
Summary. Silk sericin-releasing (sericin/polyvinyl
alcohol (PVA)/glycerin) scaffolds have been designed
for wound dressing applications using different
fabrication techniques that influence scaffold
antigenicity. The immunological tolerance of scaffolds
depends on the balance of immunogenic and tolerogenic
responses modulated by dendritic cells (DCs). An in vivo
skin implantation model was used to compare the
tolerogenic effect of sericin/PVA/glycerin scaffolds
prepared by freeze-drying versus salt-leaching
techniques, using an Allevyn® scaffold as a control.
Immunohistochemical and histopathological studies
were performed to evaluate tolerogenic DCs (CD206+),
immunogenic DCs (CD83+), regulatory T-cells (FOXP3+
and CTLA-4), a proinflammatory cytokine (interleukin
33: IL-33), a stress marker (heat shock protein 60;
HSP60), histopathological changes and related
inflammatory cells. It was found that both sericin/PVA/
glycerin scaffolds were tolerogenic and induced early
activated Treg functions, while the Allevyn® scaffold
was immunogenic. However, the tolerance of the freeze-
dried sericin/PVA/glycerin scaffolds was not as
consistent as the salt-leached sericin/PVA/glycerin
scaffolds, indicated by the low level of CTLA-4
expression. This was probably due to molecular cross-

linking and the morphological and mechanical properties
of the freeze-drying technique, which would enhance the
immune response. Severe inflammatory responses
(including mast cell degranulation and foreign body
giant cell accumulation) and histopathological changes
(including fat infiltration and fibrosis formation) were
mainly found with the Allevyn® scaffold, presumably
from its architecture and chemical composition,
especially polyurethane. The up-regulation of IL-33 and
HSP60 with the Allevyn® scaffold was correlated with
the inflammatory and pathological levels. Our findings
suggested that salt-leached sericin/PVA/glycerin
scaffolds were tolerogenic, induced a low inflammatory
response and were appropriate for wound dressing
applications.
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Introduction

Sericin is a water soluble protein that glues fibroin
together to form silk cocoons. Recently, the various
biological activities of sericin have been recognized, and
it has become a promising biomedical material in many
aspects, especially for the promotion of collagen
formation in wound healing (Aramwit and Sangcakul,
2007; Aramwit et al., 2009c, 2013b; Kanokpanont et al.,
2012; Siritienthong et al., 2012) and the acceleration of
osteogenesis during bone repair (Nayak et al., 2013;
Yang et al., 2014). Our previous studies clearly showed
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accelerated healing with uniform collagen formation in
full-thickness wounds in rats after treatment with various
types of sericin-releasing wound dressings (Aramwit 
and Sangcakul, 2007; Kanokpanont et al., 2012;
Siritienthong et al., 2012; Aramwit et al., 2013b).
Furthermore, notable results were obtained from several
clinical trials of our sericin-releasing wound dressings
(Anderson et al., 2008; Siritientong et al., 2014; Hasatsri
et al., 2015).

When considering the use of sericin in medical
applications, biocompatibility is important to ensure
both safety and that the dressing has an appropriate
interaction with the host tissue. Host reactions to
biomedical material in the first 2-4 weeks post-
implantation include injury, blood-material interactions,
fibrin matrix formation, acute and chronic inflammation,
granulation tissue development, and fibrous capsule
formation (Anderson et al., 2008). The induction of
these cascade reactions is in association with dendritic
cells (DCs), which play a central role in the innate and
adaptive immune responses (Steinman et al., 2003). Two
opposing functions of DCs are its tolerogenic (immature
DCs) and immunogenic (mature DCs) responses, which
suppress and promote inflammation and pathology,
respectively (Steinman et al., 2003; Franz et al., 2011;
Mora-Solano and Collier, 2014). CD83+ and CD206+ are
surface markers that indicate fully mature and immature
DCs, respectively (Wollenberg et al., 2002; Ricklin et
al., 2010; Di Gennaro et al., 2014; Tsurikisawa et al.,
2014). The ratio of the mature to immature DCs
characterizes the tolerogenic immune response (Fang et
al., 2014; Tsurikisawa et al., 2014). Moreover, regulatory
T cells (Tregs) play a crucial role in maintaining both
immunological homeostasis and peripheral tolerogeni-
city. Tregs mainly express the forkhead box P 3
(FOXP3+) and cytotoxic T-lymphocyte antigen-4
(CTLA-4) proteins (Sakaguchi, 2000; Sakaguchi et al.,
2007, 2008). There have been in vitro and in vivo studies
which have demonstrated that sericin reduces the
production of pro-inflammatory cytokines such as
interleukin (IL)-1β, tumor necrosis factor (TNF)-α, and
nitric oxide (Aramwit et al., 2009a,b,2013a; Chlapanidas
et al., 2014). However, little is known about the
tolerogenic and immunogenic properties of sericin. 

From our previous work, two types of sericin-
releasing (sericin/polyvinyl alcohol (PVA)/glycerin)
scaffolds, fabricated by freeze-drying and salt leaching
techniques, were developed (Aramwit et al., 2015).
Freeze-drying is a process that involves freezing a
polymer matrix and then sublimating the solid phase of
the ice crystal to the gas phase under reduced pressure.
Therefore, the porous structure of the freeze-dried
scaffold is mainly controlled by the freezing rate which
forms the ice crystals. Alternatively, salt-leaching is a
process in which a high density of salt crystals are
embedded into a dissolved polymer matrix. The internal
architecture of the salt-leached scaffold is determined by
the size and distribution of the salt crystals. We
previously showed that the freeze-dried and salt-leached

sericin/PVA/glycerin scaffolds had a different porous
structure which subsequently discriminated their
physico-chemical and biological properties. The salt-
leached sericin/PVA/glycerin scaffolds had larger pores,
lower Young’s modulus, and faster rates of bio-
degradation and sericin release than the freeze-dried
scaffolds (Aramwit et al., 2015). Both scaffolds are
undergoing development as wound dressings. Therefore,
it is necessary to understand the inflammatory response,
the immunogenicity, and the tolerogenicity of both
scaffolds to confirm their safety. 

In this study, we performed an in vivo skin
implantation model to characterize the inflammatory
response and tolerogenicity of the salt-leached
sericin/PVA/glycerin scaffolds in comparison to the
freeze-dried scaffolds and the commercially available
wound dressing, Allevyn® (highly absorbent foamed
polyurethane gel with a film top layer, Smith & Nephew,
London, United Kingdom). Immunohistochemical and
histopathological examinations were performed to
explore tolerogenic inflammatory cells (CD206+),
peripheral self-tolerance cells (Tregs; FOXP3+ and
CTLA-4), immunogenic inflammatory cells (CD83+), a
proinflammatory stimulation marker (IL-33), a stress
marker (HSP60), histopathological changes and other
involved inflammatory cells (particularly degranulating
mast cells, foreign body giant cells, and macrophages)
on tissue interfacing with the scaffolds. To our
knowledge, this is the first study that provides insight
regarding the immunological tolerance of silk sericin-
releasing scaffolds in wound dressing applications and
guidelines for their therapeutic usage. 
Materials and methods

Materials

The freeze-dried and salt-leached sericin/PVA/
glycerin scaffolds were fabricated according to the
procedures reported previously (Aramwit et al., 2015).
Briefly, sericin solution (3 Wt %) was mixed with PVA
solution (2 Wt %) and glycerin solution (1 Wt %). Then,
the granular sodium chloride salt (NaCl, 200-600 µm)
was uniformly added to the mixed solution and left for
gelation. The polymer gel was then washed with
deionized (DI) water to leach out the salt crystals. After
air-drying, the salt-leached sericin/PVA/glycerin
scaffolds (3S2P1G/SL) were obtained. The freeze-dried
sericin/PVA/glycerin scaffolds with the same
composition were fabricated using similar procedures
but without the salt crystal to polymer solution. The
polymer solution was frozen at -20°C, followed by
lyophilization (Heto LL 3000 lyophilizer, Allerod,
Denmark) for 72 h. The scaffolds were then precipitated
by soaking in 70% ethanol for 5 min, and the freeze-
dried sericin/PVA/glycerin scaffolds (3S2P1G/FD) were
obtained (Siritienthong et al., 2012). Allevyn® was
purchased from Smith & Nephew, London, United
Kingdom in order to use as a control dressing. 
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Ethics statement

The use of animals in this study was approved by the
National Laboratory Animal Center, Mahidol University
Animal Care and Use Committee (NLAC-MU-ACUC),
Nakhon Pathom, Thailand (Approval No. 2012-07). All
experimental procedures were carried out in compliance
with the Guide for the Care and Use of Laboratory
Animals, 2011. Sixteen healthy female Wistar rats (8
weeks old, 200-300 g) were purchased from the National
Laboratory Animal Center, Mahidol University. They
were housed under strict hygienic conventional
conditions with a 12 hour dark/light cycle and
temperature and humidity control. They were provided
pasteurized standard diet and chlorinated water ad
libitum. 
In vivo wound dressing implantation and specimen
collection 

Wound dressing materials, including Allevyn®,
3S2P1G/FD (freeze-dried sericin/PVA/glycerin
scaffolds), and 3S2P1G/SL (salt-leached sericin/PVA/
glycerin scaffolds), were implanted into the subcuta-
neous tissue of the rats’ dorsum. Briefly, the rats were
anesthetized by intra-peritoneal injection of 30 mg/kg
thiopental sodium. The surgical area was shaved and
disinfected with povidone-iodine scrub followed by 70%
ethanol. A 1-cm stab incision was made. A blunt incision
was performed to create 4 subcutaneous pockets (2
pockets on each side), and then 4 different types of
scaffolds, 2×2 cm2 in size, were inserted into each
pocket. The incision was sutured with 6-0 prolene and
disinfected with povidone-iodine solution. At 7, 14, 21,
and 28 days post-implantation, four rats were humanely
euthanized with an overdose of thiopental sodium. The
subcutaneous scaffolds were collected and fixed with
10% neutral buffer formalin. The fixed specimens were
processed using standard tissue processing techniques,
embedded in paraffin, sectioned to 4 µm thick, and
stained with hematoxylin and eosin (H&E) and
Masson’s Trichrome for histopathological studies. 
Histopathological studies 

All histopathological studies concerned the tissue
interface area (Fig. 1, arrow) wherein the host tissue
responded to the scaffolds. To demonstrate the
inflammatory responses and histopathological changes
toward each type of implanted scaffold, a semi-
quantitative score was performed for the H&E stained
sections as described using ISO10993 guidelines
(ISO10993-6, 2007) with some modifications. Briefly,
the inflammatory cells (neutrophils, lymphocytes, giant
cells, and macrophages) and histopathological changes
(fibrosis formation, vascularization, and fat infiltration)
were characterized and scored as 0-4 grades: 0=absent,
1=focal present with less than 25%, 2=mild present
between 25-50%, 3=moderate present with more than 50

to 75%, and 4=severe present with more than 75%.
Furthermore, an irritancy score for each sericin-releasing
scaffold compared to Allevyn® was calculated as
mentioned in Siritientong, 2014 (Siritientong et al.,
2014). The overall scores were categorized as none (0-
2.9), slight (3-8.9), moderate (9-15), or severe (>15)
irritations. 

In addition, to determine the allergic responses to
each scaffold, perivascular mast cell degranulation was
measured in the Masson’s Trichrome stained sections.
The intact mast cell was characterized by confined
granulated structures within the cell membrane, while
the degranulated mast cell was obviously seen as a
ruptured cell membrane with released granules around
the cell, indicating the higher level of the inflammatory
response. Intact and degranulated mast cells were
counted in at least 10 fields (at 400 magnification)/
sample and then calculated as a percentage. 
Immunohistochemistry 

To evaluate the expression of mature and immature
DCs, proinflammatory stimulation, and stress alarmin
markers, immunohistochemical staining was performed.
Polyclonal rabbit anti-CD83 (Bioss, USA, YY0124 W),
polyclonal rabbit anti-CD206 (Santa Cruz, USA,
D0111), monoclonal mouse anti-FOXP3 (Santa Cruz,
USA, B1411), monoclonal mouse anti-CTLA-4
(ImmunoTools, R&V Intertrade, Germany, 23151521),
polyclonal rabbit anti-HSP60 (Bioss, USA, 900291 W),
and polyclonal rabbit anti-IL-33 (GeneTex, USA, 40415)
were used as primary antibodies. The sections were
deparaffinized in xylene, rehydrated in graded ethanol,
heat retrieved in citrate buffer, pH 6 (except for FOXP3+
antibody), and then quenched in 3% v/v hydrogen
peroxide in methanol after the sections were cooled. The
sections were washed with 0.2% v/v tween in phosphate
buffered saline (PBS) and blocked with a serum free
protein block (Dako, Denmark, X0909). The sections
were incubated in 1:100 primary antibody diluted in PBS
with 1% v/v normal goat serum (NGS, Vector, USA,
S1000) overnight at 4°C. The sections were washed and
incubated with labeled polymer HRP antimouse/rabbit
using an EnVision kit (Dako, Denmark, K5007), and the
sections were visualized using diaminobenzidine (DAB,
Dako, Denmark, K3468). Finally, the sections were
counterstained with hematoxylin before permanent
mounting using Permount®. 
Tolerogenicity determination

Langerhans cells are a subset of DCs that are located
within the epidermis and dermis of the skin and are
characterized by CD83+ (Di Gennaro et al., 2014) and
CD206+ markers (Wollenberg et al., 2002; Ricklin et al.,
2010). In this study, immunohistochemical staining of
DCs was evaluated in epidermal cells labeled with
CD83+ and CD206+. The tolerogenic properties of the
DCs was determined by calculating the ratio of CD206+
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Statistics

All statistical tests were performed using GraphPad
Prism® version 5. Two-way ANOVA and Bonferroni
post-tests were used to compare the mean in each group.
The correlation between tested parameters was measured
by a Spearman correlation test. The statistical
significance level was set at p<0.05. 
Results

Histopathology 

On day 21 post-implantation, the histopathological
appearance of the skin section showed that the scaffolds
were embedded in the subcutaneous tissue (Fig. 1A,B).
A severe host reaction at the tissue interface was
observed toward the Allevyn® scaffolds, as charac-
terized by a number of foreign body giant cells, pigment-
laden macrophages, lymphocytes, packed fatty
infiltrates, and fibrosis formation throughout the scaffold
(Fig. 1C), suggestive of chronic inflammation. A lesser
inflammatory response was observed toward the
3S2P1G/FD and 3S2P1G/SL scaffolds, in which the
reaction was limited to the interim of the tissue interface
(Fig. 1D-F) and characterized by the infiltration of
lymphocytes, macrophages, and neutrophils, suggestive
of mixed inflammation (Fig. 1G-H). The histopatho-
logical changes and inflammatory responses to the 3
different types of scaffolds are compared in Fig. 2. The
results indicated that a random distribution of
polymorphonuclear cells (PMNs), lymphocytes,
macrophages, and vascularization was found for all
scaffolds. Interestingly, foreign body giant cells, fibrosis
formation, and fat infiltration were consistently present
in the Allevyn® scaffolds during all periods of
implantation and resulted in a significantly higher score
compared with the 3S2P1G/FD and 3S2P1G/SL
scaffolds. This was consistent with the irritancy score.
The overall score of the sericin-releasing scaffolds
ranged from none to slight irritation when compared to
Allevyn® (Table 1). In addition, there was a positive
correlation between fat infiltration and fibrosis
formation, with a 0.384 spearman’s rho coefficient and a
p-value of 0.044. Giant cells also had a positive
correlation with fibrosis formation (r=0.766, p=0.000).
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Table 1. The mean irritancy score of 3S2P1G/FD and 3S2P1G/SL
scaffolds compared to Allevyn®, at different periods post implantation.

Day Post Irritancy Score
Implantation 3S2P1G/FD 3S2P1G/SL

Day 7 3.25 Slightly 1.25 None
Day 14 -4.0 None -3.0 None
Day 21 -2.25 None 0.75 None
Day 28 2.50 None 2.50 None

Table 2. Tolerogenic score of Allevyn®, 3S2P1G/FD, and 3S2P1G/SL
scaffolds at different periods post implantation.

Day Post Tolerogenic Score
Implantation Allevyn® 3S2P1G/FD 3S2P1G/SL

Day 7 None High Low
Day 14 None None Medium
Day 21 None Low Medium
Day 28 None High Medium

to CD83+ expression as the tolerogenic score. A score of
more than 1 suggested that the DCs reacted to the
scaffold with a tolerogenic response, including 3 grading
scores: low≤2, medium=2-3, and high>3. 

The expression of these two markers was assessed
using the H-score, which was calculated by multiplying
the percentage area of expression (0-100) and the
intensity score (0-3). Therefore, the range of the H-score
was determined from 0 to 300. The area of expression
was measured by an imaging analysis program (ImageJ®
Version 1.36; National Institutes of Health; Bethesda,
Maryland, USA). Briefly, in each group, ten color
images of epidermis were randomly obtained using a
light microscope (BX51, Olympus®) and digital camera
(DP70, Olympus®) at 1,000 magnification. Color images
were transformed to gray scale, and positive-staining
cells were located as an interested area via threshold
mode adjustment. A line was drawn over all of the
epidermal area (the stratum granulosum through the
stratum basale). Thus, the area fraction was determined
using measure mode with a threshold limit. The program
then automatically calculated the percentage area of the
expression/image. The intensity score was examined
using grading scores of 0-3: 0=negative stain, 1=low
intensity staining, 2=moderate intensity staining, and
3=strong intensity staining. 

In addition, to quantify peripheral self-tolerance
cells, or Tregs, in each group, immunostaining of
FOXP3+ and CTLA-4 were evaluated in the tissue
interface area in at least 10 fields per sample (at 1,000
magnification). The total number of cells and total
positive FOXP3+ and CTLA-4 stained cells were
counted. The H-score was then calculated by multiplying
the percentage of positive cells/field (0-100) and the
intensity score (0-3).
IL-33 and HSP60 immunostaining

To determine the proinflammatory stimulation and
stress alarmin markers, IL-33 and HSP60 were examined
at the tissue interface area. Their expression was also
assessed by H-score, as mentioned previously, except
that at least 10 color images of the tissue interfacing/
sample were acquired at 1,000 magnification and the
overall areas of the image were quantified instead of the
epidermis. 



Mast cell degranulation

In order to determine the association of mast cells
and the level of the inflammatory response to the 3 types
of scaffolds, Masson’s Trichrome staining was
performed to measure the intact and degranulated mast
cells (Fig. 3A). The percentage of mast cell de-
granulation was calculated as shown in Fig. 3B. In the
first two weeks post-implantation, the mast cell
degranulation score for the 3S2P1G/FD and 3S2P1G/SL
scaffolds was significantly lower than for the Allevyn®

scaffold. The score for the 3S2P1G/SL scaffolds was
consistent throughout the implantation period, while that
of the 3S2P1G/FD scaffold fluctuated. There was
positive correlation between fat infiltration and mast cell
degranulation (r=0.384, p=0.044).
Tolerogenicity (CD83+, CD206+, FOXP3+, and CTLA-4)

The tolerogenic properties of the scaffolds was
determined by the tolerogenic score, which was obtained
from the proportion of tolerogenic (CD206+) to
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(SC) tissue. Host
responses to the Allevyn®

scaffold, including foreign
body giant cells (),
packed fatty infiltration (#),
and fibrosis formation (C).
Two different types of
sericin-based scaffold,
3S2P21G/FD (D) and
3S2P1G/SL (E).
Inflammatory cell infiltration,
both mononuclear and
polymorphonuclear cells, at
the tissue interface area
with the sericin-based
scaffolds (F-G). *,
implanted scaffold; Dm,
dermis; arrow, tissue
interface

Fig. 1. Histopathological changes at the tissue
interface for 3 different kinds of scaffolds at day 21
post-implantation. H&E staining of the Allevyn® (A) and
sericin-based scaffolds (B) embedded in subcutaneous



immunogenic (CD83+) DC responses. A dominant
expression of CD206+ was recognized as tolerance.
Immunohistochemical staining of the epidermal DCs is
shown in Fig. 4. Epidermal DCs were stained mainly in
the stratum spinosum layer and somewhat in the stratum
basale layer. The score indicated that the Allevyn®
scaffold had no tolerogenic effect, which was in contrast
to the 3S2P1G/FD and 3S2P1G/SL scaffolds (Table 2).
Again, the 3S2P1G/FD scaffolds had a fluctuating score
throughout the implantation period, while the
3S2P1G/SL scaffolds had more consistent scores, with a
low level at the beginning and a medium level from day
14-28. To confirm the tolerogenic response to each
scaffold, immunohistochemical staining of Tregs using
FOXP3+ (Fig. 5) and CTLA-4 (Fig. 6) was performed.
The results indicated that both sericin-releasing scaffolds
recruited more FOXP3+ cells than the Allevyn®
scaffolds (Fig. 5D-G). However, CTLA-4 was expressed
at a higher level in the presence of 3S2P1G/SL scaffolds
than 3S2P1G/FD or Allevyn® scaffolds from day 7-21.
In this study, several CD-markers were stained using
immunohistochemistry, and the non-specificity of

polyclonal antibodies may be a limitation of this study.
Biopsies of human tonsils were used as positive and
negative controls (Fig. 7) for validation of the staining
system. 

Our study indicated several positive and negative
correlations among tolerogenic markers, inflammatory
cells, and histopathological changes, as shown in Table
3. Tolerogenic properties had a negative correlation with
mast cell degranulation, giant cell percentages, fibrosis
formation, and fat infiltration. CD83+ had a positive
correlation with mast cell degranulation. CD206+ had a
negative correlation with giant cell percentages and
fibrosis formation. FOXP3+ had a negative correlation
with giant cell percentages and fat infiltration. Finally,
although CTLA-4 had no correlation with inflammatory
cells and histopathological changes in regard to CD206+
and FOXP3+, it did have a negative trend with those
parameters. 
Proinflammatory stimulation (IL-33)

Immunohistochemical staining of IL-33 was
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Fig. 2. Inflammatory cells and histopathological changing scores during any
period of implantation. Mean scores of PMNs (A), lymphocytes (B), giant cells
(C), fibrosis (D), vascularization (E), fat infiltration (F), and macrophages (G).
*, p-value<0.05; **, p-value<0.01; ***, p-value<0.001



conducted to localize the immunogenic response of DCs
that stimulated T-helper (Th) 2 type responses (Fig. 8).
As shown in Fig. 9A-D, the Allevyn® scaffolds had a
higher score when compared to the other scaffolds. The

score of the 3S2P1G/FD scaffolds had an increasing
trend on day 28. There were positive correlations of IL-
33 with giant cell infiltration, fibrosis formation, and fat
infiltration (Table 3). 
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Fig. 3. Percentage of mast cell
degranulation during any
period of implantation.
Degranulating mast cells ()
were located in perivascular
areas beside the tissue
interface (Masson’s Trichrome
staining) (A). The granules
were released from the
cytoplasm and characterized
by a ruptured area of a cell
membrane. The bar chart (B)
represents the percentage of
mast cell degranulation at each
time point. *, p-value<0.05; 
**, p-value<0.01; 
***, p-value<0.001

Table 3. The correlation of inflammatory cells, histopathological changes, and immunohistochemical markers in association with Allevyn®, 3S2P1G/FD,
and 3S2P1G/SL scaffolds immune responses.

Parameters Spearman’s rho correlation coefficient (p-value)
CD83+ CD206+ CD206:83 HSP60 IL-33 FOXP3+ CTLA-4

Mast cell 0.444 (0.026) * 0.127 (0.545) -0.453 (0.023) * 0.267 (0.178) 0.157 (0.424) -0.085 (0.747) -0.011 (0.972)
Giant cell 0.067 (0.751) -0.439 (0.028) * -0.437 (0.029) * 0.492 (0.009) * 0.505 (0.005) * -0.708 (0.001) * -0.266 (0.357)
Macrophage -0.260 (0.209) 0.316 (0.123) 0.475 (0.016) * -0.134 (0.505) -0.091 (0.638) 0.093 (0.713) 0.315 (0.272)
Fibrosis 0.089 (0.671) -0.440 (0.025) * -0.402 (0.047) * 0.370 (0.057) 0.425 (0.022) * -0.357 (0.146) -0.287 (0.320)
Fat infiltration 0.174 (0.406) -0.371 (0.068) -0.511 (0.009) * 0.580 (0.002) * 0.530 (0.003) * -0.669 (0.002) * -0.266 (0.357)

* significantly positive or negative (-) correlation p-value
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Fig. 4. Epidermal mature and immature DCs. Immunohistochemical staining of CD83+ (B, D, F) and CD206+ (A, C, E) expression on day 21 post-
implantation for 3 different types of scaffolds, Allveyn® (A, B), 3S2P1G/FD (C, D), and 3S2P1G/SL (E, F). Line graphs represented the H-score of
CD83+ and CD206+, respectively (G, H).
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Fig. 5. FOXP3+ stained cells at the tissue interface.
Immunohistochemical staining of FOXP3+

expression at the tissue interface with the Alleveyn®

(A), 3S2P1G/FD (B), and 3S2P1G/SL (C) scaffolds.
Bar graphs represent the H-score of FOXP3+ on day
7 (D), 14 (E), 21 (F), and 28 (G) post-implantation.
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Fig. 6. H-score of CTLA-4. Immunohistochemical
staining of CTLA-4 expression at the tissue interface
with the Allveyn® (A), 3S2P1G/FD (B), and 3S2P1G/SL
(C) scaffolds. Bar graphs represent the H-score of
CTLA-4 on day 7 (D), 14 (E), 21 (F), and 28 (G) post-
implantation.



Stress Alarmin (HSP60)

Immunohistochemical staining of HSP60 was used
to compare the stress level at the tissue interface (Fig. 8).
As shown in Fig. 7E-H, the Allevyn® scaffold had a
significantly higher score than the other scaffolds at days
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Fig. 7. Positive and negative control for DC-markers. Immunohistochemical staining of positive (A-D) and negative (E-F) controls in human tonsil
biopsies. CD83+ (A) and CD206+ (B) were localized in epidermal cell in the stratified squamous epithelium. Cells positive for FOXP3 (C) and CTLA-4
(D) were expressed in the follicular area, while rabbit (E) and mouse (F) IgG did not stain.
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Fig. 8. IL-33 and HSP60 stained cells at the tissue interface. Immunohistochemical staining of IL-33 (A, C, E) and HSP60 (B, D, F) expression at 28
days post-implantation for 3 different types of scaffolds, Alleveyn® (A, B), 3S2P1G/FD (C, D), and 3S2P1G/SL (E, F).
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Fig. 9. H-score of IL-33 and HSP60. Bar graphs represent the H-score of IL-33 (A-D) and HSP60 (E-H) during all periods of implantation.



7 and 21 post-implantation. For almost all periods of
implantation, the score of the 3S2P1G/FD and
3S2P1G/SL was similar. There was a positive correlation
of HSP60 with giant cell and fat infiltration (Table 3).
HSP60 was also positively correlated with IL-33
expression (r=0.786, p=0.000). 
Discussion

Immunological interactions between the host tissue
and biomaterial are complex events that include multiple
cells and molecules. Recent research has shown that
immunophenotypic cells, such as M1 and M2
macrophages, cytotoxic T-cells, and Th 1 and 2 cells,
can affect the biocompatibility of the implanted scaffold
(Muhamed et al., 2015). It is therefore crucial to evaluate
the immunological and tolerogenic properties of the
sericin-releasing scaffolds that were developed as wound
dressings in order to confirm their safety and to
understand their initial role in wound healing. 

In this study, we described the immunological and
tolerogenic properties of the 3S2P1G/FD and
3S2P1G/SL scaffolds developed in our previous works
and compared them to the commercially available
wound dressing, Allevyn® (Siritienthong et al., 2012;
Aramwit et al., 2015). Currently, many comparative
studies of novel wound dressings have used Allevyn®, a
highly absorbent foamed polyurethane gel with a film
top layer, as the control (Karlsson et al., 2014; Joy et al.,
2015; Matsuzaki and Kishi, 2015), since it is a clinically
and commercially available wound dressing with a 3-
dimensional form similar to our samples (Watson, 2014).
Histopathological studies demonstrated that severe
inflammatory responses and histopathological changes
were found in response to the Allevyn® scaffold (Figs.
1-3). In contrast, tissue reactions were short-acting in
response to the 3S2P1G/FD and 3S2P1G/SL scaffolds.
Considering the different inflammatory responses to
biomaterials, giant cell formation, which is an end-stage
response, is influenced by biomaterial surface properties
(Anderson et al., 2008). Additionally, the physical
dimensions of the scaffold can alter the adaptive immune
responses (Bachmann and Jennings, 2010). The
Allevyn® scaffold consists of an inner layer of soft
hydrophilic polyurethane foam mesh and an outer semi-
permeable membrane of polyurethane. The shape and
structure of the Allevyn® scaffold, particularly the foam
mesh formation, may be associated with the high level of
immune responses compared to the homogenous
architecture of the 3S2P1G/FD and 3S2P1G/SL
scaffolds. Moreover, the allergic property of the
polyurethane component of the Allevyn® scaffold in
relation to its chemical precursors and catalysts, such as
isocyanates and diaminodiphenylmethane, has been
reported (Estlander et al., 1992; Mughal et al., 2014). 

The tolerogenicity of the scaffolds was evaluated by
investigating tolerogenic DCs (CD206+), immunogenic
DCs (CD83+) (Fig. 4), self-tolerance cells (FOXP3+
(Fig. 5) and CTLA-4 (Fig. 6)), proinflammatory

stimulation (IL-33), and stress alarmin (HSP60) (Fig. 8)
in association with histopathological changes and
inflammatory cell alteration. CD83+ is a cell surface
maker of mature DCs which enhances T-cell-mediated
immune responses via Th1 and Th2 cells. CD206+ is
expressed on immature DCs and enhances Tregs, which
are characterized by FOXP3+ (Steinman et al., 2003;
Loddenkemper et al., 2006; Sakaguchi et al., 2007,
2008; Takahashi et al., 2012; Tsurikisawa et al., 2014;
Vorobjova et al., 2015). The results indicated that the
3S2P1G/FD and 3S2P1G/SL scaffolds but not the
Allevyn® scaffolds had tolerogenic properties (Table 2).
Obviously, the proportion of immunogenic or mature
DCs was predominately present in response to the
Allevyn® scaffold but was observed to a lesser degree in
response to the sericin/PVA/glycerin scaffolds. Mature
DCs are known to enhance the immunogenic response
(Franz et al., 2011). This also may explain why elevated
inflammatory responses were seen in response to the
Allevyn® scaffold. In addition, immunohistochemical
staining of FOXP3+ revealed that the number of Tregs
corresponded with the tolerogenic level (Fig. 5).
However, the number of positive CTLA-4 cells,
referring to the persistence of the tolerance response, in
response to the Allevyn® and 3S2P1G/FD scaffolds was
significantly lower than in response to the 3S2P1G/SL
scaffolds during three-quarters of the post-implantation
period (Fig. 6). This suggests that the DCs have a
tolerogenic response to the 3S2P1G/SL scaffold and
drive Tregs to induce immunological homeostasis. This
could explain why there was an increasing tolerogenic
trend toward the 3S2P1G/SL scaffold compared with the
3S2P1G/FD scaffold. 

The presence of macrophages/monocytes,
lymphocytes, and foreign body giant cells at the tissue
interface is considered chronic inflammation, while the
presence of neutrophils is considered acute in-
flammation. After the Allevyn® scaffold was implanted
into the rat subcutaneous tissue, chronic inflammation
was found on days 7-28. However, mixed inflammation
was found in response to the sericin-based scaffolds
during the same period. These responses depend on the
type of biomaterial. For instance, acute and mixed
inflammation was found from post-implantation until
day 3, and from day 3 to 30 days, respectively, in
polyvinyl acetate (PVA) microsphere implantation
(Onuki et al., 2008).

Various physical and chemical properties of
biomaterials result in differing stimulations of the
immune response (Mora-Solano and Collier, 2014).
Cross-linking, a common technique to increase scaffold
stability, is one of the main differences between the
freeze-dried and salt-leached scaffolds. It is possible that
the freeze drying process can crosslink the scaffolds, as
reported elsewhere (Kim et al., 1984). In contrast,
scaffolds fabricated by the salt-leaching technique are
not crosslinked. Herein, the crosslinked 3S2P1G/FD
scaffolds had a smaller pore structure, higher Young’s
modulus, and slower rates of biodegradation and sericin

1024
Tolerogenicity of sericin-based scaffolds



release than the non-crosslinked 3S2P1G/SL scaffolds
(Aramwit et al., 2015). The tight architecture and high
mechanical properties of the 3S2P1G/FD scaffolds
would induce immunogenic responses (Irwin, 2007).
Furthermore, the fast release of sericin from the
3S2P1G/SL scaffolds may suppress the inflammation,
because sericin is known to reduce the production of
pro-inflammatory cytokines such as IL-1β, TNF-α, and
nitric oxide (Aramwit et al., 2009a,b, 2013a;
Chlapanidas et al., 2014). 

In addition, our results suggest that the tolerogenic
properties of the 3S2P1G/SL scaffolds exacerbated the
pathology of the host immune response characterized by
the ratio of CD206+:CD83+, FOXP3+, and CTLA-4
expression (Table 3). Several studies demonstrated that
tolerogenic DCs enhance Treg development (Steinman
et al., 2003; Loddenkemper et al., 2006; Takahashi et al.,
2012; Vorobjova et al., 2015). Tregs support peripheral
immune tolerance and can inhibit the induction steps of
granulomatous inflammation (Taflin et al., 2009) and
profibrogenic inflammation (Claassen et al., 2010; Roh
et al., 2015). Therefore, the high level of CD206+:
CD83+ and FOXP3+ expression resulted in low
pathological changes after the implantation of the
scaffolds. The tolerogenicity of the 3S2P1G/SL scaffolds
also diminished mast cell degranulation and giant cell
formation. During mast cell degranulation, not only
histamine is secreted to activate the acute inflammatory
response (Fish et al., 2005), but IL-4 and IL-13 are also
released to modulate the degree of foreign body reaction,
especially monocyte/macrophage adhesion and giant cell
formation (Franz et al., 2011; Gardner et al., 2013). The
biomaterial response may associate histamine-mediated
phagocyte recruitment with the biomaterial interface
(Anderson et al., 2008). The reduction of these cells
would suppress inflammation in response to the
3S2P1G/SL scaffolds. 

Furthermore, during the host responses to
biomaterials, alarmins, including heat shock proteins
(HSPs), are released following tissue injury and are
recognized by neutrophils, macrophages, and DCs
(Franz et al., 2011). Dendritic cells are then driven to
either tolerogenic or immunogenic responses depending
on the properties of the biomaterials. HSP60 belongs to
the HSP family of stress inducible proteins, which is
present in both the mitochondria and cytosol. HSP60 has
a complicated role in the innate immune response (Fink,
1999). In addition, IL-33 is a member of the IL-1
superfamily of cytokines, which is expressed on
epithelial and endothelial cells. It is up-regulated after
proinflammatory stimulation (Miller, 2011) and has been
characterized as a potent inducer of Th2 immune
responses (Lopetuso et al., 2012). Therefore, alterations
in the level of HSP60 and IL-33 may be associated with
immunogenic responses to biomedical materials. Our
data showed that the expression of both IL-33 and
HSP60 were increased under immunogenic conditions in
association with giant cell formation, fat infiltration, and
fibrosis formation, which were predominantly seen in
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response to the Allevyn® scaffold (Table 3). It is
supposed that IL-33 is expressed by epithelial cells, such
as keratinocyte and fibroblastic reticular cells and
endothelial cells (Cayrol and Girard, 2014), after
necrotic processes, and therefore this cytokine was
called an alarmin (Haraldsen et al., 2009; Cayrol and
Girard, 2014). After release, IL-33 binds and activates
Th2 cells and innate immune cells, including basophils,
eosinophils, and mast cells (Imai et al., 2013), leading to
progressive inflammatory responses. Regarding
pathology and IL-33, it has been reported that IL-33
plays an important role in chronic inflammation with
giant cell infiltration (Ciccia et al., 2013), formation of
granulomas (Kempf et al., 2014), and cutaneous fibrosis
induction (Rankin et al., 2010). We here suggested that
the high expression level of IL-33 may be associated
with severe pathological changes and inflammatory
responses to the implanted scaffolds. Although IL-33
induces skin inflammation with mast cell and neutrophil
activation (Hueber et al., 2011), our study did not find a
correlation between IL-33 and mast cell activation.
Further analysis of the shift of other Th2 subpopulations,
the presence of IL-4 and the expression of GATA3 are
needed. Similarly, HSP60 is an important inducer of
innate and adaptive immune responses that stimulate
inflammatory stages of some diseases, including
atherosclerosis (Grundtman et al., 2011), large bowel
cancer (Campanella et al., 2015), gastric cancer (Li et
al., 2014), and neuronal degeneration in Parkinson’s
disease (Noelker et al., 2014). According to our results,
the Allevyn® scaffold highly interacted with the host
tissue, as characterized by the higher expression of
HSP60 compared with the 3S2P1G/FD and 3S2P1G/SL
scaffolds. 

In summary, our study showed that the
sericin/PVA/glycerin scaffolds, particularly those
fabricated by the salt-leaching technique, had
tolerogenic properties with low inflammatory responses.
The data offers a better understanding of the initial
inflammation cascade after implantation of the
3S2P1G/SL scaffolds. Moreover, we confirmed the
safety and tolerogenic properties of the 3S2P1G/SL
scaffolds over the 3S2P1G/FD and Allevyn® scaffolds.
It can be concluded that the salt-leached sericin/PVA/
glycerin scaffolds are appropriate for further use in
wound dressing applications. 
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