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Abstract. The foreign body response (FBR) is described as 
the host's response to implanted biomaterials, which involves 
a complex cascade of immune modulators. The dynamic 
changes of immune cells, inflammatory cytokines and the 
formation of a fibrous capsule remain to be elucidated. In 
the present study, a model of subcutaneous implantation of 
a tissue expander was used. The results revealed that macro-
phages, the main immune cells in FBR, infiltrated into the 
expanded tissue and located at the tissue‑material interface 
from day  1‑90. Following the decrease of the number of 
macrophages, collagen deposited and fibroblasts transformed 
into myofibroblasts at the tissue‑material interface, leading to 
the formation of a fibrous capsule from day 14. The persistent 
existing macrophages led to a high expression of proinflam-
matory cytokines, including tumor necrosis factor‑α and 
interleukin‑1β, both of which initiated the NK-κB and JNK 
inflammatory pathways, mediating the FBR to tissue expander 
implantation.

Introduction

Tissue expansion is one of the most significant innovations 
of the 20th century in plastic surgery  (1). It is a process 
which involves implanting a silicon sac subcutaneously and 
regularly injecting saline into it, resulting in the formation 
of new skin under the mechanical stretch and providing a 
supply of tissue similar in color, structure and adnexal distri-
bution to the adjacent skin in order to offer highly effective 
repair. Therefore, tissue expansion is an extremely useful 
technique and has a wide range of applications in plastic 
surgery, particularly for defective repair following large scar 
resection (2).

The tissue expanders are mainly composed of silicone 
and following implantation into the body, will initiate a host 
response named the foreign body response (FBR). This leads 
to the formation of a fibrous capsule around the expander in 
order to ‘seal it off’ (3). In the clinic, the thick fibrous capsule 
formed around the implant prolongs the period of tissue expan-
sion and makes the expanded skin contract markedly. Thus, 
4‑6 months are always required to achieve the needed expan-
sion; in addition, limited expanded skin could be harvested 
and used in a repair surgery in a period of treatment and 
re‑expansion is required. The length of time required for the 
expansion is disadvantageous since it causes inconvenience 
in the daily lives of the patients. In addition, it increases the 
incidence of complications, including infections, rupture and 
exposure of the tissue expander.

Due to the wide application of the tissue expander, it is 
of high diagnostic and clinical significance to clarify the 
exact molecular mechanisms behind the phenomenon of 
peri-silicone implant capsule formation. In other words, the 
identification of a method to inhibit the formation of the 
fibrous capsule may provide a novel therapy to accelerate 
tissue expansion and to harvest more regenerative tissue. In 
order to provide more specific information with regard to the 
immune cells and cytokines, known to be critical to the prog-
ress of FBR, the present study reports their dynamic change 
by a subcutaneous implantation model. We hypothesize that 
this knowledge is essential as it would offer a proper interven-
tion time to decrease the harmful effects of the FBR on the 
application of tissue expanders in the clinic.

Materials and methods

Ethics statement. All the animal procedures were approved 
under the guidelines of Shanghai Jiao Tong University Medical 
Center, the Institutional Animal Care and Use Committee 
(Shanghai, China). 

Implant model and tissue collection. A tissue expansion model 
was used to analyze the dynamic changes of the immune cells 
and cytokines. A total of 20 Lewis rats (six weeks old; male; 
body weight, 110‑120  g; Shanghai Experimental Animal 
Center, Shanghai, China) were anesthetized with 3% sodium 
pentobarbital at 0.13 ml/100 g and shaved. A single incision 
was made at the back of rats, and a subcutaneous pocket of 
3.0x6.0 cm was created into which the tissue expander was 
placed. The expander pot was set under the head skin. Next, 
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15 ml physiological saline was injected through these pots and 
an additional volume of 3 ml was injected into the expander 
pocket once a week.

Identification of immune cells in peri‑implant tissue. The 
immune cells in peri‑implant tissue were identified using immu-
nohistochemistry. The tissues harvested on day 1, 3, 7 14, 28 
and 90 post‑implantation were fixed and embedded in paraffin 
for a histological assay. Following blocking with hydrogen 
peroxide (H2O2) and with a protein blocking agent, the primary 
antibodies, mouse anti‑rat CD68, CD4 and CD11c (Abcam, 
Cambridge, UK) were applied directly at 4˚C overnight. 
Subsequent to washing in phosphate‑buffered saline (PBS), the 
sections were incubated in phycoerythrin‑coupled anti‑mouse 
antibody (DAKO, Glostrup, Denmark) for 1 h at 37˚C and the 
cell nuclei were counterstained with hematoxylin. The control 
samples were processed following the same protocol but with 
the omission of the primary antibody.

Fibrous capsule and collagen deposition. Hematoxylin‑eosin 
(HE) staining was applied to observe the fibrous capsule formed 
around the tissue expander. Collagen deposition in the tissue 
around the implant was studied by Masson's trichrome staining. 
Briefly, they were fixed in preheated Bouin's solution at 56˚C 
for 15 min, then in Harris' hematoxylin for 5 min and stained 
with Masson's trichrome stain (trichrome stain LG solution; 
Sigma‑Aldrich, St. Louis, MO, USA) for 5 min. The stained 
sections were observed for collagen deposition by bright field 
microscopy. The α‑smooth muscle actin (SMA) positive cells in 
the peri‑implant tissue were stained by immumohistochemical 
staining with anti‑α‑SMA antibody (Abcam) as described in the 
aforementioned method. 

Protein level of cytokines. For detection of growth factors, 0.5 g 
tissue from the above area was collected from each group (n=4 
for each group). The tissues were homogenized in 500 µl tissue 
protein extraction reagent (CWBIO, Beijing, China) and 5 µl 
phenylmethanesulfonyl fluoride (Sigma‑Aldrich). Subsequent 
to centrifugation at 11,176 x g for 10 min, the supernatant was 
collected for the assay of interleukin (IL)‑1α, IL‑1β, IL‑2, 
IL‑4, IL‑13, monocyte chemoattractant protein‑1 (MCP‑1), 
interferon‑γ (IFN‑γ) and tumor necrosis factor (TNF)‑α using 
a Protein Quantibody array kit according to the manufacturer's 
instructions (R&D Systems, Minneapolis, MN, USA). The 
signals can be visualized through the use of a laser scanner 
equipped with a Cy3 wavelength (Thermo Fisher, Waltham, 
MA, USA). The data extraction can be performed with the 
majority of the microarray analysis software (GenePix, 
ScanArray Express, ArrayVision or MicroVigene). 

Western blotting for NF‑κB, JNK and P38 MAPK. In order to 
determine the levels of NF‑κB, JNK and p38 MAPK, nuclear 
extracts were prepared from the expanded tissue and were 
totally resolved on 10% SDS‑PAGE. Following electropho-
resis, the proteins were electrotransferred onto nitrocellulose 
filters, probed with rabbit polyclonal Abs against NF‑κB, JNK 
and p38 MAPK (Cell Signaling Technology, Inc., Boston, MA, 
USA), and detected by chemiluminescence (ECL, Amersham, 
Piscataway, NJ, USA). The bands obtained were quantitated 
with Personal Densitometer Scan version 1.30 using Image 

Quant software version  3.3 (Molecular Dynamics, Inc., 
Sunnyvale, CA, USA).

Results

Infiltration of immune cells. The macrophages revealed a 
persistent infiltration, and mainly located at the tissue‑material 
interface. The number of macrophages increased steadily 
around the tissue expander since day 1, and the highest amount 
of positive cells were observed in the tissue at day 7. Next, the 
number decreased gradually until day 90 (Fig. 1). However, 
there were a few CD4+ lymphocytes and CD11c+ dendritic 
cells observed (data not shown).

Formation of the fibrous capsule at the tissue‑material inter‑
face. HE staining revealed that fibrous tissue began to form 
around the tissue expander at day 14, increased to maximum at 
30 days and decreased gradually with a persistent thin layer at 
day 90. Masson's trichrome staining revealed the most evident 
deposition of collagen around the implants at day 14, which 
maintained with a gradual decrease over time until day 90. It 
has been previously reported that myofibroblasts contributed to 
walling off the foreign body in chronic inflammation and were 
transformed from fibroblasts in this process (4). In the present 
study, a few of α‑SMA positive myofibroblasts were present 
around silicone at 14 and 30 days and a decrease was observed 
at 90 days (Fig. 2).

Cytokines in peri‑implant tissue. Among all these inflamma-
tory cytokines, TNF‑α revealed the highest expression and 
IL‑1β and IL‑13 moderately increased in the expanded tissue 
at all the time points when compared with the tissue which 
was without an implantation of a tissue expander. The level 
of the cytokines IL‑1α, IL‑4, IFN‑γ and MCP‑1 was almost at 
similar levels to that in the normal tissue (Fig. 3).

Expression of NF‑κB, JNK and p38 MAPK. In order to gain an 
improved understanding of the potential mechanisms underlying 
the initiation of the inflammatory response by inflammatory 
cytokines, western blotting of NF‑κB, JNK and p38 MAPK 
was performed. As revealed in the present study, NF‑κB and 
JNK were expressed from day 1‑90 in the peri‑implant tissue, 
and p38 MAPK did not show any difference in expression when 
compared with the control group (Fig. 3).

Discussion

Silicone implants are widely used in the field of plastic surgery 
for wound repair and cosmetic augmentation. The formation of 
a thick fibrous capsule around the implant limits its potential 
maximum effect. The implantation of a tissue expander and 
injury caused by the surgical procedure triggers a tissue reac-
tion, including the secretion of pro‑inflammatory cytokines 
and chemoattractants. As a result, an inflammatory response 
is caused and infiltration of macrophages, neutrophils and 
lymphocytes to the site of the implantation.

The macrophage, which is the dominant cell in FBR, 
mainly located at the tissue/material interface throughout the 
time points. It has been revealed that cytokines including the 
transforming growth factor‑β, platelet derived growth factor, 
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chemokine (C‑X‑C motif) ligand 4 (CXCL4) and IL‑1 in tissues 
could direct macrophages to the wound site (5). A previous 
study indicated that mast cell degranulation and the release of 
histamine may play an integral role in recruiting macrophages 
to the implantation site  (6). Next, infiltrated macrophages 
could secrete more inflammatory cytokines and chemokines, 
including MCP‑1, granulocyte and granulocyte‑macrophage 
colony stimulating factors, attracting more macrophages to 
the wound site, and engaging in the subsequent events of the 
FBR (7‑9). However, in the present study, there was no differ-
ence observed in the expression of MCP‑1. This is consistent 
with a previous study in which it was demonstrated that the 
recruitment of monocytes to subcutaneous implant sites was not 
affected by MCP‑1 (10).

Previously, it has been demonstrated that besides the macro-
phages, CD4+ T lymphocytes also participate in the FBR and 

are located at the tissue/material interface (4). Rodriguez et 
al hypothesized that they are present in the FBR due to adap-
tive immunity (11). However, in the present study, there was 
no positive staining observed. This is contradictory with the 
study by Joseph et al (4) which reported CD4+ T lymphocytes 
appeared around silicone expander implants. The presence of 
lymphocytes has been demonstrated to promote macrophage 
adhesion via paracrine effects and direct signaling (12,13). The 
absence of the proinflammatory cytokine IFN‑γ in the present 
study correlates with the lack of the Th1 type inflammatory 
response observed. During FBR, Th2‑polarized T cells were 
originally hypothesized to be the source of the cytokines IL‑10, 
IL‑4 and IL‑13 (12,14). However, it was demonstrated that 
macrophage‑ or neutrophil‑derived cells may serve as a source 
of IL‑13 at the beginning of inflammation and also maintain 
IL‑13 production during the chronic inflammatory response to 

Figure 1. Macrophages infiltrated into the tissue at all time points and mainly located at the tissue/material interface. There was an evident increase of the 
number of macrophages at the seventh day, after which the number of cells decreased, but persisted until day 90. There was no positive staining observed in 
the normal tissue (magnification, x200; arrows show CD68‑positive cells).

Figure 2. There was an evident appearance of α‑SMA positive cells in the covering tissue and an evident deposition of collagen at day 14, along with the forma-
tion of a fibrous capsule around the tissue expander (top, middle and bottom, respectively). Then, the α‑SMA positive cells and collagen deposition decreased 
and persisted till day 90. α‑SMA, smooth muscle actin.
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the biomaterial (15,16). In other words, CD4+ T lymphocytes 
did not affect the secretion of IL‑13. It has been shown that 
IL‑4 and IL‑13 play significant roles in determining the extent 
and degree of the subsequent development of the FBR. In the 
present study, moderately expressed IL‑13 demonstrated more 
important roles than IL‑4 due to IL‑4 not showing significant 
changes. Besides the macrophages and CD4+ T lymphocytes, 
there was a lack of expression of CD11c in the covering tissue 
(data not shown), indicating that dendritic cells do not play a 
significant role in the progress of FBR in vivo, which is consis-
tent with a previous study (3). However, in a previous in vitro 
study, it was demonstrated that biomaterials can affect the 
maturation of dendritic cells (17).

In the present study, the macrophages predominated over 
the first two weeks, then the cells decreased, followed by 
an accumulation of collagen and myofibroblasts around the 
implant resulting from cytokines released by the macrophages. 
This led to the formation of a fibrous capsule around the implant 
from the second week. The main cell types found in fibrotic 
tissue are fibroblasts and myofibroblasts. Transformation of 
fibroblasts to phenotypically different myofibroblasts occurs 
in FBR (4). An in vitro experiment with silicone particles by 
Granchi et al has led to a hypothesis that the macrophage 
ingestion of these particles induces a state of activation leading 

to the release of cytokines with high fibrogenic activity (18). 
In the present study, α‑SMA‑positive myofibroblasts appeared 
at day 14 and 28, accompanied by the deposition of collagen.

As the main source of inflammatory cytokines, the 
persistent existence of macrophages caused the continuous 
high expression of TNF‑α and IL‑1β. It has been proven that 
pro‑inflammatory cytokines, including TNF‑α and IL‑1β, 
could initiate the inflammatory response through the main 
inflammatory pathways, including JNK, p38 MAPK and 
NF‑κB (19‑22). JNK and NF‑κB are preferentially activated by 
cytokines, growth factors or cellular damage, and p38 MAPK 
is potently activated by environmental stress (23). Activation 
of these pathways triggers downstream signaling cascades that 
lead to the production of pro‑inflammatory cytokines which 
are important mediators of acute and chronic inflammation, 
FBR and cell apoptosis (24,25). In addition, a previous study 
has reported that TNF‑α expression was associated with an 
increased Baker grade of periprosthetic capsular contracture 
following breast implant surgery, and positive TNF‑α staining 
in breast capsules was localized to fibroblasts, macrophages 
and were extracellularly close to the prosthesis (26).

A number of published models have provided a basic 
cellular and cytokine signaling knowledge with regard to FBR 
development. However, to the best of our knowledge, there 

Figure 3. Expression of inflammatory cytokines and pathways initiated by implantation of a tissue expander in the covering tissue. (A) The expression of 
TNF‑α increased the most evidently, and IL‑1β and IL‑13 also increased at all the time points, and IL‑1α, IL‑4, IFN‑γ and MCP‑1 revealed no change in the 
covering tissue after implantation of a tissue expander when compared with the normal tissue (*P<0.05). (B) Western blotting showing that NF‑κB and JNK 
were triggered until day 90, while P38 MAPK revealed no evident change. TNF-α, tumour necrosis factor-α; IL, interleukin.
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  B
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are no published studies examining the dynamic changes 
of the immune cells and inflammatory cytokines caused by 
implantation of the tissue expander. The requirement to study 
the change lies in finding an appropriate time point to inhibit 
the immune reaction in order to further interfere with the 
formation of the fibrous capsule. In the clinic, it is of great 
significance to gain such an understanding and the reduction 
of the thickness of the fibrous capsule may be a novel direction 
to accelerate the process of tissue expansion.
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