).

Decellularized Scaffolds Modulate the Immune Response in Vitro
Leading to Reduced Levels of Proinflammatory TH1 Cytokines and
Increased Levels of Anti-Inflammatory and Suppressive TH2 Cytokines.
Splenocytes collected from rats that received either fresh or
decellularized tissues were cultured for 72 h and IL-2, IL-10, TNFα
and IFN-γ concentrations were measured within the cell-free
supernatants (Fig. 5). A significant decrease was seen in the su-
pernatant concentrations of IL-2 (21.09 ± 3.15 vs. 51.41 ± 2.43 pg/
mL; P = 0.0065) and IFN-γ (15.74 ± 8.16 vs. 114.8 ± 30.14 pg/mL;
P = 0.0281) collected from rat splenocytes cocultured with decel-
lularized scaffolds compared with the supernatants collected from
splenocytes cocultured with fresh tissue. In contrast, a signifi-
cant increase in IL-10 was observed (236.8 ± 26.05 vs. 15.47 ± 7.99
pg/mL; P = 0.0013). No significant difference was found in the
concentrations of TNFα where, in both cases, the TNFα concen-
tration measured was negligible (0.94 ± 0.94 vs. 9.52 ± 6.22 pg/mL;
P = 0.24).

Decellularized Xenogeneic Scaffolds Improve the Survival of Xenogeneic
Cells at 2 and 4 wk in Vivo. Given our previous data, we tested
whether decellularized rabbit muscle scaffolds could support

the survival of donor-derived mouse-EYFP myoblasts in a tibialis
anterior injury model in immunocompetent rats (Fig. 6). SEM
confirmed integration of cells into the scaffolds at the time of
transplantation (Fig. 6 A and B). Improved donor cell survival
at 2 and 4 wk was seen when donor cells were transplanted within
decellularized scaffolds compared with poly(e-caprolactone)
scaffolds (P < 0.001) (Fig. 6 D, E, and H). There was no sig-
nificant difference in survival between cell delivery via either a
decellularized rabbit or rat scaffold, at both 2 wk (26.5 ± 9.95
vs. 20.8 ± 9.04 cells; P = 0.65) and 4 wk (21.1 ± 7.98 vs. 17.5 ±
9.44 cells; P = 0.77). Positivity of EYFP was confirmed by using
an anti-EYFP antibody, and no staining was observed at either
2 or 4 wk in the contralateral (unoperated) limbs, sham controls,
or animals that received scaffolds alone without cells. In addition,
CD163+ and FoxP3+ cells were identified within the rabbit
decellularized scaffolds at 2 and 4 wk (Fig. 6 F and G).

Discussion
This study demonstrates that decellularized scaffolds can modulate
the immune response both by driving the macrophage response
toward an M2 phenotype and by exhibiting anti-inflammatory and
immunomodulatory effects in a xenotransplantation model. T-cell
hyporesponsiveness as demonstrated by decreased T-cell pro-
liferative response both in vitro and in vivo may be explained by the
increased level of the inhibitory cytokine IL-10, and decreased
levels of the proinflammatory cytokines IL-2 and IFN-γ, mediated
by the presence of M2 monocytes either directly or through
interaction with other T-cell subsets.
Decellularized skeletal muscle scaffolds that preserve the im-

portant constituents of the native ECM are biocompatible in vivo
and exhibit noninflammatory effects (27). Moreover, decellular-
ized muscle seeded with autologous myogenic cells can be used
to functionally repair abdominal defects (22–23), and growth
factors may further promote vascularization and, therefore, long-
term functional results (21, 24). This study significantly adds to our
previous data by demonstrating how the implanted scaffolds can
modulate the immune response in several ways, thereby inhibiting
rejection in a xenotransplantation model and preventing the re-
jection of donor-derived xenogeneic cells for up to 4 wk in vivo.
Interestingly, we observed polarization toward the M2 phe-

notype within the implanted scaffolds, as evidenced by the in-
crease of CD163+ and Arg I+ cells and decrease of CD86+ and
CCR7+ cells in decellularized implants. The parallel increase in
FoxP3+ T cells in the tissues surrounding the decellularized tis-
sue implants suggests that these regulatory cells may have a role
in the local modulation of the rejection response. The pre-
dominant phenotype of resident macrophages can provide an

Fig. 2. Host macrophage response toward FT and DT in vivo at 2, 4, and 8
wk. (A) CD68 (pan-macrophage/monocyte marker). (B) CCR7 (M1 macro-
phage marker). (C) CD86 (M1 macrophage marker). (D) CD163 (M2 macro-
phage marker). (E) Arginase I (M2 macrophage marker). Two-week
immunohistochemistry data are shown. (Scale bars: 50 μm.) Insets taken at
higher power magnification. Spleen and liver were used as positive controls.
The numerical density (NV), as shown in the histograms, represents the
number of cells across the scaffold per unit volume, as quantified by ste-
reological techniques at 2, 4, and 8 wk. n = 12 scaffolds in each FT/DT group
at each time-point. Statistical significance indicated by asterisks where ns,
not significant; *P = 0.01–0.05; **P = 0.001–0.01; ***P < 0.001.

Fig.3. Host T lymphocyte response toward FT and DT in vivo at 2, 4, and 8
wk. (A) CD3 (T lymphocyte marker). (B) CD4 (Helper T-cell subset). (C) FoxP3
(Regulatory T-cell marker). Two-week immunohistochemistry data are
shown. (Scale bars: 50 μm.) Insets taken at higher power magnification.
Lymph node was used as a positive control. n = 12 scaffolds in each FT/DT
group at each time-point. Statistical significance indicated by asterisks where
ns, not significant; *P = 0.01–0.05; **P = 0.001–0.01.
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indication of scaffold rejection (inflammation) or acceptance
following implantation as shown (32, 33–40). M1-activated mac-
rophages express IL-12high, IL-23high, and IL-10low and produce
inflammatory cytokines such as IL-1β, IL-6, and TNFα, which
promote active inflammation, ECM destruction, and tissue in-
jury. They are CCR7+ CD86+ and are inducer and effector cells
in TH1-type inflammatory and rejection responses as observed
when the fresh tissue was implanted. M2-activated macrophages,
however, express an IL-12low, IL-23low, and IL-10high phenotype
and are able to facilitate tissue repair, constructive remodelling
through ECM construction, and angiogenesis, which could par-
tially be responsible for the regeneration observed when decel-
lularized muscles are implanted (22, 23, 27). M2 macrophages
are CD163+ Arg I+ and predominantly induce a classical TH2
response that is anti-inflammatory and is hypothesized to be
particularly beneficial for constructive tissue remodelling and
skeletal muscle regeneration (41, 42).
Our findings of a polarization toward an M2 phenotype are

confirmed by the prolongation in biodegradation time of decel-
lularized implants and the increase in donor angiogenesis of the
decellularized tissue. Blood vessels were seen lining up at the
interface of the host tissue and decellularized scaffold as early as
2 wk. Whether this phenomenon represents recellularization of
existing decellularized blood vessels, or is secondary to true de
novo angiogenesis, is uncertain. However, the speed of this pro-
cess and the identification of decellularized blood vessels on
transmission electron microscopy lend support to the former
hypothesis.
Despite the major role played by the macrophages, other

cellular and humoral immunological responses are likely to occur
after decellularized scaffold implantation. Indeed, we demonstrate
here that there is an attenuated TH1 cell-mediated immune re-
sponse toward the decellularized scaffolds compared with fresh
tissue. This effect could be driven both by the absence of the
cells, which can trigger the immunoresponse, and by the fact that
decellularization promotes anti-inflammatory and immunosup-
pressive effects both in vitro and in vivo. Evidence for the latter
is shown here by a reduced T-cell proliferative response in vitro;
increased production of the inhibitory cytokine IL-10 and decreased
production of the proinflammatory cytokines, IL-2 and IFN-γ; a
decreased T-cell response in vivo; and enhanced survival of xeno-
geneic cells within decellularized scaffolds for up to 4 wk in vivo.

Our findings are in agreement with previous studies that have
demonstrated the highly confined immune responses toward
decellularized scaffolds, and their anti-inflammatory effects (4, 27,

Fig. 4. Recall antigenic T-cell (CD3) proliferation assay by FACS analysis using CFSE dye. The percentage of proliferated CD3+ cells were measured at day 3 (D3)
culture and expressed as the proliferation index (i.e., the proportion of cells that have proliferated one, or more, times in response to the antigenic stimulus). (A)
Representative samples of unstained cells (autofluorescence); unstimulated cells (negative control); SEB polyclonal mitogen (positive control); xenogeneic mixed
lymphocyte response with a 1–1 stimulator (unstained rabbit splenocytes) to responder (stained rat splenocytes) ratio; coculture of CFSE-stained splenocytes with
FT or DT, respectively. Isotype-matched negative control for comparison is shown in the figure. (B) Data across all samples at day 3 proliferation. US, unstimu-
lated. n = 8 samples in each group. Statistical significance indicated by asterisks where ns, not significant; *P = 0.01–0.05; **P = 0.001–0.01; ***P < 0.001.

Fig. 5. Cytometric bead array measuring IL-2, IFN-γ, TNFα, and IL-10 cyto-
kine concentrations within supernatants of cell suspensions. (A) Represen-
tative samples of supernatants collected from cocultures of stained rat
splenocytes with FT or DT, respectively. (B) Data for IL-2, IFN-γ, TNFα, and IL-
10 cytokine concentrations across all samples at day 3 proliferation. DT,
decellularized tissue; FT, fresh tissue; MLR, mixed lymphocyte response; SEB,
staphylococcal enterotoxin B; US, unstimulated. At least 3 samples were
analyzed per group per cytokine. Statistical significance indicated by aster-
isks where ns, not significant; *P = 0.01–0.05; **P = 0.001–0.01.
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43–47), which are probably beneficial to host integration of tissue-
engineered material. The immunomodulatory effects seen may be
partly ascribed to the removal or denaturing of MHC classes I and
II molecules during decellularization. Donor-derived MHC class I,
which immunolocalized preferentially to donor endothelial
cells, became undetectable during decellularization, but was
again measurable in the host blood vessels following implanta-
tion (host-derived MHC class I), in agreement with previous
studies that have demonstrated evasion of rejection when the
donor is vascularized by host blood vessels (48, 49). As well as a
shift toward an M2-like phenotype with decellularization, we
have also observed a shift away from a TH1 (as in classical acute
rejection, for example) toward a TH2-like phenotype (generally
associated with transplant acceptance), in agreement with pre-
vious studies (32, 50, 51).
How the decellularized scaffold modulates the host immune

response remains to be determined. Low or zero levels of MHC
classes I and II would explain the decreased T-cell proliferative
response seen in vitro, the anti-inflammatory effects seen in vivo,
and the reductions seen in IL-2 and IFN-γ through mitigation of
direct T-cell antigenic presentation mechanisms. This explana-
tion goes some way to accounting for our findings but fails to
account for the increases seen in IL-10, as well as polarization of
the macrophage response toward an M2 phenotype and the
protection afforded by such scaffolds in preventing the rejection
of xenogeneic donor cells. One hypothesis is that the process of
decellularization exposes (unmasks) certain surface peptides and
molecules on the scaffold that modulate the immune response
(52, 53–55). Clearly, raised levels of IL-10 also raise the possi-
bility of a response mediated by regulatory T cells which may be
playing an integral role in the effects seen, as demonstrated in
this study (56, 57). Finally, with regard to our in vitro results, we
are unable to exclude nonspecific “bystander” effects, i.e., re-
lease of cytokines through stimulation of unrelated cells, or

stimulation of unrelated T cells by cytokines during an antigen-
specific T-cell response. Indeed, the spleen has been shown to act
as a rich source of reservoir monocytes that are deployed to sites
of inflammation (58). Further investigations are required to prove
what cell subsets are true antigen-specific responders and what
cells may be nonspecific bystanders. In addition, demonstration of
prolonged allograft or xenograft survival in vivo would provide
a compelling argument for the significance of the findings.
In conclusion, we demonstrate that decellularized skeletal muscle

scaffolds can be generated that display highly desirable immuno-
modulatory activities in a discordant xenotransplantation model.
Such scaffolds appear to skew the host response toward TH2 and
M2 cell and cytokine profiles. These findings are of great impor-
tance in the design of new therapies based on tissue-engineering
technology. Work is required to identify the precise mechanisms
by which such scaffolds exert these effects.

Materials and Methods
Detailed materials and methods are listed in SI Materials and Methods.
Preparation of decellularized scaffolds, quantitative immunohistochemistry,
biocompatibility studies, T-cell proliferation assays, and transplantation
experiments followed established procedures described in SI Materials
and Methods. Histology, transmission and scanning electron microscopy,
biomechanical studies, CAM assays, and cytometric bead arrays were con-
ducted by using standard procedures detailed in SI Materials and Methods.
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Fig. 6. DT seeded with donor-derived xenogeneic cells and
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